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In the course of human immunodeficiency virus (HIV) disease, CCR5-utilizing HIV type 1 (HIV-1) variants
(RS5), which typically transmit infection and dominate its early stages, persist in approximately half of the
infected individuals (nonswitch virus patients), while in the other half (switch virus patients), viruses using
CXCR4 (X4 or R5X4) emerge, leading to rapid disease progression. Here, we used a system of ex vivo tonsillar
tissue to compare the pathogeneses of sequential primary R5 HIV-1 isolates from patients in these two
categories. The absolute replicative capacities of HIV-1 isolates seemed to be controlled by tissue factors. In
contrast, the replication level hierarchy among sequential isolates and the levels of CCRS™ CD4" T-cell
depletion caused by the RS isolates seemed to be controlled by viral factors. RS viruses isolated from nonswitch
virus patients depleted more target cells than RS viruses isolated from switch virus patients. The high depletion
of CCR5™ cells by HIV-1 isolates from nonswitch virus patients may explain the steady decline of CD4* T cells
in patients with continuous dominance of RS HIV-1. The level of R5 pathogenicity, as measured in ex vivo
lymphoid tissue, may have a predictive value reflecting whether, in an infected individual, X4 HIV-1 will

eventually dominate.

Transmitted human immunodeficiency virus type 1 (HIV-1)
variants almost exclusively use CCRS for viral entry, and these
viruses (RS variants) also predominate in early stages of HIV-1
infection (2, 3, 58, 61). Later in the course of HIV-1 infection,
viruses that use CXCR4 in addition to CCRS (R5X4 variants)
or CXCR4 alone (X4 variants) emerge (2, 3, 49, 55) in many
patients (switch virus patients). The switch to use of CXCR4
has been linked to increased virulence. Thus, switch virus pa-
tients often show accelerated rates of CD4™ lymphocyte loss
and more rapid progression to AIDS after the switch from RS
to R5X4 or to X4 virus (10, 28, 33, 55). This acceleration is
partially due to the expression of CXCR4 by the majority
CD4" T cells in tissue and blood (5, 22). However, about
one-half of infected individuals progress to AIDS without such
an R5-to-X4 (or R5-to-R5X4) switch (nonswitch virus pa-
tients) (12, 28), and the cause of the differential cytopathicity
of RS viruses remains unknown.

The classification of patients into switch and nonswitch, as
well as the monitoring of HIV-1 disease progression, is largely
based on analysis of peripheral blood. However, about 98% of
CD4™" T cells are located in lymphoid tissues, including gut-
associated tissues, where the proportion of HIV-1-infected
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cells is much higher than in blood (38, 43). Therefore, lym-
phoid tissue is a major site of HIV-1 infection and is where the
critical events of HIV disease occur (39).

In this study, we compared the pathogeneses of sequential
primary R5 HIV-1 isolates from switch and nonswitch virus
patients in ex vivo lymphoid tissue, which supports productive
HIV-1 infection without exogenous stimulation (16). We found
that, in human lymphoid tissue, the absolute replicative capac-
ities of isolates are determined by host (tissue) factors, whereas
the relative replicative capacities are an intrinsic property of
these HIV isolates. Also, the ability of the RS patients’ isolates
to deplete CCR5-expressing CD4 " T cells in ex vivo-infected
human lymphoid tissue does not depend on the tissue donor
but rather is an intrinsic viral property. This ability is more
pronounced for RS HIV-1 isolated from nonswitch virus pa-
tients than for virus from switch virus patients and may be
relevant to the differential patterns of disease progression in
these two groups of infected individuals.

MATERIALS AND METHODS

Patients and virus isolates. The five patients studied here were selected from
a cohort of 23 HIV-1-infected individuals described earlier (28-30). The patients
were adult homosexual or bisexual men living in Sweden with a median follow-up
of 103 months. This follow-up included CD4 counts, viral isolations, and (from
1996) measurement of plasma viral RNA load at South Hospital in Stockholm,
Sweden. For the present study, patients and sequential isolates (those taken from
the same patient at several time points throughout the course of disease) were
selected on the basis of differences in the virus biological phenotypes as assayed

11151



11152 KARLSSON ET AL.

J. VIROL.

TABLE 1. Characteristics of patients and isolates

Patient CD4* T-cell

Time of Antiretroviral p24 in serum First appearance of
category . . . . count (10° - Loss of CD4™ .
according Patient  Isolate (1solaft10n cells/liter) at thtf_:rdpy fdt T cells (10° tCllI:lcal ;
to viral no- no- inr;leoctif)?lr;lb time of iqglreliignf cells/liter/mo) Follow-up _(mOh Results/no. Symp;n(;g::t(iglrgc rom
phenotype® isolation S from infection) of tests
Nonswitch 435 1577 67 510 =5.7 62-89 Neg/4 99
3415 87 290
1047 314 41 630 —4.6 48-62 Neg/3 71
4223 89 574 Pos/1
1838 5379 85 410 -2.9 35-140 Neg/6 131
8590 121 290
Switch 2112 171 15 340 —4.8 31-68 Pos/10 23
1156 31 370
3502 57 338 AZT
2242 1886 45 180 —5.2 33-84 Pos/11 18
3700 64 213 AZT

“ Nonswitch, patients with virus that used only CCRS5 throughout the study; Switch, patients with a detected switch to R5X4 virus.
® The infection date is calculated as the midpoint between the last negative and the first positive samples.

