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CD8+ T-cell responses play a critical role in the control of human immunodeficiency virus (HIV) infection, and
recent vaccine studies in nonhuman primates now demonstrate the ability of T cells to prevent the early dissem-
ination of simian immunodeficiency virus and perhaps clear residual infection. Recent advances in humanized
mouse models, in particular the humanized bone marrow–liver–thymus (BLT) mouse model, show promise in
their ability not only to support sustained infection with HIV, but also to recapitulate human HIV-specific im-
munity. The availability of a small-animal model with which to study human-specific immune responses to
HIV would greatly facilitate the elucidation of mechanisms of immune control, as well as accelerate the iterative
testing of promising vaccine candidates. Here we discuss data from our recent study detailing the composition
and efficacy of HIV-specific CD8+ T-cell responses in humanized BLT mice that was recently presented at a
Harvard Center for AIDS Research symposium on humanized mouse models for HIV vaccine design.
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ANIMALMODELS FOR STUDYING HIV
INFECTION

Animal models have greatly advanced our understanding
of the pathogenesis and immunity of human infections
and further accelerated drug and vaccine development.
The simian immunodeficiency virus (SIV)–infected
rhesus macaque model has, since its introduction in the
mid-1980s, proven invaluable for the study of human im-
munodeficiency virus (HIV) and, most notably, for HIV
vaccine research and design [1–4]. This model closely
mimics critical facets of natural HIV infection, including
the pathogenesis, host immunity, and disease progression
seen in humans, albeit with an accelerated rate of disease
progression. One limitation of the model, however, is
the sequence differences between human and macaque
genomes, most notably in the genetic loci related to host
immunity, such as those of the major histocompatibility
complex, T-cell receptor (TCR), and B-cell receptor
(BCR) [5–7]. Another limitation of the model is the viral

sequence differences that exist between HIV and SIV.
Combined, these differences alter the targeting and effi-
cacy of immune responses against different regions of
HIV and SIV. Given our growing understanding of the
important role that the specificity of both cellular and
humoral immune responses has on the successful control
of HIV, with some regions of the virus being much more
susceptible than others to immune targeting, these differ-
ences in host and viral genetics have impeded efforts to
identify critical correlates of vaccine-medicated immune
protection against HIV.

The sequence diversity of HIV and its ability to
rapidly mutate represent additional hurdles to engender-
ing effective, population-wide, vaccine-induced immuni-
ty. Globally, multiple genetically distinct clades of HIV
exist, and therefore a vaccine predicated on a single HIV
strain may insufficiently elicit cross-reactive immunity
to a geographically distinct infecting HIV strain. This
diversity is partially due to the error-prone replicative
nature of HIV that enables it to rapidly mutate to evade
host immune responses, which, as mentioned, are predi-
cated by the genetics of the resident human population.
It may be important to develop vaccines that elicit re-
sponses against precise, vulnerable, and highly conserved
regions of HIV to overcome this high degree of sequence
diversity and rapid mutability and thereby attain broad
and protective immunity [8–14]. Collectively, the critical
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differences between host and viral genetics between humans and
macaques, and HIV and SIV, impede our ability to translate im-
portant vaccine concepts that might overcome the inherent traits
of HIV’s sequence diversity and mutability. As such, it would be
advantageous to be able to test HIV vaccine concepts by using
a human immune system directly against HIV, rather than a
macaque immune system against SIV.

HUMANIZEDMOUSEMODELS

The opportunity to study HIV in a small-animal model was
first realized in a mouse model in which human fetal liver and
thymus engraftment into mice with severe combined immuno-
deficiency (SCID) was shown to support HIV infection and
dissemination [15, 16]. Additional efforts explored the intro-
duction of adult human peripheral blood mononuclear cells,
fetal tissues, or hematopoietic stem cells into immunodeficient
mice [17, 18]. Since these early studies, a number of improve-
ments have been made that allow for a more complete develop-
ment of the human immune response, reduced incidence of
graft versus host disease, and improved functionality [19–25].

