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I. RECURSO ViA GUBERNATIVA

Yo, Luz Clemencia DE PAEZ, en mi condicidén de apoderada de la sociedad SANO; _ _,
AVENTIS solicitante de la patente de la referencia, por el presente escrito atentam:' ‘
manifiesto a usted que debidamente notificada de la Resolucion No. 19379 del 29 de marzq
2012, interpongo en su contra el recurso de REPOSICION, para que sea revocada yf
consecuencia se conceda el privilegio de patente de invencién para “ASOCIACION ENTR =SV
FERROQUINA Y UN DERIVADO DE ARTEMISINA PARA EL TRATAMIENTO DEL
PALUDISMO?” a favor de SANOFI-AVENTIS.

Il. OPORTUNIDAD DE LA IMPUGNACION

La Resoluciéon No. 19379 del 29 de marzo de 2012, fue notificada mediante edicto No.
9660 desfijado el veintiséis (26) de abril de dos mil doce (2012), por lo que el término para
interponer el recurso de reposicion vence el cuatro (04) de mayo de dos mil doce (2012). En
consecuencia, me encuentro dentro de la oportunidad legal.

NIT. 860.041.367-3
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3.1

DOS

lIl. LA DECISION RECURRIDA

; Mediante la Resolucién objeto de la presente impugnacion, el Superintendente de

Industria y Comercio decidio:

3.1.1

3.2

3.2.1

3.2.2

3.2.3

3.2.4

3.2.5

Negar el privilegio de patente para la invencion “ASOCIACION ENTRE LA
FERROQUINA Y UN DERIVADO DE ARTEMISINA PARA EL TRATAMIENTO DEL
PALUDISMO”

En la parte motiva de la providencia, se mencionaron los siguientes fundamentos:

“D1 (W020051023304) da a conocer composiciones (tabletas cubiertas y capsulas,
pag.7, lineas 22 a 30) que comprenden derivados de la artemisinina, como el arteéter,
arteméter y el artesunato (mas potentes que la artemisinina contra la malaria severa,
pag.2, lineas 10-15) y una quinolina como la cloroquina (pag.6, lineas 1 a 4).

“Tal como se observa, la solicitud se diferencia de lo conocido en D1 en que la
composicion reivindicada comprende ferroquina a cambio de cloroquina.

“Por otro lado, de acuerdo con los datos presentados en la descripcion (tabla Ii, Fl.
pag.9) y en la respuesta del 26 de septiembre de 2011(tabla Il y figura I), se obseNGg &
que el porcentaje de reduccién de la parasitemia, obtenido cuando se utilizan F& &
ferroquina y el artesunato, individualmente, a dosis de 3mg/kg/dia y 6mglkgldia, s ]

existe evidencia de un efecto sorprendente o inesperado (ej: efecto sinérgico).

“No obstante lo anterior, tal diferencia no permite evidenciar un efecto inesperado que
se le pueda atribuir a la presencia de la ferroquina, analogo de la cloroquina, en la
materia reivindicada.

‘De esta manera, el problema técnico objetivo que resuelve la solicitud es “como
modificar la composicién divulgada en D1 para obtener una composiciéon alternativa,
con actividad mejorada para el tratamiento de la malaria”.
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3.2.8

3.29

/Sin embargo, D2 ya divulgaba que la actividad antimalaria de la ferroquina (quinolona)
: :_ﬂ.'esvsulpérior a la ensefiada por la cloroquina de acuerdo a los 1C50 mostrados en el
/ ’.'_v'"’vfolio 55 (pag 150, tabla 1), presentando por tal razén una mejor actividad, tanto sobre
'Iés?'c'épas sensibles como sobre las resistentes a la cloroquina (folio 53, introduccién).

“Entonces, de acuerdo a lo divulgado en D1, en cuanto a las combinaciones
sinérgicas, y tomando en cuenta que ya se conocia la superior actividad de la
ferroquina (D2), una persona del oficio normalmente versada en la materia estaria
motivada a intercambiar la cloroquina de las combinaciones de D1, por la ferroquina
conocida en D2, para logar una composicion como la ahora reclamada. Por lo anterior
y como el efecto de dicha composicidon demostrado por el solicitante en la tabla (Il) de
la descripcion (pag.9) no es inesperado, se concluye que la presente reivindicacion no
es inventiva y no cumple lo dispuesto en el articulo 18 de la Decision 486.

“Por lo demas, comoquiera que las reivindicaciones dependientes 2 a 3 no mencionan
caracteristicas inventivas adicionales, tampoco pueden ser consideradas inventivas.

“De igual manera la reivindicacién 4, que consiste en un kit con la ferroquina y af—

menos un derivado de artemisinina en compartimentos distintos, esta reclamada comag//s.
una reivindicacion independiente, pero aun asi esta ligada directamente a\/I '
composicion de la reivindicaciéon 1, la cual ya se demostré que no es inventiva;
consecuencia, la reivindicacién 4, tampoco cumple el requisito de nivel inventivo.

IV. OBJETO DEL RECURSO

De acuerdo con los argumentos que expongo a continuacion, solicito atentamente a su

Despacho lo siguiente:

2.

Revocar la Resolucion No. 19379 del 29 de marzo de 2012.

Conceder el privilegio de patente de invencién para “ASOCIACION ENTRE LA

FERROQUINA Y UN DERIVADO DE ARTEMISINA PARA EL TRATAMIENTO DEL
PALUDISMO” a favor de SANOFI-AVENTIS.
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V. FUNDAMENTOS DEL RECURSO

analisis de patentabilidad realizado por el Examinador y consideramos que la presente solicitud
si cumple con el requisito de nivel inventivo tal como se demostrara a continuacion.

5.1 La presente solicitud si tiene nivel inventivo

Asi entonces, el articulo 18 de la Decisidén 486 sefiala lo siguiente:

Articulo 18.- Se considerara que una invencion tiene nivel inventivo, si para una persona del
oficio normalmente versada en la materia técnica correspondiente, esa invencion no hubiese
resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica.

Consecuentemente, una invencién se considerara inventiva si la misma no hubiese
resultado obvia a partir del arte previo, para una persona del oficio normalmente versada en la
materia. Esto a su vez implica que el Examinador a cargo de esta evaluacién debe colocarse en

de un conocimiento medio en dicho campo, le permitan llegar de manera obvia a la inven AN
reivindicada. Adicionalmente se considera que una mejora sustancial, un efecto inesperado o
una ventaja con respecto al arte previo es un indicio de nivel inventivo, por cuanto aporta un
salto tecnolégico en la regla técnica.

A este respecto manifestamos nuestro desacuerdo con el analisis llevado a cabo por el
Examinador y con las conclusiones del mismo y solicitamos atentamente la reconsideracion de
las razones por las cuales se decididé negar la patente, con base en la siguiente informacioén:
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5.1 Efecto sinérgico

kg\ . En relacion con los resultados experimentales reportados en la tabla Il de la

oh, se desea analizar y comentar sobre los mismos, teniendo en cuenta la posicion del

El Examinador establece: “se observa que el porcentaje de reduccion de la
parasitemia, obtenido cuando se utilizan la ferroquina y el artesunato, individualmente, a dosis
de 3mg/kg/dia y 6mglkgldia, son del 22.6% y del 24,3% respectivamente y con la combinacion
de los dos a las mismas dosis es del 31.24% de donde se concluye que el efecto de reduccion
de la parasitemia, con la combinacién, es menor que el aditivo (46.9%), por lo tanto no existe
evidencia de un efecto sorprendente o inesperado (ej: efecto sinérgico)”.

En este sentido, es posible determinar que la afirmacién realizada por el Examinador
no es cierta:

1. Relacion no lineal entre dosis-efecto

¢ Declaracion general

Por definicion, la relacion entre la dosis y el efecto de un ingrediente activo no
lineal. En otras palabras, el incremento de la dosis de un ingrediente activo
significa un incremento proporcional del efecto.

Lo mismo aplica para la combinacién de dos ingredientes activos. Por ejemplo, el
efecto de la combinacién de dos ingredientes activos no significa la adicién de los
efectos individuales de dichos ingredientes activos.

El efecto de una combinacion no puede ser anticipado.

De hecho, un fenémeno tal como la saturacién de ingrediente activo en el medio y/o
la interaccion ingrediente activo-ingrediente activo pueden ocurrir.



CAVELIER

ABOGADOS

Métodos estadisticos especificos son conocidos para calcular estos efectos de
combinacién; uno de ellos es el método de independencia de Bliss'.

e Método de independencia de Bliss'

Este método se emplea para calcular la relacién dosis-efecto esperada para una
combinacion de ingredientes activos, comparado con la monoterapia.

Se asume que los dos ingredientes activos (Fuas ¥ Fuaz) actian por medio de
mecanismos independientes. Entonces, la combinacién de ingredientes activos
puede ser representada como la uniéon de dos eventos independientes.

