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Abstract

Sepsis is one of the leading causes of death worldwide. While mortality is high regardless of
inciting infection or comorbidities, mortality in patients with cancer and sepsis is significantly
higher than mortality in patients with sepsis without cancer. Cancer patients are also significantly
more likely to develop sepsis than the general population. The mechanisms underlying increased
mortality in cancer and sepsis patients are multifactorial. Cancer treatment alters the host immune
response and can increase susceptibility to infection. Preclinical data also suggests that cancer,

in and of itself, increases mortality from sepsis with dysregulation of the adaptive immune

system playing a key role. Further, preclinical data demonstrate that sepsis can alter subsequent
tumor growth while tumoral immunity impacts survival from sepsis. Checkpoint inhibition is a
well-accepted treatment for many types of cancer, and there is increasing evidence suggesting this
may be a useful strategy in sepsis as well. However, preclinical studies of checkpoint inhibition

in cancer and sepsis demonstrate results that could not have been predicted by examining either
variable in isolation. As sepsis management transitions from a ‘one size fits all” model to a more
individualized approach, understanding the mechanistic impact of cancer on outcomes from sepsis
represents an important strategy towards delivering on the promise of precision medicine in the
intensive care unit.

Sepsis

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection [1]. The inciting infectious agent can be bacterial, viral or fungal. In
an attempt to contain and eliminate the infection, the immune system responds by releasing
cytokines and inflammatory mediators triggering the activation of the coagulation cascade,
altering metabolism and endocrine responses. Damage occurs on all scales in the host from
the cellular (increased apoptosis, necroptosis, decreased mitochondrial respiration) to whole
body, where damage can be seen in all organs [2].
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Sepsis affects nearly 50 million people worldwide, accounting for approximately 20% of
deaths in the world prior to the COVID-19 pandemic [3]. Due to these devastating statistics,
the World Health Organization has recognized sepsis as a global health priority [4]. Despite
intensive research into sepsis and septic shock, 30-day mortality from septic shock has
stayed stable worldwide for the past decade [5]. In the United States alone, sepsis affects
1.7 million people and results in approximately 300,000 deaths annually [6]. Further, sepsis
is present in 35% of all hospitalizations that end in death [6]. The costs associated with
sepsis are enormous — whether measured in human suffering or financially. Many sepsis
survivors end up with post-intensive care syndrome where they have physical, emotional and
cognitive abnormalities months or years after their hospitalization [7,8]. In addition, costs
for Medicare beneficiaries in the United States with sepsis exceed $60 billion, twice as high
as previous estimates [9]. However, despite the significant morbidity and mortality attached
to sepsis, no targeted treatments are available beyond antibiotic therapy and source control
[10]. Improved outcomes from sepsis are possible with earlier and standardized treatment
and following evidence based guidelines [10-13].

A large number of randomized controlled trials related to sepsis have been published, yet
no pharmacologic intervention has consistently reduced mortality [14]. While the reasons
related to this lack of success are assuredly multifactorial, one commonly agreed upon
reason is that entry criteria in clinical trials of sepsis are very broad. Sepsis trials include
patients with diverse inciting organisms, genetics, age, sex, environment and co-morbidities.
This has led to a movement to leave behind a “one size fits all’ approach to trials towards

an approach where trials have more stringent, biologically defined entry criteria [15].
Indeed, numerous retrospective studies have demonstrated that a variety of approaches can
distinguish seemingly similar sepsis patients into phenotypes that have different outcomes
that cannot be predicted upon severity of illness and that will respond differently to the same
therapeutic agents [16-22].

Cancer is the second most common cause of death in the United States [23]. There is an
enormous psychological burden associated with cancer, and cancer patients are 71% more
likely to experience tax liens, foreclosures, debt collections and bankruptcy with a direct
correlation between the declaration of bankruptcy and death [24].

Cancer is characterized by the uncontrollable growth and spread of abnormal cells.
Malignant cells have the ability to hide from the immune system and create
microenvironments that optimize tumor survival [25]. This allows for the progression of

the disease process with inflammatory cells contributing to fibrosis, angiogenesis, and
remodeling of the cellular environment. In addition, immune cells that exist within the tumor
environment are subjected to anti-inflammatory signals that serve to decrease their intended
function, such as the phagocytic ability of macrophages and the activation of dendritic and T
cells [26]. When T cells in the tumor microenvironment enter states of relative dysfunction,
exhaustion and senesce, tumor proliferation can occur further [27].
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Sepsis and cancer

Historically, patients with cancer have been shown to be nearly ten times more likely to
develop sepsis than the general population [28], and the leading cause of intensive care
unit admissions in patients with cancer is sepsis. Further, although outcomes can vary by
a patient’s type of cancer, treatment and access to medical care, it has been estimated that
approximately 30% of mortality due to cancer is from sepsis [29].

