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Abstract

Background: Following mucosal human immunodeficiency virus type 1 (HIV-1) transmission, type 1 interferons
(IFNs) are rapidly induced at sites of initial virus replication in the mucosa and draining lymph nodes. However, the
role played by IFN-stimulated antiviral activity in restricting HIV-1 replication during the initial stages of infection is
not clear. We hypothesized that if type 1 IFNs exert selective pressure on HIV-1 replication in the earliest stages of
infection, the founder viruses that succeed in establishing systemic infection would be more IFN-resistant than viruses
replicating during chronic infection, when type 1 IFNs are produced at much lower levels. To address this hypothesis,
the relative resistance of virus isolates derived from HIV-1-infected individuals during acute and chronic infection to
control by type 1 IFNs was analysed.

Results: The replication of plasma virus isolates generated from subjects acutely infected with HIV-1 and molecularly
cloned founder HIV-1 strains could be reduced but not fully suppressed by type 1 IFNs in vitro. The mean IC50 value for
IFNα2 (22 U/ml) was lower than that for IFNβ (346 U/ml), although at maximally-inhibitory concentrations both IFN subtypes
inhibited virus replication to similar extents. Individual virus isolates exhibited differential susceptibility to inhibition by IFNα2
and IFNβ, likely reflecting variation in resistance to differentially up-regulated IFN-stimulated genes. Virus isolates
from subjects acutely infected with HIV-1 were significantly more resistant to in vitro control by IFNα than virus
isolates generated from the same individuals during chronic, asymptomatic infection. Viral IFN resistance declined
rapidly after the acute phase of infection: in five subjects, viruses derived from six-month consensus molecular clones
were significantly more sensitive to the antiviral effects of IFNs than the corresponding founder viruses.

Conclusions: The establishment of systemic HIV-1 infection by relatively IFNα-resistant founder viruses lends strong
support to the hypothesis that IFNα plays an important role in the control of HIV-1 replication during the earliest stages
of infection, prior to systemic viral spread. These findings suggest that it may be possible to harness the antiviral activity
of type 1 IFNs in prophylactic and potentially also therapeutic strategies to combat HIV-1 infection.
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Background
Events in the acute phase of human immunodeficiency
virus type 1 (HIV-1) infection play a critical role in de-
termining the subsequent disease course, and are there-
fore important to characterise in order to facilitate the
rational development of strategies for HIV prophylaxis
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or therapy. Initial HIV-immune system interactions at
mucosal exposure sites dictate whether the transmitted
virus is eliminated or undergoes sufficient local expan-
sion to enable dissemination to local lymphoid tissues
[1]. The observations that a high number of exposures
are typically required for heterosexual HIV transmission
and that disseminated infection is frequently initiated by
a single founder virus [2,3] suggest that rapidly-activated
local responses may extinguish the initial foci of replica-
tion established by the majority of virions before wide-
spread dissemination occurs. If infection does spread,
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systemic immune responses impact the magnitude of
the acute viremic burst and associated CD4 T cell de-
struction, and influence the subsequent efficiency of
control of viremia [4]. Adaptive responses start to be
induced as widespread HIV replication occurs and are
known to contribute to containment of the acute
viremic burst and influence the persisting viral load
established thereafter [4]. By contrast innate responses,
which are activated much more rapidly, have the cap-
acity to impact viral replication from the earliest stages
of infection and may have an even greater effect on the
outcome of infection [5]. However the contribution of
innate responses to early control of HIV replication is
much less well understood.
Type 1 interferons (IFNs) are a family of innate cyto-

kines that includes IFNβ and 13 subtypes of IFNα in
humans. They are constitutively produced at very low
levels, but can be rapidly up-regulated in response to
pathogen exposure or infection and play important ef-
fector and immunoregulatory roles in the early host
immune response. Type 1 IFNs mediate their activity
by binding to the IFNα/β receptor, which is expressed
on all nucleated cells. This, in turn, induces the up-
regulation of interferon-stimulated genes (ISGs) [6].
There are hundreds of IFN-responsive genes, the func-
tions of many of which remain to be elucidated, whilst
others are known to exert direct antiviral activity or
regulate the activation state, functions, proliferation or
survival of host cells [7]. Type 1 IFNs are therefore
highly pleiotropic innate cytokines that can contribute
to viral containment by both direct and indirect mech-
anisms [8]. Their importance in early viral control is
indicated by the plethora of strategies that viruses have
evolved to impair the production or activity of type 1
IFNs [9-11] and has been demonstrated experimentally
using IFN-blocking antibodies and IFNα/β receptor-
deficient mice [12,13]. However, chronic production of
type 1 IFNs during persistent viral infections can have det-
rimental effects, driving hyperimmune activation and
impairing control of ongoing viral replication [14,15].
Up-regulation of type 1 IFN production is one of the

earliest innate responses observed in HIV-1 infection.
The innate responses activated at mucosal sites of HIV
exposure are difficult to analyse in humans, but studies
performed in macaques infected intravaginally with sim-
ian immunodeficiency virus (SIV) suggest that plasmacy-
toid dendritic cells (pDCs) can be recruited to mucosal
sites and become activated to produce high levels of
IFNα and β within 24 hours of virus exposure [16]. Sub-
sequent SIV spread to lymphoid tissues is likewise ac-
companied by up-regulation of IFNα and β production
at these sites [17]. In humans, systemic virus dissemin-
ation is also associated with rapid type 1 IFN produc-
tion: as plasma virus titres increase during acute HIV
infection there is a transient elevation in circulating
levels of IFNα that peaks prior to the peak in viremia
[18]. The concomitant drop in circulating pDC numbers
[19], reflecting pDC activation and recruitment into
lymphoid tissues [20], suggests that pDCs probably con-
stitute the major cellular source of type 1 IFN in tissues
and plasma.
Type 1 IFNs are known to mediate control of HIV rep-

lication in both CD4 T cells and macrophages in vitro
[21,22]. They act to inhibit HIV replication at multiple
stages in the viral lifecycle [23,24], suggesting that an array
of ISGs acting via different mechanisms is involved in me-
diating antiviral activity against HIV. Consistent with this,
multiple ISGs that restrict HIV-1 replication by diverse
mechanisms have been identified, including apolipopro-
tein B mRNA-editing, enzyme-catalytic, polypeptide-like
(APOBEC)3G/3F [25-27], tripartite motif-containing pro-
tein (TRIM) 5α [28,29], tetherin [30,31], schlafen 11 [32]
and more broadly-acting antiviral ISGs such as protein
kinase R (PKR) [33,34], interferon-induced transmem-
brane (IFITM) proteins [35,36], and ISG15 [37].
The potential for type 1 IFNs to restrict HIV replica-

tion is indicated by the fact that HIV has evolved strat-
egies for limiting type 1 IFN induction during infection
and for counteracting the activities of ISGs. Most cells
express cytosolic nucleic acid receptors that detect viral
DNA or RNA that, if the cell becomes infected, trigger
interferon-responsive factor (IRF)3 activation, which up-
regulates type 1 IFN production. Notably, HIV infection
of T cells and macrophages does not elicit type 1 IFN
production by these cells [38,39]. Several complementary
mechanisms may account for this: the host exonuclease
three prime repair exonuclease 1 (TREX1) degrades HIV
DNA, avoiding HIV detection by cytosolic DNA sensors
[40]; the HIV protease targets the cytosolic RNA recep-
tor retinoic acid-inducible gene 1 (RIG-1), which is cap-
able of sensing HIV-1 RNA, to lysosomes where it is
degraded [41]; and Vpu impairs triggering of NFκB acti-
vation via cytosolic RNA and DNA receptors [42-44].
Although these mechanisms limit type 1 IFN production
by infected cells, high levels of type 1 IFN production
still occur after HIV-1 infection in vivo. This is because
specialised cells such as pDCs that can produce type 1
IFNs following exposure to virus without themselves be-
coming infected are triggered to produce high levels of
type 1 IFNs by HIV or HIV-infected cells [45,46]: pDCs
likely constitute a major source of type 1 IFN production
during acute HIV-1 infection. HIV-1 has also evolved
multiple mechanisms for evading control by antiviral
ISGs, for example Vif antagonises APOBEC3G/F activity
[25,47], the HIV-1 capsid gives the virus a low sensitivity
to human TRIM5α [28,29], Vpu counteracts the effects of
tetherin [30,31,48-50] and binding of Tat to the HIV-1
transactivation response (TAR) element inhibits the
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intrinsic ability of TAR to stimulate activation of PKR
and 2’,5’-oligoadenylate synthase (2’,5’-OAS) [33,51,52].
Although these IFN evasion strategies implicate type 1

IFN-mediated antiviral activity as a major selective force
during HIV-1 evolution, the importance of type 1 IFN-
mediated antiviral activity in in vivo control of the virus
remains unclear. Administration of IFNα to individuals
chronically infected with HIV has been associated with
some improvement in viral control [53-58], although the
effects were generally modest, and the roles of direct
IFN-mediated antiviral activity versus IFN-induced en-
hancement of HIV control via stimulation of other immune
responses have not been dissected. Most importantly, the
contribution of type 1 IFNs to HIV-1 control in the earliest
stages of infection has not been addressed. Mucosal admin-
istration of toll-like receptor (TLR) agonists prior to intra-
vaginal or intrarectal SIV challenge in macaques did not
result in a significant decrease in (and in one study in fact
enhanced) early virus replication [59,60]; however these
studies are difficult to interpret as TLR ligands do not solely
up-regulate type 1 IFNs, but also have other activities in-
cluding induction of proinflammatory cytokines.
We previously demonstrated that HIV-1-specific CD8

T cell and neutralizing antibody responses can exert bio-
logically significant pressure on in vivo viral replication
by demonstrating rapid emergence of viruses with en-
hanced resistance to control by these adaptive responses
in infected individuals [61,62]. Here, we used a similar
approach to determine whether type 1 IFNs exert select-
ive pressure on HIV-1 replication during the initial
stages of infection. We hypothesised that if the direct
antiviral activity of type 1 IFNs plays a significant role in
control of HIV-1 replication during the establishment of
infection, viruses with a relatively high sensitivity to
IFN-mediated antiviral activity would have a reduced
capacity to establish a productive infection. In contrast,
the founder viruses that succeeded in undergoing ampli-
fication in the presence of high levels of type 1 IFN
would tend to be relatively resistant to IFN-mediated
antiviral activity; and would be expected to be more
IFN-resistant than viruses present during chronic infec-
tion, when type 1 IFNs are produced at much lower
levels and ongoing virus replication is not subject to
similarly-strong IFN-mediated pressure. To test this hy-
pothesis, we established an in vitro assay for assessing
the sensitivity of HIV-1 isolates to control by type 1
IFN-mediated antiviral activity, and used this to compare
the relative IFN-sensitivity of viruses isolated from HIV-
1-infected individuals at different stages of infection.
Virus isolates from acutely-infected patients were found
to be significantly more resistant to in vitro control by
IFNα than virus isolates generated from the same pa-
tients during chronic, asymptomatic infection, support-
ing an important role for type 1 IFN-mediated antiviral
activity in control of HIV-1 replication during the estab-
lishment of infection.