El efecto combinado de dos ingredientes activos (Fys) se calcula como el producto

de los efectos individuales de los dos ingredientes activos, Fyas y Fuao, de
acuerdo con la siguiente formula:

Fua = Fuar x Fyaz

En donde Fys es la actividad medicamentosa remanente (fraccional
afectado).

Teniendo en cuenta la definicién, F, es el efecto combinado esperado.

Si el efecto combinado real de los dos inhibidores (Fyas X Fuaz) es igual a Fy,, se
habla de un caso de efecto de adicién y no existe interaccion entre los dos
inhibidores.

Si el efecto combinado real (Fuys;s X Fuaz) €s menor que Fys se habla de
antagonismo.

Si el efecto combinado real (Fua; X Fuaz) s mayor que Fys, se habla de
sinergismo.

' Yan ‘et al. BMC systems biology. A formal mode! for analyzing drug combination effects and its
application in TNF-alpha-induced NFkB pathway /2010) -4:50

% Hegreness et al.. Proc Nat Acad Sci USA. Accelerated evolution of resistance in multidrug environments
(2008) 105:13977-13981.
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¢ La situacion de combinacion ferroquina-artesunato

Debido a que el efecto relativo a la dosis no es lineal, los porcentajes de
reduccion del porcentaje de parasitemia de la ferroquina y el artesunato
administrados de manera individual no pueden ser simplemente sumados
(46.9%) con el fin de afirmar cual es el efecto combinado de los dos
ingredientes activos. Este calculo no refleja la realidad de la situacién

En efecto, al observar los valores experimentales de la tabla 1l, es posible
establecer que estos demuestran un efecto sinérgico, confirmado por el analisis
del método de Bliss.

() Tabla Il (pagina 9 de la descripcion)

Artesunato (mg/kg/dia)

Parasitemia (en %) 0 5
Ferroquina (mg/kg/dia) media Media
0 314 7.1
3 8,8 0,16

(II) Calculo de FUA, FUA1 y FUA2

siguientes:

e Fuas corresponde al porcentaje (%) de parasitemia después de Ia
administracion de una dosis de 6 mg/kg/dia de artesunato en monoterapia:

Fuar =7,1/31,4 = 0,226

e Fua, corresponde al porcentaje (%) de parasitemia después de la
administracién de una dosis de 3 mg/kg/dia de ferroquina en monoterapia:

Fuaz = 8,8/31,4=0,28

e Por lo tanto, el efecto combinado real (Fyx; X Fyaz) = 0,226 x 0,28 = 0,063
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- El efecto combinado esperado (F ) de la combinacién de la ferroquina (3
mg/kg/dia) y el artesunato (6 mg/kg/dia) corresponde al porcentaje (%) de
parasitemia después de la administracion de dicha combinacién.

Fua =0,16/31,4 = 0,005

Resultados y discusion

El efecto combinado real Fys; x Fua, = 0,063 es mayor que el efecto
combinado esperado F , = 0,005.

Este andlisis confirma el efecto sinérgico inesperado de la combinacién de

ferroquina (3 mg/kg/dia) y artesunato (6 mg/kg/dia) respecto a la reduccion de
parasitemia.

2. Documentos citados por el Examinador

El problema técnico a ser resuelto por la invencién es proveer una combina .
novedosa de ferroquina (molécula (I) representada a continuaciéon en forma de base libre y :1“ o\
donde Fe representa un anillo de ferroceno) y un derivado de artemisina, util para el tratamie b
y/o prevencion de la malaria. | :

= Fe
L &
el N ()
Otro objetivo de la invencién es una composicion farmacéutica que comprende como
ingredientes activos, una combinacién de ferroquina (I) y un derivado de artemisina,
ventajosamente artesunato (ll) o arteméter (lI).

e Documento D1: WO 2005/023304: este documento revela una composicion
farmacéutica o formulacion que comprende una combinaciéon de un
derivado de artemisina con un derivado de quinolina en forma de dosis Unica
con uno o0 mas excipientes farmacéuticamente aceptables (pagina 5, lineas 1 a
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4). Este documento revela de manera preferente una composicién farmacéutica
que comprende un sistema bicapa.

D1 menciona la artemisina y sus derivados tales como dihidroartemisina,
arteéter, arteméter y artesunato, asi como sus sales y solvatos (pagina 5,
lineas 10 a 14).

Ejemplos de derivados de quinolina son cloroquina, mefloquina, amodiaquina,
primaquina y sus sales y solvatos (pagina 6, lineas 1 a 4).

D1 no menciona o sugiere la ferroquina dentro de la lista de posibles derivados
de quinolina. A este respecto, resulta relevante mencionar que la ferroquina es
un compuesto organometalico especifico (ver estructura (1) arriba).

D1 ademas no provee informacién o guia alguna para que la persona
medianamente versada en la materia combine especificamente ferroquina con
un derivado de artemisina, con el fin de obtener el efecto sinérgico descritg.y ...

analizado arriba.

En consecuencia, la informacién y o sugerencias incluidas en D1 no llevan
persona medianamente versada en la materia a la presente invencion. En ot .-
palabras, la combinacién de los compuestos de la presente invencién no
revelada o sugerida en D1.

investiga la sintesis de complejos del tipo [Au(L)(PPh3)INO3, [Au(C6F5)(L)] y
[Rh(CI}COD)(L)], en donde la cloroquina (1) o analogos metalicos de
cloroquina y derivados de ferrocenil entre los cuales se incluye ferroquina,
identificados en la formula como (L) son combinados con una porcion de oro
y rodio (paginas 144 y 145).

Los tres derivados de ferrocenil empleados como ligandos contienen ya un
atomo metalico (Fe) en su estructura. De este modo, la incorporacién de una
porcion de oro y rodio durante la formacion de los complejos, con los
derivados de ferrocenil conduce a la presencia de dos centros metalicos en
las moléculas (pagina 145).
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Las pruebas bioldgicas (tabla 1, pagina 150) se llevaron a cabo para medir la
actividad antimalarica in vitro de los nuevos complejos de cloroquina y de
derivados de ferrocenil sobre dos cepas sensibles a CQ (D10) y resistentes a
CQ (K1) de P. falciparum. El objetivo de este estudio es entender si la
presencia de los dos centros metalicos en la molécula podria tener un
efecto de adicion, sinérgico o antagonista sobre la actividad antimalarica.

D2 asi, no provee informacion o guia alguna para que la persona
medianamente versada en la materia combine especificamente ferroquina con
un derivado de artemisina, con el fin de obtener un efecto sinérgico como el

" _descrito y analizado arriba.

En con

afecta el nivel inventivo de la presente solicitud, ya que la combinacién de estos motivaria a %
. . , NP A5
persona medianamente versada en la materia a obtener complejos de cloroquina o analogad#: 0;

un efecto sinérg

Adicionalmente, D2 esta dirigido a la formacién de complejos del segundo
metal a los compuestos de ferrocenil 4-aminoquinolinas, entre los cuales se
incluye ferroquina. En consecuencia, la persona medianamente versada en la
materia, en vista de esta informacién se veria motivada a probar otras
combinaciones metalicas de los derivados de ferrocenil.

secuencia, no se entiende como la combinacién de los documentos D1 y

ico (efecto técnico superior) tal como se demostré arriba. Dicho efecto sinérgico

no se encuentra sugerido por el arte previo, de manera que resulta inesperado y es otro indicio
de nivel inventivo, tal como sefiala el recientemente publicado INSTRUCTIVO EXAMEN DE
SOLICITUDES DE PATENTES DE INVENCION Y MODELO DE UTILIDAD.

Conclusion

El documento D1, el documento D2 o su combinacién, no resultan anterioridades validas
capaces de afectar el nivel inventivo de las composiciones farmacéuticas de la presente

solicitud.

10
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Por lo tanto, consideramos que el Examinador esta pasando por alto el hecho de que el
inventor en el momento de solucionar el problema técnico de la solicitud tuvo que emplear
habilidad inventiva, pues la presente invencion no resulta de la mera extrapolacion de las
ensefianzas del arte previo, como se afirma. Se estd desconociendo el mérito investigativo
empleado y que esta aportando una ventaja al arte previo.

Dicho mérito ha sido reconocido por oficinas internacionales de patentes tales como la
Australiana, quien ha otorgado la patente para una invenciéon equivalente, patente No. AU
AU2006238506 (B2).

VI. PETICION

. Por todo lo anterior, solicito a ese Despacho lo siguiente:

6.1 Que al considerar las razones precedentes se revoque la decisidn contenida / ‘? ‘,'
Resolucién No. 19379 del 29 de marzo de 2012, en cuanto resuelve negar el privilegioXg&®%
patente de invencién.

6.2 Que se otorgue el privilegio de patente de invencion para: “ASOCIACION ENTRE
FERROQUINA Y UN DERIVADO DE ARTEMISINA PARA EL TRATAMIENTO
PALUDISMO?” a favor de SANOFI-AVENTIS.

