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Outline

Grand challenges in global health
* Dengue fever

* Virus evolution, H3N2 and H1N1
The order parameter pgiope

(a new tool for vaccine design)
Detection of new flu strains

Deem and Lee, PRL 91 (2003) 068101

Park and Deem, Physica A 341 (2004) 455
Gupta, Earl, and Deem, Vaccine 24 (2006) 3881
Zhou and Deem, Vaccine 24 (2006) 2451

Pan, Subieta, and Deem, 24 PEDS (2009) 291
J. Chem. Theory Comput. 7 (2011) 1259

J. Mol. Evol. 72 (2012) 90

BRC, Rice University
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Grand Challenges in Global Health

GOALSAND GRAND CHALLENGES

Te improve chilldhioed vaccines:
GiC 1: Create effective single-dose vaccines that can be used soon after birth;

GiZ 2: Prepare vaccines that do not require refrigeration;

GiC 3: Develop needle-free delivery systems forvaccnes.

To create new vaccines:
GIC 4: Devise rellable tests In model systems to evaluate lve attenuated vaccines;

GiZ 5: Solve how to design antigens for effective, protectire Immunity;

GiC B: Learn which immunalagical responsas provide protective inmmmunity.

Te control insects that transmit agents of disease:

G T:Derelop a genetic strategy to deplete or incapacitate a disease-transmitting
insect population;

GiC B: Develop a chemical strategy to deplete or incapacitate a dissase-trarsmitting
insect population.

Te improve nutrition to promiote healthe

GiC 9: Create a full range of optimal bloavallable nutrients in a single staple plant
spacies,

Te improve drug treatment of infectious diseases:

GIC 10: Discover drugs and delivery systems that minimize the Ikelihood of drug-
resistant micraosrganismms.

To cure latent and chronic infections:
GiC 11: Create theraples that can cure latent infections;

GiC 12: Create iImmunalogical methods that can cure chronlc infections.

Ta measure disease and health status accurately and economically in poor cowntries:

GiZ 13: Develop technologies that permit quantitative assessment of population
health status;

GiC 14 Develop technologies that allow assessment of indwiduals for multiple
conditions ar pathogens at polmt-of-care.

Bill Gates, World
Economic Forum in
Davos, Switzerland.

Science and
Technology:
progress against
disease.

H. Varmus et al., Science
302 (2003) 398-399.



Theory of the Immune System

* Interested in fluctuations, correlations,
diversity, randomness

* Immunodominance in dengue fever

 |Influenza evolution and vaccine
effectiveness
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* The most important vector borne human virus ciin. microbiol.

Rev. 11 (1998) 480; PNAS 96 (1999) 7352; Rev. Med. Virol. 11 (2001) 301; BMJ 324 (2002)
1563; Emer Themes Epidemiol. 2 (2005) 1

* The most important mosquito-borne virus in 2005 (CDC,

WHO)
* Transmitted by Aedes aegypti and -
* A. albopictus mosquitos JOURNAL

» 2.5 Billion people live in 100 countries affected pjesgim
« 50-100 million people infected each year '
« 500 000 cases of dengue hemorrhagic fever
» 24 000 yearly human mortality




Dengue fever: Immunodominance

« 4 serotypes of dengue fever, 1 conservative mutation
between each pair of strains

* Most important vector-borne human virus
* Immunodominance inhibits tetravalent vaccine
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The T Cell Muturation Process

Roughly 2.4 x 107 sequences in naive
repertoire, copy number 2.4 x 10%

T cell maturation is driven by cycles of
concentration expansion

Concentration increases 103 over 10
days
Diversity of evolved sequences is 0.5%

of initial, copy number 2 x 106
T. P. Arstila et al., Science 286 (1999) 958

Theoretical total diversity 107"

1 in 10° sequences bind any particular
antigen



T Cell Maturation Process:
Primary Response

‘ Human TCR diversity ‘ TCR specific for epitope
108 108 /105 =103

|

Generate epitope and corresponding distinct
10 3 TCRs

10 rounds of selection
with x = 58% ‘
Re pe rtOI re Slze N Size = Primary: 10 days ‘selection by GNK model
1 OOO { 10 ® memory TCRs (diversity = 5) }

Zm (clearance probability)

Leads to 1 03 Secondary _ {Zn (;I()e:rgﬁti:veep;l;cc);t?asbility) J
concentration expansion

