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Abstract

Chimeric Antigen Receptor T cells (CAR-T) have been effective in the treatment of hematologic
malignancies, but have shown limited efficacy against solid tumors. Here we demonstrate an
approach to enhance CAR-T function in solid cancers by vaccine-boosting donor cells through
their chimeric receptor directly /n vivo. We desighed amphiphile CAR-T ligands (amph-ligands),
which upon injection trafficked to lymph nodes and decorated the surfaces of antigen presenting
cells, thereby priming CAR-T in the native lymph node microenvironment. Amph-ligand boosting
triggered massive CAR-T expansion, increased donor cell polyfunctionality, and enhanced anti-
tumor efficacy in multiple immunocompetent mouse tumor models. We demonstrate two
approaches to generalize this strategy to any chimeric antigen receptor, enabling this simple non-
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HLA-restricted approach to enhanced CAR-T functionality to be applied to existing CAR-T

designs.

One Sentence Summary:

Vaccine boosting enhances CAR-T cell therapy.

Main Text:

CAR-T immunotherapy targeting the CD19 antigen has produced some dramatic clinical
responses in patients with leukemia and lymphoma, and includes a high proportion of
durable complete remissions (1, 2). However, poor functional persistence of CAR-T cells in
some patients results in disease progression (3). Despite the success of CAR-T therapy in
hematological cancers, it has to date been much less effective for solid tumors, and strategies
to enhance efficacy in this setting remain an important goal (4, 5). Therapeutic vaccination is
one well established approach to enhance endogenous T cell responses against cancer (6).
Several groups have demonstrated the concept of preparing CAR-T cells from virus-specific
endogenous lymphocytes or introducing a CAR together with a second antigen receptor
specific for a target peptide, and vaccinating recipients against the viral/secondary antigen to
boost CAR-T therapy (7-9). However, these approaches suffer from being HLA-restricted,
and the use of endogenous TCRs may be superseded by recent advances where CARs
genetically targeted to the native TCR locus (thereby deleting the native TCR) have
significantly enhanced activity (10).

We recently developed a strategy to target vaccines to lymph nodes by linking peptide
antigens to albumin-binding phospholipid-polymers (11). Small peptides are normally
rapidly dispersed into the blood following parenteral injection, but binding of amphiphile-
peptides to endogenous albumin - which constitutively traffics from blood to lymph -
retargets these molecules to lymph nodes. In addition to exhibiting efficient lymph
trafficking, these lipid-tailed molecules can also insert into cell membranes (12). We
therefore hypothesized that by attaching a small molecule, peptide, or protein ligand for a
CAR to the same polymer-lipid tail, CAR ligands could be delivered by albumin to lymph
nodes and subsequently partition into membranes of resident antigen presenting cells
(APCs), thereby co-displaying the amphiphile-ligand (amph-ligand) from the APC surface
together with native cytokine/receptor costimulation (Fig. 1A). Here we show how the dual
properties of amph-ligands — lymph node targeting and membrane insertion — combine to
create a booster vaccine for CAR-T cells. This amph-ligand strategy safely expands CAR-T
cells in vivo, whilst increasing their functionality and enhancing anti-tumor activity in
multiple models of solid tumors

To test the ability of amphj-ligands to functionally decorate APCs /in vivo, we first employed
a recently described “retargetable” CAR recognizing the small molecule fluorescein (FITC),
which is directed against tumors by co-administration of a FITC-conjugated anti-tumor
antibody (13). The anti-FITC scFv 4m5.3 (14) was fused to the CD8a transmembrane
domain followed by CD28 and CD3( intracellular domains; the cognate amph-ligand for
this murine CAR is FITC-poly(ethylene glycol) (PEG)-DSPE (amph-FITC, Fig. 1B). When
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incubated with model APCs /n vitro, amph-FITC was absorbed into the plasma membrane in
a dose-dependent manner, and despite ongoing endocytosis, many molecules remained
accessible to surface staining with an anti-FITC antibody (Fig. 1C-D). Amph-FITC-coated
cells stimulated FITC-CAR-T cells in a dose-dependent manner and were killed by FITC-
CAR-T cells (Fig. 1E-F).

