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Surveys of the antigenic properties of a wide range of variants of the H3N2
(Hong Kong) influenza virus subtype have revealed complex patterns of variants
cocirculating during each of the main epidemic eras of the subtype. We deter-
mined hemagglutinin (HA) gene sequences for 14 isolates chosen to give the
wildest possible spread of variant types. The addition of these data to existing HA
gene sequence information for other variants provides a comprehensive picture of
HA gene evolution during antigenic drift among H3N2 subtype viruses. The data
reveal the existence of multiple evolutionary pathways during at least one period
of development of the subtype and strikingly demonstrate that amino acid changes
are limited to a small number of locations on the HA molecule during antigenic
drift. The occurrence of sequential amino acid changes at key positions within
these variable regions suggests that the HA structure has remained constant
during subtype evolution so that only limited possibilities remain for further

antigenic drift among H3N2 viruses.

Attempts to control influenza by vaccination
have so far been of limited success and are
hindered by continual changes in the major
surface antigen of influenza viruses, the hemag-
glutinin (HA), against which neutralizing anti-
bodies are primarily directed (3, 5, 8). In the last
25 years there have been several pandemics
associated with a change in the hemagglutinin
subtype of circulating virus (antigenic shift).
Thus, Asian flu, which arose in 1957, contained
H2 HA, the Hong Kong flu epidemic of 1968 was
caused by viruses with H3 HA, and in 1977, a
pandemic of Russian flu occurred in younger
persons after the reappearance of viruses with
H1 HA (reviewed in reference 22). H3N2 virus
has now circulated in the human population for
14 years. Antigenic changes, detectable with
whole sera, began to occur in HA only 3 to 4
years after the subtype was first isolated in 1968,
although all isolates retain some antigenic prop-
erties common to the subtype (antigenic drift).
Some of the variants were able to cause renewed
epidemics (although of varying severity in differ-
ent countries), presumably because changes ac-
cumulating in HA prevented neutralization by
antibodies directed against previous epidemic
strains. At the same time, these particular vari-
ants retained the ability to grow rapidly and
spread widely in the community. Other variants
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with altered antigenic properties have also been
detected, but many caused only localized out-
breaks or isolated cases of influenza (9). It is
certainly true that the relative abilities of differ-
ent virus isolates to survive and achieve domi-
nance might be influenced by changes other than
those in HA, e.g., among a group of antigenical-
ly equivalent strains. However, it appears that
the major force promoting influenza subtype
evolution has been the need to overcome immu-
nity, either natural or induced by vaccination,
and that escape from immunity has been
achieved by HA alterations. The most compre-
hensive studies of antigenic drift in HA have
been carried out for the Hong Kong (H3N2)
subtype of influenza virus, but our knowledge of
changes occurring in the HA protein or in the
gene coding for it is largely limited to a few key
strains which have caused renewed epidemics
since 1968. To understand the differences be-
tween successful and unsuccessful variants so
that future evolutionary directions for the sub-
type might be predicted, information on a much
wider range of variants is needed.

In the experiments reported in this paper we
examined the HA gene sequence of influenza
strains chosen to provide a much more compre-
hensive view of antigenic drift at the molecular
level than has been available previously. The
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study shows that there are significant restric-
tions operating on HA gene variation during
antigenic drift; extrapolation of the results to
other HA types may help to explain the limited
lifespan of subtypes previously circulating in the
population.

MATERIALS AND METHODS

Preparation of influenza virus RNA. Influenza virus-
es grown in embryonated chicken eggs were purified,
and the RNA was extracted as previously described
17).

Determination of the HA gene nucleotide sequence.
The methods for determining the sequence of cDNAs
copied from influenza virus RNA have been described
previously (2).

Antigenic analysis of strains. Viruses were character-
ized with postinfection ferret sera as described previ-
ously (9).

RESULTS AND DISCUSSION |

Epidemiology of H3N2 subtype isolates. Tables
1 and 2 summarize epidemiological and antigen-
ic data for H3N2 isolates spanning the period
from 1968 to 1980. These isolates were chosen
for detailed study after a preliminary survey of a
much wider range of isolates (data not shown).
Among the strains listed in Table 1 are all of the
seven isolates for which HA gene sequence data
have been reported previously (except for the
X31 recombinant of Aichi/2/68 [20], which is
closely related to NT68).

