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SUMMARY

Combining immunotherapy with other treatments improves survival in colorectal cancer (CRC), yet some pa-
tients remain unresponsive. Tumor-associated macrophages (TAMs) are a key immune cell population
driving this immunotherapy resistance and fostering an immunosuppressive microenvironment. To over-
come this, we screened a deubiquitinating enzyme (DUB) library targeting TAMs and identified USP14 as spe-
cifically upregulated in TAMs. Inhibiting USP14 reversed their pro-tumor functions, promoted M1 polariza-
tion, enhanced tumor cell killing, and activated effector T cells. USP14 inhibition also increased PD-L1
expression on tumor cells, alleviating T cell suppression. In vivo, combining a USP14 inhibitor with an anti-
PD-1 antibody synergistically enhanced immunotherapy efficacy, suppressed tumor progression, and
improved survival in a mouse colon cancer model. Thus, USP14 is a promising target to overcome immuno-

therapy resistance in CRC.

INTRODUCTION

Colorectal cancer (CRC) remains a leading cause of cancer-
related mortality worldwide, with its pathogenesis involving a
complex interplay of genetic mutations, epigenetic alterations,
and microenvironmental dysregulation.’*> While conventional
modalities such as surgery, chemotherapy, and radiotherapy
form the cornerstone of treatment, a significant proportion of pa-
tients develop resistance or exhibit intrinsic insensitivity, under-
scoring the urgent need for novel therapeutic strategies.®>* In
recent years, immunotherapy, particularly immune checkpoint
blockade (ICB) targeting pathways such as PD-1/PD-L1 and
CTLA-4, has revolutionized oncology and shown promise in sub-
sets of patients with CRC.*® However, the overall response rate
to ICB in CRC, especially in microsatellite stable (MSS) tumors,
which constitute the majority of cases, remains disappointingly
low.”® A primary barrier to effective immunotherapy is the immu-
nosuppressive tumor microenvironment (TME), a dynamic
ecosystem that actively subdues anti-tumor immunity.°

Within this suppressive TME, tumor-associated macrophages
(TAMs) have emerged as pivotal orchestrators of immune
evasion and therapeutic resistance.'®"" Derived from circulating
monocytes, TAMs exhibit remarkable plasticity, polarizing to-
ward a spectrum of functional states largely categorized into
pro-inflammatory, anti-tumor M1-like phenotypes and anti-in-
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flammatory, pro-tumor M2-like phenotypes.’? In CRC, tumor-
derived signals such as CSF-1, IL-4, and IL-10 drive the recruit-
ment and polarization of monocytes into M2-like TAMs, which in
turn promote tumor progression, angiogenesis, matrix remodel-
ing, and suppression of effector T cell functions.'®'* Given their
abundance—often constituting over 50% of the leukocyte infil-
trate—and their central role in maintaining immunosuppression,
TAMs represent a highly attractive yet challenging therapeutic
target.”>'® Current strategies to modulate TAMs, including
depletion, inhibition of recruitment, or phenotypic reprogram-
ming, often face limitations such as lack of specificity, systemic
toxicity, or insufficient clinical efficacy.’”'® Therefore, identifying
novel, precise molecular targets within TAMs to safely repro-
gram their function from a pro-tumor to an anti-tumor state is a
critical unmet need in CRC immunotherapy.

The ubiquitin-proteasome system is a fundamental regulator
of cellular protein homeostasis, signal transduction, and immune
responses. Deubiquitinating enzymes (DUBs), which reverse
protein ubiquitination, have gained recognition as key players
in cancer biology and are emerging as promising therapeutic tar-
gets.'® Several DUBs, including USP1, USP7, and USP14, have
been implicated in tumor cell proliferation, survival, and drug
resistance across various cancer types.”’? Intriguingly, a
growing body of evidence suggests that DUBs also play crucial
roles in regulating immune cell functions. For instance, USP4 and
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USP19 have been linked to modulating inflammatory signaling
pathways in macrophages.?®?* However, the landscape of
DUBs specifically governing the functional polarization and
immunosuppressive activity of TAMs within the CRC TME re-
mains largely unexplored. Systematic investigation in this area
could unveil novel regulatory nodes for therapeutic intervention.

Among DUBs, ubiquitin-specific protease 7 (USP7) has been
implicated in reprogramming TAMs in lung cancer, highlighting
its role in modulating the tumor immune microenvironment.”®
Inspired by this, we sought to investigate whether specific
DUBs similarly regulate TAM reprogramming in CRC. Alongside
USP7, Ubiquitin-Specific Protease 14 (USP14) has also drawn
attention for its oncogenic roles. It stabilizes key proteins, such
as IDO1, in CRC to promote immunosuppression, regulates
the TAZ oncogene in pancreatic cancer, and is associated with
therapy resistance in other malignancies.”®° Despite these ad-
vances, its function within the immune compartment, particularly
in TAMs, remains unknown. We hypothesized that USP14 might
be a critical regulator of TAM polarization in CRC. Herein, we
conducted a systematic screen to identify DUBs dysregulated
in CRC-derived TAMs. We identified USP14 as a specifically up-
regulated DUB in TAMs and functionally characterized its role in
regulating macrophage polarization. Furthermore, we investi-
gated the therapeutic potential of pharmacologically inhibiting
USP14, both as a monotherapy and in combination with anti-
PD-1 blockade, for the treatment of colon cancer. Our findings
position USP14 as a novel myeloid-specific target to reprogram
the TME and overcome immunotherapy resistance in CRC.

RESULTS

USP14 is specifically upregulated in colon cancer TAMs
and regulates their M2 phenotype in vitro
To identify DUBs that may govern TAM function in the immuno-
suppressive colon cancer microenvironment, we first estab-
lished a syngeneic mouse model by subcutaneously implanting
MC38 colon adenocarcinoma (COAD) cells into C57BL/6 mice.
TAMs (CD11b*F4/80") were subsequently isolated from har-
vested tumors. In parallel, bone marrow-derived macrophages
(BMDMs) were polarized in vitro into classically activated M1
macrophages (using LPS) or alternatively activated M2 macro-
phages (using IL-4 and IL-13). We then performed gPCR
screening targeting a panel of 68 common DUB-related genes
across these three macrophage populations (TAMs, M1-
BMDMs, M2-BMDMs). This analysis revealed a distinct expres-
sion profile in TAMs. Specifically, four DUBs—USP14, USP29,
USP43, and USP17 —showed significantly higher mRNA expres-
sion in TAMs compared to both M1 and M2 BMDMs (Figure 1B).
Among these, only USP14 has a well-characterized, commer-
cially available small-molecule inhibitor (IU1), making it a trac-
table target for immediate functional and therapeutic investiga-
tion.®" Therefore, we focused subsequent studies on USP14.
We confirmed the screening results using independent as-
says. Quantitative PCR analysis demonstrated that USP14
mRNA levels were approximately 12.8-fold higher in TAMs
than in naive (M0) BMDMs, 6.2-fold higher than in M1-BMDMs,
and 1.8-fold higher than in M2-BMDMs (Figure 1C). Western
blot analysis corroborated these findings at the protein level,
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showing markedly increased USP14 protein expression specif-
ically in TAMs (Figure 1D).

To determine whether USP14 activity is functionally linked to
the M2 phenotype, we treated both isolated TAMs and IL-4/IL-
13-induced M2-BMDMs with the USP14 inhibitor IU1 (10 pM)
for 24 h. Flow cytometry analysis of the canonical M2 marker
CD206 revealed that IU1 treatment significantly reduced the
expression of CD206. In TAMs, the fluorescent intensity of
CD206 decreased 2-fold compared with the 1U1-treated group.
Similarly, in M2-BMDMs, IU1 treatment reduced 1.8-fold
compared with the 1U1-treated group (Figures 1E and 1F). To
establish a direct causal relationship, we performed loss-of-
function experiments using siRNA. Transfection of M2 macro-
phage with USP14-specific siRNA achieved a knockdown effi-
ciency of >80% at the protein level compared to non-targeting
control (NC) siRNA (Figure 1G). This genetic ablation of USP14
resulted in a significant decrease in the CD206 expression
(Figure 1H). Collectively, these in vitro data demonstrate that
USP14 is selectively overexpressed in colon cancer TAMs and
is a critical regulator of their M2-polarized state.

High USP14 expression in human colon

adenocarcinoma correlates with an

immunosuppressive tumor microenvironment

To translate our murine findings to human disease, we analyzed
clinical data from The Cancer Genome Atlas (TCGA) COAD
cohort. USP14 mRNA expression was significantly elevated in
COAD tumor tissues (n = 471) compared to matched adjacent
normal tissues (n = 41) and was notably elevated relative to
many other cancer types in the pan-cancer analysis
(Figure 2A). This supports its potential role as an oncoprotein in
human CRC. We next investigated the correlation between
USP14 expression and key immunomodulatory molecules.
USP14 levels showed a significant negative correlation with
the expression of several immunomodulatory molecules,
including PD-L1 (CD274) and CTLA-4, while correlating posi-
tively with CD276 (B7-H3) (Figure 2B). Furthermore, analysis us-
ing immune cell deconvolution algorithms (CIBERSORT) re-
vealed that high USP14 expression was associated with the
increased infiltration of immunosuppressive cell types, such as
M2 macrophages, regulatory T cells, and myeloid-derived sup-
pressor cells (MDSCs) (Figure 2C).

To validate this at a single-cell resolution, we analyzed a public
single-cell RNA-seq dataset (GSE132465) from human CRC tis-
sues.®? Unsupervised clustering identified major cell populations
within the TME (Figure 2D). The expression of USP14 was pre-
dominantly enriched in macrophages and a subset of prolifer-
ating cells (Figure 2E). These bioinformatic analyses consistently
indicate that elevated USP14 in human COAD is associated with
an immunosuppressive TME characterized by altered check-
point molecule expression and enriched inhibitory leukocyte
infiltration.

