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T lymphocytes expressing the y& T cell receptor (y8 TCR) can recognize antigens
expressed by tumor cells and subsequently kill these cells. yd T cells are indeed used
in cancer immunotherapy clinical trials. The anti-CD3e antibody UCHT1 enhanced the
in vitro tumor Killing activity of human y8 T cells by an unknown molecular mechanism.
Here, we demonstrate that Fab fragments of UCHT1, which only bind monovalently
to the y8 TCR, also enhanced tumor killing by expanded human Vy9Va2 y& T cells or
pan-yd T cells of the peripheral blood. The Fab fragments induced Nck recruitment to
the y8 TCR, suggesting that they stabilized the y6 TCR in an active CD3e conformation.
However, blocking the Nck-CD3e interaction in y8 T cells using the small molecule inhib-
itor AX-024 neither reduced the yd T cells’ natural nor the Fab-enhanced tumor killing
activity. Likewise, Nck recruitment to CD3e was not required for intracellular signaling,
CD69 and CD25 up-regulation, or cytokine secretion by y8 T cells. Thus, the Nck-CD3e
interaction seems to be dispensable in y8 T cells.

Keywords: yd T cells, T cell antigen receptor, tumor, Nck, activation, signaling, Fab fragments, AX-024

INTRODUCTION

T cells are part of the adaptive immune system and can be divided into o and y3 T cells, depending on
the T cell antigen receptor (TCR) they express. Whereas most aff TCRs recognize peptides presented
by MHC molecules, yd TCRs recognize stress-induced self-antigens (1, 2), lipids or pyrophosphates
that are secreted by microbes or overproduced in tumor cells (3-7).

The main subset of yd T cells in human blood is Vy9V82, which accounts for 2-10% of all
T cells. The Vy9V82 TCR recognizes self and foreign non-peptidic phosphorylated small organic
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compounds of the isoprenoid pathway, collectively termed
phosphoantigens (8-12). It is known that Vy9Vd2 T cells are
also stimulated by certain tumor cells, such as the Daudi B cell
lymphoma (13), which most likely expresses high levels of phos-
phoantigens (14). Alternatively, Y5 T cells recognize cell surface
molecules that are differentially expressed on transformed solid
tumors or lymphomas and leukemias (7, 15). An enhanced pro-
duction of phosphoantigens in transformed cells can be further
increased by therapeutically administered nitrogen-containing
bisphosphonates, such as zoledronate, which inhibit the farnesyl
pyrophosphate synthase of the isoprenoid pathway (16, 17).
Several studies demonstrated that a repetitive stimulation of yd
T cells in vivo is necessary to reduce tumor growth (18-20). While
sustained stimulation of Vy9V®d2 y8 T cells by phosphoantigens
or nitrogen-containing bisphosphonates often leads to their
exhaustion, bispecific antibodies provide a newly tool to target
vd T cells to antigens expressed by tumor cells and enhanced
their cytotoxic activity (19, 21-23). Although the exact molecular
mechanism leading to phosphoantigen recognition is a matter of
debate (24, 25), this recognition is clearly mediated by cognate
interaction with the Vy9Vvd2 TCR.

T cell antigen receptors consist of a clonotypic TCRap or
TCRyS heterodimer, and the CD38¢, CD3ye, and CD3({ dimers.
TCRop and TCRyd bind to the antigen and the CD3 chains
transduce the signal of antigen binding into the cell by phospho-
rylation of the tyrosines in their cytoplasmic tails by Src-family
kinases. Consequently, the tyrosine kinase ZAP70 can bind to
phosphorylated CD3 and the signal of ligand binding is transmit-
ted further to intracellular signaling cascades, such as Ca** influx
and the Ras/Erk pathway, ultimately resulting in the activation of
the T cell. This includes the execution of the cytotoxic activity to
kill infected or tumor cells, up-regulation of CD69 and CD25, as
well as secretion of cytokines.

How antigen binding to the TCR is communicated to the cyto-
solic tails of CD3 is not well understood. The o TCR is in equilib-
riumbetween two reversible conformations: theantigen-stabilized
active CD3 conformation and the resting conformation adopted
by non-engaged TCRs (26-28). The active CD3 conformation is
stabilized by peptide-MHC or anti-CD3 antibody binding to the
ap TCR (29, 30), and it is absolutely required (but not sufficient)
for TCR activation (27, 30-32). This active CD3 conformation is
defined by the exposure of a proline-rich sequence (PRS) in CD3e
that then binds to the SH3.1 domain of the adaptor protein Nck
[SH3.1(Nck)] (26, 33). Blocking the CD3e-Nck interaction by the
small molecule inhibitor AX-024 or by other means diminished
ligand-induced CD3 phosphorylation and downstream signal-
ing events (34-36). Shifting to the active CD3 conformation is
necessary for afp TCR triggering, however, it is not sufficient
(30, 37). Fab fragments of anti-CD3 antibodies stabilize the active
conformation, but are unable to elicit biochemical signals leading
to T cell activation (30, 38, 39). In addition, antigen-induced of
TCR clustering and/or phosphatase exclusion are required, most
likely to elicit stable phosphorylation of the ITAMs and thus,
T cell activation (30, 37, 40).

How antigen binding to the yd TCR is transmitted to the
cytosolic tails of CD3 is even more obscure. Antigen binding
to TCRy®d failed to expose the CD3e’s PRS, in sharp contrast to

the ap TCR, but efficiently activated the yd T cell (41). Artificial
induction of the active conformation by binding the anti-CD3e
antibody UCHTT1 to the yd TCR enhanced the cytotoxic activity
of human yd T cells against a pancreatic tumor cell line (41).
Whether Nck is recruited to y8 TCRs in the natural or the UCHT1
enhanced activity and whether this plays a role in the increased
tumor killing is to date unknown.

Here, we used expanded y8 T cells from human peripheral
blood of healthy donors and show that UCHT1 and Fab frag-
ments of UCHT1 lead to the recruitment of Nck to the y8 TCR.
Further, we stimulated the yd T cells with B cell lymphomas and
demonstrate that UCHT1 Fab fragments increase the tumor kill-
ing by the Y8 T cells and that Nck binding to the yd TCR is not
involved in this tumor killing.

MATERIALS AND METHODS

Expansion of Human y3 T Cells

Informed consent for the performed studies was obtained from
the donors in accordance with the Declaration of Helsinki and
Institutional Review Board approval from the University of
Freiburg Ethics Committee (412/9). Human peripheral blood
mononuclear cells were isolated from healthy donors by using a
Ficoll-Hypaque gradient. Cells were adjusted to 10° cells/ml and
cultured in RPMI 1640 supplemented with 10% fetal calf serum
(FCS) and antibiotics.

To expand VyoVo2 yd T cells, cells were stimulated with
2.5 uM zoledronate and 50 U/ml rIL-2 (Novartis). Additionally,
rIL-2 was added every 2 days over a culture period of 21 days.
After 14 days the purity of expanded y8 T cells was analyzed by
flow cytometry and was >95% Vy9V82 T cells.

To expand different y8 T cell subsets, cells were stimulated
with 1 pg/ml concanavalin A and rIL-2 and rIL-4 (both 100 U/ml)
were added to the cell suspensions. Additionally, rIL-2 and IL-4
were added every 3-4 days over a culture period of 21 days. After
14 days y0 T cells were enriched by negative isolation using the
human TCRy/8* T Cell Isolation Kit (Miltenyi Biotech). Cultures
were composed of 20-40% V51*+and 60-80% V52* T cells and the
purity of the enriched yd T cells was evaluated by flow cytometry.
Cultures with a purity >95% were used for the experiments.

51Cr Release Assay

Daudi or Raji tumor cells (5,000 cells/well in a 96-well plate) were
incubated with 50 pl *!Cr for 1 h at 37°C. After labeling, cells
were washed two times and the cell concentration was adjusted to
5 % 10* cells/ml in RPMI 1640 supplemented with 10% FCS, anti-
biotics, and 50 U/ml rIL-2 (Novartis). The assay was performed in
Ubottom 96-well plate, with an effector (y8 T cell) to target (Daudi
or Raji cells) ratio of 12.5:1, in triplicates and with six replicates
for spontaneous (*'Cr release from target cells in medium alone)
and maximum release (*'Cr release from target cells lysed with the
detergent Trition X-100). The required amount of effector cells
(6.25 x 10* cells/well) was harvested and the concentration was
adjusted to 1.25 X 10° cells/ml in RPMI 1640 supplemented with
10% FCS and 50 U/ml rIL-2 (Novartis). To the labeled tumor
cells the expanded yd T cells were added, and left untreated (—)
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or treated with 5 pg/ml UCHT]1, 3.33 pg/ml Fab, or 3.33 pg/ml
Fabr.q (to obtain equimolar amounts). Additionally, DMSO or
different concentrations of the inhibitor AX-024 (36) solubilized
in DMSO were added. Cells were incubated at 37°C and 5% CO,
for 5 h. After incubation, 50 pl of the supernatant was transferred
into *'Cr filter plates (Lumaplate). The plates were measured in a
microplate scintillation y-ray counter and data were acquired in
counts per minute (cpm). Cytotoxicity was calculated according
to the formula: specific lysis (%) = (experimental cpm — sponta-
neous cpm): (maximum cpm — spontaneous cpm) X 100.

SH3.1(Nck) Pull Down Assay
Zoledronate-expanded yd T cells were starved for 1 h at 37°C
in RPMI 1640 without FCS and left unstimulated or stimulated
with 5 pg/ml anti-CD3 antibody UCHT1. Cells were lysed in
lysis buffer containing 20 mM Tris-HCI pH 8, 137 mM NaCl,
2 mM EDTA, 10% glycerol, protease inhibitor cocktail, and
0.3% Brij96V. Subsequently, insoluble material was removed by
centrifugation. Postnuclear fractions were incubated with glu-
tathione beads coupled to GST-SH3.1(Nck) at 4°C as described
(26). Beads, including the bound proteins, were washed and
proteins separated by non-reducing SDS-PAGE. Western blotting
was performed with anti-CD3( and anti-GST antibodies.

Preparation of Fab and Fab,.s Fragments
UCHTI1 Fab fragments were prepared using the Pierce® Fab
Micro Preparation Kit from Thermo Fisher Scientific, which uses
the enzyme papain to cleave the complete UCHT1 antibody and
protein A coupled beads to purify the Fab fragments. The purified
Fab fragments were analyzed by SDS-PAGE and Coomassie stain-
ing. To generate reduced Fab fragments (Fab..q) the purified Fab
fragment was incubated with 10 mM dithiothreitol for 30 min at
room temperature. Afterward, 1 mM iodoacetamide was added
and incubated for further 30 min at room temperature. The Fab;eq
were then immediately used. Purity of Fab and Fab,.q was further
tested by their inability to induce Ca?* influx in T cells.

Flow Cytometry
Concanavalin A expanded yd T cells were incubated with 5 ug/ml
UCHT]I, 3.33 pug/ml Fab, or 3.33 pg/ml Fabr.q or left untreated
at 37°C and 5% CO, for 5 h. Cells were washed two times and
stained with APC-labeled anti-mouse IgG antibody on ice
(Southern Biotech). The labeled cell suspension was analyzed by
the Gallios™ flow cytometer and the data were analyzed with
FlowJo software.

Jurkat and G8 yd TCR-expressing Jurkat cells were stained
with APC-labeled anti-mouse Y6 TCR (GL3; eBioscience). Cells
were analyzed as described above.

Measurement of Ca?* Influx

Five million cells were resuspended in 1 ml RPMI 1640 medium
supplemented with 1% FCS in the presence or absence of
10 nM AX-024, antibiotics, and labeled in the dark with 0.1%
pluronic acid, 2.6 pM Fluo-3 AM, and 5.5 uM Fura Red AM (Life
Technologies) for 45 min at 37°C. The stained cells were washed
and kept on ice in the dark until the measurement. For calcium
influx, cells were diluted 1:20 with pre-warmed medium and

maintained at 37°C during the event collection on a CyAn ADP
flow cytometer (Beckman Coulter). Baseline fluorescence was
monitored for 1.5 min, then the stimuli were added as indicated
(the Fab and Fab,.q fragments were added 30 s earlier to ensure
binding to the yd TCR when the other stimuli were added). The
stimulation was recorded for further 5 min. Data were analyzed
with the FlowJo software.

Intracellular Staining for Phospho-ZAP70
and Phospho-Erk

Peripheral blood mononuclear cells were isolated from healthy
donors using a Ficoll-Hypaque gradient. T cells were obtained
by negative isolation using the Pan T cell Isolation Kit (Miltenyi
Biotech). Cells were taken in RPMI 1640 supplemented with 10%
FCS and were rested for 1 h at 37°C in the presence or absence
of different concentrations of the inhibitor AX-024 (36). Cells
were left unstimulated or stimulated with 10 ug/ml anti-CD3
antibody UCHT]1 for 2 min or 5 min and were fixed with 2%
paraformaldehyde for 30 min on ice. Subsequently, cells were
permeabilized with 87.7% methanol for 30 min on ice and
stained with rabbit anti-phospho-ZAP70 (Cell Signaling) or
rabbit phospho-Erk (Cell Signaling) overnight. Next, cells were
stained with biotin-labeled anti-CD3 (UCHT1; BioLegend),
PE-labeled anti-y/STCR antibodies (Life Technologies), and
DyLight-labeled anti-rabbit IgG (Thermo Scientific) and sub-
sequently with eFluor 450-labeled Streptavidin (eBioscience).
Cells were measured by flow cytometry and gated on CD3- and
TCRyd-positive cells for analysis.

In Situ Proximity Ligation Assay (PLA)

Cells were grown on diagnostic microscopic slides (Thermo
Scientific). They were left unstimulated, stimulated with 5 pg/ml
UCHT]1, 3.33 pg/ml Fab, or 3.33 pug/ml Fab,.s and simultaneously
treated with 10 nM AX-024 at 37°C for 5 min. Cells were then
fixed with 4% paraformaldehyde, permeabilized with 0.5% sapo-
nin, and blocked with blocking solution. Subsequently, cells were
co-incubated with the goat anti-CD3e (M20e, Santacruz) and
a rabbit anti-Nck1 antibody (Cell Signaling). PLA between the
CD3e and Nckl molecules was performed with the Duolink kit
according to the manufacturer’s instructions (Olink Bioscience),
resulting in red fluorescence signals. Cell nuclei were stained with
DAPI A confocal microscope (C2, Nikon) was used for imaging
and analysis. The number of the PLA signal dots was scored with
the BlobFinder program (Uppsala University).

CD25 and CD69 Up-Regulation

To each well of a U bottom 96-well plate 2 X 10* Daudi or Raji
tumor cells, 2.5 X 10° expanded y5 T cells, and 5 pg/ml UCHT],
3.33 pg/ml Fab, 3.33 pg/ml Fab,.s, or medium (unstimulated) were
given. In addition, the cells were left untreated or treated with dif-
ferent concentrations of AX-024. The plate was incubated at 37°C
and 5% CO; for 18 h. After incubation, the supernatants were kept
at —80°C to quantify the amounts of TNFa and IFNY (see below).
Cells were stained with APC-labeled anti-CD25 (eBioscience)
or APC-labeled anti-CD69 (Life Technologies) together with
PE-labeled anti-y/8TCR antibodies (Life Technologies). Cells
were analyzed by flow cytometry gating on ydTCR-positive cells.
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TNFa and IFNy Secretion

The concentrations of TNFa and IFNYy in the culture supernatants
were measured by standard enzyme linked immunosorbent assay
(ELISA).

Statistical Analysis

Data are represented as mean + SEM or + SD. All differences
between experimental groups were analyzed with the Student’s
t-test. Significant differences were considered when the p values
were less than 0.05. (n.s. = non significant, *p < 0.05, **p < 0.01,
**p < 0.001, and ****p < 0.0001). n refers to the number of
independently performed experiments.

RESULTS

The Anti-CD3¢ Antibody UCHT1 Enhances

Tumor Killing by Human y8 T Cells

Human short-term expanded Vy9V52 y3 T cells can kill pancre-
atic ductal adenocarcinoma Panc89 cells in vitro (21, 23), which
was enhanced by co-incubation with the anti-CD3e antibody
UCHT]I (41). In order to test target cells from different origins, we
used now the *'Cr-labeled human B cell lymphoma lines Daudi
or Raji (13) and incubated them with zoledronate-expanded
peripheral blood human y8 T cells in the presence or absence
of UCHT1. Release of *'Cr to the cell culture supernatant is a
measure for the lysis of the tumor cells and was quantified with a
scintillation y-ray counter. Approximately 40% of the Daudi and
5% of the Raji cells were specifically killed by the y5 T cells in
the absence of exogenously added antibody (Figure 1). The addi-
tion of the UCHT1 antibody strongly enhanced tumor killing by
the yd T cells reaching 75% of specific killing for both cell lines
(Figure 1).
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FIGURE 1 | UCHT1 increased tumor killing by y8 T cells. *'Cr-labeled Daudi
and Raji cells were incubated with zoledronate-expanded human y8 T cells
without (—) or with the addition of 5 pg/ml UCHT1 using an effector to target
(T cell to tumor cell) ratio of 12.5:1. After 5 h of co-culture, the amount of
released *'Cr was measured in the supernatant by y-ray spectroscopy. Data
represent mean + SD of triplicate wells (n = 3). Significance was determined
by unpaired t-test, two-tailed between untreated y& T cells and treated
samples.

Using Its SH3.1(Nck) Domain, Nck Is
Recruited to the UCHT1-Stimulated yd

TCR

UCHT1 stabilizes the yd TCR in the active CD3 conformation,
in which the CD3e PRS is exposed (41). Since only the exposed
PRS binds to SH3.1(Nck), PRS exposure can be measured with
the SH3.1(Nck) pull down assay (Figure 2A). To test whether
the UCHT1-bound y8 TCR can bind to SH3.1(Nck) in our zole-
dronate-expanded yd T cells, we incubated the cells with or with-
out UCHT1 and lysed them. Performing a pull down assay using
SH3.1(Nck)-coupled beads, we found that UCHTI increased
the amount of yd TCR that bound to the beads (Figures 2B,C).
This indicated that SH3.1(Nck) can bind to the yd TCR and that
UCHT]1 stabilizes the yd TCR in the active CD3 conformation.

To date it is unknown whether endogenous Nck is recruited
to the Y8 TCR upon stimulation. To test this, we used the in situ
PLA. PLA is a technique that allows visualization of the close
proximity between endogenous proteins in fixed cells by a red
fluorescent dot (42). Recently, we established the PLA to quantify
the proximity of Nck with the af TCR using anti-CD3e and anti-
Nck antibodies (33). Here we applied this assay to yd T cells. To
this end, we incubated expanded human yd T cells with UCHT1
and performed PLA (Figure 2D). Indeed, CD3e-Nck proximity
was increased in UCHT1-stimulated cells compared to unstimu-
lated cells (Figures 2E,F) suggesting that Nck is indeed recruited
to the y6 TCR upon UCHT1 binding.

To test whether endogenous Nck uses its SH3.1 domain to
bind to the CD3e PRS in the y6 TCR, we made use of the small
molecule inhibitor AX-024. In of T cells AX-024 was shown to
specifically bind to SH3.1(Nck) and hence block the SH3.1(Nck)-
PRS interaction (36). Using off T cells as a control, we made
sure that PLA is a suitable assay to test the inhibition of the
SH3.1(Nck)-PRS interaction mediated by AX-024 (Figure S1 in
Supplementary Material). Next, we incubated the yd T cells with
UCHT!1 in the absence or presence of 10 nM AX-024. Indeed,
the CD3e-Nck proximity was reduced to background levels after
AX-024 treatment (Figures 2E,F), indicating that the PRS-SH3.1
interaction is necessary for the recruitment of Nck to the y6 TCR
upon UCHT1 binding. This finding was corroborated with a PLA
experiment in which CD3 phosphorylation was blocked using the
Src kinase inhibitor PP2 (Figure S2 in Supplementary Material).
Indeed, Nck was recruited to the y§ TCR in the presence of PP2,
suggesting that an SH2(Nck)-phospho-CD3 interaction was not
required.

Preparation of Pure UCHT1 Fab

Fragments

Complete anti-CD3e antibodies bind bivalently to the TCR
leading to T cell activation, whereas Fab fragments of the same
antibodies bind monovalently and fail to activate T cells (30,
37-39). The use of complete anti-CD3¢ antibodies in therapeu-
tical settings might have the drawback of unspecific polyclonal
T cell activation. Thus, we aimed here to investigate whether
UCHT1 Fab fragments that only bind monovalently to the
TCR might enhance tumor killing by human yd T cells in the
absence of undesired unspecific T cell activation. To this end,
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FIGURE 2 | Using its SH3.1(Nck) domain Nck binds to the UCHT1-stimulated y& T cell antigen receptor (TCR). (A) Schematic of the SH3.1(Nck) pull down assay.
(B) Zoledronate-expanded yd T cells were left untreated (—) or stimulated with 5 ug/ml UCHT1 at 37°C for 5 min. The cellular lysates were incubated with
SH3.1(Nck)-coupled beads and bound proteins separated by SDS-PAGE along with aliquots of the cellular lysate. Western blotting was done using anti-CD3¢ and
anti-GST antibodies. (C) The normalized ratio of the band intensities of CD3¢ to GST in the SH3.1(Nck) pull down is plotted. Data of three independent experiments
were used to calculate the mean + SD; statistics was done by two-tailed t-test. (D) Schematic of the in situ proximity ligation assay (PLA) using anti-CD3e and
anti-Nck antibodies. (E) Close proximity between the TCR and Nck was detected by in situ PLA. Zoledronate-expanded y8 T cells were either left untreated (—) or
treated with 5 pg/ml UCHT1 in the absence or presence of 10 nM AX-024 at 37°C for 5 min. After fixation and permeabilization, PLA was performed using the
primary antibodies goat anti-CD3e (M20) and rabbit anti-Nck1, and the corresponding secondary antibodies. Nuclei were stained with DAPI. (F) The corresponding
quantification of the red PLA dots and the mean + SEM is displayed; statistics was done by two-tailed t-test. For each condition 500 cells were analyzed.
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we generated pure Fab fragments by cleaving UCHT1 antibod-
ies with papain and subsequently purifying the Fab fragments
using the Pierce Fab Micro Preparation kit. The complete
UCHT1 antibody before and after digestion and the purified
Fab fragments were analyzed by reducing SDS-PAGE and
Coomassie staining (Figure 3A). We found that the complete
immunoglobulin heavy chain (HC) at 50 kDa was not detectable
in the Fab fragments, but the light chain (LC) was traceable at
24 kDa (lane 4). As the variable and CH1 parts of the HC have
the same size as the LC, they are not visible as an additional band
in SDS-PAGE (Figure 3A, Fab).

We found earlier that very small amounts of F(ab’), fragments
might contaminate the Fab preparation. They are not detectable
by SDS-PAGE and Coomassie staining, but due to their cross-
linking ability they canlead to TCR activation in functional assays
(30). F(ab'), fragments can be reduced to Fab fragments by the
use of dithiothreitol (DTT) followed by quenching of DTT with
iodoacetamide (30). To test for the presence of small amounts
of contaminating UCHT1 or UCHT1 F(ab’), fragments in the

Fab preparation, we incubated our reagents with TCRaf-negative
Jurkat T cells expressing the human Vy9Vd2 TCR (43, 44) and
measured calcium influx into the cytosol as a read-out for TCR
activity. The unreduced Fab fragments either did not induce any
orjustaverysmallincrease in cytosolic calcium (Figure 3B, upper
panel), indicating that some preparations were contaminated with
tiny amounts of F(ab’),. However, the reduced Fab fragments
never induced any calcium response (Figure 3B, second panel).
As a control, the reduced Fab fragment cross-linked by anti-k LC
antibodies, resulted in calcium influx, indicating that the reduced
Fab fragments were functional. Treatment of the cells with the
complete UCHT1 antibody resulted in the strongest calcium
response (Figure 3B, lowest panel). From now on, UCHT1 Fab
fragments will be called “Fab” and the reduced fragments “Fabyeq.”

By using staining and flow cytometry, we show that Fab and
Fab,q can equally well bind to human y8 T cells (Figure 3C).

In conclusion, Fab,. preparations contained functional Fab
fragments that are purely monovalent and failed to crosslink and
activate the TCR.
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FIGURE 3 | Preparation of UCHT1 Fab fragments. (A) The anti-CD3e antibody UCHT1 was digested with papain using a kit from Thermo Fisher Scientific. The Fab
fragments were purified with protein A coupled beads. The complete antibody (lane 1), the first and second digestions (lanes 2 and 3), and the purified Fab fragment
(lane 4) were separated by reducing SDS-PAGE followed by Coomassie staining (n > 3). (B) Jurkat Vy9V52 cells were labeled with Fluo-3 AA and Fura Red AM and
the baseline of cellular Ca®* was measured by flow cytometry for 1 min. The indicated reagents were then added and Ca?* levels were measured for additional 6 min
(black lines). The gray lines represent baseline Ca?* level without addition of any stimuli (n > 3). (C) Concanavalin A expanded y8 T cells were stained with UCHTT,
Fab, Fabq, or left untreated, followed by an APC-labeled anti-mouse IgG antibody as a secondary reagent. Fluorescence intensities were quantified by flow
cytometry (n > 3).

UCHT1 Fab Fragments Enhance Tumor
Killing by Human y8 T Cells

Next, we tested whether Fab and Fab.q enhance tumor killing
by yd T cells. To this end, we co-cultured zoledronate-expanded
vd T cells with Daudi or Raji cells as in Figure 1. Both, Fab and
Fab,.q increased killing of the tumor cells (Figure 4A). In Daudi
cells, which were more susceptible to the cytotoxic activity of the
y8 T cells, Fab, and Fab,. were almost as active as UCHT1. In
Raji cells, which were only killed to 5% by yd T cells, Fab and
Fab..a enhanced the cytotoxic activity, so that 30% of the cells were
killed.

Zoledronate and IL-2 specifically expand human Vy9Va2 y8
T cells (16, 23). y8 T cells can also be expanded from human
peripheral blood using the lectin concanavalin A, IL-4, and
IL-2, resulting in cultures containing both, V&1 and V&2 yd
T cells (45). Concanavalin A, IL-4, and IL-2 expanded y8 T cells
(here called concanavalin A expanded yd T cells) also killed
Daudi and Raji cells, and this activity was increased by UCHT],
Fab, and Fab,.i (Figure 4B). This effect was not donor-specific,
since the enhanced tumor killing mediated by UCHT1, Fab, and
Fab..q was also observed when using concanavalin A expanded
y8 T cell from blood of four different healthy donors (HD,
Figure 4C).

Nck Is Recruited to the y6 TCR Upon

Binding to Fab and Fab,.q

Fab and Fab,.q do not cross-link the yd TCR, but might enhance
tumor killing by stabilizing the active CD3 conformation of the
vd TCR—just as the complete UCHT1 antibody does (Figure 2).
Hence, we used PLA to test whether Fab and Fab,.s induced the
recruitment of Nck to the yd TCR. Indeed, treatment of the yd
T cells with Fab and Fab,.q resulted in an increase in TCR-Nck
proximity (Figures 5A,B). Again, the incubation with the small
molecule inhibitor AX-024 reduced Nck binding to the yd TCR
to background levels. This finding suggests that binding of Fab
and Fab..q to the yd TCR artificially stabilizes the active CD3
conformation and results in the recruitment of Nck to the y8 TCR
using the SH3.1(Nck) domain.

Tumor Killing by v T Cells Is Independent

of Nck Recruitment to the y6 TCR

We next analyzed whether Nck recruitment to the yd TCR upon
UCHT]1, Fab, or Fab,.q treatment was involved in yd T cell activa-
tion mediated by tumor cells, and for the cytotoxic activity of
vd T cells. Concanavalin A expanded yd T cells (Figure 6A) or
zoledronate-expanded y3 T cells (Figure 6B) were incubated with
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FIGURE 4 | Fab and Fab... fragments enhanced tumor killing by y& T cells. 5'Cr-labeled Daudi and Raji cells were incubated with zoledronate (A) or concanavalin A
(B) expanded y8 T cells in triplicates without (—) or with 5 pg/ml UCHT1, 3.33 pg/ml Fab, or 3.33 pg/ml Fab.q (these concentrations were chosen to obtain
equimolar amounts of the different reagents). The effector to target ratio was 12.5:1. After 5 h of co-culture, the amount of released °'Cr was measured in the
supernatant by y-ray spectroscopy (n = 3). (C) Concanavalin A expanded yd T cells from four different donors (HD1, 2, 3, and 4) were used in a chromium-release
assay using Daudi cells as target as in (A) (n = 1). Data represent mean + SD of triplicate wells. Significance was determined by unpaired t-test, two-tailed between
untreated yd T cells and UCHT1, Fab or Fab..-treated samples.
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FIGURE 5 | UCHT1 Fab induced the recruitment of Nck to the y8 T cell antigen receptor. (A) The proximity ligation assay as in Figure 2 was performed using
5 pg/ml UCHTT, 3.33 pg/ml Fab, and 3.33 pg/ml Fab.q in the absence or presence of 10 nM AX-024. (B) The data of (A) were analyzed as in Figure 2F; 700 cells

were analyzed per condition. Two independent experiments were performed (n = 2).
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FIGURE 6 | Tumor killing by y8 T cells is independent of Nck recruitment to the y8 T cell antigen receptor. 5'Cr-labeled Daudi cells were incubated with concanavalin A
(A) or zoledronate (B) expanded y8 T cells without (—) or with 5 pg/ml UCHT1, 3.33 pg/ml Fab, or 3.33 ug/ml Faby.q. In addition, 10 or 100 nM of AX-024 was included
or not. The effector to target ratio was 12.5:1. After 5 h of co-culture, the amount of released °'Cr was measured in the supernatant by y-ray spectroscopy. Data
represent mean + SD of triplicates (n = 3). Significance was determined by unpaired t-test, two-tailed between untreated samples and samples treated with AX-024.
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Daudi cells in the presence or absence of UCHT1, Fab, or Fabq
with or without AX-024 to block the PRS-SH3.1 interaction. Two
concentrations of AX-024 were used, 10nM AX-024 as in Figure 5
and 100 nM AX-024. All three anti-CD3 reagents significantly
enhanced tumor killing by the yd T cells. AX-024 did not disturb
the yd T cell-mediated “basal” tumor cell killing (without anti-
CD3 reagents). Importantly, AX-024 did also not influence the
enhanced killing activity in the presence of the anti-CD3 reagents
for the concanavalin A expanded yd T cells (Figure 6A). In case
of the zoledronate-expanded y3 T cells (Figure 6B) very small
reductions with 10 nM, but not with 100 nM AX-024, can be
detected. Hence, we concluded that AX-024 did also not diminish
tumor killing for the zoledronate-expanded yd T cells.

These findings indicate that Nck recruitment to the yd TCR is
dispensable for the cytotoxic activity of y8 T cells stimulated by
tumor cells.

Activation of y6 T Cells Is Independent of
Nck Recruitment to the y6 TCR

In addition to cytotoxic activity, y& T cell activation involves
up-regulation of the expression of the high affinity IL-2 receptor
CD25 and of the activation marker CD69 (46). Next, we sought to
analyze whether Fab can also enhance these activation events in
yd T cells and whether Nck binding to the Y8 TCR was required
for that. Zoledronate-expanded yd T cells were stimulated with
Daudi or Raji cells in the presence or absence of UCHT]1, Fab,
or Fab.q with or without AX-024. As with tumor cell killing,
all three anti-CD3 reagents enhanced CD25 (Figures 7A,B)
or CD69 (Figure 7C) up-regulation by the y5 T cells. Blocking
the ¥ TCR-Nck interaction with AX-024 did neither affect the
expression of CD25 nor of CD69 independently of the anti-CD3
reagents (Note that the decrease of UCHT1 enhanced CD69
expression by AX-024 was not seen in other experiments).

We have also tested whether AX-024 impacts on CD69 up-
regulation in fresh, naive yd T cells from human blood. As with
the expanded cells, AX-024 did not change the extent of CD69
expression when the cells were stimulated with UCHT1 (Figure
S3 in Supplementary Material).

Furthermore, y8 T cells secrete pro-inflammatory cytokines,
such as TNFaand IFNY, upon activation by tumor cells (47). Finally,
we show that TNFa and IFNy production induced by Daudi or
Raji cells was enhanced by UCHT1, Fab, or Fab,.. (Figures 7D,E).
AX-024 neither diminished TNFa and IFNy secretion in the
absence nor in the presence of the anti-CD3 reagents.

Together, our data indicate that UCHTY, Fab, or Fab,.s binding
to the y8 TCR enhances the tumor cell-induced activation of ¥
T cells. Although Nck is recruited to the anti-CD3 bound yd TCR,
this recruitment seems to be dispensable for yd T cell activation
events, such as cytotoxicity, CD25, and CD69 up-regulation, as
well as TNFa and IFNy secretion.

Fab Fragments Enhance Intracellular
Signaling Independent of the Nck-y6 TCR

Interaction
If Nck recruitment to the yd TCR is not involved in tumor killing
and the up-regulation of activation markers, it might also not

be required for the y8 TCR induced induction of intracellular
signaling. To test this, we stimulated fresh human y3 T cells with
UCHT!1 in the absence or presence of AX-024 and measured the
phosphorylation of the kinases ZAP70 and Erk by flow cytometry
(Figures S4A,B in Supplementary Material). As expected, yd
TCR stimulation increased the amount of phospho-ZAP70 and
phospho-Erk. Importantly, treatment of the cells with AX-024
did not influence the extent of ZAP70 or Erk phosphorylation,
indicating that recruitment of Nck to the yd TCR was not required
for the induction of signaling by the UCHT1-stimulated yd TCR.

Next we asked whether Fab fragments would also increase
signaling by an antigen-triggered yd TCR. In order to use a cognate
ligand for the yd TCR, we switched to a different y5 TCR system,
namely the G8 y TCR where a clearly defined ligand, namely
MHC class I-like T22, can be used (48, 49). In fact, stimulation
of G8 y8 TCR-expressing cells with soluble T22 tetramers leads
to T cell stimulation without stabilizing the CD3 conformational
change at the yd TCR (41). Here, we expressed the G8 y8 TCR in
Jurkat T cells, similar to as we did with a chimeric y§ TCR in a
Jurkat-derived cell (27). Indeed, the G8 yd TCR was expressed on
the surface of the Jurakt cells (Figure 8A).

Next, we stimulated the G8 yd TCR-expressing Jurkat cells with
soluble T22 tetramers and measured the amount of intracellular
calcium as a signaling read-out. As expected, the Fab fragments
hardly induced calcium signaling downstream of the y6 TCR,
whereas T22 tetramers did (Figure 8B). Importantly, adding Fab
to the T22 tetramers augmented the calcium response, most likely
by stabilizing the yd TCR in the active CD3 conformation. The
same result was obtained when using Fabr.q fragments (Figure
S5A in Supplementary Material).

To test whether the enhanced calcium response was sensitive
to the recruitment of Nck to the yd TCR, we stimulated the G8
vd TCR-expressing Jurkat cells with the T22 tetramers and Fab
in the absence or presence of AX-024. Clearly, AX-024 treatment
did reduce the calcium response (Figure 8C), suggesting that the
Nck-y8 TCR interaction was not required for the enhanced cal-
cium signaling. The same result was obtained when using Fab.
fragments (Figure S5B in Supplementary Material).

Together our data suggest that Fab fragments enhance signal-
ing via the y8 TCR by stabilizing the active CD3 conformation,
independent of the Nck-yd TCR interaction.

DISCUSSION

The potential use of cytotoxic yd T cells in immunotherapy against
cancer is particularly attractive. Since y8 T cells are independent
of antigen presentation by MHC class I and of the presence of
mutated epitopes, they are ideal effectors against tumors with low
mutation loads. Cytotoxic yd T cells display afferent responses
and have been recognized as the best favorable prognosis marker
for solid tumors when infiltrated immune cells were analyzed
(50). This suggested that yd T cells play an important role in the
defense against tumors in human patients. Therefore, yd T cells
are currently tested as cellular reagents in cancer immunotherapy
clinical trials (51-53).

We have previously shown that the tumor killing activity of y8
T cells can be increased by addition of the anti-CD3e antibody
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FIGURE 7 | The up-regulation of activation markers and cytokines is independent of Nck recruitment to the y8 T cell antigen receptor (TCR). Daudi and Raji cells
were incubated with zoledronate-expanded y8 T cells without (—) or with 5 ug/ml UCHT1, 3.33 pg/ml Fab, or 3.33 pg/ml Fabre. In addition, 10 nM AX-024 was
included or not. The y& T cell to target cell ratio was 12.5:1. The cells were co-cultured at 37°C and 5% CO for 18 h. Subsequently, cells were either stained with
anti-CD25 and anti-y/86TCR (A,B) or with anti-CD69 and anti-y/8TCR (C) antibodies. Fluorescence intensities were quantified by flow cytometry (A) and the mean
fluorescence intensity is displayed (B,C). Data represent mean + SD of triplicates (n = 3). Significance was determined by unpaired t-test, two-tailed between
untreated samples and samples treated with AX-024. (D,E) The experiments were performed as in (A). After co-culturing of the cells for 18 h, the supernatants
were harvested. TNFa (D) and IFNy (E) concentrations were quantified by enzyme linked immunosorbent assay.

UCHT1. However, UCHT1 is a potent T cell activating agent due
to its intrinsic capability to induce cross-linking of TCRs and to
stabilize the active CD3 conformation (27, 41). Thus, UCHT1 acti-
vates all T cells (af and ), regardless of their specificity, possibly
resulting in an unspecific polyclonal T cell response and a potential
life-threatening cytokine storm. These drawbacks profoundly limit
the use of UCHT1 as a therapeutical agent to enhance tumor cell
killing by cytotoxic yd T cells that recognize tumor antigens by
their y8 TCR. Here, we aimed to explore the use of UCHT1 Fab

fragments as an alternative to enhance tumor killing by y5 T cells.
UCHT1 Fab fragments do not activate aff TCRs by themselves due
to their monovalent binding (30, 38, 39) and here we show that this
is also the case with the yd TCR. Importantly, we demonstrate that
UCHT]1 Fab fragments significantly boosted tumor cell killing by
vd T cells, suggesting the use of UCHT1 Fab fragments as specific
co-stimulation agents in yd T cell immunotherapy approaches.
All three ligands that were previously tested for the yd TCR
(Daudi and phosphoantigens for the human Vy9V52 TCR and
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FIGURE 8 | Calcium signaling is enhanced by Fab fragments and does not require the Nck-y8 T cell antigen receptor (TCR) interaction. (A) G8 yd TCR-expressing
Jurkat cells were stained with the y8 TCR-specific antibody GL3 and analyzed by flow cytometry. As controls, the GL3-stained parental Jurkat cells and unstained
G8 y8 TCR-expressing cells are shown (n > 3). (B) Jurkat cells expressing the G8 yd TCR were stimulated with the G8 ligand T22 tetramers (T22t), UCHT1 Fab,

or a combination of both T22t and Fab. Intracellular calcium was measured using the dyes Fluo-3 and Fura-red by flow cytometry. Calcium influx is depicted as

the median ratio of Fluo-3 to Fura-red fluorescence over time. As a negative control, steptavidin was added to the cells. The arrow indicates addition of the stimuli

(n = 3). (C) The experiment was performed as in (C) with the difference that cells without and with 10 nM AX-024 were stimulated with the combination of T22t and
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Fab. As a control, PBS was added to the cells (n = 3).

T22 tetramers for the murine G8 TCR) did not stabilize the active
CD3 conformation, as defined by the exposure of the CD3e PRS
(41). In contrast, UCHT1 did stabilize the Y TCR in its active
conformation (41). In addition, UCHT]1 binds simultaneously to
two TCRs and thereby crosslinks Y8 TCRs, leading to yo TCR
and T cell activation. Thus, by using UCHT1, it is not possible
to distinguish whether cross-linking of TCRs or stabilization of
the CD3 active conformation is the event enhancing tumor kill-
ing by yd T cells. To answer this mechanistic question, we used
here monovalent UCHT1 Fab fragments, which only have one
binding site per molecule and, therefore, do not cross-link TCRs.
Our data show that UCHT1 Fab fragments also enhanced the
cytotoxic activity of human y3 T cells. Thus, a cross-linking activ-
ity is not required to boost yd T cell cytotoxic activity. We next
tested whether UCHT1 Fab fragments also stabilize the active yd
CD3 conformation and thereby, induce the recruitment of Nck
to the CD3e PRS. The treatment of the yd T cells with the Fab
fragments or with UCHT1 led to the recruitment of Nck to the
yd TCR. This induced recruitment was abrogated in the presence
of the inhibitor AX-024, which blocks the interaction of the CD3e
PRS with SH3.1(Nck) (36). And indeed SH3.1(Nck) can bind to
the CD3e PRS in y8 TCRs [(41) and this study]. These data pro-
vide strong mechanistic evidence demonstrating that Nck binds
to the Y8 TCR via the CD3e PRS upon stabilization of the active
CD3 conformation, like in the aff TCR (26, 33).

Human Vy9V82 y6 T cells modestly killed the B cell lym-
phoma lines Daudi and Raji. This killing was enhanced in the
presence of UCHT1 Fab. Daudi and other tumor cells express
high levels of phosphoantigens (14), which together with buty-
rophilin 3A1 most likely constitute (part of) the ligand for the
Vy9Vd2 TCR (24, 25). Thus, the yd TCR was likely to be bound
to the natural phosphoantigen/butyrophilin 3A1 ligand in our
experimental settings. This potential binding stimulated the
y8 TCR, but without stabilizing the yd TCR in its active CD3
conformation (41). Here, we show that, in addition to stimu-
lation by the natural ligands, the y& TCR was stabilized in its
active conformation when we used the UCHT1 Fab fragments.
This treatment not only enhance the tumor cell killing, but also

the activation of y8 T cells as seen by augmented CD69, CD25,
IFNY, and TNFa expression. Enhanced up-regulation of CD69
and CD25 was also seen with the complete UCHT1 antibody
( (41) and this study). However, increased production of IFNy
and TNFoa by UCHT1 was not seen earlier (41) and this could
be due to differences in the cells used (expanded yd T cells
versus a yd T cell clone). Our data thus support the idea that
enforcing the yd TCR to adopt the active CD3 conformation in
the presence of its natural ligand might generate a quantitatively
or/and qualitatively distinct set of activation signals that ulti-
mately enhance yd T cell activation.

One mechanism to promote such distinct signals might have
been the recruitment of Nck to the yd TCR. We found, however,
that Nck recruitment was dispensable for the enhanced activa-
tion of the y3 T cells in the presence of the Fab fragments or the
complete antibody. This suggests that a so far unknown effect of
the active CD3 conformation in the Y8 TCR increases yd T cell
activity. One possibility might be enhanced phosphorylation of
the CD3 tails on tyrosines in analogy to the aff TCR (27, 28),
which might lead to a stronger T cell stimulation. Indeed, the
kinase ZAP70 that binds to doubly phosphorylated CD3 subu-
nits (54) and is recruited to the yd TCR (55) was phosphorylated
upon stimulation of yd T cells with UCHT1. Since this phos-
phorylation was independent of Nck recruitment, it might be a
downstream effect of the active CD3 conformation that we were
looking for.

ZAP70 is important to trigger signaling cascades in aff T cells,
such as the Erk and calcium pathways (54), and these pathways
are also triggered by stimulation of the Vy9Vd2 TCR by phospho-
antigens or anti-CD3 antibodies (41, 55-59). Here, we show that
calcium influx stimulated by the cognate ligand—yd TCR interac-
tion was increased upon stabilization of the active CD3 confor-
mation. This is in line with our earlier finding that trapping the
vd TCR in the resting CD3 conformation by using CD3¢e mutants
[CD3eK76T and CD3eC80G (31, 32)] reduced yd TCR calcium
signaling (41). Similarly UCHT1 enhanced phosphorylation of
Erk [(41) and this study], and this again was independent of Nck
recruitment to the Y8 TCR. Since the Erk pathway is involved
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in the antitumor activity of Vy9Vo2 T cells (56), an increase in
phospho-Erk might explain the enhanced tumor killing when the
active CD3 conformation was stabilized. In conclusion, stabiliza-
tion of the active CD3 conformation in a ligand-triggered yd TCR
leads to enhanced downstream signaling.

Taken together, this study might help to design therapeuti-
cal agents, such as the Fab fragments of UCHT1, to specifically
enhance tumor cell killing by yd T cells while preventing unspe-
cific activation of all T cells.
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Development and Selection of the
Human Vy9Vo62+ T-Cell Repertoire

Carrie R. Willcox*, Martin S. Davey and Benjamin E. Willcox*

Cancer Immunology and Immunotherapy Centre, Institute for Immunology and Immunotherapy, University of Birmingham,
Birmingham, United Kingdom

VyOVa2+ lymphocytes are among the first T-cells to develop in the human fetus and are
the predominant peripheral blood y8 T-cell population in most adults. Capable of broad
polyclonal responses to pyrophosphate antigens (pAg), they are implicated in immunity
to a diverse range of infections. Previously Vy9V82+ development was thought to involve
postnatal selection and amplification of public Vy9 clonotypes in response to microbial
stimuli. However, recent data indicate the Vy9Vvé2+ T-cell receptor (TCR) repertoire,
which is generated early in gestation, is dominated by public Vy9 clonotypes from birth.
These chains bear highly distinct features compared to Vy9 chains from V61+ T-cells, due
either to temporal differences in recombination of each subset and/or potentially prenatal
selection of pAg-reactive clonotypes. While these processes result in a semi-invariant
repertoire featuring Vy9 sequences preconfigured for pAg recognition, alterations in
TCRS repertoires between neonate and adult suggest either peripheral selection of clo-
notypes responsive to microbial antigens or altered postnatal thymic output of Vy9Vé2+
T-cells. Interestingly, some individuals demonstrate private Vy9Vd2+ expansions with
distinct effector phenotypes, suggestive of selective expansion in response to microbial
stimulation. The Vy9Vé2+ T-cell subset, therefore, exhibits many features common to
mouse y& T-cell subsets, including early development, a semi-invariant TCR repertoire,
and a reliance on butyrophilin-like molecules in antigen recognition. However, impor-
tantly Vy9vé2+ T-cells retain TCR sensitivity after acquiring an effector phenotype. We
outline a model for Vy9Vd2+ T-cell development and selection involving innate prenatal
repertoire focusing, followed by postnatal repertoire shifts driven by microbial infection
and/or altered thymic output.

Keywords: gamma/delta T-cell, T-cell receptor repertoire, Vy9V62+ T-cell, phosphoantigen, HMBPP

DEVELOPMENT OF THE Vy9Vé62+ T-CELL COMPARTMENT

Vy9Vd2* lymphocytes are the predominant Y8 T-cell subset in healthy adult peripheral blood.
Essentially all Vy9V62+ T-cells respond to small pyrophosphate antigens (pAg) (1) in a T-cell recep-
tor (TCR)-dependent manner (2), a process dependent on target cell expression of the butyrophilin
(BTN) family member BTN3A1 (3). The population expands during childhood (4), typically com-
prising ~1-10% of total peripheral blood T-cells in healthy adults.

The Vy9 and V&2 variable (V) gene segments are the first y/d chains to undergo rearrangement in
development, detected in fetal liver from as early as 5-6 weeks gestation (5), and in fetal thymus after
8 weeks gestation (6). By mid-gestation (20-30 weeks), Vy9V2* T-cells dominate the Y3 repertoire
(7) (Figure 1). However, VO1* T-cell generation increases later in gestation, and V31* T-cells comprise
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FIGURE 1 | Schematic depiction of Vy9V§2+ T cell generation and selection throughout life. Vy9V82+ T cells as a percentage of total peripheral blood y8 T cells
throughout life (black line, left axis). J6 usage among Vy9V82+ T cells (red lines, right axis) throughout life.

the majority of the yd repertoire in cord blood (7, 8), and in pediatric
thymus (9). It is unclear whether gestationally produced VyoVvo2*
cells persist in fetal blood, and become outnumbered by subse-
quent V31* T-cell production, or whether most Vy9V52+ T-cells
exit circulation and populate the tissues. However, the dramatic
postnatal numerical expansion of Vy9V62*+ T-cells likely occurs
following microbial exposure, with the Vy9V52* subset ultimately
dominating the circulating yd T-cell repertoire during childhood
(4,10). Consistent with this, Vy9V2* T-cells mature in phenotype
early after birth concomitant with their numerical expansion (4);
moreover, several infections stimulate Vy9Vd2* expansion, and
tellingly, identical twins have different Vy9V&2* profiles (4).

THE Vy9V52+ TCR REPERTOIRE
IN HEALTHY ADULTS

Early studies identified Vy9Vd2* TCR features required for pAg
responsiveness. Interestingly, adult V52 CDR3s were highly diverse,
composed of V52 joined to one (or occasionally two) diversity (D)
segments (usually Dd3), and typically used joining (J) segment
J81 (11, 12). A hydrophobic amino acid, typically Val/Leu/Ile at
position 97 of the V52 framework (position 5 of the CDR3, defined
as the amino acids between the V52 segment C-terminal Cys and
the conserved Phe of the ] segment), generated by N-nucleotide
addition, was required for pAg recognition (12, 13).

Conversely, Vy9 gene segments were relatively restricted in CDR3y
sequence and length, and exclusively utilized JyP and constant
regionCy1(11,14,15).Oneclonotype(CALWEVQELGKKIKVEF),
generated by germline Vy9-JyP recombination with minimal
nucleotide trimming and no N-nucleotide addition, was present
in many healthy donors (15). Further low-throughput analyses
detected many “public” V9 clonotypes in multiple individuals
(16). Although peripheral blood y5 T-cell numbers vary widely
between individuals and are influenced by age and sex (17), public
clonotypes are conserved irrespective of age, sex, and race (16),
and between cord blood and adult (18). Although the presence of
such public Vy9 sequences was thought to reflect strong postnatal
peripheral selection and amplification of specific clonotypes fol-
lowing microbial exposure (19), an improved understanding of
the Vy9Vd2* TCR repertoire suggests alternative possibilities.

EVIDENCE FOR CONVERGENT
RECOMBINATION IN THE Vy9 TCR
REPERTOIRE

Deep sequencing analyses of Vy9Vd2* TCR repertoires (20-23)
have confirmed a high frequency of public Vy9 clonotypes in
adult Vy9V2+ T-cells, and reveal the basis for Vy9 TCR public-
ity. The most prevalent of these, CALWEVQELGKKIKVE, high-
lighted in many previous studies (7, 11, 15, 16, 18), comprised
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between 4 and 45% of the Vy9 repertoire (20-22). As noted (15),
this amino acid sequence can be generated by near-germline
recombination of Vy9 and JyP gene segments with minimal
nucleotide trimming and no N-nucleotide addition. However,
it can also result from several different nucleotide sequences:
(1) involving trimming of nucleotides at the 3’ end of the V
region and/or 5’ end of the ] region, (2) incorporation of one
or more palindromic (P)-nucleotides, and/or (3) addition of
one or several non-templated (N)-nucleotides by terminal
deoxynucleotide transferase (TdT), resulting in the same amino
acid sequence (Table 1). Moreover, other public V9 clonotypes
can be generated in multiple ways depending on the extent of
V and ] gene segment trimming, and N/P-nucleotide addition
(Table 1) (23).

These features suggest the publicity of the V9 repertoire is due to
convergent recombination, a phenomenon proposed for generation
of public TCRp repertoires (24), whereby distinct recombination
events “converge” to generate the same nucleotide sequences,
and multiple nucleotide sequences “converge” to encode the
same amino acid sequence. Venturi et al. proposed that public
TCR responses arise from clonotypes with a high precursor fre-
quency in two ways. Public sequences could arise independently
multiple times in each individual by convergent recombina-
tion. Alternatively, precursor frequency could be increased if a
single TCRf rearrangement, which undergoes several rounds

of proliferation after pre-TCR selection, could pair with many
TCRa chains. Importantly, yo T-cells do not undergo pre-TCR
selection or proliferate after successful TCRy rearrangement (but
before TCRS rearrangement) during T-cell development. Public
Vv9 sequences observed in adults must, therefore, result from
convergent recombination.

High throughput V52 TCR repertoire sequencing analyses pro-
vide corroborating evidence for convergent Vy9 recombination.
CDR352 repertoires are more diverse than CDR3y9 repertoires
derived from Vy9V82* T-cells from mostadults (21,23). Therefore,
prevalent Vy9 clonotypes (e.g., CALWEVQELGKKIKVF) do not
reflect clonal expansion (if so equally large V52 clonotypes would
also be observed), but are likely recombined independently
multiple times and pair with distinct V82 chains. Single cell PCR
in several individuals has substantiated the feasibility of this hypoth-
esis, establishing unequivocally that public Vy9 CDR3 clonotypes
each paired with multiple V52 clonotypes (23), confirming that
public VY9 sequences arise frequently and independently. These
findings prove that “convergent recombination” is an inherent
feature of the Vy9 repertoire, in keeping with public sequences
exhibiting high precursor frequency because they have arisen via
many independent recombination events in each donor. They
also raise the question of whether, rather than requiring selective
postnatal clonotypic expansion, the prevalence of public Vy9
sequences may be preconfigured since birth.

TABLE 1 | Common public Vy9-JyP sequences can be generated by convergent recombination.

Vy9 P N P JyP P N
nt nt
Germline TGT GCC TTG TGG GAG GTG T GGG CAA GAG TTG GGC AAA AAA ATC AAG GTA TTT
CALWEVQELGKKIKVF
TGT GCC TIG TGG GAG GTG CAA GAG TTG GGC AAA AAA ATC AAG GTA TIT 0 O
TGT GCC TIG TGG GAG GT o} CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 1
TGT GCC TIG TGG GAG GT A CAA GAG TTG GGC AAA AAA ATC AAG GTA TIT 0 1
TGT GCC TTIG TGG GAG GT T CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 1
TGT GCC TIG TGG GAG GTIG CA G GAG TTG GGC AAA AAA ATC AAG GTIA TIT 2 1
CALWEVRELGKKIKVF
TGT GCC TIG TGG GAG GIG C G A GAG TTG GGC AAA AAA ATC AAG GTA TIT 1 1
TGT GCC TTG TGG GAG GTG AG A GAG TTG GGC AAA AAA ATC AAG GTIA TIT 0 2
TGT GCC TIG TGG GAG GTG C  GT GAG TTG GGC AAA AAA ATC AAG GTIA TIT 1 2
TGT GCC TIG TGG GAG GIG C GC GAG TTG GGC AAA AAA ATC AAG GIA TIT 1 2
TGT GCC TTG TGG GAG GTG C GG GAG TTG GGC AAA AAA ATC AAG GTIA TIT 1 2
CALWEAQELGKKIKVF
TGT GCC TIG TGG GAG G CA CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 2
TGT GCC TIG TGG GAG G cc CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 2
TGT GCC TIG TGG GAG G CG CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 2
TGT GCC TIG TGG GAG G cT CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 2
CALWEVLELGKKIKVF
TGT GCC TIG TGG GAG GIG C T A GAG TIG GGC AAA AAA ATC AAG GTA TIT 1 1
TGT GCC TIG TGG GAG GTG C TG GAG TTG GGC AAA AAA ATC AAG GTA TIT 1 2
TGT GCC TIG TGG GAG GTG C  TT GAG TIG GGC AAA AAA ATC AAG GTA TIT 1 2
TGT GCC TIG TGG GAG GTG C TC GAG TTG GGC AAA AAA ATC AAG GTA TIT 1 2
CALWEQELGKKIKVF
TGT GCC TIG TGG GAG CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 O
TGT GCC TIG TGG GA A CAA GAG TIG GGC AAA AAA ATC AAG GTA TIT 0 1

Vy9 and JyP gene segments are subject to nuclease activity, non-templated (N) nucleotide addition, and incorporation of palindromic (P) nucleotides, during recombination. Above
are shown some of the possible different nucleotide sequences observed that generate the same CDR3 amino acid sequences, for five of the most common public V9 sequences.
N-nucleotides are shown in red and P-nucleotides are shown in blue.
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SHAPING OF THE ADULT Vy9Vs2 TCR
REPERTOIRE: POSTNATAL SELECTION

An intriguing question is whether VyoVd2* T-cells expand en
masse following microbial exposure during early childhood,
concurrent with phenotypic maturation (4, 10), or whether
dominant clonotypic selection operates, resulting in prevalent
public Vy9 clonotypes in adults (19). Of relevance, a recent study
has compared adult peripheral blood with cord blood VyoV&2*
TCR repertoires (23). Importantly, the most prevalent public
Vy9 clonotype (CALWEVQELGKKIKVF) in the fetus (7) was
also prevalent in cord (18, 23) and remains dominant in most
adults (18, 20, 21). Moreover, other public Vy9 clonotypes are
frequently found in all these populations (16, 23). Also, the
CDR33 lengths in cord blood and adult peripheral blood are
similar (23). Therefore, the public Vy9 clonotypes present in adult
peripheral blood Vy9Vd2* T-cells are present at similar relative
frequencies in cord blood Vy9V82* T-cells. Furthermore, there
were relatively subtle changes in the diversity of V82-associated
Vv9 TCR repertoire from neonate to adult (23).

Despite these observations, postnatal changes in the V52 rep-
ertoire are ultimately inconsistent with the concept of Vy9V§2*
T-cell expansion en masse. Crucially, most Vy9V82* cells in adult
peripheral blood express V52 recombined with J81 (12), whereas
in the cord blood most V82 rearrangements use J83, and to a lesser
degree J82 (12, 23) (Figure 1). This difference could be explained
in two ways. One possibility is that extrathymic selection of spe-
cific clonotypes may occur in response to microbial exposure. Of
relevance, it is currently unclear whether cord blood Vy9oV52-J63
cellsare reactive to common pAg. While most V52-J81+sequences
in cord blood do generally contain a hydrophobic amino acid at
position 5 (a motif previously linked to pAg reactivity) (23), fewer
V82-J83" sequences contain this motif (23). Consistent with this,
Vy9Vd2* T-cells from cord blood are generally less responsive to
pAg than adult Vy9vd2* T-cells (10, 18, 25), however, the V52
repertoire of responsive cells has not been reported, and conceiv-
ably only V52-J81 TCRs were responding in these assays.

A second possibility that could explain postnatal alterations
in the V82 TCR repertoire is a second wave of VyoVo2+ T-cell
production after birth. Thymic Vy9V82+ T-cell output is thought
to decrease after birth, based on failure to detect Vy9 or V&2
gene expression in pediatric thymus samples (26), or detection
of <10% of thymocytes expressing V82 in thymi from children
(4,9). Surprisingly, Vy9 expression was not detected in the thymus
during childhood, despite its co-expression by V&1* cells (21),
which continue to be generated after birth (4, 26). Conceivably
this issue warrants reinvestigation, and perhaps postnatal thymic
Vy9Vd2+ T-cell generation has been underappreciated. Consistent
with this, Ravens (22) and others (27, 28) have shown Vy9V&2*
T-cell reconstitution following stem cell transplantation. Newly
generated Vy9V2* T-cells presumably originate in the recipient’s
thymus (22). Detailed comparison of V52-J81 sequences in cord
blood and adult repertoires (23) also hints at postnatal VyoVva2*
T-cell production. Although V82-J81 clonotypes are relatively
uncommon in cord blood (most use V52-J83 at that time),
those present often have shorter CDR3s, incorporating fewer
N-nucleotides [as observed in fetal liver (5)] in comparison to

the longer, more private V52-J81 clonotypes observed in adults.
However, if the Vy9V82* T-cells that predominate in adults are
indeed generated in the postnatal thymus, we have observed no
obvious differences in the Vy9 repertoire of these cells, suggesting
that the thymus continues to generate Vy9-JyP rearrangements
with low diversity even when TdT is expressed and when Vy9
CDR3s found in V81* cells are highly diverse (21).

EVIDENCE FOR PRENATAL SHAPING
OF THE Vy9V52+* TCR REPERTOIRE

Postnatal processes clearly strongly influence the VyoVo2+ T-cell
compartment. However, other events may also shape the prenatal
VyoVa2* repertoire (Figure 1). The Vy9 repertoire is already
highly restricted in CDR3 length during gestation, with public
clonotypes evident (7), consistent with the cord blood VY9 reper-
toire (23). This indicates postnatal pAg exposure is not required
for the selection of these features. However, the possibility that
there might be some selection for pAg-reactive semi-invariant
VyoVe2+ T cells before postnatal microbial exposure has been
suggested previously (7), which potentially could operate intra- or
extra-thymically. Conceivably, this could involve elevated levels
of endogenous pAgs such as IPP derived from fetal isoprenoid
metabolism, or pAg derived from placental microbiota; in addi-
tion, a specific selecting element, such as one or more of the BTN3
gene products could be involved (7). Bearing these possibilities
in mind, enrichment of J&3 within cord blood V&2 sequences
relative to adult peripheral blood could relate to more permissive
positive selection of clonotypes responding to such fetal-specific
selection events relative to postnatal responsiveness to exogenous
microbially derived pAg. However, alternatively, genetic processes
may explain the restricted nature of the Vy9 repertoire in fetal and
cord blood V82* cells. Consistent with this suggestion, the mouse
OP9-DL1 thymic organ culture system can support Vy9oVo2+
T cell generation (9), arguing against a stringent positive selec-
tion step involving BIN3A1/pAg-mediated events. Of relevance
to inherent genetic bias in Vy9 chain recombination, whereas
Vd1-associated Vy9 chains are diverse in length and rarely use
JyP, V&2-associated Vy9 CDR3 sequences are restricted in length,
and exclusively utilize JyP, including in adults. These differences
could merely reflect changes in gene segment accessibility during
Vy9Vd2* T-cell generation in early gestation, or regulation of Vy9
chain recombination that favor simpler public Vy9 rearrangements
during the earlier timescale of fetal Vy9V52* T-cell generation,
before TdT is expressed (i.e., before 20 weeks of gestation) (29).

COMPARISONS BETWEEN Vy9V52+
T-CELLS AND SEMI-INVARIANT MOUSE
v5 T-CELL SUBSETS

Several features of the Vy9V82* compartment suggest similarities
to mouse Y3 T-cell subsets (30). The early fetal wave of Vy9Vo2+
production, combined with the semi-invariant Vy9V52+* TCR
repertoire, mirrors early waves of semi-invariant mouse yd T-cells.
The first T-cells to develop in mouse fetal thymus are Vy5V81+
dendritic epidermal T-cells, which have limited junctional
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diversity in both TCR chains (31). This is followed by produc-
tion of Vy6V81 TCRs, also of limited diversity, then postnatal
production of more diverse Y5 T-cell populations using Vy4,
V1, and Vy7 chains (32). Some of these y3 populations undergo
intrathymic or extrathymic selection events. DETC cells undergo
intrathymic selection involving the BTN family member Skintl
(33, 34); the Vy7 repertoire requires the presence of BTNL1/6
for extrathymic intestinal selection (35). Another semi-invariant
mouse population expresses Vy4 sequences of restricted length
and diversity (analogous to public human Vy9 sequences) with a
germline-encoded V385-D32-J81 sequence (36, 37), although its
role and the signals that drive selection are unknown. The pres-
ence of ¥ T-cells expressing semi-invariant TCRs in both mice
and humans suggests this may reflect a shared paradigm for gen-
eration of T-cell populations with uniform reactivity to particular
antigenic epitopes. Consistent with a related immunobiology,
both BTN3A1 and BTN3A2/3 are important for Vy9V82+ T-cell
recognition (38). However, while some semi-invariant mouse yd
T-cell populations can become hyporesponsive to TCR trigger-
ing following initial strong TCR signaling during development
(39), this does not apparently apply to human Vy9Vd2+ T-cells.
Notably Vy9V82* T-cells remain responsive to both pAgand anti-
CD3 stimulation, a feature which underlies their potential use in
several cancer immunotherapy applications (40), and they also
exhibit the potential for further TCR-mediated plasticity (41-44).

POTENTIAL FOR CLONAL FOCUSING IN
RESPONSE TO INFECTIOUS/STRESS
CHALLENGE

Although clear evidence supports a broad polyclonal Vy9Vva2*
T-cell response to pAg, the extent to which clonotype-specific
responses occur remains unclear. Vy9Va2* T-cells expand in
various infections (1) but TCR clonality is uncharacterized in
most scenarios. While most healthy donors have similar Vy9
repertoires composed of up to 80% public Vy9 clonotypes and
diverse V32 clonotypes (23), a minority of healthy donors have
one or several expanded VY9 and V82 clonotypes reminiscent of
V381 expansions (21), with the top clone comprising 20-40% of all
Vy9 and V82 CDR3s (23). These clones express V9 clonotypes
shared less frequently between adult donors, often with longer or
more complex CDR3s containing more added N-nucleotides. In
these donors, a V382 clonotype of similar frequency is detected,
and pairing of the top Vy9 and V82 clonotypes can be confirmed
by single cell PCR. This clonal expansion correlated with a change
in V82* T-cell phenotype to CD45RA™CD27"¢ (23), distinct
from the CD45RA™CD45RO*CD27* phenotype observed in
most healthy donors (45). The factors driving this clonal expan-
sion and phenotypic maturation in these seemingly healthy
donors are unclear. Ryan et al. (46) have also observed healthy
donors with Vyovd2* T-cells of differing effector phenotypes,
although the clonality of Vy9V&2* T-cells was not examined.
Expansion of particular V82 clonotypes has also been noted in
tuberculosis (47, 48), human leprosy (49), and in a macaque
tuberculosis model (50). Public VY9 clonotypes were not shown
to change during BCG infection in macaques (51), however, a

lack of V& TCR clonotype data could have obscured the presence
of clonotypic expansions with distinct V82 chains. Conceivably
clonal expansion may occur after Epstein-Barr virus or other
common viral infections, and may underlie clonal expansions
observed in otherwise healthy donors. Moreover, it is unclear
how expansion of particular Vy9Vd2* clonotypes helps protect
the host, given the polyclonal response of Vy9Va2* T-cells to
pAg. Conceivably expanded clones could respond with higher
avidity, or alternatively could be reactive to different pathogen-
specific stimuli, such as chemically diverse antigens. Additional
work will no doubt address these questions.

