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Cognitive Consequences of a Sustained Monocyte Type 1 IFN
Response in HIV-1 Infection
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Abstract

With successful antiretroviral therapy, HIV-1-infected subjects can achieve undetectable

peripheral viral loads and immune homeostasis. However, in a subset of individuals on therapy,

peripheral monocytes have a gene expression profile characteristic of a type 1 interferon α (IFN)

response. This type 1 IFN response correlates with a number of pathogenic conditions including

neural cell injury and in combination with HCV infection, cognitive impairment. Lessons from the

non-human primate models of pathogenic and nonpathogenic SIV suggest that returning the initial

IFN spike in acute SIV infection to normal allows the immune system to control infection and

return to homeostasis. An IFN “alarm” signature, defined as monocyte activation with

overexpression of the type1 IFN genes IF127 and SN, would be useful for identifying a subset of

subjects with HIV-1 infection that could progress to a number of pathologies associated with

immune activation including cognitive dysfunction. This strategy is being actively pursued for

autoimmune diseases that are characterized by an IFN signature. Therapies to block the IFN

signature are under investigation as a means to reset the immune system and in a subset of HIV-1-

infected subjects may be an adjuvant to standard antiviral therapy to return cognitive function.
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INTRODUCTION

Chronic immune activation plays a major role in HIV-1 neuropathogenesis and progression

to AIDS. In spite of effective antiretroviral therapy (ART), cognitive impairment in

chronically infected individuals has been reported to be up to 48% [1]. One model of
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immune activation is that lipopolysaccharide (LPS) translocation through a CD4 T cell-

depleted gut is responsible for immune activation [2]. And yet recent evidence does not

support this [3–5]. Interferons are key cytokine defense components of the antiviral

response. Production of interferons results in the overexpression of Interferon Stimulated

Genes (ISGs) [6]. Three distinct interferon types are recognized based on their receptors,

type 1 (α/β), type II (γ) and type III (λ) [7, 8]. While all have antiviral activities, the type 1

IFN response is integral to innate immunity in HIV-1 and simian immunodeficiency virus

(SIV) infections [9–11].

The major arms of the antiviral response are the natural killer cells and the production of

type 1 interferon (IFNα/β) by plasmacytoid dendritic cells (pDCs) [12]. HIV-1 activates

pDCs to produce IFN early in infection [13]. In HIV-1 and SIV studies, early IFN response

is associated with acute illness and is important in retarding infection [14–16]. Our recent

published data on monocyte gene expression from HIV-1-infected individuals who are on

ART, showed that continued activation is predominantly due to IFNα and not LPS

activation [3]. This mini review addresses the negative aspects of a sustained monocyte IFN

signature on cognitive dysfunction and how this type 1 IFN “alarm” signature, defined as

monocyte ISGs, IF127 and CD169 (SN, sialoadhesin), identifies subjects at risk for

cognitive impairment in both HIV-1 infection and coinfection with hepatitis C virus (HCV)

[3, 17].

LESSONS FROM NON-HUMAN PRIMATES IN CONTROL OF HIV-1

INFECTION

In the last decade, immune activation has been recognized as a more relevant indicator of T

cell depletion and immunodeficiency than viral load. Contributing to this perspective are

numerous studies using two closely related non-human primates, which exhibit two

dramatically different outcomes following SIV infection. When rhesus macaques (RM), old-

world Asian primates, are infected with SIV, the animals become viremic supporting virus

replication that leads to chronic immune activation, T cell depletion and ultimately immune

system collapse. This is similar to the disease course observed in humans and as a result,

RM are used extensively to model human HIV-1-related immunology and neuropathology

(Table 1).

