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CD1b-autoreactive T cells recognize phospholipid antigens and contribute to
antitumor immunity against a CD1b™ T cell lymphoma
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ABSTRACT

Adoptive immunotherapy for cancer treatment is an emerging field of study. Till now, several tumor-
derived, peptide-specific T cell responses have been harnessed for treating cancers. However, the
contribution of lipid-specific T cells in tumor immunity has been understudied. CD1 molecules, which
present self- and foreign lipid antigens to T cells, are divided into group 1 (CD1a, CD1b, and CD1c) and
group 2 (CD1d). Although the role of CD1d-restricted natural killer T cells (NKT) in several tumor models
has been well established, the contribution of group 1 CD1-restricted T cells in tumor immunity remains
obscure due to the lack of group 1 CD1 expression in mice. In this study, we used a double transgenic
mouse model expressing human group 1 CD1 molecules (hCD1Tg) and a CD1b-restricted, self-lipid
reactive T cell receptor (HJ1Tg) to study the potential role of group 1 CD1-restricted autoreactive T cells in
antitumor response. We found that HJ1 T cells recognized phospholipids and responded more potently to
lipid extracted from tumor cells than the equivalent amount of lipids extracted from normal cells.
Additionally, the autoreactivity of HJ1 T cells was enhanced upon treatment with various intracellular toll-
like receptor (TLR) agonists, including CpG oligodeoxynucleotides (ODN), R848, and poly (I:C). Interestingly,
the adoptive transfer of HJ1 T cells conferred protection against the CD1b-transfected murine T cell
lymphoma (RMA-S/CD1b) and CpG ODN enhanced the antitumor effect. Thus, this study, for the first time,
demonstrates the antitumor potential of CD1b-autoreactive T cells and their potential use in adoptive
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Introduction

The use of immunotherapy to treat cancer is emerging as a via-
ble treatment option. Several studies have demonstrated that the
presence of tumor antigen-specific cytotoxic CD8* T lympho-
cytes (CTL) is associated with better disease prognosis.”” The
secretion of IFNy and direct cytotoxicity largely mediate their
antitumor effects.' Over the years, unique/mutated proteins in
tumor cells have been identified that serve as neo-peptide anti-
gens for T cells.** In addition, lipid biosynthesis is altered in can-
cer cells, thus affecting the lipid species present.”” In fact, it has
been shown that tumors not only harbor structurally different
lipids compared to normal cells, but also, in several cases, accu-
mulate fatty acids, cholesterol, and phospholipid species.”” Thus,
it is plausible that self-lipid-reactive T cells could contribute to
antitumor immunity through either recognizing novel tumor lip-
ids or responding to accumulated self-lipids.

CD1 molecules present both self- and foreign lipid antigens to
T cells and are divided into group 1 and group 2 based on

sequence homology.*'® Group 1 CDI molecules consist of
CDla, CDI1b, and CDlc, whereas CD1d belongs to group 2.*°
Although humans express all CD1 isoforms, mice only express
CD1d."" Thus, it is not surprising that most of the knowledge
about the role of CDI-restricted T cells in tumor immunity
comes from the study of CD1d-restricted natural killer T (NKT)
cells. Type I NKT cells (also called invariant NKT cells) contrib-
ute mostly to antitumor immunity by exhibiting direct cytotoxic-
ity toward CD1d" tumors and/or by the production of IFNy,
which can subsequently activate NK cells, CTLs, and dendritic
cells (DCs)."*"* For example, in a xenograft tumor model, the
adoptive transfer of iNKT cells into mice harboring a CD1d-
expressing B cell lymphoblast (C1R) resulted in smaller tumor
size compared to iNKT cells transferred into mice with CD1d
negative CIR tumors.'”” However, a few studies also demon-
strated the inhibition of antitumor activity by iNKT cells in T
and B cell lymphoma models.'*'” Type II NKT cells (also called
variant NKT cells), on the other hand, are traditionally known to
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play an immunosuppressive role as a result of IL-13 secretion,
which promotes activation of TGF-S-secreting myeloid-derived
suppressor cells (MDSCs) and at the same time inhibits cytotoxic
capacity of CD8" T cells and iNKT cells."®! Interestingly, a pre-
vious study showed that the immunosuppressive effect of type II
NKT cells is reversed in the presence of CpG oligodeoxynucleoti-
des (ODN), a TLR 9 agonist, leading to an increased ratio of
IFNy to IL-13 production.”” These data suggested that CD1d-
restricted NKT cells could potentially be used in adoptive immu-
notherapy to treat tumors.

A recent study showed that CDIlc-restricted T cells recog-
nized tumor-derived methylated lysophosphatidic acid and lysed
CDIc" leukemia cells, highlighting the role of group 1
CDl-restricted T cells in tumor immunity.”’ However, the
contribution of group 1 CDI-restricted T cells to antitumor
immunity in vivo remains largely unknown. In general, group 1
CD1-restricted T cells have more diverse TCR usage compared
to iNKT cells and a large proportion is reactive to self-lipids.***
In fact, about 1/10-1/300 of all circulating T cells in humans are
autoreactive group 1 CDl-restricted T cells.’® An early study of
group 1 CDIl-autoreactive T cells was reported in multiple
sclerosis patients, who had a higher frequency of sulfatide and
GM1-specific CDlb-restricted T cells compared to normal
controls.? Subsequently, it was demonstrated that sulfatide could
be presented by all group 1 CD1 isoforms to prime T cells
responses.”’ In addition, recent studies have shown that CDla-
restricted human T cell clones recognize skin-derived apolar oils
and phospholipids; autoreactive CD1b-restricted human T cell
clones recognize a range of phospholipids, whereas CDlc-
reactive clones can bind cholesterol and its esters.”’ > Consider-
ing that these lipids accumulate in most tumors, it is imperative
to explore the role of autoreactive group 1 CD1-restricted T cells
in tumor immunity. This would shed light on the potential use
of these T cells in cancer immunotherapy.

