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In addition to its well-known beneficial effects for the treatment of several types of cancer, PD-1
blockade has shown encouraging results in preclinical models of sepsis and in a recent clinical
trial in sepsis. Because cancer is the most common comorbidity in septic patients, here we aimed
to determine the efficacy of PD-1 checkpoint blockade in the setting of sepsis complicated with
preexisting malignancy. In a model of established lung cancer followed by cecal ligation and
puncture-induced (CLP-induced) sepsis, PD-1blockade exhibited no therapeutic effect on sepsis
survival. This diminished efficacy of PD-1 blockade in cancer septic animals (septic animals with
cancer) was characterized by a reduction in both the quality and quantity of PD-1* responder cells.
Specifically, CD8* T cells isolated from cancer septic animals exhibited decreased CD28 expression
and a reduction in the CXCR5*PD-1* subset. In addition, flow cytometric analysis of T cells isolated
from cancer septic animals revealed 2B4 as another possible checkpoint under these conditions.
Administration of anti-2B4 to cancer septic animals significantly improved sepsis survival and
was associated with increased T cell costimulatory receptor expression and decreased coinhibitory
receptor expression. These results illustrate functions of coinhibitory receptors in the setting of
sepsis complicated with cancer.

Introduction

Every year, sepsis develops in more than 1.7 million patients in the United States (1-3). The most common
comorbidity in septic patients is cancer, present in 19% of septic patients, resulting in about 200,000 cancer
septic patients (septic patients with cancer) per year (1, 4). In patients with cancer, the relative risk for the
development of sepsis is 9.77, and when compared with noncancer patients, the relative risk to be hospital-
ized with sepsis is 2.77 (5, 6). Among those cancer septic patients, lung cancer is the most prevalent type of
cancer, seen in 18% of patients (5, 7). Importantly, the in-hospital mortality rate was significantly higher for
cancer septic patients compared with noncancer patients (37.8% vs. 24.9%) (5, 8, 9).

The immune responses to cancer and sepsis share several similarities, including the induction of T cell
exhaustion. In the tumor microenvironment, continual exposure to tumor antigens leads to T cell exhaustion,
including upregulation of coinhibitory receptors and decreased cytokine production and cytotoxicity (10—
12). In addition, this deficiency in the adaptive immune system functions systemically, resulting in increased
expression of coinhibitory molecules on T cells in the circulation, inadequate response to vaccination, and an
increase in opportunistic infections (13—15). Although the mechanisms leading to T cell exhaustion during
sepsis remain unknown, the phenotypes of T cell exhaustion are well characterized (16). Postmortem anal-
ysis of septic patients and a plethora of animal studies on sepsis revealed that a reduced number of T cells,
increased expression of coinhibitory receptors, and decreased cytokine production were observed in sepsis
(17). Given this evidence of immunosuppression during sepsis, several checkpoint blockade therapies have
been investigated in different animal sepsis models. PD-1/PD-L1 blockade has also entered sepsis clinical trials
with encouraging results (18). For animal studies, administration of anti-PD-1 and anti-PD-L1 both resulted
in significantly improved cecal ligation and puncture (CLP) survival (19, 20). Blockade of PD-1 also increased
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the survival in the second-hit sepsis model (CLP followed by Candida infection) (21). Mechanistically, PD-1/
PD-L1 blockade lead to decreased cell apoptosis during sepsis, increased Bcl-xL expression on T cells, and
enhanced bacterial clearance (19, 20). Other coinhibitory molecules, such as CTLA-4, BTLA, and 2B4, also
exhibited some therapeutic effect during sepsis. CTLA-4 blockade also resulted in increased survival in the
CLP model and decreased cell apoptosis in splenocytes (21, 22). Anti-BTLA antibody treatment in a model of
dual insults with hemorrhagic shock and sepsis resulted in enhanced recruitment and functionality of innate
immune cells; however, anti-BTLA reduced overall survival in this specific sepsis model (23, 24). Adminis-
tration of anti-2B4 antibody increased CLP survival, and studies on 2B4-deficient animals demonstrated the
protection is CD4" T cell-dependent (25). Taken together, these studies highlighted the potential therapeutic
implications of checkpoint blockade during sepsis.

