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Abstract

A defining feature of protracted sepsis is development of immunosuppression that is thought to be
a major driving force in the morbidity and mortality associated with the syndrome. The
immunosuppression that occurs in sepsis is characterized by profound apoptosis-induced depletion
of CD4 and CD8 T cells and severely impaired T cell function. OX40, a member of the tumor
necrosis factor receptor superfamily, is a positive co-stimulatory molecule expressed on activated
T cells. When engaged by OX40 ligand, OX40 stimulates T cell proliferation and shifts the
cellular immune phenotype toward TH1 with increased production of cytokines that are essential
for control of invading pathogens. The purpose of the present study was to determine if
administration of agonistic antibody to OX40 could reverse sepsis-induced immunosuppression,
restore T cell function, and improve survival in a clinically relevant animal model of sepsis.

The present study demonstrates that OX40 agonistic antibody reversed sepsis-induced impairment
of T cell function, increased T cell IFN-y production, increased the number of immune effector
cells, and improved survival in the mouse cecal ligation and puncture model of sepsis. Importantly,
0OX40 agonistic antibody was not only effective in murine sepsis but also improved T effector cell
function in peripheral blood mononuclear cells from patients with sepsis. The present results
provide support for the use of immune adjuvants that target T cell depletion and T cell dysfunction
in the therapy of sepsis-induced immunosuppression. In addition to the checkpoint inhibitors anti-
PD-1 and anti-PD-L1, OX40 agonistic antibody may be a new therapeutic approach to the
treatment of this highly lethal disorder.
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Sepsis induces T cell dysfunction and T cell depletion which is prevented by treatment with
agonistic antibody to OX40

Graphical Abstract

Keywords

0X40 and Immune Stimulation

TCR MHCII

0Xx40

Agonistic \
0OX40
Antibody
CD80/86
wlf T cell apoptosis T Macrophage activation
1‘ T cell activation o T ThiF-n secretion

1 T cell trafficking
1‘ IFN-y secretion

sepsis; immunosuppression; lymphocytes; programmed cell death; OX40

Introduction

Sepsis is defined as life threatening organ dysfunction due to a dysregulated host immune
response to infection [1]. Sepsis is a major health care problem and is the most common
cause of death in most intensive care units [2,3]. The dysregulated host response that occurs
in sepsis is frequently typified by an initial hyper-inflammatory phase characterized by fever,
shock, and respiratory failure. Following the initial exaggerated inflammatory response,
patients often develop a more protracted phase of immunosuppression [4]. The
immunosuppression phase of sepsis is manifested by an inability of the patient to clear the
initial inciting infection and acquisition of new secondary infections. Additional hallmarks
of the immunosuppressive phase of sepsis are reactivation of latent viruses, e.g.,
cytomegalovirus, Epstein Barr Virus, Herpes Simplex-1, and infections with relatively
weakly virulent pathogens including, for example, fungal organisms, vancomycin resistant
enterococci, stenotrophomonas, and acinetobacter [5-7].
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The realization that immunosuppression is a key pathophysiologic abnormality in sepsis has
led to investigation of therapies to boost the host immune system. The remarkable success of
immune therapies in oncology have further stimulated interest in immune therapies in sepsis
as these two seemingly disparate disorders share many of the same immunosuppressive
mechanisms [8]. A variety of immune adjuvants have been tested in sepsis including
leukocyte growth factors, immunostimulatory cytokines, and inhibitors of negative cellular
co-stimulatory pathways, e.g., anti-programmed death one (anti-PD-1) and its ligand (anti-
PD-L1) [9-12]. Testing of these agents in animal models of sepsis has demonstrated their
ability to reverse immunosuppression and improve survival [13-16]. Importantly, IL-7 and
the checkpoint inhibitors anti-PD-1/PD-L1 have shown efficacy in case reports in patients
with life threatening JC virus associated progressive multi-focal leukoencephalopathy and
hepatitis C, thereby providing support for their potential efficacy against bacterial pathogens
[17-19]. Given the success of these immune agents in animal models of sepsis as well as
their efficacy in patients with severe viral infections, phase1/2 clinical trials in sepsis have
been recently conducted [10-12]. In general, the immune-based therapies have been well
tolerated and, although the trials have contained relatively small numbers of patients, there
has been no evidence of precipitation of a cytokine storm or detection of major adverse
autoimmune effects in patients with sepsis [10-12]. Importantly, there was evidence that
these agents enhance immunity of the septic patient [10-12].

Another promising immune adjuvant that has shown activity in both animal infectious
models and in clinical trials in oncology, is agonistic targeting of OX40, a member of the
tumor necrosis factor (TNF) receptor superfamily [20]. Activation of OX40 via OX40 ligand
(OX40L) stimulates lymphocyte proliferation and skews CD4 T cell differentiation toward a
T helper type 1 (TH1) phenotype [21]. In addition, OX40 agonism augments a variety of
lymphocyte functions including production of IFN-y, a cytokine that is essential for
macrophage activation and host defense in sepsis [22]. An additional action of OX40 that
may be particularly beneficial in sepsis is its effect to suppress the generation and/or
function of T regulatory cells that act to impair immunity. Importantly, investigators have
reported that OX40 agonists enhance host immunity and improve survival in animal models
of malaria and in hepatitis B viral infections, which highlight the potential benefit of 0X40
based immunotherapy in infectious disease and sepsis [23,24].

