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In humans and in animal models, the induction and mainte-
nance of a virus-specific CD8+ T-cell response is essential for the
eradication of acute viral infections such as influenza1, RSV (ref.
2) and LCMV (ref. 3), and for the control of persistent infections
such as CMV (refs. 4–7), HSV (ref. 8), and EBV (refs. 9,10).
Although direct evidence for an anti-viral effect of cytotoxic T
lymphocytes (CTLs) in HIV-infected individuals has yet to be
demonstrated, inferential evidence suggests that CD8+ CTLs exert
substantial anti-HIV activity. After primary infection, the appear-
ance of HIV-specific CD8+ CTLs coincides with a reduction in
viremia and an increase in CD4+ T-cell numbers, and occurs be-
fore HIV-specific neutralizing antibodies can be detected11–14.
Infected individuals with a prolonged phase of asymptomatic in-
fection, called long-term non-progressors, maintain strong HIV-
specific CTL responses15–17, whereas individuals with progressive
disease lose detectable CTL responses or harbor HIV variants with
‘escape’ mutations in the epitopes recognized by their CTLs17–21.
CTLs can be detected in lymphoid organs, which are the chief
sites of HIV replication22. Moreover, plasma RNA viral load, an in-
dicator of progressing disease, correlates inversely with the mag-
nitude of HIV-specific CD8+ CTL activity14,23.

Several observations have suggested that CD8+ CTLs have a
less important role in limiting progression of HIV infection.
Although primary infection is associated with a vigorous CTL re-
sponse, the HIV-specific CTLs seem to be preferentially localized
in the blood rather than lymph nodes, which may facilitate es-
tablishing and maintaining a reservoir of productively infected
cells at relatively privileged sites within lymph nodes24. HIV Nef
reduces cell surface class I MHC expression, which can interfere
with the recognition and elimination of infected cells by CTLs
(ref. 25). Some investigators believe that HIV-specific CD8+ CTLs
not only are irrelevant to viral control, but also may be deleteri-

ous to the host by contributing to depletion of CD4+ T cells or by
damaging bystander cells in the lung or central nervous sys-
tem26–28. Thus, the role of CTLs in HIV infection and the poten-
tial limitations of this CTL response in containing virus require
further analysis.

Adoptive transfer of antigen-specific T cells can reconstitute
immune responses to human pathogens such as CMV and EBV,
and can be used to directly assess the contribution of specific T-
cell populations to host defense5,29,30. Thus, we transferred HIV-
specific CD8+ CTLs to determine if CTLs can ‘home’ to sites of
viral replication and mediate anti-viral activity in HIV-infected
individuals31,32. An initial study to assess safety was done by ad-
ministering escalating doses of autologous Gag-specific CTL
clones genetically modified to express hygromycin phospho-
transferase and herpes simplex thymidine kinase, making it pos-
sible to ablate the cells in vivo with ganciclovir if toxicity was
observed. Unfortunately, the in vivo activity of the transferred
CTLs could not be assessed, as persistence was limited by the in-
duction, after three or four cell infusions, of a host CTL response
to the foreign proteins hygromycin phosphotransferase and her-
pes simplex thymidine kinase32. Therefore, we administered here
three infusions of unmodified autologous HIV Gag-specific CD8+

CTL clones in escalating doses to determine safety, followed by
two infusions of CD8+ CTLs genetically modified (using the LN
retrovirus) to express the neomycin phosphotransferase (neo)
gene, to assess transfer of immunity, persistence in the periph-
eral blood, and migration to lymph nodes.

Clinical protocol for adoptive transfer of CD8+ CTLs
HIV Gag-specific CD8+ CTL clones were isolated from three HIV
seropositive individuals with CD4+ cell counts between 100
cells/mm3 and 500 cells/mm3. Each subject was on a stable regi-

In vivo migration and function of transferred HIV-1-specific
cytotoxic T cells

SCOTT J. BRODIE1, DEBORAH A. LEWINSOHN2,3, BRUCE K. PATTERSON4, DANIEL JIYAMAPA4, 
JOHN KRIEGER5, LAWRENCE COREY1,3,6, PHILIP D. GREENBERG3,6,7 & STANLEY R. RIDDELL3,6

1Department of Laboratory Medicine, 2Department of Pediatrics, 5Department of Urology, 6Department of Medicine,
and 7Department of Immunology, Box 356527, University of Washington, Seattle, Washington 98101, USA
3Fred Hutchinson Cancer Research Center, 1100 Fairview Ave. N., D3-100, Seattle, Washington 98109 USA

4Department of Obstetrics and Gynecology, Northwestern University Medical School, Chicago, Illinois 94404, USA
S.J.B. and D.A.L. contributed equally to this work.

Correspondence should be addressed to S.R.R.

