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Evaluation of SARS-CoV-2 serology assays reveals
a range of test performance
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Appropriate use and interpretation of serological tests for assessments of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) exposure, infection and potential immunity require accurate data on assay performance. We conducted a
head-to-head evaluation of ten point-of-care-style lateral flow assays (LFAs) and two laboratory-based enzyme-linked immu-
nosorbent assays to detect anti-SARS-CoV-2 IgM and IgG antibodies in 5-d time intervals from symptom onset and studied the
specificity of each assay in pre-coronavirus disease 2019 specimens. The percent of seropositive individuals increased with
time, peaking in the latest time interval tested (>20 d after symptom onset). Test specificity ranged from 84.3% to 100.0%
and was predominantly affected by variability in IgM results. LFA specificity could be increased by considering weak bands as
negative, but this decreased detection of antibodies (sensitivity) in a subset of SARS-CoV-2 real-time PCR-positive cases. Our
results underline the importance of seropositivity threshold determination and reader training for reliable LFA deployment.
Although there was no standout serological assay, four tests achieved more than 80% positivity at later time points tested and

more than 95% specificity.

to coronavirus disease 2019 (COVID-19)'. Millions of infec-

tions by SARS-CoV-2, the virus responsible for COVID-19,
have been reported, although its full extent has yet to be determined
owing to limited testing’. Government interventions to slow viral
spread have disrupted daily life and economic activity for billions
of people. Strategies to ease restraints on human mobility and inter-
action without provoking a major resurgence of transmission and
mortality will depend on accurate estimates of population levels
of infection and immunity’. Current testing for the virus largely
depends on labor-intensive molecular techniques’. Individuals
with positive molecular tests represent only a small fraction of all
infections, given limited deployment and the brief time window
when real-time (RT)-PCR testing has the highest sensitivity™”.

| o date, hundreds of thousands of deaths have been attributed

The proportion of undocumented cases in the original epidemic
focus was estimated to be as high as 86%?®, and asymptomatic infec-
tions are suspected to play a substantial role in transmission’ .

Widely available, reliable antibody detection assays would enable
more accurate estimates of SARS-CoV-2 prevalence and inci-
dence. On February 4, 2020, the Secretary of the US Department
of Health and Human Services issued an emergency use authori-
zation (EUA) for the diagnosis of SARS-CoV-2", allowing nucleic
acid detection and immunoassay tests to be offered based on
manufacturer-reported data without formal US Food and Drug
Administration (FDA) clearance'®. In response, dozens of com-
panies began to market laboratory-based immunoassays and
point-of-care (POC) tests. Rigorous, comparative performance data
are crucial to inform clinical care and public health responses.

A full list of affiliations appears at the end of the paper.
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Table 1| Demographics and clinical characteristics of patients who tested positive for SARS-CoV-2 by RT-PCR?

Variable All patients (n=79) 0-5d(n=28) 6-10d(n=36) 1-15d(n=34) 16-20d(n=19) >20d(n=11)
Age, mean (s.d.) 52.9 (15) 48.2 (15.0) 53.3 (15 581+151 56.6 (13.2) 55.5(14.8)
Male sex (%) 54 (68) 15 (54) 24 (67) 21(62) 12 (63) 8 (73)
Racial or ethnic group
Hispanic/Latinx (%) 54 (68) 18 (64) 29 (81) 23(68) 12 (63) 7(64)
Asian (%) 7(9) 33am 2(6) 4(12) 3016) 0(0)
White (%) 7(9) 33m 13 2(6) AQL) 0(0)
Black (%) 6(8) 2(7) 3(8) 4(12) 1(5) 2(18)
Other/not reported (%) 5(6) 2@ 13) 103) 1(5) 2(18)
Presenting symptoms
Cough (%) 72 (91) 24 (86) 33(92) 3191 17 (89) 9(82)
Fever (%) 68 (86) 23(82) 30(83) 29 (85) 17 (89) 9(82)
Myalgia (%) 29 (37) 8(29) 12 (33) 13 (38) 8 (42) 327
Chest pain (%) 20 (25) 5(18) 8(22) 721D 5(26) 4(36)
Headache (%) 20 (25) 4(14) 1n@En 9 (26) 6 (32) 4 (36)
Chills (%) 19 (24) 5(18) 9 (25) 7N 7 @(37) 2(18)
Sore throat (%) 19 (24) 4(14) LIEED) 8 (24) 5(26) 3(27)
Malaise (%) 17 (22) 4.(14) 7 (19) 9 (26) 421 1(9)
Diarrhea (%) 13 (16) 4(14) 7Q19) 6 (18) 421 1(9)
Anorexia (%) 8 (10) 2@ 13 2(6) 421 1(9)
Nausea and/or vomiting (%) 8 (10) 2(7) 2 (6) 2 (6) 21 1(9)
Anosmia and/or dysgeusia (%) 4 (5) 1(4) 1(3) 2(6) 0(0) 1(9)
Chronic medical conditions
Hypertension (%) 36 (46) 11(39) 17 (47) 21(62) 11 (58) 6 (55)
Type 2 diabetes mellitus (%) 33(42) 11(39) 17 (47) 19 (56) 8(42) 6 (55)
Obesity (%) 19 (24) 7 (25) 9 (25) 11(@32) 6 (32) 6 (55)
Chronic kidney disease (%) 10 (13) 4(14) 3(8) 6 (18) 4(21) 3(27)
Hypothyroid (%) 6(8) 30D 3(8) 3(9) 0 (0) 0 (0)
Solid organ transplant (%) 6(8) 2@ 0(0) 2(6) AU 2(18)
Coronary artery disease (%) 5(6) 1(4) 103) 2 (6) 211 3(27)
Asthma (%) 4(5) 1(4) 13 39 201 00
Congestive heart failure (%) 34) 2(7) 2 (6) 2 (6) 1(5) 0(0)
Liver disease (%) 34 0(0) 13 2(6) 1(5) 1(9)
Malignancy (%) 34 1(4) 2(6) 13 2n 0(0)
Emphysema (%) 2(3) 0(0) 13 1(3) 1(5) 1(9)
Prior stroke (%) 23 1(4) 0(0) 0(0) 0(0) 1(9)
HIV (%) 1M 1(4) 0(0) 0 (0) 0(0) 0(0)
Other immune-compromised 5(6) 1(4) 1(3) 3(9) 2n 1(9)

condition® (%)

Highest level of care

Ambulatory© (%) 14 (18) 9(@(32) 2(6) 309 0(0) 0(0)
Admitted (%) 36 (46) 139 19 (53) 12 (35) 5(26) 4 (36)
ICU (%) 29 (37) 8(29) 15 (42) 19 (56) 14.(74) 7 (64)

?Baseline demographic characteristics, presenting symptoms, chronic medical conditions, initial disposition and highest-level outcome for all participants whose samples were included in each time interval
for serological testing. Only one sample per patient was included in each time interval, and some individuals are represented by multiple samples in different time intervals. In total, we tested 128 samples
taken from 79 patients who tested positive for SARS-CoV-2 by RT-PCR. °Other immune-compromised condition includes rheumatology patients (rheumatoid arthritis, psoriasis, Crohn's disease, ankylosing
spondylitis and reactive arthritis), all of whom were taking immune modulating/suppressing therapies. “Ambulatory care includes outpatients as well as patients seen in the emergency department

and not admitted.

