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Abstract

HIV-HCV co-infection causes rapid progression of liver fibrosis. These outcomes to liver cirrhosis 

can be improved, but not stopped by specific antiviral therapies. Due to high significance of HIV-

HCV interactions for morbidity and mortality in co-infected patients, our attention was attracted to 

the multi-component pathogenesis of fibrosis progression as the transition to end-stage liver 

disease development. In this study, we hypothesize that increased matrix stiffness enhances 

apoptosis in HCV-HIV-co-infected hepatocytes and that capturing of apoptotic bodies (AB) 

derived from these infected hepatocytes by hepatic stellate cells (HSC) drives the fibrosis 

progression. As the source of viruses, JFH1 (HCV genotype 2a) and HIV-1ADA (either purified or 

containing in infected macrophage supernatants) were chosen. Using Huh7.5-CYP (RLW) cells 

and primary human hepatocytes mono-infected with HCV and HIV or co-infected, we have shown 

that both HCV and HIV RNA levels were increased in co-infected cells, which was accompanied 

by hepatocyte apoptosis. This apoptosis was attenuated by azidothymidine treatment. The levels of 

both infections and apoptosis were more prominent in primary hepatocytes cultured on substrates 

mimicking fibrotic stiffness (24 kPa-stiff) compared to substrates mimicking healthy liver (2.4 

kPa-soft). The engulfment of AB from pathogen-exposed hepatocytes activated pro-fibrotic 

mRNAs in HSC. Overall, the increased matrix stiffness is not only a consequence of liver 

inflammation/fibrosis, but the condition that further accelerates liver fibrosis development. This is 

attributed to the switching of HSC to pro-fibrotic phenotype by capturing of excessive amounts of 

apoptotic HCV- and HIV-infected hepatocytes.
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INTRODUCTION

Liver injury became one of the leading causes of death among HIV-infected non-AIDS 

patients. The rapid progress of liver disease in HIV-infected patients usually is associated 

with HCV-and HBV-co-infections or alcohol abuse. Among the estimated 40 million HIV 

carriers worldwide, about 4–5 million of them are chronically co-infected with HCV [1]. 

These co-infected patients have frequent end-stage disease outcomes, including liver 

cirrhosis and hepatocellular carcinoma (HCC) [2]. Although liver injury at HIV mono-

infection is possible, there is higher incidence of liver damage in HIV-HCV co-infections, 

and the mechanisms of rapid fibrosis progression are not well-defined. Modern antiretroviral 

therapy (ART) suppresses HIV replication and improves disease outcomes, but does not stop 

liver damage progression [3]. In HCV infection, modern direct antiviral agents (DAA) 

efficiently block HCV replication, but sustained virologic response does not guarantee the 

outcome to HCC [4]. Natural history studies of HIV-HCV co-infection have demonstrated 

that the progression of liver fibrosis to cirrhosis is rapid, and these patients with 

decompensated cirrhosis have higher mortality rate [5]. As demonstrated by earlier studies, 

liver fibrosis development was primarily attributed to immune-mediated events related to 

HIV infection of non-parenchymal cells, induction of oxidative stress, mitochondrial injury, 

cytotoxicity and gut microbial translocation [6, 7]. The toxic effects of HIV on hepatocytes, 

which represents about 80% of liver cells, were mainly linked to signal transduction events 

initiated by interactions between viral envelop protein gp120 and chemokine HIV co-

receptors, CCR5 and CXCR4 expressed on liver resident cells [8, 9]. However, it is still 

questionable whether hepatocytes present these receptors at the density that is sufficient to 

induce cell death or some other mechanisms are involved when they are exposed to 

infectious virus. It is not quite clear whether the death of parenchymal cells depends on 

matrix stiffness and contributes to hepatic stellate cells (HSC) activation since HSC 

activation is crucial for fibrosis.

In this study, we hypothesize that HCV pre-sensitizes hepatocytes to HIV-mediated 
apoptosis, and capturing of apoptotic bodies (AB) derived from infected hepatocytes by 
HSC drives the fibrosis progression. We also anticipate that these events will be more 
pronounced when hepatocytes are cultured on environment mimicking the fibrotic stiffness.

MATERIALS AND METHODS

Reagents and Media

High glucose Dulbecco’s Modified Eagle Medium (DMEM) and Williams Medium with 

supplements (insulin, holo-transferin, L-ascorbic acid, dexamethazone, selenium and 

antibiotics) were from Invitrogen (Carlsbad, CA), fetal bovine serum was from Atlanta 

Biological (Flowery Branch, GA). Antibody to the cleaved caspase-3 was from Cell 

Signaling (Beverly, MA); Antibody to β-actin was from Santa Cruz Biotechnology, Inc. 
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(Santa Cruz, CA). M30 Apoptosense® CK18 ELISA Kit was from Diapharma (West 

Chester, OH, USA).

