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Abstract

Background—Adoptive immunotherapy with antigen-specific effector T-cell (Tg) clones is
often limited by poor survival of the transferred cells. We describe here a Macaca nemestrina
model for studying transfer of T-cell immunity.

Methods—We derived, expanded, and genetically marked CMV-specific CD8" Tg clones with
surface markers expressed on B cells. Tg cells were adoptively transferred, and toxicity,
persistence, retention of introduced cell-surface markers, and phenotype of the persisting T cells
was evaluated.

Results—CD8* Tk clones were efficiently isolated from distinct memory precursors and gene-
marking with CD19 or CD20 permitted in vivo tracking by quantitative PCR. CD19 was a more
stable surface-marker for tracking cells in vivo and was used to re-isolate cells for functional
analysis. Clonally derived CD8* T cells differentiated in vivo to phenotypically and functionally
heterogeneous memory T-cell subsets.

Conclusions—These studies demonstrate the utility of Macaca nemestrina for establishing
principles for T-cell therapeutics applicable to humans.
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Introduction

Adoptive T-cell therapy, in which disease fighting T cells are isolated, propagated to large
numbers in vitro, and then transferred back to patients is a rapidly advancing treatment
modality for cancer and infectious diseases [8,14,20,40]. This approach has restored
immunity to viruses in immunodeficient patients [17,32,37,39,49] and produced antitumor
responses in a subset of cancer patients when combined with lymphodepleting
chemotherapy and high-dose interleukin (IL)-2 [10,11]. In human trials, the efficacy of
transferred effector T cells (Tg) correlated with their persistence in vivo [38]. Although T-
cell therapy has shown promise, many components of this complex strategy require
optimization including the type of T cell selected for therapy, manipulation of the host
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environment, and the cytokine regimens that most effectively facilitate persistence and
function of transferred T cells.

The availability of an animal model that is highly predictive for human translation could
significantly improve the clinical efficacy of T-cell therapy. Inbred mouse strains have
proven valuable for uncovering basic immunological mechanisms, but mouse studies of
adoptive T-cell transfer have not always translated to humans. This could reflect the
different culture conditions used to propagate murine T cells and/or intrinsic differences in
memory T cells (Tyy) as a consequence of the evolutionary distance (~65 million years) and
disparity in the life-span between humans and mice [9,27]. Old world monkeys, including
macaques, have the closest evolutionary relationship to humans among approachable animal
models, and the difference in life-span is less profound [29]. Additionally, human and
macaque T cells share multiple markers of T-cell phenotype, differentiation, and regulation
[26,29,30,33]. A disadvantage of the macaque model for studies treating malignant disease
is the lack of a tumor model to analyze the antitumor efficacy of transferred T cells.
However, macaques are susceptible to viruses such as cytomegalovirus (CMV) that are
targets of immunotherapy in humans [22,33,34,52] and can provide a useful model to define
strategies for isolating antigen-specific T cells, determine safety, and characterize the
durability and quality of immunity achieved by adoptive transfer.

We have studied the adoptive transfer of antigen-specific CD8* Tg clones in Macaca
nemestrina (M. nemestrina) using CMV as a model antigen [7]. The model was developed
to employ culture conditions and cell doses identical to those used in human trials of T-cell
therapy [35,37,49,51]. In prior work, we showed that CMV-specific Tg clones derived from
the small subset of CD62L* central memory T cells (Tcp), but not from CD62L~ effector
memory T cells (Tgpy) survived long-term after transfer and reverted to both Tcp and Tepy
phenotypes in vivo [7]. Here we describe the methodology for isolating, genetically
modifying, and re-infusing macaque antigen-specific Tg cells, with subsequent monitoring
for safety, persistence, and function.

Material and methods

Animals and sample acquisition

Adult M. nemestrina were housed at the Washington National Primate Research Center,
under American Association for Accreditation of Laboratory Animal Care certified
conditions. The Institutional Review Board and Institutional Animal Care and Use
Committee approved the protocols that were followed. Animal care personnel monitored the
clinical status of the animals throughout the experimental protocol. Complete blood count
(CBC) and serum chemistry were measured in accredited clinical laboratories.

Cytokine flow cytometry (CFC) assay for detection of CMV-specific T cells

CMV™* macaques were identified using a CFC assay that detects CMV-specific T cells by
stimulating peripheral blood mononuclear cells (PBMC) with pools of 15-mer peptides with
an 11 amino acid (aa) overlap that spanned the 558 aa sequence of the rhesus CMV
(rhCMV) immediate early (IE)-1 protein, or with a pp65B and IE-2 peptide previously
identified as antigenic in macaques and kindly provided by Dr. L. Picker (Oregon Health
Sciences University) [33]. The 137 peptides that comprised the panel were arranged in an
analytic grid consisting of 24 pools, with 11-12 peptides per pool (Fig. 1A). CFC was
performed as described [7,24]. In some experiments, CMV-specific CD8* Tg clones were
stimulated for 6 hours with peptide-pulsed (1 ug/mL) antigen-presenting cells and examined
by CFC.
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Retroviral vectors

A truncated CD19 gene (ACD19) encoding the extracellular and transmembrane domains
and four aa of the cytoplasmic tail and the full-length CD20 gene were amplified by RT-
PCR from cDNA generated from M. nemestrina PBMC, and cloned into plasmid pMP71,pe
as described [7,12]. Retrovirus supernatant was produced in the retrovirus-packaging cell-
line Phoenix Galv grown in Dulbecco's modified Eagle medium with 10% heat-inactivated
fetal bovine serum (Gemini, West Sacramento, CA) [18]. Stably transduced packaging cells
were generated by transfecting retroviral constructs into Phoenix Galv cells using Fugene G
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instruction, and then
purifying transduced cells by fluorescence-activated cell sorting on a FACS Vantage Becton
Dickinson Instrument (BD Biosciences, BDB, San Diego, CA) after staining with
allophyocyanin (APC)-conjugated CD19 monoclonal antibody (mAb) (J4.119, Immunotech
Coulter, Marseille Cedex, France) or CD20-APC (clone 2H7, BDB). Supernatants from the
sort-purified packaging cells were tested for transduction of primary macaque T cells, and
cell lines that provided >10% transduction were cryopreserved in aliquots as a master cell
bank for subsequent short-term expansion for production of retroviral supernatant for
transduction of T cells for in vitro studies and adoptive transfer.