Pharmacological inhibition of USP14 suppresses tumor
growth and remodels the TME toward an
immunostimulatory state in vivo

Given the strong in vitro and clinical correlations, we evaluated
the therapeutic potential of USP14 inhibition in vivo. MC38



iScience

¢? CellPress

OPEN ACCESS

A Acquire tumor sample
and enzyme digest Acquire all cells Acquire macrophage Acquire mRNA Acquire cDNA QPCR
l vr ~ Y/
. & ;‘ C )/
I |
> Lk\,),f::flw/f"x\—b e — e —
: \
Colon cancer | | @,,
established \ )
\ -
.
B __
| Yyoo1 usP4 usP24 USP46
OTULIN USP5 USP25 UsSP47
| TRABID usP7 usP27X | uUsp4s
VCPIP1 USP28 UsP49
| psmp7 usP29 USP26
PSMD14 USP30 USP35
AmsH| usP31 abes
PRPF8 USP32 USP50
| BrRCC3 USP33 USP51
| EIF3H USP34 uUsP52
EIF3F USP36 USP53
MYSM1 USP37 USP54
COPS6 USP38 CYLD
MPND USP39 uUsP171 —
| UsSP1 USP40 USPL:
| usP2 usPa2 DESI2
USP3 USP45 PKM2
og og og og og og og og
log2(TAM/M1)log2(M2/M1) log2(TAM/M1)log2(M2/M1) log2(TAM/M1)log2(M2/M1) log2(TAM/M1)log2(M2/M1)
c - .. T = 7 " fFfs000f
=15' —_— mTAM
o M2 12500
g M2+1U1 >,
TAM+IU1 =
2 M1 210000
5101 u 5
3 mMo .g
< = 7500
z 0
x : : S
€ g5 Q 5000
2] —— k ©
= —ns__ 2500
4 _ g —
0- T é T T T T 0 &. T
& & & CD206 &N
D G = H
a - o = A —MO0 — USP14-siRNA(M2) —NC-siRNA(M2)
-
s -_— -. USP14 S .'USP”
w0 2] .
€
a 3
SO D@ o C e e e cir0H S
™
¥ & oo
N S e
R R Py £
O <o A
% CD206

Figure 1. Targeting USP14 inhibits murine colon cancer TAMs’ M2 phenotype and function in vitro

(A) Schematic diagram of the experimental procedure of TAMs acquisition in colon cancer.

(B) The mRNA expression of common genes related to DUBs was detected by RT-PCR in TAMs, M1 (LPS-stimulated M1), and M2 (IL-4-stimulated M2) induced
from borrow-derived macrophage.

(C) Statistics of the mRNA expression of USP14 in TAMs isolated from colon cancer, MO, M1, and M2 derived from BMDMs by using the RT-PCR method (n =3
repeats).

(D) Western blotting shows the expression of USP14 in TAMs, M0, M1, and M2 induced from BMDMs.

(E and F) Flow cytometry analyses of the expression of CD206 in TAMs, MO, M1, and M2 induced from BMDMs, which had been treated with IU1 (5 pM) for 24 h.
Data are presented as the mean + SEM (n = 4).

(G) Detection of the expression of USP14 in TAMs, which were transfected with either NC- or USP14-siRNA, by western blotting.

(H) The expression of CD206 in M2 macrophages treated with NC-siRNA or USP14-siRNA group was detected and statistics by flow cytometry.

Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, and ns: not significant.

iScience 29, 115362, May 15, 2026 3



¢? CellPress iScience
OPEN ACCESS

¥
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

ok Kkk Kkk Hkk ke

et

7.5

5.0

.

2.54*

&

USP14 Expression Level (log2 TPM)
- 1.
2 BRI -
ATF
=D+
*3 R
= “
ORI .
ll}
* SIS’ ..
-
-
-
00
g

.

.
0.0++——7—— T R R T T T R S B B B e R e e L L L L e LA
R R A A R A R e B N R e o A A T M T R N )
N O r 0RO OO IO T TR B INTOI NOCONDCODONCRNDLeELOLIOINNRNNLOIOO T D SO -OBOBNT IO
IS IS T ONG I e Il cOIIINNOINT OGS NOIEGH IO =Sl NZOTI O~
clcclicliiliocSlcenen=liecheccihniecnliieclecleccl LU =NcleclSilechichiceec
gl I R e 5::’5%5? E/Efsf‘_‘:s 5 S%SSS:S%S%XSSTEB STE\: 5:5‘_‘:5‘; 55:55%55%}7:
O 8= O v £O0FE T O o = = S = O ™ e ow © o P O« » = = © o S C = © o oo pulpt S o
SE-SSESSSEEES SEGES S SGSESSSESES SGESCESESEST2S5ESSES S
SIS S S R Y A
B N M b e L M R E e b e L R = D EBFEZEFEZErZ42
< L ® o <@ (2] o < > 1 = = Q [=] a0 [=} F 3O <
QO0< 3B REE RS S30028008227 20858 s85T820200538532358522Q892 LSS
mmccgcan(_lza_ln:o 0eg3eRuo TN T ¥¥°§: $=23-4232333 §%¢Q n_n.mutﬁgswwp—,_»-Egz
R S PP 3 %2
2590 22
B @ @@ Tz c
L < _ ©
© L 9 x <+ = .
Z o8 oo S5 ol L < < < Activated CD4 T cell _. <0.001
I NEZO - JKS 00K nNnoIT I n O © s
fdaLroNazo0S8 -k xNITE AR @ Type 2 T helper cell _. <0.001
n Q Z 0O wEQQQZZ00kK Qo -
POFS038QC0CFFO00G99GGG0 Regulatory T cell —l) <0.001
TsPANG 1004, [, 4, [T q, VIOV ,2Y 4,4,/ @S, /g,| Effectormemeory CD8 T cell — <0.001
AR RRACRC R P.BP ypse == <0.001
CD276 -0.26 1.00 .Q wn 14 A~ *Q .D RAR IR A 4 *Q Central memory CD8 T cell — <0.001
TNFRSF14 /016 02| 10| | ‘l $rrdddd B immaturepBicell — <0.001
Central memory CD4 T cell —
VTCNA 023 o017 oool 100 RLE 1 P T TR T T RIRPRTVR = — prgied
D200 008 0.08-0.10 0.16 100, . B[ D) ,D,@,Q aAY ,Q,Q R *D *D Effector memeory CD4 T cell — <0.001
C » > D Activated dendritic cell — 0.003
USP14 -0.11 0.12-0.14 0.17| 0.32| 1.00 P % | *Q ,D 5 | xxx ”D ,‘D.D ,,D *\O *,D Activated CD8 T cell -— 0.016
BTNL2 -0.05-0.08 0.03| 0.02| 0.16| 0.12| 1.00° .Q .m ,D*J} L RLRRDEDLE Gamma delta T cell -— 0.018
ADORA2A -0.10 0.04| 0.04| 007 0.25 0.15 0.39| 1.00, *D DRLED ,D"D D ‘Q D § Neutrophil -— 0.020
T follicular helper cell -— 0.022
CD200R1 | 0.01-0.15-0.20 0.05 0.35| 0.34| 0.36/ 0.50 1.00 @ .,D ”9 .Q ,Q ,D@*@@ ’B Mast cell -l 0.039
CD160-0.09-0.19-0.20| 0.03| 0.32, 0.27| 035 0.57| 0.68| 1.00 ] I B[+ R *Q"D *D «B ,Q Type 1T helper cell - 0.043
D Macrophage - 0.138
TNFSF4/-0.06 0.26-0.19 0.10| 0.42| 0.32 0.21) 0.33| 0.52| 0.33] 1.00 4, .D. .D,D .D @(9 Immature dendritic cell - 0.321
TNFSF18 0.21-0.02-0.21 0.04| 0.28| 0.14| 0.19] 0.30| 0.47 0.27| 0.57| 1.00 .Q .D *D*@ L «@ ,9 Activated B cell 0.940
Natural killer T cell it
CD40-0.12 0.31 0.26| 0.04| 0.27| 0.17| 0.15| 0.25 0.24| 0.17| 0.39 0.21/ 1.00 @ .D,D ,,D *D'B atura EIOeSiHO;:il ggg;
CD244 -0.22 0.17| 020/ 0.15 0.30| 0.33| 0.23| 031/ 0.42 0.33| 031/ 0.27| 0.44| 1.00 'D@@‘D@ Memory B cell [ g 0.101
Plasmacytoid dendritic cell G— <0.001
1-0.25 0.23| 0.12) 0.15/ 0.40| 0.35/ 0.27  0.44| 0.53  0.41| 0.52  0.31 0.52| 0.55 1.00
S ®(D@é) Type 17 T helper cell [ <0.001
ICOS -0.10] 0.10] 0.02| 0.10| 0.41 0.45| 0.29 0.39| 0.65 0.47| 0.56| 0.40 0.52| 0.61) 0.84, wu@@@ CD56bright natural killer cell [ <0.001
CD274 -0.36 0.17| 0.04| 0.15 0.36| 0.47 0.23| 0.34 0.57| 0.48| 0.51/ 0.22| 0.50, 0.62| 0.72 0.76 1.00. @@ Monocyte h <0.001
CD56dim natural killer cell [ <0.001
CD80 -0.15 0.12-0.05 0.08 0.45 0.43| 0.28 0.45 0.67| 0.58  0.61 0.40 0.47| 0.53 0.74) 0.83| 0.7 1.00@
06 -04 -02 0.0 0.2 04 0.6
CD86 -0.18 0.30/ 0.00/ 0.13/ 0.45/ 0.47  0.20/ 0.39 0.54/ 0.36| 0.73| 0.45 0.60 0.63| 0.74| 0.79| 0.7 0.83| 1.00 Correlation Coefficient
[ | abs(cor) © @ @ .. Pvalue -
=] = (=3 = 2 0.1020.30405 0.20.4 0.6 0.81.0
1 T
D Cell_subtype E

DC USP14 O ° ‘ @) @)

o~
o Pro—inflammatory oé' x &
% o Proliferating 000 &6\'} @*5@ ,OQQ\ 5‘90
©® sppi1+ & N °
"‘ @ Unknown Q@/\ <
) Average Expression - Precent Expressed OOO
A Nz 9a SR 8
o © o o

UMAP1

Figure 2. USP14 expression in COAD is negatively correlated with anti-tumor immunity in TCGA
(A) USP14 mRNA expression levels in various human cancers (red) and normal tissues (blue) from the TCGA database, showing elevated expression in COAD
compared to normal colon and many other tumor types.

