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Current challenges for 
antiretroviral therapy
Those HIV-infected individuals who are 
able to access, tolerate, and adhere to com-
bination antiretroviral therapy (ART) can 
expect to have a near-normal life span, 
particularly if ART is initiated during acute 
infection, before the virus causes significant 
damage to the immune system. Despite 
the success of ART, there are two well- 
recognized limitations of current strategies. 
First, due to resource limitations and/or 
treatment toxicities, many of the 37 million 
HIV-infected individuals worldwide are 
unable to remain on therapy indefinitely. 
Second, the vast majority of individuals 
who start therapy do so during more advance 
stages of the disease, after extensive damage 
to the immune system has already occurred. 
Chronic immune dysfunction during ART 
has been associated with the development 
of a number of non-AIDS-related compli-
cations, including cardiovascular disease 
and cancer. As lifetime treatment poses a 
variety of challenges, there is intense inter-
est in developing therapeutic interventions 
that result in sustained control of the virus in 
the absence of therapy (a remission or cure; 
ref. 1). There is also great interest in thera-

pies that reverse the chronic inflammation 
that appears to be central to development 
of immune dysfunction and non-AIDS mor-
bidity. Therapies that address both of these 
recognized limitations would be particularly 
exciting advances.

Type I IFN — beneficial or 
detrimental?
Long-term treatment of HIV infection 
results in a state of chronic inflammation. 
Multiple factors contribute to this inflam-
matory state, including HIV production, 
irreversible loss of mucosal integrity and 
exposure to microbes, and an excess bur-
den of other chronic pathogens, particu-
larly CMV. Central to each of these inflam-
mation-inducing pathways is the sustained 
upregulation of type I interferons (IFNs), 
which in turn triggers the transcription of a 
multitude of IFN-stimulated genes (ISGs) 
that regulate the function of T cells and 
other components of the immune system. 
During acute infection, the type I IFN sig-
naling is clearly beneficial. Indeed, exper-
imental inhibition of type I IFN during 
acute SIV infection causes poor virus con-
trol, accelerated loss of immune function, 
and death (2). During chronic infection, 

the impact of IFN signaling is less clear. 
Although chronic IFN signaling likely con-
tributes to virus control, the reshaping of 
the adaptive immune system can be harm-
ful. During chronic HIV infection, higher 
levels of type I IFN signaling are correlated 
with immune activation (3, 4), poor treat-
ment-related immune reconstitution (5–
7), and disease progression (8, 9). Chronic 
ISG signaling is also a consistent signature 
of blunted CD4+ T cell homeostasis during 
ART (6, 7, 10–12). Multiple mechanisms 
likely underlie these negative effects, 
including increased T cell apoptosis (12), 
activation-induced cell death (5, 13), blunt-
ed thymopoiesis (14), and increased pro-
duction of a number of immunosuppres-
sive pathways, including those mediated 
by indoleamine (2,3)-dioxygenase, IL-10, 
TGF-β, and PD-1.

This so-called “IFN paradox” has been 
beautifully illustrated in the lymphocytic 
choriomeningitis virus murine mouse mod-
el (15), in which inhibition of type I IFN pre-
vents virus clearance during acute infection 
but accelerates long-term control during 
chronic infection. In this model, long-term 
viral control is mediated by decreased 
immune activation, decreased PD-1/PD-L1 
activity, restored lymphoid architecture, 
and improved CD4+ T cell function (16, 17).

