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discovery of the new molecules (B7-H3 [CD276], B7x [B7-H4/B7S1], and HHLA2
possibilities for the treatment of human diseases. In this review, we describe the
discovery, structure, and function of B7-H3, B7x, HHLA2, and TMIGD2 in immune
regulation. We also discuss their roles in important pathological states such as cancers,
autoimmune diseases, transplantation, and infection. Various immunotherapeutical
approaches are emerging including antagonistic monoclonal antibodies and agonistic
fusion proteins to inhibit or potentiate these molecules and pathways in cancers and
autoimmune diseases.
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B7-H5)/TMIGD2 (IGPR-1/CD28H). The B7-1/B7-2/CD28/CTLA-4

1 | INTRODUCTION

pathway is important in modulating central immune tolerance while

In the past two decades, there has been a major advancement in understanding the functions of the immune system, and one of the foremost
achievements is the development of new immune checkpoint inhibitors.
Checkpoint molecules are now sufficiently numerous such that they can
be divided into families. The B7-CD28 family can be phylogenetically
divided into three groups1,2—Group I consisting of B7-1/B7-2/CD28/
CTLA4 and B7h/ICOS; group II containing PD-L1/PD-L2/PD-1; group

PD-L1/PD-L2/PD-1, B7-H3, B7x, and HHLA2 are important in peripheral immune regulation. The discovery, understanding, and therapeutic manipulation of the CTLA4 and PD-1/PD-L1 pathways have led to
important therapeutic advances in cancer immunotherapy in patients
and have led to improved patient cures and survival.3,4 In this review,
we will focus on the advances of the new immune checkpoints in the
third group of the B7 family namely B7-H3, B7x, HHLA2, and TMIGD2.

III including B7-H3 (CD276), B7x (B7-H4/B7S1), and HHLA2 (B7H7/

2 | B7-H 3
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B7 homolog 3 protein (B7-H3) also known as CD276 is an immune
checkpoint molecule that belongs to the B7-CD28 family and was
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discovered in 2001.5 This molecule has been associated with co-

“beta strand-like” conformation rather than the classical FG loop con-

stimulatory as well as co-inhibitory functions in regulating T-cell

formation of the IgV domains. Consequently, the crystal structure of

responses. B7-H3 is encoded on chromosome 15 in humans5 but in

the mB7-H3 IgV domain is formed by a “back sheet” (ABED strands) and

mice it is located on chromosome 9.6 B7-H3 is universally expressed

a “front sheet” (C″C′CFG* strands), of which the G* strand is contrib-

across various species from teleost fish to mammals, thus it is one of

uted by the neighboring mB7-H3 IgV domain. The mB7-H3 C-terminal

the most evolutionarily conserved B7 family members.

7

It is a 316-amino acid type I transmembrane glycoprotein with a

IgC domain (residues 140-239) located on the C terminus of the ectodomain adopts the classical IgC folding with sheets ABED and CFG.12

molecular weight of 45-66 kDa. The extracellular domain is composed

Upon days of storage at high concentration at 4°C, monomeric

of two identical pairs of the immunoglobulin constant (IgC) and vari-

mB7-H3 gradually forms a stable dimer in a concentration-dependent

able (IgV) domain in humans due to exon duplication (four IgB7-H3)

manner.11 Consistent with the crystal structure of mB7-H3, of which

while it consists of a single pair in mice (two IgB7-H3). The intracyto-

the IgV FG loop residues adopt an unusual extended strand-like con-

plasmic tail is short and has no known signaling motif.6,8,9 The B7-H3

formation, replacements f the residues by other residues in the FG

receptor has not yet been identified.10,11

loop perturb the dimerization, suggesting that the observed G loops
exchanging in the crystal structure contributes to the dimerization of
mB7-H3 in solution. Interestingly, both monomeric and dimeric mB7-

2.1 | Structure

H3 showed consistent abilities to inhibit T-cell proliferation with no

Murine B7-H3 (mB7-H3) possesses an ectodomain composed of a single IgV domain and a consecutive IgC domain.

1,5

The structure of the

significant difference. Thus, dimerization of mB7-H3 alone does not
change the inhibitory function of the molecule.11

ectodomain, and elucidation of the detailed biophysical properties of

A canonical monomeric model of mB7-H3 was generated based

the molecule, provides the models for mapping the possible receptor-

on the crystal structure of the dimeric mB7-
H3.13 Two potential

binding sites and functional analysis.11

N-glycosylation sites (residues Asn91 and Asn104) are predicted on

The crystal structure of mB7-H3 construct, including both IgV and

the IgV domain of mB7-H3 based on the sequence of the molecule.

IgC domains, was determined to the resolution of 3 Å with the space

Significant electron density was observed near Asn91 and was iden-

group P6122. The ectodomain of mB7-H3 was produced by Drosophila

tified as a single N-acetyl glucosamine (NAG). More electro-density

S2 cells and purified as a glycosylated monomer. However, mB7-H3

was observed adjacent to residue Asn104 and was interpreted as

crystallized as an unusual dimeric form, resulting from the mutual swap

two NAG and two mannose sugar residues. Both glycosylation resi-

of the IgV domain G strands between two adjacent molecules (Figure 1).

dues and sugars are located in the “back sheet” of mB7H3 IgV domain

The connection segment of the F and G strands adopts an extended

(Figure 1). A chimera mB7-H3 mutant, of which the whole FG loop

F I G U R E 1 Structures of B7-H3, B7x,
and PD-L1. A, Overall structure of the
dimeric mB7H3 in the crystal (PDB entry
4I0K). The strands from each monomeric
mB7H3 are colored and labeled differently.
B, The generated model of monomeric
mB7H3 based on the crystal structure from
PDB entry 4I0K. C, The structure of the
hB7x IgV domain (PDB entry 4GOS). D,
Superimposition of the monomeric mB7H3,
hB7x, and hPD-L1 (PD-L1 is from A chain
of the PDB entry 3BIK). The disulfide
bonds, carbohydrates, and the connecting
Asn residues are shown as sticks
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(residues 126-129; sequences: IQDF) was replaced to the cognate
sequences from human PD-L1 (sequences: YGGA), completely lost the

2.2 | Expression

mB7-H3-mediated inhibitory activity. Surprisingly, alanine scanning

B7-H3 mRNA is widely expressed on many tissues such as those of

targeted the residues on the “front sheet” of mB7-H3 IgV domain did

the heart, thymus, prostate, testis, uterus, placenta, spleen, liver, pan-

not significantly change the inhibitory activity of mB7H3 as compared

creas, small intestine, and colon14 (Table 1). Despite its broad mRNA

to the wildtype (WT) mB7H3.11 These results indicate the individual

expression, there appears to be a tightly regulated post-transcriptional

mutation of the residues on the “front sheet” to alanine may not be

control mechanism as protein expression is limited in steady state and

sufficient to disrupt the receptor recognition, whereas replacement of

maintained at low levels. The protein is constitutively expressed on non-

the FG loop residues is significant enough to disrupt mB7-H3 func-

immune resting fibroblasts, endothelial cells, osteoblasts, and amniotic

tion. This also demonstrates that the FG loop is important for mB7-

fluid stem cells.15 Its expression can be induced on immune cells such

H3-mediated inhibition.

