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Macrophage morphology correlates with single-cell
diversity and prognosis in colorectal liver metastasis

Matteo Donadon*2@®, Guido Torzilli*2, Nina Cortese3®, Cristiana Soldani*@®, Luca Di Tommaso?®°, Barbara Franceschini4, Roberta Carriero®,
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Clelia Peano®®1@®, Paolo Kunderfranco®®, Massimo Roncalli®®, Alberto Mantovani>2*@®, and Federica Marchesi®>”*®

It has long been known that in vitro polarized macrophages differ in morphology. Stemming from a conventional
immunohistology observation, we set out to test the hypothesis that morphology of tumor-associated macrophages (TAMs) in
colorectal liver metastasis (CLM) represents a correlate of functional diversity with prognostic significance. Density and
morphological metrics of TAMs were measured and correlated with clinicopathological variables. While density of TAMs did
not correlate with survival of CLM patients, the cell area identified small (S-TAM) and large (L-TAM) macrophages that were
associated with 5-yr disease-free survival rates of 27.8% and 0.2%, respectively (P < 0.0001). RNA sequencing of
morphologically distinct macrophages identified LXR/RXR as the most enriched pathway in large macrophages, with up-
regulation of genes involved in cholesterol metabolism, scavenger receptors, MERTK, and complement. In single-cell analysis of
mononuclear phagocytes from CLM tissues, S-TAM and L-TAM signatures were differentially enriched in individual clusters.
These results suggest that morphometric characterization can serve as a simple readout of TAM diversity with strong

prognostic significance.

Introduction

The liver is the most common site of metastases for colorectal
cancer (CRC), a major cause of mortality worldwide (Siegel
et al., 2020). Surgical resection of colorectal liver metastases
(CLMs), combined with systemic chemotherapy has the po-
tential to be curative, projecting the 5-yr survival rate up to
50% and the 10-yr overall survival rate up to 35% (Garden
et al., 2006; Cucchetti et al., 2015). However, CLM patients
present with heterogeneous clinical outcomes and degrees
of therapeutic responsiveness (Halama et al., 2011; Mlecnik
et al., 2018), and only an improved definition of the distinct
features associated to clinical behaviors would refine patient
stratification and ameliorate therapeutic output. Immune
cells and mediators populate the tumor microenvironment
both at the primary and metastatic sites (Hanahan and
Weinberg, 2011) and their quantitative evaluation in tumor

tissues holds promise toward the important clinical endpoint of
better patient profiling (Fridman et al., 2017).
Tumor-associated macrophages (TAMs), essential elements
of the tumor microenvironment (Mantovani et al., 2008; Ruffell
et al., 2012; Murray et al., 2014; Mantovani et al., 2017; DeNardo
and Ruffell, 2019), pave the way to tissue invasion and intra-
vasation and provide a nurturing microenvironment for me-
tastasis, serving as a component of the cancer cell niche at
distant sites (Peinado et al., 2017). Their clinical relevance has
been investigated in large cohorts of cancer patients, confirming
TAMs as prognostic indicators of cancer progression (Forssell
et al., 2007; Steidl et al.,, 2010) and key determinants of the ef-
ficacy of anticancer strategies (Mantovani and Allavena, 2015; Di
Caro et al., 2016; Malesci et al., 2017; Mantovani et al., 2017;
Cassetta and Pollard, 2018; Cortese et al., 2019; De Palma et al.,
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2019; DeNardo and Ruffell, 2019). Diverse methodological ap-
proaches have been adopted, including morphological identifi-
cation, evaluation of conventional macrophage-related markers
(Forssell et al., 2007; Steidl et al., 2010; Di Caro et al., 2016;
Malesci et al., 2017), gene expression profiling (Galon et al.,
2013), single-cell RNA sequencing (scRNAseq; Lavin et al.,
2017; Zhang et al, 2019; Zilionis et al., 2019). Collectively,
these clinical studies have highlighted the profound intratumor
heterogeneity of TAMs (Laoui et al., 2014) in terms of polari-
zation, functions and tissue localization, raising concerns about
evaluating the macrophage population as a whole. Plasticity of
mononuclear phagocytes (Locati et al., 2019) can be modeled
in vitro by stimulating macrophages with IFN-y and microbial
components (M1, Mi-like) or IL-4 and alternative signals (M2,
M2-like), resulting in extreme polarization states that corre-
spond to distinct morphologies (Waldo et al., 2008; Ballotta
et al., 2014; Rodell et al., 2018). Specifically, Mi-like macro-
phages more frequently appear round and flattened, as opposed
to M2-like cells that present with an elongated morphology
(Waldo et al., 2008; Ballotta et al., 2014; Rodell et al., 2018).
Similarly, macrophages acquire distinct geometries in vivo
(Geissmann et al., 2010; Yona and Gordon, 2015), such as in
tissues with fibrous architectures (McWhorter et al., 2015), or
in chronic inflammatory lesions (Russell et al., 2009). Finally,
modulation of macrophage shape by physical cues can result in
alterations of their polarization state (Sussman et al., 2014;
McWhorter et al., 2015), suggesting that morphological features
are not merely a correlate of macrophage function but rather
that macrophage shape and function are connected by a caus-
ative link.