The purpose of this investigation was to determine the potential efficacy of OX40 agonists in
reversing sepsis-induced immune suppression and improving survival in a clinically relevant
animal model of sepsis. The effect of OX40 agonistic antibodies on immune effector cells
from septic and critically ill non-septic patients was also examined to extend potential
efficacy to humans.

MATERIALS AND METHODS

Mice

Animal studies were performed at Washington University School of Medicine (WUSM).
Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Outbred male CD1 mice were purchased at Charles River Laboratory (Kingston, NY). All
animal studies were approved by the Animal Studies Committee.
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Sepsis model: cecal ligation and puncture

The cecal ligation and puncture (CLP) model was used to induce intra-abdominal peritonitis,
as described previously. Mice were anesthetized with isoflurane, and a transverse abdominal
incision was performed. The cecum was identified, ligated, and punctured as previously
described [25]. Following cecal ligation and puncture, the abdomen was closed in two layers
and 0.03 mg Buprenex in 1ml of 0.9% saline was administered subcutaneous for pain
medication and to compensate for third space fluid losses that occur following surgery and
during sepsis.

C57BL/6J mice were used for survival studies and for examining the effect of OX40
agonistic antibody on splenocyte numbers and function. For survival studies, the ligated
cecum was punctured twice with a 25 gauge needle. In studies involving spleen harvest and
immune testing of isolated cells, a 27 gauge needle was used for cecal puncture in order to
have a sufficient number of surviving animals. CD1 mice were employed for studies testing
the delayed type hypersensitivity (DTH) immune response with an injury level of a 23 gauge
with 2 punctures. Previous work from our group showed that this strain of mice had a more
robust immune response to recall antigenic challenge (13). For all studies, mice received 1
dose of 200pug of anti-OX40 or isotype-control intra-peritoneal at 6 hours and 48 hours post
CLP. Investigators were blinded to mouse group identification and mice were randomized in
a blinded fashion to receive either OX40 agonistic antibody or isotype control antibody.

Flow cytometric analysis of splenocytes

Splenocytes were prepared from septic and naive mice 2— 5 days post surgery as described
[13]. Red cells were lysed using RBC lysis buffer (Biolegend, cat.# 420301). Total cell
counts per spleen were determined via Vi-Cell counter (Beckman Coulter, Fullerton, CA).
The percentage of the individual cell phenotypes (e.g., CD4, CD8, B cell, and macrophages)
in the splenocyte population was determined via flow cytometric analysis as described
below. Splenocytes were stained for CD4/CD3/CD8/B220. All living cells in the forward
and sideways scatter were selected and plotted for CD3/CD4 double positive for CD4 T
cells, CD3/CD8 double positive for CD8 T cells and B220" CD3~ for B cells. In the staining
combination CD11¢/B220/CD11b/Ly6G, DCs were determined as CD11cM9" CD11b™,
Ly6G~, B220~. Macrophages were defined as CD11c"®910W CD11b*, Ly6G~, B220".
Granulocytes were determined as CD11b*, Ly6Ghidh B220~. Samples were acquired in a
FACScan (BD Biosciences) with a 5-color upgrade (CyTek ), and analysis was performed in
CellQuest Pro (BD Biosciences). The absolute cell counts for each splenic population were
calculated, as previously described [13]. The gating strategy for determination of cell types
and OX40 positivity is shown in Figure 1. Briefly, after the lymphocyte cell population was
identified, based upon forward x side scatter plot gating, cells were investigated for CD3 and
CD4, or CD3 and CD8 double positivity. The double positive populations were then
investigated for OX40 expression.

Quantitation of IFN-y and TNF-a production via ELISA

To determine the impact of OX40 agonistic antibody treatment on the amount of cytokines
produced by T cells and monocytes upon stimulation, ELISAs were performed. 5x10°
splenocytes were plated in 24 wells and stimulated with aCD3 (1ug/ml) and aCD28
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(5ug/ml) for IFN-y expression and with LPS (2ug/ml) for TNF-a expression in 1 ml of
complete RPMI11640 overnight. The supernatants were obtained and IFN-y and TNF-a were
quantified using ELISA MAX Standard Sets from Biolegend (cat.# 430801 for IFN-y~,
cat.#430901 for TNF-a) respectively, employing the pQuant Scanning Microplate
Spectrophotometer (Bio-Tek Instruments, Winooski, VT) as described [26,27].

Quantitation of IFN-y and TNF-a via ELISpot

In addition to measuring the total amount of cytokine produced by splenocytes via ELISA,
ELISpot assays were performed to examine the frequency of responsive T cells and
monocytes. 5x10% splenic PBMC (IFN-y) or 5x102 cells (TNF-a) were plated per 96 well
in 200l of complete RPMI. Cells were stimulated overnight with CD3/CD28 (500ng/ml and
5ug/ml) for IFN-y production and with LPS (2.5ng/ml) for the production of TNF-a. [27].

R&D’s Elispot Development Kit (mouse IFN-vy, cat. # SEL485: mouse TNF-a, cat. #
SEL410) was used following manufacturer instruction. Following development, images were
captured and analyzed on Cellular Technologies Ltd (Cleveland, OH) ImmunoSpot 7.0 plate
reader and software [27].

