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Introduction

Impressive clinical responses observed in cancer patients treated with checkpoint-specific
monoclonal antibodies (mAbs) have restored immunologists’ confidence in the ability of
a patient’s immune system to recognize malignant cells and to eliminate them (1,2).

More importantly, these clinical findings have convinced clinical oncologists, even the
most skeptical ones, that T cell-based immunotherapy is an effective strategy to treat
malignant diseases. As a result, this type of immune therapy is widely used either alone

or in combination with chemotherapy, radiotherapy and/or various immune modulators for
the treatment of patients with various malignant diseases. However, many cancer patients
fail to respond to therapy with checkpoint-specific mAbs (3). While the mechanisms of
this resistance to immune therapies are not understood, there is a growing awareness that
the escape mechanisms cancer cells use to avoid recognition and destruction by the host
immune system represent a major obstacle to successful immunotherapy. Multiple escape
mechanisms used by tumors have been identified and characterized in the course of recent
years. They include: i) defective or lack of recognition of tumor cells by the host immune
system because of abnormalities in the expression and/or function of HLA class | antigen
processing machinery. The latter plays a crucial role in the synthesis and expression of
HLA class | molecule and tumor antigen-derived peptide complexes, which mediate the
interactions between cancer cells and cognate cytotoxic T cells (4,5); ii) immunosuppressive
agents, whether cellular or soluble, in the tumor microenvironment (TME), which inhibit
the development of a tumor antigen-specific immune responses and/or the anti-tumor
activity of tumor antigen-specific cytotoxic T cells. The immunoinhibitory characteristics
of the TME have been well documented in the literature (6,7); iii) the presence in cancer
patients of dysfunctional or exhausted effector T cells, which are sensitive to apoptosis
and are defective or completely unable to exercise anti-tumor activities (8); iv) enrichment
in lymphoid- or myeloid-derived regulatory cells (Tregs and myeloid-derived suppressor
cells (MDSC), respectively) in the TME and in the periphery of patients with cancer
(9,10); v) up-regulated expression of various inhibitory receptors on immune cells and

of complementary immunosuppressive ligands on tumor cells (e.g., PD1/PD-L1), favoring
checkpoint inhibition of immune responses (11); and vi) presence of metabolic checkpoints
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in tumor cells, such as glucose depravation, essential amino acid depravation or hypoxia,
which interfere with functions of immune cells in the TME (12).

Emerging evidence indicates that tumor cell-derived exosomes, a subpopulation of small
extracellular vesicles (EVs), are an additional key player in the escape of tumor cells from
immune surveillance (13). Exosomes are produced by both normal and malignant cells,

but tumor cells produce them in excess (13). Exosomes circulate freely in body fluids,
contain bioactive cargoes including proteins, lipids and nucleic acids and deliver their cargos
to distant or near recipient cells. In this paper, we will describe: (i) the characteristics

of melanoma cell-derived exosomes (MTEX) separated by immunoaffinity capture from
exosomes produced by non-malignant cells (honMTEX); (ii) the characteristics of the tumor
antigen, chondroitin sulphate proteoglycan 4 (CSPG4) (14,15), which we use as a target to
separate MTEX from nonMTEX; and (iii) the evidence supporting the role MTEX play in
immune suppression in melanoma.

Characteristics of melanoma cell-derived exosomes (MTEX)

Like other types of cancer cells, melanoma cells produce and release into body fluids
various types of EVs. Exosomes are small EVs ranging in size from 30-150nm which
differ from other EVs by a unique biogenesis (16). Exosomes are formed in the endocytic
compartment of parent cells by a vesiculation process involving reverse invagination of

the multivesicular body (MVB) membrane and resulting in the formation of numerous
intraluminal vesicles. When MVBs filled with intraluminal vesicles fuse with the surface
membrane of the parent cell, the vesicles (i.e., exosomes) are released into the tissue space
and disseminate throughout all body fluids (17). Melanoma cells produce more exosomes
than normal melanocytes, and melanoma patients’ plasma contains increased levels of
exosomes carrying a wide variety of cellular components, including proteins, lipids and
nucleic acids (18). The molecular content of exosomes mimics that of their parent cell
(19), and circulating exosomes are emerging as faithful tumor cell surrogates potentially
useful as a liquid biopsy (19). Additionally, tumor cell-derived exosomes (TEX) carry a
variety of biologically active molecules, including enzymes, growth factors, oncogenes and
signaling immunoregulatory proteins (13). Upon interaction with recipient cells, exosomes
deliver their cargo to recipient cells and alter their functions (20). In the TME, exosomes
serve as a communication system between the tumor and the immune system (21). We

and others have shown that exosomes in melanoma patients’ plasma contain an excess of
immunosuppressive proteins (e.g., FasL, TGF-p, TRAIL, PD-L1) and inhibit functions of
primary human immune cells /in vitroand in vivo (21-24). Further, exosomes isolated from
supernatants of melanoma cell lines, and containing only melanoma cell-derived exosomes,
are highly enriched in inhibitory proteins and mediate strong immunosuppression (23).