Macrophages are essential components of liver architecture
in both homeostasis and disease (Wynn et al., 2013; Krenkel and
Tacke, 2017; Keirsse et al., 2018). Their functions are tightly
controlled by transcription factors, including the liver X re-
ceptors (LXRs), ligand-activated nuclear receptors that control
several physiological processes such as cholesterol efflux, in-
flammatory response, and phagocytosis (Spann et al., 2012;
Spann and Glass, 2013; Hong and Tontonoz, 2014; Tall and Yvan-
Charvet, 2015). These three tasks are critically executed by
macrophages as part of their function as regulators of tissue
homeostasis and are remarkably interconnected. Inflammatory
cues and LXR-mediated handling of cholesterol are counter-
regulated, resulting in the anti-inflammatory polarization of
macrophages upon LXR activation and in the inhibition of LXR
activation during the acute-phase response (Spann et al., 2012;
Spann and Glass, 2013; Hong and Tontonoz, 2014; Tall and Yvan-
Charvet, 2015). Metabolism is a key determinant of macrophage
function and the interplay of these cells with tumor cells, vascu-
lature, and immunocompetent cells (Colegio et al., 2014; Wenes
et al,, 2016; Saha et al., 2017; Bekkering et al., 2018).

Upon inspection of TAMs in human CLMs using conventional
immune histology, we appreciated their heterogeneity in terms
of size and morphology. In an attempt to refine patient strati-
fication by identification of distinct features of the tumor im-
mune microenvironment, we tested the hypothesis that discrete
TAM populations can be identified in CLMs on the basis of their
morphology and be exploited as correlates of clinical outcome.
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Results and discussion
The immune landscape of CLMs has been shown to impact the

outcome and therapeutic response in CLMs, with a critical
contribution from CD3* and CD8* T cells (Halama et al., 2011;
Mlecnik et al., 2018). For their plasticity and variable association
to clinical outcome across cancers, we focused on macrophages,
which we initially identified with CD68 staining. Human CLMs
were infiltrated by CD68* TAMs (Fig. 1 A), which variably lo-
calized both in the peritumor (PT) area, invasive margin (IM),
and tumor center (Fig. 1 B). TAMs were heterogeneous in terms
of size and morphology (e.g., Fig. 1 C, top), ranging from small
and round to spiky and elongated to large disk-like cells (Fig.1C,
bottom). It has long been known that in vitro polarized macro-
phages differ in morphology (Waldo et al., 2008; Ballotta et al.,
2014; Rodell et al., 2018). Therefore, we set out to assess TAM
morphological diversity in human CLMs using rigorous quan-
titative criteria (i.e., cell area and perimeter; Fig. 1 D) and test
whether it could have a prognostic relevance. We initially pro-
bed our hypothesis by measuring macrophage shape in an ex-
ploratory set of four CLM patients and controls. Both macrophage
area and perimeter were significantly higher in CLMs compared
with control tissues (P = 0.029 and P = 0.028, respectively; Fig. 1,
E and F). Next, we conducted an exploratory study in 20 patients
selected because they were representative of opposite clinical
outcomes. Larger macrophages, operationally defined large
TAMs (L-TAMs), were more frequently found in CLM patients
with worse prognosis compared with patients with good prog-
nosis (early disease recurrence, within 24 mo after surgery, or
late disease recurrence, after 24 mo from surgery, respectively;
n = 10 each group; P < 0.001; Fig. 1 G), suggesting that TAM
morphology is a critical feature associated to distinct clinical
outcomes in CLM patients.

We then quantified macrophage area and perimeter in the PT
area of CLM sections (Fig. 2 A) in a large validation set of 101
CLM patients and concomitantly assessed their density (per-
centage of immune reactive area), which is a common parameter
used to test the clinical relevance of immune cell populations.
The validation set (Table S1) comprised patients with severe and
heterogeneous tumor burden (73% synchronous presentation;
median number of metastases, 4 [range, 1-31]; median size, 4 cm
[range, 0.5-18 cm]), highly representative of the clinical and
pathological presentations of liver metastases. Density of CD68*
macrophages correlated with density of CD163* macrophages
(n=5r=09, P =0.083 Fig. S1 A), an M2-like macrophage
marker commonly used in immunohistochemical analyses
(Forssell et al., 2007; Steidl et al., 2010; Di Caro et al., 2016;
Malesci et al., 2017). We thus opted to stain with anti-CD163,
because this molecule is more uniformly distributed on the cell
surface (and not intracellularly as is CD68), allowing for a better
appreciation of morphometric indexes (Fig. S1 B). Moreover, in
other tumors, non-macrophage expression of CD68 has been
reported (Ruffell et al., 2012). Macrophage area ranged from
16.85 um? to 193.88 um?, and perimeter ranged from 16.43 pm to
67.59 pm (Fig. S1 C). The density of CD163" macrophages was not
associated to differences in survival time (Fig. 2 B), while com-
parison of the areas under the receiver operating characteristic
(ROC) curves for density, area, and perimeter revealed that only
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Figure 1. Morphological assessment of macrophages in human CLMs. (A) Representative whole slide immunohistochemistry of CD68* cells in a CLM
specimen. Dotted line indicates the tumor lesion. (B) CD68* macrophages infiltrate both the PT area, IM, and tumor (TU) of CLM tissues. (C) Morphological
features of macrophages in CLM. Three exemplificative types of macrophages in the same region are shown: small and round shaped, spiky and elongated, and
big pancake-like. (D) Representative scheme of morphological features of macrophages analyzed (area and perimeter). Picture depicts the image analysis
procedure. (E) Representative pictures of CD68* macrophages in a control liver (symptomatic giant liver hemangioma, top) and a CLM specimen (bottom).
(F) Both macrophage area and perimeter are significantly higher in CLM specimens compared with controls (i.e., patients who had undergone surgery for
symptomatic giant liver hemangiomas). Represented are mean + SEM of three pictures from each specimen (n = 4 specimens each group; *, P = 0.029 [area]
and P = 0.028 [perimeter] by Mann-Whitney test). (G) Quantitation of macrophage area and perimeter in CLM specimens from patients with late recurrence
(DFS >24 mo) or early recurrence (DFS <24 mo). Box plots give median, lower, and upper quartile values by the box and minimum and maximum values by the
whiskers from three pictures for each specimen (n = 10 specimens each group; ***, P < 0.001 by unpaired t test). Scale bars: 2 mm (A), 100 um (B), and 50 pm

