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SUMMARY

TLR ligands can contribute to T cell immune responses by indirectly stimulating
antigen presentation and cytokines and directly serving as co-stimulatory signals.
We have previously reported that the human endogenous surface protein,
A42PD1, is expressed primarily on (Vy9)Vd2 cells and can interact with TLR4.
Since V32 cells possess antigen presentation capacity, we sought to further char-
acterize if the A42PD1-TLR4 interaction has a role in stimulating T cell responses.
In this study, we found that stimulation of V32 cells not only upregulated A42PD1
expression but also increased MHC class Il molecules necessary for the antigen
presentation. In a mixed leukocyte reaction assay, upregulation of A42PD1 on
V32 cells elevated subsequent T cell proliferation. Furthermore, the interaction
between A42PD1-TLR4 augments V32 cell stimulation of autologous CMV
pp65-or TT-specific CD4™ T cell proliferation and IFN-y responses, which was spe-
cifically and significantly reduced by blocking the A42PD1-TLR4 interaction.
Furthermore, confocal microscopy analysis confirmed the interaction between
A42PD1*HLA-DR*V32 cells and TLR4*CD4 T cells. Interestingly, the subset of
CD4™ T cells expressing TLR4 appears to be PD-1* CD45RO*CD45RA™ transi-
tional memory T cells and responded to A42PD1*HLA-DR*V32 cells. Overall,
this study demonstrated an important biological role of A42PD1 protein ex-
hibited by V32 antigen-presenting cells in augmenting T cell activation through
TLR4, which may serve as an additional co-stimulatory signal.

INTRODUCTION

T cell activation occurs upon receiving signals from major histocompatibility complex (MHC) class | and Il
molecules for antigen presentation (signal 1), co-stimulatory molecules (signal 2), and cytokines (signal 3)
(Kapsenberg, 2003). This process is carried out most efficiently by the classical professional antigen-pre-
senting cell (APC), dendritic cell (DC), compared with other cell types. Although the co-stimulatory mole-
cules from the B7 family govern the degree of T cell responses (Zou and Chen, 2008), Toll-like receptors
(TLRs) as pattern recognition receptors (PRRs) in innate immunity have been shown to have a direct co-stim-
ulatory effect on the activation of TLR-expressing T cells, such as TLR4 (Rahman et al., 2009). TLR4 com-
plexes with CD14 and MD-2 on myeloid cells to produce pro-inflammatory cytokines in response to the
foreign microbial membrane component lipopolysaccharide (LPS) (Zanoni et al., 2011), but they could
also respond to endogenous danger associated molecular patterns (DAMPS), including heat shock protein
60 (HSP&0) and high mobility growth box protein 1 (HMGB1) (Cohen-Sfady et al., 2005; Apetoh et al., 2007;
Yang et al., 2010). So far, studies on the effect of TLR4 signaling on enhancing T cell function were per-
formed using soluble adjuvants such as LPS and lipid A (Cairns et al., 2006; Gandhapudi et al., 2013; Rey-
noldsetal., 2012; Zanin-Zhorov and Cohen, 2013). However, an endogenous surface expressed protein that
could interact with TLR4 to affect T cell response has not been shown until recently on Vy9Vs2 cells, named
A42PD1 (Cheung et al., 2017).

Human y3-T cells consist of 0.5%-10% of peripheral blood lymphocytes and are composed of two subsets,
Vy9Vd1 and Vy9Vd2 (hereafter referred to as V31 and V32 cells), with the latter being the predominant sub-
population (>80%) (Eberl et al., 2003; Evans et al., 2001). v3-T cells differ from conventional o CD4" and
CD8* T cells based on VDJ recombination with added variability of the complementary-determining region
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3(CDR3) of the expressed T cell receptor (TCR) during thymocyte development (Girardi, 2006). V32 cells are
considered as the bridge between innate and adaptive immune responses based on their ability to present
not only antigens but also rapid (pro-inflammatory) cytokine and chemokine responses (Vantourout and
Hayday, 2013). These cells become activated in recognition of nonpeptide phosphoantigens derived
from bacteria (Tanaka et al., 1994). However, cognate isopentenyl pyrophosphate (IPP), which is an inter-
mediate product of the mevalonate pathway, could also stimulate V32 cells (Gober et al., 2003). In addition,
the butyrophilin (BTN)3A1 and BTN2A1 molecules appear to be important in the activation of the cytolytic
function of V32 cells (Harly et al., 2012; Vavassori et al., 2013; Rigau et al., 2020). The V32 subset possesses
ample antigen presentation capacity comparable with DC (Brandes et al., 2005, 2009; Moser and Brandes,
2006; Meuter et al., 2010; Moser and Eberl, 2007). Interestingly, recent reports have shown that V32 cells can
present viral antigens from Epstein-Barr virus (EBV), influenza virus, measles virus, Mycobacterium tubercu-
losis-purified protein derivative (PPD), and single chain tetanus toxoid protein (Bieback et al., 2003;
Brandes et al., 2005, 2009; Meuter et al., 2010; Landmeier et al., 2009; Tyler et al., 2017; Hu et al., 2012).
In some cases, V32 cells are more efficient than DC as APC, such as the process of cross-presentation to
CD8™" T cells (Brandes et al., 2009), which highlights a unique niche of these cells in stimulating adaptive
T cell response. Till now, however, no evidence has shown that TLR4 is associated with the co-stimulation
function exerted by V82 cells on T cells.

We recently identified an isoform of human programmed death 1 (PD-1) as a 42-nucleotide deletion variant
(A42PD1) expressed on V32 cells, which does not bind PD-L1/L2 but can interact with and induce TLR4 down-
stream signaling (Zhou et al., 2013; Cheung et al., 2017). To further characterize the function of A42PD1-TLR4, we
examined T cell activation that could be induced by A42PD17V32 cells. Our data showed that A42PD1 expres-
sion was accompanied by MHC class Il upregulation on activated V2 cells, which led to the hypothesis that
A42PD1 may augment CD4" T cell activation to promote antigen presentation. By performing a classical mixed
leukocyte reaction (MLR) assay, we found that A42PD1 can enhance the antigen presentation ability of V32 cells
to stimulate naive T cell response via TLR4, which was further shown with responses against pp65 antigen of hu-
man cytomegalovirus (CMV) and tetanus toxin (TT). The interaction between A42PD1*V32 cells and TLR4*CD4™"
T cells was observed through confocal microscopy. Furthermore, we found that TLR4 was primarily expressed by
PD-1"T cell subset with CD45RATCD45RO™" phenotype that can respond to A42PD17V32 cells. Taken together,
our data demonstrated an unrecognized immune pathway specific for the activation of a memory T cell subset
by V82 cells augmented by A42PD1-TLR4.