Determination of delayed type hypersensitivity (DTH) response

CD1 mice underwent CLP surgery as previously described [27]. One cohort of mice
received 200ug of agonistic antibody to OX40 via intra-peritoneal injection 6 and 48 hours
post CLP. A second cohort of control mice were treated identically except for receiving
isotype control instead of active antibody. At 3 days post CLP, a time point of maximum
immune suppression, all mice were immunized with 100ul TNBS (10mM) subcutaneously.
At day 7, all mice had an antigenic challenge with 50ul of 210mM TNBS into the right
footpad. PBS was injected into the left footpad as an internal control. The immunologic
recall response was measured by determining the footpad swelling (in micrometers) 24
hours post challenge. Numbers represent the difference between the antigenic challenge and
the saline control. Measurements of footpad thickness were performed by an investigator
blinded to mouse group identification.

Human Studies

In order to relate the findings regarding OX40 in murine sepsis to clinical sepsis, OX40
agonistic antibody was also evaluated in clinical samples from septic and critically-ill non-
septic patients.

Patient selection

Septic patients: Patients at Barnes Jewish Hospital who were older than 18 years of age
and who fulfilled a consensus panel definition of sepsis [11,12] were included in the study
(Table 1). Sepsis was defined as the presence of systemic inflammatory response syndrome
(SIRS) and a known or suspected source of infection as previously described [11]. Patients
with HIV infection, viral hepatitis, or who were receiving immunosuppressive medications
(except corticosteroids at a dose of < 10 mg of prednisone or the pharmacological equivalent
per day) were excluded. Consent for study entry and blood draws was obtained from the
patient or a legally authorized representative.
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Critically-ill non-septic patients: Control subjects consisted of critically-ill non-septic
patients admitted to the ICU for care following major surgery, trauma, or myocardial
ischemia (Table 1). Exclusion criteria were identical to that for patients with sepsis — see
above. Consent for study entry and blood draws was obtained from the patient or a legally
authorized representative. All protocols were approved by the Washington University
Institutional Review Board.

Determination of T cell IFN-y and monocyte TNF-a production by human PBMCs

To confirm that the mouse results were consistent with human septic patients, the ELISPOT
assay was also performed on patient samples. Patient PBMCs were harvested from whole
blood via Ficoll-Paque™, counted with a Vi-Cell™ counter from Beckman Coulter (Brea,
CA, USA), plated at a standardized density, (2.5 x 10* cells per well for IFN-y and 2.5x103
cells per well for TNF-a.), and incubated overnight with RPMI media containing anti-CD3/
anti-CD28 (500ng/ml and 5pg/ml) or LPS (2.5ng/ml) for stimulation. Each well had a
volume of 200 pl. rhOX40 ligand was obtained from R&D Systems (cat.# 1054-OX). Final
concentration: 100ng/ml of rhOX40 ligand. IFN-y and TNF-a were detected using a
colorimetric reagent kit (CTL, Shaker Height, OH, cat. # hIFNgp-2M/5 and #
hTNFap-2M/5). ELISPOT plates were made by Millipore (Hampton, NH; catalog number
MB8IPS4510). Assays were performed per manufacturer’s instructions. Following
development, images were captured and analyzed on Cellular Technologies Ltd (Cleveland,
OH) ImmunoSpot 7.0 plate reader and software.

Antibodies and reagents:

The following antibodies were purchased from Biolegend (San Diego, CA): CD4-FITC (cat.
#100510), CD3-Pe (cat. # 100308), CD8-PerCP/Cy5.5 (cat. # 100734), B220-APC (cat. #
103212), CD11b-PerCP/Cy5.5 (cat. # 101227), CD11c-FITC (cat. # 117305), Ly-6G-Pe
(cat. # 127607), anti-mouse CD3 (cat. # 100202), anti-mouse CD28 (cat. # 10112).

An agonistic antibody that activates the mouse OX40 receptor (m0OX40.23-mg1 clone 6E10)
was provided by Bristol Myers Squibb [28]. A control non-binding mouse IgG1 antibody
from BioXcel was also provided by Bristol Myers Squibb

Recombinant OX40-ligand that activates the human OX40 receptor was purchased from
R&D Systems (cat. 1054-0X).

Statistical analysis—Data were analysed with the statistical software Prism (GraphPad,
San Diego, CA, USA). Survival analysis was tested with Gehan-Breslow-Wilcoxon. Data
are reported as the mean £ SEM. For comparison of two groups, the Student’s #test was
employed. A paired #test was used when comparing samples from the same patient which
were treated identically except for incubation with either OX40 agonistic antibody or isotype
control antibody. One-way ANOVA with Tukey’s multiple comparison tests was used to
analyse data in which there were more than two groups. Two-way ANOVA was used to
analyse differential effects of CD3/CD28 treatment on OX40 surface expression between
naive animals and OX40 antibody treated animals. Significance was reported at p <0.05.
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Sepsis increases OX40 expression on murine CD4 but not CD8 T cells

0OX40 is reported to be expressed at low levels on resting naive T cells and is inducible upon
activation of CD4 and CD8 T cells [20]. We investigated if T cell OX40 expression increases
during sepsis. Mice were made septic via cecal ligation and puncture (CLP) and splenocytes
were harvested two and five days post CLP surgery. OX40 expression on CD4 and CD8 T
cells was compared to the OX40 expression of naive healthy animals.

