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Targeting CD206* macrophages disrupts the
establishment of a key antitumor immune axis

Arja Ray"?@®, Kenneth H. Hu?@®, Kelly Kersten*?®, Tristan Courau?@®, Nicholas F. Kuhn*?@®, Itzia Zaleta-Linares??@®, Bushra Samad?*®,
Alexis ). Combes»>3*®, and Matthew F. Krummel'>*®

CD206 is a common marker of a putative immunosuppressive “M2” state in tumor-associated macrophages (TAMs). We made
a novel conditional CD206 (Mrcl) knock-in mouse to specifically visualize and/or deplete CD206* TAMs. Early depletion of
CD206* macrophages and monocytes (Mono/Macs) led to the indirect loss of conventional type | dendritic cells (cDC1), CD8

T cells, and NK cells in tumors. CD206* TAMs robustly expressed CXCL9, contrasting with stress-responsive Sppl-expressing
TAMs and immature monocytes, which became prominent with early depletion. CD206* TAMs differentially attracted activated
CD8 T cells, and the NK and CD8 T cells in CD206-depleted tumors were deficient in Cxcr3 and cDC1-supportive Xcl1 and Flt3I
expressions. Disrupting this key antitumor axis decreased tumor control by antigen-specific T cells in mice. In human cancers,
a CD206Replete, but not a CD206P¢Pleted Mono/Mac gene signature correlated robustly with CD8 T cell, cDC1, and NK signatures

and was associated with better survival. These findings negate the unqualified classification of CD206* “M2-like”

macrophages as immunosuppressive.

Introduction

Macrophages have diverse roles in homeostasis and disease, and
a refined understanding of the direct and indirect effects of
targeting these cells in tumors is imperative, given the current
impetus in developing myeloid targeting therapies for cancer
(Binnewies et al., 2018; Goswami et al., 2023; Kowal et al., 2019;
Pittet et al., 2022). While the pro-tumor effects of tumor-
associated macrophages (TAMs) have been a dominant focus
in the field, strategies for broad targeting of these cells and their
monocyte precursors (Mono/Macs) and indeed those that are
collectively known as myeloid-derived suppressor cells have
met with limited success (Barry et al., 2023; Gomez-Roca et al.,
2019). The detrimental effects of TAMs on antitumor immunity
have indeed been highlighted by several critical studies (Broz
et al., 2014; Doedens et al., 2010; Kersten et al., 2022; Mitchem
et al., 2013; Nixon et al., 2022; Park et al., 2023; Peranzoni et al.,
2018; Ruffell et al., 2014). However, TAMs can also act as orga-
nizing factors in antitumor immunity. One of the well-
established ways macrophages aid antitumor immunity is by
CXCL9/10/11 expression (House et al., 2020; Qu et al., 2020),
which are ligands for CXCR3- expressing lymphocytes including
CD8 T cells and natural killer (NK) cells. The importance of

CXCL9 expressing TAMs in organizing immune cells in response
to checkpoint blockade has been established in both mouse and
human tumors (Bill et al., 2023; House et al., 2020; Qu et al.,
2020). NK cells and activated CD8 T cells, on the other hand, are
known to produce chemokines FLT3L and XCL1, supportive of
conventional type 1 dendritic cells (cDCls [Barry et al., 2018;
Béttcher et al., 2018]). These cDCls are well-characterized as
antigen-presenting cells that potently stimulate CD8 T cells
(Broz et al., 2014; Pittet et al., 2023; Salmon et al., 2016; Schenkel
et al., 2021). Therefore, a cDCI:NK:CD8 T cell module is also
associated with antitumor immunity and immune checkpoint
blockade (ICB) (Barry et al., 2018; Béttcher et al., 2018). The
context-dependent role of TAMs related to such modules of re-
active immunity in the tumor microenvironment (TME) is not
fully elucidated.

To design rational myeloid targeting strategies, there is a
need to better understand the diversity and contextual function
of macrophages. A widely used strategy for describing macro-
phage function in tumors has involved an “M1” versus “M2”
nomenclature, derived from in vitro skewing with Thl versus
Th2 cytokines, and often equated with pro- and anti-
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inflammatory functions, respectively. Important studies in-
cluding those that have established the dynamics of myeloid
differentiation in tumors and the diversity of intratumoral
Mono/Macs in murine and human tumors (Cheng et al., 2021;
Ginhoux et al., 2016; Yofe et al., 2023) indicate that this binary
M1/M2 delineation of macrophage phenotype does not capture
the heterogeneity at the single cell level (Azizi et al., 2018;
Cheng et al., 2021; Mujal et al., 2022). In wound healing, Argl
and Mrcl (gene corresponding to the mannose-binding C-type
lectin CD206), both utilized as markers of an M2 state, have
distinct expression patterns (Hu et al., 2023). There is also a lack
of correlation among genes within the M1 or M2 signatures in
Mono/Macs (Mujal et al., 2022), and M1 and M2 signatures in
Mono/Macs often show correlated instead of opposing expres-
sion patterns in tumors (Azizi et al., 2018; Cheng et al., 2021).
Despite the evidence of transcriptomic data that suggests
greater complexity than this nomenclature acknowledges, there
is a lack of direct functional evidence to elucidate the roles of
macrophages bearing one or more of these “M2” markers in
tumors. As a result, Mono/Macs expressing “M2” markers such
as CD206, sometimes designated as “M2-like,” continue to be
used as a marker of an immunosuppressive state. A holistic
dissection of the role of CD206-expressing Mono/Macs and the
precise effects of targeting them in tumors in vivo is, however,
yet to be undertaken. We therefore developed a conditional
knock-in reporter mouse using the Mrcl (CD206) allele that al-
lows specific visualization and depletion of those cells to test
how CD206* Mono/Macs contribute to antitumor immunity.

Results and discussion

A novel genetic tool to mark and deplete CD206-expressing
macrophages

To highlight CD206 surface expression variation across Mono/
Mac differentiation in tumors, we identified relevant subsets
from previously published single-cell transcriptomics in B16F10
tumors (Fig. 1 A; Mujal et al., 2022) and applied flow cytometry
to gate on those populations in a related B78chOVA (Kersten
et al., 2022; where B78 is an amelanotic clone of B16 to allow
imaging of tumors, chOVA is an mCherry and OVA construct)
tumor model. CD206 was most prominently expressed by ter-
minal VCAM-1MIL-7Ral® Clq TAMs (Fig. 1, B and C) (Mujal et al.,
2022) followed by the VCAM-1"°IL-7RaM stress-responsive
population (Fig. 1, B and C; associated with enriched glycolysis,
increased Argl and I17r expression [Bill et al., 2023; Mujal et al.,
2022], and possibly hypoxic [Wei et al., 2021]), where TAMs
were defined as CD45*Lin(CD90.2, Ly6G, B220, NKL.1, Siglec-
F)-Ly6C-F480*CD24" (Fig. S1 A). In contrast, CD206 was ex-
pressed at low levels by other less differentiated VCAM®IL-7Ral®
double negative (DN) TAMs (Fig. 1, B and C). Among monocytes,
defined as CD45*Lin(CD90.2, Ly6G, B220, NK1.1, Siglec-F)-Ly6C*
(Fig. S1 A), the MHCII* subset was the prominent CD206 ex-
pressor as opposed to early (immature, MHCII") monocytes, al-
beit at lower levels than stress and Clq TAMs (Fig. 1, B and C).
Overall, this analysis showed that CD206 is variably expressed
across multiple monocyte and macrophage subsets and gen-
erally increases with Mono/Mac differentiation. Further,

Ray et al.
CD206* macrophage role in antitumor immunity

when considering the use of this protein and the gene encoding
it as a means of eliminating these Mono/Macs and thereby
studying their function, we noted that this scavenger receptor
is frequently also expressed on other cells including endothelial
cells and keratinocytes (Chi et al., 2003; Szolnoky et al., 2001) and
may further be ectopically produced by other cells in the TME.

We thus generated a conditional system where a lineage-
specific Cre could drive the recombination of a 3’ knock-in
Mrc]lSL-Venus-DTR gllele (Venus: yellow fluorescent protein vari-
ant for visualization; DTR: diphtheria toxin receptor for deple-
tion) in mice (Fig. 1 D). Then, using a Csflr®"; Mrc]LSL-Venus-DTR
cross (DTR), compared with a MrcI-SLl-Venus-DTR (WT) control
(Fig. 1 D), we assessed the reporter expression in various im-
mune and CD45~ non-immune compartments in the subcuta-
neous melanoma model B78chOVA (Fig. 1 E). Around 70% of
TAMs showed robust Venus reporter expression tightly corre-
lated with the surface expression of CD206 protein (Fig. 1 E).
Following the CD206 expression patterns in the subsets of TAMs
(Fig. 1 C), reporter expression was also highest in the VCAM-
IMIL-7Ral® Clq TAMs, followed by the stress-responsive, and
lowest in the VCAMPIL-7Ral® “DN” TAMs (Fig. 1 G). Likewise, a
subset of CD206* monocytes expressed the reporter, consistent
with Csflr-driven expression (Fig. 1 E). Reporter expression
within the monocytes was also predictably higher in the MHCII*
mature subset (Fig. 1 G), with early monocytes being CD206"
(Fig. 1 C). Apart from the CD206* Mono/Macs we intended
to target, we also found that nearly half of the c¢DC2s
(gated as CD45*Lin(CD90.2, Ly6G, B220, NKL1.1, Siglec-
F)-Ly6C-F480-CD24*CD1lc*MHCII*CD11bPCD103k) (Fig. S1 A)
expressed the reporter along with CD206 in this system (Fig. 1
E), consistent with these being of monocytic origin and perhaps
also being a population of cells sometimes called DC3s (Dutertre
etal., 2019; Liu et al., 2023). Weaker expression was also found
in the CD206* population of neutrophils (Fig. 1 E). Likewise, in
the proximal tumor-draining lymph nodes (tdLN), the same
hierarchy of expression patterns was observed, albeit with
lower levels of CD206 and Venus expression (Fig. S1 B).

