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Polyfunctional CD4+ T cells synergize with chemotherapy to reprogram
tumor metabolism towards a curative outcome

(Under the direction of GANG ZHOU)
CD4+ T cells are critical mediators of anti-tumor immunity. Accumulating evidence from
preclinical and clinical studies suggests that tumor-reactive CD4+ T cells in adoptive T
cell therapy (ACT) have the potential to effectively control tumor growth. In most ACT
clinical settings, chemotherapeutic agents are used to induce an immunostimulatory
milieu which facilitates the effector function of donor T cells. Although the efficacy of
ACT has been well-established, currently only a fraction of patients with certain types of
malignancy have benefited, highlighting the need for improved ACT strategies. Recent
studies have revealed that the metabolic reprogramming by cancer cells attenuate
antitumor immune response by imposing nutrient restrictions in the tumor
microenvironment, which leads to defective T cell responses. In the current study, we set
out to explore how Cyclophosphamide (CTX) and tumor reactive CD4+ T cells alter the
metabolic features of cancer cells. By comparing the global metabolic profiling of tumors
pre and post-treatment, we found that CXT+CD4 ACT elicited a metabolic catastrophe
affecting multiple pathways critical for cancer progression. Particularly, CTX+CD4 ACT
led to marked reduction in glutathione (GSH) levels, increased accumulation of reactive
oxygen species (ROS) and oxidative DNA damage product in tumors. Importantly,

administration of N-acetyl-L-cysteine diminished the curative effect of CTX+CD4 ACT.
Moreover, pharmacological inhibition of GSH using Buthionine Sulfoximine (BSO)
following CTX significantly delayed tumor growth in mice. Mechanistically, we found
that TNFα synergized with chemotherapy to reduce intracellular GSH levels and promote
ROS induction. TNFα enhanced cell death in chemotherapy pre-treated tumor cells and
the cytotoxic effect was reversed by adding GSH exogenously. Importantly, the curative
effect of CTX+CD4 ACT was abrogated after TNFα neutralization. Additionally, we
found that CTX+CD4 ACT led to tumor vascular disruption causing hemorrhagic
necrosis of tumors. IFNγR-deficient mice failed to reject tumor after CTX+CD4 ACT
and had intact tumor vasculature. Collectively, our data reveal that tumor reactive CD4+T
cells disrupt the redox homeostasis of cancer cells in TNFα-dependent manner. Whereas
CD4+T cells derived IFNγ targeted tumor endothelial cells to cause vascular disruption
and tissue ischemia. The combined action of these two cytokines leads to eventual
eradication of established tumor.
KEY WORDS: CD4+T cells, chemotherapy, adoptive T cell therapy, vascular
disruption, metabolic reprogramming, oxidative stress, redox homeostasis, GSH, BSO.
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I. INTRODUCTION
A. SATEMENT OF THE PROBLEM
Tumor reactive CD4+ T cells are critical in both initiating and maintaining effective
antitumor immunity. A growing body of evidence from preclinical and clinical studies
suggests that CD4+ T cells can control tumor progression and recurrence. It has been
widely recognized that chemotherapy can be used to condition an immunostimulatory
milieu, creating an opportunity to combine adoptive T cell therapy with chemotherapy for
a synergistic antitumor effect and improved clinical benefits. Previous studies have
demonstrated that effective and durable antitumor immunity can be achieved after a
combination therapy of Cyclophosphamide (CTX) and tumor-specific CD4+ T cells in
preclinical models. Although chemoimmunotherapy using CTX and CD4+ T cells and/or
CD8+ T cells has shown great potential in eradication of certain advanced tumors in
animal models, clinical outcomes in cancer patients have not been equally robust,
highlighting the need for more effective strategies to enhance its clinical efficacy.
The metabolic reprogramming of cancer cells largely contributes to immune evasion by
creating a microenvironment which is hostile to the tumor infiltrating lymphocytes
(TILs). Recent studies have offered evidence of metabolic interplay between cancer cells
and immune cells. There is a metabolic competition between cancer cells and T cells,
where cancer cells appear to be more efficient at exploiting the nutrient
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deficient tumor milieu, limiting T cell based immune responses. Moreover, targeting the
metabolic dependency of cancer cells on glucose and glutamine by using cellular
metabolism inhibitors for cancer therapy has proved mostly ineffective, because of the
toxic effects on tumor infiltrating lymphocytes. It is evident that the metabolic constraints
imposed by cancer cells compromise the T cell metabolic fitness and therefore,
harnessing T cell metabolism has emerged as an exciting strategy to improve T cell
mediated antitumor immunity. How tumor reactive T cells in combination with
chemotherapy might modulate the metabolic characteristic of tumor cells remains poorly
understood.
In this project we set out to determine the molecular and cellular mechanisms
underlying CD4+ T cells mediated tumor rejection. We intended to delineate how chemoimmunotherapy in the form of CTX and tumor reactive CD4+ T cells modulates the
metabolic features of cancer cells. Information gathered from this study may reveal novel
metabolic targets of tumor reactive CD4+ T cells that can be manipulated to improve
adoptive T cell therapy utilizing these cells. To achieve these goals, we created a
condition in which T cells can successfully eradicate established tumors, we then used
this model to study how metabolic pathways in tumors are altered by the curative
chemoimmunotherapy. In a mouse model of colorectal cancer, we demonstrated that
chemotherapy (CTX)-conditioning followed by adoptive transfer of tumor reactive CD4+
T cells (CTX+CD4) effectively eradicated established tumors. Our central hypothesis is
that antitumor CD4+ T cells synergize with chemotherapy to reprogram the tumor
metabolic environment, tipping the balance towards progressive tumor regression and
curative outcome. Our goal is to identify the key metabolic pathways that can be
2

therapeutically targeted, via chemoimmunotherapy or selective inhibitors, to achieve
curative outcomes. We proposed to accomplish the following specific aims;
Specific aim 1: Test the hypothesis that polyfunctional CD4+ effector T cells arising
from adoptive T cell therapy are effective in inducing hemorrhagic tumor necrosis
and cure in mice. By using the relevant gene knockout mice and neutralizing
monoclonal antibodies (mAbs), we discerned the effect of adoptively transferred
polyfunctional CD4+ T-cells derived IFNγ and TNFα in reprogramming the tumor
microenvironment and their impact on tumor vasculature and angiogenesis. Tumor
vascular status was evaluated by staining for markers of endothelium (CD31) and by
measuring blood perfusion imaging and vascular permeability assays. Furthermore, the
contribution of other immune cells in enhancing the anti-tumor potential of CD4+ T cells
was determined by selectively depleting target population using mAbs.
Specific aim 2: Test the hypothesis that polyfunctional CD4+ T cells reprogram the
metabolic profiling in tumors, tipping the balance towards progressive tumor
regression: To accomplish this aim, we determined the impact of the chemotherapy plus
CD4+ T cell transfer regimen on the metabolic profiling of tumors. The global metabolic
profiling of progressing tumors and post-treatment regressing tumors were compared. By
identifying metabolic targets of tumor reactive CD4+ T cells, we manipulated the key
metabolic pathways affected to recapitulate and improve the therapeutic effect of CD4+ T
cells.
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B. REVIEW OF LITERATURE
CD4+T cells and anti-tumor immunity
CD4+ T cells play a central role in orchestrating immune response against cancer and are
important components of the immune system in fighting cancer (1-3). Tumor reactive
CD4+ T are critical for promoting effective antitumor immune response mediated by
cytotoxic T lymphocytes (CTLs) (4-6). In addition to providing help, CD4+ T cells are
also a potent effector cells capable of eliminating a wide variety of tumors (7,8). The
cytolytic effect of CD4+ T cells is mediated by direct tumor destruction through perforin
and granzyme B dependent pathways (9-11). The indirect tumor cell killing effect
involves upregulation of MHC molecules expression on tumors which enhances tumor
antigen recognition (9,12), induction of tumor dormancy (13) and inhibition of
angiogenesis in an IFN dependent manner (14,15). The antitumor effects of CD4+ T cells
are dependent on cytokine signaling, particularly TNFα and IFN, known to have antiproliferative and direct cytotoxic effects (16,17,114). The broader functionality of CD4+
T cells is reflected in their ability to cross talk with other immune cells by releasing
inflammatory cytokines such as IFNγ, TNFα and IL-2. It has been reported that IFN
released by tumor infiltrating CD4+ T cells activates macrophages to become tumoricidal
and release angiostatic chemokines CXCL10 and CXCL9 leading to rejection of MHC-II
negative tumors (18). Moreover, CD4+ T cells in cooperation with NK cells mediate a
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powerful tumor rejection compared to CD8+ T cells in certain tumor types (19). It has
also been demonstrated in some studies that the efficacy of anti-tumor immune response
induced by combined administration of tumor reactive CD4+ and CD8+ T cells was more
robust than each cells alone (20,21).
The pursuit of T cell based therapy has focused mainly on CD8+ T cells. However,
accumulated evidence from preclinical and clinical studies suggests that CD4+T cells in
combination with chemotherapy can control tumor progression and recurrence. Adoptive
Transfer of tumor reactive CD4+ T cells into hosts pre-conditioned with chemotherapy or
total body irradiation (TBI), have been shown to eradicate established tumors.
Importantly, the therapeutic effect of these cells is correlated with their ability to acquire
a polyfunctional phenotype (22-24). Moreover, provision of tumor reactive T cells
following preconditioning chemotherapy have shown some clinical responses (25-27)
and CTLA4 blockade therapy in cancer patients resulted in the induction of antigen
specific cytotoxic CD4+ T cell responses, characterized by secretion of perforin and
granzyme B (28). Importantly, human CD4+T cells have been shown to kill tumor cells in
a MHC class-II restricted manner by perforin-granzyme mediated cell cytotoxicity (29).
Studies conducted in patients with breast cancer concluded that higher numbers of
CD4+T cells in lymph nodes predict disease free survival [30]. Moreover, High CD4:CD8
T cell ratios were also associated with good prognosis in lung and liver cancers [31-32].
Although chemoimmunotherapy using Cyclophosphamide and CD4+ T cells and/or CD8+
T cells has shown a tremendous potential in eradication of certain advanced tumors in
animal models, clinical outcomes in cancer patients have not been equally robust,
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highlighting the need for more effective strategies to enhance the clinical efficacy of
adoptive T cell therapy.
The role of CD4+T cells in tumor angiogenesis
Tumor reactive CD4+ T cells play critical role in restraining early tumor development
through inhibition of tumor angiogenesis. It has been reported that response to IFN by
tumor cells (15) and expression of IFNR by non-hematopoietic cells (33) is critical for
IFN-γ-dependent inhibition of tumor angiogenesis by CD4+ T cells. By using local
expression of IFN in tumors, it has been revealed that IFN mediated tumor rejection is
associated with destruction of established tumor blood vessels and induction of necrosis
(34). IFN acts up on stroma cells, particularly endothelial cells, to induce regression of
the tumor vasculature leading to arrest in blood flow, necrosis and tumor collapse. It has
been reported that the response to IFN by tumor associated fibroblasts, T cells or
hematopoietic cells was not enough for IFN induced tumor regression. While IFN led
to ischemic shutdown of blood perfusion and tumor necrosis, TNFα led to burst in tumor
blood vessels leading to vascular leakiness and decay of cancer cells (35). IFN secreted
locally by tumor specific TH1 cells has also been shown to induce tumor infiltrating
macrophages to secrete angiostatic chemokines CXCL9/ MIG (Monokine induced by
IFN) and CXCL10/ IP-10 (IFN-inducible protein 10) (18). These two chemokines exert
powerful anti-angiogenic activity by damaging tumor vasculature resulting in growth
inhibition and tumor necrosis (36-38). The angiostatic effect of IFN is further
demonstrated by its ability to induce apoptosis of endothelial cells in vitro and limit the
extent of neovascularization in mice models of ischemia induced systemic angiogenesis
in the lung (39).
6

CD4+T cells also mediate angiogenesis inhibition in Thrombospondin (TSP-1) dependent
manner. TH1-cells directed viral infection led to upregulation of Thrombospondin 1
(TSP-1) in CD4+ and CD8+ T cells. The increase in TSP-1 expression in T cells inhibits
tumor angiogenesis and suppresses tumor growth (40). TSP-1 expression is associated
with reduced vascularization, tumor growth inhibition and disease remission in different
cancer types (41-43). Moreover, a recent study reported that CD4+ T cells are implicated
in remodeling of the tumor microenvironment and shut down of angiogenesis via TSP-1
dependent pathway to sustain tumor regression after oncogene inactivation (44).
Metabolic reprogramming and antitumor immunity
The metabolic crosstalk between tumor infiltrating immune cells and cancer cells and its
contribution to cancer immune evasion is being extensively investigated. Tumor
metabolism

largely

contributes

to

the

immunologic

escape

by

creating

a

microenvironment which is hostile to the tumor infiltrating lymphocytes (TILs). It has
been revealed that cancer cells, by creating glucose-poor tumor microenvironmental
condition, inhibit the differentiation and expansion of tumor-specific T cells exposed to
tumor antigens, resulting in defective effector T cells (45,46). Glucose is indispensable
for the effector cytokine production, cytolytic activity and proliferation of T cells (47).
The metabolic switch to glycolysis by cancer cells have been shown to dampen antitumor immunity through mechanisms that involve nutrient limitations. In line with this,
tumor cells were shown to impose reversible nutrient restriction on T cells inhibiting
cytokine production. Metabolically unfit T cells have a reduced mTOR activity,
glycolytic capacity and effector function which ultimately lead to tumor progression.
Interestingly, check point blockade therapy enhance the capacity of T cells to compete for
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glucose and other substrates boosting their effector function, indicating that the effect
could be reversed (48). Similarly, cancer cells also use glutamine for their metabolic
needs indicating that competition for glutamine utilization by cancer and T cells also
occurs in the tumor microenvironment. T cells activate glutamine transport and
catabolism mechanisms during their stimulation and glutamine depletion impairs the
transition of T cells to an effector phenotype (50-52), suggesting that there might as well
be a competition for glutamine in the tumor microenvironment.
The metabolic fitness of T cells is crucial to effective antitumor immunity. However, it
is compromised by the conditions of nutrient deprivation and the inhibitory effects of
immune checkpoints (53). It is now apparent that the competition for nutrients at the
tumor site limits immune response, particularly if cancer cells are more efficient at
exploiting the glycolytic rate (45). Therefore, tumor infiltrating T cells must
metabolically adapt to the limited nutrient, oxygen and growth factors availability at the
tumor microenvironment to execute their effector functions. Similar to cancer cells,
activated T cells undergo metabolic reprogramming and T cells rely on glycolysis as their
main energy source for effector function (54). Upregulation of glycolysis in tumors
increase lactate production leading to a reduction in extracellular pH created as a result of
increased extracellular lactate. The acidity due to increased lactate production has been
shown to induce reversible anergy in TILs and impair effector functions of T cells (55).
Moreover, the differentiation of monocytes to dendritic cells (DC), the release of
cytokines from DCs (56) and cytotoxicity of T cells (57) were negatively affected by an
increase in extracellular lactate. On the contrary, regulatory T cells (Tregs) did not appear
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to be affected by the presence of lactate and an acidic microenvironment, due to their
distinct energy metabolism that relies on fatty acid oxidation (58).
It is now evident that metabolic alterations in the tumor microenvironment are
important

component

of

antitumor

immune

evasion.

