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Jnumenvnocms nandemuu Ho-
601l KOPOHABUPYCHOU UH@eKyuu
COVID-19 cocmasnsiem youce
2 200a, 00OHAKo OKA3auue mpamc-
naaumonozuieckol nomouwiu 8 Pd
He ocmanasueaemcs, u 6 2021 200y
memn GbINOIHEeHUs. MPAHCNIAHMA-
yuu npubausuica k 2019 200y —
Camomy YCneuwHomy 6 ucmopuu
omeyecmeenHol MpaHCNIAHMON0-
euu. Heesupas na mom ¢gpaxm, umo
MHO2UE MEOUYUHCKUE VUPEHCOCHUS
6 Poccuu, kax u 6o écem mupe, OvLiu
nepenpopuiuposansvl 0 1edeHus
nayuenmos ¢ Hogol KOpOHABUPYC-
HOU uH(exyuel u nposedenue ne-
Pecaoox 8 HeKOMOPbIX U3 HUX ObLIO
8DEMEHHO NPUOCMAHOBIEHO, NPEONPUHUMATIUCD BCe
B03MOJCHBLE Mepbl, Ol M020 YModbl HAUMU 8bIXO0-
obl u3 cnoxcuswerica cumyayuu. Oouwumu yCunuamu
Y0anock 3mo coenams, U HeCMOMPs HA CLOHCHOCIU,
Komopbie c030a6ana NAHOeMusl, Mbl 8ce dHce 000U-
JIUCDH YCNexos.

Ha cecoonswmnuii 0env mpancnianmayuoruasn
npocpamMma 3anyujeHa u yCneuiHo pazeueaemcs 8
62 yupeosicoenusix no ecei cmpare. Tonvko 3a ne-
PU00 nandemuu OblIU BLINOIHEHbI NEPEble MPAHC-
naaumayuu nouxu 6 Tyne, Braoueocmorxe u Yiau-
Y03, mpancnnanmayus cepoya 6 Tromenu. Omkpuln
ceou 0sepu 0 nayuenmos u Quauan HMUL] THO
umenu akaoemuxa B.U. [llymaxosa 6 2. Bonocckuil,
20e nayueHmam He moibKO OKA3bl8Aemcs MmpaHc-
NIAHMONI02UYECKAsl NOMOWb, HO U NPOBOOSAMCSL
OUACHOCMUKA U YCMPAaHeHue 0axce CamblX ClOMH#C-
HBIX CONYMCMEYIouux ouacno3os. Bnepsvie ¢ Bo-
eHHo-meouyurnckou axademuu um. C.M. Kuposa &
Canxm-Ilemepoypee gblnonuuIu nepecaoxy neyeHu
pebeHKy — 00 5mo2o maxue onepayuu nPosoOUIUCH
monvko 6 cmoauye. B Poccutickoti oemckotl Kau-
HUyecKkol OonbHUYe Oblia 3anyujeHa npocpamma
POOCMBEHHOU MPAHCNAAHMAYUU NOYKU OemsM, d
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TWO YEARS OF COVID-19:
TRANSPLANT CARE
IN THE RUSSIAN FEDERATION 2021

The novel coronavirus disease
(COVID-19) outbreak and pande-
mic that is ravaging our world, has
already lasted two years. However,
provision of transplant care in the
Russian Federation continues. In
2021, the rate of transplant surge-
ries approached that of 2019 — the
most successful year in the history
of Russian transplantology. Even
though many medical institutions
in Russia, as well as all over the
world, have been reassigned to
treat COVID-19 patients, and some
of these centers have temporarily
suspended transplant surgeries, all
possible measures have been taken
to find a way out of this situation. By our joint ef-
forts, we were able to do this, and despite the chal-
lenges posed by the pandemic, we were still able to
make progress.

To date, transplantation programs have been
launched and are successfully developing in 62 in-
Stitutions across the country. During the pandemic
period alone, kidney transplants were performed for
the first time in Tula, Viladivostok and Ulan-Ude,
and heart transplantation in Tyumen. The Volzhskiy
branch of Shumakov National Medical Research
Center of Transplantology and Artificial Organs
also opened its doors to patients, where people
could receive transplant care, and as well get com-
plex related complications diagnosed and treated.
A liver transplant was performed on a child for the
first time in Kirov Military Medical Academy in St.
Petersburg. Before then, such operations had been
performed only in Moscow. The Russian Children's
Clinical Hospital launched a related pediatric kid-
ney transplantation program. The first series of liver
transplants were performed at the Moscow Clinical
Scientific Center.



6 Mocko8cKkoM KIUHUYECKOM HAYYHOM YeHmpe Gul-
NOJIHEHA Nepeas cepus MPAanChAAHMAYULL NeYeHU.

Bce smo o3nauaem, umo eedomcmeennas yene-
easi npoepamma Mumnzopasa Poccuu «/{onopcmeo
u mpancnianmayus opeanos 8 Poccuiickoii ®ede-
payuuy npooonxicaem yCneuHo peaiu308bléamscs,
U HaM yOaemcs Hapawueams 0O6veMbl OKA3aHUsA
nomMowu, 0addce ¢ y4emom 6cex CIOHCHOCMmEl, COo-
30aHHbIX NAHOeMUell.

B 2022 200y onepayuu no mpancnianmayuu
0yYOym 8bINOIHAMb MEOUYUHCKUE YeHmpbl 6 4() pe-
euonax cmparwl. Ce200Hs1 ecmb 8ce OCHOBAHUS pac-
CUUMBIBAMb HA MO, YMO 8 2padyujem 200y yoacm-
sl peanu308ams 6ce 3a0YMAHHOE U NPUYMHONCUND
nepcneKkmussbl. yace 00yueHvl pecUOHANIbHbIE CHeYyl-
anucmsl u 00CyHcOaemcst 3anycK MmpancniaHmayu-
OHHbIX npocpamm 6 Xabaposckom kpae, Pecnybnuxe
Kpwvim, Apocnasckoii, Kypcrotl, Meanoseckoti oonac-
msx u & 2opooe Cegacmonore.

Omkpvimue HO8bIX NPOSPAMM, pacuiupenue
cyuecmeyrouwux, NPUYMHONCEHUE YUCLAd KOMne-
MEHMHBIX KA0PO8 NO360/1em He MONbKO Veenui-
8aMb KONUYLECBO BbINONHAEMbIX ONepayuil, Ho u
cnocobcmayem pacuiupenuio 20pU30HmMo8 HayyHoll
ompacnu.

C ysaoicenuem,
axkaoemux PAH C.B. Tomve

All this makes it crystal clear that departmental
special-purpose programme “Organ Donation and
Transplantation in the Russian Federation” by the
Russian Ministry of Health, continues to be imple-
mented successfully, and we are able to increase the
volume of care, even with all the challenges created
by the COVID-19 pandemic.

In the coming year 2022, medical centers will
be carrying our transplant surgeries in 40 regions
across the country. Today there is every reason to
expect that in the coming year, we will be able to im-
plement all the plans and considerably increase the
prospects. Regional specialists have already been
trained and the launch of transplant programs in
Khabarovsk Krai, Republic of Crimea, Yaroslavl
Oblast, Kursk Oblast, Ivanovo Oblast and Sevas-
topol is currently being deliberated on.

Launching of new programs, expansion of exis-
ting ones, and boosting of the number of highly-
skilled personnel would not only increase the num-
ber of operations performed, but also expand the
horizons and potential of the medical industry.

4‘) Sincerely,
| Sergey Gautier
Member, Russian Academy of Sciences

M
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ANALYSIS OF THE ODDS RATIO OF DEVELOPMENTAL DELAY
IN CHILDREN WITH BILIARY ATRESIA 12 MONTHS
AFTER LIVER TRANSPLANTATION

A.V. Syrkina', O.M. Tsirulnikova"?, LE. Pashkova', O.V. Silina', E.V. Chekletsova’,
S.Yu. Oleshkevich’

" Shumakov National Medical Research Center of Transplantology and Artificial Organs, Moscow,
Russian Federation

2 Sechenov University, Moscow, Russian Federation

Background. Liver cirrhosis occurring before 1 year of age can affect a child’s development. Liver transplan-
tation is the only radical treatment for decompensated cirrhosis. In biliary atresia, cirrhosis develops during the
first months of life. The duration of cirrhosis in biliary atresia may vary from palliative Kasai portoenterostomy
(PE) to liver transplantation. Developmental abnormalities in children with biliary atresia have been shown to
occur both before and after liver transplantation. Association between duration of liver cirrhosis and psychomotor
development of children has been underestimated. Objective: to determine the chances of developmental delay in
children depending on the cirrhosis persistence duration. Materials and methods. The study enrolled 83 child-
ren with biliary atresia (47 children underwent palliative Kasai PE, 36 children with liver transplantation did not
undergo Kasai PE). All children had their psychomotor development assessed before PE and 12 months after PE
using the Griffiths psychomotor developmental scale (translation and adaptation by E.S. Keshishian) for children
up to 24 months of age. Statistical analysis was performed by calculating odds ratios with 95% confidence inter-
vals. Results. Comparative analysis showed that in the subgroup of children who underwent Kasai PE, cirrhosis
persistence before transplantation was 2.6 months longer than in children without Kasai PE (p=0.011). The odds
of developmental delay in preparation for liver transplantation were 3.3 times higher in the subgroup of children
who underwent Kasai palliative PE compared to children without palliative (95%, CI 1.35-8.31). The odds of
developmental delay 12 months after liver transplantation were 4.4 times higher in the subgroup of children who
underwent palliative Kasai PE than in children without the palliative care (95% CI 1.54-12.5). Conclusion.
Children who underwent liver transplantation after palliative surgical treatment had lower levels of psychomotor
development than children without palliative Kasai PE both before and 12 months after liver transplantation (p =
0.0018, p=0.01 respectively).

Keywords: liver transplantation, biliary atresia, Kasai portoenterostomy, neuropsychiatric development.

INTRODUCTION

Biliary atresia is one of the most common indica-
tions for liver transplantation in children under 1 year
of age. According to Gautier [1], the annual number

Survival and long-term outcomes continue to improve
for most children receiving related liver transplantation.
This is due to improvements in surgical technique, peri-
operative care, and modern immunosuppressive therapy.

of pediatric orthotopic liver transplants (OLTX) in the
Russian Federation remains stable at 110-130 opera-
tions per year, which corresponds to the identified need
of the population for this method of treatment [1]. In
2020, the Shumakov National Medical Research Center
of Transplantology and Artificial Organs (Shumakov
Center) performed 98 pediatric liver transplantations,
of which 85 were related. Among them, 45 liver trans-
plants were performed for cirrhosis as a result of biliary
atresia. The Shumakov Center has reported that one- and
three-year liver transplant survival rates are 92.1% and
90.9%, respectively [2].

Liver cirrhosis, occurring before the age of 1 year, can
affect motor and psycho-speech development in children
[3]. The persistence time of cirrhosis differs in children
with biliary atresia, depending on the palliative stage of
Kasai PE. Often complications of cirrhosis (synthetic
liver failure, development of portal hypertension, porto-
systemic shunting) are masked by normal levels of total
and direct bilirubin in children who underwent Kasai PE
and lead to late diagnosis of decompensated cirrhosis and
delayed liver transplantation.

The literature describes developmental disorders in
children with cirrhosis as a result of biliary atresia both
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in preparation for liver transplantation [4, 5] and after
it [6, 7].

The objective of this study was to determine the
chances of developmental delay in children depending
on the time of cirrhosis persistence.

MATERIALS AND METHODS

To realize this goal, we recruited a group of children
with biliary atresia (N = 83) who were admitted at the
Shumakov Center, Moscow. Inclusion criteria were: es-
tablished diagnosis of biliary atresia and liver transplan-
tation before 12 months of life. Exclusion criteria were
concomitant neurological diseases, neurotoxic reactions
to immunosuppressants after liver transplantation.

The children were divided into subgroups depending
on the palliative stage of Kasai PE. 47 children under-
went Kasai PE at the age of 1-3 months of life, and
36 children without a palliative stage underwent related
liver transplantation immediately. Table presents the
characteristics of children in subgroups.

Comparative analysis showed that in the subgroup of
children who underwent Kasai PE, liver cirrhosis per-
sisted for 2.6 months longer before transplantation than
in children without Kasai PE (p =0.011).

All the children were assessed before and 12 months
after liver transplantation using the Griffiths Psychomo-
tor Development Scale (translation and adaptation by
E.S. Keshishian) for children up to 24 months of life.

We carried out a statistical analysis of the odds ratio
of developmental delay for children depending on the
palliative stage of Kasai PE.

RESULTS

The first measurement was made in preparation for
liver transplantation. Thirty-four children showed devel-
opmental delay: 14 children without palliative stage and
32 children of the Kasai PE subgroup. The difference in
the subgroups was statistically significant (p = 0.0018).
Fig. 1 presents the number of children in preparation for
liver transplantation with normal and abnormal devel-
opment depending on the palliative stage of Kasai PE.

We analyzed the presence of developmental delay
depending on Kasai PE (Fig. 2).

The odds of developmental delay in preparation for
liver transplantation were 3.3 times higher in the sub-

group of children who underwent palliative Kasai PE
compared to children who did not (95%, CI 1.35-8.31).

The second measurement was performed in children
12 months after liver transplantation. In the group of
children without Kasai PE, 6 children (16.7%) had a de-
velopmental delay of less than 3 months. In the group of
children who underwent palliative Kasai PE, 8 patients

2 p=0.0018
I 21
= 15
g
L
g
- 10 10
15)
5
g
j=]
Z
3
I 1 1
no Kasai PE Kasai PE

® development is age appropriate

® up to 3 months of delayed development

¥ above 3 months of delayed development
hepatic encephalopathy

Fig. 1. Developmental levels of children with cirrhosis as a
result of biliary atresia at the stage of preparation for trans-
plantation

yes no
Kasai portoenterostomy

W delayed development

m development is age appropriate

Fig. 2. Analysis of developmental delay depending on pallia-
tive Kasai PE

Table
Characteristics of children enrolled in the study
Characteristics no Kasai PE, n =36 | Kasai PE, n = 47| Significance

Age at liver transplantation, months (min-max) 6.5 (4-15) 9.1 (5-24) p=0.011
Number of children with shoulder circumference <3 percentile, n (%) 17 (47) 23 (48) p=0.06
PELD mean score (min—max) 23 (13-44) 28.5 (9-34) p=0.075
Mean body weight before transplantation, kg (min—max) 6.7 (5.3-9.3) 6.9 (5.0-10.5) p=0.34
Hepatic encephalopathy, n (%) 1(2.8) 1(2.1) p=0.1
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showed a developmental delay of more than 3 months,
and 14 children had a delay of less than 3 months — a total
of 22 children (46.8%). The difference in subgroups with
respect to the number of children with developmental
delay was statistically significant, p = 0.01 (Fig. 3).

We analyzed the presence of developmental delay in
children 12 months after liver transplantation depending
on Kasai PE (Fig. 4).

The odds of developmental delay 12 months after
liver transplantation were 4.4 times higher in the sub-
group of children who underwent Kasai palliative porto-
enterostomy compared with children without palliative
stage (95%, CI 1.54-12.5).

Thus, children with a mean age of 9 months at the time
of liver transplantation have a 3.3-fold higher chance of
developmental delay before OLTx and 4.4-fold higher
chance 12 months after OLTx compared to children who
underwent liver transplantation at 6.5 months of age.

p=10.01
30
w0 | |
25
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=
o
3
= 14
2
g
Z
8
6
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no Kasai PE Kasai PE

m development is age appropriate
# up to 3 months of delayed development
= above 3 months of delayed development

Fig. 3. Developmental levels of children with cirrhosis as a
result of biliary atresia 12 months after liver transplantation
in subgroups

no

yes
Kasai portoenterostomy
delayed development
B development is age appropriate

Fig. 4. Analysis of developmental delay depending on pallia-
tive Kasai PE
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DISCUSSION

The pathogenesis of developmental delay in children
with biliary atresia is associated with many processes,
such as accumulation of neurotoxic substances affect-
ing the central and peripheral nervous system, catabolic
orientation of metabolic processes, insufficient liver syn-
thesis of growth factors, and muscle depletion involved
in ammonia detoxification. Increased proinflammatory
cytokines IL-6 and IL-18 are shown in patients with
cirrhosis [8]. Systemic inflammation means the develop-
ment of neuroinflammation, which can manifest in dif-
ferent ways. At the level of the central nervous system,
it manifests as development of acute conditions: seizures
and coma, and chronic neurodegeneration, manifested
by developmental and behavioral disorders in children
[9-13]. Neuroinflammation at the level of the periph-
eral nervous system manifests as chronic inflammatory
demyelinating polyneuropathy [14, 15] with a clinical
picture of muscle weakness, decreased muscle tone and
strength, autonomic disorders in patients with biliary
cirrhosis [15].

The significance of neuroinflammation is currently
being actively studied in the context of various diseases.
Whereas, for biliary atresia and decompensated cirrhosis
in children, research is required.

Neuroinflammation correlates with cognitive and
emotional problems in adults with cirrhosis; in particu-
lar, increased levels of tumor necrosis factor alpha are
associated with depression and fatigue in chronic liver
disease [16]. At the same time, clinical studies devoted
to the development of paediatric liver recipients have
reported contradictory data. Only some researchers tend
to connect developmental disorders of paediatric liver
recipients with unsuccessful Kasai PE [17-19].

CONCLUSION

Our study has shown a difference in the developmen-
tal level of children with biliary atresia depending on
the cirrhosis persistence time. A 2.6-month increase in
cirrhosis persistence time increased the odds of develop-
mental delay 3.3-fold before OLTx (95%, CI 1.35-8.31)
and 4.4-fold 12 months after OLTx (95%, CI 1.54-12.5).
Children who underwent liver transplantation after pal-
liative surgical treatment had lower levels of psycho-
motor and cognitive development than children with-
out palliative Kasai portoenterostomy both before and
12 months after liver transplantation (p = 0.0018, p =
0.01, respectively).

The authors declare no conflict of interest.
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Cytomegalovirus (CMV) infection is the most severe viral infection in renal transplant recipients, which can occur
in the post-transplant period in both adult and pediatric recipients. Developing and applying an effective prevention
and treatment strategy for pediatric renal graft recipients is a priority. Objective: to compare the effectiveness of
the protocols used for the prevention of CMV infection in pediatric kidney transplant recipients. Materials and
methods. The study enrolled 118 patients who underwent primary kidney transplantation at Shumakov National
Medical Research Center of Transplantology and Artificial Organs. Based on retrospective analysis, all recipients
were divided into two groups, depending on the prophylactic strategy after kidney transplantation. The follow-
up period for pediatric kidney recipients ranged from 108 to 1803 (623.5 &+ 379.5) days. CMV infection activity
was monitored by polymerase chain reaction. Results. The frequency of CMV infection activation episodes at
3 and 6 months was independent of the prophylaxis strategy used. The recurrence rate of CMV infection one
year after surgery was significantly lower (p = 0.037) with Strategy 2. No cases of CMV syndrome or CMV di-
sease, graft dysfunction, or chronic rejection associated with CMV infection were reported. Increasing the dose
of antiviral drugs in Strategy 1 did not increase the risk of cytotoxicity and nephrotoxicity, which are reversible
(creatinine levels were not significantly different in the study groups at 3, 6, 12 months, p = 0.542, p = 0.287,
p = 0.535, respectively). The incidence of kidney graft rejection did not increase in patients with lower doses of
immunosuppressants in Strategy 2. Conclusion. Both prophylactic strategies are effective in pediatric kidney
recipients. However, the choice of a strategy depends on the individual characteristics of the patient and requires
a personalized approach.

Keywords: cytomegalovirus (CMV) infection, kidney transplantation, universal prophylaxis, pediatrics,
nephrology, immunosuppression.

INTRODUCTION

Currently, protocols for prevention and treatment of
CMYV infection at various transplantation centers vary,
but two strategies are acceptable according to interna-
tional guidelines: universal prophylaxis and preemptive
therapy [1]. Universal prophylaxis involves administra-
tion of antiviral drugs to all patients or a group of patients
at risk. Antiviral drugs are usually started immediately
after kidney transplantation for 3 to 6 months [2, 6].

ciclovir; for at least 100 days, 48 (27%) received preven-
tive therapy. At 12 months after CMV transplantation,
CMYV DNAemia developed in 102 (57%) patients with
36 (20%) having a viral load of >2,000 copies/ml. Mul-
tivariate Cox analysis identified CMV DNAemia as an
independent risk factor for graft loss (hazard ratio 3.42;
p = 0.020); however, after stratification by viral load,
only CMV DNAemia >2,000 copies/ml (hazard ratio
7.62; p <0.001) remained significant. Kidney transplant

However, under this strategy, there are increasing reports
of CMV infection being resistant to therapy in solid or-
gan recipients [3].

Several studies have identified CMV infection as a
predictor of graft loss, worsening long-term outcomes,
and as a cause of mortality in kidney allograft recipients.
Tomas Reischig et al. identified CMV viremia as an in-
dependent risk factor for graft loss. The study included
180 transplant recipients: 87 (48%) patients received
prophylaxis with valacyclovir and 45 (25%) with valgan-

recipients having CMV DNAemia with a higher viral
load irrespective of the time to onset are at increased
risk for graft loss. Glomerular allograft pathology was
associated with chronic humoral rejection (in the absence
of donor-specific antibodies in the study recipients) [13].

For preemptive therapy, patients are routinely referred
for CMV infection testing, and therapy is initiated as soon
as active viral replication becomes apparent. According
to the guidelines for preventive therapy, treatment is con-
tinued until two consecutive negative antigenemia tests
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are obtained. Patients with CMV infection should receive
intravenous ganciclovir or oral valganciclovir for at least
14 days until symptoms disappear [2]. Each strategy
has its disadvantages and advantages. The disadvantage
of preemptive therapy is the condition of high compli-
ance of pediatric recipients and their parents. Universal
prophylaxis reduces the number of CMV episodes, the
recurrence rate, and the severity of the disease course,
but it is associated with nephrotoxicity and cytotoxic-
ity. Clinical reports have demonstrated positive results
with universal prophylaxis. However, there are clinical
reports of the occurrence of CMV infection in long-term
post-transplant recipients who received prophylaxis with
valganciclovir [1, 10, 12, 14]. In a study by Andre C.
Kalil in evaluating the safety and efficacy of universal
valganciclovir prophylaxis among solid organ recipients,
one in 25 recipients (n = 1831) had CMV infection with
late onset (OR = 8.95, 95% CI 1.07 to 74.83; p = 0.04)
[4]. This study also identified the most common side ef-
fect of valganciclovir — absolute neutropenia.

A number of other studies have focused on the suc-
cessful use of proliferative signal inhibitors as part of ba-
sic three-component immunosuppressive therapy for the
prevention and treatment of cytomegalovirus infection
[15]. Patients receiving everolimus (EVR) demonstrated
a significant increase in the number of CM V-specific ef-
fector CD8+ and CD4+ T cells compared to patients re-
ceiving cyclosporine (CsA) and mycophenolate mofetil
(MMF) [5]. The efficacy and safety of the combination of
tacrolimus (TAC) and EVR was recently confirmed in the
TRANSFORM study [5]. The efficacy of this protocol
for cytomegalovirus infection is also explained by the
possibility of reducing TAC levels when EVR is used,
which allows for an increase in the number of effector
CMV-specific cells. Taking into account the existing side
effects of valganciclovir, risks of adverse immunologi-
cal events with decreased immunosuppression, risks of
preventive therapy in pediatric recipients, due to the im-
possibility of ensuring a high compliance in this category
of patients, the development of an optimal protocol for
prevention of CMV infection in pediatric recipients is
still open for discussion.

Objective: to conduct a comparative analysis of the
effectiveness of the protocols used for prevention of
CMYV infection in pediatric kidney recipients.

CLINICAL OBSERVATIONS
AND STUDY METHODS

The study included 118 patients transplanted from
January 2018 to July 2021 at Shumakov National Medi-
cal Research Center of Transplantology and Artificial
Organs, Moscow. Among them were 63 (53.3%) boys
and 55 (46.7%) girls aged 1 to 17 (10.6 & 5) years, with
body weight from 7 to 71 (29.5 £+ 14.7) kg, who received
a kidney from a deceased (n = 37) and a living related
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(n = 81) donor. The follow-up period ranged from 108
to 1803 (623.5 £ 379.5) days. The minimum follow-up
period was 3 months.

Based on analysis of patient histories and outpatient
records, all recipients were divided into two groups,
depending on their prophylaxis strategy after kidney
transplantation (Strategy 1 and Strategy 2). The Strat-
egy 1 group included 71 pediatric recipients after pri-
mary kidney transplantation between 2018 and 2021.
The operated children included 30 (42.3%) girls and
41 (57.7%) boys, aged 1 to 17 (10 £ 5) years, with a
body weight of 8 to 57 (28 + 14.7) kg, who received a
transplant from a deceased (n = 23) and from a living
related (n =48) donor. The recipients received universal
prophylaxis for CMV infection, which was represented
by valganciclovir dose according to Asberg method for
6 months; if viral replication was detected, valganciclovir
was administered in a therapeutic dose.

The Strategy 2 group included 47 pediatric recipients
after primary kidney transplantation between 2018 and
2021. The operated children included 25 (53.2%) girls
and 22 (46.8%) boys aged 2 to 17 (11.6 + 5) years, with
a body weight of 7 to 68 (30.9 + 14.9) kg, who received
a transplant from a deceased (n = 14) and from a living
related (n =33) donor. The recipients received universal
prophylaxis for CMV infection, which included valgan-
ciclovir dose according to Asberg method for 6 months;
when viral replication was detected, immunosuppressive
therapy was reduced (i.e., reduction in the number of
components in the treatment regimen, reduction in im-
munosuppressant dose, etc).

CMV was monitored by quantitative polymerase
chain reaction (PCR) testing of the virus DNA in the
blood. In the first month after kidney transplantation,
monitoring was performed every week, then every
month; 6 months after transplantation, CMV monitor-
ing was performed every 3 months.

The following parameters were evaluated in the
study: clinical and demographic characteristics of the
recipients, incidence and characteristics of CMV events,
incidence of acute allograft rejection, renal function,
patient and graft survival, and nephrotoxicity and cyto-
toxicity of the prophylaxis protocol. Renal function after
transplantation was assessed using the Schwartz formula.

Biopsy-confirmed cellular and antibody-mediated
rejection were classified according to the Banff-2017
classification.

Statistical analysis was performed using IBM STA-
TISTICS 20 (IBM SPSS Inc., USA) StatTech v. 2.2.0
(developer LLC Stattech, Russia), an application soft-
ware package for calculations.

RESULTS

Among the observed kidney recipients, Strategy 1
was used in 60% (n = 71) of cases and Strategy 2 was
used in 40% (n = 47). A comparative analysis of the



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIlI N¢ 4-2021

demographic data of the kidney recipients depending on
the selected Strategy found that the age of the children
in the Strategy 1 group was significantly lower than that
in the Strategy 2 group (p = 0.010) (Table 1).

There were no significant differences in sex and body
weight in pediatric kidney recipients, which indicates the
homogeneity of the studied groups.

Comparative analysis showed no differences between
the groups in terms of graft variant, haplotype compat-
ibility, DR locus and number of mismatches (p > 0.05),

Table 1

Comparative analysis of demographic data
of kidney recipients

Indicator Strategy 1 Strategy 2 p
(n=171) (n=47)
Gender:
boys, n (%) 41 (57.7%) | 22(46.8%) | 0.256
girls, n (%) 30 (42.3%) | 25(53.2%)
1to 17 2to 17 %
Age, years (10 £ 5) (11.6+5) 0.010
. 8to 57 7 to 68
Body weight, kg | 75 149y | (30.9=14.9) | 0420

* — differences in indicators are statistically significant
(p <0.05).

Table 2

CMY infection activation in pediatric recipients
3 and 6 months after kidney transplantation

Detection CMV Category p
time, infection, | Strategy 1 | Strategy 2
months n (%)

no replication | 34 (54.0%) | 29 (46.0%)

3 replication o o/ | 0.141
detection 37 (67.3%) | 18 (32.7%)
no replication | 36 (55.4%) | 29 (44.6%)

6 replication 0 o/~ | 0.191
detection 26 (68.4%) | 12 (31.6%)

* — differences in indicators are statistically significant
(p <0.05).

=130 000
£ p =0.037
[}
B
$20 000
Z
Z
a
E 10 000 (1700)
@]
0 —— AgooE——=
Strategy 1 Strategy 2

Fig. 1. Comparative analysis of median CMV DNA levels
in pediatric kidney recipients with Strategy 1 (n = 71) and
Strategy 2 (n = 47) 3 months after transplantation
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although the proportion of related grafts compatible by
haplotype and DR locus was higher in the Strategy 2
group.

No clinical manifestations of CMV infection, either
as CMV syndrome (0%) or CMV disease (0%), were
reported in pediatric kidney recipients when Strategy 1
and Strategy 2 were used for CMV infection prevention.

CMYV infection activation in the form of asymptom-
atic viremia in pediatric recipients 3 months after kidney
transplantation in Strategy 1 was detected in 37 (52%) re-
cipients. In Strategy 2, asymptomatic CMV viremia was
detected in 18 (38%) recipients 3 months later (Table 2).

Comparative analysis showed no statistical signifi-
cance in the incidence of CMV infection 3 months af-
ter kidney transplantation (p = 0.141). In the Strategy 1
group, the median CMV DNA level was 1700 [600;
11,000] copies/ml, and in the Strategy 2 group, it was 800
[600; 1875] copies/ml. Strategy 1 had a higher median
CMYV DNA level than Strategy 2 (p = 0.037) (Fig. 1).

Most of the kidney recipients had an episode of active
CMV infection in the early postoperative period, i.e.,
developed within 14 days after kidney transplantation.
Comparative analysis showed no statistical significance
in CMV infection incidence 3 months after kidney trans-
plantation (p = 0.141).

By the end of the study, 103 recipients had reached
a follow-up period of 6 months, which was 87.3% of
the total number of patients included in the study. Six
months after transplantation in Strategy 1, asymptomatic
CMYV viremia occurred in 26 (41.9%) of the 62 recipi-
ents. In Strategy 2, 12 (29.3%) of 41 recipients also had
CMYV viremia at 6 months. In the Strategy 1 group, the
median CMV DNA level was 0 [0; 615] copies/ml, and
in the Strategy 2 group, it was 0 [0; 508] copies/ml (p =
0.178). A comparative analysis of the incidence of CMV
infection activation in pediatric recipients six months
after kidney transplantation was performed in the study
groups. Although the comparative analysis showed no
statistically significant differences between the groups
(p = 0.191), CMV replication incidence in Strategy 1
group was almost double that in Strategy 2 (Table 2).

By the end of the study, 78 kidney recipients had
reached the 12-month follow-up period, which was
66.1% of the total number of patients included in the
study. Twelve months after transplantation, 14 (27.5%)
of 51 recipients in Strategy 1 developed CMV infection,
while 2 (7.4%) of 27 developed same in Strategy 2. The
Strategy 1 group had a median CMV level of 0 [0; 600]
copies/ml, the Strategy 2 group had 0 [0; 0] copies/ml
(p = 0.028). A comparative analysis of the incidence
of CMV infection activation in pediatric recipients
12 months after kidney transplantation was performed
in the study groups.

The comparative analysis showed that activation of
CMYV infection in pediatric recipients 12 months after
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transplantation occurred more frequently with Strategy 1
(p = 0.037) (Fig. 2).

We analyzed the number of recurrent CMV infection
depending on the chosen strategy of CMV infection pre-
vention in children after kidney transplantation for the
whole period of observation (Table 3).

No statistically significant difference (p = 0.281)
could be found in the number of CMV reactivation epi-
sodes between the two strategies. However, as shown
in Table 3, the total number of relapses was higher in
Strategy 1 recipients.

Evaluation of adverse events

We analyzed the presence of cytopenia (leukopenia,
neutropenia, thrombocytopenia) after 3 and 6 months and
found no statistically significant differences between the
groups (p=0.396, p=0.738, respectively). At 12 months
after transplantation, cytopenia was not detected in any
of the study groups. Serum creatinine levels in kidney
recipients did not statistically differ at different times
after transplantation (3, 6, 12 months) regardless of the
CMV prophylaxis strategy used (p = 0.542, p = 0.287,
p = 0.535, respectively).

Assessment of adverse immunological
events

There were no cases of graft rejection associated
with activation of CMV infection in recipients during
prophylaxis.

Fig. 3 shows a comparison of survival without ad-
verse events (mortality, rejection, return to hemodialysis)
in kidney recipients depending on the cytomegalovirus
infection prophylaxis strategy.

A comparative analysis of one-year survival without
adverse events (mortality, rejection, return to hemodi-
alysis) in kidney recipients depending on CMV infection
prevention strategy showed no statistical difference (p =
0.537).

DISCUSSION

CMV infection remains one of the most common
viral infectious complications in solid organ recipients,
affecting the course of the post-transplant period [9, 10,
14]. CMYV infection in pediatric kidney recipients has
been shown to be associated with indirect effects. CMV
infection can cause acute and/or chronic damage, graft
rejection, and consequently affect poor graft survival,
which are attributed to indirect effects. Any effort to pre-
vent CMV will help improve long-term outcomes. The
first milestone in the fight against CMV infection was
the advent of antiviral drugs and the use of prophylactic
strategies. To this day, they are the CMV prevention
cornerstones, but they are not enough to prevent the virus
from replicating [11].

15

100 -
%
75~

wn
N
~

50~

259 [40.3

[12.5]

No repiication Replicatioﬁ detection
CMYV - 12 months

[ Strategy 1

Study groups []Strategy 2

Fig. 2. CMV infection activation in pediatric recipients
12 months after kidney transplantation

Table 3

Analysis of recurrence rates of CMYV infection
depending on the strategy chosen

Category | Number of recurrent CMV infection,n | p
0 1 2 3 4 6
Strategy 1 | 37 8 6 5 5 1 0281
Strategy 2 | 31 6 4 1 0 0
207 p =0.537
S 80 T
= 701
2
E 60 1
o 50+ = Strategy 1
2
= 40T == Strategy 2
j=]
§ 30+
201
10+
0 f ; : ; f 1
0 1 2 3 4 5 6
Time, years

Fig. 3. Comparison of survival without adverse events (mor-
tality, rejection, return to hemodialysis) in kidney recipients
depending on the CMV prevention strategy

Over the past two decades, it has become clear that
both innate and CMV-specific immunity play a crucial
role in controlling CMV, necessitating the optimization
of immunosuppressive therapy protocols. The present
study conducted a comparative retrospective analysis
of the clinical outcomes of kidney transplantation in
118 pediatric kidney recipients in order to develop indi-
vidualized prophylaxis for cytomegalovirus infection.
The results revealed that the viral load differed in the
groups only 12 months after transplantation; no differ-
ences were detected in other time periods.
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Comparative analysis showed that activation of CMV
infection one year after transplantation occurred more
often with Strategy 1, i.e., when prophylaxis was no lon-
ger used. The risk of recurrence was significantly lower
with Strategy 2, which is logical against the background
of reduced immunosuppression.

However, Strategy 2 must take into account the re-
strictive criteria for the acceptability of immunosup-
pressive therapy reduction — reduction of calcineurin
inhibitor and the use of mTOR inhibitors — acceptable
for recipients with low or moderate immunological risk,
thus limiting the widespread use of this approach.

CONCLUSION

The presented experience in CMV prevention in kid-
ney recipients has shown that the algorithms used for
diagnosis and prevention of CMV infection and, when
appropriate, algorithms for treatment of episodes of ac-
tive CMV infection, demonstrate good clinical outcomes
both in controlling recurrent CMV infection and prevent-
ing CMV disease and CMV syndrome, and in reducing
the likelihood of developing indirect CMV effects affect-
ing graft function, graft survival, and recipient survival.

The authors declare no conflict of interest.
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Lung cancer remains the leading cause of cancer mortality worldwide. Solid organ transplant recipients are at
risk of developing malignant tumors, including lung cancer, due to long-term use of immunosuppressive drugs.
Development of cancer, including lung cancer, in this patient cohort, has a number of peculiarities. Moreover,
malignant tumors in these patients are difficult to treat and have a poorer prognosis. This review presents a study
of the issues concerning the mechanisms of lung cancer development, screening methods and treatment in solid

organ transplant recipients.

Keywords: solid organ transplant recipients, immunosuppressive therapy, malignant tumors, lung cancer.

INTRODUCTION

Despite recent advances in immunology, genetics,
pharmacology and other sciences, lung cancer remains
the leading cause of death among all malignancies. As
the number of smokers increases in the world, so does
the incidence of lung cancer [1].

The International Agency for Research on Cancer
estimates that 2,206,771 new cases of lung cancer were
identified in 2020, representing 11.4% of all cancers.
The mortality rate was 1,796,144, representing 18% of
all cancer deaths in 2020. In men, lung cancer ranks
first in mortality rate (21.5% of total mortality), and in
women it ranks second place after breast cancer (13.7%)
[51]. Solid organ transplantation is the only and so far
irreplaceable method of treatment of end-stage diseases
when other means of treatment are powerless. The num-
ber of solid organ transplants is increasing year by year in
the world. The year 2020 is an exception due to the Co-
vid-19 pandemic. According to the International Society
for Organ Donation and Transplantation, 113,363 solid
organ transplants have been performed worldwide. Solid
organs recipients are at risk of developing malignancies,
including lung cancer, due to long-term use of immuno-
suppressive drugs. In addition, malignant tumors in solid
organ recipients are difficult to treat and have a worse
prognosis [2—8, 52].

INCIDENCE

The overall incidence of malignant tumors in solid
organ recipients depends on the country of residence,
diet, habits, environmental conditions, and other factors.
World statistics give different data on the incidence of
malignant tumors in solid organ recipients, depending
on the group of patients, age and transplanted organ. The
average incidence is 2—6% [9, 10]. The most common
tumors are lymphoproliferative diseases and skin cancer.

The risk of lung cancer in solid organ recipients ranges
from 0.3% to 0.85%, which is similar to the incidence
in the general population [9, 10]. There is an increased
incidence of lung cancer in lung and heart recipients
compared to liver and kidney recipients (the ratio was
5.5,2.9, 2, and 1, respectively). Heart-lung transplant
recipients had a 9.3-fold higher risk of developing lung
cancer compared to the general population. The authors
concluded that this is associated not only with immu-
nosuppressive therapy, but also with age and long-term
smoking history [9, 11]. According to A.-M. Noone et
al., among 221,962 solid organ transplant recipients,
15,012 developed cancer (6.76%). Lung cancer was the
largest contributor to mortality (3.1%), followed by non-
Hodgkin lymphoma (1.9%), colorectal cancer (0.7%),
and kidney cancer (0.5%). Non-Hodgkin lymphoma
was the largest contributor among children (4.1%) and
lung cancer was the largest contributor among solid or-
gan recipients aged >50 years (3.7-4.3%). The authors
concluded that cancer-attributable mortality increases
with age and time since transplantation, and therefore
cancer deaths will become an increasing burden as re-
cipients live longer [12]. In a study by E. Yanik et al.,
among 187,384 solid organ recipients, of which kidney
recipients constituted 58%, liver recipients 22%, heart
recipients 10%, and lung recipients 4%, 9,323 cancers
(4.97%) were detected. The most common was lung
cancer (n = 1,993 (1.06%)) [13]. D. Pérez-Callejo et al.
analyzed 633 lung transplant patients and found that the
most common causes for transplantation were idiopathic
pulmonary fibrosis (47.8%) and emphysema (43.4%).
During follow-up, lung cancer was detected in 23 of them
(3.63%). In 5 patients, lung cancer was an incidental
finding in the recipient’s explanted lung. In 18 patients,
cancer developed de novo in single-lung transplant re-
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cipients (12 cases in the native lung and 6 cases in the
donor lung) [14].

PATHOGENESIS AND RISK FACTORS

There are several mechanisms by which solid organ
recipients get lung cancer: de novo in the native lung
(in the case of a single-lung transplant), in the donor
lung, or as a progression of a pre-existing tumor in the
explanted lung. Reports about detection of lung cancer
in the recipient’s explanted lung are not so rare, which
suggests that solid organ recipients should be examined
more thoroughly before surgery. For example, in Y. Jun
Choi et al., out of 247 lung recipients, 6 (2.4%) were
diagnosed with lung cancer as an incidental finding
in the explanted lung [15]. The probability of donor-
transmitted tumor with donor lung is extremely low, but
such transmission mechanism exists and it is imperative
to perform computed tomography in a potential donor.
This is more relevant to lung transplantation. However,
reports have cases of lung cancer transmission, for ex-
ample, with transplanted liver (in this observation, lung
cancer metastasis from an undetected nidus was detected
in the liver) [16].

Among lung cancer risk factors, besides smoking,
which most authors consider to be the main one, Epstein—
Barr virus and progression of post-transplantation lym-
phoproliferative diseases are also distinguished [14]. In
addition, development of lung cancer can be influenced
by adverse environmental conditions, such as exposure to
silica and asbestos. Some terminal stages of diseases for
which lung transplantation is performed, such as chronic
obstructive pulmonary disease and pulmonary fibrosis,
also suggest increased risk of lung cancer in single-lung
versus double-lung transplantation. Most authors say that
the risk of lung cancer almost doubles after 60 years of
age [8, 14, 17-21].

IMMUNOSUPPRESSIVE THERAPY AS A SPECIFIC
FACTOR

Loss of immunological surveillance due to decreased
antitumor immunity, especially in patients with pulmo-
nary fibrosis whose risk of lung cancer incidence is ap-
proximately 7 times higher than in the population, activa-
tion of pro-oncogenic viruses, direct carcinogenic effect
of immunosuppressive drugs are all specific risk factors
for lung cancer in solid organ recipients in comparison
with the population [4-6, 12, 22-27].

SCREENING

The possibility of early detection and timely treat-
ment of malignant tumors in solid organ recipients di-
rectly depends on periodic screening examinations [25,
28]. Although early diagnosis of lung cancer can im-
prove treatment outcomes in this category of patients,
the position of some authors who express doubts about
the expediency of screening in solid organ recipients
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with life-threatening comorbidities or with life expec-
tancy of less than 5—10 years is puzzling [29]. Current
English-language guidelines for screening of cancer of
various localizations, including lung cancer, for solid
organ recipients are based on extrapolation of the results
of screening studies in the general population, as well
as on understanding of the high risk of lung cancer in
this category of patients [29]. In lung recipients with a
long history of smoking, despite quitting smoking, close
monitoring is a prerequisite for early diagnosis of lung
cancer [9].

A screening program to detect lung cancer in the U.S.
population revealed that the use of low-dose multislice
computed tomography in comparison with radiography
reduces lung cancer mortality by 20% [20, 21]. The use
of the Lung Imaging Reporting and Data System (Lung-
RADS) to interpret the changes detected during screen-
ing allows standardization of CT scan description, as
well as development of clear guidelines for determining
treatment tactics (Table) [30, 31]. Thus, the use of such a
data evaluation system for lung cancer diagnosis in solid
organ recipients seems promising.

PREVENTION AND TREATMENT

The fundamental method of lung cancer prevention
is “cancer vigilance” at all stages of medical care and
dynamic monitoring. Besides total smoking cessation,
methods of prevention also include “reasonable” mini-
mization of immunosuppression [13, 25].