Based on these findings, we next tested whether amph-FITC molecules could decorate APCs
in lymph nodes (LNs) to prime FITC-CAR-T cells in vivo. Subcutaneous immunization of
mice with free FITC did not result in accumulation in the draining LNs, whereas10 nmol
amph-FITC was detectable for 21 days (fig. SLA). Amph-FITC primarily accumulated in
draining LNs, with low to negligible levels detectable in the liver, spleen and other organs
(fig. S1B). Confocal imaging of LNs showed that amph-FITC initially accumulated in
interfollicular regions, but partitioned onto CD11c* dendritic cells (DCs) in T cell areas over
time (Fig. 2A-B, fig. S1C). Importantly, surface-displayed FITC could be detected on sorted
FITC*CD11c* cells stained with an anti-FITC antibody (Fig. 2C, fig. S1D). In contrast to
the efficient amph-FITC insertion into the membranes of many LN cell types in vitro,
surface-accessible FITC was present primarily on macrophages and CD11¢*CD11b* DCs /n
vivo (Fig. 2D, fig. S2A-C). Dendritic cells line collagen conduits carrying lymph fluid into
the lymph node, and we hypothesize that the anatomic structure of LN in part dictates
preferential access of these cells to amph-vax molecules entering LNs (15). This is
supported by the observation that amph-FITC co-injected with a low molecular weight
dextran (which is known to be transported through the LN conduit system(16)) showed
substantial colocalization in fiber-like structures extending from the sinuses (fig. S2D).
Immunization using amph-FITC together with the STING agonist adjuvant cyclic-di-GMP
increased the duration of amph-FITC display on multiple APCs, and as expected led to
upregulation of costimulatory molecules on amph-FITC* DCs (Fig. 2E, fig. S2E). Notably
however, surface-accessible FITC decayed quickly and persisted on only a small fraction of
cells.

To test the ability of amph-ligand immunization to expand FITC-CAR-T /n vivo, CD45.1*
FITC-CAR-T cells were transferred into lymphodepleted congenic CD45.2" recipient mice
and subsequently vaccinated twice with amph-FITC and adjuvant. The CAR-T cells
expanded dramatically after amph-FITC vaccination, and expansion was increased by co-
administering adjuvant (Fig. 2F). For example, transfer of 5x104 FITC-CAR-T followed by
amph-FITC vaccination with adjuvant expanded these cells to a peak of ~70% of the total
CDS8™ T cell compartment, yielding a CAR-T population nearly double the size achieved by
administering a 200-fold greater number of CAR-T cells without vaccination (Fig. 2F). By 3
weeks post-boost, the persisting CAR-T were a mixture of effector/effector memory and
central memory cells (Fig. 2G). Amph-vax boosting also expanded CAR-T in lympho-
replete mice; in this setting two immunizations could expand 10° transferred cells from
undetectable levels to ~20% of the total CD8 compartment (Fig. 2H). To determine whether
professional APCs played an important role in CAR-T priming by amph-ligand
immunization, we depleted different cell types in LNs. CAR-T expansion in response to
amph-FITC immunization was not impaired in Batf3”~ mice lacking cross-presenting
dendritic cells, but depletion of total DCs in CD11c-DTR mice or macrophages using
chlodronate liposomes led to significant reduction in CAR-T cell numbers (fig. S3A-C). In
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addition, the cytokine functionality of responding CAR-T cells was reduced in all 3 settings
(fig. S3A-C). In addition, /n vivo blockade of a collection of co-stimulatory molecules
expressed by APCs markedly suppressed both FITC-CAR-T expansion and cytokine
functionality in response to amph-FITC immunization (fig. S3D).

