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geneity and genetic polymorphisms of the host on IFN-α sus-
ceptibility is under investigation. Only a better understand-
ing of the complex interplay between the different activities 
of IFN-α would warrant the amelioration of current thera-
peutic strategies and the design of new therapeutic ap-
proaches. The study of on-treatment dynamics of HBV infec-
tion by means of combined quantitative monitoring of se-
rum HBV DNA and HBsAg warrant tailoring treatment at the 
single-patient level and can help to make treatment more 
cost-effective by using the different combinations of cur-
rently available antivirals, including IFN, more appropriately. 
Integrated molecular and clinical knowledge in a systems 
medicine fashion is mandatory to further improve antiviral 
therapy in CHB.  © 2014 S. Karger AG, Basel 

 Introduction 

 Antiviral therapy of chronic hepatitis B (CHB) is aimed 
to prevent its progression to cirrhosis or, when cirrhosis 
is already present, to avoid or delay the development of the 
end-stage complications of liver disease and hepatocellu-
lar carcinoma  [1] . Disease progression is promoted by 
persistent liver necroinflammation that results from the 
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 Abstract 

 Chronic hepatitis B (CHB) results from the inability of the 
host’s immune system to control viral replication. Interfer-
on-α (IFN-α) therapy can convert CHB into inactive hepatitis 
B virus (HBV) infection in 20–30% of the treated patients. In 
spite of the low response rate, IFN-α therapy has the advan-
tage of having a limited duration and being effective even 
after therapy, as demonstrated by a much higher incidence 
of HBsAg clearance in responders to IFN-α than in naturally 
occurring inactive HBsAg carriers. IFN-α has multiple antivi-
ral, antiproliferative, and immunomodulatory activities and 
targets: cellular genes (IFN-stimulated genes) activating dif-
ferent pathways of antiviral defense in infected and nonin-
fected cells, HBV replication blocking the RNA-containing 
core particle formation and accelerating their decay, de-
grading pregenomic RNA, and modulating the nuclear viral 
minichromosome (covalently closed circular DNA) activity 
by targeting its epigenetic regulation and both innate and 
adaptive immune response. The interference of viral hetero-
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inability of the host’s immune system to control viral rep-
lication effectively. Two different therapeutic approaches 
aim to suppress disease activity: (1) shifting the host-virus 
equilibrium from the pathogenic active to the nonpatho-
genic inactive phase with a time-limited course of antiviral 
treatment capable of inducing sustained off-therapy con-
trol of hepatitis B virus (HBV) replication, and (2) sup-
pressing viral replication persistently with continuous an-
tiviral treatment. Interferon (INF) is the major player of 
the former strategy and its option is preferred in cases of 
CHB without cirrhosis or early cirrhosis. However, long-
term, eventually lifelong treatment using nucleos(t)ide 
analogues (NUCs), which are direct inhibitors of viral 
polymerase, are preferred for patients with advanced or 
decompensated cirrhosis or after failure of IFN-α  [2] .

  The treatment outcomes are much more cost-effective 
when therapy is started earlier during the precirrhotic 
phase of CHB and induces an off-therapy control of the 
infection  [3] . This would prevent the development of cir-
rhosis and warrant a life expectancy comparable with that 
of noninfected individuals. On the contrary, in the pres-
ence of cirrhosis, the cure of CHB reduces the mortality 
rate significantly, but does not eliminate the risk of hepa-
tocellular carcinoma. Meta-analyses have demonstrated 
that 4.6% of cirrhotics treated with IFN develop hepato-
cellular carcinoma versus 9% of controls (p = 0.006) with 
a more significant reduction in patients with earlier cir-
rhosis  [4, 5] .

