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In Brief

Unexpected serological patterns,
such as continuous negative IgM
and IgG expression, or
exceptionally high titers of IgM
were observed in a cohort of 144
COVID-19 patients. To
understand the host responses
behind the diverse serology, we
applied 2-year clinical
manifestation and longitudinal
serum proteomics analysis. Our
findings suggest that COVID-19
patients who do not express
antibodies developed cellular
immunity for viral defense and
that high titers of IgM might not
be favorable to COVID-19
recovery.
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e Two-year IgM and IgG manifestation of 144 COVID-19 patients.

Longitudinal serum proteomics characterization of four serological patterns is done.
Negative serology was associated with mild inflammation and enhanced T cell immunity.
Overexpressed IgM was related to dysregulated complement and cellular immunity.
IgG expression was boosted in the COVID-19 survivors after vaccination.
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Serum antibodies IgM and IgG are elevated during Coro-
navirus Disease 2019 (COVID-19) to defend against viral
attacks. Atypical results such as negative and abnormally
high antibody expression were frequently observed
whereas the underlying molecular mechanisms are
elusive. In our cohort of 144 COVID-19 patients, 3.5% were
both IgM and IgG negative, whereas 29.2% remained only
IgM negative. The remaining patients exhibited positive
IgM and IgG expression, with 9.3% of them exhibiting over
20-fold higher titers of IgM than the others at their plateau.
IgG titers in all of them were significantly boosted after
vaccination in the second year. To investigate the under-
lying molecular mechanisms, we classed the patients into
four groups with diverse serological patterns and analyzed
their 2-year clinical indicators. Additionally, we collected
111 serum samples for TMTpro-based longitudinal prote-
omic profiling and characterized 1494 proteins in total. We
found that the continuously negative IgM and IgG
expression during COVID-19 were associated with mild
inflammatory reactions and high T cell responses. Low
levels of serum IgD, inferior complement 1 activation of
complement cascades, and insufficient cellular immune
responses might collectively lead to compensatory sero-
logical responses, causing overexpression of IgM. Serum
CD163 was positively correlated with antibody titers dur-
ing seroconversion. This study suggests that patients with
negative serology still developed cellular immunity for viral
defense and that high titers of IgM might not be favorable
to COVID-19 recovery.

Coronavirus Disease 2019 (COVID-19) remains a threat to
global health. The production of serum antibodies in the
human body is a major defensive mechanism to neutralize
SARS-CoV-2. Within them, IgM is initiated during the acute

Bo Shen’', and

phase for early defense, whereas IgG is secreted afterward
with a higher affinity for SARS-CoV-2 (1). Typically, COVID-19
patients underwent seroconversion (from negative to positive)
of IgM and IgG within 20 days (2). The IgM and IgG expression
kept elevating before reaching the plateau, with IgG plateau
titers higher and long-lasting than IgM plateau titers (3). The
timespans of seroreversion (from positive to negative) were
around 3 to 6 months since disease onset for IgM (4, 5),
whereas hardly observed for IgG in 1 year (6). After vaccina-
tion, convalescent COVID-19 patients exhibited higher titers of
IgM and IgG compared to healthy individuals (7).

Several atypical serological patterns were documented in
the literature. 3.2% to 6.9% of the COVID-19 patients
remained low expression or seronegative for both IgM and IgG
throughout the disease stage (1, 2). It has also been reported
that less than 10% of the patients exhibited 10- to 20-fold
higher antibody titers than the average values when reaching
the plateau (1, 8). These unexpected serological patterns
indicate heterogeneous host responses during COVID-19,
with unclear molecular mechanisms.

This study was designed to investigate the diverse
expression patterns of IgM and IgG from a single-center
cohort across 2 years of monitoring and to explore the
molecular evidence associated with atypical antibody
expression via longitudinal proteomic profiling.

EXPERIMENTAL PROCEDURES
Patient Information
One hundred forty-four COVID-19 patients who were admitted to

Taizhou Public Health Medical Center, Taizhou Hospital, from January
17, 2020 to April 2, 2020 were recruited in this study. Within them, 73
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Proteomes Behind Diverse COVID-19 Serology

patients participated in the 1-year follow-up (R1) between day 363 and
397 (interquartile range [IQR], 10) since disease onset, and 58 patients
participated in the 2-year follow-up (R2) between day 728 and 763
(IQR, 7) since disease onset.

All enrolled patients were confirmed to be infected with SARS-CoV-
2 by use of real-time reverse transcriptase—polymerase chain reac-
tion (RT-PCR) assay on the viral RNA extracted from nasopharyngeal
or sputum specimens, and the classification of their disease severity
was based on Diagnostic and Treatment Protocol for COVID-19 (Trial
Version 5) issued by National Health Commission of the People’s
Republic of China (9), unless otherwise mentioned. The onset date
was defined as the day when any symptoms were noticed by the
patients. None of the recruited patients had self-reported reinfection of
SARS-CoV-2.

Removal of Identifying Information

All information that would allow the patient/study participant or their
family, friends, or neighbors to identify them (e.g., age, past medical
history, etc.) has been removed. Patient IDs from hospital records
have been replaced with identifiers that cannot reveal the identity of
the study subjects (e.g., R001, R002, etc.). The correspondence be-
tween identifiers and patient IDs was not known to anyone outside the
research group.

