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Abstract:

Cases of Middle East respiratory syndrome corona(IMERS-CoV) continue to be identified
and with a lack of effective clinical treatment amalpreventative strategies, treatment using
convalescent plasma or monoclonal antibodies (m&shs)potential quick route to an
intervention. Passive immunotherapy via either etescent plasma or mAbs has proven to be
effective for other infectious agents. Followingeiction with MERS-CoV, common marmosets
were treated with high titer hyperimmune plasm¢ghermAb m336, at 6 and 48 hours post
inoculation. Both treatments reduced signs of céihdisease, but reduction in viral loads in the
respiratory tract were only found in the hyperimmyiasma group. A decrease in gross
pathology was found only in the mAb-treated grduyg, no histological differences were
observed between treated and control animals. Vidbille hyperimmune plasma and the m336
treatments reduced the severity of disease indheron marmoset, neither treatment resulted in

full protection against disease.

Keywords. MERS-CoV, treatment, monoclonal antibodies, hyperume plasma, common

marmoset, immunotherapy



1 Introduction

Middle East respiratory syndrome coronavirus (MERS84) was first detected in 2012 in a
resident of Saudi Arabia, and has since resulted 800 cases with a case fatality rate of 36%
(WHO 2015). The severity and the epidemic potemidlERS-CoV highlights the importance
of the development of treatment options. As of getspecific vaccine or antiviral treatment
against MERS-CoV is available. Few studies have Ipesblished investigating the effectiveness
of existing antiviral treatments, and no treatmératge been thoroughly assessed in clinical trials
as of yet.

Convalescent plasma has been identified by the \Heklth Organization (WHO) and the
International Severe Acute Respiratory and Emergifection Consortium (ISARIC) as a
potential treatment against MERS-CoV to reducdaadinconsequences of MERS-CoV infection
(2013, WHO 2014) and recently a study protocol degeloped to investigate the feasibility of
convalescent plasma treatment in MERS patientshiAgtiaal. 2015)In vivo, the administration

of convalescent sera obtained from dromedary caraeigted in dose-dependent decreased lung
viral titers and disease severity in an adenoviD®P4 mouse model (Zhao et al. 2015).
Several monoclonal antibodies (mAbs) have beenldegd against MERS-CoV, which show
neutralizing capacityn vitro (Jiang et al. 2014, Tang et al. 2014, Ying et @ll4). Efficacy of
MADs has been assessed in several MERS-CoV mousesrgenerally showing reduction in
virus replication (Corti et al. 2015, Li et al. ZQ)Pascal et al. 2015, Luke et al. 2016). These
studies suggest that mAbs have potential as MER&{&atment.

The mAb m336, identified from a large phage-dispthgntibody library panned against

recombinant MERS-CoV spike protein receptor bindiogain, inhibited 90% MERS-CoV



pseudovirus infection at a concentration of 0.089mi (Ying et al. 2014). m336 was shown to
almost completely overlap with the binding siteDétP4 and mimic critical interactions between
DPP4 and the MERS-CoV spike protein (Modjarrad.e2@16). It has therefore been speculated
that the potential for viral escape mutants mightitmited by the requirement of the spike
protein to bind to DPP4 (Ying et al. 2015). Prog@lyic treatment with m336 resulted in
significantly reduced viral titer in rabbit lungsue (Houser et al. 2016) and both prophylactic
and therapeutic treatment with m336 protected mgaenst lethality by MERS-CoV infection
(Agrawal et al. 2016). Here we assess the effetteatment with marmoset-derived
hyperimmune plasma as well as the human mAb m33fs@ase outcome in the recently
developed marmoset MERS-CoV infection model, whextapitulates severe respiratory disease

(Falzarano et al. 2014).

2 Materialsand Methods

2.1 Ethicsstatement

Approval of animal experiments was obtained from Itistitutional Animal Care and Use
Committee at Rocky Mountain Laboratories. All expemts were performed in an Association
for Assessment and Accreditation of Laboratory Aali@are-approved facility by certified staff,
following the guidelines and basic principles ie tinited States Public Health Service Policy
on Humane Care and Use of Laboratory Animals, th¢ Gluide for the Care and Use of
Laboratory Animals and the Animal Welfare Act, WdtStates Department of Agriculture. The

Institutional Biosafety Committee (IBC) approvednwavith infectious MERS-CoV strains



under BSL3 conditions. Sample inactivation wasqened according to IBC-approved standard

operating procedures for removal of specimens tnagh containment.

