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Background. Chronic inflammation in human immunodeficiency virus (HIV)/hepatitis C virus (HCV) coinfection increases 
cognitive impairment. With newer, direct-acting antiviral therapies for HCV, our objective was to determine whether chronic in-
flammation would be decreased and cognition improved with HCV sustained viral response (SVR) in coinfection.

Methods. We studied 4 groups longitudinally: 7 HCV-monoinfected and 12 HIV/HCV-coinfected persons before and after 
treatment for HCV, 12 HIV-monoinfected persons, and 9 healthy controls. We measured monocyte activation and gene expression, 
monocyte-derived exosome micro-ribonucleic acid (miRNA) expression, plasma inflammation, and cognitive impairment before 
and after therapy.

Results. Plasma soluble CD163 and neopterin were decreased in HCV mono- and coinfected persons. Blood CD16+ mono-
cytes were decreased in coinfection after HCV treatment. Global deficit score improved 25% in coinfection with the visual learning/
memory domain the most improved. Hepatitis C virus SVR decreased monocyte interferon genes MX1, IFI27, and CD169 in 
coinfection and MX1, LGALS3BP, and TNFAIP6 in HCV monoinfection. Monocyte exosomes from coinfected persons increased 
in microRNA (miR)-19a, miR-221, and miR-223, all of which were associated with decreasing inflammation and nuclear factor-κB 
activation.

Conclusions. Hepatitis C virus cure in coinfection brings monocyte activation to levels of HIV alone. Cognitive impairment 
is significantly improved with cure but not better than HIV infection alone, which strong suggests that cognitive impairment was 
driven by both HIV and HCV.

Keywords.  DAA therapy; exosomes; HCV; HIV; microRNA.

Up to 30% of human immunodeficiency virus (HIV)-infected 
people are coinfected with hepatitis C virus (HCV) [1]. Several 
previous reports on cognition in HCV monoinfection and 
HIV coinfection were done on young cohorts and did not find 
cognitive impairment; however, they did not test for all neu-
ropsychological (NP) domains, focusing primarily on motor 
domains, depression, and quality-of-life measures [2, 3]. We 
previously reported that HIV/HCV coinfection significantly 
increased the risk of cognitive impairment [4], even if plasma 
HIV replication is suppressed to undetectable levels through 
antiretroviral therapy (ART). Human immunodeficiency virus/

HCV coinfection also elevated monocyte gene markers for type 
1 interferon (IFN) and plasma activation markers [5]. Hepatitis 
C virus cure with the recently introduced IFN-free direct-
acting antiviral (DAA) therapy has been found to lead to sig-
nificant improvements in cognitive impairment in HIV/HCV 
coinfection [6]. However, the mechanisms associated with this 
improvement remain unclear and are still being studied. In 
this study, we evaluated a broad range of markers to determine 
whether activation, especially of monocytes, persists after DAA 
therapy and still plays a role in HIV/HCV coinfection with both 
HIV suppression and HCV eradication.

Monocytes are immune surveillance cells that play a vital 
role in innate immune defense against viral infection and are 
an important source of regulatory cytokines in vivo. Hepatitis 
C virus core protein impacts monocyte differentiation into 
macrophages through Toll-like receptor 2 [7, 8]. Monocyte/
macrophages (M/Mφ) can further be activated by HCV pro-
teins and ribonucleic acid (RNA) to produce proinflammatory 
cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis 
factor (TNF)α [9–11]. The M/Mφ also play an important role in 
HCV-associated liver fibrosis and cirrhosis mediated by IL-1β 
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and TNFα [12]. We previously reported that monocytes are 
highly responsive to both HIV and HCV viral infections [4, 5]. 
Neither virus has been reliably shown to replicate in neurons, so 
it is likely that impaired neurologic function is a bystander ef-
fect contributed by activated M/Mφ/microglia or their inflam-
matory products. Thus, we used monocytes to monitor immune 
response before and after DAA therapy in this study.

MicroRNAs (miRs) have been associated with the pathogen-
esis, diagnosis, and therapeutics in HCV infection [13]. Several 
studies have shown that monocyte miR-146a and miR-155 are 
involved in HCV pathogenesis and viral host regulation [14, 
15]. Several miRNAs are reduced in plasma total exosomes 
after DAA therapy for HCV [16]. Exosomes are small extra-
cellular vesicles shed from all cells and may carry intercellular 
signals delivering messages to remote tissues, including miRs. 
Hepatitis C virus-infected cells can shed exosomes and promote 
myeloid cell expansion and regulate T-cell differentiation [17]. 
Furthermore, macrophages from HCV-infected patients can 
secrete anti-HCV exosomes [18]. However, the role of miRNA 
expression in monocyte exosomes has not been studied in 
HCV-infected patients, although we have shown that activated 
monocytes express miR-146a and miR-155 in vitro [19].

