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data regarding the predominance of infection with
HBV genotype D in Egypt [Saudy et al.,, 2003]. In
addition, the phylogenetic analysis documented the
presence of three different patterns of HBV genotype
D transmission within the families in Egypt; maternal
transmission (from mother to child as in the family 4),
paternal transmission (from father to child as in
family 35 and family 43) and spousal transmission
(between spouses as in family 19 and family 37). This
was different from the transmission pattern charac-
teristics of genotype D in Uzbekistan where the
horizontal transmission was the predominant route
of infection with HBV genotype D within a family
[Avazova et al., 2008].

The Data regarding the difference of transmission
routes of HBV infection between different genotypes
are controversial and scarce. Based on the findings
that the patients infected with HBV genotype C may
exhibit delayed HBeAg seroconversion decades later
than the patients infected with other genotypes,
Livingston et al. [2007] speculated that genotype C is
the most responsible for the perinatal transmission
and that the other genotypes (A, B, D, and F) are
mainly transmitted horizontally [Livingston et al,,
2007]. A recent study has shown a different data
through exploring that both genotypes B and C can be
transmitted by maternal and horizontal routes [Wen
et al., 2011]. Whether different HBV genotypes have
different transmission routes remains a question,
which needs further global studies to clarify this
interesting and important issue.

In an attempt to evaluate the influence of the
universal vaccination on the intra-familial HBV infec-
tion, it was surprising to find a high prevalence rate
of HBsAg among the vaccinated members with no
significant difference when compared to the unvacci-
nated group. In an agreement with the present data,
El Sherbini et al. [2006] reported the unchangeable
prevalence of HBsAg among the vaccinated school
children across a decade despite the significant de-
crease of the anti-HBc rate [El Sherbini et al., 2006].
The possible explanation for this vaccine failure is the
acquiring of the HBV infection in the lag period
between the birth and the time of receiving the
first HBV vaccine dose at the age of 2 months. Sup-
porting our explanation is the recent data coming
from Taiwan where a different HBV infection prophy-
lactic strategy is applied by administrating the first
dose of the HBV vaccine at birth with the administra-
tion of the hepatitis B immunoglobulin to the infants
born to the HBeAg positive mother within 24 hr after
birth. The recent study has clearly demonstrated that
the current HBV prophylactic strategy in Taiwan was
capable of reducing the intra-familial HBV transmis-
sion and reducing the overall HBsAg positive rate
among the infants [Mu et al., 2011]. In Japan, the ex-
tension of the active and passive immunization to the
babies born to HBeAg negative mother had greatly re-
duced the HBsAg prevalence to 0.2% of blood donors
younger than 19 years old [Noto et al., 2003;
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Matsuura et al.,, 2009]. The present study recom-
mends the changing of the current HBV prophylactic
policy in Egypt. It would be needed to provide the first
dose of the HBV vaccine at birth together with screen-
ing for HBV infection markers prenatally and admin-
istration of the HBIG to the infants born from
HBeAg-positive mothers. The documented role of the
HBYV spousal transmission in the present study by the
phylogenetic analysis (Family 19 and Family 37),
coincides with the recent data conducted in Egypt
that the first sexual contact with an infected spouse
was a significant risk factor for infection with HBV
among females and may further emphasize the impor-
tance of the premarital screening for HBV in Egypt
[Paez Jimenez et al., 2009]. Investigating the “ a”
determinant region of viral isolates retrieved from the
vaccinated members infected with HBV provides no
evidence of breakthrough infection by previously
reported vaccine escape mutant virus [Carman et al.,
1990].

In conclusion, the present study has clearly
explored the role of the HBV intra-familial transmis-
sion and spread in north Eastern Egypt. Three
patterns of HBV transmission were determined in the
current cohort infected with HBV genotype D; mater-
nal, paternal, and spousal. The present study recom-
mends the change of the current prophylactic policy
against the HBV infection in Egypt by including the
first dose of HBV vaccine at birth, screening of preg-
nant women for HBsAg and the administration of
HBIG to the infants born from HBeAg positive moth-
ers within 24 hr after birth. Further studies are need-
ed globally to determine the transmission patterns of
different HBV genotypes and locally in different dis-
tricts in Egypt to explore the impact of familial trans-
mission in HBV infection in Egypt.
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Although liver fibrosis reflects disease severity in chronic hepatitis patients, there has been no simple and
accurate system to evaluate the therapeutic effect based on fibrosis. We developed a glycan-based
immunoassay, FastLec-Hepa, to fill this unmet need. FastLec-Hepa automatically detects unique
fibrosis-related glyco-alteration in serum hyperglycosylated Mac-2 binding protein within 20 min. The
serum FastLec-Hepa counts increased with advancing fibrosis and illustrated significant differences in
medians between all fibrosis stages. FastLec-Hepa is sufficiently sensitive and quantitative to evaluate the
effects of PEG-interferon-a/ribavirin therapy in a short post-therapeutic interval. The obtained fibrosis
progression is equivalent to -0.30 stages/year in patients with sustained virological response, and 0.01
stages/year in relapse/nonresponders. Furthermore, long-term follow-up of the severely affected patients
found hepatocellular carcinoma developed in patients after therapy whose FastLec-Hepa counts remained
above a designated cutoff value. FastLec-Hepa is the only assay currently available for clinically beneficial
therapy evaluation through quantitation of disease severity.

e World Health Organization has estimated that the prevalence of chronic infections with hepatitis B virus
(HBV) and hepatitis C virus (HCV) is more than 5% of the world population. The high rate of viral
transmission worldwide has also resulted in an explosive increase in incidence of liver cirrhosis (LC),
because liver fibrosis caused by the persistent infections with HBV and HCV irreversibly progresses in chronic
hepatitis (CH) patients without effective treatment. As the incidence of hepatocellular carcinoma (HCC)
increases proportionally to the severity of hepatitis and the presence of LG, it is now clear that about 90% of
HCC cases originate from infection with HBV or HCV. It is estimated that more than one million patients
worldwide die from liver disease related to HBV or HCV infection each year. Immunomodulatory therapy with
PEG-interferon-a and ribavirin is the standard treatment for patients with chronic hepatitis C (CHC)'. Recent
genome-wide association studies have revealed that variation in the host interleukin-28B gene can predict the
outcome of therapies for viral clearance®. Such pharmacokinetic understanding should allow for more precise
treatment protocols and follow-up analyses to optimize the opportunity for patients to achieve sustained viro-
logical response (SVR)>®. Linear peptidomimetic HCV and NS3/4A serine protease inhibitors such as telaprevir
and boceprevir are new drugs that, in combination with PEG-interferon-a and ribavirin, substantially improve
the rates of response among patients with HCV genotype 1 infection'. Alternatively, suppression of hepatic
decompensation in chronic hepatitis B patients with advanced fibrosis and cirrhosis has been evaluated during
long-term treatment with antiviral agents, such as adefovir, lamivudine, entecavir, and tenofovir’. For example,
cumulative entecavir therapy (for atleast 3 years) resulted in substantial histological improvement and regression
of fibrosis or cirrhosis®.

The efficacy of therapy is currently evaluated by frequent monitoring of “viral load” or “liver injury”*. From the
viewpoint of developing preventive strategies for HCC, the risk of HCC development should also be estimated
along with them. For this purpose, liver biopsy is generally considered as the gold standard in which fibrosis is
subclassified into 5 stages of severity (FO-4). However, this procedure is invasive and shown to cause a high rate of
sampling error (about 15% false-negatives for cirrhosis) in patients with diffuse parenchymal liver diseases.
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Furthermore, in a retrospective cohort study’, the rate of fibrosis
progression was estimated at about —0.28 stages/year in patients
with SVR and 0.02 stages/year in patients with nonsustained viro-
logical response (NVR). This indicates that the biopsy is not suitable
for evaluating the effect of therapy after a short interval. The proced-
ure has further disadvantages such as inaccuracy, biopsy-related
complications, the need for hospitalization, the time involved, and
low cost-effectiveness'®. Therefore, alternative noninvasive assays are
desired and should provide a quantifiable readout of fibrosis pro-
gression using a method that is accurate, cost-effective and relatively
simple.

To date, several methods have been developed' including
FibroScan, which measures hepatic fibrosis biomechanically as tissue
stiffness based on transient elastography. FibroScan has the advan-
tages of being rapid and technically simple; however, its diagnostic
success rate is affected by operator skill. Therefore, it has been sug-
gested that FibroScan, in conjunction with assay of serum fibrosis
biomarkers, should improve diagnostic accuracy. FibroTest'' and
FibroMeter'?, believed to be the most reliable indices of fibrosis, have
been used in the combination assay aiming to eliminate the need
for liver biopsy'>'. However, FibroTest and FibroMeter do not
complement FibroScan in the development of a rapid “on-site
diagnosis” system. This is because each requires both extensive
and specialized blood analyses (FibroTest requires o:2-macroglobu-
lin, apolipoprotein Al, haptoglobin, y-glutamyltransferase and total
bilirubin whereas FibroMeter requires platelet count, prothrombin
index, AST, a2-macroglobulin, hyaluronic acid and urea). In addi-
tion, both tests require data on age, and also sex for FibroTest.