Experimental Design and Statistical Rationale

A flowchart of the study design is illustrated in Fig. 1. This study has
been approved by the Ethical/Institutional Review Board of Westlake
University and Taizhou Hospital (approval notice: K20210218). The
studies in this work abide by the Declaration of Helsinki principles.
Since archived specimens were used, informed consent from the
patients was waived by the boards.

Information about demographics, epidemiological history, clinical
symptoms, and laboratory data were collected through an electronic
hospital record (EHR) system. One hundred seventy eight laboratory
indexes in total were retrieved from EHR for laboratory data analysis.
For IgM and IgG antibody assays, 790, 72, and 58 tests were con-
ducted during the first 10 weeks since disease onset, R1 and R2,
respectively. For proteomics analysis, 111 serum samples from 16
COVID-19 patients were collected from weeks 1 to 10 since disease
onset. Nine technical replicates were designed in the MS experiment.
Because this study analyzes the diverse host responses associated
with COVID-19-specific IgM and 1gG, no control individuals were
recruited.

For demographical and epidemiological data, categorical variables
were described as frequency and percentage, and continuous vari-
ables were shown as mean and standard deviation or median and IQR
values as appropriate. p values for the categorical variables were
calculated using Chi-square analysis. p values for the continuous
variables were calculated using the Kruskal-Wallis statistics. For
laboratory data, p values were calculated by two-sided Wilcoxon rank-
sum tests. For proteomics data, the adjusted p values were calculated
by one-way ANOVA and corrected with Benjamini & Hochberg test.
Differentially expressed proteins (DEPs) at each week were calculated
with an adjusted p value of <0.05. Because four groups were involved,
we did not set a fold-change cut-off for the DEPs. The p values for the
pairwise comparisons of the DEPs in the boxplots (Figs. 3, F and H,
and 4B) were calculated by two-sided Student's t test. Technical
replicates were not included in the statistical analysis. Significances: *,
p < 0.05; *, p < 0.01; ™, p < 0.005; ™, p < 0.001. Principal
component analysis (PCA) was applied to display patient and sample
distribution, and the ellipses were shown at a confidence interval of
95%. Missing values in PCA (Figs. 3C, S2, B and C, and S4, B, and C)
were imputed with a software tool missMDA (10). Unsupervised
hierarchical clustering was applied to display the DEPs as heatmap.

Locally weighted scatterplot smoothing model was applied for fitting
analysis. Spearman correlation coefficients were calculated for the
correlation of clinical data and proteomic data. Statistical analyses
were performed with R software (version 3.6.0).

Laboratory Characteristic Tests

Nasopharyngeal or sputum specimens were collected to extract
SARS-CoV-2 RNA, using a nucleic acid extractor (EX3600, Shanghai
Zhijiang) and a virus nucleic acid extraction kit (P20200201, Shanghai
Zhijiang). For nucleic acid detection, fluorescence quantitative PCR
(ABI 7500, Thermo) coupled to a SARS- CoV-2 nucleic acid detection
kit (P20200203, Shanghai Zhijiang) was used, which applies a one-
step RT-PCR combined with Tagman technology to detect RdRp, E,
and N genes. “Positive” was concluded when the test for RdRp was
positive (threshold cycle <43) and one of the tests for E or N was
positive (threshold cycle <43), or when two sequential tests of RdRp
were positive whereas the tests for E and N were negative. Other
laboratory characteristic tests were conducted according to the
manufacturers’ protocols.

Antibody Analyses

The IgM and IgG antibodies against SARS-CoV-2 in serum samples
were measured with the chemiluminescence immunoassay (CLIA) kits
(IFLASH3000, Shenzhen YHLO). CLIAs were conducted based on
two-step indirect immunization according to the manufacturer’s in-
structions. The recombinant nucleocapsid protein (N) and spike pro-
tein (S) antigens of SARS-CoV-2 were enveloped on magnetic beads,
and an acridine ester-labeled mouse anti-human IgM/IgG antibody
was used as the detection antibody. The IgM/IgG antibody concen-
trations were positively correlated with the relative luminescence unit.
The cut-off to determine positivity was set at 10 AU/ml.

The neutralizing antibodies (NAbs) against SARS-CoV-2 in serum
samples were measured using CLIA kits (Caris 200, Wantai). CLIAs for
NADb detection were based on competition immunization according to
the manufacturer’s instructions. The NAb in the sample and the bio-
tinylated SARS-CoV-2 specific antibody compete with acridine ester—
labeled S protein. Next, streptavidin-coated magnetic particles were
added. Through the interaction of biotin and streptavidin, a complex
consisting of the magnetic particles coated by streptavidin, bio-
tinylated SARS-CoV-2-specific antibody, and acridine ester S protein
was formed. After washing and removing the substances that do not
bind to the magnetic particles, the NAb concentration in the sample
was inversely proportional to the instrumentally detected relative
luminescence unit. The cut-off value to determine NAb positivity was
set at 0.1 pg/ml.

Patient Classification Based on Antibody Titers

The classification of COVID-19 patients was based on the
maximum expression levels of IgM and IgG when reaching the
plateau. The cut-off value, as determined by the detection kit, was 10
AU/ml. A total of 47 patients had IgM titers below the cut-off value
(IgM"), and three had IgG titers below the cut-off value (IgG"). They
were classified as seronegative for IgM and IgG, respectively.

