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A Population of TIM4"FOLR2" Macrophages Localized in
Tertiary Lymphoid Structures Correlates to an Active
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Immune Infiltrate Across Several Cancer Types
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TIM4 has previously been associated with antitumor immu-
nity, yet the pattern of expression and the function of this
receptor across human cancer tissues remain poorly explored.
Here we combined extensive immunolabeling of human tissues
with in silico analysis of pan-cancer transcriptomic data sets
to explore the clinical significance of TIM4 expression. Our
results unveil that TIM4 is expressed on a fraction of cavity
macrophages (“ATIM4"M®) of carcinoma patients. Moreover,
we uncover a high expression of TIM4 on macrophages of
the T-cell zone of the carcinoma-associated tertiary lymphoid
structures (""STIM4"™M®). In silico analysis of a pan-cancer data
set revealed a positive correlation between TIM4 expression and
markers of B cells, effector CD8™" T cells, and a 12-chemokine signa-
ture defining tertiary lymphoid structure. In addition, "TIM4 " M®
were enriched in cancers displaying microsatellite instability

Introduction

Among T-cell immunoglobulin and mucin domain proteins, TIM4
was initially identified as a ligand for TIM1, the latter representing a
potent costimulatory molecule for T cells (1). Subsequently, TIM4 was
characterized as a phosphatidylserine (PtdSer) receptor expressed on
mouse antigen-presenting cells (2). Its critical role in the engulfment of
PtdSer-expressing apoptotic bodies by macrophages (M®) and den-
dritic cells was also confirmed in humans (3). Removal of PtdSer-
exposing apoptotic bodies by M® is critical for the maintenance of
tissue homeostasis and for the prevention of autoimmune responses
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and high CD8" T-cell infiltration, confirming their associa-
tion with immune-reactive tumors. Both ““TIM4"M® and
TLSTIM4"™M® express FOLR2, a marker of tissue-resident M.
However, ““TIM4"™M® had a higher expression of the immu-
nosuppressive molecules TREM2, IL10, and TGFp as compared
with ™STIM4*M®. By analyzing a scRNA sequence data set of
tumor-associated myeloid cells, we identified two TIM41TFOLR2™
clusters coherent with ““TIM4"M® and "™STIM4*M®. We de-
fined specific gene signatures for each subset and found that the
CATIM4" M® signature was associated with worse patient survival.
In contrast, ""STIM4"M® gene signature positively correlates
with a better prognosis. Together, these data illustrate that TIM4
marks two distinct macrophage populations with distinct pheno-
types and tissue localization and that may have opposing roles in
tumor immunity.

against intracellular antigens released from dying cells (4). Moreover,
removal of PtdSer-expressing antigen-specific T cells in secondary
lymphoid organs helps the contraction phase of the immune response,
thus leading to peripheral tolerance (5).

TIM4 expression is restricted to antigen-presenting cells in primary
and secondary lymphoid tissues (3, 5-7), and experimental mouse
models have documented its essential role for the maintenance of the
homeostatic state of peritoneal M® (8), dermal dendritic cells,
and Langerhans cells (9). Other studies found that TIM4 marks
long-lived tissue-resident M® with self-renewal properties in various
tissues (10, 11). In human tissues, TIM4 is restricted to liver Kupffer
cells, tangible-body M® (TBM®), and the splenic white pulp M®
(3, 7), but data on its expression on human immune cells remain
very scant.

The functions of TIM4 in cancer immunity in mouse and in
human samples have been explored. TIM4 induces autophagy-
mediated degradation of ingested tumor antigens by M® and den-
dritic cells, leading to reduced antigen presentation and antitumor
immunity (12). We reported that TIM4 is highly expressed by
pulmonary type 1 murine classic dendritic cells (cDC1) and was
required for antigen uptake and priming of CD8" tumor-specific
T cells. Accordingly, human TIM4 transcripts increase the prognostic
value of a ¢cDCI signature and predict responses to PD-1 treatment
in lung adenocarcinomas (13). The mouse models of peritoneal
carcinomatosis have proposed a protumoral role of TIM4" M®.
Omental TIM4" tissue-resident M® support the acquisition of a
cancer stem cell-like phenotype and the epithelial-mesenchymal
transition of disseminated ovarian cancer cells promoting progres-
sion and metastatic spread (10). Moreover, TIM4 ™" cavity M® in
ovarian cancer display a high oxidative phosphorylation and mito-
phagy function mediated by arginase-1 (14). Other work expanded
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our understanding of the protumor role of TIM4* cavity-resident
Mo by showing their ability to sequester cytotoxic antitumor
PtdSer"CD8™ T cells (15). Together, these findings suggest con-
text-specific, divergent roles of myeloid cells expressing TIM4.
The characterization of TIM4 expression on immune cells associ-
ated with diverse human tumor types is ill-characterized and
represents an important gap in understanding the role of this
receptor in cancer.

Here we mapped TIM4 expression on human immune cells in-
filtrating various human tumors. We detected TIM4 expression in
various M® populations capturing apoptotic cells and in a population
of lymph node M® of the interfollicular area. In primary and
metastatic cancer tissues, TIM4 expression is absent on conven-
tional tumor-infiltrating M®. However, we identified two distinct
TIM4"M® populations in the tumor microenvironment: those
associated with tertiary lymphoid structures (TLS; T-STIM4 ™M®)
and those found in the pleural and peritoneal cavities of car-
cinoma patients (“*TIM4*"M®). ™STIM4*M® are mainly “non-
phagocytic” and found in the T-cell zone of TLS, whose spatial
organization resembles secondary lymphoid organs (16, 17) and
are recurrent in immunogenic cancers. TLS represent ectopic second-
ary lymphoid structures found in cancer and inflamed peripheral
tissues (16) and their density predicts good prognosis and response to
immunotherapy (18, 19). Single-cell RNA analysis of tumor-infiltrating
M@ in breast tumors by members of our group previously identified a
novel M® population expressing FOLR2 that localizes in the tumor
stroma and within lymphoid aggregates (20). These cells efficiently
prime and interact with effector CD8" T cells. We confirmed that
TISTIM4 "M@ and “*TIM4"M® coexpress FOLR2. Accordingly, by
exploring a pan-cancer scRNA-seq data set of myeloid cells, we identifi-
ed two TIM4TFOLR2" clusters. One cluster is enriched in LYVEI,
SLC40A1, and SEPPI transcripts found in antitumor M®, whereas
the other is reminiscent of immune-suppressive TREM2" M®.
Immunostaining tumor sections revealed the immunosuppressive
molecules TREM2 (21, 22), IL10 and TGFp were highly expressed on
CATIM4"M® but not on ™STIM4"M®. All these findings indicate
that in addition to protumorigenic body cavity TIM4 " TREM2"M®,
a novel TIM4" population is observed in the T-cell area of cancer-
associated TLS. Although the exact role of these cells is still unde-
fined, their function within the TLS is likely to be associated with
protective immunity.

