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Abstract

Human coronaviruses (HCoV) are common causes of respiratory illnesses (RI) despite

preexisting humoral immunity. Sera were obtained near the onset of RI and 3 to 4

weeks later as part of a prospective study of 200 subjects evaluated for RI from 2009

to 2013. Antibodies against common HCoV strains were measured by enzyme‐linked
immunosorbent assay and neutralization assay comparing older adults with cardio-

pulmonary diseases (99 subjects) to younger, healthy adults (101 subjects). Virus

shedding was detected in respiratory secretions by polymerase chain reaction. Of 43

HCoV‐associated illnesses, 15 (35%) occurred in 14 older adults (aged ≥60 years) and

28 (65%) in 28 younger adults (aged 21‐40 years). Binding and neutralizing antibodies

were higher in older adults. Only 16 (35.7%) of RI with increases in binding antibodies

also had increases in neutralizing antibodies to HCoV. Increases in binding antibodies

with RI were more frequent than increased neutralizing antibodies and virus shedding,

and more frequent in younger compared to older adults. Functional neutralizing an-

tibodies were not stimulated as often as binding antibodies, explaining in part a

susceptibility to reinfection with HCoV. Monitoring binding antibodies may be more

sensitive for the serologic detection of HCoV infections.
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1 | INTRODUCTION

Human coronaviruses (HCoV) are large enveloped RNA viruses in the

coronaviridae family that cause the common cold, influenza‐like illness,
and more serious acute respiratory illnesses (RI), including pneumonia,

exacerbations of underlying lung disease, croup, and bronchiolitis.1‐9

HCoV‐229E and ‐NL63 are in the Alphacoronavirus genus, and HCoV‐
OC43 and ‐HKU1 (lineage A) along with the more pathogenic severe

acute respiratory syndrome (SARS)‐CoV and Middle East respiratory

syndrome (MERS)‐CoV (lineage B) are in the Betacoronavirus

genus.1,2,10 The outbreak in Wuhan, China of the 2019 novel cor-

onavirus (2019‐nCoV, COVID‐19) that appears to be a Betacoronavirus

has made further studies of HCoV infections important.11‐13 The re-

ports of infections and associated morbidity and mortality involving

the COVID‐19 virus are a public health concern and understanding the

immune response to it and other HCoV will be important in the design

of possible protective vaccines. This novel HCoV may be able to use

the human angiotensin‐converting enzyme 2 (ACE2) cell receptor for

viral cell entry, as do the SARS‐CoV and HCoV‐NL63 strains.11,14

Although, binding of HCoV‐NL63 to heparan sulfates is also required

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Published 2020. This article is a U.S. Governmaent work and is in the public domain in the USA.

http://orcid.org/0000-0003-4558-2713
mailto:gorsegj@slu.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmv.25715&domain=pdf&date_stamp=2020-03-03


for viral attachment and infection of target cells.14 There was the

concern that in addition to neutralization, antibodies could also en-

hance infection by SARS‐CoV.15 Little is known at this point about the

antigenicity of the novel HCoV strain (COVID‐19), human innate and

adaptive immune responses to it, if infection provides protection from

reinfection, and whether cytokine induction may enhance pathogeni-

city in more severe illnesses.

Antibodies to HCoV‐229E, ‐NL63, ‐OC43, and ‐HKU1 may be

cross‐reactive among viral strains, at least within each HCoV genus

due to conserved viral antigenic epitopes, may include those with

neutralizing function, and be induced by repeated infections earlier in

life.2‐5 Hence, serologic reactivity to these common HCoV strains

may be different among chronically ill older adults compared to

younger adults. In a previous study of older adults with underlying

chronic pulmonary disease,16 we reported that serum im-

munoglobulin G (IgG) antibodies to all four HCoV strains were pre-

valent in most study subjects, but mucosal immunoglobulin A

antibodies to the four common HCoV strains in nasal wash speci-

mens were detected in a minority of patients. Mucosal immune re-

sponses also deserve further study with respect to mitigation of

HCoV infections. Although, the COVID‐19 strain may target infection

of the lower respiratory tree due to its purported receptor usage.11

Neutralizing antibody is directed against the HCoV Spike (S)

protein and may be protective, while other nonfunctional binding

antibodies are directed against other viral proteins.3,4,6 In this report,

we assessed whether neutralizing antibodies to these HCoV strains

were present and increased during acute RI that were chosen for

further study because of association with increases in binding anti-

bodies to HCoV strains or detection of HCoV viral nucleic acid in

respiratory secretions. We assessed correlations between serum

binding and neutralizing antibodies, and compared these antibody

responses in older chronically ill adults to healthy young adults.