(legend continued on next page)
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tumor-bearing mice were treated intraperitoneally with the
USP14 inhibitor lU1 (20 mg/kg) or vehicle every three days, start-
ing from day 6 post-tumor inoculation. U1 treatment potently in-
hibited tumor growth. By day 21, the average tumor volume in
the IU1 group was 235 + 35 mm®, compared to 1100 =
98 mm? in the vehicle group, representing an inhibition rate of
78.0% (Figures 3A-3C).

To elucidate the immunologic mechanisms underlying the
antitumor effect of USP14 inhibition, we performed a compre-
hensive immunophenotyping analysis of the TME on day 12
post-treatment initiation. We first assessed the impact of U1
on innate immune cell populations. Flow cytometric analysis,
with the gating strategy for TAMs detailed in Figure 3D, re-
vealed that U1 treatment induced a profound reprogramming
of the suppressive myeloid compartment. The frequency of
M2-polarized TAMs, identified as live CD45*CD11b*F4/
80*CD206" cells, was dramatically reduced by approximately
2.5-fold (Figure 3F). Concordantly, the proportion of M1-polar-
ized macrophages (CD11b*F4/80*CD86") showed a signifi-
cant increase, indicating a shift in the TAM polarization bal-
ance toward a pro-inflammatory phenotype (Figure 3G).
Furthermore, IU1 treatment significantly reduced the infiltra-
tion of MDSCs (identified as CD11b*Gr-1*), another key pop-
ulation contributing to immunosuppression (Figure 3H). In
contrast, the proportion of neutrophils (CD11b*Ly6G") re-
mained statistically unchanged compared to controls
(Figure 3E).

Subsequently, we evaluated the effects on adaptive immu-
nity, particularly T cell populations. While the overall infiltration
of CD4* T helper cells exhibited a modest but significant
decrease (Figure 3J), the frequency of regulatory T cells
(Tregs, CD4*"Foxp3*) was unaltered (Figure 3K). Most strik-
ingly, IU1 treatment led to a substantial expansion and func-
tional activation of the CD8" cytotoxic T lymphocyte (CTL)
compartment. The total frequency of CD8" T cells increased
by 1.5-fold (Figure 3L). More importantly, critical functional
subsets within this population were significantly augmented:
IFN-y-producing CTLs increased by 2.7-fold (Figure 3M), acti-
vated CD8" T cells (CD69") increased by 3.1-fold (Figure 3P),
antigen-experienced cells (PD-1%*) increased by 3.1-fold
(Figure 30), and precursor exhausted-like T cells (TCF-1+)
increased by 2.2-fold (Figure 3N).

Consistent with this cellular immune activation, cytokine
profiling of tumor lysates revealed a shift toward a pro-inflamma-
tory milieu. Levels of IFN-y, TNF-a, IL-2, and IL-12 were signifi-
cantly elevated in the IU1-treated group, while the level of immu-
nosuppressive IL-10 was reduced by 50% (Figures 3Q-3U).
These data demonstrate that USP14 inhibition in vivo not only re-
programs TAMs away from an M2 phenotype but also orches-
trates a multifaceted activation of CD8" T cell-mediated anti-tu-
mor immunity.
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The antitumor efficacy and T cell activation induced by
IU1 are dependent on macrophage reprogramming

To formally test whether TAMs are the primary cellular target
mediating 1U1’s effects in vivo, we employed a macrophage
depletion strategy using clodronate liposomes. Administration
of clodronate liposomes effectively depleted macrophages,
reducing CD11b+F4/80+ cells in the blood by >85% and in tu-
mors by >70% (Figures 4A and 4B). While IU1 monotherapy
again showed strong tumor suppression (68% inhibition), this ef-
fect was partially but significantly reversed in mice receiving both
clodronate and U1, where the tumor inhibition rate dropped to
32% (Figures 4C and 4D). The residual activity suggests that
IU1 may have additional, direct effects on tumor cells, consistent
with previous reports. Crucially, the robust infiltration of IFN-y+
CTLs induced by IU1 treatment was completely abrogated in
macrophage-depleted mice (Figure 4E). This result provides
direct evidence that the immunostimulatory effects of USP14 in-
hibition, particularly the activation and recruitment of effector
CD8* T cells, are contingent upon its action on TAMs.

USP14 inhibition promotes M1 polarization via
activation of the MAPK signaling pathway

To elucidate the molecular mechanism by which USP14 inhibi-
tion reprograms macrophages, we performed RNA sequencing
on sorted TAMs from IU1- versus vehicle-treated tumors. Differ-
ential expression analysis identified 1,247 upregulated and 986
downregulated genes (fold change >2, p < 0.05) (Figure 4F).
Gene set enrichment analysis confirmed a clear shift: M1-asso-
ciated gene signatures (Tnf, 1112b, Nos2) were upregulated, while
M2-associated signatures (Arg1, Mrc1, Cd163) were downregu-
lated (Figure 4G). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the differentially expressed genes
identified the MAPK signaling pathway as the most significantly
enriched (Figure 4H).

We therefore investigated the role of MAPK signaling. Western
blot analysis of IL-4/13-induced M2-BMDMs treated with IU1 re-
vealed a time-dependent increase in the phosphorylation of key
MAPK components: JNK, ERK, and p38, with peak activation
observed at 2 h post-treatment (Figure 4l). gPCR validation
confirmed that IU1 treatment in M2-BMDMs significantly
increased mMRNA levels of Tnf (4.1-fold) and I112b (3.5-fold), while
decreasing Arg1 (70% reduction) and IL-10 (65% reduction)
(Figure 4J). To functionally link MAPK activation to the pheno-
typic switch, we co-treated M2-BMDMs with U1 and specific
pharmacological inhibitors of p38 (SB203580), JNK
(SP600125), or ERK (U0126). Flow cytometry analysis showed
that the inhibition of p38 or JNK significantly restored CD206
expression that had been suppressed by IU1, whereas ERK inhi-
bition resulted in only a modest and non-significant reversal
(Figure 4K). This suggests that JNK and p38 may play more
dominant roles in mediating the repolarizing effect of USP14

(
(
(
(

B) Correlation of USP14 with the expression of immunomodulatory molecules from the TCGA database.

C) Relationship between USP14 expression and immune cell infiltration from the TCGA database.

D) Single-cell sequence to identify cell type in COAD microenvironment (data from GSE132465).

E) Violin plot depicts the relative expression distribution of USP14 across the major cell clusters identified in the single-cell RNA-seq data (GSE132465) from

colon cancer tissues. Among them, the cells with the highest expression level of proliferation were used as the internal reference for relative expression analysis.
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inhibition, consistent with previous studies implicating these
pathways in M2-to-M1 phenotypic switching.?® The precise up-
stream substrate(s) through which USP14 regulates MAPK acti-
vation in macrophages remain to be identified.

Combined blockade of USP14 and PD-1 exerts
synergistic anti-tumor effects in vivo

Having established that USP14 inhibition reprograms TAMs and
activates anti-tumor immunity, we sought to investigate its
impact on the PD-1/PD-L1 axis, a central pathway in immune
evasion. Flow cytometric analysis of the TME revealed a cell-
type-specific effect of U1 treatment on PD-L1 expression. While
PD-L1 levels on dendritic cells (CD11c+) and macrophages
(CD11b+F4/80+) remained largely unchanged, we observed a
significant and specific upregulation of PD-L1 on MC38 tumor
cells themselves following U1 treatment (Figures 5A-5C). This
finding suggests that while U1 alleviates immunosuppression
by reprogramming TAMs, it may concurrently induce a compen-
satory adaptive resistance mechanism in tumor cells via
enhanced PD-L1 expression.

