From: Arie Belldegrun [Arie(@kitepharma.com]
Sent: Monday, February 23, 2015 9:50 AM

To: Rosenberg, Steven A. (NIH/NCI) [E]
Subject: Fwd: Celldex's Rindopepimut (Rintega(R)) Receives FDA Breakthrough Therapy Designation for the
Treatment of Adult Patients with EGFRvIII-positive Glioblastoma - Yahoo Finance

FYI

Arie Belldegrun, MD FACS
President and CEQ, Chairman
Kite Pharma

www_kitepharma.com

Begin forwarded message:

From: Ran Nussbaum <ran@pontifax com>
Date: Febmary 23, 2015 at 05:11:36 PST

To: Rizwana Sproule <RSproule@kitepharma.com>, Cynthia Butitta <cbutitta@kitepharma.com>.

Arie Belldegrun <Arie@kitepharma.com>, *Margo Roberts" <mroberts@kitepharma.com>
Cc: Adrian Bot <abot@kitepharma.com>, David Chang <dchang@kitepharma com™>
Subject: Celldex's Rindopepimut (Rintega(R)) Receives FDA Breakthrough Therapy
Designation for the Treatment of Adult Patients with EGFRv1ll-positive Glioblastoma -
Yahoo Finance

http:/finance.yahoo.com/news/celldexs-rindopepimut-rintega-r-receives-130100842 html

I[nformation from ESET NOD?32 Antivirus, version of virus signature database 11219
(20150223)

The message was checked by ESET NOD32 Antivirus.

http:/fwww.eset.com

Information from ESET NOD32 Antivirus, version of virus signature database 11219
(20150223)

The message was checked by ESET NOD32 Antivirus.

http.//www.eset.com
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From: Rosenberg, Steven A. (NIH/NCI) [E]

Sent: Thursday, February 26, 2015 10:07 AM

To: David Chang MD PhD (dchang@kitepharma.com), Jeff Wiezorek MD (JW lezorek@kltephanna com)
Subject: cancel meeting today

My regrets for the late notice but | have been travelling and need to cancel our phone call for today.
Today | need to attend the Melanoma Research Alliance meeting here in DC that goes all day.

Steve

Steven A, Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-394Q

Bethesda, MD 20892
301-496-4164

sar@nih.gov

KSKP-0000000¢



From: Rosenberg, Steven A. (NUL/NCI) |E]
Sent: Friday, February 27,2015 11:07 AM
To: 'David Chang'

Subject: RE: cancel mecting today

| will be out of town on Thursday ad Friday March 6 and 7. Delighted to discuss this at any other time.

Steven A. Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3540

Bethesda, MD 20892
301-496-4164

sar@nih.gov

From: David Chang [mailto:dchang@kitepharma.com]
Sent: Thursday, February 26, 2015 10:29 AM

To: Rosenberg, Steven A. (NIH/NCI) [E]

Ce: Jeff Wiezorek

Subject: Re: cancel meeting today

Dear Steve,

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Thanks,
David

David D. Chang, M.D., Ph.D.

Tel: (310) 622-90%4

PERSONAL INFORMATION REDACTED
PER AGREEMENT

www. kitepharma.com

Sent from my iPad
On Feb 26, 2015, at 7:06 AM, Rosenberg, Steven A. (NIH/NCI) [E] <sar @mail.nih.gov> wrote:

My regrets for the late notice but | have been travelling and need to cancel our phone call for today.
Today | need to attend the Melanoma Research Alliance meeting here in DC that goes all day.

Steve

Steven A, Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov
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From: Rosenberg, Steven A: (NIH/NCI) [E]

Sent: Sunday, March 08, 2015 11:54 AM

To: 'dchang@kitepharma.com'

CC: M. D. FACS Arie Belldegrun (arie@belldegrun.com)
Subject: FW:|PROPRIETARY INFORMATION,REDACTED PER
AGREEMENT

David

Paul Robbins forwarded your email to me.

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Steve

Steven A. Rosenberg M.D., Ph.D,
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov

----- Original Message-----

From: Robbins, Paul (NIH/NCI) |E]

Sent: Friday, March 06, 2015 12:26 PM

To: Rosenberg, Steven A, (NIH/NCI) [E]; Tran, Eric (NIH/NCI) [F]

Subject: |PROPRIETARY INFORMATION,REDACTED PER AGREEMENT I

|[PROPRIETARY INFORMATION,REDACTED PER AGREEMENT |

Paul

> From: David Chang [dchang@kitepharma.com]

> Sent: Thursday, March 05,2015 10:19 AM

> To: Robbins, Paul (NIH/NCI) [E]

> Cc: Margo Roberts

> Subject: FW:[PROPRIETARY INFORMATION,REDACTED PER AGREEMENT |
>

> Paul ,

>

> Just passing along.[

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

-

KSKP-00000106



> Thanks, David
>

> From:|PROPRIETARY INFORMATION,REDACTED PER AGREEMENT |
> Sent: Wednesday, March 04, 2015 12:53 PM

> To: David Chan
> Subject: |F’ROF’RIETARY INFORMATION,REDACTED PER AGREEMENT |

>

> Dear David,
>

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

> Best regards,

~

-

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

>

> CONFIDENTIALITY NOTICE: This email is intended for the use of the person to whom it is addressed and may
contain information that is privileged and confidential. If the receiver of thisemail is not the intended recipient, you are
hereby notified that any dissemination, distribution or copying of this information is strictly prohibited. If you have
received this email in error, please notify the sender immediately.

>

>

>

>

[https://t.vesware.com/t/7f04adf15b00846535 | 6ce78d4f2afecbdbeace/b3 L beafbeScc29faa2436e5f64balad8/spacer. gif]
[http://t. vesware.com/t/7f04a4f1 5600846535 16¢ce78d4f2afecbdbeace7/b31 beaf6edcc29faa2436e5f64baladB/spacer gif]
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From: Rosenberg, Steven A. (NIH/NCI) [E]
Sent: Sunday, March 08, 2015 3:23 PM
To: 'David Chang'

CC: 'Belldegrun, ArieM.D''

Subject: RE: This Thursday (March 12)

David

[ leave tomorrow (Monday) for Stockholm where 1 will give a lecture at the Karolinska Institute] |
IF’ERSONAL INFORMATION,REDACTED PER AGREEMENT [

I do not return until Friday evening and thus will not be able to join a Thursday meeting this week. Let's
postpone the meeting for one week.

Steve

Steven A. Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov

----- Original Message-----

From: David Chang [mailto:dchang@kitepharma.com]
Sent: Sunday, March 08, 2015 1:56 PM

To: Rosenberg, Steven A. (NIH/NCI) [E]

Cc: Arie Belldegrun

Subject: This Thursday (March 12)

Steve,

I wanted to check to see if you will be in your office this Thursday. I have plans to be in Miami/Tampa
Tuesday/Wednesday and can easily extend a trip by a day spend time to see you, Paul, Nick, and Jim, along
with joining into the NCI-Kite call from NCI.

Thanks, David

David D. Chang, M.D,, Ph.D.

Tel: (310) 622-9094
PROFPRIETARY INFORMATION,REDACTED PER AGREEMENT

www. kitepharma.com

Sent from my iPad
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From: Rosenberg, Steven A. (NIH/NCI) [E]
Sent: Sunday, March 08, 2015 8:51 PM

To: 'David Chang'

Subject: RE: This Thursday (March 12)

yes

Steven A. Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov

----- Original Message-----

From: David Chang [mailto:dchang@kitepharma.com]

Sent; Sunday, March 08, 2015 6:35 PM
To: Rosenberg, Steven A. (NIH/NCI) [E]
Cc: Belldegrun, Arie M.D.

Subject: Re: This Thursday (March 12)

Steve,

We will take care of rescheduling the mecting. Safe travels!

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Thanks,
David

David D. Chang, M.D.,, Ph.D.
Tel: (310) 622-9094

PERSONAL INFORMATION,REDACTED PER AGREEMENT

I

www kitepharma.com

Sent from my iPhone

> On Mar 8, 2015, at 12:23 PM, Rosenberg, Steven A. (NIH/NCI) [E] <sar@mail.nih.gov> wrote:

>

> David
>

> | leave tomorrow %Monda}'g for Stockholm where 1 will %ive a lecture at the Karolinska Institute|

>

> 1 do not return until Friday evening and thus will not be able to join a Thursday meeting this week. Let's

postpone the meeting for one week.
>

KSKP-0000069¢



> Steve

>

> Steven A. Rosenberg M.D., Ph.D.
> Chief, Surgery Branch

> National Cancer Institute

> 10 Center Drive MSC 1201
> CRC Room 3-3940

> Bethesda, MD 20892
>301-496-4164

> sar@nih.gov

-3

> e Original Message-----

> From: David Chang [mailto:dchang@kitepharma.com]
> Sent: Sunday, March 08, 2015 1.56 PM
> To: Rosenberg, Steven A. (NIH/NCI) [E]

> Cc: Arie Belldegrun

> Subject: This Thursday (March 12)
>

> Steve,

>

> [ wanted to check to see if you will be in your office this Thursday. I have plans to be in Miami/Tampa
Tuesday/Wednesday and can easily extend a trip by a day spend time to see you, Paul, Nick, and Jim, along
with joining into the NCI-Kite call from NCIL.

>
> Thanks, David

> David D. Chang, M.D., Ph.D.
> Tel: (310) 622-9094

>[ PERSONAL INFORMATION,REDACTED PER AGREEMENT

>

> www. kitepharma.com
>

> Sent from my iPad

KSKP-0000069¢



From: Rosenberg, Steven A. (NIH/NCI) |E]

Sent: Sunday, March 08, 2015 8:57 PM

To: 'David Chang'

CC: M. D. FACS Arie Belldegrun (ariei@belldegrun.com)

Subject: RE:[ PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

David

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Steve

Steven A, Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda. MD 20892
301-496-4164

sar(@nih.gov

----- Original Message-----

From: David Chang [mailto:dchang(@kitepharma.com]

Sent: Sunday, March 08, 2015 1:06 PM

To: Rosenberg, Steven A. (NTH/NCT) [E]

Ce: M. D. FACS Arie Belldegrun (arie/@belldegrun.com)

Subject: Re: PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Dear Steve,

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Thank. We appreciate the support we are getting from you and your team.
David
David D. Chang. M.D, Ph.D.

Tel: (310) 622-9094
PERSONAL INFORMATION,REDACTED PER AGREEMENT

www, kitepharma.com

Sent from my iPad
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> On Mar 8, 2015, at 8:53 AM, Rosenberg, Steven A. (NIH/NCI) [E] <sar@mail .nih.gov> wrote:
>

> David
>

> Paul Robbins forwarded your email to me.

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

> Steve

>

> Steven A. Rosenberg M.D., Ph.D.
> Chief, Surgery Branch

> National Cancer Institute

> 10 Center Drive MSC 1201
> CRC Room 3-3940

> Bethesda, MD 20892
>301-496-4164

> sarignih.gov

>

S

-

>

> -—-Qriginal Mcssage-----

> From: Robbins, Paul (NIH/NCI) [E]

> Sent: Friday, March 06, 2015 12:26 PM

> To: Rosenberg. Steven A, (NIH/NCI) [E]: Tran. Eric (NIH/NCI) [F
> Subject: FW {[PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

E PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

> Paul

>

>> From: David Chang [dchang(@kitepharma.com]

>> Sent: Thursday, March 05, 2015 10:19 AM

>>To: Robbins, Paul (NIH/NCI) | E]

>> Cc: Margo Roberts

>> Subject: FW: Neo-antigen prediction using whole-exome sequencing
>>

>> Paul ,

>>

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

>> Thanks, David
>>
>>|PROF’R|ETARY INFORMATION,REDACTED PER AGREEMENT

KSKP-0000065:



>> Sent: Wednesday, March 04, 2015 12:53 PM
>> To: David Chang
>> Subject; [PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

>

>> Dear David,
>>

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

>> CONFIDENTIALITY NOTICE: This email is intended for the use of the person to whom it is addressed and may
contain information that is privileged and confidential. If the receiver of thisemail is not the intended recipient, you are
hcreby notified that any dissemination, distribution or copying of this information is strictly prohibited. If you have
received this email in error, please notify the sender immediately.

>>

>>

s

>>

[https://t.yesware .com/t/7f04a4{15b00846535 1 6ce78d4f2afecbdbeace/b3 IbeafbeScc29faa2436e 5f6dbalad8/spacer.gif]
[http://t.vesware com/t/7f04a4f 1500846535 16¢ce78d4f2afecbdbeace7/b3 1 beafbe5cc29faal436e 5f64balad8/spacer gif]
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From: Rosenberg, Steven A. (NIH/NCI) [E]

Sent: Tuesday, March 17,2015 5:16 PM

To: 'David Chang'

Subject: RE[PROPRIETARY |2nd Annual Lymphoid Malignancies & Multiple Myeloma Summit
UNFORMATION |

David

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Steve

Steven A. Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov

From: David Chang [mailto:dchang@kitepharma.com]

Sent: Tuesday, March 17, 2015 3:48 PM

To: Rosenberg, Steven A. (NIH/NCI) [E]

Subject:PROPRIETA |2nd Annual Lymphoid Malignancies & Multiple Myeloma Summit
RY INFORMA

Steve,

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

conveyed.

Thanks, David

KSKP-00000670



PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

All the best,
David

David D. Chang, MD, PhD

Executive Vice President of R&D
and Chief Medical Officer

Kite Pharma, Inc

office: 310-622-9094

KSKP-0000067¢



PERSONAL INFORMATION,REDACTED
PER AGREEMENT

www.kitepharma.com
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From: Arie Belldegrun [Arie@kitepharma.com |
Sent: Thursday, March 26, 2015 5:32 PM

To: Rosenberg, Steven A. (NIH/NCI) [E]
Subject: Neoantigen Science paper

Attachments: Pages from Schumacher_galley.pdf

Hi Steve,

Thanks for the excellent discussion today. You are not only writing the future of Inmunotherapy, but now also rewiring
the T-cell Immunology text books... fascinating! .

| learned that the Science online will be published ahead of the AACR meeting and ahead of the printed addition. Will
have the exact day earlier next week.

All the best,

Arie Belldegrun, M.D.,FACS
President and CEO

Chairman, Board of Directors; Founder
Kite Pharma Inc.

