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Summary

As exosomes are emerging as a new mode of intercellular communication, we hypothesized that
the payload contained within exosomes is shaped by somatic evolution. To test this, we assayed
the impact on primary CD8+ T cell function, a key mechanism for anti-tumor immunity, of
exosomes derived from three melanoma-related cell lines. While morphologically similar,
exosomes from each cell line were functionally different, as B16F0 exosomes dose-dependently
suppressed T cell proliferation. In contrast, Cloudman S91 exosomes promoted T cell proliferation
and Melan-A exosomes had a negligible effect on primary CD8+ T cells. Mechanistically,
transcript profiling suggested that exosomal mRNA is enriched for full-length mRNAS that target
immune-related pathways. Interestingly, B16F0 exosomes were unique in that they contained both
protein and mRNA for Pipn11, which inhibited T cell proliferation. Collectively, the results
suggest that upregulation of PTPN11 by B16F0 exosomes to tumor infiltrating lymphocytes would
bypass the extracellular control of the immune checkpoints.
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INTRODUCTION

Similar to defending against pathogens, organizing host immunity against a malignancy
involves engaging a variety of immune cell types through a complex network of intercellular
interactions. These immune cells can recognize malignant cells as mutations acquired during
oncogenesis provide a source of tumor-associated antigens (Matsushita et a/., 2012).
However, an emerging idea derived from evolutionary biology is that tumors alter this
network of interactions to construct a tissue niche that favors malignant cell survival (Laland
et al, 2014; Klinke, 2015). Elements of this altered network include inflammatory cytokines
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that suppress anti-tumor immunity and an increased prevalence of regulatory T cells and
myeloid-derived suppressor cells (Gabrilovich and Hurwitz, 2014). Yet, pre-clinical mouse
models suggest that there is a dynamic element to establishing an immunosuppressive
environment within a tumor. For instance, the ability of an anti-CTLA-4 therapy to control
the growth of a variant of the B16 model of metastatic melanoma depends on time such that
delivering an anti-CTLA-4 therapy up to 4 days after tumor implantation eliminates tumors
while waiting 12 days abrogated the therapeutic effect (van Elsas ef a/., 1999). Given that the
quality of the immune response external to the tumor microenvironment is similar at the
different time points, the ability of lymphocytes to enter the tumor and kill malignant cells
diminishes with time. Collectively, these results suggest three points. First, the process of
mutation and selection associated with oncogenesis should shape the composition of
proteins secreted by malignant cells, similar to selecting and editing of tumor antigens.
Second, the observed dynamics suggest that the proteins secreted by malignant cells should
accumulate within the tumor microenvironment. Third, these secreted proteins help create an
immunosuppressive microenvironment in the tumor. To test this hypothesis, we used mass
spectrometry-based proteomics to identify proteins secreted into media conditioned by
B16FO0 cells, that is the B16F0 secretome, and found that the majority of secreted proteins
were associated with exosomes.(Kulkarni et al., 2012)

As an emerging mode of intercellular communication, exosomes are membrane vesicles that
are derived from the luminal membranes of multivesicular bodies and are released
constitutively through exocytosis by both normal and malignant cells (YYanez-Mo et al.,
2015). While exosomes can potentially transfer a variety of functional molecules including
proteins (Peinado et al., 2012), lipids, and coding and non-coding RNAs (Valadi et al., 2007,
Taylor and Gercel-Taylor, 2008; Skog et al., 2008; Pegtel et al., 2010; Ekstrom et al., 2012;
Batagov and Kurochkin, 2013; Wu ef a/., 2015) between cells to influence cell behavior,
their biological roles remain controversial. As exosomes are one of a number of extracellular
vesicles, inconsistent nomenclature and isolation methods that result in an unknown mixture
of extracellular vesicles fuels the controversial nature of the exosome field (Raposo and
Stoorvogel, 2013; Mathivanan et al., 2010). Differences in size distributions is one
characteristic that can be used to distinguish between the different types of extracellular
vesicles. Exosomes are uniformly distributed in size with reported average diameters
ranging between 30 nm to 200 nm in size (Yanez-Mo et al., 2015; Taylor and Gercel-Taylor,
2011; Sokolova et al., 2011). Alternatively, samples can also contain extracellular vesicles
released during cell death, which range from 10 to 1000 nm and are heterogenously
distributed in size (Wu et al., 2015). Yet, storing exosomes under certain conditions prior to
imaging can shrink and fragment exosomes, which makes it impossible to establish the
purity of the exosome samples (Sokolova et al.,, 2011; Wu et al., 2015). Without establishing
the purity of a sample containing exosomes, inferring biological function of exosomes from
experimental results derived using uncharacterized vesicle samples, which provide a single
bulk measure averaged over a population, is questionable. Nonetheless, examples from the
literature illustrate the potential role that extracellular vesicles could play to mediate
intercellular communication (e.g., (Wieckowski et al., 2009; Pegtel et al., 2010; Ekstrom et
al., 2012; Melo et al., 2015; Peinado et al.,, 2012; Schuler et al,, 2014)).
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Modes for intercellular communication are shaped by transport mechanisms, such as
diffusion and convection. In the context of extracellular vesicles, the relative importance of
these different transport mechanisms is influenced by vesicle size. Particles with a diameter
of less than 50 nm are easily transported out of a tissue into the draining lymphatics while
the extracellular matrix sterically hinders the movement of particles 200 nm in diameter and
larger within the tissue (Tang et al., 2013; Irvine et al., 2013). Given the importance of size
in transport processes, we hypothesize that exosomes provide a general mechanism for
intercellular communication within tissues and that the payload contained within exosomes
becomes edited during oncogenesis to alter host immunity. To test this hypothesis, we
characterized exosomes freshly isolated from three different cell models related to
melanoma with a particular emphasis on their potential impact on T cell function.
Specifically, we focused on the B16F0, a non-immunogenic cell model of malignant
melanoma; Cloudman S91, an immunogenic model of melanoma; and Melan-A, an
immortalized melanocyte cell line (Overwijk and Restifo, 2001; Peter et al., 2001). The
mouse species from which these cell lines were derived have different propensities for
oncogenesis. Specifically, DBA/2 mice are sensitive and C57BI/6 mice are resistant to skin
oncogenesis using carcinogens (DMBA plus TPA) (Angel et al., 2003), which were used to
generate the Cloudman S91 and B16 cell lines, respectively. Similar to editing of tumor
antigens (Matsushita et a/,, 2012), inbred strains that are resistant to oncogenesis would have
strong selective pressure to maintain normal tissue homeostasis. Our hypothesis implies that
malignant cells that arise in resistant mouse strains, such as the B16 model, develop multiple
mechanisms to escape from this selective pressure that are not present in sensitive mouse
strains, like the Cloudman S91 model, or normal melanocytes, such as the Melan-A model.
Moreover, escape from this selective pressure would manifest as an ability to suppress T cell
function.

