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T-cell costimulation and coinhibition generated by engagement of
the B7 family and their receptor CD28 family are of central impor-
tance in regulating the T-cell response, making these pathways very
attractive therapeutic targets. Here we describe HERV-H LTR-
associating protein 2 (HHLA2) as a member of the B7 family that
shares 10-18% amino acid identity and 23-33% similarity to other
human B7 proteins and phylogenetically forms a subfamily with
B7x and B7-H3 within the family. HHLA2 is expressed in humans
but not in mice, which is unique within the B7 and CD28 families.
HHLAZ2 protein is constitutively expressed on the surface of human
monocytes and is induced on B cells after stimulation with LPS and
IFN-y. HHLA2 does not interact with other known members of the
CD28 family or the B7 family, but does bind a putative receptor
that is constitutively expressed not only on resting and activated
CD4 and CD8 T cells but also on antigen-presenting cells. HHLA2
inhibits proliferation of both CD4 and CD8 T cells in the presence
of T-cell receptor signaling. In addition, HHLA2 significantly
reduces cytokine production by T cells including IFN-y, TNF-c, IL-
5, IL-10, IL-13, IL-17A, and IL-22. Thus, we have identified a unique
B7 pathway that is able to inhibit human CD4 and CD8 T-cell pro-
liferation and cytokine production. This unique human T-cell coin-
hibitory pathway may afford unique strategies for the treatment
of human cancers, autoimmune disorders, infection, and trans-
plant rejection and may help to design better vaccines.

Interactions between members of the B7 ligand and CD28 re-
ceptor families generate positive costimulation and negative
coinhibition, which are of central importance in regulating T-cell
responses (1-3). B7-1/B7-2/CD28/CTLA-4 is the most exten-
sively characterized of these pathways. Ligands B7-1 (CD80) and
B7-2 (CD86) on antigen-presenting cells (APCs) bind to CD28
on naive T cells and provide a major costimulatory signal to
activate naive T cells. After the initial activation, coinhibitory
molecule cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152) is
induced on T cells and engages the same B7-1 and B7-2 ligands
to restrain T-cell function. In contrast to the costimulatory ac-
tivity of CD28, the interaction of B7-1 or B7-2 with CTLA-4 is
essential for limiting the proliferative response of recently acti-
vated T cells to antigen and CD28-mediated costimulation.
During the past decade, several new pathways in the B7 and
CD28 families have been identified, including B7h/ICOS, PD-
L1/PD-L2/PD-1, B7-H3/receptor, and B7x/receptor. B7h (4) (also
called ICOS-L, B7RP-1 (5), GL50 (6), B7H2 (7), LCOS (8), and
CD275) binds to the inducible costimulator (ICOS, CD278) on
activated T cells (9), which induces strong phosphatidylinositol
3-kinase activity (10, 11) and leads to the expression of tran-
scription factors involved in follicular helper CD4 T (Tth) dif-
ferentiation (12). Therefore, the B7h/ICOS pathway provides
critical T-cell help to B cells. Deficiencies in this pathway result
in substantially reduced numbers of memory B cells and mark-
edly reduced levels of serum Ig in patients with common variable
immunodeficiency (13). In humans, but not in mice, B7h can
bind both CD28 and CTLA-4 (14). The B7 family members PD-
L1 (15) [also termed B7-H1 (16), CD274] and PD-L2 (17) [also
called B7-DC (18), CD273] bind to the programmed death 1
receptor (PD-1, CD279), which ultimately decreases induction of
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cytokines and cell survival proteins in T cells. The PD-L/PD-1
pathway plays an important role in the control of tolerance and
autoimmunity (19, 20), and contributes critically to T-cell ex-
haustion and viral persistence during chronic infections (21). In
addition, PD-L1 can also bind to B7-1 (22, 23). Finally, B7-H3
(24) (CD276) and B7x (25) [also called B7-H4 (26) or B7S1 (27)]
are recently discovered members of the B7 family, and their
contributions to immune response have not yet been clearly
defined. Furthermore, the receptors for B7-H3 and B7x are
currently unidentified. B7-H3 binds activated T cells, but the
physiological role of this pathway is unclear, as both costimulatory
and coinhibitory effects have been observed (24, 28, 29). B7x
binds activated T cells and inhibits T-cell functions. In addition,
myeloid-derived suppressor cells (MDSCs) also express a re-
ceptor for B7x (30). Clinical data also support a coinhibitory
function for B7x, as aberrant expression of this molecule is ob-
served in many types of human cancers and is often associated
with enhanced disease progression and poor clinical outcome
(31). It appears that the B7x pathway is exploited as part of the
immune evasion mechanisms used by many human cancers. Col-
lectively, the regulated spatial and temporal expression of cos-
timulatory and coinhibitory B7 molecules provides the controls
that underlie T cell-mediated immune responses.