Cancer, in isolation, and therapy for cancer (e.g. chemotherapy, radiation, surgery, bone
marrow transplantation) also increase the risk for sepsis. Both chemotherapy and radiation
induce neutropenia which is a key risk factor for infection, related to severity and

duration of both neutrophil and monocyte depletion [30]. In addition, there may also

be impairment of chemotaxis and phagocytosis even when counts are preserved. Further,
multiple chemotherapy regimens induce T or B cell lymphopenia as well as functional
changes in both lymphocytes and NK cells. Invasive catheters required for treating tumors
(central venous catheters for administration of chemotherapeutic effects) or palliating tumors
(long-term catheters for urinary obstruction) can also play a role in development of sepsis.
In addition, ethnicity may play a role in defining risk. As an example, even though Native
Hawaiians have a lower incidence of colorectal cancer compared with other ethnicities, they
have the highest mortality risk from cancer-associated sepsis. A transcriptomic analysis of
tumors and adjacent non-tumor tissue was therefore performed on adult patients of Native
Hawaiian and Japanese ethnicity who died from cancer-associated sepsis with a median
survival of 5 and 117 months respectively [31]. Analyses identified two distinct sepsis gene
signatures that were significantly altered in Native Hawaiian patients. Analysis of canonical
pathways revealed alterations in mechanisms of viral exit from host cells as well as in
epithelial junction remodeling.

With multiple revolutionary advances rapidly changing outcomes and side effects of cancer
therapy, it is possible that both risk for sepsis as well as outcomes from sepsis has recently
changed in cancer patients. To address this, a group of 1.1 million sepsis hospitalizations
were examined using all-payer claims for nearly 50% of the United States population

[32]. Over 230,000 sepsis admissions were cancer-related, meaning that over 20% of
sepsis hospitalizations are in patients with cancer. Of patients hospitalized with sepsis
who had cancer, 63.4% had solid tumors, 18.4% had hematologic malignancies while

the remainder were unknown. Mortality in septic patients varies with type of cancer as
in-hospital mortality is higher with hematologic tumors than solid tumors. Cancer patients
had fewer non-cancer comorbidities. While overall organ dysfunction was similar in septic
patients with and without cancer, those with cancer were more likely to have hematologic
dysfunction but less likely to have pulmonary or renal dysfunction. Septic patients with
cancer were also more likely to have bacteremia, fungemia and gastrointestinal infection.

Notably, compared with septic patients without cancer, septic patients with cancer had
a markedly higher in-hospital mortality (27.9% versus 19.5%, £<0.001), and mortality
was consistently higher in subgroups defined by infection site and burden of acute organ
dysfunction [32]. This increase in hospital mortality was age dependent in a manner that
might not have been predicted. In general, sepsis is a disease of the extremes of age with
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incidence and mortality highest in the elderly and neonates. However, the biggest difference
in mortality between sepsis patients with and without cancer was in younger adults, with the
relative risk highest in patients ages 18-44. The difference in mortality then declines with
age until finally there is no difference in patients aged 85 and older. Additionally, 30-day
readmission rates were higher in septic patients with cancer for both recurrent sepsis and

all causes. An overview of the lifetime risk of developing cancer [33], the percentage of
septic patients who have cancer as a pre-existing comorbidity [32], and the mortality of
hospitalized patients with cancer and sepsis [32] is shown in Figure 1.

A complementary study examined over 19 million sepsis hospitalizations from the National
Inpatient Sample database from 2008 to 2017 [34]. Of these, 20.4% were associated with
cancer, of which approximately 80% were solid cancers. In-hospital mortality was higher in
septic patients with cancer than those without cancer (17.88% vs. 12.15%) and hematologic
cancers had a slightly higher mortality rate than solid cancers as well as longer lengths

of stay and higher hospital charges. Notably, unadjusted mortality rates declined in septic
patients with cancer from 23.25% in 2008 to 15% in 2017, a decrease seen in both solid and
hematologic cancers. A similar age-dependent stratification was seen in this large database
study with odds of death in septic patients with cancer highest in patients aged 18-44 years
(odds ratio 3.40, 95% CI: 3.24-3.57). This trend decreased with age until finally septic
patients with cancer over 85 years of age actually had a slightly lower risk of mortality than
those without cancer.

A meta-analysis of nine studies (seven retrospective, one prospective, one case—control)
published between 2015 and 2021 also examined the impact of cancer on sepsis [35]. While
acknowledging that the above data represented the largest dataset in the meta-analysis, this
meta-analysis gives a broader view since it was international in nature, as opposed to being
specifically from the United States. Cancer was found to significantly increase the risk

of mortality in patients with sepsis (OR = 2.7, 95%CI: 1.07-6.84). Further, there was a
non-significant tendency towards increased early mortality in sepsis patients with cancer
(OR =2.77, 95%CIl: 0.88-8.66) and a significant increased risk of late mortality (OR =
2.46, 95%Cl: 1.42-4.25). Notably, meta-regression indicated that the presence of pulmonary
disease and renal disease as comorbid conditions increased mortality in cancer septic
patients. Of note, a complementary meta-analysis of 10 studies including 6605 patients
demonstrated pooled ICU, hospital, and 28/30-day mortality rates of 48%, 62%, and 50%
respectively, albeit with substantial between-study heterogeneity [36].