2 | MATERIALS AND METHODS

This prospective, observational study was conducted from November

2009 to July 2013 and assessed RI in patients aged ≥60 years with

underlying chronic lung and heart disease (group 1, total N = 99

subjects, 74 RI assessed overall), and in healthy young adults aged 21

to 40 years (group 2, total N = 101, 121 RI assessed overall).7 En-

rolled subjects each participated for up to 2 years, received phone

calls every 8 weeks to remind them to contact study personnel at the

time of onset of acute RI, and were evaluated by a study physician

and nurse in clinic when they had either three symptoms of acute RI

or fever (body temperature ≥37.8°C) accompanied by two symptoms

of acute RI, as described.7 Sera were obtained at study enrollment,

and in the subjects with subsequent RI within 5 days of onset time

(acute) and 3 to 4 weeks later (convalescent). Respiratory secretions

collected by nasal and oropharyngeal swabbing within 5 days of

onset of acute RI were tested for nucleic acids of HCoV strains and

other respiratory viruses (multiplex RT‐PCR using xTAG Respiratory

Viral Panel Fast; Luminex Molecular Diagnostics, Inc, Toronto,

Ontario, Canada). The study was approved by the responsible in-

stitutional review boards at Saint Louis University and the Veterans

Affairs (VA) St Louis Health Care System and was performed in

compliance with relevant laws and institutional guidelines and in

accordance with the ethical standards of the declaration of Helsinki.

Written informed consent was obtained from all study subjects.

The HCoV‐229E, ‐OC43, and ‐NL63 antigens used for detection of

binding antibody by enzyme‐linked immunosorbent assay (ELISA) were

prepared from virus grown in MRC‐5, HCT‐8, and LLC‐MK2 cells,

respectively, from the American Type Culture Collection (ATCC,

Manassas, VA). HCoV‐229E and ‐OC43 were from ATCC

and ‐NL63 was a gift from Lia van der Hoek, University of Amsterdam.

Mock antigen was prepared from uninfected cells.7,8,16 Virus‐infected
cells were frozen and thawed three times, the supernatant fluid was

clarified of cell debris by centrifugation, the virus was concentrated by

overnight centrifugation, and the virus pellet was resuspended in

phosphate‐buffered saline. The concentrated virus was inactivated by

psoralen compound (Sigma, St Louis, MO), followed by irradiation by

long‐wavelength UV light, as described.17,18 This method of viral

inactivation does not affect viral antigenicity. Mock antigen was pre-

pared, in the same way, from uninfected cells.17,18 HCoV‐HKU1 has

not been grown using standard tissue culture techniques, so

His6‐tagged recombinant nucleoprotein (N) of HCoV‐HKU1 and mock

antigen that was produced from the same plasmid DNA vector without

the N protein gene were used as antigens to detect antibody

to ‐HKU1, as described.7,8,16 Viral and mock antigens, the same stocks

throughout the assays, were used to coat flat‐bottom 96‐well

Maxisorp Immunoplates (Nalge‐Nunc International, Rochester, NY)

followed by the sequence of serum in serial dilutions, mouse anti‐
human IgG conjugated with horseradish peroxidase (Accurate Che-

mical and Scientific, Westbury, NY) and peroxidase substrate (KPL,

Gaithersburg, MD). Optical density was measured at 405 nm in a

spectrophotometer. The anti‐HCoV serum antibody titer was calcu-

lated by the reference‐line least‐squares‐fit method, as de-

scribed.8,16,19 Positive and negative control sera were assayed to

confirm consistency between assays. Also, all sera from each subject

were evaluated in the same assay to avoid inter‐assay variability.

