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Human VH-based chimeric antigen receptor T cells targeting
glypican 3 eliminate tumors in preclinical models of HCC
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Abstract

Background and Aims: Efficacy of chimeric antigen receptor (CAR) T cells

for treating solid tumors, including HCC, remains a challenge. Nanobodies

are emerging building blocks of CAR T cells due to their small size and high

expression. Membrane proximal sites have been shown as attractive

epitopes of CAR T cells. However, current CAR formats are not tailored

toward nanobodies or targeting membrane distal epitopes.

Approach and Results: Using hYP7 Fv (membrane proximal) and HN3 VH

nanobody (membrane distal) as GPC3 targeting elements, we sought to

determine how hinges and transmembrane portions of varying structures

and sizes affect CAR T-cell function. We generated multiple permutations of

CAR T cells containing CD8, CD28, IgG4, and Fc domains. We show that

engineered HN3 CAR T cells can be improved by 2 independent, synergistic

changes in the hinge and transmembrane domains. The T cells expressing

the HN3 CAR which contains the hinge region of IgG4 and the CD28

transmembrane domain (HN3-IgG4H-CD28TM) exhibited high cytotoxic

activity and caused complete HCC tumor eradication in immunodeficient

mice. HN3-IgG4H-CD28TM CAR T cells were enriched for cytotoxic-memory

CD8+ T cells and NFAT signals, and reduced β catenin levels in HCC cells.

Conclusion: Our findings indicate that altering the hinge and trans-

membrane domains of a nanobody-based CAR targeting a distal GPC3

epitope, in contrast to a membrane proximal epitope, lead to robust T-cell

signaling and induce swift and durable eradication of HCC tumors.

Abbreviations: CAR, chimeric antigen receptor; GPC3, glypican 3; Tcm, central memory; Tscm, stem cell memory; Tem, effector memory; Temra, effector memory
re-expressing CD45ra; VH, heavy chain variable domains.
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INTRODUCTION

HCC is a highly aggressive tumor with poor prognosis.
HCC accounts for 90% of liver cancer cases and
caused 30,230 deaths in 2021 in the US alone.[1]

Immunotherapy using chimeric antigen receptor
(CAR)-engineered T lymphocytes has shown promising
responses in hematopoietic malignancies.[2] In solid
tumors, however, a significant roadblock is the broad
and nonspecific biomarker expression of tumor antigens
within normal tissues resulting in off-target cytotoxicity
during treatment.[3–6] Glypican 3 (GPC3) is highly
specific for HCC.[7–9] Thus, targeting GPC3 uniquely
allows therapeutic activity to be directed exclusively to
HCC sites. In a recent preclinical orthotopic mouse
model of GPC3 targeting CAR T cells, the humanized
murine scFv (hYP7) significantly outperformed HN3 VH

nanobody-based CAR T cells despite having compara-
bly high affinities.[10–12] This difference was thought to
be due to targeting a membrane proximal epitope rather
than a distal epitope, described in the CD22, GPC3, and
mesothelin contexts.[12–15]

Two ways to improve existing CARs are inclusion
of fully human sequences and optimization of the
antigen binding domain. Therefore, we sought to rede-
sign CAR T cells using the fully HN3 human VH, which
targets a membrane distal epitope of GPC3. However, 2
major engineering issues hamper use of nanobodies,
such as HN3, in conventional CAR formats. These
include: (1) knowledge gaps in engineering nanobodies
such as VHs within existing CAR formats which are
more tailored to scF versus (2) unknowns about
antibodies that target distal epitopes since the current
dogma in the CAR T-cell field highlights the importance
of membrane proximal epitopes.[16,17]

Despite these challenges, the HN3 VH has several
features that make it an attractive candidate for
CAR T-cell engineering including; the smaller size of
the heavy chain variable domains (VH) and Wnt
blocking capability.[18–21] The reduced size of the
antigen recognition domain is a key advantage for
expression using gene therapy vectors since the size
of transgenes affects the titer and overall expression
of the CAR. Furthermore, the use of a smaller
targeting element such as HN3 confers steric advan-
tages over the scFv, enabling HN3 to reach small or
hidden surfaces.[19] In contrast to hYP7, which targets
the membrane proximal C-lobe of GPC3, HN3
targets a hydrophobic cavity at the N-lobe containing
the Wnt site.[19] Since upregulation of Wnt signaling
is a major driver of HCC pathogenesis, blockage
of Wnt by leveraging the native binding region confers
an inherent benefit and is of major clinical signifi-
cance. Swift and direct Wnt blocking capability
could serve to improve CAR T-cell efficacy and
displace hYP7 as the best GPC3 targeting
element.[22–26] Considering all these features, we

ventured to adapt HN3 to the CAR T context by using
tailored engineering approaches to augment the
binding capacity of HN3 and fully optimize efficacy.
Our results indicate that tailoring the hinge and
transmembrane domains improves HN3 potency
in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Cell models

