f

o
s
eI

Take a deep dive into the

“ business of transplantation!

2021 Digital
Liver & Kidney
Transplant
Financial Bootcamp

Access
Online!

Register at
ASTS.org/bootcamps

American Society of Transplant Surgeons’
—D


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A193eea78-7523-4086-b51f-3d3eefc7c9b2&url=https%3A%2F%2Fasts.org%2Fevents-meetings%2Fwinter-symposium%23.X6WPgYhKg2w&viewOrigin=offlinePdf

'.) Check for updates

Received: 4 August 2020 | Revised: 24 November 2020 Accepted: 21 December 2020

DOI: 10.1111/ajt.16468

ORIGINAL ARTICLE AJT

Third-party bone marrow-derived mesenchymal stromal cell
infusion before liver transplantation: A randomized controlled
trial

Federica Casiraghi' | Norberto Perico' | Manuel A. Podestal? | Marta Todeschini® |

Marco Zambelli® | Michele Colledan® | Stefania Camagni®® | Stefano Fagiuoli* |
> > | Valentina Bertuzzo® | Lorenzo Maroni® |

Antonio D. Pinna Matteo Cescon

Martino Introna® | Chiara Capelli® | Josee T. Golay® | Marina Buzzi’ |

Marilena Mister! | PamelaY.R. Ordonez! | Matteo Breno® | Caterina Mele! |
Alessandro Villa® | Giuseppe Remuzzi' | the MSC-LIVER Study Group*

1Aldo & Cele Dacco Clinical Research Center for Rare Diseases, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Bergamo, Italy

2Renal Division, ASST Santi Paolo e Carlo, Department of Health Sciences, Universita degli Studi di Milano, Milan, Italy

SDepartment of Organ Failure and Transplantation, Azienda Socio Sanitaria Territoriale Papa Giovanni XXIII, Bergamo, Italy

4Gastroentero|ogy, Hepatology and Transplantation, Department of Medicine, Azienda Socio Sanitaria Territoriale Papa Giovanni XXIIl, Bergamo, Italy
General Surgery and Transplant Unit, Department of Medical and Surgical Sciences, Azienda Ospedaliero-Universitaria-Policlinico S.Orsola-Malpighi, Bologna,
Italy

6G. Lanzani Laboratory of Cell Therapy, Azienda Socio Sanitaria Territoriale Papa Giovanni XXIII, Bergamo, Italy

“Emilia Romagna Cord Blood Bank, Immunohematology and Transfusion Medicine, Azienda Ospedaliero-Universitaria-Policlinico S. Orsola-Malpighi, Bologna,
Italy

Correspondence
Giuseppe Remuzzi, Istituto di Ricerche Abstract
Farmacologiche Mario Negri IRCCS,

Centro Anna Maria Astori, Science and
Technology Park Kilometro Rosso, Via the immunosuppressive regimen or induce tolerance in solid organ transplantation.
Stezzano 87, 24126 Bergamo, Italy.

Email: giuseppe.remuzzi@marionegri.it

Mesenchymal stromal cells (MSC) have emerged as a promising therapy to minimize

In this randomized open-label phase Ib/lla clinical trial, 20 liver transplant patients

were randomly allocated (1:1) to receive a single pretransplant intravenous infusion of
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third-party bone marrow-derived MSC or standard of care alone. The primary end-

19 patients completed the study, and none of those who received MSC experienced
infusion-related complications. The incidence of serious and non-serious adverse
events was similar in the two groups. Circulating Treg/memory Treg and tolerant NK
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1 | INTRODUCTION

Liver transplantation is currently the only therapeutic option for
patients with end-stage liver failure.! Liver transplant recipients
rely on life-long immunosuppressive agents to prevent episodes
of acute rejection and graft loss, but are also exposed to drug-
related complications resulting from non-specific inhibition of the
host immune system, which enhances the risk of life-threatening
infections and malignancies.?® Moreover, off-target drug effects,
including nephrotoxicity,* cardiovascular disease, and metabolic

disorders,2’5

can severely impact the long-term outcomes of liver
transplantation, leading to reduced graft and patient survival.
Even though the array of currently available drugs has proven suc-
cessful in the prevention and treatment of acute graft rejection,
similar outcomes have not been achieved in preventing chronic
allograft dysfunction and extending long-term graft survival.®
The induction of donor-specific immune tolerance would over-
come these shortcomings, potentially making it possible to wean
patients off immunosuppressive drugs while promoting indefinite
graft survival.”

The liver is a spontaneously pro-tolerogenic organ due to its
intrinsic immunoregulatory properties, which enables the use of
milder immunosuppressive regimens compared to heart and kidney
transplantation.8 Nonetheless, results from clinical studies indicate
that spontaneous operational tolerance after immunosuppressive
drug withdrawal has been achieved successfully in only approxi-
mately 20%-30% of liver transplant recipients.” Therefore, inno-
vative strategies to induce long-lasting donor-specific immunologic
tolerance are urgently needed even for liver graft recipients.