The neutralizing antibody assay assessed percentage of cell killing

by HCoV. This colorimetric bioassay was based on the ability of live cells

to reduce the yellow tetrazolium salt, 3‐(4,5‐dimethylthiazol‐2‐yl),
2,5‐diphenyl tetrazolium bromide (MTT; Sigma‐Aldrich, St Louis, MO),

to its blue formazan derivative, as described.20 Sera were serially di-

luted, incubated with equal volume of fixed‐dose HCoV (predetermined

stock virus dilution that killed about 75% of the cells, generally at 100

tissue culture infectious dose 50 per unit volume) and then transferred

to a 96‐well plate containing a monolayer of the appropriate tissue

culture cells that support growth of the HCoV virus strain. When about

70% to 80% of the control infected cells exhibited cytopathic effect,

MTT was added and the absorbance at 492 nm of the formazan pro-

duced by live cells was measured spectrophotometrically. A titration

curve plotted the percentage of cell survival relative to controls

(% survival) vs log10 reciprocal of serum dilution. The plot was analyzed

using nonlinear regression (GraphPad Software, Prism Version 6.02; San
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Diego, CA) to determine the serum dilution required to protect 50% of

the cells from the cytotoxic effects of HCoV. The same virus stocks

were used throughout the assays and positive and negative control sera

were assayed to assure reproducibility. Also, all sera from each subject

were evaluated in the same assay to avoid inter‐assay variability.

Descriptive statistics, Fisher's exact test, and nonparametric

statistical tests were used to compare proportions and continuous

variables, and the Spearman rank‐order test to assess correlations.

The statistical analysis was done using STATISTICA Release 7 soft-

ware (StatSoft, Inc, Tulsa, OK).

3 | RESULTS

The geometric mean binding antibody titers (GMT) by ELISA in the

study enrollment sera were higher in the entire group 1 compared to

group 2 subjects (group 1, N = 99 vs group 2, N = 101; HCoV‐229E:
1582 vs 619, P < .000001; ‐OC43: 1709 vs 1656, P =NS; ‐NL63: 342

vs 296, P = NS; and ‐HKU1: 266 vs 225, P =NS).

There were 74 RI assessed in groups 1 and 121 RI assessed in

group 2 subjects of which 43 illnesses were associated with HCoV

infection by serologic change or PCR positivity for HCoV. The other

most common respiratory virus associated with RI in the parent

study was entero/rhinovirus detected by polymerase chain reaction,

as described.7 Sera bracketing these 43 HCoV‐associated RI were the

focus of study in the following analyses, because they were most

likely to provide information about the utility of measuring binding

and neutralizing antibodies to the four common strains of HCoV. Of

the 43 illnesses, 15 (35%) occurred in 14 older adults (group 1, mean

age = 67.8 ± 7.5 years; min, max: 60, 85 years), and 28 (65%) in 28

younger adults (group 2, mean age = 31.4 ± 5.7 years; min, max: 21,

40 years). A total of 42 RI had a more than threefold increase in

binding antibody to one or more HCoV strains comparing acute to

convalescent serum antibody titers, including 14 RI with a more

than threefold increase to two or three strains, and one RI with

HCoV‐OC43 in respiratory secretions with no increase in binding

antibody. The RI with more than threefold increases in binding

antibody titer included nine illnesses (three in group 1 and six in

group 2) to HCoV‐229E of which three were ≥fourfold, 17 to ‐NL63

(five in group 1 and 12 in group 2) of which 13 were ≥fourfold,

17 to ‐OC43 (eight in group 1 and nine in group 2) of which eight

were ≥fourfold, and 18 to ‐HKU1 (six in group 1 and 12 in group 2) of

which 14 were ≥fourfold. Eight (53.3%) of 15 RI in group 1 and 19

(70.3%) of 27 RI in group 2 had a ≥fourfold increase in binding

antibody to one or more HCoV (P =NS).

Neutralizing antibodies to HCoV‐229E, ‐NL63, and ‐OC43 were

detected in all but two acute RI sera. The two were from group 2

subjects who had no detectable neutralization activity against

‐229E. There were 11 RI (six in group 1, five in group 2)

with ≥fourfold rise in neutralizing antibody titer to HCoV‐229E, six
(two in group 1 and four in group 2) to ‐NL63 and four (one in

group 1 and three in group 2) to ‐OC43, and of these, four RI had an

accompanying ≥fourfold rise in neutralizing antibody to both HCoV‐
229E and ‐NL63 with one also having a ≥fourfold increase against

HCoV‐OC43. Therefore, the total number of RI with a rise in neu-

tralization antibody titer to one or more HCoV strains was 16, 7

(46.7%) in groups 1 and 9 (33.3%) in group 2. A more than threefold

increase in ELISA antibody titer was a predictor in only a minority of

illnesses of an increase in neutralizing antibody to HCoV (Table 1).

