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Background & Aims: Achieving HBsAg loss is an important landmark in the natural history
of chronic hepatitis B. A more personalized approach to prediction of HBsAg loss is relevant in
couseling patients. This study sought to develop and validate a prediction model for HBSAg loss
based on quantitative HBsAg levels and other baseline characteristics.

Methods: Hepatitis B Research Network (HBRN) is a prospective cohort including 1240
untreated HBeAg-negative patients (1150 adults, 90 children) with median follow-up of 5.5 years.
Incidence rates of HBsAg loss and anti-HBs acquisition were determined and a predictor score of
HBsAg loss using readily available variables was developed and externally validated.

Results: Crude incidence rates of HBsAg loss and anti-HBs acquisition were 1.6 and 1.1 per

100 person-years (PY); 67 achieved sustained HBsAg loss for an incidence rate of 1.2 per 100

PY. Increased HBsAg loss was significantly associated with older age, non-Asian race, HBV
phenotype (inactive carrier vs others), HBV genotype A, lower HBV DNA levels and lower and
greater change in quantitative HBsAg (AgHBsAg). The HBRN-SQuUARe (sex,AquantHBsAg, age,
race) score predicted HBsAg loss over time with AUROC (95% confidence intervals) at 1 and

3 years of 0.99 (95% CI: 0.987-1.00) and 0.95 (95% CI 0.91-1.00), respectively. Validation

in another cohort of 1253 HBeAg-negative patients with median follow-up of 3.1 years, HBRN-
SQuUARe predicted HBsAg loss at 1 and 3 years with AUROC values of 0.99 [0.98-1.00] and 0.88
[0.77-0.99], respectively.

Conclusion: HBsAg loss in predominantly untreated patients with HBeAg-negative chronic
hepatitis B can be accurately predicted over a 3-year horizon using a simple validated score
(HBRN-SQuAREe). This prognostication tool can be used to support patient care and counseling.

Keywords
functional cure; HBeAg; anti-HBe; HBV genotype; seroreversion

Introduction

Functional cure of chronic hepatitis B (CHB) is defined as a sustained loss of hepatitis

B surface antigen (HBsAg) and hepatitis B virus DNA (HBV DNA) from serum, with

or without hepatitis B surface antibody (anti-HBs) seroconversion. The importance of
achieving functional cure is emphasized by the lower rates of liver complications, including
hepatocellular carcinoma (HCC), in patients who have lost HBsAg versus those with
sustained HBV DNA suppression but persistence of HBsAg?. Patients who achieve a
functional cure remain at risk for spontaneous or immunosuppressive therapy-induced-HBV
reactivation3. Complete cure, with eradication of integrated HBV DNA and covalently
closed circular DNA (cccDNA), is the more desirable objective, but largely beyond reach
with currently approved therapies!. Thus, functional cure is generally regarded as the
optimal outcome for patients with CHB and is the primary endpoint for many of the novel
therapies under development.

Recent systematic reviews highlighted the relative rarity of HBsAg loss among persons with
CHB estimating the pooled annual incidence of spontaneous HBsAg loss at ~1% per year*.
Comparison of treated cohorts suggests peg-interferon alone or in combination with NA may
enhance HBsAg loss to 3-8% at end of study 68 but overall, the rates of HBsAg loss are
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low. These data emphasize both the need for better therapies to enhance rates of HBsAg loss
as well as the need for prognostic models to better estimate the trajectory of HBsAg loss.
The factor most frequently associated with loss of HBsAg is quantitative levels of HBSAg,
but the specific threshold and factors influence rate of HBsAg loss are not well established .

Much of what is known about the natural history of CHB has emerged from Asian or
European cohorts, with much more limited data from North American CHB patients. While
CHB in North America is primarily found among immigrant populations0-12 the existent
data from other countries on CHB outcomes may not be applicable. Differing epidemiologic
and environmental factors, liver disease comorbidities, access to treatment and monitoring
may influence the natural history of CHB and likelihood of achieving HBsAg loss, thereby
stimulating the need to study these key questions in a representative North American
population with CHB.

As HBeAg loss precedes HBsAg loss, patients with HBeAg-negative CHB are the prime
group to evaluate predictors of HBsAg loss or functional cure. The Hepatitis B Research
Network (HBRN), a North American, prospective, multiethnic, multicenter cohort of
children and adults provided opportunity to determine the incidence of key events in the
natural history of HBeAg-negative CHB and to develop and validate a prognostic score for
HBsAg loss over a several year time span.

Study Population:

The HBRN is a collaborative network including 28 clinical sites (21 adult, 7 pediatric)

from diverse regions in the U.S. and Canada that prospectively followed participants

with CHB from January 2011 to December 2019 funded by the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK, NCT01263587) 13.14, At enrollment,
all participants were HBsAg-positive and not currently receiving treatment. Those with
hepatic decompensation, liver cancer, solid organ or bone marrow transplantation, human
immunodeficiency virus infection or active hepatitis C or D coinfections were excluded.
Participants with less than 24 weeks of follow-up from baseline were also excluded.
Treatment after enrollment occurred as per standard of care at individual sites or through

an HBRN clinical trial. Follow-up visits and laboratory testing were completed at week 12
after enrollment and then every 24 weeks thereafter in adults, and at 24 weeks and 48 weeks
and annually thereafter in children. For this analysis, all HBsAg-positive adult and pediatric
participants whose first available HBeAg test showed a negative result, irrespective of the
presence of anti-HBe, were included. Historical data on HBeAg status (prior to enroliment)
was not captured. HBRN phenotypes were defined as previously published (15).

