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Abstract

CD4* T cells have been observed to acquire APC-derived membrane and membrane-associated
molecules through trogocytosis in diverse immune settings. Despite this, the consequences of
trogocytosis on the recipient T cell remain largely unknown. We previously reported that
trogocytosed molecules on CD4* T cells engage their respective surface receptors, leading to
sustained TCR signaling and survival after APC removal. Using peptide-pulsed BMDC and
transfected murine fibroblasts expressing antigenic MHC:peptide complexes as APC, we show
that trogocytosis-positive CD4* T cells display effector cytokines and transcription factor
expression consistent with a T2 phenotype. /n vitro polarized T2 cells were found to be more
efficient at performing trogocytosis than Tl or non-polarized CD4™ cells, while subsequent
trogocytosis-mediated signaling induced T2 differentiation in polarized T1 and non-polarized
cells. Trogocytosis-positive CD4* T cells generated /n vivo also display a T2 phenotype, in both
TCR-transgenic and wild type models. These novel findings suggest that trogocytosis-mediated
signaling impacts CD4* T cell differentiation and effector cytokine production, and may play a
role in augmenting or shaping a T2-dominant immune response.
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Introduction

T lymphocytes acquire lipids and membrane-bound molecules directly from the surface of
antigen presenting cells (APC) in a phenomenon termed trogocytosis (1, 2). This event has
been frequently observed in CD4* T-helper (Tw) (3-10), CD8* (1, 7, 11-13), and y6 (14) T
cells. Though the consequences of trogocytosis on recipient cells are not completely
understood, it has been described as “an inherent feature in CD4* T cell activation” (15).
This phenomenon is not exclusive to T cells, as B cells (16, 17), NK cells (18-20), basophils
(21), macrophages (22, 23), neutrophils (24-26), and dendritic cells (27, 28), have all been
reported to perform trogocytosis. With elevated levels of trogocytosis documented in sites of
autoimmune inflammation (29), viral and parasitic infections (30-32), rheumatoid arthritis
(33), and in tumor environments (34, 35), this widely observed event has been proposed to
play a role in the modulation of immune responses (27, 36—41).

Work over the past decade has begun to decipher the mechanism of T cell trogocytosis. We,
and others, have previously shown that trogocytosis by CD4* T cells occurs at the
immunological synapse formed between Ag-specific CD4* T cells and APC (4, 42-45). The
formation of the immunological synapse involves the spatio-temporal rearrangement of the
TCR, costimulatory molecules, and adhesion molecules, into distinct, spatially-segregated
supramolecular activation complexes (SMACs) (46-49). Upon binding MHC:peptide
complexes, TCRs migrate towards the center of the SMAC where they become internalized
by the T cell and are either recycled to the surface, or ubiquitinated leading to their
degradation (50). Martinez-Martin et al. have proposed a model of trogocytosis in which
APC-derived membrane and membrane proteins are internalized in tandem with TCR via T-
cell phagocytosis. Recycling endosomes containing acquired APC fragments then fuse with
the T cell plasma membrane resulting in APC-derived molecules being displayed on the T
cell surface in their native topological orientation (51, 52). Trogocytosed molecules are
retained in a focused spot on the CD4* T cell surface (4, 10) and remain fully functional, as
demonstrated by the ability for trogocytosis-positive (trog*) T cells to present antigen, in the
context of other acquired molecules, to responding T cells (6, 8, 9, 15, 36, 53-58). The
consequences of such presentation appear to correlate with the nature of the acquired
molecules and phenotype of the trog* cell. While trog* CD4* cells displaying acquired
CDB80 and MHC:peptide have been shown to activate responding naive T cells (8, 15, 56,
59), presentation of Ag to activated cells has been reported to induce responder cell death
(60). In a regulatory context, trog* T regulatory (Treg), or Ty cells displaying trogocytosed
molecules associated with immune-suppression, such as HLA-G, show enhanced
suppressive capabilities (15, 38, 54, 61-63). Collectively, the above findings underscore that
CD4™* T cell trogocytosis, and the subsequent presentation of acquired molecules, are
biologically significant events in the context of regulating immune responses. While the
ability of trog* T cells to act as APC has been fairly well documented, much less is known
about the biological consequences of trogocytosis on an individual trog* cell. In our
previous studies, we detected TCR signaling in trog*, but not trog=, CD4" T cells up to 72
hours after separation from APC. This sustained signaling was mediated by trogocytosed
molecules engaging their cognate receptors on the trog™ T cell, resulting in
“autopresentation”, referred to here as “trogocytosis-mediated signaling”. This signaling led
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to the enhanced survival of trog* cells compared to trog~ cells, up to five days after APC
removal (10). Consistent with these findings, Zhou er a/. found that trog™ CD4™ T cells
displayed sustained activation of NFxB and AP1, 24 hours after removal from APC.
Interestingly, the trog* cells also developed a unique cytokine profile (64), raising the
possibility that a difference exists between trogocytosis-mediated signaling and signals
received from APC. Taken together, the above results suggest that trogocytosis-mediated
signaling has the potential to uniquely impact the survival, activation state, and effector
cytokine production and/or maintenance of the trog* CD4* T cell after separation from
APC.

In this study, we examined whether trogocytosis-mediated signaling impacted T cell effector
cytokine production and differentiation in the context of the individual trog* cell. Using non-
polarized /n vitro CD4* T cell blasts, we found that shortly after APC removal, a high
frequency of trog™ cells expressed IFNy, consistent with a T helper 1 (Ty1) phenotype. The
trog™ cells did not maintain IFN~y expression over a subsequent 72-hour incubation, and by
72 hours only minimal levels of any effector cytokine examined were detected. In contrast, 5
hours after APC removal the frequency of IFNy* trog* cells was significantly lower than
IFNy* trog~ cells. Interestingly, over the subsequent 72-hour incubation, I1L-4 expression
was significantly increased in the trog* cells, consistent with a T2 phenotype. Because
trogocytosis-mediated signaling induces preferential survival of trog* cells (10), the
appearance of the T2 phenotype by trog* cells could be due to differences in the ability of
Thl and TH2 cells to perform trogocytosis. Consistent with this possibility, /7 vitro
polarized T2 cells were more efficient at performing trogocytosis than Tyl or non-
polarized CD4* cells. However, further investigation revealed that trogocytosis-mediated
signaling was directly contributing to the T2-associated effector cytokine and transcription
factor expression in non-polarized trog* CD4* cells. In addition, /n vitro Ty1-polarized trog
* cells lost expression of IFNy and T-bet, and began expressing IL-4 and GATA-3,
suggesting that trogocytosis-mediated signaling was inducing Tyl to T2 conversion.
Finally, using both TCR-transgenic and non-transgenic models, and distinct Ag systems, we
show that /n7 vivo, a significantly higher frequency of trog™ CD4* T cells display a T2
phenotype when compared to trog™ cells from the same animal. Cumulatively, these findings
suggest that trogocytosis-mediated signaling has the potential to significantly impact CD4*
T cell effector cytokine production and differentiation, and subsequently may play a role in
sustaining, augmenting, or shaping, Ty2-dominant immune responses.

Materials and Methods

Animals

B10.A and C57BL/6 CD45.1 mice were purchased from The Jackson Laboratory
(Sacramento, CA). 5C.C7 TCR (VPB3*) transgenic Rag-1~/~ mice specific for pigeon
cytochrome ¢ fragment 88-104 and reactive against moth cytochrome ¢ (MCC) fragment
88-103 (65) were purchased from Taconic (Rensselaer, NY). For some experiments, 5C.C7
mice were crossed with B10.A mice and the splenocytes from F1 generation animals were
used. Both male and female mice were used in this study, and no differences were observed
between male and female T cell phenotypes. Mice were housed in the University of
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Montana Laboratory Animal Resources facility and were allowed food and water ad /ibitum.
All procedures were supervised and in accordance with the University of Montana
Institutional Animal Care and Use Committee.

Antibodies and reagents

The following conjugated or unconjugated antibodies were purchased from: Biolegend (San
Diego, CA): anti-CD3 (145-2C11), anti-CD4 (RM4-5), anti-CD69 (H1.2F3), anti-CD80
(16-10A1), anti-Foxp3 (150D), anti-1-EK (17-3-3), anti-IA/IE (M5/114.15.2), anti-IFNy
(XMG1.2), anti-IL-2 (JES6-5H4), anti-1L-4 (11B11), anti-1L-6 (MP5-20F3), anti-1L-9
(RM9A4), anti-IL-17A (TC11-18H10.1), anti-IL-21 (FFA21), anti-Bcl-6 (IG19E/A8), anti-
T-bet (4B10), anti-GATA-3 (16E10A23), Streptavidin (PE-Dazzle594). Conjugated or
unconjugated antibodies were also purchased from BD Biosciences (Franklin Lakes, NJ):
anti-pZAP-70 (17A/P-ZAP-70), anti-VB3 (KJ25), anti-IL-12 (C15.6), anti-CD80 (16—
10A1), anti-CD86 (GL1), anti-CD90.2 (30-H12)], and eBiosciences (San Diego, CA): anti-
IL-5 (TRFK5), anti-1L-10 (JES5-16E3), anti-RORyt (AFKJS-9). AlexaFluor 488- and
AlexaFluor 647-conjugated Streptavidin were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA).

Whole pigeon cytochrome ¢ (PCC) and Ovalbumin (Ova) proteins were obtained from
Sigma-Aldrich (St. Louis, MO) and moth cytochrome C fragment 88-103 (MCCgg_103)
peptide was obtained from Genscript (Piscataway, NJ). Peptides were dissolved in sterile
nano-pure water at 500 UM and aliquots were stored at —80 °C until used.

Culture Media

Fibroblast APC were cultured in DMEM (Life Technologies, Carlsbad, CA) supplemented
with 10% FBS (Atlanta Biologicals, Atlanta, GA), 1 mM L-glutamine, 100 mg/ml sodium
pyruvate, 50 mM 2-ME, essential and nonessential amino acids (Life Technologies), 100
U/ml penicillin G, 100 U/ml streptomycin, and 50 mg/ml gentamicin (Sigma-Aldrich).

Primary splenocytes, T lymphocytes, and bone marrow-derived dendritic cells (BMDC)
were maintained in complete RPMI which consisted of RPMI 1640 medium (Life
Technologies) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA), 1
mM L-glutamine, 100 mg/ml sodium pyruvate, 50 mM 2-ME, essential and nonessential
amino acids (Life Technologies), 100 U/ml penicillin G, 100 U/ml streptomycin, and 50
mg/ml gentamicin (Sigma-Aldrich).