as T cells, natural killer (NK) cells, and antigen-presenting cells (APCs)

TABLE 1

Expression of B7-H3, B7x, and HHLA2 in tissues and cancers

Expression

B7-H3

B7x

HHLA2

Dendritic cells

Strong8,21; induced 17,19

Weak1; induced71

Negative2; induced100

Monocytes

Weak21

Induced71

Strong2

Immune cells and tissues

1

Induced100

Macrophages

–

Weak

NK cells

Induced8

–

–

B cells

Negative21; induced 8

Weak1; induced 71

Induced2

T cells

Negative21; induced 8

Weak1; induced 71

Negative2

25

Weak

110

Osteoblasts

Strong

–

Tissues

Heart, thymus, prostate, testis, uterus,
placenta, spleen, liver, pancreas, small
intestine and colon14

Lung, testis, prostate,
pancreas1

Placenta, colon, breast, small
intestine, kidney, gallbladder103

Strong111

Strong94

–

68.67% (HBV related)112

40%103

Cancers
Endothelial cells

33

Hepatocellular carcinoma

93.8%

Pancreatic cancer

93.7%39

61.9%39

50%103

Colorectal cancer

C-86%, S-77%, N-27%31
C-62%, N-30%36

48.21%113

37.5%103

Esophageal cancer

NS114

95.5%115

Renal cell carcinoma

19%, E-98% (clear cell)

Bladder cancer

58.6%116
37

45

59.1%, E-81.5%

20%103
94

33.33%103

49%117

40%103

37

Ovarian carcinoma

93%
E-44%37

100%
85%80

50%103

Endometrial cancer

75.7%34

100% primary118
96% metastatic118

0%103

Cervical cancer

72.22%48

80.56%48

0%103

Breast cancer

90.60%43
80.55%55

95.4% primary, 97.6%
metastatic81

56% TNBC103
70%103

Prostate cancer

93%40
100%41

99%40

33.33%103

Osteosarcoma

91.8%35

70.19%110

68%108

Oral squamous cell carcinoma

74.75%38

NS119

–

Lung cancer

69.5%
37.1%46

43%46
31%80

66.67%103
66%106

Glioma

NS49

NS82

–

44

80

Melanoma
Thyroid

47

NS
–

0%

95.3%

55.56%103
120

NS: not specified; %: % of tumor-expressing molecule; Weak/Strong: IHC staining of molecule.

66.67%103
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including dendritic cells (DCs) and macrophages.8,16,17 B7-H3 protein

inhibited proliferation of CD4 and CD8 T cell in a dose-dependent

overexpression in tumor tissue was highly correlated with decreased

manner and also reduced IL-2 and IFN-γ.17 This inhibitory effect

expression of miR-29 as compared to normal tissues, and B7-H3 pro-

of B7-H3 was overcome by CD28-mediated co-stimulation. The

tein level could be modulated through manipulating miR-29 level in

expression of B7-H3 on APCs decreases T-cell proliferation. In

cultured cell lines, suggesting that a microRNA regulatory mechanism

mouse models of airway inflammation, B7-H3 downregulated Th1

18

In vitro, its expression, specifi-

but not Th2 responses, and B7-H3 gene knockout mice developed

cally on DCs, has been noted in coculture with regulatory T (Treg) cells,19

is involved in its differential expression.

severe airway disease than the WT. In a mouse model of exper-

interferon-gamma (IFN-γ), lipopolysaccharide (LPS), or anti-CD40

imental autoimmune encephalitis (EAE), B7-H3-deficient mice or

stimulation.17,20 B7-H3 is upregulated on monocytes and monocyte-

blocking B7-H3 through antibodies resulted in earlier onset and

derived DCs after LPS stimulation or cytokine-induced differentiation,

worse disease, respectively, through enhanced Th1 responses.20

21

respectively while it is detected on NK cells and B cells following iono-

B7-H3, by modulating or inhibiting NFAT (nuclear factor of acti-

mycin stimulation.8,15 The limited expression of B7-H3 in normal tissues

vated T cells), NF-κβ, and AP-1, can regulate T-cell receptor (TCR)-

is consistent with the expression of other members of the B7 family.

mediated gene transcription and hence cause T-cell co-inhibition.22

These studies comprehensively show that B7-H3 causes T-cell co-

2.3 | Function

inhibition. These effects of T-cell co-stimulation or co-inhibition by
the same molecule could be due to multiple receptors, the presence

Our appreciation of the roles of B7-H3 is evolving and the context

of other co-stimulatory or co-inhibitory molecules, or the presence

of its expression is central to further defining the importance of this

of different immune cells/cytokines leading to modulation of B7-H3

molecule. Its significance in innate and adaptive immunity is complex

function.

and still needs further elucidation.

2.3.1 | T cell

2.3.2 | NK cell
B7-H3 has been shown to inhibit NK cell activity in tissue cultures

B7-H3 has been shown to have co-stimulatory and co-inhibitory

and hence decreases NK cell function and therefore there should be a

activities in various studies. The initial study which led to the discov-

receptor on NK cells for B7-H3.23 In glioma, higher grades are associ-

ery of B7-H3 showed that B7-H3 increased proliferation of CD4 and

ated with a higher percentage of B7-H3 expression.24 This study also

CD8 T cells in the presence of anti-CD3 antibody. Moreover, B7-H3

showed that both soluble B7-H3 and cell-bound B7-H3 were able to

played an important role in the generation of IFN-γ during activation

inhibit NK cell-mediated lysis. In an in vivo model of B7-H3-silenced

of T cells.5 In murine cancer models, B7-H3 has been shown to acti-

glioma cell lines, tumor formation was present but there was a marked

vate tumor-specific cytotoxic T lymphocytes (CTL) and hence potenti-

decrease in the ability to form metastatic deposits when compared

ate antitumor immunity.22 These studies showed that mB7-H3 can

with control animals. This is important in tumor immunity, since when

function as a co-stimulatory molecule.

tumor cells lose HLA class I molecules, and hence escape cytolytic

Several studies show that B7-H3 predominantly causes T-cell
co-inhibition. Similar T-cell proliferation assays showed that B7-H3

F I G U R E 2 The third group of the
B7-CD28 immune checkpoint family in
the human cancer microenvironment.
B7-H3 dampens (red broken line) NK
cells and T cells, and may reprogram
metabolism in cancer cells. B7x inhibits T
cells and potentiates (green broken line)
myeloid-derived suppressor cells (MDSC).
HHLA2 restricts T cells and may promote
angiogenesis through its receptor TMIGD2
on endothelial cells. Receptors for B7x
and B7-H3 molecules have not yet been
identified

