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Online Methods 1 

 2 

Ethics statement 3 

This study was conducted in accordance with the protocol, the Consensus ethical principles 4 

derived from international guidelines including the Declaration of Helsinki and Council for 5 

International Organizations of Medical Sciences (CIOMS) International Ethical Guidelines, 6 

applicable ICH Good Clinical Practice guidelines, applicable laws and regulations. The 7 

screening protocol and main study were approved by the UK Health Research Authority – Ad 8 

Hoc Specialist Ethics Committee (reference: 20/UK/2001 and 20/UK/0002). Written informed 9 

consent was obtained from all volunteers prior to screening and study enrolment. The study 10 

was overseen by a Medical Oversight Committee (Trial Steering Committee) with advice from 11 

an independent Data and Safety Monitoring Committee (DSMB), who assessed the study 12 

data. Discussion was had with the Medicines and Healthcare products Regulatory Agency to 13 

determine whether the study was to be deemed a clinical trial of an investigational medicinal 14 

product. Since no medicinal product was being investigated, the study was deemed not a 15 

clinical trial. As such, a EudraCT number was not assigned and the clinical study was 16 

registered with clinicaltrials.gov (identifier: NCT04865237). This was delayed by these 17 

discussions and the clinicaltrials.gov registration therefore went live after the first participants 18 

were enrolled in the study. 19 

 20 

Study Methods 21 

Public consultation and involvement 22 

Building on earlier work in the UK1, broad consultation was undertaken to explore public 23 

understanding of the concept of a human challenge study in general and the acceptability of 24 

a human challenge study with SARS-CoV-2 taking place in the UK. This involved a cross 25 

sectional survey (2441 participants) and a series of focus groups (57 participants in 9 groups). 26 

A group of public advisors provided input into study design and materials. The opinions and 27 

concerns gathered were used to inform study design and document preparation.  28 

 29 

Study design 30 

Healthy adults aged 18-30 years with no evidence of previous SARS-CoV-2 infection or 31 

vaccination were recruited to this single-centre phase I open-label first-in-human study. 32 

Volunteers were excluded if positive for anti-SARS-CoV-2 S protein antibodies using the 33 

MosaiQ COVID-19 antibody microarray (Quotient, Eysins, Switzerland) and on the basis of 34 

risk factors assessed by clinical history, physical examination and screening assessments. 35 

The QCOVID tool2 was used to provide a personalised estimated absolute risk of 36 
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hospitalisation and death, with those above a pre-defined risk threshold (equivalent to that for 37 

a 30-year-old with no risk factors, calculated as a 1:250,000 risk of death or 1:4902 risk of 38 

hospitalization) excluded. Echocardiography and chest x-ray were performed prior to 39 

inoculation. See protocol for full inclusion/exclusion criteria. Additionally, per protocol analysis 40 

was performed after exclusion of participants who fulfilled enrolment criteria at screening but 41 

were later found to have neutralising and spike-binding antibodies on admission to the 42 

quarantine unit. 43 

 44 

The primary objective was to identify a dose of wild type SARS-CoV-2 in healthy volunteers 45 

with an acceptable safety profile that induced laboratory confirmed infection in ≥50% of 46 

participants, suitable for future human challenge studies. Laboratory-confirmed infection was 47 

defined as quantifiable RT-PCR detection greater than the lower limit of quantification (LLOQ) 48 

from mid turbinate and/or throat swabs on 2 or more consecutive 12 hourly timepoints, starting 49 

from 24 hours post-inoculation and up to discharge from quarantine. Secondary objectives 50 

and Exploratory Endpoints are listed in the protocol. 51 

 52 

The study was conducted in a high containment clinical trials unit at the Royal Free London 53 

NHS Foundation Trust. Subjects were housed in single occupancy, negative pressure side 54 

rooms. Participants were inoculated intranasally by pipette with 10 TCID50 of wild-type SARS-55 

CoV-2 (100uL/naris) between both nostrils, with an initial sentinel group (n=3) followed by the 56 

remaining individuals in the cohort. Subjects remained supine (face and torso facing up) for 57 