2.2 Generation of MERS-CoV hyperimmune sera

Hyperimmune plasma was obtained from a convalesmemmon marmoseCallithrix jacchus)

from a previous experiment (Falzarano et al. 20ddgulated with 5.2x10TCIDso MERS-CoV

via the intratracheal, intranasal, ocular and mrate, then inoculated with 5.2X40CIDs,
MERS-CoV on 20 dpi via the intratracheal route &ndlly inoculated with 5.2x10TCIDs
MERS-CoV adjuvated with Titermax Gold (Sigma Aldrjon 41 dpi via the intramuscular

route. The final virus neutralizing (VN) titer w8840. This method was chosen as sera collected
after the initial infection did not contain sufieit neutralizing antibodies (VN titer = 40). As a
control, plasma was obtained from an uninfectedrmommarmoset (internal collection), VN

titer <20.

2.3 Study design

The common marmoset MERS-CoV infection model wasluMERS-CoV infection results in
the development of more severe respiratory diséaseobserved in the rhesus macaque model
(de Wit et al. 2013, Munster et al. 2013, Falzaranal. 2014). Common marmosets were
procured from an USDA-approved source (WorldwidenBtes Inc). Animals were monitored
for the presence of disease by clinical observatimhserology for the presence of disease at

Worldwide Primates Inc. Additionally, when animalsived at Rocky Mountain Laboratories



they were placed in quarantine and clinically eatdd by serum chemistry, complete blood
counts and thoracic radiography to confirm abseriggevious infection.

Three different groups were created; the hyperinemlasma group (H), the monoclonal
antibody group (M), and the control group (C). Thamimals were randomly assigned per group
and inoculated as described previously (Falzaraab 2014). Briefly, inoculation with MERS-
CoV strain EMC/2012 was performed intranasally (u0@er nare), orally (500 pl),
intratracheally (500 pl) and ocular (50 ul per eyégh DMEM containing 4x1® TCIDso MERS-
CoV/ml (total dose 5.2xf0rCIDs). The hyperimmune plasma and monoclonal antibody
groups, consisting of one female and two male commarmosets each, received 1 ml
hyperimmune plasma or m336 diluted in PBS (5 mginmiiavenous (1.V.) at 6 hpi, and 1 ml
hyperimmune plasma or m336 subcutaneous (S.C.Jpit @harmosets H1-3, M1-3). Two out of
three animals in the control group (all male commmarmosets), received 1 ml control plasma
I.V. 6 hpi, and 1 ml control plasma S.C. 2 dpi (masets C1-2). The third animal received 1 ml
of PBS (diluent of the mAb) via the same routesr(naset C3). The animals were observed
twice daily for clinical signs of disease, usingcaring system as described previously
(Falzarano et al. 2014). Breathing was scored asadq<60/minute), increased (60-100/minute,
or severely increased (>100/minute). Based ondbergy sheet, euthanasia was indicated at a
clinical score of 35 or more. Clinical exams weegfprmed on 0, 2, 5, and 7 dpi on
anaesthetized animals using isoflurane and ketardinays were taken and nasal, oral, fecal,
and urogenital swabs were collected in 1 ml DMENhv&O U/ml penicillin and 50 pg/mi
streptomycin. Blood samples were collected on ;Bn2 7 dpi and examined using the Piccolo

Xpress chemistry analyzer (Abaxis). The blood sa&nepllected on 2 dpi was obtained before



treatment was administered. Temperature was meuiterith IPTT-300 temperature probes
(BMDS) that were injected interscapularly priotthe start of the experiment. All animals were
euthanized at 7 dpi (Fig 1A). Terminal blood saraplere obtained and samples of the
following tissues were collected: conjunctiva, fasacosa, tonsil, trachea, four lung lobes,
mediastinal lymph node, liver, spleen, kidney, atatider. Gross pathology (surface area of the
lung which was either consolidated and/or hypergpeec lung lobe was documented as

percentage area affected by lesions.

