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1 .  H I V - 1

1.1 the epidemic
Human immunodeficiency virus type 1 (HIV-1) was in 1983 described as the causative 
agent of acquired immunodeficiency syndrome or AIDS1,2. In 2008 an estimated 33.4 
million people were infected with HIV-1 with 2.7 million new infections that year 
(http://www.unaids.org/en). Sub-Saharan Africa remains the most affected region 
accounting for 67% of HIV-1 infections worldwide and 91% of new infections amongst 
children. The widespread presence of malaria, tuberculosis and helminths forms an 
extra threat to HIV-1 infected individuals in this region.

HIV-1 is classified into three groups with the predominant M group responsible for 
the vast majority of infections3. Viruses belonging to the N and O group have a very low 
prevalence and circulate in specific regions in Africa. Within the M group, HIV-1 consists 
of 9 subtypes (A-K) that have a distinct geographic distribution (http://www.hiv.lanl.
gov). Numerous circulating recombinant forms (CRFs) exist with 45 CRFs described in 
2010. This number is likely to rise over the coming period, due to increased migration of 
HIV-1 infected persons, which will probably affect the current geographical distribution.

1.2 the v i rus
One HIV-1 particle contains two single-stranded RNA molecules. The genome of 
HIV-1 is 9.7 kb and consists of nine genes. The virus enters the cell through binding 
of the viral envelope to the CD4 molecule and an additional receptor; CC-chemokine 
receptor 5 (CCR5 or R5) and CXC-chemokine receptor 4 (CXCR4 or X4) are the 
two predominant coreceptors utilized by HIV-14-6. After binding to CD4, the virus 
undergoes a conformational change exposing the coreceptor binding site7. Following 
additional conformational changes the fusion peptide protrudes into the cell membrane 
and the viral and cellular membranes are brought into close proximity allowing for 
membrane fusion and viral entry to occur. Reverse transcription of the viral genome is 
initiated in the cytoplasm before being transported to the nucleus, where the resulting 
cDNA is integrated into the cellular genome as proviral DNA8. Reverse transcription 
is an error-prone process due to the lack of proofreading activity of the reverse 
transcriptase enzyme which leads to a high error rate9, estimated at one mutation per 
generated genome. This combined with the estimated 1010 virions produced each day 
within an infected individual and the high rate of recombination10,11 provides for a high 
overall mutation rate. The resulting swarm of closely related but distinct virus variants 
is termed the ‘quasispecies’. An estimated 0.1% of these virions are infectious virus 
particles12,13. This high level of viral diversity can reach 10% within the envelope gene 
within a patient14. This enables HIV-1 to rapidly evolve in response to immune pressure 
and antiretroviral therapy ultimately allowing for escape viruses to quickly emerge.

1.3 Disease course
Upon acute HIV-1 infection the virus vigorously replicates and infects multiple tissues 
within the infected individual, but has the most devastating effect in the gut where the 
highest proportion of target cells reside15-20. These are the CD4+ lymphocytes, of which 
80-90% is depleted during the first weeks of infection. This loss is reflected by a decline in 
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cell numbers in the peripheral blood where viral load can reach 10 million copies per ml. 
Coinciding with the induction of an immune response following infection (1-3 months), 
viral load declines and CD4+ T cell loss is partially restored. Gut-associated lymphocyte 
cell numbers remain relatively low and only partially recover. The chronic stage of the 
infection lasts on average between 2 to 15 years and is in a normal progressing individual 
characterized by slow CD4 decline and an increase in plasma viral load21,22. The final stage 
of infection is termed AIDS where people usually succumb to opportunistic infections 
due to a severely weakened immune system. Some individuals progress very rapidly (2-4 
years) whilst others can remain disease free for more than 15 years23. The explanation for 
non-progression is not entirely clear but is likely to be multi-factorial in nature24. 

Chronic immune activation is a hallmark of HIV-1 infection and is already apparent 
in the acute phase of infection25,26. One of the underlying mechanisms contributing to 
over-activation of the immune system is microbial translocation, a process whereby 
bacterial products from the gut enter the circulation due to increased permeability of the 
epithelial layer. One marker of this phenomenon is the presence of lipopolysaccharide 
(LPS) in blood. The increased permeability is caused by homeostatic imbalance in the 
gut with a central role for Th17 cells herein.

1.4 HIV-1 envelope
The HIV-1 env gene encodes for the gp160 kilodalton envelope protein which upon 
processing generates the gp41 transmembrane region which non-covalently associates 
with the gp120 molecule. The viral envelope forms a trimer that associates with the viral 
membrane and protrudes from the virion. One gp120 molecule consists of five variable 
(V) and five constant (C) regions, corresponding with their diversity observed among 
patients27. Some constant regions approach the variation generally observed in the 
variable regions, while a few variable regions remain relatively constant (http://www.
hiv.lanl.gov). The V1V2 region of gp120 masks the coreceptor binding site and has been 
strongly linked to viral infectivity and escape from antibody neutralization28-31. The V3 
region, together with specific residues around this loop, is the primary determinant for 
coreceptor usage32-34. Specifically, alterations in the overall V3 charge and changes to 
the gp120 N-linked glycosylation pattern have been heavily associated with alterations 
to coreceptor usage35-37. The HIV-1 gp120 molecule is heavily glycosylated with a large 
number of potential N-linked glycosylation sites (PNGS). The presence of PNGS has 
been shown to influence correct folding and processing of the molecule and has also 
consequences for virus infectivity. Glycosylation also affects how the virus interacts 
with receptors such as the dendritic cell-specific intercellular adhesion molecule 
3-grabbing non-integrin (DC-SIGN) expressed on dendritic cells38-41. Many studies 
have described how the presence of gp120 PNGS can provide escape from the effects 
of neutralizing antibodies by forming a ‘glycan shield’ that obscures the neutralizing 
epitopes on the envelope structure. 

1.5 Coreceptor  use
CCR5 and CXCR4 are the two most significant coreceptors enabling HIV-1 entry into 
target cells. Other chemokine receptors have been shown to support viral entry but 
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their usage in vivo is extremely rare. The virus can switch from CCR5 towards CXCR4 
usage as either dual-tropic (R5/X4) or solo X4 using viruses42,43. Many hypotheses as 
to why HIV-1 switches coreceptor exist, such as expansion of the infected cellular 
repertoire and its association with acceleration of disease progression44,45. Importantly, 
individuals who do not demonstrate such a switch also develop symptomatic disease. 
Irrespective of a switch to CXCR4 usage, a host always maintains CCR5 using variants. 
Preservation of these CCR5 using variants seems to be required for transmission to 
a new host, since a new infection is almost exclusively established by a CCR5 using 
variant46. Switching of coreceptor use occurs more frequently in subtypes B and D, 
while it is less observed for subtype C viruses47-49.

2 .  H I V - 1  &  C E l l s  o f  t H E  I m m u n E  s y s t E m

2.1 HIV-1 infect ion of  immune cel l s 
HIV-1 infects a variety of cell types including CD4+ and CD8+ lymphocytes, monocytes, 
macrophages, thymocytes and DCs, whereby the CD4+ lymphocyte population is the 
predominantly targeted cell type. HIV-1 infects CD8+ lymphocytes and DCs to low 
levels and these cells also produce little virus50-53. Infection of multipotent progenitor 
cells and mast cells has also been described in the literature54,55. Macrophages are 
infected to a lesser extent than lymphocytes and may produce HIV-1 in a different 
manner56-60. These cells are less sensitive to (virus induced) apoptosis and are therefore 
capable of maintaining virus production for an extended period of time.

2.2 the role  of  DC-s IGn in v i rus  transmiss ion
Dendritic cells are involved in transmission of HIV-1 to CD4+ lymphocytes, which 
can occur in cis and in trans. In cis transmission occurs when DCs are infected and 
newly produced virions are transmitted to CD4+ lymphocytes40,61. Transmission in 
trans takes place via DC-SIGN and/or other C-type lectins that can capture HIV-1 and 
transmit the virus to CD4+ T cells62. DC-SIGN interacts with HIV-1 through a number 
of carbohydrate molecules on the viral gp120 envelope63.

2.3 Class i f icat ion of  CD4 + t  ce l l  subsets
The CD4+ lymphocyte population consists of naïve, memory and effector cells that can be 
further classified. Effector cells are classified according to their cytokine profile and their 
function64. T helper 1 (Th1) cells produce high levels of interferon gamma (IFN-γ) and 
control in part the cell-mediated immune response. They can activate macrophages as 
well as cytotoxic T lymphocytes (CTLs) and function predominantly against intracellular 
pathogens. T helper 2 (Th2) cells induce B lymphocytes to produce antibodies for 
combating extracellular pathogens. To this end, Th2 cells express interleukins such as 
IL-4, IL-5, IL-9 and IL-13. Regulatory T cells (Tregs) are characterized by expression 
of TGF-β and FoxP3. They are of importance for maintenance of self-tolerance, 
suppression of inflammation and prevention of autoimmunity65,66. Th17 cells form a 
separate population of effector cells that produce IL-17, IL-22 and IL-26. A proportion of 
these cells can also produce IFN-γ67. They play a role in mucosal immunity by attracting 
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neutrophil granulocytes, induce expression of antimicrobial peptides and also play a 
role in autoimmunity and tissue inflammation68,69. Since Th9 and Th22 cells are recently 
designated as separate T helper subsets, much remains to be elucidated on their role 
in immunity. Th9 cells may also play a role in tissue inflammation and IL-9 is further 
involved in differentiation of Th17 cells and Treg function70,71. Th22 cells may play a role 
in skin homeostasis and pathology72,73.

Memory cells can be subdivided according to their expression profile of chemokine 
receptors and effector function74. The variant subpopulations are designated as central 
memory, transitional memory, effector memory and terminally differentiated effector 
memory cells. Naïve and central memory cells circulate between blood and secondary 
lymphoid tissues, whilst effector memory cells are preferentially located in non-
lymphoid tissues such as lung and gut75. Central memory cells express the memory 
marker CD45RO and similar to naïve lymphocytes express CCR7 and CD62L. This 
allows them to extravasate through high endothelial venules (HEV) and migrate to 
secondary lymphoid organs74,76. When compared with naïve lymphocytes, they have a 
higher sensitivity to antigenic stimulation upon which they produce mainly IL-2. Upon 
stimulation they can differentiate into effector memory cells. Central memory cells 
survive for years and provide long-lasting immunity77.

Effector memory cells do not express CCR7 and are heterogeneous for CD62L 
expression78. They express a specific set of chemokine receptors and adhesion 
molecules allowing them to migrate towards inflamed tissue. These cells are short-
lived and capable of immediate effector functions. They are more prone to apoptosis 
than central memory cells, which are more responsive to homeostatic proliferation. 
Terminally differentiated effector memory cells regain expression of CD45RA which is 
also present on naïve lymphocytes79.

2.4 the role  of  CD4 + t  ce l l  subsets  in  HIV-1 infect ion
One aspect of HIV-1 pathogenesis is immune maturation with increased differentiation 
of naïve and central memory CD4+ T cells towards an effector (memory) phenotype80,81. 
The enormous loss of gut lymphocytes must be restored by production of new memory 
lymphocytes for maintenance of local immunity18,82. Reduced thymic output and 
increased differentiation into effector memory cells imposes an increased constraint 
on naïve and/or central memory CD4+ lymphocytes17,83,84. High CCR5 expression 
renders effector memory cells excellent targets for HIV-1 infection85. The increased 
differentiation and direct infection of naïve and central memory cells results in increased 
cellular turnover. Disruption of lymph node architecture by collagen deposition also 
affects lymphocyte homeostasis86,87. The level of central memory cells decline to such 
an extent that they are unable to maintain effector memory cell numbers, eventually 
resulting in overt disease or AIDS 88,89.

2.5 Infect iv i ty  of  CD4 + t  ce l l  subsets
In primary HIV-1 infection memory CD4+ lymphocytes are the predominant infected 
cell type16,20,90. The exact phenotype of these cells is under debate18, but due to their high 
cell number in the gut and high CCR5 expression, effector memory cells are likely to 
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make up the bulk of this population. CCR5 expression levels are low to undetectable 
on naïve cells and higher on central memory cells91,92. Naïve cells express more CXCR4 
than central and effector memory cells93. In the chronic phase of infection, the central 
memory subset is the predominant targeted cell type in most HIV-1 infected patients50. 
Despite low to undetectable CCR5 expression, naïve cells can be infected with CCR5 
using variants with a role for the lymphoid tissue environment in providing the necessary 
stimuli94-97. From in vitro studies it is known that CCR5 using variants preferentially 
infect effector memory cells, while CXCR4 using variants have a preference for naïve 
cells44,85,98. In vivo, a similar coreceptor usage profile for HIV-1 residing in naïve and 
memory cells was observed99,100.

Macrophages are infected to a lesser extent than CD4+ lymphocytes and monocytes 
contain even less virus than macrophages56,101. Differentiation of monocytes into 
macrophages (MDM) facilitates productive infection of these cells but polarization 
of MDM into type 1 or type 2 macrophages inhibits HIV-1 replication101,102. HIV-1 
produced by macrophages versus lymphocytes differs in phenotypic characteristics that 
have been shown to influence HIV-1 pathogenesis, such as coreceptor usage, infectivity 
and sensitivity to antibody neutralization103-108. Macrophages produce virions that are 
more infectious and that harbor a broader infection profile58,109. Such analyses have 
not been performed for virus produced by different lymphocyte populations such 
as Th1 or Th2 CD4+ lymphocytes. Studies into HIV-1 infection of these lymphocyte 
populations have been limited to the height of infection levels and the profile of virus 
production110-113. Th2 cells, despite harboring lower CCR5 surface expression levels, 
have been shown to produce virus quicker and often to higher titers, compared with 
the Th1 population. Higher intracellular levels of CC-chemokines may also interfere 
with virus production from Th1 cells.

3 .  a n t I r E t r o V I r a l  t H E r a P y  &  t H E  r o l E  o f  C D 4 + 
t  C E l l  s u b s E t s

Antiretroviral therapy (ART) has proven to be very effective in reducing HIV-1 
replication and maintain undetectable viral loads for many years. Antiretroviral 
therapy can also restore the maturation of the immune response, i.e. restore the 
balance between the variant CD4+ lymphocyte populations114. Therapy may not always 
result in restoration of central memory function115. Although HIV-1 in productively 
infected lymphocyte subsets decays at similar rates116,117, characterization of the 
virus population early after start of therapy has not been described. Such analyses 
may elucidate the sensitivity to therapy of the viral quasispecies in lymphocyte 
subpopulations. 

4 .  G E n E r at I o n  o f  H I V - 1  P r I m a r y  I s o l at E s

Isolating HIV-1 from patients is inherently difficult to perform. This is related to 
the low infectivity of the virus, target cell type, cell density and viral half-life12,118-120. 
Other factors involved are expression levels of HIV-1 (co-)receptors and interfering 
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host factors such as antibodies and CC-chemokines121-124. Major advances have been 
made in isolating virus from plasma using polybrene118, spinoculation125 or using CD44 
microbeads126,127. Due to more efficient transmission of cell-associated over cell-free 
virus128-130, patient primary isolates are usually obtained through coculture with donor 
peripheral blood mononuclear cells (PBMC)131. Another disadvantage of this method 
is donor variation in PBMC susceptibility to HIV-1 infection, which may result in a 
prolonged culture period before virus can be harvested132,133. The method also requires 
frequent addition of fresh lymphocytes and monitoring by CA-p24 enzyme-linked 
immunosorbent assay (ELISA) for virus production134. Furthermore, cocultivation 
with donor PBMC usually results in outgrowth of a specific virus population or 
populations, such as reactivation of archival strains, which is not a good representation 
of the circulating strains found in a patient135-139. Apart from sequence differences, 
primary isolates obtained from PBMC may also differ in sensitivity to neutralization140. 
Only a few attempts using cell lines for the generation of primary isolates have been 
described but these studies did not always compare those isolates with the circulating 
HIV-1 strains in the patient141-143.

5 .  H I V - 1  &  C o - I n f E C t I o n  w I t H  m y C o b a C t E r I u m 
t u b E r C u l o s I s

Tuberculosis (TB) is one of the most common opportunistic infections observed with 
HIV-1 infected persons in Sub-Saharan Africa as well as a frequent manifestation of 
progressing to AIDS144 (http://www.who.int/tb/challenges/hiv/factsheet_hivtb_2009.
pdf). HIV-1 infection facilitates infection with Mycobacterium tuberculosis (MTB), which 
increases HIV-1 disease course, plasma viral loads and viral replication in the lung145-149. 
The underlying mechanism is a difference in eliciting pro-inflammatory cytokines such 
as tumor necrosis factor alpha (TNF-α) and IL-6. In individuals co-infected with HIV-1 
and MTB, increased generalized immune activation over HIV-1 positive persons without 
TB was observed with higher levels of pro-inflammatory cytokines detected, both 
systemically and at the site of MTB infection150-153. This cytokine milieu enhances HIV-1 
replication with a clear role for TNF-α, which induces viral replication through increased 
activation of NF-κB154-156. Distinct MTB strains can influence viral replication differently, 
with one strain more profoundly affecting levels of virus replication than another157. A 
different mechanism of immune interference by MTB infection is induction of IL-10 
production by DCs and macrophages upon binding to DC-SIGN158. This suppresses DC 
activation as well as maturation and may compromise an efficient immune response. 
Direct cell contact with MTB-specific lymphocytes has been shown to be required for 
optimal macrophage activation159. This interaction maximizes HIV-1 replication in 
alveolar macrophages and co-infection of both pathogens in monocytes also increases 
HIV-1 replication160,161. There is however one contradictory publication which describes 
inhibition of HIV-1 replication in MTB-infected monocyte-derived macrophages162. 

Apart from the effects of MTB on HIV-1 pathogenesis, HIV-1 also influences 
MTB infection. Besides facilitating infection with MTB, HIV-1 infection also induces 
development of active TB, which is kept under control in 90% of the MTB-infected 
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persons without HIV-1163-165. Upon HIV-1 infection, MTB-specific cells are rapidly 
lost, while cytomegalovirus (CMV)-specific CD4+ lymphocytes are still detectable 
in the late chronic phase of HIV-1 infection166,167. MTB-specific CD4+ lymphocytes 
produce IFN-γ and TNF-α that activate macrophages and contribute to intracellular 
containment of this pathogen as well as formation of granulomas168-171. Upon HIV-1 
infection, MTB-specific lymphocytes produced less IFN-γ in vitro compared with 
HIV-1 uninfected persons150. From these observations it can be concluded that both 
pathogens can have a negative impact on each other.

6 .  H I V - 1  &  o t H E r  C o - I n f E C t I o n s

Besides MTB, pathogens such as Plasmodium falciparum, the causative agent of 
malaria, and helminths also pose a health threat to HIV-1 infected individuals. Their 
high prevalence in Sub-Saharan Africa overlaps with the severe prevalence of HIV-1 
infection in this region, suggesting co-infection of HIV-1 with one of these other 
microbes to be a common event (http://www.who.int/topics/en). Increased immune 
activation is frequently observed among these individuals, which can influence HIV-1 
replication and pathogenesis25.

Malaria can affect HIV-1 infection in various ways and HIV-1 can also be detrimental 
for malaria disease course and compromise anti-malaria immunity172,173. P. falciparum 
infection results in an increase in HIV-1 viral load in co-infected individuals, which 
has been confirmed by observations where anti-malaria treatment can reduce HIV-1 
plasma viral loads174,175. The pro-inflammatory response to malaria appeared to be the 
underlying cause of the enhanced viral replication, since viral load correlated with 
markers of immune activation176,177. TNF-α plays a role here by influencing HIV-1 
transcription by inducing factors that act on the long terminal repeat (LTR). The 
influence of malaria infection on HIV-1 disease progression or mortality rates is 
inconclusive, in part due to difficulties in performing such studies173,178,179. However, 
one study observed an association between malaria infection and a more rapid decline 
in CD4+ T cell counts180. Similar to what was observed in MTB infection, more virus 
was derived from macrophages176. Also, the malarial pigment hemozoin promoted 
HIV-1 transmission by DCs that had a more mature phenotype, possibly explaining 
for the increased transmission of HIV-1181.

Schistosomiasis is an example of a chronic helminth infection and these infections 
have been shown to impact HIV-1 pathogenesis by skewing the immune response 
towards a Th2 phenotype182-185. Although such infections have been associated with 
increased plasma viral load, parasite clearance does not always result in reduction of 
this parameter186-188. The conclusion from an overview of three other studies was that 
helminth treatment delayed HIV-1 disease progression by reducing plasma viral load 
or increasing CD4 counts189. On another level, Schistosomiasis infection may influence 
HIV-1 infection by attracting HIV-1 infected mast cells to the gut. These cells have 
been described as being cellular reservoirs for HIV-1 and re-activation of these cells 
may induce viral replication55,190. Schistosomal eggs may play a role herein by inducing 
virus production by these cells through IgE cross-linking191.
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7 .  t H E s I s  o u t l I n E

In this thesis we studied the influence CD4+ cell types have on HIV-1 infection. Virus 
diversity correlates with viral load and fitness and when studied longitudinally gives 
insight into what drives disease progression14,192,193. To gain a better understanding 
of the role the variant CD4+ lymphocyte subsets can play in HIV-1 infection we 
extensively analyzed the genetic make-up of the viral quasispecies residing in naïve, 
central memory as well as effector memory CD4+ lymphocyte subsets and quantified 
HIV-1 infection levels (Chapter 2). We longitudinally studied the events that occurred 
in an individual who switched in coreceptor usage versus one who did not. We 
observed differences in infection levels among the studied CD4+ lymphocyte subsets, 
but this had no influence on the viral quasispecies within these subsets, also not in 
the individual who switched coreceptor usage. In Chapter 3 we followed up on this 
study to assess the influence of antiretroviral therapy on the viral quasispecies in the 
variant CD4+ lymphocyte subpopulations. Two to five weeks after therapy initiation we 
observed no effect on HIV-1 residing in naïve and central memory CD4+ lymphocytes. 
Chapter 4 describes a cell-line based method we developed to generate HIV-1 primary 
isolates. By cocultivation of patient PBMC with U87.CD4 cells expressing the CCR5 
coreceptor, we generated primary isolates in 86% of individuals with a viral load higher 
than 7,000 copies per ml. Virus production was monitored by syncytia formation 
without requirement for CA-p24 ELISA. We sequenced the obtained primary isolates 
and compared them with circulating strains from the patients and also assessed their 
infectivity on multiple cell types. We performed this assay in Ghana where we also 
included patients for a study on the influence of MTB on HIV-1 infection (Chapter 5). 
From identified co-infected individuals we quantified cells specific for MTB and CMV. 
The phenotype of these pathogen-specific CD4+ T cells were characterized in detail to 
shed light on possible mechanisms that may explain for the disparity in decline of CD4+ 
T cells among persons harboring different co-infections. We further characterized 
specific CD4+ T cell subpopulations of MTB-responsive cells that were most infected 
by HIV-1. In the final chapter of this thesis, we investigated whether a specific producer 
cell type can influence the phenotype of the generated HIV-1 virions (Chapter 6). We 
generated and compared HIV-1 virus stocks produced on Th1 versus Th2 lymphocytes 
and macrophages versus CD4-enriched lymphocytes. We assessed their sensitivity to 
coreceptor blocking agents and 2G12 antibody neutralization, and their ability to be 
transmitted by cells expressing DC-SIGN to CD4+ lymphocytes. All findings from this 
thesis are described in Chapter 7 and discussed in the context of current literature, 
specifically with regards to the implications for HIV-1 pathogenesis.
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a b s t r a C t

Viral compartmentalization between naïve and memory CD4+ T cell subsets has been 
described, but only for individuals who were receiving antiretroviral therapy (ART). We 
present here an extensive analysis of the viral quasispecies residing in the naïve, central 
and effector memory CD4+ T cell subsets in a number of therapy naïve individuals. 
We longitudinally analyzed subset-specific infection and evolution in a patient who 
switches coreceptor usage and one who does not. The central memory subset, being the 
predominantly infected subset, harbors a more diverse viral population compared with 
the others. Through sequence analysis of the env C2V3 region we demonstrate a lack 
of viral compartmentalization among all subsets. Upon coreceptor switch, we observe 
a more pronounced increase in naïve subset infection levels, as compared with a non-
switching patient, which does not result in viral compartmentalization. Our findings 
emphasize the importance of all CD4+ T cell subsets to viral evolution.
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I n t r o D u C t I o n

During human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency 
virus (SIV) infection the memory CD4+ T cell population in the gut-associated lymphoid 
tissue (GALT) is preferentially and rapidly depleted1-6. This population must be 
replenished by naïve and/or central memory cells in order to maintain immune function 
at effector sites7,8. This replenishment also results in an increased presence of target cells 
in the tissues fueling virus replication and immune activation. Due to the continuous 
destruction of tissue effector memory cells, increasingly more naïve and central memory 
cells need to repopulate the effector memory subset9,10. This phenomenon, in combination 
with many other events, may eventually lead to decreased replenishment11. A reduction 
in tissue delivery of the effector memory subset, in combination with destruction of this 
decreasing subset will ultimately lead to disease progression12.

HIV-1 populations isolated from various tissues have been shown to differ 
in cell tropism, diversity and drug resistance phenotype13-15. At the cellular level 
compartmentalization has also been shown to exist among CD4+ T cells, CD8+ T cells 
and cells of the monocytic lineage16-18. Within the variant CD4+ T cell populations, 
the naïve cells can be productively infected with HIV-1 despite low levels of CCR5 
expression. The lymphoid tissue microenvironment and/or HIV-1 envelope signaling 
may therefore overcome low CCR5 expression levels and result in productive infection 
of this cell type19-22. In addition, part of the SIV-infected memory CD4+ T cell pool 
has no detectable CCR5 expression, although this might also be explained by down-
regulation of this coreceptor upon infection6. Different CD4+ T cell subsets express 
variant levels of CCR5 with the effector memory expressing higher levels than the 
central memory cells and the naïve expressing low to undetectable levels of CCR523,24. 
Besides differences in coreceptor expression, variations in cell number, localization 
and proliferation stage will also presumably influence viral compartmentalization and 
contribute to the characteristics of the viral quasispecies7,11.

Various publications have studied the relationship between coreceptor expression 
and compartmentalization among CD4+ T cell subsets25. From in vitro experiments it 
is known that CCR5 (R5) HIV-1 variants preferentially infect effector memory CD4+ 
T cells, while CXCR4 (X4) variants are mainly found within the central memory and/
or naïve subset26-28. Among two in vivo studies under the influence of highly active 
antiretroviral therapy (HAART) treatment there is no consensus on the presence of 
viral compartmentalization between naïve and memory CD4+ T cells subsets, while 
comparable coreceptor usage was observed16,29. A detailed in vivo analysis of the viral 
genotypes residing in the naïve, central and effector memory CD4+ T cell subsets 
without the influence of antiretroviral therapy (ART) is still lacking.

Viral diversity within the gp120 part of the envelope gene (env) and specifically 
within the C2V3 region has been previously linked to disease progression30,31. The 
variable V3 region of the HIV-1 gp120 envelope, together with the V1V2 region, has 
been extensively linked to coreceptor usage32-35,61. Changes in amino acid composition, 
length, V3 charge as well as glycosylation patterns of these regions have been shown 
to influence coreceptor usage and therefore likely influence the cell type of infection.
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HIV-1 infection levels of CD4+ T cell subsets (including naïve, central memory and 
effector memory cells) has previously been monitored for a group of North-American 
individuals, presumably infected with HIV-1 subtype B36. We followed up on these 
results to examine the viral quasispecies residing in each of these subsets through env 
C2V3 sequence analysis in 13 patients without the influence of ART. Additionally, we 
studied HIV-1 infection levels and analyzed subset-specific viral evolution. Despite 
large variation in subset infection levels, we do not detect HIV-1 compartmentalization 
among the various CD4+ T cell subsets and we observe equal nucleotide distances. 
Upon coreceptor switch, the naïve subset demonstrates a more pronounced increase in 
infection levels and decrease of cell number as compared to the memory subsets, which 
does not result in viral compartmentalization in this patient.

m at E r I a l s  a n D  m E t H o D s

Patient  character i st ics  and v i ra l  character izat ion
Thirteen HIV-1 positive individuals were included in this study, of which eleven between 1989 
and 1997 regularly visited the outpatient clinic of the Academic Medical Center (AMC) in 
Amsterdam, the Netherlands. Two well-characterized patients, H671 and H434, were selected 
from the Amsterdam Cohort Studies (ACS) on HIV-1 infection and AIDS for more extensive 
follow-up. The individuals demonstrate large variation in viral load values and CD4+ T cell 
counts and harbor viruses representing six different HIV-1 subtypes, being A, B, C, D, F and 
G (Table 1). HIV-1 genotyping was performed using phylogenetic analysis (Neighbor-Joining 
method) of the env C2V3 region with a set of reference sequences from the Los Alamos 
database (http://www.hiv.lanl.gov). Viral loads were determined using the branch DNA assay. 
All patients were in their chronic phase of HIV-1 infection. Informed written consent was 
obtained from all study individuals and was approved by the Medical Ethical Committee of the 
Academic Medical Center in Amsterdam (the Netherlands). The clinical profiles of H671 and 
H434 have been previously described37,38. Replication competent biological clones (RCBCs) 
were isolated from peripheral blood mononuclear cells (PBMC) isolated at different time-
points during infection by limiting dilution37-39. The syncytium inducing (SI) phenotype was 
determined utilizing the MT2 cell-line assay. Characterization of HIV-1 coreceptor usage was 
performed on the U87 astroglioma cell line stably transfected with CD4 and either CCR1, 
CCR2b, CCR3, CXCR4, or CCR5 as well as on CD4-enriched PBMC isolated from Δ32 CCR5 
homozygous individuals40, 59.

