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Abstract

Blockade of the CD40/CD154 T cell costimulation pathway is a promising approach to
supplement or replace current clinical immunosuppression in solid organ transplantation. We
evaluated the tolerability and activity of a novel humanized anti-CD154 monoclonal antibody,

Corresponding author: rpierson@mgh.harvard.edu (Shuhei Miura, M.D. c/o Richard N. Pierson 111, M.D.), Center for
Transplantation Sciences and Division of Cardiac Surgery, Department of Surgery, Massachusetts General Hospital, 149 13th Street,
MGH East, Room 9019, Charlestown, Massachusetts 02129-2020, USA, rpierson@mgh.harvard.edu (smiural024@outlook.jp).
Author Contributions

Concept and design: SM, SL, RNP.

Data collection: SM, KK, FP, GM, RR, SP, IAR, BM.

Critical scientific contributions: ZAH, MM, BD, SL, RNP.

Data analysis and interpretation: SM, ZAH, MM, BM, RNP.

Statistics: SM, ZHA, MM.

Drafting article: SM.

Critical revision: RNP.

Approval of article: All Authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures: SML, SF, BD, and PM are paid employees and BM is a paid consultant of Tonix Pharmaceutical LLC. The authors have
no other significant financial interests to disclose as defined by NIH and MGH regulations.

Declaration of interests
The authors declare the following financial interests/personal relationships which may be considered as potential competing interests:

Richard N. Pierson 3rd reports financial support was provided by Tonix Pharmaceuticals. Richard N. Pierson 3rd reports a
relationship with Tonix Pharmaceuticals Holding Corp that includes: funding grants. Siobhan Fogarty reports a relationship with
Tonix Pharmaceuticals Holding Corp that includes: employment. Bruce Daugherty reports a relationship with Tonix Pharmaceuticals
Holding Corp that includes: employment. Seth Lederman reports a relationship with Tonix Pharmaceuticals Holding Corp that
includes: employment. Bernd Meibohm reports a relationship with Tonix Pharmaceuticals Holding Corp that includes: consulting or
advisory. Ryan Chaban reports a relationship with German Research Foundation that includes: funding grants. Seth Lederman has
patent #W02021001458A1 licensed to TONIX PHARMA HOLDINGS LIMITED.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miura et al.

1.

TNX-1500 (TNX) in a nonhuman primate (NHP) heterotopic cardiac allogeneic (allo) transplant
model. TNX contains the rupluzimab Fab and an 1gG4 Fc region engineered to reduce binding
to FcyRlla and associated risks of thrombosis. Recipients were treated for six months with
standard-dose TNX (sSTNX) monotherapy, low-dose monotherapy (Io0TNX), or loTNX with
mycophenolate mofetil (IoTNX+MMF). Results were compared to historical data using chimeric
hu5c8 monotherapy dosed as for loTNX but discontinued at 3 months. Median survival time was
similar for hu5c8 and both I0TNX groups, but significantly longer with sSTNX (>265 days) than
with loTNX (99 days) or loTNX+MMF (88 days) (p<0.05 for both comparisons against STNX).
STNX prevented anti-donor alloAb elaboration, inhibited chronic rejection, and was associated
with a significantly reduced Terp/Treg ratio relative to loTNX with MMF. No thrombotic
complications were observed. This study demonstrates that TNX-1500 was well tolerated,
prolongs allograft survival and prevents alloAb production and cardiac allograft vasculopathy

in a stringent preclinical NHP heart allo transplant model.

Introduction

Page 2

New approaches are needed to more effectively and safely protect allografts from immune
injury. Immunomodulatory strategies that selectively target the CD40/CD154 T cell
costimulatory pathways, have shown potential to inhibit T cell-mediated rejection while
avoiding side effects associated with conventional immunosuppressive drugs.1-6 Significant
prolongation of graft survival in multiple nonhuman primate (NHP) allograft models was
achieved by monoclonal antibodies (mADbs) that inhibit the CD40/CD154 co-stimulation
pathway by blocking CD154, including hu5c8 (chimeric mouse 5¢8/human 1gG1),6,7
Rupliuzumab (a humanized 5¢8 1gG1),8-12 and IDEC-131 (a humanized 1gG1), 7,13.
Ruplizumab showed activity in prophylaxis of kidney transplant rejection14,15 and treating
autoimmune conditions.16 However clinical development of antibodies targeting CD154
were halted due to an increased risk of thrombotic complications seen in clinical trials and
in a preclinical kidney transplant model.14-17 Subsequent studies revealed that immune
complexes containing soluble CD154, and anti-CD154 mAbs with 1gG1 crystallizable
fragment (Fc) interact with the Fc gamma receptor lla (FcyRI1a/FCGR2A) on platelets

to induce thrombosis in human FCGR2A transgenic mice.18

To decrease or eliminate the risk of thrombosis, several groups have engineered the

Fc region of anti-CD154 antibodies to down-modulate FcyRIla-binding. An Fc-disabled
aglycosyl version of ruplizumab19 and an Fc-silent anti-CD154 domain antibody20

were not associated with increased thrombotic risk and maintained the ability to block
antibody responses, but had reduced activity in prolonging graft survival in NHP kidney
transplant models. These findings suggested that some Fc-functionality in anti-CD154 mAb
therapeutics contributes to the therapeutic effects in prophylaxis against organ rejection.
TNX-1500 (TNX), that contains the humanized 5c¢8 Fab domain from ruplizumab21 and
an 1gG4 Fc region engineered to reduce FcyRIla-binding. Here we report results in a
NHP cardiac allotransplant model testing TNX-1500 for its ability to protect grafts against
rejection and to preserve function.
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2. Materials and Methods

