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Macrophages are among the most abundant immune cells in solid tumors,

yet how macrophage lineage and spatial organization shape antitumor
immunity remains unclear. Here we uncovered a division of labor between
tissue-resident CD206" and CD206" interstitial macrophage (IM) subsets
and Ly6c2'FnI"Vcan® recruited macrophages (recMacs) in lung cancer. Using
single-cell and spatial transcriptomics, we identified chemokine-expressing
IM subsets with opposing functions. Cxcl13*CD206" IMs, Cxcl9CD206"

IMs and Cxcl10"*CD206" IMs positioned along bronchovascular regions
drove tertiary lymphoid structure formation, lymphocyte recruitment

and tumor control, whereas Ccl2" IMs, localized within tumor regions,
recruited protumorigenic Ly6c2*FnI"Vcan® recMacs. In addition,
Ly6C"CD11b" monocyte-derived dendritic cells (moDCs) functioned as
immunosuppressive antigen-presenting cells in tumor-draining lymph
nodes. During cancer vaccination, CCRS5 blockade with maraviroc
selectively inhibited antigen-bearing moDC migration, enhancing dendritic
cell-mediated antitumor immunity. These findings showed how macrophage
lineage and spatial compartmentalization govern tumor immunity and
identified strategies to preserve protective IM functions, while disrupting
macrophage-drivenimmunosuppression.

Macrophages are central regulators of tissue homeostasis and
immune defense. In the lung, two tissue-resident populations coex-
ist: CD11c"'CD11b°CD64'SiglecF* alveolar macrophages (AMs), which
patrol the airspaces, and CD11c'CD11b*CD64" interstitial macrophages
(IMs), which reside within the interstitium' . AMs are tissue-specific
macrophages, whereas CD11c*CD11b*CD64" IMs are conserved across
organs and species and display diverse transcriptional and functional
states>*’ ", During inflammation and tumor growth, these resident
macrophages are joined by Ly6C*CCR2CD11b* recruited macrophages
(recMacs) derived from circulating Ly6C* monocytes™ . Within the

tumor microenvironment (TME), recruited Ly6C* monocytes differenti-
ateeitherinto CD206" macrophages that acquireinflammatory, repara-
tive or immunosuppressive states, or into Ly6C'MHCII'CD88*CD26"
monocyte-derived dendritic cells (moDCs)'¢. moDCs migrate to drain-
ing lymph nodes through CCRS, distinguishing them from classical
dendritic cells (DCs) that rely on CCR7 (ref. 15).

Differentiating IMs from recMacs in vivo remains challenging
because both populations share broad surface markers suchas CDl1lc,
CD11b, CD64,CD88,CD206 and MHCII, and because recMacs progres-
sively downregulate Ly6C after tissue entry>2°; however, single-cell
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RNA sequencing (scRNA-seq) has uncovered clear transcriptional sig-
natures that resolve these lineages and reveal far greater macrophage
diversity than previously appreciated’. Although both AMs and many IM
subsets express CD206 at high levels, CD206 (encoded by MrcI) is nei-
ther macrophage-restricted nor predictive of tumor-promoting func-
tion, despiteits widespread use as an ‘M2-like’ marker” 2>, CD206" AMs
are heterogeneous, encompassing over adozen distinct transcriptional
programs such as reparative growth (/GFI* and AREG"), antimicrobial
defense (TLR2', CXCL5" and CCL18"), cholesterol metabolism (CYPSIAI*
and INSIGI*) and metallothionein production (MTIX'MT2A"), with their
proportions tightly regulated under homeostatic conditions™*"*¢,
Similarly, C1g‘ltgam*C5arI* IMs and Ly6c2"FnI"Vcan* recMacs comprise
multiple transcriptionally and functionally distinct populationsinclud-
ing chemokine-specialized subsets such as Cxcl13" and Ccl5* IMs that
are not captured by flow cytometry using canonical markers such as
CD11b, Trem2 or CD169.

IMs can be subdivided into CD206" IMs and CD206" IMs with
distinct gene expression programs and anatomical niches. CD206"
IMs coexpress Folr2, Cd163 and Mmp9 and exhibit variable levels of
Cx3crl, Mhcll, Cd38, Siglecl, Lyvel, Clec10a and Timd4 (refs. 1,3,27).
CD206" IMs express Tmem119, Mmp12, Mmp13, Cdllc and Ccr2, and
have high expression of Cx3cr1 and Mhcll'*?*°, Many IM subsets
produce chemokines, including Cxcl13, Cxcl9, Cxcl10, Ccl2 and Ccl24
(refs.1,30), suggesting that IM heterogeneity may strongly influence
immune outcomes. Such heterogeneity indicates the need for integra-
tive transcriptional and spatial profiling to define macrophage subset
functionin vivo. Although no current genetic model selectively targets
a single macrophage subset, with the exception of Ccl24°**°, several
systems allow interrogation of broader macrophage populations span-
ning multiple transcriptionally defined states.

Selective depletion of CD206" IMs using Pf4<*Cx3cr1®™ mice has
shown that CD206" IMs are required for tertiary lymphoid structure
(TLS) formation and lymphocyte recruitment in the lung’. Because
TLS abundance correlates with improved outcomes in lung cancer,
here we investigated whether IM subsets differentially regulated
tumor progression. Specifically, we asked whether Cxcl13*CD206"
IMs, Cxcl9"CD206" IMs and Cxcl10*CD206" IMs supported antitumor
immunity, and whether Ccl2-expressing IMs promoted tumor growth
by recruiting protumorigenic Ly6c2'Fnl'Vcan' recMacs. Our find-
ings revealed a spatially organized and functionally dichotomous IM
network that governed the balance between tumor-suppressive and
tumor-promoting macrophage programs.

Results

RecMacs display protumor transcriptional signatures

To identify macrophage subsets associated with tumor regression
or progression, we flow-sorted extravascular CD64°CD11b* mono-
nuclear phagocytes, which include IMs and recMacs, from the lungs
of wild-type (WT) C57BL/6 mice 16 days after intravenous injection
of 4x10° B16F10 melanoma cells and analyzed them by scRNA-seq in
two separate datasets (Fig. 1a and Extended Data Fig. 1a). Unbiased
Uniform Manifold Approximation and Projection (UMAP) clustering
of the scRNA-seq dataresolved 23 immune cell populations defined
by curated markers and differentially expressed genes (DEGs) (Fig.1b
and Extended Data Fig. 1b), including EarI and Cidec for AMs, Mafb,
Folr2and NesforIMs, Cd14, Ly6c2 and Fnl for recMacs, XcrI for DC1and
Ccr7for migratory DCs". Depletion of circulating monocytes enables
clear separation of resident IMs as Pf4*C5ar1*Mafb* cells and recMacs
as Ly6c2'Fni*Vcan', so we resolved AMs, IMs, recMacs and DCs based
on these criteria (Fig. 1b and Extended Data Fig. 1b). Despite intra-
vascular CD45 labeling, a small residual population of intravascular
CD11b* mononuclear phagocytes, consisting of Sell* classical and Ace*
nonclassical monocytes was still detected in one of the scRNA-seq
datasets (Extended Data Fig. 1b). C1g-expressing IMs were further char-
acterized based on MrcI (CD206) expression (Fig. 1c,d). CD206" IMs

expressed Folr2, Cd163, Mmp9 and higher levels of Pf4 compared to
CD206" IMs, with afraction of CD206" IMs expressing Lyvel (Fig. 1d),
whereas CD206" IMs expressed Ccr2, Mmp12, Mmp13 and Tmem1I19
(Fig.1c,d and Extended Data Fig.1c-i) Within the scRNA-seq cluster of
Cd14*CsfrI' recMacs, genes were enriched for Ly6c2, Vcan and Thbsi
with high levels of Ccr2and Fnl1 (Fig. 1c,e and Extended Data Fig. 1c-i).

We next assessed the expression of genes linked to anti- or
protumorigenic programs. CD206" IMs predominantly expressed
antitumorigenic chemokines, including Cxcl13, Cxcl9 and Cxcl10,
whereas CD206'° IMs and FnI'Vcan' recMacs expressed the protu-
morigenic genes Ccl2; all populations expressed Trem?2 (Fig. 1f and
Extended Data Fig. 1j)*. FnI'Vcan' recMacs were further enriched for
canonical tumor-promoting transcripts, such as Spp1, Vegfa, Argl and
Cd274 (whichencodes PD-L1) (Fig. 1fand Extended Data Fig.1h). Thus,
IMs and recMacs displayed distinct gene expression profiles, with
CD206" IMs expressing chemokine transcripts associated with lym-
phocyte positioning (Cxcl13, Cxcl9 and Cxcl10), whereas Ccl2 expres-
sion was observed on both IMs and recMacs, with recMacs enriched
for transcripts previously linked to tumor-promoting macrophage
programs in lung cancer models™.

CD206" IMs restrain tumor growth by enabling TLS formation
IMs differentiate into at least ten distinct chemokine-expressing (IMck)
subsets, including IMckO (nonspecific chemokine expression), IMck1l
(Ccl2,Ccl7, Ccl12and some Cxcl14), IMck2-IMck4 (Ccl3, Ccl4, Ccl5, Cxcll,
Cxcl2and Cxcl3),IMckS5 (Ccl8), IMcké6 (Ccl6 and Ccl9), IMck7 (Cxcl9 and
Cxcl10),IMck8 (Cxcl13) and IMck9 (Ccl24) which have protective roles
in pulmonary inflammation and infection’. To determine the function
of IMck7 (Cxcl9 and Cxcl10) and IMck8 (Cxcl13) in cancer, we used Pf4“"®
Cx3cr1®™ mice, in which P4 activity is restricted to mature immune
cells that transcriptionally express Pf4, including megakaryocytes,
peritoneal macrophages and IMs, but only IMs coexpress Cx3cr1 and
therefore selectively express the diphtheria toxin (DT) receptor (DTR)".
Following a single intravenous injection of DT, only high expressing
Pf4*Cx3crI* IMs were targeted, resulting in preferential depletion of
CD206" IMs, including Cxcl13* CD206" IMs, Cxcl9* and Cxcl10* CD206"
IMs, as well as subsets of CD206" IMs expressing Ccl6, Ccl8, Ccl9 and
Ccl24 (ref.1). CD206" IMs, which also highly express FOLR2, were
maximally depleted by day 7 post-DT injection and recovered by day
15 (Fig. 2a). Hematoxylin and eosin (H&E) staining, PECAM-1(CD31) and
SMA staining showed comparable microvessel density and tissue area
in control Cx3cr1**®™® mice (hereafter Cx3crI®™®) and Pf4°Cx3crI°™®
mice at day 10 post-DT (Supplementary Fig. 1), indicating that lung
morphology and vascular integrity were not affected by depletion of
CD206" IMs.