Polychromatic  leukocyte cel l  sort ing
PBMC were thawed and washed with RPMI 1640 medium, supplemented with 10% heat-
inactivated fetal calf serum, 100 U of penicillin, 100 μg of streptomycin and 1.7 mM sodium 
glutamate. Cells were subsequently stained with the appropriate monoclonal antibodies for 30 
min and fixed with 1% paraformaldehyde. Three CD4+ T cell subsets were sorted: naïve, CD57- 
memory (or central memory) and CD57+ memory (or effector memory) CD4+ T cells, with 
CD57 being a marker for replicative senescence and terminal differentiation41,42. We measured 
and separated the CD4+ cells with αCD3-FITC, αCD4-Alexa 594, αCD8-Cy7-PE, αCD11a-
APC, αCD14-Cy5-PE, αCD19-Cy5-PE, αCD27-PE, αCD45RO-Texas Red-PE, αCD56-Cy5-PE 
and αCD57-Cas (BD Pharmingen). All cell sorts were performed utilizing a modified FACS 
DIVA and the strategy for leukocyte population sorting is graphed in supplementary data I. 
Post-sort analysis showed over 98% purity of the sorted cell populations. Sorted fractions were 
stored at -80oC.
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HIV-1 Dna quantif icat ion
Quantification of cell-associated HIV-1 DNA for patients H671 and H434 was described 
previously43. Cellular infection levels for the AMC outpatient clinic samples were quantified using 
a semi-nested real-time PCR assay allowing the amplification of all HIV-1 subtypes. This assay is 
based on amplifying the HIV-1 long terminal repeat (LTR) region and amplifies full-length genomes. 
Viral DNA was first subjected to 15 cycles of pre-amplification using AmpliTaq DNA polymerase. 
The forward primer was LTRPREGP (5’-TAACCCTCAGATGCTGCATAwAAGCAGCyGCT-3’) 
and reverse primer L-GAGMNEW (5’-AGCAAGCCGAGTCCTGCGTC-3’). The cycling 
conditions were as follows: 5 min 95˚C followed by 15 cycles of (1 min 95˚C – 1 min 55˚C – 2 
min 72˚C) and 10 min 72˚C. The product was used as template in the TaqMan quantification 
step, which was performed using 2x Platinum quantitative PCR Super mix UDG (Invitrogen), 
2.5 mM MgCl2, 0.5 mM Rox reference dye, 0.9 mM of each primer and 0.19 mM of the 
TaqMan dual-labeled fluorescent probe (PGPLTR 5’-GTADCTAGAGATCCCTCAGAC-3’. 
Primer sequences were FGPLTR1 (5’-GCCTCAATAAAGCTTGCCTTGA-3’) and RPGLTR1 
(5’-GGGCGCCACTGCTAGAGAT-3’). The cycling conditions were as follows: 2 min 50˚C, 10 
min 95˚C, followed by 45 cycles of (15 sec 95˚C – 1 min 60˚C). Plasmid DNA corresponding to 
the region of interest was used as an external standard. To determine cellular input, a standard 

Table 1.  Patient description

Patient
Country
of origin Gender

Age at 1st 

time-point
env 

subtype

months 
after

1st visit
Viral load

(copies/ml)
CD4 count
(cells/μl)

M13408 Tanzania F 32 A 32 65,262 620
M12817 Dom. Rep.a F 29 B 5 n.a.c 640

H671 Netherlands M 39 B 0.2 mpscb 1,000 1,390
57 mpsc 22,000 770
69 mpsc 19,564 790
89 mpsc 37,191 400

H434 Netherlands M 50 B 18 mpsc 20,000d 610
57 mpsc 27,000d 580

124 mpsc 515,000d 290
M11781 Zambia F 22 C 0 6,060 460
M16394 Netherlands F 34 C 38 1,026 800
M11306 Kenya M 34 C 5 58,711 350
M12003 Ethiopia M 36 C 27 4,538 n.a.
M12020 D.R. Congo F 35 D 3 1,059 430
M12259 D.R. Congo M 50 F 9 100,630 870
M11814 D.R. Congo F 22 F 9 129,442 n.a.
M12228 Liberia F 27 G 5 47,149 300
M12092 Suriname F 22 G 4 14,180 300

a Dom. Rep.: Dominican Republic. b mpsc: months post seroconversion. c n.a.: not available. 
d viral load data obtained on 15, 60 resp. 117 mpsc.
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curve was constructed based on the β-actin gene, which was run in parallel. Reactions were 
performed in duplicate and samples where the difference between the duplicates exceeded 0.5 
log were not included. Results were analyzed using the ABI Prism 7700 Software.

HIV-1 genome ampl if icat ion
Viral DNA from the cellular subsets was isolated utilizing a silica-based method, which was also 
used for RNA isolation from serum44. For patients H671 and H434 the env C1C4 region of the 
RNA was reverse transcribed using avian myeloblastosis virus reverse transcriptase (AMV-RT) as 
described previously with slight modifications45. The obtained cDNA and sorted leukocyte lysate 
containing viral DNA were used in the Expand Long Template PCR system. The volume of the 
added cell lysate corresponded to 100 to 500 copies of gag as determined by quantitative PCR 
(qPCR) as previously published36,43. 

For the AMC outpatient clinic samples, the C2V3 region (HXB2 positions 7032-
7301) of the HIV-1 envelope gene was amplified and AMV-RT was used for reverse 
transcription of the serum-derived RNA. For the first PCR the following primers were 
used: 5’-AATGTCAGCACAGTACAATG-3’ and 3’-TCTCCTCCTCCAGGYCTGAA-5’. 
Subsequently, a nested PCR using the primers 5’-CCAGTGGTATCAACTCAA-3’ and 
3’-ATTTCTAAGTCCCCTCCTGA-5’ was performed (100 ng/μl).

Interpatient cross-contamination was ruled out using bootstrapped maximum likelihood 
phylogenetic analysis (data not shown).

HIV-1 sequencing and sequence analys i s
Positive PCR products were cloned into the TOPO II vector and bacterial colonies were selected 
using ampicillin. Positive colonies were sequenced bi-directionally using the BigDye Terminator 
Cycle Sequencing kit and analyzed using an ABI 377 automated sequencer. Six to twenty-six 
clones for each subset were sequenced. Quality of the sequences was analyzed using CodonCode 
Aligner version 1.5.1, after which they were automatically aligned with BioEdit 7.0.1. Using 
Textpad 4.5.0 the sequences were adjusted manually in respect to the gp120 open reading 
frame according to reference sequences from the Los Alamos HIV sequence database (http://
www.hiv.lanl.gov). Phylogenetic and molecular evolutionary analyses were conducted using 
MEGA version 446. Statistical analyses were performed using the Wilcoxon signed rank test 
and correlation coefficients were computed by Graphpad Prism 5.01 using the nonparametric 
Spearman correlation. Sequences containing stop codons were not included in the analyses. The 
predicted coreceptor usage of subtype B and C virus sequences was determined using a web-
based position-specific scoring matrix (PSSM), available at http://ubik.microbiol.washington.
edu/computing/pssm.

nucleot ide sequence access ion numbers
The sequences described have been submitted to GenBank and assigned accession numbers are 
GQ389219-GQ389231.

r E s u l t s

large var iat ion in  CD4 + t  ce l l  subset  infect ion levels
Here we analyzed HIV-1 compartmentalization among various CD4+ T cell subsets 
in peripheral blood of thirteen ART-naïve HIV-1 infected individuals. For eleven out 
of thirteen individuals PBMC from multiple time-points were available and studied. 
Table 1 shows the patient characteristics of the first time-point for all patients and all 
time-points for patients H434 and H671. We included these two well-characterized 
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subtype B infected individuals for longitudinal analyses. Since infection levels might 
influence compartmentalization, we quantified HIV-1 infection in FACS-sorted naïve, 
CD57- and CD57+ memory CD4+ T cell subsets (supplementary data I). Figure 1 depicts 
the relative infection levels of eleven out of thirteen patients tested. Infection levels 
were highly variable among the cellular subsets. The CD57- memory subset was being 
predominantly infected in seven out of eleven patients, in accordance with previous 
findings36. The naïve and CD57+ memory subsets were predominantly infected in two 
patients. For eight out of the eleven patients, where multiple time-points were available, 
infection levels were consistent over time, up to three years for patient M12259. 

When absolute cellular infection levels were compared to markers of disease 
progression, the naïve and CD57- memory subsets showed a significant inverse 
correlation with the CD4 count (rs = -0.65 and p<0.01 for the naïve subset; rs = -0.57 and 
p<0.05 for the CD57- memory subset; data not shown). In addition, the CD57- memory 
subset also significantly correlated with the viral load (rs = -0.60; p<0.05; data not shown) 
indicating that infection of specific CD4+ T cell subsets can be linked to markers of 
disease progression. The infection levels of the CD57- memory subset also correlated 
with those of the naïve and the CD57+ memory subset (rs = 0.50, p<0.05 and rs = 0.78, 
p<0.0001 respectively; data not shown). This confirms previous data and indicates viral 
genome exchange among the subsets or differentiation of one subset into another36. 

In summary, viral infection levels vary greatly among the different cellular subsets 
and naïve and CD57- memory infection levels show a significant inverse correlation 
with CD4+ T cell counts in the patients.

lack of  v i ra l  compartmental izat ion
To study whether differences in infection levels influenced compartmentalization 
among the various CD4+ T cell subsets, we amplified the env C2V3 region from 
each subset as well as from serum. Based on phylogenetic analysis, we identify no 
compartmentalization among the different cellular subsets or serum in twelve out of 
thirteen patients studied over time (Fig. 2 and supplementary data II). Figure 2 shows a 

Figure 1. Cellular infection 
levels. Each pie chart shows 
the relative infection levels 
of the naïve, CD57- memory 
and CD57+ memory 
subsets. For each patient, 
the relative number of LTR 
copies per 105 cells of one 
time-point is depicted. 
For patients M11781 and 
M16394 infection levels 
for all subsets could not be 
determined.
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Figure 2. Neighbor-joining phylogenetic trees 
of patient M11814 9, 24 and 31 months after 
primary diagnosis. Env C2V3 sequences from the 
various cellular subsets and serum are represented 
by different symbols, as depicted in the legend. 
Reference strains are depicted by diamonds 
and are shown at the bottom of each tree. For 
these bootstrap trees of 1,000 replicates, only 
bootstrap values higher than 80% are shown and 
the Kimura-2 parameter was used to calculate 
nucleotide distances.
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Figure 3. Nucleotide distances among all subset comparisons. The horizontal bar depicts 
median values. N - Naïve; CM - CD57- memory; EM - CD57+ memory; S - Serum.

representative phylogenetic analysis of three different time-points for patient M11814 
with intermingling sequences from the various subsets. For all patients, this image was 
consistent when longitudinal samples were analyzed (data not shown). In addition, in 
patients H671 and H434 we observed comparable evolutionary rates among all cellular 
subsets and serum (M. Geels, unpublished results). Analysis of the viral sequences 
from patient M12817 demonstrated compartmentalization among the different cellular 
subsets for some but not all time-points. Unfortunately, serum samples of this patient 
were unavailable for analysis. 

To confirm the findings of our phylogenetic analyses, we next calculated genetic 
distances between all subsets (Fig. 3). We found no significant differences among any 
of these comparisons confirming the lack of compartmentalization. Median nucleotide 
distances varied between 4.3% for CM vs. EM and 4.9% for N vs. EM, N vs. S and 
EM vs. S. Synonymous nucleotide distances (dS) ranged from 2.2 to 2.8% and non-
synonymous nucleotide distances (dN) from 3.7 to 4.7% with no significant differences 
between any comparison (data not shown). 

We also determined the viral diversity within each subset (Table 2). When analyzing 
the synonymous nucleotide distances, all subsets harbored comparable levels of diversity 
with no significant differences, although the CD57+ memory subset contained the least 
diverse viral population (median value of 1.4 %). For the non-synonymous distances, 
the CD57- memory subset harbored a significantly more diverse collection of viral 
sequences over the other subsets (a median value of 3.8%; p<0.05). Besides nucleotide 
distances, viral sequences from the different subsets were also analyzed for possible 
differences in dN/dS ratios (for evolutionary pressure) and G to A hypermutation levels 
(a potential indication of APOBEC activity)60. For both parameters, highly variable 
levels among subsets were observed without clear differences between the subsets, 
again indicating lack of subset-specific evolutionary pressure. 

In conclusion, despite the observation that the CD57- memory subset demonstrates 
the highest level of infection and diversity, we find no evidence of compartmentalization 
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between the variant CD4+ cellular subsets analyzed and observe similar genetic 
distances of viral sequences among all subset comparisons.

subset-specif ic  infect ion and evolut ion
In two well characterized HIV-1 seroconverters, patients H671 and H43437,38, we 
longitudinally studied compartmentalization along with subset-specific infection and 
evolution. We had previously reported that patient H671 underwent a switch from a 
non-syncytium inducing (NSI) to a syncytium inducing (SI) phenotype between 57 
and 69 months post seroconversion (mpsc), while the viral phenotype of patient H434 
remained NSI throughout follow-up. Replication competent biological clones (RCBCs) 
were generated from PBMC and coreceptor usage was determined37,38. All generated 
biological clones from patient H434 utilized only the CCR5 coreceptor on U87.CD4 
cells, whilst the later RCBCs from patient H671 at 85 and 89 mpsc could utilize both 
U87.CD4 cells expressing CCR5 and CXCR4 (Fig. 4). This was confirmed by infection 
of CD4+ lymphocytes isolated from individuals homozygous for the 32bp deletion in 
the CCR5 gene40, 59.

We longitudinally determined cellular infection levels of the three CD4+ T cell 
subsets in the peripheral blood of H671 and H434. The CD57- memory CD4+ T cell 
subset was the predominantly infected subset during the respective R5 stages of 
infection in both patients (Fig. 5A and 5B). Interestingly, we detected early infection 
of the naïve cells albeit at very low levels (3.9 vs. 14.4 copies per 105 sorted cells 
respectively; Fig. 5A and 5B). Infection levels of all subsets increased over time, except 

Table 2. Viral diversity within each subset

Subset
synonymous 

diversitya
non-synonymous 

diversity
Naïve 2.3  (0.2 - 4.6) 3.4  (0.2 - 9.0)

CD57- Memory 2.4  (0.0 - 5.1) 3.8  (0.1 - 9.2)b

CD57+ Memory 1.4  (0.0 - 6.3) 2.4  (0.1 - 10.1)
Serum 2.0  (0.2 - 5.0) 3.4  (0.1 - 8.9)

a values are in percentage and represent 
median values of all time-points 
studied; no significant differences 
between the subsets. b The CD57- 
memory subset was significantly more 
diverse than all other subsets (p<0.05).

Figure 4. Coreceptor usage of R5X4 
clones from patient H671, 85 and 
89 mpsc. U87.CD4 cells expressing 
either CCR5 or CXCR4 were infected 
with H671 R5X4 biological clones to 
determine coreceptor usage. Read-out 
was after seven days and is depicted in 
ng/ml.
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for the CD57+ memory subset of H671. A dramatic increase in the naïve infection 
level of patient H671 was observed after R5X4 viruses were first detected at 69 mpsc. 
At 89 mpsc, the naïve subset was the predominantly infected cell population in this 
patient (Fig. 5B). Following an increase in naïve infection levels, a 38.9-fold reduction 
in naïve cell number was observed, resulting in seven cells per μl at 89 mpsc (Fig. 5D). 
Changes for the CD57- memory subset were more modest (Fig. 5C and 5D). Absolute 
cell numbers of the CD57+ CD4+ T cell subset remained fairly constant in both patients 
despite an increase in infection over time in H434. Surprisingly, phylogenetic analyses 
of both patients demonstrated lack of compartmentalization at all time-points, despite 
coreceptor switch of patient H671 (M. Geels, unpublished results).

These observations suggest that in these patients a different pattern of subset infection 
and evolution, partly due to coreceptor switch, did not result in viral compartmentalization.

Distr ibut ion of  HIV-1 genotypes  among CD4+ t  ce l l  subsets
To correlate CD4+ T cell subset infection levels with the viral genotype within each 
of the different subsets and relate this to the viral variants present in the sera, we 
analyzed the env V3 charge within the three CD4+ T cell subsets, serum and RCBCs of 
patients H671 and H434. A higher V3 charge has been heavily associated with a switch 
in coreceptor usage towards CXCR4 utilization33,35. All subsets show a comparable 

Figure 5. Longitudinal analysis of HIV-1 infection levels and size of CD4+ T cell subsets. (A, 
B) Cellular infection levels of patients H434 and H671 for the naïve, CD57- memory and CD57+ 
memory CD4+ T cell subsets are depicted on the left y-axis in number of gag copies per 105 cells 
as determined by qPCR. Serum viral load values can be read out in the same graph on the right 
y-axis. Time-points after coreceptor switch are marked with an asterisk. (C, D) Longitudinal 
overview of absolute CD4+ subset cell numbers in peripheral blood for patients H434 and H671.

a

D

b

C



2 

N o  H I V- 1  c o m p a r t m e n t a l i z a t i o n  a m o n g  C D 4 + T  c e l l  s u b s e t s

41

Figure 6. Longitudinal overview of the net env V3 charge distribution of HIV-1 variants 
isolated from different CD4+ T cell compartments of patients H671 (A) and H434 (B). The 
relative quantity of the viruses within the naïve, CD57- memory, CD57+ memory and serum 
subsets and of the RCBCs is depicted on the y-axis and the net V3 charge is depicted on the 
x-axis. Time of sampling in months post seroconversion (mpsc) and the number of env variants 
analyzed are given above each panel component. The CD57+ memory subset of 0.2 and 89 mpsc 
of patient H671 contains V3 clones from hyper-mutated viral variants, as indicated by asterisks.

a
b

increase in V3 charge over time (Fig. 6). During the R5 stages of both patients, all 
CD4+ T cell compartments were infected viruses that largely possess an R5-signature. 
After the switch in coreceptor usage in patient H671 at 69 mpsc, the higher charged 
viruses preferentially infected the naïve and CD57- memory subsets, while the CD57+ 
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memory subset harbored the lower charged variants. This distribution did not lead 
to compartmentalization in our phylogenetic analyses (M. Geels, unpublished data). 
At 89 mpsc, the charge of the viral variants among the different subsets showed equal 
distribution again, with +5 charged viruses dominating every subset. Coreceptor 
usage predictions by PSSM confirmed these findings. Throughout the entire follow-up 
(except for 69 mpsc with patient H671), viruses possessing similar V3 charges were 
isolated from all the different cellular compartments. These results indicate that no 
compartmentalization was detected with respect to molecular determinants associated 
with different HIV-1 coreceptor usage patterns in either the switching or the non-
switching patient. 

D I s C u s s I o n

In this study we examined HIV-1 infection in various CD4+ T cell subsets in vivo. Our 
phylogenetic analysis and the observation of equal nucleotide distances of the viral 
quasispecies among naïve, central and effector memory CD4+ T cells indicate the lack of 
compartmentalization. One explanation could be the short lifespan of HIV-1 infected 
cells. Since the half-life of productively infected cells is estimated to be 1.6 days, the 
majority of infected cells we analyze are recently infected although we cannot exclude 
the presence of minor quasispecies in these peripheral blood subsets47. The main 
difference with the study from Delobel et al is that there is ongoing viral replication 
in our patients, while their study contains three patients who were receiving seven 
years of HAART16. The predominant African origin of our study population might also 
explain comparable subset distribution of the viral quasispecies. Increased immune 
activation among Africans compared with Europeans might promote viral replication 
and diversity and thereby reducing viral compartmentalization48-50. The presence of 
compartmentalization at some time-points within patient M12817 might be explained 
by the patients’ altered immune response, since viral diversity has been shown to partly 
coincide with selective immune pressure51,52. The cellular infection levels of this patient 
are somewhat lower than those of most other patients.

We observed high variation in HIV-1 infection levels of the different CD4+ T cell 
populations. In lymphoid tissues, where a large part of viral replication is believed to 
occur, the CD57- memory subset is the most prevalent CD4+ T cell subset, which may 
help explain its preferential targeting53. We observed more variation in infection levels 
than previously described36. An explanation for the patients showing predominant 
infection of naïve or effector memory cells might be that they were in a later stage 
of disease or had heightened immune activation at that time-point. The average viral 
load value of our patient group was twice as high as compared with the group in the 
previous study, where nearly half of the patients were receiving HAART. Differences 
could also reflect the subtype differences and/or the African origin of our patients, since 
individuals from certain African populations have been shown to harbor increased 
immune activation in comparison with Europeans48,49. 

Infection of the naïve CD4+ T cell subset was detected in all patients, even after 
0.2 mpsc in the case of patient H671, and this patient was infected with CCR5 using 
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isolates early in infection38. Previous findings have shown that viruses with a lower 
V3 charge are likely to possess higher CCR5 affinity, facilitating infection of the naïve 
subset where CCR5 expression levels are low33. However, we cannot rule out that other 
envelope modifications can compensate for such charge variations. The observation 
that naïve CD4+ T cell infection is not restricted to X4-using viruses has previously 
been shown29. Surprisingly, patients M12228 and M12020 harbored a substantial 
naïve infection level with M12228 having predominant +4 charged V3 regions. Subset 
infection levels did not correlate with viral diversity, only if all subsets were grouped 
and compared to synonymous distances (rs = 0.38; p<0.005). This is in line with the 
findings of Lemey and co-authors where synonymous substitution rates predict HIV-1 
disease progression54. 

For patients H671 and H434 infection levels of all CD4+ T cell subsets increased 
comparably over time, except for the effector memory subset of H671, followed by a 
decrease in naïve and central memory cell numbers. The constant effector memory cell 
levels likely reflect the minor influence of viral infection on the lifespan of this already 
short-lived cell type. Upon viral coreceptor switch in patient H671 the naïve subset 
showed a 69-fold increase in infection levels, which corresponds with previous literature28. 
Initially, naïve cell numbers were maintained, possibly due to homeostatic mechanisms 
or low pathogenicity of the dual-tropic viral variants. Disappearance of higher charged 
viruses and a reduction in predicted X4 variants within this subset between 69 and 89 
mpsc supports this explanation (data not shown). At 89 mpsc, the more pronounced 
destruction of the naïve subset compared with the relatively more preserved central 
memory subset can partly be explained by high naïve infection levels (11,445 vs. 1,066 
gag copies per 105 cells). Another explanation may be that dual-tropic viruses more 
likely enter the naïve subset using CXCR4 and thereby induce more cell death, while 
R5-mediated entry of the memory subsets do not readily kill these cells55. Alternatively, 
homeostatic mechanisms may fail over time and/or there is increased differentiation into 
a more effector (memory) phenotype. To predict absolute levels of viral production by 
the various subsets, we combined infection levels with subset cell numbers. The central 
memory subset was found to be the major producing subset, even when H671 switched 
coreceptor usage. However, these numbers remain predictions, since we did not directly 
determine production levels, which likely differ between the subsets.

 In figure 6 we observed comparable V3 charge distribution among all subsets, 
including serum, with no evidence of target cell selection, except for 69 mpsc of patient 
H671. Higher charged (and predicted X4 phenotype) viruses were infecting naïve and 
central memory cells, whereas lower charged variants were found within the effector 
memory subset. This distribution did not result in viral compartmentalization, since all 
subsets contained both R5 and X4 using variants (unpublished data). A different ratio 
of coreceptor expression may explain this temporal preferential attraction of higher 
charged variants23. At 89 mpsc the viral quasispecies in the naïve and central memory 
subset reduced its V3 charge and we observed a comparable charge distribution among 
all subsets. The low number of X4-using clones (1/13 or 7.7%) and low number of 
higher charged variants in the serum at 69 mpsc indicate that these variants might not 
have been fit enough to persist. 
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In other words, patient H671 demonstrated the same viral evolution pattern upon 
coreceptor switch despite the preferential viral propagation in the naïve subset. This 
can be explained by our observation that the dual-tropic variants infect all CD4+ T 
cell subsets, including the memory subset. In addition, all subsets, including the naïve 
population, are still infected with R5 variants. These remain present upon coreceptor 
switch and have been described by some groups to be more capable of producing 
infectious virions compared with X4-using variants56-58. Our data from patient H434 
indicates that also in a non-switching patient naïve infection levels increase over time. 
We must keep in mind, however, that these conclusions are based upon findings within 
a single individual.

In summary, we demonstrate that HIV-1 evolution within naïve and memory CD4+ T 
cell subsets is comparable. Despite variation in infection levels, no compartmentalization 
was detected among naïve, central and effector memory CD4+ T cells. Despite the more 
pronounced changes of the naïve subset upon coreceptor switch, we observe comparable 
virus evolution among all studied subsets. These findings emphasize the importance of 
all CD4+ T cell subsets to viral evolution and disease pathogenesis.
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s u P P l E m E n ta r y  D ata

Supplementary data I. FACS sorting strategy. Progressive gate, flow cytometry sorting strategy 
for CD4+ T cells. CD4+ T cell subsets were defined based on expression of CD3 and CD4 without 
expression of CD8 and CD14, CD16, CD56 (dump). Naïve CD4+ T cells were defined based 
on expression of CD27 and dull expression of CD11a and no expression of CD45RO or CD57. 
Memory CD4+ T cells were defined based on expression of CD45RO with high expression of 
CD11a. Memory CD4+ T cells were then separated based on expression of CD57. CD57- memory 
CD4+ T cells represent the central memory fraction, while the CD57+ cells are regarded as the 
effector memory subset.
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Supplementary data II. Phylogenetic analyses of all patients except for M11814. Neighbor-
joining phylogenetic trees, constructed using C2V3 env sequences from the different cellular 
subsets and serum, which are represented by different symbols, as depicted in the legend. 
Reference strains are represented by open diamonds and shown at the bottom of each tree. Trees 
consist of 1,000 replicates and only bootstrap values higher than 80% are shown; the Kimura-2 
parameter was used to calculate nucleotide distances. For patients H671 and H434 the first time-
point was depicted. a) M11306; b) M11781; c) M12003; d) M12020; e) M12092; f) M12228; g) 
H434; h) H671; i) M13408; j) M16394; k) M12817; l) M12259.
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a b s t r a C t

Although antiretroviral therapy (ART) has proven its success against HIV-1, the long 
lifespan of infected cells and viral latency prevent eradication. In this study we analyzed 
the sensitivity to ART of the HIV-1 quasispecies in naïve, central and effector memory 
CD4+ lymphocyte subsets. From five patients, cellular HIV-1 infection levels were 
quantified before and after initiation of therapy (2-5 weeks). Through sequencing the 
C2V3 region of the HIV-1 gp120 envelope, we studied the effect of short-term therapy 
on virus variants derived from naïve, central and effector memory CD4+ lymphocyte 
subsets. HIV-1 infection levels declined in all lymphocyte subsets but not as much as 
RNA levels in serum. Virus diversity in the naïve and central memory lymphocyte 
populations remained unchanged, whilst diversity decreased in serum and the effector 
memory lymphocytes. ART differentially affected the virus populations co-circulating 
in one individual harboring a dual HIV-1 infection. Changes in V3 charge were found 
in all subjects after ART initiation with increases within the effector memory subset 
and decreases found in the naïve cell population. While certain cell populations can 
be targeted preferentially during early ART, some virus strains demonstrate varied 
sensitivity to therapy, as shown from studying two strains within a dual HIV-1 infected 
individual.
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I n t r o D u C t I o n

Antiretroviral therapy (ART) has proven to be successful against human 
immunodeficiency virus type 1 (HIV-1) and results in undetectable plasma levels 
for many years. However, an increasing number of studies report on adverse events 
and toxicities1,2. Additional drawbacks to therapy are adherence and the considerable 
costs. In certain situations a more simplified antiretroviral regimen may be suitable, 
for instance as short-term use to prevent mother-to-child-transmission (MTCT), 
maintenance therapy after HAART or possibly as pre-exposure prophylaxis3-7. Despite 
the increased likelihood of viremia and emergence of resistance, prophylactic and/or 
short-term therapeutic use largely bypasses these disadvantages and more treatment 
options remain available.

