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SUMMARY

Immune cells constantly survey the host for pathogens or tumors and secrete cytokines to alert
surrounding cells of these threats. /n7 vivo, activated immune cells secrete cytokines for several
hours, yet an acute immune reaction occurs over days. Given these divergent timescales, we
addressed how cytokine-responsive cells translate brief cytokine exposure into phenotypic changes
that persist over long timescales. We studied melanoma cell responses to transient exposure to the
cytokine Interferon -y (IFN+y) by combining a systems-scale analysis of gene expression dynamics
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with computational modeling and experiments. We discovered that IFNy is captured by
phosphatidylserine (PS) on the surface of viable cells both in vitro and in vivo, then slowly
released to drive long-term transcription of cytokine-response genes. This mechanism introduces
an additional function for PS in dynamically regulating inflammation across diverse cancer and
primary cell types, and has potential to usher new immunotherapies targeting PS and inflammatory
pathways.

eTOC BLURB

Activated immune cells secrete cytokines for few hours, yet acute immune reactions unfold over a
week or more. Oyler-Yaniv et al. resolve this timescale discrepancy by uncovering how cancer &
immune cells rely on their surface phosphatidylserine to capture cytokines then slowly release
them and elicit long-term cell-to-cell communication.

Rapid capture of cytokines,
mediated by surface y
phosphatidylserine (PS) |

Slow release of cytokines ™

& auto/pa racrﬁj}%‘j’w

INTRODUCTION

Immune cells constantly survey the environment for pathogens or tumors, and then secrete
cytokines to alert surrounding cells of the threat. Many different cytokines exist which serve
to communicate a specific immune context. Paradoxically, cytokines are often secreted
transiently (~hours) by activated immune cells, while the dynamics of an acute immune
response typically unfold over a week (Helmstetter et al., 2015; Honda et al., 2014; Hosking
et al., 2014; Manicassamy et al., 2010). These widely varied timescales pose two questions:
how do cells translate short-lived cytokine exposure into long-term gene expression changes
that persist for the duration of an immune reaction? More fundamentally, what mechanisms
regulate the duration of cell responses to transient cytokine exposure?

Answering these questions requires addressing how cells transduce cytokine signals by
phosphorylation of signaling molecules and activation of transcription factors. To do so, the
strategy of combining mathematical modeling with time-course experiments (dynamics) has
proven fruitful for dissecting gene regulatory mechanisms from the kinetics of transcription
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factor activation (Cai et al., 2008; Hoffmann et al., 2002; Lee et al., 2014; Nelson et al.,
2004; Purvis et al., 2012). Understanding such dynamics has immediate practical
implications. For example, tracking the signaling dynamics of the tumor suppressor p53
enabled identification of the optimal timing for administration of DNA damage to maximize
tumor cell death (Chen et al., 2016; Lee et al., 2012). Given that the timing and order of
chemotherapeutic intervention can be optimized, we speculated that there is also an optimal
timing for immunotherapeutic intervention after tumor cell exposure to pro-inflammatory
cytokines.

In this study, we focus on the pro-inflammatory cytokine, Interferon y (IFN-y). This
cytokine is produced by activated T cells and Natural Killer (Schroder et al., 2004) cells to
prevent microbial infection, block primary tumor development, and enhance rejection of
established tumors (Dighe et al., 1994; Shankaran et al., 2001). Upon T cell activation, IFN-y
is produced for 3—10 hours (Helmstetter et al., 2015; Honda et al., 2014; Hosking et al.,
2014). Although this cytokine is secreted transiently (~hours), it is crucial for host-pathogen
or host-tumor defense over long timescales (~days/weeks). Therefore, we sought to
determine the temporal duration of cancer cell responses to brief IFNy exposure.

We studied the transcriptional dynamics of melanoma cells exposed to brief pulses of IFNy
and observed long-term up-regulation of antigen presentation genes /n vitro. Enhanced
transcription of these genes peaked 2 days after the initial signal was abolished, then
decayed over one week. By combining mathematical modeling with diverse experimental
approaches and an /n vivo mouse model of thyroid cancer, we learned that IFN+y is captured
by cell surface-exposed phosphatidylserine on viable cancer and primary cells. The cytokine
is then slowly released to drive persistent transcription of IFN-y-response genes by autocrine
and paracrine signaling. We named this mode of cell communication, cytokine “catch-and-
release”. Our findings reveal an unexplored function for phosphatidylserine (PS) in
regulating inflammatory responses in the tumor microenvironment and in other cell types,
with potential applications in anti-cancer immunotherapies.

Transient exposure to IFN+y drives persistent up-regulation of antigen presentation

The timescale over which cells maintain phenotypic changes after exposure to a transient
signal can span several orders of magnitude, as illustrated in Figure 1A. In the most basic
model of gene regulation, the cell response tracks the external stimulus (see Methods S1):
once the signal is abrogated, cells rapidly return to their original phenotypic state. In that
context, slower mRNA decay would only modestly extend the response. Alternatively,
phenotypic changes may persist indefinitely because of positive feedback (Justman et al.,
2009) or chromatin modifications (Agarwal and Rao, 1998). Immune responses pose a
unique challenge: to effectively respond to a threat, the immune system must achieve an
intermediate timescale of response by extending phenotypic changes past the brief period of
cytokine secretion, yet eventually return to homeostasis.

We sought to quantify the timescale of a cell’s response to transient IFNy. Exposure of
cancer cells to IFNy increases their recognition and killing by T cells (Dunn et al., 2002), so
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we designed an assay to quantify when IFN-y-pulsed cells are most sensitive to T cell
recognition (Figure 1B). B16-F10 mouse melanoma cells were pulsed briefly (5h) with
IFNy, then washed and cultured in cytokine-free conditions (Figure 1C). B16-F10 cells
(hereafter called B16 cells) are an immortalized mouse tumor line that originally derived
from a spontaneous melanoma that arose in a C57BI/6 mouse (Overwijk and Restifo, 2001).
Subsequent to IFNy exposure, pmel CD8+ T cells were added to the culture and their
activation was quantified. These T cells specifically recognize the endogenously-expressed
gp100 peptide antigen presented by major histocompatibility complex class | (MHC-I) on
B16 melanoma cells (Overwijk et al., 2003).

IFNy-pulsed B16 cells increased over time in their capacity to activate T cells, peaked 2
days post-exposure, then returned to pre-treatment levels by 5-7 days (Figure 1D). This
implied that B16 cells persistently up-regulated cytokine-response genes for days after
removal of IFNvy, yet retained the ability to return to homeostatic levels. To check whether
the dynamics of IFNy-response genes matched those of T cell activation, we sequenced
mRNA from B16 cells for several days after IFNy exposure. The resulting transcriptional
dynamics were grouped based on their similarity to one another using k-means clustering
(Figure 1E and S1A). Our analysis revealed three main transcriptional clusters, whose
biological significance was defined by gene ontology analysis (Ashburner et al., 2000; Gene
Ontology Consortium, 2015). Cluster 1 was significantly enriched with genes involved in the
MHC-1 and Il antigen presentation pathways, which are critical for T cell activation (Figure
1F). Clusters 2 and 3 were of limited amplitude and not enriched for any specific pathway.
We chose two candidate genes from cluster 1, H2-DP and H2-KP?, which encode both alleles
of the mouse H2b MHC-I haplotype, to confirm that protein expression matched that of
MRNA expression (Figure S1B).

These data suggested that persistent up-regulation in antigen presentation caused the
observed pattern of T cell activation. To test this, we repeated our T cell activation assay
with additional conditions (Figure 1G). In a second group of B16 cells, we blocked MHC-1 -
T cell receptor interaction with a neutralizing antibody. Additionally, EL4 cells, which
possess the H2b haplotype but lack the peptide antigen gp100, were pulsed with IFN-y and
cultured with T cells. T cell activation was completely abrogated when MHC-I was blocked,
or in the absence of peptide antigen in the case of EL4 cells (Figure 1H). These data show
that the long-term pattern of T cell activation after brief B16 exposure to IFN+y is peptide-
specific, and dependent on the MHC-I antigen presentation pathway.

To summarize, B16 melanoma cells respond to transient IFN-y (5h) with sustained up-
regulation of antigen presentation that peaks 2 days post-exposure. Thus, the cell response to
IFNy extends long past when the original cytokine source is gone.