Two days after CLP, the percentage of CD4 T cells expressing OX40 was significantly
increased compared to naive controls (7.5 £ 0.39% vs. 12.8 + 1.16% on naive and CLP CD4
T cells respectively (Fig. 1A). This increase persisted, but did not increase further by day 5.
In contrast to the effect of sepsis to increase OX40 expression on CD4 T cells, there was no
significant increase in OX40 expression on CD8 T cells at either 2 or 5 days post sepsis
onset compared to CD8 T cells of naive mice.

In addition to examining the effect of sepsis on OX40 expression in CD4 and CD8 T cells,
we also examined whether overnight stimulation of CD4 and CD8 T cells with anti-CD3/
anti-CD28 agonistic antibodies would lead to additional increases in OX40 expression.
Splenocyte CD3/CD28 stimulation led to increased OX40 expression in both CD4 and CD8
T cells from both naive and day 5 CLP animals (p<0.0001 for treatment effect for both CD4
and CD8). The percentage of OX40 positive CD4 T cells increased to 73.6% in splenocytes
from naive animals and 86.3% in splenocytes from septic animals 5 days post CLP This
increase was, to a lesser extent, found to also be present on stimulated CD8 T cells (4.2%
and 6.6% respectively, Fig. 1B. The flow cytometry gating strategy is shown in Figure 1C.)

Agonistic OX40 improves the delayed type hypersensitivity (DTH) response in CLP

The DTH response requires a coordinated interaction of cells of the innate and adaptive
immune system and is therefore a reflection of the overall functional status of host immunity
[30]. In our model of delayed-type hypersensitivity, the ability to respond to a newly
introduced antigen (TNBS, 10mM) is tested by immunizing septic animals on day 3 after
CLP, a previously proven time point of significant immune suppression (13). Four days after
immunization an antigen recall is tested by injecting TNBS into the footpad. The amount of
footpad swelling 24 hours later indicates the immune response at the time point of
immunization. Healthy animals that served as a positive control were subjected to
immunization and recall antigen challenge whereas healthy control mice that did not receive
the primary antigen immunization but only the recall antigen injection into the footpad
served as negative immune controls.

Mice with sepsis failed to mount a significant immune response to the antigenic challenge
compared to the positive control, consistent with a profound sepsis-induced defect in
immune response (Fig. 2B). Importantly, septic mice that received isotype control (CLP
control) were not statistically different from the negative control group but were statistically
different from the positive control group (p=0.0001, Fig. 2B). In contrast, septic mice that
were treated with agonistic-OX40 antibody showed a benefit of the immune therapy as
evidenced by the fact that their DTH response was significantly greater than the negative
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control group (p=0.0066) and not statistically different from the positive control group.
However, OX40 agonistic antibody treated mice were not different from CLP mice that were
treated with the isotype control antibody (p=0.19). A representative image of the swollen
mouse paw following recall antigen challenge is depicted in Fig. 2C.

OX40 agonist therapy decreases circulating lymphocyte counts

Previous studies have shown that activation of OX40 leads to trafficking of lymphocytes
from the bloodstream to sites of inflammation which is likely related to upregulation of
lymphocyte adhesion molecules by OX40 agonist[31]. This trafficking from the blood to the
sites of inflammation or infection is often reflected by a decrease in circulating lymphocytes.
To determine if peripheral white blood cell numbers and distributions were altered by sepsis
and OX40 agonist therapy, mice underwent CLP surgery. One cohort of mice was treated
with OX40 agonistic antibody at 6 and 48 hours after CLP while the second cohort was
injected with isotype control antibody. Blood was obtained at 5 days post-CLP. Total white
blood cell (WBC) and differential cell counts were analyzed using a Hemavet cell counter.
Naive mice that had no surgery were used to provide the normal blood cell counts in mice.

Although there was no difference in total WBC count in naive vs. CLP control mice, there
was a statistically significant decrease in the WBC count in CLP mice that were treated with
0OX40 agonist vs naive mice; p<0.0003; (Fig. 3). The number of circulating lymphocytes
was decreased in both CLP controls and in CLP mice treated with OX40 agonist versus
naive mice (Fig. 3). Furthermore, the circulating lymphocytes in CLP mice treated with
OX40 agonist was less than 50% of that in the CLP mice treated with isotype control
antibody; p=0.0016. The number of blood neutrophils was increased approximately two-fold
in CLP control mice compared to naive mice, p= 0.003; (Fig. 3). Although there was a trend
toward increased numbers of neutrophils in CLP mice treated with OX40 agonist antibody;, it
did not achieve statistical significance.

