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ABSTRACT

AIDS virus infections are rarely controlled by cell-mediated immunity, in part due to viral immune evasion and immunodefi-
ciency resulting from CD4� T-cell infection. One likely aspect of this failure is that antiviral cellular immune responses are ei-
ther absent or present at low levels during the initial establishment of infection. To test whether an extensive, timely, and effec-
tive response could reduce the establishment of infection from a high-dose inoculum, we adoptively transferred large numbers
of T cells that were molecularly engineered with anti-simian immunodeficiency virus (anti-SIV) activity into rhesus macaques 3
days following an intrarectal SIV inoculation. To measure in vivo antiviral activity, we assessed the number of viruses transmit-
ted using SIVmac239X, a molecularly tagged viral stock containing 10 genotypic variants, at a dose calculated to transmit 12
founder viruses. Single-genome sequencing of plasma virus revealed that the two animals receiving T cells expressing SIV-spe-
cific T-cell receptors (TCRs) had significantly fewer viral genotypes than the two control animals receiving non-SIV-specific T
cells (means of 4.0 versus 7.5 transmitted viral genotypes; P � 0.044). Accounting for the likelihood of transmission of multiple
viruses of a particular genotype, the calculated means of the total number of founder viruses transmitted were 4.5 and 14.5 in the
experimental and control groups, respectively (P � 0.021). Thus, a large antiviral T-cell response timed with virus exposure can
limit viral transmission. The presence of strong, preexisting T-cell responses, including those induced by vaccines, might help
prevent the establishment of infection at the lower-exposure doses in humans that typically transmit only a single virus.

IMPORTANCE

The establishment of AIDS virus infection in an individual is essentially a race between the spreading virus and host immune defenses.
Cell-mediated immune responses induced by infection or vaccination are important contributors in limiting viral replication. How-
ever, in human immunodeficiency virus (HIV)/SIV infection, the virus usually wins the race, irreversibly crippling the immune system
before an effective cellular immune response is developed and active. We found that providing an accelerated response by adoptively
transferring large numbers of antiviral T cells shortly after a high-dose mucosal inoculation, while not preventing infection altogether,
limited the number of individual viruses transmitted. Thus, the presence of strong, preexisting T-cell responses, including those in-
duced by vaccines, might prevent infection in humans, where the virus exposure is considerably lower.

The CD8� T cell plays an important role in control of AIDS
viruses, i.e., human immunodeficiency virus (HIV) and sim-

ian immunodeficiency virus (SIV) (1–10). However, in most
cases, CD8� T-cell responses, whether consisting of responses to
infection developed de novo or to prior vaccination, are unable to
prevent development of persistent, disseminated infection. This
could reflect an intrinsic inability of the generated CD8� T-cell
responses to control AIDS virus infection: certain CD8� T-cell
responses may lack the necessary qualitative effector function pro-
files against the virus. Additionally, quantitative (11) or spatio-
temporal (12) limitations could prevent effective antiviral CD8�

T-cell responses from acting at foci of viral infection and replica-
tion, being too little, too late, and/or in the wrong place to affect
the establishment of infection.

To test whether the presence of a large, potent virus-specific
T-cell response just after viral inoculation, in an otherwise SIV-
naive animal, can help limit the establishment of infection, we
used a T-cell engineering/adoptive-transfer approach. Adoptive
transfer of antigen-specific T cells has been used to examine cell-
mediated immune activity against cancer and various pathogens,
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including viruses (13–15). Adoptive transfer has been most suc-
cessfully applied in clinical anticancer trials where autologous
CD8� T cells are engineered to express tumor-specific T-cell re-
ceptors (TCRs) or, more recently, antitumor chimeric antigen
receptors and then infused into cancer patients to produce en-
couraging antitumor effects (16–20).

This powerful approach has been used less extensively to study
the efficacy of anti-AIDS virus immune responses using SIV infec-
tion in a rhesus macaques model (12, 21–26). A key challenge for
these types of adoptive-transfer experiments is producing suffi-
cient numbers of autologous cells for infusion. Vaccinated rhesus
macaques typically have relatively low (�1% to 4%) levels of vi-
rus-specific cells, and even infected animals can exhibit low fre-
quencies of virus-specific CD8� T cells. Thus, in experiments re-
lying on native virus-specific T cells for adoptive transfer, these
relatively low numbers need to be greatly expanded over months
in culture, during which time their properties can change, with
some clones within the population being lost to senescence or
anergy. Also, conventional approaches designed to examine the
impact of accelerated timing of the antiviral cellular response by
infusion paradoxically require autologous virus-specific T cells to
be derived from an immunologically naive animal before infec-
tion. To overcome these barriers, we engineered large numbers of
T cells obtained from naive animals to express well-characterized,
highly effective anti-SIV TCRs specific for immunodominant
epitopes (27). By infusing these anti-SIV T cells into animals
shortly after they received a large intrarectal challenge inoculum,
we successfully reduced the number of founder viruses establish-
ing disseminated infection.