JAK-STAT signaling drives persistent transcription

Downstream of the IFN-y receptor, the transcription factor STAT1 is phosphorylated
(pSTAT1) and drives changes in gene expression. Persistent phosphorylation of STAT1 after
IFNy withdrawal could explain persistent up-regulation of antigen presentation genes. To
test this, cells were exposed to IFNy for 5h, and then washed to remove cytokine (Figure
2A). Cells were harvested periodically for intracellular phospho-flow cytometry. During
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IFNy exposure, pSTAT1 peaks rapidly (Figure 2B). Immediately after washing, pSTAT1
drops to 10% of its maximum level, and then slowly decays back to baseline four days after
initial cytokine exposure. Persistent phosphorylation of STAT1 requires JAK activity,
because application of a small molecule inhibitor of the JAK 1/2 kinase (JAKIi) (Hedvat et
al., 2009) after IFNvy stimulation caused rapid decay of pSTAT1 (Figure S2A). We also
tested whether JAK-STAT signaling is necessary for persistent transcription of antigen
presentation genes by applying a JAK inhibitor to cells and quantifying A2kb transcript over
time (Figure 2C). Cells that were JAK inhibited after IFN-y-stimulation peaked at the time
when JAK inhibitor was administered (5h), and with a lower magnitude of response (Figure
2D).

To establish that it is IFN-y itself that drives persistent up-regulation in antigen presentation,
cells were stimulated with cytokine, washed, and an IFNy neutralizing antibody was added
(Figure 2E). Blocking IFN-y after the initial washout caused an earlier peak in the MHC-I
protein H2-KP relative to the control (Figure 2F). Given that IFN+y antibody blockade
prevents sustained up-regulation of IFNy response genes, we revisited our RNA seq data
and observed that IFN-y does not induce its own production in B16 cells. We also confirmed
that media harvested immediately after the last wash does not up-regulate MHC-I when
cultured with naive B16 cells (Figure S2C). Finally, neither a nor B interferons contributed
to persistent up-regulation of the antigen presentation pathway (Figure S2B).

Together, our experiments demonstrate that transient exposure to IFN-y drives persistent
JAK-STAT signaling, and persistent up-regulation of the antigen presentation pathway,
independently of de novo IFNy transcription.

IFNy-exposed cells catch and release IFNy in a receptor-independent manner

Our experiments suggested that IFN-y can be captured and released by cytokine-exposed
cells. To test this, we set up a transwell assay (Figure 3A) in which one group of cells were
pulsed with IFNvy, washed, and co-cultured in the bottom of a plate with unpulsed sensor
cells. “Sensors” are B16 cells that have not been pre-treated with cytokines and are
effectively naive. They are denoted as sensors in this assay because they quantitatively report
IFN-y exposure by up-regulating IFN-y-response genes, such as MHC-I. An additional group
of un-stimulated sensors were spatially separated from cytokine-pulsed cells by culturing
them in the top of a cytokine-permeable transwell insert. MHC-1 on sensor cells was
measured by flow cytometry after one day of co-culture. Sensor cells cultured in close
proximity with IFN-y-pulsed cells up-regulated MHC-1 10-fold after 1 day of co-culture
(Figure 3B). All MHC-I up-regulation was abrogated when cells were cultured in the
presence of IFN-y blocking antibody. Thus, IFNy-pulsed cells slowly release cytokine,
which can then signal in a paracrine manner.

To determine whether cell-to-cell cytokine sharing is dependent on cell proximity or contact,
we measured MHC-I expression on sensor cells after multiple days of co-culture. Sensor
cells mixed in the bottom of the transwell continued to up-regulate MHC-I, and sensor cells
in the top began to up-regulate MHC-I, eventually reaching levels comparable to mixed
sensor cells (Figure S3A). This suggests that IFN-y is slowly released from IFN-y-pulsed
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cells and diffuses to sensor cells in the top of the transwell over time. Thus, cell-to-cell
cytokine sharing likely depends on proximity, but not cell contact.

We then asked whether other tumor-derived and immortalized cell types exhibit cell-to-cell
cytokine sharing. A panel of mouse and human cell lines were pulsed with mouse IFNy,
then washed and co-cultured with un-stimulated B16 sensor cells (Figure 3C). All cell types
assayed, were capable of sharing IFNy with B16 cells (Figure 3D). These experiments
demonstrated that IFN-y is captured by diverse cell types, then slowly released.

We next addressed whether IFN-y release originated from de-binding from IFN+y receptors
(IFNyR) after washing. We repeated our assay with B16 IFN-y receptor knockout (B16
IFNyR KO) cells (Figure 3C). These cells were pulsed with IFN-y, washed, and co-cultured
with receptor competent B16 sensor cells. We again observed IFNy-dependent up-regulation
of MHC-1 on sensor cells (Figure 3E). Hence IFNy is captured and released by cells in an
IFN-y receptor-independent manner.

Finally, we developed an assay to quantify how much cytokine cells could capture (Figure
5F). B16 IFNyR KO cells were incubated with 50pM recombinant IFN+y in a well-mixed
setting for 5h. The culture supernatant was then harvested and the remaining cytokine was
quantified using a bead-based ELISA. We found that B16 IFNyR KO could capture more
than 60% of the soluble cytokine. We repeated this cytokine-capture assay with multiple
concentrations of T cell-derived IFN+y and found that it was as efficiently captured by cells
as recombinant IFNy (Figure S3B).

To summarize, we uncovered a cytokine catch-and-release phenomenon whereby IFNvy-
exposed cells capture it in an IFNyR-independent manner, and then slowly release it,
enabling autocrine and paracrine communication. This allows IFN-y to act over long
timescales by persisting in the environment after the original cytokine source is removed.

Cytokine catch-and-release is well approximated by a slow, single-step mechanism

In this section, we introduce a quantitative model to probe the essential dynamic features of
cytokine catch-and-release.

We first quantified the strength of IFN+y cell capture, by measuring the concentration
(IFN<ysq) of IFN+y at which cells fulfill 50% of their catch and release capacity. We prepared
fluorescently-labeled IFNy (IFN7flu9) and confirmed its full functionality (Figure S3D,E,
and supplemental experimental procedures sections 2.9 and 2.10). B16 IFNyR KO cells
were then exposed to varied concentrations of IFN+flU0 for several hours, washed and the
amount of IFN-yflU0 captured per cell was measured by flow cytometry. We confirmed that
IFNy capture and release had reached a steady state (Data not shown). The data were well
fitted with a Hill function, with a coefficient of 1, suggesting that IFN-y catch-and-release
can be coarse grained as a single-step process, with an equilibrium concentration IFNysq of
340+30 pM (Figure 4B).

We then used a mathematical model to better understand the cells’ long-term responses to
IFN-y observed experimentally (for modeling details see Methods S1). We modeled two
modes of IFN<y binding (via its receptor and by cell capture) using mass action kinetics
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(Figure 4A). Once exogenous IFN-y is removed from the system, IFN+y can be released from
cells, rebinds to IFNyR and induces signaling until it is consumed. We then used our model
to predict the release rate of IFN-y from the cell. As a modeling target, we generated the
pSTATL1 profile after removal of exogenous IFNy from the system. The pSTAT1 profile was
generated using the ECsg of IFNy signaling (Figure S4A) and the concentration of free
IFNy generated by the model (Figure S4D). We kept IFNvysq constant to its measured value
(Figure 4B) and varied the catch and release rates over several orders of magnitude (Figure
4C). Our model predicted that the timescale for IFN+y cell release (trejease) Would need to be
surprisingly slow, between 4 and 40 hours to account for our experimental data (7.e. pSTAT1
peak time around 1 day - Figure 2B and 4C-inset).

We tested this prediction by performing a well-mixed competition experiment. B16 IFNyR
KO cells were pulsed with IFNyflU0, and then the media was replaced with an excess of
unlabeled IFN-y. The decay in cell fluorescence was quantified by flow cytometry and fitted
as an exponential decay (Figure 4D). We estimated tejease t0 be 5.1+0.8h, in accordance
with our model prediction. We used this experimentally-determined value to demonstrate
that our coarse-grained model accounts for our pPSTAT1 measurements (Figure 4E). Next,
we used the pSTAT1 profile generated by the model to infer the mRNA dynamics: these
compared well to the dynamics of gene expression for the antigen presentation cluster
(Figure 4F, 1E).

