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Our observations and analyses will need to be confirmed with 
larger numbers of patients. We have thus far obtained PBMCs 
from 18 and sera from 21 previously infected individuals, which 
represent 2 to 3% of all reported MERS survivors in Saudi Arabia 
(www.moh.gov.sa/en/CCC/PressReleases/Pages/default.aspx). 
Longitudinal studies of previously infected patients will also be re-
quired to more precisely compare the longevity of the virus-specific 
T cell versus antibody responses. A potential limitation of our study 
is that MERS-CoV–specific T cell epitopes may cross-react with epi-
topes present in common upper respiratory tract infection–associated 
CoV, especially because some of the epitopes are present on con-
served proteins, such as the N protein. Use of pools of immunogen-
ic peptides mitigates this concern to a large extent, because several 
epitopes are immunogenic, and it is unlikely that most would be 
cross-reacting. None of these epitopes were recognized by T cells 

from any of the healthy donors that we tested. Also, similar levels 
of T cell responses were detected to epitopes on conserved proteins 
and on ones that are less conserved, such as the surface glycopro-
tein, especially the S1 part, which is highly divergent between dif-
ferent CoVs.

In summary, we found that all MERS survivors that we analyzed 
developed CD4+ and CD8+ T cell responses. We also defined a titer 
of neutralizing antibody that was able to effect virus clearance in an 
animal model and is predicted to be useful in clinical settings. Patients 
with mild or subclinical illness develop prominent virus-specific CD8+ 
T cell responses, which may provide an additional factor useful for 
predicting prognosis of hospitalized patients and will be useful in 
studies of transmission patterns and prevalence by identifying pre-
viously infected patients with undetectable antibody responses to 
MERS-CoV.

Fig. 4. Identification of MERS-CoV–specific T cell epitopes in mice and patients. (A) Single-cell suspensions were prepared from the lungs of MERS-CoV–infected DR2 
and DR3 transgenic mice and stimulated with peptides for 5 to 6 hours in the presence of brefeldin A. (B to D) DR2- or DR3-restricted patient PBMCs were stimulated with 
peptide pools or individual peptides for 12 hours in the presence of brefeldin A. (E) Patient PBMCs were stimulated with the ME peptide pool or individual peptides 
for 12 hours in the presence of brefeldin A. Frequencies of MERS-CoV–specific T cells (determined by IFN- intracellular staining) are shown.
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MATERIALS AND METHODS
Study design and participants
The overall objective of the study was to determine antibody and 
T cell responses in MERS survivors and correlate the results with clin-
ical disease parameters. Four tertiary care hospitals in Saudi Arabia 

participated in this study, one from Riyadh, two from Jeddah, and 
one from Makkah. All hospitals had infection control departments, 
critical care units, and access to subspecialty consultant services. 
During the 2015 MERS outbreak at the National Guard Hospital in 
Riyadh, 94 patients were identified as infected using a real-time reverse 

Fig. 5. Relationship between MERS-CoV–specific T cell and neutralizing antibody responses and disease variables and severity. (A) Relationship between T cell 
and PRNT50 responses and time after infection when samples were obtained. Mon, months; n.s., not significant. (B and C) Relationship between T cell (B) and PRNT50 (C) 
responses and comorbidity (comorbidity versus none), ventilator status, sex, and age. (D and E) Relationship between T cell and PRNT50 responses and the duration of 
virus shedding (D) and length of ICU stay (E).
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transcription quantitative polymerase chain reaction assay with spec-
imens obtained by nasopharyngeal swab or bronchoalveolar lavage. 
Fifty-four patients survived and were contacted about providing blood 
samples for immune analyses. Fourteen patients agreed to participate. 
Similarly, 40 MERS patients were identified during the 2014 MERS 
outbreak in King Faisal Specialist Hospital and Research Center in 
Jeddah. Of the 29 survivors, 2 agreed to provide blood for further 
analysis. In King Fahad General Hospital in Jeddah, 61 cases were 
identified and 19 died. Of the 42 survivors, 2 agreed to participate. 
In Al Nour Specialist Hospital in Makkah, 30 cases were identified 
and 9 died. Three survivors provided blood for serological testing 
but not for T cell analyses. Control samples of PBMCs were obtained 
from four anonymous donors at the University of Iowa. In total, the 
patient cohort for this study consisted of 21 patients and 4 controls.
Study approval
The Institutional Review Boards of all the centers approved 
the study. Written informed consent was obtained from all study 
participants.

