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In brief

Lim et al. report intratumoral (IT)

administration of chemokine genes

CXCL9- and CXCL10-engineered

dendritic cells (CXCL9/10-DC) as a

potential therapy for non-small cell lung

cancer (NSCLC). IT CXCL9/10-DC

promotes T cell infiltration and activation

in the tumor microenvironment and

enhances antitumor efficacy of immune

checkpoint blockade in murine NSCLC

models.
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SUMMARY
Immune checkpoint blockade (ICB) with PD-1/PD-L1 inhibition has revolutionized the treatment of non-small
cell lung cancer (NSCLC). Durable responses, however, are observed only in a subpopulation of patients.
Defective antigen presentation and an immunosuppressive tumor microenvironment (TME) can lead to defi-
cient T cell recruitment and ICB resistance. We evaluate intratumoral (IT) vaccination with CXCL9- and
CXCL10-engineered dendritic cells (CXCL9/10-DC) as a strategy to overcome resistance. IT CXCL9/10-DC
leads to enhanced T cell infiltration and activation in the TME and tumor inhibition in murine NSCLC models.
The antitumor efficacy of IT CXCL9/10-DC is dependent on CD4+ and CD8+ T cells, as well as CXCR3-depen-
dent T cell trafficking from the lymph node. IT CXCL9/10-DC, in combination with ICB, overcomes resistance
and establishes systemic tumor-specific immunity in murine models. These studies provide a mechanistic
understanding of CXCL9/10-DC-mediated host immune activation and support clinical translation of IT
CXCL9/10-DC to augment ICB efficacy in NSCLC.
INTRODUCTION

Recent advances in immunotherapy, including immune check-

point blockade (ICB) with programmed death-1/programmed

death-ligand 1 (PD-1/PD-L1) inhibition, have revolutionized the

treatment of non-small cell lung cancer (NSCLC), resulting in du-

rable responses and improved overall survival in a subset of pa-

tients.1–4 However, themajority of patients do not respond to ICB

monotherapy, andmany have disease progression after an initial

response5 in which setting options are limited.6–9 Successful

clinical responses to PD-1/PD-L1 blockade are often associated

with an increased baseline expression of PD-L1 and preexisting

T cell infiltration in the tumor microenvironment (TME).10–12

Chemokines are essential soluble mediators that facilitate the

recruitment of T cells into the TME.13 TheC-X-Cmotif chemokine
Cell Reports
This is an open access article under the
ligand 9 (CXCL9) and CXCL10, which are interferon g (IFN-g)-

inducible chemokines, are predominantly secreted by tumor-

residing CD103+ dendritic cells (DCs) and tumor-associated

macrophages.14–17 CXCL9 and CXCL10 (CXCL9/10) signal

through C-X-C motif chemokine receptor 3 (CXCR3) to promote

the tumor infiltration of CXCR3+ effector T cells, including type

1 T helper (Th1) cells and CD8+ cytotoxic T lymphocytes.18 In

addition to facilitating effector T cell infiltration into the tumor,

the CXCL9/CXCL10/CXCR3 signaling cascade is required for

optimal T cell activation.14,16,17,19 A recent landmark pan-cancer

metadata analysis identified CXCL9 expression as one of the

strongest predictors of response to ICB in cancer patients.20

This observation aligns with studies demonstrating that high

expression of CXCL9, CXCL10, and/or CXCR3 in tumor biopsies

is associated with improved overall survival in patients treated
Medicine 5, 101479, April 16, 2024 Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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with ICB.16,21 Collectively, these findings underscore the essen-

tial role of CXCL9/10 in the TME as mediators of ICB-induced

antitumor immunity.

DC in situ vaccination has emerged as a promising

approach to overcome resistance to ICB.22,23 Intratumoral

(IT) vaccination provides DCs access to the full repertoire of

available tumor antigens to facilitate broad antitumor T cell re-

sponses. In preclinical studies, we and others have shown that

genetically modified DC vaccines that secrete chemokines

can condition the soluble and cellular mediators in the TME

to facilitate favorable antitumor responses.24–27 Notably, cyto-

kine gene-engineered DCs outperformed fibroblasts as an

expression vehicle, underscoring the importance of the anti-

gen presentation function of DCs for optimal efficacy.24 Given

the pivotal role of CXCL9/10 in facilitating T cell-mediated anti-

tumor immune responses, this study evaluates the efficacy of

in situ vaccination with CXCL9/10-engineered DC (CXCL9/10-

DC) to enhance the efficacy of ICB immunotherapies in murine

NSCLC models.

We find that IT CXCL9/10-DC augments T cell infiltration and

activation in the TME, leading to effective tumor inhibition in

multiple syngeneic murine NSCLC models. The antitumor effi-

cacy of IT CXCL9/10-DC is dependent on both CD4+ and

CD8+ T cells, as well as CXCR3-mediated T cell trafficking

and T cell egress from the lymph nodes (LNs). IT CXCL9/10-

DC overcomes resistance to PD-1/PD-L1 blockade in a Lkb1-

deficient Kras-mutant murine NSCLC model with low tumor

mutational burden (TMB).28 In addition, IT CXCL9/10-DC en-

hances the relatively modest efficacy of PD-1/PD-L1 blockade

in a Lkb1-deficient, Kras-mutant murine NSCLC model with

high TMB, leading to the complete eradication of a subset of

tumors and the establishment of tumor-specific immune mem-

ory. These findings provide evidence for the potential clinical

translation of IT CXCL9/10-DC as a strategy to overcome resis-

tance and enhance clinical efficacy of ICB immunotherapy in

NSCLC.

RESULTS

The CXCL9/10 and CXCR3 axis correlates with tumor
infiltration of immune-activating cell subtypes in human
NSCLC
Analysis of NSCLC data from The Cancer Genome Atlas (TCGA)

identified a strong correlation (Spearman correlation coefficient

>0.55) among the expression of CXCL9, CXCL10, and their

cognate receptor (CXCR3) in both lung adenocarcinoma

(LUAD) and lung squamous carcinoma (LUSC) (Figures 1A

and 1B). Immune infiltration profiles derived from gene expres-

sion by xCELL29 and TIMER30 approaches were used to deter-

mine the associations between immune infiltration profiles and

the average expression of CXCL9/10 (Figures 1C and 1D).

Among lymphocytes, tumor CXCL9/10 expression in both

LUAD and LUSC showed strong positive correlations with the

infiltration of both CD8+ T cells and CD4+ Th2 effector T cells

and a weak association with CD4+ Th1 effector T cells, consis-

tent with the established role of the CXCL9/10-CXCR3 axis in

T cell recruitment14,16 (Figures 1C, 1D, and S1A). A strong asso-

ciation with B cell infiltration, some known to express CXCR3,
2 Cell Reports Medicine 5, 101479, April 16, 2024
was also observed, consistent with immune activation.31 Within

the myeloid compartment, CXCL9/10 expression positively

correlated with both plasmacytoid DC (pDC) and monocytes,

which are known to express CXCR3. A correlation was also

found with conventional DC (cDC) infiltration in both LUAD

and LUSC, with the strongest association observed with acti-

vated DCs (Figures 1C, 1D, and S1B). CXCL9/10 expression

showed a positive correlation with infiltrating macrophages,

specifically the M1 subtype, but not the M2 subtype

(Figures 1C, 1D, and S1B). These data are consistent with pre-

vious reports demonstrating that cDCs and macrophages are

the predominant cell types that secrete CXCL9/10.14,16 Other

cell subtypes, including cancer-associated fibroblasts, natural

killer (NK), NKT cells, neutrophils (Neu), and eosinophils,

showed no or weak correlations with CXCL9/10 expression in

LUAD and LUSC. These findings support the notion that

CXCL9/10 expression in the TME is associated with an anti-

tumor immune signature.