MATERIALS AND METHODS
Rhesus macaque care. Four Mamu A*01 Indian rhesus macaques
(Macaca mulatta) were cared for and housed at the National Cancer In-
stitute (NCI) in Bethesda, MD. Infusions, blood draws, and tissue biopsy
procedures were carried out using Animal Care and Use Committee-
approved protocols and procedures, including the use of IACUC-ap-
proved individual housing to reduce the risk of viral cross contamination.
Steps were taken to ensure the welfare of the macaques and to minimize
their potential pain or suffering. The NCI and the Frederick National
Laboratory are accredited by AAALAC International and follow the Pub-
lic Health Service Policy for the Care and Use of Laboratory Animals.
Animal care was provided in accordance with the procedures outlined in
the “Guide for Care and Use of Laboratory Animals” (28).

Cell culture. T cells were cultured in RPMI 1640 media supplemented
with 10% (vol/vol) fetal bovine serum (Gemini Bio Products), 10 mM
HEPES buffer, 2 mM glutamine (Life Technologies), interleukin-2 (IL-2;
NIH AIDS reagent repository) (50 IU/ml), penicillin (Life Technologies)
(100 �g/ml), and streptomycin (Life Technologies) (100 �g/ml). Cells
were expanded through biweekly stimulation with anti-CD3 (clone
SP34-2; BD Biosciences) (30 ng/ml), IL-2 (50 IU/ml), irradiated human
peripheral blood mononucleated cells (PBMC), and an Epstein-Barr vi-
rus-transformed B-cell line (TM B-LCL) (12, 29, 30).

Retroviral vectors. Vector constructs containing rhesus macaque
CM9- or SL8-specific TCRs and C-terminally truncated human nerve
growth factor receptor (tNGFR) genes were previously described (27, 31).
The C-C chemokine receptor 7 (CCR7) and L-selectin (CD62L) genes
were isolated by PCR-mediated cDNA cloning from the RNA of rhesus
macaque PBMC and were used to construct an MSGV1 vector that ex-
presses a single transcript containing tNGFR/P2A/CCR7/T2A/CD62L
coding sequence. Retroviral vectors were generated by transfecting vector
constructs into Phoenix-RD114 packaging cells (32).

TCR and homing marker transduction. Retroviral vector-containing
supernatants were loaded onto RetroNectin-coated 24-well plates

(treated with 20 �g/ml) and centrifuged at 2,000 � g for 2 h at 32°C. Half
of the vector supernatant was removed, and 1 � 106 stimulated T cells
were added per well. The cells were then centrifuged at 2,000 � g for 1 h at
32°C followed by incubation at 37°C for 48 h before flow cytometric
analysis for tetramer binding or tNGFR expression was performed to de-
termine transduction efficiency. Transduced cells were sorted by the use
of paramagnetic beads and LS columns (Miltenyi Biotech, Inc.) using
phycoerythrin (PE beads) with either specific tetramers (CM9 peptide
major histocompatibility complex [MHC] class I/tetramer [Beckman
Coulter] and SL8 peptide/MHC tetramer [NIH Tetramer Core Facility])
or nerve growth factor receptor (NGFR) (ME20.4-1.H4; Miltenyi Bio-
tech) antibody.

ERK1/2 phosphorylation analysis. Levels of total and phosphory-
lated extracellular signal-regulated kinase 1 (ERK1)/ERK2 (pERK1/2) in
CD8� T cells (1 �106 cells in serum-free media) were measured following
stimulation with 2 �g/ml of human exodus CCL21 (ProSpec) for 2, 8, and
15 min. Cells were harvested by centrifugation at 10,000 � g for 1 min.
The cell pellets were lysed with Pierce immunoprecipitation (IP) lysis
buffer containing 1� Halt protease and phosphatase inhibitor cocktail
(Thermo Scientific) on ice for 30 min. The nuclear fraction was separated
from the cytosolic lysate by centrifugation for 10 min at 10,000 � g, and
the supernatant was transferred to a new tube. Prior to SDS fractionation,
LDS sample loading buffer (4�) was added to the lysate at a final concen-
tration of 1� and samples were boiled for 5 min.

Samples normalized using ß-actin were loaded on a 4% to 20% gradi-
ent Tris– glycine polyacrylamide gel, and, after separation, proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore Immobilon-P; IPVH00010) using a semidry electroblotter (Ellard
Instrumentation) for 1 to 1.5 h. Detection of ERK1/2 and pERK1/2 pro-
teins was performed using polyclonal rabbit antibodies ab17942 (Abcam)
and ab4819 (Abcam), respectively, each used at a 1:1,000 dilution, fol-
lowed by the use of anti-rabbit secondary antibody (A6154; Sigma) at a
1:10,000 dilution. Detection of ß-actin protein was performed using
monoclonal antibody (MA5-11116; Thermo Scientific Pierce) diluted
1:1,000, followed by anti-mouse secondary antibody (A4416; Sigma) at a
1:10,000 dilution. Immunoblots were analyzed using a VersaDoc 3000
imaging system (Bio-Rad Laboratories), and band intensities were quan-
tified using Quantity One version 4.5.0 software (Bio-Rad Laboratories).

