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tumor cells
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Tumor evasion has recently been associated with a novel member of the B7 family, HERV-
H LTR-associating 2 (HHLA2), which is mostly overexpressed in PDL-1neg tumors. HHLA2
can either induce a costimulation signal when bound to CD28H or inhibit it by binding
to KIR3DL3 on T- and NK cells. Given the broad distribution of CD28H expression on NK
cells and its role, we compared two monoclonal antibodies targeting this novel NK-cell
engager in this study.We show that targeting CD28H at a specific epitope not only strongly
activates Ca2+ flux but also results in NK-cell activation. CD28H-activated NK cells further
display increased cytotoxic activity against hematopoietic cell lines and bypass HHLA2
and HLA-E inhibitory signals. Additionally, scRNA-seq analysis of clear cell renal cancer
cells revealed that HHLA2+ clear cell renal cancer cell tumorswere infiltratedwith CD28H+

NK cells, which could be targeted by finely chosen anti-CD28H Abs.

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Immune checkpoint inhibitors (ICIs) of the B7 family, for exam-
ple, anti-CTLA-4, anti-PD-1, and anti-PDL-1, have revolutionized
oncotherapy in recent decades. However, some patients face pri-
mary or secondary resistance to ICI treatment, suggesting that
tumor complexity and heterogeneity between and among patients
need to be considered. A novel member of the B7 family, HERV-H
LTR-associating 2 (HHLA2), was recently discovered in humans,
but its absence in rodents has rendered it difficult to study.

HHLA2 was originally described as being expressed by epithe-
lial cells of the colon, kidney, small intestine, and lung [1, 2],
and its expression was found to be notably elevated in renal can-
cers [3]. Interestingly, clear cell renal cancer cells (ccRCC) express
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either HHLA2 or PDL-1 but rarely both, in which case HHLA2+

and PDL-1+ cells do not overlap [4]. Like B7-1 and B7-2, HHLA2
has two receptors on immune cells: CD28H (also known as IGPR1
or TMIGD2) is the activating receptor [5, 6], while KIR3DL3 is
the inhibitory receptor [4, 7]. CD28H is expressed in T-cells, NK
cells, ILCs, and pDCs [5, 8], and it binds to the IgV1 domain of
HHLA2 [7]. Demonstrating KIR3DL3 protein expression on T- and
NK cells is challenging due to its little to no expression on circu-
lating T- and NK cells [4, 9] and due to difficulties in obtaining
reliable antibodies because of homologies between KIR proteins
[4, 7, 9, 10]. However, KIR3DL3 expression can be detected on
some modified NK92 cells (i.e. NK92-MIs) [4, 7]. Interestingly,
KIR3DL3 and CD28H can simultaneously bind HHLA2 at differ-
ent epitopes [7]. Several antibodies with inhibitory or activator
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functions have been developed to target these novel molecules
[4, 5, 7, 11], and the CD28H-extracellular portion has been used
to develop CAR-NK cells [6, 12].

Considering the broad distribution of CD28H on circulating NK
cells and its role, we hypothesized that anti-CD28H immunother-
apy would boost the functions of NK cells. This strategy is advan-
tageous compared with that of the recently described CD28H-
CAR-NKL, whose effect is restricted to HHLA2-positive tumor
cells. In this study, we compared two anti-CD28H monoclonal
antibodies (mAbs) and demonstrated that targeting CD28H at
the correct epitope not only strongly activated Ca2+ flux but also
resulted in NK-cell activation. CD28H-activated NK cells display
increased cytotoxic activity against hematopoietic cell lines and
bypass HHLA2 and HLA-E inhibitory abilities. Finally, single-cell
RNA sequencing (scRNA-seq) analysis of primary ccRCCs and
adjacent tissues [13] revealed that HHLA2+ ccRCC tumors are
infiltrated by CD28H+KIR3DL3neg NK cells, which could be tar-
geted with a finely selected anti-CD28H mAb.

Results

Targeting CD28H on NK cells with an agonistic mAb
induces Ca2+ flux and gene regulation

CD28H is highly expressed in T- and NK cells [5]. To investigate
the impact of CD28H trigger on NK cells, we compared two mAbs:
one (clone 4–5) obtained from Dr. Cheng, known to activate T-
cells [5], and the other from R&D Systems, described as blocking
the CD28H/HHLA2 interaction. As shown by Blitz analysis, the
anti-CD28H antibody from R&D efficiently blocks HHLA2 binding
to CD28H (Fig. 1A), while the slight decrease in HHLA2/CD28H
binding observed in the presence of anti-CD28H clone 4–5 is likely
due to steric hindrance (Fig. 1A). This suggests that the two mAbs
target different epitopes. Activating different NK-cell receptors on
resting NK cells with mAbs has been shown to differentially mobi-
lize intracellular Ca2+ flux [14]. Without cross-linking, none of
the anti-CD28H mAbs alone were able to induce Ca2+ flux (Sup-
porting Information Fig. S1B). Once cross-linked, the agonistic
anti-CD28H mAb induces strong Ca2+ flux, while the cross-linking
of the blocking anti-CD28H mAb does not (Fig. 1B, Supporting
Information Fig. S1B). Therefore, targeting CD28H with mAbs
that bind to different epitopes does not induce similar intracellu-
lar consequences, suggesting that all anti-CD28H mAbs do not act
similarly on NK cells. Next, we evaluated each anti-CD28H mAb
in combination with anti-CD16 or anti-NKp46. Indeed, the block-
ing anti-CD28H mAb has a synergistic effect when used together
with anti-NKp46 or anti-CD16 in the P815 redirected cytotoxic-
ity assay [6]. The Anti-CD16 antibody alone induces a small Ca2+

flux, which further increases after cross-linking with a secondary
antibody (Supporting Information Fig. 1C), confirming published
results [14]. The overall Ca2+ flux induced by the agonistic anti-
CD28H mAb was as potent as that induced by the anti-CD16
or anti-NKp46 antibody (Fig. 1C and D). The cocrosslinking of
CD16 and CD28H receptors did not result in a synergistic effect

(Fig. 1C), while the cocrosslinking of NKp46 and CD28H recep-
tors with the agonistic mAb resulted in a significant increase in
Ca2+ flux (Fig. 1D, Supporting Information Fig. S1D). Notably,
the cocrosslinking of NKp46 and CD28H with the blocking anti-
CD28H mAb did not result in an increase in Ca2+ flux compared
with that of anti-NKp46 alone (Fig. 1D). Therefore, the anti-
CD28H clone 4–5 is superior to the blocking anti-CD28H mAb
in eliciting Ca2+ flux upon crosslinking.