VIl. NOMBRE Y DIRECCION
El nombre y la direccion del solicitante recurrente son los siguientes:

SANOFI-AVENTIS
174 Avenue de France,
F-75013,

Paris

Francia

11
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VIIl. NOTIFICACIONES

Atentamente manifiesto a usted que recibiré notificaciones en la Secretaria de su
Despacho o en mi oficina de abogada situada en la Carrera 42. No. 72-35, piso 4°, de esta
ciudad de Bogota, D.C.

IX. ANEXOS

9.1 Yan et al. BMC systems biology. A formal model for analyzing drug combination effects and
its application in TNF-alpha-induced NFkB pathway /2010) -4.50

9.2 Hegreness et al.. Proc Nat Acad Sci USA. Accelerated evolution of resistance in multidrug
environments (2008) 105:13977-13981.

Sefior Superintendente,

D (Borcxa ok

LUZ CLEMENCIA DE PAEZ
C.C. 35.456.344 de Usaquén
T.P.A. No. 23.555

COLO-14775-841-054-1
JMS\UMSMD-216409\WPC14775
No. M-2012-216409\JMS
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A formal model for analyzing drug combination
effects and its application in TNF-a-induced NFkB
pathway

Han Yant, Bo Zhangf, Shao Li* and Qianchuan Zhao*

Abstract

Background: Drug combination therapy is commonly used in clinical practice. Many methods including Bliss
independence method have been proposed for drug combination design based on simulations models or
experiments. Although Bliss independence method can help to solve the drug combination design problem when
there are only a small number of combinations, as the number of combinations increases, it may not be scalable.
Exploration of system structure becomes important to reduce the complexity of the design problem.

Results: In this paper, we deduced a mathematical model which can simplify the serial structure and parallel structure
of biological pathway for synergy evaluation of drug combinations. We demonstrated in steady state the sign of the
synergism assessment factor derivative of the original system can be predicted by the sign of its simplified system. In
addition, we analyzed the influence of feedback structure on survival ratio of the serial structure. We provided a
sufficient condition under which the combination effect could be maintained. Furthermore, we applied our method to
find three synergistic drug combinations on tumor necrosis factor a-induced NFkB pathway and subsequently verified
by the cell experiment.

Conclusions: We identified several structural properties underlying the Bliss independence criterion, and developed a

method could be expanded to more general criteria.

systematic simplification framework for drug combiation desgin by combining simulation and system reaction
network topology analysis. We hope that this work can provide insights to tackle the challenging problem of
assessment of combinational drug therapy effect in a large scale signaling pathway. And hopefully in the future our

J

Background

Drug combination therapy is commonly used in clinical
practice [1-3]. For example, herbal remedies in traditional
Chinese medicine are believed to have synergism effect
[4,5]. How to define the drug synergism has been a long-
standing controversy amongst pharmacologists, toxicolo-
gists and biologists [6,7]. Among existing methods, under
the assumption that two drugs acting by independent
mechanisms, Bliss independence model is used to define
combined effect of two drugs [8]; given that two similar
drugs competitively acting on a target, Loewe additivity

* Correspondence: shaoli@mail.tsinghua.edu.cn, zhaoge@tsinghua.edu.cn
Department of Automation and TNList, Tsinghua University, Beijing, 100084,
China

* Contributed equally

Full list of author information is available at the end of the article

() Bioiled Central

model is used to predict the combined effect of two drugs
[9]. Chou-Talalay further proposed the Combination
Index (CI) theorem, serving as a general expression and
quantification of drug interaction based on the mass-
action law in biophysics and biochemistry [10-12]. These
models are widely used in in-vitro and in-silico experi-
ments for drug targets design and dose-response rela-
tionship analysis to instruct the selection of drugs and
design of combination scheme [13-15]. Although
improvements in the application scope and sensitivity of
synergy evaluation techniques allow a greater exploita-
tion of drug combination studies, it is unlikely that exper-
imental techniques will be sufficient to completely screen
the vast space of drug combinations in a cost-effective
and timely manner. Hence, finding a way to delimit this
space and obtain a manageable set of synergistic combi-
nations is still an ongoing challenge.

© 2010 Yan et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons At-
tribution License (httpz//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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To meet this challenge, we present a new method devel-
oped from the original Bliss independence criterion to
analyze the relationship between structures and effects
for combinational drug targets design from a mathemati-
cal aspect. Since Bliss model is relatively simple and still
widely used 'by some researchers recently [16-18], we
start our studies from this simple model and operation-
ally provide a combination effect assessment index
inspired by the Combination Index theorem [10-12].
With a foundational property of this index, the structure
information could be used to help the analysis of drug
combinational effects and design of combiantional drug
targets. Under this frame, we study two classic structures
(serial and parallel structures) in biological signaling sys-
tems and propose simplification rules which are helpful
for analyzing drug combination effects on the original
system. Furthermore, analysis of the feedback structures,
which is also very common in signaling pathways, is con-
ducted as an expansion to an original structures without
feedback. The usefulness of all the results is demon-
strated by numerical experiments.

As a concrete example, we applied our method to an
inflammatory angiogenesis-related pathway, the tumor
necrosis factor « (TNF-a)-induced NFkB pathway. The
comprehensive research of this pathway has accumulated
abundant exprimental data. This allows us to construct a
TNF-a-induced NFxB pathway model. Here, we further
extended previous model to endothelial cells to construct
a more accurate model for drug efficacy prediction. With
this new NFkB model in hand, we simualted the com-
bined effects of three important inhibitors, namely Alde-
hyde, Geldanamycin and PS-1145, in NFkB pathway. The
simulation results suggested that three inhibitor combi-
nations yeilded significant synergism and were validated
the simulated results by cell experiments.

Methods

Original Bliss Independence Criterion

Bliss independence [8] or fractional product method [19]
is the index for calculating the expected dose-response
relationship for drug combination therapy as compared
to mono-therapy. It assumes that the two inhibitors act
via independent mechanisms. Then drug combination
can be represented as the union of two probabilistically
independent events. And this criterion is identical to the
mutually non-exclusive case [20]. The combined effect of
two inhibitors (F;;,) is computed as the product of indi-

vidual effects of the two inhibitors, F;;4; and Fy;45.

(1)

Fya = Fyar X Fyay

where F, is the remaining enzyme activity (fractional
unaffected).
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Based on the definition, F;, is the expected combined
effect. If the actual combined effect of the two inhibitors
is equal to Fyy, it is additive effect case and there is no
interaction between the two inhibitors. If the actual com-
bined effect is lower than F,, it is called antagonism. If
the actual combined effect is higher than F;;,, it is called
synergism which leads many possible favorable outcomes
like increasing or maintaining drug efficacy as decreasing
dosage and provides fundations to the combination ther-

apy 120].

Survival ratio

We use survival ratio as representation of the effect (frac-
tional unaffected) and define it as the ratio of component
concentrations before and after intervention:

r(a,b) = output(a,b)

" output(ag,bg) 2)

where a, b are parameters that could be affected. Often
they have relationship with the inhibitor doses. g5and 4,
represent the normal values, which are the values before
being inhibited; @ and b represent the values after being
inhibited. The output of a system is usually defined as the
concentration of some components.

Inspired by the Combination Index theorem offered by
Chou-Talalay [10,11], here we introduce an operational
concept, "Synergism Assessment Factor”, for addressing
the interaction of drug combination. Then the Bliss inde-
pendence criterion could be rewritten as:

<0  Synergism
=0 Additive effe
>0 Antagonisn

S=r{a,b)-r1(ay, b) r(a by)

Where r(a, b) is the actual combined effect and r(ay,
b)-r(a, by) is the expect combined effect calculated by the

product of individual effects. S denotes Synergism
Assessment Factor. Eq. 3 is identical to the fraction prod-
uct equation of Webb [19] and the mutually non-exclu-
sive case in [21]. Compared with the critical point (CI =
1) of Chou-Talalay's Combination Index, we used S = 0 as
the critical point to determine whether there is sysnergis-
tic effect. Under the first order mutually non-exclusive
case, using Eq.3 will get the same conclusion on combina-
tion effect as using Combination Index.

Survival ratios of individual invention and combined
invention can be measured through in-vitro or in-silico
experiments, so it is convenient to verify whether syner-
gism is generated under specific drug combination with
this criterion [22]. Therefore, it is widely used in combi-
nation therapy design [16-18]. However, it is hard to pre-

ly
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dict the combined effect of two inhibitors without
experiments according to this model itself. In order to
predict the proper dose range to generate synergism, we
have to gain the dose-response relationship. The dose-
response relationship could be get through series of in-
vitro experiments costly under different doses. Some-
times the dose-response relationship is assumed to have
some special form like Hill equation to reduce the experi-
ment costs [22]. It is feasible when possible targets num-
ber is small. As the targets number increases, it will face
the combinatorial explosion to choose targets and proper
doses, and the experiments cost also increases. New
method to narrow down the possibilities in searching tar-
gets and doses generating synergism by experiments
needs to be developed.

