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Epidermal growth factor receptor (EGFR) is overexpressed in
various cancers, including non-small cell lung cancer
(NSCLC), and in some somatic cells at a limited level, rendering
it an attractive antitumor target. In this study, we engineered
chimeric antigen receptor (CAR)-T cells using the piggyBac
transposon system, autologous artificial antigen-presenting
cells, and natural ligands of EGFR. We showed that this
approach yielded CAR-T cells with favorable phenotypes and
CAR positivity. They exhibited potent antitumor activity
against NSCLC both in vitro and in vivo. When administered
to tumor-bearing mice and non-tumor-bearing cynomolgus
macaques, they did not elicit toxicity despite their cross-reac-
tivity to both murine and simian EGFRs. In total we tested
three ligands and found that the CAR candidate with the high-
est affinity consistently displayed greater potency without
adverse events. Taken together, our results demonstrate the
feasibility and safety of targeting EGFR-expressing NSCLCs us-
ing ligand-based, piggyBac-engineered CAR-T cells. Our data
also show that lowering the affinity of CAR molecules is not
always beneficial.

INTRODUCTION

Epidermal growth factor receptor (EGFR) is a receptor tyrosine ki-
nase in the ErbB receptor family. Overexpression, mutation, or dysre-
gulation of this receptor, leading to excessive growth signals, are the
hallmarks of several solid tumors, including non-small cell lung can-
cer (NSCLC). Therefore, targeting this receptor/ligand axis is an
attractive antitumor strategy. For immunotherapeutic strategies,
four anti-EGFR monoclonal antibodies (mAbs) have been approved
for treating various cancers of epithelial origin.'

In the past two decades, an emerging form of adoptive cellular ther-
apy termed “chimeric antigen receptor” (CAR) has shown unprece-
dented results in treating B cell malignancies.” CAR is a synthetic

fusion protein composed of an antigen-binding extracellular domain,
canonically a single-chain variable fragment (scFv) of an antibody,
fused to one or two T cell costimulatory domains and terminally to
T cell intracellular signaling domain CD3Z. Most clinical trials and
all approved CAR therapies utilize T cells that are inserted with a
CAR transgene (CAR-T). Despite encouraging response rates in he-
matologic malignancies, CAR-T therapies remain largely ineffective
when tested against various solid malignancies.’

To manufacture CAR-Ts, autologous T cells are typically activated
with anti-CD3 and anti-CD28 mAbs before being transduced with
lentivirus or retrovirus.” While this reliably yields multifold cell
expansion and a high proportion of CAR" cells, rigorous quality con-
trol is also required to ensure that no replication-competent virus re-
mains in the final product, increasing production complexity and
cost.* Depending on the duration of contact with mAbs, excessive
stimulation could also lead to terminal differentiation and, thus,
poor persistence of CAR-Ts.” Both of these can be avoided with trans-
poson-based manufacturing protocols, which circumvent the need to
check for replication-competent viruses. Furthermore, they do not
require T cell pre-activation and yield more cells with memory phe-
notypes.”” Cells with favorable memory phenotypes are associated
with durable remissions in recipients of CAR-T treatments with he-
matologic malignancies.® It is reasonable to presume that these cells
will also be an invaluable component as we advance CAR-Ts to tackle
solid tumors. To date, piggyBac and Sleeping Beauty are the two
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Figure 1. Two out of three anti-EGFR CAR constructs were successfully expressed and expanded with favorable phenotypes

(A) Anti-EGFR CAR plasmids were created by replacing the FMC63 scFv sequence of pIRII-CAR.CD19-28¢ with those of natural ligands that are specific to EGFR: EGF, TGF-
a, and AR. IR, inverted repeats; CMVp, CMV immediate-early promoter/enhancer; SS, signal sequence; IgG1 Fc, fragment crystallizable region of human IgG1. (B and C)
Percentage of CAR expression on the surface of transfected cells 12 days post transfection (B) and fold expansion of each CAR construct at the specified time points (C).
Statistical significance was determined using unpaired t test. n = 4. *p < 0.05. (D) Representative histograms showing cell-surface density of transfected CAR. (E) Proportions
of CD4* and CD8" cells among CAR* cells. n = 3. (F) Memory phenotypes of CAR™ cells as quantified by surface expression of CD62L and CD45RA. n = 3. (G) Representative
diagram showing the expression of three different inhibitory markers on the CAR™ product prior to downstream experiments. TIM-3, T cell immunoglobulin and mucin
domain-containing protein 3; LAG-3, lymphocyte activation gene-3; PD-1, programmed cell death protein 1. (H) Proportions of CAR™ cells expressing 0, 1, 2, or 3 inhibitory

markers. n = 3. All data are shown as mean + SD.

transposon systems that have been clinically validated for manu-
facturing CAR-T products.’

The antigen-recognition motifs of most CARs are derived from scFvs.
Recent developments, however, have experimented with other moi-
eties, including natural ligand/receptor pairings.'” While scFvs offer
the flexibility of targeting any surface antigen with a corresponding
mAb, they may also entail pitfalls, such as domain swapping, tonic
signaling, unfolding due to hydrophobic residues, and potential
immunogenicity.'' On the other hand, natural ligand/receptor pair-
ings can bypass these constraints and facilitate rapid pre-clinical
development with low risk of immunogenicity."'

One particular CAR-T product targeting EGFR has been tested in
phase I clinical trials, with no deaths and few reversible grade 3/4
adverse events.'”'* Several other pre-clinical developments have
also been published."”'” Most of the candidates published so far
are scFv CARs integrated via viral transduction, with some notable
exceptions.'® ™ In this study, we present the development of the first
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ligand-based, piggyBac-transfected anti-EGFR CARs, using NSCLC
as a model target.