Due to their fundamental biological importance and therapeutic
potential, there has been considerable interest in the identification
of additional molecules with costimulatory or coinhibitory func-
tion. Here we describe the HERV-HLTR-associating 2 (HHLAZ2)
(32) as a member of the B7 family with coinhibitory function for
both human CD4 and CD8 T cells, which is comparable to other
important family members. A putative receptor for HHLA?2 is
expressed widely on T cells and APCs. This pathway may present
a unique therapeutic target.

Results

Characterization of HHLA2 as a B7 Family Member. Through a ho-
mology search of various databases using amino acid sequences
of human B7x and B7-H3, we identified HHLA2 which was
shown previously to share significant homology with the B7
family (32, 33) and was also called B7H7 (33). The human
HHLA?2 gene is located in the q13.13 region of chromosome 3
and is near the B7-1 and B7-2 genes (q13.3-q21). We sequenced
the ORF and found the deduced protein sequence of HHLA2
contained 414 amino acids (Fig. 14), longer than most B7
members, but shorter than human B7-H3. HHLA2 shares vary-
ing levels of amino acid identity and similarity with human B7-1
(10% and 23%), B7-2 (13% and 29%), B7h (15% and 30%),
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Fig. 1. HHLA2 is a member of the B7 family and forms a subfamily with B7x and B7-H3. (A) Predicted signal peptide, IgV-like and IgC-like domains,
transmembrane region, and cytoplasmic tail of human HHLA2 protein were indicated. The potential N-glycosylation sites were arrowed. (B) Confocal mi-
croscopy showed that human HHLA2-YFP protein was predominantly expressed on cell membranes of the 3T3 cells, whereas human CTLA-4-YFP fusion
protein was mainly localized intracellularly in the 3T3 cells. (C) Phylogenetic tree of the human B7 family. The phylogenetic comparison of human B7
molecules was generated by PAUP version 4.0b10. The family was divided into three groups: HHLA2, B7x, and B7-H3 for group IlI; PD-L1 and PD-L2 for group

IIl; and B7-1, B7-2, and B7h for group I. Receptors for human B7 molecules were also indicated.

PD-L1 (12% and 26%), PD-L2 (14% and 27%), B7-H3 long
form (15% and 32%), and short form (16% and 33%), and B7x
(18% and 30%), which are comparable to the homologies
exhibited by other members of the family; for example, B7-1, the
founding member of the B7 family, shares 13-21% of amino acid
identity and 22-37% of similarity with other human B7 molecules.

The putative HHLA?2 protein has an N-terminal signal peptide,
an ectodomain composed of tandem IgV-IgC-IgV domains, six
potential sites for N-linked glycosylation, a transmembrane region,
and a 49-aa cytoplasmic tail (Fig. 14). The predicted HHLA2
protein is a type I transmembrane molecule. To test this prediction,
we examined the HHLA?2 protein localization by expressing
HHIA2-YFP fusion protein in a mouse embryonic fibroblast (3T3)
cell line, which did not express endogenous HHLLA2. Confocal
microscopy analysis revealed that HHLA2 protein was predom-
inantly found on cell membranes with some in the cytoplasm (Fig.
1B). In contrast, human CTLA-4-YFP fusion protein was mainly
localized intracellularly in the 3T3 cell (Fig. 1B).