Two patients had IgG titers above but close to the cut-off value.
Specifically, the IgG plateau was reached on the second and the 18th
day after the symptoms’ onset for patients R055 (16.11 AU/ml) and
R101 (13.80 AU/ml), respectively. These were the “outliers” of the
patients with IgG plateau titers above the cut-off value, accordingly to
Tukey's test. Clinicians classified them as seronegative for IgG (IgG").
Similarly, nine patients with very high IgM expression were the “out-
liers” in the patients with IgM plateau titers above the cut-off value,
accordingly to Tukey's test. Clinicians classed them as patients with
abnormally high IgM expression (IgM*™).
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Patient Selection for Proteomics Analysis

Although 920 serum antibody data points were recorded in the
EHRs, some serum samples were not archived and not available for
proteomics analysis. From the remaining serum samples, 4 G*"M~ and
4 G*M* patients were selected randomly, whereas 4 G™M~ and
4 G*M*" patients with the lowest and highest IgM plateau levels were
selected respectively, as characteristic patients that may better depict
the antibody diversity. Their plateau antibody titers are shown in
supplemental Fig. S1A in the shape of triangles. All available samples
for these 16 patients were used for proteomics profiling.

Clinical representativeness of the 16 selected patients was
assessed based on their expression of the highlighted clinical in-
dicators on admission and across weeks 1 to 10, as elaborated in
supplemental Fig. S2, B and C. All of the serum samples from these
patients fell within the confidence intervals (95%) both on-admission
and temporally, except for one datapoint from patient R099
collected at weeks 7 to 10. We therefore considered the selected
patients to be characteristic and representative in general.

Proteomic Analysis

The sample preparation procedures for proteomics profiling were
conducted as described previously (11) with some minor modifica-
tions. Specifically, archived serum specimens in 2 ml cryogenic tubes
were taken from -80 °C storage and heated to 56 °C for 60 min for
inactivation. No additives were added during the process. Thereafter,
10 pl serum from each specimen was extracted and immediately
loaded onto High Select Top14 Abundant Protein Depletion Mini Spin
Columns (Thermo Scientific) for high abundance protein depletion.
Eluates were concentrated using Pierce Protein Concentrators PES,
3K MWCO (Thermo Scientific), and denatured with 50 pl lysis buffer
(6 M urea and 2 M thiourea in 0.1 M triethylammonium bicarbonate) at
31 °C for 30 min. The extracts were reduced with 10 mM tris (2-
carboxyethyl) phosphine (Damas-beta) at 31 °C for 40 min and alky-
lated with 40 mM iodoacetamide (Sigma) at 25 °C for 40 min in
darkness. The samples were diluted with 0.1 M triethylammonium
bicarbonate buffer till the final concentration of urea was below 1.6 M
and trypsinized (Hualishi Technology) in double-step with an enzyme-
to-substrate ratio of 1:20 at 31 °C for 60 min and 120 min, respec-
tively. Trypsinization was stopped by adding trifluoroacetic acid
(Damas-beta) till the final concentration of 1%, and digests were
desalted with SOLAp (Thermo Fisher Scientific), following the manu-
facturer's instructions. Clean peptides were labeled with TMTpro
16plex labeling reagent sets (Thermo Scientific) according to the la-
beling scheme (supplemental Table S3). One hundred eleven samples
with nine technical replicates were distributed into eight batches. In
each batch, the first channel (126) was set as pool, and the remaining
15 channels were allocated with labeled peptides from different
samples. Labeling efficiency was tested using pool samples to ensure
an incorporation ratio of over 95%. Afterward, samples in the batch
were combined and fractionated in previously described settings (11).
Sixty fractions were derived and consolidated into 26 combined
fractions. The fractions were dried and re-dissolved in 30 pl 2%
acetonitrile (ACN)/0.1% formic acid (FA). For nanoLC-MS/MS anal-
ysis, an EASY-nLC 1200 system (Thermo Fisher Scientific) coupled
with Q Exactive HF-X hybrid Quadrupole-Orbitrap (Thermo Fisher
Scientific) was applied, and data-dependent acquisition mode was
used throughout the analysis. For MS data acquisition of each frac-
tion, peptides were loaded onto a precolumn (3 pm, 100 A,
20 mm X 75 pm i.d.) at a flow rate of 6 pl/min for 4 min. Thereafter, a
60 min LC gradient (from 5% to 28% buffer B) at a flow rate of 300 nl/
min (analytical column, 1.9 pm, 120 A, 150 mm x 75 pm i.d.) was
applied to analyze the peptides. 2% ACN, 98% H,O containing 0.1%
FA was set as buffer A, and 98% ACN in water containing 0.1% FA

