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Magnetic-Activated Cell Sorting of TCR-Engineered
T Cells, Using tCD34 as a Gene Marker,
but Not Peptide—-MHC Multimers, Results in Significant
Numbers of Functional CD4" and CD8" T Cells

Coen Govers, Cor Berrevoets, Elike Treffers-Westerlaken, Marieke Broertjes, and Reno Debets

Abstract

T cell-sorting technologies with peptide-MHC multimers or antibodies against gene markers enable enrichment
of antigen-specific T cells and are expected to enhance the therapeutic efficacy of clinical T cell therapy. How-
ever, a direct comparison between sorting reagents for their ability to enrich T cells is lacking. Here, we
compared the in vitro properties of primary human T cells gene-engineered with gp100,50 255/ HLA-A2-specific
T cell receptor-af (TCRof5) on magnetic-activated cell sorting (MACS) with various peptide-MHC multimers or
an antibody against truncated CD34 (tCD34). With respect to peptide-MHC multimers, we observed that
Streptamer”, when compared with pentamers and tetramers, improved T cell yield as well as level and stability
of enrichment, of TCR-engineered T cells (>65% of peptide-MHC-binding T cells, stable for at least 6 weeks). In
agreement with these findings, Streptamer, the only detachable reagent, revealed significant T cell expansion in
the first week after MACS. Sorting TCR and tCD34 gene-engineered T cells with CD34 monoclonal antibody
(mADb) resulted in the most significant T cell yield and enrichment of T cells (>95% of tCD34 T cells, stable for at
least 6 weeks). Notably, T cells sorted with CD34 mAb, when compared with Streptamer, bound about 2- to 3-
fold less peptide-MHC but showed superior antigen-specific upregulated expression of CD107a and production
of interferon (IFN)-y. Multiparametric flow cytometry revealed that CD4" T cells, uniquely present in CD34
mAb-sorted T cells, contributed to enhanced IFN-y production. Taken together, we postulate that CD34 mAb-
based sorting of gene-marked T cells has benefits toward applications of T cell therapy, especially those that
require CD4" T cells.

Introduction

ADOPTIVE THERAPY with tumor-infiltrating T cells, pre-
ceded by lymphodepletion, shows significant clinical
responses in patients with melanoma (Dudley et al., 2005;
Besser et al., 2010). In an effort to make T cell therapy a more
universally applicable treatment, T cells have been gene-
engineered to express virus and tumor-specific T cell recep-
tors (TCRs). T cells transduced with TCRs directed against the
HLA-A2-restricted antigens MART-1 (melanoma antigen
recognized by T cells-1), gp100, CEA (carcinoembryonic an-
tigen), and NY-ESO-1 have been tested in clinical trials, and
clinical responses have been observed in patients with meta-
static melanoma, colorectal carcinoma, and synovial carci-
noma (Morgan et al., 2006; Johnson ef al., 2009; Parkhurst et al.,

2011; Robbins et al., 2011). Clinical responses, although vari-
able and based on a relatively small number of patients, are
promising but generally lag behind those observed with
tumor-infiltrating T cells (Dudley et al., 2005; Besser et al.,
2010). The clinical use of high-affinity TCRs enhances re-
sponse rates and may provide a means to improve clinical
responses (Morgan et al., 2006; Johnson et al., 2009). However,
high-affinity TCRs, when directed against differentiation an-
tigens that are overexpressed on tumors but also present, al-
beit to a small extent, on normal tissues, result in on-target
toxicities (Johnson et al., 2009; Parkhurst ef al., 2011). An al-
ternative strategy to enhance functional responses of T cells is
to enhance the frequency of TCR-transduced T cells. The
threshold antigen concentration for T cell activation correlates
inversely with the level of TCR expression in T cell
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populations (Cooper et al., 2000; Weijtens et al., 2000), pro-
viding a rationale for the enrichment of TCR-transduced
T cells before their clinical use. T cell populations used in TCR
gene therapy studies generally demonstrated a peptide-MHC
binding of about 62%, being in some cases as low as 3% and in
some cases as high as 97%, which presents a window for
further improvement (Morgan ef al., 2006; Johnson et al., 2009;
Robbins et al., 2011).

Magnetic-activated cell sorting (MACS) was developed
from the late 1970s onward (Molday et al., 1977; Miltenyi
et al., 1990) and now represents an established technology to
enrich cells that is compatible with conditions of Good
Medical Practice and can be applied in clinical cellular
therapy trials (Rauser et al., 2004; Hammer et al., 2007;
Feuchtinger et al., 2008). When MACS is used in combination
with peptide-MHC multimers, this technology provides a
versatile and potent platform to enrich T cells with a defined
antigen specificity. For example, T cells specific for multiple
antigens, such as cytomegalovirus (CMV), Epstein-Barr vi-
rus epitopes 1-3 (EBV1-3), influenza epitope 1 (Flul), or
MART-1 antigens from a single sample can be simulta-
neously enriched with peptide-MHC tetramers (Newell et al.,
2009). Also, MART-1/HLA-A2-specific T cells have been
enriched up to a 1000-fold from peripheral blood mononu-
clear cells (PBMCs) and tumor-infiltrating lymphocytes from
patients with metastatic melanoma without loss of in vitro
reactivity (Labarriere et al., 2008). At present, various forms
of peptide-MHC multimers exist, of which tetramers (Alt-
man et al., 1996), pentamers (Sebestyen et al., 2008), and
Streptamers (Knabel et al., 2002; Neudorfer et al., 2007) rep-
resent the ones most extensively characterized. These
peptide-MHC multimers differ in avidity and reversibility of
binding to T cells (as detailed in Table 1), and it is currently
not known how these reagents compare with one another
with respect to MACSorting of T cells. In addition to
peptide-MHC multimers, a surrogate gene marker such as
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truncated CD34 (tCD34) (Fehse et al., 2000) can be applied to
enrich T cells by CD34 monoclonal antibody (mAb)-based
MACS (Stull et al., 2000). Cotransduction of tCD34 and a
herpes simplex virus thymidine kinase (HSVtk) suicide gene
into T cells, to allow ganciclovir-mediated elimination of al-
loreactive gene-modified T cells, and subsequent MACS re-
sulted in T cell populations that were highly enriched for
both tCD34 and HSVtk (Preuss et al., 2010).

