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Abstract

T cells undergo a characteristic metabolic rewiring that fulfills the dramatically increased
bioenergetic, biosynthetic, and redox demands following antigen stimulation. A robust adaptive
immune system requires effector T cells to respond and adapt to fluctuations in environmental
nutrient levels imposed by infectious and inflammatory sites in different tissues. Inevitably, such
responsiveness and adaptation reflect metabolic plasticity, allowing T cells to elicit immune
functions by using a wide range of nutrient substrates. Here, we show that effector T cells utilize
inosine, as an alternative substrate, to support cell growth and function in the absence of glucose.
T cells metabolize inosine into hypoxanthine and phosphorylated ribose by purine nucleoside
phosphorylase (PNP). Using Stable Isotope-Resolved Metabolomics (SIRM), we demonstrated
that ribose moiety of inosine can enter into central metabolic pathways to provide ATP and
biosynthetic precursors. Accordingly, the dependence of T cells on extracellular glucose for
growth and effector functions can be relieved by inosine. On the other hand, cancer cells display
diverse capacity to utilize inosine as a carbon resource. Moreover, the supplement of inosine
enhances the anti-tumor efficacy of immune-checkpoint blockade or adoptive T cell transfer,
reflecting the capability of inosine in relieving tumor-imposed metabolic restrictions on T cells in

Vivo.
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Introduction

A robust adaptive immune response relies on the ability of antigen-specific T cells to rapidly
transform from a quiescent (naive) state to a proliferative (active) state, followed by sustained
proliferation during the period of antigen presentation. An increasing body of evidence suggests
that a coordinated rewiring of cellular metabolism, is required to fulfill the bioenergetic,
biosynthetic and redox demands of T cells following activation [1; 2; 3; 4; 5; 6; 7; 8; 9; 10; 11].
Naive T cells and memory T cells predominantly rely on fatty acid oxidation (FAQO) and oxidative
phosphorylation (OXPHOS) for their energy supply in the quiescent state. Following antigen
stimulation, effector T (T..) cells rapidly upregulate other pathways including aerobic glycolysis,
the pentose phosphate pathway (PPP) and glutaminolysis to drive clonal expansion and effector
functions [12; 13; 14; 15; 16; 17; 18; 19; 20]. Such metabolic reprogramming induced by T cell
activation relies on a hierarchical signaling cascade transcriptional networks [13; 16; 21; 22; 23;

24; 25; 26].

It is now commonly recognized that the immune system is intimately involved in tumor initiation,
progression, and responses to therapy [27; 28; 29; 30; 31; 32]. T.. cells are the major agents of anti-
tumor immunity, and elicit anti-tumor activity through direct recognition and killing of antigen
presenting tumor cells as well as orchestrating a plethora of adaptive and innate immune responses
[31; 33; 34; 35]. However, tumors often co-opt a broad spectrum of mechanisms that foster an
immune suppressive microenvironment, thereby escaping T cell-mediated anti-tumor immune
response. Various intrinsic and extrinsic tumor factors favor the development of
immunosuppressive myeloid-derived suppressor cells (MDSC) and regulatory T (T.) cells,
increasing the expression of inhibitory checkpoint receptors, such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and lymphocyte-
activation gene 3 (LAG 3); while reducing the expression and presentation of tumor specific

antigens [30; 36; 37; 38; 39; 40; 41]

Mounting evidence has shown that immunotherapies through strengthening the amplitude and
quality of T cell-mediated adaptive response may mediate durable and even complete tumor

regression in some cancer patients. Two of the most promising approaches to enhance therapeutic
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anti-tumor immunity are immune checkpoint blockade using monoclonal antibodies against PD-
1/PDL1 and CTLA4, and adoptive cell transfer (ACT) of tumor infiltrating lymphocytes (TILs) or
peripheral T cells that are genetically engineered with chimeric antigen receptors (CARs) [30; 42;
43; 44; 45; 46; 47, 48; 49]. Despite the clinical promise of CAR T-cell therapy in B cell leukemia
and checkpoint blockade therapies in metastatic melanoma, non-small cell lung cancer (NSCLC),
bladder cancer, and others, more than three-quarters of cancer patients overall remain refractory

to the current immunotherapeutic regimen [49; 50; 51; 52; 53; 54].

To enhance immunotherapeutic efficacy, understanding the key immunosuppressive barriers in
cancer tissues is critically important. A key but largely overlooked problem is nutrient competition
between tumor cells and T cells in the nutrient poor tumor microenvironment (TME). Metabolic
dysregulation is now recognized as one of the hallmarks of human cancer and the activation of
oncogenic signaling pathways enabling tumor cells to reprogram pathways of nutrient acquisition
and metabolism to meet the additional bioenergetic, biosynthetic and redox demands of cell
transformation and proliferation. [55; 56; 57; 58; 59; 60; 61; 62; 63]. The TME of solid tumors
represents a dramatic example of metabolic stress, where the high metabolic demands of cancer
cells can restrict the function of T.. cells by competing for nutrients including glucose and by
producing immune suppressive metabolites [62; 64; 65; 66; 67; 68; 69; 70; 71; 72; 73; 74]. As
such, a better understanding of the metabolic modulation of T.. cells to relieve the
immunosuppressive barriers in the TME will enable us to devise rational and effective approaches

to enhance cancer immunotherapy via improving T cell metabolic fitness.

Here, we report that T cells can utilize few substrates, and that inosine is an alternative metabolic
substrate that can support cell growth and crucial T-cell functions in the absence of glucose. The
catabolism of the ribose subunit of inosine provides both metabolic energy in the form of ATP and
biosynthetic precursors from glycolysis and the pentose phosphate pathway. Inosine
supplementation promotes T cell-mediated tumor killing activity in vitro and enhances the anti-
tumor efficacy of checkpoint blockade therapy or adoptive T cell therapy in mouse models,

reflecting the capability of inosine in relieving tumor-imposed metabolic restrictions on T cells.

Results
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A metabolic screen identifies inosine as an alternative fuel to support T.. cell survival and
proliferation

Solid tumors typically develop a hostile microenvironment characterized by an irregular vascular
network and a correspondingly poor nutrient supply. Highly glycolytic cancer cells may deplete
nutrients, particularly glucose, thereby restricting glucose availability to T cells [66; 67; 68; 72].
Previous studies have shown that murine T cells significantly enhanced glucose catabolic activity
following activation, and that glucose starvation compromises viability and proliferation of T..
cells [13; 14; 16; 25; 75]. We asked whether T., cells have the capability of taking up alternative
carbon and energy sources to support their survival and proliferation in the absence of glucose. To
this end, we generated human T.. cells by stimulating human PBMCs with plate-bound anti-CD3
antibody in the presence of IL-2. After three days activation and expansion of human T., cells, we
plated cells in glucose-free media into 96 well plates (Biolog’s Phenotype MicroArray Mammalian
plates PM-M1 and PM-M2) pre-loaded with an array of compounds that can serve as carbon and/or
nitrogen sources for mammalian cells. Blank wells and wells pre-loaded with glucose were
included as negative and positive controls, respectively. We then determined the substrate
utilization of T.. cells in each well through a colorimetric assay in which the formation of the
reduced dye represents cells’ ability to catabolize these extracellular substrates and generate
NADH [76]. The results were normalized to positive control (wells preloaded with glucose) and
summarized in Figure 1A and Figure S1A. It was found that polysaccharides, six-carbon sugars
and their derivatives including dextrin, glycogen, maltotriose, maltose, mannose and fructose-6-
phosphate were utilized by T.. cells in the absence of glucose (Figure 1A and Figure S1A).
Remarkably, inosine, a nucleoside, also supported T.. cells bioenergetic activity in the absence of
glucose (Figure 1A). To eliminate the possibility that inosine was contaminated with glucose or
glucose analogs, we obtained inosine from a different source and determined if inosine could
support mouse and human T., cell proliferation and viability in the absence of glucose. Freshly
isolated mouse and human CD8+ T cells were stained with carboxyfluorescein succinimidyl ester
(CFSE) dye and stimulated with plate-bound anti-CD3 and anti-CD28 antibodies in conditional
media supplied with interleukin 2 (IL-2). Glucose starvation significantly reduced cell
proliferation and increased cell death (Figure 1B, 1C, S1B and S1C). However, Inosine
supplemented at an equimolar amount of glucose markedly reduced cell death and restored cell

proliferation in mouse and human T., cells following glucose starvation (Figure 1B, 1C, S1B and
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S1C). This shows that inosine may offer bioenergetic support similar to as glucose to support T.,

cell proliferation.