Our experiments verified that the cell release of IFNvy is extremely slow compared to typical
molecular de-binding rates. Illustrating this is an alternative example of cytokine
sequestration where Interleukin 10 (IL10) interacts with the extracellular matrix (ECM)
protein heparan sulfate (Salek-Ardakani et al., 2000). The halflife of IL10-heparan sulfate
de-binding is ~30s, which contrasts starkly with our measurement of 5h for IFN-y cell
release (Figure 4D). Hence, cell catch-and-release of IFNy operates on a timescale 600-fold
slower than typical ECM sequestration of cytokines, enabling this new mode of cell-to-cell
communication (Figure S4E). Using the experimentally-derived timescales for IFNvy cell
catch and release, our model quantitatively accounts for the dynamics of pSTAT1, mMRNA,
and cell-to-cell cytokine sharing (Figure 4E,F and S4G,H). Ultimately, our model shows that
coarse-graining IFNy catch-and-release to a slow, one-step process is sufficient to explain
all of our experimental observations.

Cell surface-exposed phosphatidylserine mediates IFNy catch-and-release

We then sought to identify by what mechanism cells achieve this extraordinarily slow catch-
and-release. We used our IFN+y cell-capture assay (Figure 5F) to demonstrate that cytokine
catch and release was not mediated by surface proteins, heparan sulfate, chondroitin sulfate,
gangliosides or clathrin-dependent endocytosis (Figure S3C). We then used IFNflu0 to
reveal by confocal microscopy a punctate pattern for IFNy during cytokine catch and release
(Figure S3F), suggesting a role for membrane microdomains. To test whether IFNy directly
bound to lipids, we performed an immunoblot using strips spotted with a panel of different
lipids. IFN-y bound strongly and directly to several different lipids including cardiolipin
(CL), phosphatidylserine (PS) and phosphatidyl inositol (4) phosphate (P1(4)P) (Figure 5A).
This is consistent with a previous observation that IFN-y could bind PS in liposome
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membranes (Yoshimura and Sone, 1987). We then stained live cells with lipid-specific
reagents and used flow cytometry to test the presence of these lipids on the outer leaflet of
the plasma membrane. While CL and P1(4)P were undetectable, PS was ubiquitously on the
surface of live cells and was detected by both of the PS-binding proteins, Annexin V and
MFG-ES8 (Figure 5B and S5A-B, D-E, and supplemental experimental procedures sections
2.4 and 2.5), making it the best candidate to mediate IFN-y cell capture.

In healthy cells, PS is primarily localized on the inner leaflet of the membrane (van Meer et
al., 2008). However, there are certain contexts where PS accumulates on the outer leaflet of
non-apoptotic cells, such as primary macrophages and monocytes, and activated T and B
cells (Figure S6B) (Appelt et al., 2005; Callahan et al., 2000; Dillon et al., 2000; Fischer et
al., 2006). as well as many primary tumors, tumor vascular endothelium, and tumor cell
lines (Figure S5D) (Blanco et al., 2014; Chu et al., 2013; Dong et al., 2009; Judy et al.,
2012; Lima et al., 2009; Riedl et al., 2011).

We imaged PS using Annexin V staining and observed a punctate pattern similar to that of
IFNy (Figure 5C, S3F), and distinctly different than that of a dead cell (Figure S5C). To
resolve the subcellular localization of PS (membrane versus cytosolic), we imaged cells in
suspension after staining with Annexin V and with plasma-membrane labeling cell mask
orange. This strategy revealed punctate PS embedded in the plasma membrane (Figure 5D).
We then imaged IFN+y and Annexin V together. To circumvent potentially-competing
interactions of IFNy by Annexin V with PS, we stained cells with a very low dose of
Annexin V and found the patterns of IFN-y and Annexin V to be super-imposable (Figure
5E). To determine whether PS is necessary for IFNy cell capture, cells were pre-incubated
with Annexin V (60nM) and tested for their ability to capture IFN<y (Figure 5F). Annexin V
blocked IFNy cell capture relative to cells treated with the buffer control by more than 80%
(Figure 5G). Similar blocking was obtained with the PS-binding protein MFG-E8 (Figure
S5F). Taken together, these data reveal that PS directly binds IFN+y, co-localizes with IFNy
on cells, and is necessary for cell capture of IFNvy.

The punctate plasma membrane distribution of PS resembled lipid rafts, leading us to test
the potential role of cholesterol (as a key component of these rafts) in IFNvy cell capture.
Cholesterol was depleted using several different approaches, including methyl p
cyclodextrin (MBCD) (Mahammad and Parmryd, 2014), filipin (Maxfield and Wustner,
2012), saponin (Simons and Ikonen, 1997), and statin treatment (Istvan, 2001), and then we
repeated the IFN-y cell capture assay (Figure 5F). MBCD sequesters membrane cholesterol
to transiently deplete the plasma membrane, filipin and saponin both bind to cholesterol, and
statins inhibit activity of HMG-CoA reductase, an enzyme in the cholesterol biosynthetic
pathway. In all cases where cholesterol was depleted, IFNy capture was reduced (Figure
5H). We introduced fluorescent cholesterol (BODIPY-cholesterol) to cells (IInytska et al.,
2013), and co-stained with Annexin V, revealing co-localization between the two (Figure
51). BODIPY-cholesterol also co-localized with IFNyflu0 (Figure 5J). Importantly, IFN-y did
not bind directly to cholesterol as revealed by the IFN+y lipid blot, suggesting that
cholesterol plays an indirect role in cytokine capture (Figure 5A).
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In addition to cholesterol-dependence, we were intrigued by the extremely slow IFN-y cell
release rate (Figure 4). This release timescale is much slower than that for molecular de-
binding. We asked whether the IFN-y release rate reflects simple de-binding from PS, or
whether IFNy is endocytosed and released after binding PS on the cell surface. We found
that some of the captured IFN+yfU0 was adjacent to and even associated with the plasma-
membrane, while some was clearly intracellular (Figure 5K). These results support a
mechanism for cytokine catch-and-release, where IFN<y is captured on the cell surface in a
PS-dependent manner, endocytosed, then slowly released.

Cytokine catch-and-release enables communication between spatio-temporally separate
cells, in multiple cellular settings, for Th1l-driving cytokines

In this section, we test the functional significance of the slow catch-and-release of cytokines
in diverse cellular contexts. T cells produce IFN-y for only a short period of time
(Helmstetter et al., 2015; Honda et al., 2014; Hosking et al., 2014). However, if IFNYy is
captured by cells in the vicinity where it was produced, its slow release time could permit
signaling to different cells that migrate into the environment later. Thus cells that are
separated by both space and time could communicate via cytokine catch-and-release.

We tested whether the IFN-y captured by PS on tumor cells was sufficient to activate
macrophages. B16 IFNyR KO cells were pulsed with IFN+y, washed and co-cultured with
either WT or IFN-yR KO BALB/c bone marrow-derived macrophages (BMDM).
Macrophage activation was quantified by expression of inducible Nitric Oxide Synthase
(iNOS) (Figure 6A). IFN-y-pulsed melanoma cells up-regulated iNOS expression in WT but
not IFN-yR KO BMDM (Figure 6B). Therefore, catch and release of IFN-y is sufficient to
activate macrophages.

Next, since dual administration of IFN+y and tumor necrosis factor a (TNFa) are known to
cooperatively induce cell death (Braumller et al., 2013; Liu et al., 2011), we asked if catch-
and-release communication could enhance cell death in response to sequential treatment
with these cytokines. B16 IFNyR KO cells were transiently exposed to IFNy or mock-
exposed. After washing, IFN-y-pulsed or un-pulsed cells were co-cultured with B16 IFNyR
competent cells. One cohort of cells was left untreated, one was incubated with TNFa., and
the final cohort was incubated with TNFa and an anti-IFNvy blocking antibody (Figure 6C).
After 24 hours, cell death was quantified. In conditions where persistent IFN-y signaling was
permitted, TNFa boosted cell death (Figure 6D). This shows that cytokines can act
additively on cells despite sequential secretion.