From the descriptions of strains in Table 1 it is
apparent that virus isolates can be divided into
four groups. The first group contains interna-
tional reference strains for epidemic variants,
e.g., Eng72, PC73, Vic75, Tex77, and BK179.
The transition from one epidemic era to another
has been less clear since 1975 because of the
cocirculation and persistence of some variants.
The second group is composed of lateral vari-
ants which, when tested with whole animal sera,
are antigenically equivalent to epidemic strains
but represent separate geographical isolates
(e.g., NT68, Eng69, and Qu70, which are similar
to HK68; Mem72, which is similar to Eng72; and
Eng75, which is similar to Tex77). The third
group contains terminal variants, which are in-
consistently isolated in the midst of epidemics
caused by viruses similar to reference strains.
Examples include HK71, MC75, Tok7S, Sin75,
Vic76, and AC76. Although antigenically dis-
tinct from contemporary strains, these variants
failed to spread beyond local or regional out-
breaks and were normally not detected for more
than a few months at most. The fourth group
consists of variants which appear to derive from
prototype strains and appear consistently with
them in many parts of the world over a period of
1 or more years, i.e., distinct from local or
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regional isolates. Examples include BK279 and
Shag0.

Since we could not hope to study every isolate
from a particular influenza subtype, we exam-
ined, in detail, isolates from each of these groups
to achieve the broadest possible view of HA
variation during antigenic drift.

HA gene evolution since 1968. In previous
studies of 1968, 1972, 1975, and 1979 H3N2
isolates, silent base differences between 1968
strains and later strains were found widely
spread over the HA gene. However, base substi-
tutions resulting in HA amino acid changes were
almost entirely limited to that region of the gene
coding for HA1, the major subunit of the mature
HA protein (2, 20, 22). Since HA1 sequences
form the antibody-binding and active sites on the
HA molecule (23, 24), we concentrated on iden-
tifying changes in the region of the gene coding
for HAL.

In Table 3 we report partial or complete HA1
gene sequences for all of the strains listed in
Table 1, except for Eng69 and Qu70, whose
sequences have been published previously (18).
The results emphasize the progressive accumu-
lation of mutations in the HA gene, with HA1
changes occurring at a constant rate of ca. 0.7%
per year between 1968 and 1979.

Nucleotide changes shown in Table 3 are
predominantly transitions, i.e., C-U or A-G
changes. The ratio of transitions to transver-
sions (54:17) (when BK179 is compared with
NT68) shows a pattern of mutation similar to
that reported for the RNA phages MS2 and R17
(10, 20) and is consistent with the introduction of
errors during replication of the RNA genome by
enzymes lacking editing functions.

The evolutionary relationships between differ-
ent isolates can be assessed from the number of
HA gene mutations separating them (Fig. 1).
This genetic relatedness tree approximates an
evolutionary tree for the subtype, although it
ignores the possibility that the mutation rate is
high enough to produce independent mutations
at the same position in different strains or unde-
tected reversions of previously acquired muta-
tions. At least two examples of reversions are
apparent at bases 692 and 726 (Table 3) in which
1979 strains now have a sequence similar to that
of the original 1968 strains. An actual evolution-
ary tree for the subtype would no doubt be more
complex than that shown in Fig. 1 since the
strains examined in this study represent only a
small proportion of the total number of H3N2
variants that have arisen since 1968.

Antigenic drift and conserved mutations. The
sequence data summarized in Table 3 demon-
strate that viruses present in the population at
any one time constitute a heterogeneous array.
The contemporary strains share some amino
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TABLE 1. Summary of antigenic and epidemiological data on influenza A H3 subtype (Hong Kong) viruses

isolated from 1968 to 1980

Strain

Strain characteristics

Epidemiological characteristics

A/Northern Territory/60/68
(NT68)

A/England/878/69 (Eng69).