We conducted a head-to-head comparison of serology tests obtained from patients with SARS-CoV-2 that was confirmed by
available to our group in early April, comprising ten immunochro- RT-PCR, contemporaneous patients with other respiratory patho-
matographic LFAs and two enzyme-linked immunosorbent assays ~ gen testing and/or without SARS-CoV-2 by RT-PCR and blood
(ELISAs) (for details, see Supplementary Table 1). Specimens were  donor specimens collected before 2019. We included analyses of
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Table 2 | Summary statistics for immunochromatographic LFAs and ELISAs®

Percentage of positive specimens from patients who tested positive for SARS-CoV-2 by RT-PCR

IgM I1gG IgM or I1gG
Assay Totaln  Positive % 95% ClI Totaln  Positive % 95% ClI Totaln  Positive % 95% ClI
Immunochromatographic LFAs
Biomedomics
1-5d 27 7 259 11-46.3 27 6 22.2 8.6-42.3 27 8 29.6 13.8-50.2
6-10d 36 22 61.1 43.5-76.9 36 19 52.8 35.5-69.6 36 23 63.9 46.2-79.2
11-15d 33 25 75.8 57.7-889 33 23 69.7 51.3-84.4 33 26 78.8 61.1-91.0
16-20d 19 16 84.2 60.4-96.6 19 14 73.7 48.8-909 19 17 89.5 66.9-98.7
>20d 1 9 81.8 48.2-97.7 M 9 81.8 48.2-97.7 1 9 81.8 48.2-97.7
Bioperfectus
1-5d 28 n 39.3 21.5-59.4 28 7 25.0 10.7-449 28 n 39.3 21.5-59.4
6-10d 35 26 74.3 56.7-875 35 23 65.7 47.8-809 35 27 771 59.9-89.6
11-15d 34 28 824 65.5-93.2 34 27 79.4 621-91.3 34 30 88.2 72.5-96.7
16-20d 19 16 84.2 60.4-96.6 19 14 73.7 48.8-909 19 17 89.5 66.9-98.7
>20d 10 10 100.0 69.2- 10 9 90.0 55.5-99.7 10 10 100.0 69.2-
100.0 100.0
DecomBio
1-5d 26 8 30.8 14.3-51.8 26 7 26.9 11.6-47.8 26 8 30.8 14.3-51.8
6-10 d 36 24 66.7 49.0-814 36 24 66.7 49.0-814 36 24 66.7 49.0-81.4
11-15d 33 29 879 71.8-96.6 33 29 879 71.8-96.6 33 29 879 71.8-96.6
16-20d 18 14 77.8 52.4-93.6 18 14 77.8 52.4-93.6 18 14 77.8 52.4-93.6
>20d 1 10 920.9 58.7-99.8 10 90.9 58.7-99.8 1 10 90.9 58.7-99.8
DeepBlue
1-5d 28 12 429 24.5-62.8 28 6 214 8.3-41.0 28 12 429 24.5-62.8
6-10d 36 28 77.8 60.8-89.9 36 18 50.0 329-671 36 28 778 60.8-89.9
1-15d 34 28 82.4 65.5-93.2 34 21 61.8 43.6-77.8 34 28 824 65.5-93.2
16-20d 19 16 84.2 60.4-96.6 19 15 78.9 54.4-939 19 17 89.5 66.9-98.7
>20d 1 10 90.9 58.7-99.8 9 81.8 48.2-97.7 1 10 90.9 58.7-99.8
Innovita
1-5d 27 4 14.8 4.2-337 27 7 259 11-46.3 27 7 25.9 11.1-46.3
6-10d 36 12 333 18.6-51.0 36 17 47.2 304-64.5 36 20 55.6 381-721
11-15d 31 12 38.7 21.8-57.8 32 25 78.1 60.0-90.7 32 25 78.1 60.0-90.7
16-20d 13 4 30.8 9.1-61.4 13 9 69.2 38.6-909 13 9 69.2 38.6-90.9
>20d 6 1 16.7 04-641 6 4 66.7 22.3-95.7 6 5 83.3 35.9-99.6
Premier
1-5d 28 10 35.7 18.6-559 28 6 214 8.3-41.0 28 10 35.7 18.6-55.9
6-10 d 35 25 714 53.7-854 35 18 514 34.0-68.6 35 25 74 53.7-85.4
11-15d 34 28 824 65.5-93.2 34 22 64.7 46.5-80.3 34 29 85.3 68.9-95.0
16-20d 19 16 84.2 60.4-96.6 19 14 73.7 48.8-909 19 17 89.5 66.9-98.7
>20d 1 10 90.9 58.7-99.8 9 81.8 48.2-97.7 10 90.9 58.7-99.8
Sure
1-5d 28 3 10.7 2.3-282 28 5 17.9 61-369 28 5 17.9 6.1-36.9
6-10d 35 15 429 26.3-60.6 35 19 54.3 36.6-71.2 35 19 54.3 36.6-71.2
11-15d 34 22 64.7 46.5-80.3 34 25 73.5 55.6-871 34 25 73.5 55.6-871
16-20d 19 14 73.7 48.8-909 19 14 73.7 48.8-909 19 15 78.9 54.4-93.9
>20d il 8 72.7 39.0-94.0 M 10 90.9 58.7-99.8 10 90.9 58.7-99.8
uce
1-5d 28 7 25.0 10.7-449 28 7 25.0 10.7-449 28 7 25.0 10.7-44.9
6-10d 36 21 58.3 40.8-74.5 36 18 50.0 329-671 36 21 58.3 40.8-74.5

Continued
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Table 2 | Summary statistics for immunochromatographic LFAs and ELISAs? (continued)

Percentage of positive specimens from patients who tested positive for SARS-CoV-2 by RT-PCR

IgM 1gG IgM or IgG
Assay Totaln  Positive % 95% ClI Totaln  Positive % 95% ClI Totaln  Positive % 95% ClI
11-15d 34 26 76.5 58.8-89.3 34 25 73.5 55.6-871 34 27 79.4 62.1-91.3
16-20d 19 15 78.9 54.4-939 19 14 73.7 48.8-909 19 15 78.9 54.4-93.9
>20d 1 10 90.9 58.7-99.8 11 9 81.8 48.2-97.7 1 10 90.9 58.7-99.8
VivaChek
1-5d 25 7 28.0 121-494 25 7 28.0 121-494 25 7 28.0 12.1-49.4
6-10 d 35 22 62.9 44.9-785 35 22 62.9 449-785 35 22 62.9 44.9-78.5
1-15d 30 26 86.7 69.3-96.2 30 25 83.3 65.3-94.4 30 26 86.7 69.3-96.2
16-20d 19 15 78.9 54.4-939 19 14 73.7 48.8-909 19 15 78.9 54.4-93.9
>20d 10 9 90.0 55.5-99.7 10 9 90.0 55.5-99.7 10 9 90.0 55.5-99.7
Wondfo
1-5d 26 10 38.5 20.2-59.4
6-10d 36 24 66.7 49.0-81.4
11-15d 32 27 84.4 67.2-94.7
16-20d 19 17 89.5 66.9-98.7
>20d 1 9 81.8 48.2-97.7
ELISAs
Epitope
1-5d 28 5 17.9 61-369 28 n 39.3 21.5-59.4 28 1 39.3 39.3-215
6-10d 36 19 52.8 35.5-69.6 36 28 77.8 60.8-899 36 29 80.6 80.6-64.0
11-15d 34 27 79.4 621-91.3 34 31 91.2 76.3-981 34 31 91.2 91.2-76.3
16-20d 19 14 73.7 48.8-909 19 16 84.2 60.4-96.6 19 17 89.5 89.5-66.9
>20d 1 9 81.8 48.2-977 M 10 90.9 58.7-99.8 T 10 90.9 90.9-58.7
In-house?
1-5d 28 10 35.7 18.6-55.9
6-10d 36 26 72.2 54.8-85.8
1-15d 34 32 94.1 80.3-99.3
16-20 d 19 17 89.5 66.9-98.7
>20d 1 9 81.8 48.2-97.7
Specificity in 108 blood donor plasma specimens collected before July 2018
IgM IgG IgM or IgG
Assay Total Positive Specificity 95% CI Total Positive Specificity 95% CI Total Positive Specificity 95% CI
n (%) n (%) n (%)
Immunochromatographic LFAs
Biomedomics 107 13 879 80.1-934 107 4 96.3 90.7-99.0 107 14 86.9 79.0-92.7
Bioperfectus 104 3 971 91.8-994 104 2 98.1 93.2-998 104 5 95.2 89.1-98.4
DecomBio 107 10 90.7 83.5-954 107 9 91.6 84.6-961 107 89.7 82.3-94.8
DeepBlue 108 17 84.3 76.0-90.6 108 1 99.1 949-100.0 108 17 84.3 76.0-90.6
Innovita 108 4 96.3 90.8-99.0 108 O 100.0 96.6-100.0 108 4 96.3 90.8-99.0
Premier 108 2 98.1 93.5-99.8 108 1 99.1 94.9-100.0 108 3 97.2 921-99.4
Sure 108 0 100.0 96.6-100.0 108 O 100.0 96.6-100.0 108 O 100.0 96.6-100.0
ucCp 107 2 98.1 934-998 107 2 98.1 934-998 107 2 98.1 93.4-99.8
VivaChek 99 5 94.9 88.6-983 99 4 96.0 90.0-989 99 5 94.9 88.6-98.3
Wondfo 106 1 99.1 94.9-100.0
ELISAs
Epitope 108 3 97.2 921-994 108 10 90.7 83.6-955 108 T 89.8 82.5-94.8
In-house® 108 1 99.1 94.9-100.0

