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Reversionof advancedEbolavirusdisease
in nonhuman primates with ZMapp
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Hugues Fausther-Bovendo1,2, Haiyan Wei1,3, Jenna Aviles1, Ernie Hiatt4, Ashley Johnson4, Josh Morton4, Kelsi Swope4,
Ognian Bohorov5, Natasha Bohorova5, Charles Goodman5, Do Kim5, Michael H. Pauly5, Jesus Velasco5, James Pettitt6{,
Gene G. Olinger6{, Kevin Whaley5, Bianli Xu3, James E. Strong1,2,7, Larry Zeitlin5 & Gary P. Kobinger1,2,8,9

Without an approved vaccine or treatment, Ebola outbreak management has been limited to palliative care and barrier
methods to prevent transmission. These approaches, however, have yet to end the 2014 outbreak of Ebola after its pro-
longed presence in West Africa. Here we show that a combination of monoclonal antibodies (ZMapp), optimized from
two previous antibody cocktails, is able to rescue 100% of rhesus macaques when treatment is initiated up to 5days
post-challenge.High fever, viraemia andabnormalities inbloodcount andbloodchemistrywere evident inmanyanimals
beforeZMapp intervention.Advanceddisease, as indicated byelevated liver enzymes,mucosal haemorrhages andgener-
alized petechia could be reversed, leading to full recovery. ELISA and neutralizing antibody assays indicate that ZMapp is
cross-reactive with the Guinean variant of Ebola. ZMapp exceeds the efficacy of any other therapeutics described so far,
and results warrant further development of this cocktail for clinical use.

Ebola virus (EBOV) infections cause severe illness in humans, and after
an incubation period of 3 to 21 days, patients initially present with gen-
eral flu-like symptoms before a rapid progression to advanced disease
characterized by haemorrhage, multiple organ failure and a shock-like
syndrome1. In the spring of 2014, a new EBOV variant emerged in the
WestAfrican country ofGuinea2, an area inwhichEBOVhad not been
previously reported.Despite a sustained international response from local
and international authorities including theMinistry ofHealth (MOH),
WorldHealthOrganization (WHO)andMédecinsSansFrontières (MSF)
since March 2014, the outbreak has yet to be brought to an end after
fivemonths.As of 15August 2014, there are 2,127 total cases and 1,145
deaths spanningGuinea, Sierra Leone, Liberia andNigeria3. So far, this
outbreakhas set the record for the largest number of cases and fatalities,
in addition to geographical spread4. Controlling an EBOV outbreak of
thismagnitudehasproven tobe a challengeand theoutbreak is predicted
to last for at least several moremonths5. In the absence of licensed vac-
cines and therapeutics against EBOV, there is little that can be done for
infected patients outside of supportive care,which includes fluid replen-
ishment, administration of antivirals, and management of secondary
symptoms6,7.Withoverburdenedpersonnel, and strained local and inter-
national resources, experimental treatment options cannot be considered
for compassionate use in an orderly fashion at the moment. However,
moving promising strategies forward through the regulatory process of
clinical development has never been more urgent.
Over thepastdecade, several experimental strategies have shownpro-

mise in treating EBOV-challenged nonhuman primates (NHPs) after
infection.These includerecombinanthumanactivatedproteinC(rhAPC)8,
recombinantnematode anticoagulant protein c2 (rNAPc2)9, small inter-
fering RNA (siRNA)10, positively-charged phosphorodiamidate mor-
pholino oligomers (PMOplus)11, the vesicular stomatitis virus vaccine
(VSVDG-EBOVGP)12, aswell as themonoclonalantibody(mAb)cocktails

MB-003 (consistingofhumanorhuman–mouse chimaericmAbsc13C6,
h13F6 and c6D8)13 and ZMAb (consisting of murine mAbs m1H3,
m2G4 andm4G7)14. Of these, only the antibody-based candidates have
demonstrated substantial benefits inNHPswhen administered greater
than24hpast EBOVexposure. Follow-up studies have shown thatMB-
003 is partially efficacious when administered therapeutically after the
detection of two disease ‘‘triggers’’15, and ZMAb combined with an
adenovirus-based adjuvant provides full protection in rhesusmacaques
when given up to 72 h after infection16.
The current objective is to develop a therapeutic superior to both

MB-003 andZMAb,which couldbeused for outbreakpatients, primary
health-care providers, as well as high-containment laboratoryworkers
in the future. This study aims to first identify an optimized antibody
combinationderived fromMB-003andZMAbcomponents, beforedeter-
mining the therapeutic limit of thismAb cocktail in a subsequent exper-
iment.To extend the antibodyhalf-life in humans and to facilitate clinical
acceptance, the individualmurine antibodies inZMAbwere first chimae-
rizedwith human constant regions (cZMAb; components: c1H3, c2G4
and c4G7). The cZMAb componentswere then produced inNicotiana
benthamiana17, using the large-scale, Current Good Manufacturing
Practice-compatibleRapidAntibodyManufacturingPlatform(RAMP)
andmagnICONvectors that currently alsomanufactures the individual
components of cocktail MB-003, before efficacy testing in animals.

Selecting for the best mAb combinations
Our efforts to down-select for an improved mAb cocktail comprising
components ofMB-003andZMAbbeganwith the testing of individual
MB-003antibodies inguineapigsandNHPs. Inguineapig studies, animals
were given one dose ofmAb c13C6, h13F6 or c6D8 individually (total-
ling 5mg per animal) at 1 day post-infection (dpi) with 1,0003 LD50

(median lethal dose) of guinea pig-adapted EBOV, Mayinga variant
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(EBOV-M-GPA). Survival andweight lossweremonitoredover 28 days.
Treatment with c13C6 or h13F6 yielded 17% survival (1 of 6 animals)
with amean time to death of 8.46 1.7 and 10.26 1.8 days, respectively.
The averageweight loss for c13C6orh13F6-treated animalswas 9%and
21% (Table 1). In nonhuman primates, animals were given three doses
of mAb c13C6, h13F6 or c6D8, beginning at 24 h after challenge with
the Kikwit variant of EBOV (EBOV-K)18, and survival was monitored
over 28 days. Only c13C6 treatment yielded any survivors, with 1 of 3
animals protected from EBOV challenge (Table 1), confirming in two

separate animalmodels that c13C6 is the component that provides the
highest level of protection in the MB-003 cocktail.
We then testedmAb c13C6 in combination with two of threemAbs

fromZMAb in guinea pigs.The individual antibodies composingZMAb
were originally chosen for protection studies based on their in vivo pro-
tection of guinea pigs against EBOV-M-GPA19, and all three possible
combinations were tested: ZMapp1 (c13C61c2G41c4G7), ZMapp2
(c13C61c1H31c2G4) andZMapp3 (c13C61c1H31c4G7), and com-
pared to the originator cocktails ZMAb andMB-003. Three days after

Table 1 | Efficacy of individual and combined monoclonal antibody treatments in guinea pigs and nonhuman primates
Treatment groups, time of treatment Dose (mg) Mean time to death (days6 s.d.) No. survivors/total Survival (%) Weight loss (%) P value, compared with

cZMAb MB-003

Guinea pigs 2 2
PBS, 3 dpi N/A 7.360.5 0/4 0 9% 2 2

cZMAb, 3 dpi 5 11.661.8 1/6 17 7% 2 2
MB-003, 3dpi 5 8.261.5 0/6 0 40% 2 2
ZMapp1, 3 dpi 5 9.060.0 4/6 67 ,5% 0.190 0.0147
ZMapp2, 3 dpi 5 8.360.6 3/6 50 8% 0.634 0.0692
ZMapp3, 3 dpi 5 8.661.1 1/6 17 9% 0.224 0.411
c13C6, 1dpi 5 8.461.7 1/6 17 9% 2 2
h13F6, 1dpi 5 10.261.8 1/6 17 21% 2 2
c6D8, 1dpi 5 10.562.2 0/6 0 38% 2 2

Nonhuman primates
PBS, 1 dpi N/A 8.461.9 0/1 0

MB-003, 1dpi 50 14.062.8 1/3 33
c13C6, 1dpi 50 9.061.4 1/3 33
h13F6, 1dpi 50 9.062.0 0/3 0
c6D8, 1dpi 50 9.760.6 0/3 0
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Figure 1 | Post-exposure protection of EBOV-infected nonhuman primates
with ZMapp1 and ZMapp2. Rhesusmacaqueswere challengedwith EBOV-K,
and 50mgkg21 of ZMapp1 (Group A) or ZMapp2 (Group B) were
administered on days 3, 6, and 9 (n5 6 per treatment group, n5 2 for
controls). Non-specific IgGmAb or PBS was administered as a control (Group
C). a, Kaplan–Meier survival curves (log-rank tests: Group A vs Group C

P5 0.0039; Group B vs Group C P5 0.0039). b, Clinical score. c, Rectal
temperature. d, EBOV viraemia by TCID50. Blood parameters: e, white blood
cell count; f, lymphocyte count; g, lymphocyte percentage; h, platelet count;
i, neutrophil count; j, neutrophil percentage; k, alanine aminotransferase;
l, alkaline phosphatase; m, blood urea nitrogen; n, creatinine; o, glucose.

RESEARCH ARTICLE

2 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 4

NOT FIN
AL PROOF



challengewith 1,0003 LD50 of EBOV-M-GPA, the animals received a
single combined dose of 5mg of antibodies. This dosage is purposely
given to elicit a suboptimal level of protection with the cZMAb and
MB-003cocktails, such that potential improvementswith theoptimized
mAb combinations can be identified. Of the tested cocktails, ZMapp1
showed the best protection, with 4 of 6 survivors and less than 5% aver-
age weight loss (Table 1). ZMapp2 was next with 3 of 6 survivors and
8%averageweight loss, andZMapp3protected 1 of 6 animals (Table 1).
The level of protection afforded byZMapp3was not a statistically signi-
ficant increase over cZMAb (P5 0.224, log-rank test compared toZMAb,
x25 1.479, degreesof freedom(d.f.)5 1), and showed the samesurvival
rate alongwith a similar averageweight loss (Table 1). As a result, only
ZMapp1 and ZMapp2 were carried forward to NHP studies.