The

combination

of

immunopotentiating chemotherapeutic drugs with tumor reactive CD4+ T cells or CD8+ T
cells is effective in destruction of established tumors in murine models and some clinical
benefits have been demonstrated in patients. How a successful chemoimmunotherapy
modulates the metabolic profiling of tumors is not yet explored. Therefore, deciphering
the effect of chemotherapy and adoptive T cells treatment on cancer cells metabolism
might help identify targets that could be exploited to improve adoptive T cell therapy
using tumor reactive CD4+ T cells.
Oxidative stress in cancer
Cancer cells exhibit high levels of reactive oxygen species (ROS) (59-61) and increased
expression of oxidative damage products such as 8-hydroxy-2'-deoxyguanosine

(8-

OHDG) compared to normal counterparts (62). Moreover, cancer cells upregulate levels
of several ROS scavenging molecules as an adaptation response to the sustained
oxidative stress (63,64). Several intrinsic and extrinsic mechanisms are implicated in the
elevated ROS production in cancer cells. The causes for increased ROS production by
tumors include oncogene activation, increased metabolic activity, mitochondrial defects
and inactivation of tumor suppressor genes (65-68). Moderate ROS levels in cancer cells
are critically involved at different stages of carcinogenesis and multiple studies have
reported that low ROS levels in cancer cells promote cell proliferation (69), survival (70),
angiogenesis (71) and metastasis (72). While a mild increase in ROS is beneficial to
9

cancer cell survival, excessive accumulation could lead to oxidative damage to lipids,
proteins and DNA (73). In contrast to the tumor promoting effect of low ROS levels,
disproportional increase in intracellular ROS is cytotoxic and induces apoptosis by
activating caspases in a wide range of tumors, limiting cancer progression (74-76).
Multiple studies have reported the detrimental effect of ROS accumulation in cancer
cells. Superoxide generation through NADPH oxidase pathways has been shown to
induce pro-apoptotic signaling (77) and drugs that induce mitochondrial damage trigger
cell death as a result of increased oxidative stress and ROS elevation (78). In order to
counter the toxic effect of ROS, cancer cells develop several protective mechanisms by
increasing the production of ROS scavenging enzymes or metabolites that have reductive
power such as glutathione (GSH), catalase, peroxidase and superoxide dismutase (SODs).
Therefore, excessive ROS accumulation in cancer cells is reflective of a disruption in the
redox homeostasis due to disproportional increase in ROS production or a collapse in the
anti-oxidant defense system (79).
Redox manipulation for cancer therapy
It is well established that cancer cells sustain more oxidative stress than their healthy
counterparts. As a coping mechanism to the increased stress, tumor cells depend on
antioxidant defense system to maintain redox balance. The increase in basal ROS levels
in cancer cells makes them highly dependent on antioxidants and more vulnerable to
further oxidative insults by exogenous ROS generating agents or by compounds that
inhibit antioxidant generation in cancer cells (80). Antioxidants have been shown to
promote tumor growth and it has been pointed out that exacerbating the oxidative stress
by targeting antioxidant enzymes which are upregulated in tumors could be effective
10

strategy to selectively kill cancer cells without causing significant toxicity to normal cells
(81). Current challenges for novel therapeutic strategies are the fine-tuning of
intracellular ROS levels to tip the balance to ROS-induced cell death. Chemotherapeutic
agents that increase ROS production or suppress the antioxidant defense system of cancer
cells may shift the redox balance leading to cytotoxic oxidative stress and cell death by
apoptosis or necrosis (80). Anthracyclines such as doxorubicin has been shown to induce
apoptosis by promoting ROS production (82). Histone deacetylase inhibitors (83), redox
cycling agents (84) and proteasome inhibitors (85) have all been shown to in part mediate
their cytotoxic effect through increased oxidative stress in cells. Elescomol, another drug
that triggers apoptosis in cancer cells, exerts its cytotoxic effect by increasing ROS
generation and oxidative damage (86,87). Cisplatin induces necroptosis which involves
generation of mitochondrial permeability transition opening (mPTP) and ROS in both
TNFα dependent and independent pathways (88). The pharmacological agents that
enhance activity of ROS promoting enzymes such as NADPH oxidases (NOXs) may also
lead to oxidative stress induced cell death of cancer cells (89). The other viable strategy
to induce cytotoxic stress in tumors is via targeting the antioxidant pathways. Glutathione
(GSH) is one of the most potent antioxidant defense system employed by cancer cells and
reducing its levels in tumors would deter their ability to detoxify ROS. It has been
recently reported that GSH is required for cancer initiation and combined inhibition of
GSH and thioredoxin synergize to induce cancer cell death in vitro and vivo (90).
Moreover, depletion of GSH pool by the potent GSH synthesis inhibitor Buthionine
Sulfoximine (BSO) has been shown to induce oxidative stress and cell death in different
type of cancer cells (91,92). Thioredoxin (Trx-1) is another antioxidant that is
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upregulated by many cancer types and associated with cancer progressions. Agents
targeting Trx-1 have shown potent antitumor effect in vivo (93). Other antioxidant
pathways have also been targeted for cancer therapy. Pharmacological inhibitors
targeting antioxidants such as Catalase (Cat), Superoxide dismutases (SODs) and
hemeoxygenase1 (HO-1) have been investigated for their potential antitumor effects (9496).
The exogenous ROS generating agents such as chemotherapies might be selective in
tumor cell killing, but cancer cells adapt to intrinsic oxidative stress by upregulating
antioxidant capacity (97-99). The redox adaptation strategy employed by cancer cells
especially in advanced diseases enable them survive stress caused by exogenous ROS
generating agents and is considered as one of the mechanisms of chemoresistance to
several anticancer agents. Previous studies have revealed that cancer cells develop
chemoresistance to ROS inducing drugs such as paclitaxel and doxorubicin by
upregulating their antioxidant defense system (98,99). Intriguingly, cellular GSH
depletion by beta-phenylethyl isothiocyanate (PEITC) resulted in the elimination of drugresistant cancer cells and inactivation of pro-survival signals such as nuclear factor kB
(NF-kB) and MCL1 proteins enhancing cancer cell death (59,100). It is conceived that
normal cells have low basal ROS levels and hence less dependency on antioxidants, but
cancer cells show a strong reliance on antioxidant pathways. In line with this, normal
cells might tolerate suppression of the anti-oxidant pathways using pharmacological
agents. Therefore, disruption of the redox homeostasis of cancer cells by either elevating
ROS generation or inhibiting their endogenous antioxidant defense systems could lead to
cytotoxic oxidative stress and cell death. Whether tumor reactive T cells disrupt cancer
12

cells redox homeostasis and its implication in the destruction of established tumors is
poorly studied. Moreover, the potential synergy of oxidative stress inducing
chemotherapies such as alkylating agents (Cyclophosphamide and melphalan) and tumor
reactive T cells in abrogating the redox adaptation of cancer cells requires further
investigation.
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Anti-oxidants drugs
GSH synthesis, Trx, SOD
and Catalase inhibitors

Pro-oxidant drugs
Redox cylers and
Mito-ETC modulators

ROS production

ROS scavenging

ROS production and scavenging

ROS

ROS induced membrane
proteins and DNA damage

ROS induced apoptosis
and necrosis

Collapse in redox
adaptation

Cancer cell death

Fig. 1: Illustration of how targeting redox homeostasis leads cell death.
The schema summarizes the imbalance in ROS generation and scavenging that could lead to
cytotoxic oxidative stress. Pro-oxidant drugs induce ROS generation, while the antioxidant pathways
counter this effect to maintain ROS at physiologically relevant low level. Agents that promote ROS
induction (pro-oxidants) and disrupt the ROS adaptation mechanisms can both lead to excessive ROS
accumulation and cytotoxic oxidative damage.
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ROS induction by inflammatory cytokines
ROS production in cancer cells is influenced by several extrinsic factors in the tumor
microenvironment and the increase in ROS levels could result from crosstalk with tumor
infiltrating immune cells. Pro-inflammatory cytokines such as TNFα, IL1-β and IFN has
been shown to increase mitochondrial ROS generation in multiple cell types (101-105).
TNFα is implicated in caspase-independent necrotic cell death induction mediated by
mitochondrial ROS generation (106,107). A recent study reported that TNFα induces
necrotic cell death in MEF (mouse embryonic fibroblasts) cells by activating the Nox1
NADPH oxidase which results in enhanced superoxide generation (108). The TNFinduced necrotic cell death could be reversed by ROS scavengers or the down regulation
of Nox1, implying that Nox1 is critical for TNFα induced ROS production and necrosis.
NADPH oxidases (NOXs) are membrane associated multicomponent enzymes that
catalyze electron transfer from NADPH to O2, causing superoxide generation which
undergo further chemical changes to generate other ROS. In macrophages and
neutrophils, TNFα has been shown to stimulate the activity of Nox2, which leads to
enhanced superoxide generation critical in the ability of these cells to destroy pathogens
(109).
IFN is another cytokine implicated in the induction of ROS in normal and cancer
cells. INF induces reversible hepatic apoptosis mediated by ROS generation and
activation of endoplasmic reticulum (ER) proteins such as CHOP (111). In head and neck
squamous carcinoma cell lines, IFN treatment led to loss of mitochondrial membrane
potential, increased ROS generation and endoplasmic reticulum (ER) stress resulting in
apoptosis (112). Furthermore, exposure of normal and cancer cells to INF resulted in
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ROS generation by upregulating the expression levels of the NADPH oxidases, Nox1 and
Nox4. The increase in ROS is correlated with premature senescence induction
accompanied by DNA damage response (DDR) signaling (113). Additionally, a recent
study reported that INF and TNFα produced by TH1 cells controlled the growth of
pancreatic β- cancer cells in vivo by inducing cellular senescence (114). In neutrophils,
INF stimulates superoxide generation by upregulating NADPH oxidase mRNA
expression levels and renders neutrophils improved phagocytic capacity and induce
oxidative stress to adjacent cells (115). The ability of certain inflammatory cytokines to
promote ROS production in both normal and cancer cells in vitro is well documented.
However, how these cytokines mediate ROS generation in vivo and their implications in
the T cell mediated antitumor immunity are not well characterized.

16

II. MATERIALS AND METHODS
Cell culture conditions
CT26 tumor cell line is N-nitroso-N-Methylurethane-induced colon carcinoma that is
syngeneic to BALB/C mice (116). CT26HA is a colorectal cancer cell line expressing the
Influenza hemagglutinin (HA) antigen and was generated by transfecting CT26 cells with
HA gene . A20 cell line is a B cells lymphoma derived from a spontaneous reticulum cell
neoplasm found in BALB/C. A20HA cell line on BALB/c background was created by
electroporation and plasmid transfection of A20 cells with HA gene (117). The murine
tumor cell lines CT26HA, C26WT, and 4T1 (breast cancer) were cultured in RPMI 1640
(HyClone Laboratories, Logan, Utah, USA) culture medium supplemented with 10%
fetal bovine serum albumin (FBS), 1% penicillin/streptomycin (HyClone Laboratories),
1% non-essential amino acids and 1% glutamine (Corning) at 37C in a 5% CO2
incubator. Cells were detached using 0.25% Trypsin with 1mM EDTA (CAT#: 1689649,
MP Biomedicals, Santa Ana, USA) and resuspended in PBS for mice inoculations or in
vitro experiments. The murine B cell lymphoma cell lines (A20HA&A20WT) were
cultured in RPMI 1640 (HyClone Laboratories) culture medium in the presence of
400ug/ml G418 (Genetcin).
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Experimental mice
BALB/c mice of 6–8 weeks old were purchased from the National Cancer Institute
(Frederick, MD). TCR transgenic mice on a BALB/c background expressing an αβ TCR
specific for amino acids 110–120 from influenza hemagglutinin (HA) presented by MHC
class-II molecule IEd, were originally generated in the laboratory of Dr. H. von Boehmer
(Harvard Medical School, Boston, MA). Thy1.1+/+ HA-TCR transgenic mice were gifts
from Dr. Hyam I. Levitsky (The Johns Hopkins University School of Medicine,
Baltimore, MD). Interferon gamma receptor knock out (IFNRKO) mice on BALB/c
background were purchased from National Cancer Institute (Frederick, MD). All mice
were housed under specific pathogen-free conditions by Laboratory Animal Services
(LAS) of the Augusta University (AU). All animal experiments and procedures were
performed in accordance with the institutional protocol and were approved by the
Institutional Animal Care and Use Committee of Augusta University and
Antibodies and reagents
Single cell suspensions were stained using the following fluorochrome-conjugated
antibodies for flow cytometry: anti-mouse CD4-FITC (Cat#:443729, BD biosciences,
San Jose, CA,USA), Thy1.1-PerCP (Cat#: 557266, BD biosciences), IFN-APC
(Cat#:554413, BD biosciences), TNF-PE (Cat#:561063,BD biosciences), CD11b-FITC
(Cat#:101206, Bioloegend, San Diego, CA) , F4/80-PE (Cat#: 123110, Biolegend),
Annexin V-APC (Cat#550474, BD biosciences), CD45.2-APC (Cat#: 561875, BD
biosciences). The chemotherapeutic agent Cyclophosphamide (CTX) was purchased from
Tokyo Chemical Industry (Tokyo, Japan). Mafosfamide and melphalan were purchased
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from Sigma-Aldrich. TNF neutralizing antibody (CAT #: BE0058) and FasL blocking
antibody were obtained from Bio X cell. Clodronate Liposomes (CL) for macrophage
depletion was obtained from Roche (Mannheim, Germany).
Tumor challenge and in vivo treatments
Tumors were established by injecting 1-2×106 cells subcutaneously into the right flank of
syngeneic mice. Tumor growth was monitored by caliper measurement of the tumor area
every other day and expressed as the product of two perpendicular diameters in square
millimeters.When xenograft tumors reached 140-160 mm2 in area, which mimic an
advanced preclinical tumor models, they were randomized in to different experimental
groups. Mice were euthanized when tumor size reached 400 mm2 or when tumor sites
ulcerated according to the approved protocol. For adoptive T-cell transfer, spleens and
lymph nodes from HA-TCR Transgenic mice were harvested to enrich for CD4+ T cells
by MACS (MiltenyiBiotec, Germany). A total of 2.5~3 × 106 CD4+ TCR+ T cells were
injected intravenously into each recipient. CTX was dissolved in PBS and injected
intraperitoneally to mice at the dose of 150 mg/kg unless otherwise specified. N-acetyl-Lcysteine (L-NAC) (Cat#: A7250, Sigma Aldrich, St. Louis, MO, USA) was administered
to mice orally in a drinking water at the dose of 10 mg/ml. Mice were given L-NAC 5days prior to treatment with CTX+CD4+ T cells and continued post treatment for 21 days.
The water was changed every other day with a fresh prepared L-NAC to avoid possible
inactivation due to its short half-life.
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Buthionine Sulfoximine (BSO) (Cat#: 14484, Cayman chemical, Ann Arbor, Michigan,
USA) was given daily in drinking water. One vial of BSO (1g) was dissolved into 300 ml
of water (15mM) and given to mice for three weeks continuously. TNFα neutralization
was done by injecting mice with 0.2g/ml TNF neutralizing antibody (CAT #: BE0058),
every other day for two weeks.
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Metabolic Profiling
For tumor metabolic profiling studies, mice were inoculated with CT26HA tumor cells
subcutaneously and once the tumor reached treatment size (140-160 mm2), they were
divided in two 3 groups and received either no treatment or were either treated with
Cyclophosphamide alone (CTX) or in combination with tumor reactive CD4+T cells.
Tumors were then collected 5 and 10 days after treatment. The tumor samples were flash
frozen, and around 50mg fraction of each tumor was sent to Metabolon Inc. Durham, NC
for global metabolic profiling. A total of 601 compounds were analyzed and ANOVA
contrasts were used to identify metabolites that differ significantly between various
experimental groups. Data was normalized for internal consistency by processing a
constant weight of sample per volume of extraction solvent and was scaled to the median
value for each compound. High level heat-map visualization of the metabolomics data
was generated by arranging compounds using their major biochemical class (Super
pathways) and principal component analysis was used to confirm the clustering by all the
groups observed in the heat map.

