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Discussion
With more than 6500 new infections daily, HIV-AIDS is one of the most 
destructive pandemics in the human history. Despite years of research and 
the fact that the search for an HiV vaccine is one of the highest health pri-
orities, a preventive HIV vaccine has not been developed yet [1]. Recently, 
the most promising vaccine candidate failed to protect against HiV infection 
in clinical trials [2], nor had it an impact on early plasma viral load. Moreo-
ver, the vaccine seemed to increase the likelihood of HIV-1 infection, prob-
ably associated with pre-existing immunity against ad5, the adenovirus on 
which the vaccine vector was based [3]. One can conclude from this trial that 
we after so many years of research still do not have sufficient knowledge to 
develop an effective vaccine, emphasizing the need for further fundamental 
research.

In 2002, the first reports on HIV-1 superinfection in humans were pub-
lished [4-6]. Because a re-infection event suggests that immune responses 
generated against the primary infection are not necessary able to protect the 
patient against the next infection, there are obvious implications for HiV 
vaccine design [7]. Evaluating HIV-1 superinfection cases offers a unique 
opportunity to study the correlates of immune protection. therefore the re-
search described in this thesis was dedicated to answering some fundamen-
tal aspects of HiV-1 superinfection, and the best methods to detect such 
superinfections. 

The detection and confirmation of HIV dual infections, including su-
perinfections, is challenging. it requires not only broad laboratory analy-
ses but also appropriate, serial blood samples because of potential fluctua-
tions of the different strains in the collected plasma, and the likelihood of 
recombination [8]. Some methods for the detection of HIV dual infections 
have been described [9]. Serotyping based on ELISA allows to distinguish 
between HIV-1 and HIV-2 [10], and between HIV-1 groups O, N and M [11-
15], but not between intra- or inter-subtype dual infections. The first cases 
of HiV-1 inter-subtype superinfection were detected during routine testing 
for drug resistance mutations in the pol gene [16,17]. Subsequently, phy-
logenetic analysis of viral sequences obtained from serial plasma samples 
suggested that an HiV-1 superinfection had occurred. We have described 
the criteria for a positive identification of an HIV-1 dual infection by phylo-
genetic analysis which should be performed with at least two independent 
methods [18]. Sequences of an individual patient should form two independ-
ent clusters, but if they cluster together the bootstrap/posterior probability 
value connecting the clusters should be non-significant (value below 80/0.8).  
Divergent sequences from a patient that cluster together with statistical 
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support should always be attributed to viral evolution and not to dual in-
fection. in two large studies prot/rt sequence analysis was used to detect 
HIV-1 superinfections. One study was performed on 718 patients from the 
Stanford University Hospital in San Francisco, USA [19] and another on the 
ATHENA national observational cohort in The Netherlands [20]. In both 
studies no HiV-1 superinfections were detected. However, the second su-
perinfection in patient H01-10366 described in chapter 2 was detected by 
comparing HiV-1 genotyping sequences. analysis of the viral genotype at 
the time point of a sudden rise in the plasma viral load provided evidence for 
a new infection with CRF01_AE, as the patient was already infected with a 
subtype B strain as determined by prot/RT genotyping [21]. 

in fact, another way to discover HiV-1 superinfections is to be aware of 
sudden, unexpected increases in the plasma viral load [22-27]. It can be en-
visaged that a productive superinfection will always lead to a (temporary) 
increase in the plasma viral load. However, because of the infrequent sam-
pling moments such a temporary increase might easily be missed. to inves-
tigate the relation between plasma viral load increase and the occurrence of 
an HiV-1 superinfection, a representative group of HiV-1 infected individu-
als was tested (chapter 4). an association was found in 14% of the patients, 
e.g. in two out of 14 cases. retrospectively, three other patients with an 
unexpected peak in their plasma viral load had experienced an upper respi-
ratory tract infection at that time. six patients did not endure any obvious 
medical problems that could have triggered the increase in HiV-1 copy 
numbers. recent reports show that vaccinations, opportunistic infections, 
sexually transmitted diseases or upper respiratory tract infections can cause 
a rise in the HIV-1 plasma viral load [28-33]. If we analyze the plasma viral 
load of the triple HIV-1 infected patient H01-10366 (chapter 2), only single 
significant rise in the plasma viral load was observed that could have been 
an indication for a superinfection, namely the second superinfection with 
CRF01_AE. The first superinfection with a subtype B strain did not signifi-
cantly influence the plasma viral load, although it is possible that the actual 
peak moment was missed due to lack of sampling around that time. 

other methods to detect HiV superinfections include a novel method 
based on ambiguity in the Viroseq genotyping sequences of the HiV-1 pol 
gene and a method called MHa that can only be used to detect inter-subtype 
dual infections. Both were described in the introduction of this thesis.

The first cases of HIV superinfections were noticed because of a rise in 
the plasma viral load and a decline in CD4+ T cell numbers [34-36]. These 
clinical parameters suggested that HiV superinfections are associated with 
accelerated disease progression or alternatively, that these superinfections 
could be identified because of faster disease progression. However, not all 
patients experience symptoms. An example is patient H01-10366 described 
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in chapters 2 and 3. The first superinfection with a subtype B strain did not 
cause any significant changes in the plasma viral load or in the CD4+ T cells 
counts, which were stable around 500 cells/µl. in contrast, the second su-
perinfecting virus (CRF01_AE) caused a significant rise in the plasma viral 
load with a permanent increase compared to the initial setpoint viral load 
and a severe decrease in the cD4+ t cell count. additionally, the patient ex-
perienced flu-like symptoms such as fever, rhinorrhoea, cough and arthral-
gia, which were not present at the time of the first superinfection. In the two 
cases described in chapter 4, HiV-1 superinfection was associated with a 
sudden rise in the plasma viral load and a strong decline in the cD4+ t cell 
count in patient p, but not in patient l. 

Many of the previous studies, including the triple HiV-1 infected patient 
H01-10366, described cases of HIV-1 superinfection with high viral load and 
rapid disease progression [37-47]. However, studies on LTNP (long term 
non-progressors) revealed dual HiV-1 infections, including superinfection, 
without any disease progression [48,49]. Also, in case of HIV-1 superin-
fection in a Dutch elite controller, the patient was able to recover relative 
control of the second infection, with an average plasma viral load of 2000 
copies/ml after two years of follow-up [50]. 