Given the strong Ca2+ flux observed after CD28H crosslink-
ing with the agonistic mAb, we next investigated the functional
consequences of such stimulation. The transcriptional signature
of bulk NK cells was analyzed after overnight culture with the
agonistic anti-CD28H antibody or the isotype control. A compari-
son of gene expression between the two conditions revealed 216
significantly differentially expressed genes (DEGs), 108 of which
showed upregulated expression and 108 of which showed down-
regulated expression (Fig. 1E). We analyzed gene ontology (GO)
enrichment related to biological processes associated with the
DEGs in both groups. The GO terms for which most of the upreg-
ulated genes were enriched included positive regulation of cell
adhesion, regulation of immune effector process or lymphocyte
activation, positive regulation of external processes, and T-cell
differentiation. Conversely, the GO terms for which most of the
downregulated genes were enriched included leukocyte migra-
tion, neutrophil activation, positive regulation of secretion, and
cytokine production (Fig. 1F). Interestingly, TNFRSF9 (4-1BB),
CRTAM [15], IL2RA, and IRF4 expression were highly upregu-
lated, revealing increased NK-cell activation and effector func-
tions upon CD28H triggering (Fig. 1G) [16, 17]. Additionally,
we performed FACS analysis to evaluate the expression of acti-
vation markers on NK cells cultured overnight with the agonis-
tic anti-CD28H mAb. We observed a decrease in CD16 expres-
sion compared with that in the isotype control group (Fig. 1H).
NK-cell activation is known to result in the shedding of CD16A
expression by ADAM17 regardless of CD16 engagement during
this activation [18]. The expression of CD69, Tim-3[19], and
4-1BB (TNFRSF9) was significantly upregulated following anti-
CD28H treatment (Fig. 1H), confirming the NK-cell activation sta-
tus observed in the bulk RNA-seq data (Fig. 1G).

In conclusion, when correctly targeted with mAbs, the CD28H
receptor alone contributes to a signal in resting NK cells that
results in increased Ca2+ mobilization and in the regulation of
gene expression profiles that suggest the activation of NK cells.

CD28H-activated human NK cells exhibit increased
effector functions

Since the results presented in Fig. 1 demonstrate that the anti-
CD28H mAb clone 4–5 is superior to that from R&D Systems
for activating NK cells, we next concentrated on analyzing NK-
cell effector functions. We decided to maintain the setup that
we developed for bulk RNA-seq analysis by activating NK cells
overnight with the agonistic anti-CD28H antibody or the iso-
type control. Brefeldin A was added during the last 4 h of
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Figure 1. Triggering CD28H on NK cells with an agonistic mAb induces Ca2+ flux and differential gene expression. (A) Blitz analysis of the
CD28H/HHLA2 interaction alone, in the presence of the agonistic anti-CD28H mAb (clone 4–5), or in the presence of the blocking anti-CD28H mAb
(MAB8316). The binding affinity of HHLA2 for CD28H under each condition is presented. (B–D) Ca2+ flux is presented as the fold increase between
the Fb/Fo ratio at 20 s and the Fb/Fo ratio at 180 s after the cross-linking of the indicated receptor combinations; n = 5–9 independent experi-
ments. Nonsignificant differences (ns) are shown under the graph for ease of reading. Themeans are presented, and each symbol represents an HD

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

 15214141, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202350901 by U

niversité D
e N

antes, W
iley O

nline L
ibrary on [23/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 14 Raphaëlle Leau et al. Eur. J. Immunol. 2024;54:2350901

incubation, and NK cells were then intracellularly stained using
anti-IFN-γ. We observed that CD28H activation with the agonis-
tic anti-CD28H mAb resulted in a significant increase in IFN-γpos

NK cells compared with NK cells incubated overnight with the
isotype control, confirming that CD28H stimulation activated NK
cells (Fig. 2A). We next hypothesized that this priming would
lead to increased NK-cell function toward K562 cells, a chronic
myelogenous leukemia cell line that does not express HLA class
I. Indeed, NK cells primed with the agonistic anti-CD28H mAb
were more potent at producing IFN-γ than ISO-treated NK cells,
as shown by the intracellular analysis of IFN-γ+-producing NK
cells (Fig. 2B). A significantly greater amount of secreted IFN-
γ was also detected in the supernatant after 6 h of coculture
with K562 cells (Fig. 2C). The secretome of NK cells activated
with the agonistic anti-CD28H mAb overnight and subsequently
cocultured with K562 cells revealed increased concentrations of
cytotoxic molecules such as granzymes A, B (GZM), and FAS-L.
Notably, NK cells activated with the blocking anti-CD28H mAb
overnight and subsequently cocultured with K562 cells failed to
secrete such soluble factors (Fig. 2D). There was no synergis-
tic effect when anti-NKp46 and the agonistic anti-CD28H mAb
were used to activate NK cells prior to their coculture with K562
cells (Supporting Information Fig. S2). Taken together, these data
suggest that stimulation of CD28H results in an increase in nat-
ural NK-cell cytotoxicity against K562 target cells. These results
indicate that pretreatment with the agonistic anti-CD28H mAb
primes NK cells and leads to the secretion of cytotoxic molecules
when primed NK cells are subsequently cocultured with target
cells. Importantly, overnight stimulation with the agonistic anti-
CD28H mAb or the blocking anti-CD28H mAb did not lead to the
internalization of the targeted molecule. Indeed, after overnight
stimulation with the agonistic mAb, CD28H molecules remained
at the cell surface and were still fully bound by the agonistic
anti-CD28H clone 4–5 mAb (Supporting Information Fig. S3A
and B). We performed a similar experiment with the blocking
mAb and observed a different staining profile, which might be
due to the different affinities of the blocking mAb as compared
with the agonistic mAb and/or to the secondary mAb, which was
labeled with a less bright fluorochrome. Less CD28H staining was
observed after overnight incubation with this antibody, yet CD28H
expression was not completely absent. Further investigations are
required to evaluate whether CD28H was internalized or whether
another mechanism is responsible. Nevertheless, after overnight
culture, most of the blocking mAb remained at the cell surface

with a low amount of CD28H molecules free of the mAb (although
this difference was not significant) (Supporting Information
Fig. S3C and D).

