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Abstract
Background: Cancer stem cells (CSC) may respond to chemotherapy differently from other tumor cells.

Methods: This study examined the expression of the putative cancer stem cell markers ALDH1, CD44, and CD133;
the angiogenesis marker CD31; and the macrophage marker CD68 in soft tissue sarcomas (STS) before and after 4
cycles of chemotherapy with doxorubicin and ifosfamide in 31 patients with high-grade soft tissue sarcoma in a
prospective clinical trial.

Results: None of the markers clearly identified CSCs in STS samples. Macrophages represented a prominent com-
ponent in viable tumor areas in pre-treatment STS biopsies, ranging from <5 to > 50%. Furthermore, macrophages
expressed CD44 and ALDH1. Macrophage density correlated with baseline maximum standardized uptake value
(SUVmax) on fluoro-deoxyglucose positron emission tomography (PET) imaging. Pre-chemotherapy CD68 staining
correlated positively with the baseline SUVmax, and negatively with the percent of viable tumor cells in post-chemo-
therapy resection samples. In particular, cases with more CD68-positive cells at biopsy had fewer viable tumor cells at
resection, suggesting a better response to chemotherapy.

Conclusions: In conclusion, ALDH1, CD44, and CD133 are not likely to be useful markers of CSCs in STS. However, our
observation of infiltrating macrophages in STS specimens indicates that these immune cells may contribute signifi-
cantly to STS biology and response to chemotherapy, and could provide a potential target of therapy. Future studies
should investigate macrophage contribution to STS pathophysiology by cytokine signaling.
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Background

The response of soft tissue sarcoma (STS) to chemother-
apy and long-term outcome are difficult to predict, and
most patients with metastatic disease die from disease.
Most tumors are composed of a population of tumor cells
capable of continued cell division, commonly termed
cancer stem cells (CSC) [1, 2], and a population of tumor
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cells that have undergone changes such that they no
longer have the capacity to divide and form new cells
capable of further cell division. Various normal host cells
are also present.

The idea of directing treatment against CSCs has long
been discussed [1, 3, 4], and was supported by the clas-
sic studies of Skipper et al. in the 1960s in which tumori-
genic cells could also be termed CSCs [5]; to cure cancer,
it is thought that all CSCs must be eliminated. Clini-
cal trials suggest a role for CSCs in some solid tumors.
ALDH]1, CD44, and CD133 are among the putative CSC
markers described [6—11]. In some cases the proportion

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-019-1883-6&domain=pdf

Skubitz et al. J Trans| Med (2019) 17:130

of ALDH1+ cells has been reported to increase in breast
cancer patients receiving neoadjuvant chemotherapy [6,
9]; in one study, those patients whose post-chemother-
apy tumors showed an increase in ALDH1 4 tumor cells
had shorter disease-free survival than other patients
[6]. However, the utility of ALDH1 as a marker of CSCs
is not clear in some solid tumors, such as ovarian can-
cer; in fact, gene expression studies have reported that
ALDHI1A1 expression was up-regulated in normal ovary,
benign ovarian tumors, and borderline ovarian carci-
nomas as compared with high-grade malignant ovarian
carcinoma [12-14]. CD133 has been suggested as a CSC
marker in a number of tumors (reviewed in [11]), and
high expression has been correlated with poor overall
survival in embryonal rhabdomyosarcoma [11]. However,
the role of CSCs in STS biology and treatment response
is poorly understood.

Like G, cells that are not replicating, CSCs may be more
resistant to chemotherapy than other cells in the tumor.
We hypothesized that in patients with STS treated with
chemotherapy and surgery, the number of CSCs in the
residual tumor would predict treatment outcomes. We
recently completed a prospective clinical trial designed
to examine the utility of fluoro-deoxyglucose positron
emission tomography combined with computerized axial
tomography (FDG PET-CT) imaging to predict response
to chemotherapy in STS [15]. This trial examined PET
imaging characteristics and histopathology before and
after pre-operative chemotherapy with doxorubicin and
ifosfamide in 69 patients with STS.