In this study, we used double transgenic mice (hCD1Tg/
HJ1Tg) expressing human group 1 CDI molecules’® and
CD1b-autoreactive HJ1 TCR™ to study the function of group 1
CDI1-restricted autoreactive T cells in the context of tumor
immunity. We found that HJ1 T cells recognized various phos-
pholipids, especially phosphatidylethanolamine (PE) and
ether-linked phophatidylethanolamine but not sphingolipids.
Additionally, the autoreactivity of HJ1 T cells was enhanced
upon treatment with various TLR agonists. HJ1 T cells also
showed cytotoxicity toward a T cell lymphoma cell line (RMA-
S) transfected with CD1b and responded more strongly to lip-
ids extracted from tumor cells compared to those from normal
cells. Consequently, adoptive transfer of HJ1 T cells exhibited
protection against RMA-S/CD1b tumors in vivo but not to the
parental RMA-S cells. This antitumor effect was enhanced in
the presence of CpG ODN. Thus, this is the first study to dem-
onstrate the antitumor potential of CD1b-autoreactive T cells.

Results

CD1b-autoreactive HJ1 T cell hybridoma selectively
responds to phospholipids

Our previous studies showed that HJ1 T cells share several char-
acteristics with NKT cells, in that they exhibit preactivated

phenotypes, are polyfunctional and recognize lipid antigens con-
served between humans and mice.® It has been shown that
NKT cells respond to two major lipid families: phospholipids
and sphingolipids.'® Thus, in this study, we wanted to determine
the antigens that CD1b-autoreactive HJ1 T cells responded to.
We generated HJ1 T cell hybridoma and tested their reactivity to
a panel of phospholipids and sphingolipids, known to stimulate
NKT cells, in a CDI1b plate bound assay. A value of 1 was
assigned to IL-2 secreted when HJ1 T cell hybridoma were incu-
bated with CD1b, without the addition of exogenous lipids. HJ1
T cells selectively responded to glycerophospholipids, including
PE, phosphatidylglycerol (PG), phosphatidylcholine (PC), phos-
phatidylinositol (PI) but not phosphatidylserine (PS). They were
also activated by ether-linked lysophosphatidylethanolamine
(pLPE) (Fig. 1A), which has been implicated in the thymic selec-
tion of iNKT cells.”® However, HJ1 T cells did not respond to
B-D-glucosylceramides and sulfatides (Fig. 1A). In addition, HJ1
T cells demonstrated a dose-dependent response to PE. The
response was CD1b-specific, as PE presented by the other CD1
isoform (CD1d), did not activate HJ1 T cells. As a negative con-
trol, PE-loaded CD1b did not stimulate a CD1d-restricted iNKT
cell hybridoma, 2C12 (Fig. 1B). Collectively, these data suggested
that HJ1 T cells could be activated by various phospholipid spe-
cies in their native forms upon being directly presented by CD1b.
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Figure 1. HJ1 T cell hybridoma responds to self-lipids in a CD1b-dependent man-
ner. Plate-bound complexes of lipid/CD1b were incubated with 5 x 10* HJ1 T cell
hybridoma for 24 h. IL-2 in the supernatant was measured by ELISA. HJ1 incubated
with CD1b without added antigens had a value of 1 and fold change was calcu-
lated using this value as reference. (A) The responses of HJ1 T cell hybridoma to a
panel of self-lipid antigens. Data shown are representative of four independent
experiments, and are the mean £ SEM. (B) PE activates HJ1 T cell hybridoma in a
dose-dependent and CD1b-specific manner. The incubation of plate-bound PE/
CD1b with iNKT hybridoma 2C12, and plate-bound PE/CD1d with HJ1 T cell hybrid-
oma served as controls. Data shown are representative of three independent
experiments and error bars represent the mean + SEM.



HJ1 T cells recognize tumor-derived lipids and lyse CD1b-
expressing tumors

Since HJ1 T cells recognize phospholipids and several phospho-
lipid species like PE and PC are abundant in lymphoma cells,”
we next determined whether HJ1 T cells could recognize lipids
isolated from both human (Molt-4) and murine (RMA-S) lym-
phoma cells. As the murine-derived RMA-S T cell tumor line
does not inherently express CD1b, we stably transfected RMA-
S cells with CD1b encoding cDNA. The expression of CD1b on
both transfected and untransfected RMA-S cells is depicted in
Fig. 2B. A Folch extraction protocol was used to extract lipids
from tumor cells (Molt-4 and RMA-S/CD1b) and normal cells
(B6 thymocytes and human T cells). Plate-bound CD1b prein-
cubated with serially diluted amounts of the cellular lipids was
used to stimulate HJ1 T cell hybridoma. We found that not
only did HJ1 T cells secrete IL-2 upon incubation with CD1b
loaded with lipids extracted from Molt-4 (Fig. 2A) and RMA-
S/CD1b (Fig. 2C) lymphoma cells, but they also exhibited a
stronger response to tumor-derived lipids compared to normal
T cell-derived lipids (Fig. 2A and C). In addition, HJ1 T cells
could lyse CD1b-expressing RMA-S cells but not the parental
RMA-S cell line (Fig. 2D). These data suggest that lipid anti-
gens derived from tumor cells can be presented by CD1b, lead-
ing to the activation of HJ1 T cells. As such, HJ1 T cells
effectively kill CD1b-expressing tumor cells.
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CpG, an intracellular TLR ligand and a potent antitumor
agent, enhances autoreactivity of HJ1 T cells