Continued
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Table 2 | Summary statistics for immunochromatographic LFAs and ELISAs? (continued)

Percentage of positive specimens from individuals who tested positive for non-SARS-CoV-2 viral infections and/or tested negative for SARS-CoV-2 by

RT-PCR
IgM 1gG IgM or I1gG
Assay Totaln  Positive % 95% CI Totaln  Positive % 95% CI Total n Positive % 95% ClI
Immunochromatographic LFA
Biomedomics 51 15.7 7.0-28.6 51 4 7.8 2.2-18.9 51 1 21.6  11.3-35.3
Bioperfectus 45 1.1 3.7-241 45 6 13.3 51-26.8 45 17.8 8.0-321
DecomBio 51 5 9.8 3.3-214 51 2 3.9 0.5-13.5 51 6 1.8 4.4-239
DeepBlue 51 14 275 15.9-41.7 51 7 13.7 5.7-26.3 51 14 275 15.9-41.7
Innovita 28 2 71 0.9-23.5 28 2 71 0.9-23.5 28 3 10.7 2.3-28.2
Premier 51 0 0.0 0.0-7.0 51 1 2.0 0.0-10.4 51 2 3.9 0.5-13.5
Sure 51 0 0.0 0.0-7.0 51 0 0.0 0.0-7.0 51 0 0.0 0.0-7.0
uce 51 3 5.9 1.2-16.2 51 2 39 0.5-13.5 51 3 5.9 1.2-16.2
VivaChek 48 4 8.3 2.3-20.0 48 1 21 0.1-111 48 4 8.3 2.3-20.0
WondFo 11 0 0.0 0.0-8.6
ELISAs
Epitope 51 2 39 0.5-13.5 51 7 13.7 57-26.3 5 8 15.7 7.0-28.6
In-house® 51 7 13.7 5.7-26.3

2Samples are binned by time after patient-reported symptom onset for SARS-CoV-2 RT-PCR-positive cases. Percent of seropositivity assessed by each assay in SARS-CoV-2 RT-PCR-positive samples is
reported with 95% Cls. The column ‘IgM or IgG’ refers to positivity of either isotype. Specificity is determined relative to pre-COVID-19 negative control serum samples. Percent of seropositivity assessed
by each assay is reported with 95% Cls for samples from individuals who tested positive for non-SARS-CoV-2 viral infections and/or tested negative for SARS-CoV-2 by RT-PCR. ®In-house ELISA secondary
antibody is directed against human IgG F(ab’),. Per the manufacturer, some cross-reactivity with IgM and IgA isotypes cannot be excluded.

goal was to provide well-controlled performance data to help guide
the use of serology in the response to COVID-19.

Results

Study population. This study included 128 plasma or serum speci-
mens from 79 individuals who tested positive for SARS-CoV-2 and
who were diagnosed in the University of California, San Francisco
(UCSF) hospital system and Zuckerberg San Francisco General
(ZSFG) Hospital. Patients ranged from 22 to over 90 years of age
(Table 1). Most patients were Hispanic/Latinx (68%), reflecting the
ZSFG patient population and demographics of the epidemic in San
Francisco'”'®. Most presented with cough (91%) and fever (86%).
Chronic medical conditions, such as hypertension, type 2 diabetes
mellitus, obesity and chronic kidney disease, were frequent. Of the
79 individuals, 18% were not admitted, 46% were inpatients without
intensive care unit (ICU) care and 37% required ICU care. There
were no reported deaths at the time of chart review.

Test performance. Because we lacked a gold standard against which
to benchmark the 12 tests in our study, we assessed the positive per-
cent agreement (positivity) compared with the RT-PCR assay. The
percentage of specimens testing positive rose with increasing time
from symptom onset (Table 2 and Fig. 1a), reaching the highestlevels
in the 16-20-d and >20-d time intervals. The highest detection rate
was achieved by combining IgM and IgG results (Fig. 1b). However,
95% confidence intervals (Cls) for later time intervals showed sub-
stantial overlap with those for earlier intervals (Fig. 1b). Four assays
(Bioperfectus, Premier, Wondfo and in-house ELISA) achieved
more than 80% positivity in the later two time intervals (16-20 d
and >20 d) while maintaining more than 95% specificity. Some tests
were not performed on a subset of specimens owing to exhausted
sample material, which might have affected reported percent posi-
tivity; the sample size tested is reflected in 95% Cls. IgM detection
was less consistent than IgG for nearly all assays. Kappa agreement
statistic ranged from 0.95 to 0.99 for IgG and from 0.81 to 1.00 for
IgM for standardized intensity score (Supplementary Table 2 and
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and reader training are available in the Tmmunochromatographic
LFAs’ section within Methods. Although mean band intensities var-
ied among different assays, the approximate rate of sample positiv-
ity was generally consistent (Fig. 2). For ELISA tests, a normalized
value of sample optical density at 450 nm (OD450) divided by cal-
culated cutoff (signal-to-cutoff (S§/CO)) was used to capture quan-
titative data about antibody levels for each specimen. S/CO values
provide a quantitative value comparable between plates. Our ability
to perform end-point dilutions was limited by specimen and assay
availability.

We observed a trend toward higher percent positivity by LFA for
patients admitted to the ICU compared to those having milder dis-
ease, but the specimen numbers per time interval were low, limiting
statistical power (Supplementary Fig. 3).

Test specificity in 108 pre-COVID-19 blood donor plasma sam-
ples ranged from 84.3% to 100.0%, with 39 samples demonstrating
false-positive results by at least one LFA (Table 2 and Fig. 2b). Of the
false-positive results, 61.5% (24/39) had a weak intensity score of 1.
Intensity scores of 2-3 were seen in 30.8% (12/39), and scores of 4-6
were seen in 7.7% (3/39).

We evaluated the tradeoff between percent positivity in samples
from RT-PCR-positive individuals and specificity as a function of
LFA reader score. RT-PCR measures the presence of viral nucleo-
tides. Individuals with RT-PCR-proven SARS-CoV-2 infection are
expected to seroconvert and develop anti-SARS-CoV-2 antibodies,
although frequency and kinetics of seroconversion can vary>®'*-*,
We, therefore, assessed percent positivity at various time intervals
after onset of symptoms. Changing the positive LFA threshold from
1 to 2 decreased the mean overall percent positivity across tests
from 67.2% (range, 57.9-75.4%) to 57.8% (range, 44.7-65.6%) and
increased the average specificity from 94.2% (range, 84.3-100.0%)
to 98.1% (range, 94.4-100.0%) (Fig. 3).

