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Abstract

Many preclinical experiments have attested to the critical role of CD4™ T cell help in CD8" cytotoxic
T lymphocyte (CTL)-mediated immunity. Recent clinical trials have demonstrated that reinfusion of
CD4™ T cells can induce responses in infectious diseases and cancer. However, few standardized and
versatile systems exist to expand antigen-specific CD4™ Ty, for clinical use. K562 is a human
erythroleukemic cell line, which lacks expression of HLA class | and class Il, invariant chain and
HLA-DM but expresses adhesion molecules such as intercellular adhesion molecule-1 and leukocyte
function-associated antigen-3. With this unique immunologic phenotype, K562 has been tested

in clinical trials of cancer immunotherapy. Previously, we created a K562-based artificial
antigen-presenting cell (aAPC) that generates ex vivo long-lived HLA-A2-restricted CD8* CTL with
a central/effector memory phenotype armed with potent effector function. We successfully generated
a clinical version of this aAPC and conducted a clinical trial where large numbers of anti-tumor CTL
are reinfused to cancer patients. In this article, we shifted focus to CD4" T cells and developed a panel
of novel K562-derived aAPC, where each expresses a different single HLA-DR allele, invariant chain,
HLA-DM, CD80, CD83 and CD64; takes up soluble protein by endocytosis and processes and presents
CD4* T-cell peptides. Using this aAPC, we were able to determine novel DR-restricted CD4* T-cell
epitopes and expand long-lived CD4* T-cells specific for multiple antigens without growing bystander
Foxp3™* regulatory T cells. Our results suggest that K562-based aAPC may serve as a translatable
platform to generate both antigen-specific CD8* CTL and CD4™" T,,.
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Introduction

Adoptive cell therapy is an emerging treatment modality,
which exploits unique mechanisms of action to overcome re-
fractoriness to conventional therapies (1-4). Results from re-
cent clinical trials suggest that adoptive cell therapy may be
effective in treating infectious diseases and cancer (5-10).
In adoptive cell therapy, cytotoxic CD8* T lymphocytes are
believed to serve as the major effector cells since they
possess potent antigen-specific effector functions, namely
cytotoxicity and proinflammatory cytokine secretion. In fact,
anti-tumor activity has been observed in patients who re-
ceived infusions of CD8" cytotoxic T lymphocyte (CTL) or of

ex vivo expanded tumor-infiltrating lymphocytes which had
a high proportion of CD8" T cells.

However, the role of antigen-specific CD4" T cells in
T-cell immunity cannot be underestimated. In humans re-
ceiving adoptively transferred cytomegalovirus (CMV)-
specific CD8" T cells, long-term in vivo persistence was
achieved only when CMV-specific CD4* T cells co-existed
in vivo (11). Recently, Yee et al. reported that reinfusion of
a NY-ESO-1-specific CD4* T-cell clone was able to induce
a complete response in a patient with metastatic mela-
noma, suggesting that adoptively transferred anti-tumor
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CD4* T cells functioned as effector T cells and/or provided
help to other effector cells most likely CD8* anti-tumor CTL
(7). These results suggest that adoptive cell therapy for can-
cer can be made more effective by including both antigen-
specific CD4* T cells as well as CD8" CTL in the graft
(12). Unfortunately, however, there have been few versatile
systems available to generate large numbers of antigen-
specific human CD4* T cells for the purpose of adoptive
therapy.

Previously, we reported the generation of a K562-based
artificial antigen-presenting cell (aAPC), which expresses
HLA-A2, CD80 and CD83 (13). We have shown that this
aAPC can uniquely support the priming and prolonged ex-
pansion of large numbers of antigen-specific CD8" CTL that
display a central/effector memory phenotype, possess po-
tent effector function and can be maintained in vitro for >1
year without any feeder cells or cloning (14). aAPC is equip-
ped with constitutive proteasome and inducible immunopro-
teasome machinery and can naturally process and present
CD8" T-cell peptides via transduced A2 molecules (15, 16).
We have successfully generated clinical grade aAPC®3 un-
der cGMP conditions and translated our findings to the clinic
(14). We are currently conducting a clinical trial where large
numbers of MART1-specific CTL generated ex vivo using
aAPC®3, IL-2 and IL-15 are reinfused to patients with ad-
vanced melanoma (17).

Based on our experience with aAPC®3 and CD8* T cells,
we have generated a novel aAPC to stimulate HLA-DR-
restricted antigen-specific CD4* T cells. K562 has been
engineered to express HLA-DR as a single HLA allele in ad-
dition to invariant chain (li), HLA-DM, CD80 and CD83.
CD83 delivers a CD80-dependent T-cell stimulatory signal
that allows T cells to be long lived (13, 18). In addition to its
endogenous pinocytic activity, aAPC was made capable of
Fcy receptor-mediated endocytosis by transduction of
CD64. Using this standardized and renewable aAPC that
can take up soluble protein and process and present DR-
restricted peptides, we have determined novel DR-restricted
CD4* T-cell epitopes and expanded antigen-specific CD4*
T cells without growing bystander Foxp3* regulatory T cells
(Treg).