In this paper, we have compared tetramers, pentamers,
Streptamers, and CD34 mAb for their ability to enrich TCR-
engineered T cells (Fig. 1 provides a schematic representa-
tion of sort reagents used in our study). To this end, we gene-
transduced human T cells with a gp100,gp-0s3/HLA-A2
(gp100/A2) TCR and tested the various sort reagents for T cell
output numbers, T cell yield at later time points, T cell ex-
pansion, enrichment for peptide-MHC binding, and gp100/
A2-specific functions. With respect to peptide-MHC multi-
mers, Streptamers significantly enhanced T cell yield, expan-
sion, and enrichment of peptide-MHC-binding T cells. MACS
with CD34 mADb resulted in significant T cell yield, expansion
and enrichment of tCD34-positive T cells, but not in signifi-
cant enrichment of peptide-MHC-binding T cells. Notably,
CD34 mAb-sorted T cells demonstrated enhanced antigen-
specific T cell functions, which were related to CD4" T cells
that were uniquely present in CD34 mAb-sorted T cells.

Materials and Methods
Cells and reagents

T lymphocytes derived from healthy donors were isolated
and expanded as described elsewhere (Van de Griend et al.,
1984) and cultured in HEPES-buffered RPMI 1640 medium
(BioWhittaker, Verviers, Belgium) supplemented with 10%
human serum, 2mM L-glutamine, and the antibiotics strep-
tomycin and penicillin. The human embryonic kidney cell
line 293T, the packaging cell line Phoenix-A, and the

TABLE 1. REAGENTS USED IN MAGNETIC-ACTIVATED CELL SORTING OF T CELL RECEPTOR-ENGINEERED T CELLS?

Second step TCR Concentration® pMHC  Detachable

Sort reagent Label sort reagent transgenes  (ng/10° T cells) wvalency  binding Key reference(s)

gp 100/ A2 R-Phycoerythrin =~ Anti-PE TCRafs 700 4 No Altman et al., 1996
tetramer® microbeads

gp 100/ A2 R-Phycoerythrin =~ Anti-PE TCRafs 500 5 No Sebestyén et al., 2008
pentamer® microbeads

gp 100/ A2 R-Phycoerythrin =~ Anti-PE TCRafs 200 8-12 Yes! Knabel et al., 2002
Streptamer® microbeads Neudorfer et al., 2007

CD34 mAb — — TCR-CD34 ND None No Stull et al., 2000
microbeads®

aAn overview of specific characteristics of various sort reagents to enrich TCR-engineered T cells is shown.
Concentrations of peptide-MHC multimers are based on molecular weight provided by manufacturers.
‘Tetramers contain four biotinylated peptide-MHC monomers, which are multimerized with Streptavidin-PE to form a tetrahedral
complex A maximum of three peptide-MHC molecules is available per focal plane (Yao et al., 2008).
dPentamers contain five peptide-MHC-PE monomers, which are multimerized through a Coﬂed coil structure. All five peptide-MHC

molecules are available per focal plane (Yao et al., 2008).

Streptamers contain between 8 and 12 Strep-tagged peptide-MHC monomers, which are multimerized with Streptactin-PE.
fRelease of peptide-MHC monomers is established by addition of an excess of p-biotin that has a high affinity for streptactin (K4, ~10-13 M)

(Neudorfer et al., 2007).
8CD34 mAb is directly coupled to magnetic microbeads.

mADb, monoclonal antibody; ND, not determined; PE, phycoerythrin; pMHC, peptide-MHC; tCD34, truncated CD34; TCR, T cell receptor.
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FIG. 1. Gene constructs and sorting re-
agents to MACSort TCR-engineered human
T cells. (A) Schematic representation of
TCRo, TCRp, and TCRo-2A-tCD34-2A-TCRf
transgenes used to gene-engineer primary
human T cells. TCR specific for gp100/A2
comprised TRAV13-1*02/]52*01/CA and
TRBV27*01/]J2-7*01/D2*02/CB2 (Schaft et al.,
2003). tCD34 represents a truncated and A
functionally inert variant of CD34. T cells

TCR transgenes
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were transduced either with pBullet:TCRa+
pBullet:TCRS and termed “TCR T cells”
or with pBullet: TCRo-2A-tCD34-2A-TCRf
and termed “TCR-tCD34 T cells.” Abbrevia-
tions: V, TCRaf-variable domain; C, TCRxf3-
constant domain; D, TCRp-diversity domain;
J, TCRof-joining domain; 2A, 2A sequence
encoding a self-cleaving peptide; tCD34,
truncated CD34 molecule. (B) Schematic
illustration of reagents used to MACSort B
TCR-engineered human T cells. From left to

right: Tetramer (Altman et al., 1996), penta-

mer (Sebestyen et al., 2008), Streptamer
(Knabel et al., 2002; Neudorfer et al., 2007),

and CD34 mAb (Stull ef al., 2000). Tetramers
consist of 4 gpl00 peptide (YLEPGPVTA)/
HLA-A2 (gpl100/A2) monomers that
were biotinylated and multimerized with
streptavidin-phycoerythrin; pentamers con-

sist of 5 gp100/A2 monomers that were
linked to phycoerythrin and multimerized

by a self-assembling, coiled-coil structure;

and Streptamers consist of 8-12 gp100/A2
monomers that were Strep-tagged and mul-
timerized with Strep-Tactin—phycoerythrin
(depicted with 5 monomers). Anti-CD34
mAbs consist of heavy and light chains
providing two antigen-binding sites and are
directly coupled to magnetic microbeads.

