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TCR-Independent Metabolic Reprogramming Precedes
Lymphoma-Driven Changes in T-cell Fate
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Chronic T-cell receptor (TCR) signaling in the tumor microen-
vironment is known to promote T-cell dysfunction. However, we
reasoned that poorly immunogenic tumors may also compromise T
cells by impairing their metabolism. To address this, we assessed
temporal changes in T-cell metabolism, fate, and function in models
of B-cell lymphoma driven by Myc, a promoter of energetics and
repressor of immunogenicity. Increases in lymphoma burden most
significantly impaired CD4" T-cell function and promoted regu-
latory T cell (Treg) and Thl-cell differentiation. Metabolomic

Introduction

The Myc oncoprotein is frequently overexpressed in multiple cancer
types, including aggressive B-cell lymphomas (1). Myc promotes
accelerated cell proliferation and metabolism by inducing genes that
orchestrate glucose and amino acid catabolism, as well as genes that
control nutrient and metabolite transport (2-7). Increased Myc
expression, as well as that of glycolysis-related enzymes and other
bioenergetic pathways, are frequently associated with aggressive dis-
ease and/or resistance to therapy (8, 9). Although the high metabolic
demands of tumors driven by Myc have been proposed to alter
immune cells (10, 11), which specific immune cells are impacted and
how this might occur remains unclear. Oncogenic Myc also dampens
the immunogenicity of cancer cells by suppressing expression of MHC
proteins and costimulatory ligands, and by inducing the expression of
co-inhibitory ligands such as CD47 and PD-L1 (12-16). Finally,
models of Myc-driven B-cell lymphoma have shown that lymphoma
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analyses revealed early reprogramming of CD4* T-cell metabolism,
reduced glucose uptake, and impaired mitochondrial function,
which preceded changes in T-cell fate. In contrast, B-cell lymphoma
metabolism remained robust during tumor progression. Finally,
mitochondrial functions were impaired in CD4" and CD8" T cells
in lymphoma-transplanted OT-II and OT-I transgenic mice,
respectively. These findings support a model, whereby early,
TCR-independent, metabolic interactions with developing lympho-
mas limits T cell-mediated immune surveillance.

cells alter surrounding professional antigen-presenting cells to limit
T-cell receptor (TCR) engagement and antitumor activity (17).

T-cell activation following TCR priming leads to upregulation of
glycolysis and amino acid metabolism, which fuel both lactate pro-
duction and the TCA cycle, respectively (18-20). However, in the
tumor microenvironment (TME), mitochondrial functions and cen-
tral metabolic hubs of adaptive immune cells are often suppressed.
Previous work suggests persistent antigen exposure and nutrient/
metabolite competition cause immune cell exhaustion in the
TME (21-27). Many of these investigations have been conducted in
solid tumor models and rely on the use of TCR-transgenic T cells that
react with a tumor antigen.

Little is known regarding how immune cells are phenotypically and
metabolically shaped during early phases of tumor growth and in
cancers that are poorly immunogenic. To address this gap, we inves-
tigated how Myc-driven B-cell lymphoma regulated adaptive immune
responses. Temporal flow cytometry, metabolomic, and expression
analyses revealed that lymphoma progression profoundly and selec-
tively affected CD4 ™" T-cell fate and that early metabolic reprogram-
ming preceded polarization of CD4" T cells towards Treg and Thl
effector cell phenotypes. Early metabolic changes provoked by lym-
phoma also occurred in naive polyclonal T cells and in both CD4* and
CD8™ T cells carrying transgenic TCRs that are incapable of reacting to
Myc-driven lymphoma. Thus, TCR-independent, early metabolic
reprogramming of T cells is a hallmark of lymphoma progression
and immune evasion.

Materials and Methods
Mice

C57BL/6] (CD45.27CD90.2"), OT-I, and CD45.1" mice were
purchased from Jackson Laboratories (stock numbers 000664,
003831, and 002014, respectively) and were maintained in the Cleve-
land lab animal colony. OT-II mice (CD90.1") were a gift of Dr. Javier
Pinilla-Ibarz (Moffitt Cancer Center). Ep-Myc mice (C57BL/6] back-
ground, CD45.27; ref. 28) were from the Cleveland lab animal colony.
Both females and males were used for experiments in equal ratios
across experimental groups. Sample sizes were at least 3 and no more
than 7 mice per cohort. All mice were 6 to 12 weeks old and were
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housed and bred in a specific pathogen-free animal facility. No
exclusion criteria of mice were used, and personnel were not blinded.
All experiments were approved by the Institutional Animal Care and
Use Committee of Moffitt Cancer Center and the University of South
Florida.

Lymphoma growth and tissue processing

Two independent Ep-Myc lymphoma transplant models were
used, and both were originally derived from B cells isolated from the
cervical lymph nodes (LN; processing described below) of Eu-Myc
mice having visible lymphoma. B cells were isolated using anti-B220
microbeads (Miltenyi Biotec, 130-049-501). Briefly, single-cell
suspensions of lymph nodes were placed in MACS buffer (PBS
plus 0.5% FBS [GeminiBio], 0.5% BSA [Sigma], and 2 mmol/L
EDTA [Sigma]), and microbeads were added as per the manufac-
turer’s protocol. After 15 minutes of labeling at 4°C, cells were
placed in an LS column (Miltenyi Biotec), and the positive selection
portion was retained as lymphoma cells. Isolated B lymphoma
cells were passaged exclusively in vivo into C57BL/6] (CD45.27)
mice via tail vein injection no more than 10 times from the original
source and were isolated from the cervical LNs 14 or 21 days after
transplanted tumor growth using anti-B220 microbeads as
described. Lymphoma cells were viably frozen in 90% FBS with
10% DMSO (Sigma) at —80°C or in liquid nitrogen between
passages. Isolation yields were >90% B220" purity. Lymphoma
growth was induced by transplanting 2 x 10°> Eu-Myc lymphoma
cells in PBS into C57BL/6], CD45.17, OT-I, or OT-II mice via tail
vein injection.

Spleens, cervical LNs, and/or femurs and tibias were isolated from
tumor-bearing mice at Day 7 (Early) and at Day 14 or Day 21 (Late)
after Ei-Myc transplant (unless otherwise indicated) or from non-
tumor-bearing mice. Spleens and LNs were processed by disassociating
with a 100-umol/L cell strainer and a syringe plunger in complete
media (RPMI with 10% FBS, 1% nonessential amino acids, 50 umol/L
2-mercaptoethanol, 1% sodium pyruvate, and 1% pen/strep; all from
Thermo Fisher Scientific, except FBS, which was from GeminiBio).
Bones were crushed using a mortar and pestle in complete media.
Single-cell suspensions of spleens and bone marrow were centrifuged,
resuspended in 1 mL of RBC lysis buffer (154 mmol/L NH,CI,
10 mmol/L KHCOs3, 0.1 mmol/L EDTA in water; materials were all
from Sigma) for less than 1 minute, and 10 mL of complete media was
added to stop the RBC lysis reaction. The number of splenocytes were
then enumerated by trypan blue dye (Thermo Fisher Scientific)
exclusion on a Nexcelom automatic cell counter. Cells were then used
for cell isolation or other analyses as indicated below.

Blood counts

Blood was collected via submandibular bleed into EDTA tubes
(Becton Dickinson) from C57BL/6] mice 7 or 14 days after Ep-Myc
lymphoma transplant and from control (nontumor-bearing) C57BL/
6] mice. Complete blood counts were then determined using a ProCyte
Dx Hematology Analyzer (IDEXX).

Cell isolation

All reagents associated with Pan T-cell or CD4" T-cell isolation
were purchased from Miltenyi Biotech. To isolate Pan T cells or CD4*
T cells, spleens from control (nontumor-bearing) and Ep-Myc lym-
phoma-bearing mice were dissociated into single-cell suspensions,
counted (as described above), and placed in MACS buffer (Miltenyi).
Pan T cells and bulk or naive CD4" T cells were isolated using
immunomagnetic negative selection following the manufacturer’s
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protocol with >90% purity (Miltenyi, 130-104-454, 130-095-130,
130-104-453). For Ep-Myc lymphoma-bearing mice, extra anti-
B220 microbeads (~20 pL, Miltenyi) were added to ensure purity, and
spleens from Day 14/Late Eu-Myc lymphoma-bearing mice were run
through an LD column. All other samples were run through an LS
column (Miltenyi). For metabolomics and RNA sequencing (RNA-seq)
only, CD4" T cells from Day 14/Late Eu-Myc lymphoma-bearing mice
were subsequently labeled with CD4-PE and anti-PE microbeads
(Tonbo, 50-0042-U100; Miltenyi, 130-048-801) and run through a
second LS column for positive selection to achieve higher purity (>95%).

