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Background Currently, evaluation of the IgG antibodies specific for the SARS-CoV-2 Spike protein following vacci-
nation is used worldwide to estimate vaccine response. Limited data are available on vaccine-elicited IgM antibodies
and their potential implication in immunity to SARS-CoV-2.

Methods We performed a longitudinal study to quantify anti-S SARS-CoV-2 IgG and IgM (IgG-S and IgM-S) in
health care worker (HCW) recipients of the BNT162b2 vaccine. Samples were collected before administration (T0),
at the second dose (T1) and three weeks after T1 (T2). The cohort included 1584 immunologically naÿve to SARS-
CoV-2 (IN) and 289 with history of previous infection (PI).

Findings IN showed three patterns of responses: (a) IgG positive/IgM negative (36.1%), (b) coordinated IgM-S/IgG-
S responses appearing at T1 (37.4%) and (c) IgM appearing after IgG (26.3%). Coordinated IgM-S/IgG-S responses
were associated with higher IgG titres. In IgM-S positive PI, 64.5% were IgM-S positive before vaccination, whereas
32% and 3.5% developed IgM-S after the first and second vaccine dose, respectively. IgM-S positive sera had higher
pseudovirus neutralization titres compared to the IgM-S negative.

Interpretation Coordinated expression of IgG-S and IgM-S after vaccination was associated with a significantly
more efficient response in both antibody levels and virus-neutralizing activity. The unconventional IgG-S positive/
IgM-S negative responses may suggest a recruitment of cross coronaviruses immunity by vaccination, warranting
further investigation.
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2020-12371675”; FUR 2020 Department of Excellence 2018-2022, MIUR, Italy; The Brain Research Foundation
Verona.

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: SARS-CoV-2; COVID-19; BTN162b2 vaccine; IgG; IgM; Spike
Abbreviations: IgM, Immunoglobulins M; IgG, Immunoglobulins G

*Corresponding author.

E-mail address: donato.zipeto@univr.it (D. Zipeto).
1 These authors contributed equally to this work.
2 Ambulatorio Medico San Luca Villanuova (Bettini G.L., Bonvicini A., Braga A., Chiappini F., Inverardi F., Ravera S., Rossi M.G.,

Sas A., Turrini A.), Villanuova sul Clisi (BS), Italy.

www.thelancet.com Vol 77 Month March, 2022 1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.103888&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:donato.zipeto@univr.it
https://doi.org/10.1016/j.ebiom.2022.103888
https://doi.org/10.1016/j.ebiom.2022.103888


Research in context

Evidence before this study

It is generally accepted that IgM antibodies provide an
early-stage response during viral infections prior to the
maturation of the class-switched, high affinity IgG
response for long-term immunity and immunological
memory. The humoral response following SARS-CoV-2
vaccination is still under intensive investigation, with
the main confounder being previous exposures to
SARS-CoV-2 and the resulting presence of pre-existing
immunity towards the Spike protein used in the vaccine
formulation. Thus, the definition of correlates of protec-
tive immunity to SARS-CoV-2 infection and vaccination
are urgently needed for guiding vaccine management
and informing public health decisions. Nonetheless,
most research to date has focused on the development
and maintenance of the RBD-specific IgG, with little
attention to IgM.

Added value of this study

We investigated a population of 1873 health care
worker (HCW) recipients of the BNT162b2 (Comirnaty)
vaccine, with 1584 immunologically naiv̈e to SARS-CoV-
2 (IN) and 289 with history of previous infection (PI). We
performed a longitudinal analysis of the humoral
response (IgG and IgM antibodies specific for the SARS-
CoV-2 spike protein, IgG-S and IgM-S) in samples col-
lected before administration (T0), at the second dose
(T1) and 3 weeks after the second dose (T2). Further-
more, we analysed the vaccine response in a small
group of subjects vaccinated with Vaxzevria (Astra
Zeneca) or Spikevax (Moderna). We observed three
unconventional patterns of antibody response: absence
of IgM, development of IgM following IgG appearance
and simultaneous presence of IgM and IgG. Among the
three, the latter was associated with a more efficient
response in both anti-SARS-CoV-2 IgG-S levels and
virus-neutralizing activity, following vaccination.

Implications of all the available evidence

Our study highlights the importance of IgM in assessing
response after SARS- CoV-2 vaccination. We demon-
strated that SARS-CoV-2 vaccination can induce a
humoral response that appears to be unconven-
tional. This is suggestive of a response that recalls
IgG developed against other coronaviruses. Indeed,
only individuals that developed SARS-CoV-2 specific
IgM together with SARS-CoV-2 specific IgG showed
the better response and probably higher levels of
protection, following vaccination. These findings are
innovative, timely and significantly improve current
knowledge by suggesting a crucial role of IgM in the
development of anti-SARS-CoV-2 humoral response,
following vaccination.
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Introduction
Correlates of protective immunity to SARS-CoV-2 infec-
tion are under intensive investigation in COVID-19
patients and vaccinees and are urgently needed for guid-
ing vaccine management and informing public health
decisions.1,2 It is generally accepted that IgM antibodies
provide an early-stage response during viral infections
prior to the maturation of the class-switched, high affin-
ity IgG response for long-term immunity and immuno-
logical memory.3 During SARS-CoV-2 infection,
antigen (Ag)-specific IgM antibodies can be detected as
soon as four days after infection with a peak at around
20 days, while Ag-specific IgG increase around 7 days
after infection with a peak at approximately 25 days.4,5