Hep3B (HCC), HepG2 (hepatoblastoma), HEK-293T,
and Jurkat cell lines were purchased from American
Type Culture Collection. Hep3B and HepG2 were
transduced with lentiviruses expressing luciferase.[12]

The luciferase-expressing Huh7 cell line was a gen-
erous gift from Dr. Andras Heczey at Baylor College of
Medicine. The Hep3BKO GFP-luciferase cell line was
established using a CRISPR/CAS9 strategy knockout
as previously described (Figure S1, http://links.lww.
com/HC9/A76).[19] The Jurkat reporter, made in our
laboratory, containing tdTomato gene under the control
of the NFAT response element, was stably integrated
into Jurkat cells. All cell lines were cultured using
standard procedures as reported by our group.

Jurkat binding and Jurkat-NFAT reporter

Jurkat and Jurkat-NFAT reporter cells were transduced
with CAR containing lentiviruses at multiplicity of infection
(MOI) 5. After 7 days, the cell surfaceEGFRt was assessed
using anti-human IgG-phycoerythrin (APC)-conjugated
antibody. The cell surface binding the CAR on Jurkat cells
to GPC3 protein tagged with hfc (ACRO Biosystems) was
assessed using anti-human IgG-phycoerythrin (APC)-
conjugated antibody (Jackson ImmunoResearch). Jurkat-
tdTomato CAR T cells were cocultured with GFP express-
ing Hep3B cells at 1:1 ratio for the indicated intervals in and
observed using a Zeiss confocal microscope. Cell count
and size were assessed using existing ImageJ tools.

CAR T-cell production and cell killing
studies

CAR T cells were produced as described previously.[12]

Briefly, HEK-293T cells were co-transfected with pack-
aging plasmid psPAX2 (Addgene #12260) and envelop-
ing plasmid pMD2.G (Addgene #12259) using Calfectin
(SignaGen). Lentiviral particles were collected, concen-
trated, and the functional titer was assessed using the
EGFTt marker. Peripheral blood mononuclear cells from
healthy donors were stimulated for 24 hours using anti-
CD3/anti-CD28 antibody-coated beads in the presence
of IL-2 (Invitrogen). To track cell count and viability, cells
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were monitored over a period of 12 days.[12] Cytolytic
assays were performed using luciferase-expressing cell
lines and T cells transduced with GPC3 CARs as
described previously.[12,27] Briefly, tumor cells were
incubated with T cells at indicated effector-target ratios
for 18 hours. Luminescence of the lysates was analyzed
using the luciferase assay system (Promega) on a plate
spectrophotometer (Victor; PerkinElmer).

Animal studies

All the procedures used in the animal studies were
approved by the Institutional Animal Care and Use
Committee at the NIH under the protocol (LMB-059).
Mice were housed in softwood bedding and fed stand-
ard chow diets. All interventions were conducted during
light cycles. Xenograft mouse models were established
by i.p. injecting 3 × 106 Hep3B or 1 × 106 Huh7 GFP-
luciferase cells in female NOD-SCID-Gamma (NSG) at
7 weeks of age. When the mean tumor biolumines-
cence reached 1 × 108, the mice were injected i.p. or i.v.
with 5 × 106 untransduced human donor T cells,
engineered HN3 CAR T cells with CD8H or IgG4H
and CD8TM or CD28TM. The treated mice were imaged
biweekly during weeks 1 to 4 and weekly after week 4
on a Xenogen IVIS-200 Spectrum camera. Mice were
euthanized when they reached IACUC-approved mor-
bidity endpoints including any sign of distress. For
ex vivo analysis, T cells were isolated using a tumor
dissociation kit (Miltenyi Biotec) as previously
described.[28] For blood analysis, blood was collected
at the indicated time points and flow cytometry was
conducted as previously described.[26,28]

Structural models

All models were constructed with AlphaFoldV2 and
further analyzed in Chimera. Normal mode analysis was
conducted as previously described.[29] The IUPRED2
algorithm was used to measure disorder tendency.[30,31]

Normal mode analysis and volumetric calculations of
the pdb structures enabled additional parameterization
of structures.