In the present study, we used immunohistochemistry
(IHC) to detect biomarkers of CSCs in tumor samples
before and after pre-operative chemotherapy. We exam-
ined the expression of three markers (ALDH1, CD44, and
CD133) previously described as markers of CSCs [6-11,
16]. In addition, we quantified the expression of CD31,
an endothelial marker of angiogenesis [17, 18], to deter-
mine whether angiogenesis predicts treatment resistance.
We observed that CD44 and ALDH1 were also expressed
by macrophages, and we therefore conducted IHC stud-
ies using CD68 to specifically identify the proportion of
tumor macrophages. Macrophages were found to repre-
sent an unexpectedly prominent component in many of
the STS cases. Macrophages have many functions and
can secrete a variety of cytokines capable of paracrine
signaling and could play an important role in STS biology.

Methods

Study design

The study was approved by the University of Minne-
sota IRB. Thirty-one patient samples were collected
before chemotherapy by biopsy and after chemotherapy
at the time of primary excision, during our prospective
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clinical trial of PET imaging in STS [15] (Additional file 1:
Table S1). Samples were obtained from 2006 to 2014 from
patients > 16 years old with high-grade (FNCLCC grade
3) STS of the extremities or body wall whose tumors
were greater than 5 cm in maximum diameter. Patients
received pre-operative chemotherapy followed by wide
surgical excision of their tumor and subsequent external
beam radiation; the goal of the clinical trial was to corre-
late treatment response with early PET changes [15]. The
preferred chemotherapy regimen was pegylated-liposo-
mal doxorubicin (PLD) at 45 mg/m? intravenously (IV)
on day 1 every 28 days, with ifosfamide given by con-
tinuous intravenous infusion (CIVI) at 1.5 g/m?*/day for
6 days (total dose over 6 days of 9 g/m?), in conjunction
with mesna 1.5 g/m?/day for 7 days [19]. In some early
cases, free doxorubicin was used because of insurance
restrictions at a dose of 9.3 mg/m?/day by continuous
IV infusion over 7 days (total dose over 7 days of 65 mg/
m?). For both the PLD and free doxorubicin regimens,
granulocyte colony stimulating factor (G-CSF) was used
prophylactically. FDG PET-CT was performed at base-
line before chemotherapy and after cycle 4 immediately
before wide surgical excision of the tumor as previously
described [15]. External beam radiation was adminis-
tered to patients after wide surgical excision, and patients
were then followed for recurrence.

Immunohistochemistry

IHC was performed using standard techniques follow-
ing the manufacturer’s instructions with antibodies to
ALDHI1 (BD Clone 44, BD Transduction Laboratories)
and CD133 (clone 7, kindly provided by Dr. John Ohlfest,
University of Minnesota). IHC for CD31, CD44, and
CD68 was performed by a CLIA-certified laboratory
(University Hospital, Minneapolis) using the antibod-
ies JC70 (CD31) (Santa Cruz Biotechnology), DF1485
(CD44, Santa Cruz Biotechnology), and KP-1 (CD68)
(Santa Cruz Biotechnology). Stained slides were reviewed
by a pathologist with expertise in sarcomas (JDW). For
CD31, staining was scored on a scale of 0-3 (reflecting
vessel density). For CD68, staining was scored at 100x
magnification as the percent of cells, including stroma,
that were positive: 0-5%,>5-25%,>25-50%, >50-75
%, or>75%. For CD133, staining was scored as the per-
cent of tumor cells positive, on a scale of 0, 1-33% posi-
tive (score 1), 34—66% positive (score 2), or >67% positive
(score 3). Colon was used as a positive control for CD133
expression. For ALDH1 and CD44, staining was scored
both as a percent of tumor cells positive on a scale of
0, 1-33% positive (score 1), 34—66% positive (score 2),
or >67% positive (score 3) and also for intensity of stain-
ingas0,1,2,or3.
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Fig. 1 Representative staining intensity scores for CD133 at x200.

a Case 19, pre-treatment biopsy, score 1; b case 19, post-treatment
resection, score 0; ¢ case 10, pre-treatment biopsy, score 3; d case
10, post-treatment resection area with retained spindle cells, score 1;
e case 10, post treatment resection area with more epithelioid and
multinucleate tumor cells, score 0. Higher magnification inserts are
shown in the bottom right of each panel

Histologic grading

Grading of percent necrosis was performed by assessing
the percentage of viable tumor and percentage of non-
viable tumor; the latter specifically addressed the extent
of necrosis, fibrosis, hemorrhage, and cystic change, each
in percentages. This assessment was obtained by cor-
relating the gross features and the histologic sections.
In addition, each case was assigned a specific histologic
diagnosis and histologic grade according to the NCI
system and the FNCLCC system. Histologic response
percentage was defined as 100 — percentage of viable
remaining tumor.

