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Abstract

Introduction: Hepatitis C virus (HCV) and HIV infection frequently co-occur due to shared transmission routes. Co-infection is
associated with higher HCV viral load (VL), but less is known about the effect of HCV infection on HIV VL and risk of onward
transmission.

Methods: We undertook a systematic review comparing 1) HIV VL among ART-naive, HCV co-infected individuals versus HIV
mono-infected individuals and 2) HIV VL among treated versus untreated HCV co-infected individuals. We performed a random-
effects meta-analysis and quantified heterogeneity using the /> statistic. We followed Cochrane Collaboration guidelines in
conducting our review and PRISMA guidelines in reporting results.

Results and discussion: We screened 3925 articles and identified 17 relevant publications. A meta-analysis found no evidence of
increased HIV VL associated with HCV co-infection or between HIV VL and HCV treatment with pegylated interferon-alpha-2a/b
and ribavirin.

Conclusions: This finding is in contrast to the substantial increases in HIV VL observed with several other systemic infections. It
presents opportunities to elucidate the biological pathways that underpin epidemiological synergy in HIV co-infections and may

enable prediction of which co-infections are most important to epidemic control.
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Introduction
Approximately 2.3 million people worldwide are infected with
both HIV and hepatitis C virus (HCV) [1]. HIV infection is asso-
ciated with increased HCV replication, and co-infected patients
have higher HCV viral load (VL) compared to their mono-infected
counterparts [2]. Additionally, the risk of mother-to-child
transmission of HCV infection is nearly twofold higher in HIV-
HCV co-infected women than in HCV mono-infected women.
Furthermore, the risk of cirrhosis or liver failure is higher in
co-infected individuals as compared to those with either HCV
or HIV mono-infection [3,4]. However, less is known about
the effect of HCV on HIV VL and onward transmission. Other
HIV co-infections such as acute malaria, herpes simplex 2, and
tuberculosis increase HIV VL [5], likely through inflammatory-
mediated mechanisms. HIV VL is the key determinant of HIV
transmission [6,7] and, consequently, these HIV co-infections
have the potential to increase the probability of HIV trans-
mission through significant increases in VL.

New HCV treatment options provide opportunities for
sustained virological response over a short duration of therapy

(8 to 12 weeks) with a high success rate ( >90%), including
among HIV co-infected persons [8—11]. However, the majority
of the 130 to 150 million people living with HCV worldwide
are unaware of their infection and do not have access to
treatment [12—14]. If HCV co-infection increases HIV VL and
consequently HIV transmission and progression, HCV diag-
nosis and treatment programmes could potentially decrease
HIV incidence at the population level, in addition to decreasing
HCV incidence and prevalence. HCV treatment programmes
that do not account for this additional health benefit would
underestimate the cost-effectiveness of HCV treatment.
Results of studies looking at the effect of HCV co-infection
on HIV VL are mixed. Some observational studies reported
higher HIV VL in co-infected persons [15], whereas others
found no effect on HIV VL [16], and still others reported lower
HIV VL in co-infected persons [17]. Notably, the majority of
studies have been conducted in populations being treated
with antiretroviral therapy (ART). A recent systematic review
and meta-analysis of the impact of HCV on immunological
and virological responses after ART initiation suggested an
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adverse effect of HCV on immune recovery of HIV-infected
individuals initiating ART, especially among those with
initially impaired immunological status (CD4 count below
350 ceIIs/mma) [18]. To our knowledge, the effect of HCV
co-infection on HIV VL among ART-naive individuals has not
been systematically reviewed. In low- and middle-income
countries, nearly 60% of the 34.4 million people living
with HIV lack access to ART [19]. Therefore, understanding
the impact of HCV and its treatment on HIV infection is
particularly relevant in this underserved population.

We hypothesize that HCV co-infection increases HIV VL
through inflammatory-mediated mechanisms. To address this
question, we reviewed the evidence and conducted a meta-
analysis for an association of HCV co-infection and treatment
with HIV-related outcomes among ART-naive patients.

Methods

We followed Cochrane Collaboration guidelines in conducting
our review [20] and PRISMA guidelines in reporting results
[21].

Study objectives and criteria for considering studies

for this review

The six study objectives were to assess the impact of
1) untreated HCV infection on HIV-1 VL; 2) HCV treatment
on HIV-1 VL; 3) untreated HCV infection on HIV-1 transmission
in HIV-1 serodiscordant couples; 4) HCV treatment on HIV-1
transmission in HIV-1 serodiscordant couples; 5) untreated
HCV infection on HIV-1 acquisition; and 6) HCV treatment
on HIV-1 acquisition.

Observational epidemiological studies and randomized
controlled trials were eligible. Studies that included the
following participants were excluded from the review: parti-
cipants aged 12 years or younger, patients on HIV treatment,
pregnant women and HIV-2 infected patients. In addition,
patients on HCV treatment were excluded from Objectives
1, 3 and 5. For studies in which a subgroup of participants did
not meet the inclusion criteria, results were extracted for
eligible participants if studies allowed for this (e.g. if results
were stratified by ART status).

Search strategy for identification of studies

Electronic searches of the PubMed and Embase databases
were conducted on 30 July 2013 and updated on 11 February
2015. The following search was conducted in PubMed: ((HCV
[MeSH Terms]) OR HCV [Text Word] OR HCV [Text Word]) AND
(human immunodeficiency virus [MeSH Terms] OR human
immunodeficiency virus [Text Word] OR HIV [Text Word] OR
acquired immune deficiency syndrome [MeSH Terms]) AND
(“Epidemiologic Studies” [MeSH] OR “clinical trials as topic”
[MeSH]).

A similar search that excluded articles indexed in PubMed
was conducted in Embase using the following search terms:
((“hepatitis”/exp OR “hepatitis”’/de AND ¢ AND (“virus”/exp
OR “virus”/de)) OR hcv) AND ((“human”/exp OR “human’’/
de) AND (“immunodeficiency”’/exp OR “immunodeficiency”’/
de) AND (“virus”/exp OR “virus”/de)) OR “HIV”/exp OR
“HIV””/de OR (acquired AND immune AND deficiency AND
(“syndrome”/exp OR ‘“‘syndrome”/de)) NOT [medline]/lim
AND ([adolescent]/lim OR [adult]/lim OR [aged]/lim) AND

[humans]/lim AND [embase]/lim. Search results were collated
using the reference manager EndNote (Thomson Reuters,
New York, NY, USA) to identify any remaining duplicate citations.