Methods

Cells

Peripheral blood cells were obtained from healthy donors.
Appropriate informed consent and institutional review
board approval were obtained. All protocols were in accor-
dance with the Declaration of Helsinki. K562-derived aAPC
and EBV-transformed lymphoblastoid cells (LG2, Preiss,
DBB and T1) were cultured in RPMI 1640 supplemented
with 10% FCS and gentamycin (Invitrogen, Carlsbad, CA,
USA). Immature and mature dendritic cells (DC) were gen-
erated ex vivo using peripheral blood CD14* monocytes
as published previously (14, 19). Where indicated, bovine
IgG-depleted FCS (Invitrogen) was used instead of regular
FCS. LG2, Preiss and DBB are homozygous for DR1, DR4
and DR7, respectively. T1 cells are hemizygous for DR7.
T2 cells are defective for HLA class Il. K562, T1 and T2
cells were obtained from American Type Culture Collec-

tion. LG2 and Preiss cells were a gift from Kai Wucherp-
fennig (Dana-Farber Cancer Institute). DBB cells were
obtained from Gordon Freeman (Dana-Farber Cancer
Institute).

cDNAs

Invariant chain (li), HLA-DRA1*0101 and DRB1*0701 cDNA
were a gift from Gordon Freeman. DRB1*0101 and
DRB1*0401 cDNA were cloned from LG2 and Preiss, re-
spectively, by reverse transcription (RT)-PCR. cDNA encod-
ing HLA-DMa and B chains, human CD64 and common Fcy
receptor were all cloned from normal PBMC using RT-PCR
based upon the published sequence. All cDNA were cloned
into the pMX vector, and the sequence was verified (20, 21).

Generation of K662-based aAPC

Retrovirus system was employed to establish K562-based
HLA-DR-aAPC as described previously (13). K562, which is
deficient in HLA class | and class Il expression, was trans-
duced with CD80 and CD83 to generate HLA-null aAPC.
HLA null aAPC was successively transduced with
DRA1*0101 and DRB1*0701 and DR7-positive cells were
isolated by mAb staining and flow cytometry-guided sorting.
DR7 transduced aAPC (DR7-aAPC) was then transduced
with li, and CLIP-positive cells were collected by flow cytom-
etry-guided sorting to generate DR7-aAPC/li. DR7-aAPC/li
was then transduced with HLA-DMa and B chain and CLIP-
negative cells were collected to generate DR7-aAPC/Ii/DM.
Polyclonal cell lines consisting of at least 10* independent
clones were used to prevent cloning induced variations.
CD64 and common Fcy receptor were introduced to pro-
duce DR7-aAPC/Ii/DM/CD64. The expression of transduced
molecules on K562 was stable after continuous culture at least
for 2 months. DR1-aAPC/li/DM/CD64 and DR4-aAPC/Ii/DM/
CD64 were similarly established except that magnetic bead-
guided sorting was employed to purify transduced cells.

Flow cytometry analysis

mAbs recognizing the following surface antigens were used:
HLA-DR, DP, DQ, CD4, CD25, CD45RO and CD62L from
Beckman Coulter, Fullerton, CA, USA; CD45RA and CD64
from Invitrogen; HLA-DR, invariant chain (li), CLIP, CD80,
CD83, HLA-DM, IL-2, IL-4, IFN-y and mouse isotype controls
from BD Biosciences, San Diego, CA, USA. Surface mole-
cule staining was performed as described elsewhere (13).
To detect intracellular li, cells were first incubated with satu-
rating amount of unconjugated anti-li mAb to block extracel-
lular invariant chain. Following fixation and permeabilization,
the cells was stained with FITC-conjugated anti-li mAb. For
intracellular staining of Foxp3 (BioLegend, San Diego, CA,
USA), CD4* CD25" T cells were first stained with PC5-
conjugated anti-CD4 and PE-conjugated anti-CD25 mAbs.
The cells were then fixed, permeabilized and counterstained
with Alexa Fluor 488-conjugated anti-Foxp3 mAb according
to the manufacturer’s instruction (14). Intracellular cytokine
staining was performed using FITC-conjugated anti-IL-2,
PE-conjugated anti-IL-4 and PC7-conjugated anti-IFN-y
mAbs as described previously (19). HLA-DR-transduced T2
cells were pulsed with peptide and used as a stimulator.
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DR7-specific genotyping was conducted by sequence-
specific PCR (22). High resolution HLA class Il genotyping
was performed at the American Red Cross, Dedham, MA,
USA. CD4* T cells were purified using a positive or negative
isolation kit (Miltenyi Biotec, Auburn, CA, USA) according to
the manufacturer’s instruction.

