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ABSTRACT

Immune infiltration is typically quantified using cellular density, not accounting for cellular clustering.
Tumor-associated macrophages (TAM) activate oncogenic signaling through paracrine interactions with
tumor cells, which may be better reflected by local cellular clustering than global density metrics. Using
multiplex immunohistochemistry and digital pathologic analysis we quantified cellular density and
cellular clustering for myeloid cell markers in 129 regions of interest from 55 samples from 35 patients
with metastatic ccRCC. CD68+ cells were found to be clustered with tumor cells and dispersed from
stromal cells, while CD163+ and CD206+ cells were found to be clustered with stromal cells and
dispersed from tumor cells. CD68+ density was not associated with OS, while high tumor/CD68+ cell
clustering was associated with significantly worse OS. These novel findings would not have been
identified if immune infiltrate was assessed using cellular density alone, highlighting the importance of

including spatial analysis in studies of immune cell infiltration of tumors.

SIGNIFICANCE

Increased clustering of CD68+ TAMs and tumor cells was associated with worse overall survival for
patients with metastatic ccRCC. This effect would not have been identified if immune infiltrate was
assessed using cell density alone, highlighting the importance of including spatial analysis in studies of

immune cell infiltration of tumors.
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INTRODUCTION

Immune cell infiltration is typically quantified using cell density, which does not account for the
local clustering of immune cells within the tumor-immune microenvironment (TIME). Localized cellular
clustering of immune cells in the TIME is a seldom-used metric in studies of immune infiltration of
tumors, but when applied has yielded novel and impactful findings across a variety of primary tumor
sites and immune cell types!”’.

Tumor-associated macrophages (TAM) activate oncogenic signaling and facilitate tumor growth
and progression by secreting cytokines, growth factors, and angiogenic mediators, as well as a variety of
proteases that activate additional growth factors and angiogenic mediators embedded in the
extracellular matrix 714, These paracrine interactions are concentration-gradient-dependent, and as
such, the underlying biology may be better reflected by measures of local cellular clustering as opposed
to global density metrics. Prior work has demonstrated an association between TAM density and worse
overall survival (OS) in patients with clear cell renal cell carcinoma (ccRCC), but none have assessed TAM
cellular clustering®'21415,

Our primary objective was to determine whether cellular clustering of TAMs and tumor cells at
the tumor/stromal interface was associated with worse OS for patients with metastatic ccRCC. The
secondary objective was to describe the relative affinity for TAMs to be located in either the tumor or

stromal compartments within the TIME.

METHODS

Patient Selection and Specimen Collection

We obtained 55 primary and metastatic tumor samples from 35 patients with metastatic ccRCC.
For patients with multiple samples (N = 13), only the primary tumor sample was considered for the

survival analysis. All tumor samples were obtained through protocols approved by the institutional
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review board (H. Lee Moffitt Cancer Center and Research Institute’s Total Cancer Care protocol MCC#
14690; Advarra IRB Pro00014441). Written informed consents were obtained from all tissue donors.
Patients were included in this study if they (1) were diagnosed with metastatic ccRCC; (2) provided
written consent to analysis of their tissue; and (3) did not receive any systemic therapy prior to initial

tissue collection.

Multiplex Immunofluorescent Tissue Staining

To prepare the tissue blocks, an experienced genitourinary pathologist (JD) reviewed each
formalin fixed paraffin-embedded tissue sample and annotated 3 separate ROIls from the tumor-stroma-
interface. The tumor-stroma-interface ROIs were selected such that each ROI contained approximately
50% tumor cells and 50% adjacent stroma, as to determine the relative affinity for myeloid cells to
cluster into the tumor or stroma compartment. Tissue samples were then stained using the PerkinElmer
OPAL 7 Color Automation Immunohistochemistry Kit (PerkinElmer, Waltham, MA) on the BOND RX
Autostainer (Leica Biosystems, Vista, CA). In brief, tissue slides were sequentially stained using
antibodies targeting CD68, CD163, and CD206. These markers were selected for their previously
demonstrated frequency and impact in TAM studies in ccRCC. All subsequent steps, including
deparaffinization, antigen retrieval, and staining, were performed using the OPAL manufacturer’s
protocol. Pan-cytokeratin and 4',6-diamidino-2-phenylindole (DAPI) counterstaining were applied to all
slides, and imaging was performed using the Vectra3 Automated Quantitative Pathology Imaging System

(PerkinElmer, Waltham, MA).

