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and delayed virus shedding compared with pan-
demic A/HINT virus.

Airborne transmission could be tested in a
second mammalian model system such as guinea
pigs (59), but this would still not provide con-
clusive evidence that transmission among hu-
mans would occur. The mutations we identified
need to be tested for their effect on transmission
in other A/H5N1 virus lineages (60), and exper-
iments are needed to quantify how they affect
viral fitness and virulence in birds and mammals.
For pandemic preparedness, antiviral drugs and
vaccine candidates against airborne-transmissible
virus should be evaluated in depth. Mechanistic
studies on the phenotypic traits associated with
each of the identified amino acid substitutions
should provide insights into the key determinants
of airborne virus transmission. Our findings in-
dicate that HPAI A/H5N1 viruses have the po-
tential to evolve directly to transmit by aerosol or
respiratory droplets between mammals, without
reassortment in any intermediate host, and thus
pose a risk of becoming pandemic in humans.
Identification of the minimal requirements for
virus transmission between mammals may have
prognostic and diagnostic value for improving
pandemic preparedness (34).

References and Notes

1. R. G. Webster, W. ]. Bean, O. T. Gorman, T. M. Chambers,
Y. Kawaoka, Microbiol. Rev. 56, 152 (1992).

2. P. Palese, M. L. Shaw, in Fields Virology, D. M. Knipe et al.,
Eds. (Lippincott Williams & Wilkins, Philadelphia, 2007),
vol. 3, pp. 1647-1690.

3. P. F. Wright, G. Neumann, Y. Kawaoka, in Fields Virology,
D. M. Knipe et al., Eds. (Lippincott Williams & Wilkins,
Philadelphia, 2007), vol. 3, pp. 1691-1740.

. W. Chen et al., Nat. Med. 7, 1306 (2001).

. G. M. Conenello, P. Palese, Cell Host Microbe 2, 207 (2007).

. R. A. Fouchier et al., ]. Virol. 79, 2814 (2005).

. D. ]. Alexander, Vet. Microbiol. 74, 3 (2000).

. D. ). Alexander, I. H. Brown, Rev. Sci. Tech. 28, 19 (2009).

. R. G. Webster, R. Rott, Cell 50, 665 (1987).

. H. D. Klenk, W. Garten, Trends Microbiol. 2, 39 (1994).

. J. C. de Jong, E. C. Claas, A. D. Osterhaus, R. G. Webster,
W. L. Lim, Nature 389, 554 (1997).

12. www.who.int/influenza/human_animal_interface/en/

13. I. N. Kandun et al., N. Engl. ]. Med. 355, 2186 (2006).

14. K. Ungchusak et al., N. Engl. ]. Med. 352, 333 (2005).

15. H. Wang et al., Lancet 371, 1427 (2008).

16. E. de Wit, Y. Kawaoka, M. D. de Jong, R. A. Fouchier,

Vaccine 26, D54 (2008).
17. D. M. Tscherne, A. Garcia-Sastre, . Clin. Invest. 121, 6 (2011).
18. S. Jackson et al., J. Virol. 83, 8131 (2009).
19. T. R. Maines et al., Proc. Natl. Acad. Sci. U.S.A. 103,
12121 (2006).

20. T. R. Maines et al., Virology 413, 139 (2011).

21. E. M. Sorrell, H. Wan, Y. Araya, H. Song, D. R. Perez,
Proc. Natl. Acad. Sci. U.S.A. 106, 7565 (2009).

22. E. M. Sorrell et al., Curr. Opin. Virol. 1, 635 (2011).

23. H. L. Yen et al., J. Virol. 81, 6890 (2007).

24. W. Smith, C. H. Andrewes, P. P. Laidlaw, Lancet 222, 66

(1933).

25. See materials and methods and other supplementary

materials on Science Online.

26. ]. A. Maher, ]. DeStefano, Lab Anim. 33, 50 (2004).

27. V. ]. Munster et al., Science 325, 481 (2009).

28. T. Costa et al., Vet. Res. 43, 28 (2012).

29. A. Mehle, ]. A. Doudna, Proc. Natl. Acad. Sci. U.S.A. 106,

21312 (2009).
30. ]. Steel, A. C. Lowen, S. Mubareka, P. Palese, PLoS
Pathog. 5, €1000252 (2009).

=
B O Vo~

=

31. N. Van Hoeven et al., Proc. Natl. Acad. Sci. U.S.A. 106,
3366 (2009).

32. E. K. Subbarao, W. London, B. R. Murphy, J. Virol. 67,
1761 (1993).

33. www.knaw.nl/Content/Internet_KNAW/publicaties/pdf/
20071092.pdf

34. R. A. M. Fouchier, S. Herfst, A. D. M. E. Osterhaus,
Science 335, 662 (2012).

35. S. Chutinimitkul et al., J. Virol. 84, 6825 (2010).

36. R.]. Connor, Y. Kawaoka, R. G. Webster, ]. C. Paulson,
Virology 205, 17 (1994).

37. S. Yamada et al., Nature 444, 378 (2006).

38. M. A. Nowak, Trends Ecol. Evol. 7, 118 (1992).

39. R. Bodewes et al., Am. ]. Pathol. 179, 30 (2011).

40. E. ]. Schrauwen et al., ]. Virol. 86, 3975 (2012).

41. S. L. Epstein, J. Infect. Dis. 193, 49 (2006).

42. A.]. McMichael, F. M. Gotch, G. R. Noble, P. A. Beare,

N. Engl. ]. Med. 309, 13 (1983).
43. R. Bodewes et al., ]. Virol. 85, 2695 (2011).
44. ]. H. Kreijtz et al., Vaccine 27, 4983 (2009).
45. ]. M. van den Brand et al., J. Infect. Dis. 201, 993 (2010).
46. Y. Ha, D. ]. Stevens, ]. ]. Skehel, D. C. Wiley, Proc. Natl.