(C-E).

the macrophage area was statistically associated with disease
recurrence (Fig. 2 C). We then defined small TAMs (S-TAMs) and
L-TAMs by using the best cutoff value extrapolated from the ROC
curve (area = 58.55 pum?; sensitivity = 0.79; specificity = 0.44) and
found that S-TAM and L-TAM were associated with significantly
different 5-yr disease-free survival (DFS) rates of 27.8% and
0.2%, respectively (P < 0.0001; Fig. 2 D). Patients with more
aggressive disease had TAMs with average area above cutoff
(median DFS, 16 mo [range, 10.8-21.1] and 6.5 mo [range, 5.1-7.8]
in patients with S-TAMs and L-TAMs, respectively; Fig. 2 D).
Notably, at multivariate analysis, only TAM area was found to be
independently statistically associated with DFS (hazard ratio
[HR] for recurrence = 3.41; 95% confidence interval [CI] =
1.13-5.43; P = 0.00L Fig. 2 E and Table 1). Similar assessment of
macrophage area was performed at the IM. Macrophage area at
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the IM was in general higher compared with area of macro-
phages in the PT region (cutoff value extrapolated from the
ROC: area = 97 pm?), but the values significantly correlated
(Fig. S1, D-F). Notably, macrophage area at the IM retained a
significant association with shorter DFS (P = 0.0008 by
Mantel-Cox; Fig. S1 G), confirming a strong correlation be-
tween area of TAMs and worse prognosis. It should be pointed
out, however, that assessment of TAM morphology in this
region could be distorted by alterations in tissue architecture
typical of tumor areas.

To get insights into the molecular programs linking macro-
phage shape to their function, we performed RNA sequencing on
small and large macrophages from five CLM patients (Fig. S2 A).
Cytometric isolation of macrophages based on their size (Fig. S2
B) allowed us to appreciate that, besides having a larger cell area,
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Figure 2. Macrophage morphology is a prognostic factor in human CLMs. (A) Representative whole-slide immunohistochemistry of CD163* cells in a CLM
specimen. Area and perimeter of macrophages were quantitated in three non-contiguous areas of the PT region (red line) and IM (black line) of curatively
resected metastases from 101 metastatic CRC patients. Scale bar: 2 mm. (B) Kaplan-Meier curve of CD163* macrophages in 95 CLM specimens. Represented
are mean + SEM of three pictures from each specimen (P = not significant [ns] by log-rank Mantel-Cox test). (C) ROC curves for density, area, and perimeter of
CD163* macrophages to predict disease recurrence in CLM patients. P = ns (density); **, P = 0.006 (area); P = ns (perimeter). AUC, area under the curve.
(D) Kaplan-Meier curve of macrophage area in 101 CLM specimens (S-TAM = average area below ROC cutoff value; L-TAM = average area above ROC cutoff
value; represented are mean + SEM of three pictures from each specimen; ***, P < 0.0001 by log-rank Mantel-Cox test). (E) Forest plot showing the results of
multivariate regression analysis for DFS in 101 CLM patients. The x axis represents the HR for recurrence with the reference line (dashed), HRs (circles), and
95% Cl (whiskers). ***, P < 0.001 by multiple regression analysis. Liver involvement: bilateral versus unilateral. Time of diagnosis: synchronous versus me-
tachronous. N (node) and T (tumor) refer to the primary tumor. CEA, carcinoembryonic antigen. CTX, chemotherapy.

L-TAMs displayed a higher intracellular complexity, frequently
presenting intracellular vacuoles, which could signify activation
of phagolysosomes (A-Gonzalez et al., 2017) or lipid accumu-
lations typically seen in foamy cells (Fig. 3 A). L-TAMs from five
different patients clustered better between them rather than
with small macrophages from the same patient (Fig. S3 A),
suggesting that morphology identifies distinct macrophage
clusters. 1,172 genes were found significantly differentially
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expressed in L-TAMs versus S-TAMs (false discovery rate
[FDR] < 0.05; log2 fold change > |1.5]). (Fig. 3 B). Pathway
analysis identified a number of pathways related to lipid me-
tabolism, imputable to activation of the LXR pathway, which
was the most up-regulated one (FDR = 3.34 x 107") in L-TAMs
(Fig. 3 C). Notably, inflammation-related pathways (e.g., leu-
kocyte extravasation, acute phase response, and NF-«B signal-
ing) were mostly down-regulated (Fig. 3 C). Gene enrichment
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Table 1. Multivariate analysis of prognostic factors for DFS