In vitro chemotaxis assay. Chemotaxis was measured using transwell
inserts (5 �m pore size) on a 24-well plate (Costar). The upper and lower
chambers were filled with serum-free media. Cells (200,000) were added
to the upper chamber, the cells were allowed to settle for 1 h, and then 1
�g/ml SLC/CCL21 (ProSpec) was added to the lower chamber and cell
migration was measured by counting the cells in the lower chamber 3 h
after the addition of CCL21. Specific cell migration was calculated by
subtracting the number of cells migrating in the absence of chemokine
from the number of cells migrating in the presence of chemokine and
calculating the ratio of the number of cells in the lower chamber to the
number of input cells. Images of wells were taken using an inverted light
microscope.

SIVmac239X inoculation. Macaques were inoculated with 9 � 105

infectious units (TZM-bl blue-cell-forming units) of SIVmac239X intrar-
ectally as previously described (33). The virus stock contains 9 isogenic-
sequence-discriminable molecularly tagged variants (variants A to I) plus
wild-type (WT) SIVmac239 (10 in total) within a single inoculum stock,
with equal proportions of all genotypes represented.

Adoptive T-cell transfer. Expanded transduced T cells from each an-
imal were pooled and washed, and half the cells were labeled with 5 �M
CellTrace Violet (CTV; Life Technologies). Cells were resuspended in 50
ml saline solution supplemented with 2% autologous serum and infused
into the femoral vein (2 ml/min) (12, 21). Macaques were subcutaneously
administered IL-2 (104 IU/kg of body weight) daily for 10 days following
infusion. Numbers of infused cells and weights of animals were as follows:
experimental animal 1 (Exp-1), 9 � 108 CM9-6 TCR CD8� cells, 8.24 kg;
Exp-2, 6 � 109 cells (3.5 � 109 CM9-6 TCR CD4� CCR7/CD62L cells,
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1.5 � 109 CM9-6 TCR CD4� cells, 8.8 � 108 CM9-6 TCR CD4� cells, and
4.1 � 108 SL8 TCR CD4� cells), 9.72 kg; control animal 1 (Ctr-1), 2 � 108

tNGFR cells, 7.27 kg; Ctr-2, 1 � 108 tNGFR cells, 5.40 kg.
Flow cytometry. The antibodies and tetramers used were as follows:

CD3 (SP34-2), CD45 (HI30), CD4 (OKT4), CD8 (SK1), CCR7 (3D12),
CD62L (SK11), CD28 (CD28.2), CD95 (DX2) (BD Biosciences), and
�4-�7 (11718; NIH) (34), NGFR; and ME20.4-1.H4 (Miltenyi Biotech),
CM9 peptide MHC class I/tetramer (Beckman Coulter), and SL8 peptide/
MHC tetramer (NIH Tetramer Core Facility). Stimulated cells were
stained for CD107a (H4A3) and for the intracellular cytokines gamma
interferon (IFN-�) (B27) and macrophage inflammatory protein 1 beta
(MIP-1�) (D21-1351; BD Biosciences). More than 100,000 events were
acquired on a BD LSRII analyzer (BD Biosciences). Complete blood cell
counts were monitored using BD TruCount tubes (BD Biosciences) on a
BD FACSVerse flow cytometer (BD Biosciences). Data analysis was per-
formed using FCS Express 4 (De Novo Software).

Quantitation of plasma IFN-�. Plasma IFN-� levels were assayed us-
ing a monkey IFN-� enzyme-linked immunosorbent assay (ELISA) kit
(Mabtech) according to the manufacturer’s protocol. Detection limits of
the assay were 4 to 400 pg/ml.

Virus quantitative real-time PCR. Viral load was determined from
plasma by quantitative PCR (qPCR) as previously described (12, 35). Re-
sults are reported as numbers of copies per milliliter, with a detection limit
of 30 copies/ml. Cell-associated viral DNA analysis was performed on
PBMC as previously described (12, 35). Results are reported as nominal
SIV gag DNA copy numbers per 100,000 cell equivalents, as determined
by copy numbers of the CCR5 gene.

Sequence analysis of SIV variants. Single-genome analysis of virions
in plasma was performed as previously described (33) on a 300-bp portion
of SIVmac239 integrase gene, which contained the engineered genotypes.
The number of variants detected systemically was determined from blood
plasma at 10 days postchallenge by measuring the number of sequences
corresponding to the SIVmac239A to -I and wild-type (WT) genotypes.
For the experimental macaques, Exp-1 and -2, we analyzed 121 and 128
sequences, respectively. For the control macaques, Ctr-1 and -2, we ana-
lyzed 61 and 109 sequences, respectively.

