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Introduction

The human immunodeficiency virus type 1 (HIV-1) affects 34 
million adults and children worldwide, and the ongoing spread of the 
epidemic resulted in about 2.5 million new infections and 1.7 million 
deaths in 2011 alone [1]. Novel approaches to prevent transmission of 
HIV-1 are urgently needed to stop the epidemic. To date, prophylactic 
vaccines have proven to be the most efficient means to counteract 
the spread of human pathogens and increase global human health. 
However, the design of preventive vaccines against some infectious 
agents, including HIV-1, remains a tremendous challenge. Thus far, 
different HIV-1 vaccine candidates have been tested in efficacy trials 
and two major attempts, first to induce HIV-1 neutralizing antibodies 
(VAX004), then effective HIV-1-specific T cell responses (Step study) 
were unsuccessful (reviewed in [2]). These approaches were followed 
by two vaccine trials aimed at promoting both, humoral and cellular 
responses, one of which was recently discontinued based on interim 
results showing no evidence of protection (HVTN 505) [3], while 
the other provided about 30% protection, yet only with borderline 
significance (RV144) [4].

HIV-1 superinfection has gained increasing attention as it provides a 
unique opportunity, aside from vaccine trials, to determine the immune 
factors promoting protection from HIV-1 infection. The increasing 
amount of documented HIV-1 superinfections in the literature suggests 
that the adaptive immune response mounted upon a primary infection 
with a single HIV-1 strain might not be effective enough at protecting 
against a distinct HIV-1 strain, even a closely related one. Therefore, 
concerted efforts have been directed at characterizing the immune 
response prior to and after HIV-1 superinfection, or that in exposed 
singly HIV-1-infected individuals, in order to identify associations 
between the quality and the quantity of the immune response and 
the occurrence of HIV-1 superinfection. Herein, I review the current 
knowledge on the prevalence and the clinical consequences of HIV-
1 superinfection, and discuss the immune and viral mechanisms 
accounting for protection from, or acquisition of, HIV-1 and other 
viral superinfections. A complete understanding of why exposure to 
HIV-1 or to other viruses does not confer protective immunity to a 
second infection will help identify the correlates of immune protection 
in HIV-1 infection, and contribute to improving future HIV-1 vaccine 
strategies.

HIV-1 Rapid Evolution and Diversity: A Challenge for 
Vaccine Design

The extremely rapid evolution of the virus probably largely 
contributed to the failure or limited success of HIV-1 vaccines evaluated 
to date [5]. HIV-1’s extensive genetic diversity was first brought to light 
around 1983, when full-length sequences of the virus became available, 
and has since then expanded [6]. Distinct mechanisms account for the 
emergence of remarkably divergent variants. These include the infidelity 
of the viral reverse transcriptase, the high replication rate and fast 
turnover of virions, host selective immune pressure, large insertions, 
deletions, mutations introduced by intrinsic restriction factors such 
as cytidine deaminases of the APOBEC family and, last but not least, 
recombination events in dually-infected individuals (reviewed in 
[7,8]). Recombinant forms arising from two parental strains of distinct 
subtypes can be easily detected, while intra-subtype recombination fails 
to be reliably identified by most current methods. At a time when HIV-
1 dual infections had not been adequately documented, the existence of 
recombinant forms provided the strongest support for their occurrence, 
which represents an important mechanism to generate new divergent 
HIV-1 strains. For instance, at the time HIV-1 superinfection was first 
reported in humans in 2002 [9-11], 14 circulating recombinant forms 
(CRFs) had been described. Today, the Los Alamos database reports 58 
HIV-1 CRFs and 1 HIV-2 CRF, and as more HIV-1 variants inevitably 
intermix in different parts of the world, the likelihood of generating 
new recombinant viruses increases [6]. An expanding number of 
reports of new HIV-1 variants is also to be expected, as improvements 
in surveillance methodology will allow for a more comprehensive 
control of the ongoing expansion of HIV-1 diversity.