The HBRN Steering Committee approved all study protocols. Institutional review board
or ethics committee approval was obtained from all clinical sites. All participants or their
parents/guardians provided written informed consent.
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Definitions and Outcomes

The primary outcome for this analysis was HBsAg loss. HBsAg loss was categorized as
transient or sustained, with the latter defined as having persistently negative results for

6 months or more. Additional outcomes included hepatitis B surface antibody (anti-HBs)
seroconversion, HBeAg seroreversion, alanine aminotransferase (ALT) flares, and new onset
of cirrhosis. If there were missing data between two timepoints, we assumed that the
outcome had not changed; in other words, the outcome at the first timepoint was carried
forward to the second timepoint with an outcome.

Anti-HBs seroconversion was categorized as transient and sustained, with the latter defined
as having persistently detectable anti-HBs positivity for 6 months or more. HBeAg
seroreversion was defined as transient or sustained, with the latter defined by detectable
HBeAg measured at least 6 months apart without any intervening negative tests. ALT flares
were defined as ALT level =10 x the upper limit of the normal range (ULN). The ULN

for adult men and women were 30 U/L and 20 U/L15, respectively, and for children were
33 U/L for male and female infants <1 year old; 25 U/L for male and female children 1
year to <13 years old; and 25 U/L for males and 22 U/L for female between 13 years and
<18 years old6. New onset cirrhosis was based on clinical, radiologic (splenomegaly or a
nodular liver), laboratory (platelet count <120,000 mm3) and histologic data and a cirrhosis
diagnosis within 6 months of cohort entry was considered to be present at baseline. All
outcomes were reviewed and confirmed by an adjudication committeel’.

Laboratory testing

HBsAg and HBeAg quantitation, qualitative anti-HBs and HBV DNA level were measured
centrally at an HBRN-funded virology laboratory (University of Washington, Seattle, WA).
Additional qualitative anti-HBs was performed at the University of Texas Southwestern.
Local laboratory results were used to supplement missing values. HBV DNA was tested
using a real-time polymerase chain reaction assay (ROCHE COBAS Ampliprep/COBAS
Tagman HBV Test, v2.0) with lower limit of detection of 10 IU/mL. Quantitative HBsAg
and HBeAg levels were measured by Elecsys HBsAg Il Quant and Elecsys HBeAg Il
Quant assay (Roche Molecular Systems, Inc) with lower limits of detection of 0.05 and 0.3
IU/mL, respectively. Central testing of qualitative anti-HBs used the FDA approved EIA
assay (ETI-AB-AUK PLUS, DiaSorin, Italy) with values 210 mlU/mL being considered
positive. Qualitative assays for HBsAg, anti-HBs, HBeAg and hepatitis B e antibody (anti-
HBe) were performed locally using commercially available ELISA assays. Genotyping

of HBV was performed by the Centers for Disease Control and Prevention using mass
spectrometryl8. Precore (PC) and basal core promoter (BCP) variants were determined by
Sanger sequencing®. All other laboratory results were obtained locally. Hyperlipidemia
and diabetes were self-reported clinical diagnoses or use of diagnosis-specific medications.
AST-to-platelet ratio index (APRI) was calculated as: (AST/upper limit of normal)/platelet
count (expressed as platelets x 109/L) x 10020,

Statistical Analyses

The baseline categorical variables of participants were summarized using frequencies and
percentages, and continuous variables summarized with medians and interquartile ranges.
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Duration of follow-up for each individual was determined by the time between baseline

and the last follow-up visit. Rates of clinical outcomes were calculated and expressed per
100-person-years (PY). The confidence intervals for PY rates were calculated using Poisson
regression (log-linear regression for rates with log follow-up time as offset).

Poisson regression with log of the follow-up time as offset was used to assess the association
between baseline characteristics and incidence rates of HBsAg loss with results expressed as
rate ratios (IRR) and corresponding 95% confidence intervals or adjusted rate ratios (ARR)
when adjusted for other covariates in the model. The Poisson regression was preferred to
Cox regression as follow-up were not as frequent. Each variable was evaluated in univariable
and then multivariable Poisson regression models. Since genotype and race were highly
correlated, multivariable models only included race. The receipt of 224 weeks of antiviral
therapy during follow-up was evaluated as a time-varying covariate. Sensitivity analysis was
conducted with censoring of participants at the initiation of treatment. A similar approach
was used for the analysis of anti-HBs seroconversion rates.