Purified HLA-DR-matched CD4* T cells were plated in 24-
well plates at 2 x 10° cells per well in serum-free X-Vivo 20
(Lonza, Walkersville, MD, USA). An aAPC was pulsed with
peptide or protein antigen overnight at 37°C unless other-
wise noted. These cells were then irradiated (200 Gy) and
added to the responder cells at a responder to stimulator ra-
tio of 20:1 (day 0). When only small numbers of CD4* T cells
were available, 96-well plates were utilized and input num-
bers of cells were reduced accordingly. On day 3 following
stimulation, heat inactivated human AB serum was added to
a final concentration of 2%. Starting on day 3, 10 IU ml™"
IL-2 (Chiron, Emeryville, CA, USA) and 10 ng mi~" IL-15
(Peprotech, Rocky Hill, NJ, USA) were added to the cultures
every 3 days. Unless otherwise noted, on day 9, CD4*
T cells were harvested, washed and restimulated similarly
for a next cycle of T-cell culture.

Tetanus toxoid was obtained from EMD Chemicals (Gibbs-
town, NJ, USA). Recombinant full-length CMV pp65 protein
was purchased from Miltenyi Biotec. Anti-CMV pp65 mAbs
were purchased from Millipore, Billerica, MA, USA, East Coast
Bio; North Berwick, ME, USA and Fitzgerald Industries Intl,
Concord, MA, USA. pp65 protein and pp65 mAb were coin-
cubated in serum-free RPMI to form an immune complex (IC).

CMV Ab titer was measured using a CMV IgG ELISA pur-
chased from Immuno-Biological Laboratories, Minneapolis,
MN, USA, according to the manufacturer's manual. Peptides
used were pp65 peptide mix (BD Biosciences), 57 20-mer
pp65 peptides overlapping by 10 amino acids (JPT Peptide
Technologies, Acton, MA, USA) (Supplementary Table S1 is
available at International Immunology Online), tetanus toxin
TT830 peptide (g30QYIKANSKFIGITELKKgy6), influenza virus
HA306 peptide (306PKYVKQNTLKLAT31g) and control pan-
DR PADRE peptide (AKFVAAWTLKAA (23)).

Tetramer assays, ELISPOT assays, proliferation assay and
pinocytic activity assay

PE-conjugated HLA-DR1-restricted TT830-specific tetramer
and CLIP-specific control tetramer were purchased from
Beckman Coulter and used according to the manufac-
turer’s instruction. Where indicated, tetramer-positive cells
were costained with FITC-conjugated anti-CD45RA, ECD-
conjugated anti-CD45RO and PC5-conjugated anti-CD62L
mAbs. IFN-y and IL-2 ELISPOT assays were performed as
described before (13). Proliferation assay was performed
as described before (19). Pinocytic activity was measured
as the cellular uptake of FITC—dextran (1 mg ml~"; molecular
weight 70 000; Invitrogen) and was quantified by flow
cytometry as described previously (19).

Fcy receptor-mediated endocytic activity assay

Cells were incubated with PE-conjugated mouse 1gG1, 2a or
2b at indicated concentrations for 24 h at 37°C to allow Fcy
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receptor-mediated endocytosis. The cells were trypsinized
and washed intensively to remove membrane-bound migG.
Endocytosed PE-mIgG was measured in the FL2 channel
by flow cytometry analysis.

Statistical analysis

Statistical analysis was performed using unpaired, two-tailed
Student’'s ttest. P values of <0.05 were considered
significant.

Results

Generation of Kb62-based aAPC expressing a single HLA-DR
allele, li and HLA-DM

We and others previously demonstrated that K562 expresses
a very low or undetectable level of HLA class | and I, invari-
ant chain (li) and HLA-DM (24, 25). A schematic protocol
to generate a K562-based aAPC that expresses a single
HLA-DR allele is depicted in Fig. 1(a). HLA null-aAPC was
established by transducing immunoaccessory molecules,
CD80 and CD83 to HLA-negative K562 as described previ-
ously (Supplementary Figure S1 available at International Im-
munology Online) (13). Using this cell line as a backbone,
DR-aAPC, DR-aAPC/li and DR-aAPC/li/DM were generated
by sequential transduction of DRafi heterodimers, li and
HLA-DMaf heterodimers, respectively.

Figure 1(b) demonstrates the expression of cell surface
DRY7, cell surface and intracellular li, cell surface CLIP and
intracellular HLA-DM by HLA null-aAPC, DR7-aAPC, DR7-
aAPC/li and DR7-aAPC/Ii/DM. Transduction of DRo or
alone did not induce HLA-DR surface expression, suggest-
ing that K562 expresses neither DRB nor o endogenously
(data not shown). Forced expression of either DR or li alone
was unable to bring the expression of the li fragment, CLIP
to the cell surface, confirming that no or very low level of en-
dogenous expression of li or DR (Fig. 1b and data not
shown). Following the transduction of li, however, CLIP
appeared on the cell surface of DR7-aAPC/li. Furthermore,
the introduction of HLA-DM almost completely abrogated
CLIP expression on DR7-aAPC/Ii/DM. This result is in accor-
dance with previous studies showing that HLA-DM catalyses
the removal of CLIP from DR thus enabling exogenous pepti-
des to bind empty DR molecules in late endosomes. The ex-
pression profile of T1 cells, which are EBV-transformed
lymphoblastoid cells hemizygous for HLA-DR7, is demon-
strated as a control (Fig. 1b). In T1 cells, endogenous HLA-
DM expression completely abrogated CLIP expression. We
have successfully established DR1 and DR4-aAPC express-
ing li and/or DM according to the same strategy (Supple-
mentary Figure S1 is available at International Immunology
Online). It should be noted that cell surface but not intracel-
lular li expression was almost undetectable on DR1-aAPC/li/
DM and DR4-aAPC/Ii/DM, suggesting that the majority of i
molecules was retained intracellularly and were not exported
to the cell surface in these aAPC.

