
R E S EARCH ART I C L E
STROKE
http://stm
.scien

D
ow

nloaded from
 

Results of a preclinical randomized controlled
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Numerous treatments have been reported to provide a beneficial outcome in experimental animal stroke models;
however, these treatments (with the exceptionof tissueplasminogenactivator) have failed in clinical trials. To improve
the translation of treatment efficacy from bench to bedside, we have performed a preclinical randomized controlled
multicenter trial (pRCT) to test a potential stroke therapy under circumstances closer to the design and rigor of a
clinical randomized control trial. Anti-CD49d antibodies, which inhibit themigration of leukocytes into the brain, were
previously investigated in experimental stroke models by individual laboratories. Despite the conflicting results from
four positive and one inconclusive preclinical studies, a clinical trial was initiated. To confirm the preclinical results and
to test the feasibility of conducting a pRCT, six independent European research centers investigated the efficacy of
anti-CD49d antibodies in two distinct mouse models of stroke in a centrally coordinated, randomized, and blinded
approach. The results pooled from all research centers revealed that treatment with CD49d-specific antibodies signif-
icantly reducedboth leukocyte invasionand infarct volumeafter thepermanentdistal occlusionof themiddle cerebral
artery, which causes a small cortical infarction. In contrast, anti-CD49d treatment did not reduce lesion size or affect
leukocyte invasion after transient proximal occlusion of themiddle cerebral artery, which induces large lesions. These
results suggest that thebenefits of immune-targeted approachesmaydependon infarct severity and localization. This
study supports the feasibility of performing pRCTs.
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INTRODUCTION

Ischemic stroke, a leading cause of death and disability worldwide (1),
induces the rapid loss of specific brain functions, a result of insufficient
blood flow to specific brain regions. Together with other downstream
effects, stroke triggers an acute inflammatory response in the brain,
which activates harmful signaling cascades that contribute to secondary
brain damage (2). Although stroke places enormous medical and eco-
nomic burdens on society, thrombolysis with tissue plasminogen acti-
vator (tPA) is currently the only clinically approved therapy for
ischemic stroke. Safety considerations require, however, that tPA must
be administered within a very narrow time window after the onset of
symptoms, and tPA treatment has important contraindications such as
hemorrhage or oral anticoagulation (3, 4). Because of these constraints,
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tPA is only provided to a small percentage of all stroke patients in in-
dustrialized countries; the overall therapeutic impact of tPA is negligible
when developing countries are also considered.

In recent decades, several experimental therapies have been developed
and tested for their ability to mitigate stroke-related brain injury, which
can include postischemic, excitotoxic neuronal damage, spreading de-
polarization, apoptosis, and/or inflammation (5, 6). Unfortunately, none
of the tested drugs that show promise in animal models of stroke have so
far been translated into clinical use for stroke patients (7, 8), and most
major pharmaceutical companies have stopped research and develop-
ment in this area. The cause of this failure in clinical trials ismultifactorial
and may include poorly designed preclinical and clinical studies, biased
selection of substances for clinical testing, and underpowered clinical
trials with overambitious and pathophysiologically irrelevant therapeutic
windows (5, 9). Indeed, academic and industrial researchers, as well as
funding agencies and journals, now recognize the existence of a “repro-
ducibility crisis”: the results of preclinical studies in many research fields,
including stroke, lack robustness, and only a small fraction of these stu-
dies can be replicated (10).

To overcome the current limitations of preclinical in vivo studies,
strict operational and statistical guidelines have been developed for
the data reporting, and suggestions have been implied for design and
performance of preclinical studies (11). In addition, pRCTs have been
proposed as a way to help bridge the gap between experimental labora-
tory research and clinical trials (12–14). Such studieswould be primarily
confirmatory, designed to test efficacy of previously defined therapeu-
tic concepts in a study design with the highest standards for statistics,
analysis, and reporting (15). Finally, such a studywill havemany of the
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characteristics of adequately powered clinical trials. Several internation-
al consortia have been established to perform such studies, and multi-
center investigations have been reported, but no pRCT has been
published to date. Therefore, our objective was to implement a pre-
clinical multicenter trial by applying rigorous design, experimental,
and analysis standards to test the efficacy of an anti-inflammatory ther-
apeutic intervention (that is, blocking leukocyte migration with anti-
CD49d antibodies) in two experimental models of stroke.

Brain leukocyte invasion is a keymechanism thatmediates secondary
neuronal injury after an acute brain lesion (2, 16). Transendothelial
migration is tightly regulated by adhesion molecules, specifically the in-
teraction between the molecules VLA-4 (leukocyte very late antigen-4)
and VCAM-1 (vascular cell adhesion molecule-1) (17, 18). Antibodies
against the a chain of VLA-4 (anti-CD49d antibodies) have shown ef-
ficacy in several models of autoimmune diseases, and the humanized
antibody natalizumab is currently one of the most effective therapies
for patients with multiple sclerosis (19). Four single-center studies re-
ported that anti-CD49d antibodies confer cerebroprotective proper-
ties in mouse models of brain ischemia by blocking the postischemic
invasion of leukocytes into the brain (20–23). However, one of these
studies reported different efficacies between different stroke models
(20). The neuroprotective potential of anti-CD49d treatment was chal-
lenged further by a subsequent study that reported no treatment effect
(24). A phase 2 clinical trial is currently testing the effect of natalizumab
in patients after acute ischemic stroke (ClinicalTrials.gov identifier:
NCT01955707).

The availability of reliable preclinical data is essential for selecting
the drug candidates with the highest clinical potential and for designing
the most effective clinical study, thereby minimizing unnecessary, cost-
ly, and even harmful clinical trials. We therefore tested anti-CD49d
www.ScienceTranslationalMedicine.org 5
treatment in a multicenter, randomized
preclinical trial. The predetermined pri-
mary end point for the trial was infarct
volume measured in two ischemic stroke
models. The secondary end points were
functional outcome and the invasion of
leukocytes into the brain.
RESULTS

For this experimental trial, we used two
different models of focal brain ischemia
(Fig. 1, A to C) to address potential patho-
physiological differences among com-
monly used stroke models (25, 26). Small
lesions confined to the cortex were induced
by coagulation of the distalmiddle cerebral
artery (cMCAO), whereas lesions in the
cortex and subcortical structures were in-
duced by transiently occluding the MCA
at its origin for 60minwith an endovascular
filament (fMCAO). A total of 315 male
C57BL/6J mice from the following five
independent European research centers
were randomized in this trial by the author
indicated by their initials [center 1: Caen
(D.V.), center 2: Milan (M.-G.D.S.), center
3: Barcelona (A.M.P.), center 4: Munich (N.P.), and center 5: Berlin
(U.D.)], whereas the sixth center centrally coordinated the study and
analyzed the data (Munich, A.L.). A total of 81 and 174 mice were in-
cluded in the final analyses of the cMCAO and fMCAO groups, respec-
tively (Fig. 1D). The animals’ physical features, mortality incidences,
and reasons for exclusion are summarized in Table 1. The body temper-
ature of themice at center 3 differed significantly from the other centers,
and the body weight of the mice at center 4 differed significantly from
the other centers; however, all values were within their respective nor-
mal physiological range for mice.