Efficacy of PD-1/PD-L1 blockade has been shown to be dependent on several mechanisms in both
models of cancer and chronic virus infection. First, CD28 expression on T cells is vital for PD-1 therapy.
Blockade of B7 signaling or conditional-KO) of CD28 on CD8 T cells results in ineffective tumor control
and inadequate T cell response after PD-1 therapy. Moreover, the proliferating CD8" cells from patients
with cancer receiving PD-1 therapy are predominately CD28* cells (26, 27). Second, CXCR5*PD-1* pop-
ulation provides the proliferative burst after PD-1 therapy. During chronic virus infection, CXCR5"PD-1*
cells are found in lymphoid tissues and express higher costimulatory receptors and memory-related tran-
scription factors. After PD-1 blockade, CXCR5* populations are capable of expanding and differentiating
into CXCR5- cells to mediate tumor control (28). Importantly, CXCR5" CD8" T cells with high function-
ality have been found in both circulation and tumor microenvironment on human pancreatic cancer and
lung cancer (29, 30). Third, host PD-L1 expression is crucial for PD-1 therapy. By using PD-L1-/- mice,
2 groups have shown that PD-L1 expression on host antigen-presenting cells (APCs) but not tumor cells
determines the efficacy of PD-1 blockade therapy (31, 32). In addition, in patients with metastatic mela-
noma and ovarian carcinoma treated with checkpoint blockade therapies, patients with clinical response
exhibited significantly higher PD-L1 expressed on host APCs compared with the nonresponders (31).

Here, we thought to determine the efficacy of PD-1 checkpoint blockade in a cancer sepsis model. In
this study, we found that anti-PD-1 blockade failed to impact sepsis mortality in animals with preexisting
cancer and was associated with a reduced number of CXCRS5*PD-1* cells and lower CD28 expression
on PD-1* cells. Conversely, anti-2B4 blockade conferred improved sepsis survival in animals with cancer.
This study highlighted the differential impact of PD-1 checkpoint blockade in cancer septic animals and
revealed the nonredundant roles of 2 individual checkpoint inhibitors in the setting of cancer and sepsis.

Results

Anti-PD-1 administration failed to exert a therapeutic effect on cancer-bearing animals during sepsis. To determine anti-
PD-1 efficacy during sepsis in cancer-bearing animals, we first tested the delayed anti-PD-1 administration
protocol described by Brahmamdam et al. (19). In brief, LLC1 tumor cells were subcutaneously implanted in
the right thigh of 8-12-week-old C57BL/6J mice. After 3 weeks of tumor growth, tumor-bearing mice or pre-
viously healthy (PH) controls were subjected to CLP for sepsis induction. Anti-PD-1 antagonistic mAb (clone
RMP1-14) was then given at 48 hours and 72 hours after CLP. In contrast to its known ability to improve sep-
sis survival in PH animals (Figure 1A), PD-1 blockade treatment failed to improve CLP survival in animals
with cancer: 57% (11 of 19) of isotype-treated animals survived, whereas only 37% (7 of 19) of anti-PD-1
treated animals survived (Figure 1B). It is known that PD-1 blockade improves sepsis survival by decreasing
lymphocyte apoptosis and increasing anti-apoptotic protein expression. To further evaluate anti-PD-1 efficacy
on a cellular level, we assessed caspase3/7 activity and anti-apoptotic protein Bcl-xL expression on CD4* and
CD8* T cells isolated from both PH animals and those with cancer. In PH animals, anti-PD-1 was able to
reduce cell apoptosis and increase Bcl-xL expression on both CD4* and CD8* T cells as previously described
(19). However, in animals with cancer, the anti-PD-1 effect was diminished; both caspase3/7 and Bcl-xL
expression were unchanged compared with isotype treatment (Figure 1, C and D). Thus, PD-1 blockade was
ineffective at inhibiting lymphocyte apoptosis in cancer septic animals.

We previously demonstrated that T cells isolated from LLC1 animals with cancer displayed higher coin-
hibitory receptor expression at the baseline compared with PH animals. It is possible that PD-1 signaling on T
cells was already occurring on T cells prior to the CLP insult. To test the possibility that our dosing strategy was
missing the therapeutic window in cancer hosts, we adjusted our treatment protocol from dosing at delayed time
points (day 2, day 3 after CLP) to early anti—-PD-1 blockade (days 0, 2, 4, and 6 after CLP, Clone 29F.1A12).
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Figure 1. PD-1 blockade fails to improve sepsis survival and has no effect on reversing T cell apoptosis in a cancer sepsis model. (A) PD-1 antagonistic
monoclonal antibody (clone RMP1-14, n = 29) or an isotype control antibody (n = 27) were administered to previously healthy (PH) animals via i.p. injection
at day 1and day 2 after cecal ligation and puncture (CLP). Animals were followed for 7 days for survival. The log-rank test was performed. (B) LLC tumor
cells were subcutaneously injected in the thigh and allowed to grow for 3 weeks. At day 21, animals with cancer (CA) were subjected to CLP surgery to
induce sepsis. Cancer septic animals were treated with PD-1 antagonistic monoclonal antibody or isotype control antibody at day 1and day 2 after CLP.
Animals were followed for survival for 7 days. n =19 in each group. The log-rank test was performed. (C) Active caspase 3 was assessed in splenic CD4*
and CD8* T cells isolated on day 2 from PH septic animals (n = 7-8) or cancer septic animals (n = 11-12) treated with either anti-PD-1 or isotype control. (D)
Anti-apoptotic protein Bcl-xL was assessed in splenic CD4* and CD8* T cells isolated on day 2 from PH septic animals (n = 7-8) or cancer septic animals (n
=11-12) treated with either anti-PD-1 or isotype control. Iso (flow) represents the flow cytometry isotype control staining for Bcl-xL staining. The 2-tailed
Student’s t test was performed. *P < 0.05.