Constitutive presentation of PS on the plasma membrane outer leaflet appears distinctive of
tumor cells and implies that tumor cells would be more efficient at capturing IFN-y than
healthy primary tissues. To test this, we harvested different primary tissues from IFN-yR KO
mice and tested their ability to capture IFN-y compared to B16 IFNyR KO melanoma cells
using our IFNy cell capture assay (Figure 5F). This experiment revealed that many primary
tissues were relatively inefficient at IFN+y cell capture compared to B16 melanoma cells
(Figure S6C).
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Although constitutively externalized PS is characteristic of tumor cells, there are contexts
where PS flips transiently to the outer leaflet occurs in healthy cells. For example, PS has
been observed on the outer leaflet of live monocytes and macrophages, and activated T and
B cells (Figure S6B) (Appelt U et al., 2005; Callahan et al., 2000; Dillon et al., 2000;
Fischer et al., 2006). Consistent with the outer leaflet localization of PS in activated
lymphocytes, activated but not naive T cells were capable of capturing IFNvy in our cytokine
cell capture assay (Figure 5F and S6D and supplemental experimental procedures section
2.8). We then asked whether activated T cells capture IFN+y and are capable of sharing IFNy
after de novo IFNy production has been shut down (Figure 6E). Naive or activated C57BI/6
IFNyR KO T cells were split into three cohorts. Cohort 1 was left untreated. Cohort 2 was
incubated with IFNy for 4 hours and then washed to replicate our previous IFNy sharing
assays. Cohort 3 was incubated with a combination of drug inhibitors designed to shut down
IFNy production. We used the combination of Cyclosporin A (CsA), an inhibitor of the
Nuclear Factor of Activated T cells (NFAT), Dasatinib SRC kinase inhibitor (SRCi), and
MEK kinase inhibitor (MEKi). All three cohorts were then co-cultured with wild type B16
sensor cells and H2-KP expression was quantified on sensor cells after 1 day. We verified
that our drug inhibitor combination completely shut down IFN-y production in activated T
cells (Figure S6F). Naive T cells did not up-regulate MHC-1 on B16 sensor cells regardless
of the condition (Figure 6F). However, for activated T cells, all three conditions up-regulated
MHC-I on B16 cells in an IFN-y-dependent manner. This experiment reveals that activated T
cells are capable of releasing IFN-y even after de novo IFN-y production has been shut down.

Interleukin 12 and 23 also bind to phosphatidylserine and IL12 participates in catch-and-
release communication

We tested whether other cytokines could also bind PS by repeating our lipid blot screen.
Lipid strips were probed with Interleukin 2 (IL2), IL4, IL10, 1L12p70, IL17a, 1L23 and
TNFa. Of these cytokines, only IL12 and IL23 exhibited lipid-binding activity (Figure 6G,
S6A, and data not shown).

Using our cytokine cell capture assay (Figure 5F), we confirmed that IL12 is captured by
cells in a PS-dependent manner (Figure 6H). To assess whether IL12 can be caught and
released in sufficient amount to mediate signaling to other cells, we performed a cell-to-cell
IL12 sharing assay. B16 IFN-yR KO cells were pulsed with IL12, then washed and co-
cultured with BALB/c BMDM for 24 hours. Since IL12 can promote IFNy secretion from
macrophages (Munder et al., 1998), we assayed accumulation of IFN-y in the culture
supernatant. We observed 1L12-dependent accumulation of IFNy in cultures where
macrophages were co-cultured with 1L12-pulsed B16 cells (Figure 61). This demonstrates
that IL12 can also participate in PS-mediated catch-and-release communication, similarly to
IFN-y.

IFNy accumulates in tumors in vivo and can participate in cytokine catch-and-release
communication

We tested the functional significance of IFN-y catch-and-release by tumor cells in vivo. We
hypothesized that IFNy would be released from thyroid tumors, but not healthy thyroids. We
made use of the Thrb(PV/PV)Pten(+/-) thyroid tumor model based on a mutant dominant-
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negative thyroid receptor beta (TRbPV) together with haploinsufficiency for the Pten gene
(Guigon et al., 2009). This thyroid tumor model develops spontaneous metastatic thyroid
follicular carcinoma. We harvested primary thyroid tissues from tumor-bearing mice or
healthy littermates (experimental procedures for details) to test ex vivo whether they would
release functionally significant concentrations of IFN+y (the cytokine having been captured
in vivo before harvest). This assay was set up in the presence of Cyclosporin A and SRC
kinase inhibitor to abrogate IFN+y production by immune infiltrates ex vivo (Figure S6E-F).

First, we quantified IFNy transcripts from thyroid tumors by RT-qPCR and confirmed that
/fng mRNA is not produced (Figure S6E). Then, we co-cultured tumors or healthy thyroids
with dye-labeled IFNyR-competent or IFN-yR KO B16 cells and MHC-1 was measured by
flow cytometry after 2 days. MHC-I served as the sensitive read-out for IFNy release (see
Figure 3D). When co-cultured with thyroid tumor cells, B16 cells up-regulated MHC-I
(Figure 6J). This up-regulation was not observed when B16 cells were co-cultured with
healthy thyroid cells. Moreover, the effect we observed was mostly dependent on IFN-y as
B16 IFN-yR KO cells up-regulated MHC-I to a much lesser degree. We emphasize that the
IFNy shared by thyroid tumor cells ex vivo originated from a natural /n vivo source. This
means that physiologic concentrations of cytokines are sufficient to facilitate cytokine catch-
and-release /n vivo. These data demonstrate that cytokine catch-and-release can operate /n
vivo.

DISCUSSION

We discovered a mechanism of cell-to-cell communication mediated by phosphatidylserine
(PS) on cancer cells: catch-and-release of cytokines. Cytokine catch-and-release is not
unique to mouse melanoma cells, but is a general feature of diverse primary and cancer cell
types (Figure 3D, 6J, and S6C-D). Furthermore, the cytokines IL23 and I1L12 also bind PS
and IL12 can participate in catch-and-release communication (Figure 6G—I and S6A). These
results suggest that PS may be a key factor in tumor Th1l polarization, especially given that
sequential waves of IFNy and IL12 are required for Th1l lineage differentiation (Schulz et
al., 2009).

What biochemical characteristics enable binding of IFN-y, IL12, and 1L23 to PS? All three
cytokines bind to negatively-charged phospholipids (Figure 5A, 6G, and S6A), suggesting
that positively charged regions of these cytokines mediate binding. Examination of IFN-y,
IL12, and IL23 structures reveals, polycationic (positively-charged) domains (Saesen et al.,
2013; Wolf et al., 1991). Similarly, the bacterial endolysin PlyC binds strongly to PS via a
positively charged region of the protein, to penetrate infected cells and lyse intracellular
Streptococci (Shen et al., 2016). IFNy is also internalized and recycled after binding PS on
the cell surface (5K). Internalization is independent of the clathrin-dynamin pathway, but
may rely on caveolae-mediated endocytosis as cholesterol depletion disrupts IFN-y cell
capture (Figure S3C and 5H-J) (Nabi and Le, 2003; Rothberg et al., 1992). The
biochemistry of PS IFNy interactions may answer the question as to why IFNy is recycled
rather than processed after endocytosis. The fate of internalized ligands often depends on the
stability of the complex at endosomal (acidic) pH (French et al., 1995; Reddy et al., 1996;
Sarkar et al., 2002).
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Externalization of PS on tumor cells confers a fitness advantage by establishing an
immunosuppressive tumor microenvironment (Birge et al., 2016; Scott et al., 2001). This
effect is mediated by ligation of PS by receptors present on dendritic cells and macrophages
and likely evolved to prevent immune reaction against autoantigens liberated by dying cells.
Perhaps unsurprisingly, inhibiting PS using monoclonal antibodies has been shown to
specifically target cancer cells and potentiate anti-tumor immunotherapy in both pre-clinical
animal models and early-phase clinical trials (Bondanza et al., 2004; Chalasani et al., 2015;
Digumarti et al., 2014; Gray et al., 2016). Based on our results, we propose that the fitness
advantage conferred by PS externalization on tumor cells may be mitigated by a fitness cost
due to PS-mediated localization and persistence of Thl cytokines. Despite excitement
surrounding the promise of PS-targeting antibodies, the latest late-phase clinical trials have
indicated underwhelming results (Gerber et al., 2016). Our result that PS modifies tumor
responses to inflammatory cytokines should inform the design of strategies targeting PS to
maximize their therapeutic potential. Maximizing tumor cell responses to IFNvy goes hand-
in-hand with immunotherapeutic strategies as dysfunctional responses to this cytokine are
associated with resistance to anti-CTLA4 therapy (Gao et al., 2016).