Prediction Model Development and Validation

A parametric Weibull regression model with time to HBsAg loss as the outcome was fit
using age, sex, race, qHBsAg, qHBsAg change in a year (at max 3 measurements within

48 weeks), and their interaction. A parametric regression model over semi-parametric Cox
proportional hazard model was chosen considering the small number of events (HBsAg loss)
over time. The variables selected were pre-specified with a focus on qHBsAg and its change
over a period of one year as predictive markers in addition to age, sex, and race (surrogate
for genotype) which are other known predictors of HBsAg loss. The pre-specification of
covariates were done to prevent model over-fitting due to small number of events and to
mostly evaluate the predictive ability of qgHBsAg and its change. For the same reasons,

no model calibration was considered. The model including qHBsAg change per year as a
predictor (hereafter referred to as HBRN-SQuUARe) required participants to have more than
one year of follow-up with at least two measurements of gHBsAg during the first year.

For each participant, the qHBsAg change in the first year was calculated as the slope of

a simple linear regression model of qHBsAg on time during the first year, meaning that if

a participant had only two measurements during this period the resulting change could be
calculated by dividing their difference by the time between the two measurements. For this
model formulation, “time origin” to calculate time to HBsAg loss was taken to be the time
of last qHBsAg measurement within the first year. Age was treated as a categorical variable
to provide predictions for specific age groups. Additional models evaluated HBV genotype
(B/C versus others) in lieu of race and a single baseline HBsAg. For models that did not
include gHBsAg change, the time origin was the baseline visit.

Missing covariate data were treated as missing completely at random whereas the

censoring was assumed independent of observed data. This implied that the likelihood-based
estimation in models such as that in the Poisson and Weibull regression were consistent.

The goodness of fit for the models was investigated using the time-dependent area-under-
the-receiver-operating-characteristics curve (AUROC) values as well as the sensitivity and
specificity values. We specifically evaluated the AUROCS at years 1, 2, and 3 since the
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time origin. AUROC values from various models were compared using Wald-type tests. An
additional sensitivity analysis, excluded the 131 participants who had any prior history of
HBV treatment. Finally, the HBRN-SQuARe score was externally validated on an HBeAg-
negative cohort of 1253 patients (51 of whom lost HBsAg) from the Toronto Centre for
Liver Disease with similar inclusion criteria to the HBRN cohort.

The model HBRN-SQUARe was applied to the validation cohort to calculate the predicted
probability of HBsAg loss at years 1, 2, and 3. Model performance was assessed using the
time-dependent AUROC, similar to the development process.

All analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC.) and R version
3.5.3 (R Core Team, 2013). All tests reported were two-sided and p-values less than

0.05 were considered statistically significant. All authors had access to the study data and
reviewed and approved the final manuscript.

Cohort characteristics

Of the 2458 HBsAg-positive participants at entry, 1408 met initial eligibility criteria for this
study. Following exclusion of those HBeAg-negative participants with less than 24 weeks of
follow-up from baseline, a total of 1240 were eligible for the longitudinal analytic sample -
1150 adults and 90 children (sFigure 1). All participants had at least 2 and at maximum 18
follow-up visits, with the majority of participants (79.4%) had 5 or more follow-up visits.
The median duration of follow-up was 5.5 years and 17.1% of participants had 8 years

or more of follow-up. Of the 1057 participants who reached one year of follow-up, 7.9%
had initiated HBV therapy within the prior 24 weeks, and at 5 years of follow-up, 21.1%
(125/588) had initiated antiviral therapy.

The baseline characteristics of the study cohort are summarized in Table 1. The mean age
of children was 12 years and of adults was 43 years. Children and young adults (<30 years
of age) represented 17.7% of the participants, while 11.9% were older than age 60. The
majority (69.9%) of participants were of Asian ethnicity with near equal representation of
males and females. With respect to virological and laboratory characteristics, the median
HBYV DNA was 3.2 logyg IU/mL, 96.6% were anti-HBe positive (96.4% of these were
consistently positive), and 34.2% had normal ALT levels. With respect to the phase of
HBYV infection, 24.7% met the HBRN criteria for immune active CHB, 31.1% were inactive
carriers and 44% of indeterminant phenotypel®16, Genotypes B (40.2%) and C (27.5%)
were most prevalent followed by genotype A (18.6%); 71.7% of those tested (n=628) had
evidence of PC/BCP variants. The median HBsAg level at baseline was 3.2 log1g 1U/mL
(interquartile range [IQR] 2.8 to 3.8). Only 3% of the population had evidence of advanced
fibrosis or cirrhosis at entry with APRI scores >1.5.

Incidence of Clinical Outcomes

Clinical outcomes, including key serologic events are summarized in Table 2. Among the
1240 HBeAg-negative participants, 92 ever became HBsAg negative, for a crude incidence
rate of 1.6 per 100 person-years (PY), of whom 71 met criteria for sustained HBsAg loss for
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an incidence rate of 1.2 per 100 PY. The time course for HBsAg loss among those who ever
lost HBsAg is shown in Figure 1. Baseline characteristics of participants with and without
sustained HBsSAg loss is shown in sTable 1.