Evolution of HHLA2. In a previous study we divided the B7 family
of proteins into three groups by phylogenetic analysis (25). With
HHIA2 added into this family, we used PAUP 4.0b10 (34) to
reevaluate the relationship among human B7 proteins. As shown
in Fig. 1C, a phylogenetic comparison of the family divided the
human B7 molecules into three groups: group I includes B7-1,
B7-2, and B7h; group II consists of PD-L1 and PD-L2; and group

III contains B7x, HHLA2, and B7-H3. For group I, CD28 and
CTLA-4 are receptors for all three B7 molecules and the closely
related ICOS is a receptor for B7h, whereas PD-L1 can bind B7-
1. For group II, PD-1 is the receptor for both PD-L1 and PD-L2.
For group III, receptors have not been identified yet. The phy-
logenetic comparison suggests that receptors for group III would
not be real homologs of receptors for groups I and II.

Based on sequence analyses, putative HHLA2 orthologs ap-
pear to be present in a wide range of species, including fish
(GeneBank accession no. ACH85300), frog (NP_001122116),
Heterocephalus glaber (EHB18400), giant panda (EFB27984),
and monkey (EHH16036 and EHHS51009), suggesting evolu-
tionally conserved function. However, in contrast to other B7
family members, laboratory mouse and rat strains do not express
HHIA2, which makes it the first B7 family member expressed in
humans but not in mice.

Protein Expression Pattern of HHLA2. The expression of HHLA2 at
the protein level is completely unknown at present. To examine
the protein expression, we generated a panel of monoclonal
antibodies (mAbs) against HHLA2 from mice as mice do not
express the HHLA2 gene. The specificity of the mAbs was
demonstrated by ELISA and FACS in which mAbs reacted with
HHLAZ2 but not with other B7 molecules (Fig. 24 and Fig. S1).

Using the anti-HHLA2 mADbD clone 566.1, HHLA2 expression
was examined on APCs by FACS. CD14 positive monocytes in
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Fig. 2. Analysis of endogenous HHLA2 protein expression by flow cytometry with specific mAb. (A) 3T3 or CT26 cells were transfected with MSCV vectors to
stably express cell surface human B7-1, B7-2, B7h, PD-L1, PD-L2, B7-H3, B7x, and HHLA2-YFP. Transfectants were stained with an anti-HHLA2 mAb clone 566.1
(open histograms) or isotype control (shaded histograms) for FACS. (B) Human PBMCs were stained with biotin-anti-HHLA2 mAb/APC-streptavidin, and PE-, FITC-,
or Percp-Cy5.5—conjugated anti-CD 14 (monocytes), anti-CD19 (B cells), anti-CD4, anti-CD8, and anti-PD-L1. Monocytes and B cells were activated with LPS/IFN-y for
3 d, whereas T cells were activated with anti-CD3 for 3 d. Immature DCs were generated from blood monocytes incubated with GM-CSF/IL-4 and were induced
with LPS/IFN-y to become mature DCs. Endogenous HHLA2 protein was highly detected on monocytes and induced on B cells, whereas PD-L1 was induced on
activated immune cells. Anti-HHLA2 mAb (open histograms) and isotype control (shaded histograms) are shown. Results represent at least seven experiments.
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human peripheral blood mononuclear cells (PBMCs) expressed
significant levels of HHLA?2 and the expression was further up-
regulated by stimulation with LPS and IFN-y (Fig. 2B). Resting
CD19 positive B cells did not express HHLA2, but the expres-
sion was induced by LPS and IFN-y stimulation (Fig. 2B). No
clear HHLA2 protein could be detected on blood monocyte-
derived immature dendritic cells (DCs) or LPS/IFN-y—induced
mature DCs (Fig. 2B). For T cells, both CD4 and CDS8 T cells in
PBMC:s did not express HHLA2; both were still negative after
stimulation with plate-bound anti-CD3 (Fig. 2B). As a control,
PD-L1, another B7 molecule, was induced on monocytes, B cells,
and DCs after LPS/IFN-y stimulation and was induced on CD4
and CD8 T cells after stimulation with anti-CD3 (Fig. 2B).
Collectively, these results demonstrate that endogenous HHLA2
is an integral cell surface protein constitutively expressed on
monocytes and induced on B cells.