Results and discussion
Establishment of an experimental system for evaluation
of HIV-1 sensitivity to the antiviral activity of type 1 IFNs
To quantitate the relative sensitivity of different HIV-1
isolates to type 1 IFN-mediated antiviral activity, we
established an in vitro assay to evaluate the extent to
which virus replication in activated CD4+ cells derived
from the peripheral blood of HIV-seronegative donors
(chosen to mimic the cellular substrate in which the ma-
jority of productive virus replication occurs in vivo) was
reduced by exposure of the cells to a range of concentra-
tions of exogenously-added recombinant IFNα2 or IFNβ.
Activated, CD8-depleted peripheral blood mononuclear
cells (PBMCs) (a mixture of cells from 3 different do-
nors, to reduce inter-assay variability) were pre-treated
with IFN for 4 hours (to allow up-regulation of ISG ex-
pression), infected with HIV-1 at a low multiplicity of in-
fection (moi) (0.001 50% tissue culture infectious doses
(TCID)50/cell), then viral replication was assessed 7 days
later by measurement of supernatant p24 levels. The day
7 time-point was chosen because in pilot experiments
addressing the kinetics of growth of a panel of primary
HIV-1 isolates, supernatant p24 levels reached maximal
levels between 7 and 10 days post-infection. Addition of
blocking antibodies to IFNα and β to the culture medium
of non-IFN-treated cells did not alter viral replication, in-
dicating that HIV-1 was not eliciting significant levels of
type 1 IFN production from infected cells (data not
shown). However, exogenously-added IFNα and IFNβ
inhibited viral replication in a dose-dependent fashion
(Figure 1A and B). Replicate assays performed with the
same virus using mixed cells derived from different groups
of donors gave very similar results (Figure 1B).
Comparison of the inhibition of HIV replication ob-

served when cells were treated with IFN for 4 hours
prior to infection only, to that observed when cells were
pre-treated with IFN and IFN was also included in the
culture medium throughout the 7-day viral replication
period, showed that IFNα needed to be present through-
out the course of infection to mediate its full inhibitory
effects. By contrast, pre-treatment of cells with IFNβ
was sufficient to induce near-maximal inhibition of virus
replication (Figure 1A). IFNβ is known to bind with
higher affinity to both the IFNAR2 and IFNAR1 chains
of the IFNα/β receptor than IFNα subtypes including
IFNα2 [63,64], which likely explains why IFNα needed
to be present throughout the assay. In subsequent exper-
iments, IFNα and IFNβ were thus included throughout
the entire course of the assay to enable viral sensitivity
to the full antiviral activity of each cytokine to be
evaluated.
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Figure 1 In vitro analysis of the inhibition of HIV-1 replication by IFNα and IFNβ. (A) Comparison of the inhibition of HIV (W6BC) replication
when cells were treated with IFNα or IFNβ for 4 hours prior to infection (open bars) or were treated with IFNα or IFNβ both prior to infection and
throughout the subsequent viral replication period (filled bars). Viral replication was assessed by measurement of supernatant p24 levels on day 7
post-infection. The results shown are the mean p24 values from 5 replicate wells treated with the indicated concentrations of IFN, expressed as a % of
p24 values from cells that were not IFN-treated. Error bars represent 1 standard deviation above the mean. (B) Example of data from assays performed
to assess the inhibition of a representative primary HIV-1 isolate (generated from plasma cryopreserved during acute infection from subject MM38) by
IFNα and IFNβ. Inhibition of virus replication by each IFN subtype was assessed in two independent assays using mixed PBMCs derived from different
groups of donors (black and grey bars). The results shown are the mean p24 values from 4 replicate wells treated with the indicated concentrations of
IFN, expressed as a % of p24 values from cells that were not IFN-treated. Error bars represent 1 standard deviation above the mean. (C) Calculation of
Vres and IC50 values from a representative IFN inhibition assay (the first IFNβ assay performed on the acute time-point virus isolate from subject
MM38 in B). The level of viral replication in the presence of IFNβ (mean supernatant p24 concentration, expressed as a percentage of the
mean p24 concentration in the absence of IFN) is plotted against the IFNβ concentration and a curve fitted to the data by non-linear regression
using a least squares method. The Vres value (level of virus replication observed in the presence of maximally-suppressive IFN concentrations) is
indicated by the dotted line. The IC50 value (IFN concentration required to produce half-maximal inhibition of viral replication i.e. midway
between 100% replication and Vres) is read off from the inhibition curve as indicated by the dashed line.
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Use of IFNα and β at a range of concentrations up to
5000 U/ml was found to be sufficient to achieve max-
imal suppression (indicated by a plateau in inhibitory ac-
tivity) of most viruses, although the extent to which
HIV-1 replication was suppressed at maximally-inhibitory
IFN concentrations differed for different strains, as illus-
trated by the examples in Figures 1A and B. The level of
viral replication at maximal IFNα and β concentrations
(expressed as a percentage of viral replication in the ab-
sence of IFN) was termed Vres (Viral resistance to inhib-
ition by maximal IFN concentrations). Higher Vres values
reflect a higher level of resistance to IFN-mediated anti-
viral activity. The concentration of IFNα and β required to
achieve 50% of the inhibition of virus replication observed
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at maximal IFN concentrations (IC50) could also be calcu-
lated for each virus (Figure 1C).

Analysis of the sensitivity of virus isolates from patients
acutely-infected with HIV to in vitro control by IFNα and
IFNβ
Virus isolates were generated from 11 patients present-
ing with symptomatic primary HIV-1 infection, all of
whom were infected with clade B viruses (patients
MM23, MM24, MM25, MM26, MM27, MM28, MM33,
MM34, MM38, MM39 and CH077, Table 1), by co-
culture of plasma cryopreserved during acute infection
with activated CD4+ cells derived from the peripheral
blood of HIV-seronegative donors. The primary virus
isolates were expanded by further growth in activated
Table 1 Patients from whom virus isolates and/or infectious m

Patient ID Transmission risk group1 Clade2 Setpoint VL

CH040 MSM B 13,224

CH058 MSM B 260

CH077 MSM B 3,631

CH162 HSX C 114,815

CH164 HSX C 575,440

CH185 HSX C 40,738

CH236 HSX C 134,896

CH264 HSX C 74,131

CH470 MSM B 23,442

CH850 HSX C 15,488

MM23 MSM B 82,958

MM24 MSM B 128,021

MM25 MSM B 72,600

MM26 MSM B 34,493

MM27 MSM B 48,360

MM28 MSM B 12,322

MM33 MSM B 73,958

MM34 MSM B 8,522

MM38 MSM B ND

MM39 MSM B 8,546

SUMA MSM B 17,245
1Transmission risk group: MSM =men who have sex with men; HSX = heterosexual.
2Clade of infecting virus: all clade B virus infected patients were recruited from clini
from clinical sites in Africa.
3Setpoint persisting viral load established, calculated as described by Fellay et al. [6
4Time-points during infection when plasma from which virus isolates were subsequ
symptoms of the acute retroviral syndrome (DFOSx); or 5for those patients where th
stage I/II of acute infection [66].
6HIV-1 IMCs generated: founder = IMC corresponding to the deduced sequence
corresponding to the 6-month consensus virus sequence.
7SGA and viral sequence analysis reported in [67]; construction of the founder IMC
8SGA, viral sequence analysis and construction of the founder IMC described in [70
9SGA and viral sequence analysis, unpublished data of G.M. Shaw and B.H. Hahn; fo
and J.C. Kappes.
10SGA, viral sequence analysis and construction of the founder IMC described in [70
J.C. Kappes.
CD4+ T cells, and the infectious titres of the resulting
stocks were determined by TCID50 assay. Viruses were
subjected to a minimum number of in vitro passages to
ensure that the isolates generated were as representative
as possible of the in vivo plasma virus.
The sensitivity of each virus isolate to in vitro control

by IFNα and IFNβ was determined using the method de-
scribed above: the IC50 and Vres values for the 11 vi-
ruses tested are shown in Figure 2A and B, respectively.
The replication of all virus isolates could be inhibited to
some extent by type 1 IFNs, but virus isolates from dif-
ferent patients exhibited differences in their IC50 and
Vres values. Although there was overlap in the IC50

values for IFNα and IFNβ of this group of viruses, the
mean IC50 value for IFNα (27 U/ml) was significantly
olecular clones were generated

(copies/ml)3 Virus isolation time-points
(DFOSx)4

IMCs generated6

None Founder7

285 Founder, 6-month7

215, 5925 Founder, 6-month7

None Founder8

None Founder8

None Founder8

None Founder, 6-month9

None Founder9

335 Founder, 6-month10

None Founder, 6-month9

14, 204, 631, 1535 None

16, 1322 None

10 None

69 None

28, 1516 None

6, 1995 None

12, 1912 None

25, 2227 None

29 None

11, 1206 None

None Founder7

cal sites in the UK or USA, whilst clade C virus infected patients were recruited

5].
ently derived was cryopreserved, expressed as days following onset of
e time of onset of symptoms was not known, expressed as days post Fiebig

of the founder virus that established systemic infection; 6-month = IMC

described in [68]; construction of the 6-month IMC described in [69].
].
under and 6-month IMC construction, unpublished data of C. Ochsenbauer