Knowledge of the frequency and timing of HiV superinfections is im-
portant for designing vaccine strategies. The first months till 3 years after 
primary infection are probably the most optimal time period for the acquisi-
tion of an HIV-1 superinfection [51]. Patient H01-10366 was superinfected 
with a second subtype B strain approximately 17 months after his first posi-
tive HiV-1 antibody test and then 9 months later he was superinfected with 
CRF01_AE (chapter 2 and 3). Both superinfected patients from chapter 4 
also acquired a second infection relatively early after their initial infection; 
patient P at around 5 months and patient L at approximately 6 months after 
primary infection. However, there are some reports of HiV-1 superinfection 
occurring after much longer time periods, e.g. 9 years [52] or 12 years [53] 
after the first infection. In monkeys infected with HIV-2 or SIV the suscep-
tibility window for superinfection is very short and is mostly limited to a 
few weeks after the initial infection [54-59]. The adaptive immune response 
is probably the most important factor in the prevention of superinfection. 
Adaptive immune responses are induced normally within a few weeks to 
months after primary HiV or siV infection. the precise development of the 
adaptive immune responses depends on the individual patient; in some the 
effective immune response takes longer to mature, in others the immune 
system could already be deteriorating, allowing for a second infection. 

Kinetics of other cellular or viral factors could also play a role in determin-
ing the susceptibility to and the timing of an HIV-1 superinfection [60]. It is 
possible that the plasma viral load is associated with the strength or specifi-
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city of the T cell response. E.g. the higher viral loads observed in CRF01_AE 
infections compared to subtype B infections likely drive the strength and 
breadth of the T cell response that is superior in CRF01-AE infection [61]. 
infection with a strain with relatively low replicative capacity could also de-
crease the strength and cross-reactivity of the immune response, facilitating 
a second infection. if the second virus is replicating at an increased level, it 
not only benefits from suboptimal immune responses, but can also efficiently 
overgrow the primary strain. in the three patients described in this thesis, 
indeed a lower replicative fitness was observed for the initial strains. For 
two initial strains, mutations in the ltr and in the tat gene, both associat-
ed with decreased viral replication, were detected. the third primary virus 
strain was replicating at a lower level in vivo, but no obvious deleterious 
mutations were found in the genome fragments sequenced. 

the main target for siV in macaques is the gut-associated lymphoid 
tissue [62]. During the acute stage of the infection, a massive destruction 
of 60-80% of memory CD4+T cells in the lymph nodes takes place [63-65]. 
cD4+ t cells from other compartments are subsequently transported to the 
mucosa to refill the lost T cells. At the same time, the number of peripheral 
blood cD4+ t cells slowly starts to decrease. a similar chain of events occurs 
in humans during HIV infection [66]. If antiretroviral therapy was given in 
early stages of the infection then most of the intestinal cD4+ t cells were 
maintained, but this did not happen when treatment was given during the 
chronic phase of the infection. How can a superinfection occur if most of the 
target cells are gone? 

first of all in macaques the virulence of the infecting strain was associ-
ated with the rapidity and degree of cD4+ t cell depletion in the intestine 
[67,68]. Monkeys infected with an SIV strain with a deletion in the nef gene 
(SIVmac239Δnef ) did not undergo a dramatic depletion of intestinal cD4+ t 
cells [69]. This suggests that a defective virus strain does not destroy these 
target cells as profoundly as does a virulent strain. in humans, ltnps are 
also able to sustain a normal level of cD4+ t cells both in pBMcs and in the 
intestinal mucosa [70]. Some of these individuals were found to be infected 
with attenuated HIV-1 strains [71,72]. So, at least in patients infected with 
less virulent HIV strains, there should be sufficient mucosal target cells left 
for a productive second infection. the same would probably be true for those 
patients starting antiretroviral treatment very early in infection [73]. The 
20 to 40% of mucosal memory cD4+ t cells left uninfected in other patients 
would in fact also be sufficient to support a second HIV-1 infection, espe-
cially if cD4+ t cells from other compartments travel to the mucosal tissues 
to replenish the lost cells.
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 the hypothesis that an HiV-1 superinfection follows an earlier infec-
tion with a less virulent strain that leaves ample mucosal target cells was 
tested in chapter 5. Here, the relative fitness of the primary strain and su-
perinfecting variant was compared in ex vivo competition experiments for 
two superinfection cases. in patient l, the ex vivo fitness of the superinfect-
ing virus (strain B2) was higher than that of the primary strain B1 in all 
competition experiments. these ex vivo results were similar to the in vivo 
situation, were the second strain B2 predominated the viral quasispecies in 
every plasma sample collected after the superinfection. thus, in patient l 
the superinfecting strain had a higher fitness than the initial strain, both ex 
vivo and in vivo. 

The superinfecting strain B4 from patient P, however, was fitter than 
the primary strain B3 in only 2 of 4 ex vivo competition assays. this can 
most likely be explained by the specific viral clone that was used in the 
assays. only a single, fast growing, biological clone of the B3 strain was 
obtained, suggesting that it represents an exceptional clone isolated from 
an otherwise poorly replicating viral quasispecies. consistent with this 
idea is the low initial viral load. In vivo the second virus strain was clearly 
fitter than the primary strain, yielding a significantly higher viral load after 
superinfection. thus, in these two patients with an HiV-1 superinfection, 
the secondary strain is indeed more fit and replicating at a higher level 
than the primary strain, both ex vivo and in vivo. the next step would be 
to perform larger studies to examine the general validity of this hypoth-
esis. other reports have also suggested that the superinfecting strain has 
a higher fitness compared to the primary strain. In three reports, patients 
were first infected with a drug-resistant viral variant with suspected lower 
fitness before superinfection with a wild-type HIV-1 strain [74-76]. In two of 
these studies, a replication assay with HiV-1 clones with the particular pol 
genes was used to compare the relative fitness of the primary strain with 
the superinfecting variant [77,78]. No difference in fitness was observed 
in this experiment. However, the wild-type strains were fitter in vivo, sug-
gesting that fitness-determining factors are located outside the pol gene in 
these cases. re-analysing the plasma viral load of the three HiV-1 strains of 
patient H01-10366 with a strain-specific assay (chapter 3) showed that RNA 
copy numbers of the primary strain (B1) decrease sharply after the second 
superinfection, suggesting that here also the first infecting virus is a less fit 
variant. 

experiments on HiV-1 isolates collected for the amsterdam cohort 
Studies on HIV/AIDS indicated that the fitness of recent HIV-1 strains 
(1996-2003) is significantly higher than that of early (1986) strains, suggest-
ing a gain-of-fitness of HIV-1 associated with increasing age of the epidemic 
[79]. HIV-1 co- and superinfections could contribute to this increased fitness, 
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e.g. by the generation of more fit recombinants. In vitro experiments with 
vesicular stomatitis virus suggested that especially coinfections, but also su-
perinfections, allow a rapid emergence of virus variants with higher fitness 
[80]. Higher fitness is intuitively linked to increased virulence, but both 
characteristics are not necessarily related. a higher virulence was reported 
for feline immunodeficiency virus (FIV) co- and superinfections in cats com-
pared to single infections, although the total viral load was similar [81]. 

