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Abstract

Immune checkpoint blockade (ICB) with PD-1 or PD-L1 antibodies has been approved for 

the treatment of non-small cell lung cancer (NSCLC). However, only a minority of patients 

respond, and sustained remissions are rare. Both chemotherapy and anti-angiogenic drugs 

may improve the efficacy of ICB in mouse tumor models and patients with cancer. Here, 

we used genetically engineered mouse models of Kras G12D/+;p53 -/- NSCLC, including a 

mismatch repair-deficient variant (Kras G12D/+;p53 -/-;Msh2 -/-) with higher mutational burden, 

and longitudinal imaging to study tumor response and resistance to combinations of ICB, anti-

angiogenic therapy, and chemotherapy. Anti-angiogenic blockade of vascular endothelial growth 

factor A (VEGFA) and angiopoietin-2 (ANGPT2) markedly slowed progression of autochthonous 

lung tumors but, contrary to findings in other cancer types, addition of a PD-1 or PD-L1 

antibody was not beneficial and even accelerated progression of a fraction of the tumors. We 

found that anti-angiogenic treatment facilitated tumor infiltration by PD-1+ regulatory T cells 

(Tregs), which were more efficiently targeted by the PD-1 antibody than CD8+ T cells. Both 
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tumor-associated macrophages (TAMs) of monocyte origin, which are colony-stimulating factor 

1 receptor (CSF1R)-dependent, and TAMs of alveolar origin, which are sensitive to cisplatin, 

contributed to establish a transforming growth factor-β (TGFβ)-rich tumor microenvironment 

that supported PD-1+ Tregs. Dual TAM targeting with a combination of a CSF1R inhibitor and 

cisplatin abated Tregs, redirected the PD-1 antibody to CD8+ T cells, and improved the efficacy of 

anti-angiogenic immunotherapy, achieving regression of most tumors.

Introduction

Lung cancer is the leading cause of cancer-associated deaths worldwide. Eighty-five percent 

of all cases are classified as non-small cell lung cancer (NSCLC); of these, about half are 

adenocarcinomas, whereas approximately 30% are squamous cell carcinomas (1). NSCLC 

is often diagnosed at an advanced stage. Before the advent of immune checkpoint blockade 

(ICB), platinum-containing chemotherapy has been standard of care for advanced NSCLC 

without actionable mutations in EGFR or ALK. In these tumors, the combination of cisplatin 

with third-generation chemotherapeutic drugs improves the overall response rate compared 

to cisplatin alone, but 5-year survival rates are low (<15%) for all stages combined (2). 

Tumors that harbor EGFR or ALK kinase-activating mutations are broadly sensitive to 

selective kinase inhibitors; yet, they invariably relapse after an initial response phase (3). 

The frequent occurrence of both primary and secondary resistance limits the duration of 

clinical benefit from both chemotherapy and targeted therapies and has contributed to the 

historically poor prognosis of NSCLC (1).

ICB has improved the management of NSCLC, leading to the approval of several 

programmed cell death protein 1 (PD-1) or programmed death-ligand 1 (PD-L1) antibodies, 

both in first and second line, either alone or in combination with chemotherapy (4–6). 

However, in spite of improvements compared with standard chemotherapy, gains in both 

progression-free and overall survival are relatively modest and only a minority of the 

patients experience long-lasting remissions (6, 7). Furthermore, some patients on PD-1 

or PD-L1 inhibitors were shown recently to experience “hyper-progressive” disease, a 

condition in which tumors appear to progress more rapidly than without ICB (8–11). Thus, it 

is likely that the clinical success of ICB in NSCLC will depend on the identification of new 

combination treatments that effectively overcome mechanisms of resistance, some of which 

may be conveyed by the tumor microenvironment (12).

The anti-angiogenic drug bevacizumab (Avastin), which blocks vascular-endothelial growth 

factor A (VEGFA), is approved for the treatment of advanced NSCLC in combination with 

chemotherapy (13). We and others have shown that anti-angiogenic therapy can improve 

the efficacy of ICB with PD-1 or PD-L1 antibodies in mouse tumor models (14–19). 

Both VEGFA and angiopoietin-2 (ANGPT2) inhibition can induce vascular normalization 

and facilitate T-cell trafficking, improve the maturation and antigen-presenting capacity 

of intra-tumoral phagocytes, and inhibit the immunosuppressive functions of macrophages 

(14–16, 20–22). These effects of anti-angiogenic drugs on the vascular and immune-cell 

compartment contribute to generating a favorable tumor microenvironment that often 

enhances the efficacy of ICB (14, 23–25).
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Preclinical studies in mice have shown that dual inhibition of VEGFA and ANGPT2 often 

achieves better tumor control than either alone (26). Furthermore, concurrent VEGFA and 

ANGPT2 blockade elicited a more pervasive immune response than targeting VEGFA 

alone in mouse models of breast cancer, melanoma and glioblastoma (14, 16). ANGPT2 

is highly expressed and is a poor prognostic factor in NSCLC; also, patients with NSCLC 

and high serum concentrations of both VEGFA and ANGPT2 have worse overall survival 

than patients with high serum concentrations of either pro-angiogenic factor (27). Dual 

VEGFA and ANGPT2 inhibition may thus represent a promising anti-angiogenic strategy 

for NSCLC, although the potential clinical benefits of targeting ANGPT2 in this tumor type, 

either alone or in combination with VEGFA, are currently unknown.

Tumors with concurrent mutations in KRAS and TP53 represent about one quarter of all 

NSCLCs (28) and are indicated for treatment with ICB, increasingly also independent 

of the PD-L1 status of the tumor (6, 29, 30). The addition of atezolizumab (an anti-

PD-L1 antibody) to a combination of bevacizumab, carboplatin and paclitaxel improved 

progression-free and overall survival in non-squamous NSCLC, compared to bevacizumab 

plus chemotherapy alone (31, 32). However, the specific contribution of anti-angiogenic 

therapy to clinical response remains unclear, especially in patients with locally advanced, 

KRAS-mutant tumors (32). In this study, we employed a mouse model of Kras G12D/+;p53 
-/- NSCLC (33) – and two genetically refined derivatives of it – to explore determinants of 

tumor response and resistance to anti-angiogenic immunotherapy targeting PD-1, VEGFA 

and ANGPT2.

Results

Dual ANGPT2 and VEGFA blockade delays progression of Kras G12D/+; p53 -/- (KP) lung 
tumors

To initiate lung tumors, we delivered a Cre recombinase-expressing lentiviral vector to 

12 to 14-week-old Kras LSL-G12D/+;p53 fl/fl mice. By 11-13 weeks post-transduction, 

micro-computed tomography (micro-CT) imaging revealed several Kras G12D/+;p53 -/- (KP) 

pulmonary lesions in each mouse, which enabled randomization of the mice according to 

tumor burden. We initiated treatments at 15 weeks post-transduction (baseline; week 0) 

and measured progression of individual tumors by micro-CT at weekly intervals; in all 

experiments, the mice were euthanized after 1 week (early end-point) or 4 weeks (late 

end-point) of treatment, corresponding to 16 and 19 weeks post-transduction, respectively.