As a result of the Csflr€ cross, reporter expression in tumors
was observed only in these myeloid cells and not in CD206* non-
immune cells, lymphocytes, and cDCls (Fig. 1, E and F). Within
the myeloid populations, expression of the Venus marker in
CD206* TAMs was ~2-3x brighter than the CD206* subsets of
other myeloid cells, while that in the CD206~ populations, it was
negligible (Fig. 1 F). Further, the contribution of Venus reporter-
positive cells in the tumor was heavily dominated by Mono/
Macs, which made up about 95% of the intratumoral Venus*
cells in a typical B78chOVA tumor (Fig. 1 H). In fact, specifically,
the CD206* Mono/Macs made up >90% of the reporter-
expressing cells in this tumor model, with CD206* macro-
phages alone making up >70% (Fig. 1 I). Combined with the
increased reporter expression in the CD206* TAMs, as compared
with the other myeloid subsets (Fig. 1 F), this demonstrates a
highly penetrant system to mark and effectively deplete CD206*
Mono/Macs in the TME, while sparing the CD206~ counterparts.
In contrast, when we tracked reporter expression in the same
tumor model in a LysMC* cross, we found similarly no expres-
sion in the CD45- cells, lymphocytes, and cDCls, but lower
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Figure 1. Genetic myeloid-specific labeling of CD206* macrophages in tumors. (A) Pseudotime plots of select Mono/Mac subsets in B16F10 tumors from
Mujal et al. (2022). (B and C) (B) Gating on the equivalent subsets in B78chOVA tumors by flow cytometry and (C) CD206 expression in each of these subsets.
(D) Schematic representation of the MrcItSt-Venus-DTR knock-in construct before (WT) and after (DTR) Cre-mediated recombination by crossing to the Csf1rcre
allele. (E and F) (E) Flow cytometry plots showing reporter (Venus) and CD206 expression in different immune cells in d18 B78chOVA tumors in WT (red) and
DTR (blue) mice with (F) quantification of relative reporter expression (DTR - WT) in the different immune cells, segregated by CD206 expression. Fold change
of relative reporter expression between the CD206* populations of the different myeloid subsets are noted. (G) Reporter expression of the monocyte and TAM
subsets shown in B. (H and 1) (H) Average distribution of Venus reporter expressing cells in a typical B78chOVA tumor at d18 and (I) corresponding distribution
segregated by CD206 expression. Bar graphs show mean + SEM (F, G, and I); data are representative of at least two independent experiments, each with at
least three biological replicates; WT levels averaged from two biological replicates in F; *P < 0.05, **P < 0.01 by paired t test and RM ANOVA and post-hoc
t tests in G.

expression in the neutrophils, and only marginal expression in
the cDC2s (Fig. S1 C). However, we also noted suboptimal pen-
etrance in our target population with this strain, with only about
35-40% of the CD206* Mono/Macs expressing the reporter (Fig.
S1C).
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Given our goal to target CD206* macrophages, we therefore,
adopted the Csflr®e cross to investigate the effects of targeting
CD206* Mono/Macs in the TME. We estimated a high (>90%)
penetrance in these specific intratumoral CD206* Mono/Mac
populations in B78chOVA tumors from the data above. We
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further estimated a potential effect on CD206* cDC2s and neu-
trophils, although the strength of reporter expression was 2-3x
lower in these CD206* myeloid cells (Fig. 1 F). Importantly, this
system would have no direct impact on lymphocytes, CD206*
non-immune cells, and CD206~ myeloid cells, including cDCls.

Early CD206* TAM depletion leads to the indirect loss of
antitumor immune cells

To test the impact of CD206* macrophage targeting on the
overall tumor immune microenvironment, we took advantage of
the linkage of Venus and DTR expression in this background to
deplete those cells. In our setup, using subcutaneous B78chOVA
tumors as described previously, adoptively transferred OVA-
specific OT-I cells allow the tracking of antigen-specific CD8
T cell responses, which nevertheless do not mediate tumor
control (Kersten et al., 2022; Ray et al., 2023, Preprint). We first
confirmed that Cre-mediated induction of reporter expression
without diphtheria toxin (DTx) administration did not alter the
immune composition of these OVA-expressing tumors with OT-I
transfer in the WT (MrcI-SL-Venus-DTR) yersus DTR mice (Csfircrs;
MrcllSl-Venus-DTR) (Fig S2 A). With this baseline, we adminis-
tered DTx either “late/acute,” namely in the last 4 days prior to
the tumor harvest or “early/chronic,” i.e., every day for 2-3
days, starting 2 days after T cell injection until harvest to parse
out the role of CD206* Mono/Macs in the TME (Fig. 2 A). These
two modes of depletion represent perturbations at different
phases of maintenance and establishment of the tumor immune
microenvironment, respectively.

In the context of late DTx administration, we found that this
regimen specifically depleted the cells of interest and otherwise
had little overall effect on other non-targeted cells. Thus, there
was a large reduction in the TAMs (Fig. 2 B), which corre-
sponded to a specific and penetrant loss (~95%) of the CD206*
but not the CD206~ population (Fig. 2 I). We found a compen-
satory rise in monocytes overall (Fig. 2 C), as may be expected
through mobilization of circulating and bone marrow-derived
cells (Kodumudi et al., 2010) following the depletion of CD206*
TAMs. No significant loss was observed in ¢DC2s and neu-
trophils overall (Fig. 2, D and E). In all these myeloid subsets, the
relative loss of CD206* subsets was variable (Fig. 2 R)—most
robust in the TAMs, followed by monocytes, cDC2s, and weakest
in neutrophils. This is consistent with the relative strength of
reporter expression in the CD206* subsets of these myeloid cells,
as shown in Fig. 1 F. Thus, direct depletion was heavily biased to
the highest expression of the construct, namely the CD206*
TAMs. Barring the compensatory increase in monocytes, this
depletion of CD206* TAMs in an established tumor immune
microenvironment had no discernible indirect impact at the
population level, particularly on the abundance of three key
antitumor immune cells—cDC1 (Fig. 2 F), NK cells (Fig. 2 G), and
tumor antigen-specific CD8 T cells (Fig. 2 H).

When we depleted CD206* populations with DTx early,
i.e., starting 2 days after OTI adoption, we found robust deple-
tion of TAMs (Fig. 2 J), again with a specific and penetrant
(~85%) loss of those expressing CD206, leaving CD206~ TAMs
unchanged (Fig. 2 Q). No overall increase in monocytes was
observed here (Fig. 2 K) and the compensatory increase
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associated with CD206* macrophage loss was instead in the
neutrophil compartment (Fig. 2 M), while overall ¢DC2 abun-
dance was once again unchanged (Fig. 2 L). CD206* subsets
of these other myeloid populations were again variably
depleted—significantly in monocytes and cDC2s and mildly in
neutrophils (Fig. 2 S). In contrast to the late depletion setting,
here, we observed a significant decrease in intratumoral abun-
dance of ¢DC1 (Fig. 2 N), NK cells, and transferred OT-Is in the
tumor (Fig. 2, O and P). Therefore, early DTx administration led
to the direct depletion of CD206* Mono/Macs and CD206* cDC2,
indirect increase in neutrophils, along with the indirect loss of
cDCls, NK cells, and CD8 T cells.

These trends in abundances were similar when expressed as
a percentage of live cells (Fig. S2, B and C), indicating numerical
changes, in all cases, except the increase in monocytes following
acute depletion, which only trended higher. When we similarly
treated non-tumor bearing DTR mice with six doses of DTx akin
to the early depletion regimen in tumors and analyzed the im-
mune compositions in the skin (site of the ectopic tumor in-
jections) (Fig. S2 D), no robust indirect loss of populations was
observed, but an increase of neutrophils in an otherwise scarcely
immune-populated skin was recorded (Fig. S2 E). This demon-
strates that the important indirect effects on lymphocytes and
cDCls were not a result of repeated DTx exposure alone.

Given the associated increase in neutrophils in long-term
DTx treated conditions, we repeated the same early depletion
experiment in tumors, now with the addition of anti-Ly6G
neutrophil depleting antibody or isotype control (Fig. S2 F) to
assess whether the gained neutrophils played a role in the in-
direct loss of lymphocytes and cDCls. As expected, both in terms
of the total number of cells per gram of tumor (Fig. S2 G) and the
percentage of CD45* (immune) cells (Fig. S2 H), the abundance
of immune cell types in WT and DTR mice treated with isotype
control mirrored those of the early depletion regimen. With
anti-Ly6G treatment in DTR mice, neutrophils were reduced to
levels below those of isotype-treated controls (Fig. 2 T and Fig.
S2 G), without any concomitant effect on the indirect depletion
of c¢DCls, NK cells, and OT-I T cells (Fig. 2 U and Fig. S2 G).

