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In this longitudinal study on convalescent COVID-19 donors, we assessed the humoral response to SARS-CoV-2 and biomarkers
of coagulation, fibrinolysis, inflammation, and endothelial function associated with disease severity and prognosis. Plasma
donations and donor characteristics were collated for 26 adult convalescent donors over 168 days after initial molecular diagnosis
of the infection. Parallel monitoring of live virus neutralization test, (sVNT) surrogate VNT, SARS-CoV-2 specific serology markers,
and further biomarkers were evaluated. (NAb) Neutralizing antibodies were found in all donors with an initial median titre of
510.5 International Unit/milliliter (WHO unit) and decreasing titer (2.7-fold) over the study period. Strong positive correlation
was revealed between cellular VNT and sVNT as well as high-throughput anti-S1-RBD-SARS-CoV-2 antibody immunoassays. NAb,
anti-spike S1, and anti-S1-RBD antibody levels significantly correlated with disease severity. Prolonged, markedly elevated D-dimer
and prothrombin fragment 1+2 levels were assessed in 26.9% of the convalescent donors. Although acute-phase biomarkers and
reactants of the complement system and endothelial function were in the normal range in most convalescents, we identified
C-reactive protein, C3, and C4 being associated with severity. We observed robust but decreasing NAb progression and anti-S1/
S1-RBD antibody levels correlated to disease severity. Donors with long-term symptoms had significant lower anti-S1, anti-S1RBD, and anti-NC antibody, D-dimer, and fibrinogen levels and higher SAA levels, compared to donors that fully recovered. While
inflammatory biomarkers returned to normal in most convalescents, the persistence of abnormal D-dimer and F1+2 levels need
further investigation to probe connection with pathogenesis.
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Introduction

The novel SARS-CoV-2 virus, causative agent of COVID-19,
emerged in Wuhan, China at the end of 2019 and has since resulted
in a global pandemic [1]. SARS-CoV-2 infection occurs via binding
of the viral surface spike protein (S) to the cell-surface protein

angiotensin-converting enzyme (ACE) 2 and is associated with a
wide range of clinical symptoms, ranging from asymptomatic or
mild illness to life-threatening conditions [2,3]. The mild cases
are characterized by coryzal symptoms with fever whereas the
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life-threatening conditions are associated with dysregulation of
the immune response, hypercoagulation, and pneumonia-induced
acute respiratory distress syndrome (ARDS), reflecting a systemic
endotheliitis [4,5]. SARS-CoV-2 infection generates Neutralising
antibodies (NAb) of Immunoglobulin (Ig) M, IgG, and IgA classes
targeting primarily the Spike (S) protein and the nucleocapsid (NC)
protein of the virus that clear the viral particles and offers protection
in most cases [6,7]. However, there is still lack of knowledge about
a correlate of protection and antibody memory that are critical
factors for treatment and vaccination strategies for COVID-19 [8].
Therefore, it is necessary to study the persistence and robustness of
the NAb response against SARS-CoV-2 longitudinally. We analysed
four high-throughput commercial assays for SARS-CoV-2 antibody
response, together with one automated in-house surrogate Virus
Neutralization Test (sVNT) and their correlation to neutralization
titres.
While COVID-19 is recognized as a multi-organ disease, a major
concern of COVID-19 is represented by a concomitant prothrombotic
state [9,10]. Contrasting data are available about the prevalence of
thrombotic complications, like venous thromboembolism (VTE), or
arterial thromboembolism (ATE) [11]. Changes in coagulation and
inflammation biomarkers are common in acute severe COVID-19
[12]. Elevated plasma levels of D-dimer, a fibrin degradation product
(FDP), have been shown to be a biomarker for severity and poor
prognosis with association to thrombotic events, while D-dimer
staging at peak was also a predictor of critical lung injuries [13-15].
A recent study revealed, that elevated F1+2 levels were significantly
associated with VTE and any thrombotic manifestation in

hospitalized COVID-19 patients [16]. The physiological mechanism
and persistence of elevated FDP, like D-dimers and biomarker of
coagulation activation, including F1+2 in plasma, remain poorly
understood in COVID-19 convalescence.

