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Tumor-infiltrating immune cells experience significant metabolic
reprogramming in the tumor microenvironment (TME), and they share
similar metabolic pathways and nutrient needs with malignant cells. This
positions these cell types in direct nutrient competition in the TME. We
currently lack a complete understanding of the similarities, differences, and
functional consequences of the metabolic pathways utilized by activated
immune cells from different lineages versus neoplastic cells. This study
applies a novel in situ approach using implantable microdevices to
expose the tumor to 27 controlled and localized metabolic perturbations
in order to perform a systematic investigation into the metabolic regulation
of the cellular fitness and persistence between immune and tumor cells
directly within the native TME. Our findings identify the most potent
metabolites, notably glutamine and arginine, that induce a favorable
metabolic immune response in a mammary carcinoma model, and reveal
novel insights on less characterized pathways, such as cysteine and
glutathione. We then examine clinical samples from cancer patients to
confirm the elevation of these pathways in tumor regions that are
enriched in activated T cells. Overall, this work provides the first instance
of a highly multiplexed in situ competition assay between malignant and
immune cells within tumors using a range of localized microdose metabolic
perturbations. The approach and findings may be used to potentiate the
effects of T cell stimulating immunotherapies on a tumor-specific or
personalized basis through targeted enrichment or depletion of specific
metabolites.
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1 Introduction

The alteration of cellular metabolism is a well-known
determinant of cancer progression (Pavlova and Thompson,
2016). This phenotype is needed to sustain viability and
anabolic demand due to high proliferation rates. Moreover,
to meet the requirements of rapid growth, metabolic rewiring
has a profound impact on the biochemical composition of the
(TME),
depletion, variation of physiological pH, hypoxia and

tumor microenvironment leading to nutrient
oxidative stress, which directly influence the recruitment
and activity of tumor infiltrating lymphocytes (TIL) (Leone
and Powell, 2020). Given the advancement of cancer
immunotherapy, including immune checkpoint blockade
inhibitors and chimeric antigen receptor T cells (CAR-
T cells), a deep understanding of metabolic perturbation in
the TME, as well as the metabolic competition between tumor
cells and immune cells, are essential for preventing cancer
immune evasion and ultimately developing improved
combination treatments.

Tumors are known to be heterogeneous tissues composed of
diverse cell types, with spatially distinct, and biologically and
chemically diverse microenvironments, in which the interaction
between malignant cells and immune cells is a key determinant of
cancer progression (Egeblad et al, 2010). The immune
population in tumors is composed of a range of cell types
(Fridman et al, 2017) of which T-cells have become a
primary target
widespread use of checkpoint inhibitors in clinical oncology

for intervention through approval and
(Waldman et al., 2020). Functionally, T-cells are classified into
two categories: either for being able to exert an antitumor
response (effectors), or for being tumor permissive and
promoting an immunosuppressive microenvironment. Effector
immune cells belong to both the innate and adaptive responses of
the immune system. Amongst the adaptive system, CD8" T
cells are crucial for direct, antigen-specific, tumor cell killing
through apoptosis induction and inflammatory cytokine
secretion. Similarly, the immunosuppressive population is
composed of cells belonging to both immune system
branches, in which CD4+FOXP3+ T, cells constitute the
lymphoid compartment. These cells have the physiological
role of dampening the immunity response, but in the tumoral
tissue they prevent the effectiveness of the antitumor action of the
effector cell population.

Different immune cells can have very specific metabolic
pathway regulation and critical metabolite dependencies,
according to their state and function (Patel et al., 2019). Some
of the major players in the metabolic machinery relevant for
T cell activity include glucose and glycolysis, amino acids,
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tricarboxylic acid (TCA) cycle, lipids, and reactive oxygen
species (ROS).

Current efforts in cancer immunometabolism have sought
to understand how to address the differential metabolic
requirements comparing effector T cells and tumor cells.
However, these two populations share broad similarities in
their metabolic phenotype (Andrejeva and Rathmell, 2017),
leading to inevitable nutrient competition in the TME which is
exacerbated by poor vascularization, as has been shown for
glucose consumption (Chang et al., 2015). Specifically, a lack
of glucose has been shown to dampen the inflammatory
signaling mediated by mTOR and IFN-y in the CD8"
population, leading to tumor progression (Chang et al,
2015) The glycolytic pathway is historically known to be
typically high in proliferating cells(Warburg, 1956), and
more recently analysis obtained from patient data reported
an inverse correlation comparing upregulation of glycolysis
genes in the tumor and T cell infiltration (Cascone et al,
2018). Moreover, metabolic waste compounds, such as lactate,
the byproduct of intense glycolysis, has been shown to
influence T.g cells activity and infiltration, modulating the
immune response in favor of cancer progression (Cascone
et al.,, 2018). Indeed, high lactate levels and overexpression of
the enzyme lactate dehydrogenase (LDHA) in the TME can
suppress CD8" cell proliferation, survival, cytokine secretion
and cytotoxicity (Fischer et al,, 2007; Brand et al.,, 2016).
However, more recent works have highlighted other
interesting roles of lactate in CD8+: an in vivo study has
shown how lactate injection can increase stemness like
features, increasing antitumor activity via the inhibition of
histone deacetylase (Feng et al., 2022) and the mitochondrial
pyruvate carrier has been linked to the maintenance of lactate
oxidation to support antitumor function in CAR-T cells
(Wenes et al., 2022). Overall, the role of lactate in tumor
response is complex, and function may vary depending on
tumor model and method of study.