Acad. Sci. U.S.A. 98, 11181 (2001).

47. G. N. Rogers et al., ]. Biol. Chem. 260, 7362 (1985).

48. C. M. Deom, A. ]. Caton, I. T. Schulze, Proc. Natl. Acad.
Sci. U.S.A. 83, 3771 (1986).

49. S. Y. Mir-Shekari, D. A. Ashford, D. ]. Harvey, R. A. Dwek,
I. T. Schulze, J. Biol. Chem. 272, 4027 (1997).

50. I. A. Rudneva, N. A. Ilyushina, T. A. Timofeeva,
R. G. Webster, N. V. Kaverin, J. Gen. Virol. 86, 2831 (2005).

51. ]. Stevens et al., J. Mol. Biol. 381, 1382 (2008).

52. M. Matrosovich et al., J. Virol. 74, 8502 (2000).

53. Y. Bao et al., . Virol. 82, 596 (2008).

54. www.fao.org/avianflu/en/qanda.html

55. A. Bataille, F. van der Meer, A. Stegeman, G. Koch,
PLoS Pathog. 7, €1002094 (2011).

56. M. Jonges et al., J. Virol. 85, 10598 (2011).

57. E. de Wit et al., . Virol. 84, 1597 (2010).

58. M. Imai et al., Nature 10.1038/nature10831 (2012).

59. A. C. Lowen, S. Mubareka, T. M. Tumpey, A. Garcia-Sastre,
P. Palese, Proc. Natl. Acad. Sci. U.S.A. 103, 9988 (2006).

SPECIALSECTION

60. WHO/OIE/FAO H5N1 Evolution Working Group, Influenza
Other Respir. Viruses 3, 59 (2009).

Acknowledgments: We thank D. de Meulder, G. van Amerongen,
and D. Akkermans for technical assistance. M. Peiris, Univ.

of Hong Kong, provided A/Indonesia/5/2005 with permission
from I. Kandun of the Indonesian government. This work was
financed through NIAID-NIH contract HHSN266200700010C.
D.).S. and D.F.B. were supported in part by NIH Director’s
Pioneer Award DP1-0D000490-01. We acknowledge a
Nederlandse Organisatie voor Wetenschappelijk Onderzoek
VICI grant, European Union FP7 program EMPERIE (223498),
and Human Frontier Science Program grant P0050/2008.
D.F.B. and D.].S. acknowledge the use of the CamGrid
distributed computing resource. Sequence data generated
from this study were deposited in GenBank with accession
numbers CY116643 to CY116698. Special arrangements are
in place with the NIH and the contractor at Mount Sinai School
of Medicine, New York, for sharing the viruses (and plasmids)
in the present paper; please contact R.A.M.F. A.D.M. E.O.
and G.F.R. are CSO and part-time employee of ViroClinics
Biosciences BV. A.D.M.E.O. has advisory affiliations on behalf
of Viroclinics Biosciences BV with GlaxoSmithKline, Novartis,
and Roche. A.D.M.E.O. and R.A.M.F. are holders of certificates
of shares in ViroClinics Biosciences B.V. To avoid any possible
conflict of interests, Erasmus MC policy dictates that the shares
as such are held by the Stichting Administratiekantoor Erasmus
Personeelsparticipaties. The board of this foundation is appointed
by the Board of Governors of the Erasmus MC and exercises all
voting rights with regard to these shares.

Supplementary Materials
www.sciencemag.org/cgi/content/full/336/6088/1534/DC1
Materials and Methods

Supplementary Text

Figs. S1 to S10

Tables S1 to S6

References (61-72)

30 August 2011; accepted 31 May 2012
10.1126/science.1213362

REPORT

The Potential for Respiratory
Droplet-Transmissible A/H5N1 Influenza
Virus to Evolve in a Mammalian Host

Colin A. Russell,% Judith M. Fonville,”> André E. X. Brown,* David F. Burke,? David L. Smith,>>®
Sarah L. James," Sander Herfst,” Sander van Boheemen,” Martin Linster,’ Eefje ]. Schrauwen,’
Leah Katzelnick,*> Ana Mosterin,>%® Thijs Kuiken,” Eileen Maher,® Gabriele Neumann,’

Albert D. M. E. Osterhaus,’” Yoshihiro Kawaoka,”*%*%*2 Ron A. M. Fouchier,” Derek ]. Smith>%>7*