Our objective was to determine how post-DAA HCV erad-
ication in HIV coinfection impacts monocyte immune activa-
tion and cognition. In this study, we recruited a longitudinal 
cohort of HCV- and HIV-coinfected persons before and after 
DAA HCV therapy from the San Francisco Veterans Affairs 
Medical Center (SFVAMC). We collected extensive clinical data 
with monocyte activation markers together with NP testing 
data. Our results demonstrated less monocyte activation post-
DAA and improved cognition, in addition to decreased markers 
associated with liver damage.

METHODS

Participant Enrollment

We prospectively recruited persons from the SFVAMC seeking 
treatment for HCV using DAA therapy. We enrolled 4 groups: 
untreated HCV monoinfected, HIV/HCV coinfected, HIV 
monoinfected, and healthy controls. All HIV-infected parti-
cipants were being treated for HIV and had undetectable viral 
loads. Control patients and HIV-monoinfected patients did not 
have other chronic infections and were recruited by flyer from 
Infectious Diseases and Liver Clinics. All participants with HCV 
were treated with DAA therapy: 1 HCV-monoinfected patient 
with a sofosbuvir-containing regimen that included pegylated 
IFN, and the other 18 patients with an IFN-free DAA regimen. 
Participants provided written consent to participate in a research 
protocol approved by the University of California, San Francisco 
Committee on Human Research. The study cohorts were all male. 
All participants had a blood draw and NP testing before HCV 
treatment. Hepatitis C virus therapy was chosen by treating clin-
icians, and it was generally for 12 weeks, but 1 patient was treated 

for 8 weeks, and 3 were treated for 16–24 weeks, based on clinical 
characteristics. Ledipasvir/sofosbuvir was the principal therapy 
used, but sofosbuvir with or without daclatasvir and ombitasvir/
paritaprevir/dasabuvir regimens were also used. A second blood 
draw and NP testing were performed 12–36 weeks after stopping 
therapy. Controls and HIV-infected subjects followed the same 
protocol but did not receive HCV treatment. Exclusion criteria 
included ongoing illicit drug use by self-report, prescribed opi-
ates or other psychoactive medications within 6 months before 
enrollment, clinical evidence of cirrhosis documented by liver 
biopsies, chronic infections other than HIV or HCV, alcohol con-
sumption greater than 20 grams per day, IFNα-based treatment 
within the past 4 years, clinical depression, head injury, seizure, 
stroke, or severe psychiatric illness.

Neuropsychological Testing

All subjects in the study received a battery of NP tests before be-
ginning HCV therapy and at the follow-up visits. The Structured 
Clinical Interview for DSM-IV was used for depressive ill-
ness and exclusionary psychiatric disorders. Participants also 
completed a self-report Beck Depression Inventory-II (BDI). 
The domains tested included general IQ, attention working 
memory, information processing speed, executive function, 
fine motor skills, verbal fluency, visual learning/memory, and 
verbal learning/memory. Neuropsychological test results were 
demographically corrected according to education, gender, and 
age based on the normative scoring for each test. All individual 
test scores were converted to standard T scores and were sum-
marized for 7 cognitive domains. A global deficit score (GDS), 
which integrates and normalizes relevant NP test scores into a 
single global score, was calculated as described previously [4].

Monocyte Markers of Activation

Whole blood was collected using sodium heparin Vacutainer 
(BD Biosciences, San Jose, CA) tubes and peripheral blood mon-
onuclear cells were enriched by Ficoll (GE Healthcare, Chicago, 
IL) and stained with phycoerythrin-conjugated anti-CD14 
monoclonal antibody (mAB) (clone M5E2; BD), PerCP-Cy5.5-
conjugated anti-CD16 mAB (clone 3G8; BD), and fluorescein 
isothiocyanate-conjugated anti-CD169 mAB (clone 7-239; 
abcam, Cambridge, MA). Isotype controls with fluorochrome-
matched antibodies were used to set cell gating and background 
staining. A  minimum of 10 000 events was collected on a 
FACSCalibur (BD), and the frequency of CD16 and CD169 on 
CD14+ monocytes was determined by CellQuest software (BD).

