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Paris (AP-HP), Groupe hospitalier Pitiě-Salpêtrière, Laboratoire d’Immunologie Cellulaire et Tissulaire, Paris, France; 4Inserm UMR S 943, Universitě Pierre et
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The mechanisms of CD4ⴙ T-cell count
decline, the hallmark of HIV disease progression, and its relationship to elevated
levels of immune activation are not fully
understood. Massive depletion of CD4ⴙ
T cells occurs during the course of HIV-1
infection, so that maintenance of adequate CD4ⴙ T-cell levels probably depends primarily on the capacity to renew
depleted lymphocytes, that is, the lymphopoiesis. We performed here a comprehensive study of quantitative and qualitative

attributes of CD34ⴙ hematopoietic progenitor cells directly from the blood of a
large set of HIV-infected persons compared with uninfected donors, in particular the elderly. Our analyses underline a
marked impairment of primary immune
resources with the failure to maintain
adequate lymphocyte counts. Systemic
immune activation emerges as a major
correlate of altered lymphopoiesis, which
can be partially reversed with prolonged
antiretroviral therapy. Importantly,

HIV disease progression despite elite
control of HIV replication or virologic
success on antiretroviral treatment is
associated with persistent damage to
the lymphopoietic system or exhaustion
of lymphopoiesis. These findings highlight the importance of primary hematopoietic resources in HIV pathogenesis
and the response to antiretroviral treatments. (Blood. 2011;117(19):5142-5151)

Introduction
HIV disease progression is characterized by a gradual decline in CD4⫹
T-cell numbers and the eventual onset of immunodeficiency. Colossal
progress in our understanding of HIV pathogenesis has been achieved
over the past 25 years. It is now well established that chronic immune
activation (IA) is linked to and predictive of disease progression in
HIV-1 infection.1-5 A number of causative factors for sustained IA
and inflammation have been identified, which are both directly or
indirectly related to HIV replication. They include the innate and
adaptive immune responses against HIV and associated pathogens,
the translocation of bacterial products because of the compromised
integrity of the mucosal barrier, and the potential bystander
stimulation of lymphocytes and macrophages by HIV gene products (reviewed in Appay and Sauce6). However, the potential
consequences of IA and its links to CD4⫹ T-cell decline and thus
immunodeficiency in HIV-1 infection remain a matter of debate.

Considering the continuous depletion of CD4⫹ T cells during
HIV-1 infection, the maintenance of adequate levels of CD4⫹
T cells probably depends on the capacity to renew depleted
lymphocytes. Although CD4⫹ T-cell count decline is the primary
hallmark of HIV disease progression, the latter is actually associated with a general lymphopenia. Reduced CD4⫹ and CD8⫹ T-cell
counts during HIV-1 infection affect particularly the naive T-cell
compartment.7 Evidence indicates that both de novo production of
new cells and peripheral homeostatic division of existing cells
participate to naive T-cell renewal.8-11 However, failure to maintain
adequate naive T-cell counts is probably due to deficient production
of new cells or reduced thymic output in HIV-infected persons.9,12-14 This has been related to impaired thymopoiesis a
conequence of infection of the thymus by HIV or thymic involution, as shown by a number of investigators.15,16 Natural killer
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(NK)– and B-cell numbers are also reduced during HIV-1 infection.
Like for T cells, B cells from HIV-infected patients are characterized by decreased naive B-cell proportions.17 Altogether, this
indicates that the production of all lymphocyte populations is
defective with HIV disease progression. HIV-associated lymphopenia may therefore have a more profound origin than CD4⫹ T-cell
depletion and weakened thymus, and upstream elements of lymphocyte development may be affected.
This prompted us to investigate further the primary source of all
lymphocytes, that is, the CD34⫹ hematopoietic progenitor cell
(HPC) compartment, to reconsider its relevance in HIV pathogenesis. A number of studies have shown that HPCs from HIV-1–
infected patient BM present functional alterations, suggesting
impaired hematopoiesis in HIV-1 infection.18-21 However, the
problematical access to large numbers of human BM samples or the
need to rely on animal models have significantly limited our
perception of the importance of dysregulated hematopoiesis in HIV
pathogenesis. We thus explored the possibility of studying quantitative and qualitative attributes of HPCs directly from the blood
(without mobilization), to generate relevant information from a
large set of donors, in association with markers of progression. We
show here that progression to HIV disease is directly linked to
alterations in the HPC compartment, a probable consequence of
chronic immune activation in HIV-1–infected patients.

