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SUMMARY

Malignant gliomas are largely refractory to immune checkpoint blockade (ICB) therapy. To explore the under-
lying immune regulators, we examine the microenvironment in glioma and find that tumor-infiltrating T cells
are mainly confined to the perivascular cuffs and express high levels of CCR5, CXCRS3, and programmed cell
death protein 1 (PD-1). Combined analysis of T cell clustering with T cell receptor (TCR) clone expansion
shows that potential tumor-killing T cells are mainly categorized into pre-exhausted/exhausted and effector
CD8* T subsets, as well as cytotoxic CD4" T subsets. Notably, a distinct subpopulation of CD4* T cells ex-
hibits innate-like features with preferential interleukin-8 (IL-8) expression. With IL-8-humanized mouse strain,
we demonstrate that IL-8-producing CD4" T, myeloid, and tumor cells orchestrate myeloid-derived suppres-
sor cell infiltration and angiogenesis, which results in enhanced tumor growth but reduced ICB efficacy.
Antibody-mediated IL-8 blockade or the inhibition of its receptor, CXCR1/2, unleashes anti-PD-1-mediated
antitumor immunity. Our findings thus highlight IL-8 as a combinational immunotherapy target for glioma.

INTRODUCTION

Malignant glioma has a very poor prognosis and remains chal-
lenging because of the limited options of standard treatment.’
Although immune checkpoint blockade (ICB) therapy has shown
remarkable success in treating a variety of tumors, the clinical
benefit of ICB therapies for malignant glioma remains compro-
mised.” Potential reasons for this include the intrinsic properties
of glioma cells, such as their vast genetic heterogeneity but
low mutation burdens, and alternatively the extrinsic feature of a
highly immunosuppressive microenvironment governed by preva-
lent tumor-associated myeloid cells, as well as microvascular
niches that sabotage T cell-mediated antitumor immunity.*™
Accumulating evidence indicates that the heterogeneity and
functional status of tumor-infiltrating T cells play pivotal roles in

L)

shaping antitumor immunity and the response to immuno-
therapy.®’ The glioma microenvironment harbors both CD4*
and CD8" T cells, although less frequently than myeloid cells;®'°
they increase paradoxically with tumor grade,’'~'* implying their
functional diversity. Indeed, recent efforts focusing on T cell
exhaustion assessment at the single-cell level have revealed
that glioma-infiltrating T cells comprise variable subpopulations,
among which a fraction of T cells are clonally expanded and
categorized mainly into exhausted, effector, or memory sub-
sets,®'® whereas the remaining large proportion of tumor-infil-
trating T cells are not clonally expanded and their function
remains unexplored. Here, we conducted landscape mapping
of T cells from paired human blood and tumor tissues with adap-
tations of single-cell RNA sequencing (scRNA-seq), cytometry
by time of flight (CyTOF), and flow cytometry. Comparison
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analysis enabled us to uncover the unique features of tumor-
infiltrating T cells compared with their peripheral counterparts.
Specifically, we identified a distinctive subset of interleukin-8
(IL-8)-producing CD4* T cells that exhibits innate-like features
and correlates with poor prognosis. Given that IL-8 is absent in
rodents, thus preventing the incisive investigation of IL-8-
mediated immune responses in vivo and its role in blunting ICB
therapy,’®'® we developed an IL-8-humanized mouse strain
by adapting a strategy shown previously.'® Using this mouse
model, we find IL-8*CD4* T cells can function alone and/or
together with other IL-8-producing cells to solidify the
immunosuppressive properties of the glioma microenvironment.
Strikingly, anti-PD-1 immunotherapy elevates systemic IL-8
expression and blunts ICB efficacy by reinforcing immunosup-
pression. Thus, our study leverages the understanding of
bystander T cells in tumors and highlights the IL-8-CXCR1/
CXCR2 axis as a combinational immunotherapy target.

RESULTS

Anatomic analysis of tumor-infiltrating T cells in glioma
patients

A detailed investigation of functional and transcriptional alter-
ations that occur in T cells between peripheral blood and gli-
oma tissue is needed. To fill this gap, we combined anatomic
assessment with high-dimensionality mass cytometry and
scRNA-seq to measure T cell residence pattern and transcrip-
tome in tumors, trafficking surface markers and transcriptomics
on glioma tissues and peripheral blood samples from 152 hu-
man patients: 51 patients with low-grade glioma (LGG) and
101 patients with high-grade glioma (HGG) (Figure 1A). Clinical
information for these patients was summarized in Tables S1
and S2.

We first stained tumor tissues from 71 glioma patients, including
HGG and LGG, with hematoxylin and eosin (H&E) and immunohis-
tochemistry (IHC). Notably, the majority of the T cells resided at
the perivascular cuffs of microvascular zones (Figures 1B and
S1A), which was confirmed by anatomic transcriptional atlas
data (lvy Glioblastoma Atlas Project [GAP]) (Figure 1C). To deci-
pher which chemokine receptor navigates T cell infiltration into
the glioma, we utilized CyTOF to examine peripheral blood mono-
nuclear cells (PBMCs) and glioma tissue samples from 14 newly
diagnosed patients, from whom five paired PBMCs and tissue
samples were included. Our results showed that among the tested
chemokine receptors, including CCR4, CCR5, CCR6, CXCRS3,
and CX3CR1, only CCR5 and CXCR3 expressions were signifi-
cantly elevated on both CD4* and CD8"* T cells in the tumor
compared with peripheral blood (Figure 1D), suggesting that
CCR5 and CXCRS3 are required to guide T cell migration into
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glioma. Both CD4* and CD8" T cells in the tumors prevalently
expressed the exhaustion marker PD-1, but not lymphocyte-acti-
vation gene 3 (LAG-3) (Figures S1B and S1C). Also, CD4" T cell
compartment in the tumors enhanced surface CD25 expression
as compared with the peripheral counterpart (Figures S1B and
S1C), seemingly representing the elevated Treg cell infiltration in
glioma.

Single-cell clustering of T cells in glioma

To globally dissect the heterogeneity of the T cell compartment in
the tumor microenvironment (TME), we sorted T cells from five
freshly dissociated tumors and paired PBMCs and profiled them
by scRNA-seq and single-cell T cell receptor (TCR) sequencing
(scTCR-seq) with 10x Genomics. We obtained a total of 116,205
T cells (65,990 from PBMCs and 50,215 from tumors) after strin-
gent quality-control filtering. TCR repertoire sequencing identified
67,665 T cells with paired o and B chains. After exclusion of non-
tumor-specific TCRs by utilizing the Immune Epitope Database
and Analysis Resource (IEDB) tool (Table S$3),2° the remaining po-
tential tumor-reactive TCR clonotype was defined as those paired
o.and B chains shared by at least two T cells. T cell clusters were
classified by their residence, TCR clonality, and signature
genes according to previous reports.”'%?"?? A total of 18 T cell
clusters across both tumor and PBMC samples were identified,
including 7 clusters for CD4* T cells, 10 clusters for CD8* T cells,
and 1 cluster for vd T cells, each with unique signature genes
(Figures S2A-S2C and 2A). The overall representation of these
clusters was similar across five glioma patients (Figure S2B).
Specifically, the CD4* T cell compartment was diversified with
seven clusters. The naive subset (C1_CD4_Naive) was predomi-
nant in blood (Figures 2B and S2C). The central memory
subset (C2_CD4_Tcm) was prevalent in blood and characterized
by high expression of the IL7R, TCF7, SELL, and MYC genes
(Figures 2B and S2C). Clonally expanded cytotoxic subset
(C6_CD4_Cyto) cells highly expressed the cytotoxicity-related
genes NKG7, GZMA and GZMK (Figures 2B-2D and S2C-S2E;
Table S4). Adysfunctional subset (C7_CD4_Dysfun) was also clon-
ally expanded and marked by high expression of the gene encod-
ing inhibitory CTLA-4 and minimal levels of cytotoxicity-related
genes (Figures 2C, 2D, and S2C-S2E). Notably, an IL-8-producing
subset (C8_CD4_/L8) was exclusively enriched in tumors and
characterized by high expression of IL8, NINJ1, HLA-DRA,
and HAVCR2 (Figures 2B and S2C). Another nonclonally
expanded T cell subset (C9_CD4_Tn-like) highly expressed naive
marker genes plus SOCS3 (Figures 2B and S2C-S2E), thus repre-
senting the previously reported naive-like T cell subset.” FOXP3-
expressing regulatory T cell subset (C12_Treg) was clonally
expanded, indicative of TCR-dependent activation or differentia-
tion (Figures 2C, 2D, and S2C).

Figure 1. Landscape mapping and anatomic analysis of T cells in glioma

(A) Workflow for sample processing and scRNA-seq, CyTOF, and tissue histology analysis.

(B) Representative examples of hematoxylin and eosin (H&E) staining of glioma tissue among 71 patients. Graph data are displayed as the mean + standard
deviation (SD). n = 186, two to three views from each patient; “*p < 0.01, two-tailed unpaired t test.

(C) Heatmap of T cell signature gene relative expression in different anatomic locations of glioma. Data were downloaded from the Ivy Glioblastoma Atlas Project

(GAP), containing 270 samples from 41 patients.

(D) Left, tSNE plots of Percoll-enriched immune cells and T cells from mass cytometry data are shown. Right, tSNE plots are overlaid with chemokine receptors.

PBMC, n = 5; tumor, n = 14. *p < 0.05, two-tailed paired t test.