T-cell clearance, they become susceptible to NK cell-mediated lysis
(Figure 2).
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fully MHC-mismatched cardiac model and promotes a shift toward

2.3.3 | Other cells

a Th2 milieu.30 Further studies are needed to clarify its role in solid

B7-H3 also promotes osteoblast differentiation and bone miner-

organ transplants.

alization. Despite having no gross skeletal abnormalities, the B7-H3
knockout mice displayed a lower bone mineral density in cortical
bones compared with WT controls. These results show that B7-H3

2.4.3 | Cancer

is another factor in the growing interface between bone and the

Aberrant expression of B7-H3 in various human malignancies includ-

immune system.25

ing melanoma, glioma, leukemia, lung, pancreatic, renal, colorectal,
ovarian, breast, gastric, and endometrial cancers was detected in 60-

2.4 | B7-H3 in pathological states

93% of the tumor tissue, while limited expression is seen on normal
healthy tissues.15 B7-
H3 staining by immunohistochemistry (IHC)
is present on the membrane, cytoplasm, nucleus, or vasculature of

2.4.1 | Infection

tumors. A study of more than 700 colorectal cancer patients showed

Soluble B7-H3 is elevated in patients with sepsis when compared with

cytoplasmic/membrane, stromal, and nuclear expression of B7-H3

healthy persons and is even higher in patients who died from sepsis.26

in 86%, 77%, and 27% of the samples, respectively.31 The molecular

Whether soluble B7H3 represents a predictive or prognostic factor

mechanisms that regulate its expression and specific functions remain

for sepsis is unclear as this was a small study and other confounding

unclear with both favorable and adverse outcomes associated with its

factors could have influenced the reported results. In patients with

expression in human tissues and mouse models.16,32

sepsis, serum B7-H3 levels correlate with increased levels of tumor

B7-
H3 expression in hepatocellular carcinoma,33 endometrial

necrosis factor α (TNF-α) and IL-6. TNF-α is the most potent inducer

carcinoma,34 osteosarcoma,35 colon cancer,36 ovarian carcinoma,37

of B7-H3 release from monocytes. B7-H3 alone was unable to cause

and oral squamous cell carcinoma38 is associated with a shortened

cytokine release from murine macrophages but it strongly augmented

overall survival (OS). Its expression was also associated with dis-

LPS-induced NF-κβ activation in a Toll-like receptor (TLR) 2- and

ease progression or advanced stage in pancreatic cancer,39 prostate

26

Similarly, B7-H3 substantially augmented

cancer,40–42 breast cancer,43 melanoma,44 clear cell renal cell carci-

pro-inflammatory cytokine production in the development of pneu-

noma (RCC),45 oral squamous cell carcinoma,38 and non-small cell

mococcal meningitis in a murine model.27 Thus, B7-H3 potentiates the

lung cancer (NSCLC).46,47 Similarly, studies have also found a direct

inflammatory response in sepsis in murine models. Its levels are higher

correlation with increased B7-H3 expression and tumor size, tumor

in humans during sepsis but its significance remains uncertain.

grade, and rate of recurrence in humans.31,48,49 Thus, there is ample

TLR4-dependent manner.

evidence for the association of B7-H3 with poor prognosis in human

2.4.2 | Transplant

cancers.
Although B7-H3-expressing cells are able to evade tumor immu-

Allogeneic bone marrow transplant (BMT) is performed for hema-

nity, the exact mechanisms are not yet known. Upregulation of B7-H3

tological malignancies and achieves a cure; however, graft-vs-host

is associated with impaired T-cell stimulatory function,19,50 suppressed

disease (GVHD) after allogeneic transplant remains a major cause of

NK-mediated cell lysis,24 increased IL-10 secretion,43 decreased IL-

death in transplant recipients. B7-H3 is upregulated in the colon, liver,

12,51 modulation of the Jak/Stat pathway52 which contributes to

and lung in mice, and in the intestine of GVHD patients. B7-H3 knock-

immune suppression and evasion by tumors.

out recipients as well as recipients of B7-H3 knockout donor T cells

There are few early studies that associate B7-
H3 expression

had accelerated GVHD lethality. The increased GVHD lethality is a

with favorable clinical outcomes in cancer. In 102 patients with gas-

result of increased T-cell proliferation, colon inflammatory cytokines,

tric cancer and 68 patients with pancreatic cancer, 58.8% and 88.2%

and intestinal permeability. However, these T cells lacking B7-H3 are

expressed B7-H3, respectively. In both these studies, high levels of

capable of providing graft-vs-leukemia (GVL) effects that are advanta-

B7-H3 expression were associated with a significantly better prog-

geous. Therefore, the B7-H3 pathway acts as a suppressor of acute

nosis.53,54 Its expression was correlated with a higher number of

GVHD. Approaches to increase B7-H3 expression soon after BMT to

tumor-infiltrating CD8 T cells in the pancreatic cancer patients, while

reduce GVHD and to decrease B7-H3 later post-BMT via the devel-

in breast cancer B7-H3 suppressed tumor growth by inhibiting VEGF

opment of potent antagonistic B7-H3 monoclonal antibodies (mAbs)

expression.55 B7-H3 slowed tumor growth mediated by CD8 T cells

to enhance the donor lymphocyte infusion-mediated GVL effect may

and 50% had complete regression in mouse models of lymphoma and

benefit transplant recipients.28

mastocytoma.56,57 In HCC mouse models multiple distant tumor nod-

In solid organ transplants an early study showed B7-H3 had a

ules regressed and tumor angiogenesis was inhibited.58,59 In colon can-

co-stimulatory role in the alloimmune response. Its expression by

cer survival time was prolonged, and tumor size as well as the occur-

cells promotes T cell-mediated immune responses and subsequently

rence of metastases was reduced.60,61 Ablation of B7-H3 resulted in

mediates the rejection of acute and chronic cardiac and islet cell

increased tumor burden in a spontaneous prostate cancer model.62

allografts.

