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SUMMARY

Understanding the mechanisms underlying how T cells become dysfunctional in tumor
microenvironment (TME) will greatly benefit cancer immunotherapy. We found that increased
CD36 expression in tumor-infiltrating CD8* T cells, which was induced by TME-cholesterol, was
associated with tumor progression and poor survival in human and murine cancers. Genetic
ablation of Cd36in effector CD8" T cells exhibited increased cytotoxic cytokine production and
enhanced tumor eradication. CD36 mediated uptake of fatty acid by tumor-infiltrating CD8* T
cells in TME, induced lipid peroxidation and ferroptosis, and led to reduced cytotoxic cytokine
production and impaired antitumor ability. Blocking CD36 or inhibiting ferroptosis in CD8* T
cells effectively restored their antitumor activity and more importantly, possessed greater
antitumor efficacy in combination with anti-PD-1 antibodies. This study reveals a new mechanism
of CD36 regulating the function of CD8* effector T cells and therapeutic potential of targeting
CD36 or inhibiting ferroptosis to restore T cell function.

eTOC blurb

Ma et al. identified that fatty acid in the tumor microenvironment induces CD8* T-cell ferroptosis
in a CD36-dependent manner. Reducing CD36 expression or ferroptosis on CD8* T cells
enhanced CD8* T-cell anti-tumor function, highlighting potential targets that can be
therapeutically exploited.
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INTRODUCTION

Cancer immunotherapy using immune checkpoint inhibitors (ICB) to enhance endogenous
antitumor responses and administration of specific antitumor immune cells via adoptive cell
therapy have achieved unprecedented success in the treatment of multiple malignancies(Met
et al., 2019). However, taking melanoma patients as an example, despite recent successes in
obtaining objective clinical responses, such benefits are typically short, with durable
complete responses observed in only 5% —15% of treated patients(Wolchok et al., 2010).
One of the major problems is that CD8" T cells become dysfunctional when encountering
the immunosuppressive tumor microenvironment (TME)(Joyce and Fearon, 2015, Mohamed
etal., 2018).

The immunosuppressive signals in TME include but are not limited to the expression of
inhibitory ligands, suppressive soluble mediator gradients, metabolic factors and suppressive
compounds(Zarour, 2016, Thommen and Schumacher, 2018, Gajewski et al., 2013, Speiser
et al., 2016). These signals shape the dysfunctional state of tumor-infiltrating T cells by
influencing the expression of inhibitory receptors, changing metabolic pathways .etc.
However, both the multifaceted suppressive signals and their accompanied consequences
remain incompletely understood.
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Metabolism is the driving force that shapes the extent and nature of T-cell differentiation,
function and fate(Chang and Pearce, 2016). Emerging evidence highlights the importance of
maintaining T cell metabolic fitness in securing the functional state of T cells(Almeida et al.,
2016). Our group previously showed that regulation of cholesterol metabolism enhances the
function of CD8" T cells(Ma et al., 2019). We reported that cholesterol inhibits 1L-9-
producing CD8" T (Tc9) cell differentiation and antitumor activity, and reducing cholesterol
significantly increases Tc9 antitumor response(Ma et al., 2018). We also showed that
cholesterol in TME induces CD8* T cell functional exhaustion, and inhibition of cholesterol
metabolism enhances CD8" T cell antitumor function(Ma et al., 2019, Ma and Yi, 2019).

CD36 is a scavenger receptor that functions in lipid metabolism and has been reported to be
involved in angiogenesis, inflammatory responses, atherothrombotic diseases as well as
metabolic disorders such as diabetes and obesity(Silverstein and Febbraio, 2009). In immune
system, CD36 has been reported to mediate dendritic cell antigen acquisition and
presentation(Tagliani et al., 2008, Perry et al., 2018), and support regulatory T cell
function(Wang et al., 2020). However, little is known about its role in CD8* T cells. In this
study, we showed that CD8* T cells lost their antitumor effector function in TME by
uptaking fatty acid through CD36, which induced ferroptosis and resulted in decreased
cytotoxic cytokine production in the cells. Inhibition of CD36-mediated ferroptosis, and also
in combination with ICB greatly enhanced the antitumor effects of CD8* T cells.

CD36 expression on tumor-infiltrating CD8* T cells is associated with tumor progression
and poor survival in human cancers

We have been studying lipid metabolism in T cells(Ma et al., 2018, Ma et al., 2019). When
we were analyzing melanoma patient-derived tumor-infiltrating CD8* T cells(Sade-Feldman
et al., 2019) using Ingenuity Pathway Analysis (IPA) canonical pathway analysis, we found
that tumor-infiltrating CD8" T cells from long-survival patients had significantly
upregulated LXR/RXR and PPARa/RXRa and downregulated TREML1 signaling pathways
(Fig. 1A). When we looked into LXR/RXR and PPARa/RXRa signaling pathways, we
found that in both pathways, CD36, which is a downstream molecule of these two pathways,
was downregulated (Fig. S1A and S1B). TREM-1 signaling was reported to exacerbate
atherosclerosis and upregulate CD36 expression(Zysset et al., 2016). Thus, downregulated
TREM-1 signaling suggests decreased CD36 expression. In addition, we analyzed RNAseq
data of melanoma patients with response or no response to PD-1 treatment(Hugo et al.,
2017). We found that PD-1 responding patients showed the most significant upregulation of
the LXR/RXR activation signaling pathway compared to non-responders (Fig. S1C), and
CD36 was downregulated in this pathway (Fig. S1D). PD-1 responders had higher CD8* T
cell infiltration than PD-1 non-responders(Tumeh et al., 2014). These findings suggest a
negative correlation between the expression of CD36 and patient outcome.

By further analyzing lipid metabolism-related gene expression in patient-derived tumor-
infiltrating CD8" T cells, we found that melanoma patients with long survival had lower
CD36 expression on the cells compared to cells from short survival patients (Fig. 1B).

Similar phenomenon was found in multiple myeloma (MM) patients. We collected bone
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marrow samples from patients with MM or monoclonal gammopathy of undetermined
significance (MGUS), a precursor to MM(Ocqueteau et al., 1998). MGUS patients had a
much higher survival probability than MM patients(Fagerberg et al., 1999, Yi et al., 1997).
We found that tumor-infiltrating CD8* T cells from MGUS patients had lower CD36
expression compared with the cells from MM patients (Fig. 1C). We also found that in non-
small-cell lung cancer patients(Guo et al., 2018), tumor-infiltrating CD8" T cells had higher
CD36 expression compared to CD8" T cells from normal adjacent tissue (Fig. S1E).
Furthermore, by analyzing MM patient’s bone marrow (tumor bed) and peripheral blood, we
found that tumor-infiltrating CD8* T cells had higher CD36 expression than CD8* T cells
from peripheral blood (Fig. 1D). When staining PBMC and MGUS or MM patients’ tumor-
infiltrating CD8™ T cells with CCR7 and CD45RA antibodies, these cells can be separated
into four populations; central memory, naive, effector memory and terminally differentiated
effector CD8* T cells. By comparing the effector memory population in PBMC and in
MGUS or MM tumor-infiltrating CD8" T cells, we found that T cells from MM patients had
higher CD36 expression compared to T cells from MGUS patients, and T cells from MGUS
patients had higher CD36 expression than those in PBMC (Fig. S1F). Thus, these results
demonstrate that cancer patient’s tumor-infiltrating CD8* T cells have an increased CD36
expression compared to T cells in normal tissues and patients with low CD36 expression on
tumor-infiltrating CD8* T cells have better prognosis.

CD36 expression on tumor-infiltrating CD8" T cells is upregulated with tumor progression
and CD36 deficiency results in better antitumor response in murine cancers

We used mouse melanoma model B16 and mouse MM model Vk*MY C to determine the
expression and role of CD36 on tumor-infiltrating CD8" T cells. In B16 tumors, tumor
volume increased from week 1 to week 2 after tumor inoculation (Fig. 1E). In Vk*MYC
tumors, the intensity of M-spike (MM secreted IgG protein, surrogate for tumor burden)
bands increased from week 3 to week 4 (Fig. 1F). As tumors progressed, we examined
CD36 expression on tumor-infiltrating T cells at different time points. Tumor-infiltrating
CD8* T cells from 2-week B16 tumors had higher CD36 expression than those from 1-week
B16 tumors (Fig. 1E), whereas the expression of CD36 on CD4* T cells at different time
points was not changed (Fig. S1G). Similarly, tumor-infiltrating CD8* T cells from 4-week
Vk*MYC tumors had higher CD36 expression than those from 3-week Vk*MY C tumors
(Fig. 1F). These results indicate that in mouse tumor models, CD36 expression on tumor-
infiltrating CD8™ T cells increases as tumors establish and is positively associated with
tumor progression.