Therefore, HIV-1 dual infections are driving evolution of the 
virus and as such directly affect the development of an effective HIV-1 
vaccine. On the other hand, studying HIV-1-specific immune responses 
in individuals who were sequentially infected is highly informative with 
respect to a better understanding of the correlates of protection from 
HIV-1 infection.

Abstract

Superinfection refers to a second viral infection in the context of a pre-existing adaptive immune response to 
prior infection with a viral strain that has not been cleared, the two viruses being genetically distinct yet belonging to 
the same genus. As such, this phenomenon provides unique settings to gain insights into the immune correlates of 
protection against HIV-1. The focus of this review is to discuss the current knowledge about immune responses to 
HIV-1 and to other viruses that are associated with partial or complete immunity to superinfection, or lack thereof, 
and how that could be applied to future HIV-1 vaccine strategies.
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HIV-1 Superinfection 
HIV-1 superinfection is not to be confounded with HIV-1 co-

infection, which refers to infection with two genetically distinct 
HIV-1 strains simultaneously, or with exposure to the second virus 
occurring within the small window of time (about a month) prior to 
seroconversion (reviewed in [12]). In contrast, superinfection is used 
to describe a secondary infection with a heterologous or homologous 
HIV-1 strain, which takes place any time once an adaptive immune 
response to the initial HIV-1 virus is established. In accordance with 
this nomenclature, both phenomenons can be termed ‘dual infections’. 
Before 2002, it was generally believed that HIV-1 superinfection 
could not occur in humans. The major observations to uphold that 
idea came from in vitro studies, which demonstrated the existence of 
diverse mechanisms at play in HIV-1-infected cells to block subsequent 
entry of viruses [13-15]. For instance, HIV-1 nef mediates CD4 down 
regulation, preventing access to the main receptor used by HIV-1. 
However, uninfected CD4+ T cells in HIV-1-positive individuals could 
provide a target for subsequent HIV-1 virus infection. Moreover, early 
containment of HIV-1 replication, observed in most acutely infected 
individuals when HIV-1 specific CD8+ T cells and antibodies first 
appear, was thought to reflect a partial immune protection that would 
prevent a different HIV-1 strain from establishing a superinfection. 
However, many reports had described individuals infected with two 
distinct HIV-1 strains, and although it had not been clear, whether 
these were co- or superinfections, both scenarios remained conceivable 
(reviewed in [12]).

Before any conclusive case had been reported in humans, HIV-1 
superinfection was induced experimentally in chimpanzees, and the 
second infection produced a slower immune deterioration and more 
efficient control of viremia compared to the initial infection [16]. This 
report was followed by additional studies documenting HIV-1 and 
SIV superinfections in monkeys [16-22]. However, the extent to which 
these results can be applied to human HIV-1 superinfection remains to 
be thoroughly determined. Indeed, HIV-1 or SIV-infected monkeys do 
not develop AIDS and get experimentally infected in very controlled 
settings, including choice of the infectious dose, viral strain, route 
and timing of infection, which don’t recapitulate natural infection in 
humans.

The first documented cases of superinfection in humans were 
published only 10 years ago [9-11]. Since then, multiple reported 
cases have described interclade [10,11,23-29] as well as intraclade 
[9,30-35] superinfections, but also triple superinfections [28,32,36], or 
superinfections involving substantially divergent strains belonging to 
the different HIV-1 and HIV-2 groups [37,38].

Role of T cell responses in HIV-1 superinfection 

The first convincing report of HIV-1 superinfection described two 
events in injection drug users (IDUs), with the second HIV-1 strain 
belonging to a different subtype in both situations [11]. Co- rather than 
superinfection could not be entirely excluded, yet humoral and cellular 
immune responses were exclusively directed against one HIV-1 strain 
prior to potential exposure to the second virus, strongly suggesting 
superinfection, with cross-reactive humoral and cellular responses 
developing after presumed infection with the second strain. A second 
well-documented case described a superinfection with an HIV-1 strain 
of subtype B, which rapidly overgrew the established HIV-1 subtype AE 
in a male following sexual exposure with multiple same-sex partners 
[10]. Interestingly, the individual was treated with antiretroviral therapy 
for at least 18 months following primary infection before receiving the 