24 Radiography

Radiographic images acquired included ventrodorggdi lateral and left lateral thoracic
images. Thoracic radiographs were obtained usimglzile digital radiography unit with a flat
panel digital detector (Sound Technologies tru/BBynd-Eklin Carlsbad, CA). Each set of
radiographs was graded according to a publishedngcparadigm (Brining et al. 2010) as
follows: 0, normal examination; 1, mild interstltulmonary infiltrates; 2, moderate interstitial
infiltrates, perhaps with partial cardiac borddaeément and small areas of pulmonary
consolidation (alveolar patterns and air bronchogda 3, pulmonary consolidation as the
primary lung pathology, seen as a progression fycade 2 lung pathology. Grading per animal

was done independently and blinded by two veteianar

25 Virusand cells
HCoV-EMC/2012 was provided by the Erasmus Medicaht€r, Rotterdam, The Netherlands.

Virus propagation was performed in VeroE6 celloymted by the Bowen laboratory, Colorado



State University) in DMEM supplemented with 2% fetalf serum, 1 mM L-glutamine, 50 U/ml
penicillin and 5Qug/ml streptomycin (2% DMEM). VeroE6 cells were ntained in DMEM
supplemented with 10% fetal calf serum, 1 mM L ghaine, 50 U/ml penicillin and 50g/ml

streptomycin.

2.6 Histopathology and immunohistochemistry

Marmoset tissues were evaluated for pathology aagtesence of viral antigen. All tissues
were fixed for a minimum of 7 days in 10% neutraffbred formalin and subsequently
embedded in paraffin. Lungs were perfused with I6&falin and processed for histologic
review. The lung is divided into right upper, ridbtver, left upper, and left lower lobe. Each of
these four sections are then sampled at the laitusjd-lobe and at the periphery of the lobe for
a minimum of 12 sections per animal. This methaasisd for all non-human primate studies at
Rocky Mountain Laboratories. Hereafter, tissueieastwere stained with hematoxylin and
eosin. For the detection of viral antigen immuntdékemistry was performed using an in-house
produced rabbit polyclonal antiserum against HCAWeE#2012 (1:1000). Grading was done
blinded by a board-certified veterinary pathologisi obtain morphometrical data of
immunohistochemistry staining, stained sectionsevgeanned with an Aperio ScanScope XT
(Aperio Technologies, Inc., Vista, CA) and analymsthg the ImageScope Positive Pixel Count
algorithm (version 9.1). Between 30 and 105 milliens squared were evaluated at 2x
magnification. The default parameters of the PasiRixel Count (hue of 0.1 and width of 0.5)

detected antigen adequately.



2.7 RNA extraction

Tissue for RNA analysis was collected in triplicdtang tissue was obtained from the hilar and
mid-lobe region of the lung. Samples were analymddpendently in duplicate. Tissues (30 mg)
were homogenized in RLT buffer and RNA was extrctsing the RNeasy method (Qiagen)
according to the manufacturer’s instructions. RN&swextracted from swabs using the QiaAmp

Viral RNA kit on the QlAxtractor.

2.8 Quantitative PCR

The UpE MERS-CoV detection assay was used for ¢tection of MERS-CoV viral RNA
(Corman et al. 2012). d RNA was tested with the Rotor-GeneTM probe kiia@&n) according
to instructions of the manufacturer. Dilutions oERS-CoV with known titer were run in

parallel.

2.9 Determination of limit of detection quantitative PCR

Dilutions of in vitro transcribed UpE MERS-CoV RN#&ere run on the digital droplet PCR
(Biorad) in quadruplicate to determine genome cadiereafter, dilutions were run on the
Rotor-GeneTM in quadruplicate. The last dilutiorgtee a Ct-value in all replicates was defined
as the limit of detection (LOD) in genome copiesafy, the number of genome copies was
determined in the MERS-CoV dilutions with knowretitand LOD was calculated in TGP

equivalent.
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2.10 Infectiousvirustitration

Small tissue samples (up to 100 mg) in 1 ml of 2B4HM were homogenized. Hereafter,
MERS-CoV was titrated in quadruplicate in VeroEBs;eells were inoculated with ten-fold
serial dilutions of tissue homogenate, incubatedt137°C, washed twice with PBS, and scored
for cytopathic effect 5 days later. TGJPwas adjusted for tissue weight and calculatechby t

method of Spearman-Karber.

2.11 Virus neutralization assay

Two-fold serial dilutions of heat-inactivated (30mutes, 56°C) marmoset sera were prepared in
2% DMEM, after which 100 TCIER of MERS-CoV virus was added. After 1hr incubatain
37°C, virus was added to VeroE6 cells. At 5 dpippgthic effect was scored. The virus
neutralization titer was expressed as the reciprnadae of the highest dilution of the serum,

which still inhibited MERS-CoV virus replication.