2.1 Animals

The care and treatment of all experimental animals in this study were conducted with the
approval of the Institutional Animal Care and Use Committee at Massachusetts General
Hospital and were conducted in compliance with National Institutes of Health guidelines
for the care and use of laboratory animals. Captive-bred and wild caught cynomolgus
monkeys of Chinese and Indonesian origin were used. Males and females weighing 3.3
to 10.0 kg were selected as recipients of ABO blood type-compatible donors. All animals
underwent class | and class Il major histocompatibility complex (MHC) typing to assure
MHC mismatching.

2.2 Heterotopic Heart Allograft Transplantation

All recipient animals underwent heterotopic intra-abdominal cardiac transplantation, as
described previously.12,13,22 Postoperatively, graft function (left ventricular systolic and
diastolic blood pressure, heart rate) and core temperature were monitored daily by implanted
telemetry device (L11-F1, Data Sciences International, St. Paul, MN) until time of

graft explant. Laboratory studies, including serum chemistry and complete blood count
assessments, were performed weekly and for cause. Open cardiac biopsies were performed
by protocol on postoperative days (d) 45 and 90 after transplant when clinical condition
allowed. Biopsies were omitted or delayed due to fever, anemia, or weight loss, or in case of
earlier graft failure.

2.3 TNX-1500

TNX-1500 (TNX), that contains the humanized 5c¢8 Fab domain from ruplizumab21 and
an 1gG4 Fc region engineered to encode amino acid transitions S228P and L235A to
prevent chain switching and to reduce FcyRIla-binding, respectively (Patent Number:
WO02021001458A1; Table S-1; Fig S-1). Ref Lassiter etal

2.4 Immunosuppression Treatment Groups and Dosing

“Standard-dose” TNX-1500 (sTNX) was administered intravenously to five cynomolgus
monkey heterotopic cardiac recipients at 30 mg/kg twice weekly, given on d0, d3, d7, and
d14; and then 20 mg/kg weekly from d21 to d175. A “low-dose maintenance” regimen
(IlocTNX) was explored, giving 10 mg/kg weekly from d21 until, d42 followed by 20 mg/kg
monthly from d56 to d168, either alone (n=4) or in combination with mycophenolate
mofetil (MMF; 200mg/d po from d1 until time of graft explant; [o-TNX+MMF, n=4).

The results for these three treatment groups were compared to historical data using a
hu5c8 reference regimen (n=5) analogous to the loTNX regimen [mouse-human 1gG1x
chimeric anti-CD154, the NIH Nonhuman Primate Reagent Resource (Boston, MA)] but
with treatment stopped after d84 (Fig 1).

2.5 Allograft Rejection and Graft Failure Criteria

Graft failure was defined by 1 or more of the following criteria for 2 consecutive days:
decline in heart rate greater than 20% below baseline or less than 120 beats per minute,
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pulse pressure (systolic-diastolic in mmHg) less than 30 mmHg, or nonpalpable graft
contraction lasting longer than 12 hours. Grafts were explanted if the animal met graft
failure criteria, developed a life-threatening complication, or in two cases at end of study
(EOS) on d180. Graft function was monitored after treatment cessation in three recipients
in the sSTNX group following graft biopsy at EOS on ~d180. When grafts failed before d90,
recipients underwent graft removal, and immune responses to the graft donor antigens were
monitored in the peripheral blood. Allografts in the historical hu5c8 treatment group were
explanted electively at d90 after stopping treatment at d84 (n=1), or at graft failure due to
rejection as previously reported.7

2.6 Drug Trough Concentration Measurement

TNX-1500 serum trough concentrations were measured in all study animals at multiple
time points throughout the study period using a human 1gG4 Fc-specific enzyme-

linked immunosorbent assay (Cayman Chemical, Ann Arbor, MI) according to the

kit manufacturer’s protocol. These measurements were supplemented by a single dose
pharmacokinetic study in treatment-naive cynomolgus monkeys at three dose levels, 30,
100 and 300 mg/kg (n=2 at each dose level), performed at a contract research organization
(Charles River Laboratories).

2.6 Anti-donor Alloantibody Detection

IgM and IgG donor-reactive alloantibody (alloAb) was measured retrospectively by flow
cytometry using archived frozen donor splenocytes and recipient serum, as described
previously.22,23 Antidonor alloAb was defined by detection of recipient serum IgM or

IgG binding to donor CD3*CD20~ T cells (expressing MHC Class 1) or CD3"CD20* B
cells (expressing MHC Class 1 and Class 2) with a value consistently greater than twice the
pre-transplant donor serum on 2 or more consecutive measurements.24

2.7 Hematology and Lymphocyte Phenotyping

Cell blood counts and T lymphocytes subsets were measured by protocol at regular intervals
in freshly collected ethylenediaminetetraacetic acid (EDTA)-blood using automated cell
counter (Antech Diagnostics and Hemavet 950FS Hematology Analyzer, Drew Scientific in
duplicate) and flow cytometry, respectively, as previous described.24 Peripheral blood cells
were stained for CD3, CD4, CD8, CD20, CD25 CD95, CD127, and CD62L (Biolegend,
San Diego, CA). Intracellular staining with anti-Foxp3 was performed using a Foxp3
intranuclear staining kit (eBiosciences, San Diego, CA), according to manufacturer’s
instructions. Samples were analyzed using a FACS machine (BD Biosciences, San Jose,
CA). Data were analyzed using FlowJo software (Treestar, San Carlos, CA).