Factor Cox model
HR 95%Cl P value

Age, per increase of 1yr 0.71 0.43-134 0.127
Sex, men vs. women 1.01 0.93-1.28 0.414
CLM number, per increase of 1 unit 071 0.51-0.81 0.312
CLM size, per increase of 1 cm 118 0.81-1.21 0.063
Preoperative chemotherapy, yes vs. no 098 0.31-1.32 0.849
CEA level, elevated vs. normal 114 0.73-1.35 0.073
CAI19-9 level, elevated vs. normal 131 158-2.61 0.061
T of the primary tumor, T3-4 vs. T1-T2 031 0.12-0.99 0.789
N of the primary tumor, positive vs. negative 1.01  0.49-129 0.071
Synchronous vs. metachronous presentation  0.88 0.76-2.11  0.061
Grading of primary tumor, G1-2 vs. G3-4 119 0.18-1.81 0.097
RAS status, mutated vs. wild-type 098 0.19-131 0.739
Liver involvement, bilateral vs. unilateral 1.01 0.67-114 0.076
Site of the primary tumor, right vs. left 0.79 0.51-156 0.364
TAMs area, L-TAM vs. S-TAM 3.41 1.13-543 0.001

CA 19-9, cancer antigen 19-9; CEA, carcinoembryonic antigen; T, tumor, N,
node; RAS, RAS gene.

analysis (GSEA) confirmed lipoprotein metabolism as a signifi-
cantly enriched biological process (Fig. 3 D). In homeostatic
conditions, LXR activation in tissue macrophages critically
controls the balance among phagocytosis, cholesterol efflux, and
inflammatory response, ensuing in the anti-inflammatory po-
larization of macrophages upon LXR activation and in the in-
hibition of LXR activation during the acute phase response
(Spann et al., 2012; Spann and Glass, 2013; Hong and Tontonoz,
2014; Tall and Yvan-Charvet, 2015). Notably, in publicly avail-
able datasets of breast cancer (GSE1456; Pawitan et al., 2005), a
tumor in which macrophages are associated with worse prog-
nosis (Gentles et al., 2015; Cassetta and Pollard, 2018), the LXR
gene (NRIH3) significantly correlated with shorter survival (Fig.
S3 C).

Consistent with the up-regulation of the LXR pathway,
L-TAMs in human CLM presented up-regulation of the LXR gene
(NRIH3) and LXR-downstream genes involved in cholesterol
transport (ABCAL, ABCGI, and CETP), extracellular lipid acceptors
(APOE, APOAL, and APOA2), and enzymes involved in lipid me-
tabolism (CD5L and FASN), with concomitant down-regulation of
genes regulating lipid uptake and biosynthesis (LDLR, CYP27Al,
and HMGCR; Fig. 3 E), a profile suggesting a specific alteration of
reverse cholesterol transport in L-TAMs. ApoE and LXR were
strongly expressed in macrophages in CLM tissues (Fig. 3 F and
Fig. S3 B), confirming that L-TAMs have features of foamy cells.
L-TAMs isolated from CLM tissues expressed significantly
higher amounts of ApoE and of the membrane cholesterol
transporters ABCA1 and ABCGI compared with S-TAM (Fig. 3 G
and Fig. S3 D), while the expression of CD36, the receptor that
mediates macrophage scavenging of oxidized lipoproteins, was
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sharply decreased (Fig. 3 G and Fig. S3 D), suggesting an im-
pairment of this essential macrophage task. Finally, the altered
lipid profile was mirrored by the increased lipid content (Fig. 3 H
and Fig. S3 D) and decreased lipid uptake by L-TAMs compared
with S-TAMs (Fig. 3 I and Fig. S3 D), confirming a defective ex-
ecution of cholesterol handling.

Evidence suggests that lipid metabolism and cholesterol in
particular, is a key regulator of macrophage function and is
associated with tumor promotion and suppression of T cell re-
sponses (Pencheva et al., 2014; Tavazoie et al., 2018; Dominguez-
Andrés et al., 2019; Goossens et al., 2019; Gruosso et al., 2019).
Alongside cholesterol metabolism, L-TAMs presented up-
regulation of phagocytic and scavenger receptors, including
MERTK, MSRI, MRC2, and members of the complement family
(C1QA, CIQB, and C2; Fig. 4, A and B). These pathways have been
linked to tumor promotion (Neyen et al., 2013). Engulfment of
apoptotic material by MerTK favors an anti-inflammatory im-
munosuppressive microenvironment (Graham et al., 2014), and
evidence suggests that at least one member of the scavenger
receptor family is a driver of the tumor promoting function of
TAM:s (Stanford et al., 2014). Finally, complement has recently
emerged as an important orchestrator of the recruitment and
tumor-promoting functions of myeloid cells in preclinical
models and selected human tumors (Bonavita et al., 2015;
Medler et al., 2018; Reis et al., 2018; Roumenina et al., 2019).
Notably, in scRNAseq analyses of CD45* immune cells in he-
patocellular carcinoma (HCC), a cluster of macrophages ex-
pressing C1QA was selectively associated to worse prognosis
(Zhang et al., 2019).