There are increasing reports of persistent and prolonged effects
after acute COVID-19 [17,18]. To elucidate the role of coagulation
activation, fibrinolysis, and microvascular thrombosis in COVID-19
pathogenesis, we did a longitudinal observation of F1+2, D-dimer
together with other reactants of the fibrinolytic system and the
acute response that includes plasminogen, α-2 antiplasmin, C
reactive protein (CRP), serum amyloid A (SAA), and fibrinogen. Von
Willebrand factor and complement factors C3 and C4 were assessed
as endothelial and complement activation markers.

Methods

Donor Cohort, Plasma Sampling, and Analysis
Source of Human Plasma Donations: Convalescent donors
which are part of our study are individuals recovered from
COVID-19 (confirmed by a positive PCR test). They were recruited
to provide Source Plasma for manufacturing into an immune
globulin product with high titers of SARS-CoV-2 antibody to be
tested as a treatment for COVID-19 in a global NIH-NIAID clinical
trial at CSL Plasma donation centers across USA. All donors signed a
written informed consent before their first donation. The informed
consent covers the legal approval of the specimens for research
purpose and protects the anonymity of the subjects. For this study
no intervention on the subjects was carried out negating the need
for a human subjects committee approval.

Figure 1: Overview of study design and plasma sample collection.
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Longitudinal Donor Cohort: 26 donors of North American
demography (age 23-62, female 44.4%, male 55.6%) were identified
and monitored in the timeframe between April and September
2020 prior to emergency use authorization of SARS-CoV-2 vaccines.
These donors provided between 4 and 10 donations; 32-168 days
post a positive PCR test (PPP). No further selection criteria were
applied. Post-collection, plasma samples were anonymized at CSL

Plasma centers and sent to testing laboratories in CSL Behring
and Siemens Healthineers for the longitudinal evaluation of a
panel of serological, inflammation, and coagulation biomarkers.
An anonymized self-assessment questionnaire was used to collect
long-term symptomatic data. The study design and overview on
donors in the study is summarized in (Figure 1 & Table 1).

Table 1. Summary of donor characteristics including gender, age, time point of donations and results of the self-assessment questionnaire used for grouping donors into clusters.

ID

Age

Gen-

VenHospitaSymptoms during
til-atili-zation
disease
on

PCA early PCA late
Complete Long term timepoint timepoint
recovery
effects
donor
donor
group
group

der

Blood draws tested (days
PPP)

Disease
severity

32/54/82/100/127/139

mild

no

no

6,7

yes

/

/

/

/

/

40/61/75/96/115/131

moderate

no

no

2,4,5,6,10,11

yes

1

∆

24

F

2

●

37

F

3

▌

40

F

4 ▬

43

F

34/48/74/90/113/132

/

/

/

/

/

5

●

43

F

50/75/93/111/124/167

moderate

no

no

1,2,3,4,5,6,7

yes

6

ₓ

45

F

37/51/70/97/118/140

/

/

/

/

/

7

<

46

F

37/54/75/93/145/152

severe

43/61/77/98/108

/

no

no

1,2,3,4,5,6,7,8,10,

yes

9

z

51

F

99/124/140/170

severe

no

no

1,2,3,4,5,6,7,8,10,11

no

10

60

F

52/74/95/104/111/116

moderate

no

no

1,2,4,5,7,9

yes

11 V

62

F

42/60/83/103/123/138/155

severe

no

no

1,2,3,4,5,7,8,9

no

8

ᵧ

12 ●

48

23

F

M

41/62/77/84/105/111/
125/132/146/166

33/54/77/100/122

moderate

/

no

/

no

/

1,2,3,4,5,6,7,8,9
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/

no

no longterm
effects

2

3

no longterm
effects

3

2

/

/

no longterm
effects
/

no longterm
effects

3
2

/

more tired
than before

2

no longterm
effects

partial
loss of
smell,taste,
SOB, brain
fog, diagn.
with long
COVID high liver
enzymes
tired feeling for a
few month
after,
breathing
trouble for
2 month
after