ZMapp1 or ZMapp2-treated NHPs
Rhesus macaques were used to determine whether administration of
ZMapp1 or ZMapp2 was superior to ZMAb and MB-003 in terms of
extending the treatmentwindow.Owing tomAbavailability constraints,
m4G7was used in place of c4G7 for this NHP experiment. The experi-
ment consisted of sixNHPsper group receiving three doses of ZMapp1
(GroupA) or ZMapp2 (GroupB) at 50mg kg21 intravenously at 3-day
intervals, beginning 3 days after a lethal intramuscular challenge with
4,0003median tissue culture infectivedose (TCID50) (or 2,512plaque-
formingunits (p.f.u.)) ofEBOV-K.Control animalsweregivenphosphate-
bufferedsaline (PBS)ormAb4E10(C1andC2, respectively).Mock-treated
animals succumbed to disease between 6–7 dpi with symptoms typical

of EBOV (Fig. 1a), characterized by high clinical scores but no fever
(Fig. 1b, c), in addition to viral titres up to approximately 108 and 109

TCID50by the timeofdeath (Fig. 1d).Analysis of bloodcounts and serum
biochemistry revealed leukocytopenia, thrombocytopenia, severe rash,
decreased levels of glucose, as well as increased levels of alkaline phos-
phatase, alanine aminotransferase, blood urea nitrogen and creatinine
at end-stage EBOV disease (Fig. 1e–o, Table 2).
All sixGroupANHPs survived the challengewithmild signsofdisease

(Fig. 1a, Table 2) (P5 0.0039, log-rank test, x25 8.333, d.f.5 1, com-
paring toGroupC),with the exceptionofA1which showedan elevated
clinical score (Fig. 1b), increased levelsof alanine aminotransferase, total
bilirubin, anddecreasedphosphate (Fig. 1,Table2).However, this animal
recovered after the third ZMapp1 dose and the clinical score dropped to
zero by 15 dpi (Fig. 1b). A fever was detected in all but one of the NHPs
(A4) at 3 dpi, the start of the first ZMapp1 dose (Fig. 1c). Viraemia was
also detected beginning at 3 dpi by TCID50 in all but one animal from
bloodsampled just before the administrationof treatment (A3) (Fig. 1d),
and similar results were observed by quantitative PCRwith reverse tran-
scription (RT–qPCR, Extended Data Table 1). The viraemia decreased
to undetectable levels by 21 dpi. EBOVsheddingwas not detected from
oral, nasal and rectal swabs byRT–qPCR in any of theGroupA animals
(Extended Data Tables 2-4).
ForGroupB, 5 of 6NHPs survivedwithB3 succumbing to disease at

9 dpi (Fig. 1a) (P5 0.0039, log-rank test, x25 8.333, d.f.5 1, compar-
ing to Group C). Surviving animals showed only mild signs of disease
(Table2).Themoribundanimal showed increasedclinical scores (Fig. 1b),

Table 2 | Clinical findings of EBOV-infected NHPs from 1 to 27dpi
Animal ID Treatment group Clinical findings Outcome

Body temperature Rash White blood cells Platelets Biochemistry

A1 50mgkg21

c13C61c2G41m4G7, 3dpi
Fever (6, 9, 14dpi) Thrombocytopenia

(6, 9 dpi)
ALT" (9, 14dpi),
TBIL" (9 dpi),
PHOS# (6 dpi)

Survived

A2 50mgkg21

c13C61c2G41m4G7, 3dpi
Fever (3 dpi) Leukocytosis (3 dpi) CRE# (14dpi) Survived

A3 50mgkg21

c13C61c2G41m4G7, 3dpi
Fever (3 dpi) Leukocytosis (3 dpi) Thrombocytopenia

(6 dpi)
Survived

A4 50mgkg21

c13C61c2G41m4G7, 3dpi
Leukocytopenia (9dpi) Thrombocytopenia

(3, 6, 14, 21, 27dpi)
Survived

A5 50mgkg21

c13C61c2G41m4G7, 3dpi
Fever (3, 6, 9 dpi) Leukocytopenia (9dpi) Thrombocytopenia

(3, 21dpi)
Survived

A6 50mgkg21

c13C61c2G41m4G7, 3dpi
Fever (3 dpi) Survived

B1 50mgkg21 ZMapp2, 3 dpi Fever (3, 14, 21dpi) Leukocytopenia
(6, 14, 21, 27dpi)

Thrombocytopenia
(6 dpi)

Survived

B2 50mgkg21 ZMapp2, 3 dpi Fever (3, 6 dpi) Thrombocytopenia
(6, 9 dpi)

Survived

B3 50mgkg21 ZMapp2, 3 dpi Fever (3, 6 dpi),
Hypothermia
(9dpi)

Severe rash
(9dpi)

Thrombocytopenia
(6, 9 dpi)

ALT""" (9 dpi),
TBIL"" (9 dpi),
BUN""" (9 dpi),
CRE""" (9 dpi),
GLU## (9 dpi)

Died, 9dpi

B4 50mgkg21 ZMapp2, 3 dpi Fever (3, 6 dpi) Leukocytopenia
(6 dpi)

Thrombocytopenia
(6, 27dpi)

Survived

B5 50mgkg21 ZMapp2, 3 dpi Fever (3, 6, 14,
21dpi)

Leukocytosis
(3 dpi)

Thrombocytopenia
(3, 6 dpi)

Survived

B6 50mgkg21 ZMapp2, 3 dpi Fever (3 dpi) Leukocytosis (3 dpi),
Leukocytopenia

(6, 9, 14, 21, 27dpi)

Thrombocytopenia
(6 dpi)

PHOS# (3 dpi),
CRE# (27dpi)

Survived

C1 PBS, 3dpi Moderate rash
(6dpi),

Severe rash
(7dpi)

Leukocytosis (3 dpi) Thrombocytopenia
(6, 7 dpi)

ALB# (7 dpi),
ALT" (7 dpi),
BUN" (7 dpi)

Died, 7dpi

C2 Control mAb, 3dpi Severe rash
(6dpi)

Leukocytopenia
(6, 7 dpi)

Thrombocytopenia
(6, 7 dpi)

ALP" (3 dpi),
ALT""" (6 dpi),
BUN" (6 dpi),
CRE""" (6 dpi)

Died, 6dpi

Hypothermia was defined as below 35uC. Fever was defined as .1.0uC higher than baseline. Mild rash was defined as focal areas of petechiae covering ,10% of the skin, moderate rash as areas of petechiae
covering 10 to 40%of the skin, and severe rash as areas of petechiae and/or ecchymosis covering.40%of the skin. Leukocytopenia and thrombocytopeniawere defined as a.30%decrease in numbers of white
blood cells and platelets, respectively. Leukocytosis and thrombocytosis were defined as a twofold or greater increase in numbers of white blood cells and platelets over baseline, where white blood cell
count.11 3103. ", two- to threefold increase; "", four- to fivefold increase; """, greater than fivefold increase; #, two- to threefold decrease; ##, four- to fivefold decrease; ###, greater than fivefold decrease. ALB,
albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; PHOS, phosphate; CRE, creatinine; GLU, glucose; GLOB, globulin.

ARTICLE RESEARCH

0 0 M O N T H 2 0 1 4 | V O L 0 0 0 | N A T U R E | 3

NOT FIN
AL PROOF



in addition to a drastic drop in body temperature shortly before death
(Fig. 1c). At the time of death, animal B3 had elevated levels of alanine
aminotransferase, total bilirubin, blood urea nitrogen and creatinine, in
addition todecreased levels of glucose, suggestingmultiple organ failure
(Fig. 1). All six Group B animals showed fever in addition to viraemia
at 3 dpi by TCID50 and RT–qPCR (Fig. 1d, Extended Data Table 1). It
was interesting to note that in B3, the viraemia reached approximately
106 TCID50 after 3 dpi (Fig. 1d), suggesting that this NHPwas particu-
larly susceptible to EBOV infection. No escape mutants were detected
with this animal. The administration of ZMapp2 at the reported con-
centrationswas unable to effectively control viraemia at this level.Virus
sheddingwas also detected from the oral and rectal swabs byRT–qPCR
in the moribund NHP B3 (Extended Data Tables 2–4). Since ZMapp1
demonstrated superior protection to ZMapp2 in this survival study,
ZMapp1 (now trademarked as ZMapp byMappBio Pharmaceuticals)
was carried forward to test the limits of protection conferred by this
mAb cocktail in a subsequent investigation.

ZMapp-treated NHPs
In this experiment, rhesusmacaqueswere assigned into three treatment
groups of six and a control group of three animals, with all treatment
NHPs receiving threedosesofZMapp(c13C61c2G41c4G7,50mgkg21

per dose) spaced3 days apart.After a lethal intramuscular challengewith

1,0003TCID50 (or 628 p.f.u.) of EBOV-K18,we treated the animalswith
ZMapp at 3, 6 and 9 dpi (Group D); 4, 7, and 10 dpi (Group E); or 5, 8
and 11 dpi (Group F). The control animals (GroupG)were givenmAb
4E10as an IgG isotype control (n5 1) orPBS (n5 2) inplaceofZMapp
starting at 4 dpi (Fig. 2a). All animals treated with ZMapp survived the
infection,whereas the three controlNHPs (G1,G2andG3) succumbed
to EBOV-K infection at 4, 8 and 8 dpi, respectively (P5 3.583 1025,
log-rank test, x25 23.25, d.f.5 3, comparing all groups) (Fig. 2b). At
the time ZMapp treatment was initiated, fever, leukocytosis, thrombo-
cytopenia and viraemia could be detected in themajority of the animals
(Fig. 2c–f, Table 3, Extended Data Table 5). All animals presented with
detectable abnormalities in blood counts and serum biochemistry dur-
ing the course of the experiment (Fig. 2g–l, Table 3).
The Group F animals did not seem to be as sick as animals E4 and

E6 on the basis of clinical scores (Fig. 2c, Extended Data Fig. 1), both
animals E4 and E6 were near the clinical limit for IACUC mandated
euthanasia at 5 and7 dpi, respectively. AnimalE4had a flushed face and
severe rash on more than 40% of its body surface between 5 and 8 dpi
in addition to nasal haemorrhage at 7 dpi, and animal E6 had a flushed
face and petechiae on its arms and legs between 7 and 9 dpi, in addition
to jaundice between 10 and 14 dpi. This indicates that host genetic fac-
torsmayhave a role in the differential susceptibility of individualNHPs
to EBOV-K infections. Fever, leukocytosis, thrombocytopenia and a

0 7 14 21 28
0

50

100
A B C D

Pe
r c

en
t s

ur
viv

al

0 7 14 21 28

0
200
400
600
800

1,000

Al
a 

am
in

ot
ra

ns
fe

ra
se

(U
 l–1

)

0 7 14 21 28

0

500

1,000

1,500

2,000

Al
ka

lin
e 

ph
os

ph
at

as
e

(U
 l–1

)

0 7 14 21 28

0
1
2
3
4
5

To
ta

l b
ilir

ub
in

 (m
g 

dl
–1

)

28211470

ZMapp, 50 mg kg–1EBOV
1,000 p.f.u.

0 7 14 21 28

0
5

10
15
20
25

Days post-infection

Ly
m

ph
oc

yt
es

 p
er

 m
m

3

(×
10

3 )

0 7 14 21 28

0
5

10
15
20
25

Days post-infection

Ne
ut

ro
ph

ils
 p

er
 m

m
3

(×
10

3 )

0 7 14 21 28

70

80

90

100

110

120

W
ei

gh
t (

%
 c

ha
ng

e)

a

dcb

fe

ih

g

lk

j

0 7 14 21 28

0

200

400

600

800

Days post-infection

Pl
at

el
et

s 
pe

r m
m

3

(×
10

3 ) D1 D2 D3 D4 D5 D6
E1 E2 E3 E4 E5 E6
F1 F2 F3 F4 F5 F6
G1 G2 G3

0 7 14 21 28

36

38

40

42

Te
m

pe
ra

tu
re

 (°
C)

0 7 14 21 28

0

10

20

30

Cl
in

ic
al

 s
co

re

0 7 14 21 28

100
101
102
103
104
105
106
107
108

Vi
ra

em
ia

 (T
CI

D 50
 m

l–1
)

Figure 2 | Post-exposure protection of EBOV-infected nonhuman primates
with ZMapp. a–f, Rhesus macaques (n5 6 per ZMapp treatment group, n5 3
for controls) were challenged with EBOV-K, and 50mgkg21 of ZMapp
were administered beginning at 3 (Group A), 4 (Group B) or 5 (Group C) days
after challenge. Non-specific IgG mAb or PBS was administered as a control
(Group D). a, Timeline of infection, treatment and sample days. b, Kaplan–
Meier survival curves (log-rank test: overall comparison P5 3.583 1025).