RESULTS

EGF-CAR and TGF«-CAR were expressed and expanded
effectively

To construct ligand-based EGFR-specific CARs, we selected three li-
gands that bind exclusively to EGFR and span three orders of magni-
tude of affinity toward the receptor: epidermal growth factor (EGF),
transforming growth factor o (TGF-a), and amphiregulin (AR).>"*?
We used pIRII-CAR.CD19-28(¢ as the backbone for all three con-
structs,” replacing anti-CD19 scFv with EGFR ligands (Figure 1A).
The CAR-T products generated from these plasmids were named
EGF-CAR, TGFa-CAR, and AR-CAR, respectively. Using the artifi-
cial feeder protocol for expansion described earlier,”* EGF-CAR
and TGFa-CAR were reliably expressed and expanded, while AR-
CAR failed at both (Figures 1B and 1C). Based on this, we proceeded
with EGF-CAR and TGFa-CAR.
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Table 1. Specific antibody-binding capacity (SABC) of each cell line

Cell line Cell type SABC (x 10%)
HCC827-Luc NSCLC (adenocarcinoma) 272.5 + 309
NCI-H1975-Luc NSCLC (adenocarcinoma) 389+78
A549-Luc NSCLC (adenocarcinoma) 40.8 + 12.3
RERF-LC-Sq1/CMV-Luc ~ NSCLC (squamous cell carcinoma) 1164 + 10.3
NCI-H460-Luc NSCLC (large cell carcinoma) 29.6 + 3.7
A431 Epidermoid carcinoma (skin) 551.4 + 51.6
K562 CML in blast crisis 0.0

NSCLC = non-small cell lung cancer. CML = chronic myeloid leukemia. SABC values
are presented as mean + SD.

Next, we characterized the phenotypes of the two CAR constructs. As
expected from cytomegalovirus (CMV) promoter and piggyBac
transposase, the cell-surface densities of CAR polypeptides were mod-
erate (Figure 1D). The CD4/CD8 ratios were similar (p = 0.13, un-
paired t test) and were not skewed toward one cell type (Figure 1E).
Memory phenotypes of both CARs were exceptionally favorable,
with over 99% of CAR" cells expressing both CD45RA and CD62L
(Figure 1F), implying that they were either naive or stem cell-like
memory T cells.”® Prior to downstream experiments, almost all
CAR" cells expressed T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3), approximately half expressed lym-
phocyte activation gene 3 (LAG-3), and only a few expressed
programmed cell death protein 1 (PD-1) (Figures 1G and 1H). These
characteristics are consistent with previous reports of piggyBac-engi-
neered CAR-T cells.”® To determine whether tonic signaling was
responsible for TIM-3 and LAG-3 expression, we compared the for-
ward scatter and expression of CD25 and CD69 between activated
T cells (ATCs), CD19-CAR, and EGF-CAR (Figure S1). We found
no difference between our EGF-CAR, FMC63-based CD19-CAR,
which lacks tonic signaling,y’28 and ATCs, which were stimulated
by CD3/CD28 beads for 48 h on days 1 and 2 and rested. We also
measured the concentration of any “leaky” interleukin-2 (IL-2) and
interferon-y (IFN-v) in the absence of target cells; they were unde-
tectable (n = 5, data not shown).

Both EGF-CAR and TGFa-CAR exhibited cytotoxicity against
various NSCLC cell lines in vitro

For this study, we selected five NSCLC cell lines representing three
main histological subtypes: large cell carcinoma (NCI-H460-Luc),
squamous cell carcinoma (RERF-LC-Sq1/CMV-Luc), and adenocar-
cinoma. For adenocarcinoma, we chose A549-Luc, HCC827-Luc, and
NCI-H1975-Luc whose EGFRs are wild-type, harbor del746-750, and
harbor L858R/T790M double mutations, respectively. Del746-750 in
exon 19 and L858R substitution in exon 21 render an NSCLC hyper-
sensitive to tyrosine kinase inhibitors (TKIs), while T790M substitu-
tion confers resistance.

To gauge how effective EGF-CAR and TGFa-CAR could be against
these NSCLC cell lines, we first quantified the expression of EGFR

in each of them. We found that A549-Luc, NCI-H1975-Luc, and
NCI-H460-Luc cells expressed similar EGFR levels at approximately
30-40 x 10’ receptors/cell; RERF-LC-Sq1/CMV-Luc expression was
approximately three times higher, while HCC827-Luc expression was
six times greater than these three cell lines (Table 1).

Both CARs exhibited considerable cytotoxicity against A549-Luc,
NCI-H1975-Luc, and HCC827-Luc cell lines when compared to
ATCs across all tested effector/target (E/T) ratios (Figure 2A). Cyto-
toxicity was corroborated by the concentrations of IL-2 and IFN-vy in
the supernatant (Figure 2B). However, neither cytokine secreted by
TGFa-CAR differed from ATCs for any target, despite the clear cyto-
toxicity of TGFa-CAR against all three target cells. On the contrary,
those secreted by EGF-CAR were higher than those of both effectors
and achieved statistical significance for all targets. Notably, IL-2 and
IFN-y concentrations positively correlated with EGFR density on
target cells, with concentrations being the highest when tested against
the HCC827-Luc cell line. From these experiments, we found that
EGF-CAR was more potent than TGFo.-CAR in all NSCLC cell lines
examined. To complement these results from adenocarcinoma sub-
type, we confirmed the cytotoxicity of EGF-CAR against RERF-LC-
Sql/CMV-Luc and H460-Luc (Figure S2A). We also tested EGF-
CAR against EGFR-negative Raji and, reassuringly, no off-target
cytotoxicity was observed (Figure S2B). Taken together, we showed
that CAR-T's based on ligands of EGFR were capable of specifically
lysing EGFR-expressing NSCLC cell lines of all three subtypes and
that their cytotoxicity depended on EGFR density on target cells.

EGF-CAR was functionally superior to Cetux-CAR in vitro

Next, we contextualized the ligand-based CARs against a more con-
ventional scFv-based CAR. We selected cetuximab because it is an
archetypal anti-EGFR antibody and because CAR-Ts based on it
have undergone prior testing.'>'”'”* The comparator CAR based
on cetuximab (Cetux-CAR) is identical to every construct in our
study except the antigen-recognition domain (Figure S3A).