Plasma Markers of Activation

Plasma was collected in endotoxin-free sodium citrate 
Vacutainer tubes and assayed by enzyme-linked immuno-
sorbent assays (ELISAs) for soluble (s)CD163, IL-6, LGALS3BP 
(all from R&D Systems, Minneapolis, MN), and neopterin (IBL-
America, Minneapolis, MN), according to the manufacturer’s 
directions.
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Monocyte Gene Expression

CD14 monocytes were isolated from whole blood using CD14 
microbeads (Miltenyi, Auburn, CA). Monocyte total RNA was 
isolated using miRNeasy Mini Kit (QIAGEN, Germantown, 
MD). One half microgram of total RNA was amplified and la-
beled using the TotalPrep-96 Amplification Kit (Illumina, San 
Diego, CA) and quantified using a RiboGreen RNA kit (Thermo 
Fisher Scientific, Waltham, MA); 750 ng of complementary RNA 
was hybridized on the beadchips in Hyb Chamber and Illumina 
Hybridization Oven (Illumina). Human HT-12 v4.0 Gene 
Expression BeadChip (Illumina) was used. After hybridization 
and washing, the chips were scanned on an iScan Reader, and 
data were acquired using the GenomeStudio Gene Expression 
Module (Illumina).

MicroRNA Isolation From Monocyte Exosomes

Fresh whole blood was incubated with RosetteSep Monocyte 
Enrichment Cocktail (StemCell, Vancouver, BC, Canada) per 
instructions. After 20 minutes, blood was layered on Ficoll 
and centrifuged at 1200  ×g for 30 minutes. Monocytes were 
collected from the phosphate-buffered saline (PBS)/Ficoll in-
terface, washed by centrifugation at 300 ×g, and resuspended 
in PBS with 2 mM ethylenediaminetetraacetic acid. The puri-
fied monocytes were resuspended in Roswell Park Memorial 
Institute-1640 medium (Thermo Fisher Scientific) containing 
10% exosome-depleted fetal bovine serum (Thermo Fisher 
Scientific) and 500 pg/mL macrophage colony-stimulating 
factor (R&D Systems). After 24-hour incubation, supernatants 
were collected and centrifuged at 3000  ×g for 15 minutes to 
remove debris. Exosomes were isolated using Exoquick-TC 
(Systems Biosciences, Palo Alto, CA) per manufacturer’s in-
structions. Monocyte-derived exosome characterization has 
been previously described [20].

Ribonucleic Acid Sequencing of Monocyte-Derived Exosomes

Barcoded small RNA-sequencing (Seq) libraries were prepared 
using the RealSeq-AC kit (SomaGenics, Santa Cruz, CA) from 
100  ng of monocyte-derived exosome RNA according to the 
recommendations of the manufacturer. The fragment size dis-
tribution of the libraries was verified via microcapillary gel elec-
trophoresis on a Bioanalyzer 2100 (Agilent, Santa Clara, CA). 
Remaining adapter dimers were removed by automated size se-
lection on a Pippin HT instrument (Sage Science, Beverly, MA). 
The success of the removal was again verified via Bioanalyzer 
analyses. The libraries were quantified by fluorometry on a 
Qubit instrument (Thermo Fisher Scientific) and pooled in 
equimolar ratios. The libraries were sequenced on a NextSeq 
500 run (Illumina) with single-end 80-base pair reads.

Statistical Analysis

Continuous variables were expressed in mean ± standard devi-
ation. Group means were compared using analysis of variance 
(ANOVA). Number of individuals were compared using Fisher’s 

exact test, and ethnicity was compared with χ 2 test. Paired 
Student’s t tests were used to compare the means before and 
after treatment for flow cytometry, ELISA, and miRNA data. 
Paired exact Wilcoxon tests were used to compare gene expres-
sion and neurological test data. Correlations between genes and 
GDS were analyzed using Spearman’s correlation. Microarray 
data were analyzed using the limma package in R. Differentially 
expressed genes were analyzed using DAVID for functional 
annotation clustering [21]. The RNA-Seq data were analyzed 
using the edgeR package in R. All statistical analyses were per-
formed using R (version 3.6; R Core Team, Vienna, Austria).

