652 TU/mL [range: 15-2028] and 6.6 log copies/mL [range: 5.0-9.0], respectively (Table 2).

All patients except case #5 were treated with entecavir (ETV) (0.5 mg, once daily) immediately

after diagnosis of HBV reactivation to suppress viral activity (Table 2). Representative clini

stopped in three of nine cases after 15.2 months (mean; range: 6.8—-26.8 months). The four cases

without HBsAg disappearance included two cases (#6 and #8) with follow-up of <3 months after
tion, and two cases (#13 and #14) that developed fatal ALF before complete
disappearance of HBsAg. When the latter two were diagnosed with HBV reactivation, liver function

had already deteriorated (serum total bilirubin (T-bil) was 8.0 mg/dL for #13 and 2.3 mg/dL for #14)

and they died of liver failure 33 (#13) and 16 days (#14) after ETV administration.



Low Heterogeneity of the Reactivated Viruses in Patients with Reactivation from Occult HBV

Infection

To identify characteristics of viral clones related kto HBYV reactivation, we determine:
entire virus genome sequence using ultra-deep sequencing. We first conducted a contr iment
to validate the efficacy and errors in the sequencing platform. We determi full-length
plasmid-derived HBV sequences using expression plasmids encoding yp HBV as a template.
Sequencing generated 1,229,416 and 2,205,237 filtered reads, corré )0 ing to a mean coverage of
34,026 and 61,504 folds at each nucleotide site. The nucléotide mismatch error rate was
> distribution of per-nucleotide error rate

0.038% in Control #1 and 0.015% in Control #2 W

0-0.24% and 0-0.16%, respectively; the mean overall error rate was 0.45% and 0.26%, respectively

(Supplementary Table 1). This refle the error introduced by sequencing. We defined the cut-off

to exclude mismatch errors and to detect low-abundance

value in the current pla

mutations.

an coverage depth of 16,712 bp was achieved for each nucleotide site of HBV sequences (Table
3) The frequency of the overall mismatch mutations, which were nucleotides that did not match to
the reference sequences, was 0.015% (15/100,000).

To define the characteristics of the reactivated HBV clones, we compared these clones with



those derived from reactivated viruses in six cases originally positive for HBsAg who developed

viral exacerbation triggered by immunosuppressive therapy. There were no significant differences in

the maximum levels of elevated serum ALT and HBV DNA during viral exacerbation between

both groups (Table 2). A mean of 630,253 reads for HBV sequences derived from p : e with

reactivation from HBsAg carriers were mapped onto reference sequences (Tab “The overall
mismatch mutation frequency of total viral genomic sequences was 0.11%; ,000), suggesting
that viral heterogeneity was significantly lower in the reactivated v from occult HBV infection

(0.015%) compared with HBsAg carriers (P < 0.05) (Fig and Table 3). Viral heterogeneity

was also evaluated by calculating Shannon entropy es. The mean overall value of Shannon

entropy was 0.00085 (range: 0-0.0022) in patients with reactivation from occult HBV infection, and

0.0051 (range: 0.0006-0.017) in th reactivation from HBsAg carriers, indicating that

genetic complexity was significantly lower in the reactivated viruses from occult HBV carrier status
(P < 0.05) (Fig. 42 These findings suggest that the heterogeneity of reactivated HBV was
substantially sm. /in originally HBsAg-negative cases than in HBsAg-positive carriers. The levels
of hetero y were not significantly different between the viral genomic regions, and no

ficant increase in the population of immune escape variants in both the patients with reactivation

from occult HBV and HBsAg carrier status (Fig. 2A, B and Supplementary Fig. 1).



Reactivated Viruses in Each Individual Consisted Almost Exclusively of the Wild-type G1896

or G1896A Variant

The G1896A mutation in the pre-C region is associated with ALF, and is one of the.

few clones with the wild-type G1896 sequence were ctable by ultra-deep sequencing at the time

of HBV reactivation (Table 4). Ultra-deep sequencing also confirmed that patients with reactivation

of the wild-type G1896-dominant HBV.clones had few or no G1896A pre-C variants in their serum
(0-0.9%). These findings indicate:that either wild-type G1896 or G1896A pre-C variants were

exclusively reactivat patients with reactivation from occult HBV infection following

atio of the wild-type/G1896A pre-C mutant or the heterogeneity (represented by the Shannon
éntropy value) and the levels of peak ALT and peak T-bil (Supplementary Fig. 2). The predominance
of A1762T and G1764A variants in the core-promoter region, which are known to be associated with

ALF [18, 25], was observed in only two cases (#9 and #11), and was not associated with the two



fatal ALF cases (Table 4).