]; 6-month IMC construction, unpublished data of C. Ochsenbauer and



Figure 2 Resistance of plasma virus isolates generated from subjects acutely infected with HIV-1 to in vitro control by IFN-α and IFN-β.
(A) IFNα (filled circles) and IFNβ (open triangles) IC50 values of virus isolates generated from different subjects during acute HIV infection; and
(B) IFNα (filled circles) and IFNβ (open triangles) Vres values of these virus isolates. Each datapoint represents the mean (of results obtained in a
minimum of 2 independent IFN inhibition assays) IC50 or Vres value calculated for a given virus isolate. The horizontal lines show the group mean
IC50 or Vres values, plus and minus one standard error. (C) Inhibition of the replication of individual HIV-1 isolates at different IFN concentrations.
The level of replication of each virus isolate in the presence of different concentrations of IFNα or IFNβ (mean supernatant p24 concentration,
expressed as a percentage of the mean p24 concentration in the absence of IFN) was evaluated in a minimum of two independent assays, the
mean of results from which is plotted against the IFN concentration, expressed on a linear scale to illustrate viral replication in the presence of
high IFN concentrations. Clusters of virus isolates that exhibit shared patterns of relative resistance to control by IFNα and IFNβ are indicated by
the bold solid, long-dashed and short-dashed lines.
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lower than that for IFNβ (259 U/ml) (p = 0.0008, Mann–
Whitney test), indicating that IFNα is capable of inhibit-
ing HIV-1 replication at lower concentrations than IFNβ.
However the range of Vres values observed for IFNα
and IFNβ was very similar (13 - 72% for IFNα and 7 -
61% for IFNβ), showing that at high concentrations,
IFNα and IFNβ are capable of suppressing virus replica-
tion to similar extents. During acute HIV-1 infection cir-
culating levels of IFNα can reach several hundred U/ml
[18,71], and it is likely that local concentrations of type 1
IFNs in tissues (where IFNβ exerts the majority of its ac-
tivity) are higher still. This suggests that type 1 IFNs are
up-regulated to levels sufficient to induce maximal
suppression of HIV replication during acute infection.
Nonetheless, it is likely that type 1 IFN concentrations
rapidly become limiting during acute infection, as
high-level type 1 IFN production occurs only transi-
ently [18,71]. Thus, effective IFN-mediated control of
HIV-1 replication may only be short-lived.
Interestingly, although viral Vres values for IFNα

followed a Gaussian distribution, two clusters of viruses
with relatively high and very low Vres values could be
distinguished for IFNβ, indicating that there are a subset
of viruses whose replication can be almost completely
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suppressed by IFNβ, although they are not controlled
equally well by IFNα. Although IFNβ and IFNα subtypes
bind to a common receptor, they signal differential pat-
terns of ISG induction [7], which is thought to be due at
least in part to differences in their receptor binding
properties [63]. The group of highly IFNβ-sensitive vi-
ruses may be susceptible to control by one or more anti-
viral genes that is preferentially up-regulated by IFNβ
compared to IFNα2. Likewise, as illustrated in Figure 2C,
virus isolates sharing common patterns of resistance/
sensitivity to IFNα versus IFNβ could be identified, likely
reflecting a shared ability/lack of ability to resist control
by differentially up-regulated antiviral ISGs.

Investigation of the relationship between the IFN-sensitivity
of acute virus isolates and the setpoint persisting viral load
established in early infection
We reasoned that if type 1 IFN-mediated antiviral activ-
ity constitutes a major determinant of the magnitude of
the acute burst of viral replication in primary HIV-1 in-
fection and/or the efficiency of subsequent viral control,
better HIV control and establishment of a lower viral
setpoint may be observed in those patients in whom in-
fection was established by more IFN-sensitive viruses.
Ten of the 11 patients from whom virus isolates were
generated during acute HIV-1 infection declined early
antiretroviral therapy (ART), thus enabling calculation of
their setpoint viral loads. As shown in Figure 3, there
was no significant relationship between the Vres or IC50

values for either IFNα or IFNβ of the virus isolates gen-
erated from these subjects in acute infection and the set-
point viral loads they went on to establish. However, this
analysis was limited by the relatively low number of sub-
jects studied and the fact that the majority established
Figure 3 Relationship between the IFN resistance of acute time-point
the subjects from which they were derived. (A) IC50 values; and (B) Vre
during acute HIV infection are plotted against the setpoint persisting viral l
absence of ART. Solid circles denote IC50 and Vres data for IFN-α and open
mean of results from a minimum of 2 independent IFNα or IFNβ assays pe
moderate-high persisting viral loads, which is commonly
observed in patients recruited on the basis of clinical
presentation with symptomatic primary HIV-1 infection.
Setpoint viremia is known to be determined by a com-
bination of host and viral factors, including host genes
in the chemokine receptor cluster (that affect viral entry)
[72-76] and major histocompatibility region (that act at
least in part by determining the efficiency of CD8+ T
cell-mediated control of HIV replication) [65,73,77] and
the replicative fitness of the infecting virus [78-80].
Given the multiplicity of factors involved in determining
the viral setpoint, detection of any effects of viral IFN-
resistance on setpoint viremia would likely require ana-
lysis of a much larger number of subjects. The results in
Figure 3 therefore do not preclude a possible role for
type 1 IFNs in restricting the magnitude of the acute
viral burst and reducing the setpoint persisting viral
load.

Comparison of the in vitro IFN sensitivity of viruses
isolated from patients acutely-infected with HIV and virus
isolates generated from the same individuals during
chronic infection
To examine whether HIV-1 IFN resistance declines after
the acute phase of infection as replication proceeds in
the presence of low levels of on-going type 1 IFN pro-
duction, the IFN-resistance of viruses derived at a time-
point during chronic, asymptomatic infection from 8
non-ART-treated HIV-infected individuals (patients CH077,
MM23, MM24, MM27, MM28, MM33, MM34 and MM39,
Table 1) was compared to that of matched virus isolates
generated from the same subjects during acute infection. As
shown in Figure 4A, the IFNα Vres values of acute-infection
virus isolates were significantly higher than those of the virus
virus isolates and the setpoint persisting viral load established in
s values of plasma virus isolates generated from different subjects
oad subsequently established in the individual concerned in the
triangles denote IC50 and Vres data for IFN-β. The data shown are the
rformed with each virus using different donor PBMC mixes.



Figure 4 Comparison of the type 1 IFN resistance of virus isolates generated from HIV-infected individuals during acute and chronic,
asymptomatic infection. (A) IFNα (left panels) and IFNβ (right panels) Vres (upper half of figure) and IC50 (lower half of figure) values of pairs of
virus isolates generated from the same subjects at time-points in acute infection and chronic asymptomatic infection (after 2–7 years of chronic,
untreated infection). (B) IFNα (filled circles) and IFNβ (open triangles) Vres values of virus isolates generated from subject MM23 in acute infection
and at the indicated time-points during chronic, untreated infection. The data shown in (A) and (B) are the mean of results from a minimum of 2
independent IFNα or IFNβ assays performed with each virus isolate using different donor PBMC mixes.
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isolates generated from plasma cryopreserved from the
same subjects after 2–7 years of chronic, untreated in-
fection (p = 0.024, paired t-test). In patients infected
with viruses that were relatively resistant to control by
IFNβ, the IFNβ Vres values of the viruses isolated from
plasma during chronic infection were also lower than
those of the matched virus isolated during acute infection,
although as the virus isolates generated from some sub-
jects during acute infection were very sensitive to control
by IFNβ, the IFNβ Vres values of the acute and chronic
time-point-derived virus isolates did not differ signifi-
cantly. Interestingly, although acute time-point-derived
virus isolates were able to replicate significantly better in
the presence of maximally-suppressive concentrations of
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IFNα than viruses isolated from the same patients during
chronic infection, there was no significant difference in
the IFNα (or IFNβ) IC50 values of the two groups of virus
isolates (Figure 4A). These results are consistent with the
hypothesis that IFNα plays an important role in control of
HIV replication during the establishment of infection, and
furthermore suggest that high concentrations of IFNα
may be present at sites of early virus replication.
Virus isolates were generated from different subjects

at chronic infection time-points ranging from approx. 2
to 7 years post-infection. Analysis of the relationship be-
tween the time-point during chronic infection at which
virus isolates were generated and their IFNα or IFNβ
Vres values revealed a trend for virus isolates generated
earlier in chronic infection to exhibit lower levels of
IFNα resistance than those generated at late time-points.
Moreover, there was a significant correlation (Spearman
r = 0.7857, p = 0.0279) between the number of days fol-
lowing the onset of symptoms (DFOSx) of the acute
retroviral syndrome at which chronic virus isolates were
generated and their IFNβ Vres values (not shown). This
suggests that viral resistance to control by type 1 IFNs
does not decline continuously throughout chronic infec-
tion, but rather that the initial decline in IFN resistance
occurs within the first 2 years post-infection, and that
IFN resistance may begin to increase as disease progres-
sion occurs. Consistent with this idea, prior studies have
shown that virus isolates derived from chronically-
infected subjects who had progressed to AIDS were
more resistant to IFNα2 than viruses isolated from
chronic donors without AIDS, a finding attributed to the
presence of higher serum IFNα levels in the former
group [81,82]. It is notable that the virus isolate generated
from patient MM34 during chronic infection, which ex-
hibited the highest IFNα and IFNβ Vres values of all the
chronic time-point viruses tested, was derived from
plasma cryopreserved at > 6 years post-infection, by which
time the patient’s CD4 T cell count had fallen to <350
cells/mm3, leading to subsequent initiation of ART.
To provide further insight into the kinetics with which

viral IFN resistance declines following acute infection,
additional virus isolates were generated from plasma
samples cryopreserved from subject MM23 at approx. 7
and 21 months post-infection, and their IFN resistance
was evaluated and compared to that of the virus isolates
generated from this subject during acute infection and
at approx. 51 months post-infection. As shown in
Figure 4B, the decline in viral type 1 IFN resistance
in this subject occurred within the first few months
of infection, as the IFNα and IFNβ Vres values of the
virus isolates generated at approx. 7, 21 and 51 months
post-infection were all comparable.
Previous studies in which the viral quasispecies present

in plasma during acute HIV-1 infection has been analysed
by single genome amplification (SGA) and sequencing has
shown that systemic infection in subjects infected via a
mucosal route is frequently initiated by just one or a very
limited number of founder viruses [2,3]: in cohorts of men
who have sex with men (MSM) such as the one from
which our virus isolates were derived, systemic virus infec-
tion was initiated by a single founder virus in approx. 60%
of subjects [83]. The data in Figure 4 showing that viruses
isolated from plasma during acute infection have a higher
level of IFNα resistance than matched virus isolates de-
rived from the same subjects during early chronic infec-
tion could therefore reflect establishment of infection by a
single founder virus that subsequently acquired mutation(s)
that increased sensitivity to IFN-mediated control; and/or
establishment of infection by several founder viruses, with
the quasispecies present in plasma during acute infection
being dominated by a relatively IFN-resistant virus that was
subsequently out-grown by a more IFN-sensitive virus
(or recombinant). As a decline in viral IFNα resistance
from acute to chronic infection was observed in all 8 MSM
subjects studied, it seems likely that both mechanisms may
operate in vivo. To explore this further, additional experi-
ments were conducted using viruses derived from subjects
in whom systemic infection was known to be established
by a single founder virus.

