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Human immunodeficiency virus type 1 (HIV-1)-infected SCID-hu thymic implants depleted of CD4™ cells
can support renewed thymopoiesis derived from both endogenous and exogenous T-cell progenitors after
combination antiretroviral therapy. However, successful production of new thymocytes occurs transiently.
Possible explanations for the temporary nature of this thymic reconstitution include cessation of the thymic
stromal support function, exhaustion of T-cell progenitors, and viral resurgence. Distinguishing between these
processes is important for the development of therapeutic strategies aimed at reconstituting the CD4™ T-cell
compartment in HIV-1 infection. Using an HIV-1 strain engineered to express the murine HSA heat-stable
antigen surface marker, we explored the relationship between HIV-1 expression and CD4™" cell resurgence
kinetics in HIV-1-depleted SCID-hu implants following drug therapy. Antiviral therapy significantly sup-
pressed HIV-1 expression in double-positive (DP) CD4/CD8 thymocytes, and the eventual secondary decline of
DP thymocytes following therapy was associated with renewed viral expression in this cell subset. Thymocytes
derived from exogenous T-cell progenitors induced to differentiate in HIV-1-depleted, drug-treated thymic
implants also became infected. These results indicate that in this model, suppression of viral replication occurs
transiently and that, in spite of drug therapy, virus resurgence contributes to the transient nature of the

renewed thymic function.

An important requisite for full immune reconstitution fol-
lowing drug or hematopoietic stem cell gene therapy treat-
ments of human immunodeficiency virus type 1 (HIV-1) infec-
tion is that precursor cells must be able to differentiate via the
T-lymphoid pathway and give rise to naive T cells capable of
responding to antigens. Although most adult patients treated
with highly active antiretroviral therapy (HAART) experience
an increase in CD4" T-cell counts associated with a decrease
in viral load in the peripheral blood (4, 13, 27-29, 36), much of
this rise is secondary to an expansion of cells in the peripheral
lymphoid compartment rather than de novo thymic output (4,
27). HIV-1 infection gives rise to pathology in the thymus,
which is manifested in part by a severe depletion of double-
positive (DP) CD4/CDS cortical thymocytes (31). The degree
of thymic dysfunction in pediatric HIV-1-infected patients cor-
relates with progression to AIDS and survival (19). The thymus
is known to involute in healthy adults (32, 34). However, on-
going thymopoiesis can be demonstrated in the adult thymus
(5) and de novo T-cell development can occur in adults fol-
lowing T-cell depletion states, such as myelosuppression (11,
22) and HIV-1 infection following 4 to 6 months of HAART
(4, 27). Radiographically measured increases in thymic tissue
size have been correlated with high total and naive circulating
CD4" lymphocyte counts in HIV-1-infected adults (23). New
findings indicate that the levels of detectable thymic emigrants
increase rapidly in the periphery following HAART (9). To-
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gether, these data seem to indicate that a degree of immune
reconstitution that is associated with de novo T-cell develop-
ment occurs even in adult HIV-1-infected patients after viral
replication is suppressed and that the thymus may play an
important role in this process. However, it is unclear whether
this partial immune restoration and de novo T-cell develop-
ment observed after prolonged HAART can be sustained for a
long period.

The severe combined immunodeficient (SCID) mouse im-
planted with human fetal liver and thymus (SCID-hu) has been
employed as an in vivo system to study T-cell development and
HIV-1 pathogenesis (1, 6, 14, 24-26). Using this model, we
demonstrated that following antiretroviral therapy of animals
bearing thymic implants severely depleted of human thymo-
cytes by HIV-1 infection, renewed thymopoiesis occurs from
both endogenous and exogenous precursors, indicating that
both thymic support and stem cell functions are preserved after
exposure to a high viral burden (37). However, despite con-
tinuing antiretroviral therapy, eventual thymocyte depletion
ensues in this system. Our preliminary assessment of this even-
tual decline included measurements of proviral burden in thy-
mocytes and viremia of treated and untreated animals (37).
These experiments suggested that complete control of viral
replication was not achieved and that viral breakthrough may
have contributed, at least partially, to the eventual thymic
failure following therapy. If viral replication is proven to re-
main in check during the period of eventual T-cell decline,
other reasons such as cessation of thymic stromal support
function or direct or indirect compromise of thymic progeni-
tors would need to be invoked to explain the short-lived nature
of T-cell renewal. Such scenarios would have important impli-
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cations for the application of pharmacology-, stem cell-, and
gene-based treatment approaches to HIV-1 infection.