2225 Colorado Avenue
Santa Monica, CA 80404
I: 310-622-9093
PERSONAL INFORMATION,REDACTED PER AGREEMENT

arie@kitepharma.com

www.kitepharma.com
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REVIEW

Neoantigens in

cancer immunotherapy

Ton N. Schumacher'* and Robert D. Schreibes®*

The clinical relevance of Teells in the control of a diverse set of human cancers is now beyond
doubt. However, the nature of the antigens that allow the inmmune system to distinguish cancer
cells from noncancer cells has long remained ohscure, Recent technological innovations have
made it poszible to dissect the immune response to patlent-specific neoantigens that arise asa
consequence of tumor-specific mutations, and emerging data suggest that recognition of such
neocantigens is a major factor in the activity of clinical immunatherapies. These observations
indicate that neoantigen load may form a biomarker in cancer immunotherapy and provide an
incentive for the development of novel therapeutic approaches that selectively enhance Tcell

reactivity against this class of antigens.

mmunaotherapies that boost the ability of en-

dogenous T eells to destroy cancer cells have

demonstrated therapeutic efficocy in a vari-

ety of human malignancies. Until recently,

evidence that the endngenous T cell com-
partment could help control tumor growth was
in large part restricted to preclinical mouse tu-
mor medels 2nd to human melanoma. Specif-
jcally, mice lacking an intact immune system
were shown to be more susceptible to carcinogen-
induced and spontaneous cancers compared with
their immunocompetent counterparts (). With
respect to human studies, the effects of the T cell
eytokine interleukin-2 in & small subset of mel-
anioma patients provided early clinical evidence
of the potential of immunotherapy in this dis-
casc. In 2010, the ficld was revitalized by a
landmark randomized clinical trial that dem-
onstrated that treatment with ipilimumab, an
antibody that targets the T cell checkpoint pro-
tein CTLA-4, improved overall survival of pa-
tients with metastatic melanoma (2). As a direct
test of the tumoricidal potential of the endoge-
nous T cell compartment, work by Rosenberg
and colleagues demonstrated that infusion of
autologous ex vivo expanded tumor-infiltrating
lymphocytes can induce objective ¢linical re-
sponses in metastatic melanoma (3), and at least
part of this clinical aetivity is due to eytotoxic
T cells (+). Tmportantly, recent studies demon-
strate that T cell-based immunotherapies are
also effective in 2 range of other human malig-
nancies. Tn particular, early phase trials of anti-
bodies that interfere with the T cell checkpoint
molecule PD-1 have shown cdlinical activity in
tumor types ag diverse as melanoma, ling can-
cer, bladder cancer, stomach cancer, renal cell
cancer, head and neck cancer, and Hodgkins
[ymphona (5). Based on the relationship between

IUmnslon of Immunology, Netherlands Cancer Institute,
Plesmanlaan 121, 1056 CX. Amisterdam, Netherlands.
2Department of Pathclogy and Immunology. Washingtan
Universily Schoo! of Medicme. 660 South Euchd Avenue,
3t. Louis, MD 63110, USA

*Carrasponding author. E-mail: t.schumacher@nkln) (T.N.S.):
schreber@immunology wustl.edu (RDS))

SCIENCE sciencemag org

pretherapy CD8+ T cell infiltrates and response
to PD-1 blackade in melanoma, cytotoxic T cell
activity also appears to play a central role in this
form of cancer immunotherapy (6).

An implicit conclusion from these clinical data
is that in a substantial fraction of patients, the
endogenous T cell compartment is able to rec-
oghize peptide epitopes that are displayed on
major histocompatibility complexes (MHCs) on
the surface of the malignant cclls. On theorcetical
grounds, such cancer rejection epitopes may he
derived from twa classes of antigens. A fiist class
of potentigl cancer rejection antigens is formed
by nanmutated proteins to which T cell tolerance
is incomplete—for instance, becanse of their re-
stricted tissue expression pattern. A second class
of potentizl cancer rejection antigens is formed
by peptides that are entirely absent from the
normal human genome, so-called neoantigens.
Tor the large group of hunan tumors without a
viral etiology, such neo-epitopes are solely created
by tumor-specific DNA alterations that result in
the formation of movel protein sequences. For
virus-associated tumors, such as cervical cancer
and a subset of head and neck cancers, epitopes
derived from viral open reading frames also con-
tribute to the pool of neoantigens.

As compared with nonmutated self-antigens,
neoantigens have been postulated to be of par-
ticular relevance to tumor control, as the quality
of the T cell pool that is available for these an-
tigens is not affected by central T eell tolerance
(7). Although a number of heroic studies pro-
vided early evidence for the immunogenicity of
mutation-derived necantigens (reviewed in (8)],
techmology to systemically analyze T cell reactivity
against these antigens only hecame available
recently. Here, we review our emerging under-
standing of the role of patient-specific neo-
antigens in current cancer immunotherapies
and the implications of these data for the de-
velopment of next generation immunotherapies.

Exome-guided neoantigen
identification—process considerations

A large fraction of the mwutations in human
tumors is not shared between patients at

mutations within

identify lumor-specific
expressed genes

Filter in silico Fiter by

MS analysis

4

Assess T cell recognition

Putative
neoantigen

Fig. 1 Cancer exome-based identification of
neoantigens. (1) Tumor malcrial 15 analyzed for
RONSYTONYrous sonratic mutations. When availa-
ble, RNA sequencing dala are used to focus on
mutalions in expressed genes. (2) Peptide stretches
cortaming any of the identiied nonsynonymous
mutations are generated in silico and are either
left unfiltered (16. 17). filtered through the use of
prediction algonthms [c.g.. (10-13)], or used 1o
identily MHC-associated neoanligens in mass
specirametry dala (15, 20). Modeling of the eflfect
of mulations on the reswhng peptide-MHC com-
plex may be used as an additiopal fiter (20).
Resulting epitope sets are used to identily phys-
iologically occurring necantigen-specific T cell
rosponses by MHC rrtimer-based seroons (12, 22)
or functional assays [e.g. (11, 12)]. within both
CD8+ [e.g.. (11-13. 19. 39)]) and CD4+ (16.18) Teell
populations. Alternatively, T cell induclion strategies
are used to valdate predicted neoantigens [e.g.,
(10, 2Uh).
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meaningful frequencies and may therefore be
considered patient-specifie. Because of this, tech-
nologies to interrogate T cell reactivity against
putative mutation-derived neoantigens need to
be based on the genome of an individual tumor.
With the development of deep-sequencing tech-
nologies, it has become feasible to identify the
mutations present within the protein-encoding
part of the genome (the exome) of an individual
tumor with relative ease and thereby predict
potential neoantigens (9). Two studies il mouse
models provided the first direet evidence that
such acancer exome-based approach can be used
to identify necantigens that can be recognized by
T cells (20, 77). In brief, for all mutations that
resulted in the formation of novel protein se-
quence, potential MHC binding peptides were
predicted. and the resulting set of potential
neoantigens was used to query T cell reactivity.
Subsequent studies have demonstrated that can-
cer exomne-hased analyses can zlso be exploited
in a clinical setting, to dissect T cell reactivity
in patients that are treated by either tumor-
infiltrating lymphocyte (TIL) cell therapy or check-
point hlockade (12, 73). Furthermore, following this
early work, the identification of neoantigens on the
basis of cancer exome data has been docunented
in a variety of experimental model systems and
human malignancies (10-22).

The technological pipeline used to identify
neoantigens in these different studies has varied
suhstantially, and finther aptimization is likely pos-
sible (Fig. 1. Accepting the limitations of probing
the mutational profile of a twnor in single biopsy
(23), the genete analysis of the tumor itself can
be considered 2 robust process. Specifically, based

on the analysis of neoantigens previously identi-

fied by other means, the false-negative rate of

%
ks

Medulinhiastaziia
Meursbizsloma

1000

ibonse low grade

canoer exome sequencing is low=ie., the vast ma-
jority of neoantigens occur within exonic sequence
for which coverage is sufficient (24). At the
same time, it is apparent from unbiased sereening
efforts—in which the entire collection of iden-
tified mutations was used to query T cell reactivity—
that the vast majority of nitations within expressed
genes do not lead to the formation of necantigens
that are recognized by autologous T cells (26, 17,
Because of this, 4 robust pipeline that can be used
for the filtering of cancer exome data is essential, in
particular for tumors with high mutational loads.

How can such filtering be performed? With
the set of mutations within expressed genes as a
starting point, two additional requirements can
be formulated. First, 2 mutated protein needs to
be processed and then preserted as a mutant
peptide by MHC molecutes. Second. T cells need
1o be present that can recognize this peptide-
MHC complex. In two recent preclinical studies,
presentation of a handful of predicted neoanti-
gens by MHC molecules was experimentally dem-
onstrated by mass spectrometiy (25, 20), and this
approach may form a valuable strategy to further
optimize MHC presentation algorithns, At the
same time, the sensitivity of mass spectrometry
is presently still limited, thereby likely resulting
in a substantial fraction of false negatives, For this
reason, but also because of logistical issues, imple-
mentation of this approach in a ¢linical setting is
unlikely to happen soon. Lacking direet evidence for
MHC presentation, as can be provided hy mass
spectrometry, presentation of neoantigens by MHC
dass I molecules may be predicted using previously
established algorithms that analyze aspects such as
the likelihood of proteasomal processing, transport
into the endoplasmic reticulum, and affinity for
the relevant MHC class I alleles. Tn addition,

Globlastorna
L Er

gene expression levels (or perhaps preferably
protein translation levels) may potentially also
be used to help predict epitope abundance (25).

Although most neoantigen identification stud-
ies have successfully used criteria for epitope
prediction that are similar to those previously
established for the identification of pathogen-
derived epitopes [e.g., (12, 13)), Srivastava and
colleagues have argued that neoantigens in a
transplantable mouse tumor model display very
different properties from viral antigens and gen-~
cridly have a very low affinity for MHC class 1
(74). Although lzcking a satisfactory explanation
to reconcile these findings, we do note that the
vast majority of human neoantigens that have
been identified in unbiased screens do display 2
high predicted MHC binding affinity (24, 26).
Likewise, minor bistoconipatibility antigens, an
antigen class that is coneeptually similar to
neoantigens, are correctly identified by classical
MHC binding algorithms (27). Mareover, the
mutations that were identified in 2 recent pre-
clinical study as forming tumor-specific mutant
antigens that could induce therapeutic tumor
rejection when used in tumor vactines {13) were
not predicted to be significant using the Srivastava
approach. Another potential filter step that has
been suggested examines whether the muta-
tion is expected to improve MHC binding, rather
than solely alter the T ecll reecptor (TCR)-exposed
surface of the mutant peptide. However, with
examples of both catepories in both mouse models
and human data, the added value of such a filter
may be relatively modest (37, 15, 20, 26). For MHC
¢lass I restricted neoantigens, conceivably the big-
gest ain in prediction algorithms can be made with
respoet to identification of the subsct of MHC bind-
ing peptides that can successfully be recognized

Formation of
necantigens
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by the TCR repertoire. With respect to this, the
nature of the central TCR-exposed residues of
MHC-bound peptides hag been shown to be as-
sociated with peptide imumunogenicity (28). By
the same token, alterations at these sites may
potentially be picked up by the immune system
more readily (20). However, & substantial further

experimental effort is required to evaluate to |

what extent algorithms that predict immunoge-
nicity ean facilitate the identification
of MHC class I-restricted neoanti-
gens. For MHC class I1-restricted
necantigens, it will be important to
obtain a better understanding not
only of peptide immunogenicity but

can be recognized by T cells. However, 25 based on
the fact that even for melanomas with a mutational
Inad a2round 10 mutations per Mb, T cell reactivity
is not always observed ((36), tumor types with a
mutational load below 1 mutation per Mb appear
less likely to commonly express neoantigens that
can be recognized by autologous T cells.
Although this analysis provides a useful first
sketeh of the expected relevance of neoantigens

Mutation-derived neoantigens In human cancer

Number of identified necantigens

high mutational load, nevantigen-specific T ¢ell
reactivity is lacking or, vice versa, in which a tu-
moy with only a handful of mutations will express
an MHC class T- or class 11-restricted neoantigen,
Third, although we here make a prediction with
regard to the frequency with which neoantigens
that can potentially be recognized by the TCR
repertoire are formed, it should be kept in mind
that the presence of a neoantigen does not equal
the induction of T cell reactivity.
Human tumors vary substantially
in the composition of their micro-
enviroament, and this is likely to
influence the ability of the T cell
paol to respond to mutated anti-

also of the basic factors that determine 20 +--ot “ gens. Related to this, from a con-
the efficiency of epitope presentation. I CO4 epitopes ceptual point of view, therapeutic
Size and nature of the EDSERuoRES Ivg:llgm s:g:npz:ti:lﬂﬁi ﬁéﬁ
necantigen repertoire Wmensont for tumor types that do express
Large-scale analyses of nenantigen- o large numbers of antigens but in
specific T cell reactivity have now which the tumor micro-environment
been carried out for a substantial Op il =R, 5 hinders the activation of the T cells
number of patients, mostly in mel- < 0.005% 0.1%-0.2% >0.2% that recognize them.

anoma (12, 13, 16, 17). With the
caveat of a potertial selection bias
toward patients with a dinical ben-
efit upon immunotherapeutic inter-
vention, these analyses provide a
first cstimate of the frequency with
which the immune system recoghizes
the neoantigens that are formed as
a consequence of mutations. The
first and arguably most important
conclusion that can be drawn from
these analyses is that the T cell-based
immune system reacts to both MHC
class I-restricted (2, 13, I7) and MHC
dass TT-restricted neoantigens (#6) in a
large fraction of melanoma patients.
The second concdusion that can be
drawn from these apalyses is that
only a very small fraction of the nonsynonymous
mutations in expressed genes in these tumors
leads to the formation of a neoantigen for which
€4+ or CD8+ T cell reactivity can be detected
within tumor-infittrating lymphocyies.

What do these observations mezn for the po-
tential formation of neoantigen tepertoires in
other human malignandes? Mast human melano-
mas have a mutational load above 10 somatic mu-
tations per megabase {Mb) of coding DNA, and this

i5 apparently suffident to lead to the frequent for- |

mation of neoantigens that can be seen by T cells.
Based on these data. formation of necantigens that
can potentially be recognized by autclogous T celis
is expected o also be comunon for other tumors
with a mutational load above 10 somatic mutations
per Mb {comresponding to approximately 150 non-
synonymous mutations within expressed genes)
(Fig. 2). This group contains a sizable fraction of
higlh-prevalence tumor types such as lung cancer
and colorectal cancer. If formation of neoanti-
gens is 2 frequent event in tumors with muta-
tional loads above 10 somatic mutations per Mb,
many tumors with a mutational load of 1 to 10 per
Mb may still be expected to carry neoantigens that
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CD8 epitopes (n=13)
Fig. 3. Characteristics of melanoma neoantigens. (Top) For a group of CD4+
T cell necantigers (8 ¢pitopes) and CD8+ T cell neoantigens (13 epitopes)
idershed by cancer exome based screens, the frequency of mutation of that
residue in a cohort of ~20,000 human tumor samples (A1) is depicled. (Bottom)
For the same group of CD4+ T cell and CD&+ T cell necantigens, the fraction of
encoding mutations that occurs withn known oncogenes (52) is depicted.