Avian A/H5N1 influenza viruses pose a pandemic threat. As few as five amino acid substitutions,

or four with reassortment, might be sufficient for mammal-to-mammal transmission through respiratory
droplets. From surveillance data, we found that two of these substitutions are common in A/H5N1
viruses, and thus, some viruses might require only three additional substitutions to become
transmissible via respiratory droplets between mammals. We used a mathematical model of within-host
virus evolution to study factors that could increase and decrease the probability of the remaining
substitutions evolving after the virus has infected a mammalian host. These factors, combined with the
presence of some of these substitutions in circulating strains, make a virus evolving in nature a
potentially serious threat. These results highlight critical areas in which more data are needed for

assessing, and potentially averting, this threat.

ecent studies have shown that the
A/Indonesia/5/2005 avian A/HSN1 influ-
enza virus may require as few as five

amino acid substitutions (/), and the A/Vietnam/
1203/2004 A/H5N1 influenza virus requires four
substitutions and reassortment (2), to become
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transmissible between ferrets via respiratory drop-
lets. Here, we assess the likelihood that these
substitutions could arise in nature. We first ana-
lyzed A/HS5NI1 sequence surveillance data to
identify whether any of these substitutions are
already circulating. We then explored the prob-
ability of the virus evolving the remaining sub-
stitutions after a spillover event of an avian virus
into a single mammalian host and in a short chain
of transmission between mammalian hosts.

The minimal set of substitutions identified
by (/) (the Herfst et al. set) contains two
receptor-binding amino acid substitutions, Q2221
and G224S (HS5 numbering used throughout) in
the hemagglutinin (HA), known to change the
virus from the more avian-like alpha-2-3-linked
sialic acid specificity to the more humanlike
alpha-2-6-linked sialic acid (3, 4). The remain-
ing three substitutions in the set are T156A in
HA, which disrupts the N-linked glycosylation
sequon spanning positions 154 to 156; H103Y
in the HA trimer-interface; and E627K in the
PB2, which is a common mammalian polymer-
ase adaptation (5). (Numbers refer to amino acid
positions in the mature HS5 proteins; for
example, Q2221 indicates that glutamine at
position 222 was replaced by leucine. Single-
letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; L, Ile; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S,
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.)

The four amino acid substitutions in HA iden-
tified by (2) (the Imai et al. set) also contain two
receptor-binding amino acid substitutions, N220K
and Q222L, one of which is in common with the
Herfst et al. set and which together are known to
change the sialic acid linkage preference to the
more human-like alpha-2-6 linkage (2). The re-
maining two substitutions are N154D, which dis-
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rupts the same N-linked glycosylation sequon as
the T156A substitution in the Herfst ef al. set, and
T315I1 in the stalk region.

Of the three receptor-binding substitutions in
the two sets, only N220K in the Imai ef al. set has
been detected by means of surveillance in con-
sensus sequencing of the HA of A/H5N1 viruses,
and only in 2 of 3392 sequences [both avian vi-
ruses, one from 2007 in Vietnam, one from Egypt
in 2010 (Fig. 1, B and F, black arrows)]. The
T3151 stalk substitution and H103Y trimer
interface substitution have each been detected
once in two viruses from China in 2002 (Fig. 1,
A and B, orange arrows). T3151 has been
detected in two pre-1997 H5N1 viruses, four
H5N2 viruses, two H5N3 viruses, and two HSN9
viruses. HI03Y has been detected in five HSN2
viruses and one H5N3 virus. The remaining
substitutions, N154D and TI156A in the HA
glycosylation sequon and E627K in PB2, howev-
er, are common and occur in 942 of 3392, 1803
0f 3392, and 432 of 1612 sequences, respective-
ly. A summary of the substitutions detected in
surveillance is shown in fig. S1 and table S1. For
viruses in which both HA and PB2 have been
sequenced, 338 of 1533 have lost the 154-to-156
glycosylation sequon and have E627K in PB2.
These viruses have been collected in at least
28 countries in Europe, the Middle East, Africa,
and Asia.

The HA glycosylation sequon substitutions,
N154D and T156A, have drifted in and out of the
avian virus population over time, suggesting that
they may be under little selective pressure in
birds. The other substitutions—which are rare in
birds, particularly those that change the sialic acid
linkage preference—are likely to be negatively
selected in birds.

Phylogenetic trees of the A/HSN1 HA are
shown in Fig. 1, color-coded by the number of
nucleotide mutations required to obtain the five
Herfst et al. set (column 1) and four Imai ez al. set
(column 2) of substitutions in HA. Obtaining
these mutations does not necessarily mean the
virus will be transmissible through respiratory
droplets between ferrets because the genetic back-
ground of each strain is different from the strain
used by Herfst e al. (Fig. 1A, blue circle) and the
strain used by Imai ef al. (Fig. 1J, red circle).
Other than for clade 2.3.2.1, the variation in
color in Fig. 1, columns 1 and 2, is due to the
presence (mostly in East and Southeast Asia)
or absence (mostly outside of East and South-
cast Asia) of the glycosylation sequon at posi-
tions 154 to 156.

The sequenced viruses that are closest to the
Herfst et al. set are in clade 2.3.2.1 (Fig. 1A and
fig. SIA). These HAs have acquired a silent
nucleotide mutation that makes the amino acid
substitution G224S require only one nucleotide
mutation instead of the two mutations for other
strains. It is the requirement of these two nucle-
otide mutations that makes viruses usually far-

ther from the Herfst ez al. set than the Imai ez al.
set. The viruses in clade 2.3.2.1 have been sam-
pled in Nepal, Mongolia, Japan, and Korea from
2009 to 2011. Seventeen out of 94 of these vi-
ruses have been sequenced in PB2 (Fig. 1D), and
none have the E627K substitution. Thus, the
closest known viruses to the Herfst ez al. set by
consensus sequencing are four nucleotide sub-
stitutions away.

