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Abstract

We describe a consistently present, previously unrecognized, population of monocytes in pheochromocytomas and
paragangliomas. Although sustentacular cells are generally recognized as a common component of these tumors, differential
immunohistochemical staining for CD163 and S100 shows that monocytes can in fact be more numerous. These cells frequently
resemble sustentacular cells topographically and cytologically, possibly explaining why they have not been previously noticed.
They contribute to the tumor proteome and may have implications for tumor biology. No correlations were identifiable between
the presence of these cells and any clinical characteristics of the tumors in the present study. A possible association with genotype
is suggested by immunoblot showing high expression of CD163 protein in tumors with succinate dehydrogenase mutations.
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Introduction

Pheochromocytomas (PCC) and paragangliomas (PGL) are
closely related tumors of neural crest-derived neuroendocrine
cells that arise principally along the paraxial distribution of sym-
pathetic ganglia and nerve fibers and in association with branches
of the vagus and glossopharyngeal nerves in the head and neck.
According to the current WHO terminology, the term pheochro-
mocytoma is reserved for PGL in the adrenal gland and PCC are
considered as intra-adrenal PGL [1]. PCC/PGL have a strong
hereditary predisposition. At least 30% of these tumors are now
known to be hereditary, and at least 19 hereditary susceptibility
genes are implicated in their development [2—4].
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The neoplastic endocrine cells in PCC/PGL are known
as chromaffin cells or chief cells. A second distinctive cell
population, recognized by immunohistochemical staining
for S100 protein, consists of sustentacular cells. Although
their numbers vary, sustentacular cells are almost always
found in PCC/PGL and their presence can be a useful,
though not entirely reliable, aid in diagnosis. The origin
and functions of sustentacular cells are unclear. Some stud-
ies suggest that they are non-neoplastic cells attracted to
the tumors by chief cell-derived signals [5], while others
suggest that they arise through divergent differentiation or
may be neural crest stem cells [6].

In a recent tissue culture study, we serendipitously ob-
served that numerous small cells accumulated in
microwells containing explants of a PGL. Investigation,
by immunohistochemical stains, revealed that these cells
did not stain for S100 and were therefore not sustentacular
cells. They were also negative for CD117 and were there-
fore not mast cells, which have been observed in small
numbers in normal paraganglia [7]. In order to further pur-
sue their identity, we stained sections of the PGL for other
immunohistochemical markers and identified a dense pop-
ulation of cells positive for both CD163 and CD68, con-
sistent with monocyte-macrophage lineage. Because
monocytes have not previously been reported as a major
component of PCC/PGL, we sought to determine their
prevalence and distribution in a series of these tumors.
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Materials and Methods
Tumor Sampling

Studies were initially performed on a tissue microarray
(TMA) that consisted of 1 mm cores representing 52
sympathoadrenal PCC/PGL (48 adrenal PCC, 4 extra-
adrenal abdominal PGL, 1 site unspecified). Patient ages
ranged from 11 to 81 years and tumor sizes ranged from
2.0x2.0x2.0cmto 17.0% 14.0 x 11.0 cm. Ten tumors arose
in patients with known germline mutations of PCC/PGL sus-
ceptibility genes (3 RET, 2 VHL, 2 SDHB, 1 SDHD, 1 NF1I,
and 1 MENI). Forty-two tumors were apparently sporadic or
not genetically tested. The array contained three tissue cores
from each tumor as a means of assessing intratumoral hetero-
geneity. Lymph node and spleen tissue samples were included
on the array as controls.

After analyzing the TMA, we additionally examined con-
ventional histological sections representing five PCC and five
PGL from different anatomic locations. This series was stud-
ied both for validation to confirm that TMA cores faithfully
reflected findings in larger samples, and to determine whether
sympathoadrenal PGL differed from PGL in other anatomic
locations. In addition to staining for CD163 and S100, the ten
representative tumors in this set were stained for CD117 to
assess the number and distribution of mast cells.

Immunohistochemistry

Immunohistochemical staining for CD163, S100, and CD117
was performed using mouse monoclonal antibodies (Ventana,
Tucson, AZ) after microwave antigen retrieval in citrate buff-
er, pH6. Antibodies were diluted in phosphate-buffered saline
pH 7.4 containing a Ventana blocking solution. Dilutions were
optimized for use on a Ventana automated slide stainer in
combination with Ventana detection kits. Positive CD163
staining of tissue macrophages and S100 staining of
sustentacular cells or nerve fibers provided positive internal
controls in all sections that were considered interpretable.
Negative controls substituting irrelevant mouse IgG for the
primary antibodies were completely negative.

Analysis of Immunostaining

For quantitative analysis, all monocytes and sustentacular
cells were counted in each tissue core on adjacent 5 um
microarray sections stained for CD163 and S100, respec-
tively. Positivity for CD163 was defined as granular cyto-
plasmic or cytoplasmic and membrane staining. Positivity
for S100 was defined by the presence of nuclear or nuclear
plus cytoplasmic staining. Positive cells were counted via
digital scan images using Aperio digital microscope
(Spectrum Version 11.1.1.765) at x 20 magnification.