Recombinant viruses are a typical product of retrovirus replication [82]. 
recombination is one of the most important mechanisms to increase the di-
versity of viral quasispecies both within a patient and within the epidemic 
[83-85]. In case of a dual infection, inter-strain recombinant offspring can be 
produced. HiV-1 inter-subtype recombinants have been recognized since the 
beginning of the pandemic, since they are easier to detect than e.g. intra-
patient or intra-subtype recombinants [86]. At present, many recombinant 
strains of HiV-1 are circulating, especially in africa and southeast asia 
[87,88]. The generation and outgrowth of a recombinant form in patients 
infected with two different HIV-1 subtypes has been described [89-91]. This 
suggests that here indeed a fitter variant is produced by a dual infection, con-
veniently discernible to the investigator in the form of a recombinant virus. 
The now broadly dispersed recombinant strain CRF02_AG was shown to 
replicate at higher levels in vitro than its parental subtypes A and G [92,93], 
implying that fitter viruses can also have an epidemiological advantage. Of 
course, viruses with higher fitness arising from a dual infection do not nec-
essarily have to be recombinants, but those are more difficult to discover. 
In the triple HIV-1 infected patient H01-10366, recombinant viruses were 
prominent among the biological clones, albeit only between the two subtype 
B strains (chapter 3). of the 20 clones examined, 18 were found to be recom-
binant offspring from the B1 and the B2 strain, with 14 clones having a B2 
env gene. Ex vivo fitness was not tested here, but the in vivo abundance sug-
gests an advantage for these recombinant viruses over the parental strains. 
Despite the fact that in blood plasma samples the viral loads of strain B2 
and CRF01_AE were comparable, and about 100 fold higher than strain B1, 
no recombinants between subtype B and CRF01_AE were detected. In pa-
tients L and P no recombinant viruses were identified amongst the biologi-
cal clones (chapter 5), possibly related to the short time of follow-up. also in 
patient P, copy numbers of the first infecting virus were very low throughout 
the course of infection. 

escape from ctl pressure or reversion after transmission is one of the 
main driving forces in HIV evolution [94-96]. To examine whether CTL pres-
sure is different for the first and superinfecting HIV-1 strains, we used an 
indirect method in chapter 3. Mutations in ctl epitopes compatible with 
the patients Hla type were investigated in all three strains as an indication 
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for ctl pressure experienced by the virus. Based upon to the Hla type of 
patient H01-10366, six epitopes in the gag and env genes were investigated. 
no convergent evolution were observed in any gag epitope. Various escape 
mutations were present in the two env epitopes of all strains. the only con-
vergent evolution in strains B1 and B2 was seen in a gag epitope that is 
strongly reactive in ethnic africans but has not been associated with any 
specific HLA type [97]. In the B1 and B2 strains an S→T amino acid position 
substitution at 41 of gag p24 was found in over 90% of the late sequences, 
but was not present in the early viruses. Interestingly, the third CRF01_
ae variant in this patient did not develop this mutation over two years of 
follow-up. no convergent evolution was seen during reversal of ctl escape 
mutations in gag epitopes. e.g. 50% of the B1 sequences contained the V82i 
mutation in the gag p17 epitope ELRSLYNTV74-82 three years after infection, 
while 67% of the B2 sequences had the reversal mutation F79Y. CRF01_AE 
did not revert in this epitope, although it contained a R76K escape muta-
tion. the second gag p17 epitope, EIKDTKEAL93-101, showed the V94i re-
versal mutation in strain B1 after three years. no changes were detected in 
strain B2 that carried the sequence DVKDtKeal93-101, or in CRF01_AE car-
rying the sequence eilDtKeal93-101. However, actual ctl pressure was not 
measured in this patient. from these observations it is clear that the three 
HIV-1 strains influence each others evolution only marginally in vivo, and 
convergence is almost absent. 

the study of HiV-1 superinfections is attractive from a virological, an 
immunological and a clinical point of view. in this thesis, important issues 
relating to the virological aspects of HiV-1 superinfection have been inves-
tigated. fitness studies compared with whole genome sequencing provide 
evidence that HiV-1 superinfection occurs preferentially when the primary 
infection concerns a virus strain with impaired replicative capacity. infec-
tion with such a strain could lead to suboptimal immune responses while 
simultaneously leaving sufficient mucosal CD4+ target cells available for 
the second virus. actual ctl responses were not measured in the studies 
described here, but the evolution of HiV-1 strains in a triple HiV-1 infected 
patient indicate the near absence of ctl escape mutations, suggesting that 
the ctl response is not optimal (chapters 2 and 3). no ctl-escape muta-
tions were seen in the third strain, CRF01_AE, suggesting that the initial 
ctl-response was not strongly cross-reactive and no novel responses were 
generated. 

the relationship between HiV-1 superinfection and clinical progression 
is variable in the three cases described here. A significant increase in the 
plasma viral load accompanied the superinfection in patients l and p, and 
the second superinfection in patient H01-10366. All three patients are cur-
rently receiving antiretroviral drugs. Patient H01-10366 started antiretro-
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viral therapy 23 months after the second superinfection because of disease 
progression (CD4+ T cell counts <250 cell/µl, plasma viral load >70.000 
copies/ml). Patient L began antiretroviral treatment 37 months after super-
infection (CD4+ T cell counts <300 cell/µl, plasma viral load >100.000 copies/
ml). patient p started antiretroviral therapy 8 months after the superin-
fection event (CD4+ T cell counts <250 cell/µl, plasma viral load >200.000 
copies/ml). CD4+ T cell counts <250 cells/µl are usually reached in chronic 
HIV infection approximately 6-8 years after primary infection [98], suggest-
ing that HiV-1 superinfection has increased disease progression in the cases 
described here. 