Rapid deployment of SARS-CoV-2 specific IgM was
reported to be associated with milder disease course
compared with severe cases that experienced a later
raise in IgM,6 although the question remains controver-
sial.7 Several studies reported that a proportion of
patients never develop IgM, while others develop IgG
prior to IgM.2,5,8�12 Overall, these data suggest both a
potential role of Ag-specific IgM in preventing severe
disease but also the possibility that SARS-CoV-2 infec-
tion may trigger unconventional humoral responses,
possibly generated by pre-existing immunity to other
human coronaviruses.13,14

The humoral response following SARS-CoV-2 vacci-
nation is still under intensive investigation, as it is not
yet clear the role played by pre-existing immunity in the
response to vaccination. Previously infected (PI) individ-
uals have been shown to develop a more efficient
antibody response to COVID-19 vaccines than immuno-
logically naÿve individuals (IN).15 Notably, neutralizing
activity 7 days following the first vaccine dose in PI
vaccinees was not significantly different from that
observed in IN vaccinees 7 days after the second vaccine
dose.15 Furthermore, the kinetic of both anti SARS-CoV-
2 receptor-binding domain (RBD) IgG and live-virus
neutralization capacity was faster in PI than in IN
vaccinees.15 With regard to IgM, one study reported that
about 50% of IN vaccinees did not develop IgM after the
first dose of BNT162b2 vaccine.16

Nonetheless, most research thus far has concen-
trated on the development and maintenance of the
RBD-specific IgG, with little attention to IgM.

Our group has previously shown that IN vaccinees
fail to develop IgM against the SARS-CoV-2 spike glyco-
protein (IgM-S) before IgG against the SARS-CoV-2
spike glycoprotein (IgG-S)14; more specifically, follow-
ing the first vaccine dose, we observed the simultaneous
development of IgM-S and IgG-S in 54% of the vaccin-
ees, and an unconventional IgG-S response without
detectable IgM-S in the remaining 46%. We observed a
similar trend in PI vaccinees.
www.thelancet.com Vol 77 Month March, 2022
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In this study, we analysed a cohort of Health Care
Workers (HCW) including 1584 IN and 289 PI vaccin-
ees to study the IgM-S response following BNT162b2
vaccination and assess its association with the develop-
ment and maintenance of IgG responses. We leveraged
the availability of two groups of PI vaccinees who had
been infected in the first and the second pandemic wave
in Italy to assess the antibody profile at different times
after infection. In available subgroups of IN vaccinees,
we evaluated humoral response following other types of
vaccines, including Vaxzevria (AstraZeneca) and Spike-
vax (Moderna).
Methods

Population
The sera of 1989 HCW with and without pre-existing
infection for SARS-CoV-2 (as per former nasal swab
positivity) who had received their first vaccine dose
(BNT162b2 mRNA, Pfizer-BioNTech) in January 2021
were analysed. Samples were collected before vaccine
administration (T0), at the second dose (T1) and three
weeks after T1 (T2) and tested for IgG against the Spike
glycoprotein (IgG-S), IgG against the Nucleocapsid pro-
tein (IgG-N) and IgM against the Spike glycoprotein
(IgM-S). All individuals who had received two doses of
BNT162b2 vaccine and had complete serological data
were included in the study. Among the 1957 individuals
having complete information, 84 were negative at the
swab test but had positive serology (IgM-S or IgG-S or
IgG-N) at T0; they were considered as false negatives in
accordance with a recent study17 and were not included
in the present study. Antibody response analyses were
conducted on 1584 IN subjects and 289 PI subjects.
Ethics
Samples were collected and stored in the University of
Verona biobank (Ethics Committee approval prot. N.
1538) and in Tropica Biobank of the IRCCS Sacro Cuore
Don Calabria Hospital (Ethics Committee approval
prot. N. 17985). All participants signed informed con-
sent.
Serology and neutralization
IgM-S and IgG-N were measured using the SARS-CoV-
2 IgG-N assay and the SARS-CoV-2 IgM-S assay
(Abbott, Ireland); IgG-S(RBD) were tested using the
SARS-CoV-2 IgG II Quant assay (Abbott, Ireland) as
previously described.14,17

Briefly, SARS-CoV-2 IgG-N, IgM and SARS-CoV-2
IgG II Quant (IgG-S) assays (Abbott, Ireland) were per-
formed according to the manufacturer’s procedure,
using the ARCHITET i System (Abbott). The resulting
chemiluminescent reaction was measured as a relative
light unit (RLU) by the system optics. The RLU of the
www.thelancet.com Vol 77 Month March, 2022
sample (S) was automatically compared with the RLU
of a specific calibrator (C), resulting in a IgG assay index
(S/C). As per manufacturer’s instructions, the interpre-
tation of the results were as follow: for IgG-N, index (S/
C)<1.4 = negative, index (S/C)�1.4 = positive. For IgM-
S, index (S/C)<1 = negative, index (S/C)�1 = positive.
For IgM-S assay the reported positive predicted value
(PPV) is 92.07% (IC 95%: 87.07, 95.24) and the
reported negative predicted value (NPV) is 99.82% (IC
95%: 99.47, 99.94).