A total of 926 (74.7%) were tested and negative for anti-HBs at study baseline and eligible
for an evaluation on anti-HBs development. The remainder were not tested within the
window used to define baseline. Of the 926 with testing at baseline, 594 (64.1%) had at least
one anti-HBs test in follow-up (median number of tests =1, IQR 0 to 5). Sixty-three ever
became anti-HBs positive for a crude incidence rate of 1.4 per 100 PY, and it was sustained
in 33, for an incidence rate of 0.7 per 100 PY. The time course for anti-HBs seroconversion
among those who ever lost HBsAg is shown in sFigure 2. Of the 92 participants with HBsAg
loss, 24 (26.1%) participants had anti-HBs detected at the same (n=19) or an earlier time
point (n=5), 25 (27.1%) following HBsAg loss (11 within one year and 14 beyond one year
of HBsAg loss) and the remainder were without anti-HBs (n=37) or testing (n=6) at last
follow-up. In a time to event analysis restricted to patients with anti-HBs testing at least
annually after HBsAg loss, the estimated median time between HBsAg loss and anti-HBs
detection was approximately 1.5 years (95% CI: 0.7 — 2.2).

Cirrhosis developed in 23 participants for an incidence rate of 0.4 per 100 PY. As 10
occurred within the first 24 weeks of cohort entry and thus were likely present at baseline,
excluding these resulted in an incidence rate of de novo cirrhosis of 0.2 per 100 PY (95%
Cl 0.1-0.4). No participant with HBsAg loss progressed to cirrhosis. ALT flares, defined

as a serum ALT 210X ULN, were observed in 44 participants for an incidence rate of

0.8 per 100 PY. Only one participant had an ALT flare prior to HBsAg loss (11 months
before). Baseline characteristics associated with ALT flares were HBeAg-negative CHB
and indeterminant phenotypes (versus inactive CHB) (p<0.001), higher HBV DNA levels
(p<0.001) and lower platelet count (p=0.04). Ever experiencing HBeAg seroreversion was
observed in 25 participants for an incidence rate of 0.4 per 100 PY and was sustained in
only 6 (0.1 per 100 PY); 8 (32%) were anti-HBe negative at baseline. Seroreversion was not
associated with receipt of immunosuppressive therapy. Two hundred and ninety-one HBeAg
negative participants started treatment over the duration of follow-up (5.9 per 100 PY).

Baseline and Time-Varying Factors Associated with HBsAg Loss and Seroconversion

The crude incidence rate of ever HBsAg loss varied by baseline characteristics (sTable 2
and Figure 2). In Poisson regression analysis, the incidence rate ratios for HBsAg loss
were significantly associated with increasing age, non-Asian race, baseline HBV phenotype
(inactive carrier versus others), HBV genotype, and lower quantitative HBsAg and HBV
DNA (Table 3). Those older than 60 years had an almost 80% higher rate of HBsAg loss
compared to those younger than 30 years (p=0.001). Participants of White and Black race
had a 37% higher rate of HBsAg loss compared to Asians (p=0.03). Participants with an
inactive CHB phenotype had the highest rate of HBsAg loss compared to participants with
other HBV phenotypes (p<0.001). Rate ratios of HBsAg loss were significantly lower in
those with high gHBsAg and high HBV DNA levels with the rate declining by 75% for
each logyg increase in qHBsA(g level (p<0.001) and by 65% for each log;q increase in HBV
DNA level (p<0.001). Treatment for a period longer than 24 weeks as time-varying covariate
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was associated with a 66% lower rate of HBsAg loss compared to not starting treatment
(p=0.02).

The relationships between HBsAg loss and age, race, HBV phenotype, gHBsAg and HBV
DNA, were robust and remained significant in adjusted models (Table 3). Male sex, which
was not associated with HBsAg loss in unadjusted analysis, became statistically significant
after controlling for age, race and treatment. Conversely, AST and APRI were no longer
significantly associated with HBsAg loss after controlling for age, race, sex and treatment.
HBsAg loss was not significantly associated with HBV genotype, presence of BCP/PC
mutation, serum ALT and platelet count in adjusted models.

The crude incidence rate of ever developing anti-HBs varied by baseline characteristics is
shown in sTable 3. In Poisson regression analysis, the incidence rate ratios for anti-HBs
acquisition were significantly higher among those older than 60 years, with low baseline
gqHBsAg and low HBV DNA level (sTable 4).

Prediction of HBsAg Loss

Two models were evaluated using age, sex, race, and either a single gHBsAg value or rate
of gHBsAg change (minimum 2 and maximum 3 measurements) over a year. The median
(IQR) time between gHBsAg measurements was 48.9 (46.6,51.7) weeks. Based on 1077
HBeAg-negative participants, a model using age, sex, race, and a single qHBsAg value at
baseline was developed to predict HBsAg loss over time (Table 4, Model 1). The AUROC
for predicting loss of HBsAg at 1 year was 0.95 (95% CI: 0.91- 0.99), at 2 years was 0.94
(95% CI: 0.91-0.97), and at 3 years was 0.94 (95% CI: 0.92 — 0.97). The second model with
the rate of gHBsAg change (minimum 2 and maximum 3 measurements) over a year as well
as the baseline age, sex, race and baseline gHBsAg was based on total of 739 individuals
with 56 achieving HBsAg loss (Table 4, Model 2). The AUROC for predicting loss of
HBsAg at 1 year was 0.99 (95% CI: 0.987-1.00), at 2 years was 0.96 (95% 0.89-1.00) and
at 3 years was 0.95 (95% CI 0.91-1.00) and was significantly better than model 1 in the
first year (p = 0.01). We refer to this as the HBRN-SQuARe (Sex, AQuantitave HBsAg,
Age, Race) model. The ROC curves for models 1 and 2 for years 1-3 are given in Figure

3. Inclusion of an interaction term for baseline gHBsAg and change in HBsAg did not
improve model prediction. Graphical depiction of the predicted probability of HBsAg loss in
representative patient groups are shown in Figure 4.