To study the kinetics of virus expression in thymocytes in the
context of antiretroviral therapy, we used an HIV-1 reporter
construct that is pathogenic in vivo and induces expression of
the murine CD24 surface marker on infected cells. Thus, the
kinetics of virus expression and thymocyte resurgence and de-
cline can be studied in this system by flow cytometry (15).
Despite combination therapy, we found an increase in the
percentage of cells expressing virus during the late stages of
infection, coincident with a second decline in thymocytes.
These data indicate that viral breakthrough is associated with
late thymocyte decline and that renewed virus replication may
be responsible for the eventual thymic failure observed in this
system.

MATERIALS AND METHODS

Preparation of virus stocks. Stock virus was made by electroporation of 20 wg
of cloned infectious DNA of the HIV-1 reporter virus NL-r-HSAL (15) into 107
CEM cells. Virus production was quantitated serially by measuring p24 in the
culture supernatant. CEM cells were added to the culture daily to maintain a
concentration of 10° CEM cells/ml. Heat-stable antigen (HSA) expression in
CEM cells was confirmed at days 8 and 13 of culture by flow cytometry. For
SCID-hu mouse implant infection, virus supernatant was collected at days 6 and
16 postelectroporation. Similarly, HIV-1 NL,_; viral supernatant was produced
as previously described (14). Mock-infected implants were injected with super-
natant from mock-electroporated CEM cells.

Construction and HIV-1 infection of SCID-hu mice. SCID-hu mice were
constructed as previously described (1, 25). Two series of animals were used for
these experiments. Briefly, human fetal thymus and liver were implanted under
the left kidney capsule of 8.5- or 10.5-week-old SCID mice (7). Fetal tissue was
obtained from donors at 16 to 24 weeks of gestation. Four and one-half or 5.5
months after engraftment, thymus-liver implants were inoculated with 50 or 85
ng of p24 of the reporter virus, NL-r-HSAL, by direct intrathymic injection of 70
wl of viral supernatant, as previously described (14). NL, ; was injected into
control implants at a dose of 5 ng of p24 in 50 wl of viral supernatant. Sequential
implant biopsies were obtained at the time points indicated in the figures. All
animal manipulations were performed under the guidelines and with the ap-
proval of the University of California at Los Angeles Animal Research Com-
mittee.

Antiretroviral therapy. Antiretroviral drugs were administered as previously
described (37). All drug treatments were carried out with a combination of
zidovudine (AZT), didanosine (ddI), and indinavir sulfate. The approximate
administered daily doses were 60 mg/kg of body weight for AZT, 225 mg/kg for
indinavir, and 50 mg/kg for ddI. AZT (Aldrich Chemical Co., Milwaukee, Wis.)
and indinavir (a gift from Merck Research Laboratories, Rahway, Wis.) were
added to the drinking water (pH 3) at concentrations of 0.4 and 1.5 mg/ml,
respectively. Based on a previous estimate of consumption of 3 ml of water daily,
mice received an estimated dose of 1.2 mg of AZT and 4.5 mg of indinavir. ddI
(Bristol-Myers Squibb, Princeton, N.J.) was administered by intraperitoneal in-
jection at a dose of 1 mg/day. The drug was dissolved in 5 mM NaOH and
adjusted to physiological osmolarity by addition of 1/10 of a volume of 10X
phosphate-buffered saline to give a final concentration of 8 mg/ml. Drug stock
solutions were prepared aseptically and filtered through a 0.2-pm-pore-size filter.