0OX40 agonist increases splenic CD4 but not CD8 T cells

A hallmark of sepsis is a profound apoptosis-induced depletion of CD4 and CD8 T cells.
0OX40 signaling causes activation of anti-apoptotic pathways that may inhibit apoptosis.
0OX40 activation also induces lymphocyte proliferation. These two actions of OX40 to block
apoptosis and increase lymphocyte proliferation may blunt the sepsis-induced depletion of
lymphocytes. Consequently, we examined the impact of OX40 agonistic therapy on absolute
lymphocyte counts in the mouse spleens. Mice underwent CLP with one cohort being
treated with OX40 agonistic antibody at 6, and 48 hours post-surgery. A control group
received isotype control antibody. Healthy unoperated mice (naive) served as controls to
quantitate normal splenic cell numbers and phenotypes. Five days post-surgery splenocytes
were harvested and flow cytometry was performed to identify the different splenic cell
subsets. We and other investigators have shown previously that sepsis-induced lymphocyte
apoptosis is detected in the spleen within 8-12 hours after sepsis onset, peaks around 24-48
hours, and that decreased blood lymphocyte counts (lymphopenia) persists for days. In
contrast to the decrease in splenic lymphocytes, there is an increase in myeloid derived cells
in the spleens of septic mice due to an influx of neutrophils and other myeloid derived cells
as sepsis persists. Five days post CLP total splenocyte counts in the OX40 agonistic

J Leukoc Biol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Unsinger et al.

Page 9

antibody treated group were significantly increased compared to naive and CLP isotype
controls where as mice in the CLP control group showed a decrease in both CD3 and CD4 T
cells compared to naive mice (Fig. 4). Conversely, CLP mice that had been treated with
OX40 agonistic antibody, had an increase in CD3 and CD4 T cells compared to both CLP
mice treated with isotype control antibody and naive mice. There was no effect of OX40
agonist on CD8 T cells (Fig. 4).

Additionally, a decrease in splenic B cells was prevented in septic mice that received therapy
with OX40 agonist (Fig. 4).

OX40 increases macrophage and neutrophil cell numbers

In contrast to the effect on lymphocytes, sepsis does not induce apoptosis of mature
macrophages [32]. In addition, spleens of mice that have undergone CLP typically are
increased in size by day fivebecause of an influx of numerous myeloid derived cells
including neutrophils and macrophages [25]. Cells of the innate arm of the immune system
demonstrate a more rapid rate of repopulation after sepsis with numbers quickly surpassing
cell counts of the healthy control group. Five days post CLP, both macrophages and
neutrophils were significantly increased in septic versus naive mice and this increase was
further enhanced in septic mice treated with OX40 agonistic antibody (Fig. 4).

0OX40 agonist increases not only cell numbers but also cell function after sepsis

A key pathophysiologic mechanism of sepsis is impaired lymphocyte IFN-y production.
IFN-y is essential for effective activation of monocytes and macrophages that play an
important role in pathogen elimination [22]. One of the critical cytokines produced by
activated macrophages is TNF-a.. Consequently, we investigated the effect of OX40
agonistic antibody therapy on lymphocyte IFN-y and monocyte TNF-a production. Assays
were performed by two independent methods, i.e., ELISA and ELISpot assays (Fig. 5).

The ELISA assay demonstrated that IFN-y secretion in the naive and CLP control mice
were similar. However, OX40 agonist treatment significantly improves IFN-y production
compared to both CLP control and naive groups (p<0.0001 for both). A similar result was
observed for the TNF-a production. While TNF-a production in response to LPS
stimulation is not different in naive versus CLP control mice, there was an approximate
doubling of TNF-a secretion in the OX40 agonistic antibody treated mice (p<0.0001
compared to both groups)(Fig.5A).

In contrast to the ELISA assay that provides information on the total amount of cytokine
produced, the ELISpot assay detects the number of cytokine producing cells. Thus, both
assays provide distinct and important information. The ELISpot assay demonstrated that
mice treated with OX40 agonistic antibody had an approximate 2-3 fold increase in the
number of IFN-y producing lymphocytes compared to both naive and CLP control
mice(p<0.0001 for both comparisons Fig. 5B). In contrast, although the number of TNF-a
secreting cells was increased in septic vs naive mice, there was no statistical difference
between the OX40 agonistic antibody treated versus the isotype control antibody treated
CLP groups (Fig.5B).
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Collectively, the results of ELISA and ELISpot demonstrate that OX40 agonistic antibody
therapy caused an increase not only in the number of immune effector cells but also an
increase in their function which is critical in control of invading pathogens.

0OX40 agonist improves survival in sepsis

Having demonstrated that therapy with agonistic antibody to OX40 improves both DTH and
the number and function of splenic CD4 T cells and other cell types, we next tested its
impact on sepsis-induced mortality. C57BL/6J mice underwent CLP surgery and were
injected 6 hours and 48 hours after CLP with OX40 agonist antibody or isotype control
antibody. Agonistic antibody to OX40 treatment resulted in a significant improvement in
survival at 7 days post surgery; p<0.05; (Fig. 6).

OX40 agonist increases IFN-y in T cells from septic patients

To determine if the beneficial effects of OX40 stimulation on lymphocyte IFN-y production
observed in murine sepsis occurs also in cells of septic patients, ELISpot assays were
performed on blood samples from septic and critically-ill, non-septic patients. Peripheral
blood mononuclear cells from both patient groups were stimulated overnight with CD3/
CD28 plus either recombinant human OX40-agonistic antibody or isotype control
antibodies. Approximately 22 hours after incubation, the number of IFN-y producing
lymphocytes was determined as described previously [27]. Treatment with the OX40-ligand
increased the number of IFN-vy secreting cells by an average of 49.2%, p<0.0001, (Fig. 7).
As there was no clear breaking point in the dispersal of OX40 stimulation mediated increase
in spot numbers, we considered an increase of 20% or greater in IFN-y secreting cells a
positive response to the stimulation as previously described [26]. 82% of septic blood
samples displayed a positive response to OX40 agonism (18 of 22 patient samples).