HHLA2 Does Not Bind Other Known Members of the CD28 and B7
Families. It is well documented that all previously characterized
B7 family members can act as ligands and regulate T-cell func-
tion by binding to receptors. The receptor for HHLA2 is un-
known, therefore we first asked whether any of the known CD28
family members are the receptor for HHLA2. To this end, we
first generated an HHLA2-Ig fusion protein consisting of the
extracellular portion of human HHLA?2 and the Fc portion of
IgG1 and three other controls including B7x-Ig, B7-H3-Ig, and
only the Fc portion of human IgG1 (Ig control). The HHLA2-Ig
fusion protein and the controls, produced in the same system and
purified in the same way, were used to search for the interactions
between HHLA2 and the CD28 family members using FACS
analysis. To do this, we established 3T3 lines expressing cell
surface human CD28, ICOS, and PD-1 (Fig. 34). CTLA-4 is not
primarily a cell surface protein (Fig. 1B), mainly due to the fact that
it contains an intracellular localization motif (TTGVYVKMPPT)
in its cytoplasmic tail (35). We established a 3T3 line expressing
cell surface CTLA-4, which did not contain the cytoplasmic tail
(Fig. 34). In FACS experiments, HHLA2-Ig, like the other con-
trol Igs (Ig, B7x-Ig, and B7-H3-Ig), did not bind CD28, CTLA-4,
ICOS, and PD-1 on the cell surface of 3T3 cells (Fig. 3B). Within
the B7 family, B7-1 can bind to another B7 molecule PD-L1 (22).
To test whether HHLA?2 binds to any of the known B7 family
members, we established 3T3 and mouse colon carcinoma (CT26)
lines that expressed cell surface human B7-1, B7-2, B7h, PD-L1,
PD-L2, B7-H3, and B7x, and found that neither HHLA2-Ig nor
B7x-Ig bound the other B7 molecules (Fig. 3B). As a positive
control, PD-1-Ig bound 3T3 cells expressing PD-L1 or PD-L2
(Fig. 3C). These results reveal that neither the known members of
the CD28 family nor those of the B7 family interact with HHLAZ2.

Constitutive Expression of an HHLA2 Putative Receptor on T Cells and
Other Immune Cells. T cells express receptors for members of the
B7 family. To test whether T cells have an HHLA2 receptor, we
used HHLA2-Ig and control Ig to stain T cells from PBMCs.
FACS analyses showed that HHLA2 bound freshly isolated,
resting CD4 and CD8 T cells (Fig. 44). After stimulation with
plate-bound anti-CD3 for 3 d, activated CD4 and CDS8 T cells
still expressed a receptor for HHLA2 (Fig. 44). In contrast,
ICOS was not expressed on resting CD4 and CDS8 T cells but was
induced after stimulation (Fig. 44). HHLA?2 receptor positive
cells and ICOS positive cells were partially overlapping. PD-1,
another CD28 family member, was recently reported to be
expressed on human B cells (36). We therefore examined
whether APCs have a receptor for HHLA2. HHILA2-Ig bound
freshly isolated B cells and monocytes, suggesting these cells
express a receptor for HHLA?2 (Fig. 44). We further stimulated
PBMC:s with LPS/IFN-y for 3 d and found B cells and monocytes
were activated, as evidenced by induced expression of PD-L1.
Both activated B cells and monocytes were stained by HHLA2-Ig
(Fig. 44), suggesting resting and activated B cells as well as
monocytes have a putative HHLA receptor. Finally, we exam-
ined DCs. We found that HHLA2 bound blood monocyte-
derived immature DCs as well as LSP/IFN-y—induced mature
DC:s (Fig. 44). In contrast to immune cells, HHLA?2 did not bind
human HeLa cells and mouse 3T3 cells (Fig. 4B), suggesting
these cells did not have an HHLA2 receptor. Taken together,
these results indicate that a putative HHLA2 receptor is con-
stitutively expressed on T cells, B cells, monocytes, and DCs.