Statistical methods. Data in this study were analyzed with linear
mixed-effects hierarchical models, analysis of variance (ANOVA), and t
tests. Because the animals were inoculated only once prior to infusion, we
used a one-tailed t test to compare the means of the numbers of genotypes
or founder viruses detected between the two groups with a null hypothesis
that the expected mean for the control group was equal to or greater than
that of the experimental group. Probability values of less than 0.05 (P 	
0.05) were considered to represent statistical significance, and values that
were less than 0.10 but greater than 0.05 (0.05 	 P 	 0.10) were consid-
ered to represent marginal statistical significance. All statistical analyses
and simulation computations were performed with the R statistical lan-
guage and environment (36).

Monte Carlo simulation analysis of independent founder events.
Given the limited number (n 
 10) of discriminating genotypes in
SIVmac239X, there is a near certainty of multiple infections occurring in
an individual by one or more of the viral genotypes as the numbers of
founder events increase, resulting in an undercount of the founder vi-
ruses. To more accurately account for the number of unique genotypes
present, we used a computer-based Monte Carlo simulation approach to
determine the distribution of independent founder virus transmission
based on the observed number of genotypes measured. The simulation
assumes a viral inoculum of a population of 10,000 total viral particles
with 1,000 particles of each of the 10 variants, corresponding to
SIVmac239A to -I and the wild type (WT). From this population, a ran-
dom number generator (Monte Carlo approach, with potential values 1 to
10) identifies a variant that is drawn from the population representing a
successful infecting variant. For each simulation representing an inocu-
lated macaque, the number of sequential draws required to observe a
given number of unique variants is determined. This simulation was per-

formed on 1,000 theoretical macaques to account for each of the 10 pos-
sible numbers of variants detected, representing founder viruses. In this
way, distributions of the numbers of draws required to identify from 1 to
10 variants were generated and then analyzed to produce median, mean,
minimal, and maximal estimates of the number of founder viruses present
in the macaques given the number of genotypes observed experimentally.

RESULTS

To test whether the presence of SIV-specific effector T cells soon
after virus exposure can limit the number of transmitted viral
variants that contribute to disseminated systemic infection, we
intrarectally inoculated Mamu A0*1 Indian rhesus macaques with
SIV and subsequently infused large numbers of antiviral T cells 3
days later. A 3-day lag between inoculation and infusion was cho-
sen to allow establishment of viral foci in mucosal tissues which
can serve as targets for the infused cells before establishment of
disseminated systemic infection (37) (B. F. Keele, unpublished
data).

To generate SIV-specific T cells, we isolated naive T cells
(CD3�, CD28�, and CD95�) from PBMC for transduction with
retroviral vectors (gating scheme presented in Fig. 1A). Naive cells
were selected because, in a comparative study by Hinrichs et al.,
antitumor TCR-transduced CD8� T cells generated from a naive
population exhibited adoptive antitumor function that was supe-
rior to that seen with central memory cells, which are themselves
thought to function better than effector memory cells (23, 38). T
cells from the two experimental animals, Exp-1 and Exp-2, were
transduced with retroviral vectors expressing well-characterized
SIV-specific Mamu A0*1-restricted TCR genes that can success-
fully transfer the ability to suppress SIV replication to CD8� T
cells in vitro (27). CD8� T cells from Exp-1 were transduced with
Gag CM9-6 TCR only, while CD8� T cells from Exp-2 were trans-
duced with either Gag CM9-6 or Tat SL8-42 TCR. To provide
SIV-specific CD4� T cells to enhance CD8� antiviral activity in
vivo by providing CD4� T helper function, as suggested by mouse
and human studies (39, 40), or by direct antiviral activity on in-
fected cells (41), naive CD4� T cells from Exp-2 were also trans-
duced with the Gag CM9-6 TCR. Due to the lack of an appropriate
SIV-specific MHC class II-restricted TCR, we used the Gag CM9-6
MHC class I-restricted TCR to transfer specific antiviral effector
function to the CD4� T cells as demonstrated previously (refer-
ence 42 and unpublished results). In lieu of TCR vectors, T cells
from the two control animals, Ctr-1 and Ctr-2, were transduced
with a vector encoding an inert truncated form of the nerve
growth factor receptor (tNGFR) that allows tracking of their dis-
tribution postinfusion by this normally nonlymphoid marker (31,
43). Transduced cells were sorted to greater than 80% purity prior
to expansion. The experimental and control animal transductant
cultures functionally responded to autologous PMBC pulsed with
cognate peptide, producing a characteristic Th1 effector profile,
including IFN-� and MIP-1� intracellular cytokine and CD107a
degranulation responses (Fig. 1B).

Several studies in humans indicate that a substantial fraction of
infused T cells can be found in lung rather than lymphoid tissues
(44–47). Indeed, our prior adoptive-transfer studies and those of
others performed using rhesus macaques showed extensive local-
ization of infused cells in the lung with little or no detectable
persistence in blood or lymph nodes (12, 21, 25). To redirect the
infused cells to immune-relevant sites, we supertransduced half of
the virus-specific Exp-2 Gag CM9-6 CD4� T cells with a retroviral
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vector encoding lymphoid homing proteins rhesus C-C chemo-
kine receptor 7 (CCR7) and L-selectin (CD62L). Additionally, the
vector expresses tNGFR to clearly distinguish our infused homing
marker transductants from native CCR7- and CD62L-expressing
T cells in the Exp-2 samples.