RESULTS
A42PD1 Is Co-expressed with MHC Class Il on V32 Cells

Our previous data showed that various virus infections can induce A42PD1 expression on V32 cells (Cheung
etal., 2017). To further characterize the requirement for the upregulation of A42PD1 expression, a panel of
cytokines was used to determine if direct treatment of purified v3-T cells can induce A42PD1 expression.
IFN-B, IFN-vy, IL-2, IL-10, IL-12, IL-15, IL-18, IL-12/IL-15, and IL-12/IL-18 were used for 5 days of stimulation.
By flow cytometry, the highest significant A42PD1 upregulation was found for IL-12/IL-15 and IL-12/IL-18
(Figure 1A). The induction of activation marker CD69 expression by IL-12/IL-15 was found greater than
IL-12/IL-18 (Figure S1). Next, we examined if V32 cells upregulated MHC class Il (HLA-DR) following cyto-
kine stimulation. IL-2, IL-12, IL-12/IL-15, and IL-12/IL-18 upregulated the HLA-DR significantly, where IL-12/
IL-15 appears to have the highest level of induction on CD3"V32" cells and greater than IL-12/IL-18 (Fig-
ure 1B). Moreover, IL-12/IL-15 stimulated the largest proportion of cells co-expressing A42PD1 and
HLA-DR (Figures 1C and 1D). Therefore, IL-12/IL-15 appears to be the best cytokine combination in acti-
vating A42PD1%V32 cells with potential upregulated MHC-Il molecules for antigen presentation. Moreover,
IL-12/IL-15 did not significantly alter the ratio of V31/V32 cells (Figure S2). In addition, under viral infections
of PBMCs, V32 cells upregulated HLA-DR expression at 3 days post infection (P.l.) by each of the viruses,
where A42PD1 was exclusively expressed on HLA-DR™ cells with statistical significance (Figures 1E and
S3). CMV infection is known to induce an increased proportion of V31" subset in transplant recipients
over time (Pitard et al., 2008; Dechanet et al., 1999). Therefore, we sought to see if in vitro CMV infection
of PBMCs in 3 days could induce V31 cells, but no significant changes in either the proportion of V31/V82
cells or A42PD1 expression on V31 cells were found (Figures S4A-S4C).

A42PD1 Augments v3-T Cells Stimulation of CD4* T Cells

To determine whether A42PD1" V32 cells can enhance T cell activation, we performed a proof-of-concept
MLR experiment. PBMCs from one healthy human donor served as stimulator treated with y-irradiation and
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Figure 1. A42PD1 and HLA-DR Expression on Cytokine-Stimulated CD3*V32* Cells

Purified y3-T cells from healthy PBMCs were isolated and stimulated with different cytokines for 5 days and analyzed for
the expression of (A) A42PD1, (B) HLA-DR, and (C) co-expression of A42PD1/HLA-DR by flow cytometry (n > 8). (D)
Representative flow cytometry dot plots of A42PD1/HLA-DR co-expression on CD3*V32" cells, or as column graphs are
shown (n = 4) (E). Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1-54.

then were co-cultured with PBMCs from an allogeneic donor to measure CFSE-labeled cell proliferation
(effectors). To test the specific relevance of A42PD1, donor cells were pre-treated with anti-A42PD1
(CH101), or effector cells were treated with anti-TLR4 blocking antibody, or relevant isotype antibodies.
Effector PBMCs depleted for y3-T cells, unstimulated cells (negative control) or PHA/IL-2-stimulated cells
(positive control) were used for comparison. After 5 days, ~20% of effector cells showed proliferation in the
isotype antibody group (Figures 2A and 2B). Interestingly, effector PBMCs with v3-T cells depleted had
proliferation 2-fold less than intact PBMCs. Blocking of TLR4 or A42PD1 halved the proliferative response
significantly, whereas Transwell setup abrogated the response (Figures 2A and 2B). Therefore, these results
suggest that y3-T cells and A42PD1-TLR4 play a role in stimulating T cell response. To verify if A42PD1 can
be induced on V32, effector purified y3-T cells of one donor were treated with irradiated allogeneic donor
PBMCs for 1 and 5 days. An increased level of A42PD1 that co-expressed with HLA-DR and CD83 was found
on a small proportion of cells (Figures SSA-S5C). However, by day 5 post treatment, the co-expression of
HLA-DR and CD83 molecules was no longer significant albeit increased A42PD1. Next, purified y3-T cells
treated with irradiated allogeneic PBMCs for 1 day were then co-cultured with autologous purified CFSE-
labeled naive CD4" as the effector cells. As a result, an elevated level of CD4 T cell proliferation was
observed (~15%), which was subdued by around half in the presence of blocking antibody against
A42PD1 or TLR4 (Figure 2C).

To further show the relevance of A42PD1-TLR4 in CD4" T cell stimulation, a proliferation experiment was
performed in the absence of antigen. v3-T cells stimulated with IL-12/IL-15 for 5 days were co-cultured with
autologous CFSE-labeled CD4" T cells for another 5 days to assess proliferation. As shown in Figure 2D, IL-
12/IL-15 treatment of v3-T cells could stimulate on average 12% of CD4" T cells to proliferate and the effect
was inhibited by anti-A42PD1. Unstimulated DC or y3-T cells had no effect on CD4" T cells. These data
demonstrate that y3-T cells could stimulate CD4" T cell responses to a certain degree mediated by
A42PD1 without antigen.

CMV is a ubiquitous beta-herpesvirus that induces “memory inflation” in the human population for
increased antigen-specific T cells (Klenerman and Oxenius, 2016); we made use of this fact to test the rele-
vance of A42PD1-TLR4 in stimulating CMV-specific T cell responses. PBMCs were first stimulated with
CMV antigen ppé5 (gB; viral phosphoprotein encoded by UL83) peptide pool/IL-2 for one week to expand
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Figure 2. A42PD1-TLR4 Augments CD4" T Cell Stimulation by v3-T Cells

Mixed leukocyte reaction assay between allogeneic PBMCs was performed in the presence of isotype, anti-A42PD1, anti-
TLR4 antibodies or depleted for v3-T cells (n = 4). For non-specific antigen stimulation, y3-T cells were stimulated with
y-irradiated PBMC from an allogeneic donor at a 1:10 ratio, or co-cultured with autologous CFSE-labeled total CD4" cells
at a ratio of 1:1 for 5 days, in the presence of isotype, anti-A42PD1, anti-TLR4 antibodies. Transwell was used to separate
y-irradiated PBMC-stimulated y3-T cells and effector cells. Proliferation was measured by flow cytometry based on CFSE
signals.

(A and B) (A) Representative CFSE proliferation flow cytometric histograms (numbers indicate percentages), or as (B)
column graphs are shown (n = 4).

(C) MLR with CFSE-labeled CD4" T cell proliferation (n > 4).

(D) CFSE proliferation of autologous CD4™ T cell proliferation induced by IL-12/IL-15-stimulated y3-T cells (n = 7).

(E and F) (E) v3-T cells were isolated from CMV-infected PBMCs at day 3 P.I. before being co-cultured (1:5) with pp65
peptide-stimulated autologous T cells to assess intracellular IFN-y (n = 5), where (F) shows representative overlaid
histograms. Neg, unstimulated effector cells; Pos for (A)—(D), PHA/IL-2 stimulation; Pos for (E) PMA/ionomycin. Data
represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S5 and Sé.

ppé5-specific T cells similar to previous studies (Brandes et al., 2009; Rauser et al., 2004). Then, autologous
vd-T cells isolated from CMV-infected PBMCs were used to activate pp65-specific T cells by co-culture (1:5).
By flow cytometry analysis, up to 10% of CD4" T cells were found to produce IFN-y (Figure 2E). These ef-
fects, however, were significantly reduced when anti-A42PD1 or anti-TLR4 blocking antibodies were used
(Figures 2E and 2F). In addition, to remove the possibility that media containing fetal bovine serum (FBS)
components could lead to background cell activation, we performed proliferation and IFN-y experiments
using AIM-V serum-free media, and the same trend of results was observed (Figure S6). Taken together, the
data so far indicate that CD3"V32" cells are capable of antigen presentation and antigen-specific CD4™"
T cell activation, which is enhanced upon A42PD1-TLR4 interaction.