Glycans are referred to as the face of cells, which reflect their status
such as differentiation stage rather than their state of damage, and
therefore they can be great markers for chronic disease. In the case of
hepatitis, glycans are considered to reflect more specifically the pro-
gression of fibrosis than viral load. In the search for a simple and
rapid method that is not markedly affected by tissue inflammation
and ALT fluctuation, the possibility of glycomic and glycoproteomic
techniques has emerged'>'%, and there are reports of some successful
examples applicable for use in the clinical laboratories'”-'*. However,
the current glycomic techniques require at least 3 hours of sample
preparation for analysis and this has markedly reduced the combi-
nation use of glycan-based immunoassays with FibroScan. In this
report, we describe for the first time, a rapid and simple glycan-based
immunoassay, FastLec-Hepa, that can quantify fibrosis as precisely
as FibroTest and also readily evaluate the antifibrotic effects of
therapy at the clinical site (Supplementary Fig. 1). Moreover, we
introduce a novel method for rational selection of the “non-
fucose binding type” lectins and provide details of how this concept
can be adopted for future development of clinically useful glyco-
diagnostic tools.

Results

Changes in the N-glycosylation of M2BP during progression of
liver disease. Based on previous reports®?, we adopted the serum
90 K/Mac-2 binding protein (M2BP) as a glycoprotein biomarker
for liver fibrosis. M2BP is secreted from many cell types, including
hepatocytes (http://www.proteinatlas.org/ENSG00000108679), and
it has been shown to modulate many processes, particularly those
related to cell adhesion. For example, the interaction of M2BP with
matrix fibronectin can modulate adhesion and the high expression of
M2BP by tumor cells increases the level in the circulation of affected
patients. A prominent feature of native human M2BP is its
oligomerization to large ring structures®, resembling a “sugar-
powdered doughnut” which is potentially covered with 70-112
N-glycans (Fig. 1a). To confirm serum M2BP as a valid marker,
we performed a pull-down assay with serum (2 pl each) from five
individuals in each of the following groups: HCC, LC, CHC or
healthy volunteer with normal liver (HV). Although two bands

appeared in all HVs and two CHC patients, M2BPs from patients
with relatively severe fibrosis, i.e., LC and HCC, migrated as a single
band, the mobility of which was similar to that of the lower band for
HVs (Fig. 1b). Significant increases in band intensity with excessive
smearing of the bands were seen for most HCC patients. A
subsequent investigation of 125 HCV patients with stage-
determined fibrosis showed alteration in the quality and quantity
of M2BP during the progression of fibrosis (Fig. 1c) and apparent
alteration in the amount of each band (Fig. 1d and e), as described in
the previous investigations®*. M2BP has been shown to have
multibranching and sialylated N-glycans. Moreover, it has been
suggested that extension of polylactosamine on M2BP controls its
binding to galectin-3, a major binding partner in vivo. Sialylation
and extension of polylactosamine affect the charge and size of M2BP
and this results in altered electrophoretic migration. Accordingly,
we speculate that the size heterogeneity of M2BP seen on
electrophoresis is due to such alterations in glycosylation. In fact,
the difference in the band migration was eliminated by Sialidase
A treatment, and the smearing of the bands in HCC was reduced
by treatment with N-Glycosidase F (Supplementary Fig. 2). These
results indicated that the altered quality of M2BP during progression
of liver disease was due to changes in N-glycosylation.

Selection of the optimal lectin for direct measurement of disease-
related M2BP. To construct a reliable assay (see Supplementary
Fig. 3), we needed to identify a lectin probe that could most
readily discriminate the altered N-glycans of M2BP and specifically
binds to them in serum without pretreatment. For this purpose, we
added a subtraction process to our recently described microarray-
based selection strategy'® (Supplementary Fig. 4). In brief, we first
obtained a typical glycan profile for serum M2BPs by averaging the
glycan profiles of M2BPs immunoprecipitated from 125 HCV
patient sera by the antibody-overlay lectin microarray'®'** (step
1). In this step, we selected 27 lectins binding to M2BP from a 45-
lectin array (Supplementary Fig. 5a). Most of them bound not only
to M2BP (ca. 10 pg/ml in serum), but also to other abundant serum
glycoproteins, whereas some suggested rather specific binding to
M2BP. We designated them as high-noise lectins or high signal-to-
noise (S/N) lectins, respectively (Fig. 2a). We then selected the
candidate lectins for the assay by subtracting the high-noise lectins
from the M2BP-binding lectins (step 2), using a glycan profile of
whole serum (Supplementary Fig. 5)*. Comparing the profiles for
M2BP and whole serum (Fig. 2b), we quickly identified 6 lectins with
a high S/N ratio. Interestingly, all lectins identifying fucose
modification, which is the most well-known glyco-alteration in
liver disease (Pisum sativum agglutinin (PSA), Lens culinaris
agglutinin (LCA), Aspergillus oryzae lectin (AOL), and Aleuria
aurantia lectin (AAL)), were high-noise lectins (Fig. 2b). After
subtraction, we used both the Mann-Whitney U test as a
nonparametric test, and receiver-operating characteristic (ROC)
analysis, to characterize the diagnostic accuracy of the candidate
lectins at each stage of fibrosis: significant fibrosis (F2/F3/F4),
severe fibrosis (F3/F4) and cirrhosis (F4) (step 3). As a result, we
found that the diagnostic score of Wisteria floribunda agglutinin
(WFA) was superior to the other 5 lectins at every fibrosis stage
(Fig. 2c and Supplementary Fig. 6).

“Proof-of-concept” experiment for direct quantitation of the
serum WFA-binding M2BP by sandwich immunoassay. We
quantitatively analyzed the WFA-binding M2BPs (WFA*-M2BP)
in serum. Sera, pretreated as described in the Methods, were firstly
subjected to affinity capture with 20 pl slurry of WFA-coated agarose
gel. The eluted fraction was immunoprecipitated with a capturing
antibody against M2BP and the product was analyzed by Western
blot. The intensity of the “smearing-band” signal for WFA*-M2BP
gradually increased in proportion to the severity of liver fibrosis
(Supplementary Fig. 7), as indicated by the red line shown in
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Figure 1| Changes in the quality and quantity of human serum M2BP with progression of liver fibrosis. (a) The unique shape of human endogenous
serum M2BP. The arrowheads and circles represent the N-glycan moieties and core protein respectively. (b) Western blot analysis: M2BPsin 2 plofserum
were purified by immunoprecipitation before SDS-PAGE. HV, healthy volunteer; CHC, patient with chronic hepatitis C; LC, HCV-infected patient with
liver cirrhosis; and HCC, HCV-infected patient with hepatocellular carcinoma. (c) Number of patients with single (red) or double (blue) band
appearance on the blot. The number of bands was determined visually by two independent analysts. The total number of HCV patients who participated
in this study was 125 (FO-F1 [n = 33], F2 [n = 32], F3 [n = 31], and F4 [n = 29]). (d) Typical changes of serum M2BP band intensities in patients with
different fibrosis scores and (e) concentrations based on a previous report on quantitation of serum M2BP by Cheung et aP*. and our present results. The
blue bands on the electrogram and blue line on the graph represent M2BPs secreted from normal liver. The red bands and line represent altered M2BP, the
concentration of which is suggested to increase with the progression of fibrosis. The black line represents the total concentration of serum M2BP.

Fig. le. We next conducted a sandwich immunoassay with WFA
and anti-M2BP antibody (see Supplementary Fig. 3b). WFA was
immobilized on the surface of a 96-well microtiter plate through
biotin-streptavidin interaction. We performed the first assay for
the WFA-binding activity using recombinant human M2BP
(rhM2BP). As a result, a linear regression analysis revealed a linear
range of detection from 0.039 to 0.625 pg/ml (Supplementary Fig. 8a).
Subsequently, we used culture supernatant of a hepatoblastoma cell line
HepG2, which expresses WFA'-M2BP, to illustrate the dose-
dependency of the interaction of WFA with M2BP/HepG2. We also
showed that heat treatment of the culture supernatant eliminated this
binding activity (Supplementary Fig. 8b). Finally, we performed a
sandwich immunoassay for direct measurement of WFA*-M2BP in
untreated serum samples, and the results correlated well with the
quantitative assay using affinity capture and lectin microarray
analysis (Supplementary Fig. 7 and 9).

FastLec-Hepa: a fully automated sandwich immunoassay for
direct quantitation of serum WFA*-M2BP. We adapted the
WFA-antibody immunoassay to the HISCL-2000i bedside clinical
chemistry analyzer'®. We successfully adjusted every reaction
condition during the automatic assay by HISCL, which is about a
17-min manipulation. Heat pretreatment of the serum was avoided
to ensure both binding avidity and the fast association rate.
Repeatability was assessed by performing 10 independent assays of
three samples, and the coefficient of variation ranged between 2.1%

and 2.5% (data not shown). Sensitivity was determined by triplicate
assays of samples generated by 2-fold serial dilution of 50 pg/ml
rhM2BP. The linear regression analysis identified a linear range of
detection (R* = 1.00) from 0.025 to 12.5 pg/ml (Fig. 3a, a range of
0.025 to 1.6 pg/ml also shown in Fig. 3b). The resulting dynamic
range was 25-fold that of the manual sandwich immunoassay
described above. We next examined whether the HISCL
measurements made on serum from HCV patients (n = 125) were
consistent with lectin microarray analysis, and this comparison
resulted in sufficient linearity with coefficient of determination,
R* = 0.848 (Fig. 3c). Accordingly, we could perform automatic
quantitation of serum WFA*-M2BP in 180 patients in 1 hour and
we have therefore named it FastLec-Hepa.

