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Background. Tetrapyrrole substrates and products of heme oxygenase are potent inhibitors of hepatitis C virus
(HCV) replication. It is not clear whether this occurs through primary induction of type I interferon (IFN), inhibi-
tion of viral NS3/4A protease, or a combination of these mechanisms. We studied the antiviral actions of tetrapyr-
roles and their potential influence on type I IFN induction.

Methods. The effects of tetrapyrrole on NS3/4A protease activity and type I IFN induction were assessed in
HCV-permissive cells, replicons, or human embryonic kidney (HEK) 293 cells transfected with NS3/4A protease.
Activation of innate immune signaling was determined after transfection of double-strand surrogate nucleic acid an-
tigens or infection with defined sequence HCV cell culture (HCVcc) RNA.

Results. Tetrapyrroles failed to directly induce IFN expression at concentrations that inhibited HCV replication
and NS3/4A protease activity. However, they potently restored IFN induction after attenuation with NS3/4A
protease, a process accompanied by preservation of the adapter protein, mitochondrial antiviral signaling protein,
nuclear localization of IFN regulatory factor 3, and augmentation of IFN-stimulated gene products.

Conclusions. Tetrapyrroles do not directly induce IFN, but they dramatically restore type I IFN signaling
pathway after attenuation with NS3/4A protease. They show immunomodulatory as well as antiprotease activity and
may be useful for treatment of HCV infection.
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Hepatitis C (HCV) is a major cause of cirrhosis and
end-stage liver disease worldwide. Since discovery of
the virus, interferon (IFN) α has been the cornerstone
for successful antiviral therapy. The early addition of ri-
bavirin and now the recent approval of first-generation
protease inhibitors (PIs) have greatly improved treat-
ment outcomes [1]. Nevertheless, in a sizeable percent-
age of patients, clinical cure is still not achieved because
of weak IFN response and low tolerability of drug

combinations [2, 3]. Consequently, intense research

efforts have focused on development of new direct-

acting anti-HCV drugs.
The HCV NS3/4A protease-helicase protein complex

is a useful target for drug development [4]. The enzyme

performs crucial proteolytic steps in the viral life cycle

and also has multiple extraviral interactions within the

host cell that enable the virus to evade host innate

immune defenses and increase viral efficiency [5, 6].

NS3/4A cleaves and inactivates adapter proteins, such

as mitochondrial antiviral signaling protein (MAVS) or

Toll/interleukin 1 receptor domain–containing adapter-

inducing IFN-β (TRIF), which allow host pattern rec-

ognition receptors (PRRs) to initiate signaling and

induction of IFN-α and IFN-β responses [5, 7–9]. It is

not known whether PIs significantly alter the success of

antiviral therapy through counterinhibition of NS3/4A

at the level of PRR adapter proteins, but further study

of these interactions is important. Recent work has shown
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that new PIs require higher intracellular concentrations (>100
fold) in vitro to restore IFN signaling than is necessary for inhibi-
tion of polyprotein processing and viral replication [6, 10].

Heme oxygenase 1 (HO-1) is an inducible enzyme that oxi-
dizes the metalloporphyrin, heme, to the linear tetrapyrrole, bi-
liverdin (BV), which is then rapidly reduced to bilirubin (BR).
Past work has demonstrated that precursors and products of
the heme oxygenase system, including heme and BV have anti-
viral activities that target not only HCV but also human immu-
nodeficiency virus (HIV) and hepatitis B virus [11]. In model
systems, HCV replication and infection is inhibited with induc-
tion of HO-1 [12, 13] or incubation with HO-1–related tetrapyr-
roles, such as BV and heme [14]. The antiviral behavior of BV
has been attributed to direct binding and inhibition of the NS3/
4A protease in our work [14] and direct induction of type I IFN
in another study [15]. Although heme and its metabolites have
extensive interactions with inflammatory mediators and stress-
response signaling pathways [16–20], it is not clear how or where
these agents might influence IFN induction. Except in a single
report [15], tetrapyrroles have not been reported to directly stim-
ulate IFN pathways. Consequently, we were prompted to investi-
gate further their potential interactions with IFN induction
further.