Reference List
1.  Walker BD, Burton DR: Toward an 

AIDS vaccine. Science 2008, 320:760-
764.

2.  HIV vaccine failure prompts Merck 
to halt trial. Nature 2007, 449:390.

3.  Ledford H: HIV vaccine may raise 
risk. Nature 2007, 450:325.

4.  Jost s, Bernard Mc, Kaiser l, yerly s, 
Hirschel B, samri a, autran B, Goh le, 
Perrin L: A patient with HIV-1 super-
infection. N Engl J Med 2002, 347:731-
736.

5.  altfeld M, allen tM, yu XG, Johnston 
MN, Agrawal D, Korber BT, Montefiori 
Dc, o’connor DH, Davis Bt, lee pK, 
Maier el, Harlow J, Goulder pJ, Brand-
er C, Rosenberg ES, Walker BD: HIV-1 
superinfection despite broad CD8+ 
T-cell responses containing repli-
cation of the primary virus. Nature 
2002, 420:434-439.

6.  Ramos A, Hu DJ, Nguyen L, Phan KO, 
Vanichseni S, Promadej N, Choopanya 
K, callahan M, young nl, Mcnicholl 
J, Mastro TD, Folks TM, Subbarao S: 
Intersubtype human immunodefi-
ciency virus type 1 superinfection 
following seroconversion to prima-
ry infection in two injection drug 
users. J Virol 2002, 76:7444-7452.

7.  Piantadosi A, Chohan B, Chohan V, 
McClelland RS, Overbaugh J: Chron-
ic HIV-1 infection frequently fails 

to protect against superinfection. 
PLoS Pathog 2007, 3:e177.

8.  Gerhardt M, Mloka D, Tovanabutra S, 
Sanders-Buell E, Hoffmann O, Maboko 
l, Mmbando D, Birx Dl, Mccutchan 
FE, Hoelscher M: In-depth, longitu-
dinal analysis of viral quasispecies 
from an individual triply infected 
with late-stage human immunodefi-
ciency virus type 1, using a multiple 
PCR primer approach. Journal of Vi-
rology 2005, 79:8249-8261.

9.  van der Kuyl AC, Cornelissen M: Iden-
tifying HIV-1 dual infections. Retro-
virology 2007, 4:67.

10.  rodes B, toro c, Jimenez V, soriano 
V: Viral response to antiretroviral 
therapy in a patient coinfected with 
HIV type 1 and type 2. Clin Infect Dis 
2005, 41:e19-e21.

11.  Takehisa J, Zekeng L, Miura T, Ido E, 
Yamashita M, Mboudjeka I, Gurtler LG, 
Hayami M, Kaptue L: Triple HIV-1 in-
fection with group O and Group M 
of different clades in a single Cam-
eroonian AIDS patient. J Acquir Im-
mune Defic Syndr Hum Retrovirol 1997, 
14:81-82.

12.  Brand D, Beby-Defaux a, Mace M, Bru-
net s, Moreau a, Godet c, Jais X, cazein 
F, Semaille C, Barin F: First identifi-
cation of HIV-1 groups M and O du-
al infections in Europe. AIDS 2004, 



123

General disCussion

18:2425-2428.
13.  yamaguchi J, Bodelle p, Vallari as, cof-

fey r, Mcarthur cp, schochetman G, 
Devare SG, Brennan CA: HIV infec-
tions in northwestern Cameroon: 
identification of HIV type 1 group 
O and dual HIV type 1 group M and 
group O infections. AIDS Res Hum 
Retroviruses 2004, 20:944-957.

14.  Vergne l, Bourgeois a, Mpoudi-ngole e, 
Mougnutou r, Mbuagbaw J, liegeois f, 
Laurent C, Butel C, Zekeng L, Delaporte 
E, Peeters M: Biological and genetic 
characteristics of HIV infections 
in Cameroon reveals dual group M 
and O infections and a correlation 
between SI-inducing phenotype of 
the predominant CRF02_AG vari-
ant and disease stage. Virology 2003, 
310:254-266.

15.  peeters M, liegeois f, torimiro n, Bour-
geois a, Mpoudi e, Vergne l, saman e, 
Delaporte E, Saragosti S: Characteri-
zation of a highly replicative inter-
group M/O human immunodeficien-
cy virus type 1 recombinant isolated 
from a Cameroonian patient. J Virol 
1999, 73:7368-7375.

16.  Jost S, Bernard MC, Kaiser L, Yerly S, 
Hirschel B, samri a, autran B, Goh le, 
Perrin L: A patient with HIV-1 super-
infection. N Engl J Med 2002, 347:731-
736.

17.  Ramos A, Hu DJ, Nguyen L, Phan KO, 
Vanichseni S, Promadej N, Choopanya 
K, callahan M, young nl, Mcnicholl 
J, Mastro TD, Folks TM, Subbarao S: 
Intersubtype human immunodefi-
ciency virus type 1 superinfection 
following seroconversion to prima-
ry infection in two injection drug 
users. J Virol 2002, 76:7444-7452.

18.  cornelissen M, Jurriaans s, Kozac-
zynska K, Prins JM, Hamidjaja RA, 
Zorgdrager F, Bakker M, Back N, van 
der Kuyl AC: Routine HIV-1 genotyp-
ing as a tool to identify dual infec-
tions. AIDS 2007, 21:807-811.

19.  tsui r, Herring Bl, Barbour JD, Grant 

rM, Bacchetti p, Kral a, edlin Br, Del-
wart EL: Human immunodeficiency 
virus type 1 superinfection was not 
detected following 215 years of in-
jection drug user exposure. J Virol 
2004, 78:94-103.

20.  Bezemer D, van sighem a, De Wolf f, 
cornelissen M, van der Kuyl ac, Jur-
riaans s, van der Hl, prins M, coutin-
ho RA, Lukashov VV: Combination 
antiretroviral therapy failure and 
HIV super-infection. AIDS 2008, 
22:309-311.

21.  van der Kuyl AC, Kozaczynska K, Van 
den Burg R, Zorgdrager F, Back N, 
Jurriaans S, Berkhout B, Reiss P, Cor-
nelissen M: Triple HIV-1 infection. 
New England Journal of Medicine 2005, 
352:2557-2559.