Following identical manufacturing procedures and readout methods,
the CAR positivity, cell expansion, memory phenotype, exhaustion
markers, and activation markers between ligand-based CARs and
Cetux-CAR were indistinguishable (Figures S3B-S3F). Functionally,
one round of 72-h coculture with H460-Luc or RERF-LC-Sql/
CMV-Luc did not differentiate between EGF-CAR and Cetux-CAR
(Figure S3G). Therefore, we subjected the two CARs to three rounds
of sequential coculture with RERF-LC-Sq1/CMV-Luc at an initial
seeding ratio of only 1:2. Both CARs performed similarly in the first
round, consistent with previous attempts; however, EGF-CAR demon-
strated stronger potency in the second and third rounds (Figures 3A
and 3B). This finding was supported by the concentrations of secreted
IFN-v in those rounds (Figure 3C). At the end of the third round, more
CD3" cells were detected in the EGF-CAR group, indicating better pro-
liferation and persistence (Figure 3D). To corroborate this finding, we
found that EGF-CAR expanded robustly upon coculture with RERF-
LC-Sq1/CMV-Luc; the majority of CAR" cells were in the third
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Figure 2. Both EGF-CAR and TGF«-CAR were able to effectively lyse multiple NSCLC cell lines in vitro, but EGF-CAR was more potent when cytokine
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(A) In vitro cytotoxicity assay expressed as the number of tumor cells that remained after 5 days of coculture with activated T cells (ATC), EGF-CAR, or TGFa-CAR across a
range of effector/target (E:T) ratios. n = 5. (B) IL-2 and IFN-y concentrations in the supernatants of 1:1 coculture experiments, 24 h after the addition of effector cells.
Significance was determined by one-way ANOVA with Tukey post hoc test. n=5. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns = not significant. All data are shown as

mean + SD.

generation after 72 h of coculture (Figure 3E). Exhaustion markers af-
ter the third round did not differ between the two (Figure 3F).

The comparison of TIM-3, a marker generally regarded as inhibitory,
before and after the experiment is noteworthy.”” At the end of the
coculture assay, PD-1 expression on CAR" cells increased, as ex-
pected, while that of TIM-3 actually decreased (Figure 3F). This phe-
nomenon was previously demonstrated by our group,”® which implies
that, unlike PD-1, TIM-3 expression in isolation does not always indi-
cate a dysfunctional state of T cells.

PVAQ.EGF-CAR potently inhibited NSCLC cell line growth in vivo

Prior to in vivo experiments, we first modified the immunoglobulin 1
(IgG1) spacer in our constructs in order to abrogate its interaction
with Fcy receptors, which leads to sequestration in the lungs and acti-
vation-induced cell death.’** To accomplish this, we replaced the
amino acids ELLG (amino acids [aa] 233-236) and N (aa 297) in
the CH, region with PVA and Q, respectively (Figure S4A). We
verified that these mutations did not affect CAR positivity, ex vivo
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expansion, or cytotoxicity of the final product (Figures S4B-S4D).
Hereafter, these CARs with mutated spacer regions are denoted
with the prefix PVAQ.

We selected HCC827-Luc as the first xenograft model for evaluation
because of its high EGFR expression. For this experiment, 2.5 x 10°
HCCB827-Luc cells were injected into the right flank of NOD.Cg-
PrkchddIIngtmlel/SzI (NSG) mice. Seven days later, the mice
were administered 2.0 x 10° CAR" cells of CD19-CAR, PVAQ.
EGF-CAR, or PVAQ.TGFa.-CAR via tail vein injection. Thereafter,
tumor burden was monitored weekly using bioluminescence imag-
ing (BLI) (Figure S5A). Although PVAQ.EGF-CAR rejected tumor
almost to the limit of detection in four out of five mice, the tumor
also failed to proliferate in three out of five mice in the CD19-CAR
group (Figures S5B and S5C). The failure to proliferate was likely
due to the susceptible nature of the cell line; coculture with ATCs
greatly impacted the growth of HCC827-Luc in vitro compared to
the tumor-only control (data not shown). This finding rendered
the experiment inappropriate to fully evaluate the antitumor effect
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Figure 3. Sequential coculture assay revealed better potency and persistency of EGF-CAR compared to Cetux-CAR

(A and B) Sequential coculture assay of EGF-CAR against RERF-LC-Sg1/CMV-Luc using the xCELLigence Real-Time Cell Analysis system. At the end of each round, the
effectors were collected and moved to the next round. Data are presented as representative plots (A) and summary showing percentage of CAR-specific lysis at the end of
each round (B). n = 6. NCI, normalized cell index. (C) IL-2 and IFN-y concentrations in the supernatants from each round, 24 h after the addition of effector cells. n = 6. (D) At
the end of the third round, the remaining T cells were enumerated. One data point is the average of triplicates. n = 6. (E) Carboxyfluorescein succinimidyl ester (CFSE) staining
was used to track the proliferation of EGF-CAR after 72 h of coculture with RERF-LC-Sq1/CMV-Luc. The dashed line represents unstimulated EGF-CAR from the same
batch. (F) PD-1, LAG-3, and TIM-3 were quantified before the coculture and after the third round. n = 3 (before); n = 6-7 (after). The differences between EGF-CAR and Cetux-
CAR were compared with multiple unpaired t tests with Holm-Sidék correction (B, C, and F) or unpaired t test (D). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant. All

data are shown as mean + SD.

of our anti-EGFR CARs, and we euthanized all mice on day 63. We
analyzed peripheral blood, bone marrow, and spleen of all 15 mice
and found that PVAQ.EGF-CAR readily proliferated and persisted,
in line with the tumor flux data (Figures S5D-S5F).