Next, we sought to determine the mechanisms underlying CD36 upregulation in tumor-
infiltrating CD8* T cells. Previously, we found that TME was accumulated with
cholesterol(Ma et al., 2019). To determine whether cholesterol in TME is responsible for
upregulated CD36 expression on tumor-infiltrating CD8* T cells, we used BCD (B-
cyclodextrin) to deplete cholesterol in TME. We found that untreated tumors, but not
cholesterol depleted tumors, induced CD36 expression on CD8* T cells (Fig. 1G).
Moreover, cholesterol directly induced CD36 expression on CD8" T cells (Fig. 1H) and MM
patients’ bone marrow had higher cholesterol compared to those of MGUS patients (Fig.
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S1H). These results indicate that cholesterol in TME upregulates CD36 expression on CD8*
T cells.

To determine whether CD36 expression on CD8* T cells affects their antitumor function, we
used wildtype (WT) and CD36-deficient (CD36~/~) mice with or without CD8* T cell
depletion. B16 tumors grew slower in CD36~ mice as compared with WT mice, and
tumor-bearing CD36~/~ mice survived longer than WT mice (Fig. 11 and 1J). However,
when CD8* T cells were depleted in these mice, the difference in tumor growth and mouse
survival between WT and CD36~/~ mice disappeared (Fig. 1K and 1L). These results
suggest that CD36~/~ CD8* T cells have stronger antitumor function than CD36* CD8* T
cells in vivo.

CD36 expression is associated with decreased cytotoxic cytokine production and impaired
antitumor activity in human and murine CD8* T cells

To determine why CD36 expression on CD8* T cells is associated with dampened antitumor
function and poor prognosis, we analyzed the relationship between CD36 and cytotoxic
cytokine-associated gene expressions in tumor-infiltrating CD8* T cells in melanoma
patients. Results showed that the expression of CD36 on tumor-infiltrating CD8* T cells was
negatively associated with expression of many cytotoxic cytokine-related genes and also
with their transcription factors, such as IFNG, PRF1, GZMB, and TBX21 (Fig. 2A).

We then examined tumor-infiltrating CD8* T cells from 1-week and 2-week subcutaneously
(s.c.) grown B16 tumors. We found that 2-week tumor-infiltrating CD8" T cells had lower
IFNy and TNFa production (Fig. 2B) as compared with T cells from 1-week tumor. In
addition, we also found that 2-week tumor-infiltrating CD8* T cells had lower Ki67
expression compared to T cells from 1-week tumor, suggesting that 2-week tumor-
infiltrating CD8™ T cells are less proliferative compared to 1-week tumor-infiltrating T cells
(Fig. S2A). These results indicate that CD36 expression on CD8" T cells is positively
associated with tumor progression and negatively associated with T cell cytotoxic cytokine
production and proliferation.

We then examined T cell IFNy and TNFa production from s.c. grown B16 tumors in WT
and CD36~/~ mice. We found that tumor-infiltrating CD8* T cells from CD36~/~ mice had
higher IFN-y and TNFa production and higher proliferation rate compared to T cells from
WT mice (Fig. 2C and S2B), suggesting that intratumoral CD8* T cells from tumor-bearing
CD367/~ mice have stronger effector function than those from tumor-bearing WT mice.
These results are in line with our findings that B16 tumors grew slower in CD36~/~ mice
compared to WT mice (Fig. 11). In vitro differentiated CD36~/~ CD8" T cells had slightly
higher or similar expression of IFNy, TNFa Gzmb and perforin compared to WT CD8* T
cells under a cytotoxic T cell differentiation condition (Fig. S2D). In addition, CD8* T cells
from tumor bearing mice had higher IFNy or TNFa production compared to T cells from
tumor free mice (Fig. S2C). CD8* T cells from spleen (Fig. 2D), draining lymph node, and
lymph node (Fig. 2E) of tumor-bearing CD36~~ mice also had higher IFNy or TNFa
production compared to T cells from same organs of tumor-bearing WT mice.
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Moreover, we examined IFNy TNF a Gzmb, and perforin production in CD4 * T cells and
observed that IFNy and TNFa, but not Gzmb or perforin, production was slightly increased
in splenic, but not in tumor-infiltrating, CD4* T cells from CD36~/~ mice compared to cells
from WT mice (Fig. S2E, S2F and S2G), indicating that CD36 deficiency mainly affects
CD8* but not CD4* effector cell function.

To confirm our results, we studied T cells in B16 lung metastasis tumor model. Consistent
with the results of s.c. grown B16 tumors, CD8* T cells from lung (tumor bed), spleen,
draining lymph node, and lymph node of tumor-bearing CD36~/~ mice had higher IFNy and
TNFa production compared to T cells from same organs of tumor-bearing WT mice (Fig.
2F-H). These results suggest that CD8* T cells from lung tumor-bearing CD36~/~ mice have
stronger effector function than T cells from tumor-bearing WT mice. Consequently, we
found that there were fewer tumor foci in the lung of CD36~/~ mice compared to WT mice
(Fig. 21). Our results also showed that tumor-infiltrating CD8* T cells from bone marrow of
Vk*MYC MM-bearing CD36~/~ mice had higher IFNy and TNFa production compared to
T cells from bone marrow of tumor-bearing WT mice (Fig. 2J). Again, we observed smaller
tumor burdens, detected as percentage of CD138* MM cells in the bone marrow (Fig. 2K)
and intensity of M-spike bands (Fig. S2H), in Vk*MYC MM-bearing CD36~/~ mice
compared to WT mice. These results indicate that CD36 expression on CD8* T cells impairs
their cytotoxic cytokine production and dampens their antitumor function.

To further confirm our results, we adoptively transferred tumor-specific T cells into both
B16 lung metastasis and s.c. grown B16 tumor models. Adoptively transferred Pmel-1
CD367/~ CD8* T cells had higher IFNy production in lung, spleen and lymph node of B16
lung tumor-bearing mice compared to Pmel-1 WT CD8* T cells (Fig. 2L). Similar
phenomenon was observed in s.c. grown B16 tumors. Adoptively transferred tumor-
infiltrating CD36~/~ Pmel-1 CD8* T cells not only had higher IFNy and TNFa production
(Fig. 2M) but also exerted a better antitumor function and prolonged mouse survival (Fig.
2N) in comparison with WT Pmel-1 CD8" T cells. These results indicate that reduced CD36
expression on CD8™ T cells increases their cytotoxic cytokine production and enhances their
antitumor activity in vivo.

CD36 expression is associated with activation of lipid peroxidation and ferroptosis in
murine and human tumor-infiltrating CD8* T cells

To elucidate the mechanism underlying CD36-mediated inhibition of cytotoxic cytokine
production in CD8* T cells, we analyzed RNAseq data of endogenous lung metastasis B16
tumor-infiltrating CD8* T cells from WT and CD36~/~ mice. Using IPA to analyze all
canonical pathways that show changes between CD36~/~ and WT CD8* T cells, we found
that, among the most significantly changed pathways, sirtuin pathway was activated and
oxidative phosphorylation pathway was downregulated (Fig. 3A). Sirtuin pathway protects
cells from oxidative stress and has a complex interplay between reactive oxygen species
(ROS)(Verdin et al., 2010, Singh et al., 2018). Oxidative phosphorylation pathway is
essential for cell energy metabolism and can produce ROS and cause oxidative
damage(Hroudova and Fisar, 2013, Guo et al., 2013). The results showed that CD36~/~
CD8™ T cells had a lower expression of genes associated with oxidative stress and ROS
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production than WT CD8* T cells. Moreover, using pathway enrichment analysis focusing
on metabolism-associated pathways, we found that, compared to WT CD8* T cells, CD367/~
CD8™ T cells, while displaying gene expression patterns associated with a reduced oxidative
stress response, lower response to ROS and fewer cell death in response to oxidative stress,
also had enhanced gene expression patterns associated with lipid homeostasis and metabolic
processes (Fig. 3B). Thus, these findings suggest that CD36~~ CD8* T cells may have lower
oxidative stress, reduced ROS production, and fewer oxidative stress-induced cell death in
comparison with WT CD8* T cells.