2.8 Graft Histology

Biopsy and explant cardiac tissue specimens were fixed with 10% formalin, processed for
paraffin embedding, and stained with hematoxylin and eosin. Histopathological features of
acute cardiac allograft rejection were quantified on a scale of 0 to 3 based on the 2005
International Society for Heart and Lung Transplantation (ISHLT) revised criteria for cardiac
allograft rejection.25 Cardiac allograft vasculopathy (CAV) severity was scored from 0 to
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3 in each myocardial biopsies and explanted graft specimen, respectively, by 4 independent
evaluators, who were blinded with respect to treatment group.7,24 Biopsies with poor tissue
preservation or absence of identifiable myocardial tissue were classified as nondiagnostic.
Pericardial granulation tissue was excluded from rejection and CAV assessments.

2.9 PTG and soluble P-selectin assays

BTG (Asserachrom B-TG; Diagnostica Stago, Asnieres, France) and soluble P-selectin
(CD62; Monkey P-selectin ELISA Kit; Invitrogen, Thermo Fisher Scientific, Inc, cat
number BMS650) and were measured in plasma collected before transplant and at protocol-
driven intervals after transplant by commercial ELISA kit according to the manufacturers’
instructions. The normal reference ranges for human BTG is <50 IU/mL. In healthy humans,
the sP-selectin circulates at a concentration of 15 to 100 ng/mL.

2.10 Statistical analysis

Graft survival was evaluated with use of Kaplan-Meier curves by log-rank test for
significance analysis. Continuous variables were expressed as mean + SEM or median

and were checked for normality. Variables that were normally distributed were assessed

by the 2-tailed unpaired t test to compare 2 groups, or assessed by analysis of variance
(ANQOVA) to compare 3 or more groups, followed by Tukey’s test for multiple time point
comparisons between the groups. Those that were not normally distributed were analyzed
using Mann-Whitney non-parametric test. Differences were considered significant when the
P value was less than 0.05. All statistical analyses were performed with GraphPad Prism
(Version 9.1.2; GraphPad Software, San Diego, CA).

3 Results

3.1 Allograft Survival

The sTNX regimen was associated with significantly prolonged cardiac allograft survival
(MST>265d; range 116-305) relative to hu5c8 (133d, range, 90-173, p=0.020), loTNX
(99d; range 35-183, p=0.014), or loTNX+MMF (88d; range 58-146, p=0.011) (Fig 2).
Outcomes and clinical highlights for individual animals are reported in Table 1.

With lIoTNX, 3 of 4 animals maintained stable graft function for more than three months
during treatment. M5220 was euthanized on d35 with graft rejection occurring in association
with a bacterial central venous line (CVL) infection. M5420 developed a bowel obstruction
associated with infection adjacent to the telemetry device about two weeks after protocol
biopsy at d90 and was euthanized with a beating graft in which evidence of rejection was
detected on terminal pathology. M7419 exhibited graft failure with severe acute cellular

and antibody-mediated rejection (ACR3R AMR3) two days after protocol biopsy on d91
revealed ACR 1R AMR 0. M4520 was euthanized at EOS with moderate rejection (ACR2R)
in the beating explanted graft.

All grafts in o TNX+MMF animals exhibited ACR and/or AMR during treatment. Early
allograft rejection in the two of four animals (M8720, M5020) was associated with long-
term antibiotic treatment for drug-resistant bacterial infections associated with their CVL
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or telemetry device, which were removed at diagnosis and with resolution of the infection.
All loTNX+MMF-treated grafts failed in association with severe cellular and/or humoral
rejection and in association with severe CAV.

With sTNX, one allograft (M421) exhibited graft failure at d116 in association with
recurrent bacteremia from graft mitral valve endocarditis two weeks after discontinuation

of prolonged suppressive antibiotic treatment. Endocarditis, diagnosed ultrasonography at
d32, was likely triggered initially by a CVL infection seeding the telemetry device. M421’s
explant showed regional infarction and diffuse C4d staining consistent with AMR (Fig S2).
The remaining four sTNX animals maintained good graft function until EOS. One beating
graft (M921) was electively explanted at d181 without evidence of rejection on terminal
pathology. Three other grafts showed mild (ACR 1R; M1721) or no rejection (M1321,
M821) on d180 biopsies, and rejected at d57 (M1721), d90 (M821), and d130 (M1321) after
discontinuation of TNX after d175.

3.2 TNX-1500 Pharmacokinetics

Trough concentrations in all TNX-treated allograft recipients exceeded 600 pug/ml in the
second week after transplant in association with dosing at 30 mg/kg twice weekly (Fig 3).
TNX trough concentrations for STNX (mean £ SEM; 711 + 331 pg/mL) were significantly
higher than with either loTNX (498 + 254; p=0.002) or loTNX+MMF (413 * 265;
p=0.0002). The IoTNX regimen was associated with decreasing trough concentrations after
d21 in association with tapered dosing. Similarly, hu5c8 serum trough concentrations were
greater than 400 pug/mL for the first two weeks, but then remained only greater than 100
ug/mL for the 90 days after transplantation.7 In contrast, the STNX regimen (20 mg/kg
weekly starting on d21) consistently maintained trough concentrations after d28 above 500
pg/mL throughout the remainder of the study (Fig S3).