The CD4+ lymphocyte is the main target cell for HIV-1 infection with the various 
subpopulations infected to a different extent8,9. Naïve and memory lymphocyte subsets 
differ in body distribution, proliferative capacity and in expression levels of the 
main coreceptor for HIV-1, CCR510-13. Despite these differences, all cellular subsets 
are productively infected and display a lack of viral compartmentalization among 
circulating cells in peripheral blood9,14,15. Under the influence of long-term ART, most 
studies describe a lack of viral compartmentalization among HIV-1 infected CD4+ 
lymphocyte subsets16-19. Both central and transitional memory CD4+ lymphocytes are 
regarded as cellular reservoirs for HIV-1 under therapy20. Baldanti and colleagues show 
that naïve and memory cell numbers and HIV-1 infection levels do not differ greatly 
from each other under therapy21. These studies focus mainly on long-term ART and do 
not describe the influence on the cell subset-specific quasispecies during early therapy. 
Here we studied alterations to HIV-1 infection levels and viral diversity within specific 
cellular subsets after short-term ART.

m at E r I a l s  a n D  m E t H o D s
Five chronically HIV-1 infected individuals, who visited frequently the outpatient clinic of the 
Academic Medical Center (AMC), University of Amsterdam, the Netherlands, participated in 
this study. These patients received various antiviral regimens (Table 1) and their characteristics 

Table 1. Patient characteristics

Patient
 

env subtype therapy 
regimen

# days 
on ART

viral load (copies/ml) CD4 count (cells/μl)
ART- ART+ ART- ART+

M11306 C amprenavir 14 52,436 3,160 90 n.d.
M12020 D zidovudine 18 5,352 304 190 220
M12259 F zidovudine 33 246,572 25,588 360 500
M13408 A d4t, 3tc, rtva 28 65,262 247 620 840
M16394 C zidovudine 28 1,026 607 800 690

ad4t - stavudine, 3tc - lamivudine, rtv - ritonavir
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have been previously described9. Serum and peripheral blood mononuclear cells (PBMC) were 
obtained and frozen according to standard protocols. Viral loads were determined with the 
Versant HIV-1 RNA Assay (bDNA; Bayer Diagnostics, Leverkusen, Germany). Determination 
of HIV-1 subtype was performed by phylogenetic analyses and by blasting the sequences using 
the Los Alamos database22. This study was approved by the Medical Ethical Committee of the 
AMC and informed consent was provided by all participants.

PBMC were thawed and FACS-sorted as previously published9. Cells were stained with 
various antibodies and three CD4+ lymphocyte subsets were sorted: naïve, CD57- memory 
(or central memory) and CD57+ memory (or effector memory) CD4+ lymphocytes. All cell 
sorts were performed utilizing a modified FACS DIVA. Viral DNA from the cell subsets was 
isolated utilizing a silica-based method, which was also used for RNA isolation from serum23. 
Cellular HIV-1 infection levels were quantified using a semi-nested real-time PCR assay9. 
This assay targets the LTR segment of the virus genome where the second strand transfer 
takes place and quantifies only fully reverse transcribed HIV-1 genomic DNA and has high 
specificity for all major HIV-1 subtypes. AMV-RT (Madison, WI, USA) was used for reverse 
transcription of the serum-derived RNA. The C2V3 region (HXB2 nucleotide positions 7032-
7301) of the HIV-1 envelope gene was amplified using AmpliTaq DNA polymerase (PE Applied 
Biosystem, Foster City, CA, USA). The primers (100 ng/μl) for the first-round PCR were 
5’-AATGTCAGCACAGTACAATG-3’ and 3’-TCTCCTCCTCCAGGYCTGAA-5’ and for the 
nested PCR 5’-CCAGTGGTATCAACTCAA-3’ and 3’-ATTTCTAAGTCCCCTCCTGA-5’. PCR 
products were clonally sequenced using the TOPO II cloning system (Invitrogen, Paisley, UK). 
Eleven to twenty-three clones from each subset were sequenced bi-directionally using the BigDye 
Terminator Cycle Sequencing kit and analyzed with the ABI 377 automated sequencer (Applied 
Biosystems, Foster City, CA, USA). Quality of the sequences was analyzed using CodonCode 
Aligner version 1.5.1, after which the sequences were aligned with BioEdit and adjusted manually 
with respect to the gp120 open reading frame and according to reference sequences from the Los 
Alamos HIV sequence database22. Molecular evolutionary analyses were conducted using MEGA 
version 424. Tamura-Nei was used as distance parameter and interpatient cross-contamination 
was ruled out. Statistical analyses were performed using the Mann-Whitney test.

sequence data
The sequences described here were allocated the following Genbank nucleotide accession 
numbers: GQ389219, GQ389220, GQ389225, GQ389227 and GQ389228.

r E s u l t s

Pat ient  descr ipt ion  and HIV-1  quant i f i cat ion  in  CD4 + 
l ymphocyte  subsets
We studied the effect of antiretroviral therapy on HIV-1 infection levels of naïve, central 
and effector memory CD4+ lymphocyte subsets and on the viral quasispecies present 
in these subsets, two to five weeks after initiation of ART. The five patients studied, 
harbored various HIV-1 subtypes (A, C, D and F) and demonstrated a wide range of 
viral load values and CD4 counts (Table 1). Three out of five study subjects received 
an RT inhibitor (AZT), one a protease inhibitor (APV) and one received a three drug 
regimen (d4T/3TC/RTV). Plasma viral load declined in four individuals by 1 to 2.4 log 
and one subject (M16394) experienced only a small plasma load decline (Fig. 1A). This 
patient already had a low viral load prior to therapy (1026 copies/ml). Additionally, 
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this patient had a high CD4 count at time of therapy initiation (800 cells/μl), which 
did not rise following therapy. In three of the four patients with complete data sets, 
intracellular HIV-1 infection levels decayed by comparable levels for all cell subsets 
studied, up to 1.1 log (Fig. 1B). One exception was the effector memory population 
of subject M13408, the individual receiving the triple regimen, where infection levels 
significantly increased 6.5-fold.

I n f luence  of  therapy  on  H IV-1  quas i spec ie s  in  CD4 + 
l ymphocyte  subset s
Our goal was to determine how therapy affected the virus variants within naïve, central 
memory and effector memory CD4+ T cell subsets during the initial phase of therapy. 
Before therapy initiation, phylogenetic analysis of the C2V3 region of HIV-1 gp120 
envelope did not demonstrate compartmentalization of the virus quasispecies within 
serum or CD4+ T cell subsets (Fig. 2A). Only effector memory-derived sequences from 
M12020 clustered. After therapy start, loss of diversity was observed predominantly 
in serum, but also within the effector memory subset (Fig. 2B). Naïve- and central 
memory-derived virus showed modest changes in diversity. The loss of diversity was 
highly significant in serum (p=0.02 for subject M12259 and p<0.0001 for all other 
patients; Fig. 3). No diversity loss was observed in the naïve or central memory 
compartments.

To measure genetic evolution of the viral quasispecies, pairwise distances were 
calculated between the virus populations before and after start of therapy. In serum, 
divergence of the viral quasispecies was observed in three patients (indicated by an 
asterisk; Fig. 3). This indicated selection of serum variants due to introduction of 
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Figure 1. Viral load and cellular infection levels 
before and after initiation of ART. (A) Viral load 
values were calculated before (-) and after (+) 
initiation of ART and are plotted on logarithmic scale. 
The median decline in copy number is inserted within 
the graph. (B) The number of HIV-1 gag copies per 
105 cells of the respective cell subset is depicted on 
the y-axis in logarithmic scale. An occasional subset 
was not included due to a large difference between the 
duplicate measurements.
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Figure 2. Neighbor-joining phylogenetic analysis of the gp120 virus sequences. The Kimura-2 
parameter and 100 replicates were used to calculate nucleotide distances and sequences from 
the Los Alamos HIV-1 database were used as reference strains. Circles indicate sequences from 
serum, diamonds from naïve CD4+ T cells, triangle from central memory and squares from 
effector memory cells. (A) Phylogeny of the strains isolated before initiation of therapy (B) 
Phylogeny of the strains isolated after therapy initiation. The black curved lines indicate strains 
from the effector memory population and the white curved lines indicate strains from serum. 
The dotted line indicates the two virus strains co-circulating in subject M12020. 
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Figure 3. Diversity and divergence of 
the viral quasispecies. (A) From each 
patient pairwise nucleotide distances 
before (-) and after (+) initiation of 
therapy were calculated for each cell 
subset and serum. Nucleotide distance is 
presented as percentage and the red bar 
represents the median value. Pairwise 
distances between both time-points 
were calculated (d) and when this value 
was higher than the diversity of either 
time-point it was identified as viral 
divergence, indicated by an asterisk. 
Statistical significance was calculated 
for the difference in diversity before 
and after therapy start; *** = p<0.0001. 
Data from the effector memory subset 
of M16394 was not available.
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therapy. Viral divergence was absent in all cell subsets, with the exception of the effector 
memory subset in subject M12020. The absence of changes in viral diversity and 
divergence within naïve and central memory subsets as opposed to effector memory 
cells and serum, indicates that during early therapy the plasma and effector memory 
cell compartments are more susceptible to the effect of the drugs.

To investigate the relatedness of virus strains among the cellular fractions, the 
genetic distances between HIV-1 sequences derived from the various cellular fractions 
were calculated. Four out of five individuals demonstrated comparable distances before 
and after start of therapy ranging from 2.4% to 7.2% (Fig. 4). After therapy initiation no 
change in distances were observed and these were similar to virus diversity within each 
of the cell subsets. Subject M12020 was the exception to the above since intersubset 
distances before therapy were not only higher than those from any other individual, 
but as well higher than the values after therapy (Fig. 4). This person was found to 
be infected with two different subtype D virus strains, strain I and II, as shown by 
phylogenetic analysis (Fig. 2A). In addition, the analysis of virus sequences with DNAsp 
software indicated that up to 11 possible recombination breakpoints could be detected 
suggesting that these two virus strains were co-circulating within this individual for 
some time (data not shown). Before therapy, strain I was dominant in the effector cell 
population, while the other cell subsets harbored strain II. Both strains were present 
in serum. After therapy start, strain I disappeared from the effector memory subset 
but remained in some central memory cells (Fig. 2B). The replenishment of this cell 
subset by a different virus strain correlated with viral divergence (Fig. 3). Intersubset 
virus distances approached values observed for the other patients harboring mono-
infections, demonstrating that although some cell populations may be more sensitive 
to the effects of antiretroviral therapy, differences in sensitivity amongst virus strains 
also exists. These data indicate that the occurrence of dual HIV-1 infection could be an 
additional hurdle for therapy to succeed.
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Figure 4. Intergroup nucleotide diversity. Before (ART-; white bars) and after (ART+; grey 
bars) therapy initiation, the mean difference in nucleotide distance was calculated using the 
Neighbor-joining model and the Kimura-2 parameter method. Each viral compartment was 
compared with all others (1: naïve - central memory, 2: naïve - effector memory and 3: central 
memory - effector memory).
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Inf luence of  therapy on V3 charge
Previous observations by our group and others have shown that V3 charge influences 
coreceptor usage25,26. Since CD4+ lymphocyte subpopulations differ in coreceptor 
expression levels, it was analyzed whether therapy initiation affected the V3 charge of 
the virus quasispecies in serum and lymphocyte subsets due to the variant expression 
profile. We therefore compared the V3 charge from all sequences found in the cell 
subsets before and after start of therapy. Sequences from all five patients were grouped 
together and we observed a clear increase in V3 charge within the effector memory 
subset in three out of four subjects (Fig. 5; p<0.0001). Within the central memory 
subset the V3 charge did not change whilst alterations in serum varied per patient (Fig. 
5; no significance). Within the naïve subset the V3 charge decreased systematically 
in all patients (p=0.05), indicating that characteristics like coreceptor usage may be 
involved in viral selection after therapy initiation.

D I s C u s s I o n

In our study we observed comparable viral decay within all CD4+ lymphocyte 
subpopulations in the peripheral blood, except for one effector memory subset, 
confirming our previous observation that all CD4+ lymphocyte subsets are 
productively infected with HIV-19. The results also confirm findings from other 
studies demonstrating comparable decay of productively infected cells in peripheral 
blood21,27. A report on preferential HIV-1 inhibition during AZT treatment in activated 
cells over slowly dividing cells in vitro, may indicate that the vast majority of virus 
in the circulation comes from activated cells28. Although naïve and central memory 
lymphocyte subsets contain more long-lived resting cells than the effector memory 
subset and outnumber this subset, no difference in viral decay was observed. Two 
to five weeks after initiation of ART represents the start of the second phase of viral 
decay, which comprises loss of long-lived infected cells29. Two to five weeks following 

 20 

Figure 4 

 

 
 

 

 

 

 

Figure 5 

 

 
 Figure 5. Change in V3 charge after initiation of ART. From all cellular subsets and serum the 

net V3 charge of each viral clone was calculated. The net V3 charges of all patients were grouped 
per time-point before (-) and after (+) initiation of ART. The graph depicts the mean value with 
standard deviation. *** = p<0.0001 and ns = not significant.
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therapy start may be too early to detect a differential decay of these cells due to 
their slower decay rate. M13408 was the only patient who received a triple regimen 
and surprisingly increased in effector memory infection levels. Perhaps these cells 
possess high P-glycoprotein efflux activity decreasing intracellular antiviral drug 
concentrations30. Although blood CD4+ lymphocyte levels only represent a minor 
fraction of the total body lymphocyte population, memory subsets in blood versus 
gut and lymphoid tissue counterparts are infected to the same extent20,31, thereby 
indicating that studying HIV-1 infection in blood is a good representation of events 
that occur in other tissues.

The more pronounced changes in diversity of cell-free over cell-associated virus 
can be explained by the difference in half-life severely reducing serum copy numbers29. 
Although virus diversity in serum decreased after therapy start, the pairwise distances 
between time-points before and during therapy increased indicating different genetic 
characteristics of the virus after therapy start. Virus may be produced by other cell 
types or stems from compartments less accessible to antiretroviral drugs19,32-34. This 
is in agreement with studies where rebounding virus is distinct from variants before 
initiation of therapy35,36. The absence of divergence in the cell subsets, apart from 
M12020, is explained by a moderate drop in infection levels and smaller changes in 
diversity. In M12020, the compartmentalization of effector memory-derived virus pre-
therapy indicates that in case of dual HIV-1 infection, one strain can preferentially 
infect a specific CD4+ lymphocyte subset. We have previously observed in dual HIV-1 
infection that one strain replicates preferentially within different cell types when 
compared with another strain indicating that the host cell environment influences 
viral replication9,37. The shift in balance between strains I and II is likely caused by 
therapy, although differences in host immune pressure, virus fitness as well as high 
turnover of this cell subset may also play a role. The complete and specific infection of 
effector memory cells by strain I and fast replenishment with a different virus strain 
indicate that this cell subset quickly facilitates infection by different variants. Although 
strain I was not detected in serum during therapy, its presence in long-lived central 
memory cells at that time-point ensures persistence of both variants. This increases 
the chances of recombination and therapy resistance raising questions as to the efficacy 
of antiretroviral therapy in dual infected individuals38. This is in line with the more 
resistant phenotype of HIV-2 over HIV-1 in dual-infected persons39.

The pronounced increase in the gp120 V3 charge in effector memory cells from 
three out of four patients reflects increased sensitivity to therapy of virus within this 
cell subset. It has been speculated that such changes can influence coreceptor usage 
including a possible switch towards CXCR4 usage25,26,40,41. Four weeks of therapy 
restores CCR5 expression levels, which are increased during HIV-1 infection, while 
CXCR4 expression levels demonstrate a modest change42.

In conclusion, antiretroviral therapy resulted in a comparable decay of HIV-1 
infection levels in naïve and central memory subsets with minor to no changes in the 
viral quasispecies. HIV-1 copy numbers in the effector memory subset not always 
decreased and the virus in this cell subset and in serum appeared to be more sensitive 
to therapy. We also observed variant sensitivity among virus strains in a dual-infected 
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individual. These results give insight in the viral dynamics within CD4+ lymphocyte 
subsets during early therapy.
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a b s t r a C t

In order to obtain HIV-1 primary isolates in settings with limited access to donor 
PBMC, a culture method was developed where patient PBMC infected with HIV-1 
were cultured together with U87.CD4 cells. Using this non-laborious method, it is 
possible to harvest virus solely on the basis of syncytia formation and circumventing 
monitoring of viral replication by CA-p24 ELISA. Primary isolates from 23 out of 33 
patients (70%) were isolated successfully. From PCR amplification and sequencing of 
the V1V5 region of the viral gp120 envelope gene, primary isolates were compared with 
variants obtained from plasma and PBMC of thirteen patients. The primary isolates of 
seven patients (54%) resembled closely the plasma viral quasispecies, whereas different 
variants were isolated from the other patients (46%). Three patients harbored a dual 
infection, while this remained unnoticed from sequencing the plasma or PBMC 
compartment. The primary isolates were highly infectious for TZM-bl cells and could 
infect CD4-enriched lymphocytes. This study demonstrates that it is possible to grow 
viral isolates using a non-laborious and simple method. These isolates may be used in 
the field for studies on antiretroviral therapy or for vaccine trials.
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I n t r o D u C t I o n

The human immunodeficiency virus type 1 (HIV-1) M group consists of different 
viral subtypes, ranging from A to K, and many recombinant forms, which creates a 
major challenge for HIV-1 vaccine research1. Vaccine studies benefit greatly from the 
generation of primary isolates, which can be tested for an array of biological phenotypes, 
such as sensitivity to antiretroviral drugs or antibody neutralization. HIV-1 primary 
isolates are obtained commonly by cocultivation of peripheral blood mononuclear 
cells (PBMC) from individuals infected with HIV-1 together with uninfected donor 
PBMC2. In infected individuals, HIV-1 consists of a population of closely related but 
distinct variants, termed the viral quasispecies3. There is no consensus as to whether 
primary isolates obtained using donor PBMC represent accurately the circulating 
HIV-1 quasispecies. Several studies described preferential outgrowth of minor PBMC 
variants using this strategy4-6. Two other studies conclude that cultured primary 
isolates represent accurately the viral quasispecies within the PBMC fraction7,8. There 
are several drawbacks of coculturing patient cells with donor PBMC: the variation in 
donor cell susceptibility to HIV-1 infection, the longer periods required for culturing 
and the requirements for capsid p24 (CA-p24) monitoring and HIV-1 uninfected 
blood7,9. This latter point has considerable implications for settings where continuous 
supply of donor PBMC and CA-p24 Enzyme-linked immunosorbant assays (ELISA’s) 
for monitoring viral replication are often not available or cannot be afforded.

HIV-1 spreads more efficiently from cell-to-cell than via cell-free infection10-12. 
Furthermore, using cell-free virus from patient plasma for growing primary isolates 
requires usually high viral loads due to the relative low level of infectivity of HIV-1 viral 
particles in plasma13,14. Recent advances have been made to enhance viral propagation 
using plasma, but these are again expensive15,16. In light of these disadvantages, it may be 
easier to culture viral isolates using patient PBMC. However, this may reactivate latent 
and/or archival strains that do not represent the plasma variants that are produced 
more recently6,17-19. A simple and cheap method for generating HIV-1 primary isolates, 
representing accurately the patients’ plasma viral quasispecies, is desirable. Morner et 
al have described a method of cocultivating virus-producing PBMC with U87.CD4 
cells expressing various coreceptors to determine viral coreceptor usage20. U87.CD4 
cells are microglial cells that reside in brain tissue and have been engineered to be used 
for determining coreceptor usage21. Another study describes the generation of HIV-1 
clones using the U87.CD4 cell line22 and suggests that the viral clones possessed the 
same biological and molecular properties as the primary isolates. Both studies are very 
laborious since viral stocks were passaged twice on donor PBMC.

A non-laborious method is described for generating HIV-1 primary isolates directly 
from patient PBMC using the U87.CD4 cell line whereby virus can be harvested solely 
on the basis of syncytia formation. This method circumvents the need for monitoring 
of viral replication by CA-p24 ELISA and feeding the culture with fresh cells. In this 
assay, patient samples of various subtypes were used and part of the study was carried 
out in Ghana. Primary isolates were isolated successfully from 23 out of 33 patients 
(70%). From PCR amplification and sequencing of the V1V5 region of the viral gp120 
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envelope gene, it is concluded that the majority of viral isolates resembled closely the 
plasma virus population. The primary isolates were highly infectious for TZM-bl cells 
and CD4-enriched lymphocytes.

m at E r I a l s  a n D  m E t H o D s

study part ic ipants
Fresh and stored PBMC samples were utilized and collected from individuals infected with 
HIV-1 participating in various studies, who did not receive antiretroviral therapy at the time 
of sampling. Patients A001-A007 and A012-A014, from Amsterdam, were included in an acute 
HIV-1 infection study, whereas patients A008-A011 belonged to a phase I/IIa clinical trial testing 
a novel fusion inhibitor23. VitalVirus isolated HIV-1 from plasma of donor A015 was used to infect 
uninfected donor PBMC (Miltenyi Biotec, Utrecht, The Netherlands). Two weeks post-infection 
these PBMC were used in the U87.CD4 cocultivation assay. PBMC from these individuals were 
stored at -150°C before they were utilized for the assay. An additional 18 patients were recruited in 
Ghana for inclusion in a study monitoring HIV-1 infection in a region endemic for parasitic co-
infections. From these patients, 20 ml of blood was collected in Vacutainer cell preparation tubes 
(CPT; Becton Dickinson, San Jose, CA, USA) and processed as recommended by the manufacturer. 
These Ghanaian patients provided fresh PBMC for the coculture assay and the viral loads were 
determined using the Versant HIV-1 RNA 3.0 Assay (bDNA; Siemens, Deerfield, IL, USA). CD4 
counts were determined by use of the Becton Dickinson FACSCount system (San Jose, CA, USA). 
These 33 patients were infected with various subtypes as determined by phylogenetic analyses of 
the envelope V1V5 region and blasting the sequences on the Los Alamos website (http://www.
hiv.lanl.gov). All samples were obtained after institutional review by the appropriate boards and 
informed consent was obtained from all study participants.

Cel l  culture
Human glioma U87.CD4 cells stably expressing either the HIV-1 coreceptor CCR5 or CXCR4 
were obtained through the NIH AIDS Research & Reference Reagent Program from Dr. H. Deng 
and Dr. D.R. Littman21. The U87.CD4 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% inactivated fetal calf serum (FCS), penicillin (100 units per 
ml) and streptomycin (100 μg/ml). In addition, neomycin (300 μg/ml) and puromycin (1 μg/
ml) were added to the culture medium to maintain CD4 and coreceptor expression, respectively. 
U87.CD4 cells expressing either CCR5 or CXCR4 were seeded in 24-well plates (2.5 x 105 cells 
per well) without puromycin and neomycin one day prior to coculture. Patient PBMC (1.5 x 
106 cells) were activated overnight using 2 μg/ml of phytohaemagglutinin (PHA) in RPMI 1640 
medium containing 10% inactivated FCS, 100 units/ml of interleukin 2 (IL-2) and antibiotics. 
The following day the PBMC were washed and applied onto a confluent layer of U87.CD4 cells 
in DMEM. The culture medium was refreshed every two to three days and selection antibiotics 
were added again two days later. Virus production was monitored by syncytia formation and by 
frequent CA-p24 ELISA (in-house) on the culture supernatant. With respect to the Ghanaian 
samples, culture supernatants from three time-points were collected, shipped back to the 
Netherlands and CA-p24 values were determined when required. Values over 0.1 ng/ml were 
regarded as positive.

PCr ampl if icat ion and sequencing
Upon virus production, culture supernatant was collected and samples from multiple time-points 
were stored. PBMC before the start of the coculture and plasma from the same time-point were also 
stored. Samples that were used for PCR amplification and sequencing were lysed in L6 lysis buffer 
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and DNA/RNA was isolated using a method described previously24. A reverse transcriptase reaction 
(RT) was performed on the RNA samples using the Superscript III RT kit (Invitrogen, Paisley, 
UK). The V1V5 region of the cDNA and DNA isolated from PBMC were PCR amplified using 5 μl 
of input. The following primers were used: 5’-GCCTTAGGCATCTCCTATGGCAGGAAGAA-3’ 
and 3’-CAGACAATAATTGTCTGGCCTGTACCGTCA-5’. A nested PCR was performed 
with the following primers: 5’-GAAAGAGCAGAAGACAGTGGCAATGA-3’ and 
3’-GTGCTTCCTGCTGCTCCTAAGA-5’. The obtained PCR products were sequenced clonally 
using the TOPO II cloning system (Invitrogen, Paisley, UK). Five to twelve clones of culture 
supernatant and plasma and/or PBMC were sequenced bi-directionally using the BigDye 
Terminator Cycle Sequencing kit and analyzed using an ABI 377 automated sequencer (Applied 
Biosystems, Foster City, CA, USA). The quality of the sequences was analyzed using CodonCode 
Aligner version 1.5.1, after which the sequences were aligned automatically in BioEdit. All 
sequences were adjusted manually with respect to the gp120 open reading frame according to 
reference sequences obtained from the Los Alamos sequence database (http://www.hiv.lanl.
gov). MEGA software was used for Neighbor-Joining phylogenetic analyses where the Tamura-
Nei parameter was used as distance parameter25. Similarity plots of the env gp120 V1V5 region 
were performed using the bootscanning method as implemented in the SIMPLOT program for 
studying sequence similarity26,27. The analysis was performed by calculating nucleotide distances 
for a sliding window of 200 nucleotides, moving along the alignment of a panel of reference 
sequences with increments of 20 base pairs. For each window, 100 replications were generated 
by the bootstrap method and the percent bootstrap values were plotted against the nucleotide 
position of the sequence of the reference panel. The number of potential N-linked glycosylation 
sites (PNGS) was calculated using the Los Alamos website and corrected for certain sequons that 
are glycosylated inefficiently28,29.

PbmC and tzm-bl  infect ions
The infectivity of the primary isolates generated on U87.CD4 cells was determined by bulk 
infection of CD4-enriched lymphocytes and by the 50% tissue culture infectious dose (TCID50) 
method30. PBMC isolated from multiple HIV-1 uninfected donors were pooled and stored at 
-150°C. Upon thawing, the cells were PHA-activated (2 μg/ml) for three days after which CD8+ 
lymphocytes were depleted using CD8 immunomagnetic beads (Invitrogen, Paisley, UK) and 
cultured for an additional two days. Bulk infections were performed using 200 μl of culture 
supernatant on 2.5 x 106 cells and viral replication was monitored over time using a CA-p24 
ELISA. The TZM-bl reporter cell line stably expresses high levels of CD4 and HIV-1 coreceptors 
CCR5 and CXCR4 and contains the luciferase as well as β-galactosidase genes under control of 
the HIV-1 promoter. The TZM-bl cell line was obtained through the NIH AIDS Research and 
Reference Reagent Program from Dr. J.C. Kappes, Dr. X. Wu and Tranzyme Inc. One day prior to 
infection, 2 x 104 TZM-bl cells were plated on a 96-well plate in DMEM containing 10% fetal bovine 
serum, 1x minimum essential medium nonessential amino acids and penicillin-streptomycin 
(both at 100 units/ml). Virus was added to the cells (0.2 ng of CA-p24) in the presence of 400 nM 
saquinavir (Roche, Mannheim, Germany) and 40 µg/ml DEAE in a total volume of 200 µl. Two 

days post-infection, the cells were washed with PBS and lysed in reporter lysis buffer (Promega, 
Madison, WI, USA). Luciferase activity was measured using a luciferase assay kit (Promega, 
Madison, WI, USA) and a Glomax luminometer according to the manufacturer’s instructions 

(Turner BioSystems, Sunnyvale, CA, USA). All infections were performed in triplicate and 
uninfected cells were used to correct for background luciferase activity.

