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   Abstract  

  The HIV reservoir creates a true challenge for 
eradicating the virus from infected patients. 
Current Highly Active Antiretroviral Therapy 
(HAART) is very effective in controlling active 
viral replication in the periphery, although the 
drugs may not penetrate effi ciently in all cel-
lular and anatomical reservoirs. In these reser-
voirs, the already established HIV proviruses 
are stably integrated into the host cell genome 
and insensitive to antiviral therapy. The ana-
tomical HIV reservoirs in the brain, lymph 
nodes and other compartments have been well 
described, but many questions remain on the 
actual cell types that constitute this reservoir. 
Recent advances in basic and clinical research 
have provided a better understanding of 
Adipose Tissue Resident Stem Cells (ASC) as 
possible HIV reservoir. Although ASC do not 
support active viral replication, the cells differ-
entiating from ASC are susceptible to viral 
infection. A number of approaches have been 
proposed to characterize the virus from ASC 
and other cellular reservoirs. A detailed char-
acterization of ASC and its association with 
HIV may elucidate new cellular targets for 
therapeutic intervention. Moreover, the current 
HAART treatment also affects ASC cell 
growth and division in adipose tissue. 
Laboratory and animal studies have shown a 
strong correlation between HAART and lypo-
dystrophy in HIV infected patients treated with 
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antiretroviral drugs. The current review 
describes disease progression during HIV 
infection and antiretroviral treatment, with a 
particular focus on the possible role of ASC as 
viral reservoir. These observations may sug-
gest future treatment options to obtain better 
control of this chronic infectious disease.  

        Adipose Tissue and Immune System 

    Human  Adipose Tissue Resident Stem 
Cell (ASC)   Localization, Phenotype 
and Characterization 

 Adipose tissue is specialized connective tissue 
that  functions   as the major storage site for fat in 
the form of triglycerides. In addition to this role as 
major energy storage depot, adipose tissue is an 
endocrine organ that is involved in synthesizing 
and secreting  cytokines  , chemokines, and hor-
mones such as adiponectin and resistin. These 
regulatory proteins and hormones are involved in 
numerous physiological functions including 
infl ammation, immunity and metabolism.  Adipose 
tissue   is composed of many different cell types 
including adipocytes, pericytes, monocytes,  mac-
rophages  , cells of endothelium (endothelial and 
vascular smooth muscle cells), and  mesenchymal 
stem cells (MSC)  . Adipocytes are the most promi-
nent cell types in this tissue and are differentiated 
from adipocyte progenitor cells (Maumus et al. 
 2011 ). MSC possess adipogenic, osteogenic, 
chondrogenic, myogenic and neurogenic poten-
tial. Adipose tissue represents an abundant and 
accessible source of adult stem cells that can dif-
ferentiate along multiple lineages. Within the adi-
pose tissue, the generation of adipocytes is 
through a sequential pathway of differentiation 
under the guidance of adipogenic micro-environ-
mental factors, which include metabolites like 
glucose or lipids and other signaling molecules 
(Laharrague and Casteilla  2010 ). ASC are mainly 
CD90 +  and CD105 +  cells lacking the markers of 
hematopoietic (CD14, CD45) and endothelial 
(CD31) cells (Maumus et al.  2011 ).  

    Adipose Tissue and the Immune 
 Response   

 Adipocytes, the dominant cell types within adi-
pose tissue, participate in the regulation of pro- 
infl ammatory  cytokines   and the generation of 
hematopoietic lineage specifi c cells. Recently, it 
has been shown that  in vitro  expanded ASC are 
capable of generating functional macrophages 
indicating the potential for hematopoietic lineage 
differentiation (Freisinger et al.  2010 ). Adipose 
tissue also contains cells referred to as the  stro-
mal vascular fraction (SVF)  . Several populations 
of cells within the SVF of adipose tissue contain 
hematopoietic markers. Considering the hemato-
poietic potential of ASC, it has been concluded 
that adipose tissue plays a role in the immune 
response. The mechanisms by which adipose tis-
sue contributes to the immune response may be 
( I ) through direct effects of resident immune 
cells within adipose tissues ( II ) through indirect 
effects whereby adipocytes modulate immune 
cell function in an endocrine or paracrine fashion 
or ( III ) through generation of hematopoietic cells 
from ASC. Adipose tissue most likely contributes 
to the immune response through all these mecha-
nisms, but more studies are required to determine 
their relative importance. Cellular components of 
adipose tissue are functionally active and exert 
potent effects on adipocyte metabolism and 
endocrine function.  Macrophages   accumulate in 
adipose tissue during infl ammation, which cor-
relates with increased expression of cytokines 
and chemokines including tumor necrosis factor 
alpha (TNF-α), interleukine-1β (IL-1β), IL-6, 
IL-8, monocyte chemoattractant protein-1 
(MCP1), and IL-18 (Weisberg et al.  2003 ; Whang 
et al.  1998 ; Whigham et al.  2007 ). The increased 
expression of  cytokines   has been correlated with 
enhanced hematopoietic differentiation of ASCs, 
decreased insulin sensitivity, increased lipolysis 
and increased leptin production (Trujillo et al. 
 2006 ). It has also been shown that adipocytes are 
highly responsive to endotoxins released from 
bacterial infections and that they produce high 
levels of proinfl ammatory  cytokines   (Lin et al. 
 2000 ).  
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    Adipose Tissue  and HIV Infection   

