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Houston, TX, United States

Following the clinical success achieved with the first generation of adoptive cell therapy
(ACT) utilizing in vitro expanded tumor-infiltrating lymphocytes (TILs), the second and
third generations of TIL ACT are evolving toward the use of genetically modified TIL. TIL
therapy generally involves the transfer of a high number of TIL, ranging from 10° to 10"
cells. One of the technical difficulties in genetically modifying TIL, using a retroviral vector,
is the ability to achieve large expansion of transduced TIL, while keeping the technique
suitable to a Good Manufacturing Practices (GMP) environment. Consequently, we
developed and optimized a novel method for the efficient production of large numbers of
GMP-grade, gene-modified TIL for the treatment of patients with ACT. The chemokine
receptor CXCR2 was used as the gene of interest for methodology development. The
optimized procedure is currently used in the production of gene-modified TIL for two
clinical trials for the treatment of metastatic melanoma at MD Anderson Cancer Center.

Keywords: tumor-infiltrating lymphocytes, retroviral-transduction, adoptive cell therapy, genetic modification,
Good Manufacturing Practice, clinical-grade

INTRODUCTION

Adoptive cell therapy (ACT) utilizing tumor-infiltrating lymphocytes (TIL) has demonstrated
clinical success in the treatment of metastatic melanoma in studies at MD Anderson Cancer Center
(MDACC) as well as in multiple studies performed worldwide (1-4). The success of TIL ACT
encompasses two factors: the diverse antigenic specificity toward the autologous tumor displayed
by TIL and their lytic capability to eradicate the tumor. We have reported that response to therapy
positively correlates with the total number of TIL infused as well as the number of CD8* TIL infused
(2). However, within the success of TIL ACT, there still lies different challenges to overcome in
order to improve this ultimate personalized therapy. Such challenges are comprised of the tumor
microenvironment itself which is difficult to infiltrate and overwhelmed with immune-suppressive
mechanisms. Preclinical work by our group and others has shown that TIL could be genetically modi-
fied to either facilitate their entry into the tumor using the chemokine receptor CXCR2 or protect

Abbreviations: TIL, tumor-infiltrating lymphocytes; ACT, adoptive cell therapy; GMP, Good Manufacturing Practice; PBMCs,
peripheral blood mononuclear cells.
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them against immune-suppression by introducing a dominant
negative form of the TGF-BRII with both modifications display-
ing an improved in vivo antitumor activity (5-7). Thus, it became
evident that TIL, a T-cell product enriched for antitumor reactiv-
ity, represented the best platform to test functional enhancements
derived from gene-modification in the clinic. We committed to
develop a TIL transduction protocol that would not compromise
the yield of cells generated and that is suitable for use in a Good
Manufacturing Practices (GMP) suite.

The feasibility of genetically modifying human TIL using a
retrovirus platform, and its safety in the treatment of metastatic
melanoma was demonstrated over two decades ago (8). Other
clinical trials later followed, all seeking to implement improve-
ments to TIL ACT (9, 10). The total number of TIL infused to
patients on these gene-modified TIL studies was low (1-5 billion)
of which only a portion expressed the transduced gene.

One of the technical difficulties in genetically modifying TIL for
a clinical large-scale expansion is the ability to achieve the target
expansion, while keeping the technique suitable to a GMP environ-
ment. Consequently, we developed a novel method in which we
have addressed the formerly described challenges, and optimized
the conditions for the efficient gene-modification and production
of GMP-grade TIL for the treatment of patients with ACT. In this
method, the chemokine receptor CXCR2 was used as the gene of
interest to be optimized for transduction. CXCR?2 is one of the two
candidate genes for which a clinical trial of gene-modified TIL for
patients with metastatic melanoma was designed at MDACC. This
study describes the process used to develop this novel method to
genetically modify and expand GMP clinical-grade TIL.