Cells and culturing and treatments

We used Huh 7.5 cells stably transfected with CYP2E1 (designated as RLW cells) [10] as 

well as primary human hepatocytes obtained from University of Pittsburgh Medical Center 

Liver Tissue Cell Distribution System funded by NIH. Cells were cultured on polydimethyl 

siloxane (PDMS) gels coated with polyelectrolyte multilayer films (PEMs) with 2 kPa (soft) 

and 24 kPa (stiff) rigidity mimicking healthy and fibrotic liver environment [11–16]. Sylgard 

527 and Sylgard 184 (Fisher Scientific, USA) were blended in various weight ratios for 

creating PDMS substrates with the desired stiffness for culturing cells (Table 1). According 

to our prior study, the two Sylgard precursors were mixed in varying weight ratios for 

engineering different stiffness and poured into tissue culture plates. The plates were 

incubated at 65°C overnight to ensure complete crosslinking of the mixture, to yield uniform 

PDMS substrates. PDMS surfaces were then coated with 10 bilayers of PEM films using 

two polyelectrolytes, Poly(diallyldimethylammonium chloride) (PDAC) (Mw~100,000–

200,000) as a 20 wt % solution and sulfonated poly(styrene), sodium salt (SPS) 

(Mw~70,000) to facilitate cell adhesion. This platform provides an ideal in vitro 
environment to noninvasively study and assess the effects of liver stiffness as a sole 

condition on pro-apoptotic/fibrotic effects of HIV and HCV in hepatocytes. We tested the 

effects of co-infection on “healthy” and “diseased” liver, thereby mimicking HIV-HCV-

induced pro-fibrotic and pro-inflammatory changes at early stage of co-infection (2 kPasoft 

gels) and at advanced liver cirrhosis (24 kPa-stiff gels). For co-infection, the cells were 

exposed to HIV-1ADA at MOI 0.1, then the virus was removed and washed out after 

overnight incubation, and in 24 h, cells were infected with HCV (JFH1 virus [17]) at MOI 

0.1 for 3 days. Alternatively, the cells were mono-infected with HIV and HCV, for 4 and 3 

days, respectively or used uninfected.

RNA isolation, Real Time (RT)- PCR and immunoblotting

RNA was isolated and HCV RNA was measured by RT-PCR as described [18]; gag HIV 

RNA was measured by both quantitative RT-PCR (RT-qPCR) and as a relative quantity [19]. 

For immunoblotting (IB), cells were lysed and then IB was performed as described [20].

Apoptotic bodies

(AB) were generated from RLW cells by exposure to UV light and characterized as shown 

previously [18].

Hepatic stellate cells (HSC) treatment with AB

AB from RLW cells (AB Hep) were incubated with HSC cell line, LX2 cells (EMD 

Millipore). Cells were incubated with AB for 2 −8 h at 1:3 ratio and then pro-fibrotic 

markers (Col1A1, TGFβ, TIMP-1) and a pro-inflammatory marker IL-1 β) were quantified 

by RT-PCR.
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Statistical analyses

Data from at least three independent experiments were expressed as mean values ± standard 

error. Comparisons among multiple groups were determined by one-way ANOVA, using a 

Tukey post-hoc test. For comparisons between two groups, we used Student’s t-test. A 

probability value of 0.05 or less was considered significant.

RESULTS

HCV-HIV co-infection in RLW cells

Because canonic liver cells for HCV replication are hepatocytes and for HIV are immune 

cells (namely liver macrophages, Kupffer cells), we cultured HCV-infected RLW cells with 

medium from human monocyte derived macrophages (MDM) infected or not with HIV. 

MDM produced high amount of HIV in supernatants and the reverse transcriptase activity in 

supernatant used for all experiments was <25,000 cpm/ml. Co-infection of RLW cells was 

assessed by the levels of HCV and HIV RNAs (RT-PCR and Q-PCR). As shown on Fig. 1A, 

HCV RNA expression in RLW cells exposed to HIV-containing supernatants from MDMs 

was higher than in HCV-mono-infected cells and those exposed to supernatants from non-

infected MDMs. Also, the level of gag HIV RNA was higher in RLW cells co-infected with 

HCV (Fig.1B). Furthermore, this highest expression of HCV and HIV RNAs in co-infected 

RLW cells plated on plastic surface (with no gels) was accompanied by apoptosis induction 

(caspase 3 cleavage detected by IB, Fig.1C, D).

Matrix stiffness regulates HIV RNA and HCV RNA levels in HCV-HIV co-infected liver cells

Next, we confirmed the results obtained with co-infected RLW cells on primary human 

hepatocytes and studied the effects of matrix stiffness on intracellular infection levels and 

apoptotic cell death. Hepatocytes were plated on soft (2 kPa) and stiff gels (24 kPa) to mimic 

healthy and fibrotic liver environment. Cells were infected with HCV or HIV or both in the 

presence or absence of pan-caspase inhibitor (50uM, Z-VAD-EMK. UBPBio, Aurora, CO). 