In situ vaccination with CXCL9/10-DC inhibits lung
cancer in preclinical murine models
To generate CXCL9/10-DC, bone marrow-derived DCs

(BMDCs)24,27 were transduced with a lentiviral construct en-

coding CXCL9 or CXCL10 (Figure S2A; STAR Methods). Trans-

duced CXCL9-DC and CXCL10-DC secreted 15–22 ng/mL of

the corresponding chemokine per million cells after 24 h

in vitro culture (Figure S2B). Equal numbers of transduced

CXCL9-DC and CXCL10-DC were combined to generate

CXCL9/10-DC. CXCL9/10 transduction did not alter the pheno-

type of BMDC (CD11c+CD11b+MHCIIhi), whereas a minor in-

crease of the activation marker CD86 was observed (Fig-

ure S2C). CXCL9/10 DCs retained phagocytic ability, as

determined by the fluorescein isothiocyanate-dextran uptake

assay (Figure S2D).

The antitumor efficacy of in situ vaccination with CXCL9/10-

DC was assessed in multiple syngeneic murine models of lung

cancer (Figure 2A). LKB1-inactivating mutations in KRAS-

mutant NSCLC are associated with a suppressed state of

cell-mediated immunity and drive resistance to ICB.32–34 IT

CXCL9/10-DC vaccination significantly inhibited the growth of

KrasG12DTp53�/�Lkb1�/�-3M (KPL-3M) tumors harboring high

TMB (7.2 mutations/Mb).28 IT PBS control, recombinant

CXCL9/10 chemokines, and vector control virus-transduced

DCs (Mock-DC) did not provide antitumor efficacy (Figure 2B).

IT CXCL9-DC or CXCL10-DC provided similar efficacy as

compared to CXCL9/10-DC in the KPL-3M tumor-bearing

mice (Figure 2C). We had previously shown that the depletion

of either CXCL9 or CXCL10 inhibits antitumor responses in mu-

rine lung cancer, underscoring nonredundant functions of these

cytokines in cancer immunity.35 In addition, recent studies have

highlighted the importance of both CXCL916 and CXCL1014 in

mediating antitumor immunity independently. Therefore, we

proceeded with a combined CXCL9/10-DC vaccination

approach. CXCL9/10-DC vaccination mitigated tumor growth

in three additional syngeneic murine lung cancer models,

including high TMB KrasG12DTp53�/�-3M (KP-3M; 22.1 muta-

tions/Mb), low TMB KrasG12D (LKR13; 0.7 mutations/Mb),28

and bronchoalveolar carcinoma (L1C2) (Figures 2D–2F).



Figure 1. The Spearman correlations between the expression levels of CXCL9, CXCL10, and CXCR3 and immune cell infiltration in human

NSCLC derived from the TCGA database using xCell expression signatures

(A and B) Correlations between CXCL9, CXCL10, and CXCR3 expression levels in both (A) LUAD and (B) LUSC.

(C) Correlation table between CXCL9/10 and various immune cell signatures in LUAD.

(D) Same as in (C), except for LUSC.
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CXCL9/10-DC-induced T cell recruitment and activation
are requisite for antitumor efficacy
In vivo trafficking of CXCL9/10-DC following a single IT injection

was investigated by flow cytometry following CellTracker Red

labeling. Mock-DCwas included as a control. Following IT vacci-
nation, a continuous decrease in the frequency of CXCL9/10-DC

and Mock-DC was observed over time, which was predomi-

nantly a result of decreased viability (Figure S3A). Tumor vacci-

nation with CXCL9/10-DC induced a statistically significant

elevation in the concentrations of CXCL9 and CXCL10 within
Cell Reports Medicine 5, 101479, April 16, 2024 3



Figure 2. In situ vaccination with CXCL9/10-DC inhibits murine lung cancer

(A) A schematic of in vivo mouse efficacy studies. On D6 post-s.c. tumor inoculation, mice bearing �50-mm3 tumors were randomized and subjected to

treatments as detailed in STAR Methods via IT injections on D6, D8, and D11. Tumor volumes were recorded every 2–3 days and tumor weights were measured

on the day of euthanasia.

(B) FVB mice were inoculated with KrasG12DTp53�/�Lkb1�/� (KPL)-3M tumor cells (1.25 3 105 cells) and treated with PBS control; CXCL9 and CXCL10 re-

combinant proteins (CXCL9/10) at 20 ng each per injection; vector-transduced DC (Mock-DC, 23 106 per injection); or CXCL9/10-DC (13 106 CXCL9-DC and

CXCL10-DC each per injection) (n = 6–8 mice per group).

(C) FVB mice were inoculated with KPL-3M tumor cells and treated with PBS control; CXCL9-DC (23 106/injection); CXCL10-DC (23 106/injection); or CXCL9/

10-DC as in (B).

(D) FVB mice were inoculated with KrasG12DTp53�/� (KP)-3M tumor cells (2 3 106 cells) and treated with PBS control or CXCL9/10-DC as in (B).

(E)129-E mice were inoculated with LKR13 (KrasG12D) tumor cells (2 3 106 cells) and treated as in (D).

(F) BALB/c mice were inoculated with L1C2 tumor cells (1 3 106 cells) and treated as in (D) (n = 5–6 mice per group).

Error bars represent SEM. p values were determined by one-way ANOVA adjusting for multiple comparisons for (B) and (C), and two-tailed t test for (D–F).

*p < 0.05; **p < 0.005; ***p < 0.0005.

4 Cell Reports Medicine 5, 101479, April 16, 2024
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the TME at 24 h, surpassing levels observed with PBS control

and Mock-DC (Figure S3B). This increase was transient,

because the levels of CXCL9 andCXCL10 declined at 48 h, align-

ing with the temporal decline of the injected DCs in the TME

(Figures S3A and S3B). The kinetics of in vivo DC viability and

CXCL9/10 expression in the TME support our treatment regimen

of multiple IT injections every 2–3 days (Figure 2A). Although the

DC vaccines had a limited lifespan, IT CXCL9/10-DC induced

infiltration of both endogenous cDC1s and cDC2s into the tumor

at 24 h (Figure S3C). This was followed by an increase in both

CD4+ and CD8+ T cells in the TME at 48 h (Figure S3D). No differ-

ences in the expression of CXCR3 were observed within the

T cell compartment of the TME at this early time point (Fig-

ure S3E). These results indicate that CXCL9/10-DC vaccination

promotes infiltration of endogenous DCs and T cells into the

tumor.