Since HJ1 T cells recognized lipids from tumors and killed
CD1b" RMA-S cells, we hypothesized that HJ1 T cells may
play a role in antitumor immunity. Additionally, we also pro-
posed that enhancing HJ1 T cell autoreactivity would lead to a
stronger protective response against tumors. Our previous
study showed that extracellular TLR ligands enhanced HJ1 T
cell autoreactivity.’® Thus, we examined whether CpG ODN,
an intracellular TLR 9 agonist, known to have antitumor
effects,”® could enhance HJ1 T cell autoreactivity. We also com-
pared the effect of other TLR agonists on the reactivity of HJ1 T
cells. We detected the highest production of IFNy by HJ1 T
cells in response to CpG ODN-treated hCD1Tg BMDCs com-
pared to other TLR ligand treatments, such as poly (I:C)
(TLR3) and R848 (TLR7/8) (Fig. 3A). In addition, treatment
with R848 but not poly (I:C) or CpG ODN led to IL-13 secre-
tion by HJ1 T cells in the presence of hCD1Tg BMDCs
(Fig. 3B). Pam;Cys, the TLR 2 ligand, served as a positive con-
trol since we had previously showed that HJ1 T cell autoreactiv-
ity was enhanced in its presence.”

Because CpG ODN induced the highest CD1b-dependent
IFNy to IL-13 production from HJ1 T cells and because of its
known antitumor effects, we subsequently investigated the
mechanism by which CpG ODN enhances HJ1 T cell
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Figure 2. HJ1 T cells can recognize tumor-derived lipids and kill CD1b-expressing RMA-S T cell lymphoma. (A) Extracted lipids from PBMC-derived human T cells (open cir-
cle) and Molt-4 cells (black circle) were loaded on to purified CD1b protein and subsequently incubated with 5 x 10* HJ1 T cell hybridoma cells. Twenty-four hours later,
IL-2 in the supernatant was measured by ELISA. HJ1 incubated with CD1b without added antigens had a value of 1 and fold change was calculated using this value as ref-
erence. (B) Surface expression of CD1b on RMA-S cells and RMA-S/CD1b transfectants was determined by flow cytometry. RMA-S/CD1b transfectants stained with anti-
CD1b antibody are depicted by the black line. RMA-S cell stained with anti-CD1b antibody are represented by the dotted line. (C) Extracted lipids from B6 thymocytes
(open square) and RMA-S/CD1b cells (black square) were used to stimulate HJ1 T cell hybridoma as in (A). (D) HJ1 CTL effectors were incubated at different ratios with
*1Cr labeled RMA-S (open triangle) or RMA-S/CD1b (black triangle) targets for 4 h. Supernatant was collected and assayed for the presence of 51Cr. Data are representative
of at least two independent experiments. Error bars represent the mean £ SEM. ***p < 0.005; **p < 0.01; *p < 0.05.
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Figure 3. CpG ODN can enhance cytokine secretion by HJ1 T cells in vitro. WT (open bars) and hCD1Tg BMDC (black bars) were either left untreated or pretreated with TLR
agonists- PamsCys, poly (1:C), R848 and CpG ODN prior to co-culture with enriched hepatic HJ1 T cells from hCD1Tg/HJ1Tg/Rag2 '~ mice. ELISA was performed to detect IFNy
(A) and IL-13 (B) secretion in the supernatant 24 h later. Data are representative of two independent experiments. (C) The expression of IL-12R, IL-18R, and TLR 9 on purified
iNKT cells (open bars) and HJ1 T cells (black bars) was determined by detecting mRNA levels relative to B-actin using quantitative RT-PCR. (D) Hepatic HJ1 T cells were co-cul-
tured with CpG ODN-treated hCD1Tg BMDC for 48 h in the presence of anti-IL-12 and/or anti-IL-18 or in the presence of CTLA-4 Ig. IFNy ELISA was performed upon collection
of supernatant. Data shown are representative of two independent experiments and error bars represent the mean + SEM. ***p < 0.005; **p < 0.01; *p < 0.05.

autoreactivity. It has been shown that the concomitant secre-
tion of IL-12 and IL-18 from TLR-stimulated DCs is sufficient
to activate iNKT cells.”” To determine whether similar mecha-
nisms were involved in CpG ODN-mediated enhancement of
HJ1 T cell autoreactivity, we first determined whether HJ1 T
cells expressed receptors for IL-12 and IL-18 by RT-PCR. We
found that HJ1 T cells expressed both IL-12 receptor and IL-18
receptor at a similar level to that of iNKT cells (Fig. 3C). Conse-
quently, when CpG ODN-treated hCD1Tg BMDCs were co-
cultured with HJ1 T cells in the presence of blocking antibodies
against IL-12 and/ or IL-18, we observed that neutralization of
IL-12 but not IL-18 lead to decreased IFNy secretion. Also,
addition of CTLA-4 Ig resulted in decreased IFNy secretion by
HJ1 T cells (Fig. 3D). These data suggested that DC-derived IL-
12 and the interaction of CD28 and co-stimulatory molecules
on DCs play an important role in HJ1 T cell activation by CpG
ODN. Interestingly, purified HJ1 T cells with expressed TLR 9
at similar levels to iNKT cells (Fig. 3C). This suggested that
CpG ODN could perhaps directly activate HJ1 T cells in the
absence of CDI1b-expressing DCs. This could explain the pro-
duction of IFNy by HJ1 T cells when stimulated with CpG-
ODN-treated WT BMDCs, which do not express CDIlb
(Fig. 3A).