Clinical information and serological testing
Patients’ medical records were reviewed for information on demo-
graphic characteristics, comorbidities, clinical presentation, ICU 
admission, radiographic findings, duration of viral shedding, hema-
tological parameters, renal profile, hepatic profile, development of 
acute kidney injury, requirement for dialysis, treatments received, 
and outcome. Blood from the Riyadh and Jeddah patients was frac-
tionated into sera and PBMCs. Anti–MERS-CoV antibody titers 
were initially quantified by ELISA and IFA performed in Jeddah 
and Riyadh as previously described (5, 22). The ELISA for MERS-CoV 
S-specific antibody was read as positive (>1.1), negative (<0.8), or 
borderline (0.8 and 1.1). Sera were then analyzed for neutralizing 
antibody titer as described below.

Mice, virus, and cells
Specific pathogen–free 6-week-old BALB/c mice were purchased 
from the National Cancer Institute and Charles River Laboratories 
International. HLA-DR2 (DRB1*1501) and HLA-DR3 (DRB1*0301) 
transgenic mice were produced as previously described (23, 24). 
Mice were maintained in the Animal Care Facility at the University 
of Iowa. All protocols were approved by the University of Iowa Insti-
tutional Animal Care and Use Committee. The EMC/2012 strain of 
MERS-CoV (passage 8, designated MERS-CoV) was provided by 
B. Haagmans and R. Fouchier (Erasmus Medical Center). All work with 
infectious MERS-CoV was conducted in the University of Iowa bio-
safety level 3 (BSL3) laboratory.

Antibody treatment and MERS-CoV infection of mice
Because mice do not express a functional receptor for MERS-CoV, 
6-week-old female BALB/c mice were lightly anesthetized with 
isoflurane and transduced intranasally with 2.5 × 108 plaque-forming 
units (PFU) of Ad5-hDPP4 in 75 l of Dulbecco’s modified Eagle’s 
medium (DMEM) as described (11). Five days after transduction, 
mice were infected intranasally with MERS-CoV (1 × 105 PFU) in a 
total volume of 50 l of DMEM. Mice were monitored daily for 
morbidity (weight loss) and mortality. All work with MERS-CoV 
was conducted in the University of Iowa BSL3 laboratory. Mice were 
injected with 75 l of human serum intravenously 12 hours before 
MERS-CoV infection. Control mice were given an equal volume of 
healthy donor serum.

Virus titers
To obtain virus titers, we harvested lungs from subgroups of three 
animals at the indicated time points (see Results) and homogenized into 
3 ml of phosphate-buffered saline, using a manual homogenizer. Lung 
homogenates were aliquoted and kept at −80°C. Virus was titered on Vero 
81 cells (11). Viral titers are expressed as PFU/g of tissue for MERS-CoV.

MERS-CoV microneutralization assays
Serial twofold dilutions of human sera were prepared, and equal vol-
umes of MERS-CoV (EMC/2012) and sera were combined and incu-
bated for 1 hour at room temperature. The mixture was then added in 
quadruplicate to Vero 81 cells. The neutralization titer is the recipro-
cal of the highest serum dilution that neutralized the infectivity of 100 
TCID50 (median tissue culture infectious dose) of virus, read as the 
absence of cytopathic effect in the cells on day 4 after infection.

