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Innate immunity in acute HIV-1 infection
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Abstract

Purpose of review—Acute HIV-1 infection (AHI) is comprised of the eclipse phase, during
which the transmitted virus struggles to avoid eradication and achieve amplification/spread; the
expansion phase when virus disseminates and undergoes exponential replication associated with
extensive CD4+ T cell destruction; and the containment phase when set-point levels of viremia
and immune activation are established. The importance of interactions between HIV-1 and innate
responses in determining events throughout AHI is increasingly recognised, and is reviewed here.

Recent findings—During the eclipse phase HIV-1 subverts dendritic cell functions to promote
its replication at mucosal sites and employs multiple strategies to minimise control by type 1
interferons. Systemic virus dissemination is associated with widespread activation of innate
responses, which fuels HIV-1 replication. To minimise the protective effects of innate responses
HIV-1 resists control by natural killer cells and may impair innate regulation of adaptive
responses. Innate responses remain chronically activated after HIV-1 containment, which is
thought to drive HIV-1 pathogenesis.

Summary—Innate responses are pivotal determinants of events at all stages of AHI. Increased
understanding of mechanisms involved in innate control of HIV-1 and pathways regulating innate
activation during HIV-1 infection could facilitate development of novel approaches to combating
this infection.
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Introduction

The acute phase of human immunodeficiency virus type 1 (HIV-1) infection is the most
critical stage of this infection. Virus interactions with the immune system during acute
HIV-1 infection (AHI) determine i. whether the transmitted virus is eliminated at mucosal
sites or establishes expanding foci of infection and disseminates; ii. the magnitude of the
ensuing acute burst of viral replication and extent of associated damage to the immune
system; and iii. the efficiency of control of virus replication and establishment of set-point
levels of viremia and immune activation, independent predictors of subsequent disease
progression. Adaptive responses start to be induced during the acute viremic burst [1, 2] and
contribute to containment of HIV-1 replication and establishment of the persisting virus load
[3], but there is no evidence that they constrain HIV-1 replication during the initial stages of
infection [4]. By contrast innate responses are activated very rapidly after virus exposure,
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and increasing evidence indicates that interactions between HIV-1 and the innate immune
system are key determinants of events from the earliest stages of AHI onwards (Figure 1).
This review covers recent advances in understanding of the activation of innate responses
during AHI, roles played by innate responses in control of HIV-1 replication, and viral
strategies for subverting and exploiting innate defences.

HIV-1 - innate interactions at mucosal infection sites during the initial
stages of AHI

HIV-1 infection is generally acquired by sexual mucosal transmission. Studies in macaques
infected intravaginally with simian immunodeficiency virus (SIV) show that virus
replication is initially confined to the mucosal infection site. Small foci of infection are
established locally, some of which expand and disseminate virus to the draining lymph node
(DLN) and blood [5*]. The length of the eclipse period before widespread virus
dissemination occurs ranges from 5-6 days to several weeks, with exposure to lower virus
doses being associated with longer eclipse periods [6, 7*]. Mucosal HIV-1 transmission is
inefficient: >100 exposures may be required before disseminated infection occurs, and
infection is commonly initiated by a single founder virus [8]. This suggests that HIV-1
struggles to establish infection at mucosal sites and may frequently be eliminated during the
eclipse period. Two factors hamper HIV-1 replication at the mucosa: relatively few CD4+
target cells are present, and local host defences need to be evaded. HIV-1’s ability to
overcome these hurdles is critically dependent on interactions with the innate immune
system.

HIV-1 exploits DCs to overcome the problem of limited target availability at mucosal
infection sites

HIV-1 replication at mucosal transmission sites predominantly occurs in CD4+ T cells [5*].
CDA4+ T cells are sparsely distributed at non-inflamed genital mucosae, so induction of an
influx of additional target cells is crucial for virus propagation. In macaques infected
intravaginally with SIV epithelial cells are rapidly stimulated to produce macrophage
inflammatory protein (MIP)3a (CCL20), which recruits plasmacytoid dendritic cells (pDCs)
to the endocervix. The virus then triggers pDCs to produce factors including type 1
interferons (IFN-1) (discussed below) and the chemokines MIP1a and § (CCL3 and CCL4),
which recruit CD4+ T cells, amplifying the pool of locally-available target cells [9]
(although they may also contribute to control of the replication of CCR5-utilising viruses).