c, Clinical scores; the dashed line indicates the minimum score requiring
mandatory euthanasia. d, Rectal temperature. e, Percentage body weight
change. f, EBOV viraemia by TCID50. g–l, Selected clinical parameters of
Group A to D animals. g, Alanine aminotransferase; h, alkaline phosphatase;
i, total bilirubin. j–l, Counts for lymphocytes (j), neutrophils (k) and platelets
(l) over the course of the experiment.
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Table 3 | Clinical findings of EBOV-infected NHPs from 1 to 28dpi
Animal ID Treatment group Clinical findings Outcome

Body temperature Rash White blood cells Platelets Biochemistry

D1 50mgkg21 ZMapp, 3 dpi Fever (3, 6, 14,
21dpi)

Leukocytosis
(3, 6, 21dpi)

Thrombocytopenia
(3, 6, 9, 14, 21dpi)

ALB# (14, 21dpi),
ALP# (9, 14, 21,
28dpi), AMY# (9 dpi),
GLOB" (21, 28dpi)

Survived

D2 50mgkg21 ZMapp, 3 dpi Leukocytopenia
(21, 28dpi)

Thrombocytopenia
(28dpi)

PHOS# (9 dpi) Survived

D3 50mgkg21 ZMapp, 3 dpi Fever (3 dpi) Leukocytosis
(3, 14dpi)

Thrombocytopenia
(3, 21, 28dpi)

ALT# (6 dpi) Survived

D4 50mgkg21 ZMapp, 3 dpi Leukocytopenia
(14dpi)

Thrombocytopenia
(14, 21dpi)

ALT# (9 dpi),
CRE" (14dpi)

Survived

D5 50mgkg21 ZMapp, 3 dpi Fever (3 dpi) Leukocytopenia
(21, 28dpi)

Thrombocytopenia
(6, 9 dpi)

ALB# (9 dpi),
BUN# (3, 6, 14, 21,

28dpi)

Survived

D6 50mgkg21 ZMapp, 3 dpi Thrombocytopenia
(6 dpi)

Survived

E1 50mgkg21 ZMapp, 4 dpi Thrombocytopenia
(4, 7, 21dpi)

AMY## (4, 21dpi),
AMY# (7, 10, 14dpi),
CRE# (21, 28dpi)

Survived

E2 50mgkg21 ZMapp, 4 dpi Fever (4 dpi) Leukocytosis
(4, 10dpi)

Thrombocytopenia
(4, 7, 10, 21dpi)

ALT ## (4 dpi),
GLU" (4 dpi)

Survived

E3 50mgkg21 ZMapp, 4 dpi Fever (4 dpi) Leukocytosis
(4, 10dpi)

Thrombocytopenia
(7, 10, 14dpi)

CRE# (14dpi) Survived

E4 50mgkg21 ZMapp, 4 dpi Severe rash
(5, 6, 7,
8 dpi),

Mild rash
(9dpi)

Leukocytosis
(10, 14, 21, 28dpi)

Thrombocytopenia
(4, 7, 10, 14dpi)

ALP" (7, 10, 14dpi),
ALT """ (7 dpi),
ALT "" (10dpi),
AMY# (4, 7, 10dpi),
TBIL""" (7 dpi),
TBIL" (10, 14dpi),
PHOS# (7, 10dpi),
K1# (4 dpi)

Survived

E5 50mgkg21 ZMapp, 4 dpi Fever (7 dpi) Leukocytosis
(4 dpi)

Thrombocytopenia
(4, 7, 10, 14dpi)

ALT" (7 dpi),
AMY# (4, 7 dpi),
PHOS# (10dpi)

Survived

E6 50mgkg21 ZMapp, 4 dpi Fever (4 dpi) Mild rash
(7, 8,
9 dpi)

Leukocytosis
(4, 10, 14dpi)

Thrombocytopenia
(4, 7, 10, 14dpi)

ALP" (7, 10dpi),
ALT """ (7, 10, 14dpi),
AMY# (7, 10dpi),
TBIL"" (7 dpi),
TBIL""" (10dpi),
TBIL" (14dpi),
PHOS# (7 dpi),
GLOB" (21dpi)

Survived

F1 50mgkg21 ZMapp, 5 dpi Leukocytosis
(11dpi)

Thrombocytopenia
(3, 5, 8, 11dpi)

AMY# (5 dpi),
PHOS# (11dpi),
CRE# (28dpi)

Survived

F2 50mgkg21 ZMapp, 5 dpi Fever (3, 5 dpi) Mild rash
(8dpi)

Leukocytosis
(3, 5, 11dpi)

Thrombocytopenia
(3, 5, 8, 11, 14, 21dpi)

PHOS# (11dpi),
CRE## (11dpi)

Survived

F3 50mgkg21 ZMapp, 5 dpi Leukocytopenia
(8 dpi), Leukocytosis
(3 dpi)

Thrombocytopenia
(5, 8, 11, 21dpi)

ALT" (8 dpi),
CRE## (14dpi)

Survived

F4 50mgkg21 ZMapp, 5 dpi Fever (3, 5 dpi) Leukocytopenia
(8 dpi)

Thrombocytopenia
(5, 8, 11, 28dpi)

PHOS# (8 dpi) Survived

F5 50mgkg21 ZMapp, 5 dpi Fever (3 dpi) Leukocytosis
(3, 11, 14dpi)

Thrombocytopenia
(5, 8, 11dpi)

PHOS# (5, 8dpi),
CRE# (8, 11, 21,

28dpi)

Survived

F6 50mgkg21 ZMapp, 5 dpi Fever (3 dpi) Leukocytopenia
(8, 21, 28dpi)

Thrombocytopenia
(8, 11, 21dpi)

PHOS# (5, 8, 11dpi),
GLU" (5 dpi)

Survived

G1 PBS, 4dpi Severe rash
(4dpi)

Leukocytopenia
(4 dpi)

Thrombocytopenia
(4 dpi)

AMY# (4 dpi) Died, 4 dpi

G2 Control mAb, 4dpi Severe rash
(8dpi)

Leukocytopenia
(7, 8 dpi)

Thrombocytopenia
(4, 7, 8dpi)

ALP" (8 dpi),
ALT" (7 dpi),
ALT """ (8 dpi),
CRE" (8 dpi)

Died, 8 dpi

G3 PBS, 4dpi Fever (4, 8 dpi) Severe rash
(8dpi)

Leukocytopenia
(7, 8 dpi)

Thrombocytopenia
(4, 7, 8dpi)

ALP" (8 dpi),
ALT" (7, 8 dpi),
AMY# (7 dpi),
AMY ## (8 dpi),
TBIL" (8 dpi),
PHOS# (7 dpi)

Died, 8 dpi

Hypothermia was defined as below 35uC. Fever was defined as.1.0uC higher than baseline. Mild rash was defined as focal areas of petechiae covering,10% of the skin, moderate rash was defined as areas of
petechiae covering 10 to 40% of the skin, and severe rash was defined as areas of petechiae and/or ecchymosis covering .40% of the skin. Leukocytopenia and thrombocytopenia were defined as a.30%
decrease in thenumbers ofwhite blood cells andplatelets, respectively. Leukocytosis and thrombocytosiswere defined as a twofold or greater increase in numbers ofwhite blood cells andplatelets abovebaseline,
where white blood cell count.11 3103. ", two- to threefold increase; "", four- to fivefold increase; """, greater than fivefold increase; #, two- to threefold decrease; ##, four- to fivefold decrease; ###, greater than
fivefold decrease. ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; PHOS, phosphate; CRE, creatinine; GLU, glucose; K1,
potassium; GLOB, globulin.
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severe rash symptomatic of EBOVdisease progressionwere detected in
both E4 and E6 (Table 3). Increases in the level of liver enzymes alanine
aminotransferase (10- to 30-fold increase), alkaline phosphatase (two-
to threefold), and total bilirubin (3- to 11-fold) indicate significant liver
damage (Fig. 2g–l), a hallmark of filovirus infections.However, ZMapp
was successful in reversing observed disease symptoms and physiological
abnormalities after 12 dpi, 2 days after the last ZMapp administration
(Table 3). Furthermore, ZMapp treatment was able to lower the high
virus loads observed in animals F2 and F5 (up to 106 TCID50ml21) to
undetectable levels by 14 dpi (Fig. 2f, Extended Data Fig. 2).

ZMapp cross-reacts with Guinea EBOV
Although the resultswere verypromisingwithEBOV-K-infectedNHPs,
it was unknownwhether therapywith ZMappwould be similarly effec-
tiveagainst theGuineanvariantofEBOV(EBOV-G), thevirus responsible
for theWest African outbreak. Direct comparison of published amino
acid sequencesbetweenEBOV-GandEBOV-Kshowed that the epitopes
targeted by ZMapp20,21 were notmutated between the two virus variants
(Fig. 3a), indicating that the antibodies should retain their specificity for
the viral glycoprotein. To confirm this, in vitro assays were carried out
to compare the binding affinity of c13C6, c2G4 and c4G7 to sucrose-
purified EBOV-G andEBOV-K.Asmeasured by enzyme-linked immu-
nosorbent assay (ELISA), theZMappcomponents showed slightlybetter
binding kinetics for EBOV-G than for EBOV-K (Fig. 3b). Additionally,
the neutralizing activity of individualmAbswas evaluated in the absence
of complement for c2G4 and c4G7, and in the presence of complement
for c13C6, as theyhave previously been shown toneutralizeEBOVonly
under these conditions13 (Fig. 3c). The results supported the ELISAbind-
ing data, with comparable neutralizing activities between the two viruses.

Discussion
TheWestAfricanoutbreakof 2014hashighlighted the troublingabsence
of available vaccineor therapeutic options to save thousands of lives and
stop the spread of EBOV. The lack of a clinically acceptable treatment
offer limited incentive for peoplewho suspect theymight be infected to

report themselves formedical help. Several previous studies have showed
that antibodies are crucial for host survival fromEBOV22–24. PriorNHP
studies have also demonstrated the ZMAb cocktail could protect 100%
or50%of animalswhendosingwas initiated 1or 2 dpi,while theMB-003
cocktail protected 67%of animalswith the samedosing regimen. Before
the successwithmonoclonal-antibody-based therapies, other candidate
therapeutics had only demonstrated efficacy when given within 60min
of EBOV exposure.
Our results with ZMapp, a cocktail comprising of individualmono-

clonal antibodies selected from MB-003 and ZMAb, demonstrate for
the first time the successful protectionofNHPs fromEBOVdiseasewhen
intervention was initiated as late as 5 dpi. In the preceding ZMapp1/
ZMapp2 experiment, 11 out of 12 treated animals had detectable fever
(with the exception of A4), and live virus could be detected in the blood
of 11 out of 12 animals (with the exception of A3) by 3 dpi. Therefore,
for themajorityof these animals, treatmentwas therapeutic (as opposed
to post-exposure prophylaxis), initiated after two detectable triggers of
disease. ZMapp2was able to protect 5 of 6 animals when administered
at 3 dpi. For reasons currently unknown, the lone non-survivor (B3)
experienced a viraemia of 106TCID50 at 3 dpi,which is 100-fold greater
than all otherNHPsand approximately tenfoldhigher thanwhatZMAb
hasbeenreported tosuppress inaprevious study16.This indicates enhanced
EBOV replication in this animal, possibly owing to host factors. It is
important to note that, despite the high levels of live circulating virus
detected in B3, ZMapp2 administrationwas still able to prolong the life
of this animal to 9 dpi, and suggests that in cases of high viraemia such
as this, the dosage of monoclonal antibodies should be increased.
The highlight of these experimental results is undoubtedly ZMapp,