Lung cancer treatment in solid organ recipients does
not differ from that in the population. Treatment strategy
depends on the stage, histological structure of the tumor,
and presence of concomitant diseases in the recipient [25,
32]. The peculiarities of this category of patients are the
fact that chemotherapy within the framework of complex
treatment often cannot be carried out in full due to con-
comitant diseases and the danger of graft rejection caused
by reduced dosage of immunosuppressive drugs [3]. In
the English-language literature, there are currently no
guidelines on changing the immunosuppressive therapy
regimen in solid organ recipients after diagnosed lung
cancer, although chemotherapy usually decreases the
intensity of immunosuppressive therapy [33, 34]. Immu-
notherapy is now coming to the fore in a number of cases
of different tumor types (high PD-L1 expression and
tumor mutational burden). However, interference with
the immune system can have disastrous consequences
in patients on immunosuppressive therapy, as the issue
of simultaneous administration of immuno-oncological
and immunosuppressive drugs remains unexplored [35].
Surgery is the gold standard in stage I and II non-small
cell lung cancer (NSCLC). At the same time, stereotactic
ablative radiotherapy (SABR) is the method of choice
in patients with stage I NSCLC who are inoperable due
to their somatic status [36-38]. However, the safety of
SABR has not been evaluated in solid organ recipients,
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which is a major drawback for this method. According preferable in treatment of lung cancer of stages I and
to G. Drevet et al., surgical method of treatment is more  IIIA in cases of resectable tumor and operability of pa-

Table

Lung-RADS, a system for assessing changes in the lungs detected by MSCT. Treatment tactics and risks of
malignancy [31]

Category Findings Tactics >
descriptor 2 .S é
g | &S
Z % | Es
o A g
]
Incomplete 0 No data for comparison Additional MSCT - 1%
research
No lung nodules
No ngdules ar.1d OR nodule(s) with specific calcifications:
definitely benign | 1 o
complete, central, popcorn, concentric rings and fat
nodules .
containing nodules
Perifissural nodule(s) <10 mm
?pe;lelglance Solid nodule(s): <6 mm .
with a very new <4 mm st in <1% | 90%
low likelihood . .
. Part solid nodule(s): <6 mm
of becoming a 2
clinically active Non-solid nodule(s) (ground-glass nodules, GGN):
cancer due to
size or lack of OR >30 mm and un<cf1(a)1rfn g:i or slowly growin
growth = & ye &
Category 3 or 4 nodules unchanged for >3 months
Solid nodule(s): >6 to <8 mm
OR new 4 mm to <6 mm
Probably benign | 3 Part solid nodule(s): >6 mm MSCT in 6 months | 1-2% | 5%
with solid component <6 mm
OR new <6 mm
GGN: >30 mm
Solid nodule(s): >8 to <15 mm at baseline
OR growing <8 mm .
OR new 6 to <8 mm MSCT 1n.
3 months;
Suspicious 4A Part solid nodule(s): >6 mm PET/CT may be 5-15% | 2%
. . used when there
with solid component >6 mm to <8 mm . .
. . . is a >8 mm solid
OR with a new or growing <4 mm solid component
component
Endobronchial nodule
Solid nodule(s): >15 mm MSCT/PET
OR new or growing, and >8 mm and/or
AB tissue sampling
Part solid nodule(s) with:
a solid component >8 mm For new large
Very suspicious OR a new or growing >4 mm solid component nodules, >15% 2%
. . Tin 1 h
Category 3 or 4 nodules with additional features or CTin month to
. . . X e ; address potentially
imaging findings that increase the suspicion of malignancy ; .
4X (spiculation, GGN that doubles in size in 1 year, enlarged infectious
’ lymph nodes, etc.) ’ or 1nﬂa1pmatory
> conditions
Other clinically
significant _ _ o
findings (non- S May add on to any category 10%
lung cancer)
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tients. Traditional radiotherapy and chemotherapy are
recommended for treatment of inoperable lung cancer of
stage II and locally disseminated lung cancer of stage I11.
In solid organ recipients, special caution should be exer-
cised when prescribing radiation or chemotherapy due
to immunosuppressive therapy, concomitant diseases,
frequent presence of renal insufficiency [39].
Video-assisted thoracoscopic surgery (VATS) for ana-
tomical lung resections are increasingly used worldwide
to treat various diseases, including primary lung cancer
[40]. As surgeons accumulate practical experience and
surgical techniques improve, the range of VATS is ex-
panding in various areas of thoracic surgery [40]. The
vast majority of thoracic surgeries previously performed
traditionally from thoracotomy can be performed us-
ing endoscopic equipment from small incisions [41].
In specialized thoracic departments, the number of
VATS lobectomies often exceeds the number of open
lobectomies performed [41]. The gradual abandonment
of thoracotomy in favor of VATS has led to better pa-
tients’ quality of life while maintaining the same surgical
safety [42]. At the time this technology appeared, there
were still doubts concerning the radicality of operations
performed and long-term survival rate of patients with
lung cancer. But now, it is generally accepted that tho-
racoscopic access for lobectomy for NSCLC does not
lead to worse long-term outcomes in patients’ survival
in comparison with traditional thoracotomy [40]. At the
same time, VATS has a number of advantages, namely, a
smaller number of complications in early and late post-
operative period, and shorter hospital stay [40, 43]. T.
Demmy, et al. emphasize that in elderly and debilitated
patients, immediate and long-term outcomes of VATS are
better than in thoracotomy [41]. According to P. Falcoz
et al., early postoperative mortality in VATS lobectomy
group in NSCLC patients was twice lower in comparison
with open lobectomies [40]. The advantages of VATS
are particularly pronounced in elderly patients (over
70 years old), and underweight and predicted low func-
tional scores in the postoperative period (SPH1 <40%)
[40]. Reports on the use of VATS in solid organ recipients
are rare. M. Al-Ameri et al. comparing immediate and
long-term results of uniportal and multiportal VATS ac-
cesses in patients with various pathologies of the lungs
and mediastinum, came to the conclusion that there are
no significant differences in the number of postopera-
tive complications (6% in both groups), and that the
30-day mortality and overall survival at 1 year was 0%
and 97% in the uniportal group, and 0.5% and 98% in
the multiportal group (P =0.71). In addition, the author
reported faster rehabilitation and shorter hospital stay for
uniportal access (76.2% versus 62.1%, P = 0.008) [44].
However, uniportal access is still not widespread accord-
ing to a survey among members of the European Society
of Thoracic Surgeons (ESTS) [45]. J J. Seitlinger et al.
note that conversion rate, i.e. conversion from miniaccess
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to conventional thoracomy, decreases with the improve-
ment of surgical technique and is less than 10% [46]. At
the same time, patients undergoing conversion have a
higher risk of complications in early and late postopera-
tive period (40.9% versus 16.8%) and mortality (6.8%
versus 0.2%) [46]. Meanwhile, open surgery cannot be
completely abandoned, because, with all its advantages,
VATS is powerless in situations where it is impossible
to create adequate working space for safe manipulations
inside the thoracic cavity during surgery. (e.g., intoler-
ance to single-lung ventilation) [41]. H. Maeda et al.
conducted an interesting study, analyzing 12 cases of
VATS in kidney recipients [47]. The authors compared
both laboratory parameters, in particular serum creati-
nine levels, and assessed the glomerular filtration rate
before and after surgery and postoperative complications.
Operative methods used included VATS wedge resection
(n=4), VATS segmentectomy (n =4), VATS lobectomy
(n =2), VATS mediastinal tumor resection (n = 1), and
VATS chest wall tumor resection (n = 1). All patients
received two to three immunosuppressive drugs, and
no patients required perioperative hemodialysis. There
were no bronchopulmonary complications in the early
postoperative period. There were no statistically signifi-
cant differences between preoperative and postoperative
serum creatinine levels and estimated glomerular filtra-
tion rate. The authors conclude that such operations are
safe in recipients on immunosuppressive therapy [47].

PROGNOSIS

The course of malignant tumors, including lung can-
cer, is more aggressive in solid organ recipients. Prog-
nosis and life expectancy are determined by the stage of
the disease, the presence of N2 status, driver mutations,
the degree of pathomorphosis, treatment regimen, etc.
[20, 25, 48]. According to G Drevet et al., the 5-year
survival rate of resectable lung cancer after surgical treat-
ment was 40.6%, which is comparable with the survival
rate in the population (40.7 to 50%) [9]. L. Nora Chen
et al. report that the median survival of lung recipients
after lung cancer diagnosis was 32 months (IQR, 10—
52 months), which is significantly lower compared to
the general population [48]. S. Zhang et al. reported a
17.9% overall 5-year survival rate in kidney recipients
after lung cancer diagnosis [49]. K. Sigel et al., hav-
ing investigated 597 cases of lung cancer detection in
solid organ recipients, concluded that the survival rate
of solid organ recipients, not including lung recipients,
is worse in comparison with patients with lung cancer in
the population [50]. It is necessary to treat the literature
data with caution, since all the above prognostic factors
should be considered, first of all, the lesion of regional
lymph nodes. Survival rate is also directly affected by the
adequacy of lymphodissection performed during surgery.
It should also be noted that in some cases, it is difficult
to compare the results of different authors, because in
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different years, different TNM classification was used
to assess tumor spread.

CONCLUSION

Despite conflicting data from various authors, reports
suggest an increased risk of lung cancer in solid organ re-
cipients, especially lung and heart-lung recipients. Given
the increasing role of malignant tumors, including lung
cancer, in the overall mortality of solid organ recipients,
as well as increased life expectancy of solid organ re-
cipients, the development of screening and prevention
of lung cancer in solid organ recipients is a timely and
urgent task. In our opinion, we must be critical of the
recommendations of some authors that screening in solid
organ recipients with life-threatening comorbidities and
a life expectancy of less than 10 years is inappropri-
ate. Creation of an evidence-based screening program
aimed at early detection of lung cancer in solid organ
recipients (e.g., the Lung-RADS data evaluation system,
which has proven to be excellent in the United States),
would allow early treatment to be initiated. The choice
of optimal treatment tactics for lung cancer in solid organ
recipients requires further study. As data accumulates,
it will be possible to make a conclusion about the safety
of chemotherapy and immunotherapy in this category
of patients. Surgical treatment of lung cancer in solid
organ recipients does not fundamentally differ from that
in the population, and VATS is not inferior to open sur-
geries, having at the same time a number of advantages.
Introduction of minimally invasive methods of surgical
treatment of lung cancer in this category of patients will
shorten the patient’s stay in the hospital, and significantly
speed up rehabilitation since there is less pain and less
surgical trauma.

The authors declare no conflict of interest.
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Background. Chronic graft rejection (CR) represents an increasing concern in pediatric liver transplantation (LT).
Risk factors of CR in this population are uncertain. In present study, we aimed to ascertain if clinical parameters
could predict the occurrence of CR in LT children. Methods. We retrospectively analyzed the results from 47 child-
ren who had experienced acute hepatic rejection in Namazee hospital, Shiraz, Iran during 2007-2017. Results.
Out 0f 47 children, 22 (46.8%) and 25 (53.2%) were boys and girls respectively. Ascites, gastrointestinal bleeding,
and spontaneous bacterial peritonitis were observed in 20 (44.4%), 14 (31.1%), and 4 (9.1%) respectively. Post-
transplant vascular and biliary complications were observed in 3 (7%) and 4 (9.3%) cases respectively. The mean
time from LT to normalization of liver enzymes was 14.2 &+ 7.5 days. The mean of acute rejection episodes was
1.4 + 0.6 (median = 1 (22, 46.8%), range of 1-3). Six (12.7%) patients experienced CR. The mean time from LT
to CR was 75 + 28.4 days. A significant association was found between CR and patients’ condition (being inpatient
or outpatient) before surgery (P = 0.03). No significant relationship was found between CR and post-transplant
parameters except for biliary complications (P = 0.01). Both biliary complication (RR = 33.7, 95% CI: 2.2-511,
P =0.01) and inpatient status (RR = 10.9, 95% CI: 1.1-102.5, P = 0.03) significantly increased the risk of CR.
Conclusion. Being hospitalized at the time of LT, and development of biliary complications might predict risk
factors for development of CR in LT children.

Keyword: Liver transplantation, Graft rejection, Host vs Graft Reaction.

INTRODUCTION

In the courtesy of substantial improvements in pre-
and post-transplant care, patients who are organ trans-

for graft failure in pediatric population [6]. After nearly
five decades experience on pediatric LT, survival rate
for patients hits 90% in 1-year post transplant [7]. This

planted now encounter lower rate of early complica-
tions after surgery. However, patients are still at risk of
long-term complications and in particular, chronic graft
rejection (CR). Accordingly, CR is the most debating
and concerning survival-limiting complication in liver
transplanted patients and is encountered in 2-20% of
the patients [1, 2]. CR is generally defined by foamy
changes in sinusoidal and vascular beds as well as the
loss of>50% of portal bile ducts [3, 4]. The most identifi-
able feature in biopsy specimens, however, is the loss of
bile ducts as foamy changes which are usually restricted
to large arteries. Nevertheless, the loss of bile ducts is
considered as a late feature of CR [3]. Immunosuppres-
sive therapies have had the least impacts in progression
of tissue degeneration in advanced CR. The majority of
patients affected with advanced CR are required to be
re-transplanted [5]. In accordance, CR is the main reason

survival rate could particularly be attributed to improve-
ments in preoperative managements, optimizing donor
selection strategies, and developing proficient surgical
methods. The majority of these advancements, however,
contribute to lower acute and short-term complications
while long-term complications, and in particular, CR, is
still relatively common encountered feature. Compared
to adult LT (2-5%), CR is encountered in higher ratios
(8-12%) in pediatric patients [6]. Parameters associated
CR are not well known in pediatric LT. Based on this,
studying risk factors related to incidence of CR is of
crucial importance to early identify CR in pediatric LT.

METHODS

This was a retrospective study performed in Organ
transplant center of Nemazi Hospital, Shiraz, Iran. Data
on CR was gathered from 47 pediatric patients who had
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experienced acute rejections. A comprehensive view on
these patients has been reported earlier by ours. These
patients had biopsy diagnosed acute rejection. Chronic
rejection was diagnosed in these patients based on the
loss of >50% of portal bile ducts. Statistical analysis
was performed in SPSS 19 software using appropriate
descriptive and analytical tests.

RESULTS

From 47 children, 22 (46.8%) and 25 (53.2) were boys
and girls respectively. Family history of liver disease was
noted in 9 (19.1%) of the patients. None of the patients
had renal insufficiency, cyanosis or hepatopulmonary
syndromes pre-transplant. However, ascites, gastroin-
testinal bleeding, and spontaneous bacterial periodontitis
(SBP) were observed in 20 (44.4%), 14 (31.1%), and 4

was 75 + 28.4 days. Table 2 represents features of the
six patients who developed CR.

No association was identified between CR and sex,
blood group, child class, pre-transplant complications
(SBP, GI bleeding, ascites, hepatopulmonary syndrome,
cyanosis, renal insufficiency), and graft origin (cadav-
eric, parental). However, fisher exact test revealed a
significant association between CR condition (being in-
patient of outpatient) of the patients before surgery (P =
0.03). Beside biliary complications (P = 0.01, table 3),
no significant relationship was found between CR and
post-transplant parameters (diabetes, renal insufficiency,
CMYV infection, and vascular complications). In regres-

(9.1%) of patients respectively. Table 1
Only 6 (13%) of the patients had been hospitalized at Basic clinical feature§ in 47 liver transplanted
. - . children
the time of transplantation. Cadaveric transplants were
done in 33 (71.7%), while the grafts came from either Parameter Amount
fathers or mothers in 4 (6.5%) and 10 (21.7%) cases At 17 (36.2)
respectively. The means for the numbers of transfused B+ 87
FFP, whole blood, and packed cell units before LT were | Blood groups B- 2(4.3)
1+£1.7,0.4 + 1.4, 0.6 = 1.5 respectively. basic clinical o+ 17(36.2)
features of the patients have been noted in table 1. O- 2(4.3)
One (2.2%) patient developed diabetes, and 1 (2.2%) AB+ 121
developed renal insufficiency after transplantation. Se- A 12 (22.2)
p y P -
. . " Child class B 24 (58.3)
rological tests for cytomegalovirus (CMV) was positive C 11(19.4)
for 1 (2.2%) case after transplantation. Bayloma was A '
. o : ge at transplant (years) 9.6+9.5
noted in 6 (14%) of the p:.:lt.lents after Fhe surgery. Post- Weight at transplant (Kg) 2371134
transplgnt vascular and biliary complications were ob- PELD/MELD score 187 <105
served in 3 (7%) and 4 (9.3%) of the cases resps:ctlveily. Child Score 76+23
No cases developed post-transplant lymphoproliferative Hospitalization episodes 7510
disorder (PTLD) following LT. Bleeding volume (ml) 327.6 +420.3
The mean time from LT to normalization of liver  [Surgery time (hours) 192.8 + 109.6
enzymes was 14.2 +7.5 days. The mean of acute rejec-  |ICU stay after transplantation 107451
tion episodes was 1.4 £ 0.6 (median = 1 (22, 46.8%), |(days) : )
range of 1-3). Six (12.7%) patients experienced chronic | Hospital stay after transplantation 142+59
rejections. The mean time from transplantation to CR ~ [(days)
Table 2
Features of six children who developed chronic graft rejection after liver transplantation
Features P1 P2 P3 P4 P5 P6
Gender M F M M M F
Age at transplant (years) 6 3 2.5 10 11 2
PELD/MELD score 24 16 28 40 14 18
Child Score 6 8 12 6 7
Time to liver enzyme normalization (days) 17 28 17 10 12
Acute rejection episodes 1 1 1 2 2 2
Time to chronic rejection (days) 102 94 89 43 87 35
Status before transplant inpatient inpatient | outpatient | inpatient | outpatient | outpatient
Type of transplant Mother Mother Cadaver Cadaver Cadaver Cadaver
Biliary complications Yes No No No No Yes

Note. P — patient; M — male; F — female.
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sion analysis, both biliary complication and inpatient
status increased the risk of CR significantly (table 4).

DISCUSSION

Graft failure due to CR is a growing concern in pe-
diatric LT. Mechanisms behind CR are of great interest
for researchers in order to make progress on patient and
graft outcome. In respective to the adults, LT in chil-
dren offers a superior prognosis. This is governed by
a variety of factors such as graft quality and viability
(source, harvesting, preserving and transporting) as well
as efficiency of surgical techniques and inter-individual
patients’ related factors.

In our study, 6 (12.7%) patients encountered CR.
The mean time from LT to CR was 75 + 28.4 ranging
from 35-102 days. It has been noted that graft failure is
mostly encountered within three months after LT, while
85% of rejections occurred within six months [8]. In a
study in Brazil on 537 LT children, 29 (5.4%) developed
CR [6]. In another report in 22 pediatric LT, 2 (9%)

encountered CR [9]. In a study by Dattani et al., 2% of
46 LT children developed CR [10]. CR development is
a multifactorial phenomenon. This could be provoked
in grafts from unrelated donors as CR was reported in
14.7% of patients transplanted with unrelated while in
7% of related allografts [11]. Overall, CR is a relatively
common feature in pediatric LT, however, its risk factors
and underlying pathological and immunological mecha-
nisms need to be more elucidated.

In our patients, neither of recipients’ age, weight,
PELD/PELD or child scores, and nor acute rejection
episodes, hospitalization period, time laps for normaliza-
tion of liver enzymes, and receiving blood components
or bleeding during surgery were associated with occur-
rence of CR. Nevertheless, status of the patients at the
time of LT (i.e. inpatient or outpatient), the ICU stay
duration, and post-transplant biliary compilations were
significantly associated with CR. Among risk factors of
CR in LT are recurrent acute rejections [3, 6, 12], viral
infections [13—16], low-dose immunosuppression ther-

Table 3

Univariate analysis for association of clinical characteristics pre and post liver transplantation with
occurrence of chronic graft rejection

Parameters Chronic rejection p
Yes (n = 6) No (n=41)
. Yes 2 3
Biliary No 7 33 0.01%*
Inpatient 2 3

Status Outpatient 4 37 0.03*
Age at trans 155+£2.7 8.7+43 0.11
Weight at trans 27+ 18.1 23.1+12.6 0.74
PELD/MELD score 22.7+11.7 18.1 £10.5 0.40
Child score 8+£2.7 75+23 0.61

FFP units 1.2+14 1£1.8 0.38
Whole blood units 0.25+0.5 052+1.5 0.89
Hospitalization before 1.5+0.5 2.7+£2.1 0.16
Bleeding volume at surgery 568 + 567.5 296 +396.1 0.18
ICU stays after transplant 55+£39 11.5+4.38 0.007**
Surgery time 230+ 62.4 189.7+ 112.8 0.84
Hospital stay after transplant 13+£6 145+£59 0.93
Days to normalization of liver enzymes 14.8 + 6.6 14.1+7.8 0.56
Acute rejection episodes 1.4+0.5 1.4+0.6 0.84
Note. * — Fisher exact test; ** — Mann Whitney U test.

Table 4
Logistic regression analysis for selected variables and risk of chronic rejection in pediatric liver
transplantation
Parameters 95%CI p Adjusted RR | 95%CI p
Status Outpatient Ref Ref
Inpatient 1.3-60.4 0.02 10.9 | 1.1-102.5 0.03
Biliary complications No Ref
Yes 2.1-316 0.01 33.7 | 22-511 0.01
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apy, anti-viral therapy [2], underlying liver disease [17,
18], human leukocyte antigen (HLA) mismatch [18-20],
ABO-incompatible graft [21, 22], donor-specific antibod-
ies (DSA) against HLA or other immune determinants
(i.e. complement system) [23-25], and post-transplant
complications (i.e. vasculopathies and sinusoidal fibro-
sis [16]. In another study, however, none of 36 patients
who received long-term low dose immunosuppressive
therapy developed CR [26]. In fact, tacrolimus based
immunosuppressive treatment has been reported as an
effective factor for preventing CR [4, 27], however, other
studies suggested that immunosuppression regimes could
not be definitive determinants in prevention of CR [6,
26]. DSAs which have been mainly against HLA II and
C3d component of complement system are seen in in-
creasing frequencies with the time after transplantation
(8% within 5 years while 50% in >15 years of LT) [23].
Nevertheless, DSAs may not be specific for detection of
CR as they have also been described in as high as 56%
of patients without any evidences of CR [25]. Allografts
In patients positive for CMV infection have shown more
pronounced fibrotic and vasculopathy, as well as necrotic
changes [13]. This has been attributed to higher expres-
sion of vascular growth factors (such as platelet derived
growth factor and fibroblast growth factor; i.e. PDGF
and FGF) [13]. On the other hand, chronic stimulation of
inflammatory cytokines has been suggested as a possible
contributor to the aggravation of hepatic inflammation
and CR [13]. Some other risk factors have also been de-
scribed for CR. Of these are recipient general health and
absence of autoimmune disorders, as well as recipient
age and gender [12, 22]. These implications are mainly
acknowledged from adult studies, and on the other hand,
these risk factors have been inconsistent among different
populations.

In the study of Tannuri et al., CR was not asscoiated
with neither of the age or gender of recipients, nor with
graft origin, unerlying liver disease, acute rejection epi-
sodes, viral infections (CMV and EBV), immunosup-
pressive treatement, and post transplant complications
(i.e. PTLD, vascular, and biliary complications) [6].
Instead, ductopenia was noted as the sole predictor of
CR in the recent reprot [6]. Here we found that billiary
complications afetr LT signfiicantly increased the risk
of CR (Adjusted relative risk =33.7, 95% CI: 2.2-511).
Biliary complication is a respectively common sequala
after LT [28, 29]. Some factors that may contribute to the
development of biliary defects have been noted as high
serum bilirubin, advanced donor age, MELD score, acute
rejections and biliary structural defects following LT
[29]. Furthermore, patients with primary biliary cirrhosis
had higher risk for occurrence of biliary complications
after LT [29]. Recently by proposing a chronic antibody-
mediated rejection (cAMR) score based on a variety of
serological, histological and clinical parameters, it was
possible to predict a risk-stratification for graft failure
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following 10 years of LT [16]. Overall, many inter and
intra individual, as well as procedural factors are impor-
tant in development of CR in LT.

In addition to clinical parameters, lights have also
been shed on the molecular and cellular mechanisms
involved in hepatic CR. In study of Wei et al. in animal
model of CR, it was found that the expression of at least
sixty two proteins were modulated in the face of CR de-
velopment [30]. Among these, CLU (clusterin), a widely
expressed secretory glycoprotein with proposed roles in
protein hemostasis, graft survival, apoptosis, immune
tolerance and tumorigenesis was suggested as a reli-
able early indicator of CR [30-32]. Two other possible
early indicators of CR proposed by Wei et al. included
keratin type I cytoskeletal 19 (Krt19) and lipocalin 2, a
neutrophilic gelatinase with respective roles in regulating
bile duct biogenesis and immune system [30]. In addi-
tion, Th2 lymphocytes seems to contribute in hepatic
CR by production of IL-10 and promoting humoral and
inflammatory responses [33]. Through balancing Th1/
Th2 responses, invariant natural killer T cells (iNKT)
may execute a substantial role in inducing immune toler-
ance toward liver allografts [34]. New evidences have
suggested a role for hepatic mast cells in augmenting im-
mune tolerance and graft preservation [35]. From other
early molecular indicators of CR has been proposed in-
creased expression of apoptotic receptor (i.e. FasL) on
Kupfer cells and antigen presenting cells (APCs) within
hepatic allografts [36]. Decreased expression of serine/
threonine kinase; STK17A, with suggested roles in bili-
ary biogenesis in liver allograft may also be an early
predictor of hepatic CR [37]. More studies are necessary
to unravel molecular adaptors responsible for CR in LT.

CONCLUSION

The only rescuing option in patients afflicted with
CR may be re-transplantation. Considering this, and also
potential reversibility of CR in early phases, accurate and
timely diagnosis of CR in initial stages is of paramount
importance. This necessitates identifying and monitoring
at risk patients for CR. Our findings suggest that being
hospitalized at the time of LT, and development of biliary
complications might predict such high risk conditions.

The authors declare no conflict of interest.
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CHANGES IN GLOMERULAR FILTRATION RATE IN LIVER
RECIPIENTS AFTER REDUCED EXPOSURE TO CALCINEURIN
INHIBITORS WITH CONCOMITANT EVEROLIMUS ADMINISTRATION
WITHIN THE FIRST YEAR AFTER IMMUNOSUPPRESSION
CONVERSION

V.E. Syutkin, A.A. Salienko, S.V. Zhuravel, M.S. Novruzbekov
Sklifosovsky Research Institute of Emergency Care, Moscow, Russian Federation

Objective: to compare changes in estimated glomerular filtration rate (eGFR) in liver recipients with initially
normal and impaired eGFR within the first year after immunosuppression conversion. Materials and methods.
Enrolled in the study were 215 recipients of deceased-donor livers from February 2009 to February 2020, who
received everolimus with dose reduction or complete withdrawal of calcineurin inhibitors (immunosuppression
conversion, ISxC) for varying periods of time. GFR was measured using the MDRD-4 formula immediately before
ISxC, then 3, 6, and 12 months after orthotopic liver transplantation (LTx). One month was considered an accep-
table temporary deviation from the corresponding point. Results. At the time of ISxC, 32 (15%) of 215 recipients
had normal renal function. Chronic kidney disease (CKD) increased in 60% of the recipients with normal eGFR
by the end of the first year following ISxC; the fall in eGFR was particularly pronounced in older recipients. In
the group with a baseline eGFR of 60-89 mL/min/1.73 m* eGFR normalized in 62% of cases within 12 months;
28% of cases had no changes in renal function. In the subgroup with a pronounced decrease in eGFR at the time
of ISxC, increased eGFR was observed as early as 1 month after [ISxC, and the maximum was recorded after
3—6 months. The mean eGFR relative to baseline by month 3 after eGFR were higher for ISxC that was done
in the first 2 months after LTx (19.7 = 15.7 ml/minute/1.73 m?) than for ISxC done in the long-term period after
LTx (10.1 + 8.7 ml/minute/1.73 m* p < 0.05). Conclusion. Changes in eGFR in liver recipients receiving EVR
plus low-dose calcineurin inhibitor (CNI) depend on baseline eGFR and are multidirectional. The use of ISxC
in the early post-LTx period led to a more pronounced improvement in eGFR. Maximal changes in eGFR were
observed by 3—6 months after ISxC.

Keywords: liver transplantation, immunosuppressive therapy, calcineurin inhibitor nephrotoxicity,
everolimus.

Chronic kidney disease (CKD) is a common compli-
cation following liver transplantation (LTx). End-stage
CKD (eGFR <29 mL/min/1.73 m* by MDRD formula)
occurs in 8% at 1 year and in 18% at 5 years after LTx
[1]. The most significant reason for deterioration of re-
nal function in liver recipients is the use of calcineurin
inhibitors (CIs) — cyclosporine (CsA) and tacrolimus
(TAC) — as the main component of immunosuppressive
therapy (IST). Nephrotoxicity of CI is well studied and
described in detail [2, 3]. Accordingly, minimizing the
exposure (area under the concentration-time curve) to
ClIs is necessary to slow down CKD progression and
preserve kidney function in liver recipients.

A possible way to reduce CI exposure without si-
multaneously increasing the risk of rejection is to com-
pensate for the IST action by prescribing drugs with
a different mechanism of action. One of such drugs is
proliferative signal inhibitor, everolimus (EVR). IST ef-

ficacy and safety — with respect to progression of CKD
in liver recipients — based on EVR combination with
simultaneous minimization of TAC exposure has been
demonstrated in the CRAD2304 and CRAD2307 clini-
cal trials [4, 5]. In both trials, recipients had relatively
high GFR (80 and 90 mL/min/1.73 m?) at the time of
randomization. The effectiveness of GFR restoration
after IST conversion (EVR combined with reduced CI
dose (ISxC)) in liver recipients with reduced baseline
GFR has not been sufficiently studied.

Objective: To compare changes in GFR in liver re-
cipients with normal baseline and impaired GFR within
the first year after ISxC.

PATIENTS AND RESEARCH METHODS

We retrospectively analyzed changes in eGFR in
215 recipients who received LTx from a deceased donor
between February 2009 and February 2020 and who re-
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ceived one or more EVR doses as part of routine clinical
practice. At the time of the analysis, 169 patients were
alive and remained patients at the liver transplant center,
27 had died, and 19 had dropped out of hospital care
at various times. Of the 169 recipients who were alive
at the time of analysis and continued to be seen at the
transplant center, EVR was withdrawn in 51 cases, and
118 recipients continued to receive therapy.

Before ISxC, 102 recipients received Cls as the main
component of maintenance IST, in 113 cases EVR was
administered simultaneously with Cls in the first two
weeks after LTx. Cyclosporine (initial dose of 5-6 mg/
kg per day) was given to 34 (15.8%) recipients. Target
CsA blood concentrations, determined 30 minutes before
drug administration (C,) in the first months after LTx,
were 150-250 ng/mL, thereafter 100—150 ng/mL. 181
(84.1%) recipients received TAC (initial daily dose of
0.05-0.075 mg/kg). Target TAC blood concentrations
determined 30 minutes before drug administration (C,):
month 1-3, 810 ng/mL; thereafter, 6—8 ng/mL.

Mycophenolate mofetil (MMF) drugs were admin-
istered to 131 patients, of whom 93 patients received
mycophenolic acid; 38 patients received mycophenolate
mofetil. MMF drugs were withdrawn in all but one re-
cipient at different times during the postoperative period.
No glucocorticoids were administered to 171 recipients
in the postoperative period. In 14 recipients, prednisone
was discontinued within the first 34 months after OLTx.
Nineteen recipients were treated at a later stage. Eleven
recipients continued to receive low (5 mg/day) doses of
prednisolone.

Indications for EVR were: renal failure in 85 re-
cipients (39.5%), presence of hepatocellular carcinoma
(HCC) as one of the indications for LTx —in 79 recipients
(36.7%). Twenty-three recipients (11%) were prescribed
EVR due to renal failure and the presence of HCC prior
to LTx; 7 (3%) recipients were prescribed EVR due to
HCC progression in the postoperative period. In 4 (2%)
cases, EVR was prescribed due to neurological complica-
tions while taking Cls. Eight (3.7%) recipients received
EVR as part of the CRAD2304 clinical trial [5]. Other
indications for EVR were tumors (non-HCC, n = 5),
lymphoma (n = 2), and liver transplantation (n = 2).

After ISxC, EVR was administered at 1 to 2 mg per
day (0.01 to 0.04 mg/kg) in two doses. The target EVR
blood concentration 30 minutes before drug adminis-
tration (C,) was 3—5 ng/ml. The CI dose was reduced
simultaneously with EVR administration; the target
TAC levels in the two-component therapy regimen were
3-5 ng/mL, and the target CsA level was 50—75 ng/mL.
In 16 cases, Cls were canceled entirely.

The studied population included 150 men and
65 women aged 53 (50.3; 53.1) years (M (95% CI), with
amean body weight of 76 (74.3; 79) kg. Surgery for end-
stage cirrhosis was performed in 199 (92.5%) patients
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with chronic diffuse liver disease, of which 102 (51.3%)
cases were combined with HCC; 12 (5.5%) patients with
primary liver tumors without cirrhosis; 4 (1.9%) — for
other reasons. Seven recipients underwent combined
liver—kidney allotransplantation.

The eGFR was calculated using the MDRD-4 for-
mula immediately before immunosuppression conver-
sion, 3, 6, and 12 months after OLTx [6]. One month
was considered an acceptable time deviation from the
corresponding point.

Statistical processing of numerical values was per-
formed using the Statistica 7.0 software. Statistical sig-
nificance of differences between compared parameters
was established using Wilcoxon signed-rank test for
paired comparisons of dependent variables and Kol-
mogorov—Smirnov test for comparisons of independent
variables. Differences between compared parameters
were considered statistically significant if the probability
of error was less than 0.05 (p < 0.05).

RESULTS

Dependence of change in renal function
during the first year of follow-up after IST
conversion on baseline eGFR

The majority of recipients at the time of ISxC had
eGFR below normal; only 32 (15%) of 215 recipients
had normal renal function. Table 2 shows that after ISxC,
the proportion of recipients with severe renal impairment
(eGFR <30 mL/min/1.73 m*) gradually decreased, the
proportion of recipients with moderate-to-severe renal
impairment (éGFR 30 to 44 mL/min/1.73 m?) remained
the same (about 20% of total recipients), whereas the
proportion of recipients with mild to moderately mild
renal impairment (eGFR 45 to 89 mL/min/1.73 m?) in-
creased. Despite ISxC, the proportion of recipients with
normal eGFR decreased during the first year after LTx.

To identify the effect of baseline renal dysfunction
on eGFR dynamics after ISxC, we analyzed the pattern
of changes in CKD degree depending on baseline eGFR.

Normal eGFR levels after 12 months of follow-up
were preserved only in 40% of liver recipients with
normal baseline eGFR (>90 mL/min/1.73 m?). In the

Table 1

Degree of renal dysfunction at the time
of immunosuppression conversion

eGFR range n ¢GFR (MDRD4), M (CI)
(mL/min/1.73 m?)
>90 32 109.2 (103.1; 115.4)
60-89 52 73.0 (70.7; 75.3)
45-59 35 52.6 (51.1; 54.2)
30-44 45 36.6 (35.4; 37.8)
15-29 44 23.2 (21.9; 24.5)
<15 7 10.9 (8.2;13.7)
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rest, e€GFR deteriorated, but was not pronounced (eGFR
remained more than 60 mL/min/1.73 m?) in the vast ma-
jority of cases (50%) it.

ISxC in the group of patients with a mild decrease
in baseline eGFR (60-89 mL/min/1.73 m?) in 62% of
recipients within 12 months led to eGFR normalization.
In 28% of these recipients, no change in renal function
was observed at follow-up within the first year of ISxC.
And only 10% of recipients at 12 months after ISxC had
eGFR fall to levels consistent with stage 3 CKD.

In half (45-50%) of the liver recipients who under-
went [SxC with moderate renal dysfunction (eGFR cor-
related with stages 3A and 3B CKD), eGFR remained
at the same level during the first 12 months of follow-
up. Forty-two percent of recipients with baseline eGFR
of 45-59 mL/min/1.73 m* and 55% of recipients with
baseline eGFR of 30-44 mL/min/1.73 m* showed bet-

ter renal function one year after ISxC, up to complete
normalization in 5—17% of recipients.

In the subgroup of recipients who underwent ISxC
with baseline severe renal impairment (eGFR 15-29 mL/
min/1.73 m?), as early as one month after ISxC, 70%
had increased eGFR, with 12% to levels above 60 mL/
min/1.73 m?; 12 months later, eGFR corresponding to
stage 4 CKD, was retained in only 25% of recipients.

In all 7 recipients with baseline eGFR <15 mL/
min/1.73 m? after ISxC, eGFR increased after 1 month
of follow-up, and in 4 of them — to levels >30 mL/
min/1.73 m?. The results of our analysis are shown
graphically in Figs. 1 and 2.

The dynamics of median eGFR as a function of base-
line eGFR during the first 12 months of follow-up are
shown in Figs. 3, 4 and Table 3.

Table 2

Proportion of recipients with different CKD stages depending on eGFR at the time of ISxC in recipients
within the first year after LTx

eGFR range (mL/min/1.73 m?) ISxC Month 1 Month 3 Month 6 Month 12
>90 14.9% 14.6% 10.5% 10.1% 8.1%
60-89 24.2% 28.1% 39.0% 42.4% 34.3%
45-59 16.3% 26.5% 27.9% 27.3% 27.3%
30-44 20.9% 21.6% 20.3% 18.7% 23.2%
15-29 20.5% 9.2% 2.3% 1.4% 7.1%
<15 3.3% 0 0 0 0
Number of recipients with known eGFR 215 185 172 139 99
100 1 100 ¢
90 +— 90 +
%go - 780 1
70-“ 70 +— =0
gg | : » deterioration gg ] : ¥ 30-44
1 = l.stable 2ol #4559
® improvement " 60-89
30 4— 30 + W =%
20 + - 20 + "
10 ¢ 10 ¢ I
(U T 0+ = : .
290 60 89 45-59 3044 <3 290 60-89  45-59 30414
Fig. 1. Changes in renal function 12 months after ISxC Fig. 2. Changes in eGFR (by CKD stages) 12 months after
ISxC

Table 3

Change in median eGFR in the first 12 months of follow-up after ISxC (Me (Q25; Q75), mL/min/1.73 m?)

Group (by baseline
gGFR)

Baseline eGFR

Month 1

Month 3

Month 6

Month 12

>90

103.1 (97.1; 125.5)

89.5 (73.1; 100.4)"

84.1 (71.6; 94.4)F

87.0 (70.5; 95.1)F

82.7 (72.2; 95.5)}

60-89

73.3 (65.0; 79.2)

71.2(57.1; 84.2)

64.9 (56.9; 82.0)

68.3 (58.1; 81.5)

69.4 (54.7; 78.6)

<60

34.4 (24.5; 46.3)

46.2 (34.7,56.9)

52.2 (41.7, 62.3)"

52.5 (42.5; 64.9)'

48.6 (39.1;59.7)"

Compared to baseline eGFR:

t_p<0.01,"—p<0.001.
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Thus, eGFR dynamics depended on the presence and
severity of renal failure at the time of ISXC. Analysis of
the presented eGFR changes during the first year after
ISxC allows us to distinguish three subgroups of recipi-
ents. In the subgroup of recipients with normal baseline
eGFR, 60% of liver recipients tended to have worsening
renal function despite ISxC. In the remaining 40% of
recipients, ISxC prevented a decline in eGFR during the
one-year follow-up. Overall, in the subgroup, the median
eGFR at 12 months after ISxC was 82.7 mL/min/1.73 m?,
a decrease of 19.8% from baseline.

The other subgroup consists of recipients with a
mild to moderate decrease in eGFR at the time of ISxC
(eGFR 45-89 mL/min/1.73 m?). During the first year
of follow-up, eGFR remained unchanged in 28-50% of
recipients in this subgroup. In recipients with a slight
initial decrease in eGFR (60-89 mL/min/1.73 m?), 62%
of cases showed eGFR normalization after 12 months. In
the subgroup of recipients with a more severe decrease in
baseline eGFR (45-59 mL/min/1.73 m?) one year after
ISxC, CKD worsened in only 8% of cases and improved
in 42%. On average, eGFR scores in this subgroup of re-
cipients remained stable during the first year after [ISxC,
with no clear trend toward improvement or deterioration
in renal function (Figs. 3 and 4).

120.0000
100.0000 -
80.0000 -+
60.0000

40.0000 -+
20.0000 -
0.0000 -

Recipients with significantly reduced renal function
(eGFR <45 mL/min/1.73 m?), who formed the third sub-
group, showed a clear improvement in renal function
after ISxC, with the eGFR increase being more signifi-
cant the more severe the baseline renal dysfunction. At
baseline eGFR 30-49 mL/min/1.73 m?, 55% of recipients
showed improvement in CKD stage after one year of
follow-up, with 45% of CKD stage remaining the same.
No recipient in the subgroup had a deterioration in CKD
stage after 12 months of follow-up.

It should be noted that the increase in eGFR was
rapid, reaching the level of statistical significance as
early as 1 month after ISxC, and peaked after 3—6 months
(Table 3; Fig. 3, 4). The fall in median eGFR by 3 months
of follow-up was 13.9% in recipients with baseline eGFR
45-59 mL/min/1.73 m?*, 43.2% in recipients with base-
line eGFR 30-44 mL/min/1.73 m?, and 115% in recipi-
ents with baseline eGFR <30 mL/min/1.73 m* (!).

Dependence of changes in eGFR on I1SxC
timing

We compared changes in eGFR in the first 12 months
of follow-up after ISxC in recipients with significant-
ly reduced baseline renal function (eGFR <60 mL/
min/1.73 m®) as a function of ISxC timing.

eGFR
MDRD4:
Me,
mL/minute/1.73 m?
>90
— 60-89
45-59
30-44
<30

ISxC Month 1 Month3 Month 6 Month 12

Fig. 3. Changes in median eGFR in the first 12 months of follow-up after ISXC (Me, mL/min/1.73 m?) depending on baseline

eGFR (by CKD stages)

120.0000 +
100.0000
80.0000 +
60.0000 -
40.0000 +
20.0000 +

0.0000 =

ISxC 1 mec. 3 mec.

eGFR
MDRD4:

- Me,
mL/minute/1.73 m?

~ 290
~ 45-89
<45

6 mec. 12 mec.

Fig. 4. Changes in median eGFR in the first 12 months of follow-up after ISxC (Me, mL/min/1.73 m?) depending on baseline

eGFR
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Most recipients with a significantly reduced base-
line eGFR (<60 mL/min/1.73 m?) underwent ISxC in
the first 12 months after LTx. The mean baseline eGFR
was lower in this subgroup of recipients than in the sub-
group of recipients who underwent ISxC at a later date
(Table 4). The mean eGFR when assessed at 1 month,
3 months, 6 months, and 12 months after ISxC between
the subgroups of recipients with early and late ISxC
were comparable.