1

2
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Asympto-matic

13 ●

26

M

36/59/80/102/125

14 *+

33

M
M

54/71/94/110/
129/143/157/164

98/112/123/135/166

/

16 ▼

40

M

42/64/85/104/125/142/163

17 ●

46

M

41/55/70/104/
127/131/134/148/168

18 ●

48

M

19 ●

49

20 ▼

no longterm
effects

no

no

4,6,8

yes

no

no

1,2,3,4,7

no

/

/

mild

no

no

1,2,3,4,5,6,8,9,10,11

yes

severe

no

no

1,2,3,4,5

no

35/52/83/103/122/139/156

severe

yes

no

1,2,3,5,7

no

M

65/82/105/119/131/158

/

/

/

/

/

50

M

30/51/69/83/97/105

/

/

/

/

/

/

21

50

M

41/66/90/108/129/160

/

/

/

/

/

/

22 □

51

M

40/59/80/104/131/150/165

severe

no

no

1,2,3,4,5,6,7,9,11

yes

23 *

53

M

/

/

/

/

54

M

49/63/80/101/122/140/168

severe

/

24 *

33/56/77/98/105/126/
147/168

no longterm
effects

yes

yes

1,2,3,4,5,7,8,11

yes

25 ●

57

M

52/73/90/107/128/144

severe

no

no

1,2,3,4,5,6,8,11

yes

26 □

61

M

46/63/81/99/116/137/162

severe

no

yes

1,2,4,5,6,7,8,9,10

yes

15 ◊

40

severe

/

/

PCA (Principal component analysis)

loss of
taste

3

/

no longterm
effects
fatigue

yes (not
further
specified)

1

1

1

2

3

2

/

/

2

no longterm
effects
no longterm
effects

1

2

no longterm
effects

Symptoms during disease: 1. Fever or chills / 2. Cough / 3. Shortness of breath or difficulty breathing / 4. Fatigue / 5. Muscle

or body aches / 6. Headache / 7. Loss of taste or smell / 8. Sore throat / 9. Congestion or runny nose / 10. Nausea or vomiting
/ 11. Diarrhea / 12. No symptoms

Sample handling: Convalescent plasma (4% sodium citrate
plasma) was collected by the CSL Plasma donation centres in the
US using a standard plasmapheresis system and stored at -25°C.
Samples were thawed at room temperature (RT) (~1h) and screened
for NC protein-binding IgG using the ARCH SARS-CoV-2 IgG assay
(Abbott) according to manufacturer instructions. Donations above
the positive cut-off (1.4) were classified as convalescent donations.
The samples were subjected to a minimum of 3 freeze-thaw cycles
before being analysed in the individual serology and biomarker

assays (storage condition: -80°C, thawing procedure: 37°C water
bath for 5-10 min). Three pre-pandemic citrated plasma pools
consisting of 10,086, 13,341, and 4,503 donations were used as
negative controls.

Statistical Analysis

For statistical analysis JMP v16.0.0 was used. Data was
transformed with a logarithmic function to normal distribution in
case of t-test for quantitative data (significance limit p< 0.05), for

American Journal of Biomedical Science & Research

577

Am J Biomed Sci & Res

Copy@ Uwe Kalina

qualitative data, a Chi-squared test was performed (significance
limit p< 0.05). All linear correlation analysis was done with the REML
method and crosschecked using the non-parametric Spearman’s
correlation method. In case of multi-variate correlation analysis,
REML method was used. For specific cases, pairwise correlation
was used and has been mentioned accordingly. For the cluster
analysis with numerical continuous variables, first a principal
component analysis was done to reduce the dimensionality.
Subsequently, a k-means clustering was performed on the two
principal components representing the maximum variance in the
data. For the latent class analysis on the categorical variables, only
two clusters were formed to best represent the binary classification
of outcome for all biomarkers. Additionally, to simplify latent class
analysis ‚mild’, ‚moderate‘, and ‚asymptomatic‘ were collated under
‚non-severe‘ category.

Virus Neutralization Test (VNT)

NAb titres in plasma were assessed according to the method

previously described by Schwaiger, et al. [19].

Automated Serology Chemiluminescence Immunoassays
(CLIA) For Binding Analysis Against S1- Receptor Binding
Domain (RBD) Antigen
Samples were tested for S1-RBD specific IgG and total antibodies
using Atellica® IM SARS-CoV-2 IgG (COV2G), Dimension Vista®
SARS-CoV-2 IgG (COV2G), Atellica IM SARS-CoV-2 Total (COV2T)
and Dimension Vista SARS-CoV-2 Total (COV2T) assays (Siemens

Results and Discussion

Healthineers).

In-house surrogate Virus Neutralization Test (sVNT)
(For investigational use only (IUO)) Samples were tested for
S1-RBD specific antibodies with an in-house sVNT CLIA (COV2N)
on Dimension Vista Analyzer (Siemens Healthineers) based on
antibody-mediated inhibition of ACE2-S1-RBD interaction.