To examine whether CpG ODN could activate HJ1 T
cells in vivo, we administered (i.v.) CpG ODN or PBS to
hCD1Tg/HJ1Tg/Rag2™’~ mice and compared the CD69
expression and IFNy production in these two treatment
groups. Hepatic HJ1 T cells from CpG ODN-injected mice
had higher CD69 expression as well as IFNy secretion com-
pared to PBS-treated controls (Fig. 4A and B). Taken
together, our results showed that CpG ODN could activate
HJ1 T cells both in vitro and in vivo, supporting the poten-
tial use of CpG ODN to boost antitumor effects of HJ1 T
cells in adoptive immunotherapy.

HJ1 T cells exhibit in vivo antitumor immunity, which is
enhanced in the presence of CpG ODN

To explore the antitumor potential of HJ1 T cells in vivo and to
test whether CpG ODN treatment can augment the antitumor
effect of HJ1 T cells, hCD1Tg (CD45.1") mice were subcutane-
ously inoculated with either 5 x 10° RMA-S or RMA-S/CD1b
tumor cells. Four days later, 2-4 x 10° in vitro expanded HJ1 T
cells (CD45.2™) with or without CpG ODN were injected in to
the tumors. This process was repeated 6 d later and tumor size
was measured on indicated days. Mice were sacrificed on day
14 after tumor inoculation. We found that mice inoculated
with CDI1b-expressing tumors (RMA-S/CD1b) that received
intra-tumor injection of HJ1 T cells and CpG ODN had the
smallest tumors. As expected, administration of CpG ODN
reduced the tumor size, albeit to a lesser extent than the combi-
nation treatment. Injection of HJ1 T cells alone into mice bear-
ing CD1b-expressing tumors also slowed tumor growth to a
considerable amount (Fig. 5A). In contrast, HJ1 T cells did not
exert a detectable antitumor effect in mice inoculated with
RMA-S (CD1b™) tumor cells (Fig. 5A). Interestingly, in RMA-
S tumor-bearing mice, combination treatment of CpG ODN
and HJ1 T cells did not enhance protection compared to RMA-
S/CD1b tumor-bearing mice treated with just CpG ODN, sug-
gesting the observed antitumor effect of HJ1 T cells is mainly
CD1b dependent (Fig. 5A). Additionally, we observed no dif-
ference in tumor growth in mice that received RMA-S and
RMA-S/CD1b cells without treatment.

Next, we attempted to delineate the mechanism(s) by which
HJ1 T cells contributed to antitumor immunity. Upon exami-
nation of tumor infiltrating leukocytes, we could not detect HJ1
T cells (CD45.2"TCRB"). This phenomenon has also been
observed with iNKT cells in tumor models*’; in spite of the
presence of a phenotype, the adoptively transferred iNKT cells
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Figure 4. CpG ODN can activate HJ1 T cells in vivo. HJ1Tg/hCD1Tg/Rag™~ mice
were injected (i.v.) with either 40 g (in 100 pL PBS) of CpG or PBS. Twelve hours
later, the activation and cytokine production of hepatic HJ1 T cells was determined
by flow cytometry. (A) Representative histograms show the expression of CD69 on
HJ1 T cells from CpG ODN-injected (black line) or PBS-injected mice (gray line).
Gray solid area indicates isotype control. To the right, CD69 expression, on HJ1 T
cells in PBS (open bar) or CpG ODN (black bar) injected mice, is depicted in bar
graphs. Error bars represent mean + SEM of the mean fluorescence intensity of
CD69. (B) Representative dot-plots of IFNy-producing HJ1 T cells in the PBS or CpG
ODN-injected HJ1Tg/hCD1Tg/Rag™~ mice (left). Bar graphs (right) depict IFNy
secretion by HJ1 T cells upon PBS (open bar) and CpG ODN (black bar) injection.
Mean + SEM is shown for the bar graphs. ***p < 0.005; **p < 0.01; *p < 0.05.