CONCLUSION

In summary, we suggest Vy9V32*+ T-cell development is shaped by
both prenatal and postnatal events (Figure 1), which impact TCR
repertoire and pAg reactivity. Importantly, the human Vy9V52+
TCR repertoire is composed of highly public Vy9 chains produced
by frequent recombination events that occur in every individual,
resulting in a semi-invariant repertoire largely preconfigured from
birth for pAg reactivity. These Vy9 chains may undergo prenatal
selection based on pAg reactivity, or unknown factors may con-
strain Vy9-JyP rearrangements. Alongside public Vy9 sequences,
the V32 repertoire is very diverse and private, and changes between
neonatal and adult V52 TCR repertoires suggest several selection
events throughout life. V82-J83 TCRs are prevalent in cord blood
and these may be positively selected in fetal development for recog-
nition of host pAgs, or these rearrangements may be preferentially
generated in early gestation. V52-J81 chains with longer CDR3
and hydrophobic amino acids at position 5 ultimately dominate
the V32 repertoire in adults, and these may be selected from rare
rearrangements in cord blood following microbial pAg exposure,
or further Vy9Va2+ T-cell generation may occur in the postnatal
thymus. Nevertheless, these selection events produce a repertoire
that exploits the somatically recombined Vy9V52+* TCR as a sur-
rogate pattern recognition receptor to sense pAgs. Further clonal
selection appears to occur in some healthy adults and during some
infections, however, exactly what protection such favored clono-
types provide that are not provided already by the broad Vy9ova2*
TCR repertoire is an intriguing question future studies can address.
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Epidermal T Cell Dendrites Serve
as Conduits for Bidirectional
Trafficking of Granular Cargo

Grzegorz Chodaczek'?, Monika Toporkiewicz? M. Anna Zal' and Tomasz Zal*

 Department of Immunology, University of Texas MD Anderson Cancer Center, Houston, TX, United States,
2Confocal Microscopy Laboratory, Wroclaw Research Centre EIT+, Wroclaw, Poland

Dendritic epidermal T cells (DETCs) represent a prototypical lineage of intraepithelial
v8 T cells that participate in the maintenance of body barrier homeostasis. Unlike clas-
sical T cells, DETCs do not recirculate and they remain persistently activated through
their T cell receptors (TCR) at steady state, i.e., in absence of infection or tissue wound-
ing. The steady state TCR signals sustain the formation of immunological synapse-like
phosphotyrosine-rich aggregates located on projections (PALPs) which act to anchor
and polarize DETC’s long cellular projections toward the apical epidermis while the
cell bodies reside in the basal layers. The PALPs are known to contain pre-synaptic
accumulations of TCR-containing and lysosomal granules, but how this cargo accumu-
lates there remains unclear. Here, we combined anti-Vy5 TCR, cholera toxin subunit
B (CTB), and LysoTracker (LT)-based intravital labeling of intracellular granules, with
high resolution dynamic microscopy and fluorescence recovery after photobleaching
(FRAP) to characterize the steady state composition and transport of DETC granules
in steady state epidermis. Intradermal fluorescent Vy5 antibody decorated DETCs
without causing cellular depletion, dendrite mobilization or rounding up and became
slowly internalized over 48 h into intracellular granules that, after 6 days, colocalized
with LAMP-1 and less so with LT or early endosomal antigen-1. Intradermal CTB was
likewise internalized predominantly by DETCs in epidermis, labeling a partly overlap-
ping set of largely LAMP-1+ intracellular granules. These as well as LT-labeled granules
readily moved into newly forming dendrites and accumulated at the apical endings.
FRAP and spatiotemporal tracking showed that the inside tubular lengths of DETC
cellular projections supported dynamic trafficking of lysosomal cargo toward and away
from the PALPs, including internalized TCR and lipid raft component ganglioside GM1
(labeled with CTB). By contrast, the rate of GM1 granules transport through compara-
ble dendrites of non-DETCs was twice slower. Our observations suggest that DETCs
use chronic TCR activation to establish a polarized conduit system for long-range
trans-epithelial transport aimed to accumulate mature lysosomes at the barrier-forming
apical epidermis. The biological strategy behind the steady state lysosome polarization
by DETCs remains to be uncovered.

Keywords: gamma delta (gammadelta) T cells, dendritic epidermal T cell, lysosomes, intracellular transport,
intravital microscopy, fluorescence recovery after photobleaching
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Chodaczek et al.

Intracellular Granule Transport by DETC In Vivo

INTRODUCTION

Considered a member of the innate body barrier defense system,
murine dendritic epidermal T cells (DETCs) contribute to skin
repair and homeostasis (1-3). These cells extend long cellular
processes from the mid-body in the basal epidermis toward the
apical epidermis thereby spanning across the whole epidermis
thickness and interacting with both the immature (basal) and
mature (squamous) keratinocytes. The striking apical polarity
of DETCs results from the formation of dendrite-anchoring
phosphotyrosine-rich aggregates located on projections (PALPs)
which are sustained at inter-squamous keratinocyte junctions by
the local chronic activation of the cell’s unique Vy5-V81 T cell
receptors (TCR) [according to the Tonegawa nomenclature
(4, 5)]. The dendrite-terminal cytoplasm underneath the PALPs
harbors distinct accumulations of intracellular granules some
of which contain TCR and/or lysosomal and exocytic pathway
markers LysoTracker (LT), GM1, and LAMP-1 (5). The presence
of intracellular granules inside DETCs was uncovered as early
as in 1985 by Romani et al. who described electron-dense cores
and small vesicles surrounded by less electron-dense material
in isolated Thy-1* epidermal cells (DETC) (6). Thereafter, and
consistent with the capacity of DETCs to kill their targets,
Krihenbtihl et al. demonstrated that some DETC granules
contained granzyme A (BLT esterase activity) and perforin (Ca**-
dependent hemolytic activity) (7) and Ibusuki et al. demonstrated
in vitro cytotoxic granule exocytosis in response to stimulation
of short-term DETC lines (8). The steady state accumulations
of dendrite-terminal granular cargo at the PALPs could signify
a local formative process, such as TCR and/or other membrane
component internalization and/or a long-range transport from
the cell bodies, and the cargo could be poised for localized secre-
tion. However, the in vivo behavior of DETC’s intracellular cargo
has remained unknown.

In this work, we establish a methodology for the labeling and
DETC-selective analysis of intracellular cargo transport in vivo,
and we apply it to examine the dynamic behavior of DETC’s
intracellular granules at steady state conditions. Using time-
lapse fluorescence microscopy and fluorescence recovery after
photobleaching (FRAP), we show that DETC TCR and GM1
membrane components are readily internalized and that the
content of resulting cargo enters the lysosomal and LAMP-1
granule pools. Furthermore, we show that DETCs transport their
intracellular granules along the lengths of the cell’s a dendrites, at
steady state, both away from and toward the apical epidermis, and
more dynamically than similarly labeled dendritic-form dermal
cells. Our observations demonstrate a novel approach to study
DETC cargo dynamics and suggest that DETCs use chronic,
dendrite-terminal TCR activation to establish a polarized conduit
system for trans-epithelial cargo transport.

MATERIALS AND METHODS

Mice
IL2p8-GFP mice were obtained from M. Yui and E. Rothenberg
(California Institute of Technology, Pasadena, CA, USA) (9) and

used at 6-24 weeks of age. In these mice, the epidermal GFP
is present solely in DETCs (5, 9). CD11c-YFP mice (10) were
obtained from M. Nussenzweig (The Rockefeller University, New
York, NY, USA) and were crossed with IL2p8-GFP mice to simul-
taneously visualize DETCs and Langerhans cells. The mice were
housed at the University of Texas MD Anderson Cancer Center
(UT MDACC), Houston, TX, USA and the Wroclaw Research
Centre EIT+ and the Institute of Inmunology and Experimental
Therapy, Wroclaw, Poland in individually ventilated cages in
12:12 h light-dark cycle under specific pathogen-free conditions.
All animal manipulations were approved by the UT MDACC
Institutional Animal Care and Use Committee or the Local
Ethics Committee for Experiments on Animals at the Institute of
Immunology and Experimental Therapy.

Antibodies and Reagents

LysoTracker Red DND-99, cholera toxin subunit B (CTB)-Alexa
Fluor (AF)555 or AF647 conjugates (Cat. No A20187, A10470,
and A20186), and anti-rabbit IgG-AF647 antibody were from
ThermoFisher Scientific. Unlabeled anti-TCR Vy3 (Vy5 accord-
ing to Tonegawa’s nomenclature) antibody (clone 536) was from
Santa Cruz Biotechnology and its isotype control (Syrian hamster
IgG, clone SHG-1) was from BioLegend. These antibodies were
labeled in house using AF555 and AF647 labeling kits accord-
ing to manufacturer’s instructions (ThermoFisher Scientific).
Anti-LAMP-1-AF647 clone 1D4B was from BioLegend and
anti-early endosome antigen-1 (EEA-1) (#2411) was from Cell
Signaling.

Ex Vivo Immunofluorescence of Mouse
Epidermis

Mouse ears were split laterally and immediately fixed for 1 h at
20-22°C with 3.7% (wt/vol) formaldehyde. The subcutaneous
cartilage was removed and the skin was made permeable for at
least 18 h with 0.5% (wt/vol) saponin in 2% (vol/vol) FBS and
0.03% (wt/vol) azide in PBS. Samples were stained for at least
18 h at 22-37°C with antibodies diluted in 2% (vol/vol) FBS
and 0.5% (vol/vol) saponin in PBS and, after being washed in
PBS, were mounted in ProLong Gold (ThermoFisher Scientific).
Fluorescence imaging was performed using a Leica SP8 confocal
microscope with 63X NA1.4 and 40x NA1.3 oil objectives (Leica
Microsystems).

Intravital Labeling and Microscopy

Mice were anesthetized and the ear pinnae was injected, using
31 G insulin syringe, with 20 ul of the following labeling solutions,
in PBS: 10 uM LT Red, 10 ug/ml CTB-AF555 or AF647 conjugate,
~1.4 pg/mlfluorescently labeled anti-Vy5 antibody, or ~1.4 pg/ml
of fluorescently labeled isotype control antibody. In some exp-
eriments, CTB and anti-Vy5 antibody were mixed together.
Intravital imaging was performed 1 h later for LT, or several days
later for the antibodies. Mice were anesthetized by isoflurane
inhalation and placed on a heated microscope stage. Ear pinna
was immobilized on a metal pedestal with a dab of silicone paste,
moistened with a drop of PBS and covered with a 0.17-mm glass
coverslip. The imaging was performed using upright Leica SP5 or
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SP8 resonant scanning confocal systems equipped with piezoelec-
tric z-drive (Piezosystem, Jena) and 40X NA1.3 oil objective. The
pinhole was set to 1-2 AU and image pixel size at 0.09-0.150 pm.
Stacks of confocal images, spaced 0.1-1 pm apart, were acquired
every 10-30 s for up to 2 h with line averaging to diminish noise.

Image Processing

3-D and temporal image stacks were smoothed by kernel 3
median filtering and autofluorescence background was removed
by thresholding followed by contrast stretching. Tissue drift was
corrected using Imaris software (Bitplane) in 3-D or Stackreg
plugin (11) of Fiji software (National Institutes of Health) in 2-D
maximum intensity projections. For granule tracking, the GFP
signal of DETCs was binarized and used to gate other fluorescence
channels. Granule surfaces were identified and tracked in 2-D
and shape parameters were measured using the Imaris software
(Bitplane). The automated tracking algorithm was the autore-
gressive motion with 3 yum maximum one frame travel distance.
Alternatively, granules were tracked manually. Two-dimensional
projections of 3-D z-stacks were generated based on maximum
intensities. Depth was color-coded using Leica Application
Suite Advanced Fluorescence software or Temporal Color Code
plugin in Fiji with “Rainbow RGB” look-up table. Co-localization
analysis and Pearson coefficient calculations were performed in
Imaris. All fluorescence intensity measurements in regions of
interest (ROI) and line profiling were done using Fiji. To delineate
mid-body regions, the GFP-based cell regions were eroded until
dendrite disappearance followed by dilation. Dendrite regions
were obtained by subtracting the perinuclear regions from the
initial cell regions.

Statistical Analysis

Statistical significance of differences between two experimental
groups were determined using a nonparametric Mann-Whitney
U-test (two-group comparison) with p-values of less than 0.05
considered significant, in GraphPad Prism (GraphPad Software).

RESULTS
In Vivo Labeling of DETC Granules

In our previous report, we described the in vivo phenomenon
of DETC steady state apical polarization through the dendrite-
terminal TCR activation in the PALPs (5). Among other find-
ings, we observed that besides in the PALPs membrane, TCR
was present along with GM1 in juxtaposed cytoplasmic foci,
and that much of DETC’s lysosomes (LT) and GM1 [cholera
toxin subunit B (CTB) binding] were accumulating at steady
state at the PALPs. We also noticed that intravital anti-CD3
cross-linking did not activate DETCs to round up. Therefore,
to visualize TCR-containing DETC intracellular granules
in vivo, we injected the dermis with AF647-labeled anti-Vy5
TCR antibody [Tonegawa’s nomenclature (4)], also known as
Vy3 in Garman’s nomenclature (12). In addition, or separately,
to label GM1-containing granules, we injected CTB-AF555.
Both reagents diffused into the epidermis and stained pref-
erentially DETCs within 10 min and delineated the plasma

membranes with strong accumulations at the apical dendrite
ends (Figure 1A; Figure S1 in Supplementary Material),
thereby confirming in vivo the staining of the PALPs in fixed
epidermis (5). We also noted that whereas the cellular specific-
ity of Vy5-AF647 and CTB was almost exclusive for DETCs
in the epidermis (Figure 1, Z = 3.6-9.6 pm; Figure S2 in
Supplementary Material), CTB also labeled a network of other,
currently unidentified cells in the underlying dermis, many
of them remarkably dendritic (Figure 1A, Z = 15-19.8 pm).
CTB-AF555 became internalized into cytoplasmic granules
within 90 min and Vy5-AF647 was partially internalized after
24 h (Figure S1 in Supplementary Material) and completely
after 6 days thereby highlighting a collection of intracellular
granules (Figures 1B,D). The intravital labeling of DETC
granules by Vy5 antibody and CTB persisted for at least
16 days and we did not observe any loss of DETC cellularity or
any signs of acute activation such as dendrite motility or cells
rounding up.

Using intradermal Vy5 and/or CTB fluorescence labeling, we
focused further studies on the steady state, i.e., at least 6 days
after the intradermal injection. Vy5 fluorescence was found in
ellipsoidal shaped granules measuring, in the XY image planes,
respectively, 0.25 + 0.007 um X 0.48 + 0.012 pm on the short
and long axes (mean + SEM). Given that the antibody could be
proteolytically degraded over the time, the observed signals did
not necessarily indicate a continued presence of TCR. Likewise,
CTB-AF555 fluorescence delineated small granules dispersed
throughout DETC body and prominent granular accumula-
tions in the apical dendrite endings (Figure 1B; Figure S3 in
Supplementary Material). These granules ellipsoid size was
0.27 + 0.001 and 0.48 + 0.001 pm (mean + SEM). The Vy5 and
CTB fluorescence signals partly colocalized in a subset of intra-
cellular granules, especially at the ends of dendrites (Figure 1C).
The intracellular localization of the granules was ascertained by
3-D confocal sectioning (Figure 1D).

To characterize the in vivo Vy5 and CTB steady state DETC
granules, we co-labeled the skin of IL2p8-GFP mice with intra-
dermal LT in vivo followed by GFP-based image gating. We also
stained the steady state Vy5 and CTB-labeled epidermis ex vivo
for the EEA-1 and LAMP-1 (Figure 2). In agreement with our
prior report (5), LT-stained lysosomes were predominantly local-
ized at the ends of dendrites. Within the limits of confocal resolu-
tion, LT granule’s diameters ranged from 0.25-0.45 + 0.001 pm
(mean + SEM) to 0.8-1.0 pum [full width at half maximum
(FWHM)]. Both Vy5 and CTB signals most substantially
colocalized with LAMP-1 and less so with EEA-1 and LT
(Figures 2A-C; Figure S3 in Supplementary Material) and CTB/
LT co-localization was significantly higher at dendrite ends than
in mid-bodies (Figure 2C). Vy5/LT co-localization in dendrites
vs. mid-bodies was not significantly different, at the current sta-
tistical power. The Pearson’s coefficients in Figures 2B,C lower
panels are not averages of the corresponding whole-cell values in
the upper panels due to using a subset of cells with clearly defined
mid-bodies, and ROI differences. Taken together, these results
revealed a propensity of DETCs to internalize cell membrane
TCR and GML1 into partially overlapping pools of lysosomal and
exocytic pathway (LAMP-1) intracellular granules.
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FIGURE 1 | Intravital skin labeling by intradermal injection of fluorescent anti-Vy5 antibody and CTB in IL2p8-GFP mouse ear. (A) One hour from the injection.

Four representative confocal image z-planes from a 3-D z-stack at the indicated z-depth positions measured from the apical skin surface. (B) Six days after injection
(different site). Maximum intensity projection of a confocal image z-stack. The white arrows point to the apical dendrite positions. (C) Quantification of Vy5 and CTB
signal co-localization after 6 days. (D) 3-D confocal sectioning to demonstrate the cytoplasmic localization of the granules 6 days after labeling. The color-coded
depth projection shows the entire dendritic epidermal T cell (DETC) body. Scale bars = 10 pm.
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Dynamics of LT-Stained Granules

Having established three methods for intravital labeling of DETC
granules (i.e., using Vy5 antibody, CTB, or LT), we proceeded to
characterize the steady state granule dynamics. The LT labeling
method was rapid and not expected to interfere with any cellular
processes, but could not exclude the possibility of the dye leakage
between cells. The Vy5 and CTB labeling required a 6-day rest,

but excluded fluorescence leakage and highlighted a somewhat
different range of granules. Intravital mouse time-lapse micros-
copy of LT-stained granules revealed highly dynamic behavior,
the lysosomes seemingly fusing with each other and splitting
(Figure 3; Movies S1 and S2 in Supplementary Material). The
median instantaneous velocity was 0.84 um/min (0.35-2.04 pm/
min—25-75% percentile, respectively), while the fastest vesicles

GFP
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FIGURE 2 | Characterization of dendritic epidermal T cell (DETC) granules containing internalized Vy5 or CTB fluorescence. IL2p8-GFP mouse ear was injected
with Vy5-AF555 antibody or CTB-AF555 and, 6 days later, stained with LT or harvested for immunofluorescence. (A) Representative DETC examples. (B) Analysis
of Vy5+* granule co-localization with endosomal [early endosome antigen-1 (EEA-1)] and lysosomal [LAMP-1 and LysoTracker (LT)] markers in whole DETC bodies
(upper panel) or in dendrites and mid-bodies (lower panel). (C) Similar as in (B), but for CTB. N = 20-30 cells/mouse in five mice. The dendrite vs. mid-body
co-localization analyses [(B,C) lower panels] were performed on a subset of the cells in upper panels (i.e., where mid-bodies could be clearly delineated). Scale
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were typically small (FWHM < 0.3 um) and moved at 8.5 um/min.
The maximum instantaneous speed of the largest lysosomes
was within the range of 1.1-2.4 um/min and their short-range
motions seemed to be random over the relatively short observa-
tion time. On occasion, we observed the process of a new dendrite
forming by localized budding off followed by back and forth
length changes ending with the distal end anchoring, presum-
ably through a PALP. During this process, which took several to
tenths of minutes, lysosomes entered into the new dendrite soon
after the budding off and then accumulated at the end after the
length of dendrite has stabilized (Figure 3; Movies S1 and S2 in
Supplementary Material). These observations suggested that the
accumulations of lysosomes in DETC’s apical dendrite endings
was a result of granule transport.

Dynamics of CTB-Labeled Granules

and Comparison With Non-DETC

We used steady state CTB and Vy5 labeling to evaluate the dynam-
ics of intracellular cargo transport by measuring the kinetics of
intravital FRAP. Lack of intercellular fluorophore diffusion was

ascertained by the lack of signal recovery upon whole-cell FRAP
(Figure S4 in Supplementary Material). Using CTB, we compared
DETCs to the CTB* non-DETC cells in the dermis. Figure 4A
and Movie S3 in Supplementary Material show an example of
FRAP experiment whereby the photobleaching was localized in a
DETC apical dendrite end characteristic of a PALP, and Figure 4B
and Movie S4 in Supplementary Material show a similar experi-
ment on a dendrite of a dermal non-DETC CTB* cell. In DETCs,
fluorescence re-emerged in the photobleached dendrite with
the recovery half-life estimated for 10-45 min (Figure 4C, blue
curve). By contrast, similar distance and shape FRAP kinetics in
non-DETC dendrites were about twice slower (Figure 4C, red
curve), also in comparison to non-DETC mid-bodies (Figure S5
in Supplementary Material). Although granule transport in cell
bodies is not unexpected per se, this comparison showed that the
capacity of DETC for dendrite-guided cargo transport was more
profound than in non-DETCs.

Time-lapse recordings of steady state CTB granules in DETCs
revealed individual granule motilities. The median instantaneous
velocity was 1.22 um/min (0.51-2.50 um/min—25-75% percentile,
respectively). CTB granules moved from the mid-body along the
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lengths of dendrites in jumping fashion and the fluorescence accumu-
lated at the apical end (Figure 4D). In this example, fluorescence
intensity spiked sequentially through the regions 1-4 as the vesicle
moved through the branched dendrite from 24 to 37 min. These
recordings demonstrated that CTB-labeled vesicles were trans-
ported from the mid-body through dendrites toward dendrite ends.

Dynamics of TCR-Labeled Granules

and Retrograde Transport

Finally, we evaluated the steady state dynamics of DETC granules
that were labeled by anti-Vy5-TCR antibody internalization.
Given that CTB-based labeling could be associated with a degree
of inflammatory activation, Vy5 labeling should be free from
such effects. As for CTB, we waited for 6 days from the intrader-
mal injection to allow for complete internalization and washout
and for the skin to return to a steady state. After photobleaching
the apical dendrite endings, we observed movement of vesicles
from DETC bodies toward the photobleached dendrites within
6 min (Movies S5 and S6 in Supplementary Material). Figure 5A
depicts the movement of individual vesicles that are arriving at

a photobleached dendrite end. Based on multiple FRAP experi-
ments, the median instantaneous velocity of granule movement
was 1.07 um/min (0.44-2.27 um/min—25-75% percentile, respec-
tively) and maximum instantaneous velocity was 4.23 um/min
(1.75-7.66 pm/min—25-75% percentile, respectively). As for LT
labeling, we observed that newly formed dendrites were quickly
filled with Vy5-labeled vesicles migrating into the emergent tips
(Movie S7 in Supplementary Material).

To test for the presence of retrograde granule movement, i.e.,
from dendrite ends toward the mid-bodies, we photobleached
mid-cell body areas such that the only remaining fluorescence
was located in dendrite endings (Figure 5B; Movies S8 and
S9 in Supplementary Material). In this setting, we observed
fluorescence entering the mid-body regions from dendrite ends.
However, the retrograde transport kinetics was about half of the
anterograde movements and the extrapolated FRAP half time
was approximately 80 min (Figure 5C). Based on individual Vy5
granule tracking in multiple cells, the instantaneous velocities
of the granules were somewhat higher in dendrites compared to
mid-bodies (Figure 5D). The instantaneous velocities of CTB,
TCR, and LT granules were not statistically different (Figure 5E).
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FIGURE 4 | In vivo dynamics of dendritic epidermal T cell (DETC) granules labeled with CTB-AF555 in IL2p8-GFP mouse ear. (A) Fluorescence recovery after
photobleaching (FRAP) in a DETC dendrite end. The red rectangle area was photobleached (pb) and the cell was imaged for 10 min (see Movie S3 in
Supplementary Material). (B) FRAP in a dermal non-DETC dendrite end. The red rectangle area was photobleached and the cell was imaged for 10 min (see

Movie S4 in Supplementary Material). (C) Cumulative analysis of FRAP kinetics for multiple dendrite ends (n = 15 cells in five mice). Each point is a mean + SEM.

(D) Example of cargo movement along dendrite length. Upper left: color-coded depth—the apical localizations are blue-green and basal localizations are red.

The dashed rectangle indicates zoom area. AF555 was photobleached in the red rectangle area. AF555 signal was measured in the four regions of interest (ROI)
along the dendrite. The red arrow points to granule movement. The graph shows a rapid transition of AF555 (granule) intensity through the four ROIs, this movement
starting after 24 min. Scale bars = 5 pm.

DISCUSSION microenvironment of intact skin at steady state. Our results
demonstrate that DETC’s long cellular projections sustain trans-
This study follows upon the discovery of DETC in vivo trans-epi-  epidermal trafficking of intracellular cargo, both in anterograde

dermal polarization through the steady state TCR activationinthe ~ and retrograde fashion, i.e., toward and away from the PALPs.
PALPs (5). The apical-polarized dendritic morphology of DETCs ~ This way, DETCs can be considered a conduit system for cargo
is a puzzling feature of this T cell lineage, reminiscent of their ~ transport across the epidermis. To the best of our knowledge, this
epidermal dendritic cohabitants, Langerhans cells. It is thoughtto  aspect of intraepithelial yd T cell biology, i.e., in vivo intracellular
facilitate a remote probing of the surrounding microenvironment  granule transport, has not been studied before in DETCs or other
including the barrier-forming apical squamous keratinocyte lay-  intraepithelial T cell systems. The comparison of FRAP kinetics in
ers while maintaining cell body residence at a safe distance (13). =~ DETC dendrites with that in nearby comparable cellular protru-
A distinctive feature of DETCs, the PALPs contain distinct accu- sions of dermal cells showed that the rate of transport in DETCs is
mulations of cytoplasmic granules containing varying amounts of ~ higher. We could not compare DETCs to Langerhans cells because
TCR, GM1, and LAMP-1 (5). In this report, we focused on the  we did not find a common scheme for granule labeling in these
intracellular dynamics of DETC granules in the physiological  cells other than with LT, which is not suitable for FRAP.
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FIGURE 5 | In vivo dynamics of dendritic epidermal T cell (DETC) granules labeled by intradermal anti-Vy5-AF555. (A) Fluorescence recovery after photobleaching
(FRAP) in an apical dendrite end. AF555 fluorescence was photobleached in the red rectangle area centered on the end of an apical-facing dendrite (pb) and the
entire cell was imaged, in 3-D, every 20 s for 10 min. The magenta line represents a track of moving granule. (B) FRAP in DETC mid-body. The photobleaching was
located in the red rectangle area. Cell outline based on GFP signal. (C) FRAP analysis, n = 15 cells in five mice. (D) Comparison of instantaneous granule velocities
in DETC dendrites vs. mid-bodies. Each dot is the speed of a single vesicle, data pooled from n = 15 cells in five mice. The horizontal line and whiskers are the
median and interquartile ranges. (E) Comparison of instantaneous granule velocities depending on labeling method. Data pooled from n = 15 cells in five mice,
shown as box with median and interquartile range with Tukey whiskers. Scale bars = 10 pm.
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One tantalizing question that remains to be addressed is
about the exact functional biological purpose of the apical
dendrite granule accumulations, which has to be considered in
the context of the PALPs. The presence of LT and mature lyso-
some/exocytosis marker LAMP-1 in DETC apical granules that
also colocalized with Vy5 and/or CTB fluorescence (Figure 2)
suggests that some of the granules represent mature lysosomes,
which could be poised for externalization, and that TCR and
GM1/CTB internalization pathways ultimately feed into mature

lysosomes. The latter notion and the relatively lower CTB/LT co-
localization in mid-bodies compared to dendrites, where most
LT fluorescence accumulated, is consistent with the process of
membrane GM1 recycling by lysosomal sorting (14). This and
other dissimilarities between the intracellular fates and steady
state localizations of Vy5 antibody and CTB fluorescence likely
reflect expected variances in ligand and label trafficking and
degradation. Considering that DETCs produce granzymes and
perforin and can kill target cells by cytotoxic/LAMP-1 granule
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release (6-8, 15), and that cytolytic granules are a subset of
lysosomes, one exciting proposition is that some of the PALP’s
lysosomal and LAMP-1 granules that accumulate in PALPs
contain cytotoxic factors. The presence of lysosomal and TCR-
containing granules just underneath the sites of DETC TCR
steady state activation, i.e., the PALPs (5) and now the presence
of steady state transport for dendrite end granule accumu-
lation and retrograde transport resemble the immunological
synapses that form, albeit transiently, between antigen-specific
cytotoxic T lymphocytes and their cellular targets (5, 16, 17).
Another resemblance is with NK cell's remote synapse-like
structures that form at the tips of “membrane nanotubes” and
appear to support target cell killing (18). Other possible func-
tions of DETC granule transport to the apical epidermis could
be to facilitate targeted secretion of keratinocyte differentiation
or repair factors. By demonstrating three methods for intravital
DETC granule labeling, and by revealing the pattern of granule
dynamics in otherwise un-manipulated/steady state, the current
study should facilitate further functional and mechanistic inves-
tigations. An interesting aspect of any biological function of
dendrite-guided DETC cargo transport is that it will be lost when
DETCs are activated and round up.

Our demonstration of the existence of granule transport in
DETC dendrites was enabled by the intravital granule labeling
and tracking and by FRAP technique. The use of LT required
independent labeling of DETCs with cytoplasmic fluorescent
protein reporter (IL2p8-GFP) for digital 3-D gating, but it was
convenient, rapid, and practically non-disturbing. LT labeling
was suitable for granule tracking but less so for FRAP because
the small molecule dye could, in principle, diffuse between gran-
ules or cells rather freely. Another limitation was that LT-based
granule tracking was strictly limited to the inside of DETC bodies
due to the need for image digital gating. By contrast, Vy5 and
CTB-based intravital labeling was not expected to allow for fluo-
rescence diffusion (although carrier protein degradation would
eventually ensue) thereby enabling FRAP experimentation.
These methods should be useful to follow granules fates outside
DETC bodies. One disadvantage of these labeling schemes was
the possibility of transient cellular responses to the ligands hence
the need for several days of steady state re-establishment. As
mentioned earlier, anti-DETC TCR antibody did not deplete
these cells in vivo—of note for experiments where DETC deple-
tion might be desired.

The magnitude of CTB selectivity for DETCs among other
cells in the epidermis was quite remarkable, suggesting that
DETCs represent a major source (or recipient) of GM1 gan-
glioside in epidermis. While DETC-bound Vy5 antibody was
internalized relatively slowly, over more than 24 h, CTB inter-
nalization occurred much faster, within one and a half hour.
This could reflect the underlying dynamics of GM1 ganglioside
or CTB pentameric structure hence stronger avidity and capac-
ity for cross-linking. Alternatively, the rapid labeling of DETC
granules by CTB internalization could be related to the previ-
ously described process of physiological transport of ganglio-
sides from the plasma membrane to intralysosomal membranes
in cultured fibroblasts (14). If secreted, GM1 production by

DETCs could be of local consequence for keratinocyte differen-
tiation (19).

The dynamic imaging here confirmed our prior findings of
the apical dendrite-terminal lysosome accumulation and it dem-
onstrated that these lysosomal clusters are relatively long-lived
and confined, as opposed to diffusing randomly in and out of
the end-terminal dendrite swellings. Interestingly, these experi-
ments revealed highly dynamic movement of lysosomal granules
within the dendrites and cell bodies, including directional inflow
into newly formed dendrites. This anterograde transport was
reminiscent of “long processive runs,” as if it followed tracks,
described by Rodionov et al. (20), likely driven by molecular
motors and cytoskeletal structures such as microtubules. In
this respect, an interesting puzzle arises when one considers the
known role of the microtubule-organizing center (MTOC) in the
movement of cargo at the immunological synapse of classical of
T cells. Therefore, the directional movement of granule subsets
is associated with the MTOC relocalization toward the synapse
(21, 22). This mechanism clearly cannot operate in DETCs at
steady state because of the multiplicity of the PALPs.

Given that intradermal anti-Vy5-TCR antibody (or CTB)
did not cause perceptible morphological changes that would
indicate acute cellular activation, such as cell rounding up, and
consistent with the presence of non-phosphorylated TCR in sub-
merged clusters underneath the PALPs surface (5), our results
demonstrate that DETC TCR can be readily internalized without
perturbing the cell behavior in a gross manner. Considering the
ultimate trafficking of Vy5 antibody fluorescence into lysosomal
and LAMP-1 granules including in the PALPs, and knowing
that TCRs of classical af T cells are continuously internalized
and recycled back to the cell surface (23, 24), it is possible that
the physiological accumulation of TCR in the PALPs is in part
maintained by endosome-mediated TCR recycling. However, we
could not yet establish if the PALPs are the sites of physiological
TCR internalization. DETCs could use TCR and/or other cell
membrane component internalization to efficiently probe their
extracellular surroundings. In this respect, it would be interest-
ing to know whether steady state and/or acute TCR binding to
endogenous ligands, which remain to be discovered, would be
associated with TCR internalization similar to that by anti-Vy5
antibody, and weather the endogenous ligands would remain
bound to the TCR and co-internalized. The retrograde trans-
port could serve multiple purposes such as to simply retrieve
molecules for disposal or recycling, or to probe the molecular
composition of epidermal barrier for communication into the
dermis. The uncovering of DETC’s dendrite-mediated cargo
transport opens a host of new directions for further functional
studies.
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FIGURE S1 | Internalization of Vy5-AF647 and CTB-AF555 in dendritic
epidermal T cells (DETCs). Images show examples of DETCs after 10 min,

90 min, or 24 h from intradermal co-injection of CTB-AF555 and anti-Vy5-AF647.
The white arrows point to the apical dendrites (based on 3-D z-stack inspection).
Scale bar = 10 pm.

FIGURE S2 | V/y5 labeling is specific for dendritic epidermal T cells (DETCs).

(A) Accumulation of anti-Vy5-AF555 antibody in DETCs but not in Langerhans (LC)
or other cells. Left panel: dual reporter IL2p8-GFP (bright) and CD11c-YFP (dim)
mouse skin imaged in the same channel. Middle panel: DETC and LC identification.
(B) Comparison of anti-Vy5-AF555 antibody (upper panel) with the isotype control
(lower panel). Fluorescence intensity profiles are drawn along dashed regions to
relate AF555 signals to GFP-labeled DETC bodies. Scale bar = 10 pm.

FIGURE S3 | Identification of CTB-labeled granules. Immunofluorescence on
skin samples 6 days after injection of fluorescent CTB. Steady state CTB-labeled
granules colocalize with LAMP-1. The white arrows point to apical dendrite
endings, determined by 3-D z-stack inspection.

FIGURE S4 | Whole-cell fluorescence recovery after photobleaching (FRAP).
The lack of fluorescence recovery in the whole-cell photobleached areas
demonstrates that CTB (A) and Vy5 (B) labeling did not diffuse from the
intercellular spaces or by leaking from the neighboring cells. Fluorescence
intensity profiles are based on AF555 signal measured in the whole cell.

FIGURE S5 | Mid-body fluorescence recovery after photobleaching (FRAP) in
dermal non-dendritic epidermal T cells (DETCs) labeled by CTB-AF555 (related
to Figure 4B). Ear skin of a mouse was labeled with intradermal CTB-AF555.
Laser scanning microscope was focused in the dermis and the area in the red
rectangle was photobleached followed by time-lapse imaging of the FRAP. Lower
panel: FRAP quantification for dendrite ends and mid-bodies for multiple FRAP
experiments on 10-13 cells in two mice each. Images in “orange hot” intensity
color palette. Scale bar = 10 pm.

MOVIE S1 | Dynamics of lysosomes in a dendritic epidermal T cell (DETC)
in vivo. Imaging was performed 1 h after intradermal injection of LysoTracker (LT)
Red into a healthy IL2p8-GFP mouse. Depth color coding indicates apical layers
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Human Vy9Va2 T cells have the capacity to detect supra-physiological concentrations
of phosphoantigens (pAgs) generated by the mevalonate (Mev) pathway of mammalian
cells under specific circumstances. Isopentenyl pyrophosphate (IPP) is the prototypic
pPAg recognized by Vy9Vd2 T cells. B-cell derived tumor cells (i.e., lymphoma and
myeloma cells) and dendritic cells (DCs) are privileged targets of Vy9Vé2 T cells because
they generate significant amounts of IPP which can be boosted with zoledronic acid
(ZA). ZA is the most potent aminobisphosphonate (NBP) clinically available to inhibit
osteoclast activation and a very potent inhibitor of farnesyl pyrophosphate synthase in
the Mev pathway. ZA-treated DCs generate and release in the supernatants picomolar
IPP concentrations which are sufficient to induce the activation of Vy9Vvé2 T cells. We
have recently shown that the ATP-binding cassette transporter A1 (ABCA1) plays a major
role in the extracellular release of IPP from ZA-treated DCs. This novel ABCA1 function
is fine-tuned by physical interactions with IPP, apolipoprotein A-l (apoA-I), and butyrophi-
in-3A1 (BTN3A1). The mechanisms by which soluble IPP induces Vy9V&2 T-cell activa-
tion remain to be elucidated. It is possible that soluble IPP binds to BTN3A1, apoA-I, or
other unknown molecules on the cell surface of bystander cells like monocytes, NK cells,
VyOVo2 T cells, or any other cell locally present. Investigating this scenario may represent
a unique opportunity to further characterize the role of BTN3A1 and other molecules in
the recognition of soluble IPP by Vy9Vé2 T cells.

Keywords: Vy9Vs2 T cells, phosphoantigens, isopentenyl pyrophosphate, ATP-binding cassette transporter A1,
apolipoprotein A-l, butyrophilin-3A1

INTRODUCTION

A very peculiar feature of Vy9V82 T cells is their TCR-dependent, MHC-independent recogni-
tion of phosphoantigens (pAgs) (1). pAgs are pyrophosphorylated isoprenoids generated in the
mevalonate (Mev) pathway of mammalian cells. Isopentenyl pyrophosphate (IPP) is the prototypic
pAg recognized by Vy9V32 T cells (2). Increased Mev pathway dysregulation has been reported
in many types of cancer cells (3). This metabolic derangement leads to increased IPP production
which is sensed by Vy9V82 T cells laying the basis of their multifaceted contribution to immune
surveillance and antitumor immunity (4).

VyoVa2 T cells also recognize pAgs generated in Mev and non-Mev pathway of microbial patho-
gens [i.e., hydroxyl dimethylallyl pyrophosphate (HDMAPP), hydroxy-methyl-butyl-pyrophosphate
(HMBPP)] (5, 6); this capacity confers to Vy9Vd2 T cells a critical role in innate and adaptive
antimicrobial immune responses (7).
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pAg Release by ABCA1/apo-Al/BTN3A1 in DCs

The third pAg category recognized by Vy9Vo2 T cells
are the synthetic pAgs developed for therapeutic purposes
[i.e., bromohydrinpyrophosphate, (2E)-1-hydroxy-2-methylpent-
2-enyl pyrophosphate (CHDMAPP)] (8, 9). Some of these com-
pounds have been investigated in clinical trials with alternating
success (10) and are currently used as research tools to directly
or indirectly activate Vy9Vd2 T cells in vitro (11-13). More
recently, several technologies have been used to generate pAg
prodrugs with the aim to overcome the poor cell membrane
permeability and limited in vivo stability of pyrophosphate con-
taining pAgs (14, 15).

Another strategy which has been used in vivo and in vitro to
activate Vy9V82 T cells is to intentionally increase intracellular
IPP concentrations in tumor cells and/or antigen-presenting
cells (APCs) like monocytes or dendritic cells (DCs) with
aminobisphosphonates (NBP) (16), and alkylamines (17, 18).
These compounds inhibit farnesylpyrophosphate synthase
(FPPS) in the Mev pathway causing intracellular IPP accu-
mulation (18-20). Prodrug technology has also been used
to develop an highly hydrophobic NBP prodrug [tetrakis-
pivaloyloxymethyl 2-(thiazole-2-ylamino) ethylidene-1,1-bis-
phosphonate (PTA)] to facilitate intracellular uptake and, after
conversion into the active form, to induce FPPS blockade and
IPP accumulation (21).

The fate of supra-physiological IPP concentrations is differ-
ent according to cell type and tissue localization. Intracellular
formation of the pro-apoptotic ATP analog 1-adenosin-5-yl
3-(3-methylbut-3-enyl) triphosphoric acid diester (Apppl)
formation depends on the activity of FPPS, aminoacyl-tRNA
synthetases, dosage, and potency of NBP (22). Zoledronic acid
(ZA), the most potent NBP clinically available, is commonly
used to treat bone disease in myeloma and solid cancers with
bone metastases (23-25). In osteoclasts, ZA-induced supra-
physiological IPP concentrations leads to intracellular Apppl
formation (26). Apppl initiates the apoptotic program in
osteoclasts explaining the therapeutic efficacy of ZA in this set-
ting. Tumor cells also accumulate intracellular apoptotic Apppl
concentrations when exposed to ZA concentrations similar to
those achieved in the mineralized bone (from 50 uM to 1 mM).
Much lower ZA concentrations (0.5-1 uM) are used to boost the
capacity of tumor cells, monocytes, and DCs to activate VyoVd2
T cells (19, 27, 28). Under these conditions, ZA-induced IPP
accumulation is insufficient to induce enough Apppl to trigger
apoptosis. It is highly conceivable that APCs like monocytes and
DCs have developed mechanisms to resist the toxic effects of
intracellular IPP accumulation and converted this resilience to
survive and recruit Vy9V32 T cells. Upregulation of IPP extruders
like ABCA1 could contribute to this resilience (see also below).

Zoledronic acid-treated mature DCs are better Vy9Vd2 T-cell
activators than ZA-treated monocytes or ZA-treated immature
DCs (29). This superiority is directly related to their capacity to
accumulate high intracellular IPP concentrations and to release
IPP in the supernatants (SNs) at concentrations up to 1,000x
higher (nanomolar range) than intracellular concentrations
(picomolar range) (29, 30). These extracellular IPP concentra-
tions are sufficient to induce Vy9Vd2 T-cell proliferation in the
absence of cell-to-cell contact with ZA-treated DCs (30, 31).

How IPP is released in the extracellular microenvironment and
delivered to Vy9V62 T cells has been a matter of investigation and
partially decoded over the last year (31). This review is aimed at
discussing the role played by ABCA1, apo-Al, and BTN3Al in
the extracellular IPP release from ZA-treated DCs.

LOOKING FOR MEMBRANE-ASSOCIATED
pAg TRANSPORTERS

F1-ecto-ATPase has been the first cell surface protein associated
with IPP presentation to Vy9Vd2 T cells. Interest was driven
by the discovery that apoA-I and Fl-ecto-ATPase discriminate
between Vy9V52 T-cell sensitive or insensitive tumor cell lines
(32). The association between IPP and Fl-eco-ATPase was
reported a few years later in 721.221 B cells (33). This B-cell
line is unable to activate Vy9Vd2 T cells, unless incubated with
high-dose ZA to induce apoptosis. ZA stimulation induces
intracellular IPP accumulation, Apppl formation and binding
to Fl-ecto-ATPase. Allosteric Fl-ecto-ATPase modification
induced by Apppl leads to Vy9Vd2 T-cell activation via TCR-
dependent recognition (33).

Although very attractive, this model left the field open to
several questions. IPP does not directly bind to F1-ecto-ATPase,
but it requires Apppl formation; a nucleotide pyrophosphatase
(NPP) is then required to release IPP from Apppl and make it
available to Vy9Vo62 T cells. It is currently unknown whether
NPP activity is provided in cis by the same cells which have
accumulated IPP or in trans by neighboring cells. Thus, the IPP/
Apppl/Fl1-ecto-ATPase pathway appears to work as a multistep
process in which IPP is initially transformed into ApppI which
is relocated to the plasma membrane bound to F1-ecto-ATPase.
Next, IPP is made available to bystander Vy9V62 T cells by NPP
which releases IPP from Apppl. Vy9V2 T cells themselves have
been reported to express CD39 ecto-ATPase after activation, but
with the opposite goal, i.e., to destroy locally available IPP and
downregulate their activation (34). Another issue is that Apppl is
mainly generated in apoptotic cells, whereas Vy9V52 T cells are
also activated by non-apoptotic cells (35-37). Finally, HMBPP,
HDMAPP, and all HDMAPP-adenylated, thymidylated, and
uridylated pyrophosphoric derivatives are potent Vy9Vd2 T-cell
activators without any capacity to bind Fl-ecto-ATPase (9, 38).
These nucleotides are released in the extracellular microenviron-
ment by non-apoptotic cells or bacteria and cleaved by extracel-
lular pyrophosphatase (39).

A major advance has been the discovery that F1-ecto-ATPase
is a receptor for apolipoprotein A-I (apoA-I) (32, 39) and that
apoA-I is necessary for Vy9Vo62 T-cell activation by tumor cells
expressing IPP/Apppl-loaded F1-ecto-ATPase (32). Since it is
very unlikely that F1-ecto-ATPase is released from the plasma
membrane, it has been hypothesized that soluble apoA-I may
activate Vy9Vo2 T cells remotely. Interestingly, chronic inflam-
mation is associated with reduced levels of circulating apoA-I
and lower immune competence of Vy9Vo2 T cells (40). All
these findings have enforced the idea that apoA-I is a necessary
player in the efflux, delivery and pAg presentation to Vy9Vvo2
T cells (32).
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LOOKING FOR SOLUBLE pAg
TRANSPORTERS

ApoA-1 is physiologically involved in the assembly of nascent
high-density lipoproteins (HDL), which mediate the reverse
cholesterol transport. The first step in this process is the
interaction of apoA-I with the extracellular domain of the
ATP-binding cassette transporter A1 (ABCA1), a member of
the ABC transmembrane transporter family, abundant in liver,
gastrointestinal tract, and macrophages (41). Cholesterol and
phospholipids are physiologically effluxed by ABCAl and
loaded by apoA-I, but they are not the only lipids handled by
this pathway; a-tocopherol (42), dolichol, and retinoic acid are
also effluxed by ABCA1 and transported by apoA-I to nascent
HDL (43, 44). Interestingly, all these molecules share multiple
isoprenoid moieties identical to that contained in IPP and other
Vy9Vd2 T-cell activating pAgs.

This structural similarity prompted us to investigate whether
the ABCA1/apoA-I system could also extrude intracellular IPP,
especially when potentially harmful intracellular concentrations
are reached. ZA-treated DCs turned out to be a very convenient
and highly reproducible tool to investigate this issue. We have
found that ABCA1 plays a major role in the extracellular IPP
release from ZA-treated DCs and other cells, and that IPP cannot
be released in the SNs of ZA-treated DCs if ABCA1 is not present
or functionally active.

So far, we cannot exclude that other isoprenoids structur-
ally related to IPP, like dimethylallyl pyrophosphate, geranyl
pyrophosphate, FPP, or geranylgeranyl pyrophosphate
(GGPP), are also effluxed by the ABCAl/apoA-I system in
DCs and/or other cells. These isoprenoids can also activate
Vy9Voe2 T cells (45, 46) and regulate the cross-talk between
immune cells, cancer cells, and bystander cells in the tumor
microenvironment (TME) (47, 48). To exert their mitogenic
or regulatory functions in the TME, these metabolites must
reach adequate intracellular concentrations to be released
in replace of cholesterol and/or phospholipids that are the
privileged molecules conveyed by ABCAl/apoA-I. We have
shown that IPP extracellular release by ABCA1 overcomes
that of cholesterol only when supra-physiological concen-
tration of IPP are reached as a consequence of ZA-induced
FPPS inhibitions (31). It is possible that ABCA1 takes the
lead in extruding alternative pAgs like HMBPP only when
supra-physiological concentrations are reached as reported in
neutrophils after internalization of HMBPP-producing bacte-
ria (49). Structure-activity relation studies, cross-linking of
radiolabeled pAgs different from IPP should help to clarify
this unexplored and exciting issue.

Interestingly, single-nucleotide polymorphisms and post-
translational modifications (i.e., methionine oxidation) reduce
apoA-I affinity for cholesterol and increase the affinity for other
lipids (50). Since oxidation commonly occurs in the inflam-
matory microenvironment, it is possible that oxidized apoA-I
behave more efficiently as pAg carrier and provide adequate pAg
concentrations in inflamed tissues to induce the activation of
VyoVo2 T cells (Figure 1).

BTN3A1: A KEY PLAYER IN Vy9V52
T-CELL RESPONSES TO pAg

One major advance in understanding pAg-induced VyoVo2
T-cell activation has been the identification of the butyrophilin-3
(BTN3) protein family as a key mediator in this process (53).
BTN3 proteins, also known as CD277, are type I transmem-
brane proteins with two immunoglobulin (Ig)-like extracellular
domains (IgV and IgC) and close structural homology with the
B7-superfamily of proteins (54, 55). Three isoforms of BTN3A
are present in humans: BIN3A1, BTN3A2, and BTN3A3, each
encoded by a separate gene. BIN3A1 and BTN3A3 both contain
the intracellular B30.2 domains, but BIN3A1 only has the capa-
city to induce pAg-dependent Vy9V2 T-cell activation. Recent
findings from Vantourout et al. (56) indicate that BTN3A2 also
is deeply involved in pAg-induced activation of Vy9V2 T cells
(see also Figure 2) by regulating the appropriate routing, kinetics,
and/or stability of BTN3A1.

Two mechanisms have been proposed to explain the interac-
tions between BTN3A1 and pAgs and how these interactions are
sensed by Vy9Vd2 T cells. Reports about how BTN3A proteins
interact with pAgs are very conflicting and still represent an
unsolved and intriguing question. The first mechanism postu-
lates that pAgs are presented to Vy9Vd2 T cells via the mem-
brane-distal IgV-like domain within the BTN3A1 ectodomain
(57, 58). This model is reminiscent of the classical Ag-presentation
model and implies that pAgs are made available in the extra-
cellular space from endogenous or exogenous sources. However,
following reports have demonstrated that pAgs interact directly
with the intracellular B30.2 domain and failed to detect any
association with the extracellular domains of BIN3A1 nor with
the Vy9V82 TCRs (59-63).

The other mechanism is an inside-out mechanism initiated by
interactions of the intracellular B30.2 domain with pAgs (59-63).
Opposite to the antigen-presenting model, the allosteric model
implies that signaling is operated by endogenous pAgs or exog-
enous pAgs after internalization from external sources. Within
cells, pAgs are discriminated from non-antigenic small molecules
because the former only may induce the conformational switch
of the intracellular B30.2 domain (64). These changes determine
the structural reorganization of BTN3A1 dimers on the cell
surface which adopt a V-shaped conformation which is avidly
recognized by VyoVo2 T cells. The inside-out signaling can be
mimicked by agonistic (20.1) or antagonistic (103.2) antibodies
which can induce or block the active conformation of BTN3A
dimers on the cell surface (65) (Figure 2). It is still unclear how
conformational changes of the intracellular B30.2 domain are
transmitted to the cell surface. The juxtamembrane domain
located close to the B30.2 domain has recently been reported
to play an important role in the inside-out signal propagation
(66, 67). The recruitment of other proteins like RhoB and
periplakin has been proposed to participate to the structural
reorganization of BTN3A1 dimers on the cell surface (61, 68).
More recently, BTN3A2 also has been reported to be involved in
the induction of active BTN3A1 conformation (56) (Figure 2).
However, existing data require a cautious interpretation since

Frontiers in Immunology | www.frontiersin.org

38

June 2018 | Volume 9 | Article 1246


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Riganti et al. pAg Release by ABCA1/apo-Al/BTN3AT in DCs

95~125 kDa

a
v

y 3
v

110~120 kDa

155~165 kDa

a

I
1
I
I
1
I
I
'
140~170 kDa |
)
1
1
I
I
1
I

IPP

FIGURE 1 | Proposed model of ABCA1, apoA-I, and isopentenyl pyrophosphate (IPP) interactions. (A) It is unknown whether intracellular IPP binds to intracellular
ABCA1 domains as it does with the intracellular B30.2 domain of BTN3A1 (see Figure 2). IPP is extruded across ABCAT1 pore and reaches the extracellular
environment. Limited trypsin-digestion cleaves ABCA1 into four fragments, corresponding to different extracellular and intracellular domains (51). The schematic
diagram of trypsin-limited digestion of ABCA1 and the molecular sizes of the fragments produced are shown. We have found that IPP is associated with the
amino-terminal extracellular portion of ABCA1 (31). Interestingly, apoA-I has been reported to interact with the same portion (52). We propose that IPP and apoA-|
meet and associate within the amino-terminal portion of ABCA1 in the ECD1. IPP locally competes with cholesterol and other phospholipids for apoA-I binding and
transportation. Local concentrations and the oxidized status of apoA-I, especially if IPP-producing cells are embedded in an inflammatory microenvironment, may
favor IPP binding vs other metabolites. It is also possible that IPP is released in the extracellular space unbound to apoA-I. It is currently unknown whether IPP/
apoA-I is more resistant to degradation by serum nucleotide pyrophosphatases than soluble IPP and more effective in the activation of Vy9V82 T cells faraway
from IPP-producing cells. (B) ABCA1 is schematically represented from left to the right without any extra-loaded molecule, loaded with apoA-I only, with IPP only,
and with IPP/apoA-l + IPP. It has been shown that apoA-I and IPP can bind to ABCA1, and that ABCA1 can bind to BTN3A1 (31). It is currently unknown whether
ABCA1 has different affinity for BTNSA1 depending on IPP and/or apoA-I loading. Arrows: moleculare weight of fragments derived from trypsin-cleavage sites;
COOH, carboxyterminal domain; ECD1, extracellular domain 1; ECD2, extracellular domain 2; NBD, nucleotide binding domain; NH2, amino-terminal domain.

in most cases they have been obtained using recombinant pro-  are available. Likewise, some unsolved issues remain regarding
teins and/or immobilized Vy9Vd2 TCRs. These experimental  the conformational switch induced by agonistic or antagonistic
conditions do not recapitulate the dynamic situation going on  anti-BTN3A1 mAbs that may not fully mimic the conformational
under physiological or pathological conditions when much  switch induced by pAgs, at least in some experimental models
lower amounts of pAgs, binding proteins, and Vy9V32 TCRs  like the murine Vy9Vy2 TCR-transfectants reported by Starick
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et al (69). This variegate scenario is the propellant of an excit-
ing debate about how BTN3A proteins interact with pAgs and

stimulate Vy9V82 T cells.
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FIGURE 2 | Leads of the ménage a trois between ABCA1, apoA-I, and BTN3A1. (A) BTN3A1 inactive and active dimer conformations are represented from

left to the right. Models are derived from crystallographic-based models using recombinant proteins and/or immobilized Vy9V82 TCRs, and tested using
Fluorescence Resonance Energy Transfer-based measurements or proximity-ligation assays. These models are inspiring but still unproved in living cells under
physiological or pathological conditions. The inactive conformations include both the head-to-tail conformation (left) and a V-shaped conformation (right) (65).
Active conformations are characterized by loss of the head-to-tail conformation or by a rotational shift in the V-shaped dimer induced by the agonistic 20.1 mAb
(which binds to extracellular IGHV-like domains), isopentenyl pyrophosphate (IPP) (which binds to the intracellular B30.2 domain), or by BTN3A1/BTN3A2
interactions as recently reported by Vantourout et al. (56). (B) Hypothetical configuration of ABCA1/apoA-I/BTN3A1 interactions are represented from left to right.
Left: in the absence of zoledronic acid (ZA)-induced supra-physiological IPP concentrations, BTN3A1 maintains the inactive dimer conformation (for simplicity
only the head-to-tail dimer is shown); ABCA1 in cooperation with apoA-I is mainly committed to extrude cholesterol (blue dots). ABCA1 and BTN3AT are not
physically associated under these conditions. Middle: hypothetical configuration of ABCA1/apoA-I/BTN3A1 interactions driven by ZA-induced intracellular

IPP accumulation (red dots). ABCA1 and apoA-| expressions are increased, BTN3A1 expression is not increased, but BTN3A1 acquires the active dimer
conformation because IPP is bound to the intracellular B30.2 domain; the mutually supportive cooperation between ABCA1, apoA-I, and active BTN3A1 leads to
the release of picomolar IPP amounts in the extracellular fluids. Whether extracellular IPP (red dots) binds to extracellular IGHV-like domain of BTN3A1 (as shown)
and participate to the activation of Vy9V&2 T cells according to the antigen-presentation presentation model proposed by Vavassori (57) is unknown; Right:
hypothetical scenario in Btn3a1-silenced ZA-treated dendritic cells. Desertion of BTN3A1 from the ménage a trois decreases the efficiency of extracellular IPP
release by ABCA1/apoA-I even if they remain upregulated (31). These data indicate that the expression of BTN3A1 is useful but dispensable and that the main
role is played by ABCA1/apoA-I; (C) hypothetical models of ABCA1/apoA-I/BTN3A1-BTN3A2 interactions are represented from left to right. Active BTN3A1
conformation is induced by interactions between BTN3A1/BTN3A2 and IPP bound to the B30.2 domains of BTN3A1. No data are currently available to support
the hypothesis that BTN3A2 is physically bound to ABCA1. Left: ABCA1 and apoA-| expressions are increased, and BTN3AT1 acquires the active dimer
conformation because of BTN3A1/BTN3A2/IPP interactions. It is unknown whether this is the most effective complex to extrude IPP. Middle: in the experiments
reported in Ref. (31), we have silenced BTN3AT1 expression only and we know that this complex is still able to release IPP although with a lower efficiency [see
also (B), right panel]. One possible explanation is that BTN3A2 partially substitutes for BTN3AT. Right: it is conceivable, although yet unproved, that desertion of
both BTN3A1 and BTN3A2 from the complex compromises even more extracellular IPP release. (D) It is currently unknown whether unloaded ABCA1 or IPP/
apoA-I-loaded ABCA1 can switch BTN3A1 from its inactive conformation to the active dimer conformation in the absence of IPP bound to the intracellular B30.2
domain. For simplicity only the head-to-tail dimer is shown. It is also unknown whether unloaded or IPP/apoA-I-loaded ABCA1 can overcome the inactive

BTN3A1 conformation locked by the antagonist 103.2 mAb.

endogenous sources; the latter that exogenous pAgs are internal-
ized from external sources. BTN3A molecules are devoid of the
capacity to transport pAgs across the membrane suggesting that
interactions with other transporters are needed. The existence of
an inside-out transporter was anticipated by De Libero and cow-
orkers to support the antigen presentation model. Interestingly,
these Authors have hypothesized the existence of a dedicated
IPP transporter supervening only when there is an excessive
IPP accumulation within APCs, but not when IPP is provided
exogenously (58).

Based on these data, we have hypothesized that ABCAL,
apoA-I, and BTN3A1 cooperate in the extracellular IPP release
from ZA-treated cells. We believe that, whatever the mecha-
nisms responsible for the conformational switch driven by
intracellular IPP and/or agonistic/antagonistic anti-BTN3A1
mAb, it is mainly the active BTN3A1l conformation to par-
ticipate to the ménage a trois and to facilitate extracellular IPP
release in cooperation with ABCA1 and apoA-I. Intracellular
IPP accumulation is boosted by ZA stimulation and this is
propaedeutic to the acquisition of the active conformation
fuctionally confirmed by the excellent ability of ZA-treated DCs
to activate VyOVo2 T cells.

THE COOPERATION BETWEEN ABCA1,
apoA-1 AND BTN3A1

After screening the expression and activity of a large number
of plasma membrane-associated ATPases, ABC transport-
ers involved in lipid efflux and phosphate transporters, we
found that ABCALI only is upregulated by ZA treatment in
DCs. Interestingly, this upregulation is accompanied by the

simultaneous increase of apoA-I and IPP in the SNs (31). The
highly significant correlation between the release of extracel-
lular IPP and the expression of ABCAI in many different cell
types prompted us to further investigated the role of ABCA1/
apoA-I in IPP efflux. The 3D structure of human ABCA1l
has not yet been solved; the only available data indicate that
apoA-I binds the extracellular amino-terminal domain of
ABCA1 (52). Of note, we found that, in ZA-treated DCs,
IPP binds to the same domain (31) (Figure 1). Only further
proteo-lipidomic analysis of DC-derived SNs can provide
the direct demonstration that IPP is physically associated to
apoA-I. This will be a solid step toward the next challenge,
i.e., understanding how extracellular IPP is presented to
Vy9V52 T-cells (i.e., in soluble form, bound to Apo-Al, bound
to BTN3A1). Our opinion is that ABCA1 extrudes IPP, but it
cannot be an effective IPP-presenting molecule in a soluble
form because it is a transmembrane protein unreleasable from
viable cells. Whether the ABCA1/IPP/apoA-I complex can
be released from apoptotic cells to provide activatory signals
to Vy9Vd2 T cells is unknown. We have not determined the
capacity of ZA-treated DCs to activate Vy9Vd2 T cells in
cell-to-cell contact experiments after Abcal and/or Btn3al
silencing or knock-out. Additional experiments are needed to
determine whether ABCAL is just a safety valve supervening
when potentially dangerous intracellular IPP concentrations
are reached in DCs or whether ABCAL1 is directly involved in
pAg presentation.

As far as BTN3ALl is concerned, it appears to play the
“third actor role” in the ABCA1/apoA-I/BTN3A1 ménage a
trois (Figure 2). Contrarily to apoA-I, cross-linking experi-
ments demonstrate that BIN3A1 does not bind to apoA-I, but
co-immunoprecipitation and proximity-ligation assays indicate
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that BTN3AL1 is physically associated with ABCA1 in DCs.
It is really intriguing that, among all the possible partners
available, BTN3A1 is physically and functionally associated
with ABCA1 which extrudes IPP and whose expression is
upregulated by IPP.

Zoledronic acid-treated Abcal-silenced DCs have a significant
reduction in the ability to release extracellular IPP, whereas
ZA-treated Btn3Al-silenced DCs are only marginally affected.
However, when both genes are silenced in Btn3al/Abcal-double
silenced DCs, a statistically significant reduction in extracellular
IPP release is observed compared with ZA-treated Abcal-silenced
DCs (31).

We are aware that siRNA determine a partial and transient
downregulation of BTN3A1 that can be different in differ-
ent cell types. So far, data generated in our lab are sufficient
to conclude that BTN3A1 participates to the ménage a trois
facilitating extracellular IPP release by ABCA1 and apoA-I
in ZA-treated DCs. A comparison between single and double
Abcal and Btn3al permanent knock-out cells could provide a
more definitive conclusion about BTN3A1 involvement in IPP
efflux.

Very recently, it has been reported that BIN3A2 also is
required for optimal BTN3Al-mediated activation of Vy9Vd
T cells (56). The interaction between these isoforms regulates the
appropriate routing, kinetics, and stability of BTN3A1. Thus, we
have envisaged an hypothetical scenario in which both BTN3A1
and BTN3A2 collaborate with ABCA1 and apoA-I to induce
extracellular IPP release (Figure 2).

It is currently unknown whether the physical interaction
between ABCA1 and BTN3AIl is a late event arising after
that IPP-induced conformational changes have occurred
or whether this is an early event contributing with IPP to
the induction of BTN3A1 conformational changes. Since
no physical interactions are detected between ABCA1 and
BTN3A1 in the absence of ZA stimulation, and silencing
Abcal, Btn3al, or both genes, has no effect on extracellular
IPP release in untreated DCs (31), the IPP/ABCA1/apoA-1/
BTN3A1 cross-talk is likely initiated only after that supra-
physiological IPP concentrations has been induced by ZA
treatment. As of today, we cannot exclude that BTN3A1 inter-
acts with other proteins, including BTN3A2 or other ABC
transporters, to promote extracellular IPP release. Highly
conserved and ubiquitous proteins like BIN3A1 are often
part of multiprotein complexes where they may exert func-
tions of adaptors, scaffold proteins or allosteric modulators
of their interactors. Investigation of this putative BIN3A1
role is still in its infancy, but it could unravel very interesting
and unexpected discoveries. Only an in-depth interactome
study of BTN3A1 may identify other interactors involved in
IPP efflux. Crystallography studies of BTN3A1l-interactors
complexes will provide additional information on the puta-
tive domains involved in IPP binding and subsequent IPP
delivery to the interactors. Functional assays investigating
IPP efflux, after selectively silencing the putative interactors,
will shed light on the hierarchical function of each molecule
in the process.

INTRACELLULAR SIGNALING INVOLVED
IN ABCA1/apoA-I UPREGULATION

Intracellular IPP binding to the B30.2 domain to induce BTN3A1
conformational changes and the concurrent upregulation of apoA-I
and ABCAL appear as a nicely coordinated process. 500 pM IPP,
which is in the range of intracellular concentrations detected in
ZA-treated DCs, is sufficient to activate the liver X receptor o
(LXRa) and promote LXRa-induced transcription of Abcal and
apoA-I(31). Putative ligands of LXRa in macrophages include sev-
eral isoprenoid compounds, such as retinoic acid (70), astaxanthin
(71), allyl-cysteine (72), or zerumbone (73). In DCs, however, the
effect of IPP is highly specific and neither exogenously added FPP
or GGPP induce LXRa activation (31). The different chain length
and tridimensional conformation may account for the different
ability to induce LXRa activation. Moreover, ZA decreases intra-
cellular FPP and GGPP concentrations to sub-picomolar values
(74-76) which are insufficient to induce LXRa activation (31).

These data also point out how different can be the tran-
scriptional regulation of Abcal/apoA-I and lipid metabolism
in immune cells. In DCs, Abcal expression is mainly regulated
by LXRa and IPP-induced ABCA1 upregulation is finalized to
extrude IPP in cooperation with apoA-I and BTN3A1; more-
over, DCs express very low levels of LXRp (77) which remains
unmodulated by ZA (31). By contrast, Abcal expression in T cells
is governed mainly by LXRp and ABCA1 upregulation induces
cholesterol depletion and impairs T-cell functions (78). It is cur-
rently unknown whether a similar ménage a trois occurs in T cells
as a consequence of LXRf-induced ABCA1 activation.