To clarify the genomic similarity between the viral clones in the liver tissue before reactivation

and those in the serum after reactivation, we determined the sequences of HBV genomes in

tissue before the onset of HBV reactivation in a patient (case #3). The patient was initi : gative
for HBsAg but positive for anti-HBc, and had colon cancer and liver metast
partial hepatectomy, followed by adjuvant chemotherapy. During treatment, he became
seropositive for HBV DNA and HBsAg (Fig. 1). We compared th genome sequences derived
from the liver before viral breakthrough (obtained at the - hepatectomy) with those from his
motherapy. We found that 97.9% of the HBV

serum at the time of viral reactivation during

nucleotides derived from his serum at rea ) were identical to those from the liver tissues

before viral reactivation. The prevalen the wild-type G1896 strain was 99.95% in liver prior to

reactivation, and 99.94% i fter reactivation. These results possibly indicate that the viral
population in the seru a patient with reactivation from occult HBV infection was similar to that
in the liver ti ng latent infection before viral breakthrough.

ose findings, we determined the prevalence of the G1896A variant in the liver of

ult HBV carriers that did not experience immunosuppression. We examined the liver tissues of

fstAg-negative but anti-HBc-positive healthy donors used for living-donor liver transplantation.
The HBV genome was detectable by PCR in the livers of most (44/45) of the healthy donors that

lacked circulating HBV DNA. Ultra-deep sequencing determined viral genome sequences with a



mean 20,503-fold coverage at each nucleotide site for each liver specimen. Sequencing revealed that

the viral clones comprised almost exclusively of the wild-type G1896 or G1896A pre-C variant in

the livers of occult HBV carriers. Around 11.4% (5/44) of cases had a dominant population o "thg&

G1896A pre-C variant, with a frequency of >99.9% for total viral clones (Fig. 3). A
88.6% (39/44) of cases predominantly contained the wild-type G1896 strain, wit cases (liver
ig. 3). The genetic

#6 was the exception) exhibiting a frequency of >99.9% of total vira

complexity of viruses in the liver of healthy occult HBV carrie s 0.00080 (mean; range:

0-0.0011), expressed as a Shannon entropy value, and «Wasscomparable to that in the serum of

patients with reactivation from occult HBV infection’(mean: 0.00085; range: 0-0.0022). These

findings indicate that occult HBV carriers serologically characterized as HBsAg-negative and




Discussion

HBsAg positivity indicates the carrier status of HBV infection and thus reactivation of

HBV-related hepatitis can occur in patients carrying HBsAg under certain immunosuppressiy

also develop HBV reactivation and liver dysfunction under certain immunosuppréssive conditions [5,

6. 20]. In the present study, we demonstrated the clinical and virological features of patients who

experienced viral reactivation under immunosuppressive conditions.

Previous studies demonstrated that immunosuppression in occult HBV carriers with

hematological malignancies was at an especiall; risk of HBV reactivation [6]. The high risk of

viral reactivation in patients with hematological malignancies receiving chemotherapy might be

attributable to immunodef caused by underlying primary diseases and strong

immunosuppressive y. In addition to the patients with hematological malignancy, we observed
two patients matological malignancies who developed HBV reactivation. One case had
T, with S-1 treatment triggering HBV exacerbation. Another case had psoriasis and
ived cyclosporine before the onset of HBV reactivation. Previously, we also reported a case of
léthal de novo HBV hepatitis induced by adalimumab treatment for rheumatoid arthritis [26]. Thus, it

is important to note that there is a risk of HBV reactivation in patients not only with hematological

malignancies but also with solid tumors or noncancerous diseases undergoing chemotherapy or



immunosuppressive therapy. In addition, it is very important to regularly monitor HBV DNA levels

