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We have utilized combination antiretroviral therapy following human immunodeficiency virus type 1-in-
duced human CD4* thymocyte depletion in the SCID-hu mouse to examine the immune competence of
reconstituting thymocytes which appear following administration of combination therapy. These cells express
a normal distribution of T-cell receptor variable gene families and are responsive to costimulatory signals.
These results suggest that normal thymic function may be restored following antiretroviral treatment.

Administration of effective antiretroviral therapy to individ-
uals infected with human immunodeficiency virus (HIV) re-
sults in a decrease in plasma viremia and an increase of circu-
lating CD4™" T lymphocytes (10, 28). In adult patients, much of
this increase, seen shortly following treatment, may be due to
expansion or relocalization of preexisting memory rather than
naive cells in the periphery (3, 22), which would have a limited
potential for antigen reactivity. It would be ideal if, following
antiretroviral therapy, naive T cells with broad antigen speci-
ficity were produced in the thymus and subsequently exported
to the periphery. Evidence is mounting that de novo synthesis
of naive cells occurs in HIV-infected patients following highly
active antiretroviral therapy (HAART) and that thymic mass
increases in response to CD4-cell decline, suggesting continu-
ing thymic output (3, 9, 19, 23). It is thus of great interest to
establish if HIV infection perturbs the function of the thymic
microenvironment and influences the ability of this organ to
direct development of a broad T-cell repertoire.

The process of thymopoiesis involves multiple differentia-
tion steps culminating in the expression of rearranged T-cell
receptor (TCR) alpha and beta genes (or gamma and delta
chains for y8 T cells), which determine antigen reactivity. Thy-
mocytes in many different stages of development express CD4,
the receptor for HIV, as well as high levels of the HIV core-
ceptor CXCR4 (15, 30). Some thymocytes also express the
other major HIV coreceptor, CCRS (4, 15, 16, 24, 30); thus,
the majority of these cells are susceptible to HIV infection.
Due to the anatomic location and the complexity of the thy-
mus, it is difficult to determine the pathogenic effects of HIV
on thymic function by analyzing patient samples.

We and others have previously used the SCID-hu mouse
system (20, 21) to model the effects of HIV infection in the
thymus and on the function of the thymic microenvironment
(1, 7, 27, 29). In this model, HIV infection causes severe de-
pletion of CD4-bearing thymocytes (1, 7) and degeneration of
the thymic epithelial cell supporting network (27), similar to
that seen in infected humans (13). In previous studies, we
found that administration of a powerful combination of anti-
retroviral drugs following total HIV-induced depletion of
CD4-bearing thymocytes allowed for a transient resurgence of
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new thymopoiesis (29). This reconstitution could be derived
from both endogenous and exogenously added hematopoietic
progenitor cells. However, it has not yet been established if
these reconstituting cells develop normally and are responsive
to antigenic stimulation.

To determine which thymocytes were depleted by HIV type
1 (HIV-1) infection and subsequently reconstituted following
combination antiretroviral therapy in the SCID-hu system, a
series of Thy/Liv implants were infected with the highly ag-
gressive CXCR4-tropic NL4-3 strain of HIV-1. Sequential bi-
opsies of the Thy/Liv tissue were taken at various time points.
Thymocytes obtained from single-cell suspensions of biopsied
tissue were initially stained with monoclonal antibodies specific
for human CCRS (clone 2D7), CXCR4 (clone 12G5) (Pharm-
ingen, San Diego, Calif.), CD4, and CD8 (Becton Dickinson,
San Jose, Calif.).

As previously shown, CD4-CDS8 double-positive (DP) thy-
mocytes were severely depleted 8 weeks following infection
(Fig. 1A; Table 1). This resulted in a relative increase in
CD4"-CD8 and CD4 ™ -CD8" mature thymocytes. The rela-
tive sparing of the CD4"-CD8~ subset is likely due to the
paucity of CXCR4 on these cells and their low level of overall
transcription as a result of maturation (4, 15). The depletion of
DP thymocytes resulted in a decrease of CD4™" cells bearing
the coreceptor for this strain, CXCR4. Coincidentally, in some
implants this resulted in a relative increase of thymocytes ex-
pressing the alternate HIV coreceptor CCRS, which is ex-
pressed on some CXCR4 ™ cells (4, 15, 16, 24, 30).