To evaluate the downstream effects of CXCL9/10-DC onmedi-

ators of antitumor immunity in the TME, flow phenotyping was

performed on day 14 (D14) following IT CXCL9/10-DC or PBS

control on D6, D8, and D11 (Figures S4A and S4B). IT CXCL9/

10-DC promoted an increase in CD8+ T cell infiltration into the tu-

mor compared to the control (Figure 3A). Within the CD8+ T cells,

CXCL9/10-DC vaccination led to an increase in the effector cells

(CD62L�CD44+) and a decrease in terminally exhausted PD-

1+TIM3+ CD8+ effector T cells (Figure 3A). A significant increase

in total CD4+ T cells was also observed in the TME following

CXCL9/10-DC treatment, driven by an increase in CD4+FOXP3�

T conventional helper (Tconv) cells, with no changes observed

in regulatory T cells (Treg; CD4+FOXP3+) (Figure 3B). Within the

Tconv cells, CXCL9/10-DC treatment induced a shift from

naive-like (CD62L+CD44�) to an effector (CD62L�CD44+) state,
similar to that in CD8+ T cells (Figure 3B). CXCL9/10-DC vaccina-

tion induced an increase in PD-1+ activated CD4+FOXP3�

effector T cells with a concurrent decrease in PD-1+TIM3+ termi-

nally exhausted T cells (Figure 3B).36,37 A statistically significant

increase in NKT but not NK cells was observed following

CXCL9/10-DC therapy (Figure S4C). No significant changes

were noted in monocytes, macrophages, cDC1s, cDC2s, or

Neu (Figure S4D). These data suggest that following an induction

of endogenous cDC into the tumor, the downstreammediators of

IT CXCL9/10-DC are predominantly T cells.

To evaluate the functional importance of endogenous T cells

following CXCL9/10-DC vaccination, CD8 and CD4 depletion

studies were performed with blocking antibodies. CD8+ T cell

depletion abolished the antitumor efficacy of IT CXCL9/10-DC

(Figures 3C and S4E). CD4+ T cell depletion led to increased tu-

mor growth in the control group, supporting the essential role of

CD4+ T cells in controlling tumor progression (Figures 3D and

S4F). CD4+ T cell depletion completely abrogated the antitumor

efficacy of CXCL9/10-DC. These data demonstrate that the anti-

tumor efficacy of CXCL9/10-DC vaccination is dependent on

both endogenous CD8+ and CD4+ T cells.

T cell recruitment from LNs is required for CXCL9/10-
DC-mediated antitumor efficacy
Recent reports have demonstrated that in situ vaccination with

BMDCs facilitates the activation of de novo T cell responses

by endogenous cDC1s in tumor draining LNs (TDLNs).38 Evalua-
tion of TDLNs following IT CXCL9/10-DC therapy in KPL-3M tu-

mor-bearing mice showed enhanced proliferation of both CD4+

and CD8+ T cells, ascertained by Ki67+ staining, and an

increased T cell effector polarization, determined by CXCR3

expression (Figure 4A). To assess the dependency of IT

CXCL9/10-DC efficacy on the CXCL9/CXCL10/CXCR3 axis,

which mediates effector T cell recruitment, efficacy studies

were performed in the presence of CXCR3-neutralizing anti-

body.39 Treatment of mice bearing KPL-3M tumors intraperito-

neally (i.p.) with CXCR3 blockade enhanced tumor growth

compared to the isotype control (Figure 4B). CXCR3 blockade

resulted in a partial reduction of the antitumor efficacy of IT

CXCL9/10-DC, compared to the IT vehicle control. We then

used fingolimod (FTY720), a sphingosine 1-phosphate inhibitor

that blocks T cell egress from the LNs17 and observed that

FTY720 abolished the efficacy of IT CXCL9/10-DC (Figure 4C).

These data demonstrate that IT CXCL9/10-DC-mediated anti-

tumor efficacy is dependent on the CXCR3 axis as well as

T cell egress from the LNs into the tumor.

Spatial analysis of T cell recruitment following CXCL9/
10-DC treatment
To evaluate the spatial distribution of endogenous T cells within

the TME,multiplex immunofluorescence (MIF) was performed on

D14 and D23 tumors using a 7-plex panel (CD4, CD8, FOXP3,

granzyme B [GzmB; activation], Ki67 [proliferation], PanC/K [tu-

mor marker], and DAPI [DNA marker]) (Figure 5A). Analysis of

stained tumor sections revealed the greatest accumulation of

immune cells at the edge of the tumor following IT CXCL9/10-

DC (Figure 5B). Whole-slide quantification showed a significant

increase in CD8+ T cells in both the intratumoral and peritumoral

regions following CXCL9/10-DC therapy compared to PBS con-

trol (Figures 5C and S5). Although a progressive decrement in

CD8+ T cell tumor infiltration was observed in control mice

from D14 to D23, CXCL9/10 vaccination induced progressive

recruitment of CD8+ T cells to the tumor margin over time (Fig-

ure 5C). In accordance with results obtained by flow cytometry

(Figure 3), MIF showed a 4- to 5-fold increase of CD4+ T cells

in the TME as compared to CD8+ T cells (Figure 5D). IT

CXCL9/10-DC led to enhanced and progressive accumulation

of CD4+ Tconv cells (CD4+FOXP3�) from D14 to D23 compared

to vehicle control (Figure 5D). In contrast, control mice had a cu-

mulative decline in tumor-infiltrating CD4+ Tconv cells and a con-

current increase in Tregs on D23 compared to D14 (Figures 5D

and 5E). IT CXCL9/10-DC led to an increased depth of tumor

penetration by CD4+ T cells when compared to CD8+ T cells (Fig-

ure 5D). In contrast to total CD8+ T cells, which had the highest

accumulation in the 0- to 200-mm peritumoral region, the largest

density of CD8+ GzmB+ T cells was observed in the 0- to 200-mm

intratumoral region on D14 (Figure 5F), suggesting antitumor

cytolytic activity at the tumor border.19,40,41 Previous studies

have shown the importance of the localization of CD8+ T cells

at the tumor border in predicting responses to ICB.11 We

observed a marked reduction in both GzmB+ and Ki67+ CD8+

T cells as well as Ki67+ CD4+ Tconv cells on D23 compared to

D14 following IT CXCL9/10-DC (Figures 5F–5H), consistent

with a progressive decline in T cell proliferation and activity, likely

due to enhanced immunosuppression in the TME.
Cell Reports Medicine 5, 101479, April 16, 2024 5



Figure 3. In situ vaccination with CXCL9/10-DC facilitates T cell recruitment and activation required for the antitumor efficacy

(A) CXCL9/10-DC therapy-induced changes in CD8+ T cells. Tumors were collected on D14 post-inoculation (1.25 3 105 KPL-3M inoculated s.c. in FVB mice)

following treatment with PBS control or CXCL9/10-DC (IT 13 106 CXCL9-DC and CXCL10-DC each per injection on D6, D8, and D11) (n = 5–6 mice per group).