For IgG-S the Ab quantification was automatically
performed by the system using a calibration curve, a fit-
ting system and interpolation with 4 parameters (4PLC,
Y weighted). The results in Arbitrary Unit (AU)/mL, is
converted in the WHO international binding antibody
unit (BAU)/mL according to the following equation:
1BAU = 0.142*AU, with BAU/mL<7.1 = negative and
BAU/mL�7.1 = positive. For IgG II Quant the manufac-
turer reports a PPV of 92.11% (IC 95%: 85.87, 95.73)
and a NPV of 99.97% (IC 95%: 99.76, 100.00). Sam-
ples with values >5680 BAU/mL (upper limit of quanti-
fication) were diluted 1:2 and measured again.
Concentrations were reported considering the dilution
factor. Samples were run in single replicate.

Neutralizing activity of sera was tested using lentivi-
ral particles pseudotyped with SARS-CoV-2 spike, as
previously described.14,18
Statistical analysis
Kruskal-Wallis rank test and Fisher's exact test were
used when needed in the descriptive analysis. Pseudovi-
rus neutralization assay expressed as infectious dose
(ID50) and IgG-S levels were ln-transformed [ln(ID50)
and ln(IgG-S)] to resemble normal distributions. Two-
level linear regression models (measurement: level 1
unit; subject: level 2 unit) were used to predict the mean
of ln(ID50) and ln(IgG-S) levels according to time of
examination (T0, T1, T2) and IgM-S group (for Figs. 1, 4
and 5) or serology group (for Figure 6), separately for
IN and PI subjects. The models had a random intercept
term at level 2 and time of examination, IgM-S/serology
group, their interaction term, age at T0, sex and pan-
demic wave (1st or 2nd, for PI only) as fixed effect cova-
riates. A first-order autoregressive error was included at
level 1 in order to take the correlation of the within-sub-
ject observations over time into account. All statistical
analyses were performed by using STATA software
(release 17; StataCorp, College Station, TX).
Role of funding source
This work was supported by the Italian Ministry of
Health under “Fondi Ricerca Corrente”- L1P5 and
“Progetto Ricerca Finalizzata COVID-2020-12371675”
to IRCCS Sacro Cuore Don Calabria Hospital, by FUR
2020 Department of Excellence 2018-2022, MIUR,
3



Figure 1. Neutralization assays in naïve and previously infected
vaccinees.

Pseudovirus neutralization assay expressed as infectious
dose (ID50) in naïve (panel a) and previously infected (panel b)
vaccinees according to time of examination (T0, T1 and T2) and
IgM-S development after two doses of the BNT162b2 vaccine
(IgM-SPOS, red dots and lines; IgM-SNEG subjects, blue dots and
lines). Predicted means of ln(ID50) levels (with the 95% confi-
dence interval) according to time of examination and IgM-S
group in naïve (panel c) and previously infected (panel d)
vaccinees were obtained by a two-level linear regression
model. Statistically significant p-values of the difference in the
predicted means between consecutive times of examination in
the same IgM-S group and between IgM-S groups at the same
time of examination are reported in panels a and b.
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Italy and by The Brain Research Foundation Verona.
The funding source had no role in the development of
this study.
Results

Development of IgM-S is associated with higher
neutralizing activity in naïve vaccinees
We initially tested the neutralizing activity against
SARS-CoV-2 of sera from IN (n = 48) and PI (n = 50)
vaccinees, in a cohort described in our previous study14

collected at the time of first vaccine dose (T0), at the
second dose (T1) and 3 weeks after the second dose (T2).
Among IN vaccinees, IgM-S were detected in 35/48
(72.9%) after the two vaccine doses (IgM-SPOS) while
the remaining 13/48 (27.1%) had undetectable IgM-S
(IgM-SNEG) (Figure 1a and c). IgM-SPOS IN vaccinees
had higher neutralizing activity than IgM-SNEG IN
vaccinees (blue dots) at T2 (p = 0.008).