Genbank access ion numbers
The sequences described in this study were allocated the following Genbank accession numbers: 
GU573770-GU573786.
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r E s u l t s

Generation of HIV-1 primary isolates using the u87.CD4 cell  l ine
It was tested whether culturing patient PBMC onto U87.CD4 cells would be a suitable 
method to obtain HIV-1 primary isolates representative of plasma variants. Fresh 
and frozen PBMC samples were included, derived from individuals representing a 
wide range of HIV-1 viral loads and harboring different HIV-1 subtypes (Table 1 and 
materials and methods). The cocultures were initiated using frozen PBMC samples 
(A001-A015). Subsequently, the assay was conducted in the field using fresh PBMC 
from 18 Ghanaian individuals infected with HIV-1 (K001-K021). On the day of sample 
collection, U87.CD4 cells expressing either the CCR5 or CXCR4 coreceptor were 
seeded and the following day cocultured with overnight PHA-activated PBMC. For 
samples A001-A015, the culture supernatant was monitored for virus production by 
CA-p24 ELISA and syncytia formation of the U87.CD4 cells, whilst for the Ghana 
samples syncytia formation was the primary read-out with CA-p24 levels in the culture 

Figure 1. HIV-1 replication of PBMC/U87.CD4 cocultures 
and influence of viral load. (A) HIV-1 replication curves 
of four patients demonstrating viral replication when 
coculturing patient PBMC with U87.CD4 cells. The Y-axis 
depicts log CA-p24 values of the culture supernatant and 
below the graphs the syncytia score is given, ranging from 
0 to ++++. 0: no syncytia; +: 0-5 syncytia per well; ++: 5-10 
syncytia per well; +++: 10-20 syncytia per well; ++++: >20 
syncytia per well. (B) Viral load values of patients with positive 
and negative culture outcome. The viral loads are depicted on 
the y-axis in logarithmic scale and the Mann Whitney test 
was used to compare values between both groups (p=0.0005).
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Table 1. Patient description and culture outcome

Patient pVLa (cps/ml) subtype
CD4  

(cells/μl)
1st CA-p24 positive

time-point peak CA-p24 values

A001 137,221 n.d. 210 day 12: 10 ng/ml day 23: 2,110 ng/ml
A002 71,103 n.d. 350 day 16: 4 ng/ml day 26: 176 ng/ml
A003 1,231,780 n.d. 180 day 9: 14 ng/ml day 16: 325 ng/ml
A004 10,000,000 n.d. 180 day 20: 0.6 ng/ml day 45: 275 ng/ml
A005 719,750 n.d. 540 day 9: 2 ng/ml day 26: 434 ng/ml
A006 1,852 n.d. 210 negative negative
A007 3,644,834 n.d. 230 day 14: 5.4 ng/ml day 31: 352 ng/ml
A008 n.d.b B n.d. day 13: 2 ng/ml day 27: 1,089 ng/ml
A009 n.d. n.d. n.d. negative negative
A010 n.d. B n.d. day 7: 1 ng/ml day 13: 450 ng/ml
A011 n.d. n.d. n.d. day 13: 3 ng/ml day 27: 866 ng/ml
A012 195,550 n.d. 1,090 day 7: 10 ng/ml day 11: 105 ng/ml
A013 8,992 n.d. 250 day 8: 1.4 ng/ml day 24: 391 ng/ml
A014 114,848 Bd 470 day 9: 2.2 ng/ml day 20: 50.3 ng/ml
A015 1,300,000 A n.d. CCR5: day 5: 261 ng/ml day 11: 1,300 ng/ml

CXCR4: day 5: 470 ng/ml day 8: 530 ng/ml
K001 198,396 CRF02_AG 416 day 21: 107 ng/mlc day 32: 154 ng/ml
K003 20,809 CRF02_AG 69 day 18: 165 ng/ml day 18: 165 ng/ml
K004 29,819 G 29 day 27: 117 ng/ml day 27: 117 ng/ml
K005 3,886 n.d. 74 negative negative
K006 <75 n.d. 972 negative negative
K008 47,447 CRF02_AG 684 day 33: 1.7 ng/ml day 33: 1.7 ng/ml
K009 6,027 n.d. 525 negative negative
K010 97,634 CRF02_AG 280 day 26: 84 ng/ml day 26: 84 ng/ml
K011 17,516 n.d. 982 negative negative
K012 <75 n.d. 632 negative negative
K013 7,793 CRF02_AG 497 day 19: 75 ng/ml n.d.
K014 167,792 CRF02_AG 454 day 19: 109 ng/ml n.d.
K015 3,376 n.d. 643 negative negative
K016 10,324 CRF02_AG 536 day 19: 117 ng/ml n.d.
K018 140,896 CRF06_cpx 296 day 21: 2.5 ng/ml day 27: 3.2 ng/ml
K019 59,048 n.d. 707 negative negative
K020 24,671 n.d. 1,154 negative negative
K021 6,166 CRF02_AG 666 day 24: 37.3 ng/ml day 32: 383 ng/ml

a plasma viral load in copies per ml
b n.d.: not determined. Viral load values and CD4 counts were not available for all individuals. HIV subtyping 

was only carried out on patients that were studied in depth. 
c For most Ghanaian patients (K001-K021) CA-p24 values were determined on two of the three time-points 

available. Values in this table are based on those two time-points.
d subtyping based on pol region
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supernatant determined later in Amsterdam. 13 out of 15 frozen PBMC samples 
(86.6%) demonstrated virus production as determined by syncytia readout and by 
CA-p24 ELISA. Figure 1A shows viral replication of four samples and demonstrates a 
strong association with syncytia formation. CA-p24 could be detected as early as day 
seven for three patients (20%) and reached occasionally values of 1 μg/ml or higher 
(Fig. 1A and Table 1). The majority of viral isolates were harvested within two weeks. 
Since viral replication of CXCR4-using HIV-1 variants was not detected, patient A015 
was included who harbored both CCR5- and CXCR4-using viruses. Both the U87.
CD4.CCR5 and CXCR4 cells produced virus (and displayed syncytia), demonstrating 
that this assay can also be used for production of CXCR4-using HIV-1 variants and 
providing a simultaneous read-out of coreceptor usage. The same assay was utilized 
in Ghana where a CA-p24 ELISA assay was not available. Culture supernatant was 
harvested solely on the basis of syncytia formation and was shipped back to the 
Netherlands where CA-p24 values were determined. Ten individuals demonstrated 
virus replication (55.5%) with p24 values ranging from 1.7 to 383 ng/ml. Overall, 
cocultures from 23 of the 33 patients (70%) produced virus, with some values reaching 
1 μg/ml. The ten patients with negative culture outcome (CA-p24 values below 0.1 ng/
ml) showed no clear syncytia formation.

A positive culture outcome may be related to the height of the viral load and this 
was investigated. The viral loads of the patients with a positive culture outcome were 
significantly higher (p=0.0005) than from patients with a negative culture outcome 
(median values 126,000 versus 3,886 copies per ml; Fig. 1B). The viral load and CD4 
count from one patient with a negative culture outcome was unknown. Six of the nine 
(66.6%) patients with a negative culture outcome, harbored viral load values below the 
patient group with positive cultures. This indicates that the level of viral replication is 
an important factor in determining culture outcome.

the primary isolates resemble closely the plasma-derived variants
In order to determine the extent to which the primary isolates resemble the patients’ 
plasma and/or PBMC HIV-1 population, the viral quasispecies from each compartment 
was clonally sequenced. Approximately ten sequences from the culture supernatant 
(sup) were compared to an equal number of plasma/PBMC-derived sequences for 
thirteen patients. Among all sequenced primary isolates, only a few defective genomes 
with stop codons or large deletions were present, showing that the vast majority of 
the produced isolates harbored functional envelopes. The primary isolates were highly 
representative of the viral quasispecies in the patients’ plasma and in two cases also 
of the PBMC, as concluded from phylogenetic analyses. This was the case for patients 
K001 and K013 (Fig. 2A) and also for patients K004, K014, K016, K018 and A015, and 
to some extent for A010 (supplementary data A). In five out of seven patients, part of 
the PBMC-derived sequences formed occasionally a separate branch in the tree and 
these can either be archival, latent or non-replicating variants. The primary isolates 
of patient A010 could be split into two groups, where the majority of isolates matched 
part of the PBMC-derived sequences (Fig. 2C). Four other sequences seemed to be of 
a different infecting HIV-1 strain and will be discussed later. For these eight patients, 
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Figure 2. Phylogenetic analyses: bootstrap neighbor-
joining phylogenetic trees of 1,000 replicates 
of the env V1V5 region of PBMC, plasma and 
primary isolates (culture supernatant or sup). Only 
bootstrap values over 80% are shown. The Tamura-
Nei parameter was used as distance parameter and 
the HXB2 sequence was included as the reference 
strain. (A) Two phylogenetic trees of patients whose 
primary isolates resemble closely plasma and PBMC 
sequences. (B) Example of a patient whose primary 
isolates differ slightly from the plasma sequences. 
(C) Phylogenetic trees of two patients whose primary 
isolates cluster significantly separate from the 
patients’ plasma and PBMC sequences.
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pairwise nucleotide distances were calculated among sequences from plasma, PBMC 
and culture supernatant. In figure 3A, the median genetic distance between the primary 
isolates and plasma/PBMC variants was equal to, or smaller than the genetic diversity 
within one of these subsets. This implies absence of selection for certain variants and 
demonstrates that the primary isolates are not significantly different from the variants 
in plasma/PBMC. 

The gp120 envelope characteristics of the generated viruses were further studied 
and compared to those from the plasma/PBMC variants. The V1V5 length, number 
of potential N-linked glycosylation sites (PNGS) and net V3 charge of all sequences 
were calculated. For the above mentioned seven patients and also for all but four 
isolates of A010, no or only minor differences were observed between the primary 
isolates and the plasma/PBMC sequences (Table 2). As described previously, patient 
A015 contained both CCR5- and CXCR4-using variants. A clear distinction between 
the differential coreceptor-using variants was observed in the phylogenetic analyses 
(supplementary data A). The plasma sequences that resembled the CCR5-using isolates 

Table 2. Sequence analyses

V1V5 length (# clones) # PNGSb V3 charge

Patient PBMC plasma
culture 

sup PBMC plasma
culture 

sup PBMC plasma
culture 

sup
K001 329 (11) 332 (9) 332 (11) 17 17 17 2 4 4

K003 n.d.a 335 (10) 362 (11) n.d. 24 27 n.d. 3 2

K004 n.d. 332 (12) 332 (11) n.d. 24 24 n.d. 4 4

K008 n.d. 334 (8) 334 (12) n.d. 21 22 n.d. 4 3

K010c n.d. 234 (11) 235 (9) n.d. 15 16 n.d. 3 1

K013 342 (11) 342 (10) 342 (11) 22 22 22 2 2 2

K014 345 (5) 344 (9) 346 (11) 22 22 22 4 4 3

K016 n.d. 354 (10) 352 (10) n.d. 23 23 n.d. 4 4

K018 n.d. 328 (10) 328 (11) n.d. 23.5 24 n.d. 2 2

K021 340 (12) 340 (6) 344 (12) 26 26 23 3 3 3

A008 349 (12) n.d. 346 (10) 23.5 n.d. 23 4 n.d. 4

A010_sup1d 341 (11) n.d. 341 (10) 21 n.d. 20 4 n.d. 3

A010_sup2 341 (11) n.d. 334.5 (4) 21 n.d. 22 4 n.d. 3

A015_R5c 186 (5) 187 (7) 186 (8) 12 11 12 4 3 3

A015_X4 186 (11) 186 (6) 186 (6) 11 11 11 5 5 5

All values are median values and the numbers in brackets in the columns of V1V5 length (in amino acids) 
are the number of clones sequenced for each compartment.
a n.d.: not determined, since for most patients either the plasma or PBMC compartment was analyzed.
b # PNGS = number of potential N-linked glycosylation sites.
c For patient K010 the V1C3 region was used for analysis and for patient A015 the C2C4 region was used.
d Culture supernatant sequences of patient A010 were split into two groups, one resembling the PBMC-

derived sequences and one group containing the dual infection.
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had a V3 charge of +3, indicative of CCR5 usage, while the CXCR4-using isolates and 
resembling plasma sequences harbored a V3 charge of +5, indicating possible CXCR4 
usage (Table 2).

The culture isolates of patients K008, K010 and A008 clustered separately from the 
respective plasma or PBMC sequences (Fig. 2B and supplementary data B). For K010 
and A008, this occurred with significant bootstrap values of 86% and 94%, respectively. 
The median genetic distance between the primary isolates and the plasma or PBMC 
HIV-1 variants was 2.5% for K008, 4.5% for K010 and 5.0% for A008 (Fig. 3B). These 
values were significantly higher (p<0.0005) than the diversity within either individual 
subset indicating selection of certain variants. From sequence analysis of patient A008, 
it was apparent that the PBMC sequences varied in V1V5 length, while the primary 
isolates had a length of 346 amino acids, which was the shortest detected length in the 
PBMC compartment. No changes in the number of PNGS or V3 charge were observed 
for this patient, whereas the viral isolates of patients K008 and K010 harbored one 
extra PNGS in the C2 and V2 region, respectively, when compared to the plasma 
sequences. The gp120 V3 charge of these patients also decreased. Concluding, the 
primary isolates of eight of the thirteen patients (61.5%), excluding the four sequences 
of A010, resemble closely the corresponding plasma isolates while three other patients 
harbor a changed viral population in their culture supernatant.

Detect ion of  HIV-1 dual  infect ion
All culture isolates of patients K003 and K021 and four of the thirteen isolates of A010 
formed a separate branch in the phylogenetic tree with a significant bootstrap value of 
100% (Fig. 2C and supplementary data C). Patient cross-contamination was excluded, 
since the primary isolates did not cluster with sequences from other patients (Fig. 4A). 
The observation that unrelated virus strains are positioned in between the plasma/
PBMC sequences and primary isolates of the same patient, suggests strongly that these 
individuals harbor dual infections (Fig. 4A). Next, the median genetic distance between 
the culture isolates and the plasma/PBMC-derived viral populations was calculated. The 
culture isolates differed between 18.8% and 36.7% from those obtained from plasma 

Figure 3. Pairwise nucleotide distances between primary isolates and plasma/PBMC-derived 
sequences. Depicted are the pairwise distances (in percentage) within and between sequences 
from PBMC, plasma and culture supernatant (sup). The horizontal bar depicts the median value, 
which is also placed above each data set. (A) Distance graphs whereby the median value of 
the intergroup distance (between culture supernatant and PBMC/plasma) does not exceed the 
median of the intragroup distance (diversity within the culture supernatant, plasma or PBMC) 
indicating lack of selection. The CCR5- and CXCR4-using primary isolates of patient A015 were 
placed in separate graphs and compared with similar PBMC and plasma sequences. Similarity 
was determined on the basis of phylogenetic and sequence analysis. (B) Distance graphs whereby 
the median intergroup distance exceeds the median of the intragroup distance, which is indicative 
of selection. *** The Wilcoxon signed rank test calculated a significant difference in diversity 
between the two groups (p<0.0001). (C) Distance graphs whereby the median intergroup 
distance exceeds the median intragroup distance to such an extent that this is indicative of dual 
infection (***: p<0.0001).
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Figure 4. HIV-1 dual 
infection of K003, K021 
and A010. (A) Bootstrap 
neighbor-joining  phy-
logenetic tree of 1,000 
replicates of the env C2V3 
region of all described 
individuals. Additionally, 
reference strains from the 
Los Alamos database were 
included. Only bootstrap 
values over 80% are 
shown and the Tamura-
Nei parameter was used 
as distance parameter. 
Primary isolate sequences 
are designated ‘sup’. (B-D) 
Similarity plots of the env 
gp120 V1V5 region of 
patients K003, K021 and 
A010 based on the bootstrap 
neighbor-joining tree using 
the Kimura-2 parameter. 
A representative plasma 
sequence was used as 
query with the percentage 
of similarity to the other 
sequences plotted on the 
y-axis. The window size 
is 200 base pairs with 20 
nucleotide step increments.
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or PBMC (Fig. 3C; p<0.0001). These values again point to HIV-1 dual infection. This 
was confirmed by simplot analyses for all three patients, where unrelated virus strains 
were at comparable genetic distance from the plasma/PBMC sequences as are the 
culture isolates (Fig. 4B-D). The detection of recombinant viruses K003_plasma6 and 
A010_sup3b provide ultimate evidence for the presence of a dual infection. The culture 
isolates were of the same subtype as the virus in the plasma/PBMC compartment. The 
gp120 V1V5 envelope characteristics of the culture isolates were compared with the 
patients’ plasma/PBMC sequences to investigate whether differences exist that might 
affect CCR5 usage. Increased CCR5 affinity might explain the appearance of these 
viruses in the culture supernatant. The culture isolates of K003 and A010 harbored 
envelopes with reduced V3 charge, while K021 and A010 contained less PNGS in the 
V1V2 region. The isolates of all patients had different amino acids at positions in the 
V3 loop and bridging sheet, affecting possibly coreceptor binding.

the pr imary i solates  are infect ious  for  PbmC and tzm-bl  ce l l s
Since the primary isolates were characterized genetically, their infectivity for PBMC 
and TZM-bl cells was determined. First, the TCID50 on CD4-enriched lymphocytes was 
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calculated by a volume-based limiting dilution of the primary isolates30. The resulting 
TCID50 values varied from 34 to 46,666 per ml with some isolates showing modest viral 
replication. All U87.CD4 generated virus isolates productively infected CD4-enriched 
lymphocytes. All isolates demonstrated viral replication, with two cultures reaching 
over 20 ng/ml CA-p24 at day seven (Fig. 5A). Ten days after infection, fresh cells were 
added for boosting viral replication. CA-p24 levels of all cultures increased from just 
above the level of detection at day 10 up to one log or more at day 17 (data not shown). 
Small volumes of U87.CD4 cell generated viral stocks could productively infect CD4-
enriched lymphocytes, making these isolates suitable for further studies. Since TZM-bl 
cells are used widely in a number of phenotypic assays, the infectivity of the culture 
isolates were tested on these cells. The infections were carried out in triplicate using 
0.2 ng of CA-p24 as input. All tested isolates had high TZM-bl infectivities (Fig. 5B). 
The levels were comparable to control infections with stocks of the HIV-1 strain 299.10 
that were generated previously31. When the infectivities of the primary isolates were 
compared with other virus strains in previous TZM-bl infections, the isolates reached 
comparable or higher levels of infectivity with low CA-p24 input (unpublished results).

D I s C u s s I o n

Cocultivating patient PBMC with U87.CD4 cells expressing various coreceptors is 
a simple method for generating HIV-1 primary isolates. Productively infected U87.
CD4 cells form characteristic syncytia and can be distinguished easily from uninfected 
cultures32. This method has additional advantages over donor PBMC cocultures. The 
use of one cell line instead of donor PBMC is a more standardized method of virus 
production overcoming the variation in donor PBMC for susceptibility to HIV-1 
infection7,9. Higher CCR5 expression levels over PBMC can also attract weak CCR5 
binding variants that may be excluded when coculturing with donor PBMC. Positive 
culture outcome was largely dependent on the height of viral load and also CD4 count 
seemed to be of influence. Seven out of nine individuals with negative culture outcome 

Figure 5. Infectivity of the primary isolates. (A) Viral replication on CD4-enriched lymphocytes 
using 200 μl culture supernatant. (B) Median values of a triplicate TZM-bl infection using 0.2 
ng CA-p24. Error bars indicate the range and the infectivity level of the 299.10 viral isolate was 
used as reference.

ba



4 

G e n e r a t i n g  H I V- 1  p r i m a r y  i s o l a t e s  u s i n g  U 8 7  c e l l s

85

had a CD4 count of more than 500 copies per μl. A viral load higher than 7,000 copies 
per ml resulted in a positive culture outcome in 86.4% of the cultures. For two patients, 
more factors will be involved since their viral loads were comparable with those from 
patients with positive culture outcome. One of these factors may be cellular infection 
levels. The relatively well-preserved CD4 counts of patients K011, K019 and K020 of 
over 700 cells per μl, are indicative of a low number of infected CD4+ lymphocytes 
influencing the culture outcome33,34. In all likelihood, addition of a higher number of 
activated PBMC to the U87.CD4 cells may be beneficial in generating isolates from 
patients with low viral loads provided that this does not affect the U87 cell viability 
nor has other adverse effects. Cultures performed including up to 2x106 PBMC had no 
evidence of such events.

The primary isolates of patients K008, K010 and A008 harbored different amino 
acids at positions across the entire V1V5 region. The amount of different residues and 
the limited time-span of culturing suggests outgrowth of a minor PBMC population, 
which was undetectable in plasma. The lower V3 charges observed in isolates from 
K008 and K010 may have occurred through selection for viruses with increased affinity 
for the CCR5 coreceptor35. All other observed changes outside the V3 region were 
predicted not to have any influence on CCR5 usage36,37. However, these observed 
alterations have arisen in the absence of an immune response and may change the gp120 
envelope structure and thereby modulating virus replication capacity. Apart from the 
dual infections in patients K003, K021 and A010, only one mutation in eleven patients 
was observed, which had a direct and major effect on coreceptor usage. However, this 
conclusion is based solely on literature and without testing these mutations in the 
context of the autologous virus. Because of the low number of functionally significant 
mutations influencing CCR5 affinity, the isolates may be used for further phenotypic 
analyses. These can be testing of novel entry inhibitors or novel components of 
antiretroviral therapy at the site of virus isolation.

The viruses in the culture supernatant of patients K003, K021 and A010 had different 
envelope characteristics compared to the plasma variants regarding V3 charge, V1V2 
length and glycosylation (Table 2). Since all these variables influence coreceptor usage, 
the appearance of different viral variants in the culture supernatant may be due to 
higher CCR5 affinity of these variants over the other quasispecies31,38-43. An explanation 
for why these strains were undetectable in plasma/PBMC of these individuals could be 
their suppression by immune pressure. These isolates harbored different amino acids 
at positions involved in coreceptor binding36,37. However, the alternative residues were 
observed frequently and possessed often a similar structure and may therefore affect 
only marginally coreceptor binding. Competition experiments on both lymphocytes 
and U87.CD4 cells may shed more light on the fitness of both variants for each 
cell type. Three out of thirteen patients (23%) were harboring dual infections. This 
percentage is higher than what has been described in literature, with values ranging 
from 1% to 9% in normal-risk populations44,45. This implies that this coculture assay 
seems suitable to pick up dual infections with the notion that the undetectable strain 
must have the capacity to replicate better than the predominant strain. Since material 
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from only thirteen patients was sequenced, analyzing more culture isolates is required 
for a more accurate estimate of detection of dual infections.

High variation was observed when determining TCID50 values on CD4-enriched 
lymphocytes. The production of viral particles by a different cell type may influence 
the infectivity due to differential incorporation of cell membrane proteins46-48. Whether 
the obtained primary isolates have similar neutralization capacities as the patients’ 
plasma variants remains to be determined. For patients K008, K010 and A008 both the 
2G12 and b12 epitopes were preserved49,50. The neutralization sensitivity can change by 
passage on cell lines and also on PBMC and should be considered when using this assay 
for neutralization studies51-53. In addition, cell-specific post-translational modifications 
may also influence other aspects of the virus such as binding to CD4 or one of the 
coreceptors. Testing such characteristics is required before routinely using a cell line-
based assay. When treating a patient with CCR5 inhibitors, there is a need for detection 
of CXCR4-using variants that may emerge earlier in a patient due to such therapy54. 
The assay described in this manuscript may be used for detection of viruses that use 
CXCR4, since it was successful in generating such variants from PBMC of patient 
A015. In case this assay will be used for this purpose, the sensitivity in detecting these 
variants needs to be determined and compared with other assays designed for detection 
of CXCR4-using viruses55. If a patient harbors HIV-1 variants that use both CCR5 
and CXCR4, an additional coculture using U87 cells expressing both these coreceptors 
will enable the isolation of such dual-tropic variants without selecting for variants that 
possess a preference for one of these coreceptors. This assay produces primary isolates 
of various subtypes and phenotypes. Since the predominant subtype C has been shown 
to demonstrate similar gp120 envelope changes upon coreceptor switch, it is expected 
that this assay can also be used for generating isolates from individuals infected with 
this subtype56.

In conclusion, by cocultivating patient PBMC with U87.CD4 cells, HIV-1 primary 
isolates are generated without requiring donor PBMC or CA-p24 ELISA. These isolates 
represent accurately the plasma viral quasispecies for the majority of individuals, 
whereas in some patients outgrowth of a different viral population was observed. The 
primary isolates can productively infect CD4-enriched lymphocytes and are highly 
infectious for TZM-bl cells, thereby providing material for further characterizations.
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Supplementary data. Phylogenetic analyses of remaining patients. Bootstrap neighbor-joining 
phylogenetic trees of 1000 replicates of the env V1V5 region of PBMC, plasma and primary 
isolates (culture supernatant or sup). Only bootstrap values over 80% are shown. The Tamura-
Nei parameter was used as distance parameter and the HXB2 sequence was included as reference 
strain. (A) Phylogenetic trees of patients whose primary isolates closely resemble plasma and 
PBMC sequences. (B) Two examples of phylogenetic analyses of patients, whose primary isolates 
slightly differ from the plasma sequences. (C) Phylogenetic tree of K003 whose primary isolates 
significantly cluster separate from the plasma sequences.
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a b s t r a C t

HIV-1 infection results in the progressive loss of CD4+ T cells. Here we address how 
different pathogen-specific CD4+ T cells are affected by HIV-1 infection and the cellular 
parameters involved. We found striking differences in the depletion rates between 
CD4+ T cells to two common opportunistic pathogens, CMV and MTB. CMV-specific 
CD4+ T cells persisted after HIV-1 infection, whereas MTB-specific CD4+ T cells were 
depleted rapidly and contained more HIV-1 DNA than other memory CD4+ T cells. 
CMV-specific CD4+ T cells expressed a mature phenotype and produced very little 
IL-2, but large amounts of MIP-1b. In contrast, MTB-specific CD4+ T cells were less 
mature and most produced IL-2 but not MIP-1b. IL-2 production was associated with 
expression of CD25, and neutralization of IL-2 completely abrogated productive HIV-1 
infection of antigen-specific CD4+ T cells in vitro. HIV-1 DNA was found to be most 
abundant in IL-2-producing, and least abundant in MIP-1b-producing MTB-specific 
CD4+ T cells from HIV-1 infected subjects with active TB. These data support the 
hypothesis that differences in function affect the susceptibility of pathogen-specific 
CD4+ T cells to HIV-1 infection and depletion in vivo, providing a potential mechanism 
to explain the rapid loss of MTB-specific CD4+ T cells after HIV-1 infection. 
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I n t r o D u C t I o n

HIV-1 infection is characterized by the progressive depletion of CD4+ T helper cells 
eventually leading to the Acquired Immunodeficiency Syndrome (AIDS) and the 
onset of various opportunistic diseases. Highly active antiretroviral therapy (HAART) 
interrupts HIV-1 replication and leads to increases in CD4+ T cell numbers and 
function, with associated clearance of many opportunistic infections. Data indicate 
that ongoing viral replication within CD4+ T cells is among the most important 
parameters driving the massive, systemic depletion of memory CD4+ T cells during 
acute Immunodeficiency Virus infection1,2 and the subsequent slow depletion of 
CD4+ T cells during chronic disease. Although CD4+ T cell-mediated Delayed Type 
Hypersensitivity (DTH) reactions are lost during disease progression3,4, it is largely 
unclear whether depletion of particular pathogen-specific CD4+ T cells equates with 
susceptibility to given opportunistic infectious diseases. Some data suggest that this 
might be the case; e.g. cytomegalovirus (CMV) end organ disease is associated with 
and preceded by the loss of CMV-specific CD4+ T cell responses5,6. Whether different 
pathogen-specific CD4+ T cell populations are being differentially affected by HIV-1 
and what pathogenic mechanisms contribute to the depletion of individual pathogen-
specific CD4+ T cells is unknown. 

Pathogen-specific alpha/beta (ab) CD4+ T cells play a central role in the 
orchestration of adaptive immune responses and are important for protective immunity 
to many microbial pathogens, including Mycobacterium tuberculosis7,8. CD4+ T cells 
are a crucial component of the response to acute MTB infection in the murine model9. 
Upon antigen-recognition MTB-specific CD4+ T cells secrete interferon gamma 
(IFN-g) and tumor necrosis factor alpha (TNF-a) that activate infected macrophages, 
contribute to the containment of intra-endosomal bacilli10-12 and to the formation of 
bactericidal granulomas13. Hence, MTB-specific CD4+ T cells are thought to be of 
central importance in the efficient control of MTB infection and prevention of further 
dissemination to extrapulmonary sites. 

Active pulmonary and extrapulmonary tuberculosis (TB) are among the most 
commonly observed opportunistic infectious diseases in HIV-1 infected subjects 
within MTB endemic areas and pulmonary TB is frequently the first manifestation 
of AIDS in such regions14. Within areas of high TB incidence, the risk of developing 
active TB is significantly increased even during the first year after HIV-1 infection 
when total CD4+ T cell counts are still quite high12,15 and TB was shown to be the 
cause of death in almost 50% of HIV-1 seropositive South African Gold miners16. 
Furthermore, evidence of active and disseminated TB was found in almost 50% of 
autopsies conducted on HIV-1 infected Kenyan subjects17. In the absence of HIV-1 
infection or other immunodeficiencies, MTB is reasonably well controlled and only 
about 10% of MTB-exposed individuals develop active TB disease. Thus, the dramatic 
increase in active TB associated with HIV-1 infection suggests that MTB-specific 
immunity might be particularly vulnerable to HIV-associated immune damage.

In stark contrast to pulmonary TB, which frequently occurs in HIV-1 infected 
subjects with relatively high CD4+ T cell counts, CMV-associated end organ disease 
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typically affects AIDS patients only after CD4 counts have fallen to very low levels. 
Although these pathogens differ substantially, MTB and CMV share a range of 
similarities. Both cause persistent or latent infections that are tightly controlled by 
the adaptive immune system in healthy individuals, but cause life threatening disease 
in immunocompromised states. Importantly, pathogen-specific CD4+ T cells play 
important roles in the control of both of these infections5-8,18,19.