10 days l selection

and 0-5% dive rSity New 103 memory TCRS} [103memory TCRs
(diversity = 1) (diversity = 5)
These cells become I P

memory T cells (90% l
d|e) [ FinaI‘IOSmemoryJ

TCR pool

Park and Deem, Physica A 341 (2004) 455



The Physical Model: Generalized NK
(Spin Glass) Model

S. Kauffman and S. Levin, J. Theor. Biol. 128 (1987) 11

S. A. Kauffman and W. G. MacCready, J. Theor. Biol. 173 (1995) 427

A. S. Perelson and C. A. Macken, Proc. Natl. Acad. Sci. USA 92 (1995) 9657
L. D. Bogarad and M. W. Deem, Proc. Natl. Acad. Sci. USA 96 (1999) 2591
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Park and Deem, Physica A 341 (2004) 455



How are T Cells Selected?

* Nalve — Activated — Memory

« Concentration changes 1 — 103 — 102
 Diversity changes 10° — 5

» Stochastic selection for better binding

constants i immunol. 165 (2000) 6081; 3. Exp. Med. 189 (1999) 701: J. Exp. Med.
188 (1998) 71;
Nature Immunol. 3 (2002) 9; Nature Immunol. 3 (2002) 27; Curr. Opin. Immunol. 15 (2003) 120.



Specific Lysis: Conservatively
Altered Peptides

Measured for LCMV in mice

LCMV strongly
Immunogenic: all memory
cells are specific for LCMV

In vitro and ex vivo
response

J. Immunol. 157 (1996) 2358; Nature 394 (1998) 482

In vitro > eXx vivo because
memory response is better
than naive response for
peptides altered by one
amino acid
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Specific Lysis: Non-
Conservatively Altered Peptides

1 ———rrr ————rry

o
o0

* |n vitro and ex vivo

response g
Eur. J. Immunol. 28 (1998) 3110 %04 © |
3. Virol. 71 (1997) 5764 L / ]
« Conservative slightly e r——

1
Effector to target ratio

superior to non-
conservative because
conservatively altered
peptide is more similar
to the original peptide _
against which T cells T Tt

:
Effector to target ratio

eVOIVed Park and Deem, Physica A 341 (2004) 455

Specific lysis




Specific lysis

Human Disease APL

APLs that occur in disease can inhibit the
Immune response

This is thought to be a big problem
E.g. human leukemia virus type |

Proc. Natl. Acad. Sci. USA 92 (1995) 4036

11 L — A (left)and 15 Y — A APLs (right)
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Dengue fever: Immunodominance

« 4 serotypes of dengue fever, 1 conservative mutation
between each pair of strains

* Most important vector-borne human virus
* Immunodominance inhibits tetravalent vaccine
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Multisite Vaccination

Humans have hundreds of lymph
nodes

T cells take 4-5 days to leave
lymph nodes in large numbers

Vaccination so that antigen is
presented in physiologically
distinct lymph nodes g |
2-4x improvement in uniformity "

of response
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Experimental Verification

Two studies investigated the diversity of a CD8T cell response to a
mixture of HIV epitopes.

In [1], mice were immunized with a mixture of AL11 and KV9 Db-
restricted HIV epitopes. Injection to the same site resulted in a specific
response to the KV9 epitope. Anatomic separation between injection
sites resulted in a response against both epitopes.

In [2], whether a broad CD8 T cell response recognizing multiple HIV-1
clades could be induced by a multi-component vaccine was assessed
in mice. Single-clade A, B, and C vaccines generated limited cross-
clade reactivity. Combining the three clades into one vaccine resulted
in a reduced breadth of response due to immunodominance.
Simultaneous administration of individual clade-specific vaccines into
anatomically distinct sites on the body alleviated immunodominance
and increased the number of epitopes recognized by the T cell
response.

In [3], a broader immune response to the 4-component vaccine was
generated in moneys by multi-site than by single-site vaccination

Sanofi-Pasteur dengue vaccine [4].

1) J. Virol., 80:11991-11997, 2006.
2) Eur. J. Immunol., 37:1-12, 2007.
3) AJTMH, 80:302-311, 2009.

4) US patent #7,718,358



A Theory of Epitopic Variation

« Which amino acids will change as influenza escapes
from the immune system?