Dual ANGPT2 and VEGFA blockade has been shown to inhibit tumor progression and 

metastasis and generate a favorable tumor microenvironment that enhances the efficacy of 

immunotherapy in various preclinical tumor models (14, 16, 20–22, 34–37). We treated 

KP mice with the bispecific antibody A2V, which blocks both ANGPT2 and VEGFA, 

or stoichiometrically matched doses of B20 (anti-VEGFA), LC06 (anti-ANGPT2), and 

irrelevant immunoglobulin G (IgG), as described previously (14). A2V was superior to B20 

and inhibited the growth of most tumors, whereas LC06 had no impact on tumor progression 

(Fig. 1, A to C). Immunofluorescence (IF) staining of lung sections revealed heterogeneous 

vascular patterns and minor treatment-dependent effects on the vascular density of the 

tumors (Fig. 1, D and E), possibly owing to the largely non-proliferative features of blood 
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vessels in lung tumors (38). Therefore, the anti-tumoral activity of A2V was unlikely due to 

canonical anti-angiogenic effects, such as vascular pruning.

A2V modulates the immune cell composition of KP tumors

Consistent with the heterogeneous immune cell composition and diverse histopathology of 

both mouse KP tumors and human KRAS-mutant NSCLC (33, 39–43), flow cytometry 

analysis of individual KP tumors of control IgG-treated mice revealed substantial variation 

in the relative abundance of distinct immune cell types (Fig. 2A and fig. S1). Four weekly 

doses of A2V decreased both the overall abundance and relative proportion of F4/80+ 

macrophages and Ly6C+F4/80+ monocytes in KP tumors, as shown by IF staining of 

lung sections (Fig. 2B) and flow cytometry of dispersed tumors (Fig. 2C and fig. S2A). 

This response was associated with heightened tumor infiltration by CD8+ T cells, CD4+ 

T cells, and CD4+FoxP3+ regulatory T cells (Tregs) (Fig. 2, D to F, and fig. S2B). 

Furthermore, there were trends towards increased proportions of activated, interferon-γ 
(IFNγ)-positive CD8+ T cells (fig. S2C). Both the expression of T-cell chemoattractants (fig. 

S2D) and the relative frequency of Ki67+ T cells (fig. S2E) were similar in control and A2V-

treated tumors, suggesting that facilitated extravasation rather than enhanced recruitment or 

proliferation in situ accounted for increased T cell abundance in A2V-treated tumors (14, 

21, 22). Dendritic cells (DCs) and the DC activation markers MHCII and CD80 were not 

altered by A2V (fig. S2F). Together, these results indicate that the anti-tumoral activity of 

A2V in KP mice is associated with reprogramming of the tumor immune microenvironment 

to a mode characterized by decreased tumor-associated macrophages (TAMs) and increased 

T cells.

PD-1 blockade does not improve tumor response to A2V in both genetically engineered 
and transplant KP tumors

We hypothesized that combination of PD-1 blockade with A2V would enhance A2V-elicited 

CD8+ T cells and magnify the therapeutic response. However, the combined therapy failed 

to improve tumor response to A2V at any of the weekly time-points of analysis. Analysis 

of aggregate data from independent trials indicated that, on average, KP tumors treated with 

A2V plus anti-PD-1 displayed moderately accelerated growth compared to tumors treated 

with A2V alone (Fig. 3A and fig. S3, A to C). Indeed, the mean tumor volume increased 

by 72% and 128% over the baseline volume in A2V and A2V plus anti-PD-1–treated 

tumors, respectively. Consistent with the lack of additive therapeutic benefit, combination 

of anti-PD-1 and A2V neither enhanced CD8+ T cell infiltration, activation or proliferation, 

nor decreased Tregs and macrophages in the tumors, compared to A2V monotherapy; rather, 

there were trends towards higher macrophage infiltration after the combined therapy (Fig. 

3B, fig. S3, D and E, and fig. S4, A and B).

We then asked whether the low immunogenicity of KP tumors (44–46) could account for 

the lack of benefit from PD-1 blockade. In order to augment non-synonymous mutations 

and, potentially, the neoantigen repertoire and immunogenicity of KP tumors, we crossed 

Kras LSL-G12D/+;p53 fl/fl mice with Msh2 fl/fl mice (47) to obtain mismatch repair (MMR)-

deficient Kras G12D/+;p53 -/-;Msh2 -/- (KPM) tumors. Exome-sequencing analysis revealed 

more non-synonymous mutations in KPM than KP tumors (Fig. 3C). Interestingly, this 
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was associated with greater T-cell infiltrates in KPM than KP tumors (Fig. 3D), possibly 

indicative of higher immunogenicity of a subset of the KPM tumors. A2V treatment 

decreased TAMs, facilitated migration of CD8+ T cells to the tumor core, and increased 

the proportion of activated, IFNγ+CD8+ T cells in KPM tumors (fig. S5, A to E). However, 

in agreement with findings in the KP model, the combination of A2V and anti-PD-1 was 

not superior to A2V monotherapy (Fig. 3E), implying that heightened baseline infiltration by 

CD8+ T cells in KPM tumors was insufficient for PD-1 blockade to induce a more robust 

anti-tumoral response. We also generated an immunogenic KP variant by co-delivering the 

surrogate neoantigen ovalbumin (OVA) along with Cre to the lung of Kras LSL-G12D/+;p53 
fl/fl mice, to obtain Kras G12D/+;p53 -/-;OVA (KPO) tumors. A2V decreased TAMs while 

enhancing the presentation of the SIINFEKL OVA peptide by CD11c+MHCII+ phagocytes 

in KPO tumors (fig. S5, F and G). In spite of the favorable pre-conditioning effects of 

A2V, PD-1 blockade did not improve tumor response to A2V (Fig. 3F). As observed in KP 

tumors, the combined treatment did not alter immune-cell parameters in KPM and KPO 

tumors compared to A2V alone (fig. S5, A to G).

In order to reduce the degree of tumor heterogeneity that is inherent to transgenic KP 

models (33), we also used the primary KP tumor line SV2 (48) to establish synchronous and 

genetically matched, orthotopic KP tumors in syngeneic mice. Although A2V substantially 

slowed tumor progression, the addition of anti-PD-1 negated the therapeutic benefits of 

A2V in a 2-week intervention trial (Fig. 3G). Taken together, these data indicate that the 

combination of A2V with anti-PD-1 is either non-superior or inferior to A2V in both 

autochthonous and transplant KP lung tumor models.

The PD-1 antibody targets PD-1+ Tregs in KP tumors

We next explored immune mechanisms potentially involved in dampening the anti-tumoral 

response to PD-1 blockade in A2V-treated tumors. We found that KP tumors highly express 

Treg cytokines including Ccl17, a Treg chemoattractant (49, 50), and transforming growth 

factor beta (Tgfb1), a pivotal Treg differentiation factor (51) (fig. S6A); accordingly, Tregs 

were previously found to have immunosuppressive capacity in KP lung tumor models (44–

46, 52). Flow cytometry analysis of KP and KPM tumors indicated that a larger proportion 

of Tregs expressed surface PD-1 compared to CD8+ or CD4+FoxP3– T cells, at both 1 and 

4-week time points of analysis and independent of treatment: on average, the frequency of 

PD-1+ cells was 2- to 3-fold higher in Tregs than other T-cell subsets (Fig. 4A and fig. S6B). 