¢ AZT, zidovudine.

4 HIV-1 antigen enzyme-linked immunosorbent assay (Abbott, Stockholm, Sweden). Neg, negative; Pos, positive.
¢ The first clinical symptom to appear in patient 435 was perianal herpes infection; in 1838 it was septic arthritis; in 1047 it was oral candidiasis; and in 2242 and 2112

it was persistent generalized lymphadenopathy.

from coreceptor use on U87.CD4 and GHOST (3) cells (29). In this work, two
groups of patients were studied. From the first group, nonswitch virus patients,
only CCR5-using viruses (RS phenotype) could be isolated throughout the ob-
servation period. From the other group, switch virus patients, R5 viruses were
isolated initially, but later isolations yielded viruses that could use CXCR4 in
addition to CCR5 (R5X4 phenotype).

The nonswitch virus group contained three patients (435, 1047, and 1838), and
two R5 isolates from each patient were studied. These patients all showed signs
of disease progression, with declining CD4* T-cell counts (—5.7 X 10°, —4.6 X
10°, and —2.9 X 10° cells per liter of blood per month, respectively) during the
follow-up period. The first clinical symptom appeared in these patients at 99
months, 71 months, and 131 months after infection, respectively (Table 1). The
isolates studied were obtained between 41 and 124 months after infection.

In the switch virus group, two patients, 2112 and 2242, with three and two RS
isolates, respectively, were studied. These patients had declining CD4" T-cell
counts (—4.8 X 10° and —5.2 X 10° cells per liter of blood per month, respec-
tively) during the follow-up period, and the first clinical symptom appeared early,
at 23 and 18 months after infection, respectively (Table 1). The studied isolates
from patients 2112 and 2242 were obtained between 15 and 64 months postin-
fection. CXCR4-using virus (R5X4 phenotype) appeared at 76 months after
infection in both switch virus patients.

Viruses were isolated from peripheral blood mononuclear cells (PBMC) ac-
cording to a standard procedure (46) and were passaged only twice in donor
PBMC before coreceptor use of sequential isolates was determined (29). We
studied the evolutionary relationship between virus isolates from the same pa-
tients using phylogenetic analysis of V3 sequences, as previously described (34).
We prepared virus stocks by infecting 6 X 10° to 8 x 10° PBMC, which had been
obtained from two healthy donors and activated for 3 days with phytohemagglu-
tinin (2.5 pg/ml; Boule, Stockholm, Sweden), with 1.5 ml of supernatant from
patients’ infected PBMC in the presence of 2 pg/ml Polybrene (Sigma, Stock-
holm, Sweden). The cultures were maintained in RPMI (Invitrogen, Lidingo,
Sweden) containing 10% fetal bovine serum (Invitrogen, Liding6, Sweden), 50
U/ml penicillin (Invitrogen, Lidingd, Sweden), 50 U/ml streptomycin (Invitrogen,
Lidingd, Sweden), and 10 U/ml interleukin-2 (IL-2; Sigma, Stockholm, Sweden).
Supernatants were harvested on day 7 and on day 10 or 11 after infection and
stored at —80°C.

HIV infection of human lymphoid tissue ex vivo. Human tonsil tissue removed
during routine tonsillectomy and not required for clinical purposes was received
within 5 h of excision and was sectioned into 2- to 3-mm blocks. These tissue
blocks were placed onto collagen sponge gels in culture medium at the air-liquid
interface and infected the next day, as described earlier (16). Five microliters of
virus, containing at least 10 ng/ml p24, were applied to the top of each tissue
block. We assessed productive HIV infection by measuring p24 in the culture
medium using an HIV-1 p24 antigen enzyme-linked immunosorbent assay
(Beckman-Coulter, Miami, FL); we used the concentration of p24 accumulated
in culture medium bathing 27 or 54 tissue blocks in three or six wells during the

3 days between successive medium changes as a measure of virus replication. We
terminated the experiments at day 12 to avoid tissue deterioration, which typi-
cally starts after 2 weeks and which may affect viral replication, as well as the
quality of flow cytometry analysis.