To evaluate the immunogenicity of these aAPC expressing
a single class Il HLA allele, we measured IFN-y production
by ELISPOT in one-way mixed lymphocyte reactions using
HLA-DR7-negative CD4* T cells as alloresponders (Fig. 1c).
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Fig. 1. Generation of K562-based aAPC that expresses DR7 as a single HLA allele. (a) The experimental protocol to generate K562-based aAPC
that expresses DR7 as a single HLA allele is shown. K562 was sequentially transduced with CD80, CD83, HLA-DR7af3 heterodimers, li and HLA-
DMaf heterodimers. Each molecule was retrovirally infected, and transduced cells were isolated using specific mAb and flow cytometry-guided
sorting. (b) HLA null aAPC was serially transduced with DR7, li and HLA-DM to generate stable cell lines, DR7-aAPC (DR7), DR7-aAPC/Ii (DR7/li)
and DR7-aAPC/Ii/DM (DR7/1i/DM). T1 cells that hemizygously express DR7 served as a control. The expression of cell surface DR7, cell
surface and intracellular li, cell surface CLIP and intracellular HLA-DM was studied by flow cytometric analysis using specific mAb. (c) DR7-
transduced aAPC were immunogenic and able to induce allogeneic responses. CD4™ T cells purified from DR7~ healthy donors were stimulated
with DR7-aAPC, DR7-aAPC/li, DR7-aAPC/Ii/DM and monocyte-derived mature DC derived from three different allogeneic donors (DC-A, B and
C). IFN-y secretion by allogeneic CD4" T cells was measured by IFN-y ELISPOT. Data shown represent means = SDs of quadricates. (d) DR1-
restricted tetanus TT830 peptide-specific CD4* T cells were stimulated with DR1-aAPC, DR1-aAPC/li and DR1-aAPC/Ii/DM pulsed with pan-DR
PADRE (control) or TT830 peptide. TT830-specific IL-2 secretion by CD4* T cells were evaluated by IL-2 ELISPOT on day 28. Data shown

represent means + SDs of triplicates.

DR7-aAPC/li was less immunogenic compared with DR7-
aAPC and DR7-aAPC/Ii/DM. Monocyte-derived mature DC
generated from three different allogeneic donors were
employed as control stimulators. It should be noted that,
while mature DC express all HLA class Il alleles that can
evoke allogeneic responses, these K562-based aAPC ex-
press the single HLA class Il allele, DR7, and therefore in-
duce allogeneic responses only against DR7. Considering
that DR7 expression levels on these three aAPC are compa-
rable, this result supports previous reports that CLIP pepti-
des derived from |i reduces the density of peptides other
than CLIP in the cleft of DR, thereby decreasing the immu-
nogenicity of li positive, HLA-DM negative APC (26, 27).

We also evaluated the peptide-specific immunogenicity of
HLA-DR expressing aAPC by using a DR1-restricted TT830-
specific CD4* T-cell line (Fig. 1d). When antigenic peptide
was exogenously pulsed, the magnitude of the T-cell
responses induced by all three aAPC was similar, confirming
that DR expression levels on DR1-aAPC, DR1-aAPC/li and
DR1-aAPC/Ii/DM are comparable. These results suggest that
similar amounts of immunogenic peptide were pulsed re-
gardless of li or HLA-DM expression and that K562-derived
aAPC were sufficiently immunogenic to induce an antigen-
specific CD4* T-cell effector response. Similar results were
observed with aAPC expressing DR7. An HA306-specific
T-cell line equally recognized peptide-pulsed DR7-aAPC,



DR7-aAPC/li and DR7-aAPC/Ii/DM in an IFN-y ELISPOT
(data not shown).