Mesenchymal stromal cells (MSC) have emerged as one of the
most promising candidates among immunomodulatory cell-based
therapies in solid organ transplantation.” MSC are multipotent, non-
hematopoietic cells that can be isolated from different accessible
tissues, including bone marrow (BM), umbilical cord, and adipose tis-
sue.'%12 This heterogeneous cell population displays potent immu-
noregulatory properties that derive from their interaction with cells
from both the innate and adaptive immune systems,*>* triggering
natural and self-sustaining mechanisms of immunoregulation.’® As
demonstrated in experimental models of heart, kidney, liver, and
islet transplantation,'¢™*? MSC control the host-versus-graft immune
response and induce immune tolerance by down-regulating the ac-

tivity of antigen presenting cells,”20:2!

16,22

inhibiting cytotoxic/mem-

ory T cell activation, promoting the generation of regulatory T

groups. In conclusion, pretransplant MSC infusion in liver transplant recipients was
safe and induced mild positive changes in immunoregulatory T and NK cells in the
peripheral blood. This study opens the way for a trial on possible tolerogenic efficacy
of MSC in liver transplantation. ClinicalTrials.gov identifier: NCT02260375.

clinical research/practice, liver transplantation/hepatology, stem cells, tolerance

16,18,19,21-23

cells, as well as suppressing B-cell activation and natural

killer cell-cytotoxicity.**

Several clinical studies in renal transplant recipients have pro-
vided encouraging results regarding the effects of MSC-based cell
therapy on the modulation of subclinical rejection,24 the minimi-

25,26 and

zation of concomitant immunosuppressive drug regimens,
the induction of a milieu that favors the development of graft tol-
erance.?”%? Less encouraging results, however, have been achieved
with MSC infusion in liver transplantationSl; though safe, MSC
treatment failed to promote a pro-tolerogenic milieu and immuno-
suppression discontinuation was unsuccessful. The timing of MSC
administration and/or the immunosuppressive regimen adopted
could have contributed to hindering the development of a pro-
tolerogenic environment.

We designed a prospective randomized controlled trial to assess
the safety and mechanistic immunoregulatory effects of a single
intravenous infusion of third-party ex-vivo expanded BM-derived
MSC in deceased-donor liver transplant recipients under condition-
ing with low-dose rabbit anti-thymocyte globulin (rATG) and low-
dose maintenance immunosuppression.

2 | MATERIALS AND METHODS

2.1 | Study design
This randomized, controlled, open-label, parallel-group, phase Ib/lla
clinical trial had two distinct phases, a safety/mechanistic phase and
a long-term efficacy phase; here we report the results of the former
(12-month follow-up). The patients screened for eligibility were adult
(218 years old) men and women with end-stage liver failure undergo-
ing deceased-donor liver transplantation for the first time, who were
recruited from two liver transplant centers in Italy, the Azienda Socio
Sanitaria Territoriale (ASST) Papa Giovanni XXIll, Bergamo and the
Azienda Ospedaliero-Universitaria-Policlinico S. Orsola-Malpighi,
Bologna. We excluded recipients if they had any clinically relevant
conditions that could affect study participation and/or results, such
as a recent history of malignancy (except for hepatocarcinoma falling
within the Milan criteria), specific contraindications to MSC infusion,
or if they were pregnant or breastfeeding.

The Aldo e Cele Dacco Clinical Research Center for Rare Diseases
of the Istituto di Ricerche Farmacologiche Mario Negri IRCCS coordi-
nated and monitored the study, which was conducted in compliance
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with the Declaration of Helsinki and Good Clinical Practice guide-
lines. The study protocol (available as Data S1) was approved by
national regulatory authorities and by the local ethics committees.
Written informed consent was obtained from all participants before
enrolment. The study was registered with ClinicalTrials.gov (iden-
tifier NCT02260375) and the EU Clinical Trials Register (EudraCT
2014-001531-37).

2.2 | Procedures

Eligible patients were allocated 1:1 to receive ex-vivo expanded BM-
derived third-party MSC or standard of care alone. Open-label treat-
ment allocation was carried out through a randomization sequence
stratified by center, generated with SAS (version 9.2) by an investiga-
tor not directly involved in the trial.

Liver transplantation was performed according to standard
practices of the center. Participants allocated to the treatment arm
received intravenous third-party BM-derived MSC as a single infu-
sion (1-2 x 10° cells/kg) after pre-medication with chlorphenamine,
immediately before the surgical procedure. The chosen dose is con-
sistent with published experience with MSC in solid organ transplan-
tation, GVHD, and autoimmune diseases.?*28323 The timing (few
hours before transplantation) has been established based on our
previous findings that, to avoid impairing cell viability, MSC should
not be infused during RATG induction therapy and that, compared to
posttransplant infusion, pretransplant MSC administration avoided
the risk of intragraft inflammatory events and acute graft dysfunc-
tion while promoting immunomodulation and Treg expanding po-
tential 16222728 Thijrd-party BM-derived MSC from healthy donors
were isolated, expanded ex-vivo and fully characterized accord-
ing to Good Manufacturing Practice standards at the cell factory
Laboratorio di Terapia Cellulare G. Lanzani, ASST-Papa Giovanni
XXIIl, as previously described.®” Detailed procedures and the rela-
tive release criteria are available as Supplementary Information.

All patients, independent of allocation, received induction immu-
nosuppressive therapy with low-dose rATG (0.5 mg/kg/day) from day
0 up to day 7 posttransplantation and intravenous methylpredniso-
lone from days 0, 1, and 2 posttransplantation (500, 250, and 125 mg,
respectively). Thereafter, oral prednisone was administered and pro-
gressively tapered until discontinuation after day 7 posttransplant,
wherever deemed clinically feasible. Maintenance immunosuppression
included tacrolimus (TAC, dose adjusted to maintain trough blood con-
centration of 10-15 ng/ml during the first postoperative month, and of
5-10 ng/ml up to 12 months posttransplant) and oral mycophenolate
mofetil (MMF, 750 mg BID from the day of transplant).