PVS, perivascular space; T, tumor; V, vessel. See also Figure S1 and Tables S1 and S2.
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Figure 2. Single-cell clustering of T cells
(A) t-distributed stochastic neighbor embedding (tSNE) plots of T cells from PBMCs and tumor tissues.
(B) The percentages of cells in different clusters in PBMCs and tumor tissues.
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Similarly, combinational analysis of the transcriptional signa-
ture and TCR clone expansion revealed 10 major clusters for
CD8* T cells (Figures 2A and S2C), and highly clonally expanded
T cells (TCR clone size over 10, TCS > 10) were mainly located in
the TME (Figures 2B-2D, S2D, and S2E). Clonal CD8* T cell-en-
riched subsets included six clusters (Figures S2D and S2E). Pre-
exhaustion CD8" T cells (C3_CD8_Pre-Ex, TCS > 10, 37.8%) ex-
pressing effector genes NKG7, GZMA, GZMH, and GZMK and
surface marker genes LAG3, KLRB1, TIGIT, and PDCD1, mirror-
ing the previous identification, '® were preferentially located at tu-
mor sites (Figures 2B and S2C-S2E). Exhaustion cluster
(C15_CD8_Ex, TCS > 10, 17.6%) was marked with exhaustion
genes TOX, CTLA4, TIGIT, and NR4A2 (Figures S2C-S2E).
Proliferating subset (C11_CD8_Prolif, TCS > 10, 11.2%) was sig-
natured with the cycling gene MKI67 (Figures S2C-S2E). Also,
effector cluster (C5_CD8_Eff, effector genes FGFBP2, PFR1,
GZMB, and GNLY) and stress cluster (C17_CD8_Stress, stress
signature genes HSP90AAT1, HSPA6, and HSPA1B) contained
highly clonally expanded T cells (TCS > 10) with a percentage
of 10.6% and 8.4%, respectively (Figures S2C-S2E). Notably,
effector/memory CD8"* T cells (C4_CD8_Eff/Mem, TCS > 10,
3.6%; effector genes NKG7, GZMA, and GZMK; and memory
marker gene IL7R) were preferentially enriched in PBMCs
(Figures 2B and S2C-S2E). The remaining four nonclonally or
low-clonally expanded CD8"* T cell clusters included the naive
T cell cluster (C14_CD8_Naive), the central memory subset
(C16_CD8_Tcm), the IL-8-producing subpopulation (C18_CD8_
IL-8), and the MGP gene-signatured unknown cluster (C10_
CD8_MGP).*®

To explore the developmental state and ontogenetic relation-
ship of these six highly clonally expanded CD8" T cell clusters,
we conducted pseudotime trajectory analysis along with TCR
clonotype assessment. We found that these six different clus-
ters formed developmental orders in the context of the total
population of CD8" T cells, and the effector/memory CD8* T
cluster stayed at the earlier period of the pseudotime, followed
sequentially by the effector, pre-exhaustion, stress, prolifera-
tion, and exhaustion clusters (Figure 2E). This developmental
transition was also independently validated by clonal analysis
based on TCR clonotype sharedness. Strikingly, the three
most prevalent tumor-enriched CD8" T cell subpopulations,
pre-exhaustion, exhaustion, and effector subpopulations,
comprised the majority of the clonal T cells and shared their
clones extensively (Figures 2C and S2D-S2F), indicating that
they may serve as the main local players in killing glioma tumor
cells and remain as the major immunotherapeutic targets for
glioma.

In the CD4* T cell compartment, highly expanded TCR clones
appeared mainly at cytotoxicity, dysfunction, and Treg clusters
(Figures 2C, S2D, and S2E). Both cytotoxic and dysfunctional
CD4* T cells shared their TCR clones substantially, but these
cells barely shared their TCR clones with Treg cells (Figure S2F),
which is consistent with the observations from other solid tu-
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mors, such as liver cancer.”’ Importantly, regardless of the
TCR clone overlaps in the overall T cell population, there were
few identical TCR clones when comparing five individual patients
(data not shown).

To further specify the differences in T cell transcriptional status
at tumor sites between LGG and HGG, we expanded scRNA-seq
sample sizes to 13 (4 from LGG patients and 9 from HGG
patients). Comparative analysis revealed that the overall repre-
sentation of T cell clusters was similar between LGG and HGG
(Figures S2G and S2H), and only the frequency of the naive-
CD4* T subset (C1_CD4_Naive) was significantly higher at tumor
sites in LGG than that in HGG (Figure S2H). In contrast, HGG
tumor tissues exhibited a pattern of higher frequencies of IL-8-
expressing CD4* T subset (C8_CD4_/L8, p = 0.085) and prolifer-
ating CD8" T subset (C11_CD8_Prolif, p = 0.061) than LGG
tumors (Figure S2H). Furthermore, when comparing tumor-infil-
trating T cell subsets based on tumor-cell- isocitrate dehydroge-
nase (IDH) mutant status, no significant differences in terms of
T cell cluster frequencies were observed between IDH-mutant
and wild-type (WT) samples (Figure S2H), consistent with a pre-
vious report.'®

To further verify our observation that glioma-infiltrating T cells
were selectively marked with chemokine receptors CCR5 and
CXCR3 (Figure 1D), we took advantage of our scRNA-seq data
generated from eight paired PBMCs and tumor tissues to
examine their mRNA expression in T cells from PBMCs and
the TME (Figures S21 and S2J). Consistent with the observations
by CyTOF, tumor-infiltrating T cells expressed chemokine recep-
tors CCR5 and CXCR3 with higher percentages than those in
PBMC samples (Figure S2J). Notably, expressions of CCR5
and CXCRS3 in tumor-resident T cells were approximately over-
lapped and mainly confined to tumor-reactive T cell clusters,
including CD8_Pre-Ex, CD8_ Ex, CD8_Stress, CD8_Eff, CD4_
Dysfun, and CD4_Cyto (Figure S2J). Further analysis revealed
that both CCR5'CXCR3*CD4* and CCR5*CXCR3*CD8*
T cells in tumors expressed significantly higher levels of effector
cytokine genes, including IFNG and TNF, than their counterparts
in PBMCs (Figure S2K). Collectively, our findings highlight that
chemokine receptors CXCR3 and CCR5 are required for
T cells to migrate into glioma and to execute tumor-killing
function.

A unique population of IL-8-producing CD4"* T cells
resides in the glioma TME and predicts poor clinical
outcomes

Our above T cell atlas has identified a unique CD4" T subtype
that is marked with selective /L8 expression and enriched exclu-
sively in tumors (Figures 3A and S3A). Similar to the percentage
of Treg cells in tumors, this population of IL-8-expressing T cells
comprised approximately 10% of the total tumor-infiltrating
CD4* T cells (Figure S2B). Further transcriptome assessment
focusing on the CD4* T cell compartment revealed that IL-8-
expressing CD4* T cells exhibited innate-like features with

(C) The top 10 TCR clones of CD4* or CD8* T cells are mapped on a tSNE plot with different colors.

(D) The statistical plots of top 10 clones of CD4" and CD8" T cell distribution are shown.

(E) The ordering of CD4* and CD8" T cells in a two-dimensional state-space defined by Monocle2.20.

Data in all quantitative panels were analyzed by two-tailed paired t test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Cyto, cytotoxicity; Dysfun, dysfunction;
Eff, effector; Ex, exhaustion; Prolif, proliferation; Tcm, central memory T cell; Tn-like, naive T cell-like. See also Figure S2 and Tables S3 and S4.
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Figure 3. IL-8-producing CD4* T cell subset predicts poor

clinical outcome

(A) tSNE plots showing PBMC and tumor-infiltrating CD4* T cells, respectively. The translucent circle shows cluster 8.
(B) Heatmap showing the relative expression of selected genes across CD4* T cell clusters. CD4_/L8 and its highly expressed genes are highlighted in red.
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substantial expression of classical macrophage-related effector
genes, such as /L8, IL1B, CCL3 (MIP-1a), CCL4 (MIP-1p), and
myeloid surface marker genes NINJ1 and CX3CR1 (Figures 3B
and S2C). We then evaluated IL-8, CX3CR1, and NINJ1 protein
expression by IHC, immunofluorescence (IF) staining, and flow
cytometry and found that IL-8 protein was highly expressed in
afraction of CD4™ T cells that localized around the microvascular
zone in glioma, consistent with the general T cell distribution
pattern, and these IL-8-producing CD4" T cells also expressed
both CXCR3 and NINJ1 at high levels (Figures 3C, S3B, and
S3C). In addition, we performed flow cytometry analysis of
T cells in 75 blood and 73 glioma samples from healthy donors
and glioma patients and observed that IL-8 was selectively
expressed in activated CXCR5" CD4* T cells in tumor samples
(Figure 3D). Nonetheless, IL-8-expressing T cells in blood were
preferentially confined to the CXCR5~ CD4* T cell population
(Figure 3D), indicative of inactivated or naive CD4* T cells.***°

We next investigated the relevance of the immune properties
of the IL-8-producing T cell cluster to clinical outcomes. First,
we characterized key signature gene expression levels and
designated them as signature scores (Table S5).° By integrating
the signature score with The Cancer Genome Atlas (TCGA) gli-
oma data, we found a significantly higher signature score of IL-
8-producing CD4" T cells in GBM versus LGG, as well as WT
versus IDH-mutant glioma (Figure S3D).°° A higher signature
score of IL-8-producing CD4" T cells was associated with worse
overall survival in both GBM (hazard ratio [HR] [95% confidence
interval (CI)] =4.09 [2.68, 6.25]; p < 0.0001) and LGG patients (HR
[95% CI] = 2.98 [2.02, 4.39]; p < 0.0001) (Figure 3E). However,
there was no correlation of survival rate with other clonal T cell
subsets (Figure S3E). Furthermore, we extended our analysis
and found significant augmentation of /L8 expression in GBM
and IDH-WT compared with LGG and IDH-mutant tumors,
respectively (Figure S3F), consistent with a recent study.”’
More importantly, IL-8 expression in glioma was positively corre-
lated with both of its receptors, CXCR1 and CXCR2, which could
independently predict poor prognosis in glioma patients (Fig-
ure 3F). Collectively, our studies demonstrated a unique popula-
tion of IL-8-producing CD4* T cells, which is associated with
poor survival of glioma patients.

