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Rethinking the immune properties of bilirubin in viral
hepatitis: from bench to bedside
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Communication between the immune system and metabolic components can be exemplified by the process of heme catabolism.
The immunomodulatory functions of the enzymes, substrates and active products related to catabolism of the heme group have
been extensively studied. Bilirubin (BR), the final breakdown product of heme, is primarily considered to be a toxic waste
product but has recently been considered to be an immunomodulatory metabolite. Through mechanisms that include
intracellular signaling and transcriptional control, BR affects those immune cell functions that regulate cell proliferation,
differentiation and apoptosis. During the pathogenesis of viral hepatitis, the heme degradation pathway is disrupted, resulting in
changes to normal BR concentrations. These alterations have been previously studied mainly as a consequence of the infection.
However, little is known about the potential immunomodulatory role played by BR in the development of infectious
hepatocellular diseases. Differences in BR levels in the context of viral hepatitis are likely to provide important insights into the
metabolite-mediated mechanisms controlling the immune responses underlying both the long-term persistence of hepatitis C
virus (HCV) infection and the resolution of hepatitis A virus (HAV) infection during the acute phase. In this review, the cross-talk
between heme catabolism and immune function is described in detail. Special emphasis is given to discoveries that hold
promise for identifying immunologic features of metabolic products in the resolution of viral diseases.
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Throughout history, scientists have been interested in the yellow color
imparted to the sclera and skin in disease-specific circumstances.
However, it was only 100 years ago that the biochemical process that
results in the elevation of bilirubin (BR) in the plasma and whose
main clinical characteristic is jaundice was quantified by a diagnostic
test.! Since then, research efforts have been conducted to elucidate the
biochemical and physiological characteristics of BR. Until 30 years ago,
the breakdown of heme to BR was simply considered to be one step of
many in the elimination of senescent heme.? Today, it is understood
that the products of this reaction actually provide important regulatory
functions as second messengers, scavengers and antioxidants.
Moreover, anti-inflammatory and immunomodulatory effects have
been associated with this process.?

Heme is released from hemoglobin, myoglobin and cytochrome
proteins under normal circumstances. Heme oxygenase-1 (HO-1),
whose activity is induced by pro-oxidative stimuli, degrades heme to
generate three active products: carbon monoxide, ferrous iron (Fe?")
and biliverdin (BV). BV is rapidly converted into BR by biliverdin
reductase (BVR). In the liver, BR is metabolically conjugated with

glucuronic acid by the enzyme glucuronyltransferase, with the
resulting conjugated BR (CBR) being soluble in water and, therefore,
able to be excreted with urine and feces (Figure 1).? In humans, when
heme degradation occurs under normal conditions, CBR is rapidly
excreted into bile and removed from the body through the gut. Thus,
the amount of CBR present in the serum of healthy subjects is
minimal (<10% of measured total BR), and CBR values are
maintained below 0.3 mgdl~1.2 Approximately 250 mgday ! of BR
is produced by healthy human adults; 75% of this is derived from
circulating hemoglobin, with the remaining 25% derived from the
catabolism of other heme compounds, primarily cytochromes.?
Elevated levels of BR in the serum are associated with liver disease.
In fact, BR concentration in the serum is an important component
in the calculation of the Child-Pugh, FibroTest and the MELD
(Model for End-Stage Liver Disease) discriminant scores that
are important for estimating the prognosis of patients with liver
disease.

Infections with hepatotropic viruses result in the elevation of serum
aminotransferase activity and the elevation of serum-associated BR.
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Figure 1 Major pathways involved in BR production, conjugation and excretion in healthy and liver disease conditions. HO-1 catalyzes the heme degradation
reaction, yielding three biologically active products: carbon monoxide (CO), BV and Fe?*. BV is subsequently reduced to BR by BVR. Both the unconjugated
BR and CBR forms are bound by albumin in the plasma and interstitial space. The OATP-2-mediated mechanism is responsible for transporting
unconjugated BR into hepatocytes. BR is conjugated in the liver by the UGT family of enzymes, resulting in the water-soluble CBR capable of excretion with
the urine and feces. Under healthy conditions, CBR is rapidly excreted into bile and removed from the body through the gut. Therefore, CBR concentrations
in the serum of healthy subjects are minimal (CBR values are kept below 0.3 mgdl~1). Pathological conditions influence various pathways associated with
BR excretion. During infection with hepatotropic viruses, hepatocytes prevent internalization and excretion of BR, resulting in serum CBR levels above normal
(>0.3mgdl~1). CD163, scavenger receptor; Mg, macrophage; MRP2, multidrug resistance-associated protein 2; OATP-2, organic anion-transporting

polypeptide 2.