MTB-specific CD4+ T cell responses are depleted early after HIV-1 infection and 
are significantly decreased during chronic HIV-1 infection20,21. In contrast, CMV-
specific CD4+ T cells are often detectable even late into chronic HIV-1 infection22. 
This difference provides an opportunity to study cellular parameters associated with 
the rapid depletion or persistence of pathogen-specific CD4+ T cells after HIV-1 
infection and to further elucidate the mechanisms underlying the differential rates of 
depletion of various pathogen-specific CD4+ T cells. A better understanding of such 
mechanisms might help to elucidate general mechanisms of HIV-1 pathology and to 
define parameters that can protect vaccine-induced HIV-1 specific CD4+ T cells from 
preferential infection and depletion upon exposure to HIV-1.

m at E r I a l s  a n D  m E t H o D s

study subjects
Subjects from three cohorts were included in this study. Most were part of a large well-
characterized high-risk cohort of female bar workers (HISIS) enrolled in a prospective study 
of HIV-1 infection in the Mbeya region of Southwest Tanzania, and is described in detail 
elsewhere23,24. Subjects with evidence of active tuberculosis were enrolled at the NIMR-
Mbeya Medical Research Programme (NIMR-MMRP) Tuberculosis Clinic in collaboration 
with the National Tuberculosis and Leprosy Program of Tanzania (NTLP). The purpose 
and the procedures of the study were explained thoroughly to potential participants. Only 
persons who gave voluntarily written informed consent in the presence of a witness were 
enrolled. Acid Fast Bacilli (AFB) smear positive tuberculosis patients were referred to the 
MMRP Tuberculosis clinic. Active TB was diagnosed by examination and culture (BACTEC™ 
MGIT, Becton Dickinson, Sparks, USA) of three separate sputum samples per patient. HIV 
status was determined using HIV 1/2 STAT-PAK (Chembio Diagnostic Systems, Medford, 
NY) and positive results were confirmed using Enzygnost Anti-HIV 1/2 Plus ELISA (DADE 
Behring). Patients eligible for TB treatment were referred to the NTLP for treatment according 
to national guidelines. Patients diagnosed with HIV infection were referred to the Southern 
Highland Care and Treatment Program. None of the subjects evaluated in the current study 
were on active antiretroviral therapy.

In addition, blood was obtained from HIV-positive antiretroviral therapy naïve Ghanaian 
patients with suspected TB attending the HIV clinic of Koforidua Hospital, Ghana, after 
informed consent. Ethical clearance was granted by the Institutional Review Board of the 
Noguchi Memorial Institute for Medical Research, NMIMR-IRB CPN 039/06-07. HIV infection 
was confirmed using the Determine HIV-1/2 test (Abbott) and the First response HIV 1-2.0 test 
(Premier Medical Corporation Ltd).

Peripheral blood mononuclear cells (PBMC) from these patient cohorts were isolated, 
cryopreserved, stored in liquid nitrogen, and used in subsequent immunological assays. Use of 
these patient materials was reviewed and approved by the ethics committees of all partners in 
compliance with national guidelines and institutional policies.
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Conjugated ant ibodies
The following antibodies were used: IFN-g–fluorescein isothiocyanate (FITC), Interleukin 
(IL)-2-allophycocyanin (APC), MIP-1b-phycoerythrin (PE), CD3-Cy7APC, CCR5-Cy7PE and 
CD25-Cy5PE (BD Biosciences), CD27-Cy5PE and CD45RO-Texas red-PE (Beckman Coulter), 
and CD4-PECy5.5 (Caltag). An anti-HIV-1 p24/p55 antibody (clone KC57, Beckman Coulter) 
was labelled with FITC or PE. CD8-quantum dot (QD) 655, CD57-QD565 and TNF-a-Alexa680 
were conjugated in accordance with standard protocols (available at: http://drmr.com/abcon/
index.html).

antigens
For cell stimulations, Purified Protein Derivative (PPD, Statens Serum Institut) was used at a 
final concentration of 10 mg/ml. Two microliters of undiluted CMV grade 2 antigen (Microbix) 
was used to stimulate PBMC. Peptides fifteen amino acids in length and overlapping by 
eleven were designed for ESAT6 (AF420491.1) and CFP10 (AAC83445) by using the PeptGen 
peptide generator from the HIV Molecular Immunology Database (at: http://www.hiv.lanl.gov/
content/immunology/) and were used at a final concentration of 2 mg/ml/peptide. For sorting 
experiments, MTB-specific CD4+ T cells were stimulated overnight with a mix of PPD, ESAT6 
and CFP10 peptides to maximize detection of the MTB-specific T cell population.

st imulat ion and f low cytometr ic  analys i s
Previously cryopreserved PBMC were recovered by thawing and washing twice in Benzonase 
(4 ml of 25 kU Benzonase in 20 ml, Novagen) containing 37°C Complete Media (CM, 10% heat 
inactivated fetal calf serum, 100 U/ml penicillin G, 100 U/ml streptomycin sulfate, and 1.7 mm 
sodium glutamine). Cell stimulation was performed in CM in the presence of 1 mg/ml each of 
anti-CD28 and anti-CD49d (Pharmingen). Duration of stimulation varied in different assays. For 
the detection of MTB- and CMV-specific CD4+ T-cell responses and analysis of their functionality 
and cell surface phenotype, PBMC were stimulated with specific antigens for 2 hours before adding 
Brefeldin A (BFA, Sigma) and further incubated overnight (14-18 hours, 6 hours for analysis of 
CD25 expression) at 37°C. For in vitro HIV-1 infection experiments, PBMC were stimulated for 
48 hours and BFA was added 4 hours before flow cytometric analysis. Staining was performed 
using a modified version of a previously described method25. After stimulation, PBMC were 
washed once with PBS and stained with Vivid/Aqua (Molecular Probes)26. Anti-CCR5 antibody 
was then added for 10 minutes at RT in the dark. Subsequently, surface proteins were stained 
for 20 min. The cells were permeabilized using the Cytofix/Cytoperm kit (BD Biosciences), after 
which they were stained for CD3, IFN-g, MIP-1b, IL-2, and TNF-a. Cells were then washed and 
fixed with 1% paraformaldehyde. Cells were analyzed with a modified flow cytometer (LSR II; BD 
Immunocytometry Systems). Between 300,000 and 1,000,000 total events were collected from each 
sample. Electronic compensation was conducted with antibody capture beads (BD Biosciences) 
stained separately with the individual antibodies used in the test samples. Flow cytometry data 
were analyzed using FlowJo (version 8.8.3; TreeStar). For polychromatic analysis, initial gating 
for each sample set used a forward scatter area versus a forward scatter height plot to gate out cell 
aggregates. The cells were then gated through a forward scatter area versus a side scatter height plot 
to isolate small lymphocytes. CD3 versus Vivid/Aqua plot was then used to remove dead cells. The 
cut-off point for positive CD4+ T cell responses was 2-fold the negative control and at least 0.1% 
cytokine positive after subtraction of the background.

Virus  growth and character izat ion
CCR5-tropic HIV-1 BaL was grown on phytohaemagglutinin (PHA, Sigma)-stimulated PBMC 
in CM supplemented with IL-2 (Chiron). HIV-1 p24 antigen in cell culture supernatants was 
monitored by enzyme-linked immunosorbent assay (ELISA) (Coulter). Virus was harvested at 
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the peak of infection, on either day 4 or day 7. Viruses were concentrated by ultracentrifugation 
at 30,000 rpm for 70 min at 4°C, and virus pellets were resuspended in fresh RMPI at 10x to 50x 
to obtain clean, concentrated virus stocks. Control concentrated conditioned supernatant from 
uninfected PHA-stimulated T cells was collected as a control. The viral titers were determined by 
sensitive 14-day end-point titration assays using PHA- and IL-2-stimulated PBMC, and listed as 
50% tissue culture infectious doses per ml (TCID50/ml) as described previously27. The final titer 
of the stock of HIV-1 Bal was 2.6 x 106 TCID50/ml.

in  v i tro HIV-1 infect ion of  pr imary CD4 + t  ce l l s
Previously cryopreserved PBMC were thawed for coculture, washed thoroughly, and labeled with 
0.25 µM carboxyfluorescein diacetate succinimidyl ester (CFSE) fluorescent dye (Invitrogen). CFSE-
labeled cells were washed thoroughly and resuspended at 2 x 106 cells/tube in CM and stimulated 
for 24 hours with 1 µg/ml SEB at 37°C. Cells were then washed, resuspended in 200 μl of HIV-1 
BaL stock (0.26 Multiplicity of Infection) and incubated at 37°C for 2 hours. The residual virus was 
then washed off and cells were resuspended in 1 ml of CM with 1 µg/ml SEB and incubated at 37°C 
for an additional 22 hours. BFA (10 µg/ml; Sigma-Aldrich) was added to all tubes during the last 4 
hours before immediate analysis via flow cytometry. Stimulation was performed in the presence or 
absence of 1mM AZT or 10mg/ml anti-IL-2 antibody (Becton Dickinson).

Cel l  sort ing
PBMC from 20 HIV-1+ subjects with active TB were thawed, washed twice in the presence of 50 
U/ml Benzonase and resuspended at 3 x 106 cells/ml in CM. Costimulatory antibodies (aCD28 
and aCD49d; 1 µg/ml final concentration) were added to cells before splitting them into different 
tubes for overnight stimulation at 37°C with either MTB antigens or no antigen. BFA (10 µg/
ml) was added to all tubes 2 hours after stimulation. Following incubation, cells were washed 
and stained with pretitrated surface antibodies as described above. Cytokine-producing CD4+ 
T cells were sorted with a modified FACS Aria flow cytometer by gating tightly on live memory 
CD3+CD4+ T cells. MIP-1β+TNF-α+ memory CD4+ T cells were then sorted and all other memory 
CD4+ T cells were further delineated and sorted according to IFN-g and IL-2 staining into IFN-
g+IL-2+MIP-1β-, IFN-g+IL-2-MIP-1β- and cytokine negative memory CD4+ T cells. Between 193 
and 50,000 fixed, memory CD4+ T cells from each of the 4 different populations were collected 
depending on the number of PBMC available and the response level for each individual. Cells 
were then stored at -80°C prior to gag DNA analysis.

Quantif icat ion of  HIV-1 gag v i ra l  Dna
HIV-1 DNA was quantified by qPCR with an ABI7700 (Perkin-Elmer) similar to a 
previously described protocol28. HIV-1 gag primers and probe were optimized for detection 
and quantification of East African subtype A and C strains. Gag primer position and 
sequences were 783gagF-GAGAGAGATGGGTGCGAGAGCGTC (Tm>60), 895gagR-
CTKTCCAGCTCCCTGCTTGCCCA (Tm>60) and with a FAM labelled probe 844gagPr-ATTHG
BTTAAGGCCAGGGGGAARGAAAMAAT. Sites where base sequences differed among HIV-1 
isolates were made degenerate and are noted as follows: R (A or G), M (A or C), K (G or T), H (A or 
C or T), and B (C or G or T). To quantify the cell number in each reaction mix, the human albumin 
gene copy number was also assessed by qPCR. Albumin primer and probe sequences were as 
follows: hAlbFwd, TGCATGAGAAAACGCCAGTAA; hAlbRev, ATGGTCGCCTGTTCACCAA; 

and hAlbProbe, FAM-TGACAGAGTCACCAAATGCTGCACAGAA-BHQ1. Sorted T cells were 
lysed in 0.1 mg/ml proteinase K buffered with Tris-Cl for 1 h at 56°C and then for 10 min at 95°C 
to inactivate the enzyme. Five ml of lysate was used in a total reaction volume of 25 µl containing 
12.5 µM primers, 5 µM probe, a 10 mM concentration of each deoxynucleoside triphosphate, 3.5 
mM MgCl2, 1.25 mM Blue 636 reference dye, and 0.625 U Platinum Taq in the supplied buffer. 
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Reaction conditions included 5 min activation at 95°C followed by 15 s at 95°C and 1 min at 60°C 
for 45 cycles. Quantification was generated using standard curves for HIV-1 gag and albumin.

stat i st ica l  analys i s
Data analyses were carried out using GraphPad Prism version 4.0 software. Comparisons of 
two groups were performed using the Mann Whitney test. Comparisons of paired groups were 
performed using the Wilcoxon matched pairs test. Tests used for statistical analysis are described 
in the figure legends.

r E s u l t s

mtb-specif ic  and CmV-specif ic  CD4 + t  ce l l  responses  after 
HIV-1 infect ion
To determine the effect of HIV-1 on different pathogen-specific CD4+ T cells, we first 
compared the frequencies of MTB- and CMV-specific CD4+ T cell responses shortly 
before, early after, and during chronic HIV-1 infection in subjects without evidence 
of active TB or CMV disease. In 5 Tanzanian subjects who acquired HIV-1 infection 
during the study MTB- and CMV-specific responses were detectable at 3 months 
before the first HIV-1 seropositive study visit. During this baseline visit, the median 
frequencies of MTB- and CMV-specific memory CD4+ T cells were 0.18% (range: 0.1-
0.8) and 0.51% (range: 0.36-2.6), respectively. The median frequency of MTB-specific 
CD4+ T cells decreased 89.4% (Fig. 1) within 6-12 months after HIV-1 seroconversion. 
MTB-specific CD4+ T cells completely disappeared in 4 out of 5 subjects, and decreased 
more than 5-fold in the fifth subject. In contrast, CMV-specific CD4+ T cells were still 
detectable after 6-12 months in all subjects with a median decrease of only 40.6% 
despite recent HIV-1 infection. In four subjects the frequencies of CMV-specific 
CD4+ T cells were also determined during the first HIV-1 seropositive visit and/or 
at 3 or 6 months thereafter, but were always detectable (data not shown). These data 
demonstrate that the rate of in vivo CD4+ T cell depletion early after HIV-1 infection 
can differ depending upon the specificity of the response.

The effect of HIV-1 infection on the frequencies of MTB- and CMV-specific 
CD4+ T cells was also determined in a cross-sectional analysis of HIV-1 infected 
and uninfected Tanzanian subjects (n=17 HIV-1+, 17 HIV-1-, Fig. 1B and 1C). All 
subjects were clinically asymptomatic for MTB or CMV infection. HIV-1-infected 
subjects had a median CD4+ T cell count of 640 cells/ml (range: 109-758). In line with 
previous reports22, CMV-specific CD4+ T cells were detectable in most samples and the 
median magnitude of the response was actually higher in HIV-1+ than HIV-1- subjects 
(3.32% versus 1.72%, respectively). In contrast, HIV-1 infection was associated with 
significantly reduced magnitudes (p=0.009) and reduced prevalence of detectable 
MTB-specific responses. Six of 17 HIV-1+ subjects had detectable MTB-specific CD4+ 
T cell responses compared with 14 of 17 in HIV-1- subjects. Collectively these data 
demonstrate that early and chronic untreated HIV-1 infection is associated with severe 
depletion of MTB-specific CD4+ T cell responses, whereas CMV-specific CD4+ T cell 
responses tend to persist. These data suggest that MTB-specific CD4+ T cells are more 
susceptible than CMV-specific CD4+ T cells to in vivo HIV-1 infection and deletion.
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Figure 1. MTB- and CMV-specific CD4+ T cells 
are lost at different rates after HIV-1 infection. 
(A) Shown is the frequency of MTB-specific 
(black, 5 PPD responding subjects, who remained 
TB asymptomatic) and CMV-specific memory 
CD4+ T cell responses (grey, n=6) at 6-12 months 
after HIV-1 seroconversion as the percentage 
of baseline response detected at 3 months 
before the first HIV-1 seropositive follow-up 
in latently infected subjects. The frequency of 
MTB- or CMV-specific CD4+ T cell responses 
in chronically HIV-1 infected subjects (median 
time since HIV-1 infection >3 years, n=17) and 
a HIV-1- control group (n=17) is shown in (B) 
and (C), respectively. Memory CD4+ T cells were 
defined by expression of CD27 and CD45RO. IFN-g+ memory CD4+ T cells were detected after 
in vitro stimulation of PBMC with Purified Protein Derivative or whole inactivated CMV virus 
and intracellular cytokine staining for IFN-g. Statistical analysis was performed using the Mann-
Whitney test. 

Phenotype and funct ion of  mtb-  and CmV-specif ic  CD4 + t  ce l l s
To investigate factors that may be associated with the different rates of CD4+ T 
cell decline, we first assessed expression of the HIV-1 coreceptor, CCR5, on MTB- 
and CMV-specific CD4+ T cells. While CCR5 was present on CD4+ T cells of both 
specificities, there was no difference in the expression of CCR5 (percentage or mean 
fluorescent intensity) between CD4+ T cells of the two specificities (data not shown).

We next examined multiple other surface maturation markers and several 
functional characteristics within three different groups of pathogen-specific CD4+ T 
cells: MTB-specific CD4+ T cells in HIV-1- subjects in the absence of active TB disease; 
MTB-specific CD4+ T cells in association with active TB disease in HIV-1+ subjects; 
and CMV-specific CD4+ T cells (Fig. 2). Cellular maturation was studied using the 
differentiation markers CD27, CD45RO and CD57 that help to discriminate between 
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Figure 2. Differences in cellular maturation between MTB- and CMV-specific CD4+ T cells 
are diminished during active TB disease and are associated with diametrically opposed 
production of IL-2 and CCR5 ligand MIP-1b. The surface expression of maturation markers 
CD27, CD45RO and CD57 is shown in (A) for representative subjects as a density plot-overlay 
on total CD4+ T cells (black), for MTB-specific CD4+ T cells in the absence (blue, HIV-1-) or 
presence of active TB disease (green, HIV-1+), and for CMV-specific CD4+ T cells (red). The 
proportion of CD27+CD45RO+, CD27-CD45RO+ and CD57+ subsets within MTB- and CMV-
specific CD4+ T cells from HIV-1- subjects (n=17) and for HIV-1+ subjects with active TB (n=11, 
lower panel). (B) Flowcytometric analysis of IFN-g, IL-2, MIP-1b and TNF-a production within 
pathogen-specific CD4+ T cells. PBMC from subjects with latent MTB infection (defined by 
positive response to RD1 antigens) or from HIV-1+ subjects with active TB were stimulated 
with MTB-antigens (PPD or a mix of PPD and RD1 peptide pools) or CMV whole antigen. 
The pie charts show the fraction of cells with 1, 2, 3 or 4 functions. The color coded circles 
indicate the proportion of the 4, 3, 2 and 1 functional responses response that is contributed by 
the single cytokines IFN-g (red), IL-2 (blue), MIP-1b (green) and TNF-a (pink). The fraction 
of cells that produces MIP-1b (right upper panel) or IL-2 (right lower panel) is shown as 
percentage of total cytokine positive CD4+ T cells. The median is indicated. Further delineation 
of the 16 different possible cytokine combinations is shown in the lower panel. (C) Intracellular 
staining of IL-2 (y axis) and MIP-1b (x-axis) within CD27+CD45RO+, CD27-CD45RO+CD57- 
and CD27-CD45RO+CD57+ CD4+ T cells after stimulation with PPD or CMV is shown for one 
representative subject (left panels) and for all studied responses further delineated by IL-2 and 
MIP-1b production as percent of total cytokine positive response (right panels). 
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naïve (CD27+CD45RO-), central memory-like (CD27+CD45RO+), effector memory-
like (CD27-CD45RO+) and terminally differentiated CD4+ T cells (CD57+)29. 

In HIV-1- subjects with asymptomatic TB, the majority of MTB-specific CD4+ 
T cells were CD27+CD45RO+ (median 64%) and thus had a central memory-like 
phenotype (Fig. 2A and B). A minority (median 36%) was CD27-CD45RO+; CD57 
expression was not detectable or insignificant. In contrast, MTB-specific CD4+ T cells 
in HIV-1+ subjects with active TB were phenotypically distinct and were characterized 
by downregulation of CD27 (median 83% were CD27-, p<0.001) and a significant 
increased expression of CD57 (median 9.5%, p<0.05). CMV-specific CD4+ T cells also 
lacked CD27 expression (median 85.6% were CD27-) and showed even more frequent 
expression of CD57 (median 48.4%).

 To determine whether cell maturation was associated with functional changes 
within pathogen-specific CD4+ T cells, we analyzed expression of IFN-g, IL-2, 
TNF-a and MIP-1b within the three different groups of CD4+ T cells and delineated 
the functions according to their maturation phenotype. As shown in figure 2C, 
diametrically opposed patterns of IL-2 and MIP-1b production were detected in 
MTB-specific and CMV-specific CD4+ T cells among HIV-1- TB asymptomatic 
subjects (right panel). Large fractions of CMV-specific CD4+ T cells produced MIP-1b 
(median 62%), but few produced IL-2 (median 20%). In contrast most MTB-specific 
CD4+ T cells in asymptomatic infection produced IL-2 (p<0.001, median 54%) but not 
MIP-1b (p<0.001, median 3%). Differences in MIP-1b and IL-2 production occurred 
throughout the 16 different possible cytokine combinations (lower panel). In contrast, 
no such differences were detected for TNF-a or IFN-g production (data not shown). 
MTB-specific CD4+ T cells in HIV-1+ subjects with active TB were functionally distinct 
from those detected in HIV-1- subjects during asymptomatic TB infection. The median 
fraction of MIP-1b+ cells was higher (29%, p<0.05), whereas the median fraction 
of IL-2+ cells was lower (32%, p<0.05) in HIV-1+ subjects with active TB disease as 
compared with the response in HIV-1- subjects with asymptomatic TB. Most notably, 
the subset of 3-functional cells that produced MIP-1b, IFN-g and TNF-a but no IL-2, 
characteristic of the CMV-specific CD4+ T cell response, was virtually absent from 
MTB-specific CD4+ T cells during asymptomatic TB, but present during active TB. 

Whether these distinct functional properties were associated with different cellular 
maturation was then analyzed by comparing pathogen-specific IL-2 and MIP-1b 
production by CD27+CD45RO+, CD27-CD45RO+CD57- and CD27-CD45RO+CD57+ 
CD4+ T cells. A representative dot plot for IL-2 and MIP-1b production for each group 
is shown in figure 2C (right panels). Independent of the pathogen-specificity, a CD27- 
phenotype was associated with more MIP-1b+ and fewer IL-2+ cells. Large fractions of 
CD57+ CD4+ T cells were only present within the CMV-specific response, and almost 
all expressed MIP-1b exclusively. Virtually none of the CD57+ cells produced IL-2 
irrespective of specificity. Together these data suggest that the capacity to produce IL-2 
is reduced, whereas the capacity to produce MIP-1b is increased with maturation of 
pathogen-specific CD4+ T cells. 
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Effect  of  HIV-1 infect ion on CD4 + t  ce l l  funct ion in  v ivo
Less IL-2 production and greater MIP-1b production among MTB-specific CD4+ T 
cells in HIV-1+ versus HIV-1- subjects, and between MTB and CMV-specific CD4+ 
T cells (Fig. 2) is consistent with the hypothesis that HIV-1 preferentially infects and 
depletes IL-2-producing CD4+ T cells and is partially inhibited from infecting and 
depleting MIP-1b-producing CD4+ T cells in vivo. We further addressed this possibility 
by comparing the proportion of CMV-specific cytokine-producing cells among HIV-1+ 
and HIV-1- subjects (Fig. 3). There was no difference in the proportion of IFN-g- or 
TNF-a-producing CMV-specific CD4+ T cells in HIV-1+ and HIV-1- subjects. However 
there was a significantly smaller proportion of IL-2-producing cells (p<0.05, Fig. 3), and 
a significantly greater proportion of MIP-1b producing cells (p<0.05, Fig. 3) in HIV-1+ 
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Figure 3. HIV-1 infection is characterized by increased fractions of MIP-1b+ and decreased 
fractions of IL-2+ CMV-specific CD4+ T cells. The fraction of IFN-g+, TNF-a+, MIP-1b+ or 
IL-2+ among total cytokine positive CD4+ T cells (y-axis) is shown in Box & Whisker Plots (A) for 
HIV-1- (n=11) and HIV-1+ subjects (n=16) (left panels). The right panels show the fraction of IL-
2+MIP-1b+, IL-2+MIP-1b- and IL-2-MIP-1b+ among total cytokine positive CD4+ T cells. PBMC 
were stimulated overnight with whole inactivated CMV and the background was subtracted. 
Statistical analysis was performed using the Mann-Whitney test.
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Figure 4. Productive HIV-1 infection of SEB-responding CD4+ T cells is inhibited by in 
vitro neutralization of IL-2. Productive HIV-1 infection of CD4+ T cells was analyzed after 
gating on CD4low T cells and staining for HIV-1 CA-p24 (y-axis). Shown are dot plots from 
stimulated samples (A) in the presence or absence of 1mM AZT. (B) shows dot plots from 
stimulated samples in the presence (lower panel) or absence (upper panel) of a neutralizing 
anti-IL-2 antibody comparing CFSE-fluorescence intensity (x-axis, left panels), surface CD25 
(x-axis, middle panels) and CCR5 (x-axis, right panels) with HIV-1 CA-p24 staining. PBMC 
samples were stimulated for 24h with SEB and then infected for another 24h with the CCR5-
tropic HIV-1 strain BAL.

versus HIV-1- subjects. This difference was reflected in cells that produced MIP-1b 
but not IL-2 and produced IL-2 but not MIP-1b, but not the cells that produced both 
effector molecules simultaneously (Fig. 3, right panel). These data are consistent with 
the hypothesis that with HIV-1 infection in vivo, IL-2-producing cells are more likely 
to get infected and depleted than MIP-1b-producing cells.

Il -2-dependence of  HIV-1 infect ion in  v i tro
The in vitro inhibitory effects of CCR5 ligands on HIV-1 infection have been previously 
described30-32. To explore whether endogenous IL-2 production augments in vitro HIV-1 
infection, we performed HIV-1 infection experiments in the presence or absence of a 
neutralizing anti-IL-2 antibody. SEB-stimulated PBMC were infected with the CCR5-
tropic HIV-1 strain BAL and CD4+ T cells were analyzed for HIV-1 p24 content in 
the context of cell division, CD25 and CCR5 surface expression (in the absence of 
exogenously added IL-2). The p24 staining in this system was the result of active viral 
replication, and not retained p24 from the virus inoculum, since it was inhibited by 
the addition of the reverse transcriptase inhibitor AZT (Fig. 4A). In the absence of the 
IL-2 neutralizing antibody, 48% of dividing cells (CFSElow), but only 2.2% of the cells 
that had not undergone cell division were p24+ (Fig. 4B, upper panel). Virtually all of 
these p24+ cells expressed CD25 demonstrating that cellular HIV-1 infection occurred 
within cells that could respond to IL-2 signaling. Neutralization of IL-2 resulted in a 
12.5-fold reduction of p24+ cells and completely abrogated cell division (Fig. 4B, lower 
panel). The fraction of CD25+ cells was reduced by 60% (Fig. 4B, lower panel), whereas 
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the fraction of CCR5+ cells was unaffected by the anti-IL-2 treatment, indicating that 
neutralization of IL-2 did not affect HIV-1 replication through modulation of the 
coreceptor, but by affecting post-entry events associated with cell division. 

We next analyzed the expression of CD25 on IL-2+MIP-1b- and IL-2-MIP-1b+ CD4+ 
T cells after a 6 hr. SEB stimulation. Figure 5A shows a single experiment, and figure 
5B the composite results from 7 experiments. These data demonstrate that a median of 
39.5% of IL-2+MIP-1b-, but only 6.6% of MIP-1b+IL-2- CD4+ T cells express CD25 after 
stimulation. The expression of CD25 on the MIP-1b+IL-2- CD4+ T cells is the same as 
on all other non-responding memory CD4+ T cells, suggesting that IL-2 is specifically 
and intimately linked to expression of its high-affinity receptor, CD25. 