HIV-1 also exploits conventional (¢)DCs in the sub-epithelium to help it cope with the low
density of CD4+ T cell targets. HIV-1 does not infect these dendritic cell-specific,
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN)+ c¢DCs efficiently, but
by binding to DC-SIGN achieves multiple goals: DC-SIGN-bound virions are sequestered
and efficiently transferred to CD4+ T cells with which the DC interacts [10], a process
facilitated by signalling via DC-SIGN [11]; signalling via DC-SIGN also promotes
production of pro-inflammatory cytokines that stimulate virus replication [12]; and
signalling via both DC-SIGN and TLR8 can enable HIV-1 to replicate productively within
the DC itself [13*]. cDCs also express other HIV-1 capture/transfer receptors [14]. The
importance of DC-mediated HIV-1 transfer in virus spread during early AHI is suggested by
the fact that stromal cell-derived factor-1 (SDF-1) (CXCL12) production by DCs impairs
transfer of CXCR4-utilising viruses across the DC-T cell synapse, and CXCR4-utilising
viruses are rarely transmitted [15, 16].
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HIV-1 employs multiple strategies to evade control by IFN-1 early after transmission

Although local immune activation and cellular infiltration facilitate virus replication, HIV-1
must simultaneously avoid being controlled by innate antiviral defences activated at the
mucosa, particularly IFN-1.

IFN-1 are pleiotropic cytokines that act by up-regulating transcription of hundreds of IFN-
stimulated genes (ISGs), many of which have antiviral activity [17**]. The most
intensively-studied of the ISGs that restrict the replication of HIV-1 and related viruses are
tripartite motif (TRIM)5a apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
like (APOBEC)3G and tetherin, the antiretroviral effects of which are emphasised by the
fact that HIV-1 and related viruses have evolved strategies for counteracting them [18*].
The most recently-discovered of these restriction factors was tetherin, a cell-surface protein
that “tethers” virions to virus-producing cells, preventing their release [19-21*] and is also
incorporated into virions, reducing their infectivity [22*]. Tetherin is antagonised by HIV-1
Vpu, which reduces tetherin levels on infected cells by targeting it for degradation and
sequestering it in a perinuclear compartment [23-25*]. Although tetherin restricts transfer of
virions from an infected cell to neighbouring cells by cell-to-cell spread [26, 27*], increased
tetherin expression on uninfected cells enhances their infection [27, 28*]. The IFN-induced
increase in tetherin expression may thus benefit HIV-1 by enhancing cell-to-cell
transmission.

Many other 1SGs also inhibit HIV-1 replication, including protein kinase R (PKR), Mx,
ISG15, TRIM22 and interferon-induced transmembrane proteins (IFITMs)1-3 [17, 29-31*].
There are also additional as-yet-unidentified factors that restrict HIV-1 replication, e.g. IFNa
induces a post-entry block to HIV-1 replication in macrophages [32, 33] and HIV-1
replication in monocyte-derived DCs (MDDCs) is blocked by a restriction factor
antagonised by SIV Vpx [34**]. The relative importance of these different antiviral
pathways in constraining HIV-1 replication in vivo remains to be determined. Correlations
have been reported between adjuvant/vaccine-induced APOBEC3G expression and virus
replication following mucosal SIV challenge in macaques [35, 36], but although this
suggests a role for ISGs in virus control it is unclear whether the effects observed were
mediated by APOBEC3G or other ISGs up-regulated in parallel.

The importance of IFN-1 in HIV-1 control is underlined by the fact that HIV-1 employs
multiple strategies to block IFN-1 production in infected cells. HIVV-1 genomic RNA is
recognised by the cytoplasmic RNA sensor retinoic acid-inducible gene | (RIG-1), but in
HIV-1-infected cells the viral protease sequesters RIG-I and targets it to lysosomes to block
IFN-I induction [37**]. Likewise HIV-1 DNA would be recognised by an as-yet-
unidentified nucleic acid sensor in infected cells, but this is prevented by the cytosolic
nuclease 3’ repair exonuclease 1 (TREX1), which binds to and digests excess cytoplasmic
HIV-1 DNA [38**]. In MDDCs HIV-1 infection can also be sensed by a pathway involving
interaction of newly-synthesised capsids with cyclophilin A and subsequent IRF3 activation
[34] that HIV-1 does not appear to evade, perhaps because it does not normally replicate
efficiently in cDCs. HIV-1 also prevents IRF3-mediated triggering of IFN-1 production: in
T cells and macrophages Vpr and Vif target IRF3 for degradation [39], whilst in MDDCs
Vpr blocks IRF3 activation without inducing its degradation [40*].

