Influenza A Reassortment — Final Report

Matt Ingham

XXXXXXXX

1. Phenomenon:

The haemagglutinin (HA) and neuraminidase (NA) proteins both iexisany
different versions, and form many combinations in various strafrite influenza virus.
Thus, many different subtypes of influenza exist (eg. HIN1, H3N2). Thes@essilutyme
about through reassortment, a phenomena in which two differing sahif/fiee virus invade
a host at the same time and their genomes become mixed, resultimgmirsabtype. These
subtypes vary greatly in their pathogenicity (the ability of a viouisvwade a new host) and
virulence (the amount of damage incurred by the host due to theaonjle@iapua,
Alexander, 2002). Typically, mammals are able to mount a suffici@nune response
against any subtype of the influenza virus that remains within maamaiganisms.
Additionally, avian subtypes of the virus are usually incapable of propiadyniy
mammalian cells in order to cause an infection. However, wherian flu subtype is able
to infect a mammal, typically a pig (although human infectiasetbeen recorded in recent
years), immune response is far weaker as no memory cellslmydies exist to counteract
the new subtype. Usually such infections do not spread easily, for reasntisned above
(Zambon, 2001). Occasionally, reassortment can result in a subtype whiaims a
combination of HA and NA proteins which has both high pathogenicttyaalence, and
results in a serious pandemic (Capua, Alexander, 2002).

Several factors exist that may affect the danger posed &y aubtype of influenza.
These include its pathogenicity, virulence, interaction of itsaé NA proteins, amount of

avian influenza that initially entered the population to causedhssortment, and the



likelihood of reassortment itself. These factors are as afotevell understood nor
guantifed for either avian subtypes or new subtypes from reasstrtme

The theory that the amino acid sequence of a protein, and teadegsee
nucleotide sequence which encodes that amino acid sequence, detannttien fs widely
accepted. It is reasonable to believe that a relationship betwesstiences of these
various subtypes and how the combination of particular HA and NA psatgeract with
both each other and with host proteins exists (Wagradr 2001). These interactions
determine the levels of pathogenicity and virulence of various pebiZzambon, 2001).
The model uses such sequence information to determine how new subtibehave, and
how often highly pathogenic or virulent strains will occur givenentrhuman and avian
influenza subtypes. Ideally, this model will help determine why icestebtypes are capable
of causing pandemics, while others are not, as well as why certtirsfdictate the

occurrence of such pandemics and how many deaths result.

2. Model Design:

The model was created in NetLogo in which the various ‘turbgais represent
humans. At any given time some of these objects may be infgittedne or more subtypes
of influenza. In cases where two or more occur in one objessagment may occur with a
given probability. If it does, a new subtype will be created and behawee loa pre-
calculated values for pathogenicity, virulence and proteinaatien. Each virus is given a
set of viral attributes for these factors, though in some casbsas reassortment rate, the
value is constant. For others, such as pathogenicity, it is bas@ait@rity with known viral
subtypes.

Two experiments were conducted with the model. The first (Experimeraslamv

attempt to model many various subtypes of influenza, mostly avigrediict how avian



subtypes may enter the human population and reassort, and the pofgraizdemic
associated with such activity. Within the model, a pandemic isidedas the occurrence
of novel virus spreading across large portions of the populatiorasatntere than those
observed as infected by the two common subtypes H1N1 and H3N2. While tebwaed
constructed to account for many variables, sufficient data istirexavian influenza
subtypes and reassortment rates does not yet exist to incermoathe model. As such,
experiments were conducted based on almost entirely on prediated Y@m sequence
similarity.

The second experiment (Experiment 2) was conducted is an attempt toicketiie
levels for various attributes, particularly those that wouldltés wide scale death due to
influenza. In this case, only a single avian influenza (H4N6) and thes&gsorted subtypes
(H4N1 and H4N2) possible were considered. The simulation was théor mmnange of
values for different attributes to investigate the signifieamiceach on mortality due to
influenza reassortment. The following steps were taken to désignodel on which these

experiments were run.

i. Determine similarity between various subtypes.