3.3 Antidonor Alloantibody Elaboration

In serum samples collected weekly and assayed retrospectively, the incidence of production
of alloAb binding to the donor MHC Class | (CD3*CD20~ T cells) was significantly lower
in STNX (IgM: 0/5, 1gG: 0/5, left bottom panels) in association with [oTNX (I1gG: 2/4,
p=0.046, left top panel) or F TNX+MMF (IgM: 2/4, p=0.046, left middle panel) (Fig 4).
Similarly, alloAb binding to donor B cells (which express MHC Class Il in addition to
Class I) was significantly lower in association with STNX (IgM: 0/5, IgG: 0/5, right bottom
panels) relative to IoTNX (IgG: 2/4, p=0.046, right top panel).

With lIoTNX, alloAb elaboration preceded the explant in 3 of 4 animals (M5420, M7419,
M4520). In one (M7419), alloantibody was detected at d77, before rejection and explant

at d93. M5420 exhibited preserved graft function despite high levels of antidonor IgM
antibody in two peaks, but without evidence of class switching (absence of anti-donor

1gG), before being euthanized for a post-biopsy intestinal complication. M4520’s graft
continued beating until EOS euthanasia at d183 despite a rising titer of presumed anti-Class
Il IgG (detected before anti-Class 1) at d119, and, surprisingly, in the absence of detectable
anti-donor IgM.
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With loTNX+MMF, anti-Class | IgM was detected before rejection in 2 animals (M8720,
M8620), on d42 and d84, respectively; M8720 exhibited only a transient low IgM titer,
whereas M8620 demonstrated class switching (a single ‘positive’ titer) around the time of
graft failure. Intermittent low-titer antidonor IgG was observed in M5020 but did not reach
prespecified criteria to be classified as ‘positive’.

With sTNX, sustained anti-donor alloAb elaboration was not detected. Possible transient
detection of anti-donor IgG (M1721, left bottom panel, M1321; right bottom panel),
anti-donor IgM (M821, M1721; right bottom panel) did not meet prespecified criteria for
antidonor antibody detection.

3.4 Peripheral Blood T-Cell Phenotype

The percentage of phenotypically naive CD4* or CD8* T cells (defined as CD95~ CD62L*)
and the ratio of CD4*/CD8* naive T cells did not significantly differ over time between
groups (Fig 5A). Relative to sTNX-treated animals, loTNX+MMF-treated animals had a
significantly lower proportion of naive CD4* (55.3+11.2% vs 37.8+11.2%; p= 0.045) and
CD8* (35.8+7.8% vs 22.4+ 5.7%; p=0.018) T-cells at the final time point (Fig S4-A).

Animals receiving loTNX+MMF tended to exhibit a higher proportion of terminally
differentiated Tgpmra (defined as CD95*CD62L"CD4*T cells; 38.8+8.3% vs 28.5+

8.4%; p=0.133) and T (defined as CD95*CD62L*CD4+; 22.7+6.7% vs 15.7+ 3.3%;
p=0.063) than sTNX-treated animals, but these trends were not statistically significant
(Fig S4-B, C). During TNX treatment, the absolute numbers of Trgg (defined as
CD4*CD25*CD127'°Foxp3*) in the STNX treatment group was increased compared to
either loTNX or [oTNX+MMF treatment groups, differences that were significant at
multiple time points (p<0.05) (Fig 5B). The fold change in the absolute Trgg number
relative to pre-transplant increased in association with loTNX (1.5- to 1.9- fold increase
from d7 through d42), loTNX+MMF (1.7-to 1.9-fold increase from d7 through d70) and
STNX (1.2- to 2.1-fold increase from d7 through d140), but there was no significant
difference between the groups in this metric (Fig 5C). In the IoTNX treatment groups,
alone or with MMF, the Tere/Treg ratio increased slowly and peaked at later time points. In
contrast, the Teee/Treg ratio was significant lower associated with STNX at the final time
point relative to locTNX+MMF (3.5 £ 0.9 vs 9.5 + 6.1, p=0.034) (Fig 5D).

3.5 Platelet Counts and Activation Markers

Platelet activation after exposure to CD154 antigen/antibody complexes was significantly
reduced (P<0.05) in association with TNX1500 relative to murine 5¢8 or ruplizumab (h5c8)
(Figure S-1), demonstrating that the Fc region modifications in TNX1500 are associated
with reduced platelet activation in vitro.

Animals were evaluated daily for any objective evidence of thromboembolic events
including limb swelling, respiratory changes, changes in appetite or activity, and skin
changes. Platelet counts were measured for each animal throughout the experiment (Fig 6A).
None of the animals that received TNX treatment demonstrated sustained thrombocytopenia.
Mean platelet counts in all animals were generally within normal range while on therapy;

no consistent or statistically significant difference was observed between treatment groups.
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Platelet activation /in vivo, as measured by BTG and soluble P-selectin, was not significantly
increased in association with TNX-1500 monotherapy throughout the duration of drug
treatment (Fig 6B).