The persistence of HIV replication in infected individuals may reflect an inadequate host HIV-
specific CD8+ cytotoxic T lymphocyte (CTL) response. The functional activity of HIV-specific CTLs
and the ability of these effector cells to migrate in vivo to sites of infection was directly assessed
by expanding autologous HIV-1 Gag-specific CD8+ CTL clones in vitro and adoptively transferring
these CTLs to HIV-infected individuals. The transferred CTLs retained lytic function in vivo, accu-
mulated adjacent to HIV-infected cells in lymph nodes and transiently reduced the levels of cir-
culating productively infected CD4+ T cells. These results provide direct evidence that
HIV-specific CTLs target sites of HIV replication and mediate antiviral activity, and indicate that
the development of immunotherapeutic approaches to sustain a strong CTL response to HIV
may be a useful adjunct to treatment of HIV infection.

© 1999 Nature America Inc. • http://medicine.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m



NATURE MEDICINE • VOLUME 5 • NUMBER 1 • JANUARY 1999 35

ARTICLES 

men of anti-retroviral drug therapy and showed no evidence of
opportunistic infection. All three lacked demonstrable HIV-spe-
cific T-helper cell responses (Fig. 1a). The CTL clones were MHC
class I restricted, and recognized epitopes in either the p24 or
p17 subunit of HIV Gag (Table). Three infusions of unmodified
CTL clones were administered at 2-week intervals in doses of 3.3
× 108 cells/m2, 1 × 109 cells/m2, and 3.3 × 109 cells/m2 (per meter
squared of body surface area). One week later, two infusions of
neo-modified CTLs were given with a 1-week interval, in doses of
1 × 109 cells/m2 and 3.3 × 109 cells/m2, and a lymph node biopsy
was done 4 days after the final infusion. The CTL infusions were
well tolerated, although all patients experienced symptoms of
fever, myalgias and/or arthralgias, lasting less than 48 hours,
after some of the infusions, as previously observed in recipients
of HIV-specific CTLs. No substantial changes in CD4+ T-cell
counts were noted during or after CTL immunotherapy (Fig. 1b).

Transfer of CD8+ CTLs augments cytolytic activity
To determine if the adoptive transfer of CTLs augmented circu-
lating HIV-specific cytolytic activity, peripheral blood mononu-
clear cells (PBMC) were obtained 1 day before and 1, 6 and 14
days after infusion of the highest T-cell dose (3.3 × 109 cells/m2),
and were assayed for lytic activity against autologous EBV-trans-
formed lymphoblastoid cell lines (LCL) expressing either HIV
Gag or an irrelevant CMV protein (Fig. 2a). Although HIV-spe-
cific cytolytic activity was not detectable by direct assay of the
PBMC before therapy, lytic activity was evident if the PBMC
sample before therapy was ‘spiked’ to contain 0.3% of the HIV
Gag-specific CTL clone subsequently used in therapy. PBMC
demonstrated direct HIV-specific cytolytic activity at 1 and 6
days after T-cell infusion. However, by day 14, lytic activity re-
turned almost to the baseline levels (before therapy). The actual

frequency of neo-modified CD8+ T cells in the peripheral blood
samples obtained after CTL transfer was determined by two-color
flow cytometry of fixed PBMC using a phycoerythrin-labeled
monclonal antibody against CD8, and PCR amplification of the
neo gene followed by in situ hybridization (ISH) with fluorescein-
labeled neo-specific oligonucleotides (Fig. 2c). One day after infu-
sion of the highest dose of neo-modified CTLs (3.3 × 109 cells/m2),
neo+ T cells constituted from 2% to 3.5% of CD8+ T cells in the pe-
ripheral blood (Fig. 3a). Consistent with the analysis of Gag-spe-
cific cytolytic activity in the PBMC after T-cell transfer (Fig. 2a),
the frequency of neo-modified CD8+ T cells in the PBMC declined
each day after the infusion and were no longer detected by flow
cytometry 2–3 weeks after the final T-cell infusion. Although
PCR of DNA extracted from PBMC continued to detect neo-mod-
ified cells in the blood for 3 to 4 weeks after infusion, the fre-
quencies were less than 5 cells per 106 PBMC (data not shown).

Transferred HIV-specific CTLs migrate to lymph nodes
Migration of the transferred CTLs to lymph nodes was assessed
using two-color flow cytometry to detect neo+ CD8+ T cells in
mononuclear cell suspensions (LNMC) prepared from the lymph
node biopsy specimen obtained 4 days after the last T-cell infu-
sion (Fig. 2d). In patients 1, 2 and 3, 5%, 2.2% and 7.9%, respec-
tively, of CD8+ T cells in LNMC were positive for neo DNA,
whereas concurrent analysis of PBMC showed that only 0.5%,
0.5% and 0.7%, respectively, of CD8+ T cells were neo+ (Fig. 3a).
The analyses were done in triplicate for each timepoint, and the
standard error never exceeded 0.4%. Thus, neo-modified CD8+

CTLs were present in the lymph node in excess of neo+ cells in the
peripheral blood, demonstrating that the transferred cells effec-
tively migrated to and preferentially accumulated within lymph
nodes. To determine if the transferred CTLs retained function in

Fig. 1 a, Analysis of HIV-specific T
helper-cell responses. Patient PBMC
were assayed for proliferative re-
sponses to HIV-1 p24 and gp160
antigens, PHA and anti-CD3 mono-
clonal antibody stimulation. A stim-
ulation index of greater than 5
indicates a positive response37.
b, CD4+ T-lymphocyte counts in pe-
ripheral blood before, during and
after the T-cell infusions. L, patient
1; P, patient 2; G, patient 3.