To demonstrate that HIV RNA content in hepatocytes is attributed to replicating virus, the 

experiment has been done with or without azidothymidine (AZT, 100 μM) treatment [21]. 

Then HCV RNA and HIV RNA were measured by RT-PCR. Consistent with the results on 

RLW cells, we observed that co-infection with HIV with HCV increased both HCV and HIV 

RNAs in hepatocytes (Fig.2 A, B). This effect was more pronounced when hepatocytes were 

plated on fibrotic like-stiff gels. The levels of HIV and HCV RNAs were up to 2-fold 

increased by treatment with pan-caspase inhibitor, suggesting that a substantial portion of 

co-infected cells undergo apoptosis. Importantly, expression of HCV and HIV RNA was 

lower in the presence of AZT underlining the contribution of HIV replication in hepatocytes 

to the regulation of HCV RNA expression. However, AZT was not effective under stiff gel 

conditions. To confirm apoptosis in mono- or co-infected hepatocytes, we measured 

cytokeratin 18 (apoptotic marker M30) in cell supernatants by ELISA. As shown on Fig. 2 

C, apoptosis levels were higher in co-infection vs mono-infections, and they were abrogated 

by treatment with pan-caspase inhibitor. Furthermore, AZT attenuated the effects of HIV on 

apoptosis induction in hepatocytes. Apoptosis induction was increased when hepatocytes 

were plated on stiff gels compared with soft gels.
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Hepatocyte apoptotic bodies (AB) and HSC

To mimic the pro-apoptotic effects of HCV-HIV co-infection on hepatocytes, ABs from 

RLW cells (uninfected or infected with either HIV or HCV or HIV+HCV) were exposed to 

HSC, and then pro-fibrotic and pro-inflammatory changes were measured by RT-PCR. We 

found that in HSC, AB from mono-infected RLW cells increased Col1A1, TGFβ, TIMP-1 

and IL-1 β mRNAs compared with the effects of AB from uninfected cells; the levels of 

these mRNAs were significantly higher when AB were generated from co-infected RLW 

cells (Fig. 3).

DISCUSSION

HCV-HIV co-infections have high incidence of decompensated liver cirrhosis and 

hepatocellular carcinoma exceeding the frequency of these outcomes reported for mono-

infections [22]. Many mechanisms explaining this scenario were suggested, including the 

effects of HIV and HCV on cell death or direct infection of non-parenchymal liver cells, 

namely, HSC responsible for matrix deposition [23–25]. However, in addition to these 

reasons, there are more options explaining why HCV-HIV co-infection promotes the rapid 

fibrosis progression, and one of suggested mechanisms might be a pro-fibrotic activation of 

HSC by apoptotic pathogen-expressing hepatocytes. In this study, we examined the effects 

of infectious HIV and HCV on hepatocytes. By using experimental model of hepatocyte-like 

CYP2E1-expressing RLW cells, we established HCV-HIV co-infection in these cells 

accompanying by apoptotic cell death. While hepatocytes are known as the permissive cells 

for HCV, HIV-infection in these cells is questionable or low [21]. To investigate whether the 

persistence of double-infected hepatocytes is restricted by apoptosis, we blocked apoptosis 

with pan-caspase inhibitor and only then have been able to observe the elevated levels of co-

infected hepatocytes. In our model, HIV serves as a second hit for pushing of HCV-infected 

hepatocytes to apoptosis. This resembles the situation of HCV-infection combined with 

ethanol treatment (as a second hit) when we also observed massive apoptosis in HCV-

infected hepatocytes as well as dissemination of HCV to uninfected cells with these ABs 

[18]. Although studies by others demonstrated the role of gp120 interactions with HIV co-

receptor CXCR4 for apoptosis induction in the absence of whole virus [26], our current 

results indicate the involvement of the infectious HIV to trigger cell death. In fact, the 

blockade of HIV replication by AZT is crucial for apoptosis suppression in co-infected 

hepatocytes. Interestingly, the levels of infections and apoptosis were more prominent when 

hepatocytes were cultured on fibrotic-like stiff matrix, indicating that co-infected 

hepatocytes at the late stage of liver disease (corresponding to liver cirrhosis) become more 

prone to apoptotic cell death triggered by higher intracellular viral load. Interestingly, in our 

hands, AZT provided no protection to Hep plated on stiff gels, indicating that at late stage of 

liver fibrosis, co-infected Hep might be less sensitive to ART. These novel data on the role of 

matrix stiffness in hepatocyte survival can complement our understanding of the 

pathogenesis of accelerated liver fibrosis progression induced by continues activation of 

liver non-parenchymal cells after exposure to infectious hepatocyte AB. As appeared, an 

enhanced matrix stiffness is not only a consequence, but also the condition that promotes 

fast fibrosis development. In fact, elevated levels of immune activation biomarkers have been 

reported in HCV-HIV co-infected patients in conjunction with the increased liver stiffness 
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[27]. Induction of pro-fibrotic and pro-inflammatory mRNAs in HSC by exposure to 

pathogen-containing hepatocyte ABs provides one more matrix stiffness-regulated 

mechanism of fibrosis acceleration in HCV-HIV co-infected patients (summarized in Fig.4).

