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and delivery. It can also be applied to
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MOTIVATION Assays for measuring serum antibody responses are typically limited to measurement of a
total or single immunoglobulin isotype. The antibody response is far more complex, with multiple immuno-
globulin classes, isotypes, and complement factors involved. This is a potential wealth of information that is
typically understudied and missed by existing tests. The global COVID-19 pandemic has highlighted the
need to understand better the immune response in respect to vaccine development and emerging new se-
vere acute respiratory syndrome coronavirus-2 (SARS-CoV-2) variants. Using the ability of tandem mass
spectrometry to multiplex and directly and accurately measure the antibody complex, we devised an alter-
native assay to capture this valuable information.

SUMMARY

Determining the protection an individual has to severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) variants of concern (VoCs) is crucial for future immune surveillance, vaccine development, and under-
standing of the changing immune response. We devised an informative assay to current ELISA-based
serology using multiplexed, baited, targeted proteomics for direct detection of multiple proteins in the
SARS-CoV-2 anti-spike antibody immunocomplex. Serum from individuals collected after infection or first-
and second-dose vaccination demonstrates this approach and shows concordance with existing serology
and neutralization. Our assays show altered responses of both immunoglobulins and complement to the
Alpha (B.1.1.7), Beta (B.1.351), and Delta (B.1.617.1) VoCs and a reduced response to Omicron
(B1.1.1529). We were able to identify individuals who had prior infection, and observed that C1q is closely
associated with IgG1 (r > 0.82) and may better reflect neutralization to VoCs. Analyzing additional immuno-
proteins beyond immunoglobulin (Ig) G, provides important information about our understanding of the
response to infection and vaccination.
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INTRODUCTION

After the first cases of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) were identified in late 2019,
2020-2021 saw the development and rollout of the world’s
fastest and largest global vaccination programs. However,
with potential waning immunity over time (Gaebler et al.,
2021) and the impact of infection from emerging variants of
concern (VoCs) (Reynolds et al., 2021a), it is apparent that
there is a need for better and more informative testing (Abbasi,
2021). This will help determine the clinical need for booster
vaccination and timing of the boost itself. First-generation
tests were rolled out at scale but are largely based on simple
non-specific binding to the prototypic Wuhan Hu-1 spike
sequence. It is now clear that these methods overestimate
the actual protective immunity against VoCs (Reynolds et al.,
2021a, 2021b, 2022). Current technologies that directly mea-
sure accepted correlates of protection such as neutralizing an-
tibodies (nAbs) scale poorly for clinical utility, while serological
approaches (ELISA or electrochemiluminescent immunoassay
[ECLIA]) measure only part of the antibody response and omit
measurement of effector Fc antibody functions such as com-
plement involvement (Ju et al., 2020; Nie et al., 2020; Yu et al.,
2020).

To aid in understanding the antibody response to SARS-CoV-
2, we have developed a methodology that includes a “bait and
capture” system, followed by a multiplexed and targeted prote-
omic liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analyses. The combination of immunocapture with the
multiplexing capability to look at multiple proteins involved in
the immune response and high accuracy of mass spectrometry
quantitation makes this an extremely powerful and more infor-
mative combination. In addition, tandem mass spectrometers
are also routinely used for small molecule clinical assays in
most UK pathology laboratories and are therefore platforms
that could be utilized for targeted proteomic assays. It is only
recently, with improving technology, that they are becoming
recognized for their potential clinical application for multiplex
protein analysis (Smit et al., 2021).

In this work, we describe how we have used this assay to
compare with previously determined immune correlates
(Reynolds et al., 2021a, 2021b, 2022) in serial samples, in
response to vaccination, infection, and an individual’s poten-
tial protection against VoCs. This analysis was performed us-
ing serum samples from the COVIDsortium study (Manisty
et al.,, 2021a, 2021b; Reynolds et al., 2020, 2021b, 2022;
Treibel et al., 2020), where previously detailed longitudinal
immunological analysis had been carried out. This unique
cohort included healthcare workers (HCWs) with and without
laboratory-confirmed SARS-CoV-2 infection, during the first
UK wave with the Wuhan Hu-1 strain and after one- and
two-dose vaccination (Pfizer/BioNTech BNT162b2) (Manisty
et al., 2021a; Reynolds et al., 2020, 2021a, 2021b). Our ana-
lyses demonstrate that the conventional measurement of
immunoglobulin (Ig)G1 is insufficient to determine an individ-
ual’s complete immuno-response or protection due to infec-
tion and vaccination. We show that responses to infection
and vaccination can be heterogeneous from person to
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person, and, by broadening the portfolio of those biomarkers
involved in the monitoring of the immune response, this
assay provides a more informative picture of immune re-
sponses. This assay could be used to estimate an individual’s
immune potency against VoCs but also aid in design of future
vaccine trials.

RESULTS

The development of a multiplex LC-MS/MS assay for
measuring antibody mediated response to SARS-CoV-2
spike antigen

The multiplex assay developed is significantly more sophisti-
cated and informative because of its ability to quantitate,
simultaneously and accurately, all major antibody species
and their subclasses, as well as key components of the down-
stream complement pathway. The rationale behind inclusion
of complement proteins is based on their involvement in for-
mation of antigen-antibody complexes. Figure 1A is a sche-
matic representation of how the assay captures and analyses
a patient serum immunocomplex specific to the SARS-CoV-2
spike region. A recombinant SARS-CoV-2 S1 spike protein
from any VoC is first bound to a 96-well plate in a simple pro-
cedure described below. Patient serum is incubated with the
bait for 60 min to capture the immunocomplex, and non-spe-
cific proteins are washed away. All immunocaptured proteins,
including the spike, are trypsin digested and the unique signa-
ture peptides analyzed by a targeted LC-MS/MS analyses.
The assay was capable of identifying and quantitating the im-
munoglobulins IgG1, 2, 3, and 4; IgA1; IgM; and the comple-
ment factors C1q, C4b, and C9 using 10 uL of serum with a
CV range of 1.7%-13.6% for high response quality controls
(QCs) and 1%-15.3% for low-response QCs. To improve
reproducibility over existing immunodetection assays, results
were expressed as a ratio of each immunological protein to
the SARS-CoV-2 spike (using a S1 peptide common to all
variants). This improves the CV percentage by a factor of
~10-fold; i.e., a standalone value CV for IgG1 is reduced
from 13.8% to 3.4% if the value is ratioed to spike bait. Inter-
nal monitoring of bait binding also provides a quality assur-
ance for plate preparation.