3.6 Allograft Histology

ACR grade increased with increasing time after transplantation in most hearts in the loTNX
and loTNX+MMF treatment groups (Fig 7). Two grafts treated with [oTNX (M5220,
M7419) failed with severe ACR (3R) at explant on d35 and d93, respectively. M5420 was
euthanized on d105 with a beating graft due to body weight loss associated with mechanical
bowel obstruction; final pathology showed ACR 3R. M4520’s beating graft, explanted on
d183 at EOS, exhibited moderate rejection (ACR 2R).

After d45, all grafts treated with o TNX+MMF exhibited ACR 2R or 3R in the majority of
biopsies or in explanted failed grafts. Two grafts (M8720, M5020) exhibited early rejection
with ACR on d58 and d66 in association with prior diagnosis of a bacterial CVL or
telemetry device infection and ongoing antibiotic treatment after removal of the infected
device. The other two grafts (M8820, M8620) exhibited moderate or severe ACR (2R or 3R)
on d146 and d111, respectively, in association with declining graft function.

In contrast only two recipients in the STNX treatment group exhibited ACR >1R. M1721
exhibited self-limited moderate rejection, with ACR 2R at d45 resolving to OR with ongoing
treatment. M421 showed a progressive ACR (1R progressing to 3R) between d90 and d116
in association with graft endocarditis and recurrent septicemia after the discontinuation of
antibiotic treatment at d90. With STNX, one explanted allograft (M921) and 3 EOS-biopsies
(M1321, M821, M1721) at d180 showed absent (OR) or mild rejection (1R) (Fig 8); the
three grafts surviving for 57-130 days after discontinuation of TNX exhibited severe ACR
and AMR at graft failure (CAV not illustrated).

3.7 Cardiac Allograft Vasculopathy

Overall, mean CAV severity scores increased between d45 and d90 or at explant before

d90 in the loTNX+MMF (Fig 9), with higher CAV scores by d90 (mean, 1.5) compared to
either loTNX (0.2) or STNX (0.4). In addition, at graft failure after d90 in two loTNX+MMF
animals, CAV score (mean, 2.4) was significantly higher than with either [oTNX (0.5, n=3;
p=0.007) or in EOS sTNX biopsies (0.7, n=5; p=0.0009). The severity of CAV seen in
association with locTNX+MMF is illustrated by M8620°s explanted graft at d111 (Fig 8D),
in contrast to a loTNX graft (M7419) failing due to ACR and AMR on d93 (Fig 8B) or an
STNX graft (M921) electively explanted on d181 (CAV not illustrated).

3.8 Systematic Assessment of Clinical Thrombotic Events

No clinically evident macrovascular thrombotic events attributable to TNX were observed.
In M4520 a comprehensive autopsy included gross and histologic examination of

the brain and all major organ systems; no macro- or microthrombotic lesions were
identified. Macroscopically evident thrombotic lesions were not observed during systematic
extracranial autopsy assessment of each other recipient.
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4 Discussion

Current success in controlling alloimmune injury to the graft relies on various combinations
of potent immunosuppressive drug treatments, each of which is associated with undesirable
side effects. Selectively targeting T cell costimulatory pathways has advanced to the clinic
with belatacept, which targets the CD28/B7 pathway26,27. In addition to the CD28/B7
pathway, antibodies directed against CD40 and CD154 are being developed to prevent organ
transplant rejection, and promote graft survival and function. Several of these molecules
appear promising based on results in preclinical NHP animal models.6-13

Despite striking efficacy to prevent pathogenic alloimmunity in preclinical trials, the clinical
development of humanized 5¢8 (ruplizumab) and other antibodies targeting this pathway
were halted due to an increased risk of thrombotic events.14-17 Studies linked the risk

of thrombosis with anti-CD154 antibodies to an 1gG1 and FcyRIla-dependent mechanism.
Anti-CD154 antibodies with an IgG1 Fc region form immune complexes with soluble
CD154, and the immune complexes interact with FcyRIla and result in thrombosis in
FCGR2A transgenic mice.18 Subsequently, a few anti-CD154 mAbs were engineered to
modulate FcyRIla-binding and successfully avoided thrombosis, including a PEGylated
Fab,28 an Fc-disabled aglycosyl version of ruplizumab19 and an Fc-silent anti-CD154
domain antibody.20 However, absent or reduced Fc functionality was also associated with
reduced efficacy as monotherapy in NHP kidney transplant models.19,20,29-31 Based

on these considerations, it was postulated that some Fc functionality was important for
facilitating graft survival and function. Therefore, TNX-1500, containing the humanized
5¢8 Fab region from ruplizumab,19,21 was combined with a genetically modified 1gG4 Fc
region which reduces functional interaction with FcryRIla.Ref Lassiter etal page|et activation
in vitrowas reduced in association with TNX1500-antigen complexes relative to either the
parent murine 5¢8 antibody or the humanized version, ruplizumab (h5c8).Ref Lassiter etal
Since laboratory, clinical, and pathologic assessments showed no evidence of platelet
activation or related thrombotic complications, our observations support the prediction
that TNX1500 is likely to be associated with an improved safety profile in clinical
application relative to the parent ruplizumab molecule. Here, in contrast to prior work with
Fc-defunctionalized anti-CD154 antibodies, we also describe preserved functional ability of
TNX-1500 to prolong graft survival as monotherapy.

