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Vaccinia virus (VACV) has been attracting attention recently not only as a vector for various vaccines but
also as an immunization tool against smallpox because of its potential use as a bioterrorism agent. It has
become evident that in spite of a long history of studies of VACYV, its tissue pathogenesis remains to be fully
understood. Here, we investigated the pathogenesis of VACV and its interactions with human immunodefi-
ciency virus type 1 (HIV-1) in the context of human lymphoid tissues. We found that ex vivo-cultured tonsillar
tissue supports productive infection by the New York City Board of Health strain, the VACV strain of the
Dryvax vaccine. VACYV readily infected both T and non-T (B) lymphocytes and depleted cells of both of these
subsets equally over a 12-day period postinfection. Among T lymphocytes, CD8" cells are preferentially
depleted in accordance with their preferential infection: the probability that a CD8™ T cell will be productively
infected is almost six times higher than for a CD4* T cell. T cells expressing CCRS5 and the activation markers
CD25, CD38, and HLA-DR are other major targets for infection by VACYV in lymphoid tissue. As a consequence,
VACYV predominantly inhibits the replication of the R5¢.,4, phenotype of HIV-1 in coinfected tissues, as
R5-tropic HIV-1 requires activated CCR5* CD4* cells for productive infection. Human lymphoid tissue
infected ex vivo by VACV can be used to investigate interactions of VACV with other viruses, in particular

HIV-1, and to evaluate various VACYV vectors for the purpose of recombinant vaccine development.

The global eradication of smallpox declared by the World
Health Organization in 1980 eliminated the need for poxvirus
immunization and reduced interest in vaccinia virus (VACV)
biology (24). The threat of smallpox virus being used as a
biological weapon, however, has prompted the reintroduction
of the vaccination program as a preventive measure against
acts of bioterrorism and produced a resurgence in scientific
attention to VACV. VACYV, like variola virus, the causal agent
of smallpox, belongs to the genus Orthopoxvirus. Vaccination
with VACV confers cross-protection against smallpox disease,
and several strains of VACV have been developed for this
purpose. These include the replication-deficient modified virus
Ankara (MVA) (10) and the New York City Board of Health
(NYCBH) strain. Such strains have been developed to avoid
complications in immunocompromised people. Indeed, pro-
gressive vaccinia (vaccinia necrosum) has been described in
human immunodeficiency virus type 1 (HIV-1)-infected people
(29). Similarly, it was reported that AIDS patients receiving a
recombinant vaccinia virus-based anti-HIV-1 vaccine devel-
oped “wide necrosis” at the sites of subcutaneous and/or in-
tramuscular injections (19, 27).

VACYV infects cells of a wide variety of types, including T
cells, monocytes/macrophages, NK cells, and B cells (36).
Despite a long history of related studies, the components of the
viral entry/fusion complex which control VACV attachment to
and entry into target cells remain incompletely characterized.
Identification of the VACV receptor responsible for virus
binding and entry into cells is complicated by the existence of
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several distinct forms of viral particles which may enter cells by
different mechanisms (25, 34). Recently, it has been demon-
strated that VACV-mediated tyrosine phosphorylation of CC
chemokine receptor 5 (CCRS) occurs at a postentry step of
VACV infection which is followed by the downregulation of
CCRS from the surface of VACV-infected T cells. These
events play a critical role in VACYV replication (28). CCRS also
serves as a coreceptor for HIV-1 variants responsible for pri-
mary infection, suggesting a potential interaction between
VACV and HIV-1.

Here, we studied VACYV infection and its interaction with
HIV-1 in human tonsillar tissues coinfected ex vivo with
VACYV and HIV-1. Smallpox virus is most commonly acquired
from inhalation of infectious aerosols (after which the virus
attaches to the nasopharyngeal and respiratory mucosa) and
then is transferred to local lymphoid tissue, where replication
occurs. Here, we used a system of ex vivo lymphoid tissue
culture to study VACV pathogenesis and Orthopoxvirus-HIV
interactions which may take place in individuals coinfected
with variola virus and HIV.

Using this infection model, we demonstrate that VACV
preferentially depletes activated T cells of the CCR5" CD4™
phenotype, thus dramatically suppressing replication of the RS
strain of HIV-1.