to achieve the early administration of ETV before the onset of ALT elevation, however, the optimum

frequency of HBV DNA testing in occult HBV carriers is not vet defined. Recent prospective stu

determined the genetic

To clarify the virological characteristics of HBV reactivation, v

heterogeneity of viruses from patient sera. We found that the genetic complexity of the reactivated

viruses in 14 patients with reactivation from occult HBV ififection was significantly lower than that
- There was no significant difference in

in six patients with reactivation from HBsAg carri

circulating HBV DNA levels in serum after r tion in both groups. The viral population in the

sera of patients with reactivation from occult HBV infection was characterized by low heterogeneity,

with nearly monoclonal viruses ted. We further examined the genetic complexity of latently

infected HBV in th er of 44 individuals with occult HBV infection. We found that the genetic

heterogeneity.o y infected viruses in their livers was also very low. In one case we confirmed
ral” genome detected in serum after viral reactivation was almost identical to that in the
y infected liver before reactivation. These findings possibly suggest that the viral population in
latently infected livers of occult HBV carriers is characterized by low heterogeneity, and the

predominant viral clone increases in number under immunosuppressive conditions. The reason for

the difference in the degree of genetic heterogeneity in the exacerbated viruses between patients with



reactivation from occult infection and those with HBsAg carrier reactivation is unclear. One

possibility is that the low levels of viral heterogeneity observed in occult HBV carriers are due to the

relatively lower levels of viral replication compared with those of HBsAg carriers. Pollicino,

demonstrated that the host immune system, not viral factors, likely plays a critical role.d ’ trong
suppression of viral replication and gene expression [28]. Since we could © the genetic
homology of HBV DNA in the liver before reactivation and the serum reactivation in only one
case, further studies are required to determine the characte of the latent viruses in
HBsAg-negative but anti-HBc-positive occult HBV carrier:

In this study, we found that 42.9% of cases that kpen:énced HBYV reactivation predominantly
contained the G1896A pre-C variant in their sera. Infection with the G1896A variant was
predominant in the liver of 11.4% uals with occult HBV infection. Patients acutely infected
with the HBV G1896A p ~gani have a high risk of developing ALF [16-18]. The G1896A

variant is frequently« ed in reactivated viruses in patients with reactivation from occult HBV

infection th {de p ALF [20]. We revealed that both patients who developed fatal ALF

predominantly contained G1896A pre-C variants. The mechanism by which the G1896A mutation

““:‘i‘gggrs the development of ALF remains unknown at present. Previous studies reported that the

G1896A variant has increased replication activity compared with the wild-type strain in vitro [18,
291, but we found no significant association between the levels of circulating HBV DNA and the

ratios of wild-type/G1896A pre-C mutants in cases with reactivation from occult HBV infection. On



the other hand, it is well recognized that HBeAg/anti-HBe serostatus is closely associated with the

ratios of wild-type/G1896A pre-C mutants in patients with chronic HBV infection [30]. Interestingly,

accumulating evidence suggests that G1896A mutations abrogating HBeAg synthesis remov

tolerogenic effect of HBeAg, leading to an enhanced immune response that contrib;
development [31]. We must also pay attention to the genotype of HBV in' with viral
reactivation. Among the 14 cases with reactivation from occult HBV infection; genotype B and C
strains were detected in five and nine patients, respectively. A , jyem,' three of five cases were

negative for HBeAg but positive for anti-HBe (60%) in geno B and three of nine (33.3%) were

genotype C-infected patients, and both cases with developing ALF were negative for HBeAg and

infected with genotype B. Previous studies de ated that HBV genotypes affect the liver disease

outcome [32], and genotype B strain equently detected in patients developing ALF [18]. Thus, it

is possible that the ratios wild=type/G1896A pre-C mutants and viral genotype influence the

of cheémotherapy or immunosuppressive therapy in occult HBV carriers with underlying

matological malignancies, solid tumors or noncancerous diseases. Occult HBV infection and the

resulting HBV reactivation is characterized by low genetic heterogeneity. It is unclear whether occult

HBYV carriers with the G1896A pre-C variant have an increased risk of developing HBV reactivation

and fatal ALF. Further analysis with a larger cohort of patients is required to clarify the frequency



and mechanisms of HBV reactivation and ALF in patients with occult HBV carrier status receiving

chemotherapy or immunosuppressive therapy.