were untraceable. However, the percentage and total number of
endogenous CD8" IFNy producing T cells (recipient mice
were CD45.1" while HJ1 T cells were CD45.2") were highest in
mice that received HJ1 T cells along with CpG ODN compared
to all other groups. Additionally, adoptive transfer of HJ1 T
cells alone into CD1b" tumors resulted in higher IFNy secre-
tion by endogenous CD8" T cells compared to HJ1 T cells
transferred into CD1b™ tumors. Furthermore, CD107a, a sur-
rogate marker for cytolytic activity, was increased on endoge-
nous CD8" T cells in RMA-S/CD1b tumor-bearing mice
injected with HJ1 T cells, regardless of the presence of CpG
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ODN, compared to CD1b" tumor-bearing mice that did not
receive HJ1 T cells (Fig. S1, left panel). This suggested that
transactivation of CD8" T cells by HJ1 T cells might play a role
in protection against tumor growth (Fig. 5B). Also, there was
no significant difference in IFNy secretion by NK cells among
the treatment groups (Fig. 5C). Additionally, HJ1 T cells with
or without CpG ODN administration did not alter the expres-
sion of CD107a on NK cells compared to untreated CD1b™
tumor-bearing mice. (Fig. S1, right panel). This could be attrib-
uted to the use of type B CpG ODN in our assays, since it is
known that type A CpG ODN activates NK cells most potently.
Furthermore, there were no significant differences in the per-
centage of CD4™ regulatory T cells (Fig. 5D) and monocytic
and granulocytic MDSCs (Fig. 5E and F) in the tumors of dif-
ferent groups. Even though the expression of CD86 co-stimula-
tory molecule increased on DCs from CpG ODN-treated mice,
there was no difference between CpG ODN and HJ1 + CpG
ODN groups (Fig. 5G). These suggested that HJ1 T cells, and
thus CD1b-autoreactive T cells might play a protective role in
tumor immunity potentially by directly lysing tumor cells in
the initial stages and later by activating other CD8" T cells.

Discussion

In this study, we demonstrated that CD1b-autoreactive HJ1 T
cells recognized a panel of phospholipids including ether-linked
phospholipids. Unlike both types of CD1d-restricted NKT cells,
which are activated by B-linked glycosphingolipids, HJ1 T cells
were not activated by sphingolipids.*>*'"** A recent study also
suggests that mammalian o-linked glycosphingolipids can acti-
vate type I NKT cells.** Although ether-linked forms of pLPE
and lysophaphatidic have been implicated in the selection of
type I NKT cells, nothing is known about the selecting self-lip-
ids for type IT NKT cells and group 1 CD1-reactive T cells.*
This suggests that there are both overlapping and unique anti-
gens recognized by CDIlb-restricted T cells and NKT cells.
Interestingly, RMA-S tumor-derived lipids are known to acti-
vate a type IT NKT cell clone.*” We also found that HJ1 T cells
were activated to a greater extent in the presence of both
human (Molt-4) and murine (RMA/S-CD1b) T cell lym-
phoma-derived lipids. Even though the nature of the antigen
remains unknown, it can be speculated that phospholipids spe-
cies present in tumor cells might be activating the HJ1 T cells.
In fact, studies have reported that phospholipids accumulate in
several breast and brain cancers and lymphomas.®*” Since
group 1 CD1 molecules are expressed on both acute myeloge-
nous leukemia and acute lymphoblastic leukemia cells, group 1
CD1-restricted T cell responses are promising targets for adop-
tive leukemia immunotherapy.*

HJ1 T cells were not only directly activated by TCR-CD1b
interactions in the presence of self-lipids, but their autoreactiv-
ity was enhanced by various TLR agonists that target either cell
surface TLRs (e.g., Pam3Cys for TLR2)* or intracellular TLRs
(e.g., CpG ODN for TLR9). Our previous study showed that
TLR2-mediated signaling enhanced the autoreactivity of HJ1 T
cells by stimulating DCs to produce IL-12 and upregulate
CD86/CD80 expression.”” Similarly, the enhanced HJ1 T cell
response by CpG ODN was partially a result of DC-derived IL-
12 and engagement of co-stimulatory molecules on DCs and
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Figure 5. HJ1 T cells exhibit in vivo antitumor immunity, which is enhanced in the presence of CpG. 5 x 10° RMA-S or RMA-S/CD1b cells were injected (s.c.) in to hCD1Tg
(CD45.1™) mice. Tumor size was measured on day 4 after tumor injection and every other day thereafter. HJ1 T cells were transferred with or without CpG ODN (40 g in
100 wL of PBS) on days 4 and 10. Arrows represent days when HJ1 and or CpG ODN were injected in to tumors. (A) Tumor volumes are shown as mean £ SEM. Tumor
size of mice injected with RMA-S cells is depicted by open square, mice injected with RMA-S/CD1b cells with open circle, mice injected with RMA-S cells + HJ1 T cells
with black square, mice injected with RMA-S + HJ1 T cells + CpG ODN with black diamond, mice injected with RMA-S/CD1b + HJ1 T cells with black circle, mice injected
with RMA-S/CD1b cells + CpG ODN with black triangle and mice injected with RMA-S/CD1b 4 CpG ODN + HJ1 T cells with black upside down triangle. Mice were killed
at day 14 after tumor injection and tumor-infiltrating leukocytes were prepared and stained with mAbs to CD45.1, CD8w, TCRB, NK1.1, and IFNy to quantify the (B) per-
centage and number of CD8" IFNy™ T cells. (C) The percent of IFNy* NK cells was also quantified. Also, tumor infiltrating leukocytes were stained with mAbs to CD45.1,
TCRB, CD4™, Foxp3, CD11b, Ly6C, CD11¢, and CD86 to quantify the percent of Treg (D), the percent of monocytic (E) and granulocytic (F) MDSCs, and CD86 expression on
DCs (G). Bar graphs depict the mean £ SEM of the percentages and numbers. Open bars represent mice that received RMA-S tumor cells 4+ HJ1 T cells, light gray bars rep-
resent mice with RMA-S/CD1b tumors + HJ1 T cells, dark gray bars depict mice with RMA-S/CD1b tumors + CpG ODN and black bars represent mice with RMA-S/CD1b

tumors + CpG ODN + HJ1 T cells. ***p < 0.001; **p < 0.01; *p < 0.05.