To confirm the function of these homing proteins, we gener-
ated and tested Exp-2 CCR7/CD62L CD8� transductants, termed
R7/62L cells, for in vitro receptor-specific signaling and migration.
Immunoblotting of samples stimulated with CCL21, the CCR7
ligand, revealed that R7/62L cells signaled with a maximally
8-fold-higher level of ERK1/2 phosphorylation than their unmod-
ified CD8 counterparts after a 2-min treatment (Fig. 2A). Phos-
phorylation levels in the presence of CCL21 decreased at the latter
time points, as reported by others (48), confirming physiological
signaling kinetics. The response of the transductants was also
considerably higher than that of the positive-control TM B-
LCL human B-lymphoblastoid line (Fig. 2A). The R7/62L cell
line also exhibited specific migration in a transwell assay (Fig.
2B), with 43% of the cells migrating to the ligand chamber 3 h
after CCL21 addition, similarly to the migration of the TM
B-LCL positive control (Fig. 2B). In contrast, the unmodified
CD8� T cells did not exhibit any specific migration. Taken
together, these results indicated that the CCR7 transductants
are functional in vitro.

Upon antigenic stimulation, the ectodomain of the CD62L ad-

hesion molecule is cleaved from the surface of T cells by the
ADAM17 protease (49). To determine whether our transduced
cells appropriately carry out this physiological reaction, we em-
ployed an established assay that measures the loss of surface ex-
pression on T cells due to ADAM17 protease cleavage that occurs
upon antigen stimulation (50). After 6 h of stimulation with the
SIV Gag CM9 peptide, flow cytometry analysis of CM9/CCR7/
CD62L transduced T cells revealed specific downregulation of the
transduced CD62L surface expression on the activated cells, i.e.,
those with an induced IFN-� expression response (Fig. 2C). Sim-
ilar results were observed in a PBMC control, where CD62L loss
strongly correlated with induced IFN-� expression (Fig. 2C),
thereby confirming the appropriate activation-induced shedding
of CD62L by the transductants.

Even though the TCR-engineered CD8� T cells produced typ-
ical effector intracellular cytokine responses just after transduc-
tion and tetramer sorting, because these cultures were extensively
expanded through 6 or 7 cycles of anti-CD3 stimulation over 12
weeks, we confirmed our original antigen response results ob-
tained with the expanded SIV-specific T-cell lines, 2 weeks prior to
infusion. The activation response results for engineered cells from
Exp-1 and Exp-2 revealed that the CD8� CM9-6 transductants
produced IFN-� and MIP-1� as well as CD107a degranulation
responses to SIV Gag CM9 peptide-pulsed antigen-presenting

FIG 1 Characterization of SIV-specific TCR transductants. (A) Plots of flow cytometric sorting (presented left to right) for naive T (TN) cells from rhesus
macaque PBMC for lymphocytes based on size and granularity determined by side scatter and forward scatter (SSC and FSC, respectively), for naive T cells by
CD3�/CD28�/CD95�, and for CD8� and CD4� T-cell populations are displayed. (B) Results of flow cytometric analysis of TCR-transduced Exp-2 cells for
induction of surface CD107a and intracellular induction of IFN-� and MIP-1� expression 6 h after coculture with PBMC pulsed with cognate peptides are
displayed. Data are representative of results of two independent experiments. The data shown are from transduced Exp-2 cells; Exp-1 exhibited a similar profile
(data not shown).
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cells (APC) (Fig. 3) at levels similar to those observed just after
transduction (Fig. 1B and data not shown).

SIVmac239X inoculation and adoptive transfer of SIV-spe-
cific T cells. To measure the ability of the adoptively transferred T
cells to reduce the number of transmitted viral variants contrib-
uting to disseminated systemic infection, we used SIVmac239X, a
“synthetic swarm” virus stock which contains 10 different molec-
ularly tagged genotypes (51). Enumerating how many of the 10
SIVmac239X variants are present in plasma at peak viremia by
single-genome sequencing reflects the observable number of dis-
tinct transmitted/founder viruses from the inoculum that ulti-
mately contributed to the disseminated infection. A reduction in
the number of transmitted/founder variants measured using this
system has served as a surrogate measure of vaccine efficacy (52).
For this experiment, we chose a dose of SIVmac239X for the in-
trarectal inoculations intended to transfer �12 transmitted/
founder viruses to each individual to provide a wide dynamic
range of transmitted/founder virus detection and ensure infection
in a single dose (33). Given this large inoculum, we deemed it
unlikely that the infused cells could prevent infection altogether.

All four rhesus macaques were inoculated intrarectally with
SIVmac239X and then infused with the autologous engineered
cells 3 days later. Prior to infusion, half of each category of cells was
labeled with CellTrace Violet (CTV) fluorescent dye to enable
tracking of infused cells in the animals. The two control macaques,
Ctr-1 and -2, were infused with the corresponding non-SIV-spe-
cific tNGFR-expressing CD8� T cells. Exp-1 was infused with SIV
Gag CM9-specific CD8� T cells, and Exp-2 was infused with a
mixture of SIV Gag CM9- and SIV Tat SL8-specific CD8� and SIV
Gag CM9-specific CD4� SIV-specific T cells with or without the
lymph node homing markers CCR7 and CD62L.