All patients received standard antibacterial prophylaxis, includ-
ing trimethoprim/sulfamethoxazole or inhaled pentamidine up to
6 months posttransplant. Intravenous ganciclovir was administered
from day 4 to day 14 posttransplant in case of a serological mismatch
for CMV antibodies between the donor and the recipient (R, D*).

A detailed description of all sampling and measurements per-
formed is available as Supplementary Information.

AJT-L2

2.3 | Outcomes
The primary outcome of the study was the safety of MSC infusion in
liver transplant recipients. Short-term safety was assessed by con-
tinuous monitoring of vital signs (blood pressure, heart rate, oxygen
saturation) during the infusion and at standard time intervals during
the following 12 h. All infusion-related adverse events, including hy-
potension, tachycardia, tachypnea/dyspnea, hypoxemia, fever, and
clinical findings consistent with transfusion incompatibility or hyper-
sensitivity reactions (e.g., skin rash or shock) were managed accord-
ingly and reported in the electronic case report form. Patients were
periodically monitored for the occurrence of any adverse events,
including infections and malignancies, during the 1-year follow-up.
All patient- and investigator-reported adverse events were recorded
up to study end. Adverse events were summarized according to
the organ system classification and preferred terms of the Medical
Dictionary for Regulatory Activities (MedDRA version 18.0).
Secondary outcomes included the percentage and counts of
peripheral blood T-, NK- and B-cell subsets, and serum hepcidin-25
levels at different time points compared to baseline, as well as 1-year
liver tissue whole-genome transcriptomic profiling and mRNA levels
of TFRC and HAMP. As exploratory outcomes, we also evaluated tis-
sue mRNA levels of FoxP3, graft and patient survival, as well as liver
graft function parameters at 12-month posttransplantation.

2.4 | Statistical analyses

Continuous and categorical variables were reported as mean + SD,
median [IQR], or n (%), as appropriate. All outcomes recorded during
the 1-year observation period or until study dropout were assessed
using the intention-to-treat principle. The primary safety outcome
was assessed by comparing the frequency of serious and non-serious
adverse events between groups with Fisher's exact test. Within-
group differences in continuous variables over time were assessed
using repeated measure ANOVA or Friedman's test, as appropriate;
follow-up tests were performed in case of significance. Differences
in continuous variables between the two groups were analyzed with
ANCOVA to account for baseline values. Statistical significance was
assumed at a 5% level of probability (two-tailed). All analyses were
performed with GraphPad Prism version 8 (GraphPad Software Inc)
and R version 3.6.1 (R Foundation for Statistical Computing).

3 | RESULTS

3.1 | Baseline characteristics

Between November 2014 and April 2018, a total of 50 patients
were screened for eligibility, 20 of whom were randomized to re-
ceive either standard of care alone or with pretransplant MSC in-
fusion (reasons for exclusion are listed in Figure 1). All recipients
were Caucasian and 65% were males, with a median age of 60.2
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(IQR: 54.5-66.1) years and an average BMI of 24.4 + 4.1 kg/m?. The
majority of donors were males (55.0%) with a median age of 62.5
(IQR: 45.3-74.8) years. Baseline characteristics, the cold and warm
ischemia time, clinical data as well as induction immunosuppres-
sive drugs were well balanced between the two groups (Table 1).
All patients allocated to MSC received the target cell dose (range:
0.90-1.67 x 10° cells/kg) at 0.5-3.0 h before the start of the liver
transplant procedure. Overall, 19 (95.0%) patients completed the 1-

year study follow-up.

3.2 | Safety
None of the patients who received MSC had infusion-related ad-
verse events. During the first 2 days posttransplantation, an increase
in serum C-reactive protein was found, similar in patients given MSC
and in controls (Figure 2A). Moreover, serum concentration of the
proinflammatory cytokines IL-1p, IL-6, and TNF-a did not signifi-
cantly change in MSC-treated patients during the first month post-
transplant compared to pretransplant levels or to control patients
(Figure 2B-D), excluding early inflammatory events possibly attrib-
utable to cell infusion. During the 1-year follow-up, a total of 217 ad-
verse events were reported, of which 21 were serious. Ten patients
(50.0%) experienced at least one SAE, six of whom were from the
MSC group and four from the control group. Both serious and non-
serious adverse events were balanced between groups (Table 2).
Overall, 14 patients (70.0%) experienced at least one infectious
episode during follow-up, eight of whom were from the MSC group
and six from the control group. The high frequency of infections was
expected in this high-risk population, and no significant difference

50 patients screened for eligibility

could be detected between the two allocation groups (80.0% vs
60.0%, p = .63). Similarly, we did not observe any significant differ-
ence between treatments in terms of the frequency of patients ex-
periencing at least one infectious episode when serious events (MSC
40.0% - control 10.0%, p = .30) and non-serious events (MSC 80.0%
- control 50.0%, p = .35) were considered separately. CMV infection
or reactivation were observed in four patients allocated to MSC and
in three controls; however, none of the patients developed CMV dis-
ease. None of the patients enrolled in the study developed cancer

during the 1-year follow-up.