In the present study, we investigated the effects of several tet-
rapyrroles on type I IFN induction, both directly and in relation
to their intracellular antiprotease activities. Although these agents
do not directly induce type I IFN, they do restore innate immune
system signaling and IFN expression after attenuation with NS3/
4A protease. These findings expand the known antiviral capabili-
ties of natural tetrapyrroles and suggest that they represent a
novel class of PIs that should be further investigated in vivo.

MATERIALS ANDMETHODS

See the Supplementary Material for a detailed description of
our methods.

RESULTS

We have shown elsewhere that the tetrapyrroles BV and heme
inhibit NS3/4A protease and severely attenuate HCV replica-
tion in replicons and infected hepatocytes [14]. To investigate
whether tetrapyrrole antiviral activity might also be accompa-
nied by IFN induction in replicons, we assayed IFN-α and
IFN-β messenger RNA (mRNA) levels after incubation with
various concentrations of BV, heme, and zinc protoporphyrin
(ZnPP) (Figure 1). Although all the tetrapyrroles potently in-
hibited HCV replication as well as NS3/4A protease activity,
they did not significantly elevate type I IFN mRNA levels
(Figure 1A–D), which did not change even when >90% of viral
RNA was eliminated. Similar results were obtained with full-

length Con 1 replicons [21], indicating that antiviral activity
was not selective for NS replicons (not shown). We also consid-
ered the possibility that these replicons might be refractory to
IFN. However, addition of exogenous IFN rapidly reduced
HCV replication (Figure 1E), and we have shown elsewhere
that tetrapyrroles such as BV actually increase the antiviral ac-
tivity of exogenous IFN-α [14].

It is known that cell lines permissive for HCV, such as Huh
7.5, generally have poor type I IFN induction responses [22,
23]. Consequently, it was important to test whether cells with
intact IFN induction systems, such as wild-type (wt) Huh 7 and
human embryonic kidney (HEK) 293 cells, would induce IFN
in response to a tetrapyrrole. No cell line tested, including wt
Huh 7, the permissive clonal line Huh 7.5 (Figure 2A), and
HEK 293 (Figure 2B), showed induction of IFN in response
to tetrapyrroles. However, classic nucleic acid antigens, such
as double-stranded RNA (dsRNA) or double-stranded DNA
(dsDNA), both elicited significant IFN induction in either wt
Huh 7 or HEK 293 cells (Figure 2A and B). As might be ex-
pected, the HCV-permissive Huh 7.5 cells or their replicon
containing clonal lines (also see Figure 1) did not show appre-
ciable IFN induction when transfected with similar amounts of
double-stranded nucleic acids. The differences in cell line re-
sponsiveness to IFN were further confirmed with luciferase
assays for IFN-stimulated response elements in response to
double-stranded nucleic acid antigens (Figure 2C and D). Col-
lectively, the findings of Figures 1 and 2 indicate that tetrapyr-
roles do not directly induce type I IFN and that their antiviral
activity is more likely to be mediated through direct inhibition
of NS/34A protease.

We next documented that tetrapyrroles can inhibit NS3/4A
cleavage sites intracellularly. These experiments were important
because tetrapyrroles and metalloporphyrins have variable sol-
ubility profiles and are extensively bound to protein and/or
lipid within blood and cells. We transfected cloned sequences
of tandem NS5A/5B (with conserved NS3/4A cleavage site) into
HEK 293 cells, either with or without concomitant transfection
of NS3/4A (Figure 3A). Expression of NS5A/5B without protease
showed a high-molecular-weight product (120 K), after staining
with anti-NS5A antibody probe on Western blots. However, co-
transfection of NS5A/5B sequences with protease showed virtu-
ally all immunoreactive protein at the appropriate mobility for
NS5A (65 K), indicating complete cleavage of the tandem
protein. When these experiments were conducted in the pres-
ence of active tetrapyrroles, such as ZnPP, NS3/4A activity was
clearly inhibited (Figure 3B). We also prepared an inactive
mutant of NS3/4A by changing the catalytic serine (serine 139)
of the enzyme’s active site (serine 1165 HCV-H strain) to an
inert alanine, using site-directed polymerase chain reaction. As
expected, this mutant was unable to cleave NS5A/5B, and
because it was also unable to cis-cleave the linked NS4A protein
fragment after translation, the mutant protein migrated more
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heavily on sodium dodecyl sulfate gels [24–26] (Figure 3A).
This probe was used as a control in the experiments below to
ensure that NS3/4A was not affecting an extraviral site that
does not depend on protease activity [6]. A final control experi-
ment showed that tetrapyrroles do not indirectly affect the
amount of NS3/4A protein, nor do they affect the cis processing
of wt enzyme or the lack of processing of the mutant enzyme
in transfected cells. Interference with these activities might
account for protease inhibition (Figure 3C).

