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ABSTRACT
Background  Primary and secondary resistance is a 
major hurdle in cancer immunotherapy. Therefore, a better 
understanding of the underlying mechanisms involved 
in immunotherapy resistance is of pivotal importance to 
improve therapy outcome.
Method  Here, two mouse models with resistance against 
therapeutic vaccine-induced tumor regression were 
studied. Exploration of the tumor microenvironment by 
high dimensional flow cytometry in combination with 
therapeutic in vivo settings allowed for the identification of 
immunological factors driving immunotherapy resistance.
Results  Comparison of the tumor immune infiltrate 
during early and late regression revealed a change from 
tumor-rejecting toward tumor-promoting macrophages. 
In concert, a rapid exhaustion of tumor-infiltrating T cells 
was observed. Perturbation studies identified a small 
but discernible CD163hi macrophage population, with 
high expression of several tumor-promoting macrophage 
markers and a functional anti-inflammatory transcriptome 
profile, but not other macrophages, to be responsible. 
In-depth analyses revealed that they localize at the 
tumor invasive margins and are more resistant to Csf1r 
inhibition when compared with other macrophages. In vivo 
studies validated the activity of heme oxygenase-1 as an 
underlying mechanism of immunotherapy resistance. The 
transcriptomic profile of CD163hi macrophages is highly 
similar to a human monocyte/macrophage population, 
indicating that they represent a target to improve 
immunotherapy efficacy.
Conclusions  In this study, a small population of 
CD163hi tissue-resident macrophages is identified to be 
responsible for primary and secondary resistance against 
T-cell-based immunotherapies. While these CD163hi M2 
macrophages are resistant to Csf1r-targeted therapies, in-
depth characterization and identification of the underlying 
mechanisms driving immunotherapy resistance allows the 
specific targeting of this subset of macrophages, thereby 
creating new opportunities for therapeutic intervention 
with the aim to overcome immunotherapy resistance.

INTRODUCTION
Despite several major breakthroughs in the 
field of cancer immunotherapy, the road to 

ultimate success is obscured by therapy resis-
tance. While some tumors are completely 
unresponsive to immunotherapy, others are 
initially successfully targeted as evidenced by 
substantial reduction in tumor burden, only 
to grow back at later stages.1 2 Understanding 
the underlying mechanisms involved in 
secondary immunotherapy resistance is 
therefore of pivotal importance to improve 
therapy outcome. Currently, knowledge 
on this is mostly limited to malfunctions of 
T cells (ie, checkpoint expression, T-cell 
exhaustion) or tumor-intrinsic mechanisms, 
including problems in the tumor antigen 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Attempts to target tumor-associated macrophages 
with Csf1r-inhibiting therapies have met with dis-
appointing clinical results. Recent studies show 
that specific small subsets of tissue resident M2-
like macrophages are associated with poor clinical 
outcome.

WHAT THIS STUDY ADDS
	⇒ We show that a small population of CD163hi tissue-
resident macrophages is responsible for primary 
and secondary resistance against T-cell-based 
immunotherapies as well as the underlying mecha-
nisms. Notably, these CD163hi M2 macrophages are 
resistant to Csf1r-targeted therapies.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Targeting of tumor-associated macrophages by 
Csf1r-inhibiting therapies does not affect those sub-
sets of M2-like macrophages with a strong negative 
impact on T-cell-based immunotherapy outcomes. 
To reach clinical impact, new studies should focus 
on the exact identification of those macrophage 
subsets that impair tumor immunity and the de-
velopment of therapeutic interventions specifically 
targeting these macrophage subsets.
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presentation pathway, mutations in immune signaling 
pathways and resistance to killing.3 In addition, there is 
much speculation on the effects of tumor-extrinsic resis-
tance mechanisms, including the action of immunosup-
pressive inflammatory cells at the tumor site, because of 
their association with bad prognosis3–5 but clear evidence 
still is lacking. Major problems in studies on secondary 
resistance mechanisms are the limitation in human 
pretreatment and post-treatment samples, anecdotally 
revealing an escape mechanism6 7 and the use of mouse 
tumor models most often showing immunotherapy-
mediated delayed tumor outgrowth rather than tumor 
regression, thus failing to replicate the clinical observa-
tions and the potential to discover how secondary resis-
tance is mediated.8–10 We hypothesized that this limitation 
could be tackled by using two preclinical tumor models 
in which primary tumor regression is induced by stimu-
lation of tumor-specific T-cell activity using therapeutic 
vaccination, followed by immune escape, in combina-
tion with detailed studies of the tumor microenviron-
ment (TME) during different stages of their response to 
immunotherapy.

RESULTS
A more effective therapeutic response is associated with the 
intratumoral presence of functionally different CD8+ T cells 
and macrophages
Two therapeutic vaccination strategies to treat established 
TC-1 tumors with the Human Papillomavirus (HPV)16 
E743-63 synthetic long peptide (SLP) and CpG have been 
developed.11 In strategy 1, mice are vaccinated with the 
SLP, CpG and Incomplete Freund’s Adjuvants in the 
contralateral flank. In the second strategy, mice are vacci-
nated with the SLP and CpG administered in the tail base, 
causing the vaccine to reach the tumor draining lymph 
nodes in both flanks (figure 1A). Vaccination according 
to strategy 1 allows the tumors to become larger before 
tumor regression sets in and does not lead to (near) 
complete regressions as observed after vaccination 
strategy 2 (figure  1B). Comparison of the TME at the 
time of therapeutic response (day 16) in both vaccination 
settings revealed profound differences. The TME after 
vaccination strategy 2 was characterized by a lower infil-
tration of immune cells, including pDC, cDC1, B cells, 
NK cells and T cells into the tumor (figure  1C, online 
supplemental figure S1A,B). Additionally, the CD8+ T 
cells have a more naïve and less effector memory pheno-
type, as determined by CD62L and CD44 expression. 
Further characterization of the Tn, Tcm and Tem pheno-
type following vaccination strategy 2 revealed enrichment 
in non-classical naïve CD8+ T cells,12 characterized by 
high expression of CD27 and intermediate expression 
of CD122 and Eomes (online supplemental figure 1C). 
Furthermore, the CD8+ T cell population comprises 
less cells expressing co-inhibitory markers, CD49a, and 
CD122, while co-stimulation (CD28) and their prolifer-
ative capacity (Ki-67) was increased (figure  1D, online 

supplemental figure S2). Although the percentage of 
macrophages is not significantly different, their pheno-
type is affected by the different vaccination strategies 
as demonstrated by a lower percentage of SIRPα+ and 
CD11c+ macrophages and higher numbers of iNOS+ 
and Ly6C+ macrophages after vaccination strategy 2 
(figure 1E, online supplemental figure S2). This not only 
suggests that a less effective antitumor response (strategy 
1) requires a stronger recruitment and activation of many 
members of the immune system to enable a therapeutic 
response, but also implies that a lower yet more func-
tional T cell and macrophage response (strategy 2) is 
more effective in controlling tumor growth.

Antitumor function of intratumoral CD8+ T cells and 
macrophages is rapidly lost during tumor regression
To gain a better insight in the development of the 
exhausted immune response after vaccination strategy 1, 
the changes in the TME were studied over time following 
therapeutic response to vaccination. Tumors were 
isolated and analyzed by high dimensional flow cytometry 
directly after the response to therapy set in, and 3 days 
later (figure  2A). Remarkably, the composition of the 
TME was completely altered within these 3 days. Analysis 
of both the myeloid and lymphocytic cell compartments 
revealed a lack of co-clustering when the two different 
days were compared, indicating dramatic changes in the 
cellular characteristics (figure  2B, online supplemental 
figure S2). Detailed analysis revealed a strong reduction 
in the percentage of macrophages (figure  2C, online 
supplemental figure S2). Additionally, these macrophages 
switched to an immunosuppressive phenotype based on 
the increased expression of Arginase 1 (Arg1) and SIRPα 
and the loss of iNOS, MHC-II and CD40 (figure  2D, 
online supplemental figure S2). Profound changes in the 
CD8+ T-cell population were observed, indicative for an 
increased but less functional T-cell response (figure 2E, 
online supplemental figure S2). Three days after the start 
of tumor regression, more of the CD8+ T cells express the 
co-inhibitory markers CD39, NKG2A, CTLA-4 and TIGIT 
while the expression of the inflammatory molecule CD49a 
is decreased. Furthermore, the CD8+ Tcm population evap-
orated, suggestive of excessive drainage on these precur-
sors for effector cells and fitting with their increased 
expression of the proliferation marker Ki-67. Loss of the 
transcription factor Eomes indicates a potential decrease 
in type 1 T cells. Thus, the less effective tumor control 
and eradication induced by vaccine strategy 1 is associ-
ated with a rapid loss of antitumor immune function, due 
to exhaustion of intratumoral T cells and loss of immune-
stimulatory capacity of macrophages.