Moreover, IF staining analysis revealed enhanced binding of the PD-1 antibody to Tregs 

than CD8+ T cells at both 1 and 4-week time points of analysis (Fig. 4B).

Recent data indicated that ICB with PD-1 antibodies may activate PD-1+ Tregs to suppress 

anti-tumor immunity and promote tumor progression (53). Also, PD-1 blockade was shown 

previously to enhance expression of interleukin-10 (IL-10), an immunosuppressive cytokine 

secreted by activated Tregs and subsets of myeloid cells (50), in a mouse model of ovarian 

cancer (54). In agreement with those findings, quantitative polymerase chain reaction 

(qPCR) analysis revealed heterogeneous but on average higher expression of Il10 in tumors 

treated with anti-PD-1 or its combination with A2V, compared to A2V alone (Fig. 4C). 

RNA-sequencing (RNA-seq) analysis of enriched, tumor-derived CD4+ T cells showed 
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similar trends for Il10 and additional Treg activation markers, such as Tigit, Ctla4 and 

Tnfrsf18 (fig. S6C).

Together, these results illustrate a therapy-induced condition whereby A2V-treated KP 

tumors recruit more PD-1+ Tregs, which become amenable to targeting and activation 

by the PD-1 antibody. The combined effects of A2V and PD-1 blockade may, therefore, 

contribute to potentially enhance the immunosuppressive functions of Tregs in the lung 

tumor microenvironment.

Colony-stimulating factor 1 receptor (CSF1R)-dependent macrophages sustain Tregs 
during anti- angiogenic immunotherapy

Macrophages support Tregs in tumors by secreting chemoattractants and pro-survival 

factors, but may also limit Treg activation through inhibitory immune checkpoints (55). 

IF staining of KP tumors indicated that a substantial proportion of the intra-tumoral 

CD4+FoxP3+ Tregs co-localized with macrophages in a treatment-independent fashion; 

interestingly, Tregs displayed this behavior more frequently than CD4+FoxP3– T cells or 

CD8+ T cells (Fig 5A). Macrophages were largely PD-L1-positive in KP tumors (Fig 5B), 

suggesting that interactions between PD-1+ Tregs and PD-L1+ TAMs could, in principle, 

be conducive to Treg inhibition in the absence of PD-1 or PD-L1 blocking antibodies. 

Tregs also co-localized with macrophages in tumors of mice that did not receive a PD-1 

antibody or that were treated with PD-L1 or Fc-mutant PD-1 antibodies, indicating that 

Treg–macrophage interactions occurred, at least partly, independent of the direct binding of 

the PD-1 antibody on Tregs and cross-linking of Fc receptors on macrophages (Fig 5A). 

Notably, both PD-L1 and Fc-mutant PD-1 antibodies failed to improve tumor response to 

A2V (Fig 5C), providing further evidence that blocking the PD-L1-PD-1 pathway is not 

beneficial in combination with A2V in KP models.

We then examined the effects of eliminating macrophages in A2V-treated tumors. We used 

the colony stimulating factor-1 receptor (CSF1R) antibody 2G2, which abates macrophage 

infiltration in a broad spectrum of tumors (56–59). As early as 1-week post-treatment, 2G2 

had decreased TAMs (Fig. 6A) and negated the augmentation of Tregs induced by A2V or 

its combination with anti-PD-1 (Fig. 6B). qPCR analysis of the tumors showed that this 

response was associated with reductions of Foxp3, a key Treg transcription factor (51), 

Ccl17, Il10, and arginase 1 (Arg1), a metabolic enzyme expressed by immunosuppressive 

TAMs (50), in tumors of mice treated with 2G2 (Fig. 6C). These acute microenvironmental 

effects of TAM depletion were associated with a marked tumor response: 65.0% of the 

KP tumors in the combination treatment group (A2V, anti-PD-1 and 2G2) achieved partial 

regression, compared to 37.2% in the A2V group and 31.8% in the A2V plus anti-PD-1 

group, at this early time point of analysis (Fig. 6D). Of note, TAM targeting alone was less 

effective than A2V monotherapy.

The anti-tumoral benefits of TAM elimination were sustained in KP mice. Indeed, 2G2 also 

improved tumor control by A2V plus anti-PD-1 in a 4-week intervention trial, although only 

26.3% of the tumors in the combination treatment group showed partial regression at this 

time point of analysis (Fig. 6D). Such response was associated with decreased TAMs (Fig. 

6E), abated Treg numbers (Fig. 6F), and decreased mean expression of Foxp3, Ccl17, Il10 
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and Tgfb1 (Fig. 6G), all indicative of partially inhibited Treg recruitment or activation in the 

tumors. We also found strong associations between a macrophage gene signature and genes 

that identify CD4+ T cells and Tregs in human NSCLC samples retrieved from the cancer 

genome atlas (TCGA); however, weaker associations were also observed with genes specific 

to CD8+ T or natural killer cells (fig. S7). Taken together, these results show that both acute 

and chronic elimination of CSF1R-dependent macrophages normalizes Treg numbers and 

improves tumor response to combined A2V and anti-PD-1 therapy in KP tumors.

The combination of CSF1R inhibition and cisplatin broadly depletes TAMs and magnifies 
tumor response to anti-angiogenic immunotherapy

We then asked whether combination of 2G2 with cytotoxic chemotherapy would further 

improve the efficacy of anti-angiogenic immunotherapy in KP tumors. TAMs are known to 

limit the benefits of chemotherapy (55, 60–62); moreover, chemotherapy may enhance the 

clinical efficacy of PD-1 or PD-L1 antibodies in NSCLC (63). We used cisplatin, which is 

part of standard-of-care treatment for NSCLC (3, 5).

The combination of 2G2 and cisplatin eliminated TAMs more efficiently than either alone 

(Fig. 7A). Intriguingly, 2G2 and cisplatin depleted two distinct macrophage populations in 

KP tumors (Fig. 7B). One the one hand, CD11b+F4/80+Ly6C–CD206+/lowCD11c+/low TAMs 

were markedly sensitive to 2G2 but were not affected by cisplatin; these cells expressed 

markers of monocyte-derived macrophages (MO-TAMs) (fig. S8) (64, 65). On the other 

hand, CD11b–F4/80+Ly6C–CD206+CD11c+ TAMs were largely insensitive to 2G2 but were 

effectively depleted by cisplatin; these cells expressed markers of tumor-associated alveolar 

macrophages (AM-TAMs) (fig. S8) (65, 66). The combination of 2G2 and cisplatin abated 

both macrophage populations and virtually eliminated all F4/80+ TAMs. RNA-seq analysis 

of tumor-derived cells showed that MO-TAMs expressed higher Csf1r than AM-TAMs, 

which may explain their sensitivity to CSF1R blockade, whereas AM-TAMs expressed 

higher Mki67 (encoding Ki-67, a proliferation marker) than MO-TAMs, which may explain 

sensitivity to cisplatin (Fig. 7C and fig. S8). There were therapy-resistant F4/80+ myeloid 

cells in the tumors that could be identified, at least in part, as monocytes, but these cells 

represented a minor fraction of the F4/80+ cells present in untreated tumors (see Fig. 7A and 

B).