To assess the role of CD206" IMs in tumor control, we intrave-
nously injected melanoma (B16F10) or lung adenocarcinoma (KPAR1.3)
cellsinto Cx3cr1®™ and Pf4“°Cx3cr1°™ mice, followed by intravenous DT
administration ondays 3 and 7 post-tumor inoculation and quantified
tumor burden atday16.Inaddition, we used a primary lung adenocar-
cinoma model generated by crossing tamoxifen-inducible Ager©tr™
mice, which drives Cre recombination selectively in alveolar type |
epithelial cells, with KP mice, which are heterozygous for conditional
oncogenic Kras®? and carry asingle floxed TrpS3"* allele, resultingin
lung adenocarcinoma following Cre-mediated recombination (here-
after Ager“tf"2KP). To enable selective depletion of CD206" IMsin the
hematopoietic compartment, lethally irradiated Ager“**"™KP mice
were reconstituted with bone marrow (BM) from either Cx3crI°™ (con-
trol) or Pf4<*Cx3cr1°™® BM. Following 6 weeks of hematopoietic recon-
stitution, mice were placed on tamoxifen-containing chow for 30 days
to induce Cre-mediated tumor initiation. Mice then received weekly
intravenousinjections of DT (500 ng per mouse) for 14 weeks, followed
by tumor analysis in the lungs (Extended DataFig. 2).Inall three cancer
models, DT administration in the Pf4“*Cx3crI°™® mice led to marked
increased tumor burden (-3.7-fold in melanoma B16F10, 7.2-fold in
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Fig.1|scRNA-seq of pulmonary melanomaidentifies gene signaturesin
CD206" IMs, CD206" IMs and recMacs. a, Unbiased UMAP clustering of scRNA-
seq data from flow-sorted extravascular CD64*CD11b* mononuclear phagocytes
isolated from the lungs of C57BL/6 WT mice on day 16 after intravenous

injection of 4 x 10° BI6F10 melanoma cells. Clusters include AMs, IMs, recruited
macrophages (recMacs), dendritic cells1(DC1), dendritic cells 2 (DC2),
inflammatory DCs (InfDC2), migratory DCs (Mig DCs), pre-DCs, plasmacytoid
DCs (pDCs), neutrophils, eosinophils, basophils, mast cells, CD8* T cells, CD4*
Tcells, regulatory T (T,,) cells, double-negative T (DN T) cells, y8 T cells, natural

killer (NK) cells, NK progenitors, B cells, innate lymphoid cells (ILC2), melanoma
cellsand cycling cells. b, Key signature genes defining the unbiased clusters asina.
¢, UMAP of Pf4*C5arI*"Mafb* IMs and Ly6¢c2'Fnl*Vcan* recMacs asina.d, Feature
plots showing the expression of CIgb and Pf4in IMs (left), expression of Folr2,
Cd163, Mmp9 and Lyvel in CD206" IMs (middle) and expression of Ccr2, Mmp12,
Mmp13and Tmem119in CD206" IMs (right). e, Feature plots showing expression
for Fnl, Ly6c2, Vcan and Thbsl inrecMacs. f, Feature plots showing the expression
of Cxcl13, Cxcl9 and Cxcl10in CD206" IMs (left) and Sppl, Vegfa, Argl and Cd274
inrecMacs and Trem2inrecMacs and IMs (right).

lung adenocarcinoma KPAR1.3 and 2.3-fold in the spontaneous lung
adenocarcinomaAger“®"2KP mice) relative to control Cx3crI°™ mice
(Fig.2b-d and Supplementary Fig. 2a,b). Moreover, in the melanoma
(B16F10) model, depletion of CD206" IMs in Pf4°*Cx3crI°™ mice with
asingle intravenous DT dose administered on day 4 reproduced the
phenotype observed with two DT doses administered ondays3and 7
(Supplementary Fig. 2c), indicating that transient depletion of CD206"
IM after tumor seeding was sufficient to promote tumor growth.

We next used immunohistochemistry to analyze lymphocyte
infiltration and TLS formation in melanoma (B16F10) and lung adeno-
carcinoma (KPARL.3) transfer models, as well as in the Ager“*f"KP
spontaneous lung adenocarcinoma model. Control Cx3crI°™ mice
injected with B16F10 cells did not form visible TLS along the airways,
similar with previous reports®, but had dense B220" B cell and CD3"
T cell aggregates in the TME and peribronchial regions (Fig. 2e and
Supplementary Fig. 2d). Following CD206" IM depletion in Pf4°™
Cx3crI®™ mice, B cell and T cell aggregates were markedly reduced
(-80% reduction) by day 16 (Fig. 2e). In contrast, the KPAR1.3 lung
adenocarcinomatransfer model and Ager“**?KP spontaneous mouse
lung adenocarcinoma model, formed TLSs, which had compact, archi-
tecturally organized structures containing juxtaposed B220* B cell

clusters and CD3* T cell zones (Fig. 2f,g). TLS were completely lost,
along with the increased tumor burden, in the KPAR1.3 adenocar-
cinoma model and Ager“™®*®"?KP mice lung adenocarcinoma model
following CD206" IM depletion in Pf4“Cx3cri®™® mice (Fig. 2c,d,f,g).
ELISA of lung tissue from the lung adenocarcinoma KPAR1.3 model
at day 16 post-tumor inoculation revealed substantial reduction in
CXCL9, CXCL10 and CXCL13 protein levels (-2.7-fold, 2.6-fold and
1.5-fold, respectively) in CD206" IM-deficient Pf4°Cx3crI°™ mice
compared to Cx3crI°™ control mice (Fig. 2h). Together, these find-
ings indicated that reduced lymphocyte recruitment and loss of
TLS formationin CD206" IM-depleted melanoma (B16F10) and lung
adenocarcinoma (KPAR1.3) transfer models and spontaneous lung
adenocarcinoma model (Ager®*™’KP mice) were associated with
accelerated tumor progression.

RecMacs and IMs establish spatial chemokine niches

We next performed spatial transcriptomic profiling on tumor-bearing
lungs collected at day 16 post-cancer cellinoculation from two WT mice
bearing BI6F10 melanoma lung metastases and two WT mice bearing
KPAR1.3 lung adenocarcinoma tumors using the 10x Xenium platform
and atargeted gene panel enriched for pan leukocytes, myeloid cells,
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Fig.2|CD206" IMs organize lymphocyte recruitment and antitumor
immunity. a, Representative flow cytometry plots showing the gating strategy
for the identification of CD11b*CD64*CD206"°FOLR2"" IMs (left) and time
course analysis of the depletion of CD206"FOLR2* IMs at days 0, 7 and 15
(middle) and a scatter-plot showing the frequency of CD206"FOLR2* IM at day
0-15 (right) after intravenous injection of 700 ng DT in Pf4<Cx3crI°™ mice. Two
independent experiments, n =2 mice per time point. b, Representative images

of tumor-burdened lungs (left) and scatter-plot showing the number of surface
metastases per lung (right) in Cx3cr1®™® (n = 5) and Pf4“*Cx3cr1°™® (n = 5) mice
atday 16 after intravenous injection of BL6F10 melanoma cells. Shown is one of
fourindependent experiments. Student’s two-tailed ¢-test with P < 0.0001. mets,
metastases. ¢, Representative H&E-stained lung sections (left) and quantification
of number of tumors per lung section (right) in Ager°*?KP mice reconstituted
with Cx3cr1°™ (n = 5) and Pf4“*Cx3cr1°™® (n = 5) BM. Scale bar, 1,000 pm. One

of two independent experiments is shown. Student’s two-tailed ¢-test with
P=0.0008.d, Representative H&E-stained lung sections (left) and quantification
of the number of tumors per section (right) in Cx3cr1°™ (n = 5) and Pf4“Cx3cr1°™®
(n=>5) mice at day 16 post-intravenous injection of KPAR1.3 adenocarcinoma
cells. Scale bar,1,000 pm. One of four independent experiments is

shown. Student’s two-tailed ¢-test with P< 0.0001. e, Representative
immunohistochemistry images of B220 and CD3e antibodies staining (left) and

quantification of B celland T cell numbers (right) in the TME of Cx3cr1°™ (n=5)
and Pf4Cx3cr1°™ (n = 5) mice at day 16 after intravenous injection with BI6F10
melanoma cells. Scale bar, 100 pm. One of two independent experiments is
shown. Student’s two-tailed ¢-test with P=0.0027 (B cells) or P=0.0006 (T cells).
f, Representativeimmunohistochemistry images of B220 and CD3e antibodies
staining (left) and quantification of B celland T cell numbers (right) in the lungs
of Ager“™®*"™KP mice reconstituted with Cx3cr1°™® (n = 5) and Pf4“Cx3cr1®™®
(n=5) BM. Scale bar,100 pm. One of two independent experiments is shown.
Student’s two-tailed t-test with P=0.0013 (B cells), P=0.0008 (T cells).