However, PD-1 blockade still failed to improve survival in cancer septic animals (Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.127867DS1).

Both PD-1 and PD-L1 are highly expressed during cancer sepsis. We next sought to determine the mecha-
nisms underlying the ineffectiveness of PD-1 blockade in the setting of cancer and sepsis. We first con-
firmed adequate expression of both the receptor and ligand in the setting of cancer sepsis. In PH animals,
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Figure 2. PD-1 expression is maintained during sepsis in animals with cancer, but PD-1* cells exhibit dysregulated phenotypes during sepsis. (A) Cancer
septic or sham animals were sacrificed at indicated time points. Spleens were harvested, and PD-1 expression was determined (n = 6-8). The 1-way ANOVA
test was performed. (B) CD44, CD69, and CD28 expression was determined on CD4*PD-1* cells and CD8*PD-1* cells at 24 hours after cecal ligation and puncture
(CLP). Cancer sham animals were defined as a control group. n = 9-14/group. The 2-tailed Student's t test was performed. *P < 0.05, **P < 0.01, ***P < 0.001.

the frequency of PD-1-expressing T cells was significantly increased after the CLP insult (19, 20). However,
in cancer septic animals, frequencies of PD-1 expressing both CD4* and CD8" T cells were maintained at
the same levels as sham surgery controls from day 1 to day 3 after CLP (Figure 2A). We also tested the
PD-L1 expression on host APCs to confirm whether cancer septic APCs could promote negative signaling
through the PD-1/PD-L1 pathway. Results showed that dendritic cells, macrophages, and MDSC-like cells
in the spleen all strongly upregulated PD-L1 expression after sepsis (Supplemental Figure 2).

Cancer sepsis is associated with reduced CD28 expression and lower frequencies of CXCR5* PD-1* stem cell-like
CD&* T cells. Several recent publications have defined the mechanisms by which PD-1 blockade works
in models of chronic viral infection. First, Kamphorst et al. showed that CD28 expression is absolutely
required for PD-1 blockade to rescue CD8* T cell responses (27). Thus, we queried whether CD28 expres-
sion was reduced during sepsis. At 24 hours after CLP, CD4"PD-1* and CD8*PD-1* from sham cancer
animals and animals with cancer were stained with a series of markers (Figure 2B). For activation markers
on CD4*PD-1* cells, although CD44 expression was similar between sham and CLP groups, the percent-
age of CD69" cells was significantly increased in the CLP group, indicating that cells in the PD-1* popula-
tion became activated during CLP. Interestingly, we found that CD28 expression was significantly reduced
on septic CD4*PD-1* T cells (Figure 2B). For CD8*PD-1* cells, an increased percentage of CD69* cells
were also observed. Of note, CD8"PD-1* cells dramatically lost CD28 expression during sepsis, similar to
CD4*PD-1* cells (Figure 2B). Thus, compromised CD28 expression on both CD4* and CD8* T cells may
underlie the reduced efficacy of PD-1 blockade during cancer sepsis.

Im et al. recently showed that CXCR5* PD-1* CD8* T cells exhibit self-renewal potential and the abil-
ity to reconstitute the response following PD-1 blockade in the setting of chronic viral infection. CXCR5*
PD-1* responder cells are predominantly TIM-3~ and 2B4~ (28). We thus tested the hypothesis that PD-1
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Figure 3. CXCR5'PD-1'CD8" cells decrease significantly after sepsis. Animals with cancer animals were subjected to cecal ligation and puncture (CLP) and
sacrificed at 24 hours after CLP. Splenic CXCR5*PD-1"CD8* cells were analyzed. (A) Representative flow plots from cancer sham and cancer CLP depicting
CXCRS staining on CD8* PD-1* T cells. (B) Summary data showing frequency of CXCR5* cells among CD8*PD-1 cells. (C) Summary plot of the absolute num-
ber of CXCR5*PD-1"CD8* cells in the spleen. n = 13-15/group. (D) Representative flow plots and summary plots of TIM-3 and 2B4 expression on PD-1*CD8*
cells. n = 5-14/group. The 2-tailed Student’s t test was performed. *P < 0.05, ***P < 0.001.
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blockade may be ineffective during cancer sepsis because of a dearth in this critical population of CXCR5*
PD-1* CD8* T cells. Interestingly, we observed that the percentage of CXCR5* of PD-1"CD8* cells in
splenocytes was significantly declined in CLP animals at 24 hours after surgery compared with the sham
group (Figure 3, A and B). In addition, the absolute cell counts of CXCR5*PD-1* CD8* in splenocytes also
was significantly decreased in CLP animals at 24 hours after CLP (Figure 3C). Analysis of coinhibitory
molecule expression on PD-1* CD8* T cells showed no difference in TIM-3 expression but a significant
increase in the frequency of 2B4+ cells within this population in cancer septic animals compared with can-
cer sham animals (Figure 3D), suggesting that animals with cancer are losing a subset of the PD-1 blockade
“responder” cell populations during sepsis.