NK cells kill target cells through the Ca2+-dependent release
of lytic granules or by the secretion of cytotoxic molecules such
as FAS-L through a Ca2+-independent pathway [20]. Compared
with isotype-treated NK cells, NK cells stimulated with the agonis-
tic anti-CD28H mAb and subsequently cultured with K562 cells
displayed increased cytotoxic potential, as evidenced by the accu-
mulation of GZM A and GZM B expression and FAS-L expression
in their supernatant. We then investigated the cytolytic function
of CD28H-activated NK cells in a cytotoxic assay with calcein-
labeled K562 target cells. An overnight culture of NK cells with
the agonistic anti-CD28H mAb significantly increased their cyto-
toxicity against K562 target cells compared with NK cells cul-
tured overnight either alone or with the blocking anti-CD28H
mAb (Fig. 3A), which is consistent with their secretory func-
tion (Fig. 2D). Importantly, there was no significant difference
in the cytotoxicity of CD16-activated NK cells to that of CD28H-
activated NK cells at any of the E:T ratios except one (i.e. 10:1)
(Fig. 3B). Although our results regarding Ca2+ flux indicate syner-
gistic activity between CD28H and NKp46 (Fig. 1D), the observed
secretory function in the presence of K562 cells does not support
this observation (Supporting Information Fig. S3). Therefore, we
evaluated the effects of NKp46 and CD28H coengagement on NK-
cell lysis in K562 cells. Although the agonistic anti-CD28H mAb
and the anti-NKp46 antibody overnight-treated NK cells had simi-
larly elevated cytotoxicity against K562 cells, no synergistic effect
was observed with the combination pretreatment (i.e. overnight
stimulation with both mAbs; Fig. 3C). Notably, the blocking anti-
CD28H mAb did not synergize with the anti-NKp46 antibody in
this cytotoxicity assay (Fig. 3D).

CD28H-activated NK cells exhibit increased cytotoxicity not
only against K562 cells but also against DAUDI and Jurkat cells
(Supporting Information Fig. S4). In conclusion, we showed that
NK cells exhibit increased cytotoxicity when an agonistic anti-
CD28H mAb is used for activation.

Targeting CD28H bypasses some inhibitory signals
sensed by NK cells

HHLA2 has dual functions depending on the receptor with which
it engages. HHLA2 activates T- and NK cells when it binds to

�
analyzed in independent experiments. (E–G) NK cells from 6 different HDswere analyzed by bulk RNA-seq after overnight culture with the agonistic
anti-CD28HmAb or the isotype control (ISO). (E) Volcano plot of the isotype control and anti-CD28H agonistic treatment groups. The 216 significant
DEGs are represented by gray circles with some gene symbols. (F) Significantly enriched gene ontologies (GO) related to biological processes are
presented, with the z score as a function of the adjusted p-value calculated with the clusterProfiler and GOplot R packages. The size of the dots
indicates the number of genes, and the colors represent the four categories for ease of reading. (G) Normalized gene expression (trimmed mean of
M-values-normalized cpm) in log2 of selected genes is represented for each HD, and adjusted p-values are depicted. (H) NK-cell activation markers
are presented on representative histograms of overnight stimulated NK cells under the indicated culture conditions (upper panels). The first gate
was set on physical parameters (FSC-SSC), and the second gate was set on CD56-positive cells. The geometric means of independent experiments
are shown in the lower row, except for 4-1BB, for which the mean percentage of positive cells is shown; each symbol represents an HD analyzed in
independent experiments. (B, H) Significance was calculated by the Wilcoxon matched pairs signed rank test (C, D) and the Friedmann test. ns: not
significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 2. NK cells activated with the agonistic anti-CD28H mAb have increased secretion. (A) Freshly isolated NK cells cultured overnight with the
indicatedmAbs prior to treatment with brefeldin A for 4 h for FACS staining of intracellular IFNγ. NK cells were gated based on physical parameters
(FSC-SSC). (B) Similar to (A), K562 cells added during the last 4 h of culture in the presence of brefeldin A. NK cells were gated based on physical
parameters (FSC-SSC). (A, B) The percentage of IFNγ-positive NK cells is shown for 7 HDs, and the means are presented. Statistical analysis was
performed by the Friedman test followed by Dunn’s multiple comparison test. (C, D) Freshly isolated NK cells cultured overnight with agonistic or
blocking anti-CD28H mAbs were then cultured for 6 h with K562 cells. The NK-cell secretome was analyzed by Luminex in the culture supernatant
of four to nine independent experiments with different HDs. Significance was calculated by the Wilcoxon matched-pairs signed rank test, **p <

0.01, ns not significant. The means are presented, and each symbol represents an HD.