The searches included all languages and were limited to
studies in humans. The search was not restricted by specified
start or end dates and ran through the date on which
the updated search was conducted on 11 February 2015.
Reference lists of papers meeting criteria were hand searched
for additional articles. Abstracts were reviewed from the
past three meetings of the Conference on Retroviruses and
Opportunistic Infections, the International Symposium on
HCV and Related Viruses, ID Week/Infectious Disease Society
of America, the International Liver Congress/EASL and the
Liver Meeting/AASLD.

Selection of studies, data extraction and synthesis
Abstracts were reviewed and full-text articles of potentially
relevant studies were reviewed independently by two authors
(NEP and RVB, HAW or JNW) against predefined criteria. Data
were extracted by NEP and JMR, using a standardized data
extraction form. Discrepancies were discussed and consensus
reached. Authors were contacted for papers that reported
that they had gathered data of interest but did not present
these data in the text or did not completely report all results
and statistics.

When data from the same individuals were reported in
multiple publications, we used the publication that incorpo-
rated the most relevant data or most comprehensive analysis.
Publications with overlapping cohorts were considered on
a case-by-case basis. We estimated Cls based on standard
deviations reported or displayed in the articles.

The methodological quality of included studies was re-
viewed by NEP and JMR using a tool to record the confounding
variables assessed in the study. Discrepancies in quality rating
were discussed and consensus reached. Studies were rated
as low, moderate or high risk of bias. A key factor was how
studies accounted for time since HIV seroconversion, because
VL is dynamic and changes over time. Adjustment for CD4 and
sociodemographic variables was also considered. If these
factors were handled appropriately in the design and analysis,
studies that reported HIV VL stratified by CD4 count were
generally rated as low risk of bias. In contrast, studies that
reported and compared the mean CD4 counts of each group
were rated as medium risk. Studies that did not adjust for
CD4 count were rated as high risk.

Statistical methods

The primary outcome of interest was the mean log,o HIV
VL difference between HIV-HCV co-infected and HIV mono-
infected individuals for Objective 1 and by HCV treatment
status for Objective 2. Meta-analysis was performed using
the DerSimonian and Laird method for random effects and
implemented with the “metan” command in Stata. Hetero-
geneity was quantified using the /> statistic. Funnel plots
were visually examined and Egger tests were conducted to
assess the possibility of publication bias. All statistical analyses
were conducted in STATA version 13 (StataCorp, College
Station, TX, USA).
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Results and discussion

A total of 17 studies were included out of 3925 articles and
abstracts that were screened (Figure 1). Overall, the three
most common reasons for exclusion were the patients having
received ART, inappropriate comparison group and primary
outcomes that were not relevant for this analysis. Of the 17
articles identified, 15 addressed the impact of HCV infection
on HIV VL (Objective 1) [4,15-17,22—32], whereas two
studies [33,34] examined the impact of HCV treatment on
HIV VL (Objective 2). Because no studies were identified that
addressed the other four objectives, this article describes
results of the review and meta-analysis of Objectives 1 and 2.

Objective 1: Impact of HCV infection on HIV viral load
Details of the 15 studies eligible for Objective 1 are shown
in Table 1. The studies were conducted in China, Europe,
Africa and North America. Two studies were cross-sectional
[25,32], whereas the remainder were longitudinal in design
(nine prospective [4,15,17,22,23,26,27,30,31], three retro-
spective [16,28,29] and one case control [24]). The quality
of the studies varied, and adjustment for confounders was
conducted in only five studies. Three of the studies were
assessed as low risk of bias [22,23,28], three with a medium
risk [4,16,26] and the remainder with a high risk of bias
[15,17,24,25,27,29—-32]. Data included in the meta-analysis
evaluated HIV VL at a single time point. The studies ranged
in size from 16 [24] to 1510 [28] participants.

The studies varied in whether they used the presence
of HCV RNA or HCV antibody to classify participants’” HCV
infection status. Three studies considered separately those
who had a positive HCV antibody without detectable RNA
versus those who were also viremic, finding that 12 to 18%
of antibody-positive patients had undetectable HCV RNA
[22,23,26]. Two studies only included co-infected participants
with detectable HCV RNA [24,25]. One study tested for
HCV RNA in subjects who were HCV antibody positive but
did not clearly restrict its analysis to participants with HCV
viremia [29]. Eight studies classified participants based on
HCV antibody testing alone without RNA confirmation of
active viremia [4,15—17,27,30—32]. The final study classified
HCV infection based on diagnosis codes from the medical
record [28]. None of the studies reported testing for HCV
RNA in those participants with a negative HCV antibody.

Only four studies found strong evidence of association
(p <0.05) between HIV-HCV co-infection and HIV VL, with all
four pointing towards higher HIV VL among mono-infected
patients than among co-infected patients [17,22,29,30]. The
majority of the studies revealed no significant association.

Fourteen of the fifteen studies were included in the meta-
analysis (Figure 2) [4,15—17,23—32]. There was evidence
of moderate heterogeneity in effect size between studies
(> =56.8%; p=0.005). The summary estimate of the
mean difference between VL in the co-infected vs mono-
infected was —0.06 log,o copies/mL (95% Cl: —0.14, 0.01;

3294 records identified
through PubMed/Embase
searches

631 records identified in
conferences abstracts

3925 abstracts reviewed

3616 articles excluded by

abstract review

309 articles assessed for
eligibility using full-text
review

292 articles excluded by

full-text review

17 studies included in the
final synthesis

15 studies included of
untreated HCV on HIV
viral load

Figure 1.

2 studies included of
HCV treatment and HIV
viral load

PRISMA flow diagram of studies included in systematic review.
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Table 1.