A total of 11 (40.7%) of 27 RI with a ≥fourfold and 4 (26.7%) of 15

RI with a more than threefold to less than fourfold increase in

binding antibodies had a ≥fourfold increase in neutralizing antibody

titer to one or more HCoV strains (P = NS).

Seven of the 43 RI had HCoV nucleic acids detected in re-

spiratory secretions (one for HCoV‐229E in group 1, one for ‐HKU1

in group 2, and three in group 1, and two in group 2 for ‐OC43). Six of

the seven had accompanying more than threefold increases in

binding antibody of which four were ≥fourfold increases to one or

TABLE 1 Proportions of acute and convalescent serum pairs with at least a fourfold rise in neutralizing antibody titer compared to ELISA
binding antibodies in association with acute respiratory illnesses

≥Fourfold rise in neutralizing
antibody titer by HCoV strain

>Threefold rise in ELISA antibody titer by HCoV straina [No. (% of 43)]

229E NL63 OC43 HKU1

Yes No Yes No Yes No Yes No

N = 9 N = 34 N = 17 N = 26 N = 18 N = 25 N = 18 N = 25

229E Yes (N = 11) 1 (2.3) 10 (23.3) 4 (9.3) 7 (16.3) 4 (9.3) 7 (16.3) 6 (14.0) 5 (11.6)

No (N = 32) 8 (18.6) 24 (55.8) 13 (30.2) 19 (44.2) 14 (32.6) 18 (41.9) 12 (27.9) 20 (46.5)

NL63 Yes (N = 6) 1 (2.3) 5 (11.6) 3 (7.0) 3 (7.0) 1 (2.3) 5 (11.6) 4 (9.3) 2 (4.7)

No (N = 37) 8 (18.6) 29 (67.5) 14 (32.6) 23 (53.5) 17 (39.5) 20 (46.5) 14 (32.6) 23 (53.5)

OC43 Yes (N = 4) 0 (0) 4 (9.3) 0 (0) 4 (9.3) 2 (4.7) 2 (4.7) 2 (4.7) 2 (4.7)

No (N = 39) 9 (20.9) 30 (69.8) 17 (39.5) 22 (51.2) 16 (37.2) 23 (53.5) 16 (37.2) 23 (53.5)

Note: ELISA is enzyme‐linked immunosorbent assay, HCoV is human coronavirus.
aEight serum pairs had a concomitant more than threefold rise in ELISA antibody titer to two HCoV strains. Six serum pairs had a concomitant more than

threefold rise in ELISA antibody titer to three HCoV strains. One of the 43 illnesses included in this table did not have a more than threefold increase in

ELISA antibody titer, but had HCoV‐OC43 detected in respiratory secretions and a fourfold rise in neutralizing antibody to ‐OC43.
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more HCoV strains. All had binding and neutralizing antibodies in

acute illness sera to all four HCoV strains. Three had a ≥fourfold rise

in neutralizing antibody. Of these, one RI in group 1 and one in group

2 had HCoV‐OC43 nucleic acid positivity with ≥fourfold increases

in ‐OC43 neutralizing antibody, and one RI in group 1 had ‐OC43

nucleic acid positivity inexplicably accompanied by ≥fourfold

increases in ‐229E and ‐NL63 neutralizing antibodies, but with a

fourfold rise in binding antibodies to ‐NL63 and ‐HKU1).

Considering all acute and convalescent sera from the 43 RI,

GMTs were higher in group 1 than group 2 subjects for binding

antibodies to HCoV‐229E and ‐HKU1, and for neutralizing antibodies

to ‐229E and ‐OC43 (Figure 1). For acute illness sera, GMTs of

binding antibody to ‐229E were higher in group 1 than group 2 and

for convalescent sera, GMTs of binding antibody to HCoV‐229E and

neutralizing antibody to ‐229E were higher in group 1 than group

2 subjects (Figure 1).