CD28H [5, 6]. Conversely, HHLA2 inhibits T-cell activation and
proliferation upon TCR and CD28 stimulation and suppresses NK-
cell cytotoxic functions by interacting with its inhibitory recep-
tor, which was recently identified to be KIR3DL3 [4, 7]. KIR3DL3
is a polymorphic molecule barely detectable by FACS [21]. To
investigate the effects of HHLA2, we transduced K562 cells to
express HHLA2 (K562-HHLA2 cells), which can bind recombinant
CD28H-Fc and KIR3DL3-Fc proteins (Fig. 4A). When we loaded
K562-HHLA2 cells with calcein, we noticed an increase in the
passive release of calcein compared with that in WT K562 cells,

which could jeopardize the assay (data not shown). To prevent
this possibility, we used a CD107a staining assay to assess NK-cell
degranulation [22]. The results showed that NK-cell natural cyto-
toxicity was significantly decreased when target cells expressed
HHLA2 (Fig. 4B). Importantly, this inhibition was reversed by
CD28H stimulation with the agonistic mAb alone since CD28H-
stimulated NK-cell cytotoxicity was restored to a level comparable
to that observed in unmodified K562 WT target cells (Fig. 4B).
This experiment was performed with NK cells directly stimulated
by target cells in the presence or absence of anti-CD28H mAbs.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 3. The agonistic anti-CD28HmAb increases NK-cell cytotoxic activity. (A–D) NK cells cultured overnight with the indicated mAbs were then
plated for 4 h in the presence of calcein-labeled K562 target cells at the indicated E:T ratio (mean ± SEM). Cytotoxicity against K562 target cells
is presented as the percentage of calcein release. n = 4 to 5 independent experiments per graph. Significance was calculated by two-way ANOVA
followed by Dunn’s multiple comparisons test. ns: nonsignificant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Within 2 h of culture stimulation, NK cells rapidly expressed the
activation markers CD69 and TIM-3 but not CD16 (Supporting
Information Fig. S5A–C). Importantly, the agonistic anti-CD28H
mAb significantly increased NK-cell direct cytotoxicity compared
with that induced by the blocking anti-CD28H mAb, regardless
of HHLA2 expression on the K562 target cells (Supporting Infor-
mation Fig. S5D), confirming the results obtained with overnight-
primed NK cells (Fig. 4B).

When stably expressed with properly loaded peptides, HLA-
E is a key player in tumor resistance against cytotoxicity by NK
and CD8+ T-cells [23]. Thus, we exploited K562 cells modified
to express both HLA-A2 and HLA-E (i.e. stably expressing HLA-E)
and the control K562-HLA-A2 cells, which do not express HLA-E
(Fig. 4C). As expected, there were significantly fewer K562-HLA-
E+ cells killed by NKG2A+CD94+ NK cells than their control coun-
terparts. Interestingly, NK cells that were stimulated overnight
with the agonistic anti-CD28H mAb restored their cytotoxicity
against K562-HLA-E+ cells to a level almost equivalent to that
observed in unstimulated NK cells against the control target cells
(Fig. 4D). These results clearly demonstrate that NK cells stimu-
lated with an agonistic anti-CD28H mAb can bypass HHLA2 and
HLA-E inhibitory signals, indicating that this strategy could still
be efficient when targeting HHLA2+ or HLA-E+ tumor cells. This
suggests that the use of an agonistic anti-CD28H mAb is a poten-
tial therapeutic approach in such cases.

Single-cell RNA sequencing of ccRCC tissues and
adjacent tissues revealed the accumulation of a
TMIGD2+ (CD28H) NK-cell cluster in the tumor

In a pancancer survival analysis, HHLA2 was shown to be over-
expressed in multiple tumor types through transcriptomic analy-
sis and was identified as an independent prognostic factor in 9
out of 20 human cancers, especially renal clear cell carcinoma
[3]. Interestingly, HHLA2 was one of the B7 family members with
the highest level of expression in ccRCC tissue compared with
normal tissue, and half of ccRCC primary tumors analyzed by
Bhatt and colleagues expressed HHLA2 but not PDL-1[4]. Thus,
we reanalyzed an scRNA-seq public dataset (GSE178481) consist-
ing of 15 primary ccRCC tissues and nine adjacent tissues [13] to
investigate (1) HHLA2 and (2) CD28H expression in tumor- and
NK cells (from tumor and adjacent tissues), respectively. Unsu-
pervised clustering of the dataset revealed 21 distinct clusters
annotated with the genes used by Alchahin et al. [13], with clus-
ter 21 corresponding to tumor cells and cluster 15 correspond-
ing to NK cells (Fig. 5A). Using the tumor cell signature in a
study by Alchahin et al. [13], we confirmed that some tumor
cells expressed HHLA2 (Fig. 5B), while TMIGD2, which encodes
CD28H, was expressed mainly by T-cells (clusters 1 and 4) and
NK cells (cluster 15) (Fig. 5B). Further subcluster analysis of the
NK cells revealed eight distinct clusters (Fig. 5C). TMIGD2 was

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 4. CD28H activation bypasses NK-cell inhibitory signals. (A) WT (black) and HHLA2-transduced (gray) K562 cells were analyzed by FACS
for their expression of HHLA2 and for their ability to bind the CD28H-Fc and KIR3DL3-Fc proteins. (B) Freshly isolated NK cells were cultured
overnight with the indicated mAbs prior to being seeded with the indicated target cells at a 1:2 E:T ratio. CD107a expression was analyzed by FACS.
A representative FACS analysis is shown on the left. The percentages of CD107+ NK cells in 6 HDs from three independent experiments are shown.
Significance was calculated by two-way ANOVA followed by Dunn’s multiple comparisons test. ns: nonsignificant, *p < 0.05; **p < 0.01; ***p < 0.001;