NS3/4A is also known to cleave and allow further degrada-
tion of the adapter protein MAVS, thus interrupting a crucial

link between nucleic acid detection in the cytoplasm with sig-
naling for induction of type I IFN [6]. Transfection of full-
length MAVS sequences into HEK 293 cells showed expression
of a 75 KD exogenous immunoreactive protein with smaller
bands at 57 kDa, as described by Seth et al [27]. The pattern
showed cleavage of the 75-kDa band to a slightly smaller frag-
ment with wt but not mutant NS34A (Figure 3D). However,
incubation of MAVS and wt NS3/4A transfected cells with
heme or ZnPP showed that MAVS cleavage was inhibited
(Figure 3D). Finally, we also evaluated endogenous MAVS ex-
pression in permissive Huh 7.5 cells after infection with clonal

Figure 1. Antiprotease/antireplication activity of tetrapyrroles without interferon (IFN) induction. Nonstructural hepatitis C virus (HCV) replicon cells
were treated for 48 hours with biliverdin (BV; A), heme (B ), zinc protoporphyrin (ZnPP) (C ), or exogenous IFN-β (D ). Total RNA from cellular lysates was
then assayed for both HCV RNA (A–D) and IFN-α and IFN-β messenger RNA (mRNA; A–C ) with real-time reverse-transcription polymerase chain reaction,
using the comparative cycle threshold method with glyceraldehyde phosphate dehydrogenase (GAPDH) as the housekeeping gene standard. For panels A–
C, comparable data were obtained for INF-β promoter activation with luciferase assays. E, Inhibitory activity of each tetrapyrrole for recombinant NS3/4A
protease was determined independently with fluorescence resonance energy transfer (FRET) assays, as described in the Supplementary Material. Results
are shown as means ± standard errors of the mean for 6 determinations per point. Where error bars are not visible, the range is included in the size of the
symbol.
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J6/JFH infectious HCV. Overall, 75-kDa expression of MAVS
was decreased after infection, with appearance of a cleaved
MAVS fragment (Figure 3E). MAVS cleavage and degradation
were clearly inhibited with heme, ZnPP, or the known PI
Anaspec 25346 (Figure 3E). Collectively, these findings show
that tetrapyrroles can inhibit cleavage of both host cytoplasmic
NS3/4A target sites such as the MAVS adapter protein, as well
as genuine viral target sites, such as the NS5A-NS5B junction.

We next investigated whether tetrapyrroles are capable of re-
storing type I IFN induction after attenuation with NS3/4A.
IFN induction was initiated with dsRNA or dsDNA surrogate
antigens, which both can use MAVS adapter and signaling for
IFN regulatory factor (IRF) 3 activation and inhibition with

NS3/4A [22]. Transfection of double-stranded nucleic acid into
HEK 293 cells showed vigorous IFN induction, but this was
markedly reduced when cells also received NS3/4A (Figure 4).
Biliverdin, heme, and ZnPP, as well as the PI (Anaspec 25346),
significantly restored induction after protease; depending on
protease and substrate concentrations, restoration was nearly
complete in some cases (Figure 4A and B). However, in another
experiment, we investigated whether a tetrapyrrole with only
weak antiprotease activity, such as BR (Kd > 300 µm) [14],
could restore IFN induction; BR was ineffective in counteract-
ing the effects of NS3/4A protease (Figure 4A).

