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Abstract

Blocking CD154 (CD40L) has the potential to prolong transplanted solid
organ graft survival and treat autoimmune diseases. However, first-
generation anti-CD154 IgG1 monoclonal antibodies (mAbs) were associated
with an increased risk of thrombosis linked to Fc binding to FcyRIla
(CD32A). Here, we describe a first-in-human, phase 1 clinical trial of TNX-
1500, a novel Fc-modified IgG4 anti-CD154 mAb designed to decrease
binding to FcyRIIa. Healthy volunteers (N=26) were enrolled into single-
ascending dose (3, 10, and 30 mg/kg) cohorts and received TNX-1500
intravenously. TNX-1500 was generally well tolerated. Among participants
receiving TNX-1500 3, 10, and 30 mg/kg, 1 (25%), 3 (38%), and 3 (38%)
participants, respectively, reported =1 treatment-emergent adverse event;
all were mild or moderate in severity, and none resulted in study
discontinuation. There were no thromboembolic events. Pharmacokinetic
analyses of TNX-1500 demonstrated a mean half-life of 37.8 and 33.8 days
for 10 and 30 mg/kg, respectively, supportive of monthly dosing; dose-
proportional exposure was suggested over the 3 to 30 mg/kg range. TNX-
1500 blocked the primary T cell-dependent antibody response to keyhole
limpet hemocyanin (KLH) at all doses and blocked the secondary response
at the 10 and 30 mg/kg doses. At 3 mg/kg, TNX-1500 reduced peak
secondary response to KLH by ~70% relative to placebo. TNX-1500
administration was associated with immediate and sustained reduction in

soluble CD154. Overall, TNX-1500 demonstrated a safety profile and




pharmacologic properties that support further development as an agent
with potential for prevention of organ transplant rejection and treatment for

autoimmune conditions.

Keywords: allograft transplant, immunosuppression, monoclonal

antibodies, anti-CD154, anti-CD40L, clinical trials




Introduction

CD154 (CD40L) is the molecular basis for T cell-helper activity for humoral
and cell-mediated immunity [1-9] and, consequently, plays a critical role in
immune responses. Blocking the CD154 pathway with anti-CD154
monoclonal antibodies (mAbs) has been shown to modulate T cell-
dependent humoral immune responses, treat autoimmunity, and prevent
allograft and xenograft rejection [10-23]. First-generation immunoglobulin
G1 (IgGl) anti-CD154 mADb therapies were effective at treating
autoimmunity and improving graft survival and function, but were also
associated with an increased risk of thrombosis [24]. Subsequent studies
showed that thrombosis risk was related to the interaction of the
crystallizable fragment (Fc)-domain ¢f 1gG1 anti-CD154 mAbs with the Fc

gamma receptor ITa (FcyRIIa, CD32A) [25,26].

The knowledge gained {rom first-generation therapies led to the
development of anti-CD154 mAbs that either lacked an Fc domain or
contained a silenced aglycosyl Fc domain [17,18,27-29]. These second-
generation anti-CD154 mAbs successfully addressed the thrombosis risk but
were limited to modulating humoral immunity but not cellular immunity.
For example, treatment with an aglycosyl anti-CD154 construct modulated
the humoral immune response in nonhuman primates but was largely
ineffective at preventing renal allograft rejection [27]. These findings

suggested that certain Fc-domain functions of anti-CD154 mAbs may be




necessary for modulating cellular immunity and for successful long-term

organ transplant survival and function.

Most recently, third generation Fc-modified anti-CD154 mAbs were
designed to limit the risk of thrombosis, without sacrificing the
immunomodulatory activity of first-generation anti-CD154 mAbs.
Frexalimab (SAR441344, INX 021) is an Fc-modified IgG1 anti-CD154 mAb
that has shown promise in treating multiple sclerosis [23]. Tegoprubart (AT-
1501) is an Fc-modified, non-disulfide-linked IgG1 anti-CD154 mAb that has

shown promise in preventing allograft rejection [22].

