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it was recognized that HIV can persist within 
multiple lineages of long-lived cells, including 
T cells and cells of the myeloid lineage (some of 
which appear to be progenitor cells)2,9. Taken 
together, these observations underscored the 
need to confer HIV resistance to both progeni-
tor cells and their progeny.

Early attempts to engineer HIV resistance 
into hematopoietic progenitor cells encoun-
tered insurmountable hurdles: the scientific and 
practical constraints of HSC-based therapies 
were substantial; protocols for genetic modifi-
cation of HSCs were inefficient and cytotoxic; 
the preclinical animal models were inadequate; 
and the choice of anti-HIV genes was driven 
more by convenience (and/or patent consid-
erations) than by data7. Moreover, it proved 
difficult to devise a business model that could 
support the introduction of such a dramatically 
different, untested and potentially toxic form of 
therapy into the clinic. More recently, however, 
two important developments have prompted 
a reevaluation of HSC-based therapy for HIV: 
a critical target—the cell-surface receptor 
CCR5—was identified, and an HIV-infected 
individual was reported to be virus free in 
the absence of antiretroviral medications 20 
months after receiving a transplant of CCR5-
defective allogeneic HSCs10.

Targeting the Achilles’ heel of HIV
To enter cells, HIV must bind to either CCR5 or 
CXCR4, chemokine receptors present on many 
immune cells11. The vast majority of transmit-
ted viruses use CCR5 (R5 variants). As the dis-
ease progresses, HIV evolves and often, but not 
always, expands its co-receptor preference to 
include CXCR4 (X4 variants). A small fraction 
of people carry a 32-base-pair deletion in the 
CCR5 gene, leading to a truncated gene prod-
uct, CCR5 ∆32. Those who are heterozygous 
for CCR5 ∆32 have delayed disease progres-
sion after they acquire HIV, whereas homozy-
gotes rarely acquire HIV11. Although lack of 

toxicity. Moreover, although they suppress 
HIV replication in a potent, durable man-
ner, they do not restore health; for reasons 
that remain unknown, treated HIV disease 
is attended by chronic inflammation, per-
sistent T-cell dysfunction and a shortened 
life expectancy3,4. Finally, and perhaps most 
importantly, antiretroviral therapies and 
their management are expensive and hard to 
deliver on a worldwide basis. It is now appar-
ent that the number of HIV-infected people 
will continue to eclipse the number that can 
be successfully treated. To stop the epidemic 
and to provide care for all, a fundamentally 
different approach is needed.

Gene therapy with HSCs
The concept of HSC-based gene therapy for 
HIV disease emerged in the epidemic’s first 
decade, when effective antiretroviral regimens 
were nonexistent. Multiple advances in deliv-
ering and expressing transgenes in eukaryotic 
cells suggested that therapeutic applications 
were within reach5. Baltimore coined the term 
“intracellular immunization” to describe the 
introduction of HIV resistance genes into 
HSCs to allow long-term repopulation of the 
host with progeny cells that would be imper-
vious to HIV6. By the late 1980s, startup bio-
tech companies were isolating and preparing 
human HSCs for transplantation, devising 
techniques and vectors to genetically modify 
the cells, and conducting preclinical testing7.

During the same period, studies of HIV 
pathogenesis were generating data that begged 
for a therapeutic approach that went beyond 
antiretroviral drugs. On the one hand, it 
became clear that CD4+ T-cell depletion, the 
hallmark of HIV disease, was caused not sim-
ply by destruction of late-stage CD4+ T effector 
cells but also by the host’s inability to maintain 
progenitor cells, including HSCs, intrathymic 
T progenitor cells and central memory T cells 
in the periphery8 (Fig. 1b). On the other hand, 