Extended Bliss Independence Criterion

Here, we extend Bliss independence criterion with the
sensitivity information of Synergism Assessment Factor.
The system with some special structures could be simpli-
fied for synergism-generating targets with doses based on
this criterion. We define:

_3%r(ab) _dr(abg) dr(ag.b)

, (4)
dadb da ab

DS

where, r(a, b) is the survival ratio of the system; 2 and b
are parameters affected by inhibitor (ususally the reaction
velocity constants [13]), @, and b, are separately the value
of unaffected. Here DS denotes Synergism Assessment
Factor Derivative. Actually DS is the second-order patial
derivative of S. Our criterion is stated as

<0  Synergism
DS <=0 Additive effect (5)
>0 Antagonism

This criterion is based on the following observations.
The connection between DS and S is:

ab
S= '[ j DSdbda 6)
agby

It is easy to see that if DS < O (for the interested drug
dose ranges), then S is guaranteed to be smaller than 0. It
means that synergism is generated over the parameter
ranges (ag, a), (by, b). Similarly, the condition to generate
antagonism is also intuitive.

This extended Bliss independence criterion could be
seen as the derivative form of the original Bliss indepen-
dence criterion.
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Fundamental property of synergism assessment factor
derivative

The extended Bliss independence criterion introduced in
Eq. 5 enables us to find special structures of systems that
simplification is possible for synergism-generating targets
with doses. Here we provide a basic property of the syn-
ergism assessment factor derivative DS. It is the founda-
tion for our main results.

If the inhibitors individually affect some intermediate
processes, then the inhibition on these processes could be
taken as directly on the products of these processes. That
is to say, x = @ (a) is the product of the process where
parameter « is affected; y = ¥ () is the product of the
process where parameter b is affected. Then the inhibi-
tion effects to the output of system on 4 and b could be
taken as on x and y. The analysis of combination effects
on the original system could then be limited on a simpli-
fied system with x and y as parameters.

Lemma 1

a and b are system parameters that will be affected by
inhibitors. a is of processes that will produce product x (x
= @ (a)), and b is of processes that will produce product y
(y = ¥ (b)). Then the synergism assessment factor deriva-
tive DS of the original system satisfies

,0x dy

DS =D
da ob

s 3%r(xy) _ dr(xy0) Ax0y) . _
Where DS = axay - x ay y X = (D (

a)y =
Y (b), x5= D (ay), Yo=Y (by). Details of proof are given in
Additional file 1.

DS is the synergism assessment factor derivative of the

origirial system while DS’ could be seen as that of a sim-

plified system. Usually the signs of derivatives g—z and %
are easy to know, then the sign of DS could be decided on
the sign of DS’; and we only need to analyze the sign of
DS', which is the combination effect of the simplified sys-
tem. Meanwhile, with the sensitivity information of inter-
mediate process to inhibitors, we can compare the DS
values of different inhibitors that have the same structure

properties and select proper drug combinations with syn-

ergism property.

(s
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Methods for the case study of TNF-a-induced NFkB
pathway

Model construction and drug selection (see details in Results
and Discussion)

We constructed the TNF-a-induced NF«kB pathway in
Human umbilical vein endothelial cell (HUVEC). The
model was developed based on literatures [23-26]. We
tweaked the parameter values in terms of the experimen-
tal data derived from HUVEC [27]. The new pathway
model yielded a better simulation of NF«B activation in
HUVEC. The details of Ordinary Differential Equations
(ODEs) model of the NFxB pathway could be found in the
Additional file 2.

According to simulation results, we made a short list of
NFkB activity inhibitors covering three key nodes in the
pathway including Proteasome Inhibitor II Aldehyde,
HSP90 inhibitor Geldanamycin and IKK-B inhibitor PS-
1145 (Additional file 3, Table S5). To determine the doses
of these inhibitors in our experiment, we refer to the rela-
tive IC50 values of these inhibitors taken from the pub-
lished experimental and clinical data [28-30]. In our
model, Intercellular cell adhesion molecule-1 (ICAM-1)
is very sensitive to TNF-a stimulation. It is directly regu-
lated by activated NFxB and become output index of
downstream of this pathway.

In the simulation, the changes on relative reaction
velocity constants were taken as the inhibition influence
on the targets [31,32]. According to Lemma 1, we simpli-
fied the system and considered the synergism assessment
factor on this simplified system. Through simulations
with changing the reaction velocity constants in a wide
range that responded to a wide dose range, the drug com-
bination effects of the simplified system were gained.
Additional file 3 provides a detailed description of the
simulation algorithm.

Cell culture and reagents

To evaluate the computational results of our method, we
conducted a cell experiment as follows. HUVECs were
isolated from freshly obtained human umbilical cords by
established methods [33]. The cells were grown onto gel-
atin-coated 10 cm? culture dishes in a standard endothe-
lial cell medium (ECM) (ScienCell Research
Laboratories). ECM consists of 500 ml of basal medium,
25 ml of fetal bovine serum (FBS), 5 ml of endothelial cell
growth supplement (ECGS) and 5 ml of penicillin/strep-
tomycin solution (P/S). Cells used for this study were
from passages 4 to 8 in ECM at 37°C in a 5% CO,/humid-
ified air incubator and starved for 6 hours in 0.1% FBS
medium before each assay. All experiments were carried
out when the cells were 80% confluent. Proteasome
Inhibitor II Aldehyde and HSP90 inhibitor Geldanamycin
were purchased from Alexis Biochemicals (San Diego,
CA). IkB kinase (IKK-B) inhibitor PS-1145 was from
Sigma-Aldrich (St. Louis, MO). These inhibitors were
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dissolved in DMSO and stored at -20°C until use. The
recombinant human TNF-a (rth-TNF-a) protein was pur-
chased from Cell Signaling Technology Inc. (CST, Bev-
erly, MA). Antibodies to ICAM-1 and B-actin were
obtained from CST.

Western blotting

To detect the effect of three combinations on output
index of this pathway, ICAM-1 directly regulated by
NFkB was investigated by western blotting as follows.
HUVECs were treated with 100 nM Aldehyde, 100 nM
Geldanamycin, 100 nM PS-1145 and various combina-
tions of Aldehyde, Geldanamycin and PS-1145 at the
dose of 100 nM for 2 hours followed by 10 ng/m! TNF-«.
After 6 hours of treatment, whole-cell extracts from
treated cells and immunoblotting were prepared as previ-
ously described [34]. Whole cell lysates were subjected to
SDS-PAGE 10% gels. Proteins were transferred to nitro-
cellulose blotting membranes (Bio-Rad Laboratories,
Hercules, CA), and immunoblotted 4°C overnight with
anti-ICAM-1 and anti-B-actin Abs (typically 1:1,000 dilu-
tion) followed by secondary antibody conjugated with
horseradish peroxidase (1:10,000 dilution). The SuperSig-
nal” West Dura (Thermo Fisher Scientific, Rockford, Ill,
USA) was used for detection according to the manufac-
turer's instruction.

Results and Discussion

Most signaling pathways are constructed from three
types of structures - serial, parallel and feedback, so our
study will be focusing on these three structures. Based on
Lemma 1, the simplifications of serial structures and par-
allel structures are studied. We also analyze the influence
of feedback structure on serial structures. Numerical
examples are also given; the simulation results of both
original and simplified systems showed potency of the
method on analyzing the combination effects. All these
structures and figures are from Fitzgerald's work [1].

Simplification rule for serial structure

In Figure 1, A activates B, then B activates C. The concen-
tration of activated C is the output of this system. The
sequential activation processes construct a typical serial
structure. To illustrate the drug combination effects, we
designate that I; and I, are inhibitors affecting the two
activation processes separately.

Corollary 1

The sign of the synergism assessment factor derivative
DS of original serial structure in Figure 1 is opposite to
the sign of the synergism assessment factor derivative DS’
of the simplified structure (shaded area in Figure 1). That
is to say,

sign(DS) = —sign(DS")
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{or it also could be seen as target on component B-P) and component C.

Figure 1 Serial structure. The left subfigure illustrate the general serial structure. The right subfigure is an example from [1]. The shaded areas are the
simplified systems. Based on the simpilification rules the virtual inhibitors on the simplified systems in this example target on the reaction B-P+CTC-P

[1+:B]

J

Simplification rule for parallel structure

In Figure 2, there are parallel activation processes: A;
activates B, A, activates B,. As in serial structure, I; and
I, are inhibitors affecting those two activation processes
separately. Both B; and B, can activate C. The output of
this system is the concentration of activated C. The rela-
tion between B, and B, could be demonstrated as logic
OR.

Corollary 2

The sign of the synergism assessment factor derivative
DS of original parallel structure in Figure 2 is the same as
the sign of the synergism assessment factor derivative DS’
of the simplified structure (shaded area in Figure 2). That
is to say,

sign(DS) = sign(DS)

By Corollary 1 and 2, whether the simplified systems
could generate synergism under equivalent inhibition can
help to determine whether the original systems can gen-
erate synergism effect under actual inhibition (see details

of proofs in Additional file 1). In Figure 1, the original
serial structure under I; and I, inhibition can be simpli-
fied as the system (shaded) under equivalent ;. and I,
inhibition from the view of combination effects; It is the
same to simplify the original parallel structure under I,
and I, inhibition as a system under equivalent I;. and L,
inhibition. This could simplify the system structures,
meanwhile simplify the drug combination analysis.
Besides, it becomes easier to find drug combinations that
could generate synergism on the systems based on these
conclusions.

