1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2020 May 15.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2019 May 15; 202(10): 2843-2848. doi:10.4049/jimmunol.1900076.

Polymicrobial sepsis has the capacity to reinvigorate tumor-
infiltrating CD8 T cells and prolong host survivall

Derek B Danahy"T, Isaac J Jensen™T, Thomas S Griffith¥, and Vladimir P Badovinac™'#
“Interdisciplinary Program in Immunology, University of lowa, lowa City, lowa, USA.

TDepartment of Pathology, University of lowa, lowa City, lowa, USA.
*Department of Urology, University of Minnesota, Minneapolis, Minnesota, USA.

#Department of Microbiology and Immunology, University of lowa, lowa City, lowa, USA

Abstract

Malignancy increases sepsis incidence by 10-fold and elevates sepsis-associated mortality.
Advances in treatment have improved survival of cancer patients shortly after sepsis, but there is a
paucity of information on how sepsis impacts cancer growth, development and prognosis. To test
this, cecal-ligation-and-puncture (CLP) surgery was performed on B16 melanoma-bearing mice to
show sepsis has detrimental effect in hosts with advanced tumors leading to increased mortality.
Surprisingly, mice experiencing CLP-induced sepsis earlier during tumor development exhibited
CD8 T cell-dependent attenuation of tumor growth. Sepsis-resistant CD8 TILs showed increased
in vivo activation, effector IFN-y cytokine production, proliferation and expression of activation/
inhibitory PD-1/LAG-3 receptors due to a sepsis-induced liberation of tumor antigens. Sepsis
reinvigorated CD8 TILs were also amenable to (anti-PD-L1/LAG-3) checkpoint-blockade therapy
further prolonging cancer-associated survival in sepsis survivors. Thus, sepsis has the capacity to
improve tumor-specific CD8 T cell responses leading to better cancer prognosis and increased
survival.

Introduction

Sepsis is defined by the vigorous production of pro- and anti-inflammatory cytokines in
response to a systemic pathogen resulting in injury or death of nearly 2 million US patients
every year (1). Sepsis strikes regardless of age or health-status, but the majority of septic
patients display comorbidities upon sepsis induction. Malignancy is the greatest risk factor,
with a 10-fold increase in sepsis incidence regardless of cancer type (2, 3). The majority of
cancer patients have active/progressing tumors at the time of sepsis and experience greater
sepsis-associated mortality than patients without cancer (2, 4). These clinical outcomes have
been reverse-translated in murine models using multiple sepsis models (e.g., cecal ligation
and puncture (CLP)) and malignant cell types (e.g., pancreatic adenocarcinoma) (5-7).
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Improved treatment has increased survival of the entire septic population and has greatly
benefitted cancer patients resulting in a 76% survival-rate after sepsis (2). Thus, cancer
patients have high incidence of sepsis and it is important to understand how sepsis impacts
cancer prognosis and long-term outcome of an increasing number of sepsis survivors.

Sepsis deleteriously impacts an array of immune cell subsets and contributes to the
immunoparalysis phase of sepsis characterized by increased susceptibility to secondary
infections and de novo tumor growth (8, 9). Using the CLP model of polymicrobial sepsis in
mice lacking comorbidities, we and others have defined how sepsis affects CD8 T cell-
mediated immunity that protects the host against intracellular bacteria, viruses, and tumors
(10). In general, naive and previously-established memory CD8 T cells undergo apoptotic
death during a septic event that increases susceptibility to new- and previously-encountered
pathogens, respectively (11). In addition, the circulating memory CD8 T cells (T¢irem) in
the blood and spleen that remain after sepsis have diminished Ag-dependent functions
characterized by sub-optimal proliferative capacity and effector cytokine (IFN-y) production
(12, 13). In stark contrast, tissue-resident memory CD8 T cells (Trp) that reside in non-
lymphoid tissues (NLT) do not experience loss in numbers or function after sepsis, possibly
due to their secluded localization and inability of cytokines/chemokines produced during
sepsis to reach them (13). Thus, it is becoming clear that sepsis-induced immunoparalysis is
not as simple as previously suspected and can be compartmentalized (14). This apparent
dichotomy in susceptibility of various CD8 T cell populations to sepsis in mice lacking
comorbidities, make it difficult to predict the extent sepsis impacts tumor-infiltrating CD8 T
cells (TILs) and cancer progression.

