HIV-specific cytotoxic T lymphocytes traffic
to lymph nodes and localize at sites
of HIV replication and cell death
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We have tracked the in vivo migration and have identified in vivo correlates of cytotoxic T-lymphocyte
(CTL) activity in HIV-seropositive subjects infused with autologous gene-marked CD8* HIV-specific
CTL. The number of circulating gene-marked CTL ranged from 1.6 to 3.5% shortly after infusion to less
than 0.5% 2 weeks later. Gene-marked CTL were present in the lymph node at 4.5- to 11-fold excess and
colocalized within parafollicular regions of the lymph node adjacent to cells expressing HIV tat fusion
transcripts, a correlate of virus replication. The CTL clones expressed the CCRS receptor and localized
among HIV-infected cells expressing the ligands MIP-1a and MIP-1f3, CC-chemokines produced at sites
of virus replication. Aggregates of apoptotic cells and cells expressing granzyme-B localized within these
same sites. In contrast, lymph node sections from untreated HIV-seropositive subjects, all with signif-
icant viral burden (> 50,000 HIV RNA copies/mL plasma), showed no CC-chemokine expression and
exhibited only sporadic and randomly distributed cells expressing granzymes and/or apoptotic cells.
These studies show that the infused CTL specifically migrate to sites of HIV replication and retain their
antigen-specific cytolytic potential. Moreover, these studies provide a methodology that will facilitate

studies of both the magnitude and functional phenotype of Ag-specific CD8* T cells in vivo.

J. Clin. Invest. 105:1407-1417 (2000).

Introduction

Avariety of inferential evidence suggests that cytotox-
ic T lymphocytes (CTL) can exert substantial anti-HIV
activity (1-3), including dramatic reductions in cell-
free (4, 5) and cell-associated (6, 7) virus with corre-
sponding increases in CD4* T cells (5, 8, 9). Still, host-
mediated immune responses to HIV generally fail to
completely control virus replication (10, 11). Our pre-
vious studies (7, 12) have shown that by increasing the
number of antigen-specific CTL by adoptive transfer,
it is possible to lower viral burden. In a previous study
(7), adoptively transferred CTL could be identified at
sites of HIV replication in lymph nodes; however, the
mechanism(s) of the antiviral effects mediated by
infused CTL are, as yet, unclear.

Transduction of cells with replication-defective retro-
viral vectors that encode for antibiotic selection markers,
but lack coding sequences for retroviral antigens, has
been used extensively as a means to monitor the effi-
ciency of gene transfer (13-16). It is critical in studies in
which gene-modified cells are administered to patients
to evaluate the quantity and persistence of cells in vivo

and to define their distribution and function within tis-
sues. In studies of T-cell therapy, this is of special concern
because transferred cells may undergo activation-
induced death in vivo (17) or immune elimination of
gene-marked cells may occur, especially following repeat-
ed infusions (18). The development of accurate, repro-
ducible methods to quantify gene-marked cells in
peripheral blood and tissue are central to defining the
long-term persistence and function of such cells.

In this paper, we compare two novel methods to quan-
tify and track the in vivo migration and persistence of
adoptively transferred HIV-specific CD8* CTL bearing a
single copy of the neomycin phosphotransferase gene
(neo),a commonly used marker for gene transfer studies.
We show that gene-marked cells retain their ability to
traffic to specific lymph node sites and express cytolytic
effector molecules at local sites of HIV replication.

Methods

Experimental design. The persistence and migration of
adoptively transferred gene-modified HIV-specific CTL
was studied previously in three of the five subjects in
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this report (7). Herein, we add two new subjects and use
newly developed quantitative measures for gene-
marked T cells and for cells harboring replication-com-
petent HIV. Moreover, we examine for the first time his-
tologic sections of lymph node for sites of CTL
localization in the context of granzyme-B expression,
apoptosis, and HIV replication.

The clinical protocol was approved by the Fred
Hutchinson Cancer Research Center Institutional
Review Board, the Recombinant DNA Advisory Com-
mittee, and the US Food and Drug Administration.
HIV gag-specific CD8* CTL clones were derived from
five HIV-seropositive individuals with CD4* T cell
counts between 200 and 500 cells/mm? on a stable
regimen of anti-retroviral drugs and without evidence
of opportunistic infection for at least 4 weeks before
entry to the study. The CTL clones were MHC class I
restricted and recognized epitopes in either the p17 or
p24 subunit of HIV gag (Table 1). The cloned cells
have been characterized for HIV-specific CTL activity
(7) and cell surface phenotypes (CD3*, CD4-, CD8",
and CCRSY), including selected cellular adhesins
(VLA-4*, LFA-1a*, and LFA-1B*) (7, 19). Although
these clones expressed many of the surface ligands
important in cell trafficking, it is not known which
adhesion pathway(s) were actually employed. The
clones could also be induced to express the activation
antigens CD25 and CD69 and expressed low-levels of
granzyme-B before their infusion. Because the clones
were selected in G418 media, all contained the neo
transgene (7). Two infusions of neo-modified CTL
were given at 1-week intervals in doses of approxi-
mately 10° cells/m? and approximately 3.3 x 10°
cells/m?, and a inguinal lymph node was biopsied 4
days after the final infusion.