Frequency of relevant mutation

8% E Oncogene
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in different tumor types, three important factors
should be taken into account. First, by relying on
the presence of preexisting T cell reactivity as a
readout, the human studies carried out to date
will only detect neoantigens that were immuno-
genic during in vivo tumor outgrowth (either
spontaneously or boosted by therapy). It is con-
ceivable that not all tumor-expressed necanti-
gens induec an autelogous T ccll responsc—for
instance. because they are not efficiently cross
presented. Tn addition, at least in preclinical mod-
¢ls, there is evidence for immunodominance of
tumor &ntigens, where the immune system he-
comes so fixated on particular antigens that it
ignores other antigens that are hoth present and
detectable in the tumor (29). If only a fraction of
the available neoantigens would normally elicit
T cell reactivity, the analyses carried out to date
may underestimate the actual nevantigen reper-
toire, As & second consideration, it is important
to realize that the formation of neoantigens is a
probabilistic process in which each additional
mutation incrcases the odds that a relevant
neoantigen is created. Thug, in this “necantigen
lottery,” there will be ¢ases in which desphe a

Bl oncogene
5| Passenger

3
CD4 epitopes {n=8)

What are the characteristics of
mutation-derived neoantigens in
human eancer, both with respect
0 the genes from which they are
derived and the frequency with
which they occur within the pa-
tient population? In an ideal world,
nenantigens would be derived from
essential oncogenes and occur in
large patient groups, to both re-
duce the likelihood of escape and
facilitate clinical interventions that
cnhance T ccll reactivity against
them. Clearly, T cell responses do
sometimes ocar against MHC class
T-restricted (30) and MHC class II-
restricted neoantigens in validated
oncogenes that are shared between
subgroups of patients (31). At the same time, it is
apparent that, at least in melanoma, the bulk of the
neoantigen-specific T cell response 15 directed to-
ward mutated proteins that are essentially unique
to that tumor and that are unlikely to play & key
role in cellular transformation (Fig. 3, top and
bottom) (#6). A direct implication of this bias in
neoantigen-specitic T cell reactivity toward patient-
specific passcnger mutations is that the targeting
of defined nevantigens will likely require the de-
velopment of personalized immunotherapies.

Extrinsic influences on the tumor
antigenic landscape

The neoantigen repertoire expressed in a clinically
apparent cancer may have been substantially
influenced by the developing tumor’s interaction
with the immune system that occurs even before
it becomes clinically apparent. This is the process
of “cancer immunoediting” that has been well
documented in preclinical cancer models (7, 32, 83).
In its most complex form, cancer immunoediting
may occur in three phases: climination, in which
the innate and adaptive immune systems work
together to recognize a develuplng lumwr and
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destroy it before it becomes clinically apparent;
¢quilibrium, in which residual occult turnor cells
not destroyed in the elimination phase are held
in astate of tamor dormancy as a consequence of
adaptive immune system activity and undergo
“editing”; and escape, in which edited tumor cells
are no longer recognized or controlled by immune
processes, begin to grow progressively, induce an
immunosuppressive tumor microenvironment, and
then emerge as clinically apparent cancers. Recent
work has demonstrated that T cells play & major
role in shaping the immunogenicity of developing
cancers—ie., “edit” tumor immunogenicity—and
evert this effect by at least two mechanisns. First,
T cells can shape tumor antigenicity/inmunogenidty
through an immunnselection process by destroy-
ing tumor cells that express strong tumor-specific
mutant antigens, leaving behind tumor cells that
either express weaker antigens (some of which
may still be mutant tumor antigens) or are in-
capable of expressing antigens {(e.g., those that
have developed mutations in antigen process-
ing or presentation) (7). Second, chronic T cell
attack on a tumor has been shown to silence
expression of certain tumor-specific antigens
through epigenetic mechanisms in a preclinical
model {34). Strikingly, & recent study, based on
analysis of thousands of Cancer Genome Atlas
solid tumor samples, showed that, in partieular
in colorectal eancer, mutated peptides predicted
to bind to autologous MHC class I molecules are
less frequent than expected by chance, an ob-
servation that is consistent with immune-based
selection (35). By extension, the combination of
cell extrinsie forces such as cancer immunoedit-
ing and the stochastic nature of epitopes arising
from tumor-specific mutations, may help drive
the heterogeneous mutational—and by inference,
antigenic—landscapes that have heen noted
certain tumors (23). As such, the antigenic he-
terogeneity of tumors might explain some of the
differences in response that individuat patients
display to checkpoint blockade therapy. Individ-
uals who develop durable responses to checkpoirit
blockade may be those whose tumors retain
sufficient antigenicity to render them sensitive to
the heightened immune function that accom-
panies cancer immunotherapy, despite not being
controlled by naturally pecurring antitumor im-
niune responses.

Role of neoantigens in cancer
immunetherapy

On theoretical grounds, two factors should de-
termine the relative importance of neoantigens
and nonmutated self-antigens in the effects of
cancer immunctherapies such as checkpoint block-
ade and TIL therapy: first, the frequency with
which T eell responses against the two antigen
classes oceur; second, the relative potency of T
cell responses specific for the two antigen classes.
Recent work in mouse modals using transplant-
able carcinogen-induced cancers has demon-
strated that checkpoint blockade alters both the
quality of the neoantigen-specific intratumoral
T cell response [as reflected by common- and
treatment-specific changes in gene expression

4 00 MONTH 2015 + VOL 000 [SSUE 0000

in CD8+ TILs isolated from tumor-bearing mice
treated with antibodies to CTLA-4 (anti-CTLA-4)
and/for antibodies to PD-1 (anti-PD-1)] and the
magnitude of this T cell response (scen with
CTLA~4 or combined CTLA-4/PD-1 blockade but
not with PD-1 blockade only) (25). Because the
neoantigens identified in this model serve as
cancer rejection antigens, these data provide
compelling evidence that checkpoint blockade
acts #t least in part through neoantigen-specific
T cell reactivity in this setting, However, in the
casce of human melanoma, where autochthonous
tumors may be in contact with the immune sys-
tem for years, the situation is more complicated.
As discussed above, T cell reactivity against neo-
antigens is comunon in melanoma. Furthermore,
& case report has shown that such reactivity can
be enbanced by anti-CTLA-4 treatment (I3).
However, T ¢ell reactivity azainst nonmutated
shared antigens is also chserved in the majority
of melanoma patients, and broadening of this T cell
response has been documented following both TIL
therapy and anti-CTLA~: treatment (36, 37). Thus,
although the murine data show that neoantigen-
specific T cell reactivity can be critical to the
effects of checkpoint blockade, the human data
are presently only consistent with this possibilit.

What other data are available with respect to
this issue? If recognition of neoantigens is an
important component of eancer immunotherapy,
one would expect tummor types with high numbers

i of mutations to be characterized hy strong T cell

The genetic damage that on
the one hand leads to

. onoo%egzic outgrowth can

also be targeted by the
immune system to control
malignancies.

responses and to be particularly sensitive to im-
munotherapy. Furthermore, alzo within a given
tumor type, regponse rate should corvelate with
mutational load. Evidence for a role of neoanti-
gens in driving the strength of the intratumoral
T cell response is provided by the observation that
the presence of CD8+ T cells in cancer lesions, as
read out using RNA sequencing data, is higher in
tumors with 2 high mutational burden {38). Fur-
thermore, an extensive analysic by Hacohen and
cnlleagues has demonstrated that the level of tran-
scripts associated with cytolytic activity of natural
killer cells and T cells correlates with mutational
load in a large series of human tumors (35). With
respect to the effects of immunotherapy in tuntors
with different mutational loads, in non-small cell
lung cancer patients treated with anti-PD-1, muta-
tional Toad shows a strong correlation with dinical
response (22). Likewise, in melanoma paticrits
treated with ipilimumab, an antibody to CTLA-4,
long-term benetit is also associated with & higher

mutational load, although the effect appears less
profound in this setting (39). A striking observa-
tion in the latter study has been that the pre-
dicted MHC-binding neoantigens in patients with
a long-term clinical benefit were enriched for a
large series of tetrapeptide motifs that were not
found in tumors of patients with no or minimal
clinical benefit. An appealing interpretation of
these dats is that the neoantigen-specific T cell
response is preferentially direeted toward a sub-
set of mutant sequences, something that could
facilitate bioinformatic identification of neoanti-
gens for therapeutiec bargeting. However, analysis
of the sequence properties of human neoanti-
gens identified in other studies does not show
the profound bisg toward these tetrapeptide
signatures that would be predicted if their role
were central in the tumor-specific T cell response
(40, and congeivably the identified tetrapeptide
motifs play a different role.

It will be valuable to extend the analysis of
genomic determinants of tumor cell sensitivity to
cancer immunotherapeutics to other malignan-
cies. However, hecause of the probabilistic nature
of nenantigen generation, mutational load will
by itself always remain an imperfect biomarker.
even in a situation in which neoantigen reac-
tivity is the sole tumor-specific T cell reactivity
that is retevant to tumor control. Furthermore,
the formation of tumor-specific antigens is
only one of 2 number of essential eonditions
for a successful immune attack on eancer cells,
a conecept that is well described by the cancer-
immunity eycle introduced by Chen and Mellman
(41). As an example, genetie inactivation of the -
microglobulin subunit of MHC class I molecules is
a rclatively frequent event in some tumor types
(42). In addition, 2 recent analysis of genetic al-
terations that are present in tumors with high
immune activity provides evidence for a series of
other escape mechanisme (35). In such cases, in
which the cancer-immunity evele is disrupted at
another site, the number of nevautigens produced
is unlikely to still be of much relevance. Because of
this interdependence of different phases of the
cancet-immunity eycle, the combined use of assay
systems that report on these different phases ap-
pears warranted.

Axguably the most direct datz on the relevance
of neoantigen-specific T cells in human tumor
control comes from a small number of clinieal
studies that involve infusion of defined T cell
populations or infusion of TCR-transduced T cells.
Encouragingly, a recent case report demonstrated
regression of a metastatic cholangiocarcinoma by
infusion of a CI4+ T eell product that was highly
enriched for reactivity against an MHC class TI-
restricted necantigen (28). Combined with the
ohservation that, at Jeast in melanoma, CD4+ T cell
recognition of neoantigens is a frequent event
(16). these data underscore the potential clinical
relevanee of MHC class T1-restricted neoantigens,
Comparison of the dinical effects of TIL therapy
with that of T cells modified with TCRs recogniz-
ing different shared antigens can also be con-
sidered informative. Infusion of T cells modified
with TCRs directed against the gp100 and MART-T
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Fig. 4. Strategies to target the patient-specific neoantigen repertoire. (A) Immunotherapy is given in combination with interventions such as radiotherapy
that enhance exposure to autologous necantigens. (B) Potential necantigens are identified as in Fig. 1 sleps 1to 3, a patient-specific vaccine is produced, and
this vaccine is given together wath adyuvant and Tecll checkpoint-blocking antibodies. (C) Potential neoantigens arc identificd as in Fig. 1 steps L to 3, T cells that
are specdic for these necantigens are induced or expanded in vilrg, and the resulting T cell product is given tagether with T cell checkpont-blocking antibocies.

melanocyte differentiation antigens, a prominent
class of self-antigens in melanoma, shows a rel-

atively modest clinical effect that is accompa- |

nied by substantial on-target toxicity against
healthy melanocytes (£3). Because this toxicity is
relatively infrequent in TIL therapy, these data
strongly suggest that T cell reactivity against the
melanocyte differentiation antigens is not a
major driver of the antitumor activity of this
therapy. At the same time, there is data showing
that T cell products directed against NY-eso-1,
one of the nonmutant self-antigens from the
family of cancer/germline antigens that show very
limited expression in healthy tissue, can display
substantial antitumor activity (#4, 45). Thus, al-
though the available data support the notion that
T eell recognition of neoantigens contributes sub-
stantially to the effects of the currently used
immunotherapies, it would not be justified to
dismiss a potential contribution of T cell re-
sponses against a subset of nonmutant antigens.

A direct comparison of the antitumor activity of |

necantigen-specific and self-antigen-specific T
cells obtained from individual patients would be
useful to further address this issue.

Therapeutic use of the patient-specific
nevantigen repertoire

Based on the fact that, at least in tamors with
high mutational loads, the amount of HNA dam-
age is sufficient for the immune system to see
one or multiple epitopes as foreign, it becomes of
interest to stimulate necantigen-specific T cell
responses in cancer patients. Such stimulation
can obviously only be of value if the strength of
the neocantigen-specific T cell response is other-
wise & limiting factor in tumor control. Human
data on this important issue are lacking. However,
in mouse rmodels, vaccination with defined necan-
tigens has been show to result in increased tumor
control (JO, 74, 5. 20), providing sufficient rationale
for the dinical development of neoantigen-directed
therapeutics. Because the majority of possible
neoantigens are specific to the individual being

SCIENCE sciencemag org

treated (Fig. 3), such therapeutic approaches will
in most cases entail personalized immimnothera-
pies that either exploit the antigen repertoire in
the tumor cells themselves, or infermation on

! that repertoire, as obtained by tumor sequencing
+ (Fig. 4) As a first approach, a combination of

checkpoint-blocking antibodics with therapeutic
interventions—such as tumor radiotherapy, onco-
Ivtic vinuses, or autologous tumor cell vascines—
that can increase neoantigen exposure to the T celi-
based immume system may be synergistic (Fig. 44).
As adownside, as eompared to malecularly defined
vaceines, the neoantizens released by such strat-
cgies will be diluted by the large amount of non-
mutant peptides that are also present. In addition,
contiol over the maturation signals received by
antigen-presenting cells is relatively limited.
Nevertheless, because of the relative ease of clin-
ical development of some of these combination
therapies, extensive testing of such therapies is
warranted.

To allow a more defined targeting of the neo-
antigen repertoire in human tumors, two alter-
native approaches should be considered, in both
cages relying on sets of potential neoantigens as
identified by sequencing of tunor material (Fig. 4,
B and C). First, synthetic vaccines may be produced
that contain or encode a set of predicted nooan-
tigens. Although still a substantial departure from
the classical pharmaceutical model, clinical devel-
opment of such personalized vaccines is within
reach (46-48). Mouse model data support the
dinical translation of this approach, and the two
most pressing questions appear to be (i) whether
our ability to predict the most relevant necan-
tigens is already sufficiently advanced and (ii)
how such vaccines may best be administered.
Second, the information obtained from tumor
sequencing may be used to ereate nevantizen-
specific T cell products in vitro. This may efther
involve the expansion of neoantigen-specific T cell
populations that can alrcady be detected within
tunor tissue or in biood or the de novo induction
of such cells.

Regardless of the strategy used to enhance
neoantigen-specific T cell reactivity, it will likely
prove important to target multiple necantigens
simultaneously in order to prevent tunior escape
by editing of the mutated epitope concerned ().
In addition, it may be prudent to avoid the
targeting of mutations in gene products that are
geen by the immune system in autoimmune
disease to avoid induction of or exacerbation of
cancer-associated autoiminune disease {49).

Concluding remarks

Based on data ohtained over the past few years,
it is plausible that ncoantigen-specific T cell
reactivity forms a major “zctive ingredient” of
successful cancer immunotherapies. Tn other
words, the genetic damage that on the one hand
leads to oncogenic outgrowth can also be targeted
by the immune system to control malignancies.
Based on this finding. it will be important to
engineer therapeutic interventions by which
neoantigen-specific T cell reactivity is selectively
enhanced. Because of the tumor-restricted expres-
sion of the antigens that are being targeted, these
personalized cancer immunotherapies offer the
promise of high specificity and safety. Conceiv-
ably, the boasting of neoantigen-specific T cell
reactivity that can be achicved with such person-
alized immunotherapies will further increase the
spectrum of human malignancies that respond to
cancer immunotherapy.
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Cc: <Arie(@kitepharma.com>

Subject: Fwd: Immunogenomics meeting

Hi Justin. pls se¢ below. Ton
Sent from mobile
Begin forwarded message:

From: Kristen Mueller <kmuellerfaaas.org<mailto:kmuelleri@@aaas.org>>
Date: 27 maart 2015 01:12:48 CET

To: Ton Schumacher <t.schumacher@mki.nl<mailto:t schumacher@nki nl>>
Cc: Natasha Pinol <npinoli@aaas.org<mailto:npinol(@aaas.org>>

Subject: Re: Immunogenamics meeting

Dear Ton.