A study of 2,062 cancer patients admitted to seven European ICUs further examined

the relationship between cancer and sepsis [37]. This had a different tumor type than
previous studies outlined, as 82% had hematologic malignhancy, including 12% who
underwent allogeneic hematopoietic stem cell transplantation, with nearly one third of
patients having neutropenia at ICU admission. Overall 30-day mortality was 40% in this
patient population. Notably, mechanical ventilation (odds ratio: 3.25; 95%Cl: 2.52-4.19)
and to a lesser degree vasopressors use (odds ratio: 1.42; 95%Cl: 1.10-1.83; /<0.01) were
independently associated with 30-day mortality, while type of tumor, stem cell transplant
and neutropenia were not predictive of mortality. Delirium has also been shown to be
associated with a significant increase in mortality in critically ill patients with cancer
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[38]. This is complementary to a smaller study of 271 septic shock patients admitted to
the ICU of a specialized cancer center which showed that 69.4% of patients had died
within 28 days of ICU admission [39]. Risk factors associated with not surviving the ICU
included advanced cancer, poor performance status, high lactate level, and concomitant
acute respiratory failure.

The complexity of outcomes in cancer and sepsis are potentially amenable to machine
learning algorithms to predict outcome. Recently, clinical data of 1584 patients with solid
tumors and sepsis were obtained from Medical Information Mart for Intensive Care-1V
database and randomly assigned to a training cohort and a validation cohort to predict
in-hospital mortality [40]. The least absolute shrinkage and selection operator regression and
logistic regression analysis were used to feature selection and model development. A total of
nine clinical features were associated with in-hospital mortality, leading to an area under the
curve of 0.809 in the training cohort and 0.770 in the validation cohort. As such, artificial
intelligence may play a future role in assessing in-hospital mortality of septic patients with
solid tumors in the ICU.

Sepsis represents the most severe form of infection, as, by definition, organ dysfunction
occurs in sepsis. However, most infections do not result in sepsis, and infection is common
in cancer patients prior to the onset of sepsis. Antibiotic use is common in cancer

patients, both for treatment and also for prophylaxis in patients with chemotherapy-induced
neutropenia [41,42]. Notably, cancer patients have a higher risk of developing infections
with antimicrobial-resistant organisms [43] although models of resistant infections in this
patient population are heterogeneous [44]. Antibiotic treatment has been associated with
worsened survival in subsets of advanced cancer patients receiving chemotherapy [45] and
antimicrobial therapy also alters the microbiome, which may impact the efficacy of radiation
therapy in cancer patients [46].

While sepsis is cancer patients is therefore of vital importance, it is also important for
clinicians to understand that there are numerous cancer-related conditions and drug reactions
that mimic sepsis or septic shock that are not caused by infection. Aggressive hematological
malignancies can drive organ dysfunctions through spontaneous or treatment-triggered
mechanisms via a variety of mechanisms (reviewed in [30]). Additionally, newer cancer
therapies such as CAR-T can cause acute systemic inflammation that can mimic sepsis [47].

When sepsis is present in a patient with pre-existing malignancy, general principles of sepsis
management (including rapid initiation of appropriately broad antibiotics, resuscitation)
should be followed [10]. Additionally, since septic patients with cancer are more prone

to have immunosuppression and a worse outcome, special attention should be paid to this
patient population [48] and consideration should be given to newer diagnostics that may
provide earlier and more accurate specific identification of infections that lead to sepsis [49].

Preclinical modeling of cancer and sepsis

In order to understand potential mechanisms through which pre-existing malignancy
increases mortality in sepsis, our lab created mouse models to mimic the human condition
[50-52]. Cancer was induced using syngeneic models of both pancreatic cancer and lung
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cancer, chosen because they are the most common solid tumors associated with sepsis
development. Sepsis was induced using either cecal ligation and puncture (CLP), a mouse
model of polymicrobial intraabdominal sepsis or Pseudomonas aeruginosa pneumonia. By
varying both cancer type and sepsis model, this allowed a gross evaluation of which
elements of the host response were generalizable vs. specific to either injury. Regardless of
whether cancer type or sepsis model was varied, the combination of pre-existing malignancy
followed by sepsis increased mortality in each model, consistent with findings in patients.

A model of pancreatic cancer followed by pneumonia demonstrated increased bacteremia
without alterations in local pulmonary infection in cancer septic animals compared with
previously healthy ones [50]. In addition, cancer septic animals had increased gut epithelial
apoptosis although unexpectedly they had decreased T- and B-lymphocyte apoptosis
compared with previously healthy septic mice. Notably, the increased mortality seen

in sepsis was not associated with changes in multiple endpoints including serum and
pulmonary cytokines, lung histology, complete blood counts, and intestinal proliferation.