 HIV infection  causes   numerous metabolic abnor-
malities including dyslipidemia, insulin resis-
tance, fat loss, lipodystrophy, lipoatrophy, and fat 
accumulation. The idea that adipocytes may play 
a role in HIV infection was suggested because of 
the signifi cant changes in adipose tissue mor-
phology and metabolism in HIV-infected indi-
viduals. The HIV infection  lipodystrophy 
syndrome   is particularly prevalent in patients on 
antiretroviral therapy and is also associated with 
other metabolic complications, including insulin 
resistance, dyslipidemia, cholesterol and fat 
redistribution. Within the adipose tissue all 
immune cells can serve as primary targets for 
HIV infection. Infection of lymphoid and 
myeloid lineages is mediated by recognition of 
CD4 and the chemokine co-receptor CXCR4 or 
CCR5 (Moore et al.  2004 ). These receptors pro-
mote viral attachment and fusion to cellular 
membranes, thus facilitating entry into the cell 
(Zaitseva et al.  2003 ). It has been shown that the 
receptors for HIV entry, CD4, CXCR4 and 
CCR5, are expressed on preadipocytes and adi-
pocytes (Hazan et al.  2002 ). However,  in vitro  
infection of adipose tissue with the virus was not 
successful as these receptors on ASCs did not 
support cellular entry of the virus (Munier et al. 
 2003 ). HIV exposure to hematopoietic cells may 
cause changes in the tissue microenvironment, 
which may alter the differentiation process of 
ASC. As mentioned earlier,  macrophages   are one 
of the main targets for HIV infection. 
Macrophages also play an important role in viral 
latency and the recurrence of infection upon stop-
ping of therapy. Furthermore, progenitor cells 
differentiating towards macrophages have been 
documented to be susceptible to HIV infection 
(Duncan and Sattentau  2011 ). 

 Numerous research efforts have focused on 
whether ASC serve as HIV reservoir. Nazari- 
Shafti et al.  2011   measured   signifi cant expression 
of certain markers in  hematopoietic  differentiated 
(HD) cells   derived from ASC. In the initial 
assessment, it was observed that HD cells express 
the HIV receptors CD4, CXCR4 and CCR5, 

unlike undifferentiated ASC (Fig.  2.1a ). HD cells 
also express certain genes that have been impli-
cated in regulating HIV infection, which includes 
IL-8, SERPINA1, CCL8, CD69 and the interleu-
kins 2, 10 and 16 (Fig.  2.1b ). However, this study 
did not address whether ASC could harbor latent 
HIV-1 proviruses and serve as reservoir. Munier 
et al. ( 2003 )  investigated   the biopsies from 
patients for the level of expression of the HIV 
entry receptors (CD4, CXCR4 and CCR5) on 
ASC. Expression of CD4 and CCR5 was not 
detected, and CXCR4 expression was variable on 
those biopsy samples. On the other hand, early 
research indicated that bone marrow derived 
CD34+ progenitor cells from HIV infected 
patients are infected (Folks et al.  1988 ). More 
recently, HIV infection and killing of hematopoi-
etic progenitor cells (HPC) has been demon-
strated both  in vitro  and  in vivo  (Carter et al. 
 2010 ). The possible reason could be that HIV can 
affect HPC and induce cell death by affecting 
their hematopoietic potential (Iglesias-Ussel and 
Romerio  2011 ). Overall, several investigations 
suggested that HPC and ASC could contribute to 
the HIV reservoir (Lafeuillade and Stevenson 
 2011 ). It would be interesting to study whether 
CD34 cells produce any viral proteins in case of 
HAART treated HIV patients with viral levels 
staying below the detection limit.  In vivo  studies 
have thus far not provided evidence of ASC as 
viral reservoir, but further characterization of 
ASC in HIV infected patients may help to eluci-
date the contribution of these cells to the total 
viral reservoir.   