In-house ELISA for antibodies against different viral
antigens (IUO)
The in-house ELISAs were performed as described in Kober, et
al. [20].

Laboratory Biomarkers

Plasma D-dimer and F1+2 levels were measured using
INNOVANCE® LOCI® hs D-Dimer and INNOVANCE D-Dimer
Reagent and INNOVANCE LOCI F 1+2 Reagent, on the Atellica
COAG 360 System. Alpha2-antiplasmin (α2), plasminogen and
VWF activity (Ac) were determined using Berichrom® α-2
antiplasmin, Berichrom Plasminogen and INNOVANCE VWF Ac
assays, respectively, on the BCS XP® System. Plasma CRP, SAA,
and fibrinogen levels were measured using CardioPhase® hsCRP
assay on the BN ProSpec® System. All reagents and instruments
from Siemens Healthineers. The reference intervals of the assays
are summarized in (Table 2). Anti-PF4-heparin antibodies were
assessed using ASSERACHROM HPIA anti-PF4/heparin ELISA
(Diagnostica Stago Inc.).

Longitudinal SARS-CoV-2 Serological Study

Figure 2: Longitudinal trend of the SARS-CoV-2 NAb titre in donor cohorts.
(A)
NAb titre based on live VNT in Vero cells (cut-off 104.4 IU/ml).
(B)
sVNT (Dimension Vista COV2N assay) with a cut-off of 1,000 [QUAL] plotted against time [blood draw (days PPP)]. Female and male
donors are separated.
(C)
NAb titre/level obtained by both assays were transformed into logarithmic scale for better comparison and statistical analysis and are
plotted against time [blood draw (days PPP)). Shown is the line of fit of a linear function.
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In this longitudinal study, NAb titres were measured with a
gold-standard wild-type SARS-CoV-2 VNT in Vero cells (n=19)
(Figure 2A) and additionally with COV2N a sVNT (n=25) (Figure
2B). Initially, all donors had detectable NAb titres (VNT, range 104.4

- 2,227.2 IU/ml). The NAb titre goes down from a median level of
510.5 IU/ml in the first 75 days of sampling to 188.6 IU/ml for the
remainder of the study (Figure 2A+C, Table 2). (Figure 2).

Table 2: Overview on tested biomarkers and SARS-CoV-2 serological assays and comparison to disease severity.
Biomarker/ Assay

Median (IQR)

Range (Ref. interval*)

COVID-19 non -severe
Median (IQR)

COVID-19 severe
Median (IQR)

P value†

D-dimer [µg/L FEU]

328
(214 - 886)

74 – 8,054
(64 - 773)

428
(207 - 829)

348
(227 - 941.5)

0.3398

F1+2 [pmol/L]

274 (208 - 347)

134 - >5,000 (63 - 307)

2.32 (1.38 - 3.86)

0.723 - 25.4 (≤ 6.4)

CRP [mg/L]

1.09 (0.66 - 2.00)

Fibrinogen [g/L]

2.64 (2.38 - 2.94)

SAA [mg/L]

VWF Ac [% of norm]

279 (219 - 363)

258 (200 - 322)

0.165 - 14.3 (≤ 2.87)

0.83 (0.503 - 1.87)

1.73 (0.761-2.55)

0.0078

1.49 - 3.89 (1.8 - 3.5)

2.64 (2.40 - 2.99)

2.66 (2.38 - 3.03)

0.8087

2.87 (1.72 - 3.84)

2.27 (1.15 - 4.73)

0.3196
0.2226

74.7 (59.5 - 91.1)

29.4 - 147.7 (47.8 - 173.2)

73.35 (59.58 - 104.48)

76.6 (69.02 - 108.43)

Plasminogen [% of
norm]

110.6 (100 - 119.7)

78.3 - 137.4 (75 - 150)

102.13 (87.32 - 117.58)

110.6 (104.62117.86)

C4 [g/L]

0.25 (0.22 - 0.38)

0.1 - 0.5 (0.1 - 0.4)

0.22 (0.20 - 0.25)

α-2 antiplasmin [% of
norm]
C3c [g/L]

103.2 (87.4 - 111)
1.4 (1.16 - 1.64)

0.2549

35.4 - 121.2 (80 - 120)
0.2 - 2.2 (0.9 - 1.8)

105.5 (69.02 - 108.43)

106.25 (87.4 112.14)