Methods
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Sigma-Aldrich: CD56 (FITC). Cell surface marker stainings were performed with standard methods. Stainings were analyzed on an LSR2 flow
cytometer (Becton Dickinson), and data were analyzed with FlowJo v8.2
(TreeStar Inc) and DIVA software.
Measure of soluble factors
Measures of the soluble factors IFN-inducible protein 10 (IP-10), and
monokine induced by IFN-␥ (MIG) in plasma were performed with the
use of multiplex bead immunoassays (Biosource) and Luminex instrument. Measures of stromal cell-derived factor 1 ␣ (SDF-1␣) and soluble
CD14 (sCD14) plasma levels were performed by Quantikine ELISA (R&D
Systems).
Precursor CFU assay
Immunomagnetic sorting of CD34⫹ cells from PBMCs was performed with
MACS technology, according to provider’s recommendations (Miltenyi
Biotech). Purity of enriched populations was ⬎ 90%, as determined by flow
cytometry. Five hundred pure (ie, adjusted for concentration) CD34⫹ cells
were plated in MethoCult medium (StemCell Technology) and cultured at
37°C and 5% CO2. Colonies were counted at day 14, and their subtypes
were evaluated with inverted microscope and gridded scoring dishes.
Statistical analysis
Univariate statistical analysis was performed with GraphPad prism software. Groups were compared with the nonparametric Kruskal-Wallis or
Mann-Whitney tests. Spearman rank test was used to determine correlations. Multivariate statistical analysis was performed with JMP software.
P values ⬎ .05 were considered not significant.

Study subjects and samples
Blood samples were obtained from patients with chronic HIV-1 infection
(aged 25–55 years), treatment naive or receiving antiretroviral therapy
(ART) for ⬎ 3 years, attending the Infectious Diseases and Internal
Medicine Departments of the Hôpital Pitiě Salpêtrière (Paris, France).
Patients were divided into distinct groups on the basis of CD4⫹ T-cell
counts (supplemental Figures 1 and 6, available on the Blood Web site; see
the Supplemental Materials link at the top of the online article), with a
priori–determined cut points. For comparison, blood samples were obtained
from age-matched or elderly (75-96 years old) healthy adults. Eight patients
with primary HIV-1 infection (based on Western blot results and either
positive p24 ELISA or positive proviral DNA) were recruited in the St
Vincent’s Hospital (Sydney, Australia); 7 of these patients exhibited
symptomatic primary infection. Nonprogressing (n ⫽ 12) or progressing
(n ⫽ 10) HIV elite controllers (ie, with plasma HIV RNA levels below the
level of detection with the use of conventional assays, in the absence of
antiviral therapy) were recruited from established cohorts in San Francisco
(SCOPE) and Paris (ANRS EP 36; supplemental Figure 5). Longitudinal
cryopreserved samples were obtained from HIV-1–infected patients enrolled in the French Agence Nationale de la Recherche sur le SIDA (ANRS)
SEROCO cohort, established in 1988. These patients were selected for
presenting spontaneous CD4⫹ T-cell count decrease (before the ART era)
before recovering on ART initiation. All participants gave their written
informed consent. The study was approved by the local institutional ethics
committee (ie, Comitě de Protection des Personnes of the Pitiě Salpětrière
Hospital, Paris). Mononuclear cells were isolated over a Lymphoprep
gradient and then either directly stained or cryopreserved until use.
Flow cytometry
Directly conjugated antibodies were obtained from the following vendors:
BD Biosciences: CD4 (allophycocyanin [APC]–cyanin7 [Cy7]), CCR7
(PE-Cy7), CD38 (APC), CD19 (PE-Cy7), CD34 (FITC and PE), lineage
cocktail (CD3, CD14, CD16, CD19, CD20, CD56/FITC), and CD45RA
(V450); Beckman Coulter: CD45RA (PE-Texas RED), CD45 (PE-Texas
Red), and CD117 (PE-Cy7); Caltag: CD8 (Alexa Fluor 405); Dako: CD3
(Cascade Yellow); BioLegend: CD27 (Alexa Fluor700), CD10 (APC-Cy7);