10 minutes followed by 20 minutes in a sitting position wearing a nose clip post-inoculation to 58 

ensure maximum contact time with the nasal and pharyngeal mucosa.  Mid-turbinate nose 59 

and throat samples were collected twice-daily using flocked swabs, placed in 3mL viral 60 

transport medium (cat. no. BSV-VTM-001, BioServ, UK) that was aliquoted and stored at -61 

80ºC. For the first 10 challenged participants, pre-emptive intravenous remdesivir (100mg, 62 

Gilead) was initiated after two consecutive quantifiable viral detections and administered twice 63 

daily for 5 days to infected participants only. Subjects remained in quarantine for a minimum 64 

of 14 days post-inoculation until the following discharge criteria were met: 2 consecutive daily 65 

nose and or throat swabs with no viral detection or a qPCR Ct value >35 AND no viable virus 66 

by overnight incubation viral culture with detection by immunofluorescence. Participants will 67 

be followed for one year post-inoculation and for data collected after the day 28 data lock, the 68 

analyses are exploratory. 69 

 70 

Clinical assessments 71 

Safety was assessed with daily blood tests, spirometry, ECG, clinical assessments (vital signs, 72 

symptom diaries, clinical examination), and CT scan of chest on Day 5 (in all participants) and 73 
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10 (in infected participants only). Self-completed symptom diaries were completed 3 times 74 

daily from the day before inoculation to day 14 post-inoculation. A total of 19 symptoms 75 

covering upper respiratory, lower respiratory and systemic symptoms were scored on a scale 76 

of 0 to 3 (i.e. absence of symptoms, mild, moderate and severe, respectively). Blood and 77 

respiratory samples were obtained pre-infection and at time-points indicated in the text. Smell 78 

was monitored using the University of Pennsylvania Smell Identification test, a well-validated 79 

and reliable (test-retest r = 0.94) test that employs microencapsulated “scratch and sniff” 80 

odorants provided as booklets containing a series of cards that the subjects scratch3. The total 81 

number of odorant stimuli out of 40 that is correctly identified serves as the test measure.  82 

 83 

Challenge virus 84 

The SARS-COV-2 challenge virus (full formal name: SARS-CoV-85 

2/human/GBR/484861/2020)was obtained with consent from a nose/throat swab taken from 86 

a patient in the UK with COVID-19 facilitated by the ISARIC Coronavirus Clinical 87 

Characterisation Consortium (ISARIC4C)4 using their study protocol [study registry 88 

ISRCTN66726260] approved by the South Central–Oxford C Research Ethics Committee in 89 

England (reference 13/SC/0149) and the Scotland A Research Ethics Committee (reference 90 

20/SS/0028). 91 

 92 

The virus was isolated by inoculation of a qualified cGMP Vero cell line with the clinical sample. 93 

Sequence analysis showed this to be from the 20A clade of the B.1 lineage and possessed 94 

the D614G mutation. A Seed Virus Stock was then generated by a further passage on the 95 

same cGMP Vero cell line. The Seed Virus Stock was then used to manufacture the Challenge 96 

Virus in accordance with cGMP at the Zayed Centre for Research (ZCR) GMP manufacturing 97 

facility of Great Ormond Street Hospital (GOSH) and a Challenge Virus Master Virus Bank 98 

(MVB) was produced. Individual dose inoculum vials were then produced in accordance with 99 

cGMP by dilution of the cGMP MVB with sucrose diluent. The challenge virus underwent 100 

quality testing performed as part of the GMP manufacturing release processes according to 101 

pre-determined specifications (including identity, infectivity and contaminant / adventitious 102 

agent tests). This included whole genome sequencing for confirmation that the GMP virus was 103 

unaltered compared with the original clinical isolate. The sequence of the challenge virus has 104 

been deposited in Genbank (Accession number OM294022).  In the UK, since they are not 105 

medicinal products, challenge viruses are not regulated by the Medicines and Healthcare 106 

products Regulatory Agency (MHRA). However, the challenge virus was manufactured 107 

according to GMP and the supporting paperwork was reviewed by the MHRA, which confirmed 108 

that the manufacture was suitable for the challenge agent to be used in future efficacy studies 109 

of investigation medicinal products. Therefore, in future clinical trials of an investigational 110 
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medicinal product, the challenge virus will be reviewed as part of the clinical trial application 111 

to the MHRA. The challenge virus was stored in a secure –80°C freezer (normal temperature 112 

range –60°C to – 90°C) until use. The SARS-CoV-2 inoculum dose (101 TCID50) was selected 113 

as the lowest infectious dose could be reliably quantified by viral culture.  114 