Anti-CD49d treatment reduces infarct volume after
cortical stroke
Previous studies performed in individual laboratories with relatively
small sample sizes suggested that anti-CD49d antibodiesmight improve
outcome after stroke (20–23); in contrast, another study reported no
significant benefit of this treatment (24). We therefore examined the
efficacy of anti-CD49d treatment in experimental ischemic stroke by
performing a pRCT, using pooled infarct volume of all centers per each
stroke model as the primary end points. The anti-CD49d antibody or a
control immunoglobulin G (IgG) antibody (300 mg each) was ad-
ministered intraperitoneally in a randomized and blinded fashion
3 hours after stroke induction.Analysis of thepooleddata fromall centers
revealed that treatment with anti-CD49d antibodies resulted in 19%
smaller infarct volume 7 days after cMCAO compared to administration
of control IgG (P < 0.05) (Fig. 2A). In contrast, 4 days after inducing
fMCAO, infarct volume did not differ between control IgG–treated
andanti-CD49d–treatedmice, regardlessofwhether thedatawereanalyzed
for each individual center or as a pooled data set (Fig. 2B). To addi-
tionally show the effect sizes (ESs, standardized mean difference) of
Fig. 1. Animalmodels andanal-
ysis diagram. (A) Illustration of
the circle ofWillis looking caudal-
ly from the rostral side, indicat-
ing the MCAs with the distal or
proximal occlusion sites used in
the cMCAOor fMCAOmodels, re-
spectively. ACA, anterior cerebral
artery; BA, basilar artery; PCA,
posterior cerebral artery; ICA, in-
ternal carotid artery. (B and C)
Representative cresyl violet (CV)–
stained sections 7 days after cMCAO
(B)or4daysafter fMCAO(C).Dashed
lines demarcate the lesion area.
(D) Protocol diagram summariz-

ing the number of animals included (incl) (315 mice), with exclusion (excl) per group and included animal

numbers for final analysis. Exclusion criteria were defined as described in Materials and Methods. “†” in-
dicates dead animals.
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antibody treatment in the two stroke models, we performed a meta-
analysis using inverse-variance weighting (random-effects model)
from all centers; these results are illustrated as a forest plot (Fig. 2C).
www.ScienceTranslationalMedicine.org 5
Consistent with the results from the mixed
model analysis used to test the primary end
point (Fig. 2, A and B), the result from the
cMCAO model showed no significant ef-
fect of treatment if analyzed separately
for each center, whereas a subtotal analysis
(pooled for cMCAO) revealed a signifi-
cant treatment effect [ES, 0.57; 95% con-
fidence interval (CI), 0.01 to 1.13]. As in
the mixed model primary analysis, no
significant effect was found in the anal-
ysis forpooled infarct volumeafter fMCAO.
When the data were pooled from all treat-
ment centers and both models, the ES no
longer favored treatment (ES, 0.23; 95%
CI, −0.1 to 0.55).

Next, we investigated the accuracy of
our assessment of the primary end point.
Infarct volume was independently mea-
sured by two researchers (G.L. and A.L.)
at the central study center. These researchers
were blinded with respect to the groups,
and concordance of their results was con-
firmed using Bland-Altman analysis and
calculation of intraclass correlation co-
efficient (ICC), which revealed excellent
interrater reliability (ICC, 0.99; 95% CI,
0.990 to 0.994; Fig. 2D and fig. S1A).
Moreover, each study center reevaluated
the infarct volumes of the samples, con-
firming reliability between the central anal-
ysis and the analyses from each center (ICC
range, 0.88 to 0.99; fig. S1B). Together, these
results support the hypothesis that anti-
CD49d treatment reduces infarct volume
in cortical lesions after permanentMCA oc-
clusion; moreover, our results suggest that
treatment efficacy might depend on infarct type and severity, because
anti-CD49d treatment was not effective after transient occlusion of the
proximal MCA.
Table 1. Animal characteristics.
Center

Stroke
model
Time after lesion
(days)
Total
n

M
ortality

Exclusion: No

infarct

Exclusion: Other

criteria*

Final
n

A

Mean body
temperature†
ugust 2015 Vol 7 Issue 2
Mean body
weight
1
 Filament
 4
 45
 1
 9
 1
 34
 37.43
 25.02
2
 Filament
 4
 45
 9
 6
 —
 30
 37.88
 23.13
3
 Filament
 4
 45
 6
 3
 —
 36
 38.77‡
 23.35
4
 Filament
 4
 45
 —
 —
 —
 45§
 —
 20.60‡
5
 Filament
 4
 45
 7
 2
 7
 29
 37.95
 24.81
1
 Coagulation
 7
 30
 —
 —
 —
 30
 37.51
 24.62
2
 Coagulation
 7
 30
 —
 2
 2
 26
 37.74
 23.39
3
 Coagulation
 7
 30
 —
 5
 —
 25
 38.35‡
 23.88
*Other exclusion criteria: Neuroscore <8 at 24 hours after fMCAO, overt mechanical damage, or disruption of the brain sample or sham animals with lesion. †Baseline values before
anesthesia induction. ‡P < 0.05 [analysis of variance (ANOVA)]. §P < 0.05 (c2).
Fig. 2. Primary endpoint analysis. (A) In-
farct volumes 7 days after cMCAO with
isotype IgGcontrol or anti-CD49d treatment
3 hours after MCAO induction. Results are
presented per individual contributing cen-
ter [center 1: n(IgG control): 10, n(anti-CD49d):
10; center 2: n(IgG control): 8, n(anti-CD49d):
; and center 3: n(IgG control): 7, n(anti-CD49d): 8] and as pooled samples from all centers [N(IgG control): 25,
(anti-CD49d): 27]. Mixed model analysis revealed significantly (b = 1.8, SE = 0.8, P = 0.027) lower infarct
olumes in the anti-CD49d treatment group. (B) Corresponding results for infarct volumes 4 days after
CAO (b = −0.3, SE = 3.3, P = 0.947). Results are presented per individual contributing center [center

: n(IgG control): 11, n(anti-CD49d): 9; center 2: n(IgG control): 6, n(anti-CD49d): 9; center 3: n(IgG control):
2, n(anti-CD49d): 9; center 4: n(IgG control): 15, n(anti-CD49d): 15; and center 5: n(IgG control): 5, n(anti-
D49d): 9] and as pooled samples from all centers [N(IgG control): 49, N(anti-CD49d): 51]. Center labels
r contributing centers are consistent between the two stroke models. Data are presented as means ± SD.
) Forest plot of ES estimation by the inverse-variancemethod in a random-effects model in individual cen-
rs and in all-center pooled data, corresponding to centers depicted in (A) and (B). (D) Bland-Altman
lot for interrater concordance of infarct volumemeasurement for the two independent and blinded raters

at the central study center. LA, limit of agreement.
99 299ra121 3

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 on A
pril 20, 2016

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

Anti-CD49d treatment reduces the invasion of leukocytes
into the brain after cortical stroke
Previous studies (20, 24) suggested that anti-CD49d treatment exerts its
primary therapeutic effect on brain ischemia by inhibiting leukocyte
invasion of the brain. To investigate this process, we prepared brain
sections from mice after MCAO or sham surgery; we then immuno-
stained the sections with antibodies against CD45, a marker for leuko-
cytes (Fig. 3A). The stained sections were analyzed by researchers who
were blinded with respect to the surgical and treatment groups.
Cumulative topographic maps of leukocyte invasion after cMCAO re-
vealed that leukocytes infiltrated the region surrounding the infarct
core, with predominant localization in the peri-infarct cortical area
(Fig. 3B). Anti-CD49d treatment significantly (P < 0.001) reduced the
number of leukocytes in the infarct area after cMCAO (Fig. 3, B and C),
consistent with our finding of reduced lesion volume in anti-CD49d–
treated mice after cMCAO. Mice that underwent fMCAO had signifi-
cantly fewer cerebral leukocytes than those thatunderwentMCAOcMCAO
[mean (SD), 5.4 (3.6) versus 11.4 (4.4) cells per section, respectively; P <
0.001], and anti-CD49d treatment did not affect the invasion of leukocytes
after fMCAO (Fig. 3D). Because of the high variability in lesion size and
location in the fMCAOmodel, we were unable to generate topographic
maps; however, we measured a weak yet significant inverse correla-
www.ScienceTranslationalMedicine.org 5
tion between infarct volume and cerebral
leukocyte count in the fMCAO-induced
group (Fig. 3E), suggesting a relationship
between lesion size and cellular poststroke
neuroinflammation.