TNX-1500 is an Fc-modified IgG4 anti-CD154 mAb that is being developed
as a potential treatment for autoimmune conditions and to prevent organ
transplant rejection. TNX-1500 conteins the antigen-binding fragment (Fab)
region of hu5c8 (ruplizumab) [21], which has been extensively
characterized [30]. TNX-1500 was engineered with a modified Fc domain
(S228P, L235A) [31-33] to decrease FcyRIIa binding [20,21]. Preclinical in
vitro studies demonstrated that TNX-1500 modulates immune function [20].
Moreover, TNX-1500 treatment of nonhuman primate kidney or heart allo-
transplant recipients (approximately 20-30 mg/kg) prolonged allograft
survival and was well tolerated with no evidence of thromboembolic events
[20,21]. These results supported the development of TNX-1500 as a
candidate to potentially prevent transplant organ rejection and treat
autoimmunity. Here, we report a first-in-human study designed to assess

the safety, tolerability, pharmacokinetics, and pharmacodynamics of TNX-




1500, administered intravenously as single-ascending doses in healthy

participants.

Methods

Study Design

This was a single-center, first-in-human, phase 1, randomized, double-blind,
placebo-controlled, single-ascending dose escalation study designed to
evaluate the safety, tolerability, pharmacokinetics, and pharmacodynamics
of TNX-1500 in healthy adult volunteers. The study included a 28-day
screening period followed by a 1-day check-in period (day -1), a 2-day
treatment and observation period (days 1 and 2), and a 118-day follow-up
period (days 3-120). Participants were enrclled into 3 ascending dose
cohorts (3, 10, and 30 mg/kg) and within each cohort were randomly
assigned to receive a single dose of TNX-1500 or placebo (3-mg/kg cohort,
2:1; 10- and 30-mg/kg cohorts, 4:1). Following enrollment and dosing of 2
participants into the lowest dose level (randomized 1:1 to receive TNX-1500
or placebo), a safety review committee reviewed safety and relevant data
before proceeding with the remaining participants in the lowest dose
cohort. Dose escalation only proceeded if there were no signs of cytokine
release syndrome, infusion-related reactions, or significant adverse events

(AEs) within 48 hours postdose.

Participants received the study drug on day 1, infused intravenously over a

period of 1 hour. All relevant information obtained from preclinical studies




and the estimated half-life of TNX-1500 [20,21] was used to model a human
equivalent dose, as well as the time points for pharmacokinetic and
pharmacodynamics sample collections. Following study drug
administration, participants remained in the clinic for =24 hours to
complete safety and laboratory assessments and were monitored for signs
and symptoms of AEs. On day 2, participants received an intramuscular
injection of keyhole limpet hemocyanin (KLH; Immucothel®) 1 mg, an
immunogenic T cell-dependent antigen used to assess a T cell-dependent
antibody response (TDAR). All subsequent safety assessments and blood
draws for pharmacokinetic and pharmacodynamic analyses during the
follow-up period were performed at the study site; on day 29, all
participants were to receive a second injection of KLH 1 mg. Screening of
approximately 76 volunteers was planned, with a goal of approximately 26

participants enrolled with evaluable data.

The study protocci, associated documents, and informed consent forms
were reviewed and approved by an institutional review board (Advarra; IRB
registration number, 00000971). The study was conducted in accordance
with the Declaration of Helsinki, the ethical principles of Good Clinical
Practice guidelines established by the International Council for
Harmonisation, and all other applicable local regulatory requirements.
Written informed consent was obtained from each participant prior to

initiation of study procedures.




Participants

Eligible participants were healthy adults (18-65 years) with a body mass
index (BMI) between 18.5 and 34.9 kg/m?, who were nonsmokers (no use of
tobacco products =3 months before screening). All participants must have
had proof of receiving the COVID-19 vaccine (either Pfizer-BioNTech
[COMIRNATY®] or Moderna [SPIKEVAX™]) =14 days prior to consent.
Female participants of childbearing potential must have been using
nonhormonal contraceptive methods for =3 months prior to dosing and
agreed to continue use throughout the study; male participants had to agree
to the use of protocol-approved contraception with female partners unless

the partner was surgically sterile or =2 years postmenopausal.