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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expressed in several of these clusters, with cluster 1 showing the
highest intensity (Fig. 5C). Interestingly, TMIGD2pos NK cells from
adjacent and tumor tissues seemed to express TMIGD2 at similar
levels (Fig. 5D, left panel). However, TMIGD2pos NK cells were
significantly more abundant in tumors (2190 TMIGD2pos NK cells
out of 12798 total NK cells, that is, 17%) than in adjacent tis-
sues (425 TMIGD2pos NK cells out of 3028 total NK cells, that is,
14%) (Fig. 5D, right panel). NK cells from cluster 1 were more
enriched in tumor tissues than in adjacent tissues (21.07% vs.
8.62%, respectively, Fig. 5D, pie charts). These data may suggest
that NK cells from cluster 1, which are overrepresented in tumor
tissues, have greater migration capacity into tumors than NK cells
from the other clusters and/or that the tumor microenvironment
might promote their survival. The heatmap showing the expres-
sion of genes used to define immature, mature, and cytotoxic NK
cells [24] highlights that NK cells from cluster 1 have a more
immature profile regardless of their origin. Indeed, NK cells from
cluster 1 expressed genes such as KLRC1 and NCAM1 (encoding
CD56) and, in contrast, expressed low levels of mature NK genes
(B3GAT1, KIR3DL1, KIR2DL1, KIR2DL3) or cytotoxic genes such
as PRF1, GNLY, GZMK, GZMH, and GZMB (Fig. 5E). Interestingly,
NK cells from cluster 1 in the tumor tissues expressed higher lev-
els of KLRC1 (encoding NKG2A) than did those from the adjacent
tissues. In conclusion, tumor-infiltrating NK cells that express high
levels of TMIGD2 exhibit an immature NK-cell profile with a less-
activated state and could hopefully be activated by an agonistic
anti-CD28H antibody.

Discussion

NK-cell activation is controlled by the integration of signals from
activating and inhibitory receptors potentially engaged by their
ligands on target cells. Immunotherapies have been developed
to finely tune immune cell activation against cancer cells, allow-
ing receptor signaling even in the absence of ligands on tumor
cells. Some strategies developed to enhance NK-cell functions (see
[25, 26] for reviews) rely on the stimulation of activating recep-
tors such as NKp46 [27] and NKp30 [28], while others target
major NK-cell inhibitors such as NKG2a [29] and KIRs, including
KIR3DL3 [4, 7]. In this study, we evaluated CD28H as a poten-
tial target for immunotherapy. Indeed, given its broad distribution
on NK cells [5, 8] and its depicted role in T- and NK-cell activa-
tion [5, 6], we reasoned that targeting CD28H with a mAb would
increase NK-cell function and offer promising antitumor activity
even in the HHLA2neg tumor microenvironment.

We compared the abilities of two anti-CD28H mAbs to initiate
NK-cell activation. We first showed that engagement of CD28H on

NK cells induced Ca2+ flux with the agonistic mAb (clone 4–5),
reflecting intracellular signaling, but not with the blocking anti-
CD28H mAb (Ab from R&D Systems). Hence, CD28H must be
targeted at the correct epitope to activate NK cells. This observa-
tion aligns with previous findings showing that the cross-linking
of activating receptors at the correct epitope influences cell acti-
vation. For instance, targeting CD38 on human NK cells with the
anti-CD38 clone IB4 induced Ca2+ mobilization, while the anti-
CD38 clone IB6 did not [30], highlighting the importance of epi-
tope specificity in receptor activation. It has been suggested that
mAbs with membrane-distal epitopes might be better agonists
than ligand-blocking mAbs whose epitopes are closer to the mem-
brane. However, studies evaluating different anti-CD40 antibod-
ies [31, 32] or agonistic capacities of different anti-OX40 mAbs
shatter the previously mentioned dogma. Therefore, the relation-
ship between epitope specificity and agonistic efficacy needs to be
evaluated on a case-by-case basis.

Triggering CD28H activates NK cells, as shown by changes in
their transcriptional profiles. Although fewer DEGs were observed
in comparison to other studies [16, 17, 33], this discrepancy can
be explained by the chosen kinetics and the different stimula-
tion setups. Extra- and intracellular FACS staining further con-
firmed that NK-cell activation (i.e. 4-1BB and IFN-γ expression)
occurred solely after overnight activation of CD28H with the ago-
nistic mAb. Interestingly, supernatant from NK cells stimulated
by platelet-derived growth factor D (PDGF-DD) NKp44 ligand,
inhibits cancer epithelial cell line proliferation in an IFN-γ− and
TNF-α-dependent manner and induces CADM1 (CRTAM ligand)
and CD95 (Fas) expression in these cancer cell lines [33]. In our
study, cell contact with target cells resulted in the secretion of IFN-
γ and FAS-L by agonistic anti-CD28H-activated NK cells. While our
study focused on hematopoietic cancer cell lines, it would also be
interesting to further evaluate CD28H-triggered NK-cell effector
functions in human epithelial cell lines, as with NKp44-activated
NK cells [33]. This could provide valuable insights into the poten-
tial applications of CD28H-based immunotherapy in the context
of solid tumors and their interactions with tumor cells of epithe-
lial origin.

To our knowledge, our study is the first to evaluate the conse-
quences of CD28H activation on NK-cell functions by comparing
different mAbs. We demonstrated that the agonistic anti-CD28H
mAb enhances NK-cell cytotoxicity toward K562, DAUDI, and
Jurkat target cells. No synergy was observed when CD16 and
CD28H were coengaged, as shown by both Ca2+ flux analysis
and calcein assays, ruling out the synergistic effect of coengaging
CD16 and CD28H. Although Zhuang and Long detected synergy
between CD28H and CD16, the assays they used were quite dif-
ferent from our own, as they used a blocking anti-CD28H mAb

�
and ****p < 0.0001. (C) HLA-A2 (black) and HLA-A2/HLA-E K562 cells (dark gray) were analyzed by FACS for their expression of HLA Class I with
the pan anti-HLA Class I FITC clone W6.32 and an anti-HLA-A2 FITC and for their expression of HLA. (D) Freshly isolated NK cells were cultured
overnight with the indicated mAbs prior to being seeded with the indicated target cells at a 1:2 E:T ratio. CD107a expression was analyzed by FACS.
A representative FACS analysis is shown on the left. The percentages of CD107+ NK cells in 6 HDs from three independent experiments are shown
on the right. Significance was calculated by two-way ANOVA followed by Dunn’s multiple comparisons test. ns: nonsignificant, *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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Figure 5. TMIGD2+ NK cells accumulate in ccRCC tumor samples comparedwith adjacent tissue samples. Publically available scRNA-seq data from
GSE178481 were used to evaluate the expression of our genes of interest in 15 primary ccRCC and 9 adjacent tissue samples. (A) Uniform manifold
approximation and projection (UMAP) projections based on dimension reduction using PCA applied to the entire dataset (tumor and adjacent
tissues) (after quality control) (n = 13,9976 cells). (B) A Violin plot showing the expression of TMIGD2 (upper panel) and HHLA2 (lower panel) in the 21
clusters shown in A (data are normalized and expressed in log1P). (C) UMAP plot of NK-cell subclustering (n = 15,826 cells) and violin plot showing