Materials and Methods

Mice, cell lines, CLP surgery, and tumor monitoring

Male and female C57BI/6 mice >6-weeks old were used. Sepsis was induced with a single
cecal puncture using a 25G needle to extrude a small amount of cecal content, leading to a
septic state characterized by weight loss, shivering, and diarrhea with mortality rates
between 0-10%, as previously described (13, 15, 16). Sham (control) mice underwent
similar laparotomy omitting cecal ligation and puncture. Model advantages, limitations and
relevance to human disease are discussed previously (10, 17). B16 and B16-OVA (gift from
Dr. Lyse Norian, University of Alabama-Birmingham). B16 cells were grown in DMEM
with 4.5¢/L D-glucose, L-glutamine, 10% fetal calf serum and supplementum
complementum. For implantation, 2x10% B16 cells were subcutaneously injected in the hind
flank at 100pL volume with equal parts B16 medium and Matrigel Matrix (Corning).

Cell isolation, fluorescent labeling, and flow cytometric analysis

Tumors were cut into small pieces and incubated in DMEM medium +10% FCS + SC

+ 0.8mg/mL Collagenase type | (Worthington) + 60U/mL of DNase on a 37°C shaker at
300RPM. After 45-60 min, the tissue was mashed through a 70um cell strainer using the
plunger flange of a syringe and cell suspensions treated with ACK lysis solution to remove
any erythrocytes. Cells were labeled with the following fluorescently-labeled mAb: CD8a
(53-6.7), CD69 (H1.2F3), PD-1 (J43), LAG-3 (eBioC9B7W), IFN-y (XMG1.2), CD45.2
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(104), Thyl1.1 (HIS51), Ki67 (51-36524X BD). Samples requiring intracellular labeling
were subsequently treated with Cytofix/Cytoperm for 10 min at 4°C and washed in Perm/
Wash (BD Biosciences) before labeling. For Ki67 analysis, Foxp3 staining fixation and
permeabilization set (eBioscience) was used. CFSE labeling was performed as previously
described (13). Samples were run on a FACSCanto flow cytometer (BD Biosciences) and
analyzed using FlowJo software.

In vivo mAb administration

Statistics

Mice received 200ug of aPD-L1 (10F.9G2) and aLAG-3 (C9B7W) mAb or control rat 1IgG
every 3 days.

SPADE Analysis—Flow cytometric data of tumor samples were manually gated on CD8*
cells using FlowJo software and exported to specifically analyze the CD8 TIL population.
The SPADE analysis separated cells into distinct nodes based on the marker panel analyzed,
including PD-1, LAG-3, and Ki67. The parameter shown is LAG-3 (PE) in the Blue-Yellow
color scheme using median metric and a symmetric scale that was global among samples.

Statistical analyses were performed using GraphPad Prism software v7. Data are shown as
+SEM. Bar graphs, tumor growth graphs and survival curves were analyzed using unpaired
t-test, 2-way ANOVA, and Log-rank (Mantel-Cox) tests, respectively.

Results and Discussion

Sepsis induced mortality in tumor-bearing mice is dependent on tumor size

Experimental data in mice using various sepsis and/or tumor models have recapitulated the
increased rate of sepsis-induced mortality in cancer patients (5-7). To independently confirm
and further develop this concept, B6 mice were injected with B16 cells subcutaneously (SQ)
21 days before undergoing laparotomy followed by ligation and puncture of the distal cecum
to induce polymicrobial sepsis (CLP) or laparotomy alone (Sham; Fig 1A). High mortality
rates in cancer hosts were observed in the 2 days following sepsis induction using a low-
severity model of sepsis in which 100% of tumor-free mice survive (Fig 1B). Tumor-bearing
hosts that underwent sham surgery did not succumb in the following 2 days indicating tumor
burden alone cannot account for mortality observed in this experiment.