Although HIV-1 avoids triggering IFN-1 production in infected cells, IFN-1 are nonetheless
produced by pDCs at the mucosal transmission site and subsequently in LNs [9, 41-43].
HIV-1 is endocytosed by pDCs following binding to CD4 and chemokine co-receptors, and
interaction of viral RNA with TLR7 in endosomes triggers IRF7 activation and IFN-1
induction [44]. pDCs can also recognise HIV-1-infected cells by both endosomal (IRF7-
dependent) and cytoplasmic (IRF3-dependent) pathways [45*]. Notably, HIV-1-stimulated
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pDCs can be repeatedly triggered to produce IFN-1, which is associated with virion
trafficking to early endosomes and induction of a partially-matured, persistently IFN-1-
secreting phenotype [46**]. That HIV-1 activates potent secretion of IFN-1 and other
cytokines/chemokines by pDCs but suppresses IFN-1 production by infected cells likely
reflects a balance between its need to drive inflammation and attract CD4+ cells to enhance
replication, whilst simultaneously minimising local up-regulation of antiviral ISGs. Table 1
summarises HIV-1-host pattern-recognition receptor interactions that are subverted/
exploited during AHI.

Activation and subversion of systemic innate responses during the viral
expansion phase of AHI

After amplification at the transmission site HIV-1 spreads to the DLN and rapidly undergoes
systemic dissemination [5*]. An exponential increase in viral replication ensues, associated
with extensive depletion of CD4+ T cells, particularly from the gut-associated lymphoid
tissues (GALT). During this phase of AHI there is widespread activation of innate
responses.

Systemic activation of innate responses during the viral expansion phase

The earliest systemic perturbations in innate factors detected in AHI are elevations in acute-
phase proteins (APPs) including the acute form of serum amyloid A (A-SAA), plasma
concentrations of which increase transiently during the eclipse phase then increase again
during the acute viremic phase [47**]. The second increase in APP levels is coincident with
systemic elevations in pro-inflammatory cytokines including interleukin (IL)-1p and IL-6
[43], which are known to trigger APP production by the liver. No perturbations are detected
in plasma cytokines during the eclipse phase, but the initial burst of APP production may
reflect viral dissemination to the GALT and local production of pro-inflammatory cytokines
that reach the liver via the portal venous system. APPs including A-SAA and al-antitrypsin
plus proteolytic fragments of the latter inhibit HIV-1 replication in vitro [47**], hence may
mediate direct antiviral activity during AHI; and A-SAA and other APPs have
immunomodulatory effects [48, 49] so may also help to control HIV-1 replication indirectly.
The increase in viremia during AHI is associated with widespread activation of DCs,
coupled with elevations in circulating levels of innate cytokines/chemokines including
IFN-1, IL-15, IL-18, tumor necrosis factor (TNF)a and IFNy-induced protein (1P)-10
(CXCL10) [43]. Circulating frequencies of pDCs and cDCs are dramatically reduced prior
to the peak in viremia [50*], and although they recover somewhat as viremia is contained
they remain reduced throughout infection. The decline in circulating DC frequencies during
AHI likely reflects a combination of activation-associated recruitment into LNs and
apoptotic death. In SIV and HIV-1 infections pDCs accumulate in LNs where they produce
IFNo and undergo apoptosis [42, 51-53] and high levels of cDC apoptosis are also observed
[54, 55*]. The DCs that remain in the blood during AHI retain functional capacity and are in
a heightened activation state where they exhibit hyper-responsiveness to stimulation with
TLR7/8 ligands [50*].