22.  altfeld M, allen tM, yu XG, Johnston 
MN, Agrawal D, Korber BT, Montefiori 
Dc, o’connor DH, Davis Bt, lee pK, 
Maier el, Harlow J, Goulder pJ, Brand-
er C, Rosenberg ES, Walker BD: HIV-1 
superinfection despite broad CD8+ 
T-cell responses containing repli-
cation of the primary virus. Nature 
2002, 420:434-439.

23.  pernas M, casado c, fuentes r, perez-
Elias MJ, Lopez-Galindez C: A dual 
superinfection and recombination 
within HIV-1 subtype B 12 years af-
ter primoinfection. J Acquir Immune 
Defic Syndr 2006, 42:12-18.

24.  yerly s, Jost s, Monnat M, telenti a, 
cavassini M, chave Jp, Kaiser l, Bur-
gisser P, Perrin L: HIV-1 co/super-in-
fection in intravenous drug users. 
AIDS 2004, 18:1413-1421.

25.  yang oo, Daar es, Jamieson BD, Bala-
murugan a, smith DM, pitt Ja, pet-
ropoulos cJ, richman DD, little sJ, 
Brown AJ: Human immunodeficien-
cy virus type 1 clade B superinfec-
tion: evidence for differential im-
mune containment of distinct clade 
B strains. J Virol 2005, 79:860-868.

26.  Smith DM, Strain MC, Frost SD, Pil-
lai sK, Wong JK, Wrin t, liu y, petro-



124

Chapter 7

polous cJ, Daar es, little sJ, richman 
DD: Lack of neutralizing antibody 
response to HIV-1 predisposes to su-
perinfection. Virology 2006, 355:1-5.

27.  Smith DM, Richman DD, Little SJ: HIV 
Superinfection. J Infect Dis 2005, 
192:438-444.

28.  Gunthard Hf, Wong JK, spina ca, ig-
nacio C, Kwok S, Christopherson C, 
Hwang J, Haubrich r, Havlir D, rich-
man DD: Effect of influenza vacci-
nation on viral replication and im-
mune response in persons infected 
with human immunodeficiency vi-
rus receiving potent antiretroviral 
therapy. J Infect Dis 2000, 181:522-
531.

29.  Jones LE, Perelson AS: Opportunis-
tic infection as a cause of transient 
viremia in chronically infected 
HIV patients under treatment with 
HAART. Bull Math Biol 2005, 67:1227-
1251.

30.  Tasker SA, O’Brien WA, Treanor JJ, 
Weiss pJ, olson pe, Kaplan aH, Wal-
lace MR: Effects of influenza vac-
cination in HIV-infected adults: a 
double-blind, placebo-controlled 
trial. Vaccine 1998, 16:1039-1042.

31.  Koga i, odawara t, Matsuda M, sugiu-
ra W, Goto M, Nakamura T, Iwamoto A: 
Analysis of HIV-1 sequences before 
and after co-infecting syphilis. Mi-
crobes Infect 2006.

32.  Kofoed K, Gerstoft J, Mathiesen lr, 
Benfield T: Syphilis and human im-
munodeficiency virus (HIV)-1 coin-
fection: influence on CD4 T-cell 
count, HIV-1 viral load, and treat-
ment response. Sex Transm Dis 2006, 
33:143-148.

33.  Buchacz K, patel p, taylor M, Kerndt 
pr, Byers rH, Holmberg sD, Klaus-
ner JD: Syphilis increases HIV viral 
load and decreases CD4 cell counts 
in HIV-infected patients with new 
syphilis infections. AIDS 2004, 
18:2075-2079.

34.  Jost s, Bernard Mc, Kaiser l, yerly s, 
Hirschel B, samri a, autran B, Goh le, 
Perrin L: A patient with HIV-1 super-
infection. N Engl J Med 2002, 347:731-
736.

35.  Liu SL, Schacker T, Musey L, Shriner D, 
McElrath MJ, Corey L, Mullins JI: Di-
vergent patterns of progression to 
AIDS after infection from the same 
source: human immunodeficiency 
virus type 1 evolution and antiviral 
responses. J Virol 1997, 71:4284-4295.

36.  Gottlieb GS, Nickle DC, Jensen MA, 
Wong KG, Grobler J, li f, liu sl, rade-
meyer c, learn GH, Karim ss, William-
son C, Corey L, Margolick JB, Mullins 
JI: Dual HIV-1 infection associated 
with rapid disease progression. 
Lancet 2004, 363:619-622.

37.  Altfeld M, Allen TM, Yu XG, Johnston 
MN, Agrawal D, Korber BT, Montefiori 
Dc, o’connor DH, Davis Bt, lee pK, 
Maier el, Harlow J, Goulder pJ, Brand-
er C, Rosenberg ES, Walker BD: HIV-1 
superinfection despite broad CD8+ 
T-cell responses containing repli-
cation of the primary virus. Nature 
2002, 420:434-439.

38.  ramos a, Hu DJ, nguyen l, phan Ko, 
Vanichseni S, Promadej N, Choopanya 
K, callahan M, young nl, Mcnicholl 
J, Mastro TD, Folks TM, Subbarao S: 
Intersubtype human immunodefi-
ciency virus type 1 superinfection 
following seroconversion to prima-
ry infection in two injection drug 
users. J Virol 2002, 76:7444-7452.

39.  Jost s, Bernard Mc, Kaiser l, yerly s, 
Hirschel B, samri a, autran B, Goh le, 
Perrin L: A patient with HIV-1 super-
infection. N Engl J Med 2002, 347:731-
736.

40.  van der Kuyl AC, Cornelissen M: 
Identifying HIV-1 dual infections. 
Retrovirology 2007, 4:67.

41.  yerly s, Jost s, Monnat M, telenti a, 
cavassini M, chave Jp, Kaiser l, Bur-
gisser P, Perrin L: HIV-1 co/super-in-
fection in intravenous drug users. 



125

General disCussion

AIDS 2004, 18:1413-1421.
42.  yang oo, Daar es, Jamieson BD, Bala-

murugan a, smith DM, pitt Ja, pet-
ropoulos cJ, richman DD, little sJ, 
Brown AJ: Human immunodeficien-
cy virus type 1 clade B superinfec-
tion: evidence for differential im-
mune containment of distinct clade 
B strains. J Virol 2005, 79:860-868.