The majority of HS viruses in clade 2.2 (and
its subclades) are three nucleotide mutations from
the Imai et al. set in HA (Fig. 1, F and J). These
viruses have been sampled in Europe from 2005
to 2007, in the Middle East (including Egypt)
from 2005 to 2011, and in Africa from 2005 to
2007. Viruses sampled in 2010 and 2011 are in-
dicated by the red portion of the vertical line de-
limiting the clade (Fig. 1 and by the time series in
fig. S1, F and J). If it is the loss of glycosylation
that is important, rather than any other effect of
N154D, then as shown in Fig. 1, column 3,
almost all the non-Asian viruses have lost the
glycosylation sequon, and thus all these viruses
would potentially be functionally three nucleo-
tides from the Imai et al. set in HA.

The viruses indicated by the black arrows in
Fig. 1, B and F (one from Vietnam in 2007 and
one from Egypt in 2010), have the N220K
receptor-binding substitution and have lost the
glycosylation sequon at positions 154 to 156.
Thus, these two viruses are two nucleotide sub-
stitutions from the Imai ef al. set in HA, and are
the viruses closest to having the full Imai ez al. set
in HA detected to date by means of consensus
sequencing.

Surveillance has detected humans with A/HSN1
viruses four nucleotide mutations from the full
Herfst ef al. set and three from the Imai et al. set
in HA. Viruses isolated from human A/H5N1 in-
fections (Fig. 1, bottom row) are generally the
same number of mutations in HA away from
the Herfst et al. and Imai ef al. sets, by means of
consensus sequencing, as their most closely re-
lated avian viruses. The within-host evolution
modeling below indicates that any host adapta-
tion substitutions would only reach a small pro-
portion of the total virus population in the first
spillover host and, although potentially critical
in the host-adaptation process, would not be de-
tected with consensus sequencing. Thus, the
absence of evidence of host-adaption through
consensus sequencing is not evidence for the
absence of potentially critical adaptation to the
mammalian host. See (6) for details of human
strains and their most genetically similar avian
A/H5NT1 viruses.

To explore the probability of accumulating
the remaining nucleotide mutations after the avian
virus has been transmitted to a human (or other
mammalian host), we constructed a mathematical
model (7-10) of the within-host evolutionary dy-
namics of the virus. In the model, errors made by
the virus polymerase are the source of mutation
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Fig. 1. (A to L) Phylogenetic trees of the A/H5N1 HA1 nucleotide sequences.
The sequences are split into three trees: 2022 avian H5 sequences from East
and Southeast (E and SE) Asia (top row); 1097 avian H5 sequences from
Europe, the Middle East, and Africa (middle row); and 385 human H5
sequences (bottom row). Each sequence is color coded by the minimum
number of nucleotide mutations required to obtain the four amino acid
substitutions in HA in the Herfst et al. set (column 1), to obtain the four amino
acid substitutions in the Imai et al. set (column 2), to disrupt the N-linked
glycosylation sequon spanning positions 154 to 156 in HA (column 3), and to
obtain E627K in the PB2 segment of the corresponding virus in these HA trees
(column 4). In columns 1 and 2, blue indicates five nucleotide changes, green
indicates four, and orange indicates three. In columns 3 and 4, yellow viruses
require one mutation, and pink require zero mutations. Gray indicates PB2

Glycosylation (154/156)

(o] B

SPECIALSECTION

PB2 (627)

[o

not sequenced. Clades as defined by (35) are marked to the right of the
branches; the red portion of the vertical clade-identification lines indicates
strains sampled in 2010 or 2011. The viruses indicated by black arrows are
two nucleotides from the Imai et al. set. The virus indicated in (A) by the
orange arrow has the H103Y substitution, and the virus indicated in (B) by the
orange arrow has the T315I substitution. The blue circle indicates A/Indonesia/
5/2005, and the red circle indicates Aietnam/1203/2004, the starting
viruses used by (1) and (2), respectively. The initial trees were constructed with
PhyML version 3.0 (36), with A/Chicken/Scotland/1959 as the root, using
GTR+I+I'4 [determined by ModelTest (37)] as the evolutionary model.
GARLI version 0.96 (38) was run on the best tree from PhyML for 1 million
generations to optimize tree topology and branch lengths. “Zoom-able”
versions of these trees are shown in fig. S1 to show detail.
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(10° mutations per site, per genome replication),
the initial virus population expands exponentially
[each infected cell produces 10* virions (11, 12),
and 10'° cells can be infected (/3)] until it reaches
10" virions, after which the virus population size
stays roughly constant, and selection is modeled
by use of differences in expected numbers of
progeny (fig. S2 and table S2) (6). The results

of the model are largely insensitive to the
number of cells that can be infected, maximum
virus population size, and whether the virus
population remains roughly constant or declines
(figs. S3 to S5). Typical infections were simu-
lated out to 5 days corresponding to the
approximate time of peak viral load, and long-
duration infections to 14 days (/4).