Statistical methods

Due to the ordinal ranking of the CSC markers, non-
parametric Spearman rank correlation coefficients were
used to measure their association with quantitative clini-
cal outcomes, including baseline SUVmax, post-chem-
otherapy SUVmax, percent change in SUVmax, percent
of viable tumor cells and change in tumor size. Correla-
tions greater than 0.3 or less than — 0.3 were considered
to be of interest and were reported in the results. In most
cases, the corresponding p-values reached a level of sta-
tistical significance of less than 0.1, except where the
sample size was very low. The non-parametric Wilcoxon
rank sum test compared the two groups defined by syno-
vial sarcoma vs. all others, and by alive vs. dead based on
the follow-up time post-surgery up to 9.4 years. p-values
less than 0.1 were determined to be statistically signifi-
cant for these two-sample tests.

Results

Stem cell markers in STS

Staining of CD133, ALDH1, CD44, CD31, and CD68
was available in up to 30 pre-chemotherapy biopsy sam-
ples and up to 28 post-chemotherapy resection sam-
ples (Additional file 1: Table S1 and Additional file 2:
Table S2).

CD133 expression was detected in only 2 of the 25 pre-
chemotherapy biopsy samples (cases 10 and 19, Addi-
tional file 2: Table S2), with representative images shown
in Fig. 1. In case 10 at baseline, 66—100% of tumor cells
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were positive at a score of 1, while 33% of the tumor cells
had a score of 3; after chemotherapy 33% had a score of 1,
but only in the cells that retained spindle characteristics.

ALDH1 staining was observed in 11 of the 30 pre-treat-
ment samples and was generally similar in pre- and post-
chemotherapy specimens (Additional file 2: Table S2).
In 1 synovial sarcoma, only cells with epithelioid mor-
phology were positive, while the spindle cell compo-
nent was negative. ALDH1 expression in tumor cells
ranged from O (Fig. 2B-D) to prominent staining (score
3). Of the 14 evaluable paired cases after chemotherapy,
ALDHI expression scores in tumor cells increased in
4, were unchanged in 7, and decreased in 3 (Additional
file 2: Table S2). In addition to staining some tumor cells,
ALDHI1 was also found to be prominently expressed in
macrophages, as has been reported [20—22] (Fig. 2A).

CD44 staining of tumor cells was seen in 26 of 30 pre-
chemotherapy samples. Tumor cell expression of CD44
ranged from no expression (Fig. 3A) to strong expres-
sion (Fig. 3C, D). CD44 expression increased in tumor
cells after chemotherapy in 7 cases, was unchanged in 15
cases, and decreased in 2 cases of the 24 evaluable paired
cases. CD44, like ALDH]1, also stained macrophages, as
expected [23, 24] and can be seen in Fig. 3A.

Macrophage infiltration in STS tumors

As described above, significant staining of macrophages
for both CD44 and ALDH1 was observed, as has been
reported [20, 22-24], and macrophage infiltration of
the tumors was more prominent than expected. We
therefore performed IHC with CD68 to better quantify
the degree of macrophage infiltration of tumor speci-
mens. Some areas had more macrophages than others,
and there were more macrophages in areas of tumor
necrosis. We quantified CD68 positivity in both viable
and necrotic regions of pre-chemotherapy biopsy speci-
mens and post-chemotherapy resection specimens, and
confirmed that the density of macrophages was greater,
and often markedly so, in necrotic areas (not shown).
Staining for CD68 was scored as the percent of all cells,
including stromal cells and macrophages, that were posi-
tive. A representative image showing 25-50% staining is
shown in Fig. 4. In general, necrotic regions contained
75—-100% CD68 + macrophages in both the pre-and post-
chemotherapy specimens. In some cases, nearly 100%
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of the remaining cells in necrotic areas after chemo-
therapy were macrophages. Since macrophages could be
recruited to the tumor both by factors actively secreted
by tumor cells, and also by the products of necrosis, it
was not surprising to find many macrophages in necrotic
regions. Subsequent detailed analyses of CD68-positive
cells were performed only on viable regions of tumor.