Table Patient characteristics at study entry and specificity of adoptively transferred HIV Gag-specific CD8+ CTL clones

Pt CD4 Plasma Antiretroviral CTL MHC HIV Gag Epitope % Specific lysis
count HIV RNA therapy clone restricting Autologous Allo
(mm3) (103 eq/ml) allele Vac/gag Vac/CMV Mock Vac/gag

1 259 1.8 ZDV, 3TC 2A3-5 B44 AEQASQEVKNW: aa 306–316 69 0 1 0
21D12-72 B44 AEQASQEVKNW: aa 306–316 75 0 1 0
32E4-99 B44 AEQASQEVKNW: aa 306–316 78 0 2 0

2 224 22 d4T, 3TC, RIT 33D7-797 B57 NAWVKVVEEKAFSPEVIPMF: aa 153–172 56 0 0 0
34H10-827 B57 NAWVKVVEEKAFSPEVIPMF: aa 153–172 50 0 0 0
36C10-627 B57 NAWVKVVEEKAFSPEVIPMF: aa 153–172 61 0 0 0

3 261 <0.5 d4T, IND, ddI 9E12 A3 KIRLRPGGK: aa 18–26 43 0 0 0

Allo, allogeneic class I MHC-mismatched LCL; vac/gag, vaccinia recombinant virus expressing HIV Gag; vac/CMV, control vaccinia recombinant virus expressing a CMV protein;
Mock, mock infection. Data are shown at an effector:target ratio of 2.5:1. Antiretroviral therapy included ZDV (zidovudine), 3TC (lamivudine), RIT (ritonavir), d4T (stavudine), IND
(indinavir), ddI (didanosine). 

St
im

ul
at

io
n 

in
d

ex

Patient 1 Patient 2 Patient 3
Days of therapy

C
D

4 
Ly

m
p

ho
cy

te
 c

ou
nt

a b

© 1999 Nature America Inc. • http://medicine.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m



36 NATURE MEDICINE • VOLUME 5 • NUMBER 1 • JANUARY 1999

ARTICLES

the lymph node, LNMC suspensions from patients 2 and 3 were
stimulated in vitro with anti-CD3 monoclonal antibody and cul-
tured in G418 to select for the infused neo-modified CTLs. The
resulting G418-resistant cells specifically lysed autologous LCL
expressing HIV Gag (Fig. 2b).

Despite migration of the transferred CTLs to lymph nodes,
CTL antiviral activity might still be limited if target cells replicat-
ing HIV resided in relatively privileged sites within the lymph
node architecture. Therefore, the distributions of both the CTLs
and the productively infected cells within the lymph node were
examined. Serial histologic sections were evaluated by in situ
PCR with neo primers followed by hybridization with digoxi-
genin-labeled, neo-specific probes to locate the transferred CTLs,

and direct ISH with digoxigenin-labeled HIV-specific riboprobes
for HIV RNA to locate HIV-infected cells. The latter technique re-
quires more than 20 copies of viral RNA per cell to detect a posi-
tive signal; thus, it detects cells infected with HIV actively
expressing viral genes but does not detect latently infected cells.
Aggregates of neo-modified cells and cells productively infected
with HIV were found almost exclusively in the parafollicular re-
gions of the lymph node, and not in the follicular dendritic net-
work, which contained free virions, as shown by
immunohistochemical staining for Gag p24 and by in situ hy-
bridization for HIV RNA using 35S-labeled riboprobe (Fig. 4a–g, j).
Moreover, analysis of serial histologic sections showed that the
neo-modified cells were not randomly distributed but instead

Fig. 2 Analysis of presence
and cytolytic activity in blood
and lymph node of adoptively-
transferred HIV-specific neo-
modified CD8+ CTLs. 
a, Evaluation of HIV-specific
cytolytic activity of PBMC after
infusion of the highest T-cell
dose in a representative pa-
tient. PBMC collected immedi-
ately before therapy and at
days 1, 7, and 14 after cell
transfer were tested directly as
effectors in a chromium re-
lease assay. Before the assay,
an aliquot of the pre-therapy
PBMC sample was also ‘spiked’
with 0.3% of the HIV-specific
CTL clone subsequently in-
fused into the patient. Target
cells were autologous LCL in-
fected with vac/gag (black
bars) or with a vaccinia recom-
binant expressing an irrelevant
CMV protein (vac/CMV,
hatched bars). Data are shown
at a PBMC:target ratio of
100:1. b, Retention of HIV
Gag-specific lytic activity in
neo-modified CD8+ CTLs res-
cued from lymph node 4 days
after the last T-cell infusion.
Cryopreserved LNMC from pa-
tients 2 and 3 were thawed,
stimulated with anti-CD3
monoclonal antibody, and
then cultured with IL-2 (50
U/ml) and G418 (1 mg/ml) for
12 days. The G418-resistant T
cells were then tested against
autologous LCL targets in-
fected with vac/gag (black
bars) or vac/CMV (hatched
bars). Data are shown at an ef-
fector:target ratio of 4:1. c and
d, Representative two-color
dot-plots from patient 1 show-
ing the frequency of neo-mod-
ified CD8+ T cells in PBMC (c)
and LNMC (d) obtained at the times indicated (upper left corners) relative
to the infusion of neo-modified CTLs, and assayed by in situ hybridization
for neo after PCR and labeling for CD8. The pre-treatment lymph node
biopsy was obtained from the patient one year previously (d, far left). T cells