MATERIALS AND METHODS

Tissue culture and viral infection. Human tonsils surgically removed during
routine tonsillectomy were received within 5 h of excision and were dissected into
2- to 3-mm?® blocks. Tissue blocks were placed onto collagen sponge gels in
culture medium at the air-liquid interface and infected the next day, as described
earlier (12, 16). MVA and NYCBH strains were obtained from ATCC (Manas-
sas, VA) and used in VACYV infections. Five microliters of viral stock containing
approximately 1 X 10° genome equivalents of VACV was used to infect each
block. A total of 27 tissue blocks from each donor were used for each tested
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condition. We evaluated VACV replication using calibrated real-time PCR. For
HIV-1 infection, 5 pl of clarified HIV-1-containing medium (approximately 0.5
ng of p24 per block of a prototypic R5 HIV variant, SF162 [R5gg 4], or of a
prototypic X4 HIV variant, LAL04 [X4; A104]) Was applied to the top of each
tissue block. We measured HIV-1 replication as the production of p24 core
antigen released into the pooled medium bathing all 27 blocks, using an HIV-1
p24 enzyme-linked immunosorbent assay (ELISA; Perkin-Elmer, Wellesley,
MA). In the coinfection experiments, tissues were inoculated with VACV and
then infected with HIV-1 within 3 h. Experiments were repeated n times, each
time with tissue from a different donor; #n is indicated in the text and figure
legends. UV inactivation of VACV (250 nm) was performed on a UV Strata-
linker 2400 (Stratagene, La Jolla, CA) at 5,000 J/m?.

Quantification of VACV DNA with calibrated real-time PCR. We extracted viral
DNA from virus-containing culture supernatants using the QIAamp kit (QIAGEN
Gmbh, Hilden, Germany) according to the instructions of the manufacturer. The
number of viral genome copies (VACV load) was determined in a quantitative
calibrated real-time PCR with an ABI Prism 7000 sequence detector (PE Ap-
plied Biosystems, Foster City, CA). The specific primer sets used to detect
VACYV were the following: VACV forward, 5'-CCGTCCAGTCTGAACATCA
ATC-3'; VACV reverse, 5'-ACAAATAGAAAAGTGTTGTAAACGCAA-3'.
The probe (5'-FAM-CCAACCTAAATAGAACTTCAT-3'-MGBNFQ) was co-
valently linked to the reporter dye 6-carboxy-fluorescein (FAM) at the 5" end and
to a minor groove binder and a nonfluorescent quencher (MGBNFQ) at the 3’
end (26). The reaction mixture contained TagMan PCR master mix, each primer
at 300 nM, and 5 pl of DNA. Following activation of AmpliTaq Gold at 95°C for
10 min, 40 cycles of amplification (denaturation step, 95°C for 15 s; annealing-
extension step, 60°C for 1 min) were performed. Data were analyzed using
sequence detection software (Applied Biosystems). We performed VACV DNA
quantification using a commercially available reference standard (Advanced Bio-
technologies, Columbia, MD) and normalized the results using a synthetic DNA
calibrator molecule (10° copies per sample) that was added to the samples before
the extraction step; this procedure allowed us to control for intersample extrac-
tion efficiency and to monitor PCR artifacts (4). Primers and the calibrator probe
were not cross-reactive with the VACV sequences.

Flow cytometry. Flow cytometry was performed on cells mechanically isolated
from control and infected tissue blocks on day 12 after infection. Lymphocytes,
identified according to their light-scattering properties, were analyzed for ex-
pression of lymphocyte markers. We stained cells for surface markers, including
CD3, CD4, CD8, CD25, CD38, CD69, CD95, HLA-DR, CD45RA, CD62L,
CCRS5, and CXCR4, using anti-CD3-phycoerythrin (PE)-Cy7 or PE-Alexa 610,
anti-CD4-PE-Cy5.5, or allophycocyanin (APC)-Cy7, anti-CD8-APC or Pacific
blue, anti-CD25-APC, anti-CD38-APC-Cy5.5, anti-CD69-PE-Cy5.5, anti-HLA-
DR-peridinin chlorophyll protein-Cy5.5, anti-CD45RA-PE-Cy7, anti-CD62L~
APC-Cy7 (Caltag Laboratories, Burlingame, CA), or anti-CCR5-APC or APC-
Cy7 and anti-CXCR4-PE or APC (Becton-Dickinson, Pharmingen, San Jose,
CA). To identify productively infected cells, we stained cells for surface markers,
washed them two times, fixed and permeabilized them with Fix&Perm (Caltag
Laboratories), and then stained them with an anti-p24-PE-labeled antibody
(KC57; Beckman-Coulter, Miami, FL) and a fluorescein isothiocyanate-labeled
polyclonal antibody to cell-associated vaccinia virus antigens recognizing early
and late VACV proteins (U.S. Biological, Swampscott, MA). To quantify cell
depletion, we added Caltag counting beads (Caltag Laboratories) to each tube
prior to cell surface staining. For each condition, 15,000 beads were acquired and
then the number of cells was normalized according to the weight of the 27 blocks
taken on the day of the staining and expressed as a percentage of the uninfected
tissue. Normalization based on the weight of the blocks at day zero was also
performed and gave similar results. Data were acquired on a BD LSRII instru-
ment using DIVA software version 3.0 and analyzed with FlowJo software (Tree
Star, San Carlos, CA).