Other models evaluating prediction of HBsAg loss evaluated genotype instead of race

and genotype plus race in the model but were not superior to the HBRN-SQuARe model
(model 2) (sTable 5). HBRN-SQuAREe also yielded very similar results after excluding 131
participants who had any prior history of HBV treatment, except that the race was no longer
a significant predictor (results not shown). Finally, the model was re-run by replacing the
continuous gHBsAg with baseline HBsAg categories (<100, 100 to <1000, and >1000) with
very similar AIC statistic compared of the HBRN-SQuARe model. A web application for
the HBRN-SQuARe model is provided https://abduswahed.shinyapps.io/HBRN-SQuUARe/.
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External Validation of HBRN-SQuUARe model

For external validation of the predictive model, HBRN SQuARe Models 1 and 2 were
validated retrospectively in a separate single center (Toronto Centre for Liver Disease).
Baseline characteristics of the validation cohort (sTable 7) included: 71% (n=893) Asian,
45% (n=558) female, with young adults (<30 years of age but no children) comprising only
6% of the cohort; in contrast to the HBRN which included children and 18% of participants
were under age 30. Further, the proportion of patients in the Toronto cohort over the age

of 60 was 28% versus 18% of the HBRN cohort. Baseline gHBsAg, proportion female and
proportion Asian were similar. The mean follow up duration for patients was 3.1 (SD: 1.9)
years with 10% of patients having 6 years or more of follow up. A total of 69 (5.5%)
patients achieved ever HBsAg loss for an incidence rate of 1.77 per 100 PY, very similar to
our cohort.

Validation of models 1 and 2 was performed by assessing performance of predicting HBsAg
loss at year 1, 2, and 3 by estimating the AUROC. AUROC estimates with 95% CI for
model 1 at Year 1, 2, and 3, were 0.70 [0.54-0.86], 0.75 [0.65-0.85], and 0.77 [0.69-0.85],
respectively. AUROC for model 2 (HBRN SQuARe) estimates with 95% ClI at Years 1, 2,
and 3 were 0.99 [0.98-1.00], 0.90 [0.80-1], and 0.88 [0.77-0.99], respectively. A total of
728 individuals with 22 (3%) achieving HBsAg loss met criteria for inclusion in this latter
model. The ROC curves for the validation models are shown in sFigure 3.

Discussion

HBsAg loss is an infrequent but critically important event in the natural history of chronic
HBYV infection. In this large, multiethnic North American cohort with median follow-up

of 5.5 years (nearly 20% with 8 years or more), we found that HBsAg loss occurred at a

rate of 1.6 per 100 PY, similar to what has been reported in other cohorts and systematic
reviews*°. However, the rates of HBsAg loss differed markedly by baseline characteristics,
ranging from <0.5 per 100 PY to over 3 per 100 PY. Using sex, age, race and quantitative
HBsAg, the HBRN SQuARe model was developed and internally and externally validated to
accurately predict HBsAg loss over a 3-year period. The information provided by the HBRN
SQuUARe score can be used to convey likelihood of HBsAg loss with a 3-year horizon for
untreated HBeAg-negative CHB patients under medical care. Identification of patients who
are more or less likely to spontaneously clear HBsAg allows for prognostication, which is
clearly important for patients, but also may help prioritize individuals for novel therapies.
For example, those who are unlikely to clear HBsAg spontaneously may be more inclined
to opt for new therapies, while patients predicted to have higher spontaneous clearance rates
may be informed that need for additional therapies to enhance HBsAg loss is less urgent.

Understanding the predictors of HBsAg loss is important for many reasons. Long-term
follow-up data consistently confirm the importance of HBsAg loss, with markedly lower
rates of progressive liver disease and HCC, particularly when HBsAg loss occurs in patients
younger than 50 years without cirrhosis?2:22. The clear clinical benefits and durability of
HBsAg loss have made it the preferred therapeutic endpoint for novel HBV therapies in
development. Yet, given the heterogeneity in patients with CHB, models that can help to
stratify likelihood of HBsAg loss in the absence of treatment may be especially helpful in
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the design of randomized trials to ensure balance across treatment arms and potentially to
allow for improved matching of patients with specific therapeutic approaches that are more
likely to be effective based on a given clinical profile.

We found the strongest predictors of HBsAg loss were older age, non-Asian ethnicity,
inactive disease and low HBsAg and HBV DNA levels. The association of very low or
undetectable levels of HBsAg and HBV DNA with HBsAg loss, suggests that clearance may
occur when declining cccDNA levels and/or transcriptional activity fall below a threshold,
not necessarily invoking a specific viral or immunological event that triggers clearance.
Importantly, we were not able to distinguish HBsAg derived from cccDNA from HBsAg
that is transcribed from HBV DNA integrated into the host genome. Tools to distinguish
the source of HBsAg would be very helpful, particularly if the prognostic implications

of the HBsAg from integrated versus cccDNA differ. Understanding the processes by
which HBsAg clearance occurs could have important implications for the development of
treatments that lead to functional cure.