        Effect of HIV on  ASC   

 HIV-1 predominantly infects hematopoietic cell 
types such as helper T lymphocytes, monocytes 
and  macrophages  . Infection of lymphoid and 
myeloid cells is mediated by the receptor CD4 
(Nazari-Shafti et al.  2011 ). Although adipocytes 
also express CD4 that may facilitate viral entry, 
no evidence of viral replication in human adipo-
cytes has been reported  in vitro  (Sankale et al. 
 2006 ). Hazan et al. ( 2002 )  demonstrated   the 
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 presence of the CXCR4 and CCR5 co-receptors 
on human adipocytes, supporting the possibility 
of viral entry into these cells and further evidence 
for this was obtained by PCR methods. Along the 
same line, Nazari-Shafti et al. ( 2011 )  observed   
that HIV exposure can signifi cantly alter the 
expression of cell cycle and apoptosis regulatory 
genes in HD cells. Immunocytochemical analysis 
indicated profound expression of CCR4, CCR5, 
NOS2 and CXCR4 protein on HIV-exposed HD 
cells, although CD4 expression was undetectable 
(Fig.  2.2 ). Additionally, HIV may facilitate the 
macrophage type commitment of ASC, which 
may also support productive viral infection in dif-
ferentiated cells. During differentiation of ASC 
into certain stromal cell lineages, the cells get 
more susceptible to viral infection (Nazari-Shafti 
et al.  2011 ). The  bone marrow (BM) stroma   is a 
major component of the microenvironment that 
regulates the hematopoietic activity. Stroma is a 
heterogeneous mixture of cells including fi bro-
blast,  macrophages  , endothelial cells, adipocytes 
and other cell types. HIV infection of some of 
these cell types may thus directly infl uence the 

hematopoietic cell microenvironment. Primary 
human stroma appears to be susceptible to  in 
vitro  infection with the HIV-1  ADA  strain (Cheng 
et al.  2013 ). The causal relationship between 
infected stroma cells and the loss of hematopoi-
etic cells is still unresolved. There are at least two 
possible causes of the reduction of stem cell 
numbers in HIV infected patients. Either there is 
inhibition of a cellular factor that stimulates 
hematopoiesis or there is induction of  cytokines   
that inhibit the hematopoiesis process (Bahner 
et al.  1997 ).

   It is noteworthy that HIV-1 is able to induce 
 transforming growth factor beta (TGF-β)   
expression in other cell types like macrophages 
and hematopoietic stem cells (HSC). TGF-β is a 
pleiotropic  cytokine   that negatively regulates 
hematopoiesis and induces apoptosis. A recently 
characterized member of the TNF family, known 
as  proliferation-inducing ligand (APRIL)  , posi-
tively regulates the proliferation of megakaryo-
cytes (MK) during differentiation. In fact, 
TGF-β and APRIL work together in regulating 
hematopoiesis and MK cell replication. In an 

  Fig. 2.1     Gene expression analysis   of HD cells following 
hematopoietic differentiation. ( a ) Fold change expression 
of HIV receptor gene HD cells following differentiation 
compared to ASCs. ( b ) Expression of several genes 
involved in innate and adaptive immune reaction. Relative 

expression of cell cycle regulator genes in HD cells com-
pare to ASCs. The fold change was used to select genes 
(p < 0.05). All values are normalized to ASCs (Adapted 
from Nazari-Shafti et al. ( 2011 ) and permission obtained 
from Biomed Central)       
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HIV infected environment, the HIV gp120 
Envelope protein interacts with the CD4 recep-
tor to down regulate APRIL and TGF-β. In this 
regard, the HIV gp120 protein potently down 
regulates the differentiation process towards 
MK cells (Gibellini et al.  2007 ).  Fc epsilon 
Receptor 1 (Fcr R1)   that is present on hemato-
poietic cells induces the synthesis and release of 
IL4 in HIV infected tissue. The virus sheds HIV 
gp120 molecules that bind to IgE/FceR1 com-
plexes on hematopoietic cells to induce IL-4 
secretion. This event may contribute to the ini-
tiation of the gradual immune defi ciency in 
patients (Becker  2004 ). The  HIV-1 regulatory 
protein Tat   has been suggested to play a role in 
AIDS pathogenesis by interaction with CD34 
progenitor cells (Gibellini et al.  2003 ). Tat is an 
early transcriptional trans-activator protein that 
is released from HIV infected cells and readily 
taken up by uninfected cells. Tat has the poten-
tial to induce a large number of host cellular 
genes and to initiate various signal transduction 
pathways. CXCR4 is a member of the trans- 
membrane G protein family that is present on 
many cells including CD34 haematopoietic 
cells and CXCR4 has a high affi nity for the che-
mokine stromal cell derived factor-1 alpha 
(SDF-1α). A possible scenario for cell apoptosis 
is thus Tat- induced CXCR4 expression and sub-
sequent induction of SDF-1α that may contrib-
ute to the gradual loss of stem cells in HIV 
infected patients. It was confi rmed that CD34 +  
cells from patients with HIV infection are com-
mitted to apoptosis (Gibellini et al.  2003 ). In 
general, HAART treatment improves the CD34 
cell viability and function in HIV infected 
patients, although the underlying mechanism is 
not yet clear. The HIV-1  Protease Inhibitors 
(PIs)    atazanavir (ATV)   and  lopinavir (LPV)  , 
frequently used in HAART regimens, can 
reduce the resistance of CD34 +  cells to an apop-
totic stimulus even in healthy adults. RTV has 
no effect on CD34 +  cell apoptosis when used in 
combination with ATV or LPV. The combined 
data suggested that certain PI drugs and the HIV 
gp120 protein may increase the apoptotic sus-
ceptibility of CD34 +  hematopoietic progenitor 
 cells   (MacEneaney et al.  2011 ).  