However, in the months after ISxC in which the maxi-
mum increase in eGFR was observed (months 3 and 6,
see Fig. 3), the mean increases in eGFR relative to base-
line were higher for early ISxC than for ISxC performed
at a later time after LTx (Table 5).

Influence of gender, recipient age,
and calcineurin inhibitor on eGFR changes

At the time of ISxC, mean eGFR were comparable in
men and women in both the entire recipient population
(56.7 £ 30.6 and 49.7 &= 29.0 mL/min/1.73 m?, respec-

tively) and in the subgroup of recipients with signifi-
cantly reduced eGFR (34.5 £ 12.6 and 33.7 + 15.5 mL/
min/1.73 m?). Baseline eGFR were also independent
of the CIs variant that the recipients received before
ISxC. In the TAC subgroup, eGFR was 55.0 + 30.3 mL/
min/1.73 m? and in the CsA subgroup, it was 55.0 +
30.9 mL/min/1.73 m*. Comparable results for both base-
line eGFR and its dynamics during follow-up after ISxC
were also obtained when analyzed based on recipient
age. The median age of recipients was 53 years. Table 6
presents the eGFR dynamics as a function of recipient
age. Since the eGFR dynamics in recipients with nor-
mal baseline eGFR and significantly decreased eGFR
were multidirectional, we considered it right to present
it separately.

We see that the mean baseline eGFR in younger and
older recipients were very similar. After ISxC, eGFR
decreased more markedly in older than in younger re-
cipients with baseline eGFR >60 mL/min/1.73 m®. The
differences between the subgroups reached statistical

Table 4
Mean eGFR depending on ISxC timing
Months after ISxC | Early conversion (<12 months after OLTx) Late conversion (>12 months after OLTx) p
n M (SD), mL/min/1.73 m? n M (SD), mL/min/1.73 m?
Baseline eGFR 114 34.0 (13.5) 17 414 (11.1) 0.03
Month 1 101 49.0 (19.3) 10 44.7 (12.8) >0.05
Month 3 87 55.0 (18.1) 13 50.9 (11.2) >0.05
Month 6 67 54.8 (16.7) 12 52.6 (13.3) >0.05
Month 12 50 50.3 (17.5) 10 53.7(20.4) >0.05
Table 5
Mean increase in eGFR from baseline depending on ISxC timing
Increase Early conversion Mean conversion (2— Late conversion P (between early
by months after | (<2 months after LTx) 12 months after LTx) (>12 months after LTx) and late ISxC)
ISxC n M (SD), n M (SD), n M (SD),
mL/min/1.73 m’ mL/min/1.73 m? mL/min/1.73 m’
By month 1 82 15.9 (20.2) 19 11.9 (10.3)" 10 7.3 (8.0) >0.1
By month 3 71 22.3 (20.6) 16 19.7 (15.7)' 13 10.1 (8.7) 0.039
By month 6 53 23.5 (20.0) 14 13.0 (11.5)" 12 10.4 (8.1) 0.03
By month 12 39 19.0 (18.6) 11 12.1 (18.6)' 10 12.8 (15.0) >0.1
T — differences between groups are insignificant (P> 0.01).
Table 6
Mean eGFR at the time of ISxC and increase in eGFR from baseline, depending on recipient age
eGFR, M (SD), Baseline eGFR >60 mL/min/1.73 m’ Baseline eGFR <60 mL/min/1.73 m?
<53 ner >53 ner <53 years >53 years
Baseline eGFR 88.7 (23.9) 84.3 (18.4) >0.1 36.3 (13.6) 33.8(13.2) >0.1
Increase by month 1 -1.8 (24.6) —14.3 (20.6) >0.05 15.2 (17.7) 13.6 (18.8) >0.1
Increase by month 3 —6.0 (22.2) -15.1 (18.7) <0.05 24.3 (22.5) 16.2 (13.8) >0.05
Increase by month 6 —6.1 (22.5) —12.9 (16.6) >0.05 22.9 (21.6) 16.7 (14.0) >0.1
Increase by month 12 -12.4 (17.8) —-11.0 (20.9) >0.1 17.6 (19.1) 15.9 (14.8) >0.05
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significance at month 3 after [SxC. At the same time, the
subgroup with baseline eGFR <60 mL/min/1.73 m* also
showed a trend toward more significant improvement in
eGFR in the younger recipient subgroup, but differences
between subgroups did not reach statistical significance
at all assessment points. Maximum differences between
the subgroups of younger and older recipients are also
detected at month 3 after ISxC.

DISCUSSION

At the Moscow Liver Transplantation Center, EVR
has been used as one of the components of maintenance
IST since 2009 as part of the CRAD2304 protocol and
since 2010 as part of routine clinical practice. The experi-
ence in the use of EVR in liver recipients in our Center
is the largest in Russia. Our first publications showed
that kidney function in liver recipients who received
EVR while minimizing exposure to Cls can be improved
[7, 8]. In these works, 10-24 recipients were analyzed.
This present paper retrospectively analyzed 215 liver
recipients who received EVR as one of the components
of maintenance IST. At the time of writing, over 20 re-
cipients have continuously received EVR for more than
5 years (maximum 11 years). However, given the format
of the paper, we decided to limit the analysis to changes
in GFR in the first year after ISxC.

Direct methods of measuring GFR are difficult to ap-
ply in everyday clinical practice. Several formulas have
been developed to estimate GFR in CKD patients, such
as the Cockcroft—-Gault formula [9] and formulas derived
from the Modification of Diet in Renal Disease (MDRD)
study [6, 10]. The Cockcroft-Gault and MDRD formulas
have been shown to be applicable in calculating GFR in a
large cohort of liver recipients, with the MDRD formula
(including only 4 variables) proving more accurate than
the Cockcroft—Gault formula [11].

The most common indications for including EVR in a
maintenance IST regimen in liver recipients are impaired
renal function and prevention of recurrent HCC (or an
attempt to improve the course of recurrent HCC after
LTx). Accordingly, a proportion of recipients have nor-
mal eGFR at the time of ISxC. As part of routine clinical
practice, we have noted that eGFR changes in recipients
with normal baseline and impaired renal function after
ISxC are multidirectional in nature. Therefore, combin-
ing these recipients into one group for analysis results
in leveling out eGFR changes. Our analysis not only
confirmed this hypothesis but also revealed a number
of patterns.

To date, the world has accumulated considerable
experience in the use of EVR in liver recipients, and a
large number of papers have been published, retrospec-
tively evaluating the results of routine clinical practice.
To discuss our results, we have chosen several publica-
tions with the least, in our opinion, possibility of sys-
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tematic errors. One such work is the article by Lee et al.
(2020), who analyzed a pool of liver recipients (n = 772)
enrolled in clinical trials CRAD2304 and CRAD2307
[12]. The authors report the results of their analysis at
24 months after randomization. Our analysis is limited
to 12 months. In addition, Lee et al. combine recipients
with baseline eGFR >90 and 60-89 mL/min/1.73 m? into
one subgroup, treating eGFR >60 mL/min/1.73 m* as
normal. In our study, eGFR changes in these subgroups
differed in the first 12 months after ISxC.

We have shown that recipients with normal baseline
renal function have decreased eGFR one year after ISxC,
as in the general population of liver recipients receiving
standard doses of CIs. Lee et al. reported that of 229 re-
cipients with baseline eGFR >60 mL/min/1.73 m’ receiv-
ing EVR against reduced TAC exposure, eGFR >60 mL/
min/1.73 m* was maintained in 189 (82.5%) recipients
24 months after randomization. These results correlate
well with ours. At 12 months after ISXC, eGFR >60 mL/
min/1.73 m* was preserved in 90% of our recipients with
baseline eGFR corresponding to CKD stages 1/2.

According to Lee et al, eGFR fell in both the group
of recipients receiving standard TAC doses and in the
group of recipients after ISxC. However, in the subgroup
of recipients with normal baseline eGFR and mildly
impaired eGFR (>60 mL/min/1.73 m?) receiving EVR,
the decrease in mean eGFR at month 24 after random-
ization was less pronounced compared with the same
subgroup of recipients receiving standard TAC doses
(~12.82 and —17.67 mL/min/1.73 m* P = 0.009). The
reduction in eGFR in our recipients with normal baseline
eGFR at month 12 after ISxC was —20.4 mL/min/1.73 m*
(Table 3). However, when combined with recipients with
baseline eGFR in the 60-89 mL/min/1.73 m’ range, the
difference between medians was —8.6 mL/min/1.73 m?,
which was comparable to the results reported by Lee
(—12.82 mL/min/1.73 m?) [12].

In contrast to Lee et al., who identified and analyzed
a subgroup of recipients with GFR >60 mL/min/1.73 m?,
we analyzed the subgroups of recipients with eGFR
>90 mL/min/1.73 m* and 60-89 mL/min/1.73 m* sepa-
rately. We found that after ISxC, the pattern of changes in
renal function differed in these subgroups of recipients.
In the subgroup of recipients with baseline CKD stage
2, eGFR was essentially unchanged at month 12 after
ISxC. We observed similar changes in eGFR in a sub-
group of 35 recipients with baseline eGFR of 45-59 mL/
min/1.73 m* (Figs. 3, 4). In 42% of recipients with base-
line CKD stage 3A, there was improved renal function
one year after ISxC, up to complete normalization in
17% of recipients. Lee et al. also reported an increase
in eGFR to levels >60 mL/min/1.73 m* in 25 (51%) of
49 recipients analyzed, who received EVR and whose
baseline GFR was consistent with CKD-3A, which cor-
relates well with our results.
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We observed the most significant improvement in
median eGFR in patients with significantly impaired
renal function (CKD-3-5). It was found that the lower the
eGFR at the time of ISxC, the higher the increase in me-
dian eGFR by month 12 of follow-up. In distinguishing
this subgroup, we experienced some difficulty in deter-
mining the cutoff threshold (60 or 45 mL/min/1.73 m?) at
which the positive eGFR trend becomes clearly evident
(compare Table 3 — cutoff threshold 60 mL/min/1.73 m?;
and Fig. 4 — cutoff threshold 45 mL/min/1.73 m?). In the
subgroup of recipients with baseline eGFR of 45-59 mL/
min/1.73 m?, there was a trend toward increased median
eGFR; changes reached the level of statistical signifi-
cance by month 3 after ISxC (52.7 mL/min/1.73 m* and
60.0 mL/min/1.73 m?, respectively, p < 0.01), but after
12 months of follow-up, median eGFR decreased slightly
again (58.8 mL/min/1.73 m?* p > 0.05).

We found that sex and nature of CIs had no effect
on eGFR changes in our recipient population. Lee et al.
included significantly more characteristics (organ from
living and deceased donor, cause of LTx, race, presence
of diabetes mellitus, donor sex and age) in their analysis.
However, as in our case, only two factors had a statisti-
cally significant effect on eGFR increase: baseline eGFR
and recipient age.

Renal failure develops in liver transplant recipients
at different times. According to the TRY study, as early
as one month after LTx, the eGFR remained within nor-
mal values in only 29.3% of recipients with baseline
eGFR >90 mL/min/1.73 m® [13]. At longer follow-up,
the proportion of such recipients continued to fall, being
14.3% at year 1 and only 10.5% of recipients with normal
baseline eGFR at year 5 after LTx.

We showed that ISxC early after LTx resulted in a
more pronounced improvement in eGFR. Moreover, the
differences in eGFR increase between the subgroups of
recipients who underwent ISxC in the first 2 months
after LTx and 12 months after LTx were particularly
pronounced at months 3—6 after ISxC. Bilbao et al.
(2015) also reported that in recipients with impaired
renal function who started EVR at a later date (one year
after LTx), there was no improvement in GFR, or, hav-
ing improved at months 3—-6, GFR deteriorated again by
month 12 after ISxC. When [SxC was performed in the
first 12 months after LTx, GFR improvement was greater
[14]. We, like the group of researchers from Spain, could
not find any differences between particularly early ISxC
(first 3 months after LTx) compared to ISXC done at a
more distant time (within the next 9 months). Interest-
ingly, the Spanish authors also provide maximal eGFR
3—6 months after ISxC [15]. We have not been able to
find a possible explanation for this trend in eGFR after
ISxC, but it has been reported by other investigators.
In registration clinical trial 2304, differences in GFR
between groups were detected very quickly, as early as
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one month after randomization, with complete distinc-
tion between groups achieved by month 4 of therapy.
The maximum eGFR in the [SxC group falls within the
same time period [5].

FINDINGS

1. Changes in eGFR in liver recipients who receive EVR
in combination with reduced CI dose depend on base-
line eGFR levels and are multidirectional in nature.
. 60% of recipients with normal baseline eGFR show
worsening CKD by the end of the first year after
ISxC; the decline in eGFR is particularly pronounced
in older recipients.
The median eGFR in the subgroup of recipients with
baseline CKD stages 2 and 3A does not change sig-
nificantly by the end of the first year after [ISxC. De-
terioration of CKD is observed in no more than 10%
of recipients, and improvement in 40-62% of cases.
. The subgroup of recipients with severely reduced
eGFR at the time of ISxC showed rapid (within a
month) improvement in renal function at month 12;
the increase in median eGFR was the more signifi-
cant the more severely impaired renal function was
at baseline.
. Performing ISxC early after LTx resulted in a more
pronounced improvement in eGFR. Maximum eGFR
changes were observed at months 3—6 after [SxC.
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REFERENCES

1. Ojo AO et al. Chronic renal failure after transplantation
of a nonrenal organ. The New England journal of medi-
cine. 2003; 349 (10): 931-940.

Gijsen VM et al. Tacrolimus-induced nephrotoxicity and
genetic variability: a review. Ann Transplant. 2012; 17
(2): 111-121.

Ader JL, Rostaing L. Cyclosporin nephrotoxicity: pa-
thophysiology and comparison with FK-506. Curr Opin
Nephrol Hypertens. 1998; 7 (5): 539-545.

Jeng LB et al. Efficacy and safety of everolimus with
reduced tacrolimus in living-donor liver transplant re-
cipients: 12-month results of a randomized multicenter
study. Am J Transplant. 2018; 18 (6): 1435—1446.
Saliba F et al. Renal function at two years in liver trans-
plant patients receiving everolimus: results of a rando-
mized, multicenter study. Am J Transplant. 2013; 13 (7):
1734-1745.

Levey AS et al. Using standardized serum creatinine
values in the modification of diet in renal disease study
equation for estimating glomerular filtration rate. Ann
Intern Med. 2006; 145 (4): 247-254.

Khubutiya MSh i dr. Dlitel’noe primenenie everolimusa
v kachestve odnogo iz komponentov immunosupressiv-
noy terapii u retsipientov pecheni. Transplantologiya.
2013 (2): 23-27.



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIlI N¢ 4-2021

Syutkin VE i dr. Opyt primeneniya Everolimusa u
bol’nykh, perenesshikh ortotopicheskuyu transplantatsi-
yu pecheni. Transplantologiya. 2012 (1-2): 10-14.
Cockcroft DW, Gault MH. Prediction of creatinine clea-
rance from serum creatinine. Nephron. 1976; 16 (1):
31-41.

10. Levey AS et al. A more accurate method to estimate glo-

I1.

merular filtration rate from serum creatinine: a new pre-
diction equation. Modification of Diet in Renal Disease
Study Group. Ann Intern Med. 1999; 130 (6): 461-470.
Gonwa TA et al. Estimation of glomerular filtration rates
before and after orthotopic liver transplantation: evalu-
ation of current equations. Liver Transpl. 2004; 10 (2):
301-309.

12. Lee SG et al. Efficacy and Safety of Everolimus With

Reduced Tacrolimus in Liver Transplant Recipients:
24-month Results From the Pooled Analysis of Two
Randomized Controlled Trials. Transplantation. 2020.

36

13.

14.

15.

Karie-Guigues S et al. Long-term renal function in liver
transplant recipients and impact of immunosuppressive
regimens (calcineurin inhibitors alone or in combinati-
on with mycophenolate mofetil): the TRY study. Liver
transplantation: official publication of the American
Association for the Study of Liver Diseases and the In-
ternational Liver Transplantation Society. 2009; 15 (9):
1083-1091.

Bilbao I et al. Renal function improvement in liver trans-
plant recipients after early everolimus conversion: A cli-
nical practice cohort study in Spain. Liver Transpl. 2015;
21 (8): 1056—-1065.

Nogueras Lopez F et al. Impact of Everolimus-based Im-
munosuppression on Renal Function in Liver Transplant
Recipients. Transplant Proc. 2020; 52 (2): 556-558.

The article was submitted to the journal on 25.08.2021



CLINICAL TRANSPLANTOLOGY

DOI: 10.15825/1995-1191-2021-4-42-46

PATTERN OF MENSTRUAL CYCLE AFTER KIDNEY TRANSPLANT
IN REPRODUCTIVE WOMEN

M.T. Khan', R. Hamid', Sh. Rashid’, E. Jahan’, N. Lal', R. Ishtiaq’

"Renal Transplant Unit, National Institute of Solid Organ and Tissue Transplantation, Dow University
Hospital, Karachi, Pakistan
2 Karachi Medical and Dental College, Karachi, Pakistan

Background. In reproductive women, transplant disturbs the menstrual cycle pattern. The two major conditions
usually encountered are amenorrhea and menorrhagia. The objective of the study was to assess the pattern of
menstrual cycle after kidney transplant in reproductive women. Materials and methods. This cross-sectional
study was carried out in a public sector hospital of Karachi, Pakistan. A total 69 patients of reproductive age
were included who underwent living kidney donor transplant for more than a year ago. Women having genital
tract infection, using hormonal treatment, organic cause of genital tract, clotting disorder and severe cardiac and/
or peripheral vascular disease were excluded. Frequency and percentages were calculated for demographic cha-
racteristics. Correlation and association analysis was calculated for type of menstruation with menstrual cycle
pattern. A P-value less than 0.05 was considered statistically significant. Results. Majority of female included in
the study aged between 35-39 years (36, 52.2%). The most frequent menstrual disturbance observed was heavy
menstrual bleeding (22, 31.9%) and amenorrhea (21, 30.4%). Only 2.9% cases showed normal menstrual pattern.
The cross tabulation indicated that 26.1% patients had amenorrhea, 24.6% had oligomenorrhea and 31.9% had
menorrhagia. The Durbin—Watson value of 0.656 indicated a strong positive relationship between menstruation
cycle pattern (dependent variable) and type of menstruation, marital status, donor’s age, children and living lo-
cation of the patients (independent variables). Conclusion. From the result of the present study, it is concluded
that the reproductive age women have shown a disturbed pattern of menstrual cycle after kidney transplant. The
major observation was that such patients reported amenorrhea, menorrhagia, oligomenorrhea and hypomenorrhea.

Keywords: Reproductive Women, Amenorrhea, Oligomenorrhea, Menorrhagia, Renal Transplant.

INTRODUCTION

Chronic kidney disease (CKD) is a major global
health problem in about 11-17% [1]. Globally, about
37% of the CKD patients get kidney transplantation [2].
In CKD, other organ functions are also highly affected.
In females, irregular pattern of menstruation has been
reported in 66% to 80% of the women, leading to either
amenorrhea, polymenorrhea, oligomenorrhea or heavy
menstrual bleeding [3—6]. In the end stage renal disease
(ESRD), the pulsatile secretion of gonadotropin releas-
ing hormone (GnRH) is affected, eventually results in
loss of release of luteinizing hormone (LH) and causing
anovulation [7-9]. After kidney transplant, immunosup-
pressive therapy resumes ovarian function in approxi-
mately 73.9% in about one year time [10, 11]. There is
little information in the literature about changing men-
strual patterns after kidney transplantation. The aim of
this study was to observe the post-transplant menstrual
pattern in women in our local population.

MATERIALS AND METHODS

This cross-sectional study was carried out in a public
sector hospital of Karachi, Pakistan during January 2018
to April 2021. Ethical considerations were followed ac-
cording to Helsinki Declaration. Patients were enrolled
using convenient sampling after their written informed
consent. They were properly briefed about the study
and were assured that their identity will remain con-
fidential to all other than the researchers themselves.
A total 69 patients of reproductive age were included
who underwent living kidney donor transplant for more
than a year ago. Women having genital tract infection,
using hormonal treatment, organic cause of genital tract,
clotting disorder and severe cardiac and/or peripheral
vascular disease were excluded. A standardized proforma
for data collection was developed. Data including age,
marital status, number of children, living location of
the patients and types of menstruation and menstruation
cycle pattern were recorded via face to face interview by
a research personnel. Types of menstruation was set as
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independent variables, while menstruation cycle pattern
was defined as dependent variable. Menstrual pattern
were classified into polymenorrhea <21 days, normal
(22-35 days) and oligomenorrhea >35 days. Data was
entered and analyzed using Statistical Package for Social
Sciences (SPSS) version 20. Frequency and percentages
were calculated for demographic characteristics. Correla-
tion and association analysis was calculated for type of
menstruation with menstrual cycle pattern. A P-value
less than 0.05 was considered statistically significant.

Moreover, start of menstruation cycle is considered as
one of the major advantages of kidney transplant women
of reproductive age. Patients with stable creatinine level
are even more likely to attain normal menstruation cycle
within six months [6].

On the other hand, high creatinine level takes time,
either a year or two to restore normal ovulation. Fur-
thermore, in women of reproductive age, the kidney
disease primarily cause abnormal ovarian function. The

RESULT Table 1
The demographic characteristics of study participants Demographic Characteristics
are shown in Table 1. Majority of female included in of Study Subjects
the study aged between 35-39 years (36, 52.2%). The | S. No Variables Frequency | Percentage
menstrual cycle pattern is shown in Table 2. The most (n) (%)
frequent menstrual disturbance observed was heavy men- Age (Years)
strual bleeding (22, 31.9%) and amenorrhea (21, 30.4%). 20-24 01 1.4
Only 2.9% cases showed normal menstrual pattern. The || 25-29 05 1.2
cross tabulation indicated that 26.1% patients had amen- 30-34 24 34.8
orrhea, 24.6% had oligomenorrhea and 31.9% had men- 35-39 36 52.2
orrhagia. The Durbin—Watson value of 0.656 indicated a 40 years and above 03 4.3
strong positive relationship between menstruation cycle Marital Status
pattern (dependent variable) and type of menstruation, |2, Unm?rrled 02 2.9
marital status, donor’s age, children and living location Married , 7 82.6
. . . Separated / Divorced 10 14.5
of the patients (independent variables). -
Parity
DISCUSSION Nulliparous 09 13.0
. . . 3. 1-2 39 56.5
Kidney transplant is the best kidney replacement 34 13 261
treatment for ESRD and poor quality of life. Usually, ~4 03 43
kidney transplant is .recommended whep the glomerular Residence
filtration rate (GFR) is less than 15 ml/min/1.73 cm®. Fur- Karachi 27 391
thermore, in other words, the kidney transplant is needed Sindh 71 304
when kidney’s functional ability is lost about 90%. At |4 Punjab 07 101
this stage, the body’s response to medicines is nearly KPK 12 17.4
10% along with further emergence of other diseases. Baluchistan 02 29
The liver and the reproductive organ are significantly Duration of Menses
damaged by kidney failure due to high imbalance of elec- s >21 days 03 43
trolytes, fluid retention, occasional urinary output and ’ 21-45 days 48 69.6
edema. Edema occurs due to high sodium in circulation <45 days 138 26.1
with high fluid retention, less vessel filtration leading to Menstrual Pattern
development of pressure on heart and brain as well [12]. Normal 02 29
The peered articles documented that in kidney trans- | ¢ Amenorrhea 21 30.4
plant recipients’ anovulation can be completely reversed . Oligomenorrhea 17 24.6
through a series of medications and the patients can con- Hypomenorrhea 07 10.1
ceive and give birth in a healthy and normal manner. Menorrhagia 22 319
Table 2
Association between Menstrual Pattern and Type of Menstruation (P-value <0.0001)
S. No Menstrual Pattern Amenorrhea Hypomenorrhea Normal Oligomenorrhea | Menorrhagia
1. Normal (21-35 days) 3 (4.3%) 0 0 0 0
2. Short cycle (>21 days) 18 (26.1%) 7 (10.1%) 2(2.9%) 17 (24.6%) 4 (5.8%)
3. Longer (<35 days) 0 0 0 0 18 (26.1%)
Total 21 (30.4%) 7 (10.1%) 2(2.9%) 17 (24.6%) 22 (31.9%)
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level of irregularity of normal hypothalamus pituitary
gonadal axis is dependent on the magnitude of kidney
disorder [13].

In normal health condition, the LH and follicle stim-
ulating hormone (FSH) are metabolized by liver and
kidneys. But, in case of renal disease, primarily at last
stage, these hormones get raised in the bloodstream.
The kidney transplantation improves metabolism of LH
and FSH. Furthermore, at post kidney transplantation,
usually Rapamycin inhibitors are given that assist in
normalizing these reproductive hormones to restore the
ovulation cycle [14].

The most frequent menstrual disturbance observed
in present study was oligomenorrhea and amenorrhea.
It could be due to hormonal imbalance in pre-kidney
transplant phase in reproductive women. This elevated
hormone prolactin occurs due to incrimination of urine
wastes in blood. The kidney transplantation improves the
GFR, restoring prolactin metabolism and safely elimi-
nating the end product through urine. It has also been
found that prolactin secretion is highly sensitive and is
largely affected by the daily life stresses. Besides, the
restoration of prolactin and testosterone level also gets
normal in post-transplant phase [15].

Though menstruation is a part of normal reproductive
cycle of female, it plays a significant role in women’s
health and easily disturbed by disease processes. It can
affect both physical and psychological health. Menstrual
pattern variation is frequently observed among female
with CKD and after kidney transplant. The pattern of
menstrual periods after kidney transplant is irregular
and women experience bleeding mostly after 16 days
with more than 20 ml of bleeding. Due to decreased
progesterone level with high level of FSH, LH and es-
trogen, this condition is usually experienced by women
mostly after 16 days. Our study results correlates with
this finding. The hormonal irregularities shortens the
luteal phase. The cycle is continued for more than 7 days.
The overall prevalence of menstrual disturbances in re-
productive women in CKD is reportedly 64.2% [16]. In
our study, overall menstrual disturbances was found to be
69.6%. Our findings are different from others. One study
showed no difference between bleeding pattern before
and after transplantation [ 17]. Another case-control study
showed regular menstrual cycle in 72.7%. This result
did not correlate with our findings and this might be due
to data collection which was done after 1-5 years post-
transplantation. Thus, the duration was long as compared
to our study [18].

Usually, after six months of kidney transplantation,
the normal ovarian cycle restoration occurs. The hor-
monal therapy reduces the thickness of endometrium
with ameliorating the FSH, LH, estrogen and progester-
one. The inhibin hormone causes to stop the cycle with
7 days of bleeding of less than 10 ml. Furthermore, it
also improves the ovulatory phase that assists in normal
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formation of endometrium [19]. The cycle is repeated
after 24 to 31 days with normal releasing and inhibin
pattern. The 5 days of menstruation is with 5 ml to 8 ml
blood [20]. The result on cycle length shows 69.6% of
the females reported menstrual cycle shorter than 21 days
and 26.1% had menstrual cycle longer than 35 days.
Earlier studies did show variable results regarding cycle
length. The result of the present study showed a signifi-
cant association between menstrual pattern and type of
menstruation (P-value <0.0001).

The findings of our study showed higher incidence of
menstrual pattern disturbance. However, our study find-
ings are limited by studying of only clinical symptoms
and their relations. Further exploratory research in this
regard is needed.

CONCLUSION

From the result of the present study, it is concluded
that the reproductive age women have shown a disturbed
pattern of menstrual cycle after kidney transplant. The
major observation was that such patients reported amen-
orrhea, menorrhagia, oligomenorrhea and hypomenor-
rhea. Adopting healthy life style is of utmost importance
and can significantly reduce the number of affected indi-
viduals and burden of this underestimated disease.

We thank to all patients participating in the study,
without whom this study would not have been possible.

The authors declare no conflict of interest.
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The role of antibody-mediated rejection in predicting survival among heart recipients has been studied in clinical
transplantology for over 20 years. This condition is a significant risk factor for heart failure and graft vasculopathy.
Antibody-mediated rejection results from activation of the humoral immune system and production of donor-
specific antibodies that cause myocardial injury through the complement system. The presence of donor-specific
antibodies is associated with lower allograft survival. Treatment of antibody-mediated rejection should take into
account the rejection category and the presence or absence of graft dysfunction. The main principle of treatment
is to suppress humoral immunity at different levels. World clinical practice has made significant inroads into the
study of this issue. However, further research is required to identify and develop optimal treatment regimens for
patients with humoral rejection in cardiac transplantation.
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INTRODUCTION

It took about 25 years to recognize antibody-mediated
rejection (AMR), also known as humoral rejection, as
an independent disease, develop diagnostic criteria and
treatment regimens [1]. The first reports on this new type
of heart transplant rejection in the absence of lympho-
cytic infiltration in biopsy specimens appeared in the
late 1980s [2]. Moreover, it was only in 2003 that the
first conference dedicated to this issue was held at the
National Institute of Health [3]. Over time, the role of
complement component deposition in tissues and im-
mune damage to the heart graft has been increasing [4].

In 2010, an international consensus conference was
held by the International Society for Heart and Lung
Transplantation (ISHLT) to discuss the current status of
AMR in heart transplantation. The conference included
67 heart transplant centers defined the criteria for a pre-
liminary pathological diagnosis of AMR and introduced
the concept of asymptomatic humoral rejection, which
has an impact on patient and allograft survival. Guide-
lines were made for the timing for specific staining of en-
domyocardial biopsy specimens. Guidelines for manage-
ment and future clinical trials were also provided [5]. In
2013, under the leadership of Kobashigawa J.A., director
of the severe heart disease department at Cedars-Sinai
Medical Center, Los Angeles, the pathological criteria
for antibody-mediated heart graft rejection were stan-
dardized [1], under which AMR began to be considered
as a pathologic diagnosis regardless of the presence or

absence of graft dysfunction. The paper also outlined the
timing of routine monitoring of donor-specific antibod-
ies (DSA).

Endomyocardial biopsy (EMB) with histological ex-
amination of biopsy specimens, immunoperoxidase test
and immunofluorescence reaction for complement com-
ponent C4d performed 2 weeks, 1, 3, 6 and 12 months
after transplantation were required for diagnosis of hu-
moral rejection. The presence of complement deposits
suggested the presence of AMR. Circulating DSA were
monitored by solid-phase analysis also at 2 weeks, 1, 3,
6, and 12 months after transplantation [1].

Circulating antibodies may not always be detected
in patients with clinical and pathological signs of AMR,
but they can be detected in asymptomatic patients [6].
AMR diagnosis requires clinical manifestations of graft
dysfunction, morphological changes in EMB in the form
of microvascular damage due mainly to deposition of
complement component C4d, and the presence of circu-
lating DSA. Despite the prognostic importance of each
of these three criteria [7], once at least two of them are
detected, specific treatment should be initiated [8].

Initial AMR therapies included pulse therapy with
glucocorticoids, plasmapheresis, and intravenous (IVIg)
immunoglobulin infusion. Later these methods were sup-
plemented with rituximab, bortezomib, and complement
component antibodies [3]. The use of basic immunosup-
pressive therapy with tacrolimus and microphenolate
mofetil has been shown to be most effective in prevent-
ing AMR with the fewest side effects [9].
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AMR classification

According to current diagnostic criteria, routine EMB
remains the criterion standard for diagnosing AMR. It
is classified into antibody-mediated rejection (pAMR)
grades 0—3 depending on the presence of specific histo-
logical and immunopathological changes that are either
present in isolation pAMR-1 (suspected humoral rejec-
tion), or in combination pAMR-2 (confirmed humoral
rejection), and pAMR-3 (severe humoral rejection) [8].
The classification is presented in Table 1.

Prevalence

Due to the large number of constantly changing di-
agnostic criteria for AMR (which included both histo-
pathological changes in EMB and presence/absence of
clinical manifestations), as well as the varying frequency
of screening studies performed, the prevalence of AMR
detected by biopsy varied considerably between 3% and
85% in different sources (starting from 1986) [10].

According to Kfoury et al, prevalence of humoral re-
jection by 100 days after heart transplantation (HTx) was
85%, using as diagnostic criteria histological changes
and immunofluorescence data obtained from routine en-
domyocardial biopsy in 870 heart recipients [11].

The Michaels et al. study of humoral heart transplant
rejection enrolled 600 patients. During the follow-up
period from July 1997 to January 2001, AMR was de-
tected in 56 recipients, who underwent a total of 116 bi-
opsies. Of this group of patients, a total of 44 patients
(4 to 74 years old, 77 EMBs) showed evidence of iso-
lated AMR, 12 patients had mixed AMR and cellular
rejection. AMR was diagnosed by immunofluorescence
(presence of immunoglobulin, deposition of complement
components Clq and C3 in capillaries, or presence of
CD58+ cells in immunoperoxidase assay) as well as by
histological criteria (interstitial edema, microthrombo-
sis). It should be noted that although females comprised
only 26% of the studied cohort, 23 out of the 44 patients
(52%) with humoral rejection were female. Moreover,
women had a higher prevalence of heart transplant dys-
function (65%) [12].

Crespo-Leiro et al [13] reported an AMR prevalence
of <3%, when using the criteria of graft dysfunction and
complement component C4d deposition in capillaries.
Using the 2004 and 2006 ISHLT criteria, which included,
among others, graft dysfunction, serologic evidence of
DSA, and evidence of complement component deposi-
tion in capillaries in EMB, AMR incidence was 3% and
5%, respectively [14].

Table 1

ISHLT AMR grading scale (2011)

Grade Pathological signs

pAMR 0 . . . .
No AMR No histologic or immunologic signs of AMR, no DSA detected.
pAMR 1 (H+) . .
Histopathologic AMR Only histologic changes, no DSA.
PAMR 1 (I+) High titer of DSA in blood plasma as well as products of activation of complement
Immunohistochemical AMR | components, fibrin and its degradation products are detected.
PAMR 2 . . . . .
Positive AMR Both histological and immunopathological signs of AMR.

AMR 3 Interstitial hemorrhages, capillary edema and fragmentation, necrotizing vasculitis,
IS)evere AMR myocardial mononuclear infiltration, pycnosis of nuclei and karyorexis.

Heart failure increases rapidly and there is a high risk of graft loss.

AMR, antibody-mediated rejection; pAMR, pathological antibody-mediated rejection category; DSA, donor-specific anti-

body.
Table 2
AMR risk factors [10, 12, 15]
1. Female gender
2. Presence of DSA
3. High panel-reactive antibody index (PRA)
4. Presence of cytomegalovirus infection according

to serological study

5. A history of mechanical circulatory support
6. Use of muromonab-CD3 as induction therapy
and development of murine monoclonal antibodies
7. Heart retransplantation
8. Number of pregnancies
9. Positive cross-match test
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Risk factors
for humoral rejection

AMR risk factors are presented in Table 2.

It should be noted that AMR is significantly more
common in women than in men, and its prevalence
reaches 50% of the total number of heart recipients (de-
spite the fact that women undergo heart transplantation
much less frequently than men. Currently, the presence
of circulating anti-human leukocyte antigen antibodies
(anti-HLA antibodies) and histological signs of AMR has
been found to have a strong correlation [16, 17].
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AMR pathogenesis

The development of AMR is due to the recipient’s
immune response consisting in the production of DSA
directed against HLA and other non-HLA antibodies
that may be expressed on the vascular endothelium of
the allograft [18].

The pathological process initiated by the antigen-
antibody reaction is localized mainly on the vascular
endothelium of the allograft. In some cases, the graft
may develop resistance to antibody-mediated reactions,
and in others ischemic damage occurs, which is accom-
panied by diffuse myocardial damage, graft dysfunction
with development of heart failure, and cardiac allograft
vasculopathy (CAV) [4].

DSA-induced damage can occur without the in-
volvement of the complement system. The most potent
complement activators are IgG3, but IgG4 may also be
involved and often bind to IgG2 in a “non-complement-
fixing complex” [19].

It should be noted that a polyclonal immune reaction
usually occurs against HLA epitopes, in which several
IgG subclasses are involved, leading to different allograft
damage mechanisms. Thus, the relationship between
AMR and the complement system, previously consid-
ered a must, is now becoming a subject of debate, since
AMR may develop even in the absence of deposition of
complement components in the capillaries [18].

Prognosis

Humoral rejection can lead to graft dysfunction and
increased mortality in cardiac recipients, as well as in-
creased incidence of CAV [20].

Clerkin K.J. et al. at Columbia University Medical
Center, USA, conducted a single-center retrospective
cohort study that included 689 patients with humoral
rejection detected at different times after heart transplan-
tation. More than one-third of patients were diagnosed
with AMR late after surgery (mean 1,084 days), with the
remaining recipients having a median AMR of 23 days.
Graft dysfunction was less common with early rejection
(25.6); further survival prognosis in this group of patients
did not differ from the non-AMR recipients. In contrast,
more than half of patients with late AMR (56%) had
graft dysfunction. In addition, late AMR correlated with
a higher incidence of CAV (50% at 1 year) and higher
mortality. The authors suggest that antibody-mediated
endothelial damage and the development of microvascu-
lar inflammation lead to the development of CAV [21].

In the Michaels et al. study, hemodynamic abnor-
malities were detected in 47% of recipients. One year
after transplantation, AMR patients had a higher CAV
prevalence than the controls (15% vs. 5%, p = 0.09).
After 5 years, 86% of AMR patients had CAV, compared
with 22% of controls) [12, 20].
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Detection of antibody-mediated allograft rejection
within 1 year after transplantation, late diagnosis of
chronic AMR combined with graft dysfunction is as-
sociated with 50-60% mortality [22].

DONOR-SPECIFIC ANTIBODIES

A study by Manfredini V. et al. showed that the de-
tection of donor-specific antibodies serves as an accu-
rate prognostic marker of antibody-mediated rejection,
but nevertheless may not have clinical significance. To
stratify the risk of AMR complications and develop a
treatment strategy, it is necessary to determine the DSA
subclasses and complement binding activity [18].

Pre-HTx DSA is a known risk factor for poor allograft
and recipient survival, especially in the first year after
surgery [23].

The presence of HLA antibodies in the blood of heart
recipients (“humoral sensitization”) has been shown to
be accompanied by increased incidence of acute graft
rejection and poorer patient survival [24].

CAV is the main cause of graft dysfunction in the
long-term period (57 years) after surgery. CAV is mul-
tifactorial in nature, involving both immune and non-
immune mechanisms. HLA antigen mismatches are often
noted in heart transplantation, which implies that DSA
production after transplantation may contribute to the
progression of this disease [23].

In global clinical practice, de novo donor-specific
antibodies (dnDSA) are detected using a Luminex-based
solid-phase crossmatch assay. A noninvasive biomarker
is used to identify patients at increased risk of AMR.
The versatility of Luminex-based solid-phase analysis
lies not only in the risk stratification and prediction of
allograft rejection before transplantation, but also in the
possibility of performing screening studies in order to
monitor the effectiveness of the therapy in the periopera-
tive period [25].

Detection of HLA antigens A, B and DR and mea-
surement of sensitization to them play an important role
in the examination of cardiac recipients. Besides, blood
testing of potential cardiac recipients for circulating HLA
antibodies to determine the panel-reactive antibody index
(PRA) is generally accepted. PRA test result is usually
presented as a percentage of panel reactivity (that is, the
ratio of the number of wells with positive reactivity to
the total number of wells x100). If there is a significant
increase in PRA, a targeted test of the recipient’s blood
against the lymphocytes of the potential donor — a cross-
match reaction — is required.

Indications for treatment of sensitized patients before
heart transplantation vary considerably. Betkowski et
al. of St. Louis University Medical Center, Missouri,
interviewed the heads of 65 centers involved in organ
transplantation in the United States about the use of PRA
study protocols and treatment of sensitized patients at
these centers. Such treatment was provided at 39 of the
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65 centers surveyed. Treatment programs included in-
travenous immunoglobulin (IVIg) infusion (21 of 39,
53.8%), plasmapheresis (17 of 39, 43.6%), administra-
tion of cyclophosphamide (11 of 29, 28.2%), mycophe-
nolate mofetil (9 of 39, 23.1%) and azathioprine (1 of
39, 2.6%).

In some of the protocols, treatment was given before
transplantation regardless of PRA index (9 of 39, 23.1%)
or immediately before surgery (6 of 39, 15.4%), and
4 centers used an individualized approach to recipient
management (4 of 39, 10.2%). In five programs, therapy
was given only to sensitized patients on mechanical cir-
culatory support (MSC).

Similarly, another single-center study suggested that
heart recipients with pre-existing T and B lymphocyte
PRA = 10%, despite a negative crossmatch reaction by
the time of transplantation, have earlier and more severe
rejection episodes with significantly lower survival rates
[26].

A retrospective analysis of data from 19,443 cardiac
recipients from the UNOS registry between October
1987 and December 1996 showed that an elevated PRA
(20%) correlates with a significantly higher risk of mor-
tality. The risk progressively increases in parallel with
the PRA index and higher in MCS patients [24].

The cross-match reaction in cardiac recipients is
usually performed in the presence of an elevated pre-
transplant PRA. Humoral sensitization can occur due to
previous hemotransfusions, pregnancies, and the use of
MCS as a “bridge” to transplantation.

In a retrospective cohort study conducted by Nwakan-
ma et al, the association between post-transplant PRA
index and three primary end points, patient survival,
allograft survival, and development of rejection within
1 year of transplantation were analyzed in primary heart
recipients (all patients who underwent heart transplanta-
tion were excluded) from January 1, 2000 to December
31, 2004.

PRA testing prior to heart transplantation was per-
formed in a total of 8,160 primary heart recipients. All
patients were divided into 4 groups: PRA was 0% in
6,481 (79.4%) patients (group 1), 1% to 10% in 930
(11.4%) patients (group 2), 11% to 25% in 309 (3.8%)
patients (group 3), and >25% in 440 (5.4%) patients
(group 4).

The groups of patients with an elevated PRA were
distinguished by their younger age, higher proportion of
women, and lower body mass index. These groups also
included a greater number of patients with a history of
hemotransfusion before transplantation or who had a
congenital heart defect or were on the waiting list for
a long time.

Patients with a PRA >25% had a statistically signifi-
cant increase in the risk of rejection within 1 year.

In a study by Loh et al. including 125 heart recipients,
it was found that increased PRA (>25%) by the time of
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transplantation may be a risk factor for poor long-term
survival [27].

Lavee et al., conducted a cohort study of 463 heart
recipients and found that a PRA >10% serves as a risk
factor for rejection and related complications, and a
negative lymphocytotoxic cross-match test in patients
with elevated PRA does not reduce the risk of death
from acute and chronic rejection. In addition, PRA and
duration of acute rejection episodes in the first 3 months
after transplantation were found to have a positive linear
relationship [28].

These findings were supported by Kobashigawa et al,
who also found that patients with a PRA>11% at the time
of transplantation had more severe rejection episodes
with significantly lower post-transplant survival despite a
negative cross-match response [26]. In addition, the pro-
portion of sensitized patients increased with increasing
frequency of MCS as a “bridge” to transplantation [29].

Sensitized patients with PRA >25% had a statistically
significant increase in the risk of rejection compared to
patients with PRA of 0%.