SPADE and CITRUS analysis revealed unique CD8* T cell populations in cancer septic animals. Given
these results suggesting that the factors critical to the effectiveness of PD-1 blockade are lacking during
cancer sepsis, we sought to identify additional coinhibitory signals that might be effectively targeted to
control dysregulated T cell responses during sepsis. Both PH animals and those with cancer received
CLP and were sacrificed at 24 hours after surgery. Splenocytes were harvested and stained with CD44,
2B4, PD-1, BTLA, and LAG-3. CD3*CD8" cells were gated in FlowJo and exported to Cytobank to
perform algorithm analysis. These algorithms provided an unbiased and comprehensive analysis rather
than traditional 2-dimensional and hierarchical analysis using FlowJo. First, Spanning-tree Progression
Analysis of Density-normalized Events (SPADE) was performed, and use of 50 nodes conferred better
resolution in our model. After adjustments, multiple ¢ test comparisons identified 2 distinct clusters as
being significantly elevated in cancer septic animals compared with PH septic animals (Figure 4, A and
B). The first cluster, located on the right side of the SPADE tree-like figure, contained cells expressing a
CD44hipp. 1hipB4hip AG-310t phenotype compared with total CD8* (Figure 4, A and C). The second
cluster upregulated in cancer septic animals contained cells possessing a CD44hipp.1lopp4hip AG.3int
phenotype (Figure 4, A and C).

Next, the CITRUS (cluster identification, characterization, and regression) algorithm was performed
on the same data sets to confirm the SPADE findings. CITRUS is a specific algorithm for fully automated
discovery of statistically significant differences between groups. By choosing Nearest Shrunken Centroid
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Figure 4. SPADE algorithm identifies 2 CD8* T cell clusters that are upregulated in cancer septic animals. Previously healthy (PH) animals and
animals with cancer (CA) were subjected to cecal ligation and puncture (CLP) and euthanized at 24 hours after CLP. Splenocytes were stained with
CD3, CD8, CD44, PD-1, 2B4, BTLA, and LAG-3. CD3*CD8* T cells were pregated in FlowJo and exported to Cytobank. SPADE analysis was performed
using the 50 node setting. PH animals are defined as a baseline to benefit group comparisons. (A) Representative SPADE tree figure generated by the
algorithm. Tree figure (top row left) represents PH septic animals, and tree figure (top row right) represents cancer septic animals. The clusters were
discovered by multiple t tests with adjustment. Only the clusters upregulated in animals with cancer are shown here. (B) Summary plot of percentage
of 2 clusters among total CD8* T cells. (C) Phenotype histograms of 2 clusters. The gray line represents total CD8* T cells from PH CLP mice, serving as
a baseline. n =10-11. The multiple t test was performed to identify significantly changed nodes. ***P < 0.0001

(PAMR) association model and minimum FDR in CITRUS, the algorithm identified 3 populations that
were changed between cancer septic animals and PH septic animals (Figure 5A). The summary plots
and CITRUS plot showed 2 groups of cells were increased in cancer septic animals: 1) Node-209985;
and 2) Node-209991 and 209995 (clustered together) (Figure 5, A and B). The phenotype of cells in the
first node 209985 was CD44hiPD-11°2B4hiLAG-3int, and the phenotype of cells in the second group
209991 and 209995 was CD44MPD-1M2B4MTL AG-3™ (Figure 5C and Supplemental Figure 3). Notably,
these results were consistent with our SPADE data. We also performed CITRUS on CD4" T cells and
observed that similar populations (CD44%PD-1°2B4" and CD44MPD-1"2B4") are increased in cancer
septic animals (Supplemental Figure 4).

Finally, to further confirm this result, traditional flow analysis was performed by manual gating
on 2B4 and PD-1 (Figure 6A). Both 2B4*PD-1- and PD-1"2B4 in CD8* T cells were increased in can-
cer septic animals compared with PH septic animals (Figure 6B). Thus, the data suggest that 2B4 is
expressed and potentially functioning on both overlapping and unique populations relative to PD-1 in
cancer septic animals. Because anti-PD-1 was ineffective at improving sepsis survival in the setting of
cancer sepsis, we shifted our interest toward blockade of 2B4 signaling in cancer septic animals.