g, Representativeimmunohistochemistry images of B220 and CD3e antibodies
staining (left) and quantification of histopathological scores (right) in the lungs
of Cx3crI°™ (n = 5) and Pf4"*Cx3crI°™ (n = 5) mice at day 16 after intravenous
injection of KPAR1.3 adenocarcinoma cells. Whole-lung images (stitched, scale
bar1,000 pm, top left) and magnified (x4 and x10) views (scale bar, 100 pum,
bottom left). One of three independent experiments is shown. Student’s two-
tailed t-test with P= 0.0005. h, ELISA measurements of CXCL9, CXCL10 and
CXCL13in homogenized lungs from Cx3crI®™ (n = 5) and Pf4“*Cx3crI°™® (n=5)
mice on day 16 after intravenous injection of KPAR1.3 adenocarcinoma. Two
independent experiments. Student’s two-tailed ¢-test with P< 0.0001, P< 0.0001
and P=0.0398. Alldataarerepresented as mean * s.e.m.*P < 0.05; **P< 0.01;
***P<0.001;***P<0.0001.

chemokines and stromal transcripts (Supplementary Figs.3and 4). This
subcellular-resolution analysis enabled direct spatial mapping of dis-
tinct macrophage populations, including Car4* and Chil3* AMs, Mafb*
and CIqgc' IMs, FnI*and Vcan'* recMacs, together with chemokine expres-
sionand major structural components of the TME (Fig. 3a). Structural
componentsincluded Acta2* stromal cells demarcating tumor bounda-
ries, Tubb3* neural structures, Lyvel* lymphatic vessels, PecamI* blood

vessels and Epcam* epithelial cells (Fig. 3a and Extended Data Fig. 3).
To validate spatial registration and chemokine detection, the Xenium
section also included a lung-draining lymph node from one KPAR1.3
tumor-bearing mouse, whichserved as aninternal control. As expected,
Cxcli3was confined to the B cell zone, whereas the the DC-associated
chemokines Cxcl16, Ccl17 and Ccl22 were enriched in the T cell zone
(Fig. 3a and Extended Data Fig. 3), confirming accurate chemokine
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Lyvel, Pecaml and Epcam), AMs (Car4 and Chil3), recMacs (Fn1, Vcan and Plac8),
IMs (Mafb, C1gc, Mmp12, Mmp9 and Cd163) and chemokines (Cxcl9, CxclI3,
Cxcl14 and Cxcl16) in the lungs of C57BL/6 WT mice at day 16 post-intravenous
injection of 4 x 10° KPARL.3 adenocarcinoma cells. White arrows, activated
stromal structures within the tumor microenvironment. Scale bar, 1,000 pm.
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b, Representative H&E-stained section of the lung of C57BL/6 WT mice at day
16 post-intravenous injection of 4 x 10° KPAR1.3 adenocarcinomacells, as in
a.Scalebar,1,000 pm. ¢, High-resolution imaging of spatial transcriptomics
asinashowing expression of Folr2, CD163, Cxcl13and Epcam. Red arrows
highlight Cxcl13*CD206" IMs. Scale bar, 100 um. d,e, Spatial transcriptomics
quantification of tumor associated macrophages in adenocarcinoma (n = 2) (d)
or melanoma (n =2) (e).

localization and lymph node compartmentalization***. Within lung
tumor sections, Xenium analysis revealed that tumor nodules were
delineated by Acta2 mRNA expression, which encodes a-smooth
muscle actin and marks activated stromal cells, whereas H&E stain-
ing independently confirmed that these Acta2* stromal structures
outlined tumor regions within the lung parenchyma (Fig. 3a,b). The
TME from one KPAR1.3 tumor-bearing mouse was highly innervated
(Tubb3and Nes), whereas lymphatic (Lyvel and Pdpn), vascular (PecamlI)
and epithelial (Epcam) markers were comparatively sparse (Fig. 3aand
Extended DataFig. 3). Spatial mapping showed that AMs (annotated as
Car4, Chil3and Earl expressing cells) were largely excluded from tumor
regions, whereas DCs (Zbtb46, Flt3 and XcrI) were distributed through-
out the lung, including the TME (Fig. 3a and Extended Data Fig. 3).
RecMacs, defined by Fni, Vcan, Plac8, Clec4n and Cd9, were abundant
within the TME (Fig. 3a and Extended Data Fig. 3). Based onintegrated
scRNA-seq clustering and protein expression analyses, Mafb*Clgc* IMs

were annotated into two major subsets: a CD206" IM subset charac-
terized by high expression of Folr2, Cd163 and Mmp9, and a CD206"
IM subset characterized by high expression of Mmp12 (Figs.1d and 2a
and Supplementary Fig. 5)"°. Spatial mapping revealed that CD206"
IMs (Folr2, Cd163 and Mmp?9) localized preferentially adjacent to the
bronchial airways and the visceral pleura, whereas CD206"° IMs (Mmp12)
and FnI*Vcan' recMacs predominated in tumor-dense regions (Fig. 3a).

We next analyzed chemokine organization within the TME.
Chemokine mapping revealed region-specific expression of Ccl3,
Ccl4, Ccle, Ccl7, Ccl8, Ccl9, Ccl17, Ccl22, Cxcl3, Cxcl9, Cxcl10, Cxcli3,
Cxcl14and Cxcl16 (Fig. 3a and Extended DataFig. 3). Cxcli3was enriched
along bronchial airways coincident with Cd163*Folr2* CD206" IMs
(Fig. 3a and Extended Data Figs. 4 and 5). In contrast, Cxcl14 localized
to the outer tumor margins, whereas Cxcl16, a CXCR6 ligand associ-
ated with effector T cells and ILC2s, was concentrated in the tumor
cores (Fig. 3a). High-resolution imaging indicated that CD163"Folr2*
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Fig. 4| Ccl2 expression by IMsiis critical for the recruitment of recMacs.

a, Xenium spatial transcriptomic analysis showing the expression of Ccl2, Il1b,
Nos2, Argl and Ccl24in the lungs of C57BL/6 WT mice at day 16 post-intravenous
injection of 4 x 10°KPAR1.3 adenocarcinoma cells. b, UMAP visualization of Cc[2
expression in myeloid cells asin Fig. 1a. ¢, Spatial transcriptomics as in ashowing
the overlay of C1gb, Cd163 and Ccl2. Scale bar,1,000 pm. d, High-resolution
imaging of spatial transcriptomics as in ashowing the expression of Vcan, Mmp12
and Ccl2 within the TME. Red arrows show Ccl[2* CD206" IMs and Ccl2* recMacs.
Scale bar,100 um. e, Representative lung images (left), quantification of surface
metastases (middle) and recMacs per lung (right) in mice reconstituted with
CD45.2WT (n=5) or Ccl2”~ (n=5) BM on day 16 post-intravenous injection

with BL6F10 melanoma cells. One of three independent experiments is shown.
Statistical significance determined using Student’s two-tailed ¢-test P< 0.0001
(metastases), P=0.0097 (recMacs). f, Histogram showing expression of CD45.1in
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CD11b*'CD64" IMs, Ly6C*CD11b* recMacs or CD11c*"MHCII*CD64 ™ DCs in C57BL/6
CD45.1 WT mice that were injected intraperitoneally with 25 mg kg busulfan
orlethally (900 rad) irradiated, reconstituted with WT CD45.2 BM and analyzed
at4 weeks after busulfan or 6 weeks after lethal irradiation. Three independent
experiments with n =3 mice per group. g, Representative lung images (left)

and quantification of surface metastases (right) inirradiated or busulfan-
conditioned C57BL/6 CD45.1 WT mice asin freconstituted with WT (radiation,
n=4;busulfan, n=5) or Ccl2” (radiation, n = 3; busulfan, n = 5) BM at day 16
post-intravenous injection of BI6F10 melanoma cells. One of two independent
experiments is shown. Statistical significance was determined via one-way
analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test
with P=0.0012 (radiation WT versus radiation Cc[27"), P= 0.001 (radiation Ccl2”"
versus busulfan WT) and P=0.0034 (radiation Cc/2”" versus busulfan Ccl27").

All data are represented as mean + s.e.m. **P < 0.01; ***P < 0.0001.

CD206" IMs lining Epcam* bronchial epithelial airways coexpressed
Cxcl13 in both the melanoma and adenocarcinoma models (Fig. 3¢
and Extended Data Fig. 5). Quantitative graph-based clustering of
single-cell-resolved Xenium transcriptomic data was used to group
cells based on transcriptional similarity, while Xenium Explorer vis-
ualization was used to validate the spatial localization of AMs, IMs
and recMacs in the tumor-bearing lungs, as defined by marker-based
annotation (Supplementary Figs. 3 and 4). Graph-based clustering
of single-cell-resolved Xenium transcriptomic data indicated that
Chil3*EarI'Ccl6* AMs and Cd163*Folr2*Pf4* CD206" IMs occupied
airway- and vessel-associated niches, respectively and were less rep-
resented within the TME, whereas ~60-71% Vcan*Cx3crI*Mafb* rec-
Macs and ~19-25% Mmp12*C5arl*Mafb*CD206" IMs of the total lung
macrophages preferentially populated the tumor cores and margins
(Fig. 3d,e). These data indicated a compartmentalized myeloid cell
architecture that shaped the chemokine landscape and directed
immune cell recruitment.