Two articles in this issue highlight the 
dual consequences of type I IFN signaling 
on HIV pathogenesis (18, 19). Both studies 
have taken advantage of a well-validated 
mouse model, in which explanted human 
bone marrow, fetal liver, and thymic tissue 
are cotransplanted into immunocompro-
mised mice, leading to reconstitution of a 
humanized immune system. As the CD4+ 
T cells are human derived, it is possible to 
infect these mice with HIV and then treat 
them with ART. Both groups demonstrated 
that HIV infection results in upregulation 
of ISGs, high levels of T cell activation, and 
high levels of T cell dysfunction. Moreover, 
these effects persisted even during ART; 
therefore, this model recapitulates many of 
the major attributes of HIV pathogenesis.
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While antiretroviral therapy (ART) has improved the quality of life and 
increased the life span of many HIV-infected individuals, this therapeutic 
strategy has several limitations, including a lack of efficacy in fully restoring 
immune function and a requirement for life-long treatment. Two studies in 
this issue of the JCI use a humanized mouse model and demonstrate that type 
I interferon (IFN) is induced early during HIV infection and that type I IFN–
associated gene signatures persist, even during ART. Importantly, blockade of 
type I IFN improved immune function, reduced the HIV reservoir, and caused 
a delay in viral rebound after ART interruption. Together, these two studies 
support further evaluation of IFN blockade as a supplement to ART.
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Concluding remarks
Chronic type I IFN signaling is central to the 
pathogenesis of a number of other diseases, 
including systemic lupus erythematosus, 
rheumatoid arthritis, and perhaps cancer. 
This has led to the development of several 
clinical interventions that include the use 
of antibodies to block IFNs and their down-
stream target genes to treat these autoim-
mune diseases (22). Emerging phase II/III 
clinical trial data suggest that these path-
ways can be inhibited therapeutically in an 
effective and safe manner (23, 24). Should 
these agents continue to show a favorable 
safety profile, we believe that efforts should 
be made to move these interventions into 
the HIV cure arena. Based on the work by 
Cheng et al. (19) and Zhen et al. (18), one 
might predict that administration of an anti-
body that blocks the type I IFN signaling 
in ART-suppressed HIV disease might (a) 
improve immunity by decreasing immune 
hyperactivation, decreasing expression of 
PD-1 and other negative regulators, and 
enhancing CD8+ T cell functionality; (b) 
curb non-AIDS morbidities associated with 
chronic inflammation; and (c) decrease the 
size and/or stability of the HIV reservoir. 
Collectively, these effects would lead to 
accelerated clearance of virus-producing 
cells during ART. The timing and duration 
of administration of IFN blockade will be 
critical in moving this approach forward 
in the clinic, as the level of viral suppres-
sion induced by ART, the degree of CD4+ 
T cell recovery, and the severity of CD8+ 
T cell exhaustion will be critical cofactors. 
Combination strategies to further enhance 
CD8+ T cell functionality or improve T 
cell migration into HIV “sanctuaries” may 
synergize to provide an even more robust 
“cure” strategy. Ultimately, this approach 
has the potential to improve control of HIV 
in the absence of ART and further the goal 
of developing a cure for HIV.
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IFN blockade during chronic HIV
Zhen et al. and Cheng et al. demonstrated 
that blockade of the IFN receptor during 
the chronic phase of infection reduces the 
levels of T cell activation, reduces expres-
sion of the inhibitory receptors PD-1 and 
TIM-3, and improves cytokine production 
by CD8+ T cells (18, 19). Interestingly, IFN 
blockade during chronic infection also 
resulted in lower levels of HIV replication, 
presumably due to improved CD8+ T cell 
function and/or reduced frequencies of 
activated CD4+ T cells, which are the pre-
ferred target cell for spreading HIV.

Perhaps the most fascinating obser-
vations from these studies are that type I 
IFN blockade during ART administration 
markedly reduced the frequency of cells 
harboring replication-competent HIV, the 
so-called “reservoir” (18, 19), and caused 
a delayed rebound of viremia after ART 
was discontinued (19). The mechanism(s) 
that underlie these effects, however, are 
not clear from these mouse studies. Based 
in part on a series of observations that 
have been made in humans by our group 
and others, we propose that the beneficial 
effect of IFN blockade on the reservoir 
could be due to at least three mechanisms 
(20, 21). First, as CD4+ T cell activation 
drives virus production and propaga-
tion of infection, it may be that reduced 
T cell activation following IFN receptor 
blockade decreases the pool of cells that 
are actively producing virus and/or that 
are susceptible to infection, leading to 
reduced virus spread. Second, as CD4+ T 
cell proliferation (both antigen driven and 
homeostatic) and long-term survival both 
contribute to HIV reservoir persistence, it 
is reasonable to postulate that IFN block-
ade–mediated alterations in these path-
ways would lead to gradual depletion of 
the reservoir over time. Finally, and we 
believe most importantly, IFN blockade–
mediated improvements in CD8+ T cell 
function would be expected to result in 
accelerated clearance of virus-producing 
cells during ART and improved control 
after ART interruption. Concurrent with 
this, temporary increases in viral load 
(viral load blipping) following IFN block-
ade suggest a release of pathways that 
actively suppress low-level replication 
and/or latency, which, in conjunction with 
improved CD8+ T cell function, may lead 
to a successful “shock-and-kill” approach.
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