Hepatitis A virus (HAV) is a hepatotropic virus that induces an acute
infection resulting in a wide range of clinical conditions leading to the
final elimination of the virus by a specific and effective host immune
response. HAV infections are not associated with chronic liver
disease. During HAV infection, heme degradation is interrupted in
the final stages, leading to the deregulation of internalization and
excretion of BR by hepatocytes that results in increased CBR values
(>0.3 to 6 mgdl~!).2 In contrast, infection with another hepatotropic
agent, hepatitis C virus (HCV), which is usually asymptomatic in the
acute phase, leads, most often, to a lifelong chronic infection.
However, it is known that a small subset of patients are capable of
clearing HCV during the acute phase of infection> A common
characteristic of chronic HCV infection is the episodic elevation of
serum aminotransferase levels, whereas BR levels do not exceed 1
mgdl~! in these patients.’

The exact mechanisms that contribute to the resolution of HAV
and HCV infections in the acute phase have not been determined.
However, it is accepted that the progression of these diseases is
intrinsically restricted by host immunity and may also be affected
by host-metabolic components.* Given the immunomodulatory
roles proposed for BR, it is plausible that changes in the levels of
this metabolite may constitute a mechanism that contributes to
differential outcomes in the liver diseases caused by hepatotropic
viruses.
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HEME METABOLISM AND IMMUNE MODULATION

How BR can regulate the immune system, particularly those events
related to the progression of viral hepatitis, is not well understood.
However, enzymes and products involved in the degradation of heme,
which is obtained from hemoglobin, to BR have previously been
connected to immunological processes.®

HO-1 and anti-inflammatory immune response against viruses
Macrophages are the main cells responsible for the degradation of
heme. The first catabolic reaction involves HO-1 activity that gives
rise to BV and, consequently, to BR; therefore, an increase of this
enzyme elevates both metabolites. The direct link between HO-1
and inflammation was shown initially in an HO-1 knockout mouse
model. These mice were highly vulnerable to experimentally
induced inflammation mediated by treatment with the classical
proinflammatory mediator endotoxin.” In another study, the lymph
nodes of HO-1-deficient mice demonstrated a relative deficiency of
CD3- and B220-positive cells, significantly higher baseline serum
IgM levels and higher levels of proinflammatory T helper type 1
(Th1) cytokines compared with wild-type mice.® These findings
suggest that the absence of HO-1 results in a Th-1-weighted shift in
the cytokine response and that HO-1 may be essential in the
modulation of inflammatory processes, particularly those related to
viral diseases.



HO-1 is constitutively expressed in human CD4* CD25" T reg-
ulatory (Treg) cells.> This expression pattern may be essential for the
anti-inflammatory role of the enzyme. However, analyses of the
crosstalk between HO-1 and Foxp3 (forkhead box P3)-related
T regulatory function remain controversial. It has been shown that
transfection of Foxp3 into Jurkat T cells induces the expression of
HO-1. The same studies revealed that Foxp3 and HO-1 have the same
expression pattern in T cells and suggested that the suppressive
functions of peripheral CD4*CD25%Foxp3* Treg cells are associated
with an increased expression of HO-1.° However, it has also been
reported that HO-1 induction by chemical components does not
result in Foxp3 expression in CD4*CD25~ T cells, suggesting that
HO-1 activity is not essential for the Treg phenotype.!? Moreover, the
induction of experimental autoimmune encephalomyelitis in mice
with a myeloid-specific HO-1 deficiency leads to the development of
an exacerbated and nonremitting clinical disease that correlates with
an enhanced infiltration of Th17 cells and persistent activation of
antigen-presenting cells.!! Together, these findings suggest that during
pathological circumstances, Th17 and Treg phenotypes and activities
may be related to HO-1 function.