In recent important work on monocyte-derived cDC2s or
DC3s, these cells have been shown to express CD206 (Liu et al.,
2023) and to support CD8 T cells with a tissue-resident memory
T cell (Tgp)-like phenotype (Bourdely et al., 2020) in contexts
where such T cells are well-defined. We therefore investigated
whether this axis may be at play in our early depletion
setting. First, we found no difference in the Tgm-like
CD44*CD69+CD103* abundance among CD8 T cells in the early
depletion condition (Fig. S2 I), showing that T cells of this
phenotype are not specifically lost due to the depletion. Further,
we investigated early depletion in the LysMC®™ crossed model,
where CD206* ¢DC2s do not express high levels of the reporter
(Fig. 1 C). Here, we found significant yet incomplete direct de-
pletion of CD206* TAMs (~45%) (Fig. S2 ]J) but no depletion of
CD206* cDC2s (Fig. 2 V and Fig. S2 K) along with unchanged
monocyte and increased neutrophil abundance (Fig. S2, L and
M). Importantly, with this incomplete depletion of CD206*
TAMs, we observed a significant decrease in cDCl abundance
(Fig. 2 W, along with more variability among tumors) and a trend
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Figure 2. Early CD206* TAM depletion leads to a coordinated and indirect loss of NK, cDC1, and CD8 T cells in tumors. (A) Schematic representation of
the experimental setup for early and late CD206* TAM depletion in B78chOVA tumors using Mrc1(CD206)-5--Venus-OTR (WT) and Csflrcre; CD206SLVenus-DTR
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(DTR) mice. (B-H and J-P) Relative abundance of different immune populations in B78chOVA tumors as a percentage of CD45* cells with (B-H) late and (J-P)
early depletion regimens. (1 and Q) Abundance of TAMs gated by CD206 expression, showing percentage depletion of CD206* TAMs in (1) late and (Q) early
depletion setting. (R-U) Representative flow cytometry plots showing CD206 versus MHCII expression in different intratumoral myeloid subsets in WT (red)
and DTR (blue) mice in the (R) late and (S) early depletion regimens; relative abundance of (T) neutrophils, (U) cDCL, NK cells, and OT-I T cells in the early DTx
administration setting with additional anti-Ly6G or isotype control treatment. (V-X) Relative abundance of (V) CD206* ¢DC2, (W) cDC1, and (X) CD44* CD8
T cells in the early DTx administration setting in WT and DTR® (Lyz2(LysM)<"¢; CD206"5\-Venus-DTR) mice. Bar graphs show mean + SEM; data are representative
of at least two independent experiments, each with at least three biological replicates per group; ***P < 0.001, **P < 0.01, *P < 0.05, ns = no significance by
unpaired Student’s t tests or Mann-Whitney U test (B-Q and V-X) and Kruskal-Wallis test with post-hoc test correcting for false discovery rate (T and U).

toward decreasing antigen-experienced (CD44*) CD8 T cells in
the tumor (Fig. 2 X), consistent with our other results using the
Csf1rcre cross.

These data suggest that the indirect lymphocyte and cDC1 loss
was not due to CD206* c¢DC2s or infiltrating neutrophils. As
noted earlier, CD8 T cell, NK, and cDC1 populations form a vir-
tuous module of antitumor immunity and are mechanistically
linked to each other in the TME (Barry et al., 2018; Béttcher
et al., 2018). Noting that none of this trifecta of immune cells
express the reporter, we concluded that a direct, targeted abla-
tion of “M2-like” CD206* Mono/Macs by early DTx treatment
led to the indirect loss of this key antitumor reactive module
(Barry et al., 2018). Further, the decreased abundance of CD8
T cells and NK cells was not observed in the tdLN, indicating a
tumor-specific mechanism (Fig. S2 N). These data suggested that
CD206* Mono/Macs were involved in the recruitment and early
establishment of this module in the TME.

Early depletion skews Mono/Macs toward immature and
hypoxic subsets

To define the macrophage subtypes associated with this reactive
immune module and their potential spatially segregated modes
of action, we performed spatial transcriptomics of B78chOVA
tumors guided by Venus (CD206 reporter) expression. For this,
we first spatially mapped the CD206* macrophage population by
Venus expression using two-photon microscopy of B78chOVA
tumor slices with transferred OT-I T cells marked by the
CD2dsRed allele (Fig. 3 A). Doing this revealed three distinct
niches of CD206* macrophage and T cell localization. The “edge,”
which is macrophage and collagen-rich with modest T cell
presence (typically ~300 pm from the tumor boundary), “mid,”
which is the interfacial layer with abundant T cell: macrophage
interaction zones (~300 pm zone contiguous to the “edge”), and
“interior.” The interior is sparser in both immune cell types but
represents the bulk of the tumor by volume (Fig. 3 A). We then
performed post-imaging spatial transcriptomics by ZipSeq (Hu
et al., 2020) on CD45* cells in these three zones (Kersten et al.,
2022) of B78chOVA tumors, with or without early DTx treat-
ment, harvested at day 12 after T cell injection. DTx-treated
tumors lacked Venus-expressing cells, consistent with deple-
tion (Fig. 3 A). UMAP projection of non-linear dimensional re-
duction and Louvain clustering clearly showed the shift in tumor
immune composition among control and DTx-treated groups
(Fig. 3, B and C; and Fig. S3 A). Notably, previously defined Clq
and stress-responsive (Stress) TAMs, which most robustly ex-
press CD206 at the protein level, along with MHCII* and ISG-
expressing monocytes were expectedly depleted by direct DTx
action (Fig. 3 C). The depletion of C1q TAMs (VCAM-1MIL-7Ra)
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and MHCII* monocytes were verified by flow cytometry using
gating strategies described in Fig. 1 (Fig. 3 D). On the other hand,
early monocytes, neutrophils, and an Sppl, Hifla-expressing
subset related to the Stress TAMs by shared expression of
Argl, 1l7r (i.e., StressSPP! TAM), became prominent in the DTx-
treated condition (Fig. 3 C and Fig. S3 A). The loss of cDCLNK:
CD8 populations was again evident in the analysis of relative
abundance from the single-cell RNA sequencing (scRNASeq)
data (Fig. 3 C). Even though the small area of the tumor edge was
much denser in the CD206* Mono/Macs as shown by imaging,
the transcriptomic data suggests high CD206-expressing Clq and
Stress TAMs were more or equally as abundant in the interior
than the edge (Fig. 3 E). This is consistent with the trajectory of
increasing Mono/Mac differentiation toward the interior of the
tumor (Kersten et al., 2022). The spatial distribution of myeloid
cells in the tumor is likely model-dependent and may be quite
different in spontaneous, autochthonous tumor models, as ele-
gantly demonstrated in other contexts (Carmona-Fontaine et al.,
2017; Laviron et al., 2022; Yofe et al., 2023). In this subcutaneous
tumor model, the changes in immune subpopulations were not
limited to a specific region of the tumor (Fig. 3 C) but permeated
throughout as a consistent change in the tumor immune mi-
croenvironment. Thus, the transcriptomics data was congruent
with the flow cytometry-based characterization of depletion
effects and enabled further investigations into the key dis-
tinctions in the CD206-replete and depleted conditions.

CD206* TAMs attract CXCR3-expressing, cDC1-supportive
lymphocytes to the tumor

A well-established positive functional role of TAMs is the pro-
duction of CXCL9 and CXCLIO, inducing CXCR3-dependent
lymphocyte recruitment in tumors (House et al., 2020). Given
the indirect loss of lymphocytes upon early removal of CD206*
Mono/Macs, we hypothesized that this axis is prominent in
these CD206-positive populations. Analyzing the single-cell se-
quencing (scSeq) data in detail, we found that expression of
Cxcll0 (Fig. S3 C) and Cxcl9 (Fig. 3 G). in particular, were
markedly reduced in the DTx-treated tumors, and this corre-
sponded to substantial expression by the directly depleted sub-
sets (CD206*MHCII* Mono/Macs) and none of the indirectly
increased ones (early mono, StressSPP! TAM, and neutrophils)
(Fig. S3 B and Fig. 3 F). We confirmed this finding by flow cy-
tometry for intracellular CXCL9 expression in TAMs from WT
and DTR mice with early depletion (~50% decline, Fig. 3, H and
1). This analysis further revealed a positive association between
this chemokine and CD206 expression in B78chOVA TAMs
(Fig. 3 J), resulting in a significant difference (again ~50%) in
CXCL9 expression in CD206* versus CD206- TAMs (Fig. 3 K) in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20240957

6 of 18


https://doi.org/10.1084/jem.20240957

A 5 ; . 5 ; B ) Stresss' TAM @ Neut @ Early Mono@® C1q TAM@ C1q Prolif
Spatial transcriptomics of Edge, Mid, Interior ® MHCIl+ Mono @ Stress TAM @ 1SG Mono @ C1q TAM—2
Control (Image below) vs. early DTx treated tumor ® Fibro TAM @ ¢cDC1 @ cDC2 @ pDC
@ CD8 T cell @ Prolif CD8 @ NK @ Undefined
Control
o 7 10l % DTx treated eDC1 Control
A 3 )
¥R AREy R ) >
Klid ,“Interior JEESY¥N T (0L - o onn ot /
‘ NK ,,[\‘K
5 d
[sV)
(LI ]
< s
s
=]
0
-5
-0 -5 0 5 10 -10 -5 0 5 10
UMAP_1
C D B78chOVA Early DTx E
ge O . 2] - HXKX
SN & é <5 .
_5 C1q TAM 5 207 4 '\Eﬂ?ge
[ O 9 154
£ 2| StressTAM - - = I Interior
o & | MHCII+ Mono 4 = 104 °
(=2
ISG Mono - 5 5
; \\Mia\ i + w| Early Mono B3 foee
\ \ : § 8 Spp1 i O_
- N \ 5 g StressS! TAM | 9 159 N C1qTAM
Interlor % 22l e N S | T
8 G 10
o
] : T
B = 54
*
[ e ¢ Stress TAM
& o 3 % o ofety
log2FC (Ctrl/DTx treated) Q-
(% abundance) R @ S
F c G H I
xcl9 xcl.
Cxeld B78chOVA TAMs Early DTx
by cell type by group 409 ..
CXCL9 FMO wT DTR = s
° ] ] ] = 304
3 4 0% . 31% 5.3% kS =
| o | £ ] ] + °e
- s{ 2 % 20
2] L 0l 5] o
62 21 & S 3
o - ‘ i
5 5, © = = 1
w l \ =
0 CXCLOAFB47 —> O otR
009055580 ® =
%;ééé%g%%% g Ctrl DTx
= »
B78chOVA + OT-1 d14 TAM CD8T cell transmigration Lymphoid Subset (CD8, CD4, NK)
J K L with sorted TAMs |\ N
- 80 . o 4000 - " Cxcr3 _ FIt31 . Xcel1
b4 oS = 9 ’ ‘
5 - £ 60+ 2X 3000 8 15
0 [ o - i 4
w + 2 s 2 ‘ 1
<] 9 40 g = 2000 S 10‘ |
o £ " e o 1 05 | &
Q ; 3 20 e 2 § 1000 = | | | ‘
O 3 ® o Op » wo —— 00 —— . 0}
1 : B = ] B ® N N
e 0 . | =° 01N Qoo“o 3 Ooo‘*o & Ooo"‘o &
CD206 PerCP Cy5.5 CD206+ CD206- CD206+ CD206-