CD163hi macrophages bear a distinct anti-inflammatory 
phenotype and are resistant to Csf1-targeted therapy
The increased expression of several co-inhibitory mole-
cules may call for the use of immune checkpoint inhibitors 
to improve therapeutic efficacy, but we showed previously 
that checkpoint inhibition displayed only marginal effects 
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Figure 1  A lower yet more functional T cell and macrophage response is associated with enhanced tumor control. 
(A) Experimental setup of therapeutic vaccination strategies for TC-1 tumors. (B) Average tumor growth curves of TC-1 tumors 
treated with vaccination strategy 1 or 2 (n=10 per group). (C) Percentages of myeloid and lymphoid populations in the TME 
and percentages of naïve, central memory and effector memory CD8+ T cells, 8 days after therapeutic vaccination (n=7–9 per 
group). (D, E) Heatmap representing the percentages of CD8+ T cells and macrophages expressing phenotypic markers in the 
TME 8 days after therapeutic vaccination (n=7–9 per group). IFA, Incomplete Freund’s Adjuvants; PBS, Phosphate Buffered 
Saline; TME, tumor microenvironment. Significance is shown as *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001.
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on tumor control in this model.11 13 Tumor-associated 
macrophages (TAMs) have also been widely described to 
promote tumor progression. The rapid switch from an 

immune stimulatory to immunosuppressive macrophage 
phenotype prompted us to interrogate their role in the 
loss of intratumoral immune function. First, the key 

Figure 2  Ineffective tumor control and eradication is associated with a rapid loss of immune function. (A) Experimental 
setup of a TME study comparing therapeutically vaccinated mice at day 16 and 19 after tumor inoculation. (B) opt-SNE plots 
of myeloid and lymphocyte compartments from day 16 (green) and 19 (purple) (C) Percentages of myeloid and lymphocyte 
populations as well as naïve, central memory and effector memory CD8+ T cells in the TME at day 16 (green) and 19 (purple). (D, 
E) Heatmap representing the percentages of macrophages and CD8+ T cells expressing phenotypic markers in the TME at day 
16 and 19 after tumor inoculation (n=5–8 per group). TME, tumor microenvironment; t-SNE, t-Distributed Stochastic Neighbor 
Embedding. Significance is shown as *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001.
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regulator of myeloid differentiation and function Csf1 
was targeted using PLX-3397, a selective Csf1r (CD115) 
and c-Kit inhibitor. However, this impaired the response 
to therapeutic vaccination and no vaccine-driven tumor 
regressions could be observed (online supplemental 
figure S3A,B), validating the importance of the functional 
switch observed in macrophages with respect to tumor 
control (figures  1E and 2D). Treatment with PLX-3397 
also resulted in a significant reduction in pDC, cDC1, B, 
NK and T cells, but not Treg cells (online supplemental 
figure S3C-E). To target the potential immune suppressive 
macrophages more specifically, they were characterized 
using established immunosuppressive M2-like phenotypic 
markers, including CD163, Arg1, Egr2, PD-L1, SIRPα and 
SiglecG. Two CD163+ macrophage populations could be 
distinguished, one with intermediate levels of CD163 
(CD163dim) and one with high levels of CD163 (CD163hi; 
figure  3A). Phenotypically, the CD163-, CD163dim and 
CD163hi macrophages were very distinct, with the 
CD163hi population bearing the classical immunosup-
pressive M2 phenotype Arg1+Egr2+PD-L1+SIRPα+SiglecG+ 
(figure  3B). Analysis of the spatial organization of the 
macrophages in these tumors by immunohistochemistry 
revealed an almost complete reduction in macrophages 
(F4/80) by PLX-3397, except for a fraction at the invasive 
tumor margin (figure 3C,D, online supplemental figure 
S4A) where most of the CD163hi macrophages resided, 
as tissue-resident macrophages surrounding the tumor. 
Besides the CD163hi macrophages in the tumor margin, 
some CD163+ cells were present inside the tumor. These 
cells stained weaker against CD163 and are assumed to 
be the CD163dim macrophages, in accordance with Etze-
rodt et al.14 Together, this indicated that tissue-resident 
CD163hi macrophages are more resistant to Csf1-targeted 
therapy than other macrophages and implied the require-
ment for a more direct approach to deplete them.

CD163hi macrophages drive both primary and secondary 
immunotherapy resistance
The use of doxorubicin-loaded CD163-directed lipo-
somes (αCD163-DXR) allows the specific depletion of 
CD163+ macrophages in tumors, while empty liposomes 
(αCD163-Control) leave this population intact.14 15 This 
was confirmed by immunohistochemistry (figure  3C,D, 
online supplemental figure S4A). No direct effects of the 
CD163-directed liposomes on the number or phenotype 
of tumor cells were found in vivo (online supplemental 
figure S4B). On-target off-tumor toxicity of αCD163-DXR 
was assessed in heart, kidney and liver tissue (online 
supplemental figure S5). As expected, CD163+ macro-
phages can be found in heart and liver tissue, but are 
absent from the kidneys. Treatment with αCD163-DXR 
did not target cardiac CD163+ macrophages, but did result 
in a decrease in CD163+ cells in the liver. Nevertheless, 
this decrease did not impact total macrophage numbers 
in the liver, and as no evident pathologies arose during 
experiments, the safety of this treatment was deemed 
acceptable. Strikingly, when αCD163-DXR was combined 

with vaccine strategy 1 the depletion of CD163+ macro-
phages recapitulated the differences in tumor control 
between the two vaccine strategies as it led to better 
control of tumor growth by vaccine strategy 1, similar to 
previously observed with vaccine strategy 2 (figure 4A,B). 
Therefore, we used this approach to study the impact of 
CD163+ macrophages on the changes observed in the 
TME and survival of mice.

Exploration of the TME by high dimensional flow 
cytometry following CD163+ macrophage depletion in 
TC-1 tumors revealed subtle changes in the t-Distrib-
uted Stochastic Neighbor Embedding (t-SNE) clustering 
of myeloid and pronounced changes in the lymphocyte 
populations (figure  4C, online supplemental figure 
S6). A specific depletion of CD163dim and CD163hi 
macrophages was confirmed by flow cytometry, while 
the total percentage of macrophages remained intact 
(figure  4D,E), as would be expected since the CD163+ 
macrophage population only forms a small fraction 
within the total population of macrophages. CD163+ 
macrophage depletion did not alter the number of 
tumor-infiltrating T cells (figure  4E) but had a major 
effect on the phenotype of tumor-infiltrating CD8+ T 
cells (figure 4F,G, online supplemental figure S6), highly 
resemblant to the TME of tumors treated with the more 
effective vaccination strategy 2 (figure 1). Specifically, the 
number of effector cells, and percentage of HPV-specific 
tetramer-positive cells decreased. Notably, the Teff/Treg 
and Tm+/Treg ratios remained unaltered. The number 
of effector CD8+ T cells decreased while the non-classical 
naïve CD8+ T cells increased, an immune cell composi-
tion in the TME that is highly similar to the one found 
with vaccination strategy 2 (figure 1, online supplemental 
figure S1C,S7). Also the expression of all co-inhibitory 
molecules, CD28, CD122 and CD49a on total CD8+ T 
cells was decreased. The impact on the remaining macro-
phages was subtle with a significant decrease in PD-L1+ 
cells and increase in the expression levels of the M1-like 
marker iNOS (figure 4H).

Where checkpoint targeted therapies failed to prevent 
tumor recurrence (online supplemental figure 8A) and 
despite the fact that CD163+ macrophages only make up 
a small percentage of total macrophages, depletion of 
these cells resulted in a significant clinical improvement 
when mice were also vaccinated. This was evidenced by a 
strongly decreased tumor relapse rate, as only 4/17 mice 
relapse in the CD163 depletion group, compared with 
12/17 mice in the control group (figure  5A,B). Conse-
quently, the overall survival was greatly improved, with the 
survival rate going up from ~29% to ~76% (figure 5C,D). 
Depletion of CD163+ macrophages as a single treatment 
had no effect (figure 5B–D).