Because both monocytes and sustentacular cells extended
short processes, only cells containing a nucleus within the
plane of section were scored in order to avoid counting a
cell more than once. Counts for each core were normalized
per square millimeter, calculated from the 1 mm core di-
ameter, to obtain numerical densities. Ratios of monocytes
to sustentacular cells were also calculated.

For the ten whole slide surgical specimens of PCC/PGL,
three fields with the highest density of staining for CD163 and
S100 were selected from a slide representing each specimen.
The ratios of CD163 and S100 positive cells were compared
between the sets of PCC and PGL specimens.

In addition, the distribution of monocytes for each tumor
was classified into one of three patterns: predominantly (>
70%) intra and/or perivascular, predominantly (> 70%) inter-
stitial between tumor cells, or mixture of both intra or
perivascular and interstitial.

Statistical Analysis

Numerical densities of monocytes and sustentacular cells and
ratios of monocytes to sustentacular cells were calculated in
each core of all tumors represented in the microarray. The data
were analyzed for possible associations with tumor size, loca-
tion and genotype, and with patient age and sex. In addition,
patterns of monocyte distribution between cores of individual
tumors were compared as a measure of intratumoral heteroge-
neity. To evaluate counts in relation to age, patients were di-
vided into three intervals: <30 years (n = 10), 31-60 years
(n=21), and > 61 years (n = 14). Statistical significance was
assessed using an unpaired ¢ test.

Immunoblots for CD163

An immunoblot of protein from nine representative tumors
was probed for CD163 to test whether monocytes contribute
substantially to the tumor proteome. This also served as a
preliminary test for association with genotype, by including
two tumors with SDHB mutations and one each with muta-
tions of SDHC, SDHD, RET (MEN2A) VHL, and NFI. Two
tumors were apparently sporadic. Methods for protein extrac-
tion, electrophoresis, and immunoblotting were as previously
described by Powers et al. [8].

Results

Adjacent sections of a TMA with PCC/PGL samples from 52
patients were stained for S100 and CD163, with each tumor
represented by three cores. Thirty-two randomly distributed cores
were excluded for technical reasons affecting one or both stains,
so that some tumors were represented by only one or two cores.
This did not affect the overall study conclusions.
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Prominent monocytes and sustentacular cells were observed
in all tumors. However, marked intratumoral heterogeneity was
evident, to the extent that exclusively CD163 or exclusively
S100-stained cells were present in some of the cores. The pat-
terns of distribution of the two cell types were often very similar
or indistinguishable in that both could be found adjacent to cap-
illaries at the periphery of tumor cell nests (zellballen) or intersti-
tially. An exception was that monocytes could also be found
adjacent to larger blood vessels (Fig. 1).

Pooled counts of all cores for each individual tumor were
used to generate the average counts/mm? per tumor. Based on
pooled counts of all cores for each individual tumor, including
both PCC and PGL, monocyte counts based on CD163 stains
revealed an average of 54.07 = 4.8 cells/mm? per tumor (1 =
48). Counts of sustentacular cells based on S100 stains re-
vealed an average of only 13.01£3.1 cells/mm? (n = 52),
(P <0.0001, unpaired ¢ test). The ratio of monocytes to
sustentacular cells among all tumors was 3.1:1. When PCC
and PGL represented in the TMA were considered separately,
the PCC averaged 54.76 +5.03 monocytes/mm? per tumor
(n =34), versus 11.79 +3.14 sustentacular cells/mm? per tu-
mor (n =47) for a ratio of 4.4:1 (P <0.0001). In contrast, for
PGL represented in the TMA (n=4), the average numbers
were 39.08 + 19.13 monocytes and 29.4 + 15.21 sustentacular
cells cells/mm? per tumor (P >0.05), for a ratio of 1.34:1.

There were no statistically significant differences detect-
able in relation to patients’ gender, age, or mutation status.
Although the monocyte to sustentacular cell ratio in patients

<30 years old was 2.9:1, versus 6.7:1 in patients between the
ages of 31 and 60 years, the data were not statistically signif-
icant. Among the nine tumors in the TMA with known
germline mutations, the average of CD163 to S100 positive
cells ranged from 1:1 in the single tumor with germline NF'/
mutation to 11:1 and 22:1 in the two tumors with VHL and
RET mutations, respectively.

In contrast to the TMA specimens, whole slide analysis
of the 10 surgical specimens included in the study showed
ratios of monocytes to sustentacular cells that were 1.6:1 in
PCC and 0.7:1 in PGL (P > 0.05). The apparent discrepan-
cy from the TMA results reflected the different sampling
between the TMA, in which random areas determined by
pre-existing cores were counted, compared to counting
areas with densest labeling on the whole slides. Marked
intratumoral heterogeneity, which was most obvious as
areas of dense and sparse sustentacular cells, accounted
for the lower proportion of monocytes.