IL-8-producing T cells differentiated by tumor-secreted
stimuli exhibit innate-like features with the capability of
promoting tumor growth and myeloid leukocyte
recruitment in vivo

Pseudotime trajectory analysis of glioma-infiltrating T cells re-
vealed that IL-8 expression was restricted to terminally differen-
tiated and nonclonal CD4* T cells (Figures 2E and S2F), which is
in contrast with spontaneous IL-8 expression in naive CD4*
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T cells, especially from children or umbilical cord blood.?*%:?8

We hypothesized that IL-8-producing T cells in glioma are polar-
ized by factors from tumors and are independent of TCR
signaling. To test this hypothesis, we sorted human naive
CD4* T cells from healthy donors and subjected them to stimu-
lation with glioma tumor culture supernatant. IL-8 expression in
T cells was elevated up to ~55% in a time- and dosage-depen-
dent manner (Figures 4A, S4A, and S4B). Hierarchical clustering
analysis based on bulk RNA sequencing data revealed that
in vitro differentiated IL-8-producing T cells had a similar gene
expression pattern to those of the in vivo CD4_IL8 cluster (Fig-
ure 4B). Specifically, expression of 2,064 genes (up, 1,487;
down, 577) was equivalently changed in both in vitro polarized
IL-8-producing T cells and the C8_CD4_/L8 cluster (Figure 4B).
Importantly, IL-8-producing T cells expressed transcription fac-
tor BHLHEA41 at a high level (Figure S4C), and BHLHE41 was
found to be able to bind with its classical consensus site
(CACCTGT) located at the upstream conserved non-coding
region (CNS) of the IL8 gene locus (Figures S4D and S4E). Over-
expression of BHLHE41 induced substantial expression of IL-8
in human CD4* T cells, and co-transfer of BHLHE41-overex-
pressed T cells significantly promoted the growth of tumors
and shortened mouse survival (Figures S4F-S4l). Further
assessment of over 2-fold-changed genes with gene set enrich-
ment analysis (GSEA) and ingenuity pathway analysis (IPA) re-
vealed that IL-8-producing T cells upregulated macrophage-
related genes, including IL-8, IL-1B, IL-6, CCL2, CCL3, CCLA4,
CCL20, CHI3L1, CX3CR1, etc., an innate-like molecular feature
similar to those of glioma-associated myeloid cells (Figures 4C
and 4D),? and might be functionally associated with angiogen-
esis, monocyte/neutrophil chemotaxis, and oxidation reduction
(Figure S4J). These results collectively underscored innate-like
IL-8" CD4™" T cells as a distinctive CD4™ T effector lineage.

We next sought to determine the function of IL-8-producing
CD4* T cells in glioma. We inoculated U373 cells only into the
CNS of immunodeficient mice, or with naive and in vitro-gener-
ated IL-8-producing CD4* T cells at a 1:1 ratio, respectively.
Mice that received IL-8"CD4* T cells showed significant tumor
growth compared with the naive T-bearing mice and control
group (Figure 4E). Ex vivo analysis of tumor-infiltrating immune
cells showed that CD45"CD11b*Gr1* myeloid cells were greatly
increased in the IL-8*CD4* T-receiving group compared with the
other two groups, and donor IL-8* CD4* T cells constitutively ex-
pressed IL-8 at a high level (Figures 4F and 4G). To further verify
IL-8-producing T cell function, we adapted another glioma xeno-
graft mouse model by inoculating 20,000 GBM5 cells, a primary
glioblastoma cell line described in our very recent study,*® into
immunocompromised mice intracranially (Figure 4H). As shown
in Figure 41, donor IL-8-producing T cells resided closely with

(C) IHC staining of serial neighbor sections of frozen glioma tissue with anti-CD4 or anti-IL-8 antibodies. The red arrow shows CD4 and IL-8 double-positive cells.
(D) IL-8 levels in PBMCs (HD, healthy donor; P, glioma patient) or tumor-infiltrating CD4* or CD8" T cells were measured by flow cytometry. Graph data are
displayed as the mean + SD. HD, n = 16; patient PBMC, n = 59; tumor, n = 73. ****p < 0.0001, two-tailed unpaired t test.

(E) Kaplan-Meier plots showing the overall survival of GBM and LGG patients from the TCGA database with above (red, high expression; GBM, n = 172; LGG,
n = 140) or below (blue, low expression; GBM, n = 23; LGG, n = 377) median expression of the 32-gene signature of CD4_/L8. Survival curves are shown with 95%
confidence intervals (Cls) as translucent shadows. Hazard ratios (HRs) and their 95% Cls were calculated using stratified Cox proportional hazards regression

models, and p values were calculated using a stratified log rank test.

(F) Upper panel, correlation of IL8 with CXCRT1 (blue) or CXCR2 (red) in glioma. Middle and lower, survival curves with 95% Cls for glioma patients from the TCGA
database with above (red, high expression; n = 292) or below (blue, low expression; n = 396) median expression of CXCR1 or CXCR2.

See also Figure S3 and Table S5.
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myeloid cells in situ and attracted more myeloid cells as
compared with the control group. In addition, IL-8" CD4*
T cells were able to promote angiogenesis both in vitro and in vivo
(Figures S4K and S4L). These results collectively underscored
the function of IL-8* CD4* T cells in tumors with respect to
pro-tumors, chemotaxis for myeloid leukocytes, and pro-
angiogenesis.

Given the aforementioned observation that transcriptional fac-
tor BHLHE41 played a sufficient role in polarizing IL-8*CD4*
T cells, we next sought to assess its necessary role in these
T cells and found that ablation of BHLHE41 by the CRISPR-
Cas9 system could not eliminate IL-8 expression in human
CD4* T cells, and adaptive transfer of BHLHE41-knockout CD4*
T cells did not reverse tumor growth and mouse survival in com-
parison with the scramble control group (data not shown). There-
fore, these results indicate that BHLHE41 plays a sufficient, but
not necessary, role in programming IL-8-expressing CD4* T cells.

Expression of IL-8 mainly by tumor, myeloid, and T cells
in malignant glioma strengthens the suppressive
property of the vascular-immune microenvironment
Accumulating clinical evidence shows that the IL-8 expression
level in plasma is positively associated with tumor burden®’ but
negatively correlated with the clinical outcome of ICB treat-
ment,'”'® which leads to the direction of targeting IL-8 and/or
its receptor CXCR1/CXCR2 for potential cancer treatment.>”
Nevertheless, because the /L8 gene is lacking in rodents, the
in vivo function of IL-8, especially as a key immune regulator in
tumorigenesis, remains unclear. We first examined the cellular
source of IL-8 production in the context of malignant glioma.
The analysis of snRNA-seq data from human GBM (https://
portal.gdc.cancer.gov/projects/CPTAC-3)*®> showed that /L8
expression was mainly confined to tumor, myeloid, and T cells
(Figure 5A). Furthermore, we followed the previous strategy'®
and generated an IL-8-humanized (/L8-Hu) mouse strain, in which
an ~160-kb human BAC clone (RPL11-997L11) containing the
entire human /L8 gene locus and upstream/downstream regula-
tory elements was inserted into the intergenic region of mouse
chromosome 9 (Figure 5B). Consistent with observations from a
previous study,'® naive IL8-Hu mice were indistinguishable
from WT control mice in terms of appearance, body weight, life-
span, fertility, and immune cell populations in lymph organs (data
not shown). We then injected luciferase-expressing GL261 cells
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into mice intracranially to model human glioblastoma. In compar-
ison with the WT group, /L8-Hu mice transplanted with GL261
displayed significantly larger tumor sizes and shorter lifespans
(Figure 5C). Histological examination of tumor tissue from
IL8-Hu mice by IHC and H&E staining showed an increase in tu-
mor necrosis regions and vascular vessel densities, which were
frequently accompanied by IL-8-positive polymorphonuclear
leukocyte (PMN) infiltrate, in a pattern very similar to thatin human
GBM tumor tissues (Figures S5A and 5D). More importantly, IL-8
expression was profoundly increased in CD45"CD3~ myeloid
and CD4™" T cells in tumors from IL8-Hu mice, and these mouse
IL-8*CD4* T cells transcriptionally mirrored human IL-8-express-
ing CD4" T cells (Figures 5E and S5B). In addition, tumor-infil-
trating CD4* and CD8" T cells from IL8-Hu mice carried more
of the exhaustion markers PD-1 and TIM-3 than those from the
control group (Figure 5F). Therefore, in comparison with WT
mice, our newly generated /L8-Hu mouse strain is more suitable
to model human glioma, in which physiological expression of hu-
man IL-8 enables the recapitulation of tumor growth acceleration
and angiogenesis, as well as the enhancement of myeloid-
derived suppressor cell (MDSC) recruitment in the TME.