Alvac vCP1452 vaccine and stopping treatment as part of the protocol. 
Superinfection occurred 6 months after immunization while off therapy. 
Initially, AE-subtype-specific CD8+ T cell responses were directed 
against a single p17 Gag epitope, and disappeared upon superinfection 
with the clade B HIV-1, against which no virus-specific CD8+ T cell 
responses could be detected. In this subject, the primal narrow range of 
CD8+ T cell responses might partly account for the rapid progression 
of the disease triggered by the superinfecting virus. Neither HIV-1-
specific antibodies nor CD4+ T cell responses were investigated in 
this case, but might have contributed to the lack of control. At the 
same time, a case of HIV-1 superinfection involving two subtype B 
strains was also reported [9]. The individual enrolled in a structured 
treatment interruption trial after the initial infection, and developed 
a strong and broad HIV-1-specific CD8+ T cell response over time. 
Strikingly, about half of this response appeared to be cross-reactive and 
persisted upon superinfection, with the second virus triggering CD8+ 
T cell responses directed against three additional epitopes. While the 
neutralizing antibody response was found to be low, a cellular response 
of this magnitude and breath did not translate into protection against 
the second HIV-1 strain even though its sequence only differed by 
12%. Thus, these and additional well-documented cases demonstrated 
that superinfection can occur in the context of limited HIV-1-specific 
cytotoxic T cell responses mostly directed against a single epitope 
[10,35], yet it is not prevented by the presence of broad responses to 
multiple epitopes [9,11,34,39].

A recent study dissecting the breath, magnitude and 
polyfunctionality of HIV-1-specific T cell responses among high-risk 
untreated superinfected women and matched singly-infected controls 
supported previous observations and failed to show an association 
between cytokine production or cytotoxic activity of HIV-1-specific 
CD8+ and CD4+ T cells and protection from HIV-1 superinfection 
[40]. However, in singly antiretroviral-treated HIV-1-infected males 
engaging in unprotective sex with viremic stable male partners, chronic 
exposure to HIV-1 was found to be associated with higher HIV-1-
specific CD4+ and CD8+ T cell IFN-γ responses, and correlated 
with the level of exposure [41]. Thus, further studies are warranted to 
determine whether repeated HIV-1 exposure of treated HIV-1-infected 
individuals can promote stronger HIV-1-specific T cell responses that 
might ultimately be able to control viral replication in the absence of 
antiretroviral medication.

Role of neutralizing antibodies in HIV-1 superinfection 

While there is no clear evidence of effective cross-protection by 
HIV-1-specific CD8+ T cells to date, antibodies represent another 
major component of the immune response that might provide 
sterilizing immunity against HIV-1 superinfection. High levels of cross-
reactive neutralizing antibodies (NAbs) have been suggested to prevent 
superinfection in exposed treatment-naïve HIV-1-infected men 
having sex with men (MSM) with recent infection [42]. Accordingly, 
low or undetectable levels of NAbs were present prior to the second 
heterosexual exposure in three individuals superinfected with HIV-1 
subtype C strains, in contrast to singly-infected matched controls who 
presented HIV-1-specific antibodies with very potent neutralizing 
features [43]. These results were discordant with the description of 
untreated female sex workers who became superinfected despite a 
broad and potent neutralizing antibody response prior to the second 
infection with an HIV-1 strain that could be inhibited in vitro [44].

More potent neutralizing antibodies have been shown to appear 
later in the course of HIV-1 infection [45]. Therefore, it is likely that the 
susceptibility to superinfection is higher during the first year following 
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primary infection, when HIV-1-specific humoral immunity is not fully 
developed, and the discrepancies between the abovementioned studies 
might be explained by differences in the time elapsed between the 
initial and the second infection. This hypothesis is supported by initial 
observations in HIV-2-infected macaques, which can only become 
productively superinfected by a distinct HIV-2 virus within 8 weeks 
following primary infection [22], and by a substantial percentage of 
documented superinfections that occurred within one year of primary 
HIV-1 infection in humans [11,30,31,33,34].