Exosomes are secreted by both normal and malignant melanocytes

Previously, we found that the majority of proteins secreted by B16FO0 cells were associated
with exosomes (Kulkarni et al., 2012). To validate this observation, we isolated extracellular
vesicles from in vitro cell cultures of mouse melanoma cells, B16F0 and Cloudman S91, and
from immortalized melanocytes, Melan-A, using a differential centrifugation protocol. As
cells secrete exosomes in addition to a number of other extracellular vesicles, we used
scanning electron microscopy (SEM) to image directly the morphology and size distribution
of these isolated extracellular particles. The extracellular particles appeared round with
frequent membrane connections between the nanoscaled vesicles (see Figure 1 and
Supplemental Figure S1). The sizes of the extracellular vesicles were uniformly distributed
with similar diameters among the cell lines (B16F0: 163 + 13 nm (n = 66), Cloudman S91:
160 + 18 nm (n = 62), Melan-A: 166 £+ 22 nm (n = 123)). Western blot analysis of samples
derived from B16FO0 vesicles indicated the presence of common markers of exosomes, such
as Hsp70, CD63, and CD9 (Figure 1e), while CD81, B-actin and p-tubulin were absent.
Similar results for Cloudman S91 and Melan-A exosomes are shown in Figure 6b. Given
that microvesicles, apoptotic vesicles and necrotic vesicles exhibit heterogeneous
distributions that include smaller sized vesicles under EM (Wu et al., 2015) and that these
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vesicles contain p-actin, we concluded that the isolated extracellular vesicles secreted by all
three cell lines were exosomes and that they have similar sizes. Moreover, the size of these
exosomes implies that steric interactions limit movement through the extracellular space
thereby creating local concentration gradients.

Exosomes can transport transmembrane receptors between cells (Al-Nedawi et af., 2008).
Previously, we observed that the B16FO0 cell line overexpressed one part of the
Interleukin-12 (1L12) receptor, IL12RB2 (Kulkarni ef al., 2012). Here, we hypothesized that
exosomes released by the B16FO cells also contain IL12RB2, which then could be delivered
to recipient cells. In comparing B16F0 exosome lysates with whole cell lysates, Western blot
analysis revealed a single band with an apparent molecular weight of 130 kDa for samples
from B16FO0 cells as well as B16F0 exosomes (see Figure 1f). As a positive control, we also
included whole cell lysates from 2D6 T cells, an 1L12 responsive cell line (Klinke et al.,
2012). Although, the results should be considered as qualitative as the distribution of
common loading controls, like GAPDH, between cells and exosomes are unknown. As
IL12RB2 may be encapsulated within the exosomes rather than expressed on the surface,
flow cytometry revealed that B16F0 exosomes expressed IL12RB2 on the surface (Figure
1g). Collectively, the results suggest that B16FO0 cells release exosomes with an average
diameter of 163 nm that contain IL12RB2 on the surface. While one might infer that B16F0
exosomes could then deliver IL12RB2 to recipient cells thereby increasing receptor
abundance, subsequent experiments with primary CD8+ T cells revealed that such an
inference was not so straightforward.

B16F0 exosomes inhibited multiple aspects of an antigenic response in primary CD8+ T

cells

As all three cell lines secrete similarly sized exosomes, exosomes secreted by these three
cell lines would similarly accumulate within the local extracellular space. It follows then that
if exosomes contribute to local immunosuppression, any differential effect is related to the
information that is packaged within these extracellular particles. Given the different
propensities for these cell lines to form tumors in immunocompetent mice, our central
hypothesis implies that B16F0 exosomes should inhibit anti-tumor immunity while
exosomes derived from Melan-A or Cloudman S91 cells should not. Given the importance
of CD8+ T cells within the tumor microenvironment in promoting tumor regression (Tumeh
et al., 2014; Herbst et al., 2014; van Elsas et al., 1999), we directly assessed whether
exosomes influence T cell function by characterizing the impact of B16F0, Cloudman S91,
and Melan-A exosomes on primary CD8+ T cells in vitro, as 160 nm particles are likely to
have poor tissue penetrance. First, we isolated transgenic CD8+ T cells from mouse
splenocytes, of which 94.6% were positive for CD3+ CD8+ and 71.8% were considered to
be naive CD8+ T cells (CD3+ CD8+ CD62L+ CD44-). After isolation, the primary CD8+ T
cells were all stained by CellTrace Violet, cultured in media containing IL12 and anti-1L4
mAb to promote a Tc1 phenotype, and activated with anti-CD3/CD28 beads, where blank
beads where used as a negative control. In addition, CD8+ T cells activated with anti-CD3/
CD28 beads were also stimulated with different concentrations of exosomes freshly isolated
from B16F0, Cloudman S91, and Melan-A cells. After 24 hours, cell viability, cell
proliferation, and IL12RB2 expression were assayed under the different experimental
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conditions by flow cytometry (Figure 2). Viability was > 85% in T cells activated with either
blank or anti-CD3/CD28 beads (Figure 2b).

Functionally, exosomes derived from the different cell lines had different effects on primary
CD8+ T cells. In terms of cell viability, B16F0 exosomes dose-dependently decreased cell
viability with an EC50 equal to 136 pg/ml while the Cloudman S91 exosomes had an EC50
equal to 200 pg/ml. Melan-A exosomes had a minimal effect on cell viability, where
viability was decreased to 65% only at the highest concentration (500 pg/ml). In terms of
cell proliferation, CellTrace Violet was used to quantify the extent of T cell proliferation
under the different experimental conditions (Figure 2c). In primary CD8+ T cells activated
with blank beads, 89.7+0.2% of the population was comprised of generation 0 (GO) cells
after 24 hours (Figure 2d). Cells proliferated upon activation using anti-CD3/CD28 beads,
where 67.3+£1.3% of the population was comprised of GO cells and 31.6+1.2% of the
population had proliferated once (G1). Interestingly, B16F0 exosomes inhibited cell
proliferation (81.2+2.2% G0/16.4+1.1% G1 for 200 pg/ml, p-value < 0.01 versus anti-CD3/
CD28 beads alone) and Cloudman S91 promoted cell proliferation (46.5£1.7%
G0/48.7+1.6% G1/4.4+0.3% G2, p-value < 0.0001). Again, the response to Melan-A
exosomes plus anti-CD3/CD28 beads was not significantly different than from anti-CD3/
CD28 beads alone, with a subtle increase in cell proliferation seen only at the 500 pg/ml
dose (58.5+2.8% GO0/ 35.1+2.2% G1/3.3+0.7% G2, p-value < 0.01 versus anti-CD3/CD28
beads alone). In terms of promoting a Tcl phenotype, adding IL12 and anti-IL4 mAb
upregulated IL12RB2 over the 24 hour culture conditions (compare black versus blue curves
in Figure 2e). Despite the fact that B16F0 exosomes contain IL12RB2, B16F0 exosomes
dose-dependently decreased IL12RB2 with an EC50 equal to 171 pg/ml. In contrast, the
Cloudman S91 and Melan-A exosomes had no effect on IL12RB2 expression in primary
CD8+ T cells (Figure 2f). The presence of IL12RB2 in B16F0 exosomes and the dose-
dependent suppression of IL12RB2 by B16F0 exosomes are both mechanisms by which
B16FO0 cells can deprive tumor infiltrating lymphocytes (TILs) of endogenous I1L12, which is
an important driver of type 1 polarization. The presence of IL12RB2 on the surface of
exosomes released into the tumor microenvironment can sequester 1L12 while delivering an
exosomal payload to TILs that downregulates IL12RB2 expression would inhibit TILs
response to 1L12. Overall, the primary CD8+ T cell studies suggest that B16F0 exosomes
impact T cell function by inhibiting cell viability, decreasing cell proliferation, and
inhibiting the polarization of CD8+ T cells towards a type 1 phenotype. In contrast,
exosomes derived from the other two melanocyte cell lines had very different effects.
Cloudman S91 exosomes inhibit cell viability but promote cell proliferation and had no
effect on Tcl polarization, while exosomes from Melan-A cells had a negligible functional
impact on primary CD8+ T cells.