Inosine supports T effector cell function in the absence of glucose

We next asked whether inosine could restore the cytotoxic activity and other effector functions of
T..cells in the absence of glucose. We generated antigen specific mouse T.. cells by stimulating
major histocompatibility complex (MHC) class I-restricted T cells, isolated from premelanosome
protein (Pmel)-1 T cell receptor transgenic mice, with peptide antigen and interleukin 2 (IL-2) [77;
78;79]. We also generated human GD2-specific chimeric antigen receptor (GD2-CAR) T cells by
stimulating human PBMCs with plate-bound anti-CD3 antibody in the presence of IL-2, followed
by retroviral transduction with GD2-CAR [80; 81]. It was found that Pmel+ cells recognized Pmel-
17 (mouse homologue of human SIVL/gp100) in mouse melanoma, while GD2-CAR T cells
recognized GD2, a disialoganglioside expressed in tumors of neuroectodermal origin. We co-
cultured Pmel+ T., cells with BI6F10 mouse melanoma cells (Figure 1D), as well as GD2-CAR T
cells with LAN-1 human neuroblastoma cells (Figure S1D), in conditional media, then assessed
tumor cell apoptosis by real-time imaging analysis of caspase activity. We also cultured mouse
(Figure 1E) and human (Figure S1E) T., cells in conditional media and assessed the expression of
effector molecules including granzyme B, tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFNY), all of which are important in mediating tumor cell-killing activity of T.. cells.
While glucose starvation significantly reduced the tumor-killing capacity and the expression of
granzyme B, TNF-a and IFNYy of T.. cells, both glucose and inosine supplementation restored these
properties in mouse and human T., cells (Figure 1D, 1E, S1D and S1E). Taken together, our results
indicate that inosine has the capacity to replace glucose in supporting the effector function of T..

cells.

Adenosine, the metabolic precursor of inosine, cannot support the proliferation and function
of T effector cells in the absence of glucose

Adenosine, the metabolic precursor of inosine, has been reported as an immune suppressive
metabolite and promotes the resolution of inflammation by targeting a range of immune cells,
including T cells [82; 83; 84; 85]. Since adenosine and inosine have identical chemical properties,

we asked whether adenosine can support the proliferation of T.. cells in the absence of glucose.


https://doi.org/10.1101/766642
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/766642; this version posted September 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

Adenosine supplemented at an equimolar amount of glucose, failed to reduce cell death or restore
the proliferation of mouse and human T., cells following glucose starvation (Figure S2A and S2B).
Next, we asked whether adenosine can support the effector functions of T.. cells in the absence of
glucose. We found that, while adenosine had a marginal effect of enhancing the expression of
granzyme B, it failed to restore the tumor-killing activity and the expression of other effector
molecules in mouse (Figure S2C and S2D) or human T,, cells (Figure S2E and S2F) in the absence
of glucose. Collectively, our results indicate that inosine, but not its metabolic precursor adenosine,

has the capacity for replacing glucose in supporting the cytotoxic function of T.. cells.

Inosine does not support the proliferation of T effector cells by enhancing glutamine and
fatty acid catabolism or through purine nucleotide salvage.

Glutamine is a key carbon and nitrogen donor for T.. cells, while fatty acids are also known carbon
donors for naive T (T..), regulatory T (T..,) and memory T (T...) cells [5; 6; 11; 86]. We next asked
whether inosine supports T., cell proliferation by enhancing glutaminolysis and fatty acid f3-
oxidation (FAO). Mouse T., cells cultured in glucose or inosine conditional media displayed
comparable catabolic activities via glutaminolysis, as indicated by “CO., release from [*C.]-
glutamine, or via FAQO, indicated by ‘H-water release from [9,10--H]-palmitic acid (Figure. S3A).
Moreover, an inhibitor of FAO (Etomoxir), failed to block T, cell proliferation in inosine
conditional media (Figure. S3B). However, glutamine starvation blocks inosine-dependent T.. cell
proliferation (Figure. S3B), supporting the indispensable role of glutamine as a key nitrogen donor
of T., cells [5; 6]. Collectively, our results show that inosine does not enhance glutamine and fatty
acid catabolism in T., cells. Inosine is a hypoxanthine nucleoside that can be broken down into
ribose-1-phosphate and hypoxanthine, the latter of which can funnel into purine nucleotide salvage
pathway (Figure S3C) [87; 88]. We next asked whether hypoxanthine or the purine nucleoside
guanosine can support the proliferation of T., cells in the absence of glucose. Neither hypoxanthine
nor guanosine supplemented at an equimolar amount of glucose can reduce cell death or restore
the proliferation of mouse T.. cells following glucose starvation (Figure S3D). Together with our
adenosine data, we conclude that purine nucleotide salvage is not responsible for inosine-

dependent T., cell proliferation.

Inosine-ribose fuels key metabolic pathways in T effector cells
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Next, we asked whether inosine-derived ribose (Figure S3C) could be a fuel for key metabolic
pathways involved in cell proliferation and survival. To this end, we applied a stable isotope based
metabolic flux approach to compare metabolic routes of glucose and the ribose moiety in inosine.
Specifically, we supplied [*C,]-Glucose (Glc) or [1'2',3'4',5'-*C,]-Inosine (Ino), where only the
ribose contains carbon-13 (*C), as the metabolic tracer in human T.. cells cultured with glucose
free conditional media (Figure 2A). Then, we followed *“C incorporation into intermediate
metabolites in the central carbon metabolic pathways including the pentose phosphate pathway

(PPP), glycolysis and the Krebs cycle.

We first compared the metabolism of [*C.]-Glc versus [*C.]-Ino via the PPP (Figure 2B). As
expected, the “C, fractional enrichment of the parent tracer inosine were higher in the inosine
tracer-treated T., cells than the glucose tracer-treated ones. Moreover, both tracers were extensively
metabolized via the PPP to produce “C labeled intermediates, including ribose-5-phosphate (R1P),
ribose-5-phosphate (R5P), sedoheptulose-7-phosphate (Sed7P), erythrose-4-phosphate (Ery4P),
fructose-6-phosphate (Fruc6P) and glucose-6-phosphate (Glc6P) (Figure 2B). The fraction of “C
enrichment in the dominant fully “C labeled isotopologues of RSP, Fruc6P and Glc6P were higher
for the inosine tracer treatment than the glucose tracer treatment. This is consistent with the direct
and rapid metabolism of [*C.]-inosine via the non-oxidative branch of the PPP and the equilibration
of Fruc6P with GIc6P via the action of phosphoglucose isomerase (PGI). We also observed the
presence of scrambled “C products of Sed7P ([*C.]- and [*C,]-Sed7P in particular), Fruc6P, and
Glc6P. These scrambled products were presumably derived from the reversible transketolase (TK)
and transaldolase (TA) activity. The dominant presence of [*C.]- and [*C.]-isotopologues among
the “C scrambled products of Sed7P is again consistent with the flux through both branches of PPP

for both inosine and glucose tracer treatments.

The “C-Fruc6P and GIc6P products of [*C.]-inosine from PPP can be further metabolized via
glycolysis and the Krebs cycle, as in the case of [*C.]-Glc. We thus tracked the fate of [*C.]-inosine
and [*C.]-Glc in human T.. cells through these two key bioenergetic pathways via IC-UHR-FTMS
analysis (Figure 2C). [*C.]-inosine was metabolized as extensively as [*C,]-Glc via glycolysis to
produce fully +“C labeled isotopologues of intermediate metabolites including
phosphoenolpyruvate (PEP), pyruvate, and lactate. The presence of a significant fraction of [*C.]-

isotopologues among the “C products of the Krebs cycle (citrate, a—ketoglutarate or aKG,
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glutamate or Glu, glutathione or GSH, succinate, fumarate, malate, and aspartate or Asp) is
consistent with flux through pyruvate dehydrogenase (PDH)-dependent reaction for both inosine
and glucose tracer treatments (Figure 2C). Together, these data support an extensive capacity of

T.. cells to utilize inosine as an alternative fuel source to glucose in the central carbon metabolism.