CD34% cell preparation. Donor CD34™ cells were purified from human fetal
liver with the magnetic-activated cell sorting system (Miltenyi Biotec, Auburn,
Calif.) according to the manufacturer’s instructions. Flow cytometry on CD34"
cells was performed with a monoclonal antibody (MADb) to human CD34 (Becton
Dickinson, Mountain View, Calif.) conjugated with phycoerythrin (PE). CD34"
cells from HLA-A2" donors were cultured in the presence of stem cell factor and
megakaryocyte growth and development factor (2) for subsequent injection into
SCID-hu implants derived from HLA-A2" donors. Each implant received 2.5 X
10° CD34" cells purified to greater than 80%.

Flow-cytometric analysis. Single-cell suspensions were obtained from implant
biopsies and washed with phosphate-buffered saline, and 10° cells were stained
for flow cytometry with MAbs to CD4, CD8, CD45 (Becton Dickinson), and
murine CD24 (HSA) (Pharmingen, San Diego, Calif.). These antibodies were
directly conjugated to PE or allophycocyanin (CD4), to fluorescein isothiocya-
nate (FITC) (CD8 and CD45), and to biotin (HSA). Streptavidin red-613 or
streptavidin tricolor (TC) was used as a second-step reagent for HSA staining.
To distinguish the resurgence of thymopoiesis from endogenous versus exoge-
nous progenitor cells, CD34™" cells derived from HLA-A2" fetal liver tissue were
injected into HLA-A2~ implants. HLA-A2" cells were detected with an immu-
noglobulin G1 MAb with specificity for HLA-A2 and B17. This antibody was
derived from the hybridoma cell line MA2.1 (ATCC HB-54) and then purified
and biotin conjugated (2). Streptavidin red-613 or streptavidin-TC was used as a
second step for HLA-A2 staining. Nonspecific isotype control MAbs were in-
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cluded in all experiments and were used to set quadrants during data analysis.
Data were acquired with a FACScan flow cytometer and analyzed with CellQuest
software (Becton Dickinson). Five thousand to 10,000 events were acquired for
each analysis. Forward-versus—side-scatter analysis was used to gate on the live
thymocyte population.

Statistical methods. We assessed the statistical significance of differences in
outcomes at given time points by Wilcoxon’s rank sum test (because distributions
contained outliers) and by analysis of variance (ANOVA) (assuming normal
distributions). Significance of change over time in HSA-expressing thymocytes
was evaluated by the sign test (with normal distribution not assumed [33]). To
determine whether drug treatment altered the profile of outcomes over time, we
evaluated the drug X time interaction term in repeated-measure ANOVA (drug
X time design, assuming normal distribution). Animal mortality significantly
diminished the number of observations available at late time points (see Table
1), so in ANOVA we used a program that tolerates missing data (BMDP version
35).

RESULTS

Effects of antiretroviral therapy on thymic depletion. The
effects of combination antiretroviral therapy following HIV-1
depletion of thymic implants have been described previously
(17, 37). In summary, HIV-1 infection causes a profound loss
of CD4™ thymocytes, most notably in the DP CD4/CD8 subset,
which is associated with a relative increase in the percentage of
single-positive (SP) CD4 cells. Antiretroviral therapy initiated
following CD4 cell depletion results in a renewed burst of
thymopoiesis that is sustained only for several weeks. Figure
1A illustrates this transient thymic resurgence.

To correlate thymocyte depletion with viral expression, we
performed kinetic experiments with thymic implants depleted
by an HIV-1 reporter virus termed NL-r-HSAL, which con-
tains the murine CD24 (HSA) gene in the deleted vpr region of
the laboratory HIV-1 isolate NL, ;. Cells infected by this re-
porter virus express HSA on their surfaces and can be detected
by flow cytometry. The construction and in vivo replication
kinetics of this reporter virus have been described previously
(15). Infection of thymus-liver implants with 100 infectious
units of HIV-1 NL, 5 results in nearly complete CD4* thymo-
cyte depletion by day 30 postinfection (14). Compared to
mock-infected animals, animals infected with NL-r-HSAL
showed significant depletion of DP CD4/CDS8 thymocytes at 28
days postinfection (mean percentages of DP CD4/CDS8 thymo-
cytes, 80% =+ 1.6% [mock infected animals] and 8.4% = 5.3%
[NL-r-HSAL infected animals]). However, significant deple-
tion of SP CD4 thymocytes compared to levels in mock-in-
fected animals was not observed until the third biopsy time
point 105 days postinfection (mock-infected animals, 25.6% =
6.9%; NL-r-HSAL-infected animals, 4.5% * 1.5%).