— Primarily those in the epitope of HA
« How can we predict which these will be?
— r,a-AA
— Free energy calculations from statistical mechanics
Quun (NV.T) = [da" 3 exo[ - (a".r")]

AR, (1> 1+1)= 15" (1 > 1+1)
=—kgT ln<exp[—ﬂAU (11 +1)]>
— Inference from bioinformatics analysis of viral

abundance data (FluNet, WHO database, IEDB,
UCLA-Layne)

* Free energy calculations consistent with animal model
testing and retrospective 1970s human sequence data




Calculate Flu Free Energy
Changes Due to aa Substitution

K -
- Statistical Mechanics g, ~ ©®"A2¢/KD)

* Details associated with thermodynamic integration
* Hess’s Law: AAG=AG42 - AG31 = AG43 - AG21

LG4
State 1: Separated State 2: Separated
antibody and MGy, LGy AGz1p AGz, AG2, antibody and
wildtype - State 1a p  State 1b p State 2b p| State 2a - evolved
hemagglutinin hemagglutinin
ﬂGm &Gﬂ
Y Y
State 3. Complex State 4: Complex
of antibody and AGss AGyw DGz AGg AGsa | of antibody and
wildtype State 3a p| State 3b State 4b P State 4a > evolved
hemagglutinin hemagglutinin

» Simple interpretation: charge is disruptive,
allowing virus to escape immune system

Pan anéGBeem, J. Chem. Theory Comput. 7 (2011) 1259
» Detailed molecular calculation of virus fithess



positions

Ala
Arg
Asn
Asp
Cys

128

—13.12£0.27
2257 £046
—4.80 £ 0.36

4.52 +£0.38

—11.83 +0.34

AAG Values

129

333+ 029
231+045
583042
19.12 = 0.42
12.64 £0.37

155

2784020
1698 + 0.37
—7.83% 030
16.28 £0.32
—2374+0.30

156

1.194+0.33
0.08 £0.50
10.72+040
11.06 = 0.42
5.32+0.38

Ala
Arg =

Asn

Cys|
GIn
Glu
Gly
Hse

lle
Leu
Lys
Met
Phe
Pro
Ser
Thr

157

248 +£021
—4.19 %+ 0.44
5.64 =034
9.95+037
—2724+£029

158

427 £0.31
—1.61 +£0.48
341 =042
18.37 £ 0.40
—7.88 £ 040

159

5184021
707+ 0.42
1097 =0.35
15344036
792+£0.32

Asp| TR B
1l

SN




Average AAG Values
* Charge is disruptive

Table 2. Rank of the Average Binding Free Energy Difference of the Single Substitution from Alanine to Another Amino Acid over
All 21 Amino Acid Sites in Epitope B of Hemagglutinin Trimer”

rank amino acid AAG(keal/mol) charged hydrophobic large medium small relative frequency
1 Glu 14.6124+0.061 X X 0.029
2 Asp 14.533 £ 0.055 X X 0.051
3 Arg 6.018 +0.078 X X 0.052
4 Lys 5.766 +=0.078 X X 0.057
5 Trp 4.458 = 0.081 X 0.016
6 Tyr 3.984+0.071 X 0.035
7 Thr 3.981+0.050 X 0.078
8 Pro 3.912+0.054 X X 0.060
9 Met 3.562 +0.062 X X 0.009
10 Phe 3.5224+0.073 X 0.030
11 Hse 2.654 + 0.064 X 0.020
12 Gln 1.9854 0.063 X 0.042
13 Ile 1.396 4+ 0.060 X X 0.070
14 Asn 1.150+0.054 X 0.085
15 Val 1.147 £ 0.051 X P 0.055
16 Cys 0.888 £ 0.046 X 0.028
17 Ser 0.469 £ 0.044 X 0.096
(18) (Ala) (0.000 £ 0.000) P X 0.046
19 Gly —1.612 £0.055 X X 0.070

20 Leu —2.273+0.064 b d X 0.071



Modeling Viral Dynamics
* Viral dynamics for some early
substitutions in humans 1970-1973

 Mutation rate from observation
* Fithess proportional to G

(a) 1 -
g 1294, simulation ) 188D, simulation
‘6 n.gl — 155Y, historical ' .' “= pn.g} —— 155Y, historical
@ *~ 188D, historical b @ ~ 188D, historical |
£ 0.6 /. 208 ]
@ | @O
: = |
£04 i o 04 |
© J|.|i.1I o !
= 0.2 i 0.2 i
= { @ ji#
o e ' 7] [
o 0 . i L : j
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
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| 1 bz 1
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“ 0.8} © 1595Y, hllstonlcal e 196K. simulation s
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g ' i
=2 2
8 0.4 30'4 J Ar
© / T i
= 3 0.2 ]
E 0.2 4 '. : E - l}rl;lﬁll‘.
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aeneration