  Mechanisms of Action of IFN 

 IFN-α has multiple mechanisms of action including 
antiviral, antiproliferative, and immunomodulatory ac-
tivities; however, the mechanisms of viral antigen decline 
and off-therapy control of HBV replication are not en-
tirely understood  [6] . Antiviral activity is mediated by 
cellular genes (IFN-stimulated genes) which activate dif-
ferent pathways of antiviral defense in both infected and 
noninfected cells  [7] . IFN-α has been reported to inhibit 
HBV replication through a variety of mechanisms, in-
cluding blocking RNA-containing core particle forma-
tion, the accelerated decay of replication-competent core 
particles, and the degradation of pregenomic RNA  [8–
10] . A recent report proposed an additional direct action 
on covalently closed circular DNA (cccDNA) degrada-
tion mediated by the APOBEC3 family cytidine deami-
nase A3A  [11] . Furthermore, IFN-α appears to inhibit 
HBV transcription and replication by targeting the
epigenetic regulation of cccDNA, the nuclear viral

minichromosome  [12] . Interestingly, in HBV-transfected
HepG2 cells, the pregenomic RNA transcription and cy-
toplasmic HBV core particle production remained inhib-
ited 48 h after treatment discontinuation, suggesting that 
IFN-α could induce a persistent ‘active epigenetic con-
trol’ of cccDNA by recruiting corepressors and compo-
nents of the polycomb repressive complex 2 that targets 
histone acetylation and methylation  [12] . The molecular 
mechanisms of the inhibition of HBV replication medi-
ated by IFN-α could explain, at least in part, the off-ther-
apy persistent inhibition of viral replication observed in 
responders to IFN-α. These findings support the view 
that direct antiviral activity of IFN-α could play a pivotal 
role in the control of HBV infection; however, the possi-
ble links between the overall IFN-α activity and the mod-
ulation of innate and adaptive immune-response remain 
to be clarified. In the natural course of HBV infection, an 
effective immune response is essential for its control and 
an immune-modulatory effect of IFN-α had been thought 
to be crucial for the achievement of a sustained off-ther-
apy response  [13, 14] . Nevertheless, the mechanisms un-
derlying the ability of IFN-α to switch an inadequate im-
mune response to sustained off-therapy immune control 
remain poorly understood, particularly its role in boost-
ing the activity of virus-specific CD8 cells  [14] . On the 
other hand, a vigorous and multispecific CD8 response is 
detectable in HBsAg carriers who achieve, either sponta-
neously or after treatment, control of the infection, 
whereas immune response is weak with HBV-specific T 
cell hyporesponsiveness in CHB patients  [15] . A better 
understanding of the immunological mechanisms under-
lying the response to IFN-α is of paramount importance 
for treatment optimization.

  Recent studies on the kinetics of circulating HBV-spe-
cific CD8 cell response during IFN-α treatment were un-
able to show, at least in HBeAg-negative CHB, any resto-
ration of their effector functions during therapy or in the 
first 6 months after treatment discontinuation  [16, 17] . 
This could be a result of the antiproliferative effect of IFN 
in a condition of deep functional T cell paralysis that is 
typical of CHB patients. Nevertheless, the in vitro reactiv-
ity of T cells appeared to be restored in HBeAg-negative 
CHB patients with a long-term response to IFN-α and 
HBsAg clearance  [15] ; accordingly, CD8 T cell responses 
were more frequently detected (after the in vitro use of 
autologous DCs cells as presenting cells) in responders 
after therapy withdrawal  [18] . Furthermore, patients with 
higher CD8 function and IFN-α production at baseline 
were more likely to show complete viral inhibition early 
during treatment, confirming a major role of adaptive ac-
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tivity in the overall response to IFN-α treatment  [16] . Par-
adoxically, however, IFN-α treatment could induce an in-
direct inhibition on T cells by boosting NK activity  [17] . 
This innate immune response boosting, together with the 
strong antiproliferative effect of IFN-α, could be respon-
sible for the lack of improvement of CD8 cell response 
during therapy. However, the activation of CD56 bright  NK 
cells could activate antiviral mechanisms able to unbal-
ance the virus-host equilibrium as a prerequisite for a lat-
er restoration of competent immune response. Accord-
ingly, the stronger the increase of NK cell TRAIL expres-
sion during IFN-α treatment, the greater the reduction of 
viral load and HBsAg serum levels  [17] .