Few studies have examined the durability of spontaneous HBsAg loss and -seroreversion.
We found that HBsAg loss was durable in the majority of participants (73%), with anti-HBs
developing concurrent with or in the subsequent year in approximately half the participants.
As anti-HBs testing was less frequent than HBsAg testing in the cohort, the timing of
anti-HBs acquisition is less precise than the trajectory of HBsAg loss and seroreversion.
However, similar rates of durable spontaneous HBsAg loss were reported other large cohort
studies?3-25, HBsAg seroreversion was rare in our study with an incidence of 0.4% per year,
which was lower than the 4.1% reported in the Hong Kong cohort?®. Differences may reflect
differences in the baseline characteristics of the population, with our study more limited to
those that entered the cohort having already achieved HBeAg negativity. Similar to other
studies, we observed a variable interval between HBsAg loss and anti-HBs seroconversion.
Thus, current definition of HBV functional cure does not mandate detection of anti-HBs.

Clinical events among the cohort with HBeAg-negative CHB were infrequent, as previously
highlighted in the outcomes among all adult HBRN participantsand also in the pediatric
cohort 17:26, ALT flares defined by ALT values greater than 10 times normal occurred in

44 patients at a median of 52 weeks of follow-up, for a rate of 0.8% per year, a rate

lower than reported in the entire HBRN cohort (incidence = 1.51 per 100 PY) but reflective
of differences in ALT flare rates between HBeAg-positive versus HBeAg-negative CHB.
Treatment initiation occurred at a rate of 5.9% in this cohort and was associated with a lower
rate of HBsAg loss compared to those who remained untreated. It is likely that treatment
was a surrogate for active disease rather than truly negatively influencing the likelihood of
HBsAg clearance. Treatment decisions were made by individual health care providers (not
protocolized) and final models adjusted for treatment initiation as a time-varying covariate.
In post-hoc analysis, factors associated with treatment initiation were elevated ALT and
HBYV DNA levels (data not shown), supporting our hypothesis that treatment initiation was a
surrogate for active CHB. Finally, progression to cirrhosis, as determined by an adjudication
committee, occurred in 23 patients (rate of 0.4% per year) but nearly half (10/23) were
diagnosed within first 24 weeks, suggesting it was likely present at baseline and none of

the participants with HBsAg loss progressed to cirrhosis. This low rate of progression to
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cirrhosis aligns with our previously reported low rate of clinically relevant outcomes in
the HBRN cohort and likely reflects the benefits of active management of chronic HBV
infectionl’.

This study has some limitations. HBsAg loss was an infrequent event, limiting the number
of covariates that could be included in the prediction models. However, the cohort represents
a large multiethnic population from North America with long-term and comprehensive
prospective follow-up and the risk prediction score developed from our cohort was
externally validated with good accuracy. HBV genotype representation is dominated by
genotype B and C, though genotypes A-G are also represented. This limited our ability

to perform genotype-specific models for HBsAg loss. Regarding our prediction models,
internal cross-validation was not possible due to the modest number of HBsAg loss

events but external validation in another North American cohort strengthens this work. As
expected, the accuracy of HBRN SQuUARe in predicting HBsAg in the validation cohort
was less than in the original cohort, possibly related to the difference in the percentage

of patients at the extremes of age, with the Toronto cohort having a smaller proportion
under age 30 (6% versus 18% in HBRN). Nonetheless, the AUROC value of 0.77 at 3
years for HBRN SQuARe in the externally validated cohort indicates good to excellent
discrimination. We noted that use of serial gHBsAg data through week 48 performed
better in the Toronto cohort (AUROC=0.88 at 3 years), but this was not true in the

HBRN development cohort. Fewer patients were eligible for inclusion in the model using
sequential gHBsAg and this reduced the overall size of the cohort for modeling. Therefore
the preferred final model was HBRN SQuUARe, based on a single gHBsAg value. However
these data suggest serial gHBsAg levels may provide important incremental value in clinical
practice.

In conclusion, we found that HBsAg loss occurred infrequently in a large cohort of
predominantly untreated North American patients with HBeAg-negative CHB. HBsAg
loss was associated with older age, non-Asian ethnicity and inactive hepatitis B and can
be predicted over 3 years using a simple validated HBRN SQuUARe score model. This
information is novel and important to disease prognostication and prioritization of future
therapeutic approaches in CHB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Evolution of HBsAg status amongst participantswith HBsAg loss during study years
Each participant’s follow-up is shown as a row, with the time of follow-up on the x-axis.