TrEeG expansion potentially contributes to immune protection and may promote durable
peripheral regulatory tolerance. Several reports have described increased Treg frequency
associated with CD154 targeting.31-34 In this study, STNX was consistently associated
with increased frequency of Treg and reduced frequency of Tgpra in the peripheral
blood compared to animals treated with [oTNX, alone or with MMF, resulting in a lower
Terr/Treg ratio in the STNX group by six months after transplant. We hypothesize that
promoting peripheral Tgreg expansion may be one mechanism by which anti-CD154 therapy
protect allografts from immune injury. This mechanism may distinguish CD154 blockade
from effects associated with CD40 receptor-directed approaches and also potentially
treatment with CD28/B7 blockers. Whether the increase in Trgg promotes durable
peripheral regulatory T-cell tolerance remains to be determined.
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Transplantation regimens have traditionally attempted to combine drugs with different
mechanisms to reduce the dose of each and increase activity while decreasing side-effects.
For example, belatacept is associated with improved long-term renal function in kidney
allograft recipients when used in conjunction with standard-dose26 or reduced-dose
conventional 1S,27 even when a relatively high incidence of early acute rejection was
observed. Therefore, we studied a low-dose of TNX with MMF. Importantly, the reduced-
intensity loTNX maintenance regimen was less effective than STNX to prevent histologic
evidence of alloimmune injury on protocol biopsies or graft rejection during ongoing
treatment. Combining loTNX with MMF did not prevent histologic evidence of alloimmune
injury. Indeed, grafts in recipients treated with loTNX with MMF unexpectedly trended to
be more rapid progression of CAV relative to loTNX alone despite similar TNX trough
levels. Studies currently under way in our lab will test the hypothesis that combining

STNX with MMF has a detrimental effect relative to STNX alone, perhaps because MMF
preferentially interferes with maturation of protective regulatory immunity in the context of
CD154 inhibition.

The higher incidence of bacterial infections observed in the loTNX+MMF treatment group
relative to either of the other treatment groups introduces a potentially confounding variable.
It is possible that CVL-associated infections may have elicited systemic inflammation
sufficient to precipitate early graft failure despite the activity of loTNX. Viral infections
have been associated with increased incidence of graft rejection in murine, primate and
human transplant studies;35 a correlation with bacterial infections is plausible if innate
immune activation and the associated systemic inflammatory response are efficient to tip
the immune balance of a transplant recipient toward effector/killer function and to suppress
emergence of anti-inflammatory and antigen-specific regulatory responses.

CD154 blockade inhibits B cell proliferation, modulates germinal center formation, and
prevents antibody isotype switching and affinity maturation.36 Consistent with these known
mechanistic effects, in TNX-treated animals where antidonor IgM was transiently detected,
class switching between anti-class Il IgM and anti-class 11 1gG was usually not observed.
The sTNX regimen was associated with improved control of pathogenic immunity relative
to loTNX with or without MMF, as demonstrated by consistent prevention of antidonor
alloAb elaboration, reduced ISHLT score and CAV severity scores post-transplant, and the
reduced incidence of graft failure during treatment. Of note, relative to our previously
reported criterion for detection of anti-donor antibody (staining detected on >10% of donor
T-cells), we find that a 2-fold-increase in MFI is more sensitive to detect low levels of
anti-donor antibody (Fig. S-5); while this criterion is inherently arbitrary, we conclude that
this measured antibody is consequential because its detection was consistently associated
with pathology in the graft (ACR, AMR, C4d staining) and a high incidence of graft failure
during ongoing loTNX treatment.

In conclusion, we demonstrate that a novel anti-CD154 mAb, TNX-1500 was well tolerated
and prevents pathogenic alloimmunity and elaboration of antidonor alloAb in a NHP cardiac
allograft model, resulting in prolonged survival with preserved graft function. In addition,
TNX appeared to promote peripheral regulatory tolerance with increased Trgg. Together
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these data support clinical evaluation of TNX as a supplement or alternative to currently

used small molecule immunosuppressants.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Treatment schedules for anti-CD154 mAb, TNX-1500 and hu5c8.
Treatment schedules and dosing regimens for low- (IoTNX) and standard-dose (STNX)

maintenance TNX groups are illustrated. An historical hu5c8 regimen is shown for
reference.

TNX, TNX-1500; MMF, mycophenolate mofetile; hu5c8, mouse-human 1gG1x chimeric
anti-CD154; d, post-transplant days
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Figure 2: Allograft survival by treatment regimen.
Allograft survival was the time to graft failure or explant, as defined in Methods. Three

black vertical hash marks in the IoTNX and sTNX treatment groups represent beating
grafts electively explanted due to animal health concerns or at EOS as described in Results.
Black arrow marks EOS. Three other STNX grafts rejected on d232, d265 and d305 (red
vertical hash) after EOS and cessation of TNX treatment after d175. Allograft MST was
significantly longer in the STNX treatment group (>265d; range 116->287) than with hu5c8
(133d; range 90-173; treatment stopped at d84, p=0.020), loTNX (99d; range 35-183,
p=0.014), or locTNX+MMF (88d; range 58-146, p=0.011). Early in our surgical experience,
occasional tail lesions associated with cautery grounding pad placement and superficial
lower extremity foot pad skin ischemic changes distal to intra-operative limb tethers were
observed. These superficial and clinically insignificant lesions were not observed after
discontinuing lower extremity external warming during peri-implant aortic occlusion.
TNX, TNX-1500; d, post-transplant days; MST, median survival time; MMF,
mycophenolate mofetil; EOS, end of study
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Figure 3: Mean serum trough concentrations for TNX-1500.
TNX-1500 trough concentrations were measured in serum by a human 1gG4 Fc-specific