which was able to reverse severe EBOV disease as indicated by the ele-
vated liver enzymes,mucosal haemorrhages and rash in animals E4 and
E6. Thehighviraemia (up to 106TCID50ml21 of blood in someanimals
at the time of intervention) could also be effectively controlledwithout
the presence of escape mutants, leading to full recovery of all treated
NHPsby28 dpi. In theabsence of direct evidencedemonstratingZMapp
efficacy against lethal EBOV-G infection inNHPs, results fromELISA
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Figure 3 | Amino acid alignment of the Kikwit
and Guinea variants of EBOV, and in vitro
antibody assays of mAbs c13C6, c2G4 and c4G7
with EBOV-G or EBOV-K virions. a, Sequence
alignment of the EBOV glycoprotein from the
Kikwit (EBOV-K) andGuinea (EBOV-G) variants,
with the binding epitopes of ZMapp pointed with
an arrow. b, ELISA, not that for each antibody, the
median effective concentrations (EC50) are
different (P, 0.05, regression analysis) between
the two antigens. c, Neutralizing antibody assay
showing the activity of the individual mAbs
composing ZMapp against EBOV-K (black) and
EBOV-G (purple), the samples were run in
triplicate.
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and neutralizing antibody assays show that binding specificity is not
abrogated between EBOV-K and EBOV-G, and therefore the levels of
protection should not be affected. The compassionate use of ZMapp
in two infectedAmerican healthcareworkers, with apparently positive
results pertaining to survival and reversion ofEBOVdisease25,may sup-
port this assertion. Rhesus macaques have approximately 55–80ml of
blood per kg of bodyweight26; at a dose of 50mg kg21 of antibodies, the
estimated starting concentration is approximately 625–909mgml21

of blood (total; , 200–300mgml21 for each antibody). Therefore, the
lowmedian effective concentration (EC50) values for EBOV-G (0.004–
0.02mgml21) bode well for treating EBOV-G infections with ZMapp.
Since the host antibody response is known to correlate with and is

required for protection fromEBOV infections23,24, monoclonal-antibody-
based treatments are likely to formthecentrepieceof any future therapeutic
strategies for fightingEBOVoutbreaks.However,whetherZMapp-treated
survivors can be susceptible to re-infection is unknown. In a previous
studyofmurineZMAb-treated, EBOV-challengedNHPsurvivors, a re-
challenge of these animals with the same virus at 10 and 13weeks after
initial challenge yielded 6of 6 survivors and4of 6 survivors, respectively27.
While specific CD41 and CD81 T-cell responses could be detected in
all animals, the circulating levels of glycoprotein (GP)-specific IgGwere
shown to be tenfold lower in non-survivors compared to survivors, sug-
gesting that antibody levels may be indicative of protective immunity27.
Sustained immunitywith experimental EBOVvaccines inNHPs remains
unknown; however, in a recent study, a decrease inGP-specific IgG levels
due to old age or a suboptimal reaction to theVSVDG/EBOVGP vaccine
in rodents also seem to be indicative of non-survival28.
ZMapp consists of a cocktail of highly purifiedmonoclonal antibodies;

which constitutes a less controversial alternative thanwhole-blood trans-
fusions from convalescent survivors, as was performed during the 1995
EBOVoutbreak inKikwit29. The safety ofmonoclonal antibody therapy
is well documented, with generally low rates of adverse reactions, the
capacity to confer rapid and specific immunity in all populations, includ-
ing the young, the elderly and the immunocompromised, and if necessary,
the ability to provide higher-than-natural levels of immunity compared
to vaccinations30. The evidence presented here suggests that ZMappoffers
the best option of the experimental therapeutics currently in develop-
ment for treating EBOV-infected patients. We hope that initial safety
testing inhumanswill be undertaken soon, preferablywithin the next few
months, to enable the compassionate use of ZMapp as soon as possible.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Ethics statement.The guinea pig experiment, in addition to the second and third
NHP study (ZMapp1, ZMapp2 andZMapp)were performed at theNationalMicro-
biology Laboratory (NML) as described on Animal use document (AUD) #H-13-
003, and has been approved by the Animal Care Committee (ACC) at the Canadian
ScienceCenter forHuman andAnimalHealth (CSCHAH), in accordancewith the
guidelines outlined by the Canadian Council on Animal Care (CCAC). The first
studywithMB-003 inNHPswas performed atUnited StatesArmyMedical Research
Institute of Infectious Diseases (USAMRIID) under an Institutional Animal Care
and Use Committee (IACUC) approved protocol in compliance with the Animal
Welfare Act, Public Health Service Policy, and other federal statutes and regula-
tions relating to animals and experiments involving animals.The facilitywhere this
researchwas conducted in accreditedbyTheAssociation forAssessment andAccred-
itation of Laboratory Animal Care International and adheres to principles stated in
the 8th edition of the Guide for the Care and Use of Laboratory Animals, National
ResearchCouncil (2011; http://grants.nih.gov/grants/olaw/Guide-for-the-care-and-
use-of-laboratory-animals.pdf).
Monoclonal antibody production. The large-scale production of mAb cocktails
cZMAb,MB-003, ZMapp1, ZMapp2 andZMapp in addition to controlmAb4E10
(anti-HIV) from N. benthamiana under GMP conditions was done by Kentucky
BioProcessing (Owensboro,KY) asdescribedpreviously13,15,31. The large-scale pro-
duction ofm4G7wasperformedby the BiotechnologyResearch Institute (Montreal,
QC) using a previously described protocol16.
Viruses. The challenge virus used in NHPs was Ebola virus H.sapiens-tc/COD/
1995/Kikwit-9510621 (EBOV-K) (orderMononegavirales, family Filoviridae, spe-
cies Zaire ebolavirus; GenBank accession no. AY354458)18. Passage three from the
original stockwasused for the studies at theNMLandpassage fourwasused for the
studyperformedatUSAMRIID(theNHPstudywith the individualMB-003mAbs).
Sequencing of 112 clones from the passage three stock virus revealed that the pop-
ulation ratio of 7U:8U in the EBOV GP editing site was 80:20; sequencing for the
passage four stock viruswas not performed, and therefore the ratio of 7U:8U in the
editing site was unknown. The virus used in guinea pig studies was guinea pig-
adapted EBOV, Ebola virus VECTOR/C.porcellus-lab/COD/1976/Mayinga-GPA
(EBOV-M-GPA) (orderMononegavirales, family Filoviridae, species Zaire ebola-
virus; GenBank accession numberAF272001.1)32. TheGuinean variant used in IgG
ELISA and neutralizing antibody assays was Ebola virusH.sapiens-tc/GIN/2014/
Gueckedou-C05 (EBOV-G) (order Mononegavirales, family Filoviridae, species
Zaire ebolavirus; GenBank accession no. KJ660348.1)2.
Animals.Outbred 6–8-week-old femaleHartley strain guinea pigs (Charles River)
wereused for these studies.Animalswere infected intraperitoneallywith1,0003LD50

of EBOV-M-GPA.The animalswere then treatedwithone dose of ZMAb,MB-003,
ZMapp1, ZMapp2, c13C6, h13F6 or c6D8 totalling 5mg per guinea pig, and mon-
itored every day for 28 days for survival, weight and clinical symptoms. This study
was not blinded, and no animals were excluded from the analysis.
For theMB-003studyperformedatUSAMRIID, thirteenrhesusmacaques (Macaca

mulatta)were obtained from theUSAMRIIDprimate holding facility, ranging from
5.1 to 10 kg. This study was not blinded, and no animals were excluded from the
analysis. Animals were given standard monkey chow, primate treats, fruits, and
vegetables for the duration of the study. All animals were challenged intramuscu-
larly with a target dose of 1,000 p.f.u. Treatment with either monoclonal antibody,
MB-003 cocktail, or PBS was administered on 1, 4, and 7 dpi via saphenous intra-
venous infusion. Animals weremonitored at least once daily for changes in health,
diet, behaviour, and appearance. Animalswere sampled for chemical analysis, com-
plete bloods counts and viraemia on 0, 3, 5, 7, 10, 14, 21, and 28 dpi.
For the ZMapp1 andZMapp2 study, fourteenmale and female rhesusmacaques

(Macacamulatta), ranging from 4.1 to 9.6 kg (4–8 years old) were purchased from
Primgen (USA). This study was not blinded, and no animals were excluded from
the analysis. Animals were assigned groups based on gender and weight. Animals
were fed standardmonkeychow, fruits, vegetables, and treats.Husbandryenrichment
consisted of visual stimulation and commercial toys. All animals were challenged
intramuscularly with a high dose of EBOV (backtitre: 4,0003TCID50 or 2,512p.f.u.]
at 0 dpi.Administrationof the first treatmentdosewas initiated at 3 dpi,with identical
doses at 6 and 9 dpi. Animals were scored daily for signs of disease, in addition to
changes in food andwater consumption.Ondesignated treatment days in addition
to 14, 21, and 27dpi, the rectal temperature and clinical scoreweremeasured, and the
following were sampled: blood for serum biochemistry and cell counts and viraemia.
This study was not blinded, and no animals were excluded from the analysis.

For the ZMapp study, twenty-one male rhesus macaques, ranging from 2.5 to
3.5 kg (2 years old)were purchased fromPrimgen (USA). This studywas not blinded,
andnoanimalswere excluded from the analysis.Animalswere assigned groups based
on gender and weight. Animals were fed standard monkey chow, fruits, vegeta-
bles, and treats. Husbandry enrichment consisted of visual stimulation and com-
mercial toys. All animals were challenged intramuscularly with EBOV (backtitre:
1,0003TCID50 or 628 p.f.u.] at 0 dpi. Administration of the first treatment dose
was initiated at 3, 4 or 5 dpi,with twoadditional identical doses spaced 3 days apart.
Animals were scored daily for signs of disease, in addition to changes in food and
water consumption. Ondesignated treatment days in addition to 14, 21, and 28dpi,
the rectal temperature and clinical score were measured, and the following were
sampled: blood for serum biochemistry and cell counts and viraemia.
Blood counts and blood biochemistry. Complete blood counts were performed
with theVetScanHM5(AbaxisVeterinaryDiagnostics). The followingparameters
were shown in the figures: levels of white blood cells, lymphocytes, percentage of
lymphocytes, levels of platelets, neutrophils and percentage of neutrophils. Blood
biochemistrywasperformedwith theVetScanVS2 (AbaxisVeterinaryDiagnostics).
The followingparameterswere shown in the figures: levels of alkaline phosphatase,
alanine aminotransferase, blood urea nitrogen, creatinine, and total bilirubin.
Enzyme-linked immunosorbent assays (ELISAs). IgG ELISA with c13C6, c2G4
or c1H3was performed as described previously16 using gamma-irradiated EBOV-
G and EBOV-K virions purified on a 20% sucrose cushion as the capture antigen
in the ELISA. Each mAb was assayed in triplicate.
Neutralizing antibody assays. Twofold dilutions of c13C6, c2G4 or c1H3 ran-
ging from 0.0156 to 2mg were first incubated with 100 p.f.u. of EBOV-G at room
temperature for 1 h with or without complement, transferred to Vero E6 cells and
incubated at 37uC for 1 h, and then replaced with DMEM supplemented with 2%
fetal bovine serum and scored for the presence of cytopathic effect at 14 dpi. The
lowest concentrations of mAbs demonstrating the absence of cytopathic effect
were averaged and reported.
EBOVtitration byTCID50 and RT–qPCR.Titration of live EBOVwas determined
by adding tenfold serial dilutionsofwhole blood toVeroE6 cells,with three replicates
per dilution. The plates were scored for cytopathic effect at 14 dpi, and titres were
calculated with the Reed and Muench method33. Results were shown as median
tissue culture infectious dose (TCID50).
For titresmeasuredbyRT–qPCR, totalRNAwas extracted fromwhole bloodwith