To conclude, our results uncovered a novel function for PS in regulating tumor cell
inflammatory responses to cytokines. \We anticipate that our results will motivate new
treatment strategies targeting PS and inflammatory pathways to improve upon the current
options in cancer immunotherapy.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Grégoire Altan-Bonnet (gregoire.altan-bonnet@nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BI/6 and C57BI/6 IFNyR KO mice were purchased from The Jackson Laboratories.
BALB/c wildtype and BALB/c IFNyR KO bone marrow was provided by Dr. Romina
Goldszmid (NCI, NIH). Splenocytes from pmel-1 mice were provided by Drs. Jedd Wolchok
and Taha Merghoub (MSKCC). Thyroid tumors and normal thyroids from Thrb(PV/PV)
Pten(+/-) mice and littermate wild type controls were provided by Dr. Sheue-Yann Chen
(NCI,NIH). Both male and female mice aged 8-15 weeks were used in our experiments. All
mice were maintained in SPF conditions at an Association for Assessment and Accreditation
of Laboratory Animal Care accredited animal facility (both NIH and MSKCC).

Cell lines and culture conditions

B16-F10 (mouse, ATCC CRL-6475), SK-Mel-2 (human, male, ATCC HTB-68), H460
(human, male, ATCC HTB-177), CH12 (mouse, gift of Dr. Jayanta Chaudhuri, MSKCC),
HEK?293T (human, ATCC CRL-3216), and RAW (mouse, male, ATCC TIB-71) cells (with
the exception of HEK293T) were maintained in RPMI 1640 media supplemented with heat-
inactivated 10% fetal calf serum, 2mM L-glutamine, 10mM HEPES, 0.1mM non-essential
amino acids, 1mM sodium pyruvate, 100ug/ml of penicillin, 100ug/ml of streptomycin and
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50uM B-mercaptoethanol. For imaging experiments, cells were cultured in phenol-free
RPMI with identical supplementation. HEK293T cells were maintained in DME with
identical supplementation. All cell lines used were maintained at 37°C with 5% CO,.
Adherent cells were detached using 0.05% EDTA in PBS with agitation.

METHOD DETAILS

RNA sequencing and bioinformatics pipeline

B16 cells were pulsed with 10nM IFN+y or mock-pulsed for 5h, washed and 3.5x10% cells
were seeded in a 96-well plate. RNA was harvested using the RNeasy mini kit. cDNA
library preparation, quality control, and sequencing were performed by the Integrated
Genomics core facility (MSKCC). RNA sequencing was done using the Illumina Hi-seq
2000 platform. Genome alignment was done by the Bioinformatics core facility (MSKCC).

For both cytokine and mock-stimulated conditions, genes that occupied the bottom 20th
percentile based on variance over time were eliminated. Genes remaining in the IFN-y-
stimulated condition were eliminated if they did not change by greater than log2(4)-fold at
any time point compared to t0. Genes remaining in the mock-stimulated condition were
eliminated if they did not change by greater than log2(5)-fold at any time point compared to
t0. Genes remaining in the mock-stimulated condition that were present in the IFNvy-
stimulated condition were removed from the IFN-y dataset.

For Gene Ontology (GO), genes in each cluster were analyzed with the PANTHER
Overrepresentation Test (release 4/30/2015) using the GO database (release 8/6/2015) for
mouse biological pathways.

Cluster analysis was performed using the k-means algorithm. The initial cluster centroid was
chosen randomly, and the distance metric which was minimized was the Euclidean distance
between the sample points and the cluster centroid. The algorithm was iterated until the
distance metric was minimized according to the MATLAB kmeans function. The
appropriate number of clusters was determined using the elbow method. In other words, the
algorithm was run for increasing number of clusters and the number of clusters was plotted
versus the distance. The point at which this curve forms an elbow is the point at which the
distance between data and model no longer appreciably falls with each added cluster. After
the elbow, newly-added centroids cluster transcriptional trajectories based on small
differences or experimental noise and fail to convey new features of the dynamics.

T cell stimulation assays

Pmel splenocytes were harvested on day -4 prior to co-culture, activated with 5ng/ml PMA
and 500ng/ml lonomycin, and maintained in 10nM Interleukin 2 (IL2). On days -7 through
-1, B16 cells were pulsed with 10nM IFNy for 5h, washed and cultured in fresh media. On
day 0, 1x10° B16 cells cells were co-cultured with an equivalent number of CD8+ pmel T
cells for 7h in a 96 well v-bottom plate. The fraction of IFNy+ activated cells were
quantified by cytokine secretion assay. MHC-T cell receptor interaction was blocked using
5ug/ml aH2-DP. EL4 cells were stimulated with IFNy as B16 cells.
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Cytokine stimulation and cell signaling

Cells were stimulated with 10nM IFNy for 5h, and then washed 3x with 10ml warm RPMI.
3.5x10% IFN+y-pulsed cells were seeded in a 96 well plate and MHC-1 was measured with
aH-2KP or aH-2DP by flow cytometry. IFNy signaling was blocked with 10pg/ml alFNYy.

For intracellular phospho-flow cytometry, cells were stimulated with 10nM IFN-y or mock-
stimulated and washed. At each timepoint, cells were fixed and permeabilized with 1.6%
paraformaldehyde (PFA) for 10min on ice, followed by 90% Methanol for at least 20min on
ice, then stained with apSTAT1, then aRabbit 1gG.

To determine the ECs of signaling, 5x10% B16 cells were stimulated with indicated
concentrations of IFN+y for 20 minutes, then fixed and permeabilized. Cells were stained for
pSTAT1 and fluorescence was quantified with flow cytometry. To determine the EC50 of
signaling, the data were fitted with a Hill function with coefficient = 1.

For JAK inhibition assay, 5x10* B16 cells were stimulated with 10nM IFNvy for 20 minutes
before application of 10uM of the JAK1/2 inhibitor AZD1480 (JAKi), and then fixed and
permeabilized. Cells were stained for pSTAT1 and fluorescence was quantified with flow
cytometry. To quantify the rates of pSTAT1 decay after JAKIi, the data were fitted with a
double exponential decay function.

Lipid labeling

For cardiolipin staining, live or fixed and permeabilized cells were incubated with
aCardiolipin, then aHuman IgG. For PI(4)P staining, cells were incubated with aP1(4)P,
then aMouse IgM. As a negative control, cells were incubated with the appropriate
secondary antibody only. Cells were stained with the indicated antibodies for 30 min at room
temperature in FACS buffer (4% fetal calf serum and 0.1% sodium azide in PBS), or, in
FACS buffer lacking sodium azide. Live cells were identified by DAPI exclusion. Just prior
to flow cytometric analysis, 0.1ug/ml DAPI was added.

Annexin V binding was carried out according to the manufacturer instructions. Cells were
washed once in PBS, and then incubated for 15 min at room temperature with a 1:25 dilution
of fluorescent Annexin V in Annexin binding buffer (L00mM HEPES, 140mM NaCl, 25mM
CaCl2, pH 7.4). To block PS, a high dose of unlabeled Annexin V was used: 60nM. For co-
imaging of fluorescent IFN+y and PS, fluorescent Annexin V was titrated down to a non-
competitive concentration (1:250 dilution).

To stain cells with MFG-ES8, Cells were incubated with 1ug/ml recombinant mouse MFG-E8
for 30 minutes at room temperature in live cell FACS buffer, then washed. Cells were then
incubated with 1pg/ml biotinylated amouse MFG-E8 for 30 min at room temperature then
washed. Finally, cells were incubated with 1ug/ml fluorescent conjugated streptavidin for 30
min at room temperature. DAPI was added just prior to flow cytometric analysis.

Transwell assay

To perform the transwell assay, B16 cells were stimulated for 5h with 20nM IFN+y then
washed 3x with 10ml warm culture media. Prior to cytokine stimulation, B16 cells were
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labeled with the dye cell trace violet (CTV). Cells were washed once with PBS, then stained
for 10 min at 37°C with a 1:1000 dilution of CTV in PBS. CTV-labeled cells were then
washed 2x in warm culture media. 1x10° IFNy-pulsed CTV-labeled cells were co-cultured
with 2x10% un-stimulated, un-labeled B16 cells. An additional 2x10* un-stimulated, un-
labeled B16 cells were cultured on top of a 0.4um pore size transwell. We denote un-labeled,
un-stimulated B16 cells “sensors” because we quantify cell-to-cell cytokine sharing by their
up-regulation of IFN-y-response genes. MHC-I (H2-KP) on sensor cells was quantified after
24h by flow cytometry.

Conditioned media assay

To test whether IFN-y remained in the media after washing, B16 cells were pulsed with
10nM IFNy for 5h, and then centrifuged. 10ml fresh RPMI was added to the cells in
between centrifugation three consecutive times to wash. Immediately after the last wash,
RPMI was harvested (denoted ”conditioned media”). A fresh cohort of un-stimulated B16
cells were cultured with either media alone, media supplemented with 10nM IFN-y, or
conditioned media for 24h at 3.5x104 cells/well. After 24h, MHC-1 (H2-KP) was measured
by flow cytometry.