In vitro culture of CMV-specific CD8* T-cell clones and gene-transfer

Isolation of CMV-specific CD8* Tg clones from defined Ty, subsets—CD8" Tcm
and Tgpm subsets were purified by cell-sorting or magnetic bead selection [7]. Briefly,
aliquots of PBMC were stained with anti-CD8 (RPA-T8) and anti-CD62L (SK11)
monoclonal antibodies (mAbs) and sorted on a Vantage instrument (BDB) into a
CD62L*CD8* fraction containing Tcy and a CD62L~CD8* Tgy, fraction. In some
experiments, CD62L*CD8* T cells were isolated using a CD8* T-cell isolation kit, followed
by positive selection with a CD62L mAb and immunomagnetic beads (Miltenyi Biotec,
Auburn, CA). Sorted subsets were resuspended in RPMI-1640 supplemented with 25 mM
HEPES, L-glutamine, 25 uM 2-mercaptoethanol (Invitrogen, Carlsbad, CA), and 10%
human serum (Gemini: T-cell media) and co-cultured for 7 days with autologous monocytes
and the cognate CMV peptide (1 pg/mL). IL-2 (10 U/mL; Chiron, Emeryville, CA) was
added on day three. CD8" Tg clones were isolated by plating at 0.3 cells/well in 96-well
round-bottom plates with 7.5x10% y-irradiated autologous PBMC and 1x104 y-irradiated B-
lymphoblastoid lymphocytes (LCL), peptide antigen (1 pg/mL) and 50 U/mL IL-2 [7]. After
12-14 days, a 30-uL aliquot from each well with visible growth was tested for recognition
of 51Cr-labeled peptide-pulsed or unpulsed target cells [37].

In vitro stimulation and retroviral gene-transfer—To restimulate CMV-reactive Tg
clones, aliquots were stimulated with anti-CD3 (SP34; 20 ng/mL, BDB) and anti-CD28 (9.3;
1 pg/mL, FHCRC) mAbs, 25x108 y-irradiated human PBMC (3500 rad), 5x108 y-irradiated
human LCL (8000 rad), and IL-2 (50 U/mL) [7]. For retroviral gene-transfer, T cells were
exposed to ACD19 or CD20 retrovirus supernatant at a ratio of 1:4 (T cell media: retrovirus
supernatant) with IL-2 (50 U/mL) and polybrene (5 ug/mL; Chemicon, Billerica, MA) on
days two and three after stimulation, centrifuged at 1000g for one hour at 32°C, and
incubated overnight after each exposure [3]. The cells were then washed, cultured in T-cell
media containing IL-2, and selected for ACD19 or CD20-expression by immunomagnetic
bead-selection as described (Miltenyi) [7]. After 14 days of culture, T cells were used for
functional assays or cryopreserved in aliquots as a cell-bank.

In vitro expansion and adoptive transfer of CMV-specific CD8* T-cell clones—
Aliquots of CMV-specific CD8" Tg clones were thawed from the cell-banks and stimulated
in 75-cm? flasks with anti-CD3/CD28 mAbs, y-irradiated PBMC and LCL feeder cells as
described [7]. IL-2 (50 U/mL) was added one, five, eight, and 11 days after stimulation.
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Growth was measured by counting viable cells by trypan-blue staining. Cultures were split
once the density exceeded 1.5x108 T cells/mL. After 14 days, the T cells were harvested
into 250-mL centrifuge tubes, washed three times, and resuspended in 0.9% NaCl-solution
supplemented with 2% autologous serum. T cells (3-5x108/kg) were administered
intravenously over 30 minutes after ketamine sedation. An aliquot of each cell-product was
tested for sterility, phenotype, and CMV-specific function. Blood was collected prior to
infusion, every other day for one week after transfer and weekly thereafter. An inguinal
lymph node (LN) biopsy and bone marrow (BM) aspirate was obtained 14 days after
transfer.

Flow cytometry and cell-sorting

Cells were surface-labeled with the following fluorochrome-conjugated mAbs (obtained
from BDB unless noted): CD3 (SP34-2), CD8, CD28 (CD28.2), CD62L, CCR7, CD95
(DX2), CD20 (2H7; BDB or eBioscience, San Diego, CA), CD19 and CD127 (Beckman
Coulter, Miami, FL). Analyses were performed using a FACSCalibur and CellQuest
Software (BDB). Multiparameter flow-cytometry was performed on a 3-laser BDB-LSR-II
instrument using Pacific Blue, AmCyan, fluorescein isothiocyanate, phycoerythrin,
phycoerythrin-Cy7, allophycocyanin, peridinin-chlorophyll protein-Cy5.5, or
allophycocyanin-Cy7 as fluorescent parameters [2,48]. Data were analyzed using FlowJo
software (Treestar, Ashland, OR). The analysis included lineage-defining markers (CD8,
CD3, CD19) and phenotyping markers (CD95, CCR7, CD62L, CD28, or CD127). Samples
for intracellular staining of Ki-67 were fixed in Cytofix/Cytoperm solution (20 minutes,
4°C), before washing, permeabilization, and mAbs-labeling in Perm/Wash-Buffer (BDB).

Re-isolation experiments—ACD19*CD8*CD62L" and ACD19*CD8*CD62L" T cells
were re-isolated from post-infusion PBMC samples by cell-sorting on a Vantage BDB
instrument after staining with anti-CD8, anti-CD19, and anti-CD62L mAbs. Sorted cells
were stimulated with anti-CD3/CD28 mAbs, y-irradiated PBMC and LCL, and IL-2 (50 U/
mL) as described above.