Participants were excluded from the study if they met any of the following
criteria: history of allergic reaction to parenteral administration of contrast
agents, human or murine proteins, or mAbs or allergy to any of the TNX-
1500 inactive components; history of shellfish allergy; history of protein C
or protein S deficiency disorders and/or abnormality in protein C and
protein S levels at screening; required treatment with antiplatelet and/or
antithrombotic drugs; previous exposure to KLH; negative for Epstein-Barr
virus viral capsid or nuclear antigen IgG; positive serologic test for hepatitis
B surface antigen, hepatitis B core antibody, hepatitis C virus antibody, or
human immunodeficiency virus; or history of positive tuberculin (TB) test or
positive QuantiFERON TB Gold at screening. Participants were also

excluded if they exhibited increased risk for thromboembolic events or




history of confirmed venous thromboembolism, arterial thrombosis,
coagulopathy, or known platelet disorders; history of diabetes; history of
clinically significant and currently relevant cardiovascular, pulmonary,
hepatic, or kidney diseases; use of hormonal replacement therapy or
hormonal contraception; or history of drug or alcohol use disorder or

positive urine drug test at the time of screening.
Study Objectives

The primary objective was to assess the safety and tolerability of single-
ascending doses of TNX-1500, administered intravencusly. The secondary
objectives were to evaluate the pharmacokinetic parameters of TNX-1500,
the effect of TNX-1500 on KLH antigen challenge, and the effect of TNX-
1500 on coagulation and platelet activetion parameters. The key exploratory
objectives were to evaluate the effect of TNX-1500 on lymphocyte subsets,

inflammatory markers, and soluble CD154 (sCD154).
Safety and Tolerability

Safety assessments included AE reporting, clinical laboratory testing, vital
signs, electrocardiogram (ECG) parameters, and physical examination.
Monitoring of safety parameters and reporting of AEs occurred throughout
screening, from predose to 24 hours postdose, and continued throughout
the study. AEs of special interest were defined as any thromboembolic

events and incidences of infection, administration or injection site reactions,




or cytokine release syndrome considered Common Terminology Criteria for

AEs (CTCAE) grade 2 in severity.
Pharmacokinetic Analysis

Blood samples were collected for pharmacokinetic analyses predose (ie,
baseline) and at 0.5, 1, 1.5, 2, 3, 4, and 8 hours postdose on day 1;
subsequent blood samples were collected on days 2, 3, 5, 8, 15, 22, 29, 36,
50, 64, 78, and 120 (or at early termination). The following pharmacokinetic
parameters of TNX-1500 were calculated: maximum measured serum
concentration (Cpax), time to Crax (Tmax), area under the serum
concentration-versus-time curve (AUC) from tinie O to the time of the last
measurable concentration (AUCy.;), AUC from time 0 extrapolated to infinity
(AUCo.«), dose normalized maximum serum concentration (Cpax/Dose), AUC
from time of dosing to the time of last measurable concentration (AUC.
y/Dose), AUC from time 0 extrapolated to infinity (AUCy../Dose), apparent
first-order terminal elimination rate constant (Az), terminal elimination half-

life (ty), total clearance (CL), and terminal volume of distribution (V).
Pharmacodynamics and Exploratory Biomarkers

The following pharmacodynamic parameters were measured: mean and
change in anti-KLH antibody levels, coagulation markers (prothrombin time,
partial prothrombin time, international normalized ration [INR], D-dimer,
and fibrinogen), lymphocyte subsets (natural killer cells; monocytes; CD19+

B cells; and CD3*, CD4%, and CD8* T cells and subtypes), proinflammatory















































