0.0989

0.0197

1.11 (1.05 - 1.41)

1.49 (1.33 - 1.70)

0.0041

2.3 (0.94 - 4.42)

14.79 4.50 - 25.44)

<0.0001

0.27 (0.23 - 0.38)

0.0049

Atellica IM COV2G
[Index]

4.89 (2.03 - 15.66)

DIM VISTA COV2G
[QUAL]

13871 (8,630 - 24,294)

1,841 - 98,964

8382 (5,683 - 12,470)

DIM VISTA COV2N
(sVNT) [QUAL]

3274 (2,146 - 4,535)

500 - 19,692

2384 (1,119 - 3,297)

4037 (2,560 - 10,609)

0.0002

318 (158 - 506)

1000 (680 -1,934)

<0.0001

Atellica IM COV2T
[Index]

DIM VISTA COV2T
[QUAL]

45.4 (20.8 - 105.1)

2436 (1,191 - 4,602)

0.45 - 80.00
3.1 - 460.8

289 - 38,490

27.6 (12.9 - 36.6)

128.6 (43.2 - 149.9)

<0.0001

1570 (938 - 2,856)

4262 (1,578 - 6,767)

<0.0001

439.8 (234.9 - 939.6)

0.0014

Virus Neutr. Test (VNT)
[IU/ml]

234.03 (155.2 - 510.8)

104.4 - 2,227.2

205.8 (118.5 - 329.4)

ELISA anti-NC IgG
[Titre]

450 (234 - 1,369)

68 - 8,633

362 (189 - 870)

ELISA anti-Spike-S1 IgG
[Titre]

638 (304 - 1,400)

85 - 5,184

Statistical analysis between groups (non-severe and severe COVID-19) was performed by t-test.

23927 (10,697
-33,923)

503 (238 - 1,149)

<0.0001

0.2613

†Data was transformed with a logarithmic function to normal distribution (significance limit p< 0.05)
*Reference interval, 2.5th to 97.5th percentile
** Difference between severe (n = 10) and non-severe (n = 7) COVID-19 (non-severe = asymptomatic, mild, moderate) donors.

The sVNT showed strong positive correlation to VNT with
REML correlation r = 0.92 and p < 0.0001 (Spearman’s ρ = 0.92 and
p < 0.0001 for non-transformed data) (Figure 3A).

Next, we used in-house anti-NC, anti-S1 IgG, and IgM ELISAs
as well as four high-throughput anti-S1-RBD chemiluminescence
immunoassays (CLIA) to track levels of SARS-CoV-2 specific IgG,
IgA, and IgM antibodies over the study duration (Figure 3B+C, 4A-

F).

We found positive correlation between VNT and all four
anti-SARS-CoV-2 CLIA as well as the anti-S1 IgG ELISA (REML
correlation, r = 0.74 to 0.87, p <0.0001) Figure 3A. The anti-S1 IgM
ELISA and anti-NC IgG and IgM ELISAs showed weaker correlation
to neutralization titre (REML correlation r = 0.39 for both IgM
ELISAs and r = 0.48 for the IgG ELISA, p = 0.01) (Figure 5).
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Figure 3:  Comparison between SARS-CoV-2 Nab and anti-SARS-CoV-2 binding antibody titre from ELISA and high-throughput assays and
their longitudinal trends.
REML r values are shown as an indicator of correlation between log NAb titre and log- Dimension Vista CoV2N assay  [QUAL], anti-S1 IgG ELISA  
[titre], Dimension Vista COV2G assay  [QUAL], Dimension Vista COV2T assay  [QUAL], Atellica IM COV2G assay  [Index] and Atellica IM COV2T
assay  [Index]. (B) Ab titres obtained by anti-NC IgG and IgM ELISA and anti-S1 IgG and IgM ELISAs were transformed into logarithmic scale for
better comparison and statistical analysis and are plotted against blood draw (days PPP). Shown is the line of fit of a linear function. (C) Ab levels  
[QUAL and Index] obtained by the high-throughput immunoassays Dimension Vista COV2T and Dimension Vista COV2G as well as Atellica IM
COV2G and Atellica IM COV2T were transformed into logarithmic scale for better comparison and statistical analysis and are plotted against blood
draw (days PPP). Shown is the line of fit of a linear function.