Time Point
Treatment

Day 5

Day 10

Untreated

N=5

N=5

CTX

N=5

N=5

CTX+CD4

N=5

N=5

Table 1: Summary of the experimental approach for metabolic profiling studies
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Ex vivo ROS measurement in tumors
Reactive oxygen species (ROS) detection in tumor tissues was performed using the cell
permeant 2’,7’ dichlorofluorescin diacetate (DCFDA) reagent –a cellular reactive oxygen
species detection assay kit (Cat#: ab113851, abcam). DCFDA is a fluorogenic dye that
measures hydroxyl, peroxyl and other reactive oxygen species (ROS) activity within the
cell. After diffusion in to the cell, it gets deacetylated by cellular esterases to a nonfluorescent compound, which is later oxidized by ROS into 2’, 7’ –dichlorofluorescein
(DCF). DCF is fluorescent compound with emission spectra of 529 nm which can be
readily detected by flow cytometry. Briefly, tumor tissues were resected, gently chopped
in to pieces and digested by treating with a mixture of 3ml of 500u/ml collagenase type 4
(Cat#:41E12730, Worthington, Lakewood, NJ,USA) and 6ul 1xDNase (Roche), followed
by 45 mins incubation at 37c . The homogenate was filtered using a sterile cell strainer
and the red blood cells were lysed using ACK lysis buffer, followed by washing with
PBS. For ROS staining, 1x106 cells were collected in a 96 well plate and washed with
PBS once. After that, 50ul of 2um DCFDA was mixed in to the cell pellets followed by
incubation for 25 minutes at 27c. The cells were then washed with PBS and suspended
in 200ul PBS and the DCFDA signal was detected by LSRII flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, and USA). FlowJo software was used to analyze the flow
cytometry results.
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Cellular ROS assay in vitro
For cellular ROS detection in vitro, CT26, B16 and 4T1 tumor cell lines were cultured in
a 24 well plate, 0.5-1 x106 cells per well in 1ml culture media. Cells were allowed to
grow to a 70-80% confluency and treated over night with 25um Mafosfamide (Maf),
100ng/ml recombinant mouse TNF (Cat#:575204, Biologend, San Diego, CA, USA),
100ng/ml recombinant mouse IFN (Cat#: 575306, Biolegend, San Diego, CA, USA) and
Mafosfamide in combination with either TNF or IFN. Cells were then detached using
0.25% Trypsin with 1mM EDTA (Cat#: 1689649, MP Biomedicals) and harvested for
ROS staining using the DCFDA - reactive oxygen species detection kit. For A20 tumors,
cells were cultured in 96 well plates, 0.2x106 cells per well in 200ul of culture media and
were co-treated with the above described treatment conditions. The cells were then
harvested and stained for ROS using the aforementioned protocol.
CD31 and cleaved caspase-3 immunofluorescence analyses
For immunofluorescent staining, tumor tissue samples were flash frozen by putting in a
dry ice. The frozen tissues were then embedded in optimum cutting temperature (OCT)
compound in a cryomolds and sectioned (7um thickness) using a microtome cryostat
(Leica). Slides were let dry for 15 mins and fixed in 4% paraformaldehyde (Cat#: 50-000, Sigma Aldrich) for 10 mins followed by washing with PBS to remove the OCT. For
CD31 staining, sections were put for 30 minutes in a blocking buffer (phosphate-buffered
saline containing 2% bovine serum albumin). After blocking, slides were drained and
incubated for 1 hour with primary antibody: rat anti-mouse CD31 (Cat#: 558736, BD
Biosciences) diluted 1/50 in blocking buffer.
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The slides were then rinsed three times using PBS buffer and incubated with secondary
antibody: donkey anti-rat Cy3 (Cat#: 712-166-153, Jackson ImmunoResearch, Suffolk,
UK) for 50 minutes. Following washing with PBS, sections were covered in ProLong
Gold mountant with DAPI (Molecular probes, P36962, ThermoFisher Scientific). For
Cleaved caspase-3 staining, sections were permeabilizedfor 15 mins using 0.2% Triton X
in PBS. The slides were washed with PBS twice, followed by overnight incubation with
primary antibody: cleaved caspase-3 rabbit monoclonal antibody (Cat#: 9664, cell
signaling technology) diluted 1/100 in blocking buffer. After washing twice with PBS,
slides were incubated with Alexa Fluor 488 conjugated goat anti-rabbit-secondary
antibody (Cat#: A11008, ThermoFisher scientific) diluted 1/500 in blocking buffer.
Following washing with PBS, sections were covered with ProLong Gold mountant with
DAPI (Cat#: P36962, ThermoFisher Scientific). Images were taken using Zeiss 780
upright confocal microscope and analyzed by ImageJ software (Ashland,Oregon, USA).
8-OHDG Immunostaining
Tumor tissues were formalin fixed and paraffin embedded as per the FFPE standard
protocol. The tissue sections were deparaffinized in xylene and rehydrated in a series of
alcohol-water mixtures. Briefly, the slides were immersed in xylene twice for 10 minutes
each and followed by immersion in 100% ethanol twice for 5 minutes each. The slides
were subsequently immersed in 95% ethanol for about 2-3 minutes and rehydrated with
wash buffer for 10 minutes. Antigen retrieval was performed by placing slides in 10mM
sodium citrate (PH 6.0) including Tween-20 and steamed for 30 mins. The sections were
then rinsed twice, blocked in PBS containing 3% bovine albumin (BSA) for 1 hour and
were incubated for 16 h at 4°C in primary antibody: rabbit 8-OHdG polyclonal antibody
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(bs-1278R, Bioss antibodies) diluted in PBS containing Tween 20 and 3% BSA. After
rinsing in PBST 3x for 15 mins, the sections were incubated in secondary antibody:
Alexa Fluor555 donkey anti rabbit (Cat#: A31572, ThermoFisher Scientific) in PBST
containing 3% BSA for 1 h at room temperature. The slides were then rinsed in PBST 3x
for 15 minutes and mounted with anti-fade mounting media including DAPI (Cat#:
P36962, ThermoFisher Scientific). Images were taken using Zeiss 780 upright confocal
microscope and analyzed by ImageJ software.
Vascular permeability assay and blood perfusion imaging
Tumor bearing mice under different treatment conditions were injected intravenously
with 200ul of 0.6mg Evans blue dye (EBD) (Cat#: E2129, Sigma Aldrich). After 30 mins
post injection, tumors were resected, weighed, and transferred in to new Eppendorf tube.
Evans blue dye was extracted by adding 1ml of Formamide solution (Cat#: F9037, Sigma
Aldrich) and heated at 55c for 36 hours. Following centrifugation of the mixture at
12000 rpm for 10 mins, the supernatant was collected in to a new Eppendorf tube. The
concentration of Evans blue dye was determined using spectrophotometry by measuring
absorbance at 610nm. The Evans blue dye concentration of each sample was normalized
against tumor weight. For blood perfusion experiments, CT26HA tumor bearing mice
were imaged using Laser Speckle Contrast Imaging (LASCA) prior to treatment. They
were then Imaged at day 4 and day 10 post treatment with CTX+ CDACT. Blood flow
index was calculated by measuring the intensity of the tumor area divided by the intensity
in non-tumor regions.
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Hematoxylin and Eosin staining
Tumor tissue samples were kept in 10% formalin for 24 hours and transferred in to a 75%
ethanol in a 15 ml tube for long term storage. The tissue was dehydrated through a series
of graded ethanol baths to displace the water and then embedded into wax blocks
(paraffin waxes). Tissues were then sectioned (4um thickness) using a rotary microtome
(Leica RM2135, Buffalo Grove, IL, USA) and stained for Hematoxylin and Eosin. To
briefly describe, tissues sections were incubated at 65°C for 20 minutes to melt off the
paraffin. After that, sections were treated with Xylene twice for 10 minutes followed by
immersion in 100% EtOH twice for 5 minutes each. Slides were air dried and stained
with 0.1% Mayers Hematoxylin for 10 minutes in a Coplin jar. After rinsing with
ddH2O for 5 minutes, sections were stained with Eosin for 5 minutes. The slides were
dipped in to 50% EtOH for 10 minutes, 70% EtOH for 10 minutes and equilibrated in
95% EtOH for 30 seconds. This was followed by dipping slides in Xylene several times.
The slides were cleaned off, mounted and covered with Cytoseal XYL.

26

RNA extraction and quantitative real-time PCR
Tumor samples from the different treatment conditions were resected and a small portion
of the tumor mass was used for total RNA extraction. The tumor mass was homogenized
using a motorized homogenizer and RNA was extracted using TRIzol® Reagent (Cat#:
15596-026, ThermoFisher scientific). The extracted RNA was immersed in 75% ethanol
(ETOH) and frozen at -20C. During experiment, RNA samples were thawed and span
down at 12000g for 2 mins. The ethanol supernatant was discarded and followed by a
brief air dry to remove residual ETOH.

To remove contaminating DNA, RNA

purification was performed using Purelink RNA mini kit (Cat#:12183018A, Invitrogen,
Carlsbad, CA, USA) and on-column DNase treatment according to the manufacturer’s
instruction. 1ug of RNA was used to generate cDNA using SuperScript® III First-Strand
Synthesis System for RT-PCR kit (Cat#:18080-051, ThermoFisher Scientific). Briefly,
1ug of RNA in RNase free water, 50ng/ul of random hexamers, 10mM dNTP mix and
DEPC-treated water was mixed in 20ul reaction mixture and incubated at 65C for 5
minutes. Subsequently, 20ul reaction mixture comprised of: 10xRT buffer, 25mM MgCl2,
0.1mM DTT, 40u/ml RNaseOUT, 200u/ml SuperScriptTM III RT was prepared. 20ul of
cDNA synthesis mix was added to each RNA mixture and mixed gently. Following brief
centrifugation, the reverse transcription reaction mixtures were incubated at 25C for 10
mins, 50C for 50 mins, 85C for 5 mins and chilled on ice. Quantitative real-time PCR
was performed to measure a series of anti-oxidant genes and inflammatory cytokines by
SYBR Green (Bio-Rad, Hercules, CA, USA).Target mRNA was normalized to -actin as
endogenous control and the relative fold difference was calculated via the 2-Ctmethod.
Each sample was assayed in triplicate.
27