Cytokine sharing assays

For cell-to-cell cytokine sharing experiments with different cell types, cells were pulsed with
10nM mouse IFNYy for 5h and washed. 3.5x10% IFN+y-pulsed B16, SK-Mel-2, H460, CH12,
HEK?293T, or RAW cells were co-cultured with 2x104 CTV-labeled B16 sensor cells. Sensor
cell MHC-I (H2-KP) was measured after 24h.

To test for the role of IFNvy receptors, B16 IFN-yR KO cells were pulsed with 10nM IFN~y
for 5h, and then washed. 3.5x10* IFN+y-pulsed cells were co-cultured with 2x104 CTV-
labeled B16 IFN-yR competent sensor cells. Sensor cell MHC-I (H2-KP) was measured after
24h.

Confocal microscopy

Live-cell confocal microscopy was performed on a Zeiss LSM510META laser scanning
confocal microscope equipped with lasers emitting 458, 488, 514, 565 and 633nm. A 63X
oil immersion objective with 1.4 numerical aperture was used with pinhole set at 1.2 Airy
units. IFNy-A647 and IFNy-A488 (IFNylu%) were generated using a microscale protein
labeling kit. Carrier-free IFN+y was dissolved in PBS at a concentration of 1mg/ml. Sodium
bicarbonate was added to a final concentration of 200mM. Next Alexa Fluor 647 or 488
ester dye was prepared in water, added to a molar ratio of 19 and the mixture was incubated
for 15 min at room temperature, shielded from light. The unconjugated dye particles were
separated from the mixture by centrifuging through the kit-provided gel resin. The degree of
labeling and final protein concentration were determined using a Nanodrop
spectrophotometer. Where indicated, cells were adhered to human fibronectin-coated glass-
bottom dishes. Cells were incubated with 10nM IFN+yfU° for 5h then washed. Annexin V
staining was done as described above, or with 10-fold less than recommended when co-
staining with IFNyfU0. To stain with Cell Mask Orange (CMO), cells were first exposed to
10nM fluorescent IFNy for 5h, then washed and incubated with a 1:3x10° of CMO and
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Hoechst 33342 for 5 min at 37°C. To introduce fluorescent cholesterol, cells were rinsed
with warmed serum-free culture media and incubated for 5 min at 37°C with 20 pg/ml
BODIPY-cholesterol diluted in serum-free culture media. Cells were then incubated at 37°C
for 5 hours with 10nM fluorescent IFN-y. Before imaging, cells were washed 3x with 10 ml
warm culture media. For details about the number of cells analyzed in our imaging
experiments see supplemental experimental procedures section 2.12.

Quantification of cytokine catch-and-release dynamics

To verify IFNyflU°, B16 IFNyR KO cells were incubated with 10nM IFNy-A647 for 3.5h
while tumbling in RPMI, washed, and cell fluorescence was quantified by flow cytometry.
To assess IFNy-A647 specificity, cells were first pre-treated with 10nM unlabeled,
recombinant IFN-y for 3.5h. After 3.5h, 10nM IFN-y-A647 was spiked in and cells were
incubated for an additional 3.5h. Prior to flow cytometric analysis, cells were washed in
FACS buffer. To check whether residual dye leftover from the protein microscale labeling
prep could bind non-specifically to cells, we prepared a protein-free sample of Alexa647
carboxylic acid succinimidy| ester dye treated exactly as the IFNy-A647 was treated and
exposed an equal quantity to cells for 3.5h.

To quantify the IFNy half max, B16 IFNyR KO cells were incubated with the indicated
concentration of fluorescent IFN+y for 7h, and then washed. Cell fluorescence was quantified
by flow cytometry and then fitted with a Hill function with coefficient=1. To ensure that
IFNy cell capture had reached steady-state, the half max measurement was compared after
incubations of 6 and 8h.

To quantify the IFNy release rate, B16 IFNyR KO cells were pulsed overnight with 10ml of
10nM fluorescent IFN-y in well-mixed conditions. Cells were then washed and the media
was replaced with 10ml of 10nM unlabeled IFN-y with rotation. Cell fluorescence was
quantified by flow cytometry and fitted with a single exponential decay function to compute
the decay rate.

Cytokine capture assays

To perform the IFNy and 1L12 cell capture assays, 3x10° B16 IFNyR KO cells were
incubated for 5h with 50pM IL12 or IFNy in 50pl total volume with mixing. Supernatant
was collected and the amount of 1L12 or IFN-y remaining was quantified by bead based
ELISA. Cell capture was calculated as the difference between the number of molecules in
the cell-free sample and the number of molecules in samples with cells. (# moleculesce| free-
# moleculesyith cells)- The amount of cell capture in experimental samples was then
converted into a percentage of the control cell capture.

To inhibit glycolipid biosynthesis, B16 IFN-yR KO cells were cultured for 3 days in the
presence of 10uM Fumonisin B, 10uM PDMP, or an equivalent concentration of DMSO as a
vehicle control (Rusnati et al., 2002). An additional group of cells were left untreated. After
3 days, the IFNy cell-capture assay was performed in the presence of each drug or DMSO.
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To inhibit clathrin/dynamin-dependent endocytosis, B16 IFNyR KO cells were pre-treated
with 30uM Dynasore for 30 min. After 30 min, the IFNy cell-capture assay was performed
in the presence of Dynasore.

To generate T cell-derived IFNvy, C57BI/6 IFN-yR KO splenocytes were incubated with
PMA and lonomycin overnight. Culture supernatant was harvested and the amount of IFN-y
generated was quantified by bead based ELISA. Equivalent concentrations of recombinant
and T cell-derived IFN-y were incubated with B16 IFNyR KO cells to assess IFNvy cell
capture after 5h of incubation.

To block PS with the peptide MFG-E8, B16 IFNyR KO cells were pre-incubated for 15 min
at room temperature with 50nM recombinant mouse MFG-E8 in warm culture media. The
IFNy cell-capture assay was performed in the presence of MFG-ES.

For the following treatments, the IFN+y cell capture assay was incubated for 2 instead of 5h
to ensure that pericellular matrix proteoglycans and proteins did not re-populate the cell after
enzymatic removal.

To digest proteoglycans, B16 IFNyR KO cells were pre-treated for 1h in PBS with either
10U/mL heparinase | (hepl), 5U/ml heparinase 111 (heplll), or 1.95ug/ml chondroitin ABC
lyase (chABC) (Brooks et al., 2000; Lortat-Jacob and Grimaud, 1991). Cells were washed,
and then the IFNy cell-capture assay was performed.

To digest cell surface proteins, B16 IFNyR KO cells were treated as is described in (Suzuki
et al., 1995). Briefly, cells were incubated with 0.01% pronase in PBS for 15 minutes. Cells
were pelleted and pronase solution was replaced. Cells were incubated for an additional 15
minutes. To stop digestion, an equal volume of fetal calf serum was added to cells. Cells
were then washed and the IFNy cell-capture assay was performed.

To isolate primary cells, the heart, liver, kidneys, and spleen were isolated from C57BI/6
IFNyR KO mice and crushed into a single cell suspension. Then 5x10° cells were incubated
with 20pM IFNy for 5h as described above. For the T cell IFN+y cell capture assay,
splenocytes were harvested from C57BI1/6 IFN-yR KO mice and crushed into a single cell
suspension. Splenocytes were then either maintained naive in 1nM IL7 for 2 days, or
activated with PMA (5ng/ml) and lonomycin (500ng/ml) for 2 days. Then 5x108 cells were
incubated with 10pM IFNy for 5h as described above.

To block PS, cells were washed in PBS, then pre-treated with 60nM Annexin V in annexin
binding buffer. After 15 min, cells were resuspended in 50ul of 60nM Annexin V in binding
buffer + 3% fetal calf serum (to block non-specific binding of IFN+y to cells) and 50pM of
the relevant cytokine before carrying out the cytokine capture assay.

Cholesterol depletion

To deplete cholesterol with MBCD (methyl B cyclodextrin), B16 IFNyR KO cells were
washed once in PBS, and then incubated for 45 min at 37°C in 5mM M BCD in 25mM
HEPES. Cells were then washed twice in 5ml warm culture medium and the IFN-y cell
capture assay was performed as described below. Control cells were incubated with 25mM
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HEPES for 45 min prior to the IFN~y cell capture assay. To deplete cholesterol with saponin,
cells were incubated for 10 min at 37°C with 0.1% saponin diluted in warm culture media.
To deplete cholesterol with filipin, cells were incubated for 15 min at 37°C with 50 pg/ml
filipin I11. To deplete cells of cholesterol using a statin treatment, cells were incubated with
20uM Lovastatin for 4 days prior to performing the IFNy cell capture assay.