In contrast, sooty mangabeys (SM), which are indigenous to Africa where SIV is endemic,

exhibit a burst of immune activation during the acute infection phase but then down-regulate

the immune response approaching pre-infection levels despite high SIV titers in the plasma

(reviewed in [18]). Sooty mangabeys are natural hosts of SIV, tolerating high viral loads

without immune activation while maintaining a normal immune system without T cell

depletion and rarely develop AIDS. In fact, SIV-infected SM maintain high circulating

CD4+ T cell levels that are similar to uninfected SM counterparts [19–21]. Importantly,

during non-pathogenic SIV infection, SM are able to control and limit immune activation

despite constant viral replication [20–23]. Acute infection of SM is associated with an

increase in ISGs in the blood and lymph nodes that is rapidly resolved in spite of a continued

HIV-1 viremia [24, 25]. A marker of monocyte IFNα activation, CD169, is markedly

increased in RM and decreased in SM [26]. This suggests that SM have adapted to SIV
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infection by modifying their immune response and thereby avoided damage to their immune

system caused by chronic activation. In HIV-1, monocyte CD169 expression closely follows

viral load and can be suppressed with successful ART and an undetectable viral load [27].

In both human and non-human primates, elevated IFNα is associated with acute HIV-1 and

SIV infections, respectively [14, 15], and in the chronic HIV-1 infection phase, serum IFNα

levels correlated with disease progression and diminished benefit from ART [28]. So while

an acute immune activation process is beneficial in stimulating the immune system and

antiviral state necessary to contain viruses, the chronic activation state also driven by viral

infection may lead to further pathogenic conditions.

TRANSITION FROM ACUTE TO CHRONIC ACTIVATED MONOCYTE

PHENOTYPE IN HIV-1 INFECTION

Blood monocytes contribute to innate immunity and migrate to tissues where they

differentiate into macrophages. Along with T cells, macrophages are a target for HIV-1

infection whereas monocytes are somewhat refractory to infection. Susceptibility to HIV-1

infection is thought to increase with monocyte differentiation into a macrophage [29, 30]

and while it is the monocyte/macrophage (M/Mϕ) that transmigrates into the brain, it is the

activation of the monocyte by HIV-1 that induces soluble products that help differentiate the

monocyte into a macrophage and contribute to cognitive impairment [31]. Before the era of

ART, CD14+ peripheral monocytes in HIV-1 infection were activated and expressed high

CD16 and TNFα cell markers as well as a CD69 monocyte subset that correlated with

HIV-1 dementia [31, 32]. The peripheral monocyte activation phenotype in HIV-1 infection

has markers normally present on macrophages that facilitate migration across the blood

brain barrier as well as increase susceptibility to HIV-1 infection [33, 34]. In the era of ART,

some individuals control viral load and others spike to high HIV-1 viral load with monocyte

gene and protein expression increased for MCP-1, CD16 and CD169 suggesting a hybrid

monocyte/macrophage (M/Mϕ) phenotype [33]. When monocytes from HIV-1-infected

individuals were cultured to macrophages in vitro, the supernatants caused extensive

neurotoxicity on human brain cells consistent with that seen in human brains [31]. The

CD14+ low/CD16+ high subset, like the tissue macrophage, elaborates proinflammatory

cytokines, chemokines and neurotoxins [35] and is more permissive to HIV-1 infection [36]

and migration to the brain [34, 37]. Monocytes expressing CD163, a scavenger receptor

binding hemoglobin: haptoglobin, have been associated with increased HIV-1 viral load and

inversely with T cell count [38]. The CD16+/CD163+ subset has also been demonstrated in

the blood and brain in the SIV model [39].

TYPE 1 IFN EXPRESSION ON PERIPHERAL MONOCYTES IN HIV-1

INFECTION

HIV-1-infected subjects treated with ART but with detectable viral loads, may continue to

show monocyte activation with elevated expression of interferon-related genes [3]. When

monocyte expression profiles were compared with in vitro IFN-treated monocytes, there was

high correlation (r=0.789) and significance (p<0.001)in ISGs in spite of the inability to
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measure IFN protein in the periphery [3]. The proposal that microbial translocation is likely

the source of activation is based on the finding that HIV-1-infected subjects, even those with

very low viral loads, have significantly higher plasma LPS levels than HIV-1-negative

subjects [2, 3]. However, when monocytegene expression profiles from healthy HIV-1

seronegative subjects were treated with LPS (1 ng/ml) or IFNα (100U/ml) in vitro for 48

hours and compared with monocyte gene expression profiles from HIV-1 seropositive

subjects, the profiles from HIV-1 infected individuals did not have a corresponding

inflammatory profile consistent with LPS activation but rather a type 1 IFN response (Table

2) [3].