29

However, more recent results are consistent with an

inhibitory function of B7-H3. Its signaling prolongs the survival of a

These studies show that a high level of B7-H3 may be beneficial to
anti-tumor immune responses.
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There are several potential explanations for B7-H3’s complex and

animal studies have shown that silencing B7-H3 as well as utilizing

conflicting immunomodulatory activity: (1) B7-H3 interacts with both

conventional chemotherapy with cytarabine or paclitaxel led to 80%

inhibitory and stimulatory receptors; (2) it has different affinities for

tumor reduction in murine models of histiocytic lymphoma-derived

several receptors; (3) it has other aberrant isoforms or splice variants;

human cell line U937 and human breast cancer line, respectively, com-

and (4) genetic polymorphisms or differential glycosylation patterns

pared to WT models.52,70 In both studies, silencing B7-H3 significantly

may exist for the B7-H3 gene and protein.16

enhanced tumor cell chemosensititvity and drug-induced apoptosis.
Hence, this provides a rationale for the potential synergistic effects

2.5 | Immunotherapy targeting B7-H3

between B7-H3 blockade and chemotherapy for treatment of cancers.
The majority of B7-H3 is expressed on tumor cells and vascula-

Recent advances in immunotherapy targeting the B7-CD28 family

ture while the other checkpoint inhibitors are expressed on immune

members, CTLA-4/B7-1/B7-2 and PD-1/PD-L1 have been clinically

cells, normal cells, and tumor cells. Such phase I clinical trials are under

successful and caused tumor regression.63–65 Therapies targeting the

way to explore the safety of enoblituzumab in combination with either

B7-CD28 pathway are related to blocking the co-inhibitory signal

anti-CTLA4 (ipilimumab) or anti-PD-1 (pembrolizumab) in patients

between immune cells-immune cells and/or immune cells-tumor cells

with refractory cancer (NCT02381314 and NCT02475213).15 This

as well as the potentiation of the co-stimulatory signals. Progress in

difference can be highly advantageous for combination therapy that

developing immunotherapies targeted at B7-H3 is deterred by the

can generate local responses through tumor-specific B7-H3 targeting,

conflicting evidence of the role of this molecule in tumorigenesis.

with additional checkpoint blockade-enhancing antitumor immunity.

In addition, until the receptor is identified, therapy can only be targeted toward the molecule itself. Clinical trials with B7-H3-targeted
immunotherapy are underway showing some promise. There are multiple modalities by which this molecule can be targeted as described
below.

15

2.6 | Summary of B7-H3
B7-H3 is predominantly a T-cell co-inhibitory molecule with a partial
co-stimulatory function reported in some studies. It is a type I trans-

Blocking mAbs such as nivolumab and ipilimumab have been

membrane protein with four extracellular domains due to exon dupli-

effective and are now widely used clinically. Similar antibodies to B7-

cation in humans. B7-H3 potently inhibits T cell and NK cell functions

H3 are currently unavailable clinically and the ability of these antibod-

and also has a role in bone development. The receptor for B7-H3 has

ies to neutralize the signaling pathway remains unknown. Until the

not yet been characterized but is presumed to be on T and NK cells. In

exact role of B7-H3 in specific tumors is defined, the development of

human cancers, consistent with the function of B7-H3, most studies

functional blocking antibodies to B7-H3 will be a challenge.

show that its expression is associated with poor prognosis while a few

Enoblituzumab (MGA271), a mAb against B7-H3 with potent anti-

studies show that its expression is associated with a better prognosis.

tumor activity through antibody-dependent cell-mediated cytotox-

Currently antibodies targeting B7-H3 through an ADCC mechanism

icity (ADCC), is being explored. This antibody showed tumor growth

and B7-H3 antibody drug conjugates are in Phase 1 clinical trials in

inhibition in B7-H3 expressing renal and bladder carcinoma xeno-

humans and the initial results are encouraging.

grafts.66 There is currently an ongoing phase I trial being conducted in
patients with refractory B7-H3 expressing tumors or vasculature (trial
NCT01391143). The preliminary results of the dose escalation study

3 | B7x

show that it is well tolerated and has anti-tumor activity by increasing the T cell repertoire clonality in patients (http://www.macrogenics.

B7x (B7-H4, B7-S1) belongs to the Immunoglobulin superfamily and

com/enoblituzumab-anti-B7-H3/).

the B7 family of ligands. It was discovered by us and others using

Similarly, an antibody drug conjugate with 8H9, a mAb radio-

bioinformatic analyses in search for proteins with homology to other

labeled to iodine-131 showed clinical success as salvage therapy in

members of the B7 family.1,71,72 The human B7x (hB7x) consists of

patients with metastatic central nervous system tumor called neuro-

282 amino acids and shares an 87% amino acid identity with mouse

blastoma. The patients received compartmental intrathecal antibody-

B7x which shows that this molecule is conserved from an evolutionary

based radioimmunotherapy and 83.3% of patients had prolonged

standpoint. It shares varying degrees of identity with human—B7-1

survival.67 Currently, Phase I clinical trials with radiolabeled 8H9 are

(12%), B7-2 (13%), B7 h (16%), PD-L1 (18%), PD-L2 (18%), and B7-H3

ongoing in patients with peritoneal cancers, gliomas, and advanced

(24%).1 Human B7x is located on chromosome 1p12/13.1. This is a

CNS cancers (NCT01099644, NCT01502917, and NCT00089245).

type 1 transmembrane protein with a signal peptide in the N terminus,

Recently a humanized affinity-matured potent form of this antibody

an extracellular domain with IgV-and IgC-like domains with four con-

(hu8H9) has been developed that binds to the FG loop of B7-H3, a

served cysteine residues and seven sites for N-linked glycosylation.

region critical to its immunologic function.68
Synergistic therapy with a B7-H3 mAb and chemotherapy has met
with preclinical success. In a murine pancreatic cancer model, B7-H3

3.1 | Structure of B7x

blockade with the mAb MJ18 along with gemcitabine showed a syner-

The crystal structure of the hB7x IgV domain was determined to

gistic anti-tumor effect without overt toxicity.69 Two other preclinical

the resolution of 1.59 Å with the space group P43212. The hB7x IgV

32

|

JANAKIRAM et al.

domain was expressed by Drosophila S2 cells and the purified pro-

The functional mechanisms of upregulation of B7x in glioma cells

tein crystallized as a monomeric form with each asymmetric unit

were explored.82 IL-6 potently upregulated B7x expression in glioma

containing one hB7x molecule.

73

The structure of hB7x IgV adopts

cell lines. Stimulation of IL-6-mediated phosphorylation of STAT3

a typical IgV organization,12 which is characterized by “β sandwich”

upregulated B7-H4 promoter activity, which was abrogated by knock-

folding formed by a “back sheet” (ABED strands) and a “front sheet”

down of STAT3 with shRNA. This shows that STAT3 upregulates B7x

(C”C’CFGA’ strands) stabilized by a disulfide bond between B and F

transcription via its promoter and represents one mechanism of B7x

strand (formed by Cys56 and Cys130). A significant electron density,

regulation.82

which could be fitted by five sugar residues of a branched glycan, is
well defined near Asn112, corresponding to the glycosylation site at
Asn112 as predicted by hB7x sequences. Notably, the large observed
branched glycan covers a significant area of the “back sheet” surface
(Figure 1). Similarly, a glycosylation site at the homologue position
(Asn104 of B7H3) has been observed for the mB7H3 ectodomain.11

3.3 | Function
3.3.1 | T cells
B7x negatively regulates T-cell responses. B7x decreases T-cell prolif-