Peripheral blood was collected daily for the first week
after infusions and at biweekly intervals for the next 6
months. Mononuclear cells were isolated from discon-
tinuous density gradients, and absolute CD4* T-cell

Table 1
Patient profiles and specificity of adoptively transferred neo-modified HIV gag-specific CD8* CTL clones

Pt

3
4
5

Patients were enrolled in FHCRC Protocol 827. Antiretrovirals listed refer to the stable drug regime at the time of immunotherapy. CD4* and CD8* T-cell counts
were performed before therapy. Plasma HIV RNA levels were measured by RT-PCR (Amplicor; Roche Diagnostic Systems, Branchburg, New Jersey, USA), and
results are shown for the day preceding the first CTL infusion. Epitope specificities of HIV-specific CD8* CTL clones are shown for LN-transduced (neo*) clones.
Each clone was restricted by the single MHC class | allele shown and recognized the peptide sequence indicated. Underlined sequence indicates minimal epi-

and CD8* T-cell counts were determined for each sam-
ple collected. Lymph node leukocytes were obtained by
forcing tissues through an 80-UM wire mesh (7).

Retroviral vectors. The LN retroviral vector containing
the neomycin phosphotransferase gene (20) was kindly
provided by Targeted Genetics Corporation, Seattle,
Washington, USA. The virus was produced in the PA317
packaging line and used as supernatant virus for trans-
ducing CD8* T cells. The transduced cells were cloned
and selected on G418 media as described (7), and all
infused cells contained a single copy of the neo gene.

Limiting dilution PCR: resolution of first-round PCR prod-
ucts by 32P liquid hybridization. A semiquantitative solu-
tion-phase PCR and liquid hybridization strategy was
used to detect neo DNA in purified preparations of
PBMC and lymph node mononuclear cells from the
first three consecutively enrolled patients. The proce-
dure used neo-specific primer pairs (forward, S'-
CGTTGTCACTGAAGCGGGAAGG,; reverse, 5'-GGTAGC-
CGGATCAAGCGTATGC) and a 32P-labeled probe
(5''TGGCTG CTATTGGGCGAAGTGC) that hybridized
internal to the primer binding sites (Genbank acces-
sion number M282435, positions 1901-2045 [primers]
and 1926-1947 [probe] of the vector). This assay was
capable of detecting one copy of neo plasmid DNA in
spiked test samples and as few as five copies of neo
DNA in clinical samples. DNA extraction and condi-
tions of the PCR and liquid hybridization procedure
have been described previously (7). Assay controls are
indicated in the legend of Figure 1.

Limiting dilution PCR: nested PCR. Nested PCR used
the same sample preparation and fourfold dilution
scheme used for liquid hybridization PCR (Figure 1).
Neo-specific outer primers (forward, 5-GGGTGGA-
GAGGCTATTCGGCTATGACTGGGCACAACAGACAATCG-
GCTG; reverse, 5'-GGCGATGCGCTGCGAATCGGGAGCG-
GCGATACCGTAA) amplified a 724-bp product and
inner primers (forward, GGTCACGACGAGATCCTCGC-
CGTCGGGCATGCGCGCCTT; reverse, GGTGCCCTGAAT-

Antiretroviral CD4/CD8 ratio Plasma CTL CTL dose MHC gag HIV gag epitope
therapy (cells/mm?) gag RNA clone (total cells) restricting protein
(copies x103/mL) allele
Infusion  Infusion
1 2

ZbV, 3TC 259/2063 59+0.8 LN-2A3-5 8x10% 2.2x10° B44 p24 AEQASQEVKNW: a.a.306-316

LN-21D12-72 6 x10% 1.8%x10°

LN-32E4-99 5x10% 1.5x10°
3TC, RIT 224/421 206.1+38.0 LN-33D7-797 8.1x10% 1.2%x10° B57 p24 NAWVKVVEEKAFSPEVIPMF: a.a. 153-172

LN-34H10-827 1.1%x10° BS57

LN-36C10-627 1x10° 1.2%x10° BS57
d4T, IND, ddI 261/765 <0.02 LN-9E12 2x10° 6x10° A3 p17 KIRLRPGGK: a.a. 18-26
ddl, NEV, RIT, SQV 430/886 <0.02 LN-48D1 2.3%x10°4.7%x10° B7 p24 SPRTLNAWV a.a. 148-156
3TC, ddl, IND 406/526 <0.02 LN-18H3 2.2x10°6.7%x10° B62 p17 RLRPGGKKKYa.a.20-29

tope mapped. ZDV, zidovudine; 3TC, lamivudine; RIT, ritonavir; d4T, stavudine; IND, indinavir; ddl, didanosine; SQV, saquinavir; NEV, nevirapine.
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GAACTGCAGGACGAGGCAGCG) produced a 401-bp
product (Genbank accession number M28245, posi-
tions 1699-2420 [outer] and 1818-2216 [inner] of the
vector). This assay was capable of detecting five copies
or fewer of neo plasmid DNA and between five and 10
copies of neo DNA in clinical samples. Cycling param-
eters for both first- and second-round PCR were as fol-
lows: three cycles at 94°C for 1 minute, 55°C for 1
minute, and 72°C for 1 minute, followed by 30 cycles
0of 95°C for 15 seconds, 55° for 45 seconds, and 72°
for 1 minute, and then concluded with a 72°C exten-
sion for 10 minutes. Two microliters of first-round
product was added to the second-round reaction. Sec-
ond-round PCR products were stained with ethidium
bromide and then visualized on 2% agarose gels.
Quantitative fluorescent probe PCR (TaqgMan). Fluores-
cent probe PCR measures the accumulation of PCR
products in “real time” (reviewed by Heid et al., ref. 21).
In brief, DNA was extracted from mononuclear cells as
described, quantified by spectrophotometry, and four
wells of 1 pg/well of high-purity DNA applied to each
reaction. The amplification mix and PCR conditions