To confirm the key role of CD163+ macrophages in 
extrinsic immunotherapy resistance, their involvement 
in the Rauscher’s Murine Leukemia virus induced RMA-
Qa-1-/- tumor model, genetically modified to block the 
immune checkpoint axis NKG2A/Qa1, was tested.13 Ther-
apeutic vaccination with the Gag-encoded CD8+ T-cell 
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Figure 3  CD163hi macrophages bear a classical anti-inflammatory M2-like phenotype and are resistant to Csf1-targeted 
therapy. (A) Representative flow cytometry dot plot of CD163 expression on macrophages in the TME. (B) Expression of 
macrophage-associated markers on CD163-, CD163dim and CD163hi macrophages (n=5 per group). (C) Representative 
immunohistochemistry staining of macrophages (F4/80, top) and CD163+ cells (bottom) in tumors treated with αCD163-DXR or 
PLX3397 and their respective controls, 10× zoom. (D) Immunohistochemistry DAB quantification of F4/80 (left panel), CD163 
(middle panel) or CD163/F4/80 ratios (right panel) of tumors after treatment with αCD163-DXR or PLX3397 (n=3–5 per group). 
DAB, 3,3’diaminobenzidine; TME, tumor microenvironment. Significance is shown as *=p<0.05, **=p<0.01, ***=p<0.001 and 
****=p<0.0001.
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Figure 4  CD163+ macrophage depletion reverses the hyperactivated phenotype of CD8+ T cells. (A) Experimental setup of 
a TME study comparing therapeutically vaccinated mice treated with αCD163-Control liposomes (black) to mice treated with 
αCD163-DXR depleting liposomes (red) (B) Average tumor growth curves of TC-1 tumors treated with therapeutic vaccination 
in combination with αCD163-Control liposomes (black) or αCD163-DXR depleting liposomes (red; n=17 per group) (C) opt-SNE 
plots of myeloid and lymphocyte compartments of tumors treated with therapeutic vaccination in combination with αCD163-
DXR or control nanoparticles. (D–F) Percentages CD163dim and CD163hi macrophages of total macrophages (D) myeloid and 
lymphocyte populations (E) and effector state of CD8+ T cells (F) from tumors with (red) and without (black) CD163+ macrophage 
depletion (n=4–5 per group). (G) Heatmap representing the percentages of CD8+ T cells expressing phenotypic markers in the 
TME of control and αCD163-DXR treated tumors (n=4–5 per group). (H) Percentage and Mean Fluorescent Intensity (MFI) of 
macrophages expressing M2-like (Arg1, Egr2, PD-L1, SIRPa) and M1-like (iNOS) phenotypic markers in the TME (n=4–5 per 
group). MFI, Mean Fluorescent Intensity; TME, tumor microenvironment. Significance is shown as *=p<0.05 and **=p<0.01.
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Figure 5  CD163+ macrophage depletion overcomes primary and secondary resistance against immunotherapy. 
(A) Experimental timeline of TC-1 tumor-bearing mice treated with therapeutic vaccination in combination with αCD163-Control 
or αCD163-DXR liposomes. (B) Tumor growth curves of TC-1 tumors from untreated (gray), αCD163-Control liposome single 
treated (black dashed), therapeutic vaccination with αCD163-Control liposomes (black), αCD163-DXR liposome single treated 
(red dashed) or therapeutic vaccination and αCD163-DXR liposome (red) treated mice (n=4–17 per group). Numbers represent 
the animals that are tumor free at the end of the study. (C) Survival curve and (D) response bar graphs of TC-1 tumor-bearing 
mice treated with therapeutic vaccination and αCD163-DXR liposomes or their respective controls (n=4–17 per group). 
(E) Experimental timeline of RMA-Qa1-/- tumor-bearing mice treated with therapeutic vaccination in combination with αCD163-
Control or αCD163-DXR liposomes. (F) Average tumor growth curves of RMA-Qa1-/- tumors treated with therapeutic vaccination 
in combination with αCD163-Control liposomes (black) or αCD163-DXR depleting liposomes (red) or αCD163-DXR depleting 
liposomes single treatment (red dashed) (n=11–12 per group). (G) Tumor growth curves of RMA-Qa1-/- tumors treated with 
therapeutic vaccination and αCD163-DXR liposomes or their respective controls (H) Survival curve and (I) response bar graphs 
of RMA-Qa1-/- tumor-bearing mice treated with therapeutic vaccination and αCD163-DXR liposomes or their respective controls 
(n=11–12 per group). Significance is shown as *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001.
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epitope and the Env-encoded CD4 T-cell epitope may 
result in strong but transient therapeutic responses in a 
bilateral tumor growth setting as used here. Some tumors 
are primary resistant against therapy, while others initially 
regress before they relapse. Therefore, this model is ideal 
to study primary and secondary resistance against immu-
notherapy. Similar to the TC-1 tumor model, depletion 
of CD163+ macrophages in RMA-Qa1-/- strongly improved 
immunotherapy induced tumor control (figure  5E,F). 
Unlike the results obtained in the TC-1 tumor model, 
depletion of CD163+ macrophages in RMA-Qa1-/- as 
single therapy already results in strong tumor regressions 
(figure 5F). This is accompanied by a significant increase 
in T cells and NK cells in the TME (online supplemental 
figure S8B-D). More specifically, the type 1 phenotype 
of CD8+ T cells is enriched, marked by increased Eomes 
and GrzB expression as well as proinflammatory cytokine 
production (online supplemental figure S8E). The indi-
vidual tumor growth curves from RMA-Qa1-/- reveal that 
CD163+ macrophage depletion not only impacts primary 
tumor outgrowth, but also overcomes secondary immu-
notherapy resistance after therapeutic vaccination, with 
tumor relapse in only 2/12 mice in the CD163 targeted 
group vs 9/12 in the control group (figure 5G). Accord-
ingly, the survival rate increases from 25% to 83% when 
mice were treated with the combination of CD163+ 
macrophage depletion and therapeutic vaccination as 
compared with vaccination alone (figure 5H,I). Together, 
these findings demonstrate that the tumor-resident 
CD163+ macrophages are key in mediating primary and 
secondary resistance to immunotherapy.

The wound healing features of CD163hi macrophages are 
involved in immune suppression and therapy resistance
To dissect the cellular processes in the immunotherapy 
resistance-causing CD163+ macrophages, we isolated 
CD163-, CD163dim and CD163hi macrophages from TC-1 
tumors and compared their transcriptomic phenotype 
by bulk RNA sequencing. Principal component analysis 
revealed a distinct clustering of these three cell types, 
with the CD163dim cells appearing to be of an interme-
diate phenotype, bearing some similarity to both CD163- 
and CD163hi macrophages (figure  6A). The expression 
of genes associated with true M2 macrophage function, 
including Folr2, Mmp12, Arg1, Ccl8, Cdf15, Ido1, Il10, 
Cebpa, Retnla, Pparg, Nfe2l2, Itgax, Hmox1, Mrc1 and 
Maf, was strongly increased in CD163hi macrophages 
when compared with CD163dim and even stronger 
when compared with CD163- macrophages (figure  6B, 
online supplemental data files 1,2), indicating that the 
CD163hi macrophages are functionally polarized immu-
nosuppressive M2 macrophages.16 17 While the CD163dim 
macrophages express some characteristic M2-polarized 
macrophage genes (eg, Irf4, Cebpd, Il33), these cells clearly 
are not functional immunosuppressive M2 macrophages 
as can be deduced from their expression of gene tran-
scripts for IFNγ and granzymes. This fits well with reports 

indicating that not all CD163+ cells are truly M2-polarized 
macrophages and may even be dendritic cells.18 19