Other metabolites can substantially influence persistence
and function of the lymphocyte. Some of the most important
are amino acids and their byproducts, which are crucial for
incorporation into cellular biomass. Similarly to cancer cells,
highly active T cells rely on amino acid metabolism to sustain
intense protein and nucleotide synthesis. As such, the
expression of several transmembrane transporters is highly
upregulated upon T cell activation (Ren et al., 2017), sustained
by the mTOR and MYC signaling pathway (Wang et al., 2011).
Arginine constitutes a good example of an essential metabolite
for correct T cell response, deprivation of this semi essential
amino acid can lead to cell cycle arrest (Rodriguez et al., 2007).
Arginine is the precursor for several molecules, including
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creatine and polyamine (Patel et al., 2019), and its
supplementation improves T cell fitness and antitumor
activity in vivo (Geiger et al,, 2016). Tryptophan, is another
amino acid with a central role in the immune system
regulation. Kynurenine, has a physiological
immunosuppressive role which can be exploited by cancer
cells (Routy et al., 2016). Overexpression of indoleamine 2,3-
dioxygenase (IDO) in the TME may lead to the suppression of
the T cell antitumor response, depleting tryptophan and
substituting it with kynurenine (M. Liu et al., 2018).
Glutamine is a highly studied amino acid in proliferating
cells, given its contribution to both the carbon skeleton and
nitrogens, to synthesis of amino acids, nucleic acids and lipids
(Altman et al., 2016), through a process that replenish the
(TCA) called

anaplerosis. Both cancer cells and active T cells can be

tricarboxylic  acid cycle intermediates
glutamine avid (Carr et al., 2010). In active T cells the
expression of glutamine transporter (ASCT2, also called
SLC1A5) is heavily upregulated to sustain the demand for
this amino acid (Nakaya et al., 2014). Intriguingly, T cells are
not strictly dependent on glutamine for their functionality,
instead, TILs that undergo glutamine blockade are capable to
overcome the potential stress condition upregulating pyruvate
carboxylase (PC) (Leone et al, 2019). However, this
phenotype can also be observed in cancer cells in vitro and
in vivo (Cheng et al., 2011), suggesting that chronic
suppression of glutamine metabolism can be efficient if PC
activity is not upregulated in response. Lastly, the amino acid
cysteine which is typically provided by macrophages and/or
dendritic cells (DC) has also been shown to be essential for
T cell survival, specifically in the TME.

With such a wide range of metabolic pathways and nutrient
requirements shared between cancer cells and T-cells in the
TME, the fundamental question remains as to how changes in
the levels of key metabolites in the TME will impact the
proliferative balance of these competing cell types. Most
studies characterize the T cell sensitivity to a given molecule
through in  wvitro

experiments

(typically by media
supplementation or depletion) or via in vivo dosing,
performed either with systemic administration or localized
injection. Available in vitro and ex vivo systems have proven
useful for investigating specific mechanistic questions, but the
wide range of cell types that are present in a live tumor, and
their spatial and temporal interdependence, cannot be recreated
faithfully outside of the body as metabolite or gene expression
levels change rapidly when tissue is removed from its native
environment in the organism, leading to very different observed
phenotypes (Davidson et al., 2016). Systemic dosing studies are
difficult to conduct due to delivery challenges associated with
selectively altering nutrient levels in tumors, and regional
tumor heterogeneity (for instance, varying T-cell density at
baseline) lowers the signal-to-noise ratio in whole tumor
studies.
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This study uses intratumor implantable microdevices to
deliver locally and precisely tuned quantities of metabolites to
confined regions of the tumor, in order to examine how the
relative proliferation of tumor versus immune cells is altered
in response to an increase in these nutrients. We then use a
panel of targeted metabolic inhibitors to create local niches in
the tumor with depressed levels of key metabolites, such that
both an increase and a decrease in key metabolic pathway
activity is examined. The study represents the first instance of
delivery of 15 metabolites and 12 metabolic inhibitors in situ
and in parallel within the same tumor, focusing on how local
nutrient enrichment and depletion control the balance of T.¢
cells and T, cells within the TME, aiming to characterize
which perturbations are significant for both adaptive immune
responses, and further delineating a specific signature typical
of each T cell lineage.

2 Methods
2.1 Animal model

Institutional animal care and use committee (IACUC)
approval was obtained. Murine spontaneous PyMT (Lin
et al., 2003) (breast cancer) tumors were used for this
study. Tumors were grown to 7-8 mm maximal diameter
prior to microdevice insertion. Microdevices preloaded with
drug and assay were directly inserted into live tumoral tissue.
After the microdevice implantation, the preloaded microdoses
of drugs passively diffused into spatially discrete tissue
regions. Devices remained in situ for 7 days.

2.2 Implantable microdevice

Implantable drug delivery devices were manufactured as
described previously (Jonas et al, 2015). In short, cylindrical
microscale devices with dimensions 750 um (diameter) x 6 mm
(length) were manufactured from medical-grade Delrin acetyl
blocks  (DuPont) by (CNC
Micromachining Center). Circular reservoirs (18 per device)

resin micromachining
were shaped on the outer surface of devices with dimensions
200 um (diameter) x 250 um (depth). 1-2 IMD can be inserted
into the tumoral tissue.