Interestingly, in untreated HIV-1-infected individuals with 
heterosexual risk, superinfection with a genetically unrelated HIV-
1 strain led to the emergence of NAbs that can mediate anti-HIV-1 
responses of increased breath and potency compared to the ones present 
prior to the second infection, suggesting that serial HIV-1 vaccination 
involving heterologous HIV-1 strains might increase antibody-mediated 
protection against a broad range of genetically distinct HIV-1 viruses 
[46,47]. However, development of NAbs with increased neutralizing 
ability in individuals superinfected with discordant HIV-1 strains was 
not associated with a better control of the HIV-1 strain that initiated the 
infection [48]. Thus, repeated exposure of HIV-1-infected individuals 
to the virus, or to a potential therapeutic HIV-1 vaccine, might trigger 
a skewing of the humoral response, leading to the generation of NAbs 
that might prevent new HIV-1 strains to establish a superinfection, but 
are not able to efficiently recognize the already present quasi species.

Beyond their neutralization function, which involves their variable 
domain, antibodies have the ability to recruit innate effectors cells that 
express Fcγ receptors via their constant domain, triggering various anti-
viral mechanisms depending on the type of cells and receptors engaged 
[49]. Antibodies lacking potent neutralizing properties might provide 
protection through effective innate immune recruiting activities. So 
far, one report measured antibody-dependent cell-mediated virus 
inhibition in singly- and superinfected individuals, yet no correlation 
between extra-neutralizing functions of antibodies and the risk of HIV-
1 superinfection could be identified [50].

To conclude, further investigations are required to assess the degree 
of cross-reactivity that will need to be achieved by the humoral and 
cellular immune responses to a first exposure to HIV-1, or to a preventive 
HIV-1 vaccine, in order to provide protection from superinfection, or 
primary infection, respectively.

What is the incidence of HIV-1 superinfection? 

Overall, increasing amounts of convincing case reports of HIV-1 
superinfections seem worrisome for the prospect of developing a cross-
reactive HIV-1 vaccine. However, despite the flourishing literature on 
the subject, there is a current lack of technology and available data to 
clearly determine the incidence of this phenomenon. Cross-sectional 
studies [51] or longitudinal follow-ups with limited sampling over time 
[52] might not represent adequate settings to assess superinfection 
incidence rates. Combined with a lack of adequately sensitive techniques 
to reliably identify this event, the true prevalence of superinfection 
is likely to be underestimated and still subject to intense controversy 
(reviewed in [53]). In some studies focusing on either high-risk or 
general populations, primary infection and superinfection have been 
found to occur at a similar frequency (about 5% per year in high-risk 
populations) [23,33,54,55]. In contrast, superinfection could neither 
be detected in four distinct cohorts of HIV-1-positive individuals [56-
59], including injecting drug users (IDUs) [56,59], nor in therapy-naïve 
MSMs being closely monitored longitudinally around episodes of self-
reported unsafe sexual behavior [51]. In two other cohorts of IDUs in 

Switzerland and Thailand, 2.5% of the individuals became superinfected 
within 2 years and 1 year following seroconversion, respectively [25,29]. 
These discrepancies can be mostly explained by distinct experimental 
designs, such as different frequency of sampling and superinfection 
detection methods, cohort size and risk behavior, but also disparate 
HIV-1-prevalence and diversity at the site of the study.