positive for both CD8 and neo were counted as the percentage of gated
cells and appear in the upper right quadrant of the plots. As a negative con-
trol, cells were subjected to PCR without Taq polymerase and then hy-
bridized with target-specific probes (far right plots).
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were selectively localized at the sites containing productively-in-
fected cells (Fig. 4a–d). This pattern was seen with in the lymph
nodes of all three patients.

Antiviral activity of transferred HIV-specific CD8+ CTLs
The transferred T cells, which demonstrated both cytolytic ac-
tivity and ‘homing’ to sites of active infection, would be ex-
pected to have anti-viral activity. We anticipated that the
anti-viral activity of the transferred CTLs might be most directly
demonstrated by analyzing changes in the number of CD4+ T
cells expressing HIV genes, as these productively infected cells

are immediate targets for lysis by CTLs. Therefore, CD4+ T cells
expressing HIV genes in samples of PBMC were stained using
ISH with fluorescein-labeled HIV-specific oligonucleotides, and
then quantitated by flow cytometry, or directly visualized by
laser confocal microscopy (Fig. 3c). Immediately before the first
infusion of neo-modified CTLs, 2.6%, 0.5% and 2.4% of the
CD4+ T cells in PBMC in patients 1, 2 and 3, respectively, were
productively infected with HIV (Fig. 4a). This was similar to per-
centages observed in 40 other asymptomatic HIV-infected indi-
viduals using this technique (mean = 0.8%; range, 0.1–3.4%;
B.K.P., unpublished data). After each of the two infusions of neo-

Fig. 3 Antiviral activity of adoptively transferred HIV-specific CD8+

CTLs. a, Temporal relationship between the percentage of CD8+ T cells
marked with neo and the percentage of CD4+ T cells expressing HIV Gag
mRNA in PBMC of the three patients collected before, during and after
adoptive transfer of neo-modified CTL clones. Upward arrows (horizontal
axis) indicate the days CTLs were infused. *, Day of lymph node biopsy.
b, Representative two-color dot-plots from patient 3 showing the fre-
quency of CD4+ T cells productively infected with HIV (expressing HIV
genes) in PBMC immediately before (i and ii) and 2 days after (iii and iv)

the second infusion of neo-modified CTLs, by in situ hybridization for HIV
mRNA and labeling for CD4. Lymphocytes from PBMC staining positive
for CD4 were gated (i and iii), and the percent of double-positive CD4+

HIV mRNA+ T cells is indicated in the upper right quadrant (ii and iv). 
c, Laser confocal imaging of CD4+ lymphocytes expressing HIV gag-pol
mRNA obtained from an HIV-infected individual. CD4+, HIV Gag-pol-pos-
itive lymphocytes (left) emit bright, globular green cytoplasmic fluores-
cence, whereas the CD4+, HIV Gag-pol-negative cells (right) emit only
background green fluorescence.
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modified CTLs, the percentage of productively infected
CD4+ T cells declined precipitously over the ensuing 3–4
days (Fig. 4a). A similar decline in productively infected
CD4+ T cells was seen after the infusions of unmodified
CTLs (data not shown). However, the frequency of trans-
ferred CTLs decreased over time, and the percentage of
productively infected CD4+ T cells rebounded to baseline
levels by 7 days after each infusion. By Spearman rank
correlation coefficient two-tailed analysis, the frequency
of neo-modified CTLs correlated inversely with the fre-
quency of HIV-infected cells in the peripheral blood after
CTL transfer (R = –0.73; P = 0.01).

Plasma HIV levels, as measured by both reverse tran-
scriptase polymerase chain reaction (RT–PCR) and
branched chain DNA (bDNA) assays, did not change sub-
stantially during the brief course of immunotherapy (Fig.
5). This observation probably reflected several factors.
Virus may have been released from target cells into the extracel-
lular space as the transferred CTLs destroyed HIV-infected T
cells, and viral production by neighboring infected cells may
have transiently increased because of the cytokines (such as
TNF) released by the CTLs. Indeed, transient increases in HIV
bDNA were observed 1–2 days after CTL infusion (Fig. 5).
Because the persistence of transferred CTLs was short-lived, re-
plenishment of the infected pool of CD4+ T cells may have oc-
curred before reductions in plasma virus could be observed,
indicating that more sustained CTL responses may be necessary
to lower plasma HIV. The production of virus by cells harboring
viral variants containing mutations in sequences encoding CTL
epitopes also might contribute to the sustained level of plasma
virus. However, analysis of the sequence of the predominant
plasma viral isolates, which were sensitive to the CTLs adminis-
tered at the start of therapy, did not show ‘escape’ mutations
during and after therapy (D.A.L., manuscript in preparation).