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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(a mouse monoclonal Ab) and an anti-CD16 mAb in redirected
cytotoxicity assays with P815 murine target cells (also known as
reverse ADCC) in which only these two molecules were engaged.
Cotargeting of NKp46 and CD28H had synergistic effects on Ca2+

flux but not on cytotoxicity. This might be explained by the reduc-
tionist approach of the Ca2+ flux design experiment in which only
one or two molecules are engaged. K562 cells are a more com-
plex system since target cells carry other ligands and missing lig-
ands (since K562 cells are HLA class I-negative cells) essential
for NK-cell activation of effector functions; the additive value of
coengaging CD28H and NKp46 by mAbs on NK cells fades over
triggering CD28H activity alone, presumably because of target
cell characteristics. The reductionist Ca2+ flux analysis approach,
which detects massive Ca2+ influx only upon Ab binding followed
by crosslinking (with a secondary Ab or by a cellular FcR as in
reverse ADCC), does not predict the need for crosslinking of the
receptor in its physiological function or in another experimen-
tal setup. Indeed, we show here that the agonistic anti-CD28H
mAb needs to be crosslinked to allow rapid and massive Ca2+

flux, while when it is added “in solution” followed by the addi-
tion of target cells, it increases target cell killing. The same was
true for anti-NKp46 and anti-CD16 antibodies, which were added
overnight “in solution,” and both increased NK-cell cytotoxicity.

HHLA2 overexpression has been detected in various human
cancers [2], including renal cell carcinomas, where its expression
is mostly found in PDL-1neg tumors. In rare tumors expressing
both molecules, the HHLA2+ region does not overlap with that
of PDL-1 [4]. Given that HHLA2 also binds to an inhibitory recep-
tor on T-cells and NK92-MI cells, that is, KIR3DL3+ cells [4, 7,
34], we evaluated the cytotoxicity of NK cells activated with the
agonistic anti-CD28H mAb to target cells expressing HHLA2. Our
results demonstrated that HHLA2 expression on K562 target cells
significantly decreases NK-cell degranulation, likely due to the
engagement of the inhibitory ligand KIR3DL3, as observed by oth-
ers using NK92-MI cells [4, 7]. Notably, we were not able to detect
KIR3DL3 expression by FACS on resting NK cells or NK cells acti-
vated by the agonistic anti-CD28H mAb (data not shown). How-
ever, we demonstrated here that NK cells activated by the ago-
nistic anti-CD28H mAb bypass, though not completely overcome,
inhibitory signals mediated by HHLA2 and HLA-E. This observa-
tion is of particular interest for the therapeutic application of the
anti-CD28H mAb in clinical settings.

The percentage of CD28H-expressing NK cells is lower in
cancer tissues than in the peripheral blood cells of patients, as
reported in a previous study [8]; however, HHLA2 expression is
upregulated in numerous tumor cells; thus, CD28H-positive NK
cells might still be activated within the tumor. Using a published
scRNA-seq dataset of 15 primary ccRCC and 9 adjacent tissue sam-

ples [13], we showed that NK cells expressing TMIGD2 accumu-
late within tumors [35]. Although tumor-infiltrating TMIGD2pos

NK cells exhibit increased expression of NKG2A (KLRC1), we have
shown that NK-cell stimulation with an agonistic anti-CD28H mAb
bypasses the inhibitory signal mediated by HLA-E. Thus, these
TMIGD2pos NK cells may also respond to anti-CD28H mAb-based
strategies.

In conclusion, our study revealed that the stimulation of
CD28H by a properly selected mAb enhances NK-cell cytotoxicity
against HHLA2neg target cells and bypasses inhibitory signals such
as those mediated by HHLA2 and HLA-E. These findings suggest
that agonistic anti-CD28H mAbs could be a promising approach
for enhancing antitumor immune responses.

Data limitations and perspectives

Several limitations of our study are worth mentioning. First,
we and others [4, 7] have demonstrated that the expression of
HHLA2 in K562 cells is protective; K562-HHLA2 cells are killed
less frequently by NK cells than are K562-WT cells (Fig. 4B,
Supporting Information Fig. S5D). Conversely, Zhuang and Long
[6] reported increased killing frequencies of 721.221-HHLA2 and
DAUDI-HHLA2 cells by NK cells compared with their WT coun-
terparts. The nature of the transduced cells may explain this dis-
crepancy, but it has not yet been addressed experimentally. Sec-
ond, in vitro evaluation of renal cell carcinoma susceptibility to
NK-cell and CD28H-activated NK-cell killing would have further
emphasized our results. A-498 cells, a ccRCC cell line in which
VHL is mutated, have been shown to be killed only by NK cells
from patients with VHL-mutated ccRCC and not by NK cells from
healthy donors [36]. Unfortunately, we do not have access to such
biological samples. A deep analysis by immunohistology of NK
cells within the ccRCC tumor and adjacent tissue samples will be
needed to validate our observation of the scRNA-seq data. Finally,
a limitation of our study is a lack of in vivo data due to the absence
of the HHLA2 and TMIDG2 genes in mice and the lack of expres-
sion of CD28H on NKL and NK92 cells.

Materials and methods

Key resources

The materials used in this study are listed in Supporting Informa-
tion Table S1.