 115 

Virology 116 

Longitudinal measures of pharyngeal and nasal viral kinetics were measured using two 117 

independent assays: quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) 118 

with N gene primers/probes adapted from the Centers for Disease Control (CDC) protocol5 119 

(updated 29 May 2020) and quantitative culture by focus-forming assay (FFA).  120 

 121 

• RT-PCR 122 

Aliquots of the clinical samples were processed for PCR analysis by addition of Qiagen’s ATL 123 

lysis buffer to the sample to lyse the virus before subsequent RNA extraction, PCR and 124 

reaction set up using Qiagen’s QIAsymphony RNA extraction (SP) and assay set up (AS) 125 

modules.  Each sample was spiked with an internal control RNA before PCR amplification in 126 

triplicate in a multiplex PCR assay run on Applied Biosystems’ Viia7 PCR machines.    127 

 128 

The SARS-CoV-2 primer and probe sequences were derived from the CDC protocol (see 129 

below). 130 

• Forward primer 5’-3’: GACCCCAAAATCAGCGAAAT 131 

• Reverse primer 5’-3’: TCTGGTTACTGCCAGTTGAATCTG 132 

• Probe 5’-3’:ACCCCGCAT/ZEN/TACGTTTGGTGGACC (Labelled with FAM, ZAN, 133 

31ABkFQ) 134 

 135 

Viral quantification was determined based on comparison to a standard curve run within the 136 

assay.  The standard curve was generated from in vitro transcribed RNA from linearised 137 

plasmid containing sequences of the SARS-CoV-2 virus nucleocapsid and spike.  138 

 139 

• Quantitative culture 140 

Quantitative virus infectivity was assessed using Focus Forming Assays (FFA).  Samples were 141 

assayed in triplicate inoculating Vero cells seeded the day prior at 3 x 104 cells / well in a 96-142 

well plate format.   Serial dilutions of the test samples were inoculated onto cells and incubated 143 

at 37°C, 5% CO2 for 1 hour prior to addition of methylcellulose overlay and further incubation 144 

for 1 day.  Cells were fixed and stained using standard Neutral buffered formalin (10%) and 145 

triton X (0.1%).  The presence of SARS-CoV-2 infected cells were determined following 146 
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addition of primary antibody of anti-SARS-CoV-2 (Invitrogen) followed by secondary antibody 147 

of goat anti-mouse IgG conjugated with HPR antibody (Abcam) and use of TrueBlue 148 

peroxidase substrate.  Foci were read using Autoimmun Diagnostika (AID) V-Spot image 149 

analyzer, with virus titre determined by calculating the average spot number and subtraction 150 

of background spot count from the negative control wells. 151 

 152 

Serum antibody assays 153 

Serum samples were analysed at Nexelis (Laval, Canada) to determine SARS-CoV-2 anti-154 

spike IgG concentrations by ELISA (reported as ELISA laboratory units [ELU]/mL). 155 

Neutralising antibody tires for live SARS-CoV-2 virus (lineage Victoria/01/2020) were 156 

determined by microneutralisation assay at the UK Health Security Agency (Porton Down, UK) 157 

and reported as the 50% neutralising antibody titre (NT50). For the microneutralisation assay, 158 

lower limit of detection (LLOD) was 58 and undetectable samples were assigned a value of 159 

29. For the spike protein IgG ELISA, LLOD was 50.2 ELU/mL and undetectable samples were 160 

assigned a value of 25 ELU/mL. 161 

 162 

Lateral flow rapid antigen assays 163 

Lateral flow immunoassays (LFA) were performed using the INNOVA SARS-CoV-2 antigen 164 

rapid quantitative test kit (Cat number: BT1309), as per the manufacturer’s recommendations 165 

with adaptations as follows. This commercially available kit is designed to detect the presence 166 

of the SARS-CoV-2 nucleocapsid (n) protein through in vitro immunochromatographic assays. 167 