Table 2: List of primers used for quantitative reverse transcriptase PCR
Primers

Sequences

SOD1-F

GTGATTGGGATTGCGCAGTA

SOD1-R

TGGTTTGAGGGTAGCAGATGAGT

SOD2-F

TTAACGCGCAGATCATGCA

SOD2-R

GGTGGCGTTGAGATTGTTCA

CAT-F

TGAGAAGCCTAAGAACGCAATTC

CAT-R

CCCTTCGCAGCCATGTG

Trx-F

CCGCGGGAGACAAGCTT

Trx-R

GGAATGGAAGAAGGGCTTGATC

Prx1-F

GATCCCAAGCGCACCATT

Prx1-R

TAATAAAAAGGCCCCTGAAAGAGAT

Gpx1-F

GAAGAACTTGGGCCATTTGG

Gpx1-R

TCTCGCCTGGCTCCTGTTT

Gpx2-F

ACCGATCCCAAGCTCATCAT

Gpx2-R

CAAAGTTCCAGGACACGTCTGA

Gpx3-F

ACAATTGTCCCAGTGTGTGCAT

Gpx3-R

TGGACCATCCCTGGGTTTC

GSR-F

GCTATGCAACATTCGCAGATG

GSR-R

AGCGGTAAACTTTTTCCCATTG

NQO-1F

TATCCTTCCGAGTCATCTCTAGCA

NQO-1R

TCTGCAGCTTCCAGCTTCTTG
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HO-1F

CACGCCAGCCACACAGCACTA

HO-1R

GGCTGTCGATGTTCGGGAAGG

Gclc-F

GCACGGCATCCTCCAGTTCCT

Gclc-R

TCGGATGGTTGGGGTTTGTCC

Gclm-F

GGCTTCGCCTCCGATTGAAGA

Gclm-R

TCACACAGCAGGAGGCCAGGT

TNF-F

CATCTTCTCAAAATTCGAGTGACAA

TNF-R

TGGGAGTAGACAAGGTACAACCC

IFN-F

TCAAGTGGCATAGATGTGGAAGAA

IFN-R

TGGCTCTGCAGGATTTTCATG

GMCSF-F

GCCATCAAAGAAGCCCTGAA

GMCSF-R GCGGGTCTGCACACATGTTA
IP10-F

GCCGTCATTTTCTGCCTCAT

IP10-R

GCTTCCCTATGGCCCTCATT

IL10-F

GGTTGCCAAGCCTTATCGGA

IL10-R

ACCTGCTCCACTGCCTTGCT

IL6-F

GAGGATACCACTCCCAACAGA

IL6-R

AAGTGCATCATCGTTGTTCATACA

IL1-F

CAACCAACAAGTGATATTCTCCAT

IL1-R

GATCCACACTCTCCAGCTGCA

IFN-F

CCATCCAAGAGATGCTCCAG

IFN-R

GATCCACACTCTCCAGCTGCA
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CCL3

GTGGAATCTTCCGGCTGTAG

CCL3

ACCAGTACACTCTGCAACCA

CCL5

CCCACTTCTTCTCTGGGTTG

CCL5

GTGCCCACGTCAAGGAGTAT

TSP1

CCAAAGCCTGCAAGAAAGAC

TSP1

CCTGCTTGTTGCAAACTTGA

Actin

AGAGGGAAATCGTGCGTG

Actin

CAATAGTGATGATGACCTGGCCGT

Flow cytometry Analysis
For analyzing cytokine production by CD4+T cells, tumor samples were digested and
gently dissociated into single-cell suspension. Red blood cells were removed by ACK
lysing buffer (Cat#: 118-156-101, Quality Biological, Gaithersburg, MD, USA). After
washing with PBS, cells were seeded in 12 well plates and stimulated with PMA and
ionomycin for 4 hours. Following stimulation, cells were harvested and stained for
surface markers; CD4-FITC (Cat#:4437290) and Thy1.1-PerCP (Cat#:561063), followed
by intracellular cytokine staining (ICS) according to the staining protocol (BD
Biosciences). For analyzing cell death assays in vitro, cultured cells were treated
overnight with different treatment conditions. Cells were then treated over night with;
25ug/ml Mafosfamide (Maf), 50um/ml Melphalan (Mel), 100ng/ml recombinant mouse
TNF, a combination of Mafosfamide with TNF or Melphalan with TNF . Cells were
then harvested, resuspended in Annexin V binding buffer (1X) and incubated with
Annexin V –APC for 15 mins at RT in the dark. Following washing with PBS, cells were
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resuspended in 400ul binding buffer and labeled with DAPI (0.5ug/ml). Annexin V
(+)/PI (-) cells are apoptotic cells, Annexin V (+)/PI (+) cells have undergone secondary
necrosis, and Annexin V (-)/PI (+) cells are necrotic cells (118). Data was acquired using
LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed with
FlowJo software (Ashland, Oregon,USA)
Glutathione (GSH) detection assay
GSH detection assay was performed using Intracellular GSH Assay Kit (Cat#:
ab112132). Cultured CT26WT cells were treated over night with 50um/ml melphalan
(mel), 100ng/ml recombinant mouse TNF, or a combination of melphalan with TNF.
Cells were harvested and cell suspension was prepared at a density of 1x106 cells per
1mL PBS. 5 μL of 200X Thiol Green Dye was added into the 1 mL of cell solution
followed by incubation at room temperature for 30 minutes. The solution was span down
and cell pellets were resuspended in 500ul PBS. Data was acquired by flow cytometry
and analyzed using the FlowJo software.
Statistical analysis
Data were analyzed using Prism 5.0 (GraphPad Software). Experimental values are
expressed as mean ± standard error of mean (SEM). Statistical analysis was performed
using independent Student’s t tests or ANOVA.P-values less than 0.05 were considered
significant.
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III. RESULTS
Chemotherapy conditioning followed by CD4 ACT leads to eradication of
established colorectal tumors in mice
Adoptive T-cell therapy (ACT) has emerged as an effective treatment option for patients
with several types of cancer. Tumor reactive CD4+ T cells adoptively transferred into
lymphopenic hosts have been shown to eradicate established tumors in several preclinical
models (9-11,22-24). However, it remains unclear how successful ACT would
metabolically impact the tumor microenvironment and how metabolic manipulation in
cancer cells benefits ACT. We sought to establish a curative ACT model system to
address this question. We employed a T-cell adoptive transfer system in which mice with
HA-expressing CT26 tumors received infusion of HA-specific CD4+T cells following
cyclophosphamide (CTX) pre-conditioning overnight (Fig. 2A). We found that CTX
followed by CD4+ T-cell adoptive transfer was highly effective in treating large,
established CT26HA tumors. As shown in Fig. 2B, the combination of CTX and CD4+ T
cells resulted in complete tumor regression. In contrast, CD4+ T cell transfer without
CTX pre-conditioning had minimal impact on tumor growth. Although CTX alone led to
tumor shrinkage initially, tumors quickly regrew in all mice. To determine if the curative
effect of the combination therapy was antigen driven, we randomized mice in to two
groups, one group injected with CT26HA and the other injected with CT26 colorectal
cancer cells lacking the HA antigen (CT26WT) (Fig. 3A). Interestingly, the CT26WT
tumors did not regress after CTX+CD4 ACT (Fig. 3B), indicating that the curative effect
is antigen specific.
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Fig. 2: Chemotherapy conditioning followed by CD4+T-cell adoptive cell therapy (ACT)
eradicates established colorectal tumors in mice. (A) Schema outlining the timeline of
experimental procedures. CT26HA tumor bearing mice were treated with Cyclophosphamide
(CTX, 150mg/Kg) followed by adoptive transfer of HA-specific CD4+ T cells (CD4 ACT) 24
hours

later.
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Fig. 3: The curative effect of CTX+CD4 ACT is antigen specific. (A) Schema outlining the
experimental procedures. One group of mice were inoculated with 2x106 CT26HA and another
group with 2x106 CT26WT subcutaneously. Both groups were given similar treatment regimen of
CTX and HA-specific CD4+ T cells. Tumor progression was followed by measuring the tumor area
every other day. (B) shows tumor growth kinetics following treatment with CTX+CD4 ACT.
Number of mice used in each group is denoted by n.
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Mice cured from CTX+CD4 ACT developed immunological memory
Induction of immunological memory is one of the central features of adaptive immune
system. To check if cured mice developed immunological memory which renders them
protection against subsequent tumor rechallenge, mice were inoculated with CT26HA cells
on their opposite flank. As shown in Fig. 3A, the cured mice rejected tumors
subcutaneously injected into their contralateral flanks, while naïve mice used as control
failed to reject tumor growth, suggesting the development of memory in cured mice. We
then wondered if the memory development would be transferable to syngeneic mice. To
accomplish this, we transferred spleenocytes from cured mice to naïve mice and challenged
them with same tumors. Notably, transfer of spleenocytes to naïve mice resulted in
complete rejection of CT26HA tumors (Fig. 3B), suggesting that the curative effect is
transferable to syngeneic mice. We then asked whether the memory development would
protect mice from same tumors injected intravenously. In naïve mice, intravenously
injected CT26HA cells metastasized into the lungs and mice eventually succumbed to
death (Fig. 5A). However, in the cured mice the migration of these cells to the lungs was
effectively halted (Fig. 5B), suggesting that the anti-tumor immune response generated
may potentially limit metastasis of these cancer cells to the lungs.
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Fig. 4: Cured mice developed memory and were resistant to tumor challenge with CT26HA
s.c. (A) Shows mice cured after CTX+CD4 ACT rejected CT26HA tumor rechallenge. (B) Shows
mice that received spleenocytes from cured mice (Transfer group)
challenge.
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rejected CT26HA tumor

B

A

Cured mice

Naïve mice

Fig. 5: Cured mice were protected from tumor rechallenge through i.v. (A) Naïve BALB/c
control mice and (B) mice cured from CT26HA tumor after CTX+CD4, were rechallenged
intravenously with CT26HA.luci (CT26HA cells stably transfected with luciferase encoding
plasmid).

Mice were i.p. injected with 150mg/kg of luciferin and were imaged using

bioluminescent imaging (BLI) to track tumor cell migration to organs 11 days after tumor
rechallenge.
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CD4+ T cells in CTX conditioned mice acquired polyfunctional phenotype
Chemotherapy with Cyclophosphamide (CTX) can potentiate anti-tumor CD4+T cells by
promoting the effector differentiation of adoptively transferred tumor specific CD4+T cells
(23). Low dose of CTX results in release of tumor antigens by direct killing of tumor cells
creating an immunogenic milieu and promoting tumor antigen presentation. Furthermore,
low dose of CTX creates a transient lymphopenia (119), and decreases the number and
functionality of regulatory T cells (Tregs) (120) which all add up to benefit adoptive T cells
therapy (ACT). We tested how CTX preconditioning affects the phenotypes of donor
CD4+T cells. We found that in CTX-conditioned mice, donor CD4+T cells acquired a
polyfunctional phenotype, characterized by their ability to simultaneously produce the
inflammatory cytokines TNFα and IFN. The increase in production of these cytokine
suggests that they might be critical mediators of the tumor destruction by CD4+T cells.
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Fig. 6: CD4+ T cells in CTX conditioned mice acquire polyfunctional phenotypes. BALB/c
mice were s.c. injected with 2x106 CT26HA tumors on the right flank, and treated with CTX and
HA-specific CD4+T cells. Seven days later, tumor tissues were harvested and a single cell
suspension was prepared. After stimulation with PMA/ionomycin for 4 hours, cells were first
stained for surface expression of CD4 and Thy1.1+/+, followed by intracellular cytokine staining
(ICS) for IFN and TNF. The percentage of CD4+T cells secreting both cytokines is shown in the
top right corner of each plot.
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CTX+CD4 ACT creates an inflammatory milieu in tumor
Tumor rejection mediated by CD4+T cells is associated with elevated levels of proinflammatory cytokines in the tumor milieu. It has been reported that CD4+ T cells can
foster an inflammatory milieu in the tumor microenvironment, facilitating tumor rejection
(18). We examined the expression profiles of a panel of genes in the whole tumor tissues
resected from mice under different treatment conditions. As shown in Fig. 7, CTX
treatment led to increased transcripts of a number of inflammatory cytokines and
chemokines, including IFN, Tsp1, IL6, Ccl3, Ccl5, Ip10 and TNF. Of note, the
combination of CTX and CD4 adoptive transfer (CTX+CD4) further boosted the levels of
IFN, Tsp1, IL6, Ccl3 and Ccl5. Moreover, increases of IL-1β, IFNβ and GMCSF
transcripts were detected only after CTX+CD4 treatment. In contrast, the level of
immunosuppressive cytokine IL10 increased in the tumors of CTX-treated mice, but was
downregulated in the tumors of CTX+CD4-treated mice. The results demonstrate that there
is a heightened inflammatory immune milieu in the tumor microenvironment after
CTX+CD4 treatment.
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Fig. 7: CTX+CD4 ACT creates an inflammatory milieu in tumor. CT26HA tumor bearing mice
were treated with CTX only, CTX+CD4 ACT or left untreated. At day 7 post-treatment, tumor
tissues were resected. Total RNA was extracted and quantitative real-time PCR was performed to
determine the expression level of different cytokines and chemokines in the tumor mass. Each
sample was measured in triplicate for each gene. The data represent the relative amount of target
mRNA normalized to β-actin as internal control. Data shown are the mean  SEM values from 3
independent experiments (*P < .05, **P < .005, ***P < .001).
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CTX+CD4 induces apoptosis and hemorrhagic tumor necrosis
To further investigate how CTX+CD4 ACT eliminated established tumors, we examined
the induction of apoptosis in vivo. By using flow cytometry analysis of tumors negative for
the hematopoietic marker (CD45 negative population), we found that the combination
therapy led to a marked increase in the percentage of both AnnexinV and DAPI positive
cells (Fig. 8A) suggesting that there is an enhanced tumor cell death. In addition,
Immunofluorescence staining (IF) of snap frozen tumor tissues revealed the extensive
presence of cleaved caspase 3 (cCasp3), which indicated apoptosis induction in the tumors
of CTX+CD4 ACT-treated mice (Fig. 8B). A striking observation in tumors after
CTX+CD4 therapy was the appearance of necrotic lesions in the central area of tumor,
which expanded progressively to the whole tumor over time, and eventually fell off as mice
became cured (Fig. 9A). To confirm the presence of microscopic necrosis, we performed
H&E staining of formalin fixed paraffin embedded (FFPE) tumor tissues. We found that in
the CTX+CD4-treated mice, there was an extensive necrosis prevalent throughout the
tumor sections examined (Fig. 9B). A large number of necrotic cells were observed in the
CTX+CD4 treated tumor tissue, whereas untreated tumors were composed of
predominantly viable tumor cells, validating the extensive macroscopic necrosis observed
after combination therapy. Notably, red blood cell patches were frequently found in tumors
under the CTX+CD4 treatment (Fig. 9C, marked by white arrowhead), but were absent
under other conditions. These features are reminiscent of hemorrhagic tumor necrosis
described by other studies (121,123).
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Fig. 8: CTX and CD4+T cells treatment enhances apoptosis of tumor cells in vivo. (A) Shows
the Percentage of Annexin V and DAPI positive cells. Levels of cellular apoptosis and necrosis
were assessed by flow cytometry analysis. (B) Representative images of Cleaved caspase-3
(Asp175) immunostaining. Images were obtained by confocal microscope and analyzed by ImageJ
software. Shown are: Cleaved caspase-3 (green) and nuclear stain with DAPI (blue).
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Fig. 9: The combination of CTX and CD4 ACT induces a hemorrhagic necrosis in tumor. (A)
Representative pictures of the tumors during rejection at different time points. (B) Histological
analysis by H&E staining of tumor tissues from mice untreated, or treated with CTX alone or
CTX+CD4. Necrotic regions are indicated by N. (C) White arrow heads indicate the red blood cell
patches in the CTX+CD4 treated tumors
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CTX+CD4 ACT leads to vascular destruction and leakiness
Hemorrhagic tumor necrosis is often associated with reduction in tumor blood flow and
destruction of tumor vasculature (122,127). Indeed, we found that CTX+CD4 treatment led
to marked reduction of CD31 signals in tumor tissues (Fig. 10). CD31 is a marker for
endothelial cells and loss of CD31 has been shown to increase vascular permeability (123).
We went on to examine how the different treatment conditions altered the permeability of
tumor vasculature using the Evans blue dye (EBD) (Fig. 11A). Evans blue is a dye that
binds albumin. Under normal physiologic conditions, Evans blue bound albumin remains
restricted within blood vessels because a healthy endothelium is impermeable to albumin.
In pathologic conditions that promote increased vascular permeability, the endothelium
becomes permeable to albumin and allows for extravasation and deposition of Evans blue
in tissues, resulting in increased blue coloration in affected organs compared to organs with
intact endothelium (124). Fig. 11B shows that CTX alone increased Evans blue dye
extravasations in to the tumor tissue compared to no treatment or CD4+T cell transfer
alone. Notably, the combination of CTX and CD4+T cells led to the highest level of dye
deposition in tumors, indicating a synergistic effect of the two components in disrupting
tumor vasculature. This increase in leakiness might suggest a disruption of established
tumor blood vessels. The vascular leakiness observed after combination therapy is also
reflected in the H&E staining, where increased red blood cells extravasation is evident in
the CTX+CD4 treated tumor tissues.
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Fig. 10: CTX and CD4 ACT treatment leads to disruption of the tumor vasculature.
Representative images of CD31 positive endothelial cells (red) and nuclear counter stain with DAPI
(blue). Tumor bearing mice were treated with CTX, CTX+CD4 or left untreated. Tumor tissues
were harvested 7 days post treatment and immunofluorescence (IF) staining was performed on snap
frozen tumor tissues.
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Fig. 11: CTX+CD4 ACT increases tumor vascular permeability. (A) Schema outlining the
timeline of the experimental procedures. (B) Concentration of Evans blue dye (ng/ml) normalized
against tumor weight of each sample. EBD concentration is measured by absorbance
spectrophotometry after dye extraction using formamide solution.
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CTX+CD4 ACT leads to reduced blood flow