Multiplexed fluorescent microsphere array of human cytokines. We deter-
mined the levels of CCL3 (macrophage inflammatory protein 1a), CCL4 (mac-
rophage inflammatory protein 18), CCL5 (RANTES), and CXCL12 (SDF-1B) in
culture medium using multiplex bead array assays on a Luminex 100 platform.
All the antibodies and cytokine standards were purchased from R&D Systems
(Minneapolis, MN). Individual Luminex bead sets were coupled to cytokine-
specific capture antibodies according to the manufacturer’s instructions. Conju-
gated beads were washed and kept at 4°C until use. Biotinylated polyclonal
antibodies were used at twice the concentrations recommended for a classical
ELISA procedure. All the assay procedures were performed in phosphate-buff-
ered saline supplemented with 1% normal mouse serum, 1% normal goat serum,
and 20 mM Tris-HCI (pH 7.4) filtered through a 0.2-wm-pore-size membrane.
Fifty microliters of each sample was combined in a well with 50 pl of a mix
containing 1,200 beads per set and incubated overnight at 4°C in a Millipore
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multiscreen plate. We then aspirated the liquid by using a Millipore vacuum
manifold and washed the plates twice with 200 pl of the assay buffer. The beads
were then resuspended in 50 pl of solution containing biotinylated polyclonal
antibodies and incubated at room temperature for 20 min. The plates were
washed twice with phosphate-buffered saline, the beads were resuspended in 50
wl of assay buffer, and 50 pl per well of a 16-pg/ml solution of streptavidin-PE
(Molecular Probes, Carlsbad, CA) was added. The plates were read on a
Luminex 100 platform. A total of 61 beads was collected for each bead set.
Statistical analysis. We have normalized the final data in order to compare
results obtained in different experiments. For each experiment, we compared
infected and control tissues obtained from an individual donor in replicates of 27
tissue blocks for each data point. To average the results of different experiments
and to analyze them statistically, we normalized the data as percentages of
controls and determined the means =+ standard errors of the means (SEM). We
used Student’s paired ¢ test to evaluate the significance of the differences between
various data sets. Statistical analysis of p24 ELISA data was performed with
Deltasoft software (version 3.0; BioMetallics), with which we combined data
from three dilutions and calculated the weighted interpolated p24 concentration
and SE. Data analysis of the median of the fluorescence intensity recorded for 61
beads of each bead set for the Luminex assays was performed with Bioplex
Manager software (version 3.0; Bio-Rad) using a 5P regression algorithm.

RESULTS

VACYV infection of human lymphoid tissue. The NYCBH
strain of VACV, but not MVA, replicated efficiently in human
tonsillar tissue ex vivo (Fig. 1A). Viral replication became
detectable in tissues of all the tested donors at day 3 after virus
inoculation and continued to increase until the end of the
experiment at day 12 after infection. The choice of day 12 as
the end point is based on the standard protocol for this system
in order to avoid the possible effect of tissue deterioration on
viral replication (12). The viral concentration in culture super-
natants reached, on average, (4.8 * 1.3) X 10'” genome equiv-
alents per milliliter (range, 1.27 X 10° to 1.64 X 10'"), corre-
sponding to approximately a 3-log amplification compared
with the inoculum. Each block of tissue produced on average
around 1.6 X 10'° viral genome copies into the culture medium
over the period of 12 days. The wide interassay variability of
virus yield produced by ex vivo-infected lymphoid tissues from
various donors has been previously documented for replication
of human herpesvirus 6, human herpesvirus 7, measles virus,
and HIV-1 (12, 14, 17, 18, 22).