Validation of FastLec-Hepa. For a validation study, we obtained
serum from CH patients at two locations: Nagoya City University
Hospital and Hokkaido University Hospital (Supplementary
Fig. 10). Staging of these patients (n = 209) by histological activity
index (HAI) was conducted independently by two senior pathologists
on ultrasonography-guided liver biopsy samples. FO-F1 was assigned
in 82 cases (39.2%), F2 in 52 (24.9%), F3 in 40 (19.1%), and F4
(cirrhosis) in 35 (16.7%). Serum from healthy volunteers (with no
history of any hepatitis virus infections) was obtained for analysis
from two sites (# = 48 from National Institute of Advanced
Industrial Science and Technology [AIST]: HV1; n = 70 from
Nagoya City University: HV2). Their FastLec-Hepa counts
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classification strategy is summarized in Supplementary Fig. 4. (c) Diagnostic performance of 6 candidate lectins. P-values were determined using the

nonparametric Mann-Whitney U test (Excel 2007, Microsoft).

(Supplementary Table 1) are also plotted in a box-whisker diagram in
Supplementary Fig. 11 along with that from a separate group of 1,000
healthy volunteers (HV3). Based on the calibration curve ([FastLec-
Hepa counts]/10° = 1.027 X [thM2BP] + 0.006 in Fig. 3a, b), the 75"
percentiles of HV's of 64,205-107,617 and the 25™ percentile of LC of
1,327,596 patients (see also Supplementary Fig. 11), we estimate the
concentration of WFA *-M2BP to be approximately 0.09 pg/ml in the
serum of HV patients and > 1.0 pg/ml in that of LC patients. This
means that the linear range shown in Fig. 3a is sufficient for accurate
quantitation of WFA*-M2BP in all serum samples. The analyses
showed a gradual increase with the progression of liver fibrosis, but
it did not correlate with the grade of hepatic activity defined by HAI
scoring (Supplementary Fig. 12).

a. b.

Next, we made a statistical comparison of FastLec-Hepa with
other simple tests for liver fibrosis: the direct fibrosis marker hya-
luronic acid (HA), the indirect fibrosis index FIB-4°° and the glycan-
based fibrosis index LecT-Hepa'®”. We enrolled 160 patients
(FO—F1 = 66, F2 = 41, F3 = 33 and F4 = 20) whose age, platelet
count, AST, ALT and HA levels were readily available
(Supplementary Fig. 10 and Supplementary Tables 1 and 2). As
shown in Fig. 4a, the results of all the tests correlated well with the
stage of fibrosis (P < 0.0001). However, an ROC analysis concluded
that FastLec-Hepa detected cirrhosis with the highest diagnostic
accuracy (Fig. 4b and Table 1). Notably, FastLec-Hepa distinguished
between F3 and F4 with 90% sensitivity, 85% specificity, and with an
AUC of 0.91. These results were superior to LecT-Hepa (sensitivity:
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Figure 3 | Description of FastLec-Hepa, a fully automated WFA and anti-M2BP antibody sandwich immunoassay. (a) Standard curve for quantitation
of WFA-binding rhM2BP. Plots for the lower concentration of rhM2BP are alternatively highlighted in (b). (c) Scatterplot comparison of WFA*-M2BP
data obtained from 125 different serum samples by both HISCL and a manual lectin microarray assay. The best-fit linear comparison with its correlation

coefficient was calculated in Excel 2007 (Microsoft).
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Figure 4 | Comparison of diagnostic performance of FastLec-Hepa, LecT-Hepa, HA, and FIB-4. (a) Scatterplots of the data obtained with FastLec-
Hepa, LecT-Hepa, HA, and FIB-4 against the fibrosis score. Red horizontal lines represent the median. Correlation of the data with the progression of
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95%, specificity: 70%, and AUC: 0.87), FIB-4 (sensitivity: 55%, spe-
cificity: 94%, and AUC: 0.76), and HA (sensitivity: 80%, specificity:
70%, and AUC: 0.78).

Clinical utility of FastLec-Hepa: quantitative monitoring of
antiviral therapy. To assess clinical utility, we examined two types
of trials—short-interval evaluation and long-term follow-up—both
of which are essential for following the patients receiving PEG-
interferon-o. and ribavirin therapy. For the first trial, we enrolled
41 patients with CHC who had previously undergone 48 weeks
of therapy at Hokkaido University Hospital. According to the
definition described in the Methods, 26 and 15 of them were
judged as SVR and NVR/relapse (non-SVR), respectively. For each
patient, we performed FastLec-Hepa on serum samples, which were
collected just before treatment (Pre) and within a short period (12-
22 weeks) after treatment (Post) (Fig. 5a). We found a marked
decrease from Pre to Post counts (P = 0.0061) in SVR patients,
but no apparent change for non-SVR patients (P = 0.9780)
(Fig. 5b). Specifically, a median percent decrease of 31% was found
for SVR patients (median Pre-count of 161,053 and median Post-
count of 110,739), while the level for non-SVR patients was
essentially constant. These results show that the assay can evaluate
the effect of therapy within a short period after treatment. This is an
important advance, because the ALT levels of non-SVR, as well as
SVR, are mostly decreased into the range of 10-64 IU/ml during this

period (Fig. 5¢)°. In fact, changes in the FastLec-Hepa counts did not
correlate with those in the ALT counts (Supplementary Fig. 13),
thereby invalidating ALT-dependent fibrosis assays, including
FIB-4 (Fig. 5d).

In support of our finding that the FastLec-Hepa counts correlate
excellently with the stage of fibrosis, we found a strong correlation
between the histopathological scores and the median of the
log;o[FastLec-Hepa] counts (Fig. 5e). These correlations were
approximated to two linear equations: y = 0.23x + 4.9 for FO to
F3, and y = 0.58x + 3.8 for F3 to F4 histology. This means that
FastLec-Hepa can reliably reproduce the assessment of therapeutic
effects, which were previously drawn from histopathological scor-
ing’. Indeed, the median changes in fibrosis obtained by FastLec-
Hepa analysis were about —0.295 stages/year for SVR and
0.010 stages/year for non-SVR (Fig. 5f). These data were consistent
with the rate of fibrosis progression and regression determined by
Shiratori et al’.

For the second trial, we enrolled 6 HCV patients (SVR = 3 and
non-SVR = 3) with advanced fibrosis who completed 48 weeks of
therapy at Nagoya City University Hospital. Sera were collected
before therapy and at 0, 1, 3, and 5 years after the end of therapy
(see Fig. 5g). FastLec-Hepa counts in SVR patients gradually
decreased and reached below the median of FO patients within
3 years. However, those in non-SVR patients remained above the
median for F3 patients during the follow-up period (Fig. 5h).
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Table 1 | Diagnostic performance of fibrosis markers

n=160 FIB-4 HA LecT-Hepa Fastlec-Hepa

a) Significant fibrosis (FO-1 vs F2-4)

AUC 0.76 0.82 0.76 0.79

(95% Cl) (0.68-0.83) (0.76-0.89) (0.69-0.83) (0.72-0.86)

Diagnostic sensitivity (%) 64 77 63 81

Diagnostic specificity (%) 79 76 86 67

Youden's index (%) 43 52 49 48

b) Severe fibrosis (FO-2 vs F3-4)

AUC 0.83 0.87 0.88 0.84

(95% Cl) (0.76-0.89) (0.81-0.93) (0.82-0.93) (0.77-0.91)

Diagnostic sensitivity (%) 81 81 87 83

Diagnostic specificity (%) 71 79 81 77

Youden's index (%) 52 61 68 60

c) Liver cirrhosis [FO-3 vs F4)

AUC 0.88 0.91 0.95 0.96

(95% Cl) (0.80-0.95) (0.86-0.9¢) (0.92-0.99) (0.93-0.99)

Diagnostic sensitivity (%) 80 80 95 90

Diagnostic specificity (%) 81 90 88 94

Youden's index (%) 61 70 83 84

d) Liver cirrhosis (F3 vs F4)

AUC 0.76 0.78 0.87 0.91

(95% Cl) (0.63-0.90) (0.65-0.90) (0.77-0.97) (0.82-0.99)

Diagnostic sensitivity (%) 55 80 95 20

Diagnostic specificity (%) 94 70 70 85

Youden's index (%) 49 50 65 75
Interestingly, HCC had developed in two non-SVR patients whose  Discussion

FastLec-Hepa counts remained above the median of F4 patients
throughout. Other fibrosis indices, such as FIB-4 and biochemical
parameters (ALT and AST), did not distinguish between SVR and
non-SVR or appear to predict this occurrence (Fig. 5i-k).