Among PI vaccinees, 22/50 (44.0%) had undetectable
IgM-S while the remaining 28/50 (56.0%) resulted positive
at any of the timepoints. No significant differences in neu-
tralization activity were observed when comparing the two
groups of PI vaccines at each timepoint (Figure 1b and d).
This first set of data on a limited number of vaccinees con-
firmed our previous observation of the absence of detect-
able IgM-S in a significant fraction of IN vaccinees and
expanded on the association of IgM-S responses with
higher serum neutralizing activity.
IgM-S development following BNT162b2 vaccine
We further tested these initial observations on a larger
cohort of 1989 HCW who had been vaccinated with two
doses of BNT162b2 vaccine (Figure 2 depicts a flowchart
of the patients' groups that were analysed in this study).
The study included longitudinal samples collected at the
day the first dose of vaccine was administered (T0), at the
second dose (3 weeks after the first one, T1) and 3 weeks
after the second dose (T2). Among those 1989 subjects,
complete information (IgG-S, IgM-S and IgG-N at T0, T1
and T2) was available for 1957 vaccinees. Vaccinees with
negative swab and no infection history but positive serology
at T0 (n = 84) were considered as false negatives and were
not included in this analysis. Of the evaluable 1873
patients, 289 were previously infected (PI), with a history
of SARS-CoV-2 infection documented by a positive swab
test; 1584 were immunologically naÿve (IN) with no docu-
mented history of infection, negative swab test and nega-
tive serology (IgM-S, IgG-S and IgG-N) at T0. For all these
patients we had access to serum samples that were used to
quantify IgG-S(RBD) as proxy of neutralization activity.19

We divided the two initial groups (PI and IN) into four
sub-groups, according to the time of IgM-S positivity: (a)
IgM-S never detected (IgM-SNEG); (b) IgM-S detected
before the first vaccine dose (IgM-SPOST0); (c) IgM-S
detected after the first vaccine dose (IgM-SPOST1); (d) IgM-S
detected after the second vaccine dose (IgM-SPOST2). We
further explored whether the development of IgM-S before,
after or at the same time of IgG-S could reflect a gain in the
load of IgG-S thus providing a putative proxy of protection
from future infections in IN or PI.
IgM-S serotyping identifies three patterns of responses
in naïve vaccinees
Of the 1584 IN vaccinees, 1011 (63.8%) developed both
IgM-S and IgG-S (IgM-SPOS), 572 (36.1%) developed
IgG-S but not IgM-S (IgM-SNEG), none had IgM-S but
www.thelancet.com Vol 77 Month March, 2022



Figure 2. Study population.
Classification and distribution of the different types of IgM-S and IgG-S responses in naïve and previously infected subjects who

received the BNT162b2 vaccine. NEG: negative; POS: positive.

Articles
not IgG-S and only one (0.1%) was negative for both iso-
types (Figure 2). Among the 1011 IgM-SPOS vaccinees,
593 (58.7%) developed both IgG-S and IgM-S at T1
(IgM-SPOST1), 418 (41.3%) developed IgG-S at T1 and
IgM-S at T2 (IgM-SPOST2). Among the 572 IgM-SNEG

vaccinees (excluding the single subject who did not elicit
IgG-S), 550 (96.2%) developed IgG-S at T1 and the rest
(n = 22, 3.8%) at T2 (Figs. 3 and 4a). All vaccinees who
were IgM-S positive at T1 were also IgG-S positive at the
same time point (Figure 3). Only eight vaccinees with
undetectable IgM-S/IgG-S at T1 (Figure 3, row IgM-
SPOST2, column T1) became positive for both at T2.
Therefore, the patterns of IgM-S/IgG-S responses can
be interpreted as follows: (a) IgM-S negative (IgM-SNEG,
572/1584, 36.1%, blue dots in Figs. 3 and 4), (b) IgG-S/
IgM-S coordinated (IgM-SPOST1, 593/1584, 37.4%, red
dots in Figs. 3 and 4); and (c) IgM-S delayed responses
(IgM-SPOST2, 418/1584, 26.4%, purple dots in Figs. 3
and 4). We defined as coordinated (pattern b) the IgG-S
and IgM-S responses that appeared in the same time
window regardless of whether IgM-S appeared before or
at the same time of IgG-S, a pattern that can be consid-
ered a canonical primary antibody response. Conversely,
patterns (a) and (c) can be considered as non-canonical.
www.thelancet.com Vol 77 Month March, 2022
In Figure 4b and c, the IgM-SPOST1 (red dots) group
had statistically significantly higher IgG-S levels than
groups IgM-SNEG (blue dots) and IgM-SPOST2 (purple
dots) after both the first (p < 0.001) and the second
(p < 0.001) vaccines dose. Thus, of the three groups of
vaccinees identified in our analysis, the IgM-S/IgG-S
coordinated group (IgM-SPOST1) displayed a more effi-
cient response to the vaccine, at least as measured by
the levels of IgG-S antibodies elicited by the first and
second vaccine dose. Of note, IN vaccinees who dis-
played the delayed IgM-S pattern (IgM-SPOST2) were
older (median 47 years) and had a higher frequency of
males (43%) than the other two groups (Table 1). In all
subgroups, we also observed a statistically significant
lower IgG-S antibody response with increasing age (dif-
ference in ln IgG-S for one-year increase of age = -0.015,
p < 0.001) and a higher IgG-S response in females (dif-
ference in ln IgG-S between females and males = 0.1,
p = 0.007).