This observation provided a strong rationale for combining
USP14 inhibition with PD-1 blockade. We hypothesized that
the IU1-induced increase in tumor cell PD-L1 could be thera-
peutically exploited by anti-PD-1 antibodies to further unleash
T cell activity. To test this, MC38 tumor-bearing mice were
randomized into four treatment groups: vehicle control, 1U1
monotherapy, anti-PD-1 monotherapy, and the IU1 + anti-
PD-1 combination (Figure 5D). Consistent with our hypothesis,
the combination therapy demonstrated superior efficacy.
While both monotherapies showed moderate anti-tumor activ-
ity, their combination resulted in significantly enhanced tumor
growth suppression (Figures 5E and 5F). On day 21, the
average tumor volume in the combination group was reduced
by approximately 90% compared to the control group, signif-
icantly outperforming either single agent alone. This synergis-
tic effect translated into a profound survival benefit. Kaplan-
Meier analysis showed that the combination group achieved
the longest median survival, with 60% of mice surviving
beyond day 50, whereas all mice in the control group suc-
cumbed by day 30 (Figure 5G). Immunofluorescence analysis
of tumor sections provided mechanistic insight into this syn-
ergy. The combination therapy group exhibited the most dra-
matic remodeling of the TME: a near-complete absence of M2
macrophages (F4/80*CD206") was accompanied by the most
extensive infiltration of CD8" cytotoxic T lymphocytes
(Figures 5H and 5I).
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In summary, these results demonstrate a critical sequential
logic: USP14 inhibition by IU1 reprograms TAMs to activate
T cells but also provokes an adaptive increase in tumor cell
PD-L1. This induced PD-L1 expression, rather than undermining
therapy, creates a specific vulnerability that can be effectively
targeted with PD-1 blockade. The consequent combination
strategy yields potent synergistic anti-tumor activity by simulta-
neously dismantling myeloid-mediated suppression (via TAM re-
programming) and overcoming the resulting T cell intrinsic inhibi-
tion (via PD-1 blockade).

DISCUSSION

The immunosuppressive TME is a major determinant of immuno-
therapy failure in solid tumors, including CRC. Within this milieu,
TAMs are not merely bystanders but active contributors to im-
mune suppression, making them a focal point for therapeutic
modulation.’® However, translating TAM-targeting strategies
into clinical success has been challenging due to a lack of spec-
ificity and actionable molecular targets. Our study addresses this
gap by identifying the DUB USP14 as a novel, functionally critical
regulator of M2-like TAM polarization in colon cancer and
demonstrating the therapeutic efficacy of its inhibition. Although
Gubat et al. have shown that USP14 can promote the occur-
rence and development of colon cancer, in this study, we clari-
fied that USP14 can reprogram TAMs in the colon cancer
microenvironment.**

We initiated our investigation with an unbiased screen, which
revealed that USP14 is selectively overexpressed in TAMs iso-
lated from murine colon tumors compared to in vitro-derived
M1 or M2 macrophages. This specific enrichment within the tu-
mor context suggests that USP14 expression is driven by cues
from the CRC microenvironment, positioning it as a potential
target for tumor-selective immune modulation. Importantly,
analysis of human TCGA data corroborated our preclinical
finding, showing elevated USP14 expression in COAD tissues
compared to normal controls. Furthermore, high USP14 expres-
sion correlated with signatures of immunosuppression, including
increased infiltration of M2 macrophages and Tregs, and altered
expression of checkpoint molecules. These clinical correlations
strongly support the translational relevance of USP14 in human
CRC pathophysiology.

Functionally, we demonstrated that genetic knockdown or
pharmacological inhibition of USP14 effectively reversed the
M2 phenotype, as evidenced by decreased expression of
CD206. This in vitro reprogramming translated into significant

(B) Statistics of MC38 tumor growth rate following IU1 or vehicle treatment in vivo. The intraperitoneal injection dose of IU1 was 20 mg/kg, administered on days 6,

9, 12, and 15. Data are presented as the mean + SEM (n = 6 per group).

(C) Spider diagram of the tumor volume growth in each mouse from the IU1 group and the PBS group.
(D) Gating strategy for the detection of the TAMs by flow cytometry. We first obtained live cells, and then identified cells that were positive for CD45, CD11b, F4-

80, and CD206 as M2 macrophages.

(E-P) Proportions of neutrophil (E), M2 macrophage (F), M1 macrophage (G), MDSC (H), activated DCs (I), CD4 T cell (J), Treg cells (K), CD8 T cell (L), IFN-y* CD8
T cell (M), precursor exhausted T cells (TCF-17) (N), effective CD8 T cells (PD-1*) (O) and activated CD8 T cell (CD69*) (P) in the TME of the IU1 group and the

control group by using flow cytometry.

(Q-V) Cytokines IFN-y (Q), TNF-a (R), IL-2 (S), IL-10 (T), and IL-12 (U) in the TME of each group were detected by Mul-Analyte Flow Assay Kit. (V) Schematic
illustration of the proposed mechanism of action of 1U1 in reprogramming the tumor microenvironment.
Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, and **p < 0.001, and ns: not significant.
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(A and B) Verification of the efficiency of i.v. injection of clodronate liposome (Clo) in depleting TAMs of the blood (A) and the TME (B).
(C and D) Statistics of tumor size monitored for 21 days in MC38 tumor-bearing mice after various indicated treatments.

(E) Statistic of the percentage of CTLs in the TME after the indicated treatment.
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in vivo antitumor effects. Treatment with the USP14 inhibitor 1U1
markedly suppressed MC38 tumor growth, which was accom-
panied by a profound reshaping of the TME. The myeloid
compartment shifted from a suppressive state—characterized
by reduced M2-TAMs and MDSCs—towards a more immunos-
timulatory one. This myeloid reprogramming created a permis-
sive environment for adaptive immunity, leading to a substantial
expansion and functional activation of CD8" T cells, including
increased frequencies of IFN-y* CTLs and activated T cell
subsets.

A pivotal and clinically insightful finding was the cell-specific
effect of IlU1 on PD-L1 expression. While it reprogrammed mac-
rophages, it concurrently upregulated PD-L1 specifically on tu-
mor cells. This increase in tumor cell PD-L1 expression may
represent an adaptive response to the emerging anti-tumor im-
mune activity.®* Indeed, U1 treatment significantly increased
the frequency of IFN-y-producing CD8* T cells (Figure 3M),
and IFN-y is a well-known inducer of PD-L1 expression in tumor
cells. Thus, itis plausible that the observed PD-L1 upregulationis
driven by T cell-derived IFN-y, although direct causality was not
tested in this study. Rather than being a drawback, this effect re-
vealed a rational combinatorial opportunity. The 1U1-induced
PD-L1 upregulation essentially “flags” the tumor cells, making
them more susceptible to PD-1/PD-L1 axis blockade. As hy-
pothesized, the combination of IlU1 with an anti-PD-1 antibody
yielded synergistic antitumor activity and survival benefit, signif-
icantly outperforming either monotherapy. This sequence—
myeloid reprogramming inducing adaptive resistance that is
then specifically blocked—presents a sophisticated two-
pronged strategy to comprehensively overcome immune
suppression.

Mechanistically, our RNA-seq and pathway analysis revealed
that USP14 inhibition is associated with the activation of the
MAPK signaling pathways (JNK, ERK, p38) in macrophages.
While the MAPK cascade is a well-established regulator of in-
flammatory gene expression and macrophage polariza’(ion,35
the direct molecular target of USP14 upstream of these kinases
remains undefined. Future studies aimed at identifying ubiquiti-
nated substrates of USP14 in macrophages will be necessary
to fully elucidate the mechanistic basis of its immunomodulatory
function. Rescue experiments using specific MAPK inhibitors
confirmed that this activation is functionally required for the
IU1-mediated reduction of the M2 marker CD206. While the pre-
cise upstream substrate(s) of USP14 in this pathway remain to
be fully elucidated, our data establish a novel link between
USP14 activity, MAPK signaling, and the transcriptional program
controlling macrophage fate in the TME.
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Our study has several limitations. First, while clodronate-medi-
ated macrophage depletion confirmed TAMs as a major cellular
target, the partial reversal of lU1’s effect suggests potential addi-
tional effects on tumor cells or other stromal components, war-
ranting further investigation. Second, the in vivo model used is
immunogenic; the efficacy of this strategy in less immunogenic
or metastatic CRC models needs evaluation. Third, although
we focused on USP14 due to inhibitor availability, other DUBs
(USP29, USP43) were also differentially expressed in TAMs, sug-
gesting a broader regulatory network deserving future explora-
tion. In addition, we acknowledge that the current study does
not identify a direct substrate of USP14 in macrophages, and
the mechanistic conclusions are therefore drawn from functional
and pharmacological data. Nevertheless, the consistent involve-
ment of MAPK signaling across multiple experimental ap-
proaches supports its role as a key downstream effector of
USP14 in TAM reprogramming.

In conclusion, we have identified USP14 as a key molecular
switch controlling the immunosuppressive function of TAMs in
colon cancer. By demonstrating that the pharmacological inhibi-
tion of USP14 reprograms the TME, revitalizes anti-tumor T cell
immunity, and synergizes with PD-1 blockade, our work pro-
vides a compelling preclinical rationale for targeting USP14 as
a novel immunotherapeutic strategy. This approach offers a
promising avenue to expand the fraction of patients with CRC
who can benefit from immunotherapy by directly dismantling a
central pillar of the suppressive TME.

Limitations of the study

This study has several limitations. First, all in vivo experiments
were conducted using a single, subcutaneously implanted
MC38 syngeneic mouse model. While this model is immuno-
genic and valuable for mechanistic studies, it does not fully reca-
pitulate the complexity of human CRC, particularly the heteroge-
neity of MSS tumors or the biology of orthotopic and metastatic
disease. Moreover, we focused exclusively on the pharmacolog-
ical inhibition of USP14 using IU1; although genetic knockdown
experiments support our conclusions, future studies using con-
ditional knockout mice (e.g., LysM-Cre mediated deletion in
myeloid cells) would provide more definitive genetic evidence
for the cell-specific role of USP14 in TAMs. Second, although
we identify the activation of MAPK signaling (JNK and p38) as
a critical downstream effector of USP14 inhibition in macro-
phages, the direct ubiquitinated substrate of USP14 responsible
for initiating this signaling cascade remains unidentified. Our
conclusions regarding the mechanism are therefore drawn
from functional, pharmacological, and transcriptomic data rather

(F) Volcano plots of the differentially expressed genes between the PBS and the IU1 group. Red dots show significantly up-regulated genes in the IU1 group, and

green dots show significantly down-regulated genes.