Antigen Presenting Cells

In /n vitro trogocytosis experiments, peptide-pulsed B10.A BMDC or the previously
described MCC:FKBP cell line (4) were used as APC. The MCC:FKBP is a CD80M9N |_tk~
fibroblast cell line that has been transfected with ICAM-1, I-EX a-chain, and an I-EK B-chain
with covalently attached antigenic MCCgg_103 peptide via a flexible linker, and a
cytoplasmic tail containing 3 copies of FK506-binding protein (Ariad Pharmaceuticals,
Cambridge, MA). This cell line expresses levels of CD80 and ICAM-1 comparable to
B10.BR splenocyte APC (4).
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Generation of BMDCs

Bone marrow cells were isolated from femurs and tibiae of B10.A mice and cultured for 6
days in sterile non-tissue culture grade petri dishes at 10° cells/ml in complete RPMI
medium containing 30 ng/ml recombinant murine granulocyte macrophage-colony
stimulating factor (GM-CSF) (PeproTech, Rocky Hill, NJ) at 37 °C and 5% CO,. Fresh
culture media and GM-CSF were added on day 3, and non-adherent cells were harvested on
day 6. Cells were activated by plating on tissue culture-coated 6-well plates with addition of
Sigma adjuvant system at 125 ng/ml 18 hours prior to use. Adherent cells were surface
biotinylated and exogenously loaded with MCCgg_103 peptide at a final concentration of 2.5
UM for 2 hours prior to use. Purity was verified via flow cytometry to be >90% CD11c™.

In vitro T cell priming

Non-polarized TCR-transgenic CD4* T cell blasts were generated /7 vitroto increase the
potential for trogocytosis relative to naive CD4* T cells (42). Single-cell suspensions of
splenocytes from 6- to 12-week-old 5C.C7 or 5C.C7 x B10.A F1 transgenic mice were
depleted of erythrocytes by hypotonic lysis using Gey’s balanced salt solution (155 mM
NH4CI, 10mM KHCO3) and resuspended in complete RPMI 1640. Splenocytes from 5C.C7
x B10.A F1 mice were activated /n vitro for 6 days by addition of 2.5 yM MCCgg_103
peptide to splenic cell suspensions. 5C.C7 splenocytes were stimulated for 48 hours on pre-
coated anti-CD3 (1 ug/ml) and anti-CD28 (1 pg/ml) plates followed by a 2 day incubation
after removal from antibody-coated plates prior to use. Viable lymphocytes were isolated
from priming cultures by density centrifugation using Lympholyte M (Cedarlane Labs,
Burlington, NC). When culturing B10.A x 5C.C7 F1 or C57BL/6 cells, B cells were
depleted from cultures by incubating cells for 30 min with biotin-labeled anti-B220
(BioLegend), followed by 3 washes in PBS. Cells were then incubated for 20 min with 3.75
um streptavidin-coated magnetic particles (Spherotech) followed by removal of B220* cells
by magnetic separation. Cultures of cells from peptide T cell blast cultures were 90-95%
CD4" immediately prior to use in the trogocytosis-assay.

In vitro Tyl and T2 polarization

To induce Tl or T2 effector subset polarization, primary T cells were stimulated directly
ex vivoon anti-CD3 (1 pg/ml) and anti-CD28 (1 pg/ml) coated plates, as described above,
with either Tyl (5 ng/ml IL-12 and 20 pg/ml anti-1L-4 (11B11), or Ty2 (10 ng/ml rmIL-4
and 20 ug/ml anti-IFN-y) differentiation cocktails (66). On day 2, 5 U/ml rmIL-2 was added
to all cultures. The exogenous cytokines were obtained from Peprotech, (Rocky Hill, NJ)
and neutralizing antibodies were purchased from Biolegend. Cells were removed from Ab-
coated plates on day 4. Polarization was confirmed through flow cytometry analysis of
transcription factor and cytokine staining for GATA-3, T-Bet, IL-4 and IFN+y. Immediately
prior to use in the trogocytosis assay, >95% of CD4* blasts generated under Ty1-polarizing
conditions were T-bet™, and >60% of CD4* blasts generated under T2-polarizing
conditions were GATA-3".
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Standard in vitro trogocytosis assay

To assess trogocytosis by the CD4+ 5C.C7 T cells, we used our previously described
standard /n vitrotrogocytosis assay ((10) Fig. S1A). Briefly, 0.5 x 108 MCC:FKBP
fibroblast or 1 x 108 BMDC APC cells were surface biotinylated using EZ-Link Sulfo-NHS-
Biotin (Thermo Scientific, Waltham, MA) and then plated into individual wells of a 6-well
tissue culture plate (Greiner, Monroe, NC) and incubated overnight at 37 °C. The
MCC:FKBP cell line doubling time is approximately 12 hours, so following the overnight
incubation wells contained 10° APC at the time T cells were added. To facilitate magnetic
depletion of APC from recovered T cells, iron-containing polystyrene 2.22 um beads
(Spherotech, Green Oaks, IL) were added to the overnight cultures at a final concentration of
0.01% wi/v. Twelve to 18 hours later, free magnetic beads were removed from cultures by
rinsing, and 2.5 x 108 jn vitro-primed T cells (for a final 2.5:1 T:APC ratio), were added to
each well and subsequently incubated for 90 min at 37 °C. After the 90-min incubation T
cells were recovered from the cultures by rinsing with PBS. Greater than 95% of residual
APC were removed by magnetic separation and greater than 70% of the input T cells were
routinely recovered from the culture at 90 min after the PBS wash. After two additional PBS
washes, recovered T cells (containing both trog™ and trog~ cells) were analyzed immediately
by flow cytometry, or were resuspended in complete RPMI 1640 medium at low density
(10% /ml) to minimize T:T contact, and cultured for additional time periods. These cultures
of recovered cells contained >95% CD4™ cells, and <0.1% residual APC (Fig. S1B).

Inhibition of TCR signaling

To confirm the role of trogocytosis-mediated signaling in effector function, TCR signaling
was extinguished using the reversible Src family tyrosine kinase inhibitor PP2 (Life
Technologies), as previously reported (10, 67). Immediately post-trogocytosis assay,
recovered T cells were incubated for 20 min in 20 uM PP2, followed by three washes in PBS
to remove the PP2. Cells were then assessed immediately to confirm the treatment halted all
TCR-signaling, or were cultured as described above and assessed for TCR-downmodulation,
transcription factor, and intracellular cytokine expression via flow cytometry.

CFSE labeling

Primary mouse splenocytes were washed 2x with CFSE loading buffer (0.1% FBS in PBS
pH 7.4). Cells were then resuspended at 107 cells/ml in pre-warmed CFSE loading buffer
containing 5 UM CFSE (Sigma-Aldrich) and incubated at 37 °C for 10 minutes. The reaction
was stopped by addition of an equal volume of complete RPMI 1640 medium containing
10% FBS, followed by two additional washes in complete RPMI.

In vivo trogocytosis experiments

In adoptive transfer experiments, B10.A mice were immunized via base of tail subcutaneous
injection with either 300 pg pigeon cytochrome ¢ (PCC) protein (Sigma-Aldrich) in 100 pl
of Sigma Adjuvant System (SAS) or with 100 ul of PBS as a negative control. 24 hours later,
2 x 108 CFSE labeled 5C.C7 primary splenocytes in PBS were injected i.v. . Draining
inguinal lymph nodes were collected five days post-adoptive transfer and analyzed using
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flow cytometry. Donor 5C.C7 cells were identified as being VB3* and CFSE*. Of these
transferred donor cells, trog™ cells were identified as CD3* CD4* CD80™" I-EX* (Fig. S1 D).

To generate /n vivotrog® cells in a non-transgenic setting, C57BI/6 CD45.1 mice were
subcutaneously immunized at the base of tail with 300 pg of chicken egg white albumin
(OVA) (Sigma-Aldrich) in 100 pl SAS, or 100 pl SAS alone as a control. 14 days later,
OVA-immunized mice were boosted s.c. with 300 pg OVA in 100 ul of PBS, control mice
were injected with 100 pl PBS alone. Five days post-boost, draining inguinal lymph nodes
and spleens were harvested and analyzed via flow cytometry. Trog™ cells were identified as
CD3* CD4" CD80/86" I-A/E* (Fig. S1 D). To confine analysis of cytokine and transcription
factor expression to cells with similar activation states, CD4* CD69H19" cells were gated on
prior to identification of trog™ and trog~ populations.

Flow cytometry

Cells were recovered from cultures and resuspended at 108 /ml in FACS buffer (PBS pH 7.4
containing 2% BSA Fraction V (Sigma-Aldrich), 2.5 mM EDTA, and 0.1% NaN3). To
assess viability of cells, cells were stained for 10 min at RT with Zombie NIR fixable
viability dye (Biolegend) diluted in PBS then washed 3x with PBS. Cells were then stained
for surface markers with the indicated reagents for 30 min on ice in FACS buffer. After three
additional washes in FACS buffer, cells were stained for 20 min with secondary reagents in
FACS buffer, when necessary. Following a final set of three washes in FACS buffer, cells
were resuspended in 400 pl of FACS buffer and stored on ice until being analyzed within 2
hours of staining. Alternatively, cells were fixed in ice-cold fixative (4% paraformaldehyde
and 0.5% glutaraldehyde), or Biolegend Fixation Buffer, for 30 min at 4 °C followed by 3
washes in FACS buffer. Fixed cells were resuspended in 400 pl of FACS buffer and stored in
the dark at 4 °C until being analyzed the following day.

To enhance detection of intracellular cytokines, in Figs. 2, 4A-C, 6, 7, and 8, cells were re-
stimulated at for 5 hours 37 °C with 500 ng/ml PMA (Phorbol 12-myristate 13-acetate)
(Sigma-Aldrich), 1 pg/ml lonomycin (Sigma-Aldrich), in the presence of 5 pg/ml brefeldin
A (BioLegend). After staining surface molecules on live cells, as described above, cells were
fixed for 30 min in BD Bioscience cytofix/cytoperm followed by three washes in 1x
Biolegend permeabilization/wash buffer (PWB). Cells were then stained for intracellular
targets for 60 min on ice or overnight at 4 °C with staining reagents diluted in 1x PWB.
Following intracellular staining, cells were washed three times in PWB and were either
analyzed immediately, or were stored in FACS buffer in the dark at 4 °C and analyzed the
following day.