TCR

melanoma cell lines BLM and FM3 were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; BioWhittaker)
supplemented with 10% fetal bovine serum (FBS; Stone-
house, Gloucestershire, UK), 2 mM L-glutamine, nonessential
amino acids, and antibiotics. Monoclonal antibodies used in
this study were as follows: anti-CD34 microbeads (clone
QBEND/10; Miltenyi Biotec, Bergisch Gladbach, Germany),
anti-phycoerythrin (PE) microbeads (Miltenyi Biotec), fluo-
rescein isothiocyanate (FITC)- and PE-conjugated anti-TCR-
V27 (Beckman Coulter, Marseille, France), allophycocyanin
(APC)- and nonconjugated anti-CD3¢ (OKT3; BD Biosciences
[San Jose, CA] and Beckman Coulter, respectively), APC-
conjugated anti-CD8o (RPA-T8; BD Biosciences), FITC-con-
jugated anti-CD34 (AC136; Miltenyi Biotec), PE-conjugated
anti-CD107a (H4A3; BD Biosciences), FITC-conjugated anti-
interferon (IFN)-y (B27; BD Biosciences), FITC-conjugated
anti-interleukin (IL)-2 (MQ1-17H12; BD Biosciences), and
FITC-conjugated anti-IL-2q receptor-o. (IL2Ra) (M-A251; BD
Biosciences). Other reagents included RetroNectin (human
fibronectin fragments CH-296; Takara Shuzo, Otsu, Japan);
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, St.
Louis, MO), phytohemagglutinin (PHA; Remel Europe,
Dartford, UK), gp100 peptide (YLEPGPVTA) (Prolmmune,
Oxford, UK); GolgiStop (BD Biosciences), GolgiPlug (BD
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Biosciences), and paraformaldehyde (PFA; Brunschwig,
Amsterdam, The Netherlands).

TCR and tCD34 transgenes

TCRof specific for gp100/A2 was derived from cytotoxic T
lymphocyte (CTL) clone 296 and uses the TCR-V genes
TRAV13-1*02/]52*01/C and TRBV27*01/]J2-7*01/D2*02/C2
(nomenclature according to http://imgt.org) (Schaft et al.,
2003). TCRa and TCRp chains were cloned in pBullet vectors
either as single TCR chains (i.e., pBullet: TCR«+ pBullet: TCRf;
Schaft et al., 2003) or as combined TCRx and TCRf chains
linked by 2A sequences and truncated CD34 (i.e., pBullet:
TCRo-2A-tCD34-2A-TCRp). See Fig. 1A for a schematic rep-
resentation of TCR transgenes. Truncated CD34, a naturally
occurring splice variant of human CD34 that lacks protein ki-
nase C-binding sites in its cytoplasmic tail (Fehse ef al., 2000),
was flanked by 2A sequences (kindly provided by D. Gilham,
University of Manchester, Manchester, UK), and introduced
into the pBullet vector via PCR and an Ncol ligation. Primers
used to amplify 2A-tCD34-2A were as follows: tCD34 5" pri-
mer, attcggccatggegggocgegeccgetcgagegagtgaaacagactttgaat;
and tCD34 3’ primer, acgcgtccaagettggeaattgattcectggeccggeg
ttggactc and introduced additional restriction sites. These
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allowed subsequent introduction of TCRo and TCRp chains
into pBullet:tCD34. TCRo. and TCRf were subcloned via Ncol /
Xhol and Mfel /Mlul, respectively, into pBullet:tCD34.

Retroviral gene transfer into T cells

Moloney murine leukemia retroviruses, positive for TCR and
TCR-tCD34, were produced by cocultures of the packaging cell
lines 293T and Phoenix-A. Packaging cells were calcium
phosphate-transfected with pBullet:TCRo+pBullet: TCRf or
with pBullet:TCRx-2A-tCD34-2A-TCRf, and the helper vectors
pHIT60 MLV GAG/POL and pCOLT-GALV ENV. Transduc-
tion of human T cells was performed as described previously
(Lamers et al., 2006).

Peptide—-MHC complexes

Complexes of gpl00.gp2ss/HLA-A*0201  (gp100/A2)
peptide-MHC used in this study were tetramers, pentamers and
Streptamers. Tetramers were generated by multimerization of
5ug of biotinylated monomers (Sanquin, Amsterdam, The
Netherlands) with 12.5 ul of Streptavidin-PE (BD Biosciences),
which were mixed and incubated for 40min at 4°C.
Streptavidin—PE was added and mixed in steps of 2.5l that
were followed by incubations of 8 min; pentamers were pur-
chased as PE-conjugated multimers (Prolmmune); Streptamers
were generated by multimerization of 1ug of Strep-tagged
monomers (IBA, Gottingen, Germany) with 0.75 ug of Strep-
Tactin-PE (IBA) in 50 ul of buffer (phosphate-buffered saline
[PBS] with 0.5% bovine serum albumin [BSA], 2mM EDTA; pH
7.4), and were mixed and incubated for 45 min. Sort reagents,
during preparations and once ready, were kept at 4°C and
protected from light. Concentrations of tetramers, pentamers,
and Streptamers for use in flow cytometry were determined per
batch by serial dilutions and set at 1:100, 1:20, and undiluted,
respectively. See Fig. 1 for a schematic representation of peptide—
MHC reagents, and Table 1 for properties and use of peptide—
MHC multimers in MACS.