A second IPP-independent mechanism by which ZA upregu-
lates ABCA1/apoA-I complex in DCs is the intracellular shortage
of FPP generated by FPPS inhibition, decreased Ras prenylation
(74) and decreased activity of the Ras-dependent PI3K/Akt/
mTOR pathway (79) which constitutively inhibits LXRa activa-
tion (31, 80). PI3K/Akt-activity also reduces the amount of
surface ABCAL, likely interfering with recycling mechanisms
(81). ERK1/2, other Ras-downstream effectors (73), negatively
regulate ABCA1 expression in macrophages (82). Although not
yet explored in DCs, also this Ras-dependent pathway may be
involved in ABCA1 expression and ABCA1-dependent IPP efflux.

CONCLUSION

In conclusion, the ménage a trois between apoA-I, ABCA1, and
BTN3A1 in ZA-treated DCs is finalized to extrude very efficiently
intracellular IPP after that supra-physiological concentrations
have been reached as a consequence of a deranged Mev pathway.
The relationships between these partners are hierarchically
not equivalent because ABCA1 and apoA-I are physically asso-
ciated (as expected), ApoA-I and BTN3A1 are physically asso-
ciated, whereas BIN3A1 and apoA-I are not physically associated.
IPP binds to ABCA1, BIN3AlI, and apoA-I, further promoting
interactions between these molecules. We speculate that the aim
of this menage a trois is twofold: the first is to extend the range
of immune regulation also to Vy9V32 T cells which are not in
close proximity to pAg-presenting cells. Under this perspective,
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IPP efflux can be included in the number of the damage-associated
molecular patterns, as microbial pAgs can be considered part of
pathogen-associated molecular patterns, i.e., highly conserved
pathways that trigger and sustain immune activity in response
to danger signals (83). The second is to protect pAg-presenting
cells from apoptosis due to intracellular Apppl accumulation.
It is reasonable that immune cells have developed pleiotropic
mechanisms to protect themselves from IPP accumulation.
A redundancy of mechanisms controlling the IPP efflux may
ensure that the immune activation of Vy9Vo2 T cells operated by
pAg-presenting cells is not prematurely terminated.
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vOT cells comprise a unique T cell sublineage endowed with a wide functional repertoire,
which allow them to play important—sometimes opposite—roles in many immune
responses associated with infection, cancer, and inflammatory processes. This is largely
dependent on the existence of pre-programmed discrete functional subsets that differ-
entiate within the thymus at specific temporal windows of life. Since they represent a
major early source of interleukin-17A in many models of immune responses, the ydT17
cell population has recently gained considerable interest. Thus, a better dissection of
the developmental program of this effector y8T subset appears critical in understanding
their associated immune functions. Several recent reports have provided new exciting
insights into the developmental mechanisms that control y8T cell lineage commitment
and differentiation. Here, we review the importance of thymic cues and intrinsic factors
that shape the developmental program of y8T17 cells. We also discuss the potential
future areas of research in ydT17 cell development especially in regards to the recently
provided data from deep RNA sequencing technology. Pursuing our understanding into
this complex mechanism will undoubtedly provide important clues into the biology of this
particular T cell sublineage.

Keywords: y8T cells, innate immunity, interleukin-17A, thymus, transcription factor, development

Interleukin-17 (IL-17) is a highly conserved cytokine in vertebrates that plays a critical role in host
homeostasis and immune response to pathogens especially at barrier sites (1, 2). Recent evidence
indicates that IL-17 also emerges as a key contributor in immunity beyond the scope of infection,
such as inflammation and cancer (3, 4). Given the pivotal role of lymphoid cell-derived IL-17 in
orchestrating immune responses, its cellular sources have been extensively searched over the last
decade. Initially believed to be mainly produced by conventional CD4* T (Th17) cells (5, 6), the
discovery of innate and innate-like lymphocytes endowed with potent capacities to produce IL-17 (7)
suggests that this cytokine is well poised at the border between innate and adaptive immunity. These
populations include y8T cells (8), natural killer T (NKT) cells (9), mucosal-associated invariant T
(MALIT) cells (10), and group 3 innate lymphoid cells (ILC3) (11). Among those, y8T cells have been

Abbreviations: Ag, antigen; APC, Ag presenting cells; Blk, B lymphocyte kinase; DETC, dendritic epidermal y8T cell; IL,
interleukin; IFN, interferon; ILC, innate lymphoid cells; Lefl, lymphoid enhancer-binding factor; MAIT, mucosal-associated
invariant T; NKT, Natural Killer T; TCR, T cell receptor; TEC, thymic epithelial cells; TE, transcription factor.
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demonstrated to be the main contributors in IL-17 production
in many settings, such as infection, autoimmunity, and cancer.
Here, we discuss the recent advances on our understanding of
IL-17-producing y8T (y8T17) cell biology with a particular
emphasisonthetranscriptionalroad mapsthatdrivestheirinnately
“pre-programmed” effector fate.

CHARACTERISTICS OF y6T17 CELLS

Mouse yOT cells consist of a heterogeneous population of thy-
mus-derived T lymphocytes characterized by distinct functional
properties (e.g., cytokine profile and/or cytotoxic properties)
and tissue distribution (12). Within this subset diversity, y6T17
cells can be defined based on their T cell receptor (TCR) rep-
ertoire usage and surface markers. Thus, y8T17 cells are almost
exclusively restricted to y8T cells expressing either a Vy6 or a
Vy4 TCR (N.B.: The Heilig and Tonegawas nomenclature (13)
has been used in this review) (Table 1). In addition, many cell
surface antigens (Ags) have been shown to distinguish y8T17
cells and can be defined as CD27-, NK1.1-, IL-7Raeh, IL-18Rbish,
CD1227, and CCR6* cells (14-16). y8T17 cells mainly establish
residency at barrier sites including lung, skin, vagina, and oral
cavity. However, they can recirculate in particular pathological
situations including infections and cancer (17). The migratory
capacity of y8T17 cells is regulated by the chemokine receptors
CCR2 (during inflammation) and CCRé6 (at homeostasis) (18).
This preferential location at barrier sites might indicate a pref-
erential interplay between y8T17 cells and the endogenous flora
(19) as exemplified by the strong reduction in frequency of lung
resident y8T17 cells in germ-free mice (20). Interestingly, while
Vy4+y8T17 cells can be detected in the gastrointestinal tract (21),
we and others failed to detect Vy6* y8T17 cells in this tissue in
adult mice under steady-state condition (20, 22). This might sug-
gest that the nature and/or diversity of commensals in the various
mucosa could differentially influence the maintenance of y8T17
cell subsets.

y8T17 cells are characterized by their ability to promptly pro-
duce copious amounts of IL-17A/F, IL-22, IL-21, and GM-CSF
(8,23-25). This rapid capacity to produce these cytokines can be

mainly attributed to their innate-like feature. Despite expressing
a fully functional rearranged TCR, y8T17 cells can respond to
activating cytokines (IL-1p, IL-23, and IL-18) even in absence of
concomitant TCR engagement (8, 16). However, TCR ligation on
naive y8T17 cells has been shown to license them by increasing
activating cytokine receptor expression (e.g., IL-1R1 and IL-23R)
and thus rendering them permissive to “innate” stimulation
(26). The nature of these Ags is yet to be determined. Notably,
the unprocessed form of the red algae protein phycoerythrin has
been shown to interact with a small proportion of naive yoT cell
TCRs irrespectively of their TCR repertoire (26). Even if the
physiological relevance of phycoerythrin in the biology of mam-
malian cells is difficult to conceive, it is tempting to speculate that
structurally related Ags could be relevant in the general selection
and licensing of YT cells. In addition, the fact that a single Ag
can be recognized by various ySTCRs harboring distinct CDR3
regions is reminiscent with the NKT cell biology (27) and can
suggest the existence of a restricted conformational “hot-spot”
comprising few amino acid residues in CDR3 regions responsible
for y8T cell antigenicity in mice. This structural basis for Ag
recognition by innate-like T cells might have been conserved all
through the evolution from jawless vertebrates (28).

Despite leaving the thymus with a pre-programmed effector
fate, y8T17 cells have been shown to conserve a certain degree of
plasticity in the periphery. This characteristic originates from an
epigenetic regulation program for specific genes in y8T17 cells
such as Dickkopf-related protein 3 (29). Thus, along with IL-17,
yOT17 cells can also produce interferon (IFN)-y under inflam-
matory conditions. The biological relevance of this plasticity has
been revealed in various settings including Listeria monocytogenes
infection (22). In this later model, long-lasting accumulation of
Vy6* IFN-y/IL-17 double producers was observed within intesti-
nal lamina propria (22, 30). Since Vy6* y3T17 cells were reported
to be absent from the gastrointestinal tract at steady-state (20),
it is possible that the combination of the y8T17 cell epigenome
and local environment modifications under this inflammatory
condition favors their homing and survival in the gut tissue. On
the other hand, it is interesting to mention that IFN-y-producing
pre-programmed y3T cells (y8T1) do not possess the capacity to

TABLE 1 | Origin, tissue distribution, and TCR repertoire of y§T17 cells.

Subset  Windows of development Steady-state tissue distribution  Origin V(D)J diversity
Vyt+ Mainly perinatal (day 3-8) Barrier sites and lymphoid tissues Natural Intermediate to high
Vy2/3* Late embryonic and perinatal (from Barrier sites and lymphoid tissues Natural -
E17 to day8)
Vyd+ Late embryonic and postnatal (E18  Barrier sites and lymphoid tissues Natural: for Vy4* T cells of fetal origin Invariant for natural y8T17: Vy4Jy1/
onward) including at least the Vy4V85 subset V85D582J51
Inducible: after Ag encounter in the Intermediate to high for inducible
periphery without extensive clonal yoT17
expansion
Vy5+ Embryonic only (from E13 to E16) Epidermis Reprogrammed: unknown mechanism Invariant: Vy5Jy1Cy1/V81D82J62
(TCR?)
Vy6* Embryonic only (from E14 to birth) Barrier sites at the exception of Natural Invariant: Vy6Jy1Cy1/V81D82J62

the gut

E, embryonic day; V, variable gene segment; D, diversity gene segment; J, junction gene segment; Ag, antigen; TCR, T cell receptor.
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produce IL-17 (31). However, a small proportion of epidermal
y8T1 (e.g., Vy5*) cells has been demonstrated to produce IL-17
in vivo upon skin wounding (32). The molecular determinants
involved in giving rise to this cytokine production capacity are
currently unknown but seem to rely on TCR signaling (33).

The existence of yYdT17 cells in humans is still a matter of debate
(34). Actually, the thymic program of y8T cells in humans seems
to differ from the one described in mice (35). Most of the data
available suggest that human y8T cells might not be “innately”
programmed to produce IL-17 during their thymic development
but rather acquire this capacity under inflammatory conditions
once in the periphery akin to CD4* Th17 cells. Thus, circulating
Vy9Vd2* [using Lefranc’s nomenclature (36)] T cells from adult
healthy donors produce no or little IL-17 (37) except under com-
plex stimulatory protocol including both activating cytokines and
TCR engagement (38). However, it is important to mention that
purified Vy9* y3T cells from cord blood seem more prone to pro-
duce IL-17 (37, 39, 40) that could suggest an embryonic origin for
human y8T17 cells similar to the murine situation. It is, therefore,
possible that these putative y8T17 cells occupy particular niches
of the body that render them difficult to assess under homeo-
static conditions. Murine pre-committed y3T17 cells are often
characterized by the expression of an almost clonal TCR (41).
Thanks to next-generation sequencing, the existence of clonal
TCR-expressing yOT cell subsets in humans has recently emerged.
Upon cytomegalovirus reactivation, a recent study demonstrated
the massive proliferation of diverse ydT cell clones in patients
after allogeneic-hematopoietic-stem-cell transplantation (42).
However, the TRG and TRD sequences of these clones were not
shared among individuals at the nucleotide level (42). In addition,
analysis of the human V81* T cells in healthy adults indicates
that this repertoire is dominated by few private clonotypes (43).
Determining the cytokine profile of these clones will be helpful
to better appreciate the existence and origins of y8T17 cells in
humans. Whatever the mechanisms that drive their emergence
in humans, the capacity of human y8T cells to produce IL-17
has been demonstrated in various immune responses including
infection, cancer, and autoimmunity (38, 44-46).

DEVELOPMENT OF y6T17 CELLS

Dealing With the Concept of “Innate/
Natural” vs “Adaptive/Inducible” Origins
of y6T17 Cells

Mouse ydT cells develop in a standardized manner by sequential
waves that can be conveniently followed based on their Vy chain
usage (47). This process starts during embryonic life from day
13 (E13) onward. The first wave is exclusively constituted of the
IFN-y-producing Vy5* cells and lasts for about 4 days. This is
shortly followed by a developmental wave of “natural” IL-17-
producers comprising both canonical Vy6* (from E14 to birth)
and restricted subsets of Vy4* (E18 onward) (48, 49). Around
birth, IFN-y-producing Vy1* and Vy4* subsets start to develop
along with the IL-4/IFN-y-double producers Vy1*Vd6* subset.
After birth, developing y3T cells mainly exhibit a naive uncom-
mitted profile (47).

According to this scheme, natural y3T17 cell development is
believed to be restricted to the gestational period. To support this
notion, Haas and colleagues demonstrated that transplantation
of bone marrow from IL-17-competent mice into lethally irradi-
ated Il17af-deficient adult recipients failed to induce y8T17 cell
development (49). Partial y8T17 cell development in the thymus
could be achieved in reconstituted II17af-deficient neonate
recipients but failed to give rise to y8T17 cells in the periphery.
In addition, inducible expression of Ragl in T cell precursors
in adult mice did not restore de novo generation of ydT17 cells
(49). Likewise, CCR6* IL-17-producing dermal y3T cells failed to
reconstitute 8 weeks after bone marrow transplantation unless the
mice received an additional transfer of neonatal thymocytes (33).
Surprisingly, the same lab reported the presence of Vy4* CCR6*
(but not Vy4~ CCR6%) y8T17 cells in lymph nodes of recipient
TCR™~ mice following bone marrow transplantation in absence
of neonatal thymocytes at 12 weeks post-grafting (50). The basis
for this difference remains unclear but one can argue that, in the
12 weeks model, authors have reconstituted “inducible” ydT17
cells only. Several studies have also reported that the peripheral
pool of ydT17 cells decreased with age (51, 52), which further
support the embryonic origin of natural y8T17 cells.

Despite suggesting a strict favorable temporal window for
natural y8T17 cell development during fetal life, these studies
also raised some additional interrogations. Is this developmental
model imposed by intrinsic (nature of y3T precursors) or extrin-
sic (embryonic vs adult thymic environment) factors? Zuniga-
Pfliicker’s team recently started to provide an answer to this ques-
tion. Culture of ySTCR-transduced fetal or adult hematopoietic
precursors with OP9-Delta-like protein 4 (DI14) cells led to the
development of y3T cells with IL-17 production capacity in a
similar manner (53). Thus, these data suggest that adult progeni-
tors conserve their intrinsic capacity to develop as y8T17 cells
once in an appropriate environment. However, since the authors
used a clonal TCR (Vy4Vd5) (54) for transfection, it cannot
be excluded that in addition to the favorable environment, the
nature of the TCR expressed plays a role in the IL-17 effector fate,
in particular regarding the recent discovery of clonal Vy4]Jy1/
V65D82]81 T cells with a strongly biased IL-17-producing profile
(55). In addition, recent studies have shown that adult peripheral
v8T cells (from adult bone marrow-derived precursors) can con-
vert into “induced” y8T17 cells upon inflammatory conditions
(56, 57). Both studies highlighted a critical role for the cytokines
IL-23 and IL-1p, and to a lesser extent TCR signaling, in this pro-
cess (56, 57). Importantly, the potential to give rise to inducible
y8T17 cells seems to be restricted to the IL-2Rp~ yOT cell subset
(57). To further illustrate this peripheral polarization capacity,
Buus and colleagues recently provided a RNA-Seq analysis of
adult yd thymocytes indicating IL-17 potential in certain subsets
including notably IL-2Ra* Clec12A* Vy1* and Vy4+ cells (58).

This situation illustrates the recent concept of “natural” vs
“inducible” y8T17 cells (48). While “natural” (Vy6*and Vy4* sub-
sets) yOT17 cells are committed to this effector fate during their
embryonic/perinatal thymic developmental program, “inducible”
yOT17 cells stem from naive (Vyl* and Vy4* subsets) yOT cells
within the periphery upon inflammatory conditions through
cytokine, and/or Ag recognition akin to conventional CD4*
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Th17 cells (26). Thus, it is tempting to view “natural” ydT17 cells
as innate-like T cells whereas “inducible” y8T17 cells can rather
be considered adaptive. This is reminiscent with the situation in
the af lineage comprising innate-like T17 (NKT17 and MAIT17)
cells and adaptive conventional Th17 cells.

Thymic Molecular Determinants
of y6T17 Cell Effector Fate

In this section, we will review the thymic determinants that drive
y3T cell differentiation into an IL-17 effector fate by deciphering
how “natural” IL-17-committed y3T cells emerge from the rest of
the y8T cell compartment. Before commitment into y8T17 cell
sublineage, thymic precursors have to first undergo a bifurcation
into o or Y3 lineages. Mechanisms driving this initial dichotomy
are beyond the scope of this review, but it is worth mentioning that
the strength of TCR engagement in thymocytes emerges as a driv-
ing force in this process [see Ref. (53, 59) for reviews]. However,
requirement for TCR ligation in IL-17-commited y8T cell differ-
entiation is still an intense matter of debates that will be discussed
later. Commitment toward the ydT lineage happens at double
negative (DN)2 and DN3 stages (60, 61). Interestingly, the effector
fate of “natural” ydT cell subsets (IFN-y- vs IL-17A-producing)
appears to be already predetermined at this stage. Thus, commit-
ment to “natural” y8T17 cells exclusively arises from the late DN2
stage in a B cell leukemia/lymphoma 11b-dependent manner (46).

Further differentiation into the IL-17 effector fate is a com-
plex and highly dynamic process involving multiple molecular
and cellular interactions. For the salve of clarity, we distinguish
here the (1) extrinsic factors (e.g., thymic environmental cues)
and (2) intrinsic factors [e.g., intracellular signaling pathways
and transcription factors (TFs)] that tune y8T17 precursors into
mature y8T17 cells.

Extrinsic Factors

Molecular and cellular players within the thymic microenviron-
ment are crucial for acquisition of y8T cell effector fate (Figure 1).
Anatomically, precursors migrate from the cortex to the medulla
during this process, where they receive multiple signals that dic-
tate their differentiation. In this three-dimensional environment,
it is important to keep in mind that time should be considered as
a fourth dimension when deciphering the “natural” y8T17 cells
ontogeny.

Cytokines
Many cytokines have been reported to directly or indirectly
regulate thymic y8T17 cell differentiation/development.

IL-7 isa critical and non-redundant cytokine in lymphopoiesis
(62). IL-7Ra-deficient mice completely lack y8T cells (63, 64)
partly due to the role of IL-7 in V-] recombination of TCRy genes
(63, 65). Its specific role in survival and proliferation of y8T17 cells

MEDULLA
Immature

TCR

Intrinsic
developmental

program

FIGURE 1 | Overview of thymic y8T17 cell ontogeny. Initial intrathymic pathways leading to pre-committed y8T17 cells divergence from other T cell lineages are
illustrated. The thymic (cortical and medullary) environmental cues involved in y8T17 cell effector fate and the preferential peripheral niches of mature y817 cells are
also depicted. Labels indicate the cells, soluble factors, proteins, surface markers, and T cell receptor (TCR) signal strength involved in the y8T17 cell program of

differentiation.
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in peripheral tissues under homeostatic and pathological situa-
tions has been demonstrated (37, 66, 67). Even if this question has
never been directly addressed, many studies imply a requirement
for IL-7 in the proper natural y3T17 cell development. First,
in a model of conditional abrogation (RBP-Jk) that precludes
IL-7Ra (CD127) expression, but in which the initial generation
of yd precursors (DN2 and DN3 stages) is maintained, the pool
of both thymic and peripheral y8T17 cells is markedly reduced
(68). Second, addition of recombinant IL-7 in fetal thymic organ
culture from E16 thymus promotes y3T17 cell expansion over
IEN-y-producing ydT cells (37). Understanding whether IL-7
directly participates in the differentiation program or solely in the
post-differentiation expansion of y8T17 cells will require further
investigations. In line with the favorable temporal window for
y8T17 cell development around birth, it is important to mention
that thymus is particularly enriched for IL-7 [especially in thymic
epithelial cells (TECs)] in neonates and its presence declines with
age (69, 70).

Akin to conventional aff Th17 cells, TGF-f1 has also been pro-
posed to participate in y8T17 cell development (71). In addition,
this report indicates that some other Th17-driving cytokines, such
as IL-23 and IL-21, appear to be dispensable. However, since the
authors have performed their investigation in 11-day-old mice,
a time at which natural y8T17 cells already egressed the thymus,
it is difficult to precisely evaluate the contribution of TGF-f1 in
natural y8T17 cell differentiation.

The role of IL-6 in y8T17 cell development is somehow con-
troversial. While several studies indicated that IL-6 deficiency did
not influence y8T17 cell homeostasis and cytokine production
capacity (71, 72), others reported a defect in y8T17 cells in both
thymus (73) and peripheral organs (74). Thus, the contribution
of IL-6 in natural y8T17 cell differentiation remains unclear. In
addition, mRNAs for IL-6Ra (CD126) are barely expressed on
both immature and mature thymic natural y8T17 cells (from the
ImmGen database). However, it cannot be firmly excluded that
IL-6 influences the thymic microenvironment to support y3T17
cell differentiation as previously hypothesized (73).

Thus, this indicates that the cytokine network within the
thymic microenvironment has to be tightly regulated in a time-
dependent manner to allow natural y8T17 cell differentiation.

Thymic Epithelial Cells

Akin to other thymocytes, interaction with TEC is likely criti-
cal in y8T17 cell differentiation, even though few experimental
data are currently available. Thus, medullary (m)TEC has been
implicated in regulating Vy6* y8T17 cell development through
the TF autoimmune regulator (Aire) (69). In Aire”~ mice, IL-7
production is up-regulated in mTEC, and this is accompanied
by an overproduction of Vy6* y8T17 thymocytes. Interestingly,
other subsets of natural y8T17 cells, especially Vy4* subsets were
not affected by specific Aire deletion in mTEC (69). This feature
also indicates that the various natural y8T17 cell subsets probably
require different signals to develop.

Cortical (c)TEC has also been recently shown to control y3T17
cell development. Using a mouse model with specific cTEC abla-
tion, Nitta and colleagues observed a strong dysregulation in the
proportion of natural y8T17 cell subsets (75). Specifically, absence

of cTEC skewed the y8T17 TCR repertoire toward Vy6 expression
atthe expense of the Vy4* T cell subset during the postnatal period
while the proportions of Vy6* and Vy4*+ y8T17 cells remained
normal during embryonic life. Authors hypothesize that in their
mouse model, the postnatal thymic microenvironment resembles
to the fetal microenvironment, which in turn favors the Vy6*
subset. In addition, since they have been proposed to be a prime
source of TGFp (76), cTEC could also participate in thymic devel-
opment of y8T17 cells through this mechanism (71).

The importance of DIl4, a Notch ligand expressed by TEC (77)
has also been proposed in y8T17 cell differentiation (78). In a
co-culture model of E15 thymocytes with stromal cells, absence
of DIl4 expression by stromal cells led to an abrogation in y6T17
cell development (78). This phenotype indicates that DIl4 is likely
to be a common factor for the differentiation of all natural y8T17
cell subsets.

Finally, a recent study proposed that signaling through
NF-kB-inducing kinase (NIK) in TEC is essential for the genera-
tion of a fully functional pool of y8T17 cells (79). However, the
molecular factors regulated by NIK in TEC are yet to be deter-
mined. Understanding the NIK-dependent pathways in TEC will
certainly provide important clues in the TEC-ydT17 precursor
interaction mechanisms that drive y8T17 cell effector fate.

Altogether, the fetal and perinatal thymic environment offers
a temporal window of opportunity for y8T17 cell differentiation.
However, the available literature indicates the requirement for
differential factors according to the subset of naturally occurring
y8T17 cells. This might somewhat rely on the intrinsic nature of
the y8T17 precursors. It can also be hypothesized that these pre-
cursors (Vy6* and Vy4*) require timely expressed TCR ligands
in the thymic environment. However, no host-derived Ags have
been proposed to date to participate in y3T17 cell differentiation.

Intrinsic Factors
A Requirement for TCR Ligation: Still an Open Question?
Beyond its importance into Y8 lineage commitment, TCR signal
strength is also involved in the functional maturation of y3-
committed thymocytes. Specifically, TCR signal strength drives
the IL-17- vs IFN-y-producing y8T cell dichotomy. However,
it appears difficult to clearly attribute a specific strength to a
specific effector fate. While the literature tends to demonstrate
consensually that a strong TCR signaling in Y8 thymocytes drives
their commitment toward a Th1-like effector fate (31, 80-82), the
situation in ydT17 cell differentiation remains highly debated.
Chronologically, a first set of data suggested that y8T17 cell
differentiation occurred in the absence of TCR cognate ligands
(80). However, (1) this study used adult thymocytes and focused
on peripheral organs that are weakly if not populated with natural
y0T17 cellsand (2) it cannot be excluded that ligand-independent
TCR signaling plays a part in this model. Therefore, these results
are likely to provide specific information about the requirement
of TCR signals for inducible y8T17 cells. In this sense, these data
perfectly fit with the concept that inducible y3T17 cells egress
the thymus with a naive uncommitted profile and need further
encounter with peripheral Ags to gain their capacity to produce
IL-17. Few years later, the lab of Adrian Hayday highlighted the
butyrophilin-like molecule Skint-1 as a molecular determinant in
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Th1-like effector fate of Vy5+* T cells (31). Interestingly, in absence
of Skint-1, the differentiation of Vy5* T cells resulted in the gen-
eration of cells displaying a phenotype of natural y8T17 cells (31).
Indeed, Skint-1 engagement in Vy5* thymocytes induces the
upregulation of TCR-dependent genes that subsequently repress
the transcriptional differentiation program of natural y3T17
cells. In line, Pennington and colleagues recently demonstrated
that differentiation of E15 yd thymocytes in presence of an anti-
TCRS mADb (GL3) blunted their commitment toward a ydT17 cell
profile (82). Altogether, weak or no TCR signals seem required to
allow proper y3T17 cell development. Thus, the developmental
program of natural y8T17 cells appears to be a TCR Ag-free
process acquired by “neglect”

On the other hand, mice presenting a reduced function in
the TCR proximal signaling kinase ZAP-70 displayed a reduced
pool of both IL-17A-producing Vy6* and to a lesser extent Vy4*
T cells in neonate thymocytes (83). In the same line, Silva-
Santos and colleagues observed a reduction in the frequency
of IL-17A-producing Vy6* subset using double-heterozygous
mice for the CD3 subunits y and & in which TCR signaling is
attenuated (81).

These apparently contradictory results may have multiple
explanations. Notably, it is assumable that the different subsets of
y8T17 precursors may require a specific and fine-tuned TCR sig-
nals to engage in their differentiation program. Specifically, Vy6*
mayrequirean “intermediate” TCR signals while Vy4*subsets may
need weak or no signals. Moreover, intensity of TCR signaling can
be hardly compared from one experimental setting to another,
making any generalization risky. In this context, the importance
of TCR signaling in programming y8T17 cell differentiation is still
an open question. This also raises the putative existence of TCR
self-ligands for natural y8T17 cells. The recent discovery of buty-
rophilin-like molecules as Ags for mouse y3T cells (84, 85) opens
anew exciting avenue of research in the field. Identification of the
enlarged butyrophilin family in both mouse and human y8T cell
biology might offer an interesting anchoring point for future
translational studies.

Costimulatory Molecules

On top of the TCR, its accessory receptors have been proposed to
participate in y8T cell differentiation. In addition to be a conveni-
ent marker to distinguish y8T functional subsets, the costimula-
tory receptor CD27 has been shown to participate in y3T cell
development (14). Indeed, y§ thymocytes from Cd27~/~ mice
presented altered expression of ifng. Although CD27 deficiency
did not influence the pool of y8T17 cells, CD27 gain of function
in thymic cultures resulted in lower IL-17 transcripts by CD27~
v thymocytes (14). Thus, CD27 appears as a thymic regulator in
y8T cell effector fate.

Inducible T cell co-stimulator (ICOS) signaling pathway has
also recently emerged as a possible determinant in y8T17 cell (at
least for the Vy4* subset) development (86). Agonistic activity
of anti-ICOS mAb in fetal thymic organ culture significantly
impaired Vy4* y8T17 development. In line, genetic ablation of
ICOS tends to increase the pool of thymic Vy4* y8T17 cells (86).
Thus, this study indicates that ICOS-dependent intracellular
pathways in thymocytes controls y3T17 cell effector fate.

Besides, one must keep in mind, that, alongside with TCR and
costimulation receptor signaling, multiple other signals have to
be integrated by embryonic thymocytes to, in fine, engage toward
the y8T17 effector fate.

Soluble Mediator Receptor Signaling Pathways

ydT17 precursors express specific receptors for various soluble
factors produced in the thymic environment by hematopoietic
and non-hematopoietic cells. Signals provided by these mediators
have to be integrated by y8T cells to fully develop.

For instance, TGFf receptor (TGFPR) signaling pathway in
developing y8T17 cells could be important in their effector fate.
Mice deficient for Smad3, a critical component of the TGFR
signaling pathway presented a striking defect in frequency of
thymic y8T17 cells compared with littermate controls (71).
However, since the authors did not provide direct evidence
(bone marrow chimera and OP-9 models) for an intrinsic role
of the TGFfR signaling pathway, it cannot be excluded that this
pathway is indirectly linked to y8T17 cell development.

In addition, the targeting of lymphotoxin-p receptor through
double positive thymocytes-derived ligands (87) also controls
the generation of y3T17 cells by regulating the expression of TFs
from the NF-«kB family namely RelA and RelB (88).

As mentioned above, the IL-7/IL-7Ra axis is important to
generate a normal pool of y8T17 cells. However, a better under-
standing of the downstream molecular cascade involved will be
helpful to understand whether this axis controls the differentia-
tion program or the homeostasis of y8T17 cells.

On the other hand, IL-15Ra signaling disruption favors the
development of y8T17 cells in thymus of neonates (65). The mole-
cular mechanisms responsible for this are currently unknown
but might rely on the activation of repressing factors in the
IL-15Ra signaling pathway or could be indirect by reducing the
competition with yd8T17-driving y-chain-dependent cytokines
such as IL-7.

The expression of the prostacyclin (PGI2) receptor (IP) on
thymocytes has also been demonstrated to control y3T17 cell
development. This was evidenced by a failure to generate y3T17
cells in the thymus of IP~~ mice (89). However, the molecular
determinants involved in this process are yet to be defined.

The y8T17 Cell Transcriptional Program

The dynamic integration of these multiple signals leads to the
implementation of a complex transcriptional program that dic-
tates yOT17 cell effector fate (Figure 2). The aim of this program
is ultimately to maintain and/or to favor the expression of Rorc
(encoding RORyt), the cardinal TF for IL-17-secreting cells
(90) including y8T cells (72). The recent advances in RNA deep
sequencing analysis allowed a better understanding of the tran-
scriptional regulation involved in y8T17 development.

Thus, SRY-related HMG-box (SOX) 4 and SOX13, two
members of the high mobility group box TF family constitute a
central node of regulation in this program (50, 91, 92). SOX4/13
are paramount in the acquisition of the y8T17 effector fate by
(1) directly controlling Rorc transcription, (2) possibly enhancing
important y8T17 cell-driving pathways such as IL-7Ra signal-
ing, and (3) possibly inhibiting Rorc-repressing TFs (31, 92).

Frontiers in Immunology | www.frontiersin.org

51

May 2018 | Volume 9 | Article 981


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Jouan et al.

Functional Development of y8T17 Cells

RelB

yoT17 cell

: Transcription factor
: Gene

: Embryonic life

: Adult life

: Activation

Ly

: Inhibition

i
@Sﬁ_ﬁ%ﬁh&&

TGF-B
LTBR af
Icos &) ‘
(’\J- Ci ".,..o"“unu-uuu.nnu. 5
Smad3

Transcription
Traduction

FIGURE 2 | Schematic overview of the current knowledge in the transcription factor (TF) network involved in natural y8T17 cell effector fate. Major activating and
repressing pathways implicated during y817 effector fate acquisition are depicted.

VSTCR
AR

L OOOO0000:,

Notchl

Wnt/B Catenin
pathway

Hes1

In this later mechanism, SOX13 was suggested to inhibit the
Rorc-repressing activity of two downstream mediators of the
Wnt/B-catenin signaling pathway namely lymphoid enhancer-
binding factor 1 (Lefl) and transcription factor 1 (TCF1) (92).
In this context, Tcf7 (encoding for TCF1) deficiency leads to an
aberrant high proportion of y8T17 cells (92). At this stage, it is
also important to mention that this pathway also regulates the
development of the IFN-y-producing Vy1V86.3* and Vy5* cells
(92). The mechanisms by which the TCF1-Lef1 axis counteracts
the y8T17 transcriptional program are not fully understood.
First, it is possible that TCF1 and Lefl control Rorc expression
through epigenetic (histone deacetylase) activity as suggested in
conventional T cells (93). Alternatively, this axis could also indi-
rectly repress Rorc expression by inhibiting the transcription of B
lymphocyte kinase (Blk) (92), an important signal transducer in
v9T17 cell development (94). However, how Blk controls RORyt
expression is currently unknown. It is noteworthy that, using blk~"~
mice, Vy6* T cells were shown to be more Blk-dependent than
Vy4+ (94). As SOX13 was shown to regulate Blk expression and
to control Vy4*, but minimally Vy6*, subset development (92),
these results appear somewhat contradictory. However, Vy4 and
Vy6 subsets develop at different temporal windows; therefore,

they are likely to integrate different thymic signals. As a result,
this might modulate the relative importance of a same regulatory
axis, and eventually leading to different effects on their respective
transcriptional program. Thus, regulatory network required for
Vy4* ontogeny may be more SOX13-dependent than Vy6* sub-
set. Regarding the differential contribution of the TCR signaling
in the y8T17 effector fate of these populations, Blk may play a role
at this stage. According to its regulatory activity on TCR signal-
ing, Blk could act as a “rheostat” to fine-tune signals delivered
by the thymic y8T cell ligands. Thus, Blk deficiency might affect
more Vy6" ontogeny as TCR signaling has been proposed to
control the development of these latter but not Vy4*. Of note, Blk
overexpression has been shown to enhance IL-7 responsiveness
in B cells (95).

As stated earlier, the TCR signaling pathway strongly influences
the acquisition of the y8T17 effector fate. Mechanistically, TCR
engagement induces upregulation of proteins of the early growth
response (Egr) family namely Egr2 and Egr3 (31, 81). These two
TFs positively regulate the DNA-binding protein inhibitor Id3.
Thus, Id3 impairs y8T17 cell differentiation through (1) inhibi-
tion of HeLa E-box binding protein (HEB)-dependent Sox4 and
Sox13 expressions (96) and (2) inhibition of the Rorc promoter
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E47 (91). This scheme is also in line with the differential require-
ment for TCR strength in y8T17 cell effector fate of Vy6* and
Vy4* further emphasizing the differences in the developmental
programs of Vy6™ vs Vy4* y8T17 cells.

In addition, the promyelocytic leukemia zinc finger (PLZF)
protein is a key TF in the development of some innate and
innate-like lymphocytes that dictates their acquisition of a Th-like
effector program (97-99). PLZF was shown to control Vy6* dif-
ferentiation into y8T17 cells (100). The molecular mechanisms
that govern PLZF activity in Vy6* development are currently
unknown and require further investigations. PLZF contribution in
V4" y8T17 cell development has not been assessed yet. However,
it is noteworthy that PLZF does not appear to be expressed in
neonates Vy4*+ precluding a role of this TF for this particular
subset (100).

Among the intracellular pathways that dictate the y8T17
effector fate, Notch signaling contributes to the generation of
yO8T17 cells through the helix-loop-helix protein Hesl (78).
Since it mainly exerts transcriptional repressing activities, it is
possible that Hes1 acts in one of the pathways discussed above.
Unrevealing the Hesl interactome in developing y8T17 cells
will be informative to get insight into the molecular factors that
regulate this mechanism. An additional pathway by which the
Notch signaling pathway could influence y3T17 cell develop-
ment is by promoting IL-7Ra expression through the RBP-Jk
pathway (68). However, this pathway was only described in
peripheral y8T17 cells of adult mice to control their homeosta-
sis and self-renewal.

In addition to its role in proliferation/survival of y8T17 cells
during development, the IL-7Ra signaling pathway is also likely
to contribute to their transcriptional program. Indeed, IL-7/
IL-7Ra signaling in fetal thymocytes was demonstrated to blunt
both LefI and Tcf7 expression (101).

In silico analyses have also been fruitful to understand the
transcriptional program of y8T17 cells. Using an algorithm that
predicts important regulators across various lineages, the TF
ETVS5, along with SOX13 was proposed as a master regulator in
Vy4+ y8T17 cell differentiation (102). Conditional ablation of
ETV5 in T cells confirmed the role of this TF in Vy4* y8T17
effector fate (102). Absence of ETV5 in developing Vy4* slightly
reduced RORyt expression but severely impaired IL-17 secretion.
This is reminiscent with the situation for Th17 cell differentiation
in which ETV5 directly promotes il17a and il17f expressions
but has no influence on Rorc (103). The role of ETV5 in Vy6*
development remains to be determined; however, ETV5 is highly
expressed on immature fetal Vy6* and strongly repressed upon
maturation (http://www.immgen.org/databrowser/index.html).

Originally thought to be acquired by “neglect,” this literature
underlines that the y8T17 effector fate is under the control of a
very active process in which the SOX4/13 axis acts as a guardian
for proper RORyt expression. In addition, the discrepancies in
the phenotypes observed for Vy4* and Vy6* y8T17 cells imply
different programs for natural y8T17 cell development. Thus,
further transcriptomic analyses at single cell resolution are
clearly required to better decipher the overlapping and/or specific
developmental “trajectories” that drive the effector fate of these
subsets.

What Can We Learn From Transcriptomic
Analysis of Developing Natural y6T17

Cells?

As stated above, the recent advances in the quality of whole
genome analyses allowed to validate and/or to predict the involve-
ment of numerous genes in the transcriptional signature of many
cell populations including y8T cells. In addition, normalized and
comparative analysis of various gene sets among lymphocyte
lineages led to the identification of conserved and/or distinct sig-
nature pathways in their effector program including Th17(-like)
effector fate (104).

However, in silico analysis of the transcriptional program of
y8T17 cells has been mainly discussed regarding the maturation
of the Vy4* cell subset in adult mice (91, 92, 104). Thus, this
population comprises both “inducible” y8T17 cells as well as
non-IL-17-producing subsets. To focus on “natural” y8T17 cells
that develop during embryonic life, we reanalyzed the datasets of
developing Vy6* T cells (immature/CD24" vs mature/CD24°)
(GSE37448). Bioinformatic analysis generated a gene set of the
top 1,000 transcripts significantly regulated during the effec-
tor fate acquisition of this subset (Table SI in Supplementary
Material). Interestingly, while similar analysis on developing
fetal Vy5* T cells (GSE15907) indicated that 87.8% of the 1,000
top regulated genes were up-regulated, only 48.7% did so in the
Vy6* dataset (Figure 3). This emphasizes the fact that, unlike
yOT1, ydT17 cell effector fate is rather acquired using a repressing
model.

As expected, among the list of gene generated, we found many
up-regulated genes shared with other innate(-like) or adaptive
IL-17-producing lymphocytes including Rorc, 1l17a, and II117f
and the cytokine/chemokine receptors Il1r1, Il2rb, 1l7r, Il17rc,
Il17re, 11231, 11181, Ccr6, and Cxcr6. This is paralleled by a silenc-
ing of genes involved in Th1 and Th2 differentiation, such as II2ra,
I112rb2, Lck, Gata3, and Mami2.

In addition, we noted numerous genes involved in TCR signal-
ing including Lck, Nck2, Pakl, Plcg, Prkcq, Ptpn22, and Nfkbie.
Notably, all these transcripts were down-modulated during Vy6+*
maturation. Moreover, genes involved in costimulation, such as
Cd27, Cd28, Icos, Themis, Slamf1, Slamf6, and Pik3r2, were also
repressed upon differentiation. In line, it is noteworthy that the
transcript encoding for the nuclear receptor Nur77 (Nr4al), a
faithful marker of TCR strength (105) is strongly repressed dur-
ing Vy6* maturation. Given the controversy discussed previously,
these observations clearly suggest that the TCR signaling pathway
has to be maintained under tight regulation to allow Vy6* T cell
differentiation.

More importantly, using advanced pathway analysis, we
pinpointed, in the Vy6* T cell gene set, multiple family of genes
involved in biological processes and molecular pathways that
might be involved in their developmental program (Figure 4).

Nutrient Metabolism

Along with Nr4al, other genes encoding for nuclear receptors
such as receptors of vitamin A (Rarg) and D (Vdr), two vitamins
reported to participate in ILC, y8T and NKT (25, 106) homeosta-
sis and development are up-regulated during Vy6* maturation.
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FIGURE 3 | Volcano plots of the top 1,000 regulated genes during Vy6 and Vy5 maturation. Raw data were extracted from datasets (GSE37448 and GSE15907)
downloaded from the NCBI's data repositories. Vy6* and Vy5* gene sets were generated by comparing gene expression in immature (CD24"") vs mature (CD24°%)
thymocytes at E17 for both populations (2-3 replicates/subset). The top 1,000 regulated genes (P < 0.05) were used to constitute the two gene sets (Table S1 in
Supplementary Material). Volcano plots represent either positively or negatively regulated genes (as fold change) according to their respective P value. Labels
indicate the percentage of genes that are either positively or negatively regulated in each dataset. FC, fold change.
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FIGURE 4 | Proposed new biological pathways involved in intrathymic Vy6*
maturation. Biological pathways with enriched modulated genes in the Viy6*
dataset are represented based on advanced pathway analysis using the trial
version of iPathwayGuide (©Advaita Corporation).

In addition, genes encoding for vitamin transporters (Slc23a2
and Slc2a3) were also modulated in the Vy6* gene set. This could
imply an important role for vitamins in y8T17 cell development.
Somewhat related, expression of gpri83, a sensor of oxysterols
was strongly up-regulated (3.6 fold) in developing Vy6* T cells.

Interestingly, GPR183 has recently emerged as a critical player
in the control of ILC3 homeostasis (107). Moreover, oxysterols
are ligands for RORyt and drive Th17 cell differentiation (108).
The influence of nutrient-derived metabolites on lymphocyte
immunity including early development has recently gained
considerable attention (2). The recent discovery of vitamin B2
metabolites as Ags for MAIT cells (109) will certainly reinforce
the interest of immunologists for nutrient metabolism. The avail-
ability of vitamins in utero has also been shown to control the
quality of the immune system in later life (110). According to
these arguments and the temporal window of development for
yOT17 cells, investigating the nutrient metabolism in y8T17 cell
biology will be likely to provide new interesting data on the influ-
ence of maternal diet in shaping immunity.

Neuroimmunology

In line with the emerging concept of neuroimmunology, numer-
ous members of the “neuroactive ligand-receptor interaction”
pathway were present in the Vy6* gene set including genes encod-
ing for neuroactive substance receptors of neuropeptide (Gpr83),
hormones (Sstr2, Rxfp1, and Calcrl), prostanoids (Ptger4, Ptgfrn,
and Ptgir), leukotrienes (Cysltr2 and Ltb4r1), nucleotides (P2rx7,
Adora2a, and Lpar4), and amino acids (Gabbrl, Gabbr2, and
Gria3). Interestingly, the above-mentioned genes encoding for
prostanoids, hormones, and nucleotide receptors are down-
regulated during Vy6* T cell maturation, while those encoding
for leukotrienes are up-regulated.
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The relationship between neuromodulators and immune cell
developmentislargely unexplored. However, there are evidence for
an expression of neuromodulators and their associated-receptors
in TEC and on thymocytes, respectively (111). Furthermore,
ex vivo somatostatin (ligand for Sstr2) addition in FTOC
increased thymocyte numbers and maturation. By contrast, both
neuropeptide Y (ligand for Gpr83) and calcitonin (ligand for
Calcrl) reduced thymocyte numbers (112). Last, Ptgir (encoding
for the prostaglandin I2 receptor) has already been biologically
validated to participate in natural y8T17 cell development (89).
Regarding this, a broad analysis of the eicosanoid family in y8T17
cell development should be encouraged.

Circadian Rhythm

Among highly regulated genes, our analysis also retrieved genes
related to circadian rhythm. Thus, we found that Nrid1, Nrld2,
and Bhlhe40, which encodes for REV-ERBa, REV-ERBp, and
Decl proteins, respectively, were all up-regulated in mature Vy6*
T cells. These proteins are critical repressors of Arntl (encoding
for Bmall), Npas2, and Clock, three master clock genes (113, 114).
Of note, Arntl, Npas2, and Clock were also significantly regulated
in developing Vy6* T cells. Recent literature has emphasized
the importance of circadian rhythms in fine-tuning immune
responses (113, 115). Interestingly, RORyt expression has been
shown to be under circadian regulation through a REV-ERBa-
dependent mechanism (116). Thus, these data may suggest a role
for the circadian rhythm in Vy6* T cell biology. Of note, NFIL3
(E4BP4), a repressor of the circadian clock, is implicated in the
differentiation/development of ILCs and NK cells (117-119). In
addition, we can speculate that the regulation of these clock genes
helps mature Vy6* T cells to integrate and to regulate circadian
cues once in the periphery, as demonstrated for many other cel-
lular actors of innate immunity (113).

Immunometabolism
Regarding the growing interest for understanding immunometa-
bolic pathways implicated in leukocyte biology, we searched for
genes involved in metabolic pathways. Our analysis revealed that
many genes involved in the six major metabolic pathways spe-
cifically glycolysis (Aldh2, Ldhb, Acss1, and Acss2), tricarboxylic
acid cycle (Idhl, Idh2, and Acol), pentose phosphate pathway
(Fbpl), fatty acid oxidation (Cptla, Nr4a3, Peci, Auh, Pex5, and
Ivd), fatty acid synthesis (Fads2 and Slc45a3), and amino acid
metabolism (Acol and Bcatl) are down-regulated in mature
Vy6+ T cells.

Interestingly, fatty acid oxidation is associated with regulatory
T cell differentiation while glycolysis is a major metabolic pathway
in effector T cell differentiation (120, 121). Of note, expression of
Cptla was reduced in Th17 cells compared with regulatory T cells
(120). Enhanced fatty acid synthesis and glycolysis in immune
cells, especially T cells, have been regarded as markers of inflam-
matory cells required for acquisition of effector functions upon
inflammatory conditions (122). This adds a metabolic argument
into the fact that Vy6* T cells are “preset” cells with metabolic
programing occurring during development, to be immediately
and fully functional once in peripheral tissues.

MicroRNAs

To date, there is limited literature on the role of microRNAs
in leukocyte development. In our gene set, we detected the
presence of five microRNAs (mirl5b, mirl81a-1, mirl8la-2,
mirl81b-1, and mirl181b-2), all of them being down-regulated
in mature Vy6* T cells. Of note, miR-181 was reported to be
essential in NKT cell development (123, 124). Interestingly,
the group of Immo Prinz studied the impact of miR-181a/b-1
deficiency on y8T cell development. While thymic Vyl+ and
Vy4+t T cell subsets were unaltered in the absence of miR-
181a/b-1, authors reported a higher frequency of thymic, but
not peripheral Vy6+ cells in miR-181a/b-1-deficient mice (125).
The reason that underlines this feature is currently unknown.
However, since miR-181 is a well-known positive regulator of
the TCR signal strength (126), it is tempting to hypothesize that
a reduced TCR signaling confers an advantage for Vy6* T cell
differentiation. Thus, defining the miRome of developing y8T17
cells will potentially bring a novel layer of complexity in their
developmental program.

Even if these in silico analyses suggest a role for scantily
explored biological pathways in y8T17 cell development and/or
maintenance, supportive experimental data are clearly required
to explore these predictive hypotheses. It is noteworthy that these
proposed biological pathways are not meant to be Vy6* cell-
specific and, therefore, it does not preclude that other cell types
including other y8T cell subsets may rely on similar biological
pathways to develop. In addition, instruction that drives y8T17
effector fate is likely to start early in thymocyte development
[even before TCR rearrangement (49)]; therefore, comparing
immature vs mature populations probably induced an important
bias in our analysis.

CONCLUDING REMARKS

Despite the considerable body of work performed in the field
of y8T17 cell ontogeny, many questions remain unsolved and
sometimes appear more complex than initially thought. Even
if revealing bulk transcriptomes have been informative to pre-
dict the developmental program of y8T17 cells, they present a
major drawback since this kind of analysis does not reflect the
dynamic aspect of the development. In this context, the recent
and rapid evolution in single cell deep RNA sequencing and
bioinformatics technologies will undoubtedly help to reveal
the developmental “trajectories” that dictate y8T17 cell effector
fate. In addition, other layers of regulation such as post-tran-
scriptional (especially epigenetic) regulation and implication of
microRNAs deserve further investigations and will have to be
integrated in order to better decipher the general mechanism(s)
driving y8T17 cell development. Given the critical role of y6T17
cells in major health concerns such as infections and cancer,
advances in these fundamental biological processes are clearly
mandatory.
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vS T cells have broad reactivity and actively participate in protective immunity against
tumors and infectious disease-causing organisms. In y8-high species such as ruminants
and other artiodactyls many yd T cells bear the lineage-specific markers known as
WC1. WC1 molecules are scavenger receptors coded for by a multigenic array and
are closely related to SCART found on murine y& T cells and CD163 found on a variety
of cells. We have previously shown that WC1 molecules are hybrid pattern recognition
receptors thereby binding pathogens as well as signaling co-receptors for the y6 T cell
receptor. WC1+ y8 T cells can be divided into two major subpopulations differentiated
by the WC1 genes they express and the pathogens to which they respond. Therefore,
we hypothesize that optimal yd T cell responses are contingent on pathogen binding
to WC1 molecules, especially since we have shown that silencing WC1 results in an
inability of y& T cells from primed animals to respond to the pathogen Leptospira, a
model system we have employed extensively. Despite this knowledge about the crucial
role WC1 plays in y8 T cell biology, the pattern of WC1 gene expression by individual
v6 T cells was not known but is critical to devise methods to engage y6 T cells for
responses to specific pathogens. To address this gap, we generated 78 yd T cell clones.
gRT-PCR evaluation showed that approximately 75% of the clones had one to three
WC1 genes transcribed but up to six per cell occurred. The co-transcription of WC1
genes by clones showed many combinations and some WC1 genes were transcribed
by both subpopulations although there were differences in the overall pattern of WC1
genes transcription. Despite this overlap, Leptospira-responsive WC1+ memory y8 T cell
clones were shown to have a significantly higher propensity to express WC1 molecules
that are known to bind to the pathogen.

Keywords: y6 T cells, co-receptors, WC1, T cell receptor, pattern recognition receptors

INTRODUCTION

WC1 family members are T cell co-receptors and pathogen recognition receptors uniquely expressed
by the majority of yd T cells in the blood of ruminants (1). Structurally they are Group B scav-
enger receptor cysteine rich (SRCR) molecules (2) and belong to the CD163 family (2, 3) which
also includes the murine y5 T cell marker SCART (3, 4). WCl-expressing yd T cells in cattle, a
vd T cell high species and our experimental model, are classified into two main subpopulations
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referred to as WC1.1* or WC1.2* based on expression of different
WC1 molecules that react with monoclonal antibodies (mAb)
that recognize epitopes in their N-terminal SRCR domains (5).
We and others have previously shown that these subpopulations
also differ in their responses to pathogens. For example, fol-
lowing in vivo priming of cattle cells in the WC1.1* subpopula-
tion respond by proliferation and interferon-y production to
Leptospira spp. in in vitro recall responses (6, 7) whereas cells in
the WC1.2+ subpopulation respond in vitro to other pathogens
such as Anaplasma marginale following infection (8). When cattle
are infected with virulent strains of Mycobacterium bovis both
WCI* lineages are recruited to the granulomas in infected cattle
(9) but only the WC1.1* cells respond to the vaccine strain BCG
(10). Following in vivo-sensitization, these WC1* mycobacterial-
responsive bovine y3 T cells also have been shown to respond in
recall responses in vitro to both protein and non-protein antigens
while WCI1+ and CD8* yd T cells respond to BCG-infected
macrophages (9, 11). Adaptive-like memory yd T cells are not
confined to the bovine model having been described for specific
subpopulations of murine yd T cells (12, 13) and to be sensitized
by Listeria monocytogenes (14) and Staphyloccus aureus (15)
in vivo while in humans and non-human primates memory yd
T cells responses to mycobacteria (16-18), influenza (19), and
malaria (20) have been reported.

The 13 WCI molecules can be divided into 10 WC1.1-types
and 3 WC1.2-types based on signature insertions or deletions
of amino acids in their most membrane-distal SRCR domain
known as the al domain (Figure S1 in Supplementary Material).
The first sequenced WC1 genes (21) and therefore considered to
be the archetypal WC1.1 [coded for by WCI-3 (22)] and WC1.2
molecules [coded for by WC1-4 (22)] differ in their binding to
Leptospira. As many as five of WC1-3’ 11 SRCR domains are
engaged, including the al domain, while none of the SRCR
domains of its WC1.2 counterpart, WC1-4, bind Leptospira
despite considerable sequence similarity (23). Binding can be dis-
rupted by a single amino acid mutation (23). Four other WC1.1
type molecules also have SRCR domains that bind Leptospira but
none of the WC1.2 molecules have such domains. This knowledge
contributed to our understanding of the dichotomy in the ability
of cells in the subpopulations to respond to particular pathogens.
We hypothesize that the WC1 molecules expressed by a yd T cell
contribute to its pathogen responsiveness and that co-expression
of multiple WC1 gene products that bind the same pathogen could
result in increased avidity for the pathogen and amplify the signal
in a dose-dependent manner (i.e., the more WCI’s of the same or
multiple types that bind the pathogen, the stronger the cellular
activation signal). The latter is based on our findings that when
all (vs. a proportion of) the WCI receptors are co-crosslinked in
conjunction with the y8 T cell receptor (TCR) augmentation of
the cellular activation is enhanced (24). Conversely, when WC1
expression is downregulated by RNA silencing there is an abroga-
tion of y8 T cell response (25).

The previous analyses of WC1 transcripts in the subpopula-
tions suggest co-expression of WC1 genes in a variegated pattern.
While the WC1.2* population has transcripts for all three WC1.2-
type genes, only two of the three WC1.2-type gene products
react with the population-defining mAb (5, 26). This suggests the

non-mAb-reactive gene product is co-expressed in cells express-
ing the mAb-reactive gene product. WC1.3* cells, a subpopula-
tion of the WCI.1* population, express at least two WC1 genes
based on reactivity with two mAbs: mAb CACT21A that reacts
with WC1-8 only and mAb BAG25A that reacts with WC1.1-like
molecules but not WC1-8 (5, 24). However, the following ques-
tions remained: is there a specific number of different WCI genes
that all WC1* y8 T cells express and are there set combinations
of WCI genes always expressed together? Understanding the
expression of WC1 genes on individual y8 T cells is necessary
to build models of how to induce cellular immune responses to
specific pathogens. By analyzing WC1* y8 T cell clones here, we
showed that the WCI locus is permissive for transcription of
more than one gene by an individual cell and describe the many
combinations of WC1 gene transcription. Finally, using the
Leptospira-responsive WC1* memory yd T cell clones we showed
these cells have a high propensity to express WC1 molecules that
bind to the pathogen.

MATERIALS AND METHODS
Isolation of Cells and RNA

Whole blood was collected with heparin by jugular venipuncture
from a single adult Holstein heifer that had been vaccinated
against Leptospira serovar Hardjo with a commercial inactivated
vaccine (Spirovac, Pfizer) using an initial two-dose regime dur-
ing calthood and subsequently boosted intermittently with a
single dose during adulthood as approved by the University of
Massachusetts IACUC. Rabies vaccines were given. This vaccina-
tion procedure in cattle has been shown previously to result in Yo
T cells in blood that respond in recall responses when stimulated
in vitro with Leptospira (6, 7, 27). Peripheral blood mononuclear
cells (PBMC) were isolated from blood by Ficoll-hypaque density
gradient centrifugation. Total RNA was isolated from cells using
TRIzol (Invitrogen) with 20 ug of glycogen carrier added after the
chloroform step. 0.5-1 pug RNA was treated with 1 U of DNase
enzyme (Promega) for 30 min at 37°C, then 70°C for 5 min. RNA
purity and concentration were determined by Nanodrop spectro-
photometry (Thermo-Fisher). cDNA synthesis was done using a
commercial reverse-transcriptase kit (Promega) according to the
manufacturer’s protocol. For T cell clone cDNA samples, we used
Single Cell PreAmp Mix with random primers (Fisher Scientific),
at 95°C for 10 min, followed by 14 cycles of 15 s at 95°C and 4 min
at 60°C with a final inactivation at 99°C for 10 min.

Lymphocyte Cultures

Lymphocytes were cultured with a modification of the protocol
for generating bovine central memory T cells (Tcwm) (28). Briefly,
2.5%10° PBMC were stimulated in a 24-well culture plates in 1 ml
of complete RPMI (c-RPMI) medium [RPMI-1640 supplemented
with 10% heat-inactivated fetal bovine serum (Hyclone), 200 mM
L-glutamine (Sigma), 5 X 10~ M 2-mercaptoethanol (Sigma) and
10 mg/ml gentamycin (Invitrogen)] with 0.16 ug/ml of sonicated
Leptospira borgpetersenii serovar Hardjobovis. On days 3 and 7,
0.5 ml of supernatant was removed from each well and replen-
ished with 0.5 ml of c-RPMI containing 30 U/ml of recombinant
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bovine IL-2 (rBoIL-2; R&D Systems). On days 10 and 12, 0.5 ml
of the supernatant was removed and replaced with fresh c-RPMI
medium. This protocol is referred to as the Tcy protocol through-
out. On day 14, cultures were pooled and washed with sterile PBS
and then dye-loaded with 0.5 pM efluor-670 cell division dye
(eBioSciences) according to the manufacturer’s protocol. Cells
were cultured with sonicated Leptospira for an additional 7 days;
this modification is referred to as the Tgm protocol.

Immunofluorescence Staining and Flow

Cytometric Sorting

WCI1.1* and WC1.2* y8 T cell subpopulations were obtained
by staining lymphocytes with anti-WC1.1 mAb (BAG25A with
anti-Mu IgM-FITC) and anti-WC1.2 mAb (CACTB32A with
anti-Mu IgG1-PE). For WC1.3* cells, lymphocytes were stained
with anti-WC1.1 mAb and anti-WC1.3 mAb (CACT21A with
anti-Mu IgG1-PE). Double or single-stained cells were sorted
using FACS ARIA (BD). To obtain cell populations for T cell
expansion, efluor670 dye-loaded cells were washed and stained as
above, but sorted on efluor670-APC low cells (indicating multiple
cell divisions had occurred in culture) to obtain WCI1.1, WC1.2,
and WCI.3 cell populations. Evaluation of memory markers by
indirect immunofluorescence with mAbs against TCR3 (mAb
GB21A, IgG2b), CD44 (mAb BAQ40A, IgG3-PE), and CD62L
(mAb BAQ92A, IgG1-PE) and appropriate secondary Abs
conjugated to fluorophores was conducted and evaluated by
flow cytometry. MAbs were purchased from Washington State
University Monoclonal Antibody Center (Pullman, WA, USA),
and fluorophore-conjugated secondary polyclonal antibodies
were purchased from Southern Biotechnology. All analyses were
done using Flow]Jo v10 (TreeStar, Inc.).!

Generation of T Cell Clones

On day 21 of the Try protocol, sorted WC1*y3 T cell populations
were plated into 96-well round-bottom tissue culture plates at a
concentration of 1 cell/well in 100 ul volume. Plated cells were
stimulated by adding 5 x 10* irradiated (5,000 rads) autologous
PBMC and 10 U/ml rBoIL-2 with or without 0.5 ng/ml rHuIL-15
(R&D Systems) with or without 0.16 pg/ml sonicated Leptospira
borgpetersenii serovar Hardjbovis. Every 10 days, 100 ul of
supernatant from each well was removed and replaced with
100 pl medium containing the same components until cells were
harvested. Cell colonies were visible by 20 days after plating in
96-well plates and were harvested in TRIzol for RNA isolation
about 7 weeks post-plating. The likelihood that any of the cell
colonies had arisen from a single cell was determined by the
method of de St. Groth (29). For each putative T cell clone, we
harvested between 5 X 10* and 5 X 10° cells for cDNA synthesis.
Viable cells were counted in a hemocytometer by microscopy
using Trypan Blue exclusion.

Primer Design and qRT-PCR

ClustalW2? was used for multiple sequence alignment for bovine
WC1 SRCR al domains based on accession numbers as published

'https://www.flowjo.com (Accessed: December, 2017).
Zhttp://www.ebi.ac.uk/Tools/clustalw2/index.html (Accessed: December, 2017).

(26) to design TagMan assays for individual WC1 genes (Figure
S1 in Supplementary Material). Custom designed primers and
the FAM/MGB fluorophore/quencher system (referred to as
TagMan assays) were prepared by Invitrogen. Additionally, com-
mercially available TagMan assays for the bovine TCRS constant
gene (TRDC), GAPDH, beta-2 microglobulin, CD4 and CD8«
were obtained from Invitrogen (Table 1). GAPDH and beta-2
microglobulin were used as housekeeping genes to determine
template concentrations while CD4 and CD8a were used as
negative controls (data not shown). Amplicons were generated
using the Stratagene qPCR system with the following settings:
an initial 2 min UDG step followed by 10 min at 95°C and 40
cycles of 15 s at 95°C, and 30 s at 60°C. The mean and SEM of
replicate wells for WC1 and TRDC TagMan assays was calculated
for each target.

Amplicons were run on 2% TAE-agarose gels, purified by gel
extraction (Qiagen) (Figure S2A in Supplementary Material),
cloned into pCR2.1 vector using TOPO-TA (Invitrogen),
transformed into ONE-SHOT competent cells (Invitrogen), and
plated on LB-kanamycin plates. Bacterial colonies were selected
and the plasmids purified using the mini-prep plasmid purifica-
tion kit (Qiagen). Selected cDNA clones were commercially
sequenced by Genewiz (South Plainfield, NJ, USA) and results
were analyzed using BioEdit (Version 7.0.5.3) and sequences
aligned using Clustalw2 (see text footnote 2) (Figure S2B in
Supplementary Material). The primers occasionally ampli-
fied a secondary SRCR al domain as well as the targeted one,
determined by cloning and sequencing the amplicons. We tested
for and found no off-target detection with the TagMan assays
(Table 2) when using previously generated constructs of WCl
SRCR al-domain-coding sequences cloned into the pSecTag2
vector (23) as templates (WC1-pST2A). Thus, we interpreted
this to mean that the FAM probe corrects any spurious transcript
amplification by the primers. For generating standard curves,
WCI1-pST2A plasmids were diluted to equal concentrations by

TABLE 1 | TagMan primer/probe assays.

Gene ID Genbank TaqMan assay  Corresponding plasmid for
accession # ID producing standard curves

wel-1 FJ031186 AIRSAUH pSecTag2A-WC1-1

wel-2 JN998897 AISO80P pSecTag2A-WC1-2

wcl-3 FJ031191 AITI66X pSecTag2A-WC1-3

wcil-4 FJ031202 AIVISC5 pSecTag2A-WC1-4

wcl-5 JQ900627 AIWR3JD pSecTag2A-WC1-5

wcil-6 JN234380 AIXO1PL pSecTag2A-WC1-6

wel-7 JN234377 AlYOZVT pSecTag2A-WC1-7

wci-8 JN998896 AIOIX11 pSecTag2A-WC1-8

wcel-9 FJ031208 AIMRV79 pSecTag2A-WC1-9

wel-10 JQ900628 AI20UEH pSecTag2A-WC1-10

wel-11 FJ031209 AIB9SKP pSecTag2A-WC1-11

wel-12 JN234378 AISIQQX pSecTag2A-WC1-12

wcl-13 FJ031187 AIBROW5 pSecTag2A-WC1-13

trdc D90419 AIGJR3Q pCR2.1-TRDC

gapdh NM_001034034  Bt03210913 pCR2.1-GAPDH

cd4 NM_001103225  Hs01058407 n.d.

cds NM_174015 Bt03212361 n.d.

n.d., not done.
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TABLE 2 | Evaluation of WC1 TagMan assays for specificity.

TagMan assays for

WC1 a1 domain in the pST2a vector as templates (WC1-x)

1 2 3 4 5

6 7 8 9 10 11 12 13

WC1-
WC1-
WC1-
WC1-
WC1-
WC1-
WC1-
WC1-
WC1-
WC1-10
WC1-11
WC1-12
WC1-13

31.90*
32.15
30.94
32.34
29.97

O N oA WN =

©

29.07

30.02
33.13
26.87
28.16
30.05
26.33
29.28

aEach number is a Ct value with blank cells meaning no Ct detected during amplification.

spectrophotometric quantification; primers to the vector back-
bone and qPCR were used to confirm the concentration of the
constructs. TRDC amplified from PBMC was cloned into pCR2.1
and used to generate a standard curve.

Statistics

Pearson’s r correlation was used to determine the relationship
between the number of WC1 genes transcribed and the moles of
either TRDC or WC1 gene transcripts measured. Student’s ¢-test
was used to determine significant differences in the proportion of
cells in the WCI subpopulations with transcripts for WC1 genes
whose products bind Leptospira.

