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ABSTRACT ARTICLE HISTORY

T cell immunity is critical for human defensive immune response. Exploring the key molecules during the Received 17 November 2023
process provides new targets for T cell-based immunotherapies. CMC1 is a mitochondrial electron Revised 14 April 2024
transport chain (ETC) complex IV chaperon protein. By establishing in-vitro cell culture system and  Accepted 15 April 2024

Cmc1 gene knock out mice, we evaluated the role of CMC1 in T cell activation and differentiation. The B16- KEYWORDS
OVA tumor model was used to test the possibility of targeting CMC1 for improving T cell anti-tumor CMC1; lactate; T cell; tumor
immunity. We identified CMC1 as a positive regulator in CD8T cells activation and terminal differentia- microenvironment; USP7

tion. Meanwhile, we found that CMC1 increasingly expressed in exhausted T (Tex) cells. Genetic lost of
Cmc1 inhibits the development of CD8'T cell exhaustion in mice. Instead, deletion of Cmc1 in T cells
prompts cells to differentiate into metabolically and functionally quiescent cells with increased memory-
like features and tolerance to cell death upon repetitive or prolonged T cell receptor (TCR) stimulation.
Further, the in-vitro mechanistic study revealed that environmental lactate enhances CMC1 expression by
inducing USP7, mediated stabilization and de-ubiquitination of CMC1 protein, in which a mechanism we
propose here that the lactate-enriched tumor microenvironment (TME) drives CD8*TILs dysfunction
through CMC1 regulatory effects on T cells. Taken together, our study unraveled the novel role of
CMC1 as a T cell regulator and its possibility to be utilized for anti-tumor immunotherapy.

Introduction unknown. More intriguingly, instead of COX1 and other
ETC complex subunits, CMC1 transcript was found upregu-
lated in the CD8"Tex cells of our previous single-cell RNA-seq
analysis of Hepatocellular carcinoma,'” suggesting a role of
CMCI in the biology of T cell exhaustion beyond its role in
the biogenesis of ETC complex IV.

To test the role of CMCI in the regulation of T cell activa-
tion and exhaustion, in the study we utilized two in-vitro cell

. - . o culture systems similar to previously reported ones."*™"> In
notherapies, restricting and fine-tuning the activation of ther- Y P Y 1P

. . o . both short-term and long-term cell stimulation models,
apeutic T cells is key to maintaining their stemness and self-
. . o T s CMC1 acts as an accelerator that feedforwards the
renewal capacity for long-lasting efficacies.

Mitochondria plays crucial roles in orchestrating T cell CD8'T cell activation and terminal differentiation including

function and cell fates decision,” and has been proposed to exhaustion. In additiO.n, environmental lachte .further
be the target for better T cell fitness.””” Mitochondrial biogen- Znhalr; N es.(.ZMC.l exﬂrféifg ] through USP7 T[abmzatlon ar'lc}
esis and reprogramming is a consequence of T cell activation, e—uh 1q91t1na'cfl(;ln © I:l)lr ote}in, gevea me ap otent.la
ensuring the functionality of effector T cell by its governance ?,;i anism of how tumor cells shut down tumor-reactive
on anabolism of proteins, lipids, and nucleic acids.® Besides its .

regulation of macromolecule synthesis, the ETC Complex IV

directly regulates the T cell activation through oxidative Materials and methods

phosphorylation.'” CMC1 is a mitochondrial protein that is
previously reported to function as a stabilizer of the COX1-
COA3-COX14 complex in the ETC complex IV assembly,'"" C57BL/6 (WT) (SPF (Beijing) biotechnology Co., Ltd.) and
but its effects in the regulation of T cell activation are Cmcl-/- (KO) (Cyagen) mice were subcutaneously injected

T cell receptor (TCR) and costimulatory receptors synergisti-
cally initiate the naive T cell activation are necessary for the
induction of T cell effector function, while prolonged stimula-
tion signals cause T cell exhaustion that leads to the compro-
mised adaptive immune response and contributes to the failure
of anti-chronic infection or anti-cancer immunity."?
According to the recent research on T cell-based immu-

Mouse tumor model
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with 5x 10> B16-OVA melanoma cells. B16-OVA cells were
cultured in DMEM containing 10% FBS for indicated duration
and used for the following animal study. Mice and tumor
growth were monitored daily. Tumor volume was determined
as 0.5 x Width® x Length. Mice were then sacrificed on Day 10
after tumor cells inoculation. All animal experiments were
performed according to Shanghai Public Health Clinical
Center Laboratory Animal Care and Use Committee guide-
lines. The animal study was reviewed and approved by
Shanghai Public Health Clinical Center Laboratory Animal
Welfare (2022-A049-01).