RESULTS

Successful Treatment of Hepatitis C Virus Infection

Forty individuals were analyzed for this longitudinal study. 
Four groups were included as follows: HCV monoinfected 
(n = 7), HIV/HCV coinfected (n = 12), HIV monoinfected 
(n = 12), and healthy controls (n = 9) (Table  1). The cohort 
were all men, 41–68 years of age (mean 58.7 ± 6.5), and mainly 
white (60.0%). The HCV-monoinfected group was significantly 
older than controls but not older than other groups. All groups 
with HIV infection had undetectable HIV viral load (<40 RNA 
copies/mL). Fifteen of the 19 HCV or coinfected individuals 
were infected with HCV genotype 1, 3 participants had other 
HCV genotypes, and 1 HCV genotype was unknown. Twelve 
individuals showed no liver fibrosis and 7 showed stage 1–2 fi-
brosis and grade 1 steatosis, in liver biopsy. In this study, 100% 
of the HCV-infected participants, including those coinfected 
with HIV, achieved 12-week sustained viral response (SVR12). 
Patients with successful treatment also had improved quality of 
life by self-report. Participants were age matched, and the HCV-
infected groups including coinfected had similar HCV loads. 
Participants had a follow-up visit of 36.7 (±9.3) weeks for HCV 
and 42.5 (±6.0) weeks for coinfection after ending HCV treat-
ment, and there was no significant difference between the 2 
groups (ANOVA Tukey’s Honestly Significant Difference [HSD] 
post hoc test, P = .387). Hepatitis C virus and HIV/HCV groups 
had significantly higher alanine aminotransferase (ALT) levels 
compared with controls before treatment but normalized after 
therapy. This suggests that liver damage was mostly restored.

Hepatitis C Virus Eradication Lowers Monocyte Activation in Human 

Immunodeficiency Virus Coinfection

In HIV infection, peripheral immune activation has been a 
precursor for disease progression and cognitive impairment. 
Although ART suppresses HIV replication, those individuals 
with HIV/HCV coinfection continued to have peripheral acti-
vation and higher risk for impairment [4, 5, 22]. Increases in 
circulating CD16+ monocytes have been associated with cog-
nitive impairment [23, 24], and CD169+ monocytes reflect a 
continuing peripheral IFN response [25]. There was a signifi-
cant decrease of 39.5% in CD16+ monocyte levels in coinfected 
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persons from visit 1 to posttherapy visit 2 with no significant 
changes in the other groups or in monocyte CD169+ expression 
(Figure 1).

Hepatitis C Virus Cure Improves Cognition in Coinfected Patients

There were no differences in cognitive impairment before 
and after therapy identified in HCV-monoinfected patients in 
the current study, but we noted a significant improvement in 
overall cognition as defined by GDS of 25% after HCV therapy 
in coinfected men (Figure  2). The domain most significantly 

improved by HCV therapy in coinfection was visual learning/
memory (Table 2). Symbol digit written test improved signif-
icantly in coinfection but was still within the normal range 
(Table 2).

Changes in Plasma Activation Markers After Hepatitis C Virus Treatment

A recent report showed that sCD163 in HIV/HCV coinfection 
was an active biomarker of liver fibrogenesis and was signifi-
cantly decreased in HIV/HCV-coinfected patients who achieved 
SVR after DAA therapy [26]. Both sCD163 and neopterin are M/
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Figure 1. CD14/16 and CD14/169 monocyte activation. The monocyte CD16+ population decreased in visit 2 ([V2] 7.33%) compared with visit 1 ([V1] 12.1%) in human im-
munodeficiency virus (HIV)/hepatitis C virus (HCV) subjects (P = .007, paired t test). This denotes a 39.5% decrease in an inflammatory monocyte subset but no change in a 
monocyte interferon marker, CD169. Black bars indicate the means of each group at V1 and V2.

Table 1. Participant Characteristics

Characteristics Control HCV HIV HIV/HCV P Value

N 9 7 12 12 .755a

Age 55.3 (3.6) 64.0 (2.5) 59.8 (5.8) 57.0 (8.4) .034*

Education 14.6 (1.8) 13.7 (1.7) 14.6 (2.2) 13.8 (1.7) .583

Ethnicity     .405b

 African American 3 1 3 4  

 Asian 2 0 0 0  

 White 4 5 8 7  

 Hispanic 0 1 1 1  

Estimated IQ (T score) 51.9 (8.5) 55.1 (8.6) 56.2 (7.6) 56.5 (9.4) .626

Beck Depression Inventory II score 10.9 (13.0) 11.6 (7.9) 7.6 (7.2) 9.7 (9.7) .805

Global deficit score 0.29 (0.18) 0.51 (0.63) 0.55 (0.43) 0.62 (0.46) .369

HIV viral load NA NA <40 <40  

HCV viral load NA 5.91 (0.64) NA 5.90 (0.67) .980

CD4 count NA NA 831.0 (400.8) 631.4 (221.4) .180

Alanine aminotransferase 34.0 (19.8) 102.7 (42.6) 30.0 (6.1) 90.3 (85.1) .004 **

Abbreviations: HCV, hepatitis C virus; HIV, human immunodeficiency virus; IQ, intelligence quotient; NA, not available.