Combination effect preservation rule for systems with
feedback

Feedback structures are common regulatory structures in
biological systems, especially in signaling pathways. Posi-
tive and negative feedback structures could shape the sig-
naling responses in time and space [35], like
performancing as oscillators or bistable switches. Feed-
back structures increase the complexity of system struc-

" tures, and make it more difficult to analyze the drug

(¥
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Figure 2 Parallel structure. The left subfigure illustrate the general parallel structure. The right subfigure is an example from [1]. The shaded areas
are the simplified systems. Based on the simplification rules the virtual inhibitors on the simplified systems in this example target on the reactions B,-
P+CTC-P (or it also could be seen as target on component B,-P) and B,-P+CTC-P (or target on component B,-P).

J

combination effects on the systems. From the viewpoint
of drug combination therapy, sometimes we just need to
know how the feedback structures influence the drug
combination effects.

Considering an original system without feedback loop
that can generate synergism effect under some drug com-
binations (left subfigure in Figure 3), if after adding a
feedback loop (right subfigure in Figure 3), the output of
the new system decreases compared to that of original
system, then the feedback loop can be believed that it
strengthens the drug combination effects. Upon that, it
could only consider combination effect analysis on the
original system.

In general feedback structures (as shown in right sub-
figure in Figure 3) and the system without the feedback
loop can be modeled by Ordinary Differential Equations
(ODEs) separately as

Feedback structures System without feedback
" =F(R) +3(y") x=FR
7= f(x%) y=f(x)

Lemma 2
Adding feedback loop to a system will not decrease the

drug combination effects of the original system if
g-gé<0.Thatis,

1) Negative feedback (g(-} <0), and % >0
or

2) Positive feedback (g(-) <0), and %’; <0 is satisfied.

Details of proof are given in Additional file 4.

Examples of serial structure and parallel structure
We adapted numerical examples in [1] as shown in Figure
1 and Figure 2 respectively to verify the Corollary 1 and 2
above. All parameters are referred to [1]. In addition, all
the reactions are modeled as Michaelis-Menten equa-
tions. Direct evaluation of the synergism asscessment fac-
tor S by simulation leads to the results shown in Figure 4.
In Figure 4, left figure shows the results of serial struc-
ture and right figure shows the results of parallel struc-
ture. The blue curves referred to the S curves recovered
from results of the simplified systems, while the red lines
referred to the results of the original systems. It is obvious

16
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back function. a and b are affected parameters.

Figure 3 lllustration of feedback structures. Ris the input of x. y is the output of the system. fis the intermediate process from xto y. g is the feed-

Yy

J

that the recovered S curves agreed with the original S
curves. Actually, the S curve of the simplified serial sys-
tem has opposite sign to that of the original serial system.

S curves with negative signs indicate that both the orig-
inal serial and parallel structures generate synergistic
effect. In left subfigure the absolute values of S are
smaller (10-3 order) than those of the S in right subfigure
(101 order). Combination therapy of the parallel struc-
ture could be more effective. These results are coninci-
dent with the results in [1]. As a comparison from these
results, the new method enables us to evaluate the combi-
nation effects of original systems by analyzing the effects
of the corresponding simplified systems.

An example of negative feedback structure

Figure 5 from [1] shows the example of negative feedback
structure. This negative feedback system is constructed
based on the serial system in Figure 1. From the results in
[1] the influence of feedback on combination effects is
verified to have nonnegative impact under the condition
1) in Lemma 2.

Based on the ODEs of the serial structure, the ODEs of
this feedback structure are as follows:
i o JaR(xp—x1) _
Kmitxig—x1
_Fkaxi(xi—x2) _ Voxp
Kma+xpr—x2  Kmgtx
a =K,
b =K,,

Vixg V3xox

Ky5+x1

In the model, x; and x, are concentrations of B-P and C-
P (activated C) respectively. x, is the output of the system.
%y, and x,, are initial concentrations of B and C respec-
tively. R is the concentration of A. K,,, and K, are
Michaelis-Menten constants of the BTB-P and CTC-P
activation and are affected by I, and I,, respectively. K, 5
are Michaelis-Menten constants of B-PTB activation
mediated by C-P. From the simulation results in [1], it is
obvious that the output of feedback structure example is
smaller than the output of serial structure. This compari-
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Figure 4 S curves of Figure 1 and 2. In the simulation, we adopted the same doses of both inhibitors like [1]. The left subfigure is the simulation
results of the serial structure in Figure 1. The right subfigure is the simulation results of the parallel structure in Figure 2. The Scurves of original systems
are in red. The blue curves are the S curves recovered from the results of simplified systems based on Lemma 1 and the two corollaries. In fact the S
curve of the simplified serial system has opposite sign to that of the original serial system. Obviously the S curves recovered agreed with the original
Scurves. The signs of S curves are negative showing the synergistic effect of the serial and parallel structures. In left subfigure the absolute values of S
are much small (103 order) to those of the Sin right subfigure (101 order). Combination therapy of the parallel structure could be more effective. These
results are conincident with the results in [1].
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son verified Lemma 2 that feedback loop can strengthen
the drug combination effects.

It should be pionted out, although our method leads to
simplified systems, that does not mean the analysis of the
simplified systems is easy. Usually simulations or experi-
ments are still needed for analyzing these systems due to
their complex dynamics [14,36-38]. Our method also
relies on the faithful modeling of the systems which may
not be trivial since identifying system structure in general
is still a challenging work [39-41].

Results and discussion for the case study of TNF-a-induced
NFkB pathway

TNF-a is both a pro-inflammation cytokine and a pro-
angiogenic factor [42]. It is responsible for inflammatory
angiogenesis and tumorigenesis. The induction of NFkB
signaling pathway by TNF-« can regulate the transcrip-
tional expression of several genes in vascular endothelial
cells that lead to angiogenesis [42]. Several standard drug
targets such as HSP90 and IKK-B are among the key mol-
ecules involved in the pathway responsible for generating
angiogenic factors. However, essentially all single-target
inhibitors have low therapeutic effects in inflammatory
and angiogenic diseases. To find more efficient drug
combination solutions, we constructed the model of an
inflammatory angiogenesis-related pathway, the TNF-a-
induced NFkB pathway (Figure 6A) and employed our

method in this paper to search for synergistic drug com-
bination solutions within this pathway model.

As a result of our method, IkB degradation proteasome,
HSP90 and IKK-B as important targets in the TNF-a-
induced NFxB pathway are selected. In the simulation,
changes on the relative reaction velocity constants were
taken as the inhibition influence on targets. It should be
pointed out that Geldanamycin as a HSP90 inhibitor dose
not target RIP1 directly but could indirectly regulate the
binding rate of RIP1, so we changed the reaction velocity
constants of RIP1 binding with TNFR1 complex. The
change ratio of the reaction velocity constants ranged
from 0.9 to 0.0001 fold to cover a wide dose range.

As shown in Figure 6B, the TNF-a-induced NF«B path-
way has a serial structure with feedback. The three tar-
gets locate on the serial path (RIP1 and IKK-B) and
feedback path (IxB degradation), especially IKK-B is on
the joint of serial path and feedback path. Since TRAF2-
RIP1-TRADD-TNFR1-TNE-a activates IKK-B, the inhi-
bition effect on RIP1 could be seen as finally acted on
IKK-B. According to Lemma 1, the system could be sim-
plified as the dashed box area in Figure 6A. The corre-
sponding reactions inhibited by the three inhibitors in
original and simplified systems were shown in Table 1.
We then employed our method to calculate the synergism
assessment factor on the simplified system. The sign of
synergism assessment factor decides whether there is

1O
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concentration of activation C.

Figure 5 Negative feedback structure. This system with negative feedback loop (from {1]) is constructed based on the serial system in Figure 1 by
adding a feedback loop (orange color) which is from the output C-P to the activation of B to the serial structure. The output of this system is still the

synergistic effect or not. The value of synergism assess-
ment factor reflects the efficacy extent of drug combina-
tion from Aldehyde, Geldanamycin and PS-1145 (shown
in Figure 6B). We screened out the synergistic drug com-
binations according to the sign of synergism assessment
factor in simplified system. Then we did the simulation
on the original system for the synergistic drug combina-
tions. The simulation results are shown in Table 2. It
shows that all the three drug combinations could gener-
ate synergistic effect. And the signs of synergism assess-
ment factors in simplified system were consistent with
those of the synergism assessment factors in original sys-
tem.