Figure 1

Analysis of PBMC for the in vivo persistence of neo-transduced
CD8* gag-specific T cells. (a) Limiting dilution PCR and 32P liquid
hybridization strategy for neo DNA in PBMC lysates. (i) The titra-
tion curve in an HIV-seronegative (uninfused) individual. All lanes
are negative. (ii) lllustration of the dilution curve containing DNA
extracted from 0 to 5,000 cloned CD8* T cells transduced with
one copy of the neo gene. The cells were diluted into PBMC of an
untreated donor to equalize the cellular DNA in all wells. The
assay is capable of detecting as few as 5 neo copies (5 positive
cells) per microgram of PBMC DNA. Independent determinations
of the frequency of neo-modified cells varied up to 0.5 log. (iii)
Serial dilutions of PBMC from a patient who received the second
infusion of neo-modified T cells (3.3 x 10° cells/m?) 24 hours ear-
lier (patient 1). Endpoint dilution analysis indicates a titer of
2,558 infused neo-positive cells/106 PBMC (1 in 391 PBMC). Neg-
ative controls consisted of DNA extracted from PBMC before CTL
infusions. All samples were positive for the B-hemoglobin gene.
(b) Using a single-round PCR and liquid hybridization strategy,
the in vivo persistence of neo-marked T cells was assessed in
peripheral blood collected before, during, and after adoptive
transfer. The absolute number of CD8* T cells in PBMC was deter-
mined by flow cytometry for each time point. Data points indi-
cate mean * SEM and represent the number of neo copies per
microgram of CD8* T-cell DNA. Arrows indicate the day of neo-
marked T-cell infusions. All samples were run in triplicate, and all
assays were repeated at least twice. (¢) Comparison of PCR/lig-
uid hybridization strategy (described above) with nested PCR in
clinical samples, as described in Methods.

for a 50-L reaction consisted of: 1x PCR buffer II; 8%
glycerol; 1.0 U AmpErase (uracil glycosylase; Epicentre
Technologies Corp., Madison, Wisconsin, USA); 2.5 U
AmpliTaq DNA polymerase (Perkin-Elmer Applied
Biosystems, Foster City, California, USA); 4 mM
MgCly; 200 pM dATP, dGTP, dCTP, and 400 UM
dUTP; 30 pmol forward (5-GGATTGCACCGAG-
GTTCTC) and reverse (5'-AGAGCAGCCGATTGTCTGTT)
primers (Genbank accession number M28245, posi-
tions 1671-1751 of the vector [81-bp amplimer]); and
20 pmol TagMan probe (position 1704-1730 of the
Vector): S5"-FAM-TGCCCAGTCATAGCCGAATAGCCCCAT-
TAMRA-3' (Synthegen, Houston, Texas, USA), where
FAM is 6-carboxy fluorescein (emission = 518 nm) and
TAMRA is 6-carboxy tetramethyl rhodamine (emission
= 582 nm). Reaction volumes were adjusted to 50 pL
and transferred to a microtiter plate. To determine the
concentration of neo in test samples, B-actin was used
as an internal standard on an identical set of samples.
The procedure used B-actin-specific primers and flu-
orogenic probe, as provided by the manufacturer
(Perkin-Elmer Applied Biosystems). Target and inter-
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nal control DNA were subjected to 50°C for 2 minutes
and 95°C for 10 minutes, followed by 42 cycles of
amplification at 95°C for 20 seconds and 60°C for 1
minute, using ABI PRISM 7700 sequence detector
(Perkin-Elmer Applied Biosystems). All samples were
run in triplicate, and all samples were repeated on at
least two separate runs. Positive and negative controls
consisted of neo-transduced and non-transduced CD8*
T-cell clones, respectively. Because each genome con-
tained no more than one neo gene copy, the frequency
of neo-transduced cells was derived by determining the
concentration of input DNA and the percentage of
CD8" T cells in the sample.

Single-cell PCR in situ hybridization. Mononuclear cells
(2 X 107/mL) were reacted with 20 plg/mL biotinylated
anti-CD8 mAb’s (clone B9.11; Coulter-Immunotech,
Westbrook, Maine, USA), fixed, and permeabilized in
Permeafix (50 UL/107 cells, Ortho Diagnostics, Raritan,
New Jersey, USA). It was essential that the Fc portion of
the anti-CD8 mAb be protected from the heat of PCR
by conjugation to biotin (7, 22). PCR amplification of
the neo transgene was performed while in suspension,
as described previously (7). Following amplification,

b

the cells were washed and reacted with 100 ng of a neo-
specific oligonucleotide probe labeled with 5" and 3’ 5-
carboxyfluorescein (5'-FAM-AGCATCAGGGGCTCGCG-
FAM-3', nucleotides 2137-2153 of the vector; Research
Genetics, Huntsville, Alabama, USA). The cells were
then incubated with 200 pg/mL streptavidin-phyco-
erythrin (PE; Coulter-Immunotech) and analyzed by
two-color flow cytometry. Although as many as 10% of
the total cells were lost during this procedure, there was
no selective loss or retention of the neo-transduced
cells. At least 5,000 events were counted for each sam-
ple. The percentage of dual-positive cells was deter-
mined by integration over a range of 0.2% positive
counts on the identically treated negative sample (non-
transduced CD8* T cells). The conditions of the PCR
and in situ hybridization procedures, including assay
controls, were as described previously (7).