In contrast with the diminished T-cell apoptosis in pancreatic cancer/pneumonia, a model of
lung cancer followed by CLP demonstrated increased splenic CD4* T lymphocyte apoptosis,
leading to decreases in both their number and frequency [51]. This was not associated with
changes in splenic CD8+ T cell numbers. Also distinct from pancreatic cancer/pneumonia,
intestinal proliferation was decreased in cancer septic mice compared with previously
healthy septic mice although gut epithelial apoptosis was unchanged. Further, cancer septic
mice had increased local infection (bacterial burden in the peritoneal cavity), without
changes in peritoneal cytokine, neutrophil or dendritic cell responses. Cancer septic mice
had biochemical evidence of worsened kidney function with increased creatinine and blood
urea nitrogen, but there was no histologic evidence of renal injury.

The differences between pancreatic cancer/pneumonia and lung cancer/CLP cannot
distinguish the individual roles of cancer or sepsis in light of the fact that each variable

was changed in the above experiments. We therefore created a new cancer/sepsis model
giving mice a syngeneic model of pancreatic cancer followed by CLP to allow a comparison
to prior studies by holding one variable constant and changing a different one [52]. Cancer
septic mice had decreased CD4+ T cell apoptosis as well as increased CD4+ T cells and
CD8+ T cells. Notably, splenic CD8+ T cell activation was decreased in cancer septic mice
while no differences were noted in gut apoptosis or proliferation, local bacterial burden, or
renal, liver injury.

Taken together, these findings allow comparison of the importance of cancer versus the
importance of sepsis. If findings were similar in lung cancer/CLP and pancreatic cancer/CLP
but different from pancreatic cancer/pneumonia, this would suggest that the type of sepsis
plays a greater role in the host response than the type of cancer. Alternatively, if findings
were similar in pancreatic cancer/pneumonia and pancreatic cancer/CLP but different from
lung cancer/CLP, this would suggest the opposite — that type of cancer plays a greater role in
the host response than the type of sepsis. The reality, however, appears to lie in the middle.
While there is minimal overlap between pancreatic cancer/pneumonia and lung cancer/CLP
beyond increased mortality in the endpoints measured, there is significant overlap of the
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pancreatic cancer/CLP with both. This suggests that both the chronic dysregulated host state
induced by cancer and the acute dysregulated host response induced by sepsis each play a
role in mediating mortality in septic hosts with pre-existing malignancy.

Checkpoint blockade

Immune checkpoint blockade has resulted in remarkable results in a variety of solid

tumors in sensitive patients [53-55]. Septic patients also have increased levels of multiple
checkpoint receptors [56-59], and there is a robust pre-clinical experience showing
increased survival from targeting checkpoint blockade in septic mice [60-63]. This has

led to phase I trials targeting PD-1 and PD-L1 in septic patients, demonstrating these agents
are safe and increase HLA-DR [64-66].

Numerous parallels exist in the host response to both cancer and sepsis [30,67].

Septic patients have down-regulation of multiple immune response pathways suggesting that
impaired innate and adaptive immunity may be fundamental to the immunosuppression that
characterizes the disorder. Sepsis causes a more pronounced effect on gene transcription in
CD4* T cells than in CD8* T cells with up-regulation of Arg-1, SOCS-1, SOCS-3, TIGIT,
Lag-3, PD-1, and CTLA-4transcripts [68]. Although cancer has much more profound
effects on gene transcripts in CD8 T cells, common immunosuppressive mechanisms

are present in both cancer and sepsis. While checkpoint inhibition is beneficial in both
cancer (in patients) and sepsis (in preclinical studies) in isolation, it is plausible that the
combination of cancer and sepsis could lead to augmented benefit or abrogated benefit
compared with sepsis without pre-existing malignancy or no impact. To test this in a
preclinical study, immune dysregulation was first examined in a model of lung cancer
followed by CLP [69]. A non-biased, unsupervised analysis of phenotypic differences

of CD4" T cell compartments was conducted on splenocytes from cancer septic animals
and previously healthy septic animals using Spanning-tree Progression Analysis of Density-
normalized Events. Cancer septic animals had more resting memory CD4* T cells, more
activated CD4* effector T cells, and less naive CD4" T cells during sepsis. Further, cancer
septic animals had expansion of two distinct subsets of CD4* T cells including increases

in both a PD-1" population and a 2B4" BTLAN LAG-3" population. By combining
phenotypic analysis of exhaustion markers with functional analysis of cytokine production,
it was determined that PD-1* CD4* T cells had decreased cytokine production following
CLP in cancer septic animals while 2B4* PD-1I° cells secreted increased TNF.