Mouse CD8"T cell isolation, activation, and in vitro
exhaustion model

Mouse CD8'T cells were isolated from the spleen of C57BL/6
mice using the MojoSort™ Mouse CD8"T Cell Isolation Kit
(BioLegend, Cat# 480008). CD8'T cells were activated with
plate-bound anti-mouse CD3e (5pg/ml, BioLegend, Cat#
100340) and anti-mouse CD28 (0.5 ug/ml, BioLegend, Cat#
102116) for 72 hours in RPMI-1640 medium (Sigma-Aldrich)
containing 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 50
uM B-ME (Sigma-Aldrich) and 100 U recombinant murine IL-
2 (Peprotech, Cat# 212-12). For induction of Teff or Tmem
cells, Cells were then washed and resuspended by the RPMI-
1640 medium and seeded in the 24-well plate in the presence of
100 U recombinant murine IL-2 (Teff), 12.5 ng/ml recombi-
nant human IL-7 (Tmem) or 10 ng/ml recombinant human IL-
15 (Tmem) for 3 more days. For the CM culture experiment,
Day 6 Teff cells were resuspended by 20% CM plus 80% RPMI-
1640 medium (Sigma-Aldrich) containing 10% FBS (Gibco), 2
mM L-glutamine (Gibco), 50 uM B-ME (Sigma-Aldrich) and
100 U IL-2 (Peprotech) and seeded in the 24-well plate for 24
hours then harvested for experiments. CM was harvested from
B16-OVA cells cultured for 48 hours (DMEM +10% FBS) and
filtered by 0.2 mm filters.

Mouse CD8'T cells following 72 h of initial stimulation as
described above, T cells were rested for 2 d by culturing at 2 x
10°cells/ml in RPMI-1640 medium containing 10% FBS, 2 mM
L-glutamine, 5 pM B-ME and 100 U recombinant mouse IL-2.
Then cells were either stimulated with (chronic) or without
(acute) plate-bound anti-mouse CD3e (2.5 pg ml™', Biolegend)
and anti-mouse CD28 (0.25 ug ml™", Biolegend). T cells were
passaged onto fresh plates every 2d until Day 10 following
initial stimulation, then cells were used for following analysis.

Human CD8"*T cell isolation and stimulation

Human CD8'T cells were isolated from the PBMCs of healthy
donors using MojoSort™ Human CD8 T Cell Isolation Kit
(BioLegend, Cat# 480012). Cells were activated with plate-
bound anti-human CD3e (5pg/ml, BioLegend) and anti-
human CD28 (0.5ug/ml, Biolegend) for 72hours in
RPMI1640 containing 10% FBS, 200 U IL-2 (Peprotech, Cat#
200-02). Cells then washed and resuspended by RPMI1640
containing 10% FBS and 200 U IL-2 and seeded in the 24-
well plate for 3 more d culture. For L-Lactate treatment, cells
at day 7 were treated with 10 um L-Lactate for 24 hours and
harvested for anti-Pan Kla ChIP-seq. All donors were provided

written informed consent before sampling and was approved
by the Jinshan Hospital Ethics Committee, Fudan University
(JIEC 2021-S19). No subjects were excluded from our study.
Experimental subjects were not randomized into groups
because this was deemed irrelevant to this study. Sex was not
considered as a biological variable because this was deemed
irrelevant to this study. Neither age nor weight was considered
as a biological variable because both were deemed irrelevant to
this study. No blinding was applied because this was deemed
irrelevant to this study.

RNA isolation and quantitative real-time PCR (RT-qPCR)

The analyzed genes were: Cmcl, Cox14, Glutl, Hk2, Ldha,
Pkm, Usp7. Total RNA was isolated using RNA-Quick
Purification Kit (ES Science, RN001). RNA (500 ng) was
reverse transcribed into cDNA using PrimeScript™ RT Master
Mix (Perfect Real Time) (Takara, Cat# RR036A). The relative
expression of gene transcripts compared to the control gene
Gapdh were measured by quantitative real-time PCR using
SYBR® Premix Ex Taq™ II (Takara, Cat# RR820).
Amplification was performed at 95°C for 10 minutes, 40 cycles
of 15 s at 95°C and 1 minute at 60°C. The fold change in gene
expression was determined as: 2"°P“", Each real-time PCR
experiment included technical replicates, in a final volume of
10 uL.