NOTE: P values were determined with analysis of variance tests except Fisher’s exact test and χ 2 test.
aFisher’s exact test.
bχ 2 test.

*, HCV was significantly older than control, but no significant difference between other groups using Tukey HSD post hoc test.

**, HCV and HIV/HCV had significantly higher levels of alanine aminotransferase (ALT) compared with controls. IQ, Beck Depression Inventory-II score, global deficit score, HCV viral load, 
CD4 count, and ALT levels are before direct-acting antiviral treatment. Data are shown as mean (standard deviation).
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Figure 2. Cognition improves in coinfection after hepatitis C virus (HCV) treatment. Human immunodeficiency virus (HIV)/HCV subjects showed a decrease in global deficit 
score ([GDS] increase in cognitive function) (P = .017, paired Mann-Whitney test) from visit 2 ([V2] mean GDS = 0.48) compared with visit 1 ([V1] mean GDS = 0.64). This 
denotes a 25% decrease in GDS. Visual learning/memory increased after treatment in HIV/HCV coinfection. Wilcoxon signed-rank test with Benjamini-Hochberg multiple 
comparison correction. Black bars indicate the means of each group at V1 and V2.

Table 2. Neuropsychological Test Results at Baseline and After Therapy for HCV Monoinfection and Coinfectiona

Neuropsychological Test

HCV HIV/HCV

Visit 1 Visit 2 P Value Visit 1 Visit 2 P Value

General IQ       

 WAIS-III information 55.1 (8.9) 55.3 (9.2) 1.000 56.5 (9.4) 56.9 (7.5) .594

Attention working memory 46.5 (13.4) 47.8 (13.4) .688 42.2 (8.2) 45.7 (10.7) .129

 WAIS-III digit span 49.9 (7.6) 51.0 (9.6) .438 47.8 (5.9) 48.6 (4.2) .594

 Brown Peterson 18 43.7 (24.2) 50.2 (18.5) .406 36.2 (14.9) 42.7 (14.7) .082

 Brown Peterson 36 46.0 (16.6) 42.1 (16.6) .625 42.8 (12.5) 45.9 (16.9) .594

Information processing speed 42.1 (7.6) 42.8 (6.8) .813 42.0 (6.2) 42.8 (6.0) 1.000

 Symbol digit oral 41.8 (7.6) 42.6 (7.9) .688 42.5 (8.1) 44.1 (10.3) .413

 Symbol digit written 40.6 (9.9) 39.8 (10.2) .813 40.2 (7.0) 44.0 (6.2) .041*

 Stroop word 44.3 (9.3) 43.0 (10.8) .984 44.0 (7.1) 41.8 (6.7) .136

 Stroop color 41.9 (6.9) 46.0 (9.4) .438 41.2 (8.0) 41.4 (8.8) .590

Executive function 43.9 (8.0) 46.6 (11.5) .625 40.6 (8.9) 41.7 (7.9) .895

 Stroop color and word 49.3 (10.2) 50.9 (10.4) .547 45.2 (11.5) 45.2 (9.4) .647

 Stroop interference 48.1 (6.2) 47.0 (5.0) .656 49.8 (5.4) 49.0 (9.8) .365

 WCST total errors 41.3 (8.8) 44.6 (12.4) .563 38.2 (11.7) 39.6 (9.2) .746

 WCST perseveration 46.4 (8.2) 48.6 (10.8) .781 43.1 (7.8) 43.8 (7.6) .991

Fine motor skills 51.0 (8.8) 51.6 (9.4) .688 48.7 (3.9) 48.7 (5.1) .716

 Grooved pegboard dominant hand 43.4 (12.2) 43.9 (12.9) .859 51.3 (7.8) 47.6 (10.2) .242

 Grooved pegboard nondominant hand 45.6 (12.9) 41.3 (8.2) .344 46.5 (6.9) 46.1 (7.7) .578

 Finger tapping dominant hand 57.3 (13.3) 62.9 (14.4) .094 49.8 (7.3) 51.8 (11.0) .500