MATERIALS AND METHODS

Normal Donor and Patient Population
Peripheral blood mononuclear cells (PBMCs) from normal
donors were obtained from bufty coats purchased from the Gulf
Coast Regional Blood Center (Houston, TX, USA). TIL lines
used for experimental validation were derived from tumor tissue
obtained from patients with metastatic melanoma enrolled on a
TIL ACT clinical trial [Institutional review board (IRB)-approved
protocol# 2004-0069, NCT00338377] at the University of Texas
MDACC. Male and female patients over the age of 12 with stage
IV melanoma, stage Il in-transit disease, recurrent regional nodal
disease or uveal melanoma were eligible for enrollment. Refer to
clinical trial NCT00338377 in the NCI website for specific exclu-
sion criteria. Patients 18 yearsand older were enrolled in the clinical
trial IRB-approved protocol 2009-0471 for the CXCR2 genetically
modified TIL protocol. Refer to clinical trial NCI-2014-02655 and
NCT01740557 in the NCI website for specific exclusion criteria.
All patients have granted a written informed consent.

Reagents

Human recombinant interleukin-2 (IL-2) (Proleukin™) was
generously provided by Prometheus Therapeutics & Diagnostics.
GMP-grade soluble anti-CD3 antibody (OKT3 clone) and
Retronectin were obtained from Centocor Ortho Biotech and
Takara Bio, respectively. The GMP-grade retroviral supernatant

was produced by the Indiana University Vector Production
Facility (IUVPF). Briefly a pMSGV1-CXCR2 retroviral construct
was used to transfect PG13 cell line to produce viral supernatant.
A high titer producing clone was isolated and used to generate
a master cell bank (MCB). The MCB was extensively tested for
sterility, presence of replication competent virus (RCR) and the
stability of the insert. Upon passing all the testing, the MCB was
used by IUVPF to produce one large lot of viral supernatant to
suffice cell production for a clinical trial. The final GMP-grade
viral supernatant is stored at —80°C.

Isolation and Expansion of TIL from

Metastatic Melanoma Tumors

Tumor-infiltrating lymphocytes were cultured from tumor frag-
ments. Briefly, metastatic melanoma tumor samples were cut into
1-3 mm? fragments and placed in complete TIL culture media
(TIL-CM) with 6,000 IU/mL IL-2 in culture treated 24-well plates
for a period of 3 to 5 weeks, as previously described (11).

Generation of a cDNA Construct
Expressing Human CXCR2

The retroviral vector pMSGV1, previously approved for clinical
use, was used in this study (12, 13). The vector was generously
provided by Dr. Steven A. Rosenberg. Human CXCR2 was ampli-
fied by PCR from human ¢cDNA (purchased from ATCC) and
cloned into the Ncol and EcoRI sites of the pMSGV1 vector. The
CXCR2 construct was further confirmed by DNA sequencing.
To detect CXCR2 protein expression, 293 cells were transfected
with the DNA constructs and expression was confirmed by Flow
Cytometry. The pMSGV1-CXCR2 construct was sent to IUVPF
for GMP-grade retroviral supernatant production.

Viral Transduction of PBMC and TIL
Frozen PMBC and TIL were thawed, and TIL were allowed to rest
foraperiod of 1to 2 days (day —5) ata concentration of 1.5 X 10/mL
in a tissue culture treated 24-well plate containing TIL-CM and
6,000 TU/mL of IL-2. Nunc 24-well plates were coated with anti-
CD3 (OKT3) at up to seven different concentrations (0, 3, 10, 30,
100, 300, and 1,000 ng/mL). Sterile PBS (Dulbecco’s phosphate-
buffered saline; Invitrogen) was used as a diluent for the OKT3
coating at 1 mL/well. An additional plate coated with 30 ng/mL
anti-CD3 was prepared for the non-transduced (NT) control on
day —1. The anti-CD3 coated plates were stored at 2-8°C until
further use. Additionally, 24-well non-tissue culture treated
plates were coated with Retronectin diluted at a concentration of
20 ug/mL using PBS (1 mL/well) and stored at 4°C until further use.
After the resting period (day —3), TIL were harvested, adjusted
at a concentration 1.5 X 10°/mL (TIL-CM + 6,000 IU/mL IL-2)
and 1 mL was distributed per well of OKT3-coated plates after
washing the free antibody using PBS. For experiments using
PBMC, the cells were activated using the same conditions except
for the resting period which was omitted. Cells were activated
for either 24 or 48 h under standard cell culturing conditions
(37°C, 5% CO,) until the transduction step. On the day of the
virus transduction (day —1), the Retronectin-coated plates were
blocked with 2.5% human serum albumin in PBS for 30 min to an
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hour at room temperature followed by repeated washes in PBS.
One milliliter of freshly thawed viral vector supernatant was
added to each well of the Retronectin-coated plates. The plates
were immediately centrifuged at 2,000 g for 2 h at a preheated
temperature of 32°C. During the centrifugation of the virus,
OKT3-activated TIL (for 24 or 48 h) were collected and adjusted
to concentration ranging between 0.8 and 1.2 X 10%/mL. After
removing the supernatant postcentrifugation, 1 mL of cell
suspension was added to each well of the vector-coated plates.
Finally, the plates were centrifuged at 1,000 g for 10 min and
incubated at standard conditions (37°C, 5% CO,) until the Rapid
Expansion Protocol (REP) initiation on the next day (day 0).