A key concern with amph-ligand delivery is the potential for toxicity from CAR-T-mediated
killing of decorated cells in LNs or other tissues. Consistent with the low fraction of any cell
type with detectable surface FITC ligand, no significant changes in viable LN cell
populations were detectable 1 day, 3 days or 14 days following amph-FITC immunization
(fig. S4A-C). No changes in systemic liver enzymes, liver histopathology or CAR-T
infiltration, or serum cytokine levels were observed following amph-FITC boosting (fig.
S4D-I). We further evaluated the functional integrity of vaccinated LNs by administering an
amph-FITC boost in the presence or absence of transferred FITC-CAR-T cells, then
immunizing animals with OVA at the same site 5, 7, or 14 days later (fig. S4J). We observed
decreased expansion and functionality of endogenous SIINFEKL-specific T cells
immunized 5 days - but not 7 or 14 days - following amph-FITC boost, suggesting that the
combination of CAR-T transfer and amph-FITC vaccination has a short-term effect on
priming of endogenous T cell responses (which recovers rapidly (fig. S4K)). Due to the lack
of T cell help, repeated amph-FITC immunization with adjuvant elicited no antibody
response against the amph-ligand itself (fig. S5).

We next evaluated if amph-ligands could be used to prime a bona fide tumor antigen-specific
CAR. The EGFRvIII-specific 139scFv CAR recognizes a short linear epitope derived from
EGFRvVIII (17). We prepared murine T cells expressing this CAR and synthesized an amph-
vax molecule comprised of PEG-DSPE linked to the peptide ligand with or without an N-
terminal FITC label (amph-pepvlil, Fig. 3A). Similar to amph-FITC, amph-pepvlll inserted
in cell membranes /n vitro, and amph-pepvlll-coated cells stimulated EGFRvIII-CAR-T
cells (fig. S6A-B). Immunization of mice with amph-pepV1I1 triggered EGFRVIII-CAR-T
cell proliferation in vivo (Fig. 3B). To test the therapeutic impact of vaccine boosting, we
transduced murine CT-2A glioma cells with EGFRVIII; these cells were efficiently killed by
EGFRVIII-CAR-T cells in vitro (fig. S6C-D). Transfer of EGFRVIII-CAR-T into lympho-
depleted CT-2A-mEGFRvIII tumor-bearing mice followed by amph-pepvlil immunization
expanded the CAR-T cells substantially in the periphery (Fig. 3C), with significant increases
in the proportion of cells with an effector phenotype (fig. S6E), and 5-10-fold increases in
CAR-T cell polyfunctionality (Fig. 3D). Amph-vax boosting greatly increased CAR-T
infiltration into tumors, and these TILs expressed higher levels of granzyme B and Ki67 than
unboosted CAR-T (Fig. 3E). In therapeutic studies, animals receiving both CAR-T and
repeated amph-vax boosting had significantly delayed tumor growth and prolonged survival
(Fig. 3F=G). Treatment with 1x10% CAR-T cells alone led to no long-term survivors, while
this same CAR-T dose boosted by amph-vaccination eliminated tumors in a majority of
animals (Fig. 3F-G). Administration of amph-pepvlIl with adjuvant in the absence of CAR-
T cells had no therapeutic impact (fig. S6F). EGFRvIII-CAR-T cells from vaccinated
animals persisted over time, and surviving animals rejected tumor rechallenge at day 75 (fig.
S6G-H). Notably, animals that rejected primary tumors following CAR-T + amph-vax
boosting therapy also rejected rechallenge with parental CT-2A tumor cells lacking the
ligand for the CAR-T cells, suggesting induction of an endogenous T cell response against
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other tumor antigens (fig. S61). Motivated by this finding, we evaluated the reactivity of
splenocytes from CT-2A-mEGFvIII tumor-bearing mice that received CAR-T cells with or
without 2 amph-pepvlIl boosts. ELISPOT analysis of IFN-y production by splenocytes
cultured with parental CT-2A cells revealed a strong endogenous T cell response against
parental tumors (Fig. 3H). Similar to amph-FITC vaccinated mice, no antibody response was
elicited against pepvlll after 3 rounds of weekly vaccination (fig. S6J). We also evaluated the
therapeutic efficacy of CAR-T plus amph-vaccination in tumor-bearing mice without
lympho-depletion preconditioning. Tumor progression in animals receiving CAR-T alone
was indistinguishable from animals receiving control untransduced T cells, whereas CAR-T
transfer combined with amph-pepvlll immunization delayed tumor growth and prolonged
animal survival (Fig. 31-J). In both the lympho-depleted and non lympho-depleted settings,
amph-vax boosting was accompanied by small transient alterations in animal body weight
and minimal alterations in serum cytokine levels (fig. S6K-L). To assess the utility of amph-
vax boosting with a more potent “third generation” CAR design, we generated an EGFRvIII-
targeting CAR containing both CD28 and 41BB costimulatory domains. This CAR
expressed well and was functional /n vitro (fig. STA-C). We then treated large (~50 mm?)
established CT-2A-mEGFRvIII tumors with EGFRvIII-28BBzCAR-T cells + amph-pepvll|
boosting. In this large tumor burden setting, the CAR-T cells alone had a modest impact on
tumor progression, and amph-ligand boosting greatly improved tumor control and enhanced
overall survival (fig. STD-E).