HHLA2 Inhibits TCR-Mediated CD4 and CD8 T-Cell Proliferation. Based
on our data showing that HHLA2 protein was detected on APCs
and a putative receptor was constitutively expressed on T cells,
we examined whether HHILLA2 was able to regulate T-cell
function using a system modified from our previous studies (25).
In this system, purified T cells were activated with plate-bound
mAD to human CD3 and the activation of T cells was determined
on days 3 and 5. We first performed a dose titration of anti-CD3
and found that T cells from different normal donors needed
different concentrations of anti-CD3 to achieve the middle level
of proliferation. Therefore, different suitable concentrations of
anti-CD3 were used for T-cell experiments from each donor. We
used the MTT assay to quantify anti-CD3-induced T-cell acti-
vation in the presence of immobilized HHLA2-Ig, control Ig, or
B7x-Ig (Fig. 54). HHLAZ2-Ig significantly decreased T-cell acti-
vation induced by anti-CD3 (Fig. 54). As a control, B7x-Ig also
inhibited T-cell activation in the same system, consistent with our
previous report (25). As both CD4 and CD8 T cells constitutively
express an HHLA2 receptor, we next examined whether HHLA2
was able to inhibit both CD4 and CD8 T cells. Purified T cells
from PBMCs were labeled with carboxyfluorescein diacetate

A CD28/3T3 CTLA-4 tailless/3T3 ICOS/3T3 PD-1/3T3  [B  CD28/3T3 CTLA-4 tailless/3T3 ICOS/3T3 PD-1/3T3 C  PD-L13T3
CD28——— CTLA4 —— iCOS ——~ PD-1 T
B7-1/3T3 B7-2/3T3 B7h/3T3 PD-L13TS B7-1/3T3 B7-2/3T3 B7h/3T3 PD-L1/3T3 PD-L2/3T3
B7-{ ———3 B7-2 ———" B7h ———— PD-L1 'Ed_]_.é' .y
PD-L2/3T3 B7-H3/3T3 B7x/CT26 PD-L2/3T3 B7-H3/3T3 B7x/CT26
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Fig. 3. HHLA2 does not bind other known members of the CD28 and B7 families. (A) 3T3 or CT26 cells were transfected with MSCV vectors to stably express
cell surface human CD28, CTLA-4 without cytoplasmic tail, ICOS, PD-1, B7-1, B7-2, B7h, PD-L1, PD-L2, B7-H3, and B7x. All transfectants were stained with
specific mAbs (open histograms) or control Abs (shaded histograms). (B) Transfectants were stained with HHLA2-Ig fusion protein (open histograms) or control
fusion proteins Ig or B7x-Ig (shaded histograms) and then stained with a PE-conjugate antihuman IgG Fc. (C) As positive controls, 3T3 cells expressing PD-L1 or
PD-L2 were stained with PD-1-lg (open histograms) or control Ig (shaded histograms).
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Fig. 4. T cells and other immune cells constitutively express a putative receptor for HHLA2. (A) T cells, B cells, and monocytes from PBMCs and DCs derived
from blood monocytes were stained with HHLA2-Ig fusion protein (open histograms) or control Ig (shaded histograms) and then stained with a PE-conjugate
antihuman IgG Fc. CD4 and CD8 T cells were stimulated with anti-CD3 for 3 d, whereas B cells and monocytes were stimulated with LPS/IFN-y for 3 d. Immature
DCs were generated from blood monocytes and were induced with LPS/IFN-y to be mature DCs. HHLA2 bound T cells, B cells, monocytes, and DCs. ICOS was
induced on activated CD4 and CD8 T cells, whereas PD-L1 was induced on APCs. (B) In contrast to these immune cells, HHLA2 bound neither human HelLa cells
nor mouse 3T3 cells. HHLA2-Ig fusion protein (open histograms) and control Ig (shaded histograms) are shown. Results represent at least five experiments.