Although Treg depletion was largely 2G2-dependent (Fig. 7D), the combination of 2G2 

with cisplatin more effectively abated expression of Foxp3, Ccl17, Il10 and Tgfb1 in 

the tumor microenvironment (Fig. 7E). Furthermore, the combined treatment limited Treg 

infiltration in the tumor core (Fig. 7F). RNA-seq analysis indicated that MO-TAMs were the 

main source of Ccl17, whereas both AM-TAMs and MO-TAMs expressed Tgfb1 (fig. S8). 

Although it is conceivable that cisplatin also had direct effects on cancer cells, our results 

demonstrated that it targets macrophages of alveolar origin, which are resistant to CSF1R 

blockade and contribute to generate a Treg–supportive microenvironment in KP tumors. 

Interestingly, the relative frequency of neutrophils was not altered by 2G2, cisplatin, or their 

combination (fig. S9), indicating that TAM depletion did not promote compensatory tumor 

infiltration by neutrophils, at variance with findings in other cancer models (67).
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The combined treatment (A2V plus anti-PD-1, cisplatin and anti-CSF1R) dramatically 

enhanced tumor response to A2V plus anti-PD-1 and achieved rates of tumor regression 

and complete response of 71.7% and 3.1%, respectively (mean progression over baseline: 

–24.3%), as shown by the analysis of aggregate data from independent trials (Fig. 8, A 

and B and fig. S3, B and C). Substantial but lower response rates were also achieved in 

the absence of CSF1R blockade (mean progression over baseline: –7.0%; partial regression: 

66.7%; no complete responses). Of note, most of the tumors progressed in a cohort of mice 

treated with A2V, cisplatin and anti-CSF1R, indicating that inclusion of the PD-1 antibody 

was required to enhance tumor rejection. Overall, these data indicate that exhaustive 

depletion of macrophages of both monocyte and alveolar origin potentiates the efficacy 

of anti-angiogenic immunotherapy, achieving regression of the majority of the KP tumors.

Because PD-1 blockade was required for tumor regression and TAMs are known to suppress 

CD8+ T cells, we asked whether tumor response to the combined therapy was CD8+ T 

cell-dependent. Surprisingly, the combined therapy decreased, rather than increased, CD8+ 

T-cell infiltration in the tumors (fig. S10, A and B) compared to A2V plus anti-PD-1 alone. 

However, the full regimen enhanced the proportion of CD8+ T cells that were decorated 

with PD-1 antibodies (fig. S10C), suggesting that it had removed competition from Tregs 

for PD-1 antibody binding to CD8+ T cells. Whereas the elimination of CD8+ T cells with 

a depleting antibody rescued tumor progression at an early time point of analysis, cell 

depletion was short lived and, therefore, we could not reliably assess the involvement of 

CD8+ T cells in a 4-week intervention window (fig. S10, D to G). Although it remains 

unclear whether sustained KP tumor regression is CD8+ T cell-dependent, these results 

highlight the potential therapeutic benefits of targeting TAMs in the context of clinical 

protocols involving chemotherapy, anti-angiogenic therapy, and PD-1 blockade for NSCLC 

(31).

Discussion

Antibodies that block the PD-L1–PD-1 axis have clinical efficacy superior to chemotherapy 

in NSCLC (4–6). However, response rates are in the 15-25% range, depending on the line 

of treatment and tumor stage, and a majority of the responding patients develop treatment 

resistance over time (7, 12). Also, “hyper-progressive” disease has been observed in up to 

25% of the patients with NSCLC treated with PD-1 or PD-L1 inhibitors (8–11). Here, we 

employed three autochthonous (genetically engineered) and one transplant model of Kras-

mutant and Tp53-null (KP) NSCLC and identified a clinically applicable drug combination 

that enhanced response to PD-1 blockade and induced regression of the majority of the 

tumors. Notably, autochthonous KP tumors recapitulate the heterogeneous histopathology of 

human NSCLC (33, 39–41) and are refractory to ICB with either CTLA4 or PD-L1/PD-1 

inhibitors (68).

Anti-angiogenic drugs can promote anti-tumor immunity in preclinical models, in part 

by facilitating T-cell trafficking and stimulating DC maturation in tumors (69). Various 

vascular-modulatory agents such as VEGFA pathway inhibitors (15, 70–72), ANGPT2 

blockade (14, 16), and cytokines that induce vascular maturation or normalization (18, 73), 

improved the efficacy of adoptive T-cell therapy, tumor vaccination or ICB in mouse models 
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of cancer (14, 24, 25). Importantly, recent clinical results have emphasized the therapeutic 

potential of anti-angiogenic immunotherapy (74). In agreement with findings in other tumor 

models (14, 20), A2V had contrasting effects on TAMs and T cells in lung KP tumors. On 

the one hand, A2V decreased TAMs likely through direct inhibitory effects on monocytes, 

whose recruitment to tumors is, at least partly, VEGFA-dependent (75–77). On the other 

hand, it increased tumor infiltration by T cells, including CD8+ T cells, CD4+ T cells, 

and CD4+FoxP3+ Tregs, whose extravasation to the tumor microenvironment is facilitated 

by the molecularly and structurally remodeled vasculature of A2V-treated tumors (14, 20). 

However, PD-1 blockade failed to provide additive benefits in combination with A2V in 

Kras-mutant NSCLC models, We implicated TAMs and Tregs in this therapeutic outcome.

TAMs are arguably immunosuppressive, pro-angiogenic and tumor-promoting in a broad 

range of experimental and human tumors (60, 78). Thus, partially abated recruitment 

or differentiation of macrophages may contribute to explain delayed progression of A2V-

treated KP tumors. Single-cell mass cytometry (CyTOF) and single-cell RNA-seq (scRNA-

seq) analysis of mouse and human lung tumors revealed constellations of monocyte 

and macrophage subsets that could not be categorized within the “M1-M2” polarization 

spectrum and displayed species-specific features and substantial inter-tumor variation (64, 

79). Furthermore, macrophages of both monocyte (bone marrow-derived) and resident (lung-

derived) origin populate mouse lung tumors and support tumor growth through hitherto 

poorly understood mechanisms (80, 81). We found that KP tumors recruit both MO-TAMs 

and AM-TAMs. MO-TAMs expressed higher CSF1R than AM-TAMs and, accordingly, 

were efficiently depleted by CSF1R blockade with 2G2. Conversely, AM-TAMs were 

resistant to CSF1R inhibition but were depleted by cisplatin. AM-TAMs were reported 

previously to expand through in situ proliferation in EGFR-mutant, mouse lung tumors 

(80), which may explain their sensitivity to the anti-proliferative agent cisplatin. Notably, 

a high AM-TAM signature was associated with reduced overall survival in patients with 

EGFR-mutant lung cancer (80). In our study, the concurrent elimination of both macrophage 

subsets was associated with high rates of KP tumor regression (>70%) in response to 

anti-angiogenic immunotherapy.

