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Specific aims

1. Develop metrics for the quantification of the total immune

response to an influenza vaccine, incorporating both magnitude and
breadth.

2. Quantify the role of pre-vaccination titer, prior vaccinations, vaccine
dose, and antigenic distance on individual vaccine response.

3. Explore how age and vaccine dose interact to affect the antibody
response.



Overview

* General background: motivation, terminology, how do
we study this?

* Data description

* Aim-specific background, preliminary data, and
proposed study



Influenza viruses

* (-)SSRNA virus
* Segmented genome

* Flu A and B are distinct genera
that circulate in humans and
cause seasonal epidemics

A has a natural animal reservoir
in wild waterfowl and can infect
domestic poultry and livestock.



Influenza A

Neuraminidase (NA)
A/H3N2 6



Current vaccines are composed of

strains that are predicted to circulate.
Subtype

(or lineage for flu B)

A(H1 N1)
CA/09

A(H3N2)

Strains SZ 13

B(Yam) B(Vic)
PK/13 BA/13

A/H1N1/Michigan/2015
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A universal vaccine could solve both problems!

;’F Vaccine Coverage
H; Strain specific Current circulating strains

Subtype specific All strains within a single HA
subtype (eg, HI)

Multisubtype Multiple HA subtypes within
single group (eg, H1/H5/H9)

Pan-group Covering all group 1 or 2 influenza A viruses

Universal All influenza A viruses (with or without influenza B viruses)

Universality

12

Erbelding et al, JID, 2018
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Placebo
10/80 = 12.5% risk

reeerToemn

Vaccine
5/80 = 6.25% risk

reeerTonen



Vaccination

Innate / Other

Efficacy trial endpoint

Influenza infection
and disease

)

Surrogate endpoint

/ 1 2 3 4 5 6 7 8 9 10 1 12
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HAI titer
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How do we evaluate these vaccines?

1. Magnitude: the response to the homologous strain.
2. Breadth: responses to heterologous strains.

3. Overall strength: can we combine magnitude and breadth
into one measurement of “goodness”?




Data description



Data description: UGAFluVac

* Run by Ted Ross, currently housed at UGA
e 2013-2016 in Stuart, FL and Pittsburgh, PA
* January 2017 — Present in Athens, GA

* Prospective open cohort design with prevaccination and
postvaccination serum samples tested against a wide homologous

panel
* Participants received either Fluzone or Fluzone HD (if >65)



Data description: RocFluVac

* Run by Andrea Sant and Angela Branche, currently at the University of
Rochester

* Longitudinal data from 2015 - 2019

 HAl measurements to select strains pre- and post-vaccination, plus
additional assays (ELISA, FRNT, T cells)

* Participants (18-49) received Fluzone, Fluzone HD, Flucelvax, or
Flublok



Aims



Specific aims

1. Develop metrics for the quantification of the total immune

response to an influenza vaccine, incorporating both magnitude and
breadth.

2. Quantify the role of pre-vaccination titer, prior vaccinations, vaccine
dose, and antigenic distance on individual vaccine response.

3. Explore how age and vaccine dose interact to affect the antibody
response.



Aim 1: Develop metrics for the
guantification of the total immune
response to an influenza vaccine,

incorporating both strength and
breadth.
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Lab Panel

Observed %
Seroconverted

100%

80%

40%
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Antigenic distance:

how different are two strains?

Recognition

No recognition

* Temporal method: based on
years of strain isolation

e Sequence method: based on
genetic or amino acid sequence
differences

* Antigenic method: based on
observed immune responses

27
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Increasing Ag Distance
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H1N1-California-2009 (n = 773)

Original distance measure
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Proposed study

* Finalize linear regression models
* Compare linear and nonlinear statistical models.

* Explore potential weighting schemes for the overall response and
how these interact with the distance measurement used.

* As a case study, compare Fluzone SD and HD.

* Compare variance of metrics by subsampling panels: take k of our
measured strains at a time, and compute the metrics on this
subsample. Repeat that a bunch of times.



Aim 2: Quantify the role of pre-
vaccination titer, prior vaccinations,
vaccine dose, and antigenic distance
on individual vaccine response.
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Titer increase
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Titer increase

101
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Thousands more exploratory plots
(data not shown)

/d/Research/CIVIC-EDA/Figures (main)
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Proposed study

* We will first consider models for homologous responses only, and
then we will expand our analysis to consider Ag distance.

* We can compare models with Ag distance to strain-specific models
(including strain as a nominal variable).

* Modeling approaches:
e Graphical causal modeling with DAG analysis (causal approach)
e Bayesian hierarchical linear models (inferential approach)
* Machine learning models like random forest (predictive approach)
* Ordinary differential equation models (mechanistic approach)



Aim 3: Explore how age and
vaccine dose interact to affect
the antibody response.
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Both studies

1

RocFluVac

UGAFIuVac

UGAFIuVac

(Homologous response only!)