Macrophages comprised from<5% to, in some cases,
50-75% of cells present in viable regions of the tumor in
the 29 paired pre-chemotherapy biopsy specimens. Only
4 of the 29 evaluable samples had 0-5% macrophages
(2 synovial sarcoma, 1 leiomyosarcoma, and 1 malig-
nant peripheral nerve sheath tumor), 9 had 5-25% mac-
rophages (5 UPS, 2 synovial sarcoma, 1 fibrosarcoma, 1
spindle cell sarcoma), and 11 had 25-50% macrophages
(7 UPS, 1 synovial sarcoma, 1 fibrosarcoma, 2 dediffer-
entiated liposarcoma), while 4 tumors were composed of
50-75% macrophages (4 UPS) in the pre-chemotherapy
viable tumor (Additional file 2: Table S2). Thus, mac-
rophage infiltration was most prominent in UPS. After
treatment, the number of macrophages in viable tumor
areas increased in some cases and decreased in others
without a clear pattern (Additional file 2: Table S2). Mac-
rophage density in pre- and post-chemotherapy tumor
specimens was variable but prominent in many samples
(Additional file 2: Table S2).

CD31 staining for angiogenesis in STS tumors

We also evaluated angiogenesis by IHC staining for the
endothelial marker CD31. CD31 staining was detected in
all 28 of the pre-treatment specimens and was generally
similar in the 20 paired pre-and post-chemotherapy spec-
imens evaluated (Additional file 2: Table S2). CD31 stain-
ing increased in 5 cases, remained the same in 14 cases,
and decreased in 1 case (Additional file 2: Table S2). Rep-
resentative staining for CD31, reflecting vessel density, is
shown in Fig. 5.

Correlation of IHC and outcomes

Possible associations between IHC staining and out-
comes from our prospective PET imaging study [15] were
examined. Specifically, baseline and post-chemotherapy
ALDH1 (% positive and intensity), CD44 (% positive
and intensity), CD133, CD31, and CD68 were tested for
correlation with baseline (pre-chemotherapy) SUVmax,

(See figure on next page.)

Fig. 2 Representative staining intensity scores for ALHD1. A Macrophage staining at x400. B (x400), case 4, pretreatment biopsy, score 0. C, D Case
5, pretreatment biopsy, scores O (stained cells are macrophages). E (x 100) and F (x400), case 4, post treatment, score 1 for percent of tumor cells
positive/score 2 for staining intensity of tumor cells (few to no macrophages are present). G (x200), case 16 pretreatment biopsy, score 0; H (x 200),
case 16 post treatment resection, score 1 for percent of tumor cells positive/2 for staining intensity. I (x400), case 20 pretreatment biopsy, score 1
for percent of tumor cells positive/1 for staining intensity; J (x400), case 20 post-treatment resection, score 1 for percent of tumor cells positive/3
for staining intensity. Higher magnification inserts are shown in the bottom right of A and B
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resection, score > 25-50% of cells positive. The stained cells are macrophages, while the tumor cells exhibit faint background staining
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post-chemotherapy SUVmax, % change in SUVmax,
diagnosis (synovial vs other), survival, percent viable cells
post-chemotherapy, and change in tumor size (Table 1).
Correlations between CD31 and CD68 were also tested.
For CD133, there were too few non-zero values for sta-
tistical analysis. However, both cases that showed CD133

staining at baseline demonstrated excellent chemother-
apy effect based on tumor cell viability.

ALDH1 did not correlate strongly with the meas-
ured outcomes, although some correlations were found
(Table 1). For example, post-treatment ALDH1 staining
intensity correlated positively with the change in tumor
size; i.e., more intense ALDHI staining correlated with
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Fig. 5 Representative staining intensity scores for CD31 at x 100. A
Score 1; B score 2; C score 3

tumor growth, and pre-chemotherapy ALDHI stain-
ing intensity correlated weakly negatively with sur-
vival; specifically, those who died had a lower intensity
of ALDHI1 staining. The percent of pre-chemotherapy
ALDH1-positive cells did not correlate with any end-
points in the analysis. The percent of post-treatment
ALDH1-positive cells was weakly positively correlated
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with the percent of viable tumor cells and with change
in tumor size. In other words, tumor growth tended to
be higher in tumors with more ALDH1-positive cells.