Exosomes contain intact mRNAs that exhibit differential enrichment relative to the parent

cells

To gain mechanistic insight into these functional differences, we first re-analyzed the mass
spectrometry results from the B16F0 secretome.(Kulkarni et al,, 2012) Using the 39
identified secretome proteins, Enrichr pathway enrichment results were largely inconclusive
with Antigen Processing and Presentation (KEGG HSA04612, p-value < 0.005) providing
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the most significant pathway. As exosomes also contain RNA, we shifted focused towards
coding RNA as a potential mechanism for the observed behavior. Specifically, we used an
exon-level cDNA Affymetrix microarray to quantify mRNA transcripts in B16F0 exosomes
and the parental B16FO cells. First, we used an Agilent Bioanalyzer for on-chip-
electrophoresis to assess the quality and the distribution in length of RNA in samples
isolated from B16FO0 cells and freshly isolated B16F0 exosomes (Figure 3a). In contrast to
the predominant peaks associated with ribosomal RNAs (5S, 18S, and 28S) in the samples
from B16FO0 cells, the exosome samples had RNA that was broadly distributed between the
120 and 1800 nucleotides in length and were negative for 28S ribosomal RNA. Affymetrix
microarrays were then used to quantify differential expression of mMRNA between B16F0
cells and exosomes. Hierarchical clustering illustrates differences among the different
samples versus among the probed genes (Figure 3b). Overall the samples were similar
between replicates of the same RNA source and different between the cell and exosome
samples. In comparing the ratio of average expression between exosome and cell samples,
we found that 67% mRNAs probed were more prevalent in the cell, 30% of the mRNAs
were equally distributed between the cell and exosome, and 3% of the mRNAs had a higher
abundance in the exosomes (Figure 3c, P < 0.01 versus the negative control probesets).
Using a Bonferroni correction for multiple hypothesis testing, the distribution in transcripts
that were significantly above background is summarized by a Venn diagram. For pathway
enrichment analysis, we focused on 145 mRNAs for genes that were more abundant in
B16F0 exosomes (Figure 3d, P <1e-9 versus the negative control probesets).

To validate the cDNA microarray results, we amplified a subset of the mRNA using
quantitative RT-PCR (Figure 4a and b). As endogenous loading controls for exosomes are
unclear, we selected three genes to serve as loading controls, Rnfl4, Rnd2and Kpnbl, that
had equal abundance between the cell and exosome samples based on the microarray results.
In addition, we selected an additional subset of genes that appeared to be more abundance in
exosomes: Pip4a3, Ptonll, Hipk2, Eif2c2, Wsb2, Eifdebp2and Dnmt3a. Overall, the qRT-
PCR results were consistent with the cDNA microarray results in assaying the relative
abundance between cells and exosomes for the different genes as the correlation coefficient
was 0.922 (Figure 4b). We also used semi-quantitative PCR to confirm that the exosomal
MRNAs were intact transcripts rather than fragmented (Figure 4c). From the transcripts
observed in both B16FO cells and exosomes shown in panels a and b of Figure 4, we
amplified seven open reading frames (ORFs): Pipnlli, Eifdebp2, Wsb2, Plpda3, Kpnbl,
Rnd2and Actb. Similar to the gRT-PCR results, ORFs of the three loading control genes,
Kpnbl, RndZ2and Actb, were equally abundant in the two samples and mRNA for the genes,
Ptonll, Eifdebp2, Wisb2and Plp4a3were enriched in the B16F0 exosome samples.
Collectively, the gene expression results suggest that mRNAs are selectively packaged into
exosomes and that the mRNAs are intact ORFs.

B16F0 exosomes deliver a biological payload to T lymphocytes

As a subset of mMRNAs were selectively enriched in exosomes, we used the Enrichr pathway
enrichment algorithm to identify biological pathways that are associated with mRNAs that
are enriched in exosomes. Using 145 enriched mRNAs in B16F0 exosomes, we identified 18
signaling pathways that had positive combined scores (see Supplemental Table S1).
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Interestingly, several of the pathways are closely associated to the anti-tumor immunity, with
the Type | Interferon signaling pathway having the lowest p-value and the IL-2, the T cell
receptor, and Type Il Interferon signaling pathways all having a positive combined score.
One of the challenges with pathway enrichment results is that genes associated with a
specific pathway can either promote or inhibit signal transduction. The gene that was
common to 12 out of the 18 enriched pathways was Pipn11. Pipnilencodes protein tyrosine
phosphatase, non-receptor type 11, also known as SHP2, and negatively regulates a variety
of signaling pathways through two tandem Src homology-2 domains.

Given the potential role for PTPN11 in negatively regulating Interferon, IL-2, and T cell
receptor signaling pathways, we focused next on whether exosomes can deliver a biological
payload to upregulate PTPN11 in T lymphocytes. To answer this question, we incubated a
type 1 T cell model (2D6) with freshly purified exosomes derived from either B16FO0,
Cloudman S91, and Melan-A cells and monitored the abundance of PTPN11 in the 2D6 T
cells by flow cytometry (Figure 5). Under basal conditions, 2D6 T cells had a median MFI
associated with PTPN11 staining equal to 450. Exposing 2D6 T cells to 200 pg/ml of B16F0
exosomes doubled the PTPN11 levels in 2D6 T cells. This increase in PTPN11 levels was
dose-dependent and unique to the B16F0 exosomes, as shown in Figure 5b. In contrast,
PTPN11 levels in 2D6 T cells stimulated with either Cloudman S91 exosomes or Melan-A
exosomes were not significantly different for increasing concentrations of exosomes.

Following from these flow cytometry results, we next assessed whether PTPN11 protein or
mRNA were differentially abundant within exosomes from these three cell lines. To assay
protein abundance, we probed for PTPN11 in addition to the exosomal markers CD63 and
CD?9 in lanes equally loaded with whole cell lysates and exosome samples (Figure 6a). All
three proteins were present in both the exosome and whole cell lysate samples, while B-actin
was absent in the exosome samples. We also noted that CD9 appears to have different
isoforms due to the preference for a lower molecular weight isoform in the exosome sample
compared to the whole cell lysate. In comparing the three melanoma cell lines, PTPN11
appeared to be most abundant in whole cell lysates from the B16FO0 cell line and present in
Cloudman S91 and B16F0 exosome samples (Figure 6b). For exosomal protein markers,
CD63 and HSP70 were present and p-actin was absent in exosome samples. Generally,
immunoblot results for Melan-A exosome samples were similar although the bands were
less pronounced. In terms of mMRNA, qRT-PCR was used to quantify message for Pipnii,
Rnd2, Eifdabp2, Wisb2, and Gapdhin cells and exosome samples (Panels ¢ and d in Figure 6
and Figure S2). Using equal mRNA loading, the relative expression of the individual genes
in each cell line were compared to average abundance of the corresponding gene message in
B16FO cells, where Gapadh expression served as loading controls. While the pattern of
relative abundance of message for Plonll, Rnd2, Eif4abp2, and Wisb2were different among
the cell lines, Pipni1 message was 2 times higher in both Melan-A and Cloudman S91 cells
compared with B16FO0 cells. The narrow distribution in relative Gapdh abundance among the
cell lines supports equal loading among the samples. This is important as no clear transcripts
in exosome samples exist as loading controls. For instance, Gapah was at the lower limit of
detection in B16F0 samples from exosomes compared to cellular mRNA but was more
abundant in exosome samples from Melan-A and Cloudman S91 cell lines (Figure 6d).
Interestingly, the abundance of PipvniZ mRNA among exosome samples exhibited the
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opposite pattern as the cellular samples, where B16F0 had a factor of 10 greater abundance
in exosomes that either the Melan-A or Cloudman S91 samples. In contrast, the abundance
of Rnd2, Eif4abp2, and Wisb2mRNA in exosome samples exhibited similar trends among
the cell lines as the cellular samples, where Melan-A cells generally had lower abundance in
exosome samples relative to cellular samples. Overall, the immunoblotting and qRT-PCR
data was largely consistent with the flow cytometry results presented in Figure 5. Although
the 30 minute time point likely reflects protein rather than mRNA delivery, B16F0 exosomes
appear to be more efficient in upregulating PTPN11 compared to Cloudman S91 exosomes
as the qualitative immunoblotting results suggest that both exosomes contain PTPN11
protein but only B16F0 exosomes are enriched for Ptpn11 mRNA. In short, we found that
B16F0 exosomes are different from Melan-A and Cloudman S91 exosomes in that they
contain both protein and mRNA for PTPN11 and that they can dose-dependently increase
PTPN11 abundance in T cells.