IM-derived CCL2 promotes tumor growth by recruiting recMacs
The chemokine CCL2 drives angiogenesis and monocyte recruit-
ment'**®, The scRNA-seq analysis showed that Cc/2 was expressed by
many mononuclear phagocyte populations, and Xenium spatial tran-
scriptomics visualized Ccl2 expression throughout the TMEin two WT
mice bearing BI6F10 melanomalung metastases and two WT mice bear-
ing KPAR1.3lung adenocarcinoma (Fig. 4a,b and Extended DataFig. 6).
Furthermore, spatial transcriptomics localized expression of Ccl2
within the same tumor regions as those occupied by CIgh* macrophages
in BI6F10 melanoma and KPAR1.3 adenocarcinoma-bearing lungs at
day 16 post-tumor cell transfer (Fig. 4c and Extended Data Fig. 6).
High-resolution imaging of Xenium transcriptomic data indicated
that CD206" IMs (Mmp12) and recMacs (Vcan) in the TME of B16F10
melanoma and KPAR1.3 adenocarcinoma-bearing lungs at day 16
coexpressed Ccl2 (Fig. 4d and Extended Data Fig. 7). To determine
whether CD206" and CD206'" IM-derived CCL2 specifically drove
tumor progression, we lethally irradiated CD45.1 WT C57BL/6 mice
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and reconstituted them with CD45.2 WT or Ccl27 BM, an approach
that preserves endothelial cell-derived CCL2 in the host, followed by
injection with B16F10 melanoma cells 6 weeks after BM transfer. At 16
days post-B16F10 melanoma cell inoculation, BM chimeric Ccl2” mice
showed anapproximately 10.8-fold reductionin lung tumor burdenand
a2.7-fold decrease in Ly6C*CD11b* recMacs accumulation compared
to BM chimeric WT mice (Fig. 4e and Supplementary Fig. 6a).
Because lethal irradiation resulted in complete replacement of
the host myeloid compartment by BM donor-derived cells, irradiated
mice reconstituted with Cc/2”~ BM lacked CCL2 expression across all
mononuclear phagocyte populations, including IMs, recMacs and DCs.
To selectively preserve CCL2 expression by long-lived, tissue-resident
IMs, while eliminating CCL2 production from short-lived circulating
myeloid populations such as recMacs and DCs, we used conditioning
with busulfan, which depletes hematopoietic progenitors and circulat-
ing myeloid cells while sparing long-lived IMs. CD45.1 WT recipients
that were either treated intraperitoneally with 25 mg kg™ busulfan or
lethallyirradiated were reconstituted with either CD45.2 WT or CD45.2
Ccl2”" BM. Four weeks after Cc[2”~ BM transfer in the busulfan-treated
mice, flow cytometric analysis of lung tissue using CD45.1 (host) and
CD45.2 (donor) congenic markers indicated that CD11b*CD64* IMs
were predominantly CD45.1WT host-derived and retained CCL2 expres-
sion, whereas Ly6C*CD11b* recMacs and CD11c*MHCII*CD88™ DCs
were CD45.2 Ccl2”~ donor-derived and therefore lacked CCL2 expres-
sion (Fig. 4f). In contrast, irradiation resulted in BM donor-derived
replacement of all mononuclear phagocyte populations (Fig. 4f).
Consistent with this reconstitution pattern, CCL2-producing IMs were
detected in busulfan-treated BM chimeric mice but were absent in
irradiated BM chimeric mice reconstituted with Cc/2”7~ BM (Fig. 4f).
When irradiated mice and busulfan-treated mice were intrave-
nously injected with B16F10 melanoma cells at 6 weeks or 4 weeks
post-conditioning, respectively, and lung metastases were quantified
atday16 post-tumorinoculation, irradiated BM chimeric mice reconsti-
tuted with Cc[2”- BM exhibited a 7.0-fold reductionin lung metastatic
burden compared to busulfan-treated BM chimeric mice reconstituted
with Ccl2”~ BM (Fig. 4e,g). In contrast, busulfan-treated Cc/2”~ BM
chimeric mice, which retained CCL2-producing IMs but lacked CCL2
production by recMacs and DCs, exhibited metastatic tumor growth
comparable to busulfan-treated WT BM chimeric mice and irradiated
WT BM chimeric mice (Fig. 4g and Supplementary Fig. 6b). Together,
these datademonstrated that IM-derived CCL2, rather than endothe-
lial, recMac or DC derived CCL2, was required for recMacrecruitment
and the progression of BI6F10 melanoma lung metastasis model.

MoDCs suppress vaccine-induced antitumor immunity

Ly6C*CD11b* recMacs migrate to the draining lymph nodes, where they
differentiate into moDCs that function as antigen-presenting cells and
induce antigen-specific regulatory T cells that limit DC-driven type
2 inflammation and cytotoxic T cell responses against tumors™'®*,
moDCs depend on CCR5-CCLS5 signaling, rather than on CCR7, for entry
into the lymph node®. UMAP analysis of the scRNA-seq dataset from
the extravascular CD64"CD11b* mononuclear phagocytes as above
indicated expression of Ccr§in Ly6¢c2* recMacs and Ccl5 expression
in Ccr7* migratory DCs (Fig. 5a). Spatial transcriptomic analysis of
lung-draining lymph nodes from mice injected with KPAR1.3 adeno-
carcinoma cells further indicated that Ccl5 expression was localized
inthe Cd3' T cell zone, where migratory DCs reside (Fig. 5b). To test
whether CCR5-dependent moDC migration elicited an immunosup-
pressive function in cancer, we set up competitive mixed BM chimera
to selectively disrupt CCRS5 expression in monocyte-derived cells
while preserving CCR5 expression in other lineages™. To set up com-
petitive BM chimeras that could test the functional contribution of
CCR5* moDCs, independent of effects on conventional DCs, lethally
irradiated CD45.2 C57BL/6 WT recipient mice were reconstituted
with mixed whole BM consisting of 80% Ccr2”~ to 20% WT BM or 80%

Ccr2”"t020% Ccr5”~ BM. In this competitive setting, CCR2-sufficient
BM cells outcompete CCR2-deficent cells in the reconstitution of
CCR2-dependent cell types, resulting in the complete repopulation
of lymph node monocytes by Ccr57"derived BM cells (or WT BM cells
in the control mice)™. In contrast, DCs, which do not depend on CCR2
for tissue or lymph node migration, are reconstituted according to
the original BM input ratio, thereby maintaining normal functional
DC representation across groups®. Because DCs do not require CCR2
or CCR5 to enter the lymph nodes?, this experimental setup could
test the role of CCR5* moDCs, and implicitly Ly6C*'CD11b* recMacs, in
the BI6F10 melanoma and KPAR1.3 lung adenocarcinomamodels. Six
weeks after BM reconstitution, mice were intravenously injected with
B16F10 melanoma or KPAR1.3 lung adenocarcinoma cells, and lung
metastases were quantified at day 16 post-tumor inoculation. Chimeric
mice reconstituted with 80% Ccr2” to 20% Ccr5”~ BM, which lacked
CCRS5 expression in monocyte-derived cells, had a 6.8-fold reduction
inlung metastatic melanoma burden and a 9.3-fold reduction in lung
adenocarcinomaburden compared to 80% Ccr2”” to 20% WT control
chimeric mice (Fig. 5¢,d and Supplementary Fig. 7a,b). These data
demonstrated that CCR5 expression in monocyte-derived cells was
required to support lung tumor growthinboth the BI6F10 melanoma
and KPAR1.3 adenocarcinoma models.

To define the functional contribution of antigen-bearing Ly6C*
moDCs", we transiently blocked CCR5-dependent moDC migration
using the small-molecule CCR5 antagonist maraviroc during DC-based
vaccination. To measure directly the effects of maraviroc on the migra-
tion of antigen-bearing Ly6C* moDCs to the lung-draining lymph
nodes, WT C57BL/6 mice were injected intraperitoneally with mara-
viroc or vehicle, followed 3 h later by intranasal administration of
fluorescently labeled ovalbumin (OVA)+poly(I:C). At 24 h after antigen
delivery, both antigen-bearing CD26* DCs and Ly6C* moDCs were
detected in the lung-draining lymph nodes (Fig. 5¢); however, mice
treated with maraviroc exhibited an approximately 76% reduction
in antigen-bearing Ly6C* moDCs compared to vehicle-treated mice
(Fig. 5e)", indicating impaired moDC migration without affecting DC
migration. To determine the duration of CCR5blockade, maraviroc was
administered 3, 24 or 48 h before intranasal OVA+poly(I:C) delivery.
Inhibition of antigen-bearing Ly6C* moDC migration was observed
only when maraviroc was administered 3 h before antigen delivery, but
notat24 or48 h (Extended DataFig. 8), indicating that CCRS blockade
was transient. This temporal restrictionis consistent with the reported
short half-life of maraviroc (-16 h)*®,

Based on these kinetics, we next examined whether blocking
migration of antigen-bearing Ly6C* moDC during the priming phase
of DC-based cancer vaccination altered antitumor immunity. Mice
were injected intraperitoneally with maraviroc or vehicle and vac-
cinated 3 h later with melanoma B16 peptides+poly(I:C). Control
groups received B16 peptides without poly(I:C) or were left unvac-
cinated. Mice were then challenged intravenously with B16F10 mela-
noma cells, and lung metastases were quantified at day 16 post-tumor
inoculation. Mice that received B16 peptides+ poly(l:C) together
with maraviroc exhibited a 7.5-fold reduction in metastatic burden
compared to unvaccinated mice and a 3.1-fold reduction compared
to mice vaccinated with B16 peptides+poly(I:C) without maraviroc
(Fig. 5f and Supplementary Fig. 7c). These data indicated that Ly6C*
moDCs in the draining lymph node acted as immunosuppressive
antigen-presenting cells during early vaccination and that transient
CCRS5 blockade during this defined window enhanced the efficacy of
DC-based cancer vaccination.