For transcription factor staining, live cells were stained for surface molecules, as described
above, then fixed in Biolegend True-Nuclear transcription factor fixation buffer for 60 min at
room temperature. Following 3 washes in True-Nuclear Perm Buffer, intercellular targets
cells were stained with antibodies diluted in True-Nuclear Perm Buffer for 60 minutes on
ice, or overnight at 4 °C. After a final set of 3 washes in Perm Buffer, cells were resuspended
in 300 pl FACS buffer and analyzed immediately via flow cytometry.
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Cells were analyzed on a FACSAria (BD Bio-sciences) in the University of Montana
Fluorescence Cytometry Core, or an LSRII (BD Bio-sciences) in the University of Montana
Center for Translational Medicine. Data were analyzed with FlowJo 8.8.7 and FlowJo 10
software (Tree Star, Ashland, OR). Geometric mean flourescence intensity (MFI) values
were determined, where indicated.

Identification of trog* cells was done by gating on lymphocyte population (SSC-A vs. FSC-
A) followed by rigorous doublet exclusion (FSC-W vs. FSC-H, and SSC-W vs. SSC-A).
Live CD3* CD4" cells were identified by the absence of fixable live/dead staining, and trog*
cells were identified by the presence of trogocytosed biotinylated-APC membrane protein
(greater than stained, unstimulated controls) (Figs. 1-7), trogocytosed CD80/CD86 + I-EK
for experiments using 5C.C7 TCR transgenic mice, or presence of CD80/CD86 + MHCII I-
AJE for experiments using C57BL6/J mice (Fig. S1). Ag-specific staining was confirmed by
comparison to respective isotype controls of matched populations.

Intracellular cytokines and transcription factor gating was established using matched-isotype
control Ab staining for respective populations. Trog* and trog™ isotype control intensities
were nearly identical, and vertical lines in histogram data depict fluorescence intensity
greater than 99% of cells stained with isotype controls.

Detection of extracellular cytokines

The detection of secreted cytokines in culture medium was performed using BioLegend
LEGENDplex beads according to the manufacturer’s directions. Briefly, culture medium
from cells was centrifuged to remove contaminating cells and debris, and immediately
stored at —80 °C until used. Samples and known standards for each cytokine analyzed were
subsequently incubated with cytokine-capture beads and biotinylated-detection antibodies in
polypropylene microfuge tubes shaking at 1000 rpm at room temperature for 2 hours.
Following this incubation, SA-PE was added, followed by a 30 min incubation while
shaking at 1000 rpm. Beads were washed and immediately analyzed via flow cytometry.

LEGENDplex beads were analyzed on an LSRII (BD Bio-sciences). Standard curves were
generated and data were analyzed with LEGENDplex software (Biolegend/ VigeneTech).
Cytokine levels in samples were confirmed using BioLegend LEGEND MAX sandwich
cytokine-capture ELISA Kits according to manufacturer’s protocol.

Microscopic analysis

T cells recovered and isolated from the standard /7 vitro trogocytosis assay were cultured at
low density (10* cells/ml) for three days in complete RPMI at 37 °C. Live cells were
isolated using Lympholyte M density centrifugation prior to detection of trogocytosed
molecules with fluorochrome-conjugated streptavidin and anti-1-EK antibodies diluted in
FACS buffer for 30 min on ice. Cells were then washed 3x in PBS and ~10° recovered T
cells were placed in 0.01% poly-L-lysine (Sigma) precoated #1.5 LabTek Il eight-
chambered coverslips (Nunc) for 10 min at 37 °C in PBS. Cells were fixed with ice-cold
fixative (4% paraformaldehyde and 0.5% glutaraldehyde in PBS) in a dark, a humidified
chamber for 20 min at room temperature, followed by permeabilization with 0.2% Triton
X-100 in PBS for 10 min. Intracellular cytokine and phospho-ZAP70 staining was
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performed for 1 hour at room temperature in a dark humidified chamber followed by
washing with PBS and addition of SlowFade Gold anti-fade reagent (Thermo Fisher,
Eugene, OR). 0.3 um optical sections were collected, on an Olympus Fluoview F\V1000
laser scanning confocal mounted on an inverted 1X81 microscope using a Nikon 60x
objective with 1.4 N.A, housed in the UM Molecular Histology and Fluorescent Imaging
core facility.

Image analysis

Constrained, iterative deconvolution was performed using the Applied Precision SoftWorx
software package (GE Healthcare, Issaquah, WA). The integrated intensity of streptavidin,
which is a measure of the amount of fluorescently labeled molecules trogocytosed, was
obtained for areas = than six times above background fluorescence. For analysis of
phosphorylated ZAP-70, the integrated intensity and mean fluorescent intensity was
obtained for areas 6-fold above background. Between 25 and 55 trog™ cells were imaged in
each of five independent experiments.

Cells were selected for analysis by the presence of streptavidin or I-EX (6-fold above
background intensity). Unstimulated cells were also stained and examined to establish levels
of background and non-specific staining. To determine IL-4 polarization towards
trogocytosed molecules, cells were divided into 4 quadrants using the ImageJ quadrant
picker plugin, with trogocytosed molecules in the center of one radian along the
circumference of the cell. The presence of IL-4 staining in the same quadrant as
trogocytosed molecules was defined as specific accumulation. Images presented are
maximum intensity projections of three consecutive 0.3 um-thick Z-axis optical sections
centered around the highest intensity staining of trogocytosed molecules on the cells surface
were created by stacking images in ImageJ. Additional images presented in Fig. S4 are
single 0.3 um-thick optical sections.

Statistical analysis and graphing

Results

Statistical analysis was determined by student’s t test, and one-way ANOVA followed by
Tukey’s multiple comparison test (Figs. 3E, 7F), using Prism 4 (GraphPad Software, La
Jolla, CA\). Significance was defined as * p< 0.05, ** p< 0.01, *** p< 0.001, and **** p<
0.0001.

Intracellular TCR signaling and elevated activation is maintained in trog*, but not trog-
CDA4* T cells after APC removal.

At sites of inflammation and immune activation, there is a correlation between CD4*
trogocytosis and a heightened activation state (43). This is consistent with data showing that
highly activated cells display enhanced trogocytic activity (4, 29). An additional explanation
for the heightened activation observed in trogocytosis-positive (trog™) cells is that that
trogocytosed molecules could engage their receptors on the trog* CD4* T cell and sustain
intracellular signaling. Such trogocytosis-mediated signaling may be playing an important
and unappreciated role in driving and/or maintaining T cell activation, effector functions,
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and differentiation. We have previously shown that that after APC removal, there is selective
survival of trog* cells over 5 days /n vitro compared to trog™ cells (10). In addition, both
TCR-proximal (ZAP-70 phosphorylation) and distal signaling (ERK 1/2 phosphorylation)
was detectable in trog*, but not trog~ cells 72 hours after APC removal. This sustained-
signaling occurred independently of APC, and was driven by the engagement of
trogocytosed molecules and their receptors on T cells (i.e. trogocytosis-mediated signaling)
(10).

To extend on our previous study, we began by comparing the activation state and TCR-
proximal signaling in trog* and trog~ cells up to 72 hours after recovery from a 90-minute in
vitro trogocytosis assay. Recovered T cells were analyzed immediately, or cultured for 3
days at low density (104 cells/ml) to minimize T:T interactions, and samples were collected
daily. At indicated time-points (Fig. 1), cells were analyzed via flow cytometry, and trog*
cells were identified by the presence of trogocytosed, biotin-labeled APC-derived molecules
(Fig. S1C). Consistent with our previous findings, both trog* and trog~ cells showed similar
levels of TCR downmodulation immediately after the trogocytosis-assay, indicating that
both populations had recognized antigen (Fig. 1A, B). In agreement with the TCR
downmodulation data, both trog* and trog~ cells also displayed elevated levels of the
activation marker CD69, compared to unstimulated cells (Figs. 1C-E). However, after APC
were removed from the system, only the trog* cells maintained TCR downmodulation and
an activated (CD6919") phenotype throughout the 72-hour incubation. In contrast, at the 48
and 72-hour time points, the trog™ cells displayed significantly lower TCR downmodulation
levels compared to the trog* cells (Fig. 1B), and surface TCR levels were similar to
unstimulated T cell blasts (Figs. 1A, B). The loss of TCR downmodulation coincided with a
decrease in CD69 expression by the trog™ cells to levels similar to unstimulated T cell blasts
(Figs. 1C, D), and at the 48 and 72-hour time points, the trog* cells displayed significantly
increased levels of CD69 compared to trog~ cells (Fig. 1D). This marked difference was not
only due to the loss of CD69 expression by trog™ cells, but also a result of trog* cells
enhancing CD69 expression, and the loss of CD69- trog™ cells (Figs. 1C-E). In agreement
with our previous study (10), the trog™ cells displayed enhanced survival compared the trog~
cells, as seen by the increase in trog* frequencies, and decrease in trog™~ frequencies after
APC removal (Fig. 1C). While the phenotype of the trog* cells is consistent with active-
TCR signaling, the phenotype displayed by the trog™ cells is consistent with published data
showing that CD69 expression peaks between 18-48 hours after removal of in vitro TCR
stimulation (68).

To confirm that the TCR engagement displayed by trog* cells resulted in TCR-proximal
signaling, the levels of phosphorylated ZAP-70 (pZAP-70) were assessed (69, 70). In
support of the data in Figs. 1A and B, and consistent with our previous studies (10), the trog
*, but not trog~ cells, maintained pZAP-70 levels after APC removal (Fig. 1E). At each
observed time-point, the trog™ cells had significantly higher levels of pZAP-70, as
determined by MFI, compared to the trog™ cells (Fig. 1F). Because nearly no APC were
present in the cultures of CD4* T cells following the trogocytosis-assay (Fig. S1B), the
increased CD69 expression, TCR downmodulation, and elevated pZAP-70 maintained in
trog*, but not trog™, cells over the 72-hour incubation suggests that cell-autonomous,
trogocytosis-mediated signaling sustained the T cell activation.
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Trog* CD4* T cells express elevated levels of IL-4 and IL-5, whereas trog™ cells express
high levels of IFNy* and little IL-4 or IL-5.

