
enriched. While the authors chose to fur-
ther characterize the role of ER in latency,
other hits could be worthy of future inves-
tigations: notably, other steroid receptors.

The role of ER in latency regulation was
studied in two latency reactivation models
� 2D10 cells and a quiescent effector cell
latency model (called QUECEL, previously
developedby theKarngroup). ERagonists
(E2 and diethylstilbestrol) potently
repressedHIV-1 transcription,while selec-
tive ER modulators (SERMs: fulvestrant,
raloxifene, and tamoxifen) enhanced the
activity of a range of LRAs (TNFa, vorino-
stat, and IL-15), with a more pronounced
effect for some combinations (such as vor-
inostat plus fluvestrant or tamoxifen) than
for others. To explore the hypothesis that
theremaybegender-specificdifferences in
the inducible HIV-1 reservoir and its
response to LRAs and ER ligands, leuka-
pheresis samples from well-matched men
and women on ART were used to quantify
the inducible reservoir via a novel EDITS
assay. This method is an improvement on
PCR-based techniques as it only amplifies
late-spliced viral transcripts using nested

PCR and next-generation sequencing,
thereby eliminating amplification of defec-
tive proviruses. Accordingly, the authors
showed a lack of correlation between
EDITS and both qPCR and digital droplet
DNA assays. The EDITS assay indicated
that samples from women harboured
smaller inducible RNA reservoirs than did
those from men, and both pre- and post-
menopausal women were more respon-
sive to combinations of SERMs plus
LRAs. Furthermechanistic insight via chro-
matin immunoprecipitation assays in pri-
mary Th17 cells demonstrated that the ER
accumulates on the viral LTR upon E2
stimulation, which correlated with less
occupancy by active RNA polymerase II.
However, since a single male donor was
used in this assay, the reproducibility,
donor-specific and gender-specific effects
remain to be determined.

While thispaperpresents someconvincing
evidence for the role of ER in latency regu-
lation, a number of questions remain unan-
swered. For example, is the smaller
inducible reservoir in women a direct con-
sequence of E2 onHIV-1 replication, or is it
due to differences in immune function?
Does the [34_TD$DIFF]androgen receptor (AR) play a
role in latency regulation in men?

Nevertheless, these findings have major
implications for therapeutic latency-revers-
ing strategies in women, where viral emer-
gence from latency is likely to be limited by
exposure to fluctuating E2 levels through-
out the menstrual cycle. The authors con-
tend thatwidely usedERantagonists, such
as tamoxifen (a therapy forhormonerecep-
tor-dependent breast cancer), could be
repurposed for use in combination with
available LRAs in order to address the
latencyproblem.Thepaperelegantlydem-
onstrates how high-quality basic mecha-
nistic studies can identify novel targets for
promising therapeutic advances. Indeed,
these results formthemechanisticbasis for
a preliminary clinical trial using a vorinostat
plus tamoxifen combination inHIV-positive

postmenopausal women, which we await
with anticipation.
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Figure 1. Unbiased shRNA Screen in Latently
Infected Jurkat JD10 Cells. In this screen, the
estrogen receptor was identified as a repressor of
HIV-1 latency. Three sequential rounds of sorting
for GFP+ (HIV-infected) RFP+ (shRNA library) cells
enabled the enrichment of candidate repressors.
Genes were sequenced and clustered into signalling
pathway networks. Reprinted with permission from
Das et al. [5].
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disease outcomes in natural popu-
lationsdiffer fromgeneticallyhomo-
geneous infectionmodels. Here,we
use tuberculosisasa ‘casestudy’ to
contrast the genetic landscape in
natural populations with standard
infection models, discussing new
strategies to bridge this gap.

Mouse Models of Tuberculosis
Much of what we know of protective
immunity to Mycobacterium tuberculosis
(Mtb) was discovered in the mouse
model. The standard mouse model of
tuberculosis (TB) consists of infecting an
inbred line of mouse, often C57BL/6, with
a laboratory-adapted strain of the patho-
gen. Given the lack of genetic or environ-
mental diversity, this interaction produces
a homogeneous product; every animal
becomes infected, mounts a Th1-biased
T cell response, and eventually succumbs
to disease. By deleting individual arms of
immunity, it is clear that protection from
TB in this model requires a robust T cell
response and the production of interferon
g (IFNg) since mice lacking this capacity
are highly susceptible. Similarly, IFNg pro-
duction is an effective clinical diagnostic
for TB, and human patients lacking genes
necessary for this immune axis are highly
susceptible to mycobacterial disease [1].
Thus, mice and humans share a funda-
mental dependence on certain immune
mechanisms for immunity to TB. In fact,
if only Mendelian traits influenced TB sus-
ceptibility, one could view the human and
mouse systems to be highly concordant,
and it would be completely appropriate to
base therapeutic development on the
C57BL/6 model. But how well does this
genetically and phenotypically homoge-
neous system model TB in a naturally
diverse population?

A Short Natural History of TB
The fact that only 5–10% of Mtb-infected
individuals develop disease is often cited
as evidence that the risk of developing TB

differs quantitatively between individuals.
More fundamentally, pathological and
immunological metrics also suggest qual-
itative differences in the underlying biol-
ogy of disease. For example, a rich
literature describes the diverse histopath-
ological manifestations of disease, which
range from the canonical necrotic granu-
loma to suppurative lesions or pneumo-
nia. Similarly, while most individuals
mount a Th1-biased cellular response
when exposed to Mtb, the sensitivity of
IFNg-based diagnostics rarely surpass
80%, and increasing evidence indicates
that this canonical response is not detect-
able in a substantial fraction of exposed
individuals [2]. Together, these observa-
tions support the emerging view that
human immunity to Mtb may be more
diverse than previously appreciated, and
the interaction between Mtb and the
human host in the natural setting produ-
ces a wide spectrum of biologically
diverse disease states.