The distinct profile of L-TAM compared with S-TAM sug-
gests that morphology identifies individual populations of
macrophages in CLMs. We tested this hypothesis by performing
scRNAseq of mononuclear phagocytes from CLM tissues. This is
the first time a single-cell analysis of myeloid cells is performed
on human metastases. Out of 18 clusters identified, including
various monocyte, macrophage, and dendritic cell populations
(and other less abundant cell types), 5 clusters could be con-
vincingly annotated as macrophages (Fig. S3, E and F). In par-
ticular, cluster O (c0), cl, and c2 were enriched in expression of
inflammatory genes (SI00A8, SI00A9, and SERPINB2), while c3
and c4 presented strong expression of genes of the complement
family, scavenger receptors, and cholesterol-related genes
(CIQA, CIQB, MARCO, CD5L, APOE, and CETP; n = 1,282 genes;
adjusted P value < 0.05; Fig. 4 C). Of note, the S-TAM signature
(including SI00A8, SI100A9, SI00A12, FCNI1, VCAN, THBSI, and
SERPINB2) and L-TAM signature (CD5L, SLC40Al, CIQA, CIQB,
MARCO, CETP, APOE, and VCAMI), obtained from their bulk se-
quencing profile, were differentially enriched in these individual
clusters, specifically S-TAMs in cO, cl, and c2 and L-TAMs in c3
and c4 (Fig. 4, D and E), confirming that morphology of TAMs
captures their diversity. Comparing our single-cell macrophage
clusters to published scRNAseq data of immune cells from HCC
patients (Zhang et al., 2019), we found an enrichment pattern
strongly resembling that of S-TAMs and L-TAMs in two clusters
enriched in tumors and with distinct phenotypes (namely mye-
loid derived suppressor cell-like M¢_cl_THBS1 and TAM-like
Me_c2_CIQA; Fig. 4 E). The L-TAM signature was highly
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Figure 3. Morphology as a correlate of lipid metabolism in human CLMs. (A) Representative S-TAMs and L-TAMs sorted from one CLM specimen,
cytospun, and stained with Diff-Quick. Scale bar: 20 um. (B) Volcano plot of the expression profile of L-TAMs and S-TAMs sorted from five CLM specimens.
Horizontal dashed line shows FDR (~log10 adjusted P value) 0.05; vertical continuous lines show log2 fold change (logFC) between -1.5 and 1.5. (C) Pathways
enriched in L-TAMs versus S-TAMs from five CLM specimens. Z-score is shown on the x axis. For each pathway, the number of genes modulated is reported.
(D) GSEA results showing lipoprotein metabolism as a significantly enriched biological process in L-TAMs compared to S-TAMs from five CLM specimens. The
green curve represents the enrichment score, showing the measure to which the genes are overrepresented at the top or bottom of a ranked list of genes.
Vertical black bars indicate the position in the ranked list of each gene, belonging to the gene set. Genes positioned in the red and blue sides are up-regulated
and down-regulated, respectively, in large macrophages compared with small ones. Number of genes in set (genes = 22; FDR = 0.019) and normalized en-
richment score (NES = 2.29) are shown. (E) Heatmap representing selected differentially expressed genes (-1.5 < LogFC > 1.5; FDR < 0.05) between L-TAMs
and S-TAMs from five CLM specimens. Genes related to cholesterol and lipid metabolism are shown. (F) Representative pictures of immunohistochemical
staining of macrophages expressing ApoE (top) and LXR (bottom) in CLM specimens. ApoE is expressed both in hepatocytes (left) and macrophages (right).
Scale bars: 50 um (top panels); 20 um (bottom panels). (G) Flow cytometry analysis of cholesterol transporters ABCAL, ABCG1, ApoE, and CD36 in L-TAMs and
S-TAMs isolated from four CLM specimens. Graphs represent mean + SEM of four CLM samples analyzed in different experiments. *, P < 0.05 by Mann-
Whitney test. (H and 1) Lipid content, assessed as MFI of LipidTOX and lipid uptake, obtained as MFI of BODIPY. Bars represent mean + SEM of four different
samples. ¥, P < 0.05 by Mann-Whitney test.
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superimposable to that of CIQA* TAM-like macrophages, in turn
also similar to TAMs previously found in lung cancer (Lavin
et al., 2017). Notably, only the gene signature of CIQA* TAM-
like macrophages was associated with poor prognosis in The
Cancer Genome Atlas analysis (Zhang et al., 2019).

Thus, L-TAM are endowed with orientation of lipid metab-
olism, receptor repertoire, and complement components which
are likely to underlie their strong prognostic significance. Dis-
section of their relative importance may pave the way to
translating a strong prognostic indicator in a metastatic setting,
CLM, into a therapeutic target. For the time being, the results
reported here suggest that accurate quantitative morphometric
characterization of TAMs can serve as an easily quantifiable
correlate of functional diversity with strong prognostic significance.

Donadon et al.
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Once validated in multi-institutional cohorts, this tool could
pave the way to better patient stratification and improvement
of therapeutic output.

Materials and methods

Patients and study design

The cohort study included 101 patients aged >18 yr with histo-
logically proven CLMs that underwent hepatectomy at the Hu-
manitas Clinical and Research Center-Istituto di Ricovero e Cura
a Carattere Scientifico between 2005 and 2017. The study pro-
tocol was submitted to the international clinical trial registry
(ClinicalTrials.gov registration number NCT03888638) and was
designed to identify macrophage-related morphological features
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associated to distinct clinical outcomes. Written informed con-
sent was obtained from each patient included in the study. The
study protocol was in accordance with the ethical guidelines
established in the 1975 Declaration of Helsinki and compliant to
the procedures of the local ethical committee of the Humanitas
Clinical and Research Center. Patient demographic, clinical,
surgical, and histopathological data (detailed in Table S1) from
the institutional intranet were assembled in a clinical retro-
spective database for following analyses. Only patients with
partial response to preoperative therapy (for details, see Table
S1) or stable disease were included in the study. Patients with
the following criteria were excluded from the study: progressive
disease, combination of hepatectomy with radiofrequency or
microwave ablation, and nonradical hepatectomy. The preop-
erative workup consisted of total-body contrast-enhanced com-
puted tomography and liver-specific magnetic resonance
imaging, performed maximum 30 d before surgery. Patient
postoperative follow up was performed every 3 mo and in-
cluded serum oncological markers, abdominal ultrasonogra-
phy, computed tomography, or magnetic resonance imaging.
Control patients were patients that had undergone surgery
for symptomatic giant liver hemangiomas.