Lipid peroxidation, a process by which lipids are attacked by oxidants, can be induced by
oxidative stress and ROS(Ayala et al., 2014). Based on the results of above multiple pathway
analysis, we speculated that CD36~/~ CD8* T cells may have a lower lipid peroxidation than
WT CD8* T cells. As ferroptosis is a type of cell death caused by lipid peroxidation(Yang
and Stockwell, 2016), we thus hypothesized that CD36~/~ CD8" T cells have lower
ferroptosis level than WT CD8* T cells. Indeed, gene expression analysis of RNAseq data of
B16 tumor-infiltrating CD8* T cells showed that CD36~/~ CD8* T cells had lower
expression of genes associated with lipid peroxidation or ferroptosis activation, while at the
same time had higher expression of genes(Yang et al., 2014) associated with lipid
peroxidation or ferroptosis inhibition (Fig. 3C and Table S1) in comparison with WT CD8"*
T cells. Similar gene expression patterns were observed in CD8* T cells from spleen of B16
tumor-bearing WT and CD36™/~ mice (Fig. S3A). Genes associated with lipid peroxidation
or ferroptosis activation were less enriched in tumor-infiltrating CD8* T cells from CD367/~
mice compared to T cells from WT mice (Fig. 3D). Moreover, tumor-infiltrating CD8* T
cells from CD36~/~ mice had higher expression of genes associated with cytotoxicity of T
cells, such as /fngand Prfi (Fig. S3B), which is consistent with our results in Fig. 2. These
results clearly show that CD36~/~ CD8* T cells have a reduced expression of genes
associated with the activation of lipid peroxidation and ferroptosis than WT CD8* T cells.

To confirm the clinical relevance of our results, we analyzed single cell sequencing data of
melanoma patient tumor-infiltrating CD8* T cells(Sade-Feldman et al., 2019). Similarly to
what we observed in mouse tumor-infiltrating CD8" T cells, we found that patient tumor-
infiltrating CD36M9" CD8* T cells had higher activation of signaling pathways involved in
cellular response to ROS and oxidative stress, and also had higher activation of cell death in
response to oxidative stress compared to tumor-infiltrating CD36!°% CD8* T cells (Fig. 3E).
Gene expression enrichment analysis showed that genes associated with lipid peroxidation
or ferroptosis activation(Yang et al., 2014) were enriched in patient tumor-infiltrating
CD36M9" CD8* T cells compared to CD36!°Y CD8* T cells (Fig. 3F-G). In addition, tumor-
infiltrating CD36M9" CD8* T cells had a lower expression of genes associated with
cytotoxicity of T cells, such as IFNG and PRF1 (Fig. 3G), than tumor-infiltrating CD36!°W T
cells. These results suggest that patient-derived intratumoral CD36M9" CD8* T cells possess
gene expression patterns associated with higher levels of lipid peroxidation and ferroptosis
and reduced cytotoxicity function compared to CD36!°% CD8* T cells.

We used a lipid peroxidation assay kit and cell death ratio to evaluate the level of ferroptosis
in the cells. The sensor in the lipid peroxidation kit changes its fluorescence from PE to
FITC upon peroxidation by lipid ROS in cells, thus enabling ratiometric measurement of
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lipid peroxidation. As the ratio of PE/FITC drops, the level of lipid peroxidation increases.
We found that tumor-infiltrating CD8* T cells from CD36~/~ mice had lower lipid
peroxidation (Fig. 3H), lower cell death ratio (Fig. 31), lower iron level (higher fluorescence
intensity means lower iron level) (Fig. 3J), and lower cytosolic ROS level (Fig. 3K)
compared to T cells from WT mice. These results demonstrate that tumor-infiltrating CD8*
T cells from CD36~/~ mice have less ferroptosis than cells from WT mice. We also found
that adoptively transferred tumor-infiltrating Pmel-1 CD36~ CD8* T cells had lower lipid
peroxidation, lower cell death ratio, lower cytosolic ROS level, and lower iron level
compared to Pmel-1 WT CD8* T cells in both lung (Fig. S3C—F) and s.c. grown B16 tumor
models (Fig. S3G-J).

CD36-mediated ferroptosis is responsible for reduced production of cytotoxic cytokines in
both murine and human CD8* T cells

To determine whether CD36-mediated ferroptosis is required for decreased cytotoxic
cytokine production in CD8* T cells, we first analyzed lipid peroxidation in s.c. grown B16
tumor-infiltrating CD8* T cells. We separated tumor-infiltrating CD8* T cells into CD36M9"
and CD36!°" populations and observed that tumor-infiltrating CD36"9" CD8* T cells had
much higher lipid peroxidation and ferroptosis than CD36!°% CD8* T cells (Fig. 4A, 4B and
S4A). Second, we analyzed tumor-infiltrating CD8" T cells from 1-week and 2-week s.c.
grown B16 tumors, and found that 2-week tumor-infiltrating CD8" T cells with high CD36
expression in Fig. 1E had significantly higher lipid peroxidation and ferroptosis level
compared to T cells from 1-week tumor (Fig. 4C and 4D). Moreover, B16 tumor-infiltrating
CD8™ T cells had higher levels of CD36 expression, lipid peroxidation, cell death, iron and
cytosolic ROS compared to splenic CD8* T cells (Fig. 4E-G and S4B). These results show
that CD36 expression on CD8* T cells is positively associated with their ferroptosis
induction in TME. Furthermore, we treated in vitro differentiated CD8" T cells with B16
tumor. Culture of CD8" T cells in the presence of tumor significantly upregulated CD36
expression and induced lipid peroxidation (Fig. 4H, 41), and inhibited IFNy and TNFa
production in the T cells (Fig. 4J).

We used CD36~/~ CD8* T cells to further determine the role of CD36 in tumor-induced lipid
peroxidation, ferroptosis and reduced IFN+y and TNFa production in CD8* T cells. Tumor-
treated CD36~/~ CD8* T cells had much lower ferroptosis level and higher IFNy and TNFa
production compared to tumor-treated WT CD8* T cells (Fig. 4K, 4L and S4C), indicating
that CD8" T cell-expressed CD36 is responsible for tumor-induced lipid peroxidation,
ferroptosis and reduced production of cytotoxic cytokines. Our studies also showed that
addition of ferroptosis inhibitor (ferrostatin-1) partially abrogated tumor-induced ferroptosis
and restored IFN-y and TNFa production in the cells (Fig. 4M), indicating that ferroptosis is
required for CD36-mediated inhibition of cytotoxic cytokine production in CD8" T cells.

Similar results were obtained from Vk*MYC tumor model and MM patients. We found that
as tumors progressed, 30-day Vk*MY C tumor-infiltrating CD8* T cells had significantly
higher lipid peroxidation and ferroptosis level compared to T cells from 20-day tumors, and
20-day Vk*MYC tumor-infiltrating CD8" T cells had significantly higher lipid peroxidation
and ferroptosis level compared to T cells from 10-day tumors (Fig. 4N and S4D). We also
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analyzed the spleen of Vk*MY C tumor model, where tumor cells accumulate besides bone
marrow(Cooke et al., 2016). The splenic CD8* T cells from 4-week Vk*MYC tumor-
bearing mice had higher lipid peroxidation and ferroptosis than cells from normal spleen
(Fig. S4E). Similarly, in tumor-infiltrating CD8* T cells from bone marrow of MM patients,
CD36M9h CD8* T cells had much higher lipid peroxidation and ferroptosis level than
CD36!%% CD8* T cells (Fig. 40 and 4P). Tumor-infiltrating CD8" T cells from MM patients
also had higher lipid peroxidation and ferroptosis level than those from MGUS patients (Fig.
4Q and 4S). In addition, tumor-infiltrating CD8* T cells from MM patients had higher CD36
expression in Fig. 1D and lipid peroxidation and ferroptosis than CD8* T cells from
peripheral blood (Fig. 4R and 4S).

To further determine whether these findings are relevant to human cancers, we used human
CD8* T cells. We treated in vitro differentiated human CD8* T cells with human MM bone
marrow plasma. Culture of human CD8* T cells with addition of MM patient’s bone marrow
plasma significantly upregulated CD36 expression (Fig. 4T), induced lipid peroxidation and
ferroptosis (Fig. 4U, 4V), and inhibited cytotoxic cytokine production (Fig. S4F) in the T
cells. CD36-blocking antibodies, but not IgG control, abrogated plasma-induced lipid
peroxidation and ferroptosis in CD8* T cells (Fig. 4V). Addition of B-CD to tumor
supernatant also abrogated the induction of ferroptosis in CD8* T cells (Fig. S4G). These
results further confirmed the role of CD36 in mediating the induction of lipid peroxidation
and ferroptosis in human CD8* T cells.