was set as buffer B. The m/z range of MS1 was set to 350 to 1800 m/z
with a resolution power of 60,000 at 200 m/z, AGC target was set to
3e6, and maximum ion injection time (max IT) was set to 50 ms. Top
15 precursors were selected for MS/MS experiment, with a resolution
power of 45,000 at 200 m/z, AGC target of 2e5, and max IT of 120 ms.
The isolation window of selected precursor was set to 0.7 m/z. The
resultant data were analyzed with Proteome Discoverer (Version
2.4.1.15). A manually annotated and reviewed protein Homo sapiens
fasta downloaded from UniprotKB on 14 Apr 2020 containing 20,435
protein entries was used as protein database. The enzyme digestion
was set to full-specific trypsin with maximally two missed cleavages.
Fixed modifications were set to carbamidomethylation
(+57.021464 Da) of cysteine, TMTpro (+304.207145 Da) of lysine
residues and peptides’ N termini, while variable modifications were set
to oxidation (+15.994915 Da) of methionine and acetylation
(+42.010565 Da) of peptides’ N termini. Precursor ion mass tolerance
was set to 20 ppm, and product ion mass tolerance was set to
0.06 Da. The peptide spectrum match allowed 1% target false dis-
covery rate (strict) and 5% target false discovery rate (relaxed). Other
parameters were set as default. The protein abundance ratios of the
target samples to the pooled sample in each batch were used as the
relative abundance for data analysis. Only master proteins (protein
with largest # Protein Unique Peptides value and smallest value in the
Coverage value in a protein group) were considered in protein groups.
No further adjustment of the generated protein matrix was performed.

Pathway Analysis

Metascape (12), String (13), and Ingenuine Pathway Analysis were
applied for pathway analyses in this study.

RESULTS

Negative and Exceptionally High IgM and IgG Expression in
COVID-19

We procured a cohort of 144 COVID-19 patients and used
CLIAs to assess their expression levels of IgM and IgG
(Methods). 790, 72, and 58 CLIA tests were conducted during
the first 10 weeks since disease onset (weeks 1-10), R1, and
R2, respectively. 84.5% of the revisited patients received
vaccination between R1 and R2 (supplemental Table S1).
Based on their plateau titers during weeks 1 to 10, the anti-
bodies’ expression patterns were classified as follows: ~ for
negative results or very low expression, * for positive results,
and ** for exceptionally high expression (Methods). Accord-
ingly, patients were classified into four groups: IgG IgM~
(G'M7, N =5), IgG*IgM™ (G*M~, N = 42), IgG*IgM* (G*M*, N =
88), and IgG*IgM™™ (G*M**, N = 9) (supplemental Fig. S1, A
and B).

We first assessed the IgM expression dynamics in the four
groups. G*M* and G*M** patients underwent IgM serocon-
version between weeks 1 and 2 (Fig. 1A). However, the IgM
titers in the G*M*™* group were significantly higher since week
2 and were over 20-fold in expression when reaching the
plateau at week 4, compared to that in the G*M™ group. The
IgM titers in the G*M** group remained over 10-fold higher
than the G*M™* group at weeks 7 to 10. Comparatively, none of
the patients in the G*M~ or the G"M~ group underwent IgM
seroconversion during weeks 1 to 10. The overall IgM titers of
the four groups had a significant decrease from weeks 1 to 10
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to R1, which were further decreased at R2. Only 13.9% (N =
10) and 5.2% (N = 3) of the revisited patients were IgM
seropositive at R1 and R2, respectively. The statistical differ-
ences in IgM titers between the G*M~ and the G*M* groups
persisted at R1 and R2, suggesting a long-term effect of
COVID-19.

As for the IgG expression dynamics, all the groups except
the G™M™ group underwent seroconversion at weeks 1 to 2

o < 0.001. EHR, electronic hospital record; nonVac, nonvaccinated; R1, 1-year follow-up; R2, 2-year follow-up; Vac, vaccinated.

and reached the plateau at week 3 (Fig. 1B). Their IgG titers
remained at plateau levels during weeks 3 to 6. Thereafter, the
IgG titers exhibited a mild decrease in the G*"M** group at
weeks 7 to 10. By contrast, IgG seroconversion was hardly
observed in the G"M™ group, and most of the IgG titers in the
G ™M™ group were below the positivity cut-off value during
weeks 1 to 10. The overall IgG titers in the four groups
exhibited a significant decrease from weeks 1-10 to R1.

4 Mol Cell Proteomics (2023) 22(2) 100493
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Statistical differences in IgG titers between G*M~ and G*M*
patients were also observed at R1. The IgG expression of all of
the groups was significantly enhanced from R1 to R2, which
might be attributed to vaccination (supplemental Table S1).

Vaccination Boosts IgG Expression in COVID-19

To evaluate the effect of vaccination on IgG expression, we
classed the convalescent patients at R2 into nonvaccinated (N =
9) and vaccinated (Vac, N = 49) groups and compared their IgG
titers (Fig. 1C). The Vac group exhibited significantly elevated
IgG titers from R1 to R2. All of the Vac patients were seropositive
at R2, including 1 G"M™ patient R009. Comparatively, IgG titers
in the nonvaccinated group were equivalent between R1 and R2.
These observations showed that vaccination can significantly
boost IgG expression for COVID-19 convalescents. We also
conducted 255 CLIA tests of NAb expression in 85 patients from
the cohort throughout weeks 1 to 10 and R1 (supplemental
Table S1). The NADb titers were relatively higher in the G*M*
and G*M** groups (supplemental Fig. S1C) compared to others,
suggestive of their stronger neutralizing abilities. NAb and IgG
were positively correlated in all of the groups except for GTM™
(supplemental Fig. S1C), whereas NAb and IgM were not
correlated (supplemental Fig. S1D).