Results
Disruption of the HPC compartment with HIV
disease progression

Attributes of circulating HPCs were assessed in treatment-naive
HIV-1 chronically infected patients separated into distinct groups
according to their CD4⫹ T-cell count (as a marker of progression
state) and age-matched uninfected adults (patient characteristics
are described in supplemental Figure 1). Because advanced age is
thought to be associated with a declining hematopoietic regenerative capacity, accompanied with quantitative and qualitative changes
of the HPCs (reviewed in Effros and Globerson22), we analyzed
HPC attributes in blood samples from elderly donors (ie, ⬎ 75 years
old) for comparison. Although they are rare events, hematopoietic
precursors (CD34⫹ CD45low Lin⫺) can be readily numerated in the
blood (Figure 1A). In line with the decline of mature lymphocyte
numbers (ie, CD8⫹ T, NK, or B cells) (supplemental Figure 1),
circulating HPC counts decreased significantly with HIV disease
progression (Figure 1B), so that middle-aged HIV-1–infected
patients with CD4⫹ T-cell counts ⬍ 200 cells/L presented circulating HPC levels similar to those of elderly noninfected donors.
We found that the number of circulating HPCs were directly
correlated with the CD4⫹ T-cell count (P ⬍ .0001, r ⫽ 0.43)
(Figure 1C), as well as, although less strongly, with CD8⫹ T-cell
(P ⫽ .03, r ⫽ 0.16), NK-cell (P ⫽ .002, r ⫽ 0.21), or B-cell
(P ⫽ .004, r ⫽ 0.21) and erythrocyte (P ⫽ .002, r ⫽ 0.24) or
neutrophil (P ⫽ .005, r ⫽ 0.22) counts (data not shown). To
consider the influence of circulating HPC counts together with
other variables on HIV disease progression (ie, CD4⫹ T-cell count),
we used multivariate analysis, including CD34⫹ cell frequency,
viral load, sex, and age, as well as CMV, hepatitis C virus (HCV),
and hepatitis B virus (HBV) serology, as parameters. This indicated
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Figure 1. Attributes of circulating CD34ⴙ HPCs. (A) Representative examples of CD34 and CD45 staining to identify HPCs in PBMC samples. (B) Absolute counts of CD34⫹
CD45low Lin⫺ cells in middle aged (M; n ⫽ 27) or old (O; n ⫽ 26) adults, and in treatment-naive HIV-1–infected patients, grouped according to CD4⫹ T-cell counts: ⬎ 500 CD4⫹
(H; n ⫽ 35), between 200 and 500 CD4⫹ (I; n ⫽ 44), or ⬍ 200 (L; n ⫽ 23) CD4⫹ T cells/L. (C) Correlation between CD34⫹ HPC and CD4⫹ T-cell counts in treatment-naive
HIV-1–infected patients. The Spearman rank test was used to determine the correlation. (D) Numbers of total or white (CFU-GM and CFU-GEMM) progenitor CFUs generated
from CD34⫹-sorted cells of HIV-1–infected patients and healthy donors. (E) Representative stainings for CD117, CD45RA, and CD10 on CD34⫹-sorted cells from PBMCs of
HIV-1–infected patients and healthy controls. Numbers indicate percentages of cells in the different quadrants. (F) Ratio lymphoid (CD38⫹ CD117⫺ CD45RA⫹ CD10⫹) versus
myeloid (CD38⫹ CD117⫹ CD45RA⫺ CD10⫺) HPCs within CD34⫹ cells from PBMCs of HIV-1–infected patients and healthy controls. (G) Frequency of lymphoid HPCs in the
blood of HIV-1–infected patients and healthy controls. The Mann-Whitney or Kruskal-Wallis tests were used for comparing 2 groups or ⱖ 3 groups, respectively. *P ⬍ .05,
**P ⬍ .01, and ***P ⬍ .001. Bars indicate the median.

that, along with the HIV-1 load (P ⬍ .0001) and the sex (P ⫽ .004),
the CD34⫹ cell frequency could be considered as an independent
predictive factor of CD4⫹ T-cell counts in our set of HIV-1–
infected donors (P ⬍ .0001).
We next assessed the clonogenic potential of CD34⫹-sorted
cells from the blood of different donors: CFU assays were
completed to evaluate the capacity of HPCs to generate “white
progenitor colonies” (ie, GM-CFU and granulocyte-erythroidmacrophage-megakaryocyte CFU [CFU-GEMM]), or “red progenitor colonies” (ie, erythroid CFU and erythroid burst-forming unit).
Although the total number of progenitor colonies was only
marginally affected with the use of circulating HPC cells from
HIV-infected donors, the capacity of these cells to produce white
CFUs appeared to be preferentially impaired with HIV disease
progression, indicating altered clonogenic potential and
HPC function (Figure 1D), in line with previous observations made
in HIV-1–infected patient BM samples.20 We also assessed the
phenotypic distribution of circulating HPCs. Although the pheno-

typic dissection of HPCs into well-defined subsets is still at an early
stage in humans, a number of studies concur with the distinction
between CD38⫹ CD117⫺ CD45RA⫹ CD10⫹ HPCs with lymphoid
precursor properties (l-HPCs) versus CD38⫹ CD117⫹ CD45RA⫺
CD10⫺ with myeloid precursor properties (m-HPCs).23-26 With the
use of these markers, identification of these 2 HPC subpopulations
was possible directly from blood. Most circulating CD34⫹ Lin⫺
cells appear to be CD38⫹-committed HPCs (in contrast to CD38⫺
primitive multipotent stem cells), divided into 2 main subsets:
l-HPCs (CD117⫺ CD45RA⫹ CD10⫹) or m-HPC (CD117⫹
CD45RA⫺ CD10⫺) (supplemental Figure 2; Figure 1E). Decreasing ratios of l-HPCs to m-HPCs were observed in HIV-1–
infected donors with lowering CD4⫹ T-cell counts (Figure 1F),
so that circulating l-HPC numbers were clearly reduced with
HIV disease progression (Figure 1G). Overall, in addition to low
levels of lymphocytes, HIV-1–infected patients with progressing disease present decreased numbers of circulating HPCs, and
their remaining CD34⫹ cells have both functional alterations
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Figure 2. Association between immune activation
and altered hematopoiesis. (A) Lack of correlation
between CD34⫹ HPC counts and viral load in treatmentnaive HIV-1–infected patients. (B) Inverse correlation
between CD34⫹ HPC counts and percentages of CD38expressing memory CD8⫹ T cells in treatment-naive
HIV-1–infected patients. The Spearman rank test was
used to determine correlations. Plasma levels of
(C) SDF-1␣, IP-10, MIG and (D) sCD14 in middle-aged
(M) adults and treatment-naive HIV-1–infected patients
with CD4⫹ T-cell counts ⬎ 500 (H), between 200 and
500 (I), or ⬍ 200 (L) cells/L. The Mann-Whitney or
Kruskal-Wallis tests were used for comparing 2 groups
or ⱖ 3 groups, respectively. *P ⬍ .05, **P ⬍ .01, and
***P ⬍ .001. Bars indicate the median.