Patients with PRA >0% had a poorer post-transplant
prognosis compared to patients without PRA; so, their
careful evaluation before transplantation is required. Pa-
tients with PRA >25% have a particularly high risk of
rejection, so they are advised to perform a cross-match
reaction [30].

Anti-HLA to donor lymphocytes are detected in
3-11% of patients at the time of heart transplanta-
tion, while dnDSA (predominantly anti-HLA class II)
develops after transplantation in 10-30% of patients.
Although, isolated detection of DSA in heart recipients
is not considered a histologic criterion for diagnosis of
humoral rejection, circulating DSA is found in almost all
AMR cases. The treatment of patients with DSA before
and after heart transplantation varies, but most centers
treat this case with plasmapheresis or immunoadsorp-
tion with intravenous infusion of rituximab and/or im-
munoglobulin.

In recent years, there has been a significant decrease
in the incidence of early allograft rejection after ortho-
topic heart transplantation (OHT). Currently, only 12%
of heart recipients require rejection treatment within the
first year after transplantation. The goal of treatment is
increasingly becoming to prevent AMR, a major risk
factor for mortality, leading to 35—40% mortality within
5 years after heart transplantation [31]. Chronic AMR,
often combined with rapidly progressing CAV, plays an
important role in the development of graft dysfunction
[32]. There is a growing body of evidence indicating that
DSA are involved in speeding up CAV development [7].
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DSA and survival outcomes after heart
transplantation

There is strong evidence of a significant increase in
the risk of graft loss and mortality in heart recipients with
DSA [33]. In a study involving 213 adult patients (mean
follow-up at antibody measurements was 7 years), the
overall survival of DSA-positive patients after 5, 10, and
15 years were 89.3%, 80.3%, and 53.6%, respectively,
compared with 98.4% after 5 years and 97.3% after 10
and 15 years for a control group of non-DSA patients
(only long-term survivors were examined during routine
follow-up visits) [34]. This study did not distinguish be-
tween pre-transplantation DSA and de novo DSA rates,
but there is a clear difference in survival in patients with
pre-existing DSA or dnDSA.

Reinsmoen et al. evaluated outcomes in 295 adult
heart recipients, 14 of whom had DSA at the time of
transplantation and persisted after surgery, and 32 de-
veloped dnDSA [33]. At 2 years after transplantation,
persisting pre-existing DSA group had 100% graft sur-
vival compared with 73% survival in the dnDSA group.

Clerkin et al. had similar results in a cohort study of
221 consecutively enrolled adult patients with a mean
follow-up of 3.5 years [6]. Patients who died within the
first 30 days were not included in the study. The highest
survival rate was seen in patients with pre-existing DSA,
and was higher than in patients without DSA. In con-
trast, 69 patients with dnDSA had a significantly lower
survival rate than patients who did not have DSA (p =
0.027) (Fig. 1).

De novo DSA

Smith et al. analyzed 243 adult heart recipients with
a follow-up period of 13 years. It was found that dnDSA
had a significant effect on the risk of adverse events:
the hazard ratio (HR) was 3.067 for dnDSA (n = 57)
compared with patients who had no HLA antibodies
(n = 116). According to multivariate analysis, dnDSA
increased the risk of mortality more than any other fac-
tor in both adult and pediatric recipients (Table 3) [23].
In a study by Tran et al, 5-year graft survival was 21%
in dnDSA patients compared with 72% in patients who
had no DSA in a cohort of 105 pediatric heart recipients
(p <0.001%) [7].

There are limited data on the effect of the timing of
dnDSA in transplanted heart patients. Ho et al. examined
HLA antibodies in 799 heart recipients based on analysis
of routine biopsies performed within 15 years of heart
transplantation [35]. There was no difference between
DSA and non-DSA anti-HLA; however, there was a clear
difference in long-term survival between patients who
developed DSA before 1 year after transplantation (n =
221) compared with DSA arising at a later date (n =
118). Survival rates were 52% and 40%, respectively,
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Fig. 1. Allograft survival without adverse events in heart re-
cipients included in the study. DSA, donor-specific antibody;
OHT, orthotopic heart transplantation

Table 3

Multivariate analysis of the association between
persistent de novo DSA (n = 48) and mortality
risk in 243 adult heart recipients in a single-
center study. Anti-HLA were measured annually
(maximum follow-up was 13 years) [31]

Indicator Risk ratio| CI 95% P
Persistent DSA de novo 433 1.92,9.76 | <0.001
HLA-DR miss-match 2.33 1.08,5.05| 0.032
Donor’s age 1.03 1.00,1.08| 0.26
Hemodynamic compromise| 0.36 1.00, 5.58 | 0.050
Treatment of rejection
by I year after g)HT 0.42 1.83,0.95| 0.038

HLA, human leukocyte antigens; DSA, donor-specific anti-
body; OHT, orthotopic heart transplantation.

compared with 70% in patients who had no antibodies
(p <0.05 and p < 0.001, respectively).

DSA and cardiac transplant vasculopathy

AMR is common in patients with CAV. Late onset of
AMR or asymptomatic AMR is accompanied by a higher
risk of developing CAV [36]. There is a possibility that
DSA occurring in humoral rejection are involved in CAV
development. Moreover, isolated DSA can cause direct
damage to endothelial cells by activation and fixation of
complement component C4d or acting on natural killer
cells (NK-cells) and macrophages, potentially contribut-
ing to accelerated progression of atherosclerosis [37].

In a retrospective analysis of 213 patients, Kaczmarek
et al. proved that CAYV is significantly more common with
long-term follow-up in patients with pre-existing or de
novo DSA. Significant differences with patients with-
out DSA appeared approximately six years after heart
transplantation, reflecting the progressive nature of this
disease [34]. The time interval between development of
DSA and graft dysfunction due to vasculopathy can be



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIlI N¢ 4-2021

many months or even years due to slow progression of
stenotic arterial disease [38].

Presence of DSA in sensitized patients

Sensitized patients awaiting heart transplantation
have a high waitlist mortality because of the difficulty
in matching a transplant with a cross-match reaction.
Therefore, treatment strategies for patients with anti-
HLA should be used. Several studies indicate comparable
survival rates in both sensitized adults and children with
a positive cross-match reaction compared to patients
with negative test results [39, 40]. Various treatment
regimens have been studied, including plasmapheresis
with or without rituximab, therapy with I[VIg [41], CD52
monoclonal antibodies (alemtuzumab), proteosome in-
hibitors (bortezomib) or complement inhibitors (eculi-
zumab) [42]. Nevertheless, the choice of optimal pre-
transplant treatment aimed at improving immunological
compliance remains a matter of debate due to low-quality
studies involving small cohorts of patients with a short
follow-up period [42].

It remains unclear when anti-HLA treatment should
be initiated. The timing of transplantation cannot be
predicted, so delaying treatment until a donor heart is
available would require a very short protocol. On the
other hand, preventive intervention while on the waiting
list puts patients at increased risk of infection and also
creates the possibility of anti-HLA reappearance before
transplantation.

As one would expect, sensitizing factors such as re-
transplantation, pregnancy, hemotransfusion, or acute
rejection (an indicator of a high immunological response)
are also associated with the development of high dnDSA
levels. Godown et al, directly examined risk factors for
dnDSA in a cohort of 121 pediatric heart recipients,
40 of whom developed dnDSA at a mean follow-up of
4.1 years. In a multivariate analysis, only mechanical
circulatory support during transplantation, the Negroid
race, and donor death from gunshot wounds showed a
clear correlation with development of DSA [43].

Rafiei et al. conducted a retrospective study of
196 nonsensitized patients evaluating the effect of im-
munosuppression on antibody production after heart
transplantation. On induction therapy with rabbit anti-
thymocyte globulin (rATG), the proportion of patients
who did not develop de novo antibodies one year after
surgery was significantly higher (total dose 4.5-7.5 mg/
kg) compared to patients without cATG (89% vs 71%,
p=0.043) [44]. It is assumed that the mechanism of ac-
tion of rATG lies in inhibition of pre-existing memory T
cells responding to donor antigens and, possibly, apop-
tosis of DSA-producing plasma cells [45].
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Treatment tactics for recipients with DSA
in world practice

Barten M.J. et al. collected current information on
the diagnosis and management strategies for DSA re-
cipients at 15 centers in Germany, Austria, and Switzer-
land (including one pediatric specialty center) (Table 4).
Between 2006 and 2016, 3,456 heart transplants were
performed at these centers. Routine DSA monitoring
after HTx was performed in 80% of the centers. The
first study of DSA levels was performed between 0 and
90 days after surgery, followed by monitoring at 3, 6, and
12 months. One year after transplantation, anti-HLA lev-
els were screened less frequently (every 3—12 months).
All centers examined DSA levels in cases of primary or
idiopathic graft dysfunction; in most centers, the pres-
ence of DSA was evaluated when acute rejection or al-
lograft vasculopathy developed. Luminex-based solid-
phase analysis was universally used; C1q monitoring,
complement-dependent cytotoxicity, and flow cytometry
were used less frequently. Two-thirds of the centers con-
sidered thresholds of mean immunofluorescence inten-
sity (1000-3000) of dnDSA against HLA classes I or 11
when deciding whether to initiate treatment or not [22].

TREATMENT TACTICS

To date, there is no unified standard for the treatment
of humoral heart transplant rejection. Treatment tactics
vary considerably from country to country, due to the
lack of optimal screening and treatment protocols [22].

The basic immunosuppression protocol includes vari-
ous combinations of calcineurin inhibitors (cyclospo-
rine or tacrolimus), antimetabolites (mycophenolic acid
preparations, azathioprine), proliferative signal inhibitors
(sirolimus or everolimus) and corticosteroids (predniso-
lone, methylprednisolone) [46].

In the United States, Kobashigawa et al. conducted
a randomized trial evaluating the efficacy of three dif-
ferent immunosuppressive regimens: (1) cyclosporine,
mycophenolate mofetil and corticosteroids; (2) tacro-
limus, mycophenolate mofetil and corticosteroids; (3)
tacrolimus, sirolimus and corticosteroids. The study in-
cluded 334 patients over 18 years of age. The end point
was either 2R cellular rejection or humoral rejection of
the graft with impaired hemodynamics. The follow-up
period was one year. The result of the study showed a
significant reduction in rejection incidence with both
tacrolimus/sirolimus (35.1%) and tacrolimus/mycophe-
nolate mofetil (42.1%) compared with cyclosporine/my-
cophenolate mofetil (59.6%) [5].

However, a study by Nguyen V.P. et al. showed differ-
ent results. According to the 2020 publication, adequate-
ly chosen induction and immunosuppressive therapy
can reduce AMR risk. Stable patients with high risk of
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AMR can be transferred to proliferative signal inhibitors
(sirolimus, everolimus), which will reduce the incidence

of graft rejection [47].

Principles of treatment for humoral rejection include
removal of circulating antibodies, reduction of additional
alloantibody production, and suppression of T cell and

Table 4

Diagnosis and treatment in DSA detection: key criteria according to a 2017 study
from 15 heart transplant centers in Germany, Austria, and Switzerland.
Data for each section do not fully converge depending on center

Number of heart transplants

3,456 in all 15 centers from 2006 to 2016.
Adults and children
Average number of transactions per year: 21

Pre-transplant HLA antibody treatment (a)

Plasmapheresis (pre- and perioperative): 100%
Immunoadsorption: 53%

Immunoglobulin treatment (pre- and perioperative): 100%
Rituximab — 73%

Bortezomib — 33%

rATG (perioperative): 67% (8/10 thymoglobulin, 2/10 neovil)

Baseline immunosuppression in sensitized
patients

Tacrolimus: 87%
Cyclosporine: 40%
Mycophenolic acid: 100%
Everolimus: 13%

GCs: 100%

Standard DSA monitoring after transplantation

Conducted in 80% of centers.

6/12 started at month 1, 4/12 at month 3, 1 at day 0, 1 on the day of
inclusion in the waiting list.

After 3 months, monitoring every 3—6 months until 1 year in all 12 centers
where routine monitoring was performed.

7/12 centers continued screening at least once a year after 12 months.

Monitoring of DSA levels after cardiac
transplantation in clinical manifestations

The centers conducted a DSA study for the following events:
Acute rejection: 93%

Graft vasculopathy: 67%

Primary graft dysfunction: 100%

Idiopathic graft dysfunction: 100%

DSA detection methods

Luminex: 100%

Clq: 33% pre-transplant, 20% post-transplant
Complement-dependent cytotoxicity: 53% before and 73% after
transplantation

Flow cytometry: 20%

Mean immunofluorescence intensity threshold
at which treatment for DSA was considered

Treatment was conducted in 40%

Among the 4 centers, thresholds were:

HLA DSATI: 1000-1500 in 3/4 centers, 3000 in 1/4 center
HLA DSA II: 1000-1500 in 3/4 centers, 3000 in 1/4 center

Criteria for initiation of treatment for dnDSA

dnDSA alone: 60%

dnDSA + echocardiographic signs of graft dysfunction: 100%
dnDSA + AMR: 100%

dnDSA + allograft dysfunction: 73%

DSA treatment

Immunoglobulins: 79%

Rituximab: 79%

Immunoadsorption: 50%

rATG: 50% (4/7 thymoglobulin, 3/7 Neovia)
Plasmapheresis: 43%

Extracorporeal photopheresis: 29%
Basiliximab: 14%

Bortezomib: 7%

Changes in immunosuppressive therapy when
dnDSA is detected

Conducted: 64%

7 centers provided information:

Tacrolimus dose escalation: 2/7

Replacing cyclosporine with tacrolimus: 1/7

Replacing mycophenolate mofetil with everolimus: 3/7
rATG: 1/7 (thymoglobulin)

HLA, human leukocyte antigens; dnDSA, de novo donor-specific antibodies; GCs, glucocorticoids; DSA, donor-specific an-

tibody; rATG, rabbit anti-thymocyte globulin.

47



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIlI N¢ 4-2021

B cell responses. The ISHLT guidelines for AMR treat-
ment are based on the current consensus and have the C
evidence level [20].

Methods of treatment of humoral rejection are based
on the following principles:

Suppression of T cell response;

Elimination of circulating antibodies;

Inhibition of residual antibodies;

Suppression or depletion of B cells;

Suppression or depletion of plasma cells;
Complement inhibition.

Fig. 2 shows the use of specific treatments for differ-
ent clinical scenarios, taking into account the degree of
humoral rejection, the presence or absence of DSA and
graft dysfunction. The algorithm was developed by Chin
S. et al. based on an online survey of 184 ISHLT mem-
bers, with participation mainly from transplant centers
in North America and Europe [8].

The ISHLT guidelines for the treatment of antibody-
mediated heart transplant rejection recommend high-
dose intravenous glucocorticoid infusion and cytolytic
drugs. Plasmapheresis or [VIg infusion is used to elimi-
nate or inactivate autoantibodies. In hemodynamic disor-
ders, inotropic and vasopressor drugs may be required to
maintain graft function. Systemic anticoagulant therapy
can reduce the risk of intravascular thrombosis. Control
endomyocardial biopsy should be performed several
weeks after treatment had been initiated and should be
performed dynamically until complete regression of im-
munopathological signs. In refractory humoral rejection,
monoclonal antibodies have proven effective against
common B cell marker (rituximab). If the treatment is
ineffective, cardiac retransplantation should be consid-
ered [48].

One type of treatment for humoral rejection is the
use of therapeutic plasmapheresis. The purpose of this
method is mechanical removal of circulating antibod-

ies [49]. Using membrane filtration or centrifugation,
extracorporeal separation of plasma from cellular blood
components takes place. The removed volume of fluid
is replenished with the help of replacement solutions.

There have been no studies investigating therapeutic
plasmapheresis (TP) as a monotherapy for AMR.

The use of glucocorticoids is widely used as basic
therapy not only for the treatment of cellular rejection,
but also in humoral rejection of a heart transplant [49].

Steroids have potent immunosuppressive and anti-
inflammatory effects that affect the number, distribution
and function of all types of white blood cells and endo-
thelial cells [50]. The use of glucocorticoids is included
in the regimen in all clinical trials describing various
treatments for humoral rejection.

In addition, anti-lymphocyte globulins, which are
antibodies directed against T cell lymphocytes or thy-
mocytes, are widely used. There are two types of anti-
bodies: monoclonal (muromonab-CD3, rituximab) and
polyclonal (the best known are rabbit and equine anti-
thymocyte globulins). Antithymocyte globulins are used
to treat humoral rejection, but there have been no studies
on their role in the treatment of AMR [51].

Rituximab is a genetically engineered, chimeric
mouse and human monoclonal antibody directed against
the B-cell lineage specific CD20 antigen. For the treat-
ment of humoral rejection or as a desensitizing therapy,
rituximab is usually used in combination with other ther-
apies. That is why is it difficult to evaluate its efficacy
as a stand-alone drug. There are much evidence of the
effectiveness of in the treatment of refractory antibody-
mediated rejection (when combined therapy with cy-
tolytic antibodies, corticosteroids, plasmapheresis and
cyclophosphamide is not effective) [52]. When using
rituximab, there was reduced PRA index in sensitized
patients who were refractory to therapy with [VIg, plas-
mapheresis and mycophenolate mofetil [53].

Suspected pAMR
|
4 A,
EFZI EF&
@RH | pAMR2,3 || pAMRI | |pAMR 1.2 || pAMR3 |
Y A A Y A
Treat | Treat | | Don't treat | | Treat |

Fig. 2. Treatment modalities for different clinical scenarios, taking into account the humoral rejection category. pAMR, patho-
logical antibody-mediated rejection category; DSA, donor-specific antibody; EF, ejection fraction
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Most of the above treatments are usually used in com-
bination, either simultaneously or consecutively [49].

Although plasmapheresis, IVIg, rituximab, and high-
dose cyclophosphamide have been successful in reducing
circulating antibody levels in sensitized patients prior
to heart transplantation, there are large numbers of pa-
tients who are immune to these therapies. Patel J. et al.
from Los Angeles conducted a pilot study to determine
the effectiveness of bortezomib-based desensitization in
patients resistant to I[VIg, rituximab, and plasmapheresis.
Bortezomib is an inhibitor of the 26S proteasome that
has a pro-apoptotic effect on plasma cells and reduces
antibody production. Seven patients awaiting heart trans-
plantation with a 50% PRA were included in the study.
The mean baseline PRA was 62%, which decreased to
a mean of 35% after treatment. The study showed that
bortezomib reduced PRA in patients who were immune
to desensitization with [VIg, rituximab, and plasmapher-
esis [5].

The need to treat asymptomatic AMR has long been
discussed [48].

The feasibility of treating milder forms of humoral
rejection, such as pAMRI1 (including pAMRI1-H and
pAMRI-I) and pAMR2 (with or without clinical signs)
is in doubt, since the effectiveness of the current therapy
for subclinical AMR has not been established.

The decision to treat pAMR 0-2 is based on clinical
signs of rejection, such as appearance of heart failure

symptoms, presence of graft dysfunction, and immu-
nologic findings (increased existing or de novo DSA).

In asymptomatic humoral rejection, optimization of
basic immunosuppressive therapy may be advisable [20].

However, due to increased risks of graft vasculopathy
and death in asymptomatic rejection, it may be prudent
to treat when all cases of humoral rejection are detected
[48].

DSA detection is considered an important prognostic
factor for the development of humoral rejection after
heart transplantation, but their presence alone is not suf-
ficient to make a diagnosis of AMR and initiate specific
therapy. Nevertheless, the appearance of DSA should not
be ignored. That’s why Manfredini V. et al. developed an
algorithm of actions that takes into account the correla-
tion of DSA with symptoms and pathological signs of
AMR, the time of their detection and the ability to bind
complement (Fig. 3). When DSA is present early after
transplantation, there is a clearer association with the
development of acute humoral rejection, which responds
well to treatment. Occurrence of DSA in the late post-
transplant period can lead to chronic allograft damage
and development of vasculopathy if not diagnosed on
time. Association of DSA with the development of AMR
justifies the initiation of specific treatment, especially in
the presence of signs of graft dysfunction [18].

Table 5 presents a list of protocols used by several
centers of excellence [20].

DSA detected

v

New symptoms
or allograft dysfunction

A
No —l
<1 year
after HT
Y
>1 year
after HT » Cla+
Clq-
A
Repeat DSA analysis
in the follow-up
to consider IVIG/TPE
at MFI >5000

Yes
Perform EMB
|
¥ v
PAMR =0 PAMR = 1
A
A
Decide on CAG, Specific
especially therapy
for Class II DSA

Fig. 3. Algorithm of action when DSA is detected. DSA, donor-specific antibody; HT, heart transplant; EMB, endomyocardial
biopsy; C1q, complement binding activity; MFI, mean fluorescence intensity; pAMR, pathological antibody-mediated rejec-

tion category
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AMR treatment in children

Prevention and treatment of humoral rejection in chil-
dren is prescribed empirically and encompasses the full
range of treatments that are described in adult patients.
Diagnostic criteria do not differ from those for adult heart
transplantation, and are based on histopathologic and
immunopathologic changes. The presence of DSA, pre-
transplant and post-transplant anti-HLA class I antibod-
ies negatively affects the long-term survival of patients.
Therapies aimed at removing circulating antibodies in-
clude IVIg or cyclophosphamide before transplantation,
intraoperative plasma exchange, and postoperative use
of IVIg, therapeutic plasmapheresis, rituximab, or cy-
clophosphamide [20].

Treatment of sensitized patients awaiting
heart transplant

For highly sensitized waitlisted patients, preoperative
plasmapheresis is used to reduce circulating antibody
levels, which can greatly increase the chances of obtain-
ing a negative cross-match with the donor.

Also, a chimeric high-affinity monoclonal antibody,
rituximab, which binds to CD20 lymphocyte recep-
tors that inhibit B cell activation and differentiation, is
used as desensitization in highly susceptible patients.
The drug dosage is based on the patient’s body surface
area (375 mg/m?). An intravenous infusion once a week
is recommended, with a treatment duration of up to
4 weeks [5].

Table 5
AMR treatment strategies for adult heart transplant recipients
Center AMR treatment
Subclinical pAMR-1: No treatment; consider gradual reduction of corticosteroid dose if early after
transplantation;
University PAMR-2 without graft dysfunction or DSA: pulse steroids only;
of Utah PAMR-2 with graft dysfunction and/or DSA: pulse steroids, IVIg, plasmapheresis, rituximab/bortezomib;

compromised).

PAMR-3: pulse steroids, IVIg, plasmapheresis, rituximab/bortezomib (plus rATG if hemodynamically

Methylprednisolone 500 mg/d for 3 days;
rATG;

Cedars-Sinai
Medical Center

Plasmapheresis for hemodynamic compromise;

IVIg 2 g/kg on days 1 and 30 (day 1 after completion of rATG treatment);
Rituximab 1 g (375 mg/m’ for smaller patients) on days 7 and 21;
Refractory patients: add bortezomib 1.3 mg/m® on days 1, 4, 7, and 10.

Methylprednisolone 1 g/d for 3 days;

Unresolved: consider the following:
IVIg 2 g/kg;
Rituximab 375 mg/m? (up to 4 doses);

Cleveland
Clinic

Continue plasmapheresis;

Plasmapheresis 4-5 times over a week, then as needed;

Bortezomib 1.3 mg/m’ IV for 4 doses over 2 weeks;

Refractory: consider photopheresis or total lymphoid irradiation.

Columbia Methylprednisolone;

University

Plasmapheresis 5—6 cycles over 10-14 days;
Cyclophosphamide 0.5-1 g/m* every 3 weeks for 4-6 months.

Hemodynamic compromise:

Stanford
University

hemodynamic compromise;
Rituximab 1 g/d on days 7 and 22;
Alternate modalities:

Low-risk patients: no treatment or augmentation of baseline immunosuppression with follow-up EMB;
High-risk patients (positive DSA, allosensitization): [VIg or rituximab infusion;

Any patient presenting with unexplained graft dysfunction is presumptively treated with
methylprednisolone sodium succinate I'V 500 mg/d to 1000 mg/d for 3 days;

Plasmapheresis daily or every other day (at least 5 sessions);

IVIg immediately after plasmapheresis 2 g/kg divided into 2 doses over 2 consecutive days (not to
exceed 140 g) on days 1 and 2 and days 29 and 30. Repeat if there is no effect;

Consider rATG 1.5 mg/kg per day for 3 consecutive days with plasmapheresis in severe

Augmentation of baseline immunosuppression;
Change from cyclosporine to tacrolimus and/or addition of cyclophosphamide 1.5 mg/kg per day;
Bortezomib 1.3 mg/m’ per day on days 1, 4, 8, and 11

pAMR, pathological antibody-mediated rejection category; IVIg, intravenous immunoglobulin; DSA, donor-specific anti-

body; rATG, rabbit anti-thymocyte globulin.
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IVIg are immunoglobulins, mainly of the IgG class,
isolated from donor plasma. This drug reduces antibody
levels in sensitized patients prior to heart transplantation.
IVIg suppresses anti-HLA in vitro and in vivo. Poly-
clonal preparations of human immunoglobulin have ac-
tivity against HLA class I and Il molecules, cytokines and
their receptors, and T cell receptors. The main immune
effects of IVIg can be explained by blockade of Fec-y
receptors, inhibition of complement system, neutraliza-
tion of autoantibodies and cytokines, and suppression of
B-cell receptors [20].

Antibody drugs, especially rATG in combination with
IVIg infusion, plasmapheresis and rituximab are used
as induction therapy in sensitized patients. Currently,
regimens that include polyclonal antibodies are prefer-
able [20].

CONCLUSION

The primary goal of post-heart transplant patient
management is to improve long-term survival. Antibody-
mediated heart transplant rejection is the leading cause of
early morbidity and mortality after surgery. Despite the
various treatment options for humoral rejection, to date,
there is no single standard of therapy, thereby requir-
ing an individualized approach to each case. Currently,
additional randomized clinical trials are required to de-
termine a more precise management tactics for patients
with AMR.

The authors declare no conflict of interest.
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Kidney injury in cardiac transplant recipients is one of the most severe complications affecting both short- and
long-term transplant outcomes. The need for renal replacement therapy (RRT) is determined not only and not so
much by the degree of renal dysfunction, as by the need for correction of fluid balance and metabolic disorders.
These circumstances are associated with the specificity of extracorporeal renal replacement therapy in donor heart
recipients. In this review, we discuss the problems of early versus delayed initiation of RRT, anticoagulation and
vascular access, advantages and disadvantages of continuous and intermittent techniques. Special attention is paid
to chronic kidney injury and peculiarities of kidney transplantation in heart recipients.

Keywords: heart transplantation, acute kidney injury, hemodialysis, kidney transplant after heart
transplant.

Heart transplantation (HTx) is currently the most large number of studies have been published in favor of
effective treatment for end-stage heart failure. Acute both early and late initiation of RRT in AKI [2-6].
kidney injury (AKI), whose incidence has been increas- Of the randomized clinical trials (RCTs) that found
ing in recent years due to liberalization of indications statistically significant improvements in survival and
for HTx and the use of organs obtained from expanded renal function recovery with early vs. late initiation of
criteria donors, is one of the major complications pro- RRT, ELAIN (Early vs LAte INitiation of RRT) was the
longing hospital stay and worsening the prognosis in ~ most telling. This single-center trial enrolled 231 patients
heart transplant recipients. According to some transplant ~ With AKI after surgery. In the early initiation group, RRT
centers, the need for renal replacement therapy (RRT) ~ Wwas initiated within 8 hours of diagnosis of KDIGO (AKI
reaches 40%. However, the literature data concerning Kidney Disease: Improving Global Outcomes) stage 2;
specific problems of RRT use in heart recipients are few,  in the delayed initiation group, within 12 hours of stage
and considering issues, such as optimal timing of RRT 3 AKlor when absolute indications for RRT arose, which
initiation, comparison of efficiency of permanent and included blood urea elevations greater than 100 mg/dL
intermittent techniques, anticoagulation regimens, choice ~ (16.65 mmol/L), hyperkalemia above 6.0 mEq/L, and
of optimal vascular access and others, we have to focus edema resistant to diuretic therapy. Mortality was signifi-
on the results of studies evaluating RRT use in intensive ~ cantly lower in the first group than in the second (39.3%

care units (ICU). vs. 54.7%, p = 0.03). Of the 119 patients randomized to
the delayed-initiation group, 11 did not receive RRT due

RRT IN CRITICALLY ILL PATIENTS to restoration of renal function [2].

Timing of RRT initiation: early vs delayed At the same time, multicenter RCT AKIKI (Artificial

o ere e Kidney Initiation in Kidney Injury) showed no statisti-
initiation cally significant differences in patient survival in the

Despite the significant increase in the frequency of  early and delayed RRT initiation groups. The study in-
RRT use in AKT or multiple organ failure in ICU, many  cluded 620 patients with AKI from 31 ICUs, which were
aspects of such treatment remain a subject of debate. This  divided into 2 equal groups. In the delayed-initiation
applies particularly to the timing of RRT initiation. Early  group, RRT initiation criteria were oligo or anuria for
initiation allows to manage fluid balance and rapidly =~ more than 72 hours, blood urea concentration greater
correct electrolyte and metabolic disorders. At the same  than 40 mmol/L, hyperkalemia greater than 6.0 mmol/L
time, RRT itself can cause a number of complications,  or 5.5 mmol/L after glucose solution infusion with insu-
particularly hemodynamic, metabolic, and hemorrhagic  lin; a pH below 7.15 and acute pulmonary edema due to
disorders, catheter-associated infection (CAI), unwanted  fluid overload. Sixty-day survival did not differ between
removal of drugs and their metabolites [1]. To date, a  the groups; half of those patients who were assigned a
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delayed strategy did not receive RRT. The mortality rate
in both groups was nearly 50%. CAI was less common
in the delayed strategy group, which can be attributed
to the shorter duration of RRT. The authors conclude
that the delayed strategy avoided RRT in a significant
number of patients [3].

Most studies have used the AKI KDIGO stages as
criteria for patient selection. In practice, however, these
criteria are rarely the only basis for initiating RRT, with
most AKI patients with KDIGO stage 3 not receiving
RRT [7]. Some authors, comparing outcomes among
patients with AKI depending on whether they received
RRT or not, demonstrate a better survival rate associated
with the absence of RRT [8]. For objective results, it is
necessary to form beforehand groups of patients for early
and delayed initiation of RRT. However, for the patients
included in the group of delayed initiation, there is a risk
not to receive RRT as a result of an unfavorable outcome.
A recent meta-analysis of RCTs, devoted to the timing of
RRT initiation in severe AKI, taking into account indi-
vidual data of patients, has not revealed dependence of
mortality on timing of initiation of RRT, provided that
delayed initiation of RRT is carried out at close obser-
vation of patients and RRT is initiated at occurrence of
appropriate clinical indications [9].

Vascular access for RRT

It is advisable to use ultrasound guidance when im-
planting the RRT central venous catheter (CVC) in an
ICU setting. According to results of a meta-analysis by
Rabindranath et al., implantation of RRT catheters in
the jugular vein allows to avoid installation defects in
the vast majority of cases, reduce manipulation time
and significantly reduce the complication rate [10]. Ac-
cording to Prabhu et al., this tactic also provides better
results for femoral access [11]. According to clinical
guidelines [12, 13], placing temporary catheters into
subclavian veins should be avoided to avoid stenosis and
to preserve the possibility to implant permanent CVC in
the event of chronic renal injury. According to a multi-
center RCT conducted by Parienti et al., subclavian vein
catheterization is associated with a lower risk of CAI
and thrombotic complications and a higher incidence of
pneumothorax compared with jugular or femoral catheter
localization [14].

Another multicenter RCT indicates that with respect
to catheter dysfunction or RRT effectiveness, there were
no differences for catheter localization in the internal
jugular vein and femoral vein. Catheters located in the
right internal jugular vein were associated with a signifi-
cantly lower incidence of dysfunction compared with the
left internal jugular vein. While the same 16 cm jugular
catheters were used in both positions, the right position
provided the shortest route to the superior vena cava.
Femoral access was associated with a significantly lower
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risk of catheter dysfunction compared with the left jugu-
lar access. It was recommended for use when there was
no possibility to insert the catheter into the right jugular
vein and when the patient’s body mass index was less
than 28.4. This approach allowed to reduce the incidence
of catheter dysfunction without increasing the risk of
CAL For optimal RRT efficiency in case of femoral ac-
cess, it was recommended to use catheters 25 cm long
reaching the inferior vena cava. Ifit is necessary to con-
tinue RRT for a long time, the use of tunneled jugular
catheters is considered to be preferable [15].

According to Coupez et al., the incidence of dys-
function in catheter replacement by guidewire is sig-
nificantly higher than that in new catheter placement
(37.6% vs. 15.7%, p < 0.01), with the risk of infection
not significantly different [16]. Chua et al. report similar
results, noting that the risk of catheter infection is higher
in older and more massive patients, especially in the
femoral position [17]. Heparin lock is traditionally used
to maintain catheter patency; citrate-based solutions in
various concentrations, antibiotics or other drugs with
antibacterial properties are used less frequently. Sungur
et al. report that “leakage” of catheter-filling solution
into the vascular channel can reach 20% and depends
on catheter design. This amount may be clinically sig-
nificant in increasing the risk of bleeding and antibiotic
toxicity [18]. According to reports by Correa Barcellos
et al., the use of citrate-based solutions does not reduce
the risks of infection and dysfunction [19]. Landry et
al. indicate that the use of antibacterial solutions as a
lock reduces the risk of infection but may contribute to
the development of bacterial resistance and should be
considered in cases with a high probability of CAI [20].
Since the risk of catheter infection directly correlates
with the duration of its stay in the vessel, the need for
continued RRT should be assessed daily, and if there is
no need, the catheter should be removed [12, 13].

RRT techniques, continuous and intermittent

A number of techniques are used for RRT in an ICU
setting, namely intermittent hemodialysis, sustained low-
efficiency dialysis (SLED), extended daily dialysis, pro-
longed intermittent renal replacement therapy (IRRT),
and continuous renal replacement therapy (CRRT)
techniques (hemofiltration, hemodiafiltration). CRRT
and IRRT methods are usually considered to be comple-
mentary; neither of them has obvious advantages over
the other [21, 22]. As a rule, the choice of the optimum
method is made at a certain stage of treatment in the
given patient, and also in view of traditions and possibili-
ties of ICU. According to the literature, CRRT and IRRT
can achieve correction of metabolic and water-electrolyte
disorders. At the same time, the studies did not reveal
the advantages of any method in terms of improving
patient survival [21-23]. Schneider et al. performed a
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meta-analysis of 23 studies (7 randomized and 16 ob-
servational studies) to identify the preferred method of
treatment. A pooled analysis of the observational studies
showed a higher incidence of dialysis dependence among
surviving patients initially treated with IRRT compared
to CRRT. However, analysis of the results of random-
ized trials did not confirm these findings [24]. Wald et
al. reported that in critical patients with AKI, the use of
CRRT, compared to IRRT, was associated with a lower
likelihood of chronic dialysis [25]. In contrast, in a ret-
rospective study using data from 1,338 patients receiving
RRT at the University of Pittsburgh Medical Center ICU,
Liang et al. reported no statistically significant differ-
ences in risks of or causes for non-recovery of renal
function (death or esCRF) after 90 and 365 days from
treatment initiation with IRRT versus CRRT methods
[23]. However, in a retrospective study, it can be dif-
ficult to determine why a given patient was started on
CRRT or IRRT. For example, CRRT to control volemia
was initiated in patients with expected hemodynamic
instability, and IRRT was initiated in patients with low-
dose vasopressors due to electrolyte disturbances without
the need for high volume UV. Nash et al. performed a
meta-analysis of 21 randomized clinical trials compar-
ing different RRT methods used to treat AKI patients in
ICU. The authors found no statistically significant differ-
ences in 30-, 90-day, 2-year survival, and the occurrence
of dialysis dependence in patients initially treated with
CRRT, IRRT, and SLED [26]. The use of different RRT
methods in one patient during treatment depending on
clinical indications is a common practice, which is one
of the main limitations of such analysis. According to
KDIGO clinical practice guidelines, “no RRT is ideal for
all patients with AKI. Clinicians should be aware of the
pros and cons of different RRTs, and tailor RRT on the
basis of the individual and potentially changing needs
of their patients” [12].

Efficacy of RRT methods

The efficacy of IRRT is traditionally calculated on the
basis of urea kinetics. Fractional clearance of urea for
1 procedure is expressed as Kt/V index, which should
reach 1.2-1.4, and the number of sessions to 3—7 times
a week [27]. In CRRT, due to the high screening ratio
for low molecular weight compounds, almost equal to
one, the volume purified from substances such as urea
is approximately equal to the ultrafiltration volume for
CVVH, and also includes the dialysate volume for CV-
VHD and CVVHDF. The recommended replacement
volume for post-dilution is 20—40 ml/hr/kg patient weight
[27, 28] and should provide correction of metabolic,
electrolyte and acid-base disorders [29]. The adequacy
of RRT is not limited to effective elimination of uremic
compounds. Treatment should also provide adequate
correction of metabolic, electrolyte and acid-base disor-
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ders, as well as water balance. According to Sutherland
et al. and Teixeira et al., an increase in fluid accumula-
tion of more than 10-20% from ICU admission to RRT
is significantly associated with increased risk of death
[30, 31]. The main task is to maintain a neutral fluid bal-
ance, and in case of hyperhydration, to achieve gradual
removal of excess fluid, avoiding related complications
[31-33]. Tolerability of ultrafiltration depends on the rate
of intravascular volume replenishment from interstitial
space. Devices based on non-invasive hematocrit control
are effective for UV management to optimize vascular
replenishment [33].

Anticoagulation in RRT

Two main methods of anticoagulation are used to
prevent extracorporeal thrombosis — systemic adminis-
tration of unfractionated or low molecular weight heparin
and regional citrate anticoagulation (RCA) [34]. Accord-
ing to a meta-analysis of 11 RCTs performed by Bai
et al. in CRRT, RCA significantly reduced the risk of
extracorporeal thrombosis compared to regional and sys-
temic heparinization. The RCA group had a significantly
lower bleeding risk than the systemic heparin group and
a similar bleeding risk to the regional heparin group. No
significant survival difference was observed between the
groups [35].

At the same time, a number of complications can be
associated with the use of RCA, in particular calcium
loss and citrate accumulation. The calcium citrate com-
plex has a molecular weight of about 300 Da and easily
passes through the dialysis membrane. To maintain a
neutral calcium balance, calcium must be administered
throughout the procedure. When blood calcium levels
fall, parathyroid hormone (PTH) levels rise rapidly, mo-
bilizing calcium from bone tissue. According to Klingele
et al., such bone demineralization can lead to fractures
during prolonged RRT [36]. When citrate metabolism in
the liver is impaired, it accumulates in the blood, ionized
calcium is not released from the citrate-calcium com-
plex, and the Ca/Ca™ ratio exceeds 2.5. Due to citrate
accumulation, bicarbonate concentration decreases, and
metabolic acidosis develops. In a retrospective study
by Khadzhynov et al., 32 patients out of 1070 (2.99%)
who received CRRT with RCA had metabolic signs of
citrate accumulation against a background of marked
hyperlactatemia. Although this complication occurred
in a small number of patients, it was associated with
100% mortality [37]. Thus, in patients with metabolic
disorders, RCA requires careful laboratory monitoring.

RRT IN HEART RECIPIENTS

The choice of an RRT technique usually depends
on the patient’s hemodynamic status. Convection-based
CRRT techniques avoid rapid changes in blood osmo-
larity and homeostasis indices, as well as occurrence of
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disequilibrium syndrome. Prolonged procedure helps to
distribute the necessary volume of UV over a long period
of time, thus reducing the intensity of fluid removal and
improving hemodynamic tolerance. Continuous methods
are used for hemodynamic instability, intermittent meth-
ods replace them when the patient’s condition stabilizes

[38]. This approach corresponds to KDIGO guidelines

[12].

Most publications on AKI in cardiac recipients have
little or no description of the RRT techniques used [39—
43].

The recently published results of a retrospective ob-
servational study by Shen et al. provide a detailed de-
scription of the approach to RRT in cardiac recipients
at Shanghai Zhongshan Hospital [44]. In the process of
data analysis, the recipients were divided into 2 groups.
In the early targeted RRT group, the indications for
RRT were changed from traditional to anticipatory. In
group 2 patients, the onset of RRT was determined by
traditional indications. There was an agreement between
cardiovascular surgeons, intensive care specialists and
nephrologists to determine the early onset of RRT. Early
initiation of RRT after orthotopic heart transplant often
occurred in the absence of traditional indications, such
as accumulated fluid overload >5%, persistent low car-
diac output, high central venous pressure (CVP), arterial
hypotension requiring high doses of inotropic support,
and initiation of ECMO. Targeted RRT included hemo-
dialysis, hemofiltration, hemodiafiltration, and isolated
UV. Target was established by the time RRT was initiated
and assessed every 6 hours. The technique, dose, dura-
tion, and frequency of RRT sessions were determined
according to the patient’s need and tolerability to achieve
the target. The targeted RRT protocol included the fol-
lowing parameters.

1. RRT method. Hemodialysis was used in the presence
of hyperkalemia, metabolic acidosis and persistent
azotemia. Hemofiltration or hemodiafiltration was
used in the presence of marked signs of inflamma-
tion. If the patient had no metabolic and electrolyte
disturbances, isolated UV was used.

. Duration. If the patient was hemodynamically stable
and the goal could be achieved within a day, IRRT or
extended IRRT was used. If the target could not be
achieved during the day, continuous methods were
used.

. Intensity. Intensity depended on the needs for fluid
removal, detoxification and hemodynamic stability.
All procedures were performed on IRRT devices,

highly permeable polysulfone membranes with 25—

30 ml/hr/kg replacement volume and 150-250 ml/min

blood flow. Anticoagulation was performed mainly by

low heparin doses. When analyzing the data, the authors
obtained the following results. After 72 hours from initia-
tion of treatment, the amount of urine and renal perfusion
pressure were significantly higher in Group 1 patients,
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while creatinine and blood lactate levels, degree of fluid
overload, CVP and vasoactive drug doses were signifi-
cantly lower than those in Group 2 patients. In-hospital
mortality (39.1% versus 63.3%, p = 0.039), ICU length
of stay (26 + 18 versus 38 + 20 days; p = 0.008), and
hospitalization (38 & 33 versus 64 £45; p=0.005) were
significantly lower in the early- versus late-RRT group.
At the same time, the cost of RRT in group 1 patients
was significantly lower than in group 2 (0.54 + 0.10 vs.
0.63 +0.11 $10,000, p < 0.001).

Such an approach to RRT seems to be the most ap-
propriate, as it allows not only to optimally use the ca-
pabilities of each technique, but also to maximally adapt
them to the specific clinical situation.

Chronicity of renal injury in heart recipients

According to the International Society for Heart and
Lung Transplantation registry, the incidence of chronic
kidney disease (CKD) in heart recipients reaches 50% by
5 years after surgery, and by the 10-year milestone, 6% of
patients need RRT, including 3.7% who become kidney
recipients [45]. Despite the fact that AKI is a frequent
complication and a probable risk factor for chronic renal
damage and mortality after non-transplant cardiovascu-
lar surgery, reports on short-term and long-term conse-
quences of renal dysfunction after heart transplantation
are quite controversial. For instance, according to some
authors, the development of AKI in the early period af-
ter HTx was not a predictor of esCRF development in
the long term [45-47]. Jokinen et al. even showed an
improvement in renal function in heart recipients who
required RRT in the early postoperative period by the
end of year 1 after transplantation [48]. At the same time,
according to Ivey-Miranda et al., the need for RRT in
the early postoperative period was a predictor of worse
long-term survival in heart recipients [46].