In light of these findings and clinical data of checkpoint blockade in patients with cancer
and to a lesser degree sepsis, the efficacy of PD-1 blockade was examined in the setting

of sepsis following preexisting malignancy [70]. PD-1 blockade did not alter survival in
mice subjected to a model of lung cancer followed by CLP compared with those treated
with vehicle. The lack of efficacy of PD-1 blockade in cancer septic animals (as opposed

to either to either variable in isolation) was associated with a decrease in PD-1* responder
cells as CD8* T cells isolated from these mice had decreased CD28 expression as well as
decreased frequency of CXCR5*PD-1" stem cell-like CD8* T cells. Further, PD-1 blockade
was ineffective at inhibiting lymphocyte apoptosis in cancer septic animals.
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T-cell signaling is complex with multiple non-redundant co-inhibitory molecules. In light
of the lack of efficacy of PD-1 blockade, flow cytometric analysis of T cells isolated

from cancer septic animals was performed to determine if other checkpoint inhibitors were
up-regulated. This demonstrated up-regulation of 2B4 in cancer septic animals. Kinetic
analysis demonstrated increased 2B4 expression on both CD4* and CD8* T cells following
CLP. Notably, 2B4 blockade led to significantly improved survival after cancer/sepsis
compared with vehicle. This was associated with increased T cell costimulatory receptor
expression and decreased expression of PD-1 on CD4* cells, TIGIT on CD8* cells and
CTLA-4 on both cell populations. In addition, intracellular cytokine staining following ex
vivo restimulation showed that 2B4 blockade in cancer septic animals led to increased
TNF- and IL-2-producing CD4* T cells and increased frequencies of IFN-y—, TNF-, and
IL-2—producing CD8* T cells demonstrating that blocking 2B4 improves T cell effector
function in cancer septic animals. Blockade of 2B4 also decreased the frequency of Foxp3™*
among CD4™ cells. This was associated with decreased CTLA-4 expression in Foxp3™* cells,
suggesting Tregs may have lower suppressive activity after 2B4 blockade.

TIGIT is a coinhibitory receptor that is preferentially up-regulated in the setting of cancer
[71-73]. Using a similar model of lung cancer followed by CLP, TIGIT was determined

to be higher on Foxp3* Treg and NK cells following cancer alone, a difference that
persisted after the onset of sepsis [74]. In cancer sepsis animals, TIGIT* Treg had a PD-1*
CTLA-4* ICOS* Helios* phenotype, consistent with highly suppressive Treg, while TIGIT
expression was associated with decreased function of T effector cells. Notably, anti-TIGIT
mADb specifically decreased mortality in cancer and sepsis, as this treatment improved
survival in mice with lung cancer followed by CLP but had no impact on survival on
previously healthy mice subjected to CLP. Additionally, anti-TIGIT treatment decreased the
frequency of PD-1* cells in CD4* T cells, CD8* T cells and Foxp3* Treg in cancer septic
animals without altering these in previously healthy septic mice. Anti-TIGIT also reversed
sepsis-induced loss of splenic CD4* T cells, CD8* T cells, Foxp3* Treg, and CD19" B cells.
This was due to decreased apoptosis following anti-TIGIT in cancer septic animals without
an alteration in lymphocyte proliferation.

Together, these results suggest a complicated relationship between checkpoint inhibition and
outcome in pre-clinical cancer sepsis models related to immunological alterations that differ
between previously healthy septic hosts and those with pre-existing cancer. This runs the
spectrum from PD-1-blockade losing efficacy when a host has cancer prior to the onset

of sepsis to 2B4-blockade retaining similar efficacy regardless of the presence of cancer

to anti-TIGIT which has targeted efficacy seen in cancer sepsis not seen in previously
healthy sepsis. This range suggests cancer cannot simply be thought of as one of many
co-morbidities seen prior to the onset sepsis. As phase 2 and 3 trials are designed to examine
checkpoint blockade in sepsis, the presence or absence of cancer should be considered

in study design to determine whether this therapy can potentially translate to survival
advantage in cancer/septic patients.
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Influence of infection on tumor growth

There is emerging evidence that infection alters tumor growth. After initial success
deliberately injecting Streptococcus pyogenes into a patient with inoperable cancer in 1891,
Dr. William Coley, a bone sarcoma surgeon, injected over 1000 cancer patients with bacteria
or bacterial products [75,76]. These products known as “Coley’s toxins” resulted in tumor
remission in a significant number of his patients. Unsurprisingly, this strategy disappeared
from use with lack of belief amongst contemporaries and more modern cancer therapies.
However, the concept of alterations in cancer following infection has been proven to

have merit. Intratumoral injections of an attenuated strain of Clostridium novyiled to a
microscopically precise, tumor-localized response in a rat glioma model, and intratumoral
injection of the same strain led to responses in nearly 40% of dogs with spontaneous

solid tumors [77]. Similar results were seen in a recent first-in-human trial in which 24
patients with refractory solid tumors received a single intratumoral injection of non-toxic
Clostridium novyiwith lysis of tumor masses in over 40% of patients, albeit with toxicity of
sepsis or gas gangrene in 3 patients [78].