Blockade of the IL-8-CXCR1/CXCR2 axis synergizes
with anti-PD-1 immunotherapy

There is growing awareness that IL-8-enforced immunosuppres-
sion remains a hurdle for favorable outcomes of ICB treatment in
several tumor types.'®%?%* By taking advantage of our newly
developed /L8-Hu mouse model, we sought to explore whether
IL-8 is a potential factor accountable for the low efficacy of anti-
PD-1 in malignant glioma. We conducted a tumor implantation
assay similar to that shown in Figure 5C by intracranially injecting
luciferase-expressing GL261 cells into /L8-Hu mice. On tumor
establishment, tumor-bearing mice were subjected to intraperito-
neal (i.p.) administration of anti-PD-1 antibody or isotype IgG. In
agreement with previous observations from monotherapy,®° anti-
PD-1 treatment did not show a favorable antitumor response,
even though T cell exhaustion in the tumors was significantly alle-
viated by anti-PD-1 treatment (Figures S5C and S5D). Unexpect-
edly, the assessment of IL-8 levels in these mice showed that
anti-PD-1 treatment significantly enhanced IL-8 expression in
both sera and tumor sites compared with the control group
(Figures S5E and S5F). Given that human IL-8 is able to chemoat-
tract murine CD11b* myeloid cells,® we analyzed CD11b*

Figure 4. Transcriptional and functional identification of IL-8-producing T cells

(A) Naive CD4™* T cells were cultured with control medium or supernatant from primary glioma cells for 3 days. IL-8 expression was measured by flow cytometry.
(B) Heatmap showing the transcription assessment of control CD4* T cells (medium control), glioma-culture-supernatant-polarized CD4* T cells (glioma culture
supernatant) from in vitro cultures, and CD4_Naive and CD4_/L8 from scRNA-seq data.

(C) Gene set enrichment analysis (GSEA) measured the enrichment of myeloid cell-related genes in CD4_Naive and CD4_/L8 clusters.

(D) Gene Ontology (GO) analysis of upregulated genes in both in vitro glioma-culture-supernatant-polarized CD4* T cells and in vivo CD4_IL8 cluster.

(E) In vivo bioluminescent imaging of tumor-bearing mice. Human naive CD4* T cells were cultured as in (A). Then, 50,000 T cells were mixed with 50,000 U373-
Luc cells and injected into immunodeficient NOD.CB17-Prkdc®*“II2rg'™'/Begen (B-NDG) mice. Fourteen days later, tumor size was measured by in vivo

bioluminescent imaging.
(F) Flow cytometry analysis of the myeloid cell percentage of tumors in (E).
(G) Flow cytometry analysis of the IL-8 expression in T cells.

(H) Schematic diagram of the experimental approach. Twenty thousand GBM5 cells were implanted into the B-NDG mouse brain. On day 18, 3 ul of PBS or
0.3 million glioma-culture-supernatant differentiated human CD4* T cells were injected into the tumor. Five days later, mice were sacrificed and analyzed.

(I) H&E or IHC staining with antibody against citrullinated histone H3 (Cit-H3) and human CD4 of tumor tissues.

Data in all quantitative panels are displayed as the mean + SD. n = 5. *p < 0. 05, **p < 0.01, **p < 0.001, ****p < 0.0001, two-tailed unpaired t test. hCD4, human

CD4; hCD45, human CD45. See also Figure S4.
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Figure 5. IL-8-humanized mouse strain enables to better model glioma patients’ TME
(A) Uniform Manifold Approximation and Projection (UMAP) plot colored by cell types observed in 18 GBM samples. The transcript level of /L8 is shown on

the right.
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myeloid cell populations from the tumor sites and found significant
enhancement of two populations of CD45*CD11bMGr1™d
and CD45'CD11b"Gr1" MDSCs in anti-PD-1-treated mice
compared with the control group, whereas CD11b"Gr1~ cells,
mainly composed of monocyte/microglia and dendritic cells,
showed no significant change in cellularity (Figure S5G). Pheno-
typic characterization of the two populations of MDSCs at the
tumor sites defined CD11b"Gr1™® MDSCs as monocytic
(M)-MDSCs signatured with Ly6C*, whereas CD11b"Gr1™ cells
contained both Ly6G* Granulocytic-myeloid-derived suppressor
cells (G-MDSCs) and Ly6C* M-MDSCs, consistent with previous
findings (Figure S5H).%” In contrast with the tumor sites, only
CD11b"Gr1" MDSCs (mainly Ly6G* G-MDSCs) were observed
in the spleen, bone marrow, and blood, and they were significantly
increased in the bone marrow and blood, but not in the spleen,
from anti-PD-1-treated mice in comparison with control mice
(Figures S5H and S5I). When assessing IL-8 production in
MDSCs, we found that MDSCs from the spleen, blood, and tumor
sites, but not from the bone marrow, produced large amounts of
IL-8 (Figure S5J), suggesting that MDSCs and IL-8 might play
reciprocal roles in facilitating systemic immunosuppression in tu-
mor-bearing mice and cancer patients.’”*®° Collectively, these
findings demonstrated that anti-PD-1 treatment could increase
IL-8 expression and MDSC recruitment systemically, which in
turn blunted anti-PD-1 treatment efficacy.

We next investigated whether blockade of the IL-8-CXCR1/
CXCR2 axis could potentiate anti-PD-1 efficacy in malignant gli-
oma. Inhibition of CXCR1 and CXCR2 by reparixin, a pharmaco-
logical inhibitor,® resulted in significantly slower tumor growth
and improved survival in both /IL8-Hu and WT mice (Figures 6A
and 6B). Flow cytometry assessment revealed that reparixin
treatment abolished not only anti-PD-1-induced but also
basal levels of both CD11b"Gr1" MDSCs and CD11b"Gr1™
MDSCs in tumors, but not in spleens, from IL8-Hu mice and to
a lesser extent from WT mice (Figures 6C, 6D, and S6A). Impor-
tantly, the blockade of PD-1, together with reparixin, further
reduced Tim-3 and PD-1 expression in T cells to a minimal level,
even though the total number of tumor-infiltrating T cells was not
significantly changed (Figure 6E). Therefore, our results provide
evidence to support the idea that the sequestration of MDSCs
by targeting CXCR1 and CXCR2 could leverage anti-PD-1
therapeutic efficacy for glioma.

We next extended our study by examining whether the neutral-
ization of IL-8 has a similar effect. Because human primary glio-
blastoma cells also express IL-8 at high levels, we stringently
modeled human glioblastoma by injecting GL261 cells with dual
expression of IL-8 and luciferase into /IL8-Hu mice, which were
then subjected to sequential treatment with PD-1 and/or IL-8
blocking antibodies (Figure 6F). Mice that received anti-IL-8 anti-
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body showed significantly smaller tumor size and improved sur-
vival (Figures 6G and 6H). Notably, dual blockade of PD-1 and
IL-8 substantially extended the median survival by ~18 days
compared with that of the isotype control group (Figure 6H).
Ex vivo analysis of myeloid cells showed that MDSCs in tumors
were nearly depleted by IL-8 neutralization, whereas those in
the spleen and deep cervical lymph nodes (the draining lymph no-
des for the brain) were mildly affected, consistent with the findings
from reparixin-treated mice (Figures S6B-S6D). Dual blockade of
PD-1 and IL-8 significantly reduced PD-1"Tim-3" CD8* T cells at
tumor sites to ~13% versus ~30% in control mice, parallel with
the elevation of interferon gamma (IFNy) production in CD8"
T cells (Figure S6E). In addition, we examined IL-8 production in
CD4* T cells from tumors, spleen, and draining lymph nodes
and found that dual blockade of PD-1 and IL-8 significantly
increased the percentage, but not the cellularity, of IL-8*CD4*
T cells in tumors specifically (Figures S6F and S6G), implying a
complementary mechanism for IL-8 production. Given our afore-
mentioned data showing that anti-PD-1 antibody administration
augmented systemic IL-8 in /L8-Hu mice and the fact that IL-8 is
capable of promoting angiogenesis in tumors, we conducted his-
tological assessment of microvascular vessels in glioma tumors
by IHC staining of CD31. Compared with control mice, tumor-
bearing IL8-Hu mice that received anti-PD-1 antibody showed
significantly higher microvascular densities, which were then
greatly reduced by anti-IL-8 treatment (Figure 6l). Altogether,
our findings suggested that the neutralization of IL-8, equivalent
to the blockade of its receptors CXCR1 and CXCR2, functions
to enhance T cell-mediated antitumor immunity by abolishing sup-
pressive MDSCs.

Blockade of IL-8 reprograms glioma TME

Myeloid cells, including monocyte-derived macrophages
(MDMs), microglia, and MDSCs, constitute the main non-
neoplastic cellular components in glioma TME.*'+*? We next con-
ducted scRNA-seq analysis to explore the changes in glioma
TME in the context of single blockade of PD-1 and IL-8 and
combinational blockade. As shown in Figures 7A-7C, unsuper-
vised clustering analysis of scRNA-seq data for CD45* cells
sorted from tumors identified 10 cell sub-types, including micro-
glia, T cel, MDM, M-MDSC, G-MDSC, dendritic cell (DC),
activated DC, plasmacytoid DC (pDC), mast cell, and B cell. In
agreement with our observation by flow cytometry, more
MDSCs were infiltrated into TME of IL8-Hu as compared with
WT mouse, and anti-PD-1 treatment further enhanced the infil-
tration of M-MDSCs specifically, whereas IL-8 neutralization
eliminated tumor-infiltrating M-MDSCs regardless of anti-PD-1
antibody presence (Figures 7D and 7E). Furthermore, the find-
ings that M-MDSCs were prone to generate reactive oxygen

(B) Schematic representation of IL-8-humanized mouse strain (/L8-Hu) construction.
(C) Survival curve of WT and /L8-Hu mice bearing GL261 tumors. A total of 10,000 GL261-Luc cells were injected into the callosum and monitored for survival. WT,

n=8;IL8-Hu, n=7.**p < 0.001, log rank test.