The special issue review will be published at 2pm ET Apr 2, so is under embargo until then. If they do want to
publish something then, it would best if they got in touch with our press office for any coordination. I'm ¢c'ing
Natasha Pinol here. She would be the best person to contact.

I think the pages went o the printer today so it may be too late to add this disclosure, but I will see.
Best.
Kristen

Sent from my iPad

On Mar 26, 2013, at 17:49. “t.gchumacherizinki nl<mailto:t. schumacheriinkinl>"
<t.schumacher@nki.nl<mailto:t schumacher;Znki. nl>> wrote:

Hi Kristen,

Two quick notes: in the past week, a small biotech that I founded last year was taken over by Kite Pharma. As Kite
Pharma has an interest in developing adoptive cellular therapies that target neo-antigens, 1 would also list Kite
Pharma in my disclosures if I would write the review right now, will leave it up to you whether you still want to
include.

On a related note. I know through some people at Kite that, because of the recent work on neo-antigens by us and
others, Reuters is potentially interested in doing a report on the topic. If this would indeed be the case, would seem
very nicc if this would coincide with your AACR review scrics. Do you alrcady know when the picces will come
online (if you can share that info)? Best, Ton
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From: Kristen Mueller <kmuelleri@aaas.org<mailto:kmueller@iaaas.org><mailto:kimueller@aaas org™>>
Date: Thursday 26 March 2015 01:27

To: t Schumacher <t.schumacher@nki.nl<mailto:t.schumacher@nki nl><mailto:t.schumacher@inki .nl>>
Subject; Re: Immunogenomics meeting

Thanks for getting back 1o me. I'll look forward to your response.

Kristen L Mueller. PhD
Senior Editor. Science

Sent from Outlook<http:/Ataps.iofoutlookmobile>

On Wed. Mar 25, 2015 ar 2:04 PM -0700,
"t schumacherignki.nl<mailto;t.schumacher@nkinl><mailto:t schumacheri@nkinl>"

<t schumacher@nki.nl<mailto:t.schumacher/@mnki.nl><mailto:t. schwinacher@nki.nl>> wrote:

Dear Kristen, I hadn’t yet decided, the (opic is of clear interest (o me, bul ny agenda is just way loo lull these days.
Will chink it over and get back to the organizers in the coming days, all the best. Ton

Sent from mobile

From: Kristen Mueller

<kmuelleri@aaas org<mailto:kmuelleriiaaas org><mailto:kmueller@aaas org><mailio kmueller@aaas org>>
Date: Wednesday 25 March 2015 20:38

Ta: t Schumacher

<t schumacher@nki.nl<mailto:t. schumacher:@nki nl><mailto:t.schumacheri@nki.nl><mailto;t schumacheri@nki nl=>

Subject: Immunogenomics meeting

Dear Ton.

Last week you should have received an email inviting you to the Immunogenomics 2015 conference, which is being
held at the HudsonAlpha Institute of Biotcchnology in Huntsville. AL Scpt 28-30. 2015, Scicnce is working with
HudsonAlpha to organize the meeting and 1 wanted to follow-up with you (o encourage you to accept our invitation.
One of the most exciting applications of immunogenomics is in the cancer immunotherapy arena, so we would be
delighied to have you speak.

All the best.

Kristen

Kristen L Mueller, PhD
Senior Editor. Science

Sent from Outlook<http://taps.io/outloockmobile>
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Tel: 310-622-9093
|F'ERSONAL INFORMATION,REDACTED PER AGREEMENT J

arie@kitepharma.com

www kitepharma.com
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From: Rosenberg, Steven A. (NIH/NCI) [E]

Sent: Friday, March 27, 2015 11:19 AM

To: 'Arie Belldegrun'

Subject: RE: Neoantigen Science paper

Attachments: Galleys - Review in Science April 2015.pdf; neoantigens.ppt

Arie

Attached are the galleys from our review, a good portion of this refers to the targeting of mutated antigens, See
especially the “blueprint” for treatment in Figure 3.

I will be giving a one hour talk at AACR on April 18 at 430 pm and will present much new unpublished information on
the targeting of neoantigens in common epithelial cancers in humans as well as update prior information {the
cholangiocarcinoma patient we reported in Science is still experiencing regression over 16 months after treatment see
attached slide)). Perhaps the Reuter’s journalist would like to attend the lecture.

PROPRIETARY INFORMATION,REDACTED PER AGREEMENT

Steve

Steven A. Rosenberg M.D., Ph.D.
Chief, Surgery Branch

National Cancer Institute

10 Center Drive MSC 1201

CRC Room 3-3940

Bethesda, MD 20892
301-496-4164

sar@nih.gov

From: Arie Belldegrun [mailto:Arie@kitepharma.com]
Sent: Thursday, March 26, 2015 5:32 PM

To: Rosenberg, Steven A. (NIH/NCI) [E]

Subject: Neocantigen Science paper

Hi Steve,

Thanks for the excellent discussion today. You are not only writing the future of Immunotherapy, but now also rewiring
the T-cell Immunology text books... fascinating! .

| learned that the Science online will be published ahead of the AACR meeting and ahead of the printed addition. Will
have the exact day earlier next week.

All the best,

Arie Belldegrun, M.D.,FACS
President and CEO

Chairman, Board of Directors; Founder
Kite Pharma Inc.

2225 Colorado Avenue
Santa Monica, CA 90404
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REVIEW

Adoptive cell transfer as personalized
immunotherapy for human cancer

Steven A, Rosenberg® and Nicholas P, Restifo™

Adoptive cell therapy (ACT) is a highly parsonalized cancer therapy that involves
administration to the cancer bearing host of immune cells with direct anticancer activity.
ACT using naturally occurring tumor-reactive iymphocytes has mediated durable, complete
regressicns In patients with melanoma, probably by targeting somatic mutations
exclusive to sach cancer. These results have expandad the reach of ACT to the treatment
of common epithelial cancars. In addition, the abliity to genetically engineer lymphocytes

to express conventional T cell receptors or chimeric antigen receptors has further
extended the successful application of ACT for cancer trestrment.

doptive cell therapy (ACT) has multiple
advantages compared with other forms of
cancer immunotherapy that rely on the
active in vivo development of sufficient
numbers of antitamor T cells with the fune-
tions nevessary 40 mediate cancer regression. For
use in ACT, large mumbers of antivamor ymphio-
cytes (up to 10™) can be readily grawn in vitro
and selected for high-avidity recognition of the
turmor, as well as for the effector functions required
to mediate cancer regression. In vitro activation
allows such cells to be released from the inhibito-
1y factors that exist in vivo. Perhaps most impor-
tantly, ACT enables the manipulztion of the host
before cell transfer to provide a faworable micro-
environment that better supports antitumor im-
munity, ACT is a “living” treatment because the
administered cells can proliferate in vivo and
maintain their antitumor effector functions.
A major factor limiting the successful use of
ACT in humans is the identification of cells that
can target antigens selectively expressed on the
cancer and not on essential narmal tigsues. ACT
has used either natural host cells that exhibit
antttumor reactivity or host cells that have been
genetically engineered with antitamor T cell re-
ceptors (TCRs) or chimerfc antigen receptors (CARS).
With the use of thess approaches, ACT has me-
diated dramatic regressions in a varlety of caneer
histologies, induding melanoma, cervical cancer,
tymphoma, levkemia, bile duct cancer, and newro-
blastoma. This Review will discuss the aurent state
of ACT for the treatment of human cancer, as
well as the principles of effective treatment that
point toward improvements in this approach.

A brief history of ACT

Very little was imown about the function of T
Iymphocytes until the 1960s, when it was shown
that lymphocytes were the mediators of allo-
graft refection n experimental animals. Axtempts
t0 use T cells to treat ransplanted murine tu-
mors were limited by the inabillty to expand and

Surgety Branch, National Cancer Inslitute. Center for Cancer
Research, Natinnal institutes of Heakth, 9000 Rockville Pike,
GRC Buikding, Room 3W-3940, Bethesda, MD 20892, USA
*Convazponding 2uthor. E-mall: sarGnin.gov (S.A.R): restifod
nih.gow (LP.R.}
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manipulate T cells in culture. Thus, ACT used
transfer of syngeneic lvmpbocytes from rodents
growth inhibition of emall established tumors
was observed (2, 2) In early preclinical studles,
the importance of host inhibitory facvars was sug-
gested by findings that lymphodepletion using
either chemotherapy or Tadistion before cell trans-
fex enhanced the ability of tranaferved lymphocytes
to treat established tamors (8, €),

The ability to use ACT was facilitated by the
description of T cell growth factor [interlenkin-2
(AL-2)] in 1976, which provided & means to grow
T lymphocytes ex vivo, often without loss of ef-
fector functions (5). The direct administratian of
high dosges of TL-2 conld inhibit tumor growth n

Reinfuse post-
lymphodepletio

Select and
expand to
10%° ceils

#

QO®

mice (6), and studies in 1982 demonstrated that
the intravenous injection of immune hnphocytes
expanded in 112 could effectively treat bulky
suboutaneous FBL3 lymphomas (7. In addition,
adminlstration of Ii-2 after cell transfer could
enhance the therapeutic potertial of these adop-
tively ransferred lymphocytes (8). The demonstra-
tion im 1985 that [L-2 administation could result
in complete durable tumor regressions in some
patients with metastatc melangma (9) provided
a stimulus to identify the specific T cells and their
cognaie antigens involved in this cancer immung-
of growing, bransplantable tumors were shown to
represent a ooncemrated source of lymphocytes ca-
pable of recognizing tumor in vinw, and sadies in
murine tumor models demonstrated that the adop-
tive transéer of theoe syngeneic tamor-infilirating
Tyraphocytes (TlL=) expanded in -2 could mediate
regression of established lung and liver tumors
(70). In vitro studies in 1986 showed that human
TILs obtained from resected melanomas contained
cells capable of specific ropgnition of autologous
tumors (21, and these studies led in 1988 to the
first demonstration that ACT using autologous
TILs could mediate objective regression of ¢an-
cer in patients with metastetic melanoma (72).

Populations of TILs that grow from tumors
are generally mixtures of CDS* and CD4* T cells
with few if any major contaminating cells in
mature cultures. The ability of pure populations
of T lymphocytes to mediate cancer regression
in patients provided the first direct evidence that
T cells played a vita] vole in hurnan cancer immu-
notherapy. However, responses were oftens of short

Extise
tumor

Plate
fragments

OO0,

Assay for '
specific tumor
recognition

Culture with
6000 IU/mL IL-2

Fig. L Genesal schama for using the adoptive cefl transfer of naturally ocourring autologous TiLs. The
resected mefanoma specimen is digested into a single-cell suspension or divided into multtiple tumor fragments
that are individuzlly gown In IL-2 byrnphocytes overgrow, destroy turmnors within 2 to 3 weeks, and generate
pure culiures of ymphocytes that can be tested for reactivity in cocutture assays. Individual culthures are then
rapidly exparxied in the presence of excess imadiated feeder lymphocytes, OKT3, and IL:2. By approximately
5 to 6 weeks after resecting the tumor, up to 10Y lymphocytes can be obtained for infusion into patients.
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duration, and the transferred cells could
be found in the clrculation just days after
istration. A critical improvement in the applica-
tion of ACT to the treatrmenst of hurman cancer was
repored in 2002 when it was shown that ympho-
depletion using a nonmyeloahlative chemotherapy
regimen administered immediately before TIL
transfer oould lead o increased cancer regression,
well as the persistent oligoclonal repopula-
tion of the host with the transferred antitumor
ymphocytes (13). In some patients, the admin-
istered antitumor cells represented up to 80%
of the CDE" T cells in the elrculation months
after the infusion.
Lymphocyte cultures can be grown from many
tumor histologies; however, melanara appeared
10 be the only cancer that reproducibly gave rise
1o TIL cultures capable of spedific antihsnor ren-
ognition. The stimulus to more widely apply ACT
1o treat multiple human cancets led to studies
of the genetic engineering of lymphocytes to
express antitumor receptors. Following mouse
models (J¢), it was shown for the first time in
humans in 2006 that administratios of normal
direulating ymphocytes transduced with a retro-
virus encoding & TCR that recognized the MART-
melanoms-melanocyte antigen oould mediate
tumor regression (75). Administration of lympho-
cytes genetically engineered to express a chimeric
antigen receptor (CAR) against the B cell anti-
gen CD19 was shown in 2010 to mediate regres-
sion of an advanced B cell lymphoma (J6). These
findings of the use of either naturally occurring
or genetically enginecred antitumor T cells set
the stage for the extended development of ACT
for the treatment of hurman cancer.

ACT using TiLs Is an effective
immunotherapy for patients
with metastatic melanoma

Adoptive cell therapy uging amtologous TiLs|is
the most effective approach to induce comp!
durable regressions in patients with m:
melanoma (Table 1). The general approach for
growing and administering haman TILs is shown
in Fig 1 The resected melanoma specimen is
digested into a single-cell suspension or divided
into multiple tumor fragments that are individ-
ually grown in [1-2. Lymphocytes overgrow, de-
stroy tamors within 2 to 3 weeks, and give rise to
pure cultures of lymphocytes that can be tested
for reactivity against tumors, if available, in co~
culture assays. Tndividual cultures are then repid-
1y expanded in the presence of excess irvadiated
feeder lymphocytes, an antibody targeting the
epsilon subamit within the haman CDS complex of
the TCR, and 1L-2. By ~5 o 6 weeks after resect-
ing the tamor, up to 10™ lymphocytes can be ob-
tained for infusion into patients. A substantial
incresse in cell persistenoce and the incidence and
duration of clinical responses was seen when pa-
tients recsived a lymphodepleting preparative
regimen before the cell infusion (23). It might be
possible o optimize the intensity or duration of
the lympbodepletion that is employed, but the
maost frequently used lymphodepleting prepara-
tive regimen consists of 60 mg/ke sycdophospha-
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cer Institute
(NCT), ohleciive cancer regressions by RECIST crite-
i (Respongs Evaluation Criteria i Solid Tumors)
were seen in 21 of 43 patients (49%), incnding 5
patients (12%) who underwent complete cancer
regression (13). When 200 ar 1200 centigray (c(3y;
1 Gy = 100 rads) total-body irradiation (TBI) was
added to the preparative regimen in pilot trials

" Lymphodepletion prior to T cell t
by immune reconstitution

Peripheral blood cell count
&000 cells per mm®

achievinssoomp}etc cancer regression {17).
Of the 34 complete responders thus far seen in
the two txials at the NCI, only one has recurred,
and only one patient with complete regression
received mote than one treatment. The brain
i8 not a4 sanctuary site, and regression of brain
metastases has been observed (21), Prior treat-
ment with targeted therapy using the Braf in-
hibitor vernurafenib (Zelboraf) does not appear
to affect the Jlkelihood of having an OR to
ACT treatment in patients with melanoma.

ransfer is followed

i} < ” White biood
5000 " . 2 e v o0 call count
Cycelophosphamide - ¥
4000 \&' Absolute
‘Fludarabine = ' ' £ neutrophil
£ roph
| HH o gt ount
3000 < L. i»\ SR«
.k ;)_ «_‘_wl ﬂ,_.--
000 g 2 o
£~on g
1ooa Q W2 1F a8 Absolute
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O - - 9 9'876"0"6 . " ____ count

10 5 c 5

when patisnts received a

Arth l} sdministration.

betweent preparative regimens (i3, 17). Twenty of
the 3 patients (22%) in these trials had coraplete
regressions, and 19 (20%) have not experienced
TeowrTences at follow-up fimes of 5 to 10 years and
are probably cured. A prospective randomized
study comparing the chemotherapy preparative
regimen alone versus chemotherapy plus the ad-
dition of 1200 ¢Gy TBI in 101 patients was re-
cently concluded at the NCI, National Institutes
of Health (NTH), and results are pending.