Finally, 28 (1.8%) and 2 (0.1%) IN vaccinees became
positive for IgG-N at T1 and T2, respectively (Supple-
mentary Fig. 1). Because the nucleocapsid protein is not
present in the BNT162b2 vaccine, these vaccinees most
likely were infected during vaccination. The proportion
of IgG-N positive vaccinees was not statistically different
5



Figure 3. Development of IgM-S and IgG-S following vaccination.
Scatterplots of IgM-S (y axis) and IgG-S (x axis) measures in naïve vaccines according to time of examination (T0, T1 and T2) and

time of IgM-S positivity (IgM-SNEG, blue dots; IgM-SPOST1, red dots; IgM-SPOST2, purple dots).
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in the three IN subgroups (IgM-SNEG, IgM-SPOST1 and
IgM-SPOST2; p = 0.200). We performed a sensitivity
analysis by excluding IN vaccinees who became IgG-N
positive at T1 or T2, and we observed the same results
as in the main analysis (p < 0.001).
IgM-S and IgG-S responses in previously infected
vaccinees
At T0, 117/289 (40.5%) PI vaccinees were IgM-S nega-
tive (IgM-SNEG) and 172/289 (59.5%) were IgM positive
(IgM-SPOS) (Figure 2). Of these, 111 (64.5%) were
www.thelancet.com Vol 77 Month March, 2022



Figure 4. IgG-S response in naïve vaccinees.
IgM-S (panel a) and IgG-S (panel b) measures in naïve vaccinees according to time of examination (T0, T1 and T2) and time of IgM-S positivity (IgM-SNEG, n = 572, blue dots; IgM-SPOST1,

n = 593, red dots; IgM-SPOST2, n = 418, purple dots). Being all naïve subjects, no individuals had detectable IgM-S at T0. Predicted means of ln(IgG-S) measures (with the 95% confidence inter-
val) according to time of examination and time of IgM-S positivity (panel c) were obtained by a two-level linear regression model. Statistically significant p-values of the difference in the pre-
dicted means between consecutive times of examination at the same time of IgM-S positivity and between different times of IgM-S positivity at the same time of examination are reported in
panel b. The horizontal lines indicate the cut-off value to discriminate positive and negative samples for each assay.

A
rticles

w
w
w
.th

elan
cet.com

V
ol77

M
on

th
M
arch

,2022
7



IgM-SNEG

(n = 572)
IgM-SPOST0
(n = 0)

IgM-SPOST1
(n = 593)

IgM-SPOST2
(n = 418)

p-value

Age at T0, median 45 - 42 47 <0.001 (Kruskal-Wallis rank test)

Female, % (vs male) 66.4 - 65.1 56.9 <0.001 (Fisher’s Exact test)

Table 1: Comparison of the main characteristics among the four IgM-S subgroups of naïve subjects.
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positive at T0 (IgM-SPOST0), 55 (32.0%) at T1 (IgM-
SPOST1), and 6 (3.5%) at T2 (IgM-SPOST2) (Figure 2).
Among IgM-SPOST0 vaccinees, 24/111 (21.6%) and 87/
111 (78.4%) had been infected during the first and sec-
ond wave of the pandemic in Italy, respectively. The
IgG-S levels significantly increased after both the first
(p < 0.001) and second doses (p = 0.002) in all PI sub-
groups, except for IgM-SPOST0 individuals for whom the
second dose did not significantly improve IgG-S levels
as compared to the first vaccine dose (p-value=0.49)
(Figure 5b). There were no significant differences of
IgG-S levels between PI subgroups after the second vac-
cine dose (Figure 5b and c). The fact that IgM-SPOST2
vaccinees reached IgG-S levels similar to the other
groups only after the second dose of vaccine (Figure 5c)
suggests that in these subjects a single dose of vaccine
induces suboptimal antibody levels.

Among the PI vaccinees who developed IgM-S after
the first and second vaccine dose (55 IgM-SPOST1 and 6
IgM-SPOST2), 29 had undetectable IgM-S but were IgG-
S and/or IgG-N positive at T0 and were classified as
serology positive (SerologyPOS), whereas 32 were nega-
tive at T0 for IgM-S, IgG-S and IgG-N and were there-
fore classified as serology negative (SerologyNEG)
(Figure 2). Comparison of the IgG-S levels elicited by
the first and second dose of vaccine in these two groups
revealed a faster and stronger IgG-S response in PI
vaccinees classified as serology positive (p < 0.001)
(Figure 6a). Next, we compared the two groups with the
1584 IN vaccinees and with the subgroup of PI vaccin-
ees (PI*), from which the SerologyNEG and SerologyPOS

PI vaccinees were excluded (Figure 2). SerologyNEG

vaccinees were different from PI* vaccinees at all time
points (p < 0.001) but similar to IN (except at T1,
p = 0.011), while SerologyPOS were different from IN
(p < 0.001 at T0 and T1, p = 0.007 at T2), and similar
to PI* (Figure 6b). Thus, these data revealed the pres-
ence among PI vaccinees of subjects (SerologyNEG) who
displayed a naÿve serological profile and responded to
vaccination with a coordinated IgM-S/IgG-S pattern
similar to that of a primary response. Of note, these
vaccinees were generally younger, had been mostly
infected during the second wave and were mostly
asymptomatic. In contrast, SerologyPOS PI vaccinees
were generally older, had a slightly higher frequency of
males, were mostly infected during the first wave, and
reported symptomatic COVID-19 (Table 2).