(D) IL-8 IHC and H&E staining of serial sections of GL261 tumors from /L8-Hu mice and H&E staining of human tumor tissue. Red arrows show IL-8-positive cells,

and green arrows show polymorphonuclear cells.

(E) Flow cytometry analysis of IL-8-producing cells in GL261 tumors of /L8-Hu mice. The red color indicates CXCR5* CD4* T cells. n = 4.

(F) Flow cytometry analysis of PD-1 and TIM-3 expression on T cells.

Data in all quantitative panels, except for (C), are displayed as the mean + SD. n =5, *p < 0. 05, *p < 0.01, ****p < 0.0001, two-tailed unpaired t test. TAM, tumor-
associated macrophage; vSMC, vascular smooth muscle cell. Also see Figures S5 and S6.
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species, exemplified with selective expression of fatty acid
oxidation-related genes, such as Alox12e, Alox15, and Pla2g3,
and superoxide anion generation-related genes, such as Prg3,
Tafa4, and Nox1 (Figure 7F), highlighted the differential roles of
G-MDSCs and M-MDSCs in orchestrating tumor immunosup-
pressive microenvironment (TIME). In addition, tumor-infiltrating
mast cell that is reported to facilitate TIME*® was nearly depleted
by IL-8 neutralization (Figure 7D).

Tumor-associated macrophages (TAMs), including MDMs
and microglia, were abundantly enriched in glioma TME of both
WT and /L8-Hu mice (Figure 7D). To further explore the potential
effects on TAMs by IL-8 neutralization, we re-profiled MDM
cluster into four sub-clusters, including sub-cluster 1 (type-2-like
macrophage, M2-like), sub-cluster 2 (antitumor), sub-cluster 3
(anti-angiogenesis), and sub-cluster 4 (proliferating [prolif])
(Figures 7G and 7H). We found that tumor-infiltrating MDM cells
from mice receiving non-anti-IL-8 treatment were mostly (~80%)
composed of M2-like macrophage signatured with immune-sup-
pressive and angiogenesis-related genes (Figures 7H and 71). By
contrast, MDM cells from mice treated with anti-IL-8 monotherapy
or combinational therapy consisted predominantly of sub-cluster
3, anti-angiogenesis macrophage (Figures 7H, 71, and S7A).
Further pseudotime trajectory analysis implied that M2-like macro-
phage might give rise to antitumor and anti-angiogenesis macro-
phage (Figure S7B). Thus, our results demonstrated that neutrali-
zation of IL-8 re-programmed MDMs in glioma by switching
M2-like to anti-angiogenesis macrophage. Likewise, glioma-
resident microglia cells were re-classified into four sub-types,
including resting, suppressive, IL-13*, and inflammatory microglia
(Figures 7J and 7K). Most strikingly, IL-8 inhibition efficiently abla-
ted suppressive microglia, marked with immunosuppression- and
angiogenesis-related genes (Figures 71, S7A, and S7B).

In summary, our above data demonstrated that IL-8 blockade
could re-shape glioma TME from pro-tumor to antitumor status
by elimination of both MDSCs and mast cells and repopulation
of TAMs, resulting in an overall antitumor immune response in
synergy with ICB therapy.

DISCUSSION

We systemically characterized the T cells in human malignant
glioma by investigating their anatomic distribution in tumors,
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heterogeneity at the single-cell level, and functional-state tran-
sition from peripheral blood to tumor sites. Our analysis re-
vealed that the majority of T cells at tumor sites were trapped
around perivascular regions. These perivascular spaces may
serve as default physical barriers to prevent T cells from
migrating close to and killing tumor cells. Such a scenario
should be considered when constructing new immunotherapy
strategies.

CD4* T cells are endowed with a great amount of plasticity
to differentiate into distinct subsets affiliated with different
effector functions. Very recent studies extended CD4" T cell
functions by demonstrating detectable levels of IL-8 expres-
sion in T cells from multiple human tissues.***>** Here, we
demonstrated a population of IL-8-producing CD4* T cells
that are enriched at tumor sites and differentiated specifically
by soluble factors derived by malignant tumor cells in a TCR-
independent manner. These cells displayed innate-like fea-
tures and functionally promoted angiogenesis and MDSC
recruitment accompanied by tumor growth. Regardless of
these variant observations, our study may further warrant
the idea of considering IL-8-producing CD4" T cells as a
distinct lineage by the criteria of cytokine production and its
related function.

By utilizing our newly developed IL-8-humanized mouse
strain, we demonstrated that the IL-8-CXCR1/CXCR2
signaling axis promotes angiogenesis and MDSC recruitment
in the glioma TME, which consequentially impedes the
ICB-elicited antitumor response. Interestingly, recent clinical
data show that the activity of ICB in patients is inversely corre-
lated with IL-8 levels in other tumor types,'”'® and combina-
tional immunotherapy with anti-PD-1 plus anti-IL-8 exhibits
clinical benefit in hepatocellular carcinoma (HCC) patients,*®
providing additional support for our mechanistic discovery
that the IL-8-CXCR1/CXCR2 axis plays a pivotal role in gov-
erning the immunosuppressive properties of the TME. Impor-
tantly, we found that anti-PD-1 administration alone could
partially alleviate CD8" T cell exhaustion while augmenting
systemic IL-8 expression and the consequential MDSC infil-
tration, which in turn attenuated ICB efficacy. Systemic eleva-
tion of IL-8 by anti-PD-1 treatment might be caused by thera-
peutic stress, a similar phenomenon found during anti-glioma
chemotherapy.?” In conclusion, we defined a therapeutically

Figure 6. Blockade of the IL-8-CXCR1/CXCR2 axis leverages anti-PD-1 efficacy

(A) In vivo bioluminescent imaging of tumor growth. A total of 20,000 GL261-Luc cells were implanted into WT or /L8-Hu mouse brains. From day 7, mice were
intraperitoneally injected with 200 ng/mouse anti-PD-1 antibody or isotype IgG every 3 days for four times in total. At the same time, a portion of the mice were
given 50 pg reparixin by intraperitoneal injection every other day until sacrifice. On day 20, tumor growth was imaged.

(B) Survival curve of mice with different treatments described as in (A). n = 5-6. *p < 0.05, **p < 0.01, **p < 0.001, log rank test.

(C) Flow cytometry analysis of tumor-infiltrating myeloid cells with Gr1 and CD11b expression on day 21 after tumor injection.

(D) Statistical analysis of the percentage and cell number of CD11b"Gr1™9, CD11b"Gr1™, and CD11bMGr1~ cells in tumors. 95% Cls are shown in translucent
shadows. Brown asterisks show the corresponding significance compared between WT groups, and cyan asterisks show the significance compared between
IL8-Hu groups. The dark asterisks show the corresponding significance between WT and /L8-Hu groups. n = 4.

(E) Flow cytometry analysis of PD-1 and TIM-3 expression on CD8" T cells. n = 4.

(F) Schematic diagram of the experimental approach (G-l). Five hundred GL261-Luc-IL8 cells were implanted into /L8-Hu mouse brains. From day 7, mice were
administered intraperitoneally with anti-PD-1 antibody and/or anti-IL-8 antibody, as well as isotype control IgG, at a dose of 200 ug/mouse, respectively.

(G) In vivo bioluminescent imaging of tumor growth.

(H) Survival curve of the mice with different treatments. n = 9-10. ***p < 0.0001, log rank test.

(I) IHC staining of tumor tissue with antibody against CD31.

Graph data are displayed as the mean + SD (A, G, and |) or mean + 95% CI (D and E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed unpaired t test.

See also Figure S6.
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targetable chemotaxis axis, and targeting the IL-8/CXCR1/
CXCR2 axis in combination with ICB may benefit glioma
patients.
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anti-mouse CD62L-PE, (Clone MEL-14) Biolegend cat# 104408, RRID: AB_313095
anti-mouse CD279 (PD-1)-PE/Cyanine7 (Clone RMP1-30) Biolegend cat# 109110, RRID: AB_572017
anti-mouse Ly6G/Ly6C (Gr-1)-PerCP/Cyanine5.5, (Clone RB6-8C5) Biolegend cat# 108428, RRID: AB_893558
anti-mouse CD223 (LAG-3)-PerCP/Cyanine5.5, (Clone C9B7W) Biolegend cat# 125212, RRID: AB_2561517
anti-mouse CD366 (Tim-3)-Brilliant Violet 421™, (Clone RMT3-23) Biolegend cat# 119723, RRID: AB_2616908
anti-mouse/human CD11b-APC, (Clone M1/70) Biolegend cat# 101212, RRID: AB_312795
anti-mouse/human CD44-APC/Cyanine7, (Clone IM7) Biolegend cat# 103028, RRID: AB_830785
anti-mouse/human CD31, (polyclonal) Abcam cat# ab28364, RRID: AB_726362
anti-human CD4, (Clone EPR6855) Abcam cat# ab133616

anti-mouse/human Histone H3 (citrulline R2 + R8 + R17), Abcam cat# ab5103

(polyclonal)