To ascertain whether the transient nature of thymopoiesis
renewal observed with the wild-type NL,_; strain (37) was also
reproduced with the NL-r-HSAL reporter virus, 37 SCID-hu
implants were infected with either NL-r-HSAL or mock virus
by direct intraimplant injection and phenotypic analysis of thy-
mocytes obtained from implant biopsies was performed at four
time points, up to 126 days postinfection (weeks 7, 10, 15, and
18). At week 8, 15 infected animals were started on antiretro-
viral therapy. Thymocytes obtained from biopsy samples were
costained for the human surface markers CD4 and CDS. Fig-
ure 1B shows the distribution of DP CD4/CD8 and SP CD4
cells in both treated and untreated cohorts. Table 1 shows the
number of animals analyzed, the percentages of DP CD4/CDS§
cells at each time point, and significance values for each time
point comparison of treated and untreated groups (rank test)
and for the overall drug X time interaction effect (ANOVA of
drug effects over all time points). The differences in the levels
of DP CD4/CDS8 thymocytes at weeks 10 and 15 after infection
and the overall drug X time effect were statistically significant
(P values = 0.002, 0.003, and 0.02, respectively). Consistent
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FIG. 1. Transient renewal of thymopoiesis in animals receiving antiretroviral therapy following infection with the reporter virus, NL-r-HSAL. Animals were infected
with the reporter virus NL-r-HSAL, and biopsies were obtained at weeks 7, 10, 15, and 18 postinfection. Drug therapy was initiated at week 8 (arrows shown in panel
B). Thymocytes were costained with CD4-PE and CD8-FITC. (A) Results of flow-cytometric analysis of CD4 and CD8 expression are shown for a representative animal
that received antiretroviral therapy after DP CD4/CD8 thymocyte depletion, which was documented 7 weeks postinfection. In spite of continuing antiretroviral
treatment, a secondary decline of DP CD/CDS8 thymocytes occurred by week 18 postinfection. Results for a mock-infected animal are shown in the far-left plot to
illustrate CD4/CDS8 thymocyte distribution of an uninfected implant. The percentages of the subsets are indicated in the SP CD4 and DP CD4/CD8 quadrants. (B)
Comparison of DP CD4/CD8 and SP CD4 thymocyte subset distributions of untreated and treated implants. Mean percentages of DP CD4/CD8 and SP CD4 cells and
standard error bars are shown in each graph. An * indicates a significant P value (see the text and Table 1). The numbers of animals analyzed at all time point are
outlined in Table 1.

as a result of both a decrease in DP CD4/CDS8 thymocytes in
the treated group and an increase in DP CD4/CD8 thymocytes
in the untreated group (Table 1). For SP CD4 thymocytes, the
differences in the percentages of thymocytes at weeks 15 and

with the precursor nature of these DP CD4/CD8 thymocytes,
the difference between values for treated and untreated groups
of DP thymocytes is significant at an earlier time point than
that of SP CD4 thymocytes. This difference is lost at week 18

TABLE 1. Kinetics of all and virus-expressing thymocyte precursors after infection with the HIV reporter virus”

Mean % of CD4/CD8 Mean % of CD4/CD8/HSA

No. of wks No. of mice cells +/— SE in: P value cells +/— SE in: P value
postinfection
Untreated Treated Untreated mice Treated mice Rank sum test ANOVA Untreated mice Treated mice Rank sum test ANOVA
7 12 15 9.7 6.9 7.2+ 3.7 13.5 £ 3.7 16.5 = 2.7
10 12 15 114 =56 418 £ 74 0.002 0.02 18.3 =39 46 1.8 0.008 0.09
15 9 10 1.2 0.8 21.5+99 0.003 : 0 6.2 = 3.9 0.003 ’
18 5 6 72 +6.1 8.9 + 28 0.796 17.3 = 16.3 27.6 £ 12.3 0.195