Quantitative Image Analysis
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Multi-layer TIFF images were exported from InForm (PerkinElmer) and loaded into HALO 121
(Indica Labs, New Mexico) for quantitative image analyses. The size of the ROIs was standardized at
1356 x 1012 pixels, with a resolution of 0.5 um/pixel, for a total surface area of 0.343 mm?2. For each
staining marker, a positivity threshold within the nucleus or cytoplasm was set by an experienced digital
image analysist (JN), and the entire image set was analyzed. The generated data included the total cell
count, positive cell counts of each IF marker, fluorescence intensity of every individual cell, Cartesian

coordinates for each cell, and the percent of cells that were positive for each marker.

Spatial Analysis
Cellular density was calculated globally for each ROl and defined as the number of cells per
mm?. ROIs containing 210 cells positive for a relevant marker were considered eligible for spatial

analysis. As there is no previously validated standard for this cutoff, the 210 cell cutoff was agreed upon

through consensus of the authors. Cellular clustering was quantified using the Ripley’s K function, a

methodology for quantifying spatial heterogeneity most commonly utilized in ecology, with isotropic
edge correction, with the following normalization applied: nK (r) = K(r) / nr?, as described
previously'®!8 (Figure 1). As such, the expected value of nK(r) for all radii is 1.0, with values >1.0
representing cellular clustering, and values <1.0 representing cellular dispersion. The range of possible
values for nK(r) is 0 to infinity. The nK(r) value is an observed over expected ratio (i.e. Tumor/CD68+
nK(25) = 1.30 can be interpreted as: “There were 30% more CD68+ cells observed within a 25um radius
of each tumor cell than would be expected if the cells were randomly distributed.”). To reflect cellular
clustering at a localized distance, nK(r) at a radius of 25um was utilized in this analysis and will
henceforth be referred to as nK(25). The search-circle radius value of 25um was selected as it represents

approximately double that of a typical ccRCC tumor cell radius, and as such should represent the area in
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the immediate vicinity of the cell. Examples of point pattern plots with high or low CD68+ density and

tumor/CD68+ clustering, as measured by nK(25), are provided in Figure 2B.

Statistical Analysis

Spearman’s correlation coefficient was determined for CD68+ cell density and CD68+/tumor cell
clustering, to determine the relationship between cell density and cell clustering. Pairwise nK(25) values
were generated for each marker type as they related to tumor and stromal cells, for each ROI. These
pairwise nK(25) values, per ROIl, were compared within each marker type using Wilcoxon signed-rank
testing. OS was defined using time from sample collection to death or censoring at last follow-up. Cell
density and nK(25) cut-points for cohort stratification were determined using optimal cut-point
methodology, minimizing the log-rank p-value for OS, as previously described?®. Multivariable Cox
regression was used to determine associations with OS, using age and International Metastatic RCC
Database Consortium (IMDC) risk score as covariates?. Statistical significance was defined as two-tailed

p<0.05. Statistical analyses were performed using R program version 4.0.2 (Vienna, Austria), and spatial

analysis was performed using the “spatstat” package 2.

RESULTS
Patient Characteristics

35 patients with metastatic ccRCC met criteria for inclusion. The median patient age was 58 (IQR
53 —65), median primary tumor size was 8.0cm (IQR 6.0 — 10.3), 24 patients (69%) were male, 31 (89%)
had a primary tumor grade of 3 or higher, and all patients were IMDC risk score 1 or greater. (Table 1).
From the 55 samples obtained from this cohort, 129 ROIs were analyzed from the tumor/stroma

interface.
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TAM Cellular Density and TAM/Tumor Cell Clustering Metrics are Poorly Correlated

Cellular density (cells/mm?) and clustering (nK(25)) metrics were determined, as detailed in the

methodology (Figures 1 and 2). The Spearman’s correlation coefficient for CD68+ cell density and

tumor/CD68+ nK(25) indicated a weak negative correlation (R=-0.19, p=0.046). This finding confirms that

the cellular density and clustering metrics are not redundant (Figure 3A) within our cohort.

TAMs Have Distinct Affinities for the Tumor and Stromal Compartments Based on Marker Type

CD68+ TAMs were found to be clustered with tumor cells, and dispersed from stromal cells
(nK(25) = 1.10 and 0.90, respectively, p<0.01). TAMs expressing M2-phenotype markers CD163+ or
CD206+ were found to be dispersed from tumor cells, and clustered with stromal cells (CD163: nK(25) =
0.77 and 1.15, respectively, p<0.01; CD206: nK(25) = 0.70 and 1.17, respectively, p<0.01) (Figure 3B).
These findings suggest that TAMs may have varying biologic affinity for the tumor and stromal

compartments based on their polarization phenotype.

