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SUMMARY

Total tumor clearance through immunotherapy is associated with a fully coordinated innate and adaptive im-
mune response, but knowledge on the exact contribution of each immune cell subset is limited.We show that
therapy-induced intratumoral CD8+ T cells recruited and skewed late-stage activated M1-like macrophages,
which were critical for effective tumor control in two different murine models of cancer immunotherapy. The
activated CD8+ T cells summon thesemacrophages into the tumor and their close vicinity via CCR5 signaling.
Exposure of non-polarized macrophages to activated T cell supernatant and tumor lysate recapitulates the
late-stage activated and tumoricidal phenotype in vitro. The transcriptomic signature of these macrophages
is also detected in a similar macrophage population present in human tumors and coincides with clinical
response to immune checkpoint inhibitors. The requirement of a functional co-operation between CD8+

T cells and effector macrophages for effective immunotherapy gives warning to combinations with broad
macrophage-targeting strategies.

INTRODUCTION

Therapies that reinvigorate the body’s own immune system to

target tumor cells have resulted in remarkable response rates

for many cancer types. Most of these therapies are focused on

the T cell compartment. Therapeutic cancer vaccines are tools

to induce or augment an anti-tumor response by facilitating the

activation and tumor infiltration of effector T cells, while immune

checkpoint inhibitors (ICIs) or CD3-engaging bispecific anti-

bodies (CD3 bsAbs) utilize and sustain the effector function of

T cells that are already present within the tumor microenviron-

ment (TME). However, accumulating evidence suggests the

need for a coordinated immune response to reach total tumor

control, one that involves the action of innate immune cells,

rather than relying on a strong T cell response alone.1–3

The immune contexture comprises the type, density, location,

and functional orientation of all immune cells within the tumor

and can be used as a prognostic score for survival or therapy

response.1,2 The role of CD8+ T cells has been studied exten-

sively, with studies consistently demonstrating their strong pos-

itive correlation with survival.1 Nevertheless, other immune cells

are also associated with improved overall survival rates and the

response to immunotherapy, including natural killer (NK) and

B cells, M1 macrophages, dendritic cells, T helper 1 cells, and,

in some types of tumors, mast cells and eosinophils.1 While

these associations suggest a role for other immune cells beyond

CD8+ T cells, they do not formally demonstrate whether these

cells contribute to tumor control or how they become engaged

by different forms of immunotherapy.4 While myeloid cells are

generally known for their suppressive functions,5 their help in

the anti-tumor response is increasingly established,6–8 whereas

others indicate that exploitation of their tumoricidal function may

also provide tumor control.9–12 Additionally, the existing litera-

ture is mainly focused on the attraction of T cells by myeloid cells

through the CXCL9/10-CXCR3 axis,6,13 but their interaction can

be reciprocal and other signaling pathways (i.e., CCR5, IL-12, or

interferons) might also be of importance.3,14–16 Therefore, we

aim to clarify the exact contribution and mechanism of action
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of each individual type of immune cell to tumor regressions

following T cell-based immunotherapy.

In this study, we use two different T cell-based immunother-

apies in murine models, both of which consist of therapeutic

vaccination to obtain more intratumoral effector CD8+ T cells,

in combination with either ICI or CD3 bsAb, to determine the im-

mune cell types crucial for effective therapeutic responses.

Through comprehensive analyses of the TME and perturbation

studies, we show that the tumor infiltration by both a population

of pro-inflammatory M1-like macrophages and tumor-reactive

CD8+ T cells is of pivotal importance for tumor control. The intra-

tumoral CD8+ T cells recruit these macrophages into the tumor

and attract them into their close vicinity via the CCR5 axis to acti-

vate them. Importantly, we confirm the presence of a similar

population of late-stage activated M1-like macrophages in hu-

man tumors and demonstrate that their presence positively cor-

relates with the response to ICI therapy.

RESULTS

Response to immunotherapy depends on CD8+ T cells
and macrophages
To identify immunological factors contributing to tumor regres-

sion induced by immunotherapy, we used the established

Rauscher’s murine leukemia virus-induced RMA-Qa1b�/� tumor

model, treated with a tumor-specific therapeutic synthetic long

peptide vaccination.17,18 Vaccination resulted in significantly

improved survival with complete clearance of some tumors,

while other tumors did not respond at all (primary resistance),

or relapsed after initial regressions (secondary resistance,

Figures 1A, 1B, S1A, and S1B). Importantly, all treated mice dis-

playedasubstantial increase in intratumoral tumor-specificCD8+

T cells (Figure S1C) and lack of response could not be corrected

by a booster vaccination (Figure S1D). Analysis of the TME re-

vealed that the frequencies of CD8+ T cells, M1-like macro-

phages (defined as iNOS+MHCII+),19 and immature macro-

phages were significantly increased after vaccination (Figures

S1E–S1H). In comparison to other macrophages, these M1-like

macrophages more often expressed PD-L1, SIRPa, CD86, and,

in particular, CD11c, CXCL9, IL-12, and CD40. Similar to the

other subset, they often expressed Ly6C and CD70 (Figure S1I).

To analyze the response of tumors on a transcriptional level,

mice with vaccine-induced regressing tumors (on day 19 of the

experiment) were classified as ‘‘responders,’’ whereas mice

with non-regressing tumors at this time point were classified as

‘‘non-responders.’’ At the transcriptomic level, tumors from

non-responding mice did not significantly differ from their un-

treated counterparts (Figure S2A), whereas the tumors from

responding mice were enriched in gene scores associated

with the presence of inflammatory cell types (Figure 1C). These

results were validated by flow cytometry, showing a significant

positive correlation between response to immunotherapy and

increased numbers of CD8+ T cells, NK cells, macrophages,

and neutrophils (Figure 1D). When the macrophage and neutro-

phil populations were split into the M1-like (iNOS+MHCII+)/

N1-like (iNOS+) and M2-/N2-like (EGR2+) subpopulations,12,19 a

strong positive correlation between response to immunotherapy

andM1/N1-like subsets was found, while their M2/N2-like coun-

terparts correlated negatively with response (Figure 1D). CD4+

T cells, B cells, or eosinophils showed no correlation with

response (Figure S2B). The presence of inflammatory cells in

the TME was accompanied by an increase in the expression of

gene signatures involved in inflammation, including cytokine

and interferon signaling pathway, thereby further strengthening

the correlation between an active immune response and therapy

outcome (Figure S2C).

To validate our findings, similar analyses were performed on

B16F10 (B16) melanoma tumors, treated with a combination of

CD3xTRP1 bispecific antibody (bsAb) and an imiquimod and

IL-2-adjuvanted vaccine, to achieve T cell infiltration in the tumor

and subsequent bsAb-mediated execution of T cell effector

functions against the tumor, as previously described.20 This

combination therapy (Figure 1E) delayed tumor outgrowth and

increased the number of surviving mice (Figures 1F and S2D).

Similar to responding tumors in the RMA-Qa1b�/� model, the

combination treatment of B16 tumors resulted in enhanced influx

of CD8+ T cells, NK cells, M1-like macrophages, and N1-like

neutrophils, while the percentages of B cells, M2-like macro-

phages, and non-immune (CD45-negative) cells were decreased

(Figures 1G and 1H). Based on the expression of several

markers, tumor-infiltrating CD8+ T cells, NK cells, macrophages,

and neutrophils were more activated following immunotherapy

(Figure S2E). The iNOS+MHCII+ M1-like macrophages in this

tumor more often expressed CXCL9, IL-12, CD86, and PD-L1

(Figure S2F). Since these molecules were upregulated by the

M1-likemacrophages in both tumors, their increased expression

characterizes this iNOS+MHCII+ M1-like macrophage popula-

tion. Altogether, this shows that therapy responses positively

correlated with the influx of activated CD8+ T cells, NK cells,

(M1-like) macrophages, and (N1-like) neutrophils in two distinct

tumor therapy models.

The contribution of each effector cell type that showed a pos-

itive correlation with therapy response was studied by injecting

depleting antibodies against CD8, NK1.1 (NK cells), CD115

(macrophages), and Ly6G (neutrophils) and monitoring tumor

outgrowth (Figures 2A and 2B). Depletion of NK cells did not

Figure 1. Responders to two distinct immunotherapies have an immune-inflamed TME

(A) Treatment schedule and (B) Kaplan-Meier graph of mice bearing RMA-Qa1b�/� tumors.

(C) Scores for immune cell subsets in RMA-Qa1b�/� tumors from bulk transcriptomic analysis generated by nSolver software. Red, high relative expression; blue,

low relative expression.

(D) Correlation between immune cell infiltrate as frequency of live CD45.1+ (non-tumor) cells in RMA-Qa1b�/� tumors, and therapy response.

(E) Treatment schedule and (F) Kaplan-Meier graph of mice bearing B16F10 tumors.

(G and H) Immune infiltrate in B16F10 tumors out of total live cells represented as (G) pie charts or (H) bar graphs. Vacc., vaccination; Imm., immature. Data

represented as mean (C, G) or mean ± SEM (H) for n = 3–4 (C) or n = 5–7 (G and H). Significance was calculated using Mantel-Cox log rank tests (B and F), simple

linear regression (D), or unpaired two-sided t tests (H). Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also

Figures S1 and S2.
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Figure 2. Macrophages are essential for therapeutic efficacy

Treatment schedule for mice receiving CD8, NK1.1, CD115, or Ly6G depleting antibodies, while bearing (A) RMA-Qa1b�/� or (B) B16F10 tumors. Kaplan-Meier

survival graph for mice receiving CD8 or NK depleting antibodies, bearing (C) RMA-Qa1b�/� or (D) B16F10 tumors.

(E and F) Depletion efficiencies in blood on day 12. Kaplan-Meier survival graph for mice receiving CD115 or Ly6G depleting antibodies, bearing (G) RMA-Qa1b�/�

or (H) B16F10 tumors.

(legend continued on next page)
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impact the response to therapy in either model (Figures 2C–2E),

while the therapeutic effect of vaccination against RMA-Qa1b�/�

tumors was completely abolished when CD8+ T cells were

depleted (Figures 2C and 2E). The dependency on either CD8+

or CD4+ T cells for CD3 bsAb treatment in the B16 model

has previously been demonstrated.21 The response of RMA-

Qa1b�/� tumors depended on both macrophages and neutro-

phils, as reflected by reduced survival following depletion of

either population (Figures 2F and 2G). Depletion of both popula-

tions further impaired treatment outcome, hinting towards an ad-

ditive effect for these two effector cell types. In the B16 model,

survival was significantly decreased upon depletion of macro-

phages but not neutrophils (Figures 2F and 2H). Altogether,

these results demonstrate that macrophages are required for

potent tumor control in two different tumor models.

The impact of cell depletion could equally reflect the direct

anti-tumor role of the targeted cell type or the downstream ef-

fects on other immune cells. To examine this, the TME of treated

animals was extensively analyzed using spectral flow cytometry

with over 50 markers. The strongly impaired therapeutic

response after macrophage depletion with an a-CD115 antibody

was associated with an approximately 50% reduction in macro-

phages in the TME of RMA-Qa1b�/� tumors (Figure 2I). In addi-

tion to overall reduction in macrophages, the MHCII+iNOS+

M1-like population was further decreased in RMA-Qa1b�/�

tumors treated with a-CD115, but not when neutrophils were

depleted by a-Ly6G (Figures 2I and S3A). In the B16 model,

the total number of macrophages was also lower after

a-CD115 (Figure 2J). As the M1-like macrophage subset

(MHCII+iNOS+) was the dominant population over M2 macro-

phages, the depletion of macrophages in B16 tumors predomi-

nantly affected the total number of M1-like macrophages

(Figures 2J and S3B). No other overt changes in immune cell

composition were observed in both tumor models following

macrophage depletion, nor when neutrophils were depleted in

RMA-Qa1b�/� (Figures S3C and S3D). Importantly, the pheno-

type and effector function of intratumoral CD8+ T cells was not

affected by either macrophage or neutrophil depletion in both tu-

mor models (Figures S3E and S3F). This indicates that the

observed loss of therapy response was not due to alterations

in the intratumoral CD8+ T cell population, which are assumed

to be the main effector cells in both therapies. Interestingly, the

few neutrophils present in RMA-Qa1b�/� tumors (Figure 2I) lost

their activated phenotype after macrophage depletion (Fig-

ure S3G), suggesting they are influenced by M1-like macro-

phages. Together, these findings imply a prominent role for mac-

rophages as effector cells in tumor control in two T cell-based

therapy models.

Activated intratumoral CD8+ T cells are essential for the
presence of M1-like macrophages
Next, we investigated if therapy-driven CD8+ T cells dictated the

numbers and phenotype of other immune cells in the TME. Opt-

SNE embedding of myeloid cells (CD11b+ and/or CD11c+) from

RMA-Qa1b�/� tumors of animals treated with and without CD8+

T cell depletion allowed us to investigate changes in an unbiased

manner. Depletion of CD8+ T cells resulted in the complete abla-

tion of RMA-metaclusters (RMCs) 11 and 19, while RMC17

strongly increased (Figures 3A–3C). Heatmap representation of

lineage and phenotypic markers across different RMCs revealed

these clusters to be macrophages (CD11b+F4/80+, Figure 3D).