Our observation showed that COVID-19 patients underwent
highly diverse antibody expression, especially IgM, after viral
infection. IgM turned negative while IgG persisted with a sig-
nificant decrease 1 year after COVID-19. IgG titers were
significantly boosted after vaccination.

COVID-19 Severity and On-Admission Inflammation Were
Positively Correlated With Antibody Expression

We assessed the EHRs of the enrolled patients (Fig. 2 and
supplemental Table S2). None of the G"M™ patients were severe
cases, whereas 34.1% of the G*M™ patients and 33.3% of the
G*M** patients had severe symptoms, respectively (Fig. 2A).
Supportively, the G*M* and G*M** groups had significantly
higher amounts of infected lung lobes and received more drug
therapies, including immunoglobulin and methylprednisolone,
compared to other groups (supplemental Table S2).

To investigate the difference in the basic physiological
status among the four groups, we compared their clinical in-
dicators on admission (Fig. 2B). Notably, risk factors, such as
serum amyloid A and C-reactive protein, and inflammation
factors, such as IL-6, IL-10, and IFN-y, were positively corre-
lated with IgM and IgG expression, suggesting that patients
with higher antibody titers also had stronger inflammatory
responses. Coagulation factor fibrinogen remained at a
normal range in the G"M™ group but overexpressed in some
patients from the other groups, suggesting a tendency of
coagulopathy in these patients. The lymphocyte amounts
were negatively correlated with antibody titers and below the
lower limit of normal ranges in most of the G*M** patients,
suggesting that their baseline immunological status was
inferior to the other patients. A series of nutritional factors

such as albumin and pre-albumin, which have been reported
as potential indicators for adverse outcomes in COVID-19
(14, 15), were negatively correlated with antibody expression
titers.

To sum up, the severity and inflammation status of COVID-
19 patients on admission were positively correlated with their
antibody expression titers.

Enhanced Cellular Inmune Responses are Associated With
Negative IgM and IgG Expression

We monitored the 2-year temporal changes of serum clin-
ical indicators in our cohort (Fig. 2C). In the G*M** group, the
expression of CD3, CD4, and CD8, three T lymphocyte
markers, was below the lower limit of the reference ranges
during weeks 1 to 3 and was significantly lower than the other
groups during weeks 1 to 10. CD19, a B lymphocyte marker,
was lower in the G*M*" group than the other groups
throughout weeks 1 to 10 and fell below the lower limit of the
reference range since week 4. Comparatively, these CD
markers were highly expressed in the G"M™ group until week
5. The intergroup differences of these CD markers decreased
after week 7. These observations suggested that the G"M~
patients exhibited stronger cellular immune responses
compared to the other groups. Neutrophil counts during
weeks 1 to 4 increased in the G*M** group whereas remained
equivalent in the other groups. Notably, starting from week 6,
neutrophil counts in the G'"M** and G*M* groups increased
beyond the upper limit of the reference range. The decrease of
B and T lymphocytes and the increase of neutrophils during
hospitalization have been previously observed in severe (16)
and deceased (17) COVID-19 patients.

The temporal expression of several blood lipids and lipo-
proteins was different between the G"M™ group and the others
(Fig. 2C). Triglyceride (TG) increased during weeks 1 to 3 fol-
lowed by a gradual decrease in the four groups, but only the
G™M™ group went back to reference ranges by week 5. The
G™M"™ group also exhibited relatively higher expression of total
cholesterol, lipoprotein(a), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C)
during weeks 1 to 10. The combination of low HDL-C and high
TG, termed atherogenic dyslipidemia, was considered a risk
factor for severe COVID-19 (18). These observations suggest
different levels of systematic dyslipidemia during COVID-19,
which were the mildest in the G"M™ group.

Taken together, patients who remained both IgM and IgG
seronegative during disease had enhanced cellular immune
responses whereas less perturbation of lipid metabolism,
compared to the other patients.

Serum Proteomics of 16 Selected Patients

To understand the differences in host responses behind the
diverse antibody expression, we collected 111 serum samples
from 16 selected COVID-19 patients (supplemental Fig. S2A)
spanning weeks 1 to 10 since disease onset (Fig. 3A). Four