0OX40-ligand treatment led to a very similar result in CINS blood samples, as expected from
prior studies showing OX40 signaling activates receptor-expressing cells (21). Treatment
with the OX40-ligand increased the number of IFN-y secreting cells by an average of 57%,
with 72.7% (8 of 11 patients) of patients showing a positive response.

DISCUSSION

The present study adds to the growing body of research indicating that OX40 agonistic
agents may be efficacious in improving outcomes in infectious diseases [23,24]. Previous
studies of OX40 in a mouse malaria model of infection demonstrated that OX40 agonistic
antibody lead to a 3- to 4-fold expansion of parasite-specific CD4 T cells [23]. Significantly,
this increase in parasite specific CD4 T cells was associated with a decrease in the number
of circulating blood parasites consistent with an improvement in the ability of the host to
eradicate the pathogens [23]. OX40 agonistic agents also improved host immunity against
hepatitis B infections resulting in enhanced T cell responses, decreased hepatic injury, and
clearance of the virus [24]. The current results show that OX40 agonistic antibody therapy is
beneficial in a polymicrobial bacterial model of sepsis and improves effector T cell function
in patients with sepsis. Collectively, these studies underscore the potential utility of the
0OX40 therapy in infectious diseases.
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A second important implication of the present study is the finding that therapeutic
approaches in sepsis that are targeted to enfance lymphocyte function and adaptive
immunity may be beneficial in reducing morbidity and mortality. Most previous therapies of
sepsis have been directed at blocking a presumed hyper-inflammatory, cytokine mediated
host response. Over 100 clinical trials of anti-inflammatory and or anti-cytokine agents have
failed to show benefit in sepsis [2,3]. An increasing appreciation of the profound
immunosuppressive effects of sustained sepsis has led to new therapeutic approaches that act
to restore and enhance host immunity. In that regard, IL-7 and the checkpoint inhibitors anti-
PD-1 and anti-PD-L1 have been efficacious not only in animal models of sepsis but also in
patients with life threatening JC virus induced progressive multi-focal
leukoencephalopathy[13,14,18,19]. Although there are several important differences in the
immunologic effects of IL-7, anti-PD-1/PD-L1, and OX40 agonistic antibody, all three
agents act to ameliorate sepsis-induced apoptotic death of lymphocytes and restore T cell
production of the key cytokine IFN-y [13-16,28]. Collectively, the studies of these three
immune adjuvants, i.e., IL-7, anti-PD-1/PD-L1, and OX40 stimulation, make a strong case
for a new therapeutic approach targeting the depressed adaptive immunity in sepsis.

The present results showing beneficial effects of OX40 agonistic antibody in sepsis stand in
contrast to the findings of Karulf et al who reported that mice that had genetic deletion of
0OX40 ligand (OX40 ligand null mice) or mice that had treatment with antagonistic antibody
to OX40 ligand had improved survival in sepsis [33]. We speculate that the reason for the
different results regarding the effect of the OX40 pathway in sepsis relates to differences in
the severity of the sepsis models employed by Karulf et al and the present model. Karulf and
associates used a much larger gauge needle (#19 gauge) to puncture the cecum compared to
the #25 gauge needle employed for tests of survival in the present study. The larger gauge
needle used by Karulf et al results in the release of an increased bacterial inoculum as well
as augmented release of endotoxins from the cecum thereby inducing more cytokine-
mediated inflammation. This more intense initial inflammation results in a high early
mortality as reflected by the fact that in two of the sepsis models employed by Karulf and
colleagues, the control mice had over 50% mortality within the first 24 hours after CLP. In
contrast, in our less fulminant CLP model, only 10% of control mice had died by 24 hours.
The increased severity of the sepsis model employed by Karulf et al. is also evidenced by
data showing that the control mice had 100% mortality by the end of the study while in the
present study, 40% of the control mice were still alive at day 7 (Fig. 6). Thus, it is therefore
likely that the mice dying in the study by Karulf and associates were dying of a hyper-
inflammatory cytokine-mediated death. Therefore, blocking the OX40 pathway with
antagonistic antibody to OX40 ligand in this hyper-inflammatory model would improve
survival. It is important to note that with better treatment algorithms, the large majority of
deaths in septic patients now occur after the initial hyper-inflammatory phase of sepsis and
during the immunosuppressive phase of the disorder, which represents the greatest
opportunity for life-saving therapies [34]. Therefore, treatment to enhance host immunity is
the current focus of many sepsis investigators [3,7,9].