American Journal of Biomedical Science & Research

580

Am J Biomed Sci & Res

Copy@ Uwe Kalina

Figure 4:  Longitudinal trends of anti-SARS-CoV-2 antibody titre levels from in-house ELISAs and high-throughput assays in male and female
donors
(A) Anti-S1 and anti-NC IgG ELISA titre plotted against the time [blood draw (days PPP)]. Titres of individual donors separated by gender are
shown. Cut-off is set at a titre of 100. (B) Anti-S1 and anti-NC IgM ELISA titre plotted against the time [blood draw (days PPP)]. Titres of individual
donors separated by gender are shown. Cut-off is set at a titre of 50. IgG Ab level (C+E) or total Ab level (IgG, A, M) (D+F) based on highthroughput immunoassays (Dimension Vista COV2G + T (C+D) and Atellica IM COV2G + T (E+F)) with a cut-off of 1,000 QUAL (Dimension
Vista assay) and 1 Index (Atellica IM assay) and plotted against the time [blood draw (days PPP)]. Shown are individual donors separated by
gender.
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Figure 5:  Correlation between Nab titre, anti-SARS-CoV-2 ELISA titre, and high-throughput anti-SARS-CoV-2 assays
REML r values are shown as an indicator of correlation between NAb titre (VNT), Dimension Vista CoV2N assay [QUAL] (sVNT), anti-NC IgG,
anti-S1 IgM and anti-NC IgM titres (ELISAs). All data were transformed to log scale.

All donors tested reactive in the anti-IgG ELISAs with high
initial titres that declined over time but remained above assay cutoff level at the end of the study. IgG titre levels were consistently
higher than IgM titre levels. 70.6% of the donors seroconverted in
the anti-S1 IgM ELISA and all had seroreverted within 134 days PPP.
Only 29.4% were initially reactive in the anti-NC IgM ELISA with
even earlier seroreversion. The female cohort displayed a higher
initial anti-NC IgM level compared to the male cohort (Figure
4A+B). The assays Atellica IM COV2G and Dimension Vista COV2G,
COV2T also showed a declining trend in the antibody levels except
Atellica IM COV2T showing an increase (Figure 3C, 4C-F). Atellica
IM COV2T and Dimension Vista COV2G assay levels of all donors
stayed reactive throughout the total of 168 days (Figure 4 C+F).
Results of the serology assessment is collated in Table 2.
Finally, in-house ELISAs were used for longitudinal
characterization of anti-SARS-CoV-2 IgG subtypes and IgA
antibodies in 12 randomly chosen donors for a time frame of 30-100
days post a positive PCR assay. Titre levels of IgG subtypes followed
the trend IgG3>IgG1>IgG2>IgG4 over entire study and showed a
general decrease against all tested SARS-CoV-2 antigens. 75% of the
donors were anti-Spike S1 IgA reactive at the initial timepoint and
showed decreasing titres over time (Figure 6). Table 3 and 4 show
the performance characteristics of the in-house ELISAs assessed
prior to the longitudinal characterization of the donors.

Longitudinal Study of Laboratory Biomarker

F1+2, D-dimer, and further reactants of the fibrinolytic
system and acute phase, including plasminogen, α-2 antiplasmin,
fibrinogen , CRP, SAA, biomarker of endothelial and complement
activation, comprising VWF Ac, C3c, and C4 were longitudinally
assessed. While some of the biomarkers studied here have got
clinically validated cut-off values, these have been defined for
a specific clinical decision apart from COVID-19. We decided,
therefore, to use the upper reference limit (URL) as orientation for
biomarker levels, accepting the downside that, by virtue of design,
2.5% of the general population shows biomarker levels above this
limit. Results of the laboratory biomarkers assessment is collated
in (Table 2, Figure 7).

F1+2 and D-Dimer Levels are Markedly Elevated During
Convalescence

Endogenous thrombin formation was quantified using the
immunochemical detection of F1+2. Median (Inter-Quartile Range,
(IQR)) F1+2 levels of the donors were 274 pmol/L (208-347),
with significant intra- and inter-individual variation (range 134 to
> 5,000 pmol/L). F1+2 levels above the URL of 307 pmol/L, were
observed in 15 (57.69%) of the donors. Moreover, persistent F1+2
with median peak level of 2,442 pmol/L were observed in seven
(26.92%) of the individuals, with high intra-individual variation,
for a median of 163 days PPP. Eleven donors presented with F1+2
levels in the reference range (Figure 8A, Table 2).

American Journal of Biomedical Science & Research