Given that exosomes derived from B16FO cells had a different pattern of mRNA and protein
abundance compared to the other two cell lines, we also asked whether B16F0 exosomes
could deliver a biological payload to T cells (Figure 7). Toward this aim, we induced the
expression of GFP in B16FO0 cells using a lentiviral vector that contains an N-terminal
XPack-GFP fusion protein designed to be loaded into exosomes. Exosomes were then
isolated from exosome-free media conditioned by these transfected B16F0 cells (B16F0-
XPgfp). B16F0-XPgfp exosomes were co-cultured for up to 24 hours with either 2D6 or
CTLL-2 cells. In GFP-positive cells, GFP was initially localized but became dispersed
within recipient cells within 24 hours. These data suggest that exosomes derived from
B16FO0 cells can deliver a biological payload to T cells. Taken together, one mechanistic
explanation for the selective inhibition of the proliferation of primary CD8+ T cells is that
exosomes from B16F0 but not Cloudman S91 or Melan-A cells deliver a biological payload
that increases PTPN11 abundance in T cells.

Increased PTPN11 inhibited T cell proliferation in response to IL-2

Given the association of local proliferation of CD8+ T cell with tumor regression and the
role of PTPN11 in negatively regulating both IL-2 and T cell receptor signaling pathways,
we hypothesized that an increase in PTPN11 levels would inhibit T cell proliferation. As a
model for CD8+ cytotoxic T lymphocytes that proliferates in response to IL-2 stimulation,
we used the CTLL-2 cell line to test whether T cell proliferation was inhibited by an
increase in PTPN11 in response to gene transfection using two different Pfpni1 expression
plasmids that each encoded a different isoform. The two isoforms differed in that isoform 2
uses an alternative in-frame splice site in the 3 coding region and encodes a slightly shorter
protein. As the two expression plasmids containing the two different Pton11 isoforms
behaved similarly in our hands, the results using the plasmid containing Pton11 isoform 1
are shown (Figure 8). Cells exposed to the transfection protocol and transfected with the
same plasmid encoding GFP were used as negative controls. Following post-transfection
conditioning, PTPN11 transiently increased in CTLL-2 cells transfected with the Pipni1
plasmid, in comparison with CTLL-2 cells transfected by a plasmid encoding GFP (Figure
8a). Based on these results, we used the 48 hour time point to assay PTPN11 levels and
differences in cell proliferation. Using CTLL-2 cells transfected with the plasmids encoding
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either Pipni1 or gfp or without a plasmid, we stained the cells using CellTracer Violet
(CTV) and stimulated the cells with 2000 U/ml of IL2. After 48 hours, we assayed CTV
staining and PTPN11 levels in live CTLL-2 cells associated with the different treatment
groups by flow cytometry (Figure 8b and c). In contrast to bulk cell measurements, flow
cytometry assays the response of live cell population to PTPN11 expression despite the fact
that the efficiency of transfection and plasmid expression may be heterogeneous among cells
of the population. The distributions in CTV staining between the different experimental
groups were significantly different (Pearsons XZ test, p < 1e-10). In looking at the
distribution in PTPN11 abundance versus CTV staining, an increase in PTPN11 abundance
correlated with a decrease in cell proliferation, as measured by an increase in CTV staining
(Figure 8b). The decrease in cell proliferation in cells transfected with the plasmid encoding
Ptpn11 was consistently observed across the biological replicates (Figure 8c). These results
suggested that an increase in PTPN11 alone inhibited CTLL-2 proliferation in response to
IL-2 stimulation.

DISCUSSION

Identifying local mechanisms of immunosuppression within the tumor microenvironment is
a key barrier for broadening the clinical benefit of immunotherapies for cancer (Ascierto et
al., 2013). Similar to the sculpting of tumor antigens during oncogenesis, a related
hypothesis is that proteins secreted by malignant cells are shaped by somatic evolution.
Malignant cells that then emerge secrete proteins that alter intercellular communication to
promote tumor growth. As extracellular vesicles, like exosomes, represent an emerging
mode of cell-to-cell communication by delivering proteins and coding and non-coding
RNASs to recipient cells, the objective of this study was to test this hypothesis by
characterizing the impact of extracellular vesicles derived from three melanoma-related cell
lines on T cell function. The three melanoma-related cell lines include the B16F0, the
Cloudman S91, and Melan-A. In short, we found that all three cell lines secrete exosomes of
a similar size and morphology but exosomes derived from each cell line elicit a different
response in primary CD8+ T cells. Exosomes derived from B16FO0 cells contain proteins
present in the parental cell and intact mMRNAs that are differentially packaged into exosomes.
Exosomal mRNAs that are enriched in B16F0 exosomes target a number of pathways that
are important for anti-tumor immunity, including T cell proliferation (Tumeh et al., 2014),
IFN-y production (Kaplan et a/, 1998), and responsiveness to 1L12 (Airoldi et a/., 2005;
Billerbeck et al., 2014). In contrast, Cloudman S91 exosomes increased T cell proliferation
over anti-CD3/CD28 antigen presentation beads alone while Melan-A exosomes had a
negligible impact on primary CD8+ T cells.

Antibodies to block the PD-1/PD-L1 and CTLA-4 signaling pathways, collectively called
immune checkpoint modulators, provide a significant clinical advance in the treatment of
melanoma (Hodi et af/, 2010; Topalian ef al., 2015). Conceptually, immune checkpoints limit
the clonal expansion and effector activity of T cells by engaging signaling proteins that
inhibit T cell signal transduction. Antibodies against these immune checkpoints enhance
immune cell infiltration into and proliferation within the tumor microenvironment (Tumeh et
al,, 2014). However, pre-clinical studies using the B16 model show that the ability to control
tumor growth by inhibiting immune checkpoints decreases as tumors become larger (van
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Elsas et al., 1999). In comparing exosomes from these three melanoma-related models,
exosomes from the two melanoma cell lines contained PTPN11 protein while only B16F0
exosomes were also selectively enriched with Ptpn11 mRNA. Functionally, we found that
only B16F0 exosomes were able to increase PTPN11 dose-dependently in recipient cells.
While exosomes contain a more complex payload, an increase in PTPN11 alone is able to
suppress T cell proliferation. While the exact role that PTPN11 plays in signal transduction
remains controversial (Li ef al,, 2012; Lorenz, 2009), PTPN11 is a phosphatase that can be
engaged by both the PD-1/PD-L1 and CTLA-4 signaling pathways to inhibit T cell signaling
(Li et al,, 2015; Chemnitz et al., 2004; Schneider and Rudd, 2000).