Figure 1B shows how the profile of the immunocomplex
changes according to vaccination and prior infection. A heat-
map summary of the proteins included in the immunocomplex
and their response to exposure and variants is given in Fig-
ure 1C, which summarizes the increase of the immunocom-
plex with increasing exposure against all SARS-CoV-2 vari-
ants. However, a notable reduction of detectable immune
activity against the Beta VoC can be observed compared
with other variants analyzed. A strength of our assay is to
measure all major antibody types simultaneously, allowing
comparison of inter-individual and exposure isotype heteroge-
neity. When all components of the immunocomplex are
viewed collectively (Figure S1), a wide variation in those with
two or more antigen exposures can be observed with clear
outliers. Closer inspection of the outliers highlights that
these individuals have an atypical immunocomplex profile,
with one interesting individual who has a dominant IgG4
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Figure 1. Principle of the targeted LC-MS/MS immunocomplex assay

(A) A summarized workflow and schematical representation of the bait-capture LC-MS/MS assay.

(B) Composition of the immunocomplex at different vaccination and pre-infection stages. Mean values used for each protein.

(C) Heatmap of all proteins measured in the multiplex as determined by normalized mean values of the protein ratioed to spike peptide against each S1 bait variant
and vaccination group. MAC, membrane attack complex. Blue to red color scale indicates lowest to highest values.

response. 1gG4 is associated with anti-inflammatory proper-
ties as it can undergo fab-arm exchange, thereby limiting
effector functions (van der Neut Kolfschoten et al., 2007).
This indicates that a one-size-fits-all strategy using the current
Elecsys assays does not provide us with enough information if
we are to determine and study an individual’s current immune
status.

As proof of principle, we also demonstrated that this method-
ology can also be applied to the much less invasive measure-
ment of antibodies and immune response proteins (compared
with collecting blood serum) using dried blood spots, saliva,
or saliva adsorbed onto Guthrie card blood collection strips or
“lollipops” (Figure S2).

Comparison with the gold standard S1 receptor binding
domain (RBD) serology assay and authentic live virus
neutralization

We compared our assay with the gold standard serology and
authentic live virus neutralization assays at three timepoints, sam-
pling responses 8 weeks after natural infection with Wuhan Hu-1
during the first UK wave and 3 weeks after the first- and second-
dose vaccination. This enabled us to evaluate and compare our
assay after one to three antigen exposures using the same existing
peer-reviewed, published underpinning datasets analyzed inthese
cohorts (Manisty et al., 2021a; Reynolds et al., 2020, 2021a,
2021b). We compared results from our assay with those obtained
by second-generation serology, which measures a total response
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Figure 2. Comparison of LC-MS/MS IgG1 levels with other serology method and live viral neutralization

(A) Roche Elecsys Anti-S assay versus IgG1 LC-MS/MS.
(B) Wuhan Hu-1 neutralizing antibodies versus Wuhan S1 IgG1 LC-MS/MS.

(C) Alpha neutralizing antibodies versus Alpha and Wuhan S1 19G1 LC-MS/MS.

(D) Beta neutralizing antibodies versus Beta and Wuhan S1 1gG1 LC-MS/MS.

(E) Delta neutralizing antibodies versus Delta and Wuhan S1 1gG1 LC-MS/MS. Significance determined by Spearman correlation. n = 141 in total for n = 24 infec-
tion-naive group, n = 23 previous infection group at pre, first, and second vaccination time points.

to spike bait and not a specific antibody (anti-SARS-CoV-2 spike
ECLIA assay [Elecsys, Roche Diagnostics], performed by the UK
Health Security Agency [UKHSA], Porton Down, UK).

In agreement with other studies (Dogan et al., 2021; Patil et al.,
2021), our test also confirmed in most individuals that IgG1 is
the main responsive immunoglobulin. Figure 2A shows that IgG1
correlates well (r = 0.84) across a broad range (10-100,000 U/
mL) with the Elecsys Anti-S assay and requires no dilution and
repeat analyses for high-titer individuals.

The ability to measure all the components of the immunocom-
plex demonstrated that IgG1 showed the strongest correlation
with live-virus neutralization data (nAbs) (Figure S3) followed by
C1q. Figures 2B-2E show that comparison of IgG1 against each
S1 variant bait correlates well with corresponding nAbs (r =
0.79-0.86). Comparison using only IgG1 Wuhan Hu-1 S1 against
neutralization data for each variant shows only slightly less corre-
lation against Alpha, Beta, and Delta VoCs (r = 0.75-0.80). This
confirms our high-throughput assay demonstrated excellent cor-
relation with conventional neutralizing cell-based assays as well
and on par with the commercial Roche Anti-S assay.

