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Fig 2. HA content (bars) and HA titer (symbols] in MDCK culture medium or allantoic Muid. All cultures were performed at 3 inoculum concentrations. except for A/Ku M1/E1
because of the small volume of A/Ku M1. Viruses from MDCK cells were purified and re-suspended in PBS at the same volume as that of the culture medium, Viruses from

eggs were purified and re-suspended in PBS at 1/100 of the allantoic fluid volume. The HA content was

C

sted of egg-dernived A/Wyoming

d by SRD {

antigen and anti-A/Wyoming sheep serum obtained by immunization with egg-derived A/Wyoming HA antigen).

sortant viruses (A/Ku IVR-135 E12/E2/E1, A/Wy IVR-134 E13/E2/E1 ).
When these viruses were cultured in MDCK cells, they all produced
high HA titers and HA yields at any inoculated MOL The HA content
of virus partially purified from pilot culture of A/Ku M1/M3 in MDCK
cells was 24-39 pg/mL, which was 2-3 times higher than the HA
content of the reassortant viruses A/Ku IVR-135 and A/Wy IVR-134
cultured in eggs. The HA content of the A/Kumamoto reassortant
cultured in MDCK cells (A/Ku IVR-135 E12/E2/M3) ranged from 105
to 267 pg/mL. which was 6-10 times higher than that after culture
in eggs. On the other hand, the A/Wy IVR-134 E13/E2/M3 reassor-
tant showed a similar HA yield to that of A/Ku M1/M3 in MDCK
cells.

Table 2

3.2, HAI gene sequences analysis

The results of HA1 gene sequencing are summarized in Table 2.
The positions of all genes and amino acids not described in
the table were identical with the sequence of A/Fujian/411/2002.
The gene sequences of A/Fujian/411/2002 and A/Wyoming/3/2003
were cited from The Influenza Sequence Database (http://
www.flulanl.gov/). A/Ku M1 had nucleic acid point mutations at
3 sites (ABG, U75A, and A763C) compared with the sequence of
A/Fujian/411/2002, but the sequence of translated amino acids was
identical for these two viruses, A/Ku M1/M2 had a HA1 sequence
identical to that of A/Ku M1. A/Ku E3 had point mutations at 3 sites

Comparison of the HA1 sequences of A/Fujian, A/Kuamoto and A/Wyoming cultured in eggs or MDCK cells.

Virus Sequence at the indicated HAT position

Nucleotides Amino acids

6 76 382 469 557¢ 656 676 47 763 127 156 186 219 226
AJFujlan/411/2002¢ A u A u G G G A H 5 v
AJKu M1 G A - - - - - - C - - - - -
AlKu M1/M2 G A - - - - - - C - - - -
AlKu E3 G A - - ue Al As - o - - v b 1%
AlKu E3/M2 G A = — u A A - C - - v Y I
AJKu E5 G A = - u A A - C - - v Y I
AJKu ES/M2 G A - - u A A - C - - v Y I
AlKu IVR-135 E12/E2 G A - Al u A A - C - ¢ v Y I
AJKu IVR-135 E12/E2/M1 G A - A u A A - [ - Q v ; |
AfWyoming/3/2003* G A cr - u A A A C A* - v ¥ I
A/Wy IVR-134 E13/E2 G A G - u A A A fud A v o I
AWy IVR-134 E13/E2/M2 c A G - u A A A G A - v 3 L I
AWy X-147 E5/E2 [ A . A u A A A { A Q v ¥ I
AWy X-147 ES/E2/M2 G A G A u A A A C A Q v ¥ I

Direct reverse transcriptase PCR was used for the amplification of the HA1 gene with the following sense and anti-sense primers:
sense primer 1, 5 -CAGGGGATAATTCTATTAACCA-3 | sense primer 2, 5 -ATCAGATCCTTGATGGAG-3',
sense primer 3, 5-GCTCAATAATGAGATCAG-3'; sense primer 4, 5-ACTCTGAAATTGGCAACA-3,

sense primer 5, 5’ -CTAACTGACTCAGAAATG-3';

anti-sense primer 1, 5 -TGAGGCAACTAGTGACCT-3'; anti-sense primer 2, 5-CTATGAAACCCGCGA-3:

anti-sense primer 3, 5 -TGCACTCAAATGCAAATGTTGCACC-3'.