Flow cytometry. Flow cytometry was performed on cells mechanically isolated
from control and infected tissue blocks. Lymphocytes were first identified ac-
cording to their light-scattering properties and then analyzed for expression of
lymphocyte markers. For identification of CD3", CD4 ", CD8*, CD25", CD69™,
HLA-DR*, CCR5%, and CXCR4™" cells, cells were stained for surface markers
with anti-CD3 fluorescein isothiocyanate or phycoerythrin (PE)-Cy7, anti-CD4
allophycocyanin (APC), anti-CD8 TriColor or APC-Cy7, anti-CD25 PE, or anti-
CD69 biotin, followed by neutravidin cascade blue (Molecular Probes, Eugene,
Oregon), anti-HLA-DR fluorescein isothiocyanate (Caltag Laboratories, Burlin-
game, CA), or anti-CD25 APC, anti-CCR5 APC and PECyS5, or anti-CXCR4 PE
(BD Pharmingen, San Diego, CA), respectively. To identify productively infected
cells, we stained cells for surface markers, fixed and permeabilized them with
Fix&Perm (Caltag Laboratories), and then stained them with an anti-p24 PE-
labeled antibody (KC57; Beckman-Coulter). Data were acquired on a BD LSRII
instrument using DIVA software version 3.0 and analyzed with FlowJo software
(Tree Star).

Multiplexed fluorescent microsphere immunoassay of human cytokines. The
levels of cytokines (MIP-1a, MIP-18, RANTES, MIG, IP-10, tumor necrosis
factor alpha, SDF-1, gamma interferon [IFN-y], granulocyte-macrophage colo-
ny-stimulating factor, IL-1e, IL-1B, IL-2, IL-4, IL-12, IL-15, and IL-16) were
evaluated in culture medium by means of a multiplexed fluorescent microsphere
immunoassay using the Luminex 100 system (Luminex). Cytokines, capture an-
tibodies, and biotinylated detection antibodies were obtained from R&D Sys-
tems. Cytokine capture antibodies were coupled covalently to carboxylate-mod-
ified microspheres in a two-step carbodiimide coupling procedure. Binding of
biotinylated detection antibodies was ascertained with streptavidin-phyco-
erythrin (Molecular Probes). Microsphere sets coupled with capture antibodies
(1,250 of each specificity) were mixed with 50 pl of standards or culture medium
and were incubated overnight at 4°C. Bound cytokines were detected with bio-
tinylated antibodies and streptavidin-phycoerythrin. Data were analyzed with
Delta Soft 3 (BioMetallics) using a four-parameter fitting algorithm.

Statistical analysis. We used the Wilcoxon signed rank test to compare the
replication capacities of different isolates, the Mann-Whitney test to compare the
distributions of activation markers and CD25 in different cell populations, and
mixed-model analysis to compare CCR5" T-cell depletion by RS5 isolates from
switch and nonswitch patients. For these analyses, we used SPSS 12.0.

RESULTS

Fourteen R5 HIV-1 isolates derived from five patients, in-
cluding two or three sequential isolates from each patient,
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were individually used to infect blocks of human tonsillar tissue
obtained from multiple donors. All of these isolates were of RS
phenotype, as evaluated with U87.CD4 and GHOST (3) cell
assays (29). The RS phenotype was confirmed here from inhi-
bition of their replication by the CCRS ligand RANTES (100
nM) and from lack of inhibition by the CXCR4 ligand
AMD3100 (1 pg/ml) (48; also data not shown). In two of the
five patients, CXCR4-using HIV-1 evolved after the isolates
used for the current study had been collected, whereas later
isolates from the other patients remained RS.

In this study, we individually infected human lymphoid tis-
sues ex vivo with all the isolates and monitored viral replica-
tion, cell loss, and the activation status of productively infected
T cells. Out of the above-mentioned 14 isolates tested, 3
caused an unexplainable loss of tissue lymphocytes of various
subsets, in sharp contrast with findings reported earlier (21, 41)
regarding selective loss of CD4" T cells in this ex vivo tissue
system. We excluded these 3 isolates from further studies, and
we report below on the behavior of 11 isolates tested in lym-
phoid tissue obtained from five donors.