In situ analysis of spliced and unspliced HIV mRNA using
RT-PCR in situ hybridization. A highly sensitive RT-PCR
in situ hybridization (RT-PCR-ISH) technique was
developed to identify tat fusion transcripts indicative of
a posttranscriptional splicing event and a putative
marker of HIV replication in tissue. The technique was
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Figure 2

Analysis of PBMC for the in vivo persistence of neo-transduced CD8* gag-specific T cells by TagMan PCR. (a and b) Standard curves of neo and -actin,
respectively. Neo plasmid DNA (a) and genomic (PBMC) DNA (b) were diluted serially 1:5 before amplification with the appropriate primer sets. The
B-actin standard curve was used to normalize the results obtained from patient PBMC to 1 pig of genomic DNA. (c) Serial 10-fold titration of neo-pos-
itive clones starting with an input ratio of 1 part neo DNA to 9 parts genomic DNA. Controls (a-c) illustrate the linearity, sensitivity, and reproducibility
of TagMan PCR. (d-h) The amount of neo present in recovered patient PBMC before, during, and after CTL infusions per microgram of CD8* T-cell
DNA. Parts d-h represent patients 1-5, respectively. All figures show DNA concentration of the samples plotted verses threshold cycle (Cy), and all
time points represent the mean = SEM of triplicate PCR amplifications. This assay is highly quantitative and capable of detecting < 2 neo copies per 1
Hg of PBMC DNA. Independent determinations of the frequency of neo-marked CD8* cells in PBMC varied < 0.2 log. Arrows indicate the day of T-cell
infusions. AAn inguinal lymph node biopsy. All assays were repeated at least twice. Error bars are shown (some are not visible).
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Figure 3

Analysis of PBMC for the in vivo persistence of neo-transduced CD8* T cells by PCR-ISH and two-color flow cytometry. PBMC from five patients
(b-f) were assessed for neo before, during, and after adoptive transfer of neo-transduced T cells. This assay was capable of identifying individual neo-
modified cells. Independent determinations of the frequency of neo-marked CD8* cells in PBMC varied up to 0.2%. Results represent mean + SEM

of samples run in triplicate. Arrows indicate the day of T-cell infusions. AAn inguinal lymph node biopsy. All assays were repeated at least twice.

similar to what we have described for other RNA virus-
es (23, 24). Briefly, histologic sections were treated with
RNase-free DNase-1 (Roche Molecular Biochemicals,
Indianapolis, Indiana, USA) and then reacted with
reverse transcriptase following the manufacturer’s rec-
ommendations (RT-PCR kit; Perkin-Elmer Applied
Biosystems). The PCR used HIV tat-specific primers
MES869 (5'-GCGAATTCATGGAKCCAGTAGATCCTAGAC-
TA-3' [nucleotide positions 5869-5886]) and MF8760
(GCTCTAGACTATCTGTCCCCTCAGCTACTGCTATGG-3'
[nucleotide positions 8760-8733]). Specific amplimers
were then detected using DIG-labeled oligoprobes that
spanned the 5' tat splice junction (MFS5945, S'-ATTG-
TAAAAAGTGTT-splice-GCTWTCATTGC-3'). The designa-
tion K refers to the single code letter for G or C, and W
refers to A or T for degenerative bases (25). Tat plasmids

were kindly provided by Manohar Furtado (North-
western University, Chicago, Illiniois, USA) and have
been described previously (25). Digoxigenin-labeled
(DIG-labeled) RNA probes were derived as described
previously (7, 19). PCR and hybridization controls were
as described previously (7, 9, 19).

Laser confocal microscopy. CD8* neo-positive, CD8* neo-
negative, and CD8" neo-positive cells were identified by
single-cell immunocytochemistry combined with PCR-
ISH. The cells were sorted directly onto silanized glass
slides (Perkin-Elmer Applied Biosystems) and analyzed
on an ACAS 570 argon laser confocal microscope (Merid-
ian Instruments, Okemos, Michigan, USA) at 488-nm
excitation using FITC/PE filter sets. To distinguish intra-
cellular sites of PCR product accumulation, the sorted
cells were analyzed by Z-banding, a technique whereby

10¢ O, @ Single PCR/liquid hybridization
&, A Nested PCR
0, @ TagMan PCR

2 10
= §
Figure 4 E 104 f ' f f
Comparison of solution-phase PCR assays for the quantification of 8 { ]
neo in lymph node mononuclear cells (filled symbols) and concurrent o . if
analysis of PBMC (open circles). Sample preparation, assay proce- g
dures, and controls are as described in Methods. For negative con- E é I
trols, lymph node and blood leukocytes were obtained 1 year previ- g 102 TQ z 31
ously from patient 1 and represent unmodified (neo-negative) CD8* I } T 9
T cells. Data points denote mean * SEM for neo and represent the 10 2 e ma o
end-point titer per microgram of CD8"* T-cell DNA. All samples were ! 2 3 " Control
run in triplicate and all assays repeated at least twice. Patient
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serial 1-pm sections could be visualized independently (Z-
banding parameters: photomultiplier tube 20.0%, laser
power 200 mW, speed 6.00 mm/s, 30 samples/point).

