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2.7 % 10° copies of HBV genotype C. The preacute plasma
sample was collected from Chimp 272 29 days after chal-
lenge (inoculum IV), It contained 3.0 x 10° copies per mL.
HBV DNA and was positive for the presence of HBsAg but
still negative for the presence of anti-HBc and anti-HBs
(Fig. 1B).

Estimates of HBV DNA copy numbers in serial
1-in-10-fold dilutions}and inocula below the HBV
NAT detection limit

Serial 1-in-10 dilutions of inoculum I of genctype A were
prepared in preinoculation serum sample from each
chimp (e.g, Chimp 272, Chimp 279, and Chimp 280,
respectively), Dilutions were delivered to three tubes each

- in 1-mL aliquots and snap-frozen in liquid nitrogen. Con-
centration of HBV DNA was determined in one of the
three tubes in each dilution.so as to guarantee copy
numbers of HBV DNA in the other two vials that were
inoculated into chimps. These samiples had been stored in
a deep freezer at —80°C until inoculation.

Table 2 shows the measured HBV DNA concenira-
tions in 1-in-10 dilutions of inoculum II (genotype A). The
quantitative HBV DNA results starting from 2.6 x10%
copies per mL in the undilutéd sample varied between
2.0x10° to 2.3x 105, 2.0x10* to 2.4x10% 1.6x10° o
2.0x 103 and 1.7 x 10? to 2.8 x 10? copies per mL, respec-
tively, in the 1:10, 1:10?, 1:1(P, and 1:10* dilutions. These
quantitative results are an indication of the accuracy of
the dilution and assay procedure. On the premise that
dilutions beyond 1:10* had been performed properly,
further ditutions to 1:10° and 1:10%would have contained
16 to 28 and 1.6 to 2.8 HBYV DNA copies per mL (ranges
estimated by variations of HBV DNA measurements in
lower dilutions), respectively, although they were helow
the detection limit of the PCR method used.

Likewise, serial 1-in-10 dilutions of inoculum IV
{genotype C} were prepared in the plasma sample from
Chimp 269 and Chimp 285, HBV DNA in' 3.0x 105,
3.5x10° to 3.8% 10%, 3.6%10° to 3.9x 104, 3.6x10° to
4.6x 10° and 4.3 x 10? to 4.6 x 10 copies per mL were
detected in the original serum samples at 1:10, 1:10?, 1:10%,
and 1:10* dilutions thereof, respectively {Table 3). Thus,
further experiments were performed on the assumption
that serial dilutions of 1:10° and 1:10° of incculum IV
would have contained 35 to 46 and 3.5 to 4.6 HEV DNA
copies per mL, respectively.

Determination of the minimum copy number

required for transmission of HBV genotype A or
genotype C to chimpanzees

When Chimp 272 and Chimp 279 were inoculated intra-
venously with 1.0 mL of inoculum 1 diluted 1:10° (equiva-
lent to 1.6 to 2.8 copies of HBV DNA in an in vitro assay),
HBV infection did not develop in either of them during -
monitoring ‘for 119days (17 weeks) and thereafter.
Chimp 279 was then rechallenged with 1.0 mL of inocu-
hum H diluted 1:10° (equivalent to 16-28 copies). He then
became infected and developed HBV.DNA in his serum
55 days (8 weeks) after the inoculation. Chimp 280 was

" also inoculated intravencusly with 1.0 mL of inoculum II

diluted 1:10° (equivalent to 16 to 28 copies of HBV DNA).
He developed HBV DNA in the circulation 76 days
(11 weeks) after infection. In view of the incubation period
of 55 to 76 days (8-11 weeks) for 1:10° dilution of inocu-
Ium I, HBV infection would probably not have occurred
in chimps who received 1:10° dilution if they had been
followed longer than 119 days (17 weeks).

Chimp 269 and Chimp 285 were inoculated .with
1.0 L of inoculum IV diluted 1: 10° (equivalent to 3. 5-4.6
copies of HBV DNA in an in vitro assay). During follow-up

TABLE 2. Quantification of HBV-DNA in serfal 1-in-10 dilutions of the standard serum for HBV genotype A
. {inoculum M)*

Serial dilutions in prelnoculation serum samp!es of each chimpanzee

23x 108 2.3%10*

Chimpanzee . Undiluted 1:10 1107 1:10° 110 - 12105 1:10°
272 2.6x10° 23x10° 2.0x10* . 20x10? 17x 1 Mot done - <100
279 2.6x 108 2090 2.4 x10* 2.0x10° 2.4 x 10? <160 <100
280 2.6x 108 1.6x 108 2.8x10% <100 Not done

* Data are reported as copies per mk..