It is not possible to calculate the level of risk
precisely because of uncertainties in some as-
pects of the biology. We used the model to com-
pare the relative effects of factors that could
increase or decrease the probability of accumu-
lating mutations and to identify areas for further
investigation that are critical for more accurate
risk assessment. We compare and contrast the ef-

fects of factors that can increase the probability of
accumulating mutations and thus evolving a res-

piratory droplet—transmissible A/H5N1 influenza
virus in a mammalian host, and factors that could
decrease the probability of evolving a such a vi-

|
(4]

o

in total virus population)
|
o

logq(proportion of mutant virus

-5

log,g(expected number of mutant viruses)
I
N
o

|

—

rus. The factors we considered that can increase
the probability are random mutation, positive se-
lection, long infection, alternate functionally equiv-
alent substitutions, and transmission of partially
adapted viruses as a proportion of the within-
host diversity both in the avian-mammal and the
mammal-mammal transmission events (10, 14-18).
The factors we considered that can decrease
the probability are an effective immune response,
deleterious substitutions, and order-dependence
in the acquisition of substitutions. We considered

1 2 3 4 5 0 1 2
Time (days)

Fig. 2. Expected absolute numbers and proportions of respiratory droplet—transmissible A/HSN1 virions
within a host initially infected by strains that require five (blue), four (green), three (orange), two (red), or
one (purple) mutation (or mutations) to become respiratory droplet—transmissible, calculated from the
deterministic model. (A) The absolute number of respiratory droplet—transmissible A/H5N1 viruses in a
host. The intersections with the gray line indicate the point when at least one virus in each host is expected
to have the required mutations. The change in slope is due to the transition in the virus population from
exponential expansion to constant size. (B) Expected proportion of respiratory droplet—transmissible
A/H5N1 viruses in the total virus population over time in the random mutation case (when all mutations

are fitness-neutral).

Time (days)

3 4 5  these factors for starting viruses differing in

the number of mutations that separates them
from a respiratory droplet—transmissible A/HSN1
virus—viruses that require five, four, three, two,
or one mutations at specific positions in the vi-
rus HA, reflecting that zero, one, two, three, or
four of the mutations are already present in the
avian population and thus are present at the start
of the infection in mammals. We treat each amino
acid substitution as if it can be acquired by a
single-nucleotide mutation, as is the case for
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Fig. 3. Factors that increase or decrease the proportion of respiratory
droplet—transmissible A/H5N1 virus based on starting viruses that require five
(blue), four (green), three (orange), two (red), or one (purple) mutation (or
mutations) to become respiratory droplet—transmissible. (A) The effect of hill-
climb and all-or-nothing positive selection compared with random mutation
alone. (B) The effect of avian—mammal transmission of partially adapted virus
as a result of intra-host diversity (100 viruses start the infection, one of
which has a mutation) and the effect of alternate substitutions with 10
functionally equivalent sites for a virus requiring five mutations (blue), nine

sites for a virus requiring four mutations (green), eight sites for a virus
requiring three mutations (orange), seven sites for a virus requiring two
mutations (red), and six sites for a virus requiring one mutation (purple),
both with hill-climb selection, compared with hill-climb selection alone. (C)
The effect of two of the required substitutions being individually deleterious
(for these two specific substitutions, either substitution alone reduces the
replicative fitness of the virus to zero) and the effect of complete order
dependence of acquiring substitutions, both with hill-climb selection as
compared with hill-climb selection alone.
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the circulating viruses closest to acquiring the
Herfst et al. or Imai et al. sets [see (6) for the
general case].

First, we considered random mutation. Even
without any positive selection pressure, the
random process of mutations introduced by the
virus polymerase in the expanding population of
viruses will on average produce viruses that
contain the required single, double, or triple mu-
tations and even some quadruple mutants. These
mutants will arise after a few days of an infection
in a host in which the virus replicates efficiently
(Fig. 2A) and would be delayed if replication is
impaired (fig. S5). However, the existence of a
virus within-host does not mean that it will trans-
mit because it might exist only as a small pro-
portion of the total virus population and thus have
little chance of being excreted (Fig. 2B). The min-
imum proportion of mutant virus required to make
transmission likely is not known, but increased
proportion translates into increased probability of
transmission; thus, we focused on proportion of
mutant virus in the total virus population. These
proportions (equivalent to the probability of a
single virion to be a mutant), both here and be-
low, cannot yet be precisely determined—they
are sensitive to some biological parameters that
are not yet known accurately and some that are
specific to a particular virus or mutant. For such
parameters, we tested a range of the current best
estimates and focused on the relative, rather than
the absolute, effects (6).