Studies included in the systematic review for Objective 1

HIV/HCV co-infected®

HIV mono-infected

Mean log;o HIV

Mean log;o HIV

First author Data collection Location Study design Population N viral load (95% CI)b N viral load (95% CI)b
Zhang 1992 to 1995 China Retrospective cohort® Former blood donors 135 4.15 (4.05 to 4.25) 20 4.43 (4.18 to 4.68)
Li NA China Prospective cohort® Research centres 58 4.43 (3.71 to 5.15) 117 4.47 (3.83 to 5.11)
Liang 1994 to 2006 Taiwan Retrospective cohort? IDUs at referral hospital 79 4.55 (4.40 to 4.70) 9 5.04 (4.61 to 5.47)
Filippini 1996 to 2001 Italy Prospective cohort? HIV-infected persons 24 4.84 (2.76 to 6.92) 36 4.45 (2.78 to 6.11)
Filippini NA Italy Case control 8 4.50 (4.01 to 4.99) 8 4.26 (4.07 to 4.45)
Antonucci 1997 to 2004 Italy Prospective cohort? Italian Cohort Naive for Antiretrovirals 156°  4.77 (2.60 to 6.53)° 1219  4.91 (1.30 to 6.88)"
Braitstein 1996 to 2003 Canada Retrospective cohort® HIV/AIDS Drug Treatment Programme 606 4.74 (4.70 to 4.77) 580 4.72 (4.68 to 4.76)
Rockstroh 1994 to 2003 Argentina, Europe, Israel Prospective cohort® EuroSIDA cohort 202 4.26 (4.13 to 4.38) 428 4.23 (4.14 to 4.32)
Kovacs 1994 to 1995 USA Prospective cohort® Women'’s Interagency HIV Study 2158 3.92 (3.80 to 4.04) 331 4.05 (3.95 to 4.15)
Cheng NA USA Prospective cohort® People with alcohol problems living with HIV 100 2.59 (2.28 to 2.90) 110 2.82 (2.31 to 3.11)
Korner NA Germany Cross sectional 14 4.66 (2.65 to 5.74) 25 4.60 (1.70 to 5.58)
Sullivan 1998 to 2004 USA Prospective cohort® Adult and Adolescent Spectrum of HIV Disease 269 4.93 (4.86 to 5.00) 1241 4.92 (4.88 to 4.95)
Lodwick 1990 to 2004 Europe Prospective cohort® Swiss HIV Cohort Study with CD4 > 350" 569 3.97 (3.87 to 4.07) 605 4.23 (4.15 to 4.31)
Greub 1996 to 2000 Europe Prospective cohort® Swiss HIV Cohort Study 476 4.64 (4.55 to 4.73) 932 4.62 (4.56 to 4.68)
Salpini 2010 Cameroon Cross sectional HIV-infected persons 18 4.63 (3.99 to 5.27) 52 4.60 (4.24 to 4.96)

2HCV test by antibody only for Zhang, Li, Filippini 2003, Rockstroh, Lodwick, Braitstein, Greub and Salpini; by HCV RNA for Liang, Filippini 2000, Antonucci, Kovacs, Cheng and Korner; PHIV RNA test by
polymerase chain reaction (PCR) for Filippini 2000, Filippini 2003, Liang, Zhang, Greub and Salpini; by branched DNA (bDNA) for Li; by either PCR or bDNA for Cheng and Korner; by nucleic acid sequence
based amplification for Kovacs; or method not specified in publication for Antonucci, Braitstein, Lodwick, Rockstroh and Sullivan; “data from follow-up; ddata from baseline; ®patients with an HCV RNA load
above 1 x 106 1U/mL; ‘median and range; 8includes patients with HCV viremia and aviremic patients; "cohort used in this analysis excludes patients who were included in the Greub study. HCV, hepatitis C
virus; NA, not applicable.
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%

Author WMD (95% ClI) Weight

1
Zhang —o—{- -0.28 (-0.55,-0.01)  5.41
Li —— -0.04 (-0.26, 0.18) 7.10
Liang —o—,l -.049 (-0.95, —0.03) 2.27
Filippini : - 0.39 (-2.27, 3.05) 0.08
Filippini = 0.24 (-0.28, 0.76) 1.81
Braitstein * 0.02 (-0.03, 0.07) 17.32
Rockstroh —p— 0.03 (-0.13, 0.19) 10.17
Kovacs —-— —-0.13 (-0.28, 0.02) 10.42
Cheng —me— -0.24 (—0.65, 0.18) 2.68
Kérner : * 0.06 (—1.40, 1.52) 0.25
Sullivan - 0.02 (-0.06, 0.10) 15.56
Lodwick == —0.26 (-0.38, —-0.14) 12.27
Greub - 0.02 (-0.08, 0.12) 13.72
Salpini —:-o— 0.03 (-0.71, 0.77) 0.94
Overall (I-squared = 56.8%, p = 0.005) —0.06 (-0.14, 0.01) 100.00

1
NOTE: Weights are from random effects analysis i

—3.‘05 cl) 3.65

Figure 2. Random-effects meta-analysis of the mean difference in HIV viral load (log,, copies/mL) between HIV/HCV co-infected and HIV

mono-infected individuals.

p =0.09). The study not included in the meta-analysis
was one in which only the median HIV VLs were given
(4.77 logy copies/mL in co-infected individuals with an HCV
VL above 1 x 10° IU per mL, 4.70 log,, copies/mL in co-
infected individuals with an HCV VL 5.1 x 10° |U per mL and
4.91 log,o copies/mL in mono-infected; p =0.01) [22].

A post hoc analysis of studies that only included patients
with HCV viremia in the HIV-HCV co-infection arm [23-26,29]
also found no difference in HIV VL between co-infected and
HIV mono-infected patients (Figure 1; Supplementary file).

Objective 2: Impact of HCV treatment on HIV viral load

Only two studies reported outcomes of interest for
Objective 2 [33,34]. The studies found different effects of
HCV therapy with pegylated interferon-alpha-2a/b and
ribavirin on HIV VL. In the Obermeier et al. study, treatment
was associated with an increased mean HIV VL of 4.52 log,o
copies vs 4.14 log,y copies in untreated individuals (no
confidence intervals provided). In the COHERE study, HIV VL
decreased from 4.20 (95% Cl (3.31, 5.09)) at enrolment in the
study to 4.00 (95% Cl (3.09, 4.91)) 12 weeks after the start of
HCV treatment. However, both studies found that treatment
with pegylated interferon-alpha-2a/b and ribavirin had no

statistically significant impact on HIV VL (Obermeier et al.:
p =0.61; COHERE: p =0.17).

Discussion

The principal finding from this study is that patients co-
infected with HIV and HCV do not have significantly higher
HIV VL than patients with HIV who are HCV-uninfected. The
subset of studies that restricted their analysis to patients
with documented HCV viremia found either no significant
(p <0.05) difference in HIV VL between HIV mono-infected
and HIV/HCV co-infected participants [23—26] or significantly
lower HIV VL in the co-infected population [22,29].

The finding is interesting for several reasons. First, patients
co-infected with HIV and other pathogens, including herpes
simplex virus, malaria and tuberculosis, exhibit significantly
higher levels of HIV RNA in the blood [5]. Second, HCV
infection does affect other markers of HIV disease progres-
sion such as inhibiting CD4 count recovery [18,35,36]. Third,
the relationship between HIV and HCV VL is non-reciprocal:
other studies have shown that HIV co-infection increases HCV
VL in subjects by increasing the rate of viral replication [37]
and immune suppression, as well as accelerating liver disease
progression [3]. The surprising lack of association between
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HCV infection and HIV VL offers an opportunity to further
explore the different mechanisms underpinning interactions
between HIV and HCV compared with those underpinning
interactions between HIV and other pathogens that result in
persistent, systemic infections.