Melanoma patients’ plasma contains exosomes produced by malignant and non- malignant
cells. To analyze the phenotypic and functional characteristics of melanoma cell-derived
exosomes (MTEX), we have developed an immunoaffinity-based method to separate them
from nonMTEX. In this method, first the total exosome population is isolated from plasma
using size exclusion chromatography (SEC), as described (25). Exosomes recovered in
Fractions #3,4 are separated using immune capture with the CSPG4-specific mAb into
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MTEX and nonMTEX, as also previously described (26) and as shown in Fig. 1. The
immune-captured MTEX are tested by on-bead flow cytometry for the expression of CSPG4
using a CSPG4-specific labeled mAb, which recognizes an epitope distinct and spatially-
distant from that recognized by the CSPG4-specific mAb used to capture MTEX. The
CSPG4 antigen is expressed on MTEX, but is not detected on nonMTEX. Representative
results generated by experiments performed with the CSPG4-specific mAb TP41.1 for
capture and mAb TP61.1 for detection, which recognize distinct and spatially distant
CSPG4 epitopes, are shown in Fig. 2. The data show that MTEX are positive (99%) and
nonMTEX are negative for CSPG4. The protein cargo of successfully separated MTEX can
now be further examined by on-bead flow cytometry using labeled mAbs which recognize
melanoma associated antigens (MAAs) or other proteins of interest in the MTEX cargo (24).
The MTEX and nonMTEX fractions can also be used for RNA or DNA extraction or can be
co-incubated with various immune or non-immune cell types to determine their abilities to
alter functions of recipient cells.

Characteristics of chondroitin sulphate proteoglycan 4 (CSPG4) as a target

for isolation of melanoma cell-derived exosomes from melanoma patients’

plasma.

The rationale for selection of CSPG4 as a target antigen for immune capture of MTEX
from melanoma patients’ plasma is based on extensive evaluation of its expression on
melanoma and normal human tissues. Like CD44, CSPG4 is a member of the CSPG
family of cancer-associated proteins. CSPG4 is also known as a high molecular weight-
melanoma-associated antigen (HMW-MAA), or neuron-glial antigen 2 (NG2) (14, 15). The
CSPG family members are key bioactive molecules that play a major role in tumor growth,
migration and neo- angiogenesis.

CSPG4 is highly expressed on melanoma cells in about 80% of primary and metastatic
tumors with limited inter- and intra-lesional heterogeneity (14,15). It is expressed not only
on differentiated melanoma cells, but also on malignant melanoma initiating cells (MMICs).
The latter are defined as cells which can form spheres /n vitro and are highly tumorigenic

in immunodeficient mice. These cells express high levels of aldehyde dehydrogenase and
are stained by the ABCB5-specific mAb RK1 we have developed (unpublished results).

In addition, as shown in Fig. 3, exosomes isolated from the spent medium of cultured
melanoma cells by sequential differential centrifugation, filtration through a 0.2u filter and
size exclusion chromatography are stained by CSPG4-specific mAbs with high intensity.

Data about the expression of CSPG4 in normal tissues are conflicting. In our own experience
(14,15,27), immunohistochemical staining with mAbs which recognize distinct epitopes of
CSPG4 has not detected expression of this antigen in any normal tissue with the exception
of activated pericytes in the TME (28,29). Similar results have been reported by Morgan and
his collaborators (30, 31) using different techniques. This conclusion has been corroborated
by several lines of evidence. First, by analyzing 94 normal tissues from different organs

with a reverse protein assay, we could detect CSPG4 expression above the threshold level

in only 2 out of the 4 small bowel samples tested. Second, no toxicity was detected: (i) in
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mice injected with large amounts of CSPG4-specific mAb cross-reacting with the mouse
CSPG4 homologue [32] and ii) in patients and dogs with melanoma as well as in rats with

a chemically induced chondrosarcoma [33-35] who developed CSPG4-specific antibodies
following immunizations with CSPG4 mimics. Lastly, CSPG4-specific CAR+T cells did not
lyse various types of normal cells which are not stained by CSPG4-specific mAbs [36].