Natural killer (NK) cells also become highly activated during the viral expansion phase and
increase in frequency in the circulation [56]. NK cell activation is stimulated by innate
cytokines including IFN-1, IL-15 and IL-18 and is also regulated by receptor-ligand
interactions. There is a specific increase in the frequency of NK cells expressing killer
immunoglobulin receptor (KIR)s 3DS1 and 3DL1 in subjects expressing human leukocyte
antigen (HLA)-Bw4 alleles with an isoleucine residue at position 80 (HLA-Bw480l), the
putative HLA class | ligand for KIR3DL1/3DS1 [57], which suggests an important role for
KIR-HLA interactions in regulating NK cell expansion and/or survival during AHI.
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The dramatic systemic activation of innate responses in AHI (Figure 2) contrasts with the
much more muted immune activation during acute infection with hepatitis B and C viruses
[43], which adopt a “stealth” approach to minimise control by innate defences. Triggering of
widespread immune activation favours HIV-1 replication and spread — but HIV-1 then has to
avoid innate control and impede the induction of adaptive responses by innate responses.

NK cell-mediated control of HIV-1 replication and viral strategies for its evasion

NK cells combat HIV-1 replication by Killing infected cells and producing antiviral factors
including IFNy, TNFa and B-chemokines. Triggering of NK effector functions following
contact with HIV-1-infected cells involves a reduction in signalling through inhibitory
receptors including KIRs that interact with HLA-A/B molecules (surface expression of
which is down-modulated to reduce CD8+ T cell recognition [58]), together with enhanced
stimulation through activating/co-stimulatory/adhesion receptors including activating KIRs
[59], NKG2D, NTB-A (CD352) and 2B4 (CD244) [60] (Table 2). No specific ligands for
activating KIRs on HIV-1-infected cells have been identified yet, but they are hypothesised
to recognise HLA molecules presenting viral or host stress protein-derived peptides, with the
interaction perhaps being dependent on a viral/host protein co-expressed on the cell surface
(analogous to Ly49P-mediated recognition of murine cytomegalovirus-infected cells [61]).
NKG2D interacts with unique-long 16 binding proteins (ULBPs)-1,-2 and -3, expression of
which is up-regulated on infected cells by HIV-1 Vpr via a mechanism dependent on
activation of the DNA damage/stress-sensing ataxia telangiectasia and rad-3-related (ATR)
kinase [62, 63*]. Interaction of HIV-1 gp41 with a binding protein for the globular head
domains of complement component C1q (gC1gR) on CD4+ T cells has also been shown to
induce expression of a ligand for the activating NK receptor NKp44 [64], NK activation via
which may contribute to immunopathogenic destruction of uninfected CD4+ T cells [65].
NK cells can also be targeted to combat HIV-1-infected cells via antibody-dependent cell-
mediated cytotoxicity (ADCC), but although some of the first antibodies produced in AHI
are thought to stimulate ADCC [66] this mechanism cannot operate prior to seroconversion.

The importance of NK cells in HIV-1 infection is suggested by genetic associations between
co-expression of KIR3DS1 or KIR3DL1 alleles encoding highly-expressed KIR3DL1
proteins and HLA-Bw480I, and slow HIV-1 disease progression [67, 68] (although similar
associations are not observed in HIV-2 infection) [69]. KIR3DS1/HLA-Bw480I is associated
with establishment of a low persisting viral load, indicating that it exerts protective effects
during AHI [70]. KIRs are expressed by both NK cells and some CD8+ T cells, but the
beneficial effects of the KIR/HLA compound genotypes likely involve effects on NK
responses as KIR3DS1+ NK cells mediate highly potent control of HIV-1 replication in
HLA-Bw480I1+ target cells [59] and KIR3DL1+ NK cells from individuals with protective
KIR/HLA compound genotypes exhibit enhanced functional potential in vitro [71*].
KIR3DS1 expression is also associated with enhanced NK cell functionality in AHI [72].