SASBMB

Mol Cell Proteomics (2023) 22(2) 100493 5



Proteomes Behind Diverse COVID-19 Serology

A C
. 2041_CD3 (#) CD4 (#)
Chi-Square, *** 2000 123
4.1 333 -
20 = GM 1500 900
@ - |8 = —1 |
3 m G'M- <1000 N, 600 ~
820 770 N a1a ] |
g M G*M* 500 300
>
[0}
; 10 7 1 - M 0 _— _—
575.CD8 (#) CD19 (#)
0 0 § 560
800
600 400
= | ] S
Interleukin-6 Interleukin-10 Interferon-y 2400 | 2
* * * 238§ N 200 § z
*
= 64 L 256.0 —_— 200 oo > -~
>k K ° 0 0
. - 1 32.0 - -
2128 ES z . e Neutrophil (#) Triglyceride
E 2 |ma Sing 20 .
5.0 a * == =
8 1 215 g3
° [
,o| B 0.5 i . E o, N\
. - x Z 170 NN
0.1 0.1 0.1 5.69. /\//’ 1 \\
Serum amyloid A C-reactive protein Fibrinogen 5 g =z 0-58 [ |
* 4096 sk * 2.84
= ¥ 0 -1
81921 —m — ~3
= ** 78 T —— - .
— Total cholesterol Lipid protein (a)
1024 :' | o 2000
= =d B s 7
o)) E o .
€2 59 6
' 5,69 ====C 1000 |
. = 2
10 1= . 2.0 £ o——  —=
3
Lymphocyte Albumin Prealbumin 284
x -_= - T e
" 60 o 45 — — ' ~1000
Sl — 55 e ep— a0 —*— Low density lipoprotein  High density lipoprotein
3 = hukd 4.21
3 . : 4
. 530 . i
2 2 * € == o = <I’1.55 v
= Pl 3 sy <
1 ﬁ - £ € 03
.1 . 1.0
H .
- xX X x* x* e —_—
o 0"“\0"\“\ o ON\G"N\G"\\ A g 0"“\0"“\ 2 123 4562RIR2 1234562RIR2
Weeks ™ Weeks ™

Fic. 2. Clinical characteristics of the COVID-19 patients with diverse serology. A, distribution of severe cases in the four groups. The
y-axis denotes the percentages of severe cases in each group. p value was calculated by chi-square test. B, expression of nine highlighted
clinical indicators in the four groups on admission: interleukin-6 (IL-6), interleukin-10, interferon-y, serum amyloid A (SAA), C-reactive protein
(CRP), fibrinogen, lymphocyte, albumin, and prealbumin. p values were calculated by two-sided Wilcoxon rank-sum tests. C, 2-year temporal
expression of 10 highlighted clinical indicators in the four groups: CD3, CD4, CD8, CD19, neutrophil, triglyceride, total cholesterol, lipid protein
(a), low density lipoprotein, and high density lipoprotein. LOESS model was applied for fitting analysis. The dashed lines denote the upper and
lower limits of normal for the indicators. For SAA, CRP, and lipid protein (a), only the upper limits of normal were shown. Significances: *p < 0.05;
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patients from each group were selected in a fashion that may
represent the diverse antibody characteristics, as elaborated
in Methods and supplemental Fig. S2. A total of 1494 proteins
were characterized using TMTpro 16plex technology
(supplemental Fig. S2D and supplemental Table S3). The
median value of the protein coefficient of variation for the

pooled samples is 0.189 (supplemental Fig. S2E), indicating
high quality of our data.

We firstly assessed the Spearman correlation coefficient of
the full protein dataset (Fig. 3B). The overall protein expression
in the G'M™ and G*M~ patients are significantly correlated
across weeks 1 to 10, suggesting that their alternation of
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serum host responses during disease was less prominent
compared to other groups. Proteins associated with
leukocyte-mediated immunity and lipid metabolic process,
two dysregulated functions according to our clinical obser-
vations, were clustered across different groups (supplemental
Fig. S3). Two protein clusters in leukocyte-mediated immunity
were consistently high (Cluster 1) and low (Cluster 2) in
expression in the G™™ group compared to others, respec-
tively (supplemental Fig. S3A). They were mainly enriched in
signaling pathways of different interleukins according to
Ingenuine Pathway Analysis (supplemental Fig. S3B). A pro-
tein cluster in lipid metabolic process had diverse expression
patterns in the four groups (Cluster 3, supplemental Fig. S3C),
which is mostly associated with inositol metabolism, and
interleukin signaling as well (supplemental Fig. S3D). These
functions are known to mediate COVID-19 host responses
according to previous COVID-19 studies (19, 20), which
prompted us to assess the expression levels of reported
COVID-19-related pathways stratified by their antibody pat-
terns in our further analyses.

Differential Analyses of Serum Proteomics

To explore the proteomic differences among the four
groups, ANOVA was used to assess DEPs (adjusted p value
<0.05) at each week. Seventy-seven DEPs in total were
identified, 61.0% (n = 47) of which were from weeks 1 to 2
(supplemental Fig. S4A). Only one of these 47 proteins was
overlapped with the DEPs from weeks 4 to 10, suggesting a
distinct difference in the host responses during and after
seroconversion. Accordingly, we found that the different pa-
tient groups could be stratified by the DEPs during weeks 1 to
2 but not weeks 4 to 10 via PCA (Fig. 3C). The DEPs during
weeks 4 to 10 also did not have a distinct stratification of
intragroup patients nor week intervals (supplemental Fig. S4,
B and C). Additionally, the intragroup correlations at each
week were significantly higher at weeks 1 to 2 compared to
weeks 4 to 10 for each group of patients (supplemental
Fig. S4D).