CD8 naive-like, CD8+CD44�CD62L+; CD8 effector, CD8+CD44+CD62L�.
(B) CXCL9/10-DC therapy-induced changes in CD4+ T cells revealed by flow cytometry as in (A). CD4 Tconv, CD4+FOXP3�; CD4 Treg, CD4+FOXP3+; CD4 naive-

like, CD4+CD44�CD62L+; CD4 effector, CD4+CD44+CD62L�.
(C) CD8+ T cells are required for CXCL9/10-DC-driven antitumor efficacy. On D6 post-tumor inoculation (1.253 105 KPL-3M inoculated s.c.), FVB mice bearing

�50-mm3 tumors were randomized and treated with PBS + isotype control; CXCL9/10-DC (IT 13 106 CXCL9-DC and CXCL10-DC each per injection on D6, D8,

and D11) + isotype; PBS + anti-mouse CD8 (200 mg i.p. injection every 2 days starting on D6 until the end of the study); or CXCL9/10-DC + anti-mouse CD8 as

detailed above (n = 6–8 mice per group).

(D) CD4+ T cells are required for CXCL9/10-DC-driven antitumor efficacy. Same as in (C), except that anti-mouse CD4 was used.

Error bars represent SEM. p values were determined by two-tailed t test for (A) and (B) and one-way ANOVA adjusting for multiple comparisons for (C) and (D).

n.s., not significant; *p < 0.05; **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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CXCL9/10-DC potentiates ICB immunotherapy in LKB1-
deficient NSCLC murine models with varying TMB
We hypothesized that the progressive decrease in T cell prolifera-

tion and cytolytic activity following ITCXCL9/10-DCmonotherapy

could be due to adaptive immune resistance mediated by the up-

regulation of checkpoint inhibitors within the TME. Combination

therapy of IT CXCL9/10-DC and i.p. PD-1/PD-L1 inhibition was

evaluated in two murine models of LKB1-deficient NSCLC with

varying TMB.28 Treatment of KPL-3M (TMB high) tumor-bearing
6 Cell Reports Medicine 5, 101479, April 16, 2024
mice with i.p. anti-PD-1 or IT CXCL9/10-DC monotherapy

provided modest antitumor efficacy, with no observed tumor

eradication. The combination of CXCL9/10-DC and anti-PD-1 or

anti-PD-L1 elicited robust tumor regression, resulting in complete

eradication of tumors in �30% of the mice (Figures 6A and S6A).

Histological evaluation of paraffin-embedded tumors demon-

strated decreased tumor content following IT CXCL9/10-DC as

monotherapy, or in combination with anti-PD-1, as determined

by the ratio of PanC/K+ (tumor) areas to total tissue area



Figure 4. T cell recruitment from LNs is essential for CXCL9/10-DC-mediated antitumor efficacy

(A) Flow phenotyping of T cells in TDLNs following CXCL9/10-DC therapy. TDLNs were collected on D16 post-inoculation (1.25 3 105 KPL-3M delivered s.c. in

FVBmice) following treatment with PBS control or CXCL9/10-DC (IT 13 106 CXCL9-DC andCXCL10-DC each per injection onD6, D8, and D11) (n = 6–8mice per

group).

(B) CXCR3+ T cells are required for CXCL9/10-DC-mediated antitumor efficacy. On D6 post-tumor inoculation (1.25 3 105 KPL-3M delivered s.c. in FVB mice),

mice bearing �50-mm3 tumors were randomized and treated with PBS + isotype; CXCL9/10-DC (IT 1 3 106 CXCL9-DC and CXCL10-DC each per injection on

D6, D8, and D11) + isotype; PBS + anti-CXCR3 (i.p. at 200 mg/injection) every other day until the end of the study; or CXCL9/10-DC + anti-CXCR3 as above (n = 6–

8 mice per group).

(C) T cell migration from LNs is required for CXCL9/10-DC-mediated antitumor efficacy. Same as in (B), except that fingolimod (FTY720) at 2 mg/kg (i.p. every

other day) instead of anti-CXCR3 was used.

Error bars represent SEM. p values were determined by two-tailed t test for (A) and one-way ANOVA adjusting for multiple comparisons for (B) and (C).

*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
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(Figures S6B and S6C). In contrast to KPL-3M, which has a high

TMB, anti-PD-1 therapy in mice bearing 1940A-KPL tumors with

low TMB (1.7 mutations/Mb) did not alter tumor growth rates,

consistent with prior reports.28 However, combination therapy

with ITCXCL9/10-DCvaccinationandanti-PD-1 resulted in robust

antitumor responses, which were significantly greater than IT

CXCL9/10 monotherapy (Figure 6B). Combination therapy also

reducedmetastatic tumorcell growth from lungdigests compared

to vehicle control, as determined by luciferase assay using the

genetically engineered Luc in the 1940A-KPL tumor cells as a

readout for cell growth, suggesting decreased pulmonary metas-

tases in response to combination therapy (Figure S6D).

Anti-PD-1 therapy augments CXCL9/10-DC
vaccination-induced effector T cell proliferation and
activity
Single-cell RNA sequencing (scRNA-seq) of sorted CD45+ tu-

mor-infiltrating immune cells was conducted on D14 following

IT CXCL9/10-DC and i.p. anti-PD-1 as monotherapies or in com-

bination. Seven immune clusters were identified, including pDC,
NK, T, B, Neu, and non-Neu myeloid (MoMacDC) cells (Fig-

ure S6E). An increase in T cells was accompanied by a decrease

in the predominant Neu population following IT CXCL9/10-DC

monotherapy or in combination with anti-PD-1, as compared

to PBS control or anti-PD-1 alone (Figure S6E). Monotherapy

with anti-PD-1 induced minimal changes in immune cell sub-

types compared to control.

Within the CD8+ T cells, five sublineages—preactivated, acti-

vated, effector, exhausted, and proliferative—were identified

(Figures 6C and S6F). Trajectory inference analysis, including

cells from all of the clusters except those in the proliferative clus-

ter, revealed that preactivated CD8+ T cells could evolve through

two independent paths to either an effector or exhausted state

(Figure 6C). IT CXCL9/10-DC as monotherapy or in combination

with anti-PD-1 induced an enrichment of a CD8+ effector pheno-

type accompanied by a decrement of the exhausted state

compared to control or anti-PD-1, with the highest magnitude

of changes observed with combination therapy (Figure 6C).

Flow cytometry confirmed increased IFN-g and tumor necrosis

factor a production in tumor-infiltrating CD8+ T cells in response
Cell Reports Medicine 5, 101479, April 16, 2024 7



Figure 5. Spatial analysis of T cell recruitment following CXCL9/10-DC treatment by MIF

Tumors were collected on D14 and D23 post-inoculation (1.253 105 KPL-3M delivered s.c. in FVB mice) following treatment with PBS control or CXCL9/10-DC

(IT 13 106CXCL9-DC andCXCL10-DC each per injection onD6, D8, and D11) (n = 6–8mice per group). Tumor tissueswere fixed and embedded forMIF staining,

followed by quantification using inForm software (Akoya).

(A) A representative image of a tumor section stained with a 7-plex MIF panel (CD4, CD8, GzmB, FOXP3, Ki67, PanC/K, and DAPI).

(B) Representative images of D23 control and CXCL9/10-DC-treated tumors stained with the same panel as in (A).

(C–H) Changes in the enumeration of CD8+ T cells (C), CD4+ T cells (D), %CD4+FOXP3+ T cells of total CD4+ T cells (E), GzmB+ CD8+ T cells (F), Ki67+ CD8+ (G),

and Ki67+CD4+ T cells (H), following treatment with control (blue) or CXCL9/10-DC (red) fromD14 andD23 at 200-mm intervals relative to the tumor border (n = 6–8

mice per group). The intratumoral space is shaded in contrast to the peritumoral space.