Stability assay—Flow cytometry was used for assessing the stability of the ACD19 or
CD20 marker. Aliquots of transduced T cells were cultured for 14 days and then plated at
2x106 cells/well in T-cell media supplemented with IL-15 (0.1 ng/mL; R&D Systems,
Minneapolis, MN). Cytokine and half-medium exchanges were performed twice weekly.
After four weeks of rest, aliquots were stimulated for 6 days with anti-CD3 (20 ng/mL) and
anti-CD28 (1 pg/mL) mAbs, and IL-2 (50 U/mL) and evaluated by flow cytometry for
transgene-expression after staining with mAbs to CD3, CD8, CD19 or CD20 [4]. To assess
the marker gene stability on transferred T cells, aliquots of post-infusion PBMC were
examined by flow cytometry for transgene-expression before and 4 days after stimulation
with CD3/28 mADbs.

Cytotoxicity assays

Cytotoxicity was measured as described [4,6,7]. Autologous 1Cr-labeled target T cells were
pulsed overnight with peptide antigen (1-5 ug/mL) or medium alone, washed three times,
and used as targets to assess lysis by CMV-specific CD8* Tg. Specific lysis was calculated
using the standard formula [36].

Fluorescent-probe PCR

PCR was performed using a quantitative real-time PCR (qPCR) assay [6,7]. DNA was
isolated from PBMC or T cells using a QlAamp DNA Kit (Qiagen, Valencia, CA). For the
titration experiments to determine the sensitivity of the ACD19 or CD20 gPCR and to
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prepare the standard curve, we employed serial 1:10 dilutions of DNA isolated from the
ACD19* or CD20™" T cells (corresponding to 1x10° T cells) into aliquots of DNA obtained
from pre-infusion PBMC or untreated control animals (corresponding to 1x10° PBMC/
reaction). For the in vivo tracking studies, aliquots of DNA (0.3-1 pg; corresponding to
approximately 50,000-150,000 cell equivalents) were obtained from PBMC. We used
generally 1 ng DNA per reaction except at early time points when the frequency was high,
to ensure the amount of input DNA was above the threshold of detection. DNA was
amplified in a 50 pL-reaction with TagMan Gene-Expression Master Mix, and PCR primers
and a fluorescent-tagged probe designed to detect a unique sequence encompassing the
junction of the retroviral vector and the CD20 or ACD19 gene (Applied Biosystems, Foster
City, CA). Amplifications were performed in duplicates (42 cycles) on an ABI Prism 7900-
HT Real-time PCR System and Sequence Detection System 2.2.2 software (Applied
Biosystems).

Identification of CMV-specific CD8* T-cell responses

CMV infection is widely prevalent in M. nemestrina colonies and CMV-immune macaques
maintain a Ty, response to viral antigens including the viral IE-1 protein [33]. To facilitate
the isolation of CMV-specific T cells, we used an intracellular CFC assay to detect CD8* T
cells in PBMC that produced interferon (IFN)-y in response to stimulation with an
overlapping peptide panel corresponding to the rhCMV IE-1 protein or to individual pp65B
or IE-2 peptides previously shown to be immunogenic (Fig. 1A) [7,33]. This approach
allows the identification of antigenic epitopes without knowledge of the complex MHC type
in each animal [50]. We examined PBMC from 23 macaques by CFC (Fig. 1B) and detected
IFN-y* 1E-1-specific CD8* T cells in 12 animals at frequencies ranging from 0.12%-4.4% of
CD8* T cells, and pp65B or IE-2 -specific T cells in 6 additional animals (Table 1). Two
animals had responses both to peptides in the IE-1 panel and either pp65B or IE-2. The
minimal essential peptide for the IE-1 responses was deduced by testing a series of nonamer
peptides derived from the 15-mer sequence used for mapping (Table 1). The IE-1 peptide
KKGDIKDRYV was previously described and recognized by T cells in six animals [7].
Collectively, the results identified a panel of CMV peptides that facilitated the detection of
CMV-specific CD8" T cell responses in the overwhelming majority (78%) of the M.
nemestrina in this colony.

Isolation and expansion of CMV-specific CD8" T-cell clones from distinct Ty, subsets

Antigen-specific T cells are isolated and expanded in vitro to generate sufficient numbers of
Tg cells for adoptive T-cell therapy. Recent studies in macaques and mice suggest the Ty,
subset from which the Tg cells are derived influences their capacity to persist in vivo after
adoptive transfer [7,23]. Two broad phenotypic subsets of memory cells termed Ty and
Tgwm are identified, differing in homing, function, and transcriptional and epigenetic
programming [41]. In macaques and humans, Tcy and Tgp can be distinguished from each
other based on differential expression of CD62L or CCR7, and from Ty based on
differential expression of CD95 (Fig. 2A) [33]. We used these markers to analyze the
frequency of Ty, Tem, and Tcy subsets in CD8* T cells from cryopreserved PBMC samples
obtained from 18 healthy macaques. We employed CCR?7 for this analysis because CD62L
may be shed upon cryopreservation and thawing. CD8* Ty comprised a mean of 2.2% +
1.3% (mean + SD; range: 0.78%-5.3%) of CD8" T cells (Fig. 2B). By contrast, CD8* Tgum
and Ty were more prevalent and comprised 60.5% + 32.2% (8.2%-95.2%) and 36.1% +
31.7% (3.4%-90.2%) of CD8* T cells, respectively (Fig. 2B).
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We used immunomagnetic bead-selection or cell-sorting to separate fresh PBMC into a
CD62L*CD8* fraction containing Tcy and CD62L~CD8* Tgp. The purity of the
CD62L*CD8* and CD62L~CD8" fractions was 97.5% (94.4-99.8%) and 98.3 %
(95.9%-99.4%), respectively, and T cells specific for individual CMV-epitopes were
detectable by CFC in both subsets [7]. The absolute number of CMV-specific Tgpy in the
blood exceeded that of Tcp by 10-40-fold (Fig. 2C). We then stimulated the sort-purified
Tem and T for each 7 days with autologous CMV-peptide pulsed monocytes and IL-2 to
enrich CMV-specific cells. The frequency of CMV-specific T cells by CFC analysis after
stimulation was 15.3%-20.9% in CD62L~ Tgp-derived lines and 50.2%-69.4% in lines
derived from CD62L* T cells (Fig. 2D, E). CMV-specific CD8" Tg were cloned from
polyclonal cultures derived from each Ty, subset. CMV-specific T-cell clones were
identified 12-14 days after plating by screening an aliquot of each well for lysis of
autologous peptide-pulsed but not unpulsed target cells. CMV-specific CD8* Tg clones
were reliably derived from T¢)y in seven of seven animals and from Tgy, in three of three
animals. The cloning efficiency (number of CMV* wellsx100/number of plated
CMV*CD8* T cells) was similarly achieved for Tcp-derived cultures (34%-37%) and Tgp-
derived cultures (39%-63.8%). Thus, despite the fact that the CD8" T¢) are rare in the
peripheral blood, CMV-specific Tg clones could be reliably derived in vitro from both T¢yp
and Tgy subsets with comparable efficiency.