succinimidyl ester (CFSE), and stimulated with anti-CD3 in the  significance. In addition, there was no effect of HHLA2 on cy-
presence of immobilized HHLA2-Ig, control Ig, or B7x-Ig for  tokine production of IL-1f, IL-4, IL-6, or IL-12p70. These
5 d. These cells were then analyzed by FACS with anti-CD4  results suggest that HHLA?2 is able to suppress certain cyto-
and anti-CD8. HHLA2-mediated inhibition was determined  kines produced from T cells induced by TCR signaling.
by gating on CD4 and CDS8 T-cell populations and measuring ] .
CFSE fluorescence intensity. As expected, both CD4 and CD8 T~ Discussion
cells proliferated vigorously when incubated with anti-CD3 and  Here we provide evidence for HHLA2 as a unique member of
control Ig (Fig. 5 B and C), with more than 55% of CD4 and  the B7 family that inhibits proliferation and cytokine production
69% of CDS8 T cells dividing. However, when T cells were in-  of both human CD4 and CD8 T cells. HHLA2 was originally
cubated with anti-CD3 and HHLA2-Ig, significantly fewer CD4  cloned as a gene that was polyadenylated within a long terminal
and CD8 T cells proliferated, with less than 38% of CD4 and  repeat (LTR) of the HERV-H endogenous retrovirus family
less than 52% of CD8 T cells dividing (Fig. 5 B and C). Simi-  (32), exhibiting homology with B7 (32, 33). We found that
larly, B7x-Ig also inhibited both CD4 and CD8 T-cell pro- HHLA2 has all of the characteristics of a B7 family member.
liferation, with less than 44% of CD4 and less than 57% of CD8  Similar to other members of the B7 family, HHLA2 shared 10—
T cells dividing (Fig. 5). Therefore, these findings from two  18% of amino acid identity and 23-33% of similarity to other
functional assays demonstrate that HHLA2 inhibits TCR- human B7 molecules. It is already demonstrated that the IgV
mediated proliferation of both human CD4 and CD8 T cells  domain is the receptor-binding domain for B7-1 (37), B7-2 (38),
to a similar degree as B7x. PD-L1 (39), and PD-L2 (40). Like other B7s, HHLA2 has ex-
tracellular IgV and IgC domains. With the phylogenetic analyses,
HHLA2 Inhibits Cytokine Production from T Cells. We next tested the ~ we found that HHLA?2 formed the third subfamily with B7x and
effect of HHLA2 on cytokine production from T cells. Purified =~ B7-H3 within the B7 family. Indeed, the highest homologous
T cells from PBMCs were stimulated with anti-CD3 in the sequences to HHLA2 are B7-H3 and B7x. Our bioinformatic
presence of immobilized HHLA2-Ig or control Ig for 3 d and  analyses and other results (32, 33) reveal that HHLAZ2 is found in
cytokines in the supernatants were measured using Th1/Th2/  various species including human, monkey, frog, and fish, but is
Th9/Th17/Th22 flowcytomix. Among the 13 T cell-derived not expressed in mouse and rat. Mouse and rat have only
cytokines tested, we found HHLA?2 significantly reduced pro- HHLA2 pseudogenes (32, 33). This is unique, as all other known
duction of 7 cytokines from T cells: IFN-y (21% reduction), —members of the B7 family and of the CD28 family are found in
TNF-a (30% reduction), IL-5 (39% reduction), IL-10 (56% re-  both humans and mice.
duction), IL-13 (39% reduction), IL-17A (36% reduction), and Compared with other B7s, human HHILA2 has a different
IL-22 (35% reduction) (Fig. 6). HHLA2 reduced production of  expression pattern. HHLA2 protein was expressed highly and
IL-2 and IL-9, but the differences did not reach statistical constitutively on monocytes, whereas its expression on human
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B cells was induced by inflammatory stimulation. However, blood
monocyte-derived DCs and T cells were HHLLA2 negative even
after activation with LPS/IFN-y and anti-CD3, respectively.
Future investigation is warranted to determine whether other
stimuli are able to induce HHLA2 on DCs and T cells. Further
study will also be required to determine whether HHLA?2 is
expressed on nonhematopoietic cells and tumors. Different from
HHILA2, we found that the other B7 molecule, PD-L1, was not
expressed in human resting T cells and APCs but was induced on
these immune cells after activation. B7-2 is expressed at very low
levels on human resting B cells and immature DCs and is induced
to high levels with stimuli (41, 42), whereas B7x is hardly detected
on normal human T cells and APCs (41). These studies highlight
the dramatic differences in the spatial and temporal expression of
the individual members of the B7 family. These findings have
important implications for understanding the in vivo functions of
previously characterized and newly identified B7s.