High CD68+ TAM/Tumor Cellular Clustering is Associated with Worse Overall Survival

Multivariable Cox regression analysis revealed that high CD68+ cell density was not associated
with OS (HR = 1.68, 95%Cl 0.48-22.8, p = 0.2), while high tumor/CD68+ clustering was associated with
significantly worse OS (HR = 6.19, 95%Cl 1.16-33.1, p = 0.033) (Figure 3C). After stratifying for both cell
density and cell clustering, patients with high CD68+ density and high tumor/CD68+ clustering were

found to have significantly worse OS (HR = 8.50, 95%Cl 1.97-36.7, p = 0.004) (Figure 3D).

High CD163+ TAM Density is Associated with Worse Overall Survival
A robust survival analysis using CD163+ and CD206+ cell clustering was precluded by low

populations of patients eligible for spatial analysis using these markers (N=10 and N=2, respectively) due
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to low cell counts. Multivariable Cox regression using CD163+ density, excluding clustering, revealed
worse OS for patients with high CD163+ density (HR 19.4, 95%Cl 3.6-105.0, p<0.001). CD206+ cell

density was not associated with OS (HR 2.21, 95%Cl 0.6-8.0, p=0.2)(Supplemental Figure 1).

DISCUSSION

Primarily, this analysis demonstrates the importance of performing spatial analysis when
conducting investigations into immune cell infiltration of tumors. In this cohort, stratification by cellular
density of CD68+ TAMs alone was insufficient to identify a survival difference. The addition of
tumor/CD68+ cellular clustering was necessary to elucidate the clinical impact of CD68+ TAM infiltration.
Furthermore, when CD68+ cell density and tumor/CD68+ cellular clustering were included as covariates
in the same Cox regression, tumor/CD68+ clustering had a stronger association with OS (Figure 3C).
Measuring cellular clustering at a local level (25um) is a logical approach for assessing TAM infiltration,
as their impact on tumor biology is via concentration-gradient-dependent effects occurring at close
proximity. Thus, a localized clustering metric such as nK(25) would be expected to reflect the underlying
biology of this interaction more so than a global metric such as cell density. To our knowledge, this is the
first analysis to investigate the clinical impact of TAM clustering in ccRCC.

Secondarily, this analysis confirms previous work demonstrating the negative prognostic impact
of TAM infiltration in ccRCC patients. It has been suggested that TAMs with an M2-like phenotype
(markers CD163, CD204, and CD206) have a pro-tumor effect while M1-like TAMs (CD68, CD80, and
CD86) may have an anti-tumor effect!3. However, this simplified dichotomy may not hold for all primary
tumor sites, as high CD68+ TAM density has been identified as a negative prognostic indicator in breast
and gastric cancer??23, Similarly, our analysis identified high CD68+ TAM/tumor cell clustering as having

a strong association with worse OS. Additionally, high CD163+ TAM cell density was associated with
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worse OS. Together, these findings suggest that high TAM infiltration may portend a worse prognosis in
metastatic ccRCC regardless of M1/M2 polarization.

Additionally, this analysis identified that CD68+ TAMs tend to cluster with tumor cells and away
from stromal cells, while CD163+ and CD206+ TAMs tend to cluster with stromal cells and away from
tumor cells (Figure 3B). Interestingly, in a 2018 study using dynamic imaging microscopy to directly
observe TAM and CD8+ T-cell interactions in squamous cell lung cancer, Peranzoni et al remarked as an
aside that CD163+ and CD206+ TAMs could easily be found in the stroma, while TAMs in the tumor core
seldom expressed these markers?*. Our analysis notes a similar observation using quantifiable and
reproducible metrics, potentially shedding light on a biologic affinity for M2 polarized TAMs to the
stromal compartment of malignant tumors. Further biologic investigation of this association is needed.

Significant limitations to this analysis include the relatively small sample size (35 patients; 55
samples; 129 ROIs), and retrospective nature of the study. These findings certainly require prospective
replication in larger cohorts. Additionally, this study did not investigate the potential biologic effects that
TAMs exert on the TIME, and only assessed their spatial organization and heterogeneity. An inherent
limitation to spatial analysis is that it is not feasible to reliably measure clustering when very few cells of
interest are present in the ROI, resulting in several patients in our cohort being excluded from the

survival analysis as it related to the clustering of relatively rare cell markers such as CD163 and CD206.

