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Abstract

As the HIV population continues to live longer as a result of antiretroviral therapy, liver-related
mortality has become one of the leading causes of non-AIDS related death in this patient
population. The liver possesses a remarkable regenerative capacity but undergoes complex
biological changes in response to aging and inflammation that result in decreased cellular
regeneration and a tipping of the scales towards fibrogenesis. Patients with HIV infection have
serological evidence of ongoing inflammation, with elevations in some biomarkers persisting
despite adequate virologic control. In addition, HIV-co-infected patients have markers of advanced
age on liver biopsy and increased prevalence of fibrosis as compared to an age-matched HCV
mono-infected cohort. In this review, we will discuss the biology of aging, age- related changes in
the liver, and the relevant mechanisms by which HIV causes inflammation in the context of
accelerated aging, fibrosis of the liver, and other viral co-infection.

Introduction

The advent of antiretroviral therapy (CART) represents one of the greatest interventions of
our time, curbing an epidemic and resulting in millions of years of life saved in the USA
alone [1]. One of the greatest public health achievements of the past two decades is that our
HIV population is surviving longer [2, 3]. It is estimated that 40 % of all HI\-infected
individuals in the USA are currently over the age of 50 [4]. This increase in survival has also
resulted in changes in the epidemiology of morbidity and mortality in the HIV population
[5]. As we push to- wards higher rates of virologic suppression in an aging population, we
are faced with new challenges and questions that continue to evolve. Chief among these
concerns is that individuals with HIV exhibit age-associated disease with higher prevalence
and earlier onset than their non- infected counterparts [6-8].

In the context of this changing epidemiology, the question of how HIV affects the liver has
become increasingly relevant.

Liver-related disease including chronic viral hepatitis now accounts for 13-18 % of all-cause
mortality in HIV-infected patients and is one of the leading causes of non-AIDS- related
death, competing closely with non-AlIDS-related can- cer [2, 3, 9]. In the HCV/HIV co-
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infected population, HIV is known to accelerate the natural history of liver disease, with co-
infected individuals demonstrating accelerated progression to hepatic fibrosis, cirrhosis, and
increased risk for hepatocellular carcinoma [10-12]. More recently, data from the CFAR
Network of Integrated Clinical Systems (CNICS) study cohort demonstrates that poorly
controlled HIV mono-infection is an independent risk factor for liver fibrosis [13]. This
review explores the cellular and molecular biology of the aging liver in the context of the
inflammation and immune dysregulation that results from HIV infection.

Biology of Aging

Aging has been defined as the progressive loss of function accompanied by decreasing
fertility and increasing mortality and disability [14]. In general, the aging process is viewed
as cumulative subcellular damage that eventually results in macroscopic effects [15]. While
the theories for such a process are varied, Sahin et al. proposed what is now the most widely
accepted theory of aging, arguing that telomere attrition leads to multiple downstream
effects on cellular signaling pathways that have been implicated in the aging process [16]. At
the heart of this model is the concept that telomere loss and dysfunction leads to decreased
expression of key regulatory proteins that affect multiple metabolic pathways including
mitochondrial biogenesis, hepatic lipid synthesis, and lipoprotein production [17]. This in
turn results in downstream repression of genes controlling oxidative defense, creating a
positive feedback loop that accelerates telomere loss through increased oxidative stress [18].

This has been expanded to the cellular senescence theory of aging as a further attempt to
bridge the gap be- tween molecular signaling and the aging phenotype [15, 19]. Inherent to
this theory is the concept that cells trade their pluripotency and cellular immortality for
differentiation and gain of function. The need for cellular diversity causes the germ cell to
become a highly specialized somatic cell with a specific function in the body, but also a
limited number of cell cycles [20, 21]. As the differentiated somatic cell goes through
multiple cycles of division, it accumulates intracellular damage, resulting in the loss of
replication of nuclear DNA in addition to elevated and sustained expression of tumor
suppressor proteins pl16ink4a, p53, and p21 as demonstrated in murine models [22—24]. This
oncogene activation then leads to downstream inhibition of multiple different cyclin-
dependent kinase (CDK) pathways, including E-Cdk2, D-Cdk4, and D-Cdk-6, ultimately
leading to inhibition of Rb and cell cycle arrest [22, 25]. These changes in intracellular
signaling result in the loss of the original cellular function and an arrest in replication that is
now recognized as the senescence phenotype.

