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Abstract

Purpose: The multiple mechanisms used by solid tumors to

suppress tumor-specific immune responses are a major barrier to

the success of adoptively transferred tumor-specific T cells. As

viruses induce potent innate and adaptive immune responses,

we hypothesized that the immunogenicity of viruses could

be harnessed for the treatment of solid tumors if virus-specific

T cells (VST) were modified with tumor-specific chimeric antigen

receptors (CAR). We tested this hypothesis using VZV-specific T

cells (VZVST) expressing a CAR for GD2, a disialoganglioside

expressed on neuroblastoma and certain other tumors, so that the

live-attenuated VZV vaccine could be used for in vivo stimulation.

Experimental Design: We generated GMP-compliant, GD2.

CAR-modified VZVSTs from healthy donors and cancer patients

by stimulation of peripheral blood mononuclear cells with over-

lapping peptide libraries spanning selected VZV antigens, then

tested their ability to recognize and kill GD2- and VZV antigen–

expressing target cells.

Results: Our choice of VZV antigens was validated by the

observation that T cells specific for these antigens expanded

in vivo after VZV vaccination. VZVSTs secreted cytokines in

response to VZV antigens, killed VZV-infected target cells and

limited infectious virus spread in autologous fibroblasts. How-

ever, while GD2.CAR–modified VZVSTs killed neuroblastoma

cell lines on their first encounter, they failed to control tumor

cells in subsequent cocultures. Despite this CAR-specific dysfunc-

tion, CAR-VZVSTs retained functional specificity for VZV antigens

via their TCRs and GD2.CAR function was partially rescued

by stimulation through the TCR or exposure to dendritic cell

supernatants.

Conclusions: Vaccination via the TCR may provide a means

to reactivate CAR-T cells rendered dysfunctional by the tumor

microenvironment (NCT01953900). Clin Cancer Res; 23(14);

3499–509. �2017 AACR.

Introduction

T cells of any native specificity can be made tumor-specific by

modification with tumor-specific chimeric antigen receptors

(CARs). CD19-CARs incorporating costimulatory endodomains

havehad great success for the treatment of B-cellmalignancies (1).

However, CAR-T cells directed to solid tumors have been less

effective, (2, 3) due in part to their highly immunosuppressive

microenvironment and to their inhibitory phenotype, which

contrasts with the costimulatory phenotype of B cells that pro-

vides professional costimulation to CD19-directed CAR-T cells.

In most clinical studies, CARs are introduced into polyclonally

activated T cells whose native antigen specificities are unknown.

Hence, in vivo CAR-T-cell proliferation is dependent on the CAR

ligation as well as lymphodepletion of the patient to provide

homeostatic cytokines.Our group evaluated a different strategy to

enhance CAR-T-cell persistence: to test the hypothesis that endog-

enous Epstein–Barr virus (EBV)-infected B cells would provide

in vivo stimulation of CAR-T cells via the native TCR, we infused

EBV-specific T cells (EBVST)modifiedwith afirst-generationGD2-

CAR into patients with neuroblastoma (4). Indeed GD2.CAR-

EBVSTs circulated with higher frequency than similarly modified

CD3-activated T cells (ATC) in the first 6 weeks after infusion. Five

of 11 children with measurable disease had tumor responses,

including 3 complete remissions (CR), illustrating the therapeutic

potential of CAR-modified virus-specific T cells (VST) for solid

tumors (5, 6). However, even in responders, GD2.CAR-EBVST

expansion could not be detected in peripheral blood, asmeasured

by PCR for the transgene, and patients with bulky disease did not
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attain CRs. The lack of proliferation of CAR-EBVSTs in patients

withneuroblastoma contrastedwith the exponential proliferation

of EBVSTs after infusion into hematopoietic stem cell transplant

(HSCT) recipients. Important differences between these patient

groups include the lymphopenic state and high EBV load ofmany

HSCT recipients (7–9). In contrast, neuroblastoma patients were

not lymphopenic and did not have elevated EBV loads.

Routine vaccination provides aminimally toxicmeans to break

the homeostatic control of memory T cells and produce antigen-

specific T-cell expansion in vivo, even under normal homeostatic

conditions. As there is no commercially available vaccine for EBV,

we considered the use of the VZV, another human herpesvirus for

which successful vaccines have been licensed for widespread use.

VARIVAX is a live attenuated VZV vaccine that has been used safely

inmillions of children (10) andZostavax, a 14-fold higher dose of

the same strain combination has been used as a booster vaccine in

VZV-seropositive adults (11, 12). These safe vaccines should

provide a potent strategy to induce in vivo activation and prolif-

eration of adoptively transferred VZVSTs that are genetically

modified with a tumor-specific CAR. T cells specific for a number

of VZVprotein antigens have been identified,most notably for the

immediate early (IE) proteins 62 and 63 and the glycoprotein gE

(13–23).