Discussion

Here we defined a spatially organized division of labor between
tissue-resident IMs and recMacs inlung cancer. Our dataindicated that
tissue-resident macrophage function was best predicted by anatomical
niche, with distinct chemokine programs organizing either protective
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Fig. 5| Maraviroc enhances cancer vaccine immunity by blocking moDC
migration to draining lymph nodes. a, UMAP visualization of Ccr5, Ccl5 and

Ccr7 expressionin myeloid cells asin Fig. 1a. b, Xenium spatial transcriptomics
expression of Cd19, Cd3e and Ccl5in the lung-draining lymph nodes from C57BL/6
WT mice on day 16 post-intravenous injection of 4 x 10° KPAR1.3 adenocarcinoma
cells. Scale bar, 100 um. ¢, Representative lung images (left) and quantification of
surface metastases (right) in lethally irradiated C57BL/6 WT mice reconstituted
with Ccr2”:WT (80:20) or Ccr27™:Ccr5™ (80:20) BM on day 16 post-intravenous
injection with BI6F10 melanoma cells. One of two independent experiments
withn =5mice per group is shown. Statistical significance was determined viaa
Student’s two-tailed ¢-test with P< 0.0001. d, Representative H&E staining (left)
and quantification of the number of tumors per section (right) in the lungs of
Ccr27:WT (80:20) (n=5) and Ccr2/":CcrS™ (80:20) (n = 4) mixed BM chimeras
asinconday16 post-intravenous injection with KPAR adenocarcinoma cells.
Twoindependent experiments were conducted. Statistical significance was
determined via a Student’s two-tailed ¢-test with P < 0.0001. e, Representative
flow cytometry plots showing the gating strategy for the identification of
antigen (Ag)* Ly6C* moDCs and CD26* DCs (top, left to right) and quantification

ofthe frequency of Ag" monocytes (bottomright) in the lung-draining

lymph nodes of WT mice treated with or without 500 pg maraviroc 3 h before
intranasal administration of 5 pg OVA Ag + 50 pg poly(I:C) (top and middle)

or nondraining distal skin lymph nodes from mice receiving 5 ng OVA Ag +

50 pg poly(I:C) without maraviroc (bottom) and analyzed 24 h post-antigen
administration. Three independent experiments were conducted withn =4

per group. Statistical significance was determined via a Student’s two-tailed
t-test with P<0.0001. f, Schematics showing the experimental flow (top),
representative lung images (middle) and number of surface metastases per
lung (bottom) in WT mice treated with PBS (n =5), tumor (B16) peptides (n=5),
B16 peptides + poly(1:C) (n = 4) or B16 peptides + poly(I:C) + maraviroc (n = 5)
onday 14 and 7 before intravenous injection with BI6F10 melanoma cells and
analyzed on day 16 post-tumor injection. Two independent experiments were
conducted. Statistical significance was determined via one-way ANOVA followed
by Bonferroni’s multiple comparison test with P=0.0035 (B16 + poly(I:C) versus
B16 + poly(I:C) + maraviroc). All data are represented as mean + s.e.m.**P < 0.01;
**+P<0.001; ***P<0.0001.

immunity or tumor-promoting circuits. In three complementary lung
cancer models, melanoma or lung adenocarcinoma cell transfer mod-
elsand Ager“®™*"2KP spontaneous lung adenocarcinoma, CD206" IMs
were positioned along bronchovascular and pleural regions and acted
as local producers of CXCL13, CXCL9 and CXCL10, supporting lym-
phocyte recruitment and the formation of TLS required for effective
tumor control'. Removal of CD206" IMs dismantled this immunologic
scaffold and accelerated tumor growth.

Spatial transcriptomic analysis indicated that AMs were largely
excluded fromtumor regions, whereas Fnl*Vcan' recMacs accumulated

directly within tumor-dense regions and adopted a different tran-
scriptional state (expression of Vegfa, Spp1, Argl, Cd274 and Ccl2) and
reinforced tumor progression, consistent with previous descriptions
of monocyte-derived macrophages in tumor regions'®***. Dissection
of hematopoietic versus nonhematopoietic sources identified CD206"
and CD206" IM-derived CCL2 as the dominant source that drove the
continued recruitment of Ly6C*CD11b* recMacs into the tumor. Loss of
IM-derived CCL2 sharply curtailed Ly6C'CD11b* recMacinflux and lim-
ited tumor growth, suggesting it represents anonredundant pathway.
These datarefined prevailing models emphasizing stromal, endothelial
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or cancer cell expression of CCL2 (ref.16) and identifies tissue-resident
Ccl2' IMs as key contributors to the suppressive myeloid environment.
Because both CD206" and CD206"° IM subsets produced Ccl2, it is pos-
sible that both IM subsets contributed to this protumor loop, likely with
distinct timing and context.

Our datafurther linked recMac accumulation toimmunosuppres-
sive antigen presentation in tumor-draining lymph nodes. Ly6C" rec-
Macs differentiated into moDCs that migrated to lymph nodes through
CCR5-dependent trafficking and suppressed adaptive immunity, distin-
guishing them from conventional DCs, which rely on CCR7-dependent
migration to elicit adaptive immune activation>**°, Using competitive
mixed BM chimeras to selectively disrupt CCRS5 in monocyte-derived
cells, while maintaining normal DC representation, we found that loss
of CCR5 in the monocyte lineage reduced metastatic burden in both
melanoma and lung adenocarcinoma models. These findings sup-
ported aninvivo requirement for CCR5-dependent monocyte-derived
cells in sustaining lung tumor growth and aligned with previous work
showing that monocyte-derived antigen-presenting cells canrestrain
effective T cell priming™¥.

We also asked whether migration of antigen-bearing moDCs to
lung-draining lymph nodes, and their associated suppressive effects,
could be transiently disrupted during cancer vaccination designed
to enhance DC cross-priming using an established adjuvant poly(I:C)
in conjunction with tumor-specific peptides*-*2. Brief inhibition of
CCR5withmaraviroc before aDC-based cancer vaccination selectively
reduced migration of antigen-bearing Ly6C* moDCs to lung-draining
lymph nodes without impairing migration of antigen-bearing DCs. This
shortintervention enhanced vaccine efficacy and reduced metastatic
burden, indicating that early monocyte-derived antigen presentation
constrained protective immunity and that temporary disruption of
this pathway favored DC-mediated priming. This approach differed
fundamentally from previous studies using prolonged systemic CCR5
blockade in patients with cancer®***** which broadly affected multiple
CCR5-expressingimmune cell populations beyond monocytes, includ-
ing effector T cells, tissue-resident macrophages and neutrophils,
encompassing cell types with both pro- and antitumor functions. Last,
although recruited monocytes in our cancer models predominantly
functioned as immunosuppressive cells, scCRNA-seq also identified
inflammatory monocyte clusters that, in specific contexts such as
fungal, viral and bacterial infections, outcompete immunosuppressive
programs and support type 2 and type 1T cell priming*~°.

In summary, macrophage function in vivo is best understood
by integrating spatial context with transcriptional state rather than
relying on surface markers alone. New experimental models will be
required to selectively interrogate individual chemokine-defined IM
subsets, as current genetic tools do not resolve these populations with
sufficient precision. Macrophage programs, including those of IMs
and monocytes, are strongly conserved between mice and humans'",
underscoringthe translational reach of these findings. Together, these
findings establish spatial organization as a central determinant of
macrophage function in tumors and suggest that durable immuno-
therapeutic benefit will require selectively disrupting suppressive
monocyte-driven pathways while preserving resident macrophage
programs that coordinate protective immune architecture.
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Methods

Mice

C57BL/6 Ly5.1 (CD45.1) and Ly5.2 (CD45.2) WT mice were purchased
from Charles River/NCl. Pf4 (C57BL/6-Tg (Pf4-icre) Q3Rsko/)),
Cx3crI®™ (B6N.129P2-Cx3critm3(Hbegf)Litt/]), Ccl2” (B6.12954-
Ccl2tmIRol/)), Ccr5™ (B6.129P2-CcrStm1Kuz/l) and Ccr2”™ (B6.12954-
Ccr2tmlilifc/J) mice were obtained from The Jackson Laboratory.
Agertm21ere/ERI2Bh H1mice (Ager™®T2) were crossed with B6.129-Kras™* ™
Trp53™®™/J (KP mice) (Extended Data Fig. 2). All mice were bred
in-house, genotyped before studies and used at 6-12 weeks of age.
Both male and female mice were used for the experiments. Experi-
ments were performed on age-matched cohorts. Pf4Cx3cr1®™®
mice were compared to Cx3crI°™® littermate controls in BM chimera
studies. Mice were housed under specific-pathogen-free conditions
at Dartmouth Hitchcock Medical Center. Facilities were maintained
atanambient temperature of 24 °Cwitha12-hlight-dark cycle. Mice
had access to food and water ad libitum. All procedures followed
protocol no. 00002229 approved by the Dartmouth College Insti-
tutional Animal Care and Use Committee. For lung tumor studies,
mice were monitored daily using a standardized clinical scoring
system assessing body weight, activity, grooming and respiration.
Animals reaching predefined humane end points, defined as a total
clinical score =6 or any individual score of 3, were killed. In addition,
day 16 after intravenous injection of 4 x 105 B16F10 or KPAR1.3 was
designated as the experimental ethical end point, as approved by the
institutional animal ethics committee.

Bone marrow chimeras

Six-week-old Ly5.1 (CD45.1) WT mice were lethally irradiated with a
single 900 rad dose. We used 25 mg kg™ busulfan instead of radia-
tion, to retain host IMs. Following irradiation, mice received 5 x 10°
donor BM cellsintravenously from the following genotypes: Ccr2”WT
(80:20 ratio), Ccr2”:Ccr5” (80:20 ratio) or pure BM chimeras from
Pf4°Cx3crI°™,Cx3crIP™®, Ccl2”” or WT donors. Chimerism was verified
using congenic markers before experimental use.