Figure 3. Loss of CXCL9-positive TAMs and CXCR3-expressing, cDC1 supportive lymphocytes with CD206* TAM depletion. (A) Two-photon imaging of
representative control and early DTx treated B78chOVA tumors day 12 after adoptive transfer of CD2dsRed; OT-I CD8 T cells showing three zones of Venus-
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expressing macrophage and associated OT-I T cell localization—edge, mid, and interior (Int.) mapped by spatial transcriptomic barcoding ZipSeq. Boxed
regions are magnified (right). Scale bars are 100 and 300 um in the control (inset) and DTx-treated images respectively. (B) UMAP representation of major
immune cell populations obtained from Control and early DTx treated B78chOVA tumors on day 12 after OT-I injection aggregated across all three regions.
(C) Summary heatmap showing relative log fold change of the abundance (calculated as the percent of the total number of cells recovered within that region)
of each major cluster in Ctrl/DTx treated conditions, split by region of tumor. (D) Flow cytometry data showing an abundance of Clq TAMs and MHCII*
monocytes in Ctrl and DTx-treated conditions. (E) Distribution of C1q and Stress-responsive TAMs in the three spatial regions in control B78chOVA tumors.
(F and G) Cxcl9 expression (F) aggregated across treatment conditions by cluster and (G) aggregated across clusters by condition. (H and I) (H) Representative
flow cytometry plots showing CXCL9 expression in TAMs in early DTx-treated WT and DTR B78chOVA tumors and (I) corresponding quantification. () and K) ()
Representative flow cytometry plot showing intracellular CXCL9 versus surface CD206 expression in TAMs in B78chOVA tumors at day 14 after OT-I adoptive
transfer without depletion, and (K) the same CXCL9 expression split by CD206 positivity. (L) In vitro-activated CD8 T cell migration at 3 h through a 5-um transwell
insert in the presence of sorted CD206* versus CD206~ TAMs from B78chOVA tumors, normalized to migration with no TAMs. (M and N) (M) Cxcr3, (N) FIt3l, and
Xcll expression in the lymphocyte subset (CD8 T cell, NK cell, and CD4 T cell) by treatment group. Bar graphs show mean + SEM; data are representative of at least
two independent experiments, each with at least three biological replicates, except the spatial transcriptomics data (B, C, E-G, M, and N), from one control and one
DTx-treated tumor; ***P < 0.001, **P < 0.01, *P < 0.05, ns = no significance by Mann-Whitney test (D), unpaired t test (1), and ratio paired t test (K and L).

the WT mice. This finding was substantiated in another sub-
cutaneously injected tumor model MC38chOVA and the spon-
taneous breast tumor model PyMTchOVA (Engelhardt et al.,
2012), both with lower overall CXCL9 positivity in the absence
of OT-I adoptive transfer, but a consistent ~50% or more dif-
ference between the CD206* and CD206~ groups (Fig. S3 D).
CD206* monocytes also expressed more CXCL9 compared with
CD206" counterparts (Fig. S3 E), but CXCL9* monocytes were
only one-fourth as abundant as CXCL9* TAMs in the B78chOVA
TME, thus limiting their relative role in myeloid CXCL9 pro-
duction (Fig. S3 F). Notably, CD206* cDC2s, which were also
depleted in this condition, were not associated with CXCL9 ex-
pression (Fig. S3 G) and expressed lower levels than TAMs
overall. We therefore sorted CD206* versus CD206~ TAMs from
B78chOVA tumors (day 14 after tumor injection without OT-I
treatment) and interrogated their relative effects on in vitro
activated (>90%) CXCR3-expressing (Fig. S3 H) CD8 T cell
transmigration in a 3-h window. Consistent with their CXCL9
expression, the CD206* but not the CD206~ TAMs induced en-
hanced transmigration of these activated CD8 T cells over no
TAM-added controls. (Fig. 3 L). Since CD206 TAM-depleted tu-
mors still had small numbers of lymphocytes, we compared their
levels of CXCR3 at the transcript level, which reflects receptor-
ligand engagement avoiding the confounding effect of receptor
internalization (Meiser et al., 2008), and found that Cxcr3 ex-
pression was markedly lower in the DTx-treated condition in all
the lymphocyte subsets (Fig. 3 M and Fig. S3 I). Taken together,
these data point to the role of CD206* TAMs in the recruitment
of CXCR3-expressing lymphocytes to the TME, which is dis-
rupted by DTx-mediated early depletion.

Lymphocytes are well-established as key producers of ¢cDCl1-
formative chemokines FLT3L (Barry et al., 2018) and XCLl
(Bottcher et al., 2018). While NK cells are the most prominent
producers of these chemokines and have been implicated in
supporting and recruiting cDCls to the tumor (Barry et al., 2018),
activated CD8 T cells, such as those arriving in the tumor are also
known to produce these chemokines. Therefore, given the loss
of ¢DCls in concert with lymphocytes with this depletion regi-
men, we probed for these chemokines in the intratumoral
lymphocytes in the control versus CD206-depleted dataset. This
demonstrated that both FIt3l and Xcll (Fig. 3 N and Fig. S3 )
transcripts were markedly reduced in the NK cells and CD8
T cells in the DTx-treated condition. These changes on a per-cell
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basis, in addition to the overall decrease in CD8 T cells and NK
cells, are consistent with the loss of ¢cDCls in the TME and re-
sulting disruption of the CD8:NK:cDC1 module.

Depletion of CD206* TAMs thwarts CD8 T cell-mediated
antitumor immunity in mice

Given our finding that targeting CD206* macrophages disrupts
the organization of this important node of antitumor immunity,
we asked whether their depletion would be detrimental to
successful CD8 T cell-mediated tumor regression. To test this,
we used an MC38chOVA (the same mCherry-OVA construct in
an MC38 tumor cell line) model where an adoptive transfer of
OT-I T cells results in efficient tumor control (Ray et al., 2023,
Preprint) (Fig. 4 A). This contrasts with the B78chOVA model
where adoptive transfer of OT-Is has no significant impact on
tumor growth (Kersten et al., 2022), including both the early and
late depletion regimens (Fig. S3 K). We then sought to investi-
gate whether the same patterns of CXCL9-associated indirect
loss of the key antitumor immune cells accompanied the tar-
geting of CD206* TAMs in this model. We confirmed first that
reporter expression in these tumors with the Csfir¢* cross fol-
lowed largely the same pattern as the B78chOVA tumors, with
substantial expression in CD206* TAMs and lower expression
in the CD206* subsets of c¢DC2s, monocytes, and neutrophils
(Fig. S3, L and M). Importantly, lymphocytes, cDCls, and
CD206 populations of myeloid cells—again did not show sig-
nificant reporter expression (Fig. S3, L and M). As with the
B78chOVA model, CD206 expression increased with mature
Mono/Mac differentiation states. CD206 expression was once
again minimal in the early monocytes, modest in MHCII* acti-
vated monocytes and VCAM!°CD127"° “DN” TAMs, and higher in
Stress TAM and Clq, as defined earlier (Fig. 4 B). The distribu-
tion of Venus reporter-positive cells (an estimate of the expected
cells to be directly depleted) in these tumors was also heavily
dominated by Mono/Macs, which made up about >95% of the
intratumoral Venus* cells in a typical MC38chOVA tumor (Fig. 4
C). In particular, the CD206* Mono/Macs made up >95% of the
reporter-expressing cells in this tumor model, with CD206*
macrophages alone making up around 80% (Fig. 4 D).

With this confirmation of a similarly distributed CD206 ex-
pression in Mono/Macs and penetrant depletion strategy, we
applied early and late depletion regimens to the MC38chOVA
tumors. This was first done without the addition of OT-I T cells
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VCAM1 and CD127, as shown in Fig. 1 B, but in MC38chOVA tumors. (C and D) (C) Distribution of Venus reporter expressing cells in a typical MC38chOVA tumor
at day 18 (d18) and (D) corresponding distribution segregated by CD206 expression. (E) Schematic representation of the experimental setup for early and late
CD206" TAM depletion in MC38chOVA tumors using Csflr<"; Mrc1-St-Venus-DTR mice, (F-H and J-L) Relative abundance of (F and J) CD206* and CD206~ TAMs,
(G and K) ¢DCls. and (H and L) CD8 T cells as a percentage of CD45"* cells with late and early depletion regimens respectively. (1 and M) Representative flow
cytometry plots showing CD206 versus MHCII expression in different myeloid subsets in WT (red) and DTR (blue) mice in the (I) late and (M) early depletion
regimens. (N and 0) %CXCL9* of TAMs and (0) %Clq TAMs (gated as VCAM1MCD127%) of CD45 in WT and DTR mice with early depletion. (P) Tumor growth
kinetics of MC38chOVA tumors in WT and DTR mice with DTx treatment beginning 2 days after OT-I adoptive transfer at day 0; bar graphs show mean + SEM;
data are representative of at least two independent experiments, each with at least three biological replicates per group for B-O, and with at least five biological
replicates per group for A and P. **P < 0.01, *P < 0.05, ns = no significance by Student’s t test or Mann-Whitney U test or unpaired t tests.

to assess whether similar deficiencies in the early establishment
of key antitumor immune cells occurred here, without the
confounding variable of tumor regression (Fig. 4 E). Following
the reporter expression patterns, in both the late and early de-
pletion settings, there was a significant and large depletion of the
CD206" TAM:s (Fig. 4, F and J). Importantly, there was once again
an indirect loss of ¢DClIs and CD8 T cells (but not NK cells)
specifically in the early but not the late depletion regimen (Fig. 4,
G, H, K, and L), consistent with our results in the B78chOVA
model. Likewise, no change was detected in overall cDC2 abun-
dance (Fig. S3, N-P) with both early and late DTx treatment,
although the fraction of CD206* cDC2s was reduced (Fig. 4, I and
M). Some differences were observed with the B78chOVA model,
including overall maintenance of TAM abundance in late (Fig. S3
0) despite robust depletion of the CD206* populations (Fig. 4 F).
Other variations in compensatory populations, namely neutro-
phil enrichment in both regimens (albeit with much lower effect
size in late depletion; Fig. S3, O and P) were observed. When
evaluated further by directly measuring the total number of cells
per gram of tumor, we observed that the early direct depletion of
CD206* TAMs led to an indirect increase in neutrophils and the
indirect loss of cDCls and CD8 T cells, but not NK cells (Fig. S3 Q)
in MC38chOVA tumors. Once again, this loss of lymphocytes was
specific to the tumor and did not affect the CD8 T cell and NK cell
numbers in the corresponding tdLN (Fig. S3 R).