RESULTS

Derivation and Analysis of WC1+ y6 T Cell

Lines and Clones

While previous studies indicated that bulk y8 T cell subpopula-
tions can express more than one WC1 gene (9, 24), expression of
WCI genes by individual y8 T cells has been largely undefined.
To fill this gap, we evaluated WC1 gene transcription by clones of
WC1* y8 T cells using a customized TagMan assay system. Due
to a high degree of sequence similarity among WC1 genes (Figure
S1 in Supplementary Material), a number of experiments were
performed to validate the specificity of the TaqMan assays (see
M&M: Table 2; Figure S2 in Supplementary Material) and differ-
ences in efficiency (Ct values using the plasmids with cloned WC1
SRCR al domains ranged from Ct 26 to 33 when equal concentra-
tions of template were used) were compensated for by construct-
ing standard curves (Figure 1); the difference in efficiency was
accepted as a necessary compromise to maintain the ability of
the TagMan assays to distinguish among WC1 transcripts. Bulk
cell lines were generated from which to derive y8 T cell clones
using a mixture of Leptospira and cytokine cocktail stimulations.
y8 T cells in PBMC from Leptospira-vaccinated animals but not
unvaccinated animals (6) are known from our previous studies to
have recall responses in vitro (27). We evaluated the y8 T cells in
the expansion cultures with Leptospira for changes in expression

of memory markers as we have shown previously these differ
from the expression by naive cells from unvaccinated cattle (27).
An increase in CD44 and decrease in CD62L was seen in the
initial round of stimulation using a protocol to generate bovine
Tewm cells (28) (Figure 2, day 0—day 12). There was an even greater
increase in CD44 expression and decrease in CD62L by day 21
(Figure 2) when the dividing cells were sorted for T cell cloning (a
time when the cells would be ready to respond to a new round of
stimulation). Variations in the cloning protocol after day 14 were
tried with a total of four distinct strategies and included sorting
populations of dividing cells to enhance the chance of clonal
diversity (Table S1 in Supplementary Material). Clones were gen-
erated from 12 cycles of expansion (Table S1 in Supplementary
Material) with purity of all the flow cytometry sorts ranging from
87.91099.3% (Figure S3 and Table S1 in Supplementary Material).
WCI.1* and WC1.1*/WC1.3% sorted cells were cultured with IL-2
and Leptospira (Table S1 in Supplementary Material, Strategy 3)
since we knew that some WC1.1* (7) and WC1.3* cells (Chen C
and Baldwin CL, unpublished data) from vaccinated animals are
Leptospira responsive. Clones from these sorted populations that
were expanded by re-stimulation with Leptospira grew more effi-
ciently than those without. To obtain WC1.2* clones IL-2 alone
or in combination with IL-15 with or without IL-18 was used,
since IL-15 is known to stimulate y8 T cells (30, 31). In total, we
generated 78 clones (Table 3). The cloning efficiency of each cycle
showed that the probability that any individual T cell line was
actually a clonal population was 96-99% based on the maximum
likelihood method of de St Groth [Table S2 in Supplementary
Material; (29)].

Variegated WC1 Gene Transcription by y6
T Cell Clones

Analysis of the gene transcription by the ¥y T cell clones showed
the number of WC1 genes transcribed per clone varied and that
many more combinations occurred than expected (Table 3). If
the mean and SE was at zero, the gene was not included in the
tally of transcription since this indicated it was not measurable
in all replicate samples. T cell clones expressing only 1-3 WCl
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FIGURE 1 | Efficiency of Tagman assays for WC1 transcripts. Standard curves for individual WC1 genes’ scavenger receptor cysteine rich al domains were
amplified and detected with the Tagman primer/probe assays using serially diluted pST2a-WC1 templates. In each case, WC17-12 efficiency is shown as a
benchmark.

genes accounted for ~75% of all y8 T cell clones (Figure 3)
with 8 of the 13 WCI1 genes found to be transcribed alone in
individual clones. The consistency of transcription over time for
sample clones was evaluated (Figure 4) and showed that while
the magnitude of transcription was not identical (e.g., see Clone
6: at Wk 0 WC1-1 has the greatest level of transcription while at
Wk4 WC1-4 did) the transcription of specific genes was generally
consistent. While cDNA preparations from clones had different
molar concentrations of transcripts for WC1 genes and TRDC

(shown for representative clones in Figure S4 in Supplementary
Material), neither correlated with the number of different WC1
gene transcripts detected (Pearson’s r correlations were 0.01662
and 0.00016, respectively). While evaluation of all putative clones
showed that the frequency that had transcripts from five or six
different WC1 genes was low (11% of the colonies) (Figure 5),
based on the prediction that only 1-4% of the colonies that
arose are not clonal populations using the maximum likelihood
method (29) then at least some of the colonies transcribing five or
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cytometrically gated on mAb GB21A* and evaluated for their surface marker expression of either CD44 or CD62L (PE) by two-color immunofluorescence shown as
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six different WC1 genes would be expected to have been derived
from a single cell.

Previous analyses of bulk-sorted WC1* subpopulations
indicated that the WCI genes with the highest levels of transcrip-
tion differed between the WC1.1 and WC1.2 subpopulations
(9, 24). Here, we found the transcription of WC1 genes overlapped

among clones from the two subpopulations (Figure 5) but when
just the gene with the highest WC1 transcript level for each T cell
clone was considered and re-aggregated (Figure 6A) the pattern
of relative transcription was generally similar to what we reported
for bulk-sorted subpopulations previously. The diversity index
also showed that there are differences in WC1 gene transcription
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TABLE 3 | Summary of WC1 transcripts expressed by y8 T cell clones.

TABLE 3 | Continued

Clone # # of WC1 genes WC1.2-like WC1
transcribed transcripts (WC1-)

WC1.1-like WC1
transcripts (WC1-)

A86 1
23
13M-20-2D
ABC

101F

8D2

3-E11
PY08C
2D10-21A
3-10H
5-11G
131-6-11B
B11D
6-7C
28-9H

A93

ACO06
BG0O8

5 2
33

17

AEO5

159E

3-7G

2-7C

8l

501K/D
25-1F
8G-31

2
26-3F-13N
7H5

87-30

7

5-11F

21

209E

1-3H 3
13L-10-6E
17-10A
B7B
18-10F
PYO1G
4-E6

BAOD

10

16

4-E8
21-3E

9

8E-29
23-9H-13E
7-10A-13C
AF08

8M

101G

24

8P 4
9H11

B8F

20-7H

~N NN NN AN

4,7

O NN ~NB> DDA~

~
-

© ©O© O N N N D~ D

~N A

e
i

3,8
1,11
6,13

8

10

11

11

11

13

6

8

1

10
1,8, 11
1,11,12
2,12,13
8,10, 11
3,8,13

1

6

11

11

11

1al

12

7,11
6, 11
8, 11
8, 11
11,13
1,1
3,10
6,10

3,6,10, 11

3,6,10
1,8, 11
3, 11,12

1,11

(Continued)

Clone # # of WC1 genes WC1.2-like WC1 WC1.1-like WC1
transcribed transcripts (WC1-) transcripts (WC1-)
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FIGURE 3 | Percentage of WC1 transcripts expressed per y5 T cell clone.
The percentage of clones with a particular number of different WC1 gene
transcripts is shown.

between WCI1.1 and WCI1.2 clones (Figure 6B). Nevertheless,
unexpected combinations of transcripts were found together,
although the archetypal genes for the WC1.1 and WC1.2 sub-
populations (WCI-3 and WCI-4, respectively) were only detected
together in cell lines that had transcripts for four or more WCl1
genes (Table 3). The infrequent occurrence of this phenomenon
considering all 78 clones evaluated largely supports our previous
findings that WC1.1 and WC1.2 are the two foundational sub-
lineages of WC1*y8 T cells expressing an array of WCI genes that
enable them to respond to specific pathogens differently.

WC1 Gene Transcript by Pathogen-

Specific Memory y6 T Cells

A proportion of the cells in the WC1.1* subpopulation of yd T cells
from animals that have been primed by vaccination specifically
proliferate and produce IFNy in response to stimulation with
Leptospira in recall assays indicating their role as adaptive-like
memory lymphocytes (27). In contrast, many fewer in the WC1.2*
subpopulation do so. Based on these observations, we sought to
determine if the WC1 gene transcription was different among
clones that responded to Leptospira (WC1.1 cohort) compared
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with those that generally did not (WC1.2 cohort) since we have
shown previously that 5 of the 13 bovine WCI molecules have
SRCR domains that directly bind Leptospira (i.e., WC1-3, WC1-6,
WC1-8, WC1-10, and WC1-13) (23). Since antibody-mediated
co-ligation of WC1 and TCR/CD3 results in augmented prolif-
eration and IFNy production, it suggests that pathogen-mediated
co-ligation of WC1 and TCR/CD3 would also and thus that WC1
expression and pathogen binding specificity would influence y&
T cell responsiveness (24, 25, 32). 80% of the WC1.1 cohort of
clones that were generated with cells from a primed animal and
continually cultured with Leptospira had transcripts for at least one
WCI1 gene that had a binding domain for Leptospira (Figure 5).
Clones from the WC1.2 cohort were necessarily developed with
cytokine stimulation here and only 37% of those clones had
transcripts coding for WC1 molecules with a binding domain for
Leptospira. This was significantly different (p < 0.008). The obser-
vation that some WC1.2* cells do have transcripts for Leptospira-
binding WC1 molecules is consistent with the minor population
of WC1.2* y3 T cells that have been found to respond to Leptospira
stimulation (7) and that would be preferentially expanded under
these conditions given the initial culture was with Leptospira.

DISCUSSION

We previously hypothesized that within the WC1.1* and WC1.2*
subpopulations there would be set WC1 gene programming that
broke down these cohorts into even smaller populations. This was
rejected based on the results here because few clones had the same
pattern of WC1 gene transcription. This mix of patterns occurred
even though all the clones were derived from a single animal.
We would expect similar complex patterns in other animals since
unlike the gene numbers for Ly49 and KIR (other multigenic
arrays of immune system cell receptors) that are highly variable
among the genomes of mouse strains (33) and humans (34),
respectively, the WC1 family is highly conserved with regard to
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gene number and sequence among cattle breeds including for Bos
taurus and Bos indicus (3, 26). Although the gene transcription
and presumably expression of the WC1 multigenic array was
more complex and variable than predicted it is similar to the 30
different Ly49 patterns seen for 62 clones of murine NK cells (35)
and agrees with TLR gene expression by human and murine CD4
and CD8 T cells which ranges from four to seven TLR [reviewed
in Ref. (36)] and with transcription of one to eight KIR family
genes by human NK clones (37). However, for NK cells the num-
ber of different KIR genes transcribed/cell is normally distributed
(37) while our results indicated transcription of fewer WC1 genes
per cell is favored.

Variegated gene expression of immune cell receptors that
sense the environment, including KIR, Ly49, and TLR, is com-
mon and allows individual cells to detect specific stimuli (38).
Some multigenic arrays of PRR such as TLR have some genes
constitutively expressed on lymphocytes while expression of
other genes is induced in response to environmental cues such
as microbes and cytokines (39). In contrast, the WC1 transcrip-
tion patterns appear to be stable since among animals there is a
largely consistent ratio of WC1.1* and WC1.2* cells, defined by
their WCI gene expression, that changes according to age (7) and
which first appears during thymic development (Damani-Yokota,
unpublished data). This is similar to the set proportion of cells
expressing specific KIR genes in human or Ly49 genes in mice
(40-42). Variegated gene expression of these multigenic arrays
has been shown to be controlled by differential methylation of
CpG islands around the transcriptional start site (43), by bidirec-
tional promoter switches that are controlled by noncoding RNA
(38, 42, 44), and by differences in 5" upstream regulatory regions

(41) which ensure stability of gene expression. Finally, there is
precedent for the SRCR receptor transcriptome in a population
of immune cells changing in response to bacterial injection into
sea urchins (45), suggesting that the clonal expansion of cells with
stable expression of SRCR receptors in response to infection is an
ancient and conserved mechanism.

The WC1 transcriptome of the two major subpopulations of
WCI1+ 8 T cells (WC1.1* and WC1.2%) isolated from either ex
vivo PBMC or following culture with antigens have signature
WCI1 genes dominantly transcribed but they also have lower lev-
els of transcripts for additional WC1 genes (9, 24). These minor
transcripts could represent low-level sterile transcription since
their gene products were not evident by immunofluorescence.
For example, sterile transcripts for TLR are found in CD4 T cells
(46). Nevertheless, some of the clones had transcripts that coded
for WC1 genes normally expressed by the other cohort that may
have arisen from impurities in the flow cytometric sorting process
(i.e., WCL.1* cells in the WC1.2* sorted population) while others
may be cell lines, i.e., not of single cell origin. The presence of two
or more clonal populations of cells in a culture could convey a
growth advantage to cells including some not activated directly by
antigen. These issues are unresolved but would account for only
a small percentage of the colonies or cell lines derived since the
maximum likelihood method (29) indicates that there is 96-99%
probability that they are derived from a single cell.

Our previous studies support a model of y8 T cell activation
in which pathogen ligation of the WCI co-receptors along with
the TCR is necessary for optimal cellular responses (32, 47).
Moreover, crosslinking of the Y8 TCR with WCls using an mAb
that recognizes most WC1 molecules (mAb CC15) has been
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shown to give a stronger and more amplified signal compared
with crosslinking with an mAb that recognizes a specific WC1
molecule within the family of 13 (i.e., WC1-8 by mAb CACT21A)
(24). Thus, co-crosslinking of all WC1 molecules on a cell with
the Y8 TCR by natural ligand binding would be expected to
provide an advantage to the cell while multiple different WC1
molecules increase the potential for WC1 molecules to bind more
than one ligand of a pathogen. Also expression of WC1 molecules
in various combinations could increase the types of pathogens to
which an individual cell could respond. Conversely, expression
of multiple WC1 genes could decrease avidity for a particular
pathogen if some of the WC1 molecules did not bind a ligand on
the particular pathogen. We present these alternatives in a model
(Figure 7).

Since much of our work has used the recall response to
Leptospira as the model to elucidate the role of WC1 molecules
in directing yd T cell responses, we framed the results in that
context. Our hypothesis that the individual or combination of
WC1 molecules being expressed by a y8 T cell contributes to its
pathogen responsiveness is supported by our finding that the
majority of memory yd WCIL.1* T cell clones had transcripts
for WC1 molecules that bind Leptospira (23). Since we were
unable to grow WC1.1* clones without repeated stimulation with
Leptospira, we suggest that the remaining clones that did not
express WC1 molecules with known Leptospira-binding domains
may have a TCR with higher affinity for the bacteria and thus do
not need co-ligation of WC1 for activation. With regard to the
WC1.2* population, it is known to be characterized by dominant
transcription of genes WCI1-4, WCI-7,and WCI-9, none of which

have been found to bind Leptospira (23). However, some WC1.2*
vd T cell clones had transcripts for WC1 genes whose products
bind Leptospira which agrees with the small proportion of WC1.2*
vd T cells in PBMC that do in fact respond to Leptospira (7).

The cloning system yielded valuable insights into the varie-
gated WC1 gene transcription but the question of how stable
WC1 transcriptional programming is established in thymocytes
remains unresolved. We are currently investigating differential
occupancy of WC1 enhancers in the WCI.1 and WCI1.2 loci
by transcription factors implicated in y8 T cell development
(12) and consequent epigenetic modification of the loci to help
resolve this question. It also will be important to characterize the
TCR repertoires of those Leptospira-responsive WC1.1* yd T cell
clones that did not have transcripts for Leptospira-binding WC1
molecules. We predict that the CDR3 repertoires for these cells
will be significantly different from those with Leptospira-binding
WCI1 co-receptors and are the subject of current studies.
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FIGURE S1 | Sequence alignment of bovine WC1 genes. General structure of
bovine WC1 molecules is shown for 6 and 11 scavenger receptor cysteine rich
(SRCR)-containing molecules along with the transmembrane (TM) and
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Functional Alleles of Chicken BG
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vd T cells recognize a wide variety of ligands in mammals, among them members of the
butyrophilin (BTN) family. Nothing is known about y8 T cell ligands in chickens, despite
there being many such cells in blood and lymphoid tissues, as well as in mucosal sur-
faces. The major histocompatibility complex (MHC) of chickens was discovered because
of polymorphic BG genes, part of the BTN family. All but two BG genes are located in
the BG region, oriented head-to-tail so that unequal crossing-over has led to copy num-
ber variation (CNV) as well as hybrid (chimeric) genes, making it difficult to identify true
alleles. One approach is to examine BG genes expressed in particular cell types, which
likely have the same functions in different BG haplotypes and thus can be considered
“functional alleles.” We cloned nearly full-length BG transcripts from peripheral T cells of
four haplotypes (B2, B15, B19, and B21), and compared them to the BG genes of the
B12 haplotype that previously were studied in detail. A dominant BG gene was found in
each haplotype, but with significant levels of subdominant transcripts in three haplotypes
(B2, B15, and B19). For three haplotypes (B15, B19, and B21), most sequences are
closely-related to BG8, BG9, and BG12 from the B12 haplotype. We found that variation
in the extracellular immunoglobulin-variable-like (Ig-V) domain is mostly localized to the
membrane distal loops but without evidence for selection. However, variation in the cyto-
plasmic tail composed of many amino acid heptad repeats does appear to be selected
(although not obviously localized), consistent with an intriguing clustering of charged and
polar residues in an apparent a-helical coiled-coil. By contrast, the dominantly-expressed
BG gene in the B2 haplotype is identical to BG13 from the B12 haplotype, and most of
the subdominant sequences are from the BG5-BG7-BG11 clade. Moreover, alternative
splicing leading to intron read-through results in dramatically truncated cytoplasmic tails,
particularly for the dominantly-expressed BG gene of the B2 haplotype. The approach of
examining “functional alleles” has yielded interesting data for closely-related genes, but
also thrown up unexpected findings for at least one haplotype.

Keywords: B-G, membrane protein, adaptive immunity, innate immunity, B7 family

INTRODUCTION

The chicken major histocompatibility complex (MHC) was first described as the B blood group,
based on serological reactions mainly with the so-called BG antigen on erythrocytes. Later experi-
ments showed that recombination events could separate most of the BG antigen reactivity in the
BG region from the antigens encoded by classical class I and class II genes in the BF-BL region
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(1-5). The fact is that BG molecules, like class I and class IT mol-
ecules, are highly polymorphic cell surface antigens with wide
tissue distributions and encoded in the MHC led one eminent
researcher to refer to them as the class IV antigens and to the early
speculation that they might be the ligands of the newly discovered
chicken y8 T cells, but various approaches to demonstrate this
possibility failed (6, 7).

Now it is clear that some homologs of the BG molecules,
such as the butyrophilin (BTN) and butyrophilin-like (BTNL)
molecules, may indeed to be the ligands of mammalian yd cells
(8-11). The discovery of myelin oligodendrocyte glycoprotein
(MOG) in the nervous system of rodents and of BTN in lipid
droplets of cow milk (12-14) eventually led to the description
of the BTN gene family. This BTN family includes BTN, BTNL,
skin T cell (SKINT), and BG genes, based mainly on the sequence
relationships of the immunoglobulin-variable-like (Ig-V) extra-
cellular domain, and is overall part of the larger B7 gene family
(15). Certain BTN family members are known to be involved in
immunological reactions, including some expressed on T cells
reported to be involved in negative co-stimulation and some
expressed as heterodimers on epithelial cells involved in recogni-
tion by T cells with certain restricted yd TCRs (8, 10, 16, 17).

There are similarities but also differences between the mam-
malian BTN family members and chicken BG molecules. Both
the BTN and BG genes are multigene families with wide tissue
distribution, some members being expressed on hemopoietic
cells, and others being expressed on other cell types, particularly
epithelial cells (8-11, 18, 19). Some BTN family genes are known
to function as heterodimeric glycoproteins in recognition by
mammalian y8 T cells (16, 17); BG molecules have long been
known to be disulfide-linked dimers, although without apparent
glycosylation, and the presence of homo- versus hetero-dimers
has not been resolved (20-22). However, there are various intron—
exon and domain organizations within the mammalian BTN
family (8-11), none of which are identical to the BG genes (20,
23, 24). In particular, the cytoplasmic tails of mammalian BTN
family members have only a few heptad repeats and typically end
with a 30.2 (also called PRY-SPRY) domain; by comparison the
BG molecules all have long cytoplasmic tails composed of many
heptad repeats. Moreover, high serologic polymorphism, copy
number variation (CNV) and rapid evolution of BG genes in the
BG region have been reported compared with the mammalian
BTN family members (24).

At the moment, it is not clear whether the polymorphism of
the BG genes is functionally important. Comparison of alleles
of BG loci was easy for the two singleton genes: a nearly mono-
morphic BGO gene on chromosome 2 and the polymorphic BG1
gene in the BF-BL region on chromosome 16 (25). All other
known BG genes are located head-to-tail in the BG region on
chromosome 16, which renders them targets for apparent gene
conversion (meaning that the polymorphism might be due to
drift rather than selection) and also subject to unequal crossing-
over (meaning that the CNV makes it hard to unequivocally
identify orthologous alleles in different BG haplotypes) (24, 25).
To approach these problems, we have assumed that the genes
from different haplotypes expressed in particular cell types could
be considered alleles in a functional sense. If such “functional

alleles” could be reliably identified, then the sequences could be
compared for amount and location of variation, and assessed for
selection at the protein level.

The BG genes of the B12 haplotype are the most intensely stud-
ied, and one of the simplest patterns was from peripheral T cells,
in which the BG9 gene was strongly expressed and the BG12
gene was weakly expressed, as assessed by reverse-transcriptase
polymerase chain reaction (RT-PCR) with SS-TM primers that
amplified the signal sequence to transmembrane region, followed
by cloning and sequencing (24). In this study, we developed “HU”
primers from near the beginning of the 5 untranslated region
(5'UTR) of hemopoietic (“H”) BG genes to near the end of the
3’ untranslated region (3'UTR) of all known (universal or “U”)
BG genes, and sequenced the nearly full-length amplicons from
four chicken lines with other B haplotypes: line 6, (B2), line 151
(B15), line P2a (B19), and line N (B21). We expected to find a
single or dominantly expressed BG gene in each haplotype that
would be closely related to the BG9 gene found in the B12 hap-
lotype, which would allow us to determine whether the sequence
variation between haplotypes is localized and/or selected in the
extracellular region, the cytoplasmic tail, both, or neither.

MATERIALS AND METHODS
Chicken Lines and Haplotypes

Four lines of White Leghorn chickens were maintained under
specific pathogen-free condition at the Pirbright Institute (for-
merly the Institute for Animal Health) in Compton, UK: line
N, line P2a, line 15, and line 6,, with the MHC haplotypes of
B21, B19, B15, and B2, respectively. The history of these lines is
described (26).

Isolation of Cells

Peripheral blood was taken from wing veins with heparin and
washed twice with cold PBS by centrifugation at 300 g at 4°C
for 5 min and resuspension in cold PBS. Cells were counted
using a hemocytometer, and around 5 X 107 lymphocytic cells
in 2 ml were stained at 4°C in the dark for 1 h using T cell spe-
cific antibodies [10 pl mouse anti-chicken CD4-FITC and 10 pl
of mouse anti-chicken CD8b-FITC for lines N and P2a; 10 pl
mouse anti-chicken CD4-RPE and 10 pl of mouse anti-chicken
CD8-RPE for lines 15I and 6, (all antibodies from Southern
Biotech)]. Then the cells were washed 3-4 times with cold PBS
and resuspended into 1 ml cold PBS for sorting, using magnetic-
activated cell sorting (MACS, Miltenyi Biotec) for line N and
P2a, and a DakoCytomation MoFlo MLS high-speed cell sorter
(Beckman Coulter) for fluorescence-activated cell sorting (FACS,
performed by Mr. Nigel Miller in the Department of Pathology)
for line 151 and 6.

RNA Isolation, cDNA Synthesis, and PCR
Amplification

Roughly 1 X 10° sorted T cells were extracted for total RNA
following the manufacturer’s protocol for the NucleoSpin RNA
IT RNA extraction kit (Machery-Nagel). First strand cDNA was
produced from 5 to 10 ng RNA following the manufacturer’s
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protocol for the Maxima H Minus First Strand cDNA Synthesis (UC650) primer (5 TAACACCCAAAGCAGTTTTCTNCC3')
Kit (ThermoFisher). Briefly, the RNA was mixed with oligo-(dT)is ~ was designed by inspection. The location of the HU primer pair
primer and dNTP mixtures, heated at 65°C for 5 min, chilled  to amplify nearly full-length cDNA is indicated (Figure 1).
on ice for 3 min, RT buffer and Maxima H Minus Enzyme Mix
added, and the reaction mixture incubated at 55°C for 45 min, ~ Cloning and Sequencing
followed by 85°C for 45 min to inactivate the enzyme. Several bands were generated after HU-PCR reaction, as illustrated
PCR amplification was carried out using Phusion® Hot Start ~ by 1% agarose gel electrophoresis of a representative example
Flex DNA Polymerase (NEB) in a 50 pl reaction mixture with  (Figure 1). Amplification with SS-TM primers in pilot experiments
0.5 pl (5-10 ng) cDNA, 200 uM total dNTPs (1 pl of 10 mM  revealed that all bands from 1,500 to 3,000 bp contained BG cDNA
stock), Phusion buffer (10 ul of 5X stock), 1 U Phusion enzyme sequences. For the final experiments, a single region was cut out of
(0.5 pd of 200 U/ml), 250 nM forward primer and 250 nM reverse the gel after shorter times of electrophoresis (20 min at 100 V), so
primer (both 1.25 pl of 10 uM stocks), and nuclease-free water  that sequences of all these sizes were treated in parallel. DNA was
(35.5 ul), and with reaction conditions of 2 min at 98°C, 35 cycles extracted using the ISOLATE II PCR and Gel Kit (Bioline).
0f98°C 105, 66.5°C 20 sand 72°C 60 s, and finally 10 min at 72°C. DNA fragments were cloned into the pJET vector (CloneJET
The SS forward (UC74) and TM reverse (UC76) primers PCR cloning kit, ThermoFisher), 92-96 colonies were picked
(5'CTCCTGCCTTATCTCRTGGCTCTGCAC 3'and 5'CACAG  for colony PCR using HU primers, and DNA from the 40-60
CCAGAGCCACYKTCCAG 3’) to amplify the signal sequence  positive clones was prepared by Miniprep (PureLink Quick
to transmembrane region (Figure 1) have been described (24).  Plasmid Miniprep Kit, Invitrogen) and sent for dideoxy chain
The H forward (UC206) primer (5'TCCGCTCGAGCTCT  termination sequencing (DNA Sequencing Facility, Department
CTYCTCCTACAG3’) has been described (25). The U reverse  of Biochemistry, University of Cambridge). Sequencing primers

) Signal ) Transmembrane Cvtoplasmic Tail PUTR
SUTR gequence 1§V DOM3IR  Region e

— T —

- <

SS(UCT4) T™ (UC76) =

H (UC206) U (UC650)

FIGURE 1 | Representation of the intron—exon structure of a typical BG gene, with the encoded mRNA regions and protein domains indicated, as well as the
location of the primers for the SS-TM and HU ampilifications (top). Picture of agarose gel with the results of a representative amplification using HU primers (bottom).
Lane 1, GeneDireX 1 kB markers (10, 8, 6, 5, 4, 3, 2.5, 2, 1.5, 1, 0.75, 0.5, and 0.25 kB); lane 2, GeneDireX 100 bp markers (1500, 1000, 900, 800, 700, 600, 500,
400, 300, 200, and 100 bp); lane 3, no template control PCR; lane 4, PCR with line N T cell cDNA.
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wereT7(5' TAATACGACTCACTATAGGG3'),pJETR(5'AAGAA
CATCGATTTTCCATGGCAG3'),UC699 (5 TTTTCTATGATC
ATCC 3’), UC700 (5" TTTTCTATGATCATCC 3’), UC701 (5’
TGGCTCTGCACYTCCTCS 3'), and UC703 (5 TGRACCTG
GAGGTGTCAG 3’). Sequencing identified 35-45 BG clones,
some of which were BG0 and BG1 and therefore were not further
analyzed. Names were given to the sequences from the remain-
ing clones, according to the following convention: abbreviated
line name, “T” for T cells, “BG,” a letter representing the exon
2 sequence with “a” being the most frequently detected exon 2
sequence (and “b” being the second most frequently detected exon
2 sequence, and so forth), a dash and then a number representing
the alternative splicing variant with “1” being the most frequently
detected clone (and “2” the second most frequently detected clone,
and so forth). Some of these clones were eventually found to be
chimeras, and were not further considered in the analyses, leading
to 57 final sequences (Figure S1 in Supplementary Material).

Sequence Analysis

Sequencing trace data were viewed, trimmed, and assembled in
CLCDNA Workbench 5 (QIAGEN). Primary sequence alignments
were carried out in CLC and finished sequences were exported
into MEGA?7" for Clustal W alignment, from which the “meg” file
was generated and used for phylogenetic analysis using Neighbor
Joining method in MEGA?7 with bootstrap (1000) for phylogeny
test. Sequence alignments were imported into BioEdit Sequence
Alignment Editor,” then exported as a “rich text with current
shaded view setting,” opened in Word (Microsoft) and modified
manually by adding annotations. Helical wheel analysis for the
cytoplasmic tails was done using online program DrawCoil10° and
Figure 8 and Figure S5 in Supplementary Material were modified
from the diagrams generated from this program. The model for
Ig-V domain of BG8 in Figure 7 was built by Swiss-Model* based
on the template of the MOG molecule (PDB ID 3csp.1) sharing
40.35% identity in amino acid sequences. The structure was then
viewed, edited, and annotated in PyMOL.’> All the other figures were
designed and manipulated in Word or Powerpoint (Microsoft).

RESULTS

One Dominant and Several Other BG
Genes Are Expressed in Peripheral T Cells
of Each B Haplotype, With Most Part of
the BG8-BG9-BG12-BG13 Clade

Peripheral T cells were isolated from the blood of four chickens
from lines with different B haplotypes: line 6, (B2) and line 15I
(B15) by FACS and line P2a (B19) and line N (B21) by MACS,
and both with a cocktail of monoclonal antibodies (mAb) to
CD4 and CDS8. Total RNA was converted to cDNA using reverse-
transcriptase and an oligo-dT primer, and then nearly full-length

'http://www.megasoftware.net/ (Accessed: January, 2018).
“http://en.bio-soft.net/format/BioEdit.html (Accessed: January, 2018).
*http://www.grigoryanlab.org/drawcoil/ (Accessed: January, 2018).
*https://swissmodel.expasy.org/ (Accessed: January, 2018).
*https://pymol.org/2/ (Accessed: January, 2018).

transcripts were amplified by PCR using HU primers, cloned and
sequenced on both strands. Two independent PCR reactions were
analysed, and for line 6, (B2) a third PCR reaction was carried out
using SS-TM primers, expected to detect all BG transcripts.

For each chicken line, 26-84 BG c¢DNA clones (excluding
BGO and BGI clones) were isolated and then sequenced with
a variety of primers, with the reads assembled and analysed
(Figure 2). Fifty-seven unique sequences were found (Figure S1
in Supplementary Material). Assuming that each unique sequence
of the extracellular Ig-V domain (encoded by exon 2) corresponds
to a gene, the 57 unique sequences originate from 16 genes, with
3-5 genes expressed in each haplotype, none of which were shared
between any two of the four haplotypes (Figure 2). Comparison of
the nearly full-length sequences within each gene based on exon 2
sequences revealed that almost all differences were due to alterna-
tive splicing events in the cytoplasmic tail, which will be further
described in a later section of the Results. However, some exon 2
sequences within aline differ in only one nucleotide and were only
found in a single PCR (see Figure S1 in Supplementary Material).
It seems likely that some of these clones are due to nucleotide
mis-incorporation during amplification, but they were considered
as separate genes since there are examples of separate genes with
single nucleotide differences within the B12 haplotype (24). Based
on the number of clones with different exon 2 sequences, there
is one gene expressed more than the others in all four samples,
but only in the N line (B21) was one gene really overwhelmingly
dominant as found previously for the B12 haplotype (Figure 2).

Based on the intron-exon structures of BG genes (Figure 1)
from the well-characterized B12 haplotype, the cDNA sequences
from the four haplotypes could be organized conceptually into
transcript sequences without introns, which could be used for
the first stage of analysis. By comparison with the 14 BG genes
of the B12 haplotype (24), the conceptual transcript sequences
from these cDNA clones were mainly from the phylogenetic clade
of BG8-BG9-BG12-BG13 genes of the B12 haplotype (Figure 3).
The sequences of this clade have a 5'UTR characteristic of
hemopoietic BG genes (as expected for genes amplified with an H
forward primer) with a cytoplasmic tail and 3"UTR characteristic
of the so-called type 2 sequence, quite different from the 5’UTR
sequences of tissue BG genes and those genes with so-called type
1 cytoplasmic region and 3'UTR sequences (Figure 4).

Some features of the BG genes from line 6, (B2) are different
from those of the other three haplotypes. Throughout the length of
the sequences, the dominantly expressed conceptual transcripts (as
defined in the previous paragraph) from B15, B19, and B21 (BGS,
BG9, and BG12 gene sequences from B12) are much more closely
related with each other than with the dominantly expressed concep-
tual transcript from B2 (and the BG13 gene sequence) (Figures 3
and 5). The BG13 gene had already been seen to have an apparent
gene conversion in exon 2 (25), but based on these latest data, we
now consider the BG8-BG9-BG12 clade as having a type 2a cyto-
plasmic tail, with the BG13 (and other sequences such as BG3, BG4,
and BG6) having a type 2b cytoplasmic tail (but not for the 3'UTR,
which are nearly identical in all these sequences). Another surprise
was the fact that many of the cDNA sequences isolated from line
61 (B2) are in fact identical (or very nearly so) to BG genes from
the B12 haplotype (Figure 3), an unexpected finding for us since
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NTBGc (2/76)  P2aTBGc (6/26) 15iTBGc (4/39) 6TBGc (11/84)
NTBGd (1/76) 6TBGd (10/84)
NTBGe (1/76) 6TBGe (2/84)
FIGURE 2 | Overall results for the number of genes (based on exon 2 sequences) amplified from cDNA preparations derived from blood T cells isolated from
various chicken lines (with different B haplotypes): line CB (B12), line N (B21), line P2a (B19), line 151 (B15), and line 6 (B2). Top panel, independent amplifications
from the four chicken lines; HU, hemopoietic forward and “universal” reverse primers to give nearly full-length sequences; SS-TM, signal sequence forward and
transmembrane reverse primers to give SS, extracellular Ig-V domain and TM regions. Different colors indicate different exon 2 sequences, except those sequences
that are only found in one PCR reaction. Names follow the convention: abbreviated line name, “T” for T cells, “BG” and a letter representing the exon 2 sequence
with “a” being the most frequently detected exon 2 sequence (and “b” being the second most frequently detected exon 2 sequence, and so forth); numbers in
parentheses indicate the number of clones found for a particular exon 2 sequence out of the total number for the particular PCR reaction. Bottom panel, the total
results for four chicken lines from this paper and for the CB line (B12) from Ref. (24).

the B haplotype was originally defined by serology predominantly
of the BG region. In fact, the serological identity of B2 and B12
molecules on erythrocytes was noted long ago (5), and confirmed
by two-dimensional gel analysis (27). The mystery deepens with
the realization that the dominantly expressed BG gene from B12
T cells is BG9 (despite the presence of a BG13 gene), whereas the
dominantly expressed BG transcript from B2 T cells is identical in
sequence to BG13, with no BG9 sequence found (Figures 2 and 3).

Finally, the subdominant cDNA sequences varied between
haplotypes. Most of these subdominant sequences are also most
closely related to the BG8, BGY, and BG12 sequences, but some
are more closely related to the BG5-BG7-BGl11 clade (Figures 3
and 4), which has 5"UTR sequences characteristic of hemopoietic
BG genes but with a cytoplasmic tail and 3'UTR characteristic of

the so-called type 1 sequence (24). In particular, of the four sub-
dominant transcripts in line 6, (B2), one is identical and another
nearly identical to BG7 while a third (for which only the V domain
sequence is complete) is identical to BG11 (Figures 3 and 4).

The Dominantly Expressed BG Genes for
Three Haplotypes Show Evidence for
Clustering of Variation but Not Selection in
the Extracellular Domain Compared With
Selection but Not Clear Clustering in the
Cytoplasmic Tail

All BG genes can be divided up into the 5'UTR and signal
sequence encoded by exon 1, the Ig-V extracellular domain
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FIGURE 3 | Phylogenetic tree of nucleotide sequences for the “(nearly) full-length conceptual transcripts” (i.e., exons without introns) for the 16 genes from four
chicken lines identified in this paper, and for the 14 BG genes of the B12 haplotype from Ref. (24). Names of the transcripts follow the convention: abbreviated
line name, “T” for T cells, “BG” and the letter “a” representing the most frequently detected clone from the most frequently detected exon 2 sequence (and “b”
representing the most frequently detected clone from the second most frequently detected exon 2 sequence, and so forth). Names of the genes follow the
convention “BG” and the number of the gene locus from the B12 haplotype. Indicated by color are those clades with 5’ ends of hemopoietic (blue) and tissue
(green), and by brackets for 3" ends of type 1 and type 2. Branch lengths are scaled by genetic distance, and percentage bootstrap values are indicated at the
nodes. 6TBGd is not present in this tree since it was only detected by the SS-TM amplification, and some sequences may be due to nucleotide mis-incorporation
during amplification (for instance, NTBGa may have given rise to NTBGb and NTBGc, see Figure S1 in Supplementary Material).

BGO

encoded by exon 2, the transmembrane region encoded in exon
3, a cytoplasmic tail of heptad repeats mostly encoded by many
21 nucleotide exons, and 3'UTR encoded within the final exon
(Figure 1) (24). The phylogenetic relationships seen for exon 2 are
true for the whole of the conceptual transcripts, except for the few
that have a type 1 cytoplasmic tail and 3'UTR.

It is of interest to gain insight into the features of the sequences
at the nucleotide and amino acid level, including the location
and potential clustering of the sequence variation as well as any
evidence for selection. As mentioned above, the dominantly

expressed conceptual transcript from line 6, (B2) is identical to
the BG13 sequence of the B12 haplotype, so there is no allelic
variation to consider (Figures 3 and 5). However, there is vari-
ation throughout the conceptual transcripts of the dominantly
expressed cDNAs from the three other haplotypes, which can
be compared with the BG genes of the B12 haplotype (Figure 5;
Figure S3 in Supplementary Material).

The 5'UTR of the dominantly expressed BG sequences
expressed in T cells, like all other hemopoietic BG genes, has a
large indel compared with those BG genes of the B12 haplotype
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FIGURE 4 | Phylogenetic trees of nucleotide sequences for portions of the “(nearly) full-length conceptual transcripts” (i.e., exons without introns) for the
16 genes (based on exon 2 sequences) from four chicken lines identified in this paper, and for the 14 BG genes of the B12 haplotype from Ref. (24). Trees
include 5" untranslated region (5’UTR) from exon 1, signal sequence from exon 1, exon 2 (two nucleotides from the signal sequence and then the nucleotides
encoding the Ig-V domain), exon 3 (transmembrane region), the exons corresponding to the cytoplasmic tail (excluding any nucleotides in the final exon that
encode amino acids), and the final exon [which is exactly the 3" untranslated region (3'UTR) in some sequences, but for which the first nucleotides encode the
last amino acids of the cytoplasmic tail in most sequences]. Other details are in the Figure 3.

that are expressed primarily in tissues (Figure S3 in Supplementary
Material). Only 15 positions out of 137 nucleotides in the 5"UTR
(excluding the primer binding site) differ in one or another of
the dominantly expressed sequences from the four haplotypes
(including B2) as well as the BG8, BG9, BG12, and BG13 genes of
the B12 haplotype, and this variation is of unknown significance.

In the portion of exon 1 encoding most of the signal sequence
(Figure 6; Figure S4 in Supplementary Material), only 1-6 differ-
ences out of 99 nucleotides leading to 0-4 changes in 33 amino
acids are found in the dominantly expressed sequences from the
four haplotypes (including B2) as well as the BG8, BG9, BG12,
and BG13 genes of the B12 haplotype. There is only one (silent)
nucleotide change that fails to lead to an amino acid change, so
the variation might appear to be selected. However, this variation
does not change the overall hydrophobic sequence nor does it
change the signal peptidase site of three small amino acids (the
last codon of which is split, with the second and third positions
located in exon 2).

Compared with the BG8 gene of the B12 haplotype, the varia-
tion in the part of exon 2 encoding the extracellular Ig-V domain
ranges from 4 to 9 differences out of 342 nucleotides leading to

1-5 changes in 114 amino acids in the three haplotypes (B15,
B19, and B21), and 22 nucleotides and 12 amino acids for line
61 (B2) and BG13 (B12) (Figure 7; Figure S4 in Supplementary
Material). The location of the variation is not clustered along the
sequence, but for the three haplotypes (and BG8, BG9, and BG12
of the B12 haplotype), a structural model (Figure 7) shows that
nearly all the amino acid variation is located in the membrane
distal loops presumably pointing away from the cell surface, with
one position in the $-strands and one in the loops underneath the
Ig-V domain. For line 6, (B2) and BG13 (B12), there is more vari-
ation away from the distal loops. However, there was no change
in the cysteines that form the intra-domain disulfide bond, or the
cysteine located in the equivalent of complementarity determin-
ing region 1 (CDR1) that form a disulfide bond between the two
chains of a BG dimer.

Comparison of the codons in the extracellular Ig-V domain
for which there is nucleotide variation (Figure 6; Figure S4 in
Supplementary Material) shows that for each sequence of the three
haplotypes, the nucleotide changes that lead to no change in the
amino acid (silent or synonymous changes) versus those that lead
to a change in the amino acid (replacement or non-synonymous
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FIGURE 5 | Alignment of amino acid sequences from the “(nearly) full-length conceptual transcripts” (i.e., exons without introns) for the dominantly expressed

genes from four chicken lines identified in this paper, and for the appropriate BG genes (BG8, BG9, BG12, and BG13) of the B12 haplotype from Ref. (24). Names
of the transcripts follow the convention: abbreviated line name, “T” for T cells, “BG” and the letter “a” representing the most frequently detected clone from the most
frequently detected exon 2 sequence. Names of the genes follow the convention “BG” and the number of the gene locus from the B12 haplotype. Regions of the
amino acid sequence are indicated with colors (but with amino acids split between two exons indicated by both colors): signal sequence, darker green; Ig-V domain,
bright green; transmembrane region, darker brown (with lysine/threonine dimorphism in gray-blue); heptad repeats based on 21 nucleotide exons, alternating
orange and light brown (except for some repeated exons in gray, light green, purple yellow, and light blue). Letters indicate amino acids by single letter code, dots
indicate identities with BG8 sequence, dashes indicate no sequence present (deletion). Cytoplasmic tail of 6TBGa is conceptual, as alternative splicing leads to

changes) range from two silent and one replacement change to
three silent and five replacement changes. Comparison of the
dominantly expressed BG from line 6, (B2) and BG13 (B12) with
the other three haplotypes (and BG8, BG9, and BG12) shows 7
silent and 12 replacement changes. Given that random changes
would be expected to lead to only twice as many replacements as
silent changes, these data are not consistent with strong selection.

There are two kinds of transmembrane regions described for
BG genes, which are also found in the conceptual transcripts of

the four haplotypes (Figure S3 in Supplementary Material). The
dominantly expressed BG sequence for line 6, (B2) is identical
to BG13, with the transmembrane region bearing a lysine in the
otherwise hydrophobic region. The dominantly expressed BG
sequences from the other three haplotypes (and BG8, BG9, and
BG12) all have with a threonine instead of the lysine along with
nine other amino acid differences compared to BG13. There is
no variation between the transmembrane region sequences of
the three haplotypes (and only one amino acid difference in BG12).
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FIGURE 6 | Compared with BG8 of the B12 haplotype, the number of silent and replacement changes by codon position for the “(nearly) full-length conceptual
transcripts” (i.e., exons without introns) of the dominantly expressed genes from four chicken lines identified in this paper, and of the other appropriate BG genes
(BG9, BG12, and BG13) of the B12 haplotype from Ref. (24). Names of the transcripts follow the convention: abbreviated line name, “T” for T cells, “BG” and the
letter “a” representing the most frequently detected clone from the most frequently detected exon 2 sequence. Names of the genes follow the convention “BG” and
the number of the gene locus from the B12 haplotype. Values are based on the alignments in Figure S4 in Supplementary Material, and amino acids from split
codons at the edges of the exons are assigned to the exon with two of the three nucleotides of the codon (for instance, last amino acid of the signal sequence is
assigned to the Ig-V domain, which in fact starts with glutamine in the mature protein).

By contrast, there are only three silent nucleotide changes out of
17 total in line 6, (B2) and BG13, and three codons have mul-
tiple nucleotide changes, again consistent with some selection
between the BG8-BG9-BG12 sequences and the BG13 sequences
(Figure 6; Figure S4 in Supplementary Material).

The cytoplasmic tail is composed of amino acid heptad repeats
encoded by 21 nucleotide exons (with a few exons of 18 or 24
nucleotides), the numbers of which vary between BG genes
(Figure 5; Figures S2 and S3 in Supplementary Material). Besides
different numbers of the exons that code for these heptad repeats,
the location of the first stop codon either in the penultimate exon
or at the beginning of the last exon affects the numbers of repeats.
The dominantly expressed BG sequence for line 6, (B2) is like
BG13, with 27 such exons in the conceptual transcript. The con-
ceptual transcripts of the other three haplotypes have dominantly
expressed BG sequences that are similar to BG8 (33 exons), BG9
(28 exons but a stop codon after a repeat in final exon, giving
29 apparent heptad repeats), and BG12 (31 exons): 37 exons for
line 15I (B15) that has an apparent insertion of 4 exons but in
addition a stop codon after a repeat in the final exon (giving 38
apparent repeats), 33 repeats for line P2a (B19), and 29 repeats
for line N (B21).

The presence of amino acid heptad repeats encoded by 21
nucleotide exons strongly suggests that the two cytoplasmic tails
of a BG dimer form an a-helical coiled-coil, similar to what is
sometimes called a leucine zipper (28, 29). In such coiled-coils,
the first and fourth amino acids in a true heptad repeat (which
from here will be called a and d positions) act as the interface
between the two chains, with some contribution by the neighbor-
ing amino acids (e and g positions) (30). To better understand the
sequence features of the cytoplasmic tail, as well as location of any
variation, representations of helical wheels were inspected.

It seems unlikely that a and d amino acids forming the inter-
face of the two chains in the coiled-coil would involve the first
amino acid of each 21 nucleotide exon, since that amino acid is
encoded by one nucleotide from the previous exon followed by
two nucleotides from the exon under consideration, and thus the
first amino acid encoded by this split codon would vary depend-
ing on the previous exon. In fact, the helical wheels of both BG8
and BG13 revealed a clear pattern (Figure 8): the amino acids
from the fourth codon and the last codon of the 21 nucleotide
repeat are mostly hydrophobic, presumably corresponding to the
a and d amino acids of the true heptad repeat that would form a
hydrophobic interface between the two chains. Moreover, there
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BG8 colored red in the right hand panel.

FIGURE 7 | Alignment of amino acid sequences for the Ig-V domains of the dominantly expressed genes from four chicken lines identified in this paper, and for the
appropriate genes of the B12 haplotype from Ref. (24), along with structural models of the Ig-V domains with the location of variation compared with the BG8
sequence of the B12 haplotype indicated. Names of the transcripts follow the convention: abbreviated line name, “T” for T cells, “BG” and the letter “a” representing
the most frequently detected exon 2 sequence. Names of the genes follow the convention “BG” and the number of the gene locus from the B12 haplotype. In the
top panel, letters indicate amino acids by single letter code, dots indicate identities with BG8 sequence, residues that differ from BG8 are boxed in blue for the three
lines, and red for line 6, and BG13; yellow indicates the intra-domain cysteines. The B-strands of the V region are indicated by arrows in the top panel, and are
colored dark green for one face of the domain and light green for the other face. The same color scheme is used for the three panels below, with the positions of
residues for the three lines (and BG9 and BG12) that differ from BG8 colored blue in the middle panel, and positions of residues for line 6 and BG13 that differ from

are many fewer hydrophobic amino acids at the other positions,
with many of the amino acids from the first and third codon (cor-
responding to the e and g positions) charged, potentially allowing
salt bridges between oppositely charged amino acids of the two
chains (30). It is not immediately clear from the data whether the
potential salt bridges might be for homodimers or for heterodi-
mers with some of the subdominantly expressed chains. However,
the charges in the five positions other than those forming the
hydrophobic stripe between the chains are clustered into acidic,
basic, and polar patches along the coiled-coil, with a particularly
clear acidic patch at the C-terminus. Also striking is the presence
of a cysteine residue in the same position of the cytoplasmic tail
of the conceptual transcripts of all the dominantly expressed BG
molecules.

There is no sequence variation in the cytoplasmic tail between
the dominantly expressed BG conceptual transcripts for line 6,
(B2) and BG13 from the B12 haplotype, but the variation in the
three other haplotypes, BG8, BG9, and BG12 is scattered along the
sequence (except for an apparent insertion in the B15 sequence
from line 15I), with only one a and one d position being variable
out of 25 variable positions total (Figure 8; Figures S2 and S3
in Supplementary Material). This variation is all di-allelic, most

of which is arguably conservative changes (A/T, M/T, E/D, Q/H,
A/G, L/V, Y/S, A/l, and A/P) with only a few arguably radical
changes (A/E, K/E, L/Q, K/N, Q/R, K/Q, and R/H). Decorating
the coiled-coil representation of the cytoplasmic tail sequence
revealed that much of the variation is located in two parts of the
coil, 11-18 and 23-26 of 33 heptads (Figure 8), but whether this
constitutes clustering is not yet clear. The cytoplasmic tail from
the dominantly expressed conceptual transcript of line 6, (B2) and
from the BG13 gene (B12) is shorter (27 heptads) than the domi-
nantly expressed genes from B15, B19, and B21 and the BG8, BG9,
and BG12 genes from B12 haplotype (Figure 8). Interestingly, the
actual cytoplasmic tails of the dominant and some subdominant
sequences of line 6, (B2) are much shorter (Figure 8; Figure S5 in
Supplementary Material), as discussed below.

Unlike the protein coding regions including the cytoplasmic
tail, the final exon (which includes the 3'UTR) of the dominantly
expressed BG genes of all four haplotypes as well as the BG8, BG9,
BG12, and BG13 genes are co-linear (except for a 20 nucleotide
insertion in BG that is shared with most BG genes not in the BG8-
BG9-BG12-BG13 clade) and nearly identical in sequence (Figures
S3 and S4 in Supplementary Material). Including the 27 nucleo-
tides that code for protein in BG9 and the dominantly expressed
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FIGURE 8 | Coiled-coil representations of the cytoplasmic tails of BG8; BG8 with the different amino acids found in BG9 and BG12 of the B12 haplotype and in the
“(nearly) full-length conceptual transcripts” (i.e., exons without introns) of the dominant sequences of line 151 (B15), line P2a (B19), line N (B21); B13 which is
identical to the “(nearly) full-length conceptual transcript” (i.e., exons without introns) of the dominant sequence of line 6, (B2); and the dominant sequence of line 6+
(B2) with the expected amino acid sequence from the most frequent clone using the real transcript (i.e., exons with the intron read-throughs leading to an early stop
codon, sequence 6TBGa-1). The transmembrane region would be at the top of the page, so the C-terminus of the BG protein is at the bottom of the page. The
positions of the seven codons in the 21 nucleotide repeat are indicated with numbers at the top, and the position of the seven amino acid positions of the “true
heptad repeat” are indicated with letters. Colors of circles surrounding the amino acids (single letter code) indicate features of the amino acids (red, acidic; blue,
basic; orange, polar; and gray, hydrophobic except for yellow, cysteine), with the understanding that these features do not correspond to full descriptions of the
properties of the amino acids.

BG from line 151 (B15) but are untranslated in the other members
of this clade, there are only 26 positions out of 411 nucleotides
that vary between the eight sequences, with unknown significance.

Alternative Splicing and Intron Read-
Through Lead to Truncated Cytoplasmic
Tails, Particularly for the Dominantly
Expressed BG Gene From Line 6, (B2)

The analysis thus far has assumed that the RNA transcripts
correspond to the exons as identified by their sequence features
without any introns that were present, a minimal length for the

mRNA. However, many of the 57 unique sequences actually iso-
lated include stretches of sequence that are clearly introns, based
on comparison with known genes in the B12 haplotype (Figure 9;
Figures S1 and S3 in Supplementary Material).

Almost all of the retained introns lead to in-frame stop
codons, some of which are long before the stop codon expected
from the conceptual transcripts (Figure 9; Figures S1 and S3
in Supplementary Material). The dominantly expressed BG
sequence from line 6, (B2) retains the intron directly after the first
21 nucleotide exon, which truncates the cytoplasmic tail after only
13 amino acids (Figure 8; Figure S1 in Supplementary Material).
Thus, the dominantly expressed BG sequence from line 6, (B2) has
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a different sequence from the other three haplotypes, butalsolacks ~ DISCUSSION
the long cytoplasmic tail. Some of the subdominant sequences also
have truncated cytoplasmic tails, some with clusters of cysteines ~ To overcome the difficulty of identifying truly orthologous alleles

(Figures 8 and 9; Figure S5 in Supplementary Material). in the ever-shifting panoply of BG genes in the BG region, we
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FIGURE 9 | Representation of the intron—-exon structure of the BG genes (based on exon 2 sequences) inferred from 29 sequences (representative of each of the 16
genes based on exon 2, as well as those alternatively expressed transcripts identified in more than one independent PCR) from line 6+ (B2), line 151 (B15), line P2a
(B19), and line N (B21), indicating the actual mRNA transcripts as horizontal lines and stop codons as vertical purple flags. In 15TBGa, the alternating red and
yellow boxes indicate the four additional heptad repeats found for this gene, compared with BG8 (B12). Names of the transcripts follow the convention: abbreviated
line name, “T” for T cells, “BG” and the letter “a” representing the most frequently detected clone from the most frequently detected exon 2 sequence (and “b”
representing the most frequently detected clone from the second most frequently detected exon 2 sequence, and so forth), a dash and then a number representing
the alternative splicing variant with “1” being the most frequently detected clone (and “2” the second most frequently detected clone, and so forth). Numbers in
parentheses indicate the number of clones found for a particular full sequence, followed by the number of independent PCRs in which the sequence was identified
(1, found in one PCR; 2, found in two PCRs; B, found in one PCR described in this paper and one using B cell cDNA, data not shown).

The 29 sequences were deposited in GenBank, with the accession numbers as follows: NTBGa-1, MH156615; NTBGa-3, MH156616; NTBGa-4, MH156617;
NTBGa-16, MH156618; NTBGb, MH156619; NTBGc, MH156620; NTBGd, MH156621; NTBGe, MH156622; P2aTBGa-1, MH156623; P2aTBGb-1, MH156624;
P2aTBGc-1, MH156625; P2aTBGc-5, MH156626; 15iTBGa-1, MH156627; 15iTBGa-2, MH156628; 15iTBGa-3, MH156629; 15iTBGa-4, MH156630; 15iTBGa-5,
MH156631; 15iTBGa-7, MH156632; 15iTBGb-1, MH156633; 15TBGb-2, MH156634; 15iTBGb-5, MH156635; 15TBGc-1, MH156636; 6TBGa-1, MH156637;
6TBGa-2, MH156638; 6TBGb-1, MH156639; 6TBGb-2, MH156640; 6TBGc-1, MH156641; 6TBGd, MH156642; 6TBGe, MH156643.

adopted the approach of looking at the BG transcripts in single Second, three of the four haplotypes have dominantly expressed
cell types to identify “functional alleles” Based on our limited ~ BG genes with sequences close enough with each other (and to
examination of the transcripts in cells and tissues of the B12  the gene strongly expressed in the B12 haplotype) to allow good
haplotype (24), we began with peripheral T cells from chicken = comparisons for allelic variability, but one haplotype is rather
lines bearing four additional haplotypes. The overall results are  different. The dominantly expressed BG gene from all four hap-
summarized as a cartoon (Figure 10). lotypes came from one clade of BG genes in B12 chickens (BG8-

Based on our previous results, we expected a single dominantly ~ BG9-BG12-BG13, hemopoietic 5* UTR with type 2 cytoplasmic
expressed BG transcript (perhaps with another subdominant tail and 3’UTR). The T cells from line 15I (B15), line P2a (B19),
transcript at a low level) for each haplotype. We hoped that the ~ and line N (B21) expressed BG genes that are very closely related
transcripts from the five haplotypes would be similar enough that ~ to the BG9 gene (and also to BG8 and BG12). By contrast, the
we could identify limited variation and determine whether such ~ dominantly expressed BG gene from line 6, (B2) has many dif-
variation was clustered in regions of the protein with functional ~ ferences throughout the sequence (except in the 3'UTR). This B2
significance and/or under selective pressure. In particular, we  gene seems identical with the BG13 gene of the B12 haplotype (as
wanted to ascertain whether such variation in the extracellular Ig-V presaged by serology of erythrocytes (5)), which is not expressed
domain and the cytoplasmic tail showed evidence for selected func-  in B12 T cells (at least as assessed by amplification with the SS-TM
tion, since there is no evidence that the serological polymorphism  primers (24)) despite being present in the B12 haplotype.

found in the extracellular Ig-V domain has functional significance Among the subdominant BG genes expressed at significant
while the two reported examples of function have been localizedto  levels, most are closely related to BG8, BG9, and BG12, with none
the cytoplasmic tail. In fact, we found a series of surprises. that clustered with BG13. However, there were several subdomi-

First, only line N (B21) cells had one really dominantly = nant BG genes whose overall sequences clustered with the BG5-
expressed BG gene, as we had found with the CB (B12) line. The =~ BG7-BGl1 clade (hemopoietic 5 UTR with type 1 cytoplasmic tail
other three lines with different haplotypes had one dominant and 3'UTR), three from line 6, (B2) and one from line P2a (B19).
gene expressed, but the subdominantly expressed genes were  The potential significance of these different sequences is unclear.
present in significant amounts. We were so concerned about this Third, the comparison of the Ig-V domains from closely related
result that we carried out a third amplification of the cDNA from  BG genes showed clustering of the variation but no evidence for
line 6, (B2) using SS-TM primers (the same used for the B12  selection at the protein level. Only low levels of variation were
experiments), which gave the same dominantly expressed BG ~ found in the Ig-V domain of the dominantly expressed BG genes
gene but a completely different subdominant BG gene compared  of the three haplotypes along with the closely related BG8, BG9,
with the amplifications with HU primers. Therefore, we are not ~ and BG12 genes of the B12 haplotype. This variation is mainly

completely convinced that our amplifications are without bias.  localized to the distal loops, which could suggest selection for
Unbiased approaches such as RNAseq or proteomics might be  functional interactions with other molecules, but there was no
suitable for answering this question. evidence for selection of variation based on non-synonymous

The significant levels of subdominant BG transcripts in three  (replacement) versus synonymous (silent) changes; perhaps data
of the four haplotypes did lead us to wonder whether the domi-  from additional haplotypes will help. By contrast, the dominantly
nantly expressed BG protein in some haplotypes might associate ~ expressed BG gene of line 6, (B2) is identical to the BG13 gene
with subdominant BG proteins to make heterodimers. Another  of the B12 haplotype, the differences with the other three haplo-
possibility is that some or all of these expressed proteins might  types and three other genes of the B12 haplotype were scattered
associate as heterodimers with BGO or BG1 chains, which were  throughout the structure, and again there was no support for
found in all cells at significant amounts. We were unable to seean  selection at the protein level.
obvious pattern from our helical wheel analyses. Careful analyses Fourth, by contrast to the extracellular Ig-V domain, there was
at the protein level of ex vivo cells as well as flow cytometry and  clear support for selection of variation in the cytoplasmic tail,
biochemical analysis of cells transfected with one versus two BG ~ which could be mapped to a conceptual model of an a-helical
genes might help answer this question. coiled-coil. The presence of exons with 21 nucleotide repeats
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FIGURE 10 | Cartoon summary of the findings, showing that there are no expressed sequences identical between the four chicken lines but that line 6; has
sequences identical to genes of the B12 haplotype (which, however, are not expressed in T cells of the B12 haplotype), that most expressed sequences are from
the B8-B9-B12 clade although line 6: (B2) has a dominantly expressed BG sequence of the BG13 clade and two subdominant sequences from the BG5-BG7-
BG11 clade, and that cytoplasmic tails are mostly type 2a and that the length varies due to alternative splicing (intron read-through). The cartoon shows BG proteins
in cells of each haplotype, with the numbers of each protein reflecting the ratio of different sequences in that haplotype. Extracellular Ig-V domains are represented
by shapes to indicate relationship to clades of BG genes from the B12 haplotype (ovals, BG8-BG9-BG12 clade; pentagons, BG13 clade; and diamonds,
BG5-BG7-BG11 clade) and by color (colors as in Figure 2, with those sequences found in only one PCR represented by ovals and diamonds not filled with color);
cytoplasmic tails indicated by boxes representing heptad repeats, with lengths correlated with the length of the tail taking into account alternative splicing and with
colors representing the clade (type 1, blue and green; type 2a, bright red and brown; type 2b, dark red and brown; and 6TBGd, white since no data are available).
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encoding heptad amino acid repeats in a molecule known to be
a dimer originally prompted the view that this portion of the
molecule is a coiled-coil of two «-helices (20, 24, 31). This view
was supported by the isolation of a soluble BG cytoplasmic tail as
a molecule that displaces tropomyosin (32, 33), an actin-myosin
regulator composed of a coiled-coil (34).

Visualization of the repeats in the BG cytoplasmic tails by
forms of helical wheels (30) identified the amino acid encoded
by the fourth codon and the last codon of each 21 nucleotide

exon as predominantly hydrophobic, and thus likely to be the
first (“a”) and fourth (“d”) amino acids of the true heptad. The
fact that the true heptad repeat spans two exons was unexpected,
but perhaps obvious in retrospect, given that the first codon is
split and thus depends on two exons. This finding is most easily
interpreted as a hydrophobic stripe on one a-helix interacting
with a hydrophobic stripe on the other a-helix, buried between
the two chains, whether as a homo- or a hetero-dimer. The other
residues would project into the cytoplasm and, in the dominantly
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expressed BG genes, are present as patches of highly charged
residues, along with a highly conserved cysteine. In some of the
subdominantly expressed BG genes, there are clusters of cysteine
residues. It is very likely that these various patches interact with
other molecules, which might be identified by proteomics.
Another possibility for the cysteines is modification, for instance
palmitoylation (35) which could bring the a-helical coiled-coil to
the underside of the membrane.

The variation in the cytoplasmic tail for the conceptual
transcripts from the three haplotypes with similar BG sequences
(and the BG8, BGY, and BG12 genes from the B12 haplotype) is
predominantly located in two stretches at the five positions that
are not in the hydrophobic stripe between the two a-helices of the
coiled-coil. The functional significance of this variation is not clear,
but the evidence from silent versus replacement substitutions sup-
ports selection for this variation. The only two known examples of
function for BG molecules, regulation of actin-myosin by “zipper
protein” in intestinal epithelial cells and effect of the BG1 gene on
viral disease (32, 33, 36), are both associated with the cytoplasmic
tail rather than the extracellular Ig-V domain, which may fit with
the notion that the cytoplasmic tail is under selection for variation.

Fifth, many of the real transcripts had intron read-through that
shortened the cytoplasmic tail compared to what was expected
from the conceptual gene sequence, most dramatically truncating
nearly the whole cytoplasmic tail of the dominantly expressed BG
gene of line 6, (B2). Such intron read-through, a form of alterna-
tive splicing, was first noticed long ago in the cytoplasmic tails
encoded by BG ¢cDNAs (20, 31). Some intron read-through seems
to have become fixed, for example BG1 genes in which an active
immunotyrosine inhibition motif (ITIM) is located in an exon
bounded by two 21 nucleotide repeats (25, 36). A bioinformatic
analysis of the 14 BG genes of the B12 haplotype found many
read-through introns that led to in-frame stop codons, but no
additional signaling motifs were obvious in those introns that
read through in-frame (24).

The large proportion of transcripts with intron read-through
was unexpected. One possibility that cannot be ruled out from
our data is that these RNAs are incompletely spliced nuclear
RNAs which would never be translocated to the cytoplasm or
be translated. However, the RNA was primed with oligo-dT for
the reverse transcription step and the amplicons are nearly full-
length, so it seems most likely that these RNAs are polyadenylated.
Ultimately, isolation and analysis of cytoplasmic or polysome
RNA and/or analysis at the protein level is required to be sure
that these transcripts encode real BG molecules.

Assuming that the intron read-through leads to truncated
cytoplasmic tails in a real BG dimer, this kind of alternative splic-
ing could be a way to regulate the interaction of the BG dimer
with other molecules (i.e., the interactome) between different
cell types. One possible interaction might be with orphan 30.2
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Natural killer cell receptors (NKRs) are germline-encoded transmembrane proteins that
regulate the activation and homeostasis of NK cells as well as other lymphocytes. For
v6 T cells, NKRs play critical roles in discriminating stressed (transformed or infected)
cells from their healthy counterparts, as proposed in the “lymphoid stress-surveillance”
theory. Whereas the main physiologic role is seemingly fulfilled by natural killer group
2 member D, constitutively expressed by y8 T cells, enhancement of their therapeutic
potential may rely on natural cytotoxicity receptors (NCRs), like NKp30 or NKp44, that
can be induced selectively on human Vd1+ T cells. Here, we review the contributions
of NCRs, NKG2D, and their multiple ligands, to y8 T cell biology in mouse and human.

Keywords: 5 T cells, natural killer cell receptors, natural killer group 2 member D, natural cytotoxicity receptors,
immunotherapy

INTRODUCTION

Natural killer cell receptors (NKRs) comprise various germline-encoded transmembrane proteins
characterized for their capacity to regulate NK cell activation and homeostasis. This large family
includes lectin-type receptors, natural cytotoxicity receptors (NCRs), and killer immunoglobulin
receptors. The balance between activating and inhibitory signals derived from these receptors con-
trols NK cell functionality. Besides their roles for NK cells, some NKRs, most notably natural-killer
group 2 member D (NKG2D), have been known for long to be expressed by some subsets of T cells
(1), including y8 T cells (2). In fact, nearly all human yd T cells, and most mouse Y5 T cells, express
NKG2D. Importantly, we, and others, have shown that NKG2D is a key determinant of tumor cell
recognition by murine intraepithelial yd T cells (3, 4), as well as human peripheral blood (2, 5) and
tumor-infiltrating (6) y8 T cells.