Since the CD163- macrophage population consists of all 
other macrophages present in the TME and is therefore 
very heterogeneous, we focused on the DEGs between 
CD163hi and CD163dim macrophages. We performed 
a gene set enrichment analysis (GSEA)-based enrich-
ment for GO-terms on these DEGs and subsequently ran 
these GO terms (251 total) with their respective p-ad-
justed values through the REViGO software to remove 
redundant GO terms.20 The results were then plotted 
in Cytoscape (figure 6C) and revealed three main path-
ways enriched in CD163hi macrophages compared with 
CD163dim macrophages: (1) blood vessel development, 
(2) extracellular matrix (ECM) remodeling, and (3) 
wound healing (online supplemental data file 3). Macro-
phages, especially of tissue-resident origin, have been 
described to play a role in blood vessel development.21 
We therefore studied the presence of intratumoral blood 
vessels by immunohistochemistry staining against CD31.22 
However, depletion of CD163+ macrophages did not 
alter the number of blood vessels, as quantified by CD31 
DAB (3,3’diaminobenzidine) staining (figure 7A, online 
supplemental figure S9A) indicating that this pathway 
did not play a role in therapy resistance. This notion was 
confirmed by depletion of all CD115+ macrophages using 
PLX3397, where a significant reduction in the number 
of intratumoral blood vessels was observed. To investigate 
the effect on ECM remodeling, tumors from mice treated 
with αCD163-Control or αCD163-DXR were stained using 
the Masson’s Trichrome Stain Kit. Indeed, a decrease in 
the collagen deposit could be observed on depletion of 
CD163+ macrophages (figure  7B, online supplemental 
figure S9B). However, TC-1 tumors in general are very 
low in collagen, as compared with KPC3 tumors or 
skin tissue, making it highly unlikely that the impact of 
ECM remodeling sensitized TC-1 tumors to immuno-
therapy. One of the mechanisms by which macrophages 
can execute their wound healing capacity acts via heme 
oxygenase 1 (HO-1), with as result the release of the 
anti-inflammatory metabolites iron, carbon oxide and 
biliverdin, which leads to the production of the well-
known immunosuppressive compound adenosine and 
the upregulation of CD39 on T cells.23 24 Examination 
of the genes associated with the wound healing pathway 
showed that Hmox1, the gene encoding for HO-1 and 
its transcription factor Nfe2l2 (Nrf2) were specifically 
upregulated in the CD163hi macrophage population 
(figure 6B). Indeed, depletion of CD163+ macrophages by 
αCD163-DXR resulted in a significant decrease in HO-1 
when compared with control treatment, as determined 
by immunohistochemistry staining (figure 7C,D). There-
fore, Tin Protoporphyrin IX dichloride (SnPP), a specific 
HO-1 inhibitor, was used in combination with therapeutic 
vaccination to treat TC-1 tumor-bearing mice. Similar to 
treatment with the more effective vaccination strategy 2 
or depletion of CD163+ macrophages, inhibition of HO-1 
improved the initial tumor control by vaccination strategy 
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1, resulting in (near) complete regressions (figure 7E). 
Additionally, a strong decrease in the number of tumor 
relapses could be observed (figure 7F,G) and the survival 
rate of mice was significantly improved in comparison to 
SnPP or vaccination single treatment (figure 7H).

Similar to tumors treated CD163+ macrophage deple-
tion, treatment with SnPP did not increase the number 

of tumor infiltrating CD8+ T cells but rather resulted in 
a phenotypic switch (online supplemental figure 10A-D). 
This included the increase in infiltration by non-classical 
naïve CD8+ T cells and a decrease in the expression of 
co-inhibitory molecules, CD28 and CD49a. The pheno-
type of the macrophages was not altered by HO-1 inhi-
bition (online supplemental figure 10E). The observed 

Figure 6  CD163hi macrophages are involved in wound healing, blood vessel development and ECM remodeling. (A) PCA plot 
of sorted CD163hi, CD163dim and CD163- macrophages from the TME of TC-1 tumors treated with therapeutic vaccination, 
as determined by bulk RNA sequencing. (B) Heatmap of highlighted differentially expressed genes (DEG) with the log2 Fold 
Change (log2(CD163hi)-log2(CD163dim)) (left) and the log2 Fold Change (log2(CD163hi)-log2(CD163-)) and their adjusted p values. 
(C) REViGO analysis of enriched GO terms in CD163hi macrophages compared with CD163dim macrophages, figure created in 
Cytoscape using a circular layout. ECM, extracellular matrix; PCA, principal component analysis.
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Figure 7  CD163hi macrophages drive immunotherapy resistance via HO-1. Immunohistochemistry DAB quantification in 
TC-1 tumors treated with therapeutic vaccination in combination with αCD163-Control or αCD163-DXR liposomes (left) or in 
combination with control or PLX3397 (right) for (A) CD31, (B) collagen and (C) HO-1 (n=4–5 per group). (B) Collagen staining of 
KPC3 tumors (green) and mouse skin (blue) are positive controls (n=1–5). (D) Representative immunohistochemistry staining of 
HO-1 in tumors treated with αCD163-Control (left) or αCD163-DXR (right), 1× and 10× zoom. (E) Average tumor growth curves 
of TC-1 tumors treated with therapeutic vaccination (red) or therapeutic vaccination and SnPP (purple) (n=10–12 per group). 
(F) Tumor growth curves of TC-1 tumors from untreated (black), SnPP treated (blue), therapeutic vaccination treated (red) or 
SnPP and therapeutic vaccination (purple) treated mice (n=8–12 per group). Numbers represent the animals that are tumor 
free at the end of the study. (G) Bar graph representing response to therapy and (H) survival graph of TC-1 tumor-bearing mice 
treated with therapeutic vaccination and SnPP or their respective controls (n=8–12 per group). SLP, synthetic long peptide. 
Significance is shown as *=p<0.05, **=p<0.01 and ***=p<0.001.
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effects of the HO-1 inhibitor on CD8+ T cells appear to 
be indirect, as the expression of the co-inhibitory mole-
cules changed in vivo, were not altered when CD8+ T 
cells in CD3/CD28 activated splenocytes cultured in the 
presence of the HO-1 inhibitor SnPP were compared 
with those cultured without the HO-1 inhibitor (online 
supplemental figure 10F). Together, these findings indi-
cate that the wound healing pathway via increased HO-1 
expression, is one of the mechanisms employed by the 
tissue-resident CD163+ functional M2 macrophages to 
drive immunotherapy resistance.

CD163hi macrophages resemble a specific monocyte/
macrophage population in humans
Recently, a number of transcriptomic profiles of different 
types of macrophage and myeloid cells have been 
reported, which allowed us to compare the transcriptomic 
profile of the CD163hi macrophage population with these 
populations. The expression of the top 20 upregulated 
and downregulated genes from the CD163hi macrophage 
dataset was examined in the 14 established monocyte 
and macrophage types from literature (figure  8, left 
column). We devised a scoring system in which the pres-
ence and direction of an expressed gene within the top 
20 of upregulated/downregulated genes in the CD163hi 
and comparator population led to a maximum score of 
80 points when the cell types displayed a highly similar 
transcriptomic profile (figure 8, right columns). From all 
of these types one monocyte/macrophage population, 
existing both in mice and humans, was highly similar 
to our CD163hi macrophages. While the exact function 
of that similar monocyte/macrophage population has 
not been fully explored, they both display a functional 
M2 signature, suggesting the translational potential for 
targeting CD163hi macrophages as a therapeutic interven-
tion to overcome immunotherapy resistance in patients 
with cancer. As expected, inflammatory monocytes had 
the lowest similarity score to the CD163hi macrophages 
from this study, confirming the anti-inflammatory M2-like 
nature of these macrophages. Interestingly, also cardiac 
macrophages were of fairly high similarity to the CD163hi 
macrophages from this study, while splenic macrophages 
were of very low similarity. This underpins the tissue-
resident nature of the CD163hi macrophage population 
and explains their localization at the tumor invasive 
margin (figure  3C, online supplemental figure S4A). 
The previously with metastasis associated tumor-resident 
CD163+Tim4+ macrophages25 did not match the CD163hi 
macrophage population, fitting with the differences in 
Csf1-targeted therapy sensitivity between the two cell types 
and underlines the heterogeneity of CD163+ macrophage 
populations as well as the necessity of additional pheno-
typic identifiers on top of CD163. To confirm the pres-
ence of a CD163hi macrophage population in humans, we 
compared our CD163hi gene set to established monocyte 
and macrophage populations from human datasets using 
the cellxgene MoMac_VERSE software. Indeed, a similar 
population was enriched in human cancers especially 

in breast and pancreatic cancers (online supplemental 
figure S11A,B), which are notorious for their resistance 
to immunotherapy. These cells were most similar to anti-
inflammatory macrophages, in particular to HES1+ TAMs 
(online supplemental figure S11C).26 Altogether, these 
data confirm the presence of macrophage populations 
that are similar to the CD163hi macrophages in human 
beings, and suggest that they play a similar role in human 
cancers.