CONCLUSION

Overall, we identified the novel finding that CD68+ TAMs preferentially cluster into the tumor
compartment at the tumor/stroma interface, that CD163+ and CD206+ TAMs preferentially cluster into
the stromal compartment, and identified worse survival for metastatic ccRCC patients with increased
spatial clustering of CD68+ TAMs and tumor cells. These findings highlight the importance of including

spatial analysis in studies of immune infiltration of tumors.
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Figure 1. Ripley's K function. A: lllustrative representation of the pairwise Ripley’s K function, where the number of
cells of interest is identified within a search radius from another cell type, repeating the process over a continuum of
radii, for each cell in the study area. B: The Ripley's K function estimator, where n is the total number of points in the
study area, W is the study area, 1{|xi-xj| }<r} is an indicator worth a value of 1 if points i and j are within distance r,
and c(xi,xj;r) represents the applied edge correction (this analysis utilized isotropic edge correction). C: Plot of the
naive K(r) function using a representative slide from our analysis. The black solid line is the observed K(r), and dotted
red line is the expected distribution if cells were randomly distributed, assuming a Poisson distribution. D:
Normalization of the naive Ripley's K function into K(r)/mr?, resulting in an expected distribution of 1 for all values of r.
The search radius utilized in this analysis was 25um. In this manuscript, K(25um)/mr? is abbreviated to “nK(25)".

Figure 1


https://doi.org/10.1101/2021.01.04.425197
http://creativecommons.org/licenses/by/4.0/

A

Multiplex Immunohistochemistry Point Pattern Plot Spatial Heterogeneity Analysis

i B 2 o ——
wgr Ve Al Lo v,
. g ..'--'1: b |
B Pt W Pl
Errdp, et ln, - ¢
b, p
alt P P o 4
,Hn‘.:la ‘.‘1r':a.|.a 2
2 L ':_T"t, = K l". - B
WAL o =
[ At e 2 A T (L 3 |
L MR S :
: gt i P ;
|-'|-1 ||-.i‘|i‘,_" g " f . . ¥ o |
1308 P A
455 .r"l- e el W , |
"I T i i F = Ky s [
1'1!!“- qé’. '.:r:.. :'r.i'- ‘-] I F-.. i
T T T T T
P _—_ S8 ¢ PO 0 1 ] = @ 20
B CD68+ Cell Density (cells/mm?)
High Low
" '] - g o e _-i-"l-i-_'_ . - L F
bioR doi https://d /15'.1;!0'.,.17 2I*e1;4'42519; his vér o 1‘ “ .Hsrgi :';-' ht holder for thi . ""T%"":‘ TJ-?E;"-"'*J *i.":
ioRxiv preprint doi: https://doi.org this ve S|cm e.copyright er for this preprint g 'y . - e A
(which was not certified by peer rewew) is. theg fundef Vvl:votlltae.aran ' bib, %qp reprint in perpetwty It is made l"'.r,:‘__-.:... 1;‘_;-+ W :,-';_. .;;IEI.J_
nde_iaB{;;B-Y4GIJ ternatv o "‘i:' et te T -3' lesiunlif @
. b "lll gy o Lk ':_-‘_-F.Hl-:
“ & I R T TR L DR AT A
1 H |.|.|. .,...._,._ o 3 Ty el ay g gy Rl ma L
i "' *F 1': =ia "'1"‘-" ‘.‘E-‘ i Togd . W .+'F..""‘ - ""'1-.: “I-"I"Li '11-'.1
. L ay g 2l - L L ¥ L]
r";*' *l"‘:"r-" g i~ P Ll O it .r":-f:i-:'-'-..-Jﬁ".t".'lr-.::"ﬂ"‘ e S
: ﬂﬁf.ti':- - A -l:_;'l F T *a Ii{i - . T..!:'ln Lt b W R
HI h Jl: +:: r"“t"ﬂi.-r#". I ﬂ:.'l"{ "irﬁ‘l.‘: ai.' "1".:1.1. F+--"*-'+?'i.-**+'ir{=:'l..+'
g AR i T AR e v Soghtr SRt D R B Tt
' “ _”,-.-'-h-.' :};'. A 2 s 2 he Y
??:l e o o Ty O W '-'+- e }
. o b o o ek
s ' -:_.;‘;-..!:“-l-' "'“
" T Al ak "‘{:-'-- :* t++"‘* l‘l"l- 5
. . .'."'-'.: o g
. . LR e TR
¥ N ¥ E. P +.'-:|."'E"'l Ly
L) L RO 5 ¥ u -
= 5 5 4
b * i .t :_1 k]