Other secondary outcome
parameters were not affected by
anti-CD49d treatment
In addition to the infiltration of leukocytes
into the brain, we also measured the
following outcomes as predefined second-
ary end points: mortality, physiological
parameters, and behavioral deficits. Our
analysis revealed that none of these out-
comes was significantly affected by anti-
CD49d treatment. For the cMCAOmodel,
we used the rotarod test and the adhesive
removal test, two well-established func-
tional tests for this stroke model. An
analysis of functional outcome with the
per-protocol analysis revealed that senso-
rimotor deficits in both tests (at three time
points after stroke) did not differ signifi-
cantly between the sham surgery group
and either the control-treated or anti-
CD49d–treated cMCAO groups. Hence,
we were unable to discriminate between
cMCAO and sham surgery, indicating that
these commonlyused tests lacked sufficient
sensitivity to detect the limited neurologi-
cal deficits in the cMCAOmodel (fig. S2,
A to C and E). Additionally, the mean ab-
solute values for both tests differed greatly
between individual centers (fig. S2, A and
B), indicatinghigh intercenter variability in
performing these tests, despite the use of harmonized procedures. To elim-
inate intercenter variability as a source for increased variability for this
parameter, we performed a secondary analysis inwhich the poststroke def-
icitswerenormalized to their respective baseline values (fig. S2F). This anal-
ysis revealed a cMCAO-induced deficit in the adhesive removal test;
however, treatmentwith the anti-CD49d antibody had no significant effect
on this deficit. Because of the substantial behavioral deficits induced by
fMCAO, the tests used for cMCAO could not be applied in this model.
Therefore, we tested deficits in the fMCAOmodel by a composite Neu-
roscore, with no difference apparent between treatment groups (fig. S3A);
this lack of treatment effect is consistentwith the lack of treatment effect on
infarct volume in this model. The composite Neuroscore test robustly de-
tected significant deficits in the animals (compared to sham treatment) in
all five research centers 4 days after stroke. A correlation analysis of this
large cohort of animals (n = 174 fMCAO-induced mice) revealed mod-
erate correlation between infarct volume and Neuroscore outcome (r =
0.76 and r = 0.77, 2 and 4 days after stroke, respectively; fig. S3B). Although
cMCAO did not cause mortality (within 7 days after stroke), fMCAO
resulted in similar mortality rates in the control IgG–treated (16.0%) and
the anti-CD49d–treated (14.6%) groups (fig. S4). Similarly, the physiolog-
ical parameters (body temperature and body weight) were affected by
fMCAObut not by cMCAO(fig. S5). Specifically, fMCAO-induced brain
Fig. 3. Leukocyte brain infiltration after cMCAO and fMCAO. (A) Representative image of CD45 immu-
nohistological staining in the peri-infarct area 7 days after cMCAO. Green, CD45–Alexa Fluor 488; blue, 4′,6-

diamidino-2-phenylindole (DAPI). Scale bar, 10 mm. (B) Cumulative topographic representation of each
single CD45+ leukocyte detected on one coronal section per brain, excluding the infarct core area. Topo-
graphic maps for each section were superimposed for both treatment groups [n(IgG control): 25, n(anti-
CD49d): 27]. Total CD45+ count in ipsilateral hemispheres was 284 cells in the IgG group and 196 cells in
the anti-CD49d group. (C) Quantitative analysis of CD45+ cell count per one coronal section in ipsilateral (ip)
and contralateral (con) hemispheres of sham-operated animals (n = 30) and anti-CD49d–treated (n = 25) or
IgG control–treated (n=27)mice 7days after cMCAO. (D) Correspondingquantification of CD45+ cells 4 days
after fMCAO, sham-operated animals (n= 74), and anti-CD49d–treated (n = 49) or IgG control–treated (n= 51)
mice. Data in (C) and (D) are presented as means ± SD. (E) Linear regression analysis of CD45+ cell counts per
ipsilateral hemisphere of both treatment groups (x axis) and infarct volume (y axis) 4 days after fMCAO.
r, Pearson correlation coefficient.
August 2015 Vol 7 Issue 299 299ra121 4
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DISCUSSION

Here, we report the results of an internationalmulticenter, randomized,
controlled, and blinded experiment for the preclinical testing of drug
efficacy. The design of this study was modeled on phase 3 clinical ran-
domized controlled trials, which are the current standard in clinical
drug development and are required to license a new drug. Our study
was performed in response to the “replication crisis” (10), the exceed-
ingly low reproducibility, and lack of robustness of preclinical results in
academic research (27–29). In addition, our approach may help to re-
solve the translational roadblock, in which promising preclinical
approaches fail to be translated to clinically effective therapies (30–32).
Thus, international research consortia—which provide larger sample sizes
with sufficient statistical power and a study design that reduces the
confounding effects of bias—have been proposed as a way to improve
the robustness and translational predictability of preclinical research
(13, 14, 33–35).

To improve the quality and reliability of preclinical research, several
international research consortia have been established, including the
European Union (EU)–funded Multi-PART (Multicentre Preclinical
Animal Research Team) consortium for stroke research and the Na-
tional Institutes of Health–funded CAESAR (Consortium for pre-
clinicAl assESsment of cARdioprotective therapies) consortium for
cardiovascular research. Systematic efforts by these consortia and others
have revealed that inadequate reporting of data, statistical flaws, and
missing cross-validation of data from independent study centers are
major flaws in preclinical translational research (5, 13, 33, 36, 37). Vir-
tually all preclinical studies performed by individual research groups are
underpowered and often fail to adequately control for bias (for example,
using randomization and blinding) (38). For example, the average
group size in more than 2000 different experiments involving more
than 35,000 rodents (in which hundreds of different treatments were
tested in ischemic strokemodels) is only 8.6 animals per group (median,
8; range, 1 to 54) (39). Ioannidis et al. (34) examined a random sample
of in vivo animal studies published since 2006 and found that fewer than
30% of studies used randomization and fewer than 10% performed a
blinded assessment of outcome; with respect to experimental stroke re-
search, these percentages are even lower (40). A meta-analysis of 49
published preclinical meta-analyses (comprising 730 primary individu-
al studies in the field of neuroscience) revealed that the median statis-
tical power was only 21% (41). This means that of 100 studies that are
conducted to investigate a genuine treatment effect, only 21 will actually
be powered in such a way as to be able to demonstrate the effect, a result
of small sample sizes. Until as recently as several decades ago, clinical
trials were challenged by the same issues that face preclinical biomedical
research today, including low internal validity, low statistical power, and
a high rate of false positives. By developing and implementing rigorous
standards for the design, execution, analysis, and reporting of studies,
today’s clinical trials can deliver robust and relevant results. Learning—
and adopting key measures—from current clinical trial design (for ex-
ample, randomization, blinding, and a priori power analysis), as in our
pRCT,may help to overcome the current crisis of preclinical translational
medicine. Such an approach has clear advantages over a meta-analysis,
www.Scien
which pools results from studies with different methodological and sta-
tistical standards, potentially differing protocols, and lack of monitoring.
In contrast, as explained in detail below, our pRCT approach aimed to
harmonize protocols and warranted a prospective, blinded, and rando-
mized study design, central monitoring of data quality, and centralized
analysis and data deposition.

Here, we used the twomost common experimental models of ische-
mic stroke to test a drug candidate that is already being tested in a phase
2 clinical trial after only a few, small-scale, single-center studies in mice.
In all but one case (8), this approach in stroke research has led until now
to costly failures and the exposure of patients to ineffective—or poten-
tially harmful—drugs (42). Many other medical fields share this frus-
trating experience. The primary objective in the design of our study
was to achieve maximum harmonization of the methods used by the
various participating study centers. The basic protocol, as well as the
primary and secondary end points, was predefined by coordination be-
tween the six laboratories. In clinical trials, patient care among various
trial sites is relatively uniform and performed in accordance with na-
tional and international guidelines. In our study, achieving harmoniza-
tion of thematerials and standard operating procedures was a challenge
in the initial phase of our study because the various laboratories gener-
ally use different strategies for testing drugs in the stroke models. We
achieved the best possible harmonization of the surgical procedures and
behavioral tests by using same-age and same-gender mice obtained
from the same commercial breeder, centrally supplying all critical
materials (for example, the filaments used to induce transient stroke),
and defining the methods used for the surgical procedures, behavioral
tests, and data acquisition. Several factors could not be harmonized ful-
ly, including the use of specific anesthetics and analgesics (a result of
differences in local regulations regarding the conduct of animal
experiments), the expertise of the surgeons, postsurgical care, body tem-
perature maintenance, and monitoring of cerebral blood flow after ves-
sel occlusion; all of these factors can potentially influence stroke
outcome. Nevertheless, comparable differences in equipment, legal re-
quirements, and the skills of the medical personnel also confoundmost
clinical RCTs. Other variables included between-site differences in the
use of sedation protocols, in postoperative anesthesia and analgesic
drugs, and in mouse microbiota.

These remainingmethodological differences might actually increase
the robustness of our obtained resultswith respect to clinical translation.
Indeed, wewere able to demonstrate that drug efficacy could be demon-
strated despite the above-mentioned procedural differences. Further-
more, increasing the sample size by pooling the efforts of multiple
laboratories reduced statistical variability and increased sensitivity of
outcome measures such as the infarct volume in the cMCAO model,
cerebral leukocyte counts, and the Neuroscore.