Garcia-Gigorro et al. report a trend toward worse
survival by 10 years after HTx, which, however, did not
reach statistical significance [40]. Other authors sug-
gest that cardiac recipients who required RRT in the
early postoperative period and survived within the first
3 months after transplantation did not have a worse prog-
nosis for long-term survival compared to other recipients
[47, 49]. At the same time, according to Wang et al. and
Fortrie et al., the need for RRT in the early post-HTx
period was an independent predictor of esCRF in the long
term [42, 50]. However, Fortrie et al. report significantly
worse long-term survival in recipients who required RRT
early after HTx [50]. In contrast, the results obtained by
Wang et al. suggest that recipients who survived within
the first 3 months after surgery had no higher risk of
death compared to other recipients [42].

One possible explanation for these contradictions
is the different approaches to conducting RRT. For ex-
ample, preventive initiation of RRT and the use of the
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most modern techniques are likely to contribute to better
outcomes and, consequently, a better long-term progno-
sis. However, further research is needed to obtain reli-
able results.

Kidney transplantation to heart recipients

In heart recipients, the risk of developing CKD in-
creases every year after transplantation. Some degree of
renal impairment occurs in about half of heart recipients
by 5 years postoperatively [51]. End-stage renal failure
requiring RRT develops in 5% of patients by 5 years
and in up to 12% by 10 years after transplantation [52].
Kidney transplantation significantly improves survival
and quality of life in this category of patients.

Between 1995 and 2008, the number of heart recipi-
ents on the waiting list for subsequent kidney transplan-
tation increased by 307%. During the same period, the
number of primary patients with end-stage CKD on the
donor kidney waiting list increased by only 74%, and the
number of kidney recipients waiting for retransplantation
increased by 70% [53]. According to Cassuto et al., the
relative risk of death for heart recipients after kidney
transplantation was significantly lower than for heart
recipients on the waiting list (HR = 0.73, CI =0.58-0.93,
p=0.011). At the same time, delisting of heart recipients
due to death or deterioration was 15.8% annually for
pre-dialysis CKD patients and 20.3% for dialysis patients
[54]. Such data suggest the benefit of earlier kidney trans-
plantation in heart recipients with renal failure.

According to Grupper et al., the median long-term
survival of heart recipients with stage 5 CKD after re-
nal transplantation was not significantly different from
that of heart recipients without renal failure (17.5 ver-
sus 17.1 years, p = 0.27) and was significantly higher
than that of heart recipients who remained on dialysis
(17.5 versus 7.3 years, p < 0.001) [55]. The study by
Roest et al. shows similar results. Kidney transplantation
contributed to better survival of heart recipients with
esCRF compared with those who remained on dialysis
and with those who received conservative therapy (me-
dian 6.4 years, 2.2 years, and 0.3 years, respectively, p <
0.0001). Significantly better survival was observed in
those who received a kidney from a living donor com-
pared with a deceased donor and in those who received a
kidney from a related donor compared with an unrelated
donor (p = 0.02) [56].

A separate group is represented by patients suffer-
ing from a combination of end-stage renal insufficiency
and end-stage renal failure who require simultaneous
heart and kidney transplant (SHKTx). According to a
number of studies, heart and kidney recipients have a
lower rate of rejection of both cardiac and renal trans-
plants compared with heart or kidney recipients alone
[57, 58]. According to Hermsen et al. data, the time that
elapsed before the development of the first cardiac trans-
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plant rejection crisis was significantly longer in heart
and kidney transplant recipients than in heart recipients
only (p = 0.011). A similar trend, though not reaching
statistical significance, was observed in heart-kidney
transplantation compared to kidney transplantation from
living donors. The authors also found a lower incidence
of cardiac allograft vasculopathy in SHKTx than in HTx
[59]. Lower incidence and severity of rejection crises, as
well as greater efficacy in controlling these crises, has
been noted in heart-lung transplantation compared with
lung transplantation; in simultaneous liver and kidney
transplantation [60] compared with liver or kidney trans-
plantation alone [61]. To date, the mechanisms of such
immune tolerance remain unclear, but there are several
possible explanations for this phenomenon. They are
suppression of the immune response associated with
chimerism of hematopoietic cells of the donor [62]; a
state of anergy resulting from implantation of a large
mass of foreign tissue into the recipient’s body, as well
as “diversion of the immune response” towards another
transplanted organ [63].

In the case of SHKTx, there are simultaneous and
staged heart and kidney transplants. In this case, organs
from the same donor are used. In simultaneous trans-
plantation, both operations are performed simultane-
ously. In the staged method, after heart transplantation,
the patient is sent to the intensive care unit for a period
usually not exceeding 24 hours, and after hemodynamic
stabilization, the patient returns to the operating room for
kidney transplantation [63]. In some cases, subsequent
kidney to heart recipient transplantation (SKTx) is used,
with considerably longer time between heart and kidney
transplantation. To date, there are no recommendations
as to when a single-stage or a staged technique should
be used. Despite the increased duration of cold ischemia
for the renal graft, many authors have advocated two
consecutive operations [64, 66]. In this case, having a
recovery period for the new transplanted heart allows to
optimize the hydration status before kidney transplanta-
tion and to reduce the negative influence of such factors
as low perfusion pressure and unstable hemodynamic
conditions on the kidney graft. In addition, it is believed
that warming the patient and hemostasis is more ap-
propriate prior to kidney transplantation (KTx). Several
authors have suggested that the indication for SHKTx
in a potential heart recipient is a decrease in estimated
glomerular filtration rate (eGFR) to <37-40 mL/min [67,
68], while eGFR <30 mL/min is considered a relative
contraindication for isolated heart transplantation [69].

According to an analysis of the United Network for
Organ Sharing (UNOS) Registry, mortality rates did not
differ significantly between heart and kidney donor wait-
ing lists, while the 5-year survival rate of kidney heart
recipients was higher than that of heart recipients with
renal insufficiency, regardless of the need for dialysis
prior to transplantation [70]. Similar results are reported
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by Kilic et al. and Schaffer et al. They also note that the
appropriateness of using two organs from the transplant
pool simultaneously for one recipient is justified by the
fact that heart recipients with renal failure who are on
the kidney waiting list have more than twice the mortal-
ity by the end of 3 years after HTx than patients with
isolated esCRF (40% versus 14-18%) [71, 72]. At the
same time, Melvinsdottir et al. and Gallo et al. report
benefits of SKTx over SHKTx [73, 74]. According to
an analysis of the UNOS database from 2007 to 2016,
the risk of death for SHKTx recipients was 4.7 times
higher than for SKTx recipients when calculated from
the HTx date and 2.6 times higher when calculated from
the KTx date. It was also shown that although the vast
majority of patients with end-stage heart failure and stage
4 and 5 CKD received SHKTx, 17% of patients who
received SHKTx had an eGFR of 45 ml/min/1.73 m?,
whereas 38% of patients who received SKTx had an
eGFR of 45 ml/min/1.73 m*. The authors consider one
of the advantages of SKTx to be the possibility of kidney
transplantation from a living donor [73]. These data are
at odds with many previously published results reporting
that cardiac recipients with postoperative renal failure
have a significantly lower survival rate than recipients
without renal failure, and SHKTx can offset this differ-
ence. Another analysis of the UNOS database (2000—
2015), carried out by a group of authors, which aimed
to determine the indications for SHKTx or SKTx based
on the severity of renal dysfunction of a potential heart
recipient, can only partially explain these contradictions.
Patients with an eGFR of 30 mL/min/1.73 m* who un-
derwent SHKTx were found to have significantly better
survival at 5 years post-transplant compared with those
who underwent SKTx (75% and 59%, respectively, p =
0.04). For patients with eGFR between 30 and 44 ml/
min/1.73 m?, the differences in survival did not reach
statistical significance [74].

Despite the increasing number of simultaneous heart
and kidney transplants, to date, there are no guidelines
on when to choose a single-stage, staged or subsequent
approach. It is clear that if the recipient has systemic
hemodynamic disorders and cardiac graft dysfunction,
it is advisable to perform kidney transplantation after the
clinical condition has been stabilized, which is confirmed
by reports from Shumakov National Medical Research
Center of Transplantology and Artificial Organs, Mos-
cow [75, 76].

Thus, all varieties of renal replacement therapy, in-
cluding kidney transplantation, are widely used in heart
transplant recipients. Given the complexity and versatili-
ty of pathological processes that lead to the need for RRT
at all stages of heart transplantation and the heterogeneity
of the literature devoted to this problem, it is difficult
to expect the appearance of clinical guidelines clearly
regulating the tactics of this type of treatment in heart
recipients. Timely initiation, careful selection of optimal
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RRT method taking into account prevailing pathogenetic
mechanisms, and assessment of risks of complications
are the factors that make it possible to achieve optimal
treatment outcomes in this patient cohort.
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FLOW-GENERATING CIRCULATORY-ASSIST SYSTEM
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Objective: to study the effect of a pulsatile flow-generation (PFG) device on the basic hemodynamic parameters
of the circulatory system using a mathematical model. Results. Modelling and simulation showed that the use of
PFG significantly (76%) increases aortic pulse pressure. The proposed mathematical model adequately describes
the dynamics of the circulatory system and metabolism (oxygen debt) on physical activity in normal conditions
and heart failure, and the use of non-pulsatile and pulsatile circulatory-assist systems. The mathematical model
also shows that the use of PFG device blocks the development of rarefaction in the left ventricular cavity asso-
ciated with a mismatch of blood inflow and outflow in diastolic phase when there is need to increase systemic

blood flow by increasing the rotary pump speed.

Keywords: mathematical model, circulatory system, pulsatile rotary blood pump, pulsatile flow generation.

INTRODUCTION

In recent decades, rotary nonpulsatile flow pumps
(NFPs) have almost replaced pulsatile flow pumps (PFPs)
in clinical practice as a bridge to heart transplantation and
targeted therapy, due to the advantage of these pumps
in weight-size, energy and performance characteristics.
This promoted higher survival among patients with end-
stage heart failure (HF) [1-3]. However, prolonged use
of NFPs leads to a number of complications associated
with low aortic pressure pulsation. These include gastro-
intestinal bleeding, arteriovenous malformation, aortic
valve insufficiency, etc. [4—7]. Besides, these pumps
showed low cardiac unloading in comparison with PFPs,
which is one of the main factors of native myocardial
contractility restoration [8, 9]. A number of works have
shown the important role that pulsatile flow plays not
only in implantable systems, but also in extracorporeal
short-term mechanical circulatory assist systems, includ-
ing cardiopulmonary bypass systems [10, 11]. Therefore,
in the last decade, the attention of researchers has been
directed towards the development of various pulsatile
flow generation (PFG) methods [12—-14].

One of the main directions for effectiveness assess-
ment of these methods is the use of mathematical mod-
els (MM) allowing to analyze the operation of assisted
circulatory systems (MCAD) more fully in the dynamic
range of circulatory system parameter changes (under
physical load, myocardial contractility changes, etc.)

compared to the studies using hydrodynamic circulatory
system simulators. In particular, the use of MM methods
will allow for comparative assessment of the efficiency
of MCAD techniques using NFPs in standard mode and
in PFG mode. In this work, we carried out a compara-
tive analysis of the circulatory system when including
left ventricular assist devices (LVADs) using NFPs in
standard non-pulsatile mode and in PFG mode [15].

MATERIALS AND METHODS

The basic structure of the mathematical model of
the cardiovascular system (CVS) is presented in A.lL
Syrbu et al. [16]. This model additionally includes NFP
modules, pulse flow generator (PFG) [15], as well as
an element simulating the effect of left ventricular (LV)
discharge development, occurring at high NFP speeds
[17]. This MM is developed in Matlab Simulink environ-
ment using electrohydraulic analog method and describes
a large circulatory circuit, consisting of the following
modules (Fig. 1): left ventricle (LV), left atrium (LA),
aortic valve (AV), mitral valve (MV), aortic section (AS),
peripheral section (PS), venous section (VS), coronary
vessels (CV), and regulation circuits: baroreceptor (B),
oxygen debt (O,) and heart rate (HR). The dashed lines in
Fig. 1 highlight the NFP of PFG and the element simulat-
ing LV rarefaction (R).

This MM allows for a comparative study of CVS
operation with inclusion of NFPs in the standard mode

Corresponding author: George Itkin. Address: 1, Shchukinskaya str., Moscow, 123182, Russian Federation.

Phone: (916) 129-78-33. E-mail: georgeitkin@mail.ru



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIII N¢ 4-2021

Fig. 1. Block diagram of the mathematical model

and with operation of PFPs with inclusion of PFG. The
additional modules included in the CVS mathematical
model are described by the following basic relationships.

Blood flow through NFPs is defined by the expres-
sion [17]:

dQvad/dt = (P(Qvad) - (Pao - Plv) - Rchad) / Lc’

where P(Q,,4) is the dependence of pressure created by
NFPs = on the flow through it, which is determined from
the flow-pressure characteristic of NFPs, P, is aortic
pressure, Py, is LV pressure, R, and L, are cannula resis-
tance and inertia.

The pressure generated by the NFP is described by
the following differential equation [17]:

P(Qvad) = anad + bdQvad/dt + szs

where Q,,, is blood flow through NFPs; w is pump rotor
speed; a, b, c are coefficients; dQ/dt is the time differ-
entiation operator. The coefficients were selected from
the flow-pressure characteristic of the HeartWare HVAD
centrifugal pump [18].

PFG contains a hydraulic resistance made in the form
of connector, in which there is a tube of elastic biocom-
patible material, hermetically sealed by the ends along
the butt ends of the cylinder from its inner side (Fig. 2).

This tube opens fully at a pressure greater than a
certain P, in the systolic phase and partially closes when
the pressure drops below P, in the LV diastolic phase,
thereby increasing the hydraulic resistance to blood flow.

The following equation was used to describe the PFG
device:

P,-P_ )R
_( 2 lv) max , RPFG 2 0,
PI_PZ

PFG —
where R, is the highest hydraulic resistance in diastole,
P, is the pressure at which the elastic tube partially col-
lapses, P, is the pressure at which the elastic tube opens
and resistance is minimal (R, = 0).

One of the problems related to NFP operation in
elevated rotor speed regime, necessary to normalize
systemic blood flow and improve LV unloading, is the
danger of developing LV rarefaction related to mismatch
of blood inflow and outflow through the pump during
diastolic phase. It can lead to tissue damage in the inlet
cannula, interventricular septum displacement, deterio-
ration in right ventricular function, arrhythmia, cardiac
ischemia, and hemolysis [19].

To describe this effect, we used the following piece-
wise function [20, 21]:

{O; P, >P,

~3.5P, +3.5P,;P <P,
where R is additional resistance at the NFP inlet, P, is
threshold value.

RESULTS

Fig. 3 shows time dependences of aortic pressure
(AP), systemic blood flow, and HR in the simulations:
HF (time interval I: 0 to 30 sec), connection of NFPs
without PFG (time interval II: 30 to 60 sec), and with
PFG connection without change in NFPs (time interval
III: 60 to 90 sec) and with increase in NFP speed (time
interval IV: 90 to 120 sec).

Analysis of the dependencies shown in Fig. 3, shows
the following: NFP connection leads to changes in the
main parameters of hemodynamics: increase in mean
AP to 114/100 mmHg and blood flow to 4.2 L/min and
decrease in HR to 75 beats/min. At the same time, the
qualitative nature of the dependencies and the obtained
values of hemodynamic parameters correspond to the
data given in the literature [22]. In turn, PFG connection
at constant NFP rotor speed leads to decreased blood
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Fig. 2. PFG scheme (1 — connector, 2 — holes with an outlet to the atmosphere or compensation chamber, 3 — elastic tube)
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flow and aortic pressure with normalization of the pul-
satile nature of blood flow in the aorta. Therefore, to
normalize mean AP and systemic blood flow, the NFP
rotational speed was increased by 15%. In this case, a
concomitant effect is a further increase in pulsatile AP
by 76% compared to NFP without PFG.

This model also allows for evaluation of NFPs under
physical stress. It was obtained that when PFG was con-

nected, pulse pressure increased from 10 to 24 mmHg,
or by 140%.

Fig. 4 shows the time dependences of aortic pressure
(AP), systemic blood flow (SBF), HR and oxygen debt
(DO) in the simulations: physiological norm (a), HF (b),
physical activity in HF conditions (c), physical activity
in HF conditions with connected NFP (d) and with PFG
with increased NFP turnover (e).
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Fig. 3. Dependence of blood pressure, systemic circulation and heart rate on time for simulated states: a, HF; b, NPBP connec-
tion; ¢, NPBP with PFG without increased rotor speed; d, NPBP with PFG with increased rotor speed
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The results obtained are consistent with the experi-
mental data obtained in [22] in the study of physical
activity in HF patients with NFPs.

As indicated above, one of the problems of clini-
cal application of PFPs is the effect of development of
rarefaction in the diastolic phase of LV when systemic
blood flow should be increased by increasing PFP speed
[23, 24].

On MM, we evaluated this effect with increased speed
of the PFPs (15%) in standard mode and when the PFG
is connected (Fig. 5).

The simulation results show that in standard NFP
mode, rarefaction reached —58 mmHg, and when PFG
was connected, the dangerous effect of LV inlet rarefac-
tion completely disappeared.

Fig. 6 shows the dependence of arterial pressure on
LV elasticity in HF modeling with NFP and PFG. The

increase in elasticity led to increased mean AP from 90
to 110 mmHg and pulse pressure from 20 to 30 mmHg.

CONCLUSION

The computer MM of human systemic circulation,
built on the basis of the model developed earlier by us
[16], allows for investigation of the state of the circula-
tory system in heart failure when MCAD is connected
in LVAD mode in standard NFP mode and when PFG is
connected. Simulation results show a significant (76%
and 140% without and with physical load) increase in
pulse pressure in the aorta as well as prevention of rar-
efaction area in the left ventricle when using variable
hydraulic resistance. It has been shown that it is possible
to model a new device — PFG, which opens the possibil-
ity of optimizing both the parameters of the PFG device
itself and combination of PFG and NFP parameters (NFP
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Fig. 5. Dependence of NPBP inlet pressure on high rotor speed without (a) and with PFG (b)
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Fig. 6. Changes in pulse pressure with increasing LV pres-
sure in heart failure with NPBP and PFG

operation modes, NFP outlet pressure at different PFG
parameters and others). The further direction of research
is precisely on addressing the problems of optimizing
these devices.

The authors declare no conflict of interest.
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The use of extracorporeal circulation systems (cardiopulmonary bypass pumps, ECMO) can lead to brain and
coronary artery microembolism, which significantly reduces postoperative rehabilitation and often leads to se-
vere complications. Microembolism occurs when oxygen or air microbubbles (MBs) enter the arterial system of
patients. Existing CPB pumps come with built-in bubble trap systems but cannot remove bubbles in the circuit.
ECMO devices have arterial filters but cannot reliably filter out <40 um bubbles in a wide flow range. We have
proposed an alternative method that involves the use of an efficient dynamic bubble trap (DBT) for both large
and small bubbles. The design includes development of two DBT variants for hemodynamic conditions of adult
and pediatric patients. The device is installed in the CPB pump and ECMO outlet lines. It provides sufficient
bubble separation from the lines in a blood flow of 3.0—5.0 L/min for adults and 0.5-2.0 L/min for children. The
developed computer models have shown that MBs smaller than 10 um can be filtered. The use of this device will
greatly reduce the likelihood of air embolism and provide the opportunity to reconsider the concept of expensive

arterial filters.

Keywords: cardiopulmonary bypass, microbubbles, ECMO.

INTRODUCTION

Air embolism (AE) is accompanied by blockage of
microvessels of vital organs and can occur when using
both cardiopulmonary bypass pumps (CPB pumps, heart-
lung machines, HL machines) and extracorporeal circu-
latory support systems. Until now, AE remains a severe
problem, the most critical for brain microvessels [1-3].

There are many studies reporting postoperative neu-
ropsychological complications after the use of mechani-
cal circulatory assist devices (MCAD) associated with
cerebral microischemia [4, 5]. AE with varying degrees
occurs in almost all cardiopulmonary bypass (CPB)
surgeries [6]. It is very important to quickly identify
and eliminate the cause of air in the circuit, because
the patient is often completely dependent on ECMO
or CPB. Moreover, the air embolism mechanism is not
only associated with microvascular occlusion, but can
also be combined with the triggering of thrombosis at
the blood-gas interface [7].

The most common cause of air aspiration is the inlet
section of venous drainage line at the cannulation site.
Unlike the situation when air enters the intake line, where
they are trapped by the oxygenator, the presence of air
in the return line is a more serious problem. In this case,
air is often sucked into the oxygenator, which can occur
if the oxygenator capacity exceeds the patient’s oxygen
requirements, and blood pressure becomes lower than

the gas pressure on different sides of the oxygenator
membrane [8, 9]. Another reason is reduction in blood
level in the venous reservoir below the critical level when
using the perfusion technique.

In addition, during open heart surgeries with CPB,
errors by perfusionists are not excluded. For example,
due to reduction in blood level in the venous reservoir
below the critical level, errors during blood sampling for
analysis and incomplete air removal when filling the CPB
circuits. The highest number of ingress of microbubbles
(MBs) into the arterial line is possible during complex
surgeries like aortic valve replacement [10]. Also, one
should not exclude technical breakdowns in devices lead-
ing to circuit line rupture, blood cavitation and micro-
bubble ingress from the venous reservoir into the arterial
line due to active blood drainage using suctions.

Despite their small size, MBs are differentiated. Some
researchers divide bubbles into: very small (<50 pm),
which refers to MBs; small (50—100 mm); medium (100—
150 wm); large (150-300 pum); very large (>300 um)
[11]. Others refer to MBs as all objects that can be mea-
sured by the current registration systems in the circuit of
MCAD machines (from 5-10 pm to 250-500 um) [12].

Modern MCAD devices provide protection against
massive air embolism using arterial filters. These filters
provide only limited effectiveness in removing MBs;
they do not completely remove 2540 um MBs, depend-
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ing on pore size [8, 13, 14], which can enter the bypass  factor in patient safety, and the development of effective
circuit both from the operating field and during perfu- MBs separation devices remains a crucial task.

sion interventions. Reduced size of filtration pores can

lead to increased hydrodynamic resistance, damage to MATERIALS AND METHODS .
blood cells and platelet aggregation [8]. In our studies The aim of the work is to create an easy-to-use device

we consider predominantly 40—50 um MBs. for maximum separation of >10 um gas bubbles and sig-
nificant reduction of <10 um MBs from MCAD circuit

to improve the efficiency of circulatory assist devices.
The design of two dynamic bubble trap (DBT) models,
which are installed at the outlet of the arterial line by
CPB and ECMO (Fig. 1), has been proposed. The devices
trap bubbles at 3.0-5.0 L/min flow rates for adults and
0.5-2.0 L/min for pediatric patient.

In [8], a comprehensive assessment of MBs filtration
in different oxygenation systems was carried out. The
variation in efficiency of bubble trap systems was from
80% to 99%. It was shown that most of the MBs not
captured by the filter ranged from 10 to 30 pm.

Reducing the number of MBs in the circuit of ex-
tracorporeal circulatory systems remains an important

How the DBT works

The DBT is an elongated cylindrical tube of biocom-
patible polymer that is connected to the outlet line of a
G CPB or ECMO machine instead of a filter. The DBT
consists of a flow swirl unit, a bubble centering unit and
an MBs separation unit (Fig. 2).
I. The flow swirl unit receives and expands blood flow
by means of a conical inlet fitting, twisting around
the axis with a helix (1).
II. The bubble centering unit is represented by a housing
() extending into the outlet fitting (2).

III.The bubble separation unit is represented by a thin
separating tube (3) with a small diameter at the sepa-

Fig. 1. Appearance of the DBT for an adult patient and a pe- rator outlet, positioned exactly along the axis of the
diatric patient device.
1 \ / 2 3
L | [ = |

=l [yl _
l I I ‘

Fig. 2. Schematic diagram of the DBT. I, flow swirl unit; II, bubble centering unit; III, bubble separation chamber. 1, helix; 2,
housing, 3, bubble outlet tube

I |

The flow swirl unit is designed for swirling around
the axis of the blood flow using an iconic shaped helix
in the inlet part of the housing. The helix (Fig. 3) has
variable parameters such as inlet angle a, thread pitch
P, diameter D and length L, which are calculated for
flow parameters.

The blades are designed to convert part of linear flow
into radial flow. The conical shape of the central body of
the helix, expanding along the flow path, shifts it further
away from the DBT axis. At the same time, by reducing
the cross-sectional area of the helix channels from inlet
to outlet, the velocity, according to partial deduction
Fig. 3. Sketch of the helix from Bernoulli’s law, increases particle velocity, which
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dramatically increases the centrifugal force of flow at the
helix outlet. At the helix outlet, the maximum flow rate is
reached, and an accelerating flow mode is formed. At the
outlet of the helix, in the swirling flow due to centrifugal
forces, an axisymmetric area is formed with a pressure
drop from the periphery to the axis of the device. Under
the generated pressure gradient, the bubbles rush from
high pressure zone to low pressure zone, i.e. to the axis
of the device, along which they move due to the linear
component of the flow velocity. The effect depends on
many geometrical factors, both on helix parameters and
on angle of the cone-shaped body part.

The bubbles are then captured by a thin-walled,
small-diameter tube connected to the venous reservoir
and located at the separator outlet exactly along the axis
of the device. In this way, a small portion of the blood,
together with the micro and macro bubbles collected
along the axis, circulates from the DBT to the venous
reservoir of the air outlet due to the pressure differential.
The operating principle of the design is shown in the fluid
flow model (Fig. 4). The blood flow entering the DBT
contains bubbles of different diameters. The inlet fitting
has a conical expansion of the line. The diameter of this
extension corresponds to the diameter of the helix used
and allows for sufficient centripetal force in the blood
flow. In the figure, it can be noted that the large bubbles
are located on the separator axis at the helix outlet, while
the MBs are centered some distance from it. This is due
to the lower mass of the MBs.

With this in mind, the minimum size of centered MBs
is determined by the total length of the block. The main
study in this stage of device development comes down
to determining the coordinates at which <10 um bubbles
are centered. This will allow the MBs separation tube to
be positioned more efficiently.

Computer model of the device and stand

In the adult and pediatric models, according to analyt-
ical and mathematical calculations, the helix parameters
were: 18 mm diameter, 20 mm length, 1.3 thread pitch,
3 blades and 17° entry angle. The lines were 10 mm and
6 mm in diameters, respectively. The bubble outlet tube
has an inner diameter of 2.4 mm, which will allow taking
no more than 10—15% of the blood volume. The bubble
centering points of different diameters were analyzed
on the models. Based on the results of the studies, the
optimal distance from the helix where the outlet tube of
the bubble outlet is located was chosen to be equal to the
MBs centering coordinates to ensure effective operation
of the DBT.

For this purpose, a 3D mathematical model of viscous
fluid flow in DBT cavities was developed in COMSOL-
Multiphysics software. The calculation boundary condi-
tions were 100 mmHg pressure at the DBT outlet and
8 mmHg pressure in the tube, which corresponds to the
average venous value. We applied multiphase simula-
tion mode of blood and air flow. The flow rate averaged
5 L/min for adult and 1 L/min for pediatric circulation
parameters. A 10™* pressure convergence residual was
defined as the convergence criterion. A k-g turbulence
model was used to simulate the flow field. A fairly fine
mesh consisting of tetrahedral cells with a total number
01'90,000 elements was obtained. An example of a multi-
phase flow simulation is shown in Fig. 5, where one can
see the movement of 50 pm, 10 um and 5 um bubbles in
the DBT model for a 5 L/min flow rate. As can be seen
from the figure, smaller diameter MBs are more likely
to pass the tube.

The developed DBT models were produced by 3D
printing and examined on the a hydrodynamic stand

L — — ;ﬁﬁ
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Fig. 4. DBT operating principal. The principle of centering the bubbles and getting them into the tube is shown
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shown in Fig. 6. The stand includes a Rotaflow pump
(Magquet, Germany), which sets the flow rate recorded
by an ultrasonic flow meter (2). Bubbles are discharged
from the DBT into a reservoir (8) filled with liquid. Bub-
bles of different diameters are introduced into the circuit
through a port (5), by means of a syringe (6). The bubbles
that have not reached the outlet tube are detected by the
sensor (9). Pressure is regulated by the system hydraulic
resistance (3), and is detected at the DBT inlet and outlet
by pressure transducers (4, 10).

Flow rates in the aorta and pump were measured us-
ing ultrasonic flowmeter Transonic Systems Inc., USA.

Pressure transducers (Edwards Life Sciences, USA). To
record hemodynamic parameters, we used multichannel
module ANGIOTON (Biosoft-M, Russia) with recording
on a personal computer in Pumpax software (Biosoft-M).
The stand was filled with 35% glycerol — saline mixture
4.0+ 0.3 cP to reproduce physiological blood circulation
conditions. The studies quantified the presence of MBs
without/with the use of DBT.

RESULTS

Computer studies obtained the following data for
adult and pediatric model costs.

150 200 mm

Fig. 5. Simulation of the DBT for a 5 L/min flow rate with 50 um (a), 25 um (b), and 5 um (c¢) microbubbles

Fig. 6. Hydrodynamic stand for the DBT investigation: 1, Ro-
taflow pump; 2, flow meter; 3, system hydraulic resistance;
4, pressure transducer at the DBT inlet; 5, bubble input port;
6, bubble generation device; 7, DBT model; 8, bubble intake
tank; 9, bubble counting sensor; 10, pressure transducer at
the DBT outlet

As can be seen from the figure, MBs are centered
much further away from the helix exit. The distance
from the helix to the centering of 10 um MBs for the
adult and pediatric versions, were 133 mm and 86 mm,
respectively. In view of the values obtained, the distance
between the helix and the bubble outlet tube was chosen
to be 143 mm and 96 mm, with a 10 mm margin, while
the total length of the DBT models was 245 mm and
225 mm for the adult and child versions, respectively.
Based on the data obtained from the computer model
studies, experimental models of the DBT system were
assembled and tested on a hydrodynamic stand.

As a result of studies on the hydrodynamic stand at
a low pressure drop (90 mmHg for 3.0-5.0 L/min and
0.5-2.0 L/min blood flow), bubble counts before and
after using DBT were obtained as shown in Fig. 8.

For these flow rate ranges in the two models, one
can observe a significant decrease (by 3—4-fold) in the
total number of MBs and >10 um bubbles by a factor of
10 or more. There is, however, a decrease in efficiency
at the boundaries of the studied flow rates of 0.5, 2.0,
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3.0 and 5.0 L/min. Upon reaching the boundary ranges
of the study, the number of recorded MBs began to in-
crease. For low flow levels, this was due to a decrease
in the pressure gradient and less exposure to MBs. For
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Fig. 7. Dependence of bubble centering distance L on bubble
diameter D

high flow rates, linear velocity of MBs along the DBT
axis increases, which shifts their centering coordinates.
There is also a fairly large pressure drop on the DBT
(over 100 mmHg, at >5 L/min flow rate in the adult pa-
tient model and >2 L/min in the pediatric patient model).
Therefore, work was continued to optimize the DBT in
terms of reducing pressure drop while maintaining or
improving MF separation efficiency.

CONCLUSION

DBT tests have shown that the use of a DBT reduces
the probability of AE by a factor of 3—4 on average. The
microbubble separation efficiency depends on the geo-
metric dimensions of the DBT, the flow swirl angle and
the outlet cross-section of the helix swirling channels.
Adult and pediatric DBT designs were selected based
on preliminary studies. Preliminary analysis revealed
the directions for further promising improvement of
microbubble separation parameters and DBT optimi-
zation. The use of this device will reduce the effect of
microembolism, make cardiopulmonary bypass safer
and provides the opportunity to reconsider the concept
of using expensive arterial filters.

The authors declare no conflict of interest.
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MECHANICAL PROPERTIES OF NATIVE AND DECELLULARIZED
AORTIC WALL AFTER LONG-TERM STORAGE IN BIOCIDE
SOLUTIONS
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Objective: to determine the optimal method for long-term wet storage of donor material (50 days after collection),
with maximum ability to preserve the original mechanical characteristics. Materials and methods. Porcine aortic
wall fragments were used as objects of study. Half of the original material underwent detergent-based decellulari-
zation. The entire material (native and processed) was placed for 50 days in biocidal solutions: complex alcohol
solution; ethanol and glycerol mixture; antibiotics mixture. Then the tests for mechanical strength of native and
decellularized samples were carried out by the method of uniaxial longitudinal and circumferential stress.

Results. Storage of native material in all media resulted in a significant increase in tensile strength. In the
“complex alcohol solution”, “ethanol and glycerol mixture”, and “antibiotic mixture” group, tensile strength
increased by 1.38-, 1.72- and 1.62-fold compared to the native control in circumferential tension. Also, in the
“complex alcohol solution” group, the decellularized material was 1.57-fold stronger than the native in
circumferential tension. In the “antibiotic mixture” group, the decellularized material was 1.33-fold less strong
than the native in longitudinal tension. According to elongation to rupture data, significantly greater plasticity
was noted in the “ethanol-glycerol” storage group for the decellularized aortic wall compared to the control
group (1.5-fold). Young’s modulus did not reliably differ from those of control in all experimental groups
regardless of the stress direction. Notably, decellularized specimens clearly tended to be stiffer under
circumferential stress. Conclusion. Detergent-based decellularization of the porcine aortic wall and subsequent
storage of these samples in our chosen experimental solutions for 50 days does not significantly affect the
elastic properties of the material. Our proposed treatment methods partially increase the stiffness of the
material after storage in alcohol-containing solutions.

Keywords: Youngs modulus, tensile strength, xenografts, bioprosthetics.
INTRODUCTION preserve the mechanical anisotropy of native valves and

Currently, one of the widely used methods of surgical the vascular wall structure, can replace the connectiV.e
treatment of valve and aortic trunk and pulmonary artery ~ HSSU€ scaffold of the affected tissues and promote their
conditions is prosthetics with various valve-containing recellularization by cells of the recipient itself later [6].
conduits [1-3] aAllogeneic donor material is the gold This approach makes it possible to restore the correct
standard for replacing damaged elements of the cardio- ~ Structure and adequate function of the replaced element

vascular system. It has similar hemodynamic characteris-
tics to native valves, low thrombogenicity and is resistant
to potential infection [4, 5]. Besides, this type of implants
makes re-intervention due to structural degradation less
likely [1, 5-7].

Vascular conduits by tissue-engineering methods are
widely used to solve allogeneic material deficiency is-
sues. The main types of vascular and valve scaffolds for
tissue engineering are natural scaffolds (biologic decel-
lularized tissue and materials) and synthetic structures
made of biodegradable polymers [5, 8]. Each type has
both advantages and disadvantages. One of the main ad-
vantages of decellularized biological matrices is that they

of the cardiovascular system.

Modern approaches to the development of methods
for extending the lifespan of donor valves are being im-
plemented in several directions. They include improving
the structural characteristics, optimizing preimplantation
treatment methods, studying the factors that influence
preservation of structural organization of connective tis-
sue scaffold (CTS) and its initial physical and mechanical
properties [6, 9].

At the preparatory stage (before implantation in the
patient), the allograft is usually either cryopreserved
or stored in a solution of antibacterial and fungicidal
preparations. However, analysis of the current state of
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the problem shows the lack of a unified approach to the
method of long-term preservation of prosthetic mate-
rial. If the technique of freezing and/or thawing of the
material is violated, zones of micro- and macro-damage
to the allograft structure may appear, which can be de-
tected only at the surgical stage or will affect the rate
of CTS degradation and graft calcification after it has
been installed [10-12]. The use of wet storage in an
antibiotic cocktail without cryopreservation avoids this
type of damage, which helps to reduce the frequency
of reoperation associated with early prosthesis damage
[7]. However, in practice, wet storage of allografts in
an antibiotic solution is used only for a short period of
time — 2—14 days [13, 14]. It is also known that residual
antibiotics in tissue allografts may be the cause of al-
lergic postimplantation reactions or mask contamination
of the allograft by microorganisms in the postoperative
period [15].

To date, a universal protocol for long-term storage of
allografts has not yet been found. According to global
trends, most developers prefer freezing the material [6,
12]. However, coming up with a reliable long-term wet
storage method would allow to avoid the negative ef-
fects of the processes associated with cryopreservation.
As part of the study of this topic, we previously selected
biocidal solutions suitable for long-term wet storage of
experimental material [16].

The purpose of this work was to evaluate the effect
of decellularization and subsequent long-term (50 days)
storage in biocidal solutions of different composition on
the mechanical properties of aortic tissues.

MATERIALS AND METHODS
Composition of test solutions:

I— Complex alcohol solution (CSR): mixture contain-
ing 1,2-octanediol, phenoxyethanol, sorbic acid (1%) and
ethanol (20%) [17].

II — Antibiotics mixture (AM): culture medium
RPMI-1640 (Biolot, Russia), metronidazole 0.27 mg/
ml, gentamicin 0.53 mg/mL, cefazolin 6.66 mg/mL, am-
picillin 2.22 mg/ml, oxacillin 1.11 mg/ml, fluconazole
0.027 mg/mL. After the first 48 hours, the solution was
replaced with a similar fresh solution.

IIT — Ethanol and glycerol mixture (E-G): ethanol
(10%) and glycerol (20%) in RPMI-1640 culture me-
dium (BioloT, Russia).

Deriving and decellularization of aortic
tissues

Porcine aortic wall fragments (arch and descending
section), 25-30 cm long, were taken in the slaughter-
house of a meat processing plant. The obtained samples
were placed in cooled sterile 0.9% sodium chloride solu-
tion and transported to the laboratory.

The aortic wall was cleaned of the remaining sur-
rounding tissues and cut into several 6—7 cm long tubular
fragments. Half of the obtained fragments were subjected
to detergent-based decellularization.

The entire cycle of cell removal and subsequent wash-
ing was performed at 37 °C in an orbital thermoshaker
(Heidolf, Germany). The biomaterial was immersed for
24 hours in a sterile phosphate-buffered saline (pH =
7.4) containing 0.5% sodium dodecyl sulfate and 0.5%
sodium deoxycholate (Sigma, USA). This was followed
by 6-fold washing of the samples for 12 hours in sterile
phosphate-buffered saline (pH = 7.4), according to one of
the common protocols [18]. The treatment and washing
lasted for a total of 4 days, during which the second half
of the samples (native samples) was stored at +4—8 °C in
sterile 0.9% sodium chloride solution with the addition
of an antimicrobial cocktail (metronidazole 0.27 mg/mL,
gentamicin 0.53 mg/mL, cefazolin 6.66 mg/mL, ampi-
cillin 2.22 mg/mL, oxacillin 1.11 mg/mL, fluconazole
0.027 mg/mL).

After decellularization, 20 native and decellularized
aortic tubular fragments each were used for mechani-
cal tests under uniaxial longitudinal and circumferential
stress. The remaining material from each series — native
(n = 60) and decellularized (n = 60) — was randomly
divided into three groups and stored in the test biocide
solutions for 50 days in sterile conditions at +4—8 °C (in
AM and E-G solutions), and in CAS solution at room
temperature. Eight groups of specimens were examined
(Table). Before mechanical testing, the specimens were
washed in sterile 0.9% sodium chloride solution for
20 minutes at room temperature.

Table
List of all experimental groups
S/N | Abbreviation Storage method Subgroups
1 Control samples of porcine aorta, fresh Contr, N — native material without additional treatment
) Contr material (to determine the basic mechanical | Contr, D — decellularized material without additional
properties) treatment
3 . CAS, N — CAS native form
4 CAS Complex alcohol solution (50 days) CAS. D _ decellularized form
5 e . AM, N — AM native form
6 AM Antibiotics mixture (50 days) AM. D _ AM decellularized form
7 . E-G, N — E-G native form
P E-G Ethanol and glycerol mixture (50 days) E-G. D _ decellularized form
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Study of mechanical properties

Mechanical tests were performed by subjecting the
samples to uniaxial stress after 50 days of storage in the
test biocidal solutions. To obtain control values, we used
porcine aortic wall material from the native group (Contr,
N) and decellularized material (Contr, D) before storage
in the appropriate solutions.

Tubular aortic fragments from each of the 8 sub-
groups were cut lengthwise and test specimens were
carved using a standard cutting matrix in the longitudinal
(n = 10) and circumferential (n = 10) directions. The
width and length of the working part of the specimen cor-
responded to the matrix dimensions (9 mm and 28 mm,
respectively). The sample thickness was measured three
times with an electronic digital thickness gauge (Mitu-
toyo 547-5008S, Japan).

The tests were performed on pull tester ESM301
(MARK-10, USA). The tensile speed of the fabric was
30 mm/min. If break occurred at the place where the
specimens were fixed in the clamps, the corresponding
measurement data was excluded from analysis.

The strength of the materials was evaluated by tensile
stress (o, MPa):

F
6_h><w
where F is the force at the moment of break (N), h is the
average thickness of the specimen (mm), and w is the
width (9 mm) of the specimen.

Deformability was determined by the maximum elon-

gation at break (g, %):

AL 100
= —— X
T

where AL is the maximum elongation of the specimen

(mm) and L is the initial length of the specimen (mm)

equal to the distance between the clamps (28 mm).
Stiffness was determined by the value of Young’s

modulus (E, MPa):

c
E=—
€

where E is Young’s modulus (MPa), o is the tensile
stress; € is the elongation of the fragment (mm) at the
break of the specimen.

Statistical analysis

Results were processed by variation statistics using
the Statistica 13.0 software (TIBCO Software, USA).
Normality of distribution of the obtained data and ho-
mogeneity of variance were checked using the Shap-
iro—Wilk test. Mann—Whitney U Test was used to judge
the significance of differences. Data on the graphs are
presented as median and interquartile range (25th and
75th percentiles).
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RESULTS

Sample thickness

The thickness of fragments of decellularized aorta
from the control group was 1.22 times higher than that of
native aorta from the control group (p <0.01). Among the
decellularized specimens after storage, a lower thickness
was found in the alcohol-containing “CAS, D and “E-G,
D” subgroups by 0.82 and 0.87 times, respectively, com-
pared to the corresponding controls (p < 0.05) (Fig. 1).

Stress-strain properties of the biomaterial

The tensile strength for non-decellularized (native)
specimens increased significantly after storage in all the
test solutions in comparison to the control (p < 0.05):
1.38 times in the “CAS, N subgroup, 1.72 times in the
“E-G, N” subgroup and 1.62 times in the “4AM, N’ sub-
group. Among the decellularized samples, we observed
an insignificant tendency towards increased tensile stress
in the “CAS, D” subgroup compared to the control. In
the “E-G, D” subgroup, there was a significant increase
in tensile stress by 1.5 times (p < 0.05). When compar-
ing the strength of native and decellularized specimens,
significant (p < 0.05) differences were found in the Con-
tr and CAS groups, where the decellularized material
showed a 1.47- and 1.57-fold higher tensile strength,
respectively (Fig. 2, a).