Second, we considered positive selection.
Some of the substitutions identified by (/) and
(2) have been shown to increase within-host virus
fitness—specifically, the loss of glycosylation at
positions 154 and 156 and E627K in PB2.
However, given the absence of specific informa-
tion on the within-host selective advantage or
disadvantage conferred by each substitution, or
combination of substitutions, we considered two
cases of positive selection: one in which each
individual substitution confers an additive advan-
tage (hill-climb) and one in which only viruses

that have acquired all substitutions have an ad-
vantage (all-or-nothing). We considered a total
advantage of 1.1-, 2-, or 10-fold in each genome
replication step for the full set of respiratory
droplet transmission—enabling substitutions (table
S2 and fig. S6) (A twofold advantage at each
genome replication step translates into an approx-
imately 100-fold increase in mutant virus titer
after 36 hours.) In the all-or-nothing scenario, a
strong increase in proportion occurs for viruses
that have acquired all mutations because of its
substantial fitness advantage over the rest of the
population. The rate at which all-or-nothing selec-
tion increases the proportion of respiratory droplet—
transmissible A/H5N1 viruses, as compared with
the neutral case, is mostly independent of the
number of mutations required (Fig. 3A). In con-
trast, for hill-climb selection the rate of increase
above the neutral case decreases when fewer mu-
tations are required (Fig. 3A). This difference
between the all-or-nothing and hill-climb is be-
cause the fitness differential from the starting
virus to the respiratory droplet—transmissible
A/H5NI virus decreases as the number of needed
mutations decreases (if some of the mutations are
already present in the avian host) (table S2) (6).
We consider this hill-climb case to be the most
likely situation during the host-adaptation we
modeled (in the absence of deleterious substi-
tutions). However, we have also compared the
two selection scenarios when the starting fitnesses
of all-or-nothing and hill-climb are the same in-
dependent of the starting number of necessary
mutations, and discuss the subtle tradeoff between
the fitness advantage of, and clonal-interference
among, intermediate mutants (figs. S7 and S8)
(6, 19).

Third, we considered long infection. Because
both random mutation and positive selection
increase the expected proportion of mutated
virions with every viral generation, the longer a
host is infected, the greater the proportion of a
particular mutant (Fig. 4) (/5). Human A/H5N1
infections lasting 14 days or longer have been
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reported especially in children, the elderly, and
the immunocompromised (/4) and have been
associated with the evolution of oseltamivir re-
sistance (20). It might be that only immunocom-
promised individuals can typically transmit the
virus late in a long infection. The increasing pro-
portion of mutant virus is only dependent on con-
tinued virus production and is independent of
whether the virus load stays constant or declines
(fig. S4) (21). The variance in the proportion of
mutant virus (Fig. 4, pale regions) increases with
each additional mutation required because of the
increased number of combinatorial options and
the greater selective advantage of mutant viruses
as compared with wild-type viruses in the hill-
climb scenario. The pale regions only reflect the
within-model variance in results, as indicated by
the different runs of the stochastic model, and not
uncertainty as a result of other factors; sensitivity
of the outcomes for model parameters such as the
error rate and the number of virions produced by
each infected cell are explored in (6) (fig. S5).
Fourth, we considered functionally equiv-
alent substitutions. The sets of substitutions re-
quired for a respiratory droplet—transmissible
A/HSN1 virus identified by (/) and (2) are un-
likely to be the only combinations of sub-
stitutions capable of producing a respiratory
droplet—transmissible A/HSN1 virus. If particular
biological traits could be achieved by other
substitutions, this would increase the expected
proportions of respiratory droplet—transmissible
A/H5N1 viruses. This is likely to be the case, giv-
en that there are multiple substitutions that can
cause changes in receptor-binding specificity and
two sites where substitutions will result in loss of
glycosylation: positions 154 and 156 (table S3).
If five substitutions could be from any 10 specific
positions in the virus genome (or if two already
existed in nature, three from any eight), then
there would be 252 (or 56) combinations, and
this would raise the proportion of respiratory
droplet-transmissible A/HSN1 virus within a host
by ~10*° (or ~10"%) above the case of positive

Fig. 4. Proportion of respiratory
droplet—transmissible A/H5N1 virus
in a long infection with virus repli-
cation for 14 days in the presence of
hill-climb selection. Bold lines show
results from a probability-based de-
terministic model of virus mutation,
the pale region (composed of lines)
shows 10,000 stochastic model sim-
ulations for each starting virus. Start-
ing viruses require either five (blue),
four (green), or three (orange) muta-
tions to become respiratory droplet—

in total virus population)

logyo(proportion of mutant virus

transmissible. For the stochastic
simulations, the lines start when the
first virion that has the required mu-
tations appears.

Time (days)

www.sciencemag.org SCIENCE VOL 336 22 JUNE 2012

Downloaded from www.sciencemag.org on June 21, 2012

1545


http://www.sciencemag.org/

1546

nbk]\

selection alone after 5 days (Fig. 3B, figs. S9 and
S10, and table S4).

Fifth, we considered the avian-to-mammal
transmission of partially adapted mutants. We
specifically considered the case in which one of
the required mutations exists as a small propor-
tion of the avian within-host viral population, or
in the viral populations from the >20 mammalian
hosts in which A/H5N1 infections have been
observed (22-25), so that they would not be
detected by the usual consensus sequencing
techniques. If the mutant is one of the 100 virions
that seed an infection (16, 17), then with positive
selection the probability of acquiring the remain-
ing mutations increases by 10° after 5 days of
infection above the case of positive selection
alone (Fig. 3B). If the proportion of mutants in
the seeding population is 10™* however, the
increase in proportion of respiratory droplet
transmissible A/HSN1 virions in the mammalian
host is small (fig. S11).