Using a Medicare linked database, a case-control study of approximately 400,000 adults in
the United States (half with cancer, half without), identified associations between sepsis and
subsequent cancer formation [79]. Sepsis was associated with increased risk of cancers of
the colon, rectum, liver, lung, and cervix as well as acute myeloid leukemia, chronic myeloid
leukemia and myelodysplastic syndrome. In contrast, sepsis was associated with decreased
risk of cancer of breast, prostate, kidney, and thyroid as well as for melanoma, diffuse large
B-cell lymphoma, and follicular lymphoma.

Tumor-specific T cells

The role of sepsis on tumor growth has also been tested mechanistically in preclinical
models. Mice with melanoma followed by CLP early during tumor development had CD8*
T cell-dependent attenuation of tumor growth [80]. This was accompanied by an increase

in in vivo activation of sepsis-resistant CD8* tumor-infiltrating T cells. Further, there was
increased expression of co-inhibitory receptors PD-1 and LAG-3 due to liberation of sepsis-
induced tumor antigens. Further, sepsis-reinvigorated CD8* tumor-infiltrating T cells were
also amenable to checkpoint inhibition leading to further prolongation of cancer survival
following sepsis.

In contrast, mice that have CLP followed by lung cancer have higher numbers of Tregs
following sepsis which have more suppressive activity in vitro than controls [81]. Notably,
these post-septic mice had increased tumor growth compared with sham mice which was
speculated to mechanistically be related to the ability of post septic Tregs to impair the
antitumor response mediated by CD8* T cells.

While these studies address how sepsis or bacterial infection impact both tumor-specific T
cells and tumor growth, they do not address the converse question of if tumor-specific cells
alter the host response and mortality from sepsis. While there is a clear association between
altered host response and mortality in cancer patients who are septic, studying the impact
of tumor-specific cells requires a mechanistic laboratory-based approach. To address this
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question, the impact of tumor-specific CD8* T cells on the immune response was examined
in a mouse model of syngeneic lung cancer followed by CLP [82]. In order to determine the
contribution of tumor-specific T cells, an antigen-specific tumor model was used wherein
OVA-expressing cells were used to generate tumors, and OVA-specific CD8* OT-1 T cells
were used to track the tumor-specific CD8* T cell response. OT-1 cells represented a higher
percentage of CD8* T cells in tumors and tumor draining lymph nodes than in the spleen,
and intra-tumoral OT-I cells had a higher frequency of co-inhibitory receptor positive cells
including PD-1*, 2B4*, and Tim-3* compared with splenic OT-I cells. To determine the
role of tumor-specific T cells in mortality following sepsis, either anti-Thy1.1 antibody or
isotype control was given to deplete OT-I cells after adoptive transfer of Thy1.1* OT-I and
lung cancer-OVA tumor induction followed by CLP. Notably, depletion of tumor-specific T
cells led to improved survival following sepsis. Similar findings were seen in a model of
melanoma followed by CLP, demonstrating the findings are not specific to a single type of
cancer and suggesting that tumor-specific T cells play a role in the higher mortality seen

in cancer septic animals [82]. Examination of potential reasons for the survival difference
showed that frequency of activated CD44* endogenous CD8" T cells was lower following
anti-Thy1.1 treatment, suggesting that tumor-specific T cells contribute to the activation

of endogenous CD8" T cells. Further, tumor-specific T cells led to increased apoptosis in
endogenous CD8* T cells following sepsis. Additionally, while sepsis causes a decrease

of both tumor-specific and endogenous T cells in tumor draining lymph nodes as well as
spleen, CLP does not alter the number of tumor-specific CD8" T cells within the tumor.
Tumor-specific T cells also have impaired IFN-vy secretion in the tumor, tumor draining
lymph node, and spleen following CLP.

To address the impact of sepsis on a pre-established cancer model, mice were inoculated
with MCAZ205 fibrosarcoma cells either subcutaneously (to mimic local disease) or
intravenously (to mimic metastatic disease) and then subjected to CLP [83]. Of note, mice
with sarcoma did not have increased mortality to CLP in distinction to the lung cancer or
pancreatic cancer models followed by CLP or pneumonia described above. However, septic
mice had decreased tumor growth in the local cancer model and decreased number and
size of pulmonary lesions in the metastatic model. Since toll-like receptors (TLRs) play a
major role in the immune response to sepsis following recognition of pathogen-associated
molecular patterns, similar experiments were performed in mice deficient for TLR2, TLR4
or their mutual adaptive protein MyD88. Whereas TLR2~/~ mice appeared similar to WT
mice following cancer and sepsis, the decrease in tumor size seen in WT mice was not seen
in either TLR4™~ or MyD88~/~ mice. Similarly, CLP-induced inhibition of lung metastasis
seen in WT mice was abrogated in TLR4™/~ mice. Data from TLR2 and TLR4 agonists