An independent study at Massachusetts General Hospital
(MGH) compared three LFAs, of which BioMedomics was also
assessed in the current study (Supplementary Table 3). Although
study design and methods differed between sites, precluding direct
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Fig. 1| Performance data for immunochromatographic LFAs. a, The second reader’s score (0-6 based on band intensity) is reported for each assay,
binned by time after patient-reported symptom onset. Biologically independent samples for each test are as follows: n=126, Biomedomics; n=126,
Bioperfectus; n=124, DecomBio; n=128, DeepBlue; n=114, Innovita; n=127, Premier; n=127, Sure; n=128, UCP; n=119, VivaChek; n=124, Wondfo. The
second reader’s score for pre-COVID-19 samples is also displayed (n=107, Biomedomics; n=104, Bioperfectus; n=107, DecomBio; n=108, DeepBlue;
n=108, Innovita; n=108, Premier; n=108, Sure; n=107, UCP; n=99, VivaChek; n=106, Wondfo). For tests with separate IgG and IgM bands, the higher
score is reported. Joint IgM/1gG signal is represented by a single band in Wondfo. The lower, dark gray line refers to the positivity threshold (score greater
than or equal to 1) used in this study. The upper, light gray line refers to an alternative positivity threshold (score greater than or equal to 2) discussed in
the text and Fig. 3. Box spans 25th to 75th percentiles with median indicated by the black bar; whiskers show maximum and minimum value within

1.5% the interquartile range from the box. b, Percent of SARS-CoV-2 RT-PCR-positive samples testing positive by each LFA and ELISA are plotted relative
to time after patient-reported symptom onset (n=126, Biomedomics; n=126, Bioperfectus; n=124, DecomBio; n=128, DeepBlue; n=114, Innovita; n=127,
Premier; n=127, Sure; n=128, UCP; n=119, VivaChek; n=124, Wondfo; n=128, Epitope; n=128, in-house). The ‘IgM or IgG' category refers to positivity
of either isotype. ¢, Specificity is plotted for each test using pre-COVID-19 negative control samples (n=107, Biomedomics; n=104, Bioperfectus; n=107,
DecomBio; n=108, DeepBlue; n=108, Innovita; n=108, Premier; n=108, Sure; n=107, UCP; n=99, VivaChek; n=106, Wondfo; n=108, Epitope; n=108,
in-house). For b and ¢, all nodes refer to the calculated percent positivity or specificity, respectively. Error bars signify 95% Cls.

comparison of results (see ‘Study design’ in Methods), test valida-
tion efforts at another site provided additional useful data. Overall,
both studies showed a trend for increased detection of SARS-CoV-
2-specific antibodies with increased time from symptom onset.
However, the MGH study displayed increased specificity with lower
percent positivity at early time points after symptom onset. MGH
positivity thresholds were set higher to prioritize test specificity
(Fig. 3b,c).

A set of specimens collected during the COVID-19 outbreak that
had negative SARS-CoV-2 RT-PCR testing and/or alternative respi-
ratory pathogen testing demonstrated higher numbers of positive
results compared to the pre-COVID-19 sample set (Fig. 2c). Five
specimens had positive results by more than three tests, all with
respiratory symptoms and concurrent negative or un-performed
SARS-CoV-2 RT-PCR testing (Fig. 2¢, arrows). One patient was
positive on eight different tests, including the in-house ELISA. In
this limited panel, no consistent pattern of cross-reactivity was
identified with non-SARS-CoV-2 respiratory viruses, including two
strains of seasonal coronavirus (one coronavirus OC43 and three
coronavirus HKU1).

Agreement among results of LFAs with those of IgG and IgM
Epitope ELISAs ranged from 75.7% to 85.6%, whereas agreement
with the in-house ELISA ranged from 83.5% to 94.8% (Fig. 4a). LFA
band intensity scores showed a direct correlation with ELISA S/CO
values (Fig. 4b).

Discussion
This study describes test performance for 12 COVID-19 serology
assays on a panel of 128 samples from 79 individuals with RT-
PCR-confirmed SARS-CoV-2 infection and 108 pre-COVID-19
specimens. In April 2020, when we performed this analysis, there
was no assay with sufficient performance data for use as a proven
reference standard; only three serological assays had an FDA EUA%;
and anti-SARS-CoV-2 IgM and IgG kinetics were poorly under-
stood. We, therefore, chose a specimen set covering the first several
weeks after illness onset in patients with SARS-CoV-2 proven by
RT-PCR to avoid the potential bias of assuming superiority of one
assay over the others. To date, no single assay or combination of
assays has been accepted as a gold standard comparator for anti-
body testing. Additionally, we surveyed 51 specimens from individ-
uals who were tested for other respiratory viral pathogens and/or
had negative molecular testing for SARS-CoV-2 to evaluate poten-
tial cross-reactivity or infections detected only by serology. Our data
are also available on a dedicated website (https://covidtestingpro-
ject.org). We hope these data will inform the use of serology by the
medical and public health communities and provide feedback to
test developers about areas of success and necessary improvement.
We focused on comparisons of percent positivity by time inter-
val, rather than reporting the ‘sensitivity’ of each assay, both because
of the lack of a gold standard to test against and our expectation that
percent positivity would rise with increasing time after symptom
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Fig. 2 | LFA and ELISA values by serological assay. a, LFA scores for each of two readers (blue) and mean ELISA S/CO (purple) for each specimen are
grouped by binned time after patient-reported symptom onset and plotted by assay. White cells indicate samples not run with the corresponding assay.
For ELISAs, gray indicates S/CO less than or equal to 1. The same legend applies to b and ¢. The F(ab’), specific secondary antibody used in our in-house
ELISA preferentially binds the IgG light chain but per the manufacturer has some reactivity for other isotypes (IgM and IgA). b, LFA score and ELISA S/

CO values are plotted for pre-COVID-19 historical control serum samples to determine assay specificity. ¢, LFA score and ELISA S/CO values are plotted
for serum samples obtained from 57 individuals after the emergence of COVID-19 (post-COVID-19), some of which received BioFire FilmArray (BioFire
Diagnostics) and/or SARS-CoV-2 RT-PCR testing (all negative) as indicated (black cells) in the appropriate columns. Arrows highlight specimens from
five individuals with moderate to strong band intensity further discussed in the text. Specimens are grouped by positive testing for coronavirus HKU1 (CoV
HKUT1), coronavirus OC43 (CoV OC43), influenza A virus A/H3 (FIuA H3), influenza A virus A/H1 2009 (FluA H1), parainfluenza type 1 virus (PIV-1),
parainfluenza type 4 virus (PIV-4), human metapneumovirus (HMP), adenovirus (ADNV), respiratory syncytial virus (RSV), human rhinovirus/enterovirus

(HRE) or negative testing for SARS-CoV-2 and other viruses (nco-).

onset>>!9*>*42 Percent positivity above 80% was not reached until
at least 2 weeks into clinical illness; diagnosis early in the course
of illness remains dependent on viral detection methods. Our data
are consistent with growing evidence that IgM and IgG tend to rise
around the same time in COVID-19>". The assays showed a trend
to higher positive rates within time intervals for more severe dis-
ease, but this finding should be interpreted with caution, owing to
the limited data from ambulatory cases. Most samples more than
20 d after symptom onset had detectable anti-SARS-CoV-2 anti-
bodies, suggesting good to excellent sensitivity for all evaluated
tests in hospitalized patients three or more weeks into their disease
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course. Additional studies assessing frozen versus fresh specimens
and matrix effects between serum versus plasma will be useful in
understanding potential limitations of our current test performance
evaluations. Looking forward, well-powered studies testing ambula-
tory or asymptomatic individuals, including LFA performance with
fresh capillary blood, will be essential to guide appropriate use of
serology.