We previously demonstrated that memory VZVSTs could be

reactivated and expanded using VZV lysate–pulsed dendritic cells

(DC) and modified to express first- and second-generation CARs

for GD2 and CD19 (24). We have now developed an improved,

targeted, GMP-compliant approach by activating VZVSTs with

overlapping peptide libraries spanning immediate early (IE) and

abundant virion proteins of VZV. Here, we show that the frequen-

cy of T cells specific for five VZVproteins (gE, IE61, IE62, IE63, and

ORF10) increase in response to both primary and booster vacci-

nation, and that these cells can be genetically modified with a

third-generation GD2.CAR and expanded to clinically relevant

numbers in vitro. CAR-modified VZVSTs recognized and killed

both GD2þ tumor cells and VZV-infected cells, and limited the

spread of infectious VZV in vitro. This ability to control viral spread

may be an important safety feature for cancer patients who receive

the live-attenuated VZV vaccine to boost their CAR-modified

VZVSTs. Finally,we show that stimulation through the TCR,which

canbe achieved in vivoby vaccination, is able to partially rescue the

antitumor activity ofGD2.CAR-VZVSTs that are rendered dysfunc-

tional by serial coculture with neuroblastoma cell lines.

Materials and Methods

Generation of antigen-presenting cells

Dendritic cells (DC) were derived from adherent PBMCs and

cultured in CellGro DC medium (CellGenix) in the presence of

IL4 (1,000 U/mL) and GM-CSF (800 U/mL; both R&D Systems).

On day 5, immature DCs were matured for 48 hours using a

cytokine cocktail consisting of IL4, GM-CSF, IL6 (10 ng/mL),

TNFa (10 ng/mL), IL1b (10 ng/mL; all R&D Systems), and PGE2

(1 mg/mL; Sigma-Aldrich).

Activated T cells (ATC) for use as APCs were generated from

PBMCs by stimulation on nontissue culture–treated 24-well

plates coated with 1 mg/mL OKT3 (Ortho Biotech) and 1 mg/mL

anti-CD28 (BectonDickinson) antibodies in T-cellmedium [50%

RPMI1640 (Hyclone), 45% EHAA (Life Technologies), 2mmol/L

glutamax, and 5% human AB serum (Valley Biomedical Inc,

Winchester, VA)] in the presence of human IL2 (50 IU/mL, from

the NCI Biological Resources Branch, Frederick MD) for 8 to 14

days. ATCs were restimulated with CD3 and CD28 antibodies to

upregulate HLA and costimulatory molecules 2 days prior to use

as APCs (25).

Generation of VZVSTs

PBMCs were pulsed with pepmixes (10 ng of each peptide per

106 PBMCs) for 60 minutes, and then cultured in the presence of

400U/mLof IL4 and 10 ng/mL of IL7 (R&D Systems; ref. 26) for 9

days in 24-well plates. On days 9 and 16 of culture, effector T cells

were restimulated with autologous, irradiated (30 Gy), pepmix-

pulsed ATCs (ATCpx; 10 ng of each peptide per 106 ATCs) and

irradiated K562cs cells (VZVSTs:ATCpx:K562cs of 1:1:5) in 2-mL

wells at 7 � 105 total cells per well with 5 ng/mL of IL15 (R&D

Systems). ATCs upregulate CD80, CD86, andHLA class I and class

IImolecules after TCR stimulation andare able topresent peptides

to both CD4þ and CD8þ T cells, while K562cs cells provide

costimulation in trans (25, 27). We termed this combination of

stimulator cells KATpx for simplicity.

GD2.CAR retroviral vector and transduction of VZVSTs

The third-generation GD2.CAR retroviral vector (GD2.CAR3)

has been described previously (4, 28) and comprises the 14g2a

ScFv (29), a short spacer from the CH2 domain of IgG1, a CD28

transmembrane and intracellular signaling domains from CD28,

OX40, and CD3 z. For generation of GD2.CAR-VZVSTs, PBMCs

were activatedwith pepmix-pulsedDCs in the presence of IL4 and

IL7 and on day 2 transduced with the GD2.CAR retroviral vector

on retronectin (Takara Bio) coated plates, in the presence of IL4

and IL7. On day 4, cells were returned to regular culture, as

described above (30).

VZV infection of fibroblasts

VZV expressing the EGFP protein fused to theN terminal end of

the ORF66 protein kinase (31) was maintained as infected cell

stocks by culture with fresh MRC-5 cells and used to prepare VZV

when cytopathic effects were observed. Cell-free VZVwas released

by brief sonication and stored at�80�Cuntil further use (32, 33).

For infectious spread assays, dermal fibroblasts were infectedwith

cell-free VZV at 2 � 103 PFU per 1 � 106 cells. When cytopathic

effects were observed in approximately 75% of cells (2–3 days),

Translational Relevance

We have generated GMP-compliant T cells that are specific

for varicella zoster virus (VZV) via their native TCR and for the

disialoganglioside, GD2, via a chimeric antigen receptor

(GD2.CAR), so that in vivo expansion and persistence can be

induced by VZV vaccination in patients with GD2-positive

tumors, such as neuroblastoma or sarcoma. The VZV vaccine

should overcome the lack of immunogenicity of solid tumors

by providing potent extratumoral stimulation of CAR-modi-

fied VZV-specific T cells (CAR-VZVST) and should promote

their function despite the inhibitory tumor environment. CAR

T cells may become dysfunctional on exposure to tumors and

fail to kill tumor cells after their first encounter in vitro. We

show that GD2.CAR-VZVSTs rendered dysfunctional by expo-

sure to neuroblastoma cell lines can be partially rescued by

stimulation via the TCR.
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cells were harvested by trypsinization and added to uninfected

cells to propagate the virus or to test the ability of VZVSTs to limit

virus spread.