(G) Heatmap illustrates the differentially expressed M1-and M2-related genes in TAMs in the IU1 group and the PBS group based on RNA sequencing results.

(
(
(
(

H) KEGG analysis identifies the 17 most enriched pathways based on the differentially expressed genes of the two groups.

1) Western blotting of p-JNK, p-ERK, p-p38, and GAPDH in IL-4/13-BMDM M2 cells treated with IU1 at the indicated time points.

J) RT-PCR to verify the typical M1/M2 polarization-related genes in M2 macrophages after treatment with 1U1.

K) Flow cytometry analysis of CD206 expression on the IL-4/13-induced BMDM M2 cells from various indicated treatments. Treatments indicated: DMSO

stimulation, 1U1 (10 uM) stimulation, IU1 (10 pM) stimulation in the presence of inhibitors of p38 (SB203580, 10 pM), JNK (SP600125, 10 uM), Erk1/2 (U0126-EtOH,

10 uM).

Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test. Data are presented as the mean + SEM. *p < 0.05, **p < 0.01,

and **p < 0.001, and ns: not significant.
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(A) Gating strategy for distinguishing tumor cells, DC cells, and macrophages.
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(B) Flow cytometry was used to analyze the differences in PD-L1 expression in tumor cells, DC cells, and macrophages in the indicated treatment groups.
(C) Flow cytometry was used to statistically analyze the differences in PD-L1 expression in tumor cells, DC cells, and macrophages in the specified groups.

10  iScience 29, 115362, May 15, 2026

(legend continued on next page)



iScience

than from the identification of a specific deubiquitination target.
Future unbiased proteomic and ubiquitin remnant profiling
studies in macrophages will be essential to pinpoint the direct
molecular link between USP14 activity and the MAPK pathway.
Third, while the combination of IU1 and anti-PD-1 therapy
showed robust synergy, we observed that IlU1 treatment upregu-
lated PD-L1 specifically on tumor cells, likely as an adaptive
response to IFN-y produced by activated T cells. Although this
provided a strong rationale for the combination, the causal rela-
tionship between T cell-derived IFN-y and tumor cell PD-L1
expression was not formally proven in this study through IFN-y
neutralization or the use of IFN-y receptor-deficient tumor cells.
Furthermore, we did not explore whether USP14 inhibition might
upregulate additional compensatory immune checkpoints
beyond PD-L1 that could limit the durability of the combination
therapy. Fourth, the clinical relevance of our findings is sup-
ported by TCGA and single-cell RNA-seq data, but these ana-
lyses are correlative. The current study lacks direct validation us-
ing human primary TAMs isolated from patients with CRC to
confirm that USP14 is functionally required for their M2-like
phenotype. Consequently, while our data provide a strong pre-
clinical rationale, the therapeutic efficacy and safety of targeting
USP14 in human patients remain to be determined, and the po-
tential on-target/off-tumor effects of systemic USP14 inhibition
on other immune cell populations or normal tissues warrant
further investigation.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulflled by the Lead Contact, Yang Yu
(13554149135@163.com).

Materials availability

This study did not generate new unique reagents. All antibodies, chemicals,
commercial kits, software, and instrumentation are listed in the key
resources table.

Data and code availability

Raw RNA-seq reads have been deposited in the NCBI GEO repository
(GSE320101). No custom code was used. Additional information required to
reanalyze the data reported in this paper is available from the lead contact
upon request. Source data for other figures will also be provided upon request.

ACKNOWLEDGMENTS

This study was supported by grants from the Funding Scheme for Research
Projects of Jianghan University (No. 2023KJZXB02).

AUTHOR CONTRIBUTIONS

Conceptualization, funding acquisition, project administration, methodology,
supervision, resources, and writing-review and editing, Y.Y. and H.J.; method-

¢? CellPress

OPEN ACCESS

ology, visualization, data curation, and writing-original draft, D.X.; software
and formal analysis, J.F. and H.J.; validation, Dan Xiao and Jun Fang; investi-
gation, Y.Y. and H.J.; writing review and editing, Y.Y. and H.J.

DECLARATION OF INTERESTS
The authors declare no competing interests.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS

The authors declare no Al was used to generate or evaluate data or to write the
manuscript.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
® EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Animals
o Cell lines
o Primary cell cultures
0 Human data
o Animal experiments
o Cell culture and treatments
o METHOD DETAILS
o RNA sequencing and bioinformatics analysis
o Multiplex immunofluorescence staining and quantitative analysis
o Analysis of cell-type-specific PD-L1 expression by flow cytometry
o Real-time quantitative PCR
o Transfections
o Western blotting
o Flow cytometry
o Tissue cytokine detection
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.
2026.115362.

Received: June 8, 2024
Revised: January 7, 2026
Accepted: March 11, 2026
Published: March 13, 2026

REFERENCES

1. Siegel, R.L., Wagle, N.S., Cercek, A., Smith, R.A., and Jemal, A. (2023).
Colorectal cancer statistics, 2023. CA Cancer J. Clin. 73, 233-254.
https://doi.org/10.3322/caac.21772.

2. Cervantes, A., Adam, R., Rosello, S., Arnold, D., Normanno, N., Taieb, J.,
Seligmann, J., De Baere, T., Osterlund, P., Yoshino, T., et al. (2023). Met-
astatic colorectal cancer: ESMO Clinical Practice Guideline for diagnosis,
treatment and follow-up. Ann. Oncol. 34, 10-32. https://doi.org/10.1016/j.
annonc.2022.10.003.

(D) Treatment schedule of the combination of U1 and PD-1 antibody for the MC38 tumor-bearing mice. The intraperitoneal injection dose of IU1 was 20 mg/kg,
administered on days 6, 9, 12, and 15. The intraperitoneal injection dose of anti-PD-1 antibody was 7.5 mg/kg, administered on days 7, 9, 11, and 13.

(E and F) Tumor growth was monitored for 21 days in MC38 tumor-bearing mice after various indicated treatments.

(G) Kaplan-Meier survival plot shows the survival of mice after the indicated treatments (n = 10).

(H-1) Multicolor immunofluorescence detection of M2 macrophage (H) and CTLs (l) in the TME of the indicated treatment group. Scale bar is 100 pm. Data are
presented as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, and ns: not significant.

iScience 29, 115362, May 15, 2026 11


mailto:13554149135@163.com
https://doi.org/10.1016/j.isci.2026.115362
https://doi.org/10.1016/j.isci.2026.115362
https://doi.org/10.3322/caac.21772
https://doi.org/10.1016/j.annonc.2022.10.003
https://doi.org/10.1016/j.annonc.2022.10.003

¢? CellPress

10.

12.

13.

14.

15.

16.

17.

12

OPEN ACCESS

. Audisio, A., Fazio, R., Dapra, V., Assaf, I., Hendlisz, A., and Sclafani, F.

(2024). Neoadjuvant chemotherapy for early-stage colon cancer. Cancer
Treat Rev. 123, 102676. https://doi.org/10.1016/j.ctrv.2023.102676.

. Roelands, J., Kuppen, P.J.K., Ahmed, E.I., Mall, R., Masoodi, T., Singh,

P., Monaco, G., Raynaud, C., de Miranda, N.F.C.C., Ferraro, L., et al.
(2023). An integrated tumor, immune and microbiome atlas of colon can-
cer. Nat. Med. 29, 1273-1286. https://doi.org/10.1038/s41591-023-
02324-5.

. Angell, H.K., Bruni, D., Barrett, J.C., Herbst, R., and Galon, J. (2020). The

Immunoscore: Colon Cancer and Beyond. Clin. Cancer Res. 26, 332-339.
https://doi.org/10.1158/1078-0432.CCR-18-1851.

. Ciardiello, F., Ciardiello, D., Martini, G., Napolitano, S., Tabernero, J., and

Cervantes, A. (2022). Clinical management of metastatic colorectal cancer
in the era of precision medicine. CA Cancer J. Clin. 72, 372-401. https://
doi.org/10.3322/caac.21728.

. Guo, L., Wang, Y., Yang, W., Wang, C., Guo, T., Yang, J., Shao, Z., Cai, G.,

Cai, S., Zhang, L., et al. (2023). Molecular Profiling Provides Clinical In-
sights Into Targeted and Immunotherapies as Well as Colorectal Cancer
Prognosis. Gastroenterology 165, 414-428.e7. https://doi.org/10.1053/}.
gastro.2023.04.029.

. Kraehenbuehl, L., Weng, C.H., Eghbali, S., Wolchok, J.D., and Merghoub,

T. (2022). Enhancing immunotherapy in cancer by targeting emerging
immunomodulatory pathways. Nat. Rev. Clin. Oncol. 19, 37-50. https://
doi.org/10.1038/s41571-021-00552-7.

. Li, Y., Zhou, H., Liu, P., Lv, D., Shi, Y., Tang, B., Xu, J., Zhong, T., Xu, W.,

Zhang, J., et al. (2023). SHP2 deneddylation mediates tumor immunosup-
pression in colon cancer via the CD47/SIRPa axis. J. Clin. Investig. 133,
€162870. https://doi.org/10.1172/JCI162870.

Sathe, A., Mason, K., Grimes, S.M., Zhou, Z., Lau, B.T., Bai, X., Su, A., Tan,
X., Lee, H., Suarez, C.J., et al. (2023). Colorectal Cancer Metastases in the
Liver Establish Immunosuppressive Spatial Networking between Tumor-
Associated SPP1+ Macrophages and Fibroblasts. Clin. Cancer Res. 29,
244-260. https://doi.org/10.1158/1078-0432.CCR-22-2041.