Comparison of the type 1 IFN resistance of molecularly
cloned founder viruses and 6-month consensus molecular
clones
To determine whether founder viruses derived from
subjects in whom systemic infection was known to be
established by a single variant exhibited a similar level of
type 1 IFN resistance to virus isolates generated from
the plasma of MSM subjects during acute HIV infection,
and explore whether these single founder viruses ac-
quired mutations during the first few months of infec-
tion that resulted in a decline in viral IFN resistance,
further experiments were conducted using viruses de-
rived from infectious molecular clones (IMCs) of in-
ferred founder virus sequences and 6-month consensus
(6-mo) virus sequences.
First, to address the IFN resistance of viruses that had

been subject to a stringent transmission bottleneck, we
studied founder IMC viruses from 11 subjects in each of
whom systemic HIV infection had previously been
shown to be established by a single founder virus (patients
CH040, CH058, CH077, CH162, CH164, CH185, CH236,
CH264, CH470, CH850 and SUMA, Table 1). The IFNα
and IFNβ IC50 and Vres values of these viruses are shown
in Figure 5A and B, respectively. As had been observed
with acute time-point virus isolates, the mean IC50 value
for IFNα (19 U/ml) was significantly lower than that
for IFNβ (366 U/ml) (p = 0.015, Mann–Whitney test)
indicating that IFNα is capable of inhibiting founder



Figure 5 IFN-α and IFN-β resistance of viruses generated from IMCs corresponding to the deduced founder virus sequence from
subjects in whom systemic HIV infection was established by a single virus. (A) IFNα (filled circles) and IFNβ (open triangles) IC50 values
of founder virus IMCs from different subjects; and (B) IFNα (filled circles) and IFNβ (open triangles) Vres values of these founder virus IMCs. Each
datapoint represents the mean (of results obtained in a minimum of 2 independent IFN inhibition assays) IC50 or Vres value calculated for a given
virus. The horizontal lines show the group mean IC50 or Vres values, plus and minus one standard error.
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virus replication at lower concentrations than IFNβ;
but the mean Vres values for IFNα (30%) and IFNβ
(23%) did not differ significantly, suggesting that at
high concentrations IFNα and IFNβ are capable of
suppressing virus replication to similar extents (although
there was a trend for the founder viruses to be suppressed
somewhat more efficiently by maximally-inhibitory con-
centrations of IFNβ than IFNα). The founder viruses com-
prised a mixture of clade B viruses derived from MSM
subjects recruited from clinical sites in the US and clade C
viruses derived from female heterosexual subjects re-
cruited from clinical sites in Africa; however no differ-
ences were observed in the IFNα and IFNβ IC50 and Vres
values of the two sets of viruses (not shown). Importantly,
the IFNα and IFNβ IC50 and Vres values of the founder
IMC-derived viruses (Figure 5A and B) did not differ sig-
nificantly from those of the virus isolates generated from
MSM subjects acutely infected with HIV (Figure 2A and
B), indicating that viruses isolated from the plasma during
acute HIV infection and viruses generated from IMCs of
inferred founder virus genomes both exhibit similar levels
of IFN resistance. This was further supported by the find-
ing that the type 1 IFN resistance of virus isolates derived
from acute infection plasma samples from 3 of the
subjects from whom founder IMCs had been generated
(patients CH058, CH077 and CH470, Table 1) closely
matched that of the subjects’ founder IMC-derived
viruses (data not shown). Combining the data from all
virus isolates and IMC-derived viruses tested, the
mean IC50 values for IFNα and IFNβ were 22 U/ml
and 346 U/ml respectively; and the mean Vres values
for IFNα and IFNβ were 33% and 26%.
Following establishment of systemic HIV infection by

a single founder virus, the plasma viral quasispecies
starts to diversify and selection for viruses bearing se-
quence changes that confer a fitness advantage in the
conditions under which virus replication is currently oc-
curring begins. Longitudinal analysis of the plasma viral
quasispecies in subjects CH058, CH077, CH236, CH470
and CH850 by SGA and sequencing ([67,84] and unpub-
lished data) revealed that by 6 months post-infection
there were 11, 19, 27, 17 and 12 nucleotide positions, re-
spectively, at which 50% or more of the viral sequences
amplified exhibited nucleotide substitutions compared to
the corresponding founder virus (Figure 6A). Most of
these were non-synonymous changes, some of which
were shown to confer escape from recognition by epitope-
specific T cell responses or antibody responses in the
newly-infected recipient, whilst others were hypothesised
to represent loss of fitness-impairing mutations selected
to confer escape from adaptive immune responses in the
virus donor [84-86]. Other changes may have been se-
lected by other immune responses, may have been com-
pensatory changes selected to reduce the fitness costs of
immune escape mutations [87], may have enhanced viral
replication by other mechanisms, or may have been by-
stander mutations carried along with selected mutations.
To examine whether one or more of these nucleotide

changes resulted in a reduction in the type 1 IFN resist-
ance of the founder virus, a 6-month consensus (6-mo)
IMC was created for each subject by introducing all the
nucleotide substitutions that occurred in 50% or more of
the SGA-derived sequences at the 6-month time-point
into the corresponding founder genome sequence [69].
The type 1 IFN resistance of the founder and 6-mo
IMC-derived viruses was then compared. As shown in
Figure 6B, the IFNα and IFNβ Vres values of the 6-mo
IMC-derived viruses from all five subjects were all lower
than those of the matched founder IMC-derived viruses.
This difference was statistically significant for both
IFNα (p = 0.005, paired t test) and IFNβ (p = 0.026,
paired t test). As observed with virus isolates generated
during acute and chronic infection, there was no signifi-
cant difference in the IC50 values of founder and 6-mo
IMC-derived viruses (Figure 6B). These findings provide
further strong evidence that viruses that succeed in
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Figure 6 (See legend on next page.)
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Figure 6 Comparison of the type 1 IFN resistance of viruses generated from IMCs of founder and 6-month consensus virus sequences.
(A) Diagrammatic representation of the nucleotide differences between the founder and 6-month consensus (6-mo) IMC pairs from subjects
CH058, CH077, CH236, CH470 and CH850. The founder and 6-mo IMC sequences from each subject are represented by horizontal grey lines. The
horizontal axis indicates nucleotide positions in the alignment beginning at the start of the U3 region of the 5‘ LTR and extending to the end of
the U5 region of the 3’ LTR, based on HXB2 reference sequence numbering (http://www.hiv.lanl.gov/content/sequence/HIV/REVIEWS/HXB2.html).
Nucleotide differences between the founder and 6-mo IMC sequences are indicated by tic-marks on the 6-mo sequence, with the colour of the
tic-mark indicating the base present in the 6 mo IMC (A in green, T in red, G in orange and C in light blue). Non-synonymous changes are la-
belled. The total number of nucleotide differences between each founder and 6-mo IMC pair is indicated. (B) IFNα (left panels) and IFNβ (right
panels) Vres (upper half of figure) and IC50 (lower half of figure) values of viruses generated from the founder and 6-mo IMCs depicted in (A). The
data shown are the mean of results from a minimum of 2 independent IFNα or IFNβ assays performed with each virus using different donor
PBMC mixes.
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establishing systemic HIV infection are more resistant
to control by type 1 IFN than viruses representative of
the quasispecies present at later time-points in infec-
tion, and that viral IFN resistance can decline within a
6-month period following acute HIV-1 infection.
In future experiments, it will be important to deter-

mine which of the nucleotide differences between the
founder and 6-month viruses are responsible for their
differential IFN resistance and which antiviral ISG(s)
these changes affect control by. Inspection of the IMC
sequences (Figure 6A) indicates that almost all of the se-
quence changes in the five pairs of viruses occurred at
distinct sites (although the CH058 and CH236 6-month
IMCs each had a (different) amino acid substitution at
position 29 of Tat), suggesting that diverse sequence
changes are inducing differential resistance to one or
more common ISGs and/or that the differential IFN re-
sistance of paired viruses reflects differences in their
capacity to antagonise different ISGs. For example, the
Tat sequences of the CH058, CH077 and CH236 founder
IMCs each differ by 1 or 2 amino acids from their
matched 6-month IMCs, which might result in the latter
activating PKR and 2’,5’-OAS more efficiently [33,51,52];
and the Vif sequences of the CH236, CH470 and CH850
founder IMCs each differ by between 1 and 3 amino acids
from their matched 6-month IMCs, which might result in
differences in their resistance to APOBEC3G/F activity
[25,47]. Notably, one of the mutations in the CH470 6-mo
IMC is a glutamic acid (E) to aspartic acid (D) change at
position 45 of Vif, and in a previous study where the effect
of natural variation in Vif on its ability to antagonise
APOBEC3F and APOBEC3G activity was assessed, NL4.3
Vif bearing a E45G mutation was shown to display only
weak activity against APOBEC3G [88]. Although a change
from glutamic acid to aspartic acid may have less dramatic
effects on Vif function than a change to a glycine residue
at the same position, this mutation may potentially
contribute to the enhanced IFN sensitivity of the
CH470 6-month virus. Likewise, amino acid changes in
other viral proteins could also affect viral sensitivity to
control by other known or as yet unidentified antiviral
ISGs; and it is also possible that synonymous changes,
or changes in the untranslated regions, may impact on
the efficiency of viral control by antiviral ISGs [89].
However, further work is required to evaluate the con-
tribution of these and/or other changes to the differen-
tial IFN resistance of founder and 6-mo viruses.
The observation that the type 1 IFN resistance of

founder viruses declines within the first 6 months of in-
fection suggests that the sequence changes responsible
for the increase in viral IFN sensitivity must confer a
strong selective advantage on virus replication during
subacute and/or early infection. Given that expression of
a number of ISGs continues to be sustained at higher-
than-normal levels after the acute phase of HIV (and
pathogenic SIV) infection [90-93], it is unlikely that an
increase in viral IFN sensitivity would per se confer an
increase in in vivo viral replicative fitness. It is more
probable that the emergence of sequence changes con-
ferring an increase in viral type 1 IFN sensitivity is
driven by unrelated selective forces, e.g. pressure exerted
by adaptive immune responses, escape from which may
result in an increase in viral IFN sensitivity. Many muta-
tions selected for to confer escape from epitope-specific
T cell responses have been shown to incur a cost to
in vitro viral fitness [79,87,94-97]. As viral replicative fit-
ness is typically assessed in primary CD4+ T cells or
CD4+ T cell lines, which express baseline levels of a
number of antiviral ISGs in the absence of exogenous
IFN stimulation [30,98], the fitness cost associated with
some of these mutations may reflect increase in sensitiv-
ity to these factors, lending support to the idea that the
increase in IFN-sensitivity in early HIV infection may
occur as a side-effect of viral escape from potent adap-
tive responses. Nonetheless, the ability of virus isolates
and IMC-derived viruses to replicate in the absence of
exogenously-added IFN in our assays did not correlate
with their IFN resistance (not shown), indicating that
IFN resistance is not directly related to viral fitness.
Our results showing that the founder viruses that suc-

ceed in establishing systemic HIV infection are signifi-
cantly more resistant to in vitro control by IFNα than
viruses present in the same subjects during chronic, asymp-
tomatic infection lend strong support to the hypothesis that