enzyme-linked immunosorbent assay as described in Methods. Mean serum trough levels
for loTNX (yellow), loTNX+MMF (green) and sTNX (dashed black) treatment groups, with
SEM reflected by a negative error bar for each group. Open circles on the X-axis represent
drug dosing in the loTNX regimens as described in Methods. Trough levels in all groups
exceeded 600 pg/ml in the second week after transplant in association with dosing at 30
mg/kg twice weekly. TNX trough levels during treatment for STNX-treated allografts (mean
+ SEM; 711 £ 331 pg/mL) were significantly higher than either [oTNX-treated (498 + 254;
P =0.002) or loTNX+MMF-treated allografts (413 £ 265; P = 0.0002).

TNX, TNX-1500; MMF, mycophenolate mofetil; d, post-transplant days.
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Figure 4: Antidonor alloAb elaboration.
Presence of donor specific alloAb was defined by detection of recipient serum IgM or 1gG

binding to donor CD3*CD20~ T-cells (expressing MHC Class 1) or CD3"CD20" B-cells
(expressing MHC Class I and Class 1) with a value (fold increase MFI) consistently (on 2 or
more consecutive measurements) greater than twice the pre-transplant donor serum baseline
(d0). Compared to lIoTNX (3 of 4 positive for either Class | or Class 1) or [oTNX+MMF-
treated allografts (2 of four positive for Class I, one transiently), STNX treatment prevented
anti-donor antibody elaboration (0/5 animals). M4520 (IoTNX regimen) continued beating
until d183 despite a rising titer of presumed anti-Class 11 1gG. Transient detection of alloAb
with sSTNX may reflect effective inhibition of class switching and affinity maturation and
thus efficient CD154 blockade associated with this TNX dosing regimen.

TNX, TNX-1500; MMF, mycophenolate mofetil; d, post-transplant days
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Figure 5: T-cell phenotype and regulatory T-cells.
Peripheral blood lymphocyte phenotypes were quantified over time after transplant in

IoTNX (yellow symbols), loTNX+MMF (green symbols) and sSTNX (brown symbols)-
treated cardiac allograft recipients. All data are shown as mean = SEM over time after
transplant. (A)The ratio of CD4*/CD8* naive T cells in all treatment groups remained close
to the pretransplant range; no significant differences were observed between the groups
throughout the experiment. (B) STNX was generally associated with an increase in absolute
numbers of Treg (defined as CD4*CD25*CD1271oFoxp3™) compared to either I TNX

or loTNX+MMF, differences that were significant at multiple time points (p<0.05). (C)
Numbers of Trgg relative to pre-transplantation (d0) increased all treatment groups, but
there was no significant difference between the groups at any time point. (D) Treg expanded
relative to Tegg in the STNX-treated group relative to other groups as reflected by a stable
and declining Tgrp/TRreg ratio throughout the experiment, a difference which achieved
statistical significance when comparing that ratio at the final time point between sTNX and
IoTNX+MMF treatment groups (3.5 + 0.9 vs 9.5 £ 6.1, p=0.038).

TNX, TNX-1500; MMF, mycophenolate mofetil; d, post-transplant days
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Figure 6: Absolute platelet counts and platelet activation markers measured throughout the

experiment.

Animals in all treatment groups generally maintained normal platelet counts (above

100 x103/uL; Fig 6A). Neither sustained thrombocytopenia nor micro- or macrovascular
thrombosis were observed during TNX-1500 treatment. Platelet activation, as soluble
CD62P and BTG in plasma, remained similar to baseline levels before transplant (BL) in
association with either loTNX or stTNX monotherapy (Fig 6B). There was no consistent
or statistically significant difference between the TNX monotherapy groups in platelet
activation kinetics or in platelet counts throughout treatment relative to baseline BL. The
significant sustained elevation in soluble P-selectin in the [oTNX+MMF group by the
second week and thereafter was unexpected and without obvious explanation.

TNX, TNX-1500; MMF, mycophenolate mofetil
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Figure 7. ISHLT scores
Individual animal and mean (black bars) ISHLT scores at the three protocol-defined time-

point biopsies (d45, d90, d180 or earlier explant after day 90), or in for-cause biopsies or
explanted failed grafts around those time points. Two grafts in loTNX (yellow symbols)
failed with ACR3 at days 35 and 93; one was euthanized on d105 with a beating graft

in which evidence of ACR3 was detected on terminal pathology, and the fourth beating
graft (2R) was explanted by protocol at 180 days. In loTNX+MMF (green symbols),