3.3 | Phenotype of circulating leukocyte subsets
CD4" T cell counts and percentages over CD45" cells (Figure 3A,B)
decreased substantially at 1-2 weeks posttransplant in both groups.
However, the reduction of CD4" T cell counts reached statistical sig-
nificance only in the control group, whereas CD4" T cell percentages
were reduced significantly only in the MSC group. CD4" T cell counts
and percentages recovered partially at 6 and 12 months after trans-
plantation but CD4" T cell percentages remained significantly lower
than pretransplant values in the MSC group. At 12 months of follow-
up, baseline-adjusted CD4" T cell percentages were significantly lower
in the MSC-treated than in control patients (p = .036, Figure 3B).

The frequency of regulatory T cells (Treg, CD4*CD25"&"Foxp3*
CD127, Figure 3C) and of memory Treg (CD4*CD25"8"Foxp3*CD127
CD45RA CD45R0O", Figure 3D) tended to increase in MSC-treated pa-
tients at 1-2 weeks posttransplant compared to controls, even though
these differences did not reach statistical significance. When adjusted
for baseline values, the frequency of both Treg and memory Treg at

FIGURE 1 CONSORT flow diagram
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Induction therapy
Total rATG dose (mg/kg)
MSC dose (10° cells/kg)

3.50[2.52-3.79]
1.35[0.90-1.67]

3.50 [3.30-3.99]
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TABLE 1 Baseline patient characteristics
MSC (n = 10) Control (n = 10) Overall (n = 20)
Recipient

Sex (M, %) 7 (70%) 6 (60%) 13 (65%)
Age (years) 60.2 [57.8-65.9] 60.5 [53.8-66.6] 60.2 [54.5-66.1]
Weight (kg) 72.0+14.9 69.4 +15.6 70.7 £ 14.9
BMI (kg/m?) 247 +4.6 24.0+3.7 244+41
Liver disease (n, %)

Alcoholic cirrhosis 2 (20%) 6 (60%) 8 (40%)

Chronic hepatitis B 2 (20%) 1 (10%) 3(15%)

Chronic hepatitis C 1(10%) 2 (20%) 3(15%)

Primary biliary cirrhosis 1 (10%) 0 (0%) 1 (5%)

Other 4 (40%) 1(10%) 5(25%)

Hepatocellular carcinoma (n, %) 3 (30%) 6 (60%) 9 (45%)
Diabetes (n, %) 5 (50%) 6 (60%) 11 (55%)
MELD Score® 19 [11-27] 17 [10-18] 17 [10-22]
Viral serology (n pos, %)

HBsAg 2 (20%) 1 (10%) 3 (15%)

HCVAb 1(10%) 2 (20%) 3 (15%)

HIVAb 0 (0%) 0 (0%) 0 (0%)

Toxo I3G 7 (70%) 6 (60%) 13 (65%)

EBV IgG 6 (60%) 5 (50%) 11 (55%)
Cold ischemia time (min) 367 £ 90 350+ 54 359 +73
Warm ischemia time (min) 49 [39-86] 43 [34-47] 44 [36-70]
Bilirubin Tot/Dir (mg/dl) 44+31/23+20 23+14/1.2+09 33+25/17+1.6
INR 1.52+0.42 1.39 +0.24 146 +0.34
Albumin (g/dl) 3.85+0.35 3.68 £0.56 3.76 £0.46
GOT (IU/L) 42 [29-59] 33 [28-45] 37 [29-55]
GPT (IU/L) 24 [21-58] 23 [21-27] 23[21-32]
Alkaline phosphatase (IU/L) 133 [99-197] 145 [84-208] 139 [98-199]
Gamma-GT (IU/L) 56 [27-102] 61 [31-102] 58 [32-98]
Hemoglobin (g/dl) 11.2+1.9 11.6 £2.1 11.4+£2.0
Platelets (10%/ul) 52 [36-166] 67 [38-88] 59 [37-101]
Creatinine (mg/dl) 0.86 +£0.29 0.82 +0.14 0.84 +0.22
Cholesterol Tot/HDL (mg/dl) 118 +55/38+19 121+44/39+13 120+48/38+16
Triglycerides (mg/dl) 66 [51-149] 57 [54-91] 59 [54-122]

Donor

Sex (M, %) 5(50%) 6 (60%) 11 (55%)
Age (years) 64.4+129 55.1+21.2 59.8+17.7
Viral serology (n pos, %)

HBcAb 2 (20%) 0 (0%) 2 (10%)

CMV IgG 7 (70%) 6 (60%) 13 (65%)

3.50 [3.29-3.85]

Note: Baseline patient characteristics are reported as number (%), mean + SD, and median [IQR], as appropriate.

Abbreviations: BMI, body mass index; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; INR, international normalized
ratio; MELD, Model for End-Stage Liver Disease; MSC, mesenchymal stromal cells; rATG, rabbit anti-thymocyte globulins.