While use of a peptide ligand for CAR-T cells was effective, some CARs recognize three-
dimensional structural epitopes (18). As an alternative strategy to amph-ligand boost any
CAR regardless of the nature of its binding domain or specificity, we devised a tandem scFv-
based bispecific CAR based on recently reported designs (19): The anti-FITC scFv was
fused to the N-terminal extracellular domain of a tumor-targeting CAR (TA99) recognizing
the melanoma-associated antigen TRP1 (Fig. 4A-B). FITC/TRP1-CAR-T cells were
activated both by amph-FITC-coated target cells and by TRP1-expressing B16F10 cells (fig.
S8A), and killed TRP1* target cells equivalently to mono-specific TRP1-CAR-T cells (Fig.
4C). In vivo, amph-FITC vaccination stimulated FITC/TRP1 bispecific CAR-T proliferation
(fig. S8B). Similar to observations in the EGFRvIII system, amph-vax boosting of FITC/
TRP1-CAR-T in B16F10 tumor-bearing animals led to pronounced CAR-T expansion in the
periphery and increased tumor infiltration (fig. S8C-D), with minimal serum cytokine
elevation and transient fluctuations in body weight after each vaccination (fig. SSE-F).
While adoptive therapy with FITC/TRP1-CAR-T alone had almost no effect on B16F10
tumor progression, repeated boosting following transfer with amph-FITC led to pronounced
slowing in tumor growth and extended survival (Fig. 4D-E). One resistance mechanism to
CAR-T therapy is loss of surface antigen (20), but we did not observe apparent Trpl loss
upon tumor outgrowth in this model (fig. S8G-H). To assess potential autoimmune toxicity
induced by amph-vax boosting, we examined thymus and skin tissues (which naturally
express Trpl) from treated animals, but found no changes in histopathology or CAR-T
infiltration into the thymus with amph-vax boosting (fig. S81-K). We also assessed whether
CAR-T therapy with vaccine boosting would be more effective using mixed CD4/CD8
CAR-T cells. /nn vitro, both CD4" and CD8* CAR-T cells were activated by culture with
amph-ligand-coated target cells (fig. S8L), and similar therapeutic efficacy was observed
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when B16F10 tumors were treated with CD8 vs. mixed CD4/CD8 FITC/Trpl-CAR-T cells
and boosted by amph-FITC vaccination (fig. SSM-N).

To assess the broad applicability of this bispecific CAR platform irrespective of animal
strain/haplotype and to evaluate treatment of metastatic disease, we prepared 4T1 tumor
cells transduced to express mMEGFRvIII and luciferase, modeling EGFRvIII* breast cancer
(21) on the BALBY/c background. A cognate FITC/EGFRvIII-bispecific CAR was generated,
which expressed well in BALB/c T cells and was functional /n vitroand in vivo (fig. SOA-
D). 4T1-mEGFRvIII tumor cells were injected intravenously (i.v) into BALB/c mice to
induce lung metastases, then treated with FITC/EGFRVIII-CAR-T + amph-FITC boosting.
Tumor progression as assessed by bioluminescence imaging was significantly impacted only
when CAR-T cells were supplemented with amph-ligand boosting (fig. S9E), leading to
prolonged survival and clearance of tumors in 2/5 animals (fig. S9F). In the CAR-T + amph-
vax-treated animals that relapsed, EGFRVIII surface levels were markedly reduced,
suggesting selection of antigen low/null tumor cells during therapy (fig. S9G). Finally, to
verify that this bispecific CAR approach could also be utilized to boost human CAR-T, a
FITC/hCD19 bispecific human CAR was constructed using the established FMC63 anti-
CD19 scFv (22) and expressed in human T cells (Fig. 4F). Human FITC/hCD19-CAR-T
cells were stimulated by both CD19* Raji cells as well as amph-FITC-coated target cells
(Fig. 4G).