To isolate Eu-Myc lymphoma cells for metabolomics, 2 x 10°
Eu-Myc lymphoma cells from the sources described above
(CD45.2") were transplanted into CD45.1" congenic mice. At the
indicated time points, spleens were dissociated into single-cell
suspensions, as described, and labeled for sorting by FACS with
CD45.2 and B220 antibodies as well as DAPI as described below.
For control splenic B cells, spleens from nontumor-bearing
C57BL/6] (CD45.2") mice were processed and sorted similarly
alongside each sort of cells from lymphoma-bearing mice. Cells
were sorted using a BD FACS Aria for viable CD45.27B220" cells
and were >95% pure.

Adoptive cell transfer into congenic mice

Two cohorts of CD45.1" mice served as recipient mice for adoptive
cell transfer experiments. One cohort was injected with Eu-Myc
lymphoma cells (CD45.2") and the other served as nontumor-
bearing controls. Seven days after Eu-Myc lymphoma transplant, all
CD45.1" mice then received CD45.2" CD4" and CD8™ T cells isolated
from spleens of control (nontumor-bearing) C57BL/6] mice, using a
Pan T Cell Kit (Miltenyi, as described above). The isolated T cells
(CD45.2™") were injected via tail vein (5 x 10° T cells) into control
(nontumor-bearing) or the lymphoma-bearing CD45.1" recipient
mice. Mice were euthanized 48 hours later, and CD45.2" T cells were
analyzed from single-cell suspensions of splenocytes via flow cyto-
metry as described below.

OVA vaccination

Control (nontumor-bearing) OT-II mice (CD90.1*) and OT-II
mice (CD90.1") bearing Ep-Myc lymphomas 14 days after transplant
were euthanized, and CD4" T cells were isolated from spleens as
described. 1.5 x 10°CD4" T cells were then adoptively transferred into
sublethally irradiated congenic C57BL/6] CD90.2" hosts via tail vein
injection (JL Shepherd Mark 1, Model 68A CS-137 Irradiator; 600
RAD, <24 hours prior to tail vein injection). Mice were immediately
injected intraperitoneally with 100 pg ovalbumin 323-339 peptide
(OVA323-339, Anaspec) and 10 ug lipopolysaccharide (LPS, Sigma)
in sterile PBS. Mice were euthanized after 96 hours, and CD90.1" OT-
II cells were analyzed via flow cytometry from single cell suspensions of
splenocytes as described below.

Bulk RNA-seq and transcriptomics

Total RNA was extracted from immunomagnetic-separated CD4*
T cells derived from spleens of control (nontumor-bearing) and
lymphoma-bearing C57BL/6] (CD45.2") mice 7 or 14 days after
transplant using the manufacturer’s protocol for Nucleospin RNA
Kits (Macherey-Nagel). Extracted RNA was screened for quality, and
most samples had RIN values >8 on an Agilent TapeStation RNA
ScreenTape (Agilent Technologies) and were fluorometrically quan-
tified using the Qubit RNA BR Assay Kit (Thermo Fisher Scientific).
The samples were then processed for RNA-seq using the NuGen
Universal RNA-seq with Mouse AnyDeplete System (NuGen, Inc.).
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Briefly, 100 ng of RNA was used to generate double-stranded cDNA
and a ribosomal RNA-depleted strand-specific library following the
manufacturer’s protocol (Universal RNA-Seq Library Preparation Kit;
Tecan). Quality control steps included TapeStation library assessment
and qPCR for library quantification. The libraries were then sequenced
on the Illumina NextSeq 2000 sequencer with a2 x 55-base paired-end
sequencing run. RNA-seq reads were then mapped against mouse
genome mm10 using STAR-2.5.3a (29). Gene-level quantification was
then determined with HTSeq 0.6.1 (30) using the mm10_refGene_o-
KID.gtf gene model [downloaded from the University of California
Santa Crus (UCSC), https://hgdownload.soe.ucsc.edu/goldenPath/
mm10/bigZips/genes/] by summation of raw counts of reads aligned
to the region associated with each gene. Gene expression data were
normalized using DESeq2_1.6.3 (31). Significantly differentially
expressed genes (DEG) were identified using the following criteria:
adjusted P-value (P_adj) <0.01 and absorbance (abs) (log, fold-
change) >0.585 and base mean >10.

Dataset analysis of human lymphoma samples

A normalized human diffuse large B-cell lymphoma (DLBCL)
RNA-seq dataset matching the RNA-seq data used in Reddy and
colleagues (EGAS00001002606; ref. 32), was provided directly from
Dr. Reddy. Low and high MYC expression was defined using the lower
and upper 25™ and 75" percentiles, respectively.

Affymetrix Array data were also obtained for patients with Burkitt
lymphoma (mBL) and non-Burkitt lymphoma (non-mBL) (GSE4475).
RAW CEL files (33) were downloaded from GEO, normalized with
IRON (34), log2-transformed, and then de-batched with ComBat (35).
Data were then divided into mBL and non-mBL based on the
“Molecular.Diagnosis” field in the GSE4475 associated series matrix
file. Genes of interest were chosen based on similar genes analyzed in
the mouse CD4 " T-cell dataset described above.

Metabolomics
Reagents and chemicals

Ammonium hydroxide and ammonium carbonate were obtained
from MilliporeSigma. LC/MS grade solvents, including water, meth-
anol, and acetonitrile, were purchased from Burdick and Jackson
(Honeywell, sourced via VWR). The Metabolomics Quality Control
(QC) Kit, which contains 14 stable isotope-labeled metabolite stan-
dards (Cambridge Isotope Labs), included the following compounds:
L-alanine (**C3, 99% purity), L-leucine (*3Ce, 99%), L-phenylalanine
(*C6, 99%), L-tryptophan (>C11, 99%), L-tyrosine (*C6, 99%),
caffeine (13C3, 99%), D-glucose (Ce, 99%), benzoate (13C6, 99%),
citrate (**C3, 99%), octanoate (*>C8, 99%), propionate (3C3, 99%),
stearic acid (13C18, 98%), succinic acid (13C4, 99%), and D-sucrose
(*C6, 98%).

Ultra-high-performance liquid chromatography, high-resolution
mass spectrometry chromatography

Chromatographic separation was performed using a SeQuant ZIC-
pHILIC guard column (4.6 mm ID x 20 mm length, 5 um particle size)
and a SeQuant ZIC-pHILIC LC column (4.6 mm ID x 150 mm length,
5 um particle size; MilliporeSigma). Mobile phase A was aqueous
10 mmol/L ammonium carbonate and 0.05% ammonium hydroxide,
and mobile phase B was 100% acetonitrile. The gradient program
included the following steps: start at 80% B, a linear gradient from 80 to
20% B over 13 minutes, stay at 20% B for 2 minutes, return to 80% B for
0.1 minute, and re-equilibration for 4.9 minutes for a total run time of
20 minutes. The flow rate was set to 0.4 mL/minute. The autosampler
was cooled to 5°C, and the column temperature was set to 30°C.
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Sample preparation

Cell pellets were prepared from 1 x 10° splenic C57BL/6]
(CD45.2™) CD4™ T cells, from 2 x 10° splenic C57BL/6] (CD45.2™")
B cells, or from 2 x 10° splenic Ey-Myc (CD45.27) B220™ B cells from
CD45.1" transplanted mice. Cells were isolated on Day 0 (nontumor-
bearing controls) or 7 and 14 days after lymphoma transplant. All
processes were carried out on ice. An aliquot (2 uL) of the Metabo-
lomics QC Kit metabolite mixture was added into each sample.
Aliquots of 250 pL (CD4" T cells) or 300 uL (control B cells and
Eu-Myc B lymphoma cells) of precooled aqueous 80% methanol
extraction solvent (kept in the —80°C freezer at least 1 hour prior
to extraction) were added to the samples for protein precipitation.
After addition of the extraction solvent, the samples were vortexed and
centrifuged at 18,800 x g (Microfuge 22R, Beckman Coulter) at 0°C for
10 minutes. The samples were then incubated for 30 minutes in a
—80°C freezer to increase metabolite extraction. After incubation, the
samples were immediately centrifuged again at 18,800 x g for 10
minutes at 4°C. The supernatant was then transferred to a new a
microcentrifuge tube. The protein pellet was resolubilized using
aqueous 20 mmol/L HEPES with 8 M urea for Bradford assays to
measure the protein concentration for quality control of the samples.
Dried metabolites were redissolved in 10 uL (CD4" T cells) or 15 uL
(control B cells and Ep-Myc lymphoma cells) aqueous 80% methanol.