Further evidence that NK cells exert pressure on HIV-1 replication in vivo is that HIV-1 has
evolved multiple strategies for evading NK control (Table 2). Although surface expression
of HLA-A/B molecules is reduced on HIV-1-infected cells, expression of HLA-C and HLA-
E, which have a greater relative role in inhibiting NK activation, is retained [58]. Nef also
down-regulates expression of the gp41-induced NKp44 ligand on HIV-1-infected cells [65];
likewise CD48 and NTB-A, ligands for 2B4 and NTB-A, are down-modulated [60], the
latter by Vpu [73**]. Selection for mutations in HIV-1 that affect the interaction of peptide-
HLA complexes with inhibitory KIRs has also been observed [74, 75], although as these
mutations also reduce CD8+ T cell recognition it is unclear whether their selection is driven
solely by T cells or also confers evasion by modulating NK activity.
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HIV-1 may also induce abnormalities in innate functions that influence interactions
between innate subsets and the induction of adaptive responses

pDCs, NK cells and cDCs mutually enhance oneanother’s activation via cytokine production
and cell contact-dependent interactions. This is impaired during chronic HIV-1 infection
[76, 77] but during AHI may conversely be enhanced [46, 50**], furthering immune
activation and viral replication. NK cells also mediate DC editing, lysing immature cDCs in
LNs to ensure that T cells interact with mature DCs capable of mediating effective priming.
Again, this is disrupted during chronic HIV-1 infection, perhaps because NK functions are
progressively impaired [78] and/or due to production of IL-10, which makes immature DCs
resistant to NK lysis whilst increasing the sensitivity of mature DCs to NKG2D-dependent
NK elimination [79*]. HIV-1-infected DCs are, however, rendered resistant to NK cell-
mediated editing by a process that involves high-mobility group box 1 (HMGB1)-induced
up-regulation of anti-apoptotic molecules [80*]. This prolongs HIV-1 persistence within
DCs. cDCs with a partly-matured phenotype accumulate in LNs during AHI [81], although
whether this is due to alterations in NK-mediated editing or effects of HIV-1 itself on DC
maturation is unknown. HIV-1 infection of cDCs does not induce their maturation, and
impairs their ability to prime CD4+ and CD8+ T cell responses in vitro [82]. Mechanisms
involved may include interaction of virions with DC-SIGN, which triggers signalling that
impairs subsequent DC maturation [11] and/or interaction of Env with other receptor(s)
leading to activation of the mammalian target of rapamycin (mTOR) pathway and shut-
down of autophagy, which down-regulates TLR responsiveness and impairs antigen
presentation [83**]. HIV-1-exposed DCs also promote T cell exhaustion and stimulate
induction of regulatory T (Treg) cell responses [84, 85*]. In addition, HIV-1 activates pDCs
to induce Tregs via an indoleamine 2,3-dioxygenase (IDO)-dependent mechanism, and these
Tregs can in turn inhibit the maturation of cDCs [86]. The extent to which these mechanisms
impact on DC-T cell interactions in vivo remains unclear. IDO is up-regulated during acute
SIV infection [42]; and IDO production is associated with a decline in TH17 cells and
increase in Treg cell activity in chronic HIV-1 infection, supporting a role for this pathway
in disease progression [87]. However HIV-1-specific CD8+ T cell responses with potent
antiviral activity are elicited during AHI [3] and CD4+ T cell responses are transiently
expanded [88], suggesting that at least a proportion of DCs retain functionality in vivo and/
or that DC functions are not compromised rapidly enough to impair T cell priming. Vpu has
also been shown to interfere with CD1d expression on HIV-1-infected DCs, which renders
them poor stimulators of NKT cell activation in vitro [89*], although the in vivo importance
of this is again unclear. Notably, cDCs express increased levels of B lymphocyte stimulator
(BLyS) from AHI onwards, which, coupled with high expression of a proliferation-inducing
ligand (APRIL), IL-6 and IL-10 may promote generalised B cell activation and dysfunction
and contribute to the delay in neutralising antibody production in AHI [90**].

Roles of innate responses during the later stages of AHI as viremia is
contained

Systemic innate responses are maximally activated during the viral expansion phase: as
viremia decreases and stabilises later in AHI plasma cytokine/chemokine levels decline [43],
circulating DC numbers begin to increase [50*] and peripheral blood NK frequencies
normalise [56] (Figure 2). However although not as highly-stimulated as during the acute
viral burst, innate responses remain in a heightened state of activation.