A/Queensland/7/70 (Qu70)

A/Hong Kong/107/71 (HK71)

A/England/42/72 (Eng72)

A/Memphis/102/72 (Mem72)

A/Port Chalmers/1/73 (PC73)

A/Singapore/4/75 (Sin75)

A/Mayo Clinic/1/75 (MC75)

A/Tokyo/1/75 (Tok75)

A/Victoria/3/75 (Vic75)

A/England/864/75 (Eng75)

A/Victoria/112/76 (Vic76)

Identical to 1968 prototype
strains

Similar to 1968 isolates although
distinguishable by monoclonal
antibodies (12, 19)

Exhibits major asymmetrical
variation from 1968-like strains

Exhibits modest symmetrical
variation from 1968 strains

Antigenically similar to Eng72

Poorly inhibited by antisera to
previous epidemic strains

Exhibits asymmetrical variation
from A/Port Chalmers/73-like
strains

Exhibits major variation from all
other strains

Exhibits major variation from all
other strains. but closest to
Vic7s

Poorly inhibited by antisera to
previous epidemic strains

Poorly inhibited by antisera to
previous epidemic strains

Although this variant is poorly
inhibited by antisera to previ-
ous or contemporary strains.
antiserum to it reacts strongly
with Eng75

Typical of strains of the 1968 epi-
demic after the first appear-
ance of Hong Kong subtype vi-
rus

Part of the spectrum of strains
circulating during the first
H3N2 epidemic era

Only isolated outbreaks caused
by viruses of this type oc-
curred in 1971 and 1972 (14,
15)

Reference strain for variants
which replaced HK68-like
strains worldwide during 1972

See Eng72

Displaced Eng42-like strains
worldwide during 1973

Isolated from local outbreaks be-
fore the appearance of Eng75-
like and Vic75-like strains in
Singapore

A unique isolate from one of the
last PC73-like epidemics

Cocirculated with Vic75 in Japan
only but disappeared in 1975 to
1976 (6)

Displaced PC73-like strains
worldwide as predominant
strain during 1975 to 1976 and
caused severe epidemics in
many countries: prevalence de-
creased in 1976 to 1977, after
which Vic75-like viruses
ceased to be isolated

Similar strains were identified
within a few months after rec-
ognition of Vic75-like strains:
generally caused only sporadic
cases and localized outbreaks
in 1975 to 1976. but prevalence
relative to Vic7S-like viruses
steadily increased: by 1977 was
predominant strain (see
Tex77): similar viruses still oc-
casionally identified in 1982. in
conjunction with variants
emerging from 1979 on

Detected sporadically during
Vic75-like outbreaks
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TABLE 1—Continued

Strain

Strain characteristics

Epidemiological characteristics

A/Allegheny County/29/76
(AC76)

AlTexas/1/77 (Tex77)

A/Bangkok/1/79 (BK179)

A/Bangkok/2/79 (BK279)

A/Shanghai/31/80 (Sha80)

Quite similar to Vic7S except
that antiserum to this variant
reacts strongly with HK68 and
Eng42 variants

Interchangeable with Eng7s in
hemagglutination inhibition
tests with animal sera

Poorly inhibited by antisera to
previous epidemic strains. but
closest to Eng75-like viruses

Exhibits major antigenic drift
from all other strains. although
closest to Vic112. Eng75. and
BK179

Minor variant of BK179 which
exhibits decreased inhibition
compared to BK179 with
Eng75 or Tex77 animal sera

Detected sporadically during
Vic75-like outbreaks

Chosen as reference strain for vi-
ruses which displaced Vic75 as
predominant epidemic virus in
1977 (see Eng75)

During 1979 the predominant
H3N2 viruses worldwide ex-
hibited good reactivity with
BK179, although many were.
in addition. still also highly re-
active with Eng75 and Tex77:
thus, BK179 exhibited slightly
more pronounced drift than
predominant epidemic strains

Isolated occasionally worldwide.
usually from same outbreaks
as BK179-like viruses

About 33% of 1981 isolates. par-
ticularly from Asian and West-
ern Pacific regions were of this
type: they were isolated from

the same outbreaks as BK179-
and BK279-like strains during
this period

acid differences from earlier strains but also carry
changes characteristic of each strain. Presum-
ably the combination of changes most favorable
to the virus is the one that is seen to be pre-
served during evolution because successful
strains dominate and so become progenitors for
future generations. Thus, the most favorable
combinations of changes might be identified by
their transmission through the viral evolutionary
line. To highlight the mutations associated with
the evolution of new variants while minimizing
the importance of background noise changes,
which are not in the vertical evolutionary path of
the virus, we illustrated the HA amino acid
changes which have accumulated and been con-
served in the major epidemic strains from 1968
to 1980 (Fig. 2). The changes are distributed
over the proposed antigenic sites, A,.B, and C
(23) (Fig. 3). If putative site D (23) is extended to
include residues such as 172, 174, 207, 242, and
244 (3a), then some D site changes are also
conserved and transmitted during the evolution-
ary process (Fig. 2).