CD28 on HJ1 T cells. However, blocking IL-12 did not
completely abrogate cytokine secretion by these T cells. This
could be a result of direct HJ1 activation by CpG ODN. This
could also explain the substantial IFNy production by HJ1 T
cells when stimulated with CpG ODN-pulsed wildtype DC,
which does not express CD1b. Taken together, the data sug-
gested that not only could HJ1 T cells be protective against
tumors by directly recognizing tumor lipids, but also that the
response could be enhanced in the presence of CpG ODN.
Interestingly, both CpG and IL-12 have been used in pre-clini-
cal studies as anticancer therapy.’®*® Both these immunostimu-
latory agents work to increase the production of IFNy by innate
and adaptive immune cells. However, clinical trials have yielded
mixed results, mostly due to over stimulation of the immune
system and related adverse side effects or the lack of apparent
benefits over existing treatment options.’®*® Nevertheless,
recent efforts have been directed toward delivering these agents
to the local tumor microenvironment and in conjunction with
other immunotherapies like T cell adoptive transfer.

In vivo adoptive transfer of HJ1 T cells resulted in protection
against CD1b-expressing RMA-S tumors. Additionally, the co-
administration of HJ1 T cells and CpG ODN resulted in the
greatest reduction of tumors. Even though no HJ1 T cells could
be detected in the tumors when mice were sacrificed, the

adoptive transfer of these T cells did show protection. The
inability to track adoptively transferred T cells, in spite of a
phenotype change observed, is a phenomenon that has been
previously observed with NKT cells in tumor models.*’
Although the reason for the disappearance of these cells is not
well understood, it can be speculated that the unique properties
of these innate-like T cells or absence of sufficient antigenic
stimulation or metabolic stress-induced cell death could be pos-
sible explanations for this phenomenon. Since we observed that
HJ1 T cells offered more protection against tumors that
expressed CD1b compared to CD1b™ tumors, we propose that
this is a result of direct cytotoxicity toward tumor cells in the
initial phases, and later through the enhanced activation of
endogenous CD8" T cells. Co-administration of HJ1 T cells
and CpG ODN led to increased IFNy secretion by CD8" T cells
compared to administration of HJ1 T cells alone, suggesting
CpG ODN treatment further enhances HJ1 T cell mediated
activation of CD8" T cells. Our results further suggested that
CpG ODN-mediated enhanced protection was largely CD1b
dependent since administration of HJ1 T cells along with CpG
in to RMA-S tumors did not enhance protection over the
administration of CpG alone. Even though in in vitro experi-
ments, CpG treatment led to some cytokine secretion by HJ1 T
cells in the absence of CD1b, a strong CD1b dependency was



observed in vivo. This could result from accumulation of DC-
derived cytokines in the immediate vicinity of HJ1 T cells under
in vitro conditions. However, in vivo, the level of cytokines
present within close proximity of HJ1 T cells might not be suffi-
cient to trigger a CD1b independent activation of HJ1 T cells.
Since HJ1 T cell presence did not activate NK cells, it is possible
the cytokines from HJ1 T cells enhanced DC maturation and
function, which subsequently activated CD8™ T cells. Although
RMA-S/CD1b tumor cells have low surface expression of MHC
Ta molecules,*” our data showed that the response mounted by
endogenous CD8" T cells was able to contribute to antitumor
immunity.

The physiological function of group 1 CD1 autoreactive T
cells still remains largely unknown. Like some CD1b-autoreac-
tive T cells in humans,”* HJ1 T cells used in this study recog-
nized several types of phospholipids in a CDIb-specific
manner. We found that the cytokine-producing capacity of
HJ1 T cells was enhanced by various TLR agonists, suggesting a
means to modulate the function of CD1b autoreactive T cells in
a variety of settings. In addition, we found that HJ1 T cells
exhibited an antitumor effect, which was potentiated by the
treatment of CpG ODN. Furthermore, the adoptive transfer of
HJT 1 T cells into immunocompetent recipients revealed the
transactivation capacity of autoreactive group 1 CD1-restricted
T cells. Altogether, our data not only shed light on the potential
self-antigens that can activate CD1b-autoreactive T cells, but
also revealed their antitumor potential. The findings from this
study are significant since a large proportion of group 1 CD1-
restricted T cells in humans are autoreactive. Thus, harnessing
the therapeutic potential of these T cells could represent a
promising target to develop novel therapies for the clinic.

Materials and methods
Mice used and ethics statement

C57BL/6 (B6) and CD45.1 congenic B6 mice were purchased
from the Jackson Laboratory. hCD1Tg (in B6 background) and
HJ1Tg/hCD1Tg/Rag2™'~ mice were generated as previously
described.>**®> Val4 transgenic mice were provided by
Dr. Albert Bendelac (University of Chicago) and crossed onto
B6 background. All animals were housed in a specific pathogen-
free facility at Northwestern University. All animal work was
approved by the Institutional Animal Care and Use Committee.