To determine whether the population of thymocytes origi-
nally depleted following infection was replaced following ther-
apy, we administered a combination of zidovudine (AZT),
dideoxyinosine (ddI), and the protease inhibitor indinavir, as
previously described (29), following the 8-week biopsy. Ani-
mals were again biopsied and thymocytes were assessed at 11
to 12 weeks following therapy. We observed a striking increase
in CD4-CXCR4 DP thymocytes and a corresponding relative
decrease in CCR5-bearing cells, such that reconstituted im-
plants appeared similar to mock-infected tissues (Fig. 1B and
Table 1). Thus, the reconstituting thymocyte population would
presumably again be susceptible to infection with the NL4-3
strain. This is consistent with our other studies showing that
renewed virus infection is associated with the secondary loss of
reconstituting thymocytes at later times posttherapy (2).

To fully reconstitute immune function, de novo thymopoi-
esis must allow production of a broad distribution of TCR
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FIG. 1. Effects of HAART on thymocytes. SCID-hu mice were constructed, as described previously, at the University of California—Los Angeles (1, 12). Thy/Liv
implants were infected with HIV-1y; 4.3, and biopsies were taken at 8 weeks (A) and 11 weeks (B) postinfection and analyzed by flow cytometry. Immediately following
the biopsies 8 weeks postinfection, mice were administered a daily combination of AZT, ddI and indinavir for the remainder of the experiment. Cells at each time point
were stained with antibodies specific for CCR5 (FITC), CXCR4 (PE), CD4 (Red613), and CD8 (APC). The panels show flow cytometry profiles of a representative
mock-infected animal (animal no. 175-28, top row) and the flow cytometry profiles of an HIV-1y 4 s-infected animal (animal no. 175-29, lower row). Percentages of

cells within each relevant quadrant are provided.

variable B (TCRVB) gene families. We and others have pre-
viously shown that HIV infection did not result in the deple-
tion of thymocytes expressing specific TCRV gene families by
a superantigen-like effect (6, 17). However, renewed thymo-
poiesis could be affected differently by indirect effects on stro-
mal elements rather than direct effects on thymocytes them-
selves. We assessed the newly reconstituting CD4-CD8 DP
thymocyte population for the relative distribution of 21 differ-
ent human TCRV gene families by using a panel of mono-
clonal antibodies specific for these molecules that has been
demonstrated to cover approximately 60 to 70% of TCRVB
chains on T cells (S. Killian, L. Hultin, and J. V. Giorgi,

unpublished data). Antibodies specific for the following, con-
jugated with either fluorescein isothiocyanate (FITC) or phy-
coerythrin (PE) comprised the panel as follows: VB1, -2, -5.1,
-7.1,-8, -9, -11, -12, -13.1, -13.6, -14, -16, -17, -18, -20, -21.3, -22,
-23 (obtained from Coulter/Immunotech, Westbrook, Maine),
VB3, -5.2/5.3 (Pharmingen), VB5.1, and VB6.7 (Endogen,
Woburn, Mass.). V13.2 was generously donated by P. Mar-
rack and was FITC conjugated by Sierra Lab Logics (Gilroy,
Calif.). Antibodies specific for CD3 (FITC), CD4 (allophyco-
cyanin [APC]), CDS8 (peridinin chlorophyll protein [PerCP]),
CD16 (FITC), CD56 (FITC), and CD45 (PE) (Becton Dick-
inson) were also used to identify the overall percentages and
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TABLE 1. Immune reconstitution of SCID-hu mice”

Results at time point 1
Expt and HIV Drug

Results at time point 2

mouse no. infected treated % CD4 % CD4- % CD4*, % CD4+, % CD4 % CD4- % CD4+, % CD4*,
SP CD8 DP CXCR4™* CCR5™" SP CD8 DP CXCR4™ CCR5™"

Expt 1
175-4 + - 28 1.7 15 6.4 16.8 3.0 0.8 0.0
175-25 + - 14 3 2.9 0.6 0.7 0.6 0.04 0.0
175-26 + + 28 3 11 4.5 12.5 5.0 44 4.2
175-29 + + 32 2.0 11 4.0 44 29 40 0.3
175-31 + + 7.2 1.3 1.4 ND 17 31 31 5.9
175-32 + + 33 39 13 ND 22 62 56 0.8
175-33 - + 24 72 51 ND 15 83 58 0.2
175-36 - + 20 77 58 ND 23 72 52 0.3
175-28 - + 18 76 40 1.9 18 69 49 0.6