Cytokine express ion del ineates  in  v ivo  infect ion history  of 
mtb-specif ic  t  ce l l s
To determine in vivo cellular infection rates within MTB-specific and non-specific 
memory CD4+ T cells, we stimulated PBMC from HIV-1/MTB co-infected subjects with 
a mix of PPD, ESAT6 and CFP10, sorted the CD4+ T cells according to cytokine and 
chemokine expression (Fig. 6A) and quantified the HIV-1 gag DNA within the different 
subsets. Despite relatively low numbers of sorted cytokine/chemokine+ cells, we were 
able to quantify proviral DNA in 16 responding MTB-specific CD4+ T cell populations 
from 10 HIV-1 infected subjects with active TB. We first compared the number of HIV-1 
gag DNA copies within MTB-specific, cytokine/chemokine+ CD4+ T cell samples with 
the non-responding CD4+ memory T cell compartment, identified by expression of 
CD27 and CD45RO. Twelve of 16 MTB-specific CD4+ T cell samples contained more 
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Figure 5. The capacity to secrete IL-2 by antigen-specific CD4+ T cells is associated with 
increased CD25 expression. Shown is (A) a representative histogram of the CD25 expression 
on cytokine negative, MIP-1b+IL-2- and MIP-1b-IL-2+ CD4+ T cells after 6h SEB stimulation of 
PBMC. The fraction of CD25+ CD4+ T cells among the same subsets is shown in a Box & Whisker 
Plot for 7 subjects in (B). Statistical analysis was performed using the Mann-Whitney test.
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HIV-1 gag DNA copies than total memory CD4+ T cells. Next we determined whether 
MTB-specific CD4+ T cells expressing different patterns of IL-2 and MIP-1b contained 
different amounts of HIV-1 gag DNA. The median number of HIV-1 gag DNA copies 
per 10,000 cells was 1426.5 for IFN-g+IL-2+MIP-1b- (range 109-127500), 538 for IFN-
g+IL-2-MIP-1b- (range 29-34167), 315 for MIP-1b+TNF-a+ (range 278 – 6136) and 268 
for cytokine negative memory CD4+ T cells (range 8-19370). To reduce the inherent 
patient-to-patient variation in the HIV-1 gag DNA copy numbers and overcome the 
fact that many of the sorted samples contained too few cells to register a signal in the 
PCR assay, the results were expressed as a ratio of HIV-1 gag DNA copies in cytokine+/
cytokine- cells (Fig. 6B). Consistent with the raw data calculations described above, the 
IL-2-producing MTB-specific CD4+ T cells tended to harbor greater numbers of HIV-1 
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 Figure 6. In vivo HIV-1 gag DNA in MTB-specific CD4+ T cells. The upper panel shows the 
gating/sorting strategy used during the sorting of different memory CD4+ T cell populations 
delineated by IFN-g, IL-2 and MIP-1b production. MIP-1b negative memory CD4+ T cells were 
further delineated into IFN-g+IL-2+, IFN-g+IL-2- and cytokine negative memory CD4+ T cells. 
The HIV-1 gag DNA/10,000 cells determined within these populations is indicated. The lower 
panel shows the ratio of HIV-1 gag copies/10,000 cells) detected within cytokine-positive CD4+ 
T cells divided to cytokine-negative memory T cells from 16 different cytokine-positive CD4+ 
T cell populations sorted from 10 HIV-1+ subjects (different symbols) with active TB. Memory 
CD4+ T cells were defined by expression of CD45RO and CD27. The PBMC were stimulated 
overnight with a mix of PPD and RD1 peptide pools O/N and further analyzed as described in 
the materials and methods section.
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gag copies per cell as compared with the IL-2- and MIP-1b+ cells, though this trend 
was not statistically significant within the small number of subjects. Together these 
data support the hypothesis that the functional characteristics, and in particular the 
capacity to secrete IL-2 but not MIP-1b upon MTB-specific stimulation, are associated 
with increased susceptibility to HIV-1 infection. 

D I s C u s s I o n

We have recently demonstrated that MTB-specific CD4+ T cells are depleted early 
after HIV-1 infection and hypothesized that this loss might be caused by direct HIV-1 
infection of this cell subset20. In contrast, CMV-specific CD4+ T cells are frequently 
detectable during chronic HIV-1 infection22 and contain comparatively little proviral 
DNA28. We thus explored which functional and phenotypic characteristics might 
account for the rapid depletion of MTB-specific CD4+ T cells after HIV-1 infection 
and tested the hypothesis that differences in specific functions might contribute to 
differential HIV-1 infection of antigen-specific CD4+ T cells in vivo. Our results show 
that MTB-specific CD4+ T cells have higher infection rates compared with the total 
memory compartment and are comparable to those observed in HIV-1 specific CD4+ 
T cells28 (median ratio 3.4).

We have previously shown that MTB-specific CD4+ T cells express comparatively 
high levels of the HIV-1 coreceptor CCR5. However, CCR5 expression was similar on 
MTB- and CMV-specific CD4+ T cells (data not shown) indicating that coreceptor 
expression alone could not account for any difference in rates of HIV-1 infection 
between MTB- and CMV-specific CD4+ T cells. Instead, we found significant differences 
in the capacity of MTB- and CMV-specific CD4+ T cells to produce IL-2 and CCR5 
ligand MIP-1b. CMV-specific CD4+ T cells tended to produce MIP-1b but little IL-2, 
and displayed an effector memory phenotype, whereas MTB-specific CD4+ T cells 
produced IL-2 but less MIP-1b, and were less mature. Production of IL-2 was associated 
with a greater frequency of HIV-1 gag DNA within MTB-specific CD4+ T cells. These 
observations, together with the striking differences in the depletion dynamics between 
MTB- and CMV-specific CD4+ T cells early after HIV-1 infection, suggest that these 
differences in function might contribute to differential cellular susceptibility to HIV-1 
infection and depletion of these two cell populations, and the associated differences in 
disease onset caused by these opportunistic pathogens.

The capacity of CCR5 ligands to block HIV-1 replication in vitro is well 
established30,31. Indeed CD4+ T cells with a relative resistance to CCR5-tropic HIV-1 
strains are capable of producing comparatively high amounts of such CCR5 ligands, 
including MIP-1b32. We have recently shown that CMV-specific CD4+ T cells that 
produce MIP-1b and MIP-1a contain approximately 10-fold less HIV-1 gag DNA than 
CMV-specific CD4+ T cells that do not produce these chemokines33. These data indicate 
that autocrine production of MIP-1b protects CD4+ T cells from HIV-1 infection in 
vivo. Thus the lack of MIP-1b production by the less mature MTB-specific CD4+ T cells 
might contribute to their increased susceptibility to HIV-1 infection and subsequent 
depletion. In contrast, the production of MIP-1b by the more mature CMV-specific 
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CD4+ T cells is likely to contribute to their relative resistance to HIV-1 infection28,33 
and thus to their persistence after HIV-1 infection. Indeed, as a common theme, the 
tendency of more differentiated CD4+ T cells to produce MIP-1b could explain the 
previously described low HIV-1 infection rates within CD57+ CD4+ T cells in vivo29.

Il -2  s ignal ing pathway and HIV-1 infect ion
Whereas MTB-specific CD4+ T cells lacked the capacity to produce MIP-1b in 
individuals with latent MTB infection, they had a remarkable capacity to produce 
IL-2. IL-2 and its high affinity IL-2 receptor a-chain CD25, whose expression rapidly 
increases upon T cell receptor engagement, are important in driving T cells into the 
cell cycle. In addition to being critical for T cell proliferation, IL-2 may also positively 
impact upon HIV-1 reverse transcription34 by increasing the concentration of dNTPs 
in CD25+ CD4+ T cells. Indeed, CD25 expression and productive HIV-1 infection 
appear to be linked; in vitro depletion of CD25+ CD4+ T cells efficiently blocks viral 
replication35-37. CD25 expression on CD4+ T cells correlates with PPD-induced HIV-1 
replication38 and it was recently demonstrated that productive HIV-1 infection 
within lymphoid tissue explants occurred predominantly in CD4+ T cells expressing 
CD2539. In vivo, CD25+ CD4+ T cells contain up to 7-fold more immunodeficiency 
virus during the acute infection, a phenomenon that was particularly apparent within 
lymph nodes40. Our observations that in vitro neutralization of IL-2 reduced CD25 up-
regulation, abrogated antigen-specific CD4+ T cell proliferation and almost completely 
abrogated productive HIV-1 infection of CD4+ T cells, supports a central role for the 
IL-2/CD25 signaling pathway in the infection of antigen-specific CD4+ T cells. Our 
finding that peripheral MTB-specific CD4+ T cells with the capacity to produce IL-2, 
but not MIP-1b, contained the highest amount of HIV-1 gag DNA in vivo supports the 
conclusion that IL-2 expression by MTB-specific CD4+ T cells leads to their increased 
susceptibility to HIV-1 infection and depletion. The capacity to produce IL-2 in the 
absence of MIP-1b  might create a microenvironment that very efficiently drives the 
replication of HIV-1 within MTB-specific CD4+ T cells. Indeed the enormous potential 
of MTB-specific immune responses to contribute to an explosive replication of a 
single virus quasispecies in vivo has been demonstrated within SIV-infected Rhesus 
macaques; up to 35% of viral quasispecies in PBMC was closely related to the single 
major species that was isolated at the site of the Tuberculin skin test41. 

Impact  of  funct ion and phenotype on HIV-1 infect ion
Activated, CD25 expressing CD4+ T cells that are HIV-1 infected have been shown 
to preferentially undergo apoptosis in lymphoid tissue explants39 and SIV infection 
of CD4+ T cells at mucosal sites can reach extremely high frequencies during acute 
infection1. Our observations support the hypothesis that MTB-specific IL-2+MIP-
1b- CD4+ T cells might represent a pool of CD4+ T cells that are highly susceptible 
to HIV-1 infection, and may become rapidly depleted upon HIV-1 infection before 
they can further differentiate into effector cells, a mechanism that has been proposed 
previously42,43. In this scenario the few MTB-specific CD4+ T cells that avoid HIV-1 
infection could go on to mature further, and in the process lose IL-2 expression and 
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gain expression of MIP-1b, simultaneously making them less susceptible to HIV-1 
infection. The resulting shift from IL-2 expression to MIP-1b expression concomitant 
with loss of CD27 and gain of CD57 expression that is predicted by this model is exactly 
what we observed in MTB- and CMV-specific CD4+ T cells in individuals who were 
infected with HIV-1 (Fig. 2C). Collectively our observations support the hypothesis 
that antigen-specific IL-2 production, particularly in the absence of CCR5 ligand 
MIP-1b, contributes to the productive HIV-1 infection and subsequent depletion of 
MTB-specific CD4+ T cells early after HIV-1 seroconversion.

During clinically latent TB the majority of MTB-specific CD4+ T cells expressed 
CD27 and can be considered as having a central memory-like phenotype (CCR7 
was not measured), but also expressed higher levels of CCR5 compared with the 
total memory compartment20. In contrast, CMV-specific CD4+ T cells had a highly 
differentiated effector memory-like phenotype. HIV-1 infection was associated with 
a significantly increased fraction of senescent, CD57+ cells44 and MIP-1b+ cells, and a 
reduced fraction of cells with the capacity to produce IL-2. Similarly in HIV-1 patients 
with active TB, MTB-specific CD4+ T cells were characterized by a more mature 
CD27low phenotype, a detectable fraction of CD57+ and MIP-1b+ CD4+ T cells, and a 
reduced capacity to produce IL-2. These differences might be driven by the strength 
and persistence of T cell receptor engagement and thus the frequency and duration of 
pathogen reactivation might contribute to the phenotype and function of pathogen-
specific CD4+ T cell responses; CMV viral replication can be detected in almost ~20% 
of HIV-1 infected subjects45,46 and MTB reactivation might account for the change in 
phenotype and function in subjects with active as compared with latent TB (Fig. 2). 
In addition, the phenotypic and functional changes associated with recurring TCR 
engagement might lead to reduced HIV-1 susceptibility of CD4+ T cells. The loss of IL-2 
and gain in MIP-1b production upon antigen-specific stimulation might protect the 
more differentiated CD4+ T cells from productive HIV-1 infection44, whereas increased 
HIV-1 infection among those cells still capable of producing IL-2 might preferentially 
deplete these less mature, central memory-like CD4+ T cells. 

Impl icat ions  for  vacc ines
Preferential infection of vaccine induced HIV-1 specific CD4+ T cells might reduce 
efficiency of vaccine induced immunity. Our results help to define cellular parameters 
associated with HIV-1 infection and either depletion or persistence of antigen-specific 
CD4+ T cells. These findings could help define the type of CD4 response one would hope 
to induce with a HIV-1 vaccine. Indeed, just recently it has been shown that vaccination 
with replication competent, recombinant CMV was able to induce differentiated, MIP-
1b-producing HIV-1 specific T cells that were associated with protection against SIV 
challenge47.

In conclusion, our data suggest that specific functional and maturational 
characteristics of MTB-specific CD4+ T cells might contribute to increased HIV-1 
susceptibility and their subsequent depletion after HIV-1 infection. Strong antigenic 
stimulation during active TB might obscure this depleting effect despite high infection 
rates of MTB-specific memory CD4+ T cells and at the same time might drive 
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phenotypic and functional changes that confer partial cellular resistance to HIV-1 
infection. These results suggest that MTB-specific adaptive immunity is particularly 
vulnerable to HIV-1 associated immune damage.
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a b s t r a C t

Generation of human immunodeficiency virus type 1 (HIV-1) stocks from different 
cell types can influence viral phenotype, including infectivity, coreceptor usage and 
neutralization sensitivity. This can be due to incorporation of variant cell-specific 
molecules or differences in post-translational modification of the gp41/120 envelope. 
In this study we produced genetically identical virus strains from macrophages, 
CD4-enriched lymphocytes as well as Th1 and Th2 cells. All produced virus stocks 
were shown to be similar based on gp120 envelope sequencing. By normalization on 
infectivity we studied the effect of the producer cell on various phenotypic aspects of 
the virus. Virus production by Th1 or Th2 CD4+ T cells did not compromise infectivity 
for the alternate subset. We observed no difference in sensitivity to coreceptor blocking 
agents upon viral passage through Th1 and Th2 cells nor did this differentially affect 
DC-SIGN-mediated virus transmission to CD4+ lymphocytes. Virus produced by 
macrophages was comparably sensitive to CC-chemokine inhibition as was virus 
generated from CD4-enriched lymphocytes. We observed a 14-fold increased resistance 
to 2G12 neutralization of virus produced from macrophages in comparison with virus 
produced from CD4-enriched lymphocytes. Macrophage-produced dual-tropic (R5/
X4) virus was 6-fold more efficiently transmitted to CD4+ T cells than lymphocyte-
derived HIV-1 (p<0.0001). These results provide further insights to what extent the 
host cell influences viral phenotype and thereby various aspects of HIV-1 pathogenesis 
and suggest that viruses generated from Th1 versus Th2 cells are similar in phenotype.
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I n t r o D u C t I o n

Human immunodeficiency virus type 1 (HIV-1) differentially infects a variety of cells, 
which can be partly explained by differences in CC- or CXC-chemokine receptor 
expression levels or CC-chemokine production1-4. Passage through different cell types 
can affect virus infectivity, coreceptor usage and neutralization sensitivity5-10. This 
can be caused by incorporation of host cell-specific molecules or other differences in 
the viral envelope, partly caused by a differential production process11-15. Many host 
cell proteins are incorporated into virions that can influence virus phenotype13,16. For 
example, HLA-DR incorporation increases particle infectivity and can also result 
in anergy and T cell apoptosis17. Differential glycosylation can also influence virus 
infectivity and neutralization sensitivity18-21. 

Many studies have compared virus production by the monocyte/macrophage 
lineage versus lymphocytes. Monocytes have been shown to be less infected with 
HIV-1 than lymphocytes and have a lower daily virus production, but maintain 
virus production for longer due to a lower sensitivity to virus-induced apoptosis3,22,23. 
Macrophage-derived HIV-1 strains were ascribed different use of the HIV-1 CCR5 
coreceptor than T cell-derived strains by binding to a different region of the receptor10. 
While lymphocyte-produced virus preferentially infects the autologous cell type, 
monocyte/macrophage-produced virus equally infected monocytes/macrophages 
as well as lymphocytes22,24. The observations in most of the preceding studies can be 
an effect of intrapatient viral evolution as well as of the host cell. Only a few studies 
have used identical viruses produced from different cells for their experiments. One of 
these studies found that macrophage-derived simian immunodeficiency virus (SIV) 
is more infectious than T cell-derived virus18. Further, macrophage-produced virus 
was shown to possess a different glycosylation profile than T cell-derived virus, which 
can influence both infectivity and neutralization sensitivity18,19. Macrophage-produced 
HIV-1 envelopes can contain a higher degree of carbohydrates as well as demonstrate a 
difference in the types of oligosaccharides present due to alterations in post-translation 
modifications between the cell types25. Furthermore, macrophages generate virions that 
specifically incorporate CD36 as opposed to CD26 when produced by lymphocytes26. 
This distinction was used to assess increased virus production by macrophages upon 
infection with M. tuberculosis.

Multiple groups have demonstrated that HIV-1 induces a switch from T helper 1, 
Th1, to a Th2 or Th0 response, but such a switch has not been confirmed by studies 
from other groups27-32. Th2 cells are preferentially infected by CXCR4 using virus and 
Th1 cells by CCR5 using variants, which correlates with chemokine receptor expression 
levels on these cell subsets33. Most but not all studies designate Th2 cells as better virus 
producers than Th1 cells4,34,35. Although Th1 cells express more CCR5 on their cell 
surface than Th2 cells, reduced replication in Th1 cells likely correlates with higher 
CC-chemokine levels in this cell type36. Higher APOBEC3G levels in Th1 over Th2 cells 
has also been postulated to influence the preferential replication of HIV-1 in Th2 cells37. 
The difference in gene expression profile between Th1 and Th2 cells demonstrates that 
these cell types differ in many characteristics, which can influence virus phenotype38. 
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Overall, there is limited knowledge regarding the specific contribution of the 
producer cell in modulating the phenotypic characteristics of HIV-1. In this study we 
aim to acquire better insight with regards to the influence of macrophages, lymphocytes, 
Th1 and Th2 cells on the produced virus. To this end we infected these different cell 
types with identical virus strains and harvested virus at the peak of replication. These 
virus stocks were normalized on tissue culture infectious dose (TCID50) to correct 
for differences in infectivity and we utilized these stocks in various assays. Virus 
production by one T helper population did not influence infectivity for the other cell 
subset. Virus produced by macrophages and lymphocytes possessed similar sensitivity 
to agents blocking the HIV-1 coreceptors. Transmission via dendritic cell-specific 
intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN) was enhanced 
for a dual-tropic macrophage-produced virus and sensitivity to 2G12 neutralization 
was also affected by macrophage passage. These results provide us with more insight 
into the role of HIV-1 producer cells on viral phenotype.

m at E r I a l s  a n D  m E t H o D s

Generat ion of  monocyte-der ived macrophages  and CD4-enr iched 
lymphocytes
Peripheral blood mononuclear cells (PBMC) were isolated from a buffycoat of a single 
blood donor by Ficoll-Hypaque density gradient centrifugation. Cells destined to become 
macrophages were left to adhere for five days in RPMI 1640 medium supplemented with 10% 
human serum AB+, 20% fetal calf serum (FCS) and penicillin/streptomycin. Cells were cultured 
at 37°C in six well plates at a concentration of 2x106 cells/ml. After five days, non-adherent 
cells were removed with three washes and the adherent cells were propagated for an additional 
two days to reach high confluence. PBMC were cultured in RPMI 1640 medium supplemented 
with 10% FCS and penicillin/streptomycin in addition of 100 units/ml interleukin 2 (IL-2). 
Cells were phytohaemagglutinin (PHA)-activated (2 μg/ml) for three days, after which CD8+ 
lymphocytes were depleted using anti-CD8 immunomagnetic beads (Dynal, Invitrogen, Breda, 
The Netherlands). Cells were propagated at a concentration of 2x106 cells/ml. 

Generat ion of  th1 and th2 cel l s
PBMC were isolated from blood from a single blood donor by Ficoll-Hypaque density gradient 
centrifugation. Naïve CD4+ lymphocytes were isolated using the CD4+ T cell isolation kit 
containing a cocktail of biotin-conjugated monoclonal antibodies against CD8, CD14, CD16, 
CD19, CD36, CD56, CD123 and TCRγδ (Miltenyi Biotec B.V., Utrecht, The Netherlands). Non-
CD4+ T cells were removed with antibiotin microbeads and α-CD45RO was used to remove 
memory T cells with α-PE beads (DAKO, Heverlee, Belgium). Cell depletions were performed 
on the AutoMACS (Miltenyi). Naïve CD4+ T cells (2.5x105 cells/ml) were stimulated with 
immobilized α-CD3 (1 μg/ml; CLB-T3/2 16A9) and α-CD28 (2 μg/ml; CLB-CD28/1 15E8; both 
from Sanquin, Amsterdam, The Netherlands) for ten days in the presence of cytokines. Cells 
were cultured in IMDM with 5% human serum, gentamycin and 10 units/ml IL-2. To generate 
Th1 cells, rIL-12 (0.5 ng/ml; R&D systems, Minneapolis, MN, USA) and a neutralizing antibody 
against IL-4 (1 μg/ml; 5B5, U-CyTech Biosciences, Utrecht, The Netherlands) were added to 
the culture while for Th2 cell generation rIL-4 (128 ng/ml; Biosource, Nivelles, Belgium) and 
an antibody against IL-12 (10 μg/ml; U-CyTech Biosciences, Utrecht, The Netherlands) were 
added. To generate fully polarized Th2 cells, a re-stimulation was performed for an additional 
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ten days with PHA (2 μg/ml) and irradiated feeder cells in the presence of the same cytokines 
and antibodies. After a second round of polarization, cells were re-stimulated with PHA 
and irradiated feeder cells two days prior to HIV-1 infection or stored at -150°C for future 
experiments. Phenotype of the Th1 and Th2 cells was analyzed by flow cytometry.

Virus  stocks
PBMC-derived HIV-1 stocks (previously generated) were used to infect macrophages, 
CD4-enriched lymphocytes, Th1 and Th2 cells. We used stocks of CCR5 using SF162 and 
NSI-18, dual-tropic H671-B1039 and CXCR4 using LAI. Cells were infected with these virus 
strains with an end concentration ranging between 103 and 104 TCID50, varying per strain. 
We initiated four or five parallel cultures derived from each cell type. Virus production was 
monitored daily by CA-p24 ELISA. At the peak of viral replication, virus was harvested, 
membrane filtered (0.2 μm) and aliquoted. We determined the TCID50 of each virus stock 
on CD4-enriched lymphocytes and further infections were normalized on TCID50 values 
(Table 1). The C2C4 region of the gp120 env gene of ten virus stocks was sequenced after 
amplification with the following primers 5’-GAAAGAGCAGAAGACAGTGGCAATGA-3’ 
and 3’-GTGCTTCCTGCTGCTCCTAAGA-5’.

HIV-1 infect ions
All infections were performed in duplicate or triplicate in 96 wells format and normalized 
on TCID50. A non-replicative culture was included to correct for background CA-p24 
values, which were determined approximately twice a week. Single-round TZM-bl (NIH 
AIDS Reagent and Reference Reagent Program) infections with luciferase read-out were 
performed to confirm equal infectivity of the TCID50 normalized virus stocks. Infections 
were conducted as previously described2. Briefly, one day prior to infection, 2x104 TZM-bl 
cells were plated in DMEM containing 10% fetal bovine serum, 1x minimum essential 
medium nonessential amino acids and penicillin-streptomycin (both at 100 units/ml). Virus 
(103 TCID50) was added to the cells in the presence of 400 nM saquinavir (Roche, Mannheim, 
Germany) and 40 µg/ml DEAE in a total volume of 200 µl. Two days post-infection, the 
cells were washed, lysed and luciferase activity was measured using a luciferase assay kit 
(Promega, Madison, WI, USA) and a Glomax luminometer according to the manufacturer’s 
instructions (Turner BioSystems, Sunnyvale, CA, USA). Uninfected cells were used to 
correct for background luciferase activity.

Virus  inhibit ion and neutral izat ion
Chemokine receptor blocking experiments and antibody neutralization experiments were 
performed in quadruplicate and in 96 wells format. Chemokine receptor blocking was performed 
using RANTES (regulated on activation normal T cell expressed and secreted; Biosource, 
Nivelles, Belgium) and AMD3100, a CXCR4 antagonist (kind gift from D. Schols). CD4-enriched 
lymphocytes (2.5x105 cells) were incubated for 30’ at 37°C with 2-fold dilutions of the respective 
chemokine. Virus was added at a concentration of 400 TCID50. At days 4, 7, 10 and 14 virus 
replication was measured using CA-p24 ELISA in the cultures without chemokines. At the peak 
of viral replication, CA-p24 values of all chemokine dilutions were determined and inhibition 
curves were constructed with automatic outlier elimination. The 50% and 90% inhibitory 
concentrations (IC50 and IC90, respectively) were determined using version 5.01 of GraphPad 
Prism software (San Diego, CA, USA). 2G12 (Polymun SIF, Vienna, Austria) neutralizations were 
performed in the same manner but virus (400 TCID50) was first incubated with 2-fold antibody 
dilutions for 30’ at 37°C, after which cells were added (2.5x105 cells). Statistical significance was 
calculated using the two-tailed Wilcoxon signed rank test and values smaller than 0.05 were 
regarded as significant.
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HIV-1 transmiss ion
Transmission experiments were performed in triplicate using the DC-SIGN expressing Raji cell line 
with Raji cells as negative controls (kind gift from T. Geijtenbeek). These cells were propagated in 
RPMI 1640 medium supplemented with 10% FCS and penicillin/streptomycin. DC-SIGN expression 
was induced with neomycin (2 mg/ml) and routinely monitored using flow cytometry. Virus (103 
TCID50 end concentration) was incubated with Raji-DC-SIGN cells for two hours at 37°C, after 
which unbound virus was removed by washing. Approximately 9x104 Raji cells were subsequently 
applied to 2x105 CD4-enriched lymphocytes to allow viral transmission. Cells were cultured in RPMI 
1640 supplemented with 10% FCS and IL-2 (100 units/ml) in addition of penicillin/streptomycin. 
After two days, medium was refreshed and indinavir (1μM) was added to facilitate intracellular virus 
detection. After four days of transmission, cells were prepared for flow cytometry analysis.

Table 1. Virus stocks

Virus Macrophage CD4 Th1 Th2
  TCID50

a CA-p24b TCID50 CA-p24 TCID50 CA-p24 TCID50 CA-p24
SF162_1 31,550 27 104,472 42.8 4,159 4.1 31,550 8.9
SF162_2 14,093 22.2 104,472 94 9,311 3.3 20,845 12.7
SF162_3 20,845c 25.6 20,845 53.5 830 1.3 14,093 15.9
SF162_4 20,845 18.9 104,472 52.8 1,858 2.8 6,295 9.1
SF162_5 14,093 20.3 70,632 42.8 1,256 3.5 154,525 12.5

       
NSI-18_1 2,812 13.3 20,845 46.5 31,550 9.4 46,666 12.8
NSI-18_2 6,295 27 46,666 60 9,311 12.2 31,550 25.7
NSI-18_3 6,295 17.7 46,666 53.8 14,093 14.3 31,550 24.2
NSI-18_4 14,093 17.3 104,472 47 14,093 13.8 46,666 17.4
NSI-18_5 4,159 17.9 70,632 52.3 20,845 9.9 31,550 14.2

       
H671-B10_1 4,159 5.6 6,295 4.8 6,295 13.1 1,858 11.6
H671-B10_2 2,812 3.2 6,295 3.2 4,159 15.4 2,812 10.1
H671-B10_3 1,858 3.2 4,159 4.2 20,845 13.3 1,858 13.5
H671-B10_4 9,311 4.9 4,159 3.8 9,311 11.9 2,812 10.9

       
LAI_1 n.p.d n.p. n.p. n.p. 523,600 78 154,525 173
LAI_2 n.p. n.p. n.p. n.p. 154,525 39.1 154,525 99
LAI_3 n.p. n.p. n.p. n.p. 70,632 43.6 104,472 107
LAI_4 n.p. n.p. n.p. n.p. 233,884 38.1 233,884 156
LAI_5 n.p. n.p. n.p. n.p. 154,525 40.6 154,525 204

a TCID50 is given per ml and determined at day 7
b CA-p24 in ng/ml
c median values in bold. For H671-B10: the average of the middle two values were calculated
d n.p. not performed
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faCs analys i s
Cells were washed and fixed with 3.7% paraformaldehyde for 20 min. after which the fixative was 
quenched with 20 mM glycine. Cells analyzed for intracellular cytokine analysis were first treated 
for 6 hours with PMA (10 ng/ml) and ionomycin (1 μg/ml; both Sigma-Aldrich, Zwijndrecht, the 
Netherlands) prior to fixation. Brefeldin A (10 μg/ml; Sigma-Aldrich) was added for 4.5 hours. 
Cells were permealized in PBS containing 0.1% saponin, 1% bovine serum albumin and 50 mM 
NH4Cl and subsequently stained with allophycocyanin (APC)-labeled α-CD3 (BD Biosciences, 
Breda, The Netherlands) and FITC-labeled α-CA-p24 (Beckman Coulter, Fullerton, CA, USA). 
Excess antibody was washed away and 1.5x105 cells were analyzed by flow cytometry. Statistical 
significance was calculated using the two-tailed Wilcoxon signed rank test and values smaller 
than 0.05 were regarded as significant.

r E s u l t s

Harvest  of  v i rus  stocks  and infect iv i ty
To study the influence of producer cell type on the derived HIV-1 phenotype we 
generated numerous virus stocks (representing R5, R5X4 and X4 variants) on 
macrophages, CD4-enriched lymphocytes and Th1 as well as Th2 CD4+ lymphocytes 
(Table 1). Viruses were harvested typically two weeks after infection. To rule out that 
sequence differences were influencing our findings, we sequenced the gp120 env gene 
of ten virus stocks and found no evidence of viral evolution when compared with input 
virus sequence. HIV-1 infection did not affect the cytokine profile of the T helper CD4+ 
cells, since flow cytometry analysis two days after virus infection confirmed that the cells 
preserved their polarized cytokine expression profile (data not shown). The harvested 
viruses were normalized on TCID50 and assessed for infectivity on TZM-bl cells. Cells 
were infected with each virus stock and we paired the infectivity between macrophage-
produced versus lymphocyte-produced virus and also between Th1- and Th2-produced 
stocks (Fig. 1). Normalization on TCID50 resulted in comparable infectivity of the virus 
stocks produced by different cell types with the exception of Th1- and Th2-produced 
LAI. We observed a significant higher infectivity of Th2-produced variants over Th1-
produced viruses. Despite this significance, the difference between both stocks is small 
and the infectivity of three variants from each cell type was similar.

th1-  and th2-der ived HIV-1 var iants  are equal ly  infect ious  for 
the a lternate t  helper  ce l l  type
Differences in inclusion of cell-specific molecules into HIV-1 particles has been 
shown to modulate virus phenotypes from monocyte/macrophage-derived versus 
lymphocyte-derived virus 18,22. To compare the infectivity of virus produced by Th1 
and Th2 cells, we infected both T helper populations with virus produced by these 
cell types. We included CCR5 using SF162 and dual-tropic H671-B10. We performed 
infections using four or five separate virus stocks from each cell type. For both viruses, 
all virus stocks replicated in a very similar manner on either cell type and reached 
comparable CA-p24 end values (Fig. 2A and 2B). The percentage of variants that 
established productive infection also did not differ, as can be concluded from figure 2. 
Viruses produced by one T helper population did not preferentially replicate on the 
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autologous cell type, although higher dilutions of H671-B10 seemed to have a minor 
preference for replication on cells they were produced by. 