More specifically, RMC11 and 19 were found to be iNOS+

M1-like macrophages (MHCII+), while RMC17 included EGR2+

SIRPa+MHCII� M2-like macrophages.

Indeed, a complete absence of iNOS+ macrophages is

captured in the tSNE plot upon CD8+ T cell depletion (Fig-

ure 3E). Besides this pronounced effect on iNOS+ M1-like

and EGR2+ M2-like macrophages, depletion of CD8+ T cells

also resulted in a significant decrease in Ly6C+ M1-like mac-

rophages (RMC09), inflammatory eosinophils (RMC02), and

dendritic cells (RMC14), while CD163+ M2-like macrophages

(RMC20 and RMC12), immature macrophages (RMC08), neu-

trophils (RMC03), and a subpopulation of MHCII+ macro-

phages (RMC13) were increased (Figures 3B and 3D). Manual

gating on flow cytometry data of RMA-Qa1b�/� tumors re-

vealed that the efficient depletion of CD8+ T cells was accom-

panied by a decrease in macrophages, CD4+ T cells, and NK

cells (Figures 3F and S4A), while no effect was seen on the

activation status of neutrophils (Figure S4B). Furthermore, a

change in myeloid cell markers was observed, shifting from

a highly activated pro-inflammatory M1-like state (iNOS,

MHCII, CD40, CD70, and Ly6C) to an anti-inflammatory M2-

like state with increased EGR2 and Siglec-G expression (Fig-

ure S4C), emphasizing the impact of CD8+ T cell-macrophage

interactions.

In theB16model, bothCD8+andCD4+Tcellsweredepleted, as

CD3 bsAb therapy can act on both subsets.21 Unsupervised opt-

SNE embedding of myeloid cells (CD11b+CD45+) confirmed our

findings in the RMA-Qa1b�/� model, as T cell depletion resulted

in a reduction of iNOS+ M1-like macrophage B16 metaclusters

BMC02 and 05, whereas the augmented frequencies of BMC06,

10, 13, and 20mainly representedM2-likemacrophages express-

ing SIRPa and EGR2 and varying degrees of CD163 and Arg1

(Figures S4D–S4F). Manual gating of the flow cytometry data

further revealed that depletion ofCD8+ andCD4+Tcells coincided

with a significant decrease in pDC and cDC1 cells and confirmed

the decrease in iNOS+ macrophages (Figures 3G, 3H, S4G, and

S4H). In contrast to the RMA-Qa1b�/� tumor model, T cell deple-

tion did not completely ablate the M1-like macrophages, which

may be due to the presence of strongly activated NK cells

(Figures 1G, 1H, and S2E), which may compensate for the loss

of T cell-derived macrophage stimulating chemokines.22

In summary, the presence of therapy-activated T cells in the

TME is responsible for the recruitment of M1-like macrophages.

Moreover, the reduction in tumor response following CD115

depletion, despite sustained numbers and activation of lymphoid

(I) Intratumoral frequencies of macrophages and neutrophils and phenotype of macrophages in mice bearing RMA-Qa1b�/� tumors.

(J) Intratumoral frequency and phenotype of macrophages in mice bearing B16F10 tumors. Vacc., vaccination. Data represented as mean ± SEM for n = 7–8 (E),

n = 11–12 (F), or n = 5–9 (I and J). Significance was calculated using Mantel-Cox log rank tests (C, D, G, and H), one-way ANOVA and Tukey post hoc tests

comparing all treatment groups (E, F, and J), or one-way ANOVAandDunnett post hoc tests compared to Vacc. (I). Statistical significance is shown as * = p< 0.05,

** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also Figure S3.
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effector cells, strongly indicates a direct tumor-controlling

effector function for M1-like macrophages.

T cells can augment M1-like macrophage polarization
To determine if CD8+ T cells influenced the inflammatory state of

intratumoral macrophages in a direct manner, bone-marrow-

derived unstimulated and IFN-g/LPS-polarized macrophages

(BMDMs) were cultured in the presence of supernatant, isolated

from CD8+ T cells that were stimulated either with the cognate

tumor antigen for RMA-Qa1b�/� (GagL peptide) or in a non-spe-

cific manner using CD3/CD28 dynabeads (Figure 4A). The pres-

ence of activated T cell supernatant skewed naive BMDMs

towards a pro-inflammatory M1-like phenotype, reflected by

an increased expression of iNOS, MHCII, CD86, and PD-L1

(Figures 4B, S5A, and S5B). When we interrogated the additive

effect of activated T cell supernatant onM1 BMDMs, the expres-

sion of iNOS in particular showed a marked increase (Figure 4B).

We confirmed that intratumoral T cells possessed this polarizing

capacity by isolating these CD8+ T cells from combination ther-

apy-treated B16 tumors and subjecting them to in vitro reactiva-

tion using B16 tumor cells and bsAb to mimic T cell activation in

the tumor. Subsequently, supernatant was collected after 24 h

A B

D E

F G H

C

Figure 3. T cell depletion results in loss of iNOS+ M1-like macrophages

(A–E) Unsupervised embedding of pre-gated CD11b+/CD11c+ myeloid cells in RMA-Qa1b�/� tumors shown as (A) metacluster overlay on opt-SNE,

(B) metacluster distribution on a volcano plot, or (C) bar graph and (D) heatmap showing phenotypical marker expression for all metaclusters. (E) Expression of

iNOS (mean fluorescence intensity) from pre-gated CD11b+ and/or CD11c+ cells. Frequency of intratumoral macrophages in (F) RMA-Qa1b�/� or (G) B16F10

tumors. Frequencies were normalized to B cells to correct for the loss of the major T cell populations. (H) Phenotype of macrophages in B16F10 tumors for

indicated treatment groups. Data represented asmean (B, D) or mean ± SEM (C, F–H) for n = 6–9 (A–D, F), or n = 5–6 (G and H). Significance was calculated using

edgeR test (B), or unpaired two-sided t tests (C, F–H). Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also

Figure S4.
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Figure 4. Activated T cells can induce activated functional M1 macrophages

(A) Experimental setup for the generation of BMDMs stimulated with supernatant of CD8+ T cells and/or LPS + IFN-g. Expression of phenotypic markers on

BMDMs after stimulation with supernatant from (B) splenic CD8+ T cells or from (C) intratumoral CD8+ T cells that were pre-incubated with B16F10 tumor cells

and bsAb.

(D) Wishbone trajectory analysis of phenotypic markers on tumor macrophages from RMA-Qa1b�/� tumors.

(E) Relative gene expression as determined by qRT-PCR of BMDMs. Tumor lysate is derived from B16F10 tumors.

(F) Expression of iNOS on cultured BMDMs, using supernatant from activated CD8+ T cells and tumor lysate from a mixture of B16F10 and RMA-Qa1b�/� tumor

cell lines in the presence of TLR inhibitors and IFN-g(R) blockade.

(legend continued on next page)
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and used to stimulate the BMDMs. Again, a strong M1-like

macrophage polarization, indicated by increased expression of

iNOS, CXCL9, MHCII, and CD86, was observed (Figure 4C),

corroborating the results obtained using splenic CD8+ T cells

(Figure S5B). Utilization of Wanderlust analysis on macrophages

isolated directly from tumors of vaccinated animals showed that

while the vaccine-induced installation of M1-like macrophages

occurs early on (represented by an early expression of CD40,

CD86, and MHCII), the induction of iNOS occurred later (Fig-

ure 4D). This suggests that iNOS expression represents a late-

stage activated phenotype of M1-like macrophages.

Although stimulation of BMDMs with T cell supernatant re-

sulted in the induction of iNOS, the fraction of iNOS+ macro-

phages did not resemble the frequencies we observed in vivo

(Figures 2I and 2J) or after M1 stimulation involving the TLR

ligand LPS (Figures 4B and 4C). We therefore interrogated the

presence of endogenous Toll-like receptor (TLR) ligands in the

tumor that could aid CD8+ T cells with the polarization of

incoming monocytes/macrophages towards their late-stage

activated iNOS+M1-like state. Scrutiny of the transcriptomic da-

tasets revealed the presence of multiple TLR2 and 4 agonists,

including HMGB1 and several S100a proteins23,24(Figures S5C

and S5D). Therefore, unstimulated BMDMs were treated with

whole tumor lysate in combination with supernatant from acti-

vated CD8+ T cells. While stimulation with T cell supernatant or

whole tumor lysate alone could induce the gene expression of

pro-inflammatory markers associated with an M1-like late-stage

macrophage signature (e.g., Nos2, Cxcl9, Cxcl10, Stat1), com-

bined stimulation further enhanced their activation (Figures 4E

and S5E). In contrast, the expression of genes associated with

an anti-inflammatory M2-like signature (Hmox1, Cd163) was

decreased. These findings were confirmed on protein level by

flow cytometry, where the addition of whole tumor lysate

doubled the population of iNOS+ macrophages, to a percentage

similar to that observed in vivo following our two immunother-

apies (Figure S5F). Furthermore, we confirmed the expression

ofM1-likemarkersNos2,Cxcl9, andCxcl10 in macrophages iso-

lated from treated B16 tumors (Figure S5G). Finally, to determine

which factors in the tumor lysate and T cell supernatant contrib-

uted to the M1-like macrophage phenotype, we stimulated

BMDMswith tumor cell lysate and/or supernatant from activated

CD8+ T cells in the presence of different TLR signaling inhibitors

and examined the expression of the late-stage M1-like marker

iNOS. Inhibition of TLR4 signaling, but not TLR1+2 or TLR7+9,

prevented the increase in iNOS+ cells mediated by tumor lysate.

Simultaneous blockade of IFN-g and the IFN-gR also prevented

iNOS expression. This demonstrates that TLR4 ligands and IFN-

g in the TME are both essential for M1-like macrophage differen-

tiation (Figure 4F).

M1-like macrophages can utilize several anti-tumor effector

functions in the TME,25,26 including phagocytosis or cytokine-

mediated cell death. We therefore interrogated if the effector

functions of unstimulated BMDMswere enhanced upon stimula-

tion with activated T cell supernatant and tumor lysate. Indeed,

culturing unstimulated macrophages with supernatant from acti-

vated T cells and/or tumor lysate showed that both increased

phagocytosis of tumor cells (Figures 4G and S5H). The strongest

increase was observed with activated T cell supernatant, indi-

cating that CD8+ T cell-derived soluble factors can activate the

tumoricidal function of M1-like macrophages. These findings

were corroborated by downregulated expression of the phago-

cytosis inhibitory receptor Cd300a and increased expression of

Slamf7 and Fcgr1, both encoding phagocytosis-promoting ‘‘eat-

me’’ receptors27–29 (Figures 4E and S5E). Alternatively, the in-

duction of Tnfa was only observed when BMDMs were stimu-

lated with RMA-Qa1b�/� tumor lysate and T cell supernatant

(Figures 4E and S5E), but no difference in tumor cell death was

observed in the presence of a TNF-a inhibitor (Figure S5I). Based

on this, we speculate that killing of RMA-Qa1b�/� and B16 tumor

cells by macrophages is mostly dominated by phagocytosis and

not cytokine-mediated cell death. Importantly, these data sug-

gest that within the context of the TME, CD8+ T cells can install

a tumor-phagocytic M1-like macrophage population.

Late-stage activation of macrophages depends on the
CCR5-mediated co-localization with CD8+ T cells
Next, we set out to determine what soluble factors were pro-

duced by CD8+ T cells that drive the installation of M1-like mac-

rophages. To do so, we re-examined two sets of transcriptomic

data, one from the responders/non-responders from the RMA-

Qa1b�/� model and another from our combined vaccination

and CD3 bsAb approach,20 for increased expression of chemo-

kines and cytokines in pathways known to attract and activate

macrophages.30–36 Three of such pathways were enriched in

both tumor models: (i) CCL3, CCL4, CCL5, and their receptor

CCR5, (ii) expression of LTB, and (iii) expression of IFN-g (Fig-

ure 5A). In addition, increased expression of LTBR and type 1

interferons was detected in the RMA-Qa1b�/� model. We

confirmed the production and secretion of CCL3, CCL4, CCL5,

and IFN-g by CD8+ T cells on a protein level by isolating CD8+

T cells from spleens or tumors of B16-bearing mice treated

with vaccine + bsAb and subsequentially stimulated them with

CD3/CD28 beads (Figure 5B).

The effect of IFN-g signaling, a known polarizer of macro-

phages towards a pro-inflammatory phenotype,36,37 resulted in

the expression of MHCII, CD86, and PD-L1 in a high percentage

of cells (Figure S6A). To promote expression of iNOS in the ma-

jority of BMDMs, however, TLR4-mediated signaling was

required (Figures 4F and S6A). Previously, CCR5 signaling was

suggested to promote iNOS expression,33,38 but no decrease

in iNOS expression was observed in the presence of the CCR5

inhibitor maraviroc39 (Figure S6B), indicating that CCR5

signaling does not have a direct effect on iNOS expression.