The percent of pre-chemotherapy CD44-positive
cells was positively correlated with post-chemotherapy
SUVmax. The percent of post-treatment CD44-positive
cells was positively correlated with baseline SUVmax
and post-treatment SUVmax; and negatively correlated
with tumor size. Synovial sarcomas had a lower percent
of both pre-chemotherapy and post-treatment CD44-
positive cells than the other sarcomas.

Pre-treatment CD44 staining intensity was positively
correlated with baseline SUVmax and post-treatment
SUVmax. Pre-chemotherapy synovial sarcomas had
lower CD44 staining intensity than other sarcomas. Post-
treatment CD44 staining intensity was positively cor-
related with baseline SUVmax and negatively correlated
with change in tumor size.

Pre-chemotherapy CD68 staining correlated positively
with baseline SUVmax, and negatively with the percent
of viable tumor cells in post-chemotherapy resection
samples. In other words, cases with more CD68+ cells
at biopsy had fewer viable tumor cells at resection, sug-
gesting a better response to chemotherapy. Synovial sar-
comas had lower CD68 staining when compared with all
other diagnoses.

Post-treatment CD68 staining correlated positively
with baseline SUVmax and post-treatment SUVmax
(pre-operative SUVmax), and correlated negatively with
the percent of viable tumor cells in the resection speci-
men. Synovial sarcomas had lower CD68 staining than
other sarcomas.

Baseline (pre-chemotherapy) CD31 staining was nega-
tively correlated with post-chemotherapy SUVmax, and
positively correlated with the percent change in SUVmax
from baseline; in other words, a lower CD31 at baseline
correlated with a smaller drop in SUV from pre-chemo-
therapy to post-chemotherapy. Baseline CD31 also cor-
related positively with change in tumor size (i.e., more
tumor growth and higher baseline CD31). Post-treatment
CD31 staining correlated positively with change in SUV-
max and change in tumor size. Baseline CD31 did not
correlate with baseline or post-chemotherapy CD68.

Changes in marker staining after chemotherapy

Correlations of the changes in expression of the mark-
ers examined between pre- and post-chemotherapy
specimens are shown in Table 1. The post- minus
pre-chemotherapy for ALDHI1-positive cells was
weakly positively correlated with change in tumor
size, such that an increase in ALDH1 positive cells
was associated with an increase in tumor size. The
post- minus pre-chemotherapy increase in ALDHI1
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Table 1 Correlations between IHC markers and tumor characteristics and survival
Baseline Post-chemo % change Synovial vs % viable cells Changein tumor  Survival
SUVmax SUVmax in SUVmax other? post-chemo size
Baseline IHC
ALDH1% positive, No No No No No No No
n=30
ALDH intensity, No No No No No No Higher in alive,
n=30 p=0.100
CD44% positive, No R=0.46, No Lowerin SS No No No
n=30 p=0.014 p=0.005
CD44 intensity, R=0.36, R=0.36, No Lowerin SS No No No
n=30 p=0.048 p=0.057 p=0.073
CD68% positive, R=0.38, No No Lowerin SS R=-0.37, No No
n=28 p=0.044 p=0.058 p=0.051
CD31% positive, No R=-0.39, R=045, No R=-0.30, R=-0.55, No
n=27 p=0.051 p=0.022 p=0.126 p=0.004
Post-chemotherapy IHC
ALDH1% positive, No No No No R=032,p=0260 R=041,p=0.166 No
n=14
ALDH intensity, No No No No R=039,p=0.168 R=054,p=0055 No
n=14
CD44% positive, R=0.34, R=0.44, No Lower in SS, No R=-0.39, No
n=24 p=0.101 p=0.043 p=0.010 p=0.073
CD44 intensity, R=0.50, No No No No R=-042, No
n=24 p=0.013 p=0.049
CD68% positive, R=0.36, R=0.34, No Lower in SS, R=-044, No No
n=26 p=0.068 p=0.105 p=0.004 p=0.023
CD31% positive, No R=-0.30, R=0.38, No No R=0.46,p=0.036 No
n=22 p=0.197 p=0.096
Change for post- minus pre-chemotherapy IHC
ALDH1% positive, No No No No No R=038,p=0.199 No
n=14
ALDHT1 intensity, ~ No No No No R=031,p=0285 R=048,p=0098 No
n=14
CD44% positive, No No No No No No No
n=24
CD44 intensity, No R=-040, No Higher in SS, No No No
n=24 p=0.066 p=0.050
CD68% positive, No No No Lower in SS, No No No
n=24 p=0.046
CD31% positive, No No R=-0.35, No No No No
n=20 p=0.155