Consequently, we examined another xenograft model, NCI-H1975-
Luc. We slightly increased the initial number of injected tumor cells
to 3.0 x 10° cells while retaining the number of CAR-Ts at
2.0 x 10° cells. The rest of the procedure remained the same (Fig-
ure S5A). In this study, we found that both PVAQ.TGFa-CAR and
PVAQ.EGF-CAR exerted superior tumor control over CD19-CAR
(Figures 4A and 4B). In accordance with previous in vitro experi-
ments, PVAQEGF-CAR demonstrated stronger antitumor potency

and conferred significant survival benefits compared to PVAQ.
TGFa-CAR (data not shown). On day 24, when we sacrificed four
out of five mice in control group, we drew peripheral blood from
all 15 mice and evaluated the persistence of CAR-T cells (Figure 4C).
Similar to the HCC827-Luc model, PVAQ.EGF-CAR was detected at
the largest number which was significantly higher than those in the
other two groups (Figure 4D).

In both the HCC827-Luc and NCI-H1975-Luc xenograft experi-
ments, no mice died unless their tumors became overbearing. From
CAR infusion to the point where they succumbed to tumor burden
or were sacrificed, the mice had a normal coat, normal appearance,
unchanged appetite, and energetic behavior. Since human EGF can

Molecular Therapy: Oncolytics Vol. 31 December 2023 5
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Figure 4. PVAQ.EGF-CAR exhibited significant antitumor effects in vivo

Days after T cell injection

(A and B) Serial BLI was used to assess the size (A) and relative growth (B) of the grafted H1975-Luc tumor over time in each mouse (n = 5 per group). The tiny graph on the top
left corner of (B) shows the summary data, presented as mean + SEM. (C and D) On day 24, when four out of five mice in the control group were euthanized, blood samples
were drawn from all mice, and the presence of infused CAR-T products were quantified by gating for CD45*CD3* cells in peripheral blood (C). Summary data are presented
as mean + SD (D). Significance was determined by one-way ANOVA with Tukey post hoc test. **p < 0.01; ns, not significant. (E) The same xenograft model was repeated to

assess the potency of PVAQ.EGF-CAR against PVAQ.Cetux-CAR.

bind to murine EGFR with an affinity that is even stronger than that
of human EGFR,** this is pertinent to the safety concerns of targeting
EGFR, which is a tumor-associated antigen.’ These results demon-
strate the potency without overt toxicity of PVAQ.EGF-CAR against
NSCLC murine xenograft models.

Finally, we repeated the NCI-H1975-Luc experiment to compare
PVAQ.EGF-CAR and PVAQ.Cetux-CAR. In contrast to in vitro ex-
periments, PVAQ.Cetux-CAR displayed stronger tumor suppression
in vivo (Figure 4E).

Administration of ligand-based anti-EGFR CARs into non-
human primates was safe

Although the safety profile of our anti-EGFR CARs from murine
experiments appears promising, extrapolating this result to human
settings warrants caution. Despite cross-reactivity, other factors incl-
uding differences in antigen expression patterns, tissue microenviron-
ments, and anatomical barriers could still confound the apparent lack
of on-target/off-tumor toxicity in mice.”® To verify the safety of
CAR-T products, we have previously established non-human primate

6 Molecular Therapy: Oncolytics Vol. 31 December 2023

(NHP) models to better recapitulate human physiology using lympho-
depleted cynomolgus macaques (Macaca fascicularis).””**

We first examined the similarities between human and cynomolgus
macaque EGFR, EGF, and TGF-a proteins. Using the BLAST (Basic
Local Alignment Search Tool), the extracellular portion of EGFR and
the mature forms of EGF and TGF-o. were 99.4%, 98.1%, and 100%
positive, respectively. (RefSeq: NP_005219.2 vs. XP_005549616.1;
NP_001954.2 vs. XP_005555736.2; NP_003227.1 vs. XP_045225063.1,
respectively). In the case of EGF ligand, only one out of 53 amino acids
did not match, but evidence shows that human EGF can act as an active
compound when maturing immature oocytes of cynomolgus ma-
caques”” and that it can accelerate corneal wound healing in tested cyn-
omolgus macaques,” indicating cross-reactivity. Based on this, we
reasoned that cynomolgus macaques would be a feasible NHP model
for evaluating the toxicity of our anti-EGFR CARs.

As previously described,””** we lymphodepleted five non-tumor-
bearing macaques using cyclophosphamide and fludarabine (Fig-
ure 5A). Prior to CAR-T infusion, lymphoid cells were successfully
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Figure 5. Anti-EGFR CAR administration was safe in lymphodepleted cynomolgus macaques at clinically relevant doses

(A) Overview of the experiment timeline. Flu, fludarabine; Cy, cyclophosphamide. (B) CAR transgene copies per 100 ng of extracted DNA from peripheral blood over time. (C)
The amount of C-reactive protein (CRP), ferritin, and selected pro-inflammatory cytokines. IL-1f and TNF-a were undetectable in all subjects at all time points and therefore
are not shown. Day 0 denotes 6 h after infusion. Gray band denotes normal limits established from in-house data collection. Dotted vertical line delineates pre- and post-
infusion period. IFN-vy, interferon-y; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin.

suppressed with retention of the myeloid compartment; both effects
persisted until the end of the experiment (Figure S6A).

On day 0, each macaque was administered 3.3 x 10° or 3.3 x 107 total
cells/kg of PVAQ.EGF-CAR or PVAQ.TGFa-CAR. As a control, one
macaque was administered 3.3 x 107 total cells/kg of CD19-CAR.
When adjusted for CAR" proportions, the doses became 1.5 x 10°
(107), 1.8 x 10° (107), and 1.0 x 10 cells/kg for PVAQ.EGF-CAR,
PVAQ.TGFo-CAR, and CD19-CAR, respectively (Figure S6B). For
anti-EGFR CARs, the lower doses are in accordance with phase I clin-
ical trials,'””'* while the 10-fold higher doses are higher than in any
clinical report thus far.