Blockade of 2B4 improves survival in cancer septic animals. To determine the timing of 2B4 blockade,
we first assessed 2B4 expression kinetics on T cells in cancer septic animals. The frequencies of 2B4-ex-
pressing CD4* and CD8* T cells were significantly increased at day 1 and day 2 after CLP and then
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decreased at day 3 after CLP (Figure 7A). Because the kinetics of the increase in 2B4+ T cells was
similar to that observed in PH septic animals, we decided to treat cancer septic animals with anti-2B4
following the previously described protocol (25).

To determine the efficacy of 2B4 blockade in the setting of cancer sepsis, animals were treated with
anti-2B4 or isotype after CLP at days 0, 2, 4, and 6. Results indicated that anti-2B4 significantly improved
sepsis survival in animals with cancer (39% survival in anti-2B4—treated vs. 13% survival in isotype-treat-
ed, Figure 7B). To understand the impact of 2B4 blockade on T cell dysregulation during cancer sepsis,
cancer septic animals received 1 dose of anti-2B4 treatment and were sacrificed at 24 hours after CLP.
One mechanism that leads to T cell dysfunction during sepsis is the loss of costimulatory molecules and
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increased coinhibitory molecules on T cells. Therefore, we assessed the costimulatory receptor expression
on CD4" T cells and found that anti-2B4 treatment significantly increased CD48 expression (Figure 8A),
which may provide adjacent T cells with stronger CD2 costimulation signals during sepsis. No change
in CD28 expression was observed, but significantly lower ICOS expression on CD4* T cells in anti-2B4—
treated animals was noted (Figure 8A). The expression of CD48 was significantly elevated, and CD28
exhibited a trend toward increased expression after 2B4 blockade on CD8* T cells during sepsis (Fig-
ure 8B). Next, coinhibitory receptor expression on T cells after treatments was determined. Interestingly,
anti-2B4 treatment significantly decreased PD-1 expression on CD4* T cells but not CD8" T cells and
significantly reduced TIGIT expression on CD8* T cells but not on CD4* T cells (Figure 9, A and B).
Strikingly, we found that anti-2B4 treatment significantly reduced the frequencies of CTLA-4—expressing
cells among both CD4* and CD8* T cell populations (Figure 9, A and B). In addition, intracellular cyto-
kine staining following ex vivo restimulation revealed that anti-2B4—treated animals exhibited increased
frequencies of TNF- and IL-2—producing cells within the CD4" T cell compartment (Figure 10A) and
increased frequencies of IFN-y—, TNF-, and IL-2—-producing cells among CD8" T cells (Figure 10B) com-
pared with cells isolated from isotype-treated animals during sepsis. These data indicated that anti-2B4
treatment of cancer septic animals improved T cell effector function.

Interestingly, anti-2B4 treatment significantly reduced both the frequency of Foxp3* among CD4*
cells and the MFT of Foxp3 within that subset (Figure 11, A—C). The decrease in Foxp3 expression in
Tregs after 2B4 blockade (Figure 11D) may have indicated a loss of suppressive function and/or high-
er Treg plasticity following 2B4 blockade. Thus, we next examined GITR and CTLA-4 expression in
Tregs, both of which are important for Tregs to regulate immune responses. We found no difference
in GITR expression, but we also observed that CTLA-4 expression in Foxp3™* cells was significantly
decreased after 2B4 blockade, suggesting Treg in 2B4 blockade group may exhibit lower suppressive
activity (Figure 11E). We also confirmed that CTLA-4 expression was significantly reduced in the T
conventional population (Figure 11F).
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Discussion

In this study, we demonstrated that anti-PD-1 blockade failed to improve sepsis survival in animals with
cancer. This impaired efficacy of PD-1 blockade was associated with a decrease in CD28 expression on
PD-1* cells and a loss of PD-1*CXCRS5* CD8* stem cell-like responder cells during sepsis. Multi-parameter
flow analysis identified the expression of another coinhibitory receptor, 2B4, as a potential therapeutic
target in cancer septic animals. Importantly, we found that blocking 2B4-mediated coinhibitory signals
was sufficient to improve sepsis survival in animals with cancer. These results highlighted the importance
of personalized therapy in sepsis and highlighted the potential utility of animal models in modeling the
physiology of comorbid conditions that may impact sepsis pathophysiology.