The results shown in Fig. 1 and 2 suggest that
in about 1975 viral evolution resulted in two

divergent pathways. One led to viruses with
sequences most closely related to Vic75. This
path subsequently died out after 1 or 2 years.
The other led, via Eng75-like strains, to viruses
of the type still in circulation. Analysis of the
sequences implies that divergence occurred from
a hypothetical variant which existed during the
last period of circulation of PC73-like viruses
(such as Sin75), but in addition, the variant
acquired changes at amino acids 189 and 217
seen in all subsequent epidemic strains.
Selective pressures conserving sequences in
some areas of the gene but favoring changes in
others. From our analysis of the HA gene se-
quence for the strain BK179 it was apparent that
HA amino acid changes in this successful strain
were found clustered in proposed antigenic re-
gions of the molecule, with other regions con-
taining few, if any, changes (2). It is evident that
when a larger number of variants is studied the
changes are still restricted to these same vari-
able regions even in relatively unsuccessful
strains. This is illustrated in Fig. 3, which shows
the locations of HA amino acid changes in all of
the strains described in this study. It appears
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TABLE 2. Hemagglutination inhibition reactions of influenza A (H3N2) virus isolates, from 1968 to 1980, for
which HA1 sequences have been determined

Hemagglutination inhibition reactions” with the following ferret sera:

e
< &
¥ § £ e £
> § e E R Ry < Y 3 2 < &
Virus T % § £¥s b, 38 5B g o:
S S ¥y 5 £ .2 & & = =2 = S g 3
4 X k] P g 3 g ] o 3 ] ) £
o0 [ = © Q S S g. = S S %‘o = 2
s 5 » £ 3 S 3 ¥ ®@w o 37 £ & g
<] — = (=] = 1 - 3 I3 <=
< = & 2 B 2 S S z 4 a 4
< < < < < < < < =2 < 2 <2 <
A/Hong Kong/8/68¢ 1,280 320 960 80 20 30 480 20
A/Hong Kong/107/71 480
A/England/42/72 640 80 1,280 640 60 120 80 640 80 20
A/Port Chalmers/1/73 40 40 320 20 160 40 20 60
A/Mayo Clinic/4/75 80 320 20
A/Singapore/4/75 60 20 100 S0 960 60 80 60 120 20 30
A/Victoria/3/75 30 40 20 240 40 640 20 20 480 640
A/Tokyo/1/75 80 320 120 20 20
A/England/864/75 40 80 30 160 80 1,920 120 1920 240 160 320
A/Allegheny County/29/76 40 20 80 20 20 40 240 640 240 30
AlVictoria/112/76 20 80 120 80 2,560 20 20 40
A/Bangkok/1/79 160 160 960 240 1,280
A/Bangkok/2/79 80 320 120 2,560 40
A/Shanghai/31/80 40 80 320 160 1,280

“ Blank indicates titer of <20. Results are means of duplicate tests.

» Serum to recombinant with neuraminidase N7.

< Sequences have been determined for antigenically similar strains A/Aichi/2/68 and A/Northern Territory/68.

that the sites where amino acid changes can alter
antigenicity are so limited that in some strains
key amino acids in these sites change for a
second time as evolution proceeds (Fig. 3 and
Table 3). The occurrence of these sequential
changes at residues 145, 188, 189, and 193 sug-
gests that the HA three-dimensional structure
remains constant during antigenic drift, presum-
ably so that the biological function of HA can be
maintained.