Perhaps the most crucial aspect of the senescent phenotype is the expression of new proteins
and enzymes including pro- inflammatory factors, matrix metalloproteinases, and nitric
oxide [26, 27]. This secretome has been termed the senescence-associated secretory
phenotype (SASP) or senescence-messaging secretome (SMS) [27, 28] (Fig. 1). Chief
among the pro-inflammatory cytokines are the intracellular molecules interleukin (IL)-1a.,
IL-6, IL-8, and chemokine CXCR2 [29-31]. The secretion of these biomarkers has been
described as a method of inducing the senescent phenotype in neighboring cells, essentially
resulting in infectious senescence [25].
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HIV and Inflammation

As the HIV population ages, it has become increasingly clear that diseases traditionally
associated with aging occur at a younger age and with higher prevalence in this population
[32, 33]. Despite adequate virologic control, the risk of non- AIDS-related morbidity is
higher among HIV-infected patients as compared to the general population [3, 9]. Liver dis-
ease, renal disease, bone loss, diabetes mellitus, and non- AIDS-related cancers are all more
common in the HIV- infected population [34-36].

Chronic inflammation and immune dysregulation are central to any discussion about
increased morbidity in HIV- infected patients. In the elderly population, mild levels of
chronic inflammation, in the absence of overt infection, have been described as a highly
significant risk factor for both morbidity and mortality [37-39]. With respect to HIV,
immune activation, even in the face of virologic suppression, has been described as a key
component of infection [40, 41] and the immunological mechanisms underlying chronic
immune activation appear to be multifactorial. In the context of aging, HIV-infected patients
often have immunologic profiles of patients three to four decades their senior [33, 40, 42]. It
is believed that the chronic inflammation associated with HIV infection is the primary driver
of the premature aging phenotype seen in HIV patients [41].

Microbial Translocation and Immune Activation

HIV effects on the microbiome and gut translocation also play a crucial role in the HIV
pathophysiology of inflammation [43]. In acute infection, HIV has been demonstrated to
preferentially target gut lymphoid tissue, heavily depleting multiple different lymphoid cell
populations including the CD22 and the CD4 subset, TH17 [44-46]. The depletion of TH17
and CD22 cells is believed to play a critical role in the failure to maintain the intestinal
epithelium, leading to the promotion of microbial translocation [46, 47]. In addition to direct
infection, HIV viral proteins cause increased production of multiple inflammatory cytokines
from the gut epithelium, resulting in increased intestinal epithelial cell apoptosis and
disruption of the gut tight junctions [47-49]. In vitro models of colonic epithelial cells have
demonstrated a pro-inflammatory response to HIV envelope protein gp120. In response to
gp120 exposure, these cells release TNF-a., IL-6, and IL-8, ultimately resulting in tight
junction and barrier function impairment [49]. Clayton et al. have developed an in vitro
model of HIV- mediated tight junction dysfunction [43, 50] where HIV co- receptor Bob/
GPR15 binds HIV gp120 with high affinity. In other cellular models, Bob/GPR15 receptor
activation leads to downstream calcium signaling and subsequent microtubular loss that
disrupt the integrity of epithelial tight junctions.

As a result of these changes to the colonic mucosa, HIV patients have been shown to have
increased levels of inflammatory markers associated with microbial translocation even after
initiation of CART [51-53]. Hattab et al. have conducted multiple studies looking at levels of
different soluble inflammatory markers in both acutely infected HIV patients and those who
have been virologically suppressed on cART. While multiple markers, including systemic
IL-6, normalized after initiation of CART, sCD14, a scavenger molecule and surrogate for
levels of bacterial lipopolysaccharide (LPS), remained elevated [51, 52, 54]. This finding has
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been replicated in multiple different studies of soluble inflammatory markers, with the
implication that cCART does not completely restore the gastrointestinal barrier function and
that even those HIV patients with up to 2 years of virologic suppression demonstrate
elevated levels of bacterial translocation as compared to non-infected controls. Soluble
CD163 (sCD163) has also been noted as a bio- marker of great interest. Although little is
known about its function as a soluble protein, it is most commonly expressed on monocytes
and serves as a marker of alternate macrophage (M2) activation [55]. This protein is
involved in multiple functions including endocytosis of the haptoglobin-hemoglobin
complex, but also plays a role in the SCD-14 and LPS pathway in the liver [55, 56]. In this
context of this pathway, cellular CD-163 has been identified as another innate immune
sensor for bacteria, with the ability to induce local immunity through chemokine secretion.

Endotoxin-mediated shedding via the TLR pathway is believed to be the primary source of
soluble sCD-163, similar to sCD-14 [57]. In a study of 933 patients with HIV-1, elevated
levels of SCD163 have been associated with more rapid progression to AIDS and mortality.
Based on these results, it is postulated that increased mortality in HIV patients is associated
with higher levels of alternate macrophage activation and systemic inflammation [58, 59].