Generation of long-lived HLA-DR-restricted antigen-specific
CD4* T cells using DR-aAPC/Ii/DM

Since, in vivo, APC such as DC and monocytes physiologi-
cally express li and HLA-DM in conjunction with HLA-DR,
we chose DR-aAPC/li/DM to stimulate and expand DR-
restricted antigen-specific CD4" T cells in the studies below.
Purified CD4* T cells derived from the DR1* healthy donors
were repeatedly stimulated with TT830 peptide-pulsed and
-irradiated DR1-aAPC/Ii/DM. Using HLA-DR1/TT830 peptide
tetramer, we quantitated the enrichment of DR1-restricted
TT830-specific CD4* T cells (Fig. 2a, top). Prior to stimula-
tion, there were no DR1-restricted TT830 T cells detectable
in freshly isolated CD4* T cells. However, stimulation with
peptide-pulsed DR1-aAPC/Ii/DM increased the percentage
of antigen-specific CD4* T cells to 5.04% following the sec-
ond stimulation and to 15.3% following the third stimulation.
Expanded TT830-specific CD4* T cells secreted more IFN-y
than IL-4 in an antigen-specific manner, suggesting a Tp1-
biased phenotype (Fig. 2a, bottom left) and displayed
a CD45RA~ CD45RO* CD62L* central memory phenotype
(Fig. 2a, bottom right).

As shown in Fig. 2(b), left, repeated stimulations using
peptide-pulsed and -irradiated DR7-aAPC/Ii/DM in the ab-
sence of any feeder cells or cloning were able to expand
TT830-specific CD4* T cells for prolonged culture periods,
up to 150 days. The antigen specificity of the long-lived
CD4* T-cell line was confirmed by its TT830-specific prolifer-
ation on days 77, 91, 103 and 110 (Fig. 2b, right and data
not shown). The observed T-cell responses to DR7-aAPC
and DR7-aAPC/li pulsed with control peptide were most
likely directed to self peptides that were largely absent on
DR7-aAPC/li/DM because of the ectopic expression of HLA-
DM. We were also able to maintain DR7-restricted HA306-
specific CD4* T-cell line using peptide-pulsed DR7-aAPC/li/
DM for up to 150 days (data not shown). These results sug-
gest that K562-derived DR-aAPC/Ii/DM is also capable of
generating long-lived antigen-specific CD4* T cells without
any feeder cells or T-cell cloning.

Endogenous pinocytic activity allows DR-aAPC/li/DM to take
up soluble protein and process and present DR-restricted
CD4* T-cell epitopes

Monocytes and DC can process and present HLA class II-
restricted peptides derived from exogenous protein taken
up by endocytosis, i.e. pinocytosis, receptor-mediated endo-
cytosis or phagocytosis. As has previously been observed,
the EBV-transformed lymphoblastoid cell line, LG2, demon-
strated impaired pinocytic activity (Fig. 3a). In contrast, the
time-dependent pinocytic activity of the DR-aAPC/li/DM
backbone cell, K562 and monocyte-derived mature DC was
comparable.

We examined whether K562-derived aAPC can process
and present HLA class ll-restricted peptides derived from
exogenous protein taken up by pinocytosis. As shown in
Fig. 3(b), DR1-aAPC/Ii/DM was able to process and pres-
ent DR1-restricted CD4" T-cell pp65 epitopes derived from
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pinocytosed pp65 protein. In contrast, LG2, which is homo-
zygous for DR1, failed to process pp65 protein-derived
CD4* T-cell peptides reflecting its poor pinocytic activity
as described above. It should be noted that autologous
monocytes induced a greater number of IFN-y spot forming
units than DR1-aAPC/Ii/DM. This is probably because au-
tologous monocytes express all HLA class Il alleles, while
DR1-aAPC/li/DM only expresses the single HLA class Il
allele, DR1, and therefore induces only DR1-restricted
responses.

Ectopic expression of CD64 enables DR-aAPC/li/DM
receptor-mediated endocytosis

K562 endogenously expresses CD32 (Fcy receptor Il) but
not CD16 (Fcy receptor Ill) nor CD64 (Fcy receptor |) (data
not shown and Fig. 4a) (28). Previously, Suhoski et al. (29)
demonstrated that CD64 ectopically expressed on K562
can be loaded with mouse mAbs against immunostimulatory
molecules to stimulate human T cells. We investigated
whether CD64 transduced to K562 enables Fcy receptor-
mediated endocytic activity. As shown in Supplementary
Figure S2 (available at International Immunology Online),
parental K562 was unable to endocytose PE-conjugated
mouse Ig of any class whose molecular weight is >400 kDa.
However, when CD64 was introduced, CD64" K562 acquired
Fcy receptor-mediated endocytic activity (Fig. 4a). The
observed Fcy receptor-mediated endocytic activity was
dose dependent (Supplementary Figure S2 is available at
International Immunology Online). The endocytosis of PE-
conjugated mlgG1, which is known to possess the least
binding affinity to human CD64, was substantially aug-
mented by the depletion of bovine IgG from the culture
media (Supplementary Figure S2 is available at International
Immunology Online) (30). mlgG2a was most effectively
endocytosed since it possesses the highest binding affinity
to human CD64.

We confirmed that CD4* T-cell epitopes can be processed
and presented when whole protein antigen is delivered to
aAPC via Fcy receptor-mediated endocytosis of antigen:anti-
body IC. DR7-restricted pp65-specific CD4™ T cells gener-
ated using pp65 protein-pulsed autologous monocytes were
subjected to an IL-2 ELISPOT assay (Fig. 4b). DR7-aAPC/Ii/
DM or DR7-aAPC/Ii/DM/CD64 were used as an APC after
they were pulsed with 10 pM pp65 protein or pp65 IC for
30 min. Under these conditions, Fcy receptor-mediated en-
docytosis was more efficient than pinocytosis in taking up
exogenous protein antigen and processing and presenting
CD4" T-cell epitopes.