HIV-1 produced by macrophages  and lymphocytes  possess 
comparable sens it iv i ty  to coreceptor  blocking agents
We next investigated whether virus produced by different cell types influenced coreceptor 
usage. CD4-enriched lymphocytes were infected with Th1- and Th2-produced virus as 
well as macrophage- and lymphocyte-produced HIV-1, in the presence of increasing 
concentrations of blocking agents. RANTES was used to block the CCR5 coreceptor 
and AMD3100 was added as a CXCR4 antagonist. Th1- and Th2-produced NSI-18 
demonstrated comparable sensitivity to RANTES, which was confirmed by inhibitions 
with SF162 (Fig. 3A and data not shown). Non-significant opposing trends for CXCR4 
usage were observed for dual-tropic H671-B10 and CXCR4 using LAI (Fig. 3B and 
3C). While Th1-produced H671-B10 had a 1.9-fold higher affinity for CXCR4 than 
Th2-produced virus, Th1-produced LAI had a 1.9-fold lower affinity than Th2-
produced virus (Fig. 3B and 3C). We observed similar inhibition values for LAI when 
we repeated the AMD3100 inhibition experiment. No difference in CCR5 affinity was 
observed between macrophage and CD4-derived variants (Fig. 3D). IC90 estimates 
(data not shown) confirmed our observations that were based on IC50 calculations, 

Figure 1. TZM-bl infec-
tions. TZM-bl infections 
using 1,000 TCID50 were 
read-out by luciferase 
units, depicted in log 
scale on the y-axis. (A) 
Macrophage-produced 
(mφ) and lymphocyte-
produced (CD4) virus; 
(B) Th1-produced and 
Th2-producedvirus. For 
each replicate, theme 
dian value of a triplicate 
infection is shown with 
error bars representing 
the range. 

b

a



6 

C h a p t e r  6

126

b

a



6

Tr a n s m i s s i o n  a n d  n e u t r a l i z a t i o n  o f  m a c r o p h a g e -  v s .  T  c e l l - d e r i v e d  H I V- 1

127

concluding that virus passage through different cell types had a very modest influence 
on sensitivity to chemokine receptor blocking agents.

similar DC-sIGn-mediated transmission to t cells of th1- and 
th2-produced HIV-1, while macrophage-derived dual-tropic virus 
is preferentially transmitted over lymphocyte-derived virus
Carbohydrates on HIV-1 envelope gp120 can bind DC-SIGN, a C-type lectin, which 
transmits HIV-1 to CD4+ T cells40. Since virus produced by different cell types can 
result in variant degrees of glycosylation or post-translational modifications, we 

Figure 2. Infection of T helper cells with Th1- and Th2-produced HIV-1. Infections were 
performed in duplicate with four to five isolates per T cell clone. Th1-produced virus is presented 
in black and Th2-produced virus in red and each isolate has its own symbol. The percentage of 
isolates resulting in productive infection is displayed in brackets. Infections were performed 
with three different TCID50 values of SF162 (A, CCR5 using) and H671-B10 (B, dual-tropic). 
CA-p24 production is depicted on the y-axis in logarithmic scale over the course of infection.

Figure 3. Determination of coreceptor affinity. Affinity for both the CCR5 and CXCR4 
coreceptor was determined by HIV-1 infection of CD4-enriched lymphocytes in addition of 
3-fold dilutions of RANTES and AMD3100, respectively, up to fully blocking concentrations. 
Logarithmic values are presented on the x-axis, while the y-axis depicts the percentage of 
inhibition. In a separate graph, we compared IC50 values between both viral stocks using the 
Wilcoxon signed rank test. (A) RANTES inhibition of Th1- and Th2-produced virus stocks of 
NSI-18 (in black and red, respectively). (B,C) AMD3100 inhibition of Th1- and Th2-produced 
viral stocks of H671-B10 (dual-tropic) and LAI (CXCR4 using). (D) RANTES inhibition of 
macrophage (mφ)- and lymphocyte-produced viral stocks of NSI-18 (CCR5 using) depicted in 
black and red, respectively.
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Figure 4. DC-SIGN-mediated transmission to CD4-enriched lymphocytes. (A-C) 
Transmission of Th1- versus Th2-produced NSI-18 (CCR5 using), H671-B10 (dual-tropic) and 
LAI (CXCR4 using). We generated three to five clones of each cell type and experiments were 
performed in triplicate. The bars represent median values of HIV-infected lymphocytes for 
each clone. A separate graph depicts the values of all clones from each cell type and we used 
the Wilcoxon signed rank test to determine statistical significance on transmission of Th1- and 
Th2-produced variants. (D-F) Transmission of macrophage (mφ)- versus lymphocyte-derived 
NSI-18 (CCR5 using), SF162 (CCR5 using) and H671-B10 (dual-tropic). Transmissions with 
NSI-18 and H671-B10 were repeated once.
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tested whether our produced isolates were transmitted by DC-SIGN with different 
efficiency19. We incubated DC-SIGN expressing cells with HIV-1 and cocultured 
these cells with CD4-enriched lymphocytes to monitor virus transmission. Using 
flow cytometry, we quantified HIV-1 infection levels of lymphocytes and we 
calculated the percentage of CA-p24 positive cells. All viruses produced by Th1 and 
Th2 cells were transmitted equally to CD4-enriched lymphocytes with no significant 
difference (Fig. 4A - 4C). Surprisingly, Th1-produced LAI demonstrated high 
variation in transmission by the different produced stocks, up to a 4-fold difference. 
This occurred despite normalization on TCID50 and all stocks showed a comparable 
pattern of replication and were harvested at the same day with similar CA-p24 values. 
We also performed transmission experiments using macrophage- and lymphocyte-
derived viral stocks that were either CCR5 using or dual-tropic. No significant 
difference in transmission of CCR5 using virus was observed (Fig. 4D and 4E). 
Macrophage-produced dual-tropic variant H671-B10 however, was preferentially 
transmitted over lymphocyte-produced virus (p<0.0001; Fig. 4F). Viral replication, 
day of harvest, CA-p24 values and TCID50 of both viral stocks were comparable, 
indicating a true difference in transmission of this virus between macrophages and 
lymphocytes. We therefore conclude that CCR5 using HIV-1 variants, produced 
by macrophages and lymphocytes, are equally transmitted to lymphocytes via DC-
SIGN, while macrophage-produced dual-tropic virus is preferentially transmitted 
over lymphocyte-produced virus.

f
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macrophage-produced HIV-1 is  more resistant to 2G12 inhibit ion
To determine whether macrophage-produced and lymphocyte-produced viruses differ 
in sensitivity to antibody neutralization, we conducted neutralization experiments 
with 2G12, a carbohydrate-binding antibody. Differences in HIV-1 gp120 envelope 
glycosylation patterns can influence the sensitivity of virus to antibody neutralization 
with 2G1241-43. We incubated our virus stocks with 3-fold dilutions of 2G12 up to 
fully blocking concentrations and subsequently infected CD4-enriched lymphocytes. 
Macrophage-produced HIV-1 was 14-fold more resistant to neutralization than virus 
produced by lymphocytes, although this did not reach statistical significance (Fig. 
5). This had probably to do with the low number of variants used. We repeated the 
experiment with the same virus and again observed that macrophage-derived virus 
was more resistant to 2G12 neutralization. This result indicates that producer cell type 
can influence the sensitivity of HIV-1 to antibody neutralization.

Figure 5. Sensitivity to 2G12 neutralization. Sensitivity of macrophage (mφ)- and lymphocyte-
derived HIV-1 was determined by infecting CD4-enriched lymphocytes with virus, which was 
neutralized with 3-fold increasing concentrations of 2G12. Inhibition curves were constructed 
based on CA-p24 values from the peak of viral replication.

D I s C u s s I o n

In this study we have analyzed the influence of the HIV-1 producer cell on virus 
phenotype. Virus production by Th1 or Th2 cells did not compromise infectivity for 
the alternate subset and these virus stocks were comparable sensitive to coreceptor 
blocking agents. We also observed similar levels of DC-SIGN-mediated transmission. 
Virus produced by macrophages was comparable sensitive to CC-chemokine 
inhibition as lymphocyte-derived virus, but was 14-fold more resistant to 2G12. 
Macrophage-produced dual-tropic virus was 6-fold better transmitted via DC-SIGN 
than lymphocyte-derived HIV-1 (p<0.0001), but no significant difference was observed 
with CCR5 using variants.

Previously described differences in coreceptor usage patterns of HIV-1 derived from 
macrophages as opposed to lymphocytes was in all likelihood due to viral evolution 
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within these patients and not solely an effect of the producer cell. Virus was often 
isolated from an anatomically occluded tissue such as the brain. Brain-derived variants 
were often described to differ in env gp120 sequence from lymphocyte-derived HIV-1, 
explaining the differences in virus phenotype5,44. CXCR4 usage of Th1-produced LAI 
is very comparable with that of H671-B10 with IC50 values approaching 20 ng/ml. It is 
unclear why Th2-produced LAI has a 3-fold higher IC50 than Th2-produced H671-B10. 
H671-B10 can also infect a cell using CCR5, so entry of Th2 cells via this coreceptor 
partly compromises entry via CXCR4. Reduced entry using CXCR4 may then affect 
the sensitivity to AMD3100 inhibition. Such an effect was not observed with Th1 cells. 
Perhaps higher levels of CC-chemokines promoted H671-B10 to predominantly enter 
Th1 cells via CXCR4. Predominant entry via CXCR4 may then result in equal IC50 
values of H671-B10 and LAI.

The wide variation in transmission via DC-SIGN among Th1-produced variants 
of LAI, but also in other cell cultures, could indicate that differences in glycosylation 
exist among parallel infected cells. Virus stocks were normalized on TCID50 excluding 
influence of differences in infectivity. The disparity in outcome of DC-SIGN-mediated 
transmission between CCR5 using strains and the dual-tropic H671-B10 strain, 
points to involvement of a viral factor. If it were only a host cell effect we would also 
have observed differences in transmission between CCR5 using viruses. Whether 
this phenomenon is specific for dual-tropic viruses remains to be determined. Since 
gp120 envelope proteins of different HIV-1 strains can differ in their N-linked 
glycosylation profile45, differences in glycosylation activity amongst cell types may 
affect some virus strains more than others. Apparently, a specific characteristic of 
the H671-B10 strain resulted in this difference, possibly being CXCR4-mediated 
signaling. To discover whether signaling via CXCR4 on macrophages is involved, this 
receptor will be stimulated during infection with a CCR5 using strain. Transmission 
of the produced virus will then be compared with the same strain generated without 
CXCR4 stimulation. Furthermore, we propose to treat the virus stocks with an 
endo-H glycosidase to determine the presence of mannose residues, which could help 
explain for the differential transmission observed between the viruses. Transmission 
of all macrophage-produced viruses resulted in 10-20% higher CA-p24 intensity over 
lymphocyte-produced virus, which indicates a replication advantage to these variants. 
Some Th1-produced virus stocks also revealed a 10% higher CA-p24 intensity in 
infected lymphocytes. It is tempting to speculate that macrophage-produced dual-
tropic viruses are indeed preferentially transmitted over lymphocyte-derived variants. 
This may be one explanation for why HIV-1 in some individuals evolves from CCR5 
usage to dual-tropism.

Our 2G12 neutralization experiments confirm data from a previous study, which 
observed an 8- to 10-fold higher IC50 for macrophage-derived over lymphocyte-derived 
virus using chimpanzee serum19. Differences in glycosylation modifications between 
various cell types may result in occlusion of part of the 2G12 binding site or directly 
affect the 2G12 epitope. Macrophages are known to produce viruses with an increased 
level of gp120 shedding19, which may interfere with 2G12 neutralization. It is unlikely 
that this explains for the difference in neutralization, since neutralization correlates 
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more with oligomeric than monomeric gp12046. Neutralization experiments with H671-
B10 will also elucidate more on the relation between neutralization with 2G12 and 
DC-SIGN binding. Although the 2G12 epitope and the DC-SIGN binding site partially 
overlap47 we observed equal DC-SIGN-mediated transmission for macrophage- and 
lymphocyte-produced SF162, while macrophage-produced SF162 was more resistant 
to 2G12 inhibition. The 2G12 antibody has a more restricted epitope than DC-SIGN 
and binds to terminal mannose residues of specific potential N-linked glycosylation 
sites (PNGS)41,48. DC-SIGN preferentially binds internal trisaccharides and mutations 
of single residues do not affect the DC-SIGN binding site, while this can severely 
affect 2G12 binding42,47,49,50. Changes in glycosylation therefore more likely affect 2G12 
neutralization than DC-SIGN binding, which explains our findings on SF162. Since we 
observed differences in DC-SIGN-mediated transmission for H671-B10, we expect a 
more pronounced difference in sensitivity to 2G12 neutralization than for SF162.

HIV-1 patients can be co-infected with pathogens such as Plasmodium falciparum, 
Mycobacterium tuberculosis as well helminths and each induces a particular immune 
response. These differential immune responses in all likelihood can influence HIV-1 
replication by preferential infection of a particular cell type or virus inhibition by 
CC-chemokines. For example, a Th1 response impairs virus replication more than 
a Th2 response with increased CTL activity and decreased virus production by Th1 
cells, compared to a Th2 milieu4,51,52. Co-infection with P. falciparum increases virus 
production by macrophages53. Co-infecting pathogens may therefore influence virus 
replication and HIV-1 pathogenesis through stimulation of variant cell types within 
which HIV-1 replicates in vivo.

Our data indicate that virus production from differential lymphocyte subsets, 
namely Th1 and Th2 cells, does not compromise infectivity for the alternate subset. 
This also does not result in significant differences in coreceptor affinity or DC-SIGN-
mediated transmission. When compared with lymphocytes, virus production by 
macrophages does not influence sensitivity to CC-chemokines but can affect DC-
SIGN-mediated transmission and sensitivity to 2G12 antibody neutralization. These 
results give more insight to what extent the host cell influences viral phenotype and 
thereby various aspects of HIV-1 pathogenesis.
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1 .  C E l l  t y P E  &  H I V - 1  I n f E C t I o n

HIV-1 infects many different cell types of the immune system with infection levels 
that differ among the populations (Chapter 1). It has been shown that CD4+ T cells 
are infected to a higher extent than cells of monocyte/macrophage lineage1. HIV-1 
can also infect CD8+ T cells and dendritic cells but only to low levels and with limited 
virus production. The level of virus infection does not always correspond with virus 
production. For example, Th1 cells may be infected to a higher extent than Th2 cells 
but the latter cell type on average produces more virus than Th1 cells2-4. This, in part, 
may well be ascribed to higher expression levels of CC-chemokines that compete with 
HIV-1 for binding to the CCR5 coreceptor when secreted from the cell. Th1 cells have 
also been described to possess higher mRNA expression levels of APOBEC3G than 
Th2 cells, which may also influence the infectivity of the produced virions5.

A recent study has described the preferential infection of CCR4+CCR6+ and 
CXCR3+CCR6+ CD4+ T cell subsets homing to gut associated lymphoid tissue (GALT)6. 
These cells with a Th17 phenotype were described to be more permissive for HIV-1 
replication than Th1 and Th2 populations. Virus production by Th2 cells, characterized 
by a CCR4+CCR6- phenotype with very low CCR5 expression, was virtually absent. 
This contrasts with other studies that report on productive infection of this subset. The 
aforementioned study characterized Th2 cells by expression of CCR4 and lack of CCR6, 
a population that predominantly migrates to non-gut associated lymphoid tissues. One 
caveat of this study is that the sorting strategy differs from most other studies that sort 
on the basis of functional markers such as positive for IL-4 and negative for IFN-γ 
production. Since not all Th2 cells express CCR4 it is possible that sorting on CCR4 
under-represents the complete Th2 population7. Sorting on functional markers may 
include more cells that are capable of homing to the GALT, a predominant site of HIV-1 
replication. It has been shown that this molecule is not present on memory subsets in 
the thymus and blood8 and CCR4 has also been associated with a Th1 phenotype9-11. It 
therefore seems that using this marker for Th2 cells is debatable and may explain the 
observed results.

We and others have observed that macrophages demonstrate a delayed pattern 
of virus replication when compared with CD4+ T cells, but they maintain virus 
production over an extended period1,12,13 (E.J. Heeregrave, unpublished results). 
This is likely due to their reduced sensitivity to virus-induced apoptosis which 
enables them to live longer14. Just like macrophages, naïve CD4+ T cells are a low-
proliferating cell type. It has been shown that HIV-1 entry into low-proliferating or 
resting cells severely impairs virus production with a reduction or block at the level 
of reverse transcription15-18. The rate of reverse transcription can be increased by 
addition of deoxynucleotide triphosphates (dNTPs), indicating that limiting pools 
of dNTPs or nucleotide precursors slow the rate of reverse transcription19,20. Some 
publications report on completion of reverse transcription and nuclear import of 
the viral pre-integration complex in non-proliferating cells21,22. In support of these 
observations, multiple studies have described productive HIV-1 infection of resting 
cells, such as naïve CD4+ T cells23-25. This can be achieved by the lymphoid tissue 
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micro-environment, which may provide the necessary signals to proceed in the cell 
cycle and facilitate productive infection24-26. Transition into the G1b phase of the cell 
cycle results in completion of HIV-1 reverse transcription in quiescent CD4+ T cells 
and also in macrophages27-29. During this cell cycle phase sufficient pools of dNTPs 
are present that facilitate reverse transcription and integration, ultimately resulting 
in productive infection30. That in vitro activation of HIV-1 infected resting cells does 
not often result in productive infection indicates that additional cellular factors and 
signals are required31-36. In addition, the nature and duration of stimuli determines 
HIV-1 infection kinetics37-39. Most of these studies were performed in vitro, while 
productive infection of resting CD4+ T cells was detected in vivo. This indicates that 
proper cell stimulation to achieve productive infection is multi-factorial and may 
include cell-to-cell contact, with stimuli from other cell types and production of 
multiple cytokines. Most of the central memory cells have likely reached the G1b 
phase of the cell cycle, while for other subsets the percentage of cells residing in this 
phase may be much smaller. This relates to differences in thresholds for activation 
between different cell types, which likely influences the percentage of proliferating 
cells and may therefore explain the observed disparity in infection levels40-44. Other 
factors that can contribute to differences in HIV-1 infection levels are incorporation 
of intercellular adhesion molecule 1 (ICAM-1) into viral particles45 and levels of CC-
chemokine production that differ between the CD4+ T cell memory subsets43,46.

Central memory CD4+ T cells express predominantly IL-2, whilst cells that 
express effector molecules such as MIP-1β and IFN-γ are more of the effector 
memory phenotype43. Cells expressing IL-2 have been shown to contain more HIV-1 
DNA than those expressing MIP-1β (Chapter 5). This corresponds with our findings 
in Chapter 2 that central memory cells contain more viral DNA than effector 
memory cell types. This was already known for HIV-1 specific cells47 and here we 
have demonstrated that this is also the case for Mycobacterium tuberculosis (MTB)-
specific CD4+ T cells (Chapter 5).

Our findings in Chapter 5 led us to speculate that predominant infection of a 
specific CD4+ T cell subset in HIV-1/MTB co-infected persons may influence HIV-1 
disease progression. Infection of the IL-2+ CD4+ cell subset was associated with its 
depletion and thereby may contribute to CD4+ T cell loss in co-infected individuals. 
The patients described in Chapter 2 vary widely with respect to their HIV-1 infection 
levels amongst the variant CD4+ T cell populations. Persistent and predominant viral 
replication in naïve or central memory CD4+ T cells may impair differentiation into 
effector memory cells. This can compromise the number of effector memory cells 
in non-lymphoid tissues such as the lung or gut, where numerous pathogens are 
encountered. Impaired immunity at these sites may eventually facilitate infection with 
opportunistic infections.

We found that infection levels of naïve and central memory CD4+ T cells correlated 
with CD4 count and viral load (Chapter 2), but the correlation between naïve 
infection level and viral load has not been confirmed by others48,49. The role of central 
memory CD4+ T cells has become more apparent with multiple studies on pathogenic 
SIV infection. Specific loss of this cell population and not naïve CD4+ T cells, is 
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characteristic of rapid SIV progression49-51. This occurs in the absence of memory cell 
proliferation resulting in failure of prolonged production of effector memory CD4+ 
T cells52. In normal HIV-1/SIV progression both naïve and central memory CD4+ T 
cell numbers decline and effector memory cell numbers increase, likely explained 
by increased memory cell proliferation50,53,54. Loss of central memory CD4+ T cells is 
detrimental to HIV-1 infected patients and SIV-infected monkeys and correlates with 
disease progression, while preservation of this cell type is associated with survival and 
control of viremia49,50,52,53,55.

The role of naïve CD4+ T cells in the process of systemic immune activation or the 
development of AIDS remains unclear. In a previous study no correlation between 
CD4+ naïve cell numbers and the development of AIDS was found53. While high 
baseline cell numbers increase the chance of CD4+ T cell recovery during therapy56, a 
different study found no association between naïve cell numbers and the homeostasis 
of the central memory CD4+ T cell population53. Central memory cells may depend 
more on cytokine-driven homeostatic proliferation or presentation of antigen by 
MHC-encoded molecules than on differentiation of naïve CD4+ T cells42,57,58.

Our results from Chapter 5 provide some indication to the CD4+ cellular phenotypes 
that should be induced by HIV-1 vaccines. Such cells should be more of an effector memory 
phenotype with high CC-chemokine levels, akin to terminally differentiated effector 
memory cells. These cells have been shown to be relatively resistant to HIV-1 infection at 
a viral life-cycle stage prior to reverse transcription59. This subset differs from the effector 
memory CD4+ T cells in our study by the notable absence of CCR7 and CD45RO and the 
presence of CD45RA expression, therefore representing a more terminally differentiated 
cell type. More in-depth analysis of the HIV-1 resistant CCR4+CCR6- cell population6 
will likely provide a better understanding of host factors that can limit HIV-1 infection. 
This knowledge will aid in the design of vaccines, inducing cellular phenotypes that are 
more likely to be preserved in the context of HIV-1 infection. To provide long-lasting 
immunity, it is of importance that such cells possess the self-renewing capacities of 
central memory cells or are induced by these cells.

In conclusion, the variant CD4+ T cell subsets differ with respect to their HIV-1 
infection levels that not always correlate with virus production. For virus production, 
the life-cycle stage of the infected cell as well as cellular restriction factors are of 
influence and ultimately the lifespan of the cell.

2 .  C E l l  t y P E  &  H I V - 1  E V o l u t I o n

Studying HIV-1 diversity provides insights concerning intrapatient viral evolution 
and may identify factors that influence virus phenotype. Diversity correlates with 
viral load and fitness and when studied longitudinally, can point to what drives 
disease progression60-62. Both diversity and divergence increase during the initial years 
of infection and stabilize or decline later in infection. These changes correlate with 
failure of T cell homeostasis and emergence of CXCR4 using variants, implicating their 
importance in pathogenesis.
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The cell type of HIV-1 infected cells can influence the genetic make-up or diversity 
of the virus population, leading to differences in viral phenotype such as cell entry. 
This can have clinical implications as has been shown for macrophage-associated 
changes in the viral envelope that were related to HIV-associated dementia1,63-65. 
Macrophage-produced viruses demonstrate a different use of the CCR5 coreceptor and 
increased fusogenicity in comparison with CD4+ T cell-produced viruses66-68. Within 
the CD4+ cell population viral compartmentalization can occur and has been observed 
under antiviral pressure1,69. Within the CD4+ T cell compartment we did not detect 
in vivo compartmentalization in patients off-therapy, nor in a patient who switched 
from CCR5 to CXCR4 usage (Chapter 2). Predominant infection of one CD4+ subset 
did not result in viral compartmentalization or reduced diversity in another subset, 
indicating that relative virus infection levels are not necessarily linked to changes in 
virus diversity (Chapter 2). In patients whose naïve CD4+ T cells only harbored a few 
percent of viral copies within the CD4+ T cell population, virus residing in these cells 
could not be distinguished from memory cell-derived virus or from cell-free virus in 
serum, indicating their importance as a HIV-1 producer cell. 

HIV-1 compartmentalization was identified in the effector memory CD4+ T cell 
subset of an individual who was infected with two different strains (HIV-1 dual 
infection). Upon therapy we observed complete replenishment of this subset by a 
different virus strain, as presented in Chapter 3. Additional factors such as high turnover 
of this cell subset, the host immune pressure and viral fitness may also have played a 
role. In HIV-1 dual-infected individuals, one strain usually prevails and is fitter than 
the other strain. In a different situation, such as an altered cellular environment or 
under antiretroviral therapy, the repressed virus can become the fittest strain (Chapter 
3 & 4). This highlights that viral fitness is determined by the environment in which the 
virus replicates70.

Antiretroviral therapy reduced viral load in CD4+ naïve and memory T cell subsets 
to the same extent, except for a rise in load in the effector memory subset of one patient. 
This confirms that the naïve subset is productively infected and does not predominantly 
consist of latent HIV-1 variants. One month of therapy had no apparent effect on the 
virus residing in the naïve and central memory subsets, but did influence the effector 
memory HIV-1 quasispecies in some patients. The changes in viral diversity and the 
observed increase in V3 charge indicate that virus in the effector memory subset is 
more sensitive to therapy compared to the other cell subsets. This likely reflects the 
short half-life of these cells through which viral changes become more apparent than in 
the other cell compartments. It will be interesting to determine whether this cell subset 
preferentially facilitates emergence of drug resistance effected by the higher turnover 
of virus in this cell population.

3 .  C E l l  t y P E  &  H I V - 1  P H E n o t y P E

Another feature of host cell influence on HIV-1 infection is that virus produced by 
different cell types may possess variant biological phenotypes, such as infectivity, 
sensitivity to chemokine receptor blocking and antibody neutralization. We have 
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generated identical virus stocks produced by macrophages, CD4+ lymphocytes, T 
helper 1 (Th1) and T helper 2 (Th2) CD4+ cells to determine the sole effect of host 
cells on some of these aspects (Chapter 6). We observed minor to no differences in 
viral phenotype between the two T helper populations studied. Differences between 
macrophages and CD4+ T cells were larger, which may be explained by the fact that these 
cell types are more divergent than T helper subsets. Incorporation of host molecules 
into the viral membrane can increase viral infectivity and also results in other effects 
such as T cell activation and cell signaling71-73 (http://web.ncifcrf.gov/research/avp/). It 
has been shown that ICAM-1 incorporation into viral particles can lead to preferential 
infection of memory over naïve CD4+ T cells and increases virus infectivity45,74. This 
likely occurs through binding of ICAM-1 to LFA-1, which is expressed higher and 
more in clusters on memory cells compared with naïve cells thereby strengthening 
the interaction with ICAM-1. Incorporation of HLA-II and co-stimulatory molecules 
such as CD80 and CD86 also increases viral infectivity71,75. Incorporated HLA-II (and 
CD86) produces a signal to T lymphocytes through antigen presentation, but without 
proper costimulation this results in T cell anergy76-78. Virus produced by macrophages 
harbor numerous host cell-derived molecules on their cell surface79. While a direct 
comparison with CD4+ T cells is lacking, differences likely exist between these two 
different cell types. Whether viruses produced by naïve and memory CD4+ T cells differ 
in host molecule incorporation remains to be determined. Since naïve CD4+ T cells 
are not antigenically stimulated, the profile of co-stimulatory molecules likely differs 
from memory CD4+ T cells. Differential incorporation of such proteins may result in 
produced viruses with variant infectivity or signaling potential.

We observed that some macrophage-produced HIV-1 variants were preferentially 
transmitted via DC-SIGN to CD4+ T cells as well as being more resistant to antibody 
neutralization (Chapter 6). A similar increased resistance to neutralization was 
observed for macrophage- versus CD4+ T cell-produced viruses when neutralized 
by chimpanzee serum and soluble CD480,81. Differential glycosylation among virions 
derived from both cell types likely plays a role herein. These findings again indicate that 
virus produced by macrophages have a pronounced influence on HIV-1 pathogenesis 
compared with virus produced by CD4+ lymphocytes.