CMV-specific CD8* Tk clones from each of the Ty, subsets were then propagated using a
rapid expansion method developed for growing human T cells for adoptive therapy
[35,37,49,51]. We stimulated the contents of a cloning well, typically containing
5x104-2x10° T cells, with anti-CD3/28 mAbs, irradiated feeder cells, and IL-2, over a 14-
day cycle in vitro. A mean of 14 (range: 7-22) T¢pm-derived Tg clones were expanded from
individual micro-wells of each of seven animals and a mean of 11 (5-19) proliferated to a
mean of 122.5x108 Tg (65.8x10%-178x10%). A mean of eight (8-9) Tgp-derived Tg clones
were expanded from each of three animals, and a mean of four (2-6) proliferated over 14
days to 120.2x106 Tg (39.6x108-187.3x108). As reported previously, all Tcy or Tem-
derived CD8* T clones retained CMV-specific reactivity and displayed a
CD28~CD62L~"CCR7-CD127 granzyme B phenotype, consistent with their differentiation
to Tk cells as a consequence of T-cell receptor (TCR)-stimulation and growth in IL-2 [7].
Thus, CMV-specific Tg clones can be reliably derived from both Tcpy and Tgp subsets and
a single in vitro expansion resulted reproducibly in the generation of sufficient numbers of
functional Tg cells that could be used to establish a cell-bank for subsequent expansion and
adoptive transfer experiments.

Gene-marking of Ty-derived CD8* Tg cells for in vivo tracking

Analysis of the fate and migration of adoptively transferred T cells in vivo is facilitated by
the introduction of a marker gene to distinguish infused and endogenous T cells. Because
foreign protein expression in T cells can be immunogenic [5,6,35], we developed retroviral
vectors encoding macaque B-cell lineage surface molecules, either ACD19 or full-length
CD20, to transduce Tgp or Tep-derived Tg [7]. The mean transduction efficiency of
macaque Tg as measured by surface-expression of the introduced marker was 30.7%
(22.7%-45.3%; n=7) for the ACD19 retrovirus and 20.4% (10.3%-38.1%; n=3) for CD20
(Fig. 3A). The gene-marked Tg cells were enriched by immunomagnetic selection to a
purity of 95.8% (91.5%-98%) for ACD19 and 91.8% (86.9%-97.8%) for CD20 (Fig. 3A).
To ensure genetic modification did not impact growth or function, we restimulated aliquots
of the parental, ACD19* or CD20" CMV-specific CD8* T and examined proliferation and
retention of CMV-specific cytotoxicity. Both ACD19* and CD20* Tg clones proliferated
comparable to the unmodified clones and mediated equivalent CMV-specific cytotoxicity
(Fig. 3B, C).
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Introduction of genes encoding a unique surface marker allows quantifiable measurement of
T-cell persistence in vivo by both PCR for vector sequences and flow cytometry. However,
flow cytometric methods require stable cell-surface marker expression, even after T cells
enter a resting state. We examined the stability of ACD19 and CD20 on transduced T cells
in vitro six and 14 days after anti-CD3/28-restimulation, and again after four weeks of rest
in IL-15 (0.1 ng/mL) in the absence of TCR-stimulation. This experiment was performed
with Tow-derived Tg cells because Tgp-derived Tg cells survive poorly upon rest under
these conditions [7]. Aliquots were removed from the cultures at intervals during the growth
and resting phase, and were analyzed by flow cytometry for expression of ACD19 or CD20.
The mean fluorescence intensity (MFI) of ACD19-expression on ACD19" T cells declined
modestly from 7759 to 6160 between day six and 14 of the 14-day stimulation cycle and
was only slightly lower (MFI: 6014) at the end of the resting phase (Fig. 3D). By contrast,
the level of CD20-expression decreased profoundly from an MFI of 5558 to 1200 between
day six and 14 of the culture, and declined further after the 28-day rest period such that only
56.9% of the T cells expressed detectable cell-surface CD20 (Fig. 3E). To examine whether
the lower CD20-expression reflected activation-dependence or the selective survival of non-
transduced T cells, we restimulated aliquots of rested ACD19* and CD20* Tg with anti-
CD3/CD28 mAbs and analyzed the cell-surface expression of ACD19 and CD20. Six days
after restimulation, the CD20-transduced Tg upregulated CD20-expression and 99.9% of the
cells expressed high levels of CD20 (MFI: 8758; Fig. 3E). The rested ACD19* T cells also
showed an increased level of ACD19 upon activation (MFI: 7896) although ACD19-
expression was not as dependent on T-cell activation as CD20 (Fig. 3D). Similar results
were observed in additional ACD19* and CD20* Tg cells. This differential stability of
ACD19 and CD20 was surprising since the expression of both transgenes is driven by the
same retroviral promoter and the high transduction efficiency would suggest multiple
retroviral integration sites, minimizing the potential that transgene-expression would vary as
a result of the genome insertion site. This data suggests the CD20 molecule may undergo
more rapid turnover, reducing expression at the cell-surface when promoter activity is
diminished during periods of cell quiescence. Thus, while both the ACD19 or CD20-marker
allow detection of transferred, gene-marked T cells by PCR, the greater stability of ACD19-
expression indicates the ACD19 vector would be superior for in vivo tracking of transferred
T cells by flow cytometry.