Crystal structure of hB7x provides a model for epitope mapping,

eration, which is a hallmark of T-cell activation, in a dose-dependent

which may further improve the efficacy of antibodies targeting hB7x.

fashion by decreasing IL-272 and by inducing cell cycle arrest in T cells

For example, 1H3 is an IgG1 mAb against B7x, which has been proved

(a non-IL-2-dependent mechanism).80 This is similar to CTLA-4 which

to inhibit tumor nodule formation and prolong the survival of mice

can also inhibit TCR-induced T-cell proliferation by cell cycle arrest.83

inoculated with hB7x-expressing CT26 tumors.74 The Fab of 1H3 is

JunB which regulates IL-2 gene transcription after T-cell activation

effective in blocking the B7x-mediated T-cell co-inhibition, suggesting

is decreased after B7x stimulation and this could be one mechanism

1H3 is a functional neutralizing antibody. Mutagenesis study showed

of decreasing IL-2 production by B7x.72 B7x inhibits T-cell growth,

that BC loop (residues Ile62 and Lys63) of the “back sheet” and FG

cytokine secretion, and cytolytic activity against allogeneic antigens

loop (residue Ser135) of the “front sheet” define the minimal footprint

in vivo.80 The inhibitory effects of B7x could only be partially reversed

for hB7x:1H3 interaction interface.

73

In combination of these data, it

by co-stimulation through the CD28 signaling pathway. B7x blocks

is very likely that the B7x receptor binds to the B7x IgV domain, which

the differentiation of naïve CD4 T cells to effector Th1 or Th17 cells

overlaps with the 1H3-binding interface.

by blocking IFN-γ and IL-17 production84 (Figure 2). In all these stud-

Superimposition of the monomeric model of mB7H3 with human
PD-L1 structure (from PDB entry 3BIK chain A) shows a similar organi-

ies it has been shown that B7x interacts with a receptor on activated T
cells which is distinct form CD28, CTLA-4, ICOS, and PD-1.1

zation with an overall Cα RMSD (root-mean-square deviation) ~2.7 Å
(Figure 1). In addition, superimposition of hB7x IgV domain with
human PD-L1 IgV domain resulted in even smaller Cα RMSD ~1.3 Å,

3.3.2 | Myeloid-derived suppressor cells

with the most apparent differences in the loop regions (Figure 1).

Myeloid-derived suppressor cells (MDSCs) are immature cells of the

These indicate that overall structures of B7H3 and B7x resemble the

myeloid origin, which are mainly present in tumor and have a potent

other well-identified B7 family members. Most of the characterized B7

ability to suppress T-cell proliferation and cytokine production.85

family members apply the “front sheet” of IgV domains to engage the

MDSC are divided into granulocytic (g-MDSC) and monocytic MDSC.

receptors. For example, B7-1, B7-2, PD-L1, and PD-L2 all bind to the

In a B7x knockout mouse model, g-MDSC was the predominant popu-

corresponding receptors through the “front sheet” of IgV domains.75–79

lation to infiltrate a tumor.86 This g-MDSC makes up 60% of the tumor

Considering the obvious carbohydrates modifications of both B7-H3

immune cells in WT mice while their composition is only 20% in B7x

and B7x on the “back sheet” of the IgV domains as identified in the

knockout mice, suggesting that the presence of B7x promotes expan-

crystal structures, it is very likely that B7-H3 and B7x may interact

sion of MDSC. Moreover, B7x binds to g-MDSC indicating that MDSC

with their receptors through the “front sheet” of IgV domains, although

has a receptor for B7x, there may be a distinct receptor on the MDSC

more concrete evidence is required to support this hypothesis.

different from the T cells.

3.2 | Expression

3.4 | B7x in pathological states

B7x mRNA in immune cells is expressed by professional APC, bone
marrow-derived DCs, peritoneal macrophages, splenic CD11c+ DCs,

3.4.1 | Autoimmune diseases and infection

and splenic B cells.1,80 B7x mRNA can be detected by PCR in most

B7x has been shown to dampen T-cell responses. To demonstrate

tissues but it is highly expressed in non-lymphoid organs like the

the role of B7x in infections, the effects of Streptococcus pneu-

lung, testis, and pancreas1 (Table 1). Despite the high level of mRNA

monia infection in B7x knockout mice were studied.87 In the B7x

expression in most tissues, there is no detectable B7x protein in most

knockout mouse model, the severity of S. pneumonia infection was

healthy tissues.80 Low levels of B7x expression were found in geni-

markedly reduced when compared to WT mice. Control of infection

tal tract, lung, pancreas, and kidney, but were absent in other normal

in B7x knockout mice was associated with a marked increase in acti-

somatic tissues.81

vated CD4 and CD8 T cells and fewer neutrophils in lungs, whereas
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the susceptible WT mice had higher neutrophils with decreased CD4

from prostate cancer (HR 2.71; 95% CI 1.04-7.02; P=.04). Hence, B7x

and CD8 T cells. This suggests that B7x plays an important role in the

is highly expressed in prostate cancer and its strong expression in the

dampening of immune responses to infection.

tumor is associated with poor prognostic factors.

The role of B7x in the induction and maintenance of autoimmune
diseases was studied in an EAE model. In vivo blockage of B7x with
B7x antibodies during the T-cell priming phase led to an increase in the

3.4.2.2 | Breast cancer

severity of the disease.20 Similarly, EAE was severe in B7x-deficient

Similar to prostate cancer, B7x expression was detected in 95%-97%

mice when compared to WT mice due to the expansion of Th1 and

of primary and metastatic breast cancers. The staining intensity was

Th17 cells during EAE induction without changing the Treg cell popu-

much higher in invasive ductal carcinoma than in normal breast epi-

lation leading to severe disease

88

thelium.81 Even though B7x expression was associated with negative

CD8 T cell-induced diabetes in B7x-deficient and B7x-

progesterone receptor status and history of neoadjuvant chemother-

overexpressing mouse models was used to study the roles of B7x in

apy these factors are not necessarily predictive of a poor outcome in

peripheral tissues. Mice lacking B7x developed a severe form of diabe-

breast cancer.

tes and transfer of antigen-specific CD8 T cells to B7x-overexpressing
mice did not lead to diabetes. These studies showed that the CD8 T
cells migrated to the pancreas of the B7x-overexpressing mice, but
their proliferation, and thereby, tissue destruction is markedly reduced
in the presence of B7x.