Infection with Sendai virus in a model of macrophage-specific
HO-1 deficiency resulted in reduced production of interferon-f
(IFN-B) and impaired phosphorylation of interferon regulatory
factor-3, suggesting that HO-1 plays a key role in triggering antiviral
responses.!! This is consistent with observations that pharmacologi-
cally induced expression of HO-1 with hemin led to reduced hepatitis
B virus (HBV) replication in vitro in HBV-infected HepG2.2.15
hepatoma cells'? as well as the observed reduction in levels of HBV
core protein in a mouse model for acute hepatitis following the
induction of HO-1 by cobalt-protoporphyrin-IX treatment.'*> The
potential antiviral effects of HO-1 during viral hepatitis are consistent
with its association to liver disease. Functional polymorphic dinucleo-
tide guanosine/thymine repeat regions are present in the proximal
promoter region of HO-1, encompassing nucleotides —284 to — 198,
relative to the transcription start repeat regions in the HO-1 promoter.
The reported number of guanosine/thymine repeats ranges from 12 to
40, although a bimodal distribution exists in most populations with
the main alleles being composed of 24 or 30 repeats.'* The proportion
of short allele (<22 (guanosine/thymine) repeats) frequency in the
HO-1 promoter appears to be a risk factor for developing neonatal
hyperbilirubinemia.!>!6

In agreement with the putative role of HO-1 in viral infection,
in vitro hemin induction of HO-1 results in the suppression of HIV
replication in previously inoculated cells, whereas in a humanized
mouse model of HIV pathogenesis, HO-1 induction suppressed
infection at a clinically relevant dose.!” Thus, induction of HO-1
may represent a novel antiviral strategy. This is supported by the fact
that the HIV protease inhibitor ritonavir has been suggested to
function, in part, by inducing HO-1."® However, inhibition of HO-1
in cytomegalovirus-pp65-pulsed peripheral mononuclear cells resulted
in increased antiviral T-cell activation and the generation of a higher
proportion of memory T cells (CD45RA™CD62L") capable of
secreting IFN-y and granzyme B.!” Thus, these findings suggest that
the effect of HO-1 on viral infection is dependent on the particular
viral etiology.

In humans, HO-1 deficiency is associated with susceptibility to
oxidative stress and an increased proinflammatory state that correlates
with severe endothelial damage. To date, there have been only two
human cases of HO-1 deficiency described,?’ supporting the notion
that HO-1 expression is indispensable to human physiology. In
addition, as expected from its major role in the catabolism of the
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heme group, HO-1 importantly influences the levels of BV and BR
and, therefore, may play a key role in the pathogenesis of liver disease,
particularly that related to viral infections.

BVR, an antioxidant and modulator of intracellular signaling
pathways

BVR is expressed mainly in macrophages, the spleen and the liver and
has been observed to be overexpressed in renal carcinoma cells and
in the hippocampus of Alzheimer’s patients.?!?> This pattern
underscores the pleiotropic features of BVR that include acting as a
transcription factor in response to stress, modulating signal trans-
duction based on its Ser/Thr/Tyr kinase activity, directing protein—
protein interactions and activating signaling pathways.?!

BVR gene expression is induced by several factors, including
lipopolysaccharides, free radicals and stress.?! It is also upregulated
by hypoxia and negatively regulated by nuclear factor-«B that binds to
the BVR promoter element in a region 125 nucleotides upstream of
the transcription start site.”> The role of BVR as a regulator of the
redox cycle is widely known; in vitro studies with human diploid
young fibroblasts stimulated with hydrogen peroxide show increased
activity of BVR that confers protection to the cells.?! Conversely, it has
been shown in vitro that overexpression of human BVR (hBVR) in
HeLa cells has a limited role in protection against hydrogen peroxide-
induced damage.”* These data show that the modulatory role of the
antioxidant BVR depends largely on the microenvironment and the
cell type.

The hBVR has a transmembrane region. The enzymatic conversion
of BV to BR on the surface of macrophages by hBVR initiates a
signaling cascade through tyrosine phosphorylation of the hBVR
cytoplasmic tail. Phosphorylated hBVR then binds to the p85 subunit
of phosphatidylinositol 3-kinase and activates the downstream signal-
ing of Akt, increasing the production of interleukin (IL)-10.?°
Interestingly, IL-10 is known to reduce inflammation and increased
levels of IL-10 in the peripheral blood are found during chronic viral
diseases, including HBV, HCV and HIV infections.?® Thus, changes in
BVR activity may be related to the differential outcomes observed
during these infections.