MACS to enrich gene-engineered T cells

Human T cells were labeled either with PE-conjugated
peptide-MHC multimers and microbead-conjugated PE
mAb or microbead-conjugated CD34 mAb according to the
manufacturer’s instructions (Miltenyi Biotec). In the case of
peptide-MHC multimer stainings, reagents were added to
cell pellets (see Table 1 for final concentrations) and incu-
bated for 45 min (all solutions were ice-cold and all incu-
bations were performed at 4°C and protected from light).
T cells were washed twice with PBS-0.5% BSA (pH 7.4),
resuspended in PBS-0.5% BSA with PE mAb microbeads
(volume ratio, 4:1), and incubated for 15 min. In the case of
CD34 mAb stainings, T cells were washed with PBS, re-
suspended in PBS-0.5% BSA with CD34 mAb microbeads
and Fc receptor (FcR)-blocking reagent (volume ratio, 5:1:1),
and incubated for 30 min. Microbead-labeled T cells were
washed, resuspended in PBS-0.5% BSA, passed over a
MACS preseparation filter, and separated in MACS sepa-
ration columns that were exposed to a magnetic field.
Sorted T cells were washed and subsequently flushed from
the column with PBS-0.5% BSA. In the case of Streptamers,
sorted T cells were treated twice with 1 mM bp-biotin (In-
vitrogen, Carlsbad, CA) for 20 min and washed repeatedly.
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Last, sorted T cells were counted and cultured on feeder
cells (1x10* T cells /200 pl of feeder medium; Van de Griend
et al., 1984).

T cell counts

T cells were counted directly after MACS, 1 week after
MACS, and weekly up to 6 weeks after MACS. T cell via-
bility was determined by trypan blue exclusion and viable
T cells were counted microscopically with Biirker chambers
and a Leitz Laborlux 12 microscope (Leica Geosystems,
Rijswijk, The Netherlands). T cell yields and expansions are
represented as absolute numbers and fold increases in cell
numbers, respectively.

Flow cytometry

Al T cell stainings were performed according to standard
protocols. T cells (1x10* cells) were incubated with peptide—
MHC multimers for 15min at room temperature or with
mAbs for 30 min on ice, and fixed with 1% PFA. To measure
antigen-specific T cell responses, T cells were stimulated with
target cells and assessed for surface expression of CD107a
and intracellular expression of IFN-y and IL-2. Target cells
used were BLM cells (without or with 10 uM gp100 peptide)
and FM3 cells. CD107a expression was detected as described
previously (Govers et al., 2011). Briefly, T cells were re-
suspended in a mixture of T cell medium, GolgiStop, and
CD107a mAb-PE. Next, target cells and T cells were mixed at
a 1:1 ratio and incubated for 2 hr at 37°C and 5% CQO,. T cells
were subsequently stained with CD3e mAb to allow dis-
tinction of T cells from target cells at the time of analysis.
Intracellular cytokine levels were detected in T cells (2 x 10°)
that were stimulated with target cells (6 x 10% in the presence
of GolgiPlug for 6 hr at 37°C and 5% CO,. Next, T cells were
washed and stained with CD8x mAb-APC, after which
T cells were washed again, permeabilized (permeabilization
solution 2; BD Biosciences) for 10 min at room temperature,
and stained with IFEN-y mAb-FITC or IL-2 mAb-FITC.
Samples were measured on a FACSCalibur dual-laser flow
cytometer (Becton Dickinson, Alphen aan den Rijn, The
Netherlands). Data analysis was performed on viable and in
some cases CD3-positive T cells, using CellQuest software
(BD Biosciences), and data are displayed either as dot plots
or histograms.

IFN-y production

T cells were assayed for their IFN-y production as de-
scribed previously (Schaft et al., 2006). BLM melanoma cells,
without or with titrated amounts of gp100 peptide (between
10 and 10' M), and FM3 melanoma cells were used to
stimulate T cells overnight, and supernatants were tested in
triplicate. T cell IFN-y levels were determined by ELISA
(Sanquin) and a TiterTek Plus reader (Merlin, Breda, The
Netherlands) according to the manufacturer’s instructions.

Statistical analyses

Student t tests (unpaired, two-tailed) and GraphPad (San
Diego, CA) Prism 4 software were used to test the various
sort reagents with respect to in vitro properties of T cells.
Differences with p values less than 0.05 were considered
significant.
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Results

MACS with Streptamers or CD34 mAb results
in enhanced T cell yield and expansion

Primary human T cells were transduced with gp100/A2-
specific TCR and TCR-tCD34 genes and MACSorted with
tetramers, pentamers, Streptamers, or CD34 mAb. Flow cy-
tometric analyses showed that presort TCR T cells labeled
similarly with the various peptide-MHC multimers, which
extends an earlier report by Yao and colleagues (2008). In
addition, TCR and TCR-tCD34 T cells showed comparable
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binding of peptide-MHC multimers (data not shown). MACS
of TCR T cells or TCRCD34 T cells with peptide-MHC
multimers (input for all labeling conditions, 10x10° T cells)
resulted in comparable numbers of T cells directly after MACS
(output, 0.07-0.41 x 10° T cells), whereas MACS of TCR-tCD34
T cells with CD34 mAb (input again, 10 x 10°T cells) resulted
in significantly enhanced numbers of T cells (output, 1.0 x 10°
T cells; Fig. 2A). MACS of TCR-tCD34 T cells with CD34 mAb
also resulted in the highest yield of T cells 1 week after MACS
(22.7x10° T cells), which was significantly higher when
compared with MACS of TCR-tCD34 T cells with Streptamers
(2.5x10° T cells) (Fig. 2B). The increased yield of CD34 mAb-
sorted T cells was due to both enhanced T cell numbers di-
rectly after MACS and enhanced T cell expansion in the first
week after MACS (Fig. 2A and C). MACS of TCR T cells with
Streptamers resulted in a significantly enhanced yield of T
cells 1 week after MACS (9.7x10° T cells) when compared
with tetramers and pentamers (3.1 and 0.9x10° T cells, re-
spectively) (Fig. 2B). The increased yield of Streptamer-sorted
T cells was due primarily to enhanced T cell expansion in the
first week after MACS (Fig. 2C) rather than enhanced T cell
numbers directly after MACS (Fig. 2A). Notably, Streptamer-
sorted TCR-tCD34 T cells, when compared with Streptamer-
sorted TCR T cells, yielded lower T cell numbers, which
appeared to be related to reduced T cell expansion in the first
week after MACS (Fig. 2B and C). When analyzing T cell
yields at later time points, that is, between 3 and 6 weeks after
MACS, we observed clear T cell expansion rates (weekly T cell
expansion > 10-fold) with no differences observed between the
sort reagents (Fig. 2C).