Error bars represent SEM. p values were determined by two-tailed t test for (C–H).

*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005. Colored asterisks over the bar represent the statistics for longitudinal changes from D14 to D23 of each

group.
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Figure 6. CXCL9/10-DC potentiates ICB immunotherapy in murine NSCLC models
(A) CXCL9/10-DC enhances the efficacy of anti-PD-1. OnD6 post-tumor inoculation (1.253 105 KPL-3M delivered s.c.), FVBmice bearing�50-mm3 tumorswere

randomized and treatedwith PBS control; CXCL9/10-DC (IT 13 106 CXCL9-DC andCXCL10-DC each per injection on D6, D8, and D11); anti-PD-1 (i.p. injections

at 200 mg/injection on D6, D8, D11, and D14); or the combination of CXCL9/10-DC and anti-PD-1 (n = 6–8 mice per group). Tumor growth curves and tumor

weights at the time of euthanasia are presented.

(B) Same as in (A), except that mice were s.c. inoculated with 1 3 105 1940A-KPL tumor cells.

(C) In-depth scRNA-seq analysis identifies distinct CD8+ T cell subtypes (cells pooled from 5 tumors per group). Lineage trajectory interference (TI) analysis of

CD8+ T cell changes following various treatments.

(D) Spatial quantification of CD8+Ki67+ and CD8+GzmB+ T cells were performed on D23 per Figure S6 (n = 6–8 mice per group).

(E) Therapy-induced changes in CD4+ T cells revealed by scRNA-seq. Same as in (C).

(F) Spatial quantification of CD4+Ki67+ and FOXP3+ Treg cells. Same as in (D).

Error bars represent SEM. p values were determined by one-way ANOVA, adjusting for multiple comparisons for (A) and (B) and two-tailed t test for (D) and (F).

*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
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to combination therapy compared to control, suggesting

enhanced effector function (Figure S6G). The distribution of

CD8+ T cells based on their differentiation paths was nearly iden-

tical between anti-PD-1 and the control groups (Figure 6C). We

then used MIF to assess whether the addition of anti-PD-1 to

IT CXCL9/10-DC monotherapy can augment the proliferation

and cytolytic function of T cells, which was previously shown

to diminish on D23 following IT CXCL9/10-DC monotherapy

(Figures 5F–5H). The combination of anti-PD-1 with IT CXCL9/

10-DC induced an overall increase in cytotoxic GzmB+CD8+

and proliferative Ki67+CD8+ T cells across all of the regions of

the TME compared to monotherapies, with the most pro-

nounced increase observed at the tumor border (0–200)

(Figure 6D).

CD4+ T cells comprised six clusters, corresponding to naive/

stem-like, activated, exhausted Th1, effector Tconv Th1 sub-

type, Th2 subtype, and Treg phenotypes (Figures 6E and S6H).

Trajectory inference analysis revealed potential evolution of

naive/stem-like CD4+ T cells through an activated state and sub-

sequently three distinct paths resulting in exhausted Th1, Th1

subtypes, and Th2 subtypes. CXCL9/10-DC vaccination, as

monotherapy or in combination, increased effector CD4+

T cells, which were predominantly driven by the Tconv Th2

phenotype, accompanied by a decrement of the Treg compo-

nent compared to control or anti-PD-1 (Figure 6E). Combination

therapy of CXCL9/10-DC and anti-PD-1 resulted in a decrease in

exhausted Th1 when compared to the other groups (Figure 6E).

Although anti-PD-1 therapy increased CD4+ T cell tumor infiltra-

tion, the sublineage composition was similar to control. Flow

cytometry analysis confirmed that combination therapy

augmented the production of both Th1 and Th2 cytokines

compared to control (Figure S6I). MIF analysis demonstrated

an overall increase in proliferative CD4+ T cells following combi-

nation therapy, whereas the vehicle control group showed an in-

crease in Treg abundance across all regions of the tumor, with

the most pronounced increase at the tumor border (0–200) (Fig-

ure 6F). These spatial data combined with studies from

Figures 5E–5H, demonstrate that IT CXCL9/10-DC vaccination

enhances T cell recruitment to the tumor margin, and the addi-

tion of anti-PD-1 promotes sustained proliferation and effector

functions of tumor-infiltrating CD4+ and CD8+ T cells, which

likely mediate the antitumor efficacy of combination therapy

(Figures 6A and 6B).

Combination treatment with CXCL9/10-DC and anti-PD-
1 generates systemic tumor-specific immunity
To assess systemic immune responses, spleens of KPL-3M tu-

mor-bearing mice from the same studies as in Figure 6A were

analyzed by flow cytometry. Whereas anti-PD-1 alone led to a

modest increase in CD44+CD62L� effector memory (EM) CD8+

and CD4+ T cells, CXCL9/10-DC treatment induced a significant

increase in both EM and CD44+CD62L+ central memory (CM)

T cells with a concurrent decrease in naive T cells (Figures 7A,

7B, S7A, and S7B). An increase in PD1+CD8+ T cells, which

has been shown to contain a pool of systemic tumor-specific

T cells,42,43 and PD1+CD4+ T cells was also observed in

response to CXCL9/10-DC, with the highest magnitude following

combination therapy (Figures 7A and 7B). To functionally assess
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potential systemic antitumor effects, mice bearing bilateral KPL-

3M tumors were treated ipsilaterally with IT CXCL9/10 in combi-

nation with i.p. anti-PD-1, and bilateral tumor growth was moni-

tored (Figure 7C). Ipsilateral tumor vaccination with IT CXCL9/

10-DC resulted in the inhibition of contralateral tumor growth,

suggestive of systemic immunity following local tumor vaccina-

tion. Addition of anti-PD-1 significantly augmented the efficacy

of ipsilateral IT CXCL9/10-DC vaccination, indicative of

improved systemic antitumor immune responses (Figure 7C).

To evaluate whether combination therapy led to the develop-

ment of tumor-specific immune memory, tumor rechallenge

was performed using mice that had eradicated KPL-3M tumors

following CXCL9/10-DC combined with anti-PD-1. Cured mice

and age-matched naive control mice were inoculated with

KPL-3M tumor cells on the contralateral flank 3 months after

the initial rejection of the primary tumors (Figure 7D). Tumor

establishment was verified on D2 by bioluminescence imaging

(Figure 7D). Tumor growth in cured mice continued to increase

on D4 but decreased by D7 and was completely eradicated by

D14 (Figures 7D and 7E). In contrast, all of the age-matched

naive mice succumbed to tumor challenge in �30 days (Fig-

ure 7E). To confirm tumor specificity, cured mice were rechal-

lenged with a syngeneic prostate cancer cell line, MyC-CaP (Fig-

ure 7F). Both naive and cured mice succumbed to the MyC-CaP

tumor challenge, indicating that systemic antitumor immunity is

specific to the KPL-3M tumors. These data demonstrate that

the combination treatment with CXCL9/10-DC and anti-PD-1

leads to enduring systemic tumor-specific immune memory.