?Based on OPTN/UNOS modifications (https://optn.transplant.hrsa.gov/media/2371/liver_policynotice_20171221.pdf).
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FIGURE 2 Serum levels of C reactive
protein and proinflammatory cytokines

in patients allocated to MSC (white bar)
and control (gray bar). Serum levels of (A)
C-reactive protein during the first 6 days
after transplant and serum levels of (B) IL-
1B, (C) IL-6, and (D) TNF-« at pretransplant
and 7, 14, and 30 days posttransplant.
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1-2 weeks posttransplant did not differ significantly between the two
groups (p =.196 and p = .071, respectively). At 6 and 12 months post-
transplant, the frequency of Treg and memory Treg was comparable
between the two arms.

CD8" T cell counts did not undergo significant variations during
follow-up in either group, whereas their percentage decreased at
weeks 1-2 in both groups and then increased compared to pretrans-
plant levels at 6 and 12 months posttransplant (Figure 4A,B). We
also focused on CD8" T cell subsets and found that CD8" memory
T cells (CD45RA"CD45R0O", Figure 4C) did not change appreciably
during the follow-up in either of the two groups. A similar profile was
observed for CD8* TEMRA (CD45RA"CD45RO ™ CCR7", Figure 4D).
We observed an increasing trend in CD8" T cells with a naive pheno-
type (CD45RA*CD45RO™CCR7", Figure 4E) early posttransplant in
patients who received MSC. This cell type became the most abun-
dant CD8"* T cell subset at 1-2 weeks posttransplant in this patient
group, but not in the control group. At 6 and 12 months of follow-up,
naive CD8" T cells decreased and percentages were similar between
the two groups of patients.

In patients from whom donor and recipient peripheral blood via-
ble cells were available at sufficient number (MSC-treated patients,
n = 3; controls, n = 2), anti-donor cytotoxic activity of CD8" T cells
was evaluated ex-vivo in a cell-mediated lympholysis (CML) assay.
CML decreased to very low levels compared to baseline in both
MSC-treated and control patients (Figure S1). Depletion of Tregs
from posttransplant peripheral blood lymphocytes resulted in the
increase in percentage donor cell lysis, more pronounced in MSC-
treated patients than in the control (Figure S1).

No significant changes were observed in NK cell counts (Figure 5A)
between the patient groups at any time point posttransplant.
The frequency of cytotoxic (CD3 CD16*CD56%™CD11b*CD27,
Figure 5B) NK cells over time decreased significantly at 1-2 weeks,
6- and 12-month posttransplant in the control group compared to
baseline, whereas they did not change in MSC-treated patients,

7d

14d 30d

likely due to lower pretransplant values. A significant difference in
cytotoxic NK cells between the two allocation arms was observed
at 1-2 weeks posttransplant when pretransplant values were taken
into account (p = .023 by ANCOVA).

In MSC-treated patients and in the control group, the frequency
of CD56"8M" NK cells (CD56°8"CD16%~ NK cells, Figure 5C) was
similar, even though a non-significant trend toward an increase
was noted in MSC-treated patients at 6- and 12-month follow-up,
reflected by a similar trend of tolerant (CD27 CD56"8"CD16"",
Figure 5D) but not regulatory (CD27°CD56""€"CD16"", Figure 5E)
NK cell subtypes. There were no remarkable differences in percent-
ages of CD3"CD56" NKT cells during the follow-up, either within or
between patient groups (Figure 5F).

B-cell counts in MSC-treated and control patients were sim-
ilar before and after transplantation (Figure S2). No significant
changes were observed during the follow-up between patient
groups in the percentages of B-cell subpopulations defined based
on CD38/IgD, CD27/1gD/1gM or CD38/CD24 phenotype classifi-
cations (Table S2).

3.4 | Graftsurvival, histology, and graft levels of
tolerance-associated transcripts

One patient from the MSC group experienced primary graft dys-
function; liver biopsies were consistent with ischemia-reperfusion
injury with biliary regression, in the absence of acute rejection. One
month later, the patient received a second liver transplant, leading to
permanent dropout from the study. All other participants completed
the 12-month posttransplantation follow-up.