43.  Manigart o, courgnaud V, sanou o, 
Valea D, nagot n, Meda n, Delaporte e, 
Peeters M, Van de PP: HIV-1 superin-
fections in a cohort of commercial 
sex workers in Burkina Faso as as-
sessed by an autologous heterodu-
plex mobility procedure. AIDS 2004, 
18:1645-1651.

44.  Gottlieb GS, Nickle DC, Jensen MA, 
Wong KG, Kaslow ra, shepherd Jc, 
Margolick JB, Mullins JI: HIV type 1 
superinfection with a dual-trop-
ic virus and rapid progression to 
AIDS: a case report. Clin Infect Dis 
2007, 45:501-509.

45.  smith DM, Wong JK, Hightower GK, ig-
nacio cc, Koelsch KK, petropoulos cJ, 
Richman DD, Little SJ: HIV drug re-
sistance acquired through superin-
fection. AIDS 2005, 19:1251-1256.

46.  Smith DM, Wong JK, Hightower GK, Ig-
nacio cc, Koelsch KK, Daar es, rich-
man DD, Little SJ: Incidence of HIV 
superinfection following primary 
infection. JAMA 2004, 292:1177-1178.

47.  Koelsch KK, Smith DM, Little SJ, Igna-
cio cc, Macaranas tr, Brown aJ, pet-
ropoulos CJ, Richman DD, Wong JK: 
Clade B HIV-1 superinfection with 
wild-type virus after primary infec-
tion with drug-resistant clade B vi-
rus. AIDS 2003, 17:F11-F16.

48.  lamine a, caumont-sarcos a, chaix 
Ml, saez-cirion a, rouzioux c, Del-
fraissy JF, Pancino G, Lambotte O: 
Replication-competent HIV strains 
infect HIV controllers despite un-
detectable viremia (ANRS EP36 
study). AIDS 2007, 21:1043-1045.

49.  casado c, pernas M, alvaro t, san-
donis V, Garcia s, rodriguez c, romero 
JD, Grau E, Ruiz L, Lopez-Galindez C: 
Coinfection and Superinfection in 
Patients with Long-Term, Nonpro-
gressive HIV-1 Disease. J Infect Dis 
2007, 196:895-899.

50.  rachinger a, navis M, van assen s, 
Groeneveld PH, Schuitemaker H: Re-
covery of viremic control after su-
perinfection with pathogenic HIV 
type 1 in a long-term elite controller 
of HIV type 1 infection. Clin Infect Dis 
2008, 47:e86-e89.

51.  Gross KL, Porco TC, Grant RM: HIV-1 
superinfection and viral diversity. 
AIDS 2004, 18:1513-1520.

52.  casado c, pernas M, alvaro t, san-
donis V, Garcia s, rodriguez c, romero 
JD, Grau E, Ruiz L, Lopez-Galindez C: 
Coinfection and Superinfection in 
Patients with Long-Term, Nonpro-
gressive HIV-1 Disease. J Infect Dis 
2007, 196:895-899.

53.  pernas M, casado c, fuentes r, perez-
Elias MJ, Lopez-Galindez C: A dual 
superinfection and recombination 
within HIV-1 subtype B 12 years af-
ter primoinfection. J Acquir Immune 
Defic Syndr 2006, 42:12-18.

54.  stebbings r, Berry n, stott J, Hull r, 
Walker B, Lines J, Elsley W, Brown S, 
Wade-evans a, Davis G, cowie J, sethi 
M, Almond N: Vaccination with live 
attenuated simian immunodefi-
ciency virus for 21 days protects 
against superinfection. Virology 
2004, 330:249-260.

55.  cranage Mp, sharpe sa, Whatmore 
AM, Polyanskaya N, Norley S, Cook N, 
Leech S, Dennis MJ, Hall GA: In vivo 
resistance to simian immunode-
ficiency virus superinfection de-
pends on attenuated virus dose. 
J Gen Virol 1998, 79 ( Pt 8):1935-1944.

56.  Sernicola L, Corrias F, Koanga-Mogto-
mo Ml, Baroncelli s, Di fabio s, Mag-
giorella Mt, Belli r, Michelini z, Mac-
chia i, cesolini a, cioe l, Verani p, titti 



126

Chapter 7

F: Long-lasting protection by live 
attenuated simian immunodeficien-
cy virus in cynomolgus monkeys: no 
detection of reactivation after stim-
ulation with a recall antigen. Virol-
ogy 1999, 256:291-302.

57.  Titti F, Sernicola L, Geraci A, Panzini G, 
Di fabio s, Belli r, Monardo f, Borsetti 
a, Maggiorella Mt, Koanga-Mogtomo 
M, corrias f, zamarchi r, amadori a, 
Chieco-Bianchi L, Verani P: Live at-
tenuated simian immunodeficiency 
virus prevents super-infection by 
cloned SIVmac251 in cynomolgus 
monkeys. J Gen Virol 1997, 78 ( Pt 
10):2529-2539.

58.  sharpe sa, cope a, Dowall s, Berry n, 
Ham C, Heeney JL, Hopkins D, East-
erbrook L, Dennis M, Almond N, Cran-
age M: Macaques infected long-term 
with attenuated simian immuno-
deficiency virus (SIVmac) remain 
resistant to wild-type challenge, 
despite declining cytotoxic T lym-
phocyte responses to an immuno-
dominant epitope. J Gen Virol 2004, 
85:2591-2602.

59.  otten ra, ellenberger Dl, adams Dr, 
Fridlund CA, Jackson E, Pieniazek D, 
Rayfield MA: Identification of a win-
dow period for susceptibility to 
dual infection with two distinct hu-
man immunodeficiency virus type 
2 isolates in a Macaca nemestrina 
(pig-tailed macaque) model. J Infect 
Dis 1999, 180:673-684.

60.  van der Kuyl AC, Cornelissen M: Iden-
tifying HIV-1 dual infections. Retro-
virology 2007, 4:67.

61.  Promadej-Lanier N, Thielen C, Hu DJ, 
chaowanachan t, Gvetadze r, choo-
panya K, Vanichseni S, McNicholl JM: 
Cross-reactive T cell responses in 
HIV CRF01_AE and B’-infected in-
travenous drug users: implications 
for superinfection and vaccines. 
AIDS Res Hum Retroviruses 2009, 
25:73-81.