Co-infection with HIV and tuberculosis, malaria and
herpes simplex virus results in higher HIV VL through multiple
pathways that affect the equilibrium between HIV viral
replication and control of the virus by the host immune
system. Many efforts to understand HIV replication focus on
the transcriptional promoter for the HIV-1 genome, which lies
within the long terminal repeat that encodes the transactiva-
tion response element [38]. This promoter interacts with the
viral transcriptional activator protein tat, which is necessary
for viral replication [39,40] and operates in conjunction with
several host transcriptional co-factors. Cytokines such as
tumour necrosis factor alpha (TNF-a), interleukin (IL)-1p and
IL-6 also affect viral replication [41]. Co-infecting pathogens
increase HIV viral replication through de-repression of the
transcriptional promoter (active tuberculosis) [42,43], activa-
tion by antigen presenting cells and increase in TNF-o
secretion (malaria) [44—46], and transcriptional activation
and cytokine release (HSV-2) [47,48].

The relationship between hepatitis B virus (HBV) infection
and HIV VL demonstrates similarities with the mechanisms
activated by the co-infecting pathogens described above.
HBV X protein induces transcription of the HIV genome by
synergizing with tat protein [49]. To our knowledge, the
effect of HBV status on HIV VL has not been systematically
reviewed, but observational studies in several settings indi-
cate mixed results. Ladep and colleagues and Idoko and
colleagues found a significantly higher HIV VL among ART-
naive Nigerian patients with HIV-HBV co-infection than among
HIV mono-infected patients [50,51]. In contrast, Hoffmann
and colleagues found no difference in HIV VL by HBV infection
status in a large study of South Africans initiating ART [52].

We may expect HCV infection to increase HIV VL because,
in vitro, HCV has been shown to induce transcription of the
HIV-1 genome [53]. However, as we did not find an increased
HIV VL among those with HCV co-infection, we propose
several alternate hypotheses for evaluation. One hypothesis
is that since the burden of HCV infection is in the liver, HCV
may not be available to interact with HIV at the major site of
HIV replication in the lymphoid tissues. Despite this, HCV
infection has been reported to occur in the human peripheral
blood mononuclear cells that are the primary site of HIV
infection and in these sites is associated with increases in
TNF-o0 and IL-8 [54,55]. Additionally, in vitro, endocytosis of
HCV and HIV virions by blood monocytes or plasmacytoid
dendritic cells can induce production of interferon [56] or IL-8
as well as activation of the NLRP3 inflammasome to produce
and release IL1-B without requiring a productive infection of
the cell itself [57]. A second hypothesis is that inflammasome
induction by HCV may limit HIV replication in co-infected
cells, which may mask an inflammation-induced increase in
HIV VL occurring in cells without HCV infection (M Gale, pers.
commun., 9 October 2015). A third hypothesis is that co-
infecting pathogens such as herpes simplex virus that result
in episodes of symptomatic or asymptomatic reactivation

episodes or pathogens causing repeated bouts of infection,
as with malaria, may cause more of a systemic inflammatory
response. Finally, there may be characteristics of the HIV-1
strains associated with particular modes of transmission,
such as intravenous drug use, that confound the relationship
between HCV infection status and HIV VL [58].

Notably, study limitations may have precluded detection of
a difference between HIV VL in mono-infected patients and
those with HIV-HCV co-infection. The quality of the studies,
including the methods used to control for potential con-
founders, varied substantially between the studies, and this is
likely to have contributed to the statistical heterogeneity
between study results. Some did not control for any potential
confounders, while others controlled extensively for patient
characteristics that might influence VL levels, including CD4 +
counts, age, ethnicity, HIV-1 clade and mode of HIV transmis-
sion. Additionally, this systematic review found a dearth of
high quality studies on the impact of HCV infection on HIV
acquisition and transmission, as well as on the impact of HCV
treatment on HIV infection, acquisition and transmission
(Objectives 3 to 6). This is due in part to the fact that the
search criteria excluded studies and patients experienced with
ART for HIV, which was done because of the effectiveness of
ART in decreasing HIV VL. As expected, very few studies from
the mid-1990s onwards could be included because very few
patients were ART-naive. Even in the included studies that
enrolled ART-naive participants, the majority reported a single
baseline HIV VL prior to ART administration. Thus, an
additional limitation in the existing literature is that it does
not permit conclusions about the interaction between HIV
and HCV over time.

Bidirectional misclassification of active HCV status due to
HCV antibody testing may have limited the ability of these
studies to detect an effect of HCV infection on HIV VL.
Whereas nearly half of the studies used HCV RNA testing
to confirm active infection in patients who were antibody
positive, the remainder did not, which allows for the
possibility that patients who had cleared their HCV infection
or who had a biological false positive test, such as from an
autoimmune disease, may have been incorrectly classified
as having HCV. Despite this potential misclassification, a post
hoc meta-analysis of studies that only included participants
with HCV viremia in the HCV infection arm found no
difference in HIV VL between HIV-HCV co-infected persons
and persons with HIV mono-infection. The potential for
misclassification in the other direction exists as well due to
an increased risk for lack of anti-HCV antibody in chronically
HCV-infected patients who are immunocompromised due
to HIV infection [59]. However, the magnitude of this effect
would likely be small; only approximately 5% of HIV-positive
patients who are HCV antibody negative have been found to
have detectable serum HCV RNA [59,60].

Conclusions

In our systematic review, HCV infection was not associated
with an increase in HIV VL among adults with HIV infection.
This is in contrast to the substantial increases in HIV VL
observed with several other systemic infections. Indeed, HCV
infection appears to resemble HPV infection in that HIV
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accelerates progression of HCV disease without a reciprocal
effect of HCV on HIV VL. Comparative analyses of the
biological mechanisms underpinning HCV-HIV interactions
and those responsible for interactions between HIV and other
persistent or frequently recurrent infections such as herpes,
malaria, TB and HPV offer critical opportunities to elucidate
the complex pathways that lead to epidemiological synergy.
Such analyses may ultimately enable us to predict which
co-infections are most likely to accelerate the spread of HIV
through populations and, conversely, which are most likely
to have their own natural history or response to therapy
adversely affected by HIV. Equally important, with the on-
going, rapid evolution of effective HCV therapies, HCV testing
among HIV-infected individuals is recommended and should
be aggressively implemented because of the increased rate
of progression of liver disease in this population.