Sixth, we considered mammal-to-mammal
transmission of partially adapted viruses. Trans-
mission of viruses between mammals that have
some but not all of the substitutions necessary for
respiratory droplet transmission potentially
increases the risk of evolving a respiratory
droplet—transmissible A/H5N1 virus, but this
increase is modulated by the difficulty of trans-
mitting partially adapted strains and the loss of
diversity at transmission. Two primary factors
strongly modulate the effect of transmission on
the accumulation of mutations. First, transmis-
sion could decrease the accumulation of mutations
by the loss of low-proportion mutants because
only a limited portion of the virus population will
be transmitted. Second, transmission could in-
crease the accumulation of respiratory droplet
transmission—enabling substitutions by concen-
trating a transmissible virus during excretion
from or seeding into a host—for example, if the
adapted virus has increased tropism for the
mammalian upper respiratory tract and therefore
concentrated in the nose and throat. Thus, the
effect of transmission can range from negligible,
if mutants are culled by the loss of diversity at
transmission, to substantial, if selection favors
mutants at transmission (table S5). Given that
A/H5NI1 virus infections have been observed in
>20 mammalian species, there is a potentially
large pool of nonhuman hosts in which short
chains of transmission could play a role in the
emergence of respiratory droplet-transmissible
A/H5NI viruses.

In contrast to these factors that could increase
the rate of accumulating substitutions, we next
discuss factors that could decrease this rate.

First, we considered an effective immune
response. An immune response that substantially
shortened an infection would decrease the
probability of the accumulation of mutations; how-
ever, there are many reported cases of infections
up to and beyond 5 days (74, 21). Variation in the

number of virions produced by each infected cell
does not affect the deterministic calculations of
the proportion of mutants. However, if this
number is substantially lower for the stochastic
simulations—for example, 25 (6) as compared
with 10,000 (used for most of the figures)—the
slower growth and lower total number of viruses
could substantially delay the appearance of mu-
tants within a host. As the number of required
mutations increases, stochastic effects caused by
the slower growth decrease the proportion of
these mutants (fig. SS5) (6).

Second, we considered deleterious inter-
mediate substitutions. The receptor binding and
trimer-interface or stalk substitutions required
by (/) and (2) are, as we have seen, either rare
or absent in influenza viruses isolated to date.
The receptor-binding substitutions, although del-
eterious in birds, would be expected to be ad-
vantageous in humans. However, the details of
this host-adaptation are not yet elucidated, and
so we also consider the possibility that there are
deleterious intermediate substitutions and explore
a variety of scenarios (figs. S12 and S13). When
two of the required substitutions are individually
deleterious (for these two specific substitutions,
either substitution alone reduces the replicative
fitness of the virus to zero), this slows the rate
of accumulation of mutations for the three-
mutation case by less than the amount that hill-
climb positive selection increases the rate above
the neutral case (Fig. 3C). When three substitu-
tions are required (all single and double substi-
tutions reduce the replicative fitness of a mutant
virus to zero), this can lower the accumulation
rate ~10% below the neutral case (fig. S12). Del-
eterious (or advantageous) substitutions other
than the respiratory droplet—transmissible A/H5SN1
substitutions can, to a first approximation, be
ignored in calculating proportions because such
substitutions would on average affect all viruses
equally and thus would not specifically affect the
accumulation of respiratory droplet—transmissible
A/H5N1 mutations (6).

Third, we considered order dependence in the
acquisition of substitutions. It is not currently
known whether the acquisition of some or all of
the respiratory droplet transmission—enabling
substitutions is dependent on the order in which
viruses accumulate those substitutions. For ex-
ample, the gain of 2-6-receptor binding might be
required before loss of 2-3-receptor binding. If
there were any order dependence, it would slow
down the rate of accumulation of mutations.
However, even in the most extreme scenario in
which there is a single specific order in which the
substitutions must be acquired, and any other
order results in a virion with a replicative fitness
of zero, if fewer than four mutations are required,
the effect on the rate of accumulation of mu-
tations is less than that of the deleterious sce-
nario described above (Fig. 3C and figs. S14
and S15).

In addition to the substitutions in HA, the
Imai et al. virus was a reassortment with an
A/H1pdmO09 virus. The probability of a re-
assortment event is difficult to determine given
current knowledge. In one study (26), it has
been estimated to be more likely than the like-
lihood of acquiring a single mutation as cal-
culated here.

Highly pathogenic avian A/H5N1 viruses have
been infecting humans for over a decade, with
~600 reported cases to date (and possibly many
more that have not been reported), but there have
yet to be known cases of efficient human-to-
human transmission (27, 28). One hypothesis for
the lack of sustained transmission is that it is not
possible for A/H5N1 viruses to become respira-
tory droplet—transmissible in mammals; (/) and
(2) have shown that this may not be the case in
ferrets. Another hypothesis is that the number
of mutations necessary for respiratory droplet—
transmissibility might be so great that such a vi-
rus would be unlikely to evolve. We show here
that in biologically plausible scenarios, respira-
tory droplet—transmissible A/HSN1 viruses can
evolve during a mammalian infection. Given
that respiratory droplet transmission between mam-
mals is possible and that respiratory droplet—
transmissible A/H5N1 mutants are likely to evolve
in infected individuals, the primary impediment
to transmission could be whether the respiratory
droplet—transmissible A/H5N1 viruses comprise
a sufficient proportion of the within-host viral
population to actually transmit.