Persistence of infused cells. On the basis of our previous
adoptive transfers, extensively expanded CD8� T cells typically
localize to and persist in the lung (12, 21). The persistence of
transduced T cells in the animals was examined by flow cytometry
of purified PBMC and of bronchoalveolar lavage (BAL) fluid sam-
ples. Infused cells from Exp-2 and Ctr-1 were detectable in PBMC
samples for 168 h postinfusion, while infused cells were undetect-
able in Exp-1 and Ctr-2 PBMC samples after 96 h and 48 h, re-
spectively (Fig. 4A). As seen in our previous studies (12, 21), the
highest frequencies of infused cells were found in the BAL fluid
samples in all of the animals, being detectable at our last sampled
time point, 29 days postinfusion (Fig. 4 and data not shown).

To examine the localization of the Exp-2 CCR7/CD62L trans-
duced cells, we analyzed cells harvested from a 48-h lymph node

FIG 2 Functional testing of CCR7/CD62L transductants. (A) The induction
of MAPK/ERK pathway within CCR7/CD62L T-cell transductants (R7/62L) in
response to the CCR7 ligand (CCL21)is presented. (Top) ERK1/2 and phos-
pho-ERK immunoblots of cell lysates are presented, with the minutes of
CCL21 exposure denoted above each sample, molecular mass standards indi-
cated at left, and bands identified at right. (Bottom) A graph of the measured
band intensities is presented with minutes of CCL21 exposure denoted under
each sample. (B) A micrograph of CCL21-induced cell migration assayed by
transwell CCR7-mediated chemotaxis is presented above a graphic summary
of cell counts measured in the transwell assay. Data are representative of results
of two independent experiments. (C) Upper row: a flow cytometric analysis for
CD62L and IFN-� of rhesus PBMC left unstimulated or stimulated with anti-
CD3 is presented. Lower group: results of flow cytometric analysis of R7/62L
cells for CD62L and IFN-� are presented. Data are representative of results of
two independent experiments.
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biopsy specimen from Exp-2. Since our CCR7/CD62L vector also
expresses tNGFR, we can distinguish our engineered transduc-
tants from the endogenous CCR7-expressing T cells. NGFR and
CCR7 flow cytometry analysis of Exp-2 samples gated for CD3� T
cells revealed that 0.03% of the CCR7� T cells in the lymph node
sample were the homing transductants (NGFR� CCR7�) (Fig.
4B), while PBMC and BAL fluid samples had frequencies of 0.5%
and 4.9%, respectively. In contrast, samples from the Ctr-1 ani-
mal, which received only tNGFR CD8� transductants, showed no
NGFR-positive cells in the lymph node and few (0.06%) in the
PBMC analyses (Fig. 4A). However, the Ctr-1 BAL fluid sample
had a higher frequency of infused cells (13%) than the corre-
sponding Exp-2 sample (5%).

To determine if transduction with CCR7/CD62L increased
trafficking of infused cells to lymph node, we analyzed the per-
centage of infused cells that expressed the CCR7/CD62L vector
in these samples. Because half of the infused cells were CTV la-
beled and the CCR7/CD62L vector expresses tNGFR, we could
detect the number of infused cells with added homing markers
(tNGFR�) as a proportion of the total infused cells (CTV�) found
in the lymph node. In the lymph node sample, nearly all (98%) of
the infused cells present were the CCR7/CD62L transductants,
indicating strong preferential homing of these infused cells to this
site. In contrast, the vast majority (94%) of the infused cells found
in the BAL fluid samples and 86% of the cells in the PBMC were
those without the CCR7/CD62L homing proteins (Fig. 4B), sug-
gesting preferential trafficking away from these sites. Overall, our
results are consistent with highly enhanced trafficking to lymph
node induced by CCR7/CD62L transduction.

Decreased virus transmission in animals infused with engi-
neered SIV-specific T cells. Single-genome sequence analysis of
viral RNA from plasma at or just after peak viremia (10 days
postinfection) detected 7 and 8 of the SIVmac239X genotypes in
Ctr-1 and -2, respectively. In contrast, only 3 and 5 genotypes were
detected in Exp-1 and Exp-2, respectively. The difference between
the mean numbers of genotypes detected between control and
experimental groups (3.5) is statistically significant (P 
 0.044)
(Fig. 5).