Further, we found a (~75%) decrease in CXCL9-expressing
TAMs in the early depletion condition (Fig. 4 N) and a large
(~80%) reduction in Clq TAMs, which are the TAMs expressing
the highest levels of CD206 (Fig. 4 0). With confirmation of key
direct and indirect effects of CD206* TAM depletion in the
MC38chOVA model, we treated subcutaneous MC38chOVA tu-
mors in WT and DTR mice with OT-Is with concomitant early
DTx administration. With the prediction that depletion of
CD206* TAMs would thwart the tumor control ability of OT-Is,
we tracked changes in tumor size and indeed observed signifi-
cantly reduced OT-I-mediated tumor control of MC38chOVA
tumors (Fig. 4 P) in the DTR group. These results demonstrate in
a second tumor model the disruption of a key cDCl-centered
antitumor module when CXCL9-producing CD206* TAMs were
eliminated during its establishment, leading to the attenuation
of CD8 T cell-mediated tumor control.

CD206* Mono/Mac signatures associate with antitumor
immunity in human cancers

The data presented thus far provided substantial evidence of a
context in which CD206* populations of Mono/Macs were in fact
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positive contributors to reactive antitumor immunity in mice
rather than being simply immunosuppressive. Consistent with
this understanding, we found that higher levels of MRCI RNA
alone correlated with slightly better rather than worse survival
from patient data in a large cohort curated from The Cancer
Genome Atlas (TCGA) (Combes et al., 2022) (Fig. 5 A). We also
sought to determine whether the revealed relationships between
CD206* TAMs, CXCL9, and the cDC1:CD8:NK module in our
study might similarly extend to human disease. To do so, we first
applied differential gene expression (DGE) analysis of the Ctrl
versus DTx-treated Mono/Mac populations (Fig. 5, B and C)
(excluding neutrophils, cDC1, cDC2, and lymphocyte subsets)
from our scRNASeq dataset (Fig. 3 B). We then used the top 10
differentially expressed genes (DEGs; by average log fold change
and having an adjusted P value <0.01) to create CD206 “Replete”
and “Depleted” gene signatures (Fig. 5 D). The former are DEGs
associated with the presence of CD206* populations and not only
included Clga, Cxcl9, Apoe, but also several MHC-II related genes
(Fig. 5, D and E), consistent with flow cytometry data on Clq
TAM, CD206, CXCL9, and MHC-II expression described above.
The Depleted signature contains genes differentially expressed
in macrophages that remain after CD206* Mono/Mac depletion
and included Ilib, S100a8, along with Sppl (Fig. 5, D and E). Even
though we obtained these gene signatures based upon depletion
of Mono/Macs using the prominent “M2” marker CD206, both
MI- and M2-associated genes were differentially upregulated in
Replete signature (Fig. 5 D), reiterating the lack of coordination
among such markers when studied in vivo.

Using these signatures, we queried a previously described
immune compartment-specific bulk RNASeq data derived from
sorted HLA-DR* myeloid (to capture Mono/Macs and dendritic
cells [DCs] ), T, and total live cells from >200 human tumor
biopsies (Combes et al., 2022) (Fig. 5, F and G) belonging to five
common solid tumor indications (CRC: colorectal cancer, GYN:
gynecological cancer, HNSC: head and neck squamous cell car-
cinoma, KID: kidney cancer; LUNG: lung carcinoma). Given
our finding that the CD206* CXCL9-expressing TAMs recruit
CXCR3-expressing cDCl-supportive lymphocytes, we predicted
that the CD206 “Replete” but not the “Depleted” signature in the
myeloid compartment would associate with previously estab-
lished CD8, NK, and stimulatory cDCls (stimulatory DC, or SDC)
gene signatures (Broz et al., 2014; Combes et al., 2022). Indeed,
the Replete signature, but not the Depleted signature, correlated
significantly with those of each component of the tumor-
reactive immune module (Fig. 5 F) of SDCs (Fig. 5 G), CD8
T cells (Fig. 5 H), and NK cells (Fig. S3). Given that it is by now
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Figure 5. CD206RePlete Mono/Mac signature associates with antitumor immunity in human cancers. (A) Kaplan-Meier survival curves of patients in
TCGA grouped by the expression of MRC1 gene. (B and C) (B) UMAP representation of the Mono/Mac subsets and (C) overlay of the CD206 Replete (Ctrl) and
depleted (DTx) groups on the UMAP from spatial scSeq described in Fig. 3. (D) Top 10 genes from DGE of Mono/Macs in the Ctrl versus DTx treated conditions,
which were used to generate CD206 Replete and CD206 Depleted Mono/Mac signature scores. (E) Expression of select genes defining the CD206 replete
(Clqa, Cxcl9, H2-Ab1) and the CD206 depleted (Il1b, S100a8, Sppl) signatures overlaid on the same UMAPYes, those stray dots can go. There are two more
encroached into panel D (next to Cxcl9, Apoe) - those can also go. (F) Heatmap of z-scored CD206ReP'ete, CD8, NK, and SDC score, calculated from sorted
immune and live compartments, as previously described (Combes et al., 2022) in colorectal (CRC), gynecological (GYN), head and neck (HNS), kidney (KID), and
lung (LUN) cancer patients. (G and H) Scatter plots of the myeloid-specific CD206 Replete and Depleted score per patient with the (G) SDC score and (H) CD8
T cell score (Pearson R and P value for the null hypothesis that there is not a correlation are noted). (1 and J) Kaplan-Meier survival curves of patients grouped
by the value of the (I) CD206RePlete:CD206PePleted signature ratio and (J) CD206RePete signature in TCGA. (K) Expression score for TAMs associated with ICB
responsiveness derived from Li et al. (2024) in the CD206RePtete versus CD206PePleted Mono/Macs; n = 205 patients in G and H; and n = 861 patients per group in
I and J; P values for the log-rank test are noted in A, |, and J, and that for the Wilcoxon test is shown in K.

well-established that SDCs are associated with survival (Broz and significant shift in survival for patients biased toward the
et al., 2014), we also queried whether the relative abundance = CD206RePlete Mono/Mac signature (Fig. 5 I). Indeed, patients
of CD206 Replete Mono/Macs (i.e., CD206RePlete/CD206PePleted  scoring high on the CD206RePlete Mono/Mac signature alone
ratio) was correlated with better survival in patients. In the were also found to have significantly better survival but with a
TCGA dataset, we observed a large (~20% in 5-year survival) reduced effect size (Fig. 5 J) as compared with the ratio. Among
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specific indications, the Replete/Depleted signature ratio was
associated with overall survival in lung, liver, pancreatic, blad-
der, kidney cancer, and melanoma (Fig. S3 T). To further test
whether CD206RePlete Mono/Macs are important for ICB re-
sponsiveness, we used a very recently published atlas of tumor-
infiltrating myeloid cells from human patients, which identifies
a subset of ApoE-expressing TAMs associated with ICB respon-
siveness (Li et al., 2024). Using the top 10 DEGs (by log fold
change, filtered by adjusted P value <0.01) of this TAM cluster,
which included CIQA, CIQB, and CXCL9, we found this signature
score for ICB-responsive TAMs to be significantly higher in the
CD206RePlete  yersus CD206PePleted  Mono/Macs in our data
(Fig. 5 K). Thus, contrary to the simplistic labeling of CD206-
expressing macrophages as immunosuppressive, this data
establishes contexts in which these Mono/Macs are a critical
organizing fulcrum for the reactive module of antitumor im-
munity. Taken together, these data contribute to a nuanced
understanding of the context-dependent role of TAMs in the
TME, necessary to rationally design next-generation myeloid-
targeting immunotherapies in cancer.

Revealed relationships between CD206* TAMs, antitumor
immunity, and macrophage targeting in tumors

cDCls have been previously linked to FLT3L and XCL1-producing
NK cells and activated CD8 T cells (Barry et al., 2018; Bottcher
et al.,, 2018), and this network represents one module of im-
munity that predisposes to ICB response (reviewed in Im et al.
[2021]). The same CD8 T cells in turn may be recruited and
expanded by chemokines and antigen presentation by cDCls,
creating a virtuous feedback loop for antitumor immunity. It
was, however, previously unexplored how specific macrophage
subsets support or thwart this antitumor archetype. Here, we
demonstrate that CD206 expression in macrophages is robustly
correlated with their expression of CXCL9, and these macro-
phages play a critical role in establishing the cDC1:NK-CD8 an-
titumor reactive module in tumors.

This work is the latest in a series of publications (Azizi et al.,
2018; Bill et al., 2023; Ginhoux et al., 2016; Mujal et al., 2022;
Zheng et al., 2021) that force re-evaluation of the prevalent but
insufficient M1/M2 classification of macrophages in tumors.
Notably, CD206 expression is still often used to categorize
macrophages as immunosuppressive and “M2-like,” even
though strong in vivo data supporting this assertion is lacking.
Here, we show that CD206 should not be used as an unqualified
indicator of immunosuppressive function. Indeed, in the con-
text of ongoing antitumor responses studied here in the early
depletion setting, these TAMs are crucial for the effective re-
cruitment of critical immune cells.

When thinking about these revealed functions of TAMs ex-
pressing CD206, we also note that this study specifically found
them critical in early T cell recruitment. Previous work has
highlighted the antigen-presentation capabilities of CD206*
macrophages (Modak et al., 2022). However, direct analyses of
antigen-dependent interactions of CD8 T cells with mature
TAMs (which are biased for those that express CD206) show that
they more often promote T cell exhaustion (Kersten et al., 2022;
Nixon et al., 2022). Thus, TAMs may have distinct phenotypes
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and functions depending on the immunological state of the
tumor—perhaps reflected in the early and late depletion con-
ditions shown here. Future studies to understand this balance of
pro- and antitumor effects of TAMs are critical. At present, one
should not simplistically take our study to indicate that CD206*
macrophages are universally favorable for antitumor immunity.
However, the M1/M2 dichotomy—and particularly a version
that equates CD206 with pro-tumoral functions—appears to be a
misleading lens through which to view macrophage functional
heterogeneity.