Discussion
Several studies have provided evidence supporting a role for
HIV-specific CD8+ CTLs in controlling virus replication and pre-
venting HIV disease progression15–17. However, the host response
usually fails to completely contain HIV infection, indicating de-
ficiencies in the CTL response17,18 and/or viral escape19–21,25. Our
work here shows that adoptively transferred HIV Gag-specific
CD8+ CTLs augment the endogenous CTL response, migrate to
sites of viral replication in lymph nodes and result in a decline in

HIV-infected CD4+ T cells in the peripheral blood, providing di-
rect demonstrations that CTLs mediate anti-HIV activity and
that the endogenous host CTL response maintained in chronic
HIV infection is inadequate to cope with the reservoir of virus-
infected cells established in the host.

Lymphoid tissues have been demonstrated to contain large
amounts of trapped virus particles and serve as a chief site for
ongoing HIV replication in CD4+ T cells and macrophages33. In
individual white pulps from spleens of HIV-infected individu-
als, virus replication was observed in discrete foci22, and it is pre-
sumed that this also occurs in lymph nodes. Our findings
demonstrate that adoptively transferred HIV-specific CTLs effi-
ciently ‘home’ to lymph nodes and preferentially accumulate
within the nodal architecture adjacent to cells actively replicat-
ing HIV. Evaluation of the migration of a neo-modified CD8+

CTL clone of irrelevant specificity would be needed to conclu-
sively establish the specificity of the preferential migration.
However, our data show that focal reservoirs of infection in
lymphoid organs are clearly not privileged from detection by
HIV-specific CTLs, indicating this is not the chief obstacle to
CTL efficacy.

The decline of HIV-infected CD4+ T cells, often to unde-
tectable levels, observed here in association with adoptive trans-
fer of CD8+ CTLs was transient. The resurgence of HIV-infected
CD4+ T cells correlated with the disappearance of transferred,
neo-marked CTLs from the blood, indicating that the transient
nature of the anti-viral effect reflects the limited in vivo persis-

Fig. 4 Migration of neo-modified CD8+ CTLs to lymph node and
co-localization with HIV-infected cells. Serial sections of inguinal
lymph nodes collected 4 days after the second infusion of neo-mod-
ified HIV Gag-specific CTLs were analyzed. a, c and h, In situ hy-
bridization with DIG-labeled HIV-specific riboprobes followed by
staining with anti-DIG-AP to detect cells expressing HIV Gag mRNA.
a, patient 2; c and h, patient 3. Original magnifications: a, ×100; c,
×40; h, ×500. b, d and i, In situ hybridization after PCR for neo using
DIG-labeled oligonucleotide probes specific for the neo gene prod-
uct followed by staining with anti-DIG-AP. b, patient 2; d and i, pa-
tient 3. Original magnifications: b, ×100; d, ×40; i, ×500. e, f and 
g, Immunohistochemistry for detection of CD4 (e) CD8 (f) and HIV
p24 (g) using monclonal antobodies against human CD4, human
CD8 and HIV-1 Gag p24, respectively, and staining with avidin–bi-
otin–horseradish peroxidase complex with diaminobenzidine as the
chromogen. Original magnification, ×100. j, In situ hybridization for
HIV RNA using 35S-labeled riboprobe (done independently by
Molecular Histology Labs, Gaithersburg, Maryland49).
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Fig. 5 Plasma HIV RNA levels during CTL therapy. Plasma HIV RNA
levels in patient 1 as measured by bDNA assay were done at frequent
intervals at and after each CTL infusion. Upward arrows (horizontal
axis) indicate days CTLs were infused.

tence of the transferred CTLs. The disappearance of the
infused CTLs from the blood probably did not result from
an immune response directed against the gene-modified
cells, as assays for a CTL response to the neo gene product
failed to detect responses in these patients up to 28 days
after the second infusion, although neo-specific CTLs were
detectable in two of the three patients 42–56 days after
the second infusion (S.R.R., unpublished data). This is
consistent with the prolonged time required to develop
immune responses to transgene products reported in
other studies32,34. Moreover, the decline and subsequent
rebound of HIV-infected cells associated with CTL trans-
fer was observed after infusions of unmodified as well as
neo-modified CTLs (data not shown). Although the decline in
transferred CTLs in peripheral blood in part reflects migration
to lymph node sites, the loss of antiviral activity over time indi-
cates the CTLs must die or be rendered dysfunctional at these
local sites of HIV replication. Obtaining serial lymph node biop-
sies from multiple sites to minimize sampling bias, might per-
mit analysis of the fate of transferred cells, but this was not
possible due to the morbidity of this procedure. However, stud-
ies of the adoptive transfer of CMV-specific CD8+ T-cell clones
to immunodeficient bone marrow transplant patients demon-
strated that transferred CTLs declined in the subset of recipients
who were deficient in CMV-specific CD4+ T helper-cell re-
sponses5,30 indicating that the lack of HIV-specific CD4+ T
helper-cell responses is a more likely explanation for the brief
persistence of the transferred HIV-specific CTLs. Moreover, ex-
pansion of CD8+ CTLs in the presence of antigen in vitro requires
supplementation with IL-2 and, in animal models, IL-2 or CD4+