�
the expression of TMIGD2 in each NK-cell cluster (data are normalized and expressed in log1P). (D) Violin plot showing the expression of TMIGD2 in
all NK cells from adjacent and tumor tissues (data are normalized and expressed in log1P) is shown on the left, and the percentages of TMIGD2pos

(black) and TMIGD2neg (white) NK cells in adjacent and tumor tissues are shown on the right (the numbers of NK cells are indicated for each group
in the bar plot). Significance was calculated by a χ2 test, ***p < 0.001. Pie charts representing the percentage of each NK-cell cluster in adjacent and
tumor tissues. (E) Heatmap showing the expression of the corresponding genes used to define immature, mature, and cytotoxic NK cells. The color
indicates gene expression calculated according to the formula detailed in the methods section.
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Cells

Human peripheral blood mononuclear cells were isolated from
blood collected at the Etablissement Français du Sang (EFS,
CPDL-PLER-2018 180, and CPDL-PLER-2023 037) from healthy
donors (HDs) with written informed consent. NK cells were iso-
lated by negative selection with a Miltenyi NK-cell isolation kit,
and the purity of the NK cells was analyzed by flow cytom-
etry staining of CD56+CD3neg cells and reached 90.64 ± 4%
(Supporting Information Fig. S1A). Purified NK cells were cul-
tured overnight at 37°C (5% CO2) in complete medium (RPMI,
Gibco), 10% fetal bovine serum (GE Healthcare HyClone), and
1% penicillin–streptomycin (Gibco, 1% glutamine) supplemented
with 10 UI rhIL-2 (Cellgenix) and the indicated mAbs at 10
mg/mL. The K562 (ATCC CCL-243), DAUDI (ATCC CCL-213), and
Jurkat tumor cell lines were cultivated in a complete medium.
K562-HHLA2+ cells were generated in our laboratory by cloning
the HHLA2 sequence (NP_009003) (synthesized by GenScript)
into pHIV-Luciferase (Addgene plasmid #21375). Transduced
K562 cells were subjected to FACS according to their HHLA2
expression. K562 HLA-A*02 and K562 HLA-A*02 HLA-E cells in
which HLA-A2 leader peptide stabilized HLA-E expression [23]
were a gift from Dr L. Vidard (Sanofi).

Characterization of the two anti-CD28H mAbs by
bio-layer interferometry

The CD28H-HHLA2 interaction in the presence of the anti-CD28H
mAbs (clones 4–5 and MAB83162 from R&D Systems) was evalu-
ated by a Bio-Layer Interferometry BLItz System (Fortebio). First,
the TMIGD2/CD28H His-tag recombinant protein (R&D Systems)
was loaded on anti-HIS biosensors after washing with a specific
Fortebio buffer. The biosensor was plunged in a 10 mg/mL anti-
CD28H (clone 4–5 or MAB83162) solution. The biosensor was
then washed prior to being plunged in a solution containing the
HHLA-2-Ig recombinant molecule (R&D Systems).

Production of the anti-CD28H monoclonal antibody
clone 4–5

The hybridoma allowing the production of the hamster anti-
human CD28H mAb (clone 4–5), generously provided by Dr.
Lieping Cheng [5], was cultured in IMDM supplemented with
10% FBS. The antibodies in the supernatant were purified with
a Hitrap protein G affinity column (GE Healthcare).

Calcium flux

One million NK cells were incubated with 5 μM Fura Red in
calcium-free HBSS for 30 min at 37°C. NK cells were then incu-
bated on ice for 30 min with primary antibodies. The cells were
resuspended in HBSS supplemented with 10 mM HEPES, 1% BSA,

and 1 mM CaCl2, and were acquired for 45 s with a FACS Celesta
(BD Biosciences) prior to the addition of a cross-linker mixture
to induce calcium flow. The cross-linker mixture was composed
of 4 mg of anti-Armenian hamster antibody and 4 mg goat anti-
mouse F(ab’)2 antibody (Supporting Information Table S1). Once
cross-linked, the samples were vortexed and acquired on a FACS
Celesta.

Staining procedure and flow cytometry assays

Cells (5×105 per well) suspended in 200 μL of FACS buffer
(1× PBS, 1% BSA (Sigma–Aldrich), 0.1% azide (Sigma–Aldrich))
were plated in a V-bottom 96-well plate prior to centrifugation at
2500 rpm for 1 min. For extracellular staining, antibodies were
added to each well, and the cells were incubated for 30 min on
ice in the dark. For intracellular labeling, brefeldin A (5 mg/mL
final) was added to the cell culture (i.e. NK ± K562) for 4 h prior
to the use of the BD Cytofix/Cytoperm kit according to the man-
ufacturer’s protocol with the recommended volume of intracellu-
lar antibodies (anti-IFN-γ). Finally, the cells were washed twice
before fluorescence acquisition with a FACS Celesta or an LSRII
(BD Bioscience). The results were analyzed with FlowJo soft-
ware (TreeStar). For receptor/ligand interactions, recombinant
proteins were used at 5 μg/mL and added to the cells for 1 h at
37°C. After two washes, the cells were stained with an anti-human
Fc secondary Ab for 30 min on ice in the dark.