VZVST inhibition of virus spread in VZV-infected fibroblasts

VZVSTs, PBMCs, or autologous ATCs were cocultured with

GFP-VZV–infected fibroblasts and uninfected fibroblasts at a

ratio of 1:7:20 in T-cell medium in the presence of recombi-

nant human IL2 (50 IU/mL) in a 12-well plate at 5.6 � 105

total cells per well. Three days later, cultures were collected and

stained with CD45 antibodies (BD Biosciences), and analyzed

by FACS. Absolute numbers of events for GFP-positive infected

cells are compared using CountBright Absolute Counting

Beads (Invitrogen).

Coculture experiments

GD2.CAR-VZVSTs or nontransduced (NT)-VZVSTs were

cocultured with LAN-1 cells at the ratio of 1:1 in T-cell medium

without cytokines. Five days later, cultures were collected and

stained with CD3 and 14g2a (anti-GD2) antibodies, and ana-

lyzed by flow cytometry. For serial killing experiments, GD2.

CAR-VZVSTs were cocultured with GFP-ffluc-LAN1 cells at 1:1

ratio in the presence of IL2 (20 U/mL; first coculture). On day 7,

GD2.CAR-VZVSTs were harvested from the coculture plates and

then were left unstimulated or were stimulated with autologous

pepmix-pulsed DCs for 30 minutes at a 10:1 ratio of VZVSTs:

DCs. After three days, T cells were plated at a 1:1 ratio with fresh

GFP-ffluc-LAN1 cells in the presence of IL2 (20 U/mL; second

coculture). Cocultures without DCs were used as unstimulated

controls. T cells and tumor cells were counted by flow cytometry

using CountBright beads.

Additional methodology can be found in the Supplementary

Data.

Results

VZV pepmixes and an antigen-presenting complex activate and

expand VZVSTs

To determine whether we could reactivate and expand VZVSTs

from both naturally infected and vaccinated donors using over-

lapping peptide libraries (pepmixes), we stimulated PBMCs from

9naturally infected (median age, 34 years; range 22–55 years) and

5 vaccinated donors (median age, 17 years; range 3–21 years,

including three children aged 3, 5, and 17 years) with combined

pepmixes spanning IE61, IE62, IE63, gE, and ORF10 in the

presence of IL4 and IL7. These antigens were chosen because they

should be processed and presented to T cells before immune

evasion genes of VZV can be expressed and because they had

previously proved immunogenic (15, 16, 19, 21). Responder cells
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Figure 1.

VZVSTs can be reactivated and

expanded from the peripheral blood of

healthy donors and cancer patients. A,

VZVSTs were generated from donors

immunized by natural infection (n¼ 9)

or by VZV vaccination without history

of natural infection (n ¼ 5). The

frequency of antigen-specific T cells in

peripheral blood was determined by

IFNg release ELISPOT assay after

overnight stimulation of PBMCs with

VZV antigen–spanning pepmixes (day

0) and again on days 9 and 16. Closed

circles (*) represent naturally infected

donors and open circles (*) are

vaccinated donors. B, T-cell expansion

was evaluated by viable cell counting

using Trypan blue exclusion. Solid line

represents naturally infected donors (n

¼ 9) and dashed line, vaccinated

donors (n ¼ 5). Results are shown as

mean cell numbers� SEM. Each arrow

indicates stimulation. C and D, The

expression of surface markers as a

percentage of the live cells was

assessed on day 16 (n¼ 6). Results are

shown as mean � SD. E and F, PBMCs

from 6 cancer patients, including three

pediatricpatients,werestimulatedwith

VZV pepmix–pulsed mature DCs.

Results from the five responders are

shown. E, Specificity on day 16 was

measured by IFNg release ELISPOT

assay (mean � SEM, n ¼ 5). F, Cell

expansion was evaluated by counting

usingTrypanblueexclusion.Resultsare

shown asmean cell numbers� SEM (n

¼ 5). Each arrow indicates each

stimulation.
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were restimulated on day 9 using pepmix-pulsed, irradiated

autologous ATCs combined with irradiated HLA-negative K562

cells genetically modified with CD80, CD86, 41BB-ligand, and

CD83 (K562cs) to provide costimulation in trans (25), an antigen-

presenting complex we termed KATpx. IFNg ELISPOT assays were

performed on fresh PBMCs at the end of each stimulation cycle on

days 9 and 16. Low frequencies of VZVSTs, usually less than 10

spot-forming cells (SFC) per 105 cells were detected in fresh

PBMCs from both naturally infected and vaccinated donors,

(Fig. 1A). However, these frequencies increased rapidly over the

next 9 to 16 days in response to peptide stimulation (Fig. 1A). The

majority of individuals showed some response to allfive antigens,

but the strongest responses were to IE62 (median 1184 SFC/1 �

105 cells, range 584–3,073), IE63 (median 521 SFC/1� 105 cells,

range 133–4,771), and gE (median 542 SFC/1 � 105 cells, range

399–1,400 on day 16), while IE61 induced weaker responses

(median 19 SFC/1�105 cells, range 11–194). VZVSTs increased

not only in frequency, but also in absolute numbers as total cell

numbers increased more than 3 logs over 23 days (Fig. 1B).

We observed no obvious differences in the specificity or prolif-

eration of VZVSTs expanded from the 9 donors who had been

naturally infected and the 5 who had been vaccinated. Expanded

cells were predominantly CD3þ T cells (90.6% � 4.3%), with a

majority of CD4þ T cells (57.6%� 16.9%) as reported previously

(13, 15–17, 19, 34, 35) and a minority CD8þ T-cell component

(27.4%� 12.9%; Fig. 1C). Themajority of CD3þ T cells expressed

markers that were transitional between central memory and

effector memory cells expressing CD45ROþ/CCR7�/CD62Lþ or

CD45ROþ/CCR7�/CD28þ at the end of the third stimulation

(Fig. 1D). These data demonstrate our ability to manufacture T

cells specific for all five of the selected VZV antigens using the

strategy proposed.