The longitudinal tensile strength for both native and
decellularized specimens did not change after storage
in all types of solutions compared to the control. When
comparing within each experimental group between na-
tive and decellularized specimens, a significant differ-
ence was found only in the AM group (decellularized
material was 1.33 times less strong than native (p <0.05)
(Fig. 2, b).

The elongation at break for both native and decel-
lularized samples did not change after storage in all types

CAS E-G

® Decell.

AM

Contr.

= Non-decell.

Fig. 1. Thicknesses of the test specimens;

* p < 0.05 in comparison with the corresponding control
group; #, p < 0.05 in comparison between non-decellularized
and decellularized samples within the same group
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of solutions compared to the control, regardless of the
tension direction (Fig. 3). The exception was the “E-G,
D” subgroup, where the highest elongation was detected
under circumferential stress compared to all other sub-
groups (“Contr, D”/“E-G, D“ by a factor of 1.5, p<0.01)
(Fig. 3, a).

Regardless of the tension direction, there were no
significant differences between the Young’s modulus in
native and decellularized tissues both within one group
and when compared with the corresponding control val-
ues (Fig. 4).

DISCUSSION

Currently, one of the common methods of long-term
storage of allogeneic material is cryopreservation, as this
method allows creating a bank of cardiac valve allografts
for really long storage for subsequent implantation in
humans. This method of preservation requires careful

3.00
#

2.50 +

150
- I I

Contr.

] Non-decell. ] Decell.

compliance with all freezing and thawing stages, in-
creased technical reliability of equipment, and, possibly,
search for new cryopreservation media [12, 19].

As the review of specialized literature shows, fea-
tures and patterns of decellularization, preservation
of allograft and xenograft tissues are of considerable
research interest [20-22]. Of particular interest is the
issue of sufficiently long-term wet storage of obtained
donor tissues. In some works, where it was important to
preserve cell viability, culture nutrient media were used
[23, 24]. In other works, where the principal goal was to
preserve connective tissue scaffold without taking into
consideration the cellular component, the suitability of
saline solution with modifications was investigated [25].
For instance, Wollmann et al. showed that preservation
of mechanical and structural properties of the decellu-
larized tissue matrix is not significantly affected during
long-term wet storage in sterile saline solution (up to

b
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2.00 -
#
= 1.50 —
0.00 _II__I| ..... II.__. Il
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:Non-decell. ] Decell.

Fig. 2. a) Circumferential tensile strength for the test specimens; b) Longitudinal tensile strength for the test speciments;
*,p <0.05 in comparison with native control; **, p < 0.05 in comparison with decellularized control; #, p < 0.05 compared to
non-decellularized and decellularized samples within the same group
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Fig. 3. a) Elongation at break for the test specimens under circumferential stress; b) Elongation at break for the test specimens

under stress;

*,p < 0.05 in comparison with control; #, p < 0.05 in comparison between non-decellularized and decellularized samples

within the same group
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12 months) [26]. In this experimental work, we chose
RPMI-1640 nutrient medium as the basis for storage
media I (AM) and III (E-G). The excellent multicompo-
nent buffer medium ensured that the pH of the solutions
was maintained throughout the experiment. Performing
all manipulations in laminar boxes with abacterial air
medium during preparation of working solutions and
throughout the experiment allowed us to avoid contami-
nating the material with microbial and other negative
agents.

The success of decellularized heart valve transplan-
tation largely depends on the components of the cell
removal method itself (enzymatic, detergent, etc.) and
the potential immune response after implantation [27,
28]. The decellularization protocol we used [18] and
its variations are also used by other researchers, which
testifies to the adequacy of this method for further use in
creation of tissue-engineered materials based on donor
tissues [20, 21].

Our study found that the thickness of samples in
the control group after decellularization increased by
10-30% from the initial state of the native material. This
may possibly be due to the appearance of a loosening
of the intercellular spaces in the connective-tissue scaf-
fold when the cells were removed and small intercellu-
lar molecules (proteoglycans, glucosaminoglycans and
other non-collagenous proteins) were partially washed
out under the effect of detergents, which were replaced
by water molecules [29].

An important property of a deformable material is
strength, understood as the ability to resist destruction
by external forces. Tensile strength is one of the main
indicators characterizing the mechanical properties of
a tissue, and a tissue is quantified using tensile stress
[30]. We found that decellularization of the aortic mate-
rial significantly increases circumferential tensile stress.
At the same time, the Young’s modulus also increases,
but without a significant difference from those of the
native control group. After long-term storage in alcohol-

a
2.50 -
2.00 T
1.50 -
<
[aW}
=
1.00
0.50 4 I
0.00 +— T
Contr. CAS
mNon-decell. ®Decell.

' 1.50 -
o]
[a W)
=
1.00 -
I II I
- 0.00 - ,
E-G AM

containing (CAS and E-G) and alcohol-free (4M) solu-
tions, the main changes in the mechanical properties
were also evident in the circumferential tensile strength
of the aortic wall material. Almost all data on mechani-
cal properties in longitudinal stress remained at the level
of the control values of the corresponding subgroups
(decellularized and non-decellularized). Such anisot-
ropy of biomechanical properties in the connective tissue
scaffold of the aortic wall is down to the peculiarities
of three-dimensional orientation of CTS fibers, which
provides effective compensation of intravascular fluid
pressure for further active blood promotion. It was shown
earlier that the main mass of elastin fibers in the aortic
wall is located in the media as part of elastin lamellae,
which are located predominantly in the circumferential
direction. Orientation of collagen fibers in the media is
directed to the vessel axis at about 45° angle; the direc-
tion is more longitudinal in the intima and adventitia
[31-33].

In uniaxial tension tests, we obtained a stress-strain
curve for each specimen. The graph of such a curve con-
sists of 3 parts: the low elastic modulus portion, the linear
portion, and the yield or break portion. There is a biome-
chanical interpretation of this phenomenon. The portion
with low elasticity modulus occurs due to straightening
of spiral collagen fibers according to the direction of the
applied force. The linear portion (consisting of two parts)
appears as a result of direct stretching of collagen fibrils
in the tissue. Breaking area of the stress-strain curve is
connected with direct damage to the fibrils [33]. When
determining the tensile strength, the maximum applied
force, after which the specimen breaks, is initially fixed.
In fact, it depends on how many and mainly of what qual-
ity collagen are the fibers present in the tissue.

Most likely, the significant increase in the strength
of materials during storage in alcohol-containing solu-
tions is associated with a change in the structure of the
main CTS proteins — collagen and elastin. It is known
that the triple stranded structure of collagen, as well as

2.50 4

2.00 4

E-G AM

m Decell.

CAS
= Non-decell.

Contr.

Fig. 4. Young’s modulus for the test specimens. a, circumferential stress; b, longitudinal stress
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the ratio of hydrophilic and hydrophobic sites of protein
molecules, change under the influence of alcohols [34].

The deformation capacity of the material is reflected
in the indices of relative elongation during tensile strain.
This index is influenced by the structure and fiber com-
position of the fabric [35]. In our study, it was shown that
the circumferential tensile elongation in all experimental
groups remains at the level of the control values except
for the “E-G” subgroup. In this case, the deformation
capacity index is 1.58-fold higher than that of the non-
decellularized counterpart (“£-G, N”). In this situation,
we can assume the influence of E-G solution components
(glycerol as a plasticizer) on the structural organization
of CTS fibers of the aortic wall. Some researchers have
noted similar changes in the biomechanics of materials
stored in glycerol solutions [36].

Young’s modulus characterizes the stiffness of a ma-
terial [37]. Regardless of the stress direction, the Young’s
modulus in all experimental groups after storage in the
test solutions does not significantly differ from those of
native tissue. At the same time, the values have a clear
tendency to increase, which indicates increased stiffness.
Comparison of Young’s modulus values in the circumfer-
ential and longitudinal direction within groups with the
same type of tissue treatment demonstrates significant
differences in average values. This fact is also explained
by the specific location of different CTS fibers in the
aortic wall [31].

CONCLUSION

Detergent-based decellularization of porcine aortic
wall followed by wet storage of the samples in the test
solutions for 50 days does not significantly worsen the
elastic properties of the material. There is a slight in-
crease in the circumferential tensile stiffness of the test
material.

This work was performed within the framework of
the state assignment of the Russian Ministry of Health
(N: 121031300224-1).

The authors declare no conflict of interest.
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The review includes the results of analytical research on the problem of application of pancreatic islet encapsula-
tion technologies for compensation of type 1 diabetes. We present a review of modern encapsulation technologies,
approaches to encapsulation strategies, insulin replacement technologies: auto-, allo- and xenotransplantation;
prospects for cell therapy for insulin-dependent conditions; modern approaches to -cell encapsulation, possibilities
of optimization of encapsulation biomaterials to increase survival of transplanted cells and reduce adverse conse-
quences for the recipient. The main problems that need to be solved for effective transplantation of encapsulated
islets of Langerhans are identified and the main strategies for translating the islet encapsulation technology into

medical reality are outlined.
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type 1 diabetes.

INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a multifactorial
disease characterised by a relative or absolute deficien-
cy of insulin secretion, leading to chronic hyperglyce-
mia and other metabolic disorders. Diabetes has been
shown to develop with over 90% decrease in pancreatic
islets, and for a patient with an average body weight,
300,000 viable active islets are enough to control blood
sugar [1].

A promising option for the treatment of insulin-de-
pendent carbohydrate metabolic disorders is the use of
transplantation of insulin-producing beta cells as part of
the islets of Langerhans or a whole organ into the recipi-
ent to activate the biological feedback mechanisms of
glycemic feedback and insulin production [2].

To reduce the burden of autoimmune disease and
increase cell survival, various approaches have been pro-
posed: from the use of steroid-free immunosuppression
schemes [3] to transplantation of induced pluripotent
stem cells (iPSCs) and mesenchymal stem cells (MSCs),
committing to beta cells [4], and the use of immune-
independent insulin-producing organoids [5].

Recently, the most promising solution to the problem
of immunosuppression is considered encapsulation of
transplantable pancreatic islets, also known as islets of
Langerhans (IL) to protect them from immunocompetent
cells.

ISLET ENCAPSULATION

This paper reviews the main strategies and ways of
solving the problems of effective functioning of trans-
planted IL as part of micro- and macro-units in insulin-
dependent disorders in the recipient’s body. On the way
to the goal set, a whole set of multi-component and
interdependent problems, from the chemical structure
of the capsule wall to determining the optimal location
for transplantation of encapsulated IL, will have to be
solved (Fig. 1).

MATERIALS AND CAPSULE DERIVATION

The ideal polymeric capsule for IL encapsulation,
according to the literature [6], should meet at least the
following criteria:

— let insulin into the blood, and oxygen, glucose, etc.
into the cells;

— do not let white blood cells, phagocytes through;

— be compatible with both the encapsulated cells and
the recipient’s body, so as not to cause immunological
and fibrotic reactions;

— have a smooth topography without a rough surface;

— stimulate vascular growth around the capsule (for
better supply of the encapsulated cells with nutrition
and rapid “drainage” of the released insulin).

In the vast majority of cases, capsules made of hydro-
gel-forming natural and synthetic polymers have these
characteristics [7].
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Natural polymers

The most commonly used natural polymers for cre-
ating IL microcapsules are agarose collagen, chitosan,
alginate, cellulose, their mixtures and numerous chemi-
cal modifications.

It has been found that the immunoprotective proper-
ties of agarose gels [8—9] can be controlled by changing
the agarose concentration during gel formation. Typi-
cally, 5% agarose is used to create capsules, but by in-
creasing the agarose concentration from 5% to 7.5-10%
or by applying other polymers to the capsule surface, the
graft survival time in vivo can be increased [11]. To this
end, Dupuy et al. [12] coated agarose microcapsules with
polyacrylamide; another successful approach was to coat
the agarose surface with polybrene and carboxymethyl
cellulose (CMC) [13]. To create these capsules, complex
mixtures consisting of 5% agarose and 5% polystyrene
sulfonic acid incubated with polybrene and CMC were
formed.

To stimulate cell growth in the graft system, agarose
can be supplemented with other polymers: for example,
collagen-agarose macrogranules showed a better effect
on rat IL functionality compared to those containing
agarose alone. IL encapsulated in these macrogranules
were able to maintain normoglycemia for up to 170 days

in diabetic mice in a streptozotocin-induced diabetes

model [14].

Despite the many studies conducted using agarose
and its derivatives, two major drawbacks of agarose cap-
sules for IL confinement can be noted:

1) large scatter of obtained gel balls, 100 to 1000 pm in
size. This is related to the capsule derivation meth-
od — mainly temperature-induced suspension gelation
methods are used.

2) the presence of toxic molecules in the agarose itself
due to insufficient purification of natural materials
[15].

Alginate is an anionic polysaccharide derived from
different species of algae, which significantly affects
the physical and chemical properties of alginate micro-
capsules [16].

To reduce permeability and increase the stability of
alginate capsules, the polycationic layer is usually added
to the core of the alginate gel as a second layer, followed
by an outer layer of alginate. The most commonly used
polycation is poly-L-lysine, although other polycations
such as poly-L-ornithine can also be used. For example,
microcapsules containing alginate-poly-L-ornithine in-
stead of alginate-poly-L-lysine-alginate (APA) provided
better graft survival with porcine IL when xenotrans-
planted to Cynomolgus monkeys [17, 18].

Organization levels Research targets

Tasks to be solved

Capsule materials and production

Biopolymers, synthetic polymers, encapsulation
with bioactive molecules, capsule formation methods

of capsules)

Encapsulation strategy (physical parameters

Capsule size, permeability (pore size), capsule wall
thickness and elasticity

IL cells in in capsules

Allogeneic, xenogeneic, satellite (supporting) cells,
alternative sources of B-cells

environment

Physiological parameters of capsule

Oxygenation, vascularization, fibrosis

o

Site of graft insertion into the recipient’s body

Abdominal cavity (omental bursa), renal capsule,
subcutaneous space

Fig. 1. Multifunctional tasks in the transplantation of encapsulated IL
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However, APA microcapsules suffer from a signifi-
cant drawback: the polycationic coating (PCC) degrades
over time and is considered highly immunogenic, mak-
ing APA capsules unstable in the long term. It has been
demonstrated that cross-linking high a-L-guluronic acid
alginate with Ba®* ions results in capsules with less per-
meability to IgG and greater biocompatibility than when
cross-linked with Ca*" ions [19].

Animal studies [20, 21] have demonstrated the ability
of barium alginate microcapsules to provide long-term
immune protection in both allo- and xenotransplantation.
However, even in the absence of immunogenic PCC,
transplantation of barium alginate microcapsules led to
pericapsular fibrotic overgrowth (PFO) [21]. Barium
alginate microcapsules and purified alginate [22] do not
cause PFO when tested in small animals, such as rodents,
but cause severe PFO when transplanted into a large
animal such as a baboon.

Chitosan, a basic cationic polysaccharide derived
from chitin [23], has not been tested as extensively as
alginate or agarose for immunoprotection studies, since
chitosan in its salt-free form is insoluble in aqueous solu-
tions except for low molecular weight samples. At the
same time, it can be used as an additive in the matrix.
It is suggested that the use of chitosan instead of poly-
L-lysine can provide higher mechanical strength and
stability due to the strong bond between chitosan and
the alginate gel [24].

Collagen, a fibrillar protein, is considered one of the
most versatile polymers for encapsulating various cell
types. To date, 29 types of collagens have been identi-
fied and described [25], but nevertheless, type I collagen
accounts for 90% of the total and is the most frequently
used polymer for encapsulation [26]. Collagen capsules
need to form a complex with other polymers or a protec-
tive layer for long-term use in biomedical applications
[27, 28].

Glutaraldehyde is the most widely used crosslinking
agent, including for collagen in model cell systems, but
it causes an inflammatory response in the recipient’s
body [29].

Synthetic polymers

Despite the stability of characteristic properties of
synthetic polymers [30], cell encapsulation procedures
require the use of toxic solvents [30, 31], which nega-
tively affects biocompatibility of capsules.

Polyethylene glycol (PEG) is most frequently used
for cell encapsulation. It is acceptable for encapsulation
of a wide range of cells: IL [32], chondrocytes [33],
osteoblasts [34], MSCs [35]. PEG is obtained by polym-
erization of ethylene glycol oligomers in the presence of
acid or alkaline catalysts. But when PEG monomers are
terminated with methacrylate or acrylate groups, they can
undergo rapid crosslinking when exposed to ultraviolet
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or visible light in the presence of appropriate photoinitia-
tors. Photoinitiators create free radicals that can initiate
the formation of photopolymerizable hydrogels [36].

Over the past two decades, many different IL en-
capsulation procedures using PEG have been applied,
but photopolymerization of PEG-diacrylate polymers
and gelation based on a combination of physical and
chemical cross-linking have become the main methods
[37]. Nevertheless, many studies describe the emergence
of an immune response to PEG-encapsulated cells. For
example, J.Y. Jang et al. noted that PEG grafted onto the
collagen capsule can inhibit lymphocyte activation but
not macrophages [38]. As an enhancement of immuno-
protection, groups of researchers suggest modifying the
exosurfaces of PEG capsules with immune cell receptor’s
such as Fas ligand (FasL) [39] and tumor necrosis factor
receptor 1 (TNFR1) [40].

ENCAPSULATION STRATEGIES

IL encapsulation strategies can be divided into three
main categories: macroencapsulation, microencapsula-
tion and nanoencapsulation (Fig. 2). The first two are
recognized as the most promising.

Macroencapsulation is the encapsulation of several
thousand ILs in a macroencapsulation device more than
1000 um in diameter. Depending on the transplantation
site, macroencapsulation devices can be divided into
extravascular and intravascular.

Intravascular macroencapsulation usually involves
the placement of multiple ILs in hollow semiperme-
able fibers, which are then directly connected to the
host vasculature through anastomoses. Despite promis-
ing studies using intravascular devices, researchers have
reported severe problems with embolization and blood
clot formation. This has prevented the Food and Drug
Administration (FDA) from approving these systems for
clinical trials [42].

Extravascular macroencapsulation usually involves
placing multiple ILs in simple diffusion chambers that
do not require intravascular shunts. Such devices are
often placed in the abdominal cavity or under the skin,
from where they can be retrieved and repaired in case
of damage.

Extravascular macrodevices are in the form of tubular
or flat diffusion chambers. The tubular device is structur-
ally weak and can break, and requires a large amount of
IL for seeding [43]. Flat devices are structurally more
stable. For example, the Islet Sheet device from Islet
Sheet Medical (USA) has been shown to provide good
graft survival in both allogeneic and xenogeneic trans-
plantation [44, 45]. The main disadvantage of the Islet
Sheet device is the limited oxygen diffusion leading to
hypoxia and necrosis of the central groups, implanted IL.

The problem of limited oxygen diffusion is tackled
by several approaches to the design of macrodevices. For
example, the TheraCyte™ macroencapsulation device is
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equipped with an external membrane that promotes neo-
vascularization [46]. IL encapsulated in TheraCyte™ de-
vices survived for a long period of time in both allo- and
xenotransplantation models [47]. A modified version of
TheraCyte™ device, namely Encaptra® system (EN250
device), developed by ViaCyte (USA), is currently being
tested for safety in a phase II clinical trial [48].

The problem of hypoxia can also be addressed by
means of an artificially oxygenated -Air Bio-artificial
Pancreas (BAP) device developed by Beta-O2 Technolo-
gies Ltd (Israel) [49]. This device consists of a semi-
permeable chamber containing IL immersed in alginate
hydrogel, and an additional compartment that provides
daily oxygen supply through an external probe system
[50]. Preliminary studies with small-sized BAP devices
implanted in diabetic pigs showed that the encapsulated
allogeneic IL preserved its function and blood glucose
levels dropped to normal for several months [51].

In in vitro experiments, perfluorocarbons and calcium
peroxide (Ca0,) were added to IL-containing hydrogels
to increase the rate of O, diffusion in the hydrogel sys-
tem [52]. This could also be a promising solution for
strategies to overcome IL hypoxia in macroencapsula-
tion devices.

Nonporous
* membrane
3
Possible
O, supply port
Insulin

Metabolic products

Microencapsulation is the incorporation of one or
more IL into microcapsules ranging from 200 to 1500 pm
in size (Fig. 3).

This technology has several advantages over mac-
roencapsulation. First, the microcapsules are generally
spherical in shape, thereby providing a greater surface
area to volume ratio and increased transport of oxygen
and nutrients required for IL survival. Secondly, micro-
capsules are mechanically stable and easier to manufac-
ture, giving the freedom to change parameters such as
capsule size, permeability and thickness. Thirdly, they
can be implanted using a minimally invasive procedure,
and the smooth spherical geometry minimizes the im-
mune response to the foreign body. The main disadvan-
tage is the difficulty of extracting microcapsules from
the transplant site.

The need to ensure maximum cell survival and pre-
serve their normal viability impose the following restric-
tions on the conditions of the IL microencapsulation
procedure:
exclusion of organic solvents;
carrying out the procedure in an aqueous solution
isotonic to the cell cytosol (in a phosphate-buffered
saline);

Semi-permeable
capsule

Vascularization
membrane

Semi-permeable
membrane

0,
Nutrients

Fig. 2. The main strategies for encapsulation of IL [14]: nanoencapsulation (1), microencapsulation (2), macroencapsulati-

on (3)
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— maintaining the pH between 7.2 and 7.5;

— atatemperature between room temperature and 40°C
(ideally at 37°C in an atmosphere of 5% carbon di-
oxide saturated with water vapor);

— the solution should quickly form a gel for even distri-
bution of cells or IL and prevention of sedimentation.
All this significantly narrows the range of materials

intended for use, and the above-mentioned conditions

correspond well to the polymeric hydrogels discussed
above. The most popular natural polymer for IL microen-
capsulation is sodium alginate, which can form hydrogels
quickly in the presence of divalent ions at neutral pH and

moderate temperatures [53, 54].

Using sodium alginate as an example, let us consider
what the main problems researchers encounter in IL mi-
croencapsulation are. The literature identifies several
factors that are crucial in the engraftment of microen-
capsules with IL.

Alginate purity is one of the main factors affecting
biocompatibility: alginates obtained from natural sources
contain immunogenic contaminants (proteins, polyphe-
nols, endotoxins) [55], which often leads to poor graft
survival due to the appearance of PFO [56]. Microcap-
sules derived from insufficiently purified commercial
alginates activate the immune system and induce the
release of inflammatory cytokines IL-1p3, TNF-a and
IL-6 from murine and human monocytes and macro-
phages [57]. One study aimed to screen for impurities
and found that commercial alginate labeled as “ultra-
pure” still contained impurities such as peptidoglycan

and lipoteichoic acid [58]. The same authors proposed
the development of a screening assay for identification
of pathogen-associated molecular structures in alginate
polymers [58].

The composition of alginate also plays an important
role in determining biocompatibility, since the G/M ratio
strongly influences the physicochemical properties of
microcapsules. High-G alginate microcapsules are more
stable compared to high-M alginate, whereas high-M
alginate microcapsules can provide selective perme-
ability to immunoglobulins and immune cells, thereby
providing better immunoprotection [59]. However, some
studies have reported that high-M alginate microcapsules
are more immunogenic, leading to PFO [60], while other
studies have reported the opposite effect [61].

In addition to the G/M ratio, the viscosity and mo-
lecular mass (MM) of alginate also play an important
role in determining biocompatibility. S. Schneider et
al. demonstrated that low-MM alginate microcapsules
cause PFO, and stressed the need to remove low mo-
lecular mass fractions during the purification procedure
to increase biocompatibility [62].

Another important factor is the geometry and size of
the capsule. Traditional IL microcapsules are spheres
with a fixed diameter of 700-1500 um. There are sev-
eral opposing opinions on this issue: small 250-350 um
microcapsules have been shown to be biocompatible and
contribute to a smaller PFO compared to traditional ones
(500-800 um) when transplanted into rats [63] and mon-
keys [64]. On the other hand, O. Veiseh et al. showed that
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Fig. 3. Model of the structure of microencapsulated IL and its functions
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larger 1500 um alginate microcapsules have better bio-
compatibility and significantly reduced PFO compared
to 500 um capsules when xenotransplanting both groups
into C57BL/6 mice and primates [65]. The authors also
demonstrated that ILs encapsulated in larger 1500 pm
capsules remained viable, had higher insulin kinetics and
provided better glycemic control under xenotransplanta-
tion conditions with significantly less PFO compared to
smaller microcapsules at 180 days.

Nanoencapsulation is the coating of a single IL with
a biopolymer material to form 70—150 pum structures. The
most common nanoencapsulation method is layer-by-
layer deposition (LbL) of oppositely charged biomateri-
als on the IL surface (nanoencapsulation).

Various coatings have been developed for LbL with
individual physicochemical properties. Haque et al. xe-
notransplanted primate IL encapsulated by LbL using
3 polymers in immunosuppressed mice. The encapsula-
tion showed uniform nanoscreening of the polymers on
IL without loss of cell viability and function [66]. Park
et al. transplanted IL with nano-screened heparin to pri-
mates, which was shown to reduce instantaneous blood
inflammatory reactions using similar nano-screening
[67]. Another group used ultra-thin heparin-polymer
nanofilm as a platform to incorporate biological media-
tors to modify the IL surface [68].

PANCREATIC ISLET CELLS IN CAPSULES

In addition to ensuring a high degree of survival of IL
cells over a long period of time while maintaining their
ability to produce insulin, there is also the problem of
shortage of donor healthy, viable beta cells.

Allogeneic IL cells have been successfully used as
donor material in the treatment of diabetes since 2000.
However, as early as 1994, R. Soon-Shiong et al. [69]
conducted the first successful test with microencapsu-
lated IL in alginate-poly-L-lysine: allogeneic IL were
transplanted intraperitoneally to a patient with type 1
DM, which reduced blood glucose levels for 9 months.
After that, two more groups of researchers, R.C. Cala-
fiore et al. [70] and B.E. Touch et al. [71], made attempts
to transplant allogeneic IL microencapsulated in modi-
fied alginates, but the fall in glucose levels in both cases
was not enough.

Porcine xenogeneic IL cells are a promising source
of IL transplantable to humans for any of the following
reasons: the similarity of pig and human insulin, high
fecundity of pigs, availability of effective and accurate
methods of genetic modification of pigs [72].

The most widely used are IL from adult donor females
or neonatal islet-like cell clusters (NICC) are most com-
monly used; experiments with porcine fetal islets, as well
as with the buds of the IL from embryos, are known [73].

Currently, there are three main strategies to increase
the viability and prolong the functioning of porcine IL
in the recipient’s body:
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1) free porcine IL transplantation according to immu-
nosuppression and tolerance protocols;

2) encapsulation of porcine IL, in which case global
immunosuppression is not required;

3) genetic modification of porcine IL and subsequent
use with advanced low-toxicity immunosuppression.
However, there are risks of using porcine IL: first of

all, porcine endogenous retrovirus (PERV) sequences

that can be activated after xenotransplantation [74].
Second, there is a risk of developing a superacute

immunological rejection reaction due to human Gal
(Galactose-1,3-Galactose) antigens reacting to the por-
cine cell membrane disaccharide. Binding of antibodies
to Gal antigens leads to almost immediate activation of
the complement system with subsequent destruction of
the graft. Several groups of transgenic pigs have been
created to overcome the superacute reaction of immu-
nological rejection:

1) knockout by Gal;

2) with transgenic expression in IL cells of human pro-
tein regulating the complement system (hCD46);

3) with transgenic expression of LEA29Y (a high-af-
finity variant of the T cell co-stimulation inhibitor
CTLA-4Ig) under control of porcine insulin gene
[75].

It is possible that the dual combination of immuno-
suppression inhibitors — IL encapsulation from trans-
genic pigs can provide effective graft protection without
the need for strong immunosuppressive agents [76].

Satellite cells are co-cultured in the same macro- or
micro-object with IL cells. Sertoli cells have been widely
studied as supporting immunomodulatory “companion
cells”: co-transplantation of unencapsulated IL with Ser-
toli cells has proven useful for increasing graft survival
in allo- [77], xeno- [78] and autotransplantation models
[79]. Moreover, co-encapsulation of IL with Sertoli cells
secreting immunosuppressive factors improves xenograft
survival [80].

The immunomodulatory properties of MSCs are
widely known and have been used in several studies to
increase IL survival and improve transplant outcomes
[81, 82]. In addition, some studies have reported in-
creased insulin secretion as an advantage of co-encap-
sulating IL with MSCs [83].

Genetically modified cells have also been used to
improve IL survival: co-encapsulation of IL with mouse
bioengineered Sertoli cells (TM4) producing insulin-like
growth factor-II (IGF-II) improves [ cell survival and
provides better glycemic control [84].

Alternative sources of beta cells. In addition to the
above-mentioned sources of donor beta cells, methods
for obtaining normally functioning insulin-producing
cells from various human cell populations are being ac-
tively developed [85] in order to obtain patient-specific
cellular products.
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Pluripotent stem cells — embryonic stem cells (em-
bryonic SCs or ESCs) and iPSCs — are mainly considered
as a product for cell therapy. The use of pancreatic pro-
genitor cells derived from human ESCs to treat patients
with type 1 DM is at the experimental stage: the cells are
encapsulated in Encaptra® macrosystem [86].

Protocols for iPSCs differentiation with additional
steps were developed, optimized by cocktails of induc-
ing factors and chemicals, using 3D cultivation methods,
which allowed to obtain cell clusters morphologically
and functionally similar to pancreatic islet cells [87].

Mesenchymal stem cells. The use of MSCs in diabe-
tes is possible in two ways: differentiation into insulin-
producing cells [88] and direct injection of undifferen-
tiated MSCs [139]. When cultured in media containing
fibroblast growth factor, adipose tissue-derived MSCs
can express the Isl1 marker, which is necessary for islet
cell formation [89]. Human umbilical cord blood-derived
MSCs contain the genes required for differentiation into
endocrine prostate tissue (Isl1, PDX1, Pax4 and Ngn3)
[90], so they release insulin and C-peptide in response
to glucose stimulation in vitro and in vivo.

Direct reprogramming for beta cells implies the use
of DNA integration (using viral vectors in most cases)
into cells of different types, which leads to creation of
beta cells, bypassing their return to the pluripotent state.
As a starting material for direct reprogramming, pan-
creatic ductal cells, acinar tissue, alpha cells and others
are used.

It has been shown that a combination of three beta cell
regulators — NGN3, PDX1 and MAFA — can effectively
transform pancreatic adult mouse acinar cells into beta-
like cells using an adenoviral vector [91].

Studies have shown that gastrointestinal epithelial
cells can also be transformed into beta-like cells. Gastric
antrum cells seem to be particularly susceptible to such
transformation. In a separate study, conditional removal
of Foxol from Ngn3+ intestinal endocrine progenitor
cells led to formation of insulin-producing cells in the
intestine [92].

Other examples of murine cell reprogramming in-
clude: cytokine-mediated conversion of acinar cells to
insulin-expressing cells, conversion of ductal cells to
insulin-expressing cells by FBW7 deletion and conver-
sion of hepatocytes to insulin-producing cells using
TGIF2 [93]. Extreme loss of B-cells can spontaneously
transform J- and a-cells of the pancreas into B-cells [94].

PHYSIOLOGICAL PARAMETERS
OF THE CAPSULE ENVIRONMENT

There is no formed capillary network in the artifi-
cially created system of encapsulating devices, so solv-
ing the problem of stable trophism and oxygenation of
transplanted cells is essential for their survival. A. Pi-
leggi et al. initiated pre vascularization by simulating

87

the physiological reaction of the body to a foreign body:
the catheter was injected subcutaneously and removed
after 4 weeks [95]. Pre-vascularization of the transplant
site can also be achieved by pre-treating the transplant
site with angiogenic factors [96].

Another approach is to embed angiogenic factors
into the structure of cell capsules: for example, vascu-
lar endothelial growth factor (VEGF) into PEG [97]. G.
Marchioli et al. constructed microcapsules from heparin-
ized polycaprolactone, and also observed an increase in
angiogenesis in the graft area [98].

Encapsulation of satellite cells together with IL can
also lead to increased capsule vascularization. For ex-
ample, the use of adipose tissue-derived or bone marrow-
derived MSCs [99].

In addition, several attempts have been made to im-
prove oxygenation at the capsule transplant site, includ-
ing generating oxygen near the microcapsules using pho-
tosynthesis [ 100] or an electrochemical generator [101].
Unfortunately, these oxygen generating systems cannot
produce enough oxygen required under a clinical setting.

One of the body’s defense mechanisms against in-
trusion is fibrous overgrowth around the foreign object
[102]. In microcapsules, the reduced diameter and greater
surface area to volume ratio contribute to improved dif-
fusion, which is indirectly confirmed by faster response
of microencapsulated islets to changes in glucose in the
bloodstream [103].

TRANSPLANTATION SITE IN THE RECIPIENT'S
BODY

The ideal site for transplantation should have such
features as low immune exposure, ease of extraction of
implanted capsules, access to the recipient’s vascular
network with the possibility of neovascularization of
the implanted graft and sufficient space to accommodate
the desired number of implanted microcapsules [104].
Non-encapsulated ILs are usually injected into the liver
through the portal vein. Portal infusion of microencapsu-
lated IL is not possible due to their size. Microencapsu-
lated ILs are usually injected into the abdominal cavity.

However, there are also negative influences when
microcapsules are transplanted into the abdominal cav-
ity: insufficient revascularization, high immunogenic-
ity, chronic hypoxic stress, which makes it necessary
to have more encapsulated IL to normalize the glucose
levels compared to unencapsulated IL [105]. The ad-
vantages of transplantation of encapsulated IL into the
surgically created omentum in diabetic rodent models
have been shown to result in long-term normoglycemia
[106]. Another promising IL transplantation site is the
kidney capsule. Studies on large animals showed that in
two out of seven Cynomolgus monkeys, C-peptide was
detected in the blood 60 days after transplantation of
microencapsulated porcine IL under the kidney capsule



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXIlI N¢ 4-2021

[107]. However, the renal capsule is highly vascularized,
and the possible space to be used limits the introduction
of a large graft volume.

The subcutaneous space is another alternative site that
is widely used for transplantation of encapsulated IL.

Studies have shown that xenotransplantation of en-
capsulated IL into the abdominal cavity of C57BL/6 mice
results in strong PFO three weeks after transplantation.
However, when the same encapsulated IL were trans-
planted subcutaneously, PFO was significantly reduced
[108]. Thus, subcutaneous transplantation of microen-
capsulated IL can be adopted as a strategy to reduce PFO
and increase IL survival, if the problem of poor oxygen
supply proves to be solvable.

GLOBAL CLINICAL TRIALS USING
ENCAPSULATED IL

A relatively small number of encapsulation systems
have been used in clinical trials. Although all of the sys-
tems have been shown to be safe for patients, their ef-
ficacy has varied [109-116].

In the creation of IL and B-cell encapsulation systems,
researchers use different approaches: micro- and macro
devices, transplantation sites and methods, allo- and xe-
nografts.

Initially, clinical trials focused on allogeneic IL, but
the selective immune barrier of microcapsules allows
the safe use of porcine IL as an alternative cell source as
well. Living Cell Technologies (LCT) conducted a large
clinical trial using porcine IL encapsulated in alginate-
poly-L-ornithine called Diabecell®. Eight patients re-
ceived different doses of IL (from 5000 to 10,000 IEQ
per kg of body weight), and six of them showed reduced
exogenous insulin levels for up to eight months [117].

As mentioned earlier, macroencapsulation devices
limit oxygen transfusion to cells to a greater extent.
Therefore, one of the modifications — the BAP device —
is designed to solve this problem by using a built-in
reusable oxygen cylinder. A phase I study evaluated the
safety and efficacy of implantation of a BAir device con-
taining human allogeneic pancreatic islet in patients with
type 1 diabetes mellitus. Four patients were transplanted
with 1-2 BAP devices, each containing 1,800—4,600 is-
let equivalents per kg of body weight and were moni-
tored for 3—6 months with regular oxygen restoration.
Although [ cells survived in the device, only minute
levels of circulating C-peptide were observed without
any effect on metabolic control. PFO was observed in the
capsule environment, and the recovered devices showed
a blunted insulin response and amyloid formation in the
endocrine tissue [118].

ViaCyte has developed the Encaptra® macroencapsu-
lation system, which, unlike all competitors, incorporates
iPSCs rather than IL. ViaCyte is currently conducting a
Phase I/II multicenter clinical trial using macroencap-
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sulation technology and the VC-01™ cell product to
evaluate the safety and effectiveness of the system over
a 2-year period [114].

Unlike Encaptra®, the Sernova Cell Pouch is not im-
mune-isolating. The specificity of its transplantation is
aimed at preliminary vascularization of the subcutaneous
area before the introduction of cells through the canal.
The canal-forming device is inserted under the skin for
30 days to allow vascular integration with the device. The
row of rods is then removed to fill the formed channels
with encapsulated IL. It is assumed that such stimula-
tion of the microvasculature can significantly increase
the survival rate of encapsulated islets by increasing
trophism and gas exchange. However, a 3-year phase
I/II clinical trial using this device was discontinued in
2016 after recruiting three patients [110].

Encapsulation of pancreatic islets in thrombin-plasma
gel is somewhat different from the encapsulation stan-
dards: allogeneic IL is resuspended in autologous plasma
and laparoscopically distributed over the omentum sur-
face: it has a dense vascularized surface and is easily ac-
cessible. In addition, recombinant clinical-grade human
thrombin is used for cell adhesion. This method has been
used in one patient with restoration of euglycemia and
subsequent insulin independence for 12 months [119].

CONCLUSION

New developments in the field of bioactive IL encap-
sulation, which will make it possible to avoid transplant
immunosuppression and achieve long-term functional
activity of islet cells, are now extremely necessary in
Russia and the global community. Beta cell and IL en-
capsulation technologies, including nano-, micro-, and
macroencapsulation, are promising strategies to the treat-
ment of type 1 diabetes, as they provide transplantation
of cell resources without immunosuppressive agents and
allow the use of alternative donor sources.

The main problems that need to be addressed for ef-
fective transplantation of encapsulated pancreatic is-
lets are related to graft oxygenation, inflammatory re-
sponse, biocompatibility of the material, and location
and method of optimal transplantation. The long-term
success of encapsulation strategies can be hampered by
pericapsular fibrotic overgrowth and the limited survival
of encapsulated islets, especially after intraperitoneal
implantation. In each area of encapsulation, there are
still limitations that hinder their wide clinical applica-
tion: macroencapsulation devices are easily retrievable,
but contribute more to pericapsular fibrotic overgrowth
and less to normal oxygenation and cell trophism. Mi-
cro- and nano-capsules are more difficult to retrieve from
the recipient’s body, but the cells are in them in more
satisfactory conditions.

In addition to the above, there is also the problem
of shortage of healthy, viable donor beta cells. Porcine
IL xenotransplantation is currently the most advanced
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alternative to IL transplantation or allotransplantation
in the world, especially since recent advances in genetic
engineering have led to a reconsideration of the use of
porcine organs. Using the clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated
(Cas) gene technology [120], a pool of 62 known porcine
retroviruses can be removed from pig skin cells, which
in principle can also be used to obtain iPSCs, and then
genetically “pure” pigs can be used as islet cell donors
[121]. It should be noted that xenotransplantation is pro-
hibited in Russia.

Overall, advances in biomaterial science, fabrication
techniques, safer implantation strategies, angiogenesis
stimulation and cell biology, and new alternative sources
of pancreatic islets may make beta cell encapsulation
technologies become a medical reality.
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THE ROLE OF APOPTOTIC BONE MARROW CELLS
IN ACTIVATION OF LIVER REGENERATION
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Objective: using an adoptive transfer model to study the cellular mechanisms involved in the formation of the
initial stage of liver regeneration during intraperitoneal injection of a healthy recipient with apoptotic bone marrow-
derived mononuclear cells (BM-MNCs) from a donor after extended liver resection. Materials and methods.
Male Wistar rats (n = 40) were used to create a model of adoptive transfer of apoptotic BM-MNCs (a-BM-MNCs)
taken from the donor after extended liver resection to a healthy recipient. During the experiments, the animals
were divided into five groups. Four experimental groups with intraperitoneal injection of the same doses to the
recipient: freshly isolated BM-MNCs (group 1); BM-MNCs subjected to apoptosis for 48 hours by storage at t =
4-6 °C in phosphate-buftfered saline (PBS) (group 2) or in a Custodiol HTK solution (group 3). In group 4, the
animals were injected with PBS after storing BM-MNC:s in it. The control animals were animals injected with
saline (group 5). For selection of effective modes of apoptosis induction, BM-MNCs stained with 7AAD after
incubation in solutions were analyzed by flow cytometry. Targeted transfer of regenerative signals to the recipient
was assessed by the mitotic activity of hepatocytes in the liver and tubular epithelium in the kidneys, as well as
by the intensity of microstructural changes in the liver 24, 48 and 72 hours after injection of the studied material.
Results. BMC incubation in PBS and HTK for 48 hours at t = 4—6 °C provides the most effective accumulation of
a-BM-MNC:s in early apoptosis. It was shown that a-BM-MNC:s retain the ability to target-focused transmission
of regulatory signals to the liver supported by autophagy process during adoptive transfer. It was established that
a-BM-MNCs (groups 2 and 3) in comparison to native BM-MNCs (group 1) at adoptive transfer increased the
regenerative potential of the liver due to pronounced increase in the activity of autophagy processes and directed
infiltration of immunomodulatory mononuclear cells in the liver. Conclusion. a-BM-MNCs create a stronger basis
for development and implementation of a targeted and effective regeneration program by enhancing autophagy
processes and immunomodulatory effect on mononuclear cells, which are regenerative signal carriers.

Keywords: apoptosis, autophagy, bone marrow cells, liver, resection, regeneration.

INTRODUCTION

Organ and tissue damage through autoregulation

the regeneration of damaged tissue/organ was not con-
firmed [6-9]. Activation of regenerative processes under

mechanisms involves evolutionarily developed regen-
eration processes in the body. Targeted transport of re-
generative signals to the damaged tissues is facilitated
by mononuclear immunoregulatory blood cells and pri-
marily by lymphocytes [1-3]. Hematopoietic and bone
marrow-derived mesenchymal stem/stromal cells (BM-
MNCs) also have a high regenerative potential. However,
the effect of clinical application of BM-MNCs turned out
to be not so pronounced and not always reproducible [4,
5], which made researchers turn to the study of how the
regenerative processes of BM-MNCs are activated in
order to increase their regulatory role.

The initial opinion about the influence of the pro-
cesses of transdifferentiation or fusion of bone marrow-
derived stem/progenitor cells with differentiated cells on

the influence of BM-MNCs, as well as the supernatant
obtained after their cultivation, was attributed to the ac-
tion of paracrine factors secreted by these cells [10—13].

Further study of alternative mechanisms of induction
of regenerative processes by bone marrow cells [14],
allowed Thum et al. to put forward a hypothesis [15],
which states that cells producing paracrine factors in the
state of apoptosis, whose content in the BM-MNCs pool
varies from 5 to 25%, are responsible for enhancement
of regenerative processes during therapy with these cells.

At first glance, the opinion that dying apoptotic cells
can increase the survival of other cells seems absurd, but
at the same time, such a view contains an evolutionary
justification and rationalism used by living organisms to
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maintain their vital activity [16—19] and protect against
the development of pathological conditions [20-22].