The Aging Liver

Aging-related liver changes occur at the level of the organ and the cell. These collective
aging effects result in diminished function and a liver more prone to acute insults and
vulnerable to chronic disease. This is important to consider as the liver plays a pivotal role in
maintaining homeostasis in the aging person through interplay with other organs.

Organ and Structural Level Changes

Multiple organ and structural level changes occur in the liver with aging. Several ultrasound
studies demonstrate that the adult liver volume gradually decreases by 20-40 % across the
adult human lifespan, a finding more marked in females [60-63]. In addition to a decline in
volume, the functional liver cell mass measured by galactose elimination capacity has also
been shown to decline in the elderly [64]. This has been further investigated by scintigraphy
studies using radiolabeled galactosylalbumin that suggest a decline in functional liver mass
more so than total hepatic mass [65]. Blood flow to the liver also declines with age by 35—
50 %, particularly evident after age 75, and has been suggested to contribute to reduced
functional capacity to metabolize drugs [60, 66]. Despite having diminished hepatic blood
flow, rat models suggest sinusoidal perfusion rates are relatively preserved throughout the
lifespan [67].

Structural microenvironment changes are also evident with age. The lobular area, measured
as the distance between adjacent central veins (terminal hepatic venules), increases with age
in rat models [67]. In addition to these changes, reduction in drug metabolism capacity also
appears to be related to diminished cytochrome P450 content. Data from in vitro and in vivo
drug metabolism studies suggest ~30 % reduction in drug metabolism after age 70 related to
this mechanism of clearance [68]. On the other hand, albumin concentration, a serum marker
of synthetic function, appears to only minimally decrease with age, possibly reflecting
relatively preserved overall function. After adjusting for gender, BMI, systolic blood
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pressure, alcohol use, waist-hip ratio, diabetes, fasting glucose, total-HDL ratio,
triglycerides, and adiposity markers (leptin, adiponectin, ghrelin, IL-6), aloumin decreased
from 4.5 to 4.2 g/dL in young (age 30-62) compared to old (age 78-93) in a cross-sectional
study of 2364 patients [69].

Regenerative Response to Injury

Age appears to be a risk factor for fibrosis related to chronic liver disease. The two general
patterns of chronic liver injury that lead to fibrosis are hepatocellular and cholestatic.
Chronic hepatocellular injury refers to prolonged damage to hepatocytes, as seen in chronic
viral hepatitis, alcoholic liver disease, drug-related liver injury, and non-alcoholic fatty liver
disease. Chronic cholestatic injury results from prolonged biliary obstruction, as seen in
primary sclerosing cholangitis and primary biliary cholangitis. Rodent models for chronic
hepatocellular injury utilize chronic CCl4 administration. There have been conflicting age-
related results in this regard. One study showed that oxidative stress markers between old
(15 month) and young (8 week) mice were equivalent in response to chronic CCl4
administration [70]. A more recent study demonstrated that older mice had a significantly
greater fibrogenic response to chronic CCl4 assessed by collal mRNA expression,
morphometric analysis, and hydroxyproline measurement [71]. Further investigation has
shown that age-associated alterations of C/EBP proteins result in differential fibrotic
response to chronic injury from CCl4, and this likely plays a pivotal role in fibrosis
progression in aged livers [72].

Protracted chronic injury can lead to fibrosis and ultimately liver architectural destruction
and cirrhosis. Accumulating clinical and epidemiological evidence has demonstrated that
aging appears to be a risk factor for fibrosis progression across multiple etiologies of liver
disease. In patients with chronic HCV infection, studies have demonstrated that accelerated
fibrosis occurs in age >50 years [73]. In a cross-sectional analysis of participants in the
NASH Clinical Research Network, elderly patients (age =65) were more likely to have
NASH and advanced fibrosis compared to nonelderly [74]. Old age, furthermore, has been
established as a poor prognostic indicator for patients with alcoholic hepatitis [75].

The Impact of Chronic HIV Infection on the Aging Liver

The importance of characterizing the ways in which HIV interacts with the aging liver has
increased dramatically in the past decade. Although the natural history of advanced liver
disease in HCV was well described early in the history of co- infection, elucidation of the
specific role of HIV has only recently become more relevant. It is clear that poorly con-
trolled HIV, without hepatitis C, is a risk factor for both NASH and cirrhosis [13, 76, 77]. In
addition, the advent of DAA agents for the treatment of HCV and the aging of the HIV
population may bring about a shift in the epidemiology of liver disease in HIV patients, with
NASH and NASH- related cirrhosis on the rise [78]. Understanding the ways in which HIV
interacts with the liver is becoming an increasingly important area of research.