As expected, further experiments with mutant NS3/4A failed
to show attenuation of type I IFN induction as compared to wt

Figure 2. A and B. Type I interferon (IFN) induction with double-stranded nucleic acid compared with tetrapyrrole. A, B, Huh 7 and Huh 7.5 (A) or hu-
man embryonic kidney (HEK) 293 (B ) cell lines were stimulated with the indicated amounts of double-stranded nucleic acid (2 ug/ml) or tetrapyrrole
(umoles/liter), together with type I IFN promoter and controls, as described in the Supplementary Material. After 24 hours, cells were lysed, and promoter
activation was assayed with luciferase assay. BR, bilirubin; BV, biliverdin. C and D, HEK 293, Huh 7, or Huh 7.5 cells were transfected with double-stranded
RNA (dsRNA; C ) or double-stranded DNA (dsDNA; D ), together with interferon stimulatory response element (pISRE) promoter and transfection control, as
described in the Supplementary Material. After 24 hours, cells were lysed and promoter activation was assayed with luciferase assay. All fluorescence
units are relative to controls, which received no double-stranded nucleic acid, and all points were corrected for transfection efficiency using a Ranilla con-
struct, as described in the Supplementary Material; each point is the mean ± standard error of the mean for 6 determinations. *P < .01.
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Figure 3. Western blot (WB) analysis of NS3/4A protease, NS5A-B constructs, and mitochondrial antiviral signaling protein (MAVS). A, Documentation
of probes. pcDNA3.1 vectors wild-type (wt) NS3/4A, NS5A/5B, and mutant (mt) NS3/4A were transfected into human embryonic kidney (HEK) 293 cells.
After 48 hours, denatured cellular lysates were separated on sodium dodecyl sulfate gels and WB stained with antibodies to NS3/4A (middle panel) or
NS5A (top panel). Cellular lysates of full-length replicon were used as appropriate controls to verify reactivity and position of authentic viral enzyme-
processed NS5A. B, zinc protoporphyrin (ZnPP) inhibits NS5A/5B cleavage. HEK 293 cells were transfected with vectors containing linked NS5A/5B and
NS3/4A and then incubated with ZnPP for 48 hours. Denatured cellular lysates were then assayed on WBs and stained for NS5A. At the indicated concen-
trations of NS3/4A vector, the enzyme was not reliably detectable on WBs. C, Heme effect on NS3 protein. HEK 293 cells were transfected with vectors
containing NS3/4A wt or NS3/4A mt, then incubated with medium containing 10 or 20 µmol/L heme or control vehicle for 48 hours. Denatured protein ex-
tracts were then assayed on Western blots stained with antiNS3/4A antibody. D, Tetrapyrroles inhibit MAVS cleavage. HEK 293 cells were transfected
with vectors containing full-length MAVS sequences, and/or NS3/4A sequences or controls for 24 hours. Cells were then incubated with heme (20 µmol/L)
or ZnPP (10 µmol/L) for 24 hours, harvested, denatured, and assayed on WBs using anti MAVS antibody. The pattern of immunoreactive MAVS bands at
about 75 and 57 kDa correspond to the MAVS pattern described by Seth et al [27]; the pattern of NS3/4A MAVS digestion, with a 75-kDa band shift to
smaller species, is well described and indicated. E, Tetrapyrroles inhibit endogenous MAVS cleavage. Huh 7.5 cells were infected with J6/JFH HCV cell
culture (HCVcc) RNA, as described in the Supplementary Material. After 48 hours, cells were incubated with heme (20 µmol/L), ZnPP (10 µmol/L), or prote-
ase inhibitor (AnaSpec 25346; 50 µmol/L) for 48 hours. Cells were then harvested, denatured, and assayed for endogenous MAVS on WBs using anti-
MAVS antibody.
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NS3/4A (Figure 4C). Furthermore, transfection of mutant
enzyme and incubation with heme did not augment type I IFN
induction, indicating that heme can rescue IFN induction only
after inhibition with a competent protease (Figure 4C). Finally,
MAVS, a known potent inducer of IFN-β [27], was markedly
inhibited by cotransfection of NS3/4A into HEK 293 cells
(Figure 4D); however, inhibition was nearly completely re-
versed by incubation with heme or ZnPP (Figure 4D).

As a group, tetrapyrroles have signaling contacts with cellu-
lar proliferation and apoptosis pathways [16, 28]. Consequently,
a confounding effect of tetrapyrrole on these pathways had to
be considered as an alternative explanation for the restoration
of IFN induction. We have shown elsewhere that BV and BR do

not influence cellular growth or viability at working concentra-
tions of ≤100 µmol/L in our system [14]. Routine assays for the
effects of heme and ZnPP on these parameters were performed
using trypan blue exclusion and cell growth studies (Supple-
mentary Figure 1). Heme had no effect on viability or growth at
concentrations of ≤20 µmol/L (Supplementary Figure 1A).
However, ZnPP caused 10% and 40% growth reduction at 10
and 20 µmol/L, respectively without significant changes in cel-
lular viability (Supplementary Figure 1B). Although a prolifera-
tion or apoptotic confounding effect of ZnPP on IFN induction
and/or restoration is possible, these can be eliminated for heme
and BV. Most importantly, all 3 tetrapyrroles showed the same
effects on IFN restoration.