62.  Veazey RS, DeMaria M, Chalifoux LV, 

shvetz De, pauley Dr, Knight Hl, 
rosenzweig M, Johnson rp, Desrosiers 
RC, Lackner AA: Gastrointestinal 
tract as a major site of CD4+ T cell 
depletion and viral replication in 
SIV infection. Science 1998, 280:427-
431.

63.  Veazey RS, DeMaria M, Chalifoux LV, 
shvetz De, pauley Dr, Knight Hl, 
rosenzweig M, Johnson rp, Desrosiers 
RC, Lackner AA: Gastrointestinal 
tract as a major site of CD4+ T cell 
depletion and viral replication in 
SIV infection. Science 1998, 280:427-
431.

64.  Mattapallil JJ, Douek DC, Hill B, 
Nishimura Y, Martin M, Roederer M: 
Massive infection and loss of mem-
ory CD4+ T cells in multiple tissues 
during acute SIV infection. Nature 
2005, 434:1093-1097.

65.  Li Q, Duan L, Estes JD, Ma ZM, Rourke 
t, Wang y, reilly c, carlis J, Miller 
CJ, Haase AT: Peak SIV replication 
in resting memory CD4+ T cells de-
pletes gut lamina propria CD4+ T 
cells. Nature 2005, 434:1148-1152.

66.  Brenchley JM, Schacker TW, Ruff LE, 
price Da, taylor JH, Beilman GJ, nguy-
en pl, Khoruts a, larson M, Haase at, 
Douek DC: CD4+ T cell depletion dur-
ing all stages of HIV disease occurs 
predominantly in the gastrointes-
tinal tract. J Exp Med 2004, 200:749-
759.

67.  Veazey RS, DeMaria M, Chalifoux LV, 
shvetz De, pauley Dr, Knight Hl, 
rosenzweig M, Johnson rp, Desrosiers 
RC, Lackner AA: Gastrointestinal 
tract as a major site of CD4+ T cell 
depletion and viral replication in 
SIV infection. Science 1998, 280:427-
431.

68.  van der Kuyl AC, Cornelissen M: Iden-
tifying HIV-1 dual infections. Retro-
virology 2007, 4:67.

69.  Veazey RS, DeMaria M, Chalifoux LV, 
shvetz De, pauley Dr, Knight Hl, 
rosenzweig M, Johnson rp, Desrosiers 



127

General disCussion

RC, Lackner AA: Gastrointestinal 
tract as a major site of CD4+ T cell 
depletion and viral replication in 
SIV infection. Science 1998, 280:427-
431.

70.  Guadalupe M, Reay E, Sankaran S, 
prindiville t, flamm J, Mcneil a, Dan-
dekar S: Severe CD4+ T-cell deple-
tion in gut lymphoid tissue during 
primary human immunodeficiency 
virus type 1 infection and substan-
tial delay in restoration following 
highly active antiretroviral thera-
py. J Virol 2003, 77:11708-11717.

71.  Gray L, Churchill MJ, Sterjovski J, 
Witlox K, learmont Jc, sullivan Js, 
Wesselingh sl, Gabuzda D, cunning-
ham AL, McPhee DA, Gorry PR: Phe-
notype and envelope gene diversity 
of nef-deleted HIV-1 isolated from 
long-term survivors infected from a 
single source. Virol J 2007, 4:75.

72.  Huthoff H, Das AT, Vink M, Klaver B, 
Zorgdrager F, Cornelissen M, Berkhout 
B: A human immunodeficiency vi-
rus type 1-infected individual with 
low viral load harbors a virus vari-
ant that exhibits an in vitro RNA 
dimerization defect. J Virol 2004, 
78:4907-4913.

73.  van der Kuyl AC, Cornelissen M: Iden-
tifying HIV-1 dual infections. Retro-
virology 2007, 4:67.

74.  Koelsch KK, Smith DM, Little SJ, Igna-
cio cc, Macaranas tr, Brown aJ, pet-
ropoulos CJ, Richman DD, Wong JK: 
Clade B HIV-1 superinfection with 
wild-type virus after primary infec-
tion with drug-resistant clade B vi-
rus. AIDS 2003, 17:F11-F16.

75.  Smith DM, Wong JK, Hightower GK, Ig-
nacio cc, Koelsch KK, petropoulos cJ, 
Richman DD, Little SJ: HIV drug re-
sistance acquired through superin-
fection. AIDS 2005, 19:1251-1256.

76.  Yang OO, Daar ES, Jamieson BD, Bala-
murugan a, smith DM, pitt Ja, pet-
ropoulos cJ, richman DD, little sJ, 
Brown AJ: Human immunodeficien-

cy virus type 1 clade B superinfec-
tion: evidence for differential im-
mune containment of distinct clade 
B strains. J Virol 2005, 79:860-868.

77.  Yang OO, Daar ES, Jamieson BD, Bala-
murugan a, smith DM, pitt Ja, pet-
ropoulos cJ, richman DD, little sJ, 
Brown AJ: Human immunodeficien-
cy virus type 1 clade B superinfec-
tion: evidence for differential im-
mune containment of distinct clade 
B strains. J Virol 2005, 79:860-868.

78.  Smith DM, Wong JK, Hightower GK, Ig-
nacio cc, Koelsch KK, petropoulos cJ, 
Richman DD, Little SJ: HIV drug re-
sistance acquired through superin-
fection. AIDS 2005, 19:1251-1256.

79.  Gali Y, Berkhout B, Vanham G, Bakker 
M, Back NK, Arien KK: Survey of the 
temporal changes in HIV-1 replica-
tive fitness in the Amsterdam Co-
hort. Virology 2007, 364:140-146.

80.  Carrillo FY, Sanjuan R, Moya A, Cuevas 
JM: The effect of co- and superinfec-
tion on the adaptive dynamics of ve-
sicular stomatitis virus. Infect Genet 
Evol 2007, 7:69-73.

81.  Afkhami-Goli A, Liu SH, Zhu Y, Antony 
JM, Arab H, Power C: Dual lentivirus 
infection potentiates neuroinflam-
mation and neurodegeneration: vi-
ral copassage enhances neuroviru-
lence. J Neurovirol 2008,1-14.