T-cell infusions and monitoring of toxicity

The infusion of large numbers of antigen-specific Tg requires clinical monitoring for
potential toxicities [10,35,49,51]. We propagated autologous ACD19* or CD20* CMV-
specific CD8* Tg clones over 12-14 days to large numbers (3.5-5x10%) and transferred four
Tcm-derived Tg clones at a dose of 3-5x108/kg to four macaques (Supplementary Fig. 1A).
For each infusion, animals were closely monitored for adverse effects. We did not observe
any clinical toxicity during or after the infusions. Laboratory monitoring of CBC and serum
chemistry identified a transient decrease in the lymphocyte count in all animals one day after
the infusion as the only significant alteration (Supplementary Fig. 1B).

Monitoring T-cell persistence by real-time qPCR and flow cytometry

We evaluated both gPCR and flow cytometry for tracking transferred ACD19" and CD20* T
cells in vivo [7]. Sensitivity of the PCR assay using primer pairs amplifying unique
sequences within each of the retroviral vectors (Fig. 4A) was determined by spiking serial
1:10 dilutions of aliquots of ACD19" or CD20* T into aliquots of pre-infusion PBMC as
described in the Method section. The titration experiments showed that the gPCR assay
detected both ACD19* and CD20* T cells with comparable sensitivity of approximately one
transduced T cell per reaction, each of which contained DNA from 10° pre-infusion PBMC
(Fig. 4B).
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We have shown previously that transferred Top-derived CD8* Tg cells survive long-term in
vivo, but those derived from Tgp, did not persist [7]. Thus, to examine the relative utility of
the ACD19 and CD20-marker for tracking T cells in vivo with gPCR and flow cytometry,
we studied two animals that received Tcp-derived Tg cells (5x108/kg). Analysis of PBMC
(~50,000-150,000 cell equivalents per reaction) obtained before and one day after infusion
of T¢m-derived Tg marked with ACD19 or CD20 by qPCR showed that both the transferred
ACD19* and CD20* T cells were easily detected at a level corresponding to 60,687 copies/
108 PBMC and 37,767 copies/108 PBMC, respectively (Fig. 4C). The frequency of the
transferred ACD19* or CD20* T cells gradually declined over 8 weeks after infusion, but
both ACD19* and CD20* T cells remained detectable by PCR at all time points (Fig. 4C)
and were also identified in samples of BM and LN obtained 14 days after the infusion [7].

We also used flow cytometry to visualize the transferred T cells by co-staining samples of
PBMC with CD3, CD8, and CD19 or CD20. One and three days after infusion of ACD19*
Te, we identified ACD19* T cells at a frequency of 26.3% of CD3" cells or 45.1% of
CD3*CD8* T cells, respectively. A distinct ACD19* population of CD3*CD8* T cells
remained detectable at a frequency of 1.7% in the blood at week three after the T cells had
become quiescent (Fig. 5A) and migrated to LN and BM [7]. Flow cytometry also detected
transferred CD20™ Tg in the peripheral blood one and three days after transfer at a frequency
of 20.2% of CD3*CD8* T cells or 12.3% of CD3*CD8* T cells, respectively (Fig. 5B).
However, accurate quantification of the CD20™ T cells in the blood by flow cytometry was
difficult for two reasons. First, there was a small subset of endogenous CD8" T cells that
stained positive for CD20 in the pre-infusion sample in some donors consistent with
previous reports [19] (Fig. 5B). Secondly, by three weeks post-infusion the transferred
CD20* Tk did not segregate as a distinct subset, perhaps due to a lower expression level of
CD20 in rested T cells as predicted by our in vitro experiments (Fig. 5B). We stimulated
PBMC obtained before and six days after infusion with anti-CD3/CD28 mAbs and
examined the CD20 cell-surface expression by flow cytometry after four days to determine
if CD20 was upregulated. We found the absolute frequency of CD20* T cells did not change
substantially, but the MFI of CD20-expression on the CD20* subset increased upon
activation (Fig. 5C). Of interest, CD20-expression level of the endogenous CD20*CD8* T-
cell subset was also activation-dependent (Fig. 5C). Thus, the ACD19-marker is superior to
the CD20-marker for tracking transferred T cells in vivo using flow cytometry, both because
the expression level is less activation-dependent and because there is no endogenous T-cell
subset that expresses ACD19.