http://www.hiv.lanl.gov/content/sequence/HIV/REVIEWS/HXB2.html
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IFNα exerts potent selective pressure on HIV replication
during the initial stages of infection, resulting in preferential
establishment of systemic infection by relatively IFN-
resistant viruses. These findings confirm and extend
results from a recent study where the IFNα resistance
of a panel of molecularly-cloned founder HIVs was
compared to that of viruses derived from IMCs gener-
ated from unmatched chronically-infected subjects [70].
This shows that our observations are generalizable to lar-
ger numbers of acutely-infected individuals, and provides
confirmation that HIV-1 infection is commonly estab-
lished by relative IFN-resistant viruses. As the transmis-
sion partners of the acutely-infected individuals in our
cohorts were unknown, we were not able to determine
whether this finding reflects selection during the initial
stages of infection for IFN-resistant viral variants from
within the donor viral quasispecies and/or preferential es-
tablishment of systemic infection following transmission
of virus from donors harbouring IFN-resistant viruses.
This question will need to be addressed in future studies
using samples from acutely-infected subjects with known
transmission partners, or in macaque mucosal SIV trans-
mission models.
The importance of type 1 IFNs in control of HIV-1

replication is supported by the fact that this virus has
evolved multiple strategies for limiting type 1 IFN pro-
duction by the cells it infects [38,39]. However, pDCs
produce high levels of type 1 IFN following exposure to
HIV virions or infected cells [42,43] (and can be repeat-
edly stimulated with HIV, enabling persistent IFN pro-
duction [99]), as a consequence of which a robust type 1
IFN response is triggered following HIV transmission. If,
as our results suggest, type 1 IFN-mediated restriction of
HIV-1 replication at initial sites of infection in the mu-
cosa and potentially also draining lymph nodes limits
the ability of transmitted viruses to undergo sufficient
amplification to establish a systemic infection, this raises
the question of why HIV-1 has not also evolved strat-
egies to limit type 1 IFN production by pDCs. In con-
trast to HIV-1, hepatitis B and C viruses elicit very little
type 1 IFN production by pDCs [100,101] and acute in-
fection with these viruses does not trigger a strong sys-
temic type 1 IFN response [18], a “stealth” strategy that
enables initial viral amplification to occur in the face of
more limited immune control. The explanation for HIV’s
potent pDC-stimulatory activity may lie in the fact that
HIV-exposed pDCs produce not only type 1 IFNs, but
also other soluble factors including beta-chemokines,
which attract CD4+ T cells. CD4+ T cell recruitment to
mucosal sites of HIV transmission may play a critical
role in providing a substrate for initial viral amplification
(particularly in the absence of pre-existing local inflam-
mation), making it essential for HIV to retain a strong
pDC-stimulatory capacity.
Previous attempts to block mucosal SIV transmission
in macaques by administering TLR agonists to induce
type 1 IFN production at mucosal transmission sites
have not been successful [59,60], likely as a consequence
of the local immune activation also triggered by these
agents. Our observations supporting an important role
for type 1 IFNs in restricting viral replication early after
transmission provide a rationale for evaluation of the
ability of local and/or systemic administration of IFNα
to block the establishment of SIV/HIV infection. In
addition to the potential utility of IFNα as part of a micro-
bicide strategy to block HIV transmission, the prospect of
developing vaccines to elicit a sustained or rapidly-
reactivated up-regulation of antiviral ISGs at sites of early
virus replication should also be explored [102].

Conclusions
In summary, the results from this study show that the
replication of plasma virus isolates generated from sub-
jects acutely infected with HIV-1 and viruses produced
from IMCs of founder HIV genomes can be partially
inhibited by type 1 IFNs in vitro. The mean IC50 value
for IFNα2 was lower than that for IFNβ, although at
maximally-inhibitory concentrations both IFN subtypes
inhibited virus replication to similar extents. Individual
virus isolates exhibited differential susceptibility to in-
hibition by IFNα2 and IFNβ, likely reflecting differences
in viral resistance to the antiviral activity of differentially
up-regulated ISGs. Plasma virus isolates from subjects
acutely infected with HIV-1 were significantly more re-
sistant to in vitro control by IFNα than plasma virus iso-
lates generated from the same subjects during chronic,
asymptomatic infection. Following establishment of HIV
infection by relatively IFN-resistant viruses, viral IFN re-
sistance declined rapidly (within the first 6 months of in-
fection), suggesting that this decline may occur as a
side-effect of escape from adaptive responses exerting
potent pressure on viral replication at this time. The es-
tablishment of systemic HIV infection by relatively
IFNα-resistant founder viruses lends strong support to
the hypothesis that IFNα plays an important role in con-
trol of HIV-1 replication in the initial stages of infection,
prior to systemic viral spread. These findings suggest
that the antiviral activity of type 1 IFNs could be
employed in prophylactic and potentially also thera-
peutic strategies to combat HIV-1 infection.

Methods
Study participants
Peripheral blood samples were drawn at serial time-
points during HIV infection from US, UK and African
subjects enrolled in the Centre for HIV and AIDS
Vaccine Immunology (CHAVI) 001 acute HIV infection
study or recruited from clinics at the Mortimer Market
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Centre (London, UK) or the University of Alabama,
Birmingham (Alabama, USA). Ethical approval for these
studies was obtained from local ethics committees and all
study subjects provided written informed consent. Plasma
was separated by centrifugation and cryopreserved prior
to use. If subjects received ART, only samples drawn prior
to the commencement of therapy were employed in this
study. Set-point viral loads were calculated for subjects
not receiving early ART as described [65].

Generation and expansion of virus isolates
Virus isolates were generated from HIV-infected individ-
uals by co-culture of plasma cryopreserved during acute
or chronic infection with activated CD4+ cells derived
from the peripheral blood of HIV-seronegative donors.
PBMCs from three different HIV-seronegative donors
(isolated from leukapheresis cones purchased from the
National Blood Transfusion Service, Oxford, UK) were
mixed and stimulated with 0.5 μg/ml αCD3 antibody
clone UCHT1 (R&D systems), 0.1 μg/ml αCD28 anti-
body clone CD28.2 (eBioscience) and 20 U/ml IL-2
(Sigma-Aldrich) in R20 medium (RPMI containing
300 mg/l L-glutamine (Sigma-Aldrich) supplemented
with 20% fetal calf serum (FCS) (Sigma-Aldrich), 10 U/ml
penicillin (Sigma-Aldrich) and 0.1 mg/ml streptomycin
(Sigma-Aldrich)) for 3 days. Stimulated PBMC were de-
pleted of CD8+ cells using CD8 microbeads (Miltenyi
Biotec) according to the manufacturer’s protocol, then
CD8-depleted PBMC were spinoculated (2 hours,
1200 g) with patient plasma that had been pre-incubated
for 30 min with 50 ul CD44 microbeads (Miltenyi Biotec)
per 1 ml of plasma. The cells were then re-suspended in
R20 + 20 U/ml IL-2 and incubated at 37°C in 5% CO2.
After 48 hours the culture was supplemented with fresh
stimulated CD8-depleted PBMC by spinoculation (2 hours,
1200 g) before further culture. Virus-containing superna-
tants were harvested every second day for 7–14 days and
their p24 content was measured using a p24 capture
ELISA (Advanced Bioscience Laboratories) following the
manufacturer’s instructions. ELISA plates were read using
a SpectraMAX 250 plate reader with SoftMaxPro software
(Molecular Devices). The infectious virus titre present in
supernatants containing high levels of p24 antigen was de-
termined by TCID50 assay as described below. If neces-
sary, a further round of viral expansion was conducted to
generate sufficient quantities of virus for experimental
analysis.

Generation of IMCs
The plasma quasispecies in selected patients was ana-
lysed at sequential time-points during acute and early in-
fection by single genome sequencing (SGS) and IMCs
corresponding to the inferred founder virus sequence
were generated as described [67,68]. In five subjects
where systemic infection had been established by a sin-
gle founder virus a 6-month consensus (6-mo) IMC was
also generated. SGS-derived sequences from 154–194 days
post-Fiebig I/II were used to determine this consensus se-
quence. At polymorphic positions, the majority nucleotide
was selected. At positions where there was no single nu-
cleotide representing >50% of sequences, the most preva-
lent nucleotide change was selected. IMCs with this 6-mo
sequence were constructed by chemical synthesis of over-
lapping subgenomic fragments (Blue Heron), followed by
ligation and cloning as described [69]. All IMCs were se-
quence confirmed.
To produce viral stocks from IMCs, plasmid DNA was

transfected into 293FT cells using Lipofectamine (Sigma)
and virus-containing supernatants were harvested 3 days
later. Where necessary, viruses were expanded by growth
in CD8-depleted PBMCs for 7–14 days as described
above.

Titration of viral stocks
The infectious titre of viral stocks was determined by
TCID50 assay. PBMC from three HIV-seronegative
donors were depleted of CD8+ cells using CD8
microbeads and the CD8-depleted cells were mixed
and stimulated with 2.5 μg/ml phytohaemagglutinin
(PHA) (Sigma-Aldrich) and 10 U/ml IL-2 in R10 (RPMI
containing 300 mg/l L-glutamine supplemented with 10%
FCS, 10 U/ml penicillin and 0.1 mg/ml streptomycin) for
3 days. Cells were infected with serial dilutions of virus by
spinoculation (2 hours, 1200 g) and then washed three
times before re-suspension in R10 plus 10 U/ml IL-2. After
7 days supernatants were collected and assayed for the
presence of virus by p24 ELISA. The TCID50 was calculated
using the method of Reed and Muench.

Analysis of viral IFN sensitivity
PBMC from three HIV-seronegative donors were de-
pleted of CD8+ cells using CD8 microbeads and the
CD8-depleted cells were mixed and stimulated with
2.5 μg/ml PHA and 10 U/ml IL-2 in R10 for 3 days.
After washing, cells were pre-treated with IFNα2 (Pepro-
tech) or IFNβ (Peprotech) at concentrations from 0 –
5000 U/ml in R10 for 4 hours. Cells were then plated
into flat-bottomed 96-well plates at 2 × 105/well, set-
ting up 4 wells of cells pre-treated with each IFN con-
centration, and were infected with HIV at a moi of
0.001 TCID50/cell by spinoculation (2 hours, 1200 g).
Following infection, cells were washed and, unless
otherwise specified, the IFN-containing medium re-
placed, supplemented with 10 U/ml IL-2. After 7 days
supernatants were removed and their p24 content was
assessed by ELISA as a measure of viral replication.
Data was analysed using Excel (Microsoft) and Graph-

Pad Prism v 5.0 (GraphPad software). To calculate the
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ability of the virus to replicate in the presence of max-
imal concentrations of IFNα and β (Vres), p24 produc-
tion in cells treated with maximally-suppressive IFN
concentrations was expressed as a percentage of p24
production from cells that had not been treated with
IFN. The concentration of IFNα and β required to
achieve 50% of the inhibition of virus replication ob-
served at maximal IFN concentrations (IC50) was also
calculated (Figure 1C). Each virus was tested at least
twice in assays performed using mixed cells from differ-
ent donors, and the results shown are the mean Vres
and IC50 values from the replicate assays.

Statistical analysis
Datasets were assessed for normality, and the signifi-
cance of differences between groups was determined
using a Mann–Whitney test. Differences in the IFN re-
sistance of virus isolates or IMCs generated from the
same set of subjects at time-points in acute and chronic
infection were analysed using a paired t-test. The rela-
tionship between pairs of variables was assessed using a
Spearman rank correlation test. All statistical analyses
were carried out using GraphPad Prism v5.0.