Determining the immuno-response and protection to
both Wuhan Hu-1 and other VoCs

Our results for IgG1 (Figure 3A) using the LC-MS/MS assay are in
line with our published findings that two exposures, either via a
two-dose vaccination protocol or natural infection and one-
dose vaccination, have the same effect whereby the second an-
tigen exposure increases anti-Wuhan spike antibody levels on
average 3- to 10-fold (Manisty et al., 2021b; Reynolds et al.,
2021a, 2021b). In concordance with the gold-standard S1-RBD
binding and authentic live virus neutralization assays (Reynolds
et al., 2021b; Reynolds et al., 2021b), we found no increase in
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anti-Wuhan Hu-1 S1 IgG1 responses from the second vaccine
dose in previously infected HCWs. This suggests an antibody
ceiling is achieved at third antigen exposure.

To determine an individual’s antibody reactivity against exist-
ing and new VoCs, the S1 protein from each VoC (Alpha, Beta,
Delta, Omicron) was bound in three separate wells to compare
patients’ serum antibody binding capabilities and immune re-
sponses. IgG1 values were then presented as a percentage of
binding capability to the original Wuhan Hu-1 strain and vaccine
target, to give the patients a measure of IgG1 reactivity against
each VoC (Figure 3B). We observe more than a 37%-51% greater
response against the Alpha S1 compared with the Wuhan Hu-1,
as described previously, which is slightly enhanced by previous
natural infection (Reynolds et al., 2021a). IgG1 response to Delta
S1is similar to Wuhan Hu-1 (+17%) and is also enhanced by pre-
vious infection (Figure 3B). IgG1 response to Beta S1 only elicits a
52%-55% response relative to the protection against the Wuhan
Hu-1 VoC, which is likely due to combined effects of the K417N
and N501Y mutations in the Beta spike (Zhou et al., 2021).

Changes in IgM (Figure 3C) are only observed in the infection-
naive group for all variants where the levels increase at first vacci-
nation, but levels are lower at second vaccination, confirming IgM
only changes in response to first exposure. No significant group
changes related to exposure or infection were observed for
IgG2 or 1gG4 in most individuals. However, some individuals
had notable and significantly higher levels of IgG2 and 1gG4 (Fig-
ure S1), which indicates that a more personalized medicine
approach may be applicable for some individuals. IgG3 is always
observed, albeit at lower levels and as would be expected (Fer-
rante et al., 1990). IgG3 appears to increase at first exposure in
the vaccine-naive group and, unlike IgM, the levels appear to
stay elevated with further exposure. The pre-infection group
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Figure 3. Application of immunocomplex assay to vaccinated participant cohort

(A) The comparison of IgG1 levels binding to each VoC spike according to vaccine status in healthcare workers, who have had (+) or not had (—) a prior SARS
CoV-2 infection. Results are shown for the wild-type Wuhan Hu-1, Alpha, Beta, and Delta spike variants.

(B) Summaries of average percentage of the IgG1 response to the VoC compared with Wuhan Hu-1. Comparison of other proteins of immunocomplex according
to vaccine status for (C) IgM, (D) IgG3, (E) IgA1, (F) complement C4, and (G) complement C9. Vaccination groups colored according to exposure status. Green, no
exposure; yellow, first exposure (X1); orange, second exposure (X2), and red, third exposure(X3). Data normalized for VoC comparison. Significance determined
by non-parametric ANOVA and Spearman correlation p values * <0.05, ** < 0.01, *** < 0.001, **** < 0.0001. Colored significance bars indicate change due to
pre-infection. n = 24 infection-naive group, n = 23 previous infection group.

show a small significant increase at first vaccination only for the  vaccination, we observed a small but significant increase of
VoC (Figure 3D). Of note are differences in the levels of IgA1 (Fig-  IgA1 in the infection-naive group, although this response in the
ure 3E). No change is seen in the infection-naive group againstthe  group who had a previous infection was more marked. When
Wuhan Hu-1 bait, but an increase is observed for the pre-infection ~ comparing with double-exposure groups (two-dose vaccination
group at first vaccination. However, for the VoC baits after first  infection naive versus one-dose vaccination with prior infection),
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Figure 4. C1q response to variant S1 protein

(A) The comparison of C1Q levels binding to each VoC spike according to vaccine status in healthcare workers, who have had (+) (n =23) or not had () (n=24) a
prior SARS CoV-2 infection. Results are shown for the wild-type Wuhan Hu-1, Alpha, Beta, and Delta spike variants. Linear regression based on correlation
showing changes in the slope/ratio for Delta for (B) C1Q versus IgG1, and no change in slope/ratio for Delta for (C) C1Q versus nAbs (log scale) analysis performed

on all four vaccination groups combined (n = 94).

(D) A summary of significant changes of the immunocomplex due to VoC compared with Wuhan Hu-1 response. Blue decreased and red increased. Vaccination
groups colored according to exposure status. Green, no exposure; yellow, first exposure; orange, second exposure; and red, third exposure. Significance deter-
mined by non-parametric ANOVA and Spearman correlation p values * < 0.05, ** < 0.01, ** < 0.001, *** < 0.0001.

we see clearly a greater IgA1 response (p < 0.01) in those individ-
uals who had a natural infection (Figure 3E).

Understanding antibody protection beyond
immunoglobulins: Determining and quantitating the
complement response against Wuhan Hu-1 and VoCs
Current tests only determine IgG or total response. Using our
assay, we are able to also determine the significant and impor-
tant contribution from the complement system. Complement
C4 levels demonstrated an average 2- to 6-fold significant in-
crease against the native Wuhan Hu-1. This was observed only
at the second vaccination stage in both groups, indicating a
response to vaccine but, interestingly, not from exposure to
SARS-CoV-2 in natural infection (Figure 3F). Complement C9
also appears to significantly increase with vaccination first
dose against Wuhan-Hu1 by an average 3.8- to 5.2-fold (Fig-
ure 3G). However, the C4 and C9 response to the Alpha and
Beta VoCs, respectively, were observed to be markedly different
than that to the native Wuhan-Hu1. The response to the Alpha
shows that both complement C4 and C9 increase greatly in the
pre-infection group after first vaccination (9.6-fold and 93-fold,
respectively). However, this response is not as great after a sec-
ond vaccination, with a lower 3.8-fold and 46-fold increase, for
C4 and C9 respectively compared with the pre-vaccine group.
A similar but lower-level response pattern is observed for Beta.