T cells are required for persistence and optimal anti-viral activ-
ity of virus-specific CD8+ CTLs in vivo35,36. Long-term non-pro-
gressors who maintain vigorous CTL responses also retain
HIV-specific CD4+ T helper-cell responses, whereas individuals
with progressive infection, such as the patients in our study,
quickly lose CD4+ T helper-cell responses37. Thus, virus-specific
CD4+ T-cell responses may be essential for CD8+ CTL-mediated
immunological control of HIV infection. Therefore, strategies to
provide help to transferred CD8+ CTLs, such as concomitant IL-
2 infusions, concurrent adoptive transfer of HIV-specific CD4+

T-helper clones genetically modified to resist HIV infection38, or
genetic modification of the CD8+ CTLs to function in a CD4-de-
ficient environment39 should improve CTL survival and eluci-
date the therapeutic potential of CTLs for controlling
progression of HIV infection.

Methods
Clinical protocol and patient characteristics. Protocol 827 was approved
by the Fred Hutchinson Cancer Research Center Institutional Review Board,
the Food and Drug Administration, and the Recombinant DNA Advisory
Committee. Patients 1, 2 and 3 correspond to UPIN 11553, 11552 and
11545, respectively. Patient entry criteria were: HIV seropositive by western
blot, no prior history of opportunistic infections, CD4+ T-cell count between
200 and 500 cells/mm3 at the time T-cell cultures were initiated, and a sta-
ble regimen of antiretroviral therapy for at least 4 weeks before study entry.
Plasma HIV RNA was determined by HIV RNA branched chain assay (sensi-
tivity, ≥ 500 copies; Chiron).

Characterization of HIV Gag-specific CD8+ CTL clones. HIV Gag-specific
CD8+ CTL clones were isolated and characterized as described32. The Ag
specificity and MHC class I restriction of the CTL clones was determined in a
standard 5-hour chromium release assay using as target cells autologous
and allogeneic class I MHC-mismatched LCL that were either mock-in-
fected, infected with a vaccinia recombinant virus expressing HIV Gag or in-
fected with a control vaccinia recombinant virus expressing a CMV protein.
Samples were assayed at an effector to target ratio of 2.5:1. Epitope map-
ping was done as described (Lewinsohn, D.A.L., manuscript in preparation).

Isolation and expansion of CD8+ Gag-specific CTL clones. Peripheral
blood mononuclear cells (PBMC) were isolated by Ficoll Hypaque density
gradient centrifugation, washed twice in phosphate buffered saline and re-
suspended in RPMI containing 25 mM Hepes, 4 mM L glutamine, and 11%
human AB serum. The PBMC were cultured for 2 hours in 12-well tissue cul-
ture plates to separate adherent and nonadherent populations. The adher-
ent cells were infected with a vaccinia recombinant virus encoding HIV Gag
(vac/gag) at an MOI of 5 for 12 hours, and then exposed to a germicidal
lamp to inactivate residual vaccinia virus. The nonadherent population con-
taining mostly T cells was added to the vac/gag-infected stimulator cells,
and these cultures were incubated for 7 days. Interleukin 2 (2 U/ml) was
added on the third day after stimulation. The cultures were re-stimulated
after 7 days with fresh ultraviolet-inactivated vac/gag-infected adherent
cells, and IL-2 (5 U/ml) was added 2 and 4 days after re-stimulation. To ob-
tain unmodified gag-specific CTL clones, an aliquot of the culture was taken
7 days after re-stimulation and plated at limiting dilution (0.5 cells/well) in
96-well round-bottomed plates containing 7.5 × 104 gamma-irradiated allo-
geneic PBMC and 1 × 104 gamma-irradiated allogeneic EBV-transformed B
cells (LCL) derived from normal volunteer blood donors, anti-CD3 mono-
clonal antibody (OKT3), and 50 U/ml IL-2. To obtain neo-modified CTL
clones, the remaining aliquot of the culture was re-stimulated with OKT3
and gamma-irradiated allogeneic feeder cells and exposed, on the second
and third days after stimulation, to LN retrovirus supernatant produced by
PA317 packaging cells (provided by Targeted Genetics, Seattle,
Washington). On the fourth day, the cells were cultured in G418 (1 mg/ml)
to select transduced cells. The LN-transduced cells were then plated at lim-
iting dilution (0.5 cells/well) as described above for unmodified CTLs. After
14 days, aliquots of cloning wells positive for growth were tested for speci-
ficity for autologous vac/gag infected target cells, and T cells from those
wells with gag-specific reactivity were expanded in 25-cm2 tissue culture
flasks using OKT3 to provide T-cell receptor stimulation and gamma-irradi-
ated allogeneic PBMC and LCL as feeder cells. Cultures were ‘fed’ on the
first, fourth, seventh and tenth days with IL-2 (25–50 U/ml) and were split
to maintain a density of less than 2 × 106 cells/ml. Sufficient cells from an in-
dividual clone were obtained after this expansion for quality control testing
and to cryopreserve a cell bank that could be thawed subsequently for fur-
ther expansion and reinfusion. Quality control testing included phenotype
analysis to ensure the cells were CD3+CD8+CD4–; sterility assays; cytotoxicity
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assays to confirm class I MHC restricted gag-specific killing; and PCR of cel-
lular DNA to ensure the clones were negative for HIV and vaccinia. LN-mod-
ified CTL clones were also analyzed by Southern blot to show integration of
an unrearranged copy of the LN provirus, and were assayed and shown to
be negative for replication-competent retrovirus. To expand cells for ther-
apy, aliquots of the cell bank were stimulated in multiple 75-cm2 tissue cul-
ture flasks with OKT3 and allogeneic PBMC and LCL, and were ‘fed’ on the
first, fourth, seventh and tenth days of a14-day stimulation cycle.