In order to determine similarity between subtypes, a custom datalzs created of
the amino acid sequences from all types of HA proteins known to imfetans. This
database was used to conduct BLAST (Basic Local Alignment Searchstaothes in
which each HA sequence from various subtypes was used to search thaatgbase of
subtypes capable of human infection. This was conducted to determiaeahef similarity
between versions of the protein. These similarities were used todetehe viral attribute
values for new subtypes based on their similarity to the pratemssting subtypes. Amino

acid sequences were used for comparison as similarity found beaweem acid sequences



is more significant than between nucleotide sequences. Differgnoasleotide sequences
do not necessarily result in a difference in amino acid sequemdehus difference in
function or functional efficiency. It is assumed that the mondar the sequences of two
versions of a protein, the more similar their characteristitde, and that the differences

between the subtypes are represented by the differences in sequence.

ii. Quantification of Pathogenicity and Virulence of various subtypes

In order to determine how fast a subtype will spread, and how mahygsaf infected
it will kill, some sort of quantification of pathogenicity and vinue is necessary. These
were represented in the model by the odds that two objects will paseetion when they
are in the same space for pathogenicity, and the odds that an abjdie wnce infected
with a given subtype for virulence. These odds are based on data froiarddNH3N2
subtypes currently circulating, as they are the only well studied sshiplels for new
subtypes will be calculated relative to these two subtypes. Mgntales were based on
those recorded clinically (University of Maryland Medical Center, 2005¥ also assumed
that inter-species infection rates are far lower than-spgegies infection, meaning when an
avian flu enters the human population it has a low infectite) aad the initial infection

event does not happen as often as that of types HLIN1 or H3N2. (Zambon, 2001).

iii. Quantification of HA/NA version combination:

Different versions of HA and NA proteins work together to varying degré\ny
combination that currently is capable of infecting any spesiassumed to work equally
well together as the manner in which HA and NA proteins intésagttll unclear. The
degree which new subtypes was predicted based on the most similar HAcsgqgunel will

act to diminish the pathogenicity of the new subtype as new combmtawe not evolved



to work together. This factor was taken into account only in Exjeet 1, as in Experiment
2 only two reassorted subtypes were being considered and were judgedtthat bot

combinations would have about equal efficacy.

iv. Simulation of infection in the human population:

NetLogo was used to create a population of human objects. Ing&dly human is
given a random age between 0 and 80. Any human that reaches the ageass8onied to
die of natural causes. A birth rate is incorporated to accoutttigp in which new humans
are born at about the rate seen globally today versus the populatiis results in a
population growth rate (ignoring deaths from influenza) of abowtrard%, roughly that of
the world currently (US Census Bureau, 2004).

Initially, some humans are infected with either influenza HIN1 or H38I&/edl as
others starting with immunity to one or both subtypes. This is nteaulate the current
environment in which these two subtypes circulate throughout thégpiopuat all times.
Pathogenicity attributes have been empirically determinecdhdynfj those which result in
about one person per 150 being infected with either subtype. This is based onuheafm
predicted cases of influenza per year in the United States (Ceniséase Control, 2005).
This method was also used to determine population density and gatesadf infection for
all subtypes. Humans became infected with various subtypes, and wexeadlle of
infecting each other with any influenza subtype they may tees be infected with.
Infection had a certain probability of occurring based on the vaiube similarity tables
listed above whenever two humans were in the same vicinity.

If one object was infected with two different subtypes, a reiseant had a certain

chance of occurring. All subtypes were assumed to have equal diaeassortment. In



Experiment 2, the rate of reassortment, infection and mortalgyvaded in order to
compare the affect each variable has on total mortality dudltenza.

Immunity was represented by a human having resistance taomfégta subtype it
has previously encountered for 150 steps, or about a year and a halftéestd with
vaccines (Zambon, 2001). This is based on the assumption that afteoiméecbrganism is
immune only as long as it has memory cells and antibodies tastthan of the subtype.
These cells die, and also small mutations result in the ityabilthe memory cells to
recognize new strains, thus resulting in a loss of immunity. udls, sSmmunity is not
absolute, and the chances of those immune being infected agaasesreath time, until
immunity level reaches zero.

The model was allowed to run for a period of time representing,yi@eorder to
accurately model the reaction of the population to new subtypes dwssoreent and to
model multiple occurrences of the rare event of reassortmerkpériment 1, the levels of
various subtypes was plotted and used as measurement of virus activitperdiment 2, the
amount of deaths attributed to each virus subtype was recorded at theeant simulation
as well. This was used to compare the relative effect of reasstrimaghogenicity and
virulence.