Three highly expressed genes in LPS-treated monocytes, CXCL3, IL-6 and IL-1β, were not

elevated in control subjects (not shown), HIV-1-infected subjects or IFN-treated monocytes,

whereas SN (CD169) and IP-10 (CXCL10) were highly elevated in both IFNα-treated and

HIV-1-infected subject monocytes. IP-10 can also be measured in the plasma of HIV-1-

infected subjects and when correlated with monocyte gene expression showed a significantly

high correlation (Fig. 1) (adapted from [17]). These findings demonstrate that an IFNα

response is present on monocytes from HIV-1-infected subjects in spite of increased

peripheral LPS. Monocytes do not respond with classic LPS gene markers suggesting they

might be desensitized to LPS activation. The source of the monocyte type 1 IFN activation

profile in treated HIV-1 infection is unknown but several explanations have been put

forward. One recent paper reported that HIV-1 Tat could activate a subset of ISGs including

IP-10 through p38 MAP kinase and IRF7 pathways independent of IFN [40].

Other data show that IL27, an anti-HIV-1 cytokine, can also induce ISGs, similar to IFNα

on mono nuclear cells via a type 1 IFN independent pathway [41, 42]. Alternatively, low

levels of IFN induced by HIV-1 reactivation from reservoirs are possible even with effective

therapy.

In spite of effective antiretroviral therapy, cognitive impairment persists in a subset of

chronically infected individuals with HIV-1 infection. Investigators are actively trying to

identify biomarkers for predicting and identifying cognitive impairment. The majority of

studies have focused on the use of cerebrospinal fluid (CSF) for analyses. Recently, soluble

CD163, shed from activated M/Mϕ into plasma and CSF was significantly elevated in the

plasma of HIV-1-infected subjects with cognitive impairment compared to unimpaired

infected subjects [43]. Another activation marker of macrophages is neopterin. It is

produced by stimulation of macrophages with IFNγ, and to a lesser degree by IFNα, and is

indicative of cellular immune activation [44]. Interestingly, neopterin elevation in CSF

significantly correlated with cognitive impairment and also with elevated plasma sCD163

levels in controlled HIV-1 infection [43]. Several reports demonstrate that indices of

cerebral inflammation are present in CSF including an increase in the interferon chemokine

CXCL10 [45, 46]. In a recent report, a CSF cytokine profile of elevated G-CSF, IL-8,

MCP-1 and CXCL10, strongly correlated with cognitive impairment [46]. Of added interest,

CXCL10, an interferon marker, was higher in ART-treated subjects with cognitive

impairment. In the periphery, only sCD163 has been found to correlate with cognitive

impairment [43] although peripheral immune activation can be monitored by checking

plasma interferon-stimulated products CXCL9 and CXCL1, sIL-2R and sCD14 [45, 47] and
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CXCL10 [17]. Looking at monocyte gene expression from HIV-1-infected individuals, 14

differentially expressed genes with greater than five fold increase in activation were

identified and 7 of these genes correlated with a decrease in N-acetylaspartate (NAA) in the

frontal white matter (FWM) using magnetic resonance spectroscopy (MRS) [17]. While the

gene expression profile did not correlate with cognitive impairment, the decrease in NAA

suggests neuronal injury. Elevated monocyte CD169 expression significantly correlated with

a decrease in NAA (data not shown here) and was detected in the brains of HIV-1-infected

subjects as a subset of infiltrating macrophages (Fig. 2) [17]. This links a peripheral type 1

IFN-induced monocyte marker with infiltrating macrophages in the brain.