By contrast to NKG2D, NCRs were initially thought to be NK cell-specific (7), although this has
changed particularly with the discovery of innate lymphoid cells (ILCs) (8). In fact, the acquisition
of an NK-like phenotype and functionality was earlier reported on human intestinal intraepithelial
lymphocytes (IELs), particularly in celiac disease (9, 10). The NCRs expressed on off IELs trig-
gered interferon-y (IFN-y) secretion and degranulation (10), thus suggesting that IEL activation
under inflammatory conditions favored the differentiation of “NK-like” effectors performing type 1
cytotoxic functions in an NKR-mediated (and TCR-independent) manner. We have recently built on
this to show that human y8 T cells, specifically of the V31* subset, can be induced to express NCRs
upon TCR plus IL-15 (or IL-2) stimulation in vitro, and these NCRs enhanced the capacity to target
tumor cells of multiple origins, both in vitro and in vivo [(11, 12), and unpublished data].
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In this mini-review, we will focus on the roles of NCRs,
NKG2D, and their ligands for yd T cell biology in mouse and
human.

NKG2D AND ITS LIGANDS

The best-characterized activating NKR is NKG2D. NKG2D is a
C-type lectin-like transmembrane receptor, which recognizes a
range of different major histocompatibility complex class (MHC)
I-related self-ligands induced or upregulated by a variety of cellular
stress events, and notably on infected or transformed epithelial
cells (ECs) (13). In mice, two isoforms of NKG2D exist, NKG2D-
short (S) or NKG2D-long (L), while only the counterpart to the
NKG2D-L isoform is expressed in human. The receptor func-
tions as an activating receptor only through its association with
signaling adaptor proteins, which are determined by the isoform
of NKG2D expressed. NKG2D-S can associate with both DAP10
(recruits phosphatidylinositol 3-kinase) and DAP12 (activates
tyrosine kinases Syk and ZAP70) while NKG2D-L is structurally
incapable of associating with DAP12 and NKG2D-mediated
signaling is mediated solely through DAP10 (14-16).

Engagement of NKG2D can trigger degranulation, cytotox-
icity, and/or cytokine production—the distinct outcome of the
receptor ligation may be explained by differential isoform and
adaptor protein expression. Whereas, mouse CD8* aff T cells
do not express DAP12 (and the exclusive NKG2D-DAP10 asso-
ciation serves as a costimulatory receptor), mouse epidermal yd
IELs constitutively express NKG2D-S, NKG2D-L, DAP10, and
DAP12, and NKG2D ligation may trigger activity without TCR
engagement (17).

Despite the different isoforms of NKG2D, the receptor is highly
conserved with the receptors being 70% homologous between
human and mouse, for example. NKG2D from one species can
bind ligands from another (18). This is curious as the ligands are
multiple and are both highly diverse in their amino-acid sequence,
domain structure, membrane anchoring as well as exhibiting con-
siderable allelic variation, and a wide range of receptor-binding
affinities (Figure 1A). NKG2D ligands identified so far in humans
include the MHC class I-chain-related proteins A and B (MICA
and MICB) and six different UL16-binding proteins. In mice,
three subgroups of NKG2D ligands have been identified: five
isoforms of retinoic acid early-inducible 1 (Rae-1) proteins, one
murine UL16-binding protein-like transcript 1 (MULT1), and
three different isoforms of H60 proteins (Figure 1A). Why the
NKG2D receptor is so promiscuous and engaging with so many
ligands is not know, however, there are indications that not all
ligands are functionally equivalent and that the diversity may
allow for unique tissue-specific and contextual functions (1).

NKG2D AS A CRITICAL DETERMINANT
OF MOUSE y6 T CELL ACTIVATION

Study of the NKG2D receptor is not only of huge academic inter-
est, but clearly has therapeutic importance both within cancer,
infection, and autoimmunity. Study of this receptor has also
given us fundamental insight into yd T cell biology. The capacity

of murine tissue Y8 T cells to act solely on alterations of autolo-
gous stress-antigens, such as those of the NKG2D receptor, and
thus survey the “health-status” of a given EC has been termed
lymphoid stress-surveillance (LSS) (4, 20, 21) (Figure 1Bi,ii). LSS
highlights an important function of y8 T cells as afferent sensors
of cellular dysregulations and as initiators of local and systemic
immunity—a clear distinction from conventional aff T cell bio-
logy. The activation of tissue yd T cells during LSS in situ occurs
seemingly without TCR stimulation (4). However, an alternative
explanation could be that the TCR is constitutively engaged in
the tissue as was suggested by an elegant study visualizing the
yd TCR continually signaling in the skin epidermis (22). The
self-ligand recognized by the Vy5V&1 TCR was not identified in
this study, however, the implication of a possible constitutive TCR
engagement in the tissue could be a predisposition to respond
rapidly to stress-induced ligands recognized by co-stimulatory
receptors, such as NKG2D. Whether substituting or synergizing
with TCR signaling, these (co)stimulators are of pivotal impor-
tance in initiating and tuning the yd T cell response. Interestingly,
while epidermal yd IEL activate and respond rapidly in vivo to
transgenic acute upregulation of Rae-1 on ECs (4) (Figure 1Bi),
prolonged constitutive expression of Rae-1 (19) renders them
hyporesponsive and they remain in a resting state (Figure 1Biii).
It is not clear how this tuning of the yd IEL responsiveness is
regulated according to the length of NKG2D-ligand expression,
but the “beneficial autoimmunity” displayed during acute stress
responses may be detrimental in chronicity and could be regu-
lated by negative signals mediated by inhibitory NKRs, such as
Ly49E and CD94-NKG2A (23). It would be of therapeutic value
to understand when and how NKG2D-ligand hyporesponsive-
ness may occur as solid tumors, for example, can have long-term
display of these ligands, which paradoxically could switch off
resident tissue immune surveillance.

Natural killer group 2 member D clearly is a cytotoxic receptor
and its engagement on yd T cells has been shown in many murine
studies to induce degranulation, cytotoxicity, and sometimes
cytokine production (3, 17, 24). These studies all assessed Y6 T cell
functioninisolation in vitrousingyd T celllines. However, NKG2D
ligands may not always function to generate cytotoxic responses
in situ and the outcome of NKG2D receptor ligation is almost
certainly context dependent. The different ligands have variable
affinity for the receptor and may invoke differential responses. For
example, the relatively low affinity ligand H60c is constitutively
(and exclusively) expressed in the skin without evoking apparent
cytotoxicity in vivo although it could induce cytotoxicity in yd
IEL cell lines in vitro (25). Moreover, while inducible expression
of the high affinity Rae-1 ligand in the epidermis in vivo clearly
activates the epidermal y3 IEL (Figure 1Bii) no overt cytotoxicity
of the ECs was observed (4). Rather, a possible role for NKG2D-
ligation in EC repair was indicated as this pathway was shown to
induce potent expression of type 2 cytokines, particularly IL-13,
from the yd IEL, which functions to potentiate EC turnover,
maintain an intact barrier, and thereby enhance resistance to
carcinogenesis (26, 27). Further, Rae-1 transcripts were initially
reported in mouse embryonic tissues and NKG2D ligands are
also expressed in cells of the bone marrow (28, 29). Interestingly,
MICA is also expressed by trophoblasts during normal human
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FIGURE 1 | NKG2D ligands and a timely response to alteration in their expression by epidermal y§TCR* intraepithelial lymphocytes (IELs). (A) Human and mouse
NKG2D ligands, their cell surface anchor and their affinity to NKG2D are shown. (B) Representative confocal images of murine epidermal Vy5V81+* IELs in whole
epidermal sheets following transgenic upregulation of Rae-1 under the involucrin promoter. (i) Single-transgenic and (i) bi-transgenic mice were fed with doxycycline
for 72 h, inducing expression of Rae-1 only in bi-transgenic mice (4). (i) Mice with sustained expression of Rae-1 under the involucrin promoter (19). The images
depict how acute expression of Rae-1 on epithelial cells induces morphological and activational changes in the neighboring IELs, whereas constitutive expression
of Rae-I renders them hyporesponsive. Abbreviations: *allele-dependent NKG2D, natural killer group 2 member D; MIC, MHC class |-chain-related protein; ULBP,
cytomegalovirus UL16-binding protein; Rae-1, retinoic acid early-inducible 1; MULT1, murine UL16-binding protein-like transcript 1; al, a2, and a3, analogous to
the a1, a2, and a3 domains of MHC 1a proteins; TM, transmembrane protein; GPI, glycosylphosphatidylinositol-linked protein; ND, not determined.

Mouse NKG2D ligands

I ET anchor affinity (Kp)
™ 1 mM*
™ 0.8 mM
GPI 1.1 mM
GPI ND
GPI ND
™ ND
™ ND
GPI ND

ii)

pregnancy, which may be sensed by uterine NK cells (which are
not cytolytic). Together these observations suggest that NKG2D-
ligand expression does not always evoke cytotoxicity in vivo, but
may have an additional and relatively unexplored role in develop-
ment and/or tissue repair.

NKG2D-DEPENDENT ACTIVATION
OF HUMAN ¢ T CELLS

Most (60-95%) human peripheral blood Y8 T cells express VyoV2
TCRs that are uniquely activated by non-peptidic prenyl pyroph-
osphate antigens (phosphoantigens, PAg) such as isopenthenyl
pyrophosphate, which is abundant in tumor cells; or (E)-4-hydroxy-
3-methyl-but-enyl pyrophosphate, that is produced by bacteria and
parasites [reviewed in Ref. (30)]. PAg-activated VyoVd2 T cells
play important protective roles in infections, such as tuberculosis
(31-34); and can kill a variety of tumor cell lines (35, 36).

Recent research has clarified how PAg may be “sensed” by
Vy9Vd2 TCRs. This involves butyrophilin 3A1 (BTN3A1; also
known as CD277), a B7 superfamily member that binds PAg in
its intracellular B30.2 domain, which leads to significant con-
formational changes in the extracellular domains of the protein
(37-43). Importantly, the effects of both agonist and blocking
anti-BTN3A1 mAbs on Vy9V82 TCR transductants indicated
that the TCR is necessary for the activation process (44, 45).

Besides TCR-dependent sensing of intracellular PAg accumu-
lation, the discrimination between tumor and healthy cells by
VyoV2 T cells seemingly also involves NKG2D, which is expressed
on the cell surface of nearly all Vy9V&2 T cells, as it is on peripheral
CD8* af T cells. We have observed that NKG2D blockade reduces
by circa 50%, the capacity of (PAg-activated) VyoVo2 T cells to
target leukemic cells (as measured by apoptosis induction in vitro)
(5). Moreover, when we looked for NKG2D ligands whose expres-
sion could account for leukemia cell recognition, we found ULBP1
to be the strongest candidate (5, 35). Consistent with this, the
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downregulation of ULBP1 impaired, whereas its overexpression
enhanced, Vy9V82 T cell-mediated killing of leukemia/lymphoma
cells (5). In independent studies, other NKG2D ligands have
emerged as major determinants of tumor cell targeting by yd
T cells: ULBP4 in ovarian and colon carcinomas (46); and ULBP3
in B-cell chronic lymphocytic leukemia (CLL) (47). In the latter
report, the critical Y8 T cell subpopulation were VS1* (rather than
V82%) T cells and V81" T cell counts as well as detectable/inducible
ULBP3 expression both associated positively with disease control in
CLL patients (47). Along the same lines, a recent study showed that
ULBP1 and NKG2D expression associated (positively) with longer
overall survival of gastric cancer patients (48). Thus, enhancement
of NKG2D ligand expression, as achieved by bortezomib or temo-
zolomide treatment of multiple myeloma (49) and glioblastoma
multiforme (50) cells, respectively, may have important therapeu-
tic potential, even if NKG2D ligand shedding may constitute an
important immune evasion mechanism (51). On the other hand,
tumor-directed recombinant ligands that engage NKG2D may
also enhance tumor cell targeting, as recently documented against
malignant B cells for bispecifics composed of CD20-binding and
NKG2D ligand (MICA or ULBP2) domains (52).

The relative importance of NKG2D versus TCR stimulation of
yd T cells in human is still debated (53). Some studies reported
the ability of Vy9Vo2 T cells to trigger effector responses through
NKG2D stimulation alone (i.e., similarly to NK cells) (36, 54, 55).
However, others have failed to show NKG2D-induced activation
without simultaneous TCR stimulation (56). In this later case,
NKG2D would function in y8 T cells like in CD8" aff T cells,
i.e., as a costimulatory receptor accessory to the TCR. Future
research should clarify whether the capacity to deploy NKG2D
independently of the TCR varies between V82* versus V1*
yd T cells. The latter are preferentially found in mucosal tissues
and can often be more abundant than V52* T cells within solid
tumors (57). Unlike Vy9V82 T cells, V&1* T cells do not recog-
nize PAg; instead, intestinal epithelial V&1* T cells were shown to
bind MICA (and MICB) via a diverse set of V51* TCRs (58, 59),
including on transfectants lacking NKG2D (60). Interestingly,
our own data have identified a key difference between V&2* and
VO81* T cells with regards to the ability to enhance their cytotoxic
potential through the upregulation of a distinct class of NK cell
receptors—the NCRs.

INDUCED NCRs ON HUMAN Va1+
T CELLS

In contrast with NKG2D, NCRs were until recently thought to
be NK-specific. However, reports on the acquisition of NCR
expression by activated IELs (9, 10), and the subsequent iden-
tification of ILCs constitutively expressing NCRs, particularly
NKp46 (8), have clearly demonstrated that NCR expression is
notan exclusive property of NK cells. Although mouse y3 T cells
seemingly do not express NKp46, we reported that the continued
(>2 weeks) activation by TCR agonists (or mitogens-like PHA)
in the presence of IL-15 or IL-2 induced NCR expression in a
large fraction (>50%) of human yd T cells (11). Interestingly,
NCR induction was mostly restricted to V81* T cells, as V52*

T cells failed to express any of the NCRs above background
levels. And, in V81* T cells, the main induced NCRs were
NKp30 and NKp44, with NKp46 limited to a smaller fraction
(<20%) of activated cells. Antibody-mediated modulation and
redirected lysis assays demonstrated the capacity of NKp30 and,
to a lesser extent, NKp44, but not NKp46, to enhance Vo1+
T cell cytotoxicity against tumor cell targets (11). Furthermore,
NCR triggering increased IFN-y expression in V81* T cells,
consistent with their role in NK cells (61). Based on these
findings, we have developed and established the pre-clinical
proof-of-concept for a new (NCR* V31+) cellular product, delta
one T (DOT) cells, for adoptive immunotherapy of cancer (12)
(Figure 2). Moreover, we also demonstrated that this NKp30-
mediated activation of V81* T cells was able to inhibit HIV viral
replication, through the production of CCL3/MIP-1a, CCL4/
MIP-14, and CCL5/RANTES (62). These three CC-chemokines
can inhibit viral replication by binding to CCR5, one of the pri-
mary co-receptors that HIV-1 uses for entry into CD4* T cells.
Collectively, these studies showed that the induced expression of
NCRs on V81* T cells enhances their anti-tumor and anti-viral
functions.

The acquisition of NCR expression by peripheral blood
V81* T cells strictly requires strong TCR activation (11). This is
consistent with previous work on human IELs, since the ability
to upregulate NKp46 and NKp44 in the gut environment only
occurred in effector T cells, and the expanded population of NCR*
af IELs in celiac disease displayed a highly restricted TCR reper-
toire indicative of oligoclonal expansion (10). Thus, the major cur-
rent working hypothesis is that the expression of NCRs in T cells
may derive from chronic activation via the TCR. This may allow
pre-activated T lymphocytes to circumvent antigen-restricted
responses, instead employing NCRs to respond continuously
against “danger” or “stress,” which clearly fits the concept of LSS
by yo T cells (4, 20, 21).

In this context, it will be critical to identify the NCR ligands
that are relevant to NCR* V81* T cell biology, presumably associ-
ated with the processes of cellular transformation or viral infec-
tion. Thus, the hemagglutinin (HA) protein of the influenza and
vaccinia virus binds NKp46 to stimulate NK cells to lyse virus-
infected cells (63, 64). Conversely, a HCMV protein, pp65, was
reported to inhibit NK cytotoxicity by dissociating the signaling
chain, CD3(, from its complex with NKp30 (65).

Self-derived molecules have also been identified as ligands
for NCRs, which underlies their capacity to target tumor and/or
stressed cells. One of the first self-molecules identified to inter-
act with NKp30 is the human leukocyte antigen-B-associated
transcript 3 (BAT3) (66). The expression of this molecule on
the tumor cell surface triggers NKp30-mediated killing and the
production of IFN-y and TNF-a. The anti-tumor role of BAT3
was confirmed in vivo by showing that peripheral blood NK cells
were less efficient at clearing tumors when an anti-BAT3 blocking
antibody was administered in mice.

A member of the B7 receptor family, B7-H6, was also shown
to bind NKp30 (67). B7-H6 is present on cell surface of both
primary tumor and tumor cell lines, while neither healthy nor
stressed cells seemingly expressing it. Interestingly, while the
presence of B7-H6 on the surface of tumor cells makes them
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susceptible to NKp30-mediated killing (67), the binding of B7-H6
to the alternative splice variant, NKp30c, reduces cytotoxicity
and IFN-y production, instead inducing NK cells to produce the
immunoregulatory cytokine IL-10 (68). Moreover, the expression
of the NKp30c isoform associated with poor clinical prognosis in
gastrointestinal sarcoma.

As for NKp44, until recently its best-characterized ligand was
an inhibitory molecule, proliferating cell nuclear antigen, that is
commonly expressed by tumor cells, and strongly inhibited by
NK cell cytotoxicity and IFN-y production, likely via the inhibi-
tory ITIM motif atypically present in the intracellular domain of
NKp44 (69). However, a very recent study showed that NKp44
binds to platelet-derived growth factor-DD, a key promoter of
tumor cell proliferation, epithelial-mesenchymal transition, and
angiogenesis (70). The interaction provoked NK cell activation
and the secretion of IFN-y and TNF-«, which induced tumor
cell growth arrest, including in in vivo cancer models. This may
be a seminal finding in our understanding of how immune cells
can recognize tumor cells. Future research should clarify the
repertoire of NCR ligands that underlie the enhanced anti-tumor
functions of NCR* V81* T cells (Figure 2).

CONCLUSION AND PERSPECTIVES

Our current working model includes two stages of yd T cell acti-
vation and target cell recognition: first, yd T cells are activated by
ydTCRligands (many of which are still unknown); but then NKRs
may play the key role in identifying stressed (transformed or
infected) targets. This role is physiologically fulfilled by NKG2D
(25), constitutively expressed by yd T cells (3, 4); but therapeutically
it can rely on induced NCRs, particularly for the human V81*+ T cell
subset whose clinical potential is still to be realized (57). For these,
the expression of both NKG2D and NCRs provides two functional
layers of innate stress-surveillance, particularly of tumors. From a
clinical perspective, we have established a clinical-grade protocol
to differentiate NCR* V81* T cells in vitro, from peripheral blood
of cancer patients, toward the development of a new adoptive cell
immunotherapy (“DOT cells”) (12). Of note, concomitant with
TCR stimulation, IL-15 seems to be the key cytokine for NCR
induction on V81" T cells (12), which is consistent with previous
data on NK cells and IELs (61). Given that the gut is an IL-15-rich
environment, it will be interesting to investigate the expression of
NCRs on intestinal yd T cells, especially since these compose a
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large fraction of the IEL compartment; and are highly enriched
in V81* (compared to V82*) T cells. Such future research should
also clarify the enigmatic role of NKp46, since it was not evident
from our studies on blood-derived V81* T cells (12); and address
the potential relevance of NCRs for the reported regulatory func-
tions of V81+ TILs (71, 72).

Besides cancer, another potential application for NCR* Vo1+
T cells is the control of viral infection. Our demonstration that
NKp30 engagement on in vitro activated VO1* T cells is able to
suppress HIV-1 replication through the production of CCL3/
MIP-1a, CCL4/MIP-1f, and CCL5/RANTES, opens new avenues
for the manipulation of y8 T cells in HIV-1 disease. This is par-
ticularly interesting because HIV-1 infection is characterized by
a marked expansion of V81* T cells (73-75). This may be even
more relevant in mucosal tissues, namely intestinal and cervical
mucosa that are sites of HIV-1 entry, where V81* T cells are par-
ticularly abundant (76), while CD4* T cells are strongly depleted
(77). Of additional great potential is the use of NCR* V81* T cells
in CMYV infection, given the well-established anti-CMV activity
and long-term expansion of V31* T cells (78-81), including post-
allogeneic stem cell transplantation (80-81).

In conclusion, we propose that NK cell receptor expression by
vd T cells contributes decisively to their role as a “bridge” between
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VyaVa2 T cells represent a major unconventional yd T cell subset located in the peripheral
blood of adults in humans and several non-human primates. Lymphocytes that constitute
this transitional subset can sense subtle level changes of intracellular phosphorylated
intermediates of the isoprenoid biosynthesis pathway (phosphoantigens, pAg), such as
isopentenyl pyrophosphate, during cell stress events. This unique antigenic activation
process operates in a rigorous framework that requires the expression of butyrophilin
3A1 (BTN3A1/CD277) molecules, which are type | glycoproteins that belong to the B7
family. Several studies have further shown that pAg specifically bind to the intracellular
B30.2 domain of BTN3A1 linked to the antigenic activation of Vy9Va2 T cells. Here, we
highlight the recent advances in BTN3A1 dynamics induced upon the binding of pAg
and the contribution of the different subunits to this activation process. Recent reports
support that conformational modifications of BTN3A1 might represent a key step in the
detection of infection or tumorigenesis by Vy9Vd2 T cells. A better understanding of this
mechanism will help optimize novel immunotherapeutical approaches that target defined
functions of this unique y6 T cell subset.

Keywords: human y8 T cell, T cell receptor, antigenic activation, phosphoantigens, butyrophilin, B30.2

1. yd T CELLS COMPOSE A SPECIAL IMMUNOLOGICAL UNIT

Discovered in the mid-1980s, gamma delta (yd) T lymphocytes still puzzle and fascinate by their
unconventional features. During thymic ontogeny, y8 T cell subsets originating from common lym-
phoid precursor cells emerge before aff T cells to represent the predominant CD3* population at the
fetal development. Their relative frequency then decreases after birth, while af T cells progressively
predominate. Importantly, for yet unclear reasons, the expression of particular TCR Vy and V5
regions is associated with preferential tissue locations. Hence, the major human peripheral y3 T cell
subset (frequency >80%) in healthy adult expresses a heterodimeric TCR composed of Vy9and V52
chains, and represents about 5% of total lymphoid cells (1, 2). By contrast, V51 and V33 subsets are
mainly detected in epithelial tissues, liver, spleen, tonsils, lymph nodes, and thymus (3). Interestingly,
vd T cells compose the majority of circulating T lymphocytes in some non-primate species (i.e.,
cattle, sheep, pigs, and birds), which raises questions about evolutionary processes and the biology
of this subset (4).
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From a functional point of view, Y3 T cells are involved in the
control of microbial infections (e.g., bacteria, virus, and para-
site), cell transformation, homeostasis, and tissue repair already
reviewed in Ref. (5, 6). Their activation during these physio-
pathological contexts induces the release of cytotoxic and bacte-
riostatic molecules, such as perforin, granzymes, granulysin, and
defensins, death-inducing receptor, and TNF-related apoptosis-
inducingligandreceptor (TRAIL). Activated y3 T cellsalso regulate
immune responses by secreting a large panel of soluble molecules,
such as cytokines, that can promote the clearance of either intra-
cellular pathogens (e.g., TNFa, IFNy), extracellular bacteria,
fungi (IL-17) or parasites (e.g., IL-4, IL-5, and IL-13); inflam-
matory (e.g., TNFa, IFNYy) or anti-inflammatory responses (e.g.,
TGEp, IL-10); tissue healing, epithelium repair, and cell survival.
Interestingly, complementary studies have shown that activated
vd T cells, through type I IFN sensitizations, also promote
dendritic cells (DC) maturation and, therefore, could represent
adjuvant cells (7-9). Moreover, some y3 T cell subset, like human
VyoVd2 T cells, can acquire an antigen-presenting cell (APC)-
like phenotype and regulate conventional CD4*/CD8* aff T cell
responses (10).

In contrast to most conventional aff T cells which directly rec-
ognize antigenic structures composed of proteasome-generated
peptides and polymorphic presenting molecules, that are related
to the major histocompatibility complex (MHC) family (e.g.,
MHC class I/II molecules), the antigenic activation of y3 T cells is
mostly MHC-independent, which strengthens their therapeutical
interest (i.e., lack of alloreactivity) (11). The antigenic activation
of y8 T cells is linked with their tissue residency and the V9
chain expressed (12, 13). Interestingly, several studies have now
reported that y8 T lymphocyte subsets can be activated by various
native or modified molecules that mainly derive from a Self ori-
gin, including MHC-like molecules in mice (e.g., T10-T22) and
in humans (e.g., MICA/B, CD1c, CD1d, and EPCR) (14-18) and
yet unrelated native molecules, such as Fo-F; ATP synthase, phy-
coerythrin, and apolipoprotein A-I (19). More recently, Annexin-
A2, which is expressed in tumor cell(s) upon oxidative stress,
has been shown to be directly recognized by human Vy8V33
T lymphocytes (20). TLRs, dectins, and NLRs may act as yd TCR
costimulator (21). Of note, in most cases, the yd TCR-dependent
activation is also tightly regulated by a set of various molecules,
including TLRs, dectins, and NLRs, killer Ig-like receptors (e.g.,
KIR2D, KIR3D), C-type lectins (CD94/NKG2A-C, NKG2D),
and several costimulatory molecules shared with af T cells (e.g.,
LFA1, CD2, CD27, and CD28) (22). In this review, we focus our
analysis on the Y TCR-dependent activation modalities of the
major peripheral Vy9Vo2 T cell subset.

2. HUMAN Vy9Vé62 T CELLS ARE
SPECIFICALLY ACTIVATED BY
PHOSPHOANTIGENS

In healthy adult primates, the major peripheral yd T cell subset,
which expresses a TCR composed of Vy9 and V52 chains, does
not account for more than 10% of the total peripheral T cell pool.
Interestingly, this lymphocyte subset expands upon microbial

infections(e.g.,Mycobacteriumleprae, Mycobacteriumtuberculosis)
(23, 24). In vitro assays that rely on the incubation of peripheral
lymphoid cells with mycobacterial lysates have evidenced Vy9V52
T cell expansion mediated by protease-resistant and phosphatase-
sensitive components, hereafter called phosphoantigens (pAg)
(25). These low molecular weight agonists are constituted of
alkyl esters associated with a diphosphate moiety that carries
their bioactivity (26-28). Isopentenyl PyroPhosphate (IPP),
which was the first natural pAg identified from the mycobacteria
M. smegmatis, is also synthesized in eukaryotic cells where it is
an intermediate metabolite of the isoprenoid mevalonate (MVA)
pathway leading to cholesterol synthesis (29). Several natural pAg
have been further identified and characterized from vertebrates
(e.g., DMAPP, dimethylallyl pyrophosphate) and microbes (e.g.,
HDMAPP/HMBPP, 4-hydroxy-3-dimethylallyl pyrophosphate).
These microbial metabolites, produced from the DOXP/MEP
(1-deoxy-p-xylulose-5-phosphate/2-C-methyl-p-erythritol-
4-phosphate) pathway (30-32), are much more eflicient to
activate Vy9Vo62 T cells than MVA-derived IPP. This property
could explain the strong reactivity displayed by Vyovd2 T cells
in infectious contexts (33). Dysregulation of the eukaryotic MVA
pathway, which leads to an intracellular accumulation of IPP, has
been reported in various types of tumor cells (34). For example,
the over-expression of HMG-CoA reductase, in non-Hodgkin
B cell lymphoma cell-line Daudi or breast adenocarcinoma
cells, induces their spontaneous recognition by yoVd2 T cells
(35). Accordingly, pharmacological MVA pathway inhibitors
that target upstream (e.g., statins) or downstream (e.g., amino-
bisphosphonates) IPP synthesis, respectively, suppress or trigger
pAg-induced Vy9V62 T cell activation (36).

Primate Vy9V®d2 T cells can specifically sense weak modifica-
tions of the expression of Self molecules, such as pAg, in a con-
tact- and TCR-dependent manner. However, the mechanisms and
pathways involved in this peculiar antigenic activation process
remain ill-defined. Despite several attempts, direct interactions
between pAgand Vy9V32 TCR have never been clearly evidenced.
While the contribution of additional molecules to this species-
specific process has been suggested by various complementary
studies [e.g., implication of TCR CDRs (37)], this had not been
shown until the groundbreaking evidence that butyrophilins
could represent a first group of key molecules.

3. THE BUTYROPHILIN BTN3A1
ORCHESTRATES Vy9V62 T CELL
ANTIGENIC ACTIVATION INDUCED
BY PHOSPHOANTIGENS

Following the key identification of pAg as potent and specific ago-
nist compounds, the clear evidence that butyrophilin-3A (BTN3A/
CD277) molecules also play a mandatory role in the antigenic
activation of primate Vy9Vd2 T cells was a groundbreaking step
to better understand this peculiar and mysterious immunologi-
cal process (38). Phylogenetically, ubiquitously expressed type I
glycoprotein butyrophilin (BTN) molecules share a common
ancestor with other members of the B7-CD28 superfamily, which
thus suggests that they display immunological functions (39).
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Indeed, various studies suggest that BTN, as well as BTN-like
(BTNL) molecules are involved in some regulatory processes by
triggering yet unclear pathways (40). In humans, BTN genes (>10)
are located in the telomeric part close to HLA class I region of the
chromosome 6p. BTN molecules, which are structurally highly
homologous, are divided in three subfamilies (BTN1, BTN2,
and BTN3). The BTN3A (CD277) subfamily, then contains three
isoforms BTN3A1, -A2, and -A3, belonging to the immunoglobu-
lin (Ig) superfamily and sharing a high structural homology for
the extracellular domain composed of an Ig-like IgV and an IgC
domain (39) (Figure 1). Of note, the sequences of both B7 and
BTN receptors are sufficiently distinct to prevent the latter ones
from binding to known costimulatory T ligands, such as CD28
or CTLA-4 (41, 42). While the ectodomain of the three BTN3A
isoforms have a very high homology (>95%), only BTN3Al
and BTN3A3 isoforms express an intracellular portion which is
composed of a poorly conserved PRY/SPRY B30.2 (hereafter
called B30.2) (43). The B30.2 domain, described as a key region for
mediating protein-protein interactions, is shared by other BTN
family members, as well as various “immunological” proteins, such
as TRIM (TRlIpartite Motif) and pyrin families (44). The human
genome contains four identified btnl genes, with the designations
of BINL2, -3, -8, and -9. btnl2, the best characterized family mem-
ber, is clustered with the btn genes on chromosome 6, but near
to human MHC class II region, whereas the least explored family
members btni3, btnl8, and btnl9 are localized on chromosome 5
(45). Interestingly, BTNL molecules share an homology with the
murine Skint family molecules and more particulary with Skint1,
which drives the intrathymic differentiation of murine Vy5Vd1
T cells (46). The biological function of BTN3A1 molecules is
elusive. A recent report shows that BTN3A1 is a positive regulator
of the nucleic acid-mediated type I IFN signaling pathway. Upon
nucleic acid stimulation, BTN3A1 moves along microtubules
toward the perinuclear region, where it directs the interaction of
TBK1 with IRF3, thereby facilitating the phosphorylation of IRF3.
This process is controlled by microtubule-associated protein 4
(MAP4) (47). Our group described the specific and mandatory

BTN3A1 BTN3A2 BTN3A3

IgC IgC 1gC

B30.2 B30.2

Extracellular

Membrane

Juxtamembrane
Intracellular

FIGURE 1 | Domain organization of BTN3A isoforms. The BTN3A family
proteins share a high structural homology, mainly through their extracellular
domain comprising a membrane-proximal IgC and a N-terminal IgV domains.
They are linked to a poorly conserved intracellular part via a single
transmembrane structure (black). The submembrane region (orange)
represents the juxtamembrane domain (JTM). BTN3A1 and BTN3AS,

but not BTN3A2, contain an intracellular B30.2 domain. The BTN3A3
isoform is further composed of an additional C-terminal extension (gray).

contribution of BTN3AI, expressed at the membrane of cellular
targets, to the pAg-induced reactivity of primate VyoVa2 T cells
(38). BTN3AL1 is ubiquitously expressed in primates, which seems
associated with the presence of pAg-reactive yd T cells in these
species (48, 49). Accordingly, BTN3A1 orthologs are not expressed
in the rodent lineage that lacks Vy9V82 T cell counterparts specific
for pAg. The emergence of Vy9V52 TCR and BTN3 molecules
with eutherian placental mammals has been reported, suggesting
a strong co-evolutionary link (50).

The combined mode of action of BTN3A1 and pAg molecules
for triggering a strong and specific antigenic activation of primate
Vy9V2 T cells remains unclear and controversial. BTN3A1 has
been first proposed as a “classical” antigen-presenting molecule
for pyrophosphate compounds. In this model, pAg would bind a
shallow groove within the distal IgV extracellular domain, which
induces the formation of stable complexes that then directly
interact and stimulate the Vy9V82 TCR, similarly to the peptide-
MHC molecules and aff TCR system (51). This model, which
implies cognate physical interactions between a conserved por-
tion of the IgV domain of BTN3A1, pAg, and the Vy9V52 TCR,
diverges from the data published in several studies that clearly
show the key specific requirement for the BTN3A1 isoform in
the pAg-mediated activation of Vy9Vd2 T cells. In line with
these observations, our model proposes that the intracellular
B30.2 domain of the BTN3A1 isoform, but not BTN3A3, drives
Vy9Vd2 T cell antigenic activation through a direct binding of
pAg to a charged groove. This model, based on the intracellular
sensing of pAg by BTN3A1 molecules, has been supported by
several complementary observations. Depletion, domain swap-
ping, and mutation experiments indicate that BTN3A1 lacking
its intracellular domain B30.2, or expressing a BTN3A3 B30.2
domain, or at least mutated on some of its critical pAg-binding
residues, fail to trigger an efficient pAg-induced VyoVo2 T cell
stimulation. Conversely, chimeric BTN3A3 molecules that expres-
sed the B30.2 domain of BTN3A1 efficiently trigger a pAg-
mediated activation (52, 53). Together, these results support
the mandatory role played by the intracellular BTN3A1 B30.2
domain in the pAg-binding and sensing by Vy9Vo2 T cells.

4. B30.2, THE LOCK/KEY SYSTEM OF
INTRACELLULAR PHOSPHOANTIGEN
SENSING

While the B30.2 domains of BTIN3A1l and BTN3A3 display a
strong homology (approximately 87% amino acid identity), the
domain of BTN3A3 fails to efficiently bind pAg and to trigger
a significant antigenic activation of Vy9Vd2 T cells. The crystal
structure of the B30.2 domain of BTN3A1 gave key information
about pAg binding site. Importantly, specificity of the BTIN3A1
B30.2 domain is a highly positive charged pocket which is consti-
tuted by basic residues, including arginines (R*?, R*¢, and R*”),
histidines (H*! and H**®), and lysine (K*?). Positively charged
B30.2 domain represents an ideal pocket candidate for binding
negatively charged pAg. Accordingly, the mutation from basic to
(negatively charged) acidic residues completely abrogates pAg-
binding and Vy9V32 T cell activation (53, 54). However, these

Frontiers in Immunology | www.frontiersin.org

99

April 2018 | Volume 9 | Article 828


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Boutin and Scotet

Activation of Vy9V82 T lymphocytes

results did not entirely explain the differences between the capac-
ity of BTN3A1 and BTN3A3 to bind pAg. Close examination
of the amino acid differences between these isoforms revealed
a single amino acid difference in position 381 within the bind-
ing pocket: a histidine in BIN3A1 and an arginine in BTN3A3
(Figure 2). Swapping this single amino acid between the domains
of each isoform (i.e., mutating the H into R in BNT3A1 and R
into H in BTN3A3) transferred both binding and functional
abilities to stimulate Vy9V82 T cells. Affinity differences have
been measured between endogenous and exogenous pAg by a
technique called Isothermal Titration Calorimetry (ITC): KD
~1 mM for endogenous and KD ~1 mM for exogenous pAg (55).
These results also confirmed that the functional potency of those
compounds in mediating activation of Vy9Vd2 T cells despite
is not directly proportional to the affinity (56). The endogenous
IPP is typically 100,000-fold weaker potency than the exogenous
HMBPP (57).

Adams and colleagues have investigated the effects of pAg
binding to the intracellular domain B30.2 of BTN3A1 by NMR
spectrometry and molecular dynamics simulation. Using a
BTN3A1 full-length intracellular domain model, they have shown
that pAg binding induces conformational changes of the BTN3A1
B30.2 domain. The Y** residue, close to the positive pocket, has
been identified as critical by showing the largest perturbation
induced by pAg binding. ABP-treated Y352A mutants are less
capable of mediating Vy9V82 T cell activation than the wild-type
B30.2-containing protein (58). These conformational changes
could represent the first signals delivered to distinguish activating
or non-activating molecules. In fact, the BIN3A1 B30.2 domain
is able to bind additional negatively charged small molecules, like
malonate, citrate, adenosine-diphosphate (ADP), and nucleotidic
pAg (59). Exogenous pAg (e.g,, HMBPP/HDMAPP) induce a
chemical shift into the B30.2 domain that extended to the binding
site. IPP binding, a less affine pAg, induces similar shift pertur-
bations but qualitatively smaller in magnitude. These results
confirmed the antigenic potential difference between exogenous
and endogenous pAg. In contrast, titration of the B30.2 domain

BTN3AL LFKPADVILDPKTANPILL QRSVQ] VLGCESFI 391
BTN3A3 AYHEWKMALFKPADVILDPDTANAILLVSEDQRSVQRAEEPRDLPDNPERFEWRYCVLGCENFT 391

BTN3AL IGVCSKNVQ! TDGNKYRTLTEPRTNLKLP 454
BTN3A3 SGRHYWEVEVGDRKEWHIGVCSKNVERKKGWVKMTPENGYWTMGLTDGNKYRALTEPRTNLKLP 455

BTN3AL THTFLDVSFSEALYPVFRILTLEPTALTICPA----- 514
BTN3A3 EPPRKVGIFLDYETGEISFYNATDGSHIYTFPHASFSEPLYPVFRILTLEPTALTICPIPKEVE 519

LDYETGDISF

BTN3AL
BTN3A3

514
TTNONHKLQARTEALY 585

PDHSLETPLTPGL QAEVTSLLLPAHP

residues within the pAgbinding pocket of BTN3A isoforms
H critical residue in the binding of pAg to BTN3A1

FIGURE 2 | Alignment of the intracellular B30.2 domain sequences of
BTN3A1 and BTN3AS isoforms. Amino acid sequence alignment of the
B30.2 domains of BTN3AT (top line) and BTN3A3 (bottom line). Dashes
indicate absent residues in BTN3A1. Amino acids are shown in the single
letter designations and numbered according full length nomenclature. Gray
boxes indicate residues which constitute the pAg-binding positively charged
pocket. Red font highlights the single amino acid difference between
pAg-binding pocket, in position 381, H in BTN3AT1, and R in BTN3A3
isoforms adapted from Ref. (53).

with malonate and citrate revealed only few chemical shifts with
a small magnitude. Both of these nonantigenic molecules failed
to induce perturbations in residues more distal to the pAg-bind-
ing site. Strikingly, the conformational changes induced by ADP
occur in a different direction than those with pAg (60). NMR
and crystallography studies suggest that a precise conformation
of BTN3A1 B30.2 domain is required to induce Vy9V62 T cell
activation.

Studies from Massaia’s group provided further mechanistic
inputs about the contribution of BTN3Al in pAg-induced
Vy9V82 T lymphocyte activation. They showed that ABP-treated
dendritic cells (DC) release extracellular IPP that can induce a
significant Vy9V82 T cell proliferation (61). They identified the
ATP-binding cassette transporter 1 (ABCA1) as a major complex
involved in this extracellular release of IPP by ABP-treated DCs,
with the physical cooperation of BTN3A1 and apolipoprotein
A-1 (ApoA-I) molecules (62). BIN3A1 is physically linked to
ABCAL1 but not associated with ApoA-I. Gene silencing of
BTN3A1 in ABP-treated DCs slightly decreased the amounts of
IPP released. This important study highlighted the existence of pAg
membrane transporter complexes that are involved in the export
of these compounds. Conversely, the ways by which external
charged pAg could cross the plasmic membrane to reach intra-
cellular butyrophilins and then induce the reactivity of Vy9Va2
T cells remain unclear and will need to be further defined.

5. THE JUXTAMEMBRANE DOMAIN
OF BTN3A1, ANOTHER KEY PLAYER IN
THE SENSING OF PHOSPHOANTIGENS

The role played by the extracellular and intracellular B30.2
domains of BTN3A1l in the antigenic activation of human
Vy9Va2 T cells has been extensively studied. Moreover, the con-
tribution of additional portions of these molecules, such as the
juxtamembrane (JTM) domain, has also been carefully analyzed.
The JTM domain of many transmembrane receptors, such as
growth factor receptors, has been shown to be involved in signal-
ing processes (63). The intracellular JTM region of BIN3A, which
is a rather flexible structure, connects the transmembrane domain
to the B30.2 one. Our functional activation assays performed with
BTN3AL1l chimeras swapped for their JTM region support that
this intracellular part is a strong regulator of the Vy9Vd2 T cell
activation. Indeed, BTN3A1 chimeras that express the JTM
domains from BTNI1A1, BTN2A2, BTNL3, or BTNL9 fail to
trigger the antigenic activation of Vy9V62 T cells. Interestingly,
chimeric BTN3A1 molecules expressing the JTM domain of
BTN3A3 induce a massive antigenic activation of Vy9Vd2
T cells more efficiently than wild-type BTN3A1 (64) (Figure 3).
Accordingly, a very recent report further supports these observa-
tions by showing that the binding of pAg, such as HMBPD, to the
B30.2 domain perturbs residues within the JTM region, suggesting
ligand-induced conformational changes. Interestingly, HMBPP
could interact with residues within both the B30.2 and the JTM
region at different contact points. Furthermore, this report also
indicates that both key residues Ser/Thr***” and Thr** fall within
a critical functional BTN3A1 JTM region (65).
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BTN3A1 272 QQQEEKKTQFRKKKREQELREMAWSTMKQEQSTR 305
BTN3A3 272 RQQKEKIALSRETEREREMKEMGYAATEQEISLR 305

BTN3Al 306 VKLLEELRWRSIQYASRGERHS 327
BTN3A3 306 EKLQEELKWRKIQYMARGEKSL 327

critical residues involved in pAg binding

FIGURE 3 | Alignment of sequences encoded by the intracellular
juxtamembrane (JTM) domain from BTN3A1 and BTN3AS isoforms. Amino
acids sequence alignment of the JTM domains of BTN3A1 (top line) and
BTNSA3 (bottom line). Amino acids are shown in the single letter designation
and numbered according to full length nomenclature. Gray boxes show key
residues, Ser/Thr?%6297 and Thré%, involved in pAg binding in the JTM region
due to the folding of the B30.2 domain in Vy9V82 T cell antigenic activation
adapted from Ref. (64).

The binding of pAg to the intracellular B30.2 domain has been
shown to induce conformational changes of the JTM that could
have important functional consequences (55). For example, these
modifications could either spread to the extracellular domain of
BTN3A molecules or alter its membrane topology and dynamics,
leading to their recognition by y8 T cells.

6. THE HOLY GRAIL: UNDERSTANDING
THE CRYPTIC MECHANISM OF
ANTIGENIC ACTIVATION OF

Vy9V62 T CELLS

Despite representing significant advances by suggesting that
butyrophilins do not operate as “classical” antigen-presenting
partners, such as MHC and MHC-like molecules, these recent
observations rather complicated the poor understanding of this
peculiar antigenic activation process. Ultimately, y8 T lymphocyte
immunologists will need to answer to the challenging question
about the mechanism(s) by which the Vy9V52 TCR exquisitely
and specifically sense them, following the increase of pAg levels
and their association(s) to butyrophilins, to deliver strong and
rapid activation signals. From a fundamental point of view, these
future analyses should provide evidences about the intracellular
trafficking, the dynamics of these molecules (e.g., intracellular/
membrane multimeric complexes), the regulation of this process
in normal vs. pathological contexts (e.g., tumor cells). Basically,
these results should bring some important information about the
still unclear biological functions displayed by these molecules.
On a more evolutionary side, these results should help to finally
provide an unified overview of the antigenic activation process of
human and murine yd T lymphocyte subsets, some of the latter
ones being also regulated by non-BTN3A1 butyrophilin-related
molecules (e.g., Skint or BTNLS) (66, 67).

To assist these complex deciphering steps, novel elements have
been recently brought, such as the recruitment of BTN3A1 part-
ners and the contribution of other isoforms and conformational
changes. As BTN3AL1 isoforms have not been shown to directly
interact with the Vy9V82 TCR, various independent studies
have been conducted to identify and to characterize extra- and
intracellular partner molecules. Consequently, different groups

first confirmed that the expression of human BTN3A1 molecules
in rodent cells may not be sufficient to simply induce the reac-
tivity of primate VyoVo2 T cells (68). The transfer of human
chromosome 6 in those cells, which triggers this species-specific
activation, then suggested that partner molecule(s) are encoded
by gene(s) located within this chromosome (69). Two studies
recently reported that molecular partners, such as RhoB or peri-
plakin, cognately interact with BITN3A molecules (70). RhoB is
a small G protein of the Rho GTPase family that regulates actin
reorganization, vesicles transport, and apoptosis in transformed
cells following DNA damage. RhoB contributes to various cellular
events, including cancer progression through multiple pathways
by regulating DNA damage responses, apoptosis, cell cycle pro-
gression, migration, and invasion (71). Lipid modifications affect
main subcellular localizations (i.e., endosomes, Golgi vesicles,
and nucleus) of RhoB and its levels are acutely regulated in
response to a variety of stimuli. Using a biolayer interferometry
approach, Kuball’s group demonstrated that RhoB binds to the
full-length BTN3A1 intracellular domain, while binding was
significantly reduced to the B30.2 domain alone. However,
the precise contribution of RhoB, which is conserved between
humans and rodents and encoded by a gene located in chromo-
some 2, to the activation of Vy9V82 T lymphocytes is yet unclear
and will require a deeper analysis.

The plakin family member, cytoskeleton adaptor protein peri-
plakin (PPL), whose gene is located in chromosome 16, has
also been shown to bind to the BTN3A1 JTM (72). PPL might
contribute to the formation of responsive and dynamic struc-
tures which could implicate both cytoskeleton components
(e.g., intermediate filaments, actin) and pAg. Accordingly, our
results from fluorescence recovery after photobleaching (FRAP)
experiments have shown an immobilization of BTN3A1 mol-
ecules linked to pAg sensitization (53). This suggests that the
antigenic activation of Vy9Va2 T lymphocytes is linked to the
recruitment and containment of BTN3A1 proteins in selected
subcellular domains which are located in the vicinity of the
plasma membrane and focal adhesions (LB & ES, unpublished
observations). However, PPL knockdown using siRNAs had no
clearly interpretable effects on BTN3A1l-mediated activation of
Vy9V82 T cells. In this work, the main evidence for a functional
contribution of these interactions is a correlation between loss
of PPL binding and loss of activation, induced by a deletion of
either the VKLLEEL JTM stretch (located in exon 5 of BTN3A1)
or only of its di-leucine motif. In so far as PPL does not bind to
BTN3A3, while active BTN3A3 carrying the R351H mutation
efficiently activates Vy9Vd2 T lymphocytes, it seems unlikely
that PPL is required for the Vy9V62 T lymphocyte antigenic
activation process.

Initial experiments evidenced that agonist #20.1 BNT3A-
specific mAbs bind the IgV ectodomain of BTN3A glycoproteins,
which leads to the activation of Vy9V82 T lymphocytes (38, 73).
Among various hypotheses, the possibility of mAb-induced confo-
rmational changes, which could mimic pAg-induced modifica-
tions, deserves attention. The functional impact of pAg-induced
changes of the intracellular B30.2 and JTM domains, that could be
then transduced to the extracellular domain and trigger the sens-
ing of these modified Self complexes by Vy9Vd2 T lymphocytes,
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has been investigated. Accordingly, independent studies have
shown that the conformation of both the B30.2 domain and
its upstream JTM region vary upon pAg binding (58, 60). An
important study has shown that pAg bind the B30.2 pocket and
weakly interact with some residues constituting the JTM region.
Based on both length and flexibility characteristics, the authors
propose that the B30.2 domain of BIN3A1 is moved toward the
JTM region and closer to the membrane upon ligand binding.
Such intracellular changes would be sensed by Y3 T cells through
modifications of either the extracellular domain or interactions
with other molecular partners (65). Non-BTN3A proteins
composed of an intracellular B30.2 domain have been shown to
naturally multimerize and this status is important to fulfill their
functions (74, 75).

While first studies proposed that the ectodomain of BTN3A
exist at the surface into either V-shaped or head-to-tail con-
formations (49, 76), recent experiments suggest that only the
ectodomain adopts a V-shaped conformation (58). Strikingly,
this study indicates that the expression of BTN3A1-BTN3A2
heterodimers in lipid nanodiscs is more stable than BTN3A1
homodimers, which suggest a role for the BIN3A2 isoform
(which contains no intracellular B30.2 domain). A growing set
of studies from various laboratories confirmed that BTN3A1
molecules are mandatory for pAg-dependent activation of

Vy9Ve2 T lymphocytes. The contribution of BTN3A2 and
BTN3A3 isoforms to this process remained to be understood
and was analyzed. Initial functional studies, using global, and
likely incomplete, BTN3A-knockdown (shRNA delivered
by lentivirus) combined to a forced expression of selected
isoforms (transfection), first showed that the expression of
BTN3A2 and BTN3A3 isoforms is not sufficient to induce the
activation of Vy9V82 T lymphocytes by pAg. So far, the results
failed to demonstrate any inhibitory or activatory role played by
non-BTN3A1 isoforms. A work from Hayday’s group proposes
that BTIN3A1 and BTN3A2 heterodimers would contribute to
this process according to this model. The ectodomain and the
B30.2 domain of BTN3A1 would represent active entities in
Vy9Va2 T lymphocyte stimulation, while BTN3A2 isoforms
would rather participate by regulating the appropriate routing
(e.g., ER trafficking), kinetics, and/or stability of BTN3A1 (77).

Despite these major breakthroughs, the main question remains
yet unsolved: how could such conformational changes and het-
erodimeric associations be specifically sensed by the TCR of
VyovVd2 T lymphocytes. This issue represents major future
research tracks in this field (Figure 4). To summarize, comple-
mentary research issues can be identified: (i) the subcellular
localization for the interactions of pAg with BTN3A molecules;
(ii) the role played by additional intra- vs. extracellular partners

extracellular pAg
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FIGURE 4 | Proposed integrated model of BTN3A1 modifications induced by phosphoantigens and leading to the antigenic activation of Vy9Vs2 T lymphocytes.
Intracellular accumulation of pAg could originate from a dysregulation of the Self mevalonate (MVA) pathway in pathological situations (e.g., cancer, infections) and/or
be from exogenous origin (e.g., pathogens). In some situations, negatively charged pAg would need to be routed (e.g., import/export) via active processes (e.g.,
ABC transporters). pAg would then bind to intracellular parts of butyrophilin molecules (e.g., B30.2 + juxtamembrane domains) at different sub-cellular locations
during synthesis and routing steps of the molecules (e.g., ER, cell membrane). The binding of pAg to butyrophilins induces structural modifications that affect the
dynamics of the molecules (e.g., membrane diffusion) and the immunological visibility of these molecules. Accordingly, the transition from resting to activatory state
of these molecular complexes might also be linked to the nature of the multimerization of BTN3A1 glycoproteins (e.g., homodimers, heterodimers). The contribution
of additional partner molecules, some of them being species-specific, regulating actin cytoskeleton modifications (e.g., RhoB, PPL) might also be important. The
mechanisms that drive this unique antigenic activation process of human Vy9Vé2 T lymphocytes sensing these subtle molecular changes though a specific,
contact-, and Vy9V82 TCR-dependent process remain a major conundrum. The question marks (?) refer to unsolved or yet unclear issues.
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(e.g., cargo ?); (iii) the characterization of BTN3A antigenic
complexes and their dynamics, linked to the antigenic activa-
tion status; (iv) the conformation(s)/multimerization of integral
BTN3A molecules; and (v) the specific role played by BIN3A2
and BTN3A3 isoforms in these processes.
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of y6T17 Cells

Duncan R. McKenzie't, lain Comerford’, Bruno Silva-Santos?* and Shaun R. McColl'*

" Department of Molecular & Cellular Biology, University of Adelaide, Adelaide, SA, Australia, ? Faculdade de Medicina,
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Preprogrammed IL-17-producing y8 T cells constitute a poorly understood class of
lymphocytes that express rearranged antigen receptors but appear to make little use
of them. y8T17 cells were first characterized as tissue-resident sentinels with innate
effector function. However, ongoing research continues to reveal unexpected complexity
to this unusual subset, including phenotypic plasticity, memory-like activity and unique
migratory behavior. Despite these advances, at the core of y8T17 cell biology remain
fundamental gaps in knowledge: Are y8T17 cells truly innate or has the importance
of the T cell receptor been overlooked? How unique are they among IL-17-producing
lymphocytes? How similar are these cells between mice and humans? We speculate
that answering these unresolved questions is key to successful manipulation of y8 T cells
in clinical settings.

Keywords: y6 T cells, IL-17, T cell receptor signaling, migration, plasticity, immunological memory, translation

INTRODUCTION

Whereas conventional aff T cells expressing diverse T cell receptors (TCRs) continuously patrol
lymphoid tissues and extensively proliferate and differentiate to generate pathogen-tailored effector
responses upon detection of cognate antigen, numerous innate-like lymphocyte subsets constitu-
tively occupy barrier tissues and respond far more rapidly to tissue stress and infection. y5 T cells
that produce interleukin 17 (IL-17, termed y8T17 or alternatively Y817, Ty817) are one such popula-
tion attracting increasing attention. Peripheral tissue localization coupled with preprogrammed
effector function and a capacity for rapid antigen-independent activation enables y3T17 cells to
respond within hours of infection. As such, Y3 T cell-derived IL-17 is critical for control of pathogen
load during the earliest stages of infection in a range of models. However, this innate-like response
is not unique to y8T17 cells, as innate lymphoid cells (ILCs) and some invariant af T cell subsets
also contribute to early production of Type 3 cytokines, which include IL-17, IL-22 and granulocyte-
macrophage colony stimulating factor (GM-CSF). Thus, why these different lymphocyte subsets
have co-evolved to fill the same protective niche remains unclear, although some of the features
of y8T17 cells discussed throughout this review may highlight functions unique to these cells.
Moreover, while y8T17 cells have been identified in humans, they exhibit some apparently funda-
mental differences from their murine counterparts that require further clarification before findings
in mice may be exploited to understand human biology and ultimately influence clinical practice.
y8T17 cells express receptors for the innate-derived inflammatory cytokines IL-23 and IL-1p,
enabling immediate activation in situ following detection of invading microbes by myeloid and
stromal cells (1-3). The contribution of y§T17 cells to antimicrobial immunity is most predominant
in tissues harboring high frequencies of these cells at homeostasis: lung, skin, liver, peritoneal cav-
ity, and lymph nodes (LNs) (Figure 1). However, aberrant y8T17 cell activity promotes autoim-
mune inflammation in numerous murine models (4). Unlike protective scenarios, many of these
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a strong influence on the outcome of inflammation.
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FIGURE 1 | Beneficial and detrimental functions of local and infiltrating y8T17 cells. Vy4* and Vy6* y8T17 cells distribute to numerous peripheral tissues following
development, although with differential bias. These cells are implicated in beneficial (green) and detrimental (red) immune responses both in these tissues and those
that do not evidently harbor a resident y8T17 cell population. This suggests that migratory behavior of y8T17 cells, particularly during autoimmune conditions, exerts
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pathological responses involve target tissues that lack substantial
local y8T17 cell populations, suggesting that y8T17 cells expand
and subsequently home into autoimmune inflammatory foci.
A key exception is psoriatic dermatitis, which manifests in the
yOT17 cell-replete dermis. However, skin-resident y3T17 cells
still appear to migrate between layers of the skin in this setting,
and recent studies suggest a poorly understood interplay between
local and infiltrating cells in the pathogenesis of skin inflam-
mation (5, 6). y8T17 cell activity also promotes tumor growth
in multiple murine models, which may arise from recruitment
of myeloid cells and promotion of angiogenesis (7). The role of
y8T17 cells in beneficial or detrimental immune responses has
been extensively reviewed and will not be discussed further
except where directly relevant (8).

yOT17 cells are further divided into two subsets as defined
by the variable y chain usage of their TCR. Those expressing the
invariant Vy6V31 TCR strictly develop during embryogenesis
and subsequently home to the dermis, lung, intestine, peritoneal
cavity, and uterus (9). Alternatively, y8T17 cells expressing
Vy4 TCRs may develop in the adult thymus, are not invariant
(although are fairly restricted) and represent only a fraction of the
total Vy4* y3 T cell pool (10, 11). Vy4*+ y8T17 cells home to LNs,
lung, liver, and the dermis alongside Vy6* cells, although the
ratio of these two subsets in the dermal y8T17 cell population
is variable and may be microbiota dependent (10, 12, 13). The
contribution of particular y8T17 cell subsets to defense against
infection or pathogenic activity during cancer often reflects the

local subset bias at the effector site. Why two populations with
such similar effector function develop separately and inhabit
different tissues remains an open question. It is possible that the
more tissue-biased Vy6* subset prioritizes immunosurveillance
of barrier sites, while the lymphoid organ-skewed Vy4* subset
serves as a pool that is mobilized to distal sites during local
and systemic challenges, although this remains to be formally
demonstrated. Intriguingly, these two populations can respond
to distinct stimuli even within the same location, as demon-
strated by dermal Vy4* and Vy6* cells which selectively expand
following skin colonization with Corynebacterium accolens and
Staphylococcus epidermidis, respectively (14).

Understanding of y8T17 cell development and function is
far from complete, as we know little about many key aspects
of their basic biology that are well established in conventional
T cells. For example, the function and specificity of the Vy4
and Vy6 TCRs remain undefined. It is still unknown whether
ligand-TCR interactions are relevant to thymic selection or
peripheral function of y8T17 cells, nor whether potential ligands
are host-derived or foreign. Understanding how and when the
TCR functions in y8T17 cell biology should clarify whether
these cells occupy a niche closer to ILCs or invariant aff T cells
in terms of fundamental biology and may shed light on the
recent descriptions of memory-like y8T17 cell responses during
infection and chronic inflammation (6, 15). Moreover, elucida-
tion of the previously unappreciated plasticity and migratory
dynamics of y8T17 cells is underway but remains incompletely
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defined (16, 17). Here, we review the current state of knowledge
in these emerging concepts, in the form of the key questions that
should be answered to progress knowledge of y8T17 cells toward
clinical application.

WHAT IS THE ROLE OF TCR SIGNALING
IN y6T17 CELL DEVELOPMENT?

While recent work has somewhat clarified the role of TCR sign-
aling in y8T17 ontogeny, whether true ligand-driven selection,
akin to that experienced by aff T cells, occurs during their thymic
development remains unclear. A number of transcription factors,
cytokine signals, and surface receptor interactions are essential
for y8T17 cell development and have been reviewed recently
elsewhere (18). However, it is worth reiterating that y8T17 cell
ontogeny requires RORyt and TGF-p, two factors also crucial to
de novo polarization of Th17 cells from naive off T cells, suggest-
ing that the induction of the Type 3 program in these cell types
is fundamentally conserved despite occurring under different
conditions, in different sites and with some divergent signal
requirements (19, 20).

Shifting Views on Instructive TCR
Signaling in y6T17 Cell Development

Early studies suggested that y8T17 cells do not receive antigen-
driven TCR signals development, as TCR engagement promotes
alternate fates. Initially, the Chien laboratory proposed that TCR
activation in the thymus drives y8 T cells toward the interferon
(IFN)-y program (y8T1) at the expense of the y8T17 pathway
(21). This conclusion derived from the observation that unlike
yOT1 cells, peripheral y8T17 cells lack surface CD122 expression,
a marker previously associated with antigen recognition by aff
thymocytes (22). Further support for this concept arose from stud-
ies of dendritic epidermal T cells (DETCs). Mice with a loss-of-
function mutation in Skint1, a butyrophilin-like transmembrane
protein, lack prototypic Vy5V81* DETCs as their precursors fail
to mature in the embryonic thymus (23). However, the immature
DETC precursors in these mice exhibit an abnormal y8T17 phe-
notype rather than the wild-type IFN-y/IL-13 program (24). This
may suggest that the IL-17 fate is the default program of yd T cells,
which is normally avoided by instructive signals such as Skintl.
However, as it remains unknown whether Skintl is a Vy5Vd1
TCR ligand, this does not demonstrate that TCR signaling per se
instructs developing y8 T cells away from the IL-17 fate, nor
whether this concept applies to naturally developing y8T17 cells.

More recently, the concept that y8T17 cells do not experience
TCR engagement in the thymus has been challenged by three
key studies of mice with genetic deficiencies in this pathway.
First, there is a striking lack of Vy4* and Vy6* y8T17 cells in
mice with reduced TCR signal strength due to a hypomorphic
mutation in the TCR signaling intermediate Zap70 (25). Second,
mice haploinsufficient for TCR signaling components CD3y and
CD3% have reduced numbers of Vy6* but not Vy4* ydT17 cells
(26). Third, mice deficient in Syk, a kinase classically associated
with B cell receptor signaling, and downstream PI3 kinase, lack
all y8T17 cells. Strangely, Zap70-deficient mice here showed a

deficit only in Vy6* y8T17 cells, whereas both Vy4* and Vy6*
cells were affected in the hypomorphic mutant (27). A solid
explanation for the differential effects of these mutations upon
Vy4* y8T17 cells is lacking. However, it has been posited that
developing af T cells undergo stronger TCR signaling during
the fetal period, which may suggest that fetal-derived Vy6* cells
require higher threshold signaling than their adult Vy4* coun-
terparts (28). Alterations in the Vy6* to Vy4* y8T17 cell ratio are
also observed in mice with mutations affecting cortical thymic
epithelial cell function (29, 30).

Further dissection of the specific nature of TCR signaling
during y8T17 cell development has stemmed from more detailed
understanding of surface marker expression during this process.
Coffey and colleagues identified surface CD73 as a selective marker
of TCR-ligand experienced yd T cells by interrogating KN6
vd-TCR transgenic thymocytes, which recognize known ligands
T10 and T22 (31). As the majority of y8T17 cells in the wild-type
adult thymus are CD73", this suggested that TCR-ligand interac-
tion naturally occurs during their ontogeny. Furthermore, this
study showed that KN6 transgenic y8T17 cells do not develop in
the absence of T10 and T22 (31). Subsequently, fetal y8 thymo-
cytes lacking CD24, CD44, and CD45RB expression were identi-
fied as the common precursor of both CD44* y8T17-committed
cells and CD45RB* y8T1-committed cells. However, antibody-
mediated TCR crosslinking drives these precursors selectively
to the IFN-y program, inhibiting y8T17 cell development (32).
This report may therefore explain the apparently contradictory
results from earlier studies by clarifying that y8T17 cells receive
“weaker” TCR signals than other subsets. Together, these studies
provide clear evidence that TCR engagement of a certain nature
is required for y8T17 cell development. It is likely that the discrete
signaling pathways engaged by different modes of TCR activation
are crucial for the successful programming of y8T17 cell effector
function, although this requires further investigation.

TCR-Independent Facets of y6T17 Cell

Development

Further dissection of y8T17 cell development has revealed that
a requirement for TCR signaling may only exist for certain ele-
ments of this process. While most developing y8T17 cells express
the antigen-experience marker CD73 in adulthood (31), this is
not the case during early life. Anderson and colleagues recently
determined that the majority of both Vy4* and Vy6* y8T17 cells
developing during the fetal and perinatal period progress directly
from a CD24* immature to CD24~ mature phenotype without
ever inducing CD73 (33). These CD73~ y8T17 cells are completely
dependent upon the transcription factor HEB for induction
of y8T17 cell lineage-specifying factors Sox4, Sox13, and Rorc.
Mature CD73~y8T17 cells are also detectable in peripheral tissue,
although the majority of tissue y8T17 cells remain CD73* (33).
Although direct analysis of TCR signaling was not undertaken,
this report suggests that while most postnatally derived Vy4*
ydT17 cells experience thymic antigen, y8T17 cells developing
during the fetal period do not. It will be important to reconcile
conclusions from CD73 studies with mice deficient in TCR signal-
ing intermediates to clarify whether particular subpopulations of
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y8T17 cells show distinct requirements for TCR signals during
development.

Taken together, the evidence outlined so far suggests that
the emergence of mature y3T17 cells from the thymus is largely
TCR dependent. An important but distinct question is whether
induction of IL-17 effector function in normally developing yd
T cells is explicitly dependent upon TCR engagement. IL-17
expression in the fetal thymus coincides with Tcrd locus opening
and rearrangement, before the expression of a functional TCR in
T cell-committed progenitors (34). Moreover, the expression of
key y8T17 lineage-specifying transcription factors in developing
Vy4* cells is largely unaffected by deficiency of ITK, a protein
crucial for y8-TCR signal transduction (35). These reports thus
far indicate that the IL-17 effector program arises before, and
therefore independently of, expression of the y5-TCR. In context
of the prior discussion, this suggests that any role for TCR signal-
ing in y8T17 cell development is subsequent to the IL-17 fate
decision, instead promoting ensuing survival, proliferation, and/
or further maturation.