Tumor-bearing hosts underwent CLP surgery at the same time after tumor inoculation but
tumor size at the time of sepsis induction (Fig 1A,B) varied and potentially contributed to
the differential susceptibility of these hosts to sepsis associated mortality. To determine if
tumor size/progression at the time of sepsis induction influenced subsequent mortality, CLP
was performed 10-21 days after B16 implantation to generate a cohort of mice with a range
of tumor sizes (Fig 1C). Analysis of survivor and non-survivors 2 days after CLP surgery
showed a clear correlation between acute mortality and tumor size at the time of sepsis onset
(Fig 1D). Concomitant with other reports, these data indicate tumor-bearing hosts exhibit
increased susceptibility to sepsis-induced mortality, but mice bearing B16 tumors <100mm?
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in size rarely succumbed to sepsis. Thus, sepsis-induced mortality is dependent on size of
the tumor.

CD8 T cells contribute to slower tumor progression in sepsis survivors

Having identified a subset of tumor-bearing hosts that survive the septic event, we next
investigated the impact of sepsis on cancer progression and host survival. Mice were
challenged with B16 melanoma and 17 days later (when tumors were <100mm?) underwent
sham or CLP surgery (Fig 1E). Interestingly, tumor size was reduced shortly after sepsis
induction and ultimately prolonged survival of previously-septic hosts (Fig 1F-G). Selective
neutralization of sepsis-induced inflammatory cytokines (TNF or IL-12 and IFN-vy) was not
sufficient to inhibit the capacity of sepsis to shrink the tumor (data not shown), suggesting
the myriad of cytokines produced after sepsis might have functional redundancy.
Alternatively, CD8 T cells contribute to partial control of B16 progression (18), and
presence of CD8 TILs in clinical isolates indicates a positive prognosis (19). To determine to
what extent CD8 T cells contributed to the sepsis-related capacity to slow tumor
progression, B16-bearing hosts received anti-CD8 or rat IgG mAb 1 day prior to surgery and
tumor progression was monitored (Fig 1H). Once again, sepsis led to a reduction in tumor
size in CD8 T cell sufficient hosts compared to sham counterparts (Fig 11). Intriguingly, the
sepsis-induced influence on tumor progression was lost in hosts lacking CD8 T cells. It is
important to note that CD8 T cell depletion in sham hosts did not alter tumor growth,
potentially due to the late timing of depletion in this experiment. To test this possibility, B16
tumors were harvested early (day 13) and late (day 21) after implantation and the phenotype
and function of CD8 TILs was analyzed (Supplemental Fig. 1). The activation/inhibitory
receptor PD-1 is expressed on CD8 T cells shortly after cognate Ag recognition (20), and
PD-1 expressing CD8 TILs are characterized by their close proximity to tumor Ag and
ability to exert (or retain) some effector functions (e.g., IFN-y production) in the B16 tumor
model (21). Importantly, expression of PD-1, ability to produce IFN--y directly ex vivo, and
CD8 TIL proliferation (based on Ki67 expression) was highly dependent on the time of
tumor inoculation and tumor size, suggesting the window of opportunity in which CD8 T
cells can exert their function(s) is limited. Thus, the data in Figure 1 collectively show CD8
T cells contribute to sepsis capacity to diminish tumor size and prolong survival in tumor-
bearing hosts that survive the septic event. Although activation of innate immune cells after
sepsis may facilitate a CD8 T cell-mediated reduction in tumor size, we focused the
following experiments on understanding the contribution of tumor-infiltrating CD8 T cells
(CD8 TILs) and their role in anti-tumor immunity after sepsis induction.