The considerable conservation of core resi-
dues both within the upper globular section of
HA and in the supporting stalk region noted
earlier (23, 24) now extends across four influen-
za subtypes, H1, H2, H3,and H7 (1, 4, 7, 11, 13,
21, 25), suggesting that the overall conformation
and the locations of biologically active and anti-
genic regions are fundamentally similar for HAs
of all subtypes. It has been suggested that some
residues may be conserved in different subtypes
to act as anchors that maintain equivalent loops
of amino acids at the HA surface (23, 24). In the
B antigenic region (Fig. 2), anchor residues
corresponding to amino acids 184, 185, 190, 191,
194, and 195 of H3 HA are conserved both
within and among HA types (2, 4, 7, 13, 20, 25).
Of the surface residues in this region, 188, 189,
and 193 are highly variable among H3 strains
and among subtypes as well. On the other hand,

the adjacent residues 187, 192, and 196 vary
among subtypes but have been conserved
among all H3 strains examined so far. It is
possible that changes in these residues (and in
analogous residues in other sites, e.g., 140 to 142
in the A site) may alter the nature of the antigen-
ic loops sufficiently to account for the antigenic
differences among subtypes (16).

Generation of antigenic diversity among 1975 to
1976 isolates by sequential amino acid changes.
Analysis of strains from the 1975 to 1976 and
1979 to 1981 periods has demonstrated that at
these times a variety of distinctive viruses were
isolated (3b, 26). Four variants from the 1975 to
1976 period (MC7S, Tok75, Vic76, and AC76)
were also the first variants identified to carry
sequential amino acid changes of the type de-
scribed above. Amino acid 193, which changed
to asparagine in PC73, changed again to lysine in
MCT7S and to aspartic acid in Tok75, AC76, and
Vic76. AC76 also has a second base change
within the codon for residue 189, producing
arginine in AC76 compared to lysine in contem-
porary strains. (In contrast, Sin75 appears to
have mutated at residue 189 directly from gluta-
mine to arginine.) AC76 and Vic76 differ from
each other by changes at residues 157, 189, 209,
and 240, and of these, the changes at 157 and 189
(both part of the B region of Fig. 3) are most



TABLE 3. Summary of HA1 nucleotide sequence changes from A/Northern Territory/60/68 (18) for 15 H3N2
influenza isolates”

NN N NN O~ O O U“ NN N AN 0NN OO O ©
B BSeENESEOS00RE03 £ 3 [ 4, BC0EDEARCS0RRE0E - 13
SERBECSOETQTEREEE %8 | 35 EREERSREEUTEEEEE 5 T8
9 U c 543 A C 156 K*Q
64 G A -5 C+Y 543 A GG 156 K°E
67 U A -4 L+Q 547 C u 157 S»L
7¢C UUU uuu UU -3 AW 550 G A AAAA 158 GE
72 ¢ uuu UU -2 LoF 554 C A 159 SR
756G A -1 G+8 555 A G 160 T+A
76 G cG- ccC -1 G+A 555 A U 160 T»S
76 G U -1 6w 556 C AA 160 T+
81 G AAA 2 DN 568 U AAAA 164 L-Q
83Cc U 569 G A
84 C uvu ccc cc 3 L~F 572 C i
89 A cc 578 U cccec
103AGGGG GGG GGG 9 NS 584 A G
104 C 592 A GGG 172 DG
106 C A 10 T+ 596 U cc
113 6 uvu 598 U cccec 174 F»S
128 U cc 608 A GGG
134 G AA 620 G = A =
149 A GGG GGG 638 G A
167 A GGG GGG 639 AG GGGGGGGGGGG G 188 N+
168G AAA AAA AAA 31 DN 639 A U 188 D-oyx
178U C 34 I»T 642 C AAAAAAAAILS QX
188 U c 643 A G 189 Q- R*
200 G AA - 643 A G 189 K-R*
203A GGG = GGG=GGGG 654 A G GG 193  N-D*
212 C UuUu=U UUUUUUU U 655 G AAAAAAAAAAAAILIS SN
221 G AAAAA 656 C A 193 N-K*
224 G U UUUUUUUU 656 C G 193 N-K*
226 A GGGGG SO KR 659 G AAAAAAAAAAAAAA
234 A GGAGGGGS3 ND 667 A GGG 197 QR
238 A GGGG 5 NS 669 G A A = 198 A>T
245 U ccc 679 G AAAA 201 R4K
260 A 6GGGG 692 U cccccccecccuu
262 U AAAAG62 IK 695 C A
264 G A AAAAAAAAGBI DN 697 G AAAAAAAAAAAAA 207 RX
275 G A 699 A G 208 R-G
287 A [ 703 G A =209 SN
293 G AAA 714 A GG 213 I+V
30U GGG GGGGGGGG 78 WG 726 A GGGGGGGAAA?2L? Iw
311A cccC Accccccece 731 GA A
321 G A 82 E*K 732 U C 219 S+P
325 C AAAAAAAAB ™K 7% C UUUUUUUUUUUUUU
338 C UUUU= 754 U A = = = 226 L+Q
404 G A = 762 A U 229 R+G
428 U cc 765 A GG 230 IW
429 C U 770 ¢ uu
40 CU 788 U AAA
442 C AAA AAAAAAAAIL22 ™N 791 G AAA A AAAAAAA
446 G AA AAAAAAAA 795 G A 240 G+R
449 U cc ccceccccece 801 G AAA A AAAAAAA 262 Vs
454 C 126 ™1 807 G UUU 246 Vi
454 C AAAAAAAAIL2 ™N 824 G AA
463 G A 129 o*E 833 C UUU U UUUUUUU
464 G A 848 U C C ccccccc
471 C G 132 Q*E 857 G AAAA 260 ML
475 A G GG 133 WS 896 U - C
486 A UUUUU 137 Y 901 A GGGGG GGGGGGG 275 D+G
487 A GGG 137 NS 902 U cccc ccccccc
500 G A 908 U cccc ccccccc
504 C U U U 143 P+S 910 U GG GGGGGG 278 145
508 GAAAAAAAAAAAAAAAIGLQOD 911 U cccec
510 A 145 $*R 950 C U
511 G AAAAAAAILS SN 953 G A
511 G A 145 $+1 977 ¢ U -
512 ¢ Al45NK*| 986 A GGGG GGGGGGG
513 G A A A 146 O*S 992 C UUUU UUUUUUU
518 U cccec 998 G A -
533 ¢ UU = 999 U A
S40A UUU uuuuuuuuu} 1016 ¢ U UU UUUU
S41C AAA AAAAAAAAATISSTY | 153,64