Each time interval is represented by a box: Pink boxes indicate HBsAg is positive, Light
green boxes indicate HBsSAQ is negative and Grey boxes indicate missing test results.
Further, the participants are grouped into 3 broad categories indicated by the colored bar

on the far left: with those with sustained HBsAg loss (BLACK bar), transient HBsAg loss
(BLUE bar) and insufficient follow-up (ORANGE bar). The majority of (67/92) participants
had sustained HBsAg loss.
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Figure 2: Crudeincidencerate (per 100 person-year s) for ever HBsAg loss by selected baseline
characteristics

Participants with ever HBsAg loss differed by baseline characteristics. Crude incidence rates
by key baseline factors are shown: Age, Sex, Race, HBV genotype, CHB phenotype, ALT,
HBYV DNA and HBsAg quantitation are shown.
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Figure 3: ROC curvesfor predicting HBsAg lossusing HBRN SQuAre Models.

False positive rate

False positive rate

The SQUARe model can estimate predicted probability of HBsAg loss over time (https://

abduswahed.shinyapps.io/RShiny/ ).
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Figure 4: Examples of predicting probability of HBsAg lossusing HBRN SQUARe Model.
Predicted probability of HBsAg loss as a function of baseline quantitative HBsAg levels and

change over a one-year period for selected participants of varying race, sex, and age. Upper
row for a <30 year old Asian female participant and the lower panel for a non-Asian female

in their 50’s.
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Table 1.

Baseline characteristics of eligible adult and children with HBeAg-negative CHB

Baseline Characteristics N, Value
Age (yrs) n=1240

<18 90 (7.3%)
18-<30 130 (10.5%)
30-<50 619 (49.9%)
50-<60 254 (20.5%)
>=60 147 (11.9%)
Female 610 (49.2%)
Race n=1236
White 154 (12.5%)
Black 185 (15.0%)
Asian 864 (69.9%)
Other/Mixed 33 (2.7%)
Phenotype * n=1176
HBeAg- CHB 290 (24.7%)

Inactive carrier

Indeterminant (IND)

366 (31.1%)
520 (44.2%)

IND B 465 (89.4%)

IND C 55 (10.6%)
HBV Genotype n=1096
A 204 (18.6%)
B 441 (40.2%)
C 301 (27.5%)
D 109 (9.9%)
Other (E, F, and multiple) 41 (3.8%)
Quantitative HBsAg (logyo 1U/mL) n=1110
Median(25th:75th) 3.2(2.5:3.8)
<2 159 (14.3%)
2-3 299 (26.9%)
>3 652 (58.7%)
Anti-HBe n=1036
Positive 1001 (96.6%)
HBV DNA (logyo | U/mL) n=1237
Median(25th:75th) 3.2(24:43)

<3
3-<4

549 (44.4%)
329 (26.6%)
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Baseline Characteristics N, Value
4-<5 187 (15.1%)
25 172 (13.9%)
ALTXULN n=1216
Median(25th:75th) 1.3(0.9:1.8)
<1 ULN 416 (34.2%)
1<-<2 ULN 558 (45.9%)
>2 ULN 242 (19.9%)
Platelets (x103/mm3) n=1044
Median(25th:75th) 222.0 (182.5: 262.0)
APRI (AST-platelet-ratio index) n=1035
Median(25th:75th) 0.3(0.2:0.4)
<0.50 831 (80.3%)
>0.50-1.50 173 (16.7%)
>1.50 31 (3.0%)

BCP/PC Mutation (A1762T, G1764A, G1896A) n=628

Wild type 178 (28.3%)
BCP only 152 (24.2%)
PC only 174 (27.7%)
BCP & PC 124 (19.7%)
Prior HBV treatment n=131 (10.6%)
Median(25th:75th) year-to-entry 5.0 (1.3,9.0)
Interferon 29 (17.9%)
Entecavir 23 (14.2%)
Telbivudine 6 (3.7%)
Lamivudine 48 (29.6%)
Adefovir 13 (8.0%)
Peg-interferon 19 (11.7%)
Tenofovir 10 (6.2%)
Unknown 14 (8.6%)

*

as per HBRN phenotype definitions (15). Inactive CHB defined by HBeAg-negative, normal ALT and HBV DNA <10,000 IU/mL, IND-B by
HBeAg-negative, elevated ALT and HBV DNA <10,000 IU/mL and IND-C by HBeAg-negative, normal ALT and HBV DNA >10,000 1U/mL.
Normal ALT was <30 U/L for males and <20 U/L for females.
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Summary of clinical outcomes

Table 2.

Page 22

Post baseline

Outcomes™ Number of | NUMDer of &S | o Follow-up Time | Incidence (per L00PY,
events of basdline in Weeks (min, max) 95% Cl)
Ever HBsAg negative © 92 0 211 (25, 384) 1.6 (1.3, 2.0)
Sustained HBsAg negative ° 71 0 194 (25, 345) 1.2 (1.0, 1.6)
Ever HBeAg seroreversion 25 10 26 (0.4, 362) 0.4 (0.3, 0.6)
Sustained HBeAg seroreversion s 8 4 25 (20, 360) 0.1(0.1,0.3)
Ever anti-HBs positive * 63 1 193 (23, 399) 1.4(1.1,1.8)
Sustained anti-HBs postive 5% 33 0 148 (40, 338) 0.7 (05,1.0)
Initiation of any HBV treatment ° 291 63 92 (0.1, 376) 5.9(5.2,6.6)
New onset of ALT flare ® 44 8 52 (1, 313) 0.8(06,1.0)
New onset of Cirrhosis 23 10 29 (1, 167) 0.4 (0.3,0.6)

1 . .
Includes transient and sustained HBsAg loss.