Both exogenous administration and endogenous production of IFNα have been associated

with, and in animal models causative for, neuronal dysfunction. IFNα used as a treatment

strategy in a variety of conditions can cause cognitive dysfunction (reviewed in [48, 49]) as

well as in healthy individuals [50]. Importantly, cognitive dysfunction associated with IFN

therapy usually diminishes when therapy is terminated. In vitro studies show that IFNα can

cause a loss of dendritic arborization that can be blocked by IFN-neutralizing antibody and

partially by NMDA antagonists [51]. Using a SCID mouse model of HIV-1 encephalitis,

blocking IFNα with neutralizing antibody significantly improved cognitive function [48,

51].

EFFECTS OF HCV COINFECTIONON HIV-1 AND MONOCYTE ACTIVATION:

IMPLICATIONS FOR COGNITIVE DYSFUNCTION

A molecular process driven by a gene signature usually represents pathological conditions.

This profile can be a prognostic biomarker of disease or a profile of clinical response to

therapy. In a small study of HIV-1/HCV coinfected individuals with controlled HIV-1 and

untreated HCV, 65% were cognitively impaired [52]. Looking at their monocyte gene

expression signature, there was a distinct increase in interferon signaling with coinfection

compared to HCV mono infected subjects and HIV-1-infected subjects having undetectable

HIV-1 viral loads (Fig. 3) [53]. One would expect that the coinfected monocyte signature

would mimic that seen in subjects with HCV infection alone since the subjects were not

treated for their HCV infection and were on ART with an undetectable HIV-1 viral load.

In controlled HIV-1 infection, the type 1 IFN monocyte signature did not correlate with a

worsening global deficit score (GDS) but rather a decrease in NAA [17]. When looking at

HIV-1/HCV-infected subjects, an IFN activation score of a composite of 6 highly

overexpressed IFN genes on monocytes was determined [53]. This score strongly correlated

with an increase in and worsening cognitive impairment (Fig. 4) suggesting that HCV in the

presence of HIV-1 triggers monocyte activation in a subset of coinfected individuals.

However, this does not appear to be dependent on HIV-1 viral load since it was undetectable

in this cohort. While the explanation for increased cognitive impairment in HIV-1 controlled

mono infection and coinfection remains elusive, it may imply ongoing intracerebral

inflammation.
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TYPE I IFN EXPRESSION PROFILE AS AN “ALARM” SIGNATURE

Several reports review the neurotoxic effects of IFNα protein; however, in the case of

controlled HIV-1 infection, monocyte genes IF127 and SN may be elevated in spite of low

IFN protein levels. Unlike the beneficial therapeutic effects of IFN to treat viral infections

and tumors, chronic expression of IFN genes on monocytes may carry deleterious side

effects and constitute an “alarm” signature in the periphery. Several conditions that result in

chronic endogenous production of IFN can give us clues as to how expression in HIV-1-

infected subjects might influence disease progression including cognitive impairment.

Rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) area utoimmune

diseases characterized by chronic inflammation and a common type 1 IFN gene expression

response. Peripheral protein levels of IFN in these conditions do not necessarily agree with

the IFN expression profiles [54]. In a recent study, a 5-gene type I IFN blood signature

(IFI44, IFI44L, IFI27, RSAD2 and IFI6) was identified in five rheumatic diseases including

a subset of RA and the majority of SLE patients. This study showed overexpression of type