Western blotting

Hep3B cells (0.5 × 106) and CAR T cells were
cocultured at the indicated time intervals and cell
lysates were harvested. The gel and membranes were
run using standard protocols for wet transfer at room
temperature (Genscript eBlot L1). The membranes
were stained and probed overnight at 4°C using the
antibodies listed in the Supplementary Data (Table S1,
http://links.lww.com/HC9/A76).

RESULTS

IgG4H and CD28TM display a helical
structure and minimize HN3 disorder
tendency

To examine how each CAR T construct may fold, we
made structural models of each permutation of the HN3,
hYP7, hinge, and transmembrane domains by Alpha-
foldV2 (Figure 1A, B). Physical properties including
volume and sphericity were measured based on these
models.[32] The HN3-IgG4H-CD28TM harbored the
lowest surface area, volume, and sphericity, and these
values were identical to those from HN3-IgG4H-CD8TM
(Figure 1A, B). However, despite having the same
physical properties, the HN3-IgG4H-CD28TM and
hYP7-IgG4H-CD28TM, not HN3-IgG4H-CD8TM,
displayed a structured transmembrane and hinge
domain (Figure 1A). Prediction of key flexible and
molecular vibrations by normal mode analysis, an
algorithm to detect residues in motion by structural
and experimental data, revealed that the
transmembrane and hinge regions in the HN3-IgG4H-
CD28TM and hYP7-IgG4H-CD28TM constructs more
structured and rigid than CD8-containing constructs
(Figure 1B).[33] Furthermore, HN3 constructs containing
the IgG4H-CD8TM, and CD8H-CD28TM did not contain
the same helical folding patterns and had higher
degrees of flexibility as indicated by the red regions
than blue regions (Figure 1A). These modeling data
point to the importance of physical and steric properties
which may help to enhance HN3 binding to the GPC3
when paired with the appropriate stabilizing hinge and
transmembrane domains.

To understand how another physical property may
affect CAR-GPC3 binding, we also predicted intrinsi-
cally disordered regions, particularly in the extracel-
lular region, by employing the IUPred2 algorithm.[30]

Using HN3 as the targeting element in all constructs,
IUPred2 revealed high disorderness in the CD8H
region (residues 110–140, Figure 1C, D). When CD8H
was paired with CD28TM, the disorderness change
was marginal (Figure 1D). Therefore, in terms of
disorder tendency, CD8H-CD8TM and CD8H-
CD28TM were similar. When IgG4H was paired with
CD28TM, a dramatic change is seen as disorder
tendency is minimized to low levels in the extracellular
region where the interaction between the nanobody,
hinge and transmembrane domain occurs (Figure 1D).
This entropy minimization could affect HN3 binding
capacity. Even when the IgG4H is paired with CD8TM,
disorderness (residues 100–110) is increased, in
contrast to the IgG4H-CD28TM. Altogether, these in
silico analyses reveal that the orientation of the hinge-
transmembrane domains, minimization of disorder,
and flexibility in the targeting component are all critical
features to consider in CAR T-cell design.
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F IGURE 1 Structural modeling and entropy analysis reveals that the IgG4H and CD28TM display limited flexibility and low entropy. (A)
Alphafold models and normal mode analysis of protein movement. The VH or scFV are coded in pink, the hinge (H) is in blue and the
transmembrane (TM) is in tan. Residues with higher movement are listed in red, while restricted residues are in blue. (B) Physical characteristics of
each CAR based on the models. Cell constructs are abbreviated as 8H-8TM (CD8H, CD8TM), 4H-28TM (IgG4H, CD28TM), 4H-8TM (IgG4H,
CD8TM). (C) Diagram of extracellular and intracellular domains in the CAR T cell. The 4 main components include the targeting element, hinge,
transmembrane, and t cell signaling portions. The intracellular and extracellular entropies are measured in 1 and 2. (D) Entropy scores using
IUPRED2 algorithm. A higher score corresponds to higher entropy, while a lower score denotes lower entropy. CAR, chimeric antigen receptor.
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HN3 VH CAR Jurkat cells retained antigen
specificity and binding capacity

To generate an array of CAR T cells, we developed
T-cell lines (Jurkat) expressing CAR constructs
containing the IgG4 hinge (IgG4H), CD8 hinge
(CD8H), CD8 transmembrane (CD8TM), and CD28
transmembrane (CD28TM) domains (Figure 2A, B).
To test the antigen specificity and binding capacity of
the CAR component, we used the CAR Jurkat cells
and assessed binding to GPC3 tagged with human
Fc (hFc) (Figure 2C). We observed that all Jurkat-
CAR constructs bound to GPC3-hFc efficiently
(75.8%–98.6%) (Figure 2C). In this system, we
observed only minimal enhancement of binding to
GPC3-hfc by engineered constructs compared with
the original CD8-containing constructs. All CAR T
cells, including HN3-IgG4H-CD28TM, specifically
bound GPC3-hFc.