A dramatic effect of OX40 agonistic antibody therapy was to decrease the number of
circulating lymphocytes in sepsis (Fig. 3). While mice with sepsis had significantly less
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circulating lymphocytes compared to naive mice, septic mice that were treated with OX40
agonistic antibody had an even more dramatic reduction. The number of circulating
lymphocytes in septic mice which were treated with agonistic antibody to OX40 was less
than approximately 50% of the circulating lymphocytes in septic mice which received the
isotype control antibody. This effect of OX40 therapy to decrease circulating lymphocytes
seems paradoxical given OX40’s effect to increase splenic CD3 and CD4 T cell counts (Fig.
4). A likely explanation for OX40 agonistic antibody to decrease circulating lymphocytes is
its well-known effect to increase lymphocyte activation and expression of lymphocyte
adhesion molecules [30, 31]. Activated lymphocytes with increased adhesion molecules
traffic to sites of infection and interact with their cognate receptors expressed on endothelial
and organ parenchymal cells. Subsequently, these lymphocytes leave the circulation and
assist in modulating the local immune response that is essential to control the invading
pathogens. Indeed, a similar acute drop in circulating lymphocytes is observed after
administration of IL-7 that also induces T cell activation and upregulation of cell adhesion
molecules [10]. We speculate that this drop in circulating lymphocytes following
administration of OX40 agonistic antibody reflects an important therapeutic action of the
drug in sepsis.

Remarkably, the immunosuppression that occurs in sepsis and cancer share many common
mechanisms [8,36]. Therefore, the fact that clinical trials of OX40 agonistic antibodies are
showing activity in patients with cancer provides support for their potential applicability in
patients with sepsis-induced immune suppression [20]. OX40 agonistic antibody is currently
being tested in multiple clinical trials including in patients with head and neck malignancies
(NCT02274155) and in colon cancer (NCT02559224). As is often the case when
immunotherapeutics are being used, there is concern that OX40 agonistic antibodies may
induce autoimmune reactions in patients [37]. Such autoimmune effects have been reported
to occur in patients treated with the checkpoint inhibitors anti-PD-1 and anti-PD-L1 [18].
However, 0X40’s mechanism of action to directly stimulate T cells by co-stimulation is
distinct from the effect of anti-PD-1/anti-PD-L1 antibodies that act to block co-inhibitory T
cell receptors. Stated another way, OX40 agonistic antibodies “step on the accelerator” while
checkpoint inhibitors “release the brakes” on the T cell. Although definitive comparative
studies have not been conducted, these different molecular mechanisms of action may result
in a different likelihood of inducing autoimmunity [38]. Both anti-PD-1 and anti-PD-L1
antibodies have been tested in phase 1 clinical trials in patients with sepsis [11,12]. Although
it is important to emphasize that the number of septic patients included in these trials was
small, the treatments appeared to have a reasonable safety profile and did not induce a
hyper-inflammatory state. If anti-PD-1 and anti-PDL1 antibodies are ultimately shown to be
effective in patients with sepsis and to have an acceptable safety profile, it can be argued that
an OX40 agonistic antibody may also be beneficial.

In conclusion, OX40 agonistic antibody reversed sepsis-induced impairment of T cell
function, increased the number of immune effector cells, and improved survival in a
clinically-relevant animal model of sepsis. OX40 agonistic antibody was not only effective
in murine sepsis but also improved T effector cell function in peripheral blood mononuclear
cells from patients with sepsis. The present results provide additional support for the use of
immune adjuvants in the therapy of sepsis.
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SOFA Sequential organ failure assessment
TNBS 2,4,6-Trinitrobenzenesulfonic acid solution
TNF Tumor necrosis factor
WBC White blood cell
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Figure 1: OX40 expression on CD4 T cells increases during sepsis
A.) Splenocytes of healthy and septic mice (2days and 5 days after the onset of sepsis) were

harvested for the determination of OX40 expression on CD4 and CD8 T cells. 0X40
expression was significantly increased on septic CD4 T cells compared to naive healthy
control cells but not on CD8 T cells. B.) CD3 and CD28 stimulation overnight induced a
general significant increase of OX40 in both healthy and septic T cells versus unstimulated T
cells. C.) The gating strategy to measure OX40 on lymphocytes is displayed. A rough
lymphocyte gate was drawn on a Forward Scatter (FSC) by Side Scatter (SSC) plot. Cells
from within the lymphocyte gate were then examined for CD4 and CD3 double positivity or
CD8 and CD3 positivity. CD4+ and CD8+ T cells were then analyzed for OX40 expression.
A representative plot from a septic animal is displayed. Data in panel A and B were
analyzed by one-way ANOVA with multiple comparison post-tests, CD4 T cell results were
significant (overall p<0.0001), Displayed are the p-values correspond to post tests.
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Figure 2: Sepsis induces a marked decrease in the DTH response that is partially restored by
OX40 agonistic antibody.