Eukaryotic cell lines and cancer models

Melanoma (B16F10-ATCC CRL-6475) were cultured according to ATCC
and the adenocarcinoma (KPAR1.3) cell line was kindly provided
by J. Downward. Cells were maintained in DMEM (ATCC 30-2002)
supplemented with 10% heat-inactivated fetal bovine serum, 1%
L-glutamine and 1% penicillin-streptomycin. Cells were collected
using trypsin-EDTA, washed with PBS and HBSS, and 4 x 10° cells were
injected intravenously into mice via the tail vein. On day 16, lungs were
perfused with PBS, inflated with 0.5% agarose, and fixed overnight
in 10% neutral-buffered formalin (NBF) at 4 °C. Tumor metastases
were counted the following day. For the B16F10 model, tumors were
categorized into four size groups and counted across all lobes using
a blinded approach. In the adenocarcinoma models, tumors were
quantified with H&E-stained sections and plotted as tumor number
per section. Pf4<Cx3cr1°™ were given 700 ng intravenous DT at day
0 for time course analysis; and days 3 and 7 (or single dose at day 4)
for cancer models.

Spontaneous genetic tumor model of lung adenocarcinoma
AgermZLCre/ERTIBI )| mijce (JAX:036942) were crossed with B6.129-
Kras™™ Trp53™®"/] (KP; LSL-K-ras G12D; p53->* mice) (JAX:032435).
Ager ™12 Kras*~Trp53*~ were selected for the BM chimera host.
Mice were divided into two groups and reconstituted with BM from
Cx3crI®™ and Pf4“Cx3cr1®™ donors, followed by a 6-week recovery
period for immune cell reconstitution. Chimeric mice were then
fed tamoxifen chow for 30 days to activate the Ager®™ allele. After
tamoxifen chow, both groups received 500 ng DT per mouse by
intravenous injection once per week for up to 14 weeks, until tissue
collection.

ELISA chemokine protein analysis
Mouse IP-10 (CXCL10), CXCL13 and CXCL9 levels were quantified using
Invitrogen ELISA kits following the manufacturer’s instructions.

Flow cytometry

Lungs were perfused with PBS, minced and digested in 1 ml solu-
tion of 2.5 mg ml™ collagenase D and 400 pg ml™ Liberase in RPMI
at 37 °C for 30 min. Digestion was stopped with 100 pl of 100 mM
EDTA. The cell suspensions were filtered through a 70-pum filter and
centrifuged at 300gfor 5 min. Samples were stained with monoclonal
antibodies and isotype controls from BioLegend or BD bioscience,
including Alexa Fluor 488-conjugated CD206, CD4, FITC-conjugated
CD26; PE-conjugated CD206, CD45.1 and CD88; PerCP-CyS5.5-
conjugated CD64, XCR1, Ly6C and CDS8; PE-Cy7-conjugated CD11c;
BUV395-conjugated CD11b; APC-conjugated CD26, FOLR2 and CD19;
APC-Cy7-conjugated Ly6C and CD45; BV421-conjugated Ly6G and
SiglecF; and BV510-conjugated MHCII and CD45.2. The viability dye
4,6-diamidino-2-phenylindole (DAPI) was added immediately before
sample acquisition ona BD Symphony A3 analyzer. Datawere analyzed
using FlowJo software. For extravascular leukocyte analysis, mice were
injected intravenously with 5 pl anti-CD45 in 200 pl PBS 5 min before
killing to exclude intravascular cells.

CCRS5inhibitor study

WT mice were injected intraperitoneally with 500 pg Maraviroc (Cay-
man no. 14641) 3 h before intranasal delivery of 5 pug OVA-Alexa Fluor
488 and 50 pg poly(I:C). After 24 h, mice were collected for the anal-
ysis of antigen-bearing cell migration to the draining lymph node.
For immunotherapy, mice received an intranasal immunization with
50 pl containing 20 pg Pmell7,20 pg Trp2 and 50 pg polyIC. The same
immunization was repeated on day 7. On day 14, mice were injected
intravenously with 4 x 10° B16F10 cells. On day 30, lungs were collected
for tumor quantification.

Microscopy

Lungs were perfused with PBS (Corning), inflated with 10% NBF
(Sigma-Aldrich) and paraffin-embedded. Then, 5-pum sections were
stained with H&E and imaged by x4, x10, x20 and x40 objective lenses
using a Keyence BZ-X800 microscope. For histopathological scoring,
infiltrates were assessed based on severity, with a scale from O (no infil-
trates) to 4 (severe infiltrates with complete perivascular or peribron-
chial thicker than ten cells). Each lobe was scored separately, and the
average histopathology score was reported. Immunohistochemistry:
5-pmsections were stained with rat anti-mouse/human B220 (BioLeg-
endno.103226) and rabbit anti-mouse CD3e (Cell Signaling no. 99940).

Xenium sample preparation and data acquisition

Sample processing. Four lung sections were prepared with tumor-
bearing WT C57BL/6 mice (two intravenously injected with B16F10
melanoma and two with KPAR1.3 adenocarcinoma); lungs were col-
lected on day 16. For 10x Genomics Xenium spatial transcriptomics,
mice were perfused with 10% NBF to remove circulating blood. The
lungs were then inflated with NBF to preserve tissue architecture and
fixed by submersion in 10% NBF for 12 h at room temperature. After
fixation, lung tissues were processed for paraffin embedding and
formalin-fixed paraffin-embedded (FFPE) blocks were prepared. Then,
5-pmsections were placed onto Xenium slidesin the Pathology Shared
Resource at Dartmouth (RRID:SCR_023479) according to 10x Genomics
protocol CGO00580). Slides were then transferred to the Genomics and
Molecular Biology Shared Resource (RRID:SCR_021293) and processed
following the manufacturer’s instructions for FFPE tissue sections
(protocol CGO00581) followed by probe hybridization, ligation and
amplification (protocol CG000582). Slides were run on a Xenium
Analyzer instrument running Xenium instrument software v.2.0.1.0
and On-Board Analysis software v.2.0.0.10 to produce the output data
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bundle used for downstream analysis. Following the Xenium run, slides
were H&E-stained on a Sakura Tissue-Tek Prism stainer and whole
slideimaging conducted at x40 magnification using an Aperio GT450
instrument (Leica). Xenium spatial transcriptomics analysis was then
processed and performed using Xenium Explorer 3 (10x Genomics),
with cell populationidentification conducted using R v.4.2.

Data preparation. Graph-based clustering results and DEGs from the
10x Xenium pipeline were utilized for cell-type identification based on
known marker combinations, enabling the identification of IM clusters.
Spatiallocalization of IM subsets was explored using the selection tool
in Xenium Explorer 3, retrieving relevant cell IDs. Additional analyses
were conducted in R v.4.2 using the Seurat Xenium pipeline.

Single-cell RNA sequencing data and references

The scRNA-seq data were obtained from mouse pulmonary cells 16
days post-intravenous injection of 400,000 B16F10 melanoma cells
n=6 B16F10 samples were loaded on separate lanes, each loaded
sample contains three pooled lungs (Fig. 1) GSE225667. A second set
(Extended Data Fig. 1), n =3 pulmonary B16F10 samples, contained
three pooled lungs per sample. To differentiate intravascular and
extravascular leukocytes, mice were injected intravenously with
APC-Cy7-conjugated anti-CD45 antibody 5 min before collection.
Lungsingle-cell suspensions were enriched using CD11b Miltenyibeads.
Extravascular monocyte-macrophage populations, CD64"'CD11b" cells,
were sorted using the FACS Aria Fusion (BD Biosciences). Approxi-
mately 30,000 cells per sample were loaded on the Chromium Next
GEM Single Cell 3’ Platform (10x Genomics) and sequenced on an
Illumina NextSeq 500/550 with an average depth of approximately
50,000 reads per cell.

Data preparation. Raw sequencing reads were demultiplexed and
mapped to the GRCm38 genome using CellRanger v.6.1. Data pro-
cessing and analysis were performed in R v.4.2 and Python v.3.6, with
Seurat v.4.3 used for data integration and visualization. Cell type
identification followed methods detailed in ref. 1, wherein IMs and
recMacs were distinguished based on characteristic marker genes and
clustering profiles.

Statistics and reproducibility

All measurements were taken from distinct samples and the number
ofindividualsin each experiment or analysisis clearly indicated either
in the text or in figure legends. Significance was evaluated using a
two-tailed Student’s ¢-test and ordinary one-way ANOVA. Data dis-
tribution for the transgenic mouse experiment was assumed to be
normal, but this was not formally tested. In the selection of experi-
mental cohorts of mice, randomization was not the dominant driver
of the process. Littermate controls were assigned appropriately to
match mice that were genetically altered, so that controls were tested
side by side with those bearing a different genotype. Experimental
analysis was carried out so that for any given length of a protocol, all
experimental cohorts were dealt with simultaneously; no one whole
group was processed first before the next, but the cohorts were evenly
distributed throughout the procedure. Data collection and analysis
were performed blind to the genotypes of the mice. The investigators

were blinded to allocations during experiments and outcome assess-
ments. No animals or data points were excluded from the study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

10x Xenium spatial transcriptomic data are available in the Gene
Expression Omnibus under accession codes GSE313081.10x scRNA-seq
processed data are available in the Gene Expression Omnibus under
accession codes GSE225664, GSE225667 and GSE313092 and are acces-
sible for online visualization at UCSC Cell Browser at https://cells-test.
gi.ucsc.edu/?ds=macrophage-atlas+tmTumor (GSE225667) and https://
cells-test.gi.ucsc.edu/?ds=mouse-lung-b16 (GSE313092). Source data
are provided with this paper.
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Extended Data Fig. 1| Second set: scRNA-seq of pulmonary melanoma
identifies gene signaturesin CD206" IMs, CD206" IMs and recMacs.

(a) Unbiased UMAP clustering of scRNA-seq data from flow-sorted extravascular
CD64*CD11b* mononuclear phagocytes isolated from the lungs of WT C57BL/6
mice 16 days after intravenous injection of 4x10° B16F10 melanoma cells. Alveolar
macrophages (AMs), interstitial macrophages (CD206" IMs and CD206" IMs);
recruited macrophages (recMacs), classical and nonclassical monocytes,
dendritic cells (DC1), DC2 (CD301"and CD301°), migratory DCs (Mig DCs),
neutrophils, T cells, B cells, fibroblasts, endothelial cells and cycling cells.