    Effect of Antiretroviral  Therapy   
on  ASC   

  HIV   infected patients, particularly those on 
HAART, are frequently characterized by adipose 
dysregulation, dyslipidemia and insulin resis-
tance, which are the hallmarks of HIV related 
 lipodystrophy  . Lipodystropy is often regarded as 
toxicity attributed to various antiretroviral drugs 
used in HAART therapy. The specifi c mecha-
nisms are not yet known, but it was observed that 
viral exposure dramatically increases the secre-
tion of adiponectin from human adipocytes, even 
without an active infection of these cell types 
(Sevastianova et al.  2008 ). HIV signifi cantly 
affects adiponectin endocrine regulation that can-
not be physiologically sustained even though the 
viral loads are down due to HAART (Sankale 
et al.  2006 ). It has also been demonstrated that 
HIV infected lipodystrophy patients show 40 % 
reduction in plasma adiponectin levels compare 
to patients without lipodystrophy (Vernochet 
et al.  2005 ). The symptoms develop with the 
increased use of antiviral PI drugs. Nonetheless, 
recent clinical trials indicated that lipidostrophy 
is observed in PI-naïve patients and patients 
treated with nucleoside reverse transcriptase 
inhibitors (NRTIs). Currently, fi ve PIs are 
approved for AIDS therapy:  amprenavir (APV)  , 
 indinavir (IDV)  ,  nelfi navir (NFV)  ,  ritonavir 
(RTV)   and  saquinavir (SQV)  . These  antiviral 
drugs   signifi cantly reduce the viral load, but also 
interfere with adipocyte and/or fat cell differen-
tiation. That in turn affects the adipose tissue and 
its body distribution, resulting in changes in lipid 
metabolism or adipogenesis. 

  Adipogenesis   is mainly controlled by two 
receptors,  peroxisome proliferator activated 
receptor gamma (PPAR-ɣ)   and retinoid X recep-
tor alpha (RXR-α)   , which form a heterodimer 
and affect cellular gene expression. It has been 
observed that  SQV  ,  NFV   and  RTV   alter the fat 
metabolism in murine mesenchymal stem cells 
(C3H10T1/2). These PIs inhibit the conversion 
of stem cells to adipocytes. Interestingly, other 
than SQV, none of the PIs bound to PPAR-ɣ. On 
the other hand, APV and IDV have very little 
effect on adipogenesis. Recent data have shown 
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  Fig. 2.2    Expression of hematopoietic markers in HD 
cells following  HIV infection  .  Left panel : immunohisto-
chemistry of HIV-exposed HD cells indicating the expres-
sion of CCR5, CCR4, NOS2 and CXCR4.  Right panel : 
Differential Interference Contrast (DIC) images of the 

identical fi elds. Images were obtained with the Leica TCS 
SP-2 confocal microscope. Scale bar 10 μm (Adapted 
from Nazari-Shafti et al .  ( 2011 ) and permission obtained 
from Biomed Central)       
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that 50 μM IDV and 10 μM SQV inhibit the 
 differentiation of primary human adipocytes 
(Lenhard et al.  2000 ). IDV also impairs differ-
entiation at an early stage of adipose conver-
sion, probably involving the process that 
controls the intracellular localization of  sterol 
regulatory element binding protein-1 (SREBP-1)  . 
SREBP-1 is a well-known regulator of multiple 
genes that are involved in the metabolism of 
cholesterol, triglycerides and fatty acids, par-
ticularly in the liver. SREBP-1 also controls the 
expression of PPAR-ɣ, which is an important 
adipocyte differentiation factor. In fact, 
SREBP-1 mediates the effect of insulin by 
increasing the expression of insulin target genes 
such as PPAR-ɣ. The  matrix metalloproteinase 
protein (MMP)   family plays a major role in the 
adipocyte differentiation process. Bouloumié 
et al. ( 2001 )  have   shown that human adipocytes 
and preadipocytes produce and release two 
members of the MMP family, MMP-2 and −9. 
The use of MMP inhibitors can decrease the rate 
of adipocyte differentiation in rats, suggesting 
that MMP activities are required for adipogene-
sis in rodents. Furthermore, the broad-spectrum 
MMP inhibitor Batimastat strongly inhibits 
human adipocyte differentiation. PIs like  IDV  , 
 RTV  ,  SQV   and  NFV   also lead to a strong reduc-
tion of the human adipocytes differentiation 
process by a mechanism that involves MMP-9 
inhibition. The decrease in MMP-9 secretion 
might be linked to the reduced MMP-9 gene 
expression observed in pre-adipocytes follow-
ing a PI-containing treatment regime. 
Interestingly, the effect of most of the PIs (IDV, 
NFV, SQV, and RTV) on the differentiation pro-
cess was similar. The mechanism by which the 
PIs affect MMP-9 expression in human pre- 
adipocytes may involve the degradation of 
I-kappaB (IKb) molecule that sequesters the 
NFkB transcription factor. While reducing 
MMP secretion, PIs may also alter the proteo-
lytic cleavage of several circulating, cell surface 
and pericellular proteins, which regulate cell 
behaviors in numerous way. The extracellular 
level and activity of adipocytokines (IL-8, 
IL-1b, IL-6) and  transforming growth factor-β 

(TGF-β)   may be regulated by MMPs, which can 
affect adipocyte differentiation (Bourlier et al. 
 2005 ). 