The outgrowth of the initial HIV-1 virus by the superinfecting strain 
can translate into a transient increase in viremia [9,10,28,32-34,54]. 
Thus, a sudden rise in plasma viral load (at least 0.5 log10 copies/ml), 
particularly in untreated individuals engaging in high-risk behaviors, 
might indicate a superinfection event [29,60]. However, unexplained 
increased viremia in subjects that do not take antiretroviral drugs 
might not represent an entirely reliable predictor as inconsistent rises in 
viral loads have been suggested to reflect a superinfection event only in 
14% of the cases [61]. Beyond clinical indications, further monitoring 
is warranted to confirm any suspected superinfection. Pol sequencing 
alone, which is easily available as part of the routine testing for drug 
resistance mutations of treated patients, can be used as a second tool 
to screen for HIV-1 superinfection, which might be associated with 
consequent changes in the pol sequence and/or treatment susceptibility 
[60]. Nevertheless, HIV-1 superinfections are more frequently detected 
when two distinct regions of the viral genome rather than one are 
sequenced, and samples from different time points analyzed [52,54,62]. 
Finally, a major drawback of population-based sequencing is its lack 
of sensitivity to detect strains that are underrepresented in the quasi 
species population, and alternative methods, such as heteroduplex 
mobility assay and ultra-deep sequencing, might be more appropriate 
to detect superinfections [63-65].

Therefore, availability of epidemiological data, sensitive screening 
methods, as well as time and frequency of sampling are all profoundly 
influencing the ability to detect HIV-1 superinfection events. Notably, 
we currently can’t exclude the existence of HIV-1 superinfections that 
are controlled by the immune system and therefore remain undetected. 
Addressing how to accurately measure superinfection incidence rates 
will be of paramount importance to delineate what constitutes an 
optimal immune response that will need to be elicited by future HIV-1 
vaccines, and whether the level of protection can be predicted by the 
nature of vaccine-induced immune responses.

Implications of HIV-1 Superinfection on the Outcome 
of the Disease

HIV-1 superinfection represents a major public health challenge 
as this phenomenon might impact treatment efficacy or natural 
control of the infection. Studies report an overall poor control of the 
superinfecting virus, which is in most cases associated with a sudden 
increase in viral load and accelerated disease progression [9-11,26,28-
34,42,60,66,67]. While this could be attributed to a loss of immune-
mediated control due to a lack of overlap in crucial epitopes between 
the two HIV-1 strains, it has also been suggested that superinfection 
preferentially occurs in individuals initially infected with HIV-1 
strains displaying a reduced fitness compared to the superinfecting 
virus [68]. For instance, in the absence of antiretroviral treatment, it 
has been shown that upon superinfection, wild-type HIV-1 strains can 
outgrow drug-resistant variants displaying reduced replication capacity 
[31,33,34,67]. Importantly, sudden increases in viral loads might have 
allowed detection of a significant number of HIV-1 superinfections 
described thus far, and therefore it is not excluded that less fit and/
or less pathogenic superinfecting strains never outgrow the initial 
virus and remain unnoticed minority variants with no significant 
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impact on disease progression. Overcoming the current technical 
challenges to reliably detect strains that represent less than 20% of the 
total quasi species population will enable investigation into viral and 
immunological factors contributing to the control of these strains by 
the immune system.

Impact on the efficacy of antiretroviral treatment 

It is expected that successfully treated HIV-1-positive individuals 
are less susceptible to productive superinfection than untreated 
subjects. Accordingly, no superinfection was found in treated high-
risk singly HIV-1-infected couples [69]. In cases when treatment 
does not prevent HIV-1 superinfection, various scenarios, all with a 
negative impact on the efficacy of antiretroviral treatment, have been 
illustrated. Superinfections with HIV-1 strains carrying drug resistance 
mutations have been documented, and can lead to antiretroviral 
treatment escape and limit therapeutic options for the patient 
[32,33,66,70,71]. In individuals superinfected with two HIV-1 viruses 
carrying distinct multiple drug resistance mutations, recombination 
can lead to the generation of a highly drug-resistant HIV-1 strain 
with severe repercussions on disease outcome [70]. Finally, in cases of 
superinfection with a fitter, drug-sensitive HIV-1 strain that outgrows 
the drug-resistant virus, drug resistance mutations might not be 
detected by conventional testing, and if treatment becomes necessary 
in these instances, emergence of the occulted drug-resistant HIV-1 
strain is likely to lead to treatment failure [31,33,34,67]. Finally, it is 
not implausible that superinfection involving two wild-type viruses 
could also impact the response to treatment. Indeed, the tendency of 
particular strains toward higher replication rates might lead to early 
resistance and treatment failure.