CD36 mediates ferroptosis and reduces cytotoxic cytokine production through fatty acid
uptake in murine and human CD8* T cells

We sought to elucidate the mechanisms underlying CD36-mediated ferroptosis in CD8* T
cells. In the s.c. grown or lung metastatic B16 tumor models, we found that tumor tissues
had a higher fatty acid content than normal skin or spleen (Fig. 5A), and metastatic lung
tissues had much higher fatty acid content compared to normal lung (Fig. 5B). In VK*MYC
tumor model, MM-bearing bone marrow had much higher fatty acid content compared to
normal bone marrow (Fig. 5C). B16 tumors were surrounded and infiltrated by adipocytes
(Fig. S5A) that were enriched with lipids and fatty acids(Zhang et al., 2018). These results
indicate that tumor tissues are enriched with fatty acid. As fatty acids consist of different
forms, we analyzed fatty acid composition in spleen, tumor tissue, and adjacent skin tissue
by LC-MS analysis. Results showed that compared to adjacent skin tissue, tumors tissues
were enriched with fatty acids, especially free poly-unsaturated fatty acid (PUFA) and
phosphatidylethanolamines (PE) containing poly-unsaturated fatty acyl (PUFA-PE) (Fig.
S5B-D), which were reported as executors of cell ferroptosis(Doll et al., 2017, Yang et al.,
2016). As CD36 mediates lipid uptake(Su et al., 2020), we speculated that fatty acid uptake
via CD36 induces CD8* T cell ferroptosis, resulting in decreased cytotoxic cytokine
production. To test this hypothesis, we first examined the effects of fatty acid mixture on
CD8™* T-cell ferroptosis and cytotoxic cytokine production. Fatty acid induced CD8* T-cell
ferroptosis (Fig. 5D). RSL-3 and Fin56, ferroptosis inducers(Stockwell et al., 2017), were
used as positive controls and significantly induced CD8* T-cell ferroptosis (Fig. 5E, S5E).
Fatty acid, RSL-3 and Fin56 all significantly inhibited CD8* T-cell cytotoxic cytokine
production (Fig. 5F, S5F and S5G). Fatty acid also significantly inhibited CD8" T-cell
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proliferation (Fig. S5H). Addition of ferroptosis inhibitors ferrostatin-1, SRS16-86 or
liproxstatin-1 rescued fatty acid-induced ferroptosis (Fig. 5G and S51) and restored IFNy
and TNFa production in the T cells (Fig. 5H, 51, S5J, S5K and S5L). Similar phenomenon
was observed in human CD8* T cells. Fatty acid induced human CD8* T-cell ferroptosis
(Fig. 5J), inhibited their IFN-y and TNFa production (Fig. 5K), and reduced their
proliferation (Fig. S5SM). Again, ferrostatin-1 rescued fatty acid-induced ferroptosis (Fig.
5L) and restored IFNy and TNFa production in human CD8* T cells (Fig. 5M). These
results clearly show that tumor tissues are enriched with fatty acid, and fatty acid induces
CD8™* T-cell ferroptosis and loss of effector function.

Second, we examined the role of CD36 in CD8" T cell uptake of fatty acid, activation of
ferroptosis, and production of cytotoxic cytokines. We observed that CD36~/~ CD8* T cells
had less fatty acid uptake compared to WT CD8* T cells (Fig. 5N). In culture with fatty
acid, CD367/~ CD8* T cells displayed less ferroptosis (Fig. 50 and 5P), and produced more
IFNy and TNFa (Fig. 5Q and 5R) compared to WT CD8* T cells. Similarly, human CD8*
T cells treated with CD36-blocking antibodies had less ferroptosis (Fig. 5S) and more IFNy
and TNFa production (Fig. 5T) compared to CD8" T cells treated with IgG control. These
results confirmed our hypothesis that fatty acid induces ferroptosis and decreases cytotoxic
cytokine production in CD8" T cells via CD36. Moreover, we analyzed fatty acid
composition in tumor-treated CD36~~ CD8* T cells and WT CD8* T cells. Similar with
Fig. S5B-D, WT CD8* T cells also had a higher content of fatty acids, especially free PUFA
and PUFA-PE compared to CD36~/~ CD8* T cells (Fig. S5N and S50).

Fatty acids is a mixture(A et al., 2019).—To determine which fatty acid(s) are
responsible for inducing ferroptosis in CD8* T cells, we used myristic acid (MA, saturated
fatty acid), palmitic acid (PA, saturated fatty acid), oleic (OA, mono-unsaturated fatty acid),
arachidonic acid (AA, w—6 poly-unsaturated fatty acid), or eicosapentaenoic acid (EPA, w-3
poly-unsaturated fatty acid) to treat T cells. These are the major components of fatty acids
and comprise the fatty acids that were used in our studies. Results showed that only AA
induced increased lipid peroxidation and ferroptosis in WT CD8" T cells but not in CD367/~
CDS8™* T cells (Fig. S6A-D). Further analysis showed that AA also induced increased iron
and cytosolic ROS levels, and reduced cytotoxic cytokine production in WT CD8* T cells
but not in CD36~/~ CD8* T cells (Fig. SGE-G). Moreover, high levels of AA and other w—6
poly-unsaturated fatty acid levels were detected in tumor tissues compared to spleen or
normal adjacent skin tissues and in tumor-treated WT CD8* T cells compared to CD36~/~
CD8* T cells (Fig. S5B-D, S5N, and S50). Taken together, these results indicate that AA
(the representative of w—6 poly-unsaturated fatty acid) is the major component of the fatty
acids in tumor tissues to induce T cell ferroptosis.

Targeting ferroptosis or CD36 enhances CD8* T cell- and ICB-based tumor immunotherapy

To investigate whether ferroptosis level in CD8" T cells affects their antitumor function, we
compared antitumor effects of control, ferroptosis inducer RSL-3-, fatty acid-, or ferroptosis
inhibitor ferrostatin-1-treated CD8" T cells in tumor-bearing mice. After adoptive transfer,
significantly higher numbers of ferrostatin-1-treated CD8" T cells were detected in
peripheral blood of mice than those infused with control CD8* T cells, whereas the numbers
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of control CD8* T cells were significantly higher than those infused with RSL-3- or fatty
acid-treated CD8" T cells on days 7 and 14 (Fig. 6A and 6B). Ferrostatin-1-treated CD8* T
cells in peripheral blood also displayed lower ferroptosis and higher IFN+y production and
proliferation than control CD8* T cells, while control CD8" T cells had lower ferroptosis
and higher IFN+y production and proliferation than RSL-3- or fatty acid-treated CD8* T cells
(Fig. 6B—6D). Mice infused with ferrostatin-1-treated CD8* T cells displayed the smallest
tumor burden and best survival among all groups, while fatty acid- or RSL-3-treated CD8* T
cells exerted impaired antitumor effect in the mice (Fig. 6E). These results demonstrate that
ferroptosis in CD8* T cells dampens, while inhibiting ferroptosis in CD8* T cells enhances
their antitumor function in vivo. These results also show that fatty acid, which induces
ferroptosis, reduces CD8" T cell antitumor function.

We showed that CD36~/~ CD8* T cells had lower ferroptosis and stronger antitumor
function compared to WT CD8* T cells (Fig. 2N, 3H and 31). Furthermore, when CD367/~
CD8* T cells were combined with anti-PD-1 antibodies, they achieved better antitumor
effects and extended mouse survival as compared to WT CD8* T cells combined with PD-1
antibodies, or CD367/~ CD8* T cells or PD-1 antibodies alone (Fig. 6F). These results
suggest that blocking CD36 on CD8* T cells enhances ICB-based immunotherapy.

DISCUSSION

As a membrane glycoprotein, CD36 has been studied in many mammalian cell types, such
as adipocytes, macrophages, and hepatocytes(Silverstein and Febbraio, 2009, Pepino et al.,
2014). However, little is known about its role in T cells. In this study, we found that CD36-
mediated ferroptosis dampens intratumoral CD8* T-cell effector function and impairs their
antitumor ability.

Recently, Ho et al(Wang et al., 2020) reported that CD36 was selectively upregulated in
intratumoral T regulatory (Treg) cells. CD36 maintained the mitochondrial fitness of Treg
cells in TME via peroxisome proliferator-activated receptor-g signaling pathway. In
addition, absence of CD36 in Treg cells suppressed tumor growth. Their study showed that
CD36 expression on Treg cells sustains their function. In addition, it has been reported that
CD36 expression on dendritic cells facilitated Treg cell TCR repertoire development(Perry
et al., 2018). Together with our study, the reasons why tumor grew slowly in CD36~/~ mice
could be explained by a better CD8* effector T cells and less Treg cell-mediated
immunosuppression due to CD36 deficiency in T cells.

Ferroptosis is a type of regulated cell death caused by accumulation of lipid
peroxide(Stockwell et al., 2017). Wang et al. recently showed that immunotherapy-activated
CD8™* T cells enhanced ferroptosis-specific lipid peroxidation in tumor cells that contributed
to the antitumor efficacy of immunotherapy(Wang et al., 2019). Matsushita et al. showed
that Gpx4, a ferroptosis suppressor gene, was critical for T cell expansion and protection
from viral and parasitic infection(Matsushita et al., 2015). However, it is unclear whether
and how ferroptosis is involved in T cell-based cancer immunotherapy. Here, we
demonstrate that inhibition of ferroptosis in CD8* T cells enhanced the antitumor function
of the cells, while inducing ferroptosis in the T cells compromised their antitumor function.
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Furthermore, we found that deletion of CD36 in CD8* T cells in combination with anti-
PD-1 antibodies achieved better antitumor effects than either of them alone. Thus, our study
suggests that targeting CD36 and ferroptosis may be an effective strategy to improve the
antitumor efficacy of T cell-based immunotherapy. Our study also highlights the importance
of manipulating lipid metabolism or lipid peroxidation in T cells to improve the clinical
effectiveness of cancer immunotherapies.