Relatively abundant Tregs and scant or dysfunctional effector CD8+ T cells characterize 

progressing KP tumors (44–46, 52). Interestingly, macrophages physically associate with 

Treg in KP tumors and their elimination with a combination of a CSF1R antibody and 

cisplatin exhaustively depleted Tregs from the tumor microenvironment. These data are 

consistent with the notion that TAMs support Treg survival and expansion in various 

cancer types (55), including human NSCLC (82). Our analysis of human lung cancer 

transcriptomes revealed strong associations between a macrophage signature (CD163/

MRC1/CSF1R/CD68) and genes indicative of Treg abundance (FOXP3), recruitment 

(CCL17) or activation (IL10, and TGFB1). Human NSCLC-associated Tregs have 

suppressive capacity toward CD8+ T cells ex vivo (83), and both total and activated FoxP3+ 

Treg numbers generally correlate with a worse prognosis in NSCLC (84–87). Several lines 

of evidence in our study suggest that Tregs may function to limit KP tumor response to 

anti-angiogenic immunotherapy. Tregs expressed PD-1 more broadly than CD8+ T cells 

and were preferentially targeted by the PD-1 antibody. In a gastric cancer model, high 

expression of PD-1 on Tregs was associated with an exhausted phenotype and impaired 

Martinez-Usatorre et al. Page 9

Sci Transl Med. Author manuscript; available in PMC 2022 February 11.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



immunosuppressive capacity, which could be reversed through PD-1 blockade; moreover, 

gastric cancer patients who hyper-progressed on anti-PD-1 therapy had highly proliferative 

tumor-infiltrating Tregs (53). Critically, greater abundance of Tregs over CD8+ T cells has 

been implicated in the lack of clinical benefit from ICB in various cancer types (88).

Mechanistically, our results indicate that A2V promotes tumor infiltration by PD-1+ Tregs 

that are concurrently targeted, and potentially activated, by the PD-1 blocking antibody. 

Notably, a PD-L1 antibody also failed to improve tumor response to A2V. Because TAMs 

are largely PD-L1-positive in KP tumors, the close association between PD-L1+ TAMs 

and PD-1+ Tregs could, in principle, reduce Treg functionality in the absence of either 

PD-L1 or PD-1 blocking antibodies. It is tempting to speculate that TAMs play a dual 

role by both supporting Treg recruitment, survival, and differentiation, and limiting their 

activation through the PD-L1-PD-1 axis. Thus, PD-L1 or PD-1 blockade in lung tumors 

with intact macrophage infiltrates may tilt the balance toward macrophage-induced Treg 

activation, a hypothesis that accords well with our experimental results. The KP tumor 

milieu is characterized by elevated expression of TGFβ (Fig. S6A), which promotes Treg 

differentiation (51) and limits tumor response to ICB in distinct cancer types (89–91). Broad 

TAM depletion abated Ccl17 and Tgfb1 expression in the tumors, indicating that TAMs 

are a major source of those Treg cytokines, as confirmed by RNA-seq analysis of TAMs. 

Also, the elimination of TAMs markedly decreased Treg numbers, enforced their exclusion 

from the tumor core, and enhanced binding of the PD-1 antibody to CD8+ T cells, likely 

by removing competition from Tregs. Together, these results underscore microenvironmental 

mechanisms of KP tumor resistance to ICB that are sustained by TAMs and mediated 

through a TAM-Treg cross talk. However, our findings do not exclude the possibility that 

TAMs may also have pro-tumoral functions in KP tumors that are Treg–independent (55, 

59–62, 92, 93).

Although A2V increased CD8+ T cells and their activation in KP tumors, PD-1 blockade 

failed to further enhance this response. Previous studies of KP tumors engineered to express 

model antigens (including OVA) showed that antigen-specific CD8+ T cells are detected at 

early stages of tumor progression, but they decline in number and functionality over time 

(44). Because low mutational burden and neo-antigen diversity may underlie cancer cell-

intrinsic resistance to PD-1/PD-L1 inhibition (94), we generated a KP model with deficiency 

in the MMR machinery, called the KPM model. KPM tumors harbored a non-synonymous 

mutational burden that was greater than in KP tumors and comparable to that of human 

non-smoker NSCLC (95). While CD8+ T cells were increased in KPM compared to KP 

tumors, KPM tumors remained refractory to PD-1 blockade. We obtained similar results in 

a KPO model. Collectively, these findings support the notion that progressing KP tumors 

harbor suppressed CD8+ T cells (44–46, 52), which cannot be rescued by endogenously or 

exogenously expressing potential neo-antigens. Notably, published work indicated that KP 

tumor progression was accompanied by a phenotype switch in Tregs, which up-regulated 

expression of several activation markers and effector molecules (46).

A limitation of our study is that we could not stably deplete CD8+ T cells over a 

4-week time window, so it is unclear whether sustained KP tumor regression in response 

to the combined therapy was CD8+ T cell-dependent. Also, the depletion of TAMs and 

Martinez-Usatorre et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2022 February 11.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Tregs did not enhance tumor infiltration by CD8+ T cells. Nevertheless, PD-1 blockade 

was required to achieve tumor regression in tumors with depleted TAM and Treg cell 

compartments, suggesting potential effects of the treatment on CD8+ T cell diversity and 

functionality, rather than numbers. Another limitation of the study is that we could not 

formally demonstrate the involvement of Tregs in tumor resistance to PD-1 blockade 

through celldepletion or gene-targeting studies. Finally, we neither studied metastatic disease 

nor tumor response beyond a 4-week intervention window, which should be investigated in 

future studies.

In summary, our findings emphasize both the challenges and opportunities of ICB in 

genetically engineered mouse models of NSCLC. We illustrate a treatment strategy that 

uses approved or clinically tested drugs and achieves regression of most of the tumors 

in an otherwise treatment-resistant – and hence clinically relevant – lung cancer model. 

Our preclinical results support clinical testing of macrophage targeting in combination with 

anti-angiogenic immunotherapy in patients with NSCLC.

Materials and Methods

Study design

This study was designed to identify effective drug combinations to treat NSCLC models 

that are resistant to ICB with PD-1 or PD-L1 antibodies. To this end, we used genetically 

engineered mice (KP, KPM and KPO), which recapitulate the heterogeneous histopathology 

of human NSCLC, as well as a model of orthotopic NSCLC (SV2) transplant. In the first 

part of the study (Figs. 1 and 2) we analyzed the effects of angiogenesis inhibitors on 

tumor progression, angiogenesis and immune cell infiltration. In the second part of the study 

(Figs. 3 to 5) we examined the effects of combining ICB with angiogenesis inhibitors and 

identified immunological mechanisms involved in the lack of benefit from the combination 

with ICB. In the third part of the study (Figs. 6 to 8) we identified a therapeutic strategy that 

overcomes resistance to ICB in mouse NSCLC.