To further evaluate the effect of combination therapy in blood flow to tumor tissues, we
used a Laser Speckle Contrast Analysis (LASCA) method to visualize tissue perfusion at
the tumor periphery. When diffuse objects are illuminated with laser light, they form a
speckle pattern on the detector and LASCA uses this change in speckle pattern to visualize
tissue perfusion (125). In the LASCA imaged tumors, the red color corresponds to an
increased perfusion, whereas yellow indicates a reduced perfusion and blue indicates non
perfused regions. We reasoned that the enhanced hemorrhagic necrosis could be due to
restriction in blood supply to tumor tissue causing ischemia. We imaged tumor bearing
mice before treatment and after treatment with CTX+CD4. Interestingly, we detected a
reduction in blood flow to tumor tissues following CTX+CD4 treatment (Fig. 12A) and the
blood flow index (BFI), which correlates with the blood flow intensity to tumor tissues,
was significantly reduced after combination therapy (Fig. 12B). This observation suggests
that CTX+CD4 ACT might have disrupted the tumor vasculature, limiting blood flow to
tumor tissues and thereby causing tissue ischemia.
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Fig. 12: CTX+CD4 ACT leads to reduced blood flow. (A) LASCA images of tumors before
treatment and at days 4 and 10 post-treatment. Red regions correspond to high perfusion, yellow
indicate less perfusion and blue non-perfusion regions.(B) Blood flow index (BFI) calculated by
measuring intensity of the tumor area divided by the intensity of the non-tumor region.
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CTX+CD4 mediated tumor rejection is macrophage independent

Previous studies have reported that macrophages are involved in tumor rejection mediated
by tumor reactive CD4+T cells(17,18).The TH1-derived IFN polarizes macrophages to
tumoricidal M1 phenotypes and induce macrophages to secret angiostatic chemokines such
as CXCL9 and CXCL10 (18). The macrophage induced angiostatic chemokines exert
powerful anti-angiogenic activity by damaging tumor vasculature resulting in growth
inhibition and tumor necrosis (36-39). To investigate the contribution of macrophages in
the curative effect of CTX+CD4 ACT, we depleted macrophages using a Clodronate
Liposome (CL).Clodronate encapsulated by liposomes is ingested by macrophages. After
digestion, the clodronate is released and its accumulation induces apoptosis of the
macrophages (126). Macrophages depletion was confirmed by staining blood for
commonly used surface markers: F4/80 and CD11b (Fig. 13A) and tumor progression was
monitored following treatments by measuring the tumor area every other day. We found
that macrophage depletion did not abolish the curative effect of the combination therapy
CTX+CD4 ACT (Fig. 13B). In a similar manner, the contribution of granulocytes was also
determined by injecting mice with granulocytes depleting monoclonal antibody (antiLy6G) following combination therapy. We found that depletion of granulocytes did not
compromise the curative effect of CTX+CD4 ACT (Fig. 14). Taken together, our data
suggests that macrophages and granulocytes are not required for tumor rejection mediated
by CTX+CD4.
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Fig. 13: Macrophage depletion did not abolish the curative effect of CTX+CD4 ACT.
Macrophage depletion in mice was done by injecting mice with Clodronate Liposomes (CL). To
check macrophage depletion, mice tail blood was stained for F4/80 and CD11b surface markers.
(A) Shows a marked reduction in macrophage population (F4/80
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and CD11binterm) in blood one

day after CL injection.(B) Macrophage depletion did not compromise the curative effect of CTX
and HA-specific CD4+ T cells.
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Fig. 14: Granulocyte depletion had no impact on CTX+CD4 treatment. CT26HA tumor
bearing mice were treated with CTX followed by adoptive transfer of HA-specific CD4+T cells
(CD4 ACT) 24 hours later. Granulocyte depletion was performed by injecting mice with anti-Gr1
(anti-Ly6G) antibody (200ug/mouse). Shown is the tumor growth kinetics after the indicated
treatments.
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Tumor rejection by CTX+CD4 is NK and FasL independent
Tumor reactive CD4+T cells can directly induce apoptosis of cancer cells in a Fas-FasL
dependent manner (127). Our flow cytometry and immunofluorescence staining of frozen
tumor tissues demonstrated that there is an enhanced apoptosis of tumor cells after
CTX+CD4 treatment (Fig. 8). We speculated that apoptosis induction might be driven by
FasL-Fas interaction in vivo. To explore the role of FasL-Fas interaction in the curative
effect of the combination therapy, we utilized FasL neutralizing antibody which blocks the
FasL-Fas interactions. Tumor bearing mice were treated with CTX+CD4ACT followed by
administration of FasL neutralizing antibody for three successive weeks. We noted that
FasL neutralization did not compromise the therapeutic effect of CTX+CD4 (Fig. 15A). It
has been reported that CD4+T cells partner with NK cells to mediate tumor rejection and
long term tumor clearance by CD4+T cells may require host NK cells (19). To investigate
the relevance of NK cells in this therapeutic setting, we depleted NK cell using anti-AsialoGM1 (aASGM1) following CTX+CD4 ACT.

The depletion of these cells did not

compromise the curative effect of the CTX+CD4 combination therapy (Fig. 15B),
suggesting that it is NK-cell independent tumor rejection.
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Fig. 15:Tumor rejection by CTX+CD4 is NK and FasL independent. (A) Tumor growth
kinetics after NK cell depletion following CTX+CD4 ACT. Tumor bearing mice were injected
intraperitoneally with 100ul of anti-Asialo GM1 (aASGM1) once a week to deplete NK cells
following CTX+CD4 treatment. Tumor progression was followed by measuring tumor area every
other day. (B) Tumor growth kinetics after FasL neutralization. Tumor bearing mice were treated
with CTX+CD4 and followed by injection of FasL neutralizing antibody (500ug/mouse/100ul)
once a week for three weeks.
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Host response to interferon gamma is critical for tumor vascular destruction
Multiple studies have reported that IFNγ inhibits tumor blood vessel formation (neoangiogenesis) by acting on tumor stroma (33, 35) and IFN–receptor deficient mice are
impaired in their ability to reject tumors (128). Since our data revealed a disruption of
tumor blood vessels shown by loss of CD31+endothelial cells and increased vascular
permeability after CTX+CD4 treatment (Figs. 10&11), we examined if IFN was involved
in targeting tumor vasculature. Notably, the curative outcome of CTX+CD4 seen in wildtype (WT)-tumor bearing mice was abrogated in mice with deficiency in IFN receptor
(IFNRKO) (Fig. 16A).We noticed that the central tumor region became necrotic initially
in both WT and IFNRKO mice. However, unlike the tumors in WT mice, the rims of the
tumors in IFNRKO mice did not become necrotic and continued to grow outwards after
CTX+CD4 treatment, creating “crater-like” tumor mass (Fig. 16B). Immunofluorescence
staining demonstrated that CD31 was readily detectable in tumor tissues isolated from
CTX+CD4-treated IFNRKO mice, but was sparse in tumors resected from treated WT
mice (Fig. 16C). The data suggests that IFN is involved in mediating tumor vasculature
destruction following the rise of polyfunctional CD4+ T cells.
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Fig. 16: Host response to IFN is required for the curative effect of CTX+CD4. (A) Tumor
growth kinetics after CTX+CD4 treatment in wild type (WT) and IFNRKO hosts. (B)
Representative pictures of tumors after CTX+CD4 treatment. (C) Immunostaining of CD31+
endothelial cells (red) and nuclear counter stain with DAPI (Blue).

56

Metabolic catastrophe induced by CTX+CD4 precedes tumor regression
Having established a curative CTX+CD4 ACT model, we intended to gain insights into
how a successful chemoimmunotherapy would impact the metabolic profiling of tumors
and how it can be manipulated to improve adoptive T cell therapy. Currently, there is
intense interest in understanding the influence of cancer cells metabolic reprogramming in
tumor infiltrating T cells. Tumor metabolism largely contributes to the immunologic escape
by creating a microenvironment which is hostile to the tumor infiltrating lymphocytes
(TILs).The metabolic switch by cancer cells impose a nutrient deprivation in tumor
infiltrating cells and limit their effector function (45). Similar to cancer cells, T cells also
depend on metabolic reprogramming to cope with the metabolic stress and their effector
function is largely dependent on adopting a correct metabolism (53).
To explore how CTX+CD4 ACT therapy alters tumor metabolism, the global metabolic
profiles of tumors were determined from different experimental groups. Tumor bearing
mice were randomized in to 3 groups and received either no treatment or were treated with
cyclophosphamide alone or in combination with CD4 (CTX+CD4). Tumors were collected
5 and 10 days after treatment for metabolic profiling studies. Fig. 17 shows a high level
heat map visualization data revealing that the combination therapy of CTX+CD4 elicited
major metabolic changes in tumors at both time points. Many metabolite levels were
affected after treatments, but the effect on lipids and amino-acids was highly apparent. The
principal component analysis (PCA), in which metabolites are grouped in multidimensional
space based on their chemical similarities, confirmed the heat map observation showing a
nice clustering of metabolites by all the groups (Fig. 18).
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Large numbers of metabolites levels were significantly affected as demonstrated by the
ANNOA contrast analysis (Fig.19), with some of them upregulated and others
downregulated after combination therapy, highlighting the metabolic perturbations
following CTX+CD4 ACT. Although chemotherapy alone led to changes in some
metabolite levels, addition of tumor reactive CD4 cells caused a metabolic catastrophe
affecting several interdependent pathways such as polyamine biosynthesis, methionine and
folate cycles critical for cell proliferation, survival, growth and metastasis (Fig. 20).
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Fig. 17: CTX+CD4 ACT treatment elicited major metabolic changes in tumors. Heat map
visualization of the metabolomics data.Tumor tissues from mice under different treatment
conditions were resected and a fraction of the tissue (50mg) was weighed and analyzed for tumor
metabolic profiling studies. Heat-map visualization data was generated by arranging compounds
based on their major biochemical class (Super pathways). The heat map illustrates the metabolic
alteration after different treatments and time points, with some metabolites upregulated (Red) and
others downregulated (Blue).