After CAR-T infusion, no test subjects showed any clinical signs of
abnormality, even in those who received higher doses. There were
also no changes in food intake or body weight compared to the
pre-infusion period. Serial blood sampling revealed that copies of
the CAR transgene could be detected during the first 2 h of infusion

before becoming undetectable from the 24" hour onward (Figure 5B).
We also monitored biochemical markers, including C-reactive pro-
tein (CRP), ferritin, and a panel of pro-inflammatory cytokines,
namely IL-18, IL-2, IL-6, IFN-vy, tumor necrosis factor oo (TNF-a.),
and granulocyte-macrophage colony-stimulating factor (GM-CSF).
At the clinically relevant doses, neither anti-EGFR CAR induced
any meaningful changes in any of these markers (Figure 5C). How-
ever, at the higher doses, four out of six cytokines that were moni-
tored, as well as CRP, showed steep increases at the 6™ hour. Most
of these increases returned to baseline by the 1** day or persisted as
late as the 3™ day in the case of IFN-v. This implied a transient acti-
vation of anti-EGFR CAR-T cells at the higher doses. Other biochem-
ical markers that could implicate organ damage were either within
normal limits throughout the entire experiment or elevated after lym-
phodepletion but before CAR infusion (Figure S6C). In the case of
CD19-CAR, which utilized FMC63 scFv, non-reactivity and non-pro-
liferation were as expected, as the scFv reportedly does not cross-react
with NHP CD19.""*
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On day 7, all the macaques were euthanized and autopsied. Given that
in anti-EGFR CAR trials most non-hematologic adverse events were
found in the lungs or skin, we were particularly attentive to these two
organs. Reassuringly, histological examination on them did not reveal
any mononuclear cell infiltrates (Table S1, where examination of
every organ is also provided). Taken together, we showed that in
non-tumor-bearing, lymphodepleted cynomolgus macaques, anti-
EGFR CARs did not induce acute on-target/off-tumor toxicity and
did not effectively expand.

DISCUSSION

In this study, we demonstrated the feasibility of designing CAR mol-
ecules utilizing the natural ligands of EGFR to target the receptor
itself. Both TGFa-CAR and EGF-CAR (and later, their modified
IgG1 spacer variants) can be effectively manufactured using the pig-
gyBac system. The final products exhibited exceptional memory and
inhibitory phenotypes. EGF-CAR consistently displayed superior
antitumor effects compared to TGFa-CAR and CD19-CAR both
in vitro and in vivo. Using a murine xenograft NSCLC model,
PVAQ.EGF-CAR provided a significant survival benefit without
apparent toxicity; this lack of toxicity was also seen in the NHP model,
wherein PVAQ.EGF-CAR administration at a clinically relevant dose
did not proliferate or induce overt adverse events clinically, chemi-
cally, or histologically. However, we also showed that transient activa-
tion is possible at a dose 10-fold higher than this.

Unlike hematologic malignancies, tumor-specific antigens are rare
when CAR therapies are used to target solid malignancies.”> Conse-
quently, tumor-associated antigens are often selected during the
design process. As these targets are also expressed in normal tissues,
caution must be taken with regard to the on-target/off-tumor toxicity
of these CAR products. We were able to demonstrate the absence of
overt toxicity in both murine and simian models despite firm evi-
dence that human EGF cross-reacts with EGFR in both species.”***’
However, we could not evaluate the possibility of cytokine release
syndrome (CRS) or immune effector-cell associated neurotoxicity
syndrome (ICANS), both of which are associated with high tumor
burden,* because a xenograft NHP model does not exist. A human-
ized mouse xenograft model capable of recapitulating CRS and
ICANS has been reported,** which provides an opportunity to over-
come this limitation of our study.

Although sensitizing mutations of EGFR in NSCLCs allow some pa-
tients to benefit from TKIs, these mutations are considerably more
common in adenocarcinomas, non-smokers, women, and Asian pop-
ulations,*>** thus leaving other subgroups with unmet needs. Even
worse, these EGFR-mutant NSCLCs will eventually develop resis-
tance to TKIs via secondary mutations or amplifications of c-MET,
leading to disease progression.”” Another mode of targeting EGFR,
mAbs, in combination with chemotherapy, has been shown to
improve overall survival in patients with advanced squamous
NSCLC but not in those with non-squamous subtypes.**' Here
we showed that anti-EGFR CARs were effective against NSCLC
regardless of mutational status of EGFR or histological subtype. In
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particular, both PVAQ.EGF-CAR and PVAQ.Cetux-CAR displayed
strong antitumor potency in vivo against H1975-Luc, which is insus-
ceptible to first- and second-generation TKIs as well as anti-EGFR
mAbs.”>> Therefore, these cellular products may present another
line of treatment against advanced NSCLC.

Recently, there has been increasing interest in tuning the affinity of
the antigen-recognition motif to optimize the therapeutic index of a
CAR product and to delay its exhaustion.” We took this into consid-
eration and utilized three ligands specific to EGFR: EGF and TGF-a,
which have nanomolar affinities (0.6 and 9.2 nM, respectively), and
AR, which has micromolar affinity (0.35 uM).”* Our work contradicts
Park et al.,”” who tested ligand-based CAR-Ts directed at intercellular
adhesion molecule 1 (ICAM-1) using several affinity variants of its
natural ligand. They demonstrated that a ligand variant with micro-
molar affinity achieved superior antitumor efficacy and safety
compared to other variants with nanomolar affinities. In our study,
the micromolar candidate AR failed to express and expand. On the
other hand, the candidate with the highest affinity, EGF, consistently
provided better tumor control without apparent toxicity against tar-
gets with intermediate (NCI-H1975-Luc) and high (HCC827-Luc)
levels of EGFR densities compared to TGF-a.. Our contradictory
data indicate the intricate nature of ligand/receptor pairings when ex-
ploited for CAR designs and underlines the need to verify each pairing
on a case-by-case basis.