theQIAmpViral RNAMini Kit (Qiagen). EBOVwas detected with the LightCycler
480RNAMasterHydrolysis Probes (Roche) kit, with the RNApolymerase (nucle-
otides 16472 to 16538, AF086833) as the target gene. The reaction conditions were
as follows: 63uCfor 3min, 95uC for 30 s, and cyclingof 95uCfor 15 s, 60uCfor 30 s
for 45 cycles on the ABI StepOnePlus. The lower detection limit for this assay is 86
genome equivalentsml21. The sequences of primers usedwere as follows: EBOVLF2
(CAGCCAGCAATTTCTTCCAT), EBOVLR2 (TTTCGGTTGCTGTTTCTGTG),
and EBOVLP2FAM (FAM-ATCATTGGCGTACTGGAGGAGCAG-BHQ1).
Sequence alignment. Protein sequences for EBOV-K and EBOV-G surface gly-
coproteins were obtained from GenBank, accession numbers AGB56794.1 and
AHX24667.1 respectively. The sequenceswere aligned usingDNASTARLasergene
10 MEGAlign using the Clustal W algorithm.
Statistical analysis. For the guinea pig and nonhumanprimate studies, each treat-
ment group consisted of six animals. Assuming a significance threshold of 0.05, a
sample size of six per groupwill give.80%power to detect a difference in survival
proportions between the treatment (83% survival or higher) and the control group
using a one-tailed Fisher̀s exact test.
Survival was compared using the log-rank test in GraphPad PRISM 5, differ-

ences in survival were considered significant when the P value was less than 0.05.
Antibody binding to EBOV-G and EBOV-Kwas compared by fitting the data to a
four-parameter logistic regression usingGraphPad PRISM 5. The EC50 were con-
sidered different if the 95% confidence intervals excluded each other. For all sta-
tistical analyses, the data conformed to the assumptions of the test used.

31. Zeitlin, L. et al. Enhanced potency of a fucose-free monoclonal antibody being
developed as an Ebola virus immunoprotectant. Proc. Natl Acad. Sci. USA 108,
20690–20694 (2011).

32. Connolly, B.M. et al.Pathogenesis of experimental Ebola virus infection in guinea
pigs. J. Infect. Dis. 179 (Suppl. 1), S203–S217 (1999).

33. Reed, L. J. & Muench, H. A simple method of estimating fifty per cent endpoints.
Am. J. Hyg. 27, 493–497 (1938).
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Extended Data Figure 1 | Clinical scores for each ZMapp-treated group.
Arrows indicate treatment days. Dashed line represents humane endpoint
threshold. Faded symbols/lines are the other two treatment groups, for
comparison. Control group (Group G) is shown in black on all three panels.
a, Clinical score of Group D (blue); b, clinical score of Group E (orange);
c, clinical score of Group F (green).
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Extended Data Figure 2 | Viraemia for each ZMapp-treated group. Arrows
indicate treatment days. Faded symbols/lines are the other two treatment
groups, for comparison. Control group (GroupG) is shown in black on all three

panels. a, TCID50 of GroupD (blue); b, TCID50 of Group E (orange); c, TCID50

ofGroupF (green). d, Viraemia byRT–qPCR ofGroupD (blue); e, Viraemia by
RT–qPCR of Group E (orange); f, Viraemia by RT–qPCR of Group F (green).
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Extended Data Table 1 | Blood viraemia measured by RT–qPCR for the ZMapp1- and ZMapp2-treated NHPs

UD, undetectable.
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Extended Data Table 2 | Oral swab viraemia measured by RT–qPCR for the ZMapp1- and ZMapp2-treated NHPs

UD, undetectable.
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Extended Data Table 3 | Nasal swab viraemia measured by RT–qPCR for the ZMapp1- and ZMapp2-treated NHPs

UD, undetectable.
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Extended Data Table 4 | Rectal swab viraemia measured by RT–qPCR for the ZMapp1- and ZMapp2-treated NHPs

UD, undetectable.

RESEARCH ARTICLE

NOT FIN
AL PROOF



Extended Data Table 5 | Blood viraemia measured by RT–qPCR for the ZMapp-treated NHPs
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SUMMARY

Recent studies have reported that competitive
endogenous RNAs (ceRNAs) can act as sponges
for a microRNA (miRNA) through their binding sites
and that changes in ceRNA abundances from indi-
vidual genes can modulate the activity of miRNAs.
Consideration of this hypothesis would benefit from
knowing the quantitative relationship between a
miRNA and its endogenous target sites. Here, we
altered intracellular target site abundance through
expression of an miR-122 target in hepatocytes and
livers and analyzed the effects on miR-122 target
genes. Target repression was released in a
threshold-like manner at high target site abundance
(R1.5 3 105 added target sites per cell), and this
threshold was insensitive to the effective levels of
the miRNA. Furthermore, in response to extreme
metabolic liver disease models, global target site
abundance of hepatocytes did not change suffi-
ciently to affect miRNA-mediated repression. Thus,
modulation of miRNA target abundance is unlikely
to cause significant effects on gene expression and
metabolism through a ceRNA effect.

INTRODUCTION

MicroRNAs (miRNAs) are an abundant class of small noncoding

RNAs that regulate gene expression at the levels of mRNA stabil-

ity and translation (Pillai et al., 2005; Eulalio et al., 2008; Guo

et al., 2010). They pair to target sites (referred to as miRNA

response elements [MREs]) within mRNAs to direct the posttran-

scriptional downregulation of these mRNA targets. The human

genome has more than 500 miRNA genes, and miRNAs from in-

dividual gene families are able to target hundreds of different

messenger RNAs (Baek et al., 2008; Friedman et al., 2009). Given

that more than half of all human mRNAs are estimated to be

conserved miRNA targets, miRNAs are thought to have wide-

spread effects on gene regulation (Friedman et al., 2009). Even

though many miRNA knockout models show no apparent defect
766 Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc.
under normal conditions, they frequently exhibit miRNA-depen-

dent phenotypes when specific stresses are applied (Li et al.,

2009; Brenner et al., 2010). Therefore, miRNAs are proposed

to be critical regulators in stress signal mediation and modula-

tion, where inadequate miRNA levels and responses can cause

or exacerbate disease (Mendell and Olson, 2012).

Highly expressed site-containing RNAs, either found naturally

or delivered as research reagents, can act as ‘‘sponges’’ to

titrate miRNAs away from other normal targets (Ebert et al.,

2007; Franco-Zorrilla et al., 2007; Mukherji et al., 2011; Hansen

et al., 2013; Memczak et al., 2013). Theoretical and experimental

reports have claimed that crosstalk between site-containing

RNAs extends far beyond a few highly expressed sponges.

Analyses of high-throughput data sets indicate that the activity

of a miRNA is not just dependent on its levels but also its relative

target site abundance (TA), defined as the relative number of

sites within the transcriptome for that miRNA (Arvey et al.,

2010; Garcia et al., 2011). One hypothesis suggests that this

crosstalk has a widespread regulatory function, with the act of

titratingmiRNAs away from their other targets somehow explain-

ing why so many target sites have been conserved in evolution

(Seitz, 2009). This idea is extended to the notion that many

miRNA targets act as competitive endogenous RNAs (ceRNAs)

that modulate the repression of other targets as their expression

increases or decreases (Salmena et al., 2011; Tay et al., 2011).

Experimental evidence for such a ceRNA crosstalk was initially

described for the tumor-suppressor gene PTEN, which appears

to be regulated by the abundance of its pseudogene (PTENP1) in

a DICER-dependent manner (Poliseno et al., 2010). Recent

studies have reported the potential physiological relevance of

other ceRNAs, including a long noncoding RNA that regulates

muscle differentiation (Cesana et al., 2011), an overexpressed

30 untranslated region (30 UTR) inducing cancer in transgenic

mice (Fang et al., 2013), and a circular RNA (circRNAs) regulating

miR-7 activity in the CNS (Hansen et al., 2013; Memczak et al.,

2013). However, such studies have used cancer cell lines with

abnormal miRNA and ceRNA expression (Poliseno et al., 2010;

Karreth et al., 2011), leaving their physiological relevance in pri-

mary cells unclear.

The ceRNA hypothesis is controversial because it is difficult to

imagine how the change in expression of individual miRNA tar-

gets, which each typically contribute a miniscule fraction of the

TA, could possibly influence enough miRNA molecules to affect

mailto:dbartel@wi.mit.edu
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regulation of other targets. Consideration of the ceRNA hypoth-

esis would clearly benefit from quantitative knowledge of the

intracellular relationship of miRNAs and their corresponding

target sites. Although some attempts have been undertaken to

evaluate this relationship, the data were typically acquired

in silico (Ala et al., 2013; Figliuzzi et al., 2013), in vitro with purified

components (Wee et al., 2012), or in experimental setups in

which rapidly dividing cells were transfected with synthetic

miRNAs, which complicate any interpretations more quantitative

than relative comparisons (Arvey et al., 2010; Garcia et al., 2011;

Tay et al., 2011). A more recent study not subject to these limita-

tions reported that miRNA efficacy tended to be higher for

miRNAs with lower predicted target:miRNA ratios but did not

address the question of how much change in ceRNA might be

required to detectably influence miRNA efficacy (Mullokandov

et al., 2012).

In this study, we analyzed the stoichiometric relationship of

miR-122 and its target sites by manipulating TA through

controlled expression of a validated target of miR-122 in primary

hepatocytes and livers. miR-122 has been linked to important

human diseases, such as hepatitis C, liver cancer, and hyper-

cholesterolemia, and its target genes have been well character-

ized (Jopling et al., 2005; Krützfeldt et al., 2005; Esau et al., 2006;

Tsai et al., 2009). Our absolute quantification of relevant entities

in primary cells and disease states provided insights on the rela-

tionship between miR-122 TA and miR-122 activity. These

results will facilitate future studies predicting the biologically

relevant range of TAs of other miRNAs and the magnitude of

change in target abundance required to influence gene expres-

sion through a ceRNA mechanism.

RESULTS

miRNA Target Derepression Is Detected at a High
Threshold of Added MREs
To assess the relationship between a miRNA and its MREs and

the effect of this relationship on target gene regulation, we chose

the highly expressed liver-specific miR-122 as a model system.

We manipulated endogenous MREs in a controlled manner by

overexpressing a full-length AldolaseA (AldoA) mRNA, a strong

and validated target of miR-122 (Krützfeldt et al., 2005), using re-

combinant adenoviruses (Ad-AldoA) carrying either a mutated

(Mut), one (1s), or three (3s) miR-122 binding site(s) (Figures 1A

and S1A). To eliminate potential off-target effects mediated by

the AldoA protein, we introduced a premature stop codon that

prevented translation of AldoA protein (Figure S1B).

To assess the stoichiometric relationship of miR-122 and the

added MREs in primary hepatocytes, we measured the absolute

number of these entities per cell. Quantitative RT-PCRmeasure-

ments calibrated with an internal standard curve of synthetic

miRNA revealed that miR-122 was expressed at 1.2 3 105 mol-

ecules per cell (Figure 1B), which was comparable to levels pre-

viously reported (Bissels et al., 2009). As expected, miR-16 and

miR-33 were each expressed at fewer copies per cell (1.1 3 104

and 1.2 3 103, respectively). Next, we measured the increased

miR-122 target abundance after infecting hepatocytes with Ad-

AldoA at three different multiplicities of infection (MOI; 2, 20,

and 200) with our constructs that introduced zero, one, or three
miR-122 MREs per AldoA transcript. Adenovirus constructs

showed very high transduction efficiencies (Figure S2A), and a

linear correlation was observed between viral dose and green

fluorescent protein (GFP) mRNA, which was expressed from

an independent promoter in the Ad-AldoA vector (Figure 1C).