In the more recently developed humanized bone marrow–
liver–thymus (BLT) mouse model, both human liver and
thymus tissues are transplanted into sublethally irradiated non-
obese diabetic (NOD)/SCID or NOD/SCID/IL2Rγ−/− mice
prior to the injection of CD34+ hematopoietic cells. This com-
bined approach enables the transplanted human thymus tissue
to become an active organ where human T cells can be educat-
ed within a proper human environment [26–30]. Numerous
groups have used this model to explore the basic tenants of
HIV infection and HIV-specific immunity, including sustained
infection [30–35], mucosal transmission [31, 32, 34, 36–39], an-
tiretroviral therapy and the establishment of viral reservoirs
[32, 33, 36, 37, 40–43], and general T-cell and B-cell immunity
[27–30, 44–54]. These initial studies have demonstrated great
promise in the ability of this small-animal model to mimic the
fundamental aspects of HIV infection and general human immu-
nity. However, for such a model to be truly transformative to the
field, it will be important to more stringently compare these
results to the early events of human acute HIV infection, includ-
ing viral dissemination; the influence of mucosal immune activa-
tion on HIV acquisition; the specificity, phenotype, and function
of T-cell and B-cell responses; and the mechanisms of viral
control, such as the induction of broadly neutralizing antibody re-
sponses, ADCC, and T-cell targeting of conserved regions of the
virus. While many of these comparisons will be limited to periph-
eral blood, focused studies comparing these parameters in lymph
nodes and mucosal tissues will also be critical. Ultimately, it will
be important to explore the ability to induce vaccine-elicited
responses capable of controlling or blocking HIV infection.

THE ROLE OF CD8+ T-CELL IMMUNITY IN THE
CONTROLOF HIV

CD8+ cytotoxic T lymphocyte (CTL) responses play a critical
role in the control of HIV. The temporal relationship between
the initial development of HIV-specific CD8+ T cells and the
reduction of viral loads provided one of the first indications
that these cells are important in controlling HIV replication
[55, 56]. It has since been demonstrated in the SIV-infected
macaque model that the development of CD8+ T-cell responses
also corresponds with the early reduction in peak viremia [57],
whereas depletion of these cells results in uncontrollable viral
replication and rebounding viral loads [58]. Further evidence of
the significant impact of these responses on the virus includes
the escape from these responses through mutations within
targeted epitopes that can occur within the first few weeks of
infection, undermining the ability of these responses to critical-
ly contain early infection. In some cases, viral escape from even
a single CD8+ T-cell response has been shown to result in a
dramatic loss of viral control [59, 60]. Guiding the specificity
of these CD8+ T-cell responses is the array of the 6 classical
HLA alleles (2 for each of the A, B, and C loci) expressed in
each individual. As proteins, each HLA molecule functions
to present on the surface of a cell unique 8–12-amino acid
“epitope” fragments derived from both host and viral proteins.
There exists a strong relationship between the expression of
certain HLA alleles and the control of viremia, CD4+ T-cell de-
pletion, and disease protection [61–63]. Protective HLA alleles,
such as B*57 and B*27, have been demonstrated to restrict early
CD8+ T-cell responses that dominantly target highly conserved
regions of gag that form the viral capsid [64, 65]. Importantly,
the ability of HIV to escape from such responses is impaired as
mutations within these epitopes disrupt the proper functioning
of gag and thereby impair the ability of the virus to replicate
[66–70]. However, despite our understanding of the mecha-
nisms by which some HLA alleles and CD8+ T-cell responses
successfully control HIV, designing vaccines to widely elicit
potent cellular responses toward a potential Achilles’ heel of
HIV has proven challenging [10]. As a proof of concept, Mudd
et al recently demonstrated in the SIV-infected macaque model
that immune responses can be focused against particular
regions of SIV to significantly enhance protection [71]. As
such, vaccination has the potential to overcome the natural
hierarchy of HIV-specific CD8+ T-cell immunodominance
patterns [64] to redirect immunity toward more-effective viral
targets. However, the cost and time required to test HIV vac-
cines in humans is extremely prohibitive and only reserved for
the most promising vaccine candidates, precluding the ability
to iteratively test vaccine concepts that might successfully
refocus HIV-specific immune responses against the most
vulnerable regions of HIV.
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HIV-SPECIFIC CD8+ T-CELL RESPONSES IN
HUMANIZEDMICE