We have described the development and use of a fully automated,
glycan-based immunoassay termed FastLec-Hepa, for the evaluation
ofliver fibrosis. A high degree of reliability in the quantitative aspects
of this method should establish it as a clinically significant test,
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Figure 5 | Evaluation of the curative effect of interferon therapy by FastLec-Hepa. (a) Validation of FastLec-Hepa in short-interval evaluation. The
numbers in parentheses represent the number of patients participated in this experiment. Arrowheads indicate the timing of blood collection. At
week 0, blood was collected immediately before the treatment. Black box indicates the period of PEG-interferon-o and ribavirin therapy. Changes in
the FastLec-Hepa counts (b), ALT (c), and the FIB-4 index (d) in patients with sustained virologic response (SVR) and relapse/nonresponders
(non-SVR) during interferon therapy. The P-value was determined by a nonparametric method, the Wilcoxon matched pairs signed-rank test. (e)
Dot-plot representation of the histopathological fibrosis score and the medians of FastLec-Hepa counts. Best-fit linear curves were calculated in
Excel 2007 (Microsoft) allowing conversion of the FastLec-Hepa counts into fibrosis score. (f) Yearly changes in the converted fibrosis score.
Changes for patients with SVR and non-SVR are indicated in the dot plots. Red horizontal lines represent the median. The P-value was determined
by the Mann—Whitney U test. (g) Validation of FastLec-Hepa in long-term follow-up. The numbers in parentheses represent the number of patients
participated in this experiment. Arrowheads indicate the timing of blood collection. At year -1 and 0, the blood was collected immediately before
and after the treatment, respectively. Black box indicates the period of PEG-interferon-o and ribavirin therapy. Yearly changes of FastLec-Hepa
counts (h), FIB-4 index (i), ALT (j), and AST (k) in individual patients after therapy. The five colored lines in (h) represent the median values
obtained for each fibrosis stage (red, F4; orange, F3; green, F2; cyan, F1; blue, F0). Closed and opened symbols indicate the data obtained from non-
SVR and SVR patients, respectively. * indicates the period when the development of HCC was found.
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particularly for revealing and managing patients at a high risk of
progression to liver complications such as HCC and related life-
threatening events. The most striking advantage of FastLec-Hepa is
not only its simplicity but also its capacity to provide fibrosis read-
outs that are not influenced by fluctuations in the ALT value or
inflammation, both of which can cause falsely high estimates in most
of the other fibrosis tests available'. In fact, our study has illustrated
robust capacity of FastLec-Hepa to evaluate the effects of antiviral
therapy and subsequent disease progression in both the short and
long term.

Many retrospective and prospective studies have demonstrated
that achieving SVR through the PEG-interferon-o/ribavirin treat-
ment significantly reduces liver-related morbidity and mortality
(i.e., hepatic decompensation, HCC, and liver-related death)®-*.
As this combination therapy is effective in only about 50% of patients
with HCV genotype 1, new agents' and targets®' for antiviral treat-
ments of HCV have been developed to achieve SVR more effectively
after the therapy. Long-term follow-ups often show that the risk
of disease progression is significantly high in patients with non-
SVR after PEG-interferon-o/ribavirin treatment. Furthermore, the
development of HCC in patients with SVR remains at a significant
cumulative rate (2%)*****>**, For these reasons, a new data-mining
model using individual factors (age, platelet count, serum albumin
and AST) was developed recently to identify patients at a high risk of
HCC development®. This is, however, a statistical procedure for
estimating the chance of disease progression, and there is not a direct
evaluation of fibrosis. In the present report, we performed a long-
term retrospective study with serially collected sera from SVR and
non-SVR patients, in which we showed the potential use of FastLec-
Hepa for improved prognostic accuracy. Indeed, recent advances in
the development of antifibrotic agents lead us to expect the thera-
peutic elimination of health risks associated with HCC and decom-
pensation®. Moreover, we expect that FastLec-Hepa will be proved
for its usefulness in rapid evaluation of progression and regression
of fibrosis in clinical trials of newly developed antifibrotic agents.
Hence, FastLec-Hepa should be very useful for fibrosis stage screen-
ing and evaluation of disease progression in untreated individuals or
patients under or after treatment, as well as evaluation of the most
recently developed drugs.

It is important to note that FastLec-Hepa has many merits, includ-
ing speed (possibly 1,000 assays per day) and full automation for
measurement of a serological glycobiomarker: these attributes will
enable retrospective studies with valuable serum specimens that have
been collected previously. In addition, our recently developed cal-
ibrator for FastLec-Hepa will improve traceability and enable sim-
ultaneous assay and data storage in multiple diagnostic facilities. The
data obtained with diluted serum samples demonstrated a high level
of assay reproducibility and a very favorable linear detection range
(Supplementary Fig, 14). Furthermore, we found an excellent agree-
ment between assay values for serum and plasma prepared simulta-
neously from the same patient. Presently, we have about 10,000 sera
and plasma available with detailed clinical notes collected in more
than 10 facilities in Japan, and a series of retrospective studies is
under way. We will shortly conclude licensing of our system for
clinical implementation, based largely on the trials of the present
study. In contrast to this, the majority of recent noninvasive tech-
niques are currently shifting to physical measurements such as
FibroScan, acoustic radiation force impulse®® and real-time strain
elastography®. Any on-site assay of large numbers of blood samples
should provide a diagnostic value comparable to that of FibroTest,
and a direct comparison in the same patient group will be necessary
to evaluate this. We note here that according to a recent statistical
validation method®, predicted AUC of the diagnostic value of
FibroTest for detection of advanced fibrosis in our sample set
(DANA score = 1.81) was approximately 0.77, which was compar-
able to the AUC of FastLec-Hepa we obtained (0.79).

FastLec-Hepa has adopted a new paradigm for clinical diagnosis,
“glyco-diagnosis”, which is based on the quantity and quality of
protein glycosylation patterns that well indicate disease progression.
To detect such changes in glycosylation by conventional methods
(e.g., mass spectrometry, liquid chromatography, or capillary elec-
trophoresis), it is absolutely necessary to liberate the glycans of
interest from their protein linkages''7*. It is possible to employ
an alternative technology, which is based on a lectin-antibody sand-
wich immunodetection system for intact glycoproteins bearing dis-
ease-specific glyco-alterations. Such assays have been used to detect
changes in fucosylation of N-linked glycans, which are associated
with liver disease. However, in the present study, fucose-binding
lectins were classified as “high noise” (Fig. 2b), and thus an enrich-
ment of the target protein was the essential process in the assay.
Lectin-overlay detection is performed typically after on-plate enrich-
ment of the target glycoproteins by an immobilized antibody. In such
cases, detection relies on a low avidity (high dissociation rate)
between the captured glycoprotein and the overlaid lectin probe
(see right of Supplementary Fig. 3b). These kinetic considerations
essentially eliminate the use of an automated bedside clinical chem-
istry analyzer. Even though a fucose-binding lectin was immobilized
on the beads (see left of Supplementary Fig. 3b), it still remains a
problem for reliable quantitation by autoanalyzer. Our previous sys-
tem LecT-Hepa'®'5'%%, which detects the level of fucosylated a.1-acid
glycoprotein, requires enrichment of the protein prior to the assay.

In the present study, we have developed a strategy to overcome
these problems in glyco-diagnosis associated with clinical imple-
mentation, and realized a rapid “on-site diagnosis” system
(17 min, within the minimum time required for single assay by
HISCL), based on analysis of a glycomarker (Supplementary
Fig. 1). The strategy for selecting the most robust lectin led us to
WFA, and away from the use of fucose-binding lectins, for the direct
measurement system (Fig. 2). The diagnostic utility of M2BP, a
protein resembling “sweet-doughnut”?, brought a favorable density
and orientation of the disease-related glycan on the homomultimer.
These characteristic structures resulted in a major increase in the
avidity of M2BP for the plated WFA. The resulting glycan-lectin
interaction, which is remarkably strong and specific, made it possible
to develop the rapid and highly sensitive assay (see leff of
Supplementary Fig. 3b). We believe that this unique strategy will
revolutionize the use of glyco-diagnosis in clinical medicine and
potentially provide a framework for the development of a new gen-
eration of biomarker assays.

Methods

Patient samples, biochemical parameters and indices. Patients with chronic
hepatitis were enrolled at Nagoya City University Hospital and Hokkaido University
Hospital. Healthy volunteers as the controls were randomly selected in Nagoya City
University Hospital (70 individuals) and AIST (48 individuals). The institutional
ethics committees at Nagoya City University Hospital, Hokkaido University Hospital,
and AIST approved this study, and informed consent for the use of their clinical
specimens was obtained from all participants before the collection. In addition, we
used 1,000 serum samples from virus-negative Caucasians as the normal population,
which were purchased from Complex Antibodies Inc. (Fort Lauderdale, FL) and
collected under IRB-approved collection protocols. Fibrosis was graded in the
patients according to the histological activity index (HAI) using biopsy or surgical
specimens. Biopsy specimens were classified as follows: F0, no fibrosis; F1, portal
fibrosis without septa; F2, few septa; F3, numerous septa without cirrhosis; and F4,
cirrhosis. The three diagnostic targets in this study were defined as significant fibrosis:
F2+F3+F4; severe fibrosis: F3+F4; and cirrhosis: F4. Hepatic inflammation was also
assessed according to the HAI, as follows: A0, no activity; A1, mild activity; A2,
moderate activity; and A3, severe activity. Cirrhosis was confirmed by
ultrasonography (coarse liver architecture, nodular liver surface, and blunt liver
edges), evidence of hypersplenism (splenomegaly on ultrasonography) and/or a
platelet count of < 100,000/mm’. Virological responses during PEG-interferon-o
and ribavirin therapy were defined as follows® SVR, absence of HCV RNA from
serum 24 weeks following discontinuation of therapy; nonresponder, failure to clear
HCV RNA from serum after 24 weeks of therapy; relapse, reappearance of HCV RNA
in serum after therapy was discontinued. For all patients, age and sex were recorded
and serum levels of the following were analyzed: aspartate aminotransferase (AST),
alanine aminotransferase (ALT), y-glutamyltransferase (GGT), total bilirubin,

SCIENTIFIC REPGRTS | 3:1065 | DOI: 10.1038/srep01065

-225 -



albumin, cholinesterase, total cholesterol, platelet count (PLT), hyaluronic acid (HA).
The FIB-4 index was calculated as follows: [age (years) X AST (U/L)]/[platelets
(10°/L) X ALT (U/L)*?|*. Fibrosis-specific glyco-alteration of al-acid glycoprotein
was determined by lectin-antibody sandwich immunoassays with a combination of
three lectins (Datura stramonium agglutinin (DSA), Maackia amurensis
leukoagglutinin (MAL), and Aspergillus oryzae lectin (AOL))™. All assays used an
automated chemiluminescence enzyme immunoassay system (HISCL-2000i; Sysmex
Co., Kobe, Japan)™®.