A“no"value indicates no association as defined by an R value > —0.03 and < 0.3; SS

@ Synovial sarcoma

staining intensity was positively correlated with per-
cent of viable tumor cells in the resection specimen
and change in tumor size. Change in the percent of
CD44-positive cells showed no correlation with meas-
ured outcomes. Post-minus pre-treatment increase in
CD44 staining intensity was negatively correlated with
post-treatment SUVmax, and was higher in synovial
sarcomas than the other diagnoses. Post- minus pre-
chemotherapy increase in CD31 staining was nega-
tively correlated with the percent increase in SUVmax.

Post— minus pre-treatment CD68 staining scores were
lower in synovial sarcomas than other sarcomas. There
was no correlation between the baseline or post-treat-
ment CD31 and CD68.

Discussion

CSCs have been extensively studied in many cancers [1,
2, 6-14, 16, 25-38], with ALHD1, CD44, and CD133
among the most investigated CSC markers [39, 40]. Stud-
ies using flow cytometry or IHC have reported that CSC
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comprise from 0.1 to 20% of cells in some tumors [39].
Our study examined ALHD1, CD44, and CD133 expres-
sion before and after preoperative chemotherapy in a
cohort of STS cases enrolled on a prospective clinical
trial to assess whether FDG PET-CT imaging predicts
response to neoadjuvant PLD and ifosfamide [15]. Our
results did not support the initial hypothesis that IHC
staining for ALHD1, CD44, and CD133 would detect
significant changes in CSC between pre-and post-treat-
ment STS samples. Detection of CSCs with ALDH1 and
CD44 was not straightforward because tumor-infiltrating
macrophages were often a prominent component of the
tumor and they also expressed CD44 and ALDH1.

The concept of CSCs is further complicated in that
CSCs and non-CSCs are not necessarily “hardwired”;
in some cases, non-CSCs may become CSCs, and CSCs
may convert to non-CSCs [1]. In addition, while CSCs do
not have to be resting or GO cells [1], if “non-CSCs” were
more resistant to a treatment when in GO phase, they
might functionally appear as “true CSCs”

In many systems, the inflammatory response may have
a dramatic effect on tumor growth [41-43]. In our study,
CD68-positive macrophages were found to represent
a prominent component of the viable tumor regions of
many of the STS cases. Macrophages express CD44 [23,
24, 44], and inflammation up-regulates ALDH1 expres-
sion in some macrophages [22]. Our finding of many
macrophages in the necrotic tumor regions was not sur-
prising, as monocyte-derived macrophages can sense
multiple signals reflecting tumors and rapidly accumu-
late in inflamed tissue (reviewed in [45] and [46]). Tumor
associated macrophages (TAMs) exist on a spectrum,
from a pro-inflammatory M1 to a pro-tumor M2 state
and are not static [45, 47, 48]. For example, macrophages
can vary in phenotype from producing growth-inhibiting
nitric oxide to growth-promoting ornithine, both derived
from arginine via inducible nitric oxide synthase or argi-
nase, respectively [49]. CSF1 recruits macrophages,
and a “CSF response signature” was seen in a subset of
breast cancer that was associated with higher grade and
decreased estrogen receptor expression [50]. There-
fore, macrophages could play an important role in STS
biology.

Macrophages in sarcomas

Many characteristics of tumors are derived in varying
degrees from infiltrating normal host cells, either stro-
mal or blood-derived. Chronic inflammation has been
linked to cancer development since the time of Virchow
[48, 51], and tumors have been described as “wounds that
do not heal” [52]; normal infiltrating inflammatory cells,
including TAMs and even myofibroblasts, could contrib-
ute to tumor growth (reviewed in [18, 53-55]). In fact,
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infiltration of tumors by macrophages, in some cases rep-
resenting 50% of the cells in the tumor, was recognized
by Virchow in the nineteenth century, terming them
lymphoreticular cells [2, 51]. In some tumors, the num-
ber and/or distribution of TAMs correlated with progno-
sis [56]. While lymphocytes were sometimes seen in the
samples, there was no clear correlation with macrophage
density.