The implantable screening microdevice (IMD) remains in
the tumor for 7 days, where metabolites are released into a
confined region of tissue adjacent to each reservoir. The tumors
are processed for histological staining on several single fixed
embedded (FFPE)
corresponding to up to two drug delivery areas, thus allowing

paraffin tissue sections, each one
multiple quantitation of different cell types. This process allows
performing single cell segmentation on a non-dissociated tissue,

in which the spatial architecture is preserved.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1032360

Valvo et al.

2.3 Metabolites, drugs, and cytokines
formulation

Drugs for this study were purchased in solid powder form
Selleck Chem, Houston, TX, United States (BPTES,
Sulfasalazine, Rapamycin A769662, SnMP, P7C3,
Etomoxir, BSO, GSK2194069). AGI15280, AGI-519 and
GNE-140 were purchased from Adooq Bioscience. All
metabolites were purchased in solid powder form from
Sigma-Aldrich.

Drugs and metabolites were formulated with 8,000 g/mol
molecular weight polyethylene glycol (PEG) (Polysciences, Inc.)
into a 25% w/w drug-PEG-8000 composite powder and were
loaded into micro-reservoirs as described in (Jonas et al., 2015).
Drugs are chosen based on specific role in the immune and/or
cancer metabolism.

2.4 Tumor tissue preparation

Mice are euthanized by CO, exposure. Tumor tissues are
immersed in 10% formalin for 48 h and placed into 70% EtOH
before standard paraffin processing.

Multiple paraffin-processed samples are embedded in a
paraffin block and sectioned on a standard microtome. At the
first reservoir level of the IMD (identifiable by visual
confirmation) serial sections of 6pum thickness are
collected. Sectioning continues until the next IMD reservoir
level is reached, where more sections are collected. This
process continues until sections from all IMD levels are
obtained.

2.5 Multi-color immunofluorescence
staining and imaging

Prior to staining, antigen retrieval/Quench (Leica
Biosystem, RE7113-CE, PH6 or PH9) was performed in the
microwave for 10-30min (Microwave research and
applications Inc. Model: BP-093). Tumor sections are
deparaffinized in a dry incubator for 30min at 60°C
(BOEKEL Scientific) and subsequently immersed with
xylene solution following gradient ETOH solution for
5min. The tumor sections are incubated with primary
antibodies for 30 min at room temperature. Tumor sections
are washed three times with TBST solutions and incubated
with Novacastra polymer (Leica Biosystem, Cat. # RE7101-
CE) for 10 min. After that, sections are washed with TBST
buffer and peroxidase blocking solution is applied (Leica
Biosystem, Cat# RE7101-CE). For multicolor staining, we
incubated Alexa fluorophore for 30 min.
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Slides were then rinsed with TBST buffer, followed by
antigen retrieval/quench in microwave for multi-color
staining for 10-30 min. Continuously, slides were treated
with other antibodies and rinsed in DI water for 20 min.
After that, the tumor sections were mounted with diamond
mounting media and placed on an automated fluorescent slide
scanner (Leica Aperio Versa) for imaging. Image analysis was
performed according to (Ahn et al.,, 2021). The analysis has
been optimized to maximize the signal/noise ratio. The drug
diffusion areas in the tissue (ROI), have been expanded up to
1,200 pm from the device and have been divided in four sub-
ROIs, each at a depth of 300 um. This strategy allows to
exclude potential false positive or tissue damages that could
prevent a correct quantification of the marker positive cells,
which is particularly relevant in this setting, being T cells not
extremely abundant in the PyMT tumors. Internal controls are
the empty reservoirs in the same IMD.

2.6 Statistical analysis

The data were analyzed using Prism 9 (GraphPad,
United States). Data were reported as the mean + S.E.M.
and a p-value less than 0.05 was considered as statistically
significant. Comparisons between two groups were made
using two-tailed unpaired Student’s t tests. In the Pathway
Enrichment Analysis p values have been adjusted for multiple
comparisons. The number of mice used for each group was
calculated to achieve a power of 90% resulting in n = 4-6 per

group.

2.7 MALDI imaging experiments

The tumors used for MALDI imaging were snap frozen
upon retrieval. Tissue was sectioned using a standard
cryotome, and tissue slices of 20 pm in thickness. Samples
were cryosectioned at 14 um and thaw mounted on glass
slides; serial sections were analyzed. The orientation of the
specimens was shifted for serial sections analyzed in positive
versus negative ion mode, with device location used to orient
the sample in each serial section. Slides were then coated with
HCCA (7mg ml-1; 50% methanol, 0.1% TFA) or 9-
aminoacridine (10 mg ml-1; 70% ethanol, 0.1% TFA) using
a TM sprayer (HTX Technologies). Serial sections were
prepared for imaging analysis in both positive and negative
ion modes on a 7T solariX-XR FTMS (Bruker) equipped with
a dual ESI/MALDI source, a SmartBeam II 2-kHz Nd:YAG
(355-nm) laser and paracell. Samples were analyzed with a
raster width of 125 um in positive ion mode and 100 pm in
negative ion mode in the mass range of 80-2,000 m/z at an
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Loading
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Polietilenglicol (PEG) matrix.