Other recent data using CXCL9 versus SPPI gene expression to
functionally classify macrophages in human tumors (Bill et al.,
2023) as anti- or pro-tumor respectively, are aligned with our
findings. In our earlier studies of SPPI in macrophages (Mujal
et al., 2022), these were observed in human tumors, likely em-
bedded within an Argl (Stress) TAM subset in mice, and here
they only emerged as a distinct cluster due to their dispropor-
tionate enrichment post depletion. As we have previously noted
(Mujal et al., 2022), “Stress” macrophages are distinctly glyco-
lytic, express Hifla, and are likely the cells that have previously
been defined as hypoxic macrophages (Bosco et al., 2006; White
et al., 2004) and now associated with poor patient outcomes. In
our model, these SPP1 TAMs appear to be orthogonal to the Clg,
Apoe-expressing CD206M mature TAMs (also VCAMI express-
ing, used to gate on these cells by flow cytometry) expressing
CXCL9, dominant in the CD20ePePleted and CD206RePlete con-
ditions, respectively. As such, the origins of this increased SPP1
subset, perhaps from bone marrow-derived monocyte pre-
cursors, warrant further investigation. In this context, slow and
spontaneously growing autochthonous tumors are an important
tool for such kinetic studies. Individually, parts of this disrupted
antitumor axis including macrophage-specific CXCL9/10 ex-
pression in isolation (House et al., 2020; Qu et al., 2020) or as
opposed to SPP1 expression (Bill et al., 2023), and the presence of
cDCl, NK cells, and antigen-specific CD8 T cells (Barry et al.,
2018; Bottcher et al., 2018) have been associated with ICB re-
sponses. This is consistent with our analysis of recently pub-
lished data on ICB-responsive TAMs (Fig. 5 K) and suggests that
targeting CD206* TAMs in therapeutic contexts of mobilization
of CD8 T cells from lymph nodes may preclude antitumor effi-
cacy of those therapies.

Studies prior to ours and using more universal Mono/Mac
depletion have also variably reported compensatory neutrophil
influx when depleting cells of monocytic origin in tumors
(Kumar et al., 2017; O’Brien et al., 2021; Ries et al., 2014). Our
data also shows an increase in neutrophils in the early CD206-
gated depletion condition but a lack of similar influx in the late
depletion regimen. One interpretation of our data is that a
microenvironment-dependent opportunistic filling of the early
myeloid niche by neutrophils takes place in the absence of suf-
ficient Mono/Macs and the reactive immune components. While
further studies may uncover key nodes of this balance of mye-
loid populations, our results show that the compensatory neu-
trophils do not contribute to the reduction of CXCR3-dependent
lymphocyte recruitment (House et al., 2020), which is the pri-
mary driver leading to the loss of the key tumor-reactive
archetype.
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One key success of our study is the ability to differentially
visualize and target subsets of TAMs within the TME. By mi-
croscopy, the localization of Venus* macrophages was consistent
with previous studies, which showed presence at the tumor
edge, including those that attribute immune cell exclusion to
these cells at the margin (Peranzoni et al., 2018; Yofe et al.,
2023). The differences in tumor models, phenotype, and time-
dependent function of the targeted macrophage subsets may
explain the different functions attributed to apparently similar
cell populations. Many questions regarding the specific role of
TAMs have remained obscured or unanswered partly owing to
the lack of sufficiently specific and penetrant tools to manipulate
them in vivo. Commonly used methods, while important and
useful, lack sufficient specificity, including the depletion of all
monocytes and monocyte-derived DCs (CSFIR blocking anti-
body; Greter et al., 2012; Naik et al., 2015; Swierczak et al., 2014)
and the depletion of all phagocytic cells and the arrest of neu-
trophils (Clodronate; Culemann et al., 2023). In this context, the
novel conditional CD206 reporter introduced here—paired with
Csflr-Cre to avoid depleting other non-myeloid cells that express
CD206—provides a more selective marking and depletion tool
for CD206* TAMs, with a further potential to target various
subpopulations by altering the Cre driver alleles.

Overall, our results indicate that even this subset-dependent
depletion of Mono/Mac populations may not be prudent in all
contexts. To this extent, while anti-CSFIR antibodies have failed
to show benefits in clinical trials (Gomez-Roca et al., 2019), other
modified strategies (Klemm et al., 2021) or drugs that modulate
specific subsets (Juric et al., 2023) may prove more surgical.
Systematically dissecting the role of individual TAM subtypes
will continue to be crucial to deciphering their context-dependent
and complex roles in the TME with a view toward harnessing
them for better immunotherapy outcomes.

Materials and methods

Mice

All mice were treated in accordance with the regulatory stand-
ards of the National Institutes of Health and American Associ-
ation of Laboratory Animal Care and were approved by the
University of California, San Francisco (UCSF) Institutional
Animal Care and Use Committee (IACUC). Mrcl(CD206)LSL-Venus-
DTR mice in the C57BL6/] background were custom-generated
from Biocytogen Inc. and then maintained at the UCSF Animal
Barrier facility under specific pathogen-free conditions.
C57BL6/J, C57BL6/] CD45.1 (B6.SJL-Ptprc? Pepcb/Boy]), OT-I
(C57BL/6-Tg(TcraTerb)1100Mjb/J), CsflrCre (C57BL/6-Tg(Csflr-
cre)1Mnz/]), and LysMCe (B6.129P2-Lyz2tmi(cre)lfo/T) mice were
purchased for use from Jackson Laboratories and maintained in
the same facility in the C57BL6/J background. For adoptive transfer
experiments, CD45.17¢%; OT-I**t (denoted simply as CD45.1; OT1)
mice were used. Mice of either sex ranging in age from 6 to 14 wk
were used for experimentation.

Depletion of select immune cell populations
For depletion of CD206-expressing macrophages, 500 ng (20 ng/g
body weight, assuming an average 25 g weight for each mouse) DTx
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(List Biological Laboratories) in 100 ul 1x PBS was injected intraper-
itoneally into each mouse—for both Csfir®; Mrcl(CD206)LSL-Venus DTR
(DTR) or alternately LysMCre; Mrcl(CD206)LSL-VenusDTR (DTRL)
and Mrcl(CD206)LSL-Venus-DTR (WT) groups—at every time point.
For the early depletion regimen, injections were started 2 days
after the adoptive transfer of T cells and continued every 2-3
days till the endpoint, while for the late depletion regime, in-
jections began at day 10 after T cell injection and continued till
the endpoint. For testing the effects of DTx in tumor-free tissue,
a similar dosing of DTx as the early depletion regime was im-
plemented without tumor injection, and the skin (ectopic tumor
site) was isolated for analysis. Mice were found to be healthy and
without frank health issues with six doses of 500 ng DTx (early
depletion regime), but were monitored nevertheless throughout
the experiment, as per IACUC guidelines.

For depletion of neutrophils, mice were treated with 200 pg/
dose of anti-Ly6G antibody (Clone 1A8; BioXCell) in PBS in-
traperitoneally every 2-3 days starting one dose after the be-
ginning of DTx treatment and coincident with DTx treatment
thereafter. Control mice were similarly treated with the cor-
responding isotype control antibody at the same dose (Clone
2A3; BioXCell).

Mouse tumor digestion and flow cytometry

Tumors from mice were processed to generate single-cell sus-
pensions as described previously (Barry et al., 2018). Briefly,
tumors were isolated and mechanically minced on ice using
razor blades, followed by enzymatic digestion with 200 ug/ml
DNAse (Sigma-Aldrich), 100 U/ml Collagenase I (Worthington
Biochemical), and 500 U/ml Collagenase IV (Worthington Bio-
chemical) for 30 min at 37°C while shaking. Digestion was
quenched by adding excess 1x PBS, filtered through a 100-um
mesh, spun down, and red blood cells were removed by incu-
bating with RBC lysis buffer (155 mM NH,C], 12 mM NaHCOs,
0.1 mM EDTA) at room temperature for 10 min. The lysis was
quenched with excess 1x PBS, spun down, and resuspended in
FACS buffer (2 mM EDTA + 1% FCS in 1x PBS) to obtain single-
cell suspensions. For counting absolute numbers of cells,
CountBright Absolute Counting Beads (Thermo Fisher Scien-
tific) were added to the cell suspensions prior to staining, while
noting the total weight of the tumor and the fraction of the total
tumor cell digest used for staining.

For each sample, 2.5-3 million cells/sample were stained in a
total of 50 ul of antibody mixture for flow cytometry. Cells were
first stained with Zombie NIR Fixable live/dead dye (1:500)
(Biolegend) for 20 min at 4°C. Next, cells were washed in FACS
buffer followed by surface staining for 30 min at 4°C with di-
rectly conjugated antibodies diluted in FACS buffer containing 1:
100 anti-CD16/32 (Fc block; BioXCell) to block non-specific
binding. Antibody dilutions ranged from 1:100-1:400, opti-
mized separately. After surface staining, cells were washed
again with FACS buffer. For intracellular staining, cells were
fixed for 20 min at room temperature using the IC Fixation
Buffer (BD Biosciences) and washed in permeabilization buffer
from the FoxP3 Fix/Perm Kit (BD Biosciences). Antibodies
against intracellular targets were diluted in permeabilization
buffer containing 1:100 Fc Block (same as above), and cells were
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incubated for 30 min at 4°C followed by another wash prior to
readout on a BD LSRII or Fortessa Cytometer.