Similar results were observed when monitoring GFP protein

levels (Figures S2B and S2C). At MOI 200, AldoA transcripts

increased from 3.3 3 103 (endogenous levels) to 0.8–1.1 3 106

molecules per cell (Figure 1D), introducing up to 2.63 106 AldoA

MREs per cell (Figure 1E). The ratio of AldoA to GFP mRNA

showed that the AldoA transcripts were repressed in an MRE-

dependent manner at MOI 2 and 20, which confirmed that

miR-122 was functionally engaging the MREs within these tran-

scripts (Figure 1F). This regulation disappeared at MOI 200,

suggesting that, at this very high MOI, AldoA transcript over-

whelmed the regulatory capacity of miR-122 (Figure 1F). Quanti-

fication of miR-122 confirmed that the loss of regulation was not

due to a loss in miR-122; even at very high levels, Ad-AldoA did

not influence the levels of either miR-122 or two control miRNAs,

although it did reduce miR-33 by 2-fold (Figure 1G).

Having observed a loss in AldoA repression at a high MOI, we

reasoned that high levels of AldoA transcript could act as a

sponge to also derepress cellular miR-122 targets. Indeed,

known miR-122 targets, but not a control transcript ApoM,

increased at a high MOI (Figures 1H and S2D). Interestingly,

this derepression was confidently detected only when AldoA

MREs exceeded 1.5–2.7 3 105 per cell. This threshold corre-

sponded to 1.25–2.25 MREs per miR-122 molecule. Once this

threshold was exceeded, additional AldoA MREs led to greater

miR-122 target derepression, and the magnitude correlated

with the number of miR-122 sites introduced by AldoA tran-

scripts. Altogether, these data demonstrate that derepression

mediated through increased expression of a miR-122 target

can occur but can be detected only after exceeding a high

threshold of added MREs.

The High Threshold Persists after Lowering miR-122
Activity
Two scenarios might explain the high threshold of added MREs

required to observe endogenous target derepression. The

‘‘excess miRNA’’ scenario posits that very abundant miRNAs

are present in excess over their targets, and thus competing

MREs would need to titrate this excess binding capacity before

they could exert an observable effect on endogenous target

repression. Our case of miR-122 in hepatocytes would be one

of the more attractive candidates for this scenario, given that

miR-122 is the most abundant miRNA in hepatocytes (Landgraf

et al., 2007). Indeed, its abundance of 1.2 3 105 molecules per

cell is among the highest reported for amiRNA in anymammalian

system. The second scenario is the ‘‘high TA’’ scenario. In this

scenario, the effective number of miRNA binding sites within

cellular transcripts is so high that even highly expressed miRNAs

are mostly bound to a site at any moment in time, and thus the

number of competing MREs would need to approach this high

effective number of sites before the competingMREs could exert

an observable impact on endogenous target repression. The

idea of many miRNA binding sites within cellular transcripts is

supported by reports that many miRNAs have hundreds of
Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc. 767
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Figure 1. miRNA Target Derepression Is Detected at a High Threshold of Added MREs

(A) Schematic overview of the different AldoA-expressing adenovirus constructs (Ad-AldoA) harboring either one (1s, blue) or three (3s, green) miR-122 binding

sites or a mutated site (Mut, red). Ad-AldoA 3s contained three 8 nt seed matches of miR-122 separated by 17 nt spacers. See also Figure S1.

(B) Absolute miRNA quantification of primary hepatocyte cell lysates spiked with different amounts of synthetic miRNA. Solid lines represent linear regression

data with respective 95% confidence intervals.

(C–H) Primary hepatocytes infected with different multiplicities of infection (MOI) of the Ad-AldoA constructs. Relative gene expression of GFP (C) and AldoA (F)

and absolute copy numbers per cell of AldoA (D) and AldoA MRE (E). Relative expression of miRNAs (G) or miR-122 target genes and a control nontarget gene

(ApoM) (H). See also Figure S2.

GFP andmiRNA expression are relative to Ad-AldoAMut at MOI 2; AldoA, miR-122 target genes and the control gene are relative to the respective Ad-AldoAMut

at given MOI. Data represent mean ± SEM (n = 3) for all panels.
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conserved MREs (Friedman et al., 2009), miRNAs also repress

many additional mRNAs with nonconserved MREs (Farh et al.,

2005; Krützfeldt et al., 2005; Giraldez et al., 2006; Baek et al.,

2008), and high-throughput crosslinking identifies many addi-

tional binding sites that would not be classified as MREs

because they don’t mediate detectable repression (including

many sites within open reading frames and marginally effective

sites elsewhere) but would nonetheless add to the effective num-
768 Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc.
ber of binding sites (Hafner et al., 2010). These two scenarios

predict two very different responses to miRNA reduction. In the

excess miRNA scenario, miRNA reduction would lower the

excess miRNA capacity and thereby lower the threshold of

added MREs required to observe endogenous target derepres-

sion. In the high TA scenario, the effective number of sites

already exceeds the miRNA abundance, and, more importantly,

the threshold relates to the effective number of binding sites and
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Figure 2. The High Threshold Persists after Lowering miR-122 Activity

(A) Absolute miRNA copy numbers per cell or (B) relative expression of miR-122 target genes and control nontarget genes (Dyrk2 and ApoM) in primary

hepatocytes frommice treated with Ant-122mm or different concentrations of Ant-122. Values for miR-122 target and control genes are normalized to that of the

lowest miR-122 concentration.

(C) Relative expression of miR-122 target genes and a nontarget gene (Snrk) in primary hepatocytes with 3-fold decreased miR-122 levels shown in (A), infected

with MOI 20 and 200 of Ad-AldoA Mut (red), 1s (blue), or 3s (green).

(D–F) Primary hepatocytes shown in (A) infectedwithMOI 200 of the three Ad-AldoA constructs. Absolute copy numbers per cell ofAldoA (D) andAldoAMRE (E) in

relation to miR-122 copy numbers.

(F) Relative expression of miR-122 target genes and control nontarget gene (Snrk) normalized to Ad-AldoA Mut of the respective miR-122 condition.

Absolute miRNA copy numbers were calculated by multiplying relative abundance (miRNA/snoRNA202) that were normalized to Ant-122mm with the copy

number evaluated in Figure 1B. Data represent mean ± SEM (n = 4) for all panels.
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not the number of miRNA molecules. Thus, in this scenario,

miRNA reduction would lower the degree to which targets are

repressed, but it would not lower the threshold of added MREs

required to observe derepression.

By analyzing whether a change in miRNA levels influences the

threshold for the number of addedAldoAMREs needed for dere-

pression, we sought to experimentally evaluate which scenario

applies. We injected three different amounts (low, intermediate,

and high) of Antagomir-122 (Ant-122) into mice and found that

miR-122 levels detected in the primary hepatocytes were
reduced to 0.3, 0.08, and 0.01 of that observed in hepatocytes

from mice injected with the mismatch Ant-122 control (Ant-

122mm; Figure 2A) (Krützfeldt et al., 2005). Target gene dere-

pression correlated with decreased miR-122 levels, which

confirmed that our miR-122 quantification reflected miR-122

activity (Figure 2B). Next, we studied the effect of controlled

overexpression of AldoA MRE on target gene derepression in

hepatocytes with a modest 3-fold decrease in miR-122 levels.

Interestingly, derepression was detected only when exceeding

the threshold of 2 3 105 AldoA MREs per cell (Figure 2C). This
Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc. 769
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threshold was comparable to that observed in cells without

reduced miR-122 levels, which indicated that the reason for

the threshold was not excessmiR-122 binding capacity. Instead,

high TA is the more likely reason that the amount of addedMREs

must exceed a very high level before exerting an observable

effect.

Some studies claiming ceRNA-mediated gene regulation

focus on the number of sites to miRNA families that are shared

between the ceRNAs without differentiating between those

miRNAs that are expressed at a level sufficient to repress target

genes and those that are not (Jeyapalan et al., 2011; Fang et al.,

2013). To demonstrate that derepression can only occur in con-

ditions in which target gene repression is happening, we infected

hepatocytes harboring different miR-122 levels with Ad-AldoA at

MOI 200 andmeasured target derepression. Levels ofAldoA and

respective AldoAMRE copy number per cell were comparable in

all Ant-treated samples (Figures 2D and 2E).miR-122 target gene

derepression was between 1.5- and 2.5-fold in hepatocytes with

high miR-122 levels and below 1.5-fold in cells with intermediate

miR-122 activity (Figure 2F). No target gene derepression was

observed in hepatocytes with the lowest miR-122 levels. Alto-

gether, these data demonstrate that miRNAs need to exceed

an expression level sufficient to repress their targets in order

for targets to be derepressed in a ceRNA-dependent manner.

The Magnitude of Derepression Correlates with
Predicted Site Efficacy and Number of Added
AldoA MREs
Previous ceRNA studies have focused on only one or a few tar-

gets of a miRNA even though a ceRNA change that influences

miRNA activity would be expected to affect more than a few tar-

gets. Because any perturbation of a cell might result in spurious

expression changes in a few predicted targets, a transcriptome-

wide analysis examining the preferential effect on predicted tar-

gets would more confidently detect the influence of a competing

RNA. Therefore, we extended our quantitative analysis to the

transcriptome and performed RNA sequencing (RNA-seq) on

primary hepatocytes infected with different Ad-AldoA constructs

at MOI 2, 20, and 200. Then, we analyzed the relationship

between the derepression of predicted targets and their site

number, site type (6, 7, and 8 nt sites), site position, and other

determinants used by TargetScan to calculate total context+

scores of predicted miRNA targets (Lewis et al., 2005; Grimson

et al., 2007; Garcia et al., 2011). When predicted targets of

miR-122, miR-33, miR-16, or abundant miRNA families in liver

(either let-7, miR-192, or a combination of the next four most

abundant families) were distributed into ten context+ score

bins and plotted against their median fold change, the effect of

target derepression was evident for predicted targets of miR-

122 but not for those of any of the other miRNA families (Figures

3A, S3A, S3B, and Table S1). As expected, the extent of target

derepression correlated with the magnitude of the context+

score as well as with the number of added AldoA MREs. These

correlations were also observed in the fold change distributions

of miR-122 predicted targets (Figure 3B), and analogous results

were obtained when stratifying predicted targets by site type

(Figure S3C). Regardless of how we grouped the predicted tar-

gets, the same threshold of R1.5 3 105 added MREs per cell
770 Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc.
was required in order to observe miR-122 derepression. We

also studied target gene derepression in primary hepatocytes

treated with Ant-122 or the mismatch control Ant-122mm and

found that the strongest predicted targets (e.g., those with a

context+ scores below –0.2) were significantly derepressed in

the Ant-122-treated conditions (Figures S3D–S3G and Table S1).