To determine the type(s) of cells supporting VACV repli-
cation, we prepared a suspension of single cells of tonsillar
tissue by mechanical dissociation and stained it for CD3, CD4,
CDS, and cell-associated vaccinia virus antigens. We then an-
alyzed stained cells using flow cytometry. Positive staining for
VACYV reflected viral infection rather than adsorption of free
virus, since no significant increase in the number of vaccinia-
positive cells was observed when cells were incubated with
UV-inactivated VACV at a range mimicking the amount of
replicating VACV (data not shown).

Figure 1B shows VACV-infected CD3" and CD3~ lympho-
cytes. The latter subset consisted of 90% B cells (9). In eight
tissue samples inoculated with VACYV, on average 2% = 0.3%
of CD3™ cells and 3.4% =+ 0.2% of CD3™ cells were produc-
tively infected at day 12 postinfection, reflecting a higher rate
of infection of non-T cells (P = 0.0003). Among T cells,
1.8% = 0.3% of CD4" cells and 2.6% = 0.4% of CD8" cells
(n = 8; P = 0.02) were productively infected on day 12 postin-
fection, showing a preferential infection of CD8 T cells (Fig.
1C). To define B cells more precisely, we stained lymphocytes
for CD19. In these experiments, 3.2% = 0.5% of CD19™ cells
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FIG. 1. Replication of VACV in human lymphoid tissue ex vivo.
Tissue blocks (27 from each human tonsil) were infected with either
NYCBH or MVA. Each of the 27 tissue blocks from a single donor was
inoculated with 5 pl of viral stock containing approximately 1 X 10°
genome equivalents. The culture medium was changed every 3 days,
and VACV replication was monitored in these medium samples by
means of real-time PCR (A) or flow cytometry (B and C). A. Typical
replication kinetics of NYCBH and MVA are presented. The inset
represents the average kinetics of replication of NYCBH (n = 13);
results are shown as means = SEM. Each point represents the mea-
surement of medium pooled from three wells, each of which contained
nine tissue blocks. To merge the data from different experiments, we
normalized the amount of VACV DNA for each experiment as a
percentage of the maximum production of VACV over the 12-day
period. B. Expression of VACV antigen by lymphocytes as detected
with flow cytometry. Density plots of lymphocytes, isolated from
VACV-infected (right panel) and matched uninfected tissue (left
panel), indicate preferential staining of CD3™ cells for cell-associated
vaccinia virus antigen on day 12 postinfection. One representative
experiment (out of 11) is shown. C. Frequencies of VACV-infected
CD37, CD3", CD3/CD4", and CD3/CD8" cells detected at day 12
postinfection. Cells were stained at day 12 for CD3, CD4, CD8, and
cell-associated vaccinia virus antigens. Data are presented as means =
SEM (error bars) of VACV-infected cells from 11 donors.

were infected by VACV (n = 4), confirming the above-pre-
sented conclusion that VACV infects B cells at a rate not
significantly different from that for CD3" cells.

Thus, both real-time PCR and flow cytometric data demon-
strated productive VACYV infection of human lymphoid tissue
€ex Vvivo.

VACYV preferentially depletes CD4* CCR5™ T cells in hu-
man tonsillar tissues. To further identify productively infected
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FIG. 2. Preferential depletion of the CD4" CCR5™ cell subset in
VACV-inoculated ex vivo-cultured human lymphoid tissues. Tissue
blocks (27 from each individual human tonsil donor) were infected
with NYCBH. At day 12 postinfection, cells were stained for CD3,
CD4, or CD8. Data are means = SEM (error bars) of the numbers of
lymphocyte subsets normalized by the weight of the tissue blocks and
by the numbers of corresponding cells in matched uninfected control
tissues. A. Depletion of CD3~, CD3", CD3"/CD4", and CD3*/CD8"
cells by VACV in human lymphoid tissue ex vivo (n = 12). B. Deple-
tion of CCR5 " versus CCR5 ™ cells within the CD3™ versus the CD3 ™~
cell subsets (n = 9). C. Depletion of CCR5 " versus CCR5 ™ cells within
the CD3*/CD4" versus the CD3"/CD8" cell subsets (n = 9).

cells and investigate preferential depletion of various tissue
lymphocytes by VACV, we stained tissue-isolated cells for
CD3, CD4, CD8, CXCR4, CCRS5, and cell-associated vaccinia
virus antigens. We evaluated the cytopathicity of VACV for
different cell subsets by comparing the number of cells in
infected tissues to that in matched uninfected tissues. To ac-
count for size differences in tissue blocks, we normalized the
data by the weight of the tissue (Fig. 2A).