In vivo correlates of CTL migration and function. PCR-ISH
for localization of neo-modified cells in lymph node
sections was performed as described previously, includ-
ing controls (7). Immunostains were also performed
following standard procedure (9, 19, 26), which includ-
ed an Ag-retrieval step (steaming in 1 mM citrate
buffer, pH 6.0, for 20 minutes) and used mAb’s (20

DAKO Corporation, Carpinteria, California, USA);
human CCRS (clone 45531.111, IgG2b; Endogen Inc.,
Woburn, Massachusetts, USA); human MIP-1d (clone
11A3, IgGs,.; LeukoSite Inc., Cambridge, Massachu-
setts, USA); human MIP-1B (clone 1F12, IgGap;
LeukoSite Inc.); and granzyme-B (clone B18.1, IgGy;
Alexis Corp., San Diego, California, USA), a serine pro-
tease stored in granules of activated CTL. In addition,
the TUNEL assay (Oncor Inc., Gaithersburg, Maryland,
USA) was used to identify apoptotic cells and is based

Hg/mL) to the human CD8 (clone C8/144B, IgG;; on terminal deoxynucleotidyl transferase-mediated

3327
07
2815
2559
2303
2048
1792
1536
1288
1024
768
512

Figure 5

Visualization of neo-transduced CD8* T cells by confocal laser microscopy. Cells were prepared as described in Methods and shown in
Figure 4. (a) Neo-marked CD8* T-cell clones examined before patient infusions. More than 98% of the cloned cells stained for CD8 and
neo was detected in more than 95% of these CD8" T cells (shown is clone LN-2A3-5 from patient 1). Cells containing neo amplimers
emit yellow-red fluorescence with a peak fluorescence intensity of 3327. Nontransduced (neo-negative) cells appear purple-blue with a
peak fluorescence intensity of 256 (inset). (b) Pictured is a neo-positive cell recovered from a lymph node biopsy taken 4 days after the
final T-cell infusion and visualized using the technique of Z-banding. Shown is a 1-lum section taken approximately through the center
of a single cell. Note that signal is exclusively intranuclear and has a similar fluorescent intensity to the preinfusion CTL clones (patient
1). (¢) For comparison, a similar in situ hybridization procedure, as described previously (6, 7), was used to identify cells in lymph node
with transcriptionally active HIV. Gag-positive cells emit intense yellow-red fluorescence with intensities ranging from 2,048 to 3,327
(patient 1). However, unlike neo, the signal is found in both the nucleus and cytoplasm, as would be expected with productive infec-
tion. (d-f) Dual detection of neo* and CD8* T cells from (d) preinfusion and (e) postinfusion PBMC (patient 5). The CD8 surface anti-
gen was detected using a PE-conjugated antibody and was the only fluorochrome observed (appears red) in preinfusion PBMC sam-
ples (d; day 0). In contrast, up to 3% of PBMCs taken immediately after infusion show both markers and appear yellow (e; day 8). Neo
was not detected in cells that did not stain with antibodies to CD8 (f).

1412 The Journal of Clinical Investigation | May2000 | Volume 105 | Number 10



(TdT-mediated) dUTP nick-end labeling (TUNEL) of
fragmented DNA. The tissues were then reacted with
mADb’s overnight at 4°C. The remainder of the proce-
dure used an ABC peroxidase technique with 3,3-
diaminobenzidine (DAB) as the chromogen (Vector
Laboratories, Carpinteria, California, USA). Irrelevant
mADb’s (IgG;) to the ovine CD4 and CD8 molecules (26)
were used as isotype-specific controls, and lymph node
sections from both HIV-seronegative (19) and untreat-
ed HIV-seropositive (9) individuals were used to evalu-
ate patterns of CD4* and CD8" T-cell distribution,
granzyme positivity, and extent of apoptosis in normal
uninfected tissue and infected but untreated tissue.
Anti-neo CTL responses. PBMC were obtained at various
intervals up to 8 weeks after the final neo-marked T-cell
infusion. The cells were stimulated with an aliquot of

aliquots of the cultures were assayed against autolo-
gous nontransduced T cells (mock) and neo-transduced
T cells at an effector-to-target ratio of 10:1 or 20:1, as
described previously (18).

Results

Persistence of neo-marked cells in peripheral blood. The in
vivo persistence of transferred CTL in blood was
assessed by detection of neo sequence in samples of
DNA extracted from PBMC obtained before, during,
and after CTL infusions. Two semiquantitative limit-
ing dilution analyses were compared, liquid hybridiza-
tion of PCR products to 3?P-labeled probes and nest-
ed PCR (Figure 1). Both assays could detect as few as
5 neo-copies (5 positive cells) per microgram of PBMC
DNA (equivalent to 1.5 X 10° PBMC) and produced

gamma-irradiated autologous neo-transduced T-cell —similar results over a wide range of titers (Figure 1c;r
clone as described in Table 1. After two stimulations, = -0.945). Analyses of PBMC samples from treated