Another aspect of the study that was handled individually by each
study site was the approval of the animal experiments. Because of dif-
fering regulatory processes in Spain, France, Italy, and Germany, a uni-
form approval for all European partner sites was not achievable despite
the European directive 2010/63/EU. However, future pRCTs could get
approval more easily or via a single-point process for all partner sites if
pRCTs showedmore robust results than a single study andwere regarded
as a part of the preclinical evaluation of drug development.

Natalizumab, a humanized anti-CD49d antibody, is currently one of
the most effective disease-modifying drugs for multiple sclerosis (19).
With more than 7 years of clinical use, the efficacy and safety profiles
for natalizumab are well established. Themajor risk associated with this
ceTranslationalMedicine.org 5 August 2015 Vol 7 Issue 299 299ra121 5
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treatment approach (the induction of progressivemultifocal leukoence-
phalopathy) usually emerges after long-term treatment, but not after a
single dose. Recently, several research groups established that lympho-
cyte invasion plays a role in stroke pathophysiology (20, 43–46). For
example, lymphocyte-deficient mice have substantially smaller lesion
volumes compared to wild-type mice (43). Therefore, targeting the
adaptive immune system is a promising therapeutic strategy for stroke.
However, the contribution of secondary neuroinflammation to post-
stroke pathophysiology is far less explored, and the translatability of
murinemechanisms to the human situation regarding stroke immunol-
ogy is still under discussion (47, 48). On the basis of previous experi-
mental studies with anti-CD49d antibodies in stroke models (20–22)
and the safety data on natalizumab use in patients with multiple sclero-
sis, a phase 2 clinical trial was initiated recently to test the effect of natalizu-
mab in patients with acute ischemic stroke [ACTION (Effect of
Natalizumab on Infarct Volume in Acute Ischemic Stroke) trial, Clinical-
Trials.gov identifier: NCT01955707]. During the ACTION trial, an animal
study was published that reported no effect of natalizumab on stroke (24),
raising concerns about the efficacy of this approach (24, 49). In contrast,
in our multicenter study, consistent with previous results (20), we found
that anti-CD49d treatment exerted amodest yet significant neuroprotec-
tive effect in the cMCAOmodel, but not in the fMCAOmodel of transient
occlusion, which causes extensive damage. Notably, this protective effect
was statistically significant when the cMCAO results were pooled from all
centers but not when analyzed in each individual center. When we pooled
results fromboth strokemodels, no significant treatment effectwasobserved.

The difference in the neuroprotective efficacy of anti-CD49d treatment
between the twomodelsmight be attributed to biological differences in the
underlying pathophysiology and/or insufficient statistical power as a result
of the unexpectedly high variability in the fMCAO model. In a head-to-
head comparison of the fMCAO and cMCAOmodels, the authors found
large differences in neuroinflammatory markers between the two models
(26). Unexpectedly, moderate-sized cortical lesions, which appeared after
permanent occlusion in the cMCAOmodel, induced higher levels of leu-
kocyte brain invasion, microgliosis, and proinflammatory cytokine release
than did the extensive hemispheric lesions of the transient ischemiamodel
(26). Consistent with these results, we also found about twofold higher ce-
rebral leukocyte counts after cMCAO than fMCAO.However, it should be
noted that different time points (4 days after fMCAO versus 7 days after
cMCAO)were used in the twomodels because of the highmortality rate in
the fMCAO-treated mice after 4 to 5 days; moreover, the cMCAOmodel
requires craniectomy and penetration of the dura. However, a recent study
by Chu et al. reported twofold higher cerebral leukocyte cell counts after
permanent occlusion by a filament in the fMCAO model compared to
transient occlusion in the same stroke model, indicating that there may
be pronounced leukocyte brain invasion in situations in which reperfusion
is not established, regardless of the strokemodel used (50). In our study, the
cerebral leukocyte counts in the anti-CD49d–treated cMCAO group (the
permanent occlusionmodel)were considerably higher than in the fMCAO
group, and we found no treatment effect of anti-CD49d on the relatively
low leukocyte numbers in the fMCAOmodel. Therefore, inhibition of the
migration of leukocytes into the brain with anti-CD49d antibodies may be
more effective in strokes that trigger amore robust inflammatory reaction.
This possibility has been generally overlooked in preclinical testing of im-
munotherapeutics for stroke, and it has also not been considered in the
design of clinical studies.

Because of its unique design (pooling results from five centers and
the unprecedented large sample size in a single preclinical experiment),
www.Scien
our study provides a critical view of commonly used methods in exper-
imental stroke research. The variability of outcomes differed substan-
tially between the two models; specifically, the overall SD in the
control-treated cMCAO group was 30% [mean (SD), 8.9 (2.7); n = 25
mice], which is considerably lower than the surprisingly high SD in the
control-treated fMCAO group [53%; mean (SD), 36.4 (19.9); n = 49].
Furthermore, our study also revealed an unexpectedly weak sensitivity
of some of the most widely used behavioral tests, particularly in the
cMCAOmodel, which induced only subtle neurological deficits. The ro-
tarod and adhesive tape removal tests are two of the most common tests
performed in experimental stroke research (51), and they have been suc-
cessfully used by each laboratory in our study. Nevertheless, the rotarod
test failed to detect poststroke deficits compared to sham surgery, even
after the test results were normalized to baseline values, thus excluding
intercenter differences. Moreover, the adhesive removal test results
showed wide variability, even after normalization, and therefore lacked
statistical power to detect treatment effects; nevertheless, this test was able
to detect significant deficits after cMCAO. In addition, the Neuroscore,
which was used to quantify deficits after fMCAO, also had high varia-
bility and revealed only a moderate correlation between test results and
lesion volume. It was also apparent that the laboratory with previous
experience using the Neuroscore (center 2) obtained more consistent
results with this test than did laboratories that used this test for the first
time (fig. S3). This finding might reflect a more general challenge with
respect to harmonizing procedures, which was a necessary step in
designing our pRCT. For example, deciding a priori to use mice of a
specific age or deciding to centrally distribute the surgical material
might necessitate changes in local standard operating procedures,
which, in turn, could increase variability. Nevertheless, we reasoned that
harmonizing the basic procedures and using similar materials were es-
sential for achieving a multicenter, randomized, blinded pRCT, thereby
minimizing intercenter effects and facilitating the analysis of pooled
data based on group means.

On the basis of the previous considerations and newmethodological
insights gained in our study, we were able to define several points of
potential improvement for future pRCTs: an obvious limitation for
our analysis strategy was the constraint to a per-protocol analysis,
lacking an additional intention-to-treat analysis. This is due to a sub-
stantial amount of missing data for the primary outcome measure (in-
farct volume) because of mortality or no infarct demarcation. This
might be circumvented in future studies by using inclusion criteria si-
milar to clinical trials such as imagingmodalities for confirmation of an
infarct, a defined neurological deficit range as an inclusion criterion, and
use of a behavioral readoutmarker ormortality as primary end point. In
analogy to clinical trials, which pool stroke patients with differing stroke
etiology, future pRCTsmight also consider pooling outcomeof different
models for testing drug efficacy.

One surprise in our studywas the low performance of the behavioral
tests, as well as exceedingly high variability of the fMCAO model. It
would be desirable to evaluate such methodological characteristics in
“pretrials” before future pRCTs, with the aim to validate the used
methods and grade of harmonization in-between study centers before
performing the actual pRCT. Such a pretrial would also give the oppor-
tunity to include a dose-escalation study for the investigated drug before
defining the dose for the pRCT. Finally, central assessment of behavioral
outcomes based on video recordings might reduce variability and
improve test sensitivity, which should be evaluated in a pretrial for
a future pRCT.
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Given the lack of funding for international collaborative confirma-
tory research, the apparent lack of incentives for individual researchers
and laboratories, and the competitiveness associated with preclinical
biomedicine, so-called pRCT studies—although deemed necessary—are
often believed to be impossible to implement. Here, we report the fea-
sibility of this approach, despite the existence of several obstacles, and
we hope that this study will encourage researchers in all biomedical re-
search fields to consider forming similar consortia to perform essential
preclinical trials before advancing to clinical development; this ap-
proach is particularly relevant to biomedical research fields that have
traditionally been hampered by lack of reproducibility and translational
roadblock.We estimated the total full cost of our study at about €165,000
($ 180,000), includingmore than €30,000 direct drug costs (table S1). Be-
cause the use of pRCTsmay avoid unnecessary clinical trials and improve
our ability to predict successful translation, these costs for a confirmatory
study seem reasonable (52).