Materials and Methods

Human tissues

THC was performed on a set of tissue samples obtained from the
archive of the Department of Pathology (ASST Spedali Civili di
Brescia, Brescia, Italy). Analyzed tissues included nonlymphoid nor-
mal tissues (#n = 42) and reactive lymphoid normal tissues (n = 33).
Cancer tissues included samples from tissue microarray (n = 126
primary carcinomas; Supplementary Table S1; ref. 23) and whole tissue
blocks of primary (n = 135) and metastatic (n = 30) carcinomas, cell
block from pleural effusion (n = 10), peritoneal cytological specimen
(n = 10), pleural biopsies (n = 5), and peritoneal biopsies (n = 10)
from lung and ovarian cancer specimens. The study was approved by
the local IRB (WW-IMMUNOCANCERhum, NP-906, NP-1284) and
conducted in accordance with the Declaration of Helsinki.

Cell-block preparation

Cytologic specimens from pleural and peritoneal effusion were
centrifuged for 10 minutes at 3,000 rpm. A solution of plasma
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(100 pL, kindly provided by Centro Trasfusionale, ASST Spedali
Civili di Brescia, Brescia, Italy) and HemosIL8 RecombiPlasTin 2G
(200 pL, Instrumentation Laboratory; cat. no. 0020003050; 1:2) were
added to cell pellets, mixed until the formation of a clot, and then placed
into a labeled cassette. The specimen was fixed in 10% formalin (Bio-
Optica; cat. no. 05-K01004) for 1 hour followed by paraffin inclusion.

IHC and digital image analysis

Four micron-thick tissue sections were obtained from formalin-
fixed, paraffin-embedded blocks. For IHC staining, endogenous
peroxidase was blocked by incubation with methanol (Honeywell,
cat. 603-001-00-X) and hydrogen peroxide (AppliChem; cat. no.
141076,1211) 0.03% for 20 minutes during rehydration. Immuno-
staining was performed using a set of primary antibodies (Supple-
mentary Table S2) after pretreatment with microwave or waterbath
in citrate buffer at pH 6.00 or EDTA buffer at pH 8.00, as indicated
in Supplementary Table S2. The reaction was revealed using the
Goat-on-rodent-HRP-System (Biocare Medical; cat. no. GHP516H)
or Novolink Polymer (Leica Microsystems; cat. no. RE7280-CE)
followed by diaminobenzidine (DAB, Dako; cat. no. K3467). Final-
ly, the slides were counterstained with Meyer’s Haematoxylin
(Bio-Optica; cat. no. 05-M06002).

For double staining, after completing the first immune reaction, the
second was visualized using Mach 4 MR-AP (Biocare Medical; cat. no.
M4U536L) or Goat-on-rodent AP-System (Biocare Medical; cat. no.
GAP514G), followed by Ferangi Blue (Biocare Medical, cat. no.
FB8138S). Localization of TIM4™ cells within tertiary lymphoid struc-
tures was confirmed by double and triple staining combining TIM4
with CD20 and CD3. For triple IHC the third immune reaction was
revealed using Mach 4 MR-AP (Biocare Medical), followed by
ImmPACT Vector Red Substrate Kit, Alkaline Phosphatase (Vector
Laboratories, cat. no. SK-4205).

For double sequential immunostains, the first reaction is deleted
after first chromogen destain and stripping. Anti-TIM4 was used
for the first immune reaction, revealed using Goat on rodent-HRP-
Polymer (Biocare Medical) and developed in 3-amino-9-ethylcar-
bazole chromogen (AEC), counterstained with hematoxylin and
cover-slipped using gelatin. Subsequently, the slides were digitally
scanned, using Aperio Scanscope CS (Leica Microsystems). After
coverslip removal, AEC was washed out and the slides were eluted
using a 2-Mercaptoethanol (Fluka, cat. no. 63689)/SDS (Sigma-
Aldrich, cat. no. L3771) solution (20 mL 10% w/v SDS with 12.5 mL
0.5 M Tris-HCI, pH6.8, 67.5 mL distilled water and 0.8 mL 2-ME).
Slides were subsequently incubated in this solution in a waterbath
preheated at 56°C for 30 minutes. Sections were washed for 1 hour
in distilled water. After unmasking in microwave, anti-CD163,was
revealed using Novolink Polymer (Leica) and AEC. The subsequent
immunostains for anti-FOLR2 and anti-TREM2 was developed
analogously, anti-FOLR2 was revealed using AEC and diamino-
benzidine, respectively. CD3 was revealed using Mach 4 MR-AP
and Ferangi blue as chromogen, and slides were counterstained
with hematoxylin, cover-slipped, and digitally scanned. The digital
slides were processed using ImageScope. Slides were synchronized
and corresponding tissue regions were analyzed.

TLS count was performed in a cohort of 76 human lung adeno-
carcinomas (LUAD). Tumor-associated TLS were identified as ectopic
dense mixed lymphoid aggregates composed of CD20" B cells and
CD3™" T cells located at the periphery of the neoplastic area (invasive
margin) or in the surrounding noninvolved lung tissue. TLS count was
performed on representative tumor sections containing enough non-
involved tumor area, as evaluated on hematoxylin and eosin (H&E)
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stained sections and was based on a three-tiered score (0 = absence of
TLS; 1 = <5 TLS; 2 = 5 TLS). CD8" T-cell density was performed
using Aperio Scanscope on digitalized sections. Stained slides were
acquired using the Aperio CS2 digital scanner and ScanScope software
(Leica biosystems). The whole tumor area was considered for the
analysis, with the exclusion of necrotic areas. Data are expressed as
absolute number of CD8™ cells per mm?. Pearson correlation analysis
and one-way ANOV A test with post hoc pairwise comparisons (Tukey
correction for multiple comparisons) were performed between
log,CD8" T-cell density and TLS score.