Figure 4. Restoration of interferon (IFN) promoter activation with tetrapyrrole after interference with NS3/4A. A and B, Human embryonic kidney (HEK)
293 cells were transfected with double-stranded DNA (dsDNA; A) or RNA (dsRNA; B ) antigens, together with vectors containing IFN-β luciferase promoter
(pGL3-IFN-ß) and NS3/4A sequences or controls for 24 hours. Cells were then incubated with heme (20 µmol/L), Zinc protoporphyrin (ZnPP) (20 µmol/L), bili-
verdin (BV; 50 µmol/L), or bilirubin (BR; 100 µmol/L) for 24 hours. Cellular lysates were assayed for IFN-β promoter activation using luciferase assay. C, HEK
293 cells were transfected with dsRNA together with vectors containing IFN-β luciferase promoter, NS3/4A sequences (either wild-type or mutant protease),
or control vectors. Cells were then incubated with heme (20 µmol/L) or control vehicle for 24 hours, and then cellular lysates were assayed for IFN-β promot-
er activation using luciferase assay. D, HEK 293 cells were transfected with plasmid vector containing mitochondrial antiviral signaling protein (MAVS) se-
quences, together with vectors containing IFN-β luciferase promoter, NS3/4A sequences, or empty vector controls. Cells were then incubated with heme
(20 µmol/L), ZnPP (10 µmol/L), or control vehicle for 24 hours, and cellular lysates then assayed for IFN-β promoter activation using luciferase assay. In all
panels, each point represents the overall mean ± standard error of the mean for 6 determinations per point, with 2 culture wells per point and 3 determina-
tions per culture well. *P < .01.
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Toll-like receptor (TLR) 3 and retinoic acid–inducible gene I
(RIG-I) signaling pathways depend on specific activation of
transcriptional factors IRF-3 and IRF-7, with phosphorylation,
nuclear translocation, and increased transcription of type I IFN
[29]. Consequently, restoration of IFN signaling with tetrapyr-
role after protease antagonism should be accompanied by IRF-3
activation and translocation into the nucleus. This hypothesis
was tested in the experiments shown in Figure 5. Cells transfect-
ed with dsRNA or dsDNA (not shown) had increased nuclear
localization of IRF-3 (Figure 5, immunohistochemistry panel),
which was nearly eliminated if cells were cotransfected with
NS3/4A. However, incubation of protease transfected cells with
heme or BV resulted in recovery of IRF-3 nuclear translocation.

Similar experiments were performed in which IRF-3 activa-
tion was directly measured with specific antibody for phos-
phorylated IRF-3 on Western blots. These confirmed that NS3/
4A inhibition of IRF-3 activation could be significantly reversed
with the tetrapyrroles (Figure 5; Western blot, middle panels).
Here again, controls that received tetrapyrrole without protease
showed little activation of IRF-3 in HEK 293 or replicon cells,
indicating that tetrapyrroles have little direct ability to induce
IRF-3 activation. These findings support the hypothesis that
tetrapyrroles primarily behave as antiviral agents through an-
tagonism of NS3/4A protease and not through direct type I
IFN induction.

Finally, we studied whether restoration of IFN signaling with
tetrapyrrole was accompanied by increased transcription of
IFN-stimulated response genes (ISRGs) (Figure 6). Neither BV
nor heme was active in inducing ISRG mRNA when incubated
with cells alone. However, stimulation of cells with double-
stranded nucleic acid led to increased induction of ISRG mRNA,
which was markedly attenuated with NS3/4A. Similar to the
IFN induction findings noted earlier, the antagonism of NS3/
4A was easily reversed with either BV or heme, which signifi-
cantly restored and occasionally augmented ISRG expression in
every case. Note also that tetrapyrroles did not elevate ISRGs
without double-stranded nucleic acid stimulation, indicating
that they do not directly stimulate ISRGs through non-IFN sig-
naling mechanisms.