The sustained activation and TCR proximal signaling in trog* cells after removal from APC
raised the possibility that trogocytosis-mediated signaling may impact effector cytokine
production within these cells. To examine this, culture supernatants from T cells recovered
from the trogocytosis assay were analyzed for cytokines characteristic of various Ty subsets
using cytokine-capture beads. Five hours after recovery from the /n vitro trogocytosis-assay,
T cell supernatants contained high levels of IFNy and IL-2, but negligible amounts of IL-4,
IL-6, IL-21 or IL-13 (Fig. 2A). Interestingly, by 72 hours IFNvy levels were significantly
decreased, while I1L-4 levels had increased significantly (Fig. 2A). To examine a potential
correlation between trogocytosis and the observed cytokine production, intracellular
cytokine staining (ICS) was performed on recovered cells at 24-hour intervals over a 72-hour
incubation after APC removal. The fold-difference in MFI for T subset-characteristic
cytokine expression of trog™ and trog~ cells compared to T cell blasts which did not undergo
the trogocytosis-assay (unstimulated cells) is shown in Fig. 2B. Five hours post-recovery,
neither the trog* nor trog~ cells showed increased levels of IL-4, IL-5, IL-12, IL-6, IL-9, or
IL-17, and the only cytokine showing substantially increased expression compared to
unstimulated controls was IFNvy (Fig. 2B). Interestingly, at 5 hours IFNvy levels were
increased in the trog~ cells significantly more than in the trog* cells (Fig. 2D). By 72 hours,
there were still minimal expression of IL-12, IL-6, IL-9, or IL-17 by both populations. The
robust IFN-y expression seen in trog™~ cells at 5 hours was no longer apparent and had
decreased to levels only marginally higher than that of unstimulated cells, while IFNy levels
remained minimal in trog™ cells. However, the trog* cells had developed a striking 2.2-fold
increase for IL-4 and 1.85-fold increase for IL-5, and 0.89-fold increase for IL-2, all of
which were found to be significantly higher in the trog™ cells compared to the trog~ cells
(Fig. 2B). Representative histograms for IFNy and IL-4 expression by trog*, trog™, and
unstimulated cells are presented in Fig. 2C. Enhanced IL-4 expression was also observed in
trog* cells from parallel experiments using MCC peptide-pulsed BMDCs as APC (Fig. S2).
Because the only significant differences in subset-characteristic cytokines detected between
trog* and trog™ cells were Tyl and T2-associated, the subsequent experiments focused on
these subsets.

Further assessment of the IFNy and IL-4 production on a per-cell basis showed that the
frequency of IL-4* cells increased exclusively in the trog* cells, from an average of 12.5% at
5 hours to an average of 73% by 72 hours (Fig. 2D). By comparison, the frequency of trog~
IL-4* cells remained below 5% at all time-points. This resulted in significantly more trog*
IL-4* cells than trog~ IL-4* cells at 24, 48, and 72 hours (Fig. 2D /ef?). In contrast, on
average, 34% of the trog™ cells, but only 10% of trog* cells were IFNy* at 5 hours. Unlike
IL-4, IFNvy expression was not maintained in trog™ cells. Despite a dramatic loss of trog~
IFNy* cells, there was still a significantly lower frequency of trog* IFNy* cells compared to
the trog™ IFNy* cells at each observed time-point (Fig. 2D right). The decrease in trog~
IFNy* cells over the 72-hour incubation correlates with the loss of TCR signaling and
activation seen in Fig.1, and the massive cell death in this population as observed in Fig. 1C
and our previous study (10).
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The strong IFNy™ expression in trog~ cells at 5 hours further demonstrates that both trog*
and trog~ cells are fully activated by the initial APC encounter. Thus, differences in the
phenotype between trog* and trog~ cells do not simply reflect whether T cells have
recognized Ag. In addition, although trog™ cells displayed sustained signaling and activation
(Fig. 1), IFN-y expression in these cells was not maintained. Combined with the increase in
IL-4 expression by trog* cells after removal from APC, these results are consistent with the
possibility that trogocytosis-mediated signaling was impacting the effector cytokine
production of the trog* cells, in a manner consistent with a T2 phenotype.

T2 cells are more efficient than Tyl or non-polarized CD4* T cells at performing
trogocytosis.

One potential explanation for the increased IL-4 expression and frequency observed in trog*
cells is that pre-Tw2 or Ty2-like cells had performed trogocytosis more efficiently than pre-
Tn1/ THl-like cells. Thus, the increase in IL-4" trog* cells may simply reflect the superior
survival displayed by trog™ cells after removal from APC (10). To compare the trogocytic
potential of differentiated Tyl and Tw2 cells, /n vitro-polarized Tyl and Ty2 blasts were
used in an in vitro trogocytosis assay (Figs. 3A, B). Representative histograms in Fig. 3C
and D show that GATA-3" T2 blasts were highly efficient at performing trogocytosis, with
an average of 71.5% displaying biotin-labeled APC-membrane and 58.1% having I-EX on
their surface. In contrast, T-bet* Ty1 cells were weakly trogocytic, averaging only 14.2% of
cells with detectable APC-membrane and 10.4% being I-EX*. For comparison, non-polarized
blasts, which showed a predominant Tyl phenotype (Figs. 3A, B), averaged 26.8% of cells
with detectable APC-membrane, and 16.8% with trogocytosed I-EK. Thus, while non-
polarized cells had a significantly higher frequency of trog* cells compared to polarized Tyl
cells, the T2 cells performed trogocytosis at significantly higher rates than both non-
polarized, and Tl cells (Fig. 3E). These results support the hypothesis that the predominant
TH2-associated cytokine production in the trog™ cells at 72 hours (Fig. 2) was, at least in
part, due to the increased ability of T2 cells to perform trogocytosis and their subsequent
enhanced survival, which was driven by trogocytosis-mediated signaling.

Trogocytosis-mediated signaling is sufficient, and effective, in driving IL-4 expression.

Based on the data in Fig. 3 showing that T2 cells possess higher trogocytic potential than
Tl or non-polarized cells, the increase in trog* IL-4* cells may simply be due to
trogocytosis-mediated signaling enhancing the survival of predestined T2 cells. If this were
the case, then sustained-canonical TCR and costimulatory signaling would be expected to
augment the T2 phenotype of pre-Tw2 or T2 cells. To examine this possibility, an aliquot
of the same T cell blasts to be used in a trogocytosis-assay were stimulated with plate-bound
anti-CD3 + anti-CD28 in parallel with T cells recovered from a standard /n vitro
trogocytosis-assay. At 72 hours, on average, 77.4% of the trog™ cells were IL-4*, but only
3.5% of trog~ cells and 1.8% of Ab-stimulated blasts were IL-4* (Figs. 4A-C). In contrast,
Ab-stimulated blasts maintained a similar frequency of IFNy* cells over the 72 hours (Fig.
4A), while the frequency of IFNy* trog™* cells dropped from an average of 13.4% at 5 hours
to 1.5% by 72 hours (Fig. 4C). The striking difference between the IFN-y and I1L-4
expression patterns between the trog* and Ab-stimulated blasts suggests that trogocytosis-
mediated signaling provides additional, potentially unique, signals that favor T2-associated
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cytokine expression, beyond the signaling induced by repeated CD3 + CD28 signaling.
These results further strengthen the association between trogocytosis-mediated signaling,
and a T2 phenotype.

As seen in Fig. 3, the majority of non-polarized T cells did not displayed a Tyl phenotype
prior to the trogocytosis assay, yet the vast majority of trog* cells developed a T2
phenotype after APC removal. While the data thus far is suggestive that trogocytosis-
mediated signaling was driving this phenotype, the possibility that residual signaling from
the T:APC interaction was driving the observed IL-4 expression in trog* cells remained. To
confirm that trogocytosis-mediated signaling alone was capable of driving IL-4 production
in trog* cells, Lck signaling was interrupted in cells recovered from the trogocytosis assay
with the reversible Src family kinase inhibitor PP2. Using this technique, we previously
demonstrated that PP2 treatment terminated TCR signaling, however, after removal of PP2,
signaling was re-initiated in trog*, but not trog~ cells (10). Here, we hypothesized that if
trogocytosis-mediated signaling was driving IL-4 expression, then cytokine production
would resume in trog™, but not trog™ cells after removal of PP2. If neither trog* nor trog~
cells re-initiated 1L-4 expression after PP2 was removed, it would indicate that trogocytosis-
mediated signaling alone was insufficient to drive the expression of IL-4. Immediately
following the trogocytosis assay, recovered cells were treated for 20 min with PP2 to halt
TCR signaling, and then incubated for an additional 2 hours after PP2 removal. Results in
Fig. 4D show that PP2 treatment did not alter the engagement of TCR by trogocytosed
MHC:peptide complexes, as nearly identical levels of TCR downmodulation were observed
in PP2-treated trog* and untreated trog* cells, at 2 (MFI reduced 2.9 fold or 2.81 fold vs.
unstimulated controls, respectively) and 72 hours (1.7 fold vs. 1.3 fold reduction,
respectively) (Fig. 4D). Treatment with PP2 did however, reduce the frequencies of trog*
IL-4* cells at 2 hours by an average of 83.5% (from 11% to 1%). However, 72 hours after
PP2 removal, the frequency of IL-4* trog* cells had rebounded from 1% at 2 hours, to nearly
60% at 72 hours (Fig. 4D, right). PP2 treatment also decreased the modest I1L-4 expression
of trog™ cells at 2 hours, and, as expected, neither the PP2-treated or untreated populations of
trog™ cells expressed IL-4 at 72 hours (Fig. S3C). The ability of trog™ cells to resume IL-4
production in absence of APC provides compelling evidence that trogocytosis-mediated
signaling was sufficient to drive IL-4 expression in trog™ cells.

Treatment with PP2 reduced the frequency of trog* IFNy* cells by 72%, and trog~ IFNy*
cells by 80% at 2 hours (Fig. S3). However, consistent with the hypothesis that trogocytosis-
mediated signaling was driving IL-4, but not IFN~y expression, the expression of IL-4, had
rebounded in trog* cells 24 hours after PP2 treatment, while IFN-y expression was
significantly lower in PP2-treated cells compared to untreated cells (Fig. 4E). This suggests
that IFN+y expression was due to signaling occurring at the immunological synapse, and that
trogocytosis-mediated signaling was insufficient to maintain IFN-y production in these cells.