Limitations of Study

While our finding demonstrates that AA from tumor and TME induce tumor-infiltrating
CD8™" T-cell ferroptosis through CD36, this work does have some limitations. It remains
unclear how AA is accumulated in tumor and TME and how AA mediates CD8" T-cell
ferroptosis. Detailed mechanisms remain to be investigated.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Qing Yi (QYi@houstonmethodist.org).

Materials Availability—All reagents are available from the Lead Contact under a material
transfer agreement with Houston Methodist Research Institute.

Data and Code Availability—All data and code to understand and assess the conclusion
of this research are available in the main text, supplementary materials, or GEO Database
(accession number GSE151160).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—B6 mice were purchased from the National Cancer Institute. B6.Cg-Thyla/Cy Tg
(TcraTcrb)8Rest/J (Pmel-1) and B6.129S1-Cd36tm1Mfe/J (CD367/~) mice were purchased
from the Jackson Laboratory. CD36~/~ Pmel mice were generated by crossing Pmel-1 mice
with CD36~/~ mice. All experiments complied with protocols approved by the Institutional
Animal Care and Use Committee at the Houston Methodist Research Institute.

METHOD DETAILS

Cell purification and culture—Murine B16 cell line was purchased from ATCC and
maintained in the indicated medium. T cells were isolated using the EasySep Mouse CD8* T
Cell Isolation Kit (STEMCELL Technologies, Inc.). Cells were stimulated and cultured with
plate-bound anti-CD3 (2 pg/ml) and soluble anti-CD28 (1 ug/ml) antibodies under Tcl
(IL-2) cell-polarizing conditions with or without the indicated treatments. After 3 days of
differentiation, cells were transferred to new wells and cultured in standard T-cell medium
for another 2 days. In some experiments, splenocytes from Pmel-1 mice were directly
stimulated with hgp100,5_33 peptide (Genscript).
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For FA and ferroptosis inhibitors, indicated FA and inhibitors were added into medium on
day 4 and cultured for another 24 hours. For ferroptosis inducers, indicated inducer was
added into culture medium on day 5 and cultured for another 6-8 hours.

Vk*MYC MM cells were kindly provided by Leif P. Bergsagel (Mayo Clinic in Arizona,
Phoenix, Arizona, USA) and maintained in Rag2~~ 112rg~~ mice. Splenocytes containing
greater than 50% of malignant plasma cells were frozen and used for experiments.

Human CD8* T cell isolation and culture—Buffy coats of healthy donors were
purchased from Gulf Coast Regional Blood Center. Informed consent was obtained for all
subjects. PBMCs were isolated from blood by density gradient cell separation. Naive CD8*
T cells were isolated from PBMCs using a negative selection kit (STEMCELL) and
stimulated with human T-activator CD3/CD28 Dynabeads (Invitrogen) plus human IL-2 (10
ng/ml) with or without indicated treatments.

RNAseg—RNAseq analysis was performed using Illumina equipment at Cancer Genomics
Center, The University of Texas Health Science Center at Houston. RNA was transferred to
cDNA followed by ligation of adapters and the cDNA was sequenced. For PD-1-response
and non-response melanoma patients’ information, published RNAseq data (GEO:
GSE78220.) from Hugo et al.(Hugo et al., 2017) were re-analyzed. Selected genes were
compared by heatmap. Expression value were row z-scored in the heatmap. Kallisto was
used to quantify abundances of transcripts with default parameters. Deseq2 was used for
differential gene expression analysis.

Single cell RNAseq analysis—Single cell RNAseq data were re-analyzed from Moshe
et al. and Guo et al. (Sade-Feldman et al., 2019, Guo et al., 2018) Count matrix was filtered
for CD8* T cells. To examine CD36 expression in CD8* cells in melanoma patients,
published melanoma single cell RNAseq data were downloaded from the GEO database
(GEO: GSE120575), in which patients with survival days less than 550 days were
categorized into “short” survival group, while the rest were put into “long” survival group.
Only CD8*CD36™ cells were kept for the study (in which expression of CD8A or CD8B
larger then 0, and CD36 larger than 0). Correlation between CD36 expression and cytotoxic
cytokine production was calculated by Pearson’s Correlation Coefficient. In some analyses,
we divided cells into CD36"9" and CD36!°% groups. Cells with top 40% CD36 expression
were used as CD36M9" group, and cells with bottom 40% CD36 expression were used as
CD36!9% group. We tested the relationship by Wilcoxon Rank-Sum Test. Fold changes of
gene expression were used to calculate pathway enrichment in GSEA(Subramanian et al.,
2005). For Non-small-cell lung cancer patients (GSE99254), “NTC” means CD8* T cells in
adjacent normal tissue. “TTC” means CD8* T cells in tumor tissue.

Lipid peroxidation and cytosolic ROS measurement—Experiments were performed
according to the manufacturer’s protocol. Briefly, cells were incubated in a humidified
chamber at 37°C with 5% CO, for 30 minutes with Lipid Peroxidation Sensor or CM-
H2DCFDA in cell culture medium. After incubation, cells were washed and examined by
flow cytometry within 2 hours of staining.
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Cellular iron staining—Cells were washed with PBS twice and stained with 10 nM of
Phen Green™ SK for 15 minutes in 37°C. After staining, cells were centrifuged and re-
suspended in PBS and the fluorescence profile of the sample was monitored using a BD aka
Fortessa X30 system. Higher fluorescence intensity indicates lower iron level.

Flow cytometry—Surface staining was conducted according to manufacturer’s
instructions. For intracellular staining, cells were stimulated with phorbol myristate acetate
and ionomycin and treated with brefeldin A (Biolegend) for 4-5 hours before staining for
intracellular cytokines using the BD Fixation/Permeabilization Solution Kit. Results were
then acquired using BD aka Fortessa X30 systems. Data were analyzed with FlowJo_V10
software (TreeStar).

Serum Protein Electrophoresis (SPEP)—BIlood was collected from mouse tail vein,
followed by centrifugation and serum collection. Assay was conducted according to the
manufacturer’s protocols. Briefly, serum was diluted 5-fold in PBS before loaded on a
QuickGel SPE Gel (Helena Laboratories, catalog 3505T). Electrophoresis was run at 400 V
for 5 minutes. Gels were dried with a QuickGel Chamber (Helena Laboratories, catalog
1284) for 15 minutes followed by staining with Acid Blue for 2 minutes and de-staining
with Destain solution for 10 minutes.

Tumor models—Mice (4-5/group) were injected s.c. in the right back flank with 1 x 108
B16 tumor cells. After 7 to 14 days, tumors formed and were collected for flow cytometry
analysis. In some mice, tumor growth was monitored till the end point, and CD8-depleting
antibodies (200 pg per mice) were injected one day before tumor injection, followed by 4
consecutive injections every 3 days. In B16 melanoma lung metastatic model, mice were
injected i.v. with 2 x 105 B16 cells. At days 12-16 after tumor injection, mice were
sacrificed, and mouse lungs were collected and analyzed by flow cytometry.

For adoptive transfer experiments, mice (5/group) were injected s.c. in the right rear flank
with 1 x 108 B16 tumor cells. After 12-14 days, tumor-bearing mice were injected i.v. with
2 x 106 indicated CD8" T cells (Fig. 2M, S3G-J). Mice were sacrificed and analyzed 3 to 5
days after CD8* T-cell transfer. In B16 melanoma lung metastatic model, mice were injected
i.v. with 2 x 10° B16 cells 12 days before transfer of 2 x 106 indicated CD8" T cells. At day
15 or 16 after tumor injection, mice were sacrificed and metastatic lung foci were counted
(Fig. 2L, S3C-F).

In B16 s.c. tumor model, mice were injected with 0.8 x 10% B16 cells in the right back flank.
At day 9, 1 dose of CTX was given i.p. at 250 mg/kg body weight. At day 10 after tumor
injection, mice (5/group) were treated with i.v. injection of 2 x 10° indicated CD8" T cells,
followed by i.v. injection of 5 x 10° peptide-pulsed bone marrow-derived dendritic cells and
4 doses of rhIL-2 as previously described(Ma et al., 2018). In some mice, anti-PD-1
antibodies (200 pg per mice) were injected at indicated time points. Tumor size was
calculated as: 0.5 x L (length) x W (width)2. (Fig. 2N and Fig. 6)

In Vk* MM model, 1.5 x 108 Vk*MYC cells were injected i.v.. Mouse tail vein blood was
collected as indicated for SPEP to monitor tumor development using QuickGel SPE Kit.
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Mouse bone marrow was collected at indicated time points for flow cytometry analysis. All
mouse experiments were repeated three times.