6 Cell Reports Methods 2, 100279, September 19, 2022

This indicates pre-infection elicits greater C4 and C9 against
VoC binding after a second antigen exposure.

Complement C1q binding to all variants increases after expo-
sure similar to that of IgG1 (Figure 4A) but the levels observed
are lower against the Beta and Delta. While it is not significant,
we did observe less C1q binding at third exposure, where binding
increased 42-fold after first vaccination, but only a 31-fold in-
crease was observed at second vaccination in the pre-infected
group. The similar pattern of C1q binding to IgG1 is likely due to
the direct interaction of C1q with the Fc region of 1gG; when
compared, we observe a significant correlation (r > 0.8) between
IgG1 and C1q for all variants. However, when comparing correla-
tion between variants, a reduction in the ratio of IgG1 to C1q
against the Delta VoC, and, to a lesser extent against the Beta
VoC, were observed (Figure 4B). This suggests potentially a
reduced interaction of C1q with IgG1 against Beta and Delta VoCs.

Considering the relationship of IgG1 to nAbs (r > 0.79; Figure 2),
we also looked at the C1q relationship to nAb levels for each
variant (Figure 4C). Unlike with the IgG1 levels, we did not
observe any significant differences in the gradient/ratio of C1q
to nAbs compared with the other variants. This indicates a better
association of C1q to nAbs than IgG1 for the Delta VoC.

To demonstrate this further, when we combine the nAb data
for all variants and then compare with 1I9G1, and also C1q, we
can observe that C1q has an overall stronger correlation with



Cell Reports Methods

¢? CellPress

OPEN ACCESS

A Wuhan hu-1 Omicron BA.1 B (o] Wuhan hu-1 Omicron BA.1
*ok kK Wouhan hu-1 Omicron BA.1 kil
* %k %k — % % % Xk
8- *kk 3 8 >
L ns
[ 6
[ 9] o
g ° [ > S 4
N N 1 ® ) °
o 24 2 ° < ® ° T 27 32
% ® o (J ‘ O] 6 '
5 6 o - E ...... * ....................... el .‘g . * ,,,,,,,,,,,,,,,,,,,
0 B .- G ... .. ﬁ I .. & ‘ ‘I . * I‘
2
.2 T T T T -1 T T 1 I I 1
Infection - - 4 Infection = + = + Infection + *
Exposure 3 3 4 Exposure 3 4 3, 4 Exposure it 4 3 4
Wouhan hu-1 Omicron BA.1
D Wuhan hu-1 Omicron BA.1 E * % %k k F
0.6
* ok K ok S
47 *% 27 o® s
o cot® %0 .
° ° L - °® D 6 0.4
© ¢ =/
5 ° ° ° g - ° o )
o ° ° 0 e H $ e
¢ .:. .4 ° il (01 EXERXY SERERR® [ A Py SERER 5.0, P 0.2
: Qe ® o8 ~ H o ’: oo
O o4..°8cee ... #%S....... o ... O L4 s
o1 o SR B ¥
® 19 ) —
oo 0.0-
[ X ] .
3 w T S
2 T 2 &
i ' ! ' ! -2 T T T &
. S
Infection - + - + Infection + N | = |
Exposure 3 4 3 4 Exposure 3 4 3 4 Vaccine & Tk

Figure 5. Response of triple-vaccinated HCWs to the Omicron BA.1 VoC
Comparison of triple vaccinated with or without prior infection against S1 protein from Wuhan Hu-1 or Omicron BA.1 infection; naive n = 25 (blue), prior infected

n = 36 (red). Mean + 1 standard deviation are indicated on all plots.
(A) 1gG1.
(B) I9A.
(€) Cla.
(D) C4

(E) C

(
test.p-values * < 0.05, ** < 0.01, *** < 0.001, *** < 0.0001

nAb than IgG1 (r = 0.62 versus 0.71) (Figures S4A-S4B). If we
look at the data as a ratio of C1q to IgG1 across the vaccine
groups, we see this ratio is increased with previous exposure
to infection (p < 0.01 all variants), but this significantly declines
at third exposure (p < 0.001 all variants) (Figure S4C). When
comparing across the variants, we see that the Beta and Delta
groups show a significant reduced ratio compared with Wuhan
Hu-1, with the exception of the second-exposure groups, where
the ratios are normal against the Beta VoC (Figure S4C). The sig-
nificance of this observation is unknown and requires further
investigation but could relate to a change in the antibody function
or maturation that is affected by prior infection and variant type.

The VoC response compared with Wuhan-hu1 is summarized
in Figure 3H, showing an overall reduced response to the Beta
VoC, although with a greater C9 response at first vaccination.
A greater IgM response against Alpha and Delta is detected in
the pre-infected groups and is likely due to a first exposure to

F) Comparlson of ratio of C1g/IgG1 between VoCs for double (n = 47) and triple (n = 76) vaccinated. Significance determined by non-parametric Kruskal-Wallis

a variant. These changes likely relate to the contribution of
non-neutralizing antibodies that use complement-mediated
lysis, which can be driven by IgM (77).