TABLE 3. Quantsflcatlon of HBV DNA in senal 1-in-10 dilutions of the standard serum for HBV genotype c
. (inoculum-V)*

"Serial dilutions in preinoculation serum of each chimpanzee

Chimpanzees Undiluted 1:10 1:102 1:10° 1:10¢ 110 1:10°
. Chimp 268 3.0x10°F° 3.8x10° 3.9x10¢ 3610 46x 108 <100 - <100
Chimp 285 3.0x10° 35x10° 36x10¢ 4.6x 107 43x 107 <100 <100

* Data are reported as copies per mL.
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for 112days (16 weeks), however, no HBV infection
occured in either of them. Subsequently, they were
rechallenged with 1.0 mL of inoculum IV diluted 1:10°
(equivalent to 35-46 copies of HBV DNA) 17 weeks after
the initial inoculation. They developed HBV DNA in, the
circulation 35 and 50 days thereafter, respectively, indicat-
ing that both of them were infected. Therefore, the
50 percenf chimp infectious dose (CIDs) for both geno-
type A and genotype C lies between the lowest infectious
dose of approximately 30 copies and the subinfectious
dose of approximately 3 copies or at approximately 10
HBV DNA copies.

HBV infection resolved in all six chimps and they
never became carriers. Within a few weeks after the peak

HRBV DNA titer was reached, serum levels of ransaminase
increased slightly, within 3 times the upper limit of
normal.

Replication velocity of HBV DNA in the preacute
phase of infection

Doubling time and logarithmic time of HBV genotype A
Figure 2A illustrates the appearance of HBV genotype Ain
the circulation, when HBV. DNA reached more than 102
copies per mi, as well as its early dynamics in Chimp 246,
Chimp 278, and Chimp 280 during the preacute phase of
exponential replication. HBV DNA emerged in the cireu-
lation earlier in Chimp 246 than the other two chimps, but
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Fig. 2. Log-linear increase of HBV DNA in thie circulation of chimpanzees during the early exponential replication phase. (A)
. Dynamics in the early ramp-up phase of viral DNA for three chimps inoculated with HBV genotype A: one chimyp (Chimp 246)

received 1 mL of human plasma containing 6.9 x 10* copies and the other two chimps (Chimps 279 and 280) recetved 1 mL of a
100,000 dilution of chimp plasma taken in the HBsAg ramp-up phase just before appearance of anti-HBc, which dilution contains

ameasured amount of 16 1§o 28 copies. (B) Graph summarizes the viral load dynamics for three chimpanzees inoculated with HBV
genotype C: one chimp (Cl-ump 272) recelved 5 mL of human plasma with 2.7 x 10° copies of HBV DNA and the two other chimps
(Chiraps 269 and 285) received a measured. amount of 35 to 46 copies (1:106,000 dilution) of preacute-phase chimpanzee plasma,

" Shaded areas are below the detection imit of NAT (<100 copies/mL). Only the phase of exponential replication is shown, and HBV
DNA decreased after it reached peak values of 5.7 x 10° to 2.8 x 10° copies per mL in three chimps inoculated with HBV genotype A
and 1.1 X 107 to 4.6 X L0° copies per mL in three chimps inocifated with HBV genotype C.
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this aniimal had received more than a
1000-fold larger amount of copies of
HBV than the other two chimps. Despite
the 1000-fold higher infectious dose,
the log-linear. increase of HBV DNA
in Chimp 246 was the same as in
Chimp 279, who had received the mini-
mum infectious dose. In Chimp 246,

_HBV DNA replicated exponentially from
21 to 97days (3-13 weeks) until it

peaked and then declined. Even though
the same minimum infectious dose
of HBV 'was inoculated, Chimp

" 279 developed detectable HBV DNA

about 21 days (3 weeks) eatlier than
Chimp 280, in whom HBV replicated

slightly slower. Desplte differences in _

HBV doses and individual variation, the
replication velocity was constant for
HRV genotype A in the preacute phase
of infection, before innate immune

MINIMUM INFECTIOUS DOSE OF HBY AND GENOTYPE

TABLE 4, Estimated doubling times and logarithmic times for HBV
_genotypes A and C with log-linear and growth-curve analysis