MERS-CoV PRNT50 assay
Serum samples were serially diluted in DMEM and mixed with an 
equal volume of MERS-CoV (EMC/2012) containing 80 PFU. After 
incubation at 37°C for 1 hour, aliquots were added to cultures of Vero 
81 cells in 48-well plates and incubated at 37°C in 5% CO2 for 1 hour. 
Virus titers (PRNT50) were determined as described (25).

Preparation of cells from mouse lungs
Mice were sacrificed at day 8 after infection. Lungs were removed, cut 
into small pieces, and digested in Hanks’ balanced salt solution buffer 
containing 2% fetal calf serum, 25 mM Hepes, collagenase D (1 mg/ml) 
(Roche), and deoxyribonuclease (0.1 mg/ml) (Roche) for 30 min at 
37°C. Tissues were dispersed using a 70-m cell strainer, and single-
cell suspensions were prepared. Live cells were enumerated by 0.2% 
trypan blue exclusion. Cells were stimulated with peptides for intra-
cellular cytokine expression as described previously (26).

Flow cytometry
The following anti-human monoclonal antibodies were used: CD3 
(HIT3a), CD4 (RPA-T4), CD8 (SK1), CD14 (M5E2), CD19 (SJ25C1), 
CD56 (5.1H11), T cell receptor  (B1), IFN- (B27), TNF (MAb11), 
CD45RA (HI100), CD27 (M-T271), and CCR7 (G043H7); all anti-
bodies were from BD Biosciences, eBioscience, or BioLegend. Fc re-
ceptor blocking solution was obtained from BioLegend.

PBMCs were prepared from blood samples at the Riyadh and 
Jeddah sites using Lympholyte-H (Cedarlane) by following the 
product instruction. Cells were stored in liquid nitrogen before and 
during shipping to the University of Iowa where the cells were fur-
ther analyzed. For surface staining, 105 to 106 cells were blocked with 
Fc receptor blocking solution, labeled with LIVE/DEAD staining 
dye (Thermo Fisher), and then stained with the indicated antibodies 
at 4°C. For in vitro intracellular cytokine staining, 105 to 106 cells per 
well were cultured in 96-well round-bottom plates at 37°C for 12 hours 
in the presence of 2 M peptide (GenScript) and brefeldin A (BD 
Biosciences). Cells were then labeled for cell surface markers, fixed/
permeabilized with Cytofix/Cytoperm Solution (BD Biosciences), 
and labeled with anti-intracellular cytokine/protein antibodies. All flow 
cytometry data were acquired on a BD FACSVerse and analyzed using 
FlowJo software (Tree Star Inc.).

Statistical analysis
Mann-Whitney test was used for initial analyses comparing the dif-
ferences between groups, with P < 0.05 being considered statistically 
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significant. However, this approach tends to have low power and 
mostly insignificant results. Therefore, we also performed linear re-
gression analyses to compare the model fits between different pre-
dictor sets with the same outcome. Because of the small sample size 
(14 when doing model comparisons), we determined that the most 
appropriate measure to use for model comparison was the AICc 
(27, 28). This measure is an extension of the AIC (29, 30) and is 
more appropriate when the sample size is small. For each outcome, 
the predictor sets were limited to null, univariate, and bivariate models. 
By comparing the AICc for all models with the same outcome, we 
can determine the most favorable model predictor set. A smaller AICc 
indicates a more favorable model.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/14/eaan5393/DC1
Fig. S1. Gating strategy for determining cellular composition of PBMCs.
Table S1. Clinical information including laboratory values.
Table S2. PBMC composition.
Table S3. Peptide list.
Table S4. HLA typing.
Source data (Excel file)
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basis for future vaccine design and immunotherapy.
cells may be useful in detecting mild or subclinical infection and that epitopes recognized by these T cells may form the
infection, and these cells could be detected even in the absence of virus-specific antibody. These data suggest that T 

 T cells were induced after MERS-CoV+ and CD8+but that antibody levels were often transient. Moreover, both CD4
modelresponse in MERS-CoV survivors. They found that neutralizing antibody titers could predict protection in an animal 
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