REP Modified for the Expansion
of Transduced TIL

Activated and gene-modified TILs were further expanded using
a modified version of the REP (14, 15). The CXCR2-transduced
TIL or the control OKT3-activated but non-transduced TIL were
put in culture with pooled allogeneic irradiated PBMC feeder
cells at a ratio of 1 TIL to 200 feeders and 6,000 IU/mL IL-2 on
day 0 of the modified REP. The rest of the rapid expansion was
carried out as previously described (2, 11).

Flow Cytometry

PBMC or TIL were stained with fluorochrome-conjugated
monoclonal antibodies (CD3, CD4, CD8, and CXCR2 from
BD Bioscience) in FACS Wash Buffer (Dulbecco’s phosphate
buffered saline 1X with 1% bovine serum albumin) for 30 min
on ice for surface staining. Dead cells were excluded using
AQUA live/dead dye from Invitrogen. For intracellular staining
of active caspase-3, cells were fixed and permeabilized using
Cytofix/Cytoperm (BD Bioscience) and stained with cleaved
anti-caspase-3 (BD Bioscience) on ice as well. Acquisition of
stained cells was done using BD FACSCanto™ II and analyzed
using FlowJo software (Tree star).

Tumor-Infiltrating Lymphocyte-Mediated
Killing Using Autologous or HLA-A-
Matched Tumor Lines

Killing of autologous or HLA-A-matched melanoma tumor cells
(target cells) by gene-engineered TIL postexpansion was visual-
ized by flow cytometry to measure the level of activated caspase-3
in target cells (16). To assess the class I dependency of killing,
target cells were incubated for 3 h at 37°C with 80 pug/mL of either
MHC class I blocking antibody W6/32 or the IgG2a-matching
isotype control (eBioscience).

RESULTS AND DISCUSSION

Assessment of Optimal Incubation Time
and Plate-Bound Anti-CD3 Concentration
for Efficient Transduction of CXCR2 and

REP of TIL

To develop a clinically relevant, GMP-friendly and efficient
transduction method for TIL, we initially tested various

concentrations of plate-bound anti-CD3 to activate cells as well
as two different time points (24 and 48 h) of activation preceding
the transduction step. The idea was to activate and transduce the
cells prior to the REP to minimize the amount of plates used for
transduction while still getting a large expansion of transduced
cells at the end of the process. Initially, we tested the different
conditions using normal donor PBMC for proof of principle
and reproducibility. PBMC were activated and later transduced
with the CXCR2 viral construct at 24 or 48 h postactivation.
As shown in Figure 1A, the percentage of viable CXCR2* lym-
phocytes at 48 h post-transduction increased accordingly with
the increasing concentration of plate-bound anti-CD3 used for
activation. Both time points showed this trend, but a higher
percentage of CXCR2 transduction was observed after 48 h of
OKT3 activation prior to transduction (n = 3). However, the
percent transduction tended to reach a plateau at concentrations
of anti-CD3 over 100 ng/mL for the 48 h time point.

To transpose this method to TIL, three lines were used to
assess the transduction within the same concentration param-
eters and time points. As shown in Figure 1B, the efficiency
of CXCR2 transduction increased with the concentration of
anti-CD3 used for activation at both 24 and 48 h. However,
as observed with the PBMC, a higher percentage of CXCR2
transduction was detected after 48 h of anti-CD3 activation,
plateauing between 300 and 1,000 ng/mL of OKT3 concentra-
tion (Figure 1B). It is crucial to note that activation-induced
cell death (AICD) does set a limiting target concentration for
the use of plate-bound anti-CD3, especially with TIL since the
majority are effector/effector memory cells whom have already
been activated in the tumor or the surrounding microenviron-
ment. Thus, the higher percentage of CXCR2 transduction at
48 h of activation and the plateauing tendency from 300 to
1,000 ng/mL, led us to choose the lowest optimal concentration
of plate-bound anti-CD3 (300 ng/mL) for the activation of TIL
pretransduction.