The lack of solid estimates for experiment 1 led to the developoherperiment 2,
in which the values for one virus were varied and evaluated. Tdotw®s were studied:
reassortment rate, pathogenicity and virulence (Appendix — Table &)s Were conducted
by keeping rates for two variables constant for the potgnpathogenic virus H4N2 and
altering one. The simulation was then allowed to run for ten yesgpeesented by 1000
steps), and the number of deaths attributed to HIN1, H3N2, H4N6, H4N1 and H4N2 were

tabulated. Values used were hypothetical, but reasonable in comparisemtodel



constructed around experiment 1. The initial value was doubled thed tiopdaluate three

values for each variable.

The nature of the model is that of a simulation based on analydicaliens. Simple
equations were developed for phenomena such as infection, and plackdrtogisietiogo to
create a simulation. Each object is given a set of valuesffieretht variables that dictate its
ability to survive. These variables take the form of valuescagsd with different virus
subtypes, which dictate whether or not a certain object is capilbding infected, infecting
others once infected, or suffer a premature death due to infeOtioer factors include
global values and coefficients which dictate phenomena suchssemsaent rate and
infection rate for all viruses. As a result, observations can be ateme the behaviour of

different subtypes, and which factors play the largest role in hityrta

3. Assumptions and Simplifications:

In both models, it is assumed that avian influenza subtypes apatbsgenic but
more virulent than human subtypes, as they are not well adaptedians, but humans have
developed no immunity to them. This has been seen in H5N1 and HON2 akianzaf
infections in Asia (Capua, 2002).

For experiment 1, it is assumed that a new HA will work proportgtahow similar
it is to another HA when combined with an NA. For instancedihids a very high
similarity to H1 but low similarity to H3, it is assumed that HAN1 tave a high coefficient
of protein interaction, but H4N2 will not if HLIN1 and H3N2 were in the databas

Although virulence is typically higher in infants and eldas they lack the defenses
that normal adults do, this factor has been removed by simply takingience level that

would represent an average for all infected objects. Combiitedhe assumption that the



object could be of any age this accounts for the age factor. iéwhlly, mutations create a
range of strains of a given subtype. This will be ignored as the lossnofnity is the main
result of such mutations, and is included. The other results of musaéamhanges in
pathogenicity and virulence that are not accurately predictaloeyas$, and thus should not
be included. Such mutations would involve recalculating sequence siynidich would
be difficult from within NetLogo. Thus, mutation will be ignored fonglicity.

An additional simplification is that of considering only the N1 andyp2$ of
neuraminidase. Since only two virus subtypes have been found tohnfeans that do not
include one of these protein types (H7N3 and H7N7), and such infectionsyararee these
types of neuraminidase have not been considered as the odds daksartment in reality
are extremely low in humans.

Since only humans are involved in the model, reassortment canazulyio the
human population (as opposed to the avian source which is not pregentmodel). In
reality, reassortments resulting in human infection are titdioggmost commonly occur in
pigs. However, since the purpose of this model is to investigate thibiptss of avian
subtypes being incorporated into humans, and the reassortmentaytatiow, only
reassortment in humans is being considered. This is largely the fact that relevant data
for such phenomena as avian to pig infection and information regarotus spread within a

pig population is very limited, and as such would be extremeligdifto model accurately.

Conforming to the Phenomena:

The initial technique of conforming to influenza behaviour was mugléfie activity
of HIN1 and H3N2. Since rates of infection are very difficult to pteat so many variables
can come into play, this was set initially at a one in ten étorall non-immune humans in

the vicinity. From there, variables such as population density, a ghbeetion rate



coefficient and initial levels of infection and immunity wereusstgd in order to arrive at a
somewhat steady state of HIN1 and H3NZ2 levels. In earlier verdiersyels of these
types would eventually arrive at zero, meaning the unrealisticafaaradication of these
types had occurred. For this reason, rarely (about one human evestgfes) a random
human is infected with one of these types. Since the model eepsessmall portion of the
global population, this represents someone leaving that section of tideawad returning
infected, which is realistic and comparable to residents of spacda leaving, becoming
infected, and returning.