“ Animals were infected at day 0, and triple-drug therapy was begun at week 8. Flow cytometry was done at week 7 for both cohorts, which were separated by intention
to treat. Analysis of HSA expression in DP CD4/CD8 thymocytes for the untreated group at week 18 included three animals, as two of the five implants were completely
devoid of DP thymocytes at that time point. Significance values are provided for each time point after the initiation of drug treatment (rank sum test) and for the overall
drug X time interaction effect on differences in the profile of results over all time points (ANOVA).
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FIG. 2. Distribution of total and HSA-expressing thymocyte subsets in treated and untreated implants. The distributions of DP CD4/CDS8 (A and B) and SP CD4
(C and D) thymocytes are displayed in parallel with the percentages of the subsets that express the reporter virus (shaded squares) to contrast the trend of thymocyte
kinetics with that of virus expression. Implants were infected with the reporter virus NL-r-HSAL, and biopsies were obtained at weeks 7, 10, 15, and 18 postinfection.
The time of initiation of drug therapy is indicated in panels B and D. Thymocytes were costained with CD4-PE, CD8-FITC, and HSA-TC. Relevant isotype control
antibodies were used to set quadrants. HSA-expressing subsets were determined by gating on DP CD4/CDS8 or on SP CD4 thymocytes and by analyzing HSA expression.
The numbers of animals analyzed at all time points are outlined in Table 1. Significance values are provided in the text and in Table 1.

18 postinfection were statistically significant (P values = 0.001
and 0.02, respectively). Mean percentages of SP CD4 thymo-
cytes * standard errors are as follows: 4.5% * 1.5% for un-
treated mice and 23% = 4.3% for treated mice at week 15 and
55% * 2.0% for untreated mice and 25.6% =+ 3.7% for
treated mice at week 18. The depletion nadir in the untreated
group was observed at week 15, when the percentage of SP
CD4 thymocytes had declined by 83% from the 7-week-postin-
fection level. Both treated and untreated mock-infected ani-
mals retained normal numbers and distributions of thymocytes
throughout the duration of the experiment (data not shown
and reference 37). Therefore, in spite of slower replication
kinetics compared to those of the wild-type virus (15), a second
round of depletion of DP CD4/CD8 thymocytes eventually
occurs after infection with the NL-r-HSAL HIV-1 reporter
virus in drug-treated animals. These data parallel our prior
observations obtained with the NL,_; viral strain (37).
Correlation between Kinetics of thymocyte reconstitution
and viral expression. As shown above, the initially observed
renewal of thymopoiesis following antiretroviral therapy in this
system is not maintained for a long period. To ascertain
whether this eventual thymic failure is associated with virus
resurgence, we studied the patterns of virus expression in thy-
mocytes of the above-described groups of untreated and
treated animals. As indicated in Table 1, a significant differ-
ence in the percentages of DP CD4/CDS8 thymocytes that ex-
pressed the reporter virus was evident at week 10 between the

untreated and treated groups and was maintained at week 15
(rank sum test P values = 0.08 and 0.003, respectively). The
overall drug X time effect on virus expressing DP CD4/CDS8
thymocytes was also significant (ANOVA P value = 0.009).
Figure 2 shows the percentages of DP CD4/CDS8 and SP CD4
thymocytes in untreated and treated animals over time. To
illustrate the kinetics of viral expression in each cohort, the
fractions of thymocytes in each phenotypic group expressing
the reporter virus are represented in parallel in the same
graphs. The percentages of DP CD4/CDS8 thymocytes express-
ing virus at each time point in untreated and treated groups are
also shown in Table 1. In the DP CD4/CD8 untreated thymo-
cytes, the percentage of cells expressing the reporter virus
parallels the relative number of DP cells. A slight resurgence of
DP CD4/CDS8 thymocytes is observed at week 18, likely reflect-
ing resumed thymopoiesis following the decline in virus repli-
cation associated with the loss of target cells (Fig. 2A). This
resurgence is similar to what occurs very late in infection with
wild-type virus (37). The profile of the DP CD4/CD8 thymo-
cytes in the treated cohort, along with that of the fraction of
these thymocytes that express the reporter virus, is depicted in
Fig. 2B. At the peak of DP thymocyte resurgence (week 10),
the percentage of cells that express the reporter virus reaches
a nadir. However, coincidental with the subsequent decline in
DP CD4/CDS8 thymocytes is an increase in the proportion of
these cells that express the reporter virus, with the proportion
of human cells expressing HSA peaking at week 18, when the
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FIG. 3. Thymocyte subset distribution and HSA expression. Thymocytes obtained from biopsy samples of a representative animal at the indicated time points
postinfection were costained for CD4-PE and CDS-FITC (top panels) and for CD45-FITC (human cells) and HSA-streptavidin-TC (lower panels). The percentage of
each subset is indicated in each DP quadrant. Drugs were administered at week 8 postinfection.