We also observed that fresh extracellular vesicles derived from all three cell lines were
uniformly distributed in size with average diameters between 160 and 166 nm. The
homogeneous size distributions and the presence of the exosomal markers CD63 and Hsp70
and the absence of B-actin suggest that the isolated extracellular vesicles are exosomes.
While typically used as a loading control, p-actin is absent in exosome samples (Gross ét al.,
2012) but is found in microvesicle samples (Muturi ef a/., 2013; Muralidharan-Chari et al.,
2010) as a result of the outward blebbing of the cell membrane to form microvesicles
(Paluch et al., 2005). While our exosomes were larger than the conventional wisdom (e.g.,
30 - 100 nm) (Yanez-Mo et al., 2015; Taylor and Gercel-Taylor, 2011), storing exosomes
under certain conditions prior to imaging can shrink and fragment exosomes (Wu ef al.,
2015). Accurate morphology is important as the size can influence whether exosomes can
establish concentration gradients within tissues, where the local concentration is increased
by the rate of cellular release within a tissue and decreased by transport mechanisms within
tissues. While all cells release exosomes, melanoma cells release exosomes at a greater rate
compared to normal controls (Logozzi et al., 2009), possibly by a p53-mediated stress
response (Yu et al., 2006). The results imply that exosomes recently produced from all three
cell types remain within tissues, as their size suggests that steric interactions hinder
movement within the extracellular matrix (Tang et al., 2013; Irvine et al., 2013). Similarly,
concentration gradients of exosomes provide directional cues for migrating cells within
tissues by stabilizing leading-edge protrusions (Sung et a/., 2015). Collectively, the results
suggest that tumor-derived exosomes can accumulate within the tumor microenvironment to
deliver a complex payload that dose-dependently suppresses CD8+ T cell function.
Specifically in the case of the B16 model, exosomal upregulation of PTPN11 to tumor
infiltrating lymphocytes would bypass the extracellular control of the immune checkpoint
pathways that forms the basis of this therapeutic strategy.

Organizing an effective anti-tumor immune response among a variety of cell types involves
the relay of information between cells using cytokines like Interleukin-12 (I1L12). IL12
locally promotes anti-tumor immunity by enhancing the cytotoxic activity of Natural Killer
and CD8+ T cells. Thinking of cancer as an evolutionary process implies that malignant
cells develop mechanisms to alter this local network of intercellular communication (Klinke,
2015). In addition to upregulating PTPN11 in lymphocytes, exosomes derived from B16F0
can locally suppress cell response to IL12 in two ways. The first is an indirect mechanism
where B16FO0 cells secrete exosomes that contain IL12RB2 that could enhance a cytokine
sink for endogenous IL12 (Kulkarni et al., 2012). The second is a direct mechanism where
B16F0 exosomes dose-dependently inhibited IL12RB2 expression in primary CD8+ T cells.
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These mechanisms for inhibiting immune cell response to IL12 complement B16FO0 release
of Wnt-inducible signaling protein 1 (WISP1) that blocks T cell response to 1L12 (Kulkarni
et al., 2012; Klinke, 2014). Secretion of WISP1, creation of a cytokine sink for 1L12, and
exosomal delivery of a complex payload, which includes PTPN11, to suppress T cell
proliferation, viability, and IL12RB2 expression are some of the additional mechanisms that
we identified in the B16 model. While in vivo studies will be necessary to establish the
sensitivity of these mechanisms to therapeutic modulation, identifying how the local
networks for intercellular communication are changed during oncogenesis is the first step in
developing therapeutic strategies to restore the intercellular signaling networks associated
with normal tissue homeostasis and to broaden the clinical benefit for existing cancer
immunotherapy, such as immune checkpoint modulators.

METHODS

Antibodies and reagents

Cytokines, drugs, kits, and pharmacological inhibitors were obtained from commercial
sources and used according to the suppliers recommendations unless otherwise indicated.
Western blot Abs: IL12RB2 pAbs (Santa Cruz Biotechnology; clone M-20) and GAPDH
mAbs (Cell Signaling Technology; clone 14C10); LI-COR IR secondary Abs (LI-COR
Biosciences). Fluorophore-conjugated mAbs were used in flow cytometry: PE-PTPN11
mADb (Santa Cruz Biotechnology; clone B-1), PE-IFN-y mAb (BD Pharmingen; clone
XMGL1.2), DyLight 488-DDK mAb (OriGene Technologies; clone 4C5), PE-IL12RB2 mAb
(RnD Systems; clone 305719). Isotype control mAbs were rat and mouse mAbs conjugated
with PE and APC (BD Biosciences). Blocking reagent was mouse 1gG (Jackson Laboratory)
in PBSAz for cells (DPBS mixed with 2% FBS and 0.02% sodium azide). Phosflow
Lyse/Fix buffer and Perm Buffer Il (used in PTPN11 mAbs staining), Cytofix/Cytoperm
Fixation/Permeabilization kit (used for IFN-y mAbs and DDK-protein-tag mAbs staining)
were from BD Biosciences. CellTrace Violet (CTV) and Live/Dead Yellow staining were
purchased from Invitrogen. PBSAz buffer for exosomes is DPBS mixed with 0.05% BSA
and 0.02% sodium azide, which was double-filtered through 0.02 um filters. CD8a+ T Cell
Isolation Kit Il, anti-CD3£/anti-CD28 beads for T cell activation (anti-CD3/CD28 beads),
APC-CD3E mAD, VioBlue-CD8a mAb, FITC-CD44 mAb, and PE-CD62 mAb were from
Miltenyi Biotec Inc.

Mice and primary T cell isolation

Eight-to 12-week-old transgenic B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/J female mice were
obtained from Jackson Laboratory. Mice were housed in sterilized microisolator cages in the
university vivarium, and facility sentinel animals were regularly screened for specific
pathogen agents. All studies were performed in accordance with all federal and institutional
guidelines for animal use and were approved by the West Virginia University IACUC.
Primary CD8+ T cells were isolated from mouse splenocytes using a magnetic cell sorting
CD8a+ T Cell Isolation Kit Il and methods described previously (Finley et al., 2011).
Enrichment for naive CD8+ T cells (CD8+, CD3+, CD44~-, and CD62L+) was confirmed by
flow cytometry.
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Cell line culture and stimulation

B16F0, Cloudman S91 (clone M-3), and CTLL-2 cell lines were acquired from American
Type Culture Collection (ATCC). An immortalized mouse melanocyte cell line, Melan-A,
was provided by V. Hearing (National Cancer Institute, Bethesda, MD, USA) (Le Pape et al.,
2008). The TH1 cell model, 2D6, was provided by M. Grusby (Harvard University,
Cambridge, MA) and cultured as described previously (Klinke et al., 2012). B16F0 and
Cloudman S91 cells were maintained in DMEM (Cellgro/Corning) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Hyclone) and penicillin/streptomycin (Gibco).
B16FO0 cells were also transduced following manufacturer’s instructions with a lentivirus
encoding an N-terminal XPack-GFP fusion protein (XPAK530PA-1, System Biosciences,
Inc., Mountain View, CA). After lentivirus infection, GFP-positive B16F0 cells (B16FO0-
XPgfp) were selected for five days in complete medium containing 1.0 ug/ml of puromycin.
Melan-A cells were maintained in DMEM supplemented with 10% non-heat-inactivated
FBS, 20 mM hydrogen chloride, 10 mM HEPES (Gibco), 100 U/ ml penicillin and 100
ug/ml streptomycin (penicillin/streptomycin), 200 nM 12-o-tetradecanoyl phorbol 13-acetate
(TPA, Sigma) and 200 uM phenylthiourea (PTU, Sigma). CTLL-2 cells were maintained in
RPMI 1640 medium supplemented with 10% T-STIM without con A containing IL-2 (BD
Biosciences), 10% FBS, penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, 1.5 g/l sodium bicarbonate, 10 mM HEPES, 4ppm -mercaptoethanol (B-ME; 2 l
in 500 ml medium). Primary CD8+ T cells were cultured in RPMI 1640 supplemented with
10% FBS, penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM
HEPES, 4 ppm B-ME, 70 U/ml IL-2, 90 pM rmIL-12 (eBiosciences), 5 pyg/ml anti IL-4 mAb
(eBiosciences), with or without the co-stimulation from anti-CD3/CD28 beads (1:1 cell:bead
ratio). All cells were cultured at 37°C in 5% CO2.