Immunohistochemistry

2-pum-thick consecutive tissue sections were prepared from
formalin-fixed and paraffin-embedded tissues, provided by the
Pathology Department of the Humanitas Clinical and Research
Center, and processed for immunohistochemistry. Briefly, after
deparaffinization and rehydration, antigen retrieval was per-
formed by heat treatment using EDTA buffer (Dako; 0.25 mM,
pH 8) in water bath at 98°C for 20 min. Endogenous peroxidases
were blocked by incubation with Peroxidase-Blocking Solution
for 15 min at room temperature, followed by incubation for
20 min with Background Sniper (Biocare Medical) to block
nonspecific binding. The sections were then incubated with
primary antibodies anti-human CD68 (Dako; KP-1 clone, diluted
1:1,000), CD163 (Leica Biosystems, 10D6 clone, diluted 1:200) for
1 h at room temperature, followed by incubation with the de-
tection system EnVision+System HRP-labeled anti-mouse
(Dako). Diaminobenzidine tetrahydrochloride (Biocare Medi-
cal) was used as chromogen. Nuclei were lightly counterstained
with a freshly made hematoxylin solution (Dako). LXR staining
was performed with anti-human LXRa antibody (LSBio; poly-
clonal, diluted 1:100), together with anti-CD163, followed by
incubation with the detection system Mach2 Double Stain 1 (Bi-
ocare Medical). Ferangi Blue (Biocare Medical) and 3,3'-Dia-
minobenzidine were used as chromogens.

Image analysis

To obtain the density of CD163* cells, tissue slides were digitized
after staining procedure using a computer-aided slide scanner
(Olympus VS120 DotSlide). An expert pathologist blinded to
clinical data selected three non-contiguous, non-overlapping
microscopic areas of CD163-stained slides in the PT area at 20x
magnification. Since most CLM patients receive neoadjuvant
systemic chemotherapy leading to tumor necrosis to variable
extents, we considered macrophages in the PT area to avoid
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necrotic areas often found in the tumor core region. The PT
region was defined by the pathologist, based on a manual defi-
nition of the tumor and normal parenchyma. An image analysis
software (Image Pro Premiere) was used to automatically de-
termine the percentage of immune reactive area of the digitized
images. The mean value, obtained from the three different mi-
croscopic areas, was calculated for each patient and used for
subsequent analyses.

Analysis of macrophage morphology was performed with
MATLAB (MathWorks) software. Three non-contiguous, non-
overlapping microscopic areas in the PT area, including CD163*
cells, were captured at 63x magnification using an LMD7 in-
verted microscope (Leica Biosystems). For each digitized image,
at least seven randomly selected macrophages were analyzed. For
each cell, area and perimeter were calculated by manually tracing
cell outlines on digitized images. Similarly, macrophage mor-
phology at the IM was analyzed in 96 CLM patients of the same
cohort. 5 (out of 101) slides had to be discarded due to absence of
IM or other tissue alterations that would have compromised the
accuracy of the analysis.

Immunofluorescence

Immunofluorescence was performed on 2-pum-thick formalin-
fixed paraffin-embedded CLM sections using the Opal Kit
(Perkin Elmer) following the manufacturer’s recommendations.
The following primary antibodies were used: anti-human CD68
(Dako; clone KP.1, diluted 1:1,000) and anti-ApoE (Abcam; clone
EPR19392, diluted 1:1,500). Representative images were ac-
quired using an SP8II confocal microscope (Leica).

Cell sorting of small and large macrophages

Macrophages were FACS sorted from surgically resected CLM
tissues from five patients. Single-cell suspensions were obtained
by manually mincing tissue into small fragments and incubating
the fragmented tissues for 1 h at 37°C in HBSS (Euroclone)
containing 1 mg/ml Type IV Collagenase (Sigma-Aldrich), 2%
FBS (Sigma-Aldrich), 50 pg/ml DNase I (Sigma-Aldrich), and
10 mM Hepes (Lonza). The resulting cell suspension was filtered
through a 70-pm cell strainer and erythrocytes were lysed with
ACK Lysing Buffer (Lonza). Cells were then incubated with a
blocking solution containing 1% human serum in saline solution
and stained with the following fluorophore-conjugated primary
antibodies: anti-CD45 (BD Biosciences; clone HI30), anti-CD11b
(BD Biosciences; clone ICRF44), anti-CD16 (BioLegend; clone
3G8), anti-CDI14 (BD Biosciences; clone M5E2), anti-CDé66b (Bio-
Legend; clone G10F5), and anti-CD163 (BD Biosciences; clone GHI/
61). Fixable Viability Stain 700 fluorescent dye (BD Biosciences)
was used to perform dead cell exclusion. SYTO 16 Green Fluor-
escent Nucleic Acid Stain (ThermoFisher) was used to identify
nucleated cells. Large and small macrophages were FACS sorted on
a FACSAria III (BD Biosciences) following the gating strategy
shown in Fig. S2.

Determination of membrane markers, lipid content, and lipid
uptake by flow cytometry

Single-cell suspensions from surgically resected CLM tissues
from four patients were obtained as described in the previous
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paragraph. To assess expression of lipid transporters (ABCAl
and ABCGIL), ApoE, and CD36, the following antibodies were
included in the cocktail: anti-ABCA1 (Invitrogen; rabbit poly-
clonal), anti-ABCG!1 (Novus Biologicals; rabbit polyclonal), anti-
ApoE (BioLegend; clone E6D7), and anti-CD36 (BioLegend; clone
5-271). Detection of ABCG1 and ApoE was performed by intra-
cellular staining with BD Cytofix/Cytoperm Solution (BD Bio-
sciences). Cells were acquired on a FACSAria III (BD Biosciences)
following the gating strategy shown in Fig. S2.