 In clinical practice, it was observed that 
 long- term PI usage may cause a loss of fat 
from the face and limbs, but an increase of fat 
at the abdomen and the back of the neck 
(Caron et al.  2001 ). The molecular mechanism 
behind this process may include the inhibition 
of one of the main receptors, PPAR-ɣ or 
RXRalpha (Zhang et al.  1999 ). PI and  non-
nucleoside reverse transcriptase inhibitors 
(NNRTI)   were detected in the adipose tissue 
of patients, but a direct effect of these drugs on 
the metabolism of adipocytes has not been 
established.  Adipose tissue   was also described 
to play a critical role in insulin resistance 
through the expression of tumor necrosis 
factor-α (TNF-α), IL-6 and adiponectin 
(Vernochet et al.  2005 ). Increased accumula-
tion of  macrophages   in subcutaneous adipose 
tissue was observed by CD68 cell staining. 
These tissue macrophages are involved in sev-
eral immune functions, including phagocyto-
sis of cellular debris and triggering of immune 
response via cytokine release. 

 Increased expression of  macrophage   markers 
and infl ammatory  cytokines   in the liver of HIV 
infected lipodystrophic patients is well 
 documented (Sevastianova et al.  2008 ). In adipo-
cytes,  RTV   was able to up-regulate TNF-alpha, 
IL-6 and adiponectin. As a result of up-regulation 
of IL6 and TNF-α, insulin resistance occurs in 
lipodystrophic patients on HAART (Vernochet 
et al.  2005 ). Some HIV drugs could inhibit the 
differentiation of precursor cells isolated from 
human adipose tissue. Concerning the  lipodys-
trophy   associated with the use of PIs, alternative 
therapeutic regimens based on  NNRTIs    efavirenz 
(EFV)   or  nevirapine (NFV)   have been proposed. 
However, recent studies indicated that EFV can 
also accumulate in adipose tissue (Dupin et al. 
 2002 ), although the intracellular accumulation is 
low compared to PIs. Of note,  NFV   does not 
interfere with lipid accumulation during adipo-
cyte development in  human    ASCs      (Vernochet 
et al.  2005 ).  
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    Present Clinical Scenarios 

 The introduction of  antiretroviral therapy (ART)   
has changed the morbidity and mortality of HIV 
 disease  . In the era of successful HAART, HIV- 
infected individuals have a near normal life 
expectancy, with relatively minor medical com-
plications. However, the effective drug treatment 
does not eradicate the virus from HIV reservoir 
organs in the body like the central nervous sys-
tem (CNS), lymph nodes, testis etc. (Pippi  2008 ). 
This is due to integration of the HIV proviral 
genome into the host cell DNA genome in long- 
lived cellular reservoir like resting T cells. 

 The concept of HSC based gene therapy for 
HIV is gaining popularity in pre-clinical cure 
research because of its potential to address the 
diffi cult issue of viral reservoirs and possible 
virus eradication (Deeks and McCune  2010 ). 
Initial attempts of engineering HIV-resistant 
haematopoietic progenitor cells (HPS) faced 
many hurdles because of general toxicity of the 
gene therapy  in vivo , which includes immune 
suppression and induction of leukemia 
(Tamhane and Akkina  2008 ). Over the past two 
decades, investigators have focused mostly on 
bone marrow and adipose derived MSC to opti-
mize the effi cacy and safety of stem cell based 
gene therapy. This includes challenges of 
development of  in vitro  protocols for clinical 
grade cell preparation and  in vivo  studies to 
probe the long-term adverse effects. These 
multiple lines of research have generated a 
wealth of basic and clinical research data docu-
menting the potential of MSC therapy, bring-
ing the gap from bench to bed side (Gimble 
et al.  2010 ). Two recent developments in this 
fi eld are worth mentioning. The major cell sur-
face receptor ( CCR5  ) for HIV seems an ideal 
target for drug treatment or gene therapy 
because it has no obvious role in human physi-
ology (Contento et al.  2008 ; Deeks and 
McCune  2010 ). In 2008, an HIV infected 
patient who was treated in a Berlin clinic was 
declared virus-free some 20 months after a 
bone marrow transplant with cells from a 
CCR5-negative donor and upon discontinua-
tion of HAART (Hutter et al.  2009 ). 