HIV-1 replication in human lymphoid tissue. For tissue in-
oculation, viruses isolated from a given patient were adjusted
to the same concentration of p24. The p24 concentration cor-
related well with the amount of infectious virus, as determined
from 50% tissue culture infective dose titration on PBMC
(data not shown). A representative experiment for each HIV-1
isolate is shown in Fig. 1, and the levels of replication by day 12
postinfection in five different tissues are shown in Table 2.
Replication of these isolates, as monitored from the release of
p24, became evident at day 6 postinfection and continued to
increase during the course of the experiment, as reported ear-
lier for other HIV-1 variants (16). The absolute levels of viral
replication in tissue samples varied from donor to donor (see
also reference 40). Because of the limited amount of material
in each tissue sample, systematic comparison of isolates from
switch and nonswitch virus patients could not be carried out.
However, the replication capacities of isolates from one pa-
tient, tested in the same tissue, could be compared. We found,
however, that the hierarchy of replication capacities of HIV
isolates obtained from any one patient remained constant in
lymphoid tissues from various donors. For example, in tissues
from all tested donors, isolate 5379 from patient 1838 repli-
cated to a higher level than isolate 8590 from the same patient.
Similarly, within tissues from all tested donors, isolate 3700
from patient 2242 replicated to a higher level than isolate 1886
from the same patient. Also, in tissues from all tested donors,
the isolates from patient 435 replicated to similar levels, and
the same was true for isolates from patients 1047 and 2112.

Cytokine and chemokine production in infected lymphoid
tissue. We studied whether different HIV-1 isolates induce
different cytokine/chemokine responses in infected tissue, us-
ing a multiplexed fluorescent microsphere immunoassay. We
measured the cytokines/chemokines MIP-1a, MIP-13, RANTES,
MIG, IP-10, tumor necrosis factor alpha, SDF-1, IFN-y, gran-
ulocyte-macrophage colony-stimulating factor, IL-1e, IL-1-3,
IL-2, IL-4, IL-12, IL-15, and IL-16 in the supernatants of
infected and uninfected tissues. There was no difference be-
tween the concentrations of any of the cytokines/chemokines
in uninfected tissues and in tissues infected with the 11 RS
isolates used in this study (data not shown). IFN-vy, IL-2, IL-4,
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1L-12, and IL-15 concentrations were below detection levels
(14, 41, 123, 41, and 5 pg/ml, respectively) in both infected and
uninfected samples.

Loss of CCR5" CD4™ T lymphocytes. We evaluated CD4™"
T-cell loss by enumerating tissue lymphocytes using flow cy-
tometry. To account for CD4" downregulation by HIV-1 in-
fection (26, 45), we gated on CD3" CD8" cells, since the
CD3" CDS8" cell subset in uninfected tissue blocks from 16
donors consisted predominantly of CD3* CD4™" cells (see also
reference 23). Infection with the RS isolates used in this study
caused a slight loss (4.1% *+ 1.8%; n = 50) of CD3" CD8™ T
cells relative to matched uninfected tissues. The natural targets
for these viruses, the CCR5* CD4" T cells, constituted 4% to
7% of CD3" CD8™ T cells in these tissues, as revealed with
flow cytometry (Table 3), and cell loss in this subset (CD3™
CD8~ CCR5™) averaged 42.5% = 3.6% (n = 50) of that in
matched uninfected controls (Fig. 2).

Isolates from nonswitch virus patients 435, 1047, and 1838
caused losses of CD3" CD8~ CCR5™ cells of 57.2% =+ 5.3%,
58.6% = 4.1%, and 60.0% = 6.4%, respectively (n = 8 to 10).
RS isolates from switch virus patients 2112 and 2242 depleted
a smaller fraction of CD3* CD8~ CCRS5™" cells in ex vivo-
infected lymphoid tissue: the three isolates from patient 2112
depleted on average none (—4.5% = 12.6%), 26.5% = 6.7%,
and 30.5% * 6.4% (n = 4) of these cells relative to the
matched uninfected controls, and the two tested isolates from
patient 2242 depleted 15.8% = 3.3% and 33.9% = 7.2% of
CD3" CD8~ CCRS5™ cells relative to the matched uninfected
controls. On average, infection of tissues from 14 donors with
six RS isolates from the three nonswitch virus patients resulted
in the loss of 59.6% = 2.7% of CD3" CD8~ CCRS5™ cells,
whereas infection of tissues from 9 donors with five RS isolates
from the two switch virus patients resulted in a significantly (P
< 0.0001; mixed-model analysis) smaller loss of CD3" CD8~
CCR5™ cells, 20.8% + 4.2%, relative to matched uninfected
controls. Thus, the severity of CD3* CD8 CCR5™ cell de-
pletion in RS HIV-infected tissue blocks seemed to depend on
whether the virus was isolated from the switch or the nonswitch
virus patients. The level of cell depletion did not correlate with
the level of replication in the corresponding tissue (data not
shown).

Also, for any given patient, the levels of CD8~ CCR5™
T-cell depletion in infected tissues were different for sequential
RS isolates. Because of the donor-to-donor variability, we re-
stricted comparison of these sequential isolates to matched
tissue blocks. In both switch virus patients (2112 and 2242), the
depletion of CD3"CD8~ CCRS5™ cells was higher for the last
than for the first sequential isolate (Fig. 2), while in nonswitch
virus patients, the depletion of CD3"CD8~ CCRS5™ cells was
already high with the early isolate and did not increase over
time (Fig. 2).