DISCUSSION
Despite the initial impact of immunotherapy on tumor 
growth, patients often progress due to the development 
of therapy resistance. Here, we identified a small subset 
of CD163+ tissue-resident macrophages that drives both 
primary and secondary resistance against T cell-targeted 
immunotherapies in preclinical models. These macro-
phages were highly comparable to a subset of human 
macrophages with a functional M2 macrophage signa-
ture,27 that is, enriched in human cancers and shares 
the expression of Maf in the CD163+ macrophage subset 
recently associated with low response to checkpoint 
therapy in patients with leukemia28 as well as the lack of 
Csf1r expression in the CD163+ macrophage subset asso-
ciated with resistance to checkpoint therapy in patients 
with non-small cell lung cancer.29 While TAM hetero-
geneity in function and origin is widely acknowledged, 
macrophages are often grouped on the basis of a few 
markers.30 Yet, recent studies show that among all macro-
phages present in tumors, small but different subsets of 
tissue-resident M2-like macrophages bear a strong impact 
on clinical progression25 27 31 32 and immunotherapy effi-
cacy.28 29 32 Although, such macrophages display a similar 
transcriptional profile to their monocyte-derived counter-
parts under homeostatic conditions, they differ in their 
response to signals from the TME, resulting in distinct 
phenotypes and functions32 33 potentially explaining 
why the tissue-resident macrophages have a stronger 
impact. There is quite some transcriptional heterogeneity 
between the identified subsets of tissue-resident M2-like 
macrophages with a negative effect on clinical outcome, 
but a number of genes (Cd163, Lyve1, Maf, Mrc1 and 
Timd4) reappear in all profiles25 34–36 and may form the 
core profile for this immune suppressive subset. At this 
point, it remains to be solved if all these subsets represent 
truly discrete populations of macrophages or whether 
they represent macrophages with subtle differences in 
their specific functional state, potentially induced by the 
anatomical location they reside in.

A more effective antitumor response, generated by 
the depletion of CD163+ macrophages or by vaccina-
tion strategy 2 resulted in the influx of non-classical 
naïve CD62L+CD44-CD27+ CD8+ T cells. Previously, these 
CD27+ naïve-like CD8+ T cells lack the ability to produce 
perforins and granzymes but did produce cytokines.12 37 
They stimulate the formation of lymph node-like vascu-
lature inside the tumor and as such the influx of naïve T 
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Figure 8  CD163hi macrophages resemble M2 macrophages in humans and are of a tissue-resident nature. Comparison of 
the transcriptome profile of CD163hi macrophages from this study to 14 established monocyte and macrophage types from 
literature. Maximum similarity scores to the CD163hi macrophages (max. 40; left column) were combined with maximum 
similarity score to the literature cell types (max. 40; right column), resulting in a maximum combined score of 80 (right column). 
When a particular gene from the top 20 was also present in the top 20% DEG from the corresponding gene set, this gene was 
written in bold. An example of the scoring system is shown in the green box.
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cells that are locally activated to become fully functional 
effector cells.38–40 This leaves us to speculate that in the 
absence of CD163+ macrophages, intratumoral priming 
of T cells occurs, a process which may contribute to the 
overall efficacy of immunotherapy.

RNA sequencing allowed us to identify three main 
pathways enriched in the CD163hi tissue-resident macro-
phages: blood vessel development, ECM remodeling, and 
wound healing. A tissue-resident macrophage subset with 
a phenotypic signature similar to the CD163hi macro-
phages has been found in the arterial wall and the adult 
heart.41 42 Additionally, Lyve1+ macrophages were shown 
to control vessel permeability and density.43 44 Interest-
ingly, cardiac macrophages with an M2-like phenotype 
have been indicated as excellent regulators of ECM 
remodeling.45 46 Reorganization of the ECM contributes 
to tumor progression and therapy resistance,47 48 and is 
tightly interwoven with the wound healing process, for 
which CD163+ macrophages are well known.49 50 We and 
others showed that CD163+ tissue-resident macrophages 
in tumors have a strong anti-inflammatory wound healing 
signature, specifically through high Hmox1 expres-
sion.35 51 52 CD163 is the receptor for the hemoglobin/
haptoglobin complex and these cells thus are by default 
involved in the degradation of heme, resulting in the 
local release of the anti-inflammatory factors iron, biliv-
erdin and carbon oxide.23 53 It is therefore not surprizing 
that many attempts to inhibit tumor growth through 
the blockade of this pathway have been undertaken, 
with promising preclinical results.54–56 CD163-depletion 
as well as HO-1 inhibition resulted in similar pheno-
typic changes of CD8+ T cells in the TME. Therefore, 
the downstream effects of HO-1 forms one mechanism 
employed by CD163hi macrophages to suppress CD8+ 
T cell activity. Importantly, CD163hi macrophages also 
showed increased expression of Arg1, Ido1 and IL-10, 
three other pathways known to suppress the function of 
CD8+ T cells in tumors.57 It is very likely that these path-
ways also played a role in CD163hi macrophage-mediated 
inhibition of CD8+ T cells in our tumor models. As these 
immune suppressive pathways are well established and 
known to be used by other subsets of immune suppressive 
cells too, we focused our attention on the role of Hmox1 
in this manuscript, as this enabled us to establish a direct 
link between gene expression and function of the macro-
phages in the suppression of CD8+ T cells. Interestingly, 
interference with only one of the inhibitory mechanisms 
(HO-1) employed by CD163hi macrophages can already 
shift the balance in the TME towards tumor control, 
which is in line with checkpoint inhibition, where despite 
the expression of multiple co-inhibitory molecules on 
activated CD8+ T cells, blockade of one such a molecule 
can have dramatic improvement of clinical outcome.

Earlier studies showed that the number of tumor-
infiltrating macrophages, independent of their pheno-
type, is associated with poor clinical outcome.30 58 Hence, 
targeting of pathways that interfered with their recruit-
ment, activation or polarization have been proposed as 

potential therapeutic strategies.59 Strategies to prevent 
the recruitment are of no use when it comes to tissue-
resident macrophages.32 Targeting of the Csf1/Csf1r axis, 
a signaling pathway that plays an essential role in differ-
entiation and maintenance of most macrophage popula-
tions, has been studied in the clinic based on preclinical 
data showing a delay in tumor outgrowth in different 
tumor models.60–63 Yet, a series of clinical trials targeting 
the Csf1/Csf1r axis have met with limited results.64 We 
demonstrated that the CD163hi population is less sensitive 
to Csf1r inhibition when compared with the majority of 
other macrophage populations. This not only suggests a 
cellular maintenance pathway independent of Csf1/Csf1r 
signaling active in CD163hi macrophages but also may 
explain why blockade of this signaling axis has limited 
clinical potential. In addition, the depletion not only of 
tumor-supporting but also of the tumor-rejecting macro-
phages that are required to achieve tumor regression may 
also underly the disappointing clinical outcomes.11 65 66 
Indeed, we showed that the treatment with the Csf1r inhib-
itor PLX3397 results not only in the decrease of macro-
phages but also in that of several other myeloid cell 
populations and completely abolished the clinical effect 
of therapeutic vaccination in the TC-1 tumor model, 
while targeting of the CD163+ macrophage population 
allowed a full immune-mediated tumor regression and 
prevented secondary resistance. The size and phenotype 
of the tumor-rejecting macrophage pool is still elusive but 
attempts to stimulate their killing and phagocytic capacity 
by targeting myeloid cell checkpoints are currently under-
taken.67–69 Notably, our observation that a Csf1r+ macro-
phage is positively associated with therapy success was 
recently confirmed in patients with non-small cell lung 
cancer on immune checkpoint therapy.29 Together with 
our new data, this illustrates that within the same tumor at 
least two distinct macrophage populations are present. A 
Csf1r+ subset, of pivotal importance for therapy-induced 
tumor control, and a Csf1r- subset that dictates immuno-
therapy resistance. These findings underline the clinical 
importance of selective macrophage targeting strategies.

In general the expression of CD163 on the surface of 
macrophages is believed to be a strong indicator of an 
anti-inflammatory and tissue-resident phenotype. Indeed, 
here, we show that a small tissue resident CD163+ macro-
phage population at the invasive margin of the tumor 
is responsible for both primary and secondary resis-
tance against cancer immunotherapy. In line with this, 
the presence of a small subset of CD163+ macrophages 
at the invasive front was associated with tumor progres-
sion in colorectal cancer, as well as resistance to BCG-
immunotherapy in bladder cancer,70 71 suggesting that 
these macrophages may act on CD8+ T cells before they 
enter the tumor cell nests. This would fit with our obser-
vation that both the depletion of CD163 macrophages 
and the inhibition of HO-1 results in a more prominent 
presence of non-classically activated naïve T cells in the 
tumor, indicative for a change in the capacity of new 
T cells to infiltrate the tumor. A similar ‘gate-keeper’ 
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function has been reported for Tim-4+ cavity-resident 
macrophages in NSCLC.34 Additionally, the expression of 
CD163 is not limited to M2 tissue-resident macrophages 
per se18 19 and, therefore, may not always identify the 
tumor-promoting macrophage population. In addition, 
whereas the lack or low Csf1r expression by such CD163+ 
macrophages has, similar to our study, been associated 
with resistance to immunotherapy29 the expression of 
PD-L1 by CD163+ macrophages was not.29 72 Therefore, 
we suggest to use CD163 in combination with at least one 
other functional marker, such as Lyve1, CD206, c-Maf, or 
Tim4. These and other markers found to be upregulated 
on the CD163hi macrophage population in this study, are 
involved in tumor progression and in the response to 
therapy in human cancers.17 27–29 34 36 72

Finally, the heterogeneity between CD163+ macrophage 
subtypes, a feature for which macrophages are notorious, 
is associated with a high diversity in the genes of tumor-
supporting pathways (eg, HO-1, Arginase, IL-10) enriched 
in these CD163+ tissue-resident macrophages.14 35 This 
suggests that it is more efficacious to deplete these macro-
phages at the cellular level, rather than targeting one or 
more downstream pathways.