We also confirmed earlier results by Watanabe et al. that modifying
the IgG1 spacer from ELLG (aa 233-236) to PVA and N (aa 297)
to Q averted the CAR-Ts from entrapment and allowed them to act
at the tumor site.”’ To address this issue, we also tried to replace
the IgG1 Fc spacer of EGF-CAR with a CD28 spacer, which is shorter
in length, but its expansion was poor and its antitumor activity was
even weaker than that of TGFa-CAR (data not shown). Our data
align with those of Xia et al,'”> whose scFv-based anti-EGFR
CAR-T also showed poor expansion when its spacer consisted only
of the IgG1 hinge, which led them to settle their design at the full-
length IgG1 Fc spacer. Both of our studies suggest that for anti-
EGFR CAR designs, a longer spacer may be preferable.

Upon completion of CAR-T manufacture, very few cells expressed
PD-1 but almost all cells expressed TIM-3, a curious combination
that might be a cause for concern. While mounting evidence indicates
that TIM-3 expression signifies dysfunctional T cells,”” a non-trivial
body of literature also suggests that such a generalized narrative is
not always the case. While TIM-3 marks exhausted T cells in chronic
7701 jt js also expressed by acutely
activated CD4 T cells,’> which is more relevant in the context of
freshly manufactured CAR-Ts. Once activated, the TIM-3* CD4
T cell fraction displayed stronger T helper 1 effector function
in vitro compared to its TIM-3~ counterpart, and adoptive transfer
of both populations into naive mice showed no difference in their
persistence in vivo, nor did TIM-3" T cells show inferior response
when lymphocytic choriomeningitis virus was inoculated.”> Whereas
the exact role of TIM-3 in T cell exhaustion is not fully

. . . 56-58
viral infections’®° and cancers,
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understood,®>®* its role in T cell activation has been shown to act syn-

ergistically with the pTCR-MHC complex and relay its signaling via
both MEK-ERK and Akt-mTOR pathways.’>*° Further to this, our
results show that EGF-CAR with near-universal TIM-3 expression
mounted robust proliferation and antitumor activity and that TIM-
3" cells decreased after sequential coculture assays. Altogether, this
indicates that the presence of TIM-3 without PD-1 is not always detri-
mental. We believe that the mechanism by which TIM-3 costimulates
CAR-T cells warrants further study, as it explores the less recognized
aspect of this non-canonical inhibitory marker.

EGF-CAR was more potent than Cetux-CAR in vitro but was less
potent in vivo. Since the purported affinities of EGF and cetuximab
toward EGFR are almost identical,?>*”%®
differences when we incorporated them into CAR-T designs. Based
on a literature review, there is a scarcity of studies that directly
compare ligand-based CAR with scFv-based CAR directed at the
same target. In one study, Han et al. tested third-generation CAR-T
cells based on adnectin against that based on cetuximab.'® Despite ad-
nectin-based CAR having a 30-fold lower affinity toward EGFR, its
antitumor activity did not differ from cetuximab-based CAR, both
in vitro and in vivo. In another study by Butler et al, a CAR-T
comprising an engineered variant of NKp30 receptor was compared
to that comprising TZ47 scFv®; both directed against B7HS, a
stress-induced ligand, with identical affinities. Although both CARs
performed identically in killing tumor cells, their cytokine secretion
profiles were vastly different when tested against B7H6'"
The authors hypothesized that this could result from different associ-
ation and disassociation constants (K, and Kp), with the engineered
natural receptor having much faster on- and off-rates despite iden-
tical Kp. However, the authors did not test both CARs in vivo. In
essence, we believe we report the first instance of in vitro/in vivo
reversal of CAR effectiveness because of the antigen-recognition
domain. We did not investigate the cause of this discrepancy, and
we intend to conduct future studies.

we did not anticipate major

cell lines.

In summary, we have successfully proposed an alternative approach
to engineering cellular immunotherapy using natural ligands of
EGFR, piggyBac system, and autologous artificial feeder cells instead
of scFvs, lentiviral or retroviral vectors, and anti-CD3/anti-CD28
beads, respectively. The resultant products expanded and expressed
satisfactory levels of CAR molecules, displayed target-specific cyto-
toxicity that correlated with antigen density, and did not induce overt
adverse reactions in mice or cynomolgus macaques. To comprehen-
sively elucidate the efficacy and safety of these anti-EGFR CARs, they
should be tested in phase I clinical trials. Additionally, their potency
in inhibiting other EGFR-expressing solid tumors and the mechanism
by which they performed differently from the other scFv-based CAR
should be explored in further research.

MATERIALS AND METHODS

Ethics approval and consent

This study, involving genetic engineering, was approved by the Institu-
tional Review Board of Shinshu University (approval no. 20-046_3).

Blood from healthy donors was obtained with informed consent ac-
cording to the protocol approved by the Institutional Review Board
of Shinshu University School of Medicine (approval no. 4816). All ex-
periments involving live animals were performed using protocols
approved by the Shinshu University School of Medicine Institutional
Animal Care and Use Committee (approval no. 021066).

Cell lines and cell cultures

Human cell lines were obtained from the Japanese Collection of
Research Bioresources Cell Bank (NCI-H1975-Luc, NCI-H460-Luc,
HCCB827-Luc, RERF-LC-Sq1/CMV-Luc, and A549-Luc) and Riken
Bioresource Research Center Cell Bank (A431). The cells were main-
tained in standard culture conditions (37°C, 5% CQO,, humidified)
and the recommended culture media. NCI-H1975-Luc, NCI-H460-
Luc, HCC827-Luc, RERF-LC-Sq1/CMV-Luc, and A549-Luc cells
were cultured in RPMI 1640 + GlutaMAX-I (Life Technologies,
Grand Island, NY, USA) containing 10% fetal bovine serum (FBS;
GE Life Sciences, South Logan, UT, USA). A431 cells were cultured
in DMEM + GlutaMAX-I (Life Technologies) containing 10% FBS.

All cell lines were periodically checked for mycoplasma contamina-
tion using the EZ-PCR Mycoplasma Detection Kit (Biological Indus-
tries, Beit HaEmek, Israel) and verified as mycoplasma free.