Ultra-high-performance liquid chromatography, high-resolution
mass spectrometry metabolomics

Ultra-high-performance liquid chromatography and high-resolution
mass spectrometry was performed using a Vanquish UHPLC interfaced
with a Q Exactive HF quadrupole-orbital ion trap mass spectrometer
(Thermo Fisher Scientific). Chromatographic separation was performed
using a SeQuant ZIC-pHILIC guard column (4.6 mm ID X 20 mm
length, 5 um particle size) and a SeQuant ZIC-pHILIC LC column
(4.6 mm ID Xx 150 mm length, 5 um particle size; MilliporeSigma).
Mobile phase A was aqueous 10 mmol/L ammonium carbonate and
0.05% ammonium hydroxide, and mobile phase B was 100% aceto-
nitrile. The gradient program included the following steps: start at 80%
B, a linear gradient from 80 to 20% B over 13 minutes, stay at 20% B
for 2 minutes, return to 80% B for 0.1 minute, and re-equilibration for
4.9 minutes, for a total run time of 20 minutes. The flow rate was set to
0.400 mL/min. The autosampler was cooled to 5°C, and the column
temperature was set to 30°C. Sample injection volume was 2 uL (i.e.,
~2 x 10° CD4" T cells and ~ 2.7 x 10° control B cells or Eu-Myc
lymphoma B cells) for both positive ion mode and negative ion mode
electrospray ionization. Full MS was performed in positive and
negative mode separately, detecting ions from m/z 65 to m/z 900. In
addition, data-dependent acquisition was used for MS-MS of analytes
in the pooled samples to enable verification of selected metabolites and
confirm assignments.

Metabolomics data analysis

MZmine software (36), version 3.53, was used to identify and
quantify metabolites by matching by m/z and retention time (RT) to
an in-house library containing both RT and m/z from ~600 small
molecule metabolites in a format of 96-well plates (Mass Spectrometry
Metabolite Library; Sigma Aldrich, catalog no.: MSMLS). The RTs are
obtained using the same instrument method, and solvents and col-
umns are as in all the other metabolomics analyses. A batch file was
used to automate the following modules: centroid mass detection,
automated data analysis pipeline (ADAP) chromatogram builder
(with five scans minimum group size and group intensity threshold
and minimum highest intensity set to 1.0*); smoothing (set to 5);
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deconvolution by local minimum search (with chromatographic
threshold 95%, 0.05 minute search minimum in RT range, 10%
minimum relative height: 10%, 1.0* minimum absolute height, min-
imum peak top/edge set to 1, and 0.05-5 minutes peak duration);
isotopic peak grouping (with 10 ppm m/z tolerance, 0.25 minute
retention time tolerance, and maximum charge state); peak alignment
(using m/z and RT tolerances from the previous step with 75%
weighting for m/z and 25% weighting for RT); peak finder (with
10% intensity tolerance and m/z and RT tolerances set as in the
previous steps); gap filling; duplicate peak filtering (in new average
mode with m/z and RT tolerances as above); custom database search
(using an in-house library with m/z tolerance 10 ppm and RT
tolerance 0.3 minutes); adduct and complexes search; peak list row
filtering; and peak list export. Peak height values were exported for
further analysis.

Global scaling factor IRON (34) normalization (iron_generic—
proteomics) was performed against the median sample (findme-
dian-Pearson) within each positive and negative ion mode dataset,
separately, excluding unidentified and heavy-labeled (spike-in) rows
from training, leaving heavy labeled row values unnormalized as-is.
Normalized abundances were then merged into a single file and log2-
transformed, converting original zero values to missing data. KEGG,
HMDB, and PubChem identifiers were then automatically assigned to
each row from an in-house manually curated identifier mapping
database. Average values were used for metabolites with a single
missing value. Annotated metabolites are provided in Supplementary
Tables SI and S2.

Pimonidazole injections

Lymphoma-bearing and control (nontumor-bearing) C57BL/6]
(CD45.2") mice were injected via tail vein with 1.5 mg of pimonidazole
(Hypoxyprobe). After ~60 minutes, mice were euthanized, and
spleens were processed in the absence of direct light. Single-cell
suspensions were stained for flow cytometry using the eBioscience
FoxP3/Transcription Factor Staining Buffer Set as described by the
manufacturer (Thermo Fisher Scientific).

Flow cytometry

Flow cytometry antibody information is provided in Supplementary
Table S3. Unless otherwise indicated in the figures and results, flow
cytometry was primarily conducted on spleens from C57BL/6],
CD45.1", OT-1, or OT-II mice 7 or 14 days after lymphoma transplant
or from control (nontumor-bearing) mice (Day 0). Up to 2 x 10° cells
were placed in flow tubes and stained as follows. Antibodies to cell
surface markers were added at 0.5 uL (CD4, CD8, B220, CD3 APC
only, CD44, CD39, CD69, NK1.1, Tim3, MHC class I, MHC class II,
PD-L1, CD45.2, PD-1, Vo2, and CD90.1) or 1 uL (CD3, CD62L,
KLRG1, and CXCR3) with 1 uL of FC block per sample in FACS buffer
[PBS (Thermo Fisher Scientific) plus 0.4 mmol/L EDTA (Sigma), 1%
FBS (GeminiBio), and 0.25% BSA (Sigma)] for 15 minutes at 4°Cin the
dark. For mitochondrial and lysosomal staining, samples were first
stained with 50 nmol/L MitoTracker Green, LysoTracker Deep Red,
and/or MitoTracker Red or 5 pmol/L MitoSOX (all from Thermo
Fisher Scientific) for 30 minutes at 37°C, followed by cell surface
marker staining. Cells labeled ex vivo with Glu-Cy5 with similarly
resuspended in 1 mL PBS with 1 pmol/L Glu-Cy5 and placed at 37°C
for 30 minutes prior to cell surface staining. Samples analyzed fresh
were resuspended in FACS buffer containing DAPI and assessed on the
same day.

For cytokine staining, single-cell suspensions were placed in 1x cell
stimulation cocktail (Tonbo, TNB-4975-UL100) in 1 mL complete
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media and cultured for 4 to 6 hours at 37°C. Cells were then labeled
with 0.5 pL fixable viability dye in 1 mL PBS (Ghost Dye 780; Tonbo)
for 15 minutes in PBS at room temperature, followed by cell surface
staining. Samples were then fixed [Becton Dickinson (BD) cytofix/
cytoperm] following manufacturer’s protocol and placed a 4°C in the
dark until analysis (no more than 7 days). On the day of analysis,
samples were labeled with 1 pL of cytokine antibody for 30 minutes at
4°C prior to analysis.

For transcription factor and hypoxia staining, single-cell suspen-
sions were labeled with a fixable viability dye, followed by cell surface
markers and fixation (eBioscience Foxp3/Transcription Kit; Thermo
Fisher Scientific). Fixed cells were kept at 4°C in the dark until analysis
(no more than 7 days) and stained with 1 UL of transcription factor
antibody or 5 UL anti-PIMO for 60 minutes at 4°C in permeabilization
buffer prior to running.

Samples were refiltered with 35-umol/L filter, and data were
acquired on a BD LSRII or a BD Symphony using BD Diva software.
Gating was determined by assessing control (nontumor-bearing)
mice or by fluorescence minus one control. All experiments used a
similar gating strategy for singlet and viability gating (Supplemen-
tary Fig. S1). Data were analyzed by FlowJo software (BD), and
subsequent principal component analysis (PCA) was conducted
using RStudio (https://www.rstudio.com). Samples that were ana-
lyzed at different time points or that were combined from two or
more experiments were normalized to values generated from con-
trol (nontumor-bearing) mice.

Seahorse assays

Splenic CD4 ™" T cells were isolated as described from C57BL/6] mice
at 7 and 14 days following lymphoma transplant and from control
(nontumor-bearing) mice. T cells were then suspended into Seahorse
media [phenol-free RPMI plus 10 mmol/L glucose (Sigma), 2 mmol/L
glutamine (Glutamax from Thermo Fisher Scientific), 1 mmol/L
sodium pyruvate (Thermo Fisher Scientific)] and plated into a
poly-D-lysine-coated Seahorse microplate at 2 x 10° cells per well.
Oxygen consumption rates (OCR) and extracellular acidification rates
(ECAR) of CD4" T cells were then analyzed using a Seahorse XFe96
flux analyzer before and after addition of 1 pmol/L oligomycin (Sigma)
and 1.5 umol/L carbonyl cyanide-4-(trifluoromethoxy)phenylhydra-
zone (FCCP, Sigma). RPMI and plates were purchased from Agilent.

ATP measurement

Splenic CD4" OT-II T cells were isolated from control (nontumor-
bearing mice) or 14 days after lymphoma transplant, and splenic
C57BL/6] CD4™ T cells were isolated from control (nontumor-bear-
ing) mice. Levels of ATP in immunomagnetic-selected CD4" T cells
were assessed using the ATPlite Luminescence Assay System (Perkin
Elmer) with 10 cells per replicate. Relative light units were determined
as measurements of ATP using a BioTek Cytation 3 plate reader.

Microscopy

Naive splenic CD4" T cells were isolated from lymphoma-
bearing C57BL/6] mice 7 or 14 days after transplant and from
control (nontumor-bearing) C57BL/6] mice, and were labeled with
200 nmol/L MitoTracker Red (Cell Signaling Technology) in PBS
with 0.5% FBS, 0.5% BSA, and 2 mmol/L EDTA for 25 minutes at
37°C. Cells were then resuspended in ~100 UL complete media and
placed on a Cell-Tak-coated MatTek plate (from Corning) for 30
minutes at 37°C to settle on the plate surface. Cells were imaged
using a Leica SP8 confocal microscope using the same setting across
all experimental groups.
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Synthesis of Glu-Cy5

Compounds for the Glu-1N-Cy5 intermediate and Glu-1N-Cy5
probe were synthesized according to the reported protocol in the
literature (37) without any modifications (Supplementary Fig. S2).