The Inosine hydrolyzing enzyme, purine nucleoside phosphorylase, is required for inosine-
dependent proliferation and effector functions in T effector cells

Purine nucleoside phosphorylase (PNP) is responsible for hydrolyzing inosine into ribose-1-
phosphate and is significantly induced following T cell activation (Figure 3A and 3B) [87; 88].
Given that the ribose moiety of inosine is extensively catabolized in T.. cells, we reasoned that
PNP is required for inosine-mediated bioenergetic support. To test this idea, we assessed the
bioenergetic activity of T..cells in the presence of a PNP inhibitor (forodesine (Foro); also referred
as BCX-1777, Immucillin H) [89; 90]. As shown in Figure 3C and S4A, the PNP inhibitor Foro
treatment led to a dosage-dependent attenuation of bioenergetic activity in both human and mouse
T.. cells cultured in inosine-containing but not glucose-containing media. We then assessed the
proliferation, viability and effector functions of T..cells treated with Foro. Consistent with its
effects on the bioenergetic activity, Foro significantly dampened proliferation, viability, tumor
killing activity as well as the expression of granzyme B, TNF-a and IFNYy in mouse (Figure 3D-
3F) and human (Figure S4B-S4D) T.. cells cultured in inosine-containing media. Next, we sought
to validate the data of pharmacological inhibition of PNP by knocking down PNP in human T..
cells. As shown in Figure S4E and S4F, electroporation with PNP siRNA but not control scramble
siRNA partially reduced the level of PNP protein in T.. cells, and attenuated the bioenergetic
activity and number of human T.. cells cultured in inosine-containing but not glucose-containing
media. Taken together, our results suggest that PNP-dependent inosine hydrolysis is required for
inosine-mediated proliferation, bioenergetic support, tumor killing activity, and the expression of

T.. cell effector molecules.

The PNP inhibitor, Forodesine, suppresses inosine catabolism in T effector cells

Next, we assessed the effect of PNP inhibition on inosine catabolism by comparing the carbon flux

of [*C.]-Inosine in the presence or absence of the PNP inhibitor (Foro), in T., cells (Figure 4A).
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Since Foro treatment significantly reduces T cell viability in inosine-containing media (Figure 3D
and S4B), we chose to moderately suppress the PNP activity by applying a lower dose of Foro
along with a shorter incubation time compared to the previous experiment. Treatment with Foro
led to the fractional enrichment of =C, inosine, the metabolic substrate of PNP, and a decrease in
the fractional enrichment of the fully “C labeled species of PPP metabolites, which are indirect
metabolic products of PNP (Figure 4B). These results suggested that the inhibition of PNP
suppresses the catabolism of the ribose moiety of inosine via the PPP. Next, we tracked the fate of
[*C.]-inosine via glycolysis and the Krebs cycle in the context of suppressed PNP activity. As
shown by IC-UHR-FTMS analysis (Figure 4C), the Foro treatment greatly reduced the fraction of
fully =C labeled isotopologues of glycolysis metabolites and the fraction of [*C.]-isotopologues of
the Krebs cycle metabolites. To further assess the effect of Foro in T cell metabolism in both
glucose- and inosine-containing media, we applied 1D HSQC NMR to quantify *C labeled
isotopologues of several representative metabolites in glycolysis, the Krebs cycle and nucleotide
biosynthesis, including lactate (Lac), alanine (Ala), inosine (Ino), glutamine (Glu), GSH+GSSG
(Gluta), adeninine nucleotides (AXP) and uracil nuecleotides (UXP) (Figure S5). Foro treatment
significantly altered the quantity of [*C.]-Ino-derived metabolites (Figure S5A). In contrast, Foro
had little effect on the quantity of [+C,]-Glc-derived metabolites (Figure S5B). Together, these data
support an extensive capacity of T., cells for hydrolyzing inosine as an alternative fuel source to

glucose in the central carbon metabolism.

Transformed cells display a diverse capacity for utilizing inosine as a carbon source

The nucleoside transporters and PNP are expressed in the majority of tissues and cell lines (data
from The Human Protein Atlas). We therefore reasoned that cancer cells may also be able to take
up and utilize inosine as an alternative carbon resource. To this end, we selected a panel of
transformed cell lines and compared their growth rate in glucose- versus inosine-containing media.
While most of the tested cell lines displayed some degree of inosine-dependent proliferation,
several cell lines were unable to grow in inosine-containing media (Figure SA, 5B and S6A). Next,
we chose Hela as a model cell line to study inosine catabolism and the role of PNP in inosine-
dependent growth. We applied the same metabolic approach (Figure 2A) that was used to study T

cells, to compare glucose and inosine catabolism in HeLa cells. HeLa cells displayed a similar
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pattern of “C incorporation into intermediate metabolites in the central carbon metabolic pathways
as in the T cells. Collectively, HeLa cells extensively catabolized [*C.]-Glc) and [*C.]-Ino, which
derived fully “C labeled isotopologues of intermediate metabolites in the PPP and glycolysis, and
also a significant fraction of [*C.]-isotopologues in the Krebs cycle metabolites (Figure 5C and
SD). Consistent with the indispensable role of PNP in inosine catabolism in T cells, the
pharmacological inhibition of PNP via Foro or genetic knockdown of PNP via siRNA significantly
dampened inosine-dependent bioenergetics activity and cell growth in HeLa cells (Figure S6B and
S6C). Together, these data suggest that some cancer cells are capable of utilizing inosine as an

alternative fuel source to glucose in the central carbon metabolism.
Inosine enhances the efficacy of T cell based immunotherapy in solid tumors

T.. cells represent a key component of anti-tumor immunity. The checkpoint blockade approach
that uses monoclonal antibodies targeting PD-1/PDL1 and CTLA4, and adoptive cell transfer
(ACT) of tumor infiltrating lymphocytes (TILs) or CAR T cells are two front-line T cell-based
immunotherapies [30; 42; 43; 44; 45; 46; 47; 48; 49]. Based on the in vitro findings described
above, we reasoned that inosine supplement may improve T.. cell-mediated anti-tumor activity,
particularly toward tumor cells such as B16F10 or Lan-1 that are unable to utilize inosine to
support cell growth (Figure S6A). PDL1 and PD-1 (PD) pathway blockade has been shown to
elicit durable T cell-dependent anti-tumor responses. We thus assessed the anti-tumor effect of
combining inosine and anti-PDL1 antibody in B16 melanoma bearing mice. While tumor growth,
tumor-infiltrating T cells, and animal survival were comparable between vehicle (IgG control) and
inosine treatment, the monotherapy of anti-PDL1 antibody clearly delayed tumor growth,
prolonged animal survival time, and increased infiltrating T cells (Figure 6A and S7A).
Importantly, mice treated with the combination of inosine and anti-PDL1 antibody displayed a
better outcome (Figure 6A) and more tumor-infiltrating T cells than monotherapy group (Figure
S7A). We also examined the ability of inosine to potentiate adoptive transfer based therapy which
transfers Pmel+ T cells to mice bearing B16F10 xenografts (Figure 6B) or GD2-CAR T cells to
immune-deficient mice bearing GD2 positive human neuroblastoma (LAN-1) xenografts (Figure
6C). While adoptively transferred T cells alone significantly delayed tumor growth and prolonged
animal survival time, inosine plus T cells further potentiated these effects in the mouse xenograft

models (Figure 6B, 6C and S7B). Taken together, our studies suggest that inosine supplementation
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enhances the potency and durability of T cell-based cancer immunotherapy in mouse preclinical

models.