TLI mﬂrf CDEB‘l‘ - : " WA e Sm

-
Cell Clustering St s o I T NP PN A TR
. :."‘_.'.-,*- ok g % ! '|'l-5'|' = :;.:‘-P'* " '-.'f'r"_* L x +'+.|‘_
L ]

P L3 . i : £ it « &t _i-i-"'_ od Tt
[n K[25]] ::" ' "‘..,'-’i'. - '.T ‘: “" # t;‘-%-.it“'.*k "‘:F:.f-++. o Lt +-_‘=_-“t.:}- _'i_:' . :' "?
= : g > ..r

[
TE = " ae Lo af®my . L . wET, +_-' Ll Dl
I' E. # i +'r. ‘I::k‘.ff -l":l- - [a +:|:.:,, "'l“'. |+ .‘t‘
-3 i L g vent Flagde g b lle N Benaly, e 2,
- L & I o 3 el l-I.i‘"'. 'l-“. '-Ir a* = :&-! ?p i hq,
= ;ﬂ: L iy m e L"ﬂu.a'lslt r_*"ﬂ,;:. = '?ﬁ:‘...:. Fl'} o ey
3 R T, e wtadfe 11--|¢.. L
& s & +IF"' "_':E +.I‘ o ¥ E nag hy bl 1
- Pz o7 ~ e Y
Low PR AN o )
ol N L L & * -
- .'l ! :‘;-’ % +: ] “l-."‘ : *‘i - .
. H L -r_"a. ., :_'__ i'.'l-!. p—
s " o v ey r T '
28 PR S TS LR * )
. i '+'f=- . ] . l-' [ - 3 “":tl
L. t - 1 = & L o o
:l . . i! :t‘ :'*l L S l-‘l L 2
. F wjpal H Fpy . .
2 -.." . i '-|1I \:‘_4- '1 . i o LS €T 5

@ Tumor  Stroma © CD68 @ CD163 @ CD206 @ PDL1

Figure 2. A: Project workflow, in brief. IHC staining for myeloid markers (CD6&8, CD163, CD206) and PD-L1. Digital
pathologic analysis is utilized to convert IHC slides to point pattern plots, which are then utilized to calculate
measures of spatial heterogeneity. B: Examples of point pattern plots demonstrating high or low CD68+ cell
density (cells/mm2; cut-point = 151.273), and high or low Tumor/CD68+ cell clustering (nK(25), cut-point = 1.30).
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Figure 3. A: Scatter plot and Spearman’s correlation of CD68+ cell density (cells/mm2) and Tumor/CD68+
(nK(25)), per ROI (N=129, r=-0.19, p=0.046). B: Boxplot diagrams of Ripley’s nK(25) values for Tumor/CD68+,
Stroma/CD68+, Tumor/CD163+, Stroma/CD163+, Tumor/CD206+, Stroma/CD206+, Tumor/PDL1+, and
Stroma/PDL1+, for all ROIs (N=129). nK(25) values > 1 indicate cellular clustering, and values <1 indicate cellular
dispersion. Asterix in plot title denotes Wilcoxon test p<0.05. C: Multivariable Cox regression for OS, using
CD68+ cellular density and Tumor/CD68+ nK(25) as separate covariates, with associated KM estimates for high
versus low Tumor/CD68+ nK(25). D: Multivariable Cox regression for OS, stratifying patients who had high
CD68+ cellular density and high Tumor/CD68+ nK(25) versus other patients, with associated KM estimates.
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Characteristic N = 35¢
Age (yrs) 58 (53, B5)
IMDC
1 13 (37%)
2 17 (49%)
3+ 5(14%)
Gender
Female 11 (31%)
Male 24 (69%)
Tumor Grade
2 4 (11%)
3 21 (60%)
Certifiedby poor roview) i the atthorlfunder. wha has oraniad RN alicorse
Primary Tumor Size (cm) | 8.0 (6.0, 10.3)
! Statistics presented; median (IQR); n (%)
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Supplemental Figure 1. KM estimates and multivariable Cox regressions for OS, for CD163+ and CD206+ cell density
using optimal cut-points (CD163+ = 130.349, CD206+ = 22.738), log-rank p values reported.
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