VZVSTs can be generated from cancer patients

As our ultimate goal was to generate autologous GD2.CAR-

VZVST for clinical use, we generated VZVSTs from 6 patients with

osteosarcoma (median age 19.5, range 10–53) and measured the

frequency of VZV antigen-specific cells onday 16 in IFNg ELISPOT

assays. In 5 of the 6 patients, we successfully demonstrated VZV

antigen specificity (Fig. 1E). The expanded T cells from only one

patient lack VZV antigen specificity as determined by IFNg ELI-

SPOT assay (data not shown); we do not know the VZV serostatus

of this patient. Over 23 days of culture, patient-derived VZVSTs

expanded by 581 � 372-fold (Fig. 1F). Although this rate of

expansion was lower than for healthy adults, sufficient T cells for

multiple doses on our highest clinical dose level (108 per m2)

could readily have been achieved from 5 of the 6 patients,

suggesting that the manufacturing strategy used is sufficiently

robust to produce VZVSTs for clinical use in cancer patients (6).

Circulating VZVSTs increase after VZV booster vaccination

As we plan to use VZV vaccination to boost the frequency of

GD2.CAR-VZVSTs in patients, it was important to show that T

cells specific for the chosen antigens expand in vivo in response to

VZV vaccination. Therefore, we compared the frequency of
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Figure 2.

Circulating VZVSTs are increased in response to

VZV booster vaccination. PBMCs drawn before and

at intervals after immunization of seropositive adults

with the VZV booster vaccine, Zostavax, were

stimulated with VZV antigens. The frequency of

antigen-specific T cells in peripheral blood was

determined by IFNg release ELISPOT assay.

Frequency of VZVSTs shown after 24 hours of

stimulation (A) and after restimulation (B) with

pepmixes 4 days later in one donor and 6 days later

in 2 donors. The background frequency of IFNg-

secreting T cells was subtracted from the specific

responses. Results are shown as mean � SD (n ¼ 3).

C, The response to each antigen of one of three

vaccinated donors.
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VZVSTs in PBMCs before and after administration of the VZV

booster vaccine Zostavax to 3 seropositive adults. While the

frequencies of VZVSTs before VZV vaccination were low (mean

10.2 � 4.6 SFC/1�105 PBMCs, n ¼ 3), frequencies increased to

36.1 � 19.3 SFC/1�105 PBMCs within one week and remained

elevated for over 8 weeks (Fig. 2A). Although responses observed

after direct stimulation of PBMC were low, after 4 to 6 days of in

vitro expansion with VZV pepmixes in the presence of IL4 and IL7,

clear differences between pre- and postvaccinationwere discerned

and persisted for at least 8 weeks (Fig. 2B and C). The responses

from individual donors are shown in Supplementary Fig. S1.

These data show that VZV vaccination increases the in vivo fre-

quency of T cells specific for the chosen VZV antigens.

VZVSTs prevent infectious VZV spread in fibroblasts

To determinewhether expanded VZVSTs had biological activity

against live VZV, we established a VZV infectious spread cell

model using a GFP-tagged VZV (GFP-VZV) in dermal fibroblasts.

VZV spreads almost exclusively by cell-to-cell spread involving

membrane fusion, and is normally propagated by coculture of

infected and uninfected cells. Although the complete VZV repli-

cation cycle takes from 9 to 12 hours, cytopathic effects may not

appear for up to two days. However, GFP-VZV infection can be

readily be detected by monitoring GFP expression early after

infection (Fig. 3A). After two passages in which uninfected fibro-

blasts and freshmediumwere added to the infected cultures, over

90% of cells were GFPþ (Fig. 3B). To determine whether VZVSTs

could inhibit virus spread within the cocultures, VZV-infected

dermal fibroblasts were cocultured with uninfected autologous

fibroblasts and autologous VZVSTs at a ratio of 1:7:20. CD56þ

cells were depleted from VZVSTs using CD56microbeads prior to

coculture to ensure that any activity was derived from T cells.

Autologous PBMCs and autologous CD3/28-activated ATCs were

used as control effector cells. After 3 days of culture, the degree of

VZV spread within each coculture well was quantified by flow

cytometry in the presence of counting beads. Effector cells

(VZVSTs, PBMCs, and ATCs) were distinguished from fibroblasts

by CD45 expression. In VZV-infected cocultures without effector

cells, the number of GFPþ-infected fibroblasts increased about

7.7-fold (Fig. 3C). Virus spread was unaffected by the presence of

PBMC (8.9-fold increase) and was only partially inhibited by

CD3/28-activated T cells (3.8-fold increase). However, in the

cocultures with VSVSTs, the number of infected fibroblasts

decreased by over 70% compared with cultures without effector

No effector cells

Day 0

Day 3

G
F

P

CD45

Effectors

D

C

A B

No effector cells

VZV STs

ATCs

PBMCs

1.80x104

6.80x104

6.00x102 99.23

12.26

76.77

7.75x104

Number of infectious center / coculture well % Inhibition

VZVSTs PBMCs

92.2%

GFP

C
o

u
n

ts

ATCs

Figure 3.