59

Fig. 18: Principal component analysis (PCA). Principal component analysis (PCA) depicting a
nice clustering of metabolites by all the treatment groups. The effect of the combined treatment
dominated the separation in Component 1, while effects of CTX treatment alone were responsible
for much of Components 2 and 3 separations.
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Fig. 19: ANNOA contrasts. A summary of the numbers of biochemicals that achieved statistical
significance (P0.05). ANNOVA contrasts were used to identify metabolites that differed
significantly between the experimental groups. Red and green arrows indicate upregulated and
downregulated levels of metabolites respectively.
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Fig. 20: Interdependent metabolic pathways affected by CTX+CD4 treatment. Summary of
metabolites levels markedly affected after CTX+CD4 treatment. Polyamine biosynthesis
intermediates: Spermidine, Spermine, Putrescine and Arginine were down regulated after
CTX+CD4. Metabolite intermediates in the Methionine cycle (Methionine,SAM,MTA, and
Betaine) and Folate cycle (5-MTHF, dTMP,Serine) were reduced after CTX+CD4 treatment.
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CTX+CD4 ACT reduces levels of glutathione (GSH) in tumors
Cancer cells exhibit elevated basal ROS levels compared with their normal counterparts
due to their metabolic and signaling aberrations (60,61,79). In response to the sustained
oxidative stress, cancer cells upregulate several antioxidant defense systems to maintain
intracellular redox balances. The glutathione (GSH) pathway is one of the most abundant
antioxidant in all cells and is involved in cell protection against free radicals (129) and
elevated GSH levels are observed in different types of tumors (130). Increased level of
GSH promotes cancer cell survival (84) and has been associated with resistance to
chemotherapeutic agents including doxorubicin, anthracyclines and alkylating agents (such
as CTX and melphalan) (131). Interestingly, our metabolic data revealed that treatment
with CTX alone led to an increase in both oxidized glutathione (GSSG) and reduced
glutathione (GSH) levels, which may suggest a response by cancer cells as an adaptation to
therapy-induced oxidative stress. However, the combination treatment of CTX+CD4
resulted in a strong depletion of both GSSG and GSH levels (Fig. 21) suggesting an
impaired GSH dependent antioxidant pathways. In addition, the combination therapy
resulted in reduced levels of metabolite intermediates such as Glycine, Cystathionine,
Cysteine and Homocysteine (Hcy) which are essential metabolites that feed to the GSH
synthesis pathway (Fig. 21B).These findings point to a defective GSH synthesis and a
collapse in the GSH mediated antioxidant defense system in cancer cells, which might
compromise their ability to scavenge excessively produced reactive oxygen species.
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In addition to the glutathione antioxidant system, the combination of CTX+CD4 treatment
led to loss of electron carrier and redox related compounds includingnicotinamide adenine
dinucleotide (NAD+), nicotinamide, flavin adenine dinucleotide (FAD), vitamin Cand its
catabolite dehydroxyacorbate(Fig. 22). Taken together, these findings are suggestive of a
defect in the overall antioxidant defense system of tumor cells after CTX+CD4 ACT
potentially leading to a runaway oxidative environment.
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Fig. 21: CTX+CD4 ACT reduces the levels of GSH in tumors. (A) Metabolite levels of reduced
glutathione (GSH) and oxidized glutathione (GSSG), Cystathione, Cysteine and Homocysteine
(Hcy), Cystine and Glutamate. Data were scaled to the median value for each compound.Shown
are: no treatment (Gray line plot), CTX (Blue line) and CTX+CD4 (Red line). (B) GSH synthesis
pathway showing enzymes and metabolic intermediates required for the cellular GSH synthesis.
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Fig. 22: CTX+CD4 ACT reduces the levels of redox-related metabolites. Line plots showing
levels of Nicotinamide adenine dinucleotide (NAD+), Nicotinamide, Flavin adenine dinucleotide
(FAD), Vitamin C and its catabolite dehydroascorbate, under different treatment conditions at both
time points. No treatment (Gray line plot), CTX (Blue line), CTX+CD4 (Red line).
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CTX+CD4 leads to excessive ROS accumulation in tumor
Our metabolic data showed that severe GSH deficiency was induced in tumor after
CTX+CD4 treatment, suggesting that tumor cells might be subjected to increased oxidative
stress. It is known that many anticancer drugs, including alkylating agents, induce
oxidative stress (132,133) and that ROS can trigger tumor cell death by apoptosis and
necrosis (134). We thus examined the ROS levels in tumor cells under different treatment
conditions. We found that CD4+ T cell transfer alone barely increased ROS level in tumor
and CTX alone led to modest increase of ROS in tumors compared to untreated mice.
Strikingly, CTX/CD4 resulted in substantial increase of ROS in tumors shown by the big
shift in DCFDA intensity, which corresponds to enhanced ROS induction, after
combination therapy (Fig. 23A).The mean fluorescent intensity (MFI) of DCFDA signal
shows that there is a significantly higher induction of ROS in combination therapy
compared to CD4+T cells or CTX alone (Fig. 23B). Impaired antioxidant defense system
could lead to DNA damage due to chronic ROS accumulation. To validate our flow
cytometry results, we performed an immunofluorescence staining of 8-hydroxy-2' deoxyguanosine (8-OHdG).

8-OHDG is a predominant form of free radical induced

oxidative lesion and has been used as a biomarker for oxidative stress (135). Interestingly,
high levels of 8-OHDG were readily detectable in the tumors of mice that had received
CTX+CD4 treatment (Fig. 24), validating the results observed by flow cytometry analysis.
Our data suggest that chemotherapy by itself promotes mild ROS production in tumor cells,
and this oxidative stress is markedly exacerbated by the presence of polyfunctional CD4 +T
effector cells, eventually leading to oxidative DNA damage.
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Fig. 23: CTX+CD4 leads to excessive ROS accumulation in tumor. CT26HA tumor
bearing mice were assigned in to different treatment groups, CTX, CD4, CTX+CD4 or non-treated.
At day 7 post-treatment, tumor tissues were harvested and cell suspensions were prepared after
digestion with collagenase and DNase. Cells were stained for cellular reactive oxygen species (ROS)
using DCFDA (a cellular ROS detection assay kit) and analyzed by flow cytometry. (A) Histogram
revealing a shift in DCFDA signals after CTX+CD4 treatment, gated on CD45 - (marker for
hematopoietic cells) population. (B) Mean fluorescent intensity (MFI) comparing no treatment,
CD4, CTX and CTX+CD4.
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Fig. 24: CTX+CD4 ACT treatment leads to increased presence of 8-OHDG in tumor.
Representative images of 8-OHDG staining. Formalin fixed paraffin embedded (FFPE) tumor
tissue sections were stained for 8-OHDG (Red) and counter stained with DAPI (Blue). Images were
captured using confocal microscope and analyzed by ImageJ software.
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CTX+CD4 ACT treatment increased expression levels of several key anti-oxidant
genes
Tumor cells adapt to oxidative stress by activating the endogenous antioxidant mechanisms
to maintain a delicate balance between ROS production and scavenging. An elevation in
free radical levels can trigger an increased activity of antioxidant pathways (136).To
further investigate how CTX+CD4 impacted the redox status in tumors, we recovered
tumor cells from mice and examined the expression level of a panel of genes involved in
regulating cellular response to oxidative stress. Fig. 25 shows that the transcripts of several
key antioxidant genes, including Gpx1 (glutathione peroxidase-1), HO1 (Hemeoxygenase1), Sod1 (Superoxide dismutase-1), and Noq1 (NADPH: quinine oxidoreductatse-1), were
upregulated in tumor cells isolated from mice treated with CTX, and were further boosted
in tumor cells from mice treated with CTX+CD4. The transcriptional changes of other
antioxidant genes, including Cat (Catalase), Gsr (Glutathione-disulfide reductase), Prx1
(Peroxiredoxin-1) and Trx (Thioredoxin) were modest in tumor cells from mice treated
with CTX or CTX+CD4. Taken together, the increased expression of multiple antioxidant
genes may indicate an attempt by tumor cells to buffer the sustained oxidative stress after
CTX+CD4 treatment.
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Fig. 25: CTX+CD4 ACT treatment increased expression levels of several key anti-oxidant
genes. CT26HA tumor bearing mice were treated with CTX only, CTX+ CD4 ACT or left
untreated. At day 7 post treatment, tumor tissues were resected. Total RNA was extracted and
quantitative real-time PCR was performed to evaluate the expression level of several anti-oxidant
genes in tumor tissues. Each sample was measured in triplicate for each gene. The data represent
the relative amount of target mRNA normalized to β-actin as internal control. Data shown are the
mean  SEM values from 3 independent experiments. (*P < .05, **P < .005, ***P < .001)
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ROS scavenger L-NAC impairs the ability of CTX+CD4 ACT to reject tumor in mice
It is well documented that excessive ROS accumulation is detrimental and can lead to cell
death if not reversed. We next sought to determine whether ROS accumulation after
CTX+CD4 treatment contributed to tumor eradication. To accomplish this, we fed mice
with N-acetyl-L-cysteine (L-NAC) in a drinking water. L-NAC is a free radical scavenging
agent and has been shown to enhance intracellular glutathione (GSH) synthesis. We
wondered whether administration of N-acetylcysteine (L-NAC) would abolish the curative
effect of CTX+CD4 in tumor rejection. To this end, mice with established CT26HA tumors
were treated with CTX+CD4, and half of the mice were given L-NAC in drinking water for
21 days (Fig. 26A schema). Fig. 26B shows that mice treated with CTX+CD4 in the
absence of L-NAC became tumor free in ~17 days, whereas mice treated with CTX+CD4
in the presence of L-NAC still had evident tumor masses 30 days later. The result indicates
that reducing ROS levels through administration of the scavenger L-NAC delayed tumor
rejection by CTX+CD4 treatment and this may suggest that tumor destruction by
CTX+CD4 is in part mediated by increased accumulation of ROS in cancer cells.
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Fig. 26: ROS scavenger L-NAC impairs the ability of CTX+CD4 ACT to reject tumor in mice.
(A) Schema showing the experimental procedures. N-Acetyl-L-cysteine (L-NAC) was administered
to mice orally in a drinking water at the dose of 10 mg/ml. Mice were given L-NAC 5 days prior to
treatment with CTX + CD4+ T cells and continued post treatment for 21 days. (B) Shows delayed
tumor regression after CTX+CD4 ACT when mice were given L-NAC treatment in their drinking
water.
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The pro-oxidant drug Buthionine-Sulfoximine (BSO) synergizes with CTX to inhibit
tumor growth
We reasoned that if the transferred CD4+T cells mediate tumor killing by inducing ROS
accumulation as a result of GSH depletion, then the antitumor effect of CD4+T cells might
be recapitulated by pro-oxidants that induce oxidative stress. Buthionine Sulfoximine
(BSO) is a potent inhibitor of glutathione (GSH) synthesis and it targets y-glutamylcysteine-synthetase (GCL) which is a rate limiting step in GSH biosynthesis (Fig. 27C). It
has been reported that BSO exposure causes apoptosis in some cells as a result of the
increase in basal ROS levels (137,138). Moreover, oral delivery of BSO is an effective
pharmacological model of continuous depletion of GSH levels in vivo (139). To test if
CD4+T cell effect could be recapitulated by pro-oxidant drugs, we replaced CD4+T cell
transfer with administration of Buthionine Sulfoximine (BSO). Tumor bearing mice were
given BSO in drinking water for three weeks after CTX treatment (Fig. 27A). Interestingly,
provision of BSO in drinking water following CTX led to significantly enhanced tumor
growth inhibition compared to CTX alone. In contrast, BSO alone had negligible effect on
tumor growth, suggesting that the combination of CTX and BSO is synergistic (Fig. 27B).
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Fig. 27: The Pro-oxidant drug Buthionine-Sulfoximine (BSO) synergizes with CTX to inhibit
tumor growth. (A) Schema illustrating the experimental flow. Tumor bearing mice were given
CTX treatment and 24 hours later Buthionine Sulfoximine (BSO) in a drinking water. 1gm of BSO
was dissolved in 300ml water and given to mice daily. The BSO treatment was continued for 21
days and tumor regression was monitored every other day by measuring tumor area. (B) Tumor
growth kinetics under different treatment conditions. (C) The GSH synthesis pathway showing
cellular target of BSO.
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TNF synergizes with chemotherapy to induce ROS in tumors
We have shown that tumor-specific CD4+ T cells transferred into CTX-conditioned hosts
acquired a polyfunctional phenotype, characterized by their ability to simultaneously
produce multiple inflammatory cytokines, including IFNγ and TNFα (Fig. 6), two
cytokines with well-documented antitumor effects. Moreover, the mRNA expression levels
of IFN, TNFα in resected tumors were also increased after CTX+CD4 treatment (Fig. 7).
In line with these findings, we asked if the two cytokines contributed to ROS induction in
tumor cells after CTX+CD4 treatment. We first tested in vitro which cytokine, either alone
or in combination with chemotherapy, can induce ROS in tumor cells. CTX is a pro-drug
whose cytotoxicity depends on its metabolism by cytochrome P-450 enzymes mostly
secreted in the liver of humans and mice, excluding its direct use in cell culture. Therefore,
we used mafosfamide (maf), a preactivated cyclophosphamide derivative that does not
require hepatic activation (140) in place of CTX in cell culture experiments.To validate our
results with other alkylating agent, we used melphalan (mel), another mustard alkylating
agent with immunostimulatory effect similar to CTX (141). We found that mafosfamide
(maf) or TNFα, when used alone, barely induced ROS, whereas their combination led to
significant elevation of ROS level in CT26 tumor cells (Fig. 28A). The similar pattern of
ROS induction was observed when mel was used as chemotherapy (Fig. 28B). Moreover,
combining TNFα with maf or mel also resulted in increased ROS levels in A20 lymphoma
cells (Fig. 29), suggesting that induction of ROS by the combination of alkylating agents
and TNFα is not restricted to a particular cell line.
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Fig. 28: TNF synergizes with chemotherapy to induce ROS in tumors. (A) Representative
histogram and MFI showing shift in DCFDA intensity after overnight incubation with mafosfamide
and TNF. (B) Histogram and MFI revealing shift in DCFDA signal after melphalan (mel) and
TNF overnight incubation. (*P < .05, **P < .005, ***P < .001)
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Fig. 29: Combination of chemo with TNFα induces ROS in A20 cancer cells. Histogram
demonstrating a stronger shift in DCFDA signal after mel+TNFα treatment.A20 tumors cells were
cultured in 96 well plates, 0.2x106 cells per well in 200ul of culture media and were co-treated
overnightwith melphalan (50um/ml), TNFα (100ng/ml), mel+TNFα or left untreated. Cells were
then harvested and stained for ROS using the DCFDA-ROS detection assay kit.