UMAP2

UMAP1

(b) Top 3 DEGs defining the UMAP clusters asin a (c-h) Violin plots comparing
gene expression in CD206" IMs (dark blue) and CD206" IMs (light blue) and
recMacs (pink). (c) Violin plot shows the expression of C1gb as akey IM signature
gene. Violin plots depict expression of (d) Mrc1, Pf4 Folr2, Cd163, and Mmp9 for
CD206" 1M, (e) H2-Ab1, Tmem119, and Mmp12 for CD206" IM, (f) Ccr2, Ly6c2,
Vcan, and ThbsI for recMacs, (g) Cxcl13,and Cxcl10 for IMs, and (h) Argl, Vegfa
and Cd274 by recMacs, and Trem2 for IMs and recMacs. (i) Dot plot shows the
expression of curated genes in 16 immune cell populations (as in a). (j) Feature
plot showing the expression of Ccl2 (asin a).
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Extended Data Fig. 2| A spontaneous genetic model of lung adenocarcinoma,
Ager™21Cre/ERT28 /5 | mice were crossed with B6.129-Kras™™ Trp53™tm/)

(KP; LSL-K-ras G12D; p53'>* mice). Ager /""" Kras*"Trp53"~ were selected for
BM chimerarecipients. Mice were divided into two groups and reconstituted

with BM from either Cx3crI°™ control or Pf4<°Cx3crI°™® mice. Six weeks after BM

. transplant and immune cell reconstitution, chimeric mice were fed tamoxifen

chow for 30 days to activate Ager allele. After 30 days on tamoxifen chow, mice
were returned to regular chow and received intravenous injections of diphtheria
toxin (DT; 500 ng per mouse) once weekly for 14 weeks, after which mice were
harvested for tumor analysis.
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Extended Data Fig. 3 | Spatial transcriptomics reveals abundant recMacs
and IMs with distinct chemokine programs inlung adenocarcinoma.

(a) Xenium spatial expression analysis of the lungs of two naive WT C57BL/6
mice showing the expression of Acta2 (alpha-smooth muscle actin) (b) Spatial
expression analysis of the lungs of WT C57BL/6 mice 16 days after intravenous
injection of 4x10° KPARL.3 adenocarcinoma cells shows various genes in

High

Expression

Low

different compartments including: nerves (Nes), lymphatic vessels (Pdpn),
alveolar macrophages (Earl), monocyte/macrophage markers (Cd14), recruited
macrophages (Clec4n, Cd9), CD206" IMs (Folr2), B cells (Cd19), T cells (CD3e),
chemokines (Ccl3, Ccl4, Ccl6, Ccl7, Ccl8, Ccl9, Ccll7, Ccl22, Cxcl10, Cxcl3).
Macrophages (Mafb) and dendritic cells (Zbtb46, Fit3, Xcr1). Scale bar,1000 pum.
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Extended Data Fig. 4 | Xenium spatial transcriptomic mapping of
macrophages and chemokine co-localization. (a) Xenium H&E-stained section
of four lungs of WT C57BL/6 mice 16 days after intravenous injection of 4x10°
KPAR1.3 adenocarcinoma (n = 2) and B16F10 melanoma cells (n = 2). Scale bar,
1000 pm. (b) Stromal cell spatial map (same samples asin a). ImageDimPlot
highlighting endothelial, epithelial and tumor cell populations. Cell type
identities were assigned by matching graph-based clusters to known markers
(Supplementary Figs 3-4), illustrating the anatomical distribution of airway/
bronchial epithelial structures and vascular endotheliumin each sample.

Scale bar,1000 pm. (c) Spatial localization (same samples asin a) of chemokine
transcripts, spatial molecule plot showing per-molecule transcript coordinates
for Cxcl9, Cxcl10, Cxcli3, and Ccl2 detected in each sample. Molecules are
overlaid on the cell segmentation map. Spatial distributions highlight
chemokine-producing regions within each tumor, allowing direct comparison
of inflammatory niches between KPAR and B16F10 models. Scale bar, 1000 pm.
(d) Myeloid cell spatial map (same samples as in a). ImageDimPlot visualizing

four major macrophage and monocyte-derived populations: AMs; CD206" IMs;
CD206"° IMs; recMacs. Cluster-to-cell type assignments were performed using
sample-specific marker-enriched clusters defined a priori (Supplementary

Figs 3-4). Plots show the spatial localization of each myeloid subset within the
TME, revealing region-specific enrichment patterns across KPAR and B16F10
samples. Scale bar,1000 pm. (e) Spatial distances (same samples asin a) between
myeloid cell subsets and tumor or bronchovascular structures. Violin plots show
the distribution of nearest-neighbor distances from individual myeloid cells
AMs, CD206" IMs, CD206" IMs, and recMacs to the closest tumor cell. Distances
were calculated in two-dimensional space as the Euclidean distance from each
myeloid cell centroid to its nearest target cell centroid. Values are plotted as
loglp-transformed distances. Violin plots represent the full distribution of
single-cell distances. Box plots indicate the median (center line), the 25th and
75th percentiles (box), and whiskers extending to the minimum and maximum
values; outliers are shown as individual points.
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Extended Data Fig. 5| Spatial transcriptomic visualization of Cxcl13 IMs coexpress Cxcl13 (orange), located close to Epcam™ (green) bronchial
expression in CD206" IMs in lung adenocarcinoma and melanoma. (a) Spatial airways. Scale bar, 100 pm (c) High-resolution imaging of one adenocarcinoma
RNA expression of Cd163, Folr2, and Cxcl13in lungs of WT C57BL/6 mice 16 days (asina) spatial expression analysis showing Folr2* (blue) CD206" IMs lining the
after intravenous injection of 4x10° KPAR1.3 adenocarcinoma (n = 2) and B16F10 bronchial airways coexpress Cxcl13 (orange), while Epcam* (green) bronchial
melanoma cells (n = 2). Scale bar, 1000 pum. (b) High-resolutionimaging of spatial  epithelial cellsand Cd3* T cells (pink) do not. Note: Other cell types in the lungs
transcriptomics (as in a) showing that Folr2* CD163* (purple and blue) CD206" besides CD206" IMs also express Cxcl13 (asin a). Scale bar, 50 pm.
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Extended DataFig. 6 | Ccl2 expressionin the TME. Xenium spatial transcriptomics overlay of C1gb (blue), Cd163 (red) and Ccl2 (yellow) visualized in four tumor
samples: lungs of WT C57BL/6 mice 16 days after intravenous injection of 4x10° KPARL.3 adenocarcinoma (n = 2) and B16F10 melanoma cells (n = 2). Scale bar, 1000 pum.
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Extended Data Fig. 7 | Spatial transcriptomic visualization of Ccl2 expression melanoma cells (n = 2). Scale bar, 1000 pm. (b) High-resolution imaging of spatial
inIMs and recMacs in lung TME of adenocarcinoma and melanoma. (a) Spatial transcriptomics (as in a) showing that cellular expression of Vcan (green), Mmp12
expression analysis of Vcan, Mmp12 and Ccl2in lungs of WT C57BL/6 mice 16 days (blue), and Ccl2 (orange). Scale bar, 100 um Note: Endothelial cells, CD206" IMs
after intravenous injection of 4x10° KPAR1.3 adenocarcinoma (n = 2) and B16F10 and DCs can also express Ccl2, datanot shown.
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Extended Data Fig. 8| Maraviroc transiently inhibits CCR5-dependent moDC
migration. (a) Experimental design, WT mice were treated intraperitoneal with
500 pgof a CCR5 antagonist, maraviroc, 3,24, or 48 hours prior tointranasal
delivery of 5 ug OVA-Alexa Fluor 488 and 50 pg poly(I:C). Twenty-four hours after
antigen intranasal delivery, the lung-draining lymph nodes were harvested, (b)
Live cells were first plotted as CD11c versus CD11b, gated CD11c + CD11b+ myeloid
cells (left plots) were then plotted as Ly6C versus Alexa Fluor 488 to gate on
fluorescently labeled migratory antigen-bearing cells in the lung-draining lymph

node (middle plots), antigen-bearing cells were then plotted as Ly6C versus
CD26 to identify antigen-bearing Ly6C*CD26'° moDCs, as well as antigen-bearing
Ly6C CD26* DCs (right plots). Scatter plot analysis of antigen-bearing Ly6C*
moDC migration following Maraviroc treatment at different time points, 3,

24, or 48 hours prior to antigen delivery. Two independent experiments were
conducted, n =3 per group. Data represented as mean +s.e.m. Statistical
significance was determined via one-way ANOVA followed by Bonferroni’s
multiple comparison with p < 0.0001. ***p < 0.0001, ns=nonsignificant.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection BD FACSDiva software v8.0.1 was used for flow cytometry data acquisition. NextSeq 500/550 (lllumina) was used
for scRNA-seq data aquisition, Xenium Analyzer instrument running Xenium instrument software version 2.0.1.0,
Sakura Tissue-Tek Prism stainer ,Aperio GT450 instrument (Leica)

Dataanalysis Folw jo (Three Star, Ashlans,v10), Cell Ranger( v6.1) , R v4.2 , Python v3.6, Seurat package v4.3,Xenium Explorer 3

(10x Genomics), Prism (9)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
The processed data are available in the Gene Expression Omnibus under accession codes GSE225664, GSE225667, GSE313092,
GSE313081
ScRNA Seq data: GSE225664(Supl.Fig.4), GSE225667 (Fig.1, Fig.4, Fig.5), GSE313092 (Extd.Fig.1)
Xenium data: GSE313081(Fig.3, Fig.4, Fig.5, Extd.Fig.3, Extd.Fig.4, Extd.Fig.5, Extd.Fig6, Extd.Fig.7)
ScRNA Seq data for GSE225664, GSE225667 and GSE313092 are also accessible for online visualization at UCSC Cell Browser.
https://github.com/XinLi-0419/MacrophagesTumorDichotomy/tree/main, The code includes the QC, analysis, and figure production.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

For scRNA-seq experiment, no statistical method was used to predetermine sample size. Sample sizes were
chosen on technical manageability and basis of availability of target cells. For transgenic mouse experiment, no
statistical method was used to predetermine sample size, but our experiment cohort size based on technical
manageability and previous cohort size where experiments were performed at least two times four-five mice per
group (specific number mentioned in each experiments)

No Animals were excluded except in rare cases where BM chimeras became sick before they could be used in the
experiment. No samples or data were excluded from analysis.