Plasmid construction

Plasmids encoding piggyBac transposase (pCMV-pB) and CD19-
CAR without the CH2CH3 spacer have been described previ-
ously.”””! Anti-EGFR CAR plasmids were based on pIRII-CAR.
CD19-28¢> in which the FMC63 scFv sequence was replaced with
those coding for the mature EGF peptide variant 1, TGF-a peptide
variant 1, and AR peptide to create pIRII-CAREGFR(EGFvl),
pIRII-CAR.EGFR(TGFAv1), and pIRII-CAR.EGFR(AREG), respec-
tively. The coding sequences for the mature forms of these peptides
were obtained from RefSeq: NM_001963.6, NM_003236.4, and
NM_001657.4.

IgG1 spacer mutations were achieved by substituting the amino acids
ELLG (aa 233-236) and N (aa 297) with PVA and Q, respectively.’’
Primers for ELLG-to-PVA mutagenesis were described previously.*’
The primers used for N297Q mutagenesis were 5'-AGT ACC AGA
GCA CGT ACC GTG TGG TCA GCG-3' and 5'-GCT CCT CCC
GCG GCT TTG TCT TG-3'.

Finally, the EGFR-specific artificial feeder plasmid, pIRII-tEGFR-
CD80-4-1-BBL, was constructed by substituting the truncated
HER2 sequence in the pIRII-tHER2-CD80-4-1-BBL plasmid™* with
that of truncated, extracellular-domain-only EGFR.

All subclonings were performed using the In-Fusion HD Cloning Kit
(Takara Bio, Shiga, Japan), all mutageneses were performed using the
KOD -Plus- Mutagenesis Kit (Toyobo, Osaka, Japan), and the se-
quences were confirmed by Sanger sequencing (Fasmac, Kanagawa,
Japan).
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Manufacture of CAR-T cells

CAR-T cell manufacture was based on the artificial feeder method
described previously.” In brief, after obtaining informed consent,
blood samples were obtained from healthy donors, and peripheral
blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Ficoll-Paque PLUS (GE Healthcare, Uppsala,
Sweden) and SepMate tubes (STEMCELL Technologies, Vancouver,
BC, Canada). Once isolated, PBMCs were washed twice using phos-
phate-buffered saline (PBS). Subsequently, the cells were enumerated
using a standard trypan blue exclusion test and an Olympus R1 auto-
mated cell counter (Olympus, Tokyo, Japan). To transfect each CAR
transgene, 20 x 10° cells were electroporated with pIRII-CAR.
EGFR(EGFv1), pIRII-CAREGFR(TGFAv1), or pIRII-CAR.EGFR
(AREG) using 7.5 pg of the corresponding CAR plasmid and 7.5 ng
of the pCMV-pB plasmid. Concurrently, 20 x 10° cells were electro-
porated with 15 pg of pIRII-tEGFR-CD80-4-1-BBL. All electropora-
tions were performed using a 4D Nucleofector X Unit and P3 Primary
Cell Solution with pulse code FI-115 (Lonza, Basel, Switzerland). Ten
minutes after electroporation, the cells were resuspended in ALyS705
medium supplemented with 5% artificial serum (both Cell Science &
Technology Institute, Miyagi, Japan), 10 ng/mL IL-7, and 5 ng/mL
IL-15 (both Miltenyi Biotec, Bergisch Gladbach, Germany) and
incubated in an incubator under standard conditions (37°C, 5%
CO,, humidified). After 18 h, cells electroporated with pIRII-
tEGFR-CD80-4-1-BBL were irradiated with UV light and added to
the remaining CAR-transfected population at a ratio of 5 x 10° to
20 x 10° CAR cells. CAR-T cells were maintained in an incubator
for 12-14 days before being harvested for use in downstream exper-
iments. Half of the culture medium was replaced every 2-3 days.

Quantification of cell-surface EGFR

The specific antibody-binding capacity (SABC) of each cell line was
determined using QIFIKIT (#¥K0078; Dako, Glostrup, Denmark), ac-
cording to the manufacturer’s recommendations. In brief, five popu-
lations of calibration beads with a predefined quantity of mouse mAb
molecules were stained with a secondary goat antimouse Fc F(ab’)2
fluorescein isothiocyanate (FITC) conjugate (#F0479; Dako, supplied
with QIFIKIT). For each cell line, 1.0 x 10° cells were stained with
either mouse antihuman EGFR (clone AY13, #352902; BioLegend,
San Diego, CA, USA) or mouse IgGlk isotype control (clone
MOPC-21, #400102; BioLegend) at the same saturating concentration
(15 pg/mL). After 30 min, the cells were washed and stained with the
same secondary antibody as the calibration beads for 45 min. The cells
and beads were then washed and analyzed using a BD FACSCanto II
(BD Biosciences) on the same day with the same settings. The mean
fluorescent intensity of the bead populations and their antibody-bind-
ing capacity (ABC) were then log transformed and a calibration curve
was obtained by fitting a linear regression. Using the calibration
curve, the SABC of each cell line was calculated by subtracting the
ABC of isotype-stained cells from the ABC of anti-EGFR-stained
cells.

Three to four independent experiments were performed. The
cells were harvested at 50%-80% confluence and at least 24 h after
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the latest passage. The A431 cell line was used as the upper bound
control and K562 as the negative control.

Flow cytometry

Quantification of cell-surface expression of various markers was per-
formed on a BD FACSCelesta and analyzed using FlowJo software
v10.8 (both BD Biosciences). CAR expression was detected using
goat antihuman IgG (H + L) FITC antibody (#109-095-003; Jackson
ImmunoResearch, West Grove, PA, USA). The other antibodies used
are listed in Table S2.