It is known that it is the apoptotic cells that release
growth-stimulating signals in the form of nanovesicles
[23], lipids in exosomes [24], microRNA and proteins
[25], which not only accelerate repair processes in the
body, but also have immunomodulatory effects, blocking
inflammatory reactions, which, being an integral part of
any damage, prevent regeneration.

To date, the hypothesis that apoptotic bone marrow-
derived cells play a determining regulatory role in re-
generative processes has been proven [26] and has been
repeatedly confirmed by preclinical studies on cell sus-
pensions and in experiments on animals with simulation
of various pathological processes [27].

Meanwhile, early changes in damaged organs arising
in response to induction effect of apoptotic bone marrow-
derived mononuclear cells (a-BM-MNCs) regulating
regenerative processes more efficiently have not been
the subject of special studies.

The aim of this study is to investigate the cellular
mechanisms of formation of the early stage of regenera-
tive processes in the liver during intraperitoneal injection
of healthy recipient with a-BM-MNCs of donor after
extended liver resection (ELR) on an adoptive transfer
model.

MATERIALS AND METHODS

The work was performed on male Wistar rats weigh-
ing 250-300 g (n = 40). The ability of a-BM-MNCs to
regulate and target regenerative signals to the damaged
organ (liver) tissue was studied by adoptive transfer
method [1]. For this purpose, created in the donor was
an experimental ELR model -70-75%, which is known
to be accompanied by activation of hypertrophic regen-
eration mechanisms with pronounced mitotic activity
in the remaining part of the organ [28]. Rats with ELR
constituted the donor group (n = 15). Bone marrow was
harvested from donor rats 12 hours after liver resection
(the specified interval is necessary for appearance of
morphogenetically active cells in bone marrow) and a
mononuclear (hematopoietic) fraction of BM-MNCs was
obtained for subsequent single intraperitoneal admin-
istration of these cells to intact (unoperated) recipient
rats (n = 20) in 4 experimental groups that differed by
apoptosis activation method.

Freshly isolated unsorted donor BM-MNCs at a dose
of 3.0-3.5 x 107 cells per rat (group 1, n = 5), as well
as a-BM-MNC:s at the same dose activated by incuba-
tion were used, in PBS (group 2, n = 5) or in preserving
ion-balanced Custodiol HTK solution (group 3, n = 5)
at temperature t = 4—6 °C for 48 hours.

In group 4 we used conditioned medium — PBS — after
storing BM-MNC:s in it for 48 hours (n = 5). Intact rats
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injected with 1 mL of saline served as the control group
(group 5,n=75).

To select the modes and timing of apoptosis activa-
tion of BM-MNCs, we performed a comparative study
of the dynamics of reversible and irreversible BM-MNC
apoptosis during incubation in PBS by Paneco (Russia)
and in preservation solution Custodiol (NTK-histidine-
tryptophan-ketoglutarate solution) by Dr. Franz K&hler
Chemie GmbH (Germany) at different temperatures (t =
18-22 °C and t =4-6 °C) and different incubation times
(6, 18, 24, 48, and 72 hours).

Under the indicated storage times and temperature
regimes, BM-MNC:s retain viability and maintain their
structural and functional homeostasis due to an evolu-
tionarily developed mechanism — autophagy — adap-
tive structural, functional and energy restructuring of
their own metabolic reserves, which is accompanied by
a gradual development of early reversible and then late
irreversible cell apoptosis.

FITC Annexin V Apoptosis Detection Kit with
7-AAD (BioLegend, USA) was used to detect early
apoptosis and late apoptosis/necrosis of BM-MNCs dur-
ing cell incubation for the indicated periods. Cells were
suspended in 100 pL of Annexin V Binding Buffer at 1 x
107 cells/mL and mixed with 5 uL of FITC-conjugated
Annexin V and 7-AAD (dye 7 aminoactomycin D pen-
etrates only non-viable cell nuclei and intercalates into
the DNA double helix). Positively stained, i.e. non-viable
mononuclear cells in the BM-MNCs pool used in 7-AAD
studies should be no more than 7-10% [29]. After in-
cubation at room temperature for 15 min in the dark,
400 pL of Annexin V Binding Buffer was added to the
mixtures. The stained cells were then analyzed using a
Beckman Coulter Cytomics FC 500 flow cytometer with
appropriate settings.

The ability to enhance targeted (liver) transport of
regenerative signals by a-BM-MNCs was assessed by
the severity of proliferative activity of hepatocytes in the
liver compared to the renal tubular epithelium (control
of targeted exposure). The severity of mononuclear cell
infiltration of these organs (by macrophages and lym-
phocytes) in intact recipient rats was also evaluated 24,
36, 48 and 72 hours after administration of donor freshly
isolated BM-MNCs and apoptotic BM-MNCs.

The livers and kidneys of recipient rats were dissected
on the indicated dates, and histological preparations,
stained with hematoxylin and eosin, were prepared from
them. Using a Leica DML5 microscope (Germany), we
performed histological analysis of the preparations and
determined in 30 fields of view the number of mitotically
dividing cells, and then calculated the mitotic index (MI)
in ppm (%eo).
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The significance of the differences in the studied in-
dicators in the compared groups was assessed using the
parametric Student’s t-test at p < 0.05.

RESULTS AND DISCUSSION

The results of studies of the effect of the compositions
of incubation solutions, the timing and temperature re-
gimes of incubation of BM-MNC:s in them on activation
of early (reversible) and irreversible apoptosis/necrosis
of cells are demonstrated in Figs. 1 and 2. Fig. 1 shows
that at room temperature (t = 18-22 °C) of incubation
of BM-MNCs in HTK and PBS solutions, the cells in
the state of late apoptosis prevail after 18 and 24 hours,
exceeding acceptable levels [29].

Meanwhile, storage of BM-MNC:s in the same solu-
tions at t = 4-6 °C inhibited the development of late
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apoptosis in cells and increased during storage (by 48
and 72 hours) the BM-MNCs content in the state of early
(reversible) apoptosis, which was significantly more pro-
nounced after 48 and 72 hours for cells in HTK —44.8 +
10.9% and 51.84 + 12.2% solutions versus 29.5 = 7.1%
and 38.6 + 10.8% in PBS solution (Fig. 2). Since after
48 hours of BM-MNC:s storage in HTK and PBS solu-
tions, they showed the highest content of cells in the
state of early reversible apoptosis, while the content of
BM-MNC:s in the state of late apoptosis did not exceed
7-10%, (p < 0.02), we studied the regulatory potential
of these cells in different groups of experiments when
modeling adopting transfer.

There were no significant changes in the mitotic activ-
ity of hepatocytes in the liver and tubular epithelium cells
in the kidneys (control of tissue-specificity of adoptive

Late apoptosis/necrosis
]
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Fig. 1. Dynamics of changes in the content of viable cells, cells in a state of early apoptosis and late apoptosis/necrosis during
BMC incubation in PBS and Custodiol (NTC) solutions at t = 18-22 °C

Viable cells
90

%
80
7
6
5

IS
S S S o

3
2
1

S O o O

W Start ™ 6 hours

Early apoptosis

® 18 hours

Late apoptosis/necrosis

1 od |
II ‘I Illll Iﬂl '
l T - il
| HE AR AN wesmass ul
HTK P BS HTK PBS

“ 24 hours ™48 hours ™ 72 hours

Fig. 2. Dynamics of changes in the content of viable cells, cells in a state of early apoptosis and late apoptosis/necrosis during
BMC incubation in PBS and Custodiol (NTC) solutions at t = 4-6 °C
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transfer) in all groups and at all time points studied after
cell administration to the recipient.

The values of mitotic index (MI) in the liver and kid-
neys at 36, 48 and 72 hours in groups 1-4 did not exceed
0.02 £ 0.01%o (02 mitoses per 30 fields of view) and did
not differ from the initial values, as in group 5. Fig. 3 (a,
b, ¢, d) shows histological picture of the liver tissue of
recipient rats at different time points after administration
of a-BM-MNCs incubated in Custodiol solution (group
3). One can see from Fig. 3 that the expected rise in mi-
totic activity of hepatocytes in the livers of recipient rats
using apoptotically induced donor material after ELR (at
different stages after its administration) was not detected.

At the same time, it is known that after introduction
of ELR-activated donor spleen lymphocytes, the mitotic
activity of not only hepatocytes but also Kupffer cells in
the intact recipient’s body significantly increases [1]. In
this connection, we expected a similar effect for recipient
liver hepatocytes and with the injection of donor a-BM-
MNCs after ELR.

Meanwhile, based on the current concepts of regen-
eration, the result we obtained (absence of mitoses) is not
surprising. In the early stages after exposure to damage,
directed mobilization of the energy and metabolic re-
serves of cells with the development of their autophagy,
which predetermines the efficiency of subsequent regen-
erative process, occurs in the surviving cells of the dam-
aged organ to trigger the regenerative process [30-33].

Earlier, we also showed by morphocytometry that in
the rat liver tissue at the earliest stages (up to 48 hours)
after ELR, there is mobilization increase in cell density,
decrease in liver weight, decrease in the areas of hepa-
tocytes, their nuclei and cytoplasm [34], and these facts
confirm the important induction role of autophagy and
early reversible apoptosis in triggering an an effective
regenerative process.

In experiments on the model of adoptive transfer,
we obtained only indirect evidence that apoptotic BM-
MNC:s, in contrast to freshly isolated BM-MNC:s, further
enhance the autophagy process of liver cells at early

Fig. 3. Histological structure of liver tissue at different periods after a-BM-MNC injection (group 3); H&E stain, 100x mag-
nification. a, 24 hours; b, 36 hours; c, 48 hours; d, 72 hours. No mitotic activity of hepatocytes was observed at all periods of
observation
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stages. It is known that autophagy is also assigned the
role of a cellular autonomous defense system, which in
the process of degradation of altered cellular proteins,
releases receptors, including its own damage-associated
molecular patterns (DAMPS), which manifests as in-
creased tissue immunogenicity and more pronounced
enhancement of its cell infiltration, which we observed
in our work (see below).

We know from the literature about the appearance of
pronounced mitotic activity of hepatocytes in the liver
of rat recipients after introduction of donor spleen lym-
phocytes. We attribute the absence of a similar effect in
our experiments after administration of BM-MNCs in
recipient rats to cell specialization existing in the body.
It is expressed in the fact that during formation of the
regeneration process, BM-MNCs seem to play the role
of accumulator and transducer of regeneration signals,
while mature actively migrating informed lymphocytes
of the peripheral immune system — lymphocytes from
lymph nodes and spleen, but not BM-MNCs — are already
the executors of this process [1-4].

Analysis of histological preparations of recipient
liver and kidney samples (Fig. 4, a, b, ¢) allowed us to
ascertain the appearance of cellular infiltration, which
was most pronounced in the groups with a-BM-MNCs
introduction (groups 2 and 3), especially in the group
using cells stored in Custodiol (NTC) solution (group 3)
in all groups of experiments at 36 and 48 hours only in
liver but not in kidneys. The most pronounced cellular
infiltration of the liver tissue in group 3 as compared
to group 2 indicated both a dose-dependent regulatory
effect of a-BM-MNCs and powerful enhancement of
autophagy and early apoptosis processes when exposed
to a-BM-MNCs.

When a-BM-MNCs incubated in Custodiol solution
were injected after 36 and 48 hours, the liver of a healthy
recipient showed signs characteristic of an inflammatory
process: infiltration of portal tracts and sinusoids with
cells as well as diffuse activation of sinusoid cells were
observed, indicating, apparently, reticuloendothelial
system activation (Fig. 4, a, b). It should also be noted
that mononuclear cells (predominantly lymphocytes)

Fig. 4. Histological structure of liver tissue (a, b) and kidney (c) at different periods after a-BM-MNC injection (group 3).
a, 36 hours; b, 48 hours; c, 48 hours; H&E stain, 200x magnification. a, b, pronounced infiltration of mononuclear cells in the
liver; ¢, no cellular infiltration in the kidney tissue
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Fig. 5. Histological structure of liver tissue (a, b) at differ-
ent periods after a-BM-MNC injection (group 3). a, 24 hours;
b, 72 hours; H&E stain, 200x magnification. a, b, there is
practically no infiltration of mononuclear cells in the liver

predominated among the inflammation cells, abundantly
filling the lumen of sinusoids. In 24 and 72 hours after
administration of a-BM-MNCs stored in ion-balanced
Custodiol solution, there were no effects in the livers of
recipients determined at the light-optical level, and the
histological pattern of the liver parenchyma, in general,
did not differ from that of the intact animal (Fig. 5, a,
b), which in our opinion is evidence of the pulse nature
of the regulatory effect of a-BM-MNCs on regenerative
processes. The absence of cellular infiltration in the re-
cipient kidneys at all time points studied after BM-MNC
injection confirms the targeted (tissue-specific) nature of
the regulatory effect of freshly isolated BM-MNCs and
apoptotic BM-MNCs.

From earlier studies [35], it is known that apoptosis-
induced mononuclear cells have not proinflammatory but
immunomodulatory effects, releasing immune mediators
into the blood directly or indirectly through activation
of macrophages and dendritic cells. Administration of
apoptotic cells has also been shown to attenuate inflam-
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matory responses after their use, including in the liver in
fulminant hepatitis [22], by enhancing the production of
anti-inflammatory cytokines (TGF-f, IL-10) by macro-
phages and inhibiting proinflammatory cytokine produc-
tion (TGF-B, TNF-a) in the body [20, 21, 36]. In addi-
tion, the existence of a relationship between progressive
proinflammatory IL-1B/TNF-a-dependent liver damage
[37, 38] and reduced ability of liver cells to autophagy, as
well as the existence of the possibility of increasing the
efficiency of the regenerative process in the liver due to
medication activation of autophagy processes in it [30,
31, 39, 40] have all been proven.

CONCLUSION

From the results obtained, the following conclusions
are made:
Incubation of BM-MNC:s in PBS and in ion-balanced
Custodiol (NTC) solution for 48 hours at t = 4-6 °C
optimizes accumulation of a-BM-MNC:s in an early
apoptosis state;
Apoptosis-induced and intact BM-MNC:s in the adop-
tive transfer model at early stages after administration
do not induce mitotic activity in liver cells;
in the adoptive transfer model, a-BM-MNCs increase
the regenerative potential of liver cells by enhancing
the processes of autophagy and directed infiltration
of immunomodulatory (mononuclear) cells — carriers
of regenerative signals;
a-BM-MNCs retain the ability for targeted (tissue-
specific) transmission of regulatory signals supported
in the body by the autophagy process.
All of the above gives us grounds to believe that a-
BM-MNC:s, unlike intact BM-MNC:s, create a stronger
foundation in the body for the development and imple-
mentation of a targeted and efficient regeneration pro-
gram. Particularly, after ELR, a-BM-MNCs contribute
to targeted and more powerful activation of autophagy
process in the liver (due to their stronger regulatory
stress-induced potential), a universal mechanism for
regulating adaptation processes. By enhancing autoph-
agy, apoptotic bone marrow-derived mononuclear cells
exert a more pronounced immunomodulatory effect on
immunoregulatory cells, promoting their production of
anti-inflammatory cytokines and formation of an effec-
tive regenerative response in the damaged liver.

The authors declare no conflict of interest.
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Objective: to develop a method for modifying composite small-diameter porous tubular biopolymer scaffolds based
on bacterial copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and gelatin modified with a double-layered
bioactive coating based on heparin (Hp) and platelet lysate (PL) that promote adhesion and proliferation of cell
cultures. Materials and methods. Composite porous tubular biopolymer scaffolds with 4 mm internal diameter
were made by electrospinning from a 1 : 2 (by volume) mixture of a 10% solution of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) copolymer, commonly known as PHBYV, and a 10% solution of gelatin, respectively, in
hexafluoro-2-propanol. The structure of the scaffolds was stabilized with glutaraldehyde vapor. The scaffolds were
modified with a bioactive Hp + PL-based coating. The surface morphology of the samples was analyzed using
scanning electron microscopy. Biological safety of the modified scaffolds in vitro (hemolysis, cytotoxicity) was
evaluated based on the GOST ISO 10993 standard. Interaction with cultures of human endothelial cell line (EA.
hy926) and human adipose-derived mesenchymal stem cells (h ADMSCs) was studied using vital dyes. Results.
We developed a method for modifying small-diameter composite porous tubular biopolymer scaffolds obtained
by electrospinning from a mixture of PHBV and gelatin modified with double-layered bioactive coating based
on covalently immobilized Hp and human PL. The modified scaffold was shown to have no cytotoxicity and
hemolytic activity in vitro. It was also demonstrated that the developed coating promotes hADMSC adhesion
and proliferation on the external surface and EA.hy926 on the internal surface of the composite porous tubular
biopolymer scaffolds in vitro. Conclusion. The developed coating can be used for the formation of in vivo tissue-
engineered small-diameter vascular grafts.

Keywords: heparin, platelet lysate, biopolymer matrix, gelatin, poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), electrospinning, small-diameter vascular grafts, biological safety.

INTRODUCTION

Minimization of thrombosis and intimal hyperplasia
processes is one of the key tasks for successful develop-
ment and application of small-diameter vascular grafts
(sdVGs) [1-3]. Endothelialization is considered the most
preferable option for optimization of the internal surface
of vascular grafts [4—6]. The monolayer of functionally
active endothelium, similar to that present in native blood
vessels, increases thromboresistance and long-term pa-
tency of the prosthesis due to ability of endothelial cells
to synthesize a wide range of bioactive factors preventing
platelet aggregation, regulating excessive proliferation,
migration and contractile activity of smooth muscle cells,
homeostasis, and inflammation [7-9].

In order to increase the specificity of interaction with
endothelial cells (ECs), endothelial progenitor cells
(EPCs) and other cell types responsible for blood vessel
regeneration, as well as to achieve rapid endothelization,
various approaches for modifying sdVGs surface are

used [10-15]. A widely used modification method is the
use of coatings based on extracellular matrix proteins,
such as collagen, its partially hydrolyzed form gelatin,
elastin, fibronectin [12, 14, 16] or immobilization on the
surface of peptides simulating adhesion sites. The best
known of the family of such synthesized compounds is
RGD peptide (Arg-Gly-Asp), which repeats the adhesive
fragment of the fibronectin molecule [8, 17, 18]. Incor-
poration of bioactive compounds, such as antibodies or
growth factors, into the structure of sdVGs can help to
attract EPCs and mature ECs in situ. CD34 and vascular
endothelial growth factor receptor 2 (VEGFR-2, CD309)
are present on the surface of circulating EPCs. CD31
and VEGFR-2 antibodies are used to bind ECs [11, 18].
Factors such as stromal cell-derived factor-1 (SDF-1)
and granulocyte colony-stimulating factor (G-CSF) have
been found to enhance EPC mobilization from bone mar-
row [11, 18-21]. Basic fibroblast growth factor (bFGF)

Corresponding author: Valentina Surguchenko. Address: 1, Shchukinskaya str., Moscow, 123182, Russian Federation.

Phone: (499) 196-26-61. E-mail: valent.egorova@gmail.com

102



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

can stimulate resting ECs, causing their proliferation and
organization into tubular structures [11, 22].

The most frequently used vascular endothelial growth
factor (VEGF) is a cytokine that is highly specific to
ECs and EPCs, activating and supporting their migration
and proliferation [22—24]. One of the significant disad-
vantages of using growth factors, particularly VEGF, is
the rapid loss of biological activity and high cost [22].
Immobilization of growth factors such as bFGF, trans-
forming growth factor beta 2 (TGF-B2) or VEGF through
the heparin-binding domain has been shown to increase
resistance to denaturation and enzymatic cleavage under
physiological conditions, prolonging their bioactivity
[18, 25].

Heparin (HP), a glycosaminoglycan with well-studied
and characterized anticoagulant properties, is also often
used to functionalize biomaterials and matrices intended
for contact with blood in order to increase their throm-
boresistance [26]. HP also plays an important role in
endothelial cell adhesion and homeostasis, it improves
attachment to the matrix, providing trophic and differ-
entiation cell signaling, while inhibiting the proliferative
activity of smooth muscle cells [1]. Joint immobilization
of heparin and angiogenic growth factors can simultane-
ously suppress thrombosis and stimulate endothelization
[2] At the same time, platelet lysate (PL) obtained from
platelet-rich plasma (PRP) can serve as a promising,
accessible, and inexpensive source of growth factors
(bFGF, TGF-B2, VEGF) [27-30]. PL can become an
alternative to the widely used recombinant growth fac-
tors, which lead to a significant increase in the cost of the
resulting products and can also provoke immunogenic
reactions [29].

We have previously developed composite small-
diameter porous tubular biopolymer scaffolds based
on bacterial copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) and gelatin with adjustable
resorption rate, possessing the necessary complex of
physical and mechanical properties characteristic of na-
tive small-diameter blood vessels [31]. However, stabi-
lization of the scaffold structure using glutaraldehyde
vapor resulted in increased cytotoxicity. Taking into
account both the properties of HP and the rich set of
growth factors, including VEGF and bFGF contained in
PL, we made an assumption that biofunctionalization of
the surface of the tubular scaffolds we developed earlier
by immobilizing HP in combination with a PL-based
bioactive coating may help to eliminate cytotoxicity and
impart adhesion to the scaffold both high hemocompat-
ibility, including thromboresistance, and specific affinity
for endothelial cell.

The aim of this work was to develop a method for
modifying PHBV- and gelatin-based small-diameter
composite porous tubular biopolymer scaffolds with a
two-layer bioactive heparin and platelet lysate coating
that promotes surface endothelization.

MATERIALS AND METHODS

Fabrication of composite porous tubular
biopolymer scaffolds

Composite porous tubular biopolymer scaffolds
(CPTB scaffolds) with 4 mm internal diameter were
made by electrospinning from a 1:2 (by volume) mix-
ture of 10% PHBV copolymer solution (PHBYV, Sig-
ma-Aldrich, USA) and a 10% acidic gelatin solution
(Gelatin from porcine skin Type A, Sigma-Aldrich,
USA) respectively in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, P&M-Invest, Russia) on electrospinning machine
NANON-01A (MECC CO, Japan) at 25 kV voltage be-
tween electrodes, 2 mL/h solution feed rate, 100 mm
distance to the collector, 1000 rpm rotation speed of the
substrate rod, using a 27G needle. After the end of the
solution application process, the sample scaffolds were
dried in the thermostat at 37 °C for 2 hours followed by
vacuuming at 10-20 mmHg residual pressure and 37 °C
temperature for 24 hours.

Stabilization of CPTB scaffold structure

The structure of CPTB scaffolds was stabilized with
glutaraldehyde (GA) vapor in a closed container with-
out direct contact of the samples with 25% GA solu-
tion at room temperature for 48 hours. After the fixation
process, the samples were washed thoroughly in three
changes of distilled water and dried for 24 hours at room
temperature.

Application of the bioactive coating

Immobilization of heparin (HP) (Sigma-Aldrich,
USA) was performed by incubating the CPTB scaffold
samples in an aqueous anticoagulant solution with 1 mg/
ml (150-200 units/ml) concentration for 2 hours at room
temperature, resulting in covalent binding of HP amino
groups to unreacted GA aldehyde groups. The unbound
HP was removed by washing three times in distilled
water. The resulting heparinized scaffolds were sterilized
by gamma-irradiation at 1.5 MiRad dose.

The required volume of human platelet lysate solu-
tion (hPL, Renam, Russia) was obtained by diluting dry
(Iyophilized) hPL in a 1:9 ratio with Hanks’ solution
containing no Ca** and Mg ions (HBSS, Gibco® by Life
Technologies™, UK). The lysate solution was sterilized
by filtration through a 0.22 pm membrane filter, 0.22 pm
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pore size. Sterile heparinized samples were treated with
hPL solution under aseptic conditions for 1 hour at 37 °C
immediately before the experiment. Binding of positive-
ly charged growth factors contained in hPL to negatively
charged HP was polyionic.

Surface morphology of CPTB scaffolds

The surface structure of the modified CPTB scaffold
samples was analyzed using a JSM-6360LA scanning
electron microscope (SEM) (JEOL, Japan) at 5 kV ac-
celerating voltage and 100x—1000x% magnification. Gold
was sputtered to create a conductive coating.

Cell cultures

Cultures of mouse embryonic fibroblast cell
line NIH/3T3 cells (ATCC*CRL-1658™) and hu-
man umbilical vein endothelial cell line EA.hy926
ATCC®CRL-2922™) from the ATCC (American Type
Culture Collection) were stored in liquid nitrogen at
—196 °C before use. After thawing, NIH/3T3 fibroblasts
and EA.hy926 ECs were seeded into 25 cm” or 75 cm’
standard culture vials (CELLSTAR®™ Greiner Bio-One,
Germany) and cultured in appropriate complete growth
medium DMEM, high glucose (4.5 g/L, DMEM high
glucose with HEPES, PanEco, Russia) supplemented
with 10% calf serum (CS, Biosera, Germany) or fetal calf
serum (FCS, HyClone, USA), respectively, antibiotic and
antimycotic Anti-Anti (Gibco®™ by Life Technologies™,
UK) and 2 mM alanyl-glutamine (PanEco, Russia) in a
CO, incubator under standard conditions: 37 °C, in a
humid atmosphere containing (5 + 1) % CO,. Before
the experiment, cells were removed from the surface
of the culture plate using TrypLE™ Express Enzyme
dissociation reagent (Gibco® by Life Technologies™,
UK) and a suspension with the required concentration
of cells was prepared.

A culture of human adipose-derived mesenchymal
stem cells (hADMSCs) was obtained at the department
of biomedical technologies and tissue engineering, Shu-
makov National Medical Research Center of Transplan-
tology and Artificial Organs, Moscow according to the
previously developed technique [32]. Prior to use, MSCs
were stored in liquid nitrogen at —196 °C. After thaw-
ing, the hADMSCs were seeded into 75 cm® standard
culture vials (CELLSTAR® Greiner Bio-One, Germany)
and cultured in DMEM/F12 complete growth medium
(CGM) (PanEco, Russia) with 10% fetal calf serum
added (FCS, HyClone, USA), 10 pg/ml human basic fi-
broblast growth factor (FGF-2, Peprotech, AF-100-18B,
USA), antibiotic and antimycotic Anti-Anti (Gibco® by
Life Technologies™, UK), 1 mM HEPES (Gibco® by

Life Technologies™, UK) and 2 mM alanyl-glutamine
(PanEco, Russia) in CO, incubator under standard con-
ditions: 37 °C, in a humid atmosphere containing (5 +
1) % CO,. Before the experiment, cells were removed
from the surface of the culture plate using TrypLE™
Express Enzyme dissociating reagent (Gibco®™ by Life
Technologies™, UK) and a suspension with the required
concentration of cells was prepared. Cells of passages
V—VIwere used in the experiments. Various authors have
shown that hADMSCs are used as an independent cel-
lular component in the development of tissue-engineered
small-diameter vascular grafts [33, 34]; also, hADMSCs
maintain viability of ECs and promote vascularization
of tissue-engineered small-diameter vascular constructs
in vivo [35], which was the reason for using this cell
culture in our work.

The initial number of cells in the suspension was
determined on an automated cell counter (TC20™ Au-
tomated Cell Counter, BIORAD, Singapore) with simul-
taneous viability analysis by trypan blue dye exclusion
(BIORAD, #145-0013, Singapore).

Hemolysis

The hemolytic action of the modified CPTB scaf-
folds was investigated on extracts from samples using
rabbit red blood cell mass according to interstate stan-
dard GOST ISO 10993-4-2011 [36]. The extracts were
prepared according to GOST ISO 10993-1-2011 guide-
lines [37]. A 0.9% sodium chloride solution was used as
the extractant (model medium), the extraction time was
72 hours at 37 °C. The negative control sample was 0.9%
sodium chloride solution, the positive control sample
causing 100% hemolysis was distilled water. Blood from
three rabbits was used to evaluate the hemolytic effect
of one sample.

Blood containing 3.8% sodium citrate (1:9 ratio) ob-
tained from chinchilla rabbits in compliance with the
bioethical principles of animal handling approved by the
European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Pur-
poses (2005) and in accordance with the Rules of Labo-
ratory Practice, approved by Order #708 of the Russian
Ministry of Health on 23 August 2010 on experimental
animals, centrifuged at 900 rpm for 10 minutes to obtain
erythrocytic mass. A 10% suspension of erythrocytes, ob-
tained by dilution of the washed red blood cell mass three
times (1:9 with 0.9% sodium chloride solution), was
added to the test extracts from the modified CPTB scaf-
fold samples, as well as to the negative control sample
and positive control sample and incubated for 1 hour at
(37 +£2) °C, then centrifuged for 20 minutes at 2000 rpm.
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The supernatant was separated, and the optical density
was measured using a Stat Fax 4500 spectrophotometer
(Awareness Technology, USA) at 540 nm wavelength.
The percentage of hemolysis was calculated using for-
mula (1):

Eop ~Ee 100, (1)
100
where E,, is the optical density of the test sample, E, is
the optical density of negative control sample, E,, is
the optical density of the sample with 100% hemolysis.
Hemolysis in all blood samples should be less than
2%.

Cytotoxicity

The cytotoxicity of the fragments of modified CPTB
in vitro was assessed according to the GOST ISO 10993-
5-2011 interstate standard on NIH/3T3 mouse fibroblast
cell line by direct contact method [38]. The surface of
a culture plate (CP, CELLSTAR®™ Greiner Bio-One,
Germany) served as a negative control sample, while a
single-element aqueous zinc standard 10 mg/ml (Sigma-
Aldrich, USA) served as the positive control sample. All
procedures were performed under aseptic conditions.

To study the cytotoxic effect, fibroblasts were seed-
ed in 24-well flat-bottom culture plates (CELLSTAR®
Greiner Bio-One, Germany) at a concentration of 7—12 x
10* cells per well and incubated for 24 hours at 37 °C
in a humid atmosphere containing (5 + 1)% CO,, until
the formation of (80 £ 10)% monolayer, after which the
studied fragments of matrices were placed directly on
the fibroblast monolayer surface. The culture was visu-
ally assessed using a binocular fluorescence inverted
microscope Nikon Eclipse TS100 (Japan).

The metabolic activity of fibroblasts after contact
with matrix fragments was assessed after 24 hours us-
ing PrestoBlue™ HS Cell Viability Reagent (Invitro-
gen™ by Thermo Fisher Scientific, USA) according to
the protocol recommended by the manufacturer. 10%
PrestoBlue™ Viability Reagent was added to the wells
containing the test samples, negative control and posi-
tive control samples, after which the plate was incubated
for 3 hours at 37 °C in a humid atmosphere containing
(5 £ 1) % CO,. PrestoBlue™ is a vital dye containing
redox indicator resazurin. Viable proliferating cells re-
duce resazurin with the participation of mitochondrial
dehydrogenases, cytochromes and dehydrogenases lo-
cated in the cell cytoplasm to resafurin [39], resulting in
a color change from indigo to pink. Changes in medium
absorbance were recorded using a Spark 10M microplate
reader (Tecan, Austria) with Spark Control™ Magellan
V1.2.20 software at 570 nm and 600 nm wavelengths.

The percentage of reduced PrestoBlue™ characterizes
the metabolic activity of the cells. The relative percent-
age difference between the metabolic activity of cells in
the negative control sample and after contact with the test
samples characterizes the cytotoxicity of the test sample
and is calculated by formula (2):

117.216 x A570 Samp. ~ 80.586 x A600 Samp.

117.216 x A%, — 80.586 x A

where 117.216 and 80.586 are molar extinction coef-
ficients for the oxidized form of PrestoBlue™ Vital Re-
agent at 600 nm and 570 nm wavelengths, respectively;
As7o samp. AN Aoy 5. are absorbance of the test sample
at 570 nm and 600 nm wavelengths, respectively; A’
and A’ are absorbance of the negative control sample
at 570 nm and 600 nm wavelengths, respectively.

The results were analyzed using a grading scale of the
degree of cell response after direct contact with the sam-
ples according to GOST ISO 10993-5-2011 (Table 1).

x 100%, (2)

Table 1
Cell response rate
Cytotoxicity grading scale Interpretation of result
0 No cytotoxicity
1 Mild cytotoxicity
2 Moderate cytotoxicity
3 Severe cytotoxicity

The negative control sample should correspond to
response grade 0 (no cytotoxicity), while the positive
control sample should correspond to response grade
3 (severe cytotoxicity, almost completely destroyed
monolayer). The degree of response of the test speci-
men should correspond to response grade 0.

Cultivation of EA.hy926 and hADMSCs on the
surface of CPTB scaffolds

Sterile samples of modified CPTB scaffolds were pre-
cut lengthwise, straightened out, placed on the bottom of
a flat-bottom 24-well culture plate (CELLSTAR" Greiner
Bio-One, Germany) with the appropriate side (inner or
outer), and fixed with sterile silicone rings. EA.hy926
and hADMSCs were seeded under aseptic conditions on
the inner and outer sides of the samples, respectively. The
initial seeding density on the test samples and controls
was 4 x 10* kL/cm? for EA.hy926 culture and 3 x 10*kL/
cm’ for hADMSCs culture. Since the test samples were
obtained by electrospinning and are three-dimensional, it
would be incorrect to use a two-dimensional CP surface
as a control sample. In these experiments, the CP surface
was used to control the morphology and adequate growth
of the cell cultures under study. After seeding, 24-well
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plates with the samples were cultured in a CO, incubator
under standard conditions for 24 hours and 96 hours or
24 hours, 96 hours, and 168 hours, after which appropri-
ate studies were performed.

Viability assessment

The Live/Dead® Viability/Cytotoxicity Kit (Mo-
lecular Probes® by Life Technologies™, USA) was
used to assess the viability and visualize the number
of EA.hy926 and hADMSCs on the surface of modi-
fied CPTB scaffolds according to the protocol recom-
mended by the manufacturer. The method consists of
double immunofluorescence staining, with simultaneous
determination of live and dead cells by binding dyes:
ethidium bromide homodimer (EthD-1) and calcein ace-
toxymethyl (calcein AM). EthD-1 is a marker of dead
cells, penetrating the damaged plasma membrane and
binding to nucleic acids, giving a bright red fluorescent
glow (excitation/emission ~495 nm/~635 nm). Calcein
AM penetrating into viable cells is exposed to intracel-
lular esterases, transforming into calcein, which gives a
bright green homogeneous fluorescent glow (excitation/
emission ~495 nm/~515 nm). Dulbecco’s phosphate-

buffered saline containing 2 pM calcein AM and 4 pM
EthD-1 was added to the test wells, and after 15 minutes,
the staining results were visualized using a Nikon Eclipse
TS100 binocular inverted fluorescence microscope (Ja-
pan) equipped with a Digital Sight DS-Vil (Nikon, Ja-
pan). Photographs of the test and control samples dur-
ing cultivation of EA.hy926 and hADMSCs were taken
24 hours and 96 hours after seeding.

Assessment of metabolic activity
and cell count

The metabolic activity of EA.hy926 and hADMSCs
on the surface of matrix samples was assessed after 24,
96 and 168 hours using PrestoBlue™ HS Cell Viabil-
ity Reagent (Invitrogen™ by Thermo Fisher Scientific,
USA) according to the protocol recommended by the
manufacturer. 10% of PrestoBlue™ viability reagent
was added to wells containing the test samples and a
cell-free control sample (CGM containing no cells), after
which the plate was incubated for hours at 37 °C in a
humid atmosphere containing (5 = 1) % CO,. Changes
in media absorbance were recorded using a microplate
reader as previously, described at 570 nm and 600 nm

Fig. 1. Structure of CPTB scaffold modified with double-layered coating, d =4 mm; a, cross-section (100x magnification, Bar
100 um); b, inner surface (1000x magnification, Bar 10 um); ¢, outer surface (1000x magnification, Bar 10 um)
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Table 2

Percentage of viable NIH/3T3 fibroblast cell line relative to a negative control sample after contact
with the modified samples of CPTB scaffolds

Sample % of viable cells relative to negative Cell response rate
control sample
Modified (HP) 95.55+£2.06 0
Modified (double-layer bioactive coating HP + hPL) 97.83 +1.67 0
Positive control sample 9.87+£0.73 3
Sample 24 h 96 h
CP
HP
HP + hPL

100 pm 100 pm

Fig. 2. hADMSC:s culture (passage 6) on the outer surface of modified CPTB scaffolds; a, b, culture plate, 24 h and 96 h,
respectively; ¢, d, scaffolds with modifying covalently immobilized HP coating, 24 h and 96 h, respectively; e, f, scaffolds
with modifying human platelet lysate coating, 24 h and 96 h, respectively. Live/Dead® Viability/Cytotoxicity Kit staining. 10x
magnification, Bar 100 um
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wavelengths. The percentage of reduced PrestoBlue™
characterizes the metabolic activity of cells and is cal-
culated by formula (3):

117.216 x As70 samp. — 80.586 X Ago0 Samp.

155.677 % Aggg — 14.652 x Asyg

where 117.216 and 80.586 are molar extinction coef-
ficients for the oxidized form of PrestoBlue™ Vital Re-
agent at 600 nm and 570 nm wavelengths, respectively;
155.677 and 14.652 are molar extinction coefficients
for the reduced form of PrestoBlue™ Vital Reagent at
570 nm and 600 nm wavelengths, respectively; Ao sump.
and Ay s.mp. are absorbance of the test sample at 570 nm
and 600 nm wavelengths, respectively; A's,, and Ay, are
absorbance of the cell-free control sample at 570 nm and
600 nm wavelengths, respectively.

The number of EA.hy926 and hADMSC:s on the sur-
face of scaffold samples was estimated using calibration
curves, linear in semi-logarithmic coordinates to a 0.8 x
10° cell concentration in the case of EA.hy926 and 1 x
10° in the case of hADMSCs (VI passage). To construct
a calibration curve, the selected cell type was seeded
into flat-bottomed 24-well culture plates (CELLSTAR®
Greiner Bio-One, Germany) at a seeding density of
1-20 x 10* kL/cm?. After 24 hours, PrestoBlue™ vital
reagent was added to the wells containing the required
number of cells and a cell-free control sample, the plate
was incubated for 3 hours at 37 °C in a humid atmosphere
containing (5 + 1) % CO, and changes in medium uptake
were recorded. The percentage of reduced PrestoBlue™
determined by formula (3) was plotted on the graph on
the Y axis, and the corresponding number of cells was
plotted on the X axis.

x 100%, (3)

Statistical processing

Quantitative and statistical processing of the obtained
data was done using Microsoft Excel 2007. All results
were presented as mean =+ standard deviation. Differenc-
es were considered reliable at p < 0.05 with the number
of samples (n) from 3 to 5.

RESULTS AND DISCUSSION

Fig. 1 shows the structure of the CPTB scaffold.
The cross section (Fig. 1, a) shows a pronounced highly
porous structure. The wall thickness is ~500 um. The
inner and outer layers of the scaffold (see Figs. 2, b, ¢)
are similarly organized from disordered fibers with pre-
dominantly 0.8 to 2.0 um thickness, 10-25 pm pore size.

Data from the performed hemolytic activity study
allow us to conclude that the tested samples of modified
bioactive HP and hPL coating for CPTB scaffolds have
no hemolytic effect (hemolysis percentage 0.07%) and

correspond to acceptable values (hemolysis percentage
less than 2%), satisfying the requirements for medical
products according to the GOST ISO 10993-4-2011
standard.

Table 2 shows the values characterizing the metabolic
activity of the NIH-3T3 mouse fibroblasts after direct
contact with samples of the modified CPTB scaffold
relative to the negative (non-cytotoxic) control sample
(CP). The sample has no cytotoxic effect if the meta-
bolic activity of the fibroblasts relative to the negative
control sample remains above 90%. As can be seen from
Table 3, after cells come into contact with samples modi-
fied with HP or HP + hPL, the relative metabolic activity
of fibroblasts is above 90%, indicating the absence of
cytotoxic action. We have previously shown that PHBV-
and gelatin-based CPTB scaffolds stabilized in GA vapor
without additional treatment exhibit significant cytotox-
icity (response rate 3) [31].

Fig. 2 shows photographs of hADMSC culture (pas-
sage VI) on the surface of CP and the outer surface of the
modified CPTB scaffolds 24 and 96 hours after seeding.

After 24 hours, comparable numbers of adhered and
melted hADMSCs were observed on the surface of all
modified CPTB scaffolds. After 96 hours of cultivation,
hADMSCs form a monolayer on the CP surface. On
the test samples, the number of hADMSCs increases
markedly, but does not reach the monolayer; all cells
are viable and fused, which also confirms the previously
obtained data that the modified samples have no cytotox-
icity. Fig. 3 shows the results of hADMSCs proliferation
on the outer surface of the modified CPTB scaffolds.
After 24 hours, the number of hADMSCs on the outer
surface of HP-modified and HP + hPL-coated samples
differed only slightly (11.8 + 0.6 x 10° kL and 15.1 +

50 ¢
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24 h 96 h 168 h

Fig. 3. hADMSCs proliferation (passage 6) on the outer sur-
face of CPTB scaffolds modified with covalently immobi-
lized heparin and heparin with human platelet lysate coatings
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1.3 x 10° kL, respectively). By the end of the cultivation
period, after 168 hours, the number of hADMSCs on the
external surface of the test samples with the modifying
HP + hPL-based coating increases 3-fold (42.5 + 2.8 x
10° kL), while the number of hADMSCs on the external
surface of heparinized matrices increases only 1.3-fold
(16.5+0.7 x 10° kL). Thus, the modifying platelet lysate-

Sample 24 h

CP

based coating promotes adhesion and proliferation of
hADMSC:s on the external surface of CPTB scaffolds. A
modifying coating based on covalently immobilized HP
alone in relation to the culture of hADMSCs promotes
adhesion rather than proliferation of this cell type.
Figs. 4 and 5 show the results of the interaction of
the modified inner surface of CPTB scaffolds with a

96 h

| (l)()_p.lm

HP

HP + hPL

Fig. 4. EA.hy926 culture on the inner surface of modified CPTB scaffolds; a, b, culture plate, 24 h and 96 h, respectively; c,
d, scaffolds with modifying covalently immobilized HP coating, 24 h and 96 h, respectively; e, f, scaffolds with modifying
heparin and human platelet lysate coating, 24 h and 96 h, respectively. Live/Dead® Viability/Cytotoxicity Kit staining. 10x

magnification, Bar 100 um
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Fig. 5. EA.hy926 proliferation on the inner surface of modi-
fied CPTB scaffolds

culture of human endothelial cell line EA.hy926 24 and
96 hours after seeding. After 24 hours, a greater number
of adherent and molten endothelial cells were observed
on the surface of HP + hPL-modified scaffolds compared
to samples modified with HP alone. After 96 hours of
cultivation, no proliferation and a significant number
of nonviable cells were observed in the HP-modified
sample. At the same time, a monolayer of viable cells
was formed on the samples modified with a two-layer
coating. Note that a similar effect is observed for the CP.
Fig. 5 shows that the modifying bioactive coating based
on immobilized HP and hPL promotes adhesion, spread-
ing and stimulates proliferation of EA.hy926 in vitro on
the inner surface of CPTB scaffolds, due to a fairly high
content of growth factors contained in platelet lysate,
including VEGF: the number of ECs after 168 hours
increases 2.4-fold. Our results are indirectly confirmed
by data available in the literature. SM Oliveira et al.
showed that PL-based nanocoating activates endothelial
cells and promotes angiogenesis (microtubule formation)
in the presence of sulfated polysaccharides in a three-
dimensional matrix [29].