     Chemokine Receptors   

  Chemokine receptors   are known for their role in 
cell migration and the signifi cant contribution to 
host defence in case of infl ammation and infec-
tion. There are two primary receptors involved in 
HIV infection besides CD4: CCR5 and CXCR4, 
which the virus exploits to enter host cells 
(O’Hayre et al.  2010 ). The majority of transmit-
ted HIV variants use CCR5 (R5 variants). As dis-
ease progresses, the virus mutates and starts 
recognizing the CXCR4 receptor in some patients 
(Contento et al.  2008 ). The development of the 
CCR5 antagonist Maraviroc and the fusion inhib-
itor T20 demonstrated the value of blocking cell 
entry for the treatment of HIV infection (O’Hayre 
et al.  2010 ). In case of the Berlin patient, the 
donor of the bone marrow transplant carried a 
32-base pair deletion in the CCR5 gene that leads 
to a protein production defect. The deletion of 
base pair 32 within the coding region of CCR5 
gene results in a frameshift during translation and 
the synthesis of a non-functional receptor that 
does not support HIV infection (Samson et al. 
 1996 ). This rare kind of genetic mutation is found 
in only 1–3 % of the population of northern 
European ancestry, but is absent in the population 
from western and central Africa and Japan 
(Hutter and Thiel  2011 ; Samson et al.  1996 ). The 
homozygous delta-32 population is generally 
protected against HIV infection, whereas hetero-
zygous persons exhibit a slightly slower disease 
progression. These important observations trig-
gered experimentalists to design a therapy based 
on the genetic engineering of cells that would 
make the patient at least partially resistant to 
HIV. At the same time, pharmaceutical compa-
nies had invested their resources to discover anti-
body or small molecule CCR5 inhibitors. In both 
cases, a considerable amount of success has been 
achieved over the  years      (Deeks and McCune 
 2010 ).  

    The Berlin  Patient   

 A 40-year-old man was presented with acute 
myeloid leukemia (AML) at Berlin’s Charite 
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University Medical Center in February 2007. He 
had been diagnosed with HIV infection for some 
10 years and had been on HAART for four years 
prior to AML diagnosis. Seven months later, 
when his leukemia relapsed, he underwent an 
allogeneic hematopoietic stem cell transplanta-
tion using progenitor cells from a donor with the 
homozygous CCR5-delta32 deletion. Most 
importantly, after this treatment the patient did 
not show any sign of viral replication in blood 
and organs even after discontinuation of 
HAART. Moreover, his CD4 counts increased 
more than 800 cells/ul and his entire hematopoi-
etic stem cell compartment consisted of CCR5 
negative cells (Hutter et al.  2009 ; Hutter and 
Thiel  2011 ). 

 Presently, researchers are trying to create the 
same resistance to HIV by alternative means. 
This includes the silencing of CCR5 expression 
by the RNA interference (RNAi) mechanism or 
even the complete removal of the CCR5 gene 
from the host cell genome by sequence-specifi c 
endonucleases. In such an  ex vivo  gene therapy 
scenario one could target the mature T cells or the 
hematopoietic precursor cells. It should be men-
tioned that the Berlin patient represents only a 
single case and this approach should be repeated 
in a larger cohort, combined with long term mon-
itoring. Very recently, two more transplantation 
successes were reported, but surprisingly with 
cells that encode a functional CCR5 receptor 
(Hutter and Thiel  2011 ). In contrast, allogeneic 
stem cell transplantation with a wild-type CCR5 
gene was reported not to be successful (Hutter 
et al.  2009 ). These confl icting studies indicate the 
need to develop standardized protocols and to 
organize larger clinical trials. Anyhow, it is likely 
that the approach will not help patients that 
already developed an X4-using virus variant. 

 A recent report provided an update on the sta-
tus of the Berlin patient, indicating the complete 
systemic recovery of CD4  +  T-cells. After stem 
cell therapy the expansion of activated CD4 +  
T-cells usually enriches the pool of target cells of 
HIV infection. In this patient, an approximately 
normal number of CD4 +  T-cells were recovered, 
but HIV remained undetectable. Although this 
patient still remains susceptible to X4-using HIV 

strains, the results indicate that these strains did 
not evolve (Benito  2011 ). This result revived 
hope that one could achieve the same effect with 
a gene therapy, which would also open new ave-
nues for a complete cure of HIV infection. This 
remains an important future goal as current 
HAART therapy helps to control the infection by 
keeping the viral load low, but it is not able to 
achieve complete viral eradication from the 
reservoirs.  

     Gene Therapy   

  Gene therapy   includes the introduction of a 
functional gene (transgene) in certain cells of 
the body to combat a persisting virus infection. 
The transgene is expressed in the target cells 
and as a consequence it will rescue a genetic 
defect or provide the cell with a new property, 
e.g. durable resistance against viral infection. 
Ideal target cells for such a gene delivery will 
be the stem cells. These cells have self-renewal 
and differentiation capacity that will allow the 
expression of the antiviral transgene in all prog-
eny cells. Human mesenchymal stem cells 
(MSC) have been recognized as attractive tar-
gets for gene therapy because of their multi-
lineage differentiation potential and  ex vivo  
expansion capacity. 