Macrophage infiltration of STS has been previ-
ously reported [57-62], and CD68 expression has been
reported to have prognostic significance in leiomyosar-
coma [58, 59]; in addition, some leiomyosarcoma cells
were shown to produce M-CSF in vitro. Prominent infil-
tration of many STS tumors was also recently reported
in a phase II trial of PD-1 inhibition [62]. Thus, the
prominent macrophage infiltrate of many sarcomas sug-
gests a potential role for targeting tumor macrophages
in some sarcomas, as has been suggested in some other
tumors [18, 58—61, 63]. In our study, both pre- treatment
and post-treatment CD68 staining in viable tumor cor-
related positively with the baseline SUVmax and nega-
tively with percent viable tumor cells at resection (after
chemotherapy). Post-treatment CD68 staining also cor-
related weakly positively with the post-treatment SUV-
max. While the negative correlation of post-treatment
CD68 staining with percent viable tumor cells in the
resection specimen could reflect a treatment effect, the
negative correlation of the pre-treatment CD68 staining
with percent viable tumor cells after chemotherapy fur-
ther suggests that infiltrating macrophages may play an
important role in STS biology.

The role of paracrine signaling in tumors is dramati-
cally evident in giant cell tumor of bone where RANKL
secretion by tumor cells recruits normal osteoclasts to
the tumor from circulating precursors [64]. Elimina-
tion of osteoclasts by a monoclonal antibody to RANKL
results in dramatic effects on the neoplastic tumor cells
as well, with associated clinical benefit, presumably by
eliminating factors produced by the osteoclasts that are
beneficial for growth and maintenance of the tumor phe-
notype of the neoplastic cells [64—66]. Analogous to these
observations, interfering with signaling from CSF1 pro-
duced by the tumor cells in pigmented villonodular syno-
vitis can markedly decrease macrophage infiltration and
have striking beneficial effects [67-69]. TAM infiltration
in some other sarcomas could possibly affect tumor cell
biology in a similar manner, and targeting macrophages
has shown anti-tumor activity in a model of leiomyosar-
coma [70-72]. Thus, it is possible that infiltrating CD68
positive macrophages in some STS could produce fac-
tors that have a trophic effect on the tumor cells, and that
chemotherapy effects on these macrophages could result
in less production of tumor supporting factors. Another
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possibility could reflect primary damage to the tumor
resulting in new antigens then recognized by the mac-
rophages resulting in augmented immune destruction.

Similarly, TAMs and other stromal cells may be
involved in a variety of processes critical to tumor devel-
opment including immuno-suppression, angiogenesis,
invasion, metastasis, response to chemotherapy and
radiation therapy (reviewed in [73, 74]), and macrophage
content has been correlated with prognosis in several
cancers [73]. For example, TAMs could contribute to
tumor growth by several mechanisms, including releas-
ing factors that promote tumor cell growth and inhibiting
the immune response to the tumor (reviewed in [54]).

Macrophages can secrete a variety of cytokines capa-
ble of paracrine signaling and potentially affecting tumor
biology [75]; one study suggested that CSF-1 produc-
tion with macrophage infiltration may promote neovas-
cularization [72], and angiogenesis plays an important
role in tumor growth [17]. In our study, CD31 staining
was similar before and after chemotherapy in most cases
evaluated. Pre-treatment CD31 staining was negatively
correlated with post-chemotherapy SUVmax and weakly
with percent viable tumor cells in the resection specimen,
and it was positively correlated with change in tumor size
(i.e., more tumor growth and higher baseline CD31).

In addition to the possible effects of inflammatory
cells in the tumor microenvironment on tumor growth
and angiogenesis, tumor macrophages may influence
response to chemotherapy [56, 61, 76—78]. Depending on
the model, depletion of TAMs increased or decreased the
efficacy of chemotherapy [73]. In fact, there is evidence
that some of the anti-tumor effects of trabectedin may be
related to a reduction in inflammatory mediator produc-
tion by tumor cells and by reducing infiltrating inflam-
matory cells such as macrophages [76-78].