. Zhang, L., Li, Z., Skrzypczynska, K.M., Fang, Q., Zhang, W., O’Brien, S.A,,

He, Y., Wang, L., Zhang, Q., Kim, A,, et al. (2020). Single-Cell Analyses
Inform Mechanisms of Myeloid-Targeted Therapies in Colon Cancer.
Cell 181, 442-459.€29. https://doi.org/10.1016/j.cell.2020.03.048.

Wang, L., Li, S., Luo, H., Lu, Q., and Yu, S. (2022). PCSK9 promotes the
progression and metastasis of colon cancer cells through regulation of
EMT and PI3K/AKT signaling in tumor cells and phenotypic polarization
of macrophages. J. Exp. Clin. Cancer Res. 41, 303. https://doi.org/10.
1186/513046-022-02477-0.

Blériot, C., Chakarov, S., and Ginhoux, F. (2020). Determinants of Resident
Tissue Macrophage Identity and Function. Immunity 52, 957-970. https://
doi.org/10.1016/j.immuni.2020.05.014.

Chen, D., Xie, J., Fiskesund, R., Dong, W., Liang, X., Lv, J., Jin, X., Liu, J.,
Mo, S., Zhang, T., et al. (2018). Chloroquine modulates antitumor immune
response by resetting tumor-associated macrophages toward M1 pheno-
type. Nat. Commun. 9, 873. https://doi.org/10.1038/s41467-018-
03225-9.

Saeed, M., Gao, J., Shi, Y., Lammers, T., and Yu, H. (2019). Engineering
Nanoparticles to Reprogram the Tumor Immune Microenvironment for
Improved Cancer Immunotherapy. Theranostics 9, 7981-8000. https://
doi.org/10.7150/thno.37568.

Perkins, H., Khodai, T., Mechiche, H., Colman, P., Burden, F., Laxton, C.,
Horscroft, N., Corey, T., Rodrigues, D., Rawal, J., et al. (2012). Therapy
with TLR7 agonists induces lymphopenia: correlating pharmacology to
mechanism in a mouse model. J. Clin. Immunol. 32, 1082-1092. https://
doi.org/10.1007/s10875-012-9687-y.

Xia, X., Huang, C., Liao, Y., Liu, Y., He, J., Guo, Z., Jiang, L., Wang, X., Liu,
J., and Huang, H. (2019). Inhibition of USP14 enhances the sensitivity of
breast cancer to enzalutamide. J. Exp. Clin. Cancer Res. 38, 220.
https://doi.org/10.1186/s13046-019-1227-7.

iScience 29, 115362, May 15, 2026

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

iScience

Ma, A., Tang, M., Zhang, L., Wang, B., Yang, Z., Liu, Y., Xu, G., Wu, L.,
Jing, T., Xu, X., et al. (2019). USP1 inhibition destabilizes KPNA2 and sup-
presses breast cancer metastasis. Oncogene 38, 2405-2419. https://doi.
org/10.1038/s41388-018-0590-8.

Guo, F., Zhang, C., Wang, F., Zhang, W., Shi, X., Zhu, Y., Fang, Z., Yang,
B., and Sun, Y. (2020). Deubiquitinating enzyme USP33 restrains doce-
taxel-induced apoptosis via stabilising the phosphatase DUSP1 in pros-
tate cancer. Cell Death Differ. 27, 1938-1951. https://doi.org/10.1038/
s41418-019-0473-8.

Lai, C.Y., Yeh, D.W., Lu, C.H,, Liu, Y.L., Chuang, Y.C., Ruan, J.W., Kao,
C.Y., Huang, L.R., and Chuang, T.H. (2020). Epigenetic Silencing of Ubig-
uitin Specific Protease 4 by Snail1 Contributes to Macrophage-Dependent
Inflammation and Therapeutic Resistance in Lung Cancer. Cancers (Basel)
12, 148. https://doi.org/10.3390/cancers12010148.

Gutierrez-Diaz, B.T., Gu, W., and Ntziachristos, P. (2020). Deubiquiti-
nases: Pro-oncogenic Activity and Therapeutic Targeting in Blood Malig-
nancies. Trends Immunol. 47, 327-340. https://doi.org/10.1016/].it.2020.
02.004.

Lei, C.-Q., Wu, X., Zhong, X., Jiang, L., Zhong, B., and Shu, H.B. (2019).
USP19 Inhibits TNF-a—and IL-13-Triggered NF-kB Activation by Deubiqui-
tinating TAK1. J. Immunol. 203, 259-268. https://doi.org/10.4049/jimmu-
nol.1900083.

Li, L., Wei, J., Li, S., Jacko, A.M., Weathington, N.M., Mallampalli, R.K.,
Zhao, J., and Zhao, Y. (2019). The deubiquitinase USP13 stabilizes the
anti-inflammatory receptor IL-1R8/Sigirr to suppress lung inflammation.
EBioMedicine 45, 553-562. https://doi.org/10.1016/j.ebiom.2019.
06.011.

Shi, D., Wu, X., Jian, Y., Wang, J., Huang, C., Mo, S, Li, Y., Li, F., Zhang,
C., Zhang, D., et al. (2022). USP14 promotes tryptophan metabolism and
immune suppression by stabilizing IDO1 in colorectal cancer. Nat. Com-
mun. 713, 5644. https://doi.org/10.1038/s41467-022-33285-x.

Dai, X., Lu, L., Deng, S., Meng, J., Wan, C., Huang, J., Sun, Y., Hu, Y., Wu,
B., Wu, G., et al. (2020). USP7 targeting modulates anti-tumor immune
response by reprogramming Tumor-associated Macrophages in Lung
Cancer. Theranostics 10, 9332-9347. https://doi.org/10.7150/thno.
47137.

Zhao, C., Gong, J., Bai, Y., Yin, T., Zhou, M., Pan, S,, Liu, Y., Gao, Y.,
Zhang, Z., Shi, Y., et al. (2023). A self-amplifying USP14-TAZ loop drives
the progression and liver metastasis of pancreatic ductal adenocarci-
noma. Cell Death Differ. 30, 1-15. https://doi.org/10.1038/s41418-022-
01040-w.

Morgan, E.L., Toni, T., Viswanathan, R., Robbins, Y., Yang, X., Cheng, H.,
Gunti, S., Huynh, A., Sowers, A.L., Mitchell, J.B., et al. (2023). Inhibition of
USP14 promotes TNFa-induced cell death in head and neck squamous
cell carcinoma (HNSCC). Cell Death Differ. 30, 1382-1396. https://doi.
org/10.1038/s41418-023-01144-x.

Zou, W. (2005). Immunosuppressive networks in the tumour environment
and their therapeutic relevance. Nat. Rev. Cancer 5, 263-274. https://doi.
org/10.1038/nrc1586.

Lee, B.H., Lee, M.J., Park, S., Oh, D.C., Elsasser, S., Chen, P.C., Gartner,
C., Dimova, N., Hanna, J., Gygi, S.P., et al. (2010). Enhancement of protea-
some activity by a small-molecule inhibitor of USP14. Nature 467,
179-184. https://doi.org/10.1038/nature09299.

Lee, B.H,, Lu, Y., Prado, M.A,, Shi, Y., Tian, G., Sun, S, Elsasser, S., Gygi,
S.P., King, R.W., and Finley, D. (2016). USP14 deubiquitinates protea-
some-bound substrates that are ubiquitinated at multiple sites. Nature
532, 398-401. https://doi.org/10.1038/nature17433.

Moon, S., Muniyappan, S., Lee, S.B., and Lee, B.H. (2021). Small-Mole-
cule Inhibitors Targeting Proteasome-Associated Deubiquitinases. Int. J.
Mol. Sci. 22, 6213. https://doi.org/10.3390/ijms22126213.

Lee, H.O., Hong, Y., Etlioglu, H.E., Cho, Y.B., Pomella, V., Van den Bosch,
B., Vanhecke, J., Verbandt, S., Hong, H., Min, J.W., et al. (2020). Lineage-
dependent gene expression programs influence the immune landscape of


https://doi.org/10.1016/j.ctrv.2023.102676
https://doi.org/10.1038/s41591-023-02324-5
https://doi.org/10.1038/s41591-023-02324-5
https://doi.org/10.1158/1078-0432.CCR-18-1851
https://doi.org/10.3322/caac.21728
https://doi.org/10.3322/caac.21728
https://doi.org/10.1053/j.gastro.2023.04.029
https://doi.org/10.1053/j.gastro.2023.04.029
https://doi.org/10.1038/s41571-021-00552-7
https://doi.org/10.1038/s41571-021-00552-7
https://doi.org/10.1172/JCI162870
https://doi.org/10.1158/1078-0432.CCR-22-2041
https://doi.org/10.1016/j.cell.2020.03.048
https://doi.org/10.1186/s13046-022-02477-0
https://doi.org/10.1186/s13046-022-02477-0
https://doi.org/10.1016/j.immuni.2020.05.014
https://doi.org/10.1016/j.immuni.2020.05.014
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.7150/thno.37568
https://doi.org/10.7150/thno.37568
https://doi.org/10.1007/s10875-012-9687-y
https://doi.org/10.1007/s10875-012-9687-y
https://doi.org/10.1186/s13046-019-1227-7
https://doi.org/10.1038/s41388-018-0590-8
https://doi.org/10.1038/s41388-018-0590-8
https://doi.org/10.1038/s41418-019-0473-8
https://doi.org/10.1038/s41418-019-0473-8
https://doi.org/10.3390/cancers12010148
https://doi.org/10.1016/j.it.2020.02.004
https://doi.org/10.1016/j.it.2020.02.004
https://doi.org/10.4049/jimmunol.1900083
https://doi.org/10.4049/jimmunol.1900083
https://doi.org/10.1016/j.ebiom.2019.06.011
https://doi.org/10.1016/j.ebiom.2019.06.011
https://doi.org/10.1038/s41467-022-33285-x
https://doi.org/10.7150/thno.47137
https://doi.org/10.7150/thno.47137
https://doi.org/10.1038/s41418-022-01040-w
https://doi.org/10.1038/s41418-022-01040-w
https://doi.org/10.1038/s41418-023-01144-x
https://doi.org/10.1038/s41418-023-01144-x
https://doi.org/10.1038/nrc1586
https://doi.org/10.1038/nrc1586
https://doi.org/10.1038/nature09299
https://doi.org/10.1038/nature17433
https://doi.org/10.3390/ijms22126213

iScience ¢? CellPress

33.