HAI titer

HAI titer




~@

prevaccination titer

prior vaccinations

Vv

O

vaccine dose post vaccination titer

Post-titer ~ N (u, o)
1 = 31 dose + B9 age + 19 dose - age

~@

age prevaccination titer

[

prior vaccinations

Sex race
L’ X\ V
» “®
vaccine dose post vaccination titer

Post-titer ~ N (u, o)
1= 31 dose + B9 age + y19 dose - age
+ (33 sex + (B4 race
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Proposed study

 Combine UGAFluVac data (HD in 65+) with RocFluVac data provided
by Andrea Sant (HD in 18 — 49).

* DAG analysis
 What do we adjust for to get an unbiased treatment effect?

* Do our observed correlations match the implied correlations?
* What other DAGs could show the same pattern?

e Causal estimation
* Regression with robust SEs; analysis of unmeasured confounding

* Targeted maximum likelihood estimation (TMLE) approach
e Estimates on both subsets, as well as overall data



*

Timeline

Objectives

Obtain and prepare all data sources

Regression analyses and modeling extensions

Robustness and subsampling analysis

Graphical causal modeling

Machine learning modeling

Hierarchical inferential modeling

Mechanistic modeling

Causal modeling and theoretical framework

Formal statistical analysis

X¥TWIWINININNINIFP]LE-

Final dissertation writing
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Calculating Ag distance

Temporal method

A/H3N2/Aichi/2/1968

" A/H3N2/Kansas/14/2017 _

= 2017 — 1968 = 49

Antigenic cartography method

HAI Viruses
Matrix # % # # Cartography

#k ||

-Similar HAI Profile

u640 320 40 10 .

-Close on map

hi— 320 640 20 10 s %

. |
u 10 80 640 160

L) I

-Similar but not as
close HAI Profile

-Distant from viruses
and sera that didn't have

%ifo 40 320 320
Sera

similar profiles

(dominant) p-Epitope method

MKTITIALSYIF
MLTIIKLSYLF

Hamming distance = 3
p-Epitope =3/11=0.27
(I made this sequence up)

Protein structure from Gupta, Earl, and Deem. Vaccing 2006.
Cartography figure made by Amanda Skarlupka.



Influenza
Season

Vaccine Strains
Strain change
*excluded from

High-Dose

Cohort
Identifiers

¢ UGA = Fluzone

e FLU = Fluzone
Children/Teens

e FB = FluBlok

¢ FM = FluMist

e FMC = FluMist
Children/Teens

e FC =Flucelvax

e FC1C=
Flucelvax
Children/Teens

Timepoints
& Samples
collected

2016-2017

H1N1: CA/09
H3N2: HK/14
B-Vic: BR/08

B-Yam: PH/13*

UGA1
18-74 y.0.
n=148

Timepoints: DO,
D7,D21

Serum: DO, D21

PBMC: all
timepoints

2017-2018

H1N1: MI/15
H3N2: HK/14
B-Vic: BR/08
B-Yam: PH/13*

UGA2
18-83 y.o.
n=199

FLU1
12-17 y.o.
n=72

Timepoints: DO,
D3, D7, D21

Serum: DO, D3,
D21

PBMC: all
timepoints

RNA PAXgene: D3

*FLU1: serum-only

2018-2019

HIN1: MI/15

H3N2: SG/16
B-Vic: CO/17
B-Yam: PH/13*

UGA3
18-80y.0.
n=100

FLU2
1217 y.o.
n=150

FM1
18-49y.0.
n=96

Timepoints: DO,
D7, D28

Serum: DO, D28

PBMC: all
timepoints

*FLU2: serum-only

47



v
i HAI against a panel of viruses
|

Enrolled

Day 21-28

Option to re-
enroll next
season

UGAFlIuVac conceptual figure. The design of RocFluVac was similar, but with
emphasis on diverse immunological measurements rather than heterologous
HAI panels. (Figure made by Amanda Skarlupka.)
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H1N1-California-2009 (SD = 127; HD = 174)

Raw antigenic distance
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H3N2-Hong Kong-2014 (SD = 56; HD = 93)

Raw antigenic distance
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titer increase
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_ Sex _ Dose _ Prior year participation
Male e © a—o-#—:m—o—u—u -] HD o u—+—o—u— o o Yes- o o _O—qj—om o o o
Female- o o ©o o (hh“—) o SD ° o o W o o o No-+ o ° o o C_i__m— o o
5 0 5 5 0 5 5 0 5
BMI Race/ethnicity Age
=18 ° o—+— o White41 e o o o—O—#—o—o—a—n—c o o o 10-184 o o o—o—+—o—o—n—o—n—o o o
19-24 4 o u—o—+—o—o—o—o—o -] Hispanic+ u—+—:———-— o 190-39- o o -] 04-3—0—0“ ]
25-29 4 o o _*m—: o Black o c+———— 40-64 - o o W o o
=304 e ° o *M -] QOther- ° ——+_“ ° >65+ ° o O—+—0—3—° o o °
5 0 5 5 0 5 5 0 5
Influenza season Prior study participations Pre-vaccination titer
04 0—0—+—0—0—a—0—o o o
16/17 - o ° o—+~a—o—u—o o o 04 o o o o W o o
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19/20+ e o o o 0—¢—o—_o—o—o ] 31 o—+—o—n—n ] 6- - ’ ® s
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Log fold change in A(H1N1) MI/15 titer
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Fold increase in antibody

10000

antigen dose (Log1o)

100

2
3
— 4
5

Fold change in HAI titer

0 5 10 15 20 2

Logz(Prevaccination immunity)

Fig from Zarnitsyna VI et al, PLoS Pathog, 2016.