For lipid staining, cells were stained with the same cocktail
used for cell sorting and then incubated with HCS LipidTOX
Deep Red Neutral Lipid Stain (ThermoFisher; dilution 1:200) in
PBS for 30 min at room temperature. Cells were immediately
washed with PBS and acquired by flow cytometer. Lipid content
of L-TAMs and S-TAMs was evaluated as mean fluorescence
intensity (MFI) of the dye.

To test lipid uptake, cells were incubated with 0.8 uM of the
fluorescent dye BODIPY 558/568 Cl12 (ThermoFisher) in PBS
containing 0.1% BSA (fatty acid-free) for 1 min at 37°C. Cells
were immediately washed with cold PBS containing 0.2% BSA
and acquired by flow cytometer. Lipid uptake of L-TAMs and
S-TAMs was evaluated as MFI of the dye.

RNA extraction and 3’-mRNA sequencing

Total RNA was extracted from large and small macrophages
using the Single Cell RNA Purification Kit (Norgen Biotek),
following the manufacturer’s recommendations. Total RNA ex-
tracted from sorted macrophages were subjected to poly(A)
mRNA sequencing (Table S2). Libraries were constructed by
SMARTer-Stranded Total RNA Kit (Clontech), according to
manufacturer’s instructions. Sequencing was performed with
the NextSeq 500 (Illumina). All libraries were sequenced in
paired-end mode (75-bp length).

3’-mRNA sequencing analysis

Raw reads were preprocessed for adapter trimming and quality
check was assessed using the FastQC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Reads were aligned to the refer-
ence genome (Ensembl Homo sapiens release GRC38) using the
STAR algorithm (Dobin et al., 2013). Differential expression
analysis was performed using the Generalized Linear Model
approach implemented in the R/Bioconductor edgeR (Robinson
et al., 2010) package (R version 3.5; edgeR version 3.24.3).
Sample correlation was estimated through Pearson correlation
analysis. Results of differential analysis are provided in Data SI.
The resulting gene lists were analyzed through the use of In-
genuity Pathways Analysis. Differentially expressed genes
(large macrophages vs. small macrophages) were subjected to
GSEA using the Reactome database. Significantly enriched
pathways are available in Data S2.

Public gene expression data analysis

As breast cancer dataset, we used a publicly available microarray
dataset (Gene Expression Omnibus accession no. GSE1456), in-
cluding a total of 159 tumor samples (Pawitan et al., 2005). Ex-
pression profiles were downloaded as normalized data. Quartile
distribution was considered for correlation with prognosis. The
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association between expression score of NRIH3 gene and clinical
outcome was evaluated by the PRECOG system (PREdiction of
Clinical Outcome from Genomic profiles; https://precog.stanford.
edu; Gentles et al., 2015). Survival correlation analysis was per-
formed by Prism, applying the Gehan-Breslow-Wilcoxon test.

scRNAseq

Mononuclear myeloid cells sorted from distal and PT region of
three CLM specimens were subjected to single-cell RNA analy-
sis. Single-cell suspensions were prepared by tissue mincing and
enzyme digestion. FACS-sorted cells were resuspended in 0.5 ml
PBS 1X plus 0.04% BSA and washed once by centrifugation at
450 rcf for 7 min. Cells were then resuspended in 50 pl and
counted with an automatic cell counter (ThermoFisher; Count-
ess II). Approximately 10,000 cells of each sample were loaded
into one channel of the Chromium Chip B using the Single Cell
reagent kit v3 (10X Genomics) for gel bead emulsion generation
into the Chromium system. Following capture and lysis, cDNA
was synthesized and amplified for 14 cycles following the
manufacturer’s protocol. 50 ng of the amplified cDNA was then
used for each sample to construct Illumina sequencing libraries.
Sequencing was performed on the NextSeq550 Illumina se-
quencing platform following 10X Genomics™ instructions for
read generation, reaching at least 35,000 reads as mean reads
per cell.

scRNAseq analysis

Raw sequencing data in the format of BCL files were converted
in FASTQ files and aligned to the human reference genome
GRCh38, taking advantage of the Cell Ranger Pipeline version
3.0.1 provided by 10X Genomics. After a quality check, we ob-
tained a total of 12,181 and 12,568 cells for distal and PT tissue,
respectively. Filtered gene expression matrices from Cell Ranger
were used as input for clustering analysis by Seurat R package
(version 3.1.1; R version 3.6.1). We first processed each individual
dataset separately, considering the thresholds of 200, 20,000,
and 0.2 for number of genes, number of unique molecular
identifiers, and mitochondrial content, respectively. For each
dataset, we selected the 2,000 most variable genes. Subse-
quently, we used the FindIntegrationAnchors function to com-
bine the datasets together, choosing 2,000 anchor genes for
integration. After integration, we ran principal component
analysis and used the first 67 principal components to perform
Louvain clustering and uniform manifold approximation and
projection (UMAP) embedding. Finally, we obtained a total of
18 clusters (resolution level = 0.6).

The identified macrophage clusters (n = 5) were subsetted
from the integrated dataset resulting in a total of 13,768 cells.
Differential expression analyses were performed through the
FindMarkers function, applying the Wilcoxon test by default.