Lipid immunoblotting

To perform lipid immunoblots, blots were first blocked by incubating strips for 1h at room
temperature with blocking buffer (0.1% Tween-20 and 3% fatty acid free bovine serum
albumin dissolved in PBS). 50pM IFN+y or 5nM of the relevant cytokine (IL2, IL4, IL10,
IL12, 1L17, IL23, or TNFa) was diluted in blocking buffer and strips were incubated with
gentle agitation overnight at 4°C. Strips were washed in blocking buffer, then incubated for
1h at room temperature with the relevant antibody diluted to 1ug/ml in blocking buffer. Blots
were washed again and then incubated with anti-Rat HRP for 30 min at room temperature.
Blots were developed using ECL western blotting substrate.

Macrophage assays

To perform Macrophage experiments, bone marrow was harvested from BALB/c wildtype,
and BALB/c IFNyR KO mice and differentiated for 7d in 10ng/ml M-CSF in Teflon bags.
B16 IFNyR KO cells were pulsed with 10nM IFN-y (or mock-pulsed) for 5h, washed, and
3.5x104 cells were co-cultured with 2x10% macrophages. Cells were fixed, permeabilized,
and stained for CD11b, and iNOS.

B16 IFNyR KO cells were pulsed with 20nM IL12 (or mock-pulsed) for 5h, washed, and
3.5x10% cells were co-cultured with 2x10* macrophages. Where indicated, alL12 was
added. Culture supernatant was harvested and IFNy was quantified by bead-based ELISA.

TNFa-IFN+y cytokine sharing assays

To perform TNFa experiments, 3.5x10* B16 IFNyR KO cells were pulsed with 10nM IFNy
for 7h then washed. IFN-y-pulsed cells were then co-cultured with 2x10% un-stimulated B16
IFN-yR competent cells labeled with the dye cell trace far red (CTFR). Cells were labeled
with CTFR as with CTV. To relevant wells, either 10nM TNFa or 10nM TNFa and 20ug/ml
alFNvy was added. Live, CTFR-labeled cells were identified by DAPI exclusion after 24h of
co-culture.

T cell IFNvy release experiments

C57BI/6 IFNyR KO splenocytes were harvested and cultured in RPMI complemented with
1nM mouse IL7 and rested or activated for 2 days with a combination of aCD3 and aCD28.
Cells were then incubated for 4hr with 1nM of mouse recombinant IFN+y or with a
combination of drug inhibitors (1uM Cyclosporin A, 1uM Dasatinib SRC inhibitor, 1uM
MEK inhibitor (PD325901). Cells were then collected and centrifuged on a FICOLL
gradient. T cells (2x10%) were co-cultured with 2x10% B16 sensor cells for 30h and sensor
MHC-I (H2-KP) was quantified by flow cytometry.
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Thyroid cytokine sharing assay

To perform Thyroid tumor experiments, thyroids were first dissected from Thrb(PV/
PV)Pten(+/-) mice or from wild type littermates. Mice were monitored and euthanized
when they displayed breathing difficulties due to airway constriction and/or due to
metastasis. Tissues were mechanically dissociated into single-cell suspensions, passed
through a 70um sieve, then cultured with 1uM Cyclosporin A and 1uM Dasatinib SRC
inhibitor for 1h at 37°C. Then the indicated number of tumor or normal thyroid cells were
co-cultured with 2x10* CFSE-labeled B16 (IFN-yR+/+ or —/-) cells for 48h in culture
medium with 1uM Cyclosporin A and 1uM Dasatinib SRC inhibitor. Cells were then
harvested, washed in FACS buffer lacking sodium azide, and stained for MHC-1 (H2-Kb).
DAPI was used to distinguish live and dead cells. Cell fluorescence was analyzed by flow
cytometry.

To perform gPCR on thyroid samples, 2 million cells were collected, washed in PBS, and re-
suspended in RLT lysis buffer. Total RNA was isolated using the total RNA purification kit
and cDNA was produced. PCR was carried out using the iTagq Universal SYBR green super
mix. PCR was run and monitored on a Light Cycler 96 with 3 technical replicates for each
sample. We estimated the amount of /g MRNA by the AAC+ method where the fold
change in gene expression was equal to 2~ (AACT) and the housekeeping gene was Gapah.
Naive T cells served as the negative control. As a positive control, we used primary B10.A
splenocytes whose T cells were activated over 48h /n vitro using 3ug/ml anti-CD3 and anti-
CD28 cross-linking antibodies in culture media supplemented with 1nM IL7. As a negative
control, we used naive primary B10.A splenocytes cultured for 48h with 1nM IL7. We also
prepared primary T cells (activated over 48h) to which 1uM of Cyclosporin A and 1pM
Dasatinib SRC kinase inhibitor were added 1h before collection.

To perform cytokine secretion assays, primary B10.A splenocytes were activated over 48h /n
vitro using 3ug/ml anti-CD3 and anti-CD28 cross-linking clones. Cells were treated with
1uM of Cyclosporin A and 1M Dasatinib SRC kinase inhibitor, or with 1uM Dasatinib
SRC kinase inhibitor and 1uM MEK inhibitor (PD325901) 1h before collection. An IFNy
cytokine secretion assay was then performed per the manufacturer’s instructions. Briefly,
cells were collected from /in vitro culture, washed in complete medium, incubated on ice
with the cytokine secretion assay capture reagent in 50ul for 5min, re-suspended in 15ml
culture medium (with or without drug inhibition) and incubated with rotation for 45min.
Cells were then collected, washed, and stained for IFN+y secretion using the cytokine
secretion assay detection reagent, anti-CD8, anti-CD4, and DAPI. Dead cells were excluded
by DAPI inclusion and fluorescence was analyzed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown in figures are represented as mean + standard error of the mean (error
bars).
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DATA AND SOFTWARE AVAILABILITY

The accession number for the sequencing data reported in this paper is GEO: GSE85535
Other raw data files are available via Mendeley Data: http://dx.doi.org/
10.17632/5yygbbg542.1

ADDITIONAL RESOURCES

A detailed description of the mathematical model used in this paper can be found in
Methods S1.

Supplementary Material

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

Transient IFN+y exposure elicits long-lived inflammatory responses in cancer
cells.

Long-lived inflammatory responses are caused by persistent cytokine
signaling.

Long-lived IFNy signaling is mediated by catch-and-release of cytokines.

Cytokines are captured by cell surface exposed phosphatidylserine, and then
recycled.
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Figure 1. Transient IFNy drives persistent T cell activation caused by up-regulation of antigen
processing and presentation

See also Figure S1. (A) The cell response to a transient stimulus spans several timescales.
(B) Cartoon of experiment to test tumor antigenicity. CD8+ pmel T cells recognize an
endogenous peptide antigen presented in the context of MHC-I by B16 mouse melanoma
cells. (C) Diagram of T cell activation experiment. B16 cells were pulsed with IFNy,
washed, and cultured in fresh media. On subsequent days, B16 cells were co-cultured with
pmel T cells. (D) Activation of T cells by IFN-y-pulsed B16 cells was quantified by cytokine
secretion assays. Data are representative of 3 independent experiments. (E) B16 cells were
pulsed with IFN-y (or mock-stimulated), washed, and cultured in fresh media. RNA was
sequenced and the mRNA dynamics were clustered using the k-means algorithm. Lines
represent the mean of duplicate RNA samples. (F) Genes from each cluster were analyzed
using the gene ontology database. All pathways that were significantly enriched (p<0.001)
were plotted and the fold enrichment is depicted by the shade of blue. (G) Diagram of
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experiment. B16 and EL4 cells were pulsed with IFN-y, washed, and cultured in fresh media.
On subsequent days, cells were co-cultured with pmel T cells. An additional cohort of B16-
pmel co-cultures received aMHC-I. (H) Activation of T cells by IFN-y-pulsed B16 and EL4
cells was quantified by cytokine secretion assays. Data are representative of 2 independent
experiments.
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Figure 2. Jak-STAT signaling drives persistent transcription
See also Figure S2. (A) Diagram of experiment. B16 cells were pulsed with IFNvy, washed,