Discussion

In addition to intrinsic cell signaling cascade, numerous extrinsic environmental factors including
oxygen and tissue-specific nutrient supplies significantly influence T cell metabolic programming
and thus activation. T cells are distributed throughout the body and thus encounter variable
metabolic stresses depending on where tumors or infections occur. A key factor could be the
competition for nutrients between infiltrating T cells and rapidly proliferating cells including
cancer cells or pathogens. It is likely that a wide range of abundant bioenergetic carbohydrates in
blood plasma could be a source of nutrients for proliferative T cells and cancer cells in vivo [91;
92; 93]. Mounting evidence suggests that cancer cells can also scavenge extracellular protein or
utilize acetate and ketone bodies as alternative fuels [94; 95; 96]. Although glucose is considered
as the primary fuel for proliferating T cells, galactose can replace glucose to support T cell survival
and proliferation following activation [97]. Our studies suggest that T cells, to various extents, can
metabolize other naturally occurring saccharides or their derivatives, such as D-fructose and D-
mannose, as fuels for supporting survival and proliferation. Our studies also revealed T cell’s
capacity to utilize inosine for energy and effector cell functions. Such metabolic plasticity is likely
to be crucial to T cell’s ability to elicit robust immune responses in different tissue contexts.

Although D-ribose produced via the ribose salvage pathway from nucleotide or nucleoside can
serve as a carbon and bioenergetic source under nutrient starvation, proliferative normal or
transformed cells are unable to catabolize free ribose due to the lack of functional ribose
transporters or key enzymes [98; 99; 100; 101; 102]. In contrast, the expression of phosphorylase
(PNP) that can convert inosine into ribose-1-phosphate and hypoxanthine is consistent with our
finding on inosine’s capacity as a ribose donor in T cells. Such PNP-mediated breakdown of
inosine is energetically more efficient than free ribose metabolism, as it only needs inorganic
phosphate while the latter requires ATP. We found that the ribose derived from inosine was
catabolized efficiently through the central carbon metabolic routes including the PPP, glycolysis,
and the Krebs cycle in place of glucose. This, together with inosine’s ability to support T.. cell

growth and functions in the absence of glucose, suggests that inosine, as a ribose donor, may


https://doi.org/10.1101/766642
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/766642; this version posted September 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

replace glucose as a key fuel source for T.. cells under glucose deprivation, as is found in solid

tumors.

The degradation of nucleotides and nucleosides is an evolutionarily conserved metabolic process,
which can supply carbon and energy to support cell proliferation and functions [98; 99; 100; 101;
102; 103; 104; 105; 106; 107]. However, we found that inosine but no other nucleosides (adenosine
and guanosine) supported T cell proliferation. This result suggests that inosine is a preferred
substrate of nucleoside transporters and nucleoside phosphorylase that are predominantly
expressed in T cells. Furthermore, PNP inhibitor abolished inosine uptake and metabolism as well
as its ability to support T.. cell proliferation and functions in vitro. Several previous studies also
demonstrated the role of inosine in supporting bioenergetic and function in human red blood cells,
swine and chicken erythrocytes, which lack glucose transporters, as well as enhancing the recovery

of ischemic heart and kidney by preserving ATP [108; 109; 110; 111; 112; 113; 114; 115].

Inosine and adenosine can maintain ATP during hypoxia and nutrient restriction in the central
nerve system (CNS) and the catabolism of the ribose moiety of inosine is necessary to provide the
bioenergetic support for CNS cells [116]. The protective effect of adenosine depends on adenosine
deaminase (ADA), which converts adenosine into inosine [117]. Although inosine and adenosine
concentrations in blood plasma is in the low micromolar range, they can accumulate to hundreds
of micromolar via catabolism of nucleotides and nucleosides in the necrotic, hypoxic, or
inflammatory microenvironment, which is characteristic of solid tumors [118; 119; 120; 121; 122;
123]. T cells may utilize inosine and adenosine accumulated in the tumor microenvironment (TME)

as an important carbon and energy source.

In response to tissue injury, stressed or damaged cells release ATP and its product, adenosine, into
the extracellular space to elicit autocrine and paracrine signaling responses through cell-surface
P2 purinergic receptors [85; 124; 125]. To terminate adenosine-mediated signaling, adenosine
deaminase (ADA) converts adenosine to inosine, rendering inosine a weak agonist of adenosine
receptor [126]. Consistent with these findings, we found that inosine but not adenosine enhances
T.. cell functions, which may be mediated via inosine catabolism, as the inhibitor of PNP abolished
both inosine catabolism and inosine-induced activation of T, cell functions. However, it is still
conceivable that some of the in vivo effects of inosine are mediated by purinergic signaling due to

the concurrent depletion of immune suppressive adenosine. We therefore surmise that ADA
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treatment may reduce immune suppressive adenosine in TME while increasing the levels of
inosine to fuel tumor infiltrated T cells, thereby improving anti-tumor immunity. The genetic
disorder leading to the loss of ADA enzymatic function can cause severe combined
immunodeficiency (SCID) [127; 128]. As such, the polyethylene glycol-conjugated adenosine
deaminase (PEG-ADA) and ADA gene therapy have been developed as the first enzyme
replacement therapy (ERT) to treat ADA-SCID [129; 130]. Based on our findings, further research

on the molecular action of PEG-ADA and its repurposing in cancer immunotherapy is warranted.

Anti-tumor immunotherapy not only offers the potential of high selectivity in targeting and killing
tumor cells, but also represents an appealing addition to the current therapeutic regimens due to its
potential to eradicate recurrent/metastatic disease following conventional therapies. However, the
immunosuppressive microenvironment is a major barrier to the development of effective
immunotherapy. It has been shown that metabolic modulation of T cells is a valid approach to alter
T cell mediated immune responses in a variety of physio-pathological contexts [15; 16; 24; 67; 68;
69; 75; 131; 132; 133; 134; 135; 136; 137]. Clearly, nutrient restriction in solid tumor can play an
important role in restraining anti-tumor activity of infiltrating T cells. We have shown that inosine
readily replaced glucose in supporting T.. cells growth and functions in vitro, and inosine
supplement improved T.. cell-mediated anti-tumor activities in animal models. Inosine
supplementation via oral administration or intravenous infusion has been shown to be safe and
tolerable in recent clinical trials of inosine supplementation in Multiple Sclerosis and Parkinson
Disease [138; 139; 140; 141]. We therefore envision that metabolic modulation of T cells including
inosine and PEG-ADA supplementation poses a new complementary strategy to optimize the
potency and durability of cancer immunotherapy. Additional studies on the formulation of inosine
supply or strategies that may enhance the local accumulation of inosine in the TME are warranted

to facilitate future clinical development of metabolic modulation in cancer immunotherapy.
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Material and Methods

Mice

C57BL/6 and NSG mice were purchased from Envigo (formly Harlan) and the Jackson Laboratory.
Pmel transgenic mice (B6.Cg-Thyl/Cy Tg(TcraTcrb)8Rest) were purchased from the Jackson
Laboratory [79]. Mice at 7-12 weeks of age were used. All mice were kept in specific pathogen—
free conditions within the Animal Resource Center at the Research Institute at Nationwide
Children’s Hospital and Baylor College of Medicine. Animal protocols were approved by the
Institutional Animal Care and Use Committee of the Research Institute at Nationwide Children’s

Hospital and Baylor College of Medicine.

Tumor cell culture and reagents

LAN-1, a GD2-positive tumor cell line, and B16-F10 cell lines were purchased from ATCC and
were grown in RPMI 1640 and DMEM media (Corning Cellgro, Thermo Fisher Scientific, Grand
Island, NY) with 10% fetal calf serum (Gibco-Invitrogen, Carlsbad, CA) and 1% penicillin-
streptomycin (Corning) in a 37 °C humidified atmosphere of 95% air and 5% CO., respectively.
HeLa (human cervical cancer cells, ATCC) cells were grown at 37 °C/5% CO, in DMEM media
supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. Glucose-free DMEM
was supplemented with 10% (v/v) heat-inactivated dialyzed fetal bovine serum, which was made
dialyzing against 100 volumes of distilled water (five changes in 3 days) using Slide-ALyzer™ G.
dialysis cassettes with cut-through MW size 2K (Thermo Fisher Scientific) at 4 °C. Forodesine
Hydrocholoride was purchased from MedChem Express (Monmouth Junction, NJ). Anti-PNP and