HN3-IgG4H-CD28TM CAR T cells enhanced
activity in high and low antigen density
settings in vitro

CAR T cells were produced using human donor
peripheral blood mononuclear cells and monitored
over a period of 12 days to use in vitro or in vivo
(Figure 2D). When we assessed the CAR surface
expression, we found that the average expression of
hYP7 constructs was 1.5- to 2-fold lower than that of
HN3 constructs at the same MOI (Figure 2E). To
examine CAR T-cell potency in high versus low
antigen density contexts, we employed multiple HCC
cell lines (Hep3B, HepG2, and Huh7).[34] These cell
lines were isolated from diverse patients with different
levels of tumor aggressiveness and varying GPC3
expression level. We found that hYP7-IgG4H-CD28TM
and HN3-IgG4H-CD28TM CAR T cells displayed the
highest cell killing in all HCC lines, including in low
antigen density Huh7 cells (Figure 2E).

Comparing the HN3 constructs containing different
hinges and transmembrane domains, the HN3-CD8H-
CD28TM CAR T cells demonstrated 40% improved
killing from the original HN3-CD8H-CD8TM cells
(Figure 2E). Our evaluation of HN3-CD8H-CD28TM
versus HN3-IgG4H-CD28TM CAR T cells, revealed that
inclusion of the IgG4 hinge domain (IgG4H) increases
potency by 10% to 20% as well, especially at the lowest
effector to target ratio. Due to this, we eliminated the
HN3-CD8H-CD28TM from further in vivo investigation.
All CAR T cells minimally reacted with the GPC3
knockout cell line, indicating low levels of nonspecific
reactivity under these conditions. Taken together, this
suggested that HN3 activity is maximized with the
IgG4H and CD28TM together.

HN3-IgG4H-CD28TM CAR T cells eradicate
GPC3 high HCC xenografts in mice

Having demonstrated both the specificity and cytotoxicity
of engineered CAR T cells in vitro, we sought to test in vivo
antitumor activity (Figure 3A). In line with the in vitro
findings, HN3-IgG4H-CD28TMCAR T cells demonstrated
high antitumor activity in vivo and large tumors were
eradicated within 10 days (Figure 3B). In contrast, tumors
in the HN3-IgG4H-CD8TM group responded only partially
or continued to grow during the study (Figure 3B, C).
Median survival of mice treated with untransduced T cells,
HN3-CD8H-CD8TM, and hYP7-CD8H-CD8TM CAR T
cells was 27, 29, and 30 days, respectively (Figure 3C). In
contrast, all mice treated with HN3-IgG4H-CD28TM
survived until the end of the study (day 35). The
HN3-IgG4H-CD28TM group demonstrated swift
reduction in tumor size starting at day 3 and ultimately
remained tumor free for the full study period.

We next set out to compare the antitumor capacities
of the HN3 VH construct to that of the more traditional
scFv construct, hYP7. To address the issue of the scFv
versus nanobody performance, we included the
hYP7-IgG4H-CD28TM CAR T cells to compare with
HN3-IgG4H-CD28TM. The hYP7-IgG4H-CD28TM con-
struct was difficult to transduce in vitro with 25% to 30%
transduction at most as well as lower expansion
capability (Figure 2E). Despite these challenges, the
construct performed well in cytotoxicity assays
particularly in the Hep3B and HepG2 lines. However,
in the xenograft model, the hYP7 construct induced
delayed tumor regression only after day 30, while the
lead engineered HN3 construct induced tumor
regression within 3 days (Figure 3B, C). These data
suggest that HN3-IgG4H-CD28TM is more potent than
hYP7-IgG4H-CD28TM at the same dose level. Due to
delayed antitumor response and expression challenges,
we eliminated hYP7-IgG4H-CD28TM for further
investigation in favor of HN3-IgG4H-CD28TM, which
displayed the most potent activity in vivo and in vitro.