Human cell isolation and processing

The study protocol was approved by the IRB at Northwestern
University and informed consent was obtained from the partic-
ipating donor prior to their inclusion in this study. Blood was
drawn from a healthy donor with no known clinical abnormali-
ties. 30 mL of whole blood was obtained by venipuncture using
heparinized blood collection tubes (BD, 368661) and PBMC
were immediately isolated using Histopaque-1077 (Sigma,
10771-500ML). A total of about 2 x 10° PBMC/mL of blood
was isolated as determined by counting using a hemocytometer.
T cells from total PBMC were enriched using biotinylated anti-
CD3 antibody (eBioscience, 13-0037-82) and subsequently by
positive selection with streptavidin microbeads following
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manufacturer’s protocol (Miltenyi, 130-048-101). On the same
day, lipids from T cells were extracted using the Folch
method.*®

Reagents and antibodies

CpG ODN 1826 (5'-tccatgacgttcctgacgtt-3') was synthesized at
Integrated Device Technology. Purified CD1b and CD1d pro-
teins were provided by the National Institutes of Health tetra-
mer facility. Lipids antigens phosphatidylethanolamine (PE,
840021), phosphatidylinositol (PI, 840042), phosphatidylserine
(PS, 870336), phosphatidylcholine (PC, 840051), phosphatidyl-
glycerol (PG, 841138), synthetic 1-O-1'-(Z)-octadecenyl-2-
hydroxy-sn-glycero-3-lysophosphoethanolamine (pLPE), syn-
thetic ~ D-glucosyl-3-1,1'-N-octanoyl-D-erythro-sphingosine
(C8, 860540), and synthetic D-glucosyl-83-1,1'-N-nervonoyl-D-
erythro-sphingosine (C24, 860549) were purchased from
Avanti Polar Lipids. Bovine ceramide-galactoside-3-sulfate
(sulfatides) was purchased from Matreya (1049). Fluoro-
chrome-labeled and purified monoclonal antibodies against
mouse TCR-8 (109229), CD8-a (100752), CD69 (104508),
CD45.2 (109806), CD45.1 (110726), CD1b (329108) CD11b
(101224), CD11c (117310), CD86 (105014), NK1.1 (108708),
and IFNy (505806) were purchased from BioLegend. Anti-
CD107a (553793) was purchased from BD Biosciences.

Generation and stimulation of HJ1 T cell hybridoma

The mouse HJ1 T cell hybridoma line was generated by
cell fusion between BW5147 o~ 8~ thymoma cell line and
HJ1 T cell blasts as described.*’ Lipids were either pur-
chased commercially or extracted from tumor cell lines
and normal cells using chloroform-methanol extraction
(Folch method). To immobilize lipid/CD1b complexes,
1.5-2 pg/mL of CD1b protein (in PBS) were incubated
with 10 pug/mL or at the indicated concentration of lipid
antigen for 4 h. 96-well Immulon plates (Thermo Fisher
Scientific, 3455) were then coated for 2 h at 37°C with
100 uL of CD1b protein loaded with or without lipid. Sub-
sequently, wells were washed three times with RPMI-10
media (RPMI 1640 supplemented with 10% FBS, 1% peni-
cillin-streptomycin, 20 mM L-glutamine, and 50 uM
2-mercaptoethanol). HJ1 T cell hybridoma (5 x 10* cells/
well) were stimulated with plate-bound CD1b/lipid com-
plexes for 24 h and IL-2 levels in culture supernatants
were measured by ELISA (BD, 554424 and 554426).

Cell preparations

Hepatic leukocyte cell suspensions were prepared from HJ1Tg/
hCD1Tg/Rag2™’~ mice. For in vitro BMDC co-culture experi-
ments, HJ1 T cells were enriched through depletion of CD11b™
(BioLegend, 101206) and MHC II" (BioLegend, 114406) cells
using mAb and anti-FITC magnetic beads following the manu-
facturer’s instructions (Miltenyi, 130-048-701). Greater than
90% of the enriched populations were TCRB". BMDCs were
prepared using 10 ng/mL GM-CSF (PeproTech, 315-03) and
2 ng/mL IL-4 (PeproTech, 214-14). Tumor-infiltrating cells
were isolated by physical disruption of tissue followed by
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digestion with 1 mg/mL collagenase IV (Sigma, C5138-1G) and
100 peg/mL DNase (Sigma, 11284932001) at 37°C for 30 min.

Flow cytometry

For cell surface staining, cells were pre-incubated with purified
2.4G2 mAb and then stained with the appropriate combina-
tions of mAbs. For intracellular cytokine staining, cells were
stimulated with 50 ng/mL phorbol 12-myristate 13-acetate
(Enzo Life Sciences, BML-PE160-0005) and 0.5 pg/mL iono-
mycin (Sigma, 19657-5MG) for 4 h followed by addition of bre-
feldin A (BioLegend, 420601) for 2 h. For CD107a staining,
antibody was added along with PMA/ionomycin. For other
antibodies, cells were surface stained after stimulation and fixed
with 4% paraformaldehyde (Sigma, 158127-3KG), permeabi-
lized with 0.1% saponin (Sigma, $7900), followed by anti-cyto-
kine mAb staining. Flow cytometry was performed with a
FACSCanto II (BD Biosciences) and analyzed using FlowJo
software (Tree Star).