2 . . . . .
PY= person-year. Incidence estimate and 95% CI were obtained from Poisson regression.

3Defined as confirmed first HBsAg(-)/HBeAg(+)/anti-HBs(+) measurement =24 weeks apart without any HBsAg(+)/HBeAg(-)/anti-HBs(-)

measurement in between.

4 . - . . . . . .
Among the 1240 HBeAg negative participants, 926 (74.7%) had negative anti-HBs at study baseline and are eligible for anti-HBs analysis.

5Only NA therapies were given. None were treated with peg-1FN.

6ALT flare is defined as 210 x ULN
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Association between patient characteristics and incidence of first HBsAg loss expressed as rate ratios (RRs)J

N Unadjusted RR (95% Cl) P Value N Adj ustect:jll)?zR (95% P value
Baseline Characteristics
Adge, years (ref>=60) 1240 0.01
<18 0.41 (0.14, 1.16)
18to <30 0.06 (0.01, 0.45)
30-<50 0.47 (0.28, 0.79)
50-<60 0.71 (0.40, 1.24)
Female sex 1240 0.67 (0.45, 1.02) 0.06
Asian (Ref: Non-Asian) 1203 0.63 (0.41,0.95) 0.03
Phenotype (Ref: Inactive carrier) 1176 <0.001 | 1143 <0.001
HBeAg- CHB 0.22 (0.11, 0.44) 0.24 (0.12, 0.49)
Indeterminant 0.43 (0.27, 0.66) 0.44 (0.28, 0.69)
Non-A Genotype * 1055 0.72 (0.41, 1.27) 026 | 1055 0.77 (0.43, 1.35) 0.36
BCP/PC mutation (Ref: wild type) 628 0.07 609 0.11
BCP only 0.41 (0.15, 1.11) 0.42 (0.15, 1.16)
PC only 0.27 (0.09, 0.81) 0.29 (0.10, 0.87)
BCP & PC 0.72 (0.30, 1.76) 0.63 (0.23, 1.74)
Time-Varying Variables
HBV treatment (=24 wks in past 36 wks) 1240 0.34 (0.14, 0.84) 0.02
_QuantitaIive HBsAg per 1 logyg 1U/mL 1219 0.25 (0.18, 0.35) 0.001 1182 0.24 (0.18, 0.32) <0.001
increase
HBV DNA per 1 log;o lU/mL increase 1240 0.35(0.28, 0.43) <0.001 | 1203 0.22 (0.16, 0.30) <0.001
ALT per 1x ULN increase 1234 0.56 (0.31, 1.02) 0.06 1197 0.63(0.36, 1.11) 0.11
Platelet per 103/mm? increase 1185 1.002 (0.998, 1.01) 0.03 1150 1.003 (0.999, 1.01) 0.11

The ratio of the rate at which participants experienced HBsAg loss where a lower rate suggests a longer time to HBsAg negative. Thus, a value <1

indicates longer time to HBsAg loss.

Each estimate is from a unique model adjusting for age group, sex, race, and treatment with one exception; genotype is not adjusted for race. For
adjusted model, age was regrouped to combine all <30 in one group because of lack of HBsAg loss in lower age groups [Supplemental sTable 1].

3Does not include “Other/Mixed” race (n=33).

4Does not include “Other (E, F, and multiple)” genotype (n=41).
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Model for predicting log time to HBsAg loss based on one-time measure of quantitative HBsAg level at

Table 4.

Page 24

baseline, age, race, and sex [Model 1; n = 1077, event=80] and one-year change in gHBsAg level, age, race,

and sex [Model 2; n = 739, event=56].

Model 1 Model 2 (HBRN SQUARe)

Parameter Estimate (SE) | p-value | Estimate (SE) p-value
Intercept 1.11(0.17) <.0001 1.94(0.24) <.0001
Age (years) [Ref: >=60 years]

< 30 years 1.11(0.58) 0.05 0.65(0.44) 0.14
30-<50 -0.03(0.16) 0.86 -0.18(0.17) 0.29
50 - <60 -0.08(0.17) 0.64 -0.47(0.17) 0.01
Sex (Femalevs. Male) 0.41(0.14) 0.004 0.33(0.13) 0.004
Race (Asian vs. Others) 0.65(0.14) <.0001 0.12(0.15) <.0001
gqHBsAg (log 10 |U/ml) baseline 0.55(0.06) <.0001 0.37(0.07) <.0001
Rate of changein qHBsAg (log 10 IU/mL /year) 1.26(0.18) <.0001
Interaction (qHBsAg *rate of changein gHBsAQ) -0.25(0.08) <.0001
Akaike I nformation Criterion (Al C) 462.19 258.71

*
Estimates refer to mean change in log time to HBsAg loss with respect to one unit change in continuous variable, and the mean difference in
log time to HBsAg loss between comparison and reference groups. Thus, a positive coefficient indicates longer time to HBsAg loss, or reduced

likelihood of HBsAg loss.
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