Synthesis of the Glu-1N-Cy5 intermediate

The Cy5-carboxylic acid (10.0 mg, 0.019 mmol) was dissolved in dry
dimethylformamide (DMF, 0.2 mL) under argon atmosphereina2.0 L
round bottom flask. The 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methylaminium tetrafluoroborate (6.80 mg, 0.0212 mmol) and
triethylamine (8 UL, 0.0578 mmol) were added, and stirred 5 minutes.
The 2,3,4,6-tetra-O-acetyl- 8-D-glucopyranosylamine (8.0 mg, 0.0212
mmol) was added and stirred for 21 hours at room temperature. The
reaction mixture was diluted with dichloromethane (DCM; 30 mL)
and washed with water (20 mL), followed by brine (20 mL, saturated
NaCl). The organic layer was separated, dried (Na,SO,), and concen-
trated under reduced pressure using a rotary evaporator. The solid
obtained was purified by SiO, chromatography using Biotage Isolera
system with 0% to 15% gradient methanol in dichloromethane to
afford Glu-1N-Cy5 intermediate 1 as a blue solid (15.0 mg, 92% yield).
'H NMR (500 MHz, DMSO) & 8.63 (d, J = 9.6 Hz, 1H), 8.34 (t, ] =
13.1 Hz, 2H), 7.62 (d, ] = 7.4 Hz, 2H), 7.45 - 7.35 (m, 4H), 7.30 - 7.21
(m,2H),7.08 (m, 1H), 6.83 (d,J = 8.6 Hz, 1H), 6.57 (t,] = 12.3 Hz, 1H),
6.29 (t, ] = 14.1 Hz, 2H), 5.40 — 5.29 (m, 2H), 4.89 (t, ] = 9.8 Hz, 1H),
4.82(t,]=9.4Hz, 1H),4.15(dd, J = 12.4, 44 Hz, 1H), 4.10 - 4.03 (m,
2H), 3.96 (dd, ] = 12.4,2.2 Hz, 1H), 3.61 (s, 3H), 2.11 (m, 2H), 1.99 (s,
3H),1.98 (s,3H),1.93 (s,3H), 1.92 (s, 3H), 1.69 (s, 14H), 1.58 — 1.49 (m,
2H), 142 - 131 (m, 2H). HRMS (ESI+): m/z calculated for
CieHsoN;0,o (M4+H)™ 813.4195, found 813.4157; HPLC- MS
(ESI4): m/z 812.8 [100% (M+H)™].

Synthesis of the Glu-1N-Cy5 probe

The Glu-1N-Cy5 intermediate 1 (14.0 mg, 0.0165 mmol) was
dissolved in dry methanol (2.5 mL) in a 5 mL round bottom flask
under inert conditions and sodium methoxide (6 UL of a 5.4 M
solution in methanol, 0.033 mmol) and was added dropwise at
0°C. After stirring 2.5 hours at 0°C, the reaction was quenched
with saturated ammonium chloride (2.0 mL) and concentrated
under reduced pressure using a rotary evaporator. The residue
obtained was dissolved in dichloromethane (25 mL) and washed
with water (20 mL). The organic layer was separated, dried
(Na,SO,), and concentrated under reduced pressure using a rotary
evaporator to afford Glu-IN-Cy5-probe as a bluish gray solid
(9.2 mg, 81% yield). 'H NMR (500 MHz, MeOD) § 8.55 (s,
1H), 8.24 (t, ] = 13.0 Hz, 2H), 7.49 (d, ] = 7.4 Hz, 2H), 7.41
(t, ] = 7.7 Hz, 2H), 7.33 - 7.22 (m, 4H), 6.65 (t, ] = 12.2 Hz, 1H),
6.30 (d, ] = 13.1 Hz, 2H), 4.10 (t,] = 7.4 Hz,2H), 3.82 (dd, ] = 11.9,
2.3 Hz, 1H), 3.69 - 3.58 (m, 4H), 3.40 (t, ] = 8.9 Hz, 1H), 3.33 (d,
J=10.1Hz,2H),3.25(t,J=9.1 Hz,1H), 2.27 (dd, ] = 14.6, 7.2 Hz, 2H),
1.82 (m, 2H), 1.73 (s, 14H), 1.56 ~1.47 (m, 2H). HRMS (ESI+): m/z
caled for C33Hs; N304 (M+H) ™ 645.3772, found 645.3747; HPLC-MS
(ESI4): m/z 644.9 [100% (M-+H)"].

Glu-Cy5 treatment of mice

C57BL/6] mice were injected with 100 UL of 500 umol/L Glu-Cy5
suspended in PBS via tail vein. Mice were injected 7 or 14 days after
lymphoma transplant and were compared with control (nontumor-
bearing) C57BL/6] mice. Mice were euthanized 30 minutes after
injection, and spleens were analyzed in single-cell suspensions via
flow cytometry after cell surface staining.

AACRJournals.org
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Quantification, statistical analysis, and rigor

Most data were analyzed using GraphPad Prism 8. Two-way or
one-way ANOVA with appropriate post-hoc tests were used, as
indicated in the figure legends. A t test was used to analyze
experiments with two groups. A P < 0.05, P,gjusted < 0.05, or FDR
< 0.05 was considered statistically significant. PCA using the prcomp
feature in Rv3.6.0 was used to analyze some flow cytometry data.
Metabolomics data were analyzed with Metaboanalyst 5.0 (38).
RNA-seq data were analyzed using MATLAB (R2020a). All experi-
ments, excluding our initial PCA and -omics experiments, were
replicated at least twice.

Data availability

The data were generated by the authors. RNA-seq data have been
deposited in the Gene Expression Omnibus under accession ID
GSE183693. The analyzed metabolomics data are provided as sup-
plementary tables. Other data are available from the corresponding
author upon reasonable request.

Results

Early infiltration of hematopoietic tissues by highly energetic
lymphoma cells

To assess the potential effects of Myc-driven lymphoma on immune
surveillance, we used an Ep-Myc mouse B-lymphoma transplant
model (Fig. 1A). In this model, lymphoma progresses rapidly, where
low numbers of B220" lymphoma cells are detected in secondary
hematopoietic tissues 7 days after injection and create a large tumor
burden by 14 days, as evidenced by increases in lymphoma cells in the
peripheral blood and splenomegaly (Fig. 1B; Supplementary Figs.
S4A-S4D).

We first confirmed that Eu-Myc lymphoma cells exhibited hall-
marks of Myc expression in vivo. As expected (39, 40), both early
(day 7) and late (day 14) posttransplant splenic Eu-Myc lymphoma
cells were larger and had more mitochondrial biomass than normal
splenic B cells (Fig. 1C and D). However, Ep-Myc lymphoma cells
that infiltrated the spleen early during disease were significantly
larger and were endowed with more mitochondrial mass than those
present late in disease. Ep-Myc lymphoma cells also had reduced
expression of cell surface MHC class I and PD-L1 protein than
normal B cells, concordant with studies showing Myc dampens
antitumor immunity (refs. 12, 41, 42; Supplementary Figs. S4E and
S4F). Splenic Eu-Myc lymphoma cells uniformly expressed higher
MHC class II protein than normal splenic B cells (Supplementary
Fig. $4G).

Untargeted metabolomics analyses revealed that infiltrating
Eu-Myc lymphoma cells had significantly altered metabolite pools
versus normal splenic B cells (Fig. 1E and F), with significantly
reduced upstream and increased downstream glycolytic intermedi-
ates (Fig. 1G), as has been observed for Myc-expressing cells
in vitro (3, 43, 44). Pyruvate and lactate were significantly reduced
in Ep-Myc lymphoma cells, which could reflect shuttling pyruvate
to other pathways and/or increased lactate export due to over-
expression of monocarboxylate transporters (3). Eu-Myc lympho-
ma cells also exhibited reduced levels of glutamine, likely due to
Myc-driven glutaminolysis (2, 4), and had increased TCA cycle
intermediates, including citrate, isocitrate, and o-ketoglutarate,
compared with normal splenic B cells (Fig. 1G). Collectively, these
findings suggest that Myc-driven lymphoma cells rapidly utilize
metabolites for anaplerotic reactions in vivo.
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Figure 1.