Data processing of the TCGA data sets and statistical analysis

Raw counts for primary solid tumor samples of nine TCGA projects
(TCGA-BLCA, TCGA-BRCA, TCGA-COAD, TCGA-HNSC, TCGA-
LUAD, TCGA-LUSC, TCGA-OV, TCGA-SKCM, and TCGA-UCEC)
were downloaded from GDC Legacy Archive (hg19) using the TCGA
biolinks R/Bioconductor package (n = 3,850 cases). Normalized
expression was obtained by upper quartile normalization measured
in RSEM. For downstream analysis, the log-RSEM gene expression was
considered. Gene expression of TIM4, TREM2, FOLR2, CD163, PAXS5,
CD247 (CD3) and of 12 chemokines (CCL2, CCL3, CCL4, CCL5,
CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and
CXCL13) was retrieved. The geometric mean of the 12 chemokines
genes was defined as TLS signature (24, 25).

Qualitative variables were described as absolute and relative fre-
quencies; standard descriptive statistics were used for continuous
variables, expressing means, standard deviations, medians, and ranges.
Correlations between quantitative variables were computed using the
Pearson correlation coefficient, a Bonferroni’s correction of signifi-
cance was applied for multiple testing in each analysis.

The main outcome was considered the TIM4 gene expression,
considered as dependent variable in the multivariable linear regression
models. For achieving a qualitative description of coexpression of
PAXS5, CD3, and a 12-gene panel of chemokines defining the TLS
signature, an exact Barnes-Hut t-distributed stochastic neighbor
embedding (tSNE) was computed considering Z-scored immune cells
infiltration, with Euclidean distance as similarity measure (26). Sur-
vival analysis was performed considering the overall survival (OS) and
disease-free survival (DFS) as endpoints, and applying Cox propor-
tional hazards models, stratified for tumor site and stage. Partial effects
plots and graphs were rendered through “rms,” “ggplot2,” and “Rtsne”
packages. In all analyses, a two-tailed P value < 0.05 was considered
significant, and R (version 4.0.2) was used for statistical analysis and
rendering graphs.

RNAscope

To localize IL10- and TGF{-positive cells, tissues were analyzed
with RNAscope assay (Advanced Cell Diagnostics, Newark) using
RNAscope 2.5 HD Assay-RED kit and Hs-IL10 probe (cat no. 602051)
recognizing the nt 122-1,163 of the IL1I0 mRNA (reference sequence
NM_000572.2) and Hs-TGFB1 probe (cat. no. 400881) recognizing
the nt 170-1,649 of the TGFB mRNA (reference sequence
NM_000660.4). The sections from fixed human tissue blocks were
treated following the manufacturer’s instructions. Briefly, freshly cut
3-um sections were deparaffinized in xylene (Bio-Optica, cat. no. 06-
1304F) and treated with the peroxidase block solution (ACD, cat. no.
322335) for 10 minutes at room temperature followed by the retrieval
solution for 15 minutes at 98°C and by protease plus (ACD, cat. no.
322331) at 40°C for 30 minutes. Control probes included Hs-POLR2a-
C2 (cat. no. 310451) and dapB-C2 (cat. no. 310043-C2). The hybrid-
ization was performed for 2 hours at 40°C. The signal was revealed
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using RNAscope 2.5 HD Detection Reagent and FAST RED.
Combined RNAscope and THC for TIM4 were used to identify the
cellular source of IL10 and TGFR. To this end, IL10 and TGFf
detection by RNAscope was combined with immunoreaction visual-
ized using Goat-on-Rodent AP-Polymer followed by Ferangi Blue
(Biocare Medical).

Processing of published data set

We downloaded the raw data sets and selected myeloid cells data set
(using the article annotation with the mention “Myeloid” in the cell
type metadata, 37,334 cells) of Qian and colleagues (36) from a web
server (http://blueprint.lambrechtslab.org). Cells were merged using
canonical correlation analysis and mutual nearest neighbors, and we
selected the 5,000 most variable genes (following the Seurat 3 pipeline).
We next performed Louvain graph-based clustering. At resolution 1.2,
we obtained 37 clusters. Cluster 25 was expressing TIMD4. We did a
subset of this cluster 25 to understand its heterogeneity. We discovered
4 subclusters using the pipeline previously describe. The differential
analysis was performed using the Seurat function “FindMarkers” with
logistic regression test, adding the tumor tissue type as a variable to
correct. The parameter “min.pct” was set at 0.10, which means a gene
has to be expressed in at least 10% of cells of a cluster to be considered
in the differential analysis. For the visualization (violin and feature
plots), we used adaptively thresholded low-rank approximation
(ALRA) to improve the plot. ALRA is a pipeline to reduce dropout
in a single-cell matrix. With ALRA our matrix went from 4.73% to
11.62% nonzero values. The k parameter calculated by the function
“RunALRA” was 19.

To select macrophage-specific transcripts from C0 and C2 clusters,
we downloaded the data set of Azizi and colleagues (GSE114725;
ref. 27). We used the classic pipeline for single-cell analysis of Seurat
V3 (without integration correction) from the raw count matrix
(supplementary file GSE114725_rna_raw.csv.gz). We next perform
Louvain graph-based clustering. Atresolution 0.9, we obtained 39
clusters: 14 clusters of T cells, 6 clusters of B cells, 5 clusters of NK
cells, 1 cluster of pDCs, DC1, DC2, CD16™ monocytes, CD14*
monocytes, neutrophils or mast cells, 3 clusters of macrophages, and
4 clusters of contaminating cells. We merged clusters of the same
immune cell types.

Data availability statement

The data generated in this study are available within the article and
its supplementary data files. Expression profile data analyzed in this
study were obtained from Gene-Expression Omnibus at GSE114725
and for data of TCGA, from GDC Legacy Archive (hgl9) using TCGA
biolinks R/Bioconductor package, considering the following projects:
TCGA-BLCA, TCGA-BRCA, TCGA-COAD, TCGA-HNSC, TCGA-
LUAD, TCGA-LUSC, TCGA-OV, TCGA-SKCM, and TCGA-UCEC.
Single-cell expression profiles of myeloid cells of Qian and collea-
gues (36) were downloaded from a web server (http://blueprint.
lambrechtslab.org).