Having demonstrated tumor eradication while mice
were on the study, we explored if the T cells retained the
capacity to elicit cytotoxic activity ex vivo. We observed
that T cells isolated from the spleens retrieved from
mice on study reacted potently when cocultured with
Hep3B cells. HN3-IgG4H-CD28TM CAR T cells were
most potent in eliciting cytotoxic activity (Figure 3D).

CAR T cells targeting GPC3 display a large
proliferative response

To monitor the number of CAR T cells and exhaustion
markers, we analyzed blood retrieved from mice in the
HCC tumor xenograft study (Figure 3A,D).[35-37] Over
the course of 28 days, CAR T-cell numbers increased
by several logs from mice treated with the HN3-IgG4
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F IGURE 2 Engineered CAR T cells display increased cytoxicity in a panel of HCC line. (A) Map of CARs targeting GPC3 with varying hinge
and transmembrane domains. (B) CAR constructs resulting in different permutations of CAR constructs. (C) Jurkat-CAR T cells binding to
cetuximab, GPC3 at 1 μg/mL. (D) Overview of production of CAR T cells starting from donor PBMCs. (E) Cell count monitored over the course of
11 days. Transduction efficiency of all constructs used in the cytotoxicity experiment. Cell killing graphs showing cytotoxicity. CAR T cells were
cultured with GPC3 expressing HCC cells lines (Hep3B, HepG2, and Huh7) and GPC3 knockout (KO) cells at different effector to target ratios.
CAR, chimeric antigen receptor; PBMC, peripheral blood mononuclear cell.
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F IGURE 3 HN3-IgG4H-CD28TM CAR T cells eradicate tumors within 7 days in a Hep3B murine model. (A) Study timeline of tumor injection (i.
p., 3 million), treatment of HCC tumors (i.p., 5 million) and blood collection in an NSG mouse model. Cell constructs are abbreviated using the
previously described convention. (B) Bioluminescent imaging of tumors over the course of the study period. (C) Bioluminescent quantification.
Values represent mean±SEM. million ***p < 0.001; ns, not significant. Survival curve for the full study period of 35 days. (D) Ex vivo T cells
isolated from mouse spleen in Hep3B cells. Standardized CAR T-cell counts and CAR-positive percentage over 2 to 5 weeks. PD1, TIM3, and
LAG3 panel at the end of study. PD1 indicating exhaustion in all groups over 2 to 5 weeks. CD4 and CD8 percentages over the 5-week period. (E)
T-cell subsets consist of stem cell memory (Tscm), central memory (Tcm), effector memory expressing CD45RA (Temra), effector memory cells
(Tem). Each group represents 3 animals on study (n = 3). CAR, chimeric antigen receptor; PD1, programmed cell death protein 1.
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H-CD28TM, indicative of a large proliferative response
in all groups (Figure 3D). The greatest enrichment of
CAR T cells occurred between 2 and 4 weeks and
plateaued at the 5-week time point. Furthermore, over
the course of 2 to 5 weeks, average PD1 expression
from 2 to 5 weeks and PD1 expression at the end of the
study was lowest in the HN3-IgG4H-CD28TM group
(Figure 3D).[38] Importantly, PD1 expression remained
lowin the HN3-IgG4H-CD28TM group, while CAR T
cells rapidly expanded in mice from 2 to 4 weeks, only
to increase at 5 weeks when there was no tumor
(Figure 3D). At the end of study, exhaustion markers
TIM3 and LAG3 were also lowest in the hYP7-CD8H-
CD8TM group, although TIM3 and LAG5 were
comparable across all 3 constructs tested. Altogether,
these data demonstrated that in vivo CAR T-cell
proliferation occurred within the first 4 weeks of
treatment and CAR T cells continued to circulate and
proliferated after tumor eradication. Limited exhaustion,
measured by PD1, was seen until week 4, however
exhaustion started to peak at week 5.

CAR T cells targeting GPC3 display
enrichment of CD8+ and Temras

To understand the characteristics of the T-cell response
driven by CAR T cells, we examined the proportions of
CD4+ and CD8+ T cells as well as various subsets
within these, including T Stem Cell Memory (Tscm), T
Central Memory (Tcm), T Effector Memory (Tem), and T
Effector Memory re-expressing CD45ra (Temra)
(Figure 3E). The CAR T cells were recovered from
animal blood at 3 time points during the study period
(Figure 3A). At week 2, the hYP7 and HN3 groups
contained similar numbers of CD8+ and CD4+ T cells
(Figure 3D). In the hYP7 groups, the 2 major
populations of CD8+ T cells were Tscm and Temra,
while the major population of CD4+ T cells were Tem

(Figure 3E). In contrast, at week 2, CD8+ T cells in the
HN3 groups appeared to have predominantly Tscm and
Tcm phenotypes, indicating that differentiation is slower
in the HN3 group. The CD4+ T cells among the HN3
groups were the same, containing Tem much like the
hYP7 group (Figure 3E). At week 5, most of the CAR T
cells in the HN3-IgG4H-CD28TM group displayed the
CD8+ phenotype and were observed to be engaged in
effector functions (Figure 3E).