The main function of the CCR5 or LTBR pathways is to

respond to their cognate cytokines involved in the direct or indi-

rect attraction of immune cells. Analysis of the TME following

CCR5 blockade revealed a decrease in iNOS expression by

macrophages in the TME of RMA-Qa1b�/� tumors, to the level

(G) Phagocytosis of IgG-opsonized irradiated tumor cells by BMDMs following indicated BMDM stimulations. Unstim., unstimulated; sup., supernatant; lys.,

tumor lysate; inh., inhibitor. Data represented as mean ± SEM (B and C, E–G) or mean (D) for n = 3 (B–D, F, and G) or n = 2 (E). Significance was calculated using

one-way ANOVA and Tukey’s post hoc tests comparing all groups (B and C, E–G). Significance is only shown for relevant comparisons (C, F, and G). Statistical

significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also Figure S5.
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Figure 5. CCR5 signaling is required for intratumoral CD8-M1 macrophage clusters

(A) Selection of DEGs in RMA-Qa1b�/� (left) or KPC3-TRP1 (right) tumors from transcriptomic analysis using nSolver software. Resp, responder; unt., untreated;

vacc., vaccination.

(B) Production of CCL3, 4, and 5 and IFN-g by CD8+ T cells isolated from pooled spleens or B16F10 tumors from vacc. + bsAb-treated mice. Dual immuno-

fluorescence staining of (C) CD8 (cyan) and F4/80 (purple) cells or (D) CD8 (cyan) and iNOS (orange) and colocalization analysis of (E) F4/80 or (F) iNOS next to a

CD8+ cell for�1,000 counted CD8+ cells per treatment group in RMA-Qa1b�/� or�800 CD8+ T cells in B16F10 tumors. Data represented as mean (A), or mean ±

SEM (B, E, and F) for n = 3–5 (A) or n = 3–5 (B, E, and F). Scale bars represent 10 or 50 mm. Significance was calculated using unpaired two-sided t tests (A, B, E,

and F) with Benjamini-Hochberg correction for multiple comparisons (B). Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** =

p < 0.0001. See also Figures S6 and S7.
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of expression seen in untreated tumors (Figures S6C–S6E).

Addition of LTBR blockade did not further enhance this effect.

No significant impact of CCR5 blockade on other immune cells,

both in number and phenotype, was observed (Figures S6F–S6I).

Flow cytometry analysis revealed all iNOS+ macrophages to be

positive for CCR5, explaining why specifically this population

was affected by CCR5 blockade (Figure S6J). These findings

were confirmed in the B16 model, where blockade of CCR5

affected neither the immune cell composition nor the phenotype

of effector cells, while it reduced the expression of iNOS onmac-

rophages (Figures S7A–S7E).

As the expression of iNOS relies on CCR5 signaling, we hy-

pothesized that in order to adopt a late-stage activation profile,

it is necessary for macrophages to be attracted close to the

T cells within the tumor via the production of a CCR5 ligand

gradient. To test this, we first validated the dependency of

iNOS expression on a high cytokine gradient produced by

CD8+ T cells. Indeed, if the percentage of activated T cell super-

natant added to the BMDM culture was decreased, a specific

reduction in iNOS expression, but not other M1 markers, was

found (Figure S7F). These effects were likely driven by IFN-g in

the supernatant as iNOS expression was dependent on the

dose of IFN-g (Figure S7G) or the percentage of supernatant

added (Figure S7H). Indeed, blockade of IFN-g signaling

completely abolished the induction of iNOS by tumor lysate

and activated T cell supernatant (Figure S7H). These data sug-

gested that proximity to IFN-g-producing T cells is crucial for

macrophage differentiation towards a late-stage M1-like pheno-

type. To verify this close-range interaction between T cells and

macrophages in the TME and its dependency on the CCR5

axis, we performed dual immunofluorescence staining of

CD8 and F4/80 to examine the spatial interaction between

macrophages and CD8+ T cells in the TME of both tumor

models. Quantification of the number of macrophages in close

proximity to a total of �1,000 counted CD8+ T cells (Figure S7I)

revealed a significant reduction in macrophage-CD8 clusters

following CCR5 blockade in both RMA-Qa1b�/� and B16 tumors

(Figures 5C and 5E). In addition, dual staining of iNOS and CD8

showed that this reduction in macrophage-CD8 T cell clusters

coincided with a decrease in the number of iNOS+ cells in close

proximity to an intratumoral CD8+ T cell (Figures 5D and 5F),

corroborating the dependency of iNOS expression on the

CCR5-chemokine gradient. Together, these results show that

CD8-macrophage cluster formation depends on the CCR5

axis, allowing macrophages to be exposed to optimal concen-

trations of T cell-produced IFN-g, required for the induction of

iNOS expression.

Late-stage activated M1-like macrophages can deprive
lymphomas of L-arginine
Since iNOS-mediated release of the radical nitric oxide (NO) can

directly induce immunogenic tumor cell death,40,41 we investi-

gated if iNOS itself contributed to tumor control. For this pur-

pose, we inoculated wild-type (WT) or iNOS knockout animals

(iNOS�/�) with RMA-Qa1b�/� or B16 tumors and monitored re-

sponses to the different immunotherapies. For RMA-Qa1b�/�,
the therapeutic effect of the vaccination was completely ablated

in iNOS�/� animals, as none of the mice survived (Figure 6A).

Moreover, only 10% of the iNOS�/� mice displayed tumor

regression following therapy, in contrast to 83% for the WT ani-

mals (Figure 6B). In the B16 model, the iNOS gene did not play a

role in tumor control (Figure 6C). To exclude that the clinical ef-

fect of iNOS knockout was due to intrinsic differences between

the mice, we compared the TMEs of vaccinated RMA-Qa1b�/�

tumors from WT and iNOS�/� animals. The lack of response to

vaccination in iNOS�/� animals could neither be attributed

to reduced immune cell infiltration (Figures 6D and S8A), nor

differences in the spatial location (Figures S8B and S8C) or

reduced effector function (Figure 6E) of intratumoral CD8+

T cells. Rather, their effector phenotype appeared to be

enhanced in iNOS�/� tumors, based on increased expression

of CD44, CD49a, and Tbet and the increased production of gran-

zyme B. Furthermore, no major effect of iNOS deficiency was

seen with respect to the phenotype of macrophages and neutro-

phils (Figures 6F and S8D). Together, these findings strongly

imply a direct effector function of iNOS in vaccination-mediated

tumor regression in the RMA-Qa1b�/� model, but not in the

B16F10 model.

The anti-tumor efficacy of iNOS is likely related to its func-

tion—conversion of L-arginine into L-citrulline and release of

NO—which may kill tumor cells.26 Quantification of nitrite

(formed by spontaneous oxidation of NO) by Griess reaction

assay confirmed the release of NO by cultured M1-polarized

BMDMs (Figure 6G). However, no clear difference in tumor cell

death was observed when tumor cells were co-cultured with

BMDMs derived from either WT or iNOS�/� mice, with the

exception of a small reduction in RMA-Qa1b�/� kill by M1

BMDMs when derived from iNOS�/� mice (Figure S8E). In addi-

tion, when unstimulated and M1 BMDMs from WT animals were

co-cultured with RMA-Qa1b�/� tumors cells in the presence of

the nitric oxide donor Noc18, this did not increase tumor cell

death (Figure S8F), suggesting that NO-mediated tumor cell

death was not the major mechanism underlying iNOS-depen-

dent tumor regressions. Furthermore, the phagocytic capacity

of macrophages was not hampered by the lack of iNOS (Fig-

ure S8G). Altogether, these data indicate that the contribution

of iNOS to tumor control is not via phagocytosis or NO-mediated

cytotoxicity.

Then, we hypothesized that the iNOS-mediated conversion of

L-arginine depleted the tumor cells of a highly necessary nutrient.

Therefore, RMA-Qa1b�/� andB16 tumor cells were cultured in the

presence of varying concentrations of L-arginine. Indeed, the sur-

vival of RMA-Qa1b�/� tumor cells was highly correlated (R2 =

0.9994) to the levels of available L-arginine in the culture medium,

which was not the case for the non-lymphoid B16 tumor cells

(R2 = 0.1162) (Figure 6H). The L-arginine dependency of lym-

phoma cells explains why RMA-Qa1b�/�, but not B16 tumors,

are strongly affected by the presence of iNOS. Altogether, these

results suggest theremay be an additional tumor model-selective

effector mechanism used by late-stage activated M1-like macro-

phages via the iNOS-mediated conversion of the critical nutrient

L-arginine.

The presence of late-stage activated M1-like
macrophages correlates with the response to
immunotherapy in mice and humans
To gain a better understanding of the intratumoral M1-like

macrophages, we performed single-cell RNA sequencing
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(scRNA-seq) on MHCII+ and MHCII� macrophage populations

(CD11b+F4/80+) isolated from responding RMA-Qa1b�/� tu-

mors. T-SNE embedding based on differential gene expression

resulted in the distinction of 10 monocyte and macrophage pop-

ulations of varying phenotypic states (Figures 7A–7D, and

Table S1). Clusters were defined based on their top differentially

expressed genes (DEGs), which revealed the anti-inflammatory

nature of immune-suppressive C1q+ macrophages (clusters

0 and 1), tissue-resident alternatively activated macrophages

(cluster 4), immature macrophages (cluster 5), monocytic

myeloid-derived suppressor cells (cluster 7), and angiogenic

wound healing macrophages (cluster 9) (Figure 7C, and

Table S2). In addition, a pro-inflammatory signature was re-

vealed in IFN-responsive monocytes (cluster 2), late-stage acti-

vated M1-like macrophages (cluster 3), and cytokine-producing

macrophages (cluster 8), as well as a mixed signature (cluster 6).

The expression of Nos2 (iNOS) was enriched in cluster 3. Pseu-

dotime analysis revealed that cluster 3 was the furthest in the tra-

jectory (Figure 7D), underpinning the late-stage differentiated na-

ture of these macrophages, as deduced earlier by the wishbone

trajectory analysis (Figure 4D). Furthermore, gene set enrich-

ment analysis (GSEA) revealed this cluster to be characterized

by a pro-inflammatory signature, with increased motility and

cell killing capacity (Figure 7E) and with high expression of

Cxcl9, Cxcl10, and the TLR-responsive genes Sod2 and Acod1

(Figure 7C, and Table S2).
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Figure 6. iNOS can act as an effector molecule by depriving tumor cells of L-arginine

(A) Kaplan-Meier graph and (B) treatment responses in mice bearing RMA-Qa1b�/� tumors, treated according to the treatment schedule in Figure 2A. R.,

responder; N.R., non-responder. (C) Kaplan-Meier survival graphs in mice bearing B16F10 tumors, treated according to the treatment schedule in Figure 2B.

Intratumoral frequencies (D) and phenotype of (E) CD8+ T cells and (F) macrophages in mice bearing RMA-Qa1b�/� tumors.

(G) Quantification of nitrite production by cultured BMDMs according to the treatment schedule in Figure 4A.

(H) Dependence of tumor cell viability on the presence of L-arginine in serum-deprived culture medium. Data represented as mean ± SEM (D, G) or mean (E, F) for

n = 9–11 (D–F) or n = 2 (G). Significance was calculated using Mantel-Cox log rank tests (A, C), Fisher’s exact tests (B), or unpaired two-sided t tests (D–G)

comparingWT and iNOS�/� for each treatment (D–F). Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also

Figure S8.
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Figure 7. Macrophages in responding tumors exhibit a late-stage activated M1-like phenotype

(A–E) Single-cell RNA sequencing on intratumoral macrophages fromRMA-Qa1b�/� tumors. (A) Distribution of the different clusters on t-SNE plots. Phenotype of

the different clusters represented as (B) a heatmap showing the top 10DEGs per cluster and (C) a dot plot showing a selection of DEGs.M4, macrophages; Supp.,

(legend continued on next page)

ll
OPEN ACCESSArticle

Cancer Cell 42, 1032–1050, June 10, 2024 1043



It was previously reported that the presence of a pro-inflam-

matory macrophage population (called M3) correlated with

response to checkpoint inhibitors in the CT26 colon carcinoma

tumor model.42 This tumor model is known to develop an active,

but insufficient anti-tumor T cell response. When we compared

this macrophage population (M3) to the 10 monocyte/macro-

phage clusters from our RNA sequencing (RNA-seq) data

(C0-9, Figure 7), 72% of the top 50 DEGs from our late-stage

activated M1-like macrophage cluster C3 was found to overlap

with the DEGs from the M3 macrophages (Figure 7F). Spearman

correlation analysis confirmed this overlap, as the M3 cluster

only showed significant correlation to the top 50DEGs from clus-

ter C3, but not other clusters (Figure S8H). As the late-stage acti-

vated M1-like macrophages, represented by C3, were highly

similar to the ICI responsiveness-associated macrophage popu-

lation M3, we wondered if the vaccine-induced presence of this

macrophage population also sensitized the ICI-resistant tumor

model RMA-Qa1b�/� to treatment with checkpoint blockers.

Indeed, while a-PD-L1 monotherapy rendered minimal tumor

control, it improved the clinical response after therapeutic vacci-

nation (Figure 7G).We then interrogated whether the presence of

this macrophage subset in human tumors is associated with a

better outcome to ICI treatment, and as such, an active T cell

response. To achieve this, we explored the presence of our

late-stage activated M1-like macrophage C3 signature in pa-

tients that received a-PD-1-based immunotherapies for mela-

noma (Cohort IRB 15-0837 and 14-0735, University of Chicago).