BVR participates in multiple signaling pathways, including insulin
signaling in which BVR can be phosphorylated at Y228 by insulin
receptor tyrosine kinase.?! In turn, BVR can phosphorylate insuline
receptor substrate-1 (serine), the first substrate of the insulin receptor/
insulin-like growth factor 1 receptor responsible for the adenosine
triphosphate/adenine binding site, leading to blockage of the insulin
pathway.?” In addition, an in vitro study using the 293 cell line
revealed that hBVR forms a ternary complex with the extracellular
signal-regulated kinases 1/2 (ERK1/2) and mitogen-activated protein
kinase-1 and activates ERK/EST domain-containing protein 1 (Elk1)
signaling regardless of insuline-like growth factor-1.27 Moreover,
hBVR can join the activator protein-1 and -2 sites and regulate the
direct transcription of activating transcription factor (ATF)/CREB, Elk,
c-jun and c-fos. hBVR is also involved in the activity of protein kinase
C-B, vy and {.2* Together, these data confirm the ability of BVR to
modulate many different cellular functions.

During inflammation, nitric oxide plays an important role in
pathogen clearance after phagocytosis. Using the endothelial isoform
of nitric oxide synthase knockout (eNOS~/~) mouse model, the
functional importance of BVR-eNOS was tested in vivo during acute
hepatitis induced by TNF-a and p-galactosamine. In this model, a
BVR-related protection against hepatitis was observed. This protection
required BVR activity and resulted in the reduction of Toll-like
receptor-4 (TLR4) expression and inhibition of its transcription,

A
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leading to reduced TNF-o levels.?> This strongly suggests that during
acute hepatitis, BVR may interfere with the innate immune response
and thus modulate immune function. This understanding could be
used to improve future therapies for the treatment of infectious liver
disease.

Immune role of BR

Given that BR is a product of HO-1 enzyme activity, its effect on
immune cell function was assumed to be similar to that of HO-1.
However, a variety of experiments support a direct role of BR in
immune control. The in vitro incubation of immune cells with
unconjugated BR at clinically relevant concentrations resulted in an
inhibition of B-cell proliferation, the production of cytokines related
to macrophage function and the induction of both the extrinsic and
intrinsic apoptotic signaling pathways.?® Consistent with this, in vitro
data show that CBR is able to induce IL-6 and TNF-a secretion in
human peripheral blood lymphoid cells in a dose-dependent
manner.?’ Interestingly, this effect is enhanced during HAV
infection,3%31

Some molecular mechanisms have been already proposed for the
ability of BR to inhibit cell growth: downregulation of mitogen-
activated protein kinase signaling pathways and the prevention of
nuclear translocation of nuclear factor-kB are two possibilities.>># Tt
has also been demonstrated that BR inhibits protein kinase C and
Ca’"-calmodulin-dependent ~ protein kinases at concentrations
ranging from 20 to 125pum and inhibits inducible signal transducer
and activator of transcription 1 (STAT-1) and IxB phosphorylation.3?
Moreover, BR has been reported to directly block nuclear factor-xB
binding to DNA.>> In wvivo, intraperitoneal administration of BR
influences the expression of Fc receptors, and discrete changes in
BR concentration result in upregulation of costimulatory receptors in
immune cells.>>3® These observations are consistent with suggestions
that BR might regulate immune functions, particularly those
associated with membrane receptors, because of its high lipophilic
chemical nature.3® In addition, these findings suggest that BR is able to
control signaling pathways and influence immune functions at several
levels.

Control of apoptosis is an important component of disease
progression, and it is physiologically relevant during oxidative stress.
In rat hepatocytes, it was observed that the antioxidant properties of
both conjugated and unconjugated BR inhibited the induced
accumulation of bile acids in a dose-dependent manner, suppressing
the generation of reactive oxygen species. This, in turn, prevented
hepatocellular injury and suggests that hyperbilirubinemia may have a
protective role in liver disease.?”