A42PD1"HLA-DR" V32 Cells Interact with Antigen-Specific TLR4*CD4 T Cells

Next, we sought to verify that A42PD1-TLR4 can interact between V32 cells and antigen-specific CD4 T cells
using confocal microscopy. pp65-Specific CD4" T cells were used to co-culture with autologous IL-12/IL-15
stimulated and pp65-pulsed v3-T cells or untreated y3-T cells for ~18 h before being analyzed. First, we
found that the expression of A42PD1, v3-TCR, and HLA-DR were co-localized on IL-12/IL-15-stimulated
v3-T cells (Figure S7A). Second, ppé5-activated CD4" T cells expressed surface TLR4 and HLA-DR
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(Figure S7B). Note that V32 cells also expresses TLR4 (Figure S7C). Third, co-culture of pp65-specific CD4"
T cells with unstimulated v3-T cells resulted in no clustering of cells and minimal detection of A42PD1
expression (Figure 3A). In contrast, ppé5-specific CD4™ T cells formed cell clusters with IL-12/IL-15-stimu-
lated A42PD1"HLA-DR" v3-T cells, where A42PD1 and TLR4 appear to be in close proximity (Figure 3B).
Fourth, further analysis confirmed that expressions of A42PD1 and HLA-DR were co-localized on stimulated
V32 cells but not on unstimulated cells (Figure 3C). Fifth, examining the expression profiles of A42PD1,
HLA-DR, and TLR4 across multiple cell-cell interfaces suggests close interactions between these proteins
on A42PD1*HLA-DR*V32 and TLR4"CD4" T cells (Figure 3D; Videos S1 and S2). Sixth, z-stack analysis
showed that A42PD1"HLA-DR"V32 and TLR4"CD4" T cells are interacting inside the cell clusters when
examined orthogonally at the XZ and XY axes (Figure 3E; crosshairs). Lastly, Imaris software was
used to construct a 3D model to better demonstrate the interaction between A42PD1"HLA-DR*V32 and
TLR4A*CDA" T cells at the cell-cell interface (Figure 3F; Video S3).

PD-1*CD4* T Cells Exhibit High Expression of TLR4

Previous studies have reported the role of TLR4 signaling in T cell response (Gonzélez-Navajas et al., 2010;
Reynolds et al., 2012; Tripathy et al., 2017; Zanin-Zhorov and Cohen, 2013; Zanin-Zhorov et al., 2007). TLR4-
adjuvants such as monophosphoryl lipid A (MPLA) and LPS appear to act on and induce greater OVA-spe-
cific T cell clonal expansion in mice compared with OVA alone, suggesting that TLR4 signaling could
augment T cell response (Mata-Haro et al., 2007; Gandhapudi et al., 2013). From the above data, we
showed a contributing role of A42PD1-TLR4 in activating CD4" T cell responses. To further investigate
this, it is necessary to confirm that CD4" T cells do express surface TLR4. By flow cytometry, we measured
TLR4 expression among healthy door PBMCs (n = 25) and found that a subset of ~5% of purified total CD4"
T cells are TLR4™, which are majorly found on the PD-1" subpopulation when compared with PD-1" (Figures
4A and 4B). By western blotting, we confirmed the expression of TLR4 protein in purified CD4" T cells
compared with positive control cell lines transiently (293T-TLR4) or stably expressing TLR4 (HEKBlue-
hTLR4) (Figure 4C). Upon activation by anti-CD2/anti-CD3/anti-CD28 antibodies (referred to as anti-
CD2/3/28 hereafter) on purified CD4" T cells for 5 days, higher proportion of TLR4" cells were found on
PD-1" cells compared with PD-1" cells (Figures 4D and 4E). An increase in TLR4 protein expression was
also detected by western blotting from day 3 activated CD4" T cells isolated from three independent do-
nors (Figure 4F). Furthermore, western blotting of FACSorted TLR4" cells following activation showed
higher TLR4 protein detection than TLR4™ cells (Figures 4G and 4F). MOLT4 cell line showed a lower level
of TLR4 compared with stably expressing HEKBlue-hTLR4 cells (Figures 4G, 4H, and S8A). To understand
the detection of TLR4 in both sorted TLR4" and TLR4" cell subpopulations, intracellular flow cytometry anal-
ysis showed an increased detection of TLR4 expression compared with surface staining (Figure S8B). In
addition, confocal microscopy also showed an increase in cytoplasmic TLR4 in stimulated CD4" T cells (Fig-
ure S8C). These results confirmed that TLR4 is indeed expressed by CD4™ T cells following activation.

CD45RA*CD45RO*PD-1" CD4™ T Cells Highly Express Surface TLR4 and Respond to
A42PD1*V32 Cells

To identify the CD4" T cell subset expressing PD-1 and TLR4, we performed flow cytometry using addi-
tional markers CD45RA and CD45RO. Total CD4" T cells isolated from healthy donors were unstimulated
(media) or stimulated with IL-2, PHA/IL-2, or anti-CD2/3/28 antibodies for 3 days. By flow cytometry, the
proportion of CD45RO"CD45RA™ subset of CD4" T cells increased up to ~13% with stimulation compared
with ~4% in the media control (Figures 5A and S9). The CD45RO~CD45RA" naive CD4" T cell subset re-
mained at around 40%, whereas CD45RO"CD45RA™ cells appear to have slightly decreased upon PHA/
IL-2 or anti-CD2/3/28 stimulation and the CD45RO"CD45RA" subset increased modestly (Figures 5A
and S9). Moreover, TLR4 was found majorly expressed on the CD45RO"CD45RAPD-1" cells compared
with their PD-1" counterparts or other subsets (Figures 5B and S10). In addition, CD45RO*CD45RA"
CCR7-positive but not CCR7-negative cells harbored TLR4 expression (Figure S11).

To demonstrate that CD45RO"CD45RA'PD-1" CD4" T cells with antigen-specificity can respond to
A42PD17V32 cells, we performed co-culture experiment using tetanus toxin protein fragment C (TT) as
the antigen (Corinti et al., 1999). Purified v3-T cells were activated with IL-12/IL-15, with or without y-irra-
diated Raji B cells, or with IPP/IL-2, followed by incubation with no antigen or with TT. However, IPP/IL-2 did
not induce A42PD1 and HLA-DR co-expression on V32 cells (Figure S12A). Raji cells served as feeder cells
during the antigen presentation process of V32 cells to better upregulate co-stimulatory molecules CD40,
CD80, CD86 (Brandes et al., 2003, 2005). Autologous total CD4" T cells were co-cultured with these
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Figure 3. A42PD1-TLR4 Interaction between V32 and CD4* T Cells

pp65-Specific CD4™ T cells were used to co-culture with autologous IL-12/IL-15 stimulated and ppé5-pulsed v3-T cells or
untreated (Unt) y3-T cells for around 18 h, before being fixed and immunostained for A42PD1 (white), TLR4 (green), HLA-
DR (red), and DAPI (blue). Co-culture of pp65-specific CD4™ T cells with (A) unstimulated y3-T cells or (B) with IL-12/IL-15
stimulated and pp65-pulsed y3-T cells. Pink and blue arrows point to A42PD1"HLA-DR* and TLR4" cells, respectively.
Pixel size = 120.2 nm.