Our study demonstrates that poststroke treatment with anti-CD49d
antibodies confers a neuroprotective benefit in a specific mouse model
of stroke. We found differences between the results from two ischemic
stroke models with respect to cerebral leukocyte invasion and the effi-
cacy of anti-CD49d treatment; therefore, future clinical trials testing im-
munotherapeutic drugs for stroke will need to ensure that the included
study population feature a substantial neuroinflammatory reaction to
the brain injury, which may improve its potential to profit from such
therapeutic approaches. Finally, the ability of a pRCT to advance
translational research and increase the reliability of preclinical findings
should be tested by comparing the results of clinical trials with the
results of their preceding pRCTs.
 on A
pril 20, 2016
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MATERIALS AND METHODS

Study design
A key objective of this study was to implement and to test the feasibility
of performing an international pRCT in experimental biomedicine. An-
other objective was to use this pRCT approach to robustly test the neuro-
protective effect of CD49d-specific antibodies in two murine models of
experimental stroke. This study was performed from June 2013 (initi-
ation) through October 2014 (unblinding) by an international consor-
tium consisting of six independent research groups. The infarct volume
of the pooled samples from all centers and from each model was a pre-
determined primary end point of the study. The secondary end points
were functional outcome and themigration of leukocytes into the brain.
TheMunich study center (A.L.) initiated the trial, coordinated the study
design, and performed central data analysis, whereas the other five
centers [Caen (D.V.), Milan (M.-G.D.S.), Barcelona (A.M.P.), Munich
(N.P.), and Berlin (U.D. and A.R.)] contributed to study design, per-
formed the experimental part of the study, and validated centrally
determined infarct volumes. In total, 315 male C57BL/6J mice (8 to
10 weeks of age) were used [90mice for cMCAOMCAOmodel (30mice
per treated group) and 225mice for fMCAOMCAO (75mice per treated
group)]. Overall sample size per strokemodel was determined a priori by
performing a power calculation with G*Power (version 3.1) software
using the two-tailed Wilcoxon-Mann-Whitney test for two groups. For
both models, an a level of 0.05 and a power of 0.9 were required. For the
cMCAOMCAO model, a Cohen’s d ES of 0.9 was used [a conservative
assumption based on our previous results demonstrating an ES d of 1.2
(20)]. In contrast, previous studies using the fMCAOmodel in mice did
www.Scien
not detect a significant treatment effect that we could use to calculate ES.
Therefore, we assumed an ES d of 0.6 to be biologically relevant, a highly
conservative assumption based on our previous experience, which re-
vealed greater variability of infarct volume after fMCAO compared to
cMCAO. In addition, a 4-day mortality rate of 20% was assumed for
the fMCAO group. This yielded a final sample size of 29 mice per treat-
ment group for cMCAO and 63 mice per treatment group for fMCAO.
Coded samples of anti-CD49d and control antibodies, as well as some
additional items (for example, the filaments used to occlude the MCA
and the behavioral test equipment), were distributed to each study center.
The operational exclusion criteria were predefined (see below), and ana-
lytical exclusion criteria (see specifications below) were defined during
data acquisition. The mice were allocated to the treatment and surgery
groups using randomization lists generated with an online randomizer
tool (www.randomizer.org) provided by the coordinating center. Treat-
ment, surgery, analysis of infarct volume, and secondary outcomemea-
sures were performed by researchers who were blinded with respect to
the treatment groups. Unblinding was performed after the statistical
analyses were completed.Digital scans of the brain sections and all anal-
ysis files were stored on a central database that was accessible to all study
contributors. The complete set of data is reported, including outliers.
The full data set obtained from this study is publicly available at the fig-
share repository (http://dx.doi.org/10.6084/m9.figshare.1289824). The
study protocol is available in the Supplementary Materials as fig. S6.

Animals
This studywas conducted in accordancewith the respectivenational guide-
lines regarding the use of experimental animals, and all procedures were
approved by the respective government and institutional committees for
the individual research groups [Munich: RegierungspräsidiumOberbayern;
Barcelona: Ethics Committee (CEEA) of the University of Barcelona
and theDepartament d’Agricultura, Ramaderia, Pesca,Alimentació iMedi
Natural de la Generalitat de Catalunya; Milan: Institutional guidelines
and authorization by the Italian Ministry of Health; Berlin: Landesamt
fürGesundheit und Soziales, Berlin; andCaen:Regional ethics committee
of Lower Normandy]. Approval for the performed experiments was
reached at each study site by different means, such as including the ex-
periments in a 3-year laboratory program, as an addendum to an existing
license, or applying for a new license as a “proof-of-principle” study. In
total, 315male C57BL/6Jmice (8 to 10weeks of age) were supplied to the
research groups fromCharlesRiver Laboratories (stock #664). The animals
were housed in a controlled temperature (22 ± 2°C) with a 12/12-hour
light/dark cycle and access to pelleted food andwater ad libitum.Thenum-
ber of mice per cage, the use of environmental enrichment, and food type
were all determined individually by each research group in accordancewith
locally approved standard procedures. Where applicable, body weight
(measured daily) and body temperature (measured on the surgery day
and 1, 3, and 7 days after surgery) weremeasured for eachmouse. All pro-
cedures regarding the study design, animal experiments, statistical analysis,
and data reporting fulfill the criteria of theARRIVE (Animal Research: Re-
porting of In Vivo Experiments) guidelines (see checklist in the Supple-
mentary Materials as fig. S7).

Antibody treatment
Animals received an intraperitoneal injection of antibodies 3 hours after
stroke was induced (by coagulation occlusion or filament insertion);
300 mg of monoclonal mouse anti-CD49d antibody (clone R1-2,
eBioscience) or rat IgG2b isotype control antibody (clone LTF-2, Bio
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X Cell) was diluted to 1 mg/ml in phosphate-buffered saline (PBS) and
prewarmed to 37°C before injection. The antibody concentration was
chosen on the basis of information in two previous reports that used
the same antibody clone in experimental stroke models (20, 24).

Transient MCAO (fMCAO) model
Animals were anesthetized with isoflurane in a 30 to 70% mixture of O2

andN2O, and the temporal bonewas exposedwith an incisionbetween the
ear and the eye. A laserDoppler probe (at centers 1, 3, and 4)was affixed to
the skull above the MCA territory. The animal was then placed in the su-
pine position. Using a midline neck incision, the common carotid artery
and the external carotid artery (right side, groups 1 to 3; left side, groups 4
and 5) were isolated and ligated; a 2-mm silicon-coated filament
(#701912PK5Re, Doccol) was threaded into the internal carotid artery,
and MCA occlusion was confirmed by a reduction in the corresponding
laser Doppler flow. After 60min of occlusion, the animals were reanesthe-
tized, and the filament was removed. For the postsurgical survival period,
the animalswere housed in their home cageswith access towater and food.
Sham-operated control mice received the same surgical procedure, except
the filament was not inserted. Body temperature was maintained during
surgery using a feedback-controlled heating pad. Analgesia was provided
during surgery and in the postoperative phase in accordance with each
center’s local regulations.

Surgical exclusion criteria: Centers 1, 3, and 4 used laser Doppler flow
during the operation to confirm sufficient MCA occlusion (a reduction in
blood flow to <20% of the baseline value). In addition, at all five contribut-
ing centers, mice that did not develop sufficient neurological deficits
(that is, Neuroscore <8) 24 or 48 hours afterMCAOwere excluded.Mice
that died during the observation period were excluded from all analyses,
but differences in themortality rate between the treatment groups during
the observation period were determined.

Permanent MCAO (cMCAO) model
Centers 1, 2, and 3 performed the cMCAO procedure as described (53).
In brief, the animals were anesthetized with isoflurane in a 30 to 70%
mixture of O2 and N2O and placed in a lateral position. The skin was
incised between the eye and the ear, the temporal muscle was removed,
and theMCAwas identified. A burr holewas drilled over theMCA, and
the dura mater was removed carefully. The MCA was permanently oc-
cluded with either bipolar electrocoagulation forceps or an electrocau-
terizer. Permanent occlusion of theMCAwas confirmed visually before
closing the wound with sutures. During surgery, body temperature was
maintained using a feedback-controlled heating pad. Sham-operated
mice received the same surgical procedure without MCA coagulation.