Numerical maintenance and increased activation/effector functions of CD8 TILs in the
post-septic environment

The post-septic environment is characterized by transient lymphopenia and diminished CD8
T cell-mediated immunity that increases susceptibility to secondary infections (10-12).
However, the deleterious impact of sepsis on CD8 T cells is compartmentalized, with cells in
circulation being much more susceptible to the sepsis-induced alterations compared to cells
in non-lymphoid tissues (NLT) (13). The residence of cells in NLT can be defined by i.v.
injection of mAb prior to tissue harvesting that differentially labels cells within parenchyma
(i.v.7) and vasculature (i.v.™) (22). Using this technique, we recently showed that i.v.™ tissue-
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resident CD8 T cells (Trm) in NLT are less susceptible to sepsis-induced apoptosis
compared to circulatory (i.v.¥) CD8 T cells within the same tissue (13). In a similar manner,
the Ag-dependent ‘sensing and alarm’ function (capacity to produce IFN-vy) of infection-
induced skin Trp remained optimal in contrast to CD8 T¢jrem in the septic environment.

The i.v.-labeling technique in B16-bearing hosts revealed the majority (e.g., ~96%) of CD8
T cells harvested from the tumor were excluded from vasculature (Supplemental Fig. 2),
similar to a previous report (23). The location of CD8 TILs within the tissue suggested these
cells might not experience significant numerical loss after sepsis, similar to infection-
induced CD8 Ty To test this, hosts with detectable numbers of CD8 T¢jrem and TILs
were generated (Fig 2A). Briefly, mice received adoptive transfer of congenic (Thyl.1+)
naive T-cell-transgenic (TCR-Tg) P14 CD8 T cells followed by LCMV-Armstrong infection.
At a memory time point (day 24-post infection), B16 tumors were implanted and sham or
CLP surgery performed 19 days later. Of note, virus-specific Thyl.1 P14 memory CD8 T
cells generated using this approach infiltrate tumors (23). Two days after sham or CLP
surgery, mice received an i.v. injection of fluorescently-labeled CD45.2 mAb prior to
sacrifice and tissues were analyzed (Fig 2A). The number of P14 T¢rem in the peripheral
blood was dramatically reduced demonstrating classical post-septic lymphopenia (Fig 2B).
Despite this, the number of tissue-resident (i.v.”) P14 TILs were numerically maintained
confirming sepsis has limited capacity to influence number of cells embedded in NLT or
tumors (Fig 2C).

Sepsis also has the ability to diminish Ag-dependent functions (e.qg., effector cytokine
production and proliferation) of circulatory CD8 T cells (12). To test the extent to which
sepsis altered the Ag-dependent functions of CD8 TILs, B16-bearing mice underwent sham
or CLP surgery 17 days after tumor inoculation and 3 days later CD8 TILs were analyzed
(Fig 2D). Similar to the data in Fig 1F, sepsis led to a reduction in tumor size (data not
shown). Expression of CD69 and PD-1, direct ex vivo IFN-y production, and proliferative
capacity of CD8 TILs increased after sepsis induction potentially suggesting increased
interaction of the CD8 TILs with tumor Ag (Fig 2E-I). Collectively, sepsis has the capacity
to decrease tumor size, maintain numbers and reinvigorate function of CD8 TILs that
influences disease progression.

Sepsis increases Ag-dependent activation and proliferation of tumor-specific CD8 T cells

The reinvigorated Ag-dependent CD8 TIL responses suggest the liberation of existing, but
inaccessible tumor Ag(s), following a septic event. To test if tumor Ag indeed becomes more
accessible in the septic environment, mice bearing ovalbumin-expressing B16 (B16-OVA)
tumors received CFSE-labeled Thy1.1* OVA-specific TCR-Tg OT-1 CD8 T cells 1 day
before Sham or CLP surgery. A control group of tumor-free hosts also received OT-1 CD8 T
cells before surgery (Fig 3A). Donor OT-I cells in tumor draining lymph nodes 3 days after
transfer were analyzed to determine if they encountered tumor Ag (Fig 3B). OT-I cells in
tumor-free hosts showed minimal CD69 expression and CFSE dilution, suggesting lack of
CD8 T cell activation and proliferation by homeostatic proliferation in the lymphopenic
environment of septic hosts in the time frame analyzed (Fig 3C). Intriguingly, B16-OVA-
bearing hosts that experienced CLP surgery had increased frequencies of proliferating OT-I
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cells (increased expression of CD69 and CFSE dilution) compared to sham counterparts.
Thus, these data show tumor Ag is accessible to tumor-specific CD8 T cells in the post-
septic environment and potentially contributes to their improved ability to function and
provide a detectable level of anti-tumor immunity. Moreover, these data re-define the
previous idea that sepsis universally impairs T cell-mediated immunity in mice lacking
comorbidities (10, 17, 24).