 Finger tapping nondominant hand 57.7 (10.2) 58.4 (13.1) .875 47.1 (9.0) 49.4 (8.0) .164

Verbal fluency       

 COWA test 52.7 (13.3) 53.3 (11.3) .906 43.8 (9.1) 45.8 (9.2) .164

Visual learning/memory 41.1 (9.2) 42.4 (8.5) .688 38.0 (12.4) 43.1 (9.4) .019*

 BVMT trials 1–3 39.7 (11.0) 42.9 (8.1) .172 36.8 (13.2) 42.6 (10.0) .039*

 BVMT delay 42.6 (10.1) 42.0 (9.4) 1.000 39.2 (12.5) 43.7 (10.2) .047*

Verbal learning/memory 49.3 (12.2) 49.8 (8.6) .938 45.0 (11.5) 46.5 (11.1) .329

 CVLT total 1–5 48.6 (14.8) 51.7 (7.6) 1.000 47.2 (12.7) 46.8 (10.8) .861

 CVLT long delay free recall 50.0 (11.2) 47.9 (10.4) .656 42.9 (13.4) 46.2 (11.9) .332

Abbreviations: BVMT, Brief Visuospatial Memory Test; COWA, Controlled Oral Word Association Test; CVLT, California Verbal Learning Test; HCV, hepatitis C virus; HIV, human immunodefi-
ciency virus; IQ, intelligence quotient; WAIS-III, Wechsler Adult Intelligence Scale; WCST, Wisconsin Card Sorting Task. 
aAll test results were in T scores and presented as mean (standard deviation). P values were calculated with paired exact Wilcoxon signed-rank test between visit 1 and visit 2. Domain 
scores are the average of all the tests in each domain.

*, P < .05.
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Mφ activation markers and were increased in coinfection and 
monoinfection compared with HIV monoinfection or unin-
fected controls [27]. We found that both sCD163 and neopterin 
were significantly decreased in both HCV and HIV/HCV after 
therapy, with no effect on HIV monoinfection (Figure 3). There 
were no significant changes in the systemic inflammatory 
marker IL-6; however, there was a decrease in the IFN marker 
LGALS3BP1 with treatment of HCV monoinfection.

Changes in Monocyte Gene Expression After Successful Hepatitis C Virus 

Treatment

Monocytes play a pivotal role in HIV infection. To determine the 
immune system responses to HCV cure, we examined monocyte 
gene expression before therapy using microarray. Using DAVID 
functional annotation clustering algorithm, we found the top 6 
clusters have enrichment scores greater than 2 including func-
tions related to antiviral defense, signal peptide/glycoprotein, in-
nate immune response/defensin, IFNγ signaling, inflammatory 
response/chemotaxis and GTP binding proteins (Supplementary 
Figure 1). We performed quantitative PCR (qPCR) before and 
after therapy for a few of these genes and found that MX1 and 
IFI27 decreased in HCV and coinfection. CD169 decreased 

only in coinfection and TNFAIP6 decreased in HCV (Figure 4). 
MX1, IFI27, and CD169 are known IFN-inducible genes and are 
increased over controls in coinfection before therapy. We previ-
ously reported that IFI27 and MX1 were highly correlated with 
GDS in HIV/HCV coinfection [5]. We found that TNFAIP6 was 
significantly decreased with DAA therapy.

Monocyte inflammation markers CD83, CXCL10, and 
IL-6 were correlated with decreased cognition before therapy 
(Supplementary Figure 2). CXCL10 correlated with worsening 
executive function and attention despite DAA treatment 
(Supplementary Figure 3A). CD83 correlated to information 
processing speed before therapy and not after (Supplementary 
Figure 3B). On the other hand, IL-6 gene expression negatively 
correlated to attention, information processing speed, visual, 
and verbal learning/memory before therapy; the correlation di-
minished after DAA with the improvement of cognitive impair-
ment (Supplementary Figure 3C).

Changes in Monocyte Exosome MicroRNAs After Successful Hepatitis C 

Virus Treatment

Monocyte-derived exosomes are circulating in the blood 
stream and may enter and influence many cell types [20]. We 
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performed miRNA sequencing on these exosomes to look for 
potential inflammatory miRNA cargo to other cell targets. 
General inflammatory markers miR-155 (Figure  5) and miR-
146a (data not shown) did not change in any group. However, 
miRNAs considered beneficial in HIV infection such as miR-
221 and miR-223 were increased significantly in coinfected pa-
tients after DAA therapy (Figure 5). miR-19a was also increased 
after DAA in coinfected patients (Figure 5).