  Overall, these data shed light on some IFN-α activities 
in the specific setting of CHB ( table  1 ); nevertheless, 
much clinical evidence remains poorly explained, such as 
the relatively low proportion of patients who respond 
persistently to therapy and the strong influence of HBV 
genotype on the response rate  [1] . The possible interfer-
ence of genetic polymorphisms on IFN-α susceptibility is 
under investigation. However, preliminary reports on the 
role of polymorphisms at or near the IL-28B gene, which 
significantly influence the probability of hepatitis C virus 
clearance after pegylated IFN (Peg-IFN) and ribavirin in 
chronic hepatitis C virus patients, are inconclusive, sug-
gesting a minor – if any – role of this SNP in CHB patients 
 [19] . On the contrary, a correlation seems to be present 
between polymorphisms of the HLA-DP gene and re-
sponse to therapy; however, the results need further con-

firmation  [20] . Only a better understanding of the com-
plex interactions between the direct antiviral and immu-
nomodulatory activities of IFN-α would warrant the 
amelioration of current therapeutic strategies with the 
design of new therapeutic approaches combining IFN-α 
and NUCs more appropriately.

  Efficacy of Treatment 

 Standard IFN-α was the first treatment option for CHB 
at the end of the 1980s and was able to induce a progres-
sive decline of serum HBV DNA followed by a slower nor-
malization of serum transaminases (ALT) in both HBeAg-
positive and -negative CHB patients  [21, 22] . In HBeAg-
positive CHB patients, at the end of 4–6 months of 
therapy 37–56% of patients had undetectable (<1–10 pg/
ml) HBV DNA, 33% HBeAg loss, and about 70% ALT 
normalization. In over 80% of cases, HBeAg to anti-HBe 
seroconversion was maintained 4–9 years after treatment 
discontinuation with HBsAg loss in 12–65% of the cases 
 [21] . In anti-HBe-positive CHB, IFN-α was first given 
with schedules comparable to that of HBeAg-positive pa-
tients (5–10 MU every other day for 16–24 weeks)  [22] . 
However, the evidence of extremely high relapse rates 
(70–90%) in spite of optimal on-treatment responses [up 
to 70% of the patients with undetectable DNA and normal 
ALT at the end of therapy (EOT)] suggested longer treat-
ment courses (12–24 months), which were associated with 

 Table 1.  Effectiveness of the multiple synergistic actions of IFN-α in CHB

Activity Target Action Effect Outcome

Antiviral Virus Block of core particle formation Decline of HBV DNA
Decline of HBV antigens
expression (HBsAg, HBc/eAg)
Reduction of HBV infected 
cells

Control of HBV 
infection mediated by 
an effective adaptive 
immune response: 
vigorous multispecific 
CD8 T response  in 
HBsAg carriers with 
off-therapy control of 
HBV infection

Accelerated degradation of core 
particles and pregenomic RNA
Epigenetic regulation of cccDNA
ISGs mediated antiviral defense in
both infected and noninfected cells

Immune 
modulatory

Host’s innate
immune response

Increased NK cell TRAIL expression;
activation of CD56bright NK cells

Increased production of 
IFN-γ with direct antiviral 
effects and promotion of T 
cell response

Host’s adaptive
immune response

Minimal, if any, increase of CD8 
T cell response; 
modulation  of CD4 T cell response

ISGs = IFN-stimulated genes.
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a higher sustained response rate (22–30% vs. 10–15%) 
 [22] . Among patients with sustained response, the HBsAg 
clearance rate after 4–7 years posttreatment follow-up 
ranged from 31.6 to 66.6%, with anti-HBs seroconversion 
in 50–77% of the cases  [22–25] . Interestingly, once highly 
sensitive assays for HBV DNA detection became available, 
more than 50% of CHB patients who cleared serum
HBsAg showed serum HBV DNA levels <400 cp/ml as 
compared to 25% of sustained responders without HBsAg 
loss  [23] , suggesting a stronger control of HBV infection 
in patients who cleared HBsAg. Surprisingly, the overall 
incidence of HBsAg clearance was much higher than in 
naturally occurring inactive HBsAg carriers  [26] .

  In the last 10 years, standard IFN-α has been substi-
tuted by pegylated formulations, where the active drug is 
conjugated with polyethylene glycol molecules that mod-
ify both the pharmacokinetics and pharmacodynamics of 
IFN, prolonging its half-life and warranting the once 
weekly administration. Two forms of Peg-IFN are avail-
able: α-2b linked to a linear polyethylene glycol molecule 
of 12 kD, and α-2a linked to a larger branched polyethyl-
ene glycol molecule of 40 kD, the only authorized in CHB 
treatment in Western countries  [27] .