The Hong Kong flu in Humans

10 T T
—&— Dominant circulating strains, epitope A
o) o] —&— Dominant circulating strains, epitope B
8 8 P .
2 /
E ’ S A
" " o 6 P A - ' .
* VIruS may Increase = o1 7
o [ Fe 7 B-8-8—8—a o
] ] 5 |/
5 4r . / oo DG‘-.. y e
. . . _“g 3+ zli-)—a—h. o b—h—(-o/ -
cnharge in epitope region S Ll T/
= 2 lo@ ~od
Epitope A 1 Epitope B Epitope A Epitope B 1
Dominant™ | Dominant Dominant Dominant

t
O 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005

* Track fraction of Asp, Glu,
Arg, Lys, His 1

0 . L ——
g o [ e e e
- . E 8 p—a1g
» Charge does increase in Ed N
B 6t '
- o = / |
dominant epitope, earlyon :: e
R Y
3 ol -é—ef)/ -ﬁa_//
pitope A1_- Epitope B Epitope A Epitope B 1
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0 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005
year

J. Mol. Evol. 72 (2012) 90-103



Table 4. Substitutions Occurred in Epitope B of the Hemagglutinin A/Aichi/2/1968 (H3N2) as of 1975"

substitution

T128N
T1281
GI129E
T155Y
GIS8E
SIS9N
S159C
S159R
T160A
S186N
N188D
QI89K
E190V
E190D
S193N
$193D
A198T

Substitutions 1968-1975

year AAG (kcal/mol)
1971 —4.796 + 0.361
1975 —16.026 £ 0412
1970, 1972 10.500 £ 0415
19721973, fixed in 1973 7.2541+0.358
1971-1972 8.5841+0479
1971, 19741975 10.969 4+ 0.352
1972 7.9234+0.324
1972 7.065+ 0424
1973 4160+ 0217
1975 4.673 10298
1971—-1973, fixed in 1973 19.767 £ 0.367
1975 9.484 £ 0.640
1972 —9.1154+ 0.310
1975 187524+ 0.324
1972—1975 8.239+0.301
1975 15.285+ 0.294
1972 6.793 £ 0236

rank (substituting)

8
18

L= R = =

e |

10

10

=1

12
12
14



Animal Models also Show
Selection Pressure

« Guinea pigs infected with :
~ CDC A/Wyoming/2003 virus 1+,
mixture
— Homogeneous WyB4 virus .|
Isolate — -
» Naive, primary, secondary .
responses o

J. Mol. Evol. (2011) 72:90-103



Model of Antibody Structure and Function

A generalized NK model

M = 10 subdomains
N = 10 amino acids per subdomain

S. Kauffman and S. Levin, J. Theor. Biol. 128 (1987) 11

S. A. Kauffman and W. G. MacCready, J. Theor. Biol. 173 (1995) 427

A. S. Perelson and C. A. Macken, Proc. Natl. Acad. Sci. USA 92 (1995) 9657
L. D. Bogarad and M. W. Deem, Proc. Natl. Acad. Sci. USA 96 (1999) 2591

L = 5 different subdomain types (helices, strands, loops, turns, others)
Q = 5 classes of amino acids (negative, positive, polar, hydrophobic, other)

M M P
S U+ Y U4 Y Uf |
i=1 i>j=1 i=1 Gaussian ¢
1 N-K+1
[M(N — K 4+ 1)]%/? .Zl oo (aj’aj+1""’aj+f<—1) K =4
J:
1/2 D
2 (k) () @) . () () _

1 Energy — Binding constant , _
—=0; (a;) P =5
VP

Parameters — Antigen



The Order Parameter pgope

The theory is a form of spin glass model
first used to describe nuclear cross
sections, e spins in solid

Mutation of the flu virus corresponds to

ananananananan

probability p

In the Immune system, pgp;iope IS the
fraction of amino acids that change in the
dominant epitope

We observe the effectiveness of

vaccination to subsequent exposure to the
flu




Vaccine Effectiveness

« H3N2 human effectiveness from last 35 years (epidemiological)
» Effectiveness correlates well with pgine

Psequence & Jrerret COMrelate modestly with human effectiveness

* Negative effectiveness is mostly at large pgiope (OAS)

« Theory validates correlation

0.64

o
S
o

A Epidemiological studies

Vaccine Efficacy
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U FaN Fay
©
é -0.2 4
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© 0.6 -
> i
o oaf T .
= |~
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'S I N
P I T EL Al
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Deem and Lee, PRL 91 (2003) 068101 -2} R
Gupta, Earl, and Deem, Vaccine 24 (2006) 3881-3888. ¢ '1 p ) 3 PR