In vitro cytotoxicity assay

For flow-cytometry-based cytotoxicity assays, 2.5 x 10° tumor cells
per well were seeded in a 24-well culture plate. Twenty-four hours
later, all culture media were removed, after which CAR-T cells were
resuspended in culture media preferred by tumor cells and added
to the wells at different E/T ratios. In these experiments, “effectors”
refer to the total cell count without normalization for CAR" cells.
Five days after the addition of effector cells, the effector cells were
collected, and the target cells were then trypsinized and collected.
Next, the cell suspension was washed, filtered through 35-pum nylon
mesh, and stained with anti-CD3 FITC (clone UCHT1, #300406;
BioLegend) to identify effectors, anti-B7-H3 APC (clone MIH42,
#351006; BioLegend) to identify targets, and 7-amino-actinomycin
D (BD Biosciences) to identify dead cells. Finally, CountBright Abso-
lute Counting Beads (Thermo Fisher Scientific, Waltham, MA, USA)
were added to the suspension, and the cells were analyzed and
enumerated using a BD FACSCanto II.

For assays using the xCELLigence Real-Time Cell Analysis system
(Agilent, Santa Clara, CA, USA), 7.5 X 10> HCC827-Luc cells or
1.5 x 10* RERF-LC-Sq1/CMV-Luc cells were seeded in an E-Plate
16 PET (Agilent), placed on the instrument, and allowed to adhere
for 24 h. At the 24™ hour, all culture media were removed, and
effector cells were added with fresh media at the specified E/T ratios.
In these experiments, “effectors” refer only to CAR™ cells. Cocultures
lasted 72 h. The impedance was recorded every 15 min, and the final
time point before the addition of effector cells was selected as the
normalization time point. For sequential coculture assays using this
platform, at the end of each round effector cells were gently resus-
pended and collected, then added to the next round of coculture using
fresh media where the target cells were seeded 24 h prior.

For bioluminescence-based assay, 1.0 x 10° NCI-H460 or RERF-LC-
Sq1/CMV-Luc cells were seeded in a 96-well black plate with clear
bottom (ViewPlate-96 Black; PerkinElmer, Waltham, MA, USA).
Twenty-four hours later, all culture media were removed, after which
CAR-T cells were resuspended in culture media preferred by tumor
cells and added to the wells at different E/T ratios. Seventy-two hours
later, D-luciferin sodium salt (OZ Biosciences, Marseille, France) was
added at a final concentration of 75 ug/mL. The reaction was allowed
to occur for 30 min in an incubator. Finally, a SpectraMax iD3 plate
reader (Molecular Devices, San Jose, CA, USA) was used to measure
the luminescence of each well. The brightness of wells with effector
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was compared to that of wells with tumor only to calculate the per-
centage of lysed cells.

Quantification of cytokines in supernatant

Twenty-four hours after the addition of effector cells, the supernatant
from 1:1 wells was collected and stored at —80°C until analysis. To
determine the concentrations of IFN-y and IL-2, the supernatants
were thawed and analyzed using an enzyme-linked immunosorbent
assay (ELISA). Specifically, the DuoSet ELISA Development Systems
Human IFN-y and Human IL-2 (both R&D Systems, Minneapolis,
MN, USA) were used according to the manufacturer’s recommenda-
tions. Each experimental sample was analyzed in duplicate. The concen-
trations were derived using a four-parameter logistic regression model.

Proliferation assay

Cell proliferation was assessed using the CellTrace carboxyfluorescein
succinimidyl ester (CFSE) Cell Proliferation Kit (Thermo Fisher Sci-
entific). CAR-T cells were stained in a solution containing 5 pM CFSE
for 8 min at 37°C. The effector cells were then added to a 24-well plate
containing 1.0 x 10° pre-seeded tumor cells at an E/T ratio of 1:1.
Coculture was conducted for 72 h, after which effector cells were
collected and analyzed by flow cytometry.

In vivo murine NSCLC model

Female NSG mice were purchased from Charles River Laboratories
(Yokohama, Japan) and housed at the Institute of Experimental An-
imals, Shinshu University School of Medicine for a week or more. At
the start of the experiments, the mice were 8-9 weeks old. Food and
water were provided ad libitum. To evaluate the antitumor effect of
different CAR-Ts, 2.5 x 10° HCC827-Luc cells or 3.0 x 10°
H1975-Luc cells were subcutaneously grafted onto the right flank of
each mouse. Seven days later, the mice were stratified to evenly
distribute the tumor burden, and 2.0 x 10° CAR" cells in 100 uL of
PBS were administered via their tail veins. Thereafter, tumor size
was monitored weekly by BLI using IVIS Lumina LT (PerkinElmer)
and expressed as total flux (photons/s). To quantify tumor biolumi-
nescence, 300 pg of D-luciferin sodium salt (OZ Biosciences) was
delivered intraperitoneally, and images were acquired 10 min later us-
ing Living Image Software (PerkinElmer). Mice were euthanized
when they visibly showed signs of discomfort or when statistical sig-
nificance was achieved in case of survival.

NHP model for off-tumor toxicity evaluation

Five male cynomolgus macaques, aged 5-7 years, were housed at Ina
Research, a facility fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International. All pro-
cedures were performed in accordance with the Act on Welfare and
Management of Animals and internally established guidelines for an-
imal experiments. The pre-conditioning regimen, sample collection,
blood analysis, and detection of CAR transgene in the sample were
previously described.”® In brief, 2 mg/kg of fludarabine was adminis-
tered intravenously for 4 days from days —5 to —2, and 30 mg/kg
cyclophosphamide was administered for 2 days from days —4 to
—3. In addition, dexamethasone, granisetron, and mesna were

administered on days —4 and —3. Finally, 60 mg of cefmetazole per
day was administered from days —5 to —2 as prophylaxis. Blood
and serum samples were obtained from the femoral vein at several
time points (Figure 4A) and analyzed as previously described.
Throughout the experiment, all macaques were closely monitored
for clinical presentation, general appearance, food consumption,
and body weight. At the end of the study period, the animals were
anesthetized by intravenous injection of thiopental and euthanized
by exsanguination from the axillary and femoral arteries and veins.
Subsequently, the organs were harvested, fixed with 10% formalde-
hyde, and stained with hematoxylin and eosin. The specimens were
then interpreted by qualified pathologists.

Statistical analyses

Statistical analyses and graph presentations were performed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). The
exact method used for each experiment is described in the figure leg-
ends. Statistical significance was defined as p < 0.05.
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