Kinetic studies showed that cell depletion was insignificant
at day 6 postinfection. It became significant at day 9 of cul-
ture when VACV depleted 15.6% * 1.7% of lymphocytes
(14.5% = 1.9% and 18% = 4.8% of CD3" and CD3" cells,
respectively; n = 3).

At day 12 postinfection, VACV depleted 29.8% * 8% of lym-
phocytes in infected tissues and, similarly to day 9 results, we
found no significant difference between VACV-induced deple-
tion of T and non-T cells (n = 10; P = 0.086) (Fig. 1C). Among
T cells, a significant preferential depletion of CD8" over CD4™
T-cell populations was observed (41% = 6.8% versus 29.8% =
8.3%; n = 10; P = 0.0019). We next evaluated VACV-induced
depletion among cells within the CXCR4™" and CCR5™" lympho-
cyte subsets. Among CD3™ cells, VACV depleted 47.8% = 9.7%
of CCR5%and 31.6% = 9.9% of CCR5™ cells, demonstrating a
preferential depletion of CCR5™" subsets (n = 7; P = 0.0059).
This preferential loss of CCR5™ subsets was observed among
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FIG. 3. Preferential depletion of activated T cells in human lymphoid :E

tissues inoculated ex vivo with VACV. Tissue blocks (27 from each indi-
vidual human tonsil donor) were infected with NYCBH. At day 12 postin-
fection, cells were stained for the following activation markers: CD3,
CD25, CD38, CD69, and HLA-DR. Data are means = SEM (error bars)
of the numbers of lymphocytes positive or negative for any of the activa-
tion markers listed above normalized by the weight of the tissue blocks
and by the numbers of corresponding cells in matched uninfected control
tissues. A. Depletion of activated CD3™" cells by VACV in human lym-
phoid tissue ex vivo (n = 12). B. Fraction of VACV-infected activated T
cells detected at day 12 postinfection (n = 7).

both CD4* and CD8" T cells: within the CD4™ T-cell popula-
tion, 46.2% = 11% of CCR5™ cells were depleted compared with
27.8% =+ 11.7% of CCRS™ cells (n = 7; P = 0.0066), and among
CD8" T lymphocytes, 53.8 = 7.9% of the CCR5" cells were
depleted versus 36.6% * 9.6% of CCRS5™ cells (n = 7; P =
0.0038).

No preferential depletion of CCR5™ cells over CCR5™ cells
was detected among CD3™ lymphocytes (24.8% = 18.8% ver-
sus 30.6% = 12.5% of CCRS, respectively; n = 7; P = 0.52),
nor was any preferential depletion observed between CD4/
CXCR4" and CD4/CXCR4™ T cells.

VACYV preferentially depletes activated T cells in human
tonsillar tissues. Since VACV downregulates CCR5 (28) and
CCRS expression is linked to cell activation in human lym-
phoid tissue (21), we investigated the relationship between
VACV-induced T-cell depletion and the cellular activation
status. For this purpose, we defined as “activated T cells” any
CD3" cells expressing at least one of the following markers:
CD25, CD38, CD69, and HLA-DR. As shown in Fig. 3A,
VACV depleted 65.1% = 6.9% of CD3"/CD25" cells,
65.2% *+ 7.5% of CD3"/CD38" cells, 46.1% *+ 6.5% of CD3"/
CD69™ cells, and 51.9% = 9.1% of CD3*/HLA-DR™ cells,
while the corresponding activation marker-negative lympho-
cytes were depleted by only 22.4% =+ 9.3% (P = 0.0017),
22.5% * 6.7% (P = 0.0032), 13.8% = 10.1% (P = 0.0128), and
21.6% * 9.4% (P = 0.0222) (n = 7).