In group 1 subjects, the acute illness binding antibody titers were

positively correlated only between HCoV‐OC43 and ‐HKU1

(R = .835, P < .001). Convalescent serum titers were correlated

between binding and neutralizing antibodies to HCoV‐NL63

(R = .549, P < .05) and to ‐OC43 (R = .517, P < .05), and for binding

antibodies between ‐OC43 and ‐HKU1 (R = .717, P < .01). In group 2

subjects, the acute illness serum binding antibody titers were

correlated between ‐OC43 and ‐HKU1 (R = .390, P < .05).

Convalescent serum binding antibody titers were correlated between

HCoV‐229E and ‐NL63 (R = .403, P < .05), and between binding and

neutralizing antibodies to ‐OC43 (R = .555, P < .001). For both groups

of subjects combined, the convalescent serum binding and

neutralizing antibody titers were correlated for HCoV‐NL63

(R = .394, P < .01) and, also, separately for ‐OC43 (R = .565,

P < .0001), and binding antibodies were correlated between ‐OC43

and ‐HKU1 (R = .460, P < .001).

4 | DISCUSSION

Reinfection with coronaviruses is reportedly common despite the

presence of a humoral immune response.21,22 Except for one subject,

only one RI was associated with HCoV infection per subject in our

study. This lack of repeated HCoV infections may have been influ-

enced by there being 0.98 RI per subject meeting eligibility criteria

for assessment during the study, and it is not known how often a

clinically significant natural exposure to HCoV might have occurred

causing risk for infection. Since preexisting serum antibodies were

present, they did not necessarily provide protection from infection

with HCoV, but may have reduced the number of clinically evaluable

infections and severity. The PCR was positive for HCoV nucleic acids

only in a minority of RI in this study, so antibodies may have reduced

virus shedding that was detectable in respiratory secretions during

acute illness. Time of specimen collection after onset of RI could have

affected PCR positivity rates, as well. A seroconversion threshold for

binding antibody titers of more than threefold in association with

F IGURE 1 Geometric mean titers (GMT) of antibodies by two methods to human coronaviruses (HCoV) ‐229E, ‐NL63, ‐OC43, and ‐HKU1 are
shown by age group (15 serum pairs from group 1 subjects who were 60‐85 years of age and 28 serum pairs from group 2 subjects who were 21‐40
years of age) and by time of serum collection (acute, collected within five days of onset of acute respiratory illness, and convalescent, collected 3‐4 weeks
later). “All visits” refer to the GMT of both acute and convalescent sera together by the patient subject group. The tick marks at the ends of the vertical
lines show the corresponding 25th and 75th percentile antibody levels above and below the GMT to indicate a measure of interpatient variability, IgG

binding antibody GMT measured by enzyme‐linked immunosorbent assay (ELISA) are shown in panel A and neutralizing antibody GMT are shown in
panel B, categorized by reactivity to the respective HCoV strains. IgG, immunoglobulin G
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acute RI was an inconsistent predictor of concomitant fourfold

neutralizing antibody change, and ≥fourfold changes in binding an-

tibodies were not statistically better. Antibody GMTs to each HCoV

strain did not increase statistically comparing acute to convalescent

sera calculated with values from all 43 illnesses. These GMTs were

calculated because of the evidence for cross‐reactive antibody re-

sponses against at least related strains (Alphacoronaviruses vs Beta-

coronaviruses). Choosing to calculate a separate GMT for only the

subset of sera with a more than threefold change to one HCoV strain

would have assured a significant rise in GMT for that strain against

which there was this more than threefold binding antibody change.

There were fewer numbers of HCoV infections and of reported RI

overall in older patients. This could be consistent with higher antibody

levels or other immune mechanisms of protection compared to younger

patients. Enrollment binding antibody titers were higher in group 1 than

group 2 subjects. However, the actual proportion of RI that were

associated with HCoV by serologic change or PCR was not different

comparing the two groups. A total of 15 (20.3%) of 74 RI in group 1

were assessed as being associated with HCoV infection compared to 28

(23.1%) of 121 illnesses in group 2. It is not known what might

constitute a protective antibody level against HCoV infection.