Flow cytometry

In-vitro cultured CD8"T cells or CD8"TILs were prepared in
a staining buffer (PBS containing 1% FBS) and stained with
the indicated antibodies. Antibodies: Alexa 700 anti-mouse
CD25 (BioLegend; Cat# 102024); FITC anti-mouse IL-2
(BioLegend; Cat# 503806); FITC anti-mouse TNFa
(BioLegend; Cat# 506304); BV605 anti-mouse IFNy
(BioLegend; Cat# 505840); Percp-cy5.5 anti-mouse GZMB
(Biolegend; Cat# 372212); APC anti-mouse Perforin
(BioLegend; Cat# 154403); APC anti-mouse EOMES
(Invitrogen; Cat# 2473687); APC anti-mouse KLRGI
(BioLegend; Cat# 138412); BV421 anti-mouse CD127
(BioLegend; Cat# 135024); APC-Cy7 anti-mouse CD44 (BD
Pharmingen; Cat# 560568); BV605 anti-mouse CD62L
(BioLegend; Cat# 104437); PE-Cy7 anti-mouse CCR7
(BioLegend; Cat# 120123), BV421 anti-mouse PD-1
(Biolegend, Cat# 135221); PE-Cy7 anti-mouse Tim-3
(Biolegend, Cat# 134010); PE anti-mouse TOX (Invitrogen,
Cat# 2407523); Alexa flour 647 anti-mouse TCF1 (BD
Pharmingen, Cat# 566693). Fixable Viability Stain (BD
Horizon; Cat# 564406) was used to determine cell viability.
FITC Annexin V Apoptosis Detection Kit I (BD Biosciences,
Cat# 556547) was used to determine cellular apoptosis. For
intracellular markers staining, Fixation and permeabilization
solution (BD, Cat# 554722) was used by following the man-
ufacturer’s instruction. For INFy, TNFa, GZMB, IL-2,
Perforin, before harvesting the cells, PMA, ionomycin and
Brefeldin A (Cell Activation Cocktail, Biolegend,
Cat#423303) were used to treat the cells for 4 hours at
a 1:1000 dilution. Flow cytometry was performed on BD
FACSLyric™ Flow Cytometer. Flow analysis was performed



using FlowJo 10.6.1 software (TreeStar). All surface antibo-
dies were used at a 1:200 dilution, and the intracellular
staining antibodies were used at a 1:100 dilution.

Lactate detection assay

Lactate detection was performed using a Lactate detection kit
(Abbkine, Cat# KTB1100) following the procedure of supple-
mental methods.

Western blotting and immunoprecipitation

For western blotting experiments, total cell lysates were
obtained by lysing cells with NP40 lysis buffer, and centrifu-
gated at 15,000 x g for 10 min at 4°C. The lysates were resolved
by SDS-PAGE, transferred to nitrocellulose membrane and
probed with indicated antibodies.

For immunoprecipitation experiments, equal amounts of
cleared cell lysates were adjusted to the same volume, incu-
bated with normal rabbit or mouse IgG control (Beyotime,
Cat# P2179M) or USP7 or CMCI primary antibody for 2
hours, and then incubated with Immunoprecipitation Kit
with Protein A+G Magnetic Beads (Beyotime, Cat# P2179M)
for 2 hours at 4°C. The Beads were then washed three times
with lysis buffer, and bound proteins were eluted in SDS
sample buffer for western blotting experiment. For HA immu-
noprecipitation, cell lysates were directly incubated with anti-
HA tag antibody for 2hours, and then incubated with
Immunoprecipitation Kit with Protein A+G Magnetic Beads
(Beyotime, Cat# P2179M) for 2 hours at 4°C. Then Beads were
washed three times with lysis buffer, and bound proteins were
eluted in SDS sample buffer for western blotting analysis.
Other used antibodies (see Supplemental Table S1).

In vivo de-ubiquitination assay

Myc-tagged USP7 was purchased from Shanghai Yuanhe bio-
technology company. Flag-tagged CMC1 was generated in the
laboratory. 293T cells were co-transfected with plasmids
encoding HA-tagged ubiquitin and Flag-tagged CMC1 with/
without Myc-tagged USP7. Two days after transfection, cells
were treated with 20 uM MG132 for 4 hours and lysed in 500 pl
denature lysis buffer. Cell lysates were then immunoprecipi-
tated by using an HA-tag antibody as described above.

Statistical analysis

Statistical analyzes were done by using GraphPad PRISM 9.0.0
software. Error bars, p values and statistical tests are all
reported in figure legends.