After transduction, two TIL lines were selected to further
confirm a successful expansion of TIL using a modified REP
approach. As described before, the REP usually includes an
initial anti-CD3 stimulation, which occurs on day 0 with the
addition of the irradiated feeder cells used as an expansion
platform. Given the 48 h plate-bound anti-CD3 activation that
TIL undergo prior to viral transduction, we eliminated the
further use of anti-CD3 in the REP and replaced it by addition
of 6,000 TU/mL of IL-2 on day 0 of the REP. This modifica-
tion protects the TIL against AICD, which could be caused
by repeated stimulations of the TCR, while preserving the
beneficial growth stimulation provided by the feeder cells. The
results at day 14 post-REP, shown in Figure 1C, demonstrate an
upward trend in fold expansion from 3 to 300 ng/mL anti-CD3
activation pretransduction with a maximal fold expansion of
700 and 920 at the 300 ng/mL concentration (Figure 1C). Thus,
even if lower anti-CD3 doses may deliver similar transduction
efficiency, there is an important improvement in the yield of TIL
obtained using 300 ng/mL anti-CD3 antibody, as opposed to
lower doses. The non-transduced (NT) TIL control, stimulated
with plate-bound anti-CD3 concentration of 30 ng/mL but
omitting the transduction, proves that the viral transduction of
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FIGURE 1 | Optimization of time and antibody concentration for T cell activation prior to transduction. (A) Peripheral blood mononuclear cell (PBMC) transduction
efficiency following 24 and 48 h plate-bound anti-CD3 (OKT3) activation at different concentrations of antibody. (B) Tumor infiltrating lymphocyte (TIL) transduction
efficiency following 24 and 48 h plate-bound anti-CD3 activation at different concentrations of antibody. (C) Fold expansion post-Rapid Expansion Protocol
(post-REP) based on different concentrations of anti-CD3 antibody used for plate-bound activation (D) Transduction efficiency and CD3*CD8* T cell percentages
obtained following plate-bound anti-CD3 activation at different concentration of antibody at 48 h after transduction and day 14 of the REP.

the cells does not impair the TIL expansion since the expansion
was comparable or improved in the transduced TIL as compared
to the NT TIL for both TIL lines (Figure 1C).

Since our past experience with TIL ACT demonstrated the
clinical relevance of a high percentage of CD8" cells within the
TIL infusion product, we assessed the percentage of CXCR2-
transduced TIL in the CD8* TIL population (2). As shown in
Figure 1D, there was no significant changes in percentage of
CD8" TIL at 48 h post-transduction and 14-day post-REP. Thus,
this demonstrates that the pre-activation of TIL at any of the
tested concentrations (3 to 300 ng/mL) confers no disadvantage
to the growth of CD8* TIL. Nonetheless, a predictable change
in percentage of CXCR2-transduced CD8" TIL was observed
in an upward trend with a maximal efficiency at 300 ng/mL
(Figure 1D).

Altogether, it was concluded that activation of TIL with a
concentration of 300 ng/mL plate bound anti-CD3 for a period
of 48 h prior to transduction yielded the highest fold expansion
and percentage of CXCR2 transduction in TIL while retaining
a similar CD8" percentage profile. These results established the
conditions for activation and transduction of TIL prior to moving
into the REP process.

Modification in the REP Combined with
Virus Transduction Does Not Affect the
Proliferative Capacity of Genetically
Modified TIL While Maintaining New

Gene Expression

As mentioned previously, to avoid over stimulation of TIL by
activating them with OKT3 2 days prior to transduction and once
again 1 day post-transduction (in the REP), we proceeded to mod-
ify the “traditional” REP, which we have been using in clinical TIL
expansions. Traditionally, on day 0 of the REP, the TIL are added to
an expansion platform constituted of the feeder cells loaded with
anti-CD3. In our modified version, activated and transduced TIL
are only added to the feeder cells in presence of high dose of IL-2,
without further TCR stimulation (no anti-CD3). To investigate
any potential changes this modification may have on the final TIL
product, as well as any potential effect of the transduction on the
REP process, we first looked at fold expansion between transduced
and NT TIL with five lines at days 7 and 14 of the REP (Figure 2A).
In general, a similar fold expansion was observed in both trans-
duced and NT TIL lines on day 7 and between days 7 and 14.
From our extensive experience with TIL therapy, our expectation/
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criteria for a successful REP is to obtain 100-fold expansion at day
7 followed by a further 10-fold increase over the second week for
a total of 1,000-fold (acceptable range 500-3,000). All the expan-
sions conducted with transduced or NT TIL met those criteria
(Figure 2A). Thus, we conclude that neither the modification in
the REP nor the transduction itself will abrogate the infusion of a
respectable number of genetically modified TIL.