Of note, the regulation of serum BR concentrations is a complex
process involving multiple organs, enzymes and membrane transport
systems.2 Thus, in terms of health and infectious viral diseases, discrete
changes in BR levels may result in different outcomes. It is thought
that the antiviral functions related to the heme metabolic pathway are
not exclusive to viral hepatitis; heme, BV and BR can inhibit HIV
protease despite the fact that these viral proteases differ markedly in
primary structure and reaction mechanisms.*® Thus, the antiviral
effect of BR may be generalized to other viral infections.

HEME METABOLISM AND MODULATION OF TYPE A AND C
VIRAL HEPATITIS

Although the concept of antiviral activity modulated by heme
metabolites was suggested many years ago, the potential immune
modulatory roles of BR and the different components involved in its
biosynthetic pathway in type A and C viral hepatitis have not been
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clearly defined. Changes in hepatic enzymes, including aspartate
aminotransferase and alanine aminotransferase, as well as changes in
the concentration of BR, have been associated with liver injury during
viral hepatitis. In particular, CBR values >2 mgdl~! are linked with
cholestasis, a condition in which substances normally excreted into
bile are retained. These CBR levels are associated with jaundice, a
major characteristic of acute liver injury, whereas CBR levels above
15mgdl~! are related to fulminant hepatitis.>* Therefore, it is
plausible that the interplay between the BR levels and the immune
response to HAV and HCV influence the severity of disease.

HAV infection: the virus, transmission and clinical outcomes
HAV is a positive-strand RNA picornavirus and is a prominent cause
of acute hepatitis cases reported worldwide. Transmission of the virus
occurs via the fecal-oral route through contaminated food or drinking
water. Although improved hygiene and vaccination have reduced the
overall HAV infection rate, the virus remains widespread in develop-
ing countries where the average age at infection has increased in recent
years and results in a more severe hepatitis.*

The HAV-related clinical course is divided into four periods: (1) an
incubation period characterized by active viral replication that has a
duration between 15 and 50 days, depending on the initial inoculum;
(2) the pre-jaundiced or prodromal period that exists in more than
75% of cases and shows nonspecific symptoms that can be attributed
to other diseases until jaundice appears; this period lasts between 2
and 3 days; (3) the jaundiced period coincides with the onset of
jaundice in some patients; and (4) the resolution period.*’

Immune response to HAV: the roles of BR

The humoral immune response to HAV is characterized by the
specific production of IgM antibodies that target the VP1 viral protein
and IgG antibodies specific for the VP1 and VP3 viral proteins.*!
Although the early antibody response is composed largely of IgM, 1gG
may also be present shortly after the onset of symptoms and then
persists for life to confer protection against reinfection.* IgM
antibodies are typically short lived during HAV infection, and their
maximum levels coincide with a marked elevation in serum amino-
transferase activity, viremia and maximum serum levels of BR,
reaching CBR values above normal (>0.3 to 6 mgdl~1!). Interestingly,
a pronounced suppression of antibody levels against tetanus, pertussis
and diphtheria in children with hyperbilirubinemia has been
described, suggesting a role for BR in the humoral immune
response.’

In contrast to the cellular responses raised against most viral
infections in which CD8" T cells play a predominant role, the
resolution of HAV seems to rely on CD4™ T cells that act early in
infection and produce numerous cytokines, including IFN-y, TNF-a,
IL-2 and IL-21.%? Our research group has reported that HAV-infected
children show overexpression of TNF-a, IL-1, IL-6, IL-13 and
monocyte chemoattractant protein-2 (MCP-2), all of which correlate
with high serum levels of CBR (>2mgdl~!). However, in patients
with low CBR serum levels (>0.3 to 2 mgdl~1), cytokines associated
with hepatitis-induced inflammation, such as TGF-p and IL-8, are
predominantly expressed.?>*! This strongly suggests that BR affects
cytokine profile expression during HAV infection and may be able to
influence the severity of disease.