DISCUSSION

In this longitudinal study, we report that a number of inflam-
matory markers including those associated with liver fibrosis 
and cognitive impairment were improved after DAA therapy in 
HIV/HCV coinfection. In general, DAA therapy has been asso-
ciated with a 93%–100% rate of SVR12 [28].

Overall, 40%–63% of coinfected individuals suffer neurocognitive 
impairment [29]. Coinfection may produce more than additive ef-
fects on the brain, and eradication of one has a dramatic effect on 
several pathogenic pathways. A recent study showed that duration 
of HCV infection and HCV viral load were associated with cognitive 
impairment [30]. We also reported that increased HCV viral load 
correlated with worsening GDS [4]. Alternatively, several earlier re-
ports showed no difference in cognitive impairment in HIV/HCV 
coinfection. In both these latter studies, the subjects were younger 
than the present cohort and had significantly lower CD4 counts [2, 
3]. In the Australian study, only 40% of the coinfected cohort were 
treated for HIV [2]. Finally, and most importantly, both of these 
studies did not test for visual memory/learning.

CD16+ monocytes harbor and promote HIV replication 
[31] and preferentially transmigrate across the blood-brain 
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barrier [32]. They have been associated with cognitive decline 
in HIV-associated Neurocognitive Disorder (HAND) [33, 
34]. We showed a significant decrease in CD16+ monocytes 
in HIV/HCV coinfection after DAA therapy but not in HCV 
monoinfection. This could suggest that monocyte activation by 
HIV was suppressed once HCV was removed or that the im-
mune response was restored.

LGALS3BP (aka 90K or MAC-2BP) is a macrophage acti-
vation, IFNγ-stimulated protein that correlates with HCV 
disease severity and/or duration [35]. Our results showed 
that LGALS3BP was significantly elevated in HCV, HIV 
monoinfection, and HIV coinfection compared with con-
trols, before and after DAA therapy. It is interesting to note 
that, in HCV monoinfection, the level decreased significantly 
after HCV cure, although it continued to be much higher than 
controls. Coinfected patients did not seem to experience this 

change in LGALS3BP levels after therapy because HIV is still 
present and is a strong stimulator of LGALS3BP [36]. A recent 
study found that LGALS3BP correlated with ALT and IL-6 
levels before DAA therapy [37]; we found similar results. After 
therapy, the association is no longer present, as ALT levels 
normalize.

Soluble CD163 is an M/Mφ activation marker and is associ-
ated with both HIV and HCV infection. Increased sCD163 is as-
sociated with worse cognitive performance [38], and decreased 
sCD163 is associated with improved cognition [39]. This is 
consistent with the improvement of cognition in coinfected pa-
tients in our study. Soluble CD163 is also associated with mild 
to moderate liver fibrosis with higher levels in coinfected than 
HCV-monoinfected patients and has been suggested as a bio-
marker for fibrogenesis [26]. In addition, a decrease in CD14++/
CD16+/CD163+ expression on M/Mφ activation was recently 
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associated with a decrease in memory performance in HIV 
monoinfection [40].

Neopterin was also increased in HCV monoinfection and 
coinfection before therapy and decreased after therapy. Elevated 
neopterin is associated with brain shrinkage and worsening 
cognition in HIV [41]. Together with sCD163, these 2 plasma 
markers were sensitive to successful therapy in both HCV 
monoinfection and coinfection.

Monocyte activation is observed in both HCV and HIV in-
fection before therapy. We surveyed monocyte gene expression 
using microarray and qPCR. Interferon-stimulated genes and 
antiviral genes together with immune and inflammatory genes 
are differentially expressed. Successful eradication of HCV with 
suppression of HIV in coinfected patients should theoretically 
decrease IFN-stimulated genes on monocytes. We looked at sev-
eral targeted genes after DAA therapy. MX1, IFI27, and CD169 
are IFN-stimulated, monocyte activation genes that are signif-
icantly decreased in coinfected patients after therapy. CD169 
did not change and IFI27 only marginally decreased in HCV-
monoinfected patients, suggesting that these may be more HIV-
associated. TNFAIP6 was elevated in HCV monoinfection and 
coinfection pre-DAA therapy but decreased to normal levels in 
HCV monoinfection. It is interesting to note that TNFAIP6 was 
found to be one of several mononuclear cell genes to predict 
pegylated IFN and ribavirin therapy responders [42].