Furthermore, to assess any changes in transduction percent-
age during the REP, three TIL lines were selected to study the
expression of CXCR2 by flow cytometry throughout the rapid
expansion process. Four time points post-transduction (48 h,
days 7, 12, and 14) were selected. As demonstrated in Figure 2B,
none of the expanded TIL lines showed any noteworthy loss of
CXCR2 expression in percentage at any point. Therefore, the
pre-activation and transduction of TIL prior to the REP with our
optimized concentration of plate bound anti-CD3 showed no dis-
advantageous change in fold expansion and a stable expression of
CXCR2 throughout the REP. In a clinical TIL production setting,
one could think of sampling cells on day 12 of the REP and use
this sampling to establish the percentage of transduction prior to
a fresh infusion on day 14 of the REP, avoiding the need for same
day flow cytometry assessment to establish transduction efficiency
on the day of infusion prior to releasing the cells for infusion.

Genetically Modified TIL Retain Their
Cytotoxic Capacity

A crucial factor to demonstrate in our method of viral trans-
duction of TIL and propagation is the preservation of effector

traits such as their lytic capability. Transduced and NT TIL were
rapidly expanded and their cytotoxic capacity was assessed by
measurement of active cleaved caspase-3 in tumor target cells
by flow cytometry. Accordingly, tumor targets (autologous or
HLA-A-matched tumor cell lines) were labeled with DDAO-SE
dye and cocultured at three different ratios of effector:target cell
(1:1, 3:1, and 10:1). As shown in Figure 3, increased percentage
of active caspase-3 in tumor targets was observed at higher E:T
ratios. There was no noteworthy difference in tumor target kill-
ing between CXCR2-transduced and NT TIL. Furthermore, the
blocking of MHC-I on tumor targets impaired the killing abil-
ity of both CXCR2-transduced and NT TIL, supporting a lytic
capability depending directly on epitope recognition following
presentation by an MHC class I molecules. Hence, this demon-
strated that there is no significant change in cytotoxic capacity of
TIL post-REP following viral transduction.

Altogether, our method preserves expansion potential, CD8*
T-cell frequency and lytic capabilities of TIL, leading us to the
presumption that the TIL product will be suitable for infusion,
presenting the enviable qualities associated with the success
of TIL ACT. The last step was to show that this technique can
reproducibly yield high numbers of gene-modified clinical-grade
TIL products for patients’ treatment.

Clinical Generation and Expansion
of CXCR2-Transduced TIL

This optimized method for TIL genetic modification was
elaborated and is now used for the manufacturing of TIL for two
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protocols at MDACC. This process is performed in a large-scale,
GMP-compliant setting. The schematic presented in Figure 4
illustrates the established workflow for the production of geneti-
cally modified TIL: TIL are thawed on day —5 and allowed to
rest for 2 days, which is followed by activation with plate-bound
anti-CD3 on day —3 and transduction is performed on day —1.
Finally, the REP process is followed from days 0 to 14 with the
exception that we omit the initial anti-CD3 stimulation on day 0.

The optimization of our method has proven effective for the
expansion of genetically modified TIL. Herein, we present four
TIL lines that were successfully transduced to express CXCR2
and expanded for the treatment of patients with metastatic
melanoma. Even though patient to patient variability in the REP
fold expansion was observed, all TIL lines were successfully
expanded and infused (range from 465- to 3,096-fold expansion)
(Figure 5A). The transduction levels of CXCR2 at infusion in
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FIGURE 5 | Fold expansion and transduction efficiency of Good Manufacturing Practices (GMP)-grade, genetically modified tumor infiltrating lymphocyte (TIL) in the
context of clinical production. (A) Fold expansion CXCR2-transduced TIL lines at day 14 of the clinical Rapid Expansion Protocol (REP) (n = 4). (B) Percentage of