HIV, the Gut-Liver Axis, and Inflammation—The model of indirect liver damage for
alcoholic hepatitis shares many similarities in the alteration of the gut microbiome and
increase in microbial translocation with HIV. While alcohol is well described to exert direct

Curr HIV/AIDS Rep. Author manuscript; available in PMC 2020 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 6

liver toxicity [79, 80], it is believed that there are also multiple indirect mechanisms through
which alcohol is able to cause injury. Alcohol consumption has been demonstrated to disrupt
the intestinal epithelial barrier and alter the gut flora, thus leading to increased gut
permeability and microbial translocation, similar to the end effects of HIV on gut epithelia
[47, 81, 82]. In addition, biomarkers of bacterial translocation such as lipopolysaccharide
(LPS), sCD-14, and sCD-163 are similarly elevated in both HIV patients as well as patients
with acute and chronic alcohol consumption.

These findings suggest that HIV infection is able to exert continued pressure on both the gut
endothelium and the gut- liver axis, potentially in the face of adequate virologic control. It is
possible that these mechanisms share a similar pathogenesis with respect to downstream
effects of these biomarkers, specifically the activation of TLR-4 via LPS. This model of liver
injury caused by alcoholic hepatitis, as described by Greuter et al. and Szabo et al., is
characterized by neutrophilic infiltration and hepatic stellate cell (HSC) activation leading to
in- creased liver injury and fibrosis [81-83]. Increased levels of LPS entering the liver have
been shown to increase inflammation through three primary mechanisms. LPS induces
recruitment and activation of inflammatory cells including Kupffer cells and HSCs. In
addition, microbial products indirectly induce systemic immune responses and promote local
hepatocyte cell death, resulting in a pro-fibrotic state [84, 85]. Finally, LPS and other down-
stream pro-inflammatory cytokines induce production of multiple different acute phase
reactants in hepatocytes including TGF-p1, IL-6, and IL-10 [81, 86].

HIV and Liver Macrophages—L.iver macrophages play a key role in liver homeostasis
and housekeeping. In the normal liver, Kupffer cells are the most prominent type of liver
macrophage and are responsible for activation of the local inflammatory response and
hepatocellular repair [87]. Hepatic stellate cells on the other hand are a different macrophage
sub-population that are involved primarily in retinoid metabolism in addition to activating
different aspects of the local inflammatory response [88, 89]. Activated hepatic stellate cells
have been increasingly de- scribed as a central pathway to hepatic fibrogenesis [88]. Both of
these liver-predominant macrophages are a target for direct HIV infection and activation via
viral proteins.

In a macaque model, Ahsan et al. demonstrated significantly and dramatically increased
levels of Kuppfer cells in both acutely SIV-infected macaques and macaques with AIDS
[90]. They inferred that increased liver macrophage turnover played a role in SIV
pathogenesis. In opposition to this finding, Balagopal et al. noted that in the liver tissue from
HIV-HCV co-infected patients, there was a direct linear relationship be- tween CD4
lymphocyte count and the Kuppfer cell density. In addition, for those patients who were
initiated on cART, Kuppfer cell density increased with virologic suppression [91]. In the
aging liver, Kupffer cells appear to increase in number and overall activation [92, 93].
Although generally considered to play a strong role in the regenerative capacity of the liver,
inappropriate and prolonged activation has been felt to drive fibrogenesis in multiple models
of liver disease [81]. In the HIV-infected patient, it has been postulated that decreased levels
of Kupffer cells as a result of direct infection by HIV may result in a decreased ability to
clear the products of microbial translocation, leading to increased systemic levels of LPS,

Curr HIV/AIDS Rep. Author manuscript; available in PMC 2020 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 7

sCD-14, and sCD163 [94-96]. However, the effect of direct HIV infection on the Kupffer
cell inflammatory cytokine secretion profile remains unknown.