  HBeAg to anti-HBe seroconversion in HBeAg-positive 
patients treated for 12 months with Peg-IFN-α was 
achieved in 32% of cases 6 months after treatment discon-
tinuation and in 48% after 1 year (in subgroups of patients 
with long-term follow-up)  [28, 29] . In HBeAg-negative 
patients, ALT normalization and HBV DNA <2,000 IU/
ml was achieved in 38% of the patients 24 weeks after 
treatment discontinuation, but some of them relapsed and 
a sustained virological response was maintained after 5 
years of posttreatment follow-up in 25% of the patients, 
with HBsAg clearance in 12% of them  [30] . HBsAg loss 
and anti-HBs seroconversion represent the highest level 
of immune control of HBV infection and the ultimate goal 
of antiviral therapy  [1] . The evidence that it can be reached 
progressively during the off-treatment follow-up even 
years after the end of treatment provides strong evidence 
of the ability of IFN to induce the curative switch from ac-
tive CHB to the inactive HBsAg carrier. The rates of
HBsAg loss and anti-HBs seroconversion in responders to 
Peg-IFN-α are significantly higher than in virological re-
sponders to NUCs, which pharmacologically induce the 
inactive HBV carrier status that is rapidly lost when NUCs 
are withdrawn or once antiviral resistance develops  [1] .

  However, in spite of an ideal clinical outcome, re-
sponders to Peg-IFN-α are only about 1/4 to 1/3 of the 
treated patients. Therefore, the identification of patients 
with a high probability of response could warrant a more 

cost-effective approach to IFN-α treatment. Indeed, fac-
tors such as viral genotype, sex and age, baseline HBV 
DNA, and ALT levels correlate with response  [1] ; how-
ever, some of them are invariable or ‘constant’ during the 
short treatment timeframe and, in spite of the highly sig-
nificant statistical association with a sustained virologi-
cal response, in clinical practice, at the individual patient 
level, they should guide the treatment decision only if 
showing very high predictive values. This is not the case 
with CHB, where such high predictive values are not 
found for sex, age, or genotype – despite the fact that 
genotypes A and B are associated with better response 
rates than genotypes C and D  [31, 32] . Nevertheless, 
these predictors may contribute to treatment tailoring if 
combined with suitable on-treatment predictors. On the 
contrary, other factors such as viral load and ALT, result-
ing from the highly ‘dynamic’ interplay between the virus 
and the host’s immune system, may vary significantly 
over time. Therefore, they can be used to select the most 
appropriate time for initiation of therapy. Accordingly, 
the available data suggest that low baseline HBV DNA 
levels (<10 7  IU/ml) and high ALT levels (>3 times upper 
limit of normal) are associated with a higher chance of 
HBeAg to anti-HBe seroconversion and sustained viro-
logical response in HBeAg-positive and -negative CHB 
patients  [1, 31, 32] . In HBeAg-negative CHB, the addi-
tional evidence that high baseline IgM hepatitis B core 
antibody (IgM anti-HBc) levels are associated with high-
er rates of response  [33, 34]  suggest that hepatitis exacer-
bations, which occur in a significant proportion of pa-
tients, could identify the right timing for starting treat-
ment.

  Overall, there is a compelling need for treatment opti-
mization that can only be pursued by a response-guided 
treatment tailoring and eventually identifying new treat-
ment options where both Peg-IFN-α and NUCs are used 
in combination or sequential schedules. The combination 
of Peg-IFN-α and lamivudine has been attempted in 
phase III studies; however, the overall rates of sustained 
response in the posttreatment follow-up were similar in 
patients treated with IFN-α monotherapy or combina-
tion therapy  [28, 30] . As a result, combination therapy 
was no longer recommended for HBeAg-positive or 
-negative patients  [1] . However, a later analysis of the fac-
tors influencing the response to Peg-IFN showed that 
there was a significant interaction between the type of 
treatment (Peg-IFN-α monotherapy vs. combination) 
and HBV genotype in HBeAg-negative CHB patients. In-
terestingly, in genotype D-infected patients, the higher 
probability of response was observed in the combination 
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arm, whereas the opposite was true for the genotype B 
patients  [31] . Additionally, in the long-term posttreat-
ment follow-up, HBeAg-positive patients treated with 
Peg-IFN2b plus LMV achieved higher rates of HBsAg 
loss and HBV DNA <400 cp/ml as compared to patients 
treated with Peg-IFN2b monotherapy (15 vs. 8% and 26 
vs. 13%, respectively)  [32] . In light of these observations, 
the use of combined or sequential Peg-IFN-α and NUC 
therapy needs to be revisited to capitalize on the higher 
antiviral potency of new generation NUCs and to eventu-
ally shorten their treatment duration.

