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Abstract
Background—Macaca nemestrina is a nonhuman primate used as a model in preclinical studies
of hematopoietic stem cell transplantation and adoptive transfer of T cells. Adoptive T cell transfer
studies typically require ex vivo expansion of substantial numbers of T cells prior to their
reinfusion into the subject.

Results—We report an efficient method for the ex vivo expansion of CD4+ T cells from Macaca
nemestrina peripheral blood. With this protocol, primary CD4+ T cells can be expanded between
300- to 6000-fold during 24-day period and can be efficiently transduced with lentiviral vectors.
Furthermore, these T cells can be transformed by Herpesvirus saimiri and maintained in culture
for several months. The transformed T cell lines can be productively infected with the simian
immunodeficiency virus (SIV) strain SIVmac239.

Conclusions—We have established methods for the expansion and transformation of primary
M. nemestrina CD4+ T cells and demonstrated the utility of these methods for several
applications.
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INTRODUCTION
Adoptive T cell immunotherapy has been shown to be an efficient strategy for the treatment
of infectious diseases such as cytomegalovirus (CMV) disease [1], Epstein-Barr virus-
associated post-transplant lymphoproliferative disorders [2], AIDS [3], as well as for the
treatment of malignant diseases like metastatic melanoma [4]. For this therapeutic approach,
large numbers of genetically modified and/or antigen-specific T cells are expanded ex vivo
and reinfused into the affected individual. If the reinfused T cells persist, they can help
reconstitute the immune function of the immunodeficient patient.

The development of primate pre-clinical models has been critical for the study of several
human diseases and also to develop therapeutic treatments for such conditions. The Macaca
nemestrina (commonly known as pigtailed macaque) model is frequently used to study
hematopoietic stem cell transplantation, human immunodeficiency virus (HIV) infection and
T cell immunotherapy [5–7]. Previous reports have described methods for the ex vivo
activation and expansion of rhesus macaque (Macaca mulatta) CD4+ T cells from peripheral
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blood, some of which have been successfully used for studies of autologous T cell infusion
in this primate species [8–10]. Here we have established a protocol where we efficiently
isolated and expanded CD4+ T cells from pigtailed macaques using paramagnetic beads
coated with anti-CD3 and anti-CD28 antibodies and demonstrated the utility of these
expanded cells for several applications. Additionally, we generated transformed cell lines
from these primary cells that are susceptible to SIV infection and that can be used for long-
term studies.

METHODS
Animals

This study used blood samples of four adult pigtailed macaques housed at the University of
Washington Regional Primate Research Center under conditions approved by the American
Association for Accreditation of Laboratory Animal Care. The Institutional Review Board
and Animal Care and Use committee approved the protocols that were followed.

M. nemestrina CD4+ T cell isolation and ex vivo expansion
Peripheral blood CD4+ cells were isolated using the ‘Dynal CD4 Positive Isolation Kit’
(Invitrogen, Carlsbad CA) following the manufacturer’s instructions. The recovered cells
were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10%
Fetal Bovine Serum (FBS) and were activated by the addition of paramagnetic beads
(Dynabeads M-450 Tosylactivated, Invitrogen, Carlsbad CA) coated with mouse
monoclonal antibodies anti-human CD3 (clone SP34-2 BD Biosciences, San Jose CA) and
anti-human CD28 (CD28.2 obtained from Dr. Daniel Olive, INSERM, France, through the
NIH Nonhuman Primate Reagent Resource). The beads were prepared according to the
maker’s indications and 1×107 beads were coated with 0.5μg of anti-CD3 and 4.5μg of anti-
CD28. The CD4+ purified cells were stimulated with 3 beads per cell and 100U/ml
recombinant human IL-2 (rhIL-2) (Chiron, Emeryville CA). The cultures were maintained at
a density of 1–2×106 cells/ml and received more beads as required to maintain the 3:1 bead-
to-cell ratio.

H. saimiri transformation of M. nemestrina CD4+ T cells
H. saimiri strain C488 (obtained from the NIH Nonhuman Primate Reagent Resource) was
propagated on Owl Monkey Kidney (OMK) cells and used to infect purified CD4+ T cells
that had been stimulated with immunobeads and rhIL-2 for 3 days after isolation. The T
cells were infected with H. saimiri at a multiplicity of infection (MOI) of 3. The cells were
maintained in IMDM supplemented with 10% FBS and 20U/ml rhIL-2 until rapidly growing
cells were visible (typically 25–40 days after infection). At that point, the cells were
stimulated with 100U/ml rhIL-2.

