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Background

* Most of these candidate treatments, and
others, demonstrated in vivo antiviral
effect, and were found to significantly
improve survival in NHP experiments 0
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e Our group focused on favipiravir, a RNA
polymerase inhibitor approved for
influenza, with activity against various
etiological agents of hemorrhagic fevers
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Objectives

* To develop a mathematical mechanistic model to characterize the
pathogenesis and the determinants of the death of Ebola virus
disease (EVD) in NHPs

* To assess the activity of favipiravir in EVD

* To predict the impact of treatment potency and timing of initiation
on survival rate




Survival rate Viremia

Study designh and data = ~
‘ p=45 10'5 —l1of ¢ 10{
_-2 _O }2 21 days ' @ - |: § 8 : 8 : —ee
T i ) .Infection © | S o 1 %‘\
\J N=4 = o 4 ! 4 1
w v=4 - Study 0 @ =af ! 2/l
w N=4 . E . ™1 p=27 104 O 0 3 6 9 1215187 0 3 6 9 12 15 18 21
Y N=3 A -%10 : U
¥V 200100 mgikgBID N=3 025 o ¥ 8
w N=3 [ StUdy 1 — 6 1 6 1
YWY oaricomgig BiB N3 T 8 J o
“ N=3 | 0.00 s 2 2
. ) 5 0 3 % 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
W— ':lf: | Study 2 Time post infection (days) Time post infection (days)
~ 250/150 mg/kgBID N=4
AL v ) Cytokines
_ N=5 St u d y 3 j i No treatment P 150mg/kg BIDy i 180mg/kg BID
1 1 1
Guedj et al, Plos med, 2018 Cytometry £ 9! IL6 i )|
(@) 2
LymphosB LymphosT g— 1 : it - 1 :
1500 F@| L I S S S VI I 2 B B B B R VR S T R R B VI G
DOSIng 1000 \\ // 8 4 : 4 : 4 :
O 2000 : 3 3 3
® No treatment RS w 8 o | IFNa  of "2 of 1
@ 100 mg/kg BID B ’ ’ 0 5 10 15 20 E 1 o, 1 :
@ 150 mg/kg BID D CD8_GrzB CD8_Perfo ..; Y3 s 3w Y0 3 6 9 1215 182 =036 % 1z 15 18 7i
O 300 l ’
<+ 180mgkgBID /\ 78 1 B
£ TNFa 4| i I
e 4/,/ &U ) | 1l
’ 0 5 10 15 20 ’ 0 5 10 15 20 0 0 3 6 9 12 15 18 21 . 0 3 6 9 12 15 18 21 “ 5 3 6 9 12 15018 21

Time post infection (days) Time post infection (days)




N & ® S

Model building strategy ﬁ 4. Viremia data
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Target cell limited model :
* Assumes that viral control results from target cell depletion

e Favipiravir concentrations are described by a previously
developed PK model and inhibits viral production 44,
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Target cell limited model 1A =
%\\\"‘ %r:: Target cell limited model

* Simulations showed that the model underestimates the effect of treatment on peak viremia
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Innate response model to

Evaluation of the candidate models

I W describe the early stage of
e 1 the infection

Target cell
model

Viral
Candidate Refractory Jfggleji tcizlrL production Cytotoxic
model inhibition model
mOdE| model model
IFNy
Cytokine fitted IFNa IFNa IFNa IL2
to su.pport IL6 IL6 IL6 IL15
canglciiate TNFa TNFa TNFa IL18
mode \ Perforin I
Pawelek et al, Plos Comp Bio, 2012
Extended
Smith and Perelson, WIREs SBM, 2011 S
Li and Handel, JTB, 2014 including
cytokine 10
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Selection of the candidate models '*
L. Be S

cytokine model effect of cytokine -2logl viremia Additional

parameters
None (step 1) target cell limited  none 645.7 _
IL6 refractory increase refractory cell production 4
IL6 target cell increase increase of target cells 6478 4
IL6 prod inhibition non linear inhibition of viral production 645.7 4
IFNa refractory increase refractory cell production 4
IFNa target cell increase increase of target cells 641.8 4
IFNa prod inhibition non linear inhibition of viral production 692.8 4
TNFa refractory increase refractory cell production 4
TNFa target cell increase increase of target cells 635" 4
TNFa prod inhibition non linear inhibition of viral production 633.3 4
IFNy cytotox increase infected cell elimination 634.5 4
IL2 cytotox increase infected cell elimination 636.3 5
perforin cytotox increase infected cell elimination 634.6 4
IL15 cytotox increase infected cell elimination 634.6 5
IL18 cytotox increase infected cell elimination 634.8 4

- Refractory models relying on IFNa, IL6 and TNFa and assuming a conversion
of target cells into refractory cells provided the best description of viremia
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Model including IFNa dynamics

ke i Innate response model to
Enzyme B e describe the early stage of
Rin ko t@ e the infection
1 _—//F Ujegs A
[
C T |
@®
/\//\//\/ : Central k
v Infusion compartment <
/\//\/)//\/ Ii ke
Viral load V S
¢TF
a = PV~ rye,
Tareet cells Tc ) Infected cells i |n Productively w > % — ,BTV — kI,
& J eclipse phase I1 k Infected cells IZJ 5 dt
b, 0. NI Al % =kl — oI,
1 . VK model """"
...... q dR B ¢TF
........ Innate immune dt F+ 07
Refractorycells | " | 7 T e
R response F av
(IFNa) i =p(l—98)l,—cV
dF
dF d_ = q12 — dFF
12