Authors’ affiliations

*London School of Economics, University of London, London, UK; 2Division of
Infectious Diseases, University of Washington, Seattle, WA, USA; 3MRC Tropical
Epidemiology Group, Department of Infectious Disease Epidemiology, London
School of Hygiene and Tropical Medicine, University of London, London,
UK; “Department of Epidemiology, University of Washington, Seattle, WA,
USA; SDepartment of Global Health, University of Washington, Seattle, WA, USA

Competing interests
None of the authors has any competing interests to report.

Authors’ contributions

HW, RB and JW designed the study. All authors screened abstracts and
provided input to refine the study design. NP and JR extracted the data, with
support from all authors. HW analyzed the data. JR and NP wrote the first
draft of the manuscript. All authors contributed to and approved the final
manuscript.

Funding

JR acknowledges funding support from NIH/NIAID (T32A1007140). HW
acknowledges MRC funding through grant MR/K012126/1. Research reported
in this publication was also supported by the NIAID, NCI, NIMH, NIDA, NICHD,
NHLBI, NIA, NIGMS and NIDDK of the National Institutes of Health under award
number Al027757 to RB.

Acknowledgements

The authors thank Michael Gale, Nina Kim and Jairam Lingappa for their
comments on this manuscript. The members of the HCV and HIV-1 Transmis-
sion Working Group include Charles Beguelin (Bern, Switzerland), Paula
Braitstein (Toronto, Canada), Joseph Fokam (Yaoundé, Cameroon), Daniel
Fuster (Barcelona, Spain), Debra Hanson (Atlanta, USA), Chien-Ching Hung
(Taipei, Taiwan), Andrea Kovacs (Los Angeles, USA), Benjamin Kraemer (Bonn,
Germany), Bruno Ledergerber (Zurich, Switzerland), Amanda Mocroft (London,
UK), Antonella D’Arminio Monforte (Milan, Itlay), Romina Salpini (Rome, Italy),
Phylis Tien (San Francisco, USA), Juergen Rockstroh (Bonn, Germany), Colette
Smit (Amsterdam, Netherlands) and Patrick Sullivan (Atlanta, USA).

References

1. Platt L, Easterbrook P, Gower E, McDonald B, Sabin K, McGowan C, et al.
Prevalence and burden of HCV co-infection in people living with HIV: a global
systematic review and meta-analysis. Lancet Infect Dis. 2016;16(7):797—808.
doi: http://dx.doi.org/10.1016/51473-3099(15)00485-5

2. Borgia G, Reynaud L, Gentile |, Piazza M. HIV and hepatitis C virus: facts
and controversies. Infection. 2003;31(4):232—40.

3. Graham CS, Baden LR, Yu E, Mrus JM, Carnie J, Heeren T, et al. Influence of
human immunodeficiency virus infection on the course of hepatitis C virus
infection: a meta-analysis. Clin Infect Dis. 2001;33(4):562—9. doi: http://dx.doi.
org/10.1086/321909

4. Rockstroh JK, Mocroft A, Soriano V, Tural C, Losso MH, Horban A, et al.
Influence of hepatitis C virus infection on HIV-1 disease progression and
response to highly active antiretroviral therapy. J Infect Dis. 2005;192(6):
992-1002. doi: http://dx.doi.org/10.1086/432762

5. Barnabas RV, Webb EL, Weiss HA, Wasserheit JN. The role of coinfections
in HIV epidemic trajectory and positive prevention: a systematic review and
meta-analysis. AIDS. 2011;25(13):1559—73. doi: http://dx.doi.org/10.1097/
QAD.0b013e3283491e3e

6. Quinn TC, Wawer MJ, Sewankambo N, Serwadda D, Li C, Wabwire-Mangen
F, et al. Viral load and heterosexual transmission of human immunodeficiency
virus type 1. N Engl J Med. 2000;342(13):921-9. doi: http://dx.doi.org/10.
1056/NEJM200003303421303

7. Donnell D, Baeten JM, Kiarie J, Thomas KK, Stevens W, Cohen CR, et al.
Heterosexual HIV-1 transmission after initiation of antiretroviral therapy: a
prospective cohort analysis. Lancet. 2010;375(9731):2092—8. doi: http://dx.
doi.org/10.1016/50140-6736(10)60705-2

8. Naggie S, Cooper C, Saag M, Workowski K, Ruane P, Towner WJ, et al.
Ledipasvir and Sofosbuvir for HCV in patients coinfected with HIV-1. N Engl J
Med. 2015;373(8):705—-13. doi: http://dx.doi.org/10.1056/NEJMoal1501315

9. Sulkowski MS, Eron JJ, Wyles D, Trinh R, Lalezari J, Wang C, et al. Ombitasvir,
paritaprevir co-dosed with ritonavir, dasabuvir, and ribavirin for hepatitis C
in patients co-infected with HIV-1: a randomized trial. JAMA. 2015;313(12):
1223-31. doi: http://dx.doi.org/10.1001/jama.2015.1328

10. Wyles DL, Ruane PJ, Sulkowski MS, Dieterich D, Luetkemeyer A, Morgan TR,
et al. Daclatasvir plus sofosbuvir for HCV in patients coinfected with HIV-1.
N Engl J Med. 2015;373(8):714-25. doi: http://dx.doi.org/10.1056/NEJ-
Mo0al1503153

11. Osinusi A, Townsend K, Kohli A, Nelson A, Seamon C, Meissner EG, et al.
Virologic response following combined ledipasvir and sofosbuvir administration
in patients with HCV genotype 1 and HIV co-infection. JAMA. 2015;313(12):
1232-9. doi: http://dx.doi.org/10.1001/jama.2015.1373

12. World Health Organization. Hepatitis C. Factsheet: Number 164. 2015
[updated July 2015; cited 2015 Oct 12]. Available from: http://www.who.int/
mediacentre/factsheets/fs164/en/

13. Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST. Global epidemiol-
ogy of hepatitis C virus infection: new estimates of age-specific antibody to
HCV seroprevalence. Hepatology. 2013;57(4):1333-42.

14. Ford N, Wiktor S, Kaplan K, Andrieux-Meyer I, Hill A, Radhakrishnan P, et al.
Ten priorities for expanding access to HCV treatment for people who inject
drugs in low- and middle-income countries. Int J Drug Policy. 2015;26(11):
1088-93. doi: http://dx.doi.org/10.1016/j.drugpo.2015.05.004

15. Filippini P, Coppola N, Scolastico C, Rossi G, Battaglia M, Onofrio M, et al.
Hepatitis viruses and HIV infection in the Naples area. Infez Med. 2003;
11(3):139-45.