Surgical exclusion criteria:Mice that developed a subarachnoid hemor-
rhage during surgery were excluded from the analysis. In addition, mice
that died during the observation period were excluded from analysis.

Functional outcome tests
The rotarod and adhesive removal tests were performed 1, 3, and 7 days
after cMCAO. These tests were chosen because they are the most
commonly used tests for measuring the effect of cMCAO, which results
in onlyminor behavioral deficits, and because these tests were used pre-
viously by all three centers that performed the cMCAO model.

The rotarod test was used to measure coordination and sensorimotor
performance before and after cMCAO (54). Mice were trained daily for
3 days before MCAO or sham surgery, and baseline performance was
recorded the day before cMCAO using the following strategy: the rod
www.Scien
accelerated from 8 to 40 rpm over 240 s, with a mean of three consec-
utive trials permouse and time points. The latency to fall off the rodwas
recorded, and postsurgical performance was calculated by dividing the
postsurgical values by the individual animal’s baseline performance.

The adhesive removal test was used to evaluate sensory andmotor def-
icits (55). A round (4-mm-diameter) adhesive sticker was placed on the
palmar side of the forepaw; the samepressurewas applied for each adhesive
application. The day before surgery (and at the indicated times after
cMCAOor shamsurgery), three trials per testwereperformed.The latency
to contact thepawwith the adhesive and the latency to remove the adhesive
were recorded.Motorperformancewasexpressedas thedifferencebetween
the latency to contact the paw and the latency to remove the adhesive.

The Neuroscore was performed before surgery and 2 and 4 days af-
ter fMCAO or sham surgery; this test was used to evaluate the general
status and focal neurologic dysfunction after fMCAO, which induces
substantial deficits in contrast to the cMCAOmodel, andwas performed
as described (56). The score ranges from0 (nodeficits) to 56 (representing
the poorest performance in all items) and is calculated as the sum of
the general and focal deficits. The Neuroscore results were expressed
as a composite neurological score, which included the following general
deficits (scores): fur (0 to 2), ears (0 to 2), eyes (0 to 4), posture (0 to 4),
spontaneous activity (0 to 4), and epileptic behavior (0 to 12); and the
following focal deficits: body asymmetry (0 to 4), gait (0 to 4), climbing
on a surface inclined at 45° (0 to 4), circling behavior (0 to 4), front-limb
symmetry (0 to 4), circling behavior (0 to 4), and whisker response to
light touch (0 to 4).

Tissue sampling and processing
Mice were deeply anesthetized 7 days after cMCAO, 4 days after fMCAO,
and at the respective times for mice in the corresponding sham surgery
groups. The brain was removed, frozen immediately on powdered dry
ice, and stored at −20°C. All biological samples were shipped on dry ice
to the central analysis center in Munich, where the samples were stored
at −80°C until further analysis and for central archiving. All brains were
cryosectioned by researchers who were blinded with respect to the surgery
and treatment groups. Coronal brain sections (20 mmthick)were prepared
at 400-mm intervals and used to analyze infarct volume. In addition, 12-m
m-thick coronal sectionswere obtained at the level of the anterior commis-
sure andwere used for immunohistochemistry. Sectionsweremounted on
Superfrost Plus slides (Thermo Scientific) and stored at −80°C.

Infarct volumetry
Infarct volume was measured in CV-stained sections as described (53).
In brief, one series of serial (20-mm-thick) sections from each animal
was air-dried at room temperature for 30 min. The slides were stained
with a 0.1% CV solution at 60°C for 10 min and then rinsed twice in
distilled water for 1min. After washing and dehydration, the slides were
covered with Roti-Histokit mounting medium (Roth). CV-stained
sections were scanned at 600 dpi on a flatbed scanner (LiDE 210,
Canon). For the cMCAO model, the direct infarct demarcation on CV-
stained sections (unstained area) was measured after confirming the ab-
sence of edema at the investigated time point (7 days after cMCAO or
sham surgery). For the fMCAO model, we corrected the infarct vol-
ume for edema with the following equation: (Ischemic area) = (Direct
lesion volume)− [(Ipsilateral hemisphere)− (Contralateral hemisphere)].
In both models, total infarct volume was determined by integrating the
measured areas and distances over the sections. To validate the sections
in the MCAO mice with missing lesion demarcation on CV staining,
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neuronal loss was measured with the terminal deoxynucleotidyl trans-
ferase–mediated deoxyuridine triphosphate nick end labeling (TUNEL)
method (TUNELApoptosisDetectionKit,Millipore). All sectionswere
analyzed independently by two central investigators (G.L. and A.L.),
both of whom were blinded with respect to the treatment groups; the
mean of these two measurements was used for subsequent analyses. In
addition, the original CV-stained slides were returned to the respective
originating center for further validation. Interrater reliability between
the two central investigators and the individual participating centers
was measured and is shown in fig. S1.

Analytical exclusion criteria: The following criteria were used to ex-
clude samples from the analysis: (i) missing biological samples due to
the death of an animal before the study’s end point (day 4 for fMCAO
and day 7 for cMCAO; n = 23mice excluded); (ii) overt mechanical dam-
age or disruptionwhen preparing the brain sections, rendering the sample
unusable (n= 2mice excluded); (iii) no ischemic brain lesion detectable in
the MCAO group (detected as demarcation on CV staining or no neuro-
nal apoptosis measured using TUNEL staining) (n = 27 mice excluded);
(iv) demarcation of an ischemic lesion on CV-stained sections in sham-
operated mice (n = 2 mice excluded); and (v) Neuroscore <8 points
24 hours after fMCAO (n = 6mice excluded). The individual animals that
were excludedon thebasisof the aforementionedcriteriawere also excluded
from the analysis of behavioral data sets and physiological parameters.

Immunofluorescence
We performed immunofluorescence staining for CD45 to identify leu-
kocytes that had infiltrated the brain. Coronal sections (12 mm thick)
were prepared at the level of the anterior commissure and dried at room
temperature for 1 hour. After rinsing in PBS (pH 7.4), the slides were
fixed with acetone at −20°C, rinsed in PBS, and incubated in blocking
buffer (BB) containing 0.1% Triton, 0.05%Tween 20, 10% fetal calf ser-
um, and 1% bovine serum albumin (w/v) in PBS at room temperature
for 1 hour. The slides were then incubated overnight at 4°C in anti-
CD45 antibody (1:100, clone 104-2, Abcam) in BB. The slides were then
rinsed in PBS and incubated for 1 hour at room temperature in Alexa
Fluor 488 goat anti-mouse IgG (H+L) (1:100, Invitrogen). Finally, the
slides were rinsed in PBS, counterstained for 2 min with DAPI (1:4000,
Invitrogen), and mounted using Fluoromount medium (Sigma). The
slides were analyzed using an epifluorescence microscope (Axiovert
200M, Zeiss). CD45-positive cells were counted in one 12-mm section
per brain at the position of the anterior commissure (about 0.1mm ros-
tral to bregma). The infarct core was identified with corresponding
CV-stained sections, and this area was excluded from the localization
analysis and quantification of CD45-positive cells. For the cMCAO
model, the location of each CD45-positive cell was marked on a topo-
graphic map according to the mouse brain atlas, yielding a cumulative
localization map of leukocyte invasion for each treatment group.