  Towards Treatment Personalization 

 For years, viral load has been the only diagnostic tool 
used for monitoring the efficacy of IFN treatment. Ac-
cordingly, current EASL guidelines identify as an on-
treatment virological response the drop of viral load be-
low 2,000 IU/ml (the serum HBV DNA cutoff that distin-
guishes CHB from the inactive carrier) within 24 weeks 
of treatment and its persistence at 6 and 12 months after 
stopping therapy as the hallmark of sustained response 
(in combination with HBeAg to anti-HBe serconversion 
in HBeAg-positive patients)  [1] . However, the evidence 
that the extent of HBsAg decline from baseline to the end 
of treatment correlated with HBsAg loss 3 years after 
treatment, suggested that the on-treatment serum HBsAg 
kinetics could be an additional viral marker for response-
guided IFN treatment  [35] . 

  Serum HBsAg circulates in three particulate forms: 
competent virions (42 nm, Dane particles), 20-nm diam-
eter filaments of variable length, and 20- to 22-nm spher-
ical defective particles, where noninfectious HBsAg par-
ticles exceed virions by a factor ranging from 10 2  and 10 5  
 [36] . Overall, available data suggest that HBsAg serum 
levels, being the end-product of the transcription of spe-
cific subgenomic mRNAs, mirror the complex equilibri-
um between the virus and immune system rather than 
viral replication. Even if   we cannot exclude a substantial 
contribution of integrated HBV DNA to the production 
of HBsAg, its levels appear to be the indirect expression 
of transcriptionally active cccDNA rather than its total 
intrahepatic amount  [36] . Therefore, the serum HBsAg 
kinetics can well correlate with direct or immune-medi-
ated antiviral activity of IFN. 

  Accordingly, in both HBeAg-positive and -negative 
patients, Peg-IFN caused a significant decline of serum 
HBsAg levels, strongly associated with off-treatment re-
sponse  [35, 37] . In HBeAg-negative patients, after 1 year 

the decline in Peg-IFN-α HBsAg serum levels was sig-
nificantly stronger in patients who achieved a response as 
compared to nonresponders; end-of-treatment (EOT) 
HBsAg levels were 10 IU/ml and associated with a 52% 
probability of HBsAg clearance through 3 years of post-
treatment follow-up, compared to only 2% in patients 
with higher levels  [35] . The predictive value of EOT HB-
sAg levels was higher than that of HBV DNA since HB-
sAg clearance was achieved in only 15% of the patients 
with undetectable HBV DNA at week 48. Similarly, 
HBeAg-positive patients with a virological response to 
Peg-IFN-α experienced the most pronounced HBsAg de-
clines, whereas nonresponders showed small or absent 
reductions  [37] . 

  Prompted by these promising results on treatment, 
predictive rules were attempted using HBsAg levels or de-
clines at week 12 or 24; however, none of them showed 
sufficient power to be successfully applied in clinical 
practice  [38] . The discrepancy and inconsistency of the 
results between studies depend, at least in part, on the 
heterogeneity of the patients’ cohorts, with the infecting 
HBV genotype being a major confounding factor. Ac-
cordingly, it has recently been shown that HBV genotypes 
influence HBsAg serum levels both prior to and during 
Peg-IFN-α, suggesting that the on-treatment timeframe 
where the HBsAg decline is more likely to be predictive 
of long-term response differs among viral genotypes  [39, 
40] . 