  Retroviral   and  lentiviral vector systems   are 
commonly used for gene therapy applications 
because these vectors integrate into the host cell 
genome, thus achieving permanent gene trans-
duction. For instance, a lentiviral vector can be 
used to express certain transgene proteins from a 
housekeeping gene promoter. It was shown that 
mesenchymal progenitor cells from adipose tis-
sue can maintain transgene expression during 
lineage-specifi c differentiation, which seems 
essential for a durable therapeutic effect 
(Morizono et al.  2003 ). Alternative viral vector 
systems have been developed (e.g. based on 
Adenovirus and Adeno-associated virus) and 
transposon-mediated gene therapy has been pro-
posed in combination with a HIV-resistance 
gene. The  Sleeping Beauty (SB) transposon sys-
tem   offers a non-viral vector for gene transfer 
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that bypasses the risk of vector-induced 
oncogenesis. 

 The SB system has been used to evaluate the 
stable gene transfer of CCR5 and CXCR4  in 
vitro . This system consists of a synthetic transpo-
son and an associated transposase. Gene transpo-
sition is initiated by recognition of a short direct 
repeat sequence and excision by the transposon. 
Subsequently, the transposon gets attached to the 
target DNA at sites with the TA-dinucleotide 
sequence. In the GHOST-R3/X4/R5 cell culture 
model that expresses both the CXCR4 and CCR5 
receptors, 94 % down-regulation of both recep-
tors after SB mediated small interfering RNA 
(siRNA) gene transfer was observed. The SB sys-
tem needs to be evaluated further in CD34 pro-
genitor cells  in vitro  to compare the effi cacy with 
vector-mediated gene transfer (Tamhane and 
Akkina  2008 ). Other antiviral approaches that 
have been proposed include diverse RNA inter-
ference (RNAi) based antivirals (Liu et al.  2009 ; 
ter Brake et al.  2009 ), the use of the human TRIM 
(tripartite motif)5α gene that encodes a potent 
HIV restriction factor and the  Herpesvirus sai-
miri  subgroup C transformation associated pro-
tein (StpC) that modulates HIV replication (Pham 
et al.  2010 ; Turner et al.  2006 ). 

 As a fi rst step towards such a stem cell based 
gene therapy protocol, patients will be adminis-
tered the  ex vivo  modifi ed hematopoietic progen-
itor cells expressing multiple RNA-based 
anti-HIV moieties (e.g. short hairpin RNA 
(shRNA), TAR decoy, CCR5 ribozyme) or inhib-
itory proteins such as restriction factors. It is 
important to attack the virus with a combinatorial 
approach to avoid the evolution of escape vari-
ants (ter Brake et al.  2006 ; von Eije et al.  2008 ). 
In the fi rst clinical trial, the lentiviral vector- 
modifi ed cells were transplanted in autologous 
HIV-positive non-Hodgkin lymphoma patients 
and these cells showed sustained expression of 
the shRNA and ribozyme inhibitors for up to 24 
months (DiGiusto et al.  2010 ). This clinical trial 
presents a milestone for cell based gene therapy 
for HIV infection. 

 Another retrovirus vector-based clinical trial 
demonstrated safety, although no therapeutic 
effect was scored. An anti-HIV ribozyme gene 

made up the antiviral payload, but it was observed 
that hematopoietic stem cells produce six times 
less ribozyme over a period of 6 months than 
expected (Mitsuyasu et al.  2009 ). The goal of 
ongoing research is to introduce an effective anti- 
HIV gene into progenitor stem cells or mature T 
cells. The progenitor cells will continuously pro-
duce HIV-resistant T cells,  macrophages   and 
dendritic cells to provide a long-term immune 
reconstitution. Because HIV-infection will trig-
ger the removal of non-modifi ed cells, the expec-
tation is that the genetically modifi ed cells will 
preferentially survive because they resist HIV 
infection, leading to a (slow and partial) reconsti-
tution of the immune  system      (Bandi and Akkina 
 2008 ).   

    New Treatment  Strategies   

 In recent years anti-HIV drug discovery efforts 
have included the chemokine receptors. Most 
approaches focus on small molecule inhibitors, 
but monoclonal antibodies and peptide analogs 
are in different stages of development. The fi rst 
FDA-approved CCR5-specifi c antagonist for 
HIV infection that arrived in 2007 is Selzentry 
(Maraviroc, Pfi zer), which can block R5-tropic 
HIV variants (O’Hayre et al.  2010 ). Based on a 
similar concept, the second approved drug was 
Mozobil (AMD3100, Genzyme) in 2008, which 
targets CXCR4 and also mobilizes hematopoietic 
stem cells in infected patients. The clinical evalu-
ation of  AMD3100   confi rmed that the drug does 
mobilize CD34 cells. In a murine model, a dose 
of 5 mg/kg AMD3001 mobilized HPC within 1 h 
after injection (Broxmeyer et al.  2005 ). A level of 
complexity that may hinder the path of drug dis-
covery is the existence of homo-, hetero-dimeric 
and higher order oligomeric receptor complexes. 
Recent fi ndings indicated that CCR2, CCR5 and 
CXCR4 form functional homo-dimers and 
hetero- dimers on T cells (Contento et al.  2008 ). 
Evidence was also presented for the formation of 
CCR2, CCR5 and CXCR4 hetero-oligomeric 
complexes when recombinantly expressed on 
HEK293 cells. These complexes were also 
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reported to exist when endogenously expressed 
on primary leukocytes (Sohy et al.  2009 ). 