82.  Negroni M, Buc H: Mechanisms of 
retroviral recombination. Annu Rev 
Genet 2001, 35:275-302.

83.  charpentier c, nora t, tenaillon o, 
Clavel F, Hance AJ: Extensive recom-
bination among human immunode-
ficiency virus type 1 quasispecies 
makes an important contribution 
to viral diversity in individual pa-
tients. J Virol 2006, 80:2472-2482.

84.  rousseau cM, learn GH, Bhattacharya 
T, Nickle DC, Heckerman D, Chetty S, 
Brander C, Goulder PJ, Walker BD, Kie-
piela P, Korber BT, Mullins JI: Exten-
sive intrasubtype recombination in 



128

Chapter 7

South african human immunodefi-
ciency virus type 1 subtype C infec-
tions. J Virol 2007, 81:4492-4500.

85.  Kalish ML, Robbins KE, Pieniazek D, 
schaefer a, nzilambi n, Quinn tc, st 
Louis ME, Youngpairoj AS, Phillips J, 
Jaffe HW, Folks TM: Recombinant 
viruses and early global HIV-1 epi-
demic. Emerg Infect Dis 2004, 10:1227-
1234.

86.  Kalish ML, Robbins KE, Pieniazek D, 
schaefer a, nzilambi n, Quinn tc, st 
Louis ME, Youngpairoj AS, Phillips J, 
Jaffe HW, Folks TM: Recombinant 
viruses and early global HIV-1 epi-
demic. Emerg Infect Dis 2004, 10:1227-
1234.

87.  Hemelaar J, Gouws E, Ghys PD, Os-
manov S: Global and regional dis-
tribution of HIV-1 genetic subtypes 
and recombinants in 2004. AIDS 
2006, 20:W13-W23.

88.  Osmanov S, Pattou C, Walker N, Sch-
wardlander B, Esparza J: Estimated 
global distribution and regional 
spread of HIV-1 genetic subtypes in 
the year 2000. J Acquir Immune Defic 
Syndr 2002, 29:184-190.

89.  Fang G, Weiser B, Kuiken C, Philpott 
sM, rowland-Jones s, plummer f, Kim-
ani J, shi B, Kaul r, Bwayo J, anzala o, 
Burger H: Recombination following 
superinfection by HIV-1. AIDS 2004, 
18:153-159.

90.  costa lJ, Mayer aJ, Busch Mp, Diaz 
RS: Evidence for Selection of more 
Adapted Human Immunodeficiency 
Virus Type 1 Recombinant Strains 
in a Dually Infected Transfusion 
Recipient. Virus Genes 2004, 28:259-
272.

91.  Songok EM, Lwembe RM, Kibaya R, 
Kobayashi K, ndembi n, Kita K, Vu-
lule J, Oishi I, Okoth F, Kageyama S, 
Ichimura H: Active generation and 
selection for HIV intersubtype A/D 
recombinant forms in a coinfected 
patient in Kenya. AIDS Res Hum Ret-
roviruses 2004, 20:255-258.

92.  Konings FA, Burda ST, Urbanski MM, 
Zhong P, Nadas A, Nyambi PN: Hu-
man immunodeficiency virus type 
1 (HIV-1) circulating recombinant 
form 02_AG (CRF02_AG) has a high-
er in vitro replicative capacity than 
its parental subtypes A and G. J Med 
Virol 2006, 78:523-534.

93.  Njai HF, Gali Y, Vanham G, Clybergh 
c, Jennes W, Vidal n, Butel c, Mpou-
di-Ngolle E, Peeters M, Arien KK: The 
predominance of Human Immu-
nodeficiency Virus type 1 (HIV-1) 
circulating recombinant form 02 
(CRF02_AG) in West Central Africa 
may be related to its replicative fit-
ness. Retrovirology 2006, 3:40.

94.  leslie aJ, pfafferott KJ, chetty p, 
Draenert r, addo MM, feeney M, tang 
y, Holmes ec, allen t, prado JG, alt-
feld M, Brander c, Dixon c, ramduth 
D, Jeena p, thomas sa, st John a, 
roach ta, Kupfer B, luzzi G, edwards 
a, taylor G, lyall H, tudor-Williams G, 
novelli V, Martinez-picado J, Kiepiela 
P, Walker BD, Goulder PJ: HIV evolu-
tion: CTL escape mutation and re-
version after transmission. Nat Med 
2004, 10:282-289.

95.  friedrich tc, Dodds eJ, yant lJ, Vo-
jnov L, Rudersdorf R, Cullen C, Evans 
Dt, Desrosiers rc, Mothe Br, sidney J, 
Sette A, Kunstman K, Wolinsky S, Pia-
tak M, Lifson J, Hughes AL, Wilson N, 
O’Connor DH, Watkins DI: Reversion 
of CTL escape-variant immunodefi-
ciency viruses in vivo. Nat Med 2004, 
10:275-281.

96.  Allen TM, Altfeld M, Geer SC, Kalife 
et, Moore c, o’sullivan KM, Desouza 
i, feeney Me, eldridge rl, Maier 
el, Kaufmann De, lahaie Mp, rey-
or l, tanzi G, Johnston Mn, Brander 
C, Draenert R, Rockstroh JK, Jessen 
H, Rosenberg ES, Mallal SA, Walker 
BD: Selective escape from CD8+ T-
cell responses represents a major 
driving force of human immuno-
deficiency virus type 1 (HIV-1) se-



129

General disCussion

quence diversity and reveals con-
straints on HIV-1 evolution. J Virol 
2005, 79:13239-13249.

97.  Goulder PJ, Brander C, Annamalai K, 
Mngqundaniso n, Govender u, tang 
y, He s, Hartman Ke, o’callaghan ca, 
ogg Gs, altfeld Ma, rosenberg es, cao 
H, Kalams sa, Hammond M, Bunce M, 
pelton si, Burchett sa, Mcintosh K, 
Coovadia HM, Walker BD: Differen-
tial narrow focusing of immunodo-

minant human immunodeficiency 
virus gag-specific cytotoxic T-lym-
phocyte responses in infected Afri-
can and caucasoid adults and chil-
dren. J Virol 2000, 74:5679-5690.

98.  Mellors JW, rinaldo cr, Jr., Gupta p, 
White RM, Todd JA, Kingsley LA: Prog-
nosis in HIV-1 infection predicted 
by the quantity of virus in plasma. 
Science 1996, 272:1167-1170.