ACR was moderate (2R) or severe (3R) in the majority of biopsies of beating grafts or

in explanted failed grafts after d45. sTNX (brown symbols) was associated with transient
moderate rejection (2R resolving to OR) at d45 in one recipient, and progressive ACR (1R
progressing to 3R between day 90 and d116) in association with graft endocarditis and
recurrent septicemia after antibiotic cessation at d90. With sTNX, one explanted allograft
and 3 end-of-study biopsies around d180 showed absent (OR) or mild rejection (1R). LOTNX
had significantly higher mean ISHLT score than sTNX-treated allografts at the time point
of subsequent explant after d90 or end-of-study biopsy around d180 (2.7 vs 0.8; *p=0.033).
When scores were occasionally discrepant, biopsies were reviewed in conference to discern
the source of score variation and adjudicate an agreed score. TNX, TNX-1500, MMF,
mycophenolate mofetil; d, post-transplant days; ACR, acute cellular rejection
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Figure 8. Representative cardiac pathology at explant.
Representative histologic sections are shown of explanted cardiac allografts at the time of

graft rejection (left and center panels) or at end of study graft explant (right panels) in
association with the 3 Tonix 1500-based treatment regimens evaluated. M7419’s explanted
allograft (IoTNX; H&E x20) at day 93 exhibited Grade 3 ACR and AMR with focal
interstitial hemorrhage (A); most coronary arteries were histologically normal, without CAV,
and intravascular thrombi were not detected (B, black arrows). In contrast, in M8620’s
explanted allograft at day 111 (loTNX+MMF; H&E x10) showed Grade 3 ACR and AMR
with diffuse perivascular and spreading interstitial inflammatory cell infiltration (C) and
prevalent moderate or severe CAV lesions with intimal hyperplasia (D, dotted black arrow).
In association with STNX, M921’s explanted allograft at day 181 did not show cellular or
humoral rejection (E, H&E x20), CAV (not illustrated), or C4d staining (F, C4d x20).

TNX, TNX-1500; MMF, mycophenolate mofetil; d, post-transplant days; Hematoxylin and
eosin, H&E, ACR, acute cellular rejection, AMR, antibody mediated rejection, CAV, cardiac
allograft vasculopathy
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Individual animal CAV severity score and mean (black bars) CAV severity scores at the
three protocol-defined time-point biopsies (d45, d90, d180 or earlier explant after day 90),
or in for-cause biopsies or explanted failed grafts around those time points. LOTNX+MMF
(green symbols) had significantly higher CAV scores (Mean, 2.4) compared to either loTNX
(yellow symbols; mean, 0.5; **p=0.007) or sTNX-treated grafts (brown symbols; mean, 0.7;
***n=0.0009) at the time of subsequent explant after d90 or end-of-study biopsy around

d180.

TNX, TNX-1500; MMF, mycophenolate mofetil; d, post-transplant days; CAV, cardiac

allograft vasculopathy
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Table 1.

Individual animal survival and clinical notes.

Page 24

Allograft survival and clinical notes for individual animals throughout the experiment. TNX, TNX-1500;
MMF, mycophenolate mofetil; ACR, acute cellular rejection; AMR, antibody mediated rejection; CVL, central
venous line; Bx, biopsy; BW, body weight; d, post-transplant days

Graft
Survival
Treatment Group | Animal ID | (days) Clinical Outcome Histological diagnosis Notes
Explanted by protocol at end of
hu5c8 MDL5X 90 study ACR, CAV
Explanted due to rejection after
MC710057 | 113 end of study ACR, AMR, CAV
Explanted due to rejection after
MDM6A 133 end of study ACR, CAV
Explanted due to rejection after
MDP28 152 end of study ACR, AMR, CAV
Explanted due to rejection after
MFAGL 173 end of study ACR, AMR, CAV
Median 133
loTNX M7419 93 Explanted due to rejection ACR, AMR
BW loss; bowel
M5420 >105 Euthanized with beating graft ACR obstruction
M4520 >183 Euthanized at end of study ACR
CVL infection, +
M5220 35 Explanted due to rejection ACR, AMR
Median 99
loTNX+MMF M8820 146 Explanted due to rejection ACR, AMR, CAV
M8620 111 Explanted due to rejection ACR, AMR, CAV
M8720 58 Explanted due to rejection ACR, AMR, CAV CVL infection
Telemetry device
M5020 66 Explanted due to rejection ACR, AMR, CAV infection
Median 88
No rejection at end of
STNX M921 >181 Elective explant at end of study study
No rejection at end of
M1321 305 Rejection after end of study study d180 Bx OR
No rejection at end of
M821 265 Rejection after end of study study d180 Bx OR
ACR 1R, capillaritis at end
M1721 232 Rejection after end of study of study d180 Bx 1R
M421 116 Explanted due to rejection ACR, AMR, early CAV Endocarditis; +BC
Median >265

Am J Transplant. Author manuscript; available in PMC 2024 August 01.



	Abstract
	Introduction
	Materials and Methods
	Animals
	Heterotopic Heart Allograft Transplantation
	TNX-1500
	Immunosuppression Treatment Groups and Dosing
	Allograft Rejection and Graft Failure Criteria
	Drug Trough Concentration Measurement
	Anti-donor Alloantibody Detection
	Hematology and Lymphocyte Phenotyping
	Graft Histology
	βTG and soluble P-selectin assays
	Statistical analysis

	Results
	Allograft Survival
	TNX-1500 Pharmacokinetics
	Antidonor Alloantibody Elaboration
	Peripheral Blood T-Cell Phenotype
	Platelet Counts and Activation Markers
	Allograft Histology
	Cardiac Allograft Vasculopathy
	Systematic Assessment of Clinical Thrombotic Events

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7.
	Figure 8.
	Figure 9.
	Table 1.