Goat anti-rabbit IgG (H+L) secondary antibody, Alexa Fluor 647 Thermo cat# A-21245, RRID: AB_2535813
human IL-8/CXCL8 Antibody, (Clone 6217) R&D cat# MAB208

human TruStain FcX™ (Fc Receptor Blocking Solution) Biolegend cat# 422302, RRID: AB_2818986
Anti-mouse/human BHLHE41, (clone 2135CT82.1.84) Thermo cat# MA5-37787, RRID: AB_2897711
InVivoPlus anti-Mouse PD-1 (CD279), (Clone RMP1-14) Bio X Cell cat# BP0146

Biological samples

Human blood and tumor samples Biobank of Southwest N/A

Hospital, Third Military

Medical University,
Chongging, China
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Cisplatin Sigma cat# P4394
MAXPAR water Fluidigm cat# 201069
Maxpar® Cell Staining Buffer Fluidigm cat# 201068
Maxpar® Fix and Perm Buffer Fluidigm cat# 201067
Cell-ID™ Intercalator-Ir—125 uM Fluidigm cat# 201192A
Zombie Violet™ Fixable Viability Kit Biolegend cat# 423113

Streptavidin-PE

Allophycocyanin (APC) Streptavidin

VivoGlo™ Luciferin, In Vivo Grade

phorbol 12-myristate 13-acetate (PMA)

lonomycin

Reparixin

Cytiva Percoll™ Centrifugation Media

Ficoll-Paque PLUS

Recombinant Human EGF Protein, CF

Recombinant Human FGF basic/FGF2/bFGF (146 aa) Protein
B-27 Supplement

EGM™ Endothelial Cell Growth Medium
Neurobasal™-A Medium (1X) Liquid without Phenol Red
X-vivo 20 Hematopoietic Serum-Free Culture Media

SouthernBiotech

Jackson ImmunoResearch

Promega
Sigma
Sigma

MCE/MedChem Express

Fisher scientific
GE Healthcare
R&D

R&D

Thermo

Lonza

Thermo

Lonza

cat# 7105-09M
cat# 016-130-084, RRID: AB_2337242
cat# P1043

cat# P1585

cat# 407953
cat# HY-15251
cat# 10607095
cat# 17-1440-03
cat# 236-EG
cat# 233-FB
cat# 17504044
cat# CC-3129
cat# 12349015
cat# BW04-448Q

Critical commercial assays

Fixation/Permeabilization Solution Kit with BD GolgiPlug™
Pan T Cell Isolation Kit, human

BD Biosciences
Miltenyi Biotec

cat# 555028, RRID: AB_2869013
cat# 130-096-535

Dynabeads Mouse T-Activator CD3/CD28 Thermo cat# 11452D

Dynabeads Human T-Activator CD3/CD28 Thermo cat# 11131D

Deposited data

Human scRNA-Seq data This paper PRJCA013123, OMIX002375
Human bulk RNA sequencing data This paper PRJCA013123, OMIX002390
Mouse scRNA-Seq data This paper PRJCA013123, OMIX002376
Mouse bulk RNA sequencing data This paper PRJCAO013123, OMIX002391
Experimental models: Cell lines

GL261 Dang et al.*® N/A

GL261-Luc This paper N/A

GL261-Luc-IL8-RFP This paper N/A

GL261-OVA-Luc This paper N/A

Experimental models: Organisms/strains

IL8-Hu mice This paper N/A

B-NDG mice Biocytogen Cat# 110586

C57BL/6J mice Vitalriver Cat# 219

Oligonucleotides

ChIP-gPCR primers, see Table S6 This paper N/A

sgRNA sequences, see Table S7 This paper N/A

Software and algorithms

FlowJo v10.2
Cytobank

Living Image®4.5.2
ImagedJ 1.46r
GraphPad Prism

BD Biosciences

Kotecha et al.*’

Caliper LifeScience
NIH, Bethesda, MD

GraphPad

https://www.flowjo.com/
https://www.cytobank.org/
https://www.perkinelmer.com.cn/
https://imagej.nih.gov/ij/
https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Requests for further information should be directed to Xindong Liu (Xindongliu@hotmail.com).

Materials availability
Requests for resources and reagents should be directed to and will be fulfilled by Xindong Liu (Xindongliu@hotmail.com).

Data and code availability
scRNA-seq and bulk RNA sequencing data have been deposited at the National Genomics Data Centre of China (https://ngdc.cncb.
ac.cn/) under accession number PRJCA013123 (Human scRNA-Seq data: OMIX002375, Human bulk RNA sequencing data:
OMIX002390, Mouse scRNA-Seq data: OMIX002376, and Mouse bulk RNA sequencing data: OMIX002391) and are publicly avail-
able as of the date of publication.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples

Surgically resected glioma samples were provided on ice within 30 minutes of lesion excision. Patients’ blood samples were obtained
the day before surgery. All human samples used in this study were approved by the ethics committees of Third Military Medical
University (TMMU), with informed consent from patients or their guardians. Clinical information related to patients was summarized
in Table S1. Glioma patients included both females (n = 59) and males (n = 93) spanning a range of ages from 16 to 80 years. 163
samples (82 tumor samples, 62 blood samples from patients, and 19 blood samples from healthy donors) were subjected to flow
cytometry analysis, 8 PBMCs and 12 tumor tissues were subjected to scRNA-seq, 19 samples (14 tumor samples and 5 blood
samples from patients) were subjected to mass cytometry analysis, 72 tumor samples were subjected to immunofluorescence or
immunohistochemistry analysis, 6 tumor samples were subjected to adherent cell culture.

Experimental mouse models

IL-8 humanized (IL8-Hu) mouse strain generation

The /L8-Hu mouse strain was constructed as previously described.'® Briefly, PiggyBac-on-BAC RP11-997L11, which contains the
human /L8 locus, was inserted into the C57BL/6 mouse genome. Four pairs of BAC-specific primers that amplified 300-800 bp frag-
ments from different parts of the BAC plasmid were used to identify BAC-positive pups by PCR analysis. Offspring carrying the intact
human /L8 gene locus were back-crossed with C57BL/6 mice for 5 generations. Inverse PCR was used to identify the /L8 insertion
site as previously described.*® Briefly, genomic DNA was extracted from tails, digested with Haelll (NEB, Cat# R0108S), and
then ligated with T4 DNA Ligase (NEB, Cat# MO0202L). The primers used to recover the flanking sequence of the left side
of the PiggyBac transposon were PB-5IF (5'-CTTGACCTTGCCACAGAGGACTATTAGAGG-3) and PB-5IR (5'-CAGTGACAC
TTACCGCATTGACAAGCACGC-3'). The primers used to recover the flanking sequence of the right side of the piggyBac transposon
were PB-3IF (5'-CCTCGATATACAGACCGATAAAACACATGC-3') and PB-3IR (5'-AGTCAGTCA GAAACAACTTTGGCACATATC-3').
PCR products were cloned into pMD19-T (Sino Biological) for subsequent sequencing. Sequencing results were analyzed with NCBI
BLAST searches (www.ncbi.nlm.nih.gov) and ensemble human and mouse genome databases (www.ensembl.org). All mice used in
this study were kept in individually ventilated cages under specific-pathogen-free condition, and all mouse protocols were approved
by the ethics committees of TMMU.

Glioma cell lines and patient-derived glioma cells

GL261 (provided kindly by Prof. Zi-ling Wang)*® and U373 cells (European Collection of Authenticated Cell Cultures (ECACC), Cat#
08061901) were transfected with lentivirus carrying Luc-GFP, and GFP-positive cells were sorted by flow cytometry to generate a
luciferase-stable cell line. To establish an IL-8-producing cell line, IL8 was overexpressed in GL261-Luc cells using lentivirus carrying
IL8-RFP, and RFP-positive cells were sorted by flow cytometry. Cells were maintained in vitro with DMEM supplemented with 10%
fetal bovine serum (FBS) (Gibco, Cat# 10099), 2 mM GlutaMAX, and 100 U/mL penicillin/streptomycin. GBM5 were cultured in ultra-
low attachment dishes (Corning, Cat# 3262) using neurobasal medium (Gibco, Cat# 12349015) supplemented with 2% B-27 (Gibco,
Cat# 12587010), 100 U/mL penicillin/streptomycin, 1.5% GlutaMAX (Life Technology, Cat# 35050-061), Mem nonessential anions
(Life Technology, Cat# 11140-050), 10 ng/mL EGF (Peprotech, Cat# AF-100-15) and 10 ng/mL FGF-basic (Peprotech, Cat# AF-
100-17A). For adherent cell culture, cells were cultured with DMEM/F-12 medium (Gibco, Cat# 11320033) containing 10% FBS in
adhesive dishes (Thermo, Cat# 150460). All tumor cell lines were tested monthly for mycoplasma and cultured at 37°C with 5% CO..