Statistical analysis

Statistical computations were performed using the software
IBM-SPSS and the software GraphPad Prism 7 (GraphPad Soft-
ware). For image analyses, the mean value was calculated from
three images for each patient. Correlations between percen-
tage of immunoreactive area values of CD163 and CD68 were
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estimated by non-parametric Spearman rank correlation coef-
ficient test and linear regression analysis. The difference be-
tween macrophage morphometric variables in CLM and control
specimens was estimated by non-parametric Mann-Whitney
test. The difference between macrophage morphometric varia-
bles in CLM specimens from patients with good and bad prog-
nosis was estimated by unpaired t test. All datasets were tested
for normal distribution before analyses by the D’Agostino and
Pearson method. For each test, only two-sided P values < 0.05
were considered statistically significant. The categorical varia-
bles were reported as a number and percentage, while contin-
uous variables were reported as the median and range or as
mean and SD. Only patients with complete data were consid-
ered. ROC curves and associated area under the curves were
generated for the relevant TAMs metrics to estimate the dis-
criminatory ability for detecting patient survival. Univariate
analysis was performed to examine association among different
covariates and patient outcome. Covariates that showed a ten-
dency of association with patient outcome were inserted into a
multivariate model based on Cox regression analysis in order to
investigate independent predictors of survival. All time-to-event
endpoints were summarized using the Kaplan-Meier method.
Differences in these endpoints between groups were examined
using a log-rank test.

Data and materials availability

The bulk RNA-sequencing dataset has been deposited in the
Gene Expression Omnibus under the accession no. GSE131353.
All data presented in this article are available from the corre-
sponding authors upon reasonable request.

Online supplemental material

Fig. S1 shows the comparison between CD68 and CD163 mac-
rophage expression by immunohistochemistry in human CLMs,
provides details on the macrophage morphological metrics, and
shows the prognostic role of macrophage area at the IM. Fig. S2
shows the gating strategy to sort small and large macrophages
from human CLM specimens. Fig. S3 provides additional infor-
mation on the lipid and receptor profile of S-TAMs and L-TAMs,
shows the relevance of LXR in human datasets, and presents the
clusters of macrophages in human CLMs and their relative fre-
quency. Table S1 provides the patients’ baseline characteristics.
Table S2 contains the sequencing template. Data S1 shows results
of differential analysis. Data S2 shows significantly enriched
pathways.
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Figure S1. Measurement of macrophage morphological metrics. (A) Density (percentage of immunoreactive area [IRA%]) of CD68* macrophages cor-
relates with density of CD163* macrophages (n =5, r = 0.9, P = 0.083 by Spearman analysis). (B) Expression of CD68 and CD163 on liver macrophages from one
representative CLM specimen. CD163 (right) is more uniformly distributed on the cell surface and not intracellularly as CD68 (left). Scale bars: 100 um (top
panels); 50 um (bottom panels). (C) Distribution of macrophage morphometric indexes (area and perimeter) in 101 patients. (D-G) Prognostic value of
macrophage area at the IM in 96 CLM patients. Distribution of macrophage area (D) and correlation between area of macrophages in PT and IM regions (E) are
depicted. ***, P < 0.001 by Mann-Whitney (D) and ***, P < 0.001 by Spearman correlation analysis (E). (F) ROC curve for area to predict disease recurrence for
96 CLM patients. (G) Kaplan-Meier curve of macrophage area in the IM region in 96 CLM specimens (S-TAM = average area below median value; L-TAM =
average area above median value; ***, P = 0.0008 by log-rank Mantel-Cox test).
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Figure S2. Experimental workflow to sort small and large macrophages from CLM tissues. (A) Schematic overview of the experimental approach to
sequence large and small macrophages from CLM specimens. (B) Gating strategy to sort macrophages from five CLM specimens. Small macrophages (S-TAMs)
were sorted as alive CD45*/CD11b*/CD66b~/CD149™m/CD1634™/FSC' and large macrophages (L-TAMs) as CD45*/CD11b*/CD66b~/CD144™m/CD163M/FSChi
cells. Bottom panels confirm physical parameters of the small and large populations sorted. FSC-A, forward scatter area; FSC-W, forward scatter width; SSC-A,

side scatter area.
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Figure S3. Profile of small and large macrophages. (A) Correlation matrix of the whole dataset of genes in small and large macrophages from five CLM
patients. Heatmap displays Pearson correlation coefficients according to the color code (light blue for low correlation, dark blue for high correlation).
(B) Immunofluorescence on a CLM specimen showing a macrophage (CD68 in red) rich in ApoE protein (in green). Scale bars: 20 um. (C) Kaplan-Meier survival
curves of breast cancer patients from public datasets (GSE1456), stratified by first and last quartiles of NRIH3 expression score (LXR gene). Curves show
disease-specific survival (top) and DFS (bottom). P = 0.09 (top panel) and *, P = 0.043 by Gehan-Breslow-Wilcoxon test. (D) Representative FACS plots of lipid
transporters, ApoE, CD36, LipidTOX (lipid content), and BODIPY (lipid uptake) in S-TAMs and L-TAMs. (E) UMAP projection of myeloid cells from PT (n = 3) and
distal (n = 3) human livers. Only macrophage clusters (c0, 1, c2, c3, and c4) are shown (n = 13,768 cells). Each dot represents an individual cell. (F) Bar graph
showing the relative abundance of each macrophage cluster respect to the total dataset in distal and PT regions.

Tables S1and S2 and Data S1 and S2 are provided online. Table S1 shows the patients’ baseline characteristics. Table S2 contains the
sequencing template. Data S1 shows results of differential analysis. Data S2 shows significantly enriched pathways.
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