in cancer and sepsis confirmed a regulatory role of TLR4 signaling in shaping anti-tumor
immune responses. Since MCAZ205 cells have low MHC class | expression (similar to the
classical NK-sensitive YAC-1 cell line), this left open the possibility that these neoplastic
cells could also be targeted by NK cells. This was examined by administering endotoxin,
which resulted in expansion of the tumor-associated CD11b*CD27* and CD11b*CD27~
cytotoxic NK subsets as well as increased expression of the NKG2D activating receptor.
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Intracellular expression of IFN-y was up-regulated on tumor-associated NK cells following
CLP. Further, NK cells had intracellular depletion of perforin and granzyme B and increased
outer membrane expression of the degranulation marker CD107a following endotoxemia,
suggesting that degranulation had already occurred. To address the role of NK cells in
mediating sepsis-induced decreases in tumor growth, mice were depleted of NK cells at
time of CLP or endotoxemia. While NK depletion did not change mortality following
CLP, it restored full tumor growth following CLP in WT mice. In contrast, NK depletion
did not impact LPS-induced tumor inhibition, suggesting a sepsis-specific anti-tumoral
effect of these cells. To test this, splenic NK cells were obtained following CLP and then
co-cultured with MHC-1'© MCAZ205 target cells. NK cells from septic (CLP) mice had

a low-activation pattern, yet when they were in the presence of MCAZ205 cells, they had
increased IFN+y production and cytotoxic functions, consistent with exacerbation of the
anti-tumoral properties of NK cells. In contrast, CD8* T lymphocytes were unchanged
following either CLP or endotoxemia.

Beneficial therapeutic preclinical approaches in sepsis that are harmful in cancer and

sepsis

In understanding why mortality may be higher in cancer and sepsis, one possibility is that
strategies that are effective in previously healthy septic hosts may not be effective in septic
hosts with pre-existing malignancy. CXCR4 is a chemokine receptor that plays an important
role in T cell co-signaling, formation of the immunological synapse, and directing cells to
bone marrow niches following ligation by CXCL12. Following CLP, CXCR4 is selectively
up-regulated on naive CD4* and CD8* T cells as well as CD4" central memory T cells
following CLP. Blockade of CXCR4 using the agent Plerixafor led to improved survival
following CLP, associated with increased peripheral CD4" and CD8* T cells and decreased
CD4* T cell exhaustion [84].

This preclinical finding using a drug that has been in clinical usage for cancer treatment
for over a decade led to the question of whether it would be similarly efficacious in cancer
and sepsis. Mice with lung cancer followed by CLP had increased CXCR4 expression

on CD4* and CD8* T cells with expression mainly up-regulated on naive T cells and
central memory T cells compared with cancer, consistent with findings comparing mice in
CLP without cancer [85]. However, in marked contrast with sepsis in previously healthy
mice, CXCR4 blockade given to cancer septic animals led to decreased survival compared
with vehicle. This has significant translatability concerns in that a therapeutic approach
that is beneficial in septic hosts without co-morbidities is actually harmful in sepsis with
pre-existing malignancy. This led to an exploration of possible mechanisms underlying this
profound change in efficacy. Whereas CXCR4 blockade led an increase in the absolute
number of CD4" T cells and CD8* T cells following CLP (in contrast to reductions caused
by sepsis alone), CXCRA4 failed to restore these in cancer and sepsis, nor was there an
improvement in any T cell subsets. Similarly, while CXCR4 blockade reduced markers of T
cell exhaustion following sepsis in previously healthy animals, the same strategy in sepsis
failed to reduce T cell expression of PD-1, 2B4, and TIGIT following cancer and sepsis.
CXCR4 blockade also fails to promote effective egress of T cells from the bone marrow

in cancer septic animals. This was not due to differences in splenic or bone marrow T cell
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CXCR4 expression between septic animals and cancer septic animals. In contrast, cancer
septic animals had less CXCL12 as well fewer CD4" and CD8* T cells in the bone marrow,
suggesting that the failure of CXCR4 blockade to promote T cell egress from the bone
marrow is related to the presence of cancer. Additionally, increased CD69 expression on
naive bone marrow T cells was mechanistically associated with their inability to egress from
the bone marrow following CXCR4 blockade in cancer septic animals.

Another strategy that has been shown to improve survival in preclinical sepsis is apoptosis
prevention. Sepsis preferentially increases apoptosis in both lymphocytes and the gut
epithelium in both septic patients and in animal models of sepsis [86-90]. Multiple

studies have demonstrated that prevention of either lymphocyte apoptosis or gut epithelial
apoptosis via a variety of different strategies is associated with a marked survival advantage
following models of both monomicrobial and polymicrobial sepsis from both pulmonary and
intraabdominal sources [91-95].