Results

TIM4 expression identifies distinct populations of human M®
TIM4 expression has been reported in TBM® and in cells of the
interfollicular area in human tonsils and spleen (3, 7). We extended the
analysis of TIM4 expression on an institutional retrospective cohort
including reactive lymphoid tissues and nonlymphoid normal tissues.
In lymphoid tissues (n = 34), TIM4 expression was confirmed on
TBM® of reactive tonsils (n = 7) and lymph nodes (n = 16), in sinus
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M® and cells of the interfollicular area (Fig. 1A-C). In tonsils, we
could also detect TIM4 reactivity in a minor fraction of 6-sulfo
LacNAc™ (slan™) cells, an M® population endowed with a high
phagocytic capacity (Fig. 1D; ref. 23). As previously shown (3, 7),
TIM4 reactivity was also detected in spleen M® (n = 6) that can be
divided, based on their location and phenotype, into TIM4" marginal
zone M® and TIM4"M® in the periarteriolar lymphoid sheaths
(Fig. 1E and F). TIM4"M® were also detected in the thymus cortex
(n=2) and in the bone marrow (n = 3; Fig. 1G and H). Finally, TIM4
stains TBM® and a subset of cells localized in the T-cell area of
intestinal Peyer’s patches (Fig. 1I). Given that TIM4 * cells in the nodal
interfollicular areas (IF-TIM4") had not been previously character-
ized, we set to define this population by double staining with MP
markers. Indeed, TIM4 *interfollicular cells coexpress a large set of M®

TIM4*BCL6

TIM4

T R LAY
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markers (Supplementary Fig. S1). We extended our analysis to der-
matopathic lymphadenitis (ref. 28; n = 4) and found a population of
TIM4"™M® in T-cell nodules of the paracortex, intermingled with
CD3* T cells (Supplementary Fig. S2). TIM4"TBM®, slan™ cells, and
thymic and bone marrow M® contained visible apoptotic bodies in
their cytoplasm, as confirmed by costain for active caspase-3
(Supplementary Fig. S2), whereas TIM4"M® in the interfollicular
area and in T-cell nodules of dermatopathic lymphadenitis were
devoid of intracellular apoptotic bodies (Supplementary Fig. S2). In
nonlymphoid tissues (n = 36), TIM4 expression was restricted to
liver Kupffer cells (n = 4) and to a minor fraction of placental
Hofbauer M® (n = 4; Supplementary Fig. S3). Unlike the mouse
system (9), skin Langerhans cells (n = 4) were TIM4 negative
(Supplementary Fig. S3).
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TIM4 expression in human lymphoid tissues. Sections are from human reactive lymph nodes (A-C), tonsil (D), spleen (E and F), thymus (G) and bone marrow (H), and
small intestine (1) and stained as labeled. In lymph nodes, TIM4 reactivity is detected in TBMs (A), sinus macrophages (B), and cells of the interfollicular area (C). In
tonsils, TIM4 is expressed in a minor fraction of slan-+ cells (D). TIM4 reactivity is also detected in splenic marginal zone macrophages (E) and macrophages of the
periarteriolar lymphoid sheaths (F). TIM4™ macrophages are detected in the thymus cortex (G) and the bone marrow erythroid niches (H). In Peyer patches, TIM4
stains TBM and a subset of TIM4 " macrophages localized inthe T-cell area (I). Magnification: 100 x (A, E, F, I), scale bar 200 um; 400 x (B, C, D, G, H), scale bar 50 um.
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Together, this analysis suggests that besides the already described
class of highly phagocytic M®, TIM4 is expressed by a second
group of nonphagocytic M® localized in the T-cell zone of various
compartments.

TIM4 marks M@ in the T-cell zone of carcinoma-associated
tertiary lymphoid structures

Emerging findings indicate a complex phenotypic and genetic
heterogeneity of tumor-associated M® (29-31); however, TIM4
expression on M® is poorly characterized in human cancers. Based
on our findings on the role of mouse TIM4 in modulating the
antitumor T-cell response in carcinomas (13), we further explored
TIM4 expression in a set of primary carcinomas using tissue micro-
array (n = 126; ref. 23). No reactivity could be detected in the tumor
areas, thus excluding TIM4 expression on conventional tumor-
infiltrating M® (Supplementary Fig. S4). However, TIM4 expression
has been unequivocally detected in cancer tissues based on scRNA
sequencing experiments (20). We thus extended our analysis on
whole tumor sections, including the peritumoral area, of a cohort
of human cancers (n = 135) including non-small cell lung cancers
(n = 37), melanomas (n = 13), cutaneous squamous cell carcinomas
(n = 6), cutaneous sebaceous carcinoma (n = 1), colorectal carcinomas
(n = 30), endometrial carcinomas (# = 30), luminal breast carcinomas
(n = 5), squamous cell carcinomas of the larynx (n = 8), and gastric
cancers (n = 5). The analysis confirms the lack of TIM4 expression on
conventional CD163"TREM2"M® infiltrating the tumor bed, as
observed by immunostaining of sections from a pan-cancer tissue
microarray (Fig. 2A-F). However, we could detect TIM4 expression in
TLS surrounding the tumor area in primary and metastatic carcinomas
(Fig. 2G and H; Supplementary Fig. S5). Immature TLS are composed
of small aggregates of T cells, whereas fully mature TLS contain a B-cell
area with germinal centers surrounded by a distinct T-cell zone. In
addition to TBM®, TIM4 marks M® in immature TLS (Supplemen-
tary Fig. S5) and in the T-cell zone of mature TLS (from here referred to
as TSTIM4 ™ Fig. 2I and J). A large fraction (98.64%) of TLESTIMA4 T
interacted with at least one surrounding T cell. Moreover, TLS-
containing TIM4" cells frequently surrounded CD34™" vessels (Sup-
plementary Fig. S5). Based on double and sequential stains, we could
confirm that "*TIM4" cells in primary carcinomas express a large set
of M® markers including MAFB, CDl11c, Clq, APOE, CDI163L1,
CD14, CD163, CD16, CSF1R, PG-M1, and HLA-DR; heterogeneous
expression was also found for MS4a4a (Fig. 3A-L), an M® marker
essential for dectin-1-dependent activation of NK cell-mediated
resistance to metastasis (32). Finally, based on double stains for active
caspase-3, we observed that T"STIM4" cells in primary carcinomas
more rarely contain apoptotic cells/bodies compared with other
TIM4"M® (Fig. 3M and N).

All these findings are in keeping with the existence of a specific
TIM4"M® population (from here referred to as "“TIM4 "M ®) found
in the T-zone of TLS, mostly interacting with T cells.