DISCUSSION

Despite recent progress in immunotherapy, the efficacy of ICB is

constrained by therapeutic resistance in many patients with can-

cer.5 Two critical immune evasion mechanisms, impaired tumor

antigen presentation and an immunosuppressive TME, pose

challenges to generating effective antitumor T cell responses

and drive resistance to ICB, particularly in patients with

NSCLC.5,44–47 In this report, we demonstrate that in situ vaccina-

tion with CXCL9/10-DC elicits antitumor responses in multiple

murine models of NSCLC and enhances the efficacy of PD-1/

PD-L1 blockade. The efficacy of CXCL9/10-DC is dependent

on both endogenous CD4+ and CD8+ T cells and partially depen-

dent on the CXCR3 axis. Although CXCL9/10-DC monotherapy

promotes T cell infiltration to the tumor margin, combination

therapy with anti-PD-1 enhances T cell infiltration into the tumor

and augments their proliferation and activity, resulting in the

establishment of tumor-specific immunity. These findings under-

score the potential of IT CXCL9/10-DC as a promising strategy

for augmenting the efficacy of ICB in NSCLC.

Analysis of gene expression from the TCGA dataset revealed

that the CXCL9/10 signature positively correlated with activated

DC andM1macrophages. Recent studies have identified tumor-

infiltrating cDC1s and macrophages as critical sources of

CXCR3 ligands necessary for sustained antitumor re-

sponses.14,16,17 High CXCL9/10 expression in the TCGA

dataset also positively correlated with effector T cell signatures,

consistent with the established function of CXCL9/10 in medi-

ating chemotaxis of CXCR3+ effector T cells.17,19 However, not



Figure 7. CXCL9/10-DC and anti-PD-1 combination treatment generates systemic tumor-specific immunity

(A and B) Therapy-induced systemic changes in (A) CD8+ or (B) CD4+ T cells revealed by flow phenotyping. Spleens were collected on D16 post-inoculation

(1.253 105 KPL-3Mdelivered s.c. in FVBmice) following treatment with PBS control; CXCL9/10-DC (IT 13 106 CXCL9-DC andCXCL10-DC each per injection on

D6, D8, and D11); anti-PD-1 (i.p. injections at 200 mg/injection on D6, D8, D11, and D14); or the combination of CXCL9/10-DC and anti-PD-1 (n = 6–8 mice per

group). Single-cell suspensions were prepared and subjected to flow cytometry. CM, CD44+CD62L+; EM, CD44+CD62L�.
(C) FVBmice were inoculated bilaterally with 1.253 105 KPL-3M cells. On D6, mice bearing�50-mm3 tumors were randomized and treated ipsilaterally with PBS

control; CXCL9/10-DC (IT 1 3 106 CXCL9-DC and CXCL10-DC each per injection on D6, D8, and D11); anti-PD-1 (i.p. injections at 200 mg/injection on D6, D8,

D11, and D14); or the combination of CXCL9/10-DC and anti-PD-1 (n = 7–9 mice per group). Tumor growth curves and tumor weights at the time of euthanasia

from treated (ipsilateral) and untreated (contralateral) tumors are presented.

(D) CXCL9/10-DC and anti-PD-1 combination treatment generates systemic tumor-specific immune memory. FVB mice cured of KPL-3M tumors following

combination therapy were inoculated with 2.5 3 105 KPL-3M tumor cells on the contralateral side, 90 days after tumor rejection (n = 5 mice per group). In vivo

bioluminescence imaging was used to monitor tumor growth through the luciferase reporter genetically engineered in the KPL-3M cells.

(E and F) The specificity of systemic antitumor immune memory shown as a Kaplan-Meier plot of (E) KPL-3M cells or (F) syngeneic MyC-CaP cells.

Error bars represent SEM. p values were determined by one-way ANOVA, adjusting for multiple comparisons for (A–C).

*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
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all tumors with high CXCL9/10 expression had high T cell infiltra-

tion (Figure S1A), suggesting alternative mechanisms of T cell

exclusion.5,48,49 Although our analysis of gene signatures from

TCGA highlights the association of the CXCL9/CXCL10/CXCR3

axis with adaptive immunity in the TME of NSCLC, results should

be considered in the context of the limitations of this dataset.

NSCLC in the TCGA dataset represents early-stage disease,

amenable for surgical resection. In addition, evaluation of the

TCGA database may underrepresent immune cells in the TME

because of the requirements for high tumor contents in repre-

sented biorepositories.50

In situ vaccination with CXCL9/10-DC provided broad anti-

tumor efficacy in multiple murine models of lung cancer and

augmented the effectiveness of anti-PD-1 therapy in murine

models of LKB1-deficient NSCLC. Spatial analysis of the KPL-

3M tumors demonstrated an immunosuppressed TME with a

paucity of T cells, consistent with previous findings in LKB1-defi-

cient NSCLC.32–34 CXCL9/10-DC vaccination induced an initial

recruitment of effector T cells, predominantly at the leading tu-

mor edge (Figure 5), suggesting that tumor killing may be initi-

ated at the tumor leading edge. The frequency of proliferating

CD4+ and CD8+ T cells as well as GzmB+ CD8+ T cells declined

over time, possibly due to inhibitory mechanismswithin the TME.

Addition of anti-PD-1 to IT CXCL9/10-DC therapy augmented

the recruitment and infiltration of both CD4+ Tconv and GzmB+

CD8+ T cells into the tumors and sustained their proliferation,

consistent with the enhanced efficacy of this combination ther-

apy. In-depth subtyping of tumor-infiltrating T cells by scRNA-

seq revealed a decrease in Tregs and a concurrent increase in

effector CD8+ and CD4+ phenotypes, including both Th1 and

Th2 subtypes. This finding aligns with our analysis of TCGA

data, indicating a direct correlation between the CXCL9/10

signature and both Th1 and Th2 CD4+ T cells in LUAD and

LUSC. Th1 cells express CXCR3, and lack of CXCR3 expression

on Th2 cells suggests that the enrichment of these cells in the tu-

mor is possibly due to an indirect effect of CXCL9/10 that alters

the soluble milieu of the TME.31,51,52 Future studies are war-

ranted to evaluate the functional importance of the Th2 subtype

in CXCL9/10-DC-mediated antitumor responses.