We next analyzed the key functions of the DEPs. The three
most enriched pathways throughout weeks 1 to 10 are hu-
moral immune responses, glycosaminoglycan binding, and
carbohydrate binding (Fig. 3D). Within them, humoral immune
responses include multiple established risk factors of COVID-
19, such as complement and fibrinogen factors (11, 21). The
enrichment of glycosaminoglycan binding might be attributed
to either cytokine recognition or SARS-CoV-2 host entry (22).
We then clustered the DEPs at the initial (weeks 1-2) and late
(weeks 7-10) stages of COVID-19 via String (13). Complement
system and prothrombin activation were the main enriched

functions during weeks 1 to 2 (Fig. 3E). Notably, the expres-
sion of C1QB and C1QC, subunits of complement 1 (C1), were
significantly lower in the G™M~ group compared to the
G*M~and G*M* groups and further decreased in the G*M**
group (Fig. 3F). Comparatively, a list of downstream proteins
of complement cascade, including C4BPA, C7, CFI, and CFH,
were significantly upregulated in the G*M*™* group (Fig. 3E).
This observation suggested that complement system was
strongly activated in the G*M*™* group but not via the classical
C1-mediated pathway. PODOX3, an IgD heavy chain residue,
was negatively correlated with IgM expression in the four
groups (Fig. 3F), suggesting that IgD may compensate for the
lack of IgM in the G"™M™ and G*M™ groups (23). At weeks 7 to
10, leukocyte extravasation signaling was enriched (Fig. 3G).
Within them, VNN1, a proposed HDL regulator (24), was
significantly upregulated in the G*™M*™* group (Fig. 3H).
FCGR3A was also overexpressed in the G*M** group, which
might enhance the production of proinflammatory cytokines
and the activities of cytotoxic effector cells (25). Notably, our
pathway findings are also in high accordance with two previ-
ous studies that compared the serum proteome (11) and
monocyte transcriptome (26) differences between COVID-19
patients and non-COVID-19 individuals, including the enrich-
ment of complement and coagulation cascades at weeks 1 to
2 and the degranulation of neutrophils and platelets at weeks
4 to 10 (supplemental Fig. S4E).

In summary, the proteomics differences in the four groups
were the most prominent during weeks 1 to 2, which were
associated with complement cascades. The main host
response differences during the late stage of COVID-19 relate
to the leukocyte activities.

Correlation Between Serum Proteomes and Clinical
Indicators

Beyond the functional analyses, we explored the correlation
between the DEPs and the antibody titers during weeks 1 to 4
since disease onset. Five and four DEPs were significantly
correlated with IgM and IgG expression titers (absolute value
of Spearman correlation coefficient is over 0.5), respectively
(Fig. 4A). Within them, TIMP1, ICAM1, CD163, NOTCH2, and
HLD-DRB1 are associated with inflammatory response,
corroborating the important role of inflammation in serology.
CD163, a marker for monocytic macrophages (27), is the most
correlated protein with IgG among these regulators. As
exemplified in Fig. 4B, the expression of serum CD163 was
significantly higher in the G*M*™ group than the others
throughout weeks 1 to 4. We explored CD163 in COVIDpro, a
web server that integrates over 40 COVID-19 proteome
datasets (28). CD163 was comparatively higher expressed in a

of <0.05. The adjusted p values were calculated by one-way analysis of variance (ANOVA) and corrected with Benjamini & Hochberg test. E,
interaction network of selected DEPs at weeks 1 to 2. F, Relative expression of DEPs C1QB, C1QC, and IgD at weeks 1 to 2. The p values
between each of the two groups were calculated by two-sided Student's t test. G, interaction network of selected DEPs at weeks 7 to 10. H,
relative expression of DEPs VNN1 and FCGR3A at weeks 7 to 10. The p values were calculated in the same way as Fig. 3E. Significances: *p <

0.05; *p < 0.01; *p < 0.005; ***p < 0.001.
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group of patients with shorter SARS-CoV-2 RNA shedding
course (SC) than those with longer course (LC, Fig. 4C) (29).
Notably, SC patients were observed to exhibit higher IgG titers
than LC in the first 4 weeks of disease, followed by a fast
decrease (29), suggesting that a strongly regulated and short-
lived humoral immunity during COVID-19 could efficiently
defend against SARS-CoV-2 attacks. CD163 was also upre-
gulated in severe and critical patients compared to the mild
ones in five additional serum/plasma proteomics datasets
(Fig. 4D) (30-32). These studies also reported activation of
alveolar macrophages and neutrophils in severe and critical
cases. Taken together, CD163 upregulation suggests a series
of leukocyte activities which may strongly modulate antibody
overexpression in COVID-19.

We also assessed the correlation between clinical indicators
and DEPs during weeks 1 to 10 (Fig. 4E). HDL-C was signifi-
cantly correlated with MERTK (Fig. 4F), a transmembrane ki-
nase that contributes to the B lymphocyte activation (33). TG
was positively correlated with serum CD34 (Fig. 4G), a human
hematopoietic stem cell marker that also has a role in facili-
tating inflammatory cell trafficking. These evidences further
suggested lipid involvement in the immunological activities
during COVID-19.

A Putative Working Model for Diverse Serology in
COVID-19

Based on our data, we propose a putative working model
regarding the diverse COVID-19 serology (Fig. 4H). Comple-
ment cascade is initiated upon disease onset, mediating the
secretion of cytokines such as IL-6 and IL-10. This process
could trigger macrophage polarization, as exemplified by the
upregulation of CD163, which would further modulate local
inflammation. The subsequently activated neutrophils and T
lymphocytes could initiate B cell differentiation, leading to the
activation of humoral immune responses to secret antibodies.
These processes might be barely activated in the G"M™ group
due to a prior cellular immune responses that efficiently
confront the invasion of SARS-CoV-2 upon disease onset. On
the contrary, the cellular immunity might not be sufficient in
the G*M** group for viral defense. Meanwhile, the activation
of complement 1 might be disturbed in the G"M** group. The
high expression of inflammatory factors and rapidly ascending
IgM titers might be a complementary process to defend
against viral attacks.