Intracellular IL-4 is polarized towards trogocytosed molecules

The sustained expression of 1L-4 by trog™ cells up to 72 hours after removal from APC (Fig.
2) suggested that trogocytosis-mediated signaling may be contributing to the maintenance of
TH2-associated cytokine production in these cells. As a major function of T2 cells is to
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provide contact-dependent help to cognate B cells upon Ag recognition through B cell
directed cytokine secretion, we hypothesized that trogocytosis-mediated signaling may
mimic these T:B interactions. If so, intracellular IL-4 would likely be polarized towards
areas of trogocytosis-mediated TCR-signaling. Three days after recovery from a standard /in
vitro trogocytosis assay, recovered cells were stained for trogocytosed molecules,
intracellular IL-4, and pZAP-70, and analyzed by confocal microscopy. Consistent with the
flow-cytometry data (Fig. 2), IL-4 was only detected in 5% of trog~ cells in which
polarization of IL-4 towards any distinct region was only observed in 8% of trog~ IL-4" cells
(Figs. 5C, S4). In contrast, the trog* IL-4* cells had significantly higher frequencies of
polarized I1L-4 compared to the trog~ IL-4* cells, and 86% of these cells had I1L-4 polarized
towards trogocytosed molecules on the T cell membrane (Fig. 5C). Representative images
illustrate that IL-4 was polarized towards trogocytosed molecules (Fig. 5A), and that
proximal TCR-signaling was occurring at the trogocytosed molecules, as indicated by
pZAP-70 staining (Fig. 5B). Additional images are presented in Fig. S4. These images are
reminiscent of observations made by Kupfer et al,, who revealed that during T2 help for B
cells, IL-4 delivery was localized to the TH2:B cell interface (71). Thus, data in Fig. 5 are
supportive of a model where trogocytosis-mediated signaling was stimulating polarized IL-4
secretion, and also further reinforce the T2 phenotype displayed by trog™ cells.

Trog* cells develop a T2 phenotype while trog™ cells maintain a Tyl phenotype after
separation from APC.

Although IL-4 is widely accepted as the representative T2 effector-cytokine, other T cell
subsets, such as Trp, also express IL-4 (72). Therefore, expression of I1L-4 alone does not
indicate T 2-differentiation. To determine whether trog* cells were differentiated to T2,
the expression of subset-characteristic transcription factors was examined. The data in Fig.
6A show no detectable differences in expression of GATA-3 (Ty2), T-bet (TH1), Foxp3
(Treg), Bcl-6 (Trn) or RORyt (TH17) between trog* and trog~ cells, 5 hours post-recovery
from an /n vitro trogocytosis-assay. This further supported that the unstimulated blasts
consisted of a homogenous population prior to use in the trogocytosis-assay. By 72 hours
however, the trog* cells displayed a 1.7-fold increase for GATA-3, and 90% lower levels of
T-bet compared to trog™ cells, while only minimal differences were detected for Foxp3,
Bcl-6, or RORvyt (Fig. 6A). In agreement with the cytokine profiles observed in Fig. 2, over
the 72-hour incubation, T-bet expression in trog* cells decreased to a level below
unstimulated bulk T cell blasts, while trog™ cells maintained elevated T-bet expression (Fig.
6B). In contrast, at 72 hours, the majority of the trog™ cells were GATA-3*, and GATA-3
expression was negligible in the trog~ cell population (Fig. 6B). While trog* and trog-
displayed similar levels of T-bet and GATA-3 five hours after recovery, by 72 hours the trog™
cells displayed significantly increased GATA-3 expression, and significantly decreased T-bet
expression compared to trog~ cells (Fig. 6C). These results confirmed that the IL-4* trog*
cells were consistent with a T2 phenotype, and support the hypothesis that trogocytosis-
mediated signaling was driving T2 differentiation rather than simply enhancing the survival
of Ty2-commited cells.
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Trogocytosis-mediated signaling, rather than IL-4 availability, is required for GATA-3
upregulation after APC removal.

While IL-4 is a major product of T2 cells, it is also an inducer of this subset, as IL-4R-
signaling significantly contributes to T2 differentiation (73). Because the trog™ cells
produced significantly higher amounts of IL-4 than trog~ cells (Fig. 2), it was possible that
the T2 phenotype displayed by the trog* cells was simply the result of IL-4 availability. To
examine whether IL-4R signaling was playing the central role in the T2-phenotype
observed in trog™ cells, exogenous IL-4 (20 pg/ml) was added to cultures of cells
immediately after recovery from the trogocytosis-assay, and replenished at 24 hours. As seen
in Fig. 6D, at 72 hours, the addition of IL-4 had minimal effects on GATA-3 expression in
unstimulated cells. Similarly, the trog™ cells from cultures containing supplemented IL-4,
showed only an 8.6% average increase in GATA-3 expression, while trog* cells from the
same cultures had increased GATA-3 expression by an average of 25.5%, as determined by
MFI (Fig. 6E). However, the addition of IL-4 had little impact on the frequency of GATA-3*
trog~ or trog™ cells, as no significant differences between cells from untreated cultures, and
cultures with supplemented IL-4, were detected in either population (Fig. 6F). Thus, IL-4R
signaling was not playing the central role in the increase in GATA-3" expression by the trog*
cells. These results confirm that trogocytosis-mediated signaling, and not simply the
availability of IL-4, was essential for the observed TH2 phenotype developed in trog* cells,
consistent with the finding that GATA-3 translation is dependent on TCR signaling (74).

Trogocytosis-mediated signaling drives Tyl cells to express IL-4 and GATA-3

The results in Figs. 4 and 6 are consistent with the hypothesis that trogocytosis-mediated
signaling drives T2 differentiation in trog* cells. To examine this hypothesis, we tested
whether trogocytosis-mediated signaling could induce 7 vitro Tyl polarized trog* cells to
start producing T2 characteristic proteins. If such conversion was observed in trog*, but not
trog™, polarized Ty1 cells it would strongly support the hypothesis that sustained,
trogocytosis-mediated signaling was inducing a T2 phenotype. /n vitro Tyl and T2
polarized blasts were generated and used in a standard /n7 vitro trogocytosis assay. In parallel,
polarized Tyl and T2 blasts were stimulated on anti-CD3 + anti-CD28 coated plates to
provide sustained signaling throughout the 72-hour incubation. Because plasticity between
Tnl and TH2 subsets occurs only after days of exposure to alternate polarizing conditions
(75-78), the 90 minutes of exposure to APC during the trogocytosis-assay alone would not
likely be sufficient to induce Tyl to T2 conversion. Cells were examined at 5 hours to
examine baseline conditions, and at 72 hours after APC removal, to assess potential
phenotypic changes.

The results in Fig. 7A show that sustained Ab-stimulation resulted in stable IFN-y expression
in polarized Ty1 cells, with an average of 61% being IFNy* at 5 hours, and 57% being
IFNy™ at 72 hours. As anticipated, these Ti1 polarized cells did not express I1L-4 at any
time-point. The TH1 polarized trog* cells showed a phenotype similar to Ab-stimulated T1
cells at 5 hours, with an average of 79% being IFNy*, and only 8% expressing IL-4* (Fig.
7B). However, unlike the Ab-stimulated Th1 cells, the frequency of trog* IFNy* cells
decreased at each successive time-point, and by 72 hours only ~5% remained IFNy*. IFNy
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expression was not detected in the trog* T2, or the Ab-stimulated T2 blasts at any time-
point (Figs. 7 C, D).

In contrast to the significant decrease in IFNy expression, the frequency of trog* Tyl
polarized cells expressing IL-4 increased from 8% at 5 hours, to approximately 70% at 72
hours (Fig. 7B). The presence of a unique population (averaging 4.7%) of Tyl polarized
trog* cells which were IFNy* IL-4* double-positive cells at 72 hours (Fig. 7B) supported
the idea that these cells converted from Ty1 towards a T2 phenotype (79). For comparison,
while Ab-stimulation of the polarized Tyl maintained IFN-y expression, on average, less
than 0.2% of these cells were for IFNy* IL-4* double-positive at 72 hours (Fig. 7A). Within
the polarized T2 cells, on average only 0.22% of trog*, and 0.31% of Ab-stimulated cells
were IFNy™* IL-4* (Fig. 7C, D).

While the TH2 polarized trog* population displayed an average of 84.2% of cells being
IL-4+, somewhat unexpectedly, only 28% of Ab-stimulated cells, were IL-4" at 72 hours
(Fig. 7C, D). These are similar to the results in Fig. 4, and further support that trogocytosis-
mediated signaling is favorable for driving and/or augmenting a T2 phenotype, while
sustained anti-CD3 + anti-CD28 Ab-stimulation is not.

In addition to shutting down IFN+y expression and upregulating I1L-4, the trog* Ti1
polarized cells also displayed a shift in transcription factor expression. These cells were
GATA-3 negative and expressed high levels of T-bet at 5 hours, but by 72 hours, the trog*
Th1 cells had upregulated GATA-3 expression, and approximately half of the population lost
T-bet expression (Fig. 7E). In contrast, the Ab-stimulated and trog~ Ty1 cells remained
GATA-3~ and maintained expression of T-bet at 72 hours. While there were no significant
differences in T-bet or GATA-3 expression between Tyl polarized trog™, trog™, and Ab-
stimulated cells 5 hours after recovery, by 72 hours the frequency of T-bet* cells was
significantly lower in the trog* population compared to trog~ population. This was
concomitant with significantly more trog™* cells expressing GATA-3 compared to trog~ and
Ab-stimulated cells (Fig. 7F). Consistent with the cytokine expression data where the Tl
polarized trog™ cells expressed both IL-4 and IFNy (Figs. 7A, B), significantly more trog*
cells also expressed both T-bet and GATA-3 compared to trog~ and Ab-stimulated cells (Fig.
7F). Taken together, the data in figure 7 strongly suggests that trogocytosis-mediated
signaling induced Tl to T2 conversion, strengthening the conclusion that trogocytosis-
mediated signaling drove the observed T2 phenotype in trog* cells.

Trogocytosis™ CD4* T cells generated in vivo display a T2 phenotype.