OPEN ACCESS

colorectal cancer. Nat. Genet. 52, 594-603. https://doi.org/10.1038/  34. DeNardo, D.G., and Ruffell, B. (2019). Macrophages as regulators of
s41588-020-0636-z. tumour immunity and immunotherapy. Nat. Rev. Immunol. 79, 369-382.

Gubat, J., Sjéstrand, L., Selvaraju, K., Telli, K., and D’Arcy, P. (2024). Loss https://doi.org/10.1038/s41577-019-0127-6.

of the proteasomal deubiquitinase USP14 induces growth defects and a 35. Fraile, J.M., Quesada, V., Rodriguez, D., Freije, J.M.P., and Lépez-Otin, C.
senescence phenotype in colorectal cancer cells. Sci. Rep. 74, 13037. (2012). Deubiquitinases in cancer: new functions and therapeutic options.
https://doi.org/10.1038/s41598-024-63791-5. Oncogene 31, 2373-2388. https://doi.org/10.1038/onc.2011.443.

iScience 29, 115362, May 15,2026 13


https://doi.org/10.1038/s41588-020-0636-z
https://doi.org/10.1038/s41588-020-0636-z
https://doi.org/10.1038/s41598-024-63791-5
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/onc.2011.443

¢? CellPress

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Fc block (anti-CD16/32 antibody) Biolegend Cat #101320
PE/Cyanine7 anti-mouse CD45 Antibody Biolegend Cat #103114
Brilliant Violet 785™ anti-mouse CD45 Biolegend Cat #157223
Antibody

PE anti-mouse CD206 Biolegend Cat #141706
FITC anti-mouse/human CD11b Antibody Biolegend Cat #101205
APC/Cyanine7 anti-mouse/human CD11b Biolegend Cat #101225
Antibody

APC anti-mouse CD86 Antibody Biolegend Cat #105012
PE anti-mouse CD4 Antibody Biolegend Cat #100408
Brilliant Violet 510™ anti-mouse CD8a Biolegend Cat #100752
Antibody

APC anti-mouse Ly-6G/Ly-6C (Gr-1) Biolegend Cat #108411
Antibody

PE anti-mouse CD274 (B7-H1, PD-L1) Biolegend Cat #124308
Antibody

PE/Cyanine7 anti-mouse F4/80 Antibody Biolegend Cat #123113
Brilliant Violet 650™ anti-mouse CD11c Biolegend Cat #117339
Antibody

APC anti-mouse CD326 (Ep-CAM) Biolegend Cat #118213
Antibody

PE anti-mouse IFN-y Antibody Biolegend Cat #505808
Alexa Fluor® 647 anti-mouse Ly-6G Biolegend Cat #127609
Antibody

APC/Cyanine7 anti-mouse I-Ab Antibody Biolegend Cat #116425
Alexa Fluor® 647 anti-mouse FOXP3 Biolegend Cat #126407
Antibody

Alexa Fluor® 647 anti-TCF1 (TCF7) Biolegend Cat #655203
Antibody

PE anti-mouse CD69 Antibody Biolegend Cat #104507
Anti-USP14 Cell Signaling Technology Cat #4879
Anti-GAPDH Servicebio Cat #GB11002
HRP Goat anti-Rabbit IgG (H+L) Abclonal, China Cat #AS014
JNK Cell Signaling Technology Cat #9252
p-JNK Cell Signaling Technology Cat #4668
ERK1/2 Cell Signaling Technology Cat #4695
P-ERK1/2 Cell Signaling Technology Cat #4370
P38 Cell Signaling Technology Cat #8690
p-P38 Cell Signaling Technology Cat #4511
Chemicals, peptides, and recombinant proteins

DAPI Servicebio Cat#G1012
DMEM Gibco™, USA 12100061
FBS Gibco, USA A5670701
Recombinant Trypsin Beyotime, China P4209
Trypsin-EDTA, 0.25% Solarbio, China T1300
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4% paraformaldehyde Beyotime Cat#P0099

TRIzol reagent Invitrogen Cat#15596018

U1 MedChemExpress HY-13817

SB203580 MedChemExpress HY-10256

SP600125 MedChemExpress HY-12041

U0126-EtOH MedChemExpress HY-12031

Recombinant Mouse IL-4 (carrier-free) Biolegend Cat#574304

Recombinant Mouse IL-13 (carrier-free) Biolegend Cat#575904

Recombinant Mouse M-CSF (carrier-free) Biolegend Cat#576404

CFDA SE Biosharp BL919A

LPS Biosharp BS464

DMSO Biosharp BL165B

Tween-80 Biosharp BS118

PEG300 Aladdin P615502

Anti-PD-1 antibody Invitrogen MA5-48236

Clodronate liposomes YEASEN 40337ES08

Critical commercial assays

MicroElute Total RNA Kit R6831-01 Omega Bio-tek R6831-01

HiScript Ill RT SuperMix (+ gDNA wiper) Vazyme, China R323

The AceQ® Universal SYBR qPCR Master Vazyme, China Q513-02/03

Mix

CCKa8 assay kit Biosharp BL132B

Opal™ 7-Color Manual IHC Kit Akoya Biosciences NEL861001KT

Zombie NIR™ Fixable Viability Kit Biolegend Cat#423106

LEGENDplexTM Multi-Analyte Flow Assay Biolegend Cat# 740750

Kit

BCA Protein Assay Kit Beyotime Cat# P0012

RIPA lysis buffer Beyotime Cat# P0013B

ECL kit NCM Biotech Cat# P10100

Lipofectamine RNAIMAX Invitrogen Cat#13778100

PCR-based method for mycoplasma Beyotime Cat# C0301S

contamination test

Deposited data

Analyzed Data (RNA-seq) This paper GSE320101

Experimental models: Cell lines

Mouse bone marrow-derived macrophages This paper -

(BMDMs)

Mouse colon cancer cells MC38 Procell CL-0972

Mouse macrophage ANA-1 EK-Bioscience CC-Y2010

Tumor-Associated Macrophages (TAMs) This paper -

Experimental models: Organisms/strains

Mouse: C57BL/6J Slake Kingda Laboratory Animal Co -

Oligonucleotides

Primers in this paper, see STAR Methods Sangon Biotech Co., Ltd -

for RNA extraction and quantitative PCR

USP14 siRNA Target sequence:5’- Wuhan Biorbyt Biotechnology Co.,Ltd orb1843108

GCAUGAAGAUCCUGAUCAATT-3

Software and algorithms

ImageJ

NIH

https://imagej.nih.gov/ij/
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GraphPad Prism v9.0 GraphPad Software https://www.graphpad.com/

FlowJo FlowJo, LLC https://www.flowjo.com/

DESeq2 (RNA-seq) Bioconductor https://bioconductor.org/packages/
DESeq2/

Cell Ranger v8.0.1 10X Genomics https://www.10xgenomi
cs.com/support/softwar
e/cellranger/downloads

Seurat v5.1.0 Hao et al., 2023 https://satijalab.org/seu

rat/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Female C57BL/6J mice (6-8 weeks old) were purchased from Hunan Slake Kingda Laboratory Animal Co. (China). Mice were housed
in specific pathogen-free facilities at 22-24°C with 40%-70% humidity and a 12 h light/dark cycle, and were provided with standard
chow and water ad libitum. All animal experiments were approved by the Animal Experimental Committee of Jianghan University
(approval number JHUN-JC-2024015) and conducted in accordance with institutional and national guidelines. For tumor implanta-
tion, 2 x 10° MC38 cells in 100 L PBS were injected subcutaneously into the right flank. Mice were randomly allocated to treatment
groups (n = 6-10 per group) on day 7 after inoculation. The study used only female mice; therefore, the potential influence of sex on
the results could not be assessed and remains a limitation (see Discussion).

Cell lines

MC38 (mouse colon adenocarcinoma) was obtained from Procell. ANA-1 (mouse macrophage) was obtained from EK-Bioscience.
Both cell lines were authenticated by the suppliers using short tandem repeat (STR) profiling. Cells were maintained in DMEM sup-
plemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C with 5% CO.. All cell lines were routinely tested for
mycoplasma contamination using a PCR-based method and were confirmed negative throughout the study.

Primary cell cultures

Bone marrow-derived macrophages (BMDMs): Bone marrow cells were flushed from femurs and tibiae of 6- to 8-week-old female
C57BL/6J mice and cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 20 ng/mL recombinant mouse
M-CSF for 7 days to generate naive BMDMs. For polarization, BMDMs were stimulated with 20 ng/mL IL-4 plus 20 ng/mL IL-13 (M2)
or 50 ng/mL LPS (M1) for 24 h.

Tumor-associated macrophages (TAMs): TAMs were isolated from MC38 tumors 14 days after inoculation. Tumors were
dissected, digested with collagenase IV (0.32 mg/mL) and hyaluronidase (0.5 mg/mL) at 37 °C for 1 h, and passed through a
70 um strainer. Single-cell suspensions were subjected to CD11b magnetic enrichment followed by FACS sorting for live
CD45*CD11b*F4/80" cells. Purity of sorted TAMs was routinely >95%. All primary cell procedures were approved by the institutional
animal care committee.