Expt 2
179-8 + - 7 10 2.1 3.7 8 2.4
179-10 + - 9 10 23 5.1 1.2 13
179-1 + + 11 0.7 6 12 70 ND
179-2 + + 1.3 0.15 7 8 33 ND
179-4 + + 1.3 0.3 15 7.7 56 31
179-6 + + 8.1 0.6 7 18 29 ND
179-25 + + 20 57 8.2 11 57 4.8
179-27 + + 53 0.8 10 6.7 66 ND
179-28 + + 2.1 2.9 13 11 48 7.9
179-30 + + 12 1.3 6.4 17 29 7.5
179-9 - + 2.9 84 0.04 32 46 ND
179-7 - + 5 79 0.1 7.8 81 0.9
179-12 - - 42 79 0.04 7.7 67 0.5

“ Results from two separate experiments, donor series numbers 175 and 179, are shown. Some SCID-hu mice were infected with HIV-1y; 4.3 (+), and biopsies were
taken at 8 weeks (time point 1) and 11 weeks (time point 2, experiment 1) or 12 weeks (time point 2, experiment 2) postinfection and analyzed by flow cytometry.
Mock-infected mice (—) from the same donor series were analyzed in parallel. Immediately following the biopsies 8 weeks postinfection, indicated mice were
administered a daily combination of AZT, ddI, and indinavir for the remainder of the experiment. Cells at each time point were stained with antibodies specific for
CCRS5 (FITC), CXCR4 (PE), CD4 (Red613), and CD8 (APC). Percentages of CD4 single positive (SP) and CD4-CD8 DP cells are indicated for each time point, as

are the percentages of CXCR4- and CCRS5-expressing cells.

phenotype of human T cells in the single-cell suspensions, of
which greater than 95% were human T cells. Four-color flow
cytometry was performed with a FACSCalibur flow cytometer
and analyzed with Cellquest software (Becton Dickinson). For-
ward versus side scatter was used to gate the live thymocyte
population. Percentages of cells staining positive for each in-
dividual V@ subtype in each population were determined by
gating relative to appropriate isotype controls.

In two separate experiments, we compared the relative dis-
tribution of the TCRV families on mock-infected and newly
reconstituted CD4-CDS8 DP thymocytes. The animals in each
experiment contained Thy/Liv implants derived from the same
fetal tissue donor; thus, we could compare the effects of HIV
on genetically identical stroma. As shown in Fig. 2, there was
no statistically significant difference in the distribution of any
of these TCRVp gene families on DP thymocytes obtained
from infected and reconstituted versus mock-infected implants
in either experiment. The same analyses were performed on
the mature CD4"-CD8~ and CD4 -CD8" populations, and
similar results were obtained (data not shown). Thus, the re-
constituting thymocytes appear to have no specific defect in
TCR expression.

To assess the functionality of newly reconstituting thymo-
cytes, we utilized simultaneous stimulatory signals directed to-
wards the TCR (CD3) and the costimulatory receptor, CD28,
an activating combination thought to be physiologically rele-
vant (8, 26). To eliminate any possibility of potential reactivity
by mature thymocytes remaining in the implant following HIV-
induced depletion, we introduced exogenous CD34", HLA-
A2" human hematopoietic progenitor cells into HIV-depleted,

drug-treated HLA-A2™ implants as previously described (2,
29) and allowed T-lymphoid differentiation to occur. The prog-
eny of these progenitor cells could be differentiated from thy-
mocytes derived from the original infected implant by using
monoclonal antibody MAZ2.1, which is specific for HLA-A2 (2,
29). Three to five weeks following the administration of these
progenitor cells to infected, drug-treated implants, resulting
thymocytes were harvested and either costimulated or cultured
unstimulated ex vivo, as previously described (14, 18). Three
days following costimulation, donor-derived thymocytes (as de-
termined by expression of HLA-A2) were assessed for expres-
sion of the activation marker CD25 (the a chain of the inter-
leukin-2 receptor), which increases significantly following
thymocyte activation. As seen in Fig. 3, the majority of these
reconstituting cells responded to the costimulatory signal by
expressing CD25. Thymocytes from control implants not re-
ceiving donor cells responded to stimulation with similar levels
of CD25, but did not express HLA-A2 (not shown). Increased
cellular proliferation and/or maintainence of viability was also
observed in ex vivo-costimulated thymocyte cultures compared
to unstimulated thymocyte cultures cultured in parallel (data
not shown), further indicating functional response to T-cell
costimulatory signals.