RNA-seq preparation and analysis

Isolated NK cells were incubated overnight in a complete RPMI
medium supplemented with 10 UI rhIL-2 and stimulated with or
without 10 μg/mL anti-CD28H (clone 4–5) or the isotype con-
trol. Sixteen hours later, 2 million NK cells from each condition
were washed in PBS, and the dry pellet was frozen at −80°C. The
samples were then sent to QIAGEN Genomic Services for RNA
extraction, library preparation, sequencing and read alignment.
Briefly, total RNA extraction was performed using an RNeasy Mini
kit (Qiagen) following the manufacturer’s protocol. RNA quality
was assessed using an Agilent TapeStation 4200 (Agilent Tech-
nologies), and only samples with high RNA integrity values were
analyzed (RIN median = 8.1). Library preparation was performed
using a TruSeq Stranded mRNA Sample Preparation Kit (Illumina
Inc.) with 250 ng of total RNA. The mRNAs enriched with oligodT
beads were fragmented via enzymatic fragmentation and used
for cDNA synthesis before the double-stranded cDNA was puri-
fied (AMPure XP, Beckman Coulter). The cDNA was end-repaired,
3’ adenylated and Illumina sequencing adaptors were ligated onto
the fragment ends, and the library was purified (AMPure XP). The
mRNA-stranded libraries were preamplified via PCR and subse-
quently purified (AMPure XP). The library size distribution was
validated, and the library quality was inspected on a BioAnalyzer
4200 tape station (Agilent Technologies). Single-end sequencing
was carried out on a NextSeq500 instrument (75 cycles) accord-
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ing to the manufacturer’s instructions (Illumina, Inc.). The data
were aligned using TopHat (v 2.0.11) [37] and Cufflinks (v2.2.1)
[38] with default settings and with the Homo sapiens GRCh37 ref-
erence genome. On average, 43.2 million reads were obtained for
each sample, and the average genome mapping rate was 96.6%.
Differential analysis of the transcript counts was performed using
the edgeR R package [39]. Poorly expressed genes were filtered by
keeping genes with at least 0.5 counts per million reads (cpm) in
at least half of the samples. After normalization using the trimmed
mean of M-values method, DEGs were identified using the quasi-
likelihood F method. Genes with a Benjamini–Hochberg false dis-
covery rate of less than 5% and a fold change (FC) greater than 2
were considered significantly differentially expressed. The biolog-
ical significance of the DEGs was assessed using the clusterProfiler
package [40]. GO categories enriched with a false discovery rate
< 20% and with at least five genes were selected. The GOplot
R package was used to represent the GO analysis results [41].
Redundant GO terms were reduced, and a z score, corresponding
to the number of upregulated genes minus the number of down-
regulated genes divided by the square root of the number of genes
in the category, was calculated. The RNA-seq data can be accessed
under the GEO accession number GSE152269.

Protein secretion evaluated by Luminex

NK cells were incubated overnight with 10 μg/mL of the indicated
mAbs. The next day, the NK cells were washed twice, counted,
distributed at the indicated concentration, and incubated with
1×106 K562 target cells at a 1:1 effector:target (E:T) ratio for
6 h. The supernatant was frozen at −80°C. Luminex analysis
was performed according to the manufacturer’s protocol with
the Human Custom Procartaplex 10 PLEX (PPX-10-MXRWE3N;
Thermo Fisher).

Cytotoxicity assays

Calcein assays were performed as previously described [42].
Briefly, NK cells were cultured overnight in the presence of 10
μg/mL of the indicated mAbs. The next day, the NK cells were
washed twice, counted, and distributed at the indicated concen-
trations. Target cells were incubated with 10 μM calcein and
washed twice prior to being resuspended at 2 × 105 cells/mL in
a complete medium containing 2.5 nM probenecid. NK and tar-
get cells were incubated for 4 h at 37°C (5% CO2) with 20,000
labeled tumor cells at different E:T ratios. The supernatants were
transferred to black 96-well plates (Greiner) and analyzed with a
Spark plate reader (TECAN). Maximum and spontaneous release
controls were set up in triplicate using 1% Triton X-100 (Sigma-
Aldrich) or complete medium, respectively. The specific lysis was
calculated as follows:

Test release − spontaneous release
Maximum release − spontaneous release

× 100

CD107a degranulation assays were performed as previously
described [22]. Briefly, NK cells were cultured overnight with 10
μg/mL of the indicated mAb, washed, and then plated with tar-
get cells at the indicated E:T ratio with anti-CD107a antibody
and Golgi STOP (containing monensin) for 2 h at 37°C and then
acquired on a FACS Celesta (BD Bioscience). In some experiments,
freshly isolated NK cells were used the next day for direct stimu-
lation with 10 μg/mL of the indicated mAb and target cells for 2
h. The cells were then stained with an anti-CD107a mAb for 30
min at 4°C prior to acquisition on a FACS Celesta (BD Bioscience).

Processing of the published scRNA-Seq dataset

The raw count files from Alchahin et al. [13] (GSE178481) were
downloaded. The classic pipeline for single-cell analysis in Seurat
V4.3.0 was used to analyze the raw data from 15 ccRCC tumor
samples (one of the 16 tumor samples available in the dataset was
withdrawn because it was not classified as a ccRCC sample) and
9 adjacent tissue samples using the following steps: (1) cell selec-
tion, (2) filtering, and (3) normalization (with Harmony integra-
tion correction). A classic filtration step was performed by sample,
with RNA features (or genes) detected between 200 and 4800 as
well as mitochondrial RNA below 5%. Data normalization was
performed to remove technical noise and adjust for differences
in sequencing depth between samples. Feature selection was per-
formed to identify highly variable genes that drive differences
between cell types, and a PCA was performed to describe the
variability of the whole gene expression dataset. Dimensionality
reduction was then used to visualize the high-dimensional scRNA-
seq data in two dimensions by the uniform manifold approxima-
tion and projection method using the first 20 PCs identified ear-
lier. Clustering was then performed to group cells with similar
gene expression profiles into discrete cell types. Louvain graph-
based clustering with a 0.5 resolution resulted in 21 clusters
(139976 cells: 111970 from tumor samples and 28006 from adja-
cent tissue samples). We used the same annotation determined
by the authors of the paper where the raw data were available
[https://github.com/shenglinmei/ccRCC.analysis/]. We selected
the NK-cell cluster and performed the same pipeline described for
the whole dataset, and we obtained 8 clusters (15826 cells: 12798
from tumor samples and 3028 from adjacent tissue samples) at
a resolution of 0.5. The heatmaps in which color indicates gene
expression were generated according to the following formula:
z score = X̄X−X̄all

σX
, where X̄X represents the mean of the normal-

ized expression value of gene A in cluster X, X̄all represents the
mean of the normalized A gene expression value across all clus-
ters, and σX represents the standard deviation of the normalized
expression value of gene A in cluster X.

Statistical analysis

GraphPad Prism was used to perform the statistical analysis of the
data: *<0.05, **<0.01, ***<0.001, ****<0.0001.
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