Impact of HIV-1 superinfection on the spontaneous control of 
HIV-1 

HIV-1 controllers are able to naturally control viral replication, 
reflected by stable low viremia for at least one year, and have a very 
small probability of progressing towards AIDS (reviewed in [72]). 
While the mechanisms underlying viral control are not completely 
understood, mounting evidence supports a crucial role for specific 
human leukocyte antigen (HLA) alleles in conferring protection against 
disease progression. The virulence of the HIV-1 strain that initiates the 
infection is also decisive for the outcome of the infection, and in that 
respect, one could speculate that HIV-1 superinfection with a more 
pathogenic HIV-1 strain (i.e. a strain that escapes cellular immunity) 
might disrupt the equilibrium between immune control and viral 
replication in HIV-1 controllers.

Several studies have suggested that spontaneous control of HIV-1 
does not imply protection from superinfection [73]. Indeed, a sudden 
increase in viral load accompanied with symptoms of primary HIV-1 
infection revealed an interclade superinfection in two IDUs who were 
defined as controllers after the initial infection with subtype B and 
CRF11 HIV-1 strains, respectively. Similarly, superinfection led to febrile 
illness and disease progression in an HIV-1-positive untreated female 
sex worker who presented normal CD4+ T cell counts and low viremia 
for about 5 years prior to a secondary productive HIV-1 infection 
[74]. However, the mechanisms underlying the loss of viral control in 
these unique cases are not clear as the authors did not investigate HIV-
1-specific humoral and cellular responses, nor did they look at the 
replication capacity of the initial virus. For instance, rapid generation of 
recombinant strains following HIV-1 superinfection might significantly 
enhance the ability of the newly produced virus to evade the immune 
system in controllers. Indeed, recombination events between the initial 

and the superinfecting HIV-1 strains within crucial regions targeted by 
HIV-1-specific CD8+ T cells led to viral escape and disease progression 
in one individual carrying the protective HLA-B27 allele [35].

In contrast, two studies described HIV-1 superinfections in 
controllers and long-term non progressors (a distinct group of 
untreated HIV-1-infected individuals who maintain CD4+ T cell 
counts > 500/mm3 and display a very slow progression towards AIDS), 
none of which resulted in disease progression [75,76]. Replication 
competent HIV-1 strains isolated from the superinfected controllers 
suggested that some level of cross-reactive protection can be achieved 
in individuals who spontaneously control the primary HIV-1 infection 
[76]. Similar to humans, a long-term non-progressor status can be 
achieved in SIV-infected Rhesus macaques that carry protective major 
histocompatibility complex (MHC)-class I alleles, such as Mamu-B*17. 
Superinfection of such animals with SIV strains bearing increasing 
numbers of mutations allowing escape of Mamu-B*17-restricted-CD8+ 
T cells epitopes did not lead to increased viral replication, although 
these divergent strains had only minor defects in replicative fitness and 
could infect naïve macaques [77].

Overall, the clinical consequences of HIV-1 superinfection are 
not yet entirely clear. However, it has been associated with accelerated 
disease progression and antiretroviral treatment failure in numerous 
cases. For these reasons, HIV-1-infected individuals should maintain 
safe sexual practices and use clean needles for injection independently 
of the HIV-1 serological status of their partner or the individual they 
are exchanging needles with. Moreover, it will be crucial to further 
evaluate the incidence and consequences of HIV-1 superinfection 
in HIV-1 controllers, and assess if the lack of clinical manifestations 
prior to, or after, HIV-1 superinfection is associated with an attenuated 
replicative capacity of the initial or superinfecting virus, respectively.