(C) Representative images showing colocalization of A42PD1 and HLA-DR expression signals on Unt (n = 65) and pp65-
pulsed y3-T cells (n = 96) were analyzed, for the overlap and Manders’ coefficient values shown in the graph.

(D) Representative images showing the interaction between pp65-specific CD4" T cell and pp65-pulsed y3-T cells
analyzed by the signal values for A42PD1, MHC-II, and TLR4 along the yellow line transecting from bottom left to top right
equivalent to left to right in the histogram. Values are indicated by the histogram of n = 32 cell-cell pairs at ten pixels
before and after interface between the cells set at x = 0.

(E) Orthogonal views over XY, XZ, and YZ axes of a z-stack of 78 images at 0.29 um thickness each. Image at stack 72 is
shown for the interaction between pp65-specific CD4" T cell and pp65-pulsed v3-T cells. Pixel size = 80.2 nm.

(F) Imaris analysis on a maximum projection of a z-stack of 25 images each with a thickness of 0.506 um (top) to generate
the 3D model (bottom). Pixel size = 112 nm. The rightmost image is a flipped version of the middle image to indicate
interactions at two different angles. White bar represents a scale of 10 um. Representative images from three
independent experiments are shown. Data in the graphs represent mean + SEM. ***p < 0.001.

See also Figure S7, Videos S1, S2, and, S3.
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Figure 4. TLR4 Is Expressed on CD4" T Cells

PBMC samples were analyzed by flow cytometry for surface TLR4 expression on PD-1% or PD-1" CD4" T cells.

(A and B) (A) Representative flow cytometry analysis plots on unstimulated PBMCs from n = 21 independent donor
samples (B).

(C) ECL western blotting detection of TLR4 protein from freshly PBMC-isolated CD4" T cells, stable expression cell line
HEKBlue-hTLR4, and transiently expressed TLR4 on 293T cells.

Purified total CD4" T cells stimulated with anti-CD2/3/28 antibodies were analyzed for TLR4 expression with
representative plots shown (D) or as a graph for n = 3 independent donors (E), confirmed by ECL western blotting (F).
(G) Detection of TLR4 and B-actin in FACSorted TLR4" and TLR4" cells after anti-CD2/3/28 activation by Fluorescent
western blotting compared with unsorted, unstimulated media control, and control cell lines. Representative blot from
one of three donors shown. Ladder markers for (C) and (F) are indicated on the side. (H) Normalized band density
(normalizing band density of TLR4 to that of B-actin) was calculated and compared. Column graph data represent mean +
SEM. *p < 0.05, ***p < 0.001.

See also Figure S8.

stimulated v3-T cells for 24 h and assessed for intracellular IFN-y expression in the CD45RO*CD45RA*PD-
1" subset (Figure S12B). Without antigen, stimulated y3-T cells modestly activated CD45RO*CD45RA"PD-
1% cells similar to the results in Figure 3. TT alone had little effects in stimulating CD4" T cells in the
two donors we tested, whereas IL-12/IL-15-treated cells pulsed with TT stimulated ~10% of IFN-y*
CD45RO"CD45RA'PD-1" cells. In the presence of Raiji cells, the level of stimulated cells increased to
~17%, indicating that the feeder cells increased the effectiveness as reported previously (Himoudi et al.,
2012) (Figure S12B). In comparison, IPP/IL-2-stimulated v3-T cells with TT was relatively less capable in
the induction of IFN-y" CD45RO"CD45RA*PD-1* cells. Consistently, the addition of antibodies
against A42PD1-TLR4 pathway appears to inhibit stimulated y3-T cells in the activation of
CD45RO*CD45RAPD-1" cells (Figure S12B).

Next, we performed similar experiments using another antigen, CMV pp65 (Figures 5C and S13). y3-T cells

treated with IL-12/IL-15/Raji cells and pulsed with pp65 protein were used to stimulate ppé5-specific T cells
in a co-culture experiment. As expected, CD4"CD45RO"CD45RA*PD-1" cells showed increased IFN-y
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Figure 5. Preferential Response of TLR4*PD-1"CD45RO*CD45RA™ T Cell Subset to Activation by A42PD1%V52
cells

(A) PBMCs stimulated for 3 days with IL-2, PHA/IL-2, anti-CD2/3/28 antibodies, or left in media, were analyzed by flow
cytometry for the frequencies of CD45RO/CD45RA subsets of CD4™ T cell (n > 6).

(B) TLR4 expression assessed on PD-1" or PD-1" subsets of CD45RO/CD45RA CD4" T cells (n = 6).

(C) Intracellular IFN-y response of CD45RO*CD45RA™CD3*CD4" T cells stimulated by y3-T cells treated with IL-12/IL-15/
Raji with or without pp65, in the presence of isotype, anti-A42PD1, anti-HLA-DR, or anti-PD-L1 antibody. CD4" T cells
treated with PMA/ionomycin (Pos) or media (Neg) served as controls. Four independent experiments were performed.
Data represent mean + SEM. *p < 0.05, **p < 0.01.

See also Figures S9-513.

production (Figure 5C), which was significantly and consistently decreased when antibodies against
A42PD1 or HLA-DR were used. CD45RO*CD45RA™ or CD45ROCD45RA™ IFN-y response was not
affected by blocking A42PD1-TLR4 (Figures S13B and S13C). Interestingly, no increase in IFN-y response
was found when anti-PD-L1 antibody was used, suggesting that CD4"CD45RO*CD45RA™PD-1" cells
may not be “exhausted” or that the PD-1/PD-L1 pathway may not play a role in the context of
A42PD17V32 cells antigen presentation and stimulation of CD45RO*CD45RA™PD-1" cells. Without pp65
protein added or IL-12/IL-15/Raji stimulation, y3-T cells were inefficient in triggering IFN-y response
from CD45RO*CD45RAPD-1" cells. Overall, the data demonstrate that A42PD17V32 cells can activate
the specific TLR4"PD-1" CD45RO*CD45RA™CD4" T cells.

DISCUSSION

In this study, we describe for the first time a mechanism for A42PD1 in augmenting the activation of a subset
of T cells through TLR4 signaling upon stimulation by V32 cells. Our data first defined the PD-1" subset of
CD45RO*CD45RA" CD4"' T cells expressing high level of TLR4, which are responsive to the activation by
A42PD1*V32 cells in an antigen-dependent manner. Blocking of the A42PD1-TLR4 pathway in this context
significantly reduced CD45RO"CD45RA" CD4™ T cell IFN-y responses. Therefore, A42PD1-TLR4 is likely an
unrecognized co-activation signal that is unique to the TLR4"PD-1"CD45RO"CD45RA" CD4" T cells.