We conclude that the levels of intracellular HIV and HCV infections and apoptotic cell 

death are higher in HIV-HCV-co-infected than in mono-infected hepatocytes and can be 

further enhanced under increased matrix stiffness conditions during progression of fibrosis. 

Apoptotic bodies from pathogen-expressing hepatocytes trigger pro-fibrotic and pro-

inflammatory changes in HSC, thereby promoting fibrosis development.
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AB Apoptotic bodies

AZT Azidothymidine

ART antiretroviral therapy

CYP2E1 cytochrome P4502E1

HCV hepatitis C virus

HIV human Immunodeficiency Virus

HSC hepatic stellate cells

JFH1 Japanese fulminant hepatitis virus-1

IB immunoblotting

MDM Macrophages
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Highlights

• HIV-HCV co-infection increases HIV/HCV RNAs levels and apoptosis in 

hepatocytes;

• Fibrotic matrix stiffness enhances HIV/HCV RNAs and apoptosis in 

hepatocytes;

• Apoptotic infected hepatocytes induce pro-fibrotic changes in hepatic stellate 

cells
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Fig. 1. HCV and HIV RNAs and caspase 3 cleavage in liver cells.
RLW cells were plated on plastic surface and then exposed to JFH1 (HCV) and supernatants 

from HIV-infected or uninfected macrophages as specified. A. HCV RNA (RT-PCR); B. gag 
HIV RNA (RT-qPCR); C. Cleaved caspase 3 (IB); D. Cleaved caspase 3 (IB quantification). 

All data (representative results and quantification) were conducted in duplicate and obtained 

from 3 independent experiments, and presented as Mean ± SEM. Bars with different letters 

are significantly different at p ≤ 0.05.
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Fig. 2. HCV-HIV co-infection in primary human hepatocytes.
Primary hepatocytes were plated on PDMS gels coated with (PDAC/SPS)10 PEM films with 

2 kPa (soft) and 24 kPa (stiff) stiffness mimicking healthy and fibrotic liver environment and 

infected with HCV and HIV, in the presence or absence of pan-caspase inhibitor and AZT. 

A. HCV RNA (RT-PCR); B. gag HIV RNA (RT-PCR); C. M30 levels in hepatocyte 

supernatants (fold change, ELISA). All data were generated from 3 independent duplicate 

experiments and presented as Mean ± SEM. Bars with different letters are significantly 

different at p ≤ 0.05.
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Fig. 3. Activation of HSC by AB from uninfected and HCV-HIV-infected liver cells.
AB were made from infected or uninfected RLW cells and incubated with HSC as described. 

Then mRNAs of Col 1A1, TGFβ, TIMP-1 and IL-1β were measured by RT-PCR. All data 

were generated from 3 independent duplicate experiments and presented as Mean ± SEM. 

Bars with different letters are significantly different at p ≤ 0.05.
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Fig. 4. Acceleration of fibrosis progression in HCV-HIV co-infection via AB release.
HCV-HIV co-infection induces prominent apoptotic cell death in hepatocytes. These 

apoptotic bodies engulfed by HSC induce pro-fibrotic activation. Increased matrix stiffness 

corresponding to more advanced stages of liver disease further promoted apoptosis of 

infected hepatocytes, thereby accelerating fibrosis development.
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Table 1.

Young’s Modulus of PEM coated PDMS substrates used for primary hepatocyte culture as determined using 

Indentation load technique.

Substrate Young’s Modulus (in KPa)

Soft (100% Sylgard 527) 2.4 ± 0.03

Stiff (91% wt Sylgard 527 + 9% wt Sylgard 184) 24.2 ± 0.03

Biochem Biophys Res Commun. Author manuscript; available in PMC 2019 November 19.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Reagents and Media
	Cells and culturing and treatments
	RNA isolation, Real Time (RT)- PCR and immunoblotting
	Apoptotic bodies
	Hepatic stellate cells (HSC) treatment with AB
	Statistical analyses

	RESULTS
	HCV-HIV co-infection in RLW cells
	Matrix stiffness regulates HIV RNA and HCV RNA levels in HCV-HIV co-infected liver cells
	Hepatocyte apoptotic bodies (AB) and HSC

	DISCUSSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1.