2-4 independent sets of experiment were done with n=3-5 for each group (specific number mentioned in each
legend)

Littermate controls were assigned appropriately to match mice that were genetically alerted, so the controls were
side by side with those bearing a different genotype. Experimental analysis was carried out so that for any given
length of protocol, all experiment cohort were dealt with simultaneously.

All samples were given code name and processed without reference to its cohort features until the end of the
experiment. During tail vein tumor cell injections all mice were injected without any biasness. Data collection and
analysis were performed blind to the genotype of the mice.
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Antibodies

Antibodies used

For Flow cytometry

AF4988 Anti-mouseCD206, Clone C068C2, BioLegend, Cat no. 141710, dilution1:100
AF488 Anti-mouse CD4, Clone RM4-5, BioLegend, Cat no. 100529, dilution 1:100

FITC Anti mouse CD26, Clone H194-112, BioLegend, Cat no.137805, dilution 1:100

PE Anti-mouse CD206, clone C068C2, BioLegend, Cat no. 1417086, dilution1:100

PE Anti-mouse CD88, clone 20/70, BioLegend, Cat no. 135806, dilution1:100

PE Anti-mouse CD45.1, Clone A20, BioLegend, Cat no. 110708, dilution 1:100
Percp-cy5.5 Anti-mouse CD64, Clone X54-5/7.1, BioLegend, Cat n0.139307, dilution 1:100
Percp-cy5.5 Anti-mouse XCR1, Clone ZET, BioLegend, Cat no.148207, dilution1:100
Percp Anti-mouse Ly6C, Clone HK1.4, BioLegend, Cat no.128028, dilution 1:100

PE-Cy7 Anti-mouse CD11c, Clone N418, BioLegend, Cat. No.117318, dilution1:100
BUV395 Anti-mouse CD11b, Clone M1/70, BD Biosciences, Cat n0.563553, dilution 1:100
APC Anti-mouse CD26, Clone H194-112, BioLegend, Cat.no 137807, dilution 1:100
APC-Anti-mouse FOLR2, Clone 10/FR2, BioLegend, Cat no.153305, dilution 1:100

APC Anti-mouse CD19, Clone 1D3/CD19, BioLegend, Cat no.152409, dilution 1:100
APC-Cy7 Anti-mouse Ly6C, Clone HK1.4, BioLegend, Cat no.128026, dilution 1:100
APC-Cy7 Anti-mouse CD45.2, Clone 104, BioLegend, Cat no.109824, dilution 1:100
APC-CY7 Anti-mouse CD45, Clone 30-F11, BioLegend, Cat no.103116, dilution 1:100
BV421 Anti-mouselLy6G, Clone 1A8, BioLegend, Cat no.127627, dilution 1:100

BV421 Anti-mouse SiglecF, Clone E50-2440, BD Biosciences, Cat n0.562681, dilution 1:100
BV510 Anti-mouse MHCII, Clone M5/114.15.2, BioLegend, Cat no. 107636, dilution 1:100
BV510 Anti-mouse CD45.2, Clone 104, BD Biosciences, Cat no.740131, dilution 1:100

For Immunofluorescence

AF594 Anti-mouse CD31/PECAM, Clone MEC13.3, BioLegend, Cat no. 102520, dilution 1:100
AF488 Anti-mouse a Smooth Muscle Actin, Clone 1A4, BioLegend, Cat no. 614851, dilution 1:100
For Immunohistochemistry

Rat anti-mouse/human B220 (BioLegend #103226)

Rabbit anti-mouse CD3e (Cell Signaling #99940)
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Validation The antibodies are validated by the manufacturers as appeared on the manufacturers’ website

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Melanoma (B16F10-ATCC® CRL-6475™)) were cultured according to ATCC and the
adenocarcinoma (KPAR1.3) cell line was kindly provided by Dr. Julian Downward

Authentication All experiments were conducted within the initial four passage post receipt from ATCC. The cells
constantly demonstrated the expected morphology, aligning with ATCC specifications and aligned
literature.

Mycoplasma contamination ~ Cell lines was tested negative for mycoplasma contamination through1. Hoechst DNA stain (indirect)
method;2. Agar culture (direct)method,3. PCR based assay

Commonly misidentified lines  This study did not involve any commonly misidentified lines
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

. C57BL/6 Ly5.1 (CD45.1) and Ly5.2 (CD45.2) WT mice were purchased from Charles River/NCI. Pf4cre

Laboratory animals (C57BL/6-Tg (Pf4-icre) Q3Rsko/J), Cx3cr1PTR (B6N. 129P2-Cx3cr1tm3(Hbegf)Litt/J), Ccl2’- (B6.129S4-
Ccl2tm1Rol/J), Cer5” (B6.129P2-Ccr5tm1Kuz/J), and Cer2”- (B6.129S4-Ccr2tm1Ifc/J) mice were from
Jackson Labs. Agerim21(Cre/ERT2)BIh | mice (Ager®®ERT2 ) were crossed with B6.129-Kras!™#T¥ Trp53tm1Bm/J
(KP mice) detailed in Extended Data Fig. 2. All mice were bred in-house, genotyped before studies, and
used at 6-12 weeks of age. Experiments were performed on age-matched cohorts. Pf4¢¢Cx3cr1°™R mice
were compared to Cre-Cx3cr1P™R littermate controls in BM chimera studies. Mice were housed under
specific-pathogen-free conditions at Dartmouth Hitchcock Medical Center. Facilities were maintained at an
ambient temperature of 23-24 °C with a 12-h light—dark cycle. Mice had access to food and water ad

libitum.
Wild animals No wild animals were used in this study
Reporting on sex Finding apply both sexes. Both males and female mice were used in each condition of experiment.

Field-collected samples  The study did not involve samples collected from the field

Ethics oversight All procedures followed protocol #00002229 approved by the Dartmouth College Institutional Animal Care
and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
E]The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

Z] All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Lungs were perfused with PBS, minced, and digested in 1 ml solution of 2.5 mg/ml collagenase D and
400 pg/mL Liberase TM in RPMI at 37°C for 30 minutes. Digestion was stopped with 100 pl of 100
mM EDTA. The cell suspensions were filtered through a 70 um filter and centrifuged at 300 g for 5
minutes. Samples were stained with monoclonal antibodies (mAbs) and isotype controls from
BioLegend or BD bioscience. The viability dye DAPI was added immediately before sample
acquisition on a BD Symphony A3 analyzer. Data were analyzed using FlowJo software. For
extravascular leukocyte analysis, mice were injected intravenously with 5 pyL anti-CD45 in 200 uL PBS
five minutes before sacrifice to exclude intravascular cells. For Lymph nodes 1ml solution of 2.5
mg/ml collagenase D only was used for digestion.

Instrument BD Symphony A3 analyzer (BD Bioscience)

Software Flow jo (Three Star, Ashland, OR)

Cell population abundance Murine lung IM sort: IMs were sorted twice for purity for scRNAseq, representing around 60-80% of
living cells. Purity was confirmed with following scRNA-seq analysis

Gating strategy Most gating strategy has been shown in figures

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
thearticle's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by

statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0,
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	Chemokine-defined macrophage niches establish spatial organization of tumor immunity

	Results

	RecMacs display protumor transcriptional signatures

	CD206hi IMs restrain tumor growth by enabling TLS formation

	RecMacs and IMs establish spatial chemokine niches

	IM-derived CCL2 promotes tumor growth by recruiting recMacs

	MoDCs suppress vaccine-induced antitumor immunity
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	Online content

	Fig. 1 scRNA-seq of pulmonary melanoma identifies gene signatures in CD206hi IMs, CD206lo IMs and recMacs.
	Fig. 2 CD206hi IMs organize lymphocyte recruitment and antitumor immunity.
	Fig. 3 Compartmentalized IM and recMac populations organize chemokine landscapes in lung adenocarcinoma.
	Fig. 4 Ccl2 expression by IMs is critical for the recruitment of recMacs.
	Fig. 5 Maraviroc enhances cancer vaccine immunity by blocking moDC migration to draining lymph nodes.
	Extended Data Fig. 1 Second set: scRNA-seq of pulmonary melanoma identifies gene signatures in CD206hi IMs, CD206lo IMs and recMacs.
	Extended Data Fig. 2 A spontaneous genetic model of lung adenocarcinoma.
	Extended Data Fig. 3 Spatial transcriptomics reveals abundant recMacs and IMs with distinct chemokine programs in lung adenocarcinoma.
	Extended Data Fig. 4 Xenium spatial transcriptomic mapping of macrophages and chemokine co-localization.
	Extended Data Fig. 5 Spatial transcriptomic visualization of Cxcl13 expression in CD206hi IMs in lung adenocarcinoma and melanoma.
	Extended Data Fig. 6 Ccl2 expression in the TME.
	Extended Data Fig. 7 Spatial transcriptomic visualization of Ccl2 expression in IMs and recMacs in lung TME of adenocarcinoma and melanoma.
	Extended Data Fig. 8 Maraviroc transiently inhibits CCR5-dependent moDC migration.