To test to what extent the decrease in the numbers of CD3™
CD8™ CCRS5™ cells in infected tissues is due to cell depletion
and to what extent it is due to downregulation of CCRS fol-
lowing HIV-1 infection of tissues, we compared the decrease in
the number of CD3" CD8~ CCR5™ cells with that in the total
number of CD3™ CD8™ cells. We assumed that the death of a
CD3" CD8~ CCR5™ cell should be reflected by the loss of a
CD3™" CD8™ cell, whereas a decrease in the number of CD3™
CD8~ CCR5™ cells due to downregulation would not be re-
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FIG. 1. Replication of primary R5 HIV-1 isolates in human lymphoid tissue ex vivo. Shown are the replication kinetics of 11 primary R5 HIV-1
isolates from five different patients in ex vivo-infected human lymphoid tissue. One representative experiment (out of five) is shown for each
patient. Indicated are the patient numbers and the isolate numbers. Each point represents the p24 concentration accumulated in pooled medium
bathing 27 or 54 tissue blocks (9 blocks per 4-ml well) from a single donor over a period of 3 days between medium changes.

flected in a decrease in the total number of CD3* CD8™ cells.
However, the levels of depletion in the R5-infected tissues
were too small to make this comparison statistically sound.
Nevertheless, gating on productively infected cells, we found
that on average only 5.3% = 0.8% of the CD3" CD8™ p24™*
cells expressed CCRS (19 infections by 10 different isolates in
tissues from 10 different donors), indicating that in produc-
tively infected cells CCRS has been downregulated (Table 3).
Therefore, CD3* CD8™ p24™ cells are the counterparts of
CCR5" CD3" CD4™" cells in the noninfected population.

T cells of different activation status support productive in-
fection of RS HIV-1 isolates. We investigated whether the
tested HIV isolates differentially infect and deplete activated
and nonactivated cells. There were no differences between the
two patient categories, switch and nonswitch virus patients
(data not shown), and the data below are therefore pooled. In
this study, we defined activation as expression of CD69 and
HLA-DR. The former is considered an early activation
marker, and the latter is considered a late one (11, 24). First,
we compared the distribution of activation markers among
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TABLE 2. Virus replication in tissues of five different donors 12
days postinfection

Viral replication between days 9 and 12
(p24 ng/ml) for donor no.:

Patient no. Isolate no.

1 2 3 4 5

2112 171 10 14 13 8 7
1156 4 13 11 15 6

3502 6 6 14 9 8

18384 5379 11 16 28 13 82
8590 2 6 4 3 15

435 1577 21 9 73 4 40
3415 10 5 56 4 40

1047 314 6 30 15 3 39
4223 9 39 12 14 52

22424 1886 14 5 1 1 15
3700 74 28 7 3 25

“ The relative replication capacities of the isolates from patients 1838 and 2242
were significantly different (P = 0.04, Wilcoxon signed rank test).

CD3™" CD8" cells with that among cells of the CD3" CD8™
CCR5™ subset (Fig. 3A shows a representative experiment).
On average, 82% =+ 1% (n = 6) of the CD3" CD8" cells were
CD69 HLA-DR, thus exhibiting a nonactivated phenotype.
Single-positive CD69™ cells, single-positive HLA-DR™ cells,
and double-positive CD69" HLA-DR™ cells constituted on
average 13% = 1%, 4% * 0.4%, and 1% = 0.1% of the CD3*
CDS8™ cells, respectively. In the CCR5-expressing subsets of
CD3" CDS8" cells, CD69~ HLA-DR™, CD69" HLA-DR™,
CD69~ HLA-DR™, and CD69" HLA-DR™ cells constituted
% = 5%, 20% * 4%, 6% * 1%, and 3% = 0.8% of the
CD3" CD8~ CCRS5™ cells, respectively, thus representing a
significant increase (P = 0.004; Mann-Whitney test) in the
frequency of double-positive activated cells in this population.
Does HIV-1 infection of lymphoid tissue result in activation of
the general T-lymphocyte population and/or of infected T
cells? Analysis of tissues from six different donors infected with
11 isolates revealed no significant difference between the dis-
tributions of activation markers among CD3™* CD8™ cells and
in matched uninfected tissues: the proportions of CD69™
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HLA-DR™, CD69" HLA-DR™, CD69~ HLA-DR", and
CD69" HLA-DR™ cells were 83% * 1%, 12% + 0.9%, 4% +
0.3%, and 1% = 0.1%, respectively (n = 14; P = 0.937; Mann-
Whitney test) (Fig. 3 shows a representative experiment). In
contrast, in productively infected T cells (CD3" CD8™ p24™),
activation marker expression was significantly increased com-
pared with that in the total population of CD3* CD8™ cells:
CD69~ HLA-DR™, CD69" HLA-DR™, CD69~ HLA-DR™Y,
and CD69" HLA-DR™ cells in the CD8™ p24™ T-cell subset
constituted 66% * 3%, 19% * 3%, 10% * 1%, and 5% * 1%
of the total number of cells, respectively (n = 13; P = 0.002;
Mann-Whitney test) (Fig. 3B shows a representative experi-
ment). However, the frequencies of activated cells among p24™
CD8" T lymphocytes did not significantly (P = 0.078; Mann-
Whitney test) exceed that in the general population of CCR5™*
CD8™ T lymphocytes, which are potential targets for RS
HIV-1.