MATERIALS AND METHODS
Experimental design
Mice
C57BL/6J (BL/6J) mice were obtained from Charles 
River Laboratories (France), TCR transgenic mice 
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). 
All animals were housed in individually ventilated cages 
under specified pathogen-free conditions in the animal 
facility of the Leiden University Medical Center. Female 
and male BL/6 J mice of 8–10 weeks of age at the start 
of the experiment were used for the TC-1 and RMA-Qa1-

/- model, respectively. Male Ly5.1 mice aged 8–12 weeks 
were used for RMA-Qa1-/- TME studies. Animals were 
subcutaneously inoculated with 1×105 TC-1, 1×103 RMA-
Qa1-/- or 1×105 KPC3 tumor cells in 100 µL Phosphate 
Buffered Saline (PBS) containing 0.1% bovine serum 
albumin (BSA) on day 0 in the right, or right and left 
flank. Tumor volume (l×w×h) was measured thrice weekly 
using a caliper. Animals were randomized prior to treat-
ment and experimental measurements were conducted 
in a blinded manner.

Tumor cell lines
TC-1 serves as model for HPV-induced cancer and was 
generated by the transduction with the E6 and E7 oncop-
roteins of HPV16.73 RMA-Qa1-/- 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 homogenous Qa1b knockout 
cell line, cells were incubated for 48 hours with 30 IU/mL 
IFN-γ (Biolegend) and subsequently FACS sorted three 

times on Qa1b- cells.13 KPC3 is a derivate cell line of a 
KPC tumor with mutant p53 and K-ras.74 TC-1, RMA-Qa1-

/- and KPC3 are all BL/6J mouse-derived tumor cell lines. 
Cell lines 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. TC-1 cells were additionally supple-
mented with 400 µg/mL Neomycin (G418), 1x MEM 
non-essential amino acids (Gibco) and 1 mM Sodium 
Pyruvate (Life Technologies). A low and constant passage 
number was used in all experiments. Cell lines were regu-
larly assured to be Mycoplasma and rodent virus negative 
by PCR analysis. Authentication of the cell lines was done 
by antigen-specific T cell recognition.

Method details
Treatment
All tumor treatments were randomized based on tumor 
volume and given in a blinded manner. Tumor treatment 
graphics and timelines were created with BioRender. 
Mice-bearing TC-1 tumors were treated with a SLP vacci-
nation when tumors reached a size of 50–100 mm3. The 
SLP vaccine, containing 100 µg HPV16 E743-63 (​GQAE​
PDRA​HYNI​VTFC​CKCDS) peptide, supplemented with 20 
µg CpG (ODN1826, InvivoGen) was dissolved in 200 µL 
PBS emulsified with Freunds adjuvants and administered 
subcutaneously in the contralateral flank for vaccination 
strategy 1 or dissolved in 50 µL PBS and administered 
subcutaneously in the tail base for vaccination strategy 
2. Mice-bearing RMA-Qa1-/- tumors were treated with 
therapeutic 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), supple-
mented with 20 µg CpG (ODN1826, InvivoGen) was 
dissolved in 50 uL PBS, and administered subcutaneously 
in the tail base. CD115+ macrophages were depleted from 
day 8 after tumor inoculation by the Csf1r kinase and 
c-Kit inhibitor PLX3397 (Plexxikon), incorporated into 
rodent chow diet at 275 mg/kg (daily dose ~45 mg/kg) 
and compared with control chow diet. Treatment with 
αCD163-DXR or αCD163-Ctrl liposomes was started 1 
day after therapeutic vaccination and administered every 
other day with a total of 3–4 injections. Liposomes were 
administered by retro-orbital injection during isoflurane-
induced anesthesia. HO-1 activity was blocked by intra-
peritoneal injection of 5 mg/kg Tin Protoporphyrin IX 
dichloride (SnPP) in 0.1N NaOH (Merck) in PBS pH7.5. 
Treatment with SnPP was started 1 day after therapeutic 
vaccination and continued three times per week for the 
duration of the study. KPC3 tumor-bearing animals were 
untreated and sacrificed at day 21 after tumor inocula-
tion. For all treatments no adverse effects were observed. 
Animals were euthanized when tumors reached a size of 
1000 mm3 (unilateral model) or a combined volume of 
1500 mm3 (bilateral model).

W
alaeus B

ibl./C
1-Q

64. P
rotected by copyright.

 on S
eptem

ber 21, 2023 at Leids U
niversitair M

edisch C
entrum

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2022-006433 on 13 M
arch 2023. D

ow
nloaded from

 

http://jitc.bmj.com/


16 van Elsas MJ, et al. J Immunother Cancer 2023;11:e006433. doi:10.1136/jitc-2022-006433

Open access�

Flow cytometry
For TME studies, mice were euthanized at indicated time 
points and tumors were collected for flow cytometry 
analysis. Tumors with a size >36 mm3 were included and 
minced using razor blades, followed by chemical diges-
tion with Liberase TL (2.5 mg/mL, Roche) for 10 min 
as 37°C. Tumors were further processed into single-cell 
suspensions by using 70 µm cell strainers (BD Biosci-
ences) and resuspended in PBS. Mouse Fc-receptors 
were blocked by Rat Anti-Mouse CD16/CD32 (Clone 
2.4G2, BD) for 15 min at 4°C. Viability was assessed with 
the Zombie UV Fixable Viability Kit (Biolegend) or the 
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit in PBS 
before surface staining. Qa1b staining was performed 
with biotin-labeled anti-Qa1b in PBS supplemented with 
0.5% BSA+0.02% Sodium azide (FACS buffer) followed 
by streptavidin-APC staining in FACS buffer, both for 
30 min at 4°C. APC-conjugated HPV16 E749-57 tetramers 
(RAHYNIVTF) were added to the surface staining mix. 
Surface staining was performed in FACS buffer for 20 
min at 4°C. Subsequently, cells were fixed and permeabi-
lized for intracellular marker staining using the FoxP3/
Transcription Factor Staining Buffer Set (eBioscience) 
according to manufacturer’s protocol. Following intra-
cellular staining, cells were resuspended in FACS buffer 
and acquired on the Aurora 5 L spectral flow cytom-
eter (Cytek) or the LSR-II (BD Biosciences). Data were 
analyzed using FlowJo (Tree Star) for the analysis of 
cellular and percentages or OMIQ data analysis software 
for the visualization of opt-SNE plots.75

Immunohistochemistry
Tumors and organ tissue were isolated from mice and 
directly fixed in formalin, followed by embedding in 
paraffin. Tumor and organ tissues were sliced into 4 µm 
sections and mounted on adhesive slides. Sections were 
then deparaffinized and rehydrated after which endoge-
nous peroxidase activity was blocked with 0.3% hydrogen 
peroxidase solution (Merck Millipore) in methanol for 20 
min. For F4/80 staining, antigen retrieval was performed 
in preheated Trypsin solution (Trypsin 1%+CaCl2 1% 
in H2O, pH 7.4) at 37°C for 30 min. For CD163, CD31, 
HO-1 and CD8 staining, 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 or organ slides were incubated with 
rat anti-mouse F4/80 (clone CI:A3-1, Sanbio), rat anti-
mouse CD8 (clone 4SM15, eBioscience), rabbit anti-
mouse CD163 (clone M-96, Santacruz), goat anti-mouse 
CD31 (clone M-20, Santacruz), or rabbit anti-heme 
oxygenase 1 (clone EPR18161-128, Abcam) antibodies 
diluted in 1% BSA in PBS at 4°C overnight. Slides were 
then washed (0.05% Tween in PBS) and incubated with 
biotinylated Rabbit anti-rat IgG (Abcam), goat anti-rabbit 
IgG (Agilent) or Rabbit anti-goat IgG (Agilent) respec-
tively, at room temperature for 1 hour. Biotinylated 

antibodies were labeled using the VECTASTAIN Elite 
ABC-HRP Kit (Vetorlabs) according to manufacturer’s 
protocol. Nuclear counterstaining 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 percentage DAB staining 
was quantified using ImageJ software. For the detec-
tion of collagen, slides were stained using the Masson’s 
Trichrome Stain Kit according to protocol. In short, 
staining was performed in preheated Bouin’s Fixative for 
1 hour, Weigert’s Iron Hematoxylin Working Solution for 
10 min and Biebrich Scarlet—Acid Fuchsin Solution for 
5 min, respectively. Subsequently, slides were transferred 
to phosphotungstic/phosphomolybdic acid for 10 min, 
Aniline Blue for 30 min and Acetic acid for 1 min prior to 
dehydration and mounting of cover slides. On all immu-
nohistochemistry pictures in this paper a photo correc-
tion of+200% saturation, −20% brightness and +40% 
contrast was applied.