These levels for HIN1 and H3N2 served as the basis for all other suasyiey
were created with viral attributes relative to those of theeartitial virus subtypes. Another
demonstration of the phenomenon is the behaviour of pandemic virusese vituses are
those with high pathogenicity for which there is little or nonamity in the population. In
most cases these infections resulted in a sudden surge of inféatawed by a sudden drop
as a surge in immunity soon followed. This pattern of infection coinaiitegpast
pandemics.

One factor that affected the degree to which novel viruses spréddsnsity of the
population in which they first appeared. A high relative density e@sired for the virus to
spread easily, as it must infect enough people right away sinaggebgon is short-lived.
This is also true in reality. Influenza will tend to spread fiesifar better, especially places
like universities with a high density. This helps add to the stochaatire of infection seen
in reality, as it resulted in the same virus spreading in sones,caisd disappearing due to
lack of hosts in others, which is also seen in nature.

The appearance of new viruses due to reassortment is not comrmeninrh
experiment 1 the reassortment rate was set so that emergenaaoviaus was rare. Also,

usually only low amounts of the new virus are found, and only sfréasl highly



pathogenic, as was seen as well in experiment 1. In experiment 2askertment rate was
varied to evaluate its significance, and was purposefully différem an optimal rate in
order to simulate different rates. This is acceptable as theorgasnt rate is not well
documented in influenza. The value used in experiment 1 is a rouglatestieveloped
empirically. This does represent the idea that reassortmesi’tdbappen every single time
two viruses infect the same host. In order for this to occentytb viruses must have similar
tropism to infect the same cells, they much both be repigatithe cell at the same time,
the capsid must enclose around different genome segments and the genoeméssegist be
the right size for the viral capsid to enclose it properly inromstill be functional. If all

this occurs, then a new virus subtype can appear and infect humans.

Insights

Insights in experiment 1 were difficult to arrive upon as thereanamsiderable lack of
data regarding subtypes not currently infectious to humans. Sequreiagty was utilized
to estimate the viral attributes, but since research on theisaté of differences in
sequence similarity as they relate to pathogenicity and virulenti iis #s early stages,
these estimates were rough. Some insights were still pofsitnie¢his approach, however.

The result of constructing experiment 1 was a model in which most yivwere
predicted to behave like the HSN1 or HON2 subtypes currently observedh, fnehie high
virulence, but low pathogenicity. One subtype that did stand out was the IHBtyfes
which had very high similarity to H3N2 (Appendix - Table 1). This leth&otheory that it
was close enough to H3N2 that a reassortment resulting in an H4ANResuliyld create a
virus with the pathogenicity of H3N2, which spreads easily throughouttheurh
population, but also be different enough that no immunity would txist As the only

potentially pandemic subtype in an array of those of relativitliy harm to the population,



this allowed for insights into how often such a reassortmdhtesult in a pandemic. It was
found that not every occurrence of the H4AN2 subtype resulted in a pandermany cases
the virus would start to spread, but not infect enough people, and disappéar,teithe
manner described in section 4. The random nature of infection woaldasunt for this
pattern. Observing such a pattern indicates we should increaselanceedf subtypes such
as H5N1 which have had multiple small outbreaks. In experimemtfteit took several
occurrences over several years for the H4N2 pandemic to ocduhiamrould be the case
with H5N1 as well. Other insights reached from experiment 1 wetra tlegluction of
pathogenicity even by half results in an exponential decradbke spread of the virus. This
was observed through the monitoring of a myriad virus subtypes wattige of
pathogenicity values and evaluating patterns in their occureemtspread.

In experiment 2, the greatest difference in deaths attributed t@ lddide as a result of
changing the pathogenicity. The amount of deaths at an infectianactb00 was over 50
times those seen at 500. Also, while the number of deaths due to H4N1 and HéN2 wer
about the same at 500 (H4N1 had a value of 300 for all simulations), ihuwashigher
(about a factor of 6) in the latter two simulations. It wB® seen that the number of deaths
due to H4N1 increased as well, due to the fact that a large inandd48l2 led to frequent
reassortment with H1IN1 to create many H4N1 viruses. This is an anparsight, as it
reveals that if reassortment levels prove to be as high as imtuel, two subtypes using the
new HA protein could emerge. For instance, a pandemic of HSN1 coultineslarge
amount of H5N2 as well. Although it may not be as pathogenic or mirulee lack of
human immunity to the second subtype could still result in manysleath