Figure 6

Representative histologic sections of
inguinal lymph node collected from p-
atient 2 by excisional biopsy 4 days after
the second infusion of neo-modified HIV-
specific CTL. Serial sections were ana-
lyzed for sites of localization of neo-mod-
ified CD8* CTL (PCR-ISH) (a), cells
expressing granzyme-B (anti-GrB mAb)
(b), cells expressing HIV tat fusion tran-
scripts (RT-PCR-ISH) (c), cells expressing
the CC-chemokine MIP-1p (anti-human
MIP-13 mADb) (d), and cells showing DNA
fragmentation (TUNEL “apoptosis”
assay) (e). Dual stains were used to iden-
tify the proportion of CD4* (anti-CD4
mAb + TUNEL) (f; inset shows higher
magnification of dual-stained cells
[arrows]) and CD8* (anti-CD8 mAb +
TUNEL) (g) T lymphocytes demonstrat-
ing apoptosis. The HIV-specific CTL
expressed the cell surface receptors CD8
and CCR5 and could be stimulated to
express granzyme-B before their infusion
(h: anti-CD8 mAb (left), anti-CCR5 mAb
(middle), anti-GrB mAb (right). Antibody
labels were detected by immunoperoxi-
dase staining with DAB as the chromogen
and apoptotic cells detected by TUNEL,
followed by anti-DIG mAb, and devel-
oped with BCIP/NBT. f, follicular germi-
nal centers. Bar, 100 pm.
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patients using PCR and liquid hybridization revealed
a maximal titer of transferred CTL in the blood at 24
to 48 hours after the infusions (Figure 1b). The sec-
ond infusion consisted of 3.3 times the cell dose given
in the first infusion. Infusion of higher numbers of
transduced CTL resulted in higher numbers of circu-
lating neo-marked cells. Based on the absolute num-
ber of CD8" T cells in PBMC determined independ-
ently for all time points and the assumption that all
cells containing neo represented adoptively trans-
ferred CD8" T cells, the data were expressed as neo
copies per microgram of CD8" T-cell DNA. In experi-
ments in which 106 PBMC were assayed in triplicate
and assays run at least twice, neo was detected in
peripheral blood for only 2 to 3 weeks (17.4 + 3.4 days)
after the final T-cell infusion (Figure 1b).

Because both the liquid hybridization and nested
PCR assays are labor intensive and semiquantitative
in nature, we reassayed the samples using the fluores-
cent-based real-time PCR assay (TaqgMan). The Taqg-
Man PCR assay produced results comparable to those
resulting from limiting dilution analyses. Using Taq-
Man PCR we detected a single copy of neo plasmid
DNA spiked into as much as 1 pig of human DNA and
as few as 2 neo-transduced cells spiked into 10° non-
transduced PBMC (Figure 2). Moreover, the data
could be reproduced in repeat samples within 0.2 log.
As shown in Figure 2, all five patients demonstrated
consistently higher peak concentrations of adoptive-
ly infused cells with the second versus the first infu-
sion. Peak responses ranged from 350 to 820 neo
copies/llg CD8" T-cell DNA ([0.3-0.6% of CD8* T
cells in PBMC). Neo-marked cells dropped to unde-
tectable concentrations (< 5 neo copies/g DNA) by
day 18 after the second infusion. Longer-term follow
up revealed only sporadic detection for 4 to 6 weeks
after infusion.

Without providing an ancillary cell-purification
step, strategies based on solution-phase PCR, includ-
ing TaqMan, do not distinguish the cell type harbor-
ing neo. To evaluate which cells contained the neo
transgene, we combined immunocytochemistry with
PCR-ISH followed by detection of dual-labeled cells
using two-color flow cytometry (7). By this technique,
within 24-48 hours of the initial CTL infusion, neo
was detected in 0.5%-2.7% of CD8" T cells in periph-
eral blood. No neomycin was detected in any other cell
type examined in PBMC, including CD4* T cells,
CD19" B cells, CD1a* dendritic cells, and CD14*
monocytes. As shown in Figure 3b, 1 day after infu-
sion of the highest CTL dose, neo-marked cells com-
prised from 1.6% to 3.5% of CD8" T cells in blood. As
with the solution-based PCR assays, the frequency of
transferred CTL in blood, as measured by in situ PCR,
declined gradually after each infusion, and neo-
marked cells were no longer detected between 1 and 3
weeks (13.8 = 7.5 days) after the final T-cell infusion.
Although this assay was highly specific and identified
the neo transgene only in CD8* T cells, the lower

threshold of detection was 0.2% (1 in 500 CD8" T
cells). Thus, unlike the limiting dilution and TagMan
systems, rare targets were not always detected using
the in situ PCR technique. However, because target
amplification takes place intracellularly, in situ PCR
was extremely efficient when compared with extrac-
tion-based PCR methods (7, 22). Thus, during peak
responses we often observed slightly higher percent-
ages of gene-marked cells using this technique.

Sequestration of neo-marked cells in lymph node. In three
patients, an inguinal lymph node was biopsied 4 days
after the final infusion to assess the homing of adop-
tively transferred T cells to lymph node sites. In a pre-
vious study of these three patients, we used in situ PCR
and flow cytometry to show that 5,2.2,and 7.9% of the
CD8" T cells in the lymph node harbored neo DNA,
whereas concurrent analysis of PBMC revealed that
only 0.5, 0.5, and 0.7% of CD8" T cells were neo* (7).
Thus, neo-modified CD8* CTL accumulated in the
lymph node in 4.5-11-fold excess of neo* cells in the
peripheral blood.