DISCUSSION

In this study, we extracted 2-year EHRs and applied
TMTpro 16plex-based longitudinal proteomics to investigate

the host responses of patients with diverse serology in
COVID-19. We found that patients with negative IgM and IgG
expression still developed strong T cell immunity for viral de-
fense and that the overexpression of IgM was associated with
perturbed complement cascades and insufficient cellular im-
mune responses.

Multiple studies have reported the association between
antibody expression and COVID-19 severity. For example,
Long et al. observed higher titers of IgM and IgG in severe
patients than in mild patients since seroconversion (1). Garcia-
Beltran et al. found that severe COVID-19 patients that
required intubation or were passed away had the highest
levels of IgG and IgA antibodies compared to others (34).
However, none of them have studied the mechanisms un-
derlying the differentiated antibody expression. Our manifes-
tation that antibody expression was associated with
on-admission inflammatory responses supports previous
speculation that severe disease might be caused by hyper-
inflammation, which induces antibody overproduction (34).
Conversely, high antibody titers might be involved in the
antibody-dependent enhancement of viral entry, which further
induces the expression of inflammatory factors (35).

Our observation that a list of CD molecules (CD3, CD4,
CD8, and CD19) were highly expressed in the G"M™ patients
whereas decreased in the G*M** patients during COVID-19
suggested their differentially regulated lymphocytes to
confront viral attacks. The low expression of T and B
lymphocyte markers, namely lymphopenia, has been estab-
lished as a severity hallmark in previous studies (16, 36),
further supporting our data. Notably, intragroup differences of
these molecules were not as significant after week 5, which
might result from medical treatment (37). Therefore, the eval-
uation of lymphopenia on COVID-19 severity is recommended
within 1 month since disease onset. Comparatively, CD163 as
shown in our serum proteomics data was continuously upre-
gulated during seroconversion in the G*M** group. The high
expression of CD163 has also been detected in the autopsy
samples of six organs in the deceased COVID-19 patients
(38), the peripheral blood mononuclear cells during COVID-19,
and the THP-1 cell line after 48 h of SARS-CoV-2 infection
(39). A recent study reported that overexpression of pulmo-
nary CD163 might lead to idiopathic pulmonary fibrosis in
COVID-19 (40). These observations collectively suggest that
overly activated macrophage functions might not be favorable
to COVID-19 recovery.

Although lipid metabolism dysregulation is typical in COVID-
19 (11), our data showed that seronegative patients had the
mildest symptoms of dyslipidemia compared to others. This

proteomics datasets by Al-Nesf et al. (Al_1) (32), Gisby et al. (Gisby_1 and Gisby_2) (31), and Shu et al. (Shu_1 and Shu_2) (30). The identities of
these datasets could be referred to in COVIDpro (https://www.guomics.com/covidPro/). E, correlations of clinical indicators with DEPs during
weeks 1 to 10 (absolute values of Spearman correlation coefficient >0.65). F~G, scatterplots of two sets of correlations: MERTK~HDL-C and
CD34~TG, respectively. r denotes the Spearman correlation coefficient. H, a putative working model for the host responses behind diverse
COVID-19 serology. DEPs, differentially expressed proteins. Significances: *p < 0.05; *p < 0.01; **p < 0.005; **p < 0.001.
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might be attributed to their relatively milder inflammation,
which mediates cytokine secretion that alters lipid homeo-
stasis (41). We also found clues that HDL-C and TG might be
associated with leukocyte activation during COVID-19.
Mechanistic studies are needed in the future to explore their
causality.

Our observation that SARS-CoV-2-specific IgG declined
significantly 1 year after COVID-19 was in line with previous
reports (42), suggesting a transition into immune memories.
This also underlined the necessity of vaccinating recovered
populations, which could significantly enhance IgG titers
2 years after COVID-19, according to our data. Notably,
85.7% (N = 42) of the vaccinated patients in our cohort
received at least two doses of inactivated vaccines as of R2.
Previous studies have shown that one to two doses of
adenoviral vector or mRNA vaccines were also viable to boost
IgG and NAD titers in the recovered patients (7, 43). A longer-
term serological monitoring of the same cohort is expected to
understand the long-term humoral immunity in the vaccinated
population with previous SARS-CoV-2 infection.

Our study has several limitations. Firstly, the single-center
study with a relatively small patient cohort was possibly
subject to demographic and experimental biases. Especially,
the 16 selected patients for our proteomics profiling, although
characteristic in antibody and clinical indicator expression
may not be representative enough regarding the biases from
the distribution of sample acquisition timepoints. Also, the
sampling time points failed to cover the seroreversion stages
for IgG. Additionally, the COVID-19 patients in our study were
all infected by the original SARS-CoV-2 strain but not its
variants. With their diverse virulence, their temporal antibody
dynamics may exhibit different results from what we observed,
which remains to be studied in the future. Furthermore, we did
not validate specific markers in this study due to lack of more
samples in our country.
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