Altered sepsis pathophysiology has been previously described in hosts with preexisting malig-
nancy. For example, the inhibition of lymphocytes apoptosis is well-known to improve sepsis surviv-
al in PH animals (33-35). However, in animals with preexisting cancer, prevention of lymphocyte
apoptosis by overexpression of Bcl-2 or using Bim~~ mice lead to increased mortality in a pneumo-
nia sepsis model (36). Moreover, we have previously shown that during sepsis, the dysregulated host
response to infection may be exaggerated in animals with cancer compared with PH animals (37,
38). Significantly increased activation markers (CD25, CD69) and coinhibitory receptors (PD-1,
2B4) expression were found on both CD4* and CD8" T cells. In addition, increased TNF secre-
tion was observed following ex vivo T cell restimulation. These results demonstrated that the host
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Figure 8. Costimulatory receptors on T cells isolated from cancer septic mice are altered following anti-2B4 treatment. The expression of costimulatory
receptors on splenic T cells was assessed following cecal ligation and puncture (CLP) in the presence or absence of 2B4 blockade. Septic animals receiving
anti-2B4 or isotype antibody after surgery were sacrificed at 24 hours after CLP. (A) Summary plots of costimulatory receptors on total CD4* T cells. (B)
Summary plots of costimulatory receptors on total CD8* T cells. n = 10-11/group. The 2-tailed Student’s t test was performed. *P < 0.05, **P < 0.01.
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response to sepsis in animals with cancer was characterized by increased activation and inflamma-
tion relative to that observed in healthy animals (37). Therefore, blockade of PD-1 may be insuf-
ficient to overcome the immune dysregulation in cancer septic animals and potentially may even
further amplify the overwhelming inflammation during cancer sepsis.

Other immunologic features known to be required for optimal response to PD-1 blockade were dysregu-
lated in cancer septic hosts. First, Kamphorst et al. (27) found that CD28 signals are absolutely required for
the efficacy of PD-1 blockade. CD28 deletion on T cells results in impaired expansion during PD-1 blockade
on a virus infection model. In addition, Kamphorst et al. (26) demonstrated that in patients with non—small
cell lung cancer treated with PD-1 targeted therapy, the responding PD-1"Ki-67* cells highly expressed CD28
costimulatory molecules. Both sets of results emphasized that PD-1* T cells require costimulation signals to
respond to PD-1 blockade therapy. In our cancer sepsis model, PD-1* cells lost CD28 and increased other
coinhibitory molecules during sepsis, indicating those PD-1* T cells exhibited lower responding capacity to
PD-1 blockade therapy. In addition, Im et al. (28) found that CXCR5" CD8* T cells correlated with response
to PD-1 blockade. Interestingly, the PD-1 blockade responder cells (PD-1*CXCR5*) were predominately
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2B4" and had a transcriptional profile characteristic of memory precursor T cells with the expression of Bcl-
6, TCF-1. In contrast, the PD-1*2B4* cells were mostly CXCR5~ with more terminal differentiation profiles
and were incapable of responding to the PD-1 blockade. In our study, we found decreased frequencies of
CXCR5" cells and increased frequencies of 2B4* cells among PD-1* T cells in cancer septic animals (Figure
3), suggesting the composition of the PD-1* population during sepsis shifted toward becoming more terminal-
ly differentiated. Moreover, these data were also consistent with the SPADE and CITRUS data (Figure 4 and
Figure 5) that PD-1h12B40 was identified in cancer septic animals compared with PH septic animals. Taken
together, we have shown that both the loss of the quality and quantity of PD-1* cells may have lead to the lack
of efficacy of PD-1 blockade in cancer septic animals.

SPADE and CITRUS analysis revealed that 2B4 and PD-1-expressing CD8* T cells constituted differ-
ent populations during sepsis, suggesting that these coinhibitory receptors may have different roles during
sepsis. These data were similar with our previously published data on CD4" T cells in which we found
1 population was 2B4MPD-1°CD4* T cells and 2B4°PD-1MCD4* T cells were elevated in cancer septic
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Figure 10. 2B4 blockade in cancer septic animals increases T cell cytokine secretion during sepsis. Cancer septic animals were subjected to cecal
ligation and puncture (CLP), received 1 dose of anti-2B4 mAb or isotype control after surgery, and were sacrificed at 24 hours after CLP. Spleno-
cytes were harvested and stimulated ex vivo with PMA and ionomycin for 4 hours, then were assessed for IFN-y, TNF, IL-2, and IL-10 production via
intracellular cytokine staining. (A) Representative flow plots and summary figures for CD4* T cell cytokine staining. (B) Representative flow plots
and summary figures for CD8* T cell cytokine staining. The 2-tailed Student’s t test was performed. *P < 0.05, **P < 0.01. Data shown (n = 6-7 mice/
group) are representative of 2 independent experiments with a total of n = 12 mice/group.