Various studies have now begun to explore cellular immune re-
sponses to HIV in humanized mice. Following HIV infection,
virus-specific CD8+ T-cell responses and increases in effector/
memory CD8+ T-cell responses have been observed [30, 72].
Furthermore, depletion of CD8+ T-cell responses following
HIV infection has been shown to result in significant increases
in viral load [73, 74]. Virus-specific cellular responses to other
infections, including those due to dengue virus, Epstein-Barr
virus, and hepatitis C virus, have also now been demonstrated
in humanized mice, demonstrating the broader usefulness of
this model to the study of other infectious diseases [52, 75, 76].
However, in contrast to the detailed work in humans regarding
the breadth, specificity, function, and effector functions of
HIV-specific CD8+ T-cell responses [77–79], a similar compre-
hensive analysis of CD8+ T-cell responses to HIV in humanized
mice is still lacking. Ideally, to be of specific value to HIV
vaccine design, a small-animal model would need to recapitu-
late at least the basic attributes of these responses, including the
vast breadth and magnitude of the response [78, 79], specificity
for the same HIV epitope targets as in humans [77], and con-
servation of the basic mechanisms by which some HLA alleles
and responses exhibit control over HIV through the targeting
of conserved regions of the virus [66, 68, 80].

We recently characterized both CD8+ T-cell responses and
viral evolution during the acute phase of infection in human-
ized BLT mice to more comprehensively characterize HIV-
specific cellular immunity in this model [45]. Here we found
that humanized BLT mice not only develop multiple CD8+

T-cell responses restricted by various HLA alleles from the
human donor tissue, but that these responses were found to
target the same CD8 epitopes that are targeted in humans
during the acute phase of infection. Specifically, in one group of
BLT mice responses were detected against the HLA-A*01 RY9
(RRGWEILKY) and the HLA-C*03 AL9 (AAIDLSHFL) epi-
topes in env and nef, responses previously shown to be immu-
nodominant in humans expressing those HLA alleles [64, 65].
In 2 other independent groups of BLT humanized mice express-
ing HLA haplotypes that included HLA-B*57, CD8+ T-cell re-
sponses were detected against the B*57-IW9 (ISPRTLNAW),
B*57-KF11 (KAFSPEVIPMF), and B*57-TW10 (TSTLQE-
QIGW) epitopes in gag. Similar to the A*01 and C*03 epitopes,
these epitopes also represent some of the most commonly target-
ed epitopes restricted by this protective HLA allele during the
acute phase of HIV infection in humans [64, 65]. Since HLA-
B*57 in humans appears to exert its protective immunity over
HIV through the focused targeting of these very same conserved
epitopes in gag [68–70], these data suggest that the fundamental
mechanisms by which CD8+ T-cell responses control HIV may
also be preserved in this model. These data demonstrate that,

during the first few weeks after infection, humanized BLT mice
expressing various HLA haplotypes are capable of mounting
multiple HIV-specific CD8+ T-cell responses, with specificities
similar to those of natural HIV infection, thus demonstrating
maintenance of the processing and presentation pathways of
human HIV CD8 epitopes in these chimeric mice.

VIRAL ESCAPE FROM CD8+ T-CELL
RESPONSES IN BLT HUMANIZEDMICE

The propensity for HIV to escape from host immune responses
through its error-prone replicative pathway represents a major
mechanism of immune evasion and viral persistence. Converse-
ly, viral escape can serve as a surrogate marker of the relative
immune pressure exerted by a particular CD8+ T-cell response.
When we examined whether viral evolution was occurring
during the first few weeks after HIV infection of humanized BLT
mice, we observed reproducible patterns of viral adaptation
within many of the targeted human CD8 epitopes. Some re-
sponses, such as those detected against the HLA-A*01 RY9 and
the HLA-C*03 AL9 epitopes mentioned above, were capable of
rapidly selecting for CTL escape mutations within the first
6 weeks of infection (Supplementary Figure 1A). The rapid ki-
netics of these mutations resembles that seen in humans and
SIV-infected macaques, in which the most rapid onset of viral
escape has been shown to occur 17–21 days after infection [81–
85]. These data reveal that HIV-specific CD8+ T-cell responses
in humanized BLT mice are also functional in their ability to
exert strong selection pressure against HIV during the acute
phase of infection, with HIV in turn being capable of evading
these responses through the same mutational escape pathways
observed in humans.