Processing and flow cytometry analysis of other mouse organs
To phenotype cells from lymphoid organs, inguinal, axillary, and
brachial (tumor-draining) lymph nodes were isolated, pried
open with tweezers (lymph nodes) or cut into small pieces
(spleen), and digested with the same digestion cocktail as above,
intermittently pipetting with cut P1000 pipette tips to enhance
mechanical digestion. The resulting suspensions were then fil-
tered using a 100-pm filter, washed with 1x PBS, spun down, and
resuspended in FACS buffer to generate single-cell suspensions,
ready for staining.

Skin digestion was done as previously described (Ruhland
et al., 2020). Briefly, mice were shaved and depilated (using
Nair) prior to the removal of dorsal skin. The skin was then rid
of fat and minced with scissors and a razor blade in the presence
of 1 ml of digest media (2 mg/ml collagenase IV [Roche], 1 mg/ml
hyaluronidase [Worthington], and 0.1 mg/ml DNase I [Roche] in
RPMI-1640 [GIBCO]). The minced skin was then moved to a
50 ml conical with 5 ml additional digest solution and incubated
at 37°C for 45 min with shaking and intermittent vortexing
before being washed and passed through a 70-pm strainer prior
to staining.

Analysis of flow cytometry data was done on Flow]Jo and later
plotted on GraphPad Prism or R. Relative mean fluorescence
intensity (MFI) of the Venus reporter was calculated by sub-
tracting the background average MFI of the same channel in WT
samples from those in each DTR sample.

Tumor injections and adoptive transfer of CD8 T cells

into tumors

The B78chOVA and MC38chOVA cancer cell lines, as previously
described (Barry et al., 2018; Kersten et al., 2022), were gener-
ated by incorporating the same mCherry-OVA construct used to
establish the PyMTchOVA spontaneous mouse line (Engelhardt
et al., 2012). For tumor injections, the corresponding cells were
grown to near confluency (cultured in DMEM with 10% FCS
[Benchmark] and 1% PSG [Penicillin/Streptomycin/Glutamine;
Gibco]) and harvested using 0.05% Trypsin-EDTA (Gibco) and
washed 3x with PBS (Gibco). The number of cells to be injected
per mouse was resuspended in PBS to a final volume of 50 pl
per injection. The suspension was injected subcutaneously
into the flanks of anesthetized and shaved mice. Tumors were
allowed to grow for 14-21 days unless otherwise noted before
tumors and tdLN were harvested for analysis. CD8 T cells
were isolated from CD45.1;0T-1 mice using the EasySep
Negative Selection Kit (Stem Cell Bio), resuspended in 1x PBS,
and 100 pl was injected into each tumor-bearing mouse.
1 million CD8 T cells were injected retro-orbitally into each
mouse 5 days after tumor injection. Tumor measurements
were done by measuring the longest dimension (length) and
approximately perpendicular dimension (width) using digital
calipers, rounded to one decimal place each. For experiments
using the PyMTchOVA strain, mammary tumor-bearing fe-
males in the age range of 15-24 wk were used when mice
developed at least two palpable tumors.
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Spatial scRNASeq and analysis

Spatial scSeq of immune cell populations at the tumor edge,
interface, and interior zones was performed using ZipSeq, as
previously described (Kersten et al., 2022), with the additional
condition of DTx treatment integrated into the dataset. From
visualizing several tumors, we designated the collagen-rich re-
gion ~300 pm from the tumor boundary as the “edge,” contig-
uous ~300 pm region as the interfacial “mid,” and the rest as the
interior region. When imaging on the customized Zeiss Axiovert
200M inverted microscope fitted with a Mosaic DMD (Andor),
the outer boundaries of the tumors were determined by auto-
fluorescence. For representative capture of the regions at high
resolution, serial slices were imaged by a custom two-photon
microscope, corresponding to the data shown in Fig. 3 A.
Briefly, B78chOVA tumors subcutaneously grown in Csflr¢re;
MrcltSt-Venus-DTR mjce on day 12 after adoptive transfer of
1 million CD2dsRed; OT-1 CD8 T cells with (DTx) and without
(Control) DTx treatment (early depletion regime) were har-
vested and sliced into 160-pm slices using a Compressotome
(VFZ-310-OZ; Precisionary Instruments). Imaging, spatial bar-
coding, subsequent digestion, sorting, encapsulation (10X Ge-
nomics) and library construction, CellRanger processing, and
alignment were performed as described previously (Hu et al.,
2020; Kersten et al., 2022). The two separate sequencing runs
(Control and DTx) were assembled and integrated into a single
data structure using Harmony (Korsunsky et al., 2019). The final
object underwent scaling and then scoring for cell cycle sig-
natures (S and G2M scores as computed using Seurat’s built-in
CellCycleScoring function). The object then underwent regres-
sion for cell cycle effects (S and G2M score as described in the
Seurat vignette) and percent mitochondrial reads before prin-
cipal component analysis (PCA).

Relative abundance from scSeq data was calculated as fol-
lows: log, (% of each cluster [cell type] within a tumor region
(Edge, Mid, Inner) in the Ctrl/(% of the same cluster in the same
region in the DTx treated group), thereby yielding positive
values for depletion and negative values for enrichment. While
abundances were calculated with the broad clusters from the
overall object, the lymphoid clusters were isolated to a separate
object and reclustered to further probe for individual gene ex-
pression (Cxcr3, Flt3l, Xcll) in the resulting subsets.

Transwell assay of CD8 T cell migration

For transwell assays, subcutaneously injected B78chOVA tumors
were grown for 14 days and then harvested, digested, and sorted
by fluorescence-activated cell sorting (FACS) for CD206* versus
CD206~ TAMs (gating scheme as in Fig. S1 A). 3 days before the
sort, CD8 T cells from a B6 mouse were harvested and stimulated
in vitro with anti-CD3/anti-CD28 Dynabeads (Thermo Fisher
Scientific) for 24 h, taken off the beads, and rested in 10 U/ml IL-
2 for an additional 48 h to produce effector-like CD8 T cells.
After the sort, 500,000 activated T cells were plated in 75 pl
T cell media (RPMI + 10% FCS + 50 uM B-mercaptoethanol) on
top of a 5-um transwell insert (Corning), allowed to settle for
30 mins and subsequently, 10,000 sorted CD206~, CD206* TAMs
or no TAMs were added to the bottom well to induce T cell
migration. Cells at the bottom were collected at 3 h, mixed with
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CountBright absolute counting beads, stained, and analyzed by
flow cytometry to quantify the number of CD8 T cells migrated.
The total number of CD8 T cells migrated in each condition was
normalized to the average number of cells migrated in the no
TAM condition.

Human tumor samples

All tumor samples were collected with patient consent after
surgical resection under a UCSF Institutional Review Board
(IRB)-approved protocol (UCSF IRB# 20-31740) as part of the
UCSF Immunoprofiler project, as described previously (Combes
et al., 2022). In brief, freshly resected samples were transported
inice-cold DPBS or Leibovitz’s L-15 medium before digestion and
processing to generate a single-cell suspension. The five most
well-represented cancer indications in this collection were in-
cluded in the cohort: colorectal cancer (CRC), gynecological
cancers (GYN), head and neck cancer (HNSC), kidney cancer
(KID), and lung cancer (LUNG).

Transcriptomic analysis of human tumors

Briefly, tumor samples were thoroughly minced with surgical
scissors and transferred to GentleMACS Tubes containing 800
U/ml Collagenase IV and 0.1 mg/ml DNase I in L-15/2% FCS per
0.3 g tissue. GentleMACS tubes were then installed onto the
GentleMACS Octo Dissociator (Miltenyi Biotec) and incubated
for 20 min (lymph node) or 35 min (tumor) according to the
manufacturer’s instructions. Samples were then quenched with
15 ml of sort buffer (PBS/2% FCS/2 mM EDTA), filtered through
100-um filters, and spun down. Red blood cell lysis was per-
formed with 175 mM ammonium chloride, if needed. Freshly
digested tumor samples were sorted by FACS into the conven-
tional T cell, regulatory T cell, myeloid, tumor, and in some
cases, stromal compartments, and bulk RNASeq was performed
on sorted cell fractions. mRNA was isolated from sorted frac-
tions and libraries were prepared using Illumina Nextera XT
DNA Library Prep kit. The libraries were sequenced using
100 bp paired-end sequencing on HiSeq4000. The sequencing
reads we aligned to the Ensembl GRCh38.85 transcriptome build
using STAR (Dobin et al., 2013) and gene expression was com-
puted using RSEM (Li and Dewey, 2011). Sequencing quality was
evaluated in-house by the Eisenberg housekeeping (EHK) score,
where each sample was assigned a score of 0 through 10 based
on the number of EHK genes that were expressed above a pre-
calculated minimum threshold. The threshold was learned from
our data by examining the expression distributions of EHK
genes and validated using the corresponding distributions in
TCGA. A score of 10 represented the highest quality data where
10 out of 10 EHK genes are expressed above the minimum
threshold. The samples used here for gene expression analyses
had an EHK score of 27 to ensure data quality. Ensemble gene
signature scores were calculated by converting the expression of
each gene in the signature to a percentile rank among all genes
and then determining the mean rank of all the genes in the
signature (Ray et al., 2023, Preprint), modified from Combes
et al. (2022). The corresponding gene lists for obtaining CD8
T cell (Combes et al., 2022), NK (Barry et al., 2018), and the SDC
score (Broz et al., 2014) are as described in these previous works.
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Analyses of public or published datasets

Survival analyses using the TCGA dataset were performed using
the TCGA sub-cohort described in Combes et al. (2022). Briefly,
tumor RNASeq counts and TPM along with curated clinical data
for 13 cancer types (bladder cancer [BLCA], colon adenocarci-
noma [COAD], glioblastoma [GBM], gynecological cancer [GYN]
[grouping ovarian cancer [OV], uterine corpus endometrial
carcinoma [UCEC], and uterine carcinosarcoma [UCS]], head and
neck squamous cell carcinoma [HNSC], kidney renal clear cell
carcinoma [KIRC], liver hepatocellular carcinoma [LIHC], lung
adenocarcinoma [LUAD], pancreatic adenocarcinoma [PAAD],
sarcoma [SARC], and skin cutaneous melanoma [SKCM]) were
filtered down to include primary solid tumors and metastatic
samples only, to parallel the cohort samples in UCSF Im-
munoprofiler (Combes et al., 2022). This resulted in a TCGA
sample set of 4,341 tumors. CD206R®P*t® gene scores were gener-
ated by first normalizing (using percentiles) the expression values
of each gene composing the signature across all patients, followed
by averaging these normalized values for each patient. The same
method was used for deriving CD206P¢Pleted gene scores, and we
then calculated the ratio of CD206RePlete/CD206PePleted gene scores
by dividing corresponding score values for each patient. For sur-
vival analysis, patients were split into either CD206R°Pl** gene
score HIGH yersus LOW (top/bottom 20% respectively, n = 861) or
(CD206Replete;CD206PePleted  gene  signature ratio)™'CH  versus
(CD206Replete:CD206PePleted gene signature ratio)'°W (top/bottom
20% respectively, n = 861) and analyzed using a log-rank test.