Energetics of Eu-Myc lymphoma cells during disease progression. A, Time schematic of when Eu-Myc lymphoma-bearing C57BL/6J mice were analyzed following
transplant; control (C, day 0), early (E, day 7), and late (L, day 14). B, Total splenocyte number (n = 5-7 mice) from Ep-Myc lymphoma-bearing mice. C, Tumor cell size
and (D) mitochondrial biomass, measured by flow cytometry, of Eu-Myc lymphoma cells versus normal splenic B cells (n = 5-9 mice). E, PCA and (F) heat map of
differentially abundant metabolites of Ep-Myc lymphoma cells derived from spleens, at the indicated time points following lymphoma transplant, versus normal
splenic B cells using untargeted metabolomics analysis (n = 4 mice/cohort). G, Levels of select metabolites in the glutaminolysis and glycolysis pathways, and in the
TCA cycle, from the metabolomics data. aKG, alpha-ketoglutarate; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; DHAP, dihydroxyacetone phosphate;
G-3-P, glyceraldehyde-3-phosphate; 2-PGA, 2-phosphoglyceric acid. Experiments in B to D were analyzed by one-way ANOVA and Dunnett multiple comparisons
and were two independent experiments combined. Metabolomics data in E to G were analyzed using PCA and ANOVA in Metaboanalyst. Each dot indicates a
biologically independent sample, and all data are mean + SEM (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001; n.s., not significant; for G, *, FDR < 0.05).
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CD4™" T cells are selectively polarized late during lymphoma
progression

To determine if there were changes in the adaptive immune system
during lymphoma progression, cell surface markers associated with
activation or exhaustion of natural killer (NK) cells, CD4" T cells, and

Metabolic Reprogramming of CD4" T Cells in B-Cell Lymphoma

CD8™" T cells were assessed in the bone marrow, lymph nodes (LN),
and spleens from Eu-Myc lymphoma-transplanted mice at early and
late disease points (Fig. 2A). Changes in cell surface protein expression
occurred in all three lymphocyte populations and across all lymphoma-
bearing tissues (Supplementary Figs. S5A-S5I), and PCA revealed that
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Figure 2.

Selective regulation of CD4* T-cell phenotypes late during Ep-Myc lymphoma progression. A, Markers used for analyzing populations of NK cells (NK1.1*), CD8" T
cells,and CD4* T cells in Eu-Myc lymphoma-bearing C57BL/6J mice by flow cytometry at the indicated time points. C, control; E, early; L, late. B, PCA with top 10 PC1
loading values of flow cytometry data outlined in A in spleen (SPN), lymph nodes (LN), and bone marrow (BM; n = 5 mice). C, Absolute number of CD8™" T cells and
CD4™ T cells derived from control and Ep-Myc lymphoma-bearing spleens (n = 3-4 mice). D, CD4:CD8 ratio and an example of CD4 versus CD8 gating, (E) CD44 and
CD62 L flow cytograms identifying CD4™ Ty (naive) and Tg (effector) populations, and (F, G) transcription factor histograms and expression of (F) T-bet and (G)
Foxp3in CD4™ T cells, as determined by flow cytometry (n = 3-4 mice). Experiments in C and E were analyzed by two-way ANOVA and Tukey multiple comparisons;
experiments in D, F, G were analyzed by one-way ANOVA and Dunnett multiple comparisons. Each dot indicates a biologically independent sample; data shown are
mean + SEM. C-G, represent at least two independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.007; n.s., not significant).
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Figure 3.

Eu-Myc lymphoma-derived CD4* T cells undergo transcriptional reprogramming late during disease progression. A, Heatmap of 536 DEG transcripts (n = 4-7 mice)
in Eu-Myc lymphoma-bearing C57BL/6J mice at the indicated timepoints. C, Control; E, early; L, late. B, Venn diagram of DEGs according to the indicated
comparisons. C, Significant HALLMARK pathways for the 95 DEGs shared by Control versus Late and Early versus Late comparisons. D and E, Transcripts associated
with (D) naive and (E) exhausted T-cell phenotypes. Data shown in D and E are represented by box with 25th to 75th percentile and a line at the median and whiskers
with min to max. Each dot indicates a biologically independent sample, and significance was determined by DESeq (¥, Pagjusted < 0.05; **, Pagjusted < 0.07; ***, Pagjusted <

0.007; n.s., not significant).

samples separated between early versus late tumor growth (Fig. 2B).
Features that separated PC1 were mostly specific to CD4" T cells, with a
few populations of CD8" T cells also changing during lymphoma
progression (Fig. 2B). Holm-Sidak analysis confirmed that significant
differences were dominated by changes to CD4" T-cell populations
(Supplementary Fig. S5]).

To define the temporal cascade of phenotypic changes to CD4* T
cells during lymphoma progression, we analyzed normal CD4 ™" T cells
versus those derived from early and late lymphoma-bearing mice. Loss
of total splenic CD4 " T-cell numbers, as well as of CD8" T cells, was
not significant until late in tumor growth (Fig. 2C). Consistent with
our initial screen of immune populations (Fig. 2A and B), CD4 " T-cell
numbers were substantially more reduced than CD8™ T cells, resulting
in a significant decrease in the CD4:CD8 T-cell ratio that occurred only
late during disease (Fig. 2C and D). Increases in the expression of
KLRGI, PD-1, CD39, CD44, and CD69 among CD4" T cells were
largely restricted to late phases of disease (Supplementary Fig. S6A), as
was a reduction in the expression of CD62L, a marker of longevity for
both naive cells and memory T cells (Supplementary Fig. S6B). These
results indicate that activation and exhaustion markers accumulate in
CD4™" T cells in late stages of lymphoma progression.

Activated CD4" T cells can undergo differentiation into several
subtypes, including effector Th1 and Th2 cells, effector or immu-

1270 Cancer Immunol Res; 10(10) October 2022

nosuppressive Th17 cells, and immunosuppressive regulatory
T cells (Treg; ref. 45). Flow cytometry analyses revealed that CD4*
T cells manifested late during lymphoma progression included
CD447CD62L"8 effector (Ty) cells, whereas there were reductions
in CD44"™#CD62L" naive (Ty) cells (Fig. 2E). To define CD4"
T-cell subsets present during early and late stages of lymphoma
progression, we analyzed the expression of the transcription factors
that define Thl (T-bet), Th2 (Gata3), Th17 (RORyt), and Tregs
(Foxp3). In accordance with clinical data (46-48), these analyses
revealed that splenic CD4" T cells manifested late in disease
expressed T-bet and Foxp3, suggesting lymphoma drives Th1 and
Treg differentiation (Fig. 2F and G). CXCR3 expression, a chemo-
kine receptor associated with Thl-cell phenotypes (49), was also
induced among CD4" T cells late in disease (Supplementary
Fig. S6C). These cells also exhibited elevated IFNYy production,
indicating that the lymphoma-associated Th1 phenotype was func-
tional (Supplementary Fig. S6D). Although some Gata3"CD4* Th2
cells were also detected at day 14, these only represented ~1% of the
total CD4" T-cell population, and RORYt expression and IL17
production were not altered during lymphoma progression (Sup-
plementary Figs. S6D-S6F). Collectively, these findings suggest
increases in lymphoma burden polarize naive CD4™ T cells towards
Th1 and Treg differentiation.

CANCER IMMUNOLOGY RESEARCH



Transcriptional reprogramming of CD4™ T cells occurs late
during lymphoma progression

Although most phenotypic changes to CD4™" T cells were observed
only during late stages of lymphoma progression, we reasoned that
transcriptional changes in CD4" T cells might occur early during
disease. Splenic CD4" T cells isolated early and late following
Eu-Myc lymphoma transplant were subjected to bulk RNA-seq
and compared with control splenic CD4" T cells (day 0). These
analyses revealed that Thl and Treg differentiation primarily
occurred late in disease, where, for example, increased expression
of Cxcr3 and Il112rb, two transcripts associated with Th1 cells, were
significant only among CD4" T cells present in late stages of disease
(Supplementary Fig. S7A). Similarly, increased expression of several
Treg-associated transcripts, specifically Foxp3, Socs2, and Ikzf1, was
only significant among CD4" T cells isolated from spleens late
during disease (Supplementary Fig. S7B).

By comparing the three groups of CD4™ T cells, 536 DEGs were
identified (Fig. 3A and B). Of these, ~75% of DEGs were observed
in CD4™" T cells derived from late lymphoma growth, and 95 DEGs
were similar between Control versus Late, as well as between Early
versus Late cohorts (Fig. 3B). Hallmark pathway analysis of the 95
DEGs that occurred late during lymphoma progression revealed an
association with T-cell activation (Fig. 3C). The DEGs unique to
Control versus Late and to Early versus Late comparisons were also
similarly associated with T-cell activation (Supplementary Figs. S7C
and S7D). Pathway analysis of DEGs found early in lymphoma
growth also revealed associations with some immune-related path-
ways (Supplementary Fig. S7E). However, the individual DEGs
driving this pathway enrichment were largely decreased rather than
increased, indicating some suppression of T-cell activation early
during lymphoma progression (Supplementary Fig. S7F). Analysis
of individual genes associated with T-cell naivety and longevity that
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are immediately downregulated upon TCR stimulation (50) also
only occurred in CD4" T cells from late in disease (Fig. 3D).
Finally, increased expression of several exhaustion-related tran-
scripts, specifically Lag3, Pdcdl, Tox2, Prdm1 and Klrgl, occurred
only late in disease (Fig. 3E). Collectively, these data indicate
lymphoma-provoked changes in CD4" T-cell transcription pro-
grams are mostly manifested at high tumor burden, and include
hallmarks of TCR stimulation, Thl and Treg cell differentiation,
and T-cell exhaustion.