ICAM-1, an intercellular adhesion molecule expressed
in endothelial cells, is a common cellular readout of TNF-
a induced signaling pathway [43]. To verify the simula-
tion results, we observed the effect of Aldehyde, Geldana-
mycin, PS-1145 and related combinations on ICAM-1
expression level by western blotting analysis. In the
experiment, we used Bliss independent model to assess
whether three combinations induced synergistic inhibi-
tion effect on ICAM-1 expression. As shown in Figure 6C
and Figure 6D, all the three drug combinations generate
synergistic effect. Taken together, this result suggests that
the synergistic combinations predicted by our method
are qualitatively consistent with the experimental obser-
vations. Currently, the method can only make qualitative

prediction on drug combinational effects. This still could
provide some clues for drug combination design based on
mechanisms. Besides, as the model we provided here is
specific for TNF-a-induced NF«B pathway in HUVEC,
the general applicability of our method still needs further
investigation.

Conclusions

In this paper we presented a new method based on an
extended Bliss independence criterion to analyze the
relationship between structures and effects for combina-
tion drug targets design from a mathematical aspect. We
analyzed two classic structures, serial structure and par-
allel structure, and showed in steady state the sign of the
synergism assessment factor derivative of the original
system can be predicted by the sign of its simplified sys-
tem. In addition, we analyzed the influence of feedback
structure on survival ratio of the system, and showed that
the feedback structure could not destroy the drug combi-
nation effect of the system without feedback under some
conditions. We demonstrated by numerical examples that
these results are useful for reducing the amount of com-
putatioal load if system reaction network topology
knowledge is available. In the case study, the effects of
inhibitor combinations predicted by our method were
experimentally validated by measuring the output
(ICAM-1 expression) of TNF-a-induced NFxB pathway.

21
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Figure 6 Case study of TNF-a-induced NFkB pathway. A. The kinetic model of TNF-a-induced NF«B pathway. The dashed box area indicates the
simplified system. B. Biological schematic of TNF-a-induced NFkB pathway. Not all arrows represent direct physical interactions. Drugs used in this
study and their key targets are highlighted. C. HUVECs were pretreated with three combinations at the same-concentration 100 nM for 2 hours before
being stimulated with 10 ng/ml TNF-a for 6 hours. Cells were lysed and output signaling protein was probed by western blotting. The level of B-actin
was used as an internal control for normalization. The gray values are recorded at the bottom. D. Ratio of ICAM-1 to B-actin was determined with den-
sitometry. C, control, T, 10 ng/ml TNF-q, G, Geldanamycin, A, Aldehyde, P, PS-1145.

Table 1: Comparison of reactions inhibited by drugs in original and simplified systems.

Inhibitors Corresponding reactions Corresponding reactions
in original system in simplified system
Geldanamycin RiP1 binding with TNFR1 complex IKKK-P activates IKK-B
PS-1145 IKK-B-P phosphorylates IkB IKK-B-P phosphorylates IxB
Aldehyde : IxB degradation IkB degradation

In the simulation, we simplified the system according to Lemma 1. Here we list the corresponding reactions inhibited by the three inhibitors
in original and simplified systems.
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Table 2: Simulation and experimental results for the case study of TNF-a-induced NFxB pathway.

Inhibitor A Inhibitor B Synergism Assessment Factor Predicted Synergism
(Simulation) interaction Assessment
Factor
(Experiment)
simplified original system
system
Geldanamycin Aldehyde -0.0632 -0.2678 Synergism -0.0167
Geldanamycin PS-1145 -0.1248 -0.2555 Synergism -0.1878
PS-1145 Aldehyde -0.1754 -0.1754 Synergism -0.3931

Here we consider the synergism assessment factors of the three combinations in the simplified and original system. The sign of synergism
assessment factor indicates whether the drug combination generates synergistic effect or not. If the sign is negative, it is synergistic effect.
Otherwise, it is antagonistic effect. In the experiment, ICAM-1 expression is considered as the measurement readout of the efficacy of drugs
or drug combinations. We also evaluate the effects of drug combination by calculating synergism assessment factor (see Eq. 3). The negative
values represent synergism since we rewrite calculation formula of Bliss independence model according to survival ratio rather than

inhibition ratio.

Hopefully, this work can provide some insights to tackle
the challenging problem of assessment of combination
drug therapy effct in a large scale signaling pathways. As
we point out, Bliss model is relatively simple, so in this
paper we focused on this simple model. With deep under-
standing of dose-effect curves, we hope in the future our
method could be expanded to more general criteria such
as the law of mass action [10-12,21].

Note
In the following figures (Figure 1, 2, 3,4, 5), A, B, C, A,,
A,, B;, B, are components of the systems, I, and I, are

inhibitors. The shaded areas represent simplified systems
for the original systems. I;.and I are virtual inhibitors on

the simplified systems equivalent to I; and I,.

Additional material

Additional file 1 Proof of system simplification rules. Proof of Lemma 1
(fundamental property of synergism assessment factor derivative), Corol-
lary 1 {simplification rule for serial structure) and 2 (simplification rule for
parallel structure).

Additional file 2 Summary of the model of TNF-a-induced NFxB path-
way. Tables S1 - 54 list details of the mathematical model of TNF-a-induced
NFkB pathway including reactions and rate equations, initial components
concentrations, kinetic parameters and ordinary differential equations.
Additional file 3 Summary of algorithm for TNF-a-induced NFkB
pathway. Implementation of the algorithm for TNF-a-induced NFkB path-
way. '

Additional file 4 Proof of influence of feedback. Proof of Lemma 2 for
influence of feedback structure to original serial system based on compari-
son principle that is used to compute bounds on solutions of differential
equations.
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The emergence of resistance during muitidrug chemotherapy im-
pedes the treatment of many human diseases, including malaria,
TB, HIV, and cancer. Although certain combination therapies have
long been known to be more effective in curing patients than
single drugs, the impact of such treatments on the evolution of
drug resistance is undear. In particular, very little is known about
how the evolution of resistance is affected by the nature of the
interactions—synergy or antagonism—between drugs. Here we
directly measure the effect of various inhibitory and subinhibitory
drug combinations on the rate of adaptation. We develop an
automated assay for monitoring the parallel evolution of hundreds
of Escherchia coli populations in a two-dimensional grid of drug
gradients over many generations. We find a correlation between
synergy and the rate of adaptation, whereby evolution in more
synergistic drug combinations, typically preferred in clinical set-
tings, is faster than evolution in antagonistic combinations. We
also find that resistance to some synergistic combinations evolves
faster than resistance to individua! drugs. The accelerated evolu-
tion may be due to a larger selective advantage for resistance
mutations in synergistic treatments. We describe a simple geomet-
ric model in which mutations conferring resistance to one drug of
a synergistic pair prevent not only the inhibitory effect of thatdrug
but also its enhancing effect on the other drug. Future study of the
profound impact that synergy and other drug-pair properties can
have on the rate of adaptation may suggest new treatment
strategies for combating the spread of antibiotic resistance.

adaptation | antagonism | synergy | antibiotics | antibiotic resistance

hallenged by rapid emergence of drug-resistant pathogens
and limited supply of new antibiotics, clinicians increasingly
rely on multidrug treatments to combat infections (1-7). When
drugs are applied together the effect of a drug can depend on the
presence or absence of the other drug. Such interactions between
drugs are classified as additive, synergistic, or antagonistic
depending on whether their combined effect on bacterial growth
is equal to, greater than, or less than expected based on the
inhibitory abilities of the individual drugs (8, 9). Two main goals
of drug treatment are stopping bacterial growth and preventing
the evolution of drug resistance (5, 10-12). Although synergis-
tically interacting drugs are often favored because of their
greater combined ability to inhibit growth (13), little direct
evidence for their ability to suppress the evolution of resistance
exists, and some studies even suggest the contrary (14-18).
Examining the evolution of resistance in the context of a
simple geometric model of drug—drug fitness landscapes, we find
that mutations conferring full or partial resistance to one of the
individual drugs may be more beneficial to bacteria in synergistic
than in antagonistic drug treatments [Fig. 1; the situation for
mutations conferring simultaneous resistance to both drugs is
illustrated in supporting information (SI) Fig. S1). This deduc-
tion is based on the simplifying assumption, demonstrated in
previous work, that mutations conferring resistance to a single
drug are effectively equivalent to a reduction in that drug’s
concentration (16, 17, 19, 20). When drugs amplify each other’s
effects (synergy) (9), this effective reduction in the concentration

www.pnas.org/cgi/doi/10.1073/pnas.0805965105
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Fitness improvement due to mutation
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Fig. 1. A simple geometric model shows that a mutation conferring resis-
tance to asingle drug is most advantageous in a synergistic drug combination.
Shown are isoboles, or lines of equal bacterial growth rate, in the plane of
concentrations of drugs A with either drug B (where B interacts with drug A
synergistically), drug C (additively), or drug D (antagonistically). The arrows
shown on the isobolograms for the three types of interaction all correspond
to the exact same mutation (indicated by a thin arrow along the axis of drug
A's concentration), which confers partial resistance to drug A by reducing the
effective concentration of drug A felt by the resistant mutant. The three
arrows’ origins represent environments that have the same initial concentra-
tion of drug A and the same fitness inhibition {10%, dotted line). Although the
mutation changes the effective concentration of drug A by the same amount
in all environments, the fitness gain conferred by the mutation is greatest in
the synergistic case (it crosses more fitness contour lines).