CXCR2 expression in CXCR2-transduced TIL at day 14 of the clinical REP (n = 4).
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all of the lines were ranging from 31.28 to 57.82% of expres-
sion (Figure 5B). Overall, the number of CXCR2-transduced
TIL infused to each patient ranged from 0.8 to 19.3 billion
cells. However, the trial design involves the transfer of an equal
number of TIL transduced with a control gene (truncated version
of NGFR); therefore, patients were infused with a total number
of virally transduced TIL ranging between 1.6 and 38.6 billion
cells. In addition, for each patient, a smaller parallel TIL expan-
sion with non-genetically modified TIL was setup to maximize
the number of cells infused given a maximal infusion cap of 150
billion TIL. Since this trial includes the infusion of three different
TIL products (CXCR2-transduced TIL, NGFR-transduced TIL,
and NT TIL), patients were infused with a range between 7 and
143.8 billion TIL. This range is comparable to what we previously
published in our first generation of TIL ACT (2).

A fifth patient was enrolled in this trial but could not be infused
due to the lack of TIL growth observed on day 7 of the REP. The
starting TIL product on day —5 of the transduction contained
high levels of CD3*CD8-CD4" TIL (37.5%) and did not expand.
To our knowledge, this “double negative” population could be
considered a regulatory population that may interfere with the
proliferative capacity of TIL in the REP (17). This population is
rarely observed in our pre-REP TIL cultures but should be avoided
with this technique. We would also speculate that higher levels of
NK cells in the pre-REP product should also be accounted for.
NK cells will not be activated on day —3 of the procedure, as they
are not responsive to an anti-CD3 stimulation, and could create
the illusion of a suboptimal TIL expansion.

Our novel method to generate and expand clinical-grade,
genetically modified TIL permits us to infuse higher numbers
of transduced cells than previously described in other studies
where the transduction is carried within the REP process (9, 10).
Although the transduction after 4 days in the REP yields high
transduction efficiency, the presence of a 200:1 ratio of irradiated
feeders in the culture coupled with a higher number of T cells to

be plated at low density for efficient contact with the virus during
transduction presents unique challenges. Attempts to transduce
the TIL prior to the REP had not been adopted in part because
restimulating TIL with anti-CD3 a few days after an initial stimu-
lation prior to transduction may trigger AICD and lead to poor
expansion. We have devised a process in which TIL can be effi-
ciently genetically modified and expanded to clinically relevant
numbers. We handle a maximum of two to four plates on trans-
duction day which yields up to several billions of gene-modified
TIL for infusion. Thus, this method could be easily incorporated
into similar protocols to produce GMP-grade genetically modi-
fied TIL in environments where space is restricted. It is our hope
that these “functionally enhanced” TIL will convey lasting tumor
control benefits to the patients. The streamlining of the genetic
modification of TIL will pave the way for new trials and will lead
to significant improvement in outcome to TIL therapy.

ETHICS STATEMENT

This study was carried out with the recommendations of the
University of Texas MD Anderson Cancer Center Institutional
review board with written informed consent from all subjects
in accordance with the Declaration of Helsinki. The protocol
was approved by the University of Texas MD Anderson Cancer
Center Institutional review board.

AUTHOR CONTRIBUTIONS

MF was involved in conception and design of the study and
methodology, experiments and acquisition of data, clinical
production, as well as manuscript writing and review. RT
participated in experiments and acquisition of data, clinical
production, and manuscript writing and review. CH participated
in experiments and acquisition of data as well as writing and
review. RR, SM, MZ, SW, CT, and WP were involved experiments

Frontiers in Immunology | www.frontiersin.org 7

August 2017 | Volume 8 | Article 908


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Forget et al.

GMP-Grade TIL Transduction and Expansion

and data acquisition. OF was involved in clinical production and
data acquisition. AG, ST, EE, and AW were involved in clinical
production of TIL. RA was involved in patient care. PH was
involved with conception and design of the study as well as
patient care. CB participated in conception and design of the
study and methodology, experiments and acquisition of data,
and manuscript writing and review. All authors have read and
approved the final manuscript.