In the combined experience of the treatment
of 194 patients uging FILs grown from individ-
ual melanoma fragments at the NCI (Bethesda,
Maryland), 107 patients (55%) have shown ORs.
Similar OR rates to TIL therapy have been re-
ported by multiple groups, Including these from
the Moffitt Cancer Center (Tampa, Florida) (38%
OR rate) (78), the MD Anderson Cancer Center
{Houston, Texas) (48% OR rate) (19), and the Ella
Cancer Institute (Ramat Gan, Israel) (40% OR
rate) (20) (Table 1).

There is no relation between the bulk of dis-
ease or the site of metastaseg and the likelihood

10 15 20 25

Days from cell infusion
Fig. 2. A substantial Incresase in cell persistence and the incidence and duration of clinical re-

ymphodepleting proparative regimen before the

: - trequently used lymphodepleting preparative regimen corsists of 60 mg/lkg
piVEMNor 2 days and 25 mg/m? fludarabine administered over 5 days, followed by

i ACT can also be effective after other immune-
therapies have failed. Of the 194 patients
treated in the NCI trials, OR raies in patients
who had no prior therapy or who progressed
through IL-2, antibody to cytotoxde T lympho-
oyte-associated protein 4 (anti-CTLA4), anti-
PD1, o Braf inhibitors were 49, 63, 42, 50, and
43%, respectively.
Lynphodepletion appears t0 be an impartant
component of ACT, and mouse models have
shown that hmphodepletion given before cel
transfer can increase the effectiveness of treat-
nent more than 10-fold In the dimic, the per-
sigtence of T cells was once a rarity (22), bat in
trials conducted after the initistion of lymphode-
pleting therapy, adoptively transferred T ¢clls
could comprige the majority of the peripheral
blood CDS* cells 1 manth after transfer (23). The
cellular basis of the effect of tymphodepletion is
complex and is still not completety understood. In
mouse models, myelgid-derived suppressor cells
and CD4" FaxP3 regulatory T cells can be found
at high levels in tamors in vivo and can depress
immune responsés in the mouse tumor micro-
enviranment (39). I accord with these preclinical
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Table L. Selocted chiviical trinls of ACT for the breatrment of hummn cancer CLL, 50000000000000000¢ ALLL 300000000000000000t: CR, XU000G0000U000;
HPC, human papilomavirus; allo-HSCY, allogeneic hematopoietic stem celi transplantation; DLBCL. x00000000000000000000000000xx; EBY, Epstein-Barr vinus.

CELLS USED FOR AGT YEAR CANCER MISTOLOGY MOLECULAR TAROET PATIENTS NUMBEER OF ORS COMMENTS
Tumor- ndiirating 1998  Melenoma (12) 20 55% Original use TIL ACT
phocytest. e e e
. 1884 Melanoma (68) 8 7 e
2002 Mefanoma (13) e 13 46%  Lymphodepletion before cell transfer
2011 Melsnoma (i7) 93 56% 20% CR beyond 5 years
i 2012 Melanoma (19) e B
R 2012 Melanoma (18) . B 38% Intention to treat: 26% ORrate
2013 Melanoma(20) ) 4084 Intention to treat: 29% OR rate
o 2014  Cervical cancer (89) 33% Probebly targeting HPVantigens
. . 2014 Bleduct(dd) = MutatedERB2 1 - Setected to target a somatic mutation
In vntro sensilwatlon 2008 Melanoma (90) NY-E£50-1 9 33% Clgsﬁs g;g::tive against cancer-testes
- .20 | Leukemia (91) WrL 1t oo Meny treated at high risk for relapse
Gewﬂnel’fllcg:)é engineered 2010 tymphoma (16) cD19 i 100% First use of ant+-CD19 CAR
t]
20N CLL(68) CDI9 3 100% Lentivirus used for transduction
2013 ALL (70) . “__0019 ) 5 100% Four of five then underwent allo- HSC’!’
2014 ALL (82) 0019 30 90%_ JCRInoo%
v 204 Lymphoma(h GO 8. 80%  Fourof seven CR in 1 OLBCL
““““““ 2014 ALL (93) 16 8% Many moved to ako-HSCT
s L MLBH LB B S ).
— 2011  Neuroblastoma (78) 1 2%
NY-ESO-1 13 £7%

_with TC!

Genstlcauy englneered 201 Synovlal sarcoma (81)

*“Molecusar targeis of TiL in mefanoma appear to be exomic mutations exprsssed by the cancer. {39, 40, 44)

from the circulztion at the time of cell infusion,
althongh the rate of reappearance of FoxP3
inhibitory T cells after lymphodepletion waz
inversely correlated with clinical response
(24). Levels of homeostatic cytokines, which
promote T cell proliferation and survival, are
dramatically induced upon lymphedepletion
(25) in mouse models. In humane, lymphodeple-
tion leads to the appearance in the ciradation
of the T c2ll growth factor IL-15, which serves to
promote the expansion of the transfared cells
in the absence of competing endogencus -
phocytes (36). Further, lymphodepletion can
enhance the iranslocation of commensal micro-
flora across mucosal barriers in the mouse, and
this can enhance the effect of ACT by stimulat-
ing Tol-like receptors (27) to activate amtigen-
presenting cells (APCs). These preclinical results
have highly affected clinical translation, and
it seems likely that immune ablation will be a
part of future cell-based treatments in patients
with canocer.

Adoptive cell therapy is a “living” treatment,
and administered lymphocytes can expand more
than 1000-fold after administration. Studies in
mousge models, incloding those involving the in-
jection of human cells into immunoedeficient ani-
mals, have emphasized the importance of the

SCIENCE sciencemag.org

differentiation state of the infused cells (26, 29).
The phenotypic and functional status of less
differentiated murine cells is highly positively
correlated with their ability to eliminate vas-
cularized tumor in vivo, These findings are in
accordance with the high positive correlation
between the persistenice of the transferred Tils
in the eireulation of patients at 1 month and with
the induction of partial and complete clinical
responses (I7). Further, one clinical study showed
a strong correlation between expression of the
phenotypic marker CD27, which is associated
with cells early in their differentiation path-
way, and dinical response (17). The presence of
longer telomeres as a correlate of clinial re-
sponse was seen in one study (37 but not in
another (15).

The observation that melanama TILs can me-
diate durabie, complete, and probably curative
cancer regresgion in patlents with metastatic
melanoma has raised considerable interest in
the possible use of TILs for the ireatment of
multiple cancer types. Although TILs can be
grown in vitro from virtually all tumors, only
melanomas consistently give rise to TILs with
antitumor reactivity. In an attempt to gain in-
sight into the possible extension of ACT to the
treatment of other commen cancers, extensive

studies of the antigens recognized by TiLs have
been pursued,

Melanoma TiLs recognize the
produets of cancer mutations

Early studies identified two nonmstated melanomsa-
melanocyte differentistion proteins, MART-1 and
€p100, that were often recognized by melanoma
TILs (30, 3I). Melanocytes in the skin, eye, and
ear express the MART-1 and gpl00 proteins, and
in the majority of patlents treated with TILs who
underwent complete cancer regression. In conirast,
when a high-affinity TCR against MART-1 or gp100
was inserted into lymphocytes used for ACT,
profound eye mdwtondtywasm.‘zm in

antigens was not the decisive target resulting in
the In vivo aritumor activity of melanoma TILs (22).

A study of exomic mutation raves in more than
3000 umor-normal pairs revealed that the fre-
quency of nensynonymous moutations varked mare
than 1000-fold across different cancer types (33).
Pediatric cancers exhibited mutation frequendies
as low as 0.1/Mb, whereas melanomas and lung
cancers often exceeded 100 mutations/Mb. The
suggestion that mutations might be targets of
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immune recognition of tumer cells has been
around for some time (84). The responstveness
of melanoma 0 & variety of immunotherapy
spproaches such as ACT, IL-2, anti-CTLA4, and
anti-FPD-1 suggested that peptide epitopes en-
ooded by the large number of mutations in mela-
noma might be the targets of TIL therapy (35).
Suppoit for this hypothesis comes from recent
obgervations that anti-PD-1 can medfate ORs
not only in patients with melanoma but also in
patients with lung and bladder cancer; the two
tumor fypes closest to melanoma with a high
frequency of mutations (36). A patient success-
fally treated with anti-CTLA=4 generated circulat-
ing T cells that recognized a distinet mutation
in the melanoma (37). Another study suggested
that increased numbers of exomic mutations in
a cancer correlated with better cutcomes (38).
New approaches using whole-¢xomic sequenc-
ing of tumor-normal pairs In patlents with
melanoma have consistently identified non-
SyMONymous cancer mutations recognized by
autologous TILg that mediated complete can-
cer regressions (39, 40). However, not all ex-
pressed murtations can be recognized by T cells.
Proteins inoorporating the mutatons must be
processed o short peptides of ~© amino acids
for major histocompatibility complex (MHC)
¢Jass 1 and a bit longer for MHC class 2; these
peptides are then presented on the cell sur-
face, One approach o Mdentify the immuoogenic
mutations that we have taken is to identify 21~
o 25-amino acid polypeptides, each one contain-

ing a mutated amino acid flanked by 10 1o 12
normal residves. Using peptide-MHC hinding al-
gorithms, these polypeptides can then be scanned
to identify peptides with high binding to indi-
vidual MHC molecules of the patient. The top-
predicted binding peptides are then synthesized
and tested for recognition by cocutture with TILs
that mediated cancer regression. This method
depends on the ascuracy of peptide-MHC bind-
ing algorithms, which are often inadequate for
many of the less frequent MHC molecules (39).

An alternate method eliminates the need for
predicted peptde binding to MHC and ensbles
the screening of all candidate peptides on all
MHC loci in a single test (40) (Fig. 3) As above,
minigenes, rather than polypeptides, are con-
structed that encode each mutated amino acld
flanked by 10 10 12 amino acids. Strings of 6 to
20 minigenes are then linked into tandem mini.
genes, and these DNA constructs are subsequent-
Yy daned into an expression plasmid and in vitro
transcribed to RNA, which is electroporated into
the patient’s autclogons APCs. These APCs present
all mutated peptides capable of being processed
and binding to any of the patient’s class 1 or class
2 MHC molecules, Culture of the patient’s TILs
with thege APCs can identify the tandem minigene
28 well as the individual minigene responsible for
tumor recognition. Uking these approaches, TILs
from 21 patients with melanoma thas responded
to ACT identified 45 mutations presented on a
variety of dass 1 and class 2 MHC molecules. Thus
far, every'mutation recognized by TTLs was dis-

tinct (e, each from a different expressed protein),
with none ghared by another melanoma in the
8¢t studied, These findings provide suggestive
evidence that melanoma TILs capable of mediat-
ing antitumor regponses were recognizing ran-
dom somatic mutations in the cancer. In many
cases, multiple mutations were recognized by
an individual TEL popalation, The oomoept that
cancer regressions after immunotherapy are the
result of targeting mutations explaing why pa-
tients can experience tumor regression without
avtoimmune sequelse. Conversely, the Ineffective-
ness of the vast number of thermapeitic cancer vae-
cines that targeted novamutated self-proteins can
also be explained (47, 42), Whereas strong reactive
ity to self-antigens causes autoimmumne toxicity, vac-
cines against self-antigens trigges the expansion of
low-affinity TCRs against seli-proteins that es-
capad negative setection in the thymus. This raises
the posgibility that vaocines targeting mutated -
munogenic epitupes may be much more efiective.
The specific targeting of individual mukted ant-
gens in a patient’s cancer presents a daunting
problem for widespread therapewtic application of
ACT but algo presants an opportunity to develop
treatments for multiple cancer types. Schumacher
and Schreiber discuss additional aspects for tar-
geting mutated antigens in this issue (£43).
TiLs from common epithelial cancers
can also recognize cancer mutations

A recent report has shown that the mutated
antigens in a nonmelanoma epithelial cancer

Sorne mutations i
Exome encing to arg presented by APC i
identify cmr m:!?hms inthe context of & MHC  TCR
autologous MHC APC
! _ :
— . : "'-,:
‘ A ! B £
LQARLFP . Activation g
DSSLQARLFPGLTIKIQRSNGLIMS W*f k ctvation. "

Tandem mimigestes ar synthetic peptides
of all mutalions introduced to autclogous APC

Fig. 3. A “blueprint” for the treatment of patients with T cells recogniz-
Ing tumor-specific mutations. The sequences of exomic DNA from furrior
cells and normal celis irom the same patient are compared to idantify turmor-
specific mutations. Knowledge of these mutations can then be used to
synthesize either minigenes or polypeptides encoding each mutated amino
acid flanked by 10 to 12 amino acids, These peptides or minigenes can be
expressed by a patient's autologous APCs, where they are processed and
presented in the context of a patient’s MHC. Coculture of the patient's T
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cells with these APCs can be used to identify all mutations processed and
presented in the context of all of a patient’s MHC class | and class Il mol
ecules, The identification of individual mutations responsible for tumor
recognition is possible because T cells express activation markers, such as
41BB (CD8* T cells) and OX40 (CD4° T cells), when they recognize their
cognate target antigen. T cells expressing the aclivation marker can then
by purified using flow cytometry before their expansion and reinfusion into
the turnar-bearing patient.
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can give rige to immune responses, despite the
low number of mutatons in these cancers (44).
Exomic sequencing of a metastatic cholangio-
carcinoma in a patient who had progressed
through maultiple chemotherapies revealed 26
nonsynonymous mutations. Tandem minigenes
that encoded each mutated amino acid and its
flanking sequences were constructed and elec-
troporated into the patient's APCS. CD4 cells
from TIL cultures from this petient’s tumor rec-
ognized the ERBB2IP mutation restricted by the
MHC cdlass 2 antigen HLA-DQ 06. ERBB2IP is a
tumor suppressor that binds to ERBB2 and at-
tenuates downstream RAS/ERK signaling. De-
spite the lack of an objective clinical response
to the administration of hulk awtologous TiLs
in this patient, administration of TILs that were
selected to contain more than 95% ERBB2IP
mutation-reactive TILs mediated a dramatie re-
gression of liver and lung metastases ongoing
beyond I year. This result provides compelling
evidence that mutationreactive T cells are ca-
pable of mediating fn vivo tumor regression in
patients with this epithelial cancer. Further, the
findings suggest that this treatment approach
may be suitable for patients with other common
epithelial cancers that are not nonmally consid-
¢ered to be immunogenic,