MACS with Streptamers, but not CD34 mAb, results
in T cell populations significantly enriched
for peptide—MHC binding

MACS of TCR T cells with tetramers, pentamers, or
Streptamers resulted in clear enrichments of peptide-MHC-
binding T cells (2.2-, 1.8-, and 3.1-fold increase, respectively;
Fig. 3A). Streptamers, however, were the only peptide-MHC
multimers that resulted in percentages of peptide-MHC-
binding T cells (>65%) that were significantly enhanced
when compared with presort T cells (20%). Please note that

<

FIG. 2. MACS with Streptamer or CD34 mAb improves T
cell yield. Primary human T cells were transduced either
with TCR or TCR-tCD34 transgenes as depicted in Fig. 1A.
TCR T cells were MACSorted with tetramers, pentamers,
and Streptamers, whereas TCR-tCD34 T cells were MAC-
Sorted with Streptamers and CD34 mAbs. After MACSort-
ing, T cell numbers were counted microscopically and T cells
were expanded with feeder cultures (as described in Mate-
rials and Methods). Mean T cell numbers and SEM (A) di-
rectly after MACS or (B) 1 week after MACS are from two to
six repeat experiments with T cells from two to four healthy
donors. (C) T cell expansion 1 week (solid columns) and 3-6
week(s) (open columns) after MACS is expressed as the fold
increase in T cell numbers when comparing 1 week and di-
rectly after MACS and 3-6 weeks and 1 week after MACS,
respectively. T cell expansions are from representative T cell
cultures out of two to four repeat experiments with T cells
from two to four healthy donors with similar results. Sta-
tistically significant differences were calculated with Student
t tests: *p <0.05; **p <0.005; ***p <0.0005.
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limited output of T cell numbers directly after MACSort with
tetramers and pentamers (in some cases<50,000 cells) did
not allow for flow cytometry with peptide-MHC multimers
because the total number of T cells was expanded to provide
the yield 1 week after MACSort necessary for downstream
assays. In general, in our experience, peptide-MHC enrich-
ment 1 week after MACS or FACS correlates well with the
actual sorting efficiency. Percentages of Streptamer-sorted
T cells that bind peptide-MHC proved stable over a culture
period of up to 6 weeks (Fig. 3A). In contrast, percentages of
pentamer-sorted T cells that bind peptide-MHC decreased to
presort values in a 6-week time period.

MACS of TCR-tCD34 T cells with either CD34 mAb or
Streptamers resulted in a maximal enrichment of tCD34-
expressing T cells, nearly 100%, which was stable over time
(Fig. 3B). Unexpectedly, MACS of TCR-tCD34 T cells with
CD34 mAD did not result in an enrichment of peptide-MHC-
binding T cells (Fig. 3A). Also, Streptamer MACS of
TCR-tCD34 T cells resulted in an enrichment of peptide—
MHC-binding T cells that was 2-fold less and not stable over
time when compared with TCR T cells (Fig. 3A).

MACS with CD34 mAb yields T cells with enhanced
CD107a mobilization and IFN-y production in response
to antigen-positive melanoma cells

To analyze T cell functions, we decided to compare
Streptamers, which among the peptide-MHC multimers
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Il Before MACS
60- 1 1 week after MACS
= 3-6 weeks after MACS

FIG. 3. MACS of TCR T cells with Strep-
tamers results in enhanced peptide-MHC
binding that is stable over time. Primary
human T cells were transduced and MAC-
Sorted as described in the legend to Fig. 2.
Sorted T cells were analyzed by flow cy-
tometry for (A) peptide-MHC binding (us-
ing gpl00/A2 pentamer) and (B) surface
expression of tCD34 (using CD34 mAb) at
various time points: before MACS (solid
columns), 1 week after MACS (open col-
umns), and 3-6 weeks after MACS (shaded
columns). Columns and error bars represent
the mean percentage and SEM of two to four
repeat experiments with T cells from two to
four healthy donors. Binding of peptide-
MHC or CD34 mAb before MACS was 20
and 70%, respectively. Enrichment of T cells
that bind peptide-MHC or CD34 mAb is
presented as the fold difference between T
cells 1 week after and before MACS, and is
indicated above the corresponding bars.
Statistically significant differences were cal-
culated with Student f tests: *p<0.05;
**p <0.005; ***p <0.0005.

tested showed the best T cell yield and enrichment for
peptide-MHC-binding T cells, with CD34 mAb as sort re-
agents. Three to 6 weeks after MACS, TCR and TCR-tCD34
T cells were stimulated with peptide-loaded BLM or native
FM3 melanoma cells and analyzed for surface expression of
CD107a and IFN-y production. To better compare T cell
functions, values were standardized for peptide-MHC
binding (see Supplementary Fig. S1A; supplementary data
are available online at www liebertpub.com/hum). Strepta-
mer-sorted TCR-tCD34 T cells, when compared with simi-
larly sorted TCR T cells, revealed a higher level of CD107a
expression and similar levels of IFN-y production in re-
sponse to FM3 melanoma cells (Fig. 4A and B). Strikingly,
CD34 mAb-sorted T cells showed the highest level of
CD107a expression and IFN-y production in response to
melanoma cells (Fig. 4A and B). To assess T cell sensitivity,
we have tested IFN-y responses toward titrated amounts of
gp100 peptide. CD34 mAb-sorted T cells generally produced
about 2-fold more IFN-y in response to 107 to 10" uM pep-
tide; however, equal ECsy values of approximately 0.04 uM
peptide were observed (Supplementary Fig. S1B).