Of note, CAR T cells recovered from animal blood in
the HN3-IgG4H-CD28TM group were overwhelmingly
CD8+ Temra. (Figure 3E, Figure S3, http://links.lww.com/
HC9/A76). Expansion of the CAR T cells over a 2- to
5-week period results in a clear transition to CD8+ Temra,
which appear to be critical to the antitumor response.
Central memory T cells also remained as a subset of
the population indicating that both types of T cells are
necessary to avert exhaustion and continue trafficking

to the tumor site. This preponderance of CD8+ Temra

was not seen in the other groups. In summary, this
supports the idea that transition of CD8+ Temra cells are
critical to inducing regression and durable responses.

IgG4H and CD28TM domains without Fc
enhance HN3 potency in vitro and in vivo

To test whether the length of the hinge affects antigen
binding, we incorporated Fc components and tested
HN3 CAR T cells with short (IgG4H-CD28TM), inter-
mediate (IgG4H-CD28TM-M, containing CH3) and long
hinges (IgG4H-CD28TM-L, containing CH2CH3)
(Figure 4A).[16,17] Cell counts and transduction assays
indicated that the long hinge construct was slower to
expand and less effectively expressed at the same MOI
(Figure 4B). All constructs minimally reacted with GPC3
knockout Hep3B cells, indicating an antigen-specific
interaction (Figure 4B, E). The HN3-IgG4H-CD28TM
performed outperformed intermediate and long hinge
CAR T cells. Altogether, this confirmed that the HN3
nanobody can be engineered to induce potent killing
in vitro using IgG4H and CD28TM together.

We next tested the function of Fc hinge-containing
CAR T cells in the xenograft HCC tumor model
(Figure 4C). Consistent with the in vitro findings,
tumors in the HN3-IgG4H-CD28TM group regressed
within 7 days (Figure 4D, E). All tumors in the
HN3-IgG4H-CD28TM group were eradicated entirely
and did not regrow after 67 days (Figure 4D, E). This
lack of tumor can be observed in the abdominal cavity of
a representative mouse at the end of study (Figure S2,
http://links.lww.com/HC9/A76). Furthermore, when
recovered spleens were compared, mice from the
HN3-IgG4H-CD28TM group consistently had 2 to 3
times larger spleens and therefore, higher numbers of
CAR+ cells within the spleens (Figure S2, http://links.
lww.com/HC9/A76). Mice treated with CAR T cells
containing Fc components showed partial responses
(Figure 4D, E). Four of 5 mice in the HN3-IgG4-CH3H-
CD28TM group had no tumors and 1 of 5 mice in the
HN3-IgG4-CH2CH3H-CD28TM had no tumors. The
HN3-CD8H-CD8TM group displayed no response to
CAR T-cell treatment. When we considered a low
antigen density model in vivo, we found striking tumor
regression in 5 of 6 mice (Figure S4, http://links.lww.
com/HC9/A76). All together, these data suggested that
the HN3-IgG4H-CD28TM construct was the most potent
in orchestrating a rapid and durable antitumor response.