Mutations that are targeted may be driver
rmations essential for the malignant phenctype
of the cell, or alternatively, the TILs may contain
reactivity ageinst multiple immmunogenic passenger

Viral or
non-viral
T-cells from \nsertion of
peripheral genes into
b!qc:é T-cells
@ G
@ TBID
S
B
©

nmatations, which would decrease the likelihood
that the logs of any individual antigen would sub-
vert the dinical antitnmor responge. TIL popula-
Hons can be highly polyclonal and thus are lkely
10 be capable of potentially recognizing multiple
antigens gimultaneously, Given thelr curative po-
tential, it seems Hkely that TTLs are able to recog-
nize antigens expressed by cancer st2m cells.
Although some of the mutations are probably
driver mutations becanse they are found in ex-
pressed genes associated with known oncogenic
pathways (eg., mutated fcatenin), many of the
targets of TILs m#y well be passenger mutations,

Genetic engineering of lymphocytes

for use In ACT

In an attempt to broaden the reach of ACT to
other cancers, techniques were developed o in-
troduce antimmor receptors into normal T cells
that could be used for therapy. The gpecificity
of T cells can be redirected by the integration of
genes encoding either conventional alpha-beta
TCRs or CABs, CARs were ploneered by Gross
and colleagues in the late 196808 (45) and can be
constructed by tinking the variable regions of
the antibody heavy and light chains to intracel-
Inlar signaling chains such a3 CDG-zeta, often in-
duding costimulatory domains encoding CD38
(46) or CD137 to fully activate T cells (47, 49). CARg
can provide non-MHC-pestricted recognition of
cell arface components and can be introdueed
into T cells with high efficiency using viral vectars

Teell
receptor
(TCR)

Tumor cell

presented by MHC

Chimeric
antigen receptor
(CAR)

Tumor celt

expressed on
the cell surface

An important question confrenting the use of
genetieally engineered cells in the ACT of cancer
involves selection of the ideal human T cell sub-
population into which the gene should be intro-
duced, as well as the selection of appropriate
antigenic targits of the introduced ‘FCRs or CARSs,
Preclinical studies in mouse models strongly sug-
gest that improved antitimor responses are seen
when T cells in early stages of differentiation (such
ag naive or central raemory cells) are transduced
(48), a result supported by swdieg in monkeys
ghowing improved in vivo persistence of infused
central memory compared with effector memory
cells (50). CD8* T cella can be categorized into dis-
tinct memory suhsets based on their differentia-
tion states. We and others have found that CD8*
T celis follow & progressive pathway of differenti-
ation from nalive T cells into central memory and
effector memory T cell populations [sammarized
in (37)). CD8" T ¢ells paradonically lose antiumor
T cell functionality as they acquire the abllity
10 lyse target cells and to produce the cytokine
interferon-y, qualities thought o be impartant in
their antiturar efficacy (52). The differentiation
state of CDB* T cells §s inversely related 1o their
capacity to proliferate and persist (52-5¢). These
findings may be clinically relevant, and younger
T cellg are statistically positively correlated with
clnical effectiveness in ACT trials (17). It seems
clear that, like many organ systems in the body,
CD8* T cells can exist in a stemn cell-like siate,
capable of donal repopulation, Human T memory

Precondihoning
with chamotherapy

Cell
infusion
with (L-2

Expand
TCR gene-
engineered

Teelts

Preconditioning
with chemotherapy

Fig. 4. Gene-moditication of periphersl bicod lymphiocytes. In an attempt
to broaden the reach of ACT to other cangers, techrugues are being developed
to introduce antitutmor receptors into normol T cells thet could be used for
therapy. The top panef shows the Insertion of a2 conwventional TCR into 2
patient’s T lympliocytes, followed by the expansion and infusion back into the
patient. The bottom panel shows the insertion of a CAR into a patient's Tcel,
followed by the axpansion of these cells and their re-infusion. TCRs and CARs
are fundamentally cifferent in thei structures and in the structures that they
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recognize. TCRs are composed of one a chain and one P chain, and they
recognize antigens that have been processed and presented by one of the
patient’s own MIIC molecules. CAR's are artificial receptors Hiat can be
constructed by linking the variable regions of the antibody heavy and light
chains to intracellular signaling chains (such as CD3-2eta, CD28, 418B) alone
or in carnbination with other signaling moieties, CARS recognize antigens that
do not nead to be MHC-restricted, bat they must be presented on the turnor
cell surface.
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CANCER IMMUNOLOGY

stern ¢eDs express a gene programn that enables
them to proliferate extensively and can further
differentiate into other T cell populations (29).

Much of the existing work in cancer immu-
notherapy hasfocused on CDS" T cells. However,
CD4" T ¢ells can also efficiently promote tumor
rejection. CD4" T celis do not merely enhanoe
CD8" T cell function, but they also play a more
direct role in urnor elimination. This notion has
been validated recently in humans (44). The roles
that CD4" T cells play in the antitumor immune
response cricially depend on their polarization,
which is determined by their expression of key
transcrimion factors. CD4” cells can destroy tue
mor cells, and recent evidense sngpests thet adop-
tively wransferred T helper 17 cells can promote
Toxicity of ACT when targeting antigens
shared by tumors and normal tissue
The marked potency of T cells enables the recog-
nition of minute levels of antigen expressed on
normal cells. ‘Thus, targeting normal, nonmutated
antigenic targets that are epressed on normal
tissues but overexpressed on tumors has led to
severe on-target, off-tumor toxicity in patients.
Suitable antigens to target are those presented
exclusively on the cancer or, alternatively, on nor-
mal ¢ells that are not essential for survival

The first sueoessful application of ACT using
genetically engineered lynphocytes treated 17 pa-
T cells transduced with a weakly avid lnman TCR
recognizing the MART-T melancma-melanocyte
differentiation antigen (25). Two patienis experi-
encad ohjective partial regressions of metastatic
melanoma, and in both patients the transferred
cells could be found in the peripheral blood 1 year
after cell infusion. This approach was expanded
10 36 patients with metastatic melanoma who
received high-avidity TCRs that recognized either
the MART-1 or gp100 melanoma-melanocyte anti-
gens (32). Although objective cancer regreasions
were observed in 30 and 19% of patients who
received the MART-I or gpl00 TCR, respectively,
severe offtumor, on-target toxicity was seen in
the skin, eyes, and ears of patients due to the ex-
pression of melanocytes in these organs. These
findings coincided with severe eye toxicity seen
in mice when targeting melanocyte antigens and
provided an early demonstration of the power
of T cell therapy (5¢). The treatrnent of patients
with renal cancer using T cells encoding a CAR
against carbonic anhydrase 9, which is overex-
pressed in renal cancer, led to severe tiver tox-
icity due to expression of this antigen in biliary
duct epithetium (57). A high-affinity TCR against
the carcinpernbryonic antigen was used to treat
patients with metestatic colorectal cancer that
expressed high levels of this antigen (58). All
three patients experienced life-threatening coli-
tie and colonic hemorrhage that precluded fur-
ther use of this TCR, even though one patient
exhibited a partial response of liver metastases,
Unexpected toxicities can also result when pre-
viously unknown ¢ross-reaciivities are seen that
target normal scif-proteins expressed in vital
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organs. MAGE-A3, 3 cancer-iestes antigen to be
discussed tn more detall below, is not known to
be expressed in any normal tissues. Howewer,
targeting an HLA-A*0201-restricted peptide in
MAGE-A3 caused severe damage 10 gray matter
in the brain, resulting In two deaths beeause
this TCR recognized a different but related epl-
tope expressed by MAGE-A12, expressed at very
low levels in the brain (59). It should also be
noted that CARs are capable of toxicity against
self-antigens as well. Arute pulmonary toxicity
resulting in death was observed aftar infusion of
CAR T cells specific for ERBB2, which seemed
likely due to the recognition of low levels of this
antigen on pulmonary epithelivm (60).

Several groups have attempted to affinity-
enhance TCRs by altering amino acids in the
antigen-combining sites of the TCR (67, 62). By
removing the protective effocts of negative thy-
mic selection that eliminate high-affinity TCRs
against normal proteins, these modified TCRs
could potertially recognize new and unrelated
detetrninante, Two patients (one with multiple
myeloma and one with melanpma) were treated
with an HLA-Al-restricted MAGE-A3-specific
TCR whose affinity was enhanced by this site-
specific mutagenesis, and both experienced
fatal cardiogenic shock due to the recognition
of an HLA-Al-restricted peptide derived from
an unrelated protein, titin, present in cardiac
muscle (63). Thus, methods aimed at enhancing
the affinities of TCRs can be franght with prob-
lems of unexpected toxicities, which remain
difficult to predict. Of course, the same pitfalls of
unexpected toxicities may apply to the use of nov
el CARs,

Tamoﬂng-mswdmm
and nonessential human tissues

Cancers that express target molecules shared
with nonessential normal organs represent po-
tential targess for human cancer immunotherapy
using ACT. A prominent example of gich an anti-
gen s the CD1Y molecule expressed on miore than
90% of B cell malignandes and on B cells at all
stages of differentiation, excluding plasma cells.
Following preclinical work by many groups [sum-
marized in (64-67)], the first successful dinical
application of anti-CD19 CAR gene therapy in hu-
mans was reported in 2010 (16). Administraton of
auntologons cefls expreseing the anti-CD19 CAR to
a patient with refractory lymphoma resulted in
cancer regression in a patient who remains pro-
mmﬁeeammmofmtmm

eeihand,mus.mrdlﬂselecdm the ympho-
depleting preparative regimen the cell dose
is required to safely apply ACT ing CD19, as

72

well a3 many other antigens now under experi-
mental study (72).

Dramatic regressions of lymphomas and leu-
kemias with ACT have elicited considerable en-
thusiasm, although most reports comtain fewer
than 20 patients, and fewer than 200 patients
have been treated worldwide. The introduction
of CARs into lymphoeytes have mainly used gam-
maretroviruses and lentiviruses, atthcugh non-
viral approaches such as transposon-ransposase
systems (7%) and CRISPR-cas (CRISPR, clustered
regulardy interspaced palindromic repeat) tech-
nology 1o introduse genes are also being explored
{74). The single-chain antibody governs recog-
nition: of the antigen 1o be targeted, although the
T cell is activated via the CD3-z¢tm chain signal-
{ng domain. In addition to the zeta chain, a variety
of costimulatory molecules have been employed
in retroviral congtructs such as CD27, CD28,
CD134 CD137, or 100S that can profoundly in-
fluence the function of the CAR [reviewed in
(64¢-66)]. Optimization of these costirnulatory
domaing i a subject of active study. The results
of CAR therapy for B cell malignancies might be
confounded by the sensitivity of lymphomay and
leukemias to the preparative chemnotherapy regi-
men. Thus, delineation between the effects of
the preparative therapy and those of the CAR
T cells needs 1o be considered.

Multiple other B 0ell artigens are being studied
as targets, inclnding CD22, CD23, ROR-1, and the
immonoglobulin light-chain idiotype expressed by
the individual cancer (86). CARs targeting cither
CD33 ot CD123 have been studied as a theyapy for
patients with acute myeloid lenkemia, though the
expression of these moleules on normal precur-
sors can lead to prolonged myeloablation (75).
BCMA is a tumor necrogis factor receptor family
protein expresserd on mahwre B cells and plasma
cells and can be targeted on multiple myeloma (65).
The Reed-Stermberg cell expresses CD30, and this
target is being explored as a treatment for pa-
tients with vefractory Hodgkin tymphoma (75-77),

Although CARs are being successfully applied
to the treatment of hematologic malignancies, the
lack of shared antigens on the susface of solid -
mors that are not also expressed on essential nor-
mal tissues has severely limited the application of
CARSs to the treatment of solid tumors. Thyroglo-
bulin is a potential target for some padients with
thyrold cancers because thyroglobulin is present
only in the thyroid gland and not on solid tissues.
Neuroblastomas express GD2, which hag been
targeted by CARs (75). Mesthelin has also been
forwarded as a potential target, althongh it is
also expregsed on normal tissues, including cells
in the pericardiurn and plenral and pertitoneal
linings (7%). A search is angoing for other tisswe.
specific surface antigens expressed on tissues that
are not essential for survival,

Cancer-testis antigens are a family of intracel-
ufar proteing that are expressed during fetal de~
velopmient but have highly restricted expression
in adult normal tssues (8). There are moze than
100 differert members of this family of molecules
whose expression is epigenctically up-regulated
from 10 to 80% of cancer types using highly
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sensitive techniques. However, initial entisiasm
for targeting cancerdestes anifgens has been temr
pered by the lack of high levels of protein ex-
pression of these antigens. Appromimately 10% of
COMIMON CANCLTS AppPear to express enough pro-
tein 10 be suitable targets for antibmar T cells.
There ave low levels of some cancer-testes anti-
gens expressed on novmal tissues, and this can
lead to untoward toxicities The NYESO-1 cancer-
testes antigen has been targeted via a human
TCR {ransduced into autologous celly (8). ORs
were seen in 5 of 11 patiemts with metastatic mela-
noma and 4 of 6 patiems with highly refractory
synovial ¢ell sanonma,

Looking to the future of ACT for
the treatment of cancer

The continued development of ACT, as well as
other immunologic approaches to the treatment
of cancer, depends on the identification of euit-
able fargets for immunologic attack. Although
CARs have been successful in the treatment of
hematologic malignancies and are likely to scon
join the mainstream of onoologic treatment, the
ability to treat common epithelial soltd cancers,
which account for ~90% of all cancer fatalities,
is severely limited by the lack of suitable targets
exclusive o cancer. Extensive searches for mono-
donal antibodies that can recognize distinet de-
terminants on the surface of solid cancers but
not normal tissues have bsen in progress for more
than 30 years, but few suitable determinants have
been found. The EGFRVIIT mutation on ~40% of
high-grade glioblastornas is & rare example of &
shared-surface mutation, and attempts to target
this molecule using CARs are in progress (82).
Shared mutations in inwacelular proteins in-
wilved in oncogenesis—such as Braf in mela-
nomsasg and Kras in pancreatic and other solid
cancers—would be ideal ACT targets using oon-
epitopes have not yet been identified in these
molecules. Driver and random somatic mutatdons
oconrning in many solid cancers may represent
excellent targels for the treatment of sclid tumors.

Opportunities to improve ACT involve the iden-
tification and development of specific antitumor
T cells with the fanctional properties optimal
for tumor destruction (&3). One approach under
active evaluation is the growth of cells under con-
ditions that enshle in vitro profiferation while
limiting differentiation, such as the use of IL-21
or inhibitors that target the kinase AKT (84, 85).
Improved spedific lyraphodepleting preparative
regimens and better design of the transducing
vectors, inclnding the incorporation of optimal
cosdmulstory molecules, are likely to improve
dlinieal resulis. Introduction of genes encoding
other molecules such as the cytokine IE-12, which
can profoundly alter the tursor microenviron-
ment $o Giver antitumor immunity, has shown
subgtantial proanise in animal models (85). ¥n-
hanoced methods for regulating the expression of
these highly potent cytokine genes would be an
important part of incorporating them into cinical
treatment. The incorporation of “snicide” genes
that can enable destruction of the transferred cells
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oould add an extra level of safety when explor-
ing genetic changes in ymphocytes (57).