Statistical analysis
This study was designed as a prospective, multicenter, randomized
controlled trial of experimental ischemic stroke induced in mice via
two distinct models. The above-mentioned operational and analytical
exclusion criteria were applied. If a mouse met one or more of the ex-
clusion criteria, data and samples were excluded from all analyses. Suf-
ficient normal distribution of all data sets was verified by checking
histograms (unimodal distribution) and skewness (|skewness| <1).
Physiological parameters and cerebral leukocyte counts were analyzed
by ANOVA followed by Tukey’s multiple-comparison test (GraphPad
www.Scien
Prism 6.0). The characteristics of the samples obtained from the indi-
vidual centers (Table 1)were testedwith Fisher’s exact test, thec2 test, or
ANOVA (where indicated), and mortality was analyzed by comparing
the survival curveswith the log-rank (that is,Mantel-Cox) test (GraphPad
Prism 6.0). Infarct volume and behavioral deficits were tested using a
linear mixed-effects model to account for heterogeneity between centers
(SPSS version 22, IBM). We used random intercept models with treat-
ment group as the independent variable and infarct volume as the
dependent variable. ES estimates (standardized mean difference) were
calculated using inverse-variance weighting in a random-effects model
using RevMan version 5.3; RevMan 5.3 was also used to create the forest
plot in Fig. 2C. Correlation analysis for infarct volume and behavioral
deficits was performed using linear regression (GraphPad Prism). Con-
cordance analysis for interrater reliability was done using the Bland-
Altman method (GraphPad Prism) and calculation of ICCs (SPSS).
A two-sided significance level of a = 0.05 for both primary hypothe-
ses was applied. P values for secondary hypotheses should be inter-
preted cautiously as exploratory analyses. No adjustment for duality
of the two strokemodels was applied. An overview ofmeans and 95%
CI is available for all primary and secondary end points in table S2.
SUPPLEMENTARY MATERIALS
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Fig. S1. Analyses for interrater concordance.
Fig. S2. Behavioral tests before and after cMCAO.
Fig. S3. Composite Neuroscore for functional deficits after fMCAO.
Fig. S4. Mortality after cMCAO and fMCAO.
Fig. S5. Physiological parameter analysis after cMCAO and fMCAO.
Fig. S6. Study protocol.
Fig. S7. The ARRIVE guidelines checklist.
Table S1. Study costs (in euro).
Table S2. fMCAO and cMCAO means and CIs.
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six-center, preclinical, randomized controlled trial in mice show that the antibody significantly reduced 
which inhibits leukocyte migration into the brain, in two mouse models of stroke. Data from their
randomized, controlled clinical trial to a preclinical investigation. They tested an antibody to CD49d, 
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             At this moment in time, there is no conclu-
sive evidence that neuroprotection can be 
of clinical benef t to humans suf ering from 
acute stroke. Despite the absence of such 
evidence, stroke neuroprotection research 
continues on the basis of the belief—derived 
from decades of preclinical data in which 
multiple neuroprotectants were tested with 
promising results—that clinically benef cial 
neuroprotection is possible in people. T is 
unsettling situation leaves the f eld without 
an evidence-based roadmap with which to 
conduct translational research ef  ciently 
and with a high chance of success. In this 
issue of Science Translational Medicine, 
Llovera et al. (1) investigate one preclinical 
portion of the translational path that has 
puzzled stroke researchers—verifying the 
ef  cacy of a neuroprotectant.

T e two key unanswered questions about 
neuroprotection in humans are (i) “Is it pos-
sible?” and (ii) “Is it practicable?” Both must 
be answered before a proposed treatment 
can be proven to be clinically benef cial. 
T e former is a matter of biology, assessing 
whether the therapeutic has the capability 
to reduce ischemic brain damage. T e lat-
ter is a matter of implementation—whether 
it is feasible to test the therapy in a clinical 
trial capable of showing a meaningful clini-
cal benef t. 

Answers to the f rst question require an 
understanding of pathophysiology and pos-
sible therapeutic targets, the mechanism 
of action of an agent, and the suitability of 
experimental stroke models. T is research 
must be followed by exploratory preclini-
cal studies of a therapeutic ef ect and then 
verif cation of this ef ect in larger, more de-

f nitive studies, such as those suggested by 
Llovera et al. T e second question, that of 
practicability, cannot be addressed until the 
f rst is resolved. Once researchers settle on a 
biologically ef  cacious neuroprotectant, the 
drug must be tested in preclinical safety and 
pharmacology studies conducted to regula-
tory standards and manufactured at high 
purity, potency, and stability. T is work is 
then followed by the demonstration of clini-
cal safety (typically in a phase 1 trial) and the 
design and conduct of phase 2 and 3 trials 
that meet regulatory guidelines. Although 
this process applies to all therapeutics, it has 
proven to be particularly dif  cult for acute 
stroke neuroprotectants. T e past failures to 
translate neuroprotectants to clinical utility 
have triggered a “nuclear winter” of pessi-
mism, limited funding, and near-absent in-

terest from pharmaceutical companies that 
previously were partners in at least the latter 
aspects of this journey. T us, the future de-
pends on academic researchers to chart the 
roadmap from bench to clinic.

In the new work, Llovera et al. (1) tackle 
a critical aspect of the translational path of 
a stroke neuroprotectant: the verif ability 
of biological ef  cacy. T ey propose a solu-
tion to the “reproducibility crisis” currently 
plaguing preclinical data in the life sciences 
(2–4) by conducting an animal study de-
signed with standards analogous to those 
of a randomized, placebo-controlled multi-
center clinical trial. In essence, their paper 
demonstrates the feasibility of conducting 
such a study at several individual laborato-
ries while coordinating it centrally, and gen-
erating data that can be pooled and analyzed 
under a single protocol. In doing so, they aim 
to overcome several causes of poor repro-
ducibility, including small sample size, unin-
formed data handling, a pressure to publish, 
bias against reporting negative results, and 
def ciencies in methods reporting (4).

However, over the past six decades, more 
than 1000 experimental stroke treatments 
have failed to be translated to clinical util-
ity (5), and it is dif  cult to believe that all 
of these failures resulted only from irrepro-
ducible or even false results. Rather, addi-
tional factors might be responsible for the 
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 Among the many unknowns in the translational path to developing drugs for acute 
stroke, addressing the reproducibility of preclinical data is only one piece of a 
multifaceted and incomplete puzzle (Llovera et al., this issue).

Puzzling over neuroprotection. A series of complex quandaries have marred the translational path 
of stroke therapies—from basic research into disease biology and target discovery; to target validation 
and preclinical safety, ef  cacy, and reproducibility studies; to human clinical trials. These pieces must 
be aligned to successfully develop a medication for for patients suf ering from acute stroke. 
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inability to translate seemingly promising 
preclinical stroke therapies. T erefore, like a 
puzzle with an unknown number of pieces, 
a translational roadmap for stroke must be 
constructed systematically by using the best 
tools that science has to of er, including ad-
herence to rigorous standards of scientif c 
inquiry,  and minimizing wasted time and 
resources. In this context, the new work (1) 
addresses these important needs but con-
stitutes only one piece of the puzzle whose 
scope has not yet been fully def ned.

ARE WE BARKING UP THE RIGHT TREE?

It seems self-evident that a drug acts on a tar-
get, whether or not it is known, and that the 
target’s pathobiology should be understood 
as it pertains to the disease being treated.
Nevertheless, many stroke targets have been 
identif ed over decades of research, but most 
were advanced to preclinical testing of ef  -
cacy before gaining a comprehensive under-
standing of the target biology. Not surpris-
ingly, target validity is questionable in many 
such cases, and this gap may contribute to 
the inability to reproduce research results in 
patients. In the case of antibodies to the α 
chain of the leukocyte integrin VLA-4 [an-
tibodies to CD49d, such as the one used by 
Llovera et al. (1)], the target is seemingly 
clear. However, the rationale for inhibiting 
the α chain of VLA-4 in human stroke is 
predicated on whether leukocyte invasion of 
the brain—that is, inf ammation—is caus-
ally related to the tissue injury of stroke and 
to the accompanying functional disability in 
humans and whether this injury can be re-
duced with anti-CD49d therapy.

Such an approach also presupposes 
that in stroke victims, there is still enough 
brain lef  to save by the time the inf amma-
tory response kicks in. Although available 
preclinical literature links stroke-induced 
inf ammation to the progression of dam-
age, it is less clear whether limiting the in-
f ammatory response—which peaks later 
af er stroke onset than do other injurious 
pathways—is both necessary and suf  cient 
to improve stroke outcome in a clinical set-
ting. By the time destructive inf ammation 
occurs, various other pathways that also 
lead to cell and tissue destruction have been 
triggered, and the inf ammatory response 
occurs af er other “white elephants,” such as 
excitotoxicity, have entered the room. T e 
impact of various concomitant pathways 
might be large enough to explain much of 
the initial damage of stroke, in which case 
treating inf ammation could be moot. A 

further confounder is that the relative con-
tributions of various stroke mechanisms to 
ischemic brain damage might dif er among 
species, and it remains unclear how much 
inf ammation contributes to the clinical 
stroke phenotype in humans. If the biology 
remains controversial, then even the most 
rigorous preclinical mouse study, including 
that by Llovera and colleagues, risks pro-
ducing results that may not be translatable.

T e gap between target identif cation 
and validation, which of en results from 
an insuf  cient understanding of the under-
lying disease biology, is not particular to 
stroke. Target validation projects, typically 
conducted by pharmaceutical companies 
to increase conf dence in the biology of the 
targets before embarking on expensive clini-
cal development programs, frequently fail to 
reproduce research f ndings. 