Delivery

Multiplex staining & Image analysis:
Cell segmentation a and quantification
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FIGURE 1

Device implanted in the
tumor via biopsy needle

10.3389/fcell.2022.1032360

Dosing
Device releases drug
microdoses inside the tumor

l

Embedding and sectioning
Tumors embedded in paraffin and sectioned

600-900 pm
900-1200 um

300-600 pm

(A) Schematic representation of the experimental pipeline showing the different steps from IMD preparation to image analysis. (B) Image
analysis workflow: drug release reservoirs are identified and ROlIs are divided in 4 parts with 300 um depth each.

acquisition ~ size of 2MW. Images  contained
7,200-10,500 pixels. Data were visualized, and co-
registration of H&E images was performed using

FlexImaging 4.1. Compound identifications were made on
the
expected mass) and isotopic peak matching.

basis of accurate mass (<1 ppm difference from
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2.8 Spatial transcriptomics

The GeoMx platform (Nanostring, Seattle United States)
was utilized to quantify spatial gene expression from FFPE
lung tissue sections. After preparation of the sections
(baking, antigen retrieval, blocking), a multi-plex cocktail
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TABLE 1 Metabolites delivered with the bio microdevice in the MMTV-PyMT mice tumors.

Metabolite

Role in cancer-Immuno-metabolism

10.3389/fcell.2022.1032360

Methods of study

Arginine

Cysteine

Glutamine

Methionine

Kynurenic Acid

Tryptophan

Amino Acid/Amino Acid metabolism
product

High level enhances T cell antitumor response
Geiger et al. (2016), T cell are more sensitive to its
depletion in the TME Crump et al. (2021)

Necessary for T cell activation Garg et al. (2011);
Srivastava et al. (2010) and for anti-tumor response
Lancien et al. (2021) limiting metabolite for
glutathione synthesis Gmiinder et al. (1990)

In vitro and in vivo through oral administration

In vitro/ex vivo

Uptake increases upon T cell activativation (Carr
etal. (2010), and it’s essential for the inflammatory
response Nakaya et al. (2014)

Cancer cells and CD8" T cells compete for the
uptake. Supplementation favors anti-tumor
immunity Bian et al. (2020)

Catabolism product of tryptophan, generated
through the activity of Indoleamine 2,3-
dioxygenase 1 (IDO1) Labadie et al. (2019). Favors
a tumor permissive microenvironment with PD-1
expression Liu et al. (2018) and CD4" exhaustion
Rad Pour et al. (2019)

In vitro and In vivo through labeled infusion

In vitro and In vivo through intra-tumor
injection

In vitro and In vivo through i.p. injection

Essential for T cell proliferation and activity Munn
et al,, (1999)

In vitro/ex vivo

Adenosine

Uridine

ATP

MTA

Nucleoside/Nucleotide

Captured by the A2A receptor suppresses
antitumor T cells Leone et al. (2018); Ohta et al.
(2006)

In vitro/ex vivo

Released with other pyrimidines by Tumor
Associated Macrophages (TAM), impairs
chemotherapy efficacy Halbrook et al., (2019)

In vitro/ex vivo

Extracellular ATP is converted in adenosine by
receptors highly expressed by T, Deaglio et al,
(2007), mediating immune suppression

Induces T cell exhaustion and inhibits CD8"
antitumoral activity Henrich et al. (2016); Hung
et al. (2021); Strobl et al. (2020)

In vitro/ex vivo

In vitro/ex vivo

Hemin

Porphyrin

Inducer of heme oxygenase-1 (HO-1). Induce T cell
antitumor response in prostate cancer Jaworski
et al. (2017). Conversely, promotes
immunosuppressive programs in TAM Alaluf et al.
(2020)

In vitro and In vivo through sub cute injection

Palmitate

Fatty Acid

Relevant for metabolism of T\, which rely both on
glycolysis and fatty acids for oxidative processes
Pacella et al., (2018)

In vitro and In vivo through i.p. injection

Sodium Pyruvate

Sodium Lactate

Itaconate

Glycolysis & Tricarboxylic Acid (TCA) Cycle

Crossroad metabolite between Glycolysis and TCA.
In vivo Teg cells display preference for TCA vs. the
glycolytic phenotype Ma et al., (2019)

In vitro/In vivo through labeled glucose
infusion

Suppression of proliferation and cytotoxic function
of CD8" T cells Fischer et al. (2007). Inhibition of
immune surveillance in tumors Brand et al. (2016)

Anti-inflammatory effects in macrophages
Lampropoulou et al. (2016) and positively
associated with tumor permissive immune response
Weiss et al. (2018)

In vitro/ex vivo

In vitro/ex vivo

of profiling antibodies barcoded with photocleavable and
uniquely indexed oligonucleotides were incubated on the

tissues.
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Regions of interest (ROIs) on FFPE slides were selected based
on their positive index ratio of CD8" positive cells/nuclei. After

ROI selection, the GeoMx was used to UV-photocleave and
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ITACONATE

CYSTEINE CTRL

F
SODIUM PYRUVATE CTRL

(A,C,E) Quantification of CD3*, CD8* and FOXP3+ abundance in the corresponding region of each metabolic perturbation. Values are the Log,
of the fold change normalizing the number of positive cells detected in the ROI vs. positive cells in the control region of the same tumor. p-values
indicate comparison between signal intensities at each drug site compared to Control (*p < 0.05, **p < 0.005) (B,D,F) Representative images showing

the IF/IHC staining on the tumor sections

collect oligonucleotides from the profiling antibodies staining the
tissue, which were then deposited into a 96 well collection plate.
Each ROI was illuminated independently to enable spatially
resolved data acquisition. Oligonucleotides were then
hybridized to fluorescent barcodes and quantified with the

nCounter (Nanostring) Analysis System. The raw digital counts

Frontiers in Cell and Developmental Biology

for the oligonucleotides were calibrated for oligo-barcode binding by
the GeoMx. The data was then normalized to spike-in positive
controls to assess data quality. The calibrated and spike-in
normalized expression data was then normalized at a per ROI
level to the geometric mean of the target group to enable the study of
downstream differential expression.
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3 Results