Implications for HIV-1 Vaccine Design: Lessons from 
Other Viral Superinfections? 

Vaccination is based on the principle that exposure to specific viral 
antigens leads to the development of an adaptive immune response 
which protects the host against subsequent infections by viruses that 
share a sufficient number of relevant epitopes with the viral strains 
used to generate the vaccine, i.e. viruses that are genetically identical 
or close. The same principle applies to a significant number of natural 
viral infections and provides life-long protective immunity in hosts that 
have been infected once

One major challenge to develop an effective HIV-1 vaccine is to 
identify the correlates of protection in HIV-1 infection. One way to 
gain insight into that crucial question is to compare immune responses 
generated in the context of effective or suboptimal vaccines. Another 
way is to understand how a single infection with some viruses leads to 
development of a long-lived sterilizing immunity, while other viruses 
can superinfect their host, sometimes in spite of a potent immune 
response that allowed clearing the initial infection. Indeed, a one-
time exposure to various viruses besides HIV-1 seem to confer no or 
only partial protection, allowing a secondary infection to occur in the 
presence of another viral strain against which an adaptive immune 
response has been mounted. Members of the herpes virus family, 
such as herpes simplex virus 1 [78] or 2 [79], Epstein-Barr virus [80], 
varicella zoster virus (reviewed in [81]), human herpes virus 8 [82], and 
notably cytomegalovirus (CMV) [83-88], provide remarkable examples 
of secondary infections in previously chronically infected hosts. For the 
scope of this review, we will limit the discussion to a few viruses that 
have a major impact on global health.
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Cytomegalovirus superinfection 

CMV is a large double-stranded DNA virus belonging to the 
β-herpes virus family and highly prevalent in humans, with 50-
90% of individuals in the United States being seropositive, and up to 
100% of individuals in developing countries. While infection remains 
asymptomatic in most immune competent individuals, reactivation 
of latent CMV infection in immunocompromised individuals can 
cause severe disease, and intrauterine CMV infection has serious 
consequences on the development of the fetus (reviewed in [89]). The 
production of a prophylactic vaccine for CMV has been hampered 
by the ability of the virus to repeatedly establish a chronic infection 
[90,91] in the presence of high titers neutralizing antibodies and up 
to 10% of circulating T cells being CMV-specific [92]. While CMV is 
subdivided into several genotypes, extensive genetic diversity might 
not entirely explain the lack of protection by CMV-specific CD8+ T 
cells from the superinfecting strain, as the large size of the viral genome 
might allow for the generation of a significant degree of cross-reactive 
responses. Accordingly, based on observations made in CMV-infected 
Rhesus macaques, it has been proposed that productive superinfection 
by CMV relies on the US2, US3, US6 and US11 viral proteins that all 
dampen HLA class-I presentation and allow the virus to evade CMV-
specific CD8+ T cell responses, while these factors are not required to 
establish the primary infection [93]. Thus, it cannot be ruled out that, 
in addition to the considerable genetic variability of HIV-1, accessory 
proteins such as Nef and Vpu, which have been shown to affect HLA 
class-I antigen presentation, contribute to counteracting existing HIV-
1-specific immune responses to facilitate HIV-1 superinfection.

Hepatitis C and B virus superinfections

Besides herpes viruses, hepatitis C virus (HCV) [94-100] and 
hepatitis B virus (HBV) [101], which can be completely cleared 
or persist in their host, can both superinfect chronically infected 
individuals, although to a different extent.

HBV is a partially double stranded DNA virus of the Hepadnaviridae 
family that chronically infects more than 240 million individuals 
worldwide and is a leading cause of liver insufficiency and hepatocellular 
carcinoma [102]. However, the majority of de novo HBV infections are 
cleared during the acute phase, and in contrast to most of the above-
mentioned viruses, a vaccine that has proven to be 95% effective can 
prevent HBV infection. In accordance with protection mediated by pre-
exposure to the viral antigens, there is only one convincing report of 
HBV superinfection to date [101]. In these two patients with chronic 
HBV infection, superinfection with either homo- or heterotypic HBV 
strains led to a transient acute exacerbation of the disease, yet in both 
cases replication of the superinfecting virus could be suppressed by the 
immune system.