For example, attempts to replicate data 
published in leading cancer journals failed 
up to 89% of the time (3). As stated by Prinz 
(2), “the reproducibility of published data 
did not signif cantly correlate with journal 
impact factors, the number of publications 
on the respective target, or the number of 
independent groups that authored the pub-
lications.” In many instances, preclinical re-
search publications generate many second-
ary publications, spawning entire directions 
of research even when results cannot be 
reproduced (3). Bridging the gap between 
target identif cation and validation that in-
cludes an accurate understanding of disease 
and target biology is thus an essential initial 
step that should precede extensive animal 
studies, such as the one reported by Llovera 
et al. (1). T is sequence of events should in-
crease the ef  ciency of translation, reduce 
the volume of contradictory publications 
about the value of a given therapeutic, and 
lessen the high failure rates observed in sub-
sequent development.

LEAPS OF FAITH ACROSS THE 

EVOLUTIONARY GAP

Llovera and colleagues (1) conducted their 
study in mice, a popular species in stroke 
research owing to its capacity for facile ge-
netic manipulation. However, when a study 
does not capitalize on genetic modif cations 
to test a biological question, mouse stroke 
models might not of er any translational 
value over existing models in other species, 
such as rats, in which the stroke models are 
well established. Indeed, the authors found 
“unexpectedly high variability” in the f la-
mentous middle cerebral artery occlusion 

(fMCAO) mouse model (1). According to 
Carmichael (6), “T e exquisite sensitivity of 
the mouse to infarct extension over minutes 
of MCAO may account for the variation in 
infarct size in this model: Published studies 
of infarct size within the same strain, using 
the same duration of MCAO and the same 
survival period, produce measures of infarct 
volume that range over a f vefold dif er-
ence.” Also, MCAO in the mouse of 60 min 
or more might produce a malignant stroke 
(6) that is more dif  cult to neuroprotect. In 
(1), poststroke treatment with antibodies to 
CD49d conferred a neuroprotective benef t 
in one, but not another, mouse model of 
stroke. T us, it is possible that the choice 
of species, one so prone to variability, pre-
vented even this comprehensive multicenter 
study from drawing def nitive conclusions 
about the suitability of antibodies to CD49d 
for further translation.

T e value of a preclinical model for pre-
dicting clinical success cannot be validated 
until a clinical success occurs. Until then, 
no model can claim to validly represent 
the human situation. T e possibility that 
preclinical animal stroke studies might not 
predict ef  cacy in humans is now accepted. 
However, the corollary that predictions of 
ef  cacy based on animal data represent a 
leap of faith of en elicits strong emotional 
responses. T ose who advocate one preclin-
ical model over another argue in favor of the 
close similarities in brain biology between 
mice and men or lay the blame on the poor 
methodological quality of past studies rath-
er than on the model system itself. Although 
all perspectives have merit, they remain un-
validated, and thus the knowledge gap must 
be navigated cautiously—especially so if 
animal studies produce negative results. It 
is tempting to discontinue development of 
stroke therapies that do not work in one 
model or another, of en without a thor-
ough appraisal of the scientif c rigor of the 
study. However, it is poor science to do so. 
If a failed agent has a clearly understood and 
validated biological target and a validated 
mechanism of action, more may be gained 
from analyzing the failure than from mov-
ing to the next agent.

For example, failure may result from 
technical error, inadequate dosing, unfavor-
able pharmacokinetics, malignant strokes 
that cannot be f xed, or interspecies dif er-
ences. T e ef  cacy of anti-CD49d treatment 
in one, but not in a second, mouse stroke 
model (1) occurred in a test system that 
was not designed to interpret such a result. 
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Although the reasons for this discrepancy 
remain unclear, understanding them might 
advance the f eld more than would arbi-
trarily abandoning the project and proceed-
ing with a multicenter preclinical study of 
a dif erent therapy. T e preclinical research 
environment should encourage not only 
the funding and reporting of properly con-
trolled negative studies but also the funding 
of failure analysis—a process that is com-
mon in manufacturing and various engi-
neering industries but largely absent from 
the biomedical literature. Failure analysis 
might prevent the repetition of previous 
mistakes, making the process of translation 
more streamlined, less expensive, and more 
likely to succeed.

HINDSIGHT IS NOT ALWAYS 20/20
In cynomolgus macaques, stroke damage af-
ter MCAO reaches a plateau af er 3 to 4 hours 
(7). Evidence from human studies similarly 
suggests that on average, the time during 
which treatment initiation can be benef cial 
is short, on the order of 3 hours and certainly 
no longer than 4.5 hours af er symptom onset 
(7). No drug can be clinically benef cial if it 
is administered too late. Yet, virtually every 
major in-hospital clinical trial of a neuro-
protectant ever conducted enrolled patients 
in a window of 4 or more hours af er stroke 
symptoms began—and of en much longer. 
T e overwhelming preclinical evidence from 
experiments in rats, cats, and primates sup-
ports neuroprotection as a viable strategy 
when treatment is administered less than 3 
hours af er the experimental stroke is initi-
ated (7). In contrast, there is a relative paucity 
of solid preclinical evidence to support neu-
roprotection beyond this window, especially 
in higher species.

Although the mantra “time is brain” re-
sounds at every stroke treatment center, 
the design of past clinical trials, especially 
insofar as they pertain to the therapeutic 
window, has rarely heeded the critical need 
to be aligned with that of the preclinical 
studies that preceded it. One exception was 
a preclinical study in which cynomolgus 
macaques were subjected to small embolic 
strokes induced by intracarotid injections of 
polystyrene microemboli, ef ectively produc-
ing a permanent brain arterial occlusion. Ad-
ministration of the neuroprotectant NA-1, a 
PSD95 inhibitor, at 1 hour af er stroke onset 
reduced the number and volume of the re-
sulting infarcts (8). T ese results were used to 
design the human ENACT trial (clinicaltri-
als.gov NCT00728182) in which NA-1 was 

given to patients undergoing brain endovas-
cular procedures in an average window of 2 
hours af er the onset of ischemia; this trial 
revealed promising results in reducing stroke 
burden (9). ENACT provides evidence that 
bridging the gap in study conduct by aligning 
the designs of preclinical and clinical studies 
can lead to scientif c progress.

USE OF FORESIGHT: 
A LESSON FROM INDUSTRY
A tool of en used by industry is the Target 
Product Prof le (TPP). T is key strategic 
document provides a summary of the prod-
uct under development, its desired charac-
teristics, the studies and activities that must 
be completed to demonstrate the product’s 
desirable features (including safety and ef-
f cacy), and a conceptualization of how the 
product would be used once it is clinically ap-
proved. According to the U.S. Food and Drug 
Administration (FDA), “T e TPP embod-
ies the notion of beginning with the goal in 
mind” (10). All too of en, a neuroprotectant 
that works in a laboratory setting—for exam-
ple, in mice—does not possess the character-
istics that can carry it through to the clinic. 
For example, each of the following might im-
pose substantial impediments to translation 
even if the agent is verif ed to reduce stroke 
damage in a preclinical model: Lack of tar-
get conservation in humans, incompatibil-
ity with tissue plasminogen activator (tPA) 
treatment, lack of adequate bioanalytical as-
says to detect drug levels, unfavorable phar-
macokinetics, an onerous dosing regimen, 
extensive contraindications, known reactions 
with commonly taken drugs, a drug that is 
dif  cult or expensive to manufacture or that 
has limited stability, or lack of adequate pat-
ent protection. Such impediments may not 
be deal killers individually, but they should 
be considered before embarking on an ex-
tensive development program, including de-
f nitive preclinical ef  cacy studies. Academic 
research may be streamlined by bridging the 
gap between the hypothesis-driven research 
that typically drives scientif c progress and 
the practical requirements of translational 
science more of en found in industry.

T e approach of conducting multicenter 
preclinical trials of a therapy sets a new stan-
dard for life sciences research, which is cur-
rently plagued by irreproducibility of a sub-
stantial proportion of preclinical data (2–5). 
It is an important piece of the larger unsolved 
translational puzzle in stroke research, but 
there are other key pieces that must be de-
f ned before the roadmap to success is clear. 

Whether this new standard should be a re-
quirement or be regarded as just a bonus to 
a research program can only be determined 
in hindsight, once we can look back on the 
roadmap to success. 
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