ACKNOWLEDGMENTS

The authors would first like pMSGV1 retroviral vector that was
kindly provided by Dr. Steven A. Rosenberg of the Surgery Branch
at NCI, to clone cDNAs expressing human CXCR2. The authors
would also like to acknowledge the help of Eric Yvon for fruitful
discussions on the approach. Additionally, a big thank you to all
the additional clinical and research staff in the Melanoma Medical
Oncology Department as well as the Regulatory Compliance Unit,

REFERENCES

1. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ,
et al. Durable complete responses in heavily pretreated patients with meta-
static melanoma using T-cell transfer immunotherapy. Clin Cancer Res (2011)
17:4550-7. doi:10.1158/1078-0432.CCR-11-0116

2. Radvanyi LG, Bernatchez C, Zhang M, Fox PS, Miller P, Chacon J, et al. Specific
lymphocyte subsets predict response to adoptive cell therapy using expanded
autologous tumor-infiltrating lymphocytes in metastatic melanoma patients.
Clin Cancer Res (2012) 18:6758-70. doi:10.1158/1078-0432.CCR-12-1177

3. Besser M]J, Shapira-Frommer R, Schachter J]. Tumor-infiltrating lym-
phocytes: clinical experience. Cancer ] (2015) 21:465-9. doi:10.1097/
PP0.0000000000000154

4. Andersen R, Donia M, Ellebaek E, Borch TH, Kongsted P, Iversen TZ, et al.
Long-lasting complete responses in patients with metastatic melanoma after
adoptive cell therapy with tumor-infiltrating lymphocytes and an attenuated
IL2 regimen. Clin Cancer Res (2016) 22:3734-45. doi:10.1158/1078-0432.
CCR-15-1879

5. Kershaw MH, Wang G, Westwood JA, Pachynski RK, Tiffany HL,
Marincola FM, et al. Redirecting migration of T cells to chemokine secreted
from tumors by genetic modification with CXCR2. Hum Gene Ther (2002)
13:1971-80. doi:10.1089/10430340260355374

6. Peng W, Ye Y, Rabinovich BA, Liu C, Lou Y, Zhang M, et al. Transduction of
tumor-specific T cells with CXCR2 chemokine receptor improves migration to
tumor and antitumor immune responses. Clin Cancer Res (2010) 16:5458-68.
doi:10.1158/1078-0432.CCR-10-0712

7. Zhang L, Yu Z, Muranski P, Palmer DC, Restifo NP, Rosenberg SA, et al.
Inhibition of TGF-beta signaling in genetically engineered tumor antigen-
reactive T cells significantly enhances tumor treatment efficacy. Gene Ther
(2013) 20:575-80. doi:10.1038/gt.2012.75

8. Rosenberg SA, Aebersold P, Cornetta K, Kasid A, Morgan RA, Moen R,
et al. Gene transfer into humans - immunotherapy of patients with
advanced melanoma, using tumor-infiltrating lymphocytes modified by
retroviral gene transduction. N Engl ] Med (1990) 323:570-8. doi:10.1056/
NEJM199008303230904

9. Zhang L, Morgan RA, Beane JD, Zheng Z, Dudley ME, Kassim SH, et al.
Tumor-infiltrating lymphocytes genetically engineered with an inducible gene
encoding interleukin-12 for the immunotherapy of metastatic melanoma.
Clin Cancer Res (2015) 21:2278-88. doi:10.1158/1078-0432.CCR-14-2085

10. Heemskerk B, Liu K, Dudley ME, Johnson LA, Kaiser A, Downey S, et al.
Adoptive cell therapy for patients with melanoma, using tumor-infiltrating

part of the Center for Cancer Immunotherapy Research and finally
the Stem Cell Transplantation Lab at MDACC that contributed to
this study. Special thanks to Dr. Elizabeth ]. Shpall and Enrique
Alvarez for their input and help with the TIL transduction and
expansion procedure validation and implementation process.

FUNDING

Support for Marie-Andrée Forget and part of this study was
provided by the Cancer Prevention & Research Institute of Texas
(CPRIT) grant (RP110553-P4) to PH. The authors would also
like to acknowledge the support provided by Dr. Miriam and
Sheldon G. Adelson Medical Research Foundation (AMRF) and
the Miriam and Jim Mulva Melanoma Research Foundation as
well as the National Institutes of Health (NIH) Melanoma SPORE
Development Grant (P50-CA093459-05-DRP21) and the ROl
CA116206-09. Additional support was provided by the National
Cancer Institute (R01 CA184845).