HCV is an enveloped single-stranded RNA virus of the Flaviviridae 
family with high genetic diversity and for which there is currently 
no vaccine (reviewed in [103]),[104]. While progression to chronic 
disease occurs in the majority of infected individuals, about one-fourth 
of de novo HCV infections are cleared during the acute phase. Viral 
clearance is thought to rely largely on a broad, potent and prolonged 
host cellular immune response [105-107]. Accordingly, defective T cell 
immunity is strongly associated with viral persistence [108]. Because 
their detection is currently technically challenging, there are limited 
reports of true HCV superinfections in the literature, yet reinfections 
following spontaneous clearance or treatment have been frequently 
documented [94-100].

Altogether, available data suggest that control of HCV infection 
does not confer sterilizing immunity against HCV reinfection. However, 
it has been suggested that previous HCV infections might confer some 
level of protection, as subjects with resolved HCV infection were less 
frequently reinfected than completely naïve individuals were infected 
for the first time, even in populations with a particularly high risk of 
exposure such as IDUs [109,110]. In accordance with these findings, 
a recent study suggested that HCV-specific immune responses in 
individuals who experienced spontaneous (2/2) or treatment-mediated 
(2/5) HCV clearance can drive resolution of HCV reinfection [99]. 
Similarly, increased rates of HCV clearance were observed upon 
reinfection in individuals who spontaneously controlled a previous 
HCV infection [111]. Following a second exposure to HCV, subjects 
with resolved HCV infection experienced a moderate viremia in terms 
of persistence and amplitude, as well as increased breadth of HCV-
specific T cell responses and emergence of cross-reactive NAbs.

To date, the frequency and the clinical consequences of HCV 
superinfection are poorly defined, and complicated by the fact that 
HCV replicates in the liver. Therefore, analysis of viruses present in 
the peripheral blood might not accurately represent the properties of 
hepatic viruses. It will be important to further develop techniques and 
cohorts to address these questions and dissect immune responses in 
those individuals that are able to spontaneously clear HCV infection in 
multiple instances. Overall, data accumulated thus far strongly suggest 
that protective immune responses can be mounted against HCV, and 
that development of a vaccine providing protection from HCV infection 
or promoting HCV clearance in naïve individuals might be possible.

Conclusions 
The current knowledge about HIV-1 superinfection discussed in 

this review probably does not reflect the true incidence and clinical 
consequences of HIV-1 superinfection. As a result, it appears that 
immune responses developed against a specific HIV-1 strain do 
not necessarily provide protection against a second infection with 
a genetically distinct HIV-1 strain, while a significant amount of 
unsuccessful or controlled HIV-1 superinfections might remain 
undetected. Identifying these concealed situations and dissecting 
associated viral and immunological factors will be crucial to better 
understanding the immunologic correlates of protection.

The extensive genetic variability of HIV-1 remains a major challenge 
in the development of a protective HIV-1 vaccine. Among unsolved 
issues, it remains unclear to what extent epitopes are conserved across 
HIV-1 subtypes, and what immunogens should be included in future 
vaccine compositions to elicit cross-clade responses. However, the 
observed increase in the breath of CD8+ T cell and NAbs responses 
in highly exposed singly infected individuals suggests that cross-
reactive HIV-1-specific immune responses might be achieved by serial 
exposures to polyvalent HIV-1 vaccines. Another way to circumvent the 
circulation and ongoing generation of multiple divergent HIV-1 strains 
within and between individuals would be to target well-conserved viral 
proteins (such as regulatory or accessory proteins).

Finally, vaccine trials remain the standard for the identification of 
markers of protective immunity, as HIV-1 superinfection does not truly 
recapitulate the consequences of vaccination on the immune system, 
notably in relation to immune activation and exhaustion.
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