We monitored the number of CAR T cells and
exhaustion markers recovered from blood from the mice
at 4 and 10 weeks. Consistent with the previous findings,
standardized CAR T-cell counts were in the log range in
mouse peripheral blood in the HN3-IgG4H-CD28TM and
HN3-IgG4-CH3H-CD28TM groups (Figure 4F). Lower
exhaustion by PD1 was observed in these same groups,
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F IGURE 4 Fc containing CAR T cells do not improve efficacy of engineered CAR T cells in vitro or in vivo. (A) CAR T-cell construct map with
Fc containing long (IgG4-CH2CH3H), intermediate (IgG4-CH3H), and short (IgG4H) hinge regions. (B) Cell count monitored over the course of
14 days. Transduction efficiency measured by CAR+ cells at day 8. CAR T cells were cultured with GPC3 expressing HCC cells lines (Hep3B,
HepG2, and Huh7) and GPC3 knockout (KO) cells at different effector to target ratios to assess specific lysis. (C) Study diagram if injection (i.p.,
3 million), treatment of HCC tumors (i.v., 5 million), and blood collection in an NSG mouse model Intermediate and long hinges containing Fc are
indicated by M or L after the construct name. (D) Bioluminescence imaging results quantifying tumor size. (E) Bioluminescence quantification of
tumor size. Values represent mean±SEM. million ***p < 0.001; ns, not significant. Survival curve over full course of study (67 days). (F) PD1
indicating exhaustion shows that in all constructs at week 4. Standardized CAR T-cell counts and CAR-positive percentage in all groups at week 4.
All listed subsets of T cells were also quantified at 4 and 10 weeks by flow cytometry. CAR, chimeric antigen receptor; PD1, programmed cell
death protein 1.
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at 48% and 20%, respectively (Figure 4E, F). Again, we
sought to understand the characteristics of the T-cell
response driven by CAR T cells by examining the
proportions of CD4+ and CD8+ T cells as well as various
T-cell subsets. By week 4, similar levels of CD8+ Temra

were seen particularly in the group treated with
HN3-IgG4H-CD28TM (Figure 4F). At the end of the
study, we compared the T-cell phenotypes of complete
responders to nonresponders. CD8+ Tem was the
dominant phenotype observed in complete responders
(Figure 4F). Based on the results of the in vitro and in vivo
models, we concluded that extension of the hinge length
using Fc was not necessary and possibly impeded the
HN3-GPC3 interaction.

HN3-IgG4H-CD28TM block Wnt signaling
and activate NFAT in HCC

Due to the potency observed in vivo, we examined the
ability of the HN3 constructs to block tumor Wnt signaling
when exposed to GPC3 expressing Hep3B cells
(Figure 5A). We observed a reduction both active and
total β catenin levels in the HN3-IgG4H-CD28TM when
cocultured with Hep3B cells at 30 minutes and 3 hours.
The engineered HN3 CAR T cells swiftly inhibited total β
catenin and abolished active β catenin entirely at 3 hours
(Figure 5A, B). Even at 30 minutes, engineered HN3
constructs had lower levels of total β catenin. These data
confirmed that Wnt signaling is a direct target of the
HN3-based CAR T cells and that within 3 hours HN3
directed CAR T cells directly inhibit β catenin activation.

To understand how the CAR T cells act in vivo, we
tested if NFAT played a role in the T-cell
signaling.[39–41] Over each time point, we observed
gradually more NFAT signaling in the HN3-IgG4H-
CD28TM CAR T cells compared with the original
construct containing CD8H-CD8TM. Saturation of
NFAT signaling reached a maximum at 4 hours when
there were more CAR cells in the representative
imaging window than Hep3B cells (Figure 5C). When
the tdTomato signal was quantified by cell count and
size, the differences between NFAT signaling in
HN3-IgG4H-CD28TM versus HN3-CD8H-CD8TM
were striking (Figure 5D). NFAT signaling in
HN3-IgG4H-CD28TM treated Hep3B cells begins at
a higher cell number in the 200 range overall and
doubles within 4 hours with respect to cell number and
intensity of the signal. These observations indicated
that signaling via NFAT is more prevalent in T-cell
activation in HN3-IgG4H-CD28TM than HN3-CD8H-
CD8TM. Overall, we observed that NFAT is steadily
upregulated in the HN3-IgG4H-CD28TM CAR T cells.
Based on the full body of data, we propose that fine
tuning the antigen-CAR interaction leads to these
mechanistic changes in the cell thereby leading to
potent and durable eradication of tumor (Figure 5E).

DISCUSSION

In this body of work, we engineered a VH guided by a
structural rationale and developed a CAR T cell which
more precisely fits in the CAR T format by leveraging a
distal target epitope to achieve optimal efficacy in vitro
and in vivo. Our evaluation of the fully human HN3 VH

isolated from a phage display library, as the targeting
element using precise engineering strategies has high-
lights the strong advantages of HN3 such as: (1) higher
transduction, (2) efficacy in vitro and in vivo, and (3) Wnt
blocking capability.