Doubling time Logarithmic time y=axexphxx)
Genotyps {days) (days) a’ b . R
Genotype A ' ’
Chimp 246 271, 9.1 . 0.8491 0.2556 0,997
Chimp 279 3.08 10.14 0.0015 0.2271 0.998
Chimp 280 4.43 14.73 0.0022 0.1563 0.999
Genotype C s )
Chimp 272 1.68 5.58 0.2074 0.413 0.998
Chimp 269 1.79 5.96 0.0002 0.3863 0.999
" . Chimp 285 25 . 8.31 0.0009 -~ 0.2771- 0.997

TABLE 5. Comparing the replication velocity of HBV DNA between the
two genotypes estimated by a growth curve

- Doubling time - Logarithmic time y=axexpbxx)
Genotype  {95% Cl), days (85% Cl), days a* b (95% ClI) p Value
A 3.44 (2.64-4.89) 11.42 (8.80-16.26) 2.209 0.2017 (0.14-0.26) <0.01
c 1.9 (1.83-2.27) 6.3 (541-754) 2.290 0.3654 (0.31-0.43) :

* To evaluate the difference of “b” (that is, slope) between the two genotyp% the growth
curve model is assuming that “a° is idéntical.™

responses of the host developed, while
the virus xeplicated at an exponential
rate. The doubling time and the loga-
rthrhic time, i the early exponential viral replication
phase, were calculated to be 2.7 to 4.4 and 9.0 to 14.7 days,
respectively (see Table 4).

Doubling time and logarithmic time of HBV genolype C
The replication velocity in the preacute phase of infection
in chimpfanzees inoculated with genotype C inocula was

" faster than in the chimps infected with HBV of genotype A

(Fig. 2B). Again, slight variation in log-linear increase of
HBV DNA was found, and HBV DNA appeared in serum
earlier in Chimp 272 who was inoculated with. a 100,000-
fold higher infectious dose than was administered to
Chimps 269 and 285. As seen in the chimps inoculated
with HBV genotype A, HBV genotype C increased in a log-
linear fashion-in the absence of host immune responses.
Doublirig times of HBV DNA in the circulation of
Chimp 272, Chimp 269; and Chimp 285 were calculated to
be 1.7 to 2.5 days and logarithmic tmes were 5.6 to
8.3 days as determined with the regression formula shown
in Table 4.

When comparing the replication velocity of HBV DNA
between the two genotypes estimated by a growth ctrve,
the difference was significant (p < 0.01, Table 5). That is,
the doubling time of replications of HBV DNA with geno-

* type A wad estimated to be 3.44 days (95% confidence
interval [CI}, 2.64-4.89 days) and the logarithmic time was

estimated to be 11.42 days (95% CI, 8.80-16.26 days). By

" contrast, those with HBV genotype C were estimated to be

1.90 days (95% CJ, 1.63-2.27 days) and 6.30 days (95% CI,
5.41-7.54 days), respectively.
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TABLE 6. Window periods before HBV DNA and
HBsAg developed in the circulation of
chimpanzees inoculated with the minimum
infectious dose of genotype A or genotype C

! Chimp Markers of HBV Infection
HBV incculated  infected  HBV DNA (days)  HBsAg (days)
Genotype A 278 - 55 68
280 . 76 97
Genotype C 269 35 50
) 285 50 64

Window periods of HBV DNA and HBsAg in
chimpanzees inoculated with the mirimum
infectious dose of HBV. :

After’ inoculation, the time before HBV DNA becomes
detectable in the circulatiori by the single-sample NAT
(with a sensitivity of 10° copies/ml) and the time before
HBsAg was detected by CLIA after inoculation are listed in
Table 6. The HBV DNA (<100 copies/mL) NAT windowwas
55 and 76 days, respeciively, in Chimp 279 and Chimp 280
inoculated with the lowest infectious dose of HBV genoty-
pe A (approx. 30 copies). These NAT window periods were
longer than. the 35 and 50 days, respectwely. found in