Despite the fact that these macrophages only represent a small

percentage of total immune cells in the TME, bulk RNA-seq of tu-

mor biopsies revealed an enrichment in the gene signature of

late-stage activated M1-like macrophages in patients displaying

a clinical response to ICI (Figure 7H).

A highly similar single human macrophage population is
present in multiple tumors and associated with immune
checkpoint inhibition responsiveness
The correlation between a higher murine C3 gene profile score

and a better response to ICI in patients indicated the presence

of a similar macrophage population in human tumors. To

pinpoint this exact population, we compared the murine C3

macrophage signature to human macrophage populations iden-

tified by Mulder and colleagues across tissues in health and dis-

ease.43 This revealed a strong overlap between the murine C3

macrophage signature and that of human Mulder macrophage

cluster #6 (Figures 8A–8C). Human Mulder macrophage cluster

#6 is enriched in several tumor types while being less prevalent

in healthy tissue (Figure 8D). Interestingly, this cluster was re-

ported to exhibit a strong M1 and phagocytic program for which

IFN-g was predicted as the top upstream regulator. In addition,

there was a good relationship between the presence of IFN-g+

CD8+ T cells and thesemacrophages.43 Moreover, thesemacro-

phages were shown to express high levels of MHCII, CD86, and

PD-L1 at the protein level, directly validating their similarity to our

murineM1-likemacrophages.43 GSEA revealed this cluster to be

of pro-inflammatory nature with cell killing capacity (Figure 8E)

and is further characterized by high expression of CXCL9,

CXCL10, the TLR-responsive genes SOD2 and PSME2, and

phagocytic macrophage markers including CD38 and

GBP5.6,44–47 This cluster is enriched in patients with breast can-

cer (Figure 8D) for which a scRNA-seq dataset containing all

cells in the TME was available. This dataset comprised pre-

and on-treatment biopsies of 40 breast cancer patients treated

with neo-adjuvant a-PD-1 (clinical trial NCT03197389),48 for

which T cell clonotype expansion was used as surrogate for

treatment response. We analyzed the monocyte/macrophage

populations in this patient cohort (Figure 8F) and projected the

gene signature of human Mulder cluster #6 macrophages over

these populations. This revealed a near complete overlap with

positive treatment response (Figures 8G and 8H). Furthermore,

human Mulder cluster #6 signature was highly enriched in

macrophage cluster 0 of the breast cancer cohort (Figure 8I).

Asexpected,GSEArevealed thesebreastcancercluster0mac-

rophages to display a pro-inflammatory state and activation of cell

killing pathways (Figure 8J). To confirm that human breast cancer

cluster 0 indeed represented the late-stage activated M1-like

macrophages found in our murine models, we compared the

gene signature ofmurine cluster C3 to themonocyte/macrophage

populations from this breast cancer cohort. The expression of the

C3 signature in these cell populations was nearly identical to that

observed for human Mulder cluster #6 (Figures 8H and 8K), iden-

tifying human breast cancer cluster 0 as most similar to murine

cluster 3 (Figure 8L). Importantly, breast cluster 0 was specifically

enriched in pre- and on-treatment tumor samples of patients that

respond to neo-adjuvant a-PD-1 (Figure 8M).

Based on our murine data, the presence of M1-like macro-

phages in breast cancer patients would predict increased

levels of tumor-reactive T cells, expressing CCR5 ligands.

This, in turn, would allow us to assess if T cell-derived

CCR5 ligands play a role in the attraction of breast cancer

cluster 0 macrophages. To address this, we zoomed in on

the T cells in the same cohort of breast cancer patients.48 T-

SNE embedding revealed the presence of several CD8+ and

CD4+ T cell clusters, in which we highlighted the clusters as

defined by Bassez et al.48 (Figures S9A–S9C) Among these,

CD8+_Experienced, CD8+_Experienced_proliferating, CD4+_

Experienced, and CD4+_Experienced_proliferating clusters

immunosuppressive; IFN-respmono’s, IFN-responsive monocytes; act., activated; Res. alt. act., tissue-resident alternatively activated; Mixed resp. sign., mixed

response signature; M-MDSCs, monocytic myeloid-derived suppressor cells; Cyt. Prod., cytokine-producing. (D) Overlay of identified clusters in UMAP plot (left)

and visualization of the ordered trajectory by coloring cells based on pseudotime in UMAP (right). (E) GSEA on the pre-ranked DEGs from macrophage cluster 3

using the gene ontology biological process gene sets from the Broad Institute. Reg., regulation; Pos., positive.

(F) Comparison between macrophage clusters from A–D and a single-cell RNA sequencing macrophage cluster that is upregulated in ICI-responsive mice

bearing CT26 tumors, showing the percentage from the overlapping genes in the top 50 hits from our clusters.

(G) Kaplan-Meier graph of mice bearing RMA-Qa1b�/� tumors treated with vaccination and/or a-PD-L1.

(H) Boxplot of median, interquartile range, and 10–90 percentile whiskers representation of our C3 signature in tumors analyzed by bulk RNA sequencing of

responding (R) or non-responding (NR) melanoma patients. Significance was calculated using Mantel-Cox log rank tests (G), or unpaired two-sided t tests (H).

Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. See also Figure S8 and Tables S1, and S2.
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Figure 8. The presence of late-stage activated M1-like macrophages correlates with response to immunotherapy

(A–C) Comparison between single-cell RNA sequencing data containing human macrophage clusters across tissues in health and disease described by Mulder

et al. (A) to the murine macrophage C3 signature from Figure 7 displayed on (B) a UMAP or (C) as violin plots.

(D) Distribution of human macrophage clusters identified in A over various tissues.

(legend continued on next page)
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delineated tumor-reactive T cells,48,49 and were enriched in

patients that respond to a-PD-1 (Figure S9D). Importantly,

these were the only clusters expressing all the three CCR5 li-

gands, CCL3, CCL4, and CCL5 (Figures S9E, and S9F), similar

to intratumoral T cells in our murine models (Figure 5B).

Finally, we observed a strong positive correlation between

the presence of CCL3/CCL4/CCL5-expressing T cells and

breast cancer cluster 0 cells (Figure S9G), sustaining the

notion that, similar to mouse, CCR5-ligand producing T cells

in human cancers may attract the late-stage activated M1-

like macrophages.

To summarize, we have identified a population of late-stage

activated M1-like macrophages in human tumors exhibiting an

active T cell response using publicly available data. These mac-

rophages are similar to their murineM1-like counterparts and are

specifically associated with response to ICI treatment. Further-

more, our analysis identified populations of intratumoral CD8+

and CD4+ T cells in these ICI-responsive patients that express

the ligands for CCR5. The presence of these T cell populations

positively correlated with the presence of late-stage activated

M1-like macrophages. This suggests that the clinical efficacy

of T cell-based immunotherapies in human tumors may also

hinge on the functional cooperation between CD8+ T cells and

late-stage activated M1-like macrophages.

DISCUSSION

In this study, we showed that the response to T cell-based immu-

notherapy in two different models critically depends on the pres-

ence of both T cells andM1-like macrophages. Moreover, we re-

vealed that CD8+ T cells recruit macrophages into the tumor’s

center of action and attract them to their close vicinity via the

CCR5 axis in order to enable their late iNOS+ stage differentia-

tion. In addition to their tumor-phagocytic capacity, these M1-

like macrophages expressed the CXCR3 ligands Cxcl9 and

Cxcl10 that may function as a positive feedback loop for T cell

infiltration.50 Notably, CCL4, CCL5, CXCL9, and CXCL10 have

all been associated with the response to T cell-based immuno-

therapies and improved overall survival in patients.42,51,52 Finally,

we confirmed the presence of these late-stage activated M1-like

macrophages in murine and human tumors with activated T cells

and revealed an association between their presence and

response to ICI.

Co-infiltration of lymphoid andmyeloid effector cells, in partic-

ular increased infiltration with CD8+ T cells,53 NK cells,54 macro-

phages,55 and neutrophils,56 has been described to correlate

with the response to immunotherapies and suggests that the

intratumoral interaction between these cells is an additional

requirement for immunotherapy-induced tumor control.36,57–59

This notion is corroborated by the observations that a lack of

co-operation between lymphocytes and myeloid cells may

constitute a resistance mechanism in several murine and human

tumors.1,2,9,14,57,59–61

The full activation of macrophages in the TME requires the

additional signal of endogenous TLR ligands, which are released

in the TME upon tumor cell death,23,24 on top of CD8+ T cell-

derived pro-inflammatory cytokines. Interestingly, this coincided

with high PD-L1 expression, which is a direct reflection of IFN-g

signaling in tumors with an active immune response.62 Treat-

ment of RMA-Qa1b�/� tumors in combination with anti-PD-L1

improved clinical outcome that may be explained by enhanced

T cell co-stimulation or blockade of previously described reverse

signaling of PD-L1.63 Previous studies have described that

CD4+ T cells can contribute to tumor control via IFN-g-mediated

skewing towards more intratumoral iNOS+ M1-like macro-

phages.36,64–66 As we find a complete lack in therapeutic

response in the absence of iNOS for RMA-Qa1b�/� tumors and

a remarkable reduction in survival in both tumor models when

only �50% of total macrophages is depleted, it is possible that

the main contribution to tumor control of immunotherapy-acti-

vated CD8+ T cells is to kick-start M1-like macrophages. The

findings of our study reveal that immunotherapy-driven activa-

tion of CD8+ T cells and their cytotoxic mechanisms result in

the release of the macrophage-attracting CCR5 ligands, IFN-g,

and tumor-derived TLR4 ligands within the TME. Following this

first hit by CD8+ T cells, macrophages infiltrate the tumor,

become fully activated, and are a key contributor to tumor con-

trol. This is corroborated by the finding that abolishment of IFN-g

production, but not the lytic potential of CD8+ T cells, hampers

tumor control.67 In addition, the 4-fold reduction of intratumoral

CD8+ T cells in CXCR3�/� mice bearing TC-1 tumors did not

hamper therapy efficacy, while a depletion of effector myeloid

cells did.59 In line with the results of us and others,56,68,69 this im-

plies that other effector cells may dominate in controlling tumor

cell growth at a later stage.

When the anti-tumor effector functions of myeloid cells are

studied, the focus often lies on their CD8+ T cell-supportive func-

tions, such as their capacity to attract T cells.50 However,

effector myeloid cells can employ other mechanisms via which

they can directly contribute to the anti-tumor immune response.

Both macrophages and neutrophils can engage in programmed

cell removal70 of viable tumor cells through phagocytosis (mac-

rophages71) or trogocytosis (neutrophils72), via which they

contribute to tumor control. Unsurprisingly, attempts to unleash

the phagocytic potential of effector myeloid cells by blockade of

‘‘don’t eat me’’ molecules have thus far been met with promising

(E) GSEA on the pre-ranked DEGs from human macrophage cluster #6 described by Mulder et al. using the gene ontology biological process gene sets from the

Broad Institute.

(F) Single-cell RNA sequencing analysis of monocytes/macrophages from pre- and on-treatment tumor biopsies of a human breast cancer cohort, treated with

immune checkpoint therapy and (G) their association with treatment response.

(H and I) Similarity of cluster #6 from Mulder et al. to the human breast cancer cohort displayed on (H) tSNE or (I) violin plots.

(J) GSEA on the pre-ranked DEGs from human macrophage cluster 0 of the breast cancer cohort using the gene ontology biological process gene sets from the

Broad Institute, Reg., regulation; transmem., transmembrane; trans., transport.

(K and L) Similarity of our C3 signature from murine macrophages to the human breast cancer cohort displayed on (K) tSNE or (L) violin plots.

(M) Boxplots showing the cluster frequencies separated into responding and non-responding tumors, as indicated by T cell expansion for pre- and on-treatment

tumor biopsies. Data are represented as boxplots with median, interquartile range and 1.53 interquartile range for pre- and on-treatment biopsies from re-

sponders n = 9 and non-responders n = 20 (M). Significance was calculated using unpaired Mann-Whitney U-tests (M). See also Figure S9.
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(pre)clinical results.73–75 Another, more debated, effector mech-

anism of inflammatory myeloid cells is the iNOS-mediated

release of NO. Here, we demonstrate that iNOS is a highly spe-

cific marker for late-stage activated M1-like macrophages and

that iNOS expression is dependent on stimulation by CD8+

T cell-derived IFN-g and TLR4 ligands in the tumor cell lysate.