In this study, these findings were corroborated by
solution-phase PCRs where there was at least a 2.0 log
increase in neo DNA in lymph node cell lysates when
compared with PBMC examined concurrently (Figure
4). It is interesting that the TagMan assay consistent-
ly demonstrated slightly higher yields of neo-marked
T cells in lymph node preparations and produced a
much tighter SE than either nested or liquid
hybridization systems. This is likely related to the
more consistent linear range of the assay as compared
with endpoint dilution methods using gel-based tech-
niques. Still, results from the three solution-phase
PCRs were similar when measuring from the same
sample (P> 0.05, ANOVA). There was also good cor-
relation when comparing results obtained from solu-
tion versus suspension-based PCR, particularly when
the percentage of neo-positive CD8* T cells was equal
to or greater than 0.5% above the lower limit of detec-
tion. This is likely due to false-positive readings asso-
ciated with cellular autofluorescence at the lower lim-
its of the assay. For example, 5% or more of the
neo-positive lymph node CD8" T cells from patient 1
contained the neo amplimer (17,500 neo copies/Hg of
CD8* T-cell DNA), whereas solution-based PCR
showed that the same patient had an average of 8,000
neo copies per microgram of CD8* T-cell DNA. Col-
lectively, both suspension-based and solution-based
assays clearly demonstrate that the transferred cells
effectively trafficked to and preferentially accumulat-
ed within lymph nodes.

Neo-marked cells in blood and lymph node are exclusively
CD8* T lymphocytes. In a previous study in which an
autologous CD8* HIV-specific CTL clone was adop-
tively transferred to a single patient, the infused CTL
rapidly underwent apoptosis and were cleared from
the blood presumably by phagocytosis (17). To deter-
mine whether neo DNA detected in our patients
remained within transferred CD8" CTL or was
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engulfed by phagocytes, the same preparations of
mononuclear cells examined using PCR-ISH and two-
color flow cytometry were also visualized by two-color
laser confocal microscopy (Figure 5). This procedure
was sensitive enough to detect equal to or greater than
99% of preinfusion gene-marked cells (Figure 5a).
Interestingly, neo amplimers localized exclusively
within the cell nucleus (Figure 5b), which contrasted
with a marker for HIV RNA that was detected in both
the nucleus and cytoplasm (Figure 5¢). With this tech-
nique, neo DNA was again detected only in CD8* lym-
phocytes and only in cells subjected to PCR using neo-
specific primers and oligonucleotide probes specific
for sense-strand product DNA (Figure 5d).

Colocalization of adoptively infused cells in lymph node
sites of granzyme-B expression, CC-chemokine expression,
HIV replication, and apoptosis. To assess the potential in
vivo antiviral activity of the infused CCR5* CTL, we
performed immunohistochemistry on serial sections
of lymph node for granzyme-B activity, a measure of
activated CTL (17, 27), and for CC-chemokines that
facilitate CCRS adhesive interactions in cells express-
ing HIV (28). Cells staining for granzyme-B (Figure
6b) showed a remarkably similar pattern of distribu-
tion to that of the gene-marked CTL (Figure 6a).
Moreover, cells expressing granzyme-B localized adja-
cent to cells containing HIV tat fusion transcripts
(Figure 6¢) that were in the same T cell-dependent
sites as cells expressing the CC-chemokines MIP-1a
and MIP-1f (Figure 6d). The same parafollicular
region of the lymph node showed high concentra-
tions of apoptotic cells (Figure 6e). Dual staining of
apoptotic cells for CD4 (Figure 6f) and CD8 (Figure
6g) surface antigens showed that DNA fragmenta-
tion was slightly more common in CD4* cells (1% of
CD4 and 0.7% of CD8). All three subjects that con-
sented to lymph node biopsy had similar and sub-
stantial viral burden in lymph nodes (7), and all
adoptively transferred CTL clones expressed similar
levels of CD8, CCRS, and granzyme-B before their
infusion (Figure 6h). Because all test subjects had
similarly high viral burden, it was not possible to
investigate CTL homing or killing as a function of
viral load within this cohort.

Induction of neo-specific cytolytic T-cell responses. In both
animal and human studies, the persistence of autol-
ogous gene-marked cells can be limited by the devel-
opment of a host immune response to the transgene
product (18, 29). The five patients receiving neo-mod-
ified CD8* CTL clones in the present study were eval-
uated for cytolytic T-cell responses to neo. No neo-spe-
cific cytolytic activity was detected in cultures of
pretreatment PBMC stimulated with gamma-irradi-
ated autologous neo-modified T cells in any of the
five patients. However, neo-specific CTL activity was
observed in post-treatment cultures from three of the
five patients (patients 2, 3, and 5). This lytic activity
was first detected 2 weeks after completing the final
T-cell infusion in patient 5 and 4 weeks after the T-

cell infusions in the other two patients. There was no
apparent difference in the kinetics with which neo-
marked CTL declined in patients who developed neo-
specific CTL compared with those who did not. One
patient (patient 4) demonstrated nonspecific lytic
activity that was stable over the course of the study
and one (patient 1) remained negative in all assays.