Exosome isolation, electron microscopy (EM) imaging and Western blot analysis

Fresh extracellular vesicles were isolated using a staged differential centrifugation protocol
from serum-free media conditioned by the indicated cell lines and imaged using either
scanning electron microscopy (SEM) or transmission EM (TEM), as described previously
(Klinke et al., 2014; Wu et al., 2015). Briefly, extracellular vesicles were isolated from cell-
conditioned media using 300xg for 10 minutes to remove cells, 2,600xg for 10 minutes to
remove residual cells and debris, 10,000xg for 60 minutes to remove microvesicles, and
100,000x%g for 2 hours to collect nano-scaled vesicles in pellets. The resulting pellet was
resuspended, washed once in DMEM, and re-pelleted at 100,000xg for 2 hours. Once
isolated, nano-scaled vesicles were resuspended in DPBS and kept on ice. Exosome sizes
were quantified from the SEM images using ImageJ and summarized as distributions using
kernel density estimation in R version 2.15.2. All numbers are reported as mean + standard
deviation, unless otherwise noted. The abundance of exosomal proteins were compared
against the respective whole cell lysates by Western blot targeting CD9, CD63, CD81,
Hsp70, IL12RB2, PTPN11, and GAPDH, as described previously (Kulkarni et af., 2012).
Rabbit anti-CD9, CD63, CD81, and Hsp70 antibodies were obtained from System
Biosciences, Inc. (Palo Alto, CA); rabbit anti-mouse GAPDH mAbs (14C10) were
purchased from Cell Signaling Technology (Danvers, MA); goat anti-mouse IL12RB2
(M-20), mouse anti-B-actin, and mouse anti-p-tubulin antibodies were from Santa Cruz
Biotechnology (Dallas, Texas). For detecting IL12RB2, membranes were probed with
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secondary Abs conjugated with fluorophores (IRDye800CW donkey anti-goat 1gG Abs,
IRDye680LT donkey anti-rabbit IgG Abs, LI-COR Biosciences), and imaged using the
Odyssey Infrared Imaging System (LI-COR).

Cell stimulation with exosomes

2D6 T cells were first pre-conditioned for 12 h in the absence of IL-12p70 and then
stimulated with complete media containing the indicated concentrations of fresh exosomes
resuspended in PBS. After 30 min culture, cells were prepared for flow cytometric analysis,
as described in (Klinke et al., 2012). Briefly, cells were fixed using Phosflow Lyse/Fix
buffer, permeabilized using Perm Buffer 111, blocked using mouse IgG, stained using PE-
PTPN11 mAb, and suspended in PBSaz for flow cytometry analysis. In addition, GFP was
delivered to 2D6 and CTLL-2 cells using fresh exosomes isolated aspectically from B16FO-
XPgfp cells. CTLL-2 and 2D6 cells were co-cultured with B16F0-XPgfp exosomes for the
indicated times at a concentration of 1.0 mg/ml, washed three times with DPBS, and imaged
using a Zeiss Axiovert 40 CFL fluorescent microscope using a standard GFP filter set.

Primary CD8+ T cells were stained with CellTrace Violet (CTV) and then cultured for 24
hours in complete media containing anti-CD3/CD28 beads at a 1:1 ratio with cells. Primary
CD8+ T cells were also stimulated with the indicated concentrations of fresh exosomes.
Primary CD8+ T cells cultured in complete media that contained only blank beads at a 1:1
ratio was used as a negative control. At the indicated time points, cells were stained using
Live/Dead Yellow, fixed using Phosflow Lyse/Fix buffer, blocked using mouse 1gG, stained
with PE-IL12RB2 mADb, resuspended in PBSaz and analyzed by flow cytometry. All
experiments were performed in biological triplicate.

RNA analysis

Total RNA isolated from B16F0 exosomes and cells by RNeasy Plus kit (Qiagen) was
quantified using Nanodrop and analyzed by on-chip-electrophoresis using the Agilent
Bioanalyzer. RNA sample (100 ng) with an RNA integrity number value greater than 7 was
processed by the Ambion WT Expression Kit. Each reaction yielded between 6 to 9
micrograms of cDNA, whereby 5.5 pg of cDNA was fragmented and labeled with biotin by
the GeneChip WT Terminal Labeling Kit (Affymetrix). The efficiency of fragmentation
reaction was checked via Agilent Bioanalyzer. The entire reaction of fragmented and biotin-
labeled cDNA (50 pl) with added hybridization controls was hybridized to the mouse
GeneChip 1.0 ST Exon Arrays (Affymetrix) at 45°C for 17 hours in GeneChip
Hybridization Oven 640 (Affymetrix). Mouse GeneChip 1.0 ST Exon Arrays were stained
using FS 450 0001 protocol in Affymetrix GeneChip Fluidics Station 450. Phycoerythrin
labeling was detected within the Affymetrix GeneChip Scanner 3000 7G plus using 532 nm
light and detected by a photomultiplier tube. Expression Console software (Affymetrix) was
used to check quality controls of hybridized chips. All chips that passed quality controls
were RMA normalized using Expression Console software. The data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession humber GSE71610 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE71610).

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2018 March 07.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71610
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71610

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 14

Quantitative reverse-transcription PCR (g-RT-PCR) was used to validate the cDNA
microarray results. RNA samples were purified using an RNeasy mini kit (Qiagen) and
reversely transcribed with Superscript 111 First-Strand (Invitrogen). Quantitative PCR was
carried out on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems)
using Perfecta SYBR Green SuperMix, ROX (Quanta Biosciences). Proprietary primer
mixtures were purchased from Qiagen for the corresponding genes: Kpnb1 (QT00153419),
Rnfl4 (QT00157241), Rnd2 (QT00314216), Ptp4a3 (QT00138243), Eif2c2 (QT01757833),
Hipk2 (QT00197890), Eif4ebp2 (QT00144606), Dnmt3a (QT00106519), Wsh2
(QT01747739). Data was analyzed using the delta/delta CT method and the Sequence
Detector Software version 2.2 (Applied Biosystems). In addition, the semi-quantitative PCR
was used to amplify the full-length coding sequences (ORFs) of the indicated genes from the
same cDNAs, in which the amplified DNA products were monitored from certain cycles
after the desired fragments appeared, and compared before the amplification was saturated.
The primer sequences are listed as follows: Beta-actin forward
ATGGATGACGATATCGCTGC, reverse CTAGAAGCACTTGCGGTGCAC; Ptpnll
forward ATGACATCGCGGAGATGGTTTC, reverse
TCATCTGAAACTCCTCTGCTGCTG; Kpnb1 forward
ATGGAGCTCATAACCATCCTCG, reverse TCAAGCCTGGTTCTTCAGTTTCC; Ptp4a3
forward ATGGCCCGCATGAACCGGC, reverse CTACATGACGCAGCATCTGGTC,;
Eifdebp2 forward ATGTCCGCGTCGGCCGGTG, reverse
TCAGATGTCCATCTCAAACTGAG; Rnd2 forward ATGGAGGGGCAGAGTGGC,
reverse TCACATGAGGTTACAGCTCTTG; and Wsh2 forward
ATGGAGGCCGGAGAGGAG, reverse CTAGAAAGTCCTGTATGTGAGG. To compare
MRNA enrichment among B16F0, Melan-A, Cloudman S91 cells and exosomes, the
following primer pairs were used for real-time quantitative RT-PCR: Gapdh forward
TGCACCACCAACTGCTTAGC, reverse GGCATGGACTGTGGTCATGAG; Ptpnll
forward AGAGGGAAGAGCAAATGTGTCA, reverse CTGTGTTTCCTTGTCCGACCT;
Rnd2 forward CGCTGCAAGATCGTAGTGGT, reverse CAGAGGCCGGACATTGTCAT;
Eif4abp2 forward GGGACGCTGTTCTCCACAAC, reverse
TATTGGGCAGATGGCAAGGTG; and Wsh2 forward CTTCTCGCCAGACGGTTCC,
reverse GGTGACGTGCCCAGAGTTTC.