Modest Changes in Target Abundance Are Induced by
Metabolic Stress and Disease
Next, we sought to investigate the quantitative relationship be-

tweenMREs added upon Ad-AldoA infection and those normally

contributed by mRNAs of primary hepatocytes. First, we tested

how transcript abundances, measured by RNA-seq in fragments

per kilobase of transcript per million fragments mapped (FPKM)

correlated with the absolute copy numbers determined by quan-

titative PCR. To this end, we compared the expression levels of

four genes that are differentially expressed in primary hepato-

cyte and liver samples and found a linear relationship between

FPKM and absolute copy numbers over several orders of magni-

tude (Figure 4A), which allowed us to transform RNA-seq data to

absolute mRNA copies per cell. Then, we compared how AldoA

transcript abundance corresponded to genome mRNA abun-

dance at different MOIs of Ad-AldoA-infected hepatocytes.

The AldoA contribution ranged from 0.3%–0.8% at MOI of 2,

6%–12% at MOI 20, and > 50% of all mRNA at MOI 200 (Fig-

ure 4B). In contrast, the largest endogenous contributor to the

transcriptome of primary hepatocytes was Transferrin (Trf),

which made up only 1.6% of the mRNA (30,000 molecules per

cell). Thus, the level of AldoA at the MOI for which derepression

was observed (MOI 20 and 200), was substantially higher than

that of transcripts from any single cellular gene.

We also attempted to place the AldoA abundance within the

context of the miR-122 TA within the hepatocyte transcriptome.

A previous estimate of miRNA TA considers all of the 7 and 8 nt

sites for that miRNA within expressed 30 UTRs (Garcia et al.,

2011). This TAmight over- or underestimate the effective number

of binding sites of the transcriptome, depending on the extent to

which some of these sites are inaccessible (e.g., because they

are occluded bymRNA secondary structure or RNA binding pro-

teins) and the extent to which intracellular binding capacity is

augmented by additional sites (e.g., 6 nt sites, other marginal

sites, and nonconventional sites as well as sites in ORFs,

50 UTRs, or noncoding RNAs), many of which might add to the

effective number of binding sites without mediating repression.

Despite these uncertainties, relative TA estimates for different

miRNAs provide a useful basis for distinguishing the more effec-

tive miRNAs from the less effective ones (Garcia et al., 2011).

Our conclusion that competing MREs begin to exert their

effects as they approach themiRNA binding capacity of the tran-

scriptome provided the means to evaluate the relationship

between the previous TA estimate and the apparent number of

binding sites. When calculated as before (summing 7 and 8 nt

sites in transcriptome 30 UTRs), the miR-122 TA in hepatocytes

at Ad-AldoAMOI 2 was 1.83 105 sites per cell, which essentially

matched the threshold of added MREs required to begin to

observe derepression. The addition of 6 nt sites in the analysis

increased the number to 4.4 3 105 miR-122 sites per cell. Given

that this was still below the number of added MREs required to
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Figure 3. The Magnitude of Derepression Correlates with Predicted Site Efficacy and Number of Added AldoA MREs

(A and B) RNA-seq results showing derepression of predicted targets from primary hepatocytes infected with MOI 200, 20, and 2 of Ad-AldoA Mut, 1s, or 3s

shown in Figures 1C–1H.

(A) Predicted targets ofmiR-122 (red), miR-16 (blue), miR-33 (orange), let-7 (green), miR-192 (purple), or a combination of the next fourmost abundant liver miRNA

families (black) were grouped into ten bins based on their context+ scores. For eachmiRNA family, themedian log2 fold change is plotted for the predicted targets

in each bin. Medians were normalized to that of the bin with genes without sites. Bins each had at least ten genes; see Figure S3B for group sizes.

(B) Cumulative distributions of mRNA changes for genes with no miR-122 site (black) or predicted target genes with the indicated context+ score bins (color).

Number of genes per bin: black, 6,629; green, 1,693; orange, 434; red, 120; purple, 33. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-sided Kolmogorov-

Smirnov (K-S) test.

See also Figure S3 and Table S1.
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observe half-maximal derepression, for all additional analyses,

we considered this revised TA estimate (all 6, 7, and 8 nt sites

within the transcriptome 30 UTRs), which we define as the

apparent TA (or TAapp), as a conservative estimate of the effec-

tive number of miRNA sites.

Next, we calculated how AldoAMREs influenced the miR-122

TAapp (Figure 4C) and what fraction of the TAapp AldoA MREs

contributed (Figure 4D). Because only very highly expressed

genes could reach the levels required to affect TA, we searched

for endogenous transcripts that quantitatively contributed the

largest percentage to transcriptome TAapp. Actinb (Actb), which

contributed 5.5% of the TAapp, was the largest potential contrib-

utor to miR-122 site abundance in primary hepatocytes (Fig-

ure 4E), although this contribution was less than the 30%

contribution required for AldoA to detectably modulate miR-

122 repression (Figure 4D). When using the same approach to

estimate TAapp for let-7, miR-16, miR-33, miR-192, or each of
the next four most abundant miRNA families, the transcript

with the largest contribution to any TAapp was Albumin (Alb),

which contributed �3% of the miR-103 TAapp (Figure 4E).

As a major metabolic integrator of physiological processes,

the liver exhibits profound changes of gene regulation in

response to insulin signaling and cholesterol metabolism. To

examine whether these changes might affect miRNA TAapp, we

analyzed two models with severe pathological changes in

cholesterol metabolism (LDLR-deficient mice, Ldlr–/–) (Ishibashi

et al., 1993) and hepatic steatosis (high-fat diet [HFD] mice; Fig-

ures 4F, S4A, and Table S2) (Channon and Wilkinson, 1936). We

also examined livers that were perfused in the absence and pres-

ence of insulin, representing fasted and fed states, respectively

(Figure S4B and Table S2). In all livers studied, Alb and Trans-

thyretin (Ttr) contributed �10%–20% to TAapp. The only strong

contributor that was differentially regulated in any model was

major urinary protein 7 (Mup7), which essentially disappeared
Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc. 771
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Figure 4. Modest Changes in Target Abundance Are Induced by Metabolic Stress and Disease

(A) Relationship between FPKM from RNA-seq data and absolute quantification with qPCR. Represented are four genes quantified in all 11 primary hepatocyte

samples plus wild-type and Ldlr–/– liver samples. Line represents linear regression of data points. Data represent mean ± 95% confidence intervals.

(B–D) RNA-seq data fromprimary hepatocytes infectedwithMOI 200, 20, and 2 of Ad-AldoAMut, 1s, or 3s shown in Figure 1C–H. Data representmean ± SEM (B).

Contribution of AldoAmRNA to the sum of genomemRNA. Increase of transcriptomemiR-122 TAapp (C) and the respective contribution of AldoAMRE (D) to total

transcriptome miR-122 TAapp mediated by the different Ad-AldoA constructs and viral concentrations.

(E and F) Fractional contribution of the largest potential contributors to transcriptome TAapp in primary hepatocytes infected with MOI 2 of Ad-AldoA 1s (E) or in

wild-type livers (F) originated from mice either fed normal chow or high-fat diet (HFD). Potential contributors were binned by their context+ scores, and the top

potential contributors are plotted within each bin. See also Figure S4 and Table S2.

(G) Relative target abundance of livers from models of physiological (insulin) or disease/stress states (Ldlr–/– and HFD).
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in livers of HFD mice, causing its contribution to TAapp to

decrease from 11.6% in normal livers to 0.01% in HFD

livers. Alb, the most highly expressed mRNA and the largest

potential contributor of sites for the miR-103 family, had the

potential to reduce TAapp by a maximum of only 20% when

fully silenced. Conversely, a 30% increase in target abundance
772 Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc.
would require the most abundant liver transcript to increase

�2.5-fold.

Because none of the small number of genes that alone could

alter TAapp in a consequential way appeared to do so, we tested

whether a substantial change could be achieved through collec-

tive changes of all mRNAs. Evaluation of TAapp changes for
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Figure 5. No ceRNA Effect Is Detected In Vivo

(A–E) Mice were injected with Ad-AldoA Mut (red, n = 6), 1s (blue, n = 6), or 3s

(green, n = 5), and gene expression analysis was performed 5 days post-

infection. Relative gene expression ofGFP (A), absolute copy numbers per cell

of AldoA (B), and added AldoA MREs (C). Relative expression of miRNAs (D)

and miR-122 target genes or control nontarget genes (Snrk and Dyrk2) (E).

(F) Plasma cholesterol levels of Ad-AldoA-treated mice at days 1, 3, and 5.

The Ad-AldoA used in this experiment expressed the full-length protein. Data

represent mean ± SEM.

Molecular Cell

Quantitative Evaluation of the ceRNA Hypothesis
miR-122, the next ten most abundant miRNA families in liver,

miR-33, and miR-16 revealed that TAapp values for these

miRNAs were not altered more than 25% in any physiological

or disease model, and most changes were below 10% (Fig-

ure 4G). We also calculated TAapp values for the liver samples

and primary hepatocytes infected with Ad-AldoA at MOI 20, in

which derepression was observed. Transcriptome TAapp values

ranged between 2.5–7.5 3 105 sites per cell in liver models,

and between 3.6–133 105 in primary hepatocytes (Figure S4C).

No ceRNA Effect Is Detected In Vivo
To examine the influence of AldoA MREs on target gene dere-

pression and relevant physiological endpoints in vivo, we

injected wild-type mice with 3 3 109 plaque-forming units of

Ad-AldoA and examined livers 5 days postinfection. Virally ex-

pressedGFP, and therefore adenovirus expression, was compa-

rable in all conditions (Figure 5A). Ad-AldoA increased AldoA

transcripts from 2.2 3 102 (endogenous levels) to 4.7 3 103

copies per cell (Figure 5B), introducing between 2.6 3 103 and

5.1 3 103 miR-122 MREs per cell with Ad-AldoA 1s or 3s,

respectively (Figure 5C). Overexpression of the Ad-AldoA con-

structs did not change levels of miR-122 or a control miRNA (Fig-

ure 5D). No derepression of any miR-122 target or control gene

(Snrk and Dyrk2) was observed (Figure 5E). Furthermore, we did

not detect changes in serum cholesterol levels (Figure 5F), which

decrease upon miR-122 inhibition by Ant-122 (Krützfeldt et al.,

2005). As predicted from our studies of primary hepatocytes,

these results showed that introduction of 5.1 3 103 miR-122
MREs per cell was insufficient to induce either target derepres-

sion or downstream physiological responses.

DISCUSSION

Our results support a model in which the changes in ceRNAs

must begin to approach the TA of miRNA before they can exert

a consequential effect on the repression of targets for that

miRNA. For miR-122 in hepatocytes, derepression began to be

observed at a threshold of 1.53 105 added sites per cell, a value

exceeding the physiological levels of any endogenous target as

well as the aggregate change of all predicted targets in different

disease states. Altogether, our data imply that a ceRNA effect

mediated through a single miRNA family in a physiological or dis-

ease setting of the liver is unlikely. However, we cannot exclude

the possibility that unidentified highly abundant and regulated

noncoding RNAs (including circRNAs) might substantially con-

tribute to the pool of transcriptome binding sites.

In stating that changes in endogenous targets are unlikely to

mediate a ceRNA effect that is detectable, we do not mean to

imply that there is absolutely no molecular consequence of

changing the level of an endogenous target. Large changes in

each of several dozen target genes could alter TA by 1% or

sometimes more, which would influence the repression of other

targets but not to an extent that would be detectable by our

methods. For example, an increase in TA by 5% is expected to

decrease repression of other targets by approximately 5%,

causing a target that was previously repress by 30% to now be

repressed by approximately 28.5%—a change too small to

be detected and presumably too small to be of biological

consequence.