16. Braitstein P, Yip B, Montessori V, Moore D, Montaner JS, Hogg RS. Effect
of serostatus for hepatitis C virus on mortality among antiretrovirally naive
HIV-positive patients. CMAJ. 2005;173(2):160—4. doi: http://dx.doi.org/10.
1503/cmaj.045202

17. Zhang X, Xu J, Peng H, Ma Y, Han L, Ruan Y, et al. HCV coinfection
associated with slower disease progression in HIV-infected former plasma
donors naive to ART. PLoS One. 2008;3(12):e3992, doi: http://dx.doi.org/10.
1371/journal.pone.0003992

18. Tsiara CG, Nikolopoulos GK, Dimou NL, Bagos PG, Saroglou G, Velonakis E,
et al. Effect of hepatitis C virus on immunological and virological responses in
HIV-infected patients initiating highly active antiretroviral therapy: a meta-
analysis. J Viral Hepat. 2013;20(10):715-24. doi: http://dx.doi.org/10.1111/
jvh.12101

19. World Health Organization. Guideline on when to start antiretroviral
therapy and on pre-exposure prophylaxis for HIV. Geneva: World Health
Organization; 2015.

20. Higgins JPT, Green S. Cochrane handbook for systematic reviews of
interventions 4.2.6. Chichester, UK: Wiley; 2006.

21. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, loannidis JP, et al.
The PRISMA statement for reporting systematic reviews and meta-analyses of
studies that evaluate healthcare interventions: explanation and elaboration.
BMJ. 2009;339:b2700. doi: http://dx.doi.org/10.1136/bmj.b2700

22. Antonucci G, Girardi E, Cozzi-Lepri A, Capobianchi MR, De Luca A,
Puoti M, et al. Role of hepatitis C virus (HCV) viremia and HCV genotype in
the immune recovery from highly active antiretroviral therapy in a cohort
of antiretroviral-naive HIV-infected individuals. Clin Infect Dis. 2005;40(12):
101-9. doi: http://dx.doi.org/10.1086/430445

23. Cheng DM, Nunes D, Libman H, Vidaver J, Alperen JK, Saitz R, et al. Impact
of hepatitis C on HIV progression in adults with alcohol problems. Alcohol Clin
Exp Res. 2007;31(5):829—-36. doi: http://dx.doi.org/10.1111/j.1530-0277.2007.
00381.x


http://dx.doi.org/10.1016/S1473-3099(15)00485-5
http://dx.doi.org/10.1086/321909
http://dx.doi.org/10.1086/321909
http://dx.doi.org/10.1086/432762
http://dx.doi.org/10.1097/QAD.0b013e3283491e3e
http://dx.doi.org/10.1097/QAD.0b013e3283491e3e
http://dx.doi.org/10.1056/NEJM200003303421303
http://dx.doi.org/10.1056/NEJM200003303421303
http://dx.doi.org/10.1016/S0140-6736(10)60705-2
http://dx.doi.org/10.1016/S0140-6736(10)60705-2
http://dx.doi.org/10.1056/NEJMoa1501315
http://dx.doi.org/10.1001/jama.2015.1328
http://dx.doi.org/10.1056/NEJMoa1503153
http://dx.doi.org/10.1056/NEJMoa1503153
http://dx.doi.org/10.1001/jama.2015.1373
http://www.who.int/mediacentre/factsheets/fs164/en/
http://www.who.int/mediacentre/factsheets/fs164/en/
http://dx.doi.org/10.1016/j.drugpo.2015.05.004
http://dx.doi.org/10.1503/cmaj.045202
http://dx.doi.org/10.1503/cmaj.045202
http://dx.doi.org/10.1371/journal.pone.0003992
http://dx.doi.org/10.1371/journal.pone.0003992
http://dx.doi.org/10.1111/jvh.12101
http://dx.doi.org/10.1111/jvh.12101
http://dx.doi.org/10.1136/bmj.b2700
http://dx.doi.org/10.1086/430445
http://dx.doi.org/10.1111/j.1530-0277.2007.00381.x
http://dx.doi.org/10.1111/j.1530-0277.2007.00381.x
http://www.jiasociety.org/index.php/jias/article/view/20944
http://dx.doi.org/10.7448/IAS.19.1.20944

Petersdorf N et al. Journal of the International AIDS Society 2016, 19:20944

http://www.jiasociety.org/index.php/jias/article/view/20944 | http://dx.doi.org/10.7448/1AS.19.1.20944

24. Filippini P, Coppola N, Scolastico C, Liorre G, Nocera R, Sagnelli E, et al. Can
HCV affect the efficacy of anti-HIV treatment? Arch Virol. 2000;145(5):937—44.
doi: http://dx.doi.org/10.1007/s007050050685

25. Korner C, Kramer B, Schulte D, Coenen M, Mauss S, Fatkenheuer G, et al.
Effects of HCV co-infection on apoptosis of CD4+ T-cells in HIV-positive patients.
Clin Sci (Lond). 2009;116(12):861—70. doi: http://dx.doi.org/10.1042/C520080532
26. Kovacs A, Karim R, Mack WJ, Xu J, Chen Z, Operskalski E, et al. Activation of
CD8 T cells predicts progression of HIV infection in women coinfected with
hepatitis C virus. J Infect Dis. 2010;201(6):823—34. doi: http://dx.doi.org/10.
1086/650997

27. Li T, Dai Y, Kuang J, Jiang J, Han Y, Qiu Z, et al. Three generic nevirapine-
based antiretroviral treatments in Chinese HIV/AIDS patients: multicentric
observation cohort. PLoS One. 2008;3(12):e3918. doi: http://dx.doi.org/10.
1371/journal.pone.0003918

28. Sullivan PS, Hanson DL, Teshale EH, Wotring LL, Brooks JT. Effect of
hepatitis C infection on progression of HIV disease and early response to initial
antiretroviral therapy. AIDS. 2006;20(8):1171-9. doi: http://dx.doi.org/10.
1097/01.aids.0000226958.87471.48

29. Liang SH, Lo YC, Lin HH, Chang SY, Chen MY, Hsieh SM, et al.
Seroprevalence of viral hepatitis and infectious complications among human
immunodeficiency virus-infected injection drug users at a referral hospital.
J Microbiol Immunol Infect. 2008;41(3):200-8.