Application of the multiplex assay to the Omicron variant
with triple-vaccinated samples

The Omicron variant B.1.1529, which emerged in late November
2021, is the most genetically divergent variant to occur (Saxena
et al., 2022), and, at the time of writing, BA.2 is rapidly becoming
the main SARS-CoV-2 variant infecting individuals world-wide.
Using recombinant spike S1 protein, we modified the assay
and applied the multiplex assay to a separate cohort of HCW
serum samples from patients who had all received a third
Pfizer/BioNTech BNT162b2 dose. This cohort of samples were
from HCWs that were either infection naive or had been previ-
ously infected by ancestral Wuhan Hu-1, Alpha, or Delta variants.
Figure 5A shows a reduction of IgG1 binding to Omicron S1
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compared with the Wuhan Hu-1 (p < 0.001). IgA1, which was
typically higher in pre-infected samples, also demonstrated a
reduced binding to Omicron in the prior infected group (Fig-
ure 5B). No changes were observed for IgG2, IgG3, and IgM,
although a small degree of reduced binding was observed for
IgG4 for both groups (Figure S4E). The complement proteins
C1q, C4, and C9 were all shown to bind with a greatly reduced
capacity against Omicron S1 protein (Figures 5C-5E). When
comparing the ratio of C1q to IgG1 with the other variants, we
see a lower but non-significant trend with the Wuhan Hu-1 after
the third dose, with a significantly reduced ratio for Omicron,
similar to that of the Delta VoC (Figure 5F).

DISCUSSION

Standard SARS-CoV-2 serological assays are becoming less
effective as a representation of a correlate of protection against
variants (Reynolds et al., 2021a), and there is a need for a more
informative test for determining this information. This is due to
the lack of specificity of current tests, which may either measure
a total response to bait antigen such as the Roche Elecsys assay
or total IgG. A measure of total response of all proteins with affin-
ity for the spike protein will include all other components of the
immunocomplex, such as other classes of immunoglobulins
and complement. However, these conventional assays do not
tell us how much these immune proteins contribute individually
and are extremely important if we are to understand more fully
the mechanisms of protection against SARS-CoV-2 variants.
While the total response has been adequate for monitoring
response to the original Wuhan Hu-1, it is no longer adequate
against VoCs and in populations with an evolving immune
response to multiple exposures (Reynolds et al., 2021a).

Our multiplexed approach is capable of looking at all immune-
reactive proteins individually and demonstrates that other clas-
ses of immune proteins, such as IgA and the complement sys-
tem, also significantly contribute to an individual’s overall
immune reactivity against VoCs, all of which would be missed
by conventional testing.

Just looking specifically at IgG1, if we use the Wuhan Hu-1
response as a baseline, we see a slight significant increase of
IgG1 against the Alpha VoC (Figures 2B and 4D), which could
be due to a more open conformation of the RBD domain in the
Alpha spike (Yang et al., 2021). However, we observe no change
for the Delta VoC. In addition, and confirming previous findings,
pre-infection has been shown to significantly boost antibody
response of the first dose of the vaccination (Anichini et al.,
2021; Ebinger et al., 2021; Reynolds et al., 2021b). However,
our data indicate that a double vaccine dose in the infection
naive still does not achieve mean values of those who had pre-
infection. Thus the combination of infection plus vaccination
may provide a potentially higher immunity versus that of a con-
ventional two-dose vaccination protocol. This effect is more
noticeable for Delta exposure (Figure 2B), and previous reports
have shown that prior infection does reduce the rate of Delta
breakthrough infections (Kim et al., 2021).

However, contrary to our observation of greater or unaltered
IgG1, it has been shown that nAbs are lower against VoCs (Rey-
nolds et al., 2021a). This indicates IgG1 is less of a reflection of
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nAb ability against the VoC. This is likely due to a greater contri-
bution of non-neutralizing antibodies against the VoC that
cannot be differentiated by IgG1 measurement.

The evaluation of bound antibodies and complement fixation
beyond just IgG1 in our assay revealed a surprisingly large de-
gree of heterogeneity in response to exposure, with some indi-
viduals having completely altered immunoglobulin profiles (Fig-
ure S1). The relevance of some patients having a lower IgG1
but higher IgG2 and 1gG4 responses is unknown, but this obser-
vation would be overlooked using conventional testing. This
could also have relevance in future studies of inter-individual
and longitudinal responses to continued exposure of SARS-
CoV-2 and vaccines. This ability to define an individual’s immu-
noglobulin profile and determine the variability of an individual’s
immunological make up is both intriguing and potentially very
important, particularly in different clinical scenarios such as dis-
ease severity and mortality (Della-Torre et al., 2021; Patil et al.,
2021; Perez-Toledo et al., 2021).

Unlike other assays that are available, our platform also mea-
sures the immunocomplex binding from the less well-under-
stood but very important complement system. Complement
activation can contribute to anti-viral defense by the classical
or lectin pathway leading to neutralization by viral opsonization
and lysis (Jayasekera et al., 2007; Kunnakkadan et al., 2019;
Schiela et al., 2018; Vasantha et al., 1988). Previous observa-
tions from another study, which also looked at other components
of the immunocomplex against SARS-CoV-2 RBD, also high-
lighted the relevance of C4, C3, and terminal complement com-
plex (TCC, or membrane attack complex) deposition in relation
to disease severity (Jarlhelt et al., 2021). They confirmed that
deposition of C4, C3, and TCC is mediated by antibodies binding
to epitopes on RBD, as complement deposition was almost
completely absent post depletion of RBD antibodies in convales-
cent plasma samples. This was thought to be driven by IgG as
complement increased with IgG in response to disease severity.
However, against the variants, our findings using S1 spike pro-
tein show complement C4 and C9 are greater against variants
at initial exposure. This could be due to the contribution of
non-neutralizing antibodies, as studies on parainfluenza virus
show that complement-mediated neutralization is likely to be a
mechanism of non-neutralizing antibody action driven by IgM
(Vasantha et al., 1988). Our findings corroborate this, as we
observed a greater IgM response against Alpha and Delta, which
was also accompanied by greater C4 and C9 binding (Figure 4D).
However, there is likely the presence of non-neutralizing IgG1 as
well due to the fact that IgG1 levels are unchanged against the
Alpha and Delta variants (Figure 2), but there are reduced
neutralizing antibodies (Reynolds et al., 2021a).