Discussion

An objective of many clinical gene transfer experiments
has been to determine whether the transferred
gene-modified cells persist, traffic normally, and func-
tion in vivo. One major obstacle in defining these issues
has been accurate and quantitative detection of low-fre-
quency targets in vivo (7, 13, 15, 30). Detection of rare
cells containing specific nucleic acid sequences is often
confounded by the low copy number of the target
sequence and the difficulty isolating these cells from a
heterogeneous population. We demonstrate two dif-
ferent PCR-based approaches; TagMan chemistry and
PCR-ISH, coupled with flow cytometry, can be used to
quantify and track the in vivo migration and persist-
ence of adoptively transferred CD8" T cells bearing a
single copy of the neo transgene. The fluorescent probe
real-time PCR (TagMan) assays, when compared with
limiting dilution analyses, exhibited increased sensi-
tivity for detection, produced a much narrower intra-
assay SE, and reproduced repeat determinations with-
in 0.2 log. Moreover, TagMan allowed us to compare
the quantitative measurement of gene-marked T cells
by PCR-ISH with an easily manipulated solution-phase
PCR technology, enhancing the reproducibility of the
results and overcoming some of the specificity con-
cerns that accompany all in situ PCR work (23, 24, 31).

We show that neo is readily quantified using TagMan
PCR, but, similar to other solution-phase PCR tech-
niques, the product DNA signal is averaged for the
number of input cells that are lysed; thereby the asso-
ciation with individual cells is lost. The use of PCR
combined with the target localizing capability of ISH
has been instrumental in detecting intracellular targets
of low copy number (23, 24, 31, 32). Still, a large num-
ber of microscopic fields need to be surveyed to demon-
strate a rare affected cell. By combining PCR-ISH with
flow cytometry, it is possible to objectively evaluate
large numbers of cells with the occasional rare target
sequence. Moreover, amplification of intracellular tar-
get sequences allows for detection sensitivities greater
than that of solution-phase PCRs (7, 22).

Using PCR-ISH combined with flow cytometry, we
have shown previously that the neo-marked CD8* T
cells efficiently home to lymph nodes and accumulate
within T cell-dependent areas of the lymph node adja-
cent to cells expressing HIV gag RNA (7). In this study
we provide evidence that a proportion of these virus-
infected, transcriptionally-active T cells contained
spliced gene transcripts, a strong correlate of produc-
tive virus infection (25, 33). Moreover, these virus-
infected cells expressed the CC-chemokines MIP-1a
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and MIP-1, tissue ligands for activated T cells express-
ing the CCRS receptor (28). Thus, our current studies
demonstrate that adoptively transferred HIV-specific
neo-modified CTL retained their ability to traffic, pos-
sibly through CCR5/CC-chemokine interactions, and
localize to sites of HIV replication.

Antiviral effects have been demonstrated in associ-
ation with the adoptive transfer of antigen-specific
CTL (7,12, 34-38). This reflects, in part, the destruc-
tion of virus-infected target cells induced by the
release of cytolytic granules containing perforin,
which damages the membrane of the target cell, and
granzymes, which induce apoptosis. In untreated
“control” subjects we studied, all of whom had high
levels of viremia and many who had measurable CTL
responses (8), only rare and randomly distributed
cells expressing granzyme-B and/or cells demon-
strating DNA fragmentation were observed. More-
over, there was little association between granzyme-
B activity and cells replicating HIV in these subjects.
These findings are consistent with the recent obser-
vations that in CD4*-deficient hosts, CD8" virus-spe-
cific CTL fail to mediate effector functions (39, 40).
The infusion of activated cytolytic effector cells may
overcome this defect. Indeed, in treated subjects
granzyme-B-positive cells were detected in a pattern
similar to cells harboring neo and adjacent to cells
expressing HIV mRNA.

Both our gel-based and TagMan systems showed
that adoptively transferred neo-marked T cells per-
sisted in the blood for less than 21 days in all five
patients studied. Our protocol called for the admin-
istration of neo-marked CTL late in the treatment
course. Earlier infusions of unmarked CD8* HIV-spe-
cific CTL (not shown) increased direct HIV-specific
cytolytic activity in fresh PBMC obtained 1 day after
infusion, but lytic activity declined to baseline levels
within 14 days, suggesting that loss of unmarked
CD8" T cells occurred with similar kinetics to the
decline in neo-marked CTL (7). Elimination by an
immune response to the transgene product was an
alternative explanation for the rapid decline in gene-
marked T cells detected in peripheral blood (18). CTL
responses to neo developed in three of the five
patients, but these responses were detected long after
the early decline in transferred HIV-specific CTL (7).

In summary, this study extends our previous inves-
tigations of adoptive transfer of antigen-specific
CD8* T cells for HIV infection. First, it provides a
quantitation of the levels of circulating CD8* T cells
that are achieved by adoptive transfer using a variety
of solution and in situ techniques to detect gene-
marked cells. Second, it confirms the accumulation
of transferred T cells in lymph node. Third, it demon-
strates by use of a variety of in situ and immunohis-
tochemical techniques the presence of activated
“granzyme-positive” CTL in sites of neo gene accu-
mulation and HIV replication, providing evidence for
in vivo activity of the infused cells. Fourth, our study

provides a potential mechanism of CTL homing to
sites of HIV replication in lymph nodes mediated
through CCRS/CC-chemokine interactions emanat-
ing from inside the lymph node. Collectively, these
studies provide the methodology that should facili-
tate studies of both the magnitude and functional
phenotype of Ag-specific CD8* T cells in vivo.
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