Glioma mouse model
Tumor cells were injected as previously described with minor modifications.*® For the GL261 tumor model, C57BL/6 or /L.8-Hu mice
(8-12 weeks old; 3—10 mice per group) were anesthetized using a mixture of ketamine (50 mg/kg) and xylazine (5 mg/kg) injected
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intraperitoneally. Mouse heads were shaved and then placed in a stereotaxic frame. After the sterilization of the scalp with alcohol
and betadine, a 1-centimeter midline scalp incision was made to expose the skull. Then, 4% H,O, was used to remove the perios-
teum, and a burr hole was drilled 2 mm lateral and 1 mm posterior from the bregma. A 10 uL syringe (Hamilton, 1701 RN no NDL) with
a 33 G needle was injected at a depth of 2 millimeters (mm) and retracted 0.5 mm to form a reservoir. Using a microinfusion pump,
tumor cells were injected in a volume of 3 pL at a speed of 1 ul/minute. The syringe was left in place for 1 minute before removal of the
syringe. Bone wax was used to fill the burr hole, and the skin was conglutinated and cleaned. Mice were placed in a heated cage until
full recovery. GBM5, U373-Luc, or U373-Luc plus T cells were injected into 6-8-week-old B-NDG mice (NOD. CB17-
Prkdcse@lI2rg'™!/Bcgen, Biocytogen, China) as described above, with 5-7 mice per group. To measure tumor growth, tumor-bearing
mice were anesthetized using isoflurane intraperitoneally and injected intraperitoneally with D-Luciferin (150 mg/kg body weight;
Promega, Cat# P1043). After 10 minutes, the animals were transferred to the IVIS 100 imaging system (Caliper Life Sciences),
and luminescence was detected. Data were subsequently analyzed using Living Image 2.5 software (Caliper Life Sciences).

METHOD DETAILS

Preparation of cell suspensions from human and mouse tumor tissues

Fresh resected tumor samples were put on ice and taken within 2 hours to the laboratory to start dissection and processing. First,
tissue samples were thoroughly washed with precooled PBS on ice to remove visible blood clots. Then, tumor samples were me-
chanically disrupted into small pieces with a sterile scalpel and further dissociated into single-cell suspensions using a brain tumor
dissociation kit (Miltenyi Biotec, Cat# 130-095-942) following the manufacturer’s protocol. Afterward, the homogenate was filtered
through a 70 um strainer and centrifuged at 500 x g for 10 minutes at 4°C. This was followed by an immune cell enrichment step using
density gradient centrifugation with 30% and 70% Percoll (Fisher Scientific, Cat# 10607095) in RPMI 1640 medium containing 10%
FBS. After centrifuge at 2000 x g for 20 minutes at 20°C (without brakes during acceleration and deceleration), the middle trans-
parent layer containing immune cells was collected. After washing with PBS containing 1.5% FBS and 20 mM EDTA, the cells
were ready for flow cytometry analysis or sorting. For mouse tumor, tumor tissue was cut into pieces and incubated in C-Tubes (Mil-
tenyi Biotec, Cat# 130-096-334) with digestion cocktail containing 1 mg/mL collagenase D (Roche, Cat# 11088882001) and 30 ng/mL
DNase | (Sigma-Aldrich, Cat# D7291-2MG) in complete RPMI 1640 medium (10% FBS) at 37°C for 15 minutes and then dissociated
on gentleMACS with Program m_brain_01 followed by incubation for another 15 minutes at 37°C. Afterward, the homogenate was
filtered through a 70 pum strainer and centrifuged at 500 x g for 10 minutes at 4°C. Then, gradient centrifugation was carried out as
described above.

scRNA-seq

Percoll-enriched human immune cells or PBMCs were stained with Zombie dye (Biolegend, Cat# 423113). After blocking with Human
TruStain FcX (Biolegend, Cat# 422302) at 4°C for 15 min, the cells were stained with antibodies against CD45 and CDS3 for 30 min at
4°C. Human T cells were sorted by gating on Zombie dye™ CD45* CD3" single cells. The scRNA-seq libraries were generated using
the Chromium Single Cell 3 Library and Bead Kit v.2 (10x Genomics) as previously described.*® Briefly, 10,000-20,000 live cells were
used to generate single-cell gel beads in an emulsion. Gel beads in the emulsion were disrupted post reverse transcription. Barcoded
complementary DNA was isolated and amplified by PCR. Following fragmentation, end repair and A-tailing, sample indices were
added during index PCR. The purified libraries were sequenced on a NovaSeq 6000 System (lllumina).

Percoll-enriched mouse immune cells from GL261 tumor were stained with Zombie dye (Biolegend, Cat# 423113). After blocking
with anti-mouse CD16/32 (Biolegend, Cat# 163403) at 4°C for 15 min, the cells were stained with antibodies against mouse CD45 for
30 min at 4°C. Immune cells were sorted by gating on Zombie dye™ CD45" single cells. scRNA-seq libraries were prepared using
SeekOne® MM Single Cell 3’ library preparation kit (SeekGene Cat# SO01V3.1). Briefly, 20,000 cells were loaded into the flow chan-
nel of SeekOne® MM chip which had 170,000 microwells and allowed to settle in microwells by gravity. After removing the unsettled
cells, Cell Barcoded Magnetic Beads (CBBs) were pipetted into flow channel and allowed to settle in microwells with the help of a
magnetic field. Next excess CBBs were rinsed out and cells in MM chip were lysed to release RNA which was captured by the
CBB in the same microwell. Then all CBBs were collected and reverse transcription were performed at 37°C for 30 minutes to label
cDNA with cell barcode on the beads. Exonuclease | was used to remove unused primer on CBBs. Subsequently, barcoded cDNA on
the CBBs was hybridized with random primer which had SegPrimer sequence on the 5’ end. The amplified cDNA product was then
cleaned to remove unwanted fragment and added to full length sequencing adapter and sample index by indexed PCR. The indexed
sequencing libraries were cleanup with SPRI beads, quantified by quantitative PCR (KAPA Biosystems, Cat# KK4824) and then
sequenced on NovaSeq 6000.

Mass cytometry

Three million Percoll-enriched cells were stained with 0.5 uM cisplatin in 1 mL PBS (without Ca®* and Mg?>*) for 2 minutes at room
temperature. Two mL Cell Staining Buffer (Fluidigm, Cat# 201068) were added to stop the reaction, and the mixture was centrifuged
at 500 x g for 5 minutes. After Fc blocking (Biolegend, Cat# 422302), the cells were stained with a metal-labeled antibody cocktail
containing 16 antibodies (CCR6-141Pr, CCR5-144Nd, CD8-146Nd, CD45RA-153Eu, CD3-154Sm, CXCR3-156Gd, CCR4-158Gd,
CD45R0O-165Ho, CD25-169Tm, CD4-174Yb, PD-1-175Lu, TCRy3-152SM, CD19-142Nd, CD56-155Gd, CX3CR1-172Yb, LAG3-
150Nd) at room temperature for 30 minutes. After washing with Cell Staining Buffer, cells were stained with 125 pM Intercalator-Ir
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(Fluidigm, Cat# 201192A) in Fix and Perm Buffer (Fluidigm, Cat# 201067) for 1 hour at room temperature. Then, cells were washed
with Maxpar® water (Fluidigm, Cat# 201069) twice, mixed with EqBeads (Fluidigm, Cat# 201078) and analyzed on a CyTOF Helios
machine.

In vitro differentiation of IL-8-producing T cells

Naive (CD3* CD4*" CD45RA* CCR7* CD45R0") and effector/memory (CD3* CD4" CD45RA" CCR7- CD45RO"*) T cells from
healthy donors were FACS-sorted and cultured with X-VIVO 20 medium (Lonza, Cat# BW04-448Q) containing 50% primary glioma
supernatant for 3 days. Then, IL-8 expression was measured by flow cytometry. For in vivo experiment, in vitro cultured naive T cells
were mixed with human glioma cells (tumor cells: T cells = 1:1) and injected into the B-NDG mouse brain. For transcription factor
overexpression assay, Jurkat cells were infected with lentiviruses JUN-LV-GFP, FOS-LV-GFP, FOSB-LV-GFP, ATF3-LV-GFP,
Dec2-LV- GFP, DDIT3-LV-GFP, MAFB-LV-GFP, NRIP3-LV-GFP, TCEAL7-LV-GFP, ELF1-LV-GFP or empty vector for 2 days, fol-
lowed with IL-8 expression analysis by flow cytometry.

Cell surface and intracellular cytokine staining for flow cytometry

Cell surface and intracellular staining were performed as previously described.*® Briefly, cells from various experiments were stained
with fluorescence-labeled antibody cocktails for 30 minutes at 4°C and then analyzed with a BD LSRFortessa instrument. To measure
cytokine expression in lymphocytes, cells were stimulated with 100 ng/mL phorbol-12-myristate-13-acetate (PMA) and 1 pg/mL ion-
omycin in the presence of GolgiPlug (BD Biosciences, Cat# 555028) for 5 hours. Intracellular staining was carried out with a Fixation/
Permeabilization Kit (BD Biosciences, Cat# 555028). Data were analyzed with FlowdJo.

Immunofluorescence (IF) and IHC staining

IF staining was performed as previously described.”’ Alexa Fluor® 488-labeled anti-human CD4 antibody (Biolegend, Cat#
317420, 1:200 dilution), rabbit anti-human IL-8 antibody (Bio-Rad, Cat# AHP781, 1:500 dilution), and Alexa Fluor® 674-labeled
goat anti-rabbit secondary antibody (Thermo, Cat# A-21245, 1:200 dilution) were used to show CD4- and IL-8-positive cells in frozen
glioma sections. Images were collected with a Zeiss LSM 900. IHC staining was carried out according to the methods described pre-
viously with minor modifications.®? Briefly, formalin-fixed paraffin-embedded tumor tissue blocks, or frozen tumor tissues were cut
into 3 um-thick serial sections. After blocking with streptavidin peroxidase, heat-induced antigen epitope retrieval in citrate buffer
(pH: 6.0) was performed. Sections were incubated overnight at 4°C with primary antibodies against Cit-H3 (Abcam, Cat# ab5103,
1:300 dilution), CD31 (Abcam, Cat# ab28364, 1:200 dilution), IL-8 (Bio—Rad, Cat# AHP781, 1:1000 dilution) or CD4 (Abcam, Cat#
ab133616, 1:200 dilution) followed by counterstaining with hematoxylin. Staining was visualized by a Dako REAL™ EnVision™ Detec-
tion System (Dako, Cat# K5007), and sections were scanned with Axio Scan.Z1 (ZEISS). Quantitative analysis of CD31- and IL-8-pos-
itive regions or IL-8-positive spots was performed using ImageJ 1.46r as previously described.®® The images were converted to RGB
stacks, and thresholding was used to measure the pixel area or particles of CD31 and IL-8 staining by a blinded observer. In this
context, 3-10 randomly selected visual fields (200x magnification) of each tumor were analyzed.