Enrichment of M2BP from serum. An automated protein purification system
(ED-01; GP BioSciences Ltd., Yokohama, Japan) was used to immunoprecipitate
M2BP from serum specimens. In brief, sera (2 pl) were diluted 10-fold with PBS/
0.2%(w/v) SDS, heated at 95°C for 20 min, mixed with 10 pl of Triton X-100 in TBS
(TBSTx) and injected into a 96-well SUMILON microtiter plate (Sumitomo Bakelite
Co., Ltd., Tokyo, Japan). The plate and working reagents, including biotinylated anti-
M2BP antibody (10 ng/pl), streptavidin-coated magnetic beads, washing buffer (1%
TBSTx) and elution buffer (TBS containing 0.2% SDS), were loaded into the system.
This generated 110 pl of purified M2BPs per serum sample (96 samples in 3.5 h).

Western blot analysis. Anti-human M2BP polyclonal antibody was purchased from
R&D Systems, Inc. (Minneapolis, MN) and biotinylated with Biotin Labeling

Kit - NH, (Dojindo Laboratories, Kumamoto, Japan). Purified serum M2BPs were
electrophoresed under reducing conditions on 5-20% polyacrylamide gels (DRC,
Tokyo, Japan) and transferred to PVDF membranes. After treatment with Block Ace®
(DS Pharma Biomedical Co., Ltd., Osaka, Japan), the membranes were incubated with
biotinylated anti-M2BP polyclonal antibody, and then with alkaline phosphatase-
conjugated streptavidin (1/5000 diluted with TBST; ProZyme, Inc., San Leandro,
CA). The membranes were incubated with Western Blue stabilized substrate for
alkaline phosphatase (Promega, Madison, WI).

Lectin microarray analysis. Enriched M2BPs were analyzed with an antibody-
overlay lectin microarray*. Purified protein (14 pl) was diluted to 60 ul with PBS
containing 1%(v/v) Triton X-100 (PBSTx); this was applied to a LecChip™ (GP
BioSciences Ltd.), which included three spots of 45 lectins in each of seven reaction
wells. After incubation for 12 h at 20°C, 2 pl of human serum IgG (10 mg/ml) was
added to the reaction solution on each chip and incubated for 30 min. The reaction
solution was then discarded, and the chip was washed three times with PBSTx.
Subsequently, 60 pl (200 ng) of biotinylated anti-human M2BP in PBSTx was
applied to the chip, and incubated for 1 h. After three washes with PBSTx, 60 pl
(400 ng) of a Cy3-labeled streptavidin (GE Healthcare, Buckinghamshire, UK)
solution in PBSTx was added and incubated for 30 min. The chip was rinsed with
PBSTx, scanned with an evanescent-field fluorescence scanner (GlycoStation™
Reader1200; GP BioSciences Ltd.) and analyzed with the Array Pro Analyzer software
package, version 4.5 (Media Cybernetics, Inc., Bethesda, MD). The chip was scanned
with the gain set to register a maximum net intensity < 40,000 for the most intense
spots. The net intensity value for each spot was calculated by subtracting the
background value from the signal intensity value. The relative intensity of
lectin-positive samples was determined from the ratio of their fluorescence to the
fluorescence of the internal-standard lectin, DSA.

Quantitation of Wisteria floribunda agglutinin (WFA)-binding M2BP. Serum was
pretreated as described above under enrichment of M2BP from serum. Pretreated
samples (50 pl) were diluted with an equal volume of starting buffer (0.1%(w/v) SDS
in PBSTx), added to the WFA-coated agarose in a microtube (20 pl slurry; Vector
Lab., Burlingame, UK), and incubated at 4°C for 5 h with gentle shaking. After
centrifugation of the reaction solution at 2000 X g for 10 min, the supernatant was
removed to a new microtube. The precipitate was suspended in 50 pl of the starting
buffer, recentrifuged and this second supernatant combined with the first (designated
as path-through fraction T). The precipitate was then washed with 200 pl of the
starting buffer and the bound glycoproteins were eluted with 60 pl of 200 mM
galactosamine/0.02%(w/v) SDS in PBS (designated as elution fraction E). M2BP was
immunoprecipitated from fractions T and E and examined by electrophoresis under
reducing conditions on 5-20% gradient SDS—polyacrylamide gels.

‘WFA-antibody sandwich ELISA. Flat-bottomed 96-well streptavidin-precoated
microtiter plates (Nunc, Int., Tokyo, Japan) were treated with biotinylated WFA
(Vector, 250 ng/well) for 1 h at room temperature. The plates were incubated with
the diluted serum samples (50 pl) in PBS containing 0.1%(v/v) Tween20 (PBS-t) for
2 h at room temperature and then with 50 ng/well of the anti-human M2BP
polyclonal antibody, in PBS-t for 2 h at room temperature. The plates were washed
extensively and then incubated with 50 pl of horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.,
Philadelphia, PA) at 1:10,000 in PBS-t for 1 h at room temperature. The substrate
3,3',5,5'-tetramethylbenzidine (Thermo Fisher Scientific, Fremont, CA) solution
(100 pl) was added to each well. The enzyme reaction was stopped by adding 100 pl
of 1 M sulfuric acid, and the optical density measured at 450 nm.

‘WFA-antibody sandwich immunoassay by HISCL. The fibrosis-specific form of
glycosylated M2BP was measured based on a sandwich immunoassay approach.
Glycosylated M2BP was captured by WFA immobilized on magnetic beads, and the
bound product was assayed with an anti-human M2BP monoclonal antibody linked
to alkaline phosphatase (ALP-aM2BP). Two reagent packs (M2BP-WFA detection

pack and a chemiluminescence substrate pack) were loaded in the HISCL. The
detection pack comprised three reagents: a reaction buffer solution (R1), a
‘WFA-coated magnetic beads solution (R2) and an ALP-aM2BP solution (R3). The
chemiluminescence substrate reagent pack contained a CDP-Star substrate solution
(R4) and a stopping solution (R5). Typically, serum (10 ul) was diluted to 60 ul with
R1 and then mixed with R2 (30 pl). After the binding reaction, R3 (100 pl) was added
to the reaction solution. The resultant conjugates were magnetically separated from
unbound components, and mixed well with R4 (50 pl) and R5 (100 pl) before reading
of the fluorescence. The chemiluminescent intensity was acquired within a period of
17 min in the operation described above. The reaction chamber was kept at 42°C
throughout.

Statistics. Statistical analyses and graph preparation used Dr. SPSS II Windows
software (SPSS Co., Tokyo, Japan), GraphPad Prism 5.0 (GraphPad Software Inc., La
Jolla, CA), and Windows Excel 2007. This facilitated selection of the optimal lectin for
analysis of fibrosis and a comparison of the diagnostic value of other serological
fibrosis markers and indices. Because the data distribution for each parameter was
non-Gaussian, the P-values were determined by nonparametric tests, such as the
Mann-Whitney U test and Wilcoxon signed-rank test. Correlations with liver fibrosis
were estimated as the significance of differences among the staging groups (F0-1, F2,
F3, and F4) determined by Kruskal-Wallis nonparametric one-way analysis of
variance. To assess classification efficiencies for detecting significant fibrosis, severe
fibrosis and cirrhosis, the receiver-operating characteristic (ROC) curve analysis was
also carried out to determine the area under the curve (AUC) values. Cutoff values
obtained from Youden’s index were used to classify patients. Diagnostic accuracy was
expressed in terms of specificity, sensitivity and AUC.
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Novel 2’-fluoro-6'-methylene-carbocyclic adenosine (FMCA) monophosphate prodrug (FMCAP) was syn-
thesized and evaluated for its in vitro anti-HBV potency against a lamivudine-entecavir resistant clone
(L180M + M204V + S202G). FMCA demonstrated significant antiviral activity against wild-type as well
as lamivudine-entecavir resistant triple mutant (L180M + M204V + S202G). The monophosphate prodrug
(FMCAP) demonstrated greater than 12-fold (12x) increase in anti-HBV activity without increased cellu-
lar toxicity. Mitochondrial and cellular toxicity studies of FMCA indicated that there is no significant tox-
icity up to 100 uM. Mode of action studies by molecular modeling indicate that the 2’-fluoro moiety by
hydrogen bond as well as the Van der Waals interaction of the carbocyclic ring with the phenylalanine
moiety of the polymerase promote the positive binding, even in the drug-resistant mutants.

© 2012 Elsevier Ltd. All rights reserved.

The chronic HBV infection is strongly associated with liver dis-
eases like chronic hepatic insufficiency, cirrhosis and hepatocellu-
lar carcinoma (HCC).! According to the World Health Organization
(WHO), currently about 2 billion people world-wide have been in-
fected with HBV and more than 350 million live with chronic infec-
tion. Acute or chronic outcomes of HBV infection are estimated to
cause the deaths of 600,000 people worldwide every year.”