The minimum proportion of virus required
for transmission is not known, but increased pro-
portion likely translates into increased probability
of transmission. There cannot be respiratory drop-
let transmission if there are no viruses in the air.
Given a peak excretion rate of ~107 viruses per
day (29, 30), a proportion of which are likely to
become aerosolized (37), mutants at proportions
near or above 10”7 might thus be among the par-
ticles excreted. Each of the factors analyzed above
has a potentially substantial effect on the rate of
accumulating mutations (Fig. 3), and the effects
of each can be additive. With plausible combi-
nations of these factors, a virus that requires three
mutations reaches proportions at which a few res-
piratory droplet-transmissible A/H5N1 viruses are
likely to be among the particles excreted. For a
virus that requires five mutations, it may only
reach such proportions with more extreme com-
binations of factors or if an event occurs that is
not encompassed by the model (32). However, it is
known that influenza viruses are capable of
respiratory droplet transmission in animal models
at low infectious doses (33), and that transmis-
sion routes other than in respiratory droplets
could be important; thus despite the three key
current unknowns about transmission (6), even
low numbers of excreted respiratory droplet—
transmissible A/HSN1 virus may be relevant for
emergence. In addition, the probability of emer-

22 JUNE 2012 VOL 336 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on June 21, 2012


http://www.sciencemag.org/

gence increases when more mammals are
infected when this also corresponds with a rise
in potential transmission events. The output of
the model is a guide to understand the ap-
proximate effects of different factors and should
not be interpreted as actual proportions of virus
and probabilities of transmission, given the un-
certainty inherent in parameter estimates and mod-
el structure, and the inherent unpredictability of
rare events (34).

These results highlight four areas of investi-
gation that are critical to more accurately assess
and monitor the risk of a respiratory droplet—
transmissible A/H5N1 virus emerging and to in-
crease our understanding of virus emergence in
general. Some of this work is already ongoing,
planned, or suggested. The work of Herfst ef al.
(1) and Imai et al. (2) and the analyses here help
to prioritize particular areas.

First, additional surveillance in higher-risk
regions where viruses require fewer nucleotide mu-
tations to acquire respiratory droplet transmission—
enabling substitutions (Fig. 1 and fig. S1) (and
in regions connected by travel, trade, and migra-
tory flyways) is key for monitoring the emergence
of a respiratory droplet—transmissible A/H5N1
virus. Surveillance of nonhuman mammalian hosts,
especially any that harbor long infections or live
in large groups, is important for the early iden-
tification of mammalian adaptation. Additional-
ly, studies are needed on the accumulation of
mutations within-host and in short chains of trans-
mission in mammals (22—25), even when endem-
ic circulation has not been observed.

Second, deep sequencing of avian and other
nonhuman virus samples is necessary to accu-
rately estimate the prevalence of the respiratory
droplet transmission—enabling amino acid sub-
stitutions in nature. Deep sequencing of human
samples, particularly at multiple time points from
individuals with long infections, would be useful
for evaluating within-host evolution, for estimat-
ing selective advantage of substitutions, and for
testing the underlying dynamics and assump-
tions of the model (/5). Respiratory droplet—
transmissible A/H5SN1 mutations present in a
proportion higher than the polymerase error rate—
exceeding approximately 10>, but far below the
threshold for detection with consensus sequencing
and thus not detectable with current surveillance
practices—would increase the risk of a respirato-
ry droplet-transmissible A/HSN1 evolving. Thus,
sequencing deeper than that currently routinely
achieved for RNA viruses (ideally detecting mu-
tations at 0.1% frequency and lower for detailed
studies) is necessary to more accurately assess
the risk posed by intra-host variability (75).

Third, experiments are needed to determine
which substitutions, besides the already identi-
fied receptor-binding substitutions by (/) and
(2), are capable of producing respiratory droplet—
transmissible A/H5N1 viruses, including the im-
portant case of functionally equivalent substitutions

or alternative sets of substitutions that would re-
quire fewer nucleotide mutations than those of
the Herfst ez al. or Imai et al. sets. This work will
be important for calculating risk and for moni-
toring in surveillance.

Fourth, further studies are needed to elucidate
the changes in within-host fitness and between-
host transmissibility associated with each respi-
ratory droplet transmission—enabling substitution
and combination of substitutions. These studies
are necessary for determining the dynamics of
within-host selection [including data on, and mod-
eling of, the effects of glycan heterogeneity be-
tween the upper and lower respiratory tract (6)]
and the potential for transmission of partially
adapted viruses. It is important to determine the
strength of selection at transmission because it
can increase the proportion of respiratory droplet
transmission—enabling substitutions. Further
work is needed to refine the estimate for virus
excretion and the minimum human infectious
dose (29).

Numerous avian A/H5N1 viruses have been
sampled in the past 2 years that are four nu-
cleotide mutations from acquiring the Herfst et al.
set of HA and PB2 substitutions and three nucle-
otide mutations from acquiring the Imai ez al.
set in HA (the Imai et al. set also requires a re-
assortment event). Precise estimates of the prob-
ability of evolving the remaining mutations for the
virus to become a respiratory droplet—transmissible
A/HSNT1 virus cannot be accurately calculated at
this time because of gaps in knowledge of the
factors described above. However, the analyses
here, using current best estimates, indicate that
the remaining mutations could evolve within a
single mammalian host, making the possibility
of a respiratory droplet-transmissible A/HSN1
virus evolving in nature a potentially serious
threat.
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