VZVSTs prevent infectious virus

spread. A, GFP-tagged, VZV-infected

dermal fibroblasts were used as

targets. Infected fibroblasts were GFP

positive and a fraction show

cytopathic effect. B, Frequency of

infected fibroblasts as measured by

GFP expression. C, GFP-tagged VZV-

infected fibroblasts, fresh uninfected

fibroblasts, and effector cells were

cocultured at the ratio of 1:7:20. Three

days later, cultureswere collected and

stained with CD45 antibodies, and

analyzed by FACS. Indicated are the

absolute numbers of events for GFP-

positive VZV-infected cells. D,

Infectious center assay. % Inhibition

was calculated as (number of

infectious center in each test

condition/number of infectious center

in controls without effectors) � 100.

VZVSTs prevent infectious spread,

whereas PBMCs and ATCs had little

protective capacity.
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cells. To quantify this virus inhibition, we measured the number

of infected cells in each coculture in an infectious center assay. As

shown in Fig. 3D, VZVSTs prevent infectious spread effectively,

while PBMCs and ATCs had little protective capacity. Of note,

11% of PBMCs and 6% of ATCs became infected with VZV during

the coculture, as measured by GFP expression in CD45þ cells,

while VZVSTs remained uninfected (0.3%; Fig. 3C). Furthermore,

VZVSTs expanded by 2.8-fold during the culture with autologous

VZV-infected fibroblast, whereas PBMCs decreased in number

(0.6-fold) and ATC number increased by 1.5-fold.

VZVSTs can be transduced with CARs and stably express the

transgene during expansion

VZVSTs generated from donors either naturally infected with

VZV (n¼ 3) or immunized by vaccination and without history of

natural infection (n¼ 3), were transduced with a retroviral vector

encoding a third-generation GD2.CAR two days after the first

stimulation in the presence of IL4 and IL7. This previously

described CAR includes costimulatory endodomains from CD28

and OX40, and is currently under evaluation in clinical trials. The

efficiency of transduction was increased when pepmix-pulsed

DCs were used for the first stimulation (not shown). The second

and third stimulations were performed on days 9 and 16 using

KATpx (as illustrated in Fig. 4A). Transgene expression was

evaluated by flow cytometry using the GD2.CAR (14g2a)-specific

anti-idiotype antibody (1A7) after the first, second, and third

stimulations. The GD2.CAR was expressed in 53.1% � 7.7% of

VZVSTs from naturally infected donors and 44.6% � 14.8% of

VZVSTs from immunized donors on day 9 after the first stimu-

lation. CAR expression was maintained over the second and third

stimulations (Fig. 4B). CD8-positive and -negative T cells were

transduced with similar efficiency (Fig. 4C).

GD2.CAR-VZVSTs kill both VZV- and GD2-expressing target

cells

To demonstrate that GD2.CAR-modified VZVSTs have func-

tional specificity for both VZV and GD2 antigens, transduced-

VZVSTs were cocultured for 6 hours with 51Cr-labeled GD2-

positive and VZV antigen–expressing target cells. GD2.CAR-

VZVSTs killed both GD2-positive NB cells (LAN-1 and JF) and
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Figure 4.

Chimeric antigen receptors (CAR)

can be expressed in VZVSTs,

maintained over three stimulations

and have functional specificity for

bothVZVandGD2.A,DiagramofGD2.

CAR-VZVST generation. B, GD2.CAR

expression on transduced VZVSTs

was measured using the 14g2a-

specific anti-idiotype antibody (1A7)

after the first, second, and third

stimulations. T-cell lines from

donors either naturally infected with

VZV (gray bars, n ¼ 3) or immunized

byvaccination (white bars,n¼ 3)were

assessed. Results are shown as mean

% of expression � SD. C, One

representative dot blot showing

expression of the GD2.CAR. D, VZV

pepmix–pulsed autologous ATCs

were labeled with 51Cr and cultured

with the transduced VZVSTs for 6

hours at the effector:target ratios

shown (solid lines). Control targets

were autologous ATCs (dotted lines).

Results are shown as mean of %

specific lysis � SEM (n ¼ 4). E, GD2-

positive NB cells (LAN-1 and JF)

were labeled with 51Cr and cultured

with GD2.CAR-transduced VZVSTs

(solid lines) or nontransduced VZV-

specific T cells (dotted lines) for 6

hours at the effector target ratios

shown. Results are shown as mean

of % specific lysis � SEM (n ¼ 3). F,

GD2.CAR-VZVSTs and NT-VZVSTs

were cocultured with LAN-1 cells at

the ratio of 1:1. Five days later, cultures

were stained with CD3 and GD2

antibodies, and analyzed by flow

cytometry.
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VZV pepmix–pulsed autologous activated T cells (auto ATC), but

not unpulsed autologous ATCs (Fig. 4D and E). NT-VZVSTs

showed relatively low levels of killing of GD2-positive, VZV-

negative NB cells. Longer term cocultures of GD2.CAR-VZVSTs

and neuroblastoma cell lines were also performed to evaluate the

effects of theGD2.CARon T-cell proliferation in response toGD2.

GD2.CAR-VZVSTs cocultured with LAN-1 cells without cytokines

at the ratio of 1:1 expanded in numbers and eliminated the

majority of LAN-1 cells by day 5, while LAN-1 cells grew out in

cocultures with NT-VZVSTs, and NT-VZVST numbers decreased

(Fig. 4F).