Notably, a lack of iNOS does not hamper the phagocytic capac-

ity of macrophages, indicating that these two effector pathways

are uncoupled. Early on, iNOS was believed to be a marker for

tumor-supportive myeloid cells, as iNOS-derived NOwas shown

to induce apoptosis of lymphocytes in vitro76,77 and low levels of

NO can promote angiogenesis.78 However, sufficient levels of

NO can directly induce immunogenic tumor cell death, simulta-

neously killing tumor cells and attracting other immune cells

to the TME,40,41 although this was not found in our models. Alter-

natively, we found that the iNOS-mediated metabolism of

L-arginine can lead to a deficit of this critical nutrient in the

TME, lack of which may affect the viability of tumor cells, shown

here for RMA-Qa1b�/�. Noteworthy, as neutrophils from TMEs of

responding tumors were also shown to be iNOS+, this tumor-

specific sensitivity for L-arginine deprivation could explain why

in RMA-Qa1b�/� tumors neutrophils also play a role in immuno-

therapy-induced regressions, while for B16 tumors this is not the

case. An appealing possibility is that the depletion of L-arginine

in the tumor slows down tumor growth to a level that is better

controllable by CD8+ T cells, ultimately enhancing therapeutic ef-

ficacy. Importantly, in the absence of iNOS, the influx and activa-

tion level of CD8+ T cells was enhanced after therapeutic vacci-

nation; however, this did not coincide with increased tumor

control, stressing the critical role of effector myeloid cells in tu-

mor eradication following T cell-based immunotherapies.

Comparing the murine C3 macrophage signature to human

macrophages across tissues in health and disease showed a

strong overlap with human Mulder cluster #6. This cluster is en-

riched in several tumor types, displays an IFN-g-mediated M1

and phagocytic program, and was predicted to have the highest

interaction with IFN-g producing CD8+ T cells in the tumor.43 To

overcome the lack of on-treatment tumor samples from patients

with increased intratumoral T cell frequencies after successful

therapeutic vaccination, we instead selected a cohort of ICI-

treated patients, for which the presence of tumor-specific

T cells in the tumor is a well-known requirement for therapy

response.79 Upon comparing human Mulder signature #6 and

our murine signature C3 with macrophage profiles in breast can-

cer biopsies,48 we discovered a striking overlap with breast clus-

ter 0. The cluster’s presence was strongly associated with ICI

responsiveness and increased numbers of experienced CD8+

and CD4+ T cells, able to produce all three ligands for CCR5.

In conclusion, late-stage activated M1-like macrophages are

of pivotal importance for the response to T cell-based immuno-

therapy inmurine tumormodels and correlated with ICI response

in human patients. Earlier studies have reported similar crucial

contributions to immunotherapy-mediated tumor control by neu-

trophils and eosinophils.56,68,69 The notion that myeloid effector

cells are key to the efficacy of T cell-based immunotherapy not

only stresses that macrophage or neutrophil-inhibiting therapies

(e.g., CSF1R inhibitors,80 CXCR2 inhibitors81) in combination

with T cell-based immunotherapies should be used with utmost

caution, but also suggests that current efforts to improve T cell-

based immunotherapy should focus on the engagement of

M1-like macrophages.

Limitations of this study
One limitation of our study concerns the use of therapeutic vacci-

nation as a treatment modality in our murine models while, in

analyzed human samples, patients are treated with immune

checkpoint inhibition. As our murine models indicate the macro-

phage phenotype of interest may be present only after immuno-

therapy-induced CD8+ T cell activation, the analysis of human

samples would require on-treatment samples from patients

enrolled in a vaccine trial. Unfortunately, scRNA-seq data of

on-treatment samples were not available. As the notion that

effective checkpoint blockade therapy requires pre-existing tu-

mor-reactive CD8+ T cells is well established and ICI patient da-

tasets are available, we considered such samples to best reflect

the situation which we would have obtained after successful

vaccination in vivo.

A second limitation revolves around the relative contribution of

CD8+ T cell and the M1-like macrophages to tumor cell killing.

Although out of the scope of the current study, it remains crucial

to formally demonstrate how tumor cells are controlled by

M1-like macrophages and to what extent T cell-mediated killing

mechanisms contribute to tumor regression.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified CD16/CD32 (2.4G2) BD Biosciences Cat#: 553141; RRID: AB_394656

4-1BB – APC (17B5) Biolegend Cat#: 106110; RRID: AB_2564297

Arg-1 – PE/Cy7 (A1exF5) Invitrogen Cat#: 25-3697-82; RRID: AB_2734841

CCR2 – BV785 (SA203G11) Biolegend Cat#: 150621; RRID: AB_2721565

CCR2 – FITC (SA203G11) Biolegend Cat#: 150608; RRID: AB_2616980

CCR5 – APC (7A4) ThermoFisher Cat#: 17-1951-82; RRID: AB_2802223

CD3e – FITC (145-2C11) Invitrogen Cat#: 11-0031-85; RRID: AB_464883

CD3e – BV510 (145-2C11) BD Biosciences Cat#: 563024; RRID: AB_2737959

CD3e – PECF594 (145-2C11) BD Biosciences Cat#: 562286; RRID: AB_11153307

CD4 – BUV496 (RM4-5) BD Biosciences Cat#: 741050; RRID: AB_2870665

CD4 – BV605 (RM4-5) Biolegend Cat#: 100548; RRID: AB_2563054

CD8a – BUV395 (53–6.7) BD Biosciences Cat#: 565968; RRID: AB_2739421

CD8a – PerCP-Cy5.5 (53–6.7) Biolegend Cat#: 100734; RRID: AB_2075238

CD11b – BUV563 (M1/70) BD Biosciences Cat#: 741242; RRID: AB_2870793

CD11b – APC/Fire750 (M1/70) Biolegend Cat#: 101262; RRID: AB_2572122

CD11b – PE/Cy7 (M1/70) Invitrogen Cat#: 25-0112-82; RRID: AB_469588

CD11c – BV605 (HL3) BD Biosciences Cat#: 563057; RRID: AB_2737978

CD11c – APC/Fire750 (N418) Biolegend Cat#: 117352; RRID: AB_2572124

CD11c – APC/Cy7 (N418) Biolegend Cat#: 117324; RRID: AB_830649

CD19 – SparkBlue550 (6D5) Biolegend Cat#: 115566; RRID: AB_2832389

CD19 – BV510 (1D3) BD Biosciences Cat#: 562956; RRID: AB_2737915

CD19 – FITC (1D3) Invitrogen Cat#: 11-0193-82; RRID: AB_657666

CD25 – BV421 (PC61) Biolegend Cat#: 102043; RRID: AB_2562611

CD27 – BUV785 (LG.3A10) Biolegend Cat#: 124241; RRID: AB_2800595

CD28 – PE/Cy7 (37.51) Biolegend Cat#: 102126; RRID: AB_2617011

CD39 – PE (Duha59) Biolegend Cat#: 143804; RRID: AB_11218603

CD40 – BUV395 (3/23) BD Biosciences Cat#: 745697; RRID: AB_2743179

CD44 – BV510 (IM7) Biolegend Cat#: 563114; RRID: AB_2738011

CD44 – BV785 (IM7) Biolegend Cat#: 103059; RRID: AB_2571953

CD45 – Alexa Fluor 700 (30-F11) Biolegend Cat#: 103128; RRID: AB_493715

CD45.1 – Alexa Fluor 700 (A20) Biolegend Cat#: 110724; RRID: AB_493733

CD45.2 – APC-eFluor780 (104) Invitrogen Cat#: 47-0454-82; RRID: AB_1272175

CD47 – purified (miap301) Biolegend Cat#: 127502; RRID: AB_1089035

CD49a – BUV737 (Ha31/8) BD Biosciences Cat#: 741776; RRID: AB_2871130

CD54 – FITC (YN1/1.7.4) ThermoFisher Cat#: 11-0541-82; RRID: AB_465094

CD62L – BUV805 (MEL-14) BD Biosciences Cat#: 741924; RRID: AB_2871237

CD62L – BV421 (MEL-14) Biolegend Cat#: 104436; RRID: AB_2562560

CD69 – BUV737 (H1.2F3) BD Biosciences Cat#: 612793; RRID: AB_2870120

CD70 – BUV661 (FR70) BD Biosciences Cat#: 741564; RRID: AB_2870990

CD86 – BUV496 (PO3) BD Biosciences Cat#: 750437; RRID: AB_2874600

CD86 – BV650 (GL-1) Biolegend Cat#: 105036; RRID: AB_2686973

CD122 – PE/Cy5 (TM-b1) Biolegend Cat#: 123220; RRID: AB_2715962

CD163 – BV421 (S15049I) Biolegend Cat#: 155309; RRID: AB_2814063

CTLA-4 – BV421 (UC10-4B9) Biolegend Cat#: 106312; RRID: AB_2563063
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CXCL9 – PE (MIG-2F5.5) Biolegend Cat#: 515603; RRID: AB_2245489

Egr2 – APC (Erongr2) Invitrogen Cat#: 17-6691-82; RRID: AB_11151502

Egr2 – PE (Erongr2) Invitrogen Cat#: 12-6691-082; RRID: AB_10717804

Eomes – PE/eFluor610 (Dan11mag) Invitrogen Cat#: 61-4875-82; RRID: AB_2574614

F4/80 – PE/Cy5 (BM8) Biolegend Cat#: 123112; RRID: AB_893482

F4/80 – PE (BM8) Biolegend Cat#: 123110; RRID: AB_893486

FoxP3 – PacificBlue (MF-14) Biolegend Cat#: 126410; RRID: AB_2105047

Granzyme B – PerCP-Cy5.5 (QA16A02) Biolegend Cat#: 372212; RRID: AB_2728379

IL-12 – APC (C15.6) Biolegend Cat#: 505205; RRID: AB_315369

iNOS – Alexa Fluor 488 (CXNFT) Biolegend Cat#: 53-5920-82; RRID: AB_2574423

iNOS – APC (CXNFT) Invitrogen Cat#: 17-5920-82; RRID: AB_2573244

Ki-67 – BV605 (16A8) Biolegend Cat#: 652413; RRID: AB_2562664

KLRG1 – PerCP/Cy5.5 (2F1/KLRG1) Biolegend Cat#: 563595; RRID: AB_2738301

LTBR – PE (3C8) Invitrogen Cat#: 12-5671-82; RRID: AB_2016713

Ly6C – PerCP/Cy5.5 (HK1.4) Biolegend Cat#: 128012;; RRID: AB_1659241

Ly6C – BV605 (HK1.4) Biolegend Cat#: 128036; RRID: AB_2562353

Ly6G – SparkBlue550 (1A8) Biolegend Cat#: 127664; RRID: AB_2860671

Ly6G – APC/Fire750 (1A8) Biolegend Cat#: 127652; RRID: AB_2616733

Ly6G – BV785 (1A8) Biolegend Cat#: 127645; RRID: AB_2566317

I-A/I-E � PacificBlue (M5/114.15.2) Biolegend Cat#: 107620; RRID: AB_493527

I-A/I-E � BV510 (2G9) BD Biosciences Cat#: 743871; RRID: AB_2741822

NK1.1 – BV650 (PK136) BD Biosciences Cat#: 564143; RRID: AB_2738617

NK1.1 – BV510 (PK136) Biolegend Cat#: 108738; RRID: AB_2562217

NKG2A – PE/Cy7 (16A11) Biolegend Cat#: 142810; RRID: AB_2728161

OX-40 (CD134) – BV711 (OX-86) Biolegend Cat#: 119421; RRID: AB_2687176

PD-1 – BV605 (29F.1A12) Biolegend Cat#: 135220; RRID: AB_2562616

PD-L1 – BUV737 (MIH5) BD Biosciences Cat#: 741877; RRID: AB_2871203

PD-L1 – BV421 (MIH5) BD Biosciences Cat#: 564716; RRID: AB_2738911

Siglec-F – BV711 (E50-2440) BD Biosciences Cat#: 740764; RRID: AB_2740427

Siglec-G – BUV615 (SH1) BD Biosciences Cat#: 751581; RRID: AB_2875576

Siglec-H – BV650 (440c) BD Biosciences Cat#: 747672; RRID: AB_2744233

SIRPa – APC/Cy7 (P84) Biolegend Cat#: 144018; RRID: AB_2629558

T-bet – BV711 (4B10) Biolegend Cat#: 644820; RRID: AB_2715766

TCF1/7 – Alexa Fluor 647 (812145) R&D Systems Cat#: FAB8224R; RRID: AB_2888931

TIGIT – PE/Dazzle594 (1G9) Biolegend Cat#: 142110; RRID: AB_2566573

Tim-3 – BV785 (RMT3-23) Biolegend Cat#: 119725; RRID: AB_2716066

XCR1 – PE (ZET) Biolegend Cat#: 148204; RRID: AB_2563843

Tetramer – APC (Abu-Abu-Abu-L-Abu-L-T-V-F-L) Immudex N/A

InVivoPlus anti-mouse CD4 BioXCell Cat#: BP0003-1; RRID: AB_1107636

InVivoPlus anti-mouse CD8a BioXCell Cat#: BP0061; RRID: AB_1125541

InVivoPlus anti-mouse CSF1R (CD115) BioXCell Cat#: BP0213; RRID: AB_2687699

InVivoPlus anti-mouse Ly6G BioXCell Cat#: BP0075-1; RRID: AB_1107721

InVivoPlus anti-mouse NK1.1 BioXCell Cat#: BP0036; RRID: AB_1107737

InVivoPlus anti-mouse PD-L1 BioXCell Cat#: BP0101; RRID: AB_10949073

InVivoMAb anti-mouse IFNg BioXCell Cat#: BE0055; RRID: AB_1107694

InVivoMAb anti-mouse IFNgR BioXCell Cat#: BE0029; RRID: AB_1107576

Rat anti-mouse CD8 (4SM15) eBioscience Cat#: 14-0808-82; RRID: AB_2572861

Rabbit anti-mouse iNOS (PA3-030A) ThermoFisher Cat#: PA3-030A; RRID: AB_2152737

Rabbit anti-mouse F4/80 (D2S9R) Cell Signaling Cat#: 70076; RRID: AB_2799771
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Rabbit anti-rat IgG Abcam Cat#: ab6733; RRID: AB_954909