Human patient samples—Bone marrow aspirates from patients with newly diagnosed
MM or MGUS were obtained at the Cleveland Clinic and Houston Methodist Cancer Center.
Participated patients all provided written informed consent. Collection and analysis of the
clinical samples were approved by the Institutional Review Board of the Cleveland Clinic
Foundation and Houston Methodist Research Institute.

LC-MS analysis of free and esterified fatty acids—LS-MS analysis was conducted
at the Metabolomics Core at UT MD Anderson Cancer Center. For free fatty acid detection,
samples were homogenized using a liquid nitrogen cooled Precellys Evolution bead mill
homogenizer and mixed with internal standard mixture in ice-cold methanol. Extracted free
fatty acid acids were converted to acyl chloride intermediates and further derivatized. Dried
derivatization products were reconstituted in 100 L ethanol, transferred to glass auto-
sampler vial inserts and supernatants were next transferred to fresh vial inserts for analysis.

Mobile phase A (MPA) was water containing 0.1 % formic acid, and mobile phase B (MPB)
was acetonitrile containing 0.1 % formic acid. The chromatographic method includes a
Thermo Fisher Scientific Accucore C30 column (2.6 um, 150 x 2.1 mm) maintained at 15
°C, autosampler tray chilling at 8 °C, a mobile phase flow rate of 0.500 mL/min, and a
gradient elution program as follows: 0-5 min, 5% MPB; 5-40 min, 5-95% MPB; 40-85
min, 95% MPB; 85-85.1, 95-5% MPB; 85.1-90 min, 5% MPB. A Thermo Fisher Scientific
Orbitrap Fusion Tribrid mass spectrometer with heated electrospray ionization source was
operated in data dependent acquisition mode with a scan range of 150 — 550 m/z. Orbitrap
resolutions of 120,000 (FWHM) and 30,000 for MS1 and MS2 were used, respectively. The
instrument was operated in positive ionization mode with a spray voltage of 3,600 V, and
vaporizer and capillary temperatures set at 350 and 325 °C, respectively. The sheath,
auxiliary and sweep gas pressures were 50, 10, and 1 (arbitrary units), respectively. lons
were fragmented using assisted HCD with stepped collision energies of 25, 30, and 35%.

For PE detection, Samples were extracted using ice-cold ethanol containing 1% (v/v) 10 mM
butylated hydroxytoluene and 1% (v/v) Avanti SPLASH® LIPIDOMIX® Mass Spec
Standard (330707), both in methanol. Samples were then homogenized using a liquid
nitrogen cooled Precellys Evolution bead mill homogenizer. Supernatants were transferred
to glass autosampler vials for immediate analysis. Mobile phase A (MPA) was 60:40
acetonitrile:water, containing 0.1 % formic acid and 10 mM ammonium acetate. Mobile
phase B (MPB) was 90:9:1 isopropanol:acetonitrile:water, containing 0.1 % formic acid and
10 mM ammonium acetate. The chromatographic method includes a Thermo Fisher
Scientific Accucore C30 column (2.6 um, 150 x 2.1 mm) maintained at 40 °C, autosampler
tray chilling at 15 °C, a mobile phase flow rate of 0.200 mL/min, and a gradient elution
program as follows: 0-3 min, 30% MPB; 3-13 min, 30-43% MPB; 13-13.1 min, 43-50%
MPB; 13.1-33 min, 50-70% MPB; 33-48 min, 70-99% MPB; 48-55 min, 99% MPB; 55—
55.1 min, 99-30% MPB; 55.1-60 min, 30% MPB.A Thermo Fisher Scientific Orbitrap
Fusion Lumos Tribrid mass spectrometer with heated electrospray ionization source was
operated in data dependent acquisition mode, in negative ionization mode, with a scan range
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of 400 — 1,000 m/z. Orbitrap resolutions of 120,000 and 30,000 (FWHM) were used for
MS1 and MS2-3 acquisitions, respectively, and a spray voltage of —2900 V was used.
Vaporizer and ion transfer tube temperatures were set at 275 and 300°C, respectively. The
sheath, auxiliary and sweep gas pressures were 35, 7, and 0 (arbitrary units), respectively.
For MS2 and MS3 fragmentation a hybridized HCD/CID approach was used. Data were
analyzed using Thermo Scientific LipidSearch software (version 4.2.27) and R scripts
written in house.

Immunohistochemistry staining—Tumor tissues were aseptically removed, fixed in
4% neutral buffered formalin and embedded in paraffin. Serial sections (5 um thick) were
stained with hematoxylin-eosin for histopathology evaluation. For adipocyte staining,
perilipin was detected. Images were photographed by a digital camera DP21.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis, Student’s t-test was used. A P value less than 0.05 was considered
statistically significant. Results are presented as mean + SEM unless otherwise indicated.
Differences in survival curves between the groups were analyzed by log-rank (Mantel-Cox)
test. All experiments were performed with at least three biological replicates, and data
shown are representative of at least three independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tumor microenvironment is enriched with fatty acid
Fatty acid in the tumor microenvironment induces CD8" T-cell ferroptosis
CD36 expression is required for AA-induced CD8* T-cell ferroptosis

CD36 expression impairs CD8* T-cell cytotoxic cytokine production and antitumor
function
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Figure 1. Increased CD36 expression on tumor-infiltrating CD8™ T cells is associated with tumor
progression and poor survival in human and murine cancers

(A) IPA analysis of canonical pathway changes and (B) CD36 expression in tumor-
infiltrating CD8™" T cells from long- and short-survival melanoma patients. (C) CD8* T cells
from MM and MGUS patient’s bone marrow analyzed for the expression of CD36. (D)
CD36 expression of CD8* T cells from MM patient’s bone marrow and blood. (E) Tumor
volume of the mice and CD36 expression on tumor-infiltrating CD8* T cells at days 7 and
14 after tumor injection. (F) Tumor burden of the mice and CD36 expression on tumor-
infiltrating CD8™ T cells after Vk*MYC MM cell injection. (G and H) CD36 expression on
cultured CD8* T cells with tumor tissue (20 or 50 pl at 1 mg/ml), BCD, or cholesterol
treatment. (1 and J) Tumor growth curves, tumor burden at week 3, and survival of B16
bearing WT and CD36~/~ B6 mice. (K and L) WT and CD36~ B6 mice were injected with
anti-CD8 antibodies 1 day before B16 tumor injection and every 3 days for a total of 5
injections. Tumor growth curves, tumor volumes at week 4, and mouse survival are shown.
Differences in survival curves between the groups were analyzed by log-rank (Mantel-Cox)
test. Data are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001. See also
Figure S1.
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Figure 2. CD36 expression decreases cytotoxic cytokine production and impairs antitumor
function of human and murine CD8" T cells

(A) Correlation between CD36 and cytotoxic cytokine expressions in melanoma patient’s
tumor-infiltrating CD8* T cells. (B) Expression of IFNy and TNFa by tumor-infiltrating
CD8™ T cells at days 7 and 14 after B16 tumor injection. (C-E) Tumor-infiltrating (C),
spleen (D), draining lymph node and lymph node (E) CD8* T cells were analyzed for the
expression of IFNy or TNFa at day 14 after tumor injection in WT and CD36~/~ B6 mice.
(F-H) Tumor-infiltrating lung (F), spleen (G), draining lymph node and lymph node (H)
CD8* T cells were analyzed for the expression of IFNy and TNFa at day 14 after tumor
injection in WT and CD367/~ B6 mice. (1) Tumor foci in the lung were counted after 2
weeks of B16 tumor injection in WT and CD36~/~ B6 mice. (J) Expression of IFN+y and
TNFa at day 28 by tumor-infiltrating CD8" T cells after Vk*MYC cell injection in WT or
CD367/~ B6 mice. (K) Tumor development at day 28 in WT and CD36~/~ B6 mice after
Vk*MYC cell injection. (L) At day 16 after lung B16 tumor inoculation, adoptively
transferred WT or CD36~/~ CD8* Pmel-1 T cells in tumor, lymph nodes, and spleen were
analyzed for IFN+y expression. (M) Adoptively transferred WT or CD367~ CD8* Pmel-1 T
cells in s.c. B16 tumor were analyzed for IFN-y and TNFa expression at day 17 after tumor
inoculation. (N) B16 tumor burden and survival of mice treated with WT or CD36~/~ CD8*
Pmel-1 T cells. Data are presented as mean = SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
See also Figure S2.
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Figure 3. CD36 regulates transcriptional and metabolic programs, including lipid peroxidation,
in tumor-infiltrating human and murine CD8* T cells