The results so far strongly support the hypothesis that trogocytosed molecules engage
cognate receptors on T cells to sustain intracellular signaling, leading to T2 biasing. To
examine whether this in vitro phenotype was consistent with /7 vivo immune responses, a
protein immunization model in an adoptive transfer system, using TCR-transgenic T cells
transferred into wild type animals was used, as well as the direct protein immunization of
wild type animals. In the adoptive transfer model, B10.A mice were immunized
subcutaneously with whole pigeon cytochrome-c (PCC) protein. Twenty-four hours later,
naive 5C.C7 TCR-transgenic T cells were adoptively transferred into the immunized animals
(Fig. 8). Five days after the adoptive transfer, cells were harvested from draining lymph
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nodes and analyzed. Of the recovered, adoptively transferred CD4* T cells, there was
significantly higher rates of trogocytosis in the PCC-immunized animals (averaging 19.4%
trog*) compared PBS-injected controls (averaging 0.28% trog™) (Fig. 8A). Based on CD69
upregulation and TCR downmodulation, both trog™ and trog~ adoptively transferred CD4* T
cells had recognized Ag and were activated (Fig. 8B). Consistent with the /n vitroresults in
Fig. 1, the trog™ CD4" T cells showed trends of higher activation and TCR downmodulation
compared to trog~ CD4" T cells from the same animal (Fig. 8B). Within the activated
(CD69H19N) CD4* T cells, there was a significantly higher frequency of trog™ IL-4* cells
than trog™ IL-4* cells (Fig. 8C). On average, 15% of trog~ cells and 11% of trog* cells were
IFNy* (Fig. 8C), resembling the phenotypes observed at 48 hours following recovery from
the /n vitro trogocytosis-assay (Fig. 2D). Also, consistent with the phenotype of cells
recovered from the /n vitro trogocytosis assays (Fig. 2C), the expression of 1L-4 on a per-cell
basis, was higher in trog* cells than similarly activated trog™ cells (Fig. 8D).

In a parallel set of experiments, non-transgenic C57BL/6 mice were immunized with
chicken ovalbumin (OVA), followed by a booster immunization 14 days later. CD4* T cells
were recovered from draining lymph nodes five days after the second immunization. These
time-points were chosen to reintroduce antigen at the end of the effector stage of the
immune response, but before establishment of a stable memory population. OVA immunized
animals had significantly higher frequencies of trog* CD4* T cells compared to PBS-
injected control mice (Fig. 8E). Consistent with our previous study (10), the trog™ cells
displayed sustained survival ex vivo, as the frequency of isolated trog* CD4* T cells from
OVA-immunized mice increased from 8% on the day of harvest to nearly 60% after a five-
day /n vitroincubation (Fig. 8D). Similar to the results with the TCR-transgenic model, the
trog* CD4* T cells were more activated than trog~ CD4* T cells as determined by CD69
staining (Fig. 8F). Within the activated (CD6919") CD4* cell populations, the trog* cells
displayed increased expression of GATA-3 and IL-4, whereas their expression in trog~ cells
from the same animal was nearly identical to that of CD4* T cells recovered from PBS-
control animals (Fig. 8F). Similar to results from /n vitro and in vivo TCR-transgenic
experiments (Figs. 2, 8C), the frequency of GATA-3* CD4™ cells was significantly higher in
the trog™ cells compared to the trog~ cells (Fig. 8G). Consistent with these results, of cells
recovered from OVA-immunized mice, the frequency of IL-4* cells was significantly higher
in CD69HIgN trog* cells, at nearly 50%, compared to the CD69Hi9" trog™ cells, of which
22.3% were IL-4*. (Fig. 8H). Collectively, the results in Fig. 8 provide strong corroboration
of the results obtained from the /7 vitro experiments, as trog* CD4* T cells generated /in vivo
displayed enhanced survival /in vitro, and displayed greater activation, as well as increased
GATA-3 and IL-4 expression, compared to trog~ cells from the same animal. These results
support the hypothesis that trogocytosis-mediated signaling may play a role in T2
differentiation /n vivo.

Discussion

Trogocytosis by CD4™ T cells results the presence of functional, APC-derived molecules,
including MHC:peptide complexes, on the surface of the trog* T cell. Many of these
acquired molecules are not expressed endogenously by the T cell, but they clearly have an
impact on T cell biology. This has been demonstrated by the ability of trog* cells to impact
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the activation of other T cells through the presentation of trogocytosed molecules (9, 15). We
have found that trogocytosed molecules are also engaged by cognate receptors on the trog*
T cell (10), however the biological implications of this phenomenon are largely unknown.
Because trogocytosis commonly occurs during the activation of CD4* T cells, it is important
to develop a comprehensive understanding of the biological consequences of this event.

In this study, we examined the impact of sustained, trogocytosis-mediated signaling on the
activation, effector cytokine production, and differentiation of the trog* T cell. Trog™ cells
have sustained TCR proximal signaling for at least 72 hours after APC removal, consistent
with cell-autonomous signaling resulting from engagement of the receptors on the T cell by
trogocytosed molecules (Fig. 1). This sustained signaling was not due to T:T presentation or
the presence of contaminating APC, as only the trog* cells maintained a phenotype
consistent with active TCR signaling and sustained activation, despite the cultures
containing both trog* and trog~ cells throughout the incubation period. This conclusion is
further supported by images showing that active TCR signaling occurred proximal to
trogocytosed molecules on the surface of trog™ cells, 72 hours after removal from APC (Fig.
5). Similar to our previous studies, the sustained signaling led to preferential survival of the
trog* cells, as the frequency of CD4* cells that were trog™ increased from roughly 25%
immediately after recovery from the trogocytosis-assay, to nearly 80% 72 hours later (Fig.
1C, (10).

Because the trog* cells had sustained TCR signaling and remained activated 72 hours after
APC removal, we investigated whether trogocytosis-mediated signaling might impact the
effector cytokine production of these cells. Intracellular cytokine staining of cells 5 hours
after recovery from the trogocytosis-assay showed that a significantly higher frequency of
trog~ cells were IFNy* compared to trog* cells. However, IFNvy levels decreased to resting
levels in both trog~ and trog* cells over a subsequent 72-hour incubation (Fig. 2B, C). While
the frequency of trog~ IL-4* cells remained at approximately 5% over the 72-hour
incubation, the average frequency of trog™ IL-4* cells increased from 10% at 5 hours, to
over 70% at 72 hours (Fig. 2D). Because the trog* cells also displayed enhanced survival
after APC removal (Fig. 1C), the trog* cells accounted for over 98% of the total IL-4" CD4*
cells at 72 hours. The increase in the frequency of trog* IL-4* cells over the 72-hour
incubation was likely not due to increased proliferation of the trog* cells, as the amount of
trogocytosed molecules on the trog™* cells remained constant and was not diluted, as would
be expected for dividing cells. In addition, our previous study showed no discernable
proliferation of trog* cells up to 5 days after removal from APC (10). These results are
consistent with the observations that trogocytosed molecules are retained in a punctate spot
on the membrane of the trog* cell (Fig. 4, (4, 10). Thus, the data suggests that trogocytosis-
mediated signaling led to sustained survival of 1L-4" cells, and/or directly impacted the IL-4
expression in the trog* cells.

If the trogocytosis-mediated signaling was simply sustaining the survival of 1L-4-expressing
cells, the apparent increase in IL-4* trog* cells after APC removal might be due to a
difference in the ability of Tyl and T2 cells to perform trogocytosis. We found that when
in vitro polarized Tyl and T2 cells and non-polarized T cells were compared, the T2
polarized cells were indeed more efficient at performing trogocytosis (Fig. 3). However, the
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difference in the efficiency of trogocytosis alone isn’t sufficient to account for the observed
phenotypes. While the frequency of trog* IL-4* cells increased, the frequency of trog* IFNy
producing cells decreased from 10% at 5 hours after recovery to 0.5% at 72 hours,
suggesting that trogocytosis-mediated signaling was not simply boosting global intracellular
signaling and enhancing the survival of all trog* cells. If that were the case, the frequency of
IFNy-expressing and IL-4-expressing cells would be expected to remain relatively stable.
Rather, our results suggested that trog* cells were differentiating into T2 (GATA-3* IL-4%)
cells after the trogocytosis-assay. While robust GATA-3 expression was detected in trog*
cells by 72 hours (Fig. 6), anti-CD3 + anti-CD28 stimulation of an aliquot of the
unstimulated T cell blasts used in the trogocytosis-assay did not result in a similar T2
phenotype (Fig. 4A). Furthermore, T cell blasts immediately prior to the trogocytosis assay
displayed a relatively homogeneous TH0/TH1 phenotype (Figs. 2, 3, 6). This is consistent
with the inherent bias towards a TH1 phenotype possessed by the 5C.C7 TCR transgenic
mice used in our experiments (80, 81), and may explain the rapid IFN-y production, and
delay in IL-4 expression, observed in the cells after recovery from the trogocytosis-assay.

To eliminate the possibility that the observed IL-4 production in the trog* cells was induced
by residual signaling received from the T:APC interaction and directly examine the role of
trogocytosis-mediated signaling in the observed T2 phenotype of trog™ cells, the reversible
Lck inhibitor PP2 was used to halt TCR signaling after APC removal, then washed out to
allow trogocytosis-mediated signaling to resume. We found that after PP2 removal, IFN-y
expression did not resume in either trog* or trog~ cells (Figs. 4D, 4E, S3), consistent with
IFNy production being induced by interactions with APC, and not induced further by
trogocytosis-mediated signaling. In contrast to IFNy, the frequency of trog™ IL-4* cells from
PP2-treated cultures rebounded to levels equal to untreated cells by 24 hours after PP2
removal (Fig. 4E), and robust IL-4 production was observed in trog* cells 72 hours after PP2
treatment (Figs. 4B, C). These significant findings show that trogocytosis-mediated
signaling was sufficient to drive IL-4 expression in trog™ cells. The results showing that /in
vitro Tyl polarized trog* cells began expressing I1L-4 and GATA-3, while at the same time
decreasing expression of IFNy and T-bet (Fig. 7), further support that, at least in absence of
external stimuli, trogocytosis-mediated signaling promotes T2 differentiation. Although it
is possible that a portion of the trog* blasts generated under T1-polarizing conditions were
not fully differentiated to Tyl prior to use in the trogocytosis assay, the unique population of
double-positive cells expressing both IFNy and IL-4 (Fig. 7B), and the transcription factors
T-bet and GATA-3 (Fig. 7F), was only apparent within the trog* cells generated under Ty1-
polarizing conditions. Thus, the data in Fig. 7 supports the possibility that trogocytosis-
mediated signaling is capable of inducing TH1 to T2 conversion. That a greater frequency
of T2 polarized trog* cells produced IL-4 than Ab-stimulated T2 polarized cells at 72
hours (Fig. 7C, D), further supports the hypothesis that trogocytosis-mediated signaling is
potent in driving IL-4 expression. Taken together, the data presented here is consistent with
the concept that trogocytosis-mediated signaling can drive the differentiation of CD4* T
cells towards a T2 phenotype.