and cultured in fresh media. Cells were harvested at indicated timepoints, fixed,
permeabilized, and stained for pSTATL. (B) Phosphorylation of STAT1 was measured by
flow cytometry. Data are representative of at least 3 independent experiments. (C) Diagram
of JAK inhibitor experiment. Cells were stimulated with IFN+y, washed, and cultured in
fresh media. At £,5h, ONe cohort of cells received a JAK1/2 inhibitor. RNA was extracted at
indicated timepoints. (D) A2kb transcripts were quantified by RT-gPCR. Data are
representative of at least 2 independent experiments. (E) Diagram of alFN-y experiment.
Cells were stimulated as above, washed, and cultured in fresh media. At the time of wash,
one cohort of cells received alFNvy. (F) MHC-I (H2-KP) was measured by flow cytometry.
Data are representative of at least 3 independent experiments.
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Figure 3. Cytokine-pulsed cells slowly release IFNy
See also Figure S3. (A) Diagram of transwell experiment. One cohort of B16 cells were

pulsed with IFN~y, washed, and co-cultured with unstimulated B16 sensor cells in the
bottom of a plate. Additional sensors were cultured in the top of a transwell. alFN-y was
added where indicated. (B) Sensor MHC-1 (H2-KP) expression was measured by flow
cytometry. Experiment is representative of at least 3 independent experiments. (C) General
experimental diagram for (D—F). One cohort of cells were pulsed with IFN-y, washed, and
co-cultured with receptor-competent B16 sensor cells. alFNy was added where indicated.
MHC-I was measured by flow cytometry. (D) B16, SK-Mel-2, H460, CH12, Hek293T, and
RAW cells were pulsed with mouse IFN-y, washed, and co-cultured with unstimulated B16
sensor cells, Sensor MHC-1 (H2-KP) was measured by flow cytometry. (E) B16 IFN-yR KO
cells were pulsed with IFN-y, washed, and co-cultured with unstimulated B16 sensor cells.
Sensor MHC-1 (H2-KP) was measured by flow cytometry. Data are representative of 2
independent experiments.
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Figure 4. A mathematical model, including a slow catch and release process, recapitulates
experimental results

See also Figure S4. (A) Schematic of model. IFN+y binds to the IFNyR and is captured by
the cells in a receptor-independent manner. After removal of exogenous IFNvy, release from
cells drives persistent signaling through the IFNyR, until it is consumed. (B) B16 IFNyR

KO cells were exposed to different doses of IFN+ U, washed, and fluorescence was

quantified by flow cytometry. The data were fit with a Hill function and the IFN+y5q was
computed from the fit. Data are representative of 3 independent experiments. (C) The model
was run keeping the IFNvysg constant, and varying the catch and release rates. pSTAT1 was
calculated from the ECsgq of signaling (Figure S4A) and the concentration of free IFN-y
generated from cell release (Figure S4D). Curves colored in orange and red resemble the
pSTAT1 curves observed experimentally (Figure 2B). Inset shows the time of pSTAT1 peak
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versus the halflife of cell release. (D) B16 IFNyR KO cells were pulsed with IFNyfU0in a
large volume of well mixed RPMI. The media was then replaced with an excess of unlabeled
IFNy and the decay of cell fluorescence was quantified by flow cytometry. The data were fit
with an exponential decay function and the decay rate was computed from the fit. Data are
representative of 3 independent experiments. (E) The model was updated with the IFN-y-cell
release rate. The cell catch rate was inferred from: (IFNy50=Arelease/ Kcatch). The model was
fit to the pSTAT1 curve obtained after removal of exogenous IFNy (Figure 2B). (F) The
pSTAT1 curve obtained from the model in figure 5E was used to calculate the mMRNA
trajectory and compared to several candidate genes from Figure 1E, cluster 1.
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Figure 5. Phosphatidylserine is necessary for IFN+y cell binding
See also Figure S5. (A) Lipid-spotted strips were incubated with 50pM IFN-y, probed with

alFN-y, and developed. For lipid key, see figure S6A. (B) Live cells were stained with
Annexin V or kept in buffer alone. Cells were gated first as live (Dapi-). Fluorescence was
quantified by flow cytometry. Staining is representative of 3 independent experiments. (C)
IFNYR KO B16 cells were adhered to a glass bottom dish, stained with Annexin V, and
imaged with confocal microscopy. Staining is representative of 3 independent experiments.
(D) IFNyR KO B16 cells were stained with Annexin V, and the plasma membrane was
stained with cell mask orange. Cells were imaged with confocal microscopy before they
could adhere to a dish (to make subcellular detection of PS clearer). Arrows point to PS
localized to the plasma membrane. Staining is representative of 2 independent experiments.
(E) IFN-yR KO B16 cells were adhered to a glass bottom dish, stained with low-dose
Annexin V, then incubated with IFN-y-A647, washed, and imaged with confocal microscopy.
Data are representative of 2 independent experiments. (F) B16 IFNyR KO cells were
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incubated with 50pM cytokine in 50puL volume for 5 hours. After 5h, supernatant was
collected and the cell-mediated depletion of cytokine was quantified by bead-based ELISA.
(G) IFNyR KO B16 cells were pre-treated with Annexin V, or Annexin V binding buffer
before performing the IFN-y cell capture assay. Data are representative of at least 3
independent experiments. (H) IFNyR KO B16 cells were depleted of cholesterol using
MPBCD, Saponin, Filipin, or lovastatin. Then the IFNvy cell capture assay was performed.
Data are representative of 3 independent experiments. (1) IFNyR KO B16 cells were
adhered to a glass bottom dish, incubated with BODIPY-cholesterol, then stained with
Annexin V. Images are representative of 2 independent experients. (J) IFN-yR KO B16 cells
were adhered to a glass bottom dish, incubated with BODIPY-cholesterol, then incubated
with IFN-y-A488. Cells were washed and then imaged. Images are representative of 3
independent experiments. (K) IFNyR KO B16 cells were incubated with IFNy-A488, then
washed and stained with cell mask orange and Hoechst. Images are representative of 3
independent experiments. In membrane close-up, arrows denote IFN-y associated with the
plasma membrane, o symbols denote intracellular, membrane-adjacent IFNvy, and * symbols
denote intracellular IFNy.
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Figure 6. Cytokine catch-and-release could enable communication between spatio-temporally
separate cells and is also observed for 1L12

See also figure S6. (A) Diagram of experiment. B16 IFNyR KO cells were pulsed with
IFNy, washed, and then co-cultured with either wildtype or IFN-yR KO BMDM. (B)
Macrophage activation was assessed by iNOS expression by flow cytometry. Data are
representative of at least 3 independent experiments. (C) Schematic of experiment. B16 cells
were stimulated with IFNy for 5 hours and then washed. After washing, one cohort of cells
received TNFa and another received TNFa and alFNvy. (D) Cell viability was assessed by
DAPI incorporation. Data are representative of 2 independent experiments. (E) Catch-and-
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release communication could enable activated T cells to release IFNy, even after IFNy
production has been shut down. (F) Naive or activated T cells were split into three cohorts
where cohort 1 was left untreated, cohort 2 was pulsed with IFNvy for 4 hours, and cohort 3
was treated with a combination of drug inhibitors to abrogate IFN-y production. All cohorts
were then co-cultured with B16 sensor cells and sensor MHC-1 (H2-KP) up-regulation was
quantified by flow cytometry after 1 day. Data are representative of 3 independent
experiments. (G) Lipid-spotted strips were incubated with 5nM 1L12, probed with antibodies
directed against IL12, and developed. Blot is representative of 3 independent experiments.
(H) IFNyR KO B16 cells were pre-treated with Annexin V, or Annexin V binding buffer
before performing the IL12 cell capture assay. Data are representative of at least 3
independent experiments. (1) B16 IFNyR KO cells were pulsed with 10nM IL12, then
washed and co-cultured with BALB/c wildtype BMDM. Production of IFNy was quantified
by bead-based ELISA. Data are representative of 3 independent experiments. N.D. stands
for not detected. (J) Thyroid tumors or healthy thyroids were isolated and dissociated into
single cell suspensions and cultured for 1h with a combination of drug inhibitors to abrogate
IFNy production. Tumors or healthy thyroids were then co-cultured with labeled B16
(IFNyR+/+ or —=/-) for 48 hours. MHC-1 was quantified by flow cytometry across live DAPI
negative cells. nof tumor-bearing and healthy thyroids = 3 each. The cytokine sharing assay
was repeated three independent times.
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