Importantly, the most mechanistic studies to date identify
a role for TCR signaling but not necessarily ligand encounter
during y8T17 cell thymic development. As solid information
regarding the ligand(s) of the Vy4 and Vy6 y8T17 TCRs is lack-
ing, it is difficult to distinguish TCR signals driven by ligation of
physiological antigen from TCR assembly driven signals, which
have been reported (36). Therefore, the identification of y3-TCR
ligands remains critical for understanding thymic selection, pre-
programming, and antigen specificity in the context of peripheral
responses.

DO MATURE y6T17 CELLS USE
THEIR TCR?

Whether TCR signaling fulfils an important physiological func-
tion in mature murine y8T17 cells is unclear, a critical question
to answer given the more obvious function of human y3-TCRs.
Murine y8T17 cells can be activated solely by innate-derived
cytokines, predominantly IL-23 and IL-1f, but also IL-7 and
1L-18 (2, 37, 38). This is reminiscent of Th17 cells, which can also
be activated independently of TCR stimulation by IL-23 and
IL-1p once polarized (39). This observation is consistent with the
programmed “effector memory”-like phenotype of y8T17 cells.
However, as TCR signaling is patently implicated in Th17 effec-
tor function, it also hints that the TCR may modulate y5T17 cell
activity when combined with innate signals.

Evidence for TCR Signaling in

Preprogrammed y6T17 Cell Responses

While not essential, it is clear that crosslinking of the TCR by
anti-CD3 or pan anti-y5-TCR antibodies does activate ydT17
cells. In vitro TCR stimulation alone is sufficient to induce IL-17
secretion by Y3 T cells, and TCR signals enhance the amount of
IL-17 produced in response to innate cytokines (21, 40-42). In
addition, TCR crosslinking enhances IL-7-driven proliferation
of y8T17 cells and promotes their efficient in vitro expan-
sion (17, 38). In vivo, administration of anti-Vy4 antibodies

exacerbates experimental autoimmune encephalomyelitis (EAE)
symptoms as it activates pathogenic Vy4+ y8T17 cells rather than
depleting them (43). However, while suggestive, these data do
not prove a physiological function for TCR signaling in y8T17
cell responses. Several studies (discussed below) have utilized the
Nur77-GFP reporter mouse, commonly used to measure af-TCR
signal strength, to determine whether TCR signaling underpins
ydT17 memory-like responses. However, in vitro stimulation with
IL-23 and IL-1f alone also induces some level of reporter expres-
sion (6), and so additional methods are required to investigate
whether physiological Vy4* or Vy6* TCR signaling occurs during
y8T17 cell responses in vivo. Inducible deletion of the y5-TCR in
mature, fluorescently labeled y8 T cells would help to address this
important question.

A key clarification is that the threshold required for activation
of downstream TCR signaling is significantly greater in y8T17 cells
than other lymphoid yd T cell subsets. CD27+* yd T cells, which are
biased toward IFN-y production and are predominantly found in
lymphoid organs, undergo a conventional af T cell-like response
to TCR crosslinking, showing rapid Ca** flux and phosphoryla-
tion of Erk. By contrast, very little response to this stimulation
is observed in y8T17 cells, and a substantially higher concentra-
tion of crosslinking antibody is required to induce Nur77-GFP
expression (25). A similar hyporesponsive TCR is documented
for DETCs and a subset of innate-like y8T1 cells. Considering that
tonic TCR engagement is observed in DETCs (44), it is possible
that a higher signaling threshold is needed to ensure that they are
only activated upon upregulation or relocalization of cognate self-
antigen during tissue stress. This in itself is merely speculative,
so whether the higher TCR threshold in y8T17 cells reflects the
nature of their putative antigen(s) is unknown.

A recent study reported that y8T17 cells appear to directly
recognize microbiota-derived lipids presented by the non-
classical MHC molecule CD1d (45). The maintenance of perito-
neal cavity and gut-associated y8T17 cells is dependent upon the
microbiome, as they are diminished in mice treated with antibi-
otics or raised in germ-free conditions (46). Tian and colleagues
extended these findings to hepatic y8T17 cells, which are similarly
depleted upon antibiotic treatment (45). Moreover, hepatic ydT17
cells are deficient in Cdld~~ mice, independent of microbiota
composition. CD1d is well known to present microbial-derived
lipids to NKT cells expressing an invariant af-TCR, although it
has also been crystallized presenting lipid to a human V81* TCR
(47, 48). Murine hepatic, but not splenic, y8T17 cells bind CD1d
tetramers loaded with various bacterial lipids, and when purified
are activated in vitro by hepatocytes in a CD1d-dependent man-
ner (45). While no biochemical data have yet been reported to
confirm presentation of lipids directly to murine y8T17 TCRes, it
will be of great importance to pursue this intriguing possibility
as it is not only a strong lead in the hunt for y5-TCR ligands but
may be immediately relevant to human y3 T cells.

Induction of y6T17 Effector Function

in Peripheral y6 T Cells

While the general consensus is that y8T17 cell function is pre-
programmed, some notable studies have documented inducible
y8T17 cells that develop from naive precursors following antigen
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engagement. These instances are intriguing because they more
closely reflect the human system, where y8T17 cell effector phe-
notype can be induced from “naive” precursors upon TCR stimu-
lation and exposure to appropriate cytokines (49, 50). Chien and
colleagues reported populations of murine y8 T cells specific for
phycoerythrin (PE) and haptens cyanine 3 and 4-hydroxy-3-ni-
trophenylacetyl, which induce key y8T17 genes including Il17a,
I117f, Rorc, and Ccr6 following antigen-specific immunization
(41, 51). Moreover, immunization with PE drives upregulation
of 1123r and Il1r1 in PE-specific yd T cells, suggesting that IL-23
and IL-1p may boost antigen-driven IL-17 production in these
cells. These studies were also notable in that they identified the
first genuine y8T17 TCR ligands, unequivocally demonstrated
by surface plasmon resonance. However, the natural frequency
of PE- and hapten-specific Y8 T cells is on the order of 0.1% of
splenic Y8 T cells, which more closely reflects clonal frequencies
of naive conventional antigen-specific af T cells than the highly
restricted TCR diversity observed in “natural” y8T17 cells. How
these rare “inducible” y8T17 cell clones, which express diverse
Vv1 and Vy4 TCREs, relate to the 100-fold more abundant invari-
ant and semi-invariant Vy6* and Vy4* y8T17 cells is unclear.

Conversely, two recent complementary reports identified
inducible y8T17 cells on a larger scale. Both used radiation bone
marrow chimeras to reveal de novo differentiation of y8T17 cells
from precursors in the periphery, as thymus-derived “natural”
y8T17 cells do not arise from adult bone marrow progenitors
in many laboratories. First, induced y8T17 cells were identified
during EAE following bone marrow reconstitution of Tcrd™~
hosts (42). These were dependent upon IL-23 signaling alone,
which is somewhat unexpected given the requirement of naive
afy T cells to first experience IL-6 to upregulate the IL-23 recep-
tor during Th17 polarization (52). Second, IL23R* y8T17 cells
developed from peripheral IL23R™ y8 T cells during imiquimod
(IMQ)-induced psoriasis (53). In this case, both IL-23 and IL-1§
signals were essential. Notably, the former report determined that
while TCR stimulation was not essential for induction of y8T17
cells in vitro, it did synergize with cytokine signals to promote
their development. The latter report utilized TCR stimulation
throughout, thus it is unclear whether it is essential in that case.
It will be important to determine the broader contribution of
inducible y8T17 cells to murine pathophysiology, given their
more immediate relevance to humans as discussed below.

ARE y8T17 CELLS CAPABLE OF
MEMORY RESPONSES?

Conventional memory responses involve the persistence of
a quiescent population of antigen-specific effector T or B cells fol-
lowing resolution of infection, which rapidly expand during anti-
genic rechallenge and efficiently control reinfection. Therefore,
a central tenet of classical memory is antigen specificity. However,
as discussed earlier, y8T17 cell antigens are unknown and may
even be irrelevant to their biology. Thus, it is fascinating that
reports continue to emerge of enhanced y3T17 cell frequency
and activity upon secondary rechallenge in bacterial infection.
In addition, memory-like y8T17 cell responses are observed dur-
ing psoriatic dermatitis models, where there is no immunizing

antigen (although stress-induced self-antigens would be
abundant).

A “memory” response involving y3T17 cells was first docu-
mented in the mesenteric LNs of mice previously infected with
oral Listeria monocytogenes. Here, Vy6* cells remained at elevated
frequencies following primary infection and proliferated rapidly
when specifically rechallenged with the same pathogen only via
the same route (15). This “memory” response was later shown to
be dependent on IL-17-driven formation of y8T17 and myeloid
cell clusters around L. monocytogenes replication foci (54). As
purported antibody-mediated internalization of the y3-TCR
inhibited this recall Vy6* y8T17 cell response in vivo, it was
suggested that memory-like y8T17 cells are reactivated in a TCR-
dependent manner (15). However, more definitive demonstration
of a TCR-specific response is lacking in this scenario.

This memory-like behavior has subsequently been observed
in other bacterial infections. First, Vy6* ydT17-dependent
“memory” responses against Staphylococcus aureus rechallenge
were identified in the peritoneal cavity, and transfer of peritoneal
vd T cells from previously challenged mice led to reduced bacte-
rial load in newly challenged recipients. Here, activation of Vy6*
“memory” cells in vitro by coculture with infected macrophages
is not inhibited by blockade of IL-23 or IL-1f signaling, indirectly
suggesting that the TCR may be involved (55). Most recently,
expanded lung Vy4* y8T17 cells were shown to proliferate
more rapidly upon rechallenge with Bordetella pertussis, and
these memory-like cells, when purified, respond to heat-killed
B. pertussis in vitro (56). These examples demonstrate that both
Vy4* and Vy6* y8T17 cells can remain in target tissues at higher
frequency following resolution of infection, and therefore expand
more rapidly to control pathogen colonization upon rechallenge.
However, whether this represents bona fide TCR-dependent,
antigen-specific memory or instead to corresponds to memory-
like behavior observed in natural killer (NK) or myeloid cells
remains to be established (57, 58).

y0T17 cell memory-like responses have also been observed
during IMQ-induced psoriasis, where activated Vy4Vd4* cells
redistribute to distal uninflamed skin, thus driving enhanced
pathology upon subsequent challenge of previously unaffected
skin (5, 6). Both studies reporting this phenomenon demonstrated
induction of Nur77, a marker of early TCR signaling, specifically
within the “memory” population upon rechallenge. However,
Nur77 is also induced by IL-23 and IL-1p signaling alone in vitro,
suggesting that these results should be cautiously interpreted.
Regardless, the selective response of ydT17 cells bearing a specific
v5-TCR chain pairing, given that Vy4 may pair with multiple &
chains, does hint at a TCR-selective response. Memory-like skin
Vy4+y8T17 cellsalso show elevated IL-1R1 expression, suggesting
that in this scenario, heightened sensitivity to cytokine stimula-
tion may contribute to the recall behavior (6). This experimental
system also uncovered novel y8T17 trafficking dynamics which
will be discussed below.

From current evidence, it is clear that y8T17 cells can respond
with heightened kinetics upon repeated inflammatory challenge
or infection. These responses profoundly influence the outcome of
inflammation, be it worsening psoriatic dermatitis or enhancing
bacterial clearance. Determining whether these phenomena are
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examples of true immunological memory will require comp-
rehensive demonstration of a TCR- and antigen-dependent res-
ponse. If this is in fact the case, it will be an excellent opportunity
to elucidate the antigens recognized by y8T17 TCRs. They are
likely to be either self-stress signals and/or conserved bacterial
products, given the broad reactivity of Vy6* cells bearing invari-
ant receptors. Alternatively, these memory-like responses may
more resemble trained immunity, the memory-like behavior
observed in NK cells, myeloid cells, and most recently epithelial
stem cells, due to epigenetic changes facilitating more powerful
activation upon re-exposure to inflammatory stimuli (57-59).
Further research into this area will be of great use to the field.

WHEN AND HOW DO y6T17 CELLS
EXHIBIT PLASTICITY?

While generally “rigid” in effector function, some reports of
plasticity have emerged suggesting that y8T17 cell responses
can be fine tuned over the course of inflammation. Their of
counterparts, CD4* Th17 cells, display marked phenotypic plas-
ticity during in vivo responses. Although IFN-y is the defining
effector cytokine produced by Th1 cells, Th17 cells are induced
to co-express IFN-y and IL-17 by signals such as IL-12 and
IL-23 (60, 61). Furthermore, by generating a mouse capable of
permanently marking cells that had transcribed the Il17a locus at
some point in their history, Stockinger and colleagues discovered
that the majority of central nervous system-infiltrating, IFN-y-
producing CD4* T cells during EAE were formerly Th17 cells
that had subsequently extinguished IL-17 production (62). IFN-y
production by Th17 cells is dependent upon transcription factors
T-bet, Runx1, and Runx3 (62, 63). Notably, Th17 cells do not lose
IL-17 nor gain IFN-y expression during cutaneous fungal infec-
tion, suggesting that a particular inflammatory milieu dictates the
plasticity of Th17 cells. Analysis of y8 T cells alongside Th17 cells
in EAE and fungal infection revealed negligible plasticity in either
setting (62).

These findings cemented the view that y8T17 cells are fixed in
phenotype until several studies began to describe IFN-y*IL-17*
yd T cells in select scenarios. First, Vy6* “memory” y8T17 cells
in oral L. monocytogenes rechallenge were shown to co-produce
IFN-y, alongside induction of the classically Type 1-associated
chemokine receptor CXCR3 (15, 54). Subsequently, a large
proportion of late-stage tumor-infiltrating Vy6* y8T17 cells
in a peritoneal model of ovarian cancer were also identified to
produce IFN-y (16). These reports of in vivo plasticity of ydT17
cells support in vitro evidence of IFN-y production by y8T17 cells
when stimulated with IL-23 and IL-1f (40). As both described
examples hitherto feature Vy6* y8T17 cells, whether this subset
is more plastic than Vy4* y8T17 cells is unclear. It is important
to clarify at this point that while plasticity of y8T17 cells in the
above scenarios is clear, Y3T17 cells do not produce IFN-y in the
majority of settings investigated, suggesting that this behavior is
tightly regulated.

Insight into the potential for y8T17 cells to induce a Type 1 phe-
notype arose from comparative genome-wide epigenetic analysis
of CD27* (y8T1-enriched) and CD27- (y8T17-enriched) yd
T cells (16). As anticipated, y3T1 cells exhibit permissive H3K4

dimethylation marks upon characteristic genes Ifng, Tbx21, and
Eomes and repressive H3K4 trimethylation on y8T17 lineage
genes Rorc, 1l17a, 1117f, and 1122. However, y8T17 cells display
permissive marks not only on ydT17 lineage genes as expected but
also on Ifng and Tbx21. These data indicate that y3T17 cells are
epigenetically “primed” to induce y8T1 factors, but not vice versa.
It will be insightful to elucidate the stimuli responsible for induc-
ing T-bet expression and IFN-y production in y3T17 cells, as this
may influence their protective and/or pathogenic behavior akin
to Th17 cells. While IL-23 and IL-1f stimulation promotes IFN-y
secretion by y8T17 cells in some reports, additional signals are
likely required, as these two cytokines direct y8T17 cell activ-
ity during in vivo settings both with and without evidence of
plasticity. Moreover, while IL-12 promotes IFN-y expression by
Th17 cells, y8T17 cells do not express its receptor and do not
respond in this manner (61, 64). While the upstream signals are
somewhat unclear, it is now evident that y3T17 cell plasticity
is restricted by post-transcriptional mechanisms. Specifically,
y8T17 cells were recently found to selectively express high levels
of microRNA miR-146, which targets Nod1 to suppress IFN-y
production (65). Considerable co-expression of IL-17A and IFN-
y is evident from in vitro polarized human y3T17 cells (49, 50),
therefore understanding the mechanism and relevance of y6T17
cell plasticity is another worthy pursuit in the path to therapeutic
manipulation of human y3 T cells.

HOW AND WHY DO y6T17 CELLS
ESTABLISH THEIR MIGRATION
PATTERNS?

yOT17 cells may be considered innate-like cousins of tissue-
resident memory T cells as they similarly inhabit barrier tissues
in a poised state, primed to initiate inflammation upon microbial
(re)invasion. However, even the earliest studies implied that
yOT17 cells are distinct in their ability to traffic to distant sites.
Indeed, several key murine autoimmune models in which y8T17
cells are implicated involve their migration to and infiltration of
target sites that do not harbor resident populations (Figure 1).
Moreover, new evidence suggests that ydT17 cells adopt an unu-
sual hybrid homeostatic migration pattern that spans true tissue
residency and free naive af T cell recirculation.

y8T17 cells are selectively enriched in skin-draining lymph
nodes (sLNs) but are also detected in circulation. Cyster and col-
leagues first hinted at constitutive y8T17 cell trafficking by detect-
ing dermis-derived Vy4* T cells in sLNs in under homeostatic
conditions, using Kaede photoconvertible reporter mice (66).
Subsequently, sphingosine-1-phosphate antagonism demon-
strated that the circulating y8T17 cell population is LN-derived
(67). This loop is completed by recruitment of blood-borne y3T17
cells back into the dermis by constitutively expressed chemokine
receptor CCR6, probably in concert with cutaneous lymphocyte
antigen (CLA) (6, 10, 17). Whether CCR6 directs y8T17 cells
to other uninflamed barrier tissues is unclear, although their
frequency is unaltered in the lung and liver of Ccr6~~ mice (17).
CCRG6 also positions Vy4* cells in the LN subcapsular sinus and is
critical for their response to lymph-borne S. aureus (68). However,
recent parabiosis experiments have demonstrated that while
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y8T17 cells indeed move between sLNs, blood, and dermis, their
trafficking is fairly restricted compared with aff T cells (68, 69).
This limited motility appears to be imposed by LN macrophages,
whose blebs are acquired by y8T17 cells at steady state (70).

y8T17 cells constitutively express a range of homing receptors
which enable their rapid recruitment to sites of inflammation
(Table 1). In particular, CCR2, a receptor predominantly associ-
ated with mononuclear phagocyte migration, drives y8T17 cell
infiltration of numerous inflamed tissues and is crucial for their
protection against S. pneumoniae infection (6, 17, 71). Whereas
most unambiguous descriptions of y8T17 cell trafficking during
inflammation involve sites lacking a resident population, findings
in S. pneumoniae infection and psoriasitic dermatitis models
suggest that blood-borne y8T17 cells also infiltrate tissues already
hosting local y8T17 cells. Intriguingly, dermal Vy4* y8T17 cells
migrate from inflamed skin to draining LNs during IMQ psoriasis,
proliferate, and then migrate both to the original inflamed tissue and
to distal uninflamed skin (5, 6). As discussed earlier, this memory-
like behavior appears to be based upon increases in tissue y3T17
cell frequency, indicating that migratory characteristics define the
influence of y8T17 cells on the outcome of inflammation. While
yOT17 cell redistribution to unaffected skin predisposes that area
to more severe inflammation, the influence of LN-expanded y8T17
cell homing back to already inflamed skin is unclear, as retention
of these cells in LNs by sphingosine-1-phosphate antagonism does
not affect the progression of skin inflammation (72).

Unlike conventional T cell responses, which involve induction
of inflammatory homing receptors during time-consuming expan-
sion and polarization of effector cells, y3T17 cells constitutively
express both homeostatic and inflammatory chemokine receptors.

Unusually, they do not express the typical homeostatic receptor CCR7,
and so most likely can only enter LNs from afferent lymph rather than
directly from circulation (81). Instead y8T17 cells express CCR®,
which is an unusual receptor as it directs recruitment of lymphocytes
and myeloid cells both to homeostatic sites and inflamed tissues (82).
It is important to clarify that the “homeostatic” sites where the sole
CCRG6 ligand CCL20 is expressed may not necessarily be uninflamed
in the technical sense, as these mucocutaneous tissues are constantly
exposed to environmental and microbial stress. Nevertheless, in
multiple inflammatory scenarios, y8T17 cells downregulate CCR6
expression rapidly upon activation. This loss of CCR6 is beneficial
for homing during inflammation as it prevents recruitment to unin-
flamed skin and thereby concentrates their homing toward inflamed
tissues (17). However, CCR6 is implicated in the recruitment of y3T'17
cells to inflammatory lesions in several scenarios, such as psoriasis,
liver inflammation, and corneal damage, suggesting that modula-
tion of its expression is context specific (76-78). Although CCR6
has been suggested to influence y8T17 cell migration during skin
inflammation (Table 1), activated y8T17 cells either emigrating
from inflamed dermis during psoriasis or migrating into inflamed
epidermis during a transgenic model of oncogenesis have lost CCR6
expression (66, 83). It will be useful to reconcile these results given
the expression of CCR6 by human skin-infiltrating ¥y T cells, as
discussed below. By contrast, memory-like Vy6* y8T17 cells in oral
L. monocytogenes infection upregulate CXCR3 expression (54),
which may be linked to their plasticity toward the IFN-y program
rather than an intrinsic property of chronically activated y3T17 cells.

Despite advances in elucidating when and how ydT17 cells
migrate, we still lack a solid understanding of why they establish
such patterns. Dermal y8T17 cells are intrinsically motile, which

TABLE 1 | Homing receptors involved in murine y8T17 cell migration.

Homing receptor Tissue Setting Evidence Reference
Ligands
CCR2 Skin IMQ psoriasis Ccr2-'- cell transfer 6)
CCL2, CCL7, CCL12 Joints I1rn~'= arthritis CCL2 neutralization (71)
CNS EAE Ccr2-'- cell transfer (17)
Tumor B16 melanoma Ccr2'- cell transfer (17)
KEP breast cancer CCL2 neutralization (73)
Nasal mucosa S. pneumoniae Ccr2'- cell transfer (17)
CCR6 Skin Homeostasis Ccr6~'- cell transfer (10)
CCL20 Ccr6~/- cell transfer (17)
IL-23 psoriasis Ccr6~- mice, CCL20 neutralization (74)
IMQ psoriasis Ccr6- mice (75)
CCR6 antagonist, Ccré6~~ mice (76)
Cornea Corneal abrasion CCL20 neutralization (77)
Liver CCls, methionine—choline-deficient fibrosis Ccr6-- mice (78)
Brain Stroke Ccr6~- mice (79)
CCR9 Lung OVA challenge CCL25 neutralization (80)
CCL25
CXCR3 mLN Listeria monocytogenes rechallenge CXCRS neutralization (54)
CXCL9, CXCL10, CXCL11
S1P; Blood Homeostasis S1P; antagonist 67)
S1P Skin (via blood) IMQ psoriasis S1P; antagonist (6, 67)
CNS (via blood) EAE S1P; antagonist 67)
Py Lung OVA challenge Pz neutralization (80)

MadCAM-1, VCAM-1

IMQ), imiquimod; CNS, central nervous system, EAE, experimental autoimmune encephalomyelitis; IL-23, interleukin 23; OVA, ovalbumin; mLN, mesenteric lymph node.
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may facilitate their surveillance of the skin (84). The purpose of
draining to sLNs via afferent lymphatics, entering circulation, and
returning to skin is less clear. It is not obvious that y8T17 cells
need to scan LNs for antigen, especially considering their highly
restricted TCRs. Instead, this process may serve to constantly
redistribute y8T17 cells to other skin sites or maintain a constant
peripheral blood pool that could act as an immediate reservoir of
effector cells when inflammation arises. During tissue inflamma-
tion, y8T17 cells proliferate in draining LNs and home toward the
inflammatory foci (85). While largely observed in autoimmune
scenarios where the target tissue lacks resident y8T17 cells, there is
evidence that this process also occurs during psoriatic dermatitis
and S. pneumonia infection of nasal mucosa (6, 17). Thus, local
y8T17 cells may initiate inflammation, stimulating proliferation of
LN y8T17 cells which then home to the target site in a second wave
of innate-like IL-17 production. This working model (Figure 2)
should be tested in additional pathophysiological settings, as again
it is reminiscent of the human system where expansion of circulat-
ing y8T17 cells is documented during inflammation.

CAN WE TRANSLATE OUR KNOWLEDGE
OF y6T17 CELLS FROM MICE TO
HUMANS?

The relevance of extensive research into murine tissue-resident
y8T17 cells may be questioned by their conspicuous absence in

many human tissues. Moreover, key features of y§T17 cell biology
in mice appear to clash with their rare human counterparts. While
murine y8T17 cells gain their effector function in the thymus
and can be subsequently activated independently of the TCR (2),
human thymic yd T cells are immature and y8T17 cells are pre-
sumably polarized from “naive” peripheral blood precursors when
provided with antigen, costimulatory, and inflammatory signals
(49, 50, 86). These induced ydT17 cells express CCR6, RORyt,
and receptors for IL-23 and IL-1p like their murine counterparts,
as well as CD161, an NK receptor shared with human Th17 cells
(50, 87). Human y3T17 cells do not appear to show the highly
restricted TCR expression found in mice, as both those express-
ing typical peripheral blood Vy9V52 TCRs and tissue-biased
V61 TCRs (with varied and undefined y chain pairing) have been
identified in patient samples (50, 88). Accumulating evidence
suggests that human y8T17 cells may perform similar functions
to those in mice, including host defense and exacerbation of auto-
immunity and cancer. In addition, some of the emerging concepts
discussed earlier suggest that y8T17 cells may not be as different
between species as initially thought (Figure 3).

Whereas mouse ydT17 cells comprise the majority of yd
T cells found in certain tissues (such as dermis, peritoneal cav-
ity, and lung), y8 T cells in humans are largely IFN-y producing
and/or cytotoxic in function (7). However, ydT17 cells have
been observed in some pathological scenarios that echo the
mouse system. Human y3T17 cells have been identified in the
cerebrospinal fluid of multiple sclerosis patients, and infiltrating

Homeostasis

Skin inflammation

Inflammation elsewhere

Epidermis

Dermis ° O

T

-. @ .ﬁ....

Inflamed lesion

lymph node; SCS, subcapsular sinus.

FIGURE 2 | Migratory dynamics of y8T17 cells. Under homeostasis, y5T17 cells largely reside in barrier tissues such as the dermis, but also drain slowly into

sLNs and are detectable in the blood. Circulating y8T17 cells return to the skin using CCR6 which directs them toward CCL20 expressed in the dermis. CCR6

also positions y8T17 cells in the sLN SCS to scan for invading microbes. During skin inflammation, y8T17 cell trafficking from the dermis to sLNs is increased.
y8T17 cells undergo proliferation driven by IL-23 and IL-1f in sLNs, where they lose CCR6 expression. Activated and expanded y8T17 cells then home via the
blood to inflamed skin using CCR2, which senses ligands such as CCL2 induced during inflammation. CCR6 probably recruits y8T17 cells into the epidermis during
skin inflammation, but how its expression is maintained in this scenario is unknown. During inflammation in other peripheral organs, y8T17 cells similarly proliferate in
LNs via IL-23 and IL-1p and become CCR6-. They then traffic via circulation to infiltrate the inflamed site via CCR2. Loss of CCR6 expression is required for optimal
vy8T17 cell recruitment to such inflammatory sites, as it prevents activated y8T17 cells from instead homing to unaffected dermis. Abbreviations: sLN, skin-draining
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IL-17A, IL-17F, IL-22, GM-CSF
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FIGURE 3 | Comparison of murine and human y8T17 cells. Murine y8T17 cells are preprogrammed, tissue-localized innate-like sentinels that respond to innate
cytokines. Human y8T17 cells are very rare and develop from naive precursors upon T cell receptor (TCR) stimulation. However, there are many similarities between
mouse and human as outlined. Most notably, mouse and human y8T17 cells are beneficial or pathogenic in highly similar scenarios, suggesting that knowledge from
mice may be useful to promote antibacterial immunity or treat autoimmunity and cancer in humans. Moreover, further research to clarify emerging concepts

discussed in this review may reveal greater similarity.

autoimmunity &
cancer

Similar

colorectal and gallbladder cancer, similar to mouse y3T17 cells in
EAE and cancer models (88-90). Human y38T17 cells have also
been identified in lesional psoriasis skin, although not in healthy
tissue (91). Circulating y8T17 cells are rare in healthy individuals
but are present in bacterial meningitis patients and disappear
upon successful treatment (50). Moreover, they are elevated in
the peripheral blood of patients with active tuberculosis or HIV
(92, 93). Thus, while y8T17 cells are particularly rare in healthy
humans, it is likely that they will prove relevant in wider infec-
tious and pathological settings upon further investigation.

It is also possible that the equivalent population of mouse
y8T17 cells in humans is not necessarily defined by IL-17 pro-
duction. After all, many alternative traits identify mouse ydT17
cells, such as expression of specific homing molecules, activation
markers and other subset-specific surface markers, participation
in particular immune responses and specific tissue localization.
It is important to consider that immune cell populations are
generally named in reference to an effector molecule or function
relevant at the time of their discovery, and not necessarily that
most critical to their function which may become evident in light
of further research. For example, Th17 cells were named after their
production of IL-17, although in the context of autoimmunity,
this nomenclature may be misleading as it is their production of
GM-CSF that may contribute more to their pathological function
(94, 95). With this in mind, consider that IL-17-producing yd
T cells are scarce in healthy human skin or blood. However, a sig-
nificant proportion of circulating y3 T cells in healthy individuals

expresses skin-homing molecules such as CLA, CCR4, CCR6,
and CCR10 (96). Moreover, it is these cells that home to psoriatic
skin, and in doing so decrease in blood frequency. Therefore, are
these CCR6" y8 T cells equivalent to mouse y0T17 cells? Further
investigation is clearly warranted, perhaps first by performing
comparative transcriptomic analyses.

A non-mutually exclusive alternate explanation for the dis-
crepancy between mouse and human y8T17 cells is that Type
3 innate lymphoid cells (ILC3s) in humans have evolved to fill
the niche occupied by y8T17 cells in mice. Already in the mouse
there is substantial overlap in the functions of ILC3s and y8T17
cells: both are tissue-localized, innate-like responders to bacte-
rial infection with preprogrammed IL-17- and IL-22-secreting
effector function (97, 98). Apart from a slight differential bias in
specific tissue responses, such as the preferential involvement of
ILC3s in intestinal protection or y8T17 cells in skin infection, it is
possible that the only basic features distinguishing the functional
niche of these populations are the emerging concepts discussed
throughout this review. Without a thorough understanding of
vy0T17 cell TCR responses, memory, migratory behavior, and
functional plasticity, it is unclear why y8T17 cells and ILC3s have
co-evolved in the mouse. In humans, where the TCR plays a more
obvious role in y8T17 cell biology, it is conceivable that ILC3s
have evolved to occupy the entire innate(-like) IL-17 effector
niche. Perhaps it is most pertinent to further investigate induc-
ible murine y8T17 cells, as these appear to more closely reflect
their human counterparts. Given the dearth of information
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BOX 1 | Research priorities in y8§T17 cell biology.

1. Defining, if any, the in vivo antigens recognized by mouse/human y8T17
cells

2. Determining the relative influence of T cell receptor vs. inflammatory
cytokine signaling in y8T17 (patho)physiological responses, in mouse and
human

3. Establishing whether y8T17 cells are resident in normal human tissues. If
so, do they develop from naive precursors upon inflammation or are they
preprogrammed?

4. Clarifying the extent of interplay between tissue-localized and circulating
y8T17 cells

5. Assessing whether y8T17 cells are capable of mounting bona fide memory
responses to pathogens

6. Investigating the extent of y8T17 cell plasticity and how it influences
immunity

about human y38T17 cells, whether the emerging themes of
mouse y3T17 cell biology outlined here could be exploited for
therapeutic benefit will require a more focused effort to extend
findings in mice to humans (Box 1).

CONCLUDING REMARKS

The y8T17 cell subset, discovered just over 10 years ago, is
proving more and more complex and intriguing every year.
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Coreceptors and Their Ligands
in Epithelial y6 T Cell Biology

Deborah A. Witherden, Margarete D. Johnson and Wendy L. Havran*

Department of Immunology and Microbiology, The Scripps Research Institute, La Jolla, CA, United States

Epithelial tissues line the body providing a protective barrier from the external environ-
ment. Maintenance of these epithelial barrier tissues critically relies on the presence of
a functional resident T cell population. In some tissues, the resident T cell population
is exclusively comprised of y8 T cells, while in others yd T cells are found together with
af T cells and other lymphocyte populations. Epithelial-resident y8 T cells function not
only in the maintenance of the epithelium, but are also central to the repair process
following damage from environmental and pathogenic insults. Key to their function is
the crosstalk between yd T cells and neighboring epithelial cells. This crosstalk relies
on multiple receptor-ligand interactions through both the T cell receptor and accessory
molecules leading to temporal and spatial regulation of cytokine, chemokine, growth
factor, and extracellular matrix protein production. As antigens that activate epithelial
T cells are largely unknown and many classical costimulatory molecules and coreceptors
are not used by these cells, efforts have focused on identification of novel coreceptors
and ligands that mediate pivotal interactions between y& T cells and their neighbors.
In this review, we discuss recent advances in the understanding of functions for these
coreceptors and their ligands in epithelial maintenance and repair processes.

Keywords: epithelial, y6 T cell, activation, costimulation, inhibition, epidermis, intestine, lung

INTRODUCTION

The epithelial tissues are home to populations of T cells that function to protect the body from
environmental pathogens and other insults. A major portion of T cells in many of these tissues
expresses the yd T cell antigen receptor (TCR) (1). The importance of these cells to homeostasis
and wound repair has been evident for several years and exemplified by studies in skin, intestine,
and lung (2-9). An absence of epithelial-resident yd T cells in these tissues results in dysregulation
of the epithelium, more severe damage or disease, and a delay in repair processes (2, 6, 8, 10, 11).
Constant communication between resident yd T cells and their neighboring epithelia is crucial for
homeostasis and repair processes following damage or disease. Recent studies have begun to define
the role of distinct molecular interactions in the rapid and localized response of epithelial-resident
¥ T cells to tissue injury, yet much of the triggers and sequence of events remain a mystery.

EPITHELIAL TISSUES

The resident T cell population in the epidermal layer of the murine skin is a highly dendritic
vd T cell termed dendritic epidermal T cell (DETC). DETC express a canonical Vy3Vd1l TCR
[nomenclature according to Garman et al. (12); alternative nomenclature Vy5V31 (13)] and make
numerous contacts with surrounding epithelial cells, in particular keratinocytes and Langerhans
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cells. Under homeostatic conditions, their individual dendrites
extend between surrounding cells allowing for constant contact
with numerous adjacent cells. This feature allows for regulated
interactions between both cell surface receptors and soluble mol-
ecules facilitating homeostasis in the skin and allowing for rapid
repair following damage or disease. Although differing in T cell
composition, human epidermis also contains resident T cells that
make crucial contributions to wound repair (9). As such, it is
reasonable to suggest that similar mechanisms of communication
exist in human epidermis.

The intestinal mucosal barrier is also occupied by resident
T cells. These T cells are termed intraepithelial lymphocytes (IEL)
that, as their name suggests, are found residing between epithelial
cells and include subsets of both aff and y8 T cells. The intestinal
v8 T cell subset expresses predominantly a Vy5 TCR [alternative
nomenclature Vy7 (13)] that is able to pair with a number of
different V& chains. Although not dendritic like y3 T cells in the
skin, y8 IEL are able to make contact with multiple epithelial cells
through active migration within the intestinal epithelium. This
gives a single y3 IEL the ability to surveil large areas of epithelium
(14, 15) and defend against pathogenic assault (16). Although not
as clearly defined, resistance to infection and repair from damage
in the lung also relies on resident yd T cells (3, 11, 17-20), again
likely through numerous contacts with surrounding cells (21).

Continual interaction with neighboring epithelia is thus
required for epithelial yd T cells to perform their functions in
homeostasis, resistance to infection, and damage repair. While
the importance of the TCRis clear (22-25), it is becoming evident
that additional distinct molecular interactions drive these func-
tions of epithelial y8 T cells. Discussion of some of these interac-
tions (Table 1) will be the focus of the remainder of this review.

ADHESION

The maintenance of epithelial-resident y§ T cells within the
epithelium is known to involve adhesion through integrin and
cadherin-mediated interactions. Expression of these molecules is
also modulated in response to epithelial damage suggesting their
functions may extend beyond maintenance to roles in repair
processes as well.

Intercellular adhesion molecule 1 (ICAM-1), also known as
CD54, is a membrane-bound adhesion molecule that is a ligand for
leukocyte-expressed lymphocyte function-associated antigen-1
(LFA-1). This protein is well known to recruit leukocytes to sites
of inflammation, but its interaction with tissue-resident y8 T cells
is less understood. ICAM-1 is upregulated by the corneal epithe-
lium following wounding and is required for y8 T cell recruitment
to the site of damage in an LFA-1-dependent process (26). While
ICAM-1 is also upregulated by endothelial cells and keratinocytes
following wounding (27), and ICAM-1-deficient mice are known
to exhibit delayed wound repair (27, 28), it is unknown whether
the protein plays any role in DETC-mediated epithelial repair.
ICAM-1 has also been shown to be important in shaping the gut
lymphocyte populations, with ICAM-1-deficient mice displaying
a relatively higher proportion of Y8 T cells and a lower propor-
tion of af T cells, though the biological effects of this population
shift are unclear (29). Interestingly, the effect of ICAM-1/LFA-1

TABLE 1 | Non-TCR receptor-ligand pairs in epithelial y8 T cell function.

v8 T cell Epithelial cell Species  Function Reference

Junctional  Coxsackie and Mouse Costimulation (64, 65)

adhesion adenovirus receptor and human

molecule-like

NKG2D MICA/MICB Human Costimulation (71-74, 78, 79)
Raet, H60c, MULT-1  Mouse

? Skints Mouse Activation (81)
Butyrophilins Mouse/ Activation (82)

human

CD200R CD200 Mouse Inhibition (85)

CD94/NKG2 HLA-E Human Inhibition (86-89)
Qa-1 Mouse

G protein- L-a- Mouse Inhibition (15)

coupled lysophosphatidylinositol

receptor 55

Lymphocyte Intercellular adhesion ~ Mouse Adhesion (26, 27)

function- molecule 1 and human

associated

antigen-1

E-cadherin ? Mouse Adhesion (42-44, 48, 49)

aEp7 E-cadherin Mouse Adhesion (45-50)

CD100 Plexin B2 Mouse Morphology/ (58-60)

migration

Aryl ? Mouse yd T cell (55-57)

hydrocarbon maintenance

receptor

TLR2,4,9 ? Mouse ? (83)

? CD98hc Mouse ? (53)

CCR4 Mouse 8 T cell (54)

maintenance
?, unknown.

interactions on yd T cells is not limited to leukocyte migration.
Costimulation of peripheral mouse Y3 T cells through TCR and
LFA-1was demonstrated to trigger apoptosis of these cells (30, 31),
in contrast to the proliferative response observed in aff T cells
(30). However, ICAM-1/LFA-1 interaction has been shown to be
involved in peripheral yd T cell recognition of tumor cells and
subsequent cytolytic response (32-36), so the outcome appears
to be context dependent. While the majority of this work has
focused on y8 T cell recognition of target cell-expressed ICAM-
1, it should be noted that y8 T cells also express ICAM-1 (37).
Blocking ICAM-1 expressed on the epithelial-associated V81
T cell population has been reported to reduce cytotoxicity against
myeloma cells (34). Studies in of T cells have shown ICAM-1 to
be a costimulatory molecule promoting proliferation, IL-2 and
IFNy secretion, phosphatidylinositol-3 kinase activation, and a
shift toward a memory phenotype (38-40). However, it remains
to be seen whether epithelial-resident yd T cells also have the
ability to receive costimulatory signals through ICAM-1, and
what the effects of LFA-1 engagement are in this population.
E-cadherin is an adhesion molecule that supports adhesion
between keratinocytes (41). Interestingly, DETC also express
E-cadherin as well as another E-cadherin ligand, aEP7. Following
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wounding, DETC downregulate expression of E-cadherin, but
maintain their level of expression of aEp7 (42-44). In vitro and
in vivo studies have demonstrated a role for aEf7 in DETC acti-
vation with possible functions in adhesion and epidermal reten-
tion, dendrite anchoring, morphology and motility, cytotoxicity
and costimulation (22, 45-47). In contrast, DETC-expressed
E-cadherin functions as an inhibitory receptor for DETC activa-
tion (47). Murine intestinal IEL also express both E-cadherin and
aER7 (48, 49), and aEP7 is expressed on most yd T cells in the
bleomycin-induced mouse model of lung fibrosis (50), suggest-
ing similar functions for these adhesion molecules on Y3 T cells
in other epithelial sites. Furthermore, the expression of both
E-cadherin and «Ef7 on fetal thymic precursors of DETC (43, 44)
indicates that inhibitory and costimulatory signals, respectively
through these molecules may also influence thymic development
and maturation of DETC precursors. This is further supported by
the observation of diminished DETC numbers in the epidermis
of aE deficient mice (46), although thymic populations were not
directly analyzed in this study.

CD98hc is an amino acid transporter that associates with
both cadherins and 1 integrins (51, 52). As such, it is perhaps
not surprising that it too has been implicated in the regulation of
skin homeostasis and wound healing (53), although it is unknown
whether this involves direct interaction of CD98hc with DETC.
In addition to adhesive interactions, the chemokine receptor
CCR4 has been shown to be important for DETC retention in
the epidermis (54). Additionally, the aryl hydrocarbon receptor
(AhR) transcription factor is essential for maintaining both
DETC and IEL in their respective tissues (55-57), although just
how AhR signals lead to tissue retention of DETC and IEL, and
whether AhR plays a role in epithelial y8 T cell activation and the
wound repair process, is unknown.

MORPHOLOGY AND MIGRATION

vd IEL actively migrate within the intestinal epithelium and this
migration is dependent on occludin expression in both IEL and
the epithelium (14). In contrast, DETC in the epidermis are sessile
under homeostatic conditions, communicating with surrounding
keratinocytes through their numerous dendritic processes. Upon
keratinocyte damage, DETC rapidly pull back these processes
and adopt a more rounded morphology (6). Interestingly,
downregulation of E-cadherin in keratinocytes can contribute to
this rounding either through disruption of E-cadherin-mediated
homophilic binding and/or aE7 integrin-mediated heterophilic
binding (45).

In addition, binding of the semaphorin, CD100, to one of its
ligands, Plexin B2, contributes to the DETC rounding response
through activation of ERK kinase and cofilin (58). In the absence
of CD100, the DETC rounding response to keratinocyte dam-
age is delayed resulting in subsequent delayed wound closure
(58). It has been suggested that the rounding of DETC permits
them to migrate within the epidermis during wound repair, yet
this remains to be demonstrated. Interestingly, in the intestinal
epithelium, where IEL are in constant motion, CD100-plexin
B2 interactions still play an important role as CD100-deficiency
results in more severe damage as well as delayed repair in a mouse

model of DSS-induced colitis (59). Similarly, a role for CD100
in lung allergic inflammation has been described (60). Whether
CD100 is involved in y8 T cell migration in these epithelial tissues
is yet to be determined.

ACTIVATION

To become fully activated, aff T cells require engagement of
molecules in addition to the TCR, such as CD4, CD8, and CD28
together with other costimulatory and adhesion molecules.
Unlike aff T cells, epithelial-resident y§ T cells do not express
CD4, CD8 (although the CD8aa homodimer is expressed by some
v6 IEL), or CD28 (61), however, a number of other molecules
have recently been described to participate in the activation of
these cells.

Striking similarities between CD28 and the junctional adhe-
sion molecule-like (JAML) (62-64) suggest that JAML may play
the role of primary costimulator for epithelial-resident yd T cells
through interaction with its ligand coxsackie and adenovirus
receptor (CAR) (64, 65), expressed on epithelial cells. Like CD28
on of T cells, JAML is able to induce proliferation and cytokine
production in epithelial y& T cells. This response is mediated
through PI3K which is recruited to JAML following CAR ligation
(63). The PI3K binding motif in CD28 (66), similarly mediates
delivery of a costimulatory signal. Although JAML expression has
been demonstrated on activated peripheral yd T cells, a popula-
tion of activated CD8" aff T cells and other cell types of both the
innate and adaptive arms of the immune system, including neu-
trophils, monocytes, and some memory T cells (64, 65, 67), the
function of JAML as a costimulatory molecule appears confined
to the epithelial subsets of yd T cells.

Blocking of JAML-CAR costimulation in vivo impairs DETC
activation and delays wound closure (64), demonstrating the
importance of this interaction to DETC function. Just how this
interaction might function in response to other perturbations to
the skin, such as infection or malignancy, is unknown. A parallel
role in IEL activation in the mouse intestine (64) is suggested
by the similarity in expression patterns of JAML and CAR in
the intestine. Whether this costimulatory pair also functions in
human skin and intestinal T cell activation and tissue repair is
still not known.

The NKG2D receptor (discussed in detail elsewhere) is an
activating receptor expressed on NK, yd, and CD8* T cells
(10, 68-70). In the mouse epidermis, NKG2D is expressed on DETC
and ligation to its ligands Rae-1, H60, and MULT-1 on keratino-
cytes activates DETC (10). A reliance on PI3K signaling has been
demonstrated, however, whether activation through NKG2D
also requires simultaneous TCR stimulation or can stimulate
DETC directly is somewhat controversial (71-75). Nevertheless,
the importance of NKG2D signaling in epithelial y§ T cells
has been demonstrated in models of wound healing, carcino-
genesis, and contact hypersensitivity responses (72, 76, 77).
Whether the difference in T cell receptor requirement for NKG2D-
mediated DETC activation is due to differences in the induced
ligand resulting from the type of damage elicited, is unclear at this
time. In humans, there is evidence to suggest that recognition of
MIC by V81 expressing intestinal epithelial T cells (76, 78, 79) can
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either be direct, via the TCR, through NKG2D, or sequentially
using both molecules (80). This idea, however, requires experi-
mental confirmation.

It is increasingly evident that additional molecules are also
important for the activation of epithelial-resident y5 T cells. A
recent analysis of defective wound healing in aged mice high-
lighted the importance of Skint molecules (to be reviewed in
detail elsewhere) in DETC activation and epidermal re-epithe-
lialization (81). A role for the closely related butyrophilin (Btnl)
molecules in the activation of intestinal yd T cells in both mice
and humans has recently been demonstrated (82). In addition,
other molecules, such as toll-like receptors 2, 4, and 9 have been
shown to be upregulated on yd T cells following skin injury (83),
suggesting a role in their activation, however, a precise function
has yet to be defined.

INHIBITION

The role of inhibitory signals in the control of af T cell activation
is well established. Emerging evidence points to similar signals
playing an important role in regulating the activation of epithe-
lial-resident y3 T cells. The transmembrane glycoprotein CD200
expressed on keratinocytes has been implicated in the protection
ofhair follicles from autoimmune attack (84). Interestingly, resting
DETC express low levels of the CD200-receptors 1, 2, and 3, but
expression of CD200R1 is increased following activation in vitro.
In functional assays, ligation of DETC-expressed CD200R with
immobilized CD200 inhibits DETC proliferation and cytokine
secretion highlighting an important role for CD200-CD200R
interactions in the control of DETC activation (85). How this
interaction may function during wound repair is unknown.
Inhibitory receptors expressed by NK cells are also found
on v T cells, and appear to have similar inhibitory functions
on these cells (86). The Ly49E and CD94/NKG2 receptors are
expressed on mature fetal thymic DETC as well as those residing
in the epidermis (86). DETC do not express other members of the
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CONCLUSION

By analogy with skin, gut, and lung, the existence of a resident Y5
T cell population in all epithelial barrier tissues implies a crucial
function for these cells throughout the body. An increasing
number of receptor-ligand pairs are being identified as vital for
the homeostasis and repair functions of these resident y3 T cells.
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cent epithelial cells will help to elucidate their roles throughout
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Activation of human Vy9/Vd2 T cells by “phosphoantigens” (pAg), the microbial metab-
olite (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) and the endogenous
isoprenoid intermediate isopentenyl pyrophosphate, requires expression of butyrophilin
BTN3A molecules by presenting cells. However, the precise mechanism of activation of
Vy9/V82 T cells by BTN3A molecules remains elusive. It is not clear what conformation
of the three BTNS3A isoforms transmits activation signals nor how externally delivered
pPAg accesses the cytosolic B30.2 domain of BTN3A1. To approach these problems,
we studied two HLA haplo-identical Hela cell lines, termed Hela-L and HelLa-M, which
showed marked differences in pAg-dependent stimulation of Vy9/Vé62 T cells. Levels
of IFN-y secretion by Vy9/VV62 T cells were profoundly increased by pAg loading, or by
binding of the pan-BTNS3A specific agonist antibody CD277 20.1, in HeLa-M compared
to Hela-L cells. IL-2 production from a murine hybridoma T cell line expressing human
Vy9/V82 T cell receptor (TCR) transgenes confirmed that the differential responsiveness
to HelLa-L and HelLa-M was TCR dependent. By tissue typing, both Hela lines were
shown to be genetically identical and full-length transcripts of the three BTN3A isoforms
were detected in equal abundance with no sequence variation. Expression of BTNGA
and interacting molecules, such as periplakin or RhoB, did not account for the functional
variation between Hela-L and HelLa-M cells. Instead, the data implicate a checkpoint
controlling BTN3A1 stability and protein trafficking, acting at an early time point in its
maturation. In addition, plasma membrane profiling was used to identify proteins upreg-
ulated in HMB-PP-treated Hel.a-M. ABCG2, a member of the ATP-binding cassette
(ABC) transporter family was the most significant candidate, which crucially showed
reduced expression in Hel.a-L. Expression of a subset of ABC transporters, including
ABCA1 and ABCGH1, correlated with efficiency of T cell activation by cytokine secretion,
although direct evidence of a functional role was not obtained by knockdown experi-
ments. Our findings indicate a link between members of the ABC protein superfamily
and the BTN3A-dependent activation of y6 T cells by endogenous and exogenous pAg.

Keywords: butyrophilins, T cells, phosphoantigens, mevalonate pathway, ABCG2, NRF2
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INTRODUCTION

Gammadelta (yd) T cells are a lineage of innate-like “unconven-
tional” T lymphocytes with potent cytotoxic, pro-inflammatory,
and regulatory properties. They express, as a defining feature, a
T cell receptor (TCR) composed of a y and & chain heterodimer,
both products of V(D)] recombination, which distinguishes them
from conventional of T cells (1).

Although often restricted to distinct anatomical locations
including skin and intestinal epithelium, both major sites of
host interaction with the microbiota and of pathogen entry,
the role of y8 T cells in tissue immune surveillance is not fully
understood (2, 3). Butyrophilins (BTNs) appear to be pivotal in
the maintenance of immune homeostasis in tissue epithelium by
controlling the activation of Y8 T cells (4). The observed homol-
ogy to co-receptors, such as CD80, CD86, and PD-L1 (5), initially
suggested the possibility of ligands for BTN molecules expressed
on the surface of T cells, although identification of such receptors
has remained elusive so far (6). Some data are consistent with a
direct interaction with the y8 TCR, although this remains to be
confirmed (7-9).

Our work aims to understand the function of BTNs in the
regulation of y8 T cells and how their dysregulation may con-
tribute to disease. We study the human BTN3A proteins and
their role in the activation of Vy9/V32 T cells, a prominent yd
T cell lineage in human blood and tissues (10). A mandatory
role for paired BTN3A molecules in controlling Vy9/V52
T cell activation has been shown recently (11), and other BTN
and BTN-like molecules both in mouse and in humans may
similarly control defined y8 T cell subsets. For example, Skintl
determines the Vy5/V31 dendritic epidermal T cell lineage in
murine skin (12, 13), Btnl1 controls the Vy7+ mouse enterocyte
y8 T cell compartment, and BTNL3 and BTNL8 control human
colonic Vy4+ y3 T cells (4). Therefore, this work is likely to be
relevant to other systems of Y3 T cell selection, homeostasis, and
antigen-dependent activation.

The Vy9/Vd2 lineage of yd T cells is known to be activated
by exposure to specific “phosphoantigens” (pAg), isopentenyl
pyrophosphate (IPP) and (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP). IPP is a ubiquitous metabolite in all
living cells and the common end product both of the classical
mevalonate (also called the HMG-CoA reductase) pathway
in eukaryotes and some bacteria and of the alternative non-
mevalonate pathway in Gram-negative bacteria, mycobacteria,
and malaria parasites. The microbial metabolite HMB-PP is an
intermediate of the non-mevalonate pathway, showing 4log10
greater activity over IPP (14, 15). While IPP has a lower bioac-
tivity on Vy9/Vd2 T cells in cell culture and lower affinity for
the B30.2 domain of BTN3A1 in binding assays compared to
HMB-PP, IPP may still play a physiological role in vivo. This may
be the case where intracellular IPP levels are elevated as a result
of dysregulation of the mevalonate pathway, for instance upon
treatment of target cells with aminobisphosphonate drugs such
as zoledronate, by infection or cellular transformation (16, 17).

In addition to cytokine production and cytotoxicity, Vy9/
V62 cells promote conventional peptide antigen presentation via
MHC-I- and MHC-II-dependent mechanisms (18-20) and are

being investigated as potential tools in cancer immunotherapy
(21-26). Further, while y8 T cells generally are linked to inflam-
matory and autoimmune responses (27, 28), the contribution
of the Vy9/V32 lineage to autoimmune pathology has not been
addressed. In these contexts, understanding the molecular basis
of their activation by BTN3A-dependent pAg presentation should
facilitate their therapeutic manipulation (29).

In initial screens, we identified two HeLa cell lines which dif-
fered markedly in their ability to elicit cytokine from cocultured
vd T cells. We have used this model to investigate the function
of BTN3A molecules in this process and to identify novel com-
ponents. The data indicate that environmental exposure, such as
treatment of cells with the cytotoxic anticancer drug doxorubicin
(DOX), may influence yd T cell activation by regulation of
BTN3A protein stability or trafficking and expression of ATP-
binding cassette (ABC) transporters via the KEAP1/NRF2 stress
response pathway.

MATERIALS AND METHODS

Expression Constructs

Primer sequences are listed in Table S1 in Supplementary
Material. DNA encoding specific shRNA oligos directed to
BTN3A isoforms, periplakin, and ABCG2 were cloned into pHR-
SIREN/puro using BamHI/EcoRI as described previously (30).
Virus particles were produced by co-transfection of 293T cells
with pCMV8.91 (gag-pol) and pMDG (VSV-G env) plasmids.
Supernatant was harvested after 48 h, filtered, and used to trans-
duce HeLa cells. Clones were selected by puromycin (1 pg/ml)
for 24 h. shRNA oligonucleotide sequence targeting all BTN3A
isoforms was: shBTN3A.CGTGTATGCAGATGGAAAG. For
re-expression, HeLa shRNAP™* cells were co-transduced with
lentivirus carrying variant BTN3A1 sequences. Green fluorescent
protein (GFP) positive cells were sorted using BD FACSAria cell
sorter.

Cell Lines and DNA Constructs

HeLa-M (a gift from Dick van den Boomen CIMR, Cambridge)
and HeLa-L (from Will McEwan, MRC-LMB, Cambridge)
cervical carcinoma cells were grown in standard tissue culture
conditions using RPMI-1640 medium plus 10% FCS, penicillin/
streptomycin (100 U/ml) and r-glutamine (2 mM). Cells were
routinely checked for mycoplasma (MycoAlert Lonza LT07-
218). HLA typing was performed by Addenbrooke’s Hospital
Histocompatibility and Immunogenetics (Tissue Typing) labo-
ratory. Human embryonic kidney 293T and bladder carcinoma
EJ28 cells were also grown in supplemented RPMI-1640
medium. Human foreskin fibroblasts HFF-T and fetal lung
MRC-5T, both immortalized by expression of hTERT, the cata-
lytic subunit of human telomerase (a gift of Stephen Graham,
Department of Pathology) were grown in supplemented DMEM
medium.

Cells (1 x 10°) growing in six-well plates were transfected
with DNA expression constructs using Fugene (Promega). For
RT-PCR, total RNA was prepared from cultured cells using
RNAeasy mini (Qiagen) and Superscript III (Invitrogen) used to
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produce first strand cDNA. Amplification was carried out using
2% BiomixRed Taq polymerase (Bioline). RT-PCR products were
analyzed by gel electrophoresis and cloned using Zero-Blunt
Topo (Invitrogen).

Killing assay was by propidium iodide (PI) dye exclusion in
cells treated with doxorubicin DOX (Cell Signaling). Cells were
harvested and stained in 100 pl PBS (2.5 pg/ml PI) for 5 min
before washing and analysis by fluorescence activated cell sorting
(FACS) on a BD FACScalibur and data points collected on FL3/
ESC. Inhibitors MG132 (5 uM for 5 h) and bafilomycin A (bafA)
(5 M 10 h) were used in cell assays. For activation, supernatants
were collected from 24 h cocultures of Vy9/V82 T and HeLa-M
cells containing 10 nM HMB-PP (Echelon) and used at a 1/10
dilution for 24 and 48 h.

Immunoblot and Quantitative Mass
Spectroscopy of Surface-Biotinylated

Proteins
Cell lysates were prepared in buffer (50 mM Tris-Cl pH 7.5,
150 mM NaCl, 1% Triton-X, EDTA-free protease inhibitor,
Roche) by incubation for 10 min at 4°C, then pre-cleared by
centrifugation. For immune blots, cleared lysates were solubi-
lized in SDS-PAGE buffer (5 min, 95°C) and separated in 10%
SDS-PAGE gels (NextGel) then transferred to PVDF membrane.
Antibodies were added directly to blocked membranes (5%
Marvel/PBS 0.1% Tween 20) and incubated for 1 h with primary
and HRP-conjugated secondary antibodies. Blots were visualized
with ECL reagent (GEhealthcare) before exposure to X-ray film
(Fuji). Monoclonal CD277 20.1 (LifeSpanBio), NRF2 (AF3925
R&D Systems), ABCG2 (ab108312) anti-calnexin (3811-100),
and anti-GFP (SAB4301138) were used as well as 056 and B6 rab-
bit anti-B30.2 polyclonal sera at concentration between 0.5 and
1 ug/ml (30). Cell fractionation was carried out using Qproteome
cell compartment kit (Qiagen).

For plasma membrane profiling (PMP), HeLa-M cells
(5 x 107) in large T175 flasks were either left untreated or
treated with HMB-PP (10 nM for 10 h). Cells were washed
(Ix PBS) then biotinylation reagents added (30 min at 4°C).
After quenching, cells were harvested by scraping and pro-
cessed for immunoprecipitation, by lysis in 1% Tx-100 TBS pH
8 buffer with protease inhibitor (Complete EDTA free, Roche)
and end-over-end rotation for 30 min at 4°C. After centrifuga-
tion (10,000 g for 10 min), Streptavidin agarose resin (Thermo
Fisher) was added to supernatants, with incubation for 2 h at
4°C. Agarose beads were washed (20x) in lysis buffer, 20X in
0.5% SDS in PBS, 20X in 6 M urea/triethylammonium bicar-
bonate (TEAB) pH 8.5, 5 in TEAB pH 8.5 before digestion
overnight with 0.5 pg trypsin in a final volume of 50 ul TEAB
(31). Resulting peptides were analyzed by LC-MS/MS analysis
using an Orbitrap Fusion instrument (Thermo Fisher) utilizing
a 60-min gradient. Raw data were searched using MASCOT
from within Proteome Discoverer (Thermo Fisher) v2.0 against
the Uniprot human reference proteome. Peptide identifications
were controlled at 1% FDR using Mascot Percolator. Proteins
were quantified in a label-free manner using the precursor ion
quantifier node.

T Cell Assays

Ethical approval for working with blood samples from healthy
donors was obtained from the South East Wales Local Ethics
Committee (08/WSE04/17) and the Cambridge Local Ethics
Committee (HBREC.2015.27). All volunteers provided written
informed consent.

Vy9/Vd2 T cells were expanded from peripheral blood
mononuclear cells of healthy donors with 1 uM zoledronate
(Zometa; Novartis) and 50 U/ml IL-2 (Proleukin, Chiron) for
14 days and further enriched to purities >98% CD3+ Vy9+
by negative selection using a modified human y8 T cell isola-
tion kit that depletes B cells, aff T cells, NK cells, dendritic
cells, stem cells, granulocytes, and monocytes (Stem Cell
Technologies). Unless otherwise stated, target HeLa cells were
pretreated with 10 uM zoledronate or 10 nM HMB-PP, then
washed extensively before coculture with y& T cells at a ratio
of 1:10 (10* target: 10°T effector cells). The amount of IFN-y
secreted into the culture supernatant over 24 h was measured
by ELISA (eBioscience). Mobilization of CD107a onto the cell
surface over the first 5 h of coculture was determined using a
PE-conjugated anti-CD107a antibody (H4A3; BD Biosciences)
in the presence of monensin at a 1:2,000 dilution (GolgiStop).
Cells were acquired on a FACS Canto II and analyzed with
FlowJo. HeLa cells were also incubated with agonist CD277
20.1 monoclonal antibody (eBioscence) to induce activation
independently of phosphoantigen.

The murine T cell hybridoma 53/4r/mCD28 TCR MOP was
used to test Vy9/V52 TCR mediated activation, as described
(32). In these experiments, HeLa cells used as stimulators (10*)
were seeded in 96-well flat bottom tissue culture plate, allowed
to adhere for 1 day before addition of T cells in fresh culture
medium. Production of mouse IL-2 in culture supernatants was
tested with a commercial mouse IL-2 ELISA kit.

RESULTS

Two Haplo-Ildentical HeLa Cell Lines,
HelLa-L and HeLa-M, Show Marked
Variation in Their Ability to Activate
VYy9/V62 T Cells via BTN3A

Various tumor-derived and primary epithelial cell lines were
tested for their ability to respond to the aminobisphosphonate
drug zoledronate and present the microbial compound HMB-PP
to Vy9/Vd2 T cells (Figure S1A in Supplementary Material).
Two HeLa cervical epithelium carcinoma cell lines, HeLa-L
and HeLa-M, showed profound differences in their ability to
elicit cytokine (Figure 1; Figure S1 in Supplementary Material).
HeLa-M cells were far more potent than HeLa-L cells in stimulat-
ing release of IFN-y (Figure 1A; Figure S1B in Supplementary
Material) and TNF-a (Figure S1C in Supplementary Material)
upon pretreatment with HMB-PP. Responses to zoledronate
similarly differed between the two cell lines (data not shown).
Responses to either HeLa cell line were abrogated by expression
of a single shRNA targeting the three BIN3A isoforms (shRN-
APT™N3A cells), confirming the importance of BTN3A in mediating
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FIGURE 1 | HLA haplo-identical HeLa-L and HeLa-M cells vary in their ability
to present phosphoantigens to Vyo9Vé2 T cells. (A) Vy9/Vd2 T cell activation
as detected by production of IFN-y. Wild-type and shRNAE™* Hela-L and
HelLa-M cells were pretreated with hydroxy-3-methyl-but-2-eny!
pyrophosphate (HMB-PP) (10 nM for 5 h) before addition of expanded
VY982 T cells at E:T ratio of 10:1. After overnight incubation, culture
supernatants were analyzed by ELISA. Bar chart shows mean and SD from
triplicate measurements using T cells from one donor and is representative
of three independent experiments using T cells from separate donors.

(B) Knockdown of BTN3A expression by shRNA expression in Hela cells.
Transcripts for BTN3A and -actin were amplified by RT-PCR from wild-type
and shRNAB™3A Hela-L and Hel.a-M cDNA template and products analyzed
by gel electrophoresis. PCR results shown are representative of three
independent experiments. (C) Activation of Vy9/V82 T cells detected by
ELISA for IFN-y as in (A) using a concentration gradient of HMB-PP, agonist
antibody CD277 20.1 and T cells expanded from two separate donors.
Activation was induced by pretreatment of Hela cells using HMB-PP for 5 h
(left panel) and anti-BTN3A monoclonal antibody 20.1 for 30 min (right panel).
Graphs show mean and SD from n = 2 and are representative of two
independent measurements. (D) Activation of Vy9/V82 T cells as detected by
flow cytometry for percent double positive Vy9 and CD107a cells after
coculture experiments as in (C).

Vy9/Vd2 T cell responses to both HMB-PP and zoledronate
(Figures 1A,B).

The differential responsiveness of Vy9/V82 T cells to HeLa-L
and HeLa-M cells was replicated when using the pan-BTN3A
specific agonist antibody CD277 20.1, which induces BTN3A-
dependent activation of Vy9/V52 T cell activation in the absence
of HMB-PP or zoledronate (Figure 1C). In addition, production
of IL-2 from a murine T cell hybridoma expressing human

Vy9/V82 transgenes showed a similar differential response to
HMB-PP (Figure S1D in Supplementary Material).

In striking contrast to these findings of cytokine secretion as
a functional read-out for T cell responses, surface mobilization
of CD107a/LAMP1 did not differ between Vy9/V32 T cells
responding to the two HeLa lines, upon HMB-PP or CD277
20.1 antibody pretreatment (Figure 1D), indicating differential
signaling requirements for the induction of cytokine secretion
versus CD107a mobilization.

Taken together, these experiments demonstrated that HeLa-M
cells were more efficient at activating Vy9/V82 T cells via BTIN3A
than HeLa-L cells, with regard to the induction of cytokine
expression but not CD107a mobilization. These cell lines, there-
fore, represent a useful experimental model to investigate the
molecular mechanism underlying the specific Vy9/Vd2 T cell
responses to endogenous and exogenous pAg.