anti-actin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Human and mouse T cells isolation and culture
PBMCs were collected from healthy donors, approved by Baylor College of Medicine review
board. Mononuclear cells from peripheral blood (PBMCs) were isolated by Ficoll/Hypaque
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density gradient centrifugation. In some experiment, human T cells were directly enriched from
PBMC by negative selection using MojoSort™ Human CD3 T Cell Isolation Kit (Biolegend, CA)
following the manufacturer’s instructions. Isolated human mononuclear cells or enriched human
T cells were either maintained in culture media containing 10 ng/ml IL-7 or stimulated human IL-
2 (100 U/ml) and plate-bound anti-CD3 and anti CD28 antibody. Plates were pre-coated with 1
pg/ml antibodies overnight at 4 °C. To generate GD2-CAR T cells, activated human T cells were
transduced with GD2-CAR retrovirus on retronectin-coated nontissue culture plates and cultured
with IL-2 for one week [81]. Mouse total T and CD8+ native T cells were enriched from spleens
and lymph nodes by negative selection using MACS system (MiltenyiBiotec, Auburn, CA)
following the manufacturer’s instructions. For total T cells culture, freshly isolated total T cells
with 75-80% CD3 positivity were either maintained in culture media containing 5 ng/ml IL-7
or were stimulated with human IL-2 (100 U/ml) as well as plate-bound anti-mCD3 (clone 145-
2C11) and anti-mCD28 (clone 37.51) antibodies. Plates were pre-coated with 2 ug/mL antibodies
overnight at 4 °C. For mouse and human T cell CFSE dilution analysis, 10-20 x10r cells were pre-
incubated for 10 min in 4 pM CFSE (Invitrogen) diluted in PBS plus 5% FBS before culture. For
CD8+ T cells activation and culture, naive CD8 T cells were activated by plate-bound antibodies
and incubated with recombinant mouse IL-2 (100 U/mL) and IL-12 5 ng/mL for 5 days. For Pmel+
CD8+ T cell activation and culture, splenocytes from Pmel were isolated and culture with 1yM
human gp100 (hgp100) (Genscript) and 30 IU/mL recombinant human IL-2 (PeproTech Inc) in
complete media for 5-7 days [142]. The cells were then cultured in RPMI 1640 media
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS),2 mM L-glutamine, 0.05
mM 2-mercaptoethanol, 100 units/mL penicillin and 100 pg/mL streptomycin at 37°C in 5% CO..
Glucose free RPMI 1640 media that was supplemented with 10% (v/v) heat-inactivated dialyzed
fetal bovine serum (DFBS) was used as basal conditional media for glucose and inosine
reconstitution. DFBS was made dialyzing against 100 volumes of distilled water (five changes in
three days) using Slide-ALyzer~ G2 dialysis cassettes with cut-through MW size 2K
(ThermoFisher Scientific) at 4°C.

Flow cytometry
For the analysis of surface markers, cells were stained in PBS containing 2% (w/v) BSA and the

appropriate antibodies listed in table S1. For intracellular cytokine staining, T cells were stimulated
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for 4-5 h with phorbol 12-myristate 13-acetate (PMA) and ionomycin in the presence of monensin
before being stained according to the manufacturer's instructions (BD Bioscience). Flow cytometry
data were acquired on Novocyte (ACEA Biosciences) or LSRII (Becton Dickinson) and were
analyzed with FlowJo software (TreeStar). All the chemicals and antibodies used are listed in

Table S1.

Metabolite screening and bioenergetics analysis

Metabolite screening was performed using 96-well PM-M1 and PM-M2 phenotyping microarray
for mammalian cells (BioLog Inc). Human or mouse activated T cells were washed twice with
PBS, and resuspended in glucose and phenol red free DMEM media supplemented with 10%
dialyzed FBS and 100 U/mL IL-2 followed by immediate inoculation of 100 uL cells/well (1x10¢
cells/ml) into the Biolog plates. After 24 h incubation at 37°C in a 5% CO. incubator, 20 uL of
Redox Dye Mix MB (Biolog Inc) was added to each well, and absorbance at 590 and 750 nm

wavelengths were recorded at different time points.

CD8+ CTL tumor killing assay

CTL tumor killing assay was performed using caspase-3/7 reagent (Essen BioScience, Ann Arbor,
MI) and the IncuCyte ZOOM live-cell imaging system (Essen BioScience) which is placed in an
incubator at 37 °C and 5% CO.. LAN-1 cells, (1.5x10 cells /well) and B16F10 (1.5x10: cells/well)
were plated in 96 well plates and allowed to grow until 20% confluence was achieved. The media
was replaced and target cells were co-cultured with GD2-CAR T cells or hgp100 activated Pmel
T cells respectively in 10:1 (effector: target) ratios in glucose free media or with 2 mM glucose or
Inosine or adenosine, and caspase 3/7 reagent was added at 1:1000 dilution to each well. Dead
cells, which are positive for Caspase-3/7, were monitored and quantified automatically acquired

at regular intervals by the IncuCyte software.

Tumor xenograft and T cell in vivo imaging

For the LAN-1 xenograft, 1.5x10° LAN-1 tumor cells were mixed in 100 pl matrigel (Corning)
and were subcutaneously inoculated in the dorsal left and right flanks of NSG mice. 8 x10° GD2-
CAR-T or GD2-CAR-T-Luciferase cells were intravenously injected into tumor-bearing mice

when tumor grew to about 4-6 mm in diameter (around 6-8 days). For inosine treatments, inosine
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(Sigma) was administered (300 mg/kg in PBS) by oral gavage daily after CAR-T cell
administration and throughout the experiment. For T cell in vivo imaging, the images were
captured using IVIS imaging system (Xenogen) after i.v injection of 150 mg/kg D-luciferin
(Xenogen, Alameda, CA) at day 4 and day 7 after GD2-CAR-T-Luciferase cells administration.
Photon emission was analyzed by constant region-of-interest (ROI) drawn over the tumor region

and the signal measured as total photon/sec/cm?2/steridian (p/s/cm2/sr).

For B16F10 melanoma model, female C57BL6 mice were inoculated with 1x10: cells in the flank
subcutaneously at day 0 and treated on days 1 (200 pg), 4 and 7 (100 pg) with anti-PDL1 antibody.
Inosine (300 mg/kg) was administered by oral gavage every day, until animals reach end point and
tumor volume (mm’) and overall survival were assessed throughout the experiment. To evaluate
the tumor infiltrating immune cells, after 10 and 15 days of inosine treatment, tumors were
dissected and dissociated using gentle MACS™ Dissociators according to manufacturer’s
instructions. Cells were stained with surface antibodies and analyzed using flow cytometry. In
adoptive transfer experiments, C57BL/6 mice were injected (s.c.) with 1X10°B16F10 melanoma
cells and animals were irradiated sublethaly (500cGy) after 6 days of tumor cell inoculation. On
day 7, 4X10 active Pmel T cells were injected (i.v.) and inosine (300 mg/kg oral gavage) was

administered daily and tumor size was monitored until animals reach the endpoint.

Metabolite extraction and analysis by ion chromatography-ultra high resolution-Fourier
transform mass spectrometry (IC-UHR-FTMS) and NMR

Cells were cultured in glucose-free media with 2 mM »C.-glucose (Cambridge Isotope Laboratories)
or ["C.]-ribose-inosine (Omicron Biochemicals) for 24 h at 37 °C and were then washed 3 times in
cold PBS before metabolic quenching in cold acetonitrile and harvested for metabolite extraction
as described previously [143]. The polar extracts were reconstituted in nanopure water before
analysis on a Dionex ICS-5000+ ion chromatography system interfaced with a Thermo Fusion
Orbitrap Tribrid mass spectrometer (Thermo Fisher Scientific) as previously described [144] using
a m/z scan range of 80-700. Peak areas were integrated and exported to Excel via the Thermo
TraceFinder (version 3.3) software package before natural abundance correction [145]. The
isotopologue distributions of metabolites were calculated as the mole fractions as previously

described [146]. The number of moles of each metabolite was determined by calibrating the natural
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abundance-corrected signal against that of authentic external standards. The amount was

normalized to the amount of extracted protein, and is reported in nmol/mg protein.