Liver graft function parameters showed a rapid trend toward
normalization in the days after transplant (Table S3). Total bilirubin
and INR were still normal or close to normality at 6 and 12 months
in both groups. Serum albumin increased significantly over time in
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TABLE 2 Serious adverse events (SAEs) and non-serious adverse events (AEs) according to the MedDRA classification system
Events Patients
Overall MSC Control Overall MSC Control
SAEs (n=21) (n = 14) (n=7) (n=20) (n =10) (n =10)
MedDRA System (SOC)
Gastrointestinal disorders 2(9.5%) 2 (14.3%) 0 (0.0%) 2 (10.0%) 2 (20.0%) 0 (0.0%)
General disorders and administration site conditions 1(4.7%) 1(7.1%) 0 (0.0%) 1(5.0%) 1(10.0%) 0(0.0%)
Hepatobiliary disorders 4(19.1%) 1(7.1%) 3(42.9%) 3(15.0%) 1(10.0%) 2(20.0%)
Infections and infestations 6 (28.6%) 5(35.7%) 1(14.3%) 5(25.0%) 4 (40.0%) 1(10.0%)
Injury, poisoning and procedural complications 5(23.8%) 3(21.4%) 2(28.6%) 4 (20.0%) 2 (20.0%) 2(20.0%)
Respiratory, thoracic and mediastinal disorders 2 (9.5%) 2 (14.3%) 0 (0.0%) 1(5.0%) 1(10.0%) 0 (0.0%)
Vascular disorders 1(4.7%) 0(0.0%) 1(14.3%) 1(5.0%) 0(0.0%) 1(10.0%)
Events Patients
Overall MSC Control Overall MSC Control
AEs (n=196) (n = 104) (n=92) (n =20) (n=10) (n =10)
MedDRA System (SOC)
Blood and lymphatic system disorders 29 (14.8%) 18 (17.3%) 11 (12.0%) 15 (75.0%) 8(80.0%) 7 (70.0%)
Cardiac disorders 2 (1.0%) 0(0.0%) 2(2.2%) 2 (10.0%) 0(0.0%) 2 (20.0%)
Endocrine disorders 1(0.5%) 0(0.0%) 1(1.1%) 1(5.0%) 1(10.0%) 1(10.0%)
Gastrointestinal disorders 13 (6.6%) 8(7.7%) 5(5.4%) 11 (55.0%) 6 (60.0%) 5(50.0%)
General disorders and administration site conditions 9 (4.6%) 4 (3.8%) 5(5.4%) 8 (4.0%) 3(30.0%) 5(50.0%)
Hepatobiliary disorders 8(4.1%) 4 (3.8%) 4 (4.3%) 4 (20.0%) 2(20.0%) 2(20.0%)
Infections and infestations 25(12.8%) 16 (15.4%) 9 (9.8%) 13 (65.0%) 8(80.0%) 5(50.0%)
Injury, poisoning and procedural complications 21(10.7%) 13(12.5%) 8(8.7%) 13 (65.0%) 8 (80.0%) 5(50.0%)
Investigations 4(2.0%) 3(2.9%) 1(1.1%) 4 (20.0%) 3(30.0%) 1(10.0%)
Metabolism and nutrition disorders 26 (13.3%) 12 (11.5%) 14 (15.2%) 16 (80.0%) 8 (80.0%) 8 (80.0%)
Musculoskeletal and connective tissue disorders 3(1.5%) 2(1.9%) 1(1.1%) 3(15.0%) 2 (20.0%) 1(10.0%)
Neoplasms benign, malignant and unspecified 1(0.5%) 0 (0.0%) 1(1.1%) 1 (5.0%) 0 (0.0%) 1(10.0%)
Nervous system disorders 11 (5.6%) 4 (3.8%) 7 (7.6%) 9 (45.0%) 4 (40.0%) 5(50.0%)
Psychiatric disorders 6(3.1%) 2(1.9%) 4 (4.3%) 6 (30.0%) 2(20.0%)  4(40.0%)
Renal and urinary disorders 11 (5.6%) 5(4.8%) 6 (6.5%) 9 (45.0%) 5(50.0%) 4 (40.0%)
Respiratory, thoracic and mediastinal disorders 9 (4.6%) 4 (3.8%) 5(5.4%) 7 (35.0%) 3(30.0%) 4 (40.0%)
Skin and subcutaneous tissue disorders 7 (3.6%) 5(4.8%) 2(2.2%) 6 (30.0%) 4 (40.0%) 2 (20.0%)
Vascular disorders 10 (5.1%) 4(3.8%) 6 (6.5%) 10 (50.0%) 4 (40.0%) 6 (60.0%)

Note: The number (%) of events over the total number of events and the number (%) of patients experiencing at least one event over the total number

of patients are listed for each category.

the control group and exhibited a similar trend in the MSC group.
No significant differences in these variables (Figure 6) and in liver
enzymes (Table S3) were detected between the two groups at any
time point. Similarly, tacrolimus trough levels did not differ signifi-
cantly between the two groups during follow-up (Figure S3). Serum
hepcidin-25 levels increased in both groups after transplantation,
but no significant difference was observed between patient groups
(Figure S4).

Eight patients in the MSC group and nine patients in the con-
trol group underwent 12-month protocol biopsies. Protocol biopsies
were not performed in three patients due to study dropout (n = 1) and
thrombocytopenia (n = 2). Graft biopsies revealed no sign of acute

rejection or minimal changes according to the Banff criteria (MSC:
1; Control: two patients with RAI = 1 and

=2) and a comparable degree of portal fibrosis

one patient with RAI =
one patient with RAI
between the two groups (Table 3). At genome-wide differential gene
expression analysis, variation within samples, between sequencing
replicates, was low with correlation coefficients ranging from 0.999
to 1. For this reason, sequencing replicates were collapsed together
to obtain a higher depth. Principal component analysis and hierar-
chical clustering (Figure 7A,B) did not show clusters corresponding
to the treatment groups. Differentially expressed gene analysis re-
sulted in eight genes being significantly differentially expressed be-
tween treatment and control at an adjusted p value of .05. These
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genes are Aldo-reductase Family 1 Member B10 (AKR1B10), Aldo-
reductase Family 1 Member C2 (AKR1C2), Ficolin 2 (FCN2), Flavin
Containing Dimethylaniline Monoxygenase 2 (FMO2), Solute Carrier
Family 22, Member 10 (SLC22A10), Solute Carrier Family 3, Member
1 (SLC3A1), Wnt Family Member 5B (WNT5B), and Guanylate
Cyclase 1 Soluble Subunit Beta 2 (GUCY1B2), most of which are pro-
tective genes against oxidative stress (Table S4). The liver tissue ex-
pression of the transcription factor FoxP3, as well as that of HAMP
and TFRC—iron homeostasis regulators found to be selectively
increased in operationally tolerant liver transplant recipients®®—
evaluated by quantitative real-time PCR, was comparable between
the two groups at 12-month posttransplant (Figure 7C).