With respect to hepatic stellate cells, the effects of HIV infection are well described. As a
defining cell type in fibrogenesis of the liver, HSCs have received a significant amount of
research attention. HSCs express the TLR-4 and CD-14 receptor complex and therefore can
be activated by bacterial LPS. As noted above, HIV enteropathy results in increased
microbial translocation, and subsequently, more bacterial cell wall products are present in
the portal and systemic circulation [51, 52, 54]. In addition, Del Corno et al. recently
described a mechanism of TLR-4-mediated HSC activation via HIV viral protein gp120
[97]. Although the exact cellular kinetics of HSC activation in the setting of acute and
chronic HIV are not yet known, this research would imply that patients with HIV infection
would have higher levels of HSC activation as compared to their seronegative counterparts.
Normally, HSC activation is an important part of the local inflammatory response and plays
an important role in liver homeostasis and maintenance [98, 99]. However, excessive
activation of HSCs results in over-production of TGF-B, an inflammatory cytokine that
activates multiple downstream pathways of fibrogenesis and further propagates the
inflammatory response [98, 99].

With that said, HSC activation via LPS receptor complex activation alone does not
necessarily produce a directly pro- fibrogenic HSC [88]. HSCs activated via TLR-4 certainly
propagate an inflammatory response through secretion of IL- 6, TGF-p, and MCP-1, but are
only considered to be indirectly fibrogenic because they do not demonstrate increased
transcription of collagen I. HIV infection may result in an alteration in the behavior and gene
expression of activated HSCs [100]. In vitro modeling of HSC and HIV infection revealed
that HSCs can be directly infected by HIV via a CD4+ independent pathway. In addition,
when analyzing changes in the inflammatory cytokine profile of HIV-infected HSCs,
Tuyama et al. noted that activated HSCs infected by HIV had significant increases in both
collagen | and MCP-1 expression [100]. Collagen I deposition is the central mechanism of
liver fibrogenesis and MCP-1 is one of the primary chemoattractant proteins for monocyte-
derived macrophages to migrate to the liver. When taken together, these findings would
imply that in the setting of HIV infection, HSCs are more potent activators of the local
immune response and more fibrogenic (Table 1).

Conclusion

As the liver ages, it undergoes a decrease in size that is ac- companied by architectural and
cellular changes. In addition, the remarkable regenerative capacity of the liver is reduced as
a result of changes in gene expression and altered response to growth factors. Using the
model of HIV/HCV co-infection, it is clear that HIV infection tips this scale away from
regeneration and towards fibrogenesis in the setting of chronic liver damage. The exact
mechanisms by which HIV is able to bring about the phenotype of accelerated fibrogenesis
remain un- known. However, there are many promising directions of re- search, specifically
at the intersection between inflammation, microbial translocation, and chronic immune
activation.
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The importance of understanding the interactions between chronic HIV infection and the
aging liver cannot be overstated. As the epidemiology of liver disease in the setting of HIV
infection shifts away from viral hepatitis towards NASH-related cirrhosis, there will be a

reater need for more efficient diagnostic methods and effective therapies. Our success in

the treatment of HIV and the revolutionary new therapies for HCV has presented exciting
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Autocrine Paracrine

Senescence

Fig. 1.
Senescent cells develop the senescent-associated secretory phenotype (SASP). Senescent

cells secrete significant amounts of IL-6 and IL-8, cytokines which can act in both an
autocrine or paracrine manner to promote cellular senescence. IL-6 through 1L-6 receptor
(IL-6R) and/or 1L-8 (through CXCR2) act in concert with cellular stress induced by reactive
oxidative species (ROS) to induce the senescent phenotype
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Recent studies linking age and clinical outcome in NAFLD and HCV in addition to key articles discussing the
cellular mechanisms of liver aging

Topic Authors Year | Summary Ref
NAFLD and Angulo et al. 1999 | Older age is a risk factor for fibrosis in patients with NASH [101]
NASH
Ratziu et al. 2000 | Age >50 is a risk factor for NAFLD [102]
Hossain et al. 2009 | Old age is a risk factor for fibrosis in NAFLD [103]
Fierbinteanu-Braticevici etal. | 2011 | Older age is a risk factor for NASH [104]
Stepanova et al. 2013 | Older age is a risk factor for increased mortality in NAFLD [105]
Bhala et al. 2013 | Older age is a risk factor for fibrosis in patients with NAFLD [106]
HCV Pradat et al. 2007 | Older age of HCV infection is associated with increased progression to [107]
fibrosis
Kirk et al. 2013 | Prevalence of fibrosis in HIV and HCV co-infected patients [108]
Butt et al. 2015 | Age is associated with increased risk of cirrhosis and hepatic [109]
decompensation in HCV infection
Rueger 2015 | Age of infection contributes to the rate of fibrosis progression in HCV [110]
Cellular Videla et al. 2001 | Mouse model of Kupffer cell aging [111]
mechanisms of
liver aging
Friedman et al. 2004 | A review of the mechanisms of hepatic fibrosis [112]
Hilmer et al. 2007 | The effect of age on Kupffer cell activity [93]
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