Munoz and Deem, Vaccine 23 (2005) 1144-1148. L



H. Zhou, R. Pophale and M. W. Deem, "Computer-Assisted Vaccine Design,"
, Horizon Scientific Press (2009)

Stochastlc Model of Influenza
Spread and Evolution

* (lobal Hierarchical Scale Free

Network T R
* Human distribution r> A >
* Worldwide air transportation | @r \E
* Person to person contact /r S\
within city BEENY )
* Virus Transmission & Evolution K\ /

* (Contact based transmission
* Evolution derived by mutation



Model Prediction

* Simulation & FluNet Data Comparison

40 ' I ' I ' I ‘ I ‘ I

x  WHO FluNet
— Simulation

(Cases

Average Isolations

60



Reproductive Ratio

* R, should be a prediction of the model,
not an input

* R, is time dependent
* R, Is spatially dependent




Viral Diversity

* Quantify viral diversity
and expected vaccine
effectiveness

T T T T L] 1 X
L . 20x10° 4
Dominant * L .
0.05+ Non-domn‘want — 1500’ - ) -
X i = - WV L

Dominant

* Expect more diversity [Losed fp 3/

0.04

late in the season [« i,/
- Because pressure to | /

evolve existsonlyas [ .~ . . . .1

virus is being

eradicated




Efficacy

Mitigation Strategies for Flu Pandemics
* Quantify expected vaccine effectiveness, 2 initial strains

 Different percentages of population vaccinated
« Vaccination at different days

« Single-component or multi-component vaccine

=
i
H
e
o
b
4
Efficacy
B4
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Cumulative attack rate

0.2

Mitigation: Attack Rate

* As vaccine effectiveness goes down the

attack rate goes up

*--X Sc&V=10%
¥ ==K Sc&V=40%
¥--X Sc&V=70%

*—x Mc & V=10%
*—x Mc & V=40%
»*—x Mc & V=70%

epitope

0.2

0.15

Cumulative attack rate

epitope



Risk Analysis: Population at
Risk (PaR)

* PaR: The fraction of the population that
will be infected in a X% of worst-case
epidemic

* Depends on vaccination strategy

——— Single-Component Vaccine

Confidence Level



H1N1 Epidemic Progression

Agent-based model

6.7B people, North and South hemisphere
Transmission between people, long-distance and local
Virus evolution within people, with immune pressure
Single or multiple strain seeding of epidemic

Vaccination at different delays and of different fractions
of population
After: Zhou, H., Pophale, R. S., and Deem, M. W. (2009). Computer-

Assisted Vaccine Design, in Influenza: Molecular Virology, Horizon
Scientific Press, edited by Qinghua Wang and Yizhi Jane Tao, pp. 173-

191.



Efficacy (%)

H1N1 Vaccine
effectiveness in an

Epidemic

« Effectiveness: € = (u-v)/u
 Attack rate: fraction of population infected

Vaccine efficacy v/s p

epitope
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Clustering to Detect Strains

» Standard dimensional scaling
* Project sequence to best 2 dimensions
» Kernel density estimation
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Criteria for New Strains

* Criteria

— New strain is in cluster found by
kernel density estimation

— Pepitope PEIWEEN NEW cluster and
current dominant strain cluster is
larger than size of new cluster

— Analysis performed in most |
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* |s sequence enough?
* Are there enough data?




Detection of New Influenza Strains

Protein Engineering, Design & Selection 23 (2010) 935

Sequence, not ferret, data

* New modules are - |
detectible with statistical - -
techniques gy e

» There are enough data = o & =
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.
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to see new clusters
. Eg novel H3N2 J. He and M. W. Deem PEDS 23 (2010) 935

strain in 2009

detected 15 days

after first sequencing




Cluster Transitions

* Virus stays within
guasispecies for 3-5
years

(b)

* Then makes transition to

new cluster

* We detect the emergence

of the new cluster 1-2
years before it fixes in
human population
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Table I. Summary of results
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Conclusions

Spin glass theory (GNK model) of
immune response

Mult|3|te vaccination for dengue “-
fever, HIV, cancer

Vaccine effectlyeness for |
influenza, and influenza evolution

Evolution of influenza due to S
pressure from prior history of o e
infection or vaccine R

cine Efficacy
o (=]