Results
CMCT1 associates with T cell activation events

To understand if Cmcl is differentially expressed in Teff and
Tmem, we purified CD8"Tnaive cells from the splenocytes of
C57/BL6] mice and stimulated them with anti-CD3 and anti-
CD28 monoclonal antibodies in the presence of Interleukin-2
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(IL-2), IL-7 or IL-15 in vitro" (Figure S1(a)). We found that
the CMC1 protein is significantly higher in Teff cells than in
Tmem cells (Figure 1(a)). In the current study, we tested in two
experiments (activation and reactivation) to find out whether
CMCI is important in the effector stage after effector T cell
development. To mimic the early activation events of cytotoxic
T cells killing their target cells'®'” (Figures S1(b,c)), we resti-
mulated CD8 Teff cells and found that CMCI1 transiently
upregulated at the 3-hour time point (Figure 1(b)). By treating
the CD8"Teff cells with a previously reported mitochondrial
proteins blocker — mitoblock6 (MB)'® for 24 hours on Day 6,
we found that the activation markers CD25, CD69, cytotoxic
cytokines granzyme B (GZMB) and interferon gamma (IFNYy)
were dose-dependently decreased (Figure S1(d,e)).

We performed mRNA-seq analysis on the restimulated
CD8'Teff cells. By using the Short Time-series Expression
Miner (STEM) analysis,”® we identified four clusters of genes
that had similar expression patterns as CMC1 (Figure 1(c) and
STab.2), which are enriched in the biological process of T cell
activation, apoptosis (Figure 1(d-e)). Representative genes
from the clusters (Figure 1(d)) like Pdcdl, Nr4al, Nrda2,
Nr4a3 and Rgs16 are marker genes of T cell exhaustion
(Figure 1(f)). The genes like Gzmc, and II2 share a similar
expression pattern to CMCI. In addition, genes involved in
the T cell differentiation were transiently induced in the resti-
mulated CD8"Teff cells (Figure 1(f)). Since the transcriptome
of Tnaive cells is drastically reprogrammed at different time
points after the ligation of TCR,** we then ask if Cmcl is also
involved in the naive T cell activation (Day 0 to Day 3) (Figure
S1A). We tested the kinetic expression of CD69 and CD25 on
Day 1 and Day 6 with or without anti-CD3/CD28 antibodies
reactivation to confirm cell activation (Figures S1(b,c)).
Besides, the cells were treated by mitoblock6 together with
anti-CD3/CD28 antibodies reactivation for 24 hours (Figures
S1(d,e)). And we measured the protein expression level of
multiple effector molecules including CD25, CD69, GZMB,
IFNy and found mitoblocké significantly inhibited cell effector
function (Figures S1(d,e)). To our surprise, Cmcl was transi-
ently induced with the highest mRNA expression at the 24-
hour, then decline to its initial level at Day 3 (Figure S2A). The
Cox14 also showed a similar expression pattern (Figure S2A),
suggesting that the short-term induction of Cmcl is probably
integrated into the mitochondrial biogenesis and assembly
during naive T cell activation."

Cmc1 KO inhibits CD8'T cell activation and apoptosis

Next, we generated genetic Crcl KO mice to further study the
intrinsic causal-effective relationship between Cmcl and
CD8'Teff cells function in the same culture system (Figure
S1A). The Cmcl—/— CD8"Teff cells showed reduced CD25 and
cytotoxic cytokines including GZMB, perforin, tumor necrotic
factor-a (TNFa) and IFNy expressions (Figure 2(a-h)). Also,
T-bet is decreased in the Cmcl—/— CD8'Teff cells, revealing
a lower activation response (Figure 2(i,j)). In addition, similar
effects were also observed at the 12-hour and 24-hour time-
points in the initial phase of Tnaive cells activation (Figure S2(b-
e)). It suggests that CMCI1 is an accelerator in T cell activation
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Figure 1. The expression of CMC1 associates with T cell activation and apoptosis. (a) CD8*T cells were cultured in different cytokines and analyzed by western blotting.
(b) Day 6 CD8Teff cells restimulated by a-CD3, a-CD28 at indicated time-points in the presence of IL-2 and analyzed by western blotting. (c) RNA-seq DEGs of CD8* Teff
cells restimulated as in (B) were analyzed using STEM software. Each box represents a specific cluster of genes that share the same gene expression dynamic pattern at 0,
3, 5, 12 hours. Boxes with colors have p values < 0.05. (d,e) Gene ontology and KEGG pathway enrichment analysis of the first four gene clusters (pink) of (C) via

Metascape online platform.'

that starts to orchestrate effector function as early as the mito-
chondrial biogenesis starts.>*

Activation-induced apoptosis is a T cell-intrinsic nega-
tive mechanism that is prone to restrict Teff
hyperactivation,”* and results in Figure 1(d) also suggest
a correlation between CMC1 and apoptosis. We then exam-
ined the cellular apoptosis by AV/PI staining at different
time points upon restimulation and found that CD8"Teff
cells from the WT devoted a fewer proportion of live cells
(Figure 2(k,1)).