The presence of large numbers of macrophages in
some tumors also raises the question of their role in the
findings of our study correlating changes in PET scan
measurements after chemotherapy with outcome [15].
The positive correlation of both pre-and post-treatment
CD68 staining with the pre- and post-treatment SUV-
max, respectively, suggests that intra-tumor macrophages
may contribute significantly to the observed SUVmax on
PET imaging in some cases. An analogous case occurs in
giant cell tumor of bone, where normal osteoclasts are
recruited by RANKL secreted by tumor cells [64, 79];
osteoclasts contain large amounts of H+ transporting
ATPase and may avidly take up FDG [80, 81]. PET activ-
ity falls rapidly following treatment with denosumab, an
antibody to RANKL, which may reflect the change in
energy use by osteoclasts rather than reflecting a change
in activity of neoplastic cells [79]. Similarly, FDG uptake
by tumor macrophages may play a role in changes in
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PET activity in some sarcomas and other solid tumors,
and this may contribute to less correlation between
PET findings and pathologic findings of tumor viability.
This possibility is supported by the positive correlation
between CD68 staining and SUVmax in both the pre-and
post-chemotherapy specimens. Macrophage infiltration
also may have a significant effect on tumor volume and
thereby contribute to traditional measures of tumor size
and response to therapy such as RECIST.

Cancer stem cells in sarcomas

Our findings suggest that while CD133, ALDH1, and
CD44 may be useful markers of CSC in epithelial tumors,
their clinical utility in STS seems limited. CD133 was
reported to be expressed in synovial sarcoma [36], where
CD133 expression was found in 5/5 tumor samples and
3/3 cell lines with the percentage of cells expressing
CD133 ranging from~2 to~20%. A recent study found
that a CD133+ subpopulation of a synovial sarcoma cell
line had several CSC properties, including self-renewal
and resistance to chemotherapy [32]. CD133 expres-
sion has also been reported in other sarcomas [35, 37],
and correlated with lung metastases and poor prognosis
in osteosarcoma [82], and poor survival in embryonal
rhabdomyosarcoma [11]. In the current study, no CD133
staining was observed in 5 synovial sarcomas. While only
2 STS cases in the current study stained for CD133, the
changes in CD133 staining following chemotherapy were
compatible with a decrease in “stemness” after treatment.

ALDH1 has been proposed to be a marker of both nor-
mal and cancer stem cells, and expression in breast can-
cer has been correlated with survival in some studies [6].
However, the utility of ALDHI as a marker of CSCs is not
clear in some solid tumors such as ovarian cancer [12—
14]. Liu et al. found ALDH1 expression in~1% of cells
in the synovial sarcoma cell line SW982 [32]. In the cur-
rent study, ALDH1 staining of tumor cells was detected
in 11 of 30 pre-treatment biopsy samples and was similar
before and after chemotherapy in half of the cases, while
in some cases staining was higher and in some lower.
Overall, patients whose pre-treatment ALDHI1 stain-
ing intensity was high had worse survival outcomes, and
patients whose post-treatment ALDH1 staining intensity
was high had increased tumor growth; however, these
correlations were weak. Thus, ALDH1 expression does
not seem to be a useful marker of CSC in STS.

CD44 has been described as a marker of CSC in some
carcinomas [6, 8]. In our study, CD44 expression was
detected in tumor cells in 26 of 30 pre-treatment sam-
ples and was similar before and after chemotherapy. As
with ALDH1, CD44 does not appear to be a useful CSC
marker in STS.
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Conclusions

We conclude that CD133, CD44, and ALDHI1 are not
likely to be clinically useful markers of CSC in STS. In
addition, ALDH1 and CD44 were strongly expressed
by macrophages, which commonly infiltrate tumors. In
some cases, prominent macrophage infiltration of the
tumor was observed. These macrophages may play an
important role in tumor biology and response to chemo-
therapy. Our results further support the suggestion of
macrophage targeting agents in selected STS, possibly
before the use of other chemotherapy or immunother-
apy. In addition, infiltrating macrophages may contribute
significantly to the observed results of our PET imaging
study [15]. Synovial sarcomas exhibited lower CD68 and
CD44 staining, and less macrophage infiltration than the
other sarcomas in our study.
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