Antiretroviral therapy has transformed the 
treatment of HIV infection, but, despite its pro-
found successes, it will not halt the relentless 
advance of the epidemic. Against this sober-
ing reality, several promising, recent devel-
opments in the basic-science arena have led 
HIV researchers to envision new therapeutic 
approaches that would completely eradicate 
the virus, effectively ‘curing’ HIV disease. In 
an exciting and impressive display of data 
published in this issue, Holt et al.1 provide a 
scientific bellwether for the practical imple-
mentation of one such strategy. They show 
that CCR5, a human gene often required for 
HIV to enter target cells, can be effectively and 
permanently disrupted in long-lived, multilin-
eage, human hematopoietic stem cells (HSCs). 
When introduced into mice, these cells gen-
erate an apparently intact human immune 
system that is resistant to subsequent infec-
tion with HIV (Fig. 1a). This result raises the 
intriguing possibility that HIV-infected indi-
viduals might be cured with a one-time infu-
sion of autologous, gene-modified HSCs.

The introduction of combination antiretro-
viral regimens against HIV in the mid-1990s 
was undoubtedly one of the great triumphs 
of modern medicine. Almost overnight, those 
who could receive and adhere to the thera-
pies gained a new lease on life. But the pas-
sage of time has revealed the limitations of 
these regimens. Because HIV DNA persists 
as an integrated genome in long-lived cellu-
lar reservoirs, current antiretroviral drugs are 
unlikely to prove curative2. In addition, the 
therapies require life-long adherence, which 
many find challenging, and are often associ-
ated with some short-term and long-term 
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a stably treated, HIV-infected individual—the 
‘Berlin patient’—who developed acute myeloid 
leukemia and was transplanted with HSCs from 
a human leukocyte antigen–matched, homozy-
gous CCR5 ∆32 donor10. Combination antiret-
roviral therapy was discontinued the day before 
the transplant. Twenty months later, HIV could 
not be detected in any of the patient’s tissues 
examined, even when very sensitive techniques 
were used. Given disappointing treatment out-
comes in the past, the HIV research commu-
nity is hesitant to use the word ‘cure’, but this 
single case could very well be the first example 
to fit the bill.

It is important to emphasize that this road 
to a cure was arduous and will not be available 
to the vast majority of patients. The Berlin 
patient underwent fully ablative conditioning 
with a potentially lethal regimen that included 
fludarabine (Fludara), Ara-C, amsacrine 
(Amerkin, Amsidyl, Amsidine), cyclosporin, 
mycophenolate mofetil (CellCept), antithy-
mocyte globulin and 4 Gy of total body irra-
diation. Graft-versus-host disease developed 
during the post-transplant period. Owing to 
recurrent acute myeloid leukemia, a second 
stem cell transplantation using cells from the 
same donor was performed one year after the 
first transplant, which again required expo-
sure to myeloablative therapy, including irra-
diation. No one believes that this approach 
will soon be used beyond the highly unusual 
indications for which allogeneic transplanta-
tions are normally performed. However, the 
example of the Berlin patient does provide a 
strong rationale for the development of CCR5-
targeted stem cell therapy.

This case also provides fascinating insights 
into HIV pathogenesis, some of which may be 
relevant to future attempts at HIV eradication. 
For example, it is not entirely clear why HIV 
did not rebound after combination antiretro-
viral therapy was discontinued. According to 
genotypic assays, the patient likely harbored 
a minority (2.9%) of X4 variant viruses. Also, 
host-derived CCR5-expressing myeloid cells, 
which are permissive for HIV infection, per-
sisted for at least five months after the trans-
plant. Given this volatile combination of 
residual CXCR4-tropic virus and long-lived 
CCR5-expressing targets, HIV replication and 
spread should have continued even as the rest 
of the hematopoietic system was being replaced 
by homozygous CCR5 ∆32 donor cells.