and a preferential reduction in cells with lymphoid precursor
properties. This indicates that HIV disease progression is
associated with a disruption of hematopoiesis, which may affect
in particular the generation of lymphocytes.
Exhaustion of lymphopoiesis despite elite control of HIV

Several factors could probably participate in the disruption of
lymphopoiesis during HIV-1 infection. Although initial evidence
indicated that HPCs were poorly susceptible to HIV infection,18,19,27 recent work suggests that HIV-1 can actually infect
CD34⫹ HPCs, resulting in increased apoptosis, as well as the
establishment of a latent viral reservoir in these cells.28 Nonetheless, we found no direct correlation between circulating
HPC numbers and the plasma HIV load in infected donors (Figure
2A). On the same line, we observed only a modest effect on
HPC counts in patients with primary HIV-1 infection compared
with HIV-1–infected progressors (ie, with CD4⫹ T cells ⬍ 200 cells/L)
despite comparable viral loads (supplemental Figure 3). Overall,
these data indicate that the virus itself is unlikely to be the main
cause of HPC frequency reduction in patients with HIV-1. We next
assessed whether altered lymphopoiesis could be related to elevated levels of IA in HIV-1–infected donors. For this purpose, we
measured the expression of CD38 on memory CD8⫹ T cells, which
is a commonly used marker of systemic IA in HIV infection, and a
well-established correlate of disease progression.1,5 Interestingly,
circulating HPC counts in HIV-1–infected donors were inversely
correlated with CD38 expression levels (Figure 2B). Among
variables such as viral load, sex and age, the level of IA (ie,
percentage of memory CD8⫹ T cells expressing CD38) emerged as
the most robust predictive factor of the CD34⫹ cell counts
(P ⫽ .003) with the use of multivariate analysis, thus suggesting a
direct effect of IA on lymphopoiesis.
We next measured plasma levels of soluble proinflammatory
factors that are known to influence the mobilization of CD34⫹ HPCs
(Figure 2C). Plasma levels of SDF-1␣, a main player of
HPC migration,29 were significantly increased in HIV-1–infected

donors in particular those progressing. Two other chemokines,
IP-10 and MIG, known to affect HPC chemotaxis and to have
suppressive effects on HPC proliferation,30,31 were also found in
higher concentrations in the plasma of HIV-infected donors. This
was particularly obvious for IP-10, whose plasma levels rose with
HIV disease progression. Plasma levels of these soluble factors, in
particular IP-10, correlated with CD38 expression on T cells in
HIV-1–infected patients (supplemental Figure 4A), supporting an
association between systemic IA and the release of these soluble
factors. We also assessed the plasma concentration of sCD14,
which is directly associated with microbial product–mediated
activation of monocytes32 and represents a good marker of
systemic IA. Plasma sCD14 levels increased with HIV disease
progression (Figure 2D) and were correlated positively with IP-10,
MIG, and SDF-1␣ levels (supplemental Figure 4B) and inversely with
CD34⫹ cell counts (supplemental Figure 4C). Altogether, although the
present dataset does not show cause and effect, it suggests that the
alteration of several parameters related to lymphopoietic activity is
closely associated with elevated systemic IA.
To strengthen the potential relationship between lymphopoiesis
alteration and systemic immune activation rather than HIV replication, we studied a rare and puzzling group of HIV-elite controllers
who are immunologic progressors (correspond to 1 in 25 000
HIV-1–infected patients). These treatment-naive patients are characterized by several years of infection without detectable virus
replication, but eventually decreasing CD4⫹ T-cell counts
(⬍ 350 cells/L). In contrast to typical HIV-elite controllers (see
supplemental Figure 5 for donor characteristics), “elite controller
progressors” presented overall markers of exhausted lymphopoiesis, similarly to elderly uninfected donors (Figure 3): significantly
altered qualitative and quantitative HPC attributes (ie, decreased
CD34⫹ total and m-HPC counts and reduced clonogenic potential),
as well as reduced counts of lymphocyte subsets (naive CD4⫹ or
CD8⫹ T, B, NK cells). HIV-elite controllers represent a particularly
interesting group to study because viral replication is unlikely to be
the cause of exhausted lymphopoiesis and progressive disease in
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Figure 3. Exhausted lymphopoiesis in HIV-elite controller progressors. (A) Absolute counts of CD34⫹ CD45low Lin⫺ cells and frequency of lymphoid (CD45RA⫹ CD10⫹
CD117⫺ CD38⫹) HPCs in HIV-elite controller nonprogressors (Cnp; CD4⫹ T-cell count ⬎ 500 cells/L; n ⫽ 12) and progressors (Cp; CD4⫹ T-cell count ⬍ 350 cells/L;
n ⫽ 10). For comparison, counts in middle-aged (M; n ⫽ 27) and elderly (O; n ⫽ 26) adults are also shown. (B) Numbers of white (CFU-GM and CFU-GEMM) progenitor CFUs
generated from CD34⫹-sorted cells of HIV-elite controller nonprogressors or progressors, and (C) absolute naive CD4⫹ or CD8⫹ T-, B-, and NK-cell counts in HIV-elite
controller or comparative donor groups. Bars indicate the median. The Kruskal-Wallis test was used for group comparison. *P ⬍ .05, **P ⬍ .01, and ***P ⬍ .001.