Our data demonstrate specificity of more than 95% for most
tests evaluated and more than 99% for two LFAs (Wondfo and Sure
Biotech) and the in-house ELISA (adapted from Amanat et al,
2020)*°. We observed moderate to strong positive bands in several
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Fig. 3 | Comparison of the effect of different positivity thresholds on percent positivity and specificity. a, The percent positivity of each assay tested on
serum from patients who tested positive for SARS-CoV-2 by RT-PCR is plotted by time after patient-reported symptom onset. Biologically independent
samples for each test are as follows: n=126, Biomedomics; n=126, Bioperfectus; n=124, DecomBio; n=128, DeepBlue; n=114, Innovita; =127, Premier;
n=127, Sure; n=128, UCP; n=119, VivaChek; n=124, Wondfo. Squares indicate percent positivity using reader score >0 ("Weak bands positive') as the
positivity threshold. Triangles indicate percent positivity using reader score >1 ("“Weak bands negative') as the positivity threshold. ‘IlgM or IgG' signifies
detection of either isotype. Wondfo reports a single band for IgM and IgG together, and the results are plotted here as both ‘IgM’" and 'IgG’ for horizontal
comparison across assays. b, Comparison of percent positivity at each timepoint for BioMedomics assay at either the MGH (left, n=48) or UCSF (right,

n=126) study site using low (square) or high (triangle) positivity thresholds. Note that a weak score at MGH is not directly equivalent to a 1 at UCSF
owing to differences in reader training. ¢, The specificity of all assays on historical pre-COVID-19 serum using low (square) or high (triangle) positivity
thresholds. UCSF BioMedomics data are plotted again in the right subpanel column for direct comparison to MGH BioMedomics data. All nodes refer to
the calculated percent positivity or specificity (as designated), and all error bars indicate 95% Cls.

pre-COVID-19 blood donor specimens, some of them positive by
multiple assays, suggesting the possibility of non-specific binding
of plasma proteins, non-specific antibodies (potentially including
auto-antibodies) or cross-reactivity with antibodies against other
viruses. Three of the pre-COVID-19 specimens (2.8%) were scored
positive by more than three assays. Intriguingly, the fraction of posi-
tive tests was higher in a set of recent specimens obtained during
the COVID-19 outbreak from individuals undergoing respiratory
infection workup, many with negative SARS-CoV-2 RT-PCR. Five
of these (9.8%) had positive results by more than three assays, with-
out relation to a specific viral pathogen, suggesting non-specific
reactivity and/or missed COVID-19 diagnosis. Recent reports
demonstrate that RT-PCR from nasopharyngeal swabs might yield
false-negative results in over 20% of cases™”, and co-infection with
other respiratory pathogens might be significantly higher than pre-
viously anticipated®. One specimen was positive by 8 of 12 assays,
including the in-house ELISA. The patient was over 90 years old
and presented with altered mental status, fever and ground glass
opacities on chest radiological imaging. SARS-CoV-2 RT-PCR
was negative, and ancillary laboratory testing suggested a urinary

tract infection. This case could represent COVID-19 not detected
by RT-PCR, reinforcing the importance of caution in interpreting
negative molecular results as ruling out the infection. Appropriate
algorithms for serology testing, including confirmatory or reflexive
testing, have yet to be determined. These algorithms will be affected
by test performance characteristics and prevalence of disease, as
well as pre-test probability of infection.

Importantly, we still do not know the extent to which positive
results by serology reflect a protective immune response, nor how
long such protection might last”. Neutralization assays measure the
ability of blood-derived samples to prevent viral (most commonly
pseudovirus) infection of cultured cells in vitro***'. Although these
assays provide information on the functional capabilities of an indi-
vidual’s antibodies, their correlation with total IgG antibodies to
serological test antigens (primarily spike and nucleocapsid proteins)
is not well established. Additionally, most antibody neutralization
assays are research laboratory based with limited test performance
data and inter-lab standardization measures. Antibody neutraliza-
tion assays should be harmonized across laboratories to establish
the extent to which conventional serology assays correlate with
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Fig. 4 | Agreement of serological assays for SARS-CoV-2. a, Percent agreement is plotted across all assay combinations, and values signify the binomial
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for each assay are compared to S/CO from three different ELISAs for all SARS-CoV-2 RT-PCR-positive samples. Biologically independent samples for
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neutralization. Further studies are needed to assess the relation-
ships among positive serological testing, in vitro viral neutralization
results and clinical protection from future SARS-CoV-2 infection
and transmission. Epidemiological data and results from convales-
cent plasma treatment trials should help guide clinical and public
health policies for use of serological testing.

High specificity testing is crucial in low-prevalence settings. One
approach to increase specificity would employ confirmatory testing
with an independent assay (perhaps recognizing a distinct epitope
or antigen). Our comparison of UCSF and MGH data suggests that
reclassifying faint bands as ‘negative’ or ‘inconclusive’ can change
test performance characteristics by increasing specificity, albeit at
the expense of sensitivity. However, the subjectivity of calling faint
bands by individual readers might be difficult to standardize with-
out specific control materials, operator training and/or objective
methods of analyzing LFAs. In the clinical setting, these parameters
and protocols should be independently assessed and validated by
clinical laboratories for operation under the Clinical Laboratory
Improvement Amendments™.

Objective methods to standardize LFA reading, such as digital
image analysis, are potentially attractive. Image analysis tools can
be benchtop or mobile (for example, smartphone applications).
However, introduction of a separate device for reading LFAs will
require specific validation. Variables, including lighting, camera
quality, image compression and quantification algorithms, must all
be assessed rigorously to ensure accuracy and precision.

A consensus has emerged that serological testing provides an
essential tool in the pandemic response, but inadequate data on test
performance characteristics in some early surveys and important
gaps in immunological knowledge have impeded agreement on
appropriate implementation strategies’*. Our study highlights the
need for rigorous assay validation using standardized sample sets
with: 1) known positives from individuals with a range of clinical
presentations at multiple time points after onset of symptoms; 2)
pre-COVID-19 outbreak samples for specificity; and 3) samples
from individuals with other viral and inflammatory illnesses as
cross-reactivity controls. Coordinated efforts to ensure widespread
availability of validated sample sets would facilitate data-driven
decisions on the use of serology. The updated guidance released by

NATURE BIOTECHNOLOGY | www.nature.com/naturebiotechnology

the FDA in early May 2020* and the initiative recently launched by
the FDA and the US National Cancer Institute/National Institutes
of Health™ to systematize data generation for EUAs are substantive
steps toward this goal and will help build the essential evidence base
to guide serological testing during the COVID-19 pandemic.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41587-020-0659-0.
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Methods

Ethical approvals. This study was approved by institutional review boards at the
UCSF/ZSFG and MGH.

Study design. The study population included individuals with symptomatic
infection and positive SARS-CoV-2 RT-PCR testing of nasopharyngeal or
oropharyngeal swabs who had remnant serum and plasma specimens in

clinical laboratories serving the UCSF and ZSFG medical center networks.