89

3.4.2.3 | Renal cancer
In 259 RCC patients treated with nephrectomy, 59% tumor specimens exhibited B7-H4 staining.94 Tumor cell B7-H4 expression was

The effects of B7x in an autoimmune kidney disease mouse model

associated with adverse clinical and pathologic features, includ-

showed that B7x is expressed by several different kidney cells includ-

ing constitutional symptoms, tumor necrosis, and advanced tumor

ing tubular cells, podocytes, and glomerular epithelial cells at a low

size, stage, and grade. Patients with tumors expressing B7-H4 were

level. This expression is rapidly induced in the tubular cells after stim-

three times more likely to die from their RCC (risk ratio=3.05; 95%

ulation with LPS.90 B7x knockout mice have an enhanced humoral

confidence interval=1.51-6.14; P=.002). Interestingly, 81.5% speci-

immune response and develop severe renal injury after passive admin-

mens exhibited tumor vasculature endothelial B7-
H4 expression,

istration of antibodies against glomerular antigens. Correspondingly

whereas only 6.5% of normal adjacent renal tissue vessels exhibited

the macrophages in the spleen of B7x knockout mice were polarized

endothelial B7-H4 staining. Similarly, serum B7x was higher in 53

to an inflammatory M1 phenotype. In accord with these studies, high

RCC patients (14.4 ng/mL) when compared to 18 control patients

levels of serum B7x were found in the sera of patients with rheuma-

(2.7 ng/mL).95 Median levels were significantly higher for patients

toid arthritis and correlated with the disease severity score.

91

All these

with a tumor thrombus, positive lymph nodes, and distant metasta-

studies show that B7x regulates the induction and severity of auto-

ses at nephrectomy. The median B7x levels also were progressively

immune diseases and plays an important role in peripheral tolerance.

higher with increasing tumor-node-metastasis stage. These findings
suggest that B7x is highly expressed in RCC, is associated with poor

3.4.2 | Cancer
Aberrant expression of B7x has been detected in many human cancers

prognostic features, and since it is expressed in the vascular endothelium, whether this is involved in angiogenesis or metastases needs to
be determined.

which include—breast, lung, ovary, uterus, kidney, and others.92 B7x
is rapidly lost in in vitro cultures and hence most human93 and mouse
tumor cell lines are B7x negative.73 Several human studies have stud-

3.4.2.4 | Glioma

ied the expression of B7x in cancers and its prognostic role in these

In glioma, a CNS tumor, higher grades of tumor are associated with

malignancies. A few studies are described in detail below.

higher B7x mRNA and protein expression when compared with normal
brain tissue.82 Similarly, increasing levels of soluble B7x was also found

3.4.2.1 | Prostate cancer

in CSF with increasing grades of glioma. CD133+ glioma-initiating
cells mediated the expression of B7x on macrophages through IL-6

Expression of B7x and correlation with clinical features were analyzed

and IL-10 secretion. This results in a polarization of the macrophages

in a large study of 948 patients with localized prostate cancer treated

toward a tumor promoting or a M2 phenotype, inhibition of T-cell

with a pelvic lymph node dissection and radical retropubic prostatec-

proliferation and cytokine production, and led to reduced cytotoxic-

tomy.40 B7x was highly expressed in the majority of prostate cancer

ity of T cells. In a xenograft model of NOD/SCID mice, suppression

with a strong intensity in 15% of cancer specimens. Strong intensity

of B7x leads to T-cell activation and tumor regression in mice. These

of staining for B7x in tumors was significantly associated with extra-

experiments prove that B7x is an important checkpoint molecule in

capsular extension, seminal vesicle invasion, and metastatic disease.

the development of glioma.

These patients were also more likely to develop a biochemical recur-

Based on these studies, B7x is expressed in most cancers and

rence (HR 1.38; 95% CI 0.94-2.02; P=.10), clinical recurrence (HR

its expression is associated with a poor prognosis. Targeting B7x in

2.22; 95% CI 1.27-3.87; P=.005) and had a higher probability of death

human cancers is an attractive option for cancer immunotherapy.
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did not happen systemically in the blood. In addition, B7x-Ig-treated

3.5 | Immunotherapy targeting B7x

mice had decreased numbers of Th17 cells and hence decreased
levels of Th17-associated cytokine and an increase in IFN-γ which

3.5.1 | Cancer

potently inhibits Th17 cells.98 The treatment downregulates the

Anti-B7x therapy has been tested in mouse models in the form of

Th17 pathway which is important in the development of autoim-

anti-B7x single-chain fragment variables (scFv), ADCC and functional

mune diseases.99

antibodies, antibody drug conjugates, and chimeric antigen recep-

A similar approach was used to demonstrate that B7x-Ig effectively

tor (CAR) T cell-B7x therapy. An anti-B7x antibody was generated

ameliorated EAE in mice by decreasing CD4 T cells and by increasing

to study the effects of inhibiting B7x in mouse cancer models. This

the number and function of T regulatory cells.84 Specifically it blocked

antibody functions both as a blocking antibody to inhibit function

IFN-γ and IL-17 production and hence blocks differentiation of naive

and kill through an ADCC mechanism, and since B7x is evolutionally

CD4 T cells to either a Th1 or Th17 phenotype. This could be used as

conserved, the antibody also inhibits hB7x. A colon carcinoma CT26

therapeutic model to potentiate the B7x pathway for human demye-

cell line which stably expressed B7x and induced experimental lung

linating disorders like multiple sclerosis.

metastasis was tested with anti-B7x treatment.

73

The average num-

As previously described, a mouse nephritis model was used

ber of metastasis was higher along with a poor survival in the B7x/

to demonstrate that B7x decreases autoimmune kidney injury.90

CT26-injected mice than in the CT26 group. Treatment with Anti-

Following nephrotoxic kidney injury, B7x-Ig inhibits the expansion of

B7x antibody (1H3 clone) significantly lowered pulmonary metas-

CD4 and CD8 T cells and restricts macrophage polarization to a M1

tases and increased survival in the B7x/CT26 model. The anti-B7x

phenotype. The M1 phenotype is likely to cause autoimmune diseases

antibody-treated mice had increased infiltration of antigen-specific

in experimental models. B7x-Ig treatment also decreases the levels of

cytotoxic T cell and NK cells in the lungs and decreased CD4 or

various cytokines involved in autoimmune nephritis namely—CXCL13,

CD8 T cells of the exhausted phenotype. Similarly, the proportion

IRF5, ICOS-L, and TGF-β. All these studies show that therapeutic

of MDSC infiltrating the tumor and cytokines including VEGF and

potentiation of B7x pathway in humans with preexisting autoimmune

TGF-β was also reduced. As expected, the B7x antibodies had mini-

diseases or in those with a high risk of developing autoimmune disease

mal off target effects.

is likely to be beneficial.

Single-chain fragment variables are recombinant antibodies with
single antigen-binding domains and have the advantages of small size
and versatility for in vivo targeting and binding to conjugates. Anti-B7x

3.5.3 | Summary of B7x

scFv fragments decreased the growth of ovarian tumors. These anti-

B7x is a T cell co-inhibitory molecule with a 15%-25% homology

bodies also stimulate tumor antigen-specific T-cell activation when

to other members of the B7 family. B7x is a type 1 transmembrane

tumor immune responses exist prior to therapy.