“ Blank areas indicate sequence identity with NT68. Amino acids (AA) are numbered from the N-terminal
residue of HA1. Amino acid changes relative to NT68 are given in the single-letter code (2). Symbols: *, Amino
acid residues which have undergone a sequential change; =, a partial sequence was determined. The nucleotide
sequences not determined are as follows: Sin75, nucleotides 59 to 212, 540 to 620, 754 to 896. and 998 to 1.061:
MC75, nucleotides 59 to 203 and 977 to 1.061: Tok75, nucleotides 59 to 338 and 754 to 1.061: Eng75. nucleotides
59 to 203; and Sha80, nucleotides 59 to 200, 338 to 404, 533 to 620. 669 to 703, and 754 to 1.061.
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NT68  AICHI68 (X31)

HK71
S o« — el

ENG72 @

p—® MEM72

PC73 et

L@ (SIN75)

(MC75) @

® (TOK75)

P—e®VIC375 (X47)

ENG75 (X49) @=—

—® VIC76

AC76

TEX77 @

SHAB0 @@ BK279

BK179

FIG. 1. Interrelationship of Hong Kong subtype
strains according to the minimum mutational distances
between their HA1 coding regions. The figure is drawn
to scale, and the number of mutations separating
different strains can be calculated relative to the NT68-
BK179 distance (73 mutations). Strains in parentheses
have been only partially sequenced. Three mutations
at bases 84, 149, and 167 occurred at some point
between 1973 and 1975 but cannot be positioned
exactly. The full names of the virus strains examined
are listed in Table 1. The Aichi6é8 and Eng75 strains
sequenced were the recombinants X31 and X47, re-
spectively. HA gene sequences have been published
previously for strains NT68 (18), Eng69 (18), Qu70
(18), Mem?72 (18), Vic75 (11), and BK179 (2).

likely to produce the considerable antigenic dif-
ferences between these strains. Similarly, the
contemporary strains BK179 and BK279, anti-
genically quite distinct from one another (Table
2), differ only by second changes in amino acids
188 and 193.