lymphocytes genetically engineered to secrete interleukin-2. Hum Gene Ther
(2008) 19:496-510. doi:10.1089/hum.2007.0171

11. Forget MA, Malu S, Liu H, Toth C, Maiti S, Kale C, et al. Activation and
propagation of tumor-infiltrating lymphocytes on clinical-grade designer
artificial antigen-presenting cells for adoptive immunotherapy of melanoma.
J Immunother (2014) 37:448-60. doi:10.1097/CJ1.0000000000000056

12. ZhaoY, Zheng Z, Robbins PF, Khong HT, Rosenberg SA, Morgan RA. Primary
human lymphocytes transduced with NY-ESO-1 antigen-specific TCR
genes recognize and kill diverse human tumor cell lines. J Immunol (2005)
174:4415-23. doi:10.4049/jimmunol.174.7.4415

13. Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM,
et al. Cancer regression in patients after transfer of genetically engineered
lymphocytes. Science (2006) 314:126-9. doi:10.1126/science.1129003

14. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME, Greenberg PD.
Restoration of viral immunity in immunodeficient humans by the adop-
tive transfer of T cell clones. Science (1992) 257:238-41. doi:10.1126/
science.1352912

15. Dudley ME, Wunderlich JR, Shelton TE, Even J, Rosenberg SA.
Generation of tumor-infiltrating lymphocyte cultures for use in adoptive
transfer therapy for melanoma patients. J Immunother (2003) 26:332-42.
doi:10.1097/00002371-200307000-00005

16. He L, Hakimi J, Salha D, Miron I, Dunn P, Radvanyi L. A sensitive flow
cytometry-based cytotoxic T-lymphocyte assay through detection of cleaved
caspase 3 in target cells. J Immunol Methods (2005) 304:43-59. doi:10.1016/j.
jim.2005.06.005

17. Voelkl S, Gary R, Mackensen A. Characterization of the immunoregulatory
function of human TCR-alphabeta+ CD4- CD8- double-negative T cells.
Eur ] Immunol (2011) 41:739-48. doi:10.1002/¢ji.201040982

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Forget, Tavera, Haymaker, Ramachandran, Malu, Zhang,
Wardell, Fulbright, Toth, Gonzalez, Thorsen, Flores, Wahl, Peng, Amaria, Hwu and
Bernatchez. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 908


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-12-1177
https://doi.org/10.1097/PPO.0000000000000154
https://doi.org/10.1097/PPO.0000000000000154
https://doi.org/10.1158/1078-0432.CCR-15-1879
https://doi.org/10.1158/1078-0432.CCR-15-1879
https://doi.org/10.1089/10430340260355374
https://doi.org/10.1158/1078-0432.CCR-10-0712
https://doi.org/10.1038/gt.2012.75
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1158/1078-0432.CCR-14-2085
https://doi.org/10.1089/hum.2007.0171
https://doi.org/10.1097/CJI.0000000000000056
https://doi.org/10.4049/jimmunol.174.7.4415
https://doi.org/10.1126/science.1129003
https://doi.org/10.1126/science.1352912
https://doi.org/10.1126/science.1352912
https://doi.org/10.1097/00002371-200307000-00005
https://doi.org/10.1016/j.jim.2005.06.005
https://doi.org/10.1016/j.jim.2005.06.005
https://doi.org/10.1002/eji.201040982
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A Novel Method to Generate and Expand Clinical-Grade, Genetically Modified, Tumor-Infiltrating Lymphocytes
	Introduction
	Materials and Methods
	Normal Donor and Patient Population
	Reagents
	Isolation and Expansion of TIL from Metastatic Melanoma Tumors
	Generation of a cDNA Construct Expressing Human CXCR2
	Viral Transduction of PBMC and TIL
	REP Modified for the Expansion of Transduced TIL
	Flow Cytometry
	Tumor-Infiltrating Lymphocyte-Mediated Killing Using Autologous or HLA-A-Matched Tumor Lines

	Results and Discussion
	Assessment of Optimal Incubation Time and Plate-Bound Anti-CD3 Concentration for Efficient Transduction of CXCR2 and REP of TIL
	Modification in the REP Combined with Virus Transduction Does Not Affect the Proliferative Capacity of Genetically Modified TIL While Maintaining New Gene Expression
	Genetically Modified TIL Retain Their Cytotoxic Capacity
	Clinical Generation and Expansion of CXCR2-Transduced TIL

	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