93

protein with two extracellular domains. B7x inhibits T cell func-

A CAR T cell-B7x therapy was tested in a murine ovarian cancer

tion through IL-2-dependent and -independent mechanisms and

model. It was not only very effective against human ovarian tumor

inhibits proliferation of T cells by causing cell cycle arrest. One

xenografts but also had delayed lethal toxicity.96 Post mortem anal-

mechanism of induction of B7x is through IL-6. IL-6 phosphoryl-

ysis showed that the normal tissues showed increased expression of

ates STAT3 which in turn binds to the B7x promoter and upregu-

B7x protein. This late toxicity may be overcome by means of a switch

lates B7x. The receptor for B7x has yet to be unidentified but is

receptor/chimera or by using suicidal gene therapy before the delayed

distinct from the other members of the B7 family. Even though

onset of normal organ toxicity which is distinct from the anti-tumor

B7x mRNA is expressed in multiple tissues, B7x protein is rarely

effects. These therapies represent different approaches to target B7x

detected in normal tissues. Multiple in vivo studies have shown

in the tumor microenvironment.

that B7x is important for induction and maintenance of peripheral
tolerance in tissues and hence plays an important role in autoim-

3.5.2 | Autoimmune disease

munity. Stimulation of the B7x pathway has been shown to prevent
or inhibit the development of autoimmune diseases in mouse mod-

In contrast to cancers where inhibition of B7x is beneficial, potentia-

els and hence potentiation of this pathway could be a therapeu-

tion of B7x-induced immune suppression has been shown to sup-

tic target for human autoimmune diseases. B7x protein is widely

press autoimmune diseases. A non-obese diabetic (NOD) mouse

expressed in various cancers and its expression is associated with

model was used to study the effects of B7x in development of type

poor prognostic features in human cancers. B7x has multiple

1 diabetes.97 NOD mice were injected with B7x immunoglobulin

mechanisms of tumorigenesis—decreasing the effector anti-tumor

fusion protein (B7x-Ig) at 3 weeks, before the onset of diabetes.

T cells in the tumor, increasing angiogenic factors like VEGF and

Early treatment of NOD mice with B7x-Ig resulted in a later devel-

TGF-B, and activating MDSCs. Blocking B7x in cancer through

opment of diabetes. It did not prevent the onset of inflammation but

anti B7x antibodies, CAR T cell or anti-B7x scFV fragments have

rather decreased the amount of islet cell destruction by modulating

yielded good results in in vivo cancer models. Hence, B7x repre-

the immune infiltrate. This is due to a decreased Th1 response medi-

sents an attractive therapeutic target in the treatment of cancers

ated by upregulation of T regulatory cells in the pancreas while this

and autoimmune diseases.
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4 | HHLA2
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function. HHLA2 also functions as a co-stimulatory molecule and
increases cytokine production.100 It is not uncommon for members of
the B7 family to have dual functions depending on the immune milieu,

We and others recently identified HHLA2 as a new member of the B7

receptor engagement or blockade, or interaction with different recep-

family.2,100,101 It is a type I transmembrane molecule with three extra-

tors105 (Figure 2). Overall these studies demonstrate that HHLA2 pre-

cellular Ig domains.2 This family usually has one IgV and one IgC extra-

dominantly functions as a T-cell co-inhibitory molecule.

cellular domain (B7-1, B7-2, ICOS-L, PD-L1, PD-L2, and B7x) with an
intracytoplasmic tail. B7-H3 is the only member which has a tandem
copy of the IgV-IgC extracellular domain resulting in four extracel-

4.4 | HHLA2 in human cancers

lular domains. The difference in structure with respect to function is

Human Endogenous retro virus-H Long terminal repeat-associating 2

currently unknown. The differences could be related to bidirectional

is expressed in a majority of tumor specimens of the breast, lung, thy-

signaling of this family or the binding conformations could generate a

roid, melanoma, ovary, and pancreas.103 The localization of the pro-

binding site for another molecule, which could be related to generat-

tein is both membranous and cytoplasmic in tumor cells. Even though

ing a new receptor at the site of their binding.78

HHLA2 is a transmembrane protein, this type of distribution is not
uncommon as this could be due to structural differences in staining

4.1 | Evolution

vs shuttling of the protein between the cytoplasm and the membrane.

HHLA2 is an acronym for Human Endogenous retro virus-H Long

cers such as liver, bladder, colon, prostate, kidney, and esophagus.103

terminal repeat-associating 2. This gene was discovered when a sys-

The prognostic significance of such an expression was determined in

tematic search for human retroviral long terminal repeats (LTR) was

three cancers—breast, osteosarcoma, and lung.

HHLA2 protein is also expressed in a lower percentage of other can-

performed as these LTR’s can possess enhancer, promoter, or polyadenylation functions and one such gene identified was HHLA2.102
The LTR provides the primary polyadenylation signal and hence this

4.4.1 | Breast cancer

integration is important for this gene to be read and translated to

Triple negative breast cancer (TNBC) is an aggressive subtype of

mRNA. The LTR of the HHLA2 locus has been integrated into the pri-

breast cancer when compared to estrogen receptor-positive and

mate lineage since it is found only in gorilla, chimpanzee, and humans

Her2-positive breast cancer. In a retrospective study, 50 patients

of the New World. HHLA2 is not expressed in mice but it is expressed

with local or locally advanced breast cancer were identified and their

in higher primates. The integration of the LTR sequence in higher pri-

clinical characteristics collected. All these patients underwent sur-

mates could account for the significant differences in gene expression

gery as the primary treatment followed by chemotherapy or radio-

between the different species.

therapy or both. TNBC with a high expression of HHLA2 was associated with lymph node positivity and higher stage at the time of

4.2 | Expression

diagnosis, indicating more aggressive disease when compared with

Human Endogenous retro virus-H Long terminal repeat-associating

to assess for HHLA2 gene alterations, we found that HHLA2 was

2 is constitutively expressed on human monocytes and induced on

altered in 32% of the basal subtype and the vast majority of HHLA2

B cells after stimulation with IFN-γ2 (Table 1). Most normal tissues

copy number variations in basal breast cancers were amplifications

do not express HHLA2 except the placenta, intestines, kidney, gall-

or gains (>95%). This suggests that one mechanism of upregulation

bladder, and breast.103 The placenta is a site of immune privilege and

of HHLA2 protein in human cancers could be copy number gain.103

tumors with low expression of HHLA2. By analyzing the cBio portal

other co-inhibitory molecules namely PD-L1, B7-H3, and B7-x are
also highly expressed by this organ.