Chimp 269 and Chimp 285 inoculated ‘with the lowest
infectibus amounts -of HBV genotype C (approx. 30

coples) Likewise, the I—IBsAg window was Ionger in-
Chimp 279 and Chimp 280 infected with- genotype A

than in Chimp 269 and Chimp 285 infected with geno-

type C (69 and 97 days, respecﬂvely, vs. 50 and 64 days,

respectively).
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DISCUSSION

Animal models sensitive to human hepatitis viruses offer
robust advantages in obtaining basic data of viral infec-
tivity.”? By experimental infection of chimps with HCV,
we have been able to determine the minimum infectious
dose of HCV required for establishing infection.'s's The
doubling time of HCV was determined to be 6.3 to
8.6 hours in two chimps inoculated with the minimum
infectious dose of approximately. 10 copies of HCV RNA.
During the first 5 days after inoculation, HCV ENA did
not increase above the NAT detection limit of 10* copies .
per mL in the circulation.’ It would not be possible to
detect HCV infection during the initial few days after
exposure, even if 1-mL samples were used for individual
NAT.

In this study, we have determined the minimum
infections dose for two standardized inocula containing
defired copy numbers of HBV DNA. They were plasma
passages of HBV in chimps harvested during the preacute
phase.of infection and had been processed with the
utmost care for maintaining infectious activity. The
minimum infectious dose of HBV or the dose where
50 percent of the chimps would be infected lies between
1-in-1 million ard 1-in-100,000 dilution of the original
inocula and is estimated to be of the order of 10 copies, as
was the case for HCV'™* On the basis of HBY DNA concen-
trations measured in serial dilutions of inocula (Tables 2
and 3), the minimum infectious dose can be determined
to be 16 to 28 copies for HBV genotype A and 35 to 46
copies for HBV genotype C.

There are two definitions of the minimum infectious
dose of HIBV. Theoretically, it is a single copy of HBV. Not all
HBV virions entering the circulation of recipients,
however, will succeed in reaching hépatocytes, because
some of them are phagocytized by circulating macroph-
ages and Kupffer cells in the sinusoids of the liver. In a
mathematical window-phase risk model, Weusten and
colleagues® havé proposed a minimum infectious dose

.approximately 10 copies of HBV, on the basis of the
CIDs,./*"* Recently the inocula derived from chronic
HBV carriers used in- older chimpanzee studies™*
were requant_:iﬁe_d by Hsia and coworkers®™ with real-time
TagMan PCR. The estimated HBV copy number per ClDs,
(geq) was 169 for genotype A adw, 78 for genotype D ayw,
and 3 for genotype C adr, calculated by mathematical
- division, respectively. These viral load data; performed on
cryopreserved aliquots from an inocula derived from a
chronic HBV carrier (f.e., HBsAg- and anti-HBc-positive),
were derived retrospectively several decades after the
chimp titration studies.. These results are different from
the results obtained in our study, where the Inocula was
derived from the early ramp-up phase of viremia (HBsAg
is positive but anti-HBc is negative) and the chimp titra-
tion and viral load analyses were performed prospectively.
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window phase

Hence, the minimutn infectious dose defined as a single
copy, proposed on a theoretical basis, would deserve

. Ievisiting in practical HBV infections. The window period

of HBV infection changes with the size of the inoculum,
The more copies of HBV inoculated therefore the shorter
the incubation period in experimental transmission
studies in chimps."! An inverse correlation is reported,
also, between time before HBsAg appears in serum and
the HBV dose in human beings.?! In accordance with these
reports, we also found that the NAT window was shorter in
chimps receiving larger sizes of inocula both for geno-
types A ahd C (Fig. 2). The NAT (<100 copies/mL) window
period was approximately I week with an inoculum’ of
2.7x 10° copies of genotype C, approximately 3 weeks
with 6.9 10* copies of genotype A, 5 to 7 weeks when
inoculating 35 to 46 copies of genotypeC, and 8 to

* 11 weeks when inoculating 16 to 28 copies of HBV geno-

type A, while no infection was observed during 16 to
17 weeks of observation with an inocula of approximately
3 copies of genotype A or B. Theoretically, HBV infection
might have become detectable after 17 weeks, but this is
unlikely when extrapolating the data above. Inoculation
with HBV in large amounts, as happens with transfusion
with HBsAg-positive blood units, has been largely
excluded since introduction of HBsAg testing in 1972,
Barker and Murray*! have shown that inoculation of lower
infectious doses of HBV in the Tange of 10 to 107 diluted
icteric plasma no longer caused clinical hepatitis in
healthy individuals, while infection still occurred with up
to a 107 diluted inoculum, as detected by an HBsAg
complement fixation test. Qur study showed that HBV
DNA levels increase 6.5 x 10% to 2.2 x 10° copies permL at
the time of the first HBsAg-reactive sample in six chim-
panzees in whomn blood samples were taken at intervals of
2 to 7 days. These amounts are enough to cause clinical
hepatitis B.?' Indeed, Satake and coworkers® found that
transinission of 5,000 to 50,000 copies of HBV by blood
components with a low viral load in the pre-MP-NAT
could cause clinical hepatitis B.
Transfusion-transmitted HBV after introduction of
individual-donation: or small-pool NAT (<10} is still pos-
sible, but would involve relatively low infectious doses of
HBV of approxlmately 10 to 100 CiDs,.