Currently, there are several nucleos(t)ide analogues available to
treat chronic hepatitis B virus infection.>-® The major target of
these drugs is to inhibit the viral reverse transcriptase (RT)/DNA
polymerase, which is responsible for the synthesis of the minus-
strand DNA. Although the currently used agents are well tolerated
and effective in suppressing the viral replication for extended
periods, the significant rate of virological relapse caused by drug
resistance remains a critical issue.

Lamivudine (LVD) was first introduced as the orally active
anti-HBV agent in 1998. Lamivudine profoundly suppresses HBV
replication in patients with chronic hepatitis B infection; however,
lamivudine-resistant HBV (LVDr) was isolated from a significant
numbers of patients during the treatment with lamivudine,

* Corresponding author. Address: Department of Pharmaceutical and Biomedical
Sciences, College of Pharmacy, The University of Georgia, Athens, GA 30602, USA.
Tel.: +1 706 542 5379; fax: +1 706 542 5381.

E-mail address: DCHU@rx.uga.edu (C.K. Chu).

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2012.11.027

Currently, there are several antiviral options exist for these pa-
tients viz., to use adefovir or high dose (1.0 mg/day) of entecavir,
or more recently tenofovir. However, this resulted in also the
development of resistance mutants during the long term therapy.
At present, entecavir is the most prescribed drug, and is
recommended for patients with the wild-type as well as for those
harboring adefovir and lamivudine-resistant strains. However,
recent clinical studies by Tanaka and his co-workers suggested
that the entecavir mutant in the lamivudine-resistant patients
(L180M + M204V + S202G) causes a viral breakthrough: 4.9% of pa-
tients at baseline increases to 14.6%, 24% and 44.8% at weeks 48, 96
and 144, respectively.” Therefore, it is of great interest to discover
novel anti-HBV agent, which is effective against lamivudine- and
entecavir-resistant triple mutants (L180M + M204V + S202G).

The potency of a nucleos(t)ide analogue is determined by its
ability to serve as a competitive inhibitor of the HBV polymerase
relative to that of the natural substrate, the nucleotide triphos-
phate.® However, host cellular kinases limit the pharmacological
potency of nucleoside analogues by phosphorylation to their corre-
sponding triphosphates. Particularly, the initial kinase action on the
nucleoside to the monophosphate is the rate-limiting step. How-
ever, many synthetic nucleosides are not phosphorylated or the
rate of phosphorylation is very slow due to the structural require-
ment of the kinases, resulting in only generating a low quantity of
the triphosphate. To overcome this phosphorylation issue, nucleo-
side phosphoramidate prodrugs have been introduced,®°® which
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Figure 1. Structures of 2’-fluoro-6’-methylene-carbocyclic adenosine (FMCA; 3)
and its prodrug (FMCAP; 4).

can bypass the rate-limiting first step of monophosphorylation.
Phosphoramidate prodrugs have demonstrated to enhance the
nucleoside potency in cell culture as well as in patients.'®!! This
methodology greatly increases the lipophilicity of the nucleotide
to increase the cell penetration as well as to target the liver cells
in vivo.

In this communication, we present that a FMCA phosphorami-
date prodrug is such an agent, which can potentially be used for
the treatment of patients who experience viral breakthrough due
to the triple mutants caused by the use of lamivudine and
entecavir.

In our previous report, we have demonstrated that the novel
carbocyclic adenosine analog 3 (FMCA Fig. 1) exhibits significant
anti-HBV activity against wild type as well as adefovir/lamivudine
resistant strains.!? The present study describes the synthesis and
antiviral evaluation of a phosphoramidate of FMCA (FMCAP),
which demonstrated the significantly improved in vitro potency.
Additionally, we studied its mechanism of action how FMCA-TP
can effectively bind to the HBV polymerase by molecular modeling
and still exerts the antiviral activity against the lamivudine-ente-
cavir triple mutant (L180M + M204V + S202G).

FMCAP (4, Scheme 1)'> was synthesized using a known method
in the literature,'*'” in which the phosphorylation of phenol with
phosphorus oxychloride generates phenyl dichlorophosphate 1,
which was coupled with r-alanine methyl ester in the presence
of tri-ethyl amine in dichloromethane to give chlorophosphorami-
date reagent 2, which, in turn, was coupled with FMCA 3 in the
presence of 1-methyl imidazole in THF to furnish the phosphoram-
idate 4 in good yield.
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Figure 2. Mitochondrial toxicity of FMCA 3, AZT and 3TC through lactate
dehydrogenase release (LDH) assay.

FMCA 3 and FMCAP 4 were evaluated in vitro against the wild-
type as well as the lamivudine-entecavir resistant clone
(L180M + S202I + M202V). The FMCA 3 and FMCAP 4 demon-
strated significant anti-HBV activity (ECsq 0.548 £0.056 &
0.062 + 0.011 uM, respectively) against the wild-type virus, while
lamivudine and entecavir also demonstrated potent anti-HBV
activity (ECso 0.056 = 0.003 & 0.008 pM, respectively) (Table 1). It
is noteworthy to mention that the anti-HBV potency of FMCAP
(4) was increased to eight-fold (8 x) in comparison to that of FMCA
3, which indicates the importance of the initial phosphorylation of
the nucleoside.

FMCA 3 and FMCAP 4 were further evaluated for their in-vitro
antiviral potency against a lamivudine-entecavir resistant clone
(L180M + M204V + S202G). It was observed that the anti-HBV po-
tency of both FMCA 3 and FMCAP 4 (ECso 0.67 & 0.054 pM, respec-
tively) were maintained against the resistant clone, and
furthermore, the anti-HBV activity of FMCAP 4 was enhanced a
12-fold (12x) with respect to that of FMCA without significant
enhancement of cellular toxicity. It was also noteworthy to men-
tion that the anti-HBV potency of entecavir against the mutant

NH,
N
<1 )
(b) Q NTON
= 0-P-0
NH
HO
H ‘CH,4 4
OCH,

Scheme 1. Reagent and conditions: (a) L-alanine methyl ester hydrochloride, EtsN, CH,Cly; (b) FMCA (3), NMI, THF, rt overnight.

Table 1
In vitro anti-HBV activity of FMCA 3, FMCAP 4, lamivudine and entecavir against wild-type and entecavir drug-resistant mutant (L180M + M204V + S202G) in Huh7 cells
Compounds HBV Strains
Wild-type L180M + M204V + S202G
EC M
ECso (HM) ECao (M) CCso (M) sl
FMCA 3 0.548 + 0.056 6.0 £ 0.400 >300 0.67
FMCAP 4 0.062 +0.011 0.46 + 0.060 >300 0.054
Lamivudine 0.056 + 0.003 0.142 £ 0.008 >300 >500'7
Entecavir 0.008 0.033 28 1.20'¢
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Figure 3. (a) FMCA-TP binding mode in ETVr (L180M + M204V + S202G); and (b) ETV-TP binding mode in ETVr (L180M + M204V + S202G) and there is a steric hindrance.
Yellow dotted lines are hydrogen bonding interactions (<2.5 A). The Van der Waals surface of L180M is colored yellow. The Van der Waals surface of M204V is shown in spring
green. The Van der Waals surface of S202G is colored orange. The exocyclic double bond is shown blue color.

Table 2

MBAE (multi-ligand bimolecular association with energetics) calculation of FMCA-TP and ETV-TP after Glide XP docking?' and energy minimization®?

Strains Compounds Energy difference results (AE, kcal/mol)
Total energy vdw? Electrostatic
Wild-type FMCA-TP -588.05 375.78 —6341.08
ETV-TP -597.25 350.35 —6009.65
ETVr FMCA-TP —591.54 359.91 —6245.68
(L180M + M204V + S202G) ETV-TP —320.28 248.82 —4831.12

2 Van der Waals interaction.

was reduced by 150-fold (ECso 1.2 pM) in comparison to wild
type.'®

In the preliminary mitochondrial toxicity studies in HepG2 cells
by measuring the lactic dehydrogenase release,'® FMCA 3 did not
exhibit any significant toxicity up to 100 uM like lamivudine
(3TC), while azidothymidine (AZT) shows the increase of toxicity
(Fig. 2).

In our previous report, we described molecular modeling stud-
ies for favorable anti-HBV activity of FMCA-TP in wild-type as well
as in N236T adefovir resistant (ADVr) mutant.'? In the current
studies, it was of interest to know how the FMCA and its prodrug
maintain the anti-HBV activity against ETVr triple mutant
(L180M + M204V + S202G) in comparison to entecavir. Therefore,
molecular modeling studies were conducted to obtain the insight
of the molecular mechanism of FMCA-TP by using the Schrodinger
Suite modules.'® A previously described homology model was used
to further explore the impact of the ETVr to the HBV-RT.!? The
homology model of HBV-RT was constructed based on the pub-
lished X-ray crystal structure of HIV reverse transcriptase (PDB
code: 1RTD).2°

The binding mode of FMCA-TP and ETV-TP in ETVr
(L180M + M204V + S202G) HBV-RT are depicted in Figure 3a and
b, respectively. Their MBAE (multi-ligand biomolecular association
with energetics)?? calculations of FMCA-TP (total energy, wt
—588.05 & ETVr —591.54 kcal/mol) and ETV-TP (total energy, wt
—597.25 & ETVr —320.28 kcal/mol) after glide XP (extra precision)
docking?! and energy minimization in ETVr HBV-RT are shown in

Table 2. The triphosphate of FMCA-TP forms all the network of
hydrogen bonds with the active site residues (Fig. 3a), K32, R41,
$85 & A87 in the similar manner as in wild-type,'? whereas ETV-
TP lose the hydrogen bonding with R41 & S85. The y-phosphate
of FMCA-TP maintains a critical H-bonding with the OH of S85 with
connection of hydrogen bonds between S85 and N236 in ETVr
HBV-RT also. However, y-phosphate ETV-TP does not maintain this
critical H-bonding with S85 and N236 (Fig. 3b).