30. Lodwick RK, Sabin CA, Porter K, Ledergerber B, van Sighem A, Cozzi-Lepri
A, et al. Death rates in HIV-positive antiretroviral-naive patients with CD4
count greater than 350 cells per microL in Europe and North America: a pooled
cohort observational study. Lancet. 2010;376(9738):340-5. doi: http://dx.doi.
0rg/10.1016/50140-6736(10)60932-4

31. Greub G, Ledergerber B, Battegay M, Grob P, Perrin L, Furrer H, et al.
Clinical progression, survival, and immune recovery during antiretroviral
therapy in patients with HIV-1 and hepatitis C virus coinfection: the Swiss
HIV Cohort Study. Lancet. 2000;356(9244):1800—5. doi: http://dx.doi.org/10.
1016/50140-6736(00)03232-3

32. Salpini R, Fokam J, Ceccarelli L, Santoro MM, Nanfack A, Sosso SM, et al.
High burden of HBV-infection and atypical HBV strains among HIV-infected
Cameroonians. Curr HIV Res. 2016;14(2):165—71. doi: http://dx.doi.org/10.
2174/1570162X13666150930114742

33. HCV working group of the Collaboration of Observational HIV Epidemio-
logical Research in Europe (COHERE) in EuroCoord. Effect of hepatitis C
treatment on CD4+ T-cell counts and the risk of death in HIV-HCV-coinfected
patients: the COHERE collaboration. Antivir Ther. 2012;17(8):1541-50. doi:
http://dx.doi.org/10.3851/IMP2263

34. Obermeier M, Ingiliz P, Weitner L, Cordes C, Moll A, Hintsche B, et al. Acute
hepatitis C in persons infected with the human immunodeficiency virus (HIV):
the “real-life setting” proves the concept. Eur J Med Res. 2011;16(5):237—42.
doi: http://dx.doi.org/10.1186/2047-783X-16-5-237

35. Potter M, Odueyungbo A, Yang H, Saeed S, Klein MB. Impact of hepatitis C
viral replication on CD4+ T-lymphocyte progression in HIV-HCV coinfection
before and after antiretroviral therapy. AIDS. 2010;24(12):1857—-65. doi:
http://dx.doi.org/10.1097/QAD.0b013e32833adbb5

36. Taye S, Lakew M. Impact of hepatitis C virus co-infection on HIV patients
before and after highly active antiretroviral therapy: an immunological and
clinical chemistry observation, Addis Ababa, Ethiopia. BMC Immunol. 2013;
14:23. doi: http://dx.doi.org/10.1186/1471-2172-14-23

37. Qu J, Zhang Q, Li Y, Liu W, Chen L, Zhu Y, et al. The Tat protein of human
immunodeficiency virus-1 enhances hepatitis C virus replication through
interferon gamma-inducible protein-10. BMC Immunol. 2012;13:15. doi:
http://dx.doi.org/10.1186/1471-2172-13-15

38. Cullen BR. Regulation of HIV-1 gene expression. FASEB J. 1991;5(10):2361-8.
39. Dayton Al, Sodroski JG, Rosen CA, Goh WC, Haseltine WA. The trans-
activator gene of the human T cell lymphotropic virus type Il is required for
replication. Cell. 1986;44(6):941—7. doi: http://dx.doi.org/10.1016/0092-8674(
86)90017-6

40. Fisher AG, Feinberg MB, Josephs SF, Harper ME, Marselle LM, Reyes G,
et al. The trans-activator gene of HTLV-Ill is essential for virus replication.
Nature. 1986;320(6060):367—71. doi: http://dx.doi.org/10.1038/320367a0
41. Poli G, Fauci AS. Cytokine modulation of HIV expression. Semin Immunol.
1993;5(3):165—73. doi: http://dx.doi.org/10.1006/smim.1993.1020

42. Toossi Z, Xia L, Wu M, Salvekar A. Transcriptional activation of HIV by
Mycobacterium tuberculosis in human monocytes. Clin Exp Immunol. 1999;
117(2):324-30. doi: http://dx.doi.org/10.1046/j.1365-2249.1999.00952.x

43. Honda Y, Rogers L, Nakata K, Zhao BY, Pine R, Nakai Y, et al. Type | inter-
feron induces inhibitory 16-kD CCAAT/enhancer binding protein (C/EBP)beta,

repressing the HIV-1 long terminal repeat in macrophages: pulmonary tuber-
culosis alters C/EBP expression, enhancing HIV-1 replication. ) Exp Med. 1998;
188(7):1255-65. doi: http://dx.doi.org/10.1084/jem.188.7.1255

44, Orlov M, Vaida F, Williamson K, Deng Q, Smith DM, Duffy PE, et al.
Antigen-presenting phagocytic cells ingest malaria parasites and increase HIV
replication in a tumor necrosis factor alpha-dependent manner. J Infect Dis.
2014;210(10):1562—72. doi: http://dx.doi.org/10.1093/infdis/jiu317

45. Orlov M, Vaida F, Finney OC, Smith DM, Talley AK, Wang R, et al.
P. falciparum enhances HIV replication in an experimental malaria challenge
system. PLoS One. 2012;7(6):e39000. doi: http://dx.doi.org/10.1371/journal.
pone.0039000

46. Xiao L, Owen SM, Rudolph DL, Lal RB, Lal AA. Plasmodium falciparum
antigen-induced human immunodeficiency virus type 1 replication is mediated
through induction of tumor necrosis factor-alpha. J Infect Dis. 1998;177(2):
437-45. doi: http://dx.doi.org/10.1086/514212

47. Margolis DM, Rabson AB, Straus SE, Ostrove JM. Transactivation of the
HIV-1 LTR by HSV-1 immediate-early genes. Virology. 1992;186(2):788—-91. doi:
http://dx.doi.org/10.1016/0042-6822(92)90048-T

48. Van de Perre P, Segondy M, Foulongne V, Ouedraogo A, Konate |,
Huraux JM, et al. Herpes simplex virus and HIV-1: deciphering viral synergy.
Lancet Infect Dis. 2008;8(8):490—7. doi: http://dx.doi.org/10.1016/5S1473-
3099(08)70181-6

49. Gomez-Gonzalo M, Carretero M, Rullas J, Lara-Pezzi E, Aramburu J,
Berkhout B, et al. The hepatitis B virus X protein induces HIV-1 replication
and transcription in synergy with T-cell activation signals: functional roles
of NF-kappaB/NF-AT and SP1-binding sites in the HIV-1 long terminal repeat
promoter. J Biol Chem. 2001;276(38):35435-43. doi: http://dx.doi.org/10.
1074/jbc.M103020200