2.12 Statistical analysis
Student’s test (unpaired, one-tailed) was used to testifmifecance.P values of <0.05 were

considered significant. All values are reportednasan + SD.

3 Reaults

3.1 Neutralizing antibody levelsin the serum of treated and untreated mar mosets
The final VN titer of hyperimmune plasma was 38d@ntrol plasma was <20 and m336 was

491530. Animals were inoculated with 5.2 ¥ ICIDsg MERS-CoV strain EMC/2012 and
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treated IV 6 hpi and SC 48 hpi. These two differrninistration routes were chosen to achieve
high systemic bioavailability; I.V. administratiammediately results in high circulating
neutralizing antibody titers whereas S.C. admiatgin results in a slower systemic distribution
of antibodies, therefore allowing a longer bioaakility (Wohlrab 2015). Animals treated with
hyperimmune plasma reached a neutralizing titewéen 40 and 160 at 2 dpi and maintained
these levels throughout the experiment. Animalstée with m336 reached neutralizing titers
between 10,240 and 20,480 at 2 dpi, which decremsg840-7680 at 7 dpi. In contrast, serum
obtained from animals treated with control plasm&BS did not contain detectable levels of

neutralizing antibodies at any time point (Fig 1B).

3.2 Thegéffect of antibody-based treatment on clinical disease upon inoculation of

mar mosets with MERS-CoV
Upon inoculation with MERS-CoV strain EMC/2012, aflimals developed clinical disease.
Clinical scores of control group animals were fotmde higher than clinical scores of treated
animals post inoculation (Fig 2A). No changebady temperature were observed. All animals
showed loss of appetite and decreased activitgnafeen combined with a hunched posture. No
changes in respiratory rate were reported foreégeanimals M1 and M2. Increased respiration
rate (>60 breaths/minute) was observed in all atinenals, and progressed to labored breathing
(>100 breaths/minute) in all three control anin{&@4-C3) and one treated animal (H1). This
was accompanied by open mouth breathing in allrobahimals, but not H1.
All radiographs were independently and blindly gradby clinical veterinarians (Brining et al.

2010)) and in all views were normal (score = 0ppto inoculation on day 0. Within the control

12



group, all three animals were graded at 2 at Suilpi severe interstitial infiltrates seen earlyttha
progressed to pulmonary consolidation within theded and middle lung lobes on 7 dpi (score =
3). Both the hyperimmune plasma treatment and thk treatment group on average had lower
graded radiographs in comparison to the contralgr®n 7 dpi, one hyperimmune plasma-
treated animal was characterized as having grdti2 1Imild interstitial pulmonary infiltrates in
the left caudal lung lobes), while the remaining twyperimmune plasma-treated animals had
either moderate (H1, grade 2) or severe (H3, gBdadiographic signs. One mAb-treated
animal had normal radiographic findings (M2, gr@l¢éhroughout the duration of the study,
whereas the other two animals (M1, M3) were scaedresenting with mild radiographic
findings (grade 1) (Fig 2B, 2C and Fig S1).

Blood chemistry values were investigated usingRiteolo Xpress chemistry analyzer on -5, 2,
and 7 days post inoculation. Overall, no apparéfdrdnces in measured clinical chemistries
were noted between the control and the treatedogrolthe values of the investigated parameters
(BUN, creatinine, ALT, AST, ALP, GGT, total proteiglucose and calcium), were found to be
within the normal ranges for marmosets, and noistarg patterns or trends were noted between

groups (Fig S2).

3.3 Respiratory tract pathology in treated and untreated mar mosets

Gross pathology of the lungs was scored by a boartified veterinary pathologist for each lung
lobe, both dorsal and ventral. For the control atgnthe median percent lesions was 32.5%
(C3), 55% (C1) and 67.5% (C2). No abnormal pathokddindings were observed in one of the