We then analyzed the levels of infection of activated T cells
by VACYV at day 12 postinfection. VACV infected 6.2% * 1%

FIG. 4. Interactions of VACV and HIV-1 in human lymphoid tis-
sues coinfected ex vivo. Tissue blocks were coinfected with VACV and
either RS5¢p_ 14, O X4, o104 Or Were infected singly with one of these
isolates. HIV-1 replication was evaluated based on measurement of
the p24 core antigen. VACV replication was evaluated based on mea-
surement of VACV genome equivalents in the culture medium by
using real-time PCR. A. Typical kinetics of HIV-1 replication in tissue
blocks infected singly with HIV-1 or coinfected with VACV. Each
point represents a measurement of the pooled medium bathing 27
blocks. B. Average HIV-1 replication in tissues coinfected with VACV
and HIV-1, relative to that in matched tissues infected singly with
HIV-1. Data are means * SEM (error bars) of experiments with
tissues from 13 donors infected ex vivo with RS¢p 4, and from 6
donors infected ex vivo with X4, o1 o4- C. Average VACYV replication in
tissues coinfected with VACV and HIV-1, relative to that in matched
tissues infected singly with VACV. Data are means = SEM (error
bars) of experiments with tissues from 13 donors infected ex vivo with
R54r.16, and from 6 donors infected ex vivo with X4, o oa-

of CD3"/CD25" cells, 4.6% = 1.2% of CD3%/CD38" cells,
1.6% = 0.3% of CD3"/CD69" cells, and 8.2% =* 1.6% of
CD3*/HLA-DR™ cells, while the infection rates of the corre-
sponding activation marker-negative lymphocytes were close
to the infection rate of all CD3™ cells, i.e., 2.3% = 0.4% (n =
7; P = 0.002, P = 0.050, P = 0.079, and P = 0.008, respec-
tively). Altogether, these results show that VACV preferen-
tially infects and depletes activated T cells in lymphoid tissue
ex Vvivo.

Interactions between VACV and HIV-1. Since VACV pref-
erentially depletes CCR5™" cells, we compared the effects of
this virus on tissue infection with HIV-1 variants that differ in
their coreceptor usage. We used a prototypic RS HIV-1 vari-
ant, RS540, and a prototypic X4 HIV-1 variant, X4, ,; o4- TO
study the interactions between VACV and HIV-1 in human
lymphoid tissue, we coinfected tissue blocks first with VACV
and then within 3 h with HIV-1. HIV-1 replication in coin-
fected tissues was compared with that in matched singly HIV-
1l-infected tissues (Fig. 4A).

Replication of HIV-1 became evident at day 6 postinocula-
tion and increased thereafter, to reach maximum levels that
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varied among different donors from 2 to 88 ng and from 2 to
100 ng of p24 per milliliter of culture medium for R5gg4, and
X4; aros Tespectively. Despite this variability, X4, o104 and
R5gr16, HIV-1 variants replicated to approximately the same
levels within the tissue from an individual donor: the cumula-
tive production of p24 per milliliter of culture medium was on
average 30 = 4 ng and 24 * 3 ng for RSgp 4, and X4, A1 o4
respectively (n = 13 and n = 6). VACV inhibited replication of
R5¢p160 by 75.2% = 3.7% (n = 13; P = 0.0005) relative to
matched tissues infected by R5¢g 4, alone (Fig. 4B). Consis-
tent with the inhibition of p24 release, we observed a signifi-
cant reduction in the number of HIV-1-positive CD4 T cells by
using flow cytometry (data not shown). Replication of X4, o 4
was inhibited in VACV-coinfected tissues by 25.1% = 7%
compared with matched singly X4, 5, os-infected tissues (Fig.
4B) (n = 6; P = 0.06). Inactivated VACV and MVA did not
suppress R5gr_14. replication, indicating that VACV-induced
inhibition of HIV-1 required VACV replication (data not
shown).

We next evaluated the effect of HIV-1 on replication of
VACYV in coinfected tissues. As described above, replication of
VACYV was measured by means of a calibrated real-time PCR.
The levels of VACV replication in RSgp;¢- and in X4, o1 4-
coinfected tissues were 110.3% = 24.1% (n = 13; P = 0.68)
and 68.7% * 19.6% (n = 5; P = 0.19), respectively, of the
levels detected in tissues singly infected with VACV alone
(Fig. 4C). Despite the fact that VACYV was inhibited in four out
of five VACV/X4, o1 o4-coinfected tissue samples, the differ-
ence was not statistically significant.