 As  CCR5   is the most important co-receptor 
for HIV infection, blocking CCR5 on human 
CD34 stem cells would give rise to a polyclonal 
multi-lineage progeny cells in which CCR5 will 
be permanently disrupted. Engineered  zinc fi nger 
nuclease (ZFN)  , which comprise of series of 
linked zinc fi ngers domains especially designed 
to recognize specifi c DNA sequences, can be 
designed to delete the CCR5 gene. CD4 T cells 
modifi ed to express CCR5-targeting ZFNs are 
currently under investigation in clinical trials 
(Holt et al.  2010 ). Deletion of the CCR5 gene in 
stem cells may provide the most durable anti- 
viral effect that is transferred to CCR5-negative 
lymphoid and myeloid cells, but the virus may 
still escape through CXCR4-usage. The safety of 
genome manipulation by CCR5-specifi c ZFNs in 
modifi ed T lymphocytes is currently under inves-
tigation. Such gene therapeutic approaches can 
form a back-up plan for HAART therapy, espe-
cially for patients that develop resistance against 
most antiviral drugs. That use of CCR5-specifi c 
ZFNs may help to repopulate the CD4 cell com-
partment that was seriously affected by HIV 
infection (Holt et al.  2010 ; Lafeuillade and 
Stevenson  2011 ). 

 These new strategies are now being investi-
gated along with current  HAART   regimens to 
achieve viral eradication from its tissue reservoir. 
The current approaches are to exhaust, shock-
and- kill or to permanently silence the latent HIV 
reservoir (Frater  2011 ). While HAART keeps the 
viral load below the detection level, Immune 
Activation Therapy (IAT) could be used to stimu-
late the latent HIV-1 reservoir. As virus resides in 
resting memory CD4 T cells, the strategy is 
focused on activation of these cells to produce 
more virus. Virus-producing cells will be recog-
nized and killed by cytotoxic T lymphocytes. 
Antiviral agents that produced promising  in vitro  
results include histone deacetylase inhibitors, 
methylation inhibitors and NFkB activators. 
These agents are very effective in triggering the 
production of virus from a latent reservoir (Frater 
 2011 ). In an animal model, it was observed that 
IAT combined with  HAART   treatment triggered 

the complete removal of virus (Pippi  2008 ). The 
recent success with HIV-based vectors for a gene 
therapy against leukemia caught the attention of 
many researchers and may also stimulate investi-
gations on the path towards a molecular gene 
therapy of HIV. In this particular case, a HIV- 
based lentiviral vector was used to infect T cells 
of Chronic Lymphoid Leukemia patients 
(Berkhout  2013 ; Porter et al.  2011 ). The com-
plete recovery of these patients nicely adds to the 
control of both HIV and leukemia in the “Berlin 
patient”. As mentioned earlier, transplantation 
with CCR5delta 32/delta32 stem cells demon-
strated a successful reconstitution of CD4 T cells 
at the systemic level (Hutter et al.  2009 ). As 
immune reconstitution is a major hurdle in stem 
cell transplantation, the systemic recovery of 
CD4 cells after CCR5 delta32/delta32 stem cell 
transplantation is a major success (Allers et al. 
 2011 ). It should be noticed that the delta32 dele-
tion is not common in HIV infected patients 
across the world, and the proposed stem cell gene 
therapy will not form a universal solution. 
However, these examples provide hope that HIV 
will eventually become a curable virus  infection  .  

    Conclusions 

 This review describes the complex HIV-host 
interaction as it occurs in  vivo , which remains 
partially understood. Although the currently 
available drug cocktails have dramatically 
improved the life expectancy of HIV-infected 
individuals, a complete cure is not within easy 
reach. We described several novel treatment 
approaches that have provided the proof of con-
cept of durable HIV-1 inhibition in the labora-
tory, but these results need to be verifi ed in  in 
vivo  model systems and subsequently translated 
towards clinical application. In this regard, stem 
cell based gene therapy recently received much 
attention due to its success in some patients 
(Aiuti et al.  2013 ; Biffi  et al.  2013 ). However, it is 
noteworthy that stem cell therapy for HIV infec-
tion may not be an immediate solution because of 
its side effects, which include teratoma forma-
tion, disease progression and genomic stability 
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(Benderitter et al.  2014 ). It is likely that routine 
drug therapy should be combined with novel 
therapeutic strategies to purge HIV-1 from reser-
voirs and to reach a functional cure, which means 
that the patient can discontinue regular drug 
treatment. It is important to realize that such 
patients will still harbor integrated copies of the 
HIV provirus in some of their cells. A functional 
cure without complete virus eradication seems 
the next goal in clinical HIV research.     
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