Adoptive cell therapy is a more complex ap-
proach 1o the delivery of cancer treatrnent than
many other types of immunotherapy and has
ofben been ariticized as impwactical and 100 costly
for widespread application. The need to develop
highly personalized treatments for each patient
does not fit into the paradigin of major pharma-
ceutical companies that depend on “off-the-shelf”
reagents that can be widely distributed. How-
ever, curative immunotherapies for patients with
common epithelial cancers will probably dictate
the need for more personalized approaches, Sev-
exa) pew blotechnology companies have arisen to
meet the need to expand a patient’s lymphocytes,
and detalled genetic analysis of individual tumors
is already cormmonplace at large academically af-
filiated mexical centers Although roubtiple com-
merdal models have been proposed, widespread
application of ACT will probably depend oo the
development of centralized facilities for produc-
ing tumer-reactive TILs or genetically modified
tymphocytes that can then be delivered to the
ireating institution. The effectiveness of treatment
will need to tramp convenience of administration
in the application of new effective approaches to
cancer immumotherayy.
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IMMUNOTHERAPY

Adoptive cellular therapy:

A race to the finish line

Carl H. June,'* Stanley R. Riddell,>* Ton N. Schumacher**

Adoptive T cell transfer for cancer, chronic infection, and autoimmunity is an emerging
field that shows promise in recent trials. Using the principles of synthetic biology, ad-
vances in cell culture and genetic engineering have made it possible to generate human
T cells that display desired specificities and enhanced functionalities compared with the
natural immune system. The prospects for widespread availability of engineered T cells
have changed dramatically, given the recent entry of the pharmaceutical industry to this
arena. Here, we discuss some of the challenges—such as regulatory, cost, and manufac-
turing—and opportunities, including personalized gene-modified T cells, that face the

field of adoptive cellular therapy.

INTRODUCTION

Adoptive cell transter (ACT) isa term coined
by Billingham and colleagues to describe the
transfer of lymphocytes to mediate an effec-
tor function (1). Presently, there are three
types of therapies that are advancing on a
path toward cegulatory approval (Fig, 1}: tu-
mor-infilirating lymphocytes (TILs) as well
as chimeric antigen receptor (CAR}) and T
cell receptor (1'CR) engineered T cells. TILs
have been developed with slow but continu-
ing progress over several decades, primarily
at the National Cancer Institute. Recently,
an international phase 3 randomized trial
began for treating patients with metastatic
melanoma with TILs (NC102278887).
A number of pharmaceutical and newly
formed biotechnology companies are now
comumercializing various forms of ACT, in-
cluding TIL therapies ('lable 1).

In contrast to TILs, gene-transfer-based
strategies have been developed to overcome
the consequences of immune tolerance on
the tumor-specitic 1 cell repertoire. These
approaches redirect 'I' cells 1o tissues by the
transfer of CARs composed of antibody-
binding domains fused to ‘I’ <ell signaling
domains, or transfer of TCR o/ heterodi-
mers. The infusion of gene-modified I cells
directed to specific targets offers the possibil-
ity to endow the immune system with reac-

'‘Center for Cellulal immunotnerapies and the Depart-
ment of Pathology arc: abo-atory Medicine, Perelman
Schaal of Medicine, Unwversity at Pennsylvania, Phila-
delphia, PA 12104-5156,USA "Ti2d Hutchisen Cancer
Research Center, University of Waskington, Sealtle, WA
93109, USA *Livisicn of immunology, Netherlands
Cancer Inst tute, Plesmianlaan 121, 1056 CX Amnsterdam,
Nelheilands,

*Conesperding author E-mail: cune@exchange
upenn.edu {CH J); snddell@tredhutchorg (S B3y
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tivities that are not naturally present and has
the added benefit of the rapid onset of action
that is usually seen with cytotoxic chemo-
therapy or with targeted therapies, contrast-
ing to delayed effects observed with vaccines
and some of the I cell checkpoint therapies.

Currently, most trials are using a/p T
cells for ACI: However, investigators are
exploring the use of numerous lymphocyte
subsets—including y/§ T cells, invariant
natural killer (NK) T cells, NK cells, and T
helper 17—for their specialized functions in
various clinical settings of cancer and chron-
ic infection. For indications invalving auto-
immunity, tolerance induction, prevention
of organ graft rejection, and treatment of
graft-versus-host disease (GVHD), regula-
tory T cells (1, cells), including natural and
induced I, cells, are being tested. Myeloid-
derived suppressor cells and regulatory B
cells, which have anti-inflammatory prop-
erties involving mechanisms distinet from
1,., cells, have also been proposed as novel
forms of ACT (2, 3). In this Perspective, we
review the status of ACI and the rapidly
emerging role of the biotechnology indus-
try in the race to accelerate the development
and promote the widespread availability of
this new form of cellular therapy that has
demonstrated etficacy treating patients with
refractory life-threatening cancers.

ACY is generally considered in the con-
text of cancer, typically leukemias and mela-
noma ('Lable 1}. It is interesting to note from
a historical perspective that some of the first
forms of ACT involving gene-modified T
cells were conducted two decades previously
in patients with advanced HIV-1/AIDS (4).
Many of the results from trials conducted in
patients with AIDS have informed current

concepts in the field of cancer, as exempli-
fied by the demonstration that CAR 'I" cells
could survive for more than a decade in
HIV/AIDS patients (5). These initial trials
were done in order to control drug-resistant
forms of HIV-1 infection. However, the
current challenge in the field is to develop
cellular therapies with the potential to elimi-
nate the reservoir of HIV-1 that is resistant
to current antiviral therapies (6). The field
has been energized by an extraordinary
experiment conducted by Gero Hiitter and
colleagues in Berlin in a patient who has ap-
parently been cured of HIV infection after
an allogeneic hematopoietic stem cell trans-
plant and ACT from a homozygous C-C
chemokine receptor type 5 (CCR5) A32
donor (7). There are several approaches to
induce a cell-intrinsic resistance to HIV-1
infection and to target the reservoir of HIV-
1 by gene-moditied ACT and cylotoxic I
lymphocytes (CI'L) (8, 9).

Cancer immunotherapies that target T
cell checkpoints, such as cytotoxic T lym-
phocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1)
(10}, rely on the ability of the endogenous
T cell compartment to recognize the tumor
as foreign because of the epitopes it carries.
TIL therapy likewise relies on an intrinsic
tumor recognition capacity of the I cell
compartment, and checkpoint therapies
and TIL therapy may therefore be assumed
to have potential for a similar set of human
cancers. Notably, recent work suggests that
I cell recognition of neoantigens that are
created as a consequence of tumor-specific
mutations forms a major component of the
clinical activity of checkpoint therapies (i1,
12), and dlinical activity of these therapies
may therefore be highest in tumors with a
high mutational load. Adoptive therapy
with gene-modified T cells has the potential
to address an entirely different need by cre-
ating a tumor-specific °I' cell compartment
that is otherwise lacking in patients (Fig. 1).
As such, gene-modified ACT has potential
for tumor types that may not be responsive
to T cell checkpoint or TIL therapies, such
as most cancers occurring in children and
many of the hematological malignancies. In
addition, gene-modified ACT addresses a
different critical node in the “cancer-immu-
nity cycle)" the series of stepwise events re-
quired for an anticancer imnune resporse
to lead to cancer cell eradication (13). Fur-
thermore, 'I' cell checkpoint therapies and
gene-modified ACT have the potential to
work synergistically.
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Fig. 1. Adoptiva call therapy is currently rapresentad by three genaral approachas. TILs are produced after surgical excision of tumorand enrich-
ment and expansion of TILs from a disaggregated tumor biopsy semple. TCR- and CAR-modified T cells are produced from peripheral blood lym pho-
cytes in a manufacturing step that includes introduction of the desired receptor through viral or nonviral methods in order to engineer cells. Patients
often receive a lymphodepleting chemotherapy regimen before infusion. PBMC, peripheral blood menonuclear cell.

SOURCE OF CARS AND TCRS

Most of the chimeric antigen receptors cur-
rently used to create gene-modified T cells
are derived from mouse antibodies, and
both antibody and I’ cell responses against
CARs have been observed in clinical tri-
als (14, 15). Furthermore, the extent of this
problem may presently be underestimated
because the most visible trials in the area
have involved the targeting of the B cell
compartment—a clinical setling in which
transgene-specific humotal immunity will
be less of an issue than in setlings in which
the humeoral immune system is left intact.
To minimize the impact of transgene-
specific immune responses on the activity
of introduced cells, the use of humanized
or fully human antibodies obtained from
mice transgenic for the human immuno-
globulin (1g) loci forms an obvious solution.
Clinical trials with fully human CARs have
only recently opened (NCT02209376 and
NC1'01837602). In addition, it may be ben-
eficial to engineer the CAR format so that
the formation of nonhuman sequences at
the domain fusion sites is also avoided.

By the same token, immunogenic-

ity of nonhuman I'CR sequences has been
described in a subset of patients treated
with TCR-modified T cells—in this case,
involving antibody recognition of mouse
TCR variable domains (16). Here again,
the isolation of receptors from the human
T cell repertoire or from mice that carry a
humanized TCR repertoire is likely to be
an effective solution (17). In the case of
"TCRs, the source from which the receptor
is obtained will also influence the likelihood
of off-target toxicity: the recognition and
destruction of normal tissues that express
a different epitope from that of the target-
ing agent. From a conceptual point of view,
the T cell pool from a human lymphocyte
antigen (HLA)-matched individual should
be considered the safest source of TCRs, but
the quality of the available T'CR pool is likely
capped by T cell tolerance for many anti-
gens. The breadth of the available repertoire
will be—roughly in order—greater in HLA-
transgenic mice, in 1" cell pools from HLA-
mismatched individuals, and in the in vitro
TCR display systems that avoid 1" cell toler-
ance altogether. However, the safe use of the
latter type of technologies is only feasible

when rigorous assay systems are in place that
can screen against unwanted cross-reactivity.

TOXICITY FROM ACT

1n accord with expectalions, toxicities from
ACT have increased as the therapies have
become more potent. Although TlLs have
generally been safe (as with other forms of
autologous cellular therapy), both on-target
and off-target recognition of normal tissue
can occur with engineered I cells. For in-
stance, on-target toxicity has been reported
in patients treated with I cells engineered
with a TCR that is specific for the carcino-
embryonic antigen, resulting in severe in-
flammatory colitis developed from expres-
sion of target antigen in normal colon (18).
With B cell-directed forms of ACT with
CARs, commonly observed on-target tox-
icities have been B cell aplasia and cytokine
release syndrome (19). Severe cardiac toxic-
ity was reported owing to off-tumor and off-
target recognition of titin after ACT with T
cells expressing an affinity-engineered TCR
that was originally specific for melanoma-
associated anhigen 3 (MAGE A3) (20).
Methods involving computational and bio-
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Table 1. Pharmaceutical and biotachnalogy companias In the ACT space. ACT applications are shown far cancers, infections, and GVHD.

:Company. Technology/cell type Indication
Cancer
Llon Biotechnelogles TIL (autolegous) Metastatic melanoma
Autolus CAR tautologous) Unspecified
Nowvartis CAR (autologous) targeting D19 Peciiatric and adult ALL, diffuse large B cell lymphama,
non-Hodgkin's lymphoma (NHL)
Juno Therapeutics CAR (autalogous) targeting CD19, TCR (autclogous) targeting Wilms turmor - Aduilt and pediatyic ALL, NHL, adult acute myeloid leuke-

Cardio3 Biosciences

Cellular Biomedicine Group
ChARsgen

Colgene/Blucbird

Kitz Pharma/Amgen
Cellectis/Servier/Pfizer

GSKfAdaptimmune

JanssendTranspesagen

Unum Therapeutics/Sanofi-Genzyme
Ziopharm Oncalogy/Intrexon

Opus Bio

Takara Bio (Japan)

Bellicumn Pharmaceuticals

Cellular Therapeutics Ltd (UK)
Cell Medica (LK)

Cedcdara Medical

Catapult Cell Therapy (UK)
Medigene (Germany)
TheraVectys (France)
BioNTech AG (Germany)
CARsgen (China)

FF Canvac

Apceth

Pocastem

TVAX Biomedical

TC Biepharm (Scotland)
Immunovalive Therapies (Israel)

CytoVac (Denmark)
Conkwest
Coronado Biosciences

Calimmune
Cell Medica (UK)

Sangamg Biosciences

Stege Therapeutics (Germany)
Takara Bic (Japan)

Kiadis Pharma (Netharlands}

Miltery) Biutee GmbH/Prometheus
Laborataries (Gemeny)

protein (WT-1)

CARs targeting NK cell p30-related protein (NKp30): NK group 2, member
D (NKG2D); B7 hornolog 6 (B7HE)

CARs targeting CD19, CD20, (O30, and EGFR
CARs targeting glypican-3 (GPC-3)

CAR faurolegous)

CAR {aurolegeus) targeting CD19, TCR

CAR (allogeneic, UCART 19)

TCR (autolagous) targeting the cancer tastls antigen NY-ESQ-1 and ather
targets

CAR (allogeneic)

Antibody-coupled TCR (autalogous)

CAR

CAR (autologous) targeting CD22

CAR {autologous) targeting CD19, TCR, MAGE-A4

CAR tautologous) targeting CD19 with a proprietary safety switch t© mute
unwanted adversc cvents, such as cytokine release syndrome

CAR (autolegous)

Virus-specific T cells (allage neic) targeting Epstain-Barr virus antigen
CAR (autologous) targeting NKG2D

TCR (autalogous) targeting WT-1-overexpressing cells

TCR {autologous)

CARs (autologous) targeting CD19, D33, and CD123

TCR, CAR (autolegous)

CAR tautologous) targeting GPC-3 expressed in hepatocellular carcinoma;
other CARs

Virus-specific T cells (autclogeus)

Genetically engineered mesenchyrmal stem cetls {MSC) (autologous)
Genetically enginesred MSCs

Antigen-specific T cells (autologous)

y/&T cells (autalagous)

Activated T cells (2llogeneic)

Activated T cells/NK cells (autologous)
CAR NK cell line
#cthvated NK cells (autologous)

: HIV/Infection
CCRS knockd own CD4° T eells and stem cells

Cytomegalovirus (CMV) infectian alter allogeneic hematopoletic stem cell
transplant (HSCT)

CCR5-mutated C04* T cells and stem cells
CMV-specific donor lymphocytes

mRNA interferase MazF (autologous) enderibenuclease-medified CO4'
T cells

GVHD
Allo-depleted T cells (allogeneic)

T.;eriched infusion tallogeneic) + low-dose IL2

mia (AML), nen-small cell lung cancer (NSCLC)
Range of hematolegical malignancies and solid umors

Range of hematological malignancies and solid tumors
Hepatocellular earcinoma

Range of hematolegical malignancies and solid tumors
Relapsed or refractory ALL

CLL ALL, and AML in preclinical stage, phase 1 for B cefl
leukemia to be Initiated in 2015

Trlals in multiple myeloma (MM), melanoma, sarcoma, and
cvarian cancer

Unspecified

Unspecified

Unspecified

Pediatric and adult ALL and NHL CD22 licensed to Juno
NHL, esophageal cancer

Potential hematological malignancies and solid tumors

Metastatic melanoma, esophago-gastiic cancer
Advanced NK/T cell lymphoma

AML, advanced myeledysplastie syndrame (MD5), MM
AML, MDS

Hematological malkynancies

ALL CLL, AML

Solid tumors (ovarian, endometial, lung)

Liver, fung, and brain cancers

Head and neck cancer

Advanced, recurrent, or metastatic gastrointestinal cancer
Selid tumars (head and neck, braiv)

Solid tumors (brain, kidney)

Melanoma

Hematological malignancy, prostate cancer, breast cancer,
glioblastoma, colarectal cancer with liver metastases,
kidney cancer, NSCLC

Glioblastomna, prostate cancer. pancreatic cancer
AML
AL

HNV
CMV infection

HV
CMV infection
HIV

Facilitate early immune reconstitution without
life-threatening (acule) GVHDin leukemia patients
(ALL, AML, MDS) undergaing HSCT

Steroid-refractory chranic GYHD
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logical approaches are being developed 1o
predict off-target recognition by enginecered
TCRs (21).