VACYV infection does not modulate HIV-1 replication by
upregulation of CCL3, CCL4, CCLS5, or CXCL12 in lymphoid
tissue. Several viruses have been shown to inhibit R5 HIV-1 by
upregulating the CCRS5-binding chemokines CCL3, CCL4, and
CCLS5 (14, 15) and to inhibit X4 HIV-1 by upregulating
CXCL12 (35). To investigate whether a similar mechanism was
responsible for VACV-induced HIV-1 inhibition, we analyzed
the levels of these chemokines in infected tissues. Using the
multiplex bead technology, we measured the levels of CCL3,
CCLA4, CCLS, and CXCL12 released by tissue blocks into the
culture medium between days 3 and 12 of culture. Chemokine
and cytokine concentrations in the media from tissues infected
with VACV or coinfected with VACYV plus RS54 4, or VACV
plus X4, o104 Were compared with those in uninfected or singly
infected matched tissues. No significant change in the levels of
CCL3, CCL4, CCLS5, and CXCL12 was detected. In media
from tissues infected with VACYV, the concentrations of CCL3,
CCL4, CCLS, and CXCL12 were, respectively, 93.8% =+ 4.4%,
98% =+ 5.3%, 104% =+ 9.4%, and 109.4% =+ 9% of the con-
centrations measured in control medium bathing matched un-
infected tissue blocks (0.2 < P < 0.71; n = 6).

DISCUSSION

In recent years, interest in VACYV has increased enormously,
largely because of its use for immunization against the poten-
tial bioterrorism agent variola virus and its use as a vector for
various vaccines (2, 3, 11, 24, 30). Although there is a long
history of VACV infection studies, most experimental data
have come from studies performed on cell lines or cultures of
isolated primary cells infected in vitro.
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To understand VACV pathogenesis in the context of human
tissues with a rich repertoire of cells that preserve structural
and functional relations, more adequate in vivo-like experi-
mental systems are needed. Ex vivo-cultured tonsillar tissue, as
used here, is one such experimental system. It harbors cells of
different types that retain the expression of CCRS, CXCR4,
and other surface molecules necessary for pathogen entry,
requires no exogenous activation to support viral replication
(13, 15, 17), and allows analysis of the effects of VACV on
tissues of the immune system.

In this study, we focused on the role of the chemokine
receptor CCRS5 in VACYV replication, since it has recently been
reported (28) that phosphorylation of this molecule plays a
critical role in VACV infection of isolated T cells and since the
same molecule is involved in HIV-1 entry, indicating possible
interactions between VACV and HIV-1.

Using real-time PCR and flow cytometry, we showed that ex
vivo lymphoid tissues support productive infection by NYBCH,
the VACYV strain of Dryvax. We found that VACV readily
infected both T and non-T lymphocytes, the latter more effi-
ciently. This observation is in agreement with earlier studies
that demonstrated the presence of VACV-infected B and T
cells among peripheral blood lymphocytes (1, 31). Among T
lymphocytes, the number of infected CD4 " cells was approx-
imately 30% lower than that of infected CD8" cells. Since in
tonsillar tissues the latter are, on average, four times less abun-
dant than the former, the probability of a CD8" T cell being
productively infected is almost six times higher than that of a
CD4" T cell. The predominance of VACV-positive CD8" T
cells over CD4 ™" T cells at day 12 postinoculation could be the
result of selective cell depletion. The same may be true regard-
ing the predominance of VACV-positive B over T cells. How-
ever, in spite of the difference in infection, the levels of deple-
tion of T and B cells over 12 days of infection were similar.
These results suggest that infected B cells survive longer than
infected T cells. This longer survival may be explained by the
fact that, in contrast to T cells, infection of B cells is abortive
because of the lack of transcription of late viral genes (8).

Both CD4™ and CD8™ T cells can be further divided into
subtypes according to their expression of the chemokine re-
ceptors CCRS5 and/or CXCR4, which also serve as HIV-1 co-
receptors. We found that among T cells, depletion preferen-
tially occurs in cells expressing CCRS. Our analysis might,
however, underestimate the depletion of these cells, since it is
possible that they are expressing CCRS at levels that are below
the limit of detection but sufficient for VACV replication,
leading to their depletion. These cells would be then counted
as CCRS5™ in our flow cytometric assay. A similar phenomenon
has been already suggested for lamina propria lymphocytes in
the case of HIV-1 infection (23).