MACS with CD34 mAb, but not Streptamers, results
in CD4" and CD8" T cells that both contribute
to antigen-specific IFN-y production

To follow up on the enhanced function of CD34 mAb-
sorted T cells, we performed multiparametric flow cytometry
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FIG. 4. Human T cells sorted with CD34 A

mAb demonstrate increased antigen-specific 123:
responses. Primary human T cells were 80-
transduced with empty virus particles (mock 704
T cells) or with TCR (TCR T cells) or TCR- 60—
tCD34 transgenes (TCR-tCD34 T cells) and 50

were either not MACSorted (mock T cells,
patterned columns) or MACSorted with
Streptamers (TCR T cells, shaded columns;
TCR-CD34 T cells, open columns) or anti-

CD34 mAbs (TCR-tCD34 T cells, solid col- o
umns). T cells sorted with CD34 mAb show
upregulated (A) surface expression of T cell
CD107a and (B) IFN-y production on stim-
ulation with antigen-positive melanoma
cells. T cells were stimulated with the fol-
lowing target cells: BLM cells (gp1007/A2")
loaded without or with 10 uM gp100 peptide, B
and FM3 cells (gp100*/A2"). CD107a ex-
pression (percent) was measured by flow
cytometry, gating on viable and CD3-posi-

tive T cells, after a 2-hr stimulation, and IFN- =
y production (ng/ml) was measured after E
overnight stimulation with conditioned su- E 15-
pernatants by ELISA. Columns and error s
bars represent mean values and SEM of two i
independent measurements from two heal- 5-
thy donors. CD107a and IFN-y data were
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corrected for differences in peptide-MHC
binding, with peptide-MHC binding of
CD34 mAb-sorted T cells set to 100% (see
Supplementary Fig. SIA for details). Statis-
tically significant differences were calculated
by Student f test: *p <0.05; **p <0.005.

Target cells:

to study the contribution of CD4" and CD8" T cell subsets to
IEN-y production. Besides intracellular IFN-y, sorted T cells
were analyzed for peptide-MHC binding, and surface ex-
pression of TCR-V27, tCD34, and CD8u. Percentages of CD4*
T cells in presorted T cells were 67% (Fig. 5A, nonsorted mock
T cells), whereas CD4" T cell percentages in TCR T cells sorted
with Streptamers or TCR-tCD34 T cells sorted with either
Streptamers or CD34 mAb were 5, 1, and 38%, respectively
(Fig. 5A). As expected, MACS with Streptamers yielded a
T cell population that was biased for CD8" T cells. In contrast,
MACS with CD34 mAbD yielded T cells that contained signif-
icant populations of both CD4" and CD8" T cells. CD4" T cells
within CD34 mAb-sorted T cells expressed TCR-V27 and
tCD34 at levels equal to those observed in CD8" T cells, yet
CD4" T cells did not bind peptide-MHC (Fig. 5A—C). Stimu-
lation of T cells with peptide-loaded BLM cells resulted in
enhanced intracellular levels of IFN-y in CD8" T cells irre-
spective of the MACS reagent used. Notably, in CD34 mAb-
sorted T cells both CD4" and CD8" T cell subsets demon-
strated antigen-specific IFN-y production (Fig. 5D). Similarly,
although to a lesser extent, CD4" T cells contributed to anti-
gen-specific IL-2 production of CD34 mAb-sorted T cells
(Supplementary Fig. S2A and B). Table 2 provides a summary
of our data with respect to yield, expansion, enrichment for
peptide-MHC binding and tCD34, and antigen-specific
functions of T cells MACSorted with tetramers, pentamers,
Streptamers, or CD34 mAb.

Discussion

In this study, we have performed a head-to-head com-
parison of tetramers, pentamers, Streptamers, and CD34
mAb as sort reagents to obtain a population of MACS-
enriched TCR-engineered T cells. First, we compared the
various peptide-MHC multimers and noted that Streptamers
provided significantly improved output of T cell numbers,
which was due to primarily enhanced T cell expansion in
the first week after MACS. This observation is in line with a
previous report showing that dissociation of Streptamers
into monomers, as we have done after MACS, reduces acti-
vation-induced cell death (AICD) and improves T cell pro-
liferation when compared with nondissociated multimers
(Neudorfer ef al., 2007). In fact, multimeric peptide-MHC is
reported to result in upregulated expression of Fas ligand
(FasL), which in turn results in FasL/Fas-mediated T cell
death (Xu et al., 2001). In contrast, peptide-MHC monomers
do not lead to full and enduring TCR-mediated T cell acti-
vation, most likely due to relatively low-affinity interactions
with TCRs and high off-kinetics of monomeric peptide-
MHC (Matsui et al.,, 1991; Minguet et al., 2007). Besides
Streptamers, the use of an mAb directed against a truncated
CD34 molecule represents another means of circumventing
AICD. When comparing peptide-MHC multimers with
CD34 mAb, we observed that CD34 mAD sorting of gene-
marked T cells provided the highest output of T cell
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numbers, which was due to both enhanced T cell numbers
directly after MACS and enhanced T cell expansion in the
first week after MACS. T cell populations all expanded at
similar rates up to 6 weeks after MACS, implying that T cells
bound to sort reagents such as tetramers and pentamers are
ultimately “diluted out” or lost (Fig. 2).

With respect to enrichment for peptide-MHC binding,
Streptamer-based MACS of TCR T cells resulted in the
most effective enrichment, which proved stable over time.
The reversibility of Streptamer binding, which, as dis-
cussed previously, potentially aids T cell expansion of
sorted T cells, may have contributed to the observed T cell
enrichment. MACS of TCR-tCD34 T cells with CD34 mAb
resulted in a T cell population that was nearly completely
positive for tCD34 for at least 6 weeks but did not show
improved binding of peptide-MHC. Similar results were

obtained with Streptamer MACS of TCR-tCD34 T cells,
showing enrichment of tCD34 but only a weak and tran-
sient enrichment for peptide-MHC-binding T cells. Find-
ings with TCR-tCD34 T cells suggest that CD34 mAb
sorting does not result in concomitant enrichment of
peptide-MHC-binding T cells, whereas peptide-MHC
multimer sorting does result in enrichment of tCD34-
positive T cells. This observation may be related to the fact
that surface expression of TCRap chains, but not tCD34, is
prone to competition for endogenous proteins and TCR
mispairing (Govers et al., 2010).