However, the identical approach leads to markedly different results in cancer sepsis animals.
Using a model of pancreatic cancer followed by Pseudomonas aeruginosa pneumonia,
lymphocyte prevention was examined using transgenic mice overexpressing human Bcl-2

in both T and B lymphocytes. This led to the expected decreased levels of T lymphocyte
apoptosis compared with WT mice [96]. However, even though transgenic mice had
decreased lymphocyte apoptosis, they had a paradoxical increase in mortality following
cancer and sepsis compared with WT littermates. Notably, neither pneumonia severity nor
tumor size was different in transgenic mice although there was an up-regulation of Thl
cytokines in BAL fluid in transgenic mice. In light of these surprising findings, similar
studies were performed on Bim™~ mice to determine if the results were generalizable. Septic
Bim™~ mice with cancer also had increased mortality compared with WT mice with cancer.
To determine if the effect of altering sepsis-induced apoptosis was lymphocyte specific,
similar studies were performed in transgenic mice that overexpress Bcl-2 in the intestinal
epithelium which demonstrated no difference in survival. Thus, three different transgenic

or knockout mice that have been shown to improve survival in previously healthy septic
mice had either worsened mortality or had no beneficial impact in cancer septic animals,
demonstrating the importance of pre-existing cancer in outcomes from sepsis.

Conclusions and future directions

Thereislittlequestionthatmortalityishigherinpatientswithcancerandsepsisthanintheoverallpopu
lationofseptic patients without cancer, and the mechanisms underlying are complex. Some of
this is unavoidable (for now) as certain cancer treatments such as cytotoxic chemotherapy
and bone marrow transplantation predispose cancer patients to infections. This highlights a
key distinction between human cancer and sepsis and mouse studies trying to mimic the
human condition. The increased mortality in septic patients with cancer is often directly
related to a therapy (chemotherapy, immunotherapy) intended to improve outcome from
cancer but that has a side effect of making a patient more susceptible to sepsis. In contrast,
the majority of mouse studies look at cancer without adjunctive therapy as a risk factor for
sepsis. The relevance of this to the human condition is not clear as strong data linking cancer
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alone (in the absence of anti-tumoral therapy) and poor outcomes from sepsis is lacking in
patients.

There are numerous opportunities, however, to potentially improve survival in this common
patient population that unfortunately is associated with a very poor outcome. While
research at preventing, curing or at least improving outcomes in cancer in isolation should
theoretically decrease the incidence of cancer and sepsis, there should equally be an
understanding that in the short-intermediate time frame, sepsis will continue to be a highly
morbid complication in cancer patients. As such, parallel research from both the oncology
community and the critical care community targeting translation of pre-clinical findings of
cancer and sepsis to the bedside should be a priority. Further, mechanistic studies need to be
performed to understand how the unique tumor microenvironment impacts outcomes from
sepsis and how sepsis impacts subsequent tumor growth. Since neither cancer nor sepsis

is a single unique disease, an approach of lumping all cancers (and all cancer therapy)

and all septic patients into a single group will assuredly not result in successful therapy.

It is self-evident that an in situ breast cancer does not carry the same risk as stage IV
pancreatic cancer and that there are biologic differences between solid and hematologic
malignancies. The same holds true in sepsis with different inciting organisms in hosts with
different genetics, environments and multi-level omics. Understanding unique physiologic
states induced by cancer in sepsis is a complex undertaking that lies within two distinct
yet, at times, overlapping fields. Figure 2 represents a schematic of cancer, sepsis and the
combination of both. A combination of better understanding of the host response at the
bench and then undertaking clinical trials aimed at specific patient populations hold promise
in the future for better, more personalized approaches in cancer and sepsis.

This work was supported by funding from the National Institutes of Health [grant numbers GM148217, GM095442,
and A1149274].
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Figure 2. Pathophysiologic Insights: Sepsis, Cancer and the Immunologic Response.
Cancer (A) is a common and lethal disease. In the context of mortality from sepsis, risk

varies significantly with cancer type, with pancreatic and lung cancer carrying the highest
risk in solid tumors and hematologic malignancies also carrying a high risk. While ideally
the immune system would robustly respond to a tumor, cancer cells can evade the immune
system, allowing for a microenvironment that optimizes their survival and progression of
cancer. Immune cells in the tumor microenvironment are also subjected to anti-inflammatory
signals that decrease their effectiveness. The result is a maladaptive host response with
increased exhaustion and decreased functionality in multiple immune cells. Sepsis (B) can
be caused by a diverse array of microbes, including bacteria, fungi and viruses. Invading
microbes lead to a host response, intended to contain the initiating infection. When this

is unsuccessful, the host responsive can become maladaptive, resulting in cellular damage,
ultimately leading to organ dysfunction. Cancer and sepsis (C) leads to higher mortality
than sepsis in isolation and is responsible for a significant amount of mortality from

cancer. Different tumor types are more susceptible to the development of sepsis, and the
infections causing sepsis in cancer patients are more likely to be due anti-microbial resistant
organisms. The presence of chronic immune dysfunction in cancer amplifies the acute
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dysregulated host response in sepsis, leading to increased organ dysfunction and elevated
mortality. Created with BioRender.com.
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