Polar extracts reconstituted in D.O (> 99.9%, Cambridge Isotope Laboratories, MA) containing
0.5 mmole/L d.-2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as internal standard were analyzed
by 1D 'H and 'H{*C}-HSQC NMR on a 14.1 T DD2 NMR spectrometer (Agilent Technologies,
CA). 1D 'H spectra were acquired using the standard PRESAT pulse sequence with 512 transients,
16384 data points, 12 ppm spectral width, an acquisition time of 2 s and a 6 s recycle time with
weak irradiation on the residual HOD signal during the relaxation delay. The raw fids were zero
filled to 131072 points and apodized with 1 Hz exponential line broadening prior to fourier
transformation. 1D HSQC spectra were recorded with an acquisition time of 0.25 s with GARP
decoupling, and recycle time of 2 s over a spectral width of 12 ppm, with, 1024 transients. The
HSQC spectra were then apodized with unshifted Gaussian function and 4 Hz exponential line
broadening and zero filled to 16k data points before Fourier transformation. Metabolites were
assigned by comparison with in-house [147] and public NMR databases. Metabolite and their “C
isotopomers were quantified using the MesReNova software (Mestrelab, Santiago de Compostela,
Spain) by peak deconvolution. The peak intensities of metabolites obtained were converted into
nmoles by calibration against the peak intensity of DSS (27.5 nmoles) at O ppm for 'H spectra and
that of phosphocholine at 3.21 ppm (nmoles determined from 1D 'H spectra) for HSQC spectra

before normalization with mg protein in each sample.

siRNA transfection in HeLa cells

The siRNA oligonucleotides corresponding to human PNP (Purine nucleoside phosphorylase)
were purchased from Fisher. siRNA oligonucleotides (20 nM) were transfected into HeLa cells
using Lipofectamine RNAIMAX reagent (Invitrogen). After 72 h of transfection, immunoblots

were carried out to examine the knockdown of targeted proteins.

Electroporation of human T cells
PBMC cells were stimulated with plate-bound anti-CD3 and anti-CD28 antibodies for two days
before electroporation. Cells were centrifuged and washed once with PBS. 1x10° cells were

resuspended in 100 pL electroporation buffer T (Thermo Fisher, Waltham, MA) and 100 nM
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siRNA oligonucleotides corresponding to human PNP was added. Electroporation was performed
at 2150 V 20 ms 1 pulses settings for stimulated PBMC cells using Neon electroporation device
(Thermo Fisher, Waltham, MA). Immediately after electroporation, the cells were plated in 12-
well plate with 100 IU/ml IL-2 and incubated at 37°C.

qPCR and western blot analysis.

Total RNA was isolated using the Quick-RNA™ MiniPrep Kit (Zymo Research) and was reverse
transcribed using random hexamer and M-MLV Reverse Transcriptase (Invitrogen). SYBR green-
based quantitative RT-PCR was performed using the BIO-RAD CFX96~Real-Time System. The
relative gene expression was determined by the comparative C, method also referred to as the 2+,
method. The data were presented as the fold change in gene expression normalized to an internal
reference gene (beta2-microglobulin) and relative to the control (the first sample in the group).
Fold change=2=[( Ci...cuex= Crusrin)]sample A-=[( C.....oe. Crums ) ]sample B. Samples for
each experimental condition were run in triplicate PCR reactions. Primer sequences were obtained
from PrimerBank [148]. The following pair of primers were used for detecting mouse PNP (5°-
ATCTGTGGTTCCGGCTTAGGA-3" and 5’-TGGGGAAAGTTGGGTATCTCAT-3). Cell

extracts were prepared and immunoblotted as previously described [149].

Metabolic activity analysis.

Fatty acid [3-oxidation flux was determined by measuring the detritiation of [9,10-H]-palmitic acid
[150; 151]. One million T cells were suspended in 0.5ml fresh media. The experiment was initiated
by adding 3 ¢ Ci [9,10-H]-palmitic acid complexed to 5% BSA (lipids free; Sigma) and, 2 h later,
media were transferred to 1.5 mL microcentrifuge tubes containing 50 uL. 5 N HCL. The
microcentrifuge tubes were then placed in 20 mL scintillation vials containing 0.5 mL water with
the vials capped and sealed. ‘H.O was separated from unmetabolized [9,10--H]-palmitic acid by
evaporation diffusion for 24 h at room temperature. A cell-free sample containing 3 ¢ Ci [9,10--H]-
palmitic acid was included as a background control.

Gluamine oxidation activity was determined by the rate of “CO, released from [U-+C]-glutamine
[152]. In brief, one-five million T cells were suspended in 0.5 ml fresh media. To facilitate the
collection of “CO., cells were dispensed into 7ml glass vials (TS-13028, Thermo) with a PCR tube
containing 50ul 0.2M KOH glued on the sidewall. After adding 0.5 pci [U-+C]-glutamine, the vials
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were capped using a screw cap with rubber septum (TS-12713, Thermo). The assay was stopped
2h later by injection of 100ul SN HCL and the vials were kept at room temperate overnight to trap
the “CO.. The 50ul KOH in the PCR tube was then transferred to scintillation vials containing 10ml
scintillation solution for counting. A cell-free sample containing 0.5uci [U-+C]-glutamine was

included as a background control.

Statistical analysis. P values were calculated with Student's 7-test. P values smaller than 0.05 were
considered significant, with P-values<0.05, P-values<0.01, and P-values<0.001 indicated as *, **,

and *** respectively.

Figure legends

Figure 1. Inosine can support T effector cells proliferation and function in the absence of
glucose. (A) Metabolite array from the PM-M1 Microplate (Biolog). Activated human T cells
were incubated with various energy sources in a PM-M1 Microplate for 24 h, followed by Biolog
redox dye mix MB incubation and measured spectrophotometrically at 590 nm. (B-C) Naive CD8+
T cells from C57BL/6 mice were activated by plate-bound anti-CD3 and anti-CD28 antibodies in
complete media for 24 h, then the cells were switched to indicated conditional media and were
cultured for 48 h. Cell proliferation and cell death were determined by CFSE dilution and 7AAD
uptake, respectively. Data are representative of three independent experiments. (D) B16F10 tumor
cells were co-cultured with activated Pmel T cells in the indicated conditional media, and tumor
cell death was evaluated using caspase 3/7 reagent by IncuCyte ZOOM™ . Error bars represent
mean = SD (n=4). **, P=0.0072 for glucose free versus 2 mM Inosine. (E) Naive CD8 T cells
from C57BL/6 mice were activated by plate bound anti-CD3 and anti-CD28 antibodies and
differentiated in the indicated conditional media for 4 days. The indicated proteins were quantified

by intracellular staining following PMA and ionomycin stimulation.

Figure S1. Inosine can support T effector cells proliferation and function in the absence of
glucose. (A) Metabolite array from the PM-M2 Microplate (Biolog). Activated human T cells were
incubated with various energy sources in a PM-M2 Microplate for 24 h, followed by Biolog redox
dye mix MB incubation and measured spectrophotometrically at 590 nm. (B-C) Naive CD8+ T
cells from human PBMC were activated by plate-bound anti-CD3 and anti-CD28 antibodies in the
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indicated conditional media for 5 days. Cell proliferation and cell death of active CD8+ T cells
were determined by CFSE dilution and 7AAD uptake, respectively. Data are representative of
three independent experiments. (D) LAN-1 cells were co-cultured with GD2-CAR T cells in the
indicated conditional media and cell death of LAN-1 was monitored using caspase 3/7 fluorescent
substrate by live cell imaging and quantified using the IncuCyte ZOOM™ analyzer. Error bars
represent standard deviation (n=4). ***, P<0.001 for glucose free versus 2 mM Inosine. (E) The
indicated proteins in GD2-CAR T cells were quantified by intracellular staining following PMA

and ionomycin stimulation.

Figure S2. Adenosine cannot support T effector cells proliferation and function in the
absence of glucose. (A-B) Naive CD8+ T cells from C57BL/6 mice or from human PBMC were
activated by plate-bound anti-CD3 and anti-CD28 antibodies in the indicated conditional media
for 3-5 days. Cell proliferation and cell death of active CD8+ T cells were determined by CFSE
dilution and 7AAD uptake, respectively. Data are representative of three independent experiments.
(C) B16F10 melanoma cells were co-cultured with activated Pmel T cell in the indicated
conditional media, and tumor cell death was evaluated using caspase 3/7 reagent by IncuCyte
ZOOM™ . Error bars represent standard deviation (n=4). **, P =0.007 for 2 mM glucose versus 2
mM Adenosine. Data are representative of two independent experiments. (D) Naive CD8+ T cells
from C57BL/6 mice were activated by plate bound anti-CD3 and anti-CD28 antibodies and
differentiated in the indicated conditional media for 4 days. The indicated proteins were quantified
by intracellular staining following PMA and ionomycin stimulation. (E) LAN-1 cells were co-
cultured with GD2-CAR T cells in the indicated conditional media and cell death of LAN-1 was
monitored using caspase 3/7 fluorescent substrate by IncuCyte ZOOM™ . Error bars represent
standard deviation (n=4). ***  P<0.001 for 2 mM Glucose versus 2 mM Adenosine. Data are
representative of two independent experiments. (F) The indicated effector molecules in GD2-CAR

T cells were quantified by intracellular staining following PMA and ionomycin stimulation.