Immunohistochemical examination of whole slide surgical
specimens also revealed a range of relevant features not seen
in the TMA, including one case with a very dramatic encir-
clement of zellballen by monocytes (Fig. 2) and one with an
extremely dense accumulation of monocytes in normal adre-
nal cortex and medulla adjacent to a monocyte-sparse PCC
(Fig. 3). These findings suggest the existence of possibly com-
peting mechanisms for attracting monocytes to tumor cells—
and denying them access. The variable presence of mast cells
(Fig. 2) and macrophages (Figs. 2 and 4) was also confirmed.

Fig. 1 Adjacent sections of tissue microarray showing representative
patterns of staining for CD163 (a, ¢) and S-100 (b, d) as seen in two
cores from a single tumor. Panels a and b are from one core, ¢ and d from
another. Cells immunoreactive for CD 163 (arrows) are predominantly
perivascular in a, while in ¢, they are predominantly at the periphery of
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zellballen or, less often, interstitial (right arrow). The latter pattern
resembles the distribution of sustentacular cells stained for S-100 seen
in both cores. In contrast to cells staining for CD163, cells that stain for
S-100 are found only in an interstitial/peripheral distribution and are not
perivascular. Original magnification x 400, Bar = 100 pm
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Fig. 2 Sections of a carotid PGL
showing distributions of
monocytes (b, CD163),
sustentacular cells (¢, S100) and
mast cells (d, CD117). Note the
pronounced partial encirclement
of Zellballen by monocytes and
the sparse, uneven distribution of
mast cells
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Immunoblotting for CD163 confirmed the consistent pres-
ence of CD163 protein and showed bands varying in intensity
in all nine PCC and PGL studied. There was no detectable

pheochromocytoma (a H&E; b CD163). From left to right, both panels
show zona fasciculata, zona reticularis, a small amount of normal adrenal
medulla, and pheochromocytoma. Only occasional scattered monocytes
similar to those in Fig. 1 are present in the tumor, while numerous
monocytes and macrophages have accumulated in the normal tissue
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correlation with anatomic tumor location. However, the band
intensity was least in tumors associated with germline NF/
and MEN2A mutations and tended to be highest in those with
SDH mutations (Fig. 5).

Discussion

To our knowledge, this brief report is the first to demonstrate
that a substantial population of cells of monocyte/macrophage
lineage is consistently present in pheochromocytomas and
paragangliomas. This observation is potentially important
for several reasons. First, in the era of sensitive multi-omic
tumor profiling [9], the contributions of different populations
of normal and neoplastic cells within a given tumor must be
resolved. Second, because monocytes in PCC/PGL may
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Fig. 4 PGL showing a CD163-positive macrophage (thick arrow, at left)
in an uncommon area of lymphocytic inflammation. The cell size and
nuclear size of the macrophage are greater than those of the small CD163-
positive monocytes with slender processes (thin arrows) present
throughout the tumor. Original magnification x 200. Bar =100 pm
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Fig. 5 Immunoblot confirming the presence of CD163 in five
representative PCC and four extra-adrenal PGL (CB, carotid body; Ex,
extra-adrenal abdominal). CD163 is readily detectable in all of the
tumors, regardless of genotype, but there is marked intertumoral
variation. Lane 1 represents the tumor stained immunohistochemically
in Fig. 2

resemble sustentacular cells in shape and topographical distri-
bution, possibly explaining why they have not been previous-
ly noticed, care must be taken to not mistake the two cell types
in immunohistochemical stains, e.g., for SDHB or SDHA
[10]. Finally, and perhaps most importantly, intratumoral
monocytes represent a reserve of potential antigen-
presenting cells [11] that might suggest new approaches to
immunotherapy. Although PCC/PGL have an extremely low
mutational burden [9], and therefore low immunogenicity, im-
munotherapy has been considered as a potential treatment for
patients with metastases from these tumors, and a clinical trial
(No. 2015-0948) of the PD-1 (programmed cell death protein
1) inhibitor pembrolizumab is currently open to patients.

Because of intratumoral heterogeneity and the small sam-
ple size in this study, we were not able to ascertain whether
there are meaningful differences in monocyte content or ratio
of monocytes to sustentacular cells between PCC/PGL from
various anatomic locations using differential cell counts. Nor
were we able to establish correlations with patients’ age, sex,
or genotype. These questions, especially the influence of ge-
notype, require further investigation. The number of heredi-
tary cases in this study was smaller than expected, probably
because of incomplete testing of older cases represented in the
microarray. However, an intriguing finding related to geno-
type was that three of the four tumors with mutations of genes
encoding succinate dehydrogenase subunits showed the
highest levels of CD163 on an immunoblot. While this finding
is of unclear significance because of small sample size and
requires extensive confirmatory study, it is highly consistent
with the recent discovery that inhibition of succinate dehydro-
genase, which constitutes mitochondrial complex 11, facilitates
hypoxic gene expression in monocytes [12]. Further, “meta-
bolic rewiring” of monocytes, with increased synthesis of suc-
cinate, takes place during the deactivation of monocytes re-
covering from a response to sepsis [13]. These metabolic pro-
cesses may hold clues to the utilization of resident monocytes
in treatment strategies.
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