The design and modality of the mouse treatment trials are described below. Mice were 

randomized to the various experimental cohorts at 15 weeks (KP and KPM mice), 27 weeks 

(KPO mice) or 12 days (SV2 model) post-tumor induction according to tumor volumetry 

data obtained by micro-CT scanning. No statistical methods were used to calculate cohort 

sample size. End points for experiments with mice were selected in accordance with 

institutional-approved criteria; fixed time points of analysis shown in the figures indicate 

time elapsed from the start of the treatment. The investigators were blinded when analyzing 

micro-CT scans (for tumor volumetry, both at randomization and end-point of analysis) 

and immunostaining data (for quantification of vascular and immune parameters), but were 

not blinded when analyzing other data (flow cytometry and gene expression data). Detailed 

information on sample size, number of independent experiments, and statistical methods, is 

provided in table S1. All procedures were performed according to protocols approved by the 

Veterinary Authorities of the Canton Vaud according to Swiss law (protocols 2978, 2978.a, 

2978.1 and 2978.2a).
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Mice

Kras LSL-G12D/+;p53 fl/fl and Kras LSL-G12D/+;p53 fl/fl;Msh2 fl/fl mice were bred and 

maintained in pathogen-free barrier animal facilities in accord with Swiss regulations for 

the care and use of mice in experimental research. Pups were genotyped by Transnetyx as 

described on the company’s website. C57BL/6 mice were purchased from Charles Rivers.

Tumor induction in transgenic mice

12 to 14 week-old Kras LSL-G12D/+;p53 fl/fl and Kras LSL-G12D/+;p53 fl/fl;Msh2 fl/fl mice were 

anesthetized with an intraperitoneal (i.p.) injection of 1 mg/kg medetomidine hydrochloride 

and 33 mg/kg ketamine (ketasol 100) in sterile saline (0.9% sodium chloride solution). 

Ocular gel (Viscotears, Novartis) was used to protect the cornea and mice were kept on 

a warm surface. Intra-tracheal lentiviral vector (LV) delivery was performed as previously 

described (33). About 1500-2000 (for KP and KPM mice) and 3000 (for KPO mice) 

transduction units of Cre and Cre-OVA LVs, respectively, were diluted in 80 μl of sterile 

phosphate buffer saline (PBS) and delivered intra-tracheally with a catheter. Following 

intratracheal delivery, mice were placed on a heating pad and injected subcutaneously 

with 2.5 mg/kg atipamezole hydrochloride, the medetomidine hydrochloride antidote to 

wake them up. KPO mice were vaccinated with 20 μg OVA plus 10 μg CpG in 20 uL of 

sterile PBS in the hind hocks at 25 weeks post-transduction. Mice were anesthetized with 

isoflurane during the procedure.

Orthotopic NSCLC model

Confluent SV2 cells were detached with trypsin to obtain single cell suspensions. Single 

cells were further cultured in 30 μl droplets in Dulbecco’s Modified Eagle Medium 

(DMEM) medium containing 10% fetal bovine serum (FBS) for 14 hours. Cells were 

allowed to aggregate and approximately 300 cell clusters of about 40 cells each were 

directly injected in the tail vein of 10-week old C57BL/6 mice.

Treatment trials

We used the following monoclonal antibodies: anti-VEGFA (B20-4.1 mouse IgG2a, 10 

mg/kg, Roche); anti-ANGPT2 (murinized LC06 IgG2a, 10 mg/kg, Roche); anti-VEGFA/

ANGPT2 (murinized A2V IgG2a, 20 mg/kg, Roche); anti-PD-1 (Rat IgG2a, clone 

RMPI-14, 10 mg/kg, BE0146 BioXCell), anti-PD-1mut (murine IgG2a PGLALA, 10mg/kg, 

Roche), anti-PD-L1 (murine IgG1, clone 6E11, 10mg/kg, Roche), and anti-CSF1R (mouse-

hamster chimeric IgG1, clone 2G2, 30mg/kg, Roche). Control IgGs were mouse IgG1 

(clone MOPC-21; 20-30 mg/kg, Roche), used for B20, LC06, A2V and anti-CSF1R; and rat 

IgG2a (clone 2A3; 10 mg/kg, BE0089 BioXCell), for anti-PD-1. Therapeutic antibodies and 

control IgGs were administered once weekly for 3-4 weeks from week 15 post-transduction 

in KP and KPM mice and week 27 in KPO mice. SV2 tumor-bearing mice were treated once 

per week for 2 weeks from day 12 post-tumor injection. Rat anti-CD8α depleting mAbs 

(clone 53-6.7 IgG2a; BioXCell, 4mg/kg) and control rat IgG2a (clone 2A3; 4mg/kg) were 

administered 3 times per week for 4 weeks, starting at day -3 before treatment initiation. 

Cisplatin (7 mg/kg, or 3.5 mg/kg when combined with A2V and anti-PD-1; Sigma-Aldrich) 
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was administered once per week for 2 weeks and, following 1 week of break, once per week 

for another 2 weeks. All therapeutic agents were diluted in sterile PBS and administered i.p.

Tumor monitoring by micro-CT

Micro-CT scans of the lungs of tumor-bearing mice were obtained with a Quantum FX 

micro-CT scanner (Perkin Elmer). Mice were anaesthetized with isoflurane during the entire 

imaging procedure. Imaging was started at 11 weeks (KP and KPM mice) or 20 weeks 

(KPO mice) post-transduction and performed once every two weeks until 15 weeks (KP 

and KPM mice) or 26 weeks (KPO mice) post-transduction. Upon start of the treatments 

(15 weeks post-transduction for KP and KPM mice and 27 weeks for KPO mice), imaging 

was performed once per week until the end of the experiments (generally 19 weeks post-

transduction for KP and KPM mice and 30 weeks post-transduction for KPO mice). SV2 

tumor-bearing C57BL/6 mice were imaged once a week from day 12 post-tumor injection.

Statistical analysis

Graphs were generated and statistical analysis performed with Prism (GraphPad Software). 

Error bars indicate the standard error of the mean (SEM). The number of biological (non-

technical) replicates and applied statistical analysis are indicated in the figure legends and 

table S1. All raw numerical data are presented in table S2. Some experimental datasets are 

displayed in different figures to facilitate comparison.

Normality of data distribution was tested using the Shapiro–Wilk normality test. Outliers 

were not excluded from the analysis. Comparison between two unpaired groups was 

performed by parametric Student’s - test or non-parametric Mann–Whitney test. For 

multiple comparisons, parametric one-way ANOVA or non-parametric Kruskal–Wallis 

test were performed followed by Tukey’s multiple comparison test or Dunn multiple 

comparison test, respectively. Simultaneous analysis of two variables among multiple groups 

was performed by two-way ANOVA or two-way repeated measurements (RM) ANOVA, 

followed by the Tukey’s multiple comparison test. P values are coded as *, P < 0.05; **, P 
< 0.01; ***, P < 0.001, and ****, P < 0.0001 in all figures. Exact P-values are reported in 

table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Combined ANGPT2 and VEGFA blockade by A2V limits murine KP tumor growth
(A) Representative micro-CT images of lungs of representative IgG and A2V-treated KP 

mice, imaged over 4 weeks. Red arrowheads point to an individual tumor over time. (B-C) 
Progression of KP tumors treated as indicated. The data in (B) indicate the mean weekly 

change in mean tumor volume (± SEM) relative to the volume at the beginning of the 

treatment. The data in (C) indicate the change in tumor volume from week 0 to 4 after 

treatment initiation; dots represent individual tumors, whereas bars indicate mean values. 