PTPN11 transfection and assay of CTLL-2 T cell proliferation

CTLL-2 T cells were transiently transfected with two different PTPN11 expression plasmids
with CMV promoters (MC219480 for isoform variant 1, MC219394 for isoform variant 2,
OriGene Technologies), and a GFP expression plasmid with a CMV promoter (pmaxGFP
Vector from Lonza) using a Nucleofector electroporation 2b device, program L-029 and
solution L (Lonza). As a negative control, CTLL-2 cells electroporated with plasmid TE
buffer. Following transfection, cells were cultured in calcium-free medium containing 10%
FBS at 37°C for 10 minutes and then cultured in complete medium containing 50 ng/ml TPA
(PMA; Sigma) to induce gene expression for 40 hours. CTLL-2 cells were then labeled with
CTV to record cell proliferation and stimulated with 2000 U/ml IL-2 for the indicated time
points. IL-2 stimulated cells were stained with Live/Dead Yellow, fixed, permeabilized,
blocked, stained using PE-conjugated PTPN11 mAbs and subjected to flow cytometric
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analysis. At least two biological replicates of transfection were performed. For each batch of
transfected cells, experiments were performed in biological triplicates.

Flow cytometry

Statistics

Immunostaining of surface proteins on exosomes was performed using methods described
previously (Wu et al., 2015). In brief, freshly isolated exosomes were resuspended in PBSAz
buffer, blocked using mouse IgG, stained with PE-conjugated IL12RB2 mAb, washed in 20
ml PBSAz and spun down at 150,000xg for 1 hour at 4°C. Stained exosomes were then
resuspended in 0.5-1 ml PBSAz supplemented with 0.04% paraformaldehyde (Electron
Microscopy Sciences), and stored at 4°C before flow cytometry analysis. For all flow
cytometric analyses, FACSAria or LSRFortessa flow cytometers were used (BD
Biosciences). The fluorescent intensity for each parameter was reported as a pulse area using
18-bit resolution. Single-stain controls were used to establish fluorescent compensation
parameters. Unstained cells were used as negative flow cytometry controls. Flow cytometry
data was exported as FCS3.0 files and analyzed using R/Bioconductor software (Klinke and
Brundage, 2009).

The statistical differences in Western blots and cell proliferation were compared using
Students t-test. A p value < 0.05 was considered as statistically significant. Gene transcript
abundance was estimated based on the average expression of all core probesets for a gene
measured by Affymetrix microarray. The probability of a gene being expressed above
background by random chance was estimated using the negative control probesets and a
Welch’s t-test with the degrees of freedom calculated using the Welch-Satterthwaite
equation. Using at least 5,000 cell events, statistical significance of the distributions in
CellTrace Violet MFI was assessed with a probability binning approach whereby the
univariate distribution was discretized into 100 bins and the number of events in the negative
control and sample bins were compared with a Pearsons XZ test. To assess statistical
significance, a p-value of less than 0.01 was used for estimating the distribution of mMRNA
expression between cells and exosomes. A p-value of less than 1e-9 was used for pathway
enrichment analysis using the Enrichr algorithm (Chen et a/,, 2013) and incorporates a
Bonferroni correction for multiple hypothesis testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

While exosomes are emerging as a new mode of intercellular communication through the
transfer of proteins and RNAs between cells, their role in establishing a malignant tissue
niche remains controversial. Here, we observed that tumor-derived exosomes can
upregulate PTPN11, which is a phosphatase involved in immune checkpoint pathways, to
inhibit T cell proliferation and are sized to accumulate within the tumor
microenvironment. More interestingly, the results suggest a mechanism of resistance to
immunotherapy whereby upregulation of PTPN11 by B16F0 exosomes to lymphocytes
that infiltrate the tumor would bypass the extracellular control of the immune
checkpoints.
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Figure 1. Mouse melanoma and immortalized melanocytes r el ease exosomes
Extracellular vesicles were isolated from media conditioned by B16FO0 cells (a), Cloudman

S91 (b), and Melan-A cells (c) and imaged using SEM (bar indicates 500 nm used for a, b
and c). SEM images were representative of more than 3 replicates. A higher magnification is
shown as inset in panels (see Figure S1). (d) The diameters of the extracellular vesicles from
B16FO0 (black solid line, N = 66), Cloudman S91 (black dotted line, N = 62), and Melan-A
cells (gray shadowed, N = 123) were estimated from the SEM images using ImageJ and
summarized using a density distribution, where the density distributions were offset
vertically for clarity. (¢) Immunoblotting analysis of common exosome markers, where 20
ug of total protein was loaded in each lane (WCL, whole cell lysate; Exo, exosome lysate).
(f) Western blot analysis identified IL12RB2 as being present in B16F0 exosomes, B16F0
cells and 2D6 T cells. GAPDH was a loading control and whole cell lysate from 2D6 T cells
was used as a positive control for IL12RB2 expression. (g) The presence of IL12RB2 on the
surface of exosomes was detected by flow cytometry using IL-12RB2 mAbs-PE. Unstained
exosomes were used as a negative control (gray shaded). Results were representative of three
replicates.
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Figure 2. B16F0 exosomesinhibit multiple aspects of primary CD8+ T cell responseto antigen
stimulation