Human data

This study analyzed publicly available data from The Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD) cohort (n = 471
tumor, 41 normal) and the single-cell RNA-seq dataset GSE132465. No direct human participants or samples were involved; there-
fore, sample size allocation and ethical approval are not applicable.

Animal experiments

Female C57BL/6J mice (6-week) were purchased from Hunan Slake Kingda Laboratory Animal Co. All animal experiments were
approved by the Animal Experimental Committee of the Institute of Jianghan University (JHUN-JC-2024015) and conducted in accor-
dance with institutional and national guidelines for the care and use of animals. Mice were housed at 22~24 °C and 40%~70% hu-
midity, and were fed and watered freely by alternating light and dark for 12 h. All animal experiments were performed in a double-blind
manner. 100 pL PBS containing 2 x 10° MC38 tumor cells was subcutaneously injected into the right flank of female C57BL/6 mice to
develop the subcutaneous tumor bearing model. The mice were divided randomly into different groups seven days later. U1 (20 mg/
kg, i.p.), dissolved in a solution (10% DMSO, 5% Tween-80 and 40% PEG300 in PBS) and PBS (100 pL, i.p.) were injected every three
day from day 6 to day 15, respectively. The dosing schedule (every 3 days) was based on prior pharmacokinetic studies of IlU1 and our
preliminary efficacy/toxicity tests[29]. No overt signs of toxicity were observed in treated mice.Clodronate liposomes were applied for
macrophage depletion in the dose of 150 pL per mouse for on the first day, followed by 100 pL per mouse every three days for a total
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of four times. Treatments with anti-PD-1 (7.5 mg/kg, i.p.) were conducted every other day from day 7 to day 13, for a total of four
times. The length (L) and width (W) of the tumors were measured using vernier calipers. Tumour volume (V) was calculated as V =
(LxW3)/ 2.

Cell culture and treatments

Mouse MC38 and ANA-1 cells were obtained from ATCC. MC38 was grown in 1640 medium and ANA-1 was grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco, Grand Island, NY, USA) containing 10% Fetal Bovine Serum (FBS) (Gibco, Grand Island,
NY, USA) and 1% penicillin/streptomycin solution.

Mouse bone marrow-derived macrophages (BMDMs) were cultured with 20 ng/mL IL-4 /IL-13 to be polarized into M2 macro-
phage; or 50 ng/mL LPS to be polarized into M1 macrophage. All cytokines were purchased from PeproTech (Rocky Hill, NJ,
USA). All the cells were cultured with DMEM supplemented with 10% FBS, 1% Penicillin/Streptomycin, and 20 ng/mL M-CSF
(PeproTech) for differentiation.

Following the generation of single-cell suspensions from MC38 tumors as described, TAMs were positively selected or sorted for
subsequent in vitro experiments. For RNA and protein extraction, CD11b* cells were first enriched using magnetic-activated cell sort-
ing (MACS) with anti-CD11b microbeads (Miltenyi Biotec) according to the manufacturer’s protocol. For functional assays requiring
high purity, TAMs (defined as live CD45*CD11b*F4/80" cells) were isolated by fluorescence-activated cell sorting (FACS) using a BD
FACSAria lll cell sorter (BD Biosciences). Sorted cells were collected in RPMI-1640 medium supplemented with 10% FBS for imme-
diate culture or in appropriate lysis buffers for molecular analysis.

METHOD DETAILS

RNA sequencing and bioinformatics analysis

For transcriptomic profiling, total RNA was extracted from FACS-sorted TAMs (CD45*CD11b*F4/80*) pooled from 3-4 tumors per
group (PBS vs. IU1-treated) using the MicroElute Total RNA Kit. RNA integrity was verified using an Agilent 2100 Bioanalyzer. Library
preparation was performed using the NEBNext® Ultra™ Il Directional RNA Library Prep Kit (New England Biolabs), and sequencing
was carried out on an lllumina NovaSeq 6000 platform (Novogene Co., Ltd.) to generate 150 bp paired-end reads. Raw sequencing
reads were quality-controlled using FastQC and aligned to the mouse reference genome (GRCm38) using HISAT2. Gene expression
quantification and differential expression analysis were performed with StringTie and Ballgown. Genes with a fold change > 2 and an
adjusted P-value < 0.05 were considered significantly differentially expressed. Functional enrichment analysis of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways was conducted using the clusterProfiler R package.

Multiplex immunofluorescence staining and quantitative analysis

To visualize and quantify specific cell populations within the tumor architecture, formalin-fixed, paraffin-embedded (FFPE) tumor
sections (5 um thickness) were used. After deparaffinization and antigen retrieval, multiplex immunofluorescence staining was per-
formed using the Opal™ 7-Color Manual IHC Kit (Akoya Biosciences) according to the manufacturer’s instructions. The following
primary antibody and Opal fluorophore combinations were used: anti-F4/80 (Opal 520), anti-CD206 (Opal 570), and anti-CD8a
(Opal 690). Nuclei were counterstained with DAPI. Stained slides were scanned using the Vectra Polaris Automated Quantitative Pa-
thology Imaging System (Akoya Biosciences) at 20x magnification. Image analysis and spectral unmixing were performed using the
inForm® software (Akoya Biosciences).

Analysis of cell-type-specific PD-L1 expression by flow cytometry

To evaluate PD-L1 expression on different cell populations within the tumor microenvironment, the single-cell suspensions prepared
for general flow cytometry were simultaneously stained with the following antibody panel: Zombie NIR™ Fixable Viability Kit, anti-
CD45 (BV785), anti-CD11b (APC-Cy7), anti-F4/80 (PE-Cy7), anti-CD11c (BV650), anti-CD326 (EpCAM, APC) for tumor cells, and
anti-PD-L1 (PE). Fluorescence-minus-one (FMO) controls were used for gating. PD-L1 geometric mean fluorescence intensity
(gMFI) was analyzed separately on gated populations: tumor cells (CD45"), dendritic cells (CD45"CD11c*), and macrophages
(CD45*CD11b*F4/80%).

Real-time quantitative PCR

Total RNA was harvested from cells using MicroElute Total RNA Kit R6831-01 (Omega Bio-tek, Norcross, GA, USA) and reverse-tran-
scribed into cDNA using HiScript Il RT SuperMix (+ gDNA wiper) (Vazyme, Nanjing, China). The cDNA was amplified using the AceQ®
Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). Primer sequences were obtained by referring to previous studies. All primers were synthesized by Sangon
Biotech Co., Ltd (Shanghai). All the primer used in the experiment were showed in supporting information Table S1.

Transfections

BMDMs were seeded in 6-well-plates (1x10° cells per well). After 24 h, they were transfected with either small interfering RNA (siRNA)
against USP14 or negative control (NC) siRNA using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA). Cells were harvested
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after 48 h and processed for western blotting and flow cytometry. USP14 siRNA (orb1843108, Target sequence:
5’-GCAUGAAGAUCCUGAUCAATT-3) was purchased from Wuhan Biorbyt Biotechnology Co.,Ltd.

Western blotting

Lysing cells with RIPA lysis buffer (with protease and phosphatase inhibitors), and protein quantification with BCA assay, followed by
SDS-PAGE separation and transfer to PVDF membrane. After blocking the membranes for 1 h at room temperature in 5% skim milk
powder dissolved in Tris-buffered saline containing 5% Tween-20 (TBST), membranes were incubated overnight at 4 °C with the cor-
responding antibodies and membrane wash conditions (TBST, 3 x 10 min). Then, membranes were washed and incubated with sec-
ondary antibodies prior to detection. They were developed using NcmECL Ultra (P10100, NCM Biotech) and imaged. All the antibody
used in the experiment were showed in supporting information Table S2.

Flow cytometry

MC38 tumors from mice were digested into single cell by cutting into small pieces and incubating with Collagenase IV (0.32 mg /mL)
and hyaluronidase (0.5 mg /mL) for 1 h at 37 °C. The tumor cells were filtered through 70 pm cell strainer after lysis of RBCs. All the
samples were infused with Fc block (anti-CD16/32 antibody, clone 93, a 1:100 dilution) followed by Zombie NIR™ Fixable Viability Kit
(423106), CD45 (103114), CD11b (101205), CD86 (105012), CD4 (100408), CD8a (100752), Gr-1 (108411), and PD-L1 (124308). For
the T-cell intracellular IFN-y (505808) cytokine staining, cells were fixed and permeabilized after stimulation with Phorbol 12-myristate
13-acetate (PMA) (ab120297, Abcam, 100 ng/mL), Monensin sodium salt (ab120499, Abcam, 1 ug/mL), and lonomycin calcium salt
(5608212, PeproTech, 100 ng/mL) for 6 h. For the CD206 (141706) staining, cells were also fixed and permeabilized, and then
measured via fow cytometry.

Tissue cytokine detection
Cytokines IFN-y, TNF-a, IL-2, IL-4, IL-12 and IL-6 in tumor tissues extracted from either the Control group or the DUB-IN-1 group
were detected by flow cytometry according to LEGENDplexTM Multi-Analyte Flow Assay Kit (740750, Biolegend).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism 6.0 software. One-way ANOVA with Tukey’s multiple comparisons test was
used to compare three or more groups. A two-tailed unpaired t-test or the Mann-Whitney U test was used to compare two groups.

P-values<0.05 were considered statistically significant. Data are presented as means + standard error of the mean (SEM). *P < 0.05,
*P < 0.01, **P < 0.001, NS: not significant.
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