BTNS3A Transcripts Are Identical in
HelLa-L and HeLa-M

In order to account for the functional differences between HeLa-L
and HeLa-M cells, full-length BTN3A transcripts were amplified
by RT-PCR from HeLa cDNA, cloned, and sequenced (Figure 2).
As shown in Figure 2A, transcripts of all three BTN3A isoforms
were expressed at comparable levels in both HeLa-L and HeLa-M,
with no differences in splicing and all were targeted with equal
efficiently by shRNA. No sequence variation or mutation was
detected when six clones from each cell line for each BIN3A
isoform were compared to consensus sequences (BTN3Al
NM_007048, BTN3A2 NM_007047, BITN3A3 NM_006994)
(data not shown). Known synonymous SNPs common in sub-
Saharan Africa, but rare in other populations, were identified
in all BTN3A1 sequences (dbSNP rs3857550, rs2393650, and
rs537072716), suggesting that both HeLa lines were homozygous
for these polymorphisms. BTN3A2 and BTN3A3 nucleotide
sequences showed no polymorphisms; however, allelic exclusion
or haplotype bias in transcript expression was not assessed. By
tissue typing of genomic DNA, both HeLa cell lines were HLA-
A68-B15:03/15 -Bw6 -C12 -DR 01:02/01:2601 haplo-identical.
These data provided convincing authentication of the HeLa lines
by conformation of their common genetic origin.

Cellular Markers of Activation Are

Unaffected
Transcripts for BTN3A1 were shown to be induced by type I and
type Il interferons and HeLa-L and HeLa-M cells did not differ in
this regard (Figure 2B and data not shown). By cytometry, there
was comparable upregulation of surface MHC-I and MHC-II by
IFN-y treatment; however surface staining using CD277 20.1
antibody was not detected, indicating a discrepancy between
transcriptional regulation and protein expression (Figure 2C).
In order to investigate the possibility of a soluble factor influ-
encing T cell activation and also a more physiologically relevant
stimulus potentially influencing BIN3A1 expression, we studied
the response of both HeLa lines to treatment with supernatants
collected from 24 h cocultures of Vy9/Vd2 T cells activated
with HMB-PP (10 nM) loaded HeLa-M cells. Transcripts for a
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FIGURE 2 | Transcripts for the three BTN3A isoforms are unchanged in Hel.a-L.
and Hela-M. (A) Amplification of full-length BTN3A1, BTN3A2, and BTN3A3
transcripts by RT-PCR from wild-type and shRNA®™* Hel a-L and Hel.a-M
cDNA template. (B) RT-PCR for BTN3A1, BTN2A1, and MHC-II (DMa) from
cDNA derived from Hela-M cells either left untreated or treated with IFN-a or
IFN-y. RT-PCR products were analyzed by gel electrophoresis, with f-actin as
loading control. Results are representative of three experiments. (C) Analysis of
activation markers MHC-I (w6/32), MHC-II (L243), and BTN3A (CD277 20.1)

by flow cytometry in Hela cells treated with or without IFN-y. Results
representative of triplicate experiments. Red lines indicate IFN-y treated and
black lines untreated samples. Solid lines are HeLa-M and dotted lines Hela-L.
(D) Expression of activation markers as detected by RT-PCR in HelLa-L and
Hela-M cells left untreated or treated with y8 T/HelLa-M cell coculture
supernatant collected as described (see Materials and Methods). Transcripts for
BTN3A1, HLA-E, DMa, CIITA, TRIM21, CXCL10, IDO-1, and BTN2A1 were
amplified and visualized by gel electrophoresis. Results are representative of
duplicate experiments. (E) Expression of the BTN3A1 interacting molecules
protein periplakin (PPL) and RhoB in treated and untreated Hela-L and
Hela-M cells analyzed by RT-PCR, as in (C), with transcripts for f-actin as a
loading control. Results are representative of duplicate experiments. (F) Lysates
from Hela-L and HelLa-M cells left untreated or treated with y& T/HelLa-M cell
coculture supernatant or IFN-y, were analyzed by western blot for expression of
PPL protein. Duplicate blots were probed with calnexin (CNX) antibody as a
loading control. (G) Cell fractionation to compare the sub-cellular distribution of
PPL protein in HeLa-L and HelLa-M cells. Fractions for soluble (1), membrane
(2), nuclear (3), and cytoskeletal/detergent resistant membrane (4) fractions
were prepared and analyzed by western blot using anti-PPL, p-tubulin, CNX,
and B-actin antibodies.

RT-PCR in addition to BIN3A1 (Figure 2D). Some variation in
HeLa-derived transcripts was detected, particularly CXCL10 and
IDO-1 and a slight increase in BIN3A1 transcripts upon activa-
tion in HeLa-M was not seen in HeLa-L. However, convincing
BTN3A expression or activation at the cell surface was not detected
by cytometry using CD277 20.1 antibody as for Figure 2C (data
not shown). BTN2A1 transcripts did not vary between samples,
and there was no correlation between butyrophilin BTN2A or
BTN3A expression and CIITA/MHC-II in HeLa cells (6). A more
detailed quantitative analysis of some transcripts, for example
CXCL10 or IDO-1 may be warranted, but the data so far were
not consistent with a major signaling defect in either HeLa line
which could account for differential responses in T cell assays or
with transcriptional control affecting BTN3A1 activation.

No Variation in Expression of BTN3A1

Interactors

The cytoskeletal adaptor protein periplakin (PPL) and the RAS-
superfamily GTPase RhoB were recently identified as BIN3A1
interacting molecules (30, 33). We tested whether the differen-
tial BTIN3A1l-dependent responsiveness of Vy9/Vd2 T cells to
HMB-PP loaded HeLa-L and HeLa-M might be due to variation
in PPL and/or RhoB expression. In duplicated RT-PCR experi-
ments, transcripts for PPL were slightly more abundant in HeLa-L
compared to HeLa-M. By analyzing separate domains of the
mRNA, no variation in splicing which conceivably could affect
protein interactions or shRNA-mediated transcript suppression
was detected (Figure 2E). In addition to PPL itself, we detected
transcripts for the PPL interacting molecule PLEC1 (Figure 2E)
but not for kazrin or envoplakin (34-36). RhoB transcripts were
detected abundantly in both HeLa lines and were not obviously
affected by activation with yd T cell/HeLa-M coculture superna-
tants. By western blot, major variation in PPL protein level was
not detected between the HeLa cell lines either with, or without,
activation using IFN-y or using T cell supernatants (Figure 2F).
Neither did we see any discrepancy in cellular distribution by cell
fractionation; PPL was distributed equally in soluble, membrane,
nuclear, and cytoskeletal/detergent resistant membrane fractions
as shown previously (Figure 2G) (30).

These experiments suggested that differences in the expression
of BTN3AL interacting molecules did not account for the func-
tional variation between HeLa-L and HeLa-M cells. By contrast,
in a direct comparison in T cell assays of HeLa-L and HeLa-M
PPL knockdown lines, produced by expression of three different
PPL targeting shRNA (Figure S2 in Supplementary Material),
wide variation in responses as measured by IFN-y was detected.
The PPL knockdown experiments were consistent with our initial
conclusion of a regulatory rather than mandatory role for PPL in
transmitting activation signals to T cells (30).

Detection of BTN3A1 by Re-Expression

in shRNAB™3A Cells

Although mRNA transcripts were detectable, BTN3A proteins
were not abundantly expressed in HeLa cells. In addition,
CD277 20.1 antibody binding to HeLa cells was not convincing

Frontiers in Immunology | www.frontiersin.org

129

April 2018 | Volume 9 | Article 662


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Rhodes et al.

Regulation of y& T Cells

by cytometry (Figure 2C), despite the fact that this agonistic
antibody elicited potent Vy9/V32 T cell activation (Figure 1B).
In order to overcome the limitations posed by low expression
levels, we re-expressed BIN3A isoforms in wild-type and BTN3A
knockdown (shRNAP™3*) cells using a lentiviral vector which
afforded an independent marker of transgene expression via
detection of GFP (Figures 3A,B).

By transient transfection of either HeLa-L or HeLa-M with
expression vectors for BTN3A1, BIN3A2, and BTN3A3, signifi-
cant surface CD277 20.1 antibody staining was not detected for
any of the three BTN3A isoforms, even with high GFP transgene
expression (Figure S2A in Supplementary Material). In contrast,
BTN3A2 and BTN3A3, but not BTN3Al, were productively
expressed on the surface of 293T cells using the same transfection
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FIGURE 3 | Detection of BTN3A1 by re-expression in ShRNAS™ cells,

(A) Diagram of BTN3A1 protein and structure of the two principal stimulatory
phosphoantigens (pAg) hydroxy-3-methyl-but-2-enyl pyrophosphate
(HMB-PP) and isopentenyl pyrophosphate (IPP). Sites of pAg interaction in
the BTN3A1 B30.2 domain, protein periplakin (PPL) interaction at the
juxta-membrane domain (JMD) and the antibodies used for detection are
highlighted. BTN3AS has a structure similar to BTN3A1, whereas BTN3A2 is
truncated after the JMD and lacks the B30.2 domain. (B) Diagram of BTN3A
pHRsINIRESgfp lentiviral expression vector used in re-expression studies.
Independent measure of transgene expression is provided by internal
ribosome entry site (IRES) driven green fluorescent protein (GFP). (C) Western
blot of HelLa-L cells transiently transfected with expression vectors for
BTN3A1, BTN3A2, and BTN3A3. Monoclonal anti-BTN3A (CD277 20.1)
antibody and polyclonal sera 056 and B6, directed to B30.2 domains of
BTN3A1 and BTN3A3, respectively, were used. Anti-GFP and calnexin (CNX)
antibodies provided loading controls for expression of transgene and
endogenous proteins, respectively. (D) Western blot analysis of stable
BTN3A1 re-expression lines of HelLa-L and HelLa-M shRNABS™: cells, either
left untreated or treated with MG132 or bafilomycin A (bafA). Anti-CD277 20.1
antibody and polyclonal sera 056 were used, together with anti-GFP and CNX
control antibodies as in (C). Detection of CD277 20.1 and 056 reactive
protein bands required extended exposure to X-ray film.

strategy, indicating that surface expression of BIN3A/CD277
was tightly regulated, by a mechanism which targeted BIN3A1
preferentially and which differed between cell lines.

By western blot analysis of lysates from transiently transfected
cells, there was marked variation in the ability of CD277 20.1
antibody to detect the different BIN3A isoforms (Figure 3C;
Figure S2B in Supplementary Material). While BTN3A1 was
barely detectable, BIN3A2 was abundant (at levels expected
from transgene expression) and BTN3A3 was expressed at inter-
mediate levels. Authentic expression of full-length proteins was
confirmed in some experiments using isoform specific antisera
directed against the B30.2 domains of BTN3A1 and BTN3A3
(Figure 3C; Figure S2 in Supplementary Material), requiring
extended exposure to X-ray film.

The above experiments indicated an intracellular checkpoint
to BTN3A1 expression. To determine if this was mediated by pro-
tein degradation, we tested the effect of the proteasome inhibitor
MG132 and bafA, an inhibitor of lysosome/autophagy pathways,
on BTN3A1 expression in lentivirally transduced HeLa-L and
HeLa-M shRNA®™3 cells (Figure 3D). By western blot using
CD277 20.1 antibody, full-length soluble BTN3A1 (57 kDa) was
detected in the untreated HeLa-M re-expression line, but was
barely detectable in the HeLa-L lysate. Instead, a lower molecular
weight band of 38 kDa was detected in HeLa-L samples, indica-
tive of BTN3A1 protein cleavage. Alternatively, the 38-kDa pro-
tein could represent endogenous BTN3A2, although BTN3A2
was not detected abundantly in un-transfected cell lines (Figure
S3 in Supplementary Material). Levels of detergent-soluble, full-
length BTN3A1 were reduced by MG132 treatment, but were
unaffected by bafA. In contrast, MG132 treatment of HeLa-L
cells led to the appearance of full-length BTN3A1 (57 kDa) in
the detergent resistant fractions from Tx-100 lysates, suggest-
ing a potential redistribution of BTN3A1 in the membrane by
proteasome inhibition.

Taken together, these results were consistent with a mechanism
controlling surface expression of BTN3A protein isoforms, in
particular BTN3A1, by protein production, stability, or trafficking.

PMP of HMB-PP Treated Cells Identifies
ABCG2

We next searched for differences in cellular factors that might
influence pAg presentation in the two HeLa cell lines using
surface biotinylation, followed by immunoprecipitation and
quantitative mass spectroscopy (37). Bulk HeLa-M cells were
allowed to adhere (10 h), then were either left untreated or treated
with HMB-PP (10 nM for 10 h) prior to PMP as described (38).

By this approach, ABCG2 (also called breast cancer resist-
ance protein) was identified as a candidate whose expression
was significantly influenced by HMB-PP in HeLa-M cells
(Figure 4A). ABCG2 is a member of the superfamily of ABC
transporters and was originally characterized as a drug efflux
pump (39). Variation in expression was modest (log2 = 2.69
increase), but several independent peptides of ABCG2 were
detected. FAM129B, a molecule involved in RAS activation,
was another candidate potentially affected by HMB-PP treat-
ment (log2 = 2.15 increase) (40). By RT-PCR from the panel of
untreated versus treated HeLa cDNA (Figure 4B), transcripts for
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FIGURE 4 | Plasma membrane profiling (PMP) by mass spectroscopy
identifies ABCG2. (A) Table of top hits identified using PMP to compare
HMB-PP treated and untreated HelLa-M cells. Several independent peptides
of ATP-binding cassette (ABC) transporter ABCG2 were detected, with
modest increase (l0g. 2.69) by treatment. Other potential candidates by these
criteria (C3orf52 and FAM129B) are listed and were less significant. (B)
Dysregulation of a subset of ABC transporters, including ABCG2, in HeLa
cells detected by RT-PCR. Template cDNA was prepared from total RNA from
Hela-L and HelLa-M cells left untreated or treated with y8 T cell supernatant
for 24 h. RT-PCR products were analyzed by gel electrophoresis. (C) Variation
in ABCG2 protein expression in HelLa cells by western blot. Top panel: HelLa-L
and Hela-M cells were left untreated or treated with MG132 (5 uM for 10 h) or
HMB-PP (10 nM for 10 h). Cell lysates were prepared and analyzed using
antibodies directed to ABCG2, NRF2, and calnexin (CNX), which acts as a
loading control. Bottom panel: western blot analysis of ShRNA*ES2 cells
confirms reduction in ABCG2 protein expression. (D) HeLa-M cells show
ABCG2-dependent resistance to cytotoxic drug doxorubicin (DOX). Wild-type
Hela-M, Hela-L, and shRNA"®¢¢? Hel.a-M cells were incubated (24 h) with
DOX at the indicated concentrations. Cells were stained using propidium
iodide (P) (2.5 pg/ml for 5 min) as a marker of plasma membrane integrity.
After washing, cells were analyzed by cytometry. Chart shows mean
fluorescence intensity (MFI) of PI staining. (E) No effect on T cell activation
using shRNA"E@2 Hel a-M cells. The effect on the efficiency of Vy9/Va2 T cell
activation for a series of HeLa-M gene knockdown lines, including shRNA
BTN3A1, ABCG2, RhoB, PLEC1, and TRIM21. Cells were pretreated with
HMB-PP (10 nM for 6 h) before Vy9/V82 T cells from a single donor were
applied. Coculture was allowed to proceed overnight when culture
supernatants were analyzed by ELISA. Chart shows percent (%) change in
detected IFN-y relative to wild-type HelLa-M cells of duplicate determinations
for each cell line.

ABCG2 were reduced in HeLa-L compared to HeLa-M samples,
an observation not seen for other candidates, while FAM129B
transcripts did not vary (Figures 2C,D). Reduced expression
of ABCG2 total protein in HeLa-L compared to HeLa-M cell

lysate was confirmed by western blot (Figure 4C), but varia-
tion in expression by HMB-PP treatment was not and surface
ABCG2 was not detected by flow cytometry. However, reduced
levels of ABCG2 by MG132 treatment was seen (Figure 4C),
similar to that detected for BTN3A1 (Figure 3D). Expression
of NRF2 (nuclear factor erythroid 2-related factor 2), a basic
leucine zipper (bZIP) protein and major transcriptional regula-
tor of ABCG2, was stabilized in the MG132 treated samples as
expected, with increased levels of NRF2 evident in HeLa-M
versus HeLa-L samples, consistent with the higher expression of
ABCG2 in these cells (Figure 4C).

From these data, ABCG2 was the most promising candidate to
account for the differential effects of the HeLa cell lines in T cell
assays, implicating this molecule in pAg presentation. Therefore,
HeLa-M cells expressing shRNA targeting ABCG2 (shRNA#P¢62)
were constructed. Reduced ABCG2 expression in shRNAABCG2
cells was confirmed by western blot (Figure 4C bottom panel) as
was a functional effect in killing assays, by increased sensitivity to
DOX, a major target substrate of ABCG2 (Figure 4D). However,
in coculture assays with Vy9/V2 T cells, no effect on the efficiency
of T cell activation of HMB-PP loaded HeLa-M shRNAAPCS2 cells
was detected, as measured by ELISA for IFN-y (Figure 4E). With
ShRNAP™34 cells acting as control, a modest effect of ShRNAT™M2!
cells was detected in these experiments, but no effect of sStRNARB
or ShRNAPEC! cells. RhoB has been implicated previously in pAg
presentation using similar shRNA-mediated knockdown (33), so
the lack of specific effects in our experiments may be indicative of
ineffective transcript suppression or variation between different
cell lines. The mechanism by which TRIM21 may be affecting yd
T cell activation is unexplained (41).

Expression of a number of functionally related ABC trans-
porters was examined by RT-PCR in the activated HeLa cell
panel, including ABCB1 (multidrug resistance 1, MDR1),
ABCGI1 (white), ABCA1 (cholesterol export regulatory pro-
tein, CERP), ABCC1 (multi-resistance protein 1), and ABCC5
(multi-resistance protein 5). While expression of the latter two
(ABCC1 and ABCCS5) did not vary, transcripts for ABCBI,
ABCG1, and ABCA1 did (Figure 4B). ABCB1 showed a pattern
of expression similar to ABCG2, while ABCG1 and ABCALI
transcripts were only detected in treated samples of HeLa-L,
and not in HeLa-M.

Taken together, the results revealed dysregulated expression
of a subset of ABC transporters, which correlated with efficiency
of y8 T cell activation, suggesting a link between these members
of the ABC protein superfamily and pAg-dependent yd T cell
activation.

DISCUSSION

Butyrophilin BTN3A proteins are the critical determinants of pAg
presentation to Vy9/Vd2 T cells, but their precise role and how
they are regulated is not fully understood. In order to address this
issue and with a view to identifying novel effectors, we studied
two HeLa cell lines which showed marked differences in their
ability to activate Vy9/Vd2 T cells in response to pAg loading.
Endogenous levels of all BTN3A isoforms were low in HeLa cells
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and were not detected by western blotting or flow cytometry. By
PMP using quantitative mass spectroscopy in HeLa-M cells that
were untreated or treated with HMB-PP, BTN3A1 and BTN3A2
isoforms were detected at low levels, with minor variation by
treatment. Subsequent experiments using PMP may allow for
interrogation of endogenous BITN3A proteins, their regulation
by pAg and correlation with T cell activation in different present-
ing cells (42).

BTN3AIl protein stability at steady state, where BTN3A1
transgene re-expression was carefully controlled by GFP, was reduced
significantly compared to that of the other isoforms, BTN3A2
and BTN3A3. We also detected differences in BTN3A1 protein
between the two HeLa cell lines. The data are consistent with
regulation of BTN3A1 at the level of protein stability. Protein
truncation, presumably resulting from proteolytic cleavage to
remove the B30.2 domain was also evident using anti-BTN3A
antibodies. The possibility that posttranslational modification, for
instance by N-linked glycosylation, may be influencing CD277
20.1 antibody recognition of BIN3A1 by affecting protein traf-
ficking and stability cannot be ruled out. It is also unclear whether
the free B30.2 domain, a potential degradation intermediate, has
a separate function.

It is possible that specific miRNA or mRNA processing, result-
ing in a block or premature stop in translation could account
for truncated and/or reduced protein levels, although no effect
on BTN3A1 transcripts in re-expression lines was detected by
RT-PCR. Since inhibitor MG132 did not give a clear picture of
protein stabilization, as exemplified here by stabilization of NRF2, it
is not clear whether BTN3AL instability is due to proteasome func-
tion. Lysosomal inhibition also had no effect. Therefore, another
mechanism of protein maturation and trafficking, acting at the level
of protein translation or membrane insertion may be involved.

Control of BTN3AL stability would provide a dynamic mecha-
nism to control Vy9/Vd2 T cell activation, similar to that shown
for the homologous molecule PD-L1 in controlling af T cell
responses (43). The fact that BN3A1 expression appears to be lim-
iting over BTN3A2 will also influence interactions between the
two isoforms, proposed recently to be essential for Vy9/V82 T cell
activation (11). Regulation of BTN3A1 stability would also offer
a means to modulate immune-surveillance by Vy9/Vd2 T cells,
representing a potential immune-evasion mechanism exploited
by tumors and intracellular pathogens.

ABCG?2 was identified as a potential candidate protein in pAg-
dependent T cell activation using PMP of HMB-PP treated
HeLa-M cells. ABCG2 correlates functionally with dye negative
side population, a biomarker of cancer stem cells (44) and was
considered an interesting functional candidate in pAg presenta-
tion because of the known association with statins, cholesterol
metabolism, and the HMG-CoA reductase pathway (45, 46).
However shRNA#P¢%? knockdown cells showed no functional
defect in T cell assays. It is possible that sShRNA did not reduce
ABCG2 levels sufficiently in HeLa-M*B¢%? cells to influence this
assay, or that other members of the ABC transporter family with
similar expression and substrate profile (for example, ABCB1)
compensated for its absence in these cells.

In addition to ABCG2 and ABCBI, transcription of ABCA1
and ABCG1 was dysregulated. ABCA1 and ABCGI are also

linked functionally to cholesterol metabolism, acting as regula-
tors of cholesterol transport (47, 48). Since these molecules are
not known to be induced by pro-inflammatory cytokines, it is
unclear what signals from the y8 T cell supernatant, derived
from cocultures with HeLa-M cells containing 10 nM HMB-PP,
induced transcription of ABCA1 and ABCG1 in HeLa-L cells
but not in HeLa-M. Published data describe a role in y8 T cell
activation for ABCA1 acting together with BTN3A1 as a pAg
efflux transporter in myeloid cells, linked to the LXR (liver X
receptor) transcription factor (49). In the ABCA1 efflux model
(49), ABCAL drives IPP into the extracellular compartment to
activate Y0 T cells in trans. In our system, ABCA1 expression
in activated HeLa-L cells would theoretically reduce intracel-
lular HMB-PP concentration to thereby limit the pool available
to activate BIN3A1. However, ABCA1 did not enhance T cell
activation by HMB-PP-loaded HeLa-M because it did not appear
to be expressed in these cells. Therefore, ABCA1 alone cannot
account for the effects we detected, and it is also difficult to resolve
an extracellular pAg delivery and sensing mechanism with the
binding of pAg to the cytosolic B30.2 domain of BTN3A1 (9),
unless this interaction promotes pAg export to bind BIN3A1
externally, as proposed by other workers (7, 50).

Conventional MHC restricted antigen presentation to TCR
expressed on aff T cells relies on peptide transport by the hetero-
dimeric TAP1/2 transporter, and it is plausible that pAg transport
similarly requires ABC family members. Other workers have
investigated ABCC5 (51) in addition to ABCA1 (49). Although
most are described as drug or xenobiotic efflux pumps contribut-
ing to a multidrug resistance phenotype, endogenous substrates
for many ABC transporters are largely uncharacterized. If these
ABC transporters are involved, evidently there is more com-
plexity in this system than current models of pAg presentation
allow, in particular whether pAg transport is into or out of cells
(or both) (50, 52) and whether they influence BTN3A expression
by direct interaction (49). Further analysis of these ABC trans-
porters seems warranted.

HeLa cells were the first cell line to be used for biomedical
research, originating in the 1950s (53). HeLa-L and HeLa-M
are two sublines the origins of which are obscure but which our
data so far indicate are genetically identical. The cell lines were
free of mycoplasma or other detectable infection and the chance
observation of differences in pAg presentation and interaction
with expanded Vy9/V52 T cells derived from different donors
were stable for over 3 years with repeat samples acquired from
original sources. The HeLa-M line historically showed elevated
responses to IFN-y (54) and in our hands showed resistance
to the anticancer drug DOX in dye-exclusion killing assay, an
effect reversed to some extent by ABCG2 knockdown. A fea-
sible scenario, therefore, would be selection by an anticancer
drug such as DOX resulting in DNA mutation (55), permanent
activation of the KEAP1/NRF2 stress response pathway and
increased ABCG2 expression in these cells (56). A similar
approach was used to identify ABCG2 from a drug-resistant
MCE-7 line (57).

Alternatively, signaling defects of the hedgehog pathway or
LXR transcriptional regulation may be involved in ABC trans-
porter expression (47, 58-60). If DOX impacts regulation of
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BTN3A-dependent pAg sensing, then the use of such cytotoxic
drugs in cancer treatment could impact immunotherapy strate-
gies based on yd T cells (23) by selecting clones with increased
expression of survival factors which promote tumor growth. In
any event, expression of this subset of ABC transporters may
act as a biomarker for enhanced Vy9/Vd2 T cell activation by
cytokine secretion, and it will be interesting to test this correla-
tion in other cells and with other markers of activation. Current
experiments are underway to identify a more comprehensive
catalog of differences between HeLa-L and HeLa-M cells.
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Human y8 T cells can contribute to clearance of hepatitis C virus (HCV) infection but
also mediate liver inflammation. This study aimed to understand the clonal distribution
of y8 T cells in peripheral blood of chronic HCV patients and following HCV clearance
by interferon-free direct-acting antiviral drug therapies. To this end, y8 T cell receptor
(TCR) repertoires were monitored by mRNA-based next-generation sequencing. While
the percentage of Vy9* T cells was higher in patients with elevated liver enzymes and
a few expanded V83 clones could be identified in peripheral blood of 23 HCV-infected
non-cirrhotic patients, overall clonality and complexity of y8 TCR repertoires were largely
comparable to those of matched healthy donors. Monitoring eight chronic HCV patients
before, during and up to 1 year after therapy revealed that direct-acting antiviral (DAA)
drug therapies induced only minor alterations of TRG and TRD repertoires of Vy9+ and
Vy9- cells. Together, we show that peripheral yd TCR repertoires display a high stability
(1) by chronic HCV infection in the absence of liver cirrhosis and (2) by HCV clearance in
the course of DAA drug therapy.

Keywords: y8 T cells, chronic hepatitis C virus, TRG, TRD, next-generation sequencing, direct-acting antivirals

INTRODUCTION

The majority of hepatitis C virus (HCV) infection results in chronicity and only 10-50% of cases
are cleared in the acute phase (1, 2). Failing cytotoxic T cell activity due to exhaustion of expanded
T cells causes chronic viral persistence and continuous activation of liver-infiltrating lymphocytes
progressively leading to liver cirrhosis and development of hepatocellular carcinoma (3-5). However,
the contribution of yd T cells to HCV control is largely unknown.

¥d T cells are innate immune cells expressing a T cell receptor (TCR) consisting of a y- and a
8-chain, each composed of a variable (V), diversity (D), and joining (J) gene segment generated by
“VDJ recombination.” The random rearrangement of different gene segments creates a high clonal
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y8-TCR Repertoires in Chronic HCV-Infection

diversity, which is particularly reflected in the junctional regions
(CDR3 sequence) of TCR chains. yd T cells can be classified based
on their expressed Vy or V8 chains functionality and distribution
within the body. The Vy9JP*V52* subset is the main population
of y8 T cells within the peripheral blood of most adult healthy
individuals (6). Vy9JP*Vd2* cells are activated through small
phosphoantigens, like microbial-derived HMB-PP or host-
derived isopentyl pyrophosphate (IPP) (7, 8) and are involved
in anti-cancer surveillance, pathogen clearance, or inflammatory
diseases (9). By contrast, the identity of molecules activating
non-Vy9JP*Va2+ cells is largely unknown. Nevertheless, a few
studies revealed that these could be stress molecules exposed by
virus-infected or tumor cells (10-14). Overall, non-Vy9JP*V&2*
vd T cells exert a high degree of antiviral and antitumor activity
(15, 16), which is for instance reflected in the expansion of V81*
y8 T cells in response to viral infection in immunocompromised
patients, stem cell transplant recipients, and during pregnancy
(17-21).

The functional role of different y8 T cell populations in HCV
persistence and associated liver malignancies remains to be
understood. Per se, yd T cells are enriched not only in liver tis-
sues of healthy persons but also in patients with hepatitis infec-
tions (22). Hepatic yd T cell populations express the NK-cell
marker CD56, the liver-homing marker CD161, produce INF-y,
and demonstrate an effector/memory phenotype (23-25).
Especially, chronic HCV patients with liver cirrhosis display
elevated y8 T cell numbers and their cytokine production
and cytotoxicity was suggested to play a role in inflammatory
necrotic processes (26-29). Studies analyzing matched blood
and liver specimens from patients with chronic liver diseases
indicated that V82" and/or V31* can infiltrate the liver (25, 28).
Increased VO1* cell frequencies in liver transplant recipi-
ent were associated with high viral loads (HCV, CMV) (30).
Likewise, patients infected with only HCV, or co-infected with
HIV undergoing active antiretroviral therapy (HAART), had
elevated V817 y8 T cells in the blood and liver, which was linked
to liver inflammation (28, 31). Of note, HAART therapy did not
restore intrahepatic V&1* T cells to normal levels within HCV/
HIV co-infected patients (31). Especially, Vy9JP*V82* cells
have been revealed to inhibit viral replication (32). Other stud-
ies connect HCV persistence to low Vy9JP*V82* frequencies,
impaired IFN-y production, and y8 T cell exhaustion (24, 25,
33, 34), while the cytotoxicity and continuous activation of
Vy9JP*V&2* during chronic HCV infection contributes to liver
inflammation and cirrhosis (24). The therapeutic application
of zoledronate to activate Vy9JP*V52* yd T cells through cel-
lular accumulation of IPP was suggested as a strategy to apply
y8 T cells to inhibit viral replication during interferon-based
therapies (32, 34, 35).

Over the past few years, conventional HCV therapy based on
PEG-INFo/ribavirin has been replaced by direct-acting antiviral
(DAA) drugs. These DAA therapies result in increased cure rates
defined by virus clearance and improve liver inflammation and
cirrhosis in HCV-infected patients (36-38). Effects of DAAs
and HCV clearance on the restoration of different immune cell
subsets including HCV-specific T cells, NK cells, and MAIT cells
have been analyzed in patients (39-43). However, to the best of

our knowledge, no study addressed the effect of DAA ony8 T cell
composition.

Next-generation sequencing (NGS) of TCR repertoires has
the advantage to monitor y8 T cell populations at the clonal
level and to identify disease-related TRG (y-chain) and TRD
(8-chain) sequences (19, 44). To understand the clonal distribu-
tion of y8 T cells in patients with chronic HCV and to investigate
in the influence of DAA on y8 T cell repertoires, we used flow
cytometric cell sorting and NGS to profile yd TCRs from total
as well as Vy9* and Vy9~ isolated y8 T cell populations from
peripheral blood.

RESULTS

Healthy and Chronic HCV Patients Show
Similar y8 T Cell Repertoire Complexity

We monitored peripheral y8 T cell repertoires in 10 patients
with chronic HCV infections before, during, and after therapy
with DAAs and in additional 13 patients at a single time
point during therapeutic DAA treatments. All patients had
persistent viral infection with the HCV genotype 1 (Table 1
for patients’ characteristics). Even though parameters for liver
inflammation, such as alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) level, were above normal
levels in 4 of 10 patients (Table 1), it is important to note
that all patients included in this study had not yet developed
liver cirrhosis. After flow cytometric sorting of y3 T cells, the
highly diverse CDR3 regions of the TCR y- and 8-chain were
PCR amplified through gene-specific primers and subjected
to NGS analysis (19). The workflow to analyze multiple
samples from 14 healthy controls (HC) and 23 chronic HCV
patients is depicted in Figure S1A in Supplementary Material.
Flow cytometric analyses showed slightly decreased total y5
T cell frequencies, but a higher percentage of Vy9* T cells, in
patients with higher ALT levels when compared with HC and
chronic HCV patients having low ALT levels (Figures 1A,B).
NGS of functional Vy or V9 chain usage of TCR repertoires

TABLE 1 | Baseline characteristics of healthy individuals and both cohorts of
chronic HCV patients.

Healthy Chronic HCV Chronic
(longitudinal HCV (one
samples) time-point)
n (m/f) 9(4/5), 5 (3/2) 10 (5/5) 14 (8/6)
Age (years) 41 (26-51), 54 (47-60) 54 (25-79)
44 (21-66)
HCV RNA 2,913,000 1,893,000
(IU/mL) (140,000-6,700,000)  (76,000-6,300,000)
HCV genotype 1 1
ALT (UL 96.2 (51-289) 65.4 (22-138)
AST (U/L) 54.6 (24-108) 52.3 (24-108)
gGT (U/L) 55.9 (21-107) 108.6 (14-558)
Fibroscan (kPa) 7.4 (6.4-12.9) 7.9 (2.2-24.3)

Abs. lymphocyte
count

2,150 (1,600-3,300) 2,121 (1,200-3,200)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; gGT, gamma-glutamy!
transpeptidase; HCV, hepatitis C virus.
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FIGURE 1 | Comparison of peripheral y8 T cell repertoires in chronic hepatitis C virus (HCV) patients and healthy controls (HC). (A,B) Flow cytometric sorting results
of 9 HC (black dots) and 10 chronic HCV patients at baseline (blue dots), which were grouped based on their alanine aminotransferase (ALT) values, are summarized
in dot plots representing (A) total yd T cell frequencies of CD14-/CD19- lymphocytes and (B) Vy9* cell frequencies of total y8 T cells. Six patients had ALT levels
two times lower than upper limit of normal (<2x ULON) and four patients had increased ALT levels (>2x ULON). Horizontal lines present median values. Data were
analyzed by Mann-Whitney test. (C,D) Sorted y& T cells of eight HC and eight chronic HCV patients, the latter grouped based on their ALT levels, were subjected
to next-generation sequencing (NGS) analysis. Floating bars from minimum to maximum represent the distribution of functional V-genes of analyzed (C) TRG or
(D) TRD repertoires. Lines represent median values. (E,F) The most expanded top 20 (E) TRG or (F) TRD clones are highlighted in stacked area graphs of three
representative HC and six HCV patients who were stratified due to their ALT levels. Vy9- or V31* clones are highlighted in orange, Vy9* or V82* in gray, V83*
clones in green color, and non-top 20 clones in light gray. NGS samples were normalized to the percentage of all productive sequences per sample.

(Figures 1C,D) further indicated almost no difference of
V-chain distributions between HC and chronic HCV patients.
Of note, box plots in Figure 1D suggest that at least some
of the chronic HCV-infected patients had higher peripheral
V83" frequencies and this was independent of ALT levels. To
characterize y3 T cell repertoires in more detail, we analyzed
the clonal distribution and diversity of TRG and TRD rep-
ertoires (Figures 1E,F). As observed in previous datasets of
HC (19, 44, 45) and as illustrated by three HC of this study
and six representative chronic HCV patients with different
ALT levels, the 20 most expanded clones collectively made
up between 25 and 60% of whole TRG or TRD repertoires
(Figures 1E,F). Thus, y& TCR repertoires of chronic HCV
patients largely resembled HC and were highly diverse with
few expanded clones, that are not necessarily Vy9JP* and V82*
(Figures 1E,F). All datasets were summarized by depicting the
median frequency of top 20 clones and median Shannon index,
a parameter used to measure TCR repertoire diversity, and
showed no significant differences between the given groups
(Figures S2A,B in Supplementary Material). Together, these
NGS results indicate that peripheral TRG and TRD repertoires
of healthy persons and chronic HCV patients have a similar
complexity and clonal composition.

DAA Drugs Lead to Minor Changes
on y6 T Cell Numbers

Next, we investigated the effect of DAA-induced viral clearance
on peripheral y8 T cell lymphocytes. Patients were treated for
8 weeks with a combination of sofosbuvir and ledipasvir. All
patients achieved a sustained virological response (Figure SIA
in Supplementary Material). Six of ten patients were virus-
negative at therapy week 4 (w4); HCV RNA levels of the other four
patients were already very low at this time point (<20 IU/mL)
(Figure 2A). Some patients had mild liver fibrosis indicated by
fibroscan values ranging from 5.4 to 12.3 kPa, which decreased
significantly from therapy start (TS) to follow-up week 12
(ful2) (Table 1; Figure 2B). Some parameters for liver inflam-
mation, such as ALT and AST levels, were slightly increased at
TS (Table 1; Figure 2C), while bilirubin values were ranging in
the normal level below 17 pmol/L (3.0-14.0 umol/L) (Table 1).
During DAA therapy, ALT levels decreased significantly within
the first therapy week and reached normal levels at week 4
(Figure 2C). After initiation of DAA therapy, a slight increase
of absolute lymphocyte numbers and yd T cells/pL blood was
observed (Figures 2D,E), which declined then until follow-up
week 12 (Figure 2D). Furthermore, small changes in the num-
ber of Vy9* and Vy9~ y8 T cells/pL blood were detected during
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the first therapy weeks while staying stable during the follow-up
year (Figures 2F,G). Of note, patients with ALT values higher
than twofold ULON had very low numbers of VY9~ y8 T cells/pL
blood (Figure 2G), whereas the number of Vy9* y8 T cells/pL
blood and their progression was similar to patients with ALT
values lower than twofold ULON (Figure 2F). Altogether,
patients improved with regard to liver inflammation and stiffness
following successful eradication of HCV infection, while total
numbers of Vy9* and Vy9~ y8 T cells remained highly stable
after viral clearance. This suggests that potential alterations in yd
T cell numbers and repertoire composition in response to HCV
infection were sustained for the observation period of 48 weeks.

TRD Repertoires of Vy9+ and

Vy9- v6 T Cells Are Distinct

Next, we investigated Vy9+and V9~ cells separately. Flow cyto-
metric profiling of y8 T cells specified a fraction of Vy9-V§2+*
cells in the peripheral blood of adults and chronic HCV patients
(Figure 3A), which is in line with the identification of expanded
Vy9-Vd2* clones in HC and transplant recipients (19). In adults,
TRD repertoires are highly individual, while all TRG repertoires
comprise public Vy9JP rearrangements shared between all per-
sons (19, 45). Here, we analyzed TRD repertoires of sorted Vy9*
and Vy9~ y8 T cells from 11 HC and 20 chronic HCV patients
receiving DAA therapy (Table 1; Figure S1 in Supplementary
Material). First, we studied the distribution of 8-chains within
the Vy9* and Vy9~ subsets in HC and chronic HCV patients.
As depicted by boxplots (Figures 3B,C), Vy9* cells paired mainly
with V82*+ sequences, while VY9~ cells paired with V81, V&2,
and V83 sequences. In addition, the proportion of Vy9-V83*
cells was on average slightly increased in chronic HCV patients

when compared with HC (Figures 1D and 3C) and could be
associated with the identification of some expanded Vy9-V§3*
clones (Figure 3D). Next, we analyzed the clonal distribution of
the 20 most expanded TRD clones of Vy9* and Vy9~ sorted cells
from three representative HC (Figure 3E) and three chronic
HCV patients (Figure 3F). Similar to total yd T cell populations,
TRD repertoires of Vy9* and Vy9~ cell subsets were diverse
and depicted an oligoclonal expansion of particular Vy9tV2+,
Vy9-Vd2-, and Vy9~Vd2* clones (Figures 3E,F). Comparison
of the combined median frequency of the top 20 Vy9+and Vy9~
TRD clones between HC and chronic HCV patients pointed
to lower frequencies of top 20 clones in Vy9* cells of the HC
group (Figure 3G). However, individual TRD repertoires were
very diverse in the analyzed groups and thus differences in top
20 frequencies (Figure 3G) and TRD repertoire diversities as
measured by Shannon indices (Figure 3H) were not statistically
significant. Still, separate analyses of Vy9* and Vy9~ sorted yd
T cells revealed that Vy9~ TRD repertoires displayed a high
V8-chain diversity and that expanded Vy9-V83* clones existed
in some chronic HCV patients, while the overall clonal com-
position of Vy9* and Vy9~ TRD repertoires was comparable
between healthy persons and chronic HCV patients. Further
studies, preferably also including patients with more severe
HCYV disease, will be required to support or refute the hypothesis
that Vy9=V83* clones selectively expand in response to HCV
infection.

Stability of Vy9+ and Vy9- TRD Repertoires

During DAA Drug Therapy
Finally, we asked whether chronic HCV infection and DAA-
driven viral clearance would affect Y8 T cell repertoires, which
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of sorted Vy9* and Vy9~ y8 T cells from 11 HC and 23 HCV patients. (B,C) Fractions of V-delta chains within the sorted (B) Vy9+ and (C) Vy9- populations of HC
and HCV patients are represented as floating bars from minimum to maximum with the line representing the median. (D) Identified 83+ sequences within sorted
Vy9- cells of chronic HCV patients. (E,F) Top 20 expanded TRD clones of either Vy9*+ or Vy9- cells are plotted in stacked area graphs for (E) three HC or (F) three
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normalized to 10,000 productive reads. Median values are depicted as horizontal lines. Statistical analysis was performed using one-way ANOVA.

otherwise stay relatively stable over time (19, 44, 46). For this,
we analyzed Y8 TCR repertoires at TS, during DAA treatment
and up to 1 year after therapy (illustrated in Figure S1A in
Supplementary Material). We studied the TRD repertoires of
sorted Vy9* or Vy9~ cells as well as TRG and TRD repertoires of
total v T cells. First, no significant changes in median frequen-
cies of the top 20 clones and Shannon diversity indices of the
analyzed cell subsets reflected that Y5 TCR repertoires retained
the overall complexity during the course of DAA drug therapy
(Figures 4A,B; Figures S3A,B in Supplementary Material).
Plotting the most expanded 20 TRD clones of either Vy9+ or
Vy9~ sorted cells (Figure 4C) and the top 20 TRG and TRD
clones of total yd T cells (Figure S3C in Supplementary Material)
over time, it turned out that only one patient (patient 3) showed
notable changes in the distribution of expanded clones after
TS. Importantly, this instability was caused by changes in V82*
sequences of Vy9* sorted cells (Figure 4C). These might have
been associated with increased Y5 T cell counts starting from w1,
but no other clinical parameters. Furthermore, ydTCR reper-
toire stability can be described in similarities between two given
time points as calculated by Morisita-Horn indices. Notably, the
Morisita-Horn index considers all clones of the given repertoire,
while zero means no overlap and one represents complete overlap
between all clones of given samples. Median values of calculated
Morisita-Horn similarity indices revealed only minor changes
of y8 T cell repertoires before, during, and after DAA drug
therapy (Figure 4D; Figure S3D in Supplementary Material).
In summary, Yy TCR repertoires of total, Vy9* or Vy9~y3 T cells
retained their overall complexity during DAA therapy and were
highly stable up to 1 year after viral clearance and normalization
of liver enzymes.

MATERIALS AND METHODS

Patient Characteristics

All 23 patients chronically infected with HCV as well as 9
HC were recruited at the Department of Gastroenterology,
Hepatology and Endocrinology at Hannover Medical School,
Germany. In addition, five HC were recruited at the Institute
of Immunology/Department of Hematology, Hemostasis,
Oncology and Stem Cell Transplantation at Hannover Medical
School, Germany. The chronic HCV patients were analyzed over
time before, during, and after novel DAA therapy for 8 weeks
with a combination of sofosbuvir and ledipasvir. From 10
patients, peripheral blood mononuclear cells were collected at
treatment start (TS), therapy week 1 (w1), therapy week 4 (w4),
follow-up week 12 (ful2), and 1 year after treatment cessation
(fu48), isolated and cryopreserved for deferred analysis. Further,
13 chronic HCV patients who were treated for 8 or 12 weeks
with a combination of sofosbuvir and ledipasvir were included
in the study with only one time-point during or after treatment
to determine their TRD repertoires.

The ethics committee of Hannover Medical School approved
this study (Study number: 2148-2014 and 2604-2014), and all
patients provided written confirmed consent before enrollment.
The clinical characteristics of the chronic HCV patients and the
HC are summarized in Table 1.

Flow Cytometric Analysis and Sorting

PBMCs were thawed, washed twice, and stained for 20 min at
room temperature for flow cytometric analysis and cell sorting
with the following antibodies: LIVE/DEAD Fixable Green Dead
cell Stain Kit, Thermofisher or DAPI; CD14-FITC, clone M5E2,
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FIGURE 4 | Monitoring of TRD repertoires of Vy9* and Vy9- y8 T cells in hepatitis C virus (HCV) patients over time. Next-generation sequencing results of TRD
repertoires from sorted Vy9+ or Vy9- cells of six chronic HCV patients receiving DAA therapy overtime (TS: therapy start; therapy week 1 and week 4: w1, w4;
follow-up weeks: fu12, fu48). (A) TRD repertoire diversities were determined by Shannon values for Vy9* (left side) and Vy9- (right side) cells. Samples were
normalized to 10,000 productive reads. (B) Frequency of top 20 TRD clones of sorted Vy9* (left side) and Vy9- (right side) cells. (C) Stacked area graphs illustrate
the distribution of top 20 TRD clones within sorted Vy9+ (left side) or Vy9- (right side) cells of chronic HCV patients from TS up to 1 year after DAA treatment (fu48).
V82+ clones are highlighted in gray, V&1* clones in orange, and V83* clones in green. Light gray stands for non-top 20 TRD clones. Data sets were normalized to the
percentage of productive reads. Horizontal lines represent median values. (D) To compare the TRD repertoire similarity between the given time points of either Vy9+
(left side) or Vy9~ (right side) cells, Morisita-Horn indices were calculated and visualized as dot plots. Zero means no overlap and one total overlap between all CDR3
sequences of two samples.

BD Biosciences; CD19-FITC, clone HIB19, BD Biosciences; Y0
TCR-PE, clone 11F2, eBiosciences; Vy9-PE-Cy5, clone IMMU
360, Beckman Coulter; V82-APC, clone 123R4, Miltenyi;
CD45-APC-Cy7, clone 5B1, Miltenyi; CD3-BV786 and CD3-
PECy?7, clone UCHT1, BD Biosciences. After staining, PBMCs
were washed twice and stored on ice until acquisition and
sorting on a FACSAria Fusion cell sorter (BD Biosciences). HC
and patients recruited at the Department of Gastroenterology,
Hepatology and Endocrinology were sorted for CD147/CD19~
y8 T cells and HC recruited at the Institute for Immunology
were sorted for CD45%/CD3* y8 T cells. Flow cytometry data
were analyzed using the Flow Jo software V.9.8 (Tree Star Inc.,
Ashland, OR, USA).

TCR Amplicon Generation and NGS

For cDNA synthesis, extracted mRNA using the RNAeasy mini
kit (Qiagen) of flow cytometric sorted Vy9* and Vy9~ cells,
5 uL mRNA of both subsets was pooled equally for analysis of
total Y8 T cells. CDR3 TRG and TRD sequencing amplicons
were generated as described previously (19), while using 25-30
PCR cycles. According to Illumina guidelines 96 samples were
labeled with Nextera XT indices and subjected to Illumina
MiSeq analysis using 500 cycle paired-end sequencing. 20%
PhIX was added as an internal control and to increase library
complexity. Illumina output fastq files were processed using
ea-utils.

TCR Repertoire Analysis

All sequencing files were annotated according to IMGT/High-
Vquest. Only productive reads were taken into consideration
for downstream processing of annotated sequences. Repertoire
analyses were based on CDR3 amino acid sequences. Annotated
V-chains were counted and CDR3 sequences were ranked
according to their abundance to finally normalize the results to
the percentage of productive reads within the given sample. All
bioinformatics analysis was conducted using R (version 3.2.2)
and bash shell commands. Shannon indices were calculated
with the R library “vegan” and Morisita-Horn indices with
VD]Jtools (47) and TcR (48). Analysis scripts are available upon
request.

Statistical Analysis

Data were analyzed using the GraphPad Prism version 6.0b and
4.0. To test for normal distribution of data, D’Agostino and Pearson
omnibus normality test was applied. Normally distributed data of
multiple or two groups was analyzed using the one-way ANOVA,
paired f-test, or unpaired -test depending on the data sets that
were compared. Regarding non-normally distributed data, the
Mann-Whitney test or Wilcoxon matched-pairs signed rank test
was used.

Data Availability
SRA files have been deposited at SRP128752.
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DISCUSSION

In this study, we monitored peripheral yd T cell repertoire dynam-
ics in a homogenous cohort of chronic HCV patients before and
during DAA therapy. All HCV patients had similar characteristics
by being persistently infected with the HCV genotype 1, by no
development of liver cirrhosis and by receiving a short 8 weeks
therapeutic drug treatment. It was reasonable to expect an impact
of chronic HCV infection and its clearance on yd T cell dynamics,
because y0 T cells play a role in the antiviral defense of CMV,
HCYV, and other viruses (22, 49, 50). During HCV infection, cyto-
kine release (IFN-y) by Vy9JP*V82* and non-Vy9JP*V82* may
contribute to virus clearance, while HCV persistence is associated
with low y8 T cell numbers and an impaired cytokine production
(22). By contrast, chronic HCV patients with high liver inflamma-
tion rather have increased frequencies of cytotoxic y8 T cells when
compared with healthy subjects or patients with no liver inflam-
mation. In our study, all chronic HCV patients included had no or
only mild liver fibrosis and mild liver inflammation, which might
explain that they displayed no significantly, elevated numbers of
vd T cells. Importantly, eradication of the viral infection resulted
in significant improvement of liver stiffness and inflammation as
revealed by fibroscan values and ALT levels. Overall, our TCR
analyses showed that uncomplicated chronic HCV infection and
rapid viral clearance had only minor effects on the peripheral Yy
T cell compartment, indicating that more drastic immunological
events are required for perturbation of peripheral yd T cell reper-
toires (19). However, we cannot exclude that TCR repertoires in
the liver might be more affected by HCV clearance. Also, patients
with liver cirrhosis may show more pronounced alterations of
TCR repertoires during DAA therapy.

This study characterized, in addition to the analysis of total
y8 T cell populations in peripheral blood, TRD repertoires of
sorted Vy9* and Vy9~ cells separately. As already demonstrated
in preterm-infants and neonates, V82 sequences pair mainly,
but not exclusively with Vy9JP* TRG sequences (51). Flow
cytometric results and TRD repertoire analysis of this study
pointed out that Vy9=V52*+ T cells are maintained until adult-
hood. While Vy9* cells displayed a more homogenous V&-chain
usage (mainly V82), TRD repertoires of Vy9~ cells were more
diverse and consisted of V1%, V82*, V83*, but very little V55+*
sequences. Clonal distributions and the complete absence of any
shared expanded TRD clones collectively illustrated that similar
toall yd T cells (19), Vy9*and Vy9~ TRD repertoires are generally
oligoclonal and individual. Although yd TCR repertoires showed
only minor alterations within patients with mild HCV infec-
tions, we identified several expanded Vy9-V33*+ ¥ T cell clones
present in the peripheral blood of some chronic HCV patients.
In general, V383" cells are highly enriched in the liver, but not
in the blood, of healthy persons (23). Since in routine clinical
practice liver biopsies are no longer performed in uncomplicated
HCV infection and patient sampling starts only after diagnosis
of persistent HCV infection, we can only speculate that these
liver-specific V&3* cells might undergo a HCV-induced clonal
expansion to finally circulate in the peripheral blood of chronic
HCV patients. Presence of NK cell markers and liver-homing
markers (e.g., CD161) could strengthen the hypothesis V&3* yd

T cell clones can be associated with liver specificity. In addition,
it should be worthwhile to investigate a potential HCV-related
antigen specificity of expanded Vy9-V33* y3 T cell clones in
future in vitro studies.

Another important finding of this study was the absence of
significant and detectable effects of novel DAA therapy on yd
T cell frequencies and their TCR repertoires in peripheral blood.
This is remarkable as the systemic inflammatory milieu shows
profound changes already early during antiviral therapy—even
though no complete restoration of various soluble inflammatory
parameters occurs (40). The effect of spontaneous clearance of
acute HCV infection and a longitudinal follow-up would be an
appropriate control; however, those patients are rarely seen in
the clinics. It is conceivable that Y8 T cells might contribute to
successful resolution of the disease. Nevertheless, the finding
that peripheral y8 T cell compartments and their associated TCR
repertoires were highly stable even 1 year after viral elimination
is in line with previous observations for other cell types. This may
suggest that distinct imprints on the immune system by long-
lasting HCV infection can persist for years despite eradication
of HCV, which may have clinical implications for some hepatic
and extrahepatic disease manifestations. For instance, no changes
in the short-term risk to develop hepatocellular carcinoma upon
DAA treated were observed in the analyzed cohort of HCV
patients (52). With regard to NK cells, it has been suggested
that phenotypic and functional alterations during chronic HCV
infections could be restored upon DAA therapy (53). NK cell
phenotypes were altered upon IFN-free DAA treatment further
resulting in modifications of the transcription factor profiles
(54, 55). T cells have also been studied in HCV infection and
during DAA-related viral eradication. The proliferative capacity
of HCV-responsive CD8* T cells could be restored in part (56)
and a decrease in PD-1 expression on CD8" T cells was observed
upon successful DAA treatment (55). On the other hand, neither
the frequency nor the phenotype of regulatory T cells was rescued
upon viral clearance (57). Likewise, MAIT cells were reduced
in frequency and their functions are affected by chronic HCV
infection (58), and in particular peripheral MAIT cells could
not be restored upon viral eradication (39, 40). All these studies
were analyzing the phenotypic and functional changes of given
immune cells by flow cytometry. Our data now contribute that the
frequency of peripheral yd T cell populations is neither affected
by uncomplicated chronic HCV infection with no liver inflam-
mation per se nor by rapid viral eradication upon DAA therapy.
Likewise, conventional PEG-IFNo/Ribavirin therapy might not
significantly change yd T cell numbers; however, the presence of
IFNo during this treatment regime may stimulate cytokine pro-
duction by Vy9tV82+ (24, 34, 35). In this study, peripheral Vy9*
and Vy9~ cell TCR repertoires were largely undisturbed with
regard to oligoclonality and TCR diversity by rapid viral clearance
using IFN-free DAA therapies. During and after DAA treatment,
peripheral yd TCR repertoires displayed a high stability for up
to 1 year, indicating that there is no dominant acute anti-HCV
response of yd T cells in patients with chronic HCV infection and
also consistent with the assumption that chronic viral infection
might leave a sustained footprint on the y3 T cell compartment
in peripheral blood.
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Integrins are adhesion receptors on the cell surface that enable cells to respond to
their environment. Most integrins are heterodimers, comprising o and p type | trans-
membrane glycoprotein chains with large extracellular domains and short cytoplasmic
tails. Integrins deliver signals through multiprotein complexes at the cell surface, which
interact with cytoskeletal and signaling proteins to influence gene expression, cell pro-
liferation, morphology, and migration. Integrin expression on y8 T cells (ydTc) has not
been systematically investigated; however, reports in the literature dating back to the
early 1990s reveal an understated role for integrins in y8Tc function. Over the years,
integrins have been investigated on resting and/or activated peripheral blood-derived
polyclonal y&Tc, ydTc clones, as well as yd T intraepithelial lymphocytes. Differences
in integrin expression have been found between of T cells (xfTc) and ydTc, as well as
between V61 and V2 ydTc. While most studies have focused on human y8Tc, research
has also been carried out in mouse and bovine models. Roles attributed to ydTc integrins
include adhesion, signaling, activation, migration, tissue localization, tissue retention, cell
spreading, cytokine secretion, tumor infiltration, and involvement in tumor cell killing. This
review attempts to encompass all reports of integrins expressed on ydTc published prior
to December 2017, highlights areas warranting further investigation, and discusses the
relevance of integrin expression for ydTc function.

Keywords: gamma delta T cells, adhesion and signaling molecules, cellular migration, tissue retention,
tissue localization, tumor infiltrating lymphocytes, cytotoxicity, cytokine secretion

INTRODUCTION

Although much was known about integrins on lymphocytes as early as 1990 (1), integrin expression
on y8Tc has been only sporadically, and often indirectly, investigated. Considered all together, these
reports reveal an understated role for integrins in y8Tc function (Table 1).

Integrins are heterodimeric adhesion receptors comprising non-covalently linked o and  chains
(2). Greek letters indicating chain pairings for p1 and cluster of differentiation designations for 2
integrins are used throughout this review; cited works may have used alternative nomenclature.

INTEGRIN ACTIVATION AND FUNCTIONS

Integrins play a role in many cellular functions including development, activation, differentiation,
proliferation, mobility, and survival (1, 3). Integrins enable two-way communication between cells
(cytoskeleton) and their surroundings [extracellular matrix (ECM), other cells]. ECM proteins with
which integrins interact include collagen, a structural protein, and adhesion proteins fibronectin
(FN) and vitronectin (4). Signaling through integrins can be “inside-out,” regulating extracellular
interaction between integrins and their ligands, but also “outside-in,” influencing actin cytoskeleton
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TABLE 1 | Integrin expression reported on y8 T cells; cells used were blood-derived unless otherwise indicated.

o 1] a.k.a Binds Function spp Reference
p1
alpl CD49a CD29 VLA-1 Collagen IV Extravasation, tumor infiltration, cellular morphology H (16)
a2pi CD49b  CD29 VLA-2 Collagen n.d. H (15)
adpl CD49d CD29 VLA-4 FN n.d. H (15)
Signaling, adhesion H (17)
Adhesion to endothelial cells H )
VCAM-1 Endothelial layer permeability H (29)
Transendothelial migration? H (80)
Adhesion to fibroblasts H (49)
a5pi CD49%e  CD29 VLA-5 FN n.d. H (15)
Signaling, adhesion H (17)
Transendothelial migration? H (80)
V581 activation, localization, retention H )
Adhesion to fibroblasts H (49)
aBpi CD49f CD29 VLA-6 Transendothelial migration H (30)
p2
alp2 CD11a CDh18 LFA-1 CD54/ICAM-1 Adhesion to endothelial and epithelial cells, fibroblasts H )
Naive apTc activation? H (19)
Endothelial layer permeability H (29)
Transendothelial migration? H (30)
Trafficking to infected airways (TB)? NHP (33)
Adhesion to fibroblasts H (49)
K562 leukemia cell binding H (54)
Cytotoxicity against Burkitt Lymphoma, prostate cancer, Daudi B cell lymphoma H (55-58)
CNS trafficking in EAE? (LN, spleen-derived) M (22)
aMp2  CD11b  CD18 Mac-1 Naive afTc activation? H (19)
Mo-1 Early fetal thymocyte differentiation? M (67)
CNS trafficking in EAE? (LN, spleen-derived) M (22)
aXp2 CD11c  CD18  P150,95 Naive afTc activation? H (19)
Homing, activation, interferon y secretion H (20)
CNS trafficking in EAE? (LN, spleen-derived) M (22)
aDp2 CD11d cD18 ICAM-1 V81 cell spreading? H (25)
VCAM-1 Inflammatory response? V31 tissue retention? H (23)
Proliferation? M (22)
Early fetal thymocyte differentiation? M (67)
CNS trafficking in EAE? (LN, spleen-derived) M (22)
p3
avp3 av p3 VNR RGD sequence IL-4 production (DETC) M (71)
p7
oER7 CD103 p7 E-cadherin Epithelial retention of y8Tc IEL? H (37)
M (78, 79)
Proliferation? IL-9 production? H (40)
V31 binding SCC H (49)
V&1 tumor retention? H (49)
Homing to gut? (mLN, colitis) M (80)
Homing to and retention in gut? R 81)
adp7 CD49d p7 MadCAM Susceptibility to HIV infection on CCR5+V52 H (60)
Homing to gut (TDL, RTE) M (76, 80)
Migration to inflamed tissue in allergic reaction M (77)
Migration to tissues B ()

Question marks denote suggested functions that require further validation. a.k.a., also known as; B, bovine; CNS, central nervous system; DETC, dendritic epidermal T cells; EAE,
experimental autoimmune encephalitis; ECM, extracellular matrix; FN, fibronectin, H, human; ICAM, intercellular adhesion molecule; IEL, intraepithelial lymphocyte; IL, interleukin;
LFA-1, lymphocyte function-associated antigen-1; LN, lymph node; M, murine; MAJCAM-1, mucosal addressin cell adhesion molecule 1; mLN, mesenteric lymph node; n.d.,
not determined in this report (with respect to y8 T cells), NHF, nonhuman primate; ref, reference; RTE, recent thymic emigrant; SCC, squamous cell carcinoma; spp, species; TB,
tuberculosis; TDL, thoracic duct lymphocytes; VCAM-1, vascular cell adhesion molecule-1; VLA, very late antigen; VIR, vitronectin receptor.

rearrangement as well as gene expression and transcription Integrins are integral to lymphocyte homing to tissues and
of associated proteins, including cytokines, to impact cellular ~ migration within tissues; they—together with selectins and their
processes (5, 6). respective ligands—participate in tethering, rolling, and adhesion
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(7). Integrins respond to chemokine signaling arresting migra-
tion of lymphocytes and facilitating transmigration into tissues
(8). In contrast to other cell types, f1 integrins on conventional
T cells require activation for adhesion to occur (9, 10). Basal
adhesion levels reflect inactive or low-affinity status of integrins;
stimulus with 12-O-tetradecanoylphorbol-13-acetate, anti-CD3
or anti-CD2 activates 1 integrins, converting them to a high-
affinity state without necessitating greater surface expression
(10). Such activation dependence is also true for the 2 integrin
CD11a/CD18 in T cell adhesion and de-adhesion (11). Indeed,
several integrins serve as costimulatory molecules in concert with
T cell antigen receptor (TCR) engagement (10, 12-14). Much
occurs downstream of integrin-mediated cell adhesion, includ-
ing phosphorylation of proteins in signaling pathways for cell
cycle, cytokine expression, and cytoskeletal remodeling enabling
processes such as proliferation and migration (3, 6).

Integrins on human y3Tc will first be considered, loosely
grouped according to function, and then findings in other species
will be discussed. Figure 1 depicts integrins found on y8Tc and
some of their functions.

ADHESION AND SIGNALING

In 1992, a4, p1, and CD18 were identified on human Vy9 y8Tc
derived from stimulated peripheral blood mononuclear cells
(PBMCs). While no a3, av, or f3 expression was observed, less
than 30% expressed al, o2, or o5 chains. CD8" ydTc clones
expressed high P1, and consistent a4 and a5 levels. Phorbol
12-myristate 13-acetate (PMA)-induced adhesion via integrin
activation; while a2p1 was required for collagen binding, FN
binding relied on both a4f1 and a5p1. Most polyclonal y8Tc
only expressed a4f1, whereas individual clones showed variation
attributed to extended culturing and selection during clon-
ing (15), corroborating evidence that f1 expression on T cells
increases qualitatively and quantitatively over time in culture (1,

16). Admittedly, these studies used activated y§Tc and may not
have reflected the state of cells in circulation (15).

Expression of a4 and a5 on CD3*CD4~CD8" y8Tc, and lack of
a3 or a6 was confirmed. Activated CD25" y8Tc bound FN better
than resting CD25"¥ y8Tc, mediated mostly by a4 and partly
by o5. Culturing cells on immobilized anti-yd TCR antibodies
together with FN enhanced proliferation and increased CD25
expression, suggesting both signaling and adhesion roles for
a4 and a5 integrins. While y8Tc adhesion required activation
through the TCR, surface levels of a4 and a5 remained unaltered
(17). Cytokines such as interleukin (IL)-1p and TNF-a may influ-
ence y0'Tc integrin expression and/or activation (18); this has yet
to be explored.

Compared to afTc, fresh primary y8Tc were more adhesive
(~2:1 to 4:1) to endothelial cells, fibroblasts, and epithelial cells
independent of activation. Both apTc and ydTc required CD11a/
CD18 and o4Pl to bind endothelial cells, whereas CD11a/
CD18-ICAM-1 interaction facilitated adherence to fibroblasts
and epithelial cells. Phorbol dibutyrate treatment of PBMCs
and cytokine stimulation of monolayers greatly enhanced T cell
adhesion, correlated with their expression of CD11a/CD18 and
a4pl (9). CD11a, b, ¢, and CD18 were detected on isopentenyl
pyrophosphate (IPP)-stimulated ydTc, in parallel with markers
indicating antigen presenting potential; integrins were likely
involved in clustering between y8Tc and naive afTc in an activa-
tion capacity, but their role was not directly addressed (19). It
would be of interest to determine whether loss of one or more
integrins might impact y8Tc antigen presentation.

In healthy women, constitutively high CD11c levels were
observed on circulating CCR7-CD4~ populations co-expressing
yOTCR and CD8; cervical y8Tc (>20%) also expressed CD11c.
alpl and a4P7 were co-expressed on CD11c*CCR7-CD4~ T cells,
of which ydTc were a part, but unfortunately not specifically
analyzed. CD11c expression was associated with T cell homing
and activation, and interferon y (IFNy) secretion in a fraction of
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(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate-stimulated
ydTc (20).

CD11d, first described in 1995 (21), has now been identified on
both murine (22) and human y8Tc (23). CD11d/CD18 binds vascu-
lar cell adhesion molecule (VCAM-)1 (24) and intercellular adhe-
sion molecule (ICAM-)3 (21). V81 clones cultured on anti-ICAM-3
plates in the presence of IL-2 underwent spreading; however, the
participating receptor on ydTc had not yet been identified (25).
Since ICAM-3isa CD11dligand, and CD11d is highly expressed on
V31 y8Tc (23), it was likely CD11d-ICAM-3 interaction mediating
this response. ICAM-3 may play a role in inflammatory response
initiation, potentially aiding in such processes as antigen presenta-
tion and cytotoxicity (26). ICAM-3 on neutrophils participates in
IFNy production but not cytotoxicity of NK cells (27) and has some
predictive value in perioperative systemic inflammatory response
syndrome (28). Thus, CD11d on y8Tc may play a role in inflamma-
tion, but this requires further investigation.

TRANSENDOTHELIAL MIGRATION

In the first report investigating mechanisms by which ydTc cross
the endothelium to migrate into inflamed tissue from the circula-
tion, CD11a/CD18 and a4p1 on ydTc bound to endothelial cell
ligands CD54/ICAM-1 and VCAM-1, respectively, increasing
endothelial cell permeability. While cytotoxicity of y8Tc clones
to endothelial cells surely contributed to endothelial layer per-
meability, it was thought unlikely to occur with autologous cells
in vivo (29).