All samples were obtained from venous blood draws, with serum being collected
in either uncoated or serum separator tubes and plasma from lithium heparin
tubes depending on other ancillary testing orders. All samples were drawn in an
outpatient or hospital setting, professionally couriered to the clinical laboratory
and acquisitioned for routine testing within the clinical laboratory within the
same day. Samples were stored at 4°C and aliquoted for freezing at —20 °C within
1 week of the initial blood draw. Serum and plasma were used interchangeably.
All but one assay (Epitope ELISA) noted that either specimen type could be used.
We included multiple specimens per individual but no more than one sample per
time interval (1-5, 6-10, 11-15, 16-20 and >20 d after symptom onset). If an
individual had more than one specimen for a given time interval, only the later
specimen was included. For specificity, we included 108 pre-COVID-19 plasma
specimens from eligible blood donors collected before July 2018*. We assessed
detection of SARS-CoV-2 antibodies in 51 specimens from 2020: 49 with test
results for detection of other respiratory viruses (BioFire FilmArray, BioFire
Diagnostics) and 31 with negative results by SARS-CoV-2 RT-PCR. For these
specimens, the median days from symptom onset was four with a range of 0-107 d,
the latter end of the range owing to unresolving respiratory viral infection

in the setting of HIV infection.

We based minimum sample size calculations on expected binomial exact
95% confidence limits. A total of 287 samples were included in the final analysis,
including 128 from 79 individuals who tested positive for SARS-CoV-2 by
RT-PCR. Some specimens were exhausted during the analysis and were not
included in all tests. Data obtained from serial specimens that did not conform to
our study design were excluded.

Clinical data were extracted from electronic health records and entered in a
Health Insurance Portability and Accountability Act-secure REDCap database
hosted by UCSE Data included demographic information, major comorbidities,
patient-reported symptom onset date, symptoms and indicators of severity.

Independent data from testing efforts at MGH, with slight deviations in
methods, are included as Supplementary Data (Supplementary Fig. 3). Briefly,

48 heat-inactivated serum/plasma samples from 44 individuals who tested positive
for SARS-CoV-2 by RT-PCR were included. For specificity, the MGH study
included 60 heat-inactivated pre-COVID-19 samples from 30 asymptomatic
adults and 30 individuals admitted with febrile and/or respiratory illness with a
confirmed pathogen.

Sample preparation. Samples from UCSF and ZSFG were assigned a random

well position in one of four 96-well plates. Samples were thawed at 37°C, and up

to 200 ul was transferred to the assigned well without heat inactivation. Samples
were then sub-aliquoted (12.5 ul) to replica plates for testing. Replica plates were
stored at —20 °C until needed and then thawed for 10 min at room temperature and
briefly centrifuged before testing. All sample handling followed UCSF biosafety
committee-approved practices.

For the MGH study, samples were heat inactivated at 56 °C for 60 min,
aliquoted and stored at 4°C and —20°C. Samples stored at 4 °C were used within
7 d. Frozen aliquots were stored until needed with only a single freeze-thaw
cycle for any sample. All samples were brought to room temperature and briefly
centrifuged before adding the recommended volume to the LFA cartridge.

Immunochromatographic LFAs. Ten LFAs were evaluated (Supplementary

Table 1). At the time of testing, cartridges were labeled by randomized sample
location (plate and well). The appropriate sample volume was transferred from
the plate to the indicated sample port, followed by provided diluent, following
manufacturer instructions. The lateral flow cartridges were incubated for the
recommended time at room temperature before readings. Each cartridge was
assigned an integer score (0 for negative, 1-6 for positive) for test line intensity

by two independent readers blinded to specimen status and to each other’s scores
(Supplementary Fig. 1). Readers were trained to score intensity from images
representative of each value from a previous LFA test performance evaluation®.
Test line scoring was performed for research purposes to capture semi-quantitative
data about the LFA readout and reproducibility of subjective interpretation,
considering that these are the major analytical factors that affect test performance.
These tests are prescribed to be interpreted qualitatively, and test performance
characteristics in this report are derived from qualitative scoring of any interpreted
band color. For some cartridges (DeepBlue, UCP and Bioperfectus), the positive
control indicator failed to appear after addition of diluent in a significant fraction
of tests. For these tests, two further drops of diluent were added to successfully
recover control indicators in all affected tests. These results were included in
analyses. During testing, two plates were transposed 180°, and assays were run

in the opposite order from the wells documented on cartridges. These data were
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corrected, and accuracy was confirmed by empty well position and verification of
a subset of results.

ELISAs. Epitope Diagnostics assays were carried out according to manufacturer
instructions with minor deviations, including the mixed use of plasma and

serum specimens (instead of serum only), use of frozen specimens (versus same
day), blanking all specimens and controls instead of using raw OD450 values

and performing samples in singlicate for three of four 96-well plates (instead of
duplicate). Plate 4 was run in duplicate owing to availability of samples and assay
wells. For IgM detection, 100 ul of control samples or 10 pl of patient serum and
100 pl of sample diluent were added to indicated wells. Plates were incubated

for 30 min at 37 °C and manually washed five times in provided Wash Buffer.

Each well received 100 pl of horseradish peroxidase (HRP)-labeled COVID-19
antigen, was incubated for 30 min at 37 °C and was manually washed five times in
provided Wash Buffer. Each well then received 100 ul of colorimetric substrate, was
incubated for 20 min and then received 100 ul of Stop Solution. The OD450 was
measured using a Synergy H1 Microplate Reader (BioTek Instruments) within

10 min of adding Stop Solution. Positive cutoff for IgM detection was calculated as
described in the Epitope Diagnostics protocol: IgM positive cutoff=1.1 X ((average
of negative control readings) + 0.10). Values less than or equal to the positive cutoff
were interpreted as negative. For IgG detection, 1l of serum was diluted 1:100 in
Sample Diluent and loaded into designated wells. Plates were incubated for 30 min
at room temperature and manually washed five times in provided Wash Buffer.
Each well received 100 ul of provided HRP-labeled COVID-19 Tracer Antibody;
plates were incubated for 30 min at room temperature and manually washed five
times in provided Wash Buffer. Then, each well received 100 pl of Substrate, was
incubated for 20 min and then received 100 pl of Stop Solution. The absorbance at
0OD450 was measured using a Synergy H1 Microplate Reader (BioTek Instruments)
within 10 min of adding Stop Solution. Positive cutoffs for IgG detection

were calculated as described in the Epitope Diagnostics protocol: IgG positive
cutoff=1.1 X ((average of negative control readings) + 0.18). Values less than or
equal to the positive cutoff were interpreted as negative.

An in-house receptor binding domain (RBD)-based ELISA was performed
with minor deviations from a published protocol (Amanat et al.**, Krammer Lab,
Mount Sinai School of Medicine). SARS-CoV-2 RBD protein was produced using
the published construct (NR-52306, BEI Resources) by Aashish Manglik (UCSF).
Next, 96-well plates (3855, Thermo Fisher Scientific) were coated with 2 ug ml~!
RBD protein and stored at 4 °C for up to 5 d before use. Specimen aliquots (12 ul)
were diluted 1:5 in 1X phosphate-buffered saline (PBS) (10010-023, Gibco), mixed
and heat inactivated at 56 °C for 1 h. RBD-treated plates were washed three times
with PBS-Tween (PBST, BP337-500, Fisher Bioreagents) using a 405 TS Microplate
Washer (BioTek Instruments) and blocked with PBST-Milk (3% wt/vol, AB10109-
01000, AmericanBio) for 1 h at 20°C. Samples were further diluted 1:10 (1:50 final)
in PBST-Milk (1% wt/vol), and 100 ul was transferred to the blocked ELISA plates
in duplicate plates. Samples were incubated for 2 h at 20°C and washed three times
with PBST. The peroxidase AffiniPure Goat Anti-human IgG (F(ab’),,-specific)
secondary antibody (109-035-097, lot 146576, Jackson ImmunoResearch) used in
this study binds the IgG light chain and has some reactivity for other isotypes
(IgM and IgA). This secondary antibody was diluted 1:750 in PBST-Milk
(1% wt/vol), 50 ul was added to each sample well and samples were incubated
for 1 h at 20°C. Plates were subsequently washed three times with PBST. We
dispensed 100 pl of 1x SigmaFast OPD Solution (P9187, Sigma-Aldrich) to
each sample well and incubated plates for 10 min at room temperature. We
added 50 pl of 3M HCI (A144-212, Fisher Chemical) to stop the reaction and
immediately read the optical density at 490 nm (OD490) using a Synergy H1
Microplate Reader (BioTek Instruments). OD490 values were corrected for each
plate by subtracting the mean value of each plate’s blank wells. To determine a
cutoff for positive values, we calculated the mean value of negative wells for each
plate, plus three standard deviations.