3.1 Metabolic perturbation of the tumor
microenvironment identifies nutrients
favorable for specific T cell populations

We developed an experimental pipeline to dissect specific
metabolite perturbation of the TME in a murine breast cancer
model (Figure 1). We used an implantable screening microdevice
(Jonas et al., 2015; Davidson et al., 2017) to evaluate the influence of
each molecule of interest on different T-cell populations through
multiplex immunohistochemistry (IHC)/immunofluorescence (IF)
on tissue sections. To perform our initial screening, we chose
15 metabolites belonging to the major macromolecule classes
already known to either promote or inhibit immune cell
response, specifically in the TME (Table 1). We stained for some
of the most important markers of the T cell population: CD3 (for all
T cells), CD8 (for Teg cells) and FOXP3 or T,
conducted in the oncogene driven immunocompetent MMTV-

cells). Studies were

PyMT (mouse mammary tumor virus-polyoma middle tumor-
antigen) breast cancer mouse model, characterized by late stage
spontaneously growing tumors (Guy et al, 1992). MMTV-PyMT
mice spontaneously develop mammary tumors that closely
reproduce the progression and morphology of human breast
cancers. Moreover, these tumors have been shown to elicit a
robust host immune response, with detection of resident
lymphoid cells in the TME (Dadi et al., 2016).

Using this approach, we detected distinct effect of specific
metabolites on each of the populations analyzed (Figure 2). The
most notable effects were observed by local enrichment of the amino
acids arginine and cysteine which lead to a statistically significant
higher concentration of the CD8" T cells in the TME in proximity to
the device with an increase of 75%. Conversely, the release of sodium
lactate in the tumor tissue significantly lowers CD8" T cell presence
by 50% compared to the control (Figure 2C, D).

Moderate increases in CD8" T cell density were observed for
methionine, palmitate and ATP, and glutamine and MTA release
led to a decrease. Though none of these changes were statistically
significant compared to the control. Though previous results
obtained from in vitro studies for these molecules have identified
metabolic dependencies, this represents the first direct in situ
comparison of nutrient enhancement on T cell state.

Furthermore, direct release of sodium pyruvate in the TME
favors the persistence of FOXP3+ T cells (60% increase), while
extracellular ATP seems to have an overall negative effect (70%
decrease). The CD3* marker responds positively to the delivery of
glutamine and itaconate (both metabolites induce an increase of
75%). While the metabolic significance of glutamine for T cells has
been widely reported, itaconate has an unknown role in the
lymphoid population and is involved in the anti-inflammatory
phenotype in macrophages. T cells are also negatively regulated
by kynurenic acid, which is in accordance with past studies (Rad
Pour et al., 2019).
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3.2 In situ delivery of metabolic inhibitors
identifies pathways affecting abundance
of different T cell populations

We tested 12 targeted inhibitors that induce well-defined
metabolic perturbations in the TME with the use of drugs
targeting relevant pathways either in the cancer or immune
landscape. When possible, we choose to target similar pathways
observed in the nutrient-delivering device, to gain a deeper
understanding of the importance of a particular metabolites in
situ. Inhibitors (full list in Table 2) were delivered and their effect
on the T cell populations was observed after 7 days of intratumor
exposure (Figure 3). The inhibitor of LDH, GNE-140, significantly
decreases all three T cell markers analyzed (with an average of 75%),
an effect that might be an indicator of general toxicity of the drug
towards lymphoid cells. Rapamycin, a known immunosuppressant
and inhibitor of protein and lipid synthesis mediated by mTOR, was
observed to have a negative effect in situ which was statistically
significant for all markers including CD3. Interestingly, both
glutaminolysis inhibitors (BPTES, and AGI15280) show an
increased amount of CD3* cells in their delivery areas, suggesting
that glutamine in the TME is not needed for anaplerotic processes (to
be converted to glutamate and then to a-ketoglutarate). Moreover, the
glutathione synthesis inhibitor, BSO, decreases both CD3" and CD8"
cells by 50% and 75% respectively, suggesting that tumor infiltrating
lymphocytes are particularly sensitive to glutathione deprivation. This
effect on the redox imbalance is further confirmed by direct treatment
with  SnMP, which negatively impacts CD3* abundance.
GSK2194069, a fatty acid synthesis inhibitor, is the only drug
which creates a favorable condition for FOXP3+ cells, confirming
the metabolic plasticity of T, cells, as opposed to CD8" cells with
antitumor activity. These data demonstrate differential effects on
T cell abundance based on the specific metabolic pathway which was
perturbed, with the most potent agents being those affecting amino
acid metabolism and redox balance.