hyperimmune plasma-treated animals (H2), wheremasdian of gross pathology of the lungs
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in the other two treated animals was 25% (H1) an8% (H3). Animals treated with m336
showed relatively little gross pathology (media@% (M1), 2.5% (M2) and 22.5% (M3)). This
difference between control and treated animalsfaazd to be significantly different using an
unpaired one-tail Student’s t-test (Hyperimmunepia-treated p=0.0352; MAb-treated
p=0.0007) (Fig 2c and 3A). As a measure of pulmpeaema and inflammation, lung to body
weight ratios were calculated for each animalssiaificant differences were observed
between the control and hyperimmune plasma-tregiaap, however the mAb-treated group
had a significantly lower lung to body weight rati@n the control group (p=0.0039) (Fig 3B).
No histological differences were observed in theeséy or nature of the pneumonia or
distribution of viral antigen between the controtldreated animals. All marmosets, with the
exception of one treated marmoset (H2) which dgezlmo lung pathology, developed
multifocal to coalescing, moderate to marked suteabtonchointerstitial pneumonia with type
Il pneumocyte hyperplasia. The adjacent alveol@ratitium was thickened by congestion,
edema and fibrin and moderate numbers of macroghagg neutrophils. Alveolar spaces
contained moderate to marked numbers of pulmonagrophages and neutrophils.
Immunohistochemistry demonstrated small numbemetimocytes and macrophages positive
for viral antigen. These cells were predominaniyaziated with areas of pneumonia (Fig 3C).
No differences in the amount of viral antigen begwgroups could be found using

morphometrical analysis.
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34 MERS-CoV replication isreduced in hyperimmune plasma-tr eated mar mosets

On 0, 2, 5, and 7 dpi nasal, oropharyngeal, uragkeand fecal swabs were collected and the
presence of viral RNA was examined via QuantitaReverse Transcription Polymerase Chain
Reaction (QRT-PCR). Viral RNA presence was oftelowaletection limit, except for two and
one nasal swabs for hyperimmune plasma-treatedadsaind control animals, respectively, and
one oral and fecal swab for one control animal @pi7 In all instances, urogenital swabs were
negative (Fig S3).

Upon necropsy of the animals on 7 dpi, 13 tissaepdéas were collected and the presence of
viral RNA in these tissues was analyzed using gRRPAs observed in previous infection of
marmosets (Falzarano et al. 2014), the highestleads were found in the lower respiratory
tract of the animals (Fig 4A). Viral loads in lutigsues from hyperimmune plasma-treated
compared to control animals were found to be sicgmitly lower using a one-tailed unpaired
Student’s t-test (average of 4.0%80d 1.2 x 10 TCIDspequivalent/gram, respectively, p-value
= 0.008). This difference was found to be significaven when negative values from animal H2
were excluded from analysis (average of 5.9%TIOIDso equivalent/gram, p-value = 0.0263).
However, treatment of marmosets with m336 did rgutiBcantly reduce viral load in lung

tissue (average of 5.4x18nd 1.2 x 10 TCIDso equivalent/gram, respectively, p-value = 0.0864)
(Fig 4B).

Viral RNA was found in the nasal turbinates, traghmonjunctiva, tonsils and mediastinal lymph
nodes of some but not all animals with no pattefated to treatment. Viral RNA in the liver,
spleen, kidney and bladder was below the limitetkdtion (Fig 4C). No infectious virus could

be found in any tissue samples.
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4 Discussion

Currently no specific antivirals or vaccines arprawed for MERS-CoV treatment, and limited
information is available on the efficacy of potahtreatment options vivo. A potential
treatment for MERS-CoV would be the use of neuthadj antibodies, either via convalescent
plasma or monoclonal antibodies. Severity of disdas been associated with a delayed
adaptive immune response (Park et al. 2015), amlahtibody-based therapy might be
beneficial. Administration of neutralizing antibediearly in disease onset when patients were
infected with respiratory pathogens such as SARS-&al influenza A virus was reported to be
beneficial (Mair-Jenkins et al. 2014). TreatmenS&RS-CoV-infected patients with
convalescent plasma early in disease progresssoited in a higher likelihood of disease
remission and survival (Cheng et al. 2005) and atht@ring convalescent plasma in two SARS-
CoV-infected healthcare workers resulted in congptetovery (Yeh et al. 2005). Convalescent
plasma treatment of patients with severe A(H1N1)p@imnfluenza virus infection resulted in
reduced mortality and respiratory tract viral I¢alling et al. 2011). Meta-analysis of studies on
the treatment of Spanish influenza HIN1 1918 withvalescent plasma showed an absolute
reduction of 21% in case-fatality rate (Luke et24106).