The second most influential factor was that of reassortment ratde B\t virus types
(H4N1 and H4N2) were affected by this global variable, the higher patiuityeof H4AN2

still resulted in it having several times more deaths attribiatét. One difference worth



noting is that the amount of deaths rose roughly proportional tdtfeor reassortment in
H4N2, but increased far more rapidly in H4N1. This is likely attribetédokthe reassortment
phenomenon mentioned before, especially since the rate of reasganttneased. This
shows that increases in reassortment do not have the dasteasfpathogenicity on a single
novel virus, but can result in a large secondary pandemic associatedenptimary

subtype. This has yet to be seen in any pandemic to date, butseragiihing to be
considered in vaccine production.

Finally, increases in virulence actually resulted in a @eserén deaths. Considering
that numbers decreased for H4N1 as well, there is likely somethiog thiese trials that
resulted in low death rate for reassorted subtypes, and furthemateaneeded for all three
factors. However, one explanation is that the very high dettihesulted in a loss of
population density around those still infected, and causes the widisappear. Although
this seems unlikely considering those who do not die will be immunehtree that those
immune may still get infected may be enough to allow the virus tadggmough to survive
for a longer period of time. A higher amount of trials with a loqiod of time each
would help determine if there is any validity in this explanation.

Overall, this model allowed for several insights into theeptial activity of influenza
and new subtypes that appear due to reassortment. Due to thetgtoettase of the model,
more precise insights could be drawn if it were allowed tdens or hundreds of times in
order to best draw conclusions about different factors. Additionalgc@gate information
regarding the pathogenicity of avian influenza and reassortmestaanes to light, it can be
incorporated in order to better predict which subtypes in paatipse the greatest threat.
However, the findings thus far indicate that pathogenicity ikélyefactor in potential to

cause a pandemic, and should be the main target in vaccine and ladnigjrdevelopment.



References:

1.

2.

3.

Zambon, MC. The pathogenesis of influenza in humans. Rev Med Virol. 2001 Jul
Aug;11(4):227-41.

Capua, |, Alexander, DJ. Avian influenza and human health. Aota Z002
Jul;83(1):1-6.

Wagner, Ret al. Functional balance between haemagglutinin and neuraminidase in
influenza virus infections. Rev Med Virol. 2002 May-Jun;12(3):159-66.

Macken, C., Lu, H., Goodman, J., & Boykin, L., "The value of a database in
surveillance and vaccine selection.'Qptions for the Control of Influenza 1V.

A.D.M.E. Osterhaus, N. Cox & A.W. Hampson (Eds.) Amsterdam: Elsevier Science
2001, 103-106.

Altschul, SFet al. Basic local alignment search tool. J Mol Biol. 1990 Oct
5;215(3):403-10.

University of Maryland Medical Center website, April 7, 2005.
http://www.umm.edu/non_trauma/flu.htm

US Census Bureau, Internation Programs Centre (graph on BBC re@wslaiich

23, 2004.

http://news.bbc.co.uk/1/hi/world/americas/3560433.stm

Center for Disease Control, Atlanta, USA, flu website, April 7, 2005
http://www.cdc.gov/flu/




uery
IIN1

'IN1
IN1
AIN1
'IN1
IN1
AINZ2
AINZ2
AINZ
AINZ
AINZ2
AINZ
AINZ

3N2
3N2

3N2
3N2
3N2

3N2

Subject

HIN1
HIN2
H5N1
HON2
H3N2
HIN2
HIN1
H5N1
HON2
H3N2

H5N1

H3N2
H5N1
HIN2
HON2

HIN1

Table 1: Results for sequence similarity search of all HA seqaeagainst a database of
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Reassortment HIN1 H3N2 H4NG6 H4N1 H4N2
Rate

1in 10 28 42 119 15 147
1in 20 29 26 115 66 367
1in 30 18 24 86 184 521
Pathogenicity

5% 29 30 125 15 18
10% 28 46 94 56 376
15% 16 21 112 173 963
Virulence

25% 29 38 106 120 357
50% 21 33 140 57 327
75% 35 33 177 26 312

Table 2: Results for number of deaths for each subtype in @&eegt simulation in
conducted during experiment 2.