3.3 Metabolomic analysis in the tumor
microenvironment reveals a unique
metabolic signature specific to the T cell
population

To confirm that the compounds which showed either a positive
or negative effect on the various T cell subpopulations are intrinsically
relevant for the metabolism and persistence of the targeted cell types,
we reversed our approach and created enriched immune cell regions
within tumors which were then analyzed using spatial tumor tissue
metabolomics. First, we reproduced similar biological conditions to
the previous experiments by direct cytokine release (Figure 4A). A
selected group of cytokines (IL-2, IFN-y, CXCL9, ICAM-1, and GM-
CSF) were loaded and released in the PyMT tumors for 7 days, with
the goal of inducing an enriched region of higher immune cell density
around the microdevice area. Following tumor retrieval and frozen
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TABLE 2 Drugs targeting cell metabolism delivered with the bio microdevice in the MMTV-PyMT mice tumors.

Mechanism of action

Methods of
study

Effect on TME (cancer and immune

cells)

BPTES Inhibitor of the non-liver glutaminase isoform (GLS) Inhibits proliferation on cancer cells relying on In vitro and in vivo
Robinson et al. (2007) glutaminolysis Thangavelu et al. (2012)
(mitochondrial conversion of glutamine to glutamate
Curthoys and Watford (1995). Unknown on T cells
AGI15280 Inhibitor of GLS van Gastel et al. (2020) Comparable to BPTES van Gastel et al. (2020) In vitro and in vivo
Sulfasalazine Inhibitor of the x.~ cystine/glutamate antiporter Gout Antitumor activity on cancer cells that cannot In vitro and in vivo
et al,, (2001) synthesize cysteine, such as lymphoma Gout et al.
(2003). Can induce Macrophages M2 polarization in
melanoma Liu et al. (2021) Unknown on anti-tumor
T cells
Rapamycin Immunosuppressant known to bind and inhibit the = Despite mTOR being essential for antitumor CD8" In vitro and in vivo
mechanistic target of rapamycin (mTOR) Sabatini memory T cell development Araki et al. (2009); Li
et al., (1995), which controls several processes in the | etal. (2011), p. 8), systemic treatment with rapamycin
cell, including protein and lipid synthesis Laplante | impairs CD8" response Chaoul et al. (2015). Mouse
and Sabatini, (2012) models with persistent mTOR activation showed
impaired tumor growth Pollizzi et al. (2015)
A769662 Activator of AMP-activated protein kinase (AMPK) Demonstrated synergy with checkpoint blockade In vitro and in vivo

which is a key sensor and regulator of intracellular
and energy metabolism

inhibitors, improving immunotherapy and T cell
anti-tumor activity in mouse models Chamoto et al.
(2017); Dai et al. (2021)

Buthionine Sulfoximine (BSO)

Glutathione synthesis inhibitor Griffith and Meister,
(1979)

Induces macrophages immunosuppressive phenotype In vitro and in vivo
because of higher concentration of reactive oxygen
species (ROS) Roux et al., (2019) Unknown on tumor

infiltrating T cells

P7C3 Activator of the nicotinamide Discovered as a neuroprotective chemical Pieper et al. In vitro and in vivo
phosphoribosyltransferase (NAMPT), involved in (2010), inhibited malignant growth of glioma,
NAD production Wang et al,, (2014) targeting phosphoglycerate kinase 1 (PGK1).Chen
et al. (2021)
SnMP Inhibitor of HO-1 activity Chernick et al., (1989) Inhibits the immune suppression of CD8" T cell by In vitro and in vivo
targeting myeloid HO-1 activity in the TME in
MMTV-PyMT tumors Muliaditan et al., (2018)
Etomoxir Irreversible inhibitor of carnitine palmitoyltransferase Fatty Acid Oxidation (FAO) inhibition blocks In vitro and in vivo
1 (CPT1) Kiorpes et al. (1984) immune inhibitory pathways in myeloid-derived
suppressor cells (MDSC) and promotes antitumor
T cell activity Hossain et al. (2015). In T cells, it has
been shown to induce severe oxidative stress
independent from FAO O’Connor et al. (2018)
GSK2194069 Inhibitor of the p-ketoacyl reductase (KR) activity of = Inhibits cell growth in some cancer cells Hardwicke In vitro
human fatty acid synthase (FAS) Hardwicke et al. et al. (2014), but its effect looks associated with
(2014) general toxicity in other cell lines Singha et al. (2020).
Unknown on immune cells
AGI-519 Pyruvate kinase-R (PKR) activator The molecule has been withdrawn from further In vitro
studies by Agios Pharmaceuticals (Agios Provides
Update on PKR Program)
GNE-140 Lactate dehydrogenase (LDHA and LDHB) inhibitor =~ Slows tumor proliferation on cells relying on aerobic = In vitro and in vivo

Boudreau et al. (2016)

glycolysis. (Boudreau et al. (2016); Zdralevi¢ et al.
(2018)

sectioning, serial tissue sections were analyzed using a dual modality
approach: multiplex IF for immune cell markers and MALDI mass
spectrometry for measuring spatial abundance of 160 metabolites.
Regions of interest (ROIs) with high T cell specific marker abundance
were identified, and each cluster of CD3*, CD8" or FOXP3+
abundance was coupled with a nearby ROI of equivalent area,
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with at least 0.5-fold change cells of the same maker. This allowed
us to directly compare proximate areas of tumor with distinct
immune cell biology (Figure 4B), and extract raw ion counts for
each metabolite quantified in each ROI to obtain a direct comparison
between those TME metabolic conditions favoring immune versus
tumor cell proliferationWe compared 37 matched pairs of adjacent
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(A,C,E) Quantification of CD3", CD8" and FOXP3+ abundance in the corresponding region of each drug perturbation. Values are the Log, of the
fold change normalizing the number of positive cells detected in the ROl vs. positive cells in the control region of the same tumor. p-values indicate
comparison between signal intensities at each drug site compared to Control (*p < 0.05, **p < 0.001 ***p < 0.0001) (B,D,F) Representative images

showing the IF/IHC staining on the tumor sections.