Additional biopsies were performed in all patients with any un-
explained rise in liver cytolysis and/or cholestasis markers. Two of
them had minimal histologic changes according to the Banff classi-
fication (RAI =

to be either mechanical or infectious. Accordingly, the immunosup-

2), but the cause of cholestasis was ultimately found

pressive regimen was not modified significantly.

4 | DISCUSSION

In this open-label prospective randomized controlled trial in liver
transplant recipients conditioned with low-dose rATG, we showed
that a single pretransplant intravenous infusion of third-party
ex-vivo-expanded bone marrow-derived MSC is safe and well
tolerated.

Our study confirms and extends the preliminary results from
a recent non-randomized clinical trial on the effects of intrave-
nous bone marrow-derived MSC infusion in liver transplant recip-
ients.3? Although systemic MSC administration could potentially
lead to acute infusional reactions, the available experience from
trials has largely curtailed their clinical relevance.?2629:32:3940
Similarly, MSC embolization in the pulmonary circulation has been
reported in animal models, but this process seems to have little
impact on respiratory function in humans.*° Owing to their im-
munoregulatory properties, MSC may theoretically increase the
risk of infection and malignancy, especially in immunosuppressed
patients. A single, early, small study in renal transplant recipients
reported a 50% incidence of infections in six patients given MSC
a few weeks posttransplantation,24 but subsequent trials allayed
this concern.?42%3237 Similarly, malignant transformation or facil-
itation of tumor development was never reported in clinical trials
with MSC.** In our study, none of the patients developed infu-
sional reactions, proinflammatory cytokine release, or respiratory
complications due to MSC infusion, and the incidence of infections
was similar in the two allocation groups, with most events being
non-serious in nature; also, none of the patients developed ma-
lignancies during the 1-year follow-up, confirming the short-term
safety of this cell therapy in liver transplant recipients.

MSC display unique, immune-

potent, and undisputed

regulatory properties,42 which include the ability to drive T cell

14,43

differentiation toward natural immunosuppressive Tregs

and to engage recipient monocyte/phagocytes by releasing
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extracellular vesicles** or by modulating apoptosis,45

conferring
on these cells long-term immunosuppressive activity, eventually
also through the induction of a Treg phenotype.***’ Preclinical
studies in experimental models of organ transplantation have doc-
umented that autologous and allogeneic MSC have a comparable
ability to induce Treg expansion and prolong graft survival, 182348
suggesting that allogeneic MSC are as effective as autologous cells
in promoting immune-regulation possibly because of their low im-
munogenicity, which would limit host immune reaction against cell
alloantigens.*’ Similarly to what we?®2? and others®® have docu-
mented in living-related donor kidney transplant recipients given
autologous BM-MSC, here we found in liver transplant recipients
a trend toward an increase in the percentage of Tregs in the pe-
ripheral blood in the first 2 weeks after third-party allogeneic
MSC infusion. This effect on Treg was not due to the concomitant

induction and maintenance immunosuppressive drugs, since it was
not observed in the control group of liver transplant recipients
who did not receive MSC but were treated with the same phar-
macologic immunosuppressive regimen. Notably, the tendency
toward an increase in the Treg percentage in MSC-treated recip-
ients occurred despite the marked reduction in the total CD4* T
cell counts, due to the peripheral blood T cell depletion caused by
peritransplant induction therapy with thymoglobulin. These find-
ings suggest that in the early phase of homeostatic cell prolifera-
tion that follows thymoglobulin-induced T cell lymphopenia, MSC
promoted Treg production or skewed emerging T cells toward a
Treg phenotype. Both MSC-treated and control patients displayed
anti-donor CD8" T cell hypo-responsiveness ex-vivo during the
posttransplant period. With the limitation of the small sample
size, in MSC-treated patients, the hyporesponsiveness was largely
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driven by Tregs, as documented by higher anti-donor CD8" T cell-
mediated lysis in this group than in a control patient after in-vitro
Treg depletion. These findings would possibly anticipate the de-
velopment of a pro-tolerogenic environment in MSC transplant re-
cipients and eventually immune tolerance in the future. Contrary
to our results, others have shown that in the same setting of liver
transplantation, third-party BM-derived MSC infusion did not in-
fluence Treg number, proliferation, or phenotype.®! Both studies
adopted a similar maintenance immunosuppressive regimen with
tacrolimus, MMF, and steroids. Thus, this different outcome in
Treg generation following MSC infusion could be attributed to the
lack of induction therapy with the T cell depleting thymoglobulin
in the latter, which precluded the activation of T cell homeostatic