Altogether, we present here a novel vaccine approach to boost CAR-T cell numbers and
functionality /n vivo with low toxicity, enabling enhanced efficacy in syngeneic solid tumor
models. Although not directly evaluated here, this approach might be further enhanced by
nascent strategies to improve CAR function such as insertion of the CAR into the TRAC
locus(10). The bispecific vaccinable CAR design and amph-FITC vaccine offers a simple
and universal solution to boost CAR-T cells with any antigen specificity.
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Fig. 1. Design of an amphiphile-ligand vaccineto boost CAR-T cells.
(A) Schematic of the general chemical structure of amph-ligands (top), and the steps in

amph-ligand vaccine boosting /n vivo (bottom): Upon injection, amph-ligands associate with
albumin at the injection site and are subsequently trafficked to the draining lymph node. The
amphiphiles then transfer to the membrane of lymph node-resident cells, including antigen
presenting cells (APCs). CAR-T cells that encounter decorated APCs in the LN are
stimulated by the surface-displayed amph-ligand as well as costimulatory receptors and
cytokines produced by the APC. (B) Structures of amph-FITC and cognate FITC-CAR, and
representative flow cytometry analysis of T cell surface expression for FITC-CAR. (C, D)
Flow cytometry analysis at 24 hr (C) and confocal imaging after 30 min (D) of amph-FITC
insertion into DC2.4 cell membranes, by direct FITC fluorescence or staining with an anti-
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FITC antibody. (E-F) IFN-y secretion (pg/ml) (E) and killing (% of target cell death) (F) of
amph-FITC-coated DC2.4 cells after 6 hr co-culture with FITC-CAR-T or control
untransduced T-cells at a 10:1 E:T ratio. Shown in E and F is a representative experiment
with technical triplicates. P-values were determined by unpaired student’s t-test. Error bars
represent 95% CI; ***p<0.0001, **p<0.01, *p<0.05.
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Fig. 2. Amph-ligands accumulate on lymph node APCs and prime CAR-T cellsin vivo.

(A-E)

C57BL/6 mice (/=3 animals/group for A-C, and /=5 animals/group for D-E) were

immunized s.c. with amph-FITC and cyclic di-GMP adjuvant (A-C, E) or amph-FITC alone

(D, E).

Shown are histological images of LNs (A-B); confocal imaging of sorted amph-

FITC-coated CD11c" cells isolated from LNs at 24 hours (C); and flow cytometry analysis
of the cellular biodistribution of amph-FITC 1 or 3 days after injection (D-E). (F-H)

CD45.

2* C57BL/6 mice (/=7 animals/group) with (F, G) or without (H) prior

lymphodepletion (LD) were adoptively transferred with CD45.1* FITC-CAR-T cells
followed by amph-FITC vaccination. Shown are frequencies of peripheral blood CAR-T
cells (F, H) and cellular phenotypes at day 30 (G). P-values were determined by unpaired

studen

t’s t-test for E and G, and by RM (repeated measures) two-way ANOVA with Tukey’s
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multiple comparisons test for F and H. Error bars represent 95% CI; ***p<0.001, **p<0.01,
*p<0.05. n.s, not significant.
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Fig. 3. Amph-peptide ligands boost CAR-T cellsin vivo for enhanced solid tumor
immunotherapy in mice.