Increased aerobic glycolysis in CD8*Teff cells is another
hallmark of T cell activation,**> while CMCI is a chaperon
protein in the biogenesis of mitochondrial ETC complex
IV."" We wonder if Cmcl KO would lead to any transfor-
mations of the cellular metabolic processes. By testing
glycolytic genes expression and measuring the cellular lac-
tate production at Day 6, Cmcl-/- CD8'Teff cells showed
lower expression of Glutl and Hk2 with reduced lactate
production and glucose uptake (Figure 2(m-p)), suggesting
a relative state of glycolysis inhibition. Consistent with the
results above, the mRNA-seq analysis (Figure S3A) showed
downregulated Gzmk, Klrgl, GO and KEGG enrichment of
the downregulated transcriptome (Figure S3(b.c)) suggested
T cell activation and immune response are involved.

(f) Heatmap showing representative genes in the first four gene clusters (pink) of C.

Cmc1 negatively regulates T cell stemness and memory
plasticity

Activation leads to the terminal differentiation of CD8  Teff
cells is attributed to the loss of cellular stemness.*>*” Given
that Cmcl is up-regulated in T cell activation and the
Tmem cells express less CMCI1 protein (Figure 1(a)), we
wonder if Cmcl also affects the cell fate decision after
T cell activation. Therefore, we next sought to clarify
whether Cmcl KO would favor memory T cell formation
in vitro. We first evaluated the Tmem and Teff subsets in
the KO mouse spleen. The CD44 and CD62L FCM gating
showed that Tmem population (CD44"CD62L") in Cmcl-/-
T cells is slightly higher than the WT control mice
(Figure 3(a,b)). This trend is more obvious when we
induced the splenic T cells in vitro under memory condi-
tions (Figure 3(c,d)). To better characterize the memory
plasticity, we restimulate the in vitro cultured memory
cells with anti-CD3 and CD28 antibodies and the result
showed there was a greater memory subset with increased
CCRY7 expression remained in the Cmcl-/- T cells (Figure 3
(e,f)). Also, there was more live cells remained on Day 4
after restimulation (Figure 3(g)), consistent to more live
cells when reactivated (Figure 2(k,1)).
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Figure 2. CMC1 accelerates CD8*Teff cells activation and apoptosis. (a-j) Representative FCM contour dot plot and quantitative graphs of Day 6 in vitro-induced
CD8Teff cells from WT and Cmc1-/- mice. The analyzed markers includes CD25, GZMB, Perforin, TNFa, IFNy, T-bet. (k and I) Representative FCM plots of CD8*Teff cells
restimulated as in (Figure 1(b)) were stained for Annexin V (AV) and PI. Scatter plot shows the frequency of AVPI™ cells. (m) RT-qPCR quantification of Hk2, Glut1, Ldha,
and Pkm mRNA expression of CD8*Teff cells as in (a-n). (n) Lactate concentration assay performed on the culture medium obtained from CD8*Teff cells as in (A-J). (o and
p) Representative FCM histograms and quantitative bar graph of Day 6 in vitro-induced CD8*Teff cells from WT and Cmc7-/- mice were stained for 2NBDG. Dots in all
plots represent individual sample data. N = 3 mice for each group. Data are presented as means + SEM. Statistical analysis was by Student’s t test (b, d, f, h, j, n, p) or Two
way ANOVA and Sidak’s multiple comparisons test (I and m). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. MFI, mean fluorescence intensity.