Statistical analysis in (C) by Kruskal-Wallis test followed by Dunn’s multiple comparison 

test. (D) Percentage of CD31+ vascular area in the total tumor area of mice treated as 

indicated. Dots represent individual tumors, whereas bars indicate mean values. Statistical 

analysis by Kruskal-Wallis test followed by Dunn’s multiple comparison test; no significant 

differences. (E) Representative images of CD31 immunostaining (green), indicating blood 
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vessels, and DAPI nuclear staining (blue) of representative KP tumors treated as indicated, 

quantified in (D). Scale bar, 50 μm.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 2. A2V modulates the immune cell composition of murine KP tumors
(A) Percentage of the indicated immune cell types in the CD45+ hematopoietic cell 

compartment of KP tumors treated as indicated and analyzed by flow cytometry. Dots 

represent individual tumors, whereas red bars indicate mean values ± SEM. (B) Left: 

representative images of F4/80 (white) immunostaining and DAPI nuclear staining (blue) 

of KP tumors treated as indicated. Scale bar, 50 μm. Right: quantification of the data. 

Dots represent individual tumors, whereas bars indicate mean values ± SEM. Statistical 

analysis by unpaired t-test. (C) Percentage of Ly6G–Ly6C–F4/80+ TAMs in CD45+ cells of 

KP tumors treated as indicated and analyzed by flow cytometry. Dots represent individual 

tumors, whereas bars indicate mean values ± SEM. Statistical analysis by Mann Whitney 

test. (D) Left: representative images of CD8 (white) and CD3 (red) immunostaining, and 

DAPI nuclear staining (blue), of KP tumors treated as indicated. Yellow arrowheads indicate 

CD8+ T cells. Scale bar, 50 μm. Right: quantification of the data. Dots represent individual 

tumors, whereas bars indicate mean values ± SEM. Statistical analysis by Mann Whitney 

test. (E) Left: representative images of CD4 (white) immunostaining and DAPI nuclear 

staining (blue) of KP tumors treated as indicated. Yellow arrowheads indicate CD4+ T 

cells. Scale bar, 50 μm. Right: quantification of the data. Dots represent individual tumors, 
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whereas bars indicate mean values ± SEM. Statistical analysis by Mann Whitney test. (F) 
Left: representative images of CD4 (white) and Foxp3 (red) immunostaining, and DAPI 

nuclear staining (blue), of KP tumors treated as indicated. Yellow arrowheads indicate 

Foxp3+ Tregs. Scale bar, 50 μm. Right: quantification of the data. Dots represent individual 

tumors, whereas bars indicate mean values ± SEM. Statistical analysis by Mann Whitney 

test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 3. PD-1 blockade does not improve murine KP tumor response to A2V
(A) Progression of KP tumors in mice treated as indicated. The data indicate the change 

in tumor volume from week 0 to 4 after treatment initiation; data show 7 independent 

experiments combined. Dots represent individual tumors, whereas bars indicate mean 

values. Statistical analysis by Kruskal-Wallis test followed by Dunn’s multiple comparison 

test. (B) Number of CD8+, CD4+ or CD4+Foxp3+ Treg cells per mm2 of DAPI+ tumor 

area, quantified by immunostaining. Dots represent individual tumors, whereas bars indicate 

mean values ± SEM. Statistical analysis by Kruskal-Wallis test followed by Dunn’s multiple 
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comparison test. Rightmost panel: Percentage of F4/80+ area in DAPI+ KP tumor area 

quantified by immunostaining. Dots represent individual tumors, whereas bars indicate mean 

values ± SEM. Statistical analysis by one-way ANOVA followed by Tukey’s multiple 

comparison test. (C) Number of nonsynonymous mutations (SNV and INDELS) per 

megabase of DNA in untreated KP and KPM tumors. Dots represent individual tumors, 

whereas bars indicate mean values ± SEM. Statistical analysis by unpaired t-test. (D) 
Number of CD8+, CD4+ and CD4+ Foxp3+ (Tregs) cells per mm2 of DAPI+ tumor area 

quantified by immunostaining. Dots represent individual tumors, whereas bars indicate mean 

values ± SEM. Statistical analysis by Mann Whitney test. (E-F) Progression of KPM and 

KPO tumors in mice treated as indicated. The data indicate the change in tumor volume 

from week 0 to 4 (KPM) or 0 to 3 (KPO) after treatment initiation. Dots represent individual 

tumors, whereas bars indicate mean values. Statistical analysis by Kruskal-Wallis test 

followed by Dunn’s multiple comparison test. (G) Left: 3D rendering of SV2 tumors imaged 

at 0 and 2 weeks in representative mice treated as indicated. Right: Progression of orthotopic 

SV2 tumors treated as indicated. The data indicate the change in tumor volume from week 0 

to 2 after treatment initiation. Statistical analysis by Kruskal-Wallis test followed by Dunn’s 

multiple comparison test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 4. The PD-1 antibody targets PD-1+ Tregs in murine KP tumors
(A) Representative flow cytometry histogram plots (left) and quantification (right) of 

PD-1+ cells within Foxp3+CD4+ Tregs, Foxp3–CD4+ T cells and CD8+ T cells of KP 

tumors treated as indicated, analyzed 1 or 4-weeks after treatment initiation. Dots indicate 

individual tumors. Statistical analysis by two-way RM ANOVA followed by Tukey’s 

multiple comparison test. (B) Left panels: representative images of PD-1 antibody (Ab; 

white) and Foxp3 (red) or CD8 (red) immunostaining, and DAPI nuclear staining (blue), 

of KP tumors treated as indicated, analyzed 1 or 4 weeks after treatment initiation. Yellow 
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arrowheads indicate cells decorated with the PD-1 Ab. Scale bar, 50 μm. Right panels: 

quantification of the data. Dots represent individual tumors, whereas bars indicate mean 

values ± SEM. Statistical analysis by twoway ANOVA followed by Sidak’s multiple 

comparison test (KP, 1 week) or paired t-test (KP, 4 weeks). (C) qPCR analysis of Il10 
in KP tumors treated as indicated, normalized to the expression in IgG-treated mice. Gapdh, 

Hprt and B2m were used as housekeeping genes. Dots represent individual tumors, whereas 

bars indicate mean values ± SEM. Statistical analysis on non-normalized ΔCt values by 

one-way ANOVA followed by Tukey’s multiple comparison test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 5. TAMs interact with Tregs in murine KP tumors
(A) Left: representative images of CD4 (white), Foxp3 (red), CD8 (red), or F4/80 (cyan) 

immunostaining, and DAPI nuclear staining (blue), of KP tumors treated as indicated. 