50. Idoko J, Meloni S, Muazu M, Nimzing L, Badung B, Hawkins C, et al. Impact
of hepatitis B virus infection on human immunodeficiency virus response to
antiretroviral therapy in Nigeria. Clin Infect Dis. 2009;49(8):1268—73. doi:
http://dx.doi.org/10.1086/605675

51. Ladep NG, Agaba PA, Agbaji O, Muazu A, Ugoagwu P, Imade G, et al. Rates
and impact of hepatitis on human immunodeficiency virus infection in a large
African cohort. World J Gastroenterol. 2013;19(10):1602—10. doi: http://dx.doi.
org/10.3748/wjg.v19.i10.1602

52. Hoffmann CJ, Charalambous S, Martin DJ, Innes C, Churchyard GJ, Chaisson
RE, et al. Hepatitis B virus infection and response to antiretroviral therapy
(ART) in a South African ART program. Clin Infect Dis. 2008;47(11):1479—85.
doi: http://dx.doi.org/10.1086/593104

53. Sengupta S, Powell E, Kong L, Blackard JT. Effects of HCV on basal and
tat-induced HIV LTR activation. PLoS One. 2013;8(6):e64956. doi: http://dx.doi.
org/10.1371/journal.pone.0064956

54. Radkowski M, Bednarska A, Horban A, Stanczak J, Wilkinson J, Adair DM,
et al. Infection of primary human macrophages with hepatitis C virus in vitro:
induction of tumour necrosis factor-alpha and interleukin 8. ) Gen Virol. 2004;
85(Pt 1):47-59. doi: http://dx.doi.org/10.1099/vir.0.19491-0

55. Blackard JT, Smeaton L, Hiasa Y, Horiike N, Onji M, Jamieson DJ, et al.
Detection of hepatitis C virus (HCV) in serum and peripheral-blood mono-
nuclear cells from HCV-monoinfected and HIV/HCV-coinfected persons. J Infect
Dis. 2005;192(2):258-65. doi: http://dx.doi.org/10.1086/430949

56. Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva |, Kavanagh DG,
et al. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via Toll-like
receptor-viral RNA interactions. J Clin Invest. 2005;115(11):3265-75. doi:
http://dx.doi.org/10.1172/)CI26032

57. Chattergoon MA, Latanich R, Quinn J, Winter ME, Buckheit RW 3rd,
Blankson JN, et al. HIV and HCV activate the inflammasome in monocytes and
macrophages via endosomal Toll-like receptors without induction of type 1
interferon. PLoS Pathog. 2014;10(5):e1004082. doi: http://dx.doi.org/10.1371/
journal.ppat.1004082

58. Lin PH, Lai CC, Yang JL, Huang HL, Huang MS, Tsai MS, et al. Slow
immunological progression in HIV-1 CRFO7_BC-infected injecting drug users.
Emerg Microbes Infect. 2013;2(12):e83. doi: http://dx.doi.org/10.1038/emi.
2013.83

59. Chamie G, Bonacini M, Bangsberg DR, Stapleton JT, Hall C, Overton ET,
et al. Factors associated with seronegative chronic hepatitis C virus infection in
HIV infection. Clin Infect Dis. 2007;44(4):577—83. doi: http://dx.doi.org/10.
1086/511038

60. Bonacini M, Lin HJ, Hollinger FB. Effect of coexisting HIV-1 infection on the
diagnosis and evaluation of hepatitis C virus. J Acquir immune Defic Syndr.
2001;26(4):340-4. doi: http://dx.doi.org/10.1097/00126334-200104010-00008


http://dx.doi.org/10.1007/s007050050685
http://dx.doi.org/10.1042/CS20080532
http://dx.doi.org/10.1086/650997
http://dx.doi.org/10.1086/650997
http://dx.doi.org/10.1371/journal.pone.0003918
http://dx.doi.org/10.1371/journal.pone.0003918
http://dx.doi.org/10.1097/01.aids.0000226958.87471.48
http://dx.doi.org/10.1097/01.aids.0000226958.87471.48
http://dx.doi.org/10.1016/S0140-6736(10)60932-4
http://dx.doi.org/10.1016/S0140-6736(10)60932-4
http://dx.doi.org/10.1016/S0140-6736(00)03232-3
http://dx.doi.org/10.1016/S0140-6736(00)03232-3
http://dx.doi.org/10.2174/1570162X13666150930114742
http://dx.doi.org/10.2174/1570162X13666150930114742
http://dx.doi.org/10.3851/IMP2263
http://dx.doi.org/10.1186/2047-783X-16-5-237
http://dx.doi.org/10.1097/QAD.0b013e32833adbb5
http://dx.doi.org/10.1186/1471-2172-14-23
http://dx.doi.org/10.1186/1471-2172-13-15
http://dx.doi.org/10.1016/0092-8674(86)90017-6
http://dx.doi.org/10.1016/0092-8674(86)90017-6
http://dx.doi.org/10.1038/320367a0
http://dx.doi.org/10.1006/smim.1993.1020
http://dx.doi.org/10.1046/j.1365-2249.1999.00952.x
http://dx.doi.org/10.1084/jem.188.7.1255
http://dx.doi.org/10.1093/infdis/jiu317
http://dx.doi.org/10.1371/journal.pone.0039000
http://dx.doi.org/10.1371/journal.pone.0039000
http://dx.doi.org/10.1086/514212
http://dx.doi.org/10.1016/0042-6822(92)90048-T
http://dx.doi.org/10.1016/S1473-3099(08)70181-6
http://dx.doi.org/10.1016/S1473-3099(08)70181-6
http://dx.doi.org/10.1074/jbc.M103020200
http://dx.doi.org/10.1074/jbc.M103020200
http://dx.doi.org/10.1086/605675
http://dx.doi.org/10.3748/wjg.v19.i10.1602
http://dx.doi.org/10.3748/wjg.v19.i10.1602
http://dx.doi.org/10.1086/593104
http://dx.doi.org/10.1371/journal.pone.0064956
http://dx.doi.org/10.1371/journal.pone.0064956
http://dx.doi.org/10.1099/vir.0.19491-0
http://dx.doi.org/10.1086/430949
http://dx.doi.org/10.1172/JCI26032
http://dx.doi.org/10.1371/journal.ppat.1004082
http://dx.doi.org/10.1371/journal.ppat.1004082
http://dx.doi.org/10.1038/emi.2013.83
http://dx.doi.org/10.1038/emi.2013.83
http://dx.doi.org/10.1086/511038
http://dx.doi.org/10.1086/511038
http://dx.doi.org/10.1097/00126334-200104010-00008
http://www.jiasociety.org/index.php/jias/article/view/20944
http://dx.doi.org/10.7448/IAS.19.1.20944