To ensure that individual VZVSTs modified with GD2.CARs

were bispecific and retained functional specificity for VZV,

GD2.CAR-positive cells were selected from the bulk popula-

tion using the 14.g2a idiotype-specific antibody 1A7 (mouse

IgG1) and anti-mouse IgG1 microbeads. After resting for 48

hours, the purity of the sorted GD2.CAR-positive cells was

confirmed by FACS; over 99% of VZVSTs expressed the GD2.

CAR (Fig. 5A). VZV antigen specificity was then determined

using IFNg ELISPOT assays and intracellular cytokine staining.

Sorted GD2.CARþ T cells that were stimulated with VZV

pepmixes produced IFNg in ELISPOT assays (>2,000 SFCs per

105 T cells; Fig. 5B). IFNg and TNFa-secreting cells were also

observed in both CD8þ and CD8� populations by intracellular

cytokine staining after stimulation with VZV pepmixes

(Fig. 5C). These results showed that GD2.CAR-modified cells

were functionally bispecific.

CAR-VZVSTs exposed to tumor cells become dysfunctional via

their CAR, but retain responsiveness to their VZV-specific TCR

GD2.CAR-VZVSTs killed LAN-1 tumor cells on their first

encounter in coculture assays (Fig. 4F), but if the cocultured

GD2.CAR VZVSTs were harvested and exposed to fresh LAN-1

cells, they were still able to expand, but no longer able to

control tumor cells (P¼ 0.03; Fig. 6A; Supplementary Fig. S2A).

IFNg and IL2 secretion was also significantly diminished after

the second coculture compared with the first coculture, as

measured by ELISA (Fig. 6B). This phenomenon was not

unique to VZVSTs; GD2.CD28OX40z CAR–modified CD3/

28-activated T cells also lost their ability to secrete IFNg after

the second coculture (Supplementary Fig. S2B). When we

evaluated VZVSTs modified with GD2.CARs expressing other

endodomains (GD2.z, GD2.CD28z, and GD2.41BBz), we

observed the same phenomenon, with decreased IFNg secretion

and loss of tumor cell killing after the second coculture (Sup-

plementary Fig. S2C). Lack of responsiveness to the CAR could

not be explain by loss of the CAR, as VZVSTs cocultured with

tumor cells retained CAR expression as determined by flow

cytometry. Indeed, as illustrated for one representative donor,

the frequency of CAR-modified VZVSTs increased from 48.9%

to 84.5% and the mean fluorescence intensity increased from

951 to 3,430 after coculture (Supplementary Fig. S2D). GD2.

CAR VZVSTs expressed high levels of TIM 3 compared with

nontransduced cells, even prior to coculture and did not change

after coculture with tumor cells, while expression of PD1

increased. GD2.CAR proliferation in response to the second

CAR stimulation was reduced compared to the first stimulation

(Fig. 6A), but the T cells were not exhausted because they

remained responsive to TCR stimulation (Fig. 6D). Thus, the

T cells displayed dysfunction via their CAR, but retained a

functional response to the TCR.

To determine whether the antitumor activity of GD2.CAR-

VZVSTs could be restored by stimulation through their TCR, they

were first cocultured with GFP-modified LAN-1 cells for 7 days

(first coculture) and then restimulated with DCs pulsed with VZV

or irrelevant pepmixes for 3 days in the presence of IL2 (20U/mL)

prior to coculture with fresh GFP-ffluc LAN-1 cells (second cocul-

ture). During the first coculture, LAN-1 cells were eliminated.

Although subsequent stimulation with DCs did not fully restore

the antitumor function of GD2.CAR-VZVSTs, GD2.CAR-VZVSTs

restimulated with VZV pepmix–pulsed DCs showed significantly

greater tumor control compared with GD2.CAR-VZVSTs that

received no interim stimulation (P < 0.01; Fig. 6E). However,

DCs alone or pulsed with irrelevant an pepmix also partially

rescued LAN-1–cultured GD2.CAR-VZVSTs, as did supernatants

from VZV pepmix–pulsed DCs and CD3 antibody alone or

combined with CD28 antibody (Supplementary Fig. S2E). These

results suggest that restoration of the antitumor activity of GD2.

CAR-T cells could be produced by a range of proinflammatory

signals. VZV vaccination might therefore restore the function of

CAR-T cells rendered dysfunctional by the tumor, whether VZV-

specific or not. However, only VZV-specific T cells should accu-

mulate at the site of VZVvaccinationwhere theywill be exposed to

proinflammatory conditions.

Figure 5.

Transduced T cells are bispecific. GD2.CAR-VZVSTs were stained with

the 14.g2a-specific idiotype antibody 1A7 (mouse IgG1) and sorted with

anti-mouse IgG1 MicroBeads. Sorted cells were rested 48 hours in incubator.

A, Purity of sorted cells was tested after 48 hours incubation. B, The VZV

antigen specificity of the sorted cells from one of the two donors tested is

shown and was determined using IFNg release ELISPOT assays. C, Sorted

cells were stimulated with VZV antigen pepmixes and IFNg or TNFa

production was evaluated by intracellular cytokine staining. One representative

of two donors is shown.
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Figure 6.