The influence of A42PD1 on cell-mediated immunity is dependent on the fact that both CD4" and CD8"
aB-T cells express TLR4 (Caramalho et al., 2003; Komai-Koma et al., 2004, 2009; Zanin-Zhorov et al.,
2007), where signaling through TLR4 in addition to antigen recognition could enhance T cell response (Car-
amalho et al., 2003; Reynolds et al., 2012). However, it has remained controversial as these previous studies
utilized soluble TLR agonists to determine their effect on T cells, which may not reflect the difference to
endogenous molecule(s). One recent study describing a computational approach defined TLR5 playing
a co-stimulatory role in conjunction to TCR for T cell responses (Rodriguez-Jorge et al., 2019), which sup-
ports the notion that TLR can influence T cell activation. In this regard, since A42PD1 is the first endogenous
surface protein found to interact with TLR4 (Cheung et al., 2017), it may have a unique niche function in
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stimulating T cell responses. First, we found that A42PD1*V32 cells could induce proliferation of T cells
through cell-cell interaction by A42PD1-TLR4 to augment T cell response (Figures 2, 3, and, S7). Second,
in the presence of antigen, co-culture experiments also showed similar results but proliferation and IFN-
y production were decreased when A42PD1-TLR4 pathway was inhibited (Figures 2 and 5). These data
confirmed not only that V32 cells do indeed engage in antigen presentation but also that A42PD1-TLR4
serves to provide an additional co-stimulatory signal to T cell activation, which may be exclusive to
TLR4-expressing T cells.

Post-activated CD4" T cells can express TLR4. Other studies have also suggested that activated and
memory T cells could increase TLR4 for the purpose of enhanced responses (Cairns et al., 2006). Our
data also confirmed that activation of T cells can lead to an increased level of TLR4 expression (Figures
4 and S8), but the subset of CD4" T cells that upregulated TLR4 needs to be identified. Therefore, by
analyzing the CD45RA, CD45RO, and PD-1 markers to delineate the naive and memory subsets of
CD4" T cells, we found that TLR4 is expressed on CD45RO*CD45RA™ subset of CD4" T cells that co-ex-
press PD-1 or CCR7 (Figures 5, S10, and S11). Upon T cell activation, CD45RA*CD45RO ™ naive T cells
acquire the CD45RA"CD45RO" phenotype, which would receive further signals to progress into acti-
vated memory T cells, which is regarded as an intermediate phase or transitional memory T cells, but
it could revert to naive cells if such signals are absent (Summers et al., 1994; Johannisson and Festin,
1995). Other studies have also identified this phenotype of memory T cells existing in the periphery
that appears to have greater activation potential (Summers et al., 1994; Picker et al., 1993; Johannisson
and Festin, 1995; Hamann et al., 1996; Baars et al., 1995). Therefore, it is possible that the expression of
TLR4 allows the T cells to receive such signals from endogenous A42PD1 to become activated memory
cells. However, in patients with chronic arthritis, the CD45RA*CD45RO" subset of T cells composed
28%-30% of peripheral T lymphocytes, which underlies the autoimmune nature in the joints. Coinciden-
tally, elevated levels of activated V32 cells were also found in these patients (Mo et al., 2017; Bank et al.,
2002). In contrast, HIV-1 gp120 exposed to CD4" T cells can induce the CD45RO*CD45RA" phenotype
and undergo apoptosis instead of forming the effector memory subset (Trushin et al., 2009), which may
be one mechanism for the loss of CD4" T cells in patients with HIV-1. Although A42PD1-TLR4 signaling
affects T cell activation and differentiation into a niche memory phenotype, it may also have a detri-
mental effect under autoimmune diseases condition (Jin et al., 2012).

Itis interesting that TLR4 was not found to be expressed on all CD45RO*CD45RA™ but mainly on the PD-1"
subset. Although PD-1 is well characterized for its function in the induction of T cell exhaustion, it is also
recognized as an activation marker and as part of the memory phenotype (Ahn et al., 2018; Simon and Lab-
arriere, 2017; Allie et al., 2011). Following activation, naive T cells could upregulate PD-1 within 1 day of an-
tigen stimulation, which is accompanied by the expression of IFN-y, granzyme B, and TNF-a by 2 days (Ahn
etal., 2018). However, these studies did not evaluate the expression of TLR4 and its association with the PD-
1" phenotype, which may be a critical step in further developing the cells into a memory phenotype or for a
rapid memory-to-effector response. In addition, our findings suggest that the PD-1"CD45RO*"CD45RA™
subset may not be functionally exhausted, as anti-PD-L1 treatment did not increase the IFN-y response
(Figure 5). Thus, future characterization of this particular subset of T cells should be performed in relation
to the requirement of TLR4 signaling for co-activating T cell function.

Taken together, this study demonstrated a unique cell-to-cell interacting protein couple that acts cohe-
sively in a specialized manner in T cell activation. It is intriguing that the development of activated memory
CDA4" T cells, or that the triggering of memory T cell response in the early stages of reinfection, may require
A42PD17V32 cells. Our findings of the contribution of A42PD1-TLR4 pathway in the context of CD4™ T cell
activation suggests the role of endogenous TLR4 signaling in these immunological events. The down-
stream signaling pathway in the activation of TLR4" PD-1"CD45RO*CD45RA*CD4™ transitional memory
T cells to progress into the activated memory phenotype remains to be elucidated.

Limitations of Study

Although we have demonstrated that the A42PD1-TLR4 pathway contributes to the activation of TLR4*PD-
1"CD45RO*CD45RA™CD4" transitional memory T cells, the consequence of the downstream signaling
events leading to phenotypic changes should be investigated. Also, the limit of the number of naturally
occurring CD45RO"CD45RA*CD4™ T cells for studying how A42PD17V32 cells or other APCs can influence
them ex vivo should also be addressed with a more robust model.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Allen Ka Loon Cheung (akcheung@hkbu.edu.hk).
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This study did not generate new unique reagents.

Data and Code Availability
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All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. CD69 expression on CD3*V52* cells by cytokine induction, Related
to Figure 1. Purified y3-T cells from healthy PBMCs were isolated and stimulated with
different cytokines for 5 days and analyzed for expression of CD69 by flow cytometry.
Data from n=4 independent experiments are shown as mean+SEM. *P<0.05,
**P<0.01.
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Figure S2. Proportion of V61 and Vo2 cells following IL-12/IL-15 stimulation, Related to
Figure 1. vo-T cells freshly isolated from PBMCs, treated with IL-12 (4 ng/ml) and IL-15 (20
ng/ml) or left in media for 5 days, were subjected to flow cytometry analysis for V61 and V62
subsets following CD3-gating. (A) Representive dot plots. (B) Column graph of n=4
independent experiments showing mean+=SEM. *P<0.05, ***P<0.001.
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Figure S3. Viral infection induces A42PD1 and MHC-II co-expression on V52" cells,
Related to Figure 1. Flow cytometric analysis of the expression of A42PD1 and HLA-DR

on CD3*V&2" cells after virus infection of PBMCs at day 3 P.I. shown as representative
dot plots.
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Figure S4. CMV infection of PBMCs did not induce V51 cells, Related to Figure 1. PBMCs were mock
or infected with CMV, and assessed by flow cytometry for Vo1 and V62 subsets and A42PD1 expression

among CD3" cells. (A) Representive dot plots showing gating strategy. (B) Graph of n=10 independent
experiments showing mean+SEM. **P<0.01, ***P<0.001.
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Figure S5. V52 cells respond to irradiated PBMCs by upregulating A42PD1, HLA-DR and CD83,
Related to Figure 2. Purified yo-T cells were stimulated with allogeneic irradiated PBMCs and performed
flow cytometry analysis gated on CD3"V82* cells for (A) A42PD1, (B) HLA-DR, and (C) CD83 expression.