of one of the drugs not only relieves the effect associated with
that drug but also reduces its enhancing influence on the other
drug. In contrast, when drugs partially inhibit one another
(antagonism), resistance mutations that remove some of the
effect of one of the drugs will actually reveal the previously
suppressed effect of the other drug (Fig. 1). This scenario has
récently been experimentally observed for a hyperantagonistic
drug pair in which horizontally transferred alleles that confer
resistance to one of the drugs can actually be deleterious in the
combined drug environment (17). This intuition applies whether
the starting concentration is above or below an organism’s
minimal inhibitory concentration (MIC). Such expected differ-
ences in the selective advantage of resistant mutants in two-drug
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Fig.2. Parallel quantitative measurement of the rate of adaptation in multidrug environments. (A) Example of growth in one particular dosage of ciprofloxacin
(CIP) and doxycycline (DOX), showing measurements of optical density as a function of time (OD, black dots). Cells are propagated in media containing the drugs
through daily serial transfers over 15 days (only the first 6 days are shown), resulting in alternating periods of growth and stationary phase (/nset). Best fit of
the logistic growth curve (red lines; indicated equation) defines the growth rate (r) for this population in each day. The measurement error in the growth rates
was estimated to be ~0.06/h (see Materials and Methods and Fig. $3). (B) Data points corresponding to daily growth rates show how the fitness in the population
from A increases over time. Time is measured in hours of growth (time in stationary phase is excluded). The total increase in growth rate of the population is
denoted by Ar, and the adaptation time, tagapt, is defined as the time at which the population crosses the midpoint between its initial and final growth rates
(see Materials and Methods for more details). Measured Ar and tagapt are used for determining the rate of adaptation of each population (a, equation shown).
(C) Scatter plot of rates of adaptation and final growth rates for CIP-DOX and ERY-DOX. The point highlighted in magenta corresponds to the population shown

in A and B. Most populations that evolve recover the growth rate in a drug-free environment (dashed horizontal line).

environments suggest the hypothesis that the rate of adaptation,
the speed with which lineages carrying such mutations spread
within evolving populations, might be greater for synergistic than
for antagonistic drug combinations.

To experimentally explore the relation between drug inter-
action and the rate of adaptation, we compared a drug pair that
exhibits strong antagonism [doxycycline (DOX), a tetracycline
antibiotic, and ciprofloxacin (CIP), a fluoroquinolone] to an-
other pair showing strong synergy [DOX and a macrolide
antibiotic, erythromycin (ERY)] (5, 17, 21, 22). For each pair,
drugs were mixed in a two-dimensional array of wells in which
the concentration of each of the single drugs varied from zero to
above its MIC. Populations derived from clonal expansion of a
single wild-type, drug-sensitive E. coli bacterium were intro-
duced to all wells and propagated through daily serial transfers
(see Materials and Methods) (23-25). The rates at which bacterial
populations developed residual resistance to the various drug
combinations were measured by tracking the evolution of these
populations over =170 generations (Fig. 2). The degree of
antibiotic resistance acquired by each population is manifest in
the increase of its growth rate over time (The changes in MIC
that accompanied these accelerations of growth were relatively
mild, smaller than a factor of 2 in some cases and up to an 8-fold
increase in others; data not shown). From daily growth curves
(Fig. 24) we estimated how the growth rate changed for each
population as it evolved (Fig. 2B). Typically, we see a saturation
curve with a relatively fast initial increase in fitness followed by
a plateau with little or no additional adaptation in later times.
We combined the increase in growth rate of each population
during evolution, Ar, and the time it took the population to reach
the half-way mark of that increase, #,4apt, to define the rate of
adaptation, & = (Ar/2)/tagapr (Fig. 2B). This adaptation rate

13978 | www.pnas.org/cgi/doi/10.1073/pnas.0805965105

shows large variability among the different drug treatments,
reflecting variability in both initial growth rates and adaptation
times (Fig. 2C). In contrast, much less variability was manifest in
the final growth rates attained by the populations, and by the end
of the experiment most of the populations were growing at a rate
similar to that in the drug-free environment (Fig. 2C).

Results

Our data show that drug combinations have a strong effect on
the evolution of drug resistance (Fig. 3). Different drug pairs,
however, have profoundly different impacts on the rate of

~ adaptation. For ERY-DOX, which is a strongly synergistic drug

pair, we see accelerated adaptation when the drugs are used in
combination (center of the 2-D drug grid, arrow in Fig. 3C)
relative to drug treatments involving either of the drugs alone
(the two edges lying on the drug concentration axes). For the
antagonistic drug pair CIP-DOX, such an acceleration is absent
in the combinations that we tested. Moreover, the opposite
effect—a depression of the rate of adaptation relative to the
single-drug environments—is apparent for some CIP-DOX
combinations (Fig. 3D). Related to these observations is the fact
that resistance to the synergistic drug pair evolves rapidly, not
only compared to each drug separately, but also compared to the
antagonistic pair. This link between the way drugs interact and
the rate of adaptation is consistent with the hypothesis described
in Fig. 1, and further exploration of this relation was achieved by
the additional experiments and analyses described below.

We expanded on the comparison of strongly synergistic and
strongly antagonistic drug combinations by including two addi-
tional drug pairs in our study—CIP with the aminoglycoside
amikacin (AMI) and AMI with DOX—which interact synergis-
tically at some dose combinations but antagonistically at others.

Hegreness et al.
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This acceleration is surprising because the more expected outcome of combining drugs is for adaptation to slow down.

In addition, we used the fact that for any drug pair, including
strongly synergistic or antagonistic ones, the strength of inter-
actions varies for different drug ratios and dosages (26). There-
fore, for all drug pairs, for each combination of concentrations
of two drugs, we measured the degree of synergy (S, defined in
Materials and Methods and in Fig. 4), which ranges from +1 for
strongly synergistic interactions to —1 for strongly antagonistic
ones, and compared it with the rate of adaptation (Fig. 4; see raw
data in Fig. S2). We find a positive correlation between synergy
and the rate of adaptation (p = 0.683, P < 0.001). Two aspects
of the data contribute to this correlation: the correlation among
the means of the four drug pairs and the correlation within each
pair. To isolate the latter, we calculated the partial correlation
between synergy and the rate of adaptation when controlling for
drug-pair membership, which yields p = 0.533, P < 0.001 (see SI
Text). Another factor that is likely to influence the rate of
adaptation is the initial inhibition of growth of the ancestral
strain in each environment. Again, we have verified that the
observed correlation between adaptation rate and synergy re-
mains when accounting for the confounding factor of initial
inhibition (see SI Text). Indeed, the partial correlation between
rate of adaptation and degree of synergy when controlling for
initial inhibition supports the same conclusion as before (P <
0.001), namely, that synergy promotes faster emergence of drug
resistance.

Discussion

Our simple geometric model provides some insight into how
synergistic drug interactions may lead to faster adaptation (Fig.
1). It should be noted that the same model also indicates the
influence of another factor on the rate of adaptation: the
availability of mutations that confer simultaneous resistance to
both drugs (27, 28) (Fig. S1). It is certainly possible that the level
of pleiotropy in mutational effects contributes to the observed
differences in the rates of adaptation between drug pairs in our

Hegreness et al.

experiments. Indeed, drug pairs with similar mechanisms of
action, such as ERY and DOX, could have increased pleiotropy.
Conversely, pleiotropy could inhibit evolution if mutation con-
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Fig. 4. The degree of synergy and the rate of adaptation are positively corre-
lated: The more synergistically the drugs interact, the faster the bacteria evolve
resistance. Shown are data from all four drug pairs in our study (legend). Each dot
represents the rate of adaptation for a given drug pair and concentrations versus
the degree of synergy (S). The variability in rates of adaptation has two contri-
butions: an error of approx 25% due to errors in measuring growth rates, and an
inherent stochasticity of the mutation process (see Materials and Methods and
Figs. S3 and S4). For a combination (x,y) of drug concentrations, S is measured as
the deviation from the neutral expectation defined by Bliss independence: $ =
(fo/fool(foy/foo) — flfon, where £,y denotes wild-type growth rates when the
concentration of one drug is x and that of the other is y. Following this definition,
positive values of S corresponds to synergistic interactions and negative values to
antagonistic ones. The solid line is the best fit to all 1 16 data points fromall of the
drug pairs.
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ferring resistance to one drug reduces resistance to another.
Further, the rates of mutation may itself vary with some of the
drugs, especially with DNA synthesis inhibitors such as CIP. The
contribution of these additional factors to the rate of adaptation
and their possible correlation with drug synergy is, however,
beyond the scope of this work.