(A and B) Pathway analysis of changes between tumor-infiltrating CD36~/~ CD8* and WT
CD8* T cells. (C) Heatmap and (D) gene-set enrichment analysis of lipid peroxidation- and
ferroptosis-related genes. (E-G) Single cell sequencing analysis of signaling pathway (E),
gene set enrichment (F) and gene expression of melanoma patient’s tumor-infiltrating CD8*
T cells (G). (H-K) Tumor-infiltrating CD8* T cells from WT or CD36~/~ mice were
analyzed for lipid peroxidation (H), cell death (1), iron (J) and cytosolic ROS (K) 2 weeks
after tumor inoculation. Data are presented as mean £ SEM. **p < 0.01; ***p < 0.001. See
also Figure S3 and Table S1.
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Figure 4. CD36 mediates ferroptosis and reduces cytotoxic cytokine production in human and
murine CD8" T cells
(A and B) Tumor-infiltrating CD8* T cells were analyzed for CD36 expression, lipid

peroxidation and 7-AAD 12 days after tumor inoculation. (C-F) Tumor-infiltrating CD8" T
cells were analyzed for lipid peroxidation and cell death at days 7 and 14 after tumor
injection (C and D). Spleen and tumor-infiltrating CD8* T cells were analyzed for CD36
expression (E), lipid peroxidation (F) and cell death (G) at day 14 after tumor injection. (H-
J) Cultured CD8* T cells were treated with tumor tissue (50 pl at 1 mg/ml) for 1 day before
analyzed for CD36 expression (H), lipid peroxidation (I), and IFNy or TNFa expression (J).
(K and L) Cultured WT or CD367~ CD8" T cells were analyzed for lipid peroxidation, cell
death (K) and IFN-y expression (L) after culture with tumor tissue for 1 day (50 pl at 1 mg/
ml). (M) Cultured T cells were analyzed for lipid peroxidation and IFNy or TNFa
expression with or without tumor tissue (50 pl at 1 mg/ml) and ferrostatin-1 (5 pM)
treatment. (N) Bone marrow tumor-infiltrating CD8* T cells were analyzed for lipid
peroxidation and cell death at days 10, 20 or 30 after Vk*MYC cell injection. (O and P)
Tumor-infiltrating CD8* T cells from MM patients were analyzed for CD36 expression,
lipid peroxidation and cell death. (Q-S) CD8* T cells from MM or MGUS patient’s bone
marrow and blood were analyzed for lipid peroxidation and cell death. (T and U) Cultured
human CD8* T cells were treated with MM patient bone marrow plasma (100 pl) and
analyzed for CD36 expression (T), and lipid peroxidation (U). (V) Cultured human CD8* T
cells were treated with MM patients” bone marrow plasma (100 pl) and CD36-blocking
antibodies (15 pg/ml) before analyzed for lipid peroxidation and cell death. Ferro:
ferrostatin-1; S: supernatant. Data are presented as mean + SEM. *p < 0.05; **p < 0.01;
***p < 0.001. See also Figure S4.

Cell Metab. Author manuscript; available in PMC 2022 May 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maetal. Page 25
A 5 c B mouse CDB" T cells
. wen w
», SC.B16 16, Lung B16 o VK*MYC MM ] Hon . ctr FA 10 . OctiCIRSLE & s+ =
= xx s e _ x w 2 - ] = 9 @
o Y 3 = Tus = 2, [| LFas @ 8 A by T s
s 2 2 210 Sa . O x | x,
R £2 g4 S o || CFa 10 & =) X 6 a
8 om0 §o § S < E* < 2 E "
8 SE g§o Ry [ S o 3
3 o <€, 8¢ P2\ &, i 5. p B hEt
CE . 3 T Eos R el ® ®7 / & £,
2 2 O y ' * Q. D
-~ ﬁ PE/FITC Ratio DA K D> S
00 S 2
Spléen Skin Tumor Lung Tumor WT VK'MYC < PE/FITC Ratio ® &
F - mouse CD8* T cells w .
mouse CD8" T cells et FA FA+Fero2  FA+Femo5 -
o _aan o p y ; i g p o
, FAS ) FAT0 ) e o, a2, 602 | 548 [“1303 [121 |*fa0s [ 181 |] T, 8,
721 245 [150 355 |02 | 8 8 | 4 “ % K
7 kS O 5 P i B % &,
| Zu o Z- 4 ud 2 £
— '} g z 3 341 | 020 588 | 012 o fat
! I e { & N
027 'i73.4" | 056 072 | ¥ = \\ * T r - o‘{« 0«(;/2%(«0
il - G| 0%e” C e .
P W o W o g o\“ o0 Cﬂv-";s PE/FITC Ratio ¥ x« R ThiFo & &
Q < ./(Yy(v Q"Q\’“
Human CD8" T cells
J Human CD8* T cells o i - K curl FA 2 L™ e Mo B o pe wao o Dm EXIDCD%: Oty ke
§ = o X iy patd A
{ I w128 | 7.73 747 | 215 | * i " 2 CD36" F/-\‘pE
% ul © Kp @ s 3 3 1 4
2 | e~ « 8" o g 5 X e
5 468 | 21 | £ L = bl o Z [ 1 3 - E.
~ | 2 Ze z K £ z =, [
2 » 3 L5less | 138 |%le3s | 689 [T o s B % o
L e £ M- it e o s ° £ o
R EERET O T S . I
7-AAD* —————————p Qv TNFgt ———————————» R SR <
(S x WT CD36™ PE/FITC Ratio N O
X < %
< IS
S
Human CD8" T cells gumﬂ: cog' T celle o
P mouse CD8* T cells 1o Q mouse CD8* T cells R k 8" €1 aaw e T 5 = ., .
WT-Ctrl WT-FA_ CD3G*-Cti CD36 o wr-Ctrl WT-FA  CD36*-Ctl  CD36*-FA 2 7 Ew ™ 2 M
¥ " - o ’ - . . g " B S
o # g 714,40 751 245 [ 159 | w07 [336 | o o B g 2
we | 8 DA el Rl b L. S 5o £
§ . " AE B § & e g2 £, E.
" s gn 5o e n W = ! g 3 = =]
. 0 092
ey © N A s ror SEAE Feae dege
4 & S oo’ \@\q »_,%ﬂ: qq o G
DAPI & ¢ r§° oo S

Figure 5. CD36 mediates ferroptosis and reduces cytotoxic cytokine production in CD8" T cells
through uptake of fatty acid

(A-C) Fatty acid contents of tumor, spleen and normal adjacent skin 2 weeks after tumor
inoculation (A), tumor-bearing lung (2 weeks after tumor inoculation) and normal lung
tissues (B), tumor-bearing bone marrow (4 weeks after tumor inoculation) and normal bone
marrows from tumor free B6 mice (C). (D-F) Lipid peroxidation, cell death (D and E), IFNy
or TNFa expression (F) of the T cells measured after fatty acid (pl) or RSL-3 (10 uM)
treatment during T cell differentiation. RSL-3 (10 uM) served as a positive control for
inducing ferroptosis (E). (G-1) Cultured T cells were analyzed for lipid peroxidation, cell
death (G) and IFNvy or TNFa expression (H and 1) after treatment with fatty acid (5 pl) or
ferrostatin-1 (uUM). (J and K) Lipid peroxidation, cell death (J), and IFNy or TNFa
expression (K) of human T cells measured after treatment with fatty acid (5 pl). (L and M)
Lipid peroxidation (L) and IFNy or TNFa expression (M) of human T cells measured after
treatment with fatty acid (5 pl) and ferrostatin-1 (5 uM). (N) Fatty acid uptake assay was
performed on cultured WT or CD36~/~ CD8* T cells using fatty acid uptake kit. (O-R) Lipid
peroxidation (O), cell death (P), and IFN-y or TNFa expression (Q and R) of WT or
CD367/~ CD8* T cells measured after treatment with fatty acid (5 pl). (S and T) Lipid
peroxidation, cell death (S), and IFNy or TNFa expression (T) of human T cells measured
after treatment with fatty acid (5 ul) and CD36-blocking antibodies (10 pg/ml). FA: fatty
acid; Ferro: ferrostatin-1. Data are presented as mean = SEM. *p < 0.05; **p < 0.01; ***p <
0.001. See also Figure S5 and S6.
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Figure 6. Targeting ferroptosis or CD36 enhances the efficacy of CD8" T cell- and 1CB-based
cancer immunotherapy