Data analysis. For LFA testing, the second reader’s scores were used for
performance calculations, and the first reader’s scores were used to calculate
inter-reader agreement statistics. Percent seropositivity among RT-PCR-confirmed
cases was calculated by time interval from symptom onset. Specificity was based on
results in pre-COVID-2019 samples. Binomial exact 95% Cls were calculated for
all estimates. Analyses were conducted in R (3.6.3) and SAS (9.4).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The source data for figures are provided as a supplementary file or can be viewed at
https://covidtestingproject.org.
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Replication Due the COVID-19 pandemic, assay/reagent availability precluded most instances of assessing reproducibility/precision. Positive and negative
quality control standards run in duplicate on ELISA plates were available to assess reproducibility/precision inter and intra-run (4 plates).

Randomization = Specimenswererandomized tolocation on 96-well plates.

Blinding Specimen status was blinded to the researchers performing the tests. Randomization of specimens among 96-well plates was only available
to the data analysis team. Individual lateral flow assay reads were performed separately (within the appropriate time frame).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
systemormethodlistedisrelevanttoyourstudy.Ifyouarenotsureifalistitemappliestoyourresearch,readtheappropriate sectionbefore selectingaresponse.

Materials & experimental systems Methods

n/a | Involvedin the study n/a | Involved in the study

[ ]I\ Antibodies [ ] chiP-seq

[ ] Eukaryotic cell lines [ ] Flow cytometry

[ ] Palaeontology and archaeology [ ] MRI-based neuroimaging
[ ] Animals and other organisms

[ ]I Human research participants

[ ] Clinical data

[ ] Dualuseresearchofconcern

Antibodies

Antibodies used Secondary antibodies were provided with/in each commercial assay listed in supplementary table 1 without specific details. Forthe
in-house ELISA AffiniPure Goat Anti-human IgG (F(ab’)2 specific) secondary antibody (109-035-097, Lot 146576, Jackson
ImmunoResearch) was utilized.

Validation AffiniPure GoatAnti-human IgG (F(ab’)2 specific) secondary antibody was tested with arange of dilutions againsta confirmed SARS-
COV-2 positive plasma sample and a pre-SARS-CoV-2 blond bank negative control sample. The ELISA area under the curve (AUC) was
calculated for the positive and negative control samples at each dilution, and the 1:750 dilution (final antibody concentration on the
plate of 1.067 micrograms/mL)was selected for use in the assay according to the highest positive/negative AUC ratio.

Additional citations of this antibody use are available at: https://www.citeab.com/antibodies/2036596-109-035-097-peroxidase-

affinipure-goat-anti-human-ig?utm_campaign=Widget+All+Citations&utm_medium=Widget&utm_source=Jackson
+lmmunoresearch&utm_term=Jackson+immunoResearch.

Human research participants

Policy information about studies involving human research participants

Population characteristics Study population characteristics are available in the methods sectionand Table 1 of the manuscript.
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Recruitment Sample inclusion was based on criteria related to SARS-CoV-2 RT-PCR status performed for routine clinical purposes.

Ethics oversight University of California, San Francisco, Zuckerberg San Francisco General Hospital, Massachusetts General Hospital.

Notethatfullinformationonthe approval ofthe study protocolmustalsobe providedinthe manuscript.
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Format

Product

Kit Acquisition for

Assay Supplier Product Antigen o Lot(s) Number Distributor Study Performance Notes
BioMedomics Inc . Provided by
o ’ | COVID-19 IgM-IgG 20200 51-002- Henry Schein, L Some control band
LFAs | Morrisville, NC, . RBD 1 ; Distributor Free of . .
USA Rapid Test 32103 20 Melville, NY, USA Charge inconsistency
20200
. PerfectPOC Novel 313, .
Bioperfectus Corona Virus (SARS- 20200 SC30201 Provided by .
Technologies Co CoV-2) IgM/IgG NP, SP 1 313 W T Supplier Free of Extra diluent necessary
Ltd, Jiangsu, China Rapid Test Kit 20210 Charge
312
. Novel Coronavirus .
Dgcomblo (SARS-CoV-2) Proylded by Some control band
BiotechnologyCo | /N ym A - 1 Supplier Free of : .
Ltd. Beiiing. China IgM/IgG Combo Charage inconsistency
» BelIng, Rapid Test-Cassette 9
DeepBlue Medical COVID-19 (SARS- Donated by John g Giiyent necessary,
CoV-2) IgG/IgM 20200 Hering, who
Technology Co Ltd, . L e 1 Some control band
Anhui. China Antibody Test Kit 305 purchased from inconsistenc
’ (Colloidal Gold) supplier y
Innovita Biological | Novel Coronavirus 20200 é?a/ﬁgs stems Purchased from
Technology Co Ltd, | (2019-nCoV) Ab Test NP, SP 2 o e Y ’ L Some band smearing
S . . 304 Rockville, MD, Distributor
Qian'an, China (Colloidal Gold) USA
Premier Biotech Covz2
. ; ’ COVID-19 IgG/IgM INGM- Purchased from .
IL\J/IlsnAr:eapoIls, MN, Rapid Test Cassette 1 0073100 MCA42S Supplier Some band smearing
Sure Biotech, New .
York, NY, USA; | SARS-CoV-2 IgM/IgG SOVl yco1210 Provided by
i . . NP, SP 1 25200 "7, - Supplier Freeof -
Wan Chai, Hong Antibody Rapid Test 3
K 3B Charge
ong
SMP2
L . 02003 :
UCP Biosciences, Coronavirus IgG/IgM 12 U-CoV- Provided by
San Jose, CA, Antibody (COVID-19) - 1 R Supplier Free of Extra diluent necessary
SMP2 102
USA Test Cassette Charge
02003
13
. : VivaDiag™ SARS-
VivaChek Slolech | Cov-2 IgM/igG Rapid . E2003 VD35 EverestlinksPte  Purchasedfrom o oo
China 9 ’ Test (COVID-19 002 08-011 Ltd, Singapore Distributor 9
IgM/IgG Rapid Test)
Wondfo Biotech | SARS-CoV-2 Donated by David
Co L Antibody Test - 3 W195 W195 - Friedberg, who Some band smearing
’ 00318 purchased from