The carbocyclic ring with an exocyclic double bond of FMCA-TP
and ETV-TP makes the favorable Van der Waals interaction with
F88 in ETVr HBV-RT (Fig. 3a and b). There is no steric clash in be-
tween exocyclic double bond of FMCA-TP and M204V residue,
whereas ETV-TP exocyclic double bond has steric clash with
M204V residue in ETVr HBV-RT. The 2'-fluorine substituent in
the carbocyclic ring of FMCA-TP appears to promote an additional
binding with the NH of R41 guanidino group as shown in Figure 3a,
which is in agreement with the antiviral activity of FMCA-TP
shown in Table 1. Overall, the modeling studies can qualitatively
explain the favorable anti-HBV activity of FMCA-TP against ETVr
mutant (L180M + M204V + S202G) in comparison to entecavir as
shown in Table 1.

In conclusion, 2’-fluoro-6'-methylene-carbocyclic adenosine
phosphoramidate prodrug (FMCAP) was synthesized, which dem-
onstrated the significantly increased anti-HBV potency relative to
the parent compound, FMCA in vitro. Molecular modeling studies
delineated the mechanism of FMCA-TP and how it can effectively
bind to the lamivudine-entecavir resistant triple mutant resulting
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in maintaining the anti-HBV activity against the mutant. Further-
more, FMCA has been studied for the release of lactic dehydroge-
nase for potential mitochondrial toxicity and found that no
significant increase of toxicity of FMCA compared with other com-
monly used anti-HIV nucleoside drugs. Very recently, a preliminary
in vivo study in chimeric mice harboring the triple mutant, FMCAP
was found to reduce HBV viral load while entecavir did not (data
not shown). In view of these promising anti-HBV activities and
non-toxicity of FMCAP as well as the interesting mechanism of
antiviral activity, the chiral synthesis of FMCAP and its mitochon-
drial toxicity studies for preclinical investigation are warranted.
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<fEFIERE>

ZHIMNUERZROLEREY) O NEEH B RIBHEFRIIHL
7/ 7 ENVHEERL —BF

& WME BA XP mEx X FE OB MmE PP
RRREAMY HTHEEY =ik 4% HHA R HY #HA

BE 003 33 R84 B RFREERE X v ) 7 OSBHSPICESY Y oEEREL, 2001
EXYS3I7YY (LVD) #HE5HEEE . 2005 £EIC breakthrough hepatitis # BEL, 7
774 ¥ (ADV) BMBEAMEICBIT L. 2007 EICiZn Y FH ¥ (ETV) BHGHRAE
W& h/. 2008 4E, 2 [ B @ breakthrough hepatitis & ) Y /SEOER 22, HE LVD+
ADV BER#EICEE L. LdL, ALT LR DAV AREEPREL 22D, HiERE
EHEEh/. L80I, L18OM, AlSIT, TI184I, M204l/V NERZREEL, SHIWMEER & T
L. GEZFASEKENL L, 7/ 7+ ¥V (TDF) +LVD AR ELHBL, Y1 VAED
ETLHELOBBEMNE LN, S TIEMRY VIS LT, {bERERICBREFLF YY)
TTHHAER»ORBEHBHLENT L. BHEEFF—HROFERICLIZV AV AMES
BULAS, REERICE bk Le. SE, SHREERKE o FF—HROBERY ANV

AL, TDF FEH L EMERRL L DHET 5.

#REIME: F/7+EN

iU ®IC

B4 S AR ED 72T 23 SERED B BT #2145
A1 FF4 72 hid, 35 @kifid drug free 2 BiE
FIFN &bk L7ziEitE AR L L, 35U ECILHBY
DNA D5tk & U ALT EORFSRER{LEH
BLEHET Fu /7 BROBMEENERL L oTW
5. X¥5iI, HBeHiFOAEL HBVDNA RICL D,
B L RN OAMLE R LT3, bHET
B B G RBRET ShTW AHRE 7 - u 7 B,
2000 FEIZBH L2 5 3 7Y ¥ (lamivudine : LVD)Y?,
2004 SED T 7 7 * ¥ I (adefovir dipivoxil ; ADV)3?,

SHTELER
BRIBMIFR REEHBH

) EEBHLAEAFREEEMERHEERE

2) &R ARERARELSENE

3) BRI AEREREZIRRELE - RENEE

4) BERT L KERZRESTEHNLS - RENE
=
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<ZfTH20114E8H22H ><$RIRH20114E11A28H >

breakthrough hepatitis

2006 SEIZ . > 7 4 ¥ IV {entecavir ; ETV)Y A ERE
EChs BE HE7TIoZRERFTOE1ER
HITETV HiEae S h, SEOMMERBBRIPEHIL
FHlZhBH?, Zh TO LVD AR LVD BHE%
BMBICHT 2 ADV SERBIL Ak { v 550, &
ho{HBRE7 - u /7 BosENRORRICE:,
ST AV AOHBRIBEZENS.

K41t BRFRZA0E LB B oERER
i, IREEME L ESY S AT0BREEL, BR
BEIF£Y4 VA (HBV) a¥ buo— i LELT
LIERERBRLL, BEY A VAREOHE. LVD,
ADV,ETV oW hoilic ittt +d LS AEH
#iZ X % breakthrough hepatitis(BTH) T o 7272,
¥/ 7 * ¥ ) (tenofovir disoproxil fumarate : TDF) %
Fv7s rescue R HEIT L7, SHIEE HBV 3L
T TDF #*ZZ L, BRUEER Y v EiIcT 581t
FEREB LU HBV ¥ v Y 7% Fr—Lt 3 5RMEHS
HARSIHTCE7: 1 fl%ER L /0T HBVDNA
BEEOBRTEMA THRET 5.
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Table 1 Laboratory data on admission
<CBC> <Blood chemistry> <Virus markers>
WBC 3590 /nl P 6.8 g/di HBsAg 14000 CO1
Neut 59 % Alb 412 g/dl (CLIA)
Ly 31 % T-Bil 05 mg/dl HBsADb 0.5 mIU/ml
Mo 10 % D-Bil 0.2 mg/di HBeAg 256 COl
Eo 1% AST 82 IU/L HBeAb 0.1 %
Ba 0% ALT 122 TU/L HBcAb 100 %
RBC 441 x 10 /p LDH 187 1U/L HBV-DNA 6.5 log copies/ml
Hb 15.0 g/di ALP 230 1U/L (RTD-PCR)
Hect 43.1 % v-GTP 49 TU/L HBY Genotype C
Plt 203x 10 7wl Ch-E 165 TU/L (RFLP)
BUN 14 mg/dl HBV precore Wild type
<Coagulation> Creat 0.7 mg/d! (PCR-ELMA)
PT 837 % AMY 50 1U/L HBV core promoter Mutant type
PT-INR 111 INR T-Cho 154 mg/dl (PCR-ELMA)
APTT 91.1 % TG 69 mg/d! HCV Ab 3rd (-)
Na 143 mEqg/L
K 37 mEq/L <Immunology>
CL 105 mEq/L 1eG 1026 mg/dl
CRP 0.04 mg/di 1gA 256 mg/dl
TeM 120 mg/dl
AR 9 T2 LVD+ ADV #8205 ETV 05 mg/ H o
E | MU 512 R T S 4172, 2008 4E 5 112 2 il H o) BTH

BE 33
ISR 20 MEICIC B 2 RREIF S
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TS T CIVAGEN L A% il B B4 37137
VD LD 100 mg/day
[ v ADV TDF 300 mg/day
ALT ) HBYV DNA
(iu/L) HSCT (HBV carrier donor) (log copies/mL)
250 r -7
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Fig. I HBV viral load dynamics (black diamond shapes) and course of ALT (black

triangles) during different treatment (ET
efovir; 'l

V: entecavir; LVD: lamivudine: ADV: ad-

DF: tenofovir). HSCT: Hematopoietic stem cell transplantation. Hollow ar-

rows indicate sampling times for HBV polymerase gene sequence analysis (see

also Fig. 2)

Table 2

Sequence mutations of prior TDF/LVD treatment regimens

rt A domain rt B domain

rt C domain rt D domain ri E domain

L80 169 V173 L180  AISL  TI84  AI94  S202  M204 N236 M250
LVD 1 L M Iy

ADF T T

ETV T ‘M I G/C IV Y
TDF T

Gray areas indicated the existences of the mutations in this case.