Acknowledgments: We thank Dr. K. Takahashi, Dr. N. Nishijima, Dr. T. Shimizu, Mrs.:

A. Sekine, Mr. T. Kitamoto and Mrs. A. Kitamoto for ultra-deep sequencing analy:




References

(1]

[2]

(3]

(4]

(5]

6]

Wands JR, Chura CM, Roll FJ, Maddrey WC. Serial studies of hepatitis-associated antigen

and antibody in patients receiving antitumor chemotherapy for myeloproliferative
Iymphoproliferative disorders. Gastroenterology 1975;68:105-112.
Galbraith RM, Eddleston AL, Williams R, Zuckerman AJ. Fulminant he failure in
leukaemia and choriocarcinoma related to withdrawal of c rué therapy. Lancet
1975;2:528-530.
Micetich KC, Young RC, et al.

Hoofnagle JH, Dusheiko GM, Schafer DF, Jones: EA;

-

Reactivation of chronic hepatitis B virus on by cancer chemotherapy. Annals of
internal medicine 1982;96:447-449.
Lok AS, Liang RH, Chiu, Wong KL, Chan TK, Todd D. Reactivation of hepatitis B

virus replication i receiving cytotoxic therapy. Report of a prospective study.

antigen who was receiving rituximab. The New England journal of medicine
2001;344:68-69.

Hui CK, Cheung WW, Zhang HY, Au WY, Yueng YH, Leung AY, et al. Kinetics and risk of
de novo hepatitis B infection in HBsAg-negative patients undergoing cytotoxic

chemotherapy. Gastroenterology 2006;131:59-68.



[7]

[8]

(9]

[10]

(11]

Mason AL, Xu L, Guo L, Kuhns M, Perrillo RP. Molecular basis for persistent hepatitis B

virus infection in the liver after clearance of serum hepatitis B surface antigen. Hepatology

1998;27:1736-1742.

Raimondo G, Allain JP, Brunetto MR, Buendia MA, Chen DS, Colombc
Statements from the Taormina expert meeting on occult hepatitis B virus n. Journal
of hepatology 2008;49:652-657.

Uemoto S, Sugiyama K, Marusawa H, Inomata Y, a K, Egawa H, et al
Transmission of hepatitis B virus from hepatitis B core fitibody-positive donors in living
related liver transplants. Transplantation 199& :494-499.

Marusawa H, Uemoto S, Hijikata eda Y, Tanaka K, Shimotohno K, et al. Latent

Lok AS, McMahon BJ. Chronic hepatitis B. Hepatology 2007;45:507-539.

Kusumoto S, Tanaka Y, Mizokami M, Ueda R. Reactivation of hepatitis B virus following

systemic chemotherapy for malignant lymphoma. International journal of hematology

2009;90:13-23.



(14]

[15]

[16]

(17]

(18]

[20]

Rodriguez C, Chevaliez S, Bensadoun P, Pawlotsky JM. Characterization of the dynamics of

hepatitis B virus resistance to adefovir by ultra-deep pyrosequencing. Hepatology

2013;58:890-901.

Nishijima N, Marusawa H, Ueda Y, Takahashi K, Nasu A, Osaki Y, et al.
Hepatitis B Virus Quasispecies in Association with Nucleos(t)ide Treatment
Determined by Ultra-Deep Sequencing. PloS one 2012;7:¢3505.

Omata M, Ehata T, Yokosuka O, Hosoda K, Ohto M M in the precore region of

hepatitis B virus DNA in patients with fulminant and severe hepatitis. The New England
journal of medicine 1991;324:1699-1704..
ayiannis P, Tassopoulos NC, Williams R, et al.

Carman WF, Fagan EA, Hadziyann

Association of a precore g variant of hepatitis B virus with fulminant hepatitis.

patology 2006;44:326-334.