To obtain gene signatures of tumor-infiltrating macrophages
associated with ICB response, DEGs from the response-associated
“Macro_FOLR2*APOE*” cluster (Li et al., 2024) were filtered by
adjusted P value <0.01 and arranged by decreasing average log
fold change of expression. From this list, the murine orthologs of
the top 10 genes that were also occurring in our spatial scSeq
dataset (thereby excluding Ccli8 and Sds) were obtained as fol-
lows: Gpnmb, Plau, Cxcl9, Nr1h3, Lgmn, Ccl4, Acp5, Clgb, Rgsl, and
Clqa. The ensemble gene expression score for this signature was
generated using the percentile rank method as mentioned above.

Two-photon imaging of tumor slices

Tumor slices (adjacent to the ones used for spatial barcoding by
ZipSeq) were fixed in 2% paraformaldehyde (Sigma-Aldrich),
washed, and left overnight in 1x PBS at 4°C before imaging on a
custom-made two-photon microscope, as previously described
(Broz et al., 2014), to visualize the Venus reporter and CD2dsRed
marked CD8 T cells and fibrous collagen by second harmonic
generation (SHG). Dual laser excitations at 800 and 950 nm
were used to excite the requisite fluorophores and capture those
emissions and SHG in non-overlapping detection channels.

Statistical analysis

Statistical analysis was done in GraphPad Prism or in R. For
testing the null hypothesis between two groups, Student’s t tests
and or the non-parametric Mann-Whitney U tests or Wilcoxon
rank-sum test was used depending on the number and distri-
bution of data points. Likewise, for testing null hypotheses
among three or more groups, ANOVA or non-parametric tests
were performed, followed by post-hoc test, correcting for false
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discovery rates (threshold = 0.05) in multiple comparisons. Log-
rank test was used for null hypothesis testing in survival data.
Unless otherwise mentioned, data are representative of at least
two independent experiments.

Online supplemental material

Fig. S1 shows a flow cytometry gating scheme to identify various
immune cells in tumors and tdLN and reporter expression in
different contexts. Fig. S2 shows intratumoral immune compo-
sitions and an abundance of specific subsets with various per-
turbations in B78chOVA. Fig. S3 includes gene expression
supporting scSeq cluster identification and chemokine expres-
sion patterns; it shows reporter expression in MC38chOVA and
immune compositions with DTx-mediated depletion in the
same, and further data associating CD206* Mono/Macs with
antitumor immunity in human cancers.

Data availability

Sequencing data are available at GEO accession: GSE184398 associ-
ated with Combes et al. (2022), GEO accession: GSE201074 associated
with Kersten et al. (2022) and GEO accession GSE281472 associated
with this study. Other data and reagents will also be available upon
reasonable request, please contact the authors directly.
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Figure S2. Relative abundance of immune cells in control and reporter-expressing mice with DTx administration in different contexts. (A) Relative
abundance of different immune populations as a percentage of CD45* cells in Mrc1-St-Venus-DTR (WT; red) and Csflrcre; CD2065-Venus-DTR (DTR; blue) mice with
B78chOVA tumor injection (day -5), OT-I adoptive transfer (day 0) and harvest (day 14) without DTx administration. (B and C) Relative abundance of different
immune populations as a percentage of live cells with (B) late and (C) early depletion regimens by DTx treatment in B78chOVA tumors. (D) Schematic
representation of the experimental setup for analysis of skin in MrcItSt-VenusDTR (WT; red) and Csflrcre; MrcItSt-VenusDTR (DTR; blue) mice with DTx admin-
istration. (E) Relative abundance of different immune populations in the skin as a percentage of live cells. (F) Schematic representation of the experimental
setup for B78chOVA tumor injection, OT-I T cell adoptive transfer, and early DTx administration with either isotype control or anti-Ly6G antibody treatment
and analysis. (G and H) Abundance of different immune populations as (G) cells per g of tumor and (H) percentage of CD45* cells in WT and DTR mice in the
above experiment. (1) Abundance of CD44*CD103*CD69* tissue-resident memory-like cells in B78chOVA tumors at day 18 in the early depletion setting. (J-M)
In early DTx administration setting in WT (red; Mrc1-5-Venus-OTR) and DTR (blue; Lyz2(LysM)Cre; MrcItSt-Venus-DTR) mice, relative abundance of (J) TAMs and
CD206* TAMs, (K) cDC2, (L) neutrophils, and (M) monocytes. (N) Number of CD8 T cells and NK cells per B78chOVA tdLN from WT and DTR mice at endpoint
of early DTx treatment. Bar graphs show mean + SEM; data are representative of at least two independent experiments, each with at least three biological
replicates per group. ****P < 0.0001, **P < 0.01, *P < 0.05, ns = no significance by Student’s t tests or Mann-Whitney test (A-C, E, and I-N), or Kruskal-Wallis
test with post-hoc test correcting for false discovery (G and H).
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Figure S3. Changes in chemokine expression and immune cell abundance in CD206-depleted tumors, and associated survival data in humans.
(A) Dotplot representing top five DEGs and select other genes in each immune cell cluster identified from a harmonized dataset of spatially barcoded Control
and DTx treated B78chOVA tumors on day 12 after adoptive transfer of CD2dsRed; OT-I cells. (B and C) Cxcl10 expression (B) aggregated across treatment
conditions by cluster and (C) aggregated across clusters by treatment. (D) CXCL9 expression in PyMTchOVA and MC38chOVA (both without OT-I adoptive
transfer) TAMs split by their CD206 expression. (E and F) (E) CXCL9 expression in B78chOVA intratumoral monocytes split by CD206 expression and (F)
relative abundance of CXCL9* TAMs and monocytes in the same tumors. (G) Flow cytometry plot showing CD206 and CXCL9 expression in cDC2s and TAMs in
B78chOVA tumors. (H) Percent of CXCR3* among in vitro activated CD8 T cells prior to transmigration in the presence of CD206~ and CD206* TAMs. (I and J)
Violin plot representing (1) Cxcr3 and (J) Xcl1 and Flt3[ expression in the lymphoid compartment in Control and DTx treated conditions. (K) Tumor growth curves
of B78chOVA tumors with OT-1 adoption and early and late DTx administration. (L and M) (L) Overlaid flow cytometry plots showing reporter (Venus) and
CD206 expression in different immune cells in MC38chOVA tumors in WT (red; Mrc1tSt-Venus-DTR) and DTR (blue; Csfl1rcre; Mrc1St-Venus-DTR) mice and (M)
quantification of relative reporter expression (DTR - WT) in the different subsets, split by CD206 expression. (N) Schematic representation of the experimental
setup for early and late CD206* TAM depletion in MC38chOVA tumors using MrcI-St-Venus-DTR (WT) and Csf1rCre; MrcItSt-VenusDTR (DTR) mice. (O and P)
Relative abundance of different immune populations as a percentage of CD45* cells with () late and (P) early depletion regimens. (Q) Abundance of different
immune populations as total number of cells per g of MC38chOVA tumor in WT and DTR mice in the early DTx administration regimen. (R) Number of CD8
T cells and NK cells per tdLN of WT and DTR mice with MC38chOVA tumors and treated with the early DTx regimen. (S) Scatter plots of the CD206Replete and
CD206Perleted Mono/Mac score per patient with the NK cell score (Pearson R and P value for the null hypothesis that there is not a correlation are noted).
(T) Kaplan-Meier survival curves of patients grouped by the value of the CD206Replete; CD206Pepleted signature ratio (top and bottom 20%) from TCGA split by
indications, number of patients per group and P values for the log-rank test are noted for each curve in T. Bar graphs show mean + SEM; data are repre-
sentative of at least two independent experiments, each with at least three biological replicates, except the spatial transcriptomics data (A-C, I, and J), from one
control and one DTx-treated tumor. ***P < 0.0001, **P < 0.01, *P < 0.05, ns = no significance by paired ratio t tests (D and E) or unpaired t tests or
Mann-Whitney test in F and O-Q. n = 203 patients in S.

Ray et al. Journal of Experimental Medicine
CD206* macrophage role in antitumor immunity https://doi.org/10.1084/jem.20240957

S6


https://doi.org/10.1084/jem.20240957

	Targeting CD206+ macrophages disrupts the establishment of a key antitumor immune axis
	Introduction
	Results and discussion
	A novel genetic tool to mark and deplete CD206
	Early CD206+ TAM depletion leads to the indirect loss of antitumor immune cells
	Early depletion skews Mono/Macs toward immature and hypoxic subsets
	CD206+ TAMs attract CXCR3
	Depletion of CD206+ TAMs thwarts CD8 T cell–mediated antitumor immunity in mice
	CD206+ Mono/Mac signatures associate with antitumor immunity in human cancers
	Revealed relationships between CD206+ TAMs, antitumor immunity, and macrophage targeting in tumors

	Materials and methods
	Mice
	Depletion of select immune cell populations
	Mouse tumor digestion and flow cytometry
	Processing and flow cytometry analysis of other mouse organs
	Tumor injections and adoptive transfer of CD8 T cells into tumors
	Spatial scRNASeq and analysis
	Transwell assay of CD8 T cell migration
	Human tumor samples
	Transcriptomic analysis of human tumors
	Analyses of public or published datasets
	Two
	Statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material