Abbreviations
2’,5’-OAS: 2’,5’-oligadenylate synthase; APOBEC: Apolipoprotein B mRNA-editing
enzyme-catalytic, polypeptide-like; ART: Antiretroviral therapy; DFOSx: Days
following onset of symptoms; FCS: Fetal calf serum; HIV-1: Human
immunodeficiency virus type 1; IC50: 50% inhibitory concentration;
IFITM: Interferon-induced transmembrane; IFN: Interferon; Vres: Viral resistance
to inhibition by maximal IFN concentrations; IMC: Infectious molecular clones;
IRF: interferon-responsive factor; ISG: Interferon-stimulated gene;
moi: Multiplicity of infection; MSM: Men who have sex with men;
pDC: Plasmacytoid dendritic cell; PKR: Protein kinase R; RIG-1: Retinoic
acid-inducible gene 1; SGA: Single genome amplification; SGS: Single
genome sequencing; SIV: Simian immunodeficiency virus;
TAR: Transactivation response; TCID50: 50% tissue culture infectious dose;
TLR: Toll-like receptor; TREX-1: Three prime repair exonuclease 1;
TRIM: Tripartite motif-containing protein.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AEF-M participated in the design of the study, performed experimental work
and data analysis and contributed to preparation of the manuscript; OED
participated in the design of the study and performed experimental work
and data analysis; TE and KP performed experimental work and data analysis;
MMA-C provided one of the virus isolates studied; PP, IW and MSC recruited
the study subjects and provided clinical and virological data; HD, FG, GMS,
BHH, CO and JCK provided viral sequence data and/or HIV IMCs and participated
in helpful discussions; and PB conceived of the study, participated in its design
and drafted the manuscript. All authors read and approved the final manuscript.

Acknowledgements
We are extremely grateful to the patients who provided samples for this
study. We would also like to thank Julie Lewis and Elizabeth Marshall for
expert technical assistance. This work was supported by funding from the
NIH NIAID Center for HIV/AIDS Vaccine Immunology (CHAVI) (U19 AI067854)
(FG, GMS, BHH, JCK, PB); the NIH NIAID Center for HIV/AIDS Vaccine
Immunology and Immunogen Discovery (CHAVI-ID) (UM1 AI100645) (FG,
GMS, BHH, JCK, PB); core facilities of the UAB CFAR (AI27767) (JCK); and core
funding from The Edward Jenner Institute for Vaccine Research (PB). PB
received salary support from a Senior Jenner Fellowship and is a Jenner
Institute Investigator.

Author details
1Nuffield Department of Medicine, University of Oxford, NDM Research
Building, Old Road Campus, Headington, Oxford OX3 7FZ, UK. 2Department
of Medicine, University of Alabama at Birmingham, Birmingham, AL, USA.
3Division of Infection and Immunity, Faculty of Medicine and Centre for
Sexual Health & HIV Research, London, UK. 4Centre for Sexual Health & HIV
Research, Mortimer Market Centre, University College London, London, UK.
5Department of Medicine, University of North Carolina at Chapel Hill, Chapel
Hill, NC, USA. 6Duke Human Vaccine Institute and Department of Medicine,
Duke University Medical Centre, Durham, NC, USA. 7Departments of
Medicine and Microbiology, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA, USA. 8Birmingham Veterans Affairs Medical
Center, Research Service, Birmingham, AL, USA.

Received: 24 July 2013 Accepted: 22 November 2013
Published: 3 December 2013
References
1. Haase AT: Targeting early infection to prevent HIV-1 mucosal transmission.

Nature 2010, 464:217–223.
2. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, Salazar MG,

Sun C, Grayson T, Wang S, Li H, et al: Identification and characterization of
transmitted and early founder virus envelopes in primary HIV-1 infection.
Proc Natl Acad Sci U S A 2008, 105:7552–7557.

3. Abrahams MR, Anderson JA, Giorgi EE, Seoighe C, Mlisana K, Ping LH,
Athreya GS, Treurnicht FK, Keele BF, Wood N, et al: Quantitating the
multiplicity of infection with human immunodeficiency virus type 1
subtype C reveals a non-poisson distribution of transmitted variants.
J Virol 2009, 83:3556–3567.

4. McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF: The
immune response during acute HIV-1 infection: clues for vaccine
development. Nat Rev Immunol 2010, 10:11–23.

5. Borrow P: Innate immunity in acute HIV-1 infection. Curr Opin HIV AIDS
2011, 6:353–363.

6. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD: How cells
respond to interferons. Annu Rev Biochem 1998, 67:227–264.

7. Der SD, Zhou A, Williams BR, Silverman RH: Identification of genes
differentially regulated by interferon alpha, beta, or gamma using
oligonucleotide arrays. Proc Natl Acad Sci U S A 1998, 95:5623–5628.

8. Stetson DB, Medzhitov R: Type I interferons in host defense. Immunity
2006, 25:373–381.

9. Gale MJ, Sen GC: Viral evasion of the interferon system. J Interferon
Cytokine Res 2009, 29:475–476.

10. Randall RE, Goodbourn S: Interferons and viruses: an interplay between
induction, signalling, antiviral responses and virus countermeasures. J Gen
Virol 2008, 89:1–47.

11. Taylor KE, Mossman KL: Recent advances in understanding viral evasion
of type I interferon. Immunology 2013, 138:190–197.

12. Gresser I, Tovey MG, Maury C, Bandu MT: Role of interferon in the
pathogenesis of virus diseases in mice as demonstrated by the use of
anti-interferon serum: II: Studies with herpes simplex, Moloney sarcoma,
vesicular stomatitis, Newcastle disease, and influenza viruses. J Exp Med
1976, 144:1316–1323.

13. Muller U, Steinhoff U, Reis LFL, Hemmi S, Pavlovic J, Zinkernagel RM, Aguet
M: Functional role of type I and type II interferons in antiviral defense.
Science 1994, 264:1918–1921.

14. Teijaro JR, Ng C, Lee AM, Sullivan BM, Sheehan KC, Welch M, Schreiber RD,
de la Torre JC, Oldstone MB: Persistent LCMV infection is controlled by
blockade of type I interferon signaling. Science 2013, 340:207–211.

15. Wilson EB, Yamada DH, Elsaesser H, Herskovitz J, Deng J, Cheng G, Aronow
BJ, Karp CL, Brooks DG: Blockade of chronic type I interferon signaling to
control persistent LCMV infection. Science 2013, 340:202–207.

16. Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, Southern PJ, Reilly CS,
Peterson ML, Schultz-Darken N, Brunner KG, et al: Glycerol monolaurate
prevents mucosal SIV transmission. Nature 2009, 458:1034–1038.

17. Abel K, Rocke DM, Chohan B, Fritts L, Miller CJ: Temporal and anatomic
relationship between virus replication and cytokine gene expression



Fenton-May et al. Retrovirology 2013, 10:146 Page 16 of 18
http://www.retrovirology.com/content/10/1/146
after vaginal simian immunodeficiency virus infection. J Virol 2005,
79:12164–12172.

18. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, Lebedeva M,
DeCamp A, Li D, Grove D, et al: Induction of a striking systemic cytokine
cascade prior to peak viremia in acute human immunodeficiency virus
type 1 infection, in contrast to more modest and delayed responses in
acute hepatitis B and C virus infections. J Virol 2009, 83:3719–3733.

19. Sabado RL, O‘Brien M, Subedi A, Qin L, Hu N, Taylor E, Dibben O, Stacey A,
Fellay J, Shianna KV, et al: Evidence of dysregulation of dendritic cells in
primary HIV infection. Blood 2010, 116:3839–3852.

20. Malleret B, Maneglier B, Karlsson I, Lebon P, Nascimbeni M, Perie L, Brochard P,
Delache B, Calvo J, Andrieu T, et al: Primary infection with simian
immunodeficiency virus: plasmacytoid dendritic cell homing to lymph
nodes, type I interferon, and immune suppression. Blood 2008,
112:4598–4608.

21. Ho DD, Hartshorn KL, Rota TR, Andrews CA, Kaplan JC, Schooley RT, Hirsch
MS: Recombinant human interferon alfa-A suppresses HTLV-III replication
in vitro. Lancet 1985, 1:602–604.

22. Yamamoto JK, Barre-Sinoussi F, Bolton V, Pedersen NC, Gardner MB: Human
alpha- and beta-interferon but not gamma- suppress the in vitro
replication of LAV, HTLV-III, and ARV-2. J Interferon Res 1986, 6:143–152.

23. Gendelman HE, Baca LM, Turpin J, Kalter DC, Hansen B, Orenstein JM,
Dieffenbach CW, Friedman RM, Meltzer MS: Regulation of HIV replication
in infected monocytes by IFN-alpha. Mechanisms for viral restriction.
J Immunol 1990, 145:2669–2676.

24. Pitha PM: Multiple effects of interferon on the replication of human
immunodeficiency virus type 1. Antiviral Res 1994, 24:205–219.

25. Sheehy AM, Gaddis NC, Choi JD, Malim MH: Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein.
Nature 2002, 418:646–650.

26. Peng G, Lei KJ, Jin W, Greenwell-Wild T, Wahl SM: Induction of APOBEC3
family proteins, a defensive maneuver underlying interferon-induced
anti-HIV-1 activity. J Exp Med 2006, 203:41–46.

27. Chen K, Huang J, Zhang C, Huang S, Nunnari G, Wang FX, Tong X, Gao L,
Nikisher K, Zhang H: Alpha interferon potently enhances the anti-human
immunodeficiency virus type 1 activity of APOBEC3G in resting primary
CD4 T cells. J Virol 2006, 80:7645–7657.

28. Battivelli E, Lecossier D, Matsuoka S, Migraine J, Clavel F, Hance AJ:
Strain-specific differences in the impact of human TRIM5alpha,
different TRIM5alpha alleles, and the inhibition of capsid-cyclophilin
A interactions on the infectivity of HIV-1. J Virol 2010, 84:11010–11019.

29. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J: The
cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old
World monkeys. Nature 2004, 427:848–853.

30. Neil SJ, Zang T, Bieniasz PD: Tetherin inhibits retrovirus release and is
antagonized by HIV-1 Vpu. Nature 2008, 451:425–430.

31. Van Damme N, Goff D, Katsura C, Jorgenson RL, Mitchell R, Johnson MC,
Stephens EB, Guatelli J: The interferon-induced protein BST-2 restricts
HIV-1 release and is downregulated from the cell surface by the viral
Vpu protein. Cell Host Microbe 2008, 3:245–252.

32. Li M, Kao E, Gao X, Sandig H, Limmer K, Pavon-Eternod M, Jones TE, Landry
S, Pan T, Weitzman MD, David M: Codon-usage-based inhibition of HIV
protein synthesis by human schlafen 11. Nature 2012, 491:125–128.