DISCUSSION

The clinical need for new direct-acting antiviral agents against
HCV has spurred intense basic and translational science re-
search efforts. It is now established that the precursors and cat-
alytic products of the HO-1 system can behave as direct-acting
anti-HCV agents. Iron can inhibit HCV RNA polymerase (NS5B)
through competitive binding at the enzyme’s divalent cation
binding site [30, 31]. Induction or overexpression of HO-1 in rep-
licons was shown to arrest viral replication [12, 13].More recently,
BV was demonstrated to be a potent direct inhibitor of NS3/4A
protease, whereas its reduction product, BR, and most other

linear tetrapyrroles were shown to have weak antiprotease and an-
tiviral activity [14]. Furthermore, porphyrin ring tetrapyrroles,
such as heme, ZnPP, tin protoporphyrin (SnPP), and cobalt
protoporphyrin (CoPP) also inhibit NS3/4A protease, resulting
in potent antiviral activity in vitro [32].

The NS3/4A protease is an important target for antiviral
drugs, not only because it is essential for HCV polyprotein pro-
cessing but also because it has extraviral proteolytic activities
that inhibit innate immune recognition systems of the host cell.
Viruses are sensed by intra- and extracellular PRRs that activate
nuclear signaling for type I IFN transcription, thus facilitating
an antiviral state [7]. Signaling occurs primarily through the
RIG-I, melanoma differentiation–associated gene 5 (MDA5),
and TLR systems. The NS3/4A protease cleaves ≥2 cellular
adapter proteins of these pathways, MAVS and TRIF [5, 8, 9, 33,
34], thus attenuating host innate immune responses and IFN
induction. The extraviral activities of NS3/4A are thought to
help the virus evade host clearance mechanisms and enhance
viral fitness [6].

The primary goal of our work was to further characterize the
antiviral activity of BV and related tetrapyrroles. Lehmann et al
[15] recently reported that BV can induce type I IFN in non-
structural replicons, but the mechanism was not shown. In the
present study, we could not demonstrate direct induction of
type I IFN by any tetrapyrrole under conditions in which expo-
sure to classic dsRNA or DNA antigens led to vigorous IFN in-
duction. This was evident not only for nonstructural replicons
similar to those used by Lehmann et al [15] (Huh 5.15 non-
structural subgenomic replicons [35]) but also for wt HEK 293
cells, which are a common cellular model for immune activa-
tion and are known to be highly responsive to type I IFN induc-
tion. Although clonal variations of replicons may explain some
of the differences in findings, it is also possible that extended
treatment of replicons with tetrapyrroles may lead to enough
recovery of signaling pathways to allow IFN induction because
of replicon RNA. On the other hand, HCV-permissive variants
of Huh 7 cells, such as Huh 7.5, lack parts of both TLR3 and
RIG-I sensing systems, resulting in weak IFN induction profiles
in replicons regardless of stimulus [36, 37]. Potentially, tetra-
pyrroles could also influence downstream signaling for IFN in-
duction, but this seems doubtful, because we observed no
activation or nuclear translocation of IRF-3, nor production of
effector ISRG with tetrapyrrole alone (Figures 5 and 6 respec-
tively). Although our findings do not rule out a direct mecha-
nism for IFN induction by tetrapyrroles, they do show that
these agents are capable of inhibiting both viral and host prote-
ase targets intracellularly, which are important considerations
for further development of new antiviral agents.