Interestingly, a transient inhibition of Treg cellular function has
been described during HAV viremia, and Treg cell reactivation occurs
once HAV is cleared, allowing for the adequate control of
inflammation.> The exact mechanism by which this inhibition occurs
in Treg cells is not yet clear. It has been proposed that a direct
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interaction between HAV and its receptor on the T-cell surface
(HAVCR1/TIM-1) transitorily inhibits T regulatory function during
viremia.*> Although the pathway responsible for HAVCRI1/TIM-1
modulation has not been clearly defined, it has been reported that
discrete levels of unconjugated BR suppress CD4" T cell reactivity by
mechanisms that include prevention of CD28, B7-1 and B7-2 up-
regulation, resulting in a reduction of costimulatory signals.*® Thus,
changes in BR levels during infection may affect the expression of co-
receptors, including HAVCR1/TIM-1, on the cellular surface, and this
might modulate Treg function. In addition, patients with cholestatic
chronic jaundice demonstrate associated T-cell proliferation impair-
ments and increased incidence of other infections.**

Supporting the putative modulation of cellular immune responses
during HAV infection, CBR levels >0.3 to <2mgdl™! result in the
secretion of TGF-B and increased STAT-1 and STAT-5 phosphoryla-
tion, whereas CBR levels > 2 mg dl~! correlate with a reduction in the
proportion of peripheral blood lymphoid cells positive for STAT-5
phosphorylation and increased levels of 1L-6.2° Interestingly, it is
known that STAT-5 acts as an important mediator of Foxp3
expression and Treg function and that the release of TGF-p in the
serum during acute viral infection inhibits antigen-specific T-cell
activation and proliferation as a result of modulating Treg cell
activity.®> Thus, it is tempting to speculate that the global immune

response against HAV may be influenced by the CBR levels in serum.
During HAV infection, low levels of CBR (>0.3-2mgdl™!)
may result in Treg cell activation, whereas high levels of CBR
(>2mgdl~!) could induce Treg cell inactivation. Together, these
events may result in efficient control of the inflammatory process that
later will lead to the resolution of acute viral infection (Figure 2a). This
hypothesis is supported by studies describing the induction of
tolerance after administration of BR to transplant recipients, resulting
from de novo generation of Treg cells in a murine cardiac allograft
model and a murine model of pancreatic islet transplant.*647
Moreover, the ability of BR to inhibit T-cell proliferation and its
ability to decrease IL-2 production in human lymphocytes has
previously been described.?

Conversely, it has been reported that high levels of BR could induce
apoptosis in reactive CD4"* T cells, and in vitro models have shown
that BR concentrations >25mm induce apoptosis in both CD4*
T cells and neutrophils.>? In support of this, BR has been observed
to suppress inflammation and increase antioxidant enzyme generation
activated by downregulating the
lipopolysaccharide-induced generation of IL-8.#8 It is interesting that
a reduction in IL-8 secretion is found in HAV-infected patients with

in neonatal neutrophils

CBR levels >2mgdl~!. Given that clinically relevant concentrations
of BR can induce apoptosis in neutrophils and that these cells are a
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Figure 2 Immunologic, clinical and virologic course of HAV and HCV infections. (a) The immune response to HAV infection relies on CD4* T cells that act
during the first steps of infection and produce numerous cytokines. A transitory inhibition of T regulatory function is observed during viremia and reactivation
of T regulatory activity occurs once HAV has been cleared. This mechanism may be related to changes in BR levels during infection (see text). (b) A strong
and sustained CD4* T-cell response is critical for the clearance of acute HCV infection. In the absence of an effective CD4+ T-cell response, CD8* T cells
develop an exhausted phenotype that allows for disease progression. This outcome may be related to the fact that a minority of patients develop a substantial

elevation in their BR levels, leading to overt jaundice (see text).
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primary source of IL-8, it is plausible that the changes in the
proportion of neutrophils because of high concentrations of BR may
result in IL-8 downregulation.”” Hence, discrete CBR values may
differentially alter cellular functions during HAV infection, specifically
those related to neutrophils and CD4" T cells.

HAV infection has been extensively associated with protection
against the development of autoimmune diseases and allergies, as is
observed in nonindustrialized countries where high incidence of HAV
coincides with a reduced proportion of allergies.*> However, the exact
mechanisms involved in this process have not been determined.
Recent findings suggest that during HAV-related clinical courses,
increased levels of IL-17F may play a protective role against allergies by
reducing IgE levels, and this is supported by the trend toward IgE level
reduction in HAV-infected patients with a CBR >2 mgdl~! who also
show the highest levels of IL-17F.3° Thus, discrete CBR levels resulting
from infection may drive anti-inflammatory immune responses that,
in turn, may protect against allergens or autoimmune mediators. In
addition, during autoimmune processes, in silico models suggest that
BR may bind to the antigenic peptide-binding groove of human
leukocyte antigen molecules resulting in the blockade of antigenic
peptide presentation to T-cell receptors, leading to eventual suppres-
sion of the immune response.”® This model is consistent with the fact
that BR treatment results in a downregulation of inducible MHC class
IT expression that has a notable effect on Ag presentation to CD4* T
cells.>? Thus, under most pathological conditions, including HAV
infection, changes in normal BR concentration may modulate specific
immune responses and therefore result in differential disease
outcomes.