(B, C) were analyzed on A42PD1" and A42PD1" subsets. Data represents mean+SEM from 4 independent
experiments. *P<0.05.
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Figure S6. A42PD1-TLR4 plays a role in the stimulation of autologous CD4" T cells, Related to
Figure 2. y5-T cells were isolated from PBMCs and stimulated with IL-12/IL-15 for 5 days before total
CD4+ T cells were used for co-culture at a ratio of 1:1 using AIM-V serum-free media and assessed by
intracellular IFN-y detection (n=4) (A, B) and CFSE proliferation assays (n=3) (C, D). (A) Representative
dot plots and gating strategies to detect IFN-y and displayed as a column graph (B). (D) Representative
CFSE proliferation histograms or as a column graph (C). Data shows mean+=SEM. *<0.05.



A42PD1

Figure S7. Analysis of A42PD1, MHC-Il and TLR4 expression on y3-T cells and CD4" T cells with
confocal microscopy, Related to Figure 3. (A) Purified yo-T cells were treated with IL-12/IL-15 cytokines
for 5 days before immunostained for yo-TCR, HLA-DR and A42PD1 with nuclear stain DAPI. Magnification
at 630X. (B) pp65-specific CD4" T cells were immunostained with antibodies against TLR4, HLA-DR and
A42PD1, then fixed and permeabilized for DAPI staining before spotted onto glass microscope slides for
image acquisition. Inset was magnified to the bottom right panel. (C) Co-culture of pp65-pulsed V&2 cells
with pp65-specific TLR4*CD4" T cells showing cell cluster and interactions. Representative images from
three independent experiments are shown. White bar represents a scale of 10 um.
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Figure S8. Confirmation of TLR4 expression in CD4" T cells, Related to Figure 4. Total CD4" T cells were
unactivated or stimulated with anti-CD2/3/28 antibodies for 3 days for 3 independent donors. The stimulated cells
were subjected to FACSorting for surface expressed TLR4" and TLR4" subpopulations and further assessed. (A)
Western blotting analysis of CD4" T cells with MOLT4 and HEKBIue-hTLR4 controls for two independent donors. The
donor 1 blot is shown in Figure 4. (B) Surface and intracellular flow cytometry to detect TLR4 following FACSorting.
TLR4" sorted cells showed higher TLR4 expression compared to TLR4™ cells. (C) Confocal microscopy to assess
TLR4 expression on unstimulated or anti-CD2/3/28 treated cells under two experimental protocols of immunostaining
with antibodies before or after fix/perm procedure. Increase in surface and cytoplasmic TLR4 expression can be
observed. Cells representative of 3 independent donors and from at least 6 images from each treatment are shown.

White bar represents a scale of 5 um.
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Figure S9. Gating and analysis of unstimulated and stimulated CD4" T cells that co-expresses
CD45R0O and CD45RA, Related to Figure 5. PBMCs were left in media or stimulated with IL-2, PHA/
IL-2, or anti-CD2/3/28 antibodies for 3 days before analyzed by flow cytometry.
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Figure S$10. Gating and analysis of TLR4 expression on CD4* T cell subsets, Related to Figure 5. PBMCs were
treated with media or anti-CD2/3/28 antibodies for 3 days before assessed for TLR4 expression on different CD45RA,
CD45R0O and PD-1 subsets by flow cytometry. Representative dot plots, and histogram plotting %max vs TLR4
expression are shown.
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Figure S11. Analysis of TLR4 expression on CCR7*"* CD4* T cell subsets,
Related to Figure 5. PBMCs treated with media or anti-CD2/3/28 antibodies for

3 or 6 days before assessed for TLR4 expression on CD45RA*CD45R0O* and

CCR7*" subsets by flow cytometry. Graph of data representing mean+SEM from
6 independent experiments. *P<0.05, ***P<0.01, **P<0.001.
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Figure S12. Gating and analysis for TT co-culture experiments, Related to Figure 5. Purified CD4" T cells were pulsed
with TT C-fragment in the presence of irradiated PBMCs to induce TT-specific CD4" T cells and then total CD4" T cells was
isolated and co-cultured with unstimulated, IL-12/IL-15- or IPP/IL-2 stimulated and/or TT-pulsed yd-T cells in the presence or
absence of Raji feeder cells. Blocking antibodies anti-A42PD1 and anti-HLA-DR were used. CD4 only, negative control; CD4
treated with PMA/ionomycin, positive control. Flow cytometry was used to assess intracellular IFN-y expression in CD45RO
and CD45RA subsets. (A) IPP/IL-2 was unable to induce A42PD1/HLA-DR expression. (B) Representative dot plots showing

the gating strategy. Mean of two donor samples are plotted as a column graph.
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Figure S13. Representative gating and analysis for pp65/gB co-culture experiments, Related to
Figure 5. pp65 peptide mix was used to treat PBMCs before CD4* T cells was isolated and co-cultured
with IL-12/IL-15 stimulated and pp65-pulsed purified y&-T cells in the presence of Raji feeder cells.
Blocking antibodies anti-A42PD1, anti-HLA-DR and anti-PD-L1 were used. CD4 only, negative control;
CD4 treated with PMA/ionomycin, positive control. Flow cytometry was used to assess intracellular IFN-y
expression in CD45R0O and CD45RA subsets. Other treatments were analyzed in the same manner. (A)
Representative dot plots showing the gating strategy. (B,C) Analysis of the responses of the
CD45RA*CD45R0O™ and CD45RA'CD45R0O" subsets. Pos, PMA/ionomycin. Neg, CD4 cells only. Data
plotted as column graphs and represent mean+SEM from 4 independent experiments.



Supplemental Videos (Video S1 to S3 are provided as separate files)

Video S1. Z-stack of pp65-y5-T cells co-cultured with pp65-specific TLR4*CD4" T cells,
Related to Figure 3. 78 images at 0.29 um thickness each are presented as a video to show the
interaction between pp65-specific CD4" T cell and pp65-pulsed yé-T cells. Pixel size = 80.2
nm. Green = TLR4, Red = HLA-DR, White = A42PD1, Blue = DAPI.

Video S2. Z-stack of pp65-y5-T cells co-cultured with pp65-specific TLR4*CD4" T cells,
Related to Figure 3. 78 images at 0.29 um thickness each are presented as a video to show the
interaction between pp65-specific CD4" T cell and pp65-pulsed y5-T cells at their individual
channels. Pixel size = 80.2 nm. Green = TLR4, Red = HLA-DR, White = A42PD1, Blue =
DAPI.

Video S3. Imaris analyzed representation of the interaction between pp65-y5-T cells and
pp65-specific TLR4*CD4* T cells, Related to Figure 3. 25 images each with a thickness of
0.506 um were used to generate the 3D model. Pixel size = 112 nm. Green = TLR4, Red =
HLA-DR, White = A42PD1, Blue = DAPIL.