In contrast to our results summarized above, the data reported in the Protein Atlas, which
have been obtained utilizing commercially available anti-CSPG4 antibodies have indicated
that CSPG4 has a broad distribution in normal tissues. This conflicting evidence is likely
caused by the lack of specificity of some of the commercial antibodies used to generate the
data presented in the Protein Atlas. For instance, the rabbit antiserum provided by Sigma
does not appear to be specific for CSPG4, since it recognizes a molecule with a molecular
weight different from that of CSPG4 in Western blotting. Furthermore, the same Ab reacts
with cells in which CSPG4 has been knocked out by CRISPR. The conflict that exists
between our data and recommendations published in the Protein Atlas has led to confusion
among investigators using commercial anti-CSPG4 mAbs for immune capture. We wish to
emphasize the specificity of our anti-CSPG4 mAbs for epitopes overexpressed on melanoma
(or other tumor) cells and the lack of their reactivity with normal human tissues. Clearly,
such specificity is the key to successful immune capture of CSPG4+ cells or exosomes.
Some of the commercially-available mAbs targeting CSPG4 fail to meet similar standards
for tumor cell specificity and thus cannot be reliably used for immune capture of MTEX.

Conclusion

The high expression levels of CSPG4 on melanoma in combination with the lack of its
detection in normal tissues (14,15,27), except for activated pericytes in the TME (28,29),
has provided the rationale for its use as a target antigen for separation of MTEX from
nonMTEX fractions of exosomes in plasma of melanoma patients. The ability to perform
this separation by immunoaffinity capture has allowed us for the first time to measure the
ratios of MTEX/nonMTEX in plasma of patients with metastatic melanoma. We have found
that this ratio may vary from 20-60% (24). In addition, we have been able to compare the
phenotype and functional properties of MTEX and nonMTEX (24). This comparison has
shown that MTEX carry an abundance of immunosuppressive proteins and inhibit numerous
functions of human primary T cells and NK cells ex vivo, as also described elsewhere

(23). As a result, MTEX may promote tumor immune escape and tumor progression. In
contrast, nonMTEX which are enriched in co-stimulatory proteins, might stimulate immune
cell activity (24, 26).

It is noteworthy that CSPG4 is also expressed on cancer cells in glioma, head and neck
cancer, mesothelioma, triple negative breast cancer, ovarian cancer and malignancies of
orthopedic interest (14,15). Therefore, the methodology we have developed for isolation of
melanoma cell-derived exosomes may be applicable to other human malignancies. However,
the CSPG4 expression level on cancer cells in the above listed cancers is in general lower
than that on melanoma cells. Therefore, the methodology we have developed may require
some adjustments in order to increase its sensitivity. Among them is the use of a cocktail of
mAbs which recognize distinct and spatially distant epitopes of CSPG4 instead of a single
epitope. The development of this approach is facilitated by the availability of a large panel
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Figure 1.

Methods for isolation of exosomes from plasma of patients with melanomaby size exclusion
chromatography (SEC) and separation of total exosomes recovered in fractions # 3 and

4 into MTEX and nonMTEX by immune capture with biotinylated anti-CSPG4 mADb.
Detection of CSSPG4 antigen on MTEX and non-MTEX was performed by on-bead flow
cytometry as described (26).
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Figure2.
Specificity of anti-CSPG4 mAb clones TP4 and TP6, which recognize distinct epitopes

of CSPG4 antigen, for detection of this antigen on MTEX and nonMTEX. In A, nearly

all MTEX immunocaptured with clone TP4 mAb and detected with clone TP6 mAb were
CSPGA4(+). NonMTEX were negative for CSPG4. In B, nearly all MTEX immunocaptured
with clone TP6 and detected with clone TP4 mAb were CSPG4(+). NonMTEX were
negative for CSPG4. In A and B, the CSPG4-specific capture mAbs were used at the protein
concentration of 3ug, while anti-CD63 mAb for capture of nonMTEX was 2ug. Note that
dilutions of capture and detection mADbs are critical for the success of capture as well as
detection of CSPG4+ exosomes.
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Figure 3.

CSPG4 expression levels on Mel526 cells and on exosomes produced by MEL526 cells.
Exosomes were captured with biotinylated anti-63 mAb from supernatants of MEL526
cells, and on bead-cytometry was used for detection of CSPG4 on exosomes as described
(26). Mel526 cells express high levels of surface CSPG4, and the exosomes these cells
produce also carry high levels of CSPG4. Numbers indicate Relative Fluorescence Index
(RFI) values, which are nearly the same for cells and exosomes. Figure 3 is reproduced with
permission from ref. 26.
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