Phenotype and quality of T-cell memory established by adoptive T-cell transfer

In prior work, we showed that CMV-specific Tg derived and expanded by in vitro culture
from CD8* T persisted in vivo and a subset of the transferred cells reacquired phenotypic
markers of Tcy including either CD127, CD28, CCR7, or CD62L [7]. Here, we used the
ACD19-marker to distinguish transferred Tg and employed for the first time polychromatic
flow cytometry to simultaneously assess co-expression of several of these Ty, markers on
the T cells that persisted in vivo. We obtained PBMC four weeks after the infusion of a
ACD19" Tp-derived Tg clone and stained aliquots for CD3, CD8, and CD19 to identify
the transferred ACD19* T cells and then examined this subset for the co-expression of
CD95, CD62L, CCR7, CD127, or CD28 (Fig. 6A, B). A subset of the infused ACD19* Tg
clone differentiated to CD62L* cells while others maintained a CD62L~ phenotype in vivo
(Fig. 6B, upper row). ACD19* T cells that acquired CD62L also co-expressed CCR7 (Fig.
6B, upper row) and the majority were positive for CD28 and CD127 (Fig. 6B, upper and
lower row), markers the cells did not express at the time of infusion but which are
characteristic of Ty (Fig. 6B). The fraction of ACD19* T cells that did not re-acquire
CD62L was CD28*/~CD127~ CCR7~, consistent with a Tgy phenotype.
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It is known that endogenous CD8* Tcy and Tgpm subsets undergo slow cell division in
response to homeostatic cytokines in vivo [41]. To assess whether the Tcp-derived ACD19*
Tg persisting in vivo as memory cells returned to quiescence comparable to endogenous Ty,
we examined the transferred ACD19™ T cells for expression Ki-67, which identifies cycling
T cells [15]. The majority of the ACD19* Tg clone was Ki-67* at the time of transfer (data
not shown). However, the ACD19* T cells that persisted for >6 weeks and differentiated to
Tcm and Ty in vivo reverted to quiescence and the fraction that expressed Ki-67+ was
comparable to endogenous CD8* Ty and Tep (Fig. 6C, D). Similarly, only a small
fraction of ACD19" T or ACD19* Tgp cells that were present in samples of BM or LN
obtained 14 days after transfer expressed Ki-67* (Fig. 6D), illustrating that the transferred
Tcwm derived Tg cells established reservoirs of quiescent Ty, cells in memory niches.

We next investigated the functional attributes of the transferred virus-specific Ty, cells. We
sort-purified ACD19* Ty and Ty subsets from pooled samples of PBMC obtained 28-56
days after adoptive transfer and stimulated the cells in vitro with anti-CD3/CD28 mAbs.
After 14 days of culture, we examined aliquots of the cells for lysis of peptide-pulsed target
cells and for cytokine production by CFC. We found the ACD19* T cells re-isolated from
CD8*CD62L* Ty or CD8*CD62L~ Tgy subsets efficiently differentiated to cytolytic Tg
in vitro (Fig. 6E), and produced IFN-y and TNF-a upon antigen encounter. A subset of the
Tg re-isolated from Ty also produced IL-2 in response to viral antigen stimulation, but
only a small fraction of the Tg re-isolated from Tgp produced IL-2 (Fig. 6F). Thus, the
adoptive transfer of a CMV-specific Tg clone derived from Ty precursors can establish
heterogeneous Ty, cells that return to the quiescent memory pool, respond to TCR-
stimulation, and produce effector cytokines in addition to IL-2 after re-isolation in vitro.

Discussion

Establishing durable and functional antigen-specific T-cell responses is a goal of clinical
adoptive T-cell therapy for both malignant and infectious disease [8,14,20,40]. Our prior
work in macaques showed that CMV-specific Ty, but not Tgp-derived Tg clones exhibit
the capacity to survive after transfer as long-lived and functional Ty, [7]. To enable future
studies that might evaluate strategies to enhance the persistence of Tg cells from each Ty,
subset, we describe detailed methods developed for deriving CMV-specific Tg clones from
distinct Ty, subsets in M. nemestrina. An important aspect was the use of culture conditions
and cell doses that are comparable to human T-cell therapy regimens [35,49,51]. In our
study in 23 immunocompetent animals, we used a peptide panel encompassing the CMV
IE-1 protein and selected CMV-IE-2 and pp65B peptides and detected responses in the
majority (78%) of M. nemestrina. The complete 1E-1 panel was selected because it is a
major target antigen in humans, and including full peptide panels to additional CMV
proteins would likely increase the fraction of animals from which T cells could be derived
[25,44]. Numerous CMV-specific CD8* Tg clones were readily derived from both Ty,
subsets in seven out of seven CMV-immune animals with comparable efficiency and the
clones retained CMV-specific function during transduction, selection, and propagation.
Thus, this model provides a feasible platform to systematically examine potential
approaches to improve cell transfer efficiency including homeostatic cytokines or
pharmacologic modulation [1,2,13,31,47].

For the adoptive transfer experiments to examine the utility of non-immunogenic marker
genes for longitudinal analysis of the in vivo survival and phenotype of transferred CMV-
specific Tg clones, we used exclusively T derived Tg cells since they have been proven
to be capable of surviving long-term in vivo [7]. Our data show that both the ACD19 and
CD20 B-cell lineage markers were safe in vivo and permitted tracking of the transferred Tg
by gPCR. An unexpected finding was the differential stability of the cell-surface expression
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of ACD19 and CD20 despite the fact that they were driven off the identical retroviral
promoter. Suboptimal retroviral expression of full-length CD20 in human T cells has been
described previously [16,43,46] and may in part reflect the structural complexity of the full-
length CD20 protein or its rapid turnover [45]. The presence of endogenous CD20™ T cells
in a subset of donors [19] is another factor rendering the ACD19-marker superior for
tracking studies by flow cytometry and suggests ACD19 is a potential candidate marker
gene for human translation.

Our work illustrates the use of the macaque model to evaluate the qualities and fate of
transferred Top-derived CD8* Tg clones [7]. We used multicolor flow cytometry to extend
our prior work and show that transferred Tg cells derived from a single T\ precursor
persist in vivo, differentiate to heterogeneous Ty and Tepn phenotypes, and return to cell
quiescence comparable to endogenous Tepm and Tepm. A recent study in two rhesus
macaques could not detect consistent survival of transferred Tcp-derived Tg [28]. In this
study, Tg clones derived from Ty or Tenm were induced by SIV DNA vaccination. The Tg
clones were cultured for prolonged times without costimulation, labeled with a fluorescent-
dye for in vivo tracking, and infused three days after intravenous SIV infection followed by
a 10-day course of low-dose IL-2. The results reported in this study showed that both the
Tem and Te-derived Tg clone could be detected in the blood only briefly, and persistence
in bronchioalveolar-lavage at 6 weeks did not segregate with the derivation of the clone
[28]. Thus, under the experimental conditions used in the SIV study, undefined clonal
variation rather than intrinsic programming of Ty, subsets appeared to account for the
differential migration and survival in hosts where antigen is present at the time of transfer.
We are currently analyzing gene-expression profiles and epigenetic alterations in Tg cells
that we derived, which may provide further insights into signaling pathways responsible for
differences in the fate of transferred Tcp-derived Tg cells in vivo and elucidate the
molecular basis and plasticity of the T¢p-derived Tg [21,42]. Utilizing a nonhuman primate
model to improve selection, persistence, and function of T cells should significantly enhance
the potential to obtain clinically-relevant information for future adoptive therapy trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of CMV-reactive CD8" T cells in peripheral blood lymphocytes from M.
nemestrina