4 .  P E r s P E C t I V E :  r o l E  o f  V a r I o u s  t  C E l l 
P o P u l at I o n s  I n  H I V - 1  I n f E C t I o n

Over the last years the knowledge regarding the repertoire of cell types involved 
in HIV-1 infection has expanded. Among these are Th17 cells that can play both a 
direct as well as indirect role in HIV-1 and SIV pathogenesis by their involvement in 
maintaining mucosal integrity82-84. These cells produce IL-17 and IL-22 that induce 
enterocytes, cells that form the epithelial layer, to initiate an immune response85,86. This 
response in part consists of production of multiple chemokines and other molecules to 
attract neutrophil granulocytes to mucosal sites. IL-22 production also helps to repair 
the damaged epithelium. HIV-1 infection results in infection and loss of Th17 cells 
in the gastro-intestinal tract84. The immune response is thereby skewed away from a 
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Th17 towards an (impaired) Th1 response. Reduced cytokine production by Th17 cells 
impairs a proper response in the GALT and also affects permeability of the epithelial 
barrier, likely resulting in microbial translocation and systemic immune activation.

Another cell type that may be involved in HIV-1 infection is the multipotent 
CD34+ progenitor cell from the bone marrow. HIV-1 infects this cell type which can 
potentially serve as a latent reservoir87. Since there are no other publications in support 
of this finding, future studies are required to confirm and better define the role of these 
cells in HIV-1 infection.

In recent years, IL-9 and IL-22 producing T cells have been designated as separate 
CD4+ T helper populations88. Murine Th9 cells arise in vitro during culture with IL-4 
and TGF-β and these cells are characterized by expression of IL-9 and IL-1089. They are 
distinct from Th2 cells by the absence of IL-4, IL-5 and IL-13. IL-9 is a cytokine, which 
is also produced by Th2 and Th17 cells90,91. In recombination-activated gene 1-deficient 
mice, these cells induced colitis and peripheral neuritis. IL-9 production is further 
associated with an impaired Th1 response in persons with tuberculosis92. In light of 
these findings, Th9 cells may facilitate infection with MTB or alternatively, presence of 
these cells in HIV-1/MTB co-infected persons may impede an efficient Th1 or antiviral 
response. Their role in tissue inflammation may enhance the level of systemic immune 
activation during HIV-1 infection.

Most CD4+ T cells express the αβ T cell receptor (TCR) and a minority population 
expresses the γδ TCR. This cell type is predominantly present in the gastro-intestinal 
mucosa and plays a role against viral, bacterial and fungal infections93-95. The Vδ1 
subset is expanded upon HIV-1/SIV infection due to recirculation96-98. γδ T cells can 
both kill infected cells and produce cytokines and chemokines to attract and induce 
other immune cells95,99. Both the Vδ1 and Vδ2 subset can produce IFN-γ and the 
mucosal resident γδ T cell population produces also IL-17100,101. Its presence correlates 
with CD4+ T cell activation and depletion. Although more research is required to 
elucidate how both γδ T cell subsets are involved in HIV-1 pathogenesis, recognition 
of microbial products may imply involvement of this cell type in systemic immune 
activation, an important aspect of HIV-1 pathogenesis.

5 .  a s s ay  D E V E l o P m E n t:  G E n E r at I o n  o f  H I V - 1 
P r I m a r y  I s o l at E s

In Chapter 4 we have presented an assay to generate HIV-1 primary isolates by 
cocultivating patient PBMC with the U87 cell line expressing CD4 and either of the 
HIV-1 coreceptors. The advantage of this assay is that virus replication can be predicted 
through monitoring for syncytia formation, which usually occurred within 14 days 
after culture initiation. We observed high levels of virus replication with CA-p24 levels 
reaching as high as 1 μg/ml. We were successful in generating virus stocks from 70% 
of the patients studied and the majority of analyzed patients harbored primary isolates 
that were representative of the plasma quasispecies. This assay is easy to use and allows 
for the generation of virus stocks at sites where CA-p24 ELISA and supply of donor 
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PBMC are not available. This can save substantially on costs since it also bypasses the 
use of expensive reagents such as CD44 microbeads, which are routinely used these 
days for virus isolation102-104. Our assay thereby contributes to more field research 
since it allows for using these primary isolates at the site of isolation for HIV-1 vaccine 
research or for studies on antiretroviral therapy.

Very few studies have been performed on generating virus stocks using cell lines. One 
such study utilized CEM.NKR cells for virus production and neutralization purposes105, 
but did not compare the produced isolates with the patients’ variants. Another study 
compared viral isolates of two patients grown on herpesvirus saimiri-immortalized T 
cells with variants isolated from plasma and PBMC106. One patient demonstrated no 
to minor selection compared to plasma-derived sequences, while substantial changes 
in the V2 and V3 region were observed for the other patient. Interestingly, the cell line 
derived isolates were very similar in sequence to isolates obtained by cocultivation 
with donor PBMC and also the neutralization capacities were very comparable. 
They, however, only sequenced a few virus clones from each compartment. Mild et 
al. presented an assay for the generation of HIV-1 clones using the U87 cell line and 
compared these clones to PBMC-derived primary isolates107. No comparison with 
virus directly obtained from the patient was performed. Although the generated clones 
accurately represent the isolates this assay is not suitable for experiments that require 
the broad spectrum of variants present in a patient. For instance, when searching for 
the presence of CXCR4 using variants or testing (novel) components of antiretroviral 
therapy, one would like to perform cultures or viral inhibitions using the whole of the 
patients’ viral quasispecies.

Selection is inherent to virus culture irrespective of the cell type used and the 
problem always remains as to how representative the grown isolates are. Most, but 
not all studies that compared isolates cultured on donor PBMC with variants directly 
isolated from patients, concluded that the cultured isolates do not accurately represent 
the patients’ plasma quasispecies108-113. The study by Voronin et al was largely based on 
length analysis of the V1V2 region and not by sequencing the entire V1V5 envelope, 
as we performed. They also show that parallel cultures using donor PBMC can vary 
in outcome. Since host immune pressure is absent in cell culture systems, primary 
isolates may consist of other predominant variants. Strains with increased sensitivity 
to a patients’ immune pressure may in vitro out-replicate the more immune-resistant 
strains that predominate in the patient114,115. Besides minority populations present in 
PBMC, patients may in addition harbor particular variants that reside in occluded 
locations such as in macrophages within the brain67,116-120. Some of these viruses will 
not be present in the circulation and will therefore not appear in virus cultures. These 
organ-specific variants can be transmitted to a new host, hinder antiretroviral therapy 
efficiency (caused by resistance mutations or limited penetration of antiretroviral 
drugs) or be involved in HIV-associated disease64,65,68,121-124. 
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6 .  H I V - 1  a n D  C o - I n f E C t I o n  w I t H  m y C o b a C t E r I u m 
t u b E r C u l o s I s

Infection with MBT can impact HIV-1 replication and disease at various levels125 
(Chapter 1). We have observed that some subpopulations of MTB-specific CD4+ T 
cells are preferentially infected with HIV-1 over others (Chapter 5). Direct HIV-1 
infection of this IL-2+ subset may contribute to the rapid loss of MTB-specific cells 
upon HIV-1 infection and thereby impair immunity to MTB. An inverse correlation 
between the proportion MTB-specific IL-2+ CD4+ T cell number and plasma viral load 
indicates that co-infected individuals lose IL-2 secretion capacity during HIV-1 disease 
progression126. This may already occur early after HIV-1 infection, which facilitates TB 
reactivation and may contribute to a rapid disease course. Antiretroviral therapy restores 
MTB responses reiterating that HIV-1 replication can result in depletion of MTB-
specific cells127. Detection of these cells in HIV-1 positive persons with pulmonary TB 
suggests that renewed exposure or mycobacterial growth increases MTB-specific cell 
numbers128,129. In HIV-1 positive individuals, polyfunctional MTB-specific responses 
are maintained but with loss of IL-2 expression126. Subjects with a CD4 count below 
200 cells/μl increased their MTB response as opposed to individuals with higher CD4 
counts129. Whether this response is sufficient to contain the mycobacteria or indicates 
progressive TB disease remains to be determined. The antiviral response of individuals 
with low CD4 count was shown to be impaired.

In HIV-1 infected persons co-infected with MTB, differences in expression levels 
of HIV-1 coreceptors and CC-chemokines were observed when compared with HIV-1 
only infected individuals. Increased CXCR4 surface expression on alveolar macrophages 
combined with higher levels of CCR5-binding chemokines, but not CXCR4-binding 
stromal-derived factor-1α (SDF-1α) in broncho-alveolar lavage (BAL), may facilitate 
HIV-1 coreceptor switch from CCR5 to CXCR4 using130. In relation to these findings, 
they observed increased viral entry and reverse transcription in alveolar macrophages. 
Two studies observed elevated CCR5 expression levels, also on monocyte-derived 
macrophages (MDM) and alveolar macrophages, and one of these detected lower levels 
of CC-chemokine production in BAL facilitating HIV-1 infection and replication131,132. 
Yet another study found a lower number of CCR5 and CXCR4 expressing cells with 
no change in expression levels per cell and with slightly higher plasma CC-chemokine 
levels133. A minor increase in intracellular CC-chemokine levels was observed in 
another study134. Although most studies concluded that MTB infection seemed to 
facilitate HIV-1 replication, other conclusions are hard to draw since each study focused 
on a few selected parameters with little overlap. In addition, the different parameters 
were analyzed in various body compartments (plasma versus BAL) and CC-chemokine 
levels were measured both in secreted form as well as intracellular. Besides competing 
with HIV-1 for CCR5 binding, secreted CC-chemokines have the additional effect of 
attracting CD4+ target cells and thereby enhancing HIV-1 replication. Furthermore, 
they can also increase HIV-1 replication in monocytes and macrophages when these 
cells were exposed to these chemokines before HIV-1 infection135. 
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MTB infection has been shown to influence the genetic make-up of the HIV-1 
quasispecies seemingly by inducing replication of variants in the lung that contribute to 
systemic virus diversity136,137. In half of the study population, viral compartmentalization 
was observed between sequences isolated from pleural fluid versus plasma. The 
increased virus diversity has a positive impact on viral fitness, which may facilitate 
disease progression138.

The difference in immune profile of CD4+ T cells in CMV versus latent TB infection 
may explain the disparity in CD4 decline in co-infected persons (Chapter 5). Active 
TB patients have an intermediate immune profile and a poor prognosis indicating 
that other factors may play a role in disease outcome. When studying HIV-1/MTB co-
infection one must discern between systemic responses and those present in the pleura, 
since immune responses may well demonstrate compartmentalization139. It is also of 
importance to distinguish between the different forms of tuberculosis, since pleural TB 
induces a strong Th1 response whilst disseminated TB is more associated with a Th2 
response140. These different immune profiles will alter the cellular cytokine profile, levels 
of CC-chemokine production and presumably modulate HIV-1 infection. Although 
most studies focus on pulmonary TB, the most prevalent form, the differential effects 
of MTB co-infection on HIV-1 infection need to be seen in light of the various forms 
of TB and the locations within the patient where the infection resides.

With the increasing numbers of persons infected with HIV-1 and opportunistic 
infections such as with MTB, there is a challenge to unravel the mechanisms that 
determine immune activation and how these infections influence each other. The 
knowledge gathered from such studies will undoubtedly contribute to the development 
of strategies aimed at combating these infections.
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HIV-1 enters a cell through binding to the CD4 molecule expressed on the cell surface 
and subsequently to a coreceptor which is predominantly CCR5 or CXCR4. A variety 
of immune cells expressing CD4 and at least one of the coreceptors are therefore 
susceptible to infection by HIV-1. Transmission to a new host is almost always 
established by a CCR5-using virus, while CXCR4-using variants often arise later in 
infection and are associated with accelerated disease progression. Various cell types are 
infected to variant levels depending (amongst others) on the expression levels of CD4 
and coreceptors, phase of the cell cycle and levels of CC-chemokine production (for 
CCR5 using viruses). Within the CD4+ lymphocyte compartment the central memory 
cell population is the predominantly infected subset with HIV-1 copy numbers 
exceeding those of naïve and effector memory CD4+ T cells. CD4+ lymphocytes 
contain higher HIV-1 copy numbers than monocytes/macrophages and the biological 
properties of the virions generated from the different cells may also vary. Differences 
in virus infectivity, cell tropism and glycosylation among virions produced by both 
cell types have been described. The genetic composition of the viral quasispecies can 
also differ among CD4+ cell types with differences in viral diversity. Diversity is usually 
measured through DNA sequencing of the variable regions of the viral envelope gene 
(env) which encodes for the protein that protrudes from the virion and mediates viral 
entry. This protein is involved in binding both CD4 and the coreceptor. Specific amino 
acid positions within and around the variable V3 region as well as patterns of N-linked 
glycosylation across the entire envelope have been heavily associated with coreceptor 
usage. Overall amino acid charge has also been shown to influence coreceptor usage 
with higher V3 charges being associated with a switch from CCR5 towards CXCR4 
usage. 

In this thesis we have studied how CD4+ cell type influences HIV-1 infection 
through analyzing the viral envelope. In Chapter 2 we quantified virus infection levels 
of naïve and memory CD4+ lymphocyte subsets and observed wide variation among 
cell types as well as between individuals. Predominant infection of a particular cell 
subset did not influence the genetic appearance of the viral quasispecies within the 
CD4+ lymphocyte population. All cell subsets contained HIV-1 variants which were 
genetically indistinguishable from cell-free virus in serum, which was also identified 
in a patient undergoing a switch in coreceptor usage. These findings emphasize that all 
studied lymphocyte subsets contribute comparably to HIV-1 infection, including naïve 
lymphocytes that contain virus variants that are genetically indistinguishable from 
serum-derived HIV-1. In Chapter 3 we assessed how 2 to 5 weeks of antiretroviral 
therapy influenced HIV-1 obtained from the same CD4+ lymphocyte subsets. We 
observed apparent changes in virus diversity within the effector memory subset and 
a clear increase in V3 charge, while such changes were absent from naïve and central 
memory compartments. This may indicate that HIV-1 residing in effector memory 
cells may be more sensitive to therapy than virus from other CD4+ lymphocyte 
compartments. Chapter 4 describes a cell-line based method to generate HIV-1 
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primary isolates based on syncytia formation without requiring a CA-p24 ELISA to 
monitor virus production. By cocultivating HIV-infected patient PBMC with U87.
CD4 cells expressing the CCR5 coreceptor, we generated HIV-1 primary isolates 
circumventing their variation in susceptibility to HIV-1 infection. This easy-to-use 
method facilitates for more research to be performed in the field and provides a more 
standardized method for the generation of primary isolates. We successfully applied 
this assay in Ghana where we also included patients for a study on the influence of 
Mycobacterium tuberculosis (MTB) on HIV-1 infection (Chapter 5). With the ongoing 
HIV-1 epidemic in Sub-Saharan Africa, an increasing number of people suffer from 
malaria or TB on top of their HIV-1 infection. Research into the mechanisms of how 
these co-infections influence HIV-1 pathogenesis is beginning to emerge and some 
co-infections result in faster CD4 decline than others. From HIV-1 infected individuals 
co-infected with MTB, we studied the phenotype of HIV-1 infected cells to shed light 
on how HIV-1 infection may influence the TB-specific immune response. We observed 
that certain MTB-specific cell populations were preferentially infected over others 
and that these cell types differ in their expression profile of effector molecules. Other 
pathogens such as cytomegalovirus (CMV) raise a different immune response possibly 
explaining for reduced CD4 cell depletion during HIV-1 infection. The phenotype or 
function of a cell responding to such a co-infection may therefore influence to what 
extent it will be infected (and depleted) by HIV-1. We have also described how cell type 
affects the phenotype of the virions that are produced (Chapter 6). We observed minor 
to no influence on infectivity for different CD4+ lymphocyte cell types or coreceptor 
usage patterns. However, we identified that virus produced by macrophages possesses a 
different sensitivity to 2G12 neutralization compared to virus produced by lymphocytes. 
The ability of HIV-1 to be transmitted via DC-SIGN to CD4+ lymphocytes may also 
differ according to the cell type HIV-1 is produced by. These findings could be related 
to a difference in post-translational glycosylation profile of the viral envelope produced 
by macrophages versus CD4+ lymphocytes. The gp120 envelope of HIV-1 is heavily 
glycosylated and both DC-SIGN and 2G12 bind carbohydrates on the viral envelope. 
These differences in biological properties of viruses produced from different cell types 
may influence HIV-1 pathogenesis. In the final chapter of this thesis we have discussed 
these and other findings from this thesis in the context of current literature (Chapter 
7). We discuss how cell type may influence HIV-1 infection level, virus evolution and 
phenotype. We further describe the generation of primary isolates and the influence 
MTB and HIV-1 have on each other. Overall, this thesis contributes to the knowledge 
as to how cell type influences HIV-1 infection and may thereby aid in combating this 
infection.
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Het humaan immuundeficiëntie virus (HIV) is de veroorzaker van AIDS (acquired 
immunodeficiency syndrome), het eindstadium van de HIV-infectie. Dit virus 
infecteert verschillende typen afweercellen waaronder CD4+ lymfocyten. Deze nemen 
gedurende de infectie gestaag in aantal af, mede veroorzaakt door een continue activatie 
van het immuunsysteem. Minder afweercellen betekent een verzwakt immuunsysteem 
waardoor opportunistische infecties makkelijker plaatsvinden. Zulke infecties 
worden HIV-patiënten vaak fataal. Naast directe virusinfectie van afweercellen wordt 
het opwekken van een goede afweerreactie ook bemoeilijkt doordat een patiënt 
veel virusdeeltjes heeft die er allemaal net iets anders uitzien. Een verzameling van 
virusdeeltjes die op elkaar lijken, noemen we een ‘quasispecies’. Deze quasispecies kan 
varianten bevatten die niet of niet optimaal door ons afweersysteem herkend worden. Zij 
kunnen zich hierdoor makkelijker vermenigvuldigen en hebben een replicatievoordeel 
vergeleken met varianten die wel door ons afweersysteem herkend worden.

HIV type 1 (HIV-1) is het meest voorkomende en bestudeerde type HIV en 
infecteert een cel via binding aan het CD4 molecuul. Vervolgens bindt het aan een 
coreceptor, meestal CCR5 en/of CXCR4. Overdracht naar een nieuwe gastheer wordt 
bijna altijd veroorzaakt door een virus dat CCR5 gebruikt. CXCR4-gebruikend HIV-1 
verschijnt vaak later in de infectie en wordt geassocieerd met versnelde progressie naar 
AIDS.

De mate van infectie verschilt per celtype en is (onder andere) afhankelijk van de 
hoeveelheid CD4 moleculen en coreceptoren aan de buitenkant van de cel, de fase van 
de celcyclus waarin de cel zich bevindt en de hoeveelheid CC-chemokines die worden 
produceert. Binnen de populatie van CD4+ lymfocyten hebben de centrale memory 
cellen de hoogste infectiegraad. Dit celtype wordt door meer virusdeeltjes geïnfecteerd 
dan naïeve en effector memory CD4+ lymfocyten. CD4+ lymfocyten worden weer meer 
geïnfecteerd dan monocyten/macrofagen, een ander type afweercel. Viruspartikels die 
geproduceerd worden door beide typen afweercellen, kunnen verschillen in infectiviteit, 
het gebruik van coreceptoren en het glycosyleringspatroon van het envelop eiwit. 
Dit eiwit zit aan de buitenkant van het viruspartikel en bindt naast CD4 ook beide 
coreceptoren op het celoppervlak. Het bevat veel koolhydraten die eigenschappen van 
HIV-1 beïnvloeden.

Er bestaan ook verschillen in de genetische samenstelling van de virus quasispecies 
afkomstig van de diverse CD4+ celtypen. Specifieke aminozuren in en rondom de V3 
regio van het envelop eiwit alsmede het patroon van glycosylering van het gehele eiwit 
zijn sterk gerelateerd aan het binden van de coreceptoren. Lading beïnvloedt ook het 
coreceptor gebruik en een hoge V3 lading wordt geassocieerd met een verandering 
van het gebruik van CCR5 naar CXCR4, in combinatie met veranderingen in het 
glycosyleringspatroon.

In dit proefschrift hebben wij onderzocht hoe celtype van invloed is op HIV-1 
door bestudering van het envelop gen. In Hoofdstuk 2 hebben wij de infectiegraad 
van naïeve, centrale en effector memory CD4+ lymfocyten gekwantificeerd waarbij 
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we grote variatie aantroffen tussen de celpopulaties alsmede tussen individuen. Een 
overheersende HIV-1 infectie van één subset binnen de CD4+ lymfocyten populatie 
beïnvloedt niet de genetische samenstelling van het virus in de drie onderzochte 
celpopulaties. Het virus dat zich in naïeve CD4+ lymfocyten bevond alswel in beide 
onderzochte memory populaties, kon genetisch niet worden onderscheiden van cel-
ongebonden virus. Dit was tevens het geval bij een individu dat besmet was met een 
virus dat van CCR5 gebruik naar CXCR4 gebruik veranderde. Deze bevindingen 
benadrukken dat elk van de onderzochte celpopulaties een belangrijke bijdrage levert 
aan de virusproductie, inclusief de naïeve CD4+ lymfocyten. Hoofdstuk 3 beschrijft de 
invloed van antivirale therapie op HIV-1 in dezelfde celpopulaties. Twee tot vijf weken 
na aanvang van therapie namen we duidelijke veranderingen in virus diversiteit waar 
en zagen we een verhoging van de V3 lading in de effector memory lymfocyten. Zulke 
veranderingen waren afwezig in de andere celpopulaties. Dit zou erop kunnen duiden 
dat HIV-1 in effector memory cellen gevoeliger is voor therapie vergeleken met HIV-1 
in de andere CD4+ lymfocyt populaties. In Hoofdstuk 4 presenteren we een nieuwe 
methode voor het genereren van primaire HIV-1 isolaten met behulp van een cellijn en 
op basis van syncytia vorming. Dit vermijdt het gebruik van een CA-p24 ELISA voor 
het meten van de virusproductie. De met HIV-1 geïnfecteerde PBMC van patiënten 
worden samen gekweekt met U87.CD4 cellen die de CCR5 coreceptor tot expressie 
brengen. Op deze manier is het mogelijk om primaire HIV-1 isolaten te genereren 
zonder het gebruik van donor PBMC, die kunnen variëren in hun vatbaarheid voor 
HIV infectie. Deze meer gestandaardiseerde methode is gemakkelijk toe te passen en 
biedt de mogelijkheid voor meer veldonderzoek. We hebben deze methode met succes 
toegepast in Ghana, alwaar we patiënten rekruteerden voor onderzoek naar de invloed 
van tuberculose op met HIV-1 besmette personen (Hoofdstuk 5). Met de voortgaande 
HIV-1 epidemie raken meer mensen in Afrika naast HIV-1 besmet met een tweede 
infectie zoals tuberculose (TB) of malaria. Langzamerhand raakt er meer bekend over 
de wijze waarop deze co-infecties de HIV-1 infectie beïnvloeden. Bij personen die 
zowel besmet zijn met HIV-1 als lijden aan TB hebben wij de kenmerken onderzocht 
van cellen die specifiek zijn voor Mycobacterium tuberculose (MTB) om zo de invloed 
van deze co-infectie op HIV-1 te bepalen. Infectie met MTB wekt verschillende typen 
afweercellen op die ook verschillende gradaties van HIV-1 infectie bezitten. Infectie met 
cytomegalovirus (CMV) induceert een andere verhouding van afweercellen met een 
grotere populatie cellen die moeilijker te infecteren zijn. Dit is mogelijk een verklaring 
voor het beperkte verlies van CD4+ lymfocyten ten opzichte van een MTB co-infectie. 
Het fenotype of functie van een cel is op deze manier van invloed op de hoogte van 
HIV-1 infectie. De manier waarop celtype het fenotype van de virusdeeltjes beïnvloedt, 
is beschreven in Hoofdstuk 6. De aard van de lymfocytenpopulatie waardoor het virus 
geproduceerd wordt, had weinig tot geen invloed op de infectiviteit voor verschillende 
typen lymfocyten of het coreceptor gebruik van het virus. HIV-1 dat door macrofagen 
werd geproduceerd, was minder gevoelig voor neutralisatie door het 2G12 antilichaam 
dan virus geproduceerd door lymfocyten. Ook de mate waarin HIV-1 door DC-SIGN 
wordt doorgegeven aan lymfocyten kan afhangen van het celtype waardoor het virus 
wordt geproduceerd. Deze bevindingen hangen mogelijk samen met een verschil 
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in glycosylering van het envelop eiwit wanneer het virus door macrofagen danwel 
lymfocyten wordt geproduceerd. Aangezien koolhydraten betrokken zijn bij binding 
aan zowel DC-SIGN als aan 2G12, kan celtype van invloed zijn op bepaalde aspecten 
van de HIV-1 pathogenese. In het laatste hoofdstuk van dit proefschrift bediscussiëren 
we onze bevindingen in de context van de recente literatuur (Hoofdstuk 7). We zetten 
uiteen hoe celtype van invloed kan zijn op de mate van HIV-1 infectie, virus evolutie en 
fenotype. Ook beschrijven wij het genereren van primaire virus isolaten en de invloed 
die MTB en HIV-1 op elkaar hebben. Hiermee draagt dit proefschrift bij aan de kennis 
over de invloed van celtype op de HIV-1 infectie en levert op den duur mogelijk een 
bijdrage aan het bestrijden van deze infectie.
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during this period is presented in this thesis and describes how the type of cells that are 
infected by HIV may influence virus characteristics. Part of his PhD was a 7 months 
trip to Ghana where he could combine the love for science with his curiosity towards 
other cultures.

Up until today Edwin remains infected with the travel-virus, because in October 
2010 he will move to Stockholm, Sweden where he will continue to work on the 
interplay between viruses and immune cells.

Patrick Heeregrave
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D a n k w o o r D

 
Voor dit boekje ben ik vele mensen dank verschuldigd. Veel van jullie hebben direct of 
indirect bijgedragen aan de totstandkoming van dit werk, in het lab danwel buiten het 
lab. Daarom wil ik jullie hierbij bedanken voor alle hulp en vriendschap.

Allereerst bedank ik jou, Bill, voor de kans die je me hebt gegeven deze uitdaging aan 
te gaan. Ik dank je voor je begeleiding, dat de deur altijd open stond en voor de vrijheid 
die je me hebt gegeven om er zelf wat van te maken.
Thijs, ik heb genoten van alle discussies en de bakkies buiten. Die verdomde granulo’s!
Dirk, we gaan nog steeds een keer naar Kampong.
Martijn, hab’ ein gutes Zeit in Deutschland.
WdV, dank voor de rust die je me gunde op de donderdagmiddag.
Jenny, ik ben even vergeten wat ik ook al weer wilde zeggen.
Buuv, ooit drinken we nog eens koffie samen.
Reneetjûh, Facebook rules.
Karin, groen was toch mooier.
Georgios, dank voor alle moleculaire adviezen.
Nick, gaan we nog iets cultureels doen zondag?
Elly, dank voor de eerste maanden.
Mark G., bedankt voor het leggen van de basis van 2 hoofdstukken.
Joehoe, nieuwe sneakers?
Matthijs, dank voor het creëren van een fijne woon-/werkplek.
Ilja, ik ben wat later thuis vanavond.
En natuurlijk bedank ik ook Mark M., Rogier, Alex, Stef, Steffi, Joost, Maarten, Rienk, 
Krzysztof, Jens, Jeroen, Marloes, Fedde, Ronald en alle anderen. Dank voor jullie hulp 
en de geweldige tijd die ik op K3 heb gehad!

Verder wil ik de buren (Toni en alle anderen van Celbio) erg bedanken voor alle 
adviezen en inzet en de goed bevoorrade supermarkt.

William, John, Michael and all the others from Noguchi: many thanks for all your help 
and efforts during my stay in Ghana.

Rick, Brenna and others in Bethesda: thanks for your contribution to my thesis.

Het begon eigenlijk allemaal in 2000 bij mijn eerste stage op de afdeling Moleculaire 
Celbiologie aan de VU. Georg, Reina en Tom: mijn eerste schreden in de wetenschap 
waren bij jullie en die zal ik nooit vergeten. Het was een geweldige tijd en het 
enthousiasme dat ik heb opgedaan, draag ik nog steeds mee.

Om het 4,5 jaar vol te houden als aio, heb je buiten het werk de nodige afleiding en 
vrienden nodig. Daarom wil ik de volgende personen bedanken.
Miek, op naar de volgende 12,5 jaar!
Paula, helaas spreken we elkaars voicemail vaker dan elkaar.
Rebeccie, dank voor alle gezelligheid.
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Jan, volgende week een filmpje doen in Stockholm?
Richard, een avond met jou in Fontein is onovertroffen.
Patrick & Anna, het is iedere keer weer een genoegen.

AMVJ H2: dank voor alle gezelligheid en sportiviteit op de zondagen. Tot over 5 jaar 
in de veteranen.

Ouders: bedankt dat jullie me in iedere keuze hebben gesteund en de vrijheid die jullie 
me altijd hebben gegund.
Hermano, bedankt voor de muzikale afleiding.
TT: dank voor de opvang die 5 maanden en zoveel meer.

En dan natuurlijk Ireentje: dank voor al je steun en liefde.

Edwin