Fatty acid (5 pul), RSL-3 (10 uM), or ferrostatin-1 (5 uM) was added during T cell
differentiation. (A-D) Relative numbers of transferred T cells measured by flow cytometry
on day 7 (A) or 14 (B) after T cell transfer. Lipid peroxidation and 7-AAD of transferred T
cells were measured by flow cytometry on day 14 (B). IFNy or Ki67 expression of
transferred T cells were measured by flow cytometry on day 7 (C and D). (E and F) B16
tumor growth and survival of mice treated with adoptive transfer of control CD8" Pmel-1 T
cells, fatty acid-, RSL-3-, or ferrostatin-1- treated Pmel-1 T cells (E), and tumor growth and
survival of mice treated with IgG control, anti-PD-1 antibodies, CD8* Pmel-1 T cells,
CD36~/~ CD8* Pmel-1 T cells, CD8* Pmel-1 T cells in combination with anti-PD-1
antibodies, or CD36™/~ CD8* Pmel-1 T cells in combination with anti-PD-1antibodies (F).
(G) Schematic diagram showing the mechanism underlying fatty acid-induced dysfunction
in CD8* effector T cells in TME. FA: fatty acid; Ferro: ferrostatin-1. Differences in survival
curves between the groups were analyzed by log-rank (Mantel-Cox) test. Data are presented
as mean = SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Page 27

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

APC, FITC Anti-Mouse CD8a

BD Pharmingen

Cat# 553035; RRID:AB_398527 Cat#
553031 RRID:AB_394569

APC, BV421 Anti-Rat CD90/Mouse CD90.1

BD Pharmingen

Cat# 561409; RRID:AB_10683163; Cat#
563770; RRID:AB_2738416

eFluor 450 Anti-Mouse IFN-g

eBioscience

Cat# 48-7311-82; RRID:AB_1834366

PerCP-Cy™S5 .5 Rat Anti-Mouse TNF

BD Pharmingen

Cat# 560659; RRID: AB_1727580

eFluor 450 Anti-Mouse Granzyme B eBioscience Cat# 48-8898-82 RRID: AB_11149362
APC Anti-Mouse Perforin eBioscience Cat# 17-9392-80 RRID: AB_469514
APC, BV421 Anti-Mouse Ki-67 Biolegend Cat# 652406; RRID:AB_2561930; Cat#
652411; RRID:AB_2562663
APC Anti-Mouse CD36 Biolegend Cat# 102612 RRID:AB_2072639
FITC Anti-Mouse CD4 Biolegend Cat# 100406 RRID:AB_312691
7-AAD Biolegend Cat# 420404
DAPI Biolegend Cat# 422801
InVivoPlus anti-mouse PD-1 Bio X cell Cat# BP0146 RRID:AB_ 10949053
InVivoPlus rat 1gG2a isotype control Bio X cell Cat# BP0089 RRID:AB_ 1107769
Anti-CD8-depleting antibodies Bio X cell Cat# BE0061 RRID:AB_ 1125541
InVivoMADb rat 1gG2b isotype control Bio X cell Cat# BE0090 RRID:AB_ 1107780
InVivoMADb anti-mouse CD3 Bio X cell Cat# BE0002 RRID:AB_ 1107630
InVivoMAD anti-mouse CD28 Bio X cell Cat# BEO015-1 RRID:AB_ 1107624
Anti-CD36 (Clone JC63.1) Cayman 188150
BV421 Anti-human CD36 Biolegend Cat# 336230 RRID:AB_2814228
Alexa Fluor 700 Anti-human CD8 Biolegend Cat# 344724 RRID:AB_2562790
BV421 Anti-human CD45RA Biolegend Cat# 304130 RRID:AB_10965547
Alexa Fluor 647 Anti-human CCR7 Biolegend Cat# 353218 RRID:AB_10917385
APC/Cyanine7 anti-human IFN-y Biolegend Cat# 506524 RRID:AB_2566136
PE anti-human TNF-a Biolegend Cat# 502908 RRID:AB_315260
Alexa Fluor 488 anti-human Perforin Biolegend Cat# 353320 RRID:AB_2783255

Perilipin-1 (D1D8)

Cell signaling technology

Cat# 9349 RRID: AB_10829911

Pacific Blue anti-human/mouse Granzyme B

Biolegend

Cat# 515408 RRID:AB_2562196

Bacterial and Virus Strains (should we delete this row)

Biological Samples

Buffy coats of healthy donors Gulf Coast Regional Blood N/A

Center
Bone marrow aspirates from patients with multiple Cleveland Clinic and Houston N/A
myeloma or MGUS Methodist Cancer Center
Chemicals, Peptides, and Recombinant Proteins
Human IL-2 R&D Systems 202-1L-010
Recombinant Mouse IL-12 Protein R&D Systems 419-ML-010
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cholesterol Sigma-Aldrich C4951

B-cyclodextrin Sigma-Aldrich C4555; CAS: 128446-36-6
Hgp100,5.33 Genscript N/A

Fatty acid supplement Sigma-Aldrich F7050

myristic acid Sigma-Aldrich M3128

palmitic acid Sigma-Aldrich P0500; CAS: 57-10-3

oleic acid Sigma-Aldrich 01257

arachidonic acid Sigma-Aldrich 10931; CAS: 506-32-1
cis-5,8,11,14,17-eicosapentaenoic acid Sigma-Aldrich E2011; CAS: 10417-94-4
1S,3R-RSL3 Sigma-Aldrich SML2234; CAS: 1219810-16-8
FIN56 Sigma-Aldrich SML1740; CAS: 1083162-61-1
Ferrostatin-1 Sigma-Aldrich SMLO0583; CAS: 347174-05-4
Liproxstatin-1 Sigma-Aldrich SML1414; CAS: 950455-15-9

SRS16-86 Cayman Chemical 26752; CAS: 1793052-96-6
Phen Green™ SK ThermoFisher P14313

CM-H2DCFDA ThermoFisher C6827

phorbol myristate acetate Sigma-Aldrich P1585; CAS: 16561-29-8
ionomycin Sigma-Aldrich 10634; CAS: 56092-82-1
Brefeldin A Biolegend 420601

Critical Commercial Assays

EasySep™ Mouse CD8+ T Cell Isolation Kit STEMCELL Technologies 19853

EasySep™ Human CD8+ T Cell Isolation Kit STEMCELL Technologies 17953

Dynabeads™ Human T-Activator CD3/CD28 for T Cell Invitrogen 11131D

Expansion and Activation

Amplex™ Red Cholesterol Assay Kit Invitrogen A12216
Fixation/Permeabilization Solution Kit BD Biosciences 554714

Fatty acid uptake kit Sigma-Aldrich MAK156

Free Fatty Acid Quantitation Kit Sigma-Aldrich MAKO044

Lipid Peroxidation Assay Kit Abcam ab243377

QuickGel SPE Gel Helena Laboratories 3505T

Deposited Data

The RNA sequence data This paper GSE151160

melanoma single cell RNAseq data Sade-Feldman, M. et al GSE120575
Non-small-cell lung cancer single cell RNAseq data Guo, X. et al GSE99254

Metastatic Melanoma PD-1 therapy Hugo, W. et al GSE78220
Experimental Models: Cell Lines

B16 Qing Yi N/A

VK*MYC Qing Yi N/A

Experimental Models: Organisms/Strains

C57BL/6 Jackson Laboratories 000664
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REAGENT or RESOURCE SOURCE IDENTIFIER
B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/J Jackson Laboratories 005023
B6.129S1-Cd36tm1Mfe/J Jackson Laboratories 019006
CD367~ Pmel Qing Yi
Oligonucleotides
Recombinant DNA
Software and Algorithms
FlowJo_V10 software TreeStar N/A
GraphPad Prsim 5 GraphPad N/A

Other

Cell Metab. Author manuscript; available in PMC 2022 May 04.



	SUMMARY
	eTOC blurb
	Graphical Abstract
	INTRODUCTION
	RESULTS
	CD36 expression on tumor-infiltrating CD8+ T cells is associated with tumor progression and poor survival in human cancers
	CD36 expression on tumor-infiltrating CD8+ T cells is upregulated with tumor progression and CD36 deficiency results in better antitumor response in murine cancers
	CD36 expression is associated with decreased cytotoxic cytokine production and impaired antitumor activity in human and murine CD8+ T cells
	CD36 expression is associated with activation of lipid peroxidation and ferroptosis in murine and human tumor-infiltrating CD8+ T cells
	CD36-mediated ferroptosis is responsible for reduced production of cytotoxic cytokines in both murine and human CD8+ T cells
	CD36 mediates ferroptosis and reduces cytotoxic cytokine production through fatty acid uptake in murine and human CD8+ T cells
	Fatty acids is a mixture(A et al., 2019).

	Targeting ferroptosis or CD36 enhances CD8+ T cell- and ICB-based tumor immunotherapy

	DISCUSSION
	Limitations of Study

	STAR Methods
	RESOURCE AVAILABILITY
	Lead Contact
	Materials Availability
	Data and Code Availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice

	METHOD DETAILS
	Cell purification and culture
	Human CD8+ T cell isolation and culture
	RNAseq
	Single cell RNAseq analysis
	Lipid peroxidation and cytosolic ROS measurement
	Cellular iron staining
	Flow cytometry
	Serum Protein Electrophoresis (SPEP)
	Tumor models
	Human patient samples
	LC-MS analysis of free and esterified fatty acids
	Immunohistochemistry staining

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