High TIM4 expression identifies immune-infiltrated
immunogenic cancers enriched in TLS

Our microscopy findings suggest that "“TIM4 "M@ are restricted
to the group of TLS-containing carcinomas. This subgroup is partic-
ularly enriched in effector T cells and characterized by a better
outcome (16). By analyzing transcriptional profiles of a large set
(n = 3,850) of human carcinomas from different primary sites (9
TCGA projects), we found that TIM4 expression strongly and pos-
itively correlates with the expression of a set of genes associated with
infiltration of B cells (PAX5; R = 0.38, P < 0.001; Fig. 4A) and T cells
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(CD3; R = 046, P < 0.001; Fig. 4B). Moreover, TIM4 expression
correlates with a TLS signature composed of 12 TLS-related genes
previously defined and validated (ref. 25; R = 0.46, P < 0.001; Fig. 4C).
As visualized by tSNE, a group of cases across various cancer types
(LUAD, LUSC, HNSC, and BRCA) resulted particularly enriched
by TIM4, PAX5, CD3 transcripts, and the 12 TLS-related genes
(Fig. 4D-J).

Immunogenic cancers are also defined by a high density of CD8*
T cells (33, 34). We analyzed an institutional retrospective cohort
of human LUAD and LUSC (n = 74) and found that a significant
fraction contained TLS (n = 53; 71.6%). TLS regularly comprises
TLSTIM4"M® and their density directly correlates with the density of
CD8"' T cells, as measured by digital microscopy (Supplementary
Fig. S6A and S6B). This finding was also confirmed on the TCGA
data sets both in LUSC (R = 0.55, P < 0.001) and LUAD (R = 0.34,
P <0.001), showing direct and positive correlation between TIM4 and
CD8 transcripts.

To reinforce the notion that TIM4" cells may be enriched in
immunoreactive tumors carrying abundant TLS we turned to analyze
microsatellite unstable (MSI™") colorectal carcinomas (COAD), well-
established examples of immune-infiltrated tumors (35). We directly
correlated the occurrence of "“STIM4"™M® in COAD with associated
DNA mismatch-repair defects (MLH-1 and PMS2) by IHC (n = 30;
Supplementary Fig. $6C). "™TIM4"M® were detected in most of the
COAD cases (n = 26/30; 86%); however, its expression was restricted
to TLS, resulting in largely negative conventional tumor-infiltrating
M®. Molecular classifications have identified four consensus molec-
ular subgroups of COAD according to their clinical, molecular, and
immune features. Of note, CMS1 (containing MSI cases) and CMS4
are immune-infiltrated and highly enriched in TLS signature (Sup-
plementary Fig. S6D), the latter being highly correlated with TIM4
expression (Supplementary Fig. S6E).

These findings indicate that T"STIM4"M® are enriched in
immune-infiltrated highly immunogenic cancers where they remain
confined to the T-cell zone of TLS.

TLISTIM4*M® are transcriptionally distinct from tumor-
infiltrating M®

Tumor-infiltrating M® populations in human cancers show dis-
tinct phenotypes and localization, as revealed by the expression of
TREM2 and FOLR2. FOLR2"M® are spatially segregated from
TREM2"M® across human cancers (21), with a mutually exclusive
expression (20). Specifically, TREM2"M® infiltrated the tumor nest,
and its expression inversely correlated with patient survival in triple-
negative breast cancer and colorectal cancer (21). By contrast,
FOLR2"M® remain in the peritumoral stroma (20). Of note,
FOLR2"M® could also be detected within TLS, and TIM4 transcript
is part of the signature defining FOLR2"M® (20). To further extend
this finding, we analyzed a set of primary carcinomas (TCGA; n =
3,850; BLCA = bladder cancer; BRCA = breast cancer; COAD =
colorectal cancer; HNSC = Head&Neck squamous cell carcinomas;
LUAD = lung adenocarcinomas; LUSC = lung squamous cell carci-
nomas; OV = ovarian carcinomas; SKCM = skin cutaneous mela-
nomas; UCEC = uterine corpus endometrial carcinoma). A multi-
variable linear regression model was fitted including covariates TIM4,
TREM2, FOLR2, the tumor site, the stage, the TLS signature, PAXS5,
and CD3. The significantly direct correlation between PAX5, CD3,
TLS, FOLR2 signature, and TIM4 expression was confirmed (Fig. 5A-
D, P < 0.001), whereas a lack of association was found with
TREM2 expression (Fig. 5E). Accordingly, by dimensionality reduc-
tion, the cluster PAX5™#"CD 38T SHigh o enriched of TIM4 and
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Figure 2.

TIM4"  macrophages in human
cancers. Sections are from human
high-grade serous ovarian carcino-
ma (A-F), lung adenocarcinoma (G,
H), and squamous cell carcinoma of
the larynx (I, J) and stained as
labeled. TIM4 expression is absent
on conventional CD163* TREM2*
macrophages (A-F), as illustrated by
sequential immunostain (performed
on the same tissue section), but is
detected in mature tertiary lymphoid
structures surrounding the tumor
area (G, low power view; H, high
power view). Triple stain for CD20,
CD3, and TIM4 highlights the locali-
zation of TIM4* cells in the B- and T-
cell zone of the TLS (I) and their
interaction with T cells (J, high power
view). Magnification: 400x (A-F, H,
J) scale bar 50 um; 100x (G), scale
bar 200 um; 200x (I), scale bar
100 um.

CD163 TIM4

TREM2

TIM4

TiIM4* cD3* CD20

FOLR2 but not of TREM2 (Fig. 5F-I). These observations confirm
a direct positive correlation in cancer tissues between FOLR2
and TIM4 expression with the local adaptive immune response and
TLS formation.