Viral transport medium from daily throat and mid turbinate swab samples at days 1 to 15 post-168 

inoculation were tested. Samples (60 µl) were directly added to the sample window of the LFA 169 

test device at room temperature. Bands in both control (C) and test (T) windows were 170 

indicative of a SARS-CoV-2 positive status. A single control band indicated SARS-CoV-2 171 

negativity. 172 

 173 

Statistical analysis 174 

Statistical analysis was performed using Graphpad Prism v9.2 and R v4.05. The study was a 175 

first-in-human experimental medicine study and only analyses of viral load were pre-specified 176 

in the protocol; all others were post-hoc. Two-group comparisons were tested using Mann-177 

Whitney test for unpaired and Wilcoxon matched-pairs signed rank test for paired groups. 178 

Spearman’s rank-order correlation was used for correlation analysis. Exact (Clopper-Pearson) 179 

CIs were used for proportions; 95% CI of the median was calculated using the binomial 180 

distribution6. For all tests, a value of p<0.05 was considered significant. P values were two-181 

sided and unadjusted for multiplicity as these investigations were exploratory. In general, 182 

missing data rarely occurred and was not imputed, and summary statistics were reported on 183 
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observed data. Two nose qPCR VL datapoints (one in an infected and one in an uninfected 184 

participant on morning day 3 post-inoculation) were invalid; there were no other missing data.  185 

 186 

No formal sample size calculation was performed for this early stage dose finding study. 187 

However, a sample size of up to an expected 30 subjects for a dose level and treatment 188 

regimen, was felt sufficient to meet the primary objective of escalating/expanding the dose in 189 

a safe manner whilst providing information on the attack rate. 190 

 191 

The lower limit of quantification (LLOQ) for qPCR was 3 log10 copies/mL, with positive 192 

detections <LLOQ assigned a value of 1.5 log10 copies/mL and undetectable samples 193 

assigned a value of 0 log10 copies/mL. For FFA, LLOQ was 1.27 FFU/mL, viral detection 194 

<LLOQ was assigned 1 log10 FFU/mL and undetectable samples assigned 0 log10 195 

FFU/mL. AUCs for VL (Figures 2e and 4g, Supplementary Figures 2c and 7b) and total 196 

symptom score (Figures 3e and 3f) were calculated using the trapezoid rule on all collected 197 

data between 24 hours post-inoculation and discharge from quarantine. AUCs for VL were 198 

calculated for both qPCR and FFA measurements, using VL on a linear scale (rather than 199 

summing log10 VL) with the derived AUCs presented on a log10 scale.  200 

  201 

Logistic regression models to predict lateral flow assay positivity from log10 viral load 202 

measurements (qPCR or FFA) were used. Models were fitted using general estimating 203 

equations7 to control for repeated within-participant assessments, using R with the geepack, 204 

ggeffects and pROC packages. Quasi-likelihood information criterion-based model selection 205 

favoured a constant (exchangeable) within-cluster correlation structure. Receiver-Operator 206 

Characteristic (ROC) curves were computed for each model, both for the fit to all data, for fits 207 

to a random 60% (training) sample of the data, and for predictions for the remaining 40% 208 

(validation) sample of the data.  209 

 210 

The mean proportion of the AUC for VL which would occur on or after the day of the first 211 

positive LFA test was estimated assuming regular asymptomatic LFA testing occurring on a 1 212 

to 7 day cadence. In doing so, we averaged this proportion over all participants and all possible 213 

days of the first test relative to the day of infection. Estimates were computed for nasal and 214 

throat measurements separately and for both combined. For the combined analysis, VL 215 

measurements for nose and throat were added, and the combined LFA was assumed to be 216 

positive if either or both of the nose and throat LFAs were positive. Mean proportions and the 217 

95% confidence interval around the mean were calculated. 218 

 219 

Data availability statement 220 
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The data that support the findings of this study are available from the corresponding author 221 

upon reasonable request and following review of a data request form by the UK Vaccines 222 

Taskforce Human Challenge Steering Committee. 223 

 224 

  225 
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