There are at least two possible explanations 
for this surprising result. First, the low-level 
X4 variant may have been a poorly fit dual-
tropic virus that was dependent on CCR5 for 
replication, whereas the number of residual 
CCR5-expressing myeloid cells was too low to 
support systemic replication of the CCR5-tropic 

error-prone nonhomologous end-joining. This 
can create a permanent gene disruption that is 
passed to daughter cells in the absence of per-
sistent transgene expression. The end result is 
the functional disruption of the CCR5 gene.

Previous work using this approach demon-
strated its feasibility in human peripheral blood 
CD4+ T cells15, and unpublished data from a 
phase 1 trial suggest that autologous CD4+ 
T cells modified in this way can be reinfused 
safely into HIV-infected individuals (P. Tebas, 
University of Pennsylvania, personal commu-
nication). Although of great interest, this strat-
egy does not disrupt CCR5 in HSCs and thus 
would not enable the long-term generation of 
both T and myeloid-lineage cells resistant to 
HIV infection. Evidence supporting such a leap 
came from another quarter.

The Berlin patient: an instructive N of 1
For all of those engaged in the care and treat-
ment of patients with HIV disease, the world 
changed in 2009 with the remarkable story of 

CCR5 may be associated with increased risk 
of developing serious sequela of some uncom-
mon infections12, it does not seem to affect life 
expectancy and may even be associated with a 
reduced risk of certain inflammatory diseases. 
Once the role of CCR5 became clear in the late 
1990s, the pharmaceutical industry devoted 
tremendous resources to the development 
of small-molecule inhibitors, one of which, 
maraviroc (Selzentry), is highly effective, well-
tolerated and now FDA approved.

This important set of observations inspired 
several groups to pursue CCR5-targeted gene 
therapy13,14. One highly innovative approach 
relied on engineered zinc-finger nucleases 
specific for the CCR5 gene15. Such ‘molecular 
scissors’ can be delivered to cells ex vivo using 
methods such as integrase-defective lentiviral 
vectors, adenoviral vectors and plasmid DNA 
nucleofection. After specific binding of a pair 
of zinc-finger nucleases to the CCR5 gene, a 
double-stranded DNA break is introduced 
and then repaired by pathways that include 
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Figure 1  Reconstitution of an HIV-resistant lymphoid and myeloid system in an experimental model. 
(a) Holt et al.1 isolated human hematopoietic stem/progenitor cells (HSPCs) and used zinc-finger 
nucleases (ZFNs) to disrupt the CCR5 gene, which is often required for the entry of HIV into target 
cells. Mice that were successfully engrafted with CCR5-disrupted HSPCs tolerated infection with 
HIV, whereas those engrafted with unmodified HSPCs exhibited loss of CD4+ T cells and high-level 
viremia. (b) Long-lived, multilineage hematopoietic stem cells (HSCs) give rise to common lymphocyte 
progenitors (CLPs) and progenitors of the myelo-erythroid (M/E) lineages. CLPs move through the 
thymus and differentiate through a series of stages, from CD3–CD4+CD8– intrathymic T progenitor 
(ITTP) cells to CD3+/–CD4+CD8+ double positive (DP) thymocytes to CD3+ thymocytes that are single 
positive for CD4 (SP4) or CD8 (SP8) to circulating naïve (N), effector (E), and memory (M) CD4+ or 
CD8+ T cells. All of the cell stages colored in red can be directly or indirectly disabled by HIV infection.

ne ws  and  vie  ws
©

 2
01

0 
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



nature biotechnology   volume 28   number 8   AUGUST 2010	 809

Although HIV can clearly kill cells directly, 
many if not most cells in an HIV-infected indi-
vidual die as a consequence of indirect viral 
effects. Generalized activation of the immune 
system, for example, is harmful to the function 
of T and myeloid cells and to the regeneration 
of multiple lineages. These indirect effects may 
persist even as the virus is driven to extinction 
by the gradual emergence of an HIV-resistant 
T-cell population.