these donors. Instead, they are known to present elevated levels of
immune activation,33 which could thus contribute to damaging the
hematopoietic system and lymphocyte renewal capacity in the long
run. The present findings provide, for the first time, important
insights into HIV disease progression despite elite control of the
virus. They suggest that exhausted lymphopoiesis, as a potential
consequence of chronic IA, may be the cause of disease progression in HIV-elite controller progressors.
CD4 reconstitution under ART is linked to reestablished
lymphopoiesis

We next assessed circulating HPC attributes in the context of
prolonged ART, which, through its potent inhibition of viral
replication, results in a significant reduction of IA in treated
patients and thus represents a strong immune “deactivator” in
HIV-infected people. We first performed a longitudinal analysis on
selected HIV-1–infected donors who had evidence of progression
(patients recruited before the ART era) and who recovered with
prolonged ART (ie, increasing CD4⫹ T-cell count) (Figure 4A-B).
This confirmed the significant decrease of circulating HPCs with
progression and showed an increase in circulating CD34⫹ cell
numbers with reduced IA as patients were treated (Figure 4C-D).
The latter was accompanied with increasing proportions of naive
T cells (Figure 4E). Overall, these data suggest that CD4⫹ T-cell
reconstitution may be linked to the recovery of upstream hematopoietic resources.
This may help in understanding the failure to reconstitute the
CD4⫹ T-cell compartment despite effective ART, which remains
unclear. For this purpose, we performed a comprehensive study of
HIV-1–infected patients undergoing successful therapy (ie, potent

inhibition of viral replication) separated into 3 groups according to
CD4⫹ T-cell counts or levels of CD4 reconstitution. Importantly, all
patients had matching age and equivalent CD4⫹ T-cell nadir,
⬍ 200 cells/L, before therapy (supplemental Figure 6). Successful CD4⫹ T-cell reconstitution on ART was associated with
increased CD34⫹; naive CD4⫹ or CD8⫹ T, B, NK-cell counts; and
reequilibration of CD4/CD8 ratios, supporting a link between these
different compartments and indicating a restoration of the global
lymphocyte production machinery (Figure 5A-C). The clonogenic
potential and m-HPC counts were significantly improved in treated
patients with good versus poor CD4⫹ T-cell reconstitution (Figure
6A-B). We did not find any association between the lack of CD4⫹
T-cell recovery on therapy and the “duration of illness” (ie,
considering CD4⫹ T-cell nadir, time since presumed infection, and
time on ART). On the whole, successful CD4⫹ T-cell reconstitution
with therapy appears thus to be directly dependent on the reestablishment of general lymphopoiesis and linked to the regeneration of
all lymphocyte compartments.
Of interest, despite ART, donors with low CD4⫹ T-cell numbers
retained attributes equivalent to those of uninfected elderly or
HIV-elite controller progressors. Failure to reestablish lymphopoiesis was not due to the use of antiviral medications with documented marrow suppressive effects (ie, zidovudine [AZT], lamivudine [3TC], or valganciclovir) as patients treated with these
molecules did not present particular bias toward lower CD34⫹ cell
levels or CD4⫹ T-cell recovery (data not shown). It was not due to
higher immune activation levels in these patients either. As
expected, markers of immune activation (ie, percentages of CD38expressing memory CD8⫹ T cells and plasma levels of IP-10, MIG,
and SDF-1␣ and less apparent for sCD14) decreased significantly
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Discussion

Figure 4. Longitudinal follow-up during chronic infection and ART. Time interval
(A), CD4⫹ T-cell counts (B), percentages of CD38-expressing memory CD8⫹ T cells
(C), blood CD34⫹ HPC counts (D), and percentages of naive (CD45RA⫹ CCR7⫹
CD27⫹) CD8⫹ or CD4⫹ T cells (E) are shown for 11 HIV-1–infected patients followed
longitudinally: between chronic infection (Ch), progression before treatment (Pr), and
prolonged ART (Tx). The Wilcoxon test was used for comparing time points. *P ⬍ .05,
**P ⬍ .01, and ***P ⬍ .001.

with prolonged ART, but there was no differences between the
different groups of treated patients (Figure 6C). Overall, this
suggests that failure to reconstitute the CD4⫹ T-cell compartment
despite low viral replication and inflammatory conditions on
ART due to of irreversible damage to the lymphopoietic system in
HIV-infected patients. In keeping with this possibility, we studied
one particular untreated HIV-1–infected person who started progressing despite a relatively controlled low viral load (⬍ 1000 copies/mL; Figure 7). Declining CD4⫹ T-cell count in this patient was
associated with a profound exhaustion of primary immune resources before therapy (despite relatively high CD4⫹ T-cell count,
ie, ⬎ 500 cells/L, at that time). Importantly, these attributes,
including the CD4⫹ T-cell count, were not improved with ART.
These data emphasize further the need to maintain adequate
lymphopoiesis to prevent progression and to enable CD4⫹ T-cell
recovery on ART.