MYC expression in Burkitt ymphoma and DLBCL correlates with
repressed T-cell immunity

To determine if immune-repressed phenotypes were also mani-
fested in human B-cell lymphomas with MYC involvement, we
assessed the immune phenotype of Burkitt lymphoma (mBL), which
expresses elevated MYC due to MYC/immunoglobulin (IGH, IGK and
IGL) gene translocations, versus patients with non-Burkitt B-cell
lymphoma (non-mBL; ref. 33). mBL samples exhibited significantly
less CD3E expression than non-mBL; thus, MYC overexpression
associated with reduced T-cell numbers in the lymphoma microen-
vironment (Fig. 4A). Significant reductions in the Thl-associated
genes IFNG, TNF, and TBX21 and the activation-exhaustion marker
PDCD1 in mBL versus non-mBL was seen, consistent with repression
of T-cell effector functions (Fig. 4C-E and H). In accordance with
CD4" T-cell findings in the Eu-Myc lymphoma transplant model,
mBL samples expressed elevated FOXP3 and KLRG1 versus non-mBL
samples (Fig. 4F and G), suggesting altered Treg differentiation in the
TME of mBL patients.

Approximately 30% to 50% of diffuse large B-cell lymphomas
(DLBCL) have MYC involvement (translocations or overexpres-
sion; ref. 51), and we further analyzed patients with high MYC
expression in DLBCL versus those with low MYC expression (32).
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Although DLBCL with high MYC expressed reduced FOXP3 and
KLRGI (Supplementary Figs. S8F-S8G), these lymphomas also
expressed reduced CD3E, CD3G, IFNG, TNF, and PDCDI (Sup-
plementary Figs. S8A-S8D and S8H). Thus, the repression of T-cell
numbers is a hallmark of human B-cell lymphomas with MYC
involvement.

Myc-driven lymphoma induces rapid mitochondrial changes in
CD4™ T cells

Tumor-associated T cells in both solid tumors and hematologic
malignancies have impaired and reduced mitochondria (23, 52, 53),
and this has been suggested to be driven by chronic TCR signaling (24),
along with other processes dependent on TCR activation (54). We
thus assessed if the progression of bioenergetic Eu-Myc lymphoma
repressed T-cell immunity via mitochondrial re-programming. Fol-
lowing Eu-Myc lymphoma transplant, CD4" T cells exhibited a
progressive early loss of mitochondrial biomass, yet most loss of
mitochondrial content occurred late in disease (Fig. 5A). However,
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Figure 5.

CD4" T cells showed an early reduction in the production of mito-
chondrial reactive oxygen species (ROS) following lymphoma trans-
plant (Fig. 5B), and this was accompanied by a significant reduction in
mitochondrial membrane potential (Fig. 5C). A detailed kinetic
analysis of mitochondrial membrane potential versus the activation
markers, CD44, CD69, and PD-1, and of the naive marker, CD62L,
revealed that significant reductions in mitochondrial membrane
potential among CD4" T cells (~Day 9) occurred before increases
in the expression of activation markers or loss of naivety (~Day 11,
Supplementary Fig. S9A). Similar early reductions of mitochondrial
content and ROS production were observed among lymphoma-
experienced CD4" T cells derived from cervical LNs, followed by
loss of mitochondrial membrane potential (Supplementary Figs.
S9B-S9D).

Repressed rates of mitochondrial-associated metabolism of lym-
phoma-experienced CD4" T cells was confirmed by measuring oxygen
consumption (OCR) under normal and stressed conditions after the
addition of oligomycin and FCCP. Significant reductions in CD4*
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T-cell mitochondrial functions are impaired early during lymphoma progression. A, MitoTracker Green (MTG) geometric mean fluorescence intensity (G-MFI), (B)
MitoSOX G-MFI, and (C) MitoTracker Red/Green (MTR/MTG) G-MFI ratio in splenic CD4™ T cells in Eu-Myc lymphoma-bearing C57BL/6J mice at the indicated
timepoints (n = 6-9 mice). C, Control; E, early; L, late. D, Flux analysis of OCR of splenic CD4™" T cells from the indicated mice without (baseline) and with (stressed) 1
umol/L oligomycin and FCCP. E, MTG G-MFI, (F) MitoSOX G-MFI, and (G) MTR/MTG G-MF ratio in splenic CD8™ T cells in Eu-Myc lymphoma-bearing C57BL/6J mice
at the indicated timepoints (n = 3-6 mice). H, Schematic of the experimental design used for adoptive cell transfer of T cells from nontumor-bearing C57BL/6J
(CD45.2%) mice into lymphoma-bearing CD45.1" mice. Mice were assessed for (I, L) MTG G-MFI, (J, M) MitoSOX G-MFI, and (K, N) MTR/MTG G-MFI ratio among
adoptively transferred CD45.2* CD4* and CD8™ T cells in control or Eu-Myc lymphoma-bearing congenic CD45.1" mice (n = 5 mice). Data in A to G were analyzed by
one-way ANOVA and Dunnett multiple comparisons; data in | to N were analyzed using a t test. Each dot in A to C, E to G, and | to N indicates a biologically
independent sample; all data represent at least two independent experiments. All data are mean 4 SEM, except in H, which is mean + SD. Data in A to C are combined
from two independent experiments (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0007; n.s., not significant).
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Figure 6.

Metabolic reprogramming of CD4™" T cells occurs early during Eu-Myc lymphoma progression. A, Glu-Cy5 uptake capacity in CD4* T cells from Ep-Myc lymphoma-
bearing C57BL/6J mice at the indicated timepoints, labeled ex vivo (n = 5-10 mice). C, Control; E, early; L, late. B, Glu-Cy5 uptake capacity in CD45.2" CD4™" T cells
transferred into normal or Eu-Myc lymphoma-bearing CD45.1% congenic mice as in Fig. 5H (n = 5 mice). C, PCA based on untargeted metabolomics of isolated CD4 ™"
T cells from Ep-Myc lymphoma-bearing C57BL/6J mice at the indicated timepoints (n = 6-7 mice). D, Heatmap of 59 metabolites that were differentially abundant by
ANOVA at the indicated timepoints. E, Levels of select metabolites from glycolysis, glutaminolysis, the TCA cycle, and amino acid metabolism pathways that feed into
the TCA cycle; G-6-P, glucose-6-phosphate; DHAP, dihydroxyacetone phosphate; 2/3-PGA, 2/3-phosphoglyceric acid; aKG, alpha-ketoglutarate. Data in A were
analyzed by a one-way ANOVA with a Dunnett multiple comparisons; data in B were analyzed by a t test. Metabolomics data were analyzed using PCA and ANOVA
in Metaboanalyst. Each dot indicates a biologically independent sample, and all data are mean + SEM (*, P< 0.05; **, P< 0.01; ***,P<0.001in Aand B. *, FDR < 0.05
in E; n.s., not significant).
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T-cell OCR were observed at early and late time points under both
conditions (Fig. 5D, left). The proportional change in OCR under
stressed conditions was similar across all experimental groups, indi-
cating some mitochondrial function is retained during lymphoma
growth (Fig. 5D, right). Conversely, ECAR rates remained below the
threshold for accurate measurements in all experimental groups, even
with stress, suggesting lactate-producing glycolysis is not a compen-
satory pathway for lymphoma-derived CD4 " T cells (Supplementary
Fig. S9E). Although our data and previous studies using the Eu-Myc
model indicate that CD8™ T cells do not readily generate effector cells
in response to tumor growth (Supplementary Fig. SOF; ref. 55), we
found that these CD8' T cells similarly lost mitochondrial mass,
membrane potential, and mitochondrial ROS during Ep-Myc lym-
phoma progression (Fig. 5E-G).

The data, thus far, indicate that alterations in mitochondrial activity
in lymphoma-associated T cells precedes the appearance of activation-
exhaustion stages. This could be due to 7 days of exposure to expanding
numbers of Eu-Myc B lymphoma cells. To assess this, we adoptively
transferred CD45.2"7 CD4" and CD8" T cells from control (non-
tumor-bearing) mice into CD45.1" congenic mice 7 days after Eu-Myc
lymphoma transplant and assessed mitochondrial phenotypes 2 days
later (Fig. 5H). Significant reductions in mitochondrial content, ROS
production, and membrane potential were observed among CD45.2™"
CD4"% and CD8" T cells transferred into lymphoma-bearing mice
versus those transferred into nontumor-bearing congenic mice
(Fig. 5I-N). Thus, loss of mitochondrial T-cell function occurs rapidly
in response to Myc-driven lymphomas.