percentage of DP cells is at its lowest. This increase in DP
CD4/CDS8 thymocytes that express the reporter virus between
weeks 15 and 18 is statistically significant (P = 0.002). Figure
3 further illustrates this resurgence of viral expression in a
representative animal that displays an increase in viral expres-
sion in total CD45" (human) cells that coincides with DP
CD4/CD8 thymocyte decline. For the SP CD4 thymocyte sub-
set, between 2.5 and 9.4% of thymocytes derived from un-
treated implants were found to express the HIV-1 reporter
virus in this declining thymocyte group (Fig. 2C). In the treated
animals, levels of SP CD4 thymocytes were comparable to
those of mock-infected animals, with 8.2% = 2.5% of these SP
CD4 thymocytes expressing the reporter virus at week 18 (Fig.
2D). Taken together, these results indicate that drug-mediated
resurgence of thymopoiesis is associated with inhibition of
virus expression and that the eventual thymic failure observed
in this model during combination antiretroviral therapy is as-
sociated with renewed viral expression, reflecting treatment
failure.

Analysis of viral expression after transplantation with ex-
ogenous thymocyte progenitors. Our prior work assessing the
engraftment potential of exogenous thymocyte progenitors in
HIV-1-depleted thymic implants indicated that, as in the case

of endogenous resurgence, engraftment was transient (37). To
study how HAART influences viral expression in thymocytes
derived from exogenous progenitors, we injected CD34™" cells
derived from an HLA-A2" fetal liver into HLA-A2™~ implants
previously infected with NL-r-HSAL. HIV-1 infection in all
implants was demonstrated by flow cytometry by analyzing
HSA expression in thymocytes 5 weeks postinfection. CD34™
cells were injected at week 6, 2 days after half the animals had
been started on antiretroviral treatment. Flow cytometry for
HSA, HLA-A2, and CD4 expression was performed on thy-
mocytes 4 weeks later (week 10 postinfection). Table 2 shows
the percentages of DP CD4/CD8 thymocytes, the fractions of
these thymocyte precursors expressing virus, and significance
values for each time point comparison of treated and untreated
(rank sum test) and for the overall drug X time interaction
effect (ANOVA). A significant difference in the percentages of
DP CD4/CDS8 thymocyte precursors (of both donor and recip-
ient origin) was again observed between treated and untreated
groups after infection (P = 0.001). As was observed in our
prior experiments, the difference between untreated and
treated HSA expression in the DP CD4/CDS8 thymocyte sub-
sets at week 10 was also significant (P = 0.01). The overall drug
X time effects on DP CD4/CDS8 thymocytes and on virus-



6366

AMADO ET AL.

TABLE 2. Kinetics of all and virus-expressing thymocyte precursors after infection with the HIV reporter virus and transplantation of exogenous progenitor cells”

Mean % of CD4/CD8/HSA

Mean % of CD4/CD8

Mean % of HLA-A2" (donor)

P value

thymocytes in all
thymocytes” + SE in:

P value

thymocytes in all
thymocytes” + SE in:

No. of mice

thymocytes +/— SE in:

P value
(rank sum test)

No. of wks
postinfection

ANOVA  Untreated mice  Treated mice

Rank sum test

ANOVA  Untreated mice  Treated mice

Rank sum test

Treated mice

Untreated
mice

Untreated Treated

0.03

0.01 0.04 536+56  27.6+94

12.1 = 4.0
03 +0.1

8.8 +2.1
12.7 =44

0.01

0.001

55.6 £9.0
47078

“ Animals were infected at day 0, and HLA-A2-disparate CD34™" cells were injected at week 6, 2 days after initiation of triple-drug therapy. Flow cytometry was done at week 5 in both cohorts, which were separated
by intention to treat. Values at week 10 are shown for all thymocytes (both donor and recipient DP CD4/CD8 and virus-expressing DP CD4/CD8) and for all thymocytes of donor origin (HLA-A2", week 10 only).