We have shown that the rate at which laboratory populations
of bacteria adapt to multidrug treatments is correlated with the
degree of synergy between the drugs. This correlation implies
that antagonistic drug combinations, although typically avoided
in clinical settings, may be more effective than synergistic
combinations in forestalling the development of antibiotic re-
sistance. Antagonism between drugs may generate sign epistasis
between single-resistant mutations, thereby limiting the muta-
tional paths leading to adaptation (29). Further research is
needed, however, to see how these results relate to clinical
measurements of success in multidrug chemotherapies, whether
with bacteria, viruses, or cancer cells. Success in such treatments
is the consequence of a multitude of factors, including pharma-
cokinetics, heterogeneous drug concentrations, horizontal gene
transfer, enhanced bactericidal activity, and microbial species
and host interactions. Nevertheless, our findings suggest that the
choice of drug combinations may involve a tradeoff between two
important factors: immediate inhibition of growth and eventual
delay in the evolution of resistance. Synergy, by definition, has
the advantage that less drug achieves more inhibition or faster
killing of wild-type cells. This enhanced inhibition may be crucial
to the efficacy of some drug treatments, especially when it is
possible to reach in vivo concentrations so high that resistant
mutants cannot survive. On the other hand, when treatment
dosages fluctuate close to the MIC, which is where antibiotic
resistance is most likely to evolve (30), antagonistic drug pairs
may be a more effective antimicrobial weapon in forestalling the
emergence of resistance. Our work suggests that antagonistic
drug combinations may form an important part of treatment
strategies designed to achieve this goal.

Materials and Methods

Media and Strains. All experiments were conducted in M9 Minimal Media
(Bio101 #3035-012) supplemented with 0.2% glucose and 0.1% Casamino
Acids. Drug solutions were made from powder stocks [doxycycline hyclate
(Sigma D-9891); ciprofloxacin {Fluka 17850); erythromycin (Fluka 45673); and
amikacin disulfate stock (Sigma A-1774)] and diluted in the growth media on
a 2-D grid at indicated concentrations in 96-well plates, with 150 ul per well.
To ensure constant drug conditions, all plates of a given drug pair were made
from a single master deep-well plate and stored at —20°C (no measurable
decay of drugs was observed during the experiment). The populations were
founded from an individual colony of strains of fluorescently labeled MC4100
E. coli described previously (24). This strain was not preadapted to the growth
conditions of these experiments.

Properties of Antibiotics Used. The four antibiotics used in the experiments,
DOX, ERY, CIP, and AMI, represent a range of action mechanisms (17). DOX is
a tetracycline antibiotic used to treat both Gram-negative and Gram-positive
infections; it inhibits protein synthesis by blocking aminoacyl-tRNA binding at
the A-site in the 30S ribosomal subunit (22). ERY is a macrolide that binds the
23S rRNA molecule inthe 505 subunit and also inhibits protein synthesis (5). CIP
is a fluoroquinolone, a derivative of nalidixic acid, and is a broad-spectrum
antibiotic that inhibits the action of DNA gyrase in both Gram-positive and
Gram-negative bacteria (5). AM1 is an aminoglycoside antibiotic and works by
inhibiting protein synthesis (5).

Parallel Evolution. Cultures were propagated in parallel for >150 generations
with daily serial transfers. OD curves were measured in a fully automated
robotic system (Staccato Sciclone Cell Station, Caliper LifeSciences), including
amicroplate shaker (Liconic LPX40), and a plate reader (Victor3, Perkin-Elmer).
The equipment was maintained in an environmental room at constant tem-
perature (30°C) and relative humidity (70%). One initial OD measurement
[absorbance at 600 nm (ODggo)] was taken at the beginning of each day
followed by a 5-h gap and then measurements every 24 min. Except for read
periods, plates were shaken continuously at ~1000 rpm. At the end of each
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day, plates were removed from the robotic systems and cells were transferred
from each population to freshly thawed antibiotic gradient plates by using a
96-pin replicator (VP409). Volume transferred by the pins was measured by
using flourescein solution and was found to be 0.04 nl per pin, with a
variability of 20% between pins. These volumes correspond to an ~3,300-fold
dilution or ~11.7 generations of binary fission.

Determination of Adaptation Rate. We estimated the growth rate, r [as well as
the three parameters for the baseline, a, yield, a + b, and lag time, In(c)/r], for
each population on each day by the best fit of the function OD(t) = a + b/[1
+ cexp(-rt)] to the OD measurements taken during that day. It is also possible
to extract growth rates by fitting a linear function to log-transformed and
background-subtracted OD measurements during exponential phase, but for
our data this alternative method leads to a larger error than the method that
we employ (Fig. S3). Because a spreading mutant population will keep grow-
ing until the resources are exhausted (stationary phase) or until the time of
dilution at the end of the day, we measure time in terms of hours spent in
growth. For each population we keep track of the time (in hours) spent in
growth (and not in stationary phase) since the beginning of the experiment.
Let t(i) be the time spent in growth at the end of day i of the experiment. Then
the growth rate calculated from the OD measurements of day i is interpreted
as the growth rate of the population, r(T), at time T = t(i — 1) + [t() — (i —
1)1/2. The measurements of r versus 7 for all populations are shown in Fig. S2.
All of the populations that survived the antibiotic treatment but were initially
inhibited exhibited an increase in their growth rate. The growth rate mea-
sured in the 1st day of the experiment was defined as the initial growth rate.
The final growth rate was calculated as the average growth rate over the last
6 days of the experiment. From these we calculated the total increase in
growth rate, Ar, as the difference between calculated final and initial growth
rates. We focused on all populations for which Ar > 0.2 1/h, which is above the
estimated error in growth rate measurement (this filter was applied for
calculating correlations but not for plotting the data shown in Fig. 3). The time
of adaptation for each of these populations, tagapt (Fig. 28), is defined as the
interpolated time at which the growth-rate improvement of the population
reached half its maximum value, and the rate of adaptation is defined as a =
(Ar/2)/tadapt. Defining tagapt as the time to traverse a different fraction of the
fitness increase, for example Yaor ¥arather than '3, leads only to small changes
in the correlations and partial correlations between synergy and the rate of
adaptation and does not change their statistical significance. The results are
also essentially unchanged if one employs a different definition of the rate of
adaptation, namely « = 1/t.gapt, a definition that focuses only on adaptation
times.

Estimation of Measurement Errors in Growth Rates and Rates of Adaptation. We
used replicate measurements to assess the error in the measurement of
growth rates. On the 1st day of the evolutionary experiment, when all
bacterial populations were primarily composed of the ancestral strain, we
compared the growth rates for pairs of wells that contained exactly the same
drug concentrations. These wells were: four drug-free wells, one from each
plate; three columns containing identical gradients of concentrations of DOX
alone from the AMI-DOX, ERY-DOX, and CIP-DOX plates; two rows containing
only CIP from the CIP-AMI and CIP-DOX plates; and wells in the column
containing AMI alone in the CIP-AMI plate that correspond to wells with the
same concentrations of AMI in the AMI-DOX plate. The error was inferred
from the standard deviation of the differences between replicates and was
found to be =0.06/h (Fig. S3).

We then used the estimated error in growth rate measurements to assess
their contribution to uncertainty in the rates of adaptation. For each growth-
rates trajectory, 100 randomly modified trajectories were generated by add-
ing to each daily measured growth rate an independentsample from a normal
distribution with a mean of zero and a standard deviation of 0.06/h. The rate
of adaptation was then calculated separately from each of these trajectories,
providing a distribution of values typically around the measured rate of
adaptation, «. The standard deviation of this distribution is interpreted as the
error in « that is caused by the error in measuring growth rates. We found the
error in a to be roughly proportional to «, corresponding to an average
multiplicative error of 25%.

To estimate the role of inherent biological variability in the adaptive
process between wells, we compared rates of adaptation between identical
wells (the subset of the replicate well-pairs listed above for which a rate of
adaptation was determined). In some cases, differences in rates of adaptation
between replicate experiments were observed that were significantly larger
than the measurement error, indicating the presence of underlying muta-
tional events that led to markedly different adaptive trajectories (Fig. 54).
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Definition of Degree of Synergy. Antibiotic interactions-synergy or antago-
nism—are defined as deviations from neutral or additive expectations (8). We
define neutrality by using Bliss independence (9), where the expected fitness
of a bacterium in the presence of two antibiotics is the product of its fitness in
the presence of each of the antibiotics separately:

fxy/ 00 = (ﬁo/foo)(fny/foo),

where fy/fgg is the fitness of the bacteria in the two-drug environment relative
to its drug-free fitness. Note that when two drugs show Bliss independence,
the fitness advantage of a single-drug resistance mutant does not depend on
the presence or absence of the other drug, Synergy is defined as the difference
between the neutral expectation and the actual measured value of the
bacterial fitness under antibiotic combinations:
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The value of S is calculated based on inhibition of the wild-type in the single
and double perturbed environments, as measured by the growth rates in the
1st day of the experiment. Synergy is not defined when the growth rate is zero
in the combined drug environment and in at least one of the single drug
environments.
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