A.) Mice underwent CLP surgery and were divided into 2 treatment groups. One group
received 200ug OX40 agonistic antibody 6 hours after CLP and again at 48 hours. The
control group received isotype control. 3 days post surgery mice were sensitized with
trinitrophenyl (TNP) subcutaneously and challenged into the footpad with TNP four days
post sensitization. B.) The degree of footpad swelling was quantified 24 hours post challenge
and compared to the swelling of the saline injected control foot (internal control). C.)
Example of a recall reaction after sensitization and challenge. A dial gauge in micrometer is
used to measure the immune response. Data in Panel B was analyzed by one-way ANOVA
(Krusk-Wallace) with multiple comparison post-tests, results were significant (overall
p<0.0001), displayed p values correspond to the results of the multiple comparison post-

tests.
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Figure 3: OX40 agonist decreases white blood cell (WBC) counts in peripheral blood.
Peripheral blood was harvested 5 days post-surgery by cardiac puncture and the different

blood cell subsets were analyzed by Hemavet. White blood cells (WBCs), lymphocytes, and
neutrophils were different between groups (p=0.0004, p<0.0001, and p=0.0005
respectively). Total WBC and lymphocytes were significantly decreased in blood following
0OX40 treatment relative to naive and control CLP animals. OX40 agonistic antibody
treatment had little effect the numbers of neutrophils and monocytes. Results were analyzed
by one-way ANOVA, and multiple comparison post-tests were then performed. Displayed o
values correspond to the results of the multiple comparisons.
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Figure 4: OX40 agonist prevents the loss of splenic CD4 T cells and B cellsand increases counts
of Granulocytes and Macrophages.

Splenocytes were harvested 5 days post-surgery, counted, and then stained for the diverse
cell subsets and analyzed by flow cytometry. With the exception of CD8 T cells, the
displayed cell subsets showed a significant increase in cell numbers following OX40
agonistic antibody treatment. Results were analyzed by One-way ANOVA, and multiple
comparison post-tests were then performed. Displayed p-values correspond to the results of
the multiple comparisons.
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Figure 5: OX40 agonist increases IFN-y and TNF-a production.
Mice underwent CLP surgery and were either treated with OX40 agonist or isotype control 6

hours post surgery with an additional dose at 48 hours. Splenocytes were harvested at day 5
post surgery. A.) ELISA were performed OX40 agonistic antibody treatment increased the
secretion of both IFN-y and TNF-a relative to either naive animals or control CLP animals.
B.) OX40 agonistic antibody treatment significantly increased the number of IFN-y~
producing cells compared to isotype control whereas the number of TNF-a expressing cells
was unchanged. C.) Representative ELISpot images for the number of IFN-y~ producing
cells for isotype control and OX40 agonistic antibody treatment group are displayed. Data
was analyzed by one way ANOVA (p<0.0001 overall for both A and B), displayed p-values
correspond to multiple comparison post-tests.
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Figure 6: OX40 agonist improves survival in sepsis.
C57BL/6J mice were injected with 200ug OX40 agonistic antibody 6 hours after CLP and

again at 48 hours. Septic control animals received isotype control. Survival was recorded for
7 days. Mice receiving OX40 agonist had a markedly improved survival. Data was analyzed
by Gehan-Breslow-Wilcoxon test.
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Figure 7: OX40-ligand increases IFN-y production in PBMCs from septic and critically ill non-
septic patients.
PBMC:s isolated from patient blood were plated on 96 well filter plates and stimulated with

CD3 and CD28 overnight with and without OX40-ligand. 24 hours later the number of IFN-
v producing cells was determined by ELISpot and expressed as percent increase in IFN-y
production in CD3/CD28 and OX40 agonistic antibody stimulated culture over cell culture
stimulated by CD3 and CD28 alone. Comparing samples with and without OX40 treatment
showed that OX40 agonistic antibody treatment significantly increased the number of IFN-y~
producing cells (p<0.0001).
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Patient Clinical Characteristics

Table 1.

Page 24

Septic patients (n = 22)

Critically 11l Non-Septic (CINS) patients (n
=11)

Age, mean (range) 51 (18-89) 47 (23-61)
Male/Female 12/10 8/3
Comorbidities:
Cancer 1 (4.5%) 2 (18.2%)
Cardiovascular disease 4 (18.2%) 4 (36.4%)
Diabetes 6 (27.3%) 3 (27.3%)
Gl disease 2 (9.1%) 0 (0%)
Hematologic disease 1 (4.5%) 1(9.1%)
Hepatic disease 2 (9.1%) 0 (0%)
Neurologic disease 3 (13.6%) 2 (18.2%)
No significant PMH 8 (36.4%) 4 (36.4%)
Renal disease 2(9.1%) 1(9.1%)
Respiratory disease 4 (18.2%) 1(9.1%)
Substance abuse 3(13.6%) 0 (0%)

Primary Diagnosis

Gastrointestinal disease (n=6, 27.3%)

Cardiovascular disease (n=3, 27.3%)

Neurologic disease (n=3, 13.6%)

Respiratory disease (n=1, 9.1%)

Respiratory disease (n=4, 18.2%)

Spinal complications (n=2, 18.2%)

Sepsis/Septic shock (n=1, 4.5%)

Trauma (n=5, 45.5%)

Skin/Soft Tissue Infection (n=3, 13.6%)

Trauma (n=5, 22.7%)

(range)

90 day readmission (total patients) 3 (13.6%) 3 (27.3%)
90 day readmission (total admissions) 4 3

30 day mortality 2 (9.1%) 0 (0%)
31-90 day mortality 2(9.1%) 1(9.1%)
Total 90 day mortality 4 (18.2%) 1(9.1%)
SOFA score at time of blood draw, mean (range) 7 (0-18) N/A
APACHE Il score at time of blood draw, mean 18 (7-27) N/A

Abbreviations: PMH: past medical history; SOFA: sequential organ failure assessment; APACHE:

Evaluation; GI; gastrointestinal

Acute Physiology and Chronic Health
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