Concomitant increases in binding antibody to more than one viral

strain were likely due to the stimulation of antibodies against conserved

cross‐reactive antigens expressed by the current infecting strain of HCoV

and, due to recall of immune memory, to other strains that previously

infected the person earlier in life. Concomitant infection with more than

one strain of HCoV during the same RI would be unlikely. Repeated

infections with HCoV may partially be explained if natural infection in

these adult patients stimulates binding antibodies more commonly than

functional neutralizing antibodies. Nonneutralizing antibodies are known

to bind to other viral proteins such as the N protein. Stimulation of

antibodies to non‐S protein epitopes could be an explanation for low

correlation between stimulation of binding antibody and neutralizing

antibody since neutralizing antibody is directed against the S protein. The

psoralen‐UV light method of virus inactivation used here should have

preserved viral antigenicity, but we did not determine against which viral

proteins the binding antibodies were directed. The orientation of the viral

antigens coating the ELISA microtiter plates may have affected the

epitopes exposed and available for antibody binding. Also, it is possible

that some binding antibodies may enhance infection and not be protec-

tive against reinfection. Antibody‐dependent enhancement of SARS‐CoV
and feline infectious peritonitis virus (a member of the coronavirus genus

and antigenically related to ‐229E) infectivity has been reported and can

be mediated by antibodies to S protein epitopes.15,23‐25 Also, studies of

the S protein sequence and neutralization antigenicity suggest that serum

antibodies which neutralize clinical HCoV isolates may not cross‐react as
well with the laboratory strains of HCoV that were used in our

neutralization assays, affecting the sensitivity of the neutralization assay

that was employed here.4,6 Indeed, quasi‐species of HCoV‐OC43 were

detected in respiratory secretions in our patients, with mutational peaks

in the S1 region of the Spike protein that could lead to differences in

antigenicity,26 and lower neutralization antibody levels and response

rates against laboratory‐adapted strains.

Older (group 1) subjects had higher levels of binding and neu-

tralizing antibodies both before and after acute RI than younger

subjects (group 2), probably due to previous infections with cross‐
reactive HCoV strains over a longer life‐time. The binding antibodies

that were detected in the ELISA, utilizing inactivated whole HCoV‐
229E, ‐OC43, and ‐NL63 viruses, were likely directed against more

HCoV proteins than just the S protein compared to the neutralizing

antibodies that are directed against epitopes of the S protein. The

method of virus inactivation that was used may have preserved the

integrity of virions and their antigenicity. We did not confirm that

binding antibodies detected in the ELISA were directed against more

than the S protein antigens. Only binding antibodies to the re-

combinant N protein could be measured in the case of ‐HKU1. There

were positive statistical correlations between binding antibody levels

in both acute and convalescent sera within HCoV genera. There

appeared to be closer correlations between binding antibodies and

neutralizing antibodies in the convalescent sera than acute illness

sera particularly for HCoV‐NL63 and for ‐OC43, respectively, and

closer binding antibody correlations between strains within the

Alphacoronavirus (HCoV‐229E and ‐NL63) and between strains within

the Betacoronavirus (HCoV‐OC43 and ‐HKU1) genera.

The preexisting serologic status against various strains of cor-

onavirus among patients undergoing acute infection during the ser-

ious current outbreak of COVID‐19 virus and their immune

responses to COVID‐19 infection are not known. Patients with

MERS‐CoV infections are seronegative at onset of illness and can

develop both binding and potentially protective neutralizing anti-

bodies that correlate in convalescent sera. Delayed serologic

responses occur in those with more severe illness and higher viral

shedding.10 In contradistinction, our HCoV‐experienced subjects

were already seropositive for the four strains at onset of the RI.

Increases in binding antibodies bracketing RI, signaling likely inter-

current HCoV infection, were more frequent than increased

neutralizing antibodies and viral nucleic acids detected in respiratory

secretions, and more frequent in young compared to older adults.

There were correlations between binding and neutralizing antibodies

for homologous and for related HCoV strains, though not statistically

significant for all comparisons. It is unlikely that there were

simultaneous infections with more than one strain of HCoV, so

concomitant increases in binding and neutralizing antibodies to more

than one strain was consistent with stimulation of cross‐reactive
antibodies and recall of immune memory. Susceptibility to repeated

infections with HCoV may be explained in part by a stimulation of

neutralizing antibodies in a minority of RI with increases in binding

antibodies. Since binding antibodies increased more commonly

than neutralizing antibodies, they may be a more sensitive

seroepidemiological tool than neutralizing antibodies for identifying

RI due to common HCoV strains.
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