proliferation, a key process in the MSC-promoting Treg pheno-
type. Furthermore, there is a possibility that Detry et al®! failed
to modify the recipient immune status with MSC, since these
cells were infused a few days post-liver transplantation and were
probably mainly recruited into the organ that had recently been
exposed to ischemia/reperfusion injury, instead of homing to
lymphoid tissues, where they may promote immunomodulation.
Indeed, experimental evidence has shown MSC homing to the
site of tissue damage in models of stroke,* tumors,>? myocardial
ischemia,®® acute renal failure,>* and liver ischemia/reperfusion
injury.55 Moreover, in a mouse model of kidney transplantation,
BM-MSC, given intravenously 2 days after surgery, mainly homed
to the kidney graft and failed to induce Tregs.16 On the contrary,
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TABLE 3 Banff scores on 1-year protocol liver allograft biopsies
Portal Bile duct inflammation/ Venous endothelial Rejection activity Portal Central
inflammation damage inflammation index (RAI) fibrosis fibrosis
MSC
001-01 0 0 0 0 1
002-01 0 0 0 0 0
003-01 0 0 0 0 - 0
006-01 0 0 0 0 1 -
008-01 0 0 0 0 1 0
004-02 0 0 0 0 0 0
006-02 0 0 0 0 1 0
007-02 1 0 0 1 1 0
Controls
009-01 0 0 0 0
010-01 0 0 0 2 0
005-01 - - - 2 -
007-01 1 1 0 2 0 0
004-01 0 0 0 0 2 1
001-02 0 0 0 0 1 1
005-02 0 1 0 1 1 0
008-02 0 0 0 0 0 0
011-02 1 0 0 1 0 0

when mice were given MSC the day before or the day of kidney
transplantation, these cells mainly localized in the spleen and pro-

1822 3 result consistent with our

moted the generation of Tregs,
present finding in liver transplant patients given MSC up to 3 h
before starting the surgical procedure.

We also analyzed the impact of MSC on the phenotype of

circulating NK cells, a group of innate lymphocytes capable of

targeting cell recognition and lysis without prior antigen priming.>®
While NK cells have classically been considered proinflammatory,
contributing to graft rejection through proinflammatory cytokine
release such as IFNy, there is an increasing evidence that NK cell
populations have an important immunoregulatory function.”” This
property has been attributed mainly to the CD56°"8" NK cell phe-
notype, the main producers of regulatory cytokines.’® We found,
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for the first time, that in liver transplant patients given MSC, the
percentage of circulating CD56°"8" NK cells in total CD45" cells
increased slightly compared to pretransplant/pre-infusion values,
as well as to control liver transplant recipients at 6- and 12-month
follow-up. This effect can be attributed to the MSC-induced in-

6°TEM NK cell subset, the main liver-

crease in the tolerant CD5
derived NK cell subpopulation.®

Together, our findings suggest that in the liver transplantation
setting, MSC promote an immune-regulated environment, acting on
multiple cell targets with potential regulatory properties in the host
immune response. Nonetheless, the intragraft mRNA expression

of the HAMP and TFRC genes, proposed as possible biomarkers of

operational tolerance to liver transplantation,®® was comparable in
MSC-treated and control patients in a protocol biopsy performed
12-month posttransplant. We cannot rule out possible changes in
the intragraft expression of these genes, specifically in the MSC-
treated groups at time points later than 12 months, when the pro-
tolerogenic milieu in the graft, if any, would be expected to be fully
established and sustained.

We acknowledge that this preliminary safety work with BM-
MSC in a small number of liver transplant recipients has many
limitations. According to the approved study protocol, the pri-
mary aim of MSC safety was assessed only up to 1-year post-cell
infusion and organ transplantation, precluding the collection of
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long-term information, particularly on the risk of malignancies.
However, a large amount of literature in the past two decades
has reassuringly shown and confirmed the exceptional long-term
safety of MSC-based therapy, even in immunosuppressed pa-
tients undergoing hematopoietic cell or solid organ transplan-
tation.??4%4! Nonetheless, our liver transplant patients who
received MSC are on active follow-up to monitor, beyond the first
12-month post-infusion, long-term adverse events that would
possibly be attributable to cell therapy.

There is also in-vitro evidence that tacrolimus might decrease

5960 and, conversely, that MSC

MSC immunosuppressive properties
might lower the immunosuppressive capacities of tacrolimus, expos-
ing the patients to an increased risk of graft rejection. Although the
triple therapy maintenance immunosuppressive regimen adopted in
our two liver transplant centers included tacrolimus, no acute graft
rejection occurred in the MSC-treated and control groups during the
12-month follow-up, indicating that in our setting, in-vivo, the drug
and the infused cells did not affect each other's reciprocal immu-
nosuppressive effects. In addition, the single MSC infusion did not
affect tacrolimus pharmacokinetics, since blood tacrolimus trough
levels were similar in the two study groups during the first month
post-liver transplantation. Given the small sample size, it would be
important to confirm these findings in future studies with larger
cohorts.

The mild favorable effect of MSC that we observed on peripheral
blood Treg expansion in cell-treated patients does not rule out the
possibility that MSC have an important immunomodulatory effect in
liver transplantation. It might just reflect heterogeneity in the level
of MSC immunomodulatory function, since the number of cells in-
fused was similar in all transplant patients. Indeed, it has been doc-
umented that MSC preparations display substantial donor-to-donor
variability in their capability to dampen the alloimmune response
in-vitro, despite common immunophenotype and tri-lineage differ-
entiation potential.®!

In conclusion, this prospective controlled trial confirmed, for
the first time in a randomized design, the safety of third-party bone
marrow-derived MSC in liver transplant patients receiving both in-
duction and maintenance tacrolimus-based immunosuppression.
These findings and the effect, albeit mild, of pretransplant MSC
infusion on the regulatory cell profile will allow us to move to the
second phase of the project with a pilot efficacy study to achieve
operational tolerance after complete withdrawal of maintenance im-

munosuppressive therapy.
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