Studying the stoichiometric relationship of an miRNA and its

TA and assessing the effect of this relationship on target gene

regulation has been challenging. Estimates of TA have proven

to be particularly difficult, given that the extent to which ineffec-

tive or marginally effective binding sites contribute to TA has

been unclear, and no experimentally determined TA values had

been obtained. Our experiments indicate that the TAapp for

miR-122 in the hepatocyte transcriptome is 4.4 3 105 sites

per cell. Although this estimate corresponds to the number

of R6 nt seed-matched sites for miR-122 in the 30 UTRs, we

do not presume that all UTR sites mediate repression. Indeed,

the TAapp is expected to exceed the number of miR-122

MREs, given that sites that bind the miRNA too transiently to

exert repression (including most sites in ORFs) would nonethe-

less contribute to TAapp.

We qualify our TA estimate as an ‘‘apparent TA’’ for two rea-

sons: first, our miR-122 TAapp is expected to be a function of

the strength of the miR-122 site that was used in its determina-

tion. The AldoA site is relatively strong (context+ score of �0.4;

Figure 4E). Had we empirically estimated the TA with a weaker

miR-122 site, more of the added sites would have been required

to approach half derepression, and thus the TAapp value would

have been correspondingly higher. Second, the endogenous

sites contribute to TAapp in proportion to their ability to sequester

the miRNA, and thus because many weak sites (ranging from

those typically classified as nonspecific sites to those that

might be more specific yet nonetheless ineffective or marginally
Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc. 773
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effective) eachmake partial contributions to the TAapp, the actual

number of sites that contributed is expected to greatly exceed

the TAapp. When considering this second point, estimating a

TAapp is of greater practical value than knowing the total number

of endogenous sites that helped sequester the miRNA.

Our miR-122 TAapp was empirically derived on the premise

that using Ad-AldoA to double the effective miR-122 TA and

thereby decrease the number of encounters between miR-122

and its endogenous targets by half would lead to a correspond-

ing decrease in endogenous target repression. If the amount of

miR-122-mediated repression is not a simple linear function of

the number of encounters with its targets, then TAapp would

need to be corrected accordingly. For other miRNAs, TAapp

values were estimated starting with the miR-122 TAapp and

assuming that relative values for different miRNAs would scale

in proportion to their numbers of UTR sites—an assumption sup-

ported by studies showing that miRNA efficacy negatively corre-

lates with the relative numbers of UTR sites (Arvey et al., 2010;

Garcia et al., 2011; Mullokandov et al., 2012). Despite any uncer-

tainty arising from these simplifying assumptions, our TAapp es-

timates have the unique benefit of being founded on intracellular

experimental observations.

This experimental grounding produced TAapp values much

higher than those previously assumed. For example, previous

modeling of the quantitative relationships between miRNAs

and their targets assumed that a typical miRNA had �500 target

sites per cell (Wee et al., 2012). Modeling based on this low num-

ber of targets suggests that for moderately expressed miRNAs,

adding only 500 sites through increased ceRNA expression

could double the expression of a repressed mRNA, whereas

for more highly expressed miRNAs, many more sites would be

required to exert an effect (Mullokandov et al., 2012; Wee

et al., 2012). Our results in hepatocytes indicate that TAapp values

for the eleven most abundant miRNA families ranged from 2.53

105 to 7.5 3 105 sites, about 1,000 times greater than the value

previously assumed. This substantially revised estimate of effec-

tive TA leads to a different and somewhat simplified picture of the

potential for regulation through ceRNAs. In our model, miRNA

levels matter only in so much as the miRNA must reach a level

sufficient to repress a target mRNA. For any miRNA exceeding

this level, the potential for ceRNAs to influence repression is

simply a matter of whether the ceRNAs add or subtract enough

sites to meaningfully influence the TAapp. Because TAapp is a

function of the number of seed-matched sites in the transcrip-

tome and substantially exceeds the level of even the most highly

expressed miRNA, the ceRNA difference required to achieve

half-maximal effects is independent of the miRNA level. Thus,

our insights and results indicate that repression by even moder-

ately expressed miRNAs would be difficult to detectably change

through a ceRNA effect.

Under extreme physiological and disease conditions, target

abundances were not changed more than 10% for most miRNA

families. The maximum change of �25% was observed for

the let-7 miRNA family in mice fed an HFD versus a chow

diet. Interestingly, in this condition, a single highly expressed

gene (Mup7) accounted for �50% of the total decrease in

let-7 target abundance. A recent phase I trial for RNAi therapy

of Ttr amyloidosis reduced human TTR levels by >80% (Coelho
774 Molecular Cell 54, 766–776, June 5, 2014 ª2014 Elsevier Inc.
et al., 2013). Such a strong reduction of the TTR transcript,

which contributes �10% of the miR-192 TAapp in mouse livers,

would account for a decrease in miR-192 target abundance

analogous to that observed for Mup7 and let-7 in the HFD

versus chow diet, a change not expected to detectably affect

miRNA activity.

The conclusion that only large contributors to TAapp can de-

tectably influence the miRNA activity agrees with our in vivo ex-

periments; in normal liver, AldoA is expressed at �2.4 3 102

copies per cell and is among the thousand most highly ex-

pressed genes. Still, a 9-fold increase in transcript levels after

Ad-AldoA 3s infection, which added �5 3 103 MREs, increased

miR-122 TAapp by only 2% and therefore imparted no detectable

influence on target gene expression. Mup7 and Ttr are among

the thirty genes expressed in liver at copy numbers above 104

copies per cell, and therefore approaching within an order of

magnitude the estimated miRNA TAapp values. Hence, only

these 30 genes have potential on their own to perceptibly influ-

ence a TAapp.

Our study focused on miR-122, an unusually highly expressed

miRNA. Nonetheless, the same high threshold for detectable

target derepression was observed when miR-122 activity was

reduced, which indicated that our conclusions apply also to

more moderately expressed miRNAs. A study reporting loss of

miR-20 repression when adding high levels of target mRNA

also observed a threshold at high target expression (Mukherji

et al., 2011). As expected, their threshold disappeared when a

miR-20 sponge was used to lower miRNA activity below detec-

tion. More interestingly, they found that transfecting an miR-20

mimic increased the threshold for derepression. A possible

reason that they observed a change in threshold with a change

in miRNA, whereas we did not, is that their miR-20 mimic might

have added enough miRNA to exceed the miR-20 TAapp of their

cells. Another difference between their experiments and ours is

that their target contained bulged sites of a type that can induce

miRNA degradation (Ameres et al., 2010), which might produce

an apparent shift in the threshold.

Gene expression in the liver is profoundly regulated by circa-

dian and hormonal and nutritional states. Using livers of mice

exposed to insulin signaling and to pathological conditions of

cholesterol metabolism, we did not observe large changes in

target abundance, raising the possibility that our findings can

be generalized to other organs and disease states. Nonetheless,

during cell differentiation and in the context of malignant trans-

formation, expression of coding and noncoding RNA can change

dramatically (Rhodes and Chinnaiyan, 2005; Lujambio and

Lowe, 2012). In such biological settings conditions might arise

in which TAapp is lower than in physiological settings and/or a

single mRNA substantially contributes to target abundance.

In principle, such alterations could make the system more

amenable to ceRNA-mediated gene regulation.
EXPERIMENTAL PROCEDURES

Animal Experiments

Animals were maintained on a 12 hr light/12 hr dark cycle under a controlled

environment in a pathogen-free facility at the Institute for Molecular Systems

Biology, ETH Zürich. Mice were administered adenovirus through a single
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tail-vein injection of 3 3 109 plaque-forming units in a final volume of 0.2 ml

diluted in PBS and killed 5 days postinjection. Antagomir was administered

through tail-vein injections on three consecutive days, and primary hepato-

cytes were isolated on day four. For high, intermediate, and low miR-122

inhibition, mice received 3 3 80, 40, and 20 mg/kg Ant-122, respectively.

Ant-122mm (control) was used at the highest concentration. All animal exper-

iments were approved by the ethics committee of the Kantonale Veterinäramt

Zürich.

Primary Hepatocytes Isolation and Viral Infections

Primary hepatocytes of 8- to 12-week-old male C57BL/6N mice were

isolated on the basis of the method described by Zhang et al. (2012). Hepa-

tocytes were counted and plated at 300,000 cells per well in Dulbecco’s

modified Eagle’s medium low-glucose media and adenoviruses were

added in Hepatozyme media 4–6 hr after plating and harvested 24 hr post-

infection. All cells were incubated at 37�C in a humidified atmosphere con-

taining 5% CO2.

Adenoviruses

Recombinant adenoviruses were generated as described in the Supple-

mental Experimental Procedures. All adenoviruses expressed GFP from an

independent promoter. Ad-Ctrl was based on the same vector backbone

(including GFP) but lacked the AldoA transgene.

Gene Expression Analysis

2 ug of total RNA was treated with the DNA-free Kit (Life Technologies) and

reverse transcribed with the High Capacity cDNA Reverse Transcription Kit

(Life Technologies). Quantitative PCR reactions were performed with the

LightCycler 480 (Roche) employing KAPA SYBR FAST qPCR Master Mix

(23) for LightCycler 480 (Kapa Biosystems) and gene-specific primer pairs

(Table S3). Relative gene expression was calculated with the ddCT method

and mouse 36b4 (Rplp0) for normalization.

miRNA Expression Analysis

150 ng of total RNA was reverse-transcribed with the TaqMan MicroRNA

Assays and Reverse Transcription Kits (Life Technologies). Quantitative PCR

reactions were performed with the LightCycler 480 employing TaqMan

Universal PCR Master Mix, No AmpErase UNG (Life Technologies), and

TaqMan MicroRNA Assays (Life Technologies). Relative miRNA expres-

sion was calculated with the ddCT method and mouse snoRNA202 for

normalization.

RNA-Seq

For single-end library construction, total RNA was depleted of rRNA with the

Ribo-Zero rRNA Removal Kit (Epicenter). RNA libraries were prepared with

the dUTP-based, Illumina-compatible NEXTflex Directional RNA-Seq Kit

(Bioo Scientific). For paired-end library construction (performed by BGI),

total RNA was enriched for poly(A) mRNA with oligo(dT) beads and treated

with buffer in order to yield 200–700 nt fragments. First-strand cDNA was

synthesized with random hexamer primers, and second-strand cDNA was

synthesized with buffer, dNTPs, RNase H, and DNA polymerase I. cDNA

was run on an Agarose gel for suitable fragment size selection followed by a

purification, adaptor ligation, and PCR amplification. All libraries (both single-

and paired-end) were sequenced with an Illumina HiSeq 2000 sequencing

machine.

ACCESSION NUMBERS

The NCBI Gene Expression Omnibus accession number for the data reported

in this paper is GSE52801.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2014.03.045.
ACKNOWLEDGMENTS

We would like to thank M. Ravichandran and W. Johnston for technical assis-

tance as well as D. Koppstein, V. Auyeung, M. Latreille, and members of the

D.P.B. and M.S. labs for critically reviewing this manuscript. This material is

based upon work supported under a National Science Foundation Graduate

Research Fellowship (to V.A.), an ERC grant (Metabolomirs) and the NCCR

(RNA and Biology; to M.S.), and NIH grant GM067031 (to D.P.B.). D.P.B. is a

Howard Hughes Medical Institute Investigator. D.P.B. and M.S. are members

of the scientific advisory boards of Alnylam Pharmaceuticals and Regulus

Therapeutics.

Received: January 7, 2014

Revised: March 4, 2014

Accepted: March 19, 2014

Published: May 1, 2014

REFERENCES

Ala, U., Karreth, F.A., Bosia, C., Pagnani, A., Taulli, R., Léopold, V., Tay, Y.,
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