Direct infection by HIV, apoptosis of activated cells, and killing of
infected cells by cytotoxic CD8⫹ T cells can result in a massive
depletion of CD4⫹ T cells during HIV-1 infection.2 Moreover,
other lymphocyte populations (eg, B cells) may be depleted during
HIV-1 infection because of the establishment of a proapoptotic
environment.34 Maintenance of adequate levels of lymphocytes, in
particular CD4⫹ T cells, is therefore highly dependent on the
capacity to renew these depleted lymphocytes. During HIV-1
infection, T-cell renewal may be impaired due to deficient thymopoiesis, as previously described.15,16 Our data indicate that it can
also have a more upstream cause. The present work is the largest
analysis of hematopoietic parameters in relation to the onset of
immunodeficiency in HIV-1 infection. This was made possible
owing to the assessment of HPC attributes directly from blood,
which allows the analysis of a large number of donors. It represents
an original and relevant approach to study hematopoietic parameters in humans, as shown here in the context of HIV-1 infection.
With the use of this method, we were able to show that the onset of
HIV disease progression is closely related to the state of the
primary lymphoid resources. Compared with healthy donors or
HIV-1–infected nonprogressors, patients progressing toward AIDS
have decreased numbers of circulating HPCs, and their remaining
CD34⫹ cells present both functional alterations and a preferential
reduction in cells with lymphoid precursor capacity. Our findings
are in line with the impairment of T-cell progenitor function as
shown by a reduced capacity of CD34⫹ HPCs from HIV-1–infected
progressors to generate both CD4⫹ and CD8⫹ T cells, in culture
experiments of HPCs on fetal thymus from T-cell–deficient (RAG-1
knockout) mice (ie, fetal thymic organ cultures).35,36 Of note, a
former study showed also that the progenitor cell function of
HIV-negative infants of HIV-positive mothers was impaired compared with control infants of HIV-negative mothers.37 The capacity
to generate new T cells ultimately depends on the availability of
functional lymphoid precursors. Studies in animal models suggest
indeed that declining thymopoiesis in HIV-1 infection may be
related to impaired lymphopoiesis.19,21 Disrupted lymphopoiesis
may significantly limit the production of the CD4⫹ T-cell population and thus the maintenance of adequate CD4⫹ T-cell numbers
during HIV-1 infection. Although altered lymphopoiesis shows
effects beyond the CD4⫹ T-cell compartment, CD4⫹ T-cell counts
were more closely related to CD34⫹ cell levels, compared with
CD8⫹ T-, NK-, and B-cell numbers (as well as erythrocytes and
neutrophils). This probably reflects the strong dependence of the
CD4⫹ T-cell compartment on lymphopoietic-replenishing capacity
because of their continuous depletion in HIV-1 infection. Considering that the maintenance of the naive T-lymphocyte compartment is
related to both de novo production and peripheral self-renewal of
lymphocytes, it will be interesting to study the potential influence
of lymphopoiesis exhaustion on peripheral lymphoid homeostatic
division.
Deterioration of the hematopoietic system with advanced age is
thought to result from life-long mobilization of resources and
intrinsic cellular impairments (of both HPCs and stromal cells).
The fine mechanisms underlying the exhaustion of lymphopoiesis
during untreated HIV-1 infection will need to be addressed in future
studies. Altered lymphopoiesis in HIV-1–infected patients probably results from the combination of multiple factors. Convincing
evidence for the infection by HIV-1 and apoptosis of hematopoietic
progenitors has been recently reported,28 which might result in
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Figure 5. Recovery of lymphopoiesis with ART.
(A) Absolute counts of CD34⫹ CD45low Lin⫺ cells in
HIV-1–infected patients with low CD4⫹ T-cell nadir before
treatment (⬍ 200 cells/L) and treated for ⬎ 3 years with
ART, grouped according to CD4⫹ T-cell counts: ⬎ 500
(Hx; n ⫽ 13), between 200 and 500 (Ix; n ⫽ 28), or ⬍ 200
(Lx; n ⫽ 13) cells/L. For comparison, counts in middleaged control adults (M; n ⫽ 27), treatment-naive HIV-1–
infected patients with CD4⫹ T-cell count ⬍ 200 cells/L
(L;, n ⫽ 23), and treated HIV-1–infected patients with
high CD4⫹ T-cell nadir and counts (⬎ 500 cells/L) (Hxh;
n ⫽ 21) are also shown. (B) CD4-to-CD8 ratios and
(C) absolute naive CD4⫹ or CD8⫹ T-, B-, and NK-cell
counts in ART-treated HIV-1–infected patients or comparative donor groups. Bars indicate the median. The KruskalWallis test was used for group comparison. *P ⬍ .05,
**P ⬍ .01, and ***P ⬍ .001.