The majority of SerologyPOS subjects (18/29) had
IgG-N at T0. The remaining where IgG-S positive.
SerologyNEG subjects, on the contrary, did not present
IgG-N at T0, which instead appeared at T1 in as many
as 11/32 (34%) subjects (Supplementary Fig. 2). In IN
subjects, however, we observed only 28/1584 subjects
(1.8%) positive for IgG-N at T1 (Supplementary Fig. 1a).

Together these data defined three patterns of IgM-S
responses in PI vaccinees (Figure 5): (a) negative IgM-S
(IgM-SNEG) (b) persistent IgM-S (IgM-SPOST0) and (c)
delayed IgM-S (IgM-S detected at T1, IgM-SPOST1 or at
T2, IgM-SPOST2). Pattern (a) was consistent with that of
a canonical anamnestic response after the natural decay
of IgM-S that follows infection. Pattern (b) was observed
in 21.6% of PI vaccinees who had been infected almost
one year before vaccination and it was someway unex-
pected since IgM responses are usually short lived.
There are however reports on the persistence of long-
lived memory IgM B cells in other viral infections
including influenza.20�23 Pattern (c) revealed a propor-
tion of PI vaccinees who may had experienced only a
transient infection which was not sufficient to induce a
fully matured class-switched response and responded to
vaccination with a pattern typical of a primary response.
IgM response in naïve subjects vaccinated with
Vaxzevria and Spikevax vaccines
We analysed a limited numbers of available naÿve indi-
viduals vaccinated with the Vaxzevria (Astra Zeneca)
and with the Spikevax (Moderna) vaccines. Among the
37 subjects vaccinated with Vaxzevria, all developed
IgG-S following vaccination, but only 6 (16.2%) had
detectable IgM-S (Table 3). Similarly, among the 15 sub-
jects vaccinated with Spikevax, all elicited IgG-S and
only 2 also had evidence of detectable IgM-S (13.3%),
thus confirming, in albeit smaller numbers, a consis-
tently non-canonical IgM response in other types of vac-
cinations as well.
Discussion
The serological response to vaccination shows a rela-
tively rapid decay as observed in natural infection/
immunization.24,25 The extent of this decay is so pro-
nounced that the vaccine efficacy itself has been ques-
tioned and a booster dose of BNT162b2 vaccine has
been recently authorized by FDA. In this context, it is of
paramount importance to gain further information on
the patterns of antibody responses that are associated to
protective immunity. Most studies have concentrated
www.thelancet.com Vol 77 Month March, 2022



Figure 5. IgG-S response in previously infected vaccinees.
IgM-S (panel a) and IgG-S (panel b) measures in previously infected vaccinees according to time of examination (T0, T1 and T2) and time of IgM-S positivity (IgM-SNEG, n = 117, blue dots;

IgM-SPOST0, n = 111, orange dots; IgM-SPOST1, n = 55, red dots; IgM-SPOST2, n = 6, purple dots). Predicted means of ln(IgG-S) measures (with the 95% confidence interval) according to time of
examination and time of IgM-S positivity (panel c) were obtained by a two-level linear regression model. Statistically significant p-values of the difference in the predicted means between
consecutive times of examination at the same time of IgM-S positivity and between different times of IgM-S positivity at the same time of examination are reported in panel b. The horizontal
lines indicate the cut-off value to discriminate positive and negative samples for each assay.
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IgM-SNEG

(n = 117)
IgM-SPOST0
(n = 111)

IgM-SPOST1
(n = 55)1

IgM-SPOST2
(n = 6)

p-value

Age, median 43.0 47.0 46.0 35 0.219 (Kruskal-Wallis rank test)

Female, % (vs male) 70.9 62.2 56.4 33.3 0.086 (Fisher's exact test)

2nd wave, % (vs 1st wave) 44.4 78.4 65.5 66.7 <0.001 (Fisher's exact test)

Symptoms, % (vs no symptoms) 80.3 88.3 70.4 50 0.008 (Fisher’s exact test)

Table 2: Comparison of the main characteristics among the four IgM-S subgroups of previously infected subjects.