When comparing TCR-tCD34 and TCR T cells with
respect to peptide-MHC binding, we postulate that the
TCRu-2A-tCD34-2A-TCRP cassette may compromise gene
expression of TCRaf. Although we cannot exclude that
the products of TCR genes intervened by a tCD34 are more
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TABLE 2. RESULTS OF MAGNETIC-ACTIVATED
CELL SORTING OF T CeLLS WiITH PEPTIDE-MHC
MUuLTIMERS OR CD34 MONOCLONAL ANTIBODY:

IN ViTRO EVALUATION?

TCR TCR-tCD34
T cells T cells
T P S S CD34

T cell output numbers + -+ + ++
(directly after MACS)?

T cell yield (1 week after + -+ + ++
MACS)®

T cell expansion (1 week + £ ++ - ++
after MACS)4

T cell expansion (3-6 weeks £ +  + + ++
after MACS)4

pMHC binding (1 week + 4+ ++ o+ -
after MACS)®

pMHC binding (3—6 weeks + - ++ £ -
after MACS)®

tCD34 expression (1 week NA NA NA ++ ++
after MACS)f

tCD34 expression (3-6 weeks NA NA NA ++ ++
after MACS)f

Antigen-specific CD107a ND ND +£ + ++
mobilization®

Antigen-specific IFN-y ND ND <+ + ++
secretion

“Primary human T cell populations were transduced with TCR or
TCR-tCD34 genes, MACSorted with gp100/A2 tetramers (T),
pentamers (P), or Streptamers (S), or with CD34 mAb (CD34), and
evaluated for various in vitro parameters. See Materials and Methods
for details.

PT cell numbers directly after MACS (counted microscopically): —,
0-0.10x10%%, 0.10-0.25x10%+, 0.26-0.75x10°% ++, >0.75x 10°.

T cell numbers 1 week after MACS (counted microscopically): —,
0-1x10% =+, 2-5x10% +, 6-15x10% + +, >15x10°.

9T cell expansion 1 or 3—6 week(s) after MACS (fold increase in T
cell numbers at 1 week vs. directly after MACS and 3-6 weeks vs. 1
week after MACS, respectively): -, 0-10; %, 11-15;+, 16-20; + +, >20.

“Peptide-MHC binding 1 and 3-6 week(s) after MACS (measured
by flow cytometry with gp100/A2 pentamer): —, <20% (value before
MACS); £, 21-30; +, 31-50; + +, >50%.

ftCD34 expression 1 and 3-6 week(s) after MACS (measured by
flow cytometry with CD34 mAb):—, <70% (value before MACS); +,
71-80; +, 81-90; + +, >90%.

8T cell CD107a mobilization 3-6 weeks after MACS (measured by
flow cytometry with CD107a mAb on peptide-specific stimulation):
-, 0-20;+, 21-40; +, 41-60; + +, >60%.

T cell TFN-y production 3-6 weeks after MACS (measured by
ELISA on peptide-specific stimulation): -, 0-5;+, 6-10; +, 11-20;
++, >20ng/ml

MACS, magnetic-activated cell sorting; NA, not applicable; ND,
not determined; pMHC, peptide-MHC; tCD34, truncated CD34.

prone to mispair with endogenous TCR chains, TCR genes
expressed from a single construct are generally less prone to
mispair when compared with TCR genes expressed from
separate constructs (Bendle et al., 2010). Sizes of transgenes in
pBullet retroviral vectors may adversely affect gene expres-
sion (TCR-tCD34, 2867 nucleotides; TCRa or TCRp, 827 and
923 nucleotides) (data not shown). More specifically, surface
expression of the TCRa gene, positioned 5 of 2A sequences,
may be reduced as a consequence of the 2A amino acids
added to the 3’ end of the TCRa protein (Garcia et al., 1996;
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Rudolph et al.,, 2006). Addition of 2A amino acids to the
intracellular domain of TCRo potentially decreases the
stability of immunoglobulin constant region-containing
proteins. Because TCR-V,13 mAbs are commercially not
available, we cannot formally prove the decreased surface
expression of TCRa.. However, two lines of evidence support
decreased expression of TCRoa by TCR-tCD34 T cells. First,
peptide-MHC binding by TCR-tCD34 T cells is decreased
compared with TCR T cells whereas TCRp surface expres-
sion is not (Fig. 3A and Supplementary Fig. S3, and also Fig.
5A and B). Second, mean fluorescence intensity of peptide-
MHC binding by Streptamer-sorted TCR-tCD34 T cells was
1.6-fold lower when compared with similarly sorted TCR T
cells (Fig. 5A). Along these same lines, binding of peptide-
MHC monomers (on reversal of Streptamers into peptide-
MHC monomers) is expected to be less persistent in the
case of TCR-tCD34 T cells, potentially providing a de-
creased T cell proliferation signal in the setting of feeder
cultures (with T cell costimulation) (Fig. 2C). TCRB ex-
pression appears generally less sensitive for additional 3’
amino acids (Hart et al., 2008; Leisegang et al., 2008; Yang
et al., 2008), suggesting that a TCRB-2A-tCD34-2A-TCRo or
tCD34-2A-TCRB-2A-TCRo. configuration, in particular in
those vectors that can carry large-sized transgenes, may be
more favorable for stable TCRa expression and peptide-
MHC multimer binding by TCR-tCD34 T cells.