33. Maitra RK, McMillan NA, Desai S, McSwiggen J, Hovanessian AG, Sen G,
Williams BR, Silverman RH: HIV-1 TAR RNA has an intrinsic ability to
activate interferon-inducible enzymes. Virology 1994, 204:823–827.

34. Sanghvi VR, Steel LF: The cellular TAR RNA binding protein, TRBP,
promotes HIV-1 replication primarily by inhibiting the activation of
double-stranded RNA-dependent kinase PKR. J Virol 2011, 85:12614–12621.

35. Lu J, Pan Q, Rong L, Liu SL, Liang C: The IFITM proteins inhibit HIV-1
infection. J Virol 2011, 85:2126–2137.

36. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, Rice
CM: A diverse range of gene products are effectors of the type I
interferon antiviral response. Nature 2011, 472:481–485.

37. Pincetic A, Kuang Z, Seo EJ, Leis J: The interferon-induced gene ISG15
blocks retrovirus release from cells late in the budding process. J Virol
2010, 84:4725–4736.

38. Gendelman HE, Friedman RM, Joe S, Baca LM, Turpin JA, Dveksler G, Meltzer
MS, Dieffenbach C: A selective defect of interferon alpha production in
human immunodeficiency virus-infected monocytes. J Exp Med 1990,
172:1433–1442.
39. Geiss GK, Bumgarner RE, An MC, Agy MB, t‘Wout AB, Hammersmark E,
Carter VS, Upchurch D, Mullins JI, Katze MG: Large-scale monitoring of host
cell gene expression during HIV-1 infection using cDNA microarrays.
Virology 2000, 266:8–16.

40. Yan N, Regalado-Magdos AD, Stiggelbout B, Lee-Kirsch MA, Lieberman J:
The cytosolic exonuclease TREX1 inhibits the innate immune
response to human immunodeficiency virus type 1. Nat Immunol 2010,
11:1005–1013.

41. Solis M, Nakhaei P, Jalalirad M, Lacoste J, Douville R, Arguello M, Zhao T,
Laughrea M, Wainberg MA, Hiscott J: RIG-I-mediated antiviral signaling is
inhibited in HIV-1 infection by a protease-mediated sequestration of
RIG-I. J Virol 2011, 85:1224–1236.

42. Doehle BP, Chang K, Rustagi A, McNevin J, McElrath MJ, Gale M Jr: Vpu
mediates depletion of interferon regulatory factor 3 during HIV infection
by a lysosome-dependent mechanism. J Virol 2012, 86:8367–8374.

43. Doehle BP, Hladik F, McNevin JP, McElrath MJ, Gale M Jr: Human
immunodeficiency virus type 1 mediates global disruption of innate
antiviral signaling and immune defenses within infected cells. J Virol
2009, 83:10395–10405.

44. Hotter D, Kirchhoff F, Sauter D: HIV-1 Vpu does not degrade interferon
regulatory factor 3. J Virol 2013, 87:7160–7165.

45. Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh DG,
Larsson M, Gorelick RJ, Lifson JD, Bhardwaj N: Endocytosis of HIV-1 activates
plasmacytoid dendritic cells via Toll-like receptor-viral RNA interactions.
J Clin Invest 2005, 115:3265–3275.

46. Lepelley A, Louis S, Sourisseau M, Law HK, Pothlichet J, Schilte C, Chaperot
L, Plumas J, Randall RE, Si-Tahar M, et al: Innate Sensing of HIV-Infected
Cells. PLoS Pathog 2011, 7:e1001284.

47. Malim MH: APOBEC proteins and intrinsic resistance to HIV-1 infection.
Philos Trans R Soc Lond B Biol Sci 2009, 364:675–687.

48. Dube M, Roy BB, Guiot-Guillain P, Binette J, Mercier J, Chiasson A, Cohen EA:
Antagonism of tetherin restriction of HIV-1 release by Vpu involves
binding and sequestration of the restriction factor in a perinuclear
compartment. PLoS Pathog 2010, 6:e1000856.

49. Mangeat B, Gers-Huber G, Lehmann M, Zufferey M, Luban J, Piguet V: HIV-1
Vpu neutralizes the antiviral factor Tetherin/BST-2 by binding it and
directing its beta-TrCP2-dependent degradation. PLoS Pathog 2009,
5:e1000574.

50. Hauser H, Lopez LA, Yang SJ, Oldenburg JE, Exline CM, Guatelli JC, Cannon
PM: HIV-1 Vpu and HIV-2 Env counteract BST-2/tetherin by sequestration
in a perinuclear compartment. Retrovirology 2010, 7:51.

51. Roy S, Katze MG, Parkin NT, Edery I, Hovanessian AG, Sonenberg N: Control
of the interferon-induced 68-kilodalton protein kinase by the HIV-1 tat
gene product. Science 1990, 247:1216–1219.

52. Schroder HC, Ugarkovic D, Wenger R, Reuter P, Okamoto T, Muller WE:
Binding of Tat protein to TAR region of human immunodeficiency virus
type 1 blocks TAR-mediated activation of (2‘-5‘)oligoadenylate synthetase.
AIDS Res Hum Retroviruses 1990, 6:659–672.

53. Asmuth DM, Murphy RL, Rosenkranz SL, Lertora JJ, Kottilil S, Cramer Y, Chan
ES, Schooley RT, Rinaldo CR, Thielman N, et al: Safety, tolerability, and
mechanisms of antiretroviral activity of pegylated interferon Alfa-2a in
HIV-1-monoinfected participants: a phase II clinical trial. J Infect Dis 2010,
201:1686–1696.

54. Boue F, Reynes J, Rouzioux C, Emilie D, Souala F, Tubiana R, Goujard C,
Lancar R, Costagliola D: Alpha interferon administration during structured
interruptions of combination antiretroviral therapy in patients with
chronic HIV-1 infection: INTERVAC ANRS 105 trial. AIDS 2011, 25:115–118.

55. Hatzakis A, Gargalianos P, Kiosses V, Lazanas M, Sypsa V, Anastassopoulou C,
Vigklis V, Sambatakou H, Botsi C, Paraskevis D, Stalgis C: Low-dose IFN-alpha
monotherapy in treatment-naive individuals with HIV-1 infection: evidence
of potent suppression of viral replication. J Interferon Cytokine Res 2001,
21:861–869.

56. Skillman DR, Malone JL, Decker CF, Wagner KF, Mapou RL, Liao MJ, Testa D,
Meltzer MS: Phase I trial of interferon alfa-n3 in early-stage human
immunodeficiency virus type 1 disease: evidence for drug safety,
tolerance, and antiviral activity. J Infect Dis 1996, 173:1107–1114.

57. Tavel JA, Huang CY, Shen J, Metcalf JA, Dewar R, Shah A, Vasudevachari MB,
Follmann DA, Herpin B, Davey RT, et al: Interferon-alpha produces
significant decreases in HIV load. J Interferon Cytokine Res 2010, 30:461–464.

58. Azzoni L, Foulkes AS, Papasavvas E, Mexas AM, Lynn KM, Mounzer K, Tebas P,
Jacobson JM, Frank I, Busch MP, et al: Pegylated Interferon alfa-2a monotherapy



Fenton-May et al. Retrovirology 2013, 10:146 Page 17 of 18
http://www.retrovirology.com/content/10/1/146
results in suppression of HIV type 1 replication and decreased cell-associated
HIV DNA integration. J Infect Dis 2013, 207:213–222.

59. Sui Y, Zhu Q, Gagnon S, Dzutsev A, Terabe M, Vaccari M, Venzon D, Klinman
D, Strober W, Kelsall B, et al: Innate and adaptive immune correlates of
vaccine and adjuvant-induced control of mucosal transmission of SIV in
macaques. Proc Natl Acad Sci U S A 2010, 107:9843–9848.

60. Wang Y, Abel K, Lantz K, Krieg AM, McChesney MB, Miller CJ: The Toll-like
receptor 7 (TLR7) agonist, imiquimod, and the TLR9 agonist, CpG ODN,
induce antiviral cytokines and chemokines but do not prevent vaginal
transmission of simian immunodeficiency virus when applied
intravaginally to rhesus macaques. J Virol 2005, 79:14355–14370.

61. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, Meyers H, Nelson JA,
Gairin JE, Hahn BH, Oldstone MB, Shaw GM: Antiviral pressure exerted by
HIV-1-specific cytotoxic T lymphocytes (CTLs) during primary infection
demonstrated by rapid selection of CTL escape virus. Nat Med 1997,
3:205–211.

62. Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, Salazar-Gonzalez JF,
Salazar MG, Kilby JM, Saag MS, et al: Antibody neutralization and escape by
HIV-1. Nature 2003, 422:307–312.

63. Jaitin DA, Roisman LC, Jaks E, Gavutis M, Piehler J, Van der Heyden J, Uze G,
Schreiber G: Inquiring into the differential action of interferons (IFNs): an
IFN-alpha2 mutant with enhanced affinity to IFNAR1 is functionally
similar to IFN-beta. Mol Cell Biol 2006, 26:1888–1897.

64. Jaks E, Gavutis M, Uze G, Martal J, Piehler J: Differential receptor subunit
affinities of type I interferons govern differential signal activation. J Mol
Biol 2007, 366:525–539.

65. Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, Weale M, Zhang K,
Gumbs C, Castagna A, Cossarizza A, et al: A whole-genome association
study of major determinants for host control of HIV-1. Science 2007,
317:944–947.

66. Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Peddada L,
Heldebrant C, Smith R, Conrad A, Kleinman SH, Busch MP: Dynamics of HIV
viremia and antibody seroconversion in plasma donors: implications for
diagnosis and staging of primary HIV infection. AIDS 2003, 17:1871–1879.

67. Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, Li H, Decker
JM, Wang S, Baalwa J, Kraus MH, et al: Genetic identity, biological
phenotype, and evolutionary pathways of transmitted/founder viruses in
acute and early HIV-1 infection. J Exp Med 2009, 206:1273–1289.

68. Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, Salazar MG,
Salazar-Gonzalez JF, Shattock R, Haynes BF, Shaw GM, et al: Generation of
transmitted/founder HIV-1 infectious molecular clones and
characterization of their replication capacity in CD4 T lymphocytes and
monocyte-derived macrophages. J Virol 2012, 86:2715–2728.

69. Freel SA, Picking RA, Ferrari G, Ding H, Ochsenbauer C, Kappes JC, Kirchherr JL,
Soderberg KA, Weinhold KJ, Cunningham CK, et al: Initial HIV-1 antigen-specific
CD8+ T cells in acute HIV-1 infection inhibit transmitted/founder virus
replication. J Virol 2012, 86:6835–6846.

70. Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, Zajic L, Iyer SS,
Decker JM, Kumar A, et al: Phenotypic properties of transmitted founder
HIV-1. Proc Natl Acad Sci U S A 2013, 110:6626–6633.