Thus, it is clear that the sequential change of
key amino acids within antigenic regions gener-
ates new antigenic variants. It is a curious
observation that, so far, no virus carrying a
sequential amino acid change has given rise to a
new variant having major epidemiological im-
pact. Despite the large number of strains with

J. VIROL.

sequential changes arising during the 1975 to
1976 period, the successful variants which
emerged from this period carried changes of a
different type, e.g., at residues 133 and 143 in the
A region and residues 156 and 197 in the B
region (Fig. 2 and Table 3). This suggests that
not all changes which appear to be antigenically
favorable are optimal for virus survival.
Evolutionary future of the H3 subtype. One of
the most striking observations to emerge from
our analysis of H3 HA variation is that the
orientation of amino acids involved in antibody
binding appears to remain constant as evolution
proceeds. Amino acids such as 145, 188, 189,
and 193, which occupy key positions in potential
antigenic sites in 1968 strains (24), change early

HONG _KONG/68 - LIKE

ENGLAND/72 - LIKE
A (122, 144)

B (155, 188)

C  (275)

OTHER (78, 207, 242

PORT CHALMERS/73-LIKE
B (193)
OTHER (63

HYPUIHE!INNS
A (126)

B (189)A

C (278)
OTHER (83", 217

VICTORIA/7S - LIKE ENGLAND/7S - LIKE
AQI L, ., A (137%, 145)
OTHER (164°,174°,201") B (158)

C (50

OTHER (260)

TEXAS/77 - LIKE
54)
OTHER (2,62,172,244)

BANGKOK/1/79 - LIKE]]
A (133,143,146)
B (156,160,197)

FIG. 2. Evolution of fixed amino acid changes in
the HA1 region of H3 influenza HA. Only the changes
forming the mainstream of evolution are included (see
text), with viruses grouped according to their antigenic
and epidemiological characteristics listed in Table 1.
Changes are shown for putative antigenic sites A
through C or elsewhere on the molecule (Other).
Symbols: +, lacking in Tex77 and successive viruses,
consistent with two independent evolutionary paths;
* different from Vic75-like viruses, consistent with
two independent evolutionary paths; f, change at
amino acid 217 has reverted in these strains; A, these
changes are seen in Sin75, except that amino acid 189
changed to arginine instead of lysine, which was found
in subsequent epidemic strains.
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FIG. 3. Three-dimensional structure of HA for a
1968 strain. Symbols: @, location of HA1 amino acid
changes since 1968 for all of the strains shown in Table
1; %, amino acids undergoing sequential change during
H3 evolution; B, HA2 changes in strains Mem72,
Vic75, and BK179. Antigenic sites marked A through
E are those proposed in reference 24.

during subtype development and are also the
sites for sequential changes. As discussed
above, no changes have been seen in anchor
residues for the antigenic loops or in nearby
residues (e.g., 140 to 142 in the A site and 187,
192, and 196 in the B site) which might influence
loop conformation. If no such changes occur as
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H3 evolution proceeds, then pressure will con-
tinue for change in the same small groups of
residues most closely involved in antibody at-
tachment. Thus, there may be a limited number
of variants which can be produced during anti-
genic drift within an influenza virus subtype. Of
these, only a few may be epidemiologically
successful. There are already some indications
that not all substitutions at particular residues
are favorable for subsequent survival of the
virus. There is also evidence from field isolates
for a strong bias in favor of particular types of
changes in different antigenic regions (to
charged or larger residues or both in the A and B
regions and to smaller residues in the C region;
Table 3). Since such substitutions in the protein
result from single base changes in the HA gene,
the options for further evolution at particular
sites are restricted. For example, the change at
residue 155 from threonine to tyrosine may
represent an evolutionary endpoint, and at resi-
due 193, already changed from serine to aspara-
gine to lysine, only a further change to glutamic
acid may be effective. An interesting possibility
resulting from this type of analysis is the synthe-
sis of peptides representing predicted end points
of antigenic site evolution for evaluation as
prospective vaccines.

The usefulness of this approach in analyzing
constraints and predicting future directions for
HA evolution will become apparent as new H3
variants arise or with examination of the com-
pleted evolutionary process in earlier influenza
subtypes, such as HIN1, which circulated in
humans between 1918 and 1957.
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