RNA sequencing
For bulk RNA sequencing, mice-bearing TC-1 tumors 
were treated with SLP vaccination in the tail base when 
tumors were 50–100 mm3. At time of regression, tumors 
were harvested and processed into single cell suspensions 
as described above. From single cell suspensions CD163hi, 
CD163dim and CD163- macrophages were sorted using the 
BD Aria cell sorter and collected at a purity of 80%–95%. 
RNA from CD163hi, CD163dim and CD163- macrophages 
was isolated using the NucleoSpin Mini Kit for RNA Puri-
fication according to protocol.

Sample quality control and bulk RNA sequencing were 
both performed by GenomeScan (Leiden, The Nether-
lands). Sample preparation was performed using the 
NEBNext Low Input RNA Library Prep Kit for Illumina 
according to protocol (NEB #E6420S/L). The quality and 
yield after sample preparation were determined using the 
Agilent DNF-474 HS NGS Fragment Kit and measured 
with the Fragment Analyzer. The size of the resulting 
products was consistent with the expected size distribu-
tion with a peak between 200 and 400 bp. The presence of 
ribosomal, globin and mitochondrial content was deter-
mined for all samples as an additional quality check. An 
input concentration of 1.1 nM of DNA was used. Clus-
tering and DNA sequencing using the NovaSeq6000 was 
performed according to manufacturer’s protocols. For 
each sample, the trimmed reads were mapped to the 
mouse GRCm38.p6 (​Mus_​musculus.​GRCm38.​dna.​fa) 
reference sequence using a short read aligner based on 
Burrows-Wheeler Transform (Tophat v2-2.1) with default 
settings. Frequency of unique mapped reads within exon 
regions was determined with HTSeq V.0.11.0. Read counts 
were used to compare CD163hi with CD163dim and CD163- 
macrophages in the R package DESeq2 V.2-1.14. From 
this the Log2 fold change (FC) and the adjusted p value 
were determined for the differentially expressed (DE) 
genes. Image analysis, base calling, and quality check was 
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performed with the Illumina data analysis pipeline RTA 
V.3.4.4 and Bcl2fastq V.2.20.

The resulting genes of the DE analysis were used in a 
GSEA of Gene Ontology using the gseGO function in 
R studio (clusterProfiler package V.4.0.5, R V.4.1.0, R 
studio V.1.4.1717). Redundant GO terms were removed 
from the found GO terms (adjusted p<0.05, 251 total) 
of the gseGO result using the REViGO tool, available 
at http://revigo.irb.hr/. GO terms were entered with 
corresponding adjusted p values and selected settings 
for redundancy removal were ‘small’ with the ‘SimRel’ 
semantic similarity measure using the Mus Musculus data-
base. Reduced GO terms were visualized using Cytoscape 
(V.3.8.2) were GO terms were plotted in a circular layout.

In order to compare the CD163hi gene signature from 
this study to established monocyte and macrophage 
types from literature, DE genes with adjusted p value 
<0.05 were collected from available datasets (table  1) 
and classified as upregulated (log2FC>0) or downregu-
lated (log2FC<0). In the case of E-MTAB-8141 (P1 vs P2), 
we reproduced the differential gene expression analysis 
following the description in.25 We then compared this list 
of with upregulated and downregulated genes (log2FC>0 
and log2FC<0 respectively, adjusted p value <0.05) from 
our cohort (CD163hi macrophages). Additionally, we 
defined a CD163hi gene set composed of the top 20 
enriched genes from the CD163hi macrophages together 
with Hmox1 and Maf. This gene set was then compared 
with the cellxgene MoMac_VERSE human dataset of 
different monocyte and macrophage populations from 
cancer and healthy tissue.

SnPP in vitro assay
To assess the effect of the HO-1 inhibitor Tin Protopor-
phyrin IX dichloride (SnPP) on T cells, 5×106 splenocytes 
from naïve mice were cultured with 20 IU/mL IL-2 in 
24-well flat-bottom culture plates and activated with CD3/
CD28 dynabeads (ThermoFisher). Splenocytes were then 
exposed to 0, 50 or 100 µM SnPP in 0.1N NaOH (Merck) 
in PBS pH7.5. After 48 hours, the phenotype of spleno-
cytes was established by spectral flow cytometry.

Quantification and statistical analysis
All experiments were performed with a minimum of four 
biological replicates. A priori sample size calculation 
based on expected median survival times or percent-
ages of infiltrating immune cells was used to determine 
the required number of animals for each experiment. 
Statistical significance between two groups was deter-
mined using an unpaired two-tailed Student’s t-test and 
between >2 groups using a one-way analysis of variance 
with Bonferroni’s correction for multiple comparisons. 
For survival analyses, a logrank Mantel-Cox test and for 
response rates a Mann-Whitney U test were performed. 
All statistical tests were performed using the GraphPad 
Prism software (V.9). Statistical methods can be found 
in the figure legends or tables. Data are represented as 
the mean±SEM unless stated otherwise. Statistical signif-
icance is shown as * = p<0.05, ** = p<0.01, *** = p<0.001 
and ****<0.0001.

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

Table 1  Available datasets for the comparison of the 
CD163hi gene signature to established monocyte and 
macrophage types from literature

Cohort Cell type Species Data source
34 Tim4+ vs 

Tim4- steady 
state cavity 
macrophages

Mouse Supplementary

25 CD163+Tim4+ 
vs 
CD163+Tim4- 
macrophages 
(10 weeks)

Mouse E-MTAB-8141

44 Lyve1hiMHCIIlo 
vs 
Lyve1loMHCIIhi

Mouse Provided by 
Chakarov, S.

27 Alveolar 
Macrophages 
(AM), 
Monocyte/
Macrophages 
(MoMac), 
pMonocytes 
(pMono), Infl. 
Monocytes

Mouse Supplementary

27 AM, MoMac, 
CD14+ 
Monocytes, 
CD16+ 
Monocytes

Human Supplementary

42 Macrophages 
from heart, 
brain and 
spleen

Mouse Supplementary
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Reagent or Resource Source Identifier

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

CD3e – FITC (145–2 C11)
CD3e – PE/Cy5 (145–2 C11)
CD3e – BV510 (145–2 C11)

Invitrogen
Biolegend
BD Biosciences

Cat#: 11-0031-85; RRID: AB_464883
Cat#: 100310;
RRID: AB_312675
Cat#: 563024;
RRID: AB_2737959

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

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

CD11b – BUV563 (M1/70)
CD11b – APC/Fire750 (M1/70)

BD Biosciences
Biolegend

Cat#: 741242;
RRID: AB_2870793
Cat#: 101262;
RRID: AB_2572122

CD11c – BV605 (HL3)
CD11c – APC/Fire750 (N418)

BD Biosciences
Biolegend

Cat#: 563057;
RRID: AB_2737978
Cat#: 117352;
RRID: AB_2572124

CD19 – SparkBlue550 (6D5)
CD19 – BV510 (1D3)

Biolegend
BD Biosciences

Cat#: 115566;
RRID: AB_2832389
Cat#: 562956;
RRID: AB_2737915

CD24 – BV650 (M1/69) BD Biosciences Cat#: 563 545
RRID: AB_2738271

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

CD44 – BV510 (IM7)
CD44 – BV785 (IM7)

Biolegend
Biolegend

Cat#: 563114;
RRID: AB_2738011
Cat#: 103 059
RRID: AB_2571953

CD45 – AlexaFluor700 (30-F11) Biolegend Cat#: 103128;
RRID: AB_493715

CD45.1 – AlexaFluor700 (A20) Biolegend Cat#: 110724;
RRID: AB_493733

CD45.2 – FITC (104) Biolegend Cat#: 109 806
RRID: AB_313443

CD47 – APC/Cy7 (miap301) Biolegend Cat#: 127 526
RRID: AB_2632862

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

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

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

W
alaeus B

ibl./C
1-Q

64. P
rotected by copyright.

 on S
eptem

ber 21, 2023 at Leids U
niversitair M

edisch C
entrum

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2022-006433 on 13 M
arch 2023. D

ow
nloaded from

 

http://jitc.bmj.com/


19van Elsas MJ, et al. J Immunother Cancer 2023;11:e006433. doi:10.1136/jitc-2022-006433