The T2 phenotype observed /n vitro with trog* cells was also apparent in /in vivoimmune
responses. Using TCR-transgenic or wild type cells, and with different antigen systems, we
observed that /in vivo derived CD4* trog* cells expressed IL-4 and GATA-3 at greater levels,
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and higher cell frequencies, compared to trog™ cells from the same animal (Fig. 8B, C). The
observed T2 phenotype of /n vivotrog* cells was less robust than the phenotype developed
in in vitro assays, however, this is consistent with findings that in some cases, GATA-3
expression in T2 CD4* T cells is less pronounced in /7 vivothan in vitro (82). The
observed phenotype may also be attributed to the inherent nature of the mice used in our
study towards T, which, consequently, further underscores the significance of the T2
phenotype developed by trog* cells in this study. Further studies are underway to
characterize the T2 phenotype of /n vivo-generated trog* cells at additional time-points,
and after immunization with Ty1-inducing components.

It is interesting to speculate on the mechanisms leading to the observed association between
CD4" trog* cells and a T2 phenotype. It has been found that the strength, duration, and
“summation” of TCR and costimulatory molecule signaling can substantially impact T
helper differentiation (82—85). In non-differentiated cells, it is possible that immune
synapses that result in trogocytosis may be of shorter duration and/or generate weaker TCR
signaling. This would be consistent with observations that weaker TCR signaling drives
early IL-4 production by T cells (84, 86-88). Because only a fraction of the APC molecules
involved in the immunological synapse are transferred to the T cell, trogocytosis-mediated
signaling is likely weaker than signaling at the synapse. This signaling could further promote
IL-4 production, consistent with the increased levels of 1L-4 observed in trog* cells over a
72-hour incubation (Figs. 2, 4, 7). The Tyl to T2 conversion observed with Tyl polarized
trog* cells (Fig. 7) further supports this model, as weak TCR-signaling drives T2
differentiation, even under Ty1- polarizing conditions (89). In contrast, IFNy production
and Ty1 differentiation have been shown to require strong TCR-signaling (90-92).

The differences in trogocytosis efficiency between polarized Ty1 and T2 cells may also be
attributed to morphological differences in the immunological synapse formed. We have
previously shown that at low Ag concentrations, Tyl synapses form the classical “bull’s-
eye” shape, while T2 cells form multi-focal synapses (66). In separate live-cell imaging
experiments, we have observed that small “packets” of MHC:peptide are transferred from
APC to non-polarized T cells from the immunological synapse, before becoming localized
to a punctate spot at the distal pole of the T cell membrane (93). It is inviting to speculate
that the multi-focal synapses formed by T2 cells facilitate trogocytosis much more
efficiently than the synapses formed by Tyl cells, although that was not directly tested here.

There are many biological implications of trogocytosis-mediated signaling driving and/or
augmenting a T2 phenotype, while also antagonizing a Ty1 phenotype. Such implications
are amplified when considering that trog* cells display sustained survival, along with
enhanced activation and effector cytokine production (Figs. 1, 2, (10)). The T2 phenotype
itself may contribute to the enhanced survival displayed by trog* cells (Fig. 2C, (10)), as
IL-4 has been found to enhance CD4"* survival both /n vitro and in vivo (94). Additionally, a
Tw2 phenotype may aid in the heightened activation commonly observed in trog* cells, as
TH2, but not Tyl cells, have been shown to be able to revert from an anergic state to resume
effector functionality (95). It is possible that trog* T2 cells may significantly aid in the
generation of B cell germinal centers, and/or increase the quality and duration of protective
antibody generation when Ag is limited. On the other hand, the low trogocytic potential of
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Th1 cells, and the T2 phenotype induced by trogocytosis-mediated signaling, could act as
checkpoint to limit unwanted Ty1-associated inflammation after Ag clearance.

In cases where a T2 response is undesirable, excessive CD4™" trogocytosis may play a role
in exacerbating Tw2-mediated autoimmune diseases such as SLE and rheumatoid arthritis,
heighten allergic reactions, or negatively impact protective cell-mediated responses. In a
study by Brown et al., CD4" T cells from patients with multiple myeloma showed increased
rates of trogocytosis and the trog™ cells displayed inhibitory effects on proliferation of
stimulated T cells (34). The authors proposed that trogocytosis might play a role in tumor-
induced immune suppression through T-cell fratricide and deletion in patients with multiple
myeloma. It is possible that in tumor environments where antigen is presumably abundant, a
high frequency of CD4* trogocytosis and subsequent T2-differentiation/conversion could
significantly suppress an anti-tumor response. Such suppression may be attributed to the
inhibition of anti-tumor promoting T2 cell differentiation by trogocytosis-mediated
signaling, and the high IL-4 production by trog™ cells, as IL-4 has been shown to both
inhibit IFN+y production and prevent activation of naive T cells (96).

Beyond driving a T2 phenotype, continual trogocytosis-mediated signaling may aid in the
generation of CD4* memory and/or Tgy cells, as both subsets require sustained-TCR
signaling through repeated Ag-encounter for their differentiation (82, 97). As T2 to Tgy
conversion has been found to take between 5 to 7 days to occur /n vivo (98), examining the
phenotype of trog* cells at extended time-points is likely necessary to determine this
possibility. Studies are currently underway in our lab to examine the potential role of
trogocytosis-mediated signaling in the generation of both Tgy and memory CD4™ T cells.

In conclusion, the results from this study provide further insight into the role of trogocytosis
and trogocytosis-mediated signaling in the activation, effector cytokine production and
differentiation of CD4* T cells. We report a strong association between CD4* trogocytosis
and a T2 phenotype, which is twofold, as T2 cells are highly efficient at performing
trogocytosis, while trogocytosis-mediated signaling induced T2 differentiation in both non-
polarized, and polarized TH1 cells. We propose a model for trogocytosis-mediated CD4*
differentiation in which trogocytosed MHC:peptide complexes and costimulatory molecules
sustain intracellular signaling by engaging their cognate receptors on the trog*™ T cell. The
relatively weak intensity of this signaling leads to early IL-4 production, which is sustained
by trogocytosis-mediated signaling. In the presence of IL-4, the sustained trogocytosis-
mediated TCR-signaling drives GATA-3 expression, and thus, T2 differentiation (74).
Because trog™ CD4* possess the unique ability to remain activated independently of further
APC encounter via trogocytosis-mediated signaling, results from this study raise the
possibility that CD4* trogocytosis may play a role in augmenting, or inducing a T2-
dominant immune response.
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Key Points

1. Trogocytosis-mediated signaling promotes IL-4 expression and T2
differentiation.

2. T2 cells perform trogocytosis more efficiently than Ty1 or non-polarized
cells.

3. In vivo generated, trogocytosis-positive cells are predominantly Ty2.
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Figure 1. Sustained TCR signaling, survival, and activation in trog*, but not trog™, CD4* T cells
after APC removal.
CD4* T cells recovered from standard /n7 vitro trogocytosis assay were cultured at low

density (10* cells/ml) for 72 hours. At indicated time-points, expression of TCR VB3, CD69
and phosphorylated ZAP-70 were determined via flow cytometry. (A) Representative
histograms showing TCR VB3 expression in trog* (thick black line), trog™ (thin black line),
and unstimulated (shaded grey) cells. (B) Mean fold-difference in TCR VB3 expression
between trog™ (black) and trog™ (grey) cells compared to unstimulated T cell blasts. (C)
CD69 expression in in trog* (thick black line), trog™ (thin black line), and unstimulated
(shaded grey) cells. Numbers represent geometric mean fluorescence intensity (MFI) of
respective populations. (D) Mean fold-difference in CD69 expression between trog* (black)
and trog™ (grey) cells compared to unstimulated T cell blasts. (E) 2D plots showing
phosphorylated ZAP-70 vs CD69 in trog* (b/ack) and trog™ (grey) CD4* T cells. Quadrant
gates were determined by unstimulated CD4"* cells, where >99% of cells were contained in
the bottom left quadrant. (F) Mean fold-difference in the MFI of phosphorylated ZAP-70 in
trog* (black) and trog™ (grey) cells compared to unstimulated CD4* cells. In Figs. B, D, and
F, error bars represent +SEM from three independent experiments with * = p< 0.05 and ** =
p< 0.01. Unstimulated samples represent CD4* T cell blasts prior to the trogocytosis assay.
All data is representative of thee independent experiments.
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Figure 2. After APC removal, trog* cells increase expression of Tp2-associated effector
cytokines, while trog™ cells express decreasing levels of Tyl-associated cytokines.

Expression of cytokines in CD4* T cells recovered from a standard 77 vitro trogocytosis
assay was assessed at indicated time points by flow cytometry. (A) Mean levels of subset-
characteristic T-helper cytokines in culture supernatant of total recovered T cells at 5 hours
(grey) and 72 hours (black) post trogocytosis-assay. (B) Mean fold-difference in the
expression of subset characteristic T-helper cytokines between trog™ (black) and trog™ (grey)
cells, compared to unstimulated CD4* T cells, at 5 and 72 hours post-recovery, as measured
by intracellular cytokine staining (ICS) MFI. (C) Representative histogram plots of ICS data
showing fluorescence intensity of IL-4 (top)and IFNy (bottom) in trog™ (thick black line)
and trog~ (hin black line) CD4* T cells. Unstimulated controls are shown in shaded grey for
comparison. Dashed vertical line represents the maximum MFI for >99% relevant isotype
control. (D) Frequency of IL-4* (Jeft) or IFNy* (right) CD4", trog* (black), and trog~ cells
over 72 hours after APC removal. Dashed horizontal line represents mean percentage of
unstimulated CD4* T cells for respective cytokines. In Figs. A, C and F, error bars represent
+SEM from three independent experiments, where * = p< 0.05, ** = p< 0.01, and *** = p<
0.001. In Figs B and D, dotted vertical lines represent the fluorescence intensity >99% of
recovered CD4* cells stained with respective isotype controls. All ICS data is representative
of at least three independent experiments.