While environmental factors, such as
nutrition and coinfection, can influence
disease risk, the development of TB is
also influenced by the genetic composi-
tion of the host. Mendelian inheritance of
rare loss-of-function alleles that disrupt
Th1 immunity can produce severe sus-
ceptibility to mycobacterial infections.
However, Mendelian inheritance does
not explain the genetic influence on adult
pulmonary TB, which appears to depend
on a combination of more common
alleles. A variety of association studies
have identified host loci that influence
TB risk [1]. Our understanding of these
allelic variants remains incomplete, but
the genes identified in these cohorts
appear to function in a wider variety of
pathways than those known to be
involved in Medelian immunodeficiencies.
While the establishment of a Th1-biased
immunity remains prominent, regulation
of disease-promoting inflammation, and
alteration of the pathogen’s intracellular
environment, also contribute. The variety

of implicated functions and preferential
association between these variants with
specific disease presentations, such as
extrapulmonary TB, indicate that distinct
biological processes control different
manifestations of TB.

The human genetic variation described
above accounts for only a portion of the
complexity of the interaction between
host and pathogen, as pathogen geno-
type accounts for some of the phenotypic
diversity that remains unexplained by host
genetics. Certainly, Mtb clinical isolates
are phenotypically different, and they dis-
play different degrees of virulence in ani-
mal models [3]. However, these types of
study oversimplify the contribution of
pathogen genotype, which likely depends
on interactions with host variants.
Genome-to-genome analyses of other
infection models often reveal that the
effect of host polymorphisms depends
on pathogen genotype [4]. Similarly, the
long-term coevolution between Mtb and
different human populations in distinct
geographical locations has provided an
opportunity for adaptation to geographi-
cally restricted host populations, which
has been proposed to produce a ‘sym-
patric’ relationship between specific host
and pathogen lineages [5]. While direct
experimental evidence for this hypothesis
is difficult to obtain, existing human
genetic association studies that account
forMtb genotype discovered a differential
association between human polymor-
phism and bacterial lineage [6]. Thus, in
a natural population, the risk of develop-
ing TB, the specific manifestation of dis-
ease, and the underlying pathophysiology
of the infection are influenced by interac-
tions between host and pathogen geno-
type (Figure 1).

If the biology of the infection varies,
should we not expect that the response
to an intervention would be equally vari-
able? Indeed, our experience from TB
control confirms this expectation.
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Diagnostics, vaccines, and antibiotics
perform reliably in the mouse model.
However, in humans, immunodiagnostics
suffer from �20% false-negative rates,
the efficacy of vaccination varies from
80% to zero in different populations,
and even antibiotic therapy fails in up to
10% of patients even in well-controlled
clinical trial settings [2,7]. This experience
argues for more diversemodel systems to
understand how the heterogeneous biol-
ogy of disease impacts our interventions.

Modeling Complexity
Clearly, the biological diversity of natural
populations is not adequately modeled in
a genetically homogeneous animal
model. One solution to this problem has
been the use of alternative species, such
as guinea pigs, rabbits, and nonhuman
primates. All of these systems have
advantages and are reasonably used to
reproduce disease states not found in the
standard mouse model. However, while
these pathologies can be modeled they
remain difficult to mechanistically charac-
terize due to the relative intractability of
these systems. Furthermore, the
increased expense of these systems gen-
erally precludes the interrogation of

different Mtb genotypes. A possible solu-
tion would be the introduction of con-
trolled genetic diversity into the more
tractable mouse model. Historically, this
has been achieved through the use of
classic substrains; however, these strains
were not generated for diversity, and
most are highly related. To overcome this
lack of diversity, the mouse genetics field
has invested in new model populations
that have recently become available.
The Collaborative Cross (CC) and Diver-
sity Outbred (DO) panels are derived from
the same eight parental mouse strains,
which include wild-derived animals that
were chosen for their genetic diversity.
The DOs are randomized outbred animals
whose small recombination intervals
make them ideal for high resolution for
genetic mapping [8]. The CC represent
>100 recombinant inbred lines and rep-
resent homozygous mosaics of the eight
parent genomes. Unlike outbred popula-
tions, the structure of the CC allows the
serial evaluation of genetically identical
individuals and quantification of geno-
type-specific effects of interventions.
The DO and CC populations are begin-
ning to be explored as infectious disease
models, and have been found to

recapitulate many of extreme disease
traits previously undetected in traditional
mouse models for a variety of pathogens
and immune traits [9]. Similarly, the sus-
ceptibility to TB in the DO panel varies
dramatically and produces immunological
variation correlating with lung damage
and increased inflammation in human
TB patients [10]. These diverse traits
are recapitulated in the reproducible CC
panel, allowingmore in-depth studies that
verify that immune responses differ in
these animals, and these immune biases
correlate with vaccine efficacy [11].
Together these resources represent a
new strategy to introduce known and
controlled genetic variation into our most
tractable mammalian model of infectious
disease.

Concluding Remarks and Future
Perspectives
The goal of TB research is more effective
interventions, and understanding the
mechanisms by which genetic variation
alters disease progression and treatment
efficacy could play a key role in this pro-
cess. In the future, additional nongenetic
sources of variation, such as the micro-
biome composition that has strong
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immunomodulatory effects [12], need to
be accounted for in these models. While it
is unlikely that this information can be
used to ‘personalize’ treatment in the
global health context, understanding
why treatments fail in some individuals
could still have a transformative effect,
both in designing more powerful clinical
trials and ultimately introducing an inter-
vention, or combination of interventions,
that is robust to genetic variation.
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