Although the tetrapyrroles did not directly induce type I
IFN, they significantly restored IFN signaling in cells after at-
tenuation with NS3/4A protease. Restoration of signaling with
tetrapyrrole was further documented with enhanced IRF-3
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Figure 5. Biliverdin (BV) or heme can restore interferon (IFN) regulatory factor (IRF) 3 activation after inhibition of IFN signaling with NS3/4A. Human
embryonic kidney (HEK) 293 cells were transfected with double-stranded nucleic acid antigens, NS3/4A-containing vectors, or controls. After 24 hours,
cells were incubated with heme, BV, or Zinc protoporphyrin (ZnPP) for 48 hours. Upper panels show cells stained immunohistochemically for phosphorylat-
ed IRF-3, as described in the Supplementary Material. Lower panels show Western blot analysis for phosphorylated IRF-3 (pIRF-3), performed on cellular
lysates with specific antibody. Note that BV or heme can restore the loss of IRF-3 phosphorylation and nuclear translocation that is caused by NS3/4A.
Abbreviations: dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; FL, full length; NS, non-structural.
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Figure 6. Restoration of interferon gene transcription with biliverdin (BV) or heme. Human embryonic kidney (HEK) 293 cells were transfected with
double-stranded RNA (dsRNA) antigens and vectors containing protease sequences or controls. Cells were then incubated with heme (20 µmol/L), BV
(50 µmol/L), or control vehicle for 24 hours. RNA was prepared from cellular lysates and assayed for 2″-5′ oligoadenylate synthetase 1 (OAS1), activated
protein kinase (PKR) and 2′-5′ oligoadenylate synthetase 2 (OAS2) messenger RNA, as described in the Supplementary Material. *P < .05; **P < .01;
Abbreviation: NS, not significant.
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activation, increased IRF-3 nuclear localization, and concomi-
tant recovery of ISRG expression. The increased ISRG ex-
pression with tetrapyrrole after double-stranded nucleic acid
induction also supports previous data showing that BV enhanc-
es exogenous IFN antiviral activity in replicon cells [14]. Addi-
tional controls using a mutant NS3/4A protease, which did not
inhibit IFN signaling, had no effect on IFN induction even if
present with tetrapyrrole. These experiments ensured that tet-
rapyrroles were not interacting with NS3/4A in a nonantipro-
tease manner that could conceivably lead to increased type I
IFN induction. Overall, these findings show that tetrapyrroles
can interact with host NS3/4A targets and positively influence
host immune recognition and signaling pathways. These are fa-
vorable characteristics for potential therapeutic applications of
tetrapyrroles which also offer antioxidative, antiinflammatory,
and other proposed immunotherapeutic benefits [38].

It is interesting that restoration of IFN signaling was ob-
served with tetrapyrrole concentrations quite close to those
necessary for inhibition of NS3/4A protease and HCV replica-
tion in replicons. In contrast, other antiprotease agents rescued
IFN induction only at 100X the antiviral EC50 for protease inhi-
bition [10]. This was also seen, but to a lesser extent with the
positive control PI used here, AnaSpec 25346 (EC50 = 5 µmol/L
vs IFN restoration = 50 µmol/L, Figure 4B). While the thera-
peutic possibilities of tetrapyrroles require further study, the
present findings suggest a potential advantage for use of tetra-
pyrroles as compared to other classes of PIs.

Both dsDNA and dsRNA were used interchangeably as
generic nucleic acid antigens in this study, and both showed
equivalent data. Sensing and signal transduction of both nucleic
acids have remarkable similarities in humans, inasmuch as they
use the IRF-3 pathway and dsDNA induction is also inhibited
with NS3/4A protease, probably through MAVS cleavage occur-
ring in human cells [22]. In the RIG-I/MAVS pathway, some
DNA is probably sensed through the generation of a RNA poly-
merase III transcript [39, 40]. Nevertheless, the ability of tetra-
pyrroles to restore IFN induction of dsDNA signaling suggests
potential use with DNA viruses. It should be pointed out that
heme and substituted heme derivatives generated early interest
as therapeutic agents for the DNAvirus hepatitis B virus and ret-
roviruses, such as HIV [11]. Earlier experiments demonstrated
heme inhibition of HIV reverse transcriptase and enhancement
of the antiviral activity of drugs, such as zidovudine [41, 42]; BV,
BR, and boron-substituted porphyrins have also been shown to
specifically inhibit HIV protease [43, 44]. Recently, heme was
also shown to reduce circulating HIV in humanized nonobese
diabetic mice with severe combined immunodeficiency carrying
infected human peripheral blood mononuclear cells [45]. The
latter findings are important, because they document that heme
antiviral activity can be established in vivo.

In summary, our findings indicate that the anti-HCV effects
of tetrapyrroles can be closely linked to their antiprotease

activities and that major effects on type I IFN induction most
likely occur through restoration of innate immune system sig-
naling. The added benefit of restoring IFN induction enhances
the overall antiviral capabilities of these compounds and sug-
gests that their further development into therapeutic agents for
HCV treatment be pursued.
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