Donkey anti-rabbit IgG (H + L) Alexa Fluor 555 ThermoFisher Cat#: A-31572; RRID: AB_162543

Goat anti-rat IgG (H + L) Alexa Fluor 488 ThermoFisher Cat#: A48262; RRID: AB_2896330

Mouse T-Activator CD3/CD28 Dynabeads ThermoFisher Cat#: 11-452-D

Chemicals, peptides, and recombinant proteins

Recombinant Murine M-CSF Peprotech Cat#: AF-315-02-B

Recombinant IL-2 Peprotech Cat#: 212-12

Recombinant Murine IL-7 Bio-Techne Cat#: 407-ML

Lipopolysaccharides from Escherichia coli O26:B6 Sigma Aldrich Cat#: L8274

Recombinant Mouse IFN-g Biolegend Cat#: 575308

Sodium Chloride Sigma Aldrich Cat#: S5886

Liberase TL Research grade Roche Cat#: 05401020001

RMA Env-encoded CD4 T cell epitope

(EPLTSLTPRCNTAWNRLKL)

Peptide synthesis facility

of department IHB, LUMC

N/A

RMA Gag-encoded CD8 T cell epitope (CCLCLTVFL) Genscript Cat#: SC1208 Chemical Peptide

CpG (ODN 1826) Invivogen Cat#: tlrl-1826

OVA241-270 peptide (SMLVLLPDEVSGLEQLESIINFEKLTEWTS) Peptide synthesis facility

of department IHB, LUMC

N/A

CD3xTRP1 bsAb Genmab N/A

Recombinant human IL-2 Clinigen N/A

Aldara crème (5% Imiquimod) 3M Pharmaceuticals N/A

Entellan mouting medium for microscopy Sigma Aldrich Cat#: 107960

PAP pen for immunostaining Merck Millipore Cat#: Z377821

Microscope slides, SuperFrost Plus VWR Cat#: 631-0108

Hirschmann� Glass covers ThermoFisher Cat#: 10329241

Hydrogen peroxide 30% Merck Millipore Cat#: 107209

Methanol >98.5% VWR Chemicals Cat#: 20903.415

Tri-sodium Citrate Dihydrate Merck Cat#: 106448

SuperBlock� (PBS) Blocking Buffer ThermoFisher Cat#: 37515

DAPI (40,6-Diamidino-2-Phenylindole, Dihydrochloride) ThermoFisher Cat#: D1306

Bovine Serum Albumin (BSA) Sigma Aldrich Cat#: A3912

Tween 20 Merck Cat#: 8221840500

Mayer’s haematoxylin staining Merck Cat#: 1092490500

DAB+ Substrate Chromogen System (Dako Omnis) Agilent Cat#: GV825

L-arginine R98% Sigma-Aldrich Cat#: A5006

RPMI 1640 Medium for SILAC ThermoFisher Cat#: 88365

Maraviroc Tocris Cat#: 3756

LTBR blocking peptide Abcepta Cat#: BP16019a

Tak-242 Tocris Cat#: 6587

E6446 SelleckChem Cat#: S0716

Cu-CPT22 SelleckChem Cat#: S8677

Percoll GE Healthcare Cat#: 17-0891-01

96 Well EIA/RIA Assay Microplate Corning Cat#: CLS3590

Purified Rat Anti-Mouse IFN-g BD Biosciences Cat#: 551216; RRID: AB_394094

Biotin Rat Anti-Mouse IFN-g BD Biosciences Cat#: 554410; RRID: AB_395374

Streptavidin/Avidin multi-labeled HRP Sanquin Cat#: M2051

Recombinant Mouse IFN-g BD Biosciences Cat#: 554587; RRID: AB_2868979

3,30,5,50-Tetramethylbenzidine (TMB) Sigma Aldrich Cat#: T0440

Sodium carbonate decahydrate Merck Cat#: 106391

(Continued on next page)
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Sodium hydrogen carbonate Merck Cat#: 106329

Sulfuric acid 95–97% Merck Cat#: 100731

TNF-alpha/TNFA/TNFSF2 Neutralizing Antibody SinoBiological Cat#: 50349-RN023

DETA NONOate (Noc18) MedChemExpress Cat#: HY-136278

Critical commercial assays

Zombie UV fixable viability kit Biolegend Cat#: 423108

LIVE/DEAD� Fixable Aqua Dead Cell Stain Kit ThermoFisher Cat#: L34957

FoxP3/Transcription Factor Staining Buffer Set Invitrogen Cat#: 00-5523-00

VECTASTAIN� Elite ABC-HRP Kit Vector Labs Cat#: PK-6100; RRID: AB_2336819

CellTrace� CFSE Cell Proliferation Kit ThermoFisher Cat#: C34554

Griess Reagent Kit ThermoFisher Cat#: G7921

Mouse CD8 T Lymphocyte Enrichment Set BD Biosciences Cat#: 558471

Dynabeads flowcomp CD8 kit Thermo Fisher Scientific Cat#: 11462D

Mouse CCL3/MIP-1 alpha DuoSet ELISA R&D Systems Cat#: DY450

Mouse CCL4/MIP-1 beta DuoSet ELISA R&D Systems Cat#: DY451

Mouse CCL5/RANTES DuoSet ELISA R&D Systems Cat#: DY478

nCounter PanCancer Immune Profiling cartridge Nanostring Cat#: 115000142

nCounter Myeloid Innate Immunity Panel V2 Nanostring Cat#: XT-CSO-MMII2-12

NucleoSpin RNA mini kit for RNA purification Macherey-Nagel Cat#: 740955.50

High-Capacity RNA-to-cDNA� Kit ThermoFisher Cat#: 4387406

Deposited data

Raw and processed scRNA-seq data from MHC-II+ and

MHC-II- intratumoral (RMA-Qa1�/�) murine macrophages

This manuscript GEO: GSE263235

Raw and processed scRNA-seq data from

intratumoral (CT26) murine macrophages

Qu, Y. et al.42 GEO: GSE150970

Raw and processed scRNA-seq data from human

monocyte/macrophage populations across tissues

Mulder, K. et al.43 GEO: GSE178209

Raw and processed scRNA-seq data from human

monocyte/macrophage and T cell populations

in breast cancer

Bassez, A. et al.48 EGA: EGAS00001004809

Experimental models: Cell lines

RMA Dr. K. K€arre RRID: CVCL_J385

B16F10 ATCC Cat#: CRL6475 RRID: CVCL_0159

KPC3 Dr. F. Balkwill RRID: CVCL_A9ZK

Experimental models: Organisms/strains

Mouse C57BL/6J Charles River Laboratories France RRID: IMSR_JAX:000664

Mouse TCR transgenic gp10025-33/H-2D
b bred to

express congenic marker CD45.1 (Ly5.1)

Provided by Dr. N.P. Restifo

(NIH, Bethesda, USA)

N/A

B6.129P2-Nos2tm1Lau/J (iNOS�/�) The Jackson Laboratory RRID: IMSR_JAX:002609

Oligonucleotides

See Table S3.

Software and algorithms

FlowJo v10 Treestar RRID: SCR_008520

OMIQ Omiq Inc. Omiq.ai

GraphPad Prism V9 GraphPad RRID: SCR_002798

ImageJ ImageJ RRID: SCR_003070

InForm analysis software V2.6 Perkin Elmer RRID: SCR_019155

Photoshop v2022 Adobe RRID: SCR_014199

nSolver analysis software Nanostring RRID: SCR_003420

10x Genomics Cell Ranger software v7.0.0 10xgenomics RRID: SCR_023672
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact Sjoerd van der Burg (shvdburg@

lumc.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d scRNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers and

DOI are listed in the key resources table.

d Additional microscopy data reported in this paper will be shared by the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
C57BL/6J (BL/6J) mice (age 8–10 weeks, male) were obtained from Charles River Laboratories (France). TCR transgenic mice (age

8–12 weeks, male) containing gp10025-33/H-2Db specific receptors were bred to express the congenic marker CD45.1 (Ly5.1) and

were a kind gift from Dr. N.P. Restifo (NIH, Bethesda, USA). B6.129P2-Nos2tm1Lau/J (iNOS�/�) mice (age 8–14 weeks, male) were

obtained from The Jackson Laboratory (U.S.A). All animals were housed in individually ventilated cages under specified path-

ogen-free conditions in the animal facility of the Leiden University Medical Center. All tumor outgrowth experiments were performed

in C57BL/6J and/or iNOS�/� animals, while for the TME studies of the RMA-Qa1b�/� tumors Ly5.1 animals were used. All mouse

experiments were controlled by the animal welfare committee (IvD) of the Leiden University Medical Center and approved by the na-

tional central committee of animal experiments (CCD) under the permit numbers AVD1160020197864 and AVD1160202010004 in

accordance with the Dutch Act on Animal Experimentation and EU Directive 2010/63/EU.

Tumor cell lines
RMA-Qa1b�/� is a Raucher MuLV-induced T cell lymphoma RBL-5 cell line, generated by the CRISPR-Cas9-induced knock-out of

the Qa-1b gene. For the establishment of a homogeneous Qa1b knockout cell line, cells were incubated for 48 h with 30 IU/mL IFN-g

(Biolegend) and subsequently sorted three times on Qa1b� cells by flow cytometry.17 RMA-Qa1b�/� and B16F10 (B16) cells were

cultured in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) supplemented with 8% (RMA-Qa1b�/�) or 5% (B16) Fetal

Calf Serum (FCS; Greiner), 100 IU/mL Penicillin/Streptomycin (Gibco) and 2 mM glutamin (Gibco) at 37�C and 5% CO2. A low and

constant passage number was used in all experiments and cell lines were regularly assured to beMycoplasma negative by PCR anal-

ysis. Authentication of the cell lines was ensured by IDEXX bioanalytics using short tandem repeat markers (B16) or antigen-specific

T cell recognition (RMA-Qa1b�/�).

METHOD DETAILS

Treatment
Animals were subcutaneously inoculated with 1*103 RMA-Qa1b�/� or 5*104 B16F10 tumor cells in 200mL PBS containing 0.1% bovine

serumalbumin (BSA) onday 0 in the right, or right and left flank. For TME studies,micewere inoculatedwith 1.5*105 B16F10 tumor cells.

Tumor volume (l*w*h) wasmeasured thrice weekly using a caliper. Animals were randomized based on tumor volume prior to treatment

and experimentalmeasurementswere conducted in a blindedmanner.MicebearingRMA-Qa1b�/� tumorswere treatedwith therapeu-

tic vaccination when tumors reached a size of 10-50 mm3. The peptide vaccine, containing 50 nmol of the Gag-encoded CD8+ T cell

epitope (CCLCLTVFL) and 20 nmol of the murine leukemia virus Env-encoded CD4+ T cell epitope (EPLTSLTPRCNTAWNRLKL), sup-

plemented with 20 mg CpG (ODN1826, InvivoGen), was dissolved in 50 mL PBS, and administered subcutaneously in the tail-base. For

theprime-boost setting, animals receivedanadditional vaccinationat the tail-base11daysafter initial vaccination.MicebearingB16F10

tumorswereanesthetizedusingamixtureof xylazineandketamine in100mLPBSvia i.p. injectionand immunized s.c. in thecontralateral
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flank with 150 mg chicken ovalbumine OVA241-270 peptide (SMLVLLPDEVSGLEQLESIINFEKLTEWTS) in 100 mL PBS. Immediately

following peptide injection, 60 mg of 5% imiquimod containing cream Aldara (3M Pharmaceuticals) was topically applied on the skin

of the injection site. On the day of the second immunization and one day later, 6*105IU recombinant human IL-2 was injected i.p. in

100 mL PBS, followed by i.p. injection of 12.5 mg CD3xTRP1 bsAb two days and five days after the second immunization. For RMA-

Qa1b�/�, NK cells and CD8+ T cells were depleted by intraperitoneal injection of 200 mg a-NK1.1 depleting antibody (clone PK136,

BioXCell) or 100 mg a-CD8a depleting antibody (clone 2.43, BioXCell) at day 11, 17, 24 and 31. Neutrophils and macrophages were

depleted by intraperitoneal injection of 100 mg a-Ly6G depleting antibody (clone 1A8, BioXCell) at day 8 and 50 mg at day 10, 12, 14

and 18 and by 1mg a-CD115 depleting antibody (clone AFS98, BioXCell) at day 8 and 300 mg at day 10, 12, 14, 16 and 18, respectively.

For B16, NK cells were depleted at day 8, 11, 19 and 25. CD8+ and CD4+ T cells were depleted by intraperitoneal injection of 100 mg

a-CD8a and a-CD4 (clone YTS177, BioXCell) at day 13 and 100 mg a-CD8a or 40 mg a-CD4 at day 16 and 18. For neutrophil andmacro-

phage depletion, 100 mg a-Ly6G or 1mg a-CD115was administered at day 9, followed by 50 mg a-Ly6G at day 11, 15 and 18 or 300 mg

a-CD115atday11,13,15,17and19.Depletion efficiency for all depletionstudieswas checkedbyflowcytometry ofblood immunecells

at day 12. CCR5 signaling was inhibited by intraperitoneal injection with the selective CCR5 antagonist Maraviroc (Tocris) at 10mg/kg.