A recent study suggests that the availability afats with sufficiently high MERS-CoV

antibody titers might be limited; only 12 out of3i#ested sera obtained from patients, healthcare
workers and household contacts were positive orSEL(Arabi et al. 2016). Furthermore, it has
been suggested that severity of disease is linksdrblogical response; in patients who

developed severe disease upon infection with MERS-gher neutralizing antibody levels
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were detected, whereas in patients with mild ockuigal disease lower and potentially short-
lived neutralizing antibody levels were detectedodden et al. 2014, Park et al. 2015). It has
been well-established that severity of diseas@k&dtl to the prevalence of comorbidities
(Badawi and Ryoo 2016), the existence of which magimtradict the collection of convalescent
serum. Thus, the pool of healthy subjects withisigffit neutralizing antibody titer in
convalescent plasma might be very limited. Final, hyperimmune plasma used in this study
had a high neutralizing antibody titer of 3840, vdas at best human convalescent plasma has
neutralizing antibody titers of 320-800 (Park et2dl15, Arabi et al. 2016) (these studies use
different methods to measure neutralizing antiesyilt is unclear whether convalescent plasma
with lower neutralizing titers would have a simikdfect on disease progression, as lower
neutralizing antibody titers in the circulation Wikely be reached.

Monoclonal antibodies could provide an alternativéb treatment of healthy volunteers
inoculated with influenza A virus H3N2 resultedameduction in median viral load in nasal
swabs and a 35% reduction in median total symp{&amos et al. 2015).

As of yet, very few studies have been done to etalthe efficacy of convalescent plasma
treatment of MERS-CoV. Administration of camel seranice sensitized to MERS-CoV
infection resulted in a decrease in viral titetungs. In addition, when repeating the study with
type | interferon receptor-deficient (IFNAR mice, which lose weight upon inoculation with
MERS-CoV, a decrease in weight loss as well asdegere histological changes in lung tissue
was observed (Zhao et al. 2015). So far, only @weichented MERS-CoV case has received
convalescent plasma treatment and this patienstithlospitalized on day 77 of iliness (Park et

al. 2015).
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The effect of mAbs against MERS-CoV has been shoethin vitro (Jiang et al. 2014, Tang et
al. 2014, Ying et al. 2014) and prophylactic aneréipeutic administration of mAbs to MERS-
CoV mouse models has been shown to decrease #iéiter and load found in lung tissue
(Corti et al. 2015, Li et al. 2015, Pascal et 8112, Luke et al. 2016). Prophylactic treatment
with m336 via the I.V. or I.N. route resulted igsificantly reduced viral titer (40-9000 fold) in
rabbit lung tissue. In contrast, administratiomtd36 1 dpi via the same routes did not reduce
viral RNA titers in the lungs of rabbits (Housera¢t2016). Reduced mortality and morbidity
was observed in a MERS-CoV mouse model upon intitapeal prophylactic and therapeutic
treatment with m336, and therapeutic treatmentitesin a decrease in viral titer as well as
viral RNA in lung tissue (Agrawal et al. 2016) cdn be argued that neither the rabbit nor the
mouse model have a high predictive value for ptaeéMERS therapies in humans. Rabbits
remain asymptomatic upon inoculation with MERS-CGa\d infection appears to be more
prominent in the upper respiratory tract, whichgesgis that disease progression in rabbits differs
considerably from that observed in patients wha retjuire antiviral therapy most (Haagmans et
al. 2015). The mouse as a model is valuable asi@al validation method of a therapy, but the
predictive value of mouse models for therapeutjgiagtions in humans is relatively limited as
opposed to non-human primate models (Seok et &B)20

In this study, hyperimmune plasma treatment of neaets inoculated with MERS-CoV resulted
in a small (0.5-1 log) but significant reductionrespiratory tract viral loads, as well as reduced
disease severity such as observed with radiographgpared to marmosets treated with non-
convalescent plasma or PBS. However, the obserffedethces were relatively minimal and no

differences in histopathology were observed. Intast, treatment with m336 in the common
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marmoset did not result in a significant decreasespiratory tract viral loads compared to
control animals, however a significant reductiormlisease severity was observed. This was most
pronounced when comparing disease-associated €dghsone animal treated with m336
showed increased respiratory rates (>60 breathste)irand all animals had no evidence of
infiltration radiographically, showed decreaseckels\of gross pathology and the lowest lung to
body weight ratio. However, no changes in histolagye observed compared to control
animals.

gRT-PCR and in situ staining for MERS-CoV were riegain the lungs of one marmoset
treated with hyperimmune plasma, although MERS-@u#& loads and associated pathology
were detected in the conjunctiva of this animais fhossible that in this case, inoculation with
MERS-CoV did not result in a successful infectidrihe@ respiratory tract. The remaining two
marmosets treated with hyperimmune plasma weredfemhave viral loads of up to 1.1 x°10
TCIDsp equivalent per gram lung tissue. The marmoseigadiin this study are outbred, and
the significance of genetic factors or differeniteBnmunology cannot be excluded.
Importantly, when statistical tests were perforregdiuding the marmoset with no viral load in
the respiratory tract, differences in viral loadhe lobes of the lower respiratory tract between
control and hyperimmune plasma-treated animals stdresignificant (p=0.0263).