PD-1 and LAG-3 blockade further reduces tumor progression after sepsis

The capacity of sepsis to reinvigorate CD8 TILs indicated an opportunity to provide
additional treatment to tumor-bearing hosts that survive sepsis using checkpoint inhibitors.
Blockade of PD-1 signaling has benefitted melanoma patients when CD8 TIL infiltration is
present (25), and dual blockade strategies provide additional benefit as shown using anti-PD-
L1 and LAG-3 mAb in the B16 model (26). Expression of PD-1 and LAG-3 on CD8 TILs
harvested after sham or CLP surgery was determined by Spanning-tree Progression Analysis
of Density-normalized Events (SPADE) analyses to assess the feasibility of using
combinatorial checkpoint blockade therapy to further prolong survival of cancer hosts that
survive sepsis. SPADE analysis uses a non-biased approach to analyze flow-cytometric data
and separate cells with similar characteristics into nodes. Here, PD-1-expression CD8 TILs
are shown in the PD-1* bubble (Fig 4A). The SPADE trees show the relative expression of
LAG-3 in each node (low (blue) to high (yellow) expression), and LAG-3 expression was
mainly seen on cells within the PD-1* bubble. Additionally, the representation of
PD-1*LAG-3" CD8 TILs was dramatically increased after sepsis based on node size (cell
number) (Fig 4A). These data indicate reinvigorated CD8 TILs co-express PD-1 and LAG-3
in sepsis survivors and are potentially amenable to therapy. To directly test this hypothesis,
B16-bearing mice underwent sham or CLP surgery. After resolution of the acute phase of
sepsis (day 2), the mice received anti-PD-L1 and -LAG-3 or control IgG mAb (Fig 4B). Of
note, sham mice had to be removed from the experiment at the time of anti-PD-1/LAG-3
mADb treatment due to the size of the tumors. As shown previously, sepsis itself leads to
diminished tumor progression and prolonged host survival compared to sham counterparts
(Fig 4C-D). Importantly, septic mice receiving checkpoint blockade therapy displayed an
even greater reduction in tumor progression and increased survival compared to septic mice
that received control IgG. Thus, current cancer immunotherapy strategies could potentially
increase the durability of reinvigorated CD8 TILs and further diminish tumor progression in
hosts that survive sepsis.

Reports published in the 1800’s document first-hand observations of erysipelas diminishing
tumor progression, driving the use of heat-killed bacteria (‘Coley’s toxins’) to treat multiple
cancer types (27). Dr. Coley’s original therapy has evolved to modern-day approaches using
attenuated L. monocytogenes as a platform to reinvigorate previously-established CD8 TIL
responses in advanced cancer patients (28). Reductionist, non-infectious approaches using
CpG oligonucleotides as an analog for prokaryotic bacterial DNA have also shown efficacy
in diminishing tumor progression by promoting TLR9 responses (29). Considering the
current knowledge of ‘hot” and “cold” tumors based on infiltrating immune cell responses
and local cytokine environment, it is not surprising a stimulus that elicits pro-inflammatory
cytokine responses can have beneficial effects on previously-established anti-tumor immune
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responses. What makes the data in this report intriguing is that sepsis — with its ability to
lead to global alterations in immune responses, including well-documented detrimental
effects on numbers and function of circulatory naive and memory CD8 T cells — is able to
reinvigorate dormant CD8 TILs and improve cancer prognosis. Importantly, recent case
reports of intra-abdominal sepsis improving cancer prognosis further substantiate this
observation (30, 31). In summary, clinical and experimental data suggest sepsis has the
capacity to modify tumor-specific CD8 T cell responses and improve cancer prognasis in
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
CLP-induced polymicrobial sepsis has the capacity to attenuate tumor growth.
Sepsis reinvigorates tumor-infiltrating CD8 T cells.