HHILA?2 appears to have a counter receptor that is distinct
from CD28, CTLA-4, ICOS, PD-1, and all B7 molecules. CD28
is constitutively expressed on T cells, whereas CTLA-4, ICOS,
and PD-1 are induced after T-cell activation (1-3). HHLA2-Ig
fusion protein did not interact with any known members of the
CD28 and B7 families, demonstrating that these molecules are
not the receptor for HHLA2. These results are consistent with
the phylogenetic analyses, which suggest the receptors for
group III (HHLAZ2, B7x, and B7-H3) may be distinct from the
receptors for groups I and II. Interestingly, HHLA2 bound not
only to activated human CD4 and CDS8 T cells but also to resting
CD4 and CDS8 T cells. Therefore, HHLA2 joins B7-1 and B7-2 to
recognize receptors expressed on both resting and activated
T cells.

HHLA?2 is able to function as a negative regulator of human
T cells. In the presence of TCR signaling, immobilized HHLA2
protein suppressed proliferation of both human CD4 and CD8
T cells as effectively as B7x in the same experimental system. The
second line of evidence that supported an inhibitory role for
HHLA?2 in T-cell regulation is its effect on cytokine production.
Among 13 cytokines from T cells induced by TCR signaling,
HHLAZ2 significantly reduced the production of 7 cytokines in-
cluding IFN-y, TNF-a, IL-5, IL-10, IL-13, IL-17A, and IL-22,
indicating that HHLAZ2 is able to inhibit T-cell cytokine pro-
duction. We found that human T cells from different donors had
considerable variation in cytokine production, which may reflect
an interesting heterogeneity in the human response. In group III
of the B7 family, B7x suppresses T cells and is widely overex-
pressed in many human solid tumors; B7-H3 is reported to have
costimulatory and coinhibitory effects (28), although clinical
observations suggest that it may function in tumor immune eva-
sion. We have now expanded this group to include HHLA2 as a
T cell coinhibitor. In addition to T cells, human APCs also express
a receptor for HHLA2. The potential function of this pathway in
APCs remains to be clarified.

In summary, we have characterized a member of the B7 family
that serves as an attenuator of T-cell responses. It is a unique B7
family member in that it exists in humans but not in mice. Its
putative receptor is constitutively expressed on human T cells
and APCs. The expression patterns of HHLA2 and its putative
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counter receptor coupled with its coinhibitory function suggest
that this pathway may be a potent regulator of human immune
responses at both the very early and late stages. In the clinic,
CTLA-4-Ig fusion proteins (Abatacept and Belatacept) inhibit
T-cell functions and have already been used to treat adult rheu-
matoid arthritis and to prevent acute kidney transplant rejection
(43, 44), respectively. A mAb that blocks CTLA-4 functions
(Ipilimumab) was recently approved for treatment of metastatic
melanoma (45, 46). Some mAbs against PD-1 and PD-L1 are
currently in clinical trials with cancer patients (47, 48). Clearly,
further studies on this inhibitory HHLA2 pathway may lead to
new therapies for human cancers, autoimmune disorders, infection,
and transplant rejection.

Materials and Methods

Bioinformatic Analysis. BLAST was used to search public databases with
protein sequences. Sequence alignment and homology comparison were
done with MacVector 10.6. The phylogenetic tree was generated by PAUP
(4.0b10) using sequence alignment by removal of significant inserts and
trimming C- and N-terminal extensions (34). Motifs and domains were an-
alyzed with EMBL-EBI tools, SMART, and CBS Prediction.

Production and Purification of Fusion Proteins. HHLA2-Ig and B7x-lg proteins
were prepared by fusing the coding region of the extracellular domain
without signal peptide of human HHLA2 or B7x to a human IgG1 Fc tag of
plasmid pMT/BiP as described (25). The pMT/BiP construct itself produced
human IgG1 Fc tag as a control. All constructs were cotransfected into
Drosophila Schneider 2 (S2) cells with a hygromycin resistance plasmid, and
the stable transfected cell lines were induced to secrete fusion proteins in
Express Five serum-free medium (LifeTechnologies). Proteins were purified
using Protein G Plus Agarose columns (Pierce) followed by FPLC. The
purity and identity of fusion proteins were confirmed by SDS/PAGE,
Western blotting, and protein sequencing with MALDI-TOF-MS/MS
(Fig. S1).