Lymphoproliferative assay. PBMC (2 × 105) from patients were plated in
triplicate in 96-well plates either in media alone or in presence of bac-
ulovirus recombinant gp160 (10 µg/ml, MicroGene Systems, Meridien,
Connecticut), baculovirus recombinant p24 (10 µg/ml, MicroGene
Systems, Meridien, Connecticut), baculovirus control antigen (10 µg/ml,
MicroGene Systems, Meridien, Connecticut), phytohemagglutanin (PHA, 3
µg/ml), or anti-CD3 monoclonal antibody (30 ng/ml) in a total volume of
200 µl. After 4 days of incubation at 37 °C, cultures were ‘pulsed’ with 3H-
thymidine (2.5 µCi/well) 18 hours before cells were collected. The stimula-
tion index was calculated as the ratio of the mean counts per minute (cpm)
of wells containing antigen to the mean cpm of wells with media alone or
baculovirus control antigen.

Quantitation of neo-marked cells in blood and lymph nodes. PBMC and
LNMC (2 × 107 cells/ml) were incubated with biotinylated anti-CD8 (20
µg/ml; Coulter-Immunotech, Westbrook, Maine) for 30 min at 25 °C in
PBS. The cells were washed twice with PBS and fixed and permeabilized in
Permeafix (50 µl; Ortho Diagnostics, Raritan, New Jersey) for 60 min at 25
°C. The cells were then washed in PBS, and resuspended in 190 µl of a PCR
mixture consisting of 1X PCR buffer (50 mM KCl, 10 mM Tris HCl, pH 8.3);
3.5 mM MgCl2; 0.25 mM (each) dATP, dCTP, dGTP, and dTTP; 100 pmol
(each) of forward neo-specific primer (neopr.5i: 5’–GGTGCCCTGAAT-
GAACTGCAGGACGAGGCAGCG–3’) and reverse neo-specific primer
(neopr.3i: 5’–GGTCACGACGAGATCCTCGCCGTCGGGCATGCGCGC-
CTT–3’); and 1.0 µl (5U) of Taq polymerase (AmpliTaq; Perkin-Elmer Cetus,
Norwalk, Connecticut). The samples were amplified by 25 cycles of denatu-
ration (94 °C, 45 s), primer annealing (58 °C, 2 min) and primer extension
(74 °C, 2 min). The amplification product was 399 bp in length (Genbank
accession no. M28245; nucleotide positions 1818–2216 of the vector).
After in vitro amplification, the cells were resuspended in 25 µl of 1X PCR
buffer containing 10 µg sonicated herring sperm DNA and 100 ng neo-spe-
cific oligonucleotide probe labeled with 5’- and 3’-5-carboxyfluorescein
(5’–FAM-AGCATCAGGGGCTCGCG-FAM–3’; nucleotides 2137–2153;
Research Genetics, Huntsville, Alabama). HLA-DQα-specific primers GH26
and GH27 were used as control primers40. The product DNA was then de-
natured at 95 °C for 3 min and hybridized to the probe at 56 °C for 2 h.
After hybridization, the cells were washed in a series of high-stringency
buffers41 and then incubated in 20 µl of streptavidin–phycoerythrin (PE, 200
µg/ml) in PBS for 30 min at 25 °C. The cells were then filtered through a
nylon mesh 37 µm in pore size and were analyzed by flow cytometry, using
a Coulter XL flow cytometer. Laser excitation was 15 mW at 488 nm, and
the fluorescein isothiocyanate and PE fluorescence were detected with a
standard optical filter setup (550 dichroic, 525 bandpass for fluorescein
isothiocyanate, and 585 bandpass for PE). At least 5,000 events were
counted for each sample. Positive and negative controls were neo-modified
and unmodified CD8+ CTL clones, respectively.

ISH for HIV with quantitation by flow cytometry. CD4+ lymphocytes pro-
ductively infected with HIV were quantified using ISH to HIVgag-pol RNA with
analysis by flow cytometry as described42,43. PBMC were labeled with PE-
conjugated anti-CD4 monoclonal antibody (PharMingen, San Diego,
California) and then fixed and permeabilized with Permeafix. The cells were
then hybridized with a ‘cocktail’ of 134 fluorescein-labeled oligonucleotides
that spanned the open reading frames of HIV gag-pol, and were analyzed by
two-color flow cytometry. By evaluating MT-2 cells infected with HIV at
multiple timepoints after TNFα stimulation44, the limit of detection of HIV
mRNA was determined to be 10 copies/cell.