CAR-VZVSTs became exhausted by stimulation through the CAR but the TCRs remained functional. A, GFP-ffluc-LAN1 (GFPþ) and T cells (CD3þ) were

analyzed quantitatively after the first and second cocultures. The fold change of T-cell or tumor cell numbers between the end of first coculture and the end

of second coculture are shown. (n ¼ 6, mean � SD). B, Cytokine secretion from GD2.CAR-VZVST after encountering LAN1 cells. T cells and LAN1 cells were

plated at 1:1 ratio and after 24 hours supernatants were collected for ELISA. On day 7, T cells were harvested and replated with LAN1 cells at the same effector:

target ratio. Supernatants were collected on day 8 (24 hours after second coculture) and then IFNg and IL2 concentrations were measured. (n¼ 6). C, PD-1 and Tim-

3 expression on nontransduced VZVST, GD2.CAR-VZVST before or 7 days after coculture with LAN1 cells are shown. GD2.CAR VZVSTs were gated on CARþ

and CD4þ or CD8þ cells. Dot plots from one representative donor of two are shown. D, The frequency of antigen-specific T cells before and after coculture

with LAN1 was determined by IFNg release ELISPOT assay after overnight stimulation with VZV antigen-spanning pepmixes. Data denote mean � SD (n ¼ 3).

E, After the second coculture, T cells were harvested and cultured with VZV pepmix–loaded DCs, irrelevant pepmix–loaded DCs, DCs alone, or no stimulation

for 3 days and then cocultured with fresh GFP-ffluc-LAN1 cells. The fold tumor cell increase on day 7 to day 0 are shown. Data denote mean � SD (n ¼ 4,

no stimulation, DC alone; n ¼ 3, DC þ irrelevant pepmix, n ¼ 5, DC þ VZV pepmix).
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Discussion

The VZV antigens, gE, IE62, IE63, IE61, and ORF10 are known

immunodominant antigens of VZV (34), andwe have shown that

T cells specific for these antigens can be expanded to clinically

relevant numbers from healthy donors and cancer patients,

whether vaccinated or naturally infected. T cells specific for all

five antigens increased in frequency in response to vaccination

and should therefore be suitable carriers for tumor-specific CARs

in clinical trials that evaluate the ability of VZV vaccination to

boost the frequency and function of CAR-modified VZVSTs. GD2.

CAR expression was stable over at least three in vitro stimulations

and we demonstrated dual specificity of transduced T cells for

bothGD2 and VZV. As shownby other groups, themajority of the

VZVSTs were CD4þ T cells (34), but they were able to kill both

GD2þ tumor cells and VZV-infected cells and inhibited the spread

of infectious VZV in autologous fibroblast cultures. Culture of

GD2.CAR VZVSTs (or CD3/28-activated T cells) with live tumor

cells resulted in T-cell dysfunction, so that the T cells lost their

ability to secrete cytokines and kill tumor cells on re-exposure to

fresh tumor cells. However, GD2.CAR-VZVSTs remained respon-

sive to stimulation via the TCR, and APCs pulsed with VZV

peptides could restore the ability of GD2.CAR-VZVSTs to elimi-

nate neuroblastoma cells in serial cocultures. Partial reversal of

CAR dysfunction could also be induced by DCs alone and anti-

bodies to CD3 and CD28, suggesting that a proinflammatory

milieu may be able to restore tumor-specific T-cell dysfunction.

These data establish many of the parameters for developing a

therapy using GD2.CAR-modified VZVSTs for patients with GD2-

positive tumors (NCT01953900).

This work expands upon earlier studies that demonstrated the

potential of harnessing the potent immune activity of VSTs for

CAR therapy. First-generation GD2.CAR-modified EBVSTs circu-

latedwith ahigher frequency inpatientswith neuroblastoma than

similarly modified CD3-activated T cells, producing 3 complete

tumor responses among 11 patients with relapsed disease. How-

ever, in these patients, none of whom showed EBV reactivation,

therewas no expansionofCAR.EBVSTs inblood andpatientswith

bulky disease did not enter remission. This lack of evident expan-

sion may stem from the fact that patients were not lymphode-

pleted and EBV was well controlled, limiting the supply of viral

antigens for T-cell expansion.Herpes virus reactivation in vivo is an

uncontrollable and possibly rare event, while T-cell activation by

vaccination allows for precise and potent timing of T-cell stim-

ulation. The use of VZVSTs instead of EBVSTs allows us to take

advantage of the commercially available VZV vaccine to provide

extratumoral T-cell boosting in a proinflammatory environment,

andmayperhaps obviate the need for cytotoxic lymphodepletion.

An attractive feature of this live attenuated viral vaccine is that it

replicates in infected cells and continues to produce viral proteins

in an inflammatory environment for some time, in contrast to any

subunit vaccine. In this study, we used a third-generation CAR

(28), that should also enable intratumoral proliferation upon

CAR engagement and provide resistance to tumor-derived inhib-

itory factors.