Adaptive responses play a dominant role in containment of viremia during the later stages of
AHI, but innate responses likely also contribute to control of virus replication. The major
common genetic determinants of the persisting viral load established in early HIV-1
infection map to the major histocompatibility complex [91], polymorphisms in which can
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influence innate as well as adaptive responses. For example the beneficial effects of the
KIR3DS1/HLA-Bw4801 compound genotype likely reflect an important effector role for
KIR3DS1+ NK cells in control of HIV-1 replication [59, 67, 70]; and the detrimental effects
of HLA-B35-Px alleles may be due to their ability to bind with high affinity to
immunoglobulin-like transcript 4 (ILT4), an inhibitory receptor on DCs, and promote DC
dysfunction [92]. Importantly, maintenance of innate activation after control of viremia in
AHI also has detrimental consequences, promoting viral replication and enhancing CD4+ T
cell loss.

Ongoing stimulation of pDC production of IFN-1 and other cytokines may be particularly
harmful, as IFN-1 promote the activation of innate and adaptive cells, have direct pro-
apoptotic effects and also up-regulate TNF-related apoptosis-inducing ligand (TRAIL) on
CDA4+ T cells and pDCs, indirectly furthering CD4+ cell apoptosis [93, 94]. pDCs from
women produce more IFN-1 following TLR7 ligation than pDCs from men, and women
undergo faster HIV-1 disease progression than men with similar viral loads, supporting a
detrimental role for pDC activation and IFN-1 production in chronic infection [95].
Furthermore, although a strong IFN-1 response is activated during the acute phase of both
pathogenic (e.g. HIV-1 infection of humans and SIV infection of rhesus macaques) and non-
pathogenic (e.g. SIVsmm infection of sooty mangabeys and SIVVagm infection of African
green monkeys) immunodeficiency virus infections, IFN-1 production is down-regulated
following acute infection in the non-pathogenic infections, whilst high levels of ISG
expression are sustained into chronic infection in the pathogenic infections [51, 96-99].
Likewise in HIV-2 infection, which is typically associated with slower CD4 decline and
disease progression than HIV-1 infection, ISG expression levels during chronic infection are
lower than those in HIV-1 infection [100]. The mechanisms responsible for the differential
regulation of immune activation in pathogenic and non-pathogenic primate
immunodeficiency virus infections are unclear, but are of priority to understand.

Conclusion

Interactions between HIV-1 and the innate immune system determine critical events at all
stages of AHI. Modulation of innate responses thus represents a promising approach for
combating HIV-1 infection, although the complex combination of protective/pathogenic
effects mediated by innate responses during AHI suggests that intervention strategies will
need to act selectively. Definition of the ISGs that mediate the in vivo antiviral activity of
IFN-1 could enable their activity to be invoked to enhance HIV-1 control. Likewise
identification of receptor-ligand interactions involved in NK recognition of HIV-1-infected
cells could enable the development of strategies for enhancing NK-mediated containment of
viral replication. Conversely dissection of the pathways via which HIV-1 stimulates pDC-
mediated production of high levels of inflammatory mediators and understanding of
mechanisms by which innate responses are down-regulated following virus containment in
non-pathogenic primate immunodeficiency virus infections may enable development of
prophylactic or therapeutic strategies to combat HIV-1 infection via down-modulation of
immunopathogenic innate activation. Finally, the impact of HIV-1-induced abnormalities in
innate functions on the induction/maintenance of adaptive responses in acute/early infection
is poorly understood, but counteraction of early innate dysfunction could also provide a
means of enhancing HIV-1 control by adaptive responses.
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Key points

Interactions between HIV-1 and the innate immune system are pivotal
determinants of critical events at all stages of AHI.

During the eclipse phase of AHI HIV-1 subverts dendritic cell functions to
overcome the problem of limited CD4+ target cell availability at mucosal
infection sites, and employs multiple strategies to evade local control by type 1
interferons.

As systemic virus dissemination occurs HIV-1 stimulates widespread activation

of innate responses to fuel its replication, and to minimise the protective effects

of innate responses it resists control by natural killer cells and may impair innate
regulation of adaptive responses.

In non-pathogenic primate immunodeficiency virus infections innate responses
are down-regulated after the acute phase of infection, but they remain
chronically activated after virus containment in acute HIV-1 infection, which is
thought to drive HIV-1 pathogenesis.