Reaching for blue sky
Although the above concerns are daunt-
ing, the epidemic is not going to disappear, 
the science of stem cells is becoming more 
tractable, sociopolitical forces are forging 
new perspectives in healthcare, and now is 
not the time to stop. From our perspective, 
HSC-based gene therapy for HIV disease may 
make a significant impact on the worldwide 
epidemic if two goals can be met. First, it is 
essential to find a way to deliver these thera-
pies to all in need, in a manner that is safe, 
affordable and generally available around 
the world. Many clever approaches to do this 
have been proposed in the past, and more 
will surely emerge. Second, the preclinical 
and clinical development of these strategies 
requires a sustainable financial model. Such 
a model may involve reprioritization of gov-
ernmental efforts, creative plans to incentivize 
existing pharmaceutical and healthcare deliv-
ery systems, and global assistance programs 
motivated by a common desire for a world 
free of HIV. This may seem like a formidable 
exercise, but it is worth noting that if one-
shot, modified HSC-based gene therapy can 
be made efficacious and accessible in the con-
text of HIV disease, similar approaches will 
likely be applicable to a host of other chronic 
diseases, infectious and otherwise. If so, the 
treatment paradigms of the future will look 
vastly different from today’s. In the same way 
that problems associated with the reliance on 
fossil fuels have stimulated the development of 
alternative strategies of energy delivery, so too 
may the ongoing crisis in the HIV epidemic 
spark novel approaches to the provision of 
healthcare in the future.

Conclusion
The progress in HIV therapeutics over the past 
15 years has been tremendous. The life expec-
tancy of most people who present with HIV 
disease today in resource-rich regions is on 
the order of decades. Yet antiretroviral drugs 
have intrinsic limitations that are unlikely to 
be surmounted. What is needed, therefore, is 
a ‘game changer’, such as a cure for HIV infec-
tion or an effective vaccine. Could a one-shot 
manipulation of HSCs be the answer? We will 

become evident later? Is off-target cleavage by 
the zinc-finger nucleases a significant concern 
(e.g., the CCR2 gene may also be targeted by 
this nuclease15)? These and other issues can be 
resolved with further work. In the meantime, 
the data of Holt et al.1 show convincingly that 
a relatively small number of gene-modified 
HSCs can be rapidly selected to ultimately 
confer resistance to HIV in vivo.

Next steps
If stem cell–based gene therapy for HIV is to 
become a reality in the clinic, a number of 
nontrivial theoretical and practical concerns 
must be addressed. First, in the current era, 
when clinicians are increasingly concerned 
about the ‘toxicity’ of ongoing viral replication, 
will patients and their healthcare providers be 
willing to allow HIV to replicate at high levels 
in the absence of antiretroviral therapy so that 
CCR5-deficient cells can be selected? There is 
now a growing consensus that HIV replica-
tion causes significant and perhaps irreversible 
harm to many organs, including those of the 
cardiovascular, renal, hepatic and neurologic 
systems4, so this approach must be assumed 
to carry some risk.

Second, will a partially effective antiviral 
intervention (which is what the gene-modified 
cells represent) select for the outgrowth of a 
resistant virus population, such as X4 vari-
ants? The history of HIV therapeutics is abso-
lutely clear on this issue: if HIV is allowed to 
replicate in the presence of a selective pres-
sure, it will find a way to survive. This concern 
is even more pressing as it is widely believed 
that X4 variants are more virulent than R5 
variants. Although X4 variants are only infre-
quently selected in patients treated with small-
molecule CCR5 inhibitors (e.g., maraviroc), 
this is only true when a fully suppressive regi-
men is used from day one. It is not likely that 
transplantation of gene-modified HSCs will 
be fully suppressive at first, particularly if par-
tially myeloablative therapy is used.