1 IFN genes in both tissue-specific disease sites, such as skin in SLE and synovial fluid in

RA and whole blood from the same subjects [54]. This interferon signature was considered a

biomarker for active disease and severity [55]. In another report, a set of 6type I IFN genes

was shown to represent a prognostic marker for poor response to rituximab treatment in a

subset of RA subjects [56, 57]. Successful responders had a low or absent IFN signature

before therapy [58]. In SLE, the IFN signature is relatively stable and cannot be used as a

prognostic biomarker [55]. Cognitive impairment in RA has been reported to be in the range

of 30–38% with decreases in attention and verbal fluency performance as the most common

symptoms [59]. SLE is a more complicated disease than RA with multifactorial etiology and

symptoms. Neuropsychiatric SLE is a broad umbrella of psychiatric symptoms with a range

of neuropsychiatric symptoms including delirium, depression, anxiety, hallucinations as well

as cognitive impairment, which are reported to be the most common manifestation of

neuropsychiatric lupus having a prevalence of 15–66% (reviewed in [60–62]). CD169 was

suggested as a peripheral monocyte biomarker for monitoring an IFN response in SLE,

where inflammatory monocytes contribute to auto antibody formation [63]. To our

knowledge there have not been any correlative studies to compare type I IFN expression

with cognitive dysfunction in RA and SLE in spite of the high percentage of cognitive

impairment in these conditions. However, there is active investigation into therapeutic

agents including antibodies to IFNα that inhibit the type I IFN expression in SLE (reviewed

in [64]).

While in HIV-1 infection a monocyte IFN “alarm” profile typically parallels viral load, in a

subset of virally controlled individuals, it persists in spite of undetectable virus. In addition,

the hyperactive immune state can contribute to a number of HIV-1-associated ageing

complications including cardiovascular disease, liver and renal disease, osteoporosis as well

as cognitive decline (reviewed in [65]). Chronic HCV coinfection synergistically unmasks

an IFN inflammatory signature that correlates with cognitive decline even when HIV-1 is

successfully suppressed with ART. In both HIV-1 mono and coinfection, elevated CD169

expression on monocytes is a leading IFN “alarm” biomarker [17, 27, 53]. Identifying those

subjects with elevated monocyte CD169 would be a compelling risk factor for initiating
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treatment in coinfected subjects who otherwise are a difficult group to treat. In the new era

of highly effective HCV protease inhibitors that come with significant costs, subjects with

known progressive liver disease will likely be treated first. However, those with a monocyte

IFN signature may have a compelling risk factor for cognitive impairment and may be

prioritized for treatment.

NEUTRALIZING CHRONIC TYPE 1 IFN ACTIVATION

While a type 1 IFN response is essential in controlling viral infections, persistent activation

of this pathway has detrimental consequences. In both HIV-1 and coinfection with HCV,

sustained expression of an IFN “alarm” signature has an impact on neurological function,

either as neuronal injury as described in HIV-1 or cognitive impairment in HIV-1

coinfection with HCV [17, 53]. Anti-IFNα immunization as an adjuvant to ART was

previously used in several studies in Europe and Israel with results in HIV-1-infected

subjects responding with increased levels of IFNα neutralizing antibodies and reduced

disease progression [66–70]. These studies were performed before the year 2000 at a time

when active discussions were ongoing about when to treat and with what combination of

antivirals. With the present expectation in HIV-1 therapy of undetectable viral load and a

reconstituted immune system, most individuals with HIV-1 infection will not maintain an

IFN signature. However, for those that continue to have chronic activation, recent studies

using a lymphocytic choriomeningitis virus (LCMV) model of infection show exciting

results on blocking the IFN signaling pathway to reset the immune environment [71, 72]. A

mouse model of persistent LCMV infection is accompanied by chronic type 1 IFN signaling,

hyperactivation and disease progression [71, 72]. By blocking IFNα signaling using

neutralizing antibody, immune activation was quenched, lymphoid tissue architecture was

restored and the immune mediators necessary for viral clearance restored. While there are

justifiable concerns that blocking the IFN response would exacerbate virus, the LCMV

experiments suggest that this reset of the immune system can be achieved. The animal

studies demonstrate that CD4 T cells were required for enhanced control after treatment. In

HIV-1 infections, most subjects on ART have normal T cell counts although they may

continue to have activated T cell compartments with elevated CD38/CD8 in spite of

undetectable viral load [53]. Viral suppression usually parallels lower T cell and monocyte

activation, although only monocyte activation is associated with cognitive impairment.