IgM-SNEG IgM-SPOS Total

BNT162b2 -Pfizer/BionTech 573 (36.2%) 1011 (63.8%) 1584

Vaxzevria-AstraZeneca 31 (83.8%) 6 (16.2%) 37

Spikevax-Moderna 13 (86.7%) 2 (13.3%) 15

Table 3: IgM-S and IgG-S development following the two doses
vaccination with BNT162b2, Vaxveria and Spikevax vaccines.

Articles
the attention on IgG responses, while a few have
addressed the role of IgM in virus neutralization. One
such study26 reported that in adults recovered from
mild COVID-19, while IgG were maintained for long
periods of time, the neutralization capacity decayed
more rapidly and was most strongly associated with
anti-S trimer IgM. Prevost et al.27 also reported that the
virus neutralization capacity decreases significantly 6
weeks after the onset of symptoms, following a similar
trend as anti-RBD IgM and found a stronger correlation
with neutralization for IgM than IgG and IgA, suggest-
ing that at least part of the neutralizing activity is medi-
ated by IgM. There are limited data on the kinetic of
appearance of IgM after vaccination and its association
with virus neutralizing activity.16

Here we report that following BNT162b2 vaccina-
tion, higher neutralization activity correlates with the
presence of both IgG-S and IgM-S in IN vaccinees, sug-
gesting that IgM-S may contribute to protective immu-
nity. On the other hand, we found that 36.1% of IN
vaccinees responded to vaccination with IgG-S but not
IgM-S. In addition, in vaccinees who responded with
both isotypes, 41.3% developed IgM-S after IgG-S. Of
note, of the three isotype patterns that we identified,
Figure 6. IgG-S response in previously infected vaccinees producing
IgG-S measures (panel a) in previously infected vaccinees who

according to time of examination (T0, T1 and T2) and negative
SerologyPOS, n = 29 magenta dots). Predicted means of ln(IgG-S) m
examination in (i) previously infected subjects who did not elicit Ig
have detectable IgM-S at T0 but produced them at T1 or at T2 follow
T0 (SerologyPOS, magenta line), (iii) subjects as the previous ones, bu
naïve vaccinees (blue line) (panel B) were obtained by a two-level lin
statistically significant p-values of the difference in the predicted m
subject group and between different subject groups at the same tim
subjects, statistically significant p-values of the difference in the pre
time of examination are reported in panel b table. The horizontal lin
tive samples for each assay.

www.thelancet.com Vol 77 Month March, 2022
only that with coordinated IgM-S/IgG-S responses,
could be considered as a bona fide primary immune
response pattern but it was represented in only 37.4%
vaccine recipients while the others were either IgM-S
negative (36.1%) or developed IgM-S after IgG-S
(26.4%). More importantly, vaccinees exhibiting IgG-S
without IgM-S or IgM-S after IgG-S had significantly
lower IgG-S levels compared to those with coordinated
IgM-S/IgG-S responses; this suggests that coordinated
IgM-S/IgG-S responses are associated with increased
immunity. Also, in the small group of HCW who
received the adenovirus-based vaccine Vaxzevria (Astra
Zeneca) or the RNA vaccine Spikevax (Moderna), as
many as 80% did not develop IgM-S after vaccination.
Thus, the unconventional isotype pattern follows SARS-
CoV-2 spike vaccination regardless of the type of vaccine
used.

Taken together our data suggest that vaccination elic-
its either a canonical primary response with coordinated
IgM-S/IgG-S, associated with higher levels of IgG-S
antibodies, or a non-canonical IgM-S negative response.
We propose that these non-canonical responses may
leverage on pre-existing immunity to cross-reactive
human coronaviruses, or even both types of responses
where the first to appear is the anamnestic cross-reactive
response28,29 followed by the later appearance of IgM
after recruitment of naÿve B cells specific to SARS-CoV-
2 epitopes.

There is accumulating evidence that the immune
response to SARS-CoV-2 is influenced by cross-corona-
virus immunity, with some data pointing to the risk of
immunopathogenic responses due to low affinity cross-
reactive antibodies generated by an original antigenic
IgM-S.
produced IgM-S at T1 or at T2 following BNT162b2 vaccination
or positive serology at T0 (SerologyNEG, n = 32, green dots;
easures (with the 95% confidence interval) according to time of
M-S or had IgM-S at T0 (PI*, red line), (ii) subjects who did not
ing vaccination, and who had detectable IgG-S and/or IgG-N at
t with negative serology at T0 (SerologyNEG, green line), and (iv)
ear regression model. For SerologyNEG and SerologyPOS subjects,
eans between consecutive times of examination in the same
e of examination are reported in panel b. For all four group of