Figure 2. The ribose moiety of inosine can replace glucose and feed into the central carbon
metabolism in T effector cells. (A) Diagram of [*C.]-inosine or ["C,]-Glucose uptake and
conversion to ribose-1-phosphate (R-1-P) or glucose-6-phosphate (G-6-P), respectively, which

subsequently enters the downstream PPP, glycolysis and Krebs cycle metabolic pathways.
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¢denoted the uniformly “C label positions of the ribose moiety of inosine and all carbons of
glucose. (B-C) Active human T cells were incubated in [*C,]-Glucose (GlIc) or [*C.]-ribose-inosine
(Ino) for 24 h, extracted as described in methods, and analyzed for PPP metabolites (B) and
glycolytic/Krebs cycle metabolites (C) by IC-UHR-FTMS. Glc6P: glucose-6-phosphate; R1P:
ribose-1-phosphate; R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate; Sed7P: sedoheptulose-
7-phosphate; Gly3P: glyceraldehyde-3-phosphate; Ery4P: erythrose-4-phosphate; GOPDH:
glucose-6-phosphate dehydrogenase; TK: transketolase; TA: transaldolase; Fruc6P: fructose-6-
phosphate; oKG: o—ketoglutarate; Glu-GSH: glutamyl unit of glutathione; PDH: pyruvate
dehydrogenase; PCB: pyruvate carboxylase; ME: malic enzyme; @: :C; @: »C derived either from
the PDH or PCB-initiated Krebs cycle reactions, or from the reverse ME reaction. Solid and dashed
arrows represent single- and multi-step reactions, single and double-headed arrows refer to
irreversible and reversible reactions, respectively. Numbers in the X-axis represent those of “C

atoms in given metabolites.

Figure S3. Inosine does not support T effector cell proliferation by enhancing glutamine and
fatty acids catabolism or through purine nucleotide salvage.

(A) Naive CD8+ T cells from C57BL/6 mice were activated by plate-bound anti-CD3 and anti-
CD28 antibodies in complete media for 24 h, then the cells were switched to indicated conditional
media and were cultured for 24 h. Metabolic fluxes of glutaminolysis and fatty acid 3-oxidation
(FAO) were measured by the generation of “CO. from [U-+C]-glutamine and *‘H.O from from [9,
10--H]-palmitic acid, respectively. Error bars represent standard deviation from the mean of
triplicate samples. Data are representative of two independent experiments. (B) Naive CD8+ T
cells from C57BL/6 mice (upper) and human PBMC (lower) were activated by plate-bound anti-
CD3 and anti-CD28 antibodies in complete media for 24 h, then cells were switched to indicated
culture condition for 3-5 days. Cell proliferation of active CD8+ T cells was determined by CFSE
dilution. Data are representative of two independent experiments. (C) Diagram of inosine uptake
and breakdown into ribose-1-phosphate (Ribose-1-P) and hypoxanthine, entering central carbon
catabolism and the purine nucleotide salvage pathway, respectively. (D) Naive CD8+ T cells from
C57BL/6 mice were activated by plate-bound anti-CD3 and anti-CD28 antibodies for 24 h, then

cells were switched to indicated conditional media for 72 h. Cell proliferation and cell death were
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determined by CFSE dilution (upper) and 7AAD uptake (lower), respectively. Data are

representative of three independent experiments.

Figure 3. The purine nucleoside phosphorylase (PNP) is required for inosine-dependent
mouse T effector cell proliferation and effector functions.

(A) Diagram of purine nucleoside phosphorylase (PNP) inhibitor Foroesine (Foro) in blocking the
breakdown of inosine into hypoxanthine and R-1-P. (B) PNP protein and mRNA expression levels
in mouse T cells at the indicated time points upon activation by plate-bound anti-CD3 and anti-
CD28 antibodies were determined by immunoblot (upper) and qPCR (lower), respectively. *
indicates a nonspecific band recognized by PNP antibody. Error bars represent standard deviation
from the mean of triplicate samples. Data are representative of two independent experiments. (C)
Activated mouse T cells were incubated without glucose (background), with glucose or with
inosine, as well as in combination with increased concentrations of Foro (0.1 uM, 0.5 uM, and 2
uM) for 24 h, followed by Biolog redox dye mix MB incubation and measured
spectrophotometrically at 590 nm. (D) Naive CD8+ cells from C57BL/6 mice were activated by
plate-bound anti-CD3 and anti-CD28 antibodies in complete media for 24 h, then the cells were
switched to the indicated conditional media in combination with 2 uM Foro for 72 h. Cell
proliferation and cell death were determined by CFSE dilution (upper) and 7AAD uptake (lower),
respectively. Data are representative of three independent experiments. (E) BI6F10 tumor cells
were co-cultured with activated Pmel T cells in the presence of inosine with or without Foro, and
tumor cell death was evaluated using caspase 3/7 reagent by IncuCyte ZOOM™ . Error bars
represent mean + SD (n=4). **, P<0.01 for 2 mM Inosine versus 2 mM Inosine + 2 uM Foro. Data
are representative of two independent experiments. (F) Naive CD8+ T cells from C57BL/6 mice
were activated by plate bound anti-CD3 and anti-CD28 antibodies and differentiated in the
indicated conditional media with or without 2 pM Foro for 4 days. The indicated proteins were
quantified by intracellular staining following PMA and ionomycin stimulation. Data are

representative of three independent experiments.

Figure S4. The purine nucleoside phosphorylase (PNP) is required for inosine-dependent

human T effector cell proliferation and effector functions.
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(A) Activated human T cells were incubated without glucose (background), with glucose or with
inosine in combination with increased concentrations of Foro (0.1 uM, 0.5 uM, and 2 uM) for 24
h, followed by Biolog redox dye mix MB incubation and measured spectrophotometrically at 590
nm. (B) Naive CD8+ T cells from human PBMC were activated by plate-bound anti-CD3 and anti-
CD28 antibodies in the indicated conditional media with or without 2 uM Foro for 5 days. Cell
proliferation and cell death of active CD8+ T cells were determined by CFSE dilution (upper) and
7TAAD uptake (lower), respectively. Data are representative of three independent experiments. (C)
LAN-1 cells were co-cultured with GD2-CAR T cells in the presence of inosine with or without
Foro and cell death of LAN-1 was determined by using caspase 3/7 fluorescent substrate with live
cell imaging analysis (IncuCyte ZOOM™ ). Error bars represent standard deviation (n=4). ***,
P<0.001 for 2 mM Inosine versus 2 mM Inosine + 2 uM Foro. (D) The indicated proteins were
quantified by intracellular staining following PMA and ionomycin stimulation. Data are
representative of three independent experiments. (E) Human T cells from human PBMC were
activated by plate-bound anti-CD3 and anti-CD28 antibodies for 2 days. Activated human T cells
were electroporated with scrambled siRNA or PNP siRNA using Neon system and cultured for 2
days. PNP protein expression levels were determined by immunoblot (left). Cells were then
incubated without glucose (background), with glucose or with inosine for 24 h, followed by Biolog
redox dye mix MB incubation for 2 h and measured spectrophotometrically at 590 nm (right). (F)
Proliferation curves of human T cells transfected with scrambled siRNA (upper) or PNP siRNA
(lower) cultured in the indicated conditional media were determined by counting cell number daily.
Error bars represent standard deviation (n=3). **, P<0.01 for 2 mM Glucose versus 2 mM Inosine

in PNP siRNA transfected cells (lower). Data are representative of three independent experiments.