-/ cytometry data J
i 3

Adaptive reponse model to

Selection of the candidate models

VLA describe the late stage of
ey, DR the infection

Time post infection (days)

Adaptive response models including CD8 T cells expressing cytotoxic activity NKp80,
perforin and granzymeB were compared

model CD8 T cell data -2loglL viremia  Additional
parameters
target cell limited (step 1) _ 645.7 _
Refractory (step 2) _ 618 4
D ——
refractory CD8 perforin+ ( 605.5 ) 12
refractory CD8 granzymeB+ 611.6 12
refractory CD8 NKp80+ 608.4 12

— CD8 T cell population expressing perforin was selected and included
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Model including CD8 dynamics

Adaptive reponse model to

describe the late stage of

Rin the infection
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o Time to death

Impact of viral and cytokine dynamics on survival R

de e
impact of viral load and

cytokine dynamics on
Jrviva

Extension to a joint model to assess the impact of viremia and cytokines on the
hazard rate, where:

* h(t) is the hazard rate : h(t) = A, x eZk Prx10gXk(®))

where X,(t) is current or lag-value of viral load, IL6, IFNa or TNFa

[Frwd
* S(t) is the probability to be alive up to time t: S(t) = e~ Jo BWau
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Time to death

Model predictions of survival rate I N
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Validation of model predictions using remdesivir data

Warren et al, Nature, 2016

LETTER

Therapeutic efficacy of the small molecule GS-5734
against Ebola virus in rhesus monkeys

including testes, eyes, and brain. In a rhesus monkey model of EVD,
once-daily intravenous administration of 10 mgkg ! GS-5734 for
12 days resulted in profound suppression of EBOV replication and
protected 100% of EBOV-infected animals against lethal disease,
ameliorating clinical disease signs and pathophysiological markers,
even when treatments were initiated three days after virus exposure

GS-5734 data

We used the model (with variation of R, parameter)

to fit viral load data only:

—Found £ =0.9

-2 With this level of effectiveness 100% survival
predicted by the model

1.0
10 L Treated at D3
=) 0.8
E o
3 Bos
= =
g E
= 6 2" _L
o
‘ 2 o> o o o o
E‘ 4 .2 Untreated
-
003 ¢ 9 12 15 18 21
5 Time post infection (days)
0 4 8 12 16 20 18

Time post infection (days)



Validation of model predictions using remdesivir data

Warren et al, Nature, 2016

LETTER

Therapeutic efficacy of the small molecule GS-5734
against Ebola virus in rhesus monkeys

including testes, eyes, and brain. In a rhesus monkey model of EVD,
once-daily intravenous administration of 10 mgkg ! GS-5734 for
12 days resulted in profound suppression of EBOV replication and
protected 100% of EBOV-infected animals against lethal disease,
ameliorating clinical disease signs and pathophysiological markers,
even when treatments were initiated three days after virus exposure
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Impact of the timing of treatment initiation on survival
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Summary on EVD modeling

* Best fit to the data was obtained with models assuming that pro-inflammatory
cytokines (IFNa, IL6) were associated with
— control of viremia via the reduction of target cell population during acute infection
- time-to-death with a stronger impact than viral load

e Favipiravir initiated two days prior the infection had a moderate impact on viral
replication with average € = 50% at 180 mg/kg BID

* Model predicts that antiviral drugs may improve survival rate in NHPs only if initiated
before the cytokine storm

21




Patient admission occurred most often close to the viremia peak

e The NEW ENGLAND JOURNAL of MEDICINE
T PLOS | evrcme @ PLOS | meoicme
EEEEEEEEEEEE ‘ ORIGINAL ARTICLE
Experimental Treatment with Favipiravir for RESEARGH ARTICLE
i i ial): . . Use of Viremia to Evaluate the Baseline Case
Ebola Virus Disease (the JIKI Trial): A A Randomized, Controlled Trial of ZMapp : : o
Historically Controlled, Single-Arm Proof-of- for Ebola Virus Infecti Fatality Ratio of Ebola Virus Disease and
Concept Trial in Guinea 0 0la Virus Intection Inform Treatment Studies: A Retrospective
The PREVAIL Il Writing Group, for the Multi-National PREVAIL Il Study Team* Cohort Study

* Time from symptom onset to inclusion were 4.2 and 3.5 days + |
in the two main clinical trials during the last EVD outbreak _ * +

%ﬂn" K= 24
2
: . . 8
* Retrospective analysis indicated that maximal level of !
07 - [ ]
viremia was observed 4 to 5 days after symptoms onset !
* These results suggest that majority of patients initiated i ds ws 6r e vt 1ees e
. . . . Days from onset to sample
treatment close to their time to viremia peak
Sissoko et al, Plos med, 2016
* This supports the design of prophylaxis or post exposure Prevail study group, NEIM, 2016

Faye et al, Plos med, 2015

trials for the evaluation of direct antiviral in future outbreaks 29
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