  In HBeAg-negative CHB patients, the greatest differ-
ence between responders and nonresponders was ob-
served between weeks 12 and 24 in genotype A patients 
and between baseline and week 12 in genotypes B and D, 
whereas in genotype C patients it was impossible to dif-
ferentiate responders from nonresponders because of the 
minimal HBsAg decline observed in responders. All ge-
notype A and B patients showed a reduction in HBsAg 
levels during treatment, with a more pronounced decline 
in responders. However, in genotype D patients the de-
cline occurred only in responders, as HBsAg levels re-
mained steady or increased slightly in nonresponders 
 [39] . 

  At variance with HBeAg-negative CHB, in HBeAg-
positive patients HBsAg serum levels declined in all re-
sponders, independently of the genotype, but with differ-
ent kinetics. Accordingly, in genotype A and D the ab-
sence of any HBsAg decline from baseline to week 12 was 
the most accurate predictor of nonresponse (negative 
predictive value: 97–100%), whereas the persistence of 
HBsAg levels >20,000 IU/ml was more accurate in ge-
notypes B and C (negative predictive value: 92–98%)  [40] . 
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Consequently, HBsAg genotype-specific algorithms 
should be designed to warrant response-guided therapy. 

  A further improvement in the outcome prediction 
could be obtained by combining the use of both HBV 
DNA and HBsAg as shown in the critical differential di-
agnosis between active and inactive HBV infection  [41] . 
In HBeAg-negative CHB patients, the absence of any
HBsAg decline together with <2 log IU/ml reduction of 
HBV DNA after 12 weeks of Peg-IFN-α identifies nonre-
sponders with high accuracy (negative predictive value: 
95–100%)  [42] . 

  At present, quantitative HBsAg monitoring, eventu-
ally combined with that of viral load, proves useful to ear-
ly identify nonresponders to IFN in both HBeAg-positive 
and -negative CHB patients  [40, 42] . In addition, prelim-
inary reports suggest that EOT HBsAg serum levels could 
contribute to the identification of patients with a high 
chance of HBsAg clearance or a sustained virological re-
sponse  [35, 39] . Accordingly, it would be possible to de-
sign different treatment strategies with improved cost-
efficacy by identifying HBV patients without or with slow 
versus fast HBsAg decline ( fig. 1 ). 

  Overall, HBsAg quantification is becoming pivotal for 
the management of the CHB patient and several assays 
have been developed. Preliminary data suggest good 
overall statistical correlations; however, since some assays 
have shown genotype-dependent differences in analytical 
sensitivity, clinical decision-making in the single patient 
should rely only on monitoring performed with the same 
assay  [43] .

  Finally, recent studies suggest that adding on or shift-
ing to Peg-IFN-α in long-term NUC-treated patients 
could warrant, at least in a subset of patients, the sus-

tained control of HBV infection as proven by HBeAg to 
anti-HBe seroconversion or HBsAg loss  [44, 45] .

  In conclusion, new integrated molecular and clinical 
knowledge in a systems medicine view provides useful 
means to improve antiviral therapy in CHB. The identi-
fication of both viral and host heterogeneity as critical 
factors of Peg-IFN-α-related outcomes point to a new av-
enue of personalized medicine. The assessment of on-
treatment dynamics of HBV infection by combined quan-
titative monitoring of HBV DNA and HBsAg and their 
mathematic modelling will help bring cost-effective ac-
tions to the single-patient level by using the different 
combinations of currently available antivirals, including 
IFN, more appropriately.
 

Fast HBsAg responder 

IFN

Week 0 24 48

qHBsAg testing

Stop/NUC shift

HBV DNA

12

Nonresponder

Stop  

Slow HBsAg responder 

Extended or sequential treatment 

IFN or NUCs

  Fig. 1.  Combined quantitative monitoring 
of HBV DNA and HBsAg serum levels 
from baseline to week 12; identifying non-
responders to IFN warrants an early treat-
ment optimization. HBsAg serum levels at 
the end of treatment or their decline from 
baseline to week 48 can help to differentiate 
patients with a high probability of sus-
tained off-therapy response (who can safe-
ly stop therapy) from those at a high risk of 
relapse (who could benefit from treatment 
extension or NUC shift)  [46, 47] . 
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