However, note that the numbers presented above represent the
minimum number of founder viruses present, because, as the
number of genotypes detected increases, the likelihood that one or
more of the variants arose from multiple infection events also
increases. This results in an undercount of the actual number of
founder viruses transmitted by the inoculum. To account for this
phenomenon, we developed an iterative Monte Carlo simulation
method that empirically predicts the expected number of inde-
pendent infection events, i.e., founder virus transmission, given
the number of genotypes observed as the median from 103 inde-
pendent trials for each of the possible numbers of genotypes that
can be detected, i.e., from 1 to 10 (Table 1) (W. G. Alvord, V. I.
Ayala, B. F. Keele, and D. E. Ott, unpublished data). On the basis
of this analysis, we found that Exp-1 likely had 3 unique founding
infection events and that Exp-2 had 6 whereas Ctr-1 had 14 and
Ctr-2 had 11. After adjustment, the means (4.5 founders for ex-
perimental animals and 12.5 for the control animals) are still sta-
tistically significantly different (P 
 0.021) (Fig. 5). Taken to-
gether, these data indicate that the infused SIV-specific CD8� T
cells decreased the number of transmitted/founder viruses that
ultimately contributed to the establishment of viremia in the ex-
perimental animals.

FIG 3 Analysis of in vitro effector response in TCR-transduced T cells prior to
infusion. Results of flow cytometric analyses of induced IFN-�, MIP1-�, and
CD107a responses to SIV Gag CM9 peptide-pulsed APC by the expanded
TCR-transduced T cells from Exp-1 and Exp-2 2 weeks prior to infusion are
presented.
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Elevated plasma IFN-� levels. One parameter that is used to
measure the in vivo activity of infused antigen-specific CD8� T
cells is that of specific increases in plasma cytokine numbers (53),
in this case, IFN-�, which is expressed by our TCR transductants.
ELISA analysis of plasma samples from both Exp-1 and -2 de-
tected a 10-fold increase in plasma IFN-� levels 10 days postinfu-
sion in both animals (Fig. 6). The IFN-� levels fell to baseline at the
17-day time point for Exp-1, while Exp-2’s levels, while peaking
lower than those seen with Exp-1, remained clearly elevated for 51
days. In contrast, there was no appreciable increase in IFN-� levels
in the parallel plasma samples from either of the control animals,
which received only tNGFR-marked cells. Thus, the increased
IFN-� levels are consistent with the timing of the infused antigen-
specific CD8� T cells and with a functional response to virus-
infected cells that reduced the numbers of founder viruses in the
experimental animals.

No effect on viremia. Despite the reduction in the number of
transmitted/founder viruses contributing to viremia, the levels of
plasma viral RNA, PBMC-associated viral DNA, and CD4� T cells
were similar among the animals through the acute stage and into

FIG 4 Persistence of infused T cells. (A) Graphs of the percentages of infused
T cells (CTV� CD3�) in blood (PBMC, top) or bronchiolar alveolar lavage
fluid (BAL, bottom) samples measured by flow cytometry are presented. A
dashed line indicates the level of detection in the flow cytometry assay. (B)
Results of flow cytometry analysis for (top) CCR7 and NGFR expressing cells
and (bottom) CTV�-gated NGFR expressing infused cells in blood and tissues
48 h postinfusion are presented.

FIG 5 Analysis of founder virus genotypes. A graph of both the observed and
projected values representing the means of the numbers of genotypes detected
by single-genome sequencing at peak plasma viremia are presented with stan-
dard error bars. Statistical probabilities of a null hypothesis calculated by a
single-tailed Student’s t test are displayed above the bar graphs.

TABLE 1 Monte Carlo simulation-derived projected founder viruses

No. of genotypes
observed

Median no. of projected
founder virus genotypes Minimuma Maximumb

1 1 1 1
2 2 2 5
3 3 3 7
4 5 4 10
5 6 5 14
6 8 6 18
7 11 7 24
8 14 8 34
9 18 9 47
10 28 10 77
a Data represent the minimum number of genotypes required to observe all 10
genotypes.
b Data represent the maximum number of genotypes required to observe all 10
genotypes.
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the chronic stage, with no clear difference in these infection pa-
rameters among the animals (Fig. 7).

DISCUSSION

The nearly 70% reduction in the levels of founder viruses observed
here demonstrates that adoptive transfer of a large antiviral T-cell
response rapidly after exposure to virus can effectively reduce the
number of distinct infection events that contribute to establish-
ment of viremia in an SIV/rhesus macaque system. This finding
indicates that a robust, timed T-cell response can interfere with
the establishment of infection that successfully contributes to
viremia and disseminated viral replication.

It is important that we used a large-to-overwhelming inocu-
lum to ensure establishment of infection with just a single intrar-
ectal inoculation. Indeed, the 12.5 calculated founder viruses that
we observe in the control animals is consistent with the expected
transmission of 12 founder viruses based on the inoculation dose
used in this study (33). Notably, this dose is considerably higher
than the doses used in typical contemporary rhesus macaque vac-
cine studies which seek to replicate human mucosal transmission
of HIV in which only a single transmitted/founder virus is ob-
served in nearly 80% of cases (54). To model this, animals are
repeatedly mucosally challenged with titers of inocula intended to
infect only a fraction of unvaccinated animals per challenge, typ-
ically transmitting one or a few distinct viral variants (52, 55).
With the high-dose inoculation used in this study, it is unlikely
that the infused cells should have completely eliminated founder
virus transmission.