Apart from toxicily consequent to the
reactivity pattern of the introduced CAR
or TCR itself, it is expected that autoim-
munity and inflammation will sometimes
result from the infusion of ex vivo-acti-
vated autologous lymphocytes. Current
experimental trials exclude patients with
active autoimmune disorders, so the inci-
dence of immunopathology may rise when
ACT achieves broad usage in the commu-
nity. Severe side effects from CI'LA-4 and
PD-1 antagonism occur with relatively
high frequency, especially upon combined
checkpoint blockade (22, 23), and we ex-
pect that this will occur with ACT unless,
for example, steps are laken to edit out en-
dogenous I'CRs. In mice, the inflammatory
consequences of immunotherapy are more
severe in aged mice than in young mice and
in obese rather than in thin mice (24). This
may also happen in humans, and relevant 1o
this is the observation that GVHD occurs
more frequently and is more severe in aged
rather than young patients (25).

A potential safety concern related to
ACT with engineered 'I' cells is integration-
related insertional mutagenesis and cellular
transformation—events previously demon-
strated with engineered hematopoietic stem
cells. To date, transformation of human
lymphocytes has not been reported after
ACT (5, 19), and the incidence can be cal-
culated to be less than one event per 1000
patient years of exposure to engineered I
cells, an event rate that is lower than that
reported for cytotoxic chemotherapy (26).
The low genotoxicity with AC! may be due
to cell-extrinsic mechanisms that control "
cell homeostasis (27).

THE EXPANDING TOOLBOX FOR
GENETIC ENGINEERING

Novel technologies that enable targeted
alterations of the genome to modify or
regulate cellular functions provide an op-
portunity for improving both the efficacy
and safety of ACL. Zinc-finger nucleases
(ZFNs) and transcription activator-like
effector nucleases (TALENS) that rely on
customized DNA binding proteins, and
the natural bacterial CRISPR-Cas9 system
of RNA-guided nucleases, can introduce
DNA double-strand breaks at specific sites
and lead to disruption of a gene sequence
or provide a site for targeted gene insertion
(28, 29). ZFNs and TALENS have been used

to disrupt endogenous T'CR genes, and the
first clinical application of ZFNs to disrupt
expression of the HIV co-receptor CCR5 in
CD4" I cells was reported recently (30-33).

Efficient genome editing paves the way
for additional applications in ACL The
importance of T cell-intrinsic regulatory
molecules such as CILA-4 and PD-1 in
suppressing beneficial tumor-reactive I cell
responses has been established by using an-
tibodies targeling these pathways (34-36).
Selective editing of PD-1 or CI'LA-4 genes
in adoptively transferved 'I' cells might simi-
larly enhance efficacy without the side ef-
fects of systemic antibody blockade. Other
regulatory pathways that inhibit 1" cell func-
tion locally in the tumor microenvironment
have been revealed by introducing pooled
short hairpin RNA (shRNA}) libraries into
tumor-specific 1" cells used in ACT; and this
provides previously unidentified targets for
gene editing, including intracellular 1argets
that are not amenable to antibody-mediated
blockade (37). A potential caveat of edit-
ing regulatory genes in T cells is that these
molecules serve context-dependent roles in
normal physiology, and permanent disrup-
tion, even in a subset of I" cells, may have
unforeseen consequences.

Genes can also be introduced into 1’ cells
in order to enhance their ability to localize at
tumor sites and to function in the immuno-
suppressive wmor microenviconment. The
introduction of chemokine receplor genes
in T cells that bind chemokines produced
by tumors can enhance I cell migration into
tumors (38), and expression of dominant-
negative transforming growth factor-p
{I'GF-PB) receptors renders I’ cells resistant
to the local inhibitory effects of TGF-$ (39).
Engineering I cells to secrete interleukin-12
(1L-12) induces a programmatic change in
myeloid cells in the tumor microenviron-
ment (0 promote tumor destruction, while
avoiding the systemic toxicity of 1L-12 (40).

Modifying I' cells by means of gene ed-
iting or insertion to enhance therapeutic
potency should coincide with attention to
the safety of transferred " cells. ‘lransgenes
that provide for conditional cell suicide
have been developed and can rapidly re-
verse acute or long-term toxicities of ACI.
These include cell-surface molecules, such
as CD20 or truncated epidermal growth
factor receptor (EGFR), that are recognized
by clinically approved moneclonal antibod-
ies that mediate antibody-dependent cel-
lular cytotoxicity (41, 42). Herpes simplex
virus thymidine kinase (HSV-1'K) confers

sensitivity of dividing I’ cells to ganciclovir
and has been used effectively to eliminale
transterred ‘' cells that cause GVHLY afier
allogeneic hematopoietic stem cell trans-
plantation, although this approach is lim-
ited in immunocompetent hosts by immune
responses to the viral TK (43). A nonim-
munogenic suicide construct that consists
of human caspase-9 fused to a modified
domain of the human FK506-binding pro-
tein can induce cell death through exposure
to a synthetic dimerizing drug, AP1903.
The administration of AP1903 rapidly and
completely reversed clinical manifestations
of GVHD that occurred after I’ cell admin-
istration (44}, suggesting that this “safety
switch” approach miay be sufficiently rapid
to abrogate unexpected immediate loxicities
of ACT.

FROM UNIVERSALT CELLSTO
PERSONALIZED ACT
Current approaches to gene-modified [ cell
therapy are personalized in the sense that a
patient-specific cell product is created but
genericin the sense that the same receptor is
used for larger patient groups. As extensions
to this, strategies to develop universal 'I" cell
products and to develop patient-specific re-
ceptors have recently been proposed.
Approaches toward universal 1" cell ther-
apy aim to allow the widespread application
of gene-modified I' cell therapy at a lower
cost (Fig. 2A). With respect to the creation
of such universal I’ cells, several substantial
barriers need to be overcome. First, allore-
aclivity within the endogenous TCR pool
leads to GVHD when HLA-mismatched
donot-derived 'I' cells are used for therapy.
By the same token, recognition of donoi-
cell allo-determinants by the patients ‘I cell
pool leads to rapid rejection of infused cells
unless additional measures are taken. Ge-
nome engineering technologies make it fea-
sible to create I’ cell products in which one
ot both of the endogenous T'CR chains have
been inactivated, allowing a more compre-
hensive editing of 'I' cell specificity and con-
sequent avoidance of allo-reactivity (36, 31,
33). In addition, such inaclivation of both
the endogenous TCK a and p chains avoids
the formation of the mixed TCR dimers that
have been shown to cause GVHD in mouse
models (45). With respect to technologies
to suppress rejection of the infused cells,
inactivation of donor major histocompat-
ibility complex genes could potentially be
used to prevent I' cell-mediated rejection
(46) but may at the same time trigger NK
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fig. 2. From universal to highly personalized gene-modified ACT. (A) Universal T cells In which the endogenous TCR hasbeen replaced by a CAR or
TCR as “off-the-shelf” ACT products. Expression of the endogencus TCR can be eliminated through genetic editing. (B) Targeting the patient-specific
mutanome by gene-modified ACT. Tumor-specific mutations are expressed In antigen-presenting cells (APCs), and the TCR repertoire is isolated from
the responding T cells. The desired tumor-specific TCRs can be isolated and introduced inte T cells for later ACT.

cell recognition. Conceivably, development
of approaches that render infused cells se-
lectively insensitive to immunosuppressive
drugs may form a superior alternative,

At present, the number of antigens that
can safely be targeted by TCRs or CARs is
still limited to a handful. To increase the
antigenic targets that are available to gene-
modified T cell therapy., approaches to
abtain receptors that are reactive against
patict-specific neoantigens may be of in-
terest (Fig. 2B). Recent work has shown that
in huntan melanoma, both CD8* and CD4~
T cell recognition of neoantigens occurs fre-
quently (11, 47, 48). And based on overlap
in mutational loads, formation of neoanti-
gens that can be recognized by 1' cells can be

expected in several other high-prevalence
human tumors (47). In case the endog-
enous " cell pool generally “picks up” on
the majority of nevantigens presented by an
individual tumor, isolation of the relevant
TCRs from the autologous T cell pool may
be a way to boost immune reactivity against
this class of antigens. Alternatively, it seems
possible that in some human tumor types,
priming of an endogenous ‘I' cell response
may be inefficient. In such cases, it may be
attractive to exploit antigen-presenting cells
that express the patient-specific mutanome
50 as to induce such reactivities.

From a safety perspeclive, the targeting
of the patient-specific neoantigen repertoire
is highly appealing. However, it remains to

be established for which tumor types neoan-
tigen-specitic TCRs can readily be obtained.
and the logistic hurdles—with respect to
regulation, timelines, and projected costs—
are substantial.

TRANSLATIONAL BOTTLENECKS AND
CHALLENGES

Therapeutically effective T cells can be de-
rived from tumor infiltrates in melanoma
patients; however, the peripheral blood is
the preferable site for obtaining ' cells for
genetic modification for ACT because of the
ease of procurement. ‘lo date, the focus has
been on genetically moditying a/f T cells
without regard to subset or differentiation
status, However, a/p T cells are present in
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functionally heterogeneous CD4" and CD8"
subsets that difler in frequency, phenotype,
transcriptional profile, and effector tunc-
tion. Current models suggests progressive
differentiation from antigen-inexperienced
naive cells (1) to CD62L* central memory
(Tow)s CD62L- effector memory (1), and
effector (1) I cell subsets, with loss of pro-
liferative capacity and acquisition of effector
function (49-51). Ireatment efficacy after
adoptive transfer of endogenous or geneti-
cally redirected tumor-reactive 1’ cells cor-
relates best with the ability of transferred '
cells to proliferate and persist in vive, sug-
gesting that selection of ‘', andfor o, may
provide greater therapeutic potency. The
aptimal composition of CD4* and CDS8-
subsets for AC'T may also differ depending
an the malignancy being treated. Unfortu-
nately, the lack of rapid, cost-eftective, and
ctficient clinical-grade cell-selection de-
vices and procedures currently impedes the
evaluation of therapeutic ' cell products de-
rived from distinct T cell subsets.

A challenge for all cell therapies, includ-
ing ‘L' ¢ell therapy, is the need to develop
cost-eftective and efficient manufacturing
and delivery capabilities. The sipuleucel-
T (Provenge®) dendritic cell vaccine for
prostate cancer developed by Dendreon
demonstrated that cell therapies could be
manufactured and delivered to physicians
but illustrated that ethicacy needed to be
high to justify the cost and complexity and
to compete with more easily administered
pharmaceuticals. ACT has been pioneered
in academic laboratories for which the re-
sources to develop closed robotic automated
systems for cell selections, genetic moditica-
tion, and expansion are not readily avail-
able. The recent influx of biotechnology and
pharmaceutical companies into cell-based
therapeutics should accelerate automation
to reduce cost and improve feasibility and
delivery (Table 1). Off-the-shelf genetically
modified tumor-specitic T cells from allo-
geneic donors could further diminish the
manufacturing burden for ACT, in case the
immunologic barriers to this approach can
be overcome.

The ability to redirect T cells with pre-
viously unidentified TCRs and CARs is in-
creasing the types of malignancies that can
be targeted with ACT. In the case of CARs,
few targets that are exclusively expressed by
tumor cells have been identified. The poten-
tial for—and consequences of—on-target
recognition of normal cells can be evaluated
in animal models, providing that the expres-

sion patterns are identical to humans (52).
Logic gates, such as dual targeting with split
receptor systems, may be used to improve
the selectivity of tumor cell recognition by
CAR-T cells for targets expressed on tumor
and a subset of normal cells (53).

As the clinical applications of ACT ex-
pand, it will be important to identify bio-
markers that predict success. Analysis of tu-
mor biopsies before therapy might identify
signatures that predict susceplibility to ACL
or define interventions that may be neces-
sary to improve therapeutic efficacy. The
ability of 'I' cells to proliferate and/or persist
in vivo has correlated with therapeutic efti-
cacy after ACU for viral diseases and cancer.
Thus, analysis of the functional properties
of engineered ‘' cells before transfer and
their fate and function after transfer could
provide insights into optimal compaositions
of ACT for therapeutic efficacy. Combining
ACT with checkpoint-blocking antibodies,
vaccines, and targeted drug therapies is sup-
ported by studies in animal models (54, 55)
and is beginning to be investigated in clini-
cal trials.

The development of ACY, particularly
with genetically modified 'I' cells, has oc-
curred predominantly in the United States.
ACT with T1Ls for melanoma, CARs target-
ing CD19, TCRs for cancer, and gene-edited
T cells for HIV have advancedto phase 2 clin-
ical trials (NC102228096, NC101567891,
NC102348216, and NC1'02225665), and
it is likely that one or more of these 'L’ cell
therapies will obtain eventual U.S. Food
and Drug Administration (FDA) approval
{lable 1). Regulatory agencies in Europe
have not had the same experience in this
field, and given the early success of this ap-
proach, these agencies are likely to be inun-
dated with new applications and challenged
by patient demand. The complexity of ACT
makes it vital to educate patients and physi-
cians regarding the appropriate indications
and the particular toxicities and their man-
agement 0 as to avoid preventable adverse
outcomes. New therapeutic technologies
including ACY are expensive, and this will
present additional challenges regarding
reimbursement that are best overcome by
clearly demonstrating therapeutic value and
cost-eflective outcome as compared with
those of alternative therapies.

SUMMARY

Advances in genetic engineering have re-
invigorated efforts 1o engineer 1" cells to be
tumor-reactive to treat advanced human

malignancies through adoptive transfer.
Remarkable success in patients treated on
trials at academic centers has enticed un-
precedented interest from the biotechnol-
ogy and pharmaceutical industry (Table 1),
which is now rapidly advancing these ap-
proaches for FDA approval and accelerating
research and development to safely apply
ACT to a broad range of human diseases,
from acute lymphoblastic leukemia (ALL)
to glioblastoma to HIV. The field faces nu-
merous scientific, regulatory, and economic
obstacles and challenges in educating clini-
cians in the use of ACT. Surmounting these
obstacles will require collaboration between
academia and biotechnology in order to
ensure that therapy with engineered I cells
is established as a viable approach for con1-
mon human malignancies. Results in cancer
are likely 1o pave the way to ACY as a new
approach for infections and autoimmunity.
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