Lentiviral infection of M. nemestrina CD4+ T cells
Primary CD4+ T cells stimulated with immunobeads and 100U/mL rhIL-2 for 1 day after
isolation were infected with a VSV-pseudotyped lentiviral vector encoding GFP
(pRRL.SIN.cPPT.PGK.GFP.WPRE) (obtained through Addgene, Cambridge MA, plasmid
12252) at MOI=0.25, 0.5 or 1.0 in the presence of 8μg/ml of protamine sulfate. Cell growth
and GFP expression was monitored for four weeks after isolation.

Plasmids encoding the 5′ and 3′ halves of SIVmac239 [11,12] (obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: p239SpSp5′ and
p239SpE3′ from Dr. Ronald Desrosiers) were linearized by Sph-I digestion, ligated, and
transiently transfected into HEK-293T cells as described elsewhere [13]. The virus produced
was propagated in 174xCEM cells [14] (obtained through the AIDS Research and Reference
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Reagent Program, Division of AIDS, NIAID, NIH: 174xCEM from Dr. Peter Cresswell) and
titrated using the indicator cell line Magi-CCR5 [15] (obtained through the NIH AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID: MAGI-CCR5 from
Dr. Julie Overbaugh). SIVmac239 containing medium was used to infect H. saimiri
transformed cells at MOI=0.001. The replication of the cells as well as that of the SIVmac239
virus was monitored for several weeks after the infection.

RESULTS
To maximize the expansion of M. nemestrina CD4+ lymphocytes ex vivo, we used
paramagnetic beads coated with anti-CD3 and anti-CD28 antibodies, a method that has
proven to be highly efficient for the expansion of human and rhesus macaque T cells
[8,10,16]. As shown in Figure 1A, analysis by flow cytometry indicates that cells stimulated
with the immunobeads and rhIL-2 for 14 days are CD3+ and CD4+, and that a significant
proportion also express CD8. Furthermore, the analysis shows that these cells express
reduced levels of the HIV/SIV co-receptor CCR5. With this approach the cells can be
expanded between 300- to 6000-fold over a period of 24 days, after which the expansion
rate decreases (Figure 1B).

One advantage of the pigtailed macaque model is that unlike rhesus macaques HIV-1-
derived vectors efficiently transduce pigtailed macaque cells [7] due to the absence of a
functional TRIM5α [17] and HIV-1 has been shown to replicate in pigtailed macaque cells
[18]. We thus evaluated whether these expanded cells could be efficiently transduced with
lentiviral vectors. As illustrated in Figure 1C, primary CD4+ T cells stimulated with
immunobeads and rhIL-2 and transduced with a VSV-pseudotyped lentiviral vector
encoding GFP express the fluorescent marker in a MOI-dependent fashion. At higher MOIs
the proliferative potential of the cells decreases (Figure 1B). GFP expression was stable
during the four weeks it was evaluated (Figure 1D).