4.4.2 | Lung cancer

4.3 | Function

Tissue microarrays (TMAs) from stage I to III NSCLC specimens from

Since HHLA2 belongs to the B7 family, it is hypothesized that HHLA2

NSCLCs in the discovery cohort tumor tissues and the TMAs in the

regulates T-cell function. HHLA2 immunoglobulin fusion protein

separate validation cohort consisted of 287 NSCLC cases. Scoring

(HHLA2-Ig) binds to T cells (resting and activated) and other immune

of tumor infiltrating lymphocytes (TILs) as absent, low (1%-30%), or

cells demonstrating that there are constitutive receptors on the cell

high (>30%) was performed in the same slides which were used for

surface. HHLA2-Ig is able to decrease both CD4 and CD8 T-cell prolif-

HHLA2 staining.106 HHLA2 was expressed in 66% of NSCLC while

eration when incubated with anti-CD3. Functionally incubating T cells

it was not expressed in normal lung tissue including alveolar type 1

with HHLA2-Ig decreases the production of several cytokines includ-

and type II cells, endothelial cells and smooth muscle cells in blood

ing IFN-γ, TNF-α, IL-5, IL-10, IL-13, IL-17A, and IL-22.2 HHLA2 also

vessels. In both the discovery and validation cohort, HHLA2 expres-

patients undergoing lung cancer resection was constructed from 392

inhibits IL-2 secretion by T cells in a dose-dependent manner.104 These

sion was significantly overexpressed in the EGFR mutant cohort than

experiments demonstrate that HHLA2 inhibits T-cell proliferation and

the WT (89% vs 69% P=.01). In the validation but not the discovery
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cohort, HHLA2 positivity was associated with a higher TIL score

TMIGD2 is a membranous glycoprotein which is confirmed by

(86% vs 67% P=.03). In the multivariate analysis, a higher TIL score

immunofluorescence microscopy. TMIGD2 appears to be in a glyco-

and presence of EGFR mutation were independently associated with

sylated form in the thymus, placenta, heart, small intestine, skin, and

HHLA2 expression in lung cancer.106 Lung cancer is an immunogenic

kidney with a molecular weight of 55 kDa while in the skeletal muscle,

tumor and has variable expression of tumor immune checkpoints.

brain, colon, lung, and ovary TMIGD2 seems to be unglycosylated with

Immunotherapy against PD-1/PD-L1 has been shown to improve

an apparent molecular weight of 35 kDa.109

survival in patients with disseminated lung cancer. The caveat to this

Transmembrane and Immunoglobulin Domain Containing 2 on its

is that only 20% of patients and those who express PD-L1 respond

initial discovery as IGPR in cell culture models has been shown to have

to PD-1/PD-L1 checkpoint blockade. This suggests that other check-

multiple functions—promote angiogenesis by promoting capillary tube

points like HHLA2 may be more important in the cancers that do not

formation of endothelial cells, increases actin filament formation and

express PD-L1 or in tumors that escape PD-1/PD-L1 blockade.107

alters cellular morphology, causes focal adhesion of cells and inhibits
cellular migration.97 TMIGD2 can associate with the SH3 domain con-

4.4.3 | Osteosarcoma

taining signaling protein SPIN90 and may play a role in the regulation
of angiogenesis.

Osteosarcoma is another primary malignancy of the bone with a less

Transmembrane and Immunoglobulin Domain Containing 2 seems

than 20% 5-year survival rate and the prognostic role of HHLA2

to be preferentially expressed more on lymphoid organs by PCR.100

was recently evaluated.108 In this study, HHLA2 was expressed in

TMIGD2 is widely expressed on naive T cells as well as DCs, mono-

metastatic disease more than in primary disease and the differences

cytes, and B cells. Naive CD4 and CD8 αβT cell expressed TMIGD2

was statistically significant (93% vs 53%, P=.02). Higher levels of

while γδT cells and T regulatory cells were negative. However,

HHLA2 expression in the tumor (25% vs 50%) portended a worse OS.

TMIGD2 is rapidly lost on activation of T cells. TMIGD2 is expressed

Together these studies suggest that HHLA2, by functioning as a T cell

on naive T cells but is rapidly lost after activation, this is unlikely to

co-inhibitory molecule in the tumor microenvironment, could provide

be the receptor through which HHLA2 results in a T-cell co-inhibitory

a survival advantage for the tumor and hence its expression is associ-

function in human cancers. Further research into the expression and

ated with a worse prognosis.

role of TMIGD2 protein are needed.

4.5 | Summary of HHLA2

6 | CONCLUSIONS

Human endogenous retro virus-H Long terminal repeat-associating 2
is a newly discovered T cell immune checkpoint molecule that belongs

The B7-CD28 family of ligands and receptors play very important roles

to the B7 family of ligands. It predominantly functions to inhibit T-cell

in regulating the immune response in normal and pathological states

proliferation and T-cell cytokine responses. HHLA2 is expressed on

including infection, autoimmunity, and cancer. Blocking the CTLA-4

few normal tissues but it is expressed in various human cancers. High

and the PD-1/PD-L1 axis has directly improved patient survival in

expression of HHLA2 in human cancer of lung, breast, and osteosar-

metastatic cancer and has underscored the importance of immune

coma is associated with worse prognostic features.

checkpoints in cancer. Our understanding of the third group of B7-
CD28 members namely B7-H3, B7x, HHLA2, and TMIGD2 has markedly improved, but several questions remain. How do these different

5 | TMIGD2

immune checkpoints work in tandem? How do we measure the level of
T-cell co-stimulation or T-cell co-inhibition rather than viewing it as an

We and others recently discovered TMIGD2 (transmembrane

‘on-off’ state with respect to immune checkpoints? Can the same mol-

and immunoglobulin domain containing 2) as one of the receptors

ecule deliver co-stimulatory and co-inhibitory signals depending on the

for HHLA2 which is a 31-
kDa protein and is present on chromo-

milieu, interacting receptor, and existence of ligand in more than one

100,103

Sequence analysis showed that TMIGD2, the

state? Some of the challenges with the third group have been: receptor

immunoglobulin-containing and proline-rich receptor-1 (IGPR-1), and

some 19q13.3.

identification, absence of reliable commercial antibodies, and lack of

CD28 homolog (CD28H) are the same molecule. TMIGD2 (IGPR) was

expression of HHLA2 and TMIGD2 in mice. Nevertheless, several in

originally identified as an adhesion molecule involved in angiogenesis.109

vivo and in vitro studies presented in this review underscore the impor-

Transmembrane and immunoglobulin domain containing 2 is an

tance of these new ligands and receptors. Continued research and an

Ig superfamily member with an extracellular IgV-like domain, a trans-

improved understanding of these pathways can lead to successful

membrane region, and a cytoplasmic tail. The extracellular region has

therapeutic applications in human autoimmune diseases and cancer.

two possible glycosylation sites while the cytoplasmic tail contains
tyrosine residues and a proline-rich domain. It shares greater than 10%
amino acid identity with other B7 family receptors namely -CD28,

AC KNOW L ED G EM ENTS

CTLA, ICOS, and PD-1.100 Similar to HHLA2, TMIGD2 is absent in
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