HCV virus: transmission and clinical outcomes

HCV infection is caused by a positive-strand RNA flavivirus.
Transmission primarily occurs via parenteral routes and particularly
by unsafe injections. Infection is asymptomatic in most (70-80%)
cases, whereas the remaining patients (20-30%) develop clinical
symptoms. Some infected individuals can resolve their infections
(15%), whereas most develop chronic hepatitis (85%) and rarely,
fulminant hepatitis. In cases of chronic hepatitis, 80% maintain the
disease, whereas 20% go on to develop cirrhosis and hepatocellular
carcinoma.’!

The incubation period for HCV ranges from 2 to 26 weeks, with a
mean of between 6 and 12 weeks. HCV RNA is detectable in the blood
for 1 to 3 weeks post infection, coincident with elevations in serum
transaminases and the presentation of symptoms. In symptomatic
acute HCV infection, anti-HCV antibodies are detected in only 50 to
70% of patients; in the remaining patients, the anti-HCV antibodies
emerge after 3 to 6 weeks. During chronic infection, circulating HCV
RNA persists in many patients, including >90% of patients with
chronic disease, despite the presence of neutralizing antibodies.*!
During acute infection, serum aminotransferases often reach values
below 1000 IU ml~! and may return to normal levels. In the majority
of cases, acutely infected patients develop mild constitutional
symptoms, and only a minority of patients develop sufficient
elevations in BR to lead to overt jaundice.’!

Heme metabolism and immune response to HCV

The significant role played by heme-related enzymes and metabolites
in viral hepatitis is supported by studies demonstrating that BV
inhibits the viral protease, an enzyme critical for the pathogenesis of
HCV. Decreased levels of the HCV NS3/4A protease correlate with
lower viral replication in in vitro infected hepatocytes because of
triggering of the antiviral interferon response.”>> In addition, BVR
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upregulation has been observed in chronically HCV-infected patients
with a sustained response to treatment relative to nonresponding
patients.*> Furthermore, the induction of HO-1 in HCV infection has
been shown to decrease viral replication, as well as protect against
oxidative damage.>* Taken together, changes in the activity or levels of
heme-related enzymes and metabolites may be related to a protective
role against hepatocellular injury during HCV-mediated viral hepatitis
and could represent potential targets for novel antiviral approaches
based on this metabolic pathway.

It is commonly accepted that a strong and sustained T-cell response
is critical for a positive outcome in HCV infection. Both CD4* and
CD8" T cells have been shown to play major roles during this process.
In particular, the production of IFN-y by Th1 cells is required for an
adequate immune response against HCV.*! The mechanisms behind
the antiviral properties of HO-1, BV and BR have not been clearly
defined. However, the recognized ability of BR to modulate T-cell
proliferation may explain the weak and functionally impaired CD4*
T cell responses reported in patients who fail to clear HCV.>*! In
addition, it is plausible that, as suggested for HAV infection, discrete
levels of CBR may result in Treg cell inactivation, promoting
productive T-cell function. This, in turn, would result in a release of
adequate levels of IFN by CD8* T cells to drive subsequent antiviral
activity in those individuals who spontaneously clear the HCV during
the acute phase of infection (Figure 2b). This model is consistent with
retrospective studies of HCV-infected patients who revealed an
association between the presence of symptoms and jaundice during
the acute stage and spontaneous viral clearance.’’>> Based on these
data, it is possible that those mild acute HCV infections that are not
associated with a discernable increase of serum CBR cause the host to
progress to chronic disease. In that case, BR may play an important
role in the resolution of HCV infection during the acute stage.