CMC1 accelerates T cell exhaustion in an in-vitro chronic
stimulation model

Prolonged antigen stimulation or TCR activation signaling
is the prerequisite for the T «cell exhaustion
development.">?®* To further clarify the relationship
between Cmcl and T cell exhaustion, we first induced
T cell exhaustion in vitro (Figure S4A). Consistent with
our findings in the single cell RNA-seq of CD8'TILs in
the HCC patients,'? cells that experienced chronic stimula-
tion had significantly higher CMC1 and GZMK expressions
(Figure 4(a)). And the PD-1, Tim-3, and the consequent
PD-1"Tim3"proportion were significantly increased in the
chronic stimulation (Figure 4(b-e)). The terminal exhaus-
tion transcription factor TOX was increased, while the
progenitor exhaustion marker TCF1 was decreased
(Figure 4(f-i)). Next, we found that Cmcl-/- cells possessed
fewer PD-17"Tim-3" populations and the corresponding
lower PD-1 and Tim3 expression (Figure 4(j-m)) in the
same culture model. The population of TCE-1"PD-1"
T cell was fewer in the Cmcl-/- cells with lower TCF-1
and TOX levels (Figure 4(n-q)), suggesting that the total
Tex cells including progenitor Tex population were attenu-
ated in the Cmcl-/- T cells. Given that GZMK and CMC1
were both increased in the chronically stimulated T cells
(Figure 4(a)), and the effector memory GZMK'T cells are
also defined as the progenitor Tex cells,”® we next examine
the GZMK protein levels in the Cmcl-/- cells. Consistent

with the fewer TCF-1MPD-1M population (Figure 4(n,0)),
GZMK was decreased in both acute and chronic stimula-
tion (Figure 4(r)). And Cmcl KO ameliorates the apoptosis
of in-vitro-induced Tex cells with more live cell proportion
(Figure S$4B,C). Lactate accumulation is one of the hall-
marks of TME metabolism.’® By adding extracellular lactate
into the cell culture for 24 hours, we found that the extra-
cellular lactate increased CMC1 expression levels of the Tex
cells (Figure 4(r)).

CMC1 impairs T cell survival in a lactate-enrich
environment

To further mimic the context of lactate-enrich TME on
CD8"Teff cells, we here utilized a previously reported cell
culture model®” to test if lactate affects CD8*Teff cells survi-
val capability. Indeed, conditioned medium (CM) harbored
higher lactate concentration (Figure S5A) and reinforces the
CMCl level in CD8" Teff cells with decreased live cells (Figure
S5B - Figure S5D). Next, we repeated the test on Cmcl KO
cells. Though the CmcI KO cells did not directly show more
live cells, they were rescued by cell death inhibitors including
Necrostatin-1 and Ferropstatin-1 rather than Z-VAD-FMK
(Figure S5(e,f))). Taken together, CMCI also plays a role in
regulating the survival capability in the lactate-enrich envir-
onment by necroptosis and ferroptosis.
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intensity.

Lactate reinforces CMC1 expression by USP7 in a
post-translational manner

Histone lactylation is an epigenetic modification that senses the
cellular lactate flux, resulting in selective gene upregulation.’>?’
We found that the Pan-lysine lactylation (Pan Kla) modification
continually accumulated following TCR stimulation in naive
T cells (Figure S6A), which is corresponding to the upregulated
aerobic glycolysis in T cell activation.® Consistently, inhibiting
the intracellular lactate production via oxamate, CMC1 was
reduced in CD8'Teff cells (Figure S6B). We then treated
CD8"Teff cells with lactate for 24 hours in the absence of TCR
restimulation and then performed an anti-Pan Kla ChIP-seq to
profile the differentially modified gene promoters. We noticed
that the Usp7 promoter had upregulated enrichment of Pan Kla
modification (Figure 5(a) and STab. S3). Given that USP7 is
a specific deubiquitinase that stabilizes protein expression in
a posttranslational manner,** we hypothesized that the histone
lactylation (Pan-Kla) promotes CMCI expression via USP7 in
a post-translational manner rather than its direct modification
on the Cmcl promoter.

Consistently, mouse CD8 Teff cells treated with lactate
showed increased CMC1 and USP7 levels (Figure 5(b)), while
the mRNA of Cmcl was not significantly altered (Figure S6C).

MCT1 is responsible for the shuttling of environmental lactate
in CD4"Treg cells’>** and the resulting upregulated PD-1,%
we here noticed that the MCT1 in CD8"Teff cells was only
upregulated when the extracellular pH is near 5.8, similar to
that of lactic acidosis in TME36’37(Figure S6(d,e)). Moreover,
inhibition of MCT1 by phloretin®® abolished the CMC1
expression induced by lactate (Figure S6f). Histone lactylation
is thought to be carried out by p300 protein,”* we utilized
a p300 inhibitor, A485,” to test if USP7 is indeed modulated
by Pan Kla modification. As expected, both USP7 and Pan Kla
declined in the presence of lactate and A485 (Figure 5(c)).
Since USP7 acts as a deubiquitinase, we next sought to confirm
if the CMCI protein is degraded in the protease. Indeed, the
CMC1 protein declines in the presence of CHX (Figure 5(d)),
while accumulating in the presence of MG132 which is equiva-
lent to the effect of lactate treatment (Figure 5(e)). The immu-
noprecipitation experiment showed that USP7 interacts with
CMCI (Figure 5(f,g)). To further confirm that USP7 deubiqui-
tinates CMC1, we performed the in-vivo de-ubiquitination
assay in 293T cell line as previously described.** In the condi-
tion of USP7 overexpression, the poly-ubiquitination of exo-
genous CMCI1 significantly decreased (Figure 5(h)). Finally, we
utilized a specific USP7 inhibitor, P5091,% to test the efficacy
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of targeting CMC1 by inhibiting USP7 activity in the presence
of lactate addition. Both USP7 and CMCI1 declined in a dose-
dependent manner (Figure 5(i)). These results together sug-
gested that lactate promotes CMC1 expression via USP7 in
a post-translational manner (Figure 5(j)).