CD64" DR-aAPC/Ii/DM was also useful for the induction
phase of antigen-specific CD4" T cells. Purified CD4* T cells
from DR7" CMV Ab (+) healthy donors were repeatedly stim-
ulated with DR7-aAPC/1i/DM/CD64 pulsed with pp65 IC. As
shown in Fig. 4(c), generated pp65-specific CD4* T cells
demonstrated IL-2 secretion in response to peptides #34
and #35. The overlapping sequence of these two peptides
is QYDPVAALFF, which appears to be a novel, newly
identified DR7-restricted pp65-derived CD4" T-cell epitope
(31-38). Interestingly, this epitope appears to overlap with
some HLA class | epitopes previously reported by others
(39, 40).
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Fig. 2. DR-aAPC/Ii/DM can generate long-lived antigen-specific CD4" T cells. (a) DR1-aAPC/Ii/DM can expand DR1-restricted antigen-specific
Th1-biased CD4™" T cells with a central memory phenotype in the presence of low dose IL-2 and IL-15. Purified DR1* CD4* T cells were stimulated
every 10 days with TT830 peptide-pulsed and -irradiated DR1-aAPC/Ii/DM. Following each stimulation, IL-2 (10 IU mI~") and IL-15 (10 ng mI~")
were added to the T-cell cultures every 3 days. The percentage of DR1-restricted TT830-specific CD4* T cells was determined by TT830 tetramer
staining (top). DR1-restricted CLIP-specific tetramer was employed as a negative control. Following three stimulations (day 28), IL-2, IL-4 and
IFN-y secretion was also analyzed by intracellular cytokine staining (bottom left). DR1-transduced T2 cells were pulsed with TT830 or pan-DR
PADRE (control) peptide and were used for stimulation. Cells were co-stained with anti-CD45RA, CD45R0 and CD62L mAbs along with TT830-
tetramer (bottom right). Expression on gated tetramer-staining cells is depicted. Isotype staining was used as a control. (b) DR-aAPC/Ii/DM was
able to generate long-lived antigen-specific CD4* T cells. Purified CD4" T cells isolated from DR7-positive healthy donors were repeatedly
stimulated with TT830-pulsed and -irradiated DR7-aAPC/Ii/DM every 14 days. Between stimulations, 10 U ml~" IL-2 and 10 ng mI~" IL-15 were
added to the T-cell cultures. To confirm the antigen specificity of the long-lived DR7-restricted TT830-specific T cells, antigen-specific proliferation
was measured on day 103 using pan-DR PADRE (control) or TT830 peptide-pulsed and mitomycin-C treated DR7-aAPC, DR7-aAPC/li or DR7-
aAPC/II/DM as a stimulator. Data shown represents means * SDs of triplicates. A TT830-specific proliferation assay was also performed on days
77,91 and 110 with similar results (data not shown). In addition, TT830 specificity was confirmed by IFN-y ELISPOT on day 150 (data not shown).

We have also successfully generated DR4-restricted a DR4-specific manner. These results suggest that CD64-
pp65-specific CD4" T cells using DR4-aAPC/Ii/DM/CD64 transduced DR-aAPC/Ii/DM can take up antigenic protein I1C
pulsed with pp65 IC (Fig. 4d). This CD4* T-cell line pro- by CD64-mediated endocytosis, process and present DR-
duced IL-2 in response to peptides #6, #16 and #19 in restricted epitopes derived from the antigen and then
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Fig. 3. K562-based aAPC possesses pinocytic activity and processes protein to present DR-restricted peptides to CD4™ T cells. (a) K562 cells,
the aAPC backbone, possess pinocytic activity. K662, LG2 (EBV-transformed lymphoblastoid cells) and immature and mature DC ex vivo
generated using peripheral blood monocytes were incubated with FITC-dextran (1 mg mi~"; molecular weight 70 000; Invitrogen) at 37°C for 0,
10, 30 and 60 min. As a control experiment, cells were similarly incubated with FITC—dextran on ice for 60 min. After incubation, the cells were
washed twice with cold PBS to stop pinocytosis and to remove excess dextran. Pinocytosis was measured as the cellular uptake of FITC-dextran
and was quantified by flow cytometry. Data shown are representative of three similar experiments. (b) DR-aAPC/Ii/DM can process and present
CD4" T-cell peptides derived from pinocytosed protein. CD4" T cells isolated from DR1* and CMV Ab (+) healthy donors were stimulated once
with autologous DC pulsed with recombinant full-length pp65 protein. IFN-y ELISPOT was conducted using autologous monocytes, DR1-aAPC/li/
DM and LG2 mixed with 10 nM control pan-DR PADRE peptide, pp65 peptide mix or full-length pp65 protein as a stimulator. Data shown

represent means + SDs of triplicates.

stimulate CD4* T cells specific for these epitopes. However,
we have yet to study whether the quality and quality of pep-
tides processed and presented by K562-derived aAPC are
similar to those processed and presented by DC.