The finding that, during HCV infection, the absence of an effective
CD4" T-cell response results in the development of an exhausted
CD8" T-cell pool has been attributed to chronic antigen-specific
stimulation.*! Considering that discrete CBR levels may be necessary
to modulate T-cell function through Treg activity during mild acute
infections, suboptimal levels of CBR may contribute to the exhausted
T-cell response, allowing for viral adaptation to the host immune
response and concomitant development of chronic infection. In this
regard, mild and advanced HCV-related fibrosis is associated with
CBR levels between 0.28 and 0.48 mg dl ™!, respectively.>*® An inverse
relationship between unconjugated BR levels and the advanced liver
fibrosis caused by HCV has been reported,® therefore suggesting that
during the development of chronic HCV infection, discrete changes in
BR levels may be beneficial for controlling liver injury.

The roles of Treg cells in HCV infection could span from the
suppression of anti-HCV T-cell responses to the downregulation of
whole immune responses in those cases where it would cause liver
damage.’ There are clinical data revealing an increase of IL-17 levels in
HCV-infected patients who also showed increased alanine transami-
nase values. Given that the Th17 cell subpopulation is well known for
regulating inflammation in chronic hepatitis C infection, these cells
might be associated with the development of liver injury.*?° These
increasing lines of evidence support the notion that modulation of
disease progression is based on a fine balance between the Treg and
Th17 cellular phenotype and that the function of those subtypes could
be affected by subtle changes in the levels of BR and heme-related
metabolites. Further studies are needed to test the hypothetical role of
BR in the context of viral hepatitis clinical outcomes.
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Figure 3 Proposed model of interactions that lead to favorable outcomes during acute HAV-associated liver disease: implication of heme-related metabolites.
During the first weeks of HAV infection, the interaction between BV and BVR on the macrophage surface modifies intracellular signaling, resulting in
downregulation of Toll-like receptor-4 (TLR4) and the subsequent reduction in TNF-a production. Low CBR levels result in increased STAT-5 phosphorylation,
as well as IL-6 and TGF-p expression, suggesting that changes in either proportion of Treg cells or their function can control the inflammatory process.
Augmented CBR levels during infection coincide with the initiation of the adaptive immune response. We propose that high CBR levels induce an
overproduction of proinflammatory cytokines as a result of a reduction in STAT-5 phosphorylation. Because BR is highly lipophilic and directly interacts with
cell membranes, BR-related immune functions may be associated with membrane receptors. Moreover, it is possible that the direct control of proteases
mediated by HO-1, BVR and BR involves an effective induction of proinflammatory components. This coincides with a reduction in neutrophil numbers and
IL-8 in the periphery. After viral clearance, these inflammatory components will be regulated by Treg cells, whose function could be related to HO-1
expression. In addition, BR has been associated with the induction of apoptosis in both T cells and neutrophils that may act as an additional mechanism to
control the inflammatory environment.

REMARKS

Viral hepatitis causes considerable morbidity and mortality world-
wide. Strategies have been developed to specifically target HCV,
given the chronic nature of the infection associated with this agent.
However, a detailed understanding of the exact mechanisms
responsible for spontaneous viral resolution of both HAV and
HCV during the acute phase of infection has not yet been achieved.
Based on the recognized immune functions of the heme group and
its related metabolites, it is plausible that these molecules may
modulate immune function and result in the resolution of acute
viral disease.

Based on HAV infection, a model is proposed in which
heme-related metabolites, including HO-1, BV, BVR and BR, mainly
modulate CD4" T-cell function leading to disease resolution
(Figure 3). This model is in agreement with evidence supporting the
role of CD4" T cells in directly controlling HAV infection through the
production of antiviral cytokines. Thus, noncytotoxic control of viral
replication by CD4* T cells could be a more general mechanism for
resolving numerous viral infections regardless of CD8% T-cell activity.

A Dbetter understanding of HAV-related immune pathogenesis,
particularly those aspects related to metabolic components, could
provide further insight into general mechanisms of immune evasion
and control that may apply to other liver-tropic viruses, including
HCV. The study of these metabolites may be beneficial in terms of
designing novel therapeutic strategies to prevent the development of
chronic liver diseases in the future. Moreover, considering the ability
of the heme oxygenase system to inhibit multiple viral target sites from
various viruses, further studies should focus on the evaluation
of porphyrin-based antivirals in vivo, particularly in patients with
multiple viral coinfections.
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