In the chimps inoculated with appronmately 30
copies of HBY, the NAT window was determined by
individual-donation NAT having a sensitivity of 10? copies
per mL, while the HBsAg window was established by CLIA
with the highest sensitivity presently available 372 The NAT
window was 55 to 76 days and HBsAg window was 69 to

- 97 days, respectively, in Chimp 279 and Chimp 280 who

bad been inoculated with -approximately 30 copies of
HBV genotype A. In contrast, the NAT window was 35 to
50 days and the HBsAg window was 50 to 64 days, respec-

- tively, for ‘Chimp 269 and Chimp 285 inoculdted with

approximately 30 copies of HBV genotype C. Thus , neither




the NAT nor the HBsAg window phases overlapped
between minimum-dose infections of HBV genotypes A
and C; they were longer for genotype A than genotype C. It
- may be that the NAT window is longer for genotype 4,
prevalent in Western countries, than genotype C common
in Japan It cannot be excluded, however, that the results
observed in our inoculation studies with a limited number
of chimpanzees were influenced by the host rather than
the genotype of the virus. The duration of the NAT and
HBsAg windows are influenced at least by three factors: 1)
the infectious dose, 2) individual variation among Tecipi-
ents, and 3) distinct HBV genotypes.

We found the replication velocity of HBV in the
preacute phase of infection remarkably different between
genotypes A and C. From three chimps infected with HBV
genotype A, the doubling. time was estimated to be
3.44 days (95%CI, 2.64-4.89 days) and the logarithmictime
11.42 days (95% CI, 8.80-16.26 days). From three chimps
infected with HBV genotype C, the doubling time was esti-

mated to be 1.90 days (95% CI, 1.63-2.27 days), and the.

logarithmictime 6,30 days (95% CI, 5.41-7.54 days). Alsoin
chimeric mice with the liver replaced by human hepato-
cytes, genotype A was found to replicate much slower than
genotype C in the initial weeks of HBV infection.2
The replication velocity of HBV in thé circulation,

~ indicated by the viral doubling time, is an important factor

when calculating the window-period reduction provided
by NAT screening systems, Biswas and colleagues® calcu-
- lateda doubling time of 2.56 days (95% CI, 2.24-2.97 days)
based on a seroconversion panel of 23 HBYV infections.
Yoshikawa et al.* followed 93 donors i preacute phase
HBV infections who had been identified by the routine
NAT screening program on 50-MPs at JRC Blood Centers.
They estimated a median doubling time of HBVat 2.6days
(range: 1.3-15.2).
" Kleinman and Busch’ have asses_sed the HBsAg
window period based on the HBV doj1bling time of 2.56
days documented by Biswas and colleagues.? Theyf esti-
mated an HBsAg window at 38.3 days (95% CI, 33.0-
43.7 days) by the CLIA HBsAg seroconversion point at a
concentration of 1650 copies per mL, while Minegishi and
coworkers'? determined the HBsAg seroconversion point
at 2100 copies per mL We found the HBsAg seroconver-
sion with AxSYM occurred when the HBV DNA concen-
tration reached a level of 6.5x 10° to 2.2x 105 in six
chimpanzees. The differences in HBV levels at HBsAg
seroconversion in CLIA may be related to the genotype,

but also could reflect differences in the calibration of HBV

_quantitative assays in genome copies.
Itis not known if the chimpanzee model is as suscep-

tible for HBV infection as human beings. As aresult, the

minimum dose of HBV for transmitting infection to man
is, in fact, not precisely known. Nevertheless, a minimum
human infectious dose of approximately 10 HBV DNA
copies, as indicated by our chimpanzee infectivity experi-
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merts, seems a reascnable assumption for modeling the
HBV transmission risk in the pre-HBV-NAT window
period. '
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