One of the more interesting findings in the analyses of the im-
munocomplex was that of the role of C1qg. C1q directly interacts
with the Fc portion of immunoglobulins and is required for initia-
tion of the complement cascade. In our analysis, C1q binding ap-
pears to behave independently from the other complement com-
ponents (Figure 4), showing a reduction in binding against the
Beta and Delta VoCs (Figure 4A) as opposed to the increase
we observe for C4 and C9 binding. Interestingly, for the Delta
VoC, C1gq was reduced relative to IgG1 but not relative to
nAbs. This indicates that C1g could be a better surrogate
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indicator of nAb protection against SARS-CoV-2 variants than
IgG1. Previous work has shown that heat inactivation, which
would inactivate complement, appears not to affect IgG reac-
tivity to the RBD domain (Amanat et al., 2020) but may affect
its neutralization capability (Pastorino et al., 2020). This confirms
that, while complement is not essential, it may have a role in
neutralization. Further weight to this observation comes from
Mehlhop et al. (2009), who showed that C1q increases the po-
tency of antibodies against West Nile virus by modulating the
stoichiometric requirements for neutralization. Therefore, it is
possible that complement could potentially contribute to protec-
tion against VoC by C1qg augmenting neutralizing antibodies and
non-neutralizing antibodies using the classical complement
pathway for viral opsonization. If indeed C1q binding is more
specific to nAbs, then the altered ratio between C1q and I1gG1
for the Delta VoC, which we observed in this study, again could
be explained by a greater proportion of non-neutralizing IgG1 an-
tibodies that are present. This finding of the C1q association with
nAbs merits further investigation to confirm whether the IgG1 to
C1qrelationship could be an indirect way of determining neutral-
izing and non-neutralizing antibody responses to VoCs.

The most recent B.1.1529 (Omicron) response was also eval-
uated in a separate triple-vaccinated cohort of HCWs and
compared with the wild-type Wuhan Hu-1. Unlike with other
VoCs, a significantly reduced response was observed for IgG1,
as well as IgA1, 1IgG4, and complement binding. This is in accor-
dance with previous work that confirmed neutralization is
reduced against the Omicron VoC (Dejnirattisai et al., 2022),
even after a booster vaccination (Yu et al., 2022). In addition, a
lack of increased IgM and C4 and C9 complement response
that we see for other variants was not apparent for Omicron.
Considering that Omicron is the most genetically distinct VoC,
with over 30 mutations in its spike protein (Wang and Cheng,
2022), itis likely there is also a lack of non-neutralizing antibodies
that recognize the spike due to the greater number of mutations.
This may explain the reduced C4 and C9 complement, which
may be associated to non-neutralizing antibody-mediated viral
opsonization by complement (Vasantha et al., 1988).

Our approach using multiplex LC-MS/MS could provide a valu-
able platform to better enable research in this area. While the LC-
MS/MS multiplex assay is a research-standard assay, it was de-
signed so it can be easily translated for use in a clinical laboratory
setting (Smit etal., 2021). The information obtained will allow us to
understand in greater detail an individual’s antibody protection or
be used in vaccine design. Furthermore this “bait, capture, and
mass spectrometry approach can also have applications beyond
SAR-CoV-2 for other infectious diseases, or even immune
response to novel treatments and autoimmunity.

Limitations of the study

Our findings also uncover an area of antibody-mediated immu-
nity that is little understood, and complement function is far
more complex than what we can relay in our study. One of the
limitations with our assay is that we are not able to determine
functional complement activation, although precise quantitative
detection may be able to funnel further investigation. Another
limitation is the constant changing of the spike protein sequence
in emerging variants. As we use a common spike peptide to stan-
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dardize, there is the future possibility this will change with a new
VoC. In this study, our data show only a snapshot of the antibody
response approximately 3 weeks after vaccination in non-hospi-
talized healthcare workers. Further studies to characterize the
effect over time, infection from different variants, infection
severity, and how the “immunocomplex signature” changes
with age would give us a greater understanding of the evolving
antibody-mediated immune response to SARS-CoV-2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human sera COVIDsortium Healthcare Workers NCT04318314
bioresource

Chemicals, peptides, and recombinant proteins

Wuhan Hu-1 SARS-CoV-2 spike protein (S1) Genscript Z03501

Alpha VOC B.1.1.7 SARS-CoV-2 (2019-nCoV)
Spike S1 (HV69-70 deletion, N501Y, D614G)-

His Recombinant Protein

Beta VOC B.1.1351 SARS-CoV-2 Spike

protein (S1, E484K, K417N, N501Y, His Tag
Delta VOC B.1.617.2 (T19R, G142D, E156G,
157-158 deletion, L452R, T478K, D614G, P681R)

Protein (His Tag)

Omicron (B.1.1.529/0Omicron) Spike Glycoprotein
(S1), Sheep Fc-Tag (HEK293) A67V, H69del, V70del,
T95l, G142D, V143del, Y144del, Y145del, N211del,
L212l, ins214EPE, G339D, S371L, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A,
Q493R, G496S, Q498R, N501Y, Y505H, T547K,

D614G, H655Y

Sino biological

Genscript

Sino biological

Native antigen

40591-VO8H7

Z03531-1

40591-V0O8H19

REC32006-100

1gG protein standard Sigma Aldrich 14506

Critical commercial assays

Cobas® SARS-CoV-2 reverse transcriptase ROCHE 09425217001A-01
polymerase chain reaction (RT-PCR) test