Checkpoint blockade after sepsis further improves survival of tumor-bearing
hosts.
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Fig 1. CD8 T cells contribute to slower tumor progression in sepsis survivors.
A) Experimental design. B) Survival after surgery. C) Experimental design; 10 to 21 days

after tumor injection CLP surgery was performed. D) Mice were separated into survivors
and non-survivors 2 days after surgery and tumor size (mm?2) at the time of CLP induction
for each mouse is shown. Average tumor size (mm?) is indicated above. E) Experimental
design. F) Tumor size (mm?) at indicated time points after B16 injection. Arrow indicates
time of surgery. G) Survival. H) Experimental design. One day before surgery mice were
treated with 800ug a.CD8 or rat I9G mAb. 1) Tumor size (mm2). Arrow indicates time of
surgery. Tumor volumes +SEM are shown. Tumor growth and survival curves analyzed
using two-way ANOVA and Log-rank (Mantel-Cox) tests, respectively. NS=not significant,
***p<0.001, ****p<0.0001. Data in panels A-D are pooled from at least 2 independent
experiments; E-G are representative of greater than 13 independent experiments; H-1
representative of 2 independent experiments.
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Fig 2. Numerical maintenance and increased activation/effector functions of CD8 TILs in the
post-septic environment.

A) Experimental design. Mice received adoptive transfer of 10* Thy1.1+ naive P14 cells
before LCMV-Arm infection (2x10° PFU i.p.). 24 days later B16 cells (2x10% SQ) were
injected and after 19 days surgery was performed. i.v. labeling with CD45.2 mAb was
performed 3 min before tissue harvesting. B) Number of P14 cells in PBL. C) Number of
vasculature-excluded (i.v.”) P14 cells in tumor samples. D) Experimental design. E)
Representative histograms. % of CD8 TILs expressing F) CD69, G) PD-1, H) IFN-y and I)
Ki67. Unpaired t-tests. NS=not significant, *p<0.05, **p<0.01, ***p<0.001. Summary data
from at least 3 mice per group. Data in panels B-C and E-I are representative of 2 and 3
independent experiments, respectively.
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Fig 3. Sepsis increases Ag-dependent activation and proliferation of tumor-specific CD8 T cells.
A) Experimental design. 18 days after B16-OVA injection mice received adoptive transfer of

5x10° Thy1.1* CFSE-labeled naive OT-1 cells 1 day prior to sham/CLP surgery. B)
Representative gating strategy of Thy1.1* OT-I cells from tumor-draining inguinal lymph
node. Representative dot plots of CD69 and CFSE of donor OT-I cells in tumor-free (top)
and tumor-bearing (bottom) hosts that underwent sham (left) or CLP (right) surgery.
Frequency of CFSE-diluted OT-I cells is indicated. Data are representative of 2 independent
experiments.
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SPADE Analysis
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Fig 4. PD-1 and LAG-3 blockade further reduces tumor progression after sepsis.
A) Representative SPADE trees of CD8 TILs 3 days after sham or CLP surgery was

performed on mice that received 2x10% B16 cells 17 days earlier. PD-1 expressing cells are
shown in the PD-1* bubble. In an unbiased approach, cells sharing similar characteristics are
grouped into nodes. Relative expression of LAG-3 is shown based on node color (Blue-
Yellow). Node size indicates the number of cells. B) Mice received 2x10% B16 cells SQ and
19 days later underwent surgery. 2 days later therapy mice received aPD-L1 and aLAG-3 or
rat 19G control Ab every 3 days. C) Tumor size (mm?2). Arrow indicates time of surgery. D)
Survival. Tumor growth and survival curves analyzed using two-way ANOVA and Log-rank
(Mantel-Cox) tests, respectively. **p<0.01, ****p<0.0001.
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