We also explored whether we could transform these lymphocytes for applications that
require long-term amplification of functional and phenotypically stable T cells. Cells from
two different animals were stimulated with immunobeads and rhIL-2 for 3 days after
isolation and then infected with H. saimiri. After several weeks of stable growth, one cell
line from each animal was then infected with SIVmac239. We found that H. saimiri infection
of M. nemestrina primary CD4+ T cells supports the generation of cell lines that can be
expanded for several months. These cell lines can then be productively infected with
SIVmac239 as demonstrated in Figure 2. One of the cell lines can also be productively
infected with an HIV-1 derivative that contains the SIVmac239 sequences of the vif gene and
the Cyclophilin A (CypA) binding loop [19] (Daryl Humes and Julie Overbaugh, personal
communication). Interestingly, the expression of CCR5 was considerably higher in the cell
lines in comparison to the primary cultures (Figure 1A). This observation is consistent with
previous studies that indicate that stimulation of CD4+ T cells with immobilized anti-CD3
and anti-CD28 antibodies reduces the expression of the chemokine receptor in human [20]
and rhesus macaque cells [8]. In terms of the H. saimiri producing status of these cells, PCR
analysis of the viral gene ORF3 in OMK cells cultured with cell-free conditioned medium
from the transformed T cells indicated that the T cells release infectious particles. This result
differs from what has been previously reported for cell lines derived from another Old
World monkey, Macaca mulatta, in which infectious particles were not detected after
transformation with H. saimiri [21].
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DISCUSSION
Through the use of paramagnetic beads coated with antibodies specific for the cell surface
proteins CD4, CD3, and CD28, we have been able to efficiently isolate and expand primary
M. nemestrina CD4+ T cells from whole peripheral blood. Previous reports have described
the ex vivo expansion of M. mulatta CD4+ T cells [8,10]. In those studies the efficiency of
expansion varied considerably, and the best expansion rates were observed when feeder cells
were used [10]. However, considering the large numbers of T cells required for adoptive
immunotherapy protocols, such an approach is expensive and impractical. Among the
expansion protocols that do not involve the use of feeder cells, paramagnetic beads coated
with stimulatory CD3 and CD28 antibodies rendered expansion rates of less than 200 and
could not be sustained beyond 14 days [8]. Under the feeder-free conditions we have
established here for M. nemestrina samples, CD4+-enriched cells can be expanded beyond
the level reported with other methods for M. mulatta samples and for a longer period of
time. Additionally, using these conditions these cells can be efficiently marked using
lentiviral vectors, which would allow for the cells to be easily tracked after reinfusion into
animals. Even though we have not attempted to expand cells from other species with this
method, it is likely that the conditions we have established will also work with cells from
other Macaca species, since both the CD3 and CD28 antibodies used here have been
reported to cross-react with M. fascicularis and M. mulatta (NIH Nonhuman Primate
Reagent Resource).

Adoptive transfer of T cells has shown great promise in a number of animal studies and
clinical trials for different diseases; however, the in vivo persistence of the transferred cells,
especially that of T cell clones, varies and may be short [4,22]. Some strains of H. saimiri
are capable of transforming human and macaque T cells allowing stable growth in culture,
and it has been demonstrated that the transformed T cells maintain the antigen specificity
and surface marker expression of the parental cells [21,23]. Importantly, it has been shown
that when H. saimiri transformed autologous cells are reinfused, these cells are well
tolerated and do not cause pathological changes in M. mulatta individuals even one year
after infusion [24].

The M. nemestrina expansion and transformation studies we present here have additional
practical applications. Because of the susceptibility of the H. saimiri transformed
lymphocytes to HIV and SIV infection, these cells are valuable reagents for HIV studies.
For example, the expansion method can be used to expand gene-modified lymphocytes ex
vivo, and challenge these cells to evaluate resistance to infection in adoptively transferred, or
in gene-modified stem cell-derived lymphocytes. The transformed lymphocyte cell line will
also be a useful tool to study aspects of viral infection that may be limited in primary cells,
including studies to help characterize host factors that enhance or restrict infection. In
summary, here we have developed a transformed T cell line for HIV research, and a method
to expand primary M. nemestrina cells to facilitate adoptive T cell immunotherapy and also
anti-HIV gene therapy pre-clinical studies.
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Figure 1. Characterization of M. nemestrina primary CD4+ T-cells expanded in vitro
Cells cultured for 14 days with immunobeads and rhIL-2 express surface markers CD3,
CD4, CD8 and CCR5 (A) can be expanded greater than a 6000-fold in a period of 24 days
(B), and they can be efficiently transduced with a lentiviral vector encoding GFP (MOI
values indicated in the bottom right of each graph) (C). The expression of GFP in
transduced cells is consistent over time (D). Of note, the graph in panel B represents the
estimated fold-expansion and takes into consideration the cells discarded at each passage.
These results correspond to a representative sample.
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Figure 2. Characterization of a M. nemestrina transformed H. saimiri T-cell line
Following H. saimiri transformation and culture for 4 months, the cells express surface
markers CD3, CD4, CD8 and CCR5 (A) and can be efficiently infected with SIVmac239 (B).
Two cell lines from different animals were established with similar results.
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