Anti-SARS-CoV-2 ELISA EUROIMMUN El 2606-9601 G
Elecsys® Anti-SARS-CoV-2 ROCHE 09 203 095 190

Deposited data

Panorama database
Mendeley Data

https://panoramaweb.org

https://doi.org/10.17632/csx49¢c78¢6.2

SARCOV2immunocomplex
This paperMendeley Data, v2

Software and algorithms

Skyline open source software V.21.2

Graphpad Prism v9

MaclLean B, Tomazela DM, Shulman N,
Chambers M, Finney GL, Frewen B, Kern R,
Tabb DL, Liebler DC, MacCoss MJ. Skyline:

an open source document editor for creating
and analyzing targeted proteomics experiments.
Bioinformatics. 2010 Apr 1;26(7):966-8.
https://doi.org/10.1093/biocinformatics/btq054.
Epub 2010 Feb 9. PMID: 20147306; PMCID:

PMC2844992.
www.graphpad.com

https://skyline.ms/project/home/
software/Skyline/begin.view

www.graphpad.com/scientific-
software/prism/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ivan Doy-

kov (i.doykov@ucl.ac.uk).

Materials availability

This study did not generate any new materials or reagents.
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Data and code availability
® This paper does not report original code.
® Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

Human sera were obtained from the COVIDsortium Healthcare Workers bioresource (Manisty et al., 2021a; Reynolds et al., 2020,
2021b; Treibel et al., 2020) which is approved by the ethical committee of UK National Research Ethics Service (20/SC/0149) and
registered on ClinicalTrials.gov (NCT04318314). The study conformed to the principles of the Helsinki Declaration, and all subjects
gave written informed consent.

COVIDsortium healthcare worker participants

SARS-CoV-2 infection (by the Wuhan Hu-1 strain) of study participants was determined by baseline and weekly nasal RNA stabilizing
swabs and Roche cobas® SARS-CoV-2 reverse transcriptase polymerase chain reaction (RT-PCR) test as well as baseline and weekly
serology using the EUROIMMUN Anti-SARS-CoV2 enzyme-linked immunosorbent assay (ELISA) and ROCHE Elecsys® Anti-SARS-
CoV-2 electrochemiluminescence immunoassay (ECLIA). Antibody ratios >1.1 were considered test positive for the EUROIMMUN
SARS-CoV-2 ELISA and >1 was considered test positive for the ROCHE Elecsys anti-SARS-CoV-2 ECLIA following Public Health En-
gland evaluation (Public Health England, 2021; Manisty et al., 2021a, 2021b; Reynolds et al., 2021b; Treibel et al., 2020)

The previously reported’®'* cross-sectional, case-controlled vaccine sub-study (n = 51) collected samples at a mean/median
timepoint of 22d and 20d after administration of the first and second dose of the mRNA vaccine, BNT162b2. This vaccine sub-study
recruited HCW previously enrolled in the 16-18 week sub-study (Manisty et al., 2021b). This included 25 HCW (mean age 44 yr, 60%
male) with previous laboratory defined evidence of WT SARS-CoV-2 infection and twenty-six HCW (mean age 41y, 54% male) with
no laboratory evidence of SARS-CoV-2 infection throughout the initial 16-week longitudinal follow up . Neutralising antibody and RBD
ELISA data obtained by ROCHE Elecsys anti-SARS-CoV-2 ECLIA following Public Health England (PHE) has been previously pub-
lished (Manisty et al., 2021a, 2021b; Reynolds et al., 2020, 2021b; Treibel et al., 2020).

METHOD DETAILS

SARS2-CoV-2 immunocomplex assay

Bait capture

Ninety six well microtitre plates (Waters Corp) were coated with either Wuhan Hu-1 SARS-CoV-2 spike protein (S1) (Genscript
Z03501), Alpha VOC B.1.1.7 SARS-CoV-2 (2019-nCoV) Spike S1 (HV69-70 deletion, N501Y, D614G)-His Recombinant Protein
(Sino biological 40591-V08H7), Beta VOC B.1.1351 SARS-CoV-2 Spike protein (S1, E484K, K417N, N501Y, His Tag (Genscript
Z03531-1), Delta VOC B.1.617.2 (T19R, G142D, E156G, 157-158 deletion, L452R, T478K, D614G, P681R) Protein (His Tag) (Sino bio-
logical 40591-V08H19) or Omicron (B.1.1.529/0Omicron) Spike Glycoprotein (S1), Sheep Fc-Tag (HEK293) A67V, H69del, V70del,
T95l, G142D, V143del, Y144del, Y145del, N211del, L212I, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S,
S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, HE55Y (Native antigen REC32006-100). S1 protein
was diluted to 50 ng/mL in PBS and 10 pL added to the bottom of each well. Wells were topped with 140 pL of sodium carbonate/
bicarbonate buffer 100 mM at pH 9.6 and then incubated for 12-16 h at 4°C. All further incubations were performed at room temper-
ature (RT) unless stated otherwise. Supernatant was carefully tipped from the wells. Wells were washed with 200 uL of PBS and then
incubated for 1 h with 200 pL of blocking solution consisting 1 mg/mL of horse myoglobin (Sigma UK) in PBS followed by 3 washes
with PBS. Plate wells were stored with PBS and kept at 4°C until used.

Serum samples were diluted 1:10in 0.05 mg/mL horse myoglobin (Sigma UK) in PBS and added to S1 protein coated wells for 1 h
at 37 °C. Sample was carefully removed and wells were washed once with 200 puL 0.05% Tween 20 in PBS and then 3 times with PBS.
For saliva 75 puL of neat saliva was diluted 1:1 in 0.05 mg/mL horse myoglobin in PBS and added to baited wells.