* Reported sequences are cited from the influenza sequence database (http://www flulanlgov/ L

" Same as A/Fujian.

* Nucleotide mutation inducing amino acid substitution at pesition 127.
® Nucleotide mutation inducing amino acid substitution at position 156,
* Nucleotide mutation inducing amino acid substitution at position 186,
! Nucleotide mutation inducing amino acid substitution at position 219.
* Nucleotide mutation inducing amino acid substitution at position 226,
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Table 3
Cross haemagglutinin-mhibition test of mouse serum with Aj/Kumamoto viruses
grown in MDCK 33016 cells

Ha antigen Mouse antiserum

AlKu M1/M3 AlKu IVR-135 E 12/E2/M3
AlKu M1/M3 147% (p<0.05") 87
AJKu IVR-135 E 12/E2/M3 80 (p<0.05") 147

* Geometnc mean titer
® Significant difference when individual serum was analyzed by unpaired Stu-
dent’s -test( two-tailed .

(G557T, C656T, and G676A) compared with A/Ku M1. These point
mutations were estimated to cause the following amino acid sub-
stitutions: G186V, 5239V, and V246, respectively. The HA1 gene
sequences of A/Ku E3/M2 and A/Ku E5/M2 were identical with that
of A/Ku E3. No HA1 gene additions or deletions were observed
during passage of these viruses in MDCK cells.

In the A/Ku [VR-135 E12/E2 strain, in addition to the mutations
seen in AfKu E3, another mutation was observed (T469A). It was
estimated that AfKu IVR-135 E12/E2 had an additional amino acid
substitution (H156Q) related to this mutation.

The HA1 gene sequence of the A/Ku IVR-135 E12/E2/M2 strain
generated by two passages of A/Ku IVR-135 E12/E2 in MDCK cells
was identical with that of AfKu IVR-135 E12/E2.

Compared with  A/Fujian/411/2002, A/Wyoming/3/2003
showed differences at 4 sites (A382G, G557U, GG76A, and G747A),in
addition to the mutations detected in A/Kumamoto/102/2002. The
amino acid sequence of A/Wyoming/3/2003 also differed at 4 sites
(T127A, G186V, 5219V, and V2261 ) compared with that of A/Fujian/
411/2002. The A/Wy IVR-134 E13/E2 virus used for our experiment
was found to have the same sequence as that of A/Wyoming/3/2003
from the database. A/Wy IVR-134 E13/E2/M2 had the same HA1
gene sequence as that of A/Why IVR-134 E13JE2. AjWy X-147
E5/E2 showed a point mutation (U469A) compared with the
original AfWyoming/3/2003 strain and this mutation was esti-
mated to cause an amino acid substitution (H156Q). The HA1 gene
sequence of A/Wy X-147 E5/E2/M2 was identical with that of AfWy
X-147ES[E2.

All the viruses generated from two passages in MDCK cells
({M2) were found to have completely identical HA1 gene sequences
with those before passaging. That is, no additional mutations were
caused by passaging in MDCK-33016 cells.

3.3. Immunogenicity

The results of the cross HI assay are shown in Table 3. Although
there was no 4-fold significant difference between the geomet-
ric mean titers, a significant difference was detected when the
unpaired Student’s t-test was used, Serum from A/Ku M1/M3-
immunized mice showed a significantly lower HI antibody titer
(p<0.05) for A/Ku IVR-135 E12/E2/M3 antigen than for A/Ku
M1/M3 antigen. Serum harvested from A/Ku IVR-135 E12/E3/M3-
immunized mice showed a low reactivity for A/Ku M1/M3 antigen
but a significant difference was not detected.