J Immunol. Author manuscript; available in PMC 2020 May 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Reed and Wetzel Page 31
A. Bt ElT2 Non-polarized B. w1 W72 Non-polarized
A_l4.04 0.34] Al ]
41.08 47.4 E
=
b 3 -3

0.97

4.1

T

48.9
T

GATA3 —>

Ty T T
GATA-3 ——>

C. D. E.
100} | - EX+ 100-] Trog* ETH1 100+
Th0 12.5% T40 22.1% ET 2
: T,110.6% : T, 11.2% H ) 80+
" TW260.7% | x| T,2 78.1%| ] Non-polarized  + 604
8] = [ unstimulated 8
= & b= *
G ] o e 404 —*—
R B . o
] 1 20
c Ll
Ot Wy T T T L3 Non Tyl Ty2
Trogocytosed—>» Trogocytosed —— Polarized
MHCII I-EX APC Membrane

Figure 3. In vitro polarized T2 CD4* T cells are more efficient at performing trogocytosis than
TH1 and non-polarized cells.
Non-polarized and /in vitropolarized Tyl and T2 T cell blasts were used in standard /n

vitro trogocytosis assay and expression of 1L-4, GATA-3, IFN-y and T-bet in recovered T
cells was assessed via flow cytometry. (A & B) 2D plots showing fluorescence intensity of
(A) IL-4 vs. GATA-3, and (B) IFNy vs. T-bet in polarized Ty2 (grey) and Tyl (black), and
non-polarized cells, 1 hour post recovery. Numbers in corners represent frequencies of cells
in respective quadrants. (C & D) Histogram overlays showing the frequency of trogocytosed
(C)MHCII I-EX and (D) biotinylated APC membrane by polarized Tl (grey line) T2
(thick black line), and non-polarized cells (thin black line), with unstimulated controls in
shaded grey for comparison. (E) Mean frequency of trog™ cells from non-polarized (/ef?),
Twl (middle), and T2 (right) CD4* cells 1 hour post-recovery. Error bars represent +SEM
from three independent experiments, * = p< 0.05, *** = p< 0.001, and **** = p< 0.0001.
All data shown is representative of three independent experiments.
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Figure 4. Trogocytosis-mediated signaling drives IL-4, but not IFNy, expression in trog* cells.
Non-polarized CD4* T cells were used in a standard /7 vitro trogocytosis assay, or were

stimulated with plate-bound anti-CD3 + anti-CD28. Levels of IL-4 and IFNy were measured
by ICS and analyzed via flow cytometry. Representative 2D flow plots show fluorescence
intensity of IL-4 vs IFNy in (A) Ab-stimulated blasts, (B) trog™ cells, and (C) trog* cells, at
indicted time points post-recovery. Gates were established using respective isotype-control
staining where >99% of CD4" cells stained with isotype controls fell in the lower left
quadrant. Numbers in corners represent frequency of cells in respective quadrants. Data are
representative of at least 3 independent experiments. (D) Immediately after recovery from an
in vitro trogocytosis assay, cells were left untreated (Zop row) or were treated for 20 minutes
with 20 pM PP2 (bottom row) to halt TCR signaling. PP2 was removed from cultures and
cells were analyzed at 2 (feft column), and 72 hours (right column), after PP2 removal. Trog
* cells are shown in black, compared to unstimulated cells in grey. Numbers represent
frequency of cells included in respective gates. (E) Mean frequency of IFNy* and IL-4* trog
* cells, 24 hours after PP2 removal, compared to untreated trog* cells. Error bars represent
+SEM from three independent experiments, * = p< 0.05. All data is representative of at least
three independent experiments.
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F_igurle; 5. IL-4 is polarized towards trogocytosed molecules and the location of active TCR
signaling.

C?D4+ Tgcells were analyzed by confocal microscopy 72-hours after recovery from a
standard /n vitro trogocytosis assay. Representative optical sections of trog* cells are shown
with (A) trogocytosed APC membrane proteins (green), trogocytosed I-EX (red), and
intracellular IL-4 (b/ue). (B) Trogocytosed APC membrane proteins (green),
phosphorylated-Zap-70 (red) and intracellular IL-4 (b/ue). Data is representative of five
independent experiments, with over 120 individual trog* CD4* cells analyzed in total. (C)
IL-4* trog™ (grey) and trog™ (black) cells were analyzed for IL-4 polarization, as defined by
the localization of intracellular IL-4 to any constrained area for the trog~ cells, and
polarization towards trogocytosed molecules in the trog* cells. Error bars represent +SEM
from three independent experiments, *** = p< 0.001.
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Figure 6. Trogocytosis-mediated signaling drives GATA-3 expression in trog™ cells.
CD4* T cells were recovered from a standard /n7 vitro trogocytosis assay and characteristic

T-helper subset transcription factor expression was examined by flow cytometry. (A) Mean
fold-difference in expression of indicated transcription factors between trog* cells and trog™
cells at five, and 72, hours post-recovery as determined by MFI. (B) Representative
histograms of samples in 6A showing GATA-3 (top) and T-bet (bottom) levels in trog* (thick
black line) and trog™ (thin black line) cells, with unstimulated control cells shown in shaded
grey for comparison. (C) Mean fold-difference in GATA-3 and T-bet expression between
trog* (black) and trog™ (grey) cells compared to unstimulated cells, at 5, and 72 hours post
recovery. (D-E) Exogenous IL-4 (20 pg/ml) was added to recovered cell cultures
immediately after the trogocytosis assay, and supplemented 24 hours later. (D) GATA-3
levels 72 hours post-recovery are shown for (left) unstimulated cells with (b/ack line) and
without (shaded grey) supplemental 1L-4 (E) GATA-3 levels 72 hours post-recovery trog™
cells (feft), and trog* cells (right), with (black line) or without (zhin grey line) supplemental
IL-4. Unstimulated cells cultured without supplemented IL-4 in shaded grey are included for
comparison. (F). Mean frequency of GATA-3" trog™ (grey) and trog* (black) cells from
cultures with, and without, supplemented IL-4. In Figs. A, C, and F, error bars represent
+SEM from three independent experiments, * = p< 0.05, ** = p< 0.01. In Figs. B and D,
dotted vertical lines represent the fluorescence intensity >99% of recovered CD4* cells
stained with respective isotype controls. All data is representative of three independent
experiments.
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Figure 7. | L-4 expression increases and IFNy expression decreasesin polarized Tyl trog* cells
after removal of APC.

In vitropolarized Tyl and T2 CD4™ T cells were used in a standard /7 vitro trogocytosis
assay. In parallel, aliquots of polarized cells were stimulated with plate-bound anti-CD3 +
anti-CD28 Abs. Fluorescence intensity of IL-4 vs. IFN-y is displayed in representative 2D
scatter plots at 5 hrs. (feft), 24 hrs., (2" from left), 48 hrs. (2" from right), and 72 hrs.
(right)for (A) anti-CD3 + anti-CD28 stimulated Ty1 polarized cells, (B) Tyl polarized trog*
cells (C) anti-CD3 + anti-CD28 stimulated T2 polarized, and (D) T2 polarized trog* cells.
Numbers represent frequency of cells in each quadrant. (E) Representative histograms
showing intensity of GATA-3 (fop) and T-bet (botfom) expression in Tyl polarized trog*
(thick black line) and trog™ (thin black line) cells, compared to anti-CD3/CD28 stimulated
blasts (shaded grey), at 5 (left), and 72 (right), hours post-recovery. (F) Mean frequency of
T-bet* GATA-3~ (left), T-bet™ GATA-3" (middle), and T-bett GATA-3* (right), in vitro
polarized Tyl trog™ (black), trog™ (grey outline), and anti-CD3/CD28 stimulated cells
(shaded grey) at 5 (top), and 72 (bottom) hours post-recovery. Error bars represent £SEM
from three independent experiments, * = p< 0.05, ** = p< 0.01, *** = p< 0.001, and **** =
p< 0.0001. All data is representative of three independent experiments.
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Adoptive transfer of TCR-transgenic cells
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Figure 8. In vivo, trog* CD4" T cells display a T2 phenotype
(A-D) Adoptive transfer. B10.A mice (n=3) were immunized s.c. with 300 pg of PCC

protein, or PBS as a control. Twenty-four hours after immunization, 2 x 10° naive CFSE-
labeled 5C.C7 T cells were adoptively transferred into immunized B10.A recipients. Cells
were harvested and analyzed via flow cytometry 5 days following adoptive transfer. (A)
Mean frequency of trog* cells from recovered adoptively transferred cells in PBS injected
(grey) and PCC immunized (b/ack), mice. (B) Mean percent change in CD69 (/eft) and TCR
VB3 (right) expression in trog* (black) and trog™ (grey) recovered, adoptively transferred
CD4" cells, compared to recovered, adoptively transferred CD4* cells, from PBS control
animals as determined by in MFI. (B) Frequency of IL-4* (feft)and IFNy * (right) trog*
(black) and trog™ (grey) CD4* CD69H19M adoptively transferred cells recovered from PCC
immunized animals (D) Representative histogram of intracellular IL-4 expression of trog*
(thick black line) and trog™ (thin black line) CD4* CD69HIgN adoptively transferred cells
recovered from PCC immunized animals, compared to adoptively transferred CD4* T cells
recovered from PBS control animals (shaded grey). In Figs. A-C, Error bars represent £SEM
from three biological replicates, * = p< 0.05 and *** = p< 0.001.

(E-H) Wild type immunization C57BL/6 mice (n=3) were immunized s.c. with 300 pg of
OVA protein or PBS as a control and boosted with OVA 14 days later. Draining lymph nodes
were collected five days following booster immunization (day 19) and analyzed
immediately. An aliquot of recovered cells was cultured post-recovery and analyzed on day
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five. (E) Mean frequency of trog* CD4* T cells from PBS injected (7eft) and OVA-
immunized (center) mice immediately following recovery. (Right) The frequency of trog*
CD4* T cells from OVA-immunized mice after a day five culture /n vitro. (F) Representative
histogram overlays showing levels of CD69 in CD4* T cells (/eft) and the expression of
GATA-3 (middle) and IL-4 (right)in trog™ (thick black line) and trog™ (thin black line)
CD69Hig" CD4* T cells. CD4* T cells from PBS control mice are shown in shaded grey. (G-
H) Frequency of (G) GATA-3 and (H) IL-4*, trog* (black)and trog™ (grey) CD69HiSh CD4*
T cells recovered from OVA immunized mice. For histograms, dotted vertical lines represent
the maximum fluorescence intensity of 99% of CD4* cells stained with respective isotype
controls. In Figs. E, G and H, error bars represent +SEM from three biological replicates, *
=p< 0.05, ** = p< 0.01 and *** = p< 0.001. Data is representative of at least two separate
experiments.
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