HPC depletion. Moreover, Nef was shown to have inhibitory
effects on HPC multipotent potential.38,39 Finally, HIV may infect
and deplete BM stromal auxiliary cells, which has been suggested
as a potential cause of disrupted hematopoiesis.40 In addition, our
data indicate that elevated systemic IA may have a major effect on
lymphopoietic activity. In fact, the lack of correlation between viral
replication and CD34⫹ cell levels suggests that a direct effect of the
virus on lymphopoiesis disruption may only be secondary, in
comparison with the effect of IA. The association between plasma
sCD14 levels and CD34⫹ cell counts in untreated patients suggests
that high levels of microbial products such as lipopolysaccharide
(LPS; associated with bacterial translocation) or IFN-␣ (associated
with activation of plasmacytoid dendritic cells), which result in
monocyte activation and are both associated with disease progression in HIV or SIV infection,32,41,42 might participate in disrupting
lymphopoiesis. For instance, LPS may act directly on HPCs, which
express TLRs, including TLR4.43 Alternatively, LPS or IFN-␣ or

both might have indirect hematosuppressive effects by inducing the
release of proinflammatory factors (such as IP-10, MIG, and
SDF-1␣) that cause exacerbated mobilization and eventually
exhaustion of primary lymphoid resources. LPS- or IFN-␣–
activated monocytes, whose importance in HIV-1 pathogenesis is
raising interest, are known producers of IP-10 and MIG.44 It was
recently shown that high levels of bacterial products (ie, LPS and
16S rDNA) during therapy correlate with reduced recovery of the
CD4⫹ T-lymphocyte count, irrespective of plasma HIV RNA
levels.45 Finally, in support for a potential influence of type I IFN
on hematopoiesis, IFN-␣ treatment is known to have lymphohematopoiesis suppressive effects.46,47 Although a strong association between IA and the loss of progenitor function emerges from
our data, it remains to be established if the occurrence early of
IA can predict the subsequent development of lymphopoiesis
exhaustion in HIV infection in prospective longitudinal studies.
The disruption of lymphopoiesis and ensuing suboptimal capacity
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Figure 6. CD4ⴙ T-cell reconstitution and lymphopoiesis. (A) Numbers of total or white (CFU-GM and CFU-GEMM) progenitor CFUs generated from CD34⫹-sorted cells of
treated HIV-1–infected patients (with CD4⫹ T-cell nadir before treatment ⬍ 200 cells/L and for ⬎ 3 years on ART) grouped according to CD4⫹ T-cell counts: ⬎ 500 (Hx) or
⬍ 200 (Lx) cells/L. Middle-aged control adults (M), treatment-naive HIV-1–infected patients with CD4⫹ T-cell count ⬍ 200 cells/L (L), and treated HIV-1–infected patients
with CD4⫹ T-cell nadir ⬎ 500 cells/L (Hxh) are shown for comparison. (B) Frequency of lymphoid (CD45RA⫹ CD10⫹ CD117⫺ CD38⫹) HPCs from PBMCs of treated
HIV-1–infected patients or comparative donor groups. (C) Percentages of CD38-expressing memory CD8⫹ T cells and (D) plasma levels of sCD14, IP-10, MIG, and SDF-1␣ in
treated HIV-1–infected patients and comparative donor groups. The Mann-Whitney or Kruskal-Wallis tests were used for comparing 2 groups or ⱖ 3 groups, respectively.
*P ⬍ .05, **P ⬍ .01, and ***P ⬍ .001. Bars indicate the median.

to replenish lymphocyte compartments as consequences of elevated IA and inflammation could be central in the relationship
between systemic IA and the decline of CD4⫹ T-cell counts with
HIV disease progression.
Our observations of a partial normalization of hematopoietic
activity with the introduction of art are in line with previous reports

Figure 7. Exhausted lymphopoiesis and persistent CD4ⴙ T-cell count decline.
Circulating CD34⫹, lymphoid HPCs, naive CD4⫹ T-cell, or CD8⫹ T-, B-, and NK-cell
counts and percentages of CD38⫹ memory CD8⫹ T cells are shown for one donor at
2 different time points to highlight the association between declining CD4⫹ T-cell
counts and exhaustion of lymphopoietic capacity despite low viral load before and
after initiation of ART.