Treatment was started one day prior to therapeutic vaccination and continued daily for a total of 10 injections. LTBR function was in-

hibitedby intraperitoneal injection of 100mga-LTBRblockingpeptide atday 11 (abcepta). PD-1/PD-L1 interactionwasblockedby intra-

peritoneal injection of 200 mg a-PD-L1 antibody (clone 10F.9G2, BioXCell) at day 9, 12, 15 and 19. For TME studies animals were eutha-

nized around day 19, a timepoint at which clinical responses were visible. For survival studies animals were euthanized when tumors

reached a size of 1000 mm3 (unilateral model) or a combined volume of 1500 mm3 (bilateral model).

Flow cytometry
For TME studies, tumorswere collected and processed by physical digestion using razor blades andRMA-Qa1b�/� tumorswere then

chemically digested with Liberase TL (2.5 mg/mL, Roche) for 10 min as 37�C. Tumors were further processed into single-cell sus-

pensions by using 70 mm cell strainers (BD Biosciences) and resuspended in PBS. Mouse Fc-receptors were blocked by Rat

Anti-Mouse CD16/CD32 (Clone 2.4G2, BD) in PBS for 10 min at 4�C. Viability was assessed with the Zombie UV Fixable Viability

Kit (Biolegend) or the LIVE/DEAD Fixable Aqua DeadCell Stain Kit in PBS for 10min at room temperature (RT) before surface staining.

APC-conjugated tetramers (Abu-Abu-Abu-L-Abu-L-T-V-F-L) were added to the surface mix for the detection of GagL-specific CD8+

T cells responses. Surface staining was performed in PBS supplemented with 0.5% BSA +0.02% Sodium azide (FACS buffer) for

20 min at 4�C. Subsequently, cells were fixed and permeabilized for intracellular marker staining using the FoxP3/Transcription Fac-

tor Staining Buffer Set (eBioscience) according tomanufacturer’s protocol. Following intracellular staining, cells were resuspended in

FACS buffer and acquired on the Aurora 5L spectral flow cytometer (Cytek) or the LSR-II (BD Biosciences). Data was analyzed using

FlowJo (Tree Star) for percentages and phenotype of intratumoral immune cells or using OMIQ data analysis software for the visu-

alization of opt-SNE plots and wishbone trajectory analysis.82

Immunohistochemistry
Tumors were isolated from mice and directly fixed in formalin, followed by embedding in paraffin. Embedded tumors were sliced

into 4 mm sections and mounted on adhesive slides. Sections were then deparaffinized and rehydrated, after which endogenous

peroxidase activity was blocked with 0.3% hydrogen peroxidase solution (Merck Millipore) in methanol for 20 min. Antigen retrieval

was performed in 0.01M Sodium Citrate solution (Merck Millipore, pH 6.0) in the microwave for 10 min. Non-specific binding of the

primary antibody was reduced by SuperBlock (PBS) Blocking Buffer (ThermoFisher) at room temperature for 30 min. Tumor slides

were incubated with rat anti-mouse CD8 (clone 4SM15, eBioscience) antibody diluted in PBS at 4�C overnight. Slides were then

washed (0.05% Tween in PBS) and incubated with biotinylated Rabbit anti-rat IgG (Abcam) at room temperature for 1 h. Biotinylated

antibody was labeled using the VECTASTAIN Elite ABC-HRP Kit (Vector Labs) according to manufacturer’s protocol. Nuclear coun-

terstaining was performed with filtered Mayer’s Haematoxylin staining (ThermoFisher) at room temperature for 10–15 s. Antibody

binding was detected with the Liquid DAB+ substrate chromogen system (DAKO, Agilent) and cell counts were quantified using Im-

ageJ software. On all immunohistochemistry pictures a photo correction of +200% saturation,�20% brightness and +40% contrast

was applied.

Immunofluorescence
The spectral immunofluorescence panels used were CD8, F4/80 and DAPI, and CD8, iNOS and DAPI. Antibody specificity was

confirmed by immunohistochemistry. Fixation, embedding, deparaffinization, antigen retrieval and blocking of non-specific binding

was identical to immunohistochemistry staining. Tumor slides were then incubated with rat anti-mouse CD8 (clone 4SM15, eBio-

science) and rabbit anti-mouse iNOS (PA3-030A, ThermoFisher) or rabbit anti-mouse F4/80 (D2S9R, Cell Signaling) antibodies

diluted in PBS at room temperature overnight. Slides were then washed (0.05%Tween in PBS) and incubated with donkey anti-rabbit

IgG (H + L) Alexa Fluor 555 (Invitrogen) or goat anti-rat IgG (H + L) Alexa Fluor 488 (Invitrogen) highly cross-absorbed secondary anti-

body diluted in PBS for 60 min at room temperature in the dark. Nuclear counterstaining was performed with DAPI (ThermoFisher) for

15 min at room temperature in the dark. Immunofluoresence images were acquired using the Vectra 3.0.5 multispectral imaging mi-

croscope (PerkinElmer) at 203magnification. InForm analysis software version 2.6 (PerkinElmer) was used for spectral unmixing. Per

treatment group the number of F4/80+ or iNOS+ cells within a 60 pixel radius of a CD8+ cells was quantified using Photoshop, with a

minimum of 800 CD8 cells per group.
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ELISA
CD8+ T cells were enriched from splenocytes using the Mouse CD8 T cell Lymphocyte Enrichment Set (BD Biosciences) or from

vacc. + bsAb treated B16 tumors by cell sorting (Live, CD45+, CD3+, CD8+) on the BD Aria cell sorter and collected at a purity >90%.

1*106 CD8+ T cells were seeded in complete IMDM supplemented with 20 IU/mL IL-2 in 6-wells flat-bottom culture plates and acti-

vated with CD3/CD28 dynabeads (ThermoFisher). After 24 h, supernatant from unstimulated or CD3/CD28-stimulated CD8+ T cells

was collected. CCL3, CCL4 and CCL5 cytokine production was determined by DuoSet ELISAs (R&DSystems). For the determination

of IFN-g production by CD8+ T cells, 96-wells flat bottom ELISA plates were coated with 1 mg/mL rat anti-mouse IFN-g antibody

(clone R4-6A2, BD Biosciences) in coating buffer containing sodium carbonate and sodium bicarbonate (Merck) at pH 9.6 overnight

at 4�C. Following all incubation steps, plates were washed thrice by PBS +0.05% Tween 20 (washing buffer). Next, plates were incu-

bated for 1 h with washing buffer +1% BSA (blocking buffer) at 37�C and 5% CO2, after which samples and IFN-g standard (BD Bio-

sciences) were added to the plates and incubated for 2 h at room temperature. After 2 h, plates were incubated first with 0.5 mg/mL

biotin-labeled rat anti-mouse IFN-g (clone XMG1.2, BD Biosciences) and then with 1/10000 Streptavidin/Avidin multi-labeled HRP

(Sanquin) subsequently for 1 h at room temperature. Finally, 50 mL Tetramethyl-benzidine liquid substrate (TMB, Sigma Aldrich)

was added to the plates and the reaction was stopped by adding 50 mL 2M H2SO4 (Merck) in MilliQ (Braun) to the plate. Optical den-

sity of all ELISAs was measured at 450 nm in a spectrophotometer and cytokine production was determined relative to the standard

solutions.

Transcriptomics
For transcriptomic analysis, untreated and treated RMA-Qa1b�/� or KPC3-TRP1 tumors were harvested and processed into single

cell suspensions as described above. Treated RMA-Qa1b�/� tumors were further categorized based on their change in tumor volume

into responders (decrease in tumor volume) or non-responders (increase in tumor volume). Total RNA was isolated from single cell

suspensions using the NucleoSpin RNA kit (Macherey-Nagel) according to manufacturer’s protocol. The total RNA quality and yield

after sample preparation were determined using the DNF-474 HS NGS Fragment Kit (Agilent) and analyzed using the Fragment

Analyzer. The resulting products were consistent with 95% of the fragments >300 bp. RNA (300 ng/sample) was loaded on nCounter

Myeloid Innate Immune or nCounter PanCancer Immune Profiling (Nanostring) cartridges and the fluorescent barcodes were

measured on the nCounter Analysis System (NanoString) according to the manufacturer’s instructions. Data were processed and

normalized using nSolver Analysis Software (V4.0) and the Advanced Analysis module (V.2.0, NanoString). NanoString-defined

markers were used to analyze cell type scores and immune pathways. Benjamini-Hochberg correction for multiple comparisons

was used to minimize the false-discovery rate.

Single cell RNA-sequencing
For single cell RNA sequencing (scRNA-seq) mice bearing RMA-Qa1b�/� tumors were treated with therapeutic vaccination when tu-

mors reached a size of 10-50 mm3. At time of regression, tumors were harvested and processed into single cell suspensions as

described above. From single cell suspensions MHCII+ and MHCII� macrophages (Live, CD45+, CD11b+, F4/80+) were sorted using

the BD Aria cell sorter and collected at a purity >90%. Sample quality control and scRNA-seq were both performed by the Leiden

Genome Technology Center of the Leiden University Medical Center. Single cell gene expression libraries were generated on the

10x Genomics Chromium X platform using the Chromium Next GEM Single Cell 30 Library & Gel Bead Kit v3.1 and Chromium

Next GEM Chip G Single Cell Kit (10x Genomics) according to the manufacturer’s protocol. Gene expression libraries were

sequenced on a NovaSeq 6000 S4 flow cell using v1.5 chemistry (Illumina) and fastq files were generated using Cell Ranger mkfastq

(10x Genomics). Fastq files were analyzed with the 10x Genomics Cell Ranger software v7.0.0 and the mousemm10 reference using

default settings.

All downstream analysis was performed using Seurat (v.4.3.0). Raw data was merged and cells with a low number of expressed

genes (<500) were filtered out from the analysis, resulting in a final dataset of 37,047 cells. Merged data were normalized using Seur-

at’s ‘LogNormalize’ function with a scaling factor set at 10,000. Variable features were identified using the ‘FindVariableFeatures’

function, resulting in the selection of 2,000 features. For the visualization of cells in a two-dimensional space, t-distributed stochastic

neighbor embedding (t-SNE) was employed. Differential gene expression analysis was performed using the ‘FindAllMarkers’ func-

tion, withmin.pct and logfc.threshold at 0.25. The top 10most differentially expressed genes per cluster, based on logfc, were plotted

in a heatmap using ‘DoHeatmap’ and selected genes of interests were visualized in a dotplot using ‘DotPlot’. Trajectory analysis was

conducted utilizing monocle3 (v1.3.1), SeuratWrappers (v0.3.1), and patchwork (v1.1.2). The ‘RunUMAP’ function was used to

perform dimensionality reduction and construct Uniform Manifold Approximation and Projection (UMAP) plots. The Seurat object

was converted to a ‘cell_data_set’ object to allow integration of the Seurat data into the Monocle3 analysis framework. A trajectory

graph was learned from the data using the ‘learngraph’ function, with partition-based grouping utilized for graph construction.

Subsequently, cells were ordered along the learned trajectory using the ‘order_cells’ function. Cells corresponding to cluster

5 were chosen as root cells for ordering. The function ‘plot_cells’ was used to visualize the ordered trajectory by coloring cells based

on pseudotime. Gene set enrichment analysis (GSEA) was performed using the GSEA v4.3.2 software (Broad Institute) on the pre-

ranked DEGs from macrophage cluster 3. Mus musculus gene ontology biological process gene sets (m5.go.bp.v2023.1.Mm) were

selected for the enrichment. Gene set permutations were performed 1000 times for the analysis, followed by the verification of the top

15 enriched pathways based on the normalized enrichment score (NES) and false discovery rate (FDR).
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Percentual overlap and Spearman correlation were determined for the top 50 DEGs from the clusters C0-9 of our scRNA-seq data-

set compared to macrophage cluster M3 from GSE150970, for which a positive association with the response to PD-L1 blockade in

CT26 tumors was demonstrated.42

Themacrophage signaturewascomputedusing the top100differentially expressedgenes in themacrophage (C3) cluster identified

from the analysis of the mouse single-cell RNA sequencing data and used to compare to bulk RNA-seq data from two cohorts of pa-

tientswithmelanoma. The patientswere part of theUniversity of Chicago IRBprotocols 15–0837 and14–0735 and received one of the

following a-PD-1-based immunotherapies: Pembrolizumab, Ipilimumab+Nivolumab, Nivolumab, Nivolumab+CD137, Nivolumab+

IDO, PD.1+GITR, Nivolumab+IDO, Pembrolizumab+IDO, Pembrolizumab+IDO+IL2, Pembrolizumab+RANK or Pembrolizumab+

STAT3 and had a recorded clinical outcome. All samples were sequenced using HiSeq4000 and abundances of transcripts from

the bulk RNA sequencing datawere quantified usingKallisto software. Sequencing samples collected prior to the first immunotherapy

dose were selected. Out of the 60 total patients, 8 were classified as complete response, 19 as partial response, 19 as stable disease,

and 14 as progressive disease.