78

Combination of Chemotherapy and TNFα enhances tumor cell death in vitro
We wondered whether the elevated intracellular ROS levels in tumor cells treated with
chemotherapy and TNFα corresponds to increased cell death. Indeed, the combination of
maf or mel with TNFα resulted in an increased tumor cell death compared to chemotherapy
only after overnight culture, while TNFα by itself was not toxic (Fig. 30A). The synergy of
chemotherapy and TNFα in killing tumor cells was reflected by pronounced increases in
dead tumor cells (DAPI+ Annexin V+), as well as cells undergoing early apoptosis (DAPIAnnexin V+) (Fig. 30B right panel). It should be noted that in our CD4+ T-cell adoptive
transfer setting, it would take about 4 days for the donor CD4+ T cells to acquire
polyfunctionality in CTX-conditioned hosts (24). Since CTX is metabolized and excreted
from mice 12 hours after administration (142), it is unlikely that CTX and donor CD4+T
cell-derived TNFα would act upon tumor cells at the same time. We tested in vitro whether
sequential treatment of chemotherapy and TNFα can still lead to increased tumor cell
death. Fig. 31 shows that TNFα exacerbated the death of tumor cells which had been
previously exposed to mel (mel/wash/TNFα. vs. mel/wash/CM), but had no effect on
previously untreated cells (CM/wash/TNFα.). This result suggests that CD4+T cells derived
TNFα acts upon chemotherapy damaged tumor cells by inducing apoptotic cell death.
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Fig. 30: TNF synergizes with chemotherapy to induce tumor cell death. Cultured CT26 cells
were treated over night with 25ug/ml Mafosfamide (Maf), 50um/ml Melphalan (mel), 100ng/ml
recombinant mouse TNF, a combination of Mafosfamide with TNF or melphalan with TNF .
Cells were then stained with DAPI to assess cell viability. (A) Percentage of DAPI+ cells. (B)
Percentage of AnnexinV and DAPI positive cells under different treatment condition. (*P < .05,
**P < .005, ***P < .001)
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Fig. 31: TNFα enhances tumor cell death in tumor cells pre-treated by chemotherapy. Cells
were pre-treated with melphalan (Mel) for 4 hours and washed with PBS. Following wash, they
were treated with culture media containing TNF (100ng/ml) or culture media only (CM) for 10
hrs. In another culture conditions, cells were incubated in CM for 10 hours, washed with PBS and
treated with TNF only for 10 hours. Cells were harvested, labeled with DAPI and analyzed by
flow Cytometry. (*P < .05, **P < .005, ***P < .001)
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Polyfunctional CD4 T cell-derived soluble factor(s) induces enhanced tumor cell death
after chemotherapy
Adoptive transfer of polyfunctional CD4+T cells following lymphodepletive chemotherapy
is effective in eradicating large established tumors in mice (11,24). We asked if soluble
factors released by polyfunctional CD4+T cells can induce cell death alone or in
combination with chemotherapy. Polyfunctional CD4+T cells were generated by
stimulating naïve splenocytes form TCR-Tg mice with HA peptide in the presence of
recombinant human IL-7 (rhIL7). To examine if soluble factors induce cell death in vitro,
cultured CT26WT colon cancer cells were subjected to polyfunctional CD4+T cells
conditioned medium (CM) in the presence or absence of chemotherapy and stained for
DAPI. We found that tumor cell death was significantly enhanced in the chemotherapy plus
CM treated cells, but not in the CM or chemotherapy alone treated cells (Fig. 32). The
result suggests that CD4+T cells derived cytokines synergize with chemotherapy to induce
cell death. To test if TNFα contributes to tumor cell death induction, we added TNFα
neutralizing antibody following chemotherapy and CM treatment. Interestingly, tumor cell
death was significantly reduced after TNFα neutralization. These findings implicate TNFα
as the major CD4-derived soluble factor that enhances tumor cell death after chemotherapy.
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Fig. 32: Polyfunctional CD4 T cell-derived soluble factor(s) induces enhanced tumor cell
death after chemotherapy. To generate polyfunctional CD4+T cells, spleenocytes from 6.5 TCRTg mice were stimulated with 1ug/ml HA peptide in the presence of 100ng/ml rhIL7 in 96 well
plates. At day 7 after culture, cells were harvested and ICS staining was performed to check the
cytokine production. CT26 cells were cultured and maintained to a 60-70 % confluency and treated
with polyfunctional CD4+T cells conditioned medium (CM)

in the presence or absence of

melphalan (50um/ml). After overnight incubation, cells were harvested, stained with DAPI and
analyzed by flow cytometry.
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TNFα reduces intracellular GSH levels in chemotherapy-treated tumor cells
GSH is one of the most potent anti-oxidant defense mechanism cancer cells employ to
maintain their ROS level at a physiological relevant low concentration. We asked whether
the increase in ROS level observed after combination of TNFα with chemotherapy is
caused by GSH deficiency in cancer cells. To address this question, we treated cells with
chemo plus TNFα, chemo only or TNFα only. Indeed, the combination of TNFα with
chemotherapy markedly reduced intracellular GSH level, as shown by increased percentage
of GHS low population (Fig. 33A&B). Notably, Chemotherapy or TNFα alone did not
affect intracellular GSH level in cancer cells. This result suggests that TNFα reduce cellular
GSH levels in chemotherapy treated cancer cells and this may in part explain the increase
in ROS induction observed after combination of TNFα plus chemotherapy (Figs. 28&29).
To further delineate how a low GSH level in cancer cells following TNFα and
chemotherapy might be implicated in tumor cell death, we exogenously supplemented GSH
in to the media.

Interestingly, addition of exogenous GSH in to the TNFα and

chemotherapy treated cells significantly diminished the cytotoxic effect of TNFα and
chemotherapy treatment (Fig. 34).
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Fig. 33: TNFα leads to reduced intracellular GSH levels in chemotherapy-treated tumor cells.
Cultured CT26 cells were treated over night with 50um/ml melphalan (mel), 100ng/ml TNF and a
combination of melphalan with TNF .Cells were then stained for GSH using the intracellular GSH
detection kit (abcam) according to manufactures instruction.The percentage of GSH low population
were ploted in each treatment condition.
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Fig. 34: Supplementation of GSH diminishes the toxicity of TNFα and chemotherapy.
Cultured CT26 cells were incubated over night with the indicated treatments (No treatment, TNFα,
mel, mel+TNFα, mel+TNFα+GSH). GSH (6mM) was exogenously added to one of the mel+TNFα
treatment condition. Cells were then stained for DAPI and analyzed using Flow cytometry.
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TNFα neutralization compromises the therapeutic effect of CTX+CD4
Based on our observation that TNFα synergized with chemotherapy to promote tumor cell
death in vitro (Fig. 34), we wanted to determine the role of TNFα in tumor rejection
mediated by CTX+CD4 treatment. To this end, tumor bearing mice were treated with
CTX+CD4 and injected with TNFα neutralizing antibody every other day for two weeks
(Fig. 35A). Fig. 35B shows that the curative effect was lost in 7 out of 8 mice treated with
CTX+CD4 and anti-TNFα antibody. Our in vitro data indicate that TNFα is the major
soluble factor produced by polyfunctional CD4+T cells that drive tumor cells to death in
combination with chemotherapy (Fig. 32). This invivo data further support the notion that
polyfucntional CD4+T cells derived TNFα is critical effector molecule in the tumor
rejection by CTX+CD4 ACT. Furthermore, it also suggests that polyfucntional CD4+T
cells utilize TNFα to induce ROS accumulation in tumor cells which are already stressed
by chemotherapy, triggering ROS imbalance and cytotoxic oxidative stress.
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Fig. 35: TNF neutralization compromises the therapeutic effect of CTX+CD4. (A) Schema
outlining the timeline of the experiments. Mice were injected with TNF neutralizing antibody
(0.2mg/mouse) every other day for two weeks following the indicated treatments. (B) Tumor
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growth kinetics in mice with and without TNFα neutralization (C) Representative pictures of
tumors treated with CTX+CD4/TNFα.
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Fig. 36: Polyfunctional CD4+T cells metabolically reprogram the TME. Polyfunctional CD4+T
cells elicited a metabolic catastrophe affecting multiple pathways crucial for cancer cell survival
and proliferation. CTX+CD4 ACT led to a reduction in GSH, Methionine cycle, Folate cycle and
Polyamine biosynthesis and intermediate metabolites. In addition, polyfunctional CD4+T cells led
to induction of a highly inflammatory immune milieu, with increased levels of IFNγ, TNFα,
TSP1,IFNβ.CCL3 and CCL5. The inflammatory cytokines INFγ, TNFα and TSP1 potentially
targets the tumor endothelium to cause vascular hemorrhagic necrosis. The combined effect of
metabolic reprogramming and vascular disruption leads to eradication of established tumors.
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IV. DISCUSSION
CD4+ T cells are integral components of the immune system in combating tumors.
Adoptive transfer of tumor-reactive CD4+ T cells into lymphopenic hosts have been shown
to eradicate established tumors in murine models (9-11,22-24). In this project, we set out to
explore how anti-tumor CD4+ T cells synergize with chemotherapy to reprogram tumor
metabolism, and how the metabolic alterations contribute to tumor eradication. Information
gleaned from this study may reveal the key metabolic pathways critical for tumor cell
survival and progression. To achieve this goal, we first established a curative tumor model
using a T-cell adoptive transfer system in which mice with HA-expressing CT26 tumors
received infusion of HA-specific CD4+ T cells following cyclophosphamide (CTX) preconditioning. We showed that CTX treatment followed by CD4+ T-cell adoptive transfer
effectively eradicated advanced tumors in mice. Furthermore, we demonstrated that tumor
rejection was antigen-driven and that cured mice have all developed immunological
memory, which rendered them resistant to subsequent rechallenge of tumors bearing the
same antigen.
The beneficial therapeutic effects of tumor-reactive CD4+ T cells are often associated
with their capability to produce multiple proinflammatory cytokines (24). By analyzing
tumor-reactive CD4+ T cells for their cytokine production, we showed that, in the CTX preconditioned mice, donor CD4+ T cells acquired a polyfunctional phenotype characterized
by the ability to simultaneously produce the inflammatory cytokines TNFα and IFN.
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It has been reported that tumor-reactive CD4+ T cells can foster an inflammatory milieu in
the tumor microenvironment and that elevated levels of TH1-derived proinflammatory
cytokines such as IL-1β, IL-6, CXCL9, CXCL10, IFNγ and TNFα are associated with
successful cancer immunosurveillance (18). Interestingly, in the CTX+CD4-treated tumors,
we found that there is a marked increase in mRNA levels of proinflammatory cytokines
and chemokines such as IFN, Tsp1, IL6, Ccl3 and Ccl5. Moreover, CTX+CD4 treatment
led to a significant increase in the expression levels of IL-1β, IFNβ and GMCSF. In
contrast, CTX+CD4 treatment resulted in downregulation of the immunosuppressive
cytokine IL-10, which has been shown to promote tumorigenesis and attenuate anti-tumor
activity of T cells. The increase in mRNA levels of several known antitumor immune
mediators may indicate that CTX+CD4 treatment shifts the tumor microenvironment to a
milieu more favorable for tumor destruction.
To gain a further mechanistic understanding of the tumor rejection mediated by CD4+T
cells, we analyzed resected tumor tissues for the induction of apoptosis and necrosis. Our
data provide evidence that the combination of CTX+CD4 adoptive T cell therapy (ACT)
led to a concomitant induction of apoptosis and necrosis in tumor tissues. We observed
increased presence of cleaved caspase-3 (cCasp3) by immunofluorescence staining in the
CTX+CD4-treated tumors. Tumor reactive CD4+ T cells have been shown to induce
apoptosis in a Fas-FasL-mediated pathway (127). To determine whether Fas-FasL
interactions are mediating the induction of apoptosis, we treated mice with CTX+CD4,
followed by injection of a FasL-neutralizing antibody. Anti-FasL antibody did not abrogate
the curative effect of CTX+CD4, suggesting that the apoptosis induction is independent of
Fas-FasL interaction and that other pathways are operational in this setting. Similarly, it
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has been demonstrated that the Fas-FasL-mediated tumor rejection is redundant in tumor
cell killing by tumor-reactive CD4+ T cells in vivo (127). Histological examination of
tumor tissues revealed that the CTX+CD4 treatment resulted in extensive necrosis, while
untreated or CTX only-treated tumor tissues were predominantly filled with viable tumor
cells. One prominent observation in tumors after CTX+CD4 therapy was the appearance of
necrotic lesions within the tumor core, which spreads progressively to the whole tumor
over time and which eventually fell off as mice became cured. The abundance of
microscopic necrosis in the H&E-stained sections further confirmed the macroscopically
evident necrosis induced after CTX+CD4+ T cells. Moreover, we noted the presence of red
blood cell patches in the CTX+CD4+ T cell-treated tumor tissues, and these features are
reminiscent of hemorrhagic tumor necrosis (121,123). Collectively, our findings suggest
that CTX+CD4 treatment might have caused occlusion of tumor blood vessels, which
ultimately led to tissue ischemia and hemorrhagic necrosis.
It is well documented that tumor-reactive CD4+T cells mediate rejection by inhibiting
tumor angiogenesis primarily in IFNγ-dependent pathways (14,15,33-35). Based on our
observation of hemorrhagic tumor necrosis, we sought to investigate whether blood vessels
were targeted by CTX+CD4 treatment. We showed that CTX+CD4 ACT caused a marked
reduction in CD31+ endothelial cells, which suggests a disruption in tumor vasculature.
Loss of CD31+cells is associated with vascular destruction and increased permeability
(35,123,154). To assess tumor vascular integrity, we measured Evans blue dye (EDB)
extravasation in tumor tissues under different treatment conditions. Hemoglobin and Evans
blue dye measurements are frequently used to assess blood vessel permeability (154). Our
result demonstrated that CTX alone increased EBD extravasation into the tumor tissue
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compared to no treatment or CD4+ T cell transfer alone. Notably, the combination of CTX
and CD4+ T cells led to the highest level of dye deposition in tumors, implying an
increased leakiness in the tumor vasculature. The presence of red blood cells in the H&Estained tumor tissues treated with CTX+CD4 is a further indicant of an increased tumor
vascular permeability. Collectively, these results suggest that CD4+ T cells, by producing
IFNγ, TNFα or TSP1, might directly or indirectly target the tumor endothelium to cause
disruption of the established tumor vasculature.
Hemorrhagic necrosis is caused by obstruction in blood flow to tissues (122,155). To
investigate whether an interruption in tumor blood flow led to tumor tissue ischemia, we
utilized a Laser Speckle Contrast Analysis (LASCA) technique that detects blood
perfusion. Our result showed that blood flow to the tumor tissue periphery was reduced
after CTX+CD4 treatment. The selective disruption of established tumor vasculature using
tumor vascular disrupting agents (VDAs) is a promising vascular targeting strategy, and
VDAs act on endothelial cells to induce occlusion and collapse of tumor blood vessels,
which leads to hemorrhagic necrosis. Moreover, VDAs selectively increase tumor blood
vessel permeability demonstrated by significant increase in Evans blue and hemoglobin
content in the tumor tissues (154). It is probable that the cytokines produced by CD4+ T
cells might act in a similar manner as VDAs to selectively target the tumor vascular
endothelium, although further studies are needed to address this postulation. A recent study
by Thomas et.al. has reported a divergent role of INFγ and TNFα in the tumor vasculature.
While INFγ-induced regression of the tumor vasculature led to blood flow arrest and tumor
collapse, TNFα caused tumor blood vessel burst, which resulted in extravasation of
erythrocytes into the tumor tissue and decay of cancer cells (35). This might explain the
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seemingly paradoxical observation of increased tumor vessel permeability and inhibition of
tumor blood flow after CTX+CD4 ACT. We showed that IFNγR-deficient mice failed to
reject tumors after CTX+CD4 treatment, suggesting that host response to IFNγ is required
and that this finding is in accordance with a previous report that IFNγ-R expression by nonhematopoietic cells is required for angiogenesis inhibition by CD4+ T cells (33). Taken
together, our data suggest that tumor-reactive CD4+T cells, predominantly through
production of inflammatory cytokines such as IFNγ and TNFα, may directly target
endothelial cells to cause vascular shutdown and ischemic necrosis.
The influence of cancer metabolic alterations in antitumor immunity has received
significant attention with the recent success of immunotherapy. Cancer cells undergo
metabolic reprogramming in response to hypo-nutrient microenvironment and this is
required for both malignant transformation and tumor development. The metabolic
adaptations of cancer cells create glucose-poor tumor microenvironmental condition, which
inhibits the expansion and effector function of tumor-specific T cells exposed to tumor
antigens (45-47). A recent study has revealed that metabolic competition in the tumor
microenvironment drives cancer progression and cancer cells impose a reversible metabolic
restriction on T cells leading to defective response (48). It is now evident that the
competition for nutrients at the tumor site limits immune response, particularly if cancer
cells are more efficient at exploiting the glycolytic rate. How chemotherapy in combination
with tumor-reactive T cells might reprogram tumor metabolism is not yet explored. By
comprehensive metabolomics analysis comparing progressing and post-treatment
regressing tumors, we found that CTX+CD4 therapy elicited a metabolic catastrophe
affecting multiple pathways crucial for cancer cell survival, proliferation, growth and
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metastasis. One of the prominent observations was the substantial reduction in metabolites
crucial for the cellular antioxidant defense system.