71. von Sydow M, Sonnerborg A, Gaines H, Strannegard O: Interferon-alpha
and tumor necrosis factor-alpha in serum of patients in various stages of
HIV-1 infection. AIDS Res Hum Retroviruses 1991, 7:375–380.

72. Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, Allikmets R,
Goedert JJ, Buchbinder SP, Vittinghoff E, Gomperts E, et al: Genetic
restriction of HIV-1 infection and progression to AIDS by a deletion allele
of the CKR5 structural gene. Hemophilia Growth and Development
Study, Multicenter AIDS Cohort Study, Multicenter Hemophilia Cohort
Study, San Francisco City Cohort, ALIVE Study. Science 1996, 273:1856–1862.

73. Fellay J, Ge D, Shianna KV, Colombo S, Ledergerber B, Cirulli ET, Urban TJ,
Zhang K, Gumbs CE, Smith JP, et al: Common genetic variation and the
control of HIV-1 in humans. PLoS Genet 2009, 5:e1000791.

74. Martin MP, Dean M, Smith MW, Winkler C, Gerrard B, Michael NL, Lee B,
Doms RW, Margolick J, Buchbinder S, et al: Genetic acceleration of AIDS
progression by a promoter variant of CCR5. Science 1998, 282:1907–1911.

75. Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber CM, Saragosti S,
Lapoumeroulie C, Cognaux J, Forceille C, et al: Resistance to HIV-1 infection
in caucasian individuals bearing mutant alleles of the CCR-5 chemokine
receptor gene. Nature 1996, 382:722–725.

76. Smith MW, Dean M, Carrington M, Winkler C, Huttley GA, Lomb DA,
Goedert JJ, O‘Brien TR, Jacobson LP, Kaslow R, et al: Contrasting genetic
influence of CCR2 and CCR5 variants on HIV-1 infection and disease
progression. Hemophilia Growth and Development Study (HGDS),
Multicenter AIDS Cohort Study (MACS), Multicenter Hemophilia Cohort
Study (MHCS), San Francisco City Cohort (SFCC), ALIVE Study. Science 1997,
277:959–965.

77. Goulder PJ, Walker BD: HIV and HLA class I: an evolving relationship.
Immunity 2012, 37:426–440.

78. Miura T, Brumme ZL, Brockman MA, Rosato P, Sela J, Brumme CJ, Pereyra F,
Kaufmann DE, Trocha A, Block BL, et al: Impaired replication capacity of
acute/early viruses in persons who become HIV controllers. J Virol 2010,
84:7581–7591.

79. Prince JL, Claiborne DT, Carlson JM, Schaefer M, Yu T, Lahki S, Prentice HA,
Yue L, Vishwanathan SA, Kilembe W, et al: Role of transmitted Gag CTL
polymorphisms in defining replicative capacity and early HIV-1
pathogenesis. PLoS Pathog 2012, 8:e1003041.

80. Zaunders J, Dyer WB, Churchill M: The Sydney Blood Bank Cohort:
implications for viral fitness as a cause of elite control. Curr Opin HIV AIDS
2011, 6:151–156.

81. Kunzi MS, Farzadegan H, Margolick JB, Vlahov D, Pitha PM: Identification of
human immunodeficiency virus primary isolates resistant to interferon-alpha
and correlation of prevalence to disease progression. J Infect Dis 1995,
171:822–828.

82. Edlin BR: St Clair MH, Pitha PM, Whaling SM, King DM, Bitran JD,
Weinstein RA: In-vitro resistance to zidovudine and alpha-interferon in
HIV-1 isolates from patients: correlations with treatment duration and
response. Ann Intern Med 1992, 117:457–460.

83. Li H, Bar KJ, Wang S, Decker JM, Chen Y, Sun C, Salazar-Gonzalez JF, Salazar
MG, Learn GH, Morgan CJ, et al: High Multiplicity Infection by HIV-1 in
Men Who Have Sex with Men. PLoS Pathog 2010, 6:e1000890.

84. Liu MK, Hawkins N, Ritchie AJ, Ganusov VV, Whale V, Brackenridge S, Li H,
Pavlicek JW, Cai F, Rose-Abrahams M, et al: Vertical T cell immunodominance
and epitope entropy determine HIV-1 escape. J Clin Invest 2013, 123:380–393.

85. Bar KJ, Tsao CY, Iyer SS, Decker JM, Yang Y, Bonsignori M, Chen X, Hwang KK,
Montefiori DC, Liao HX, et al: Early low-titer neutralizing antibodies impede
HIV-1 replication and select for virus escape. PLoS Pathog 2012, 8:e1002721.

86. Goonetilleke N, Liu MK, Salazar-Gonzalez JF, Ferrari G, Giorgi E, Ganusov VV,
Keele BF, Learn GH, Turnbull EL, Salazar MG, et al: The first T cell response
to transmitted/founder virus contributes to the control of acute viremia
in HIV-1 infection. J Exp Med 2009, 206:1253–1272.

87. Song H, Pavlicek JW, Cai F, Bhattacharya T, Li H, Iyer SS, Bar KJ, Decker JM,
Goonetilleke N, Liu MK, et al: Impact of immune escape mutations on
HIV-1 fitness in the context of the cognate transmitted/founder genome.
Retrovirology 2012, 9:89.

88. Simon V, Zennou V, Murray D, Huang Y, Ho DD, Bieniasz PD: Natural
variation in Vif: differential impact on APOBEC3G/3 F and a potential
role in HIV-1 diversification. PLoS Pathog 2005, 1:e6.

89. Ravimohan S, Gama L, Barber SA, Clements JE: Regulation of SIV mac 239
basal long terminal repeat activity and viral replication in macrophages:
functional roles of two CCAAT/enhancer-binding protein beta sites in
activation and interferon beta-mediated suppression. J Biol Chem 2010,
285:2258–2273.

90. Harris LD, Tabb B, Sodora DL, Paiardini M, Klatt NR, Douek DC, Silvestri G,
Muller-Trutwin M, Vasile-Pandrea I, Apetrei C, et al: Downregulation of
robust acute type I interferon responses distinguishes nonpathogenic
simian immunodeficiency virus (SIV) infection of natural hosts from
pathogenic SIV infection of rhesus macaques. J Virol 2010, 84:7886–7891.

91. Lederer S, Favre D, Walters KA, Proll S, Kanwar B, Kasakow Z, Baskin CR,
Palermo R, McCune JM, Katze MG: Transcriptional profiling in pathogenic
and non-pathogenic SIV infections reveals significant distinctions in
kinetics and tissue compartmentalization. PLoS Pathog 2009, 5:e1000296.

92. Li Q, Smith AJ, Schacker TW, Carlis JV, Duan L, Reilly CS, Haase AT:
Microarray analysis of lymphatic tissue reveals stage-specific, gene
expression signatures in HIV-1 infection. J Immunol 2009, 183:1975–1982.

93. Rempel H, Sun B, Calosing C, Pillai SK, Pulliam L: Interferon-alpha drives
monocyte gene expression in chronic unsuppressed HIV-1 infection.
AIDS 2010, 24:1415–1423.

94. Boutwell CL, Carlson JM, Lin TH, Seese A, Power KA, Peng J, Tang Y,
Brumme ZL, Heckerman D, Schneidewind A, Allen TM: Frequent and
variable cytotoxic-T-lymphocyte escape-associated fitness costs in the
human immunodeficiency virus type 1 subtype B gag proteins. J Virol
2013, 87:3952–3965.



Fenton-May et al. Retrovirology 2013, 10:146 Page 18 of 18
http://www.retrovirology.com/content/10/1/146
95. Brockman MA, Brumme ZL, Brumme CJ, Miura T, Sela J, Rosato PC, Kadie
CM, Carlson JM, Markle TJ, Streeck H, et al: Early selection in Gag by
protective HLA alleles contributes to reduced HIV-1 replication capacity
that may be largely compensated for in chronic infection. J Virol 2010,
84:11937–11949.

96. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, Chetty S,
Thobakgale C, Honeyborne I, Crawford H, Matthews P, et al: Fitness cost of
escape mutations in p24 Gag in association with control of human
immunodeficiency virus type 1. J Virol 2006, 80:3617–3623.

97. Troyer RM, McNevin J, Liu Y, Zhang SC, Krizan RW, Abraha A, Tebit DM,
Zhao H, Avila S, Lobritz MA, et al: Variable fitness impact of HIV-1 escape
mutations to cytotoxic T lymphocyte (CTL) response. PLoS Pathog 2009,
5:e1000365.

98. Koning FA, Newman EN, Kim EY, Kunstman KJ, Wolinsky SM, Malim MH:
Defining APOBEC3 expression patterns in human tissues and
hematopoietic cell subsets. J Virol 2009, 83:9474–9485.

99. O‘Brien M, Manches O, Sabado RL, Baranda SJ, Wang Y, Marie I, Rolnitzky L,
Markowitz M, Margolis DM, Levy D, Bhardwaj N: Spatiotemporal trafficking
of HIV in human plasmacytoid dendritic cells defines a persistently
IFN-alpha-producing and partially matured phenotype. J Clin Invest
2011, 121:1088–1101.

100. Shiina M, Rehermann B: Cell culture-produced hepatitis C virus impairs
plasmacytoid dendritic cell function. Hepatology 2008, 47:385–395.

101. Vincent IE, Zannetti C, Lucifora J, Norder H, Protzer U, Hainaut P, Zoulim F,
Tommasino M, Trepo C, Hasan U, Chemin I: Hepatitis B virus impairs TLR9
expression and function in plasmacytoid dendritic cells. PLoS One 2011,
6:e26315.

102. Wang Y, Bergmeier LA, Stebbings R, Seidl T, Whittall T, Singh M, Berry N,
Almond N, Lehner T: Mucosal immunization in macaques upregulates the
innate APOBEC 3G anti-viral factor in CD4(+) memory T cells. Vaccine
2009, 27:870–881.

doi:10.1186/1742-4690-10-146
Cite this article as: Fenton-May et al.: Relative resistance of HIV-1
founder viruses to control by interferon-alpha. Retrovirology 2013 10:146.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Establishment of an experimental system for evaluation of HIV-1 sensitivity to the antiviral activity of type 1 IFNs
	Analysis of the sensitivity of virus isolates from patients acutely-infected with HIV to in�vitro control by IFNα and IFNβ
	Investigation of the relationship between the IFN-sensitivity of acute virus isolates and the setpoint persisting viral load established in early infection
	Comparison of the in�vitro IFN sensitivity of viruses isolated from patients acutely-infected with HIV and virus isolates generated from the same individuals during chronic infection
	Comparison of the type 1 IFN resistance of molecularly cloned founder viruses and 6-month consensus molecular clones

	Conclusions
	Methods
	Study participants
	Generation and expansion of virus isolates
	Generation of IMCs
	Titration of viral stocks
	Analysis of viral IFN sensitivity
	Statistical analysis
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