Increased understanding of mechanisms involved in innate control of HIV-1 and
pathways regulating innate activation during HIV-1 infection could facilitate
development of novel approaches to combating this infection.
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Innate responses interact with HIV-1 throughout acute infection

>
>

7
/\ HIV-1-specific T cell responses start to be _

primed during the viral expansion phase v
Plasma

virus Seroconversion typically begins

titre around the peak in viremia
(log1)

—

T T |
T 10 days 24 days 3-6 months

HIV exposure . . .
Time post-infection

Figure 1. Diagram illustrating the different phases of acute HIV-1 infection and the host immune
responses available to counteract virus replication at each

Following mucosal HIV-1 transmission virus replication is initially confined to small foci of
infection at the mucosal site. After local amplification, infection disseminates to the draining
lymph node and blood; the eclipse phase ends when virus first reaches detectable levels in
the plasma (the horizontal dotted line indicates the limit of sensitivity of standard HIV-1
RNA assays). An exponential burst of virus replication then ensues, associated with
extensive depletion of CD4+ T cells, particularly from the gut-associated lymphoid tissues.
Plasma virus titres often reach peaks of 1-100 million RNA copies/ml at the end of the viral
expansion phase. HIV-1 replication is subsequently contained, and set-point levels of
persisting viral replication and immune activation are established by 3-6 months post-
infection. Interactions occur between HIV-1 and the innate immune system at all stages of
acute infection. Adaptive responses start to be induced during the viral expansion phase and
play an important role in containment of virus replication and establishment of the set-point
persisting viral load.
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Figure 2. Diagram illustrating the dynamics with which innate responses are activated during
AHI

pDCs are recruited to mucosal sites of HIV-1 infection within hours of viral exposure, and
produce pro-inflammatory cytokines and chemokines that attract CD4+ T cells to the
transmission site hence facilitating viral replication, plus IFN-1 that mediate local antiviral
activity. Systemic activation of innate responses is triggered as widespread virus
dissemination occurs. There is rapid activation of pDCs and cDCs associated with elevations
in plasma levels of multiple innate cytokines and chemokines, followed by activation and
expansion of NK cells. Although innate effector mechanisms contribute to control of virus
replication, the intense systemic immune activation simultaneously promotes viral
replication. The initial intense activation of innate responses is not sustained after the acute
viral burst, but a heightened state of activation continues to be maintained after viremia is
contained. This chronic up-regulation of immune activation is thought to be an important
factor in HIV-1 pathogenesis.
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Receptor-ligand interactions involved in innate NK cell recognition of HIV-1-infected cells and viral
strategies for reducing NK triggering

NK cell receptor

Activating or inhibitory?

(Putative) ligand on HIV-1-
infected cells

How does HIV-1 modulate this interaction?

on HIV-1-infected cells by Vpr)

KIRs with short Activating HLA molecules expressing Expression of HLA-A and HLA-B alleles
cytoplasmic tails e.g. peptides derived from viral or (which may be recognised by some activating
KIR3DS1 host stress proteins (perhaps KIRs) is down-modulated by Nef.

together with a viral or host Acquisition of viral mutations that confer
stress response protein on the escape from recognition by activating KIRs
cell membrane) has not yet been documented but may occur?
NKG2D Activating ULBPs-1, 2 and 3 (up-regulated Other NKG2D ligands, e.g. MICA and MICB,

are not up-regulated.

NTB-A (CD352)

Enhances activation

NTB-A (CD352)

Expression is down-modulated on HIV-1-
infected cells by Vpu.

2B4 (CD244) Enhances activation CD48 Expression is down-modulated on HIV-1-
infected cells.
NKp44 Activating Ligand induced on infected and Nef down-regulates expression of the gp41-
uninfected CD4+ T cells induced NKp44L on infected cells.
following gp41 binding to
gC1gR
KIRs with long Inhibitory HLA molecules expressing Although Nef down-modulates expression of
cytoplasmic tails e.g. peptides derived from normal HLA-A and HLA-B alleles to escape CD8+ T
KIR3DL1 host proteins cell recognition, expression of HLA-C alleles

is retained. Selection for mutations in HIV-1
that enhance recognition of peptide-MHC
complexes by inhibitory KIRs has been
documented, although whether this protects
infected cells from NK activity is not clear.

NKG2A and NKG2C

Inhibitory Activating

HLA-E

HLA-E expression is not down-modulated by
Nef.
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