Metabolite pools are depleted early in lymphoma-associated
CD4" T cells

Loss of mitochondrial membrane potential and mitochondrial ROS
production in CD4™ T cells in lymphoma-bearing mice could be due to
several effectors that directly regulate mitochondrial function and
phenotype. However, lymphoma-associated splenic CD4" T cells
expressed normal levels of genes that regulate mitochondrial biogen-
esis, fission, and fusion (Supplementary Figs. S10A and S10B). Resting
T cells engage glycolysis to produce pyruvate to support mitochondrial
functions (18), and we therefore assessed if glucose uptake was
impaired in these cells prior to activation. To achieve this, we syn-
thesized a fluorescent glucose analog, Glu-Cy5, which is 10-fold more
sensitive than 2-NBDG (N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Ami-
no)-2-Deoxyglucose; ref. 37). Directly injecting Glu-Cy5 into lym-
phoma-bearing mice revealed reduced uptake only at late time points
(Supplementary Fig. S10C), suggesting glucose competition occurs
only late in disease, although this could also reflect effects of spleno-
megaly that are manifested late in disease (Fig. 1B). To directly address
if there was nutrient competition, we attempted to isolate interstitial
fluid from spleens early in disease, but this was not feasible as
previously described in healthy tissues (56). When splenic CD4" T

Metabolic Reprogramming of CD4" T Cells in B-Cell Lymphoma

cells were immediately labeled in single-cell suspensions ex vivo, we
observed a significant reduction in Glu-Cy5 uptake observed both
early and late in disease (Fig. 6A). We confirmed this was not simply
due to 7 days of exposure of CD4™ T cells to expanding numbers of
lymphoma cells, as there were comparable reductions in Glu-Cy5
uptake in T cells within 48 hours of adoptive transfer into lymphoma-
bearing mice (Figs. 5H and 6B). Reduced glucose uptake in lymphoma-
exposed CD4" T cells was not associated with significant alterations in
the expression of glycolysis-related genes, suggesting glycolytic flux was
not altered (Supplementary Fig. S10D).

Given reductions in glucose uptake, we reasoned that glycolytic
intermediates, or other metabolites, might be significantly reduced in
lymphoma-experienced CD4" T cells. To assess this, control and
lymphoma-associated splenic CD4" T cells were subjected to untar-
geted metabolomics, after validating that the cell isolation methods
were unlikely to alter metabolites, as represented by measuring
intracellular ATP in control CD4" T cells (Supplementary
Fig. SI10E). Principal component analyses of the metabolite changes
revealed that CD4™ T cells separated according to whether they were
derived from lymphoma-bearing mice, regardless of disease timing
(Fig. 6C). The levels of 59 annotated metabolites were significantly
different in CD4" T cells across all groups. Of these, 30 differential
metabolites were common to the Early and Late cohorts versus Control
CD4™" T cells (Fig. 6D; Supplementary Fig. S10F). Metabolic pathway
analysis of these 30 metabolites revealed that the most significant
alterations were in amino acid pathways and the TCA cycle (Supple-
mentary Fig. S10G). Indeed, CD4™" T cells from lymphoma-bearing
mice showed reductions in intracellular glutamine, glutamate, and
N-acetyl-glutamine in agreement with low mitochondrial activity, as
well as a significant reduction in the branched chain amino acids
isoleucine and valine (Fig. 6E). Several other amino acids that can fuel
the TCA cycle through salvage pathways, such as phenylalanine and
tyrosine, also exhibited large reductions among CD4" T cells from
lymphoma-bearing mice. Key metabolites in the TCA cycle, fumarate
and malate, were also reduced in CD4 " T cells early during lymphoma
progression, indicating early impairment of this central metabolic
pathway (Fig. 6E). Finally, reductions in o-ketoglutarate were also
manifested in CD4" T cells late following lymphoma transplant,
consistent with impaired glutaminolysis during disease progression.

Analysis of glycolysis revealed that this central metabolic pathway was
also disrupted in CD4™" T cell by lymphoma progression. One exception
was phosphoenolpyruvate (PEP), which increased in CD4" T cells from
lymphoma-bearing mice (Fig. 6E). Increased PEP in CD4" T cells was
not associated with increased expression of Pck2, which generates PEP
from oxaloacetate (Supplementary Fig. S10D), suggesting that intracel-
lular CD4" T-cell PEP was derived extrinsically, for example from
Ep-Myc lymphoma cells that also exhibited high levels of PEP (Fig. 1G).

Losses in amino acids and metabolic starvation in general can
induce autophagic pathways, including mitophagy. However, there

Figure 7.

Eu-Myc lymphoma-induced mitochondrial reprogramming of T cells is independent of TCR signaling. A, Gating strategy to assess CD62L+CD44" T, (naive) and
CD62L"9CD44™ Tg (effector) CD4™ T cells from Eu-Myc lymphoma-bearing C57BL/6J mice at the indicated timepoints. C: control, E: early, L: late. Mice were also
assessed for (B, E) MitoTracker Green (MTG) G-MFI| (geometric mean fluorescence intensity), (C, F) MitoSOX G-MFI, (D, G) and MitoTracker Red/Green (MTR/MTG)
G-MFl ratio in effector (B=D) or naive (E-G) CD4™ T cells (n = 3-6 mice). H, MTG G-MFI, (I) MitoSOX G-MFI, (J) and MTR/MTG G-MFl ratio in splenic OT-Il CD4™ T cells
isolated 14 days following Eu-Myc lymphoma transplant (n = 3 OT-Il mice). K, Relative intracellular ATP in OT-Il CD4™ T cells at day 14 from lymphoma-bearing mice
(n =3 OT-ll mice). L, Absolute number of OT-Il CD4™ T cells at day 14 from control and lymphoma-bearing mice (n = 3 OT-Il mice). M, Schematic of vaccination
strategy using normal or lymphoma-derived OT-11 CD4™ T cells that were subsequently injected into C57BL/6J (CD90.2™") mice and immediately vaccinated with LPS
and OVA peptide. CD90.1" cells in the spleen were then analyzed 5 days later. N and O, The percent and phenotype of OT-Il CD4™" T cells as determined by the
congenic marker in OT-Il mice, CD90.1 (n = 3-4 mice). Tcm: central memory T cells. All data are mean + SEM. Data in B-G and N were analyzed by one-way ANOVA
and Dunnett’s multiple comparisons; data in H-L were analyzed by t-test; data in O were analyzed by two-way ANOVA and a Tukey'’s test. Each dot indicates a
biologically independent sample, and each panel represents at least two independent experiments. *, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001, n.s.. not
significant.
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were no significant alterations in the expression of genes that control
mitophagy among lymphoma-derived CD4" T cells (Supplementary
Fig. S10H). Indeed, there were significant decreases in lysosomal mass
among lymphoma-derived CD4* T cells, confirming low involvement
of mitophagy, and suggesting that loss of mitochondrial function may
provoke lysosomal impairment of lymphoma-derived CD4" T cells
(Supplementary Fig. S101; ref. 57).

Finally, because hypoxia can impair T-cell metabolism in the
TME (24), we also evaluated hypoxia in CD4™ T cells by PIMO
staining (58) during early and late stages of disease. There were no
significant increases in PIMO among lymphoma-experienced
CD4" T cells (Supplementary Fig. $10]), indicating that this was
not a driver of their metabolic reprogramming during lymphoma
progression.

Lymphoma-driven mitochondrial reprogramming of T cells is
independent of TCR signaling

The fact that mitochondria dysfunction and reductions in associ-
ated intracellular metabolites preceded phenotypic changes to CD4*
T cells during lymphoma progression, and that CD8" T cells also
experienced impaired mitochondrial phenotypes without evidence
of activation, suggested that metabolic reprogramming of T cells by
Myc-driven lymphoma could occur independent of TCR engagement.
To test this hypothesis, we initially analyzed the mitochondrial phe-
notypes of CD62LYCD44™% naive (Ty) versus CD62L"¥CD44*
effector (Tg) CD4" T-cell populations (Fig. 7A). As expected, mito-
chondrial biomass, ROS production, and membrane potential were
significantly decreased in CD4" Ty cells (Fig. 7B-D). Although this
could be due to TCR activation in the lymphoma microenvironment,
these alterations occurred earlier than activation (Figs. 2 and 3).
Polyclonal CD4" Ty cells did not exhibit decreased mitochondrial
biomass (Fig. 7E). However, mitochondrial ROS and membrane
potential in CD4" Ty cells were significantly reduced (Fig. 7F
and G, Supplementary Fig. S11A); thus, the mitochondria of unac-
tivated CD4" T cells were altered during Myc-driven lymphoma
progression. We observed a similar loss of mitochondrial membrane
potential and ROS production in CD8" Ty cells (Supplementary Figs.
S11B-S11D).

To confirm these findings we used a second, independent
Eu-Myc lymphoma transplant model in which comparable late-
stage tumor burdens were not observed until around 21 days
posttransplant (Supplementary Fig. SI1E). Changes in immune
phenotypes in this model were similar, with significant losses in
CD4" and CD8" T cells, a reversal of the CD4:CD$ ratio, and
increased CD4" Ty versus CD8" Ty cells (Supplementary Figs.
S11F-S11I). Among CD4" and CD8" Ty cells, there were again
significant decreases in mitochondrial ROS production and mem-
brane potential driven by lymphoma progression, affirming that
Myc-driven B-cell lymphoma could impair mitochondrial func-
tion in CD4" and CD8" T cells without TCR engagement (Sup-
plementary Figs. S11J-S110).