Confocal microscopy of cells expressing HIV gag-pol mRNA. After mag-
netic bead separation of CD4+ lymphocytes from PBMC (ref. 45), the cells
were reacted with fluorescein-conjugated HIVgag-pol oligonucleotide probes42,43.

HIV mRNA-positive and -negative cells were sorted by flow cytometry. The
separated cells were allowed to adhere to siliconized slides and coverslips
were applied. Slides were visualized with an ACAS 570 laser confocal micro-
scope at 488 nm excitation (magnification, ×1000).

PCR followed by ISH for neo in tissue sections. A solution containing 1×
PCR buffer, 4 mM MgCl2, 0.01% gelatin, 200 µM dNTPs, 50 pM of neo-spe-
cific primers and Taq polymerase (0.15 U/µl) was prepared. A portion
(30–50 µl) of this PCR mixture (at 70 °C) was applied to deparaffinized and
proteinase K-treated (20 µg/ml for 20–40 min) tissue sections as de-
scribed46. Coverslips were applied to the slides and surrounded with mineral
oil and the slides were placed directly on the aluminum block of the ther-
mocycler (Omnigene, Hybaid, Woodbridge, New Jersey). After 25 cycles of
denaturation (94 °C, 1 min), primer annealing (55 °C, 2 min) and primer
extension (72 °C, 2 min), the slides were treated for 5 min with xylenes to
remove mineral oil, then for 5 min in 100% ethanol and then air-dried. The
PCR product was detected by in situ hybridization using a ‘cocktail’ of three
neo-specific oligonucleotides labeled with digoxigenin-11-dUTP (DIG;
Boehringer), which were in sense orientation and internal to the PCR primer
binding sequences (neo7i: 5’–GCTGTGCTCGACGTTGT–3’; neo8i: 5’–GAT-
GCAATGCGGCGGCT–3’; and neo9i: 5’–AGCATCAGGGGCTCGCG–3’). The
oligonucleotide probes (30 ng in 5× SSC, 50% formamide, 0.5% Tween-
20, 100 µg/ml sonicated salmon sperm DNA and 5× Denhardt’s solution)
were hybridized to tissues for 4 h at 42 °C in a humidified chamber. The
slides were then washed in 2× SSC, 0.5% Tween-20 for 30 min at 42 °C fol-
lowed by 0.2× SSC, 0.5% Tween-20 for 20 min at 25 °C. Hybridized probe
was detected with AP-conjugated anti-DIG monclonal antibodies (1,500
mU/ml) and nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate
toluidinium substrate, as described44. The presence of neo DNA was indi-
cated by a purple, cell-associated precipitate, and was visualized by incident
light microscopy. Positive controls consisted of neo+ cells immobilized in
paraffin wax. Negative controls for PCR included tissue processed without
Taq polymerase or without neo-specific primer pairs. Identical procedures
done on lymph nodes from individuals who had not received neo-modified
cells also served as a negative control. ISH controls included an irrelevant
oligonucleotide probe to an unrelated virus47.

ISH for cellular HIV in tissue sections. To prepare DIG-labeled HIV-specific
riboprobes for ISH, cDNAs (sense and antisense) encoding HIV gag p24
(~0.8 kb) were cloned into transcription vectors under the control of T7 and
SP6 RNA polymerase promoters (pGEM; Promega, Madison, Wisconsin)
using methods described47. These constructs were linearized and used as
templates for in vitro transcription, in the presence of DIG-UTP. Using MT-2
cells infected with HIV at multiple timepoints44, the lower limit of detection
of HIV mRNA was determined to be 20 copies/cell. Serial sections of lymph
node were deparaffinized, rehydrated in Tris-buffered saline (TBS: 0.1 M Tris,
pH 7.5, 0.1 M NaCl), digested with proteinase K (20 µg/ml, 37 °C, 30 min;
Sigma), succinylated (5 g/l succinic anhydride in 0.1 M triethanolamine, pH
8.0), and washed in DEPC-treated water. This minimal concentration of pro-
teinase K and digestion time permitted detection only of intracellular viral
RNA, and not of antibody-complexed virus trapped in germinal centers. The
remainder of the procedure was as described44. Lymph nodes from HIV-
seronegative age-matched males were used as a negative control.

Immunohistochemistry. Immunohistochemistry was done using standard
procedure45,48, which included an antigen retrieval step (steaming in 1 mM
citrate buffer, pH 6.0, for 10–20 min) and used monclonal antibodies
(10–20 µg/ml) against CD4 (Vector Laboratories, Burlingame, California),
CD8 (Dako, Carpinteria, California) and HIV-1 gag p24 (Dako, Carpinteria,
California). The primary antibody was detected with isotype-specific HPO-
conjugated secondary antibody and an ABC peroxidase technique using
3,3’ diaminobenzidine (Vector Laboratories, Burlingame, California) as the
chromagen. To control for nonspecific binding, staining was done with iso-
type-matched primary antibodies specific for irrelevant antigens.
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