DR-aAPC/li/DM does not expand bystander Foxp3* Treg

Thymus-derived naturally occurring CD4" CD25" Foxp3*
Treg can be expanded ex vivo by delivering strong T-cell re-
ceptor (TCR) engagement, costimulation and IL-2 (41, 42).
Furthermore, it has been demonstrated that Foxp3-negative
peripheral T cells can be converted into Foxp3-positive Treg
in vivo and in vitro (43-45). We were therefore interested in
whether our Kb562-based DR-aAPC/li/DM stimulates by-
stander Foxp3* Treg while expanding antigen-specific CD4*
T cells.

DR7-restricted pp65-specific CD4* T cells (day 48) were
analyzed for intracellular expression of Foxp3 (Fig. 5, left).
Before stimulation, freshly isolated CD4* CD25* T cells dem-
onstrated 5.04% Foxp3 positivity. After stimulation, the
pp65-specific CD4" T-cell line was only 0.13% positive for
Foxp3. Similar results were obtained with DR4-restricted
pp65-specific CD4* T cells on day 38 (Fig. 5, right). While
Foxp3 staining was 3.74% positive prior to stimulation, it
was merely 0.25% positive following stimulation with DR4-
aAPC/Ii/DM. These results suggest that under the conditions
tested, K562-based DR-aAPC/Ii/DM does not support the
growth of bystander Foxp3* Treg.

Discussion

In many mouse models, it has been shown that CD4* T-cell
help is required to generate effective CD8" T-cell memory.
The absence of CD4" T-cell help results in short-lived
antigen-specific CD8" T cells and defective secondary CD8*
T-cell responses. Furthermore, recent data suggest that
CD4" T-cell help is also critical for the mobilization of the ef-
fector phase of CD8" T cells (46). It has been shown that tu-
mor-reactive CD4* T cells can also mediate anti-tumor
effects via many mechanisms such as direct cytotoxicity of
tumor cells, enhancement of the immune environment
through cytokine secretion, recruitment of CTL and activation
of innate immunity (47, 48). These observations suggest that
CD4" T cells can function directly as effector T cells and/or
provide help to other effector cells such as CD8" CTL. Fur-
thermore, they underline the potential for reinfusion of anti-
gen-specific CD4" T cells as a treatment modality for
infectious diseases and cancer (12). This has prompted us
to generate a standardized and renewable aAPC that aides
the efficient identification of CD4* T-cell epitopes and ena-
bles the ex vivo generation of large numbers of antigen-
specific CD4" T cells.

Previously, we generated K562-based aAPC by transduc-
ing HLA-A2, CD80 and CD83 (13, 14). This HLA-A2-aAPC
can generate large numbers of antigen-specific CD8* CTL
that display a central/effector memory phenotype and pos-
sess potent effector function (13). Interestingly, these CTL
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Fig. 4. Transduction of CD64 enables K562-based aAPC to effectively endocytose via Fcy receptor and process protein for presentation of DR-
restricted peptides to CD4* T cells. (a) HLA-null aAPC (K562/CD80/CD83) was transduced with CD64 and common Fcy receptor to generate
HLA-null aAPC/CD64. The surface expression of CD64 was confirmed by specific mAb staining. HLA-null aAPC and HLA-null aAPC/CD64
cultured in the presence of 10% bovine IgG-depleted FCS were incubated with PE-conjugated mouse IgG1, 2a or 2b at 1 ug mi~" for 24 h at
37°C. Cells were trypsinized and washed intensively to remove membrane-bound mlgG. Endocytosed PE-mIgG was measured in the FL2
channel by flow cytometry analysis. (b) DR7-restricted pp65-specific CD4* T cells were generated using autologous monocytes pulsed with pp65
protein from DR7* CMV Ab (+) healthy donors. On day 19, cells were subjected to an IL-2 ELISPOT assay using DR7-aAPC/Ii/DM or DR7-aAPC/li/
DM/CD64 as an APC. Unlike in Fig. 3(b), the APC was pulsed for only 30 min with 10 nM pp65 protein or pp65 IC, washed and then used. Pan-DR
PADRE peptide and pp65 peptide mix were used as negative and positive controls, respectively. Data shown represent means * SDs of
triplicates. (c) CD4* T cells purified from DR7-positive CMV Ab (+) healthy donors were stimulated with DR7-aAPC/Ii/DM/CD64 mixed with 10 nM
pp65 IC. IL-2 ELISPOT was conducted on day 48 using DBB (EBV-transformed lymphoblastoid cells homozygous for DR7) pulsed with each of
57 20-mer pp65 peptides overlapping by 10 amino acids (#1~#57). Two adjacent wells (#34 and #35) that were positive were boxed in a solid
line. Three wells boxed in a dotted line served as a control. The overlapping sequence, QYDPVAALFP, between #34 and #35 peptides is boxed.
(d) CD4™* T cells purified from DR4-positive CMV Ab (+) healthy donors were stimulated with DR4-aAPC/Ii/DM/CD64 mixed with 10 nM pp65 IC.
On day 28, IL-2 ELISPOT was conducted using Preiss (EBV-transformed lymphoblastoid cells homozygous for DR4) pulsed with each of 57 20-
mer pp65 peptides overlapping by 10 amino acids (#1~#57) or IC. Data for three positive peptides, #6, #16 and 19, and IC is depicted. Pan-DR
PADRE peptide was used as a negative control.