BHLHE41 overexpression in human T cells

Human naive CD4" T cells were sorted from PBMCs of healthy donors. Naive CD4* T cells were activated with plate-bound anti-hu-
man CD3/CD28 for 24 hours. T cells were transduced with control lentiviruses or lentiviruses encoding BHLHE41 (BHLHE41-LV-
GFP). Eight ng/mL of polybrene was added to each well. Plates were sealed and then spun at 1,000 x g at 30°C for 90 min. Three
days later, GFP positive cells were sorted and were ready for further analysis.

Chromatin immunoprecipitation quantitative PCR assays (ChIP-qPCR)

ChIP-gPCR was performed as described previously.”® Briefly, naive CD4* T cells were sorted from PBMC of healthy donors and
infected with lentivirus BHLHE41-HA-LV-GFP. GFP positive cells were sorted and fixed by 1% paraformaldehyde, and this was fol-
lowed by digestion with Mnase cocktail (Active motif, Cat# 53035). Chromatin from 5 x 10° cells was used for each ChIP experiment.
Antibodies against HA tag (CST, Cat# 3724) and IgG isotype were used. The final DNA extracts were amplified with gPCR. The values
from the immunoprecipitated samples were normalized to that from the input DNA. Primer sequences were listed in Table S6.

ELISA

To detected IL-8 level in humanized mice, 96-well plate (Thermo, Cat# 442404) was coated with 5 ng/mL IL-8 capture antibody (Bio-
legend, Cat# 514602) at 4°C overnight. After blocking with 1% BSA for 1 hour, mouse serum or standard substance (Biolegend, Cat#
570909) was incubated at 4°C overnight. After washing, 2 ng/mL biotin-labeled detection antibody (Biolegend, Cat# 514704) was
added and incubated at room temperature for 1 hour, followed by another one-hour incubation with streptavidin-HRP (R&D, Cat#
DY998). IL-8 concentration was quantified with HRP-catalyzed oxidation of o-phenylenediamine (Sigma, Cat# P8936) and measured
by a MULTISKAN GO instrument (Thermo Scientific).

Bulk RNA sequencing
Total RNA was extracted using TRIzol reagent (Invitrogen, Cat# 15596026). RNA library preparation was conducted by using the
NEBNext Ultra RNA Library Prep Kit for lllumina (New England Biolabs) according to the manufacturer’s protocols. After the
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assessment of the library quality, library sequencing was carried out on HiSeq 2500 system (lllumina) using single-ended 50-bp
reads. The reads were mapped to the human or mouse genomes and normalized to fragments using the TopHat and Cufflinks soft-
ware pipeline.

TCR specificity prediction

The specificity of TCR was predicted using the TCRmatch tool of IEDB website (http:/tools.iedb.org/tcrmatch/).?° In brief, CDR3b
sequences were uploaded. The filtering threshold was set as 0.9. For each CDR3b, the predicted antigen with the highest score was
chosen as the targeted antigen.

Tube formation assay

The tube formation assay was performed as previously described.>* Briefly, Plate (24 well) was coated with 10 mg/mL growth factor
reduced Matrigel (125 pl/well, Corning, Cat# 354263) under chilling condition and incubated for solidification at 37°C for 30 min. Fifty
thousand human brain microvascular endothelial cells (HBMECs) (ATCC, Cat# CRL-3245) were mixed with glioma-educated human
CD4 T cells at 1:1 ratio with or without 5 pg/mL anti-IL8 antibody (R&D, Cat# MAB208) and seeded on Matrigel-coated wells. Alter-
natively, medium containing 10 ng/mL IL-8 was used for tube formation. Eight hours later, the wells were captured at multiple fields
per well by an inverted microscope. Vessel density was quantified by AngioTool 0.6a.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis summary

Statistical analysis and all software used is detailed in the below sub-sections. Statistical details for experiments, including the sta-
tistical test used, the value of n, and what n represents, can be found in the figure legends. All p values below 0.05 were considered
significant (*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).

scRNA-seq data analysis
Alignment, filtering, barcode counting and unique molecular identifier counting were performed by using Cell Ranger v.2.1.0. Data
were further analyzed using Seurat v.2. Briefly, cells with a percentage of mitochondrial genes below 0.05% were included. Cells
with the highest (top 0.2%) or lowest (bottom 0.2%) numbers of detected genes were considered as outliers and excluded from
the downstream analysis. Raw unique molecular identifier counts were normalized to unique molecular identifier count per million
total counts and log-transformed. Variable genes were selected based on average expression and dispersion. t-SNE or U-MAP plots
were generated based on selected principal component analysis dimensions. Marker genes were identified by the Seurat function
FindAllMarkers. Scaled expression data of these marker genes were used for creating the heatmaps. Trajectory analysis for T cell fate
decision was performed with Monocle v.2. as previously described.>>*°

For single cell V(D)J datasets, contig assembly and paired clonotype calling was performed by Cell Ranger vdj pipeline. If cell bar-
code contained multiple o/ chains, the first assembled contig was used to identify CDR3 (Complementarity Determining Region 3)
amino acid sequences. T cells with paired productive TCR o« and  chains were retained. Clonotype was defined by unique combi-
nation of CDR amino acid sequences of o and f chains.

Mass cytometry data analysis

Mass cytometry data were analyzed using cytobank (https://premium.cytobank.org).” Data analysis was performed using ViSNE
algorithms on gated live single cells. Cell populations were defined based on marker expression distribution in the figure according
to standard definitions of cell types: T cells, CD3"; B cells, CD19"; NK cells, CD56*, CD3~, CX3CR1"; CD4 T cells, CD3* CD4*; CD8"*
T cells, CD3* CD8*; and 3 T cells, CD3* TCRy?d*.

Single-nucleus RNA sequencing (snRNA-seq) data analysis

The snRNA-seq raw data of the glioma tumor microenvironment were downloaded from https://portal.gdc.cancer.gov/projects/
CPTAC-3.%® Data preprocessing was performed as previously described. Briefly, alignment, filtering, barcode counting, and unique
molecular identifier counting were performed by Cell Ranger v.3.0.1. Seurat v3.1.2 was used for all subsequent analyses. A series of
quality filters were applied to the data to remove those cell barcodes that fell into any one of these categories recommended by
Seurat: too few total transcript counts (<300); possible debris with too few genes expressed (<200) and too few UMIs (<1,000);
possibly more than one cell with too many genes expressed (>10,000) and too many UMIs (>10,000); and possible dead cells or
a sign of cellular stress and apoptosis with too high of a proportion of mitochondrial gene expression over the total transcript counts
(>10%). Each sample was scaled and normalized using Seurat’s ‘SCTransform’ function to correct for batch effects (with parame-
ters: vars.to.regress = c("nCount_RNA", "percent.mito"), variable.features, n = 3000).

T cell distribution analysis with spatial lvy Glioblastoma Atlas Project (GAP) data

The lvy GAP RNA-seq data and sample annotation containing anatomic location were downloaded from the lvy GAP website (https://
glioblastoma.alleninstitute.org/static/download.html).>” The T cell marker genes were picked, and their expression levels were
normalized to the average and divided by the standard deviation. The final value was used to generate heatmap.
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Signature score calculation for T cells clusters

We calculated each cell type score as previously described.*®° Briefly, we firstly identified differentially expressed genes (DEGs)
between CD4_/L8 cluster and other clusters with moderated t test implemented by the R package limma.®' Stringent thresholds
(fold change >4 and p value <0.01 adjusted by the Benjamini-Hochberg method) were then applied to define signature genes for
CD4_IL8 cluster. As a result, we identified 32 signature genes for IL-8-producing CD4* T cells, and calculated the score by averaging
the z-score-transformed expression of these 32 genes (Table S5). This method was accordingly applied to calculate signature scores
for other T cell clusters.

Gene set enrichment analysis (GSEA)

GSEA®?®? was used to assess whether myeloid cell-related genes were enriched in the CD4_/L8 T cell subset. To this end, we filtered
367 highly expressed myeloid cell genes in the GSE166418 dataset with the criteria of a fold change >2 and p < 0.01. Then, we
analyzed the enrichment of these myeloid cell highly expressed genes in CD4_/L8 vs. CD4_Naive. The GSEA permutation was set
as 1,000 times. Adjusted p < 0.05, false-discovery rate (FDR) < 0.25, and normalized enrichment score (|NES|) > 1 were considered
significant enrichment.

Statistics

Comparisons between two different groups were performed with unpaired or paired two-tailed Student’s t tests. Survival analysis
was performed by the Kaplan-Meier method, with the log rank test for comparison. HRs and their 95% Cls were calculated using
stratified Cox proportional hazards regression models. The correlation p values were calculated using stratified two-tailed test as
indicated in figure legends. The cutoff point optimization of patients in the TCGA database was calculated by SPSS statistics soft-
ware. Statistical analysis was performed with GraphPad Prism 9. All quantitative data are presented as the mean + SD or mean +95%
Cl as indicated in figure legends.
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