Unlike the hYP7 model, HN3 targets a completely
different site on GPC3, distal to the cell membrane. Use
of the distal site enables more efficient Wnt blocking
capability, presumably leading to better CAR T-cell
efficacy in contrast to hYP7. Here, we tested how
selective engineering of extracellular and intracellular
structural domains including the hinge and transmem-
brane portion are critical to induce efficient T-cell
expansion and in vivo potency.[42–44] More precisely,
in the nanobody context, HN3 engineered CAR T cells
perform best when combined with the short IgG4 hinge
and CD28 transmembrane, inducing CD8+ Temra

responses which lead to swift and durable tumor
eradication.[45–47]

Structural modeling studies revealed that properties
including entropy, flexibility, and movement can help
characterize the type of interaction between the target
antigen (GPC3) and the CAR T cell. These models and
predictions of physical properties can facilitate analysis
of in vitro and in vivo data. Both in the HN3 and hYP7
contexts, the angle and flexibility of the transmembrane
domain relative to the targeting element affects how the
CAR can orient with respect to the membrane. An alpha
helix perpendicular to the cell membrane appears to
improve CAR T activity in both contexts. As far as the
structure of the hinge, a short, low entropy conformation
appears to work best. Together, a restricted yet specific
sphere of movement characterized by a short hinge and
perpendicularly oriented transmembrane domain help
stabilize both the HN3 and hYP7 CAR T cells. While we
focused our analyses on structural models, the func-
tional impact of CAR T-cell clustering due to IgG4 and
CD28’s ability to form dimers could be another avenue of
exploration. Based on the observed properties, the HN3
nanobody-based CAR is improved by the IgG4H-
CD28TM, and the distal epitope seems to outperform
the membrane proximal epitope.

In contrast to hYP7, HN3 has several desirable
features. HN3 is appealing due to its ability to directly
disrupt Wnt signaling through the native binding epitope
and conserved VH only structure. Impressively, the
engineered HN3-IgG4H-CD28TM CAR T cell is more
potent than the previously published hYP7 CARs
developed by our group and enables complete
tumor eradication at the 5 million dose level within 7 to
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F IGURE 5 Cell signaling outcomes of Wnt and NFAT indicate swift β catenin blockage and NFAT upregulation. (A) In vitro coculture at
30 minutes and 3 hours indicating the level of total β catenin and active β catenin. (B) Quantification of western assays by GAPDH control. (C)
Time course quantification of cocultured Hep3BGL and CAR Jurkat-NFAT cells. (D) Cell count and cell size which corresponds to intensity and
pixels by ImageJ. (E) Proposed model of mechanism of HN3-4H-28TM CAR T cells in blocking Wnt signaling and inducing increased NFAT
signaling. The brackets on each CAR construct indicate the sphere of motion. Each attribute listed on the right was measured or tested in each
type of CAR construct. CAR, chimeric antigen receptor.
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10 days.[12] To what extent the contribution of Wnt versus
T-cell signaling is responsible for the potent effect is
unclear without further investigation of competing
ligands. Also, our data indicates HN3 constructs express
more efficiently (between 60% and 80% more), which is
at minimum 1.5-fold greater than the hYP7 group. Unlike
hYP7, HN3 containing vectors can be more easily paired
to develop bispecific or biparatopic modalities. We
showed how HN3 engineered CAR T cells expanded in
a log-fold fashion in mice, indicating that it is possible to
boost expansion capacity. The HN3-IgG4-CD28TM CAR
T cells also showed persistence and memory function as
both Temra and naive T cells were present at the end of
study. Overall, our data indicates that HN3 VH is an
appealing targeting element when paired with the
optimized hinge and transmembrane elements.

In our previous work, we showed that both the
orthotopic and peritoneal models resemble the clinical
environment.[10–12] More specifically, both Hep3B and
HepG2 tumors are associated with the mouse liver in
both the previous and present study. Here, we opted for
the peritoneal model since we tested numerous combi-
nations of hinge and transmembrane components in
cells and animal models by different routes of admin-
istration. Ideally, a genetically engineered mouse model
with GPC3-positive HCC tumors would have been more
clinically relevant to understand how mice with intact
immune systems respond to treatment. Despite this, our
work of testing all combinations of HN3-based CAR T
cells serves as a basis for how engineering the
extracellular components can boost CAR T-cell efficacy
using a nanobody targeting a distal epitope using in an
existing xenograft model. Surprisingly, these results
challenge the existing dogma which focuses on scFv-
based CARs and targeting proximal epitopes. In the
HCC context, engineered HN3 VH-based CAR T cells
display maximal efficacy and may mitigate challenges
which plague solid tumors. As with many solid tumors,
the therapeutic arsenal for HCC is still limited.
HN3-IgG4H-CD28TM CAR T cells may harbor improved
antitumor efficacy due to their unique capabilities.
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