Glutathione (GSH) is a major

antioxidant molecule used by cancer cells, and elevated level of GSH is implicated in
tumor promotion (129). Our data demonstrate that CTX treatment alone led to slight
increase in both reduced glutathione (GSH) and oxidized glutathione (GSSG), suggesting
that cancer cells might have adapted to chemotherapy-induced oxidative stress by
upregulating GSH levels. Increased levels of GSH are associated with resistance to
chemotherapeutic agents such as anthracyclines and alkylating agents (such as CTX and
melphalan) (131). Intriguingly, CTX+CD4 treatment markedly reduced GSH levels. The
depletion of the GSH pool is suggestive of a collapse in redox balancing capacity and may
lead to detrimental oxidative stress if cancer cells fail to restrict ROS production (129).
Our study provides clear evidence that the presence of polyfunctional CD4+ T cells
correlates with excessive accumulation of reactive oxygen species (ROS) in tumor cells.
We showed that CTX+CD4 treatment enhanced ROS production in tumor cells.
Furthermore, the presence of 8-OHDG, a product of oxidative DNA damage and
commonly used marker for oxidative stress, was augmented in tumors after CTX+CD4.
Interestingly, supplementation of L-NAC, a GSH precursor and a potent antioxidant, to
tumor-bearing mice diminished the curative effect of CTX+CD4. Conversely, post-CTX
administration of Buthionine Sulfoximine (BSO), a pro-oxidant that promotes ROS
accumulation by inhibiting GSH synthesis, led to better tumor growth control. The
depletion of the cellular GSH pool using BSO has been shown to induce oxidative stress
and cell death (137,138). However, BSO treatment alone had no beneficial effect,
suggesting that the therapeutic effect of CTX+BSO is synergistic. These results provide
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evidence that ROS are key effector molecules driving tumor regression after CTX+CD4
treatment. It has been shown that tumor cell death can also be triggered by extracellular
ROS generated by activated myeloid cells and macrophages. However, depletion of
myeloid cells using an anti-Gr1 antibody, or depletion of macrophages using clodronate
liposomes, did not have any impact on the curative outcome of CTX+CD4 treatment,
suggesting that the tumor destruction observed in our experimental setting is driven by
intrinsic excessive accumulation of ROS.
To avoid the detrimental effect of ROS over-load, cancer cells increase their antioxidant
defense mechanisms. To explore how cancer cells respond to the enhanced ROS induction,
we examined a number of genes implicated in cellular antioxidant defense mechanisms.
We found that CTX alone increased expression levels of several key antioxidant genes,
including Gpx1 (glutathione peroxidase-1), HO1 (Hemeoxygenase-1), Sod1 (Superoxide
dismutase-1), and Noq1 (NADPH: quinine oxidoreductatse-1). Interestingly, the levels of
these genes were significantly boosted in the CTX+CD4-treated tumors. Moreover, we
observed a modest increase in Gsr (Glutathione reductase), Prx1 (Peroxiredoxin) and Trx
(Thioredoxin) after CTX+CD4 treatment. The increase in several antioxidant activities
might be triggered by the heightened production of ROS (136). We speculate that the
induction of alternative antioxidant pathways could be a failed attempt by cancer cells to
counter the ROS accumulation caused by CTX+CD4 treatment.
To determine the sources of increased ROS induction in tumor cells, we tested some of
the inflammatory cytokines whose mRNA expression levels were upregulated after
CTX+CD4 treatments. We used mafosfamide (maf), a cyclophosphamide derivative that
does not require hepatic activation (140), in place of CTX for cell culture experiments. We
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demonstrated that the combination of TNFα with mafosfamide led to significant ROS
induction in cancer cells. TNFα is known to increase mitochondrial ROS production by
increasing expression of NADPH oxidases in certain cells (106-108). However, TNFα
when used alone did not cause induction of ROS in all the cancer cell lines tested. Notably,
similar ROS induction was observed by combining TNFα with melphalan, another
alkylating agent with immunopotentiating effects similar to CTX (141). The synergistic
effect of TNFα and alkylating agents in ROS production was observed in colon cancer
(CT26), lymphoma (A20) and breast cancer cells (4T1) suggesting that it is applicable to
multiple cancer cell lines. It should be noted that IFNγ, IL-6 and IL-1β, alone or in
combination with chemotherapy, did not enhance ROS induction. Collectively, our results
showed that TNFα in combination with chemotherapy drives ROS induction in cancer cells.
Previous studies have reported that the generation of ROS is involved in TNFα-induced
necrotic cell death (106-108,145). Having established that TNFα synergized with
chemotherapy to induce ROS accumulation in cancer cells, we tested if this corresponds
with increased cell toxicity. Interestingly, our results demonstrated that the combination of
TNFα and chemotherapy, but not TNFα or chemo alone, significantly enhanced tumor cell
death. It has been reported that TNFα induces ROS generation, which leads to both
apoptotic (144) and necrotic cell deaths (106,107). However, our results revealed that
TNFα alone is incapable of mediating ROS accumulation and apoptosis induction in cancer
cells. In our CD4+ T-cell adoptive transfer system, CD4+ T cells acquire polyfunctionality
in about 4-5 days post-chemotherapy conditioning, and it is also known that CTX is
metabolized and excreted after 12 hours (142). Therefore, it is improbable that CTX and
TNFα would act on target cells at the same time. By sequentially treating tumor cells with
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melphalan followed by TNFα, we demonstrated that TNFα enhanced tumor cell death in
only chemotherapy pre-treated cells. Moreover, we showed that conditioned medium from
polyfunctional CD4+T cells had no toxic effect on cells, but that combination of
chemotherapy with the conditioned medium significantly enhanced tumor cell death. This
result suggests that CD4+T cell-derived soluble factors synergize with chemotherapy to
induce cell death. Intriguingly, TNFα neutralization following treatment with conditioned
medium and chemotherapy significantly reversed the cytotoxic effect. Taken together, our
findings implicate TNFα as the major CD4+T cell-derived effector molecule that enhances
tumor cell death after chemotherapy.
It is well established that GSH is pivotal in buffering the ROS level in cancer cells, and
our metabolic data revealed a reduction in GSH after CTX+CD4 treatment. We
investigated whether the increase in ROS production following TNFα and chemotherapy is
due to cellular GSH deficiency. We showed that the combination of TNFα with
chemotherapy markedly reduced intracellular GSH level. Notably, chemotherapy or TNFα
alone did not affect intracellular GSH levels in cancer cells. Our results suggest that TNFα
in combination with chemotherapy reduced cellular GSH levels and that this may partly
explain the increase in ROS induction observed in the TNFα and chemotherapy-treated
cancer cells. Disruption of GSH status is associated with oxidant-induced apoptotic
signaling, and a cellular GSH imbalance can trigger apoptotic cell death (146,148). In
contrast, increased cellular GSH has been shown to confer protection of cells against
apoptosis (147). To discern how a reduced cellular GSH following TNFα and
chemotherapy treatment contributed to tumor cell death, we exogenously supplemented
GSH into the media. We demonstrated that addition of exogenous GSH provided
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remarkable protection against TNFα and chemotherapy induced tumor cell death. Taken
together, our findings indicate that the synergistic effect of TNFα and chemotherapy
resulted in excessive ROS accumulation and intracellular GSH deficiency, collectively
leading to cytotoxic oxidative stress and tumor cell death. The reduction in GSH could be
due to reduced GSH precursors after CTX+CD4 ACT or increased consumption of GSH
resulted from enhanced ROS induction.
TNFα has a contradictory role in cancer therapy, with both anti-tumorigenic
(149,150,110,111) and protumorigenic (151-153) activities reported. Having demonstrated
that TNFα synergized with chemotherapy to enhance tumor cell death in vitro, we went on
to investigate its role in tumor rejection mediated by CTX+CD4. We showed that TNFα
neutralization abrogated the curative effect of CTX+CD4 treatment. This result indicates
that polyfucntional CD4+ T cell-derived TNFα is a critical effector molecule in the tumor
rejection by CTX+CD4 ACT. It is also likely that polyfunctional CD4+ T cells, via TNFα,
triggered ROS production in the already chemotherapy-stressed cancer cells, leading to
further oxidative insults and tumor cell death. While we postulate that CD4+T cell-dervied
TNFα is crucial for tumor rejection, we do not exclude the contribution of TNFα from
other cells. Further studies are required to determine the major sources of TNFα in this
setting and whether TNFα targets both tumors cells and stroma.
We showed that INFγR-deficient mice failed to reject tumors after CTX+CD4 and that
the tumor vasculature was not affected in the INFγRKO hosts, suggesting that IFNγ
mediated the vascular disruption observed in the CTX+CD4-treated tumors. In view of
these findings, we propose that, while polyfucntional CD4+ T cell-derived IFNγ targets the
established tumor vasculature to cause tissue ischemia and hemorrhagic necrosis, TNFα
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synergizes with chemotherapy to drive oxidative stress-induced cell death.The
polyfunctional CD4+ T cell-derived TNFα exacerbates the constitutive oxidative stress in
cancer cells by compromising some of the endogenous antioxidant defense systems such as
glutathione (GSH). These outcomes thus lead to impaired ROS adaptation after
chemotherapy and cytotoxic oxidative stress.
Our study identified the cancer cell redox pathway as a potential target of adoptive T cell
therapy. It is conceived that normal cells have low basal ROS levels and hence less
dependency on antioxidants, but cancer cells show a strong reliance on antioxidant
pathways for survival and progression. Therefore, the disruption of the redox homeostasis
of cancer cells represents a promising therapeutic strategy to selectively kill cancer cells. In
particular, the GSH antioxidant system has gained significant attention as a potential target
to inhibit cancer cell progression and chemoresistance. A plethora of compounds have been
developed to disrupt cancer redox adaptation, by either increasing ROS generation or
abolishing the cellular antioxidant systems. Some drugs have demonstrated efficacy in
preclinical models, but clinical application of these drugs faces the challenges of tumor
drug delivery efficiency, durability and unwanted side effects. Our findings showed that
polyfunctional CD4+T cells arising from adoptively transferred tumor reactive CD4+ T cells
target the redox balancing effect of cancer cells through TNFα dependent pathways. The
increase in ROS accumulation leads to cytotoxic oxidative stress and eventual tumor
eradication. Future studies are needed to delineate the signaling events that mediate TNFα
induced oxidative damage in the chemotherapy treated cells. These findings may have
implications for the design of improved adoptive T cell therapy by rationale combination of
redox modulating agents and tumor reactive CD4+ or CD8+ T cells.
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V. SUMMARY
In summary, our study identified a previously unexplored role of chemotherapy and tumor
reactive CD4+ T cells in reprogramming tumor metabolism. We established a mouse tumor
model that is curative by adoptive T-cell therapy (ACT) which utilizes the synergy of
chemotherapy in the form of Cyclophosphamide (CTX) and polyfunctional CD4+ T cells.
Using this model, we revealed that the combination therapy of CTX and tumor reactive
CD4+ T treatment elicited a major metabolic catastrophe in tumors which precedes tumor
destruction. Particularly, CTX+CD4 ACT led to a collapse in the antioxidant defense
system. The glutathione (GSH) pathway was significantly affected, resulting in redox
imbalance and reactive oxygen species (ROS) runaway in tumors. We showed that
polyfunctional CD4+ T cells correlate with excessive accumulation of reactive oxygen
species (ROS) and free radical induced DNA damage. Importantly, redox manipulation in
vivo impacted the curative effect of CTX+CD4 ACT. Raising cellular GSH levels by
administering N-acetyl-L-cysteine (L-NAC) to tumor bearing mice diminished the curative
effect of CTX+CD4 ACT. Furthermore, the cellular GSH synthesis inhibitor Buthionine
Sulfoximine (BSO) synergized with CTX to significantly restrain tumor growth in mice.
We demonstrated that polyfunctional CD4+ T cell derived TNFα synergized with
chemotherapy markedly reduced GSH levels to promote ROS induction in tumors. The
increase in ROS production following TNFα and chemotherapy corresponded with
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enhanced tumor cell death and exogenous GSH supplementation reverses the cytotoxic
effect of TFNα and chemotherapy. Furthermore, we showed that CD4+ T cell-mediated
tumor regression is associated with induction of a highly inflammatory immune milieu and
hemorrhagic tumor necrosis.

The combination of CTX+CD4 ACT led to destruction of

the tumor vasculature demonstrated by the increased vascular leakiness and restricted
blood flow to tumor tissue periphery.This effect is mediated by INFγ as INFγR-deficient
mice failed to reject tumor and had intact vasculature after CTX+CD4 treatment. CD4+ T
cells derived IFNγ targets the tumor vasculature to cause tissue ischemia and hemorrhagic
necrosis. Importantly, TNFα neutralization abrogated the curative effect in most of the
treated mice. Taken together, the study identfied a crucial role of polyfunctional CD4+ T
cells in targeting the redox homeostasis of cancer cells. Polyfunctional CD4+ T cells
derived TNFα synergize with chemotherapy to drive ROS induction and cytotoxic
oxidative stress. Further, TNFα acts on the chemotherapy sensitized cancer cells to further
induce oxidative insult by targeting their ROS adaptation potential leading to cell death.
Taken together, these findings suggest that redox manipulation using pro-oxidant drugs or
disabling the anti-oxidant defense activity of cancer cells can be exploited to improve
adoptive T cell therapy using tumor reactive CD4+ T cells. A rationale combination of
redox modulating agents and tumor reactive T cells may provide significant therapeutic
advantage for selective tumor destruction by exploiting the strong reliance of cancer cells
on antioxidant defense systems for survival and chemoresistance.
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