We showed that VACV-infected tissues were depleted of
activated cells expressing at least one of the following activa-
tion markers: CD25, CD38, CD69, and HLA-DR. It seems that
this reflects preferential cell death rather than downregulation
of these molecules, since it is unlikely that VACV downregu-
lates all of these functionally distinct activation markers. Also,
activated cells may express an extracellular VACV receptor (8)
that makes them a preferential target for VACV infection.
CCRS is mainly expressed on activated T cells. Therefore, the
great decrease in the number of activated cells also strongly
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suggests a preferential depletion of CCRS-expressing cells
rather than CCR5 downregulation.

Among B cells, in contrast to T cells, no preferential deple-
tion of CCR5" over CCR5™ cells was observed. The lack of
discrimination in depletion of CCR5" and CCR5 ™ B cells may
be related to the lack of CCRS activity in these cells (20).
Indeed, since VACYV infection requires activation of CCRS5-
controlled signaling, the absence of functional CCRS would
explain why VACYV infection is abortive in B but not in T cells.

To study VACV-HIV-1 interactions, human lymphoid tis-
sue ex vivo was coinfected with VACV and either a prototypic
R5 HIV-1 variant, R5¢g;¢,, Or a prototypic X4 HIV-1 variant,
X4 ar.04- While VACV significantly inhibited RS5gg4, replica-
tion, the replication of X4, o4 Was inhibited only mildly and
nonsignificantly. VACYV preferentially depletes activated cells.
Since activated cells are mainly CCRS5-expressing cells and
constitute the main producer of HIV-1, it is conceivable that
HIV-1 inhibition is related to VACV-induced depletion of this
specific cell subset. Moreover, VACV induces a strong deple-
tion of CD4" CCR5™" T cells, thus additionally inhibiting R5
HIV-1 replication. In contrast, depletion of CD4" CXCR4* T
cells was mild and, accordingly, the replication of X4 HIV-1
was inhibited mildly. Inactivated VACV did not deplete T cells
and did not inhibit the replication of either RS or X4 HIV-1,
indicating that replication of VACV is necessary for the ob-
served inhibition of HIV-1 infection. Conversely, no significant
effect of RS5ggi4, Was found on VACV replication, while
X4, ar04 decreased VACV replication by more than 30% in
tissues from four out of five donors.

Although depletion of target cells seems to be a plausible
explanation for HIV-1 suppression, we investigated whether
upregulation of chemokines interfering with HIV-1 coreceptor
binding can contribute to this phenomenon, as has been dem-
onstrated for several other viruses (15, 35). We found that the
average concentrations of CC chemokines (CCL3, -4, and -5)
were similar in the culture media from RS5gp;4,-VACV-coin-
fected tissues and from matched tissues singly infected with
RS5gp16o- Likewise, in medium from X4, ,;0,-VACV coin-
fected tissues, the average concentration of CXCL12 was sim-
ilar to that in matched singly X4, ,; o4-infected tissues, indicat-
ing that upregulation of these chemokines was not the cause of
HIV-1 inhibition.

X4, 104 upregulates the above-mentioned CC chemokines
in infected tissues, as previously described (14, 15, 35). This
upregulation of CCRS5-specific ligands may explain the de-
crease of VACV replication observed in X4, A; o,-VACV coin-
fection, since VACV replication in T cells involves tyrosine
phosphorylation of CCRS signaling pathways. Consistent with
this idea, we found that 100 pM CCLS strongly inhibited
VACY replication in ex vivo lymphoid tissue (data not shown).
It is interesting that VACV evolved to secrete a CC chemokine
inhibitor (vCCI), a soluble factor which binds natural ligands
of CCRS5 (7, 33). It is well established that this protein protects
the virus from the cellular immune response (32) by inhibiting
leukocyte trafficking (5, 6). In addition, our results suggest that
vCCI may also directly contribute to the increase of viral pro-
duction by preventing CCRS natural ligands from inhibiting
VACYV replication.

In summary, we have described a novel experimental ap-
proach to study the replication and pathogenesis of VACV in
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human lymphoid tissues. Since VACV replicates efficiently ex
vivo in tonsillar tissue, this model can be used to evaluate
various VACV vectors for recombinant vaccine development.
Using this system, we have demonstrated that VACV prefer-
entially infects non-T cells. However, the major depletion oc-
curs in activated T cells, the principal site of productive HIV-1
infection. As the CCR5™ T cells are preferentially depleted at
the same time, replication of R5-tropic HIV-1 is particularly
suppressed in tissues coinfected by VACV and HIV-1.
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