Dried blood spots: 6 mm DBS spots were punched into a 2 mL micro tube and extracted using 175 pL of 0.05 mg/mL Horse
myoglobin solution in PBS for 1 h on the shaker. Samples were centrifuged at max rpm on benchtop centrifuge for 10 min. An aliquot
150 pL per reaction was added to the baited well for 1 h.

Dried Saliva spot (lollipop) — 6 mm saliva spots were punched into a 2 mL micro tube and extracted using 250 uL of 0.05 mg/mL
Horse myoglobin solution in PBS for 1 h on the shaker. Centrifuge at max rpm on benchtop centrifuge for 10 min. An aliquot of 150 uL
per reaction was added to the baited well for 1 h.

Immunocomplex protein digestion

Seventy microliters of 0.5% Sodium deoxycholate in 50 mM Ammonium Bicarbonate buffer was added to each well followed by 3 uL
of DTT solution (DL-Dithiothreitol (DTT) — 162 mM in 0.5% sodium deoxycholate/50 mM Ammonium bicarbonate buffer). Plates were
capped and incubated at 85° C for 15 min with shaking (750 rpm). The plate was left to cool to room temperature before 6 puL of
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162 mM lodoacetamide (IAA) in 0.5% Sodium deoxycholate/50 mM Ammonium bicarbonate buffer was added. Plates were capped
and brief shaken and incubated at room temperature for 30 min. Five microliters of trypsin (Sigma) (1 mg/mL in 50 mM Acetic Acid)
was added and incubated at 45° C for 30 min. Digestion was halted by addition of 5 uL of 6% TFA and mixed well. Plates were centri-
fuged for 20 min at 4000 g at 10° C. Fifty microliters are aliquoted into a fresh plate and analysed by LC-MS/MS.

Targeted LC-MS/MS analysis

Digested samples were injected onto a Waters 50 mm UPLC Premier ® C18 1.7 um, 2.1 x 50 mm column operating at 45°C, for chro-
matographic separation. Mobile phase A consisted of: 0.1% formic acid in water and B: 0.1% formic acid in ACN, pumped at a flow
rate of 0.3 mL min-1. The starting conditions of 5% B were kept static for 0.1 min, before initialising the linear gradient to elute and
separate peptides over 7.7 min to 40% B. B was linearly increased to 80% over 0.2 min and held for 1 min to wash the column before
returning to the initial conditions followed by equilibration for 1 min prior to the subsequent injection. The LC system was coupled to a
Waters Xevo-TQ-S triple quadrupole mass spectrometer for multiple reaction monitoring (MRM) detection in positive electrospray
ionisation mode. The capillary voltage was set to 2.8 kV, the source temperature to 150°C, the desolvation temperature to 600°C,
the cone gas and desolvation gas flows to 150 and 800 L hour-1 respectively. The collision gas consisted of nitrogen and was set
to 0.15 mL min-1. The nebuliser operated at 7 bar. The cone energy was set to 35 V and the collision energies varied depending
on the optimal settings for each peptide. Optimal peptide transitions for each peptide were selected using Skyline (Figure S5). Tran-
sition information of each peptide is given in Table S1.

Authentic virus neutralisation assay

SARS-CoV-2 microneutralisation assays were previously reported (Reynolds et al., 2021a, 2021b). VeroE6 cells were seeded in
96-well plates 24 h prior to infection. Duplicate titrations of heat-inactivated participant sera were incubated with 3 x 10* FFU
SARS-CoV-2 virus (TCID100) at 37 °C, 1h. Serum/virus preparations were added to cells and incubated for 72h. Surviving cells
were fixed in formaldehyde and stained with 0.1% (wt/vol) crystal violet solution (crystal violet was resolubilised in 1% (wt/vol) sodium
dodecyl sulphate solution). Absorbance readings were taken at 570 nm using a CLARIOStar Plate Reader (BMG Labtech). Negative
controls of pooled pre-pandemic sera (collected prior to 2008), and pooled serum from neutralisation positive SARS-CoV-2 conva-
lescent individuals were spaced across the plates. Absorbance for each well was standardised against technical positive (virus con-
trol) and negative (cells only) controls on each plate to determine percentage neutralisation values. IC50s were determined from
neutralisation curves. All authentic SARS-CoV-2 propagation and microneutralisation assays were performed in a containment level
3 facility.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Raw LC-MS/MS data was analysed using Skyline open source software (https://skyline.ms/project/home/software/Skyline/begin.
view). Peptide identifications were determined from prior analysis of digested serum and immunoglobulin standards (Invitrogen)
by a minimum of 6 transitions and matched to in-silico spectral library (Prosit) for additional confirmation. Two optimal transitions
were used for final MRM analysis. Peptide abundance data were normalised to S1 peptide FASVYAWNR which was present in all
variants. For comparison analysis between variant assays ratio values were normalised by Z-Score. Exported data were analysed
using Microsoft Excel and Graphpad Prism v9.

Linearity response of IgG up to 250 pg/mL (r > 0.99) was confirmed using a calibration curve using IgG protein standard (Sigma, UK)
the maximum observed sample IgG1 value was 157.23 ug/mL well within linear range. LOD and LOQ values (Table S1) were deter-
mined by proportion of each IgG subclass of standard. High QC and LQC serum was obtained from vaccinated volunteers. Immu-
noglobulin CVs were below 30% for all variants apart from low levels for IgG3 and 4. Complement proteins were only detectable in the
HQC and showed freeze thaw instability of C4-C9. Therefore complement data for the later emerging Delta variant is not shown.

Statistics

For comparison of vaccination groups nonparametric ANOVA (Kruskal Wallis) were used to determine significance. For correlation
analyses nonparametric spearman test was used to determine significance and r value.
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