ScRNA-seq analysis revealed CMC1 is a potential marker
of immunotherapy

Terminal Tex cells are thought to be the mechanism of failure
to immune checkpoint blockade therapy (ICB).*' Here we
reanalyze published data including responsive and non-
responsive melanoma patients,*> focusing on exploring the
role of CMCL1 in T cell exhaustion. The CD8"T cell cluster
that expresses the highest CMC1 (C4) also had the most abun-
dant co-inhibitory receptors and apoptosis pathway with lower
TCF7 and CCR7, suggesting CMC1 is positively associated
with terminal Tex cells (Figure S7A and Figure S7B).
Consistent with our results, the C4 cluster also expresses the
highest USP7 level (Figure S7B). Moreover, the pseudo-time
analysis further revealed that the non-responders harbor
higher amounts of CMCI™CD8"T cells (Figure 6(a,b)), sug-
gesting CMC1 correlates with ICB non-responsiveness.

Cmc1 deletion relieves intra-tumoral CD8T cells
exhaustion and apoptosis in mouse

To better understand the in-vivo effect of Cmcl in anti-
tumor T cell subsets, we subcutaneously inoculated the
B16-OVA melanoma cells in the Cmcl KO mice to observe
the overall in-vivo anti-tumor immune response. Tumors
that developed in the Cmcl KO mice exhibited
a considerably slower growth rate compared with WT
mice (Figure 6(c,d)). We next obtained the single-cell sus-
pensions to perform FCM to evaluate the intra-tumoral
T cell functional states. The CD8"TILs of Cmcl KO mice
projected more PD-1"Tim-3", PD-1'""Tim-3", PD-1"&".
Tim-3" cells (Figures 6(e,f)) along with a tendency of
increased corresponding CD44"CD62L" effector population
(Figure S8A and S8B). We also observed the CD8 TILs of
Cmcl KO mice had fewer Tox"cells (Figure S8C and S8D)
but more TCFl*cells (Figure S8E and S8F) although the
statistical results have not yet reached significant signifi-
cance due to the great individual differences. Accordingly,
Cmcl KO mice had more live CD8"TILs (Figure 6(gh))
with higher GZMB expression level (Figure 6(i,j)) remain-
ing in the TME and, suggesting a long-lasting effective
anti-tumor efficacy.
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Discussion

The coinhibitory molecules, including PD1, are induced to
regulate T cells upon activation. They play a diverse role in
balancing protective immunity and immunopathology, home-
ostasis and tolerance.*> Our study for the first time identified
that upon CD8'T cell activation, CMC1 serves as an accelera-
tor to promote T cell terminal differentiation that impaired
memory plasticity and drives T cell exhaustion leading to
impaired anti-tumor immunity. Further, in the context of
highly glycolytic TME, lactate accumulation might poison the
newly infiltrated CD8"Teff cells and exacerbate Tex cell devel-
opment by promoting CMC1 expression.

ICB therapy has shed new light on cancer immunotherapy,
but the efficacy and durability are still limited due to the terminal
differentiation of Tex cells. Previous studies identified that the
progenitor Tex cells are the main source that gives rise to effector
T cell expansion responding to ICB therapy.’*** However,
a recent study has shown that T cell expansion also causes
T cell terminal exhaustion development triggered by IL-2
signaling.*® This research revealed that sustained elevation of
IL-2 triggers prolonged STATS activation in CD8+ T cells. This
activation, in turn, prompts significant upregulation of trypto-
phan hydroxylase 1 expression, facilitating the conversion of
tryptophan into 5-hydroxytryptophan (5-HTP). Subsequent
activation of AhR nuclear translocation by 5-HTP orchestrates
the upregulation of inhibitory receptors while simultaneously