Guangzhou, China

(Lateral Flow Method)

supplier




. . . Format Product - Kit Acquisition for
Assay Supplier Product Antigen o Lot(s) Number Distributor Study Performance Notes
SD Biosensor, .
MGH Suwon-si, STANDARD Q QCO1 Q- Henry Schein, _ P_rowded by
; COVID-19 IgM/IgG NP 2 02000 NCOV- ; Distributor Free of -
LFAs Gyeonggi-doz, Melville, NY, USA
. Duo 6 01D Charge
Republic of Korea
Biolidics Limited, | 2019nCoV1gG/IgM o map 1 V2020 SB5 Purchased from
Mapex, Singapore | antibody detection kit ’ 0330 v Supplier
20200 Lot 1 provided by
Blomedomies | COVID-19 IgM and RED ., 22702 51002 Henry Schein, D'St”gﬁfg;fee of
NC. USA IgG Rapid Test 20200 20 Melville, NY, USA Lot 2 purchased
32103 )
from Supplier
Epitope KT-1033 EDI™ Novel
ELISAs | Diagnostics, San Coronavirus COVID- NP -- P630C KT-1032  -------- PurcShuas?je:rom --------
Diego, CA, USA | 19 IgM ELISA Kit PP
Epitope KT-1032 EDI™ Novel
Diagnostics, San Coronavirus COVID- NP -- P637U KT-1033  -------- Purc:ShL?Sﬁ?el;rom --------
Diego, CA, USA | 19 1gG ELISA Kit PP
Peroxidase AffiniPure Adapted from
Goat Anti-human IgG Krammer Lab,
) (F(ab’)2 specific) _ 14657 109-035- Icahn School of Aovalanad tact
In-House ELISA secondary antibody RBD 6 097 Medicine at Mt. Lab-developed test
(Jackson Sinai, New York,
ImmunoResearch) NY, USA
*Antigen:

NP = Nucleocapsid protein
SP = Spike protein

RBD = Receptor binding domain, Spike protein
**LFA Test Cartridge Format:

1: Single lane, separate IgM and IgG bands

2: Separate IgM and IgG lanes

3: Single lane, single band for both IgM and

IgG

Supplementary Table 1. Immunoassay Kit and Manufacturer Information. Bold signifies labels used in text and figures.




IgG IgM
Positive
Positive Kappa Weighted Kappa Kappa Weighted Kappa

Supplier n Correlation Correlation n Correlation correlation
BioMedomics | 284 0.9649 0.9580 284 0.8238 0.8253
Bioperfectus | 275 0.9586 0.9488 275 0.9130 0.8631
DecomBio | 282 0.9761 0.9529 282 0.9845 0.9660
DeepBlue | 287 0.9547 0.8971 287 0.9213 0.9377
Innovita | 250 0.9588 0.8490 249 0.8084 0.8029
Premier | 286 0.9718 0.9880 286 0.9680 0.9340
Sure | 286 0.9908 0.9665 286 0.9300 0.7967
UCP | 286 0.9565 0.9574 286 1.0000 0.9484
VivaChek | 266 0.9912 0.9669 266 0.9332 0.9439

Wondfo* | 271 0.9916 0.9542 - - -

*Wondfo kits detect combined IgG and IgM.

Supplementary Table 2. Reader Agreement on Immunochromatographic Lateral Flow
Assays (LFAs). Cohen’s Kappa correlations were calculated for scores of the IgG band (left) and
IgM band (right) of each LFA. The LFA manufactured by Wondfo has a single band for IgG and
IgM detection and is displayed here as IgG for convenience. Positive Kappa Correlation:
unweighted inter-reader agreement on positive (LFA score > 0) vs. negative (LFA score = 0) reads.
Weighted Kappa Correlation: inter-reader agreement on LFA score (0-6), weighted by the square
of the difference in reads. All correlations were calculated with the irr package version 0.84.1 in
R version 3.6.1 using RStudio.



MGH Serology Test Performance Evaluation

igM 95% CI IgG 95% CI IgM or IgG 95% CI

Assay Total N positive % Lower Upper | Total N positive % Lower Upper | Total N positive % Lower Upper

LFAs

SD Biosensor
1-5 days 7 0 0.00 0.00 40.96 7 1 1429 0.36 57.87 7 1 14.29 0.36 57.87
6-10 days 15 6 40.00 16.34 67.71 15 5 33.33 11.82 61.62 15 7 46.67 21.27 73.41
11-15 days 19 15 78.95 5443 93.95 19 16 84.21 60.42 96.62 19 17 89.47 66.86 98.70
>16 days 7 6 85.71 4213 99.64 7 6 85.71 4213 99.64 7 6 85.71 4213 99.64
Pre-COVID-19 60 0 60 1 60 1

Biolidics
1-5 days 7 0 0.00 0.00 40.96 7 0 0.00 0.00 40.96 7 0 0.00 0.00 40.96
6-10 days 15 2 13.33 1.66 40.46 15 8 53.33 26.59 78.73 15 8 53.33 26.59 78.73
11-15 days 19 9 4737 2445 7114 19 16 84.21 60.42 96.62 19 16 84.21 60.42 96.62
>16 days 7 4 5714 18.41 90.10 7 6 85.71 4213 99.64 7 6 85.71 4213 99.64
Pre-COVID-19 60 0 60 0 60 0

BioMedomics
1-5 days 7 1 1429 0.36 57.87 7 0 0.00 0.00 40.96 7 1 14.29 0.36 57.87
6-10 days 15 6 40.00 16.34 67.71 15 6 40.00 16.34 67.71 15 7 46.67 21.27 73.41
11-15 days 19 14 73.68 48.80 90.85 19 14 73.68 48.80 90.85 19 15 78.95 54.43 93.95
>16 days 7 6 85.71 4213 99.64 7 6 85.71 4213 99.64 7 6 85.71 4213 99.64
Pre-COVID-19 60 0 60 0 60 0

Supplementary Table 3. Assay performance on validation cohort performed at MGH using positivity thresholds based on concordance studies to an
MGH-group in-house ELISA. Comparison of MGH and UCSF percent positivity at different positivity thresholds is performed in Supplementary Figure 4.
Note, the one negative patient included in the >16-day timepoint was immunocompromised.



BioMedomics (IgG/igM) Bioperfectus IgGIIgM Decombio (IgG/igM) DeepBIue (1gG/igM)

0/0 11 2/13 5/3 6/4 4/2 0/0 0/1 1/4 2/4 3/3 5/5 6/6 2/3 4/4 36 56
Innovita (IgM/IgG) Premier (IgGIIgM) Sure (IgG/IgM) UCP (IgG/igM)
0/3 4/0 2/5 3/5 0/0 1/1 2/2 4/3 5/1 6/3 0/0 1/1 3/2 4/4 5/5 6/6
VlvaChek (IggllgM;/1 Wondfo (IgGIIgM single band) MGH Scoring: BioMedomics (IgG/lgM)

I I I I Il!llll i +/+

Supplementary Figure 1: Representative images of LFA scoring. The intensity score is noted at the top of each image for IgG and IgM
separately (unless stated otherwise).




Biomedomics Bioperfectus DecomBio DeepBlue Innovita Premier Sure-Bio UCP Biosciences VivaDiag Wondfo
6 « o @ .« o @ ° o . Y ® K] . o o e o
. e o o e o . °« o o e o o ° o . o e c o o e o o
4 o o e o e o o e o o o ° . * o
° o e o o e o o ° o . °« o o o ¢ o g
2 e o e« o e o e o @ e o e o ¢ o o o o * o
g . o ° .« o o o e o o o o o ° ° ° o n
® ® s
e ». ) ® .. ® ® D ® ® e
86 0 . o . ° o
k] ® 50
2 [ . e o o . « @ o . Py . o s o o ® 20
4 o o . ° o e o o . °« o o e o o o
. ¢ o ° o o . . o . ° o . ()
240 o @ o e o o ® o e o o . e o @ « o o e o o o
e @ o e o o - o L ] e o o s @ o o o o e o o
. ) . . . . .
e, /0 - & & - . 8- 0 . ;
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

Readgr 1OScore
Supplementary Figure 2: Comparison of Reader 1 and Reader 2 LFA scores.

The size of each point signifies the number of tests with the indicated reader 1-to-reader 2 score combination. The LFA manufactured by Wondfo
has a single band for IgG and IgM detection and is displayed here as IgG for convenience.
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Supplementary Figure 3: LFA scores by serological assay according to highest-level clinical care received
by the patient.
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