Retrovirus Constructs and Cell Line Transfectants. HHLA2-YFP fusion protein
construct was generated by using PCR to amplify the coding sequence of
HHLA2 without the stop codon and then cloned into the Bgl Il site of the
L50-YFP/MSCV vector. CTLA-4 in L50-YFP/MSCV vector was reported pre-
viously (49). The coding sequences of human CD28, PD-1, ICOS, B7-1, B7-2,
B7h, PD-L1, PD-L2, B7-H3, and B7x were cloned into Xhol/Notl or Xhol/
EcoRl sites of MSCV vector. The coding sequence of human CTLA-4 without
a cytoplasmic tail was cloned into an MSCV vector as well. All vectors were
used to generate retrovirus and then transfected into cell lines 3T3 or
CT26. Positive cell line transfectants were sorted out by FACS using specific
mAbs or YFP.

Generation of Monoclonal Antibodies to Human HHLA2. Hybridomas producing
mAbs to human HHLA2 were generated by standard techniques from sple-
nocytes of HHLA2-Ig-immunized BALB/c mice fused to NSO myeloma cells.
Four independent clones, 566.1 (IgG1), 351.7 (IgG1), 457.23 (IgG1), and 205.1
(IgG1) were selected by ELISA as their mAbs recognized HHLA2-1g, but
not controls including B7x-lg, B7-H3-lg, and normal human IgG. After
this preliminary screening, specificity of mAbs were further determined
by FACS positive staining of a 3T3 transfectant expressing HHLA2-YFP
but negative staining of transfectants expressing other human B7s (B7-1,
B7-2, B7h, PD-L1, PD-L2, B7-H3, and B7x) and human CD28 family
members (CD28, CTLA-4, ICOS, and PD-1). mAbs were purified by Protein
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G Plus Agarose columns and biotinylated with the EZ-Link Sulfo-NHS-
Biotin kit (Thermo Scientific).

Human Antigen-Presenting Cells and Activation. Human CD19* B cells and
CD14* monocytes in PBMCs were activated as previously described (41).
B cells were activated by IFN-y (100 ng/mL; eBioscience) and LPS (60 pg/mL;
Sigma) for 3 d, and monocytes were stimulated by IFN-y (100 ng/mL) and LPS
(100 ng/mL) for 3 d. DCs were generated from human blood monocytes (50).
Monocytes from PBMCs were incubated with completed RPMI1640 con-
taining 10% human serum AB (Atlanta Biological), human GM-CSF (100 ng/
mL; R&D), and human IL-4 (50 ng/mL) for 6 d to generate immature DCs.
These immature DCs were further stimulated with LPS (1 pg/mL) and IFN-y
(100 ng/mL) for 2 d to generate mature DCs.

Human T-Cell Coinhibition Assay. Human T cells were purified from PBMCs
with CD2 Microbeads (Miltenyi Biotec) and incubated (2 x 10° per well) with
different concentrations (0.1-10 pg/mL) of plate-bound anti-CD3 (OKT3;
eBioscience) for 3 d. The T-cell proliferation was determined by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay and
plates were read at 570 nm. T cells from different donors needed different
concentrations of anti-CD3 to achieve the middle level of proliferation.
After determining the suitable anti-CD3 concentration for each donor’s
T cells, 96-well flat-bottom plates were precoated with anti-CD3, HHLA-2-Ig,
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control Ig, or B7x-lg in PBS at 4 °C overnight. Wells were washed and in-
cubated with purified T cells for 3 d. T-cell proliferation was then measured
with MTT assay. For the CFSE (Sigma)-labeled proliferation assay, CFSE-la-
beled human T cells were incubated with plate-bound anti-CD3, HHLA2-Ig,
control Ig, or B7x-Ig for 5 d, and stained with anti-CD4 and anti-CD8 for
flow cytometry.

Statistics. Statistical significance was calculated with the paired- or unpaired t
test using Prism software version 4.0b (GraphPad). A P value of <0.05 was
considered statistically significant.
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