In summary, in tissues, the proportion of cells with an acti-
vated phenotype was higher among CD8™ T lymphocytes ex-
pressing CCRS than in the total CD8 ™ T-lymphocyte popula-
tion. However, the activation status of the host cell does not
seem to be a determinant for productive HIV-1 infection.

HIV-1 infects CD25" T cells. We investigated whether the
R5 HIV-1 isolates used in this study infect CD4" T cells that
express CD25, a marker which is present on both activated and
regulatory CD4" T cells (53, 54, 56). As in our studies of
activation markers, we have pooled the data from switch and
nonswitch virus patients. In the tonsillar tissues from six donors
used for these experiments, CD25" cells constituted 19% =
1% of the CD3" CD8 cells. Of these CD25™ cells, 16% *+ 4%
were CD697", 14% + 4% were HLA-DR™, and 1.4% + 0.3%
were CD69" HLA-DR™. Further analysis showed that the
CD3" CD8~ CCR5™ subset was significantly enriched in
CD25™ cells, which constituted 30% = 2% (n = 6; P = 0.004;
Mann-Whitney test) of this subset (Fig. 4A shows a represen-
tative experiment). Infection of tissues with HIV-1 did not
change the fraction of CD25" CD3" CD8" cells (17% * 1%
in infected tissues versus 19% =+ 1% in matched controls; P =

TABLE 3. Distributions of cell populations in lymphoid tissues infected with different primary RS HIV-1 isolates”

Percent
Patient no. Isolate
CD8" of CD3* CCR5" of CD3" CD8~ p24* of CD3" CD8™ CCR5™" of CD3" CD8™ p24*
435 Uninfected 86.1 5.8 0.4 NA?
1577 84.9 3.6 1.9 8.8
3415 84.0 3.0 2.1 4.6
1838 Uninfected 82.5 5.0 0.3 NA
5379 78.9 1.9 3.6 5.3
8590 74.1 1.9 1.8 17.9
1047 Uninfected 81.0 6.0 0.6 NA
314 80.2 2.1 2.7 3.1
4223 78.5 2.3 3.5 32
2112 Uninfected 82.5 6.3 0.5 NA
171 82.7 52 2.4 1.9
1156 82.5 4.2 2.1 0.4
3502 81.1 4.0 2.7 1.2
2242 Uninfected 80.6 5.6 0.4 NA
1886 79.2 54 0.2 NA
3700 78.7 4.4 1.4 7.0

“ See the text for details. One representative experiment is shown for each patient, corresponding to Fig. 1.

> NA, not applicable.
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FIG. 2. T-cell depletion in HIV-1-infected patients and in human lymphoid tissue infected ex vivo with patients’ HIV-1 isolates. Shown are the
numbers of CD4™ T cells in patients’ blood and the loss of CD8~ CCR5™ T cells in human lymphoid tissue infected ex vivo by HIV isolates from
the same patients. Patients 435, 1047, and 1838 are nonswitch virus patients and yielded viruses of R5 phenotype throughout the study. Patients
2112 and 2242 are switch virus patients who acquired CXCR4-using virus 76 months after infection. The left axis and line show the CD4" T cell
count as the numbers of cells (10°) per liter of blood. The regression line and corresponding linear equation are indicated for each patient during
the follow-up period. The right axis and bars show the percent loss of CCR5" CD8 T lymphocytes in ex vivo-infected lymphoid tissue from single
donors 12 days postinfection relative to matched uninfected control tissue samples. The data represent the means plus standard errors of the mean
of experiments with tissues from at least four donors. For each donor, tissue cell numbers were evaluated in 27 or 54 pooled tissue blocks. The
infection date was calculated as the midpoint between the last negative and the first positive samples.

0.132; n = 14; Mann-Whitney test). In contrast, the fraction of
productively infected (CD3* CD8™ p24™*) T cells was signifi-
cantly enriched in CD25™ cells relative to that in the total
CD3" CD8" subset (Fig. 4B shows a representative experi-
ment): CD25" CD3" CD8™ p24* cells constituted 48% = 3%
of the CD3" CD8™ p24™ T cells. In summary, CD4" CD25"
T cells efficiently support productive infection by HIV-1 of the
R5 phenotype.