animals (37). Similar populations were identified in both CD4" and CD8" T cells (Supplemental Figure
4), strengthening the idea that 2B4 and PD-1 played distinct functions during cancer sepsis. We previously
showed that 2B4-deficient animals were protected from CLP and blockade of 2B4 on PH WT animals
improved sepsis survival. We found that the survival benefits of 2B4-deficient animals were derived from
increased IFN-y secretion on CD4* T cells (25); however, the mechanisms underlying the 2B4 blockade
remain unclear. Here we demonstrated anti-2B4 treatment increased CD48 expression and decreased PD-1
and CTLA-4 expression on T cells. CD48 is the ligand for CD2, which provides another T cell costimula-
tory signal. We speculated that during sepsis, T cells may rely more on costimulatory signals downstream
of CD2 because of a significant decline in CD28 expression (Figure 8, A and B). Blockade of 2B4 not only
reduced the inhibitory signaling to T cells but also decreased competition for CD48, potentially allowing
increased CD2 costimulatory signaling and cytokine secretion effector function. These possibilities war-
rant further investigation. Interestingly, PD-1 blockade does not affect 2B4 expression on T cells (data not
shown). These results strengthen the idea that 2B4 and PD-1 play distinct and unique roles in the patho-
physiology of sepsis in animals with cancer. However, we were not able to rule out a role for other 2B4-ex-
pressing immune cells, such as NK cells and gamma-delta T cells in our model.
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Figure 11. 2B4 blockade in cancer septic animals reduces frequency of and CTLA-4 expression on FoxP3* cells
during sepsis. Cancer septic animals were subjected to cecal ligation and puncture (CLP), received 1 dose of anti-
2B4 mAb or isotype control after surgery, and were sacrificed at 24 hours after CLP. (A) Representative flow plots
depicting frequencies of FoxP3* T cells in anti-2B4-treated cancer septic animals. The cells were gated on CD3*CD4*
T cells. (B) Overlay dot plot of total CD3*CD4* T cells isolated from anti-2B4-treated or isotype-treated cancer septic
animals. (C) Representative flow figure depicting percentage of FoxP3* T cells among total CD4* T cells. (B) Summary
figure depicting CD25 MFI and FoxP3 MFI of CD4* FoxP3* T cells. (E) Representative flow plots and summary data
depicting GITR and CTLA-4 expression on CD4* FoxP3* T cells isolated from control versus anti-2B4-treated cancer
septic animals. (F) Representative flow plots and summary data depicting CTLA-4 expression on CD4* FoxP3~ T cells
isolated from control versus anti-2B4-treated cancer septic animals. n = 11in each group. The 2-tailed Student’s t
test was performed. *P < 0.05, ***P < 0.001.

One of the limitations of this study was that the result might be tumor-type specific or sepsis mod-
el-specific. LLC1 is the Lewis lung carcinoma cell line, which is highly tumorigenic and widely used as a
model of metastasis and to evaluate the efficacy of therapeutic agents (39). We chose LLC1 as our tumor
model for several reasons: first, lung cancer represents the most common type of cancer in cancer septic
patients. Second, PD-1 blockade therapy has previously been shown to not reduce LLC1 tumor size in the
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mouse model (31); this was also true in our system (data not shown), allowing us to isolate the impact of
PD-1 blockade on cancer sepsis survival.

This study emphasized the complexity and contradiction in preexisting host comorbidity with sepsis.
Despite the negative results using PD-1 blockade in our model, targeting immune dysfunction via 2B4 block-
ade remains a promising direction for sepsis with cancer comorbidity. Our results should be repeated using
different types of tumors and other models of sepsis to determine the generalizability of the impact of PD-1
or 2B4 blockade in cancer septic hosts. In the future, combination therapy targeting multiple checkpoints
could represent promising strategies for successful immune therapy in the setting of cancer sepsis. For exam-
ple, we observed that CD4*PD-1* T cells in animals with cancer upregulated CD127 (IL-7 receptor) during
sepsis (not shown); therefore, combined PD-1 blockade IL-7 administration could be investigated (40). In
addition, clinical factors or potential biomarkers should be considered carefully in the criteria for future clini-
cal sepsis trials aimed at checkpoint therapy. The septic patients with cancer comorbidity should be excluded
from general septic patient populations and precision medicine strategies should be developed to more opti-
mally improve sepsis-induced immune dysregulation in the setting of preexisting malignancy.

Methods

Animals and cancer model. C57BL/6 mice with aged from 8-12 weeks old; both male and female were pur-
chased from Jackson Laboratory. All animals were housed and maintained by following Emory IACUC
guidelines. For cancer animal model, 500,000 murine lung cancer cell line LLC1 (ATCC, CRL-1642) cells
were implanted in the right thigh via s.c. injection. After 3 weeks, the cancer-bearing animals were random-
ly divided into different groups for experiments. LLC1 was cultured in DMEM (Sigma-Aldrich) with 10%
FBS, Penicillin-Streptomycin (100 U/mL, Thermo Fisher Scientific) and HEPES (0.01M, Sigma-Aldrich).
The LLC1 cancer cell culture and cryopreservation methods were followed by ATCC guidelines.