Significance values are provided for each time point after the initiation of drug treatment (rank sum test) and, from the analysis of all (donor and recipient) thymocytes, for the overall drug X time interaction effect on

differences in the profile of results over all time points (ANOVA).

b All thymocytes include HLA-A2" (donor origin) and HLA-A2"~ (recipient origin) thymocytes.
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expressing DP CD4/CDS8 thymocytes were also significant
(ANOVA P values = 0.01 and 0.04, respectively).

By gating in the HLA-A2" thymocyte subset, levels of virus
expression in the donor-derived thymocytes of untreated and
treated cohorts were compared (Table 1). Figure 4A illustrates
the results of this analysis of representative treated and un-
treated animals, and Fig. 4B shows the distribution of donor-
derived thymocytes expressing virus for all animals evaluated
(untreated, 53.6% = 5.6%, and treated, 27.6% * 9.4% [P =
0.03]). These results indicate that although HAART reduces
the fraction of virus-expressing cells derived from both endog-
enous and exogenous progenitors, significant virus expression
remains, even in the presence of antiretroviral therapy in this
system. The fact that virus expression is present in donor-
derived thymocytes is likely to account for the transient nature
of progenitor engraftment observed in treated animals (37).

DISCUSSION

The ability of the immune system to regenerate in HIV-1-
infected patients undergoing treatment with HAART is a sub-
ject of intense study. The available results to date indicate that
following an increase in memory CD4 " cells and a reduction in
T-cell activation parameters, HIV-1-positive patients on pro-
tease inhibitor-containing multidrug regimens experience an
increase in naive CD4" and CD8" cells, with there being
partial restoration of CD4* T-cell in vitro reactivity and im-
provement in cutaneous reactivity to recall antigens in about
25% of patients after 48 weeks of therapy (3, 4, 21). The extent
of this immune restoration is determined in part by the ability
of T-cell progenitors to differentiate into mature naive T cells
in a setting where hematopoietic stem cells, lymphoid precur-
sors, and thymic stroma are exposed to high levels of HIV-1
replication. Our prior results indicated that de novo thymopoi-
esis occurred in thymic implants after viral replication was
controlled with HAART; however, only partial, transient res-
toration was achieved. These previous studies further demon-
strated that longer-term reconstitution was achieved when
indinavir was used instead of saquinavir (30) or A77003 (18),
suggesting that better viral control was associated with a more
prolonged renewal. In addition, viral load measurements in the
peripheral blood of animals receiving drug therapy demon-
strated measurable virus in some of these animals, suggesting
that incomplete control of virus replication had resulted in
eventual thymocyte decline. In our present study, we have
employed an HIV-1 reporter virus to demonstrate that, as viral
load measurements had previously suggested, virus replication
is ongoing at later times in this model, even during HAART,
and that the inability of the drug combination to fully control
virus replication is likely responsible for the transient nature of
the immune reconstitution observed in this system. Therefore,
although it is possible that other drug combinations would
result in a more durable control of HIV replication, our find-
ings suggest that thymic reconstitution in this model is limited
by drug failure.