4. Discussion

When an influenza vaccine is produced, two important factors
are timeliness and antigenic match with those of the circulating
strains. Because the recent egg isolates of type A viruses have not
grown very well in eggs, reassortants have been used for vaccine
production. Although it was expected that A/Fujian-like strains
would appear during the 2003/2004 flu season, none of the vaccine
candidates, including the A{Ku E3 or E5 viruses, showed satisfac-

tory growth in eggs. Vaccine manufactures had to wait until the
next year to obtain high growth reassortant viruses for vaccine pro-
duction. Therefore, there are limits to egg culture in terms of timely
production. As an alternative substrate for viral growth, MDCK cells
have long been suggested. If these cells were used, timely produc-
tion of vaccine could be expected because of the low selectivity
of this substrate. To confirm this expectation, we evaluated the
growth of viral isolates (isolated in MDCK cells and eggs) from
the same clinical specimen in MDCK cells and eggs. Based on the
results obtained with the A/Ku M1 virus, we demonstrated that
viruses showing poor growth in eggs could still replicate well in
MDCK-33016 cells.

A/Ku M1 grew well in MDCK-33016 cells for 3 passages. Assum-
ing actual vaccine production, A/Ku M1/M1, AfKu M1/M2, and A/Ku
M1/M3 would correspond to the master seed virus, working seed
virus, and vaccine, respectively. A very high HA yield was observed
in the culture medium of A/Ku M1/M3 cells compared with the
allantoic fluid of eggs inoculated with any of the viruses. There-
fore, if we had used A/Ku M1 cultured in MDCK 33016 cells for
vaccine production, we could have supplied a vaccine matching the
AfFujian-like virus for the 2003/2004 flu season. Even if the A/Ku
E3 or A/Ku E5 virus had been chosen, growth of the seed virus and
vaccine production could have been performed in a timely manner
by culture in MDCK-33016 cells.

In this study, the HA content of culture medium and allantoic
fluid were measured by an SRD assay designed for the A/Wy IVR-
134 strain grown in eggs. If an assay for A/Kumamoto grown in
MDCK cells had been available, the HA content of culture media
could have been measured more precisely [13).

When the reassortant AfKu IVR-135 E12/E2 virus was cultured
in MDCK cells, a 5- ta 10-fold higher yield was achieved than that in
allantoic fluid. However, the reassortant A/\Wy IVR-134 E13/E2/M3
virus showed a 2- to 3-fold higher yield in MDCK cells than in allan-
toic fluid, which was similar to the yields of other non-reassortant
viruses. It may be necessary to investigate further whether a high
growth reassortant virus is needed for MDCK cells or not.

Lu reported that the His- 183 HA1 gene of the A/Fujian/411/2002
strain causes impairment of growth in MDCK cells [14]. However,
all of the viruses that we studied had His-183 and still grew well
in these cells. They used a PR-8-based RG [15.16] recombinant
virus that differed from the wild-type strain with respect to the
configuration of the genome, and this may partly account for the
discrepancy between their results and ours.

The A/Kumamoto/102/2002 virus accumulated point mutations
with an increase of passaging in eggs and the number of resultant
amino acid mutations also increased. Three mutations in the HA1
gene (G557T, C656A, and G676A) were found in the A/Ku E3 virus
after 3 passages in eggs and these mutations generated 3 aminoacid
substitutions (G186V, $219Y, and V226I, respectively ), The substitu-
tions were identical with those of other H3N2 influenza viruses, as
reported elsewhere [ 17-20]. These sites are thought to be related to
receptor binding activity, which suggests that viruses recognizing
the receptors commonly expressed in eggs may become predomi-
nant during passage in egas [21-23].

The reassortant A/Ku IVR-135 EI12{E2 virus was generated
through more than 10 passages in eggs and showed an additional
H156Q amino acid substitution related to the T469A gene substitu-
tion, Amino acid 156 of HA1 is located at the tip of the HA molecule
within an important region that determines antigenicity [24-28],
so mutations at this site may influence the immunogenicity of vac-
cines. When immunogenicity was compared among the viruses
generated by culture in MDCK cells, serum from mice immunized
with A/Ku M1/M3 showed a weaker response to AfKu [VR-135
E12/E2/M3 antigen. Serum from mice immunized with A/Ku IVR-
135 E12/E2/M3 also showed a weaker response to A/Ku M1/M3
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antigen. This suggests that the A/Kumamoto/102/2002 virus had
developed amino acid substitution in the HA region that affects its
immunogenicity during passage in eggs to form reassortants.