Detection of cytokine secretion

BMDC were either untreated or pretreated with a variety of
toll-like receptor (TLR) ligands: Pam;Cys (100 ng/mL), poly (I:
C) (10 pg/mL), R848 (10 pg/mL), CpG (10 ng/mL) overnight.
Enriched 1-2 x 10° HJ1 T cells were then cultured with either
untreated or pretreated 1 x 10° BMDCs for 48 h in RPMI-10
media. For blocking experiments, 20 ug/mL of CTLA4-Ig
(eBioscience, 16-1521-82) or 10 pug/mL anti-IL-12 (eBioscience,
16-7123-85), anti-IL-18 (R&D Systems, AF122) or isotype
matched control antibodies were added along with HJ1 T cells
and BMDCs. IFNy and IL-13 levels in culture supernatants
were measured by ELISA (eBioscience, anti-IFNy: 16-7312-38
and 16-7311-85) and BD CBA (558349).

Generation of RMA-S/CD1b transfectants

Human CDIB ¢cDNA clone in pCMV/hygro vector was pur-
chased from SinoBiological Inc. (HG11831-G-N). DH5« E. coli
cells were transformed with the CD1b-expression plasmid and
the plasmid DNA was extracted using Qiagen Midi Prep kit
(12145). Plasmid DNA (5 ug) was then electroporated into
RMA-S cells and stable transfectants was selected for hygromy-
cin B-resistance (240 pg/mL, Invitrogen, 10687010). Subse-
quently, CD1b expression on transfected RMA-S cells was
determined by flow cytometry.

Cytotoxicity assay

HJ1 CTL effectors were established by stimulating splenocytes
from HJ1Tg/hCD1Tg/Rag2~'~ mice with 1 ;g/mL Concanava-
lin A (Sigma, C5275-5MG) for 3 d in RPMI-10, followed by
culture in supplemented Mischell Dutton media with 20 U/mL
IL-2 (Peprotech, 212-12) for an additional 4 d. RMA-S and
RMA-S/CD1b transfectants (1 x 10° cells) were labeled with
50 wCi [*'Cr] sodium chromate (MP Biomedicals, 016201502)
for 1 h at 37°C. ' Cr-labeled target cells (1x10* cells/well) were
incubated with HJ1 CTL effectors for 4 h at 37°C. Supernatant
was collected to assay for >'Cr release. The percentage of

specific lysis was calculated as [(experimental release — sponta-
neous release)/(maximum release-spontaneous release)] x 100.

mRNA detection

HJ1 T cells were isolated from the livers of HJ1Tg/hCD1Tg/
Rag2 ™'~ mice and NKT cells were isolated from the livers of
Val4 transgenic mice. HJ1 T cells were purified using Miltenyi
positive selection with APC conjugated «-CD3 antibody,
whereas NKT cells were purified using APC conjugated CD1d/
a-GalCer tetramer. Subsequently, anti-APC microbeads (Milte-
nyi, 130-090-855) were used to derive a >95% pure population
of both T cells. mRNA was then extracted from the cells with
the Qiagen RNeasy kit (74104) followed by reverse transcrip-
tion to cDNA using Superscript® III (Invitrogen, 18080085).
Primers against targets of interest were mixed with cDNA and
iQ™ SYBR® Green Supermix (Bio-Rad, 1708880). Quantita-
tive PCR was performed using a Bio-Rad iQ5 cycler. The fol-
lowing primer sets were used: B-actin forward 5 CTTCTTTG
CAGCTCCTTCGTT, B-actin reverse 5° AGGAGTCCTTCT-
GACCCATTC; IL18Ra forward 5 TCACCGATCACAAAT
TCATGTGG, IL-18Re reverse 5 TGGTGGCTGTTTCA
TTCCTGT; IL-12RB1 forward 5 TGCCGCTACTTCTCCT-
CAG, IL-12RA1 reverse 5° ACTTCATGGTTCGGTTCCCAA;
TLRY forward 5 ATGGTTCTCCGTCGAAGGACT, TLR9
reverse 5 GAGGCTTCAGCTCACAGGG.

In vitro expansion of HJ1 T cells

Lymphocytes isolated from the spleen and lymph nodes of
HJ1Tg/hCD1Tg/Rag2 ™'~ mice were stimulated with 5 pg/mL
anti-CD3 (eBioscience, 16-0031-86), 2 ug/mL anti-CD28 (Bio-
xcell, BE00155), and 20 ng/mL IL-12 (Peprotech, 210-12) for
48 h. The cells were “rested” for 48 h in 70% RPMI-10 medium
and 30% supplemented Mischell Dutton media with 20 U/mL
IL-2 (Peprotech, 212-12) (CTL medium) and cultured for an
additional 3 d in 100% CTL medium. At this point cells were
used for intra-tumor injections.

Intra-tumor injection of HJ1 T cells in RMA-S tumor model

hCD1Tg (CD45.1) mice were inoculated subcutaneously with
5 x 10° RMA-S or RMA-S/CDI1b cells 4 d before HJ1 T cell
transfer. On day 0, in vitro expanded 2-4 x 10° HJ1 T cells
were injected into tumors with or without 40 g CpG in a vol-
ume of 100 uL PBS. Six days later, HJ1 T cells were injected
into the tumors for the second time. Two perpendicular diame-
ters of the tumor mass were measured on specified days, and
tumor volumes were calculated as: 7/6 x length x width”.

Statistical analysis

Statistical analyses were performed using Prism 6 software
(GraphPad). The statistical significance of differences between
experimental groups was analyzed using a Student’s t test. A p
value of <0 .05 was considered statistically significant.
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