downregulating cytokine and effector-molecule production.
Consequently, T cells become dysfunctional within the tumor
microenvironment. This suggests that T cell exhaustion is an
irreversible process and cell fate commitment that cannot simply
be reversed by combating the co-inhibitory immune check-
points. Our study here identified that CMC1 serves as an accel-
erator that starts to direct T cell terminal differentiation as early
as the T cell is activated especially when it’s cultured in an IL-2
expansion medium. More interestingly, another study showed
that targeting T cell expansion by an engineered IL-2 agonist -
HOT significantly ameliorates T cell terminal exhaustion devel-
opment after activation.*® Mechanistically, the H9T treated
CD8"Teff cells exert a stem-cell memory phenotype and reduced
glycolysis metabolism which is consistent with what we found in
the Cmcl KO (Cmcl-/-) CD8'Teff cells (Figures 2 and 3).
Therefore, CMC1 might serve as a metabolic checkpoint that
can be utilized to fine-tune the T cell expansion in vitro, espe-
cially for CAR-T cells since T cell exhaustion is still a barrier that
hinders the CAR-T cells application in solid tumors.

Lactate was widely considered a cellular metabolic waste of
glycolysis when the Warburg effect first described
a mechanism by which the malignant tumors thrive through
metabolic reprogramming.”’ Targeting lactate shuttling of
malignant cells has been proposed to be a promising cancer
treatment strategy.”® Of note, lactate’s effects on T cells are still
controversial. Physiological lactate boosts the T cell fitness by
supporting the TCA cycle efficiency,*® while a much higher
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level of lactate boosts CD8*TILs’ anti-tumor immunity via
replenishing their TCF1 expression and stemness.*’ The main
reason causing the discrepancies is that the concentrations of
lactate used in these studies are different. The physical mouse
serum level of 1 to 3 mM lactate is beneficial for T cell meta-
bolic fitness, whereas in the latter study, a higher lactate con-
centration (40 mM) was used to generate beneficial effect on
promoting CD8"TILs TCF1 expression and the resulting better
stemness. In our study, we found that 10 mM lactate promoted
CMC1 expression and contributed to cell death of CD8™T cells
in vitro. Notably, lactate in the TME is usually above 5 mM.
Thus, the relationship between lactate and TILs effector func-
tion cannot be simply defined as linear correlation. In addition,
these in-vitro findings come from different T cell activation
and cultural conditions, which means these T cells are thought
to be transcriptionally and metabolically heterogeneous.
Therefore, more in vivo evidence is needed in the future to
delineate the lactate effects on T cell biology in certain physical
and pathological conditions. Together with our results, it’s
worthwhile to test if MCT1 can be utilized to target the
CD8™T cells for preventing CMC1 accumulation and thus
synergize the cancer treatment. Other than MCT1, USP7 has
been reported effective in mouse tumor models to compact
malignant cells and immunosuppressive cells.’>>" It’s also
worthwhile to test if targeting USP7 can generate

a synergistic effect by eliminating CMC1 accumulation in the
Tex cells to treat cancer since CMC1 positively correlates with
poor responsiveness of ICB treatment in melanoma patients
(Figure 6 and Supplemental Figure S7).

Though healthy mitochondria are essential for T cell persis-
tence in anti-tumor immunity,'*'>** we here found that the
ETC complex IV enzymatic activity was still intact in the Cmcl
KO CD8'Teff cells (data not shown), suggesting that there
might be compensation exists for the maintenance of ETC
complex IV biogenesis without CMC1.”> Of course, experi-
ments like seahorse assay can be done to further delineate the
relationship between CMCI1 and mitochondrial oxidative
phosphorylation and the resultant T cell functionality. The
limitation of the in vivo study in Figure 6 is that we perform
the experiment in constitutive KO mice, which means the
slowed tumor growth cannot be fully attributed to the effect
of T cells.

Conclusion

T cell exhaustion is a hypofunctional T cell state that is
associated with decreased efficacy of immune-checkpoint
inhibitors and adoptive T cell therapies.” Our study for
the first time identified that CMCI1 serves as an immuno-
metabolic checkpoint to promote T «cell terminal
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differentiation that impaired memory plasticity and drives
cell exhaustion. Further, in the context of highly glycolytic
TME, lactate accumulation might exacerbate Tex cell devel-
opment by promoting CMCI1 expression. Of note, lactate’s
effects on T cells are still controversial. It's worthwhile to
test if MCT1 can be utilized to target the CD8"T cells for
preventing CMC1 accumulation and thus synergize the
cancer treatment.
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