Figure 4. PNP inhibitor forodesine suppresses inosine catabolism in T effector cells.

(A) Diagram of PNP inhibitor Forodesine (Foro) blocking the catabolism of [*C.]-inosine into R-
1-P and its subsequent entrance into the PPP, Glycolysis and Krebs cycle. ¢ denoted the uniformly
»C label positions of the ribose moiety of inosine. (B-C) Active human T cells were incubated in
[*C.]-Ino with or without Foro for 24 h, extracted, and analyzed as described in methods for PPP
metabolites (B) and glycolytic/Krebs cycle metabolites (C) by IC-UHR-FTMS and by 1D HSQC

NMR for inosine. All symbols and abbreviations are as described in Figure 2. Numbers in the X-
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axis represent those of “C atoms in given metabolites. Values represent mean + SEM (n=3). *, **,

*Fk% and ***** denote p values <0.05,0.01,0.001, and 0.00001, respectively.

Figure S5. PNP inhibitor forodesine blocks “C incorporation from [-C.]-ribose-inosine into
central metabolites but has little effect on [~C,]-glucose catabolism

The same experiment as in Figure 4 was performed for active human T cells + Foro in the presence
of [*C]J-inosine or [*C,]-Glc for 24 h. The polar extracts from both tracer experiments were
analyzed by 1D HSQC NMR for “C abundance (spectra as shown). Selected metabolites were
quantified as “C pmoles/g protein using the N-methyl resonance of phosphocholine (NMe-
PCholine) as an internal standard, which are shown as bar graphs for the [*C,]-inosine (A) and
[*C.]-glucose tracer (B) experiments. Values are average + SEM (n=3). Dashed line denotes the
expected peak position of the H1-glucose resonance of glycogen. The proton resonances used for
quantification were: “C.-Lac/Ala — the H3 resonances of lactate/Ala; “C-Gluta — the H4-Glu
resonance of GSH + GSSG with minor contribution of H2,5 resonance of citrate; *C-Ino, "C-Glu,
»C-Asp, "C-AXP, and “C-UXP — HI1’, H4, H3, and H1  resonances of inosine, Glutamate,

Aspartate, and adenine/uracil nucleotides, respectively.

Figure 5. Transformed cells display diverse capacity to utilize inosine as a carbon source.

(A) HeLa cell growth curves in the indicated conditional media were determined by live cell
imaging analysis (IncuCyte ZOOM™ ). Error bars represent mean + SD (n=4). ***  P<0.001 for 2
mM Inosine versus Glucose free. Data are representative of three independent experiments. (B)
LAN-1 cells were cultured in the indicated conditional media and cell growth curves were
monitored and analyzed by IncuCyte ZOOM™ . Error bars represent mean + SD (n=4). ***,
P<0.001 for 2 mM Glucose versus 2 mM Inosine. Data are representative of three independent
experiments. (C-D) HeLa cells were incubated with [*C,]-Glc or [*C,]-Ino for 24 h, extracted as
described in Methods, and analyzed for PPP metabolites (C) and glycolytic/Krebs cycle
metabolites (D) by IC-UHR-FTMS, respectively. All symbols and abbreviations are as described
in Figure 2. Numbers in the X-axis represent those of “C atoms in given metabolites. Values

represent mean = SEM (n=3).

Figure S6. Transformed cells display diverse capacity to utilize inosine as a carbon source.
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(A) The indicated cell lines were cultured without glucose (background), with glucose or with
inosine, and cell growth curves were monitored by live cell imaging analysis (IncuCyte ZOOM™).
Cell confluences of the indicated cell lines cultured with glucose at 72-96 h were set to 100%.
Error bars represent mean + SD (n=4). **, P<0.01 and ***, P<0.001 for Glucose versus Inosine,
respectively. (B) HeLa cells were incubated without glucose (background), with glucose or with
inosine, as well as in combination with increased concentrations of Foro (0.1 uM, 0.5 uM, and 2
uM), and cell growth was monitored by live cell imaging analysis (IncuCyte ZOOM™ ). The
confluences of HeLa cells cultured with glucose at 60 h were set to 100%. Error bars represent
mean + SD (n=4). Data are representative of two independent experiments. (C) HeLa cells were
transfected with scrambled siRNA or PNP siRNA for 3 days. Cells were then switched to media
without glucose (background), with either glucose or inosine, and cell confluence was determined
by live cell imaging analysis (IncuCyte ZOOM™ ). The confluences of HeLa cells in the presence
of glucose at 96 h were set to 100%. Error bars represent standard deviation from mean of
quadruplicate samples (left). PNP protein expression levels were determined by immunoblot

(right). Data are representative of two independent experiments.

Figure 6. Inosine supplement enhances immunotherapy in targeting solid tumor.

(A) Murine melanoma xenograft model was established in C57BL/6 mice by subcutaneously
inoculation of B16F10 tumor cells. The indicated experimental mice were treated with IgG control
(i.p atday 1,4 and 7), inosine (oral gavage every day), anti-PDL1 antibody (i.p. atday 1,4 and 7),
and anti-PDL1 antibody (i.p. at day 1, 4 and 7) + inosine (oral gavage daily). Tumor size and mice
survival were monitored. Error bars represent mean + SEM (n=10). ***_  P<0.001 for anti-PDL1
versus anti-PDL1+Inosine (left). **, P=0.0018 for anti-PDL1 versus anti-PDL1+Inosine (right).
Data are representative of two independent experiments. (B) C57BL/6 mice were injected (s.c.)
with B16F10 melanoma cells and sublethally irradiated (500cGy) at day 6 after tumor cell
inoculation. One day later, mice were i.v. injected with activated Pmel CD8+ T cells (4x10
cells/mouse). Mice were administered with Inosine 300 mg/kg/day by oral gavage from day 8 to
20. Tumor size and mice survival were monitored. Error bars represent mean + SEM (n=10). **,
P=0.0091 for Pmel versus Pmel+Inosine (left). ***, P<0.001 for Pmel versus Pmel+Inosine (right).
Data are representative of two independent experiments. (C) Human neuroblastoma xenograft

model was established in NSG mice by subcutaneously inoculation of LAN-1 neuroblastoma cells.
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The indicated experimental mice were treated with control (PBS i.v. at day 6 when tumors reach
100-150 mnr), inosine (300 mg/kg oral gavage daily starting from day 6), GD2-CAR-T cells
(8x10r cells/mouse i.v at day 6 when tumors grow to 100-150 mm), and GD2-CAR-T cells (8x10¢
cells/mouse i.v at day 6 when tumors grow to 100-150 mmr) + inosine (300 mg/kg oral gavage
daily starting from day 6), respectively. Tumor growth and mice survival were monitored. Error
bars represent mean = SEM (n=16). ***  P<0.001 for CAR-T versus CAR-T+Inosine (left). *,
P<0.05 for CAR-T versus CAR-T+Inosine (right). Data are representative of two independent

experiments.

Figure S7. Inosine supplement prolongs CAR-T cell proliferation and survival in tumor
environment. (A) Murine melanoma xenograft model was established in C57BL/6 mice by
subcutaneously inoculation of B16F10 tumor cells. T cell infiltration in tumor was monitored at
indicated time by flow cytometry after surface staining of anti-CD45, anti-CD3 and anti-CD8
antibodies. Gating strategy for flow cytometry analysis of leucocytes (CD45+), T cells (CD3+),
and effector T cells (CD3+CD8+) (top panel); Values represent mean + SEM (n=3). *, P< 0.05 for
anti-PDL1 versus anti-PDL 1+ inosine and **, P< (0.001 for Control versus anti-PDL1. (B) Human
neuroblastoma xenograft model was established in NSG mice by subcutaneously inoculation of
LAN-1 neuroblastoma cells, followed by i.v. administration of GD2-CAR-T-Luciferase cells only
or in combination with oral gavage of inosine (300 mg/kg/day) when tumor grow to 4-6 mm in
diameter. T cell infiltration in tumor was monitored at indicated time by IVIS imaging. Error bars
represent mean + SEM (n=5). **, P< 0.01 for CAR-T only versus CAR-T + inosine at Day 7.

Data are representative of two independent experiments.
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Figure 6. Inosine supplement enhances immunotherapy in targeting
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d tumor.
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