To gain further insight into the transcriptional profile of
TLSTIM4™MEF, we explored a pan-cancer scRNA-seq data set (36)
comprising ovarian, breast, lung, and colorectal cancers. We merged
37,334 myeloid cells from all cancer types. Louvain graph-based
clustering at the resolution 1.2 identified 37 clusters of mononuclear
phagocytes (Fig. 6A). We identified a discrete cluster (C25) enriched in
TIMD4 expression and macrophage transcripts (CDI63, CIQA,
APOE, MAF; ref. 37; Fig. 6B and C; Supplementary Table S3). We
next investigated the heterogeneity of TIMD4" C25. To this end, we
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TF

performed a new Louvain graph clustering of C25 and found 4
transcriptionally distinct subclusters (CO to C4) at resolution 0.3
(Fig. 6D). The distinct subclusters expressed variable amounts of
FOLR2, TIMD4, and TREM?2 (Fig. 6E). C0 and C2 expressed FOLR2
and TIMD4 more highly, as compared with C1 and C3 (Fig. 6E). This
result suggests that CO and C2 could represent "“STIM4 ™M® and
CATIM4"M®. We found 50 differentially expressed genes between CO
and C2 (Supplementary Table S4). Among those genes, C2, with the
highest expression of FOLR2, was enriched in LYVEI, SLC40A1, and
SEPP] (Fig. 6E; Supplementary Table S5). We have previously shown
that these transcripts are enriched in mammary gland-resident
FOLR2" macrophages and predict good prognosis in a subgroup of
breast cancer patients (20). CO was enriched in genes reminiscent of
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Figure 3.

Phenotype of TSTIM4™ macrophages
in human cancer. Sections are from
HNSCC (A-M) and stained as labeled.
Double stain showing reactivity of
TLSTIM4* macrophages to a large set
of macrophage markers including
MAFB (A), CD11c (B), Clg (C), APOE
(D), CD163L1 (E), CD14 (F), PG-M1(G),
and HLA-DR (H); heterogeneous
expression was found for MS4ada
(I). Sequential stains for TIM4 coupled
with CD163 (J), CSFIR (K), and
CD16 (L) showing coexpression of
these markers in TSTIM4* macro-
phages. By double stain for TIM4 and
cleaved caspase-3 (CC3) "STIM4*
macrophages are rarely engulfed
by apoptotic cells/bodies (M, N).
Magnification 400x (A=M), scale bar
50 micron; GC = germinal center; IF =
interfollicular area; DL = dermato-
pathic lymphadenitis; TLS = tertiary
lymphoid structures.

GCo

TREM2" macrophages including TREM2, FCNI, and PLAUR
(Fig. 6E; Supplementary Table S4; refs. 20, 21). We, therefore, con-
cluded that TIMD4"M® encompass two types of M® that might have
a distinct function in the tumor microenvironment. TIMD4" M®
expressing  FOLR2 highly and TREM2 lowly (C2) could be
TLSTIM4"M® and could support antitumor responses as previously
described for mammary gland-resident FOLR2" macrophages (20).
TIMD4" M® expressing TREM2 highly (C0) could be “*TIM4+ M®
with protumorigenic functions, as previously seen for TREM2*

1346 Cancer Immunol Res; 10(11) November 2022

macrophages (21, 38) or TIM4 ™ cavity and omentum resident macro-
phages (10, 15). We integrated the information derived from a
previously defined expression matrix (ref. 20; Supplementary
Fig. S7), by selecting among macrophage-restricted transcripts of the
€0 and C2 clusters to be included in the definition of "™STIM4™M®
(average scaled expression of TIMD4, FOLR2, SEPP1, SLC40Al,
PMP22, MAMDC2, and NEURL2) and “*TIM4" M® (average scaled
expression of TIMD4, TREM2, PLAUR, FNI1, FCN1, and OLRI)

signatures. By exploring the TCGA data set with a pan-cancer analysis,
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Figure 4.

TIM4 correlation with high lymphoid infiltration and TLS signature. Scatter plots showing the correlations between PAX5 (A), CD3 (B), TLS signature (C), and the TIM4
expression by Pearson test linear regression lines; colored marginal density plots highlight the TLS"°* and TLSH9" groups applying as cutoff points the third quartile of
TLS signature score distribution. tSNE plots devised by dimensionality reduction according to the expression of the 12 genes defining the TLS signature (D), PAXS (E),
and CD3 (F); the overall TLS signature score (G), the TIM4 expression (H), and tumor sites () are shown. Violin plots and box plots showing the sum of PAX5, CD3, TLS
signature, and TIM4 among different tumor sites, in descending order according to the median values (J). Forest plots of two multivariable Cox models (both stratified
for stage and TCGA project) of DFS and OS exploring in the selected data sets of the TCGA the clinical significance of the “TIM4* M® signature (average scaled
expression of TIMD4, TREM2, PLAUR, FN1, FCN1, and OLR1) and of the ™TIM4*M& one (average scaled expression of TIMD4, FOLR2, SEPP1, SLC40A1, PMP22,
MAMDC2, and NEURL2); HR with 95% ClI is shown. BLCA, bladder cancer; BRCA, breast cancer; COAD, colorectal cancer; HNSC, Head&Neck squamous cell
carcinomas; LUAD, lung adenocarcinomas; LUSC, lung squamous cell carcinomas; OV, ovarian carcinomas; SKCM, skin cutaneous melanomas; UCEC, uterine corpus
endometrial carcinoma.

we found that a higher expression of the ““TIM4™ M® signature is
associated with a significant worse DFS (P = 0.0093) and OS (P =
0.005), whereas a higher expression of the TSTIM4"™M® signature
predicts a significantly better DFS (P = 0.0096; Fig. 6F and G).

Cavitary TIM4"M® in pleural and peritoneal carcinoma
localizations express immunosuppressive molecules

Studies on lung and ovarian cancer indicate that TIM4-expres-
sing M® are found in pleural and peritoneal cavities as well as in the
infiltrated omentum (10, 14, 15). Their occurrence has been asso-
ciated with metastatic spread and worse outcome (10, 15), due to
their capability to sequester neighboring T cells. By staining cell-

AACRJournals.org

block sections, cavitary TIM4T™M® were observed in fluid from
noncancer patients (1 = 5) as a minor fraction of CD163*M®
(Fig. 7A). In pleural (n = 10) and peritoneal effusion (n = 10) of
patients with primary lung and ovarian carcinomas, we could
confirm the existence of a cavity TIM4"M® subpopulation (from
here referred as “*TIM4"M®) in all samples (n = 10/10; Fig. 7A),
showing a significantly increased percentage compared with non-
neoplastic fluid (P = 0.0125; Fig. 7A). We subsequently analyzed
pleural and peritoneal biopsies from the same patient group
and found that similar to other carcinoma sites, they also contained
TLSTIM4™M® (Fig. 7A). These microscopy findings identify
two distinct TIM4" M® populations in patients with pleural and

Cancer Immunol Res; 10(11) November 2022
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Figure 5.