We show that treatment of MERS-CoV infected animath hyperimmune plasma or m336
results in lower clinical scores. Treatment with InsAeduced the occurrence of severe
respiratory symptoms further than hyperimmune p&did, combined with less gross
pathology. mAbs might therefore be a better therathe goal is to elevate symptoms

associated with severe MERS disease. Hyperimmwasenal reduced viral titers, but if a
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reduction in viral lung load does not result inslegvere symptoms, the question is raised of
what the importance is of such a change. Regardies®bserved differences are small and most
treated animals showed mild-to-moderate respiragnyptoms, suggesting that the effect of

both treatments is limited.
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Figures:

Figure 1. Experimental schedule and neutralizing antibody titers. (A) The experimental
schedule is depicted for all animals per day= Examination;© = blood withdrawalA =
treatment. (B) Neutralizing antibody titers of maset serum samples against MERS-CoV
strain HCoV-EMC/2012. Red = Hyperimmune plasmategéanarmosets; Blue = mAb-treated

marmosets; Green = control marmosetsl; m=2; A =3.

Figure 2. Disease progression in MERS-CoV infected mar mosets. (A) Clinical score of all
animals. The animals were observed twice dailychmical signs of disease and scored using a
clinical scoring system prepared for common marrsodelzarano et al. 2014). (B) Grading per
animal per day was done independently and blinggavb clinical veterinarians. (A/B) Mean

values + SD were calculated. Red = hyperimmunengaseated marmosets; Blue = mAb-
treated marmosets; Green = control marmo®et$; m=2;A =3. (C) Ventral-dorsal and lateral

thoracic radiographs as well as gross pathologgésa@f marmosets taken 7 dpi. Shown are

animals H3, M1 and C1.

Figure 3. Pathological changesin the lungs of marmosets. (A) Percentage of area of lung

tissue affected by gross lesions was determinealdour lung lobes, both ventral and dorsal

sides, resulting in 8 values per animal. Each ahisn@presented by a different symbek1;

m=2;A=3. (B) Lung to body weight ratio was determinechasndicator of lung consolidation.

25



(A/B) Mean values + SD were calculated. Statistgtghificance was calculated using a one-

tailed unpaired Student’s t-test; p-values: *>0:05> 0.01, ***>0.001; Red = hyperimmune

plasma-treated marmosets; Blue = mAb-treated matsp&reen = control marmosees;1;
m=2;A=3. (C) Lung tissues of hyperimmune plastreated animals, mAb-treated animals and

control animals were collected on 7 dpi and staingd hematoxylin and eosin (upper panels) or
a polyclonali-MERS-CoV antibody (lower panels). Open arrow =etyppneumocyte

hyperplasia; Closed arrow = hyaline membranes;r&éte edema, hemorrhage and fibrin.

Figure4. MERS-CoV viral loadsin tissues of marmosets. (A) Viral load in respiratory tract
tissues from marmosets 7 dp=1; m=2;A=3. (B) Mean viral load in lung tissue of marmosets
7 dpi. Mean values + SD were calculated. Statikficmificance was calculated using a one-
tailed unpaired Student’s t-test; p-values: * S50 (€) Viral load in extra-respiratory tissues
from marmosets 7 dpi. Mean values + SD were caledld&Red = hyperimmune plasma-treated
marmosets; Blue = mAb-treated marmosets; Greemtralanarmosets. Dotted line = Limit of

Detection.
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Highlights

- Treatment of MERS-CoV -infected common marmosets with either m336 or
hyperimmune plasma reduced signs of clinical disease

- Only treatment with hyperimmune plasma resulted in reduced viral load

- Only treatment with monoclonal antibody m336 resulted in reduced gross pathology

- No histologica differences were observed between untreated and treated common
marmosets