(A) Structure of amph-pepVII1 and surface expression of EGFRvIII CAR. (B)
Representative histogram showing EGFRvIII-CAR-T proliferation in LNs 48 hours after
amph-pepVI1I vaccination (/=3 animals/group). (C-D) Expansion (C) and cytokine
polyfunctionality at day 7 (D) of circulating EGFRVIII-CAR-T cells following a single
amph-pepVIII immunization (7=5 animals/group). (E) Enumeration, granzyme B levels, and
Ki67 levels of tumor-infiltrating EGFRVIII-CAR-T cells (7=4 animals/group) with or
without amph-pepV 111 boost. (F-J) Tumor growth (F, 1), ELISPOT of enriched CD3+
splenocytes cultured with irradiated parental CT-2A tumor cells (H), and survival (G, J) of
mMEGFRVIII-CT-2A tumor-bearing mice treated with EGFRvIII-CAR-T with or without
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amph-pepvlll vaccination for animals that were lympho-depleted (F-G, #=5 animals/group,
H, n=4 animals/group) or lympho-replete (1-J, 7/=7 animals/group) prior to adoptive transfer.
Black arrow indicates time of CT-2A-EGFRvIII tumor re-challenge. Red arrow indicates
time of parental CT-2A tumor re-challenge. P-values were determined by unpaired student’s
t-test for D, E and H, by RM (repeated measures) two-way ANOVA with Tukey’s multiple
comparisons test for C, F and I, and by log-rank test for G and J. Error bars represent 95%
Cl; ***p<0.001, **p<0.01, *p<0.05. n.s, not significant.

Science. Author manuscript; available in PMC 2019 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maetal. Page 15
A APCs Tumor cells D Day:0 4 5 6 13 20 -
T 1 ) ”
? %? 5x10° LD 10x10° Vax  Vax Vax
(% g) tumor cells CAR-T
250
FITC ((( N — Control T ]n‘
ﬂ g 200 — FITCTRP1-CART I b
4m5.3 scFv tumor antigen = 150 — FITC/TRP1-CAR-T + Vax
specific scFV s 100
( E& ) g
CAR-T é % I ] % E 50
[=

o!

0

5 10 15 20 25
Days post tumor inoculation

— Control T ns
— FITC/TRP1-CAR-T ]

e
— FITC/TRP1-CAR-T + Vax

E
& 100
2
g
B Untransduced C i i
FITC/TRP1-CAR 100 _ § 50
100 . o
80 !} 'E &
8 804 .
g A R oz
o 604 [ £ 60
3 ‘ S
N 40 3 40
E © F Untransduced
S 204 / 20 FITC/hCD19-CAR
z \
- \ ofe
0 e — 0 2
—> R 3
CAR expression O & ¥ £
NSNS o
LY 5
L& g
<« =
< £
S
z

10 20 30 40 50
Days post tumor inoculation

(2]

o Raji
400, ® amph-FITC K562

*hk

200 —_—___

100 %[:.

IFNy secretion(pg/ml)

300 e

\ 2

Fig. 4. Amph-FITC ligands boost the anti-tumor activity of bispecific CAR-T cells.
(A) Schematic of bispecific CAR design: the FITC-binding scFv 4m5.3 is fused through a

short linker to a tumor antigen-specific CAR, enabling the T cell to be triggered by binding
to either FITC-decorated cells or tumor cells. (B) Representative T cell surface expression of
FITC/TRP1-CAR. (C) Killing of TRP1-expressing B16F10 cells /n vitro after a 6 hr co-
culture with FITC/TRP1-CAR-T, monospecific TRP1-CAR-T or control untransduced T

cells at E:T of 10:1. (D, E) Tumor growth (D) and survival

(E) of B16F10 tumor-bearing

mice (/=7 animals/group) treated with 10x108 CAR-T alone or CAR-T plus amph-FITC
vaccination. P-values were determined by RM (repeated measures) two-way ANOVA with
Tukey’s multiple comparisons test for D, and by log-rank test for E. (F) Surface expression
of FITC/hCD19 bispecific CAR on human T cells. (G) FITC/TRP1 bispecific CAR-T
responding to either hCD19" Raji cells or amph-FITC-coated K562 cells as monitored by
IFN-y secretion. Shown in C and G is a representative experiment with technical triplicates.
P-values were determined by unpaired student’s t-test for C and G. Error bars represent 95%

Cl; ***p<0.0001, **p<0.01, *p<0.05. n.s, not significant.
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