are surprisingly long lived and can be maintained in vitro
for >1 year without any feeder cells or cloning (14). We have
successfully created clinical grade aAPC*® and are currently
conducting a clinical trial where large numbers (2 x 10° m~2)
of MART1-specific CD8" CTL generated ex vivo using
aAPC®® are adoptively transferred to patients with metastatic
melanoma (14). We have found that it is feasible to gener-
ate CTL grafts within 3 weeks and that it is safe to reinfuse
these CTL to patients (17). Furthermore, early results dem-
onstrate that adoptively transferred MART1-specific CTL
can expand and persist as memory T cells for >16 months

without lymphodepletion or cytokine administration. These
in vivo results suggest that the K562 backbone might be
ideal for aAPC used to generate antigen-specific T cells for
clinical use.

In this study, we have successfully developed K562-based
HLA-DR-aAPC that can take up soluble protein, process
and present DR-restricted peptides and stimulate long-lived
peptide-specific CD4* T cells able to secrete cytokines.
While we previously demonstrated that K562-derived A2-
aAPC is capable of priming naive CD8* T cells, it has yet to
be determined whether DR-aAPC can prime naive CD4*
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T cells (13). Since DR-aAPC expresses transduced HLA-DR
as a single HLA allele but not any other class | or Il allele, it
can be used to stimulate CD4* T cells from any DR-matched
donors. Furthermore, it can be employed to identify CD4*
T-cell epitopes restricted by the transduced single DR allele
and unhindered by reactivity to epitopes presented by other
HLA alleles (Fig. 4c and d). In addition to DR1, DR4 and
DR7-aAPC/li/DM/CD64 described in this study, we have al-
ready generated and are now validating CD64* aAPC/li/DM
expressing DR3 (DRB1*0301), DR10 (DRB1*1001), DR11
(DRB1*1101) and DR15 (DRB1*1501). With all these aAPC
available, we will be able to generate DR-restricted antigen-
specific CD4* T cells from 74% of European Americans and
55% of African Americans (49, 50).

In future clinical trials, we would like to compare the effi-
cacy of reinfusing antigen-specific CD4" T cells alone, CD8"
T cells alone and both CD4* and CD8* T cells generated
ex vivo using our Kb62-based aAPC. Whether reinfused
CD4* T cells can provide help to CD8" T cells is an important
question to address. Reinfused CD8* T cells might acquire
properties that promote their persistence and function in the
presence of ‘help’, leading to improved eradication of tumor
cells. It is also possible that reinfused CD4* T cells them-
selves could also function as effector T cells. We will longitu-
dinally measure and compare the phenotype, persistence
and function of reinfused T cells to address this critical
question.

It is critical that CD4" T-cell grafts for the treatment of in-
fectious diseases and cancer are not contaminated with ex-
panded Foxp3*™ Treg. Under the experimental conditions
studied, the expansion of bystander Foxp3* Treg was not
observed in the CD4* T-cell cultures generated using our
DR-aAPC/Ii/DM. While K562 cells secrete transforming
growth factor-f, which is known to promote the generation
of Foxp3* Treg, it also produces IL-6, which counteracts the

generation of Foxp3* Treg (14, 51, 52). It is also conceivable
that TCR engagement provided by DR molecules on aAPC
might not be sufficiently potent for the expansion of Foxp3*
Treg, which require strong TCR engagement for proliferation.
Also, only low dose (10 IU mi~") IL-2 was added to our
T cells, possibly retarding Foxp3* Treg growth that requires
a higher IL-2 concentration. It should be noted that CD4*
T cells repeatedly stimulated by DR-aAPC/Ii/DM and ex-
panded in the presence of IL-2/IL-15 did not secrete IL-10
(data not shown).

In summary, we have molecularly engineered K562-
derived aAPC that can take up soluble protein, process and
present HLA-DR-restricted peptides and stimulate peptide-
specific CD4* T cells. This platform can serve as a very
useful tool in the identification of CD4"-restricted epitopes.
Considering previous success in clinical translation of K562-
based aAPC for HLA-A2-restricted CD8" CTL, K562-based
aAPC may also be a promising platform to expand CD4* T,
for clinical use.

Supplementary data

Supplementary Table S1 and Figures S1 and S2 are avail-
able at International Immunology Online.
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