To further test this notion, we also assessed lymphoma-bearing mice
carrying transgenic TCR-expressing CD8" T cells (OT-I; ref. 59) or
CD4™" T cells (OT-II; ref. 60) that react with ovalbumin and not with
Eu-Myc lymphoma antigens. To ensure that only T cells that carried
the transgenic TCR were assessed, analyses were restricted to Vo2"
cells, although these comprised >95% of the total T cells (Supplemen-
tary Figs. S11P and S11Q). Increases in lymphoma burden provoked
decreases in mitochondrial biomass among OT-1I Vo2 *CD4™ T cells
(Fig. 7H); thus, reductions in mitochondrial biomass can be induced in
the absence of specific TCR activation. Lymphoma-derived OT-II
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Vo2tCD4" T cells similarly displayed reduced mitochondrial mem-
brane potential and ROS production (Fig. 7I and J), and exhibited
significant reductions in intracellular ATP (Fig. 7K). Ep-Myc lym-
phoma progression also led to significant reductions in total recov-
erable OT-II1 CD4™" T cells without TCR signaling (Fig. 7L). Finally,
although increases in lymphoma burden induced minimal changes to
mitochondrial biomass among OT-I1 CD8" T cells, there were again
significant reductions in mitochondrial ROS and membrane potential
(Supplementary Figs. S11R and S11T). Thus, Myc-driven B-cell lym-
phoma can significantly impair mitochondrial functions of T cells
independent of TCR signaling.

Mitochondrial function is important for memory formation of T
cells (61). To determine if these TCR-independent changes led to such
functional impairments, we adoptively transferred normal or lym-
phoma-derived OT-II CD4" T cells into new recipient mice and
assessed their responses to OVA vaccination (Fig. 7M). Although
both populations responded to vaccination, the number of lymphoma-
derived OT-I1 CD4 ™" T cells were significantly reduced compared with
normal OT-II CD4™" T cells (Fig. 7N). Phenotypically, these lympho-
ma-derived OT-II CD4" T cells exhibited significantly increased
CD62L"8CD44 " Ty, cells and impaired CD62L"CD44" Tey cells
(Fig. 70), further demonstrating that Myc-driven lymphomas can
modulate T-cell fate without engaging a TCR.

Discussion

Metabolic, transcriptional, and phenotypic reprogramming of lym-
phocytes by tumors appears to be a hallmark of cancer (62). However,
the precise mechanisms by which this occurs are not resolved, nor is it
clear if there are selective and/or tumor-specific effects on immune
responses. As established herein, a clear feature of Myc-driven B-cell
lymphoma was predominant effects on CD4 " T-cell effector pheno-
types versus other adaptive immune cells, where increases in tumor
burden reduced CD4" T-cell numbers and promoted their differen-
tiation into Tregs, which likely contributed to immune suppression, as
well as promoting, to an extent, differentiation into Thl effector
cells (46, 48). Lymphoma-induced changes to CD4 " T-cell differen-
tiation could reflect evolutionary pressure mediated by Myc-expres-
sing B-cell lymphoma to help bypass CD4™" T cell-directed antitumor
immunity, particularly because these tumor cells express elevated
MHC class II versus normal B cells. In contrast, there is perhaps less
evolutionary pressure for selection on CD8" T cells, as in previous
work, Eu-Myc lymphoma cells express reduced MHC class T (11).
Finally,immune escape in our models likely did not involve the PD-L1/
PD-1 checkpoint because Eu-Myc lymphoma cells expressed reduced
PD-L1, in accordance with the findings of others, particularly in B-cell
malignancies (11, 41, 63, 64).

Most studies investigating immune system dysfunction in cancer
have centered on how chronic antigen exposure in the TME
contributes to metabolic changes (24, 65). In general, these models
posit that T cells immediately traffic to the tumor or do so after
becoming activated in the lymph node, only to encounter hypoxia
and nutrient competition in the tumor niche that limit metabolites
needed for T-cell activation. In addition, chronic TCR stimulation
in the tumor niche has been proposed to drive and disrupt
mitochondrial membrane potential (27). However, impairment of
mitochondria has been reported to occur in both proliferative and
non-proliferative intratumoral CD8" T cells (23), although this
model used TCR-transgenic CD8" T cells that react with tumor
antigens in a high tumor burden setting. As shown here, lympho-
ma-induced mitochondrial dysfunction of CD4" T cells was TCR-
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independent, and CD8™" T cells were similarly altered by lymphoma
progression without evidence of activation. Collectively, these early
and TCR-independent changes to CD4" T cells in B-cell lymphoma
appear due to reduced capacity for metabolite uptake. Glucose and
metabolomic analyses indicated this was likely true for glucose, and
for glutamine and other amino acids that drive anapleurosis. Future
studies are necessary to examine the direct link between metabolite
loss and mitochondrial dysfunction and how lymphoma cells
impair metabolite uptake capacity among CD4™ T cells in the
absence of activation.

The findings presented herein established that metabolic, transcrip-
tional, and phenotypic reprogramming were uncoupled in time, where
lymphoma-provoked CD4" T-cell mitochondrial dysfunction and
changes to the metabolome were manifested well before significant
transcriptional and phenotypic changes occurred much later in disease.
Sudden, nonlinear shifts in complex systems are often preceded by early
warning signs (66). We posit that such shifts in T-cell metabolism might
represent early warning signs of immune collapse within the lymphoma-
immune ecosystem, marked by both mitochondrial loss and intracellular
metabolite starvation. Collectively, these findings support a model where
the metabolic burden on immune cells begins immediately, well before
significant lymphoma outgrowth, leading to reductions in several TCA
intermediates, whereas tumor cells themselves are fueling the TCA.
Furthermore, the data suggest that early metabolic changes in CD4"
T cells inform subsequent transcriptional and phenotypic changes that
contribute to immune evasion.

The regulation of immune phenotypes includes both bottom-up and
top-down control by metabolism (67). In cases of top-down regulation,
the phenotype of T cells determines which metabolic pathways are
dominant. In contrast, in scenarios of bottom-up regulation, environ-
mental cues, for example available or limiting metabolites, determine
how T cells differentiate or function. Given the early metabolic re-
programming and subsequent CD4" T-cell differentiation described
herein, we conclude that metabolic and mitochondrial re-programming
of T cells in the absence of TCR activation drives bottom-up regulation of
CD4™" T-cell differentiation. Consistent with this model, PEP accumu-
lated in CD4" T cells early during lymphoma progression, and PEP is a
known regulator of both Thl effector and Treg suppressive pheno-
types (22, 68), the two CD4" T-cell populations that were observed late
in lymphoma progression. Given the limitations to CD4" T-cell met-
abolic function that occur early in lymphoma progression, our data
suggest that lymphoma also limits immune cell bioenergetics that are
necessary for robust antitumor responses. Lymphoma-driven con-
straints on nutrient resources may also explain the lack of substantial
effects on CD8" T-cell and NK-cell fate, as the latter population relies on
similar metabolic pathways as activated T cells (69-71).

Although most of our current understanding of cancer immuno-
metabolism is derived from solid tumor models, some studies have
examined how hematologic malignancies alter the mitochondrial
function of T cells. For example, CD8™ Ty cells derived from patients
with chronic lymphocytic leukemia have reduced mitochondrial
function (52), and our analyses of MYC-driven Burkitt lymphoma
(BL) expression datasets indicated BL polarized CD4™" T cells towards
a Treg phenotype. Further, Ty and other T-cell subsets from patients
with multiple myeloma exhibit reduced mitochondrial ROS produc-
tion (53). Thus, disruption of T-cell metabolism and fate are shared
features of these B/plasma-cell malignancies.

Patients with MYC-driven B-cell lymphoma often have worse prog-
nosis with standard therapies such as R-CHOP (8). Emerging and
approved treatments for B-cell lymphoma now include immunothera-
pies, including chimeric antigen receptor T-cell (CAR-T) therapies (72).
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Given that CAR-T therapy involves processing T cells directly from
patients, our studies underscore the importance of understanding how
lymphoma may shape the immune system prior to CAR-T or other
immunotherapy treatment. Notably, it has been shown that naive T cells
are more effective than T, cells when producing CAR-T cells, and this
has been ascribed as being due to lack of chronic antigen-specific TCR
signaling (73, 74). In the context of our study, another interpretation is
that the metabolism of patient T cells is compromised by lymphoma
much earlier than expected, regardless of the subpopulation, and this
supports the development of immunotherapies with enhanced meta-
bolic function. Indeed, endowing CAR-T with superior metabolic
capacity is suggested to be an alternative approach to cell therapies (75).
Finally, given that naive T cells are also susceptible to metabolic and
subsequent phenotypic reprogramming in Myc-driven B-cell lympho-
ma, metabolic profiling may help inform which CAR-T products will
mount a long-term response.
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