Delayed kinetics of replication (attributed to the larger ge-
nome and potential packaging constraints) of the recombinant
NL-r-HSAL virus likely account for the lack of eventual SP
CD#4 depletion observed in the treated cohort. We have pre-
viously shown that productive infection of the SP CD4 popu-
lation is generally low, likely due to low levels of coreceptor
(CXCR4) and low metabolic activity (16). However, HSA-
expressing SP CD4 cells were detected in the treated group,
suggesting that an eventual decline of this subset might have
been observed with longer follow-up. Our analysis of virus
expression in DP CD4/CDS8 thymocytes in treated animals
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FIG. 4. Distributions of virus expression in thymocytes of donor origin in treated and untreated implants. Implants derived from HLA-A2" fetal tissue were injected
with NL-r-HSAL virus. Infection was confirmed by measuring HSA expression at week 5. At week 6, nine animals were started on antiretroviral therapy and all implants
were injected with 2.5 X 10° CD34™ cells purified from an HLA-A2* fetal liver. Costaining with HSA-FITC and HLA-A2 streptavidin-TC was performed at week 10
postinfection. (A) In the upper graphs HLA-A?2 staining reveals chimeric engraftment in untreated and treated representative animals. In the lower graphs HSA
expression in thymocytes derived from exogenous progenitors is shown by analyzing the HSA expression profile in the HLA-A2" population (human cells of donor
origin). Cells from a control, mock-infected, nontransplanted animal were stained in parallel with the same antibodies to set the relevant gates. (B) Distributions of
HSA expression in donor-derived thymocytes of untreated and treated implants. Numeric values indicate the means of all data points for treated and untreated

implants. Significance values are provided in the text and in Table 2.

demonstrates that, although the differences between the num-
bers of thymocytes expressing virus in untreated and treated
implants are significant at the time of maximum thymocyte
resurgence (week 10), the eventual decline of thymocytes is

associated with a significant rise in the percentage of these cells
that express the reporter virus. These results argue that failure
of the drug regimen to control virus replication in the long
term rather than failure of the stem cell or thymic support
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functions is probably responsible for the eventual thymocyte
decline. The presence of recoverable virus from patients un-
dergoing HAART has been demonstrated (8, 10, 20, 38).
These viruses generally do not show mutations associated with
resistance to the relevant antiretroviral drugs, reflecting the
inability of drug therapy to completely suppress drug-sensitive
virus. Although we cannot rule out the development of drug
resistance during our present experiments, our prior sequenc-
ing results of virus recovered from treated and depleted im-
plants showed no mutations associated with resistance to the
relevant protease inhibitor (37). This situation is analogous to
what has been observed in some patients with virus break-
through in the presence of triple-drug therapy (10a). Drug
failure in the absence of mutations affecting resistance to any
of the drugs of a HAART regimen was demonstrated for 22%
of patients in one study, and lack of compliance is likely to
account for at least a fraction of these failures (12, 35). While
lack of compliance is unlikely in the SCID-hu model, an ex-
planation for the uniform development of drug failure ob-
served in this system is that virus replication is not controlled
by drug therapy once the number of permissive cells increases
over a threshold. Our analysis of virus expression in donor-
derived thymocytes after transplantation of infected implants
with exogenous fetal liver progenitors revealed that although
treated implants contain statistically significantly lower num-
bers of thymocytes expressing virus than untreated implants,
substantial virus expression was detected in donor cells in the
treated group, which probably accounts for the rapid decline of
donor cells observed in this system.

Recently, measurements of excisional DNA products of T-
cell receptor gene rearrangement have shown that treatment
of HIV-infected adults with HAART is associated with a rapid
and sustained increase in thymic output, which inversely cor-
relates with viremia. Consistent with our findings, resurgence
of viremia in infected adult subjects was associated with a
secondary decline in recent thymic emigrants in the periphery
(9). While these clinical findings do not establish whether this
decline was due to peripheral destruction of thymic emigrants
versus a decline in thymic output, our results suggest that the
effects of HIV in the thymus may influence the kinetics of naive
T-cell reconstitution.

The SCID-hu mouse model infected with a reporter HIV
strain represents a uniquely useful tool for in vivo study of drug
susceptibility. While the results of our present experiments do
not formally rule out all potential effects of HIV on thymopoi-
esis, such as depletion of progenitor cells or stromal dysfunc-
tion, consistent with clinical findings (9), our results demon-
strate that virus resurgence contributes to the transient nature
of naive T-cell reconstitution observed during antiretroviral
therapy and argue that with better control of viral replication,
more durable immune reconstitution may result. As virus is
observed in thymocytes arising from exogenous progenitors,
more sustained T-lymphoid engraftment may also be observed
with better virus control. The use of stem cell gene therapeutic
strategies against HIV-1 may render developing thymocytes
resistant to virus replication. Hence, the use of strategies that
combine pharmacological and gene therapies may be associ-
ated with longer-term donor-derived thymopoiesis.
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