dicted means between different groups of subjects at the same
es indicate the cut-off value to discriminate positive and nega-
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sin30 and other data pointing to a potential protective
role of cross-reactive antibodies. Chaudhury et al.
recently reported12 that the IgM response is highly spe-
cific for SARS-CoV-2, while the IgG response is more
cross-reactive. The same authors hypothesize that the
IgM response is naÿve-derived, while the IgG response
is memory-derived, thus explaining the simultaneous
appearance of IgM and IgG. Furthermore, Kaplonek
et al. recently reported13 the near simultaneous evolu-
tion of IgG and IgM specific for the S2 subunit of
SARS-CoV-2 spike at early time points in a cohort of
COVID-19 survivors and proposed that it could be a
reflection of expansion of pre-existing cross-coronavirus
immunity to the conserved S2-domain. Furthermore,
there is evidence that SARS-CoV-2 infection reactivates
hCoVs-specific memory B cells29,31 concomitantly with
the recruitment of SARS-CoV-2 naÿve B cells and the
appearance of virus-neutralizing antibodies specific for
the RBD of the SARS-CoV-2 Spike protein. Our observa-
tion of IgM-S/IgG-S isotype patterns consistent with
those of an anamnestic response following vaccination
of naÿve individuals is highly suggestive of the recruit-
ment by the vaccine of cross-coronavirus immunity.
Whether this would reflect in higher or lower vaccine
efficacy remains speculative. However, the established
safety of current SARS-CoV-2 vaccines with few signals
of immunopathogenic events suggest that cross-corona-
virus immunity may play, if any, a protective rather
than a pathogenic role following vaccination.

The IgM-S response to vaccination of PI vaccinees
also displayed some interesting features. Of the sub-
group of PI vaccinees who were IgM-S positive at base-
line, 21.6% had been infected during the first pandemic
wave in Italy, almost one year before vaccination. While
the persistence of IgM-S in these subjects was unex-
pected, there are reports that IgM antibodies may per-
sist for long period of times after natural infection
owing to the persistence of long-lived memory IgM pos-
itive B cells.21,22 Our data suggest that at least a subset
of PI vaccinees developed these types of long-lived IgM
responses. Of note, the presence of IgM-S before vacci-
nation was associated to the most rapid kinetic of IgG-S
responses when compared to those of vaccinees who
were either IgM-S negative or had a delayed IgM-S
response.

Unexpectedly, we observed a group of PI vaccinees
who elicited IgM-S following vaccination. Among them,
a subgroup classified as serology negative at baseline
(SerologyNEG) showed an IgG-S response similar to that
of IN vaccinees. These subjects may therefore have had
a false-positive swab result. Of these, a consistent frac-
tion (34%) displayed IgG-N after vaccination, suggestive
of an infection event. However, in our cohort, only 1.8%
of truly IN subjects showed evidence of infection (IgG-
N positivity), providing a crude estimate of the occur-
rence of infection during the vaccination schedule. We
speculate that the serology negative vaccinees who
became IgG-N positive after vaccination may have expe-
rienced a recall response to cross reactive N epitopes
similar to that reported in a study by Doba~no et al.,32

which suggests that anti-N antibodies may be produced
following spike-based vaccines resulting from a cross-
reactive response.

This observation deserves further investigation
because it suggests that not all individuals with a previ-
ous history of SARS-CoV-2 infection develop an immu-
nological memory sufficient to ensure a rapid class-
switched response to a single dose of vaccine.

While the correlates of protection from SARS-CoV-2
infection have not yet been fully established, it is gener-
ally accepted that antibody-mediated neutralization of
the virus is a key determinant.33 Assessing the presence
of IgM before and after vaccination may therefore pro-
vide useful information on vaccine efficacy and, to some
extent, guide decisions on the vaccine regimens in pre-
viously infected persons or in IgM non responder indi-
viduals. The combined examination of all three
branches of adaptive immunity at the level of SARS-
CoV-2-specific CD4+ and CD8+ T cell, as well as neu-
tralizing antibody responses in COVID-19 patients, pro-
vided evidence that coordinated CD4+ T cell, CD8+ T
cell, and antibody responses are protective, but uncoor-
dinated responses may fail to control disease.34 Thus,
while antibodies still represent the strongest correlate of
immunity, it is plausible that coordinated T and B cell
responses are needed to confer protection. In this con-
text, studies assessing the expression of the different
antibody isotypes may provide useful insights for the
understanding of protective immunity in both natural
infection and vaccination.

This study presents some limitations. Due to lim-
ited amount of serum samples collected, we could
not determine which specific antibody subclasses
correlates with neutralization. For the same reason,
we did not address the fine specificity of IgG and
IgM antibodies. Therefore, we cannot conclude on a
potential priming effect of previous exposures to
common human coronaviruses on the response to
vaccination. Furthermore, we did not have access to
cellular samples, and we could not determine the
effect of the pre-existing cellular immunity on the
development of the humoral response, following vac-
cination. The sensitivity of the assays detecting IgM-
S and IgG-S could also be argued to be an issue,
even though the assays that we used are fully vali-
dated and routinely used for clinical screening.35,36 It
must be noted that the assays we used for IgG and
IgM quantification is designed to measure Spike S1-
specific immunoglobulins, and does not allow the
detection of IgG and IgM against other epitopes.
Finally, this study focuses on the humoral response
within the first weeks following vaccination and a
longer follow up is needed to confirm the current
observations.
www.thelancet.com Vol 77 Month March, 2022
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