Coordinated expression of TIM4 and FOLR2 but not TREM2 in immune-infiltrated carcinomas. Partial effects plots derived from the multivariable linear regression
model (multicancer TCGA data set; n = 3,850) for the prediction <_)f TIM4 express_ion, showingits association with PAX5, CD3, TLS signature score, and FOLR2, but not
with TREM2 expression (A-E). tSNE plots highlighting the PAX5H9"CD3Hi9" T SMi9" clyster (F) enriched in TIM4 (G) and FOLR2 (H) but not associated with the TREM2

expression ().

peritoneal effusions, including ““TIM4*M® and T™STIM4*M®.
We subsequently compared these two populations by phenotypes
(Fig. 7B). By using multiple sequential stains, we found that
CATIM4"M® express regularly TREM2 (86.39%) and coexpress
FOLR2, whereas "“STIM4*M® expressed FOLR2 but lack TREM2
(Fig. 7B; Supplementary Fig. S8).

Moreover, a major fraction of TLSTIM4"FOLR2* TREM2 ™ M®
(98.64%) interacted with CD3™" T cells (Fig. 7C). A similar phenotype
(TIM4TFOLR2TTREM2 ") was confirmed in M® of the interfollicular
area in reactive lymphoid organs (Supplementary Fig. S8).

These findings indicate the existence of two TIM4 "M ® populations
showing phenotypic diversity and distinct localization. TREM2
expression by ““TIM4 " M® might likely account for their detrimental
prognostic significance (10, 15). To further extend our analysis at the
functional level, we tested the expression of IL10 and TGFf by
TIM4"M® in carcinoma-associated TLS (n = 7) and in pleural/
peritoneal effusions (n = 5). Of relevance, only CATIM4TM® showed
a detectable and abundant IL10 and TGF mRNA signal, whereas
TLSTIM4™M® resulted largely negative (Fig. 7D), as proved by com-
bining TIM4 immunostaining and RNAscope in situ hybridization.
Based on these findings, we quantified CD3*Foxp3* regulatory T cells
(Treg) in cell blocks sections of pleural and peritoneal fluids and found
an increased percentage of Treg in neoplastic cases compared with
reactive conditions (Supplementary Fig. S9).

These findings confirm the existence of distinct TIM4 " populations
with diverse subtissular localization that may be associated with
different functions.

Discussion

TIM4 expression on human immune cells has been poorly
investigated. By microscopic mapping, this study analyzed the
cellular localization of TIM4 on human tissues. As previously
reported (3, 7), we confirm that TIM4 is predominantly expressed

1348 Cancer Immunol Res; 10(11) November 2022

on M® in secondary lymphoid organs. TIM4"M® are also detected
in the thymus and bone marrow. Among nonlymphoid organs, only
liver Kupffer cells and a fraction of placenta Hofbauer cells were
positive for TIM4. The most relevant and novel finding of this study
was found in the analysis of cancer tissues. Specifically, TIM4 is
lacking in conventional carcinoma-infiltrating M® but is express-
ed in specific M® of the T-cell zone in the tertiary lymphoid struc-
tures (referred to as ""STIM4"M®) and in a fraction of cavity M®
(referred to as “ATIM4"M®). The existence of "STIM4*M® was
never reported, whereas ““TIM4 "M® has been previously describ-
ed (10). Based on in silico and IHC data, we envisage a protective
role of ™STIM4"M® by promoting adaptive T-cell immunity,
whereas “*TIM4"M® might represent a protumor immune cell
population based on their expression of TREM2.

As a novel finding on lymphoid tissues, this study uncovers TIM4
expression on cells of the interfollicular area. TIM4™" interfollicular
cells coexpress M® markers, thus corresponding to a fraction of nodal
M®. TIM4 reactivity was also observed in dermatopathic lymphad-
enitis, particularly in M® intermingled with CD3" T cells in T-cell
nodules of the paracortex. As has been shown (39), TIM4 plays a
relevant role in the clearance of apoptotic B cells in germinal centers by
TBM® (2). We could document colocalization of TIM4 and active
caspase-3" apoptotic cells/bodies in TBM®. A similar finding was
observed on thymic and bone marrow TIM4"M® as well as on ton-
sils slan™ cells, an M® population with a high phagocytic capacity
(23). Thymic TIM4T™M® regulate T cell-positive selection (40, 41),
whereas bone marrow TIM4"M® engulf PtdSer-exposing nuclei
expelled from erythroid precursor cells during red blood cells matu-
ration (42) and are thought to supply the erythroblasts with iron and
growth factors (43). As documented in our previous study, slan* M®
containing neoplastic B cells are detected in diffuse large B-cell
lymphoma (44). At variance with TIM4"M® clearing of apoptotic
cells, we found TIM4T™M® from the interfollicular area, as well as
TLSTIM4 "M@, rarely contain apoptotic bodies. This finding suggests
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Figure 6.

scRNA-seq analysis of myeloid cells across cancer types. Dimensionality reduction of scRNA-seq data merged from lung, colorectal, ovarian, and breast tumors was
performed using a Louvain graph-based clustering identifying 37 clusters (middle). Each dot represents an individual cell (n = 37,334; A). Dimensionality reduction of
scRNA-seq for CIQA and APOE (B). Violin plots illustrating expression distributions among the 37 clusters of TIMD4 (right; C). UMAP visualization of TIMD4™
macrophages (cluster 25) at a 0.3 resolution (D). Expression distributions of FOLR2, TIMD4, LYVEI, SEPPI, SLC40AT, FCNI, TREM2, and PLAUR across macrophage of
C25 (E).
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Figure 7.