Preprocessing of the data involved removing genes with a maximummedian count lower than 2^4 (the maximummedian for each

gene was defined as the maximum of the four median counts of a gene calculated for each of the four clinical outcomes). The filtering

threshold was chosen such that the filtered counts had a bimodal distribution. Data was then normalized using the variance stabilizing

transformation function from the DESeq2 package. Data was corrected for batch effects using the ComBat-Seq package (two

batches were identified due to high differences in the total number of transcripts). Subsequently, the mouse genes from the macro-

phage C3 cluster were converted into their human orthologs using the BiomaRt package. Using the normalized data, a single sample

Gene Set Enrichment score (ssGSEA) was computed for the macrophage gene list using the GSVA package. Samples were split in

two different groups, responders (patients classified as complete response, partial response, and stable disease) and non-re-

sponders (patients classified as progressive disease).

The publicly available scRNA-seq dataset from Mulder et al.43 was downloaded from the FG Lab Resources platform (https://

gustaveroussy.github.io/FG-Lab/). Macrophage clusters were extracted from the annotated MoMacVERSE dataset. UMAPs were

plotted using the original UMAP coordinates provided by the authors as stored in the Seurat object. ssGSEA was performed using

the macrophage gene list (murine C3 macrophage signature) using the GSVA package, and the resulting enrichment scores were

overlayed on the UMAP using ggplot2 (v 3.4.4). A stacked barchart was plotted to visualize proportions of total macrophage count

by tissue (cancer type) and status (Cancer/Healthy/Other) using ggplot2 (v2.3.4.2). The DEGs for human Mulder macrophage cluster

#6 were obtained from the supplementary material from the original publication.43 Gene set enrichment analysis (GSEA) was per-

formed using the GSEA v4.3.2 software (Broad Institute) on the pre-ranked DEGs from human Mulder macrophage cluster #6.

Homo sapiens gene ontology biological process gene sets (c5.go.bp.v2023.2.Hs) were selected for the enrichment. Gene set per-

mutations were performed 1000 times for the analysis, followed by the verification of the top 10 enriched pathways based on the

normalized enrichment score (NES) and false discovery rate (FDR).

The publicly available scRNA-seq dataset from Bassez et al.48 was downloaded from the data access page of the Lambrechts lab

website (https://lambrechtslab.sites.vib.be/en/single-cell). The downloaded monocyte/macrophage (n = 7,952 cells) count matrix

and T cell matrix (n = 53,382 cells) and corresponding metadata were converted into Seurat objects using R. Downstream analysis

was performed using Seurat (v.4.3.0). Data were normalized using the LogNormalize function of Seurat with a scale factor of 10,000.

Variable features were identified using the FindVariableFeatures function of Seurat returning 2,000 features. t-SNE was used to visu-

alize the cells in a two-dimensional space. ssGSEA was performed to compute gene set enrichment scores for the human Mulder

cluster #6 macrophage signature obtained from the MoMacVERSE dataset and for the murine-derived C3 macrophage signature,

resulting scores were overlayed on the monocyte/macrophage t-SNE. Clusters of monocytes/macrophages were identified by a

shared nearest neighbor (SNN) modularity optimization-based clustering, the FindNeighbors and FindClusters functions of Seurat

were applied. To compare enrichment scores between these clusters, violin plots were generated using ggplot2. The relative pro-

portions of the distinct monocyte/macrophage clusters were compared between patients with T cell expansion following a-PD-1

treatment (responders) and those without T cell expansion (non-responders) for pre-treatment and on-treatment samples using a

Mann-Whitney U-test. Data was represented as boxplots using ggplot2. Gene set enrichment analysis (GSEA) was performed using

the GSEA v4.3.2 software (Broad Institute) on the pre-ranked DEGs from humanmacrophage cluster 0. Homo sapiens gene ontology

biological process gene sets (c5.go.bp.v2023.2.Hs) were selected for the enrichment. Gene set permutations were performed 1000

times for the analysis, followed by the verification of the top 15 enriched pathways based on the normalized enrichment score (NES)

and false discovery rate (FDR).

CD8+ and CD4+ T cell clusters, as defined by Bassez et al.,48 were extracted from the T cell Seurat object (n = 48,315 cells). t-SNE

was used to visualize the distinct clusters in relation to treatment response. The relative proportions of these T cell clusters were

compared between ‘‘biological’’ responders and non-responders using a Mann-Whitney U-test and represented by boxplots.

CCL3, CCL4, and CCL5 expression values were overlayed on the tSNE and were visualized in a dotplot using the Seurat function

‘DotPlot’ to compare expression between the defined clusters. The abundance of each cell populations was calculated as a percent-

age of the total cells per sample. To determine the relation between presence of the definedmacrophage population and these CCL3,

CCL4, and CCL5 positive T cells, the Spearman correlation was calculated between the percentage of cluster 0 macrophages and

the percentage of experienced CD4+ and CD8+ T cells. Results were visualized in a scatterplot using ggplot2.

ll
OPEN ACCESS Article

e8 Cancer Cell 42, 1032–1050.e1–e10, June 10, 2024

https://gustaveroussy.github.io/FG-Lab/
https://gustaveroussy.github.io/FG-Lab/
https://lambrechtslab.sites.vib.be/en/single-cell


BMDM and co-culture assays
Bone marrow was isolated from tibia en femurs and processed into single-cell suspensions using 70 mm cell strainers (BD Biosci-

ences). To exclude resident macrophages from analysis, single cell suspensions were transferred to 100/20 mm culture dishes

and cultured in full RPMI for 4 h at 37�C and 5% CO2. After 4 h, non-adherent cells were collected and plated at a density of

1,5*106 cells/mL in 6-wells tissue culture plates. After 24 h, M-CSF (20 ng/mL, Invitrogen) was added to cell cultures and refreshed

every other day. Macrophage purity was >90%, as assessed by CD11b and F4/80 staining by flow cytometry. After six days of dif-

ferentiation, BMDMs were skewed for 24 h in high-salt culture medium (full RPMI +40 mM/mL NaCl) to mimic the physiological con-

ditions of the tumor. To pre-skew classical M1macrophages, IFN-g (20 ng/mL, Invitrogen) and LPS (100 ng/mL, Sigma Aldrich) were

added to the culture systems. To assess the effect of CD8+ T cells on macrophage skewing, CD8+ T cells were isolated from sple-

nocytes of naive or RMA-Qa1b�/� tumor-bearing vaccinatedmice using amouse CD8 T lymphocyte enrichment kit (BD Biosciences)

according to the manufacturer’s instructions. Alternatively CD8+ T cells were isolated from vacc. + bsAb treated B16F10 tumors by

gradient centrifugation of the single cell tumor suspension using 44% and 66% Percoll solutions (GE Healthcare), followed by CD8

enrichment using a Flowcomp mouse CD8 kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. 1*106 CD8+

T cells were culturedwith 20 IU/mL IL-2 in 6-wells flat-bottom culture plates and activatedwith CD3/CD28 dynabeads (ThermoFisher)

or 5 mg/mL Gag-L peptide. In the case of the intratumoral CD8+ T cells, they were activated by co-culturing 390.000 CD8+ T cells with

180.000 irradiated B16F10 tumor cells (6000 Rad) in the presence of 1 mg/mL bsAb and 10 ng/mL IL-7 (Bio-Techne). After 24 h, su-

pernatant from stimulated or unstimulated CD8+ T cells was collected and added to BMDM cultures. For the titration experiments, a

gradient of 10–100%CD3/CD28-stimulated T cell supernatant alone, or in combination with whole tumor lysate, was added to naive

BMDMs for 24 h. Additionally, for the a-IFN-g(R) conditions, T cell supernatant was pre-incubated with IFN-g blocking antibodies

(150 mg/mL, BioXCell) and BMDMs with IFN-gR blocking antibodies (150 mg/mL, BioXCell) for 1 h prior to BMDM stimulation. Alter-

natively, a range of 0-20 ng/mL IFN-g (Invitrogen) was used to stimulate BMDMs in the presence LPS (100 ng/mL, Sigma Aldrich). To

generate whole tumor lysate or tumor cell lysate, B16 tumors from bsAb-treated animals or RMA-Qa1b�/� tumors from vaccine-

treated animals were processed into single cell suspensions as described above or B16F10 and RMA-Qa1b�/� tumor cells were har-

vested, combined and subjected to five free-thawing cycles in liquid nitrogen and a 37�Cwater bath. Cellular debris was discarded by

centrifugation at 10.000RCF for 10 min and whole tumor lysate or tumor cell lysate was added to BMDMs alone, or in combination

with T cell supernatant. To assess the contribution of TLR ligands and/or IFN-g to the M1 skewing of macrophages, BMDMs were

pre-incubated with a TLR4 (Tak-242, 10 mM, Tocris), TLR7+TLR9 (E6446, 200 nM, SelleckChem) or TLR1+TLR2 (Cu-CPT22, 10 mM,

SelleckChem) antagonist or with IFN-g (150 mg/mL, BioXCell) and IFN-gR (150 mg/mL, BioXCell) blocking antibodies. To block CCR5

signaling, 100 nMMaraviroc (Tocris) was added to BMDM cultures. BMDMs were stimulated for 24 h after which they were analyzed

by flow cytometry or used in co-culture experiments. To assess the phagocytic and tumor cell killing capacity of macrophages, irra-

diated (6000Rad) RMA-Qa1b�/� or B16 tumor cells were pre-labeled with CFSE according to manufacturer’s protocol and co-cul-

tured with BMDMs from WT or iNOS�/� animals for 4 h, with an effector:target ratio of 1:4. a-CD47 with CD45.2 (RMA-Qa1b�/�)
or TA99 (B16) were added to all co-culture systems. To assess the contribution of TNF-a or NO to macrophage-mediated tumor

cell death, a TNF-a-neutralizing antibody (0-500 ng/mL, Sino Biological) or the NO donor Noc18 (0-100mM, MedChemExpress)

were added to the co-culture. After 4 h, cells were harvested and phagocytosis or cell death were analyzed by flow cytometry.

Griess reaction
To determine the nitrite production by macrophages, cultured BMDMs were unstimulated (M0) or pre-skewed (M1) with IFN-g

(20 ng/mL, Invitrogen) and LPS (100 ng/mL, Sigma Aldrich) for 24 h, after which culture supernatant was collected for analysis.

N-(1-naphthyl)ethylenediamine and sulfanilic acid from the Griess Reagent Kit (ThermoFisher) were mixed in a 1:1 ratio to form

the Griess reagent. 150mL M0 or M1 BMDM culture supernatant was mixed with 20mL Griess Reagent and 130mL deionized water

and incubated for 30 min at room temperature. Absorbance of samples was measured at 548 nm in a spectrophotometer and nitrite

production was determined relative to the nitrite standard solution.

L-arginine cell culture
RMA-Qa1b�/� and B16F10 cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) supplemented with 8%

Fetal Calf Serum (FCS; Greiner), 100 IU/mL Penicillin/Streptomycin (Gibco) and 2 mM glutamin (Gibco) at 37�C and 5% CO2. After a

confluence of 75–85% was reached, cells were harvested and counted using the Muse Cell Analyzer (Merck). 1*106 cells were then

cultured in RPMI 1640 Medium for SILAC (L-arginine free, ThermoFisher) supplemented with 1% FCS, 100 IU/mL Penicillin/

Streptomycin (Gibco) and 2 mM glutamin (Gibco) and with a dose-range from 0 to 1 g/L of L-arginine (Sigma Aldrich) at 37�C and

5% CO2. After 48 h of culturing, cell counts and viability were determined using the Muse Cell Analyzer (Merck) and analyzed in

FlowJo (Tree Star).

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from BMDMs or sorted macrophages (Live, CD45+, CD3�, CD11b+, F4/80+) from vacc. + bsAb-treated B16

tumors, using the NucleoSpin RNA Mini kit for RNA purification (Macherey-nagel) and quantified by Nanodrop (ThermoFisher). RNA

was reverse transcribed with the High-Capacity RNA-to-cDNA kit (ThermoFisher). cDNA (2.5 ng per well) was analyzed by SYBR

green real-time PCR with 10 nM primers using the CFX384 Real-Time System C1000 Thermal Cycler (Bio-Rad). All primers used

in this study are included in Table S3.
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Quantification and statistical analysis
A Priori sample size calculation based on expected median survival times or percentages of infiltrating immune cells was used to

determine the required number of animals for each experiment. Statistical significance between two groups was determined using

an unpaired two-tailed Student’s T test and between >2 groups using a one-way ANOVA with Tukey’s correction for multiple com-

parisons, unless indicated otherwise. For survival analyses a log rank Mantel-Cox test and for response rates a Fisher’s exact test

were performed. Correlation was determined by simple linear regression or Spearman correlation for which the R, R2 and 95% con-

fidence interval were selected as the primary outcome parameters. All statistical tests were performed using the GraphPad Prism

software (V.9). Statistical methods can be found in the figure legends or tables. Data is represented as the mean ± SEM unless stated

otherwise. Statistical significance is shown as * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001.
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