Elevated monocyte expression for IL-6, CD83, and CXCL10 
correlated with cognitive impairment before therapy, and the 
correlations remained after therapy for only CXCL10. Serum 
IL-6 levels are considered to be a marker associated with 
general cognitive dysfunction independent of underlying dis-
eases as described in a study with more than 1600 people [43]. 
CD83 is required for monocyte-derived dendritic cell mat-
uration, which plays an important role in immune response 
against HCV [43]. CXCL10 was decreased after DAA treatment 
in HCV monoinfection, which is consistent with reports from 
other groups [44]; however, coinfection did not show CXCL10 
normalization in this study because HIV is a strong inducer of 
this chemokine.

Circulating miRs are being used as potential biomarkers 
for fibrosis and carcinoma in liver disease. Increased miR-223 
is involved in the pathogenesis of liver disease by modulating 
macrophage polarization and regulating the inflammasome 
through the nuclear factor-kB pathway [45]. Hepatitis C virus-
infected hepatocytes secrete miR-19a in exosomes and activate 
hepatic stellate cells through a STAT3-TGF-β pathway. This 
mechanism is proposed to stimulate HCV-associated fibrosis 
contributing to liver disease progression [46]. miR-19a is also 
involved in monocyte recruitment [47], and inhibiting miR-19a 
reduces monocyte mobility [48]. We found miR-19a expres-
sion unchanged in HCV infection after SVR and increased in 
coinfection after therapy. This may indicate restored monocyte 
immune functions.

 miR-221 targets the 3’-untranslated region of CD4 mRNA 
and downregulates CD4 and limits the entry of HIV into M/Mφ 
[49]. miR-221 is also involved in an anti-inflammatory cascade 
in monocytes [50].

The strength of this study is the longitudinal nature and com-
plete cure of HCV using DAA therapy in both monoinfection 
and coinfection with accompanying inflammatory data and 
cognitive testing. Although a weakness is the small sample size, 
the study provides significance and correlations of cure out-
come. Although both chronic viral infections stimulate IFN 
genes and proteins as well as inflammatory markers, they do 
so in a differential manner. In addition, cognitive impairment 
in coinfection is significantly reduced, strongly suggesting that 
previous reports on the percentage of impairment in HIV may 
have been greatly influenced by HCV coinfection and that 
visual learning/memory is the most impacted domain.

CONCLUSIONS

In summary, cure of HCV in coinfection decreased monocyte 
activation to the levels of HIV alone. Cognitive impairment is 
significantly improved with cure but not better than HIV infec-
tion alone, strongly suggesting that cognitive impairment was 
driven by both HIV and HCV.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by 
the authors to benefit the reader, the posted materials are not 
copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corre-
sponding author.

Supplementary Figure S1. Monocyte gene expression 
heatmap (before therapy). Probes from HIV (n = 7), HCV 
monoinfection (n = 6), or coinfection (n = 10) were com-
pared with controls (n = 6). Probes of P < .05 and greater than 
2-fold changes were determined as differentially expressed (DE) 
genes. Mean expressions of the probes for each group are shown 
in the heatmap. DE genes were further analyzed using the 
DAVID Bioinformatics Functional Annotation tool. Six of the 
significant clusters are shown representatively in the Functional 
Annotation graph. Black squares (■) show the corresponding 
genes that were enriched in the cluster. Duplicated probes 
targeting the same genes were not removed. Genes were di-
vided into 4 groups by cutting the dendrogram, corresponding 
to overall highly increased genes, moderately increased, overall 
low expressed, and mixed expression levels.

Supplementary Figure S2. Monocyte gene expression and 
GDS correlations. CD83 and IL-6 and correlated with GDS 
before HCV treatment (Visit 1)  and diminished after therapy 
(Visit 2), whereas CXCL10 persistently correlated with an in-
creased GDS even after treatment. Spearman’s correlation, 
shaded areas show 95% confidence intervals; N = 41.
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Supplementary Figure S3. Monocyte gene expressions cor-
related with neurocognitive domains. (A) CXCL10 correlated 
with executive function and attention before HCV treatment 
(Visit 1) and remained persistently correlated with GDS even 
after treatment (Visit 2). (B) CD83 correlated to information 
processing speed before therapy and not after. Spearman’s cor-
relation, shaded areas show 95% confidence intervals. (C) IL-6 
correlated with attention, information processing speed, visual 
and verbal learning and memory before therapy, and the correl-
ations diminished after DAA except attention (N = 41).
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