EFFECTS OF THE PROTECTIVE HLA-B*57
ALLELE

As noted above, particular HLA class I alleles, such as B*27 and
B*57, are associated with greater control of viral replication
through the dominant targeting of conserved CD8 epitopes
within the structurally constrained gag protein. To determine
whether the clinical protective effect of HLA-B*57 translated to
the BLT mouse model, we examined whether more potent sup-
pression of viremia occurred in mice expressing this HLA
allele. Humanized BLT mice heterologous for HLA-B*57 did
in fact exhibit a similar level of control of HIV over non–B*57-
expressing mice, with a 0.6 log10 viral RNA copies/mL reduc-
tion that was similar to the 0.7 log10 viral RNA copies/mL
reduction observed in a large cohort of untreated, chronically
infected individuals heterologous for HLA-B*57 [86]. Impor-
tantly, just as in natural HIV infection the B*57-restricted gag
CD8 epitopes in these mice remained refractory to escape for
at least the first 10 weeks of infection (Supplementary Figure 1B),
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which was in contrast to viral escape from other HLA-B*57–
restricted CD8+ T-cell responses within the first few weeks of
infection (Supplementary Figure 1B). The protective effect ob-
served with the expression of HLA-B*57, coupled with the tar-
geting of conserved CD8 epitopes in gag, suggest that the
fundamental mechanisms by which some HLA alleles and their
restricted CD8+ T-cell responses control HIV may be intact in
this small-animal model of HIV.

THE POTENTIAL FOR CD8+ T-CELL
RESPONSES TO BLOCK HIVACQUISITION

Until only recently, the goal of an HIV vaccine was to induce a
level of immunity capable of effectively containing an HIV infec-
tion, which would result in slower disease progression while
blunting HIV transmission rates. Recent results from the RV144
HIV vaccine trial suggest, however, that partial protection
against HIV infection is achievable and, in this case, correlated
with levels of HIV-specific binding antibody titers [87, 88]. Anti-
bodies have the capacity to neutralize the virus prior to cell
entry; in contrast, cellular immune responses require viral infec-
tion and the subsequent expression of viral peptides on the cell
surface before these responses can be activated. As such, cellular
immune responses have historically been believed to be incapa-
ble of blocking HIV infection. However, recent studies of a cyto-
megalovirus vaccine vector illustrate that the induction of high
frequencies of effector-memory CD8+ T-cell responses at or near
the site of infection can lead to the rapid clearance of SIV in
infected rhesus macaques before viral dissemination, essentially
neutralizing the infection immediately after exposure [89]. These
data suggest that a T-cell–based vaccine could also engender “ster-
ilizing” immunity. The humanized BLT mouse model, through its
ability to accurately recapitulate human cellular immune respons-
es to HIV, may therefore help facilitate the development of novel
vaccine vectors capable of inducing similarly protective immune
responses in humans.

CONCLUSIONS

A growing collection of studies now demonstrate that the basic
tenants of HIV infection and replication, as well as HIV-specif-
ic immunity, are intact in the various humanized mouse
models. Clearly, more-extensive studies are required to fully
explore the strengths and weaknesses of these models, particu-
larly in the BLT model, to determine the extent to which they
can be used to explore vaccine-induced immunity to HIV. The
ability to generate a number of identical BLT mice engrafted
with the same human tissue will help to reduce the confound-
ing effects of host genetic diversity inherent in most animal
studies, enabling smaller group sizes during vaccine testing.
This, combined with the reduced costs of a small-animal
model, could greatly accelerate HIV vaccine design and testing.

Nonetheless, future studies in these chimeric mice are required
to define the true breadth and magnitude of immune responses
to HIV, including the phenotype and mucosal/lymph-node-
trafficking profiles of these responses and the breadth and
plasticity of the TCR and BCR repertoires. Similarly, efforts are
required to explore the ability of various vaccine regimens, such
as those of adenovirus, modified vaccinia Ankara, cytomegalo-
virus, herpes simplex virus, and DNA vaccines, to induce effec-
tive cellular and humoral immunity to HIV. This model may
additionally prove useful in helping to design and test vaccine
adjuvants and antigens that are capable of redirecting responses
not only toward mucosal tissues [89], but also, importantly,
against regions of the virus that cannot readily escape [8–11].
Similarly, opportunities remain to continue to improve the
model by including additional genetic modifications to further
humanize the host strain, such as expression of human adhe-
sion molecules to improve cell trafficking or human-specific cy-
tokines required for immune maturation [24], as well as novel
approaches to reduce the incidence graft versus host disease
[46, 90, 91]. Thus, access now to an animal model that is
capable of supporting HIV infection and reliably recapitulates
human HIV CD8+ T-cell–specific immunity should greatly ac-
celerate such efforts, but careful consideration will need to be
given to both the route of vaccination and the potential to
induce both human and murine responses when assessing
vaccine-induced immunity in this chimeric model.
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