Comparative phenotype of “ATIM4* macrophages and "->TIM4+ macrophages. Sections are from cell block obtained from human pleural (PIE) and peritoneal (PeE)
effusion of noncancer (NC) and cancer (C) cases (A, B, D); pleural (PI-TLS) and peritoneal (Pe-TLS) biopsies containing TLS (A and B); a set of cancer containing
TLS (C and D). TIM4"macrophages represent a fraction of CD163" macrophages in pleural and peritoneal effusion (A), with an increased percentage in cancer
effusion compared with nonneoplastic fluid (graph in A); "“STIM4™ macrophages are also identifiable in biopsies from pleural and peritoneal localization of
carcinomas (A). Multiple sequential stains show ““TIM4™ macrophages strongly expressed FOLR2 and TREM2, whereas "->TIM4* macrophages lack TREM2 (B);
TLSTIM4+FOLR2+TREM2 ™ macrophages interact with surrounding CD3* T cells (C), as highlighted by a black rectangle. ““TIM4" macrophages show abundant IL10
and TGF mRNA signals, whereas TLSTIM4* macrophages are absent (D). Original A-C images are obtained from digital slides using 400 x magnification; scale bar,
66 um [sections from human pleural (PIE) and peritoneal (PeE) effusionin A, B, C], scale bar, 200 um [sections from pleural (PI-TLS) and peritoneal (Pe-TLS) biopsies
containing TLS in A]. Magnification 400x (D); scale bar, 50 um. HGEC, high-grade endometrial carcinomas; LUAD, lung adenocarcinoma; HNSC, head and neck
squamous cell carcinoma.
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an alternative function of TIM4 in these cells. Based on their location
and recurrent interaction with T cells (interfollicular and TLS T-cell
zone), we propose their involvement in modulating T-cell responses.

The role of TIM4 in cancer immunity remains poorly explored.
Based on this study, TIM4 is lacking in conventional tumor-infiltrating
M®, whereas it marks cells in TLS, organized lymphoid structures
found at the periphery of the tumor areas. TIM4 ™" cells found in TLS
express a set of M®-associated proteins, thus confirming their M
identity. Therefore, based on their localization, morphology, and
phenotype, we propose that "“STIM4"™M® belong to a specific M®
population distinct from classic tumor-infiltrating M®. TTIM4 ™M &
in the T-cell compartment are poorly characterized. They might be
involved in the regulation of antitumor effector responses developing
in TLS. We observed that immunogenic cancers (including MSI"
COAD, LUAD, and LUSC) are enriched in TIM4"M®-containing
TLS, whose density directly correlates with the density of infiltrating
CD8' T cells (this study and refs. 33 and 34). As previously
reported (16), TLS represent privileged sites for local presentation of
neighboring tumor antigens and subsequent activation of T- and B-cell
responses. "-"TIM4"M® in the T-cell zone might thus instruct the
antitumor adaptive immunity. TIM4"M® coexpress FOLR2, charac-
terized by members of our group as a marker of tissue-resident M®,
located in the peritumoral stroma and associated with antitumor T-cell
response (20). By exploring a pan-cancer scRNA-seq data set, we
identified a cluster of cells coexpressing TIM4 "FOLR2 across human
cancers. This cluster is enriched of M®-associated transcripts encod-
ing for scavenger receptors, complement components, and M® che-
mokines. By subclustering of the same data set, we could identify two
TIM4 " FOLR2" clusters. One cluster is enriched in markers of peri-
vascular M® like LYVEI, SLC40A1, and SEPPI transcripts, whereas
the other is reminiscent of immune-suppressive TREM2' M®
(21,22). The function of LYVEI, SLC40A1, and SEPP1I in macrophage
biology is diverse and highlights the role of perivascular macrophages
in regulating homeostatic and inflammatory processes (45-47).
Among other DEG enriched in ™TIM4"M®, we also found genes
associated with proinflammatory macrophages such as MT-CYB (48),
MT-ATP6 (48), CTSB (49), and PLTP (50) or to some antitumor
functions such as MAMDC2 (51). Finally, by survival analysis, a
TLSTIM4"M® signature predicts a better OS and DFS.

By microscopic mapping of cell-block sections from pleural and
peritoneal effusions of patients with carcinomas, we confirm the
expression of TIM4 on cavitary M®. This “*TIM4 ™M® population
is expanded in cancer patients (ovarian and lung carcinomas). Of note,
CATIM4™M® also express FOLR2; however, at variance with
TISTIM4TM®, “ATIM4"M® express the immunosuppressive mole-
cule TREM2 (21, 22), supporting their protumor phenotype, as
revealed by studies in ovarian cancer (10, 14, 15). Notably, by exploring
a pan-cancer data set, we could confirm that CATIM4ATM®P signature
predicts worse OS and DFS. TREM2 is induced in human monocytes
and mouse bone marrow cells upon exposure to GM-CSF and CSF-
1 (52, 53). We envisage that coexpression of TREM2 in CATIM4TM®
may reflect the abundance of these cytokines in the cavity fluid of
cancer patients, as previously observed (54-56); alternatively, pheno-
typic and molecular differences between STIM4™M® and
CATIM4"™M® might result from a different origin of the two popula-
tions (resident vs. monocyte-derived). At variance with TISTIM4TM®,
CATIM4"M® expresses IL10 and TGFS mRNA, further supporting
their immunosuppressive function. Accordingly, an increased fre-
quency of Treg was observed in neoplastic cavitary fluids. These
observations might suggest tailored intracavitary immunotherapy
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approaches for the effusion component of advanced cancers (57), as
those targeting the immunosuppressive molecule TREM2 (38).

TIM4 s selectively expressed in resident macrophages across several
tissues (58) including cavities and omental macrophages in cancer
patients (10, 15). TIM4 expression is highly regulated by tissue-derived
signals; however, the signals inducing its expression are not unequiv-
ocally characterized. Retinoic acid regulates gut-resident macrophages
via GATAG6 (59), whereas in mouse peritoneal macrophages, TIM4 is
under the control of the transcription factors KLF2 and KLF4 (60).
Further, the TIM4 promoter contains binding sites for STAT6 that
regulate its expression via p300 (61). Data from our study suggest that
two classes of TIM4-expressing macrophages with divergent functions
exist in cancer tissues. It remains to be established whether TIM4"
macrophages commonly acquire the marker and then further diversify
in subtissue localization or coacquire TIM4 and divergent programs
directly in the final tissue location.

In conclusion, the identification and localization of TIM4 expres-
sion on tumor-associated cells in human cancer have been severely
limited by the lack of appropriate reagents (14). This study identifies
for the first time a specific population of human M®, topographically
distinct from conventional tumor-infiltrating M®, that localize in the
T-cell zone of tumor-associated TLS. The exact role and clinical
relevance of these cells in the antitumoral immune response require
further research. "™TIM4"™M® are also found in immature nascent
TLS; whether these cells can also play a role in lymphoid tissue
induction is an unresolved question. A more extended characterization
of these cells in comparison with other tumor-associated macrophages
(including TIM4" germinal center macrophages in TLS) based on
spatial “omics” approaches will further extend our knowledge on the
heterogeneity of tumor-associated M®.
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