Recent studies have demonstrated an increase in naive CD4
cells in both peripheral blood and lymph nodes of infected
adults following combination antiretroviral therapy (3, 9, 22,
23, 31). Several lines of evidence, including increased thymic
mass correlating with decreased peripheral CD4 counts (19),
phenotypic identification of maturing thymocytes in adults (5,
11), and evidence of peripheral T cells bearing recent TCR
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FIG. 2. TCRVB distribution in CD4-CD8 DP thymocytes following HAART.
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The top panel and bottom panel are two separate experiments involving tissue donors

175 and 179, respectively. SCID-hu mice were either infected with HIV; 4.3 or mock infected and biopsied 8 weeks postinfection to establish that depletion of the
CD4-CD8 DP population had occurred (not shown). Mice with total CD4-CD8 DP-cell depletion were administered HAART for 3 weeks. Following therapy, mice
were biopsied and analyzed by flow cytometry for CD4 (APC), CD8 (PerCP), and TCRV} distribution. CD4-CD8 DP cells were gated and analyzed for positive staining
of each VP receptor. The percentages of each V3 subtype recognized in the CD4-CD8 DP population were summed to determine the total T-cell VB population. The
relative abundance of each VB subtype was then calculated as a percentage of that total. The top panel represents data from three HIV-infected mice and two
mock-infected mice. The bottom panel represents data from four HIV-infected mice and two mock-infected mice. Differences between percentages of each V3 subtype

of HIV- and mock-infected mice were not statistically significant by the Wilcoxon

rearrangement (9, 11, 25, 31) suggest that these naive cells are
derived from de novo thymopoiesis. These studies add hope
that the HIV-infected immune system could be fully reconsti-
tuted with appropriate therapy. The studies performed herein
were designed to determine potential inhibitory effects of pre-
vious HIV replication within the thymic microenvironment as
well as the phenotypic and functional properties of the recon-
stituting thymocytes originating after administration of combi-
nation antiretroviral therapy. Due to effects of HIV on the
thymus, altered differentiation pathways in the infected thymus
could result in the expression of receptors unable to transduce
appropriate signals into the cell. This could occur at the level
of either the stromal cell or thymocyte. Changes in expression
patterns of a number of surface molecules (i.e., major histo-
compatibility complex, adhesion molecules, cytokine receptors,
etc.) could have dire consequences on thymopoiesis. Loss or
altered representation of TCR gene families due to HIV-in-

rank sum test (P > 0.4) (performed with SAS software; SAS Institute, Inc., Cary, N.C.).

duced perturbation of the thymus might result in an inability to
appropriately respond to a variety of antigenic epitopes.

The studies reported herein extend our previous observa-
tions and indicate that following administration of effective
antiretroviral therapy to the HIV-infected thymus, reconstitut-
ing thymocytes are phenotypically and functionally normal. We
definitively established that de novo-produced thymocytes
were functional by assessing the response to costimulatory
signals of thymocytes derived from exogenous hematopoietic
precursor cells introduced into the HIV-infected, drug-treated
implant. We determined that a full complement of TCRVB
gene families was expressed on reconstituting cells, suggesting
that these cells might be able to respond to a wide variety of
antigens. Our studies here focused on the reconstitution of
fetal thymic implants. Recently, several groups, including ours,
have shown that the adult thymus continues to export T cells to
the periphery even late in life (9, 11, 25, 31). Together with
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FIG. 3. Functional response of the reconstituting thymocyte population. HIV-infected or mock-infected (not shown) thymic implants were biopsied 8 weeks
postinfection and analyzed by flow cytometry for CD4 (biotin-Red613) and CD8 (APC) (upper left panel). HAART was initiated at this time, and CD34*/HLA-A2"
cells were injected into the implants at 8.5 weeks postinfection. A second biopsy was performed at 12 weeks postinfection, at which time cells were examined by flow
cytometry (upper right panel) and cultured in the presence or absence of costimulation. Three days following costimulation, cells derived from implants not receiving
HLA-A2" cells (grey histogram) and those receiving HLA-A2* CD34+ cells (black histogram) were analyzed for HLA-A2 (FITC) expression (lower left panel).
HLA-A2" cells in the implant, which in this mouse (animal no. 179-28) constituted the majority of cells, were gated and analyzed for CD25 (interleukin-2 receptor)
(PE) expression (lower right panel) (black histogram). Unstimulated cells were cultured and analyzed in parallel (grey histogram). At this time, 92% of costimulated
cells and 1% of unstimulated cells expressed CD25. CD25 expression was less than 1% in freshly isolated thymocytes prior to stimulation (not shown). Similar expression
of CD25 was seen following costimulation of thymocytes from two mock-infected and six HIV-infected mice.

these studies, the results shown herein suggest that effective
antiretroviral therapy, coupled with a strategy to improve thy-
mic function in adults, could result in immune reconstitution in
HIV-infected patients.
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