Probably, surface heparinization, under the conditions
of this experiment, does not contribute to endothelializa-
tion in vitro. This, in our opinion, is due to the fact that
although heparin is able to bind growth factors present in
the serum component of the medium, their concentration
is clearly insufficient to support endothelial cell prolifer-
ation. Despite the fact that HP plays an important role in
endothelial cell adhesion and homeostasis [1], RJ Smith
Jr et al. showed that when implanting cell-free prosthetic
blood vessels modified with HP and with HP + VEGF
into murine aorta, the samples although were completely
endothelialized after 4 weeks of implantation, the com-
position of the prosthetic wall for samples with different
coating differed significantly [40]. In the grafts modified

only by HP, the endothelial and smooth muscle cell layers
were not pronounced and were not formed typically for
native vessels. But in the HP + VEGF-modified samples,
there were clearly separated inner and middle layers,
similar in structure to native vessels. and there was also
a functioning endothelium. It means that modifying the
prosthesis with HP alone is not sufficient to obtain an
adequately functioning tissue-engineered graft.

CONCLUSION

So, for the surface of small-diameter CPTB scaffolds
obtained by electrospinning from a PHBV and gelatin
mixture, we developed a method of modification involv-
ing a two-layer bioactive coating based on covalently
immobilized HP and hPL, whose components form poly-
ionic complexes with HP. The modified CPTB scaffold
samples were shown to have no cytotoxicity and he-
molytic activity in vitro. It was also demonstrated that
the developed bioactive coating promotes adhesion and
proliferation of human adipose-derived mesenchymal
stem cells on the outer surface of CPTB scaffolds and
human umbilical vein endothelial cell on the inner sur-
face of CPTB scaffolds in vitro.

The results obtained show that the developed coating
can be used to form in vivo tissue-engineered constructs
of small-diameter vascular grafts.

The authors declare no conflict of interest.
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IN CLASSICAL CAROTID ENDARTERECTOMY
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Objective: to construct geometric models of carotid bifurcation and build a computer modeling for carotid
endarterectomy (CEA) operations with patches of various configurations. Materials and methods. The method
uses reconstructed models of a healthy blood vessel obtained from a preoperative computed tomography (CT)
study of the affected blood vessel of a particular patient. Flow in the vessel is simulated by computational fluid
dynamics using data from the patient's ultrasonic Doppler velocimetry and CT angiography. Risk factors are
assessed by hemodynamic indices at the vessel wall associated with Wall Shear Stress (WSS). Results. We used
the proposed method to study the hemodynamic results of 10 virtual CEA operations with patches of various
shapes on a reconstructed healthy artery of a particular patient. The reason for patch implantation was to ensure
that the vessel lumen is not narrowed as a result of the surgery, since closing the incision without a patch can
reduce the vessel lumen circumference by 4—5 mm, which adversely affects blood flow. On the other hand, too
wide a patch creates aneurysmorphic deformation of the internal carotid artery (ICA) mouth, which is not optimal
due to formation of a large recirculation zone. In this case, it was found that the implanted patch width of about
3 mm provides an optimal hemodynamic outcome. Deviations from this median value, both upward and down-
ward, impair hemodynamics. The absence of a patch gives the worst of the results considered. Conclusion: The
proposed computer modeling technique is able to provide a personalized patch selection for classical CEA with
low risk of restenosis in the long-term follow-up.

Keywords: classical carotid endarterectomy, computer modeling, patch.

INTRODUCTION

Acute cerebrovascular accident due to hemodynami-
cally significant stenosis of the internal carotid artery
(ICA) is one of the main causes of death and long-term
disability [1, 2].

Classical carotid endarterectomy (CEA) is one of the
most common treatment options for this patient cohort
[1,2]. However, as a result of patch implantation during
this intervention, local deformation of the vessel may
occur, leading to changes in flow hemodynamics.

The study of hemodynamic characteristics of blood
flow on the vessel wall is extremely difficult in vitro, and
even more so in vivo.

Therefore, computational methods of hydrodynamics
are widely used to assess hemodynamic effects in vessels

MATERIALS AND METHODS

Initial mathematical
modeling data

The initial geometric model of the vessel was recon-
structed based on preoperative computed tomography
(CT) of the affected left carotid bifurcation of a particular
patient. Fig. 1 (a) shows the affected part of the vessel
flow area (the carotid artery is in the foreground). The
segment of the curve in Fig. 1 (a) shows the presumed
position of the vessel wall beneath the atherosclerotic
plaque. The dotted line marks the inner surface of the
plaque in the depicted projection.

The initial flow modeling data are the results of post-
operative ultrasound Doppler velocimetry (UDV) of the
patient. The dependence of inlet flow velocity on time

of a personally-specific shape [3, 4].

The aim of the work is to identify the zones of the
highest risk of restenosis in the constructed computer
models during classical CEA.

was plotted on the basis of UDV study of the common
carotid artery (CCA). The ratio of flow rates through the
internal carotid artery (ICA) and external carotid artery
(ECA) was calculated using their cross-sectional areas
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and time-averaged peak velocity (TAPV), which were
also derived from UDV data.

Building geometric models

A reconstructed 3D model of a healthy vessel was
built using SimVascular Updegrove (2016) and Salome
Salome (2007) software. SimVascular was used to con-
struct vessel segments (see Fig. 1 (b—d)). Using a Py-
thon script of our own design, these segments were then
imported into Salome to build the geometric model and
grids. The reconstructed 3D model of the vessel is shown
in Fig. 1 (e). This model is referred to hereafter as the
base model and is denoted by m0. The black line on the
vessel wall in Fig. 1 (e) indicates the incision line for
subsequent simulation of patch implantation.

The above script was also used to visually model the
result of CEA surgery. It can be used to visually draw
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the incision line and the patch contours on the vessel
segmentation contours (see Fig. 2). Information about
the drawn lines is exported by the script to a data file
as a list of patch width values at its intersections with
segmentation contours. The script then uses this data to
change the geometric shape of the base model, simulat-
ing the patch implantation result.

The modified models, which are the results of virtual
CEA, were constructed by increasing (or decreasing)
the perimeters of all model segments mO that intersect
the incision line. This allows to simulate any shape of
the patch or incision closure without a patch. Perimeters
were changed by scaling the segments relative to their
geometric centers according to the values recorded in the
data file. The default scaling factor is assumed to be equal
to the value of the relative perimeter increment stored
in the file, divided by 2xn. For segments close to ellipses

Fig. 1. CT angiography of preoperative flow area in carotid arteries (vessel in the foreground). (a) Segmentation contour in
the healthy part of the CCA. (b) Segmentation contour in the affected part of the ICA near the bifurcation. (c) CCA-ICA and
ECA segmentations. (d) Geometric shape of the base model m0 with an incision line (e)

Fig. 2. The process of visual construction of the patch shape on the CCA-ICA segmentation contours
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with small eccentricity, this choice is accurate enough.
For irregularly shaped segments, the scaling factor can
be adjusted manually if desired. Due to scaling, the up-
per (in Fig. 2) parts of the ICA proximal contours were
shifted upwards and began to intersect with the ECA
proximal contours. To correct this, a slight parallel shift
of all ECA contours was performed along the major axis
of the distal CCA contour. After that, a geometric model
of the vessel and the computational grids on it were con-
structed. The grids were then exported to OpenFoam for
numerical calculations.

For comparative analysis, geometric models m1-m10
were constructed using the method described above.
Models m1-m9 simulate the results of CEA surgery on
model m0 with p1-p9 patch implantation, respectively
(Fig. 3). Model m10 (not shown in Fig. 3) simulates
incision closure without patch implantation.

Data on patch shapes are given in Table 1, which
contains the values of patch widths in their cross sec-
tions along the incision line. Point 0 in the “Distance...”

column of the table corresponds to the proximal end of
the incision line, point 3.9 to the distal end. The incision
line shown in Fig. 1 (e) is the same for all models. Both
its length 3.9 cm and location are same with the actual
incision made during the classical CEA. The m10 model
was constructed by reducing the circumference of the
vessel lumen along the incision line. This is indicated
by the negative values of the virtual patch width p10 in
Table 1.

Note that Table 1 shows the incremental perimeter of
the vessel after implantation, while the width of the patch
itself before implantation should be somewhat greater.

Flow modeling

Flow velocity U and pressure p in the constructed
geometric models were described using three-dimen-
sional unsteady Navier-Stokes equations for a viscous
incompressible fluid:

Fig. 3. Shapes of patches and vessels after virtual carotid endarterectomy

Table 1
The width (cm) of patches p1-p10 (cm) along the incision line
Distance along the cut (cm) pl p2 p3 p4 pS p6 p7 p8 p9 pl0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | —0.00
0.29 0.12 0.16 0.19 0.34 0.13 0.35 0.05 | -0.10 | 0.34 | -0.26
0.72 0.14 0.21 0.28 0.42 0.14 0.42 0.07 0.00 042 | -0.22
1.16 0.13 0.20 0.27 0.39 0.25 0.29 0.18 0.19 0.39 | -0.22
1.59 0.14 0.20 0.27 0.40 0.27 0.27 0.20 0.20 038 | -0.22
2.02 0.15 0.22 0.29 0.43 0.29 0.29 0.22 0.22 033 | -0.24
2.46 0.16 0.24 0.33 0.47 0.33 0.33 0.24 0.24 024 | -0.26
2.89 0.15 0.23 0.32 0.45 0.32 0.32 0.23 0.23 023 | -0.26
3.32 0.13 0.20 0.27 0.39 0.27 0.27 0.20 0.20 0.20 | -0.22
3.61 0.12 0.17 0.23 0.34 0.23 0.23 0.17 0.17 0.15 | -0.14
3.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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p(%—?%—(U-V)Uj =-Vp+ Vr,

VU =0, (1)

with constant density p = 1050 kg/m’ and dynamic vis-
cosity p=3.675 x 10~ Pa-s, where 1 is shear stress tensor.
The no-flow boundary condition was not set for U at the
lateral surface of the flow area, but for parallel flow con-
ditions at the inlet and outlet. The boundaries of the flow
region were considered rigid. The initial velocity was
chosen to be a constant 0.15 m/s. A periodically varying
pressure difference was set as the boundary conditions
for p at the inlet and outlets, which created a periodic
flow corresponding to the patient’s postoperative UDV
data:
— T=1.06 sec, cardiocycle period;
— Q=6.9 mL/s, CCA volumetric flow rate;
— r=1.72, ratio of CCA volumetric flow rate to ECA
volumetric flow rate.

The method of constructing boundary conditions was
as follows. First, a numerical calculation was performed
in which both outputs were set to zero pressure, and a
suitable pressure curve was plotted at the inlet step by
step at 10 ms time intervals. During this calculation, the
pressure increments at each time step were manually
selected such that the resulting inlet velocity curve (see
4 (a)) corresponded to the UDV spectral envelope in the
patient’s CCA. Based on the results of this calculation,
an r value was calculated that turned out to be differ-
ent from the target value 1.72. Further, to correct the r
value, a variable pressure, instead of zero, was set at the
outputs. Namely, the same pressure curve was set at the
ECA output as for CCA, only decreased in amplitude
with coefficient £ = 0.1 and with a slight phase lag. At
the ICA output, the same pressure curve as at ECA was
set, only inverted with respect to the x-axis. Thus, the
ECA volumetric flow rate decreased, and ICA volumetric
flow rate increased, while the CCA volumetric flow rate
remained virtually unchanged. Then, with another series
of auxiliary calculations, parameter & (and the shape of
the pressure curve, if necessary) was corrected such that
0 and r became close to their target values.

Numerical calculations and post-processing

Numerical calculations were performed in OpenFoam
using the finite-volume method using the PISO algo-
rithm, which along with commercial software such as
Ansys Fluent, OpenFoam is a common tool for perform-
ing hydrodynamic calculations and simulating flow in
blood vessels [4]. In the described preliminary numerical
calculations performed to obtain a flow consistent with
UDYV data, coarse computational grids were used. After
satisfactory results were obtained from preliminary cal-
culations, final calculations on fine grids were carried
out. The calculations yielded dynamic fields of pressure,

velocity, and velocity gradient in the flow region for
several cardiac cycles with time discretization in 107 s
increments. Information about flow parameters and its
derived characteristics was extracted from the calcula-
tion results by post-processing performed in ParaView
Ayachit.

To verify these results, we investigated their inde-
pendence on mesh pitch. It was found that the results
do not change significantly when grids with a number
of nodes greater than 5 x 10° are used. The grid cell size
on the lateral surface was set equal to half the size of the
cell inside the computational domain. This was done to
increase the accuracy of calculation of hemodynamic in-
dices, which are expressed through the velocity gradient
on the vessel wall. Stabilization of periodic oscillations
was also studied. As it turned out, the process of pulse
oscillations can be considered stable starting from the
second cardiac cycle [5]. In this connection, it is further
assumed that time t = 0 corresponds to the beginning
of the systolic increase in flow velocity in the second
cardiac cycle.

Parietal shear stress and hemodynamic
indices

The wall shear stress index (WSS) indicator was cal-
culated as the tangential component t,, of shear stress
tensor t exerted on the vessel wall. The time average
WSS (TAWSS), oscillatory shear stress (OSI) and rela-
tive residence time (RRT) indices were calculated ac-
cording to formulas (2) through the averaged t, value
for one cardiac cycle [24]:

T

TAWSSz%J‘rwdt, 031:%- -
0 “rw|dt
0
RRT = d . . )
(1-2-08I)-[|x,, |dt
0

T
J‘rw dt
0

b

T w

Here T is cardiac cycle duration, and |t,| is the Eu-
clidean norm of vector t,. To quantitatively compare the
indices in some zone ¢ on the vessel wall, their average
values were calculated according to the formulas:

RRT, :1jRRTdc, osI, =3
(&}

N N

j OSldo,
o

TAWSS, = [|rawss|do, (3)
s (¢}

where S is the area of the zone c. We also used the di-
mensionless mean I RRT and logarithmic maximum
M_RRT values of the RRT index for the zone o, which
were calculated using the formulas:
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I _RRT =TAWSS,., RRT,,
M _RRT =max(In(RRT -TAWSS,., +1)).  (4)
(¢

Here, TAWSS, is the averaged TAWSS value in the
cylindrical part of the CCA at a distance of three CCA
radii from the branching point of the vessel [24].

The TAWSS < 0.4 Pa and OSI > 0.3 inequalities given
in Harrison (2014) [6] were used to assess pathological
RRT values. In this case, formula (2) gives the corre-
sponding critical value of RRT = 6.25 Pa™'. Further, RRT
values exceeding the critical value will be considered
pathological.

RESULTS

Basic model flow results

The results of velocity field and hemodynamic cal-
culations for baseline model m0 were analyzed. Fig. 4
shows some visualizations for the following parameter
values: 7=1.06 s, 0 = 6.9 mL/s, r = 1.72. Fig. 4 (a)
shows a plot of the velocity vector modulus at the center
of the CCA proximal cross section.

Table 2

Flow parameters T (s), Q (mL/s), r (dimensionless)
in calculations a—d

T Q r
a 1.06 6.90 1.72
b 1.06 6.00 1.78
c 0.7 7.76 1.77
d 0.8 10.65 1.72

Fig. 4 (b—d) respectively shows the current lines at
time points t=0.06s, 0.14 s, and 0.6 s, which are marked
with dots in Fig. 4 (a). The color changes along the cur-
rent line reflect the velocity of the blood particles ac-
cording to the scale provided.

We also studied the effect of pulse frequency and
amplitude on distribution of hemodynamic indices on
the vessel wall in the area of its atherosclerotic lesion.
Table 2 shows the values of 7, O, and r for the four cal-
culation variants, designated by letters a—d.

Fig. 5 (a—d) shows the RRT level lines on a selected
section of the vessel wall corresponding to the same-
name parameter sets from Table 2. Level 0 lines corre-
spond to the critical value of RRT=6.25Pa™'. Level 1-3
lines correspond to RRT values 2, 4 and 8 times greater,
respectively, than the critical value. The color indicates
the In(RRT + 1) value between 0 and 8 according to the
supplied scale. Fig. 7 shows the location of the selected
site on the vessel wall. Fig. 5 (a—d) demonstrates that
there is no significant qualitative change in the distribu-
tion of the RRT parameter when the flow parameters
given in Table 2 are varied.

Fig. 6 shows a slightly enlarged view of the area of
local maximums of the RRT index from Fig. 5 (a) in
combination with the phase portrait of the TAWSS vec-
tor field.

The arrows in the figure indicate the local direction
of the TAWSS field; the color reflects the In(RRT + 1)
value in the range [0, 8]. The black dots are fixed points
of the TAWSS field, the bold lines are the separatrices
of two saddle points 2 and 4, and the thin lines represent
regular trajectories.
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Fig. 4. Velocity plot for CCA (a). Streamlines at: t = 0.06 s (b), t=0.14 s (c), t = 0.6 s (d)
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Fig. 7.z 1 and z_2 zones and stationary points 1-4 of the TAWSS field for the baseline model

118



IMPLANTS AND ARTIFICIAL ORGANS

Three zones 61-63 (see Fig. 6) with equal areas S
were chosen for comparative quantification of the inte-
gral RRT values. The centers of these zones are station-
ary points 1-3 of the TAWSS field. The average values
of the indices calculated for each zone using formulas
(3) are given in Table 3.

Hemodynamic indices for m0-m10 models

The results of numerical calculations with flow pa-
rameters Q and r differing by no more than 0.7% from
calculation result “a” for the basic model (see Table 2)
were obtained for models m1-m10. Changes in the geo-
metric shape of the vessel caused by the virtual patch im-
plantation causes changes (within 10%) in the calculated
values of Q and » under unchanged boundary conditions.
For this reason, auxiliary calculations were performed
for each of the m1-m10 models in order to fit within the
interval [-0.7%, 0.7%] of changes in Q and r parameters.

In order to obtain comparative quantitative charac-
teristics of hemodynamic indices, regions were selected
in each model where both criteria TAWSS < 0.4 Pa and
OSI > 0.3 were simultaneously satisfied. These regions
for all models consisted of two zones z 1 and z 2, the
first containing stationary points 1, 2, and the second
containing stationary points 3, 4 of the TAWSS field.
Fig. 7 depicts these zones for the basic model. The I RRT
and M_RRT values in zones z_1 and z 2 calculated by
formulas (4) for each model are shown in Table 4. The
table rows show the | RRT and M_RRT values for m0-
m10 models as a percentage of the corresponding values
for the baseline model mO.

Table 3
Average index values in zones
RRT, (Pa') | In(RRT, + 1) | OSI, | TAWSS, (Pa)
c, 287 5.66 0.409 0.047
G, 739 6.61 0.428 0.049
O 974 6.88 0.453 0.031
Table 4
Comparison of I_RRT and M_RRT
for m0-m10 models
I RRT, | I RRT, | M RRT, | M RRT,
m0 100% 100% 100% 100%
ml 88.8% 97.8% 78.7% 98.7%
m2 78.6% 94.7% 75.9% 95.8%
m3 71.8% 92.9% 70.0% 96.1%
m4 76.1% 96.5% 74.3% 96.8%
m5 76.3% 96.8% 75.2% 98.3%
mé6 75.4% 98.1% 82.5% 97.3%
m7 75.9% 97.3% 74.9% 99.8%
m38 75.7% 97.0% 74.2% 99.9%
m9 77.0% 95.7% 74.6% 98.3%
ml0 82.0% 110.0% 81.9% 105.9%

DISCUSSION
Building geometric models

Our task was to reconstruct the segmentation of the
original healthy vessel by computed tomography from
angiography of the affected vessel. In intact vessel sec-
tions (Fig. 1 (b)), the lumen boundaries coincide with
its inner wall, and segmentation in SimVascular can be
performed automatically. However, in the areas of ath-
erosclerotic lesions (Fig. 1 (¢)) there is no such coinci-
dence, so each contour was built using manual correction
followed by Fourier smoothing. For example, the right
side of the contour in Fig. 1 (¢) was built on the outer
border of the radiopaque calcified plaque. In addition,
due to the limited resolution of the equipment, the vessel
lumen boundary is blurred, hence, there is some scaling
uncertainty when recognizing it. Therefore, the areas
of some recognized cross sections were compared with
the areas of the same cross sections obtained by UDV
tools, a correction factor was calculated, and then all
contours were scaled according to this factor. As a result,
the CCA-ICA and ECA segmentations were obtained
(Fig. 1 (d)), from which the baseline model m0 (Fig. 1
(e)) was constructed.

Flow modeling

Flow modeling was performed under the assump-
tion that blood is a Newtonian fluid. It has long been
established that non-Newtonian rheology manifests itself
mainly in small-diameter vessels and capillaries. There-
fore, Newtonian rheology is usually used to simulate
flow in the carotid artery [7].

The assumption of a stiff vessel wall was accepted in
this work for several reasons. First, a healthy carotid ar-
tery is located in a bed of elastic and pliable structures of
connective and fatty tissue, within which its wall moves.
With the appearance of calcified atherosclerotic plaque,
pulse movements of the vessel wall in its area stop due
to lack of flexibility. Plaque removal followed by patch
implantation, however, does not fully restore the flex-
ibility of the vessel wall, since the pliable surrounding
structures are replaced by rigid connective tissue due to
surgical trauma. Note that the absence of vascular wall
movements in response to pressure changes inside the
vessel from the medical point of view is the most unfa-
vorable hemodynamic option, which was chosen in the
work as the model with the worst prognosis. Secondly,
the investigated sections of the vessel are much shorter
than the pressure pulse wavelength. So, in the case of
an elastic wall, we can assume that they expand and
contract almost synchronously. Therefore, if we esti-
mate the pulsation amplitude of the vessel diameter at
5%, the amplitude of oscillations of the peak WSS value
will not exceed 15% [8]. However, for integral indices
(2), this peak systolic value is averaged over the entire
cardiocycle period and its effect on the indices will be
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several times less. Finally, the introduction of additional
input data required for calculations with a deformable
wall, such as its mechanical properties and thickness into
the model, require their accurate assessment. Otherwise,
the assumed errors in these data may introduce uncon-
trollable uncertainty into the calculation results [8]. For
these reasons, the assumption of wall stiffness is fairly
common for the carotid artery.

Analysis of results for the m0 model

It is known that the flow in a carotid bifurcation has
a complex structure; it always contains time-varying
recirculation and stagnation zones [9]. In our case, the
qualitative behavior of the streamlines depicted in Fig. 4
(b—d) corresponds to the published results.

To determine the probable position of atherosclerotic
plaque initiation zones and their dependence on blood
flow parameters, we obtained the distribution of hemo-
dynamic indices (Fig. 5) for four calculation variants
(Table 2). Fig. 5 shows that the location of the zones with
high RRT values is almost independent of the changes
in T and Q parameters.

Fig. 6 shows the phase portrait of the TAWSS vec-
tor field corresponding to the parameter set “a” from
Table 2. In the considered area, the TAWSS field has
four stationary points, marked in Fig. 6 by numbers 1—4.
Points 1 and 3 are stable nodes, points 2 and 4 are saddle
points (unstable). The arrows in Fig. 6 correspond to the
direction of shear stress action on endothelial cells. The
phase trajectories of the TAWSS field correspond to the
transport pathways of blood components and chemicals
along the vessel wall. Calculations performed also for
the b—d parameter sets from Table 2 showed that the
topological structure of the TAWSS vector field in the
considered area is identical for all four a—d variants. This
fact, together with the results shown in Fig. 5, allows us
to conclude that changes in flow parameters have less
influence on the configuration of the risk zones compared
to changes in the geometric shape of the vessel.

Table 3 shows that in terms of worsening values of
hemodynamic indices, the 61-63 zones are arranged in
the order of their numbering. Note that the location of the
real atherosclerotic plaque in Fig. 1 (a), correlates with
the location of risk zones 61-63 in Fig. 6. Occurrence
of the plaque changes the local hemodynamics, which
leads to the spread of pathological areas and its further
growth. Thus, it can be assumed that plaque formation in
a healthy m0 vessel started from the special points of the
TAWSS field. The vicinity of 63, according to Table 3,
all other things being equal, has the highest probability
of pathological phenomena.

Comparative analysis of results for m0-m10
models

Comparative results of calculating I RRT and M_
RRT in z 1 and z 2 zones for all models are shown in
Table 4. Zones z_1 and z_2 are the zones of the most
likely occurrence of atherosclerotic phenomena; larger
values of the indices in them mean a greater risk of re-
stenosis. According to Table 1, pl—p4 patches have an
approximately constant width along their entire length,
except for the ends. These patches are the most com-
monly used by practicing surgeons, leaving the choice
of patch width up to them. The world literature does not
reveal any rules for the patch width in any particular
case. However, the choice between patch implantation
and incision closure without patch implantation is also
discussed [10]. The data in Table 4 suggest that, in terms
of risk of restenosis in both z 1 andz 2 zones, p3 is pref-
erable among pl—p4 patches. The preference for using
a patch before direct closure of the incision in our case
is confirmed by the data in Table 4 for the m10 model
simulating such an operation.

In this work, in contrast to those mentioned above,
patches of unequal width were also investigated. As
shown in Table 1, patches p5 and p6 were derived from
patch p3 by narrowing and widening it proximally, re-
spectively. Both variants lead to worser values in Table 4.

Patches p7 and p8 were derived from p2. The p7
patch is a p2 narrowed at its proximal end. The p8 is a
p2 shortened by 0.7 cm, implanted in the incision, with
direct closure of the incision in the proximal part with
a 0.1 cm decrease in the vascular lumen circumference.
In both cases, there was a slight improvement in the z_1
zone and deterioration in the z 2 zone compared to the
p2 patch.

The p9 patch is derived from p4 by narrowing it dis-
tally, and this does not lead to any significant changes
in the values in Table 4.

Thus, in our case, the best results are obtained with
medium-width patches without narrowing or widening at
the ends. The best option is to choose the p3 patch, and
the worst option is to close the incision without a patch.

In summary, we should note the high prospect of the
presented computer modeling method in personalized
selection of an optimal patch for implantation into the ar-
teriotomy. As previous studies have shown, this method
makes it possible not only to calculate the deformation of
hemodynamic indices in the carotid bifurcation, but also
to predict the probability of restenosis development in a
particular area [11-13]. In the future, the demonstrated
method can become the basis for individual approach in
choosing the patch size and shape, which will reduce the
number of adverse cardiovascular events due to preven-
tion of vessel lumen loss and recurrent strokes.
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CONCLUSION

In the case under consideration, it was found that
the width of the implanted patch, approximately equal
to 3 mm, provides an optimal hemodynamic outcome.
Deviations from this median value, either upward and
downward, impair hemodynamics, and the absence of
the patch gives the worst of the results considered. The
proposed technique may assist in experimental selection
of a patch.

The authors declare no conflict of interest.
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Cardiac myxoma is a primary tumor histologically formed by multipotent subendocardial mesenchymal cells.
Myxomas account for approximately 50% of all cardiac tumors in adults. Myxomas are most commonly located
in the left atrium. Very rarely, myxomas can be located in several heart chambers. Only about 100 cases of patients
with myxomatous lesions of both atria have been described in the literature. In this paper, we present a successful

clinical case of a young patient with biatrial myxomas.

Keywords: cardiac myxoma, cardiac neoplasm, cardiac tumor, biatrial myxoma, atrial myxoma, familial
myxoma, Carney complex, myxoma diagnosis, history of heart tumor surgery.

The first description of cardiac tumors was made
by Italian Renaissance anatomist and surgeon Matteo
Realdo Colombo. In his book “De re anatomica”, pub-
lished in 1559 by his pupils after his death, the following
description is given: “In Cardinali Gambaro Brixiano
tumorem praedurum, et ad ovi magnitudinem in sinistro
cordis ventricolo Romae vidi, ubi illum in affinium gra-
tiam dissecarem”. The literal translation of the quotation
reads, “In Rome I saw a solid tumor, large like an egg,
in the left ventricle of Cardinal Gambaro of whom I was
committed by the Pope to make autopsy.”) [1].

For centuries, cardiac tumors have been incidental
findings in autopsies of deceased patients. In a 1951
article reviewing 150 cases of cardiac tumors detected
at autopsy, Richard Prichard wrote that the most com-
mon tumor, the myxoma, has never been diagnosed in
a living patient [2].

In the same year, Goldberg and colleagues were the
first to diagnose left atrial myxoma in vivo. The patient
was a 3.5-year-old boy with residual weakness in the
right side of the body after incoming hemiparesis. By
the time of angioventriculography and tumor imaging,
the patient had already undergone 4 hospitalizations. In
addition to weakness in the limbs, physical examination
of the patient revealed a distinct systolic murmur at the
apex of the heart. Surgical treatment of the child was
postponed due to high risk and waiting for completion
of the tweaking of the heart-lung machine. Nevertheless,
7 months later, the child with clinical signs of pulmo-
nary edema was operated on for emergency indications.
The operation was unsuccessful, histological picture of
the resected tumor was consistent with cardiac myxoma
[3]. Angiocardiography was not the technique of choice
for diagnosing cardiac tumors because of a number of
significant drawbacks. This diagnostic procedure was

performed only in large medical centers, was highly in-
vasive, painful and inaccessible to the general popula-
tion. In 1959, the first echocardiographic imaging of an
intracardiac tumor was obtained, which was certainly a
breakthrough in treatment, greatly simplifying the diag-
nosis of this disease [4]. The first successful operations to
resect heart and pericardial tumors were performed on a
working heart. In 1936, S. Beck resected an intrapericar-
dial teratoma [5]. In 1951, E. Maeur reported a successful
resection of an epicardial lipoma [6]. All attempts to re-
sect tumors localized inside the heart chambers ended in
the death of the patient. The most successful attempt was
made in 1952 by Bahnson. The operation was performed
under hypothermic conditions. The surgeon performed
a right atriotomy, isolating the blood flow of the vena
cava from the right atrium, which allowed to remove a
large right atrial myxoma. Unfortunately, the patient died
24 days later from transfusion complications [7]. The
use of a heart-lung machine was a clear breakthrough.
It allowed to obtain the necessary tumor resection time
under direct visual control. One of the pioneers of world
cardiac surgery, Clarence Crafoord, performed the first
successful tumor resection under artificial circulation. In
1954, a woman with atypical mitral stenosis was referred
to him. She complained of dizziness and transient isch-
emic attacks, but she had preserved sinus rhythm, which
surprised the professor. The patient underwent transtho-
racic puncture of the left atrial posterior wall with an
18-cm needle. Dr. Bjork describes his memories of the
diagnostic procedure as follows: “We got a very clear
image of the myxoma fixed to the interatrial septum. Dur-
ing diastole, it fell downward, blocking the mitral valve
opening. This case taught us how to conduct differential
diagnosis of myxoma in the presence of mitral stenosis
and preserved sinus rhythm.” The operation to remove
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this myxoma was the first case of the use of a heart-lung
machine in Sweden. It was performed when the patient
was cooled to 28 °C, on a fibrillating heart through a left
lateral thoracotomy access. After performing atriotomy,
the tumor was divided into three parts and removed.
The patient remained on the operating table until the
next morning. Thirty-eight years later, she described
her condition as excellent [8]. For a long time, surgical
procedures under artificial circulation, hypothermia, on
a fibrillating heart were the gold standard of cardiac sur-
gery. Sometime after this operation, many publications
on successful resections of intracardiac tumors began to
appear. In the Soviet Union, the first operation to remove
a right atrial myxoma under artificial circulation was
performed by Soviet surgeon Ivan Kolesnikov in 1962
[9]. A little later, Yipintsoi et al. described the first case
of successful removal of a biatrial myxoma, in 1967 [10].

Myxomas are the most common primary cardiac tu-
mor in the adult patient population with about 0.0017%
prevalence in the general population. Among all cardiac
tumors, myxomas account for 50% in the older age group
and 15% in the younger age group [11]. The peak diag-
nostic incidence is in the 30—40 year age group [12]. The
formation usually attaches to the interatrial septum on
the left atrial side (60—-88%). Right atrial myxomas are
3—4 times less common (4-28%). Myxomas of several
anatomical localizations account for 5% of all observa-
tions, and bi-atrial localization is only 2.5% [13]. Biatrial
myxomas are usually attached by a stalk in the area of
the oval fossa of the interatrial septum and grow towards
the cavities of both atria [14]. Cases of localization of
myxomas on the inner wall of the pulmonary artery,
ventricles, vena cava, and atrio-ventricular valves have
also been described in the literature [15, 16]. About 5%
of patients have a familial form of the disease — multi-
focal tumor complex with autosomal dominant mode
of inheritance. Patients in this group have an abnormal
chromosomal DNA genotype. They are usually young
[17]. In the familial form, there is no correlation between
male and female gender. Myxomatous lesions of several
chambers of the heart are significantly more common
in these patients than in the sporadic form. Despite the
identical histology, the recurrence rate after surgical re-
section in the familial form is higher, and is seen in 21 to
67% of cases. There is a familial syndrome inherited in
an autosomal X-linked mode of inheritance, named after
Irish physician J Aiden Carney. This complex includes
recurrent myxoma of the heart, proliferative pathology
of'endocrine organs, skin lesions: nevi, pigmented spots,
or skin myxomas. Endocrine disorders are variable, usu-
ally represented by one of the following proliferative
disorders: adrenal cortical tumor, breast fibroadenoma,
pituitary adenoma, thyroid tumors, Sertoli cells of the
testes in men, or a combination of these [18, 19]. The
diagnosis of Carney disease is most likely reliable when
there are two or more diagnostic findings. Biatrial myxo-

ma may be part of Carney disease, so a patient with this
diagnosis needs consultation with an endocrinologist and
a dermatologist [20].

The size of myxoma, on average, varies from 1 to
12 ¢cm in diameter, and the mass ranges from 0.6 to 80 g.
The average mass often varies between 50—60 g. The
macroscopic picture of myxomas is varied. Zuckerman
etal. (1999) distinguish three types of myxomas depend-
ing on the tumor shape: 1) ovoid dense formations (oval,
ovoid, spherical); 2) lobular formations consisting of
several large lobes; 3) villous formations (aciniform)
resembling a bunch of grapes in appearance. Accord-
ing to the literature, myxomas are more often oval in
shape with a lobular or smooth structure. The color of
a tumor varies from white, yellowish to dark brown.
The outside of a tumor is often covered with thrombotic
masses. Tumor mobility depends on the place and area
of its attachment, as well as the amount of intercellular
matrix collagen in the body and stalk of the mass. Most
tumors have a short, wide stalk; myxomas on a wide
base are less common [21]. Histologically, myxomas are
represented by mesenchymal multipotent subendocardial
progenitor cells of various shapes located in isolation in
the intercellular matrix containing reticular and collagen
fibers, mucopolysaccharides [11]. In addition to myxoma
cells, smooth muscle cells, reticulocytes and blood cells
can also be found in the neoplasia. In 10% of cases, cal-
cium deposits and glandular structures can be found in
myxoma [22]. At the base of myxoma, there are vessels
that connect the tumor to cardiac subendocardium [23].
Myxomas usually exhibit exophytic growth [24].

Early diagnosis of intracardiac tumors is very dif-
ficult due to the frequent absence of symptoms, or their
nonspecificity [25, 26].

Findings on clinical examination of a patient with
myxoma depend on the size, location, and mobility of
the tumor. In biatrial myxoma, episodes of embolism
by tumor fragments or by thrombotic masses layered
on its surface may occur in both circulatory circuits.
Small circle embolization can be accompanied by lung
infarction with cough, hemoptysis and other character-
istic symptoms. Patients with embolization of the large
circulatory circle have neurological symptoms or may
complain of muscle or joint pain in the limbs, usually
of ischemic etiology. On auscultation of patients with a
mobile tumor, a third heart tone may be heard, caused by
the tumor striking or sliding against the atrio-ventricular
valve leaflets. Large masses obstructing the lumen of
the right heart can mimic the clinical picture of superior
vena cava syndrome. Left atrioventricular orifice tumor
obstruction is usually accompanied by the clinical picture
of transient ischemic attacks, acute pulmonary edema,
and can also lead to sudden cardiac death [27]. Some
patients present with immunoconstitutional symptoms:
fever, weight loss, obesity, weakness, myalgia and ar-
thralgia. These symptoms are accompanied by changes
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in the general blood count: erythrocytosis, leukocytosis
or, conversely, hemolytic anemia, thrombocytopenia, as
well as increased erythrocyte sedimentation rate, hyper-
gammaglobulinemia. IL-6 production by tumor cells or
its metastases can be the cause [28-30].

The most widespread method of detecting cardiac
tumors is echocardiography, which has 100% sensitiv-
ity in diagnosing a myxoma in heart chambers. Trans-
esophageal echocardiography provides the most accurate
information on tumor size, location of tumor attachment,
and mobility. Transesophageal cardiography can detect
tumors that were not detected during transthoracic ex-
amination, the smallest tumors with a diameter of 1 to
3 mm [31]. Computed tomography and magnetic reso-
nance imaging should be performed in all patients with
detected cardiac tumors if possible. The data obtained
helped to estimate the structure of a tumor, its density and
the degree of invasion into surrounding tissues, which is
important for differential diagnostics of myxoma with
other cardiac tumors. Despite the fact that echocardiog-
raphy has now supplanted contrast-enhanced cardiac
X-ray, it is mandatory for all patients over 40 years of
age to diagnose coronary lesions.

CLINICAL CASE

After a routine check-up at her place of residence,
the 33-year-old patient was referred to Shumakov Na-
tional Medical Research Center of Transplantology
and Artificial Organs in Moscow. She led an active life-
style, worked as a senior nurse, and had no complaints
about her well-being. Physical examination and aus-
cultation did not reveal any diagnostic findings. After
echocardiography, two intracardiac tumors attached
to the interatrial septum were detected. Both tumors
were mobile, prolapsed into the ventricles through lo-
cally appropriate atrio-ventricular valves during car-
diac diastole. Computed tomography of the chest and
abdomen was performed to exclude secondary tumor
genesis and to detect metastases. It showed negative
results. Taking into account the mobility of the detected
tumor and probability of embolization by fragments, the
patient underwent urgent surgery. Before the operation,
transesophageal echocardiography was performed to
establish a clear localization, clarify the information on
the tumor attachment site and its size (Fig. la and b). In
this case, the tumor was localized biatrically, attached
to the interatrial septum in the oval fossa. The size of the
part located in the right atrium was 63 % 49 mm. The
left part of the tumor was 35 x 24 mm in size. Complete
median sternotomy was chosen as the surgical access
to the heart. After connecting the CPB pump according
to the vena cava-aorta scheme, infusion of one portion
of blood cardioplegia into the aortic root according to
Calafiori protocol, right atriotomy in the tumor projec-
tion was performed (Fig. 2). Part of the tumor located in
the right atrium was a multilobular dark brown mass of

gelatinous consistency, covered with thrombotic masses,
which was attached by a 1 cm’ stalk to the interatrial
septum in the oval fossa. Due to the large size of the tu-
mor and its consistency, we decided to resect the tumor
in two stages. The first stage was a precision resection
of the right tumor component with thrombotic masses.
Then the interatrial septum was dissected with an arched
incision 5 mm away from the stalk. Together with its part,
the left tumor component was dissected (Fig. 3). After
the tumor was removed, the chambers were thoroughly
inspected for the remaining fragments and other foci of
tumor localization. Atria and ventricles were repeatedly
Sflushed with cold saline to prevent embolism. The main
stage of the operation was completed by interatrial sep-
tum plasty with a xenogeneic pericardium patch. After
removal of the clamp from the aorta, the heart restored
sinus rhythm on its own. Transesophageal echocardio-
graphic examination performed after disconnection of
the CPB pump showed the absence of regurgitation on
the atrio-ventricular valves and blood discharge at the
level of interatrial septum. Circulatory time was 42 min-
utes, myocardial ischemia lasted for 28 minutes. The re-
sected tumor masses were sent for histological study. The
result corresponded to the histopathological structure of
cardiac myxoma (Fig. 4). The main mass of the tumor
consisted of myxoma satellite cells, inflammatory cells,
and a large amount of surrounding myxomatous stroma.
In the area of myxoma base, native vessels feeding the
tumor were detected (Fig. 5). The right atrial myxoma
was covered by thrombotic masses (Fig. 6).

The results obtained during transthoracic echocar-
diography corresponded to the control transesophageal
study. The postoperative period was uneventful. The pa-
tient was discharged from the hospital on day 7 after
operation.

Myxoma of both atria is a very rare clinical case. Cur-
rently, about 100 cases are available in the literature. The
purpose of this paper is to describe our own experience
with surgical treatment of a patient with myxoma of such
localization. It should be noted that the frequency of em-
bolization by tumor fragments or thrombotic masses in
myxomatous lesions of the heart chambers according to
the literature reaches 40% [30]. For this reason, patients
with an established diagnosis should be examined as
soon as possible and operated on urgently.

Multiple myxomas of the heart chambers are more
often an inherited condition. If it is detected, the patient
needs to consult an endocrinologist and a dermatologist.
Examination of the patient’s immediate family may be
required to rule out any suspicion of familial myxoma.

Despite precision removal of tumor masses, recur-
rence rates reported for cardiac myxomas are 4% to 7%
for sporadic cases and 10% to 21% for familial cas-
es [32]. The recurrence rate is significantly higher in
younger patients. Typically, tumor recurrence occurs
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Fig. 1. Transesophageal echocardiography: a, right heart chambers (1, right atrial cavity; 2, right ventricular cavity; 3, tumor
masses; 4, tumor stalk); b, left heart chambers (1, left atrial cavity; 2, left ventricular cavity; 3, tumor masses)

Fig. 2. Intraoperative photograph of myxomatous masses with thrombotic overlays, taken during right atriotomy
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Fig. 3. Intraoperative photograph of excised fragments of the biatrial myxoma: a: left atrial fragment with pedicle; b: right

atrial fragment with thrombotic masses
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Fig. 4. Myxoma parenchyma. A papillary-type formation
consisting of elongated spinous cells with large oval and
spindle-shaped, fusiform hyperchromatic nuclei, as well as
the surrounding myxoid matrix. Masson’s trichrome stain,
200 pum scale, 20x magnification

Fig. 6. Boundary of thrombus adherence to myxoma. The
border of adhering thrombotic masses consisting of fibrin,
unchanged and lysed red blood cells, leukocytes is traced be-
tween the arrows. Masson’s trichrome stain, 100 pm scale,
40x magnification

Fig. 5. Base of myxoma. Vessels surrounded by solid struc-
tures and unilayer complexes consisting of rounded, stellate,
and spindle-shaped cells with weakly basophilic nuclei are
seen at the base of the stalk. Scattered mononuclear cells,
large focal clusters of erythrocytes, fibrin filaments with ad-
mixture of hemosiderin grains were visualized in all fields.
Masson’s trichrome stain, 200 pm scale, 20x magnification

within 5 years after the first resection surgery [33]. For
these reasons, patients with cardiac myxoma of any lo-
calization should undergo periodic examination with
echocardiography at least once a year in the long-term
postoperative period.

The authors declare no conflict of interest.
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