Cecal ligation and puncture. Polymicrobial animal sepsis model, CLP was performed to induce sepsis on
cancer animals. Following the method of Baker et al. (41), the cecum was ligated and punctured twice with
a 25-gauge needle. After surgery, septic animals received 1 mL of subcutaneous saline at 0 hours, and 4
doses of antibiotics (50 mg/kg ceftriaxone and 35 mg/kg metronidazole, Sigma-Aldrich) at 0, 12, 24, and
36 hours. Sham surgery was performed as a control group. Animals were provided with pain medication
(0.1 mg/kg buprenex, McKesson Medical) to minimize pain before the surgery.

Antibody blockade. For anti-PD-1 treatment, animals were treated with 2 different dosing strategies. The
delayed administration of anti-PD-1 was followed by the method of Brahmamdam et al. (19) 250 pg of
PD-1 antagonistic mAb (clone RMP1-14, isotype Rat IgG2a,x, Bio X Cell, Inc.) or isotype control anti-
body was administered by i.p. injection on days 1 and 2 after CLP. An alternative method of anti—PD-1
blockade was performed by administration of 250 pug anti-PD-1 mAb (clone 29F.1A12, isotype Rat IgG2a,
Bio X Cell) on days 0, 2, 4, and 6 after CLP. For anti-2B4 treatment, animals received anti-2B4 mADb (clone
2B4, 250 mg per dose, 1.p. injection, anti-2B4 was a gift of Vinay Kumar, University of Chicago, Chicago,
Illinois, USA) on days 0, 2, 4, and 6 after CLP.

Flow cytometry antibodies and reagents. Antibodies (clone) for flow cytometry were purchased from the fol-
lowing companies: BioLegend: CD2 (RM2-5), CD8 (53-6.7), CD28 (E18), CD44 (IM7), CD127 (A7R34),
CD62L (MEL-14), CD48 (HM48-1), Tim-3 (RMT3-23), PD-1 (29F1A12), ICOS (C398.4A), CTLA-4
(UC10-4B9), LAG-3 (C987W), TIGIT (1G9), CXCRS5 (L138D7), PD-L1 (10F.9G2), IFN-y (XMG1.2), and
TNF (MP6-XT22); eBioscience Thermo Fisher Scientific: 2B4 (eBio244F4), BTLA (6F7), Foxp3 (FJK-
16s), and IL-10 (JES5-16E3); BD Pharmingen: CD3 (500A2), CD4 (RM4-5), and IL-2 (JES6-5H4); and
Cell Signalling Technology: Bcl-xL (54H6). For Foxp3, Bcl-XL, and total CTLA4 staining, splenocytes
were stained with surface markers and then fixed and permeabilized by eBioscience Foxp3/Transcription
Factor Staining Buffer Set (Catalog: 00-5523-00). CellEvent Caspase-3/7 Green Flow Cytometry Assay
Kit (Catalog: C10427) was used for activated Caspase 3/7 staining. Absolute cell counts were obtained by
using CountBright Absolute Counting Beads (Catalog: C36950). For intracellular cytokine staining, sple-
nocytes were incubated with 30 ng/mL PMA and 1nM ionomycin in the presence of GolgiStop for 4 hours
at 37°C. Flow analysis was performed on FlowJo and Cytobank.

SPADE and CITRUS analysis. PH animals and those with cancer were subjected to CLP, and 24 hours
after CLP, splenocytes were collected and stained for CD3, CD4, CDS8, CD44, BTLA, PD-1, 2B4, and
LAG-3. Files containing only CD3*CD8" T cells were exported from traditional flow data (FlowJo) and
uploaded to Cytobank (Cytobank.org) for automated analysis. Two different algorithms were performed:
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SPADE (Spanning-tree Progression Analysis of Density-normalized Events) and CITRUS (cluster iden-
tification, characterization, and regression). For SPADE analysis, PH septic animals were set as baseline
and cancer septic animals were defined as the fold changed group. The node size was defined as 50 nodes
to have at least 100 cells in 1 node. The SPADE trees were generated by the parameter “percent total ratio
log” to visualize the difference between groups. For SPADE statistic, the percent of total CD8" cells in each
node was compared by multiple ¢ tests with adjusted P values (FDR = 1%), and significantly different nodes
were grouped into clusters based on the phenotypically similarity. For CITRUS, the PAMR association
model and minimal FDR were selected. The CITRUS program generated the tree-like figures, phenotype
figures, defined clusters, and statistics automatically without manual input.

Statistics. The 2-tailed Student’s ¢ test, multiple ¢ test, 1-way ANOVA, and log-rank test were used. The
outlier is removed by performing Grubbs’ test. Data are presented as mean + SEM. (*P < 0.05; **P < 0.01;
***P < (0.001)

Study approval. Animal studies were reviewed and approved by Emory Institutional Animal Care and
Use Committee, Atlanta, Georgia, USA (protocol number DAR-2003199-ELEMNT-N).
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