Yellow and cyan arrowheads indicate Tregs and macrophages, respectively. Scale bar, 

50 μm. Right: percentage of cells in contact with F4/80+ macrophages among total 

CD4+Foxp3+ Tregs, CD4+Foxp3– T cells and CD8+ T cells in KP tumors treated as 

indicated, analyzed at week 4 after treatment initiation. Dots indicate individual tumors, 

whereas red bars represent mean values. Statistical analysis by Kruskal-Wallis test followed 

by Dunn’s multiple comparison test, except for A2V + αPD1mut treated mice (one-

way ANOVA followed by Tukey’s multiple comparison test). (B) Representative flow 

cytometry histogram plots (left panel) and quantification (middle and right panels) of PD-

L1 mean fluorescence intensity (MFI) in CD31+CD45– tumor endothelial cells (T-ECs), 

EpCam+CD45– tumor epithelial cells, and CD45+Ly6G–Ly6C–F4/80+ TAMs, normalized to 

the MFI of the corresponding fluorescence minus one (FMO) control sample, in KP tumors 

treated as indicated. Dots represent individual tumors, whereas bars indicate mean values 

± SEM. Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparison 

test (middle panel) and two-way ANOVA followed by Tukey’s multiple comparison test 

(right panel). (C) Progression of KP tumors in mice treated as indicated. The data indicate 

the change in tumor volume from week 0 to 4 (left) or 0 to 3 (right) after treatment initiation. 
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Dots represent individual tumors, whereas bars indicate mean values. Statistical analysis by 

Kruskal-Wallis test followed by Dunn’s multiple comparison test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 6. CSF1R-dependent macrophages sustain Tregs in murine KP tumors
(A-B) Left: Representative images of F4/80 (white) or Foxp3 (white) immunostaining, and 

DAPI nuclear staining (blue), of KP tumors treated as indicated. Yellow arrowheads indicate 

Foxp3+ Tregs. Scale bar, 50 μm. Right: quantification of the data. Dots represent individual 

tumors, whereas bars indicate mean values ± SEM. Statistical analysis by one-way ANOVA 

followed by Tukey’s multiple comparison test (A) or Kruskal-Wallis test followed by 

Dunn’s multiple comparison test (B). (C) qPCR analysis of Foxp3, Ccl17, Il10 and Arg1 
mRNA expression in KP tumors treated as indicated, normalized to the expression in IgG-
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treated mice. Gapdh and Hprt were used as housekeeping genes. Dots represent individual 

tumors, whereas bars indicate mean values ± SEM. Statistical analysis on non-normalized 

ΔCt values by one-way ANOVA followed by Tukey’s multiple comparison test (Foxp3, 
Il10, Arg1) or Kruskal-Wallis test followed by Dunn’s multiple comparison test (Ccl17). (D) 
Progression of KP tumors in mice treated as indicated. The data indicate the change in tumor 

volume from week 0 to 1 (left) and 0 to 4 (right) after treatment initiation. Dots represent 

individual tumors, whereas bars indicate mean values. Statistical analysis by Kruskal-Wallis 

test followed by Dunn’s multiple comparison test. (E) Percentage of F4/80+ area in DAPI+ 

tumor area quantified by immunostaining. Dots represent individual tumors, whereas bars 

indicate mean values ± SEM. Statistical analysis by one-way ANOVA followed by Tukey’s 

multiple comparison test. (F) Number of CD4+Foxp3+ Tregs per mm2 of DAPI+ tumor 

area quantified by immunostaining. Dots represent individual tumors, whereas bars indicate 

mean values ± SEM. Statistical analysis by Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. (G) qPCR analysis of Foxp3, Ccl17, Il10 and Tgfb1 mRNA expression in 

KP tumors treated as indicated, normalized to the expression in IgG-treated mice. Gapdh 
and Hprt were used as housekeeping genes. Dots represent individual tumors, whereas bars 

indicate mean values ± SEM. Statistical analysis on non-normalized ΔCt values by one-way 

ANOVA followed by Tukey’s multiple comparison test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 7. CSF1R inhibition and cisplatin target distinct macrophage populations in murine KP 
tumors
(A) Left: representative images of F4/80 (white) immunostaining and DAPI nuclear 

staining (blue) of KP tumors treated as indicated. Scale bar, 50 μm. Bottom right: 

quantification of the data. Dots represent individual tumors, whereas bars indicate 

mean values ± SEM. Statistical analysis by one-way ANOVA followed by Tukey’s 

multiple comparison test. (B) Left: pie chart representation of the mean frequency of 

macrophage/monocyte subsets in total Ly6G–F4/80+ cells. Right: frequencies of MO-

TAMs and AM-TAMs within CD45+ cells in KP tumors 4 weeks after treatment 

Martinez-Usatorre et al. Page 32

Sci Transl Med. Author manuscript; available in PMC 2022 February 11.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



initiation. Dots represent individual tumors, whereas bars indicate mean values ± SEM. 

Statistical analysis by one-way ANOVA followed by Tukey’s multiple comparison 

test (AM-TAMs) or Kruskal-Wallis test followed by Dunn’s multiple comparison test 

(MO-TAMs). (C) Expression of Csf1r and Mki67 mRNA by RNAseq in enriched 

MO-TAMs (Ly6G–Ly6C–F4/80+CD11b+CD11c+/lowCD206+/low), AM-TAMs (Ly6G–Ly6C–

F4/80+CD11b- CD11c+CD206+) and live tumor-derived cells (Total) from KPM tumors, 

analyzed 1 week after treatment initiation. Dots represent individual mice, whereas bars 

indicate mean values; several tumors were pooled from each mouse. Statistical analysis 

by two-way ANOVA followed by Tukey’s multiple comparison test. (D) Number of 

CD4+Foxp3+ Tregs per mm2 of DAPI+ KP tumor area quantified by immunostaining. 

Dots represent individual tumors, whereas bars indicate mean values ± SEM. Statistical 

analysis by Kruskal-Wallis test followed by Dunn’s multiple comparison test. (E) qPCR 

analysis of Foxp3, Ccl17, Il10 and Tgfb1 mRNA expression in KP tumors treated as 

indicated, normalized to the expression in IgG-treated mice. Gapdh and Hprt were used as 

housekeeping genes. Dots represent individual tumors, whereas bars indicate mean values ± 

SEM. Statistical analysis on non-normalized ΔCt values by one-way ANOVA followed by 

Tukey’s multiple comparison test. (F) Distance of individual Tregs from the tumor center 

(core) normalized to the tumor area. A normalized distance equal to 1 is the mean distance 

between the core and edge of the tumor. Dots represent individual cells, whereas bars 

indicate mean values. Statistical analysis by Mann Whitney test.

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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Figure 8. Combinatorial targeting of MO-TAMs and AM-TAMs improves the efficacy of anti-
angiogenic immunotherapy in murine KP tumors
(A) Progression of KP tumors in mice treated as indicated. The data indicate the change 

in tumor volume from week 0 to 4 after treatment initiation; data show 10 independent 

experiments combined. Dots represent individual tumors, whereas bars indicate mean 

values. Statistical analysis by Kruskal-Wallis test followed by Dunn’s multiple comparison 

test (left panel) and Mann Whitney test (right panel). (B) Progression and regression rates of 

KP tumors in mice from the data shown in (A).

P values are coded as *: P < 0.05; **: P < 0.01; ***: P < 0.001; and ****: P < 0.0001. 

Exact P values and the number of mice, tumors or samples analyzed, are reported in table 

S1. Numerical values are reported in table S2.
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