Open access

Reagent or Resource Source Identifier

CD106 – PE (429) Biolegend Cat#: 105 714
RRID: AB_1134164

CD115 – PE/Dazzle594 (AFS98) Biolegend Cat#: 135528;
RRID: AB_2566523

CD122 – PE/Cy5 (TM-β1) Biolegend Cat#: 123220;
RRID: AB_2715962

CD163 – BV421 (S15049I)
CD163 – APC (S15049I)

Biolegend
Biolegend

Cat#: 155309;
RRID: AB_2814063
Cat#: 155 306
RRID: AB_2814060

CTLA-4 – BV421 (UC10-4B9) Biolegend Cat#: 106312;
RRID: AB_2563063

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

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

F4/80 – PE/Cy5 (BM8)
F4/80 – PE (Qa17A29)

Biolegend
Biolegend

Cat#: 123112;
RRID: AB_893482
Cat#: 157 304
RRID: AB_2832547

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

Gata-3 – AlexaFluor488 (TWAJ) Invitrogen Cat#: 53-9966-42;
RRID: AB_2574493

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

IFNγ – PE/Cy7 (XMG1.2) BD Biosciences Cat#: 557649;
RRID: AB_396766

IL-2 – PE (JES6-5H4) Biolegend Cat#: 503808;
RRID: AB_315302

iNOS – AlexaFluor488 (CXNFT) Biolegend Cat#: 53-5920-82;
RRID: AB_2574423

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

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

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

Ly6G – SparkBlue550 (1A8)
Ly6G – APC/Fire750 (1A8)

Biolegend
Biolegend

Cat#: 127664;
RRID: AB_2860671
Cat#: 127652;
RRID: AB_2616733

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

NK1.1 – BV650 (PK136)
NK1.1 – BV510 (PK136)

BD Biosciences
Biolegend

Cat#: 564143;
RRID: AB_2738617
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
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Reagent or Resource Source Identifier

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

Qa1b – Biotin (6A8.6F10.1A6) BD Biosciences Cat#: 559 829
RRID: AB_397345

RORγT – PE (AFKJS-9) Invitrogen Cat#: 12-6988-82;
RRID: AB_1834470

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 (440 c) BD Biosciences Cat#: 747672;
RRID: AB_2744233

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

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

TCF1/7 – AlexaFluor647 (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

TNF-α – APC/Cy7 (MP6-XT22) Biolegend Cat#: 506344;
RRID: AB_2565953

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

HPV16 E749-57 – APC (RAHYNIVTF) Peptide synthesis facility of 
department IHB, LUMC

N/A

Rat anti-mouse F4/80 (CI:A3-1) Sanbio Cat#: MCA497;
RRID: AB_2098196

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

Rabbit anti-rat IgG Abcam Cat#: ab6733;
RRID: AB_954909

Rabbit anti-mouse CD163 (M-96) Santacruz Cat#: sc-33560;
RRID: AB_2074556

Goat anti-rabbit IgG Agilent Cat#: E0432;
RRID: AB_2313609

Goat anti-mouse CD31 (M-20) Santacruz Cat#: sc-1506
RRID: AB_2161037

Rabbit anti-Heme Oxygenase 1 (EPR18161-128) Abcam Cat#: ab237267
RRID: AB_764541

Rabbit anti-goat IgG Agilent Cat#: P0449
RRID: AB_2617143

APC Goat Anti-Rat Ig BD Biosciences Cat#: 551 019
RRID: AB_398484

Steptavidin – APC eBioscience Cat#: 17-4317-82

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

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 Transfection Reagent Invitrogen Cat#: 11 668 027

Recombinant IFN-γ Biolegend Cat#: 575 308

Recombinant IL-2 Peprotech Cat#: 212–12

W
alaeus B

ibl./C
1-Q

64. P
rotected by copyright.

 on S
eptem

ber 21, 2023 at Leids U
niversitair M

edisch C
entrum

http://jitc.bm
j.com

/
J Im

m
unother C

ancer: first published as 10.1136/jitc-2022-006433 on 13 M
arch 2023. D

ow
nloaded from

 

http://jitc.bmj.com/


21van Elsas MJ, et al. J Immunother Cancer 2023;11:e006433. doi:10.1136/jitc-2022-006433

Open access

Reagent or Resource Source Identifier

Zombie UV fixable viability kit Biolegend Cat#: 423 108

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

Liberase TL Research grade Roche Cat#: 05401020001

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

HPV16 E743-63 peptide 
(GQAEPDRAHYNIVTFCCKCDS)

Peptide synthesis facility of 
department IHB, LUMC

N/A

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) Peptide synthesis facility of 
department IHB, LUMC

N/A

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

Incomplete Freunds Adjuvant (Difco) BD Biosciences Cat#: 263 910

PLX3397 275 mg/kg rodent chow diet
Control rodent chow diet

Research Diets Inc.
Research Diets Inc.

N/A
N/A

αCD163-DXR liposomes(15)
αCD163-Control liposomes(15)

Department of Biomedicine, 
University of Aarhus

N/A

Tin Protoporphyrin IX dichloride Santa Cruz Biotechnology Cat#: sc-203452B

Entellan mouting medium for microscopy Sigma Aldrich Cat#: 107 960

PAP pen for immunostaining Merck Millipore Cat#: Z377821

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

Hirschmann Glass covers ThermoFisher Cat#: 10 329 241

Hydrogen peroxide 30% Merck Millipore Cat#: 107 209

Methanol>98.5% VWR Chemicals Cat#: 20 903.415

Trypsin powder Merck Cat#: 85 450C

Calcium Chloride Merck Cat#: 793 639

Tri-sodium Citrate Dihydrate Merck Cat#: 106 448

SuperBlock (PBS) Blocking Buffer ThermoFisher Cat#: 37 515

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

Tween 20 Merck Cat#: 8221840500

VECTASTAIN Elite ABC-HRP Kit Vectorlabs Cat#: PK-6100;
RRID: AB_2336819

Mayer’s haematoxylin staining Merck Cat#: 1092490500

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

Masson’s Trichrome Stain Kit Polysciences Cat#: 25 088

Machery-Nagel NucleoSpin RNA, Mini Kit For RNA 
Purification

Bioké Cat#: 740 955.50

NEBNext Single Cell/Low Input RNA Library Prep Kit 
for Illumina

New England Biolabs Inc. Cat#: E6420S

Agilent DNF-474 HS NGS Fragment Kit Agilent Cat#: DNF-474–0500

Deposited data

Bulk RNAseq Available on acceptation N/A

Experimental models: Cell lines

TC-1 Provided by Prof. T.C. Wu 
(John Hopkins University, 
Baltimore, U.S.A.)

RRID: CVCL_4699

RMA Provided by Prof. K. Kärre 
(Karolinska Institute, 
Stockholm, Sweden)

RRID: CVCL_J385

KPC3 (76) RRID: CVCL_A9ZK
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Reagent or Resource Source Identifier

Experimental models: Organisms/strains

Mouse C57BL/6J Charles River Laboratories 
France

N/A

Mouse TCR transgenic gp10025-33/H-2Db bred to 
express congenic marker CD45.1 (Ly5.1)

Provided by Dr. N.P. Restifo 
(NIH, Bethesda, USA)

N/A

Software and algorithms

FlowJo V.10 Treestar RRID: SCR_008520; https://www.​
flowjo.com/solutions/flowjo

OMIQ Omiq Inc. https://www.omiq.ai/

GraphPad Prism V.9 GraphPad RRID: SCR_002798; http://www.​
graphpad.com/

ImageJ ImageJ RRID: SCR_003070; https://imagej.net/

R V.4.1.0 R RRID: SCR_001905; http://www.r-​
project.org/

R studio V.1.4.1717 R Studio https://www.rstudio.com/

REViGO tool REViGO RRID: SCR_005825; http://revigo.irb.hr/

Cytoscape V.3.8.2 Cytoscape RRID: SCR_003032; http://cytoscape.​
org/

BioRender BioRender RRID: SCR_018361; http://biorender.​
com/

Cellxgene MoMac_VERSE v2021 cellxgene RRID: SCR_021059; https://​
macroverse.gustaveroussy.fr/2021_​
MoMac_VERSE/
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