While exhibiting fewer transmitted/founder viruses, the exper-
imental animals receiving antiviral T cells had viremic parameters
similar to those seen with the control animals. This was expected,
because the transfer of only one transmitted founder virus appears
to be sufficient to produce high levels of viremia. Indeed, Liu et al.
observed similar levels of viremia in rhesus macaques inoculated
with viral doses spanning 3 orders of magnitude (55). Addition-
ally, it is not clear how many of the infused cells persisted beyond
the first couple of weeks. Thus, transmission of fewer founder
viruses did not alter the disease course after the establishment of
infection, as expected.

Overall, our infused T cells did not persist at appreciable levels
in blood, while the BAL fluid samples contained the largest relative
frequency of infused endogenous cells over the follow-up period.

Consistent with these findings, preferential retention of infused
cells in the lung, often referred to as lung entrapment, has been
observed after adoptive transfers of both T-cells and stem cells (12,
21, 24, 56). While this pattern of trafficking and persistence of the
infused cells may be related in part to the preinfusion culture
conditions, especially in the case of expansion during extended
culture, activated T cells have been observed to reside in normal
lung in a process that appears to involve LFA-1/ICAM-1 adhesion
(44, 46). Thus, pulmonary localization by infused T cells might in
part reflect a physiologically relevant process. It is also important
that the absolute number of infused cells localized to the lung and
the fraction of the infused cells that this frequency represents are
not clear from BAL fluid sampling, underscoring some of the chal-
lenges in definitive characterization of trafficking of infused cells
after adoptive transfer.

FIG 6 Induction of plasma IFN-�. A graph of postinfusion plasma IFN-�
detected by ELISA measured 0 to 51 days postinfection is presented.

FIG 7 Blood infection parameters. Graphs of plasma viral RNA loads (top),
cell-associated viral DNA loads (middle), and CD4� T-cell counts (bottom) in
blood from infected individuals are presented. Dashed lines indicate the level
of detection for the PCR assays. Eq, equivalent.
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The localization and fate of the infused cells are important and
yet poorly understood parameters in adoptive-transfer experi-
ments. Here we show that homing to lymph node tissues can be
manipulated by T-cell engineering: the CCR7/CD62L transduc-
tants preferentially homed to the lymph node while mostly avoid-
ing the lung. These results provide a proof of principle for using
this type of molecular engineering to enhance trafficking of in-
fused antiviral T cells to lymphoid organs of interest.

This engineered T-cell approach, applied to studies of T-cell
immunology and control of AIDS viruses by cellular immune re-
sponses through use of adoptive transfer in nonhuman primates,
opens up a variety of possibilities. By producing T cells with de-
fined TCRs having effective anti-SIV activity, rhesus macaque
adoptive-transfer experiments can be carried out on naive animals
or those that might be missing a particular response. Additionally,
transducing T cells with effective TCRs en masse enables adoptive-
transfer experiments with large numbers of virus-specific cells,
expanded with fewer stimulation cycles and better persistence (re-
sults reported here and unpublished data analyzed by V. I. Ayala,
M. T. Trivett, S. Jain, and D. E. Ott) than in our prior studies
performed with extensively expanded native SIV-specific T-cell
clones (12, 21).

The ability to easily and robustly measure the number of viral
variants transmitted during infection using a defined system pro-
vides a powerful tool for understanding viral transmission. Here,
we expand the use of the SIVmac239X 10 variant “synthetic
swarm” transmitted/founder virus enumeration strategy (33) to
assess the ability of adoptively transferred engineered T cells with
demonstrated anti-SIV activity to effect a reduction in the number
of transmitted/founder variants contributing to systemic infec-
tion after a high-dose intrarectal inoculation. To overcome the
near certainty of an undercount of variants due to the occurrence
of multiple infection events by 1 or more of the 10 individual
genotypes at the inoculum level used, we used iterative Monte
Carlo simulations to generate a conversion table that projects the
most probable number of founder viruses present for a given
number of observed genotypes. Our method presented here ex-
tends the utility of this powerful SIVmac293X system by enabling
clearer interpretation of experiments with high-dose inoculations
and challenges that would otherwise be confounded by multiple
infections.

Our finding that the presence of a strong cellular immune re-
sponse can limit the establishment of distinct transmitted/
founder viruses indicates that an actively poised cellular immune
response could supplement natural bottlenecks (57), e.g., innate
immunity, intrinsic resistance, or mucosal barriers, and could fur-
ther reduce or prevent infection. By necessity, our experimental
design required a high-dose, clearly nonphysiological viral inocu-
lum to ensure the establishment of infection to coordinate with
the timing of T-cell infusion. Under conditions more closely ap-
proximating typical mucosal transmission of HIV, i.e., low inoc-
ulum levels that produce at most only one or two founder viruses
(54), potent antiviral cellular immune responses could potentially
protect high-risk individuals from infection (58). Thus, the pres-
ence of effective antiviral T cells during infection could eliminate
nascent foci of infection before they become established.
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