Lessons from the persistent LCMV model demonstrate that ablating IFN signaling can reset

the immune thermostat and in HIV-1 infection, the likelihood of improving cognitive

dysfunction.

The use of IFN blocking strategies in humans has more recently been investigated for

treatment of SLE (reviewed in [64]), where IFNα is strongly implicated in the pathogenesis.

Strategies for anti-IFNα therapy include antibodies to IFNα, IFNα receptor and

immunization to IFNα; clinical trials using these targets are in progress [73–75].

Alternatively, the use of general immunosuppressive drugs in combination with ART is

another approach (reviewed in [76]). If results from these trials are successful in eliminating

the chronic hyperimmune state caused by IFNα, identifying the subset of HIV-1-infected

individuals with or without HCV coinfection having the IFN “alarm” signature would be

important to add an immune modulatory component to standard antiviral therapy.
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Fig. 1. Monocyte gene expression correlates with plasma concentration of IP-10 in HIV-1-
infected subjects
Monocyte gene expression significantly correlated with plasma levels. Spearman correlation

coefficient (R) and p value is shown. Cross is the mean value for HIV-1 seronegative

controls (± S.D.) (Adapted from [17]).

Pulliam Page 12

Curr HIV Res. Author manuscript; available in PMC 2014 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. Immunohistochemistry staining for CD169-expressing macrophages in CNS
Section from the frontal cortex of an (A) HIV-1-seronegative subject and (B, C) sequential

sections from an HIV-1 seropositive individual. CD169 is not present in the brain of an

HIV-1-seronegative subject (A) and is a subset (B) of perivascular CD68 macrophages (C).

Sections were immuno stained with antibodies to CD169 (A, B) and CD68 (C) and

visualized using a DAB substrate.
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Fig. 3. Canonical pathways for monocyte gene expression analyzed using Interactive Pathway
Analysis (IPA, Ingenuity)
Differentially expressed genes from subjects with HIV-1/HCV (n=17) on ART, HCV

(n=19), HIV-1UD, (undetectable viral load, n=14) and HIV-1with viral load on ART (n=22)

relative to healthy controls (n=28) were analyzed using IPA. The top two most significant

canonical pathways were shown. The Interferon Signaling pathway was the most significant

pathway in both the Coinfection (−log(p)=7.55) and HIV groups (−log(p)=6.13). X axis

(significance) indicates a negative natural log-transformed Fisher’s exact test right-tailed p

value as calculated in IPA. (Adapted from [53]).

Pulliam Page 14

Curr HIV Res. Author manuscript; available in PMC 2014 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4. IFN activation score correlates with worsening global deficit score (GDS) in HIV-1/HCV
coinfection
For each subject, 5 type 1 IFN monocyte genes (IF127, RSAD2, MX1, SIGLEC1 and

LGALS3BP) were converted into a composite activation value. Expression was normalized

to mean=0, sd=1. The composite activation score significantly correlated with worsening

GDS in the HIV-1/HCV coinfected (Co) subjects (black circles) using a Spearman’s rank

correlation. For reference, HIV-1UD (UD, undetectable viral load) subjects’ 6 gene

activation score and GDS values are shown (open triangles). (Adapted from [53]).

Pulliam Page 15

Curr HIV Res. Author manuscript; available in PMC 2014 September 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Pulliam Page 16

Table 1

SIV infection of non-human primates.

Rhesus Macaques Sootey Mangabeys

Pathogenic infection Natural Host

Early interferon response continues Early interferon response drops off

T cell proliferation continues Early T cell proliferation drops off

T cell counts drop after 60 days T cell count remains high

Plasma viral load stays high Plasma viral load still high

CD169 increase on monocytes CD169 decrease on monocytes

Chronic Activation Reduced Activation
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