In vivo DC trafficking studies reveal that IT CXCL9/10-DC

vaccines, although short-lived, increased the levels of

CXCL9/10 within the TME and induced rapid infiltration of

endogenous DCs and T cells into the tumor (Figure S3). This

observation is consistent with the recent finding that BMDC

vaccines require host cDC1s for their antitumor effect.38 Ap-

proaches that can prolong DC survival in vivo should enhance

the efficacy of in situ DC vaccination. A recent study showed

that Bcl2l1, encoding the antiapoptotic protein BCLxL, is

induced by CD40 signaling activation in cDC1 and that ectopic

expression of BCLxL is sufficient to promote cDC1 survival in

the absence of the endogenous CD40-CD40L signaling

pathway.53 The contribution of DC in CXCL9/10-DC-induced

antitumor effects via enhanced tumor antigen presentation

and broader tumor-specific T cell activation will be evaluated

in future studies, including therapy-induced changes in T cell

receptor (TCR) clonality by longitudinal TCR sequencing as

well as tumor immunoediting by whole exosome sequencing,

as previously described.54
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A recent meta-analysis of tumors from >1,000 patients re-

vealed that CXCL9 expression was the second strongest predic-

tor of response to ICB.20 The strong association between

CXCL9/10 and effector T cell signatures observed in our

NSCLC TCGA analysis as well as other studies suggests that

the positive predictive value of CXCL9 as a biomarker of

response to ICB could be due to its direct correlation with

effector T cell responses, which are the critical immune media-

tors of response to immunotherapy.19,55,56 In accordance with

this hypothesis, a recent study identified that homozygous loss

at the 21.3 locus of the 9p chromosome (9p21) is associated

with reduced CXCL9, as well as decreased cytotoxic CD8+

T cell number and TCR diversity in the TME, and drives resis-

tance to ICB across multiple cancers.57–59 These results, in

conjunction with our preclinical findings in this report, suggest

that IT CXCL9/10 may facilitate antitumor T cell responses to

overcome resistance to immunotherapy. This therapeutic

approach could be particularly advantageous for patients with

loss of the chromosome 9p21 locus, present in �15% of all hu-

man cancers, as well as other patients whose tumors demon-

strate a paucity of T cell infiltration.60

We have previously demonstrated the clinical safety and feasi-

bility of in situ vaccination with autologous chemokine gene-en-

gineered DCs in patients with advanced NSCLC alone61 or in

combination with ICB (this study was registered at ClinicalTrials.

gov [NCT03546361]). The current preclinical findings of in situ

vaccination with CXCL9/10-DC support the clinical investigation

of this approach to enhance the efficacy of ICB in NSCLC.

Limitations of the study
Our preclinical findings require consideration of the limitations of

the study. Syngeneic murine models of NSCLC using subcu-

taneous (s.c.) tumor implantation lack a latency period and fail

to replicate the intricate spectrum of lung tumorigenesis, ranging

from premalignancy to invasive cancer. Moreover, the immune

contexture of the TME in s.c.-implanted tumors may differ from

that of the lung microenvironment. Technical challenges associ-

ated with frequent IT injections in orthotopic models of NSCLC

limit the feasibility of evaluating in situCXCL9/10-DC vaccination

in lung tumor models.
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Plasmid: pHIV-CXCL10 This paper N/A
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Plasmid: pHIV-dTomato Addgene Cat # 21374; RRID:Addgene_21374
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FlowJo 10.9.0 BD Biosciences https://www.flowjo.com/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bin Liu

(bliu@mednet.ucla.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession num-

ber is listed in the key resource table. TCGA data were downloaded from the UCSC Xena Data Portal.

d This paper does not report original code. The STAR Methods provides the parameters utilized in the software algorithms.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vivo studies
FVB/NCrl mice, 129-E mice and BALB/c were purchased from Charles River Laboratories. Tumor cells were s.c.-implanted in 7-9-

week-old female mice at optimal doses as indicated in figure legends. Tumor length and width were measured by caliper and the

volume calculated by the equation: 0.4*length*widtĥ 2. For immunotherapy studies, mice bearing�50mm3 tumors were randomized

and treated with genetically engineered DCs as detailed below, anti-PD-1 antibody (BioXcell, Clone RMP1-14), or anti-PD-L1 anti-

body (BioXcell, Clone 10F.9G2). In tumor re-challenge studies, mice were euthanized when tumor volume reached 1500 mm3. Mice

were housed in pathogen-free facilities at UCLA and all procedures were approved by the UCLA Animal Research Committee (ARC

protocol # 2017-049).

Cell lines
The murine cell lines 1940A, KPL-3M, KP-3M and LKR-13 have been described previously.28 L1C2 cells and MyC-CaP cells were

acquired from American Type Culture Collection (ATCC). Cell lines were maintained in culture media (RPMI-1640 medium supple-

mented with 10% FBS and 1% penicillin/streptomycin) at 37�C in a humidified atmosphere of 5% CO2 and utilized before 5 pas-

sages. Cell cultures were routinely tested for mycoplasma contamination and genotyped to ensure authenticity and purity. All pro-

cedures have been approved by the UCLA Institutional Biosafety Committee (BUA-2019-233-012-A).
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Human data
The NSCLC gene expression RNAseq data were downloaded from UCSC Xena for both TCGA Lung Adenocarcinoma (LUAD) and

TCGA Lung Squamous Cell Carcinoma (LUSC). Immune profiles derived from RNA-seq using the Xcell approach were downloaded

from TIMER 2. Spearman correlation coefficients (R basic package) were utilized to assess the association between abundance of

immune cells and CXCL9/10 expression.

METHOD DETAILS

Generation of CXCL9/10-DC
BMDCs were generated as previously described.24,27 Briefly, bone marrow cells were cultured in DC media: 10% FBS in RPMI 1640

with 20 ng/mLmurine GM-CSF (Peprotech) and 10 ng/mLmurine IL-4 (Peprotech). Cells were seeded at 3 x 106 cells/mL into a sterile

non-tissue culture-treated 6 well plastic plate (Falcon) at 2 mL per well in a humidified CO2 incubator (37
�C, 5% CO2). On D3, media

was changed with fresh DCmedia without depletion of loosely adherent cells. On D6, DCs were harvested by gently pipetting loosely

adherent and floating cells. Cells were resuspended at a concentration of 1 x 106 cells/mL into a new non-tissue culture-treated 6well

plastic plate and spinfected at 800 g for 2 h at 32�C in the presence of lentivirus encoding murine CXCL9 (pHIV-CXCL9) or CXCL10

(pHIV-CXCL10). Following transduction, cells were washed two times with DPBS (Corning) prior to injection. Equal numbers of cells

transduced to secrete CXCL9 or CXCL10 were combined to constitute CXCL9/10-DC. DC viability was assessed by Trypan-blue

staining before and after CXCL9/10 transduction for all experiments. For trafficking experiments, Mock-DCs and CXCL9/10-DCs

were labeled with CellTracker Red CMTPX Dye (Invitrogen) per manufacturer’s protocol. Murine CXCL9 coding sequence was in-

serted into pHIV-EGFP (Addgene) using the cloning sites XbaI (NEB) and BamHI (NEB) to generate pHIV-CXCL9. For pHIV-

CXCL10, murine CXCL10 coding sequence was inserted into pHIV-dTomato (Addgene) with EcoRI (NEB) and XbaI (NEB).

FITC-Dextran uptake
FITC-Dextran solution (Sigma) wasmade at a concentration of 25mg/mL inMilli-Qwater. FACS tubes were pre-conditioned at 4�Cor

37�C and 2 x 106 DCs were placed in 200 mL of RPMI +10% FBS. 10 mL of the FITC-Dextran solution was added to the tubes and

placed either at 4�C or 37�C for 15 min. DCs without FITC-Dextran were incubated at 37�C for 15 min as a control. After 15 min, cells

were washed with 1 mL of FACS Buffer (1X DPBS +2% FBS) and spun for 5 min at 1,500 RPM. After spinning, cells were then fixed

with 100 mL of 0.5% Formalin (Epredia) for 20min at room temperature. Cells were washed 2X with FACS buffer and analyzed by flow

cytometry using the NovoCyte Quanteon Flow Cytometer (Agilent).