Third, will ablative therapy be needed to 
allow stem cell engraftment and, if so, will 
short- and long-term toxicity preclude its use 
in those most likely to be offered this inter-
vention first? Those most in need of aggres-
sive interventions typically have dual-tropic 
virus and are therefore unlikely to respond 
to any approach based on disruption of 
CCR5 (ref. 16). And with advanced disease, 
they have a paucity of HSCs and damaged 
hematopoietic microenvironments (such as 
bone marrow, thymus and lymph node) that 
would normally support the maturation of 
modified HSCs.

Finally, the mechanism whereby HIV causes 
CD4+ T-cell depletion remains unclear8. 

variants. Second, it is possible that the myeloab-
lative preparative regimen itself contributed to 
the cure by destroying latently infected T and 
myeloid cells and by reducing the numbers of 
susceptible activated CD4+ T cells (HIV more 
readily infects activated rather than resting 
target cells). It is also possible that the ongo-
ing graft-versus-host disease may have acted to 
clear residual susceptible target cells. Detailed 
exploration of these and other mechanisms will 
surely provide profound insights into almost 
any possible intervention aimed at HIV eradi-
cation in the future, and should be pursued.

Disruption of CCR5 in autologous HSCs
The strategy of Holt et al.1 is related to the 
treatment received by the Berlin patient but 
is potentially relevant to a larger number of 
patients (Fig. 1a). The authors obtained human 
CD34+ hematopoietic stem/progenitor cells 
(HSPCs) (a population enriched in HSCs) 
from umbilical cord blood and stimulated them 
to divide with Flt-3 and thrombopoietin. The 
cells were nucleofected with plasmids express-
ing CCR5-specific zinc-finger nucleases. 
A mean of 17% of the cells were successfully 
modified, 5–7% of which were estimated to 
be homozygous CCR5–. Modified or unmodi-
fied CD34+ cells were then transplanted 
into nonobese diabetic/severe combined 
immunodeficient/interleukin 2rγnull (NOD/
SCID/IL2rγnull or NOG) mice, a model known 
to support multilineage human hematopoiesis. 
As expected, mice engrafted with unmodified 
stem cells and subsequently challenged with 
CCR5-tropic HIV (Bal) showed high levels 
of viremia and loss of peripheral and tissue-
based human T cells. Remarkably, in animals 
repopulated with CCR5-disrupted HSPCs, the 
virus levels were lower and CD4+ T cells were 
not depleted, either in the peripheral blood 
or in the hematolymphoid tissues (e.g., bone 
marrow, thymus, spleen and small intestine). 
The preservation of human CD4+ T cells in 
the experimental group was due to selection 
for multiple independent clones of success-
fully gene-modified cells. The frequency of 
cells containing evidence of CCR5 disruption 
increased to >80% in the peripheral blood 
and to >40% in multiple tissues by week 12 
of infection.

These experiments raise a number of tech-
nical issues and derivative questions. For 
instance, do genetically modified HSCs con-
fer benefit to a mouse that is already infected 
(the situation most closely approximating the 
therapeutic need in humans)? Does a CCR5-
disrupted hematopoietic compartment confer 
protection against infection by X4 viral vari-
ants? Is the CCR5-disrupted immune system 
normal? Are there long-term toxicities that will 
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not know unless we continue to move these 
new technologies into the clinic. Even if CCR5-
targeted gene therapy is not the ultimate solu-
tion, human studies are certain to be highly 
informative with regard to HIV pathogenesis 
and human immunology.
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range, saturation at the top of the dynamic 
range, and nonlinearity, at least with measure-
ments of some transcripts.

Many statistical methods have been devel-
oped to address these challenges, including 
approaches for grouping samples and genes, 
data normalization schemes to allow meaning-
ful comparisons across samples, multiple test-
ing procedures to select differentially expressed 
genes and ‘cross-validation’ methods for using 
samples to train prediction algorithms while 
reducing bias. These methods are applied 
sequentially to transform massive data sets of 
raw microarray gene expression profiles into 
clinically useful classifiers (Fig. 1a). As the 
optimal combination of methods is difficult 
to determine, MAQC-II sought to evaluate 
approaches to building classifiers.