No new substitutions of the HA1 amino acid sequence were
detected in any of the viruses (including A/Ku M1) passaged in
MDCK-33016 cells, unlike the case for eggs. Viruses that were pas-
saged in eggs and then cultured in MDCK cells did not revert to the
amino acid sequence of the original virus cultured in MDCK cells.
Unlike eggs, MDCK cells show weak selection pressure for the qua-
sispecies of inoculated influenza virus and are therefore unlikely
to allow a minor strain with a different amino acid sequence that
grows well to become a major strain as a result of passaging. There-
fore, these results indicate that MDCK cells can provide vaccines
better matched to the circulating viral strain than culture in eggs.

Taken together, our findings suggest that HA1 (especially the
amino acid at position 156) plays a key role in the immunogenicity
of A/Fujian-like viruses. |in et al. reported that the antigenic-
ity of A/Wyoming/3/2003 can be converted to match that of
A/Panama by simultaneous T155H and H156Q substitution of its
HA1 sequence [17]. None of the viruses used in our study had
both of these substitutions, although A/Ku IVR-135 and A/Wy X-
147 possessed the latter substitution. Therefore, the production
of influenza vaccine using A/Kumamotof102/2002 IVR-135 and
A/Wyoming/3/2003 X-147 might not have led to a vaccine with
adequate antigenicity matching the predicted endemic wild strain
if it had been attempted. Based on the actual events during 2003 in
the northern hemisphere, it seems that an influenza vaccine match-
ing the antigenic profile of AfFujian could have been supplied for
the 2003 winter season if vaccine manufacturing technology based
on MDCK-33016 cells had been employed.

The MDCK-33016 cells used In our study were grown as a
suspension culture in completely chemical medium and were
therefore suitable for large-scale culture. The HA content in the
culture supernatant of MDCK-33016 cells in the present study was
at least twice that obtained in allantoic fluid. It is difficult to directly
compare cell and egg culture with respect to vaccine production,
However, the supernatant froma 1000-L bioreactor would be equiv-
alent to allantoic fluid from at least 200,000 eggs and should
produce more than 200,000 doses of vaccine, if the recovery of
vaccine antigens is same as with egg-grown vaccines. Accordingly,
the use of MDCK-33106 cells could make it possible to promptly
supply a vaccine with superior immunogenicity to that of vaccines
produced using eggs.

Under the current system of influenza vaccine production, only
viruses passaged in specific pathogen-free (SPF) eggs are available
as vaccine seeds. Serial passaging of viruses in eggs probably leads
to the accumulation of gene and amino acid mutations, resulting
in antigenic changes. When cultured in MDCK cells, influenza virus
proliferates well, even during the first passage. Therefore, the first
and second passages yield viral banks and the third passage allows
the production of a vaccine. Thus, long-term passaging that is likely
toinduce amino acid mutations is not necessary in the case of MDCK
cell-based vaccine production. A number of studies have shown
that influenza virus cultured in cells has superior immunogenicity
to that of virus cultured in eggs [28-30].

From the point of view of rapid production and antigenic match-
ing. a vaccine based on a virus isolated from cells such as MDCK cells
is preferable. According to available guidance [31]. however, trou-
blesome adventitious agent testing of seed viruses would be needed
before vaccine manufacture because many agents must be detected
by PCR or another method before vaccine production. To avoid such
tests, a seed virus created by RG technology may be preferable
for cell-based influenza vaccine production. But if the virus seed
is made by RG technology, another new test which confirms the
sequence of HA and NA genes may be needed [32). Unexpectedly,

our study suggested that the genes related to viral growth in cells
might differ between wild-type viruses and RG viruses with the
PR-8 backbone, so more data about the growth of wild-type and RG
influenza viruses in MDCK cells are needed.

Finally, because vaccine strains are often changed annually, a
genenc production system with low cost and high yield similar to
the current egg system that can be used with any virus s required.
Therefore, other issues need to be addressed, such as systems for
the generation of seed viruses and establishment of SRD reagents.
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