Steinberg JL, Yeo W, Zhong S, Chan JY, Tam JS, Chan PK, et al. Hepatitis B virus
reactivation in patients undergoing cytotoxic chemotherapy for solid tumours: precore/core
mutations may play an important role. Journal of medical virology 2000;60:249-255.

Umemura T, Tanaka E, Kiyosawa K, Kumada H. Mortality secondary to fulminant hepatic



[21]

[22]

(23]

[24]

[25]

failure in patients with prior resolution of hepatitis B virus infection in Japan. Clinical

infectious diseases : an official publication of the Infectious Diseases Society of America

2008;47:¢52-56.

Marusawa H, Osaki Y, Kimura T, Ito K, Yamashita Y, Eguchi T, et al. High prevalence of
anti-hepatitis B virus serological markers in patients with hepatitis C virus
liver disease in Japan. Gut 1999;45:284-288.
from anti-hepatitis B core

Cholongitas E, Papatheodoridis GV, Burroughs AK. Livyer

positive donors: a systematic review. Journal of hepatology 2010;52:272-279.

Chevaliez S, Rodriguez C, Pawlotsky JM vxrblogic tools for management of chronic

hepatitis B and C. Gastroenterology 2 2:1303-1313 e1301.
Polson J, Lee WM. AAS sition paper: the management of acute liver failure.
Hepatology 20054
Sato S, Suz , Akahane Y, Akamatsu K, Akiyama K, Yunomura K, et al. Hepatitis B
ith mutations in the core promoter in patients with fulminant hepatitis. Annals
ternal medicine 1995;122:241-248.

Matsumoto T, Mamsawa H, Dogaki M, Suginoshita Y, Inokuma T. Adalimumab-induced
lethal hepatitis B virus reactivation in an HBsAg-negative patient with clinically resolved

hepatitis B virus infection. Liver international : official journal of the International

Association for the Study of the Liver 2010;30:1241-1242.



[27]

[28]

[29]

[30]

(31]

321

Hsu C, Tsou HH, Lin SJ, Wang MC, Yao M, Hwang WL, et al. Chemotherapy-induced

hepatitis B reactivation in lymphoma patients with resolved HBV infection: A prospective

study. Hepatology 2014, in press.

Pollicino T, Raffa G, Costantino L, Lisa A, Campello C, Squadrito G, et al.
patocellular

functional analysis of occult hepatitis B virus isolates from patients

carcinoma. Hepatology 2007;45:277-285.

Scaglioni PP, Melegari M, Wands JR. Biologic properti ofh patitis B viral genomes with

mutations in the precore promoter and precore open reading frame. Virology
1997;233:374-381.
Hadziyannis SJ, Vassilopoulos D. Hepatitis B e antigen-negative chronic hepatitis B.

Hepatology 2001;34:617-624.

u- CJ, Lok AS. Clinical significance of hepatitis B virus genotypes. Hepatology

2002;35:1274-1276.



Figure legends

Fig. 1. Representative clinical courses of patients with reactivation from occult H

infection.

Serial serum ALT (solid lines), HBV DNA (dashed lines) and HBV serology o - cases that
developed HBV reactivation after (cases #1) or during (cases #3, #1 #14) chemotherapy or
immunosuppressive therapy. All cases were treated with entecavir ( lmmediately after diagnosis
of HBV reactivation. BMT, bone marrow transplantation tacrolimus; MEL, melphalan; Op,
operation; PSL, prednisolone; R-CHOP, rituximab phosphamide, doxorubicin, vincristine,

prednisolone.

representative patients with reactivation from occult HBV infection (A) and reactivation from

HBsAg carriers (B). The total number of different nucleotides from the representative HBV reference
ééquences (mismatch bases) (C), and the mean Shannon entropy values (D) in both groups. preC-C,

pre-core—core; preS, pre-surface; P, polymerase; S, surface.



Fig. 3. Prevalence of G1896A pre-core mutants in the liver of 44 healthy occult HBV

carriers.

The ratio of G1896A mutants (red) to wild-type G1896 (yellow) for total reads is shown in the
panel. The number of G1896A mutants, total reads at nucleotide position 1896, and the n of

G1896A mutants (%) are shown in the right panel.




Fig. 1. Inuzuka et al.
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Fig. 2. Inuzuka et al.
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