DISCUSSION

Recent studies of HIV pathogenesis in vivo have empha-
sized that critical events in HIV disease occur in lymphoid

tissue and are not necessarily reflected by changes in blood (6,
35). Here, we used a system of ex vivo tonsillar tissue to study
the tissue pathogeneses of 11 HIV primary isolates, all of
which utilized CCRS for cell entry but which were obtained
from patients at different stages of disease progression. We
showed that these patients’ HIV-1 isolates efficiently replicate
in ex vivo-infected human lymphoid tissue. These isolates de-
plete their natural targets, i.e., CCR5™ CD4™" T cells, and such
depletion seems to be related to the modes of disease progres-
sion in the patients that harbored them.

It is widely accepted that HIV disease progression is deter-
mined by a complex and as yet poorly understood combination
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FIG. 3. Activation status of lymphocytes in HIV-1-infected human lymphoid tissues ex vivo; comparison of the distributions of activation
markers among different cell populations in uninfected lymphoid tissue and in ex vivo-infected tissue after 12 days in culture. The data were
obtained in experiments using 54 pooled tissue blocks per condition from a single donor. (A) Distributions of CD69 and HLA-DR among CD8™
CD3™ lymphocytes and CCR5" CD8~ CD3™ lymphocytes in uninfected tissue; one representative experiment out of six is shown. The contour
plots are at log 50% probability. (B) Distributions of CD69 and HLA-DR among CD8~ CD3" lymphocytes (left) and p24" CD8 CD3*
lymphocytes (right) in tissue infected with isolates 314 and 4223 from patient 1047; one representative experiment out of six matching that

presented in panel A is shown.

of host and viral factors (15). By infecting lymphoid tissue from
one donor with a panel of different isolates, and by infecting a
panel of lymphoid tissues from different donors with one par-
ticular HIV-1 isolate, we were able to separate which param-
eters are controlled by host and viral factors in HIV tissue
pathogenesis. We have found that although the absolute levels
of viral replication varied as much as 30-fold between tissues
obtained from different donors and were different for different
isolates, the viral hierarchy among sequential isolates re-
mained constant, emphasizing viral factors as major determi-
nants of the relative replication capacities of these isolates in
human lymphoid tissues ex vivo. In contrast, the absolute rep-
licative capacity of HIV-1 isolates is controlled by host (tissue)
factors that seem to enhance or suppress all replicating HIV-1
variants.

Replication of HIV isolates in this ex vivo system resulted in
depletion of CD4* T cells, but only those expressing CCR5
(see also reference 22). These T cells constitute a minority of
CD4™" T cells (5, 22), and therefore, the 50% depletion of the
cells observed in our experiments did not translate into a sig-

nificant depletion of the total numbers of CD4™ T lympho-
cytes. We found that depletion of CD4" CCR5™" cells was
accompanied not only by downregulation of CD4, observed
earlier in other systems (26, 45), but also by downregulation of
CCRS. Coreceptor downregulation was reported earlier for
CXCRA4 (14, 57, 59) and has recently been reported for CCRS
(8, 59) also.

It should be pointed out that the levels of CCR5" CD4*
T-cell depletion caused by a given isolate in tissues from dif-
ferent donors were similar in spite of the large variation in the
levels of replication. Thus, together with relative replicative
capacity, the absolute levels of CD4" T-cell depletion by the
RS isolates used in the present work seemed to be largely
controlled by viral factors, whereas the absolute replication
levels were greatly affected by a tissue (host) factor(s).

We made attempts to identify host factors by measuring
tissue production of cytokines and chemokines, since these
host factors are known to affect HIV-1 pathogenesis (1). How-
ever, in our ex vivo tissues, no infection with any of the primary
RS HIV-1 isolates affected the levels of the 16 measured cy-
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FIG. 4. Expression of CD25 on T cells in HIV-1-infected human lymphoid tissue ex vivo; comparison of the distributions of CD25 among
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out of six. (B) The distributions of CD25 among CD8~ CD3" lymphocytes (left) and among p24™ CD8~ CD3" lymphocytes in tissue infected with
isolates 314 and 4223 from patient 1047; one representative experiment out of six matching that presented in panel A is shown.

tokines/chemokines. Earlier, similar results were reported for
an RS laboratory strain and for recombinant viruses carrying
R5 Envs, whereas an X4 strain significantly changed chemo-
kine release (9, 27). However, one recent study (8) has sug-
gested that R5 HIV-1 infection of fetal thymic organ cultures
induces IL-10 and transforming growth factor 8, cytokines not
studied here, and thereby upregulates the expression of CCRS.