that show improved T-cell progenitor function in fetal thymic organ
culture,36 and clonogenic potential of HPCs from the BM48,49 or
G-CSF–mobilized blood50 of HIV-1–infected patients on therapy.
Altogether this suggests that, through its potent inhibitory effects
on HIV replication and therefore IA, ART results in a partial
reestablishment of lymphopoiesis and thus the capacity to reconstitute the CD4⫹ T-cell compartment. However, some treated patients
fail to reestablish adequate lymphopoiesis, displaying attributes
similar to those of the uninfected elderly person. HIV-1 infection
can thus result in profound and persistent impairments of the
lymphopoietic system, which cannot be reversed with ART. This is
the probable reason for the limited recovery in CD4⫹ T-cell
numbers in these patients. It may be due to severe damage at the
BM level, as suggested in former studies.51,52 Our findings suggest
therefore that modifications of the antiretroviral drug regimen in
these patients are unlikely to result in significant improvements of
their CD4⫹ T-cell counts or HIV disease status. Resolving determining factors and predictive markers for the lack of lymphopoiesis
recovery under ART will be central to improve the clinical
management of HIV infected donors. Although our study did not
underline the “duration of illness” as a potential correlate of
exhausted lymphopoiesis, the development of profound and lasting
damage to lymphopoiesis is probably related to the duration and
intensity of HIV-mediated IA. Persistent IA may eventually result
in permanent exhaustion of lymphopoiesis and failure to maintain
the CD4⫹ T-cell compartment. This is supported by our findings in
HIV-elite controllers, which confer enlightenment into the puzzling
progression of these rare patients toward disease, and emphasize
further the central role of IA in HIV disease progression.1-5 For the
general HIV-1–infected population, the precautionary principle
would suggest that potent antiretroviral treatment should be
initiated as early as possible to limit HIV replication–related IA and
thus prevent the development of hematopoietic damage.
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The identification of lymphopoiesis disruption as an important
facet of HIV disease progression opens interesting avenues for the
treatment of HIV-1–infected patients with low CD4⫹ T-cell counts,
with the focus on molecules that target the hematopoietic system.
For instance, the use of growth hormone, a known stimulatory
factor of hematopoiesis,53,54 has been shown to enhance thymopoiesis and the production of lymphocytes in HIV-1–infected donors.55 It will be interesting to determine whether the effect of this
molecule enhances the attributes of HPCs in HIV–infected donors.
In addition, the influence of disrupted lymphopoiesis on anti-HIV
immunity (eg, maintenance of diverse pool of B cells or renewal of
effective virus-specific CD8⫹ T cells) represents a relevant area of
investigation. Finally, future studies will also need to determine the
potential effect of IA and inflammation on other stem cell
compartments, because it may be directly relevant in the establishment of the various disorders associated with HIV-1 infection.
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Figure S1. Characteristics of healthy adults and treatment naïve HIV-1 infected patients
Age, plasma viral load, and CD4+, CD8+ T cell, NK and B cell, erythrocyte and neutrophil counts of
middle aged (M, n=27) or old (O, n=26) adults, and in treatment naïve patients with chronic HIV-1
infection grouped according to CD4+ T cell counts: above 500 (H, n=35), between 200 and 500 (I,
n=44), or below 200 (L, n=23) cells/µl. HIV-1 infected patient groups are matched to the middle
aged adult group for the age. The Kruskall Wallis test was used for group comparison. *, ** and
*** indicate P values below 0.05, 0.01, 0.001 respectively. Bars indicate the median.

Figure S2. Phenotyping of CD34+ hematopoietic progenitor cells in the blood
Identification and phenotype of CD34+ enriched cells from PBMC of one healthy donor. For
comparison, stainings are shown in a matching sample of bone marrow, which includes a variety of
hematopoietic progenitor cells. In the blood, the majority of CD34+ Lin- cells are CD38+ committed
hematopoietic progenitor cells, which include two main subsets: hematopoietic progenitor cells
with lymphoid (CD45RA+ CD10+ CD117-) or myeloid (CD117+ CD45RA- CD10-) precursor
properties.

Figure S3. CD34+ hematopoietic progenitor cell and lymphocyte counts during primary HIV-1 infection

The viral load and blood counts for CD4+ T cells, CD34+ hematopoietic progenitor cells, naïve
(CD45RA+ CCR7+ CD27+) CD4+ or CD8+ T cells as well as B or NK cells are shown in 8 patients
during primary HIV-1 infection (PHI). Values in middle age healthy controls (M) and HIV-1
infected donors with CD4+ T cell counts below 200 cells/µl (L) are shown for comparison. The
Mann-Whitney was used for comparing groups. ** and *** indicate P values below 0.01, 0.001
respectively.

Figure S4. Hematopoietic factor levels and monocyte activation
Correlations between SDF-1α, IP-10 or MIG plasma levels and (A) CD38 expression on memory
CD8+ T cells or (B) sCD14 plasma levels in treatment naïve HIV-1 infected patients. (C) Inverse
correlation between CD34+ HPC counts and sCD14 plasma levels in treatment naïve individuals.
The Spearman‘s rank test was used to determine correlations.

Figure S5. Characteristics of HIV elite controller progressors and non progressors
CD4+ T cell counts, age and plasma viral load in HIV elite controllers divided into typical non
progressors (Cnp, n=12) and progressors (Cp, n=10). Bars indicate the median.

Figure S6. Characteristics of ART treated HIV-1 infected patient groups
CD4+ T cell counts, age, plasma viral load, CD4+ T cell nadir (before treatment), years of treatment,
and erythrocyte and neutrophil counts of HIV-1 infected patients receiving ART, grouped according
to CD4+ T cell counts: above 500 (Hx, n=13), between 200 and 500 (Ix, n=28), or below 200 (Lx,
n=13) cells/µl. For comparison, middle aged control adults (M, n=27), treatment naïve HIV-1
infected patients with CD4+ T cell count below 200 cells/µl (L, n=23), and treated HIV-1 infected

patients with high CD4 nadir and counts (above 500 cells/µl) (Hxh, n=21) are also shown. The
Kruskall Wallis test was used for group comparison. *, ** and *** indicate P values below 0.05,
0.01, 0.001 respectively.