(A) Arrangement of 137 15-mer peptides spanning the sequence of the rhCMV IE-1 protein.
The shaded areas correspond to the peptides present in the two positive pools (8; 18) in a
representative epitope mapping experiment. PBMC obtained from a 23 macaques were
examined for the presence of CMV-specific T-cell responses by CFC. (B) CFC detects IFN-
v production by CMV-specific CD8* T cells after stimulation of PBMC with CMV IE-1
peptides in pool 8 (upper right panel) and 18 (lower left panel). Stimulation of PBMC with
the corresponding peptide 68 (lower right panel) confirmed that sequences within the single
peptide shared by both pools 8 and 18 stimulated IFN-y-production by CD8" T cells. PBMC
stimulated with medium alone (upper left panel) served as a negative control. Data are gated
on CD3*CD8" cells.
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Fig. 2. Derivation of macaque CMV-specific CD8* T cells from Tgp or Tevm subsets

(A) Flow cytometry showing CD8* T-cell subsets in macaque PBMC including Tcpm
(CCR7*CD95%), Tem (CCR7-CD95%), and Ty (CCR77CD957). (B) Frequency of CD8*
Tcm, CD8* Ty, and CD8* Ty (%) in peripheral blood CD8* lymphocytes. Aliquots of
PBMC obtained from 18 healthy macaques were stained with mAbs binding to CD8, CD3,
CD95, and CCRY7 and examined by flow cytometry after gating on CD3*CD8* T cells.
Mean and SD is shown. (C) CMV IE-specific T cells are present in distinct CD8* Ty,
subsets. CFC assay for IFN-y*CD8* T cells specific for CMV in sort-purified CD8*CD62L"*
and CD8*CD62L~ T-cell subsets obtained from 4 macaques. The absolute number of CMV-
specific CD8" Ty or Tem/ulL peripheral blood was determined by calculating the absolute
number of CD3*CD8* T cells/uL of blood (% of CD8" T cells/lymphocyte subset x
lymphocyte count/uL blood/100). Subsequently, the absolute number of the Tgp, Tom, and
Ty subset was derived (% subset x number of CD3*CD8/uL blood/100). Finally, we
calculated the absolute number of CMV-specific CD8* T cells/uL in each subset (% IFN-y*
cells x absolute number of CD3*CD8" T+ Tn/ul or CD3*CD8* Tgp/ul blood/100). (D,
E) CFC assay of macaque CMV-specific T-cell lines detects IFN-y*CD8* CMV-specific T
cells in sort-purified CD8*CD62L" cells containing Tcwm (upper panels) and CD8*CD62L~
Tem subsets (lower panels). Sort-purified subsets from 2 representative macaques were
stimulated with autologous CMV peptide-pulsed antigen-presenting cells and assayed by
CFC for production of IFN-y after stimulation with medium alone (left panels), or CMV
peptide antigen (right panels). Data are gated on CD3*CD8* cells.
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Fig. 3. Gene-marking of macaque CD8* Tg with non-immunogenic B-cell lineage marker

(A) Efficient transduction and selection of macaque CD8* Tg with the ACD19 or CD20
marker. Macaque CD8* Tg were stimulated with anti-CD3/CD28 mAbs, transduced with
ACD19 or CD20, and enriched by immunomagnetic selection. Aliquots of the unselected (o)
or selected (") T cells were examined by flow cytometry after staining with mAbs against
CD3, CD8, and CD19 or CD20 mAbs. Shown are mean and range of the results with the
ACD19 (n=7) or CD20 (n=3) marker. (B) In vitro growth of gene-modified Tg clones. Left
panel: Representative Tg clone either unmodified (<) or ACD19" (@). Right panel:
Representative Tg clone either unmodified (<) or CD20* (e). Aliquots of T cells
unmodified or transduced with ACD19™ (left panel) or CD20* (right panel) were
restimulated with anti-CD3/CD28 mAbs, irradiated feeder cells and IL-2, and numeric
expansion was measured by counting viable cells on the indicated days. Data are
representative of results with ACD19* or CD20* T cells obtained from each three macaques.
(C) Gene-marked CMV-specific CD8" Tg clones retain CMV-specific reactivity. Aliquots
of CMV-specific CD8* T either unmodified or either ACD19* (left panel) and CD20*
(right panel) were restimulated in vitro and examined in a chromium release assay for
recognition of autologous target cells, either unpulsed (o) or pulsed with the CMV cognate
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peptide at an effector-to-target (E/T) ratio of 10:1 (m), 5:1(€4), 2.5:1 ("), or 1.25:1 (E). Data
are representative of results with ACD19* or CD20* T cells from each three macaques. (D,
E) Stability of the marker-gene expression in macaque CD8* T cells. The ACD19* (D) or
CD20* (E) T cells were stimulated with anti-CD3/CD28 mAbs and examined by flow
cytometry on day 6 (ii) and 14 (iii) of the stimulation cycle for ACD19 or CD20 expression.
Unmodified T cells served as negative control (i). Aliquots of T cells were also rested and
the ACD19 or CD20 expression was assessed by flow cytometry after 4 weeks of rest (iv) or
6 days after restimulation with anti-CD3/CD28 mAbs (v). Inset values show the % of
CD3*CD8* T cells positive for ACD19 or CD20 and the MFI is indicated for each time
point. Data showing the difference in the stability of expression of ACD19 and CD20 at the
cell surface is representative for experiments with ACD19 and CD20-modified T cells from
3 animals, and was observed in eight ACD19* and CD20* T clones.
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Fig. 4. Tracking of ACD19* or CD20* CMV-specific CD8"* Tg clones following adoptive transfer
by qPCR