Another tissue factor that may control the absolute level of
viral replication is the activation status of cell targets. The use
of ex vivo human lymphoid tissues, which do not require ex-
ogenous stimulation to support productive HIV-1 infection,
allowed us to address this question. In vitro infection of PBMC
requires activated or mature cells (7, 25, 42, 47, 52). In con-
trast, in the context of lymphoid tissue, nonactivated CD4™ T
cells support productive infection as well (13, 19, 20). Recently,
Kinter et al. (31) provided further evidence for the role of the
lymphoid tissue microenvironment in controlling HIV infec-
tion by demonstrating that HIV-1 productively infected non-
activated CD4 ™" T cells in tissue ex vivo, while the same cells
could not be infected if isolated from this tissue. Our present

results confirm that in tissues the majority of the productively
infected cells are of the nonactivated phenotype, as evidenced
by the lack of CD69 and HLA-DR expression. These results
reflect the situation in vivo, where HIV-1 gene expression is
detected in nonactivated and naive cells (4, 37, 60).

To further characterize tissue cell targets for primary RS
isolates, we analyzed the expression of CD25, a marker of
activated CD4™" T cells (56) that is also expressed on regulatory
CD4™" T cells (53, 54). Tonsils are thought to harbor a larger
proportion of regulatory CD4" CD25™ T cells than peripheral
blood, because of constant antigen exposure and the need to
control inflammation and tissue destruction (50). We found
that only a small number of T cells coexpress the activation
markers CD69, HLA-DR, and CD25. This finding supports the
notion that a fraction of CD4" CD25" cells in tonsil tissue
have a regulatory function and may not be activated. This may
be an important host factor affecting HIV infection, in view of
a recently reported suppression of HIV-specific responses in
vitro by CD25™" regulatory T cells isolated from HIV-infected
donors (32). Infection and depletion of T-cell subsets, as shown
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by our experiments, may include the regulatory T cells and
could be an important host factor affecting the efficiency of
HIV replication ex vivo.

As discussed above, the relative replication level and the
ability to deplete CD4™ T cells are largely determined by viral
factors. Although several viral gene products, including Nef,
Vpu, Vpr, and Vif, have been reported to determine viral
replication capacity in various systems, including the one used
for the current study (17, 18, 36, 44, 51), most of our knowledge
regarding differential pathogenesis of HIV-1 in tissues is re-
lated to coreceptor usage. Rapid progression of HIV-1 disease
has been shown to be associated with evolution of virus core-
ceptor use from CCR5 to CXCR4. One explanation for the
higher virulence of X4 viruses is the abundance of their target
cells (CD4" CXCR4™) in lymphoid tissue (22). However, it
has been an enigma that about 50% of patients progress to
AIDS without apparent R5-to-X4 evolution (12, 28).

Here, we studied viral isolates, all of which were of the R5
phenotype. Whatever the viral factors that determine differen-
tial pathogenesis of these R5 isolates in tissues are, we provide
here the first published evidence that the evolution of these
factors is consistent with the pattern of disease progression.
The degree of depletion of CCR5" CD4™ T cells by a given
viral isolate may have predictive value and reflects whether the
individual from whom the virus was obtained eventually be-
came a switch virus patient. Indeed, RS viruses isolated from
nonswitch virus patients depleted more target cells than iso-
lates from switch virus patients. Conversely, the patients’ viral
load, expressed as the level of HIV-1 p24 antigen in serum, was
undetectable in nonswitch virus patients, while it was detect-
able in switch virus patients. It is tempting to speculate that the
highly cytopathic RS virus in nonswitch patients eliminates the
CD4" CCRS5™" target cells and thereby limits its own replica-
tion. The less cytopathic RS virus from switch virus patients
leaves more target cells intact and therefore replicates to
higher titers in vivo. A high viral load in vivo, in combination
with the eventual appearance of CXCR4-using virus in the
switch virus patient, results in an increased severity of
HIV-1 infection, with early clinical symptoms, and in low
CD4 T-cell counts. Also, the appearance of X4 HIV-1 in
switch virus patients seems to be preceded by an evolution
of RS HIV-1, since our experiments demonstrated that se-
quential isolates from such patients increase their ability to
deplete CCR5" CD4" T cells during the course of the
patient’s infection.

In conclusion, various host factors seem to enhance or in-
hibit replication of all viral isolates, whereas viral factors de-
termine which isolate has a higher or lower relative capacity to
replicate. RS isolates from patients with progressive HIV-1
disease can efficiently infect, replicate, and deplete CCR5™
CD4™" T cells in human lymphoid tissue ex vivo. In the course
of disease progression leading to the switch to X4 dominance,
R5 HIV-1 variants appear to undergo evolution associated
with an increase of their cytopathicity. RS HIV-1 isolates from
nonswitch virus patients are more cytopathic than RS variants
from switch virus patients, and this difference may explain the
steady decline of CD4" T cells in patients with continuous
dominance of RS HIV-1.
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