Clinical use of microarrays is particu-
larly challenging owing to the variability of 
the arrays themselves and to the variability 
between patients and between laboratories 
performing the analyses. These effects fall 
under the rubric of ‘batch effects’ and cause 
false positives. Moreover, before MAQC-II, it 
had not been clear whether classifiers trained 
on an initial data set would be able to make 
accurate predictions based on completely 
independent samples collected at a later date.

The five-step process for building a classifier 
in MAQC-II involved designing the experiment, 
collecting microarray data, creating a predictive 
model, validating the model internally with 
the training samples and validating the model 
externally with new samples obtained inde-
pendently from the training data. MAQC-II 
enlisted 36 teams of data analysts within gov-
ernment agencies, academia and industry. The 
teams were given six microarray data sets and 
charged with predicting 13 ‘endpoints’ poten-
tially relevant to clinical or preclinical appli-
cations. The data sets included toxicological 
studies of chemicals on rodents and expression 
profiles of human cancer patients. In total, the 
teams built >30,000 classifiers using hundreds 
of combinations of analytic methods. A team of 
referees comprising biostatisticians and experi-
enced data analysts chose one ‘candidate’ model 
that was expected to have the best performance 
for each endpoint from among models nomi-
nated by each of the 36 teams.

Next, the consortium analyzed how well 
the models classified samples. Performance 
was measured using several metrics, but the 
one most familiar to clinicians is the receiver 
operating characteristic area under the curve 
(AUC), a metric that varies between 0 and 
1, where 0.5 indicates performance no bet-
ter than chance and 1 means that all samples 
are correctly classified and none misclassi-
fied. For most of the endpoints, the candidate 

may respond to a therapy whereas the other may 
not. In principle, genome-wide data should be 
able to discriminate between them. The most 
common goals of a clinical test are to make a 
diagnosis or to determine an appropriate ther-
apy. In light of statistical considerations, these 
goals depend on the prevalence of a disease, 
suggesting that clinical DNA microarray tests 
will augment, and not supplant, other clinical 
information. Thus, a possible strategy would 
be to first use traditional clinical predictors to 
broadly identify patients who might benefit 
from a treatment, and to then use an expen-
sive assay, such as a microarray, to eliminate 
those for whom the treatment is unlikely to 
be effective.

Despite this promise, DNA microarrays have 
not been rapidly adopted in clinical practice. 
One reason is the noise that results from ana-
lyzing thousands of genes, which can lead to 
false predictions. Consequently, microarrays 
have been criticized because studies of the 
same clinical groups using different microar-
ray measurements or analytic methods have 
often yielded dissimilar lists of differentially 
expressed genes. A second concern is the inher-
ent error in the technology. Error stems from 
high background at the bottom of the dynamic 

Clinical application of gene expression microar-
rays1 and other ’omics technologies is widely 
expected to usher in a new era of personalized 
medicine. But although DNA microarrays are 
beginning to be used in patient care2,3, prog-
ress has been slow, in part because of analytic 
challenges and concerns about accuracy and 
reproducibility. In this issue, the MAQC con-
sortium presents the results of a large study, 
MAQC-II4, to evaluate methods for building 
genomic classifiers—software programs that 
convert microarray profiles of an individual 
sample into a prediction, such as member-
ship in a clinical class. The results show that 
microarray algorithms can be reliable enough 
to justify clinical application, at least within 
certain contexts. More broadly, the findings 
of MAQC-II on microarray classifiers may 
be useful for analyzing data from other high-
throughput assays.

Existing clinical predictors have well-known 
limitations, especially with respect to complex 
diseases such as cancer. Given two individuals 
who present identical clinical parameters, one 

Microarrays in the clinic
Guy W Tillinghast

The MicroArray Quality Control (MAQC) consortium has evaluated methods 
for making clinically useful predictions from large-scale gene expression data.
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