When analyzing T cell functions, CD34 mAb-sorted
T cells revealed enhanced CD107a mobilization and IFN-y
production in response to melanoma target cells. The en-
hanced functional avidity of these T cells did not correlate
with the surface expression of TCRp, which is in line with
the aforementioned discrepancy between TCRp expression
and peptide-MHC binding. Supplementary Fig. S3 dem-
onstrates that MACSorting enhanced the percentages of
TCRP in a manner that appeared independent of T cell
population and sort reagent used. Within our panel of
MACSorted T cells, CD34 mAb-sorted T cells are unique
with respect to the presence of CD4" T cells (Fig. 5A), and
these CD4" T cells contributed to higher antigen-specific T
cell IFN-y responses (Fig. 5D). It is noteworthy that besides
T cell function, it is not expected that CD4" T cells con-
tributed to differences observed with respect to either T cell
output numbers, T cell yield, or enrichment for peptide-
MHC binding (Figs. 2 and 3). First, the relative presence of
CD4" T cells was identical in presort T cells from individual
donors (as in nonsorted mock T cells; Fig. 5A). Second,
T cell expansion rates did not differ among all sorted T cell
populations tested (Fig. 2C) suggesting that differences in
T cell yield and enrichment for peptide-MHC binding
1 week after MACS (Figs. 2 and 3) were not due to the
presence of CD4" T cells. Somewhat unexpectedly, CD4"
T cells did not contribute to peptide-MHC binding of CD34
mAb-sorted T cells. We hypothesize that MACS procedures,
in contrast to, for instance, FACS procedures, may apply
additional forces to the TCR:peptide-MHC interactions,
such as those caused by downward flows of washing
buffers (Miltenyi et al., 1990). Consequently, MACS of T
cells may select for T cells with the highest avidity for
peptide-MHC, in which case CD8" T cells generally have
an advantage over CD4" T cells. Downward flow may not
affect MACS with CD34 mAb because antibodies generally
have a 10,000-fold higher ligand-binding affinity than TCRs
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(Matsui et al., 1991). The absence of peptide-MHC binding
by TCR-positive CD4" T cells is an observation that seem-
ingly contradicts a previous report, which showed that the
same gpl00/A2 TCR acts independently of the CD8o cor-
eceptor (Willemsen et al., 2006). In fact, in the latter study
we have shown that CD4" and CD8" T cells revealed
comparable peptide-MHC binding and nearly comparable T
cell cytotoxicity, but T cells were transduced with TCR genes
and obtained via peptide-MHC/CD8o. mAb-based FAC-
Sorting (Willemsen et al., 2006). The lowered and unstable
TCRa expression in TCR-tCD34 T cells may reduce T cell
avidity and hamper peptide-MHC binding, resulting, as
discussed, in lowered peptide-MHC binding mean fluores-
cence intensity of CD8" T cells and potentially, in this study,
in absent peptide-MHC binding by CD4" T cells (Fig. 5A).

Despite the absence of peptide-MHC binding, the CD4" T
cell population in CD34 mAb-sorted TCR-tCD34 T cells
contributed to antigen-specific responses as shown by
intracellular IFN-y and, to a lesser extent, IL-2 production
(Fig. 5D and Supplementary Fig. S2A). This observation is in
agreement with the notion that T cell function requires only a
few peptide-MHC molecules, which may be well below the
detection limit of T cell peptide-MHC binding by standard
flow cytometric methods (Irvine et al., 2002). IFN-y and IL-2
production by CD4" T cells is important for recruitment and
mobilization of CD8" T cells to the tumor site (Nakanishi
et al., 2009; Bos and Sherman, 2010). In addition, CD4" T cells
aid the induction of CD8" T cell-mediated immune re-
sponses, targeting of tumor stroma, and formation of T cell
memory (Keene and Forman, 1982; Jennings et al., 1991;
Bennett et al., 1997; Hung ef al., 1998; Gao et al., 2002; Janssen
et al., 2003; Smith ef al., 2004; Schietinger ef al., 2010). Findings
on IFN-y and IL-2 production by CD34 mAb-sorted CD4" T
cells extend a previous study, where we observed antigen-
specific production of high levels of IFN-y and low levels of
IL-2 in gpl100/A2 TCR-positive CD4" T cells (Willemsen
et al., 2006). In another study, CD8" T cells transduced with
an ERBB2-specific chimeric antigen receptor (CAR) revealed
the best T cell expansion and protection against metastases
when cocultured with helper T cell type 1 (Th1) rather than
Th2 T cells (Moeller et al., 2007). Thus, the antitumor activity
of CD34 mAb-sorted T cells may be further exploited by
skewing CD4" T cells toward a Th1 phenotype.

Our study has focused on three types of peptide-MHC
multimers to enrich TCR-transduced T cells by MACS. To
date, other peptide-MHC multimers have been designed
that contain up to 200 peptide-MHC monomers (Lebowitz
et al., 1999; Mallet-Designe et al., 2003; Chattopadhyay et al.,
2006; Scholler et al., 2010; Davis et al., 2011). Although the use
of these novel peptide-MHC reagents needs to be tested for
T cell sorting, the enhanced valencies of these peptide-MHC
multimers may allow enrichment for CD4" T cells, yet the
accompanying lower “off-rates” and inability to revert
binding are likely to result in AICD.

In short, MACSorting of T cells with detachable Strepta-
mers improves T cell yield and enrichment for peptide-MHC-
binding T cells when compared with tetramers and penta-
mers. Truncated CD34 proves a valid surrogate marker to
MACSort T cells, resulting in further enhancement of T cell
yield and maximal CD34 enrichment, yet does not enrich T
cells for peptide-MHC binding. CD34 mAb sorting yields
CD4" T cells that significantly contribute to antigen-specific T
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cell functions. Therefore, we conclude that CD34 mAb-based
MACSorting of T cells has benefits toward applications of T
cell therapy, especially those that require CD4" T cells.
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