Transparent Methods

Cells isolation

Fresh peripheral blood mononuclear cells (PBMCs) were generated following gradient
centrifugation using Ficoll-Paque (GE Healthcare) of healthy human blood donor buffy coats.
Use of buffy coats received ethics approval from Institutional Review Board of the University
of Hong Kong/Hospital Authority Hong Kong West Cluster #UW13-476 and non-clinical
human research ethics HASC/17-18/0795 from Hong Kong Baptist University Research Ethics
Committee. Monocyte-derived dendritic cells (MoDCs) were generated by 7-day culture of
freshly purified CD14" cells from healthy human PBMCs using positive selection CD14
microbeads (>95% purity; Miltenyi Biotec) in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS; GIBCO), 2 mM L-glutamine (GIBCO), 100 U/ml penicillin /100
pg/ml streptomycin (GIBCO), 10 mM HEPES (GIBCO), 2 mM B-mercaptoethanol (GIBCO),
50 ng/ml each of recombinant human GM-CSF and IL-4 (Miltenyi Biotec). 50% media change
occurred every 3 days. y5-T cells were isolated from fresh PBMCs using y3-T cell isolation kit

>95% purity, Miltenyi Biotec) by negative selection to avoid unnecessary activation.
purity y Yy neg ry



Proportion of V81/V82 cells were assessed by flow cytometry. Total CD4" T cells or naive
CD4" T cells were purified from frozen or fresh PBMCs using respective microbeads by

negative selection (>95% purity, Miltenyi Biotec).

Cytokine and phosphoantigen activation of yo-T cells

Purified y3-T cells were treated with the following cytokines: IFN-B (0.2 pg/ml, PeproTech),
IFN-y (20 ng/ml, PeproTech) or, IL-2 (40 U/ml, R&D Systems), IL-10 (20 ng/ml, PeproTech),
IL-12 (4 ng/ml, Miltenyi Biotec), IL-15 (20 ng/ml, Miltenyi Biotec), IL-18 (20 ng/ml, R&D
Systems), IL-12/IL-15 and IL-12/IL-18. Isopentenyl pyrophosphate (IPP; Sigma-Aldrich) at
50 uM was used for activation. At least 2 x 10 cells were used per well in a 96-well plate with

0.2 ml volume. After 5 days of treatment, cells were assessed by flow cytometry.

CD4" T cell activation

Purified CD4" T cells were activated by phytohaemagglutinin (PHA, 5 ug/ml, Sigma-Aldrich)
plus IL-2 (40 U/ml, R&D Systems), or phorbol 12-myristate-13-acetate (PMA, 400 ng/mL,
Sigma-Aldrich) plus ionomycin (1000 ng/mL, Sigma-Aldrich) or anti-CD2/3/28 antibodies
(Human T Cell Activation/Expansion Kit, Miltenyi Biotec), serving as a treatment for CD4 T

cells or a positive control for co-culture experiments.

Viruses

Human cytomegalovirus strain AD169 (CMV) was propagated in MRC-5 cells (ATCC) and
cell-free virus was prepared to infect cells at a multiplicity of infection (MOI)=0.1 for 3 h at 1
x 10° cells per ml RPMI 1640/10% FBS as described previously (Cheung et al., 2006). HIV-1

NL4-3 (HIV-1) or pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) was



prepared and used for infection as previously described (Kang et al., 2012). Flow cytometry

was performed to assess HLA-DR and A42PD1 expression (see below).

Western blotting

Cells were lysed with a denaturing lysis buffer (10 mM Tris-HCL (pH 7.5), 200 mM NacCl, 1
mM EDTA, | mM DTT, 0.5% NP-40, 1 mM PMSF, 10 ug/ml aprotinin, 10 pg/ml leupeptin,
1.25 pg/ml pepstatin A). For western blotting, protein samples (50 pg) were boiled for 5 min
before loaded onto 4-12% SDS-PAGE gel for electrophoresis and transferred to PVDF
membrane (Millipore) using a Mini Trans-Blot® Wet/Tank Blotting Systems (Bio-Rad).
Membrane was blocked using PBS-T with 0.5% bovine serum albumin (BSA) and 5%
Blotting-Grade Blocker (Bio-Rad) for 1 h, before incubated with primary antibodies against
TLR4 (clone 25, Santa Cruz) or B-actin (clone AC-15, Abcam) for 8-16 h. For ECL Western
blotting, the blot was incubated with HRP-conjugated secondary antibodies anti-mouse IgG
HRP and anti-rabbit IgG HRP (GE Healthcare), and the blot was later developed using
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) for TLR4,
and Pierce™ ECL Western Blotting Substrate was used for developing B-actin signal, captured

by Amersham Hyperfilm ECL (GE Healthcare).

Antibodies for flow cytometry

For flow cytometry, the following antibodies against human surface proteins were used: anti-
CD3 Pacific Blue (PB; clone UCHT1, BD Biosciences #558117), anti-CD3 PE (clone HIT3a,
Biolegend), anti-V31 FITC (clone REA173, Miltenyi Biotec #130-100-532) and anti-Vd2 PE
(clone B6, BD Biosciences #555739), anti-CD4 PerCP-Cy5.5 (clone OKT4, Biolegend
#317428), anti-CD4 FITC (clone OKT4, Biolegend #317408), anti-CD4 V450 (clone RPA-

T4, BD Horizon #561838) anti-CD11c PE (clone 3.9, Biolegend #301606), anti-CD14



PerCP/Cy5.5 (eBioscience #45-0149-42), anti-CD45RA PE/Cy7 (clone HI100, Biolegend
#304126), anti-CD45RA APC (REA562, Miltenyi Biotec #130-113-362), anti-CD45RO FITC
(clone UCHL1, BD Science #555492), anti-CD45RO PE (clone UCHLI1, BD Pharmingen
#561889), anti-CCR7 PE (clone G043H7, Biolegend #353204), anti-CD69 APC/Cy7 (clone
FN50, Biolegend #310914), anti-CD83 (clone HB15e, BD Sciences #562631), anti-HLA-DR
PE/Cy7 (clone LN3, eBioscience #25-9956-42), anti-PD-1 PE (clone EH12.2H7, Biolegend
#329906), anti-PD-1 FITC (clone MIH4, BD Pharmingen #557860), and anti-TLR4 APC
(clone HTA125, eBiosciences #17-9917-42). These antibodies were used for intracellular
staining: anti-IFN-y AF700 (clone B27, Biolegend #506516), anti-IFN-y FITC (clone 4S.B3,
BD Biosciences #554551), and anti-IFN-y PE-Cy7 (clone 4S.B3, BD Pharmingen #560741).
Relevant matching isotype controls were used. A mouse monoclonal (m)Ab against A42PD1
(Clone CH101) was generated and used as we previously described (Cheng et al., 2015,

Cheung et al., 2017).

Analysis of TLR4 expression in FACSorted CD4" T cells

Primary CD4" T cells were purified from PBMCs by negative selection (Miltenyi Biotec kit)
and activated by anti-CD2/3/28 antibodies (Miltenyi Biotec) for 3 days. TLR4" and TLR4
subsets were sorted from anti-CD2/3/28 stimulated CD4" T cells using BD Aria III instrument.
MOLTH4 cells were used for negative control and HEKBlue-hTLR4 cells (Invivogen) served as
positive control. Total protein harvested from cell lysates were used for Western blotting assay
with primary antibodies against TLR4 and -actin and with secondary antibodies conjugated
to fluorescent dye (IRDye 680RD, LI-COR) for quantification purpose. Sapphire Biomolecular
Imager (Azure Biosystems) were used for fluorescent signal detection with intensity level at 5
for TLR4 and at 2 for B-actin control. Although MOLT4 cells was used as negative control but

still showed a weak signal, different from the data from the Human Protein Atlas website



(https://www.proteinatlas.org). Band intensities were measured using Imagel to calculate

normalized TLR4 signals against -actin.