ROIs for CD3, 45 pairs for CD8, and 34 pairs for FOXP3, measuring
relative metabolite abundance and pathway enrichment analysis with
Metaboanalyst, a web-based interface for metabolomics data analysis
(Xia et al,, 2009; Chong et al., 2019; Pang et al., 2021). We determined
that CD8" regions have several pathways significantly enriched,
including, most notably, cysteine, methionine and glutathione
metabolism (Figures 4C, D). These data which were identified
using an unbiased data mining approach, are in agreement with
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our previous findings showing CD8" cells being positively affected by
cysteine delivery and negatively impacted by BSO release in the TME.
CD3" and FOXP3+ analysis did not show statistically significant
pathway enrichment, which might be due to the lower number of
ROIs available for comparison (Supplementary Figures S1A,B).

To further determine the impact of specific T cell states on TME
metabolomics, we plotted single metabolite enrichment for each
marker. We observed that Glutathione and N-acetyl-cysteine
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(NAC), two essential antioxidant molecules, are significantly enriched
in CD8 high ROIs (Figure 5A; Supplementary Figures S2A). On the
contrary, FOXP3 high ROIs showed higher citrate, which is
implicated in TCA and fatty acid metabolism, and lower
abundance of two lipids, myristic acid and oleic acid (Figure 5B;
Supplementary Figures S2B).

Moreover, we noticed that seven metabolites (cystathionine,
D-Gluconate, dCMP, galacturonic acid, glucose 1-phosphate,
mucic acid and orotate) showed opposite trends in the CD8*
versus the FOXP3+ population, indicating a characteristic
metabolic signature of th antitumor and protumor lymphoid
populations based on their specific metabolic needs.

Notably, we observed that glutamate, creatine and histidine,
showed opposite correlation patterns in CD8" significant
metabolites versus FOXP3+ significantly varying metabolites
(Figure 6). We further selected the most relevant metabolites
displaying significant variation in the two populations and we
identified specific clusters which are characteristic of either CD8*
or FOXP3+ T cells, creating a “metabolomic signature” specific to
their recruitment in TME. Specifically, these clusters exhibit a
significant inverse correlation pattern. For instance, we observed
that citrate, glutamine, kynurenic acid and cystationine are
consistently present in lower amounts in CD8" enriched
regions, while some fatty acid chains such as C18:1, Clé:
0 and Cl4:0 are found to be reduced in FOXP3+. We
hypothesize that this signature could be further exploited to
understand if the tumor tissue is prone to favor Tef vs. Treq.

3.4 Spatial transcriptomics analysis on
human lung adenocarcinoma samples
shows similar metabolic pathway
signature for CD8 enriched regions

We sought to confirm the previous observations made in murine
tumors regarding tumor infiltrating CD8 metabolic preference for
specific pathways, in human samples.

Nanostring  spatial

transcriptomic ~ analysis was performed on human lung
adenocarcinoma samples based on where breast cancer lesions
metastasize, consistent with our mouse model PyMT. IF staining
against CD8 on several sections of the FFPE tissue identified regions
with different levels of T-cell recruitment. We identified 30 different
ROIs which were classified in CD8 high (positive index >20%,
9 count), CD8 intermediate (5% < positive index >20%, 12 count)
and CD8 low (positive index <5%, 9 count). Whole-transcriptome
sequencing in the aforementioned ROIs was performed to measure
the expression of more than 18500 genes across ROI cohorts.
Pathway analysis comparing the three different classes of ROIs
was performed to understand how metabolism changes according
to CD8" T cell infiltration (Figure 7). Interestingly, several metabolic
pathways are shown to be enriched in CD8" high ROIs compared to
both CD8" intermediate and CD8" low ROIs, such as glucose

metabolism, pyruvate metabolism, TCA cycle and respiratory
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electron transport, which aligns with the high energetic demands
required by active T cells engaging anti-tumor activity.

We also found the Reactome Pathway Database “Metabolism of
(ID: R-HSA-71291.6) to be
significantly enriched, in accordance with our previous data from

amino acids and derivatives”

PyMT mice (Figures 7A,B). Importantly, this metabolic pathway
signature displays an identical trend when comparing Non-Tumor
tissue to CD8" high ROIs, indicating these pathways are indicative of
either anti-tumoral or non-tumoral cellular activity (Figure 7C).
Overall, these data confirm our hypothesis that T-Cell mediated
infiltration in the TME is marked by specific metabolic features, that
can be selectively induced by intratumor nutrient enhancement or
targeted inhibition.