CAR-modified VZVSTs used in combination with VZV vacci-

nation for the treatment of patientswith cancermust fulfill several

requirements: CAR-VZVSTs must increase in frequency in

response to VZV vaccination in a majority of individuals, they

must be able to kill tumor cells expressing the CAR ligand, and

they should be able to protect cancer patients, who may be

immunocompromised as a result of prior chemotherapy or their

immunosuppressive tumors, from the live-attenuated VZV vac-

cine. Therefore, it is important to choose viral antigens that induce

protective T cells. Such VZV antigens must be processed and

presented by infected cells before viral immune evasion proteins

take effect, and mediate the killing of infected target cells before

new infectious virus particles are produced. This is particularly

important for VZV, which is able to infect and kill T cells and DCs

(35). Candidate antigens would be abundant virion proteins,

such as gE and ORF10, which are introduced into the cell during

the infection process, IE61 and IE62, which are the earliest

proteins to be expressed after infection, and IE63, which is

expressed on reactivation of VZV from latency in neurons and,

together with IE62, is present in virions. T cells specific for all of

these proteins have already been identified in seropositive indi-

viduals (15, 16, 36, 37), and all of our donors, whether they

achieved their immunity naturally or after vaccination, reacted

with most of these viral proteins. Although ELISPOT assays

indicated that the frequency of T cells in VZVSTs that secreted

IFNg in response to VZV stimulation was only around 2% to 5%,

this assay underestimates the true frequency of activated antigen-

specific by about 10- to 100-fold, as can be determined if T cells

specific for a specific peptide epitope are quantified by both

ELISPOT and tetramer assays.

T cells specific for all five VZV antigens increased in frequency

after vaccination of healthy seropositive adult donors who had

been infected naturally during childhood, with the most robust

increases seen in T cells specific for IE62, IE63, and gE. Over 100-

fold VZVST expansion, representing 6 to 7 antigen-specific T-cell

doublings,was seen in all three vaccinateddonorswithin6days of

ex vivo stimulation.Hence, T cells specific for these antigens should

be suitable as carriers of tumor-specific CARs. The ability of

pepmix-activated VZVSTs to prevent the spread of infectious virus

in autologous fibroblasts suggests that they should provide anti-

viral protection to recipients with cancer who are immunosup-

pressed as a result of their tumor or their prior cytotoxic chemo-

therapy. Antiviral protection is an important factor, as VARIVAX is

contraindicated in individuals with hematopoietic malignancies

or who are immunosuppressed. Although our group has shown

that pepmix-activatedVSTs can control reactivationsofCMV, EBV,

adenovirus, and BK virus in immunosuppressed HSCT recipients

(38), the ability of VZVSTs to protect against VZV infection or

reactivation in vivo has yet to be demonstrated.

GD2.CAR-VZVSTs were able to kill neuroblastoma cell lines in

coculture, but if harvested from the coculture and added to fresh

tumor cells, they lost their ability to kill tumor cells and secrete

cytokines in response to CAR stimulation. Long and colleagues

(39) reported that 14g2a-CARs spontaneously dimerize via the

ScFv resulting in tonic signaling and leading to cell differentiation

and exhaustion (40). Our GD2.CAR construct differs in spacer,

transmembrane, and costimulatory endodomains andGD2.CAR-

VZVSTs did not become exhausted, as they remained responsive

to TCR stimulation and did not become dysfunctional unless

exposed toGD2. This phenomenonwas previously demonstrated

by Stotz and colleagues, who showed that two different TCRs

expressed in a murine hybridoma functioned independently, so

that "anergy" inoneTCRdidnot affect signaling through the other

(41). Importantly, even if CAR dysfunction was induced via GD2

stimulation, GD2.CAR-VZVSTs continued to respond to VZV

pepmix–pulsed DCs and partially regained their ability to kill

GD2þ tumor cells. This rescue did not require cognate antigen and

Vaccination to Enhance CAR-T-Cell Function
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as shown in Supplementary Fig. S1, DCs alone and supernatants

frommature DCswere able to increase the function of the CAR on

subsequent culture with tumor cells. Vaccination with a live virus

such as VZV can provide prolonged exposure to professional

antigen-presenting cells by inducing innate signals for T-cell

recruitment to the vaccine site, followed by strong antigen-specific

stimulation and costimulation. Our results also demonstrate that

T cells can be unresponsive to a CAR, while remaining responsive

to their TCR.

Our serial coculture experiment revealed a common problem

with CAR T cells, which are apparently functional in their

ability to proliferate and kill after a single exposure to tumor.

Unless these T cells are reexposed to tumor, their dysfunction

may never become apparent. In our first attempts to rescue

dysfunctional GD2.CAR-VZVSTs, we used VZV-infected autol-

ogous fibroblasts to provide TCR stimulation in cocultures with

neuroblastoma cell lines. However, VZV rapidly infected and

destroyed the neuroblastoma cells. Therefore, VZV vaccination

of patients with relapsed tumors may have an additional

benefit as an oncolytic virus. Use of VZV in this manner was

suggested by Leske and colleagues who showed that VZV

replicated efficiently in primary malignant gliomas and glioma

cell lines (42). VZV is also known to infect and replicate in

T cells and although VZV infected PBMCs and nonspecifically

activated T cells in the virus spread assay, VZVSTs did not

become infected. Either activated VZVSTs are resistant to infec-

tion or, as suggested by our results, they killed VZV-infected

cells before they could release infectious virus. This likely

explains our observation that nonspecifically activated T cells

were susceptible to virus infection in cocultures, while VZVSTs

were not.

Our proposed strategy for combining GD2.CAR-VZVSTs

with VZV vaccination would likely not be effective for VZV-

seronegative patients, as it is difficult, to generate VSTs

from seronegative donors. Although most children in the United

States are vaccinated between the ages of 12 to 24 months, about

one-third of children are diagnosed with neuroblastoma before

the age of one (43). However, strategies for reactivating VSTs from

seronegative individuals have been published (44, 45), and these

T cells have been evaluated in clinical trials (46). In addition, our

CAR-modified antigen-specific T-cell combination strategy would

be applicable for any T-cell antigen forwhich there is a vaccine and

could be adapted to CARs of any specificity.
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