ELISA
Quantification of mouse CXCL9 (DY#492) and CXCL10 (DY#466) secretion from lentivirally transduced DCs or tumor extracts was

performed using Mouse DuoSet ELISA Kit following the manufacturer’s directions (R&D Systems). The absorbance readings were

taken using a BioRad absorbance plate reader. A standard curve was created by plotting the mean absorbance for each standard

on the y axis against the concentration on the x axis and a best fit curve was drawn. Sample concentrations were determined based

on the standard curve.

In vivo antibody-mediated cell depletion and T cell recruitment
CD8+ and CD4+ T cell depletions were accomplished with mouse anti-CD8 (BioXcell, Clone 2.43) and mouse anti-CD4 (BioXcell,

Clone GK1.5), respectively. Depleting antibodies were given via i.p. injection at 200 mg/injection every two days starting on D6.

For T cell recruitment studies, mouse anti-CXCR3 antibody (BioXcell, Clone CXCR3-173) was administered i.p, at 200 mg/injection.

Prevention of T cell LN egress was performed with fingolimod hydrochloride (FTY720; Cayman, 10006292) administered i.p. every

other day at 2 mg/kg. All antibody experiments utilized isotype controls (BioXcell, Clone 2A3 or LTF-2).

Tissue preparation for single cell suspension, ELISA, and metastatic cell growth
Single cell suspension of murine tumor, spleen and TDLN were performed as previously described27,28 and subjected to flow phe-

notyping and scRNA-seq analyses. For tumor extracts utilized in ELISA, a quarter of each tumor was homogenized for 6 s in 300 mL of

cold lysis buffer (ThermoFisher) with protease inhibitor (ThermoFisher). Samples were incubated on ice for 20 min and subsequently

stored at �80�C. Prior to performing ELISA, samples were thawed and centrifuged at 14,000 g for 15 min. Equal amounts of protein

from each sample, as determined by BCA Protein Assay (ThermoFisher), were utilized for ELISA. To prepare lung tissues for the eval-

uation of metastatic tumor cell growth, murine lungs were harvested and minced into smaller pieces using a sharp blade before in-

cubation with 1 mg/mL Collagenase IV (Roche) for 1 h at 37�Cwith frequent agitation. Following red blood cell (RBC) lysis, cells were

filtered through a 100mmfilter and plated in a 6-well plate. At 24 h, non-adherent cells were removed. On D10, tumor cells were quan-

tified by luminescence using the Bright-Glo Luciferase Assay System (Promega).

Immunophenotyping by flow cytometry
Surface staining of single cell suspensions was performed for 30 min at 4�C as previously described.27,28 Intracellular staining for

FOXP3 and Ki67was performed using the FOXP3 Transcription Factor Staining Buffer Set (eBioscience) permanufacturer’s protocol.
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Cytokine production was evaluated by intracellular staining after in vitro stimulation with Cell Stimulation Cocktail (eBioscience) for

4 h, using the intracellular fixation buffer (eBioscience), as previously described.28 CXCR3 staining in the tumor was also performed

using the intracellular fixation buffer (eBioscience), given that it has been demonstrated in the literature that CXCR3 receptor can be

internalized upon ligand binding.62,63 Data acquisition was performed on Attune NxT cytometer (ThermoFisher) and Novocyte Quan-

teon (Agilent), and data analyzed by FlowJo software (TreeStar).

scRNA-seq following flow sorting
Single cell suspensions from 5 murine tumors in each treatment group were pooled, stained with Zombie-NIR LIVE/DEAD stain and

CD45 antibody for 30 min at 4�C. Live/CD45+ leukocytes were sorted by BD Biosciences Aria II cell sorter with 100mm nozzle. Sam-

ples were processed for 10X Single Cell 30 Gene Expression V3 (10XGenomics) with Novaseq S2 (Illumina) with paired ends for library

construction and sequencing performed at the UCLA Technology Center for Genomics & Bioinformatics (TCGB) core.

Raw reads were aligned by CellRanger 4.0 usingmm10 for the reference genome and Ensembl v.93 for transcript annotation. Raw

count matrices were processed further by DoubletFinder to detect doublets and Seurat pipeline (v 3.1.5) for pre-processing, dimen-

sional reduction, and cell clustering analyses. In brief, low-quality cells were filtered out if mitochondrial content >10%, detected

genes <250, and total UMI > 105. A total of 50,771 cells were retained for further analysis. The data was normalized using the Seurat

sctransform approach for the top 3,000 highest variance genes.64 The Louvain algorithm-based cluster analyses were based on the

first 35 principal components with a resolution of 1.2 and visualized by the uniform manifold approximation and projection (UMAP)

method. Cell clusters were annotated by major lineages, using the enrichment approach to determine if the overlap between cluster

and cell lineage markers based on Panglao database is significant. For further analysis, cells were re-clustered to determine subpop-

ulations and trajectory based on pseudotime analysis using the R slingshot package.

Multiplex immunofluorescence (MIF)
Tumor tissues were collected and fixed with zinc fixative (BD Pharmingen) for 24–48 h before embedding.65 MIF was performed uti-

lizing the Ventana Discovery Ultra (Roche) and Opal fluorophores (Akoya Biosciences). 5mm-thick tissue sections on Superfrost

microscopic slides (VWR International) were deparaffinized using EZ-Prep reagent (Roche) followed by antigen retrieval in CC1 buffer

(pH 9, 95�C; Roche). Discovery Inhibitor (Roche) was applied to inhibit enzymatic activities followed by 6 sequential rounds of stain-

ing. Each round included the addition of a primary antibody followed by detection using the OmniMap secondary antibody (Roche).

Signal amplification was performed utilizing Opal fluorophores at the conditions suggested by the manufacturer. Between rounds of

staining, the tissue sections underwent heat-induced epitope retrieval to remove the primary-secondary-HRP antibody complexes

before staining with the subsequent antibody. The primary antibodies and corresponding fluorophores were stained with Opal 480,

520, 570, 620, 690 and 780 (Akoya Biosciences). The slides were then counterstained with Spectral DAPI (Akoya Biosciences) and

mounted with ProLong Diamond antifade mounting medium (Thermo Fisher Scientific). Stained slides were imaged using the Vectra

Polaris imaging system (Akoya Biosciences). A whole slide scan was acquired with 20x resolution and imported into the inForm soft-

ware (Akoya Biosciences) followed by spectral unmixing. Slide scans were then imported into HALO (Indica Labs) for stitching and

whole slide spatial analysis. Cell characterization and phenotyping were performed before spatial analysis of the whole tumor region.

The data was then exported and graphed with Prism (Graphpad). The representative MIF images were exported using inForm soft-

ware following spectral unmixing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were performed at least twice except for the scRNA-seq andMIF studies, whichwere performed once. Results fromone

representative experiment are shown with biological replicates detailed in figure legends. Statistical analyses were performed in

Prism 9 (GraphPad) unless otherwise noted. Statistical significance was determined using an unpaired, parametric t-test with

95% confidence interval. Results are reported as mean ± SEM, unless indicated. Differences between groups were assessed using

either two-tailed unpaired t-tests or one-way ANOVAwith Bonferroni multiple-comparisons. Statistical significance is reported as the

following: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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