Immunofluorescence confocal microscopy

Purified y3-T cells were seeded on p-plate 96-well black (#89626, ibidi) and treated with IL-
12 (4 ng/ml) together with IL-15 (20 ng/ml) for 5 days at 37°C with 5% CO., before cells were
fixed and immunostained with anti-y3-TCR (clone 5A6.E9 or clone y3.20, Thermo Fisher
Scientific), anti-V32 (clone 15D, Thermo Fisher Scientific), anti-HLA-DR3 (clone 1243,
Novus Biologicals #NB100-77855) and anti-A42PD1 (clone CH34) antibodies and analyzed
by Carl Zeiss LSM 700 confocal microscope.

Co-culture of y3-T cells and CD4 T cells were performed in the Nunc™ Lab-Tek™ 1T 8-well
chambered coverglass (#2734853, Thermo Fischer Scientific), before fixed and
immunostained using primary antibodies against HLA-DR3 (clone L243, Novus Biologicals),
A42PD1 (CH34), TLR4 (clone 25 or HTAI125, Santa Cruz), and appropriate secondary
antibodies conjugated with AlexaFluor 488, 568, or 647. All cells were mounted using
SlowFade Gold antifade reagent with DAPI (Invitrogen). Signals were acquired using Carl
Zeiss LSM700, LSM800 or Leica SP5 II confocal microscopes and images were analyzed

using ZEN (Blue), ZEN (Black), and ImageJ software (http://imagej.nih.gov/ij/) (Schneider et

al., 2012). Z-stacks between co-culture of yo-T cells and CD4" T cells were generated at a
thickness of 0.26 um. Cell-cell interactions and signals between A42PD1, HLA-DR, and TLR4
were performed on individual images of one Z-plane across a given line indicated in the image
in Figure 3D. Up to 32 cell-cell pairs were analyzed and the intensity values across a distance
of 20 pixels from -10 to 10, where the interacting point is set at 0, were used for means and
presented as a line graph. Co-localization coefficients for Overlap and Manders’ were

calculated using the JACoP plug-in in ImageJ after setting the appropriate threshold to remove



noise (Costes et al., 2004). Imaris software (v7.5.2, Oxford Instruments) was used to generate
3D models and animations based on the fluorescence Z-stack maximum projection images of
25 images at 0.506 um. Images were acquired using the 63X objective lens with numerical
aperture of 1.4, with immersion oil as the media. Images pixel sizes are indicated in the figure

legends.

Allogeneic MLR and proliferation assay

For each assay, freshly isolated PBMCs from two healthy buffy coat donors were used
accordingly (Muul et al., 2011). One served as effector cells and the other serve as stimulator
cells. Effector cells were labeled with CFSE (1 puM; Invitrogen). Stimulator cells were -
irradiated at 40 Gy before co-cultured with effector cells at 1:1 ratio for 5 days at 37°C with
5% COz. For some experiments, y3-T cells co-cultured (at 1:1 ratio) with autologous purified
naive or total CD4" T cells (isolated using negative isolation microbeads kit; Miltenyi Biotec)
served as effector cells, in the presence of y-irradiated PBMCs of an allogeneic donor as
stimulators. For CMV-specific response, y6-T cells purified from CMV-infected PBMCs day
3 P.I. were isolated by microbeads were used as stimulators. Positive control is PHA (5 pg/ml,
Sigma-Aldrich) plus IL-2 (40 U/ml, R&D Systems) treated CFSE-labeled PBMCs or T cells,
or left untreated as negative control. Anti-A42PD1 monoclonal antibody (CH101; 3 pg/ml),
anti-TLR4 polyclonal antibody (5 pg/ml; Invivogen) or relevant isotype control antibody was
used to pre-treat y5-T cells or effector PBMCs, respectively, for 30 min at 37°C with 5% CO>

before added to the co-culture as previous (Cheung et al., 2017).

Co-culture experiments
To generate CMV pp65 antigen-specific CD4" T cells, freshly isolated PBMCs were first

stimulated with PepTivator CMV pp65 (Miltenyi Biotec) according to manufacturer’s



instructions and expanded using similar methods as previously described (Brandes et al., 2005).
CMYV pp65 is also known as pULS83 or glycoprotein B (gB) protein. Briefly, after 3 days of
PepTivator CMV pp65 treatment (5 pl/ml), samples that developed colony expansion
monitored by light microscopy had 40 U/ml of recombinant human IL-2 (Peprotech) added to
the culture. Four days later, y-irradiated (40 Gy) autologous PBMCs were added at 1:5 ratio
and left for another 7 days, with 50% media change replenishing IL-2 every 3 days. To test
CMV specific T cell responses, v0-T cells were purified from CMV-infected PBMC culture at
day 3 P.I. by negative selection for co-culture with total CD4" T cells isolated from these pp65-
treated PBMCs for 24 h, and assessed for intracellular IFN-y.

To generate TT C-fragment antigen-specific CD4" T cells, similar methods were used as
previously described (Brandes et al., 2005). Purified total CD4" T cells (CD4 Isolation Kit,
Miltenyi Biotec) were pulsed with TT C-fragment (10 pg/ml, Santa Cruz) with adding y-
irradiated PBMCs (40 Gy, 1:100), starting from 1 x 10° CD4* T cells in 100 puL media
supplemented with IL-2 (50 U/ml) every three days for two weeks.

To investigate antigen-specific CD4" T cells response to A42PD17V32 cells, TT C-fragment
(1 pg/ml) or pp65/gB recombinant protein (1 pg/ml; Sino Biological) was used to pulse
activated y3-T cells for 24-36 h after stimulation with IPP (50 uM) and IL-2 (50 U/ml) or IL-
12 (4 ng/ml) and IL-15 (20 ng/ml) for 18 h; or to MoDCs that was matured with LPS (100
ng/ml) at the last 8 hours before y-irradiation. Irradiated TT antigen- or pp65- pulsed y5-T cells
or DCs were then co-cultured with respective TT- or pp65- specific CD4" T cells with ratio of
1:5 overnight and treated with Brefeldin A (10 pg/ml, Sigma) one hour after co-culture. Anti-
A42PD1 monoclonal antibody (CH101; 3 pg/ml) was used to pre-treat effector y3-T cells; anti-
TLR4 polyclonal antibody (5 pg/ml; Invivogen) or anti-PD-L1 (Nivolumab, 1 pg/ml,

MedChemExpress) were used for CD4" T cells. Relevant isotype control antibodies were used.



Pre-treatment occurred for 30 min at 37°C with 5% CO; before added to the co-culture. Cells
were harvested and assessed by flow cytometry for IFN-y expression.

For non-antigen associated co-culture experiments, yo-T cells were stimulated with IL-12 (4
ng/ml) and IL-15 (20 ng/ml) for 5 days before co-cultured with autologous negatively isolated
total CD4" T cells to assess CFSE proliferation or intracellular IFN-y expression by flow
cytometry. RPMI 1640/10% FBS or AIM-V media (#120550091, Thermo Fisher Scientific)
were used. Blocking antibodies against anti-A42PD1 were used to pre-treat y3-T cells or anti-

TLR4 used for CD4* T cells 30 min before co-culture.

Statistical analysis
All statistical analyses were performed using a paired two-tailed Student’s t-test or Mann-
Whitney U-test to calculate P values. P<0.05 were considered statistically significant. Data

were presented as mean+SEM of at least three independent experiments (n) unless indicated.
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