Primary CD8+ T cells were isolated and stained by CellTrace Violet at Ohr, stimulated for 24
hrs with anti-CD3/CD28 beads and exosomes derived from B16F0, Cloudman S91, and
Melan-A cells. (a) Flow cytometric events were gated into cells (blue polygon) and dead/
dying cells were excluded based on Live/Dead staining (yellow). (b) The percentage of
viable cell events were compared between CD8+ T cells stimulated for 24 hrs with anti-
CD3/CD28-conjugated beads (CD3/CD28 beads) and different concentrations of exosomes
derived from B16F0, Cloudman S91, and Melan-A cells. (c) Cell proliferation was assessed
using a shift in CellTracer Violet, as assayed by flow cytometry. Cells at 0 hours were used
as a reference condition (gray shaded) and cells stimulated for 24 hours with CD3/CD28
beads were a positive control (black curve). Colored lines indicate intensity thresholds
associated with progressive cell proliferation. (d) The relative T cell proliferation for the
indicated experimental conditions are summarized, where individual data points are shown
and lines indicate the average response. (e) IL12RB2 was assayed in CD8+ T cells by flow
cytometry, where representative histograms for the indicated experimental conditions are
shown. (f) The median IL12RB2 staining results were compared between CD8+ T cells
stimulated with CD3/CD28 beads and different concentrations of exosomes derived from
B16F0, Cloudman S91, and Melan-A cells. Results were obtained in biological triplicate. A
significant difference between exosome-treated and the positive control was assessed using a
two-sided Students t-test assuming unequal variance (* p < 0.01). One replicate at the 200
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ug/ml B16F0 exosome condition was considered an outlier, as indicated by the arrow in
panels b, d, and f.
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Figure 3. B16F0 exosomes contain mRNAs that are differentially expressed relative to parental

cels

(a) The distribution in RNA contained within the parental B16FO0 cells (top panel) and
B16F0 exosomes (bottom panel) was quantified using microfluidic electrophoresis (Agilent
2100 Bioanalyzer). (b) Hierarchical clustering of mRNA detected above background (p <
0.01) from four B16F0 exosomes and four B16F0 cell samples using Affymetrix Exon-level
c¢DNA microarrays. (c) The overall distribution in exosome versus cellular abundance of
mRNAs (gray curve) was deconvoluted into three normally distributed populations: mRNAs
enriched in cells (red curve 67% of total), mMRNAs equally distributed between cell and
exosomes (black curve 30% of total), and mRNAS enriched in exosomes (blue curve 3% of
total). (d) Using a more stringent gene call (p < 1e-9), a Venn diagram summarizes the
number of MRNA genes differentially expressed between cell and exosome samples.
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Figure 4. Relative mRNA abundance between B16F0 exosomes and cells wer e consistent between
gRT-PCR and microarray analyses

(a) The abundance of 10 genes (Kpnb1, Rnf14, Rnd2, Ptp4a3, Ptpnll, Eif2c2, Hipk2,
Eif4ebp2, Dnmt3a, and Wsh2) in B16F0 exosomes versus B16FO0 cells were quantified by
quantitative RT-PCR (mean £ s.d., N = 3). The gRT-PCR results were normalized to the
average differential abundance of three control genes: Kpnb1, Rnfl14, and Rnd2. (b) The
relative abundances of mMRNAS assayed by qRT-PCR were compared against the relative
abundances of MRNAs assayed by cDNA microarray. The dotted line indicates that the two
different assays provide the same results for relative abundance. (c) Full-length coding
sequences (ORFs) were amplified by semi-quantitative RT-PCR. Equal concentrations of
RNA were reverse-transcribed into cDNA and amplified by PCR. After 25 cycles, full-
length open-reading frame amplicons were monitored every three cycles and resolved on
agarose gel before the amplification was saturated.
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Figure 5. PTPN11 was dose-dependently increased in T lymphocytes when treated with exosomes
from B16FO0 but not Cloudman S91 or Melan-A cell lines

(a) Representative flow cytometry results for 2D6 T cells stained using a PE-conjugated
PTPN11 mAb following incubation with 200 pg-protein/ml B16F0 exosomes (NanoDrop
Assayed) for 30 minutes (black curve). Background level of PTPN11 was assayed in
untreated 2D6 cells (red curve). Isotype stained (blue curve) and unstained 2D6 cells (gray
shaded) were used as negative controls. (b) The median MFI associated with PTPN11
staining in 2D6 cells following incubation with different sources of exosomes at different
concentrations (0.1, 1, 10, 100 and 200 pg-protein/ml denoted on x-axis). The 2D6 cells
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were incubated with the indicated concentrations of B16F0 exosomes (blue circles),
Cloudman S91 exosomes (red squares), and Melan-A exosomes (black crosses). Statistical
differences were assessed using Students t-test, * p < 0.05 for B16F0 exosome-incubated
cells versus Cloudman S91 exosome-incubated cells, ** p < 0.01 for B16F0 exosome-
incubated cells versus Melan-A exosome-incubated cells.
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Figure 6. Exosomes from B16F0 but not Cloudman S91 or Melan-A cell lines contained PTPN11
protein and were enriched for PTPN11 mRNA

(a) Presence of PTPN11 and the exosome markers CD63 and CD9 were assayed in whole
cell lysates (WCL) and exosome (EXQ) samples from B16FO0 cells. (b) The presence of
PTPN11 and the exosome markers CD63 and HSP70 were assayed in whole cell lysates and
exosome samples from Melan-A, Cloudman S91, and B16FO0 cell lines. In Panels (a) and (b),
B-actin was included as a negative control for the exosome samples and 20 pg of total
protein was loaded in each lane. (c and d) RT-PCR was used to quantify within equally
loaded cDNA samples the abundance of transcripts associated with Gapdh, Ptpn11, Rnd2,
Eifdabp2, and Wsb2 in cells (c) and in exosomes (d). In (c), relative gene expression is
reported using AACt, where the numerator is the ACt for the indicated gene relative to
Gapdh in the sample and the numerator is the ACt for the average Cts of the indicated gene
relative to Gapdh in the B16F0 sample. In (d), relative gene expression is reported using ACt
for the indicated gene in the exosome sample relative to the cell sample. Statistical
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differences were assessed using Students t-test, where ** and *** correspond to p < 0.05
and p < 0.001, respectively, for a sample compared to the corresponding B16F0 sample.
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Figure 7. B16F0 exosomes delivered a biological payload to T cells
B16FO0 cells were transfected with a lentivirus-based Xpack-GFP plasmid that targets GFP to

exosomes (positive control). Exosomes isolated from B16F0-XPgfp cells were co-cultured
with 2D6 (3 and 24 hours) and CTLL2 (24 hours) cells, washed three times with DPBS, and
imaged by fluorescence microscopy. Phase contrast and merged images are shown for
comparison. 2D6 and CTLL-2 cultured in media alone served as negative controls. Scale bar
indicates 50 mum.
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Figure8. Anincreasein PTPN11 inhibited the proliferation of CTLL-2 cellsin responseto IL-2
(a) At the indicated time points, PTPN11 was assayed in CTLL-2 cells following a 40 hour

recovery in complete medium after transient transfection with expression plasmids
containing either the gene for GFP (blue circles and solid line) or Ptpn11 (red triangles and
dotted line). (b, ¢) CTLL-2 T cells were transfected with Ptpn11 plasmids (red curves), GFP
plasmids (blue curves), or no plasmid control (green curves), recovered for 40 hours in
complete medium, stained using CellTrace Violet (CTV), and then stimulated with 2000
U/ml IL-2. Following 48 hours of stimulation with IL-2, the levels of PTPN11 and dilution
of CellTrace Violet in live cells were assayed by flow cytometry, where at least 20,000
events were acquired. The results are representative of at least three replicates. (b) Scatter
plots summarized the intensity of PTPN11 staining versus CellTrace Violet staining for cells
transfected with a GFP plasmid (dots). Similar results for untransfected CTLL-2 cells and
cells transfected with a PTPN11 plasmid are shown as a single contour that encloses 95% of
the population (green oval: untransfected CTLL-2 cells, blue oval: GFP-transfected CTLL-2
cells, red oval: PTPN11-transfected CTLL-2 cells). (c) Histograms of CellTrace Violet
staining in three biological replicates of untransfected (green curves), GFP-transfected (blue
curves), and PTPN11-transfected (red curves) observed after 48 hours were compared to
CTLL-2 cells fixed at 0 hours (gray shaded curve).
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