SO N AN (nt1896) /core pro-
moter(nt1762/1764) (& Wild/Mutant tvpe T# 1. Geno-
type 13 C TH -7z,

ERGEB (Fig.
L%

HBYV precore

D LD ETV EERRINBLC
BTH & &, ETV Hifigz b5 I‘JJ LVD 100mg/

H+ADV 10 mg/HOPEIEHI AW U7z, LVD Bt
HEICE 1\ LG U ETV s sl
THI I c‘LyﬁfoL" AL e h
%, HBV DNA O nE RS (RT) #0737 R
B % iz i A S 3l L 7: HBV DNA % PCR

HHICHIE L 22 #, INNO-LiPA HBV DR (ver 2 plm
ver 3) & direct sequence 8 LU THHIT
A AR Yesg L7z (Table 2). EINE
3% 1801, LISOM, M204L/'V %7 L, ADV i
PENTH S AI8IT & BTV HHEERTH D L1SOM,
TIBAL M2041/V SAF L7z, &d, 7 a—= v 7O
4, RT #i4 domain B & C @ major 7 @ — Y @5
LI1SOM -+ A181T + M2041 T& D, minor —-r&L
T L1SOM + T1841+ M204V H3Hl} & ilf‘ U &9,

ZREE HBV M2 X % BTH & Birs v,

O— Y
L\Dmﬁ"i

2512
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Amino acid No. 71 80 84 120
AB246345 NLLSSNLSWLSLDVSAAFYHIPLHPAAMPHLLVGSSGLPRYVARLSSTSR
(1)2008/08 ——=—-—we-- IemoMmm e e e
(2)2009/02 momm e e
Amino acid No. 121 170
AB246345 NINYQHGTMQODLHDSCSRNLYVSLLLLYKTFGRKLHLYSHPIILGFRKIP
(1)2008/08 === e
(2)2009/02 ——mmmmmem e e
180 184
Amino acid No. 171 181 191 204 220
AB246345 MGVGLSPFLLAQFTSAICSVVRRAFPHCLAFSYMDDVVLGAKSVQHLESL
(1)2008/08  —==—===== MT—-I----—- [-——wwrmmm——— P e e
(2)2009/02  ———m—mmmm e e
Amino acid No. 221 237 256 260
AB246345 FTSITNFLLSLGIHLNPNKTKRWGYSLNFMGYVIGCWGTL
(1)2008/08  —=—--eememeee Tommm e ———————— S
(2)2009/02  ——mmemmc— e ————— S==—=

¥: I/V mixed type

Fig. 2 Amino acid sequences alignment of HBV reverse transcriptase region at different times,
The reference sequences indicate the amino acid sequences of HBV genotype C clone at Gen-
Bank accession number AB246345. The analyzed points are (1) at commencement of TDF/LVD

(2008. 08) and (2) at 1 weeks after HSCT (2009. 02).

LVD+ADV $f st Rks 7 8550 ALT i 19610/
L & Bflix kL, T 7- HBV DNA {3 54 log copies/m/
t llog BEOBESIZH T o Twis. —7, BEF#IC
X3 B GRS b IR EBROYEL BORVIE
&, 5 DLBCL (S 5 W R A2 A e bt
ABLERTRTHolz. LA -T, SRGEGEER
L&ERFODE, 8A12BL Y ADVIZZE LT TDF 300
mg/ B O5.% ik L7z TDF + LVD $:R# S0 Rk
# X h FEL A% HBV DNA ftOET & Fiskod®
2%, DLBCL (285 3 Vv~ — Vit Ch bt
(R-DeVIC ##:% 3 a—R) & Bt (RENIRE
B L LCLEE, ESEH, EFE. total24Gy B
) #HeMHITTHILENTEL. ERDLEL,
F-ERO HLA *—B L Twii, Fl 3 RAME
f#2Hi (allogeneic hematopoietic stem cell transplanta-
tion : alle-HSCT) d#at &/, LA L, RRTHS
b EENC HBV EEREX ) TTHY, 6k
HBV DNA fiti 88log copies/m! LLE & BHZRLTW
foo BREFF—ELTREYAVAAERICLID Y4
NAROBT#HERLLH®, FF—FKA» 8500

- 235 -

DRBETEVWERT 70 VBRI TARENESHh
ot LikdoT, Fr—RY¥: HBV ICHEAREE
RPLWILEBRLAHKIC, Y9I VARBHEDOT £
2009 4£ 2 A2 allo-HSCT A7z, HSCT MfTi#EIc
iy 4 W ARO LR & T8O LR % B 7-55 HBV
DNA SHERFIBT L h UL Y x> b THDI-EH
REERBIEIRB SN, FF—mhko HBV B4R
I AHREMEEEFE X 5Nz (Fig.2). HBV B4k
Thhid TDF+LVD fEHfgtEd MR a5 L
%z, TDF+LVD ffHfEsRER S e, 20k, M
ey 4 W ARG T AP MICET L, B BTH OFRE
CHEFTRAL, SHICHSCT#H24E6 W ARAT
DLBCL HEEB@LMERL TV 2.

z =8
R 23EBEDDHEDOHT A FI 4 Clk, MIEER
Pl~D ETV #5., 3L U LVD #E5#TH HBVDNA
REERBOEEIE ETV AOY Y HL AR EN T 2,
LA L, ETVH Y L HICIIED LVD @ty 1 v
AeBTHERMOHFEL, RIRSICL 3 ETV Wl



5/ 7 4 €N EI LA SHEHE B BT

BOWHEEITECE v, F4, LVD RIS
2 ADV SEH#EEOHY 4 VW AZDRIHRR RITTH 555
—EBOEF TR BB R, HeS Mo
Y AEPLNCEHAREEROUBY TSNS,
HA4 K54 2L niE, LVD, ADV, ETV OW§Fho
AN LI ERASIBL L 2285813, ETV + ADV $RH#
EHBHVIETDF 2R L TWB, L LA, bt
ECid TDF i B BHBHEIF 203 % R A5 <
TDF i EFROERIZ Lo, BN Tl TDF
DEIECHT 5 — &R RFII R

TDF {2 ADV EBBIL -2 AT L, Bdthinl
LVD ZRERISH T 5 invitro TOHLY 4 W A% R
BLINTWAS?, —7, TDF i ADV (ZH8 L CTHBE
FEOREFEAEL, ADV @ 30 FHit OB S5-» kT
b0 FERIHY AN ARRE BTS2 L HWRRE
hTwa, £ ADV $ ks Lo _HERSARRIC L
5 iEHURSTTIE, TDF 4k 48 Bt 5.1 & % HBe HiUH
B4 & HBe HURESEMNZ 547 5 HBV DNA Katfibs
1£76%, 93% ThHhH, ADV HilR:omEEATIC
LEIZLDTH -7 F/:, TDF HERBLUCOWT
3 3EMOPBKE TO0% LHEESNTWVEY,

S5C# 5, LVD & ADV OEHEAEEY 4
RISHT 5 TDF 2 BW oAt &hTw
%. Choe 6, LVD+ ADV it B 8% #: v @ virologic
breakthrough % \» L& ISR %R L7 B BIFEE
6 B LC TDF+LVD it 2 fTo /2L 25, 6
sk 5 I CIE rt181 % rt236 D ADV R RATERL &
HTWAAt, 214512 7 ALPIC HBV DNA ASRIERL
T&Zh, TDF BHEHTHo-LHEL T2 &
7=, Bommel HD#ETix, LVD, ADV {iii 131 i
#UCHFY 23 7 Ao TDF Bk oA L 5,
18 virologic breakthrough % %73, 79% 7% HBV
DNA BIELTICET L7z #BRIEWC LI, LVD Bk
BRI 5 TDF GHHRIEI R TH o 2205, ADV
FHEZERIZH$ % TDF G RIEM4E54 % (HBV DNA
RELTOHAIL, LVD BHEERBIA 100% (8L T,
ADV BHEZERPITIE52%) 2 L HBE s hTwWaY,
—77, Patterson %1%, LVD {&#ERIGAD ADV #ilt K
ISR 60 Bl LT, BIi&E#EAS ADV Hphi&plid
TDF HAl#x5, ADV+LVD #fA#iE TDF+LVD
G E L. 3612 TDF H 24 83k 54281 5 RS
ARFIE TDF +LVD SEHIC BT 5 Wil 2 i % £
LTuWa. #5513 48 8112 46%, 96 A£IZ 64% HHBV
DNA BELFISET L, ¥/ TDF #iJ8#io LVD ik

39:39

5 204 £ ADV GHEZER rtl181 % rt236 (2 X 5 iHH#
MPADEE I oo b BELTHAY,

Ih oo, ZHTEESICY LT TDF XE%)
THAHZEERT L E DI, ADV BHEERHBIBITIE
TDF HAH 542 & 2 MR T 5 WagtEdSH 5
CEERELTWAS, Lo T, ADVEEXBICE
L T =4alofERITIE, TDF g5 Cid { TDF+
LVD SER#tEE BRI s .

LG, ETV OBHICHY, ThETREARET
Ho7: LVD+ADV fFH#ED S ETV B 5125
EW I/ ETV £ 5-RGRHS TR Y 4 v A8REG
FbhTwiwd, LVD BRI HE LA BTHOX
¥y —F2b, LVD HHEERPEICHFEET S I ENF
il 35, LVD i EREEHIC 34T 2 ETV @ genetic
barrier 26 <, BHIZETV LR BBITLL
FEB SN LD ETV BRUNBE L0 EHEM
ENTBOLT RET 7547 2 AE & U naive EH
T ARy A VAR OAEEELZETV
BASREANOERN—BTiHbh T, BEOZER
Tl LVD BPEREREHIC I ADV add-on #E#ARAIT
HoH, HEORREEZLS LHEMDTE ( ETV
BP0 ) BAEFAPP P 6T HFET S EDF
WEh, §HRESAMEERY A VAOHRAIPBRS
na.

¥, ABET AEEMY IS LT, HBV 4 Y
7% F—& L7z HSCT A s /- HBV Btk K —
P HOFHBH T, HBV PEFIZL YT/ MR
g D720, BEEFF—IHTIBERTISICX
A4 NVAar bu—nE L ¥y MIHH 5 HBY
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