Vaccine: HiN1-Michigan-2015
Test (homologous): HiN1-Michigan-2015

Vaccine: HiN1-Michigan-2015
Test (previous vaccine): HiN1-California-2009

Vaccine: HiN1-Michigan-2015
Test (historic): HiN1-Texas-1991

v

]

e
°

Vaccine: H3N2-Hong Kong-2014
Test (homologous): H3N2-Hong Kong-2014

Vaccine: H3N2-Hong Kong-2014
Test (previous vaccine): H3N2-Switzerland-2013

Vaccine: H3N2-Hong Kong-2014
Test (historic): H3N2-Sydney-1997

dose
= standard dose
high dose
© Qe
® & U w—

o 2 4 6 8

o 2 4 6

Log2 pre-vaccination HAI titer
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Titer increase

Vaccine: H1N1-California-2009 Vaccine: H1N1-California-2009
Strain: H1N1-California-2009 Strain: H1IN1-Weiss-1943

10

Titer increase

0 2 4 6 8 0 2 4 6
Pre-vaccination titer Pre-vaccination titer

dose SD HD dose SD HD



Vaccine: H1N1-Michigan-2015

H1N1-Beijing-1995

H1N1-Brazil-1978
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Bdige

Li—HH—-:—

H1N1-California-2009

H1N1-Chile-1983

H1N1-Denver-1957

5 &

-5

®

by gooa

H1N1-Fort Monmouth-1947

H1N1-Michigan-2015

H1N1-New Caledonia-1999

!
(&)

25—&4—!—:—-—-

Edgdsse.

H1N1-New Jersey-1976

H1N1-Solomon Islands-2006

Titer increase

° %

* ' o

H1N1-South Carolina-1918

H1N1-Texas-1991

H1N1-Ussr-1977

g ST

g - o

H1N1-Weiss-1943

Pre-vaccination titer

0.0 25 5.0 75

Titer increase

Vaccine: H1N1-Michigan-2015

H1N1-Beijing-1995

H1N1-Brazil-1978

H1N1-Brisbane-2007

5.01

2.51

0.0 e mm— e ————— q—_)

-2.51

50 H1N1-California-2009 H1N1-Chile-1983 H1N1-Denver-1957
2.51 .

0.01 s S —— o— m—

-2.51

50 H1N1-Fort Monmouth-1947 H1N1-Michigan-2015 H1N1-New Caledonia-1999
2.51

0.0 em— \ *——_
-2.51

50 H1N1-New Jersey-1976 H1N1-Singapore-1986 H1N1-Solomon Islands-2006
2.51

0.0 eF ‘?
-2.51

50- H1N1-South Carolina-1918 H1N1-Texas-1991 H1N1-Ussr-1977

2.51

0.01 = - — e —
2.51 I ;

0 2 4 6 0 2 4 6
H1N1-Weiss-1943

5.01

2.5

0.0 v
-2.51 I

0 2 4 6

Pre-vaccination titer

dose == SD == HD

56




Estimated slope

0.0

All vaccine/assay strain combinations
Colors represent assay strains,shapes represent vaccine strains
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A Random forest: predicted vs observed B Random forest: residuals vs fitted
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Pre-vaccination |
titer

Influenza
season

Age

H3N2 subtype -

Number of study
participations |

H1N1 subtype -

Flu B Yamagata
lineage |

High dose
Male

White

0.5 1.0
Permutation variable importance

1.5
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A. Models schematic and equations

Basic model with antigen clearance (ACM)
or Fc-mediated inhibition (FIM) or epitope masking (EMM)

dH, free
<—| antigen
(Hy)
@
— B cells
Gllo | 0 [ ®or O model (B)
dyH, J dependent
“- (Hyp)

(."H}

(free antigen) = = —kAH; —dsHy
1H,,
(bound antigen) rd; = kAH; — dyH,
.. aB Hy + 0Hy 1
R g = e ((;} + Hy + :\'Hb) (1 +aH,
(antibodies) % = aB -kAH; —dsA

8=1, a=0 (Basic, ACM); 8=1, a>0 (FIM); 5=0, =0 (EMM)

)

A. Four states of antigen HA in the two-epitope model

Our goal: can we do something here to add an
amount of antigenic difference that controls the
rate at which states occur, rather than
parametrizing in terms of steric hindrance?

Zarnitsyna et al, PLOS Path 2016
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