An immunophenotyping study showed that y8Tc had greater
transendothelial migratory capacity than affTc (30), explaining
y8Tc enrichment in chronic inflammation (31, 32), attributed to
CD11a/CD18 expression, and increased a4, a5, and a6 f1 integrin
density on migrating compared to non-migrating T cells; block-
ing assays were not performed to confirm functional relevance
here (30). While CD11d expression on PBMC-derived y&Tc
was higher compared to affTc (freshly isolated or expanded),
their migratory ability was not compared (23). In a non-human
primate tuberculosis model, adoptively transferred V62 cells
trafficking to infected airways expressed CD11a/CD18 (33).
In contrast, increased numbers of peripheral ydTc expressing
reduced CD18 levels were identified in patients suffering acute
psoriasis, suggesting a role in disease pathogenesis (34).

INTEGRINS ON V51 VERSUS V52
DIRECTING LOCALIZATION AND TISSUE
RETENTION

Integrins likely play a role in the tissue specificity of y6Tc subsets.
In Galéa’s study, V81 and V82 migrated similarly, suggesting
that V81 tissue accumulation relates to their retention rather
than migratory abilities (30). Indeed, higher CD11d expression
on V31 compared to V82 cells may also account for preferential
V41 retention (23), as well as V81 prevalence in large intestinal
mucosal epithelium (35) and conditions such as rheumatoid
arthritis (31, 32, 36).

An E-cadherin binding integrin associated with epithe-
lial retention, aEf7 (CD103), was found on human ydTc

intraepithelial lymphocytes (IELs). While peripheral blood
T cells did not express much aEPB7 the authors posited its
upregulation after T cells extravasate in the lamina propria,
since aEB7 expression positively correlated with nearer prox-
imity to epithelium (37). IL-2 and phytohemagglutinin (PHA)
stimulation activated «Ef7 on cultured CD4*CD8* IEL, and TCR
crosslinking enhanced oaEP7-E-cadherin avidity (38). On afTc,
this transforming growth factor p (TGF-f)-induced integrin is
associated with pro- and anti-inflammatory conditions, tissue
retention, and both cytotoxic and regulatory T lymphocyte tumor
infiltration and function, expertly reviewed in Ref. (39). Peters
and colleagues noted upregulation of ITGAE, the gene encoding
aEpP7, and corresponding surface expression on expanded V62
cells treated with TGF-p and IL-15 correlating with enhanced
proliferation and IL-9 production (40).

Subset variation exists for a5p1, with V81 expressing more than
V62, providing an explanation for previous reports of low a5f1
expression in studies focusing on V52 cells. High a5p1 expression
accounted for increased V31 binding to FN, potentially reflect-
ing V61 adhesion to fibroblasts in vivo, and the importance of
this interaction for V81 activation and localization (9). During
inflammation, mucosal epithelial cells display increased FN
levels (41), which may increase V31 retention. Similar ICAM-1
and VCAM-1-mediated binding of V81 and V&2 cells could be
explained by their comparable expression of CD11a/CD18 and
a4p1 (9). Thus, y8Tc tissue recruitment may be achieved through
CD11a/CD18 and a4f1 binding to endothelial cell ligands, and
cells retained in tissue via CD11a/CD18 and a5f1 interactions
with epithelial cell-, fibroblast-, and ECM ligands (9).

TUMOR INFILTRATION

Increased 1Pl expression may facilitate ydTc migration out of
vessels and infiltration into tumors (16). A known receptor for the
basement membrane protein collagen IV, a1p1 has been observed
on IL-2-activated T cells invading tumors (42-47). While rest-
ing peripheral blood T cells expressed little alp1, its expression
increased over time in culture; y8Tc clones expressed higher a1f1
than polyclonal T cells (16), corroborating observed a1p1 expres-
sion on long-term activated T cells (48). Anti-alpl inhibited
CD8* y8Tc interaction with collagen IV, but not FN or collagen
I, in a concentration-dependent manner. Cellular morphology
was impacted, as Mg** cation-dependent spreading of long-term
cultured CD8* a1p1"¢" o Tc or y8Tc on collagen IV-coated slides
was inhibited by anti-a1f1 antibodies (16).

Compared to afTc, ydTc derived from patient blood bound
squamous carcinoma (SCC) and fibroblast cells more tightly (49),
confirming previous results (9). While CD11a/CD18 played a role in
both cases, SCC binding was mediated via L-selectin and CD44v6;
fibroblast binding was achieved though a4p1 and a5p1 (49).

V61 predominance has been reported in tumor infiltrat-
ing lymphocytes from lung (50), colon (51), renal carcinoma
(52), and esophageal tumors (49). Preferential extravasation,
infiltration, and retention of V31 cells in esophageal tumors was
attributed to higher expression and a greater variety of integrins
suchas CD11a/CD18, a4p1, a5p1, and aEB7 on V81 compared to
V2. In particular, V81 used aEP7 to bind SCC. Since esophageal
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tumors also express E-cadherin, «Ef7 expression may provide a
mechanism of lymphocyte retention in tumors (49).

CYTOTOXICITY

CD11a/CD18 facilitates effector-target cell conjugation (53). This
interaction, integral to ydTc cytotoxicity, has been confirmed in
binding assays with K562 leukemia (54), and blocking assays
with Burkitt Lymphoma (55), prostate cancer (56, 57), and
Daudi B cell lymphoma cells (58). We have observed significant
ydTc apoptosis induced by anti-ydTCR (59) antibodies; thus,
this may also occur with antibodies blocking CD18 and should
be considered when designing controls and interpreting results
from blocking assays using such antibodies. Activation of afTCR
changes CD11a/CD18 avidity from low to high transiently, to
allow adhesion, but then also de-adhesion of T cells, promoting
continued serial killing (11). If this holds true for the y3TCR,
then this mechanism greatly contributes to y8Tc cytotoxicity and
could be therapeutically relevant.

SUSCEPTIBILITY TO VIRAL INFECTION

In the absence of CD4, high a4 and 7 levels on IPP-expanded
V62 cells formed a complex with high levels of CCR5 (fivefold
higher than apTc); this inferred HIV envelope glycoprotein sus-
ceptibility resulting in CD4~ V52 cells’ demise (60). While V51
express as much a4f7 as V82, they do not express CCR5, thus
rendering V81 immune to HIV-envelope-mediated killing (61).

IMMUNOLOGICAL MEMORY

CD11b (complement receptor 3, Mac-1) expression on peripheral
blood T cells increased with age, leveling out later in life. y8Tc
expressed more CD11b than afTc across all ages; and while not
shown, CD11b was thought important for migration to spleen
and liver, and to indicate antigen-specific memory T cells (62).
Later studies suggested roles associated with T cell immunoregu-
lation, proliferation, and homing (63, 64), but the significance
of CD11b on human y8Tc remains unknown. Increased afTc
integrin levels and adherence have been associated with memory
CD4" T cells (10, 65), but the only study addressing this with
respect to y8Tc equated V61 with naive and V52 with memory
cells, then compared V81 to V52 expression of CD11a, a4p1, and
a5p1 (not CD11b), finding no correlation between adhesion/
integrin levels and maturation (9). A longitudinal study follow-
ing integrin expression and function during the course of ydTc
maturation would be more appropriate to address this question,
keeping in mind the influence of in vitro culture.

OF RODENTS AND RUMINANTS IN
HEALTH AND DISEASE...

f1 Integrins

In mice, 1 integrins play an important role in thymocyte differ-
entiation into CD4* and CD8* afTc; however, their role in y8Tc
development remains unknown (66).

B2 Integrins
While not found on thymocytes in adult wild-type mice, transient
co-expression of CD11b and CD11d on fetal thymocytes suggests
an important role for f2 integrins in early differentiation (67).
In the context of experimental autoimmune encephalitis
(EAE), murine y8Tc differentially expressed 2 integrins and
produced more IFNy and tumor necrosis factor o in lymph
nodes, spleen, and spinal cord compared to afTc (22). At base-
line, most ydTc expressed CD11a, b, and d. Both y8Tc frequency
and upregulation of P2 integrins, including CD11¢, were noted
after EAE induction; y8Tc infiltration of the central nervous sys-
tem (CNS) followed that of af Tc, but was more rapid (22). Thus,
[2 integrin expression on ydTc affected their trafficking into the
CNS, thereby impacting EAE development kinetics (22). In a
follow-up study, EAE disease severity was similar in ydTc™~ mice
reconstituted with ydTc lacking CD11a, b, or ¢ suggesting that
B2 integrins were not important for CNS trafficking; however,
CD11d was still present on ydTc, pointing to this integrins
potential role in trafficking. CD11a/CD18~~ y8Tc displayed
reduced CNS retention and expansion during EAE, suggesting
CD11a involvement in both retention and co-stimulation (68).
While not specific to y8Tc, it is interesting that CD3 expres-
sion was reduced in CD11b™~ and CD11d™~ mice compared
to wildtype. Furthermore, CD11b and CD11d seem important
for proliferation of murine T cells stimulated with PHA and
Concanavalin A or superantigen, but not for their response to
PMA (67). Indeed, P2 integrin expression seems concomitant
with T cell expansion, in line with observations of increased
CD11d expression on human y3Tc expanded under higher IL-2
levels (23). In a murine spontaneous psoriasis model, reduced
CD18 resulted in loss of Vy5* skin-resident y8Tc and expansion
of lymph node derived skin-homing Vy4* y8Tc contributing
to disease initiation and progression. CD18"* y8Tc expressed
higher IL-7Ra levels and increased IL-7-induced proliferation
generating inflammatory memory CD44+*CD27- capable of
IL-17 production (34). Adoptive transfer experiments confirmed
thatlow levels of CD18 did not impair y8Tc trafficking to the skin
in healthy mice (34). Itgax, the gene encoding integrin CDl1c,
is common to y8Tc and NK cells, yet, differentiates ydTc from
iNKT and afTc in the mouse (69). Murine CD11c¢ was identi-
fied on y8Tc in the blood and genital tract, most predominantly
on ydTc co-expressing NK1.1. Vaginal Chlamydia infection
expanded circulating CD11c* y8Tc (20).

The Vitronectin Receptor (VNR)

An integrin later identified as the VNR, or avp3, was found on
murine dendritic epidermal T cell lines (DETC); its expression on
splenic T cells was only observed after a minimum of 1 week of
stimulation (70). VNR expression was soon further confirmed on
autoreactive DETC-derived cell lines (6, 71, 72). A subset of these
ydTc (Vy1.1/Cy4-V86/Cd1) secreted IL-4 in a VNR-dependent
manner (71). In a follow-up report using a TCR™~ hybridoma
line transfected with CD3( fusion proteins, VNR- but not TCR-
engagement by ligand was required in conjunction with CD3{
chain signaling for IL-2 production (73). VNR recognizes the
adhesive peptide sequence RGD in ECM proteins (74). While
human ofTc can be induced to express VNR upon stimulation
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with PHA and/or PMA (75), VNR has not been found on poly-
clonal or clonal human y8Tc (15).

o4p7 and aER7

High levels of a4p7 were associated with gut-tropism of murine
yOTc trafficking from adult thymus to the small intestine
epithelium, whereupon reaching their destination, a4p7 was
subsequently downregulated, throughinteraction with its counter-
receptor mucosal addressin cell adhesion molecule 1 (MadCAM)
on the lamina propria (76). In a model of allergic reaction, IL-17*
y8Tc expressed a4p7 that enabled their mobilization by CCL25
in inflamed tissue, which in turn modulated IL-17 levels (77).
Blocking a4f7 in vivo prevented the migration of IL-17* y8Tc but
not affTc into mouse pleura, and also blocked transmigration of
y8Tc across VCAM-1- and MadCAM-1-expressing endothelium
toward CCL25 or cell-free pleural washes from mice in whom an
allergic reaction had been induced (77). Bovine peripheral blood-
derived CD8* y8Tc accumulated in MAdCAM-1-expressing tis-
sues in a dose-dependent manner. CD8* ydTc expressed 1.5-fold
more o4f7 than CD8 y8Tc but similar f; and f, levels. While
adding CXCL12 increased MAdCAM binding of all y8Tc, CCL21
activated integrins and increased CD8* ydTc binding to recom-
binant MAdCAM1 more so than CD8" ydTc. Circulating human
CD8" and CD8" yd8Tc migrated similarly in response to CCL21,
and expressed comparable a4f7; this species-specific discrepancy
was attributed to CD8 chain usage differences in humans (o)
versus cows (af) (7).

Prevalence of “inflammatory” y8Tc (iydTc) co-expressing
high levels of gut-homing a4p7 and aER7 correlated with disease
severity in both spontaneous and induced murine colitis models.
Cytotoxicity, cytokine production, and NK cell receptor genes
were upregulated on iydTc compared to other ydTc subsets
(expressing 47 or aEP7) isolated from mesenteric lymph nodes
in induced colitis, suggesting profound functional relevance of
integrin co-expression on these cells (78).

In aEP7-knockout mice, y8Tc IEL migration within the
intraepithelial compartment was enhanced (79) and remained
so when challenged with Salmonella typhimurium or Toxoplasma
gondii, drastically reducing pathogen translocation and empha-
sizing the ability of aEP7 to limit y8Tc IEL migration and impact
host defense against infection (80). In a study on suckling Lewis
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novemcinctus): A Witness but Not
a Functional Example for the
Emergence of the Butyrophilin
3/Vy9V62 System in Placental
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Richard W. Truman? and Thomas Herrmann*

TInstitut fir Virologie und Immunbiologie, Julius-Maximilians-Universitat Wirzburg, Wirzburg, Germany, 2 National Hansen’s
Disease Program, Louisiana State University, Baton Rouge, LA, United States

1-5% of human blood T cells are Vy9Vé2 T cells whose T cell receptor (TCR) contain
a TRGV9/TRGJP rearrangement and a TRDV2 comprising V62-chain. They respond
to phosphoantigens (PAgs) like isopentenyl pyrophosphate or (E)-4-hydroxy-3-methyl-
but-2-enyl-pyrophosphate (HMBPP) in a butyrophilin 3 (BTN3)-dependent manner and
may contribute to the control of mycobacterial infections. These cells were thought to
be restricted to primates, but we demonstrated by analysis of genomic databases that
TRGV9, TRDV2, and BTN3 genes coevolved and emerged together with placental mam-
mals. Furthermore, we identified alpaca (Vicugna pacos) as species with typical Vy9Va2
TCR rearrangements and currently aim to directly identify Vy9Vd2 T cells and BTNG. Other
candidates to study this coevolution are the bottlenose dolphin (Tursiops truncatus) and
the nine-banded armadillo (Dasypus novemcinctus) with genomic sequences encoding
open reading frames for TRGV9, TRDVZ2, and the extracellular part of BTNG. Dolphins
have been shown to express Vy9- and V&2-like TCR chains and possess a predicted
BTN3-like gene homologous to human BTN3AS. The other candidate, the armadillo, is
of medical interest since it serves as a natural reservoir for Mycobacterium leprae. In this
study, we analyzed the armadillo genome and found evidence for multiple non-functional
BTN3 genes including genomic context which closely resembles the organization of
the human, alpaca, and dolphin BTN3A3 loci. However, no BTN3 transcript could be
detected in armadillo cDNA. Additionally, attempts to identify a functional TRGV9/TRGJP
rearrangement via PCR failed. In contrast, complete TRDV2 gene segments preferen-
tially rearranged with a TRDJ4 homolog were cloned and co-expressed with a human
Vy9-chain in murine hybridoma cells. These cells could be stimulated by immobilized
anti-mouse CD3 antibody but not with human RAJI-RT1B' cells and HMBPP. So far, the

Abbreviations: BTN, butyrophilin; BTN3-V, BTN3 IgV-like region; BTN3-C, BTN3 IgC-like region; HMBPP, (E)-4-hydroxy-
3-methyl-but-2-enyl pyrophosphate; PAg, phosphoantigen; wgs, whole genome shotgun contigs.
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lack of expression of TRGV9 rearrangements and BTN3 renders the armadillo an unlikely
candidate species for PAg-reactive Vy9Vd2 T cells. This is in line with the postulated
coevolution of the three genes, where occurrence of Vy9Vd2 TCRs coincides with a

functional BTN3 molecule.

Keywords: Vy9V62, TRGV9, TRDV2, butyrophilin 3, coevolution, nine-banded armadillo, placental mammals

INTRODUCTION

With up to 5% of T cells, Vy9V82 T cells constitute a major yd
T cell population in the human blood (1, 2). Their T cell receptor
(TCR) is characterized by a pairing of a Vy9 chain, encoded by
a TRGVY/TRGJP gene rearrangement and a TRGCI constant
region, and a V82 chain using a TRDV?2 variable region. This
cell subset recognizes and rapidly reacts to endogenous or
exogenous phosphoantigens (PAgs) in a MHC-unrestricted
fashion (1). PAgs are small molecules with pyrophosphate groups
produced during isoprenoid synthesis. The most important
naturally occurring PAgs are isopentenyl pyrophosphate and
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP).
The importance of the Vy9Vd2 T cell subset lies within their
multitude of effector functions such as production of cytokines,
killing of cells (via TCR, NKG2D, CD16), B cell help and APC-
like functions (2). Their reactivity to aminobisphosphonates and
PAgs makes them a potential tool for tumor treatment (3) and
involvement in infections with HMBPP-producing pathogens
like Mycobacterium tuberculosis (4-8), Mycobacterium leprae
(9), Listeria monocytogenes (10) and in malaria (11) and toxo-
plasmosis (12) was observed. The implication of Vy9Vd2 T cells
in infections has been reviewed elsewhere (13, 14). Recently,
Butyrophilin 3 (BTN3) (CD277) has been proven essential for
the PAg-dependent activation of Vy9Vd2 T cells (15). The three
human BTN3 isoforms belong to the immunoglobulin superfam-
ily and their expression has been shown on T and B cells, mono-
cytes, NK cells, dendritic cells (16-18), and non-hematopoietic
cells (19). In humans and other primates, the BTN3 gene was
subject to two successive duplications resulting in three isoforms
BTN3A1, A2,and A3 (20). These share the same overall structure:
two extracellular immunoglobulin-like domains (BTN3-V and
BTN3-C) and a transmembrane region. The isoforms BTN3A1
and A3 additionally possess an intracellular B30.2 domain,
which is missing in BIN3A2 (21). Regarding VyoVo2 T cells,
BTN3AL1 seems to mediate PAg recognition through the B30.2
domain containing a positively charged surface pocket, which
can accommodate PAgs (15). The molecule BTN3A1, however, is
not sufficient to induce PAg-mediated Vy9V62 T cell activation
and other unknown molecules on the human chromosome 6 are
currently investigated (22).

The long-standing belief that Vy9V52 T cells are a primate-
specific T cell subset has lately been challenged through studies
in other placental mammals. Genomic surveys demonstrated the
existence of TRGVY, TRDV2, and BTN3 genes in several species
of placental mammals but not in other mammals or vertebrates
(23, 24). Therefore, an emergence of those genes with Placentalia
seems evident. The best candidate for a non-primate species

bearing PAg-reactive yd T cells is, so far, the alpaca (Vicugna
pacos), which possesses transcripts of y& TCR rearrangements
with features typical of human PAg-reactive cells (23) and
transcripts of a BIN3 ortholog with high homology to primate
BTN3. In line with this, our group generated first evidence for
PAg-reactive y5 T cells in this species (25).

Apart from that, the bottlenose dolphin (Tursiops truncatus)
has recently been found to express TRGV9- and TRDV2-like
productive rearrangements (26) and a BTN3A3-like gene
was predicted via Gnomon gene prediction tool (GenBank:
XM_004332447.2). Another candidate with in-frame TRGVO9,
TRDV2, and BTN3 extracellular domain genes is the nine-
banded armadillo (Dasypus novemcinctus), which belongs to the
Xenarthra superorder. Armadillos are a natural reservoir of M.
leprae and, therefore, a valuable tool for leprosy research (27, 28).
In addition, the neurological involvement and dissemination in
armadillos infected with M. leprae is similar to the one observed
in humans and could not be reproduced in rodent models, as
reviewed elsewhere (29). Karunakaran et al. (23) predicted
armadillo TRGV9 and TRDV2 genes with rather high identities
to their human homologs as well as a BTN3-V-like domain. In
this study, we tested the expression of those genes in armadillo
PBMCs. Here, we report the expression of in silico translatable
TRDV?2 chains but the apparent lack of expression for productive
TRGV?9 rearrangements and of a complete BTN3-like transcript
and discuss the implications of these findings for the coevolution
of Vy9, V62, and BTN3 genes.

MATERIALS AND METHODS

Armadillo/Alpaca/Dolphin Homologs
for TRGV9, TRDV2, and BTN3

Dasypus novemcinctus (taxid 9361) whole genomic shotgun
sequences (wgs) were taken from the National Center for
Biotechnology Information (NCBI) databases (BioProject:
PRJNA12594/PRJNA196486; BioSample: SAMNO02953623;
GenBank: gb|AAGV00000000.3). Homologous sequences to
human Vy9V82 TCRMOP (GenBank: KC170727.1/KC196073.1)
or G115 (PDB: 1HXM_A) (30) and BTN3A1/2/3 (GenBank:
NM_007048.5/NM_007047.4/NM_006994.4) were predicted
using the NCBI Basic Local Alignment Tool (BLAST) (31).
Accession numbers of identified armadillo homologs are: TRGV9
AAGV03121505.1 nt402-695; TRGC-A Ex1 AAGV03121543.1
nt3646-3947; TRGC-B Ex1 AAGV03121550.1 nt3170-3471;
TRGC-C Ex1 AAGV03121548.1 nt6289-6590; TRGC-D ExI1
AAGV03173223.1 nt672-373; TRDV2 AAGV03208792.1 nt2277-
1994; TRDC Ex1/2 AAGV03208782.1 nt782-510/nt95-27;
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TRDC Ex3 AAGV03208781.1 nt 1291-1218; 1st BTN3-V-ID
AAGV03145787.1; 2nd BTN3-V AAGV03287843.1; 3rd BTN3-V
AAGV03240336.1; 2nd BTN3-C AAGV03240337.1; 3rd BTN3-C
AAGV03010207.1.

Vicugna pacos (taxid 30538) whole genomic shotgun
sequences were obtained from NCBI databases (BioProject:
PRJNA30567, BioSample: SAMNO01096418). A full-length alpaca
BTN3-like sequence amplified from V. pacos cDNA (MG029164)
(32) and an alpaca BTN3 gene predicted by NCBI via Gnomon
(XM_015251744.1) were used to analyze the genomic organiza-
tion of the alpaca BTN3 locus in the contig ABRR02153549.1.

Tursiops truncatus (taxid 9739) wgs sequences were
obtained from NCBI databases (BioProject: PRJNA356464 and
PRJNA20367, BioSample: SAMNO06114300 and SAMNO00000070)
and two loci with BTN3-like genomic regions were found (BTN3-
V-ID MRVK01002630.1 and BTN3-V-C ABRN02485746.1). A
predicted BTN3-like molecule (XM_004332447.2) was used for
BLAST analysis of wgs data.

Gene regions in BTN3 loci were assigned according to con-
sensus splice donor and acceptor sites. If no consensus splice site
was found, the exon length was determined via homologies to
human BTN3A3 exons. If not otherwise indicated, the IMGT
nomenclature was used for TRG and TRD genes and transcripts
from human and mouse and if possible, armadillo genes were
named according to their homologies to human genes. If not,
letters were used to indicate different isoforms. The proteins
encoded by TRGV9 and TRDV2 rearrangements are referred to
as Vy9 and V52 TCR chains, respectively.

Amplification of Armadillo TRGV9, TRDV2

Rearrangements, and BTN3 Transcripts
Armadillo PBMCs in RNAlater and genomic liver DNA were pro-
vided by the National Hansen’s Disease Program, Baton Rouge,
LA, USA. Armadillos were maintained and samples collected in
accordance with all ethical guidelines of the U.S. Public Health
Service under protocols approved by the IACUC of the National
Hansen’s Disease Program, assurance number A3032-1.

RNA isolation was performed with RNeasy Mini Kit (Qiagen)
and First Strand cDNA Synthesis (Thermo Fisher Scientific) was
performed with Oligo dT primer after DNase digestion with
DNase I (Thermo Fisher Scientific). Unknown 5 and 3’ ends
of transcripts were determined using the GeneRacer Kit with
SuperScript III RT (Invitrogen) according to the manufacturer’s
instructions. Touchdown PCR with RACE-ready cDNA was
performed with Q5 Hot Start Polymerase (NEB) and Phusion
Polymerase (Thermo Fisher Scientific) was used for other PCR
experiments. TOPO TA cloning set for sequencing with pCR4-
TOPO vector (Thermo Fisher Scientific) was used for cloning and
sequencing of PCR products. Armadillo genomic liver DNA was
used as a control for PCR amplifications. Primer sequences are
given in Supplementary Table S1 in Supplementary Material.

TRDV2

TRDV2/TRDC amplification was performed with the primers
A21 and A72, nested PCR with A71 and A73. The 5’ end of
TRDV?2 was determined via 5'RACE PCR with the primer A118

and nested primer A119. The primers A94 and A95 were applied
for 3’'RACE PCR starting from TRDV2. The PCR products of
those amplifications were subsequently cloned and clones were
analyzed.

TRGV9

Attempts to amplify a TRGV9 rearrangement included ampli-
fication of TRGVY9/TRGC with different primer combinations
and 3'RACE PCR starting from TRGV9. The 5" end of TRGC
transcripts was, therefore, amplified using 5’RACE PCR and the
primers A86 and A87, and the PCR product was cloned with the
TOPO TA cloning kit. The 3’ sequence of TRGC was analyzed
with 3’'RACE PCR using the primers A103 and A104.

Butyrophilin 3

Expression of a BTN3 homolog in armadillo PBMCs was ana-
lyzed with the partial amplification of BTN3 from the BTN3-V
to BTN3-C domain with primers specific for all three armadillo
homologs (A122 + A123). Furthermore, RACE PCR to obtain the
5" sequence of BTN3-V (A165, A166) and the 3" sequence from
BTN3-V (A163,A164) and BTN3-C(A167, A168) was conducted.

Sequence Analysis

Sequence analysis of genomic sequence data or PCR amplifica-
tions was performed with NCBI BLAST and Clustal Omega
software. Alignments were calculated with Clustal Omega and
BioEdit software was used for editing of alignments.

Expression of Armadillo V62 TCR Chains

A murine TCR-negative T cell hybridoma cell line (BW58 r/
mCD28) expressing a rat/mouse chimeric CD28 molecule (33,
34) was used to express armadillo V52 TCR chains and test for
surface expression, CD3 signaling, and HMBPP-reactivity. Full-
length armadillo V82 chains were amplified using the primers
A193 and A194 and cloning in pMSCV-IRES-mCherry FP (a gift
from Dario Vignali, Addgene plasmid # 52114) was performed
using the In-Fusion® HD Cloning Kit (Takara Bio). The clones 7
and 9 were selected for co-expression with the human Vy9 TCR
MOP chain (35). Retroviral transduction of BW58 r/mCD28 cells
was used to stably express TCR chains (36) and vector-encoded
EGFP (pEGN huVy9) and mCherry (pMSCV dnV®a2 cl7 or cl9)
indicated successful transduction. TCR surface expression was
confirmed in a flow cytometry staining of human Vy9 (2.5 pg/ml
anti-Vy9 TCR 4D7 mAb) (37) detected by a secondary antibody
[1 pg/ml F(ab')2 Fragment Donkey a-Mouse IgG (H + L)] (BD
Pharmingen) and anti-mouse CD3 (1 pg/ml biotin hamster anti-
mouse CD3e clone 145-2C11) detected by streptavidin [0.4 pg/ml
Streptavidin-APC (BD Pharmingen)]. BW58 r/m CD28 cells
overexpressing transduced TCR chains can be applied as
responder cell lines in various in vitro models of antigen recogni-
tion and their activity can be measured by mouse IL-2 ELISA
(38, 39). Thus, the human/armadillo TCR transductants (hu/
dnTCR cl7 or cl9) were tested for functional TCR signaling by
CD3 crosslinking and PAg reactivity (HMBPP, Sigma-Aldrich) in
co-culture with Raji RT1B! cells (23, 38, 40). TCR-negative BW58
cells expressing r/mCD28 (TCR"), the same cells transduced with
only the human V79 chain (hu/-TCR), and the human TCR MOP
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(hu/huTCR) were used as controls for stainings and stimulations.
Cells were cultured in 200 pl/well RPMI 1640 supplemented with
5 or 10% FCS, 100 mM sodium pyruvate, 0.05% w/v glutamine,
10 mM nonessential amino acids, and 5 X 10 M mercaptoe-
thanol (Invitrogen). Stimulations were carried out for 22 h with
5 X 10*/well responder cells cultured in 96-well round bottom
plates (Greiner) in co-culture with 5 X 10*/well RAJI-RT1B! cells.
For CD3 crosslinking, 96 well flat bottom plates (Greiner) were
coated with anti-mouse CD3e (clone 145-2C11, BD Pharmingen)
in PBS for 24 h at 4°C before stimulations. Mouse IL-2 sandwich
ELISA (BD) was used to determine IL-2 secretion in the culture
supernatants and appropriate dilutions were measured if the
upper detection limit was reached.

RESULTS

Genomic Organization of a Close

Homolog of Human BTN3 loci in Armadillo
Previous studies reported armadillo genomic regions homologous
to the human BTN3A1 extracellular and intracellular domains
(24). After more detailed homology analysis of those armadillo
genes, a closer resemblance to human BTN3A3 was confirmed.
Through the NCBI Basic local alignment (BLAST) tool (31),
we, therefore, compared the human BTN3A3 mRNA sequence
(GenBank: NM_006994.4) to the D. novemcinctus whole genomic
shotgun sequences (wgs) and could identify three homologous
regions for the BTN3-V and BTN3-C domains, respectively. To
compare these with homologous BTN3 genes in other species, we
additionally analyzed the BTN3-like loci of the two other candi-
date species alpaca (V. pacos) and bottlenose dolphin (Tursiops
truncatus). For those species, predicted BTN3A3-like sequences
are published in NCBI databases (alpaca: XM_015251744.1,
dolphin: XM_004332447.2). Those predicted sequences were
compared to the respective wgs databases to analyze BTN3-like
loci and isoforms. Whole genome shotgun sequence databases
are comprised of contigs with unique accession numbers and
contain incomplete non-annotated genomic information. Whole
genomic shotgun sequences were taken from the NCBI data-
bases and allow full or partial reconstruction of BTN3 encoding
genomic regions (Figure 1). The corresponding nucleotide and
amino acid sequence alignments and armadillo locus informa-
tion are supplied in the Figures S1-S5 in Supplementary Material.
The human BTN3A3 gene is comprised of nine protein-coding
exons with exon 2 encoding the BTN3-V region, exon 3 encoding
BTN3-C, exon 4 representing part of the transmembrane region,
followed by four relatively small exons (5-8) and the B30.2 exon
(9) (Figure 1A) (42). The alpaca BTN3-like genomic sequence is
organized in a locus strikingly homologous to human BTN3A3
(Figure 1B), showing exons with nucleotide sequence identities
to human BTN3A3 ranging from 73 to 93% and conserved intron
lengths. The intracellular B30.2 domain is slightly shorter (81 nt)
than the human counterpart. In silico splicing and translation of
this alpaca BTN3-like gene with an overall nucleotide identity
of 81% to human BTN3A3 results in a protein sequence, which
shares 72% amino acids with the human homolog. The expres-
sion of an alpaca BTN3-like molecule (GenBank: MG029164),

with a conservation of 81% on the nucleotide and 73% on the
amino acid level to human BTN3A3, has been confirmed before
(32). We could, however, identify minor differences between the
genomic alpaca BTN3 and the BTN3 transcript amplified from
cDNA on the nucleotide and amino acid level (Figures S1 and
S2 in Supplementary Material). This can be explained by inter-
individual polymorphisms that also exist in humans (20). Both
available alpaca BTN3 protein sequences carry six conserved
amino acids each in the BTN3-V (Glu37, Lys39, Arg61, Tyr100,
GIn102, and Tyr107) and B30.2 domain (His351, His378, Lys393,
Arg412, Arg418, Arg469) (Figure S2 in Supplementary Material)
predicted to be involved in PAg recognition in human BTN3A1
(15, 23, 24, 43).

Dolphins have been found to express TRGV9- and TRDV2-
like mRNA transcripts (26), however, BTN3 expression has not
yet been proven. Here, we report the existence of one locus in
the dolphin wgs database that comprises a full-length BTN3-
like sequence predicted by NCBI via Gnomon (GenBank:
XM_004332447.2) and a remarkably conserved locus organiza-
tion (Figure 1C). Comparable to the alpaca BTN3-like locus, the
dolphin locus features nine exons with nucleotide (nt) identities
from 72 to 93% compared to human BTN3A3 and intron lengths
similar to the one in the human BTN3A3 locus. However, the
intron between exon 6 and 7 is only about half in size compared to
the human intron at this location and the intracellular B30.2 exon
(9) is 33 nucleotides shorter. The dolphin BTN3-like sequence is
in silico translatable and exhibits a nucleotide identity of 81%
and an amino acid (aa) identity of 73% with human BTN3A3
(Figure S1 and S2 in Supplementary Material). This BTN3A3-
like gene carries five out of six conserved amino acids in the
BTN3-V domain and a substitution (Lys39Thr) (Figure S2 in
Supplementary Material). All six predicted PAg-binding residues
in the B30.2 domain (15, 43) are identical. Interestingly, we report
the existence of another BTN3-like partial locus in the dolphin
genomic sequences (Figure 1D). This contigis onlylong enough to
comprise exons 1 to 3 of a BTN3-like gene structure. The BTN3-V
(exon 2) of this locus (Figure 1D) is 92% identical to and shorter
than the other BTN3-V found for the dolphin (Figure 1C), which
indicates possible deletions in this exon. Consequently, this locus
seems to code for a BTN3-like pseudogene.

Database analysis of the armadillo wgs database resulted in a
total of three BTN3-V, three BTN3-C homologous regions, and
one exon similar to the human BTN3A3 B30.2 domain. One pair
of BTN3-V and BTN3-C is comprised in one single contig of the
nine-banded armadillo wgs database (AAGV03145787.1), which
also includes a partial hit for the transmembrane region in exon
4 of BTN3A3, three small exons, homologous to human exons
6-8, and a downstream B30.2-like region (Figure 1E; Figure
S5A in Supplementary Material). All those homologous regions
show a nucleotide conservation of more than 70% compared
to human BTN3A3 domains and are also remarkably similar
to human BTN3A3 with respect to intron lengths and genomic
organization. Two other BTN3-V domains (AAGV03287843.1
and AAGV03240336.1) were found as well as two other BTN3-C
domains (AAGV03240337.1 and AAGV03010207.1). However,
the BTN3-C containing contig AAGV03240337.1 does not
seem to include a B30.2-like region and shows a truncated
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Homo sapiens BTN3A3, chromosome 6, alternate assembly CHM1 1.1 (NC_018917.2)

Nucleotide identity 7%

74% 74%

L gV IgC ™ * * B30.2 (PRYSPRY)
A Exon # 1 2 3 4 5 6 7 8 9
Intron length 298 1400 2263 169 91 908 419 1542
.. ————————— —
NT 1-85 86-433 434-715 716-916 917937 938964 965991  992-1018 1019-1755
Location 26445878- 26446260- 26448007- 26450551-  26450920- 26451031-  26451965-  26452410- 26453978-
26445962 26446607 26448288 26450751 26450940 26451057 26451991 26452436 26454714
Vicugna pacos (taxid:30538) BTN3 homologous region, whole-genome shotgun contig ABRR02153549.1
B Exon # 1 2 3 4 5 6 7 8 9
Intron length 238 1525 2333 181 89 858 435 1600
- — I ———————— —
NT 1-85 86-433 434-715 716-916 917-937 938-964 965-991 992-1018 1019-1674
Location 29629- 29307- 27435- 24821- 24440- 24331- 23447- 22986- 21360-
29545 28960 27154 24621 24420 24305 23421 22960 20705
Nucleotide identity ~ 78% 86% 80% 73% 81% 93% 81% 85% 82%
Tursiops truncatus (taxid:9739) BTN3 homologous region, whole-genome shotgun contigs
c MRVK01002630.1
Exon # 1 2 3 4 5 6 7 8 9
Intron length 238 1439 1837 182 88 403 445 15630
—— .. ——————— —
NT 1-85 86-433 434-715 716-916 917937  938-964 965991  992-1018 1019-1722
Location 19868214~ 19868536- 19870322- 19872440  19872822- 19872930-  19873359-  19873830- 19875386-
19868298 19868883 19870603 19872640 19872842 19872956 19873385 19873856 19876089
Nucleotide identity ~ 79% 88% 81% 72% 76% 93% 81% 81% 81%
D ABRNO02485746.1
Exon # 1 2 3
Intron length 238 d/s 1427
VvV —zz——-—
NT 1-85 86-433 434-715
Location 3156-3072 2834-2505 1078-797
Nucleotide identity 79% 82% 81%
ABRN02485746.1
Dasypus novemcinctus (taxid:9361) BTN3 homologous regions, whole-genome shotgun contigs
E AAGV03145787.1
Exon # 2 3 4 6 7 8 9
Intron length *x 1388 d 1559 136 826 347 - 1160 s
—_—— -, — +————— A2
NT 86-433 434-692 716-826 938964 965991  992-1018 1020-1696
Location 1941-2288 3676-3934 5511-5620 5756-5782  6608-6634  6981-7001 8161-8829
Nucleotide identity 7% 73% 75% 89% 67% 78% 70%
F AAGV03240336.1 and AAGV03240337.1
Exon # 2 3 4 6 7
Intron length 1232 1515 d 791 . d
— oo e -
NT 86-433 434-715 716-791 938964  965-991
Location 12279-12626 836-1117 2636-2711 2727-2752  3547-3573

81% 63%

AAGV03240336.1

Nucleotide identity 80%

G AAGV03287843.1 AAGV03010207.1
Exon # 2 3
s
—l—z—
NT 86-433 434-715
Location 965-625 167-448

74%

AAGV03287843.1

FIGURE 1 | Continued.

AAGV03010207.1

AAGV03240337.1
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FIGURE 1 | Genomic organization of armadillo Butyrophilin 3 (BTN3) homologous regions BTN3-V, BTN3-C, and B30.2 show similarities to human, alpaca, and
dolphin BTNS loci. The human BTNSA3 locus (A) was determined by National Center for Biotechnology Information (NCBI) megablast of BTN3A3 (GenBank:
NM_006994.4) to Human G + T database (GenBank/Assembly: NC_018917.2). The alpaca BTN3-like locus (B) was mapped using NCBI blastn of the predicted
alpaca BTNSA3 (XM_015251744.1) to Vicugna pacos wgs database. Dolphin BTN3-like loci (C,D) were identified using NCBI blastn of the predicted dolphin
BTN3A3 (XM_004332447.2) to Tursiops truncatus wgs. Armadillo BTN3 homologous regions (E=G) were identified by NCBI blastn of human BTN3AS3 to Dasypus
novemcinctus whole genome shotgun contigs database (taxid: 9361). Exons are represented by boxes: translatable (solid black), non-translatable (striped black),
missing (solid white) found by intron homologies (solid gray). The size of the exon, location in assembly/contig, and nucleotide identity of the regions to human
BTN3AS are indicated in bold. Intron lengths were calculated based on location in contigs and putative deletions are shown by dashed lines and “d”. Stop codons
are indicated by “s” at the approximate location in the gene (*location of the proposed juxtamembrane motif important for PAg recognition (41); **location of the

putative ATG at nt 1982).

transmembrane homolog directly followed by another exon simi-
lar to the transmembrane region of human BTN3A3 (Figure 1F;
Figure S5B in Supplementary Material). No homologous intra-
cellular regions could be found in AAGV03010207.1 due to the
short contig length (Figure 1G). Owing to the abundant use
of SPRY/B30.2 domains in several families of molecules (44),
prediction of BTN3-related B30.2 regions is difficult, except for
the one found in contig AAGV03145787.1 (Figure 1E; Figure
S4 in Supplementary Material). Additionally, conserved leader
sequences encoded by exon 1 and another part of human BTN3A3
encoded by exon 5 could not be predicted in all contigs through
Blast using BTN3A3 and it is noteworthy that gene prediction
tools like Gnomon used for a predicted armadillo BTN3A3 entry
(GenBank: XM_012528284.1) or FGENESH™ (reference protein:
huBTN3A1/2/3;  GenBank: = NM_007048.5/NM_007047.4/
NM_006994.4) (45) also fail to predict a leader sequence in the
AAGV03145787.1 contig. The published predicted BTN3A3
homolog calculated by Gnomon software and our own calcula-
tions with FGENESH* locate the start codon within the BTN3-V
region (Figure 1E). In silico translation was successful for two
BTN3-V-likeregions (Figure S3A in Supplementary Material). The
third BTN3-V homolog in AAGV03287843.1 (Figure 1G) carries
a stop codon, if translated in the same frame. All three BTN3-C
homologs were translatable; however, the respective region in
AAGV03145787.1, although not having any stop codons, exhibits
one nucleotide deletion leading to a frameshift (Figure 1E; Figure
S3B in Supplementary Material). The only intracellular B30.2
domain found in this setting in the armadillo is identical with the
previously reported one (24), but reexamination of the nucleotide
to protein translation reveals several stop codons if the human
B30.2 frame is used (Figure S4 in Supplementary Material). Yet,
nucleotide alignments show the conservation of codons encoding
all of the six conserved PAg-binding residues in the B30.2 domain
of BTN3A1 described by Sandstrom et al. (15) including His351.
Six extracellular PAg-binding residues have been proposed for
the BTN3-V domain of BTN3A1l (43) and codons for these
amino acids are partially conserved in the armadillo. Here, four
out of six codons are conserved in the BTN3-V exons found in
AAGV03240336.1 and AAGV03287843.1, and three out of six in
AAGV03145787.1.

In addition to database analysis, we tested for expression of
potential BTN3 isoforms, as well as TRGV9 and TRDV2 tran-
scripts, in cDNA of armadillo PBMCs. D. novemcinctus PBMCs
dissolved in RNAlater were provided by the National Hansen’s
Disease Program, Baton Rouge, LA, USA and tested for tran-
scripts of BTN3, TRGVY, and TRDV2. These PCR approaches

included the amplifications of BTN3 performed with primers
specific for all BTN3-V and BTN3-C regions and the RACE
PCR amplification of the 5" and 3’ sequences starting in several
domains of the predicted genes (Table S1 in Supplementary
Material). No transcripts of BTN3 were found, but we were able
to amplify BTN3-V to BTN3-C including a corresponding intron
from genomic liver DNA using the same primers. TOPO TA
cloning of this PCR product resulted in five clones of apparently
two distinct types (GenBank: cll: MG600558; cl3: MG600559;
cl5: MG600560; cl4/6: MG600561). One type was strikingly
like the BTN3-V containing contig AAGV03240336.1 and the
BTN3-C comprising contig AAGV03240337.1, which lead us to
link those two contigs together (Figure 1F). However, the three
TOPO clones of this subtype were not nucleotide-identical (clI,
cl3, cI5). The two remaining TOPO clones (cl4, cl6) were identical
but could not be mapped to an armadillo wgs database contig and
those clones were only 92-95% identical to the previously pre-
dicted BTN3 loci. This could indicate the existence of even more
loci for BTN3 homologs in the armadillo. Closer comparison of
the two predicted BTN3 loci in the armadillo showed an appar-
ent deletion in the AAGV03240337.1 contig when blasted with
AAGV03145787.1 (Figure 1F). The first deletion results from a
fusion of a truncated exon 4 with exon 6, the second deletion
includes exon 8 and the B30.2 domain encoded by exon 9. In
summary, no evidence was found for the expression of a BTN3
homolog and even in the unlikely case that expression of such
a gene was missed, we do not expect that these transcripts yield
functional proteins. This is especially evident compared to the
loci of alpaca and dolphin BTN3-like genomic regions, which
feature not only homologous regions to all nine BTN3A3 exons,
but are also in silico translatable and in the case of alpaca also
expressed on cDNA level.

In Silico Translatable TRDV2
Rearrangements Are Expressed in

Armadillo

In contrast to the lack of expression of a BTN3-like gene by D.
novemcinctus, we demonstrate the expression of in silico translat-
able TRDV2 TCR chains (IMGT nomenclature if not otherwise
indicated). Full-length armadillo TRDV2-like variable regions
preferentially recombined with a TRDJ4 homolog could be
assembled through the amplifications of TRDV2/TRDC from
armadillo PBMCs, RACE PCR and cloning of full-length TRDV2
chains into the pMSCV-IRES-mCherry FP plasmid. The overall
amino acid identities of two clones carrying TRDV2/TRDJ4

Frontiers in Immunology | www.frontiersin.org

157

February 2018 | Volume 9 | Article 265


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Fichtner et al.

BTN3/Vy9Vs2 TCR Coevolution

clRACE5,7,9,10  —————————————— ARTGGGPLIFGKGTYLEVEP

clpMSCV6 -AGDLCTKVGLIC--VRTNDPLIFGKGTYLEVEP
clpMSCV9 -AGDGVQPRVGYA----FYDPLIFGKGTYLEVEP
clpMsCv4 -AGEIRTGGIH------ TDDPLIFGKGTYLEVEP

elvcl,3,7,12
clvcs,6,8,9,10,11

-AGEIYVGGWDQI--VRTYDPLIFGKGTYLEVEP
——————— AGQYVR--VRTYDPLIFGKGTYLEVEP

clpMSCV5 -AGDDPG----- G--IREYDPLIFGKGTYLEVEP
clpMscv7 -AGEDVR----- R--RVGNDPLIFGKGTYLEVEP
clRACE4 AGGLYDR--VRVGYGVRRDDPLIFGKGTYLEVEP
clRACE3 AGALISVKVGPGYL----YDPLIFGKGTYLEVEP
clRACE6 = ——------ AGEGVRGGSVRTSLIFGKGTYLEVEP
clRACE2 AGDSGS--------—--- VYDPLIFGKGTYLEVEP
clpMSCV10 AGDAWVTTYEYGWDLRSRDDPLIFGKGTYLEVEP
clpMscvz 000 0------- AGDDHV--RVGYRRTIFGKGTYLEVEP

Clustal Consensus hkkkkkhkhkkk

clpMsSCv8 -AGD---GRTGGIFGSWDTROMFFGAGTKLFVEP

(MG807654); clpMSCV10 (MG807655).

A

Huvd2 MQRISSLIHLSLFWAGVMSATELVPEHQTVPVSIGVPATLRCSMKGEAIGNYYINWYRKTQGNTMTFIYREKDIYGPGFKDNFQGDIDIAKNLAVLKILA
DnVd2cl7  ....CC....vvrrrnnnn.. V....K.V.T.TV.KSV..K...E.G.MR...M....T..DS.L...... GGK. . ... QSR.R.SVYSSN. . ... E.RE
Dnvd2cl9 ....CC............... V....K.V.T.TV.KSV..K...E.G.MR...M....T..DS.L...... GGK. . ... QOSR.R.SVYSSN. . ... E.RE
Huvd2 PSERDEGSYYCACDTLG--MGGEYTDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVK
Dnvd2cl7 A.LK........ GEDVRRRV.N---.P....... YLE...K...PS..... L...E.K...... D....NVI...Qu.counieunnnn. V.A....S...
Dnvd2cl9 A.LK........ G.GVQPRV.YAFY.P....... YLE...K...PS..... L...E.K...... D NVI...Quuuuiernnnnnn V.A s
Huvd2 LGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTEKVNMMS LTVLGLRMLFAKTVAVNFLSTAKLFFL
Dnvd2cl7? ..Q...P......... N.EI.R.S...L..N.SGTPE.TKP.G.Q.S.E..YE..V--QAR........ Loveunnn.. S..I...L....L.F
DnVd2ecl9 ..Q...P......... N.EI.R.S...L..N.SGTPE.TKP.G.Q.S.E..YE. .V--QAR........ PO S..I...L....L.F

B CDR3

FIGURE 2 | In silico translatable V&2 T cell receptor chains are expressed in Dasypus novemcinctus PBMCs. (A) Alignment of human G115 V82 chain (PDB:
THXM_A) (30) and two representative armadillo V82 chains (obtained from cloning of full-length armadillo V82 chains into pMSCV-IRES-mCherry FP). CDR regions
appear underscored and positions 851/52 and 897 (gray) are highlighted. (B) CDR3 regions of TRDV2 clones obtained by TRDV2/TRDC PCR (clVC1, 3, 4, and
6-12), TRDV2 3'RACE PCR (cl2-7, 9, 10), and cloning (clpMSCV2, 4-10). CDRS3 lengths and TRDJ-usage are indicated on the right. Alignments were calculated
with Clustal Omega webtool, identical amino acids (dots), J region (underscored), and positions 851/52 and 897 (gray) are highlighted. The GenBank Accession
numbers of unique clones are: cl2 (MG021118); clVC1 (MG021131); clVC4 (MG021132); cI3 (MG021127); cl4 (MG021128); ¢l5 (MG021129); cl6 (MG021130);
clpMSCV2 (MG807648); clpMSCV4 (MG807649); clpMSCV5 (MG807650); clpMSCV6 (MG807651); clpMSCV7 (MG807652); clpMSCV8 (MG807653); clpMSCV9
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15 TRDJ4
15
21
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23
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19 TRDJ3

homologs to the human G115 V2 chain were 65% for both clones
(Figure 2A). The armadillo V region shares a 77% nucleotide and
a 59% aa identity with the human G115 V62 chain, the J region is
86% (nt) and 86% (aa) identical to the human TRDJ4, TRDC of
armadillo and human show a conservation of 82% (nt) and 69%
(aa). A single clone was found to carry a TRDV2 rearrangement
with a TRD] region homologous to human TRDJ3, with 88% (nt)
and 89% (aa) identity (Figure 2B). PAg-reactive V52 chains in
humans commonly use TRDJ1, 2 or 3 (46), however, preferential
but not exclusive rearrangement of TRDV2 with a TRDJ4-like
J segment has been shown in V. pacos (23). Other conserved
features of PAg-reactive V2 chains are varying CDR3 lengths
(46), the residues Arg51 (30, 46, 47) and Glu52 (30), and the
presence of a hydrophobic amino acid (Leu, Ile, Val) at position
897 (46, 48). Partial armadillo TRDV2-like rearrangements were
amplified either through 3’ RACE (8 clones) or TRDV2/TRDC
amplification (10 clones) and PCR products were cloned with the
TOPO TA cloning set for sequencing with pCR4-TOPO vector
(Thermo Fisher Scientific). Another eight unique TRDV2 clones

were obtained from cloning of full-length rearranged armadillo
TRDV?2 transcripts into the pMSCV-IRES-mCherry FP vector.
All those partial clones were in frame with CDR3 lengths of 9-23
aa (Figure 2B). The positions Arg51 and Glu52 are conserved in
all our armadillo clones and 5 out of 15 unique CDR3 sequences
carry valine or isoleucine at 897. Two armadillo V82 chains
amplified by PCR from cDNA were co-expressed with a human
Vv9 chain (TCR MOP) in a TCR-negative mouse cell line (BW58
r/mCD28) (33, 34). Surface expression of heterodimeric TCRs
was confirmed by flow cytometry staining of the Vy9 and V52
chain and mouse CD3, as well as vector-encoded EGFP (human
Vv9) and mCherry (armadillo V52) (Figure 3). CD28 expres-
sion of all cell lines was confirmed to be equal. The Vy9 and CD3
expression of both cell lines overexpressing human/armadillo
TCRs (hu/dnTCR cl7 or cl9) was significant but lower in com-
parison with human Vy9V52 TCR (huTCR) overexpressed in
the same cell line. Thus, structural features important for pairing
of armadillo V82 chains with human Vy9 chains seem to be
conserved. Transduction of only the human Vy9 chain did not
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FIGURE 3 | Surface expression of a functional armadillo V82 T cell receptor (TCR) chain. (A) Armadillo V82 TCR chains (pMSCV-IRES-mCherry FP armadillo V&2 cl7
or cl9) were retrovirally transduced into TCR-negative murine cell lines (BW58 r/mCD28). The human Vy9 TCR MOP chain (pEGN huVy9, GenBank: KC170727.1)
was co-transduced and TCR surface expression was confirmed with flow cytometry stainings of the human Vy9 chain, V82 chain, and mouse CD3. Dotplots of Vy9
(Y-axis, log) and CD3 (X-axis, log) co-stainings are shown and geometric means of Vy9, V82, and CD3 stainings are indicated. (B) BW58 r/mCD28 cells and TCR
transductants were cultured for 22 h in 96-well plates coated with a-mCD3 mAb or with RAJI-RT1B" cells in the presence of increasing amounts of HMBPP.

Mean + SEM of three independent experiments is shown for each cell line. Stimulation of hu/huTCR with 10 pg/ml a-mCD3 mAb resulted in 651 pg/ml (SEM: 129).

result in surface expression of Vy9 or CD3. Signal transduction
of huVy9/dnVd2 TCRs was studied with in vitro stimulation
assays. Crosslinking of CD3 by plate-bound anti-mouse CD3
mAb was performed as described before (23, 40) and resulted
in a substantial mIL-2 production of TCR transductants but no
detectable IL-2 secretion of TCR™ cells or cells transduced with
the human Vy9 chain only (Figure 3B). Anti-CD3 mediated
stimulation of hu/huTCR reached saturation at 3 pg/ml anti-
CD3 as indicated by stimulation with 10 pg/ml. Reactivity to
the PAg HMBPP was not observed in a stimulation assay with
RAJI-RT1B! cells, although human TCR transductants (hu/
huTCR) readily recognized HMBPP in this context (Figure 3B).
In summary, we report functional V82 chains in the armadillo,
that pair with TCR y chains and show no crossreactivity to
human BTN3.

Functional TRG Chain Rearrangements
Lack Homologs to Human TRGV9

Genomic surveys revealed a TRGV9-like gene (Accession:
AAGV03121505.1 nt402-695) in D. novemcinctus, which is

in silico translatable and shares 80% of its nucleotides and
69% of its amino acids with the human G115 TCR y. We were,
however, not able to amplify a TRGV9 transcript from arma-
dillo PBMCs via PCR of TRGV9/TRGC or 3'RACE PCR from
TRGV9. Notably, we found four different regions (TRGC-A,
-B, -C, -D) homologous to the first exon of the TCR y constant
region in the armadillo wgs database. Armadillo TRGC-A, -B,
and -C (Accession: TRGC-A Ex1 AAGV03121543.1; TRGC-B
Ex1 AAGV03121550.1; TRGC-C Ex1 AAGV03121548.1) can
be fully translated, however, TRGC-D (Accession: TRGC-D
Ex1 AAGV03173223.1 nt672-373) contains stop codons and is
most likely a TRGC pseudogene. The first exons of TRGC-A and
TRGC-B/C share 94% nucleotide identity, TRGC-B, and TRGC-C
are 98% identical on the nucleotide level and all of them are 80%
identical to exon 1 of the human TRGCI. Amplification of the
3" end and 5’RACE PCR of TRGC-A/B/C exon 1 confirmed
TRGC-A and TRGC-B, but not TRGC-C transcripts on cDNA
level. It appears that TRGC-A is encoded by 3 exons, which
are all represented in the contig AAGV03121543.1 (exonl:
nt3646-3953, exon2: nt7499-7548, exon3: nt9731-9871),
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A

V regions of TRGC D. novemcinctus wgs

Homo sapiens

5‘RACE clones Name Location Identities % homologs Bos taurus homologs
AAGV03121491.1 (2/23)  TRGV2  1977-2285 100 TRGV2 46% TRGV8-147%
AAGV03121484.1 (3/23)  TRGV4.1 40190-40506 99/100 TRGV4 48% TRGV8-3 46%
AAGV03121485.1 (4/23)  TRGV4.2  6942-7251 98/99/100 TRGV4 48% TRGV8-145%
AAGV03121495.1 (6/23) TRGV4.3  4127-4438 99/100 TRGV4 46% TRGV8-151% C
AAGV03121497.1 (1/23) TRGV8.1 _ 7075-7385 100 TRGV8 54% TRGV9-2 53% Gene usage in silico
TRGV8.2 20045-20356 99 TRGV8 50% TRGV9-2 48%
AAGVO3121496.1 (4/23) it 50645.50356 90 TRGV8 46% TRGV5-149% TR(t;r\z;nslat?rl;-?lzjlone;RGC
AAGV03121492.1 (2/23)  TRGV8.3 14807-15113 100 TRGV8 47% 1TI§(§\>/15(;11A;:‘3:{’; TRGVAZ  TRGJA TRGCE/C
a (]
AAGVO03121542.1 (1/23)  TRGmVG  2171-2485 100 IGLV3-12 38% Canis lupus TRGV5-2 65% TES2 (... [ROLR... [ROCHE
Mus musculus TRGV6 56% -
TRGV8.4 (2x) TRGJ-B_ TRGC-B/C
B TRGVS.1 TRGJ-C  TRGC-A
J Regions of TRGC Name D. novemcinctus wgs Homo sapiens Other species TRGmV6 TRGJ-C  TRGC-A
5’RACE clones Location  Identities % homologs P
AAGV03121547.1 (6/23) TRGJ-A  2929-2991 97/98/100  TRGJP171% (73%) 79% Myotis davidii
TRGJP2 63% (84%) (GenBank: ELK34092.1, 100%)
AAGV03121549.1 (15/23) TRGJ-B  14544-14609 96/98/100 TRGJP 80% (52%) 79% Ovis aries
TRGJP173% (57%) (PIR: 536294, 73%)
AAGV03121543.1 (2/23) TRGJ-C 184-238 94/98 TRGJP 75% (60%) 72% Tursiops truncatus

FIGURE 4 | Gamma chain transcripts homologous to human IMGT subgroup TRGV1 are expressed in armadillo PBMCs. (A) Dasypus novemcinctus TRGV regions
used by 5" RACE PCR products (Accession: TRGC-A Ex1 AAGV03121543.1; TRGC-B Ex1 AAGV03121550.1; TRGC-C Ex1 AAGV03121548.1) with associated
wgs accession numbers based on sequence homologies and location of those in the respective contigs. Armadillo TRGV segments were labeled according to their
closest homolog in human or mouse. Varying nucleotide identities to genomic sequences and putative AA homologs in human and other species are indicated. AA
homologs were determined with IMGT/DomainGapAlign (57, 58). (B) J regions of TRGC 5" RACE clones with location in wgs contigs and identities. Designations of
J regions of the armadillo are random as distinct homologs to human TRGJ could not be determined. Homologies were determined by NCBI blastp to AA sequence
of human germline encoded J regions or the NCBI non-redundant protein sequence database for other species. (C) Gene usage of in silico translatable TRGC 5
RACE clones. The GenBank accession numbers of productive rearrangements are supplied in Table S2 in Supplementary Material.

(GenBank: CDG24288.1, 90%)

whereas TRGC-B and TRGC-C are encoded by 4 exons with
exon 1 and 2 in the contigs AAGV03121548.1 (nt6277-6590
and nt7441-7491) and AAGV03121550.1 (nt3170-3478 and
nt7125-7178), and exon 3 and 4 in AAGV03121549.1 (nt101-
152 and nt 2384-2525) and AAGV03121551.1 (nt1733-1784
and nt3978-4119), respectively. However, we were not able to
assemble full-length TRGC-like regions from those contigs.
Through 5'RACE PCR of TRGC, we can additionally report the
existence of several armadillo TRGV transcripts. Of 23 clones
used for the analysis (Table S2 in Supplementary Material), only
eight were fully translatable, which corresponds to other findings
of a multitude of non-productive TCR 7y chain rearrangements,
which can be expressed by cells that later commit to the of
lineage (49, 50). The transcripts were compared to the armadillo
wgs database and genomic location and accession numbers
of contigs indicated the existence of nine different TRGV
regions in our clones (Figure 4A). Those regions were found
to be homologous to the human TRGV1 cluster (TRGVI-8)
with amino acid identities ranging from 46% up to 54%. Higher
similarities were found with Bos taurus TRGV (43-64%). One
particular armadillo V segment could not be assigned to a
human TRGV; however, it shares 56% identity with the mouse
TRGV6. These V genes were rearranged with three different J
regions (TRGJ-A, TRGJ-B, and TRGJ-C) (Figure 4B) sharing
amino acid homologies of 63-80% with human TRGJ segments.
Query cover with human homologs varied from 52 to 84%,
which made a definite assignment difficult and lowers amino
acid identities. Concerning the translatable clones resulting
from the 5’'RACE PCR (Figure 4C), it is interesting that TRGJ-A

and TRGJ-B from D. novemcinctus seem to associate with other
TRGV than TRGJ-C. Additionally, the TRGC usage of TRGJ-C is
restricted to TRGC-A, the other ] segments use either TRGC-B or
TRGC-C, which could not be distinguished in this 5’RACE PCR.
This apparent bias in C region usage is reminiscent of a cassette
structure of the armadillo TRG locus comparable to artiodactyls
or the bottlenose dolphin (IMGT-Locus representations) (26).
Due to the lack of any evidence for a functional TRGVY rear-
rangement in armadillo PBMCs, together with the fact that we
found other TRGV in a functional rearrangement with TRGJ
in the armadillo, we propose the lack of expression of VyoVd2
TCRs in this species.

DISCUSSION

In this study, we report for the first time, an analysis of the
expression of the essential components of the BTN3/VyoV62
TCR system in the nine-banded armadillo (D. novemcinctus)
and a comparison with homologous genes of other mammalian
species. Studies of the distribution of the TRGV9, TRDV2, and
BTN3 genes identified this animal as a candidate for a functional
Vy9Vd2 T cell population with a corresponding BTN3 molecule,
which is essential for PAg recognition. However, we observed
that aside from expression of in silico translatable TRDV?2 chains,
the armadillo does most likely not express a functional TRGV9
rearrangement. Surface expression of armadillo V52 and human
Vy9 chains was achieved and signaling after CD3 stimulation
was observed. This is an interesting finding, as apparently
structural features, which allow pairing of armadillo V&2 with
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VY9 are conserved, although no evidence for TRGV?9 expression
was found. However, pairing of V32 chains is not restricted to
Vy9 TCR chains in humans (51) even though there are certain
pairings of yd chains in mice that fail to be expressed (52). PAg-
reactivity of human/armadillo heterodimeric yd TCRs could not
be shown. This was not surprising given that previous alanine-
scanning mutagenesis showed contribution of all six CDR3 to
PAg-reactivity (46). Nevertheless, armadillo V52 chains might
become a valuable model for future mutagenesis and structural
studies, e.g., by transplanting human CDR into the armadillo
V&2 chain. Moreover, the fact that in a species, which lacks bona
fide PAg-reactive Vy9V52 TCR a third of the clones expresses
the amino acids isoleucine or valine at position 97 suggest that
the common use of these amino acids might not be taken as an
indicator for a certain PAg-reactivity but may be largely random
or a result of selection by structural requirements or other
ligands (23, 48).

In addition to the lack of evidence for TRGV9 rearrange-
ments, no full-length BTN3 transcript seems to be expressed
in the armadillo. Based on genomic data, we report evidence
for the existence of a multigene family of BTN3-like genes in
the armadillo. Assessment of numbers of genes and their struc-
tural analysis is not possible to this date due to lack of genomic
data and transcripts. We identified one locus that closely
resembles the human BTN3A3 locus and another one carrying
deletions of transmembrane domains and the B30.2 domain,
which could be more like a BTN3A2 gene. However, the lack
of signal sequences and multiple deletions and frameshifts as
well as the overall lack of transcripts of a BTN3-like molecule
speaks against functional BTN3 molecules in armadillo. The
lack of leader sequences for all identified BTN3-V segments
might indicate that loss of function preceded the duplication
events. In contrast, in primates a duplication of the BTN3
loci occurred (20) and led to new BTN3 molecules such as
BTN3AL. This isoform is not only essential for the mediation
of PAg-dependent stimulation of Vy9V62 T cells but also
contributes to signaling to induce type I interferon transcrip-
tion (15, 53). The fact that the non-functional armadillo B30.2
domain has preserved the codons for all six amino acids
contacting the PAg in the proposed PAg binding sites and the
existence of a translatable, although not expressed, TRGV9
homolog may indicate the loss of functional elements for
PAg sensing by y8 T cells in the armadillo ancestor. With the
armadillo as an animal model for M. leprae in mind (27), one
could speculate that a non-functional Vy9Vd2 T cell subset
leads to higher susceptibility for this pathogen. In armadillos,
however, low core body temperatures of 33-35°C could be seen
as a factor that favors M. leprae proliferation in vivo (54, 55).
Furthermore, other species like rodents, which have lost the
BTN3/Vy9Vd2 system do not exhibit higher susceptibility to
leprosy manifestations (29, 56). Regarding our observations of
lacking transcripts of the BTN3/Vy9Vd2 system, we can only
state that the armadillo cannot be used as a model for this
T cell subset.

So far, there are two other non-primate species that can be
considered prime candidates for possessing PAg-sensing VyoVo62
T cells. First, the alpaca (V. pacos), which not only expresses
transcripts but also possesses a Vy9V82-like cell population that
expands upon HMBPP stimulation (25). This species shows not
only functional rearrangements of TRGV9 and TRDV2 but addi-
tionally a single BTN3 molecule (23, 24). Interestingly, this more
primordial BTN3 possesses the predicted PAg-binding sites of
both BTN3-V and B30.2 domain of the human BTN3A1 within
a protein more closely related to human BTN3A3. The second
species, the bottlenose dolphin shows functional TRDV2 rear-
rangements as well as TRG rearrangements homolog to human
TRGVY/TRGJP containing TCR-chains and a single BTN3-like
gene. With these candidates in mind, it seems even more likely
that D. novemcinctus cannot be considered a model organism
for PAg-reactive Vy9V62 T cells, but stands as a witness for the
emergence of this system with placental mammals.
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