4 Discussion

This study describes the first in vivo direct comparison of the
effect of 27 parallel metabolic perturbations on persistence of T cells in
the native TME. The metabolism of amino acids and their derivatives
is a highly studied pathway of immune cell activation and tumoral cell
growth. To date, glutamine and arginine are two molecules that have
been characterized both in vitro and in vivo in the context of the T cell
antitumor response, through labeled infusion or enteral
administration. Our findings direclty confirm the role of these
amino acids in the TME, and provide direct evidence of the
essential role of cysteine metabolism in the recruitment of CD8"
T cells in the tumoral tissue in vivo and in situ. We observed
enrichment in CD8" T cells upon delivery of cysteine in the
tumoral tissue, but no significant effect with delivery of
sulfasalazine, the inhibitor of the x.~ cystine/glutamate antiporter
(Gout et al,, 2001). While it is known that naive T cells are dependent
on antigen presenting cells (APCs) to provide cysteine (Gmiinder
et al,, 1990; Angelini et al,, 2002), it has also been demonstrated that
activated CD4" T cells are able to upregulate the gene expression of
X, rendering them independent from the APCs (Levring et al., 2012).
Still, the role of x.~ in vivo is not well understood: one study found that
the transporter was dispensable for T cell proliferation in vivo and for
the immune responses to tumors (Arensman et al., 2019). Our results
confirm these findings, indicating that the role of cystine transporter
in T cells warrant further investigation. The cytoplasmic
concentration of cysteine is essential for glutathione synthesis
(Siska et al, 2016), which is the main reducing agent
counteracting reactive oxygen species (ROS), which are often the
product of increased metabolic activity and which can be toxic when
accumulated in excess. Indeed, we observe an effect similar to cysteine
starvation when we deliver buthionine sulfoximine (BSO), a specific
inhibitor of the glutathione biosynthesis (Gmiinder et al., 1990).

Our study further demonstrates the relevance of both cysteine
and glutathione pathways in vivo based on an unbiased metabolomic
screen, where we take advantage of the fact that T cells accumulate
spontaneously in spatially distinct regions, with the underlying
being that such feature a metabolic

hypothesis regions
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(A,B) Volcano plots for pathway enrichment in the Reactome Pathway Database comparing CD8 high with either CD8 intermediate or CD8 low
ROls. (C) Significant metabolic pathways follow similar pattern according to their CD8 infiltration, CD8 high ROIs being the most similar to the non-

tumoral tissue.

microenvironment which is favorable to such cells. These selected
regions of interest that are based on local CD8" T Cell abundance,
exhibit significant single metabolite enrichment for glutathione and
N-acetyl-cysteine, both molecules with antioxidant properties.
Analogously, CD8" compared to FOXP3+ cells display different
enrichment patterns for specific metabolites, outlining a
characteristic “metabolic signature” of pro-tumor or anti-tumor
metabolic environment characterizing the T cell response in the
TME. Some of these signature metabolites have been already
(eg» detected
consistently in lower abundance in CD8" enriched areas. Others,

such as histidine, which we found enriched in CD8* ROIs, do not have

widely  characterized glutamine) which we

Frontiers in Cell and Developmental Biology

15

a well-defined role in the anti-tumor activity of Teg cells. In future
studies we hope to test whether these metabolic patterns could be
exploited to identify favorable vs. adverse TME conditions as a
predictive marker for immunotherapy efficacy in patients. Some of
the identified metabolites (e.g., cysteine and glutathione) were shown
to be important for the fitness and most importantly the antitumoral
activity of CD8" T cells. To the best of our knowledge, this is the first
time that their role is demonstrated directly in the tumor tissue in vivo
and in sity, maintaining the spatial integrity and composition of the
native tissue. Lastly, we used available human tumor samples to
perform spatial transcriptomic analysis, and observed the same trend
of specific metabolic pathway enrichment, most notably in amino
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acid metabolism and derivatives, are seen as directly correlated with
CD8" T cell infiltration in the actively treated tumor tissue.

A limitation of the current study is that a time point of 7 days
was chosen as the endpoint, as technical limitations due to the need
of keeping nutrient diffusion zones spatially separated currently
prevent longer in-dwelling times for the microdevice. It is possible
that at longer time points, other nutrients may show additional T cell
enrichment, though it appears unlikely that this would significantly
alter the relative impact of different nutrients.

Another challenge consists in determining if the T cells
identified through multiplex immunohistochemistry (IHC)/
(IF)
Unfortunately, most activation markers are either cytokines or

immunofluorescence are active or  quiescent.
phosphorylated proteins, which are difficult to identify on fixed
paraffin embedded (FFPE).

Overall, this work is the first to directly measure the effects of
altering nutrient competition in a native tumor system for
multiple nutrient and metabolic pathway perturbations in
parallel, and identifying those metabolic perturbations that
are most amenable to CD8" cytotoxic T cell aggregation. At a
technical level, the IMD approach may be useful to rapidly screen
many metabolic perturbations in a native tissue system.
Biologically, since baseline T-cell infiltration is an important
marker associated with the efficacy of immunotherapies, the
findings made in this study, for instance related to cysteine
metabolism, may be used to further investigate combination
treatments consisting of immunotherapies and metabolic
modulators which would be anticipated to lead to higher
response rates. One key metabolite implicated in this study
for CD8" cell persistence is cysteine, and elevating its
intratumor levels may be exploited to both understand CD8"
favorable conditions in order to create pro-inflammatory and
anti-tumoral activity, and to develop more potent therapeutic
combinations with checkpoint inhibitors. We envision two
distinct approaches to achieve this goal: targeting pathways
that improve the antitumor immune cell persistence and
function without positively interfering with cancer cell
proliferation and survival; or targeting pathways that are
essential for cancer cell survival but redundant to the effector

immune cell function.
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