(A) Schematic design of retroviral vector constructs encoding for macaque B-cell lineage
marker genes and location of primer and fluorescent probe (red bar) used for the gPCR
assay. Abbreviations: MPSV-LTR, myeloproliferative sarcoma virus retroviral long terminal
repeat; PRE, woodchuck hepatitis virus post-transcriptional regulatory element. (B)
Detection of ACD19 or CD20-marked T cells within PBMC by gPCR. Samples of titrated
numbers of ACD19™ () or CD20* T cells (m) were spiked into aliquots of pre-infusion
PBMC (each 105 PBMC/reaction) and examined by real-time qPCR for detection of marker-
positive T cells. Data are representative of each 3 assays with ACD19* or CD20* T cells.
(C) Enumeration of transferred ACD19* or CD20* T cells determined by real-time qPCR for
vector sequences. Autologous ACD19" () or CD20™ (m) Tcp-derived Tg clones were
expanded in vitro and transferred to each one of the macaques at a dose of 5x108/kg. DNA
was isolated from samples of PBMC obtained before and at indicated time-points after the
T-cell infusion and examined by real-time gPCR for detection of marker-positive T cells.
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Fig. 5. Tracking of transferred ACD19* or CD20* CD8* T clones by flow cytometry

(A) An autologous CMV-specific Tg clone modified to express ACD19 was expanded in
vitro and transferred back to a macaque at a cell dose of 5x108/kg. PBMC were collected
before (pre) and on day 1 and 3, and at week 3 after infusion and examined by flow
cytometry after staining with mAbs to CD3, CD8, and CD19. Data are gated on CD3*CD8*
T cells and are representative for results in three animals. Inset values show the frequency
(%) of CD3*CD8* T positive for ACD19. (B) An autologous CD20* CMV-specific Tg
clone was given to a macaque at a dose of 5x108/kg. PBMC were collected at the indicated
times and analyzed by flow cytometry for the frequency (%) of CD20* T cells within the
CD3*CD8* T-cell subset. (C) Activation-dependence of the CD20-expression in persisting
CD20™ T cells. Flow cytometry analysis of PBMC obtained before (left panel) and 6 days
after the CD20" T-cell infusion (second right panel) after staining with mAbs to CD3, CDS8,
and CD20. After 4 days of activation with anti-CD3/CD28 mAbs, aliquots of the activated
pre-infusion PBMC (second left panel) and ‘Day 6’ PBMC (right panel) were examined by
flow cytometry for cell-surface expression of CD20 after gating on CD3*CD8" T cells. Inset
values show the frequency (%) of CD3*CD8" Tg positive for CD20. The MFI of the CD20*
Tg (R1) is shown.
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Fig. 6. Analysis of phenotype and function of adoptively transferred ACD19* Tcp-derived T
clones

(A) Multiparameter flow cytometry of macaque PBMC obtained 4 weeks after a ACD19*
Tg infusion. Transferred ACD19* T cells were identified in PBMC after staining with mAbs
to CD3, CD8, and CD19. (B) The expression of Ty, marker on CD3*CD8*ACD19* T cells
was determined by flow cytometry after co-staining with CD62L, CCR7, CD28, CD127 or
CD95. (C) Aliquots of macaque PBMC were obtained 8 weeks after infusion of a T¢p-
derived ACD197CD8* Tg clone. CCR7*CD95" Ty and CCR7~CD95™ Tgy subsets either
in the CD3*CD8*ACD19~ or CD3*CD8*ACD19* cells were identified as described in (A)
and (B). Cells were then stained for intracellular expression of Ki-67. Inset values show the
frequency (%) of Ki-67* T cells. (D) Analysis of intracellular Ki-67 in PBMC obtained from
2 macaques 6-8 weeks after infusion of a Tcy-derived ACD19*CD8™ Tk clone, and in
samples of BM and LN obtained from 3 macaques 2 weeks after the infusion. PBMC: mean;
BM and LN: mean + SD. (E) Function of re-isolated ACD19* Tg obtained from T or
Tem subsets. Aliquots of post-infusion PBMC were sort-purified in CD8*ACD19*CD62L*
and CD8*ACD19*CD62L "~ subsets, restimulated in vitro using anti-CD3/CD28 mAbs, and
examined in a chromium release assay for recognition of unpulsed (o) or peptide-pulsed
target cells. E/T (m) 2.5:1, () 1.25:1. The transferred ACD19* Tk clone served as control.
(F) Aliguots of the infused ACD19* Tg clone (m) and re-isolated ACD19* Tg either obtained
from Tepm (79) or Ty (D) were stimulated with medium or CMV peptide-pulsed antigen-
presenting cells, and examined by CFC for production of IFN-y, TNF-a, and IL-2 after
gating on CD3*CD8* T cells.
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Table 1
Detection of CMV-specific CD8" T cell responses in M. nemestrina

No. of animals

Target specificity of rhCMV-specific CD8" T cells  Frequency of CMV-specific CD8" T cells (%0)

Peptide nomenclature Amino acid residue
6 IE-1 #52 KKGDIKDRV 0.17;0.21;0.22;0.38;1.7;4.4
4 pp65B #23 NPTDRPIPT 0.15;0.15;1.0;1.4
1 1E-2 #29-30 KPTDSMSQR 0.9
3 IE-2 #81-82 ATTRSLEYK 0.25;2.2;10.7
2 IE-1 #60 EEHVKLFFK 0.2;0.49
1 IE-1 #68 KLDDEQKEV 3.1
1 IE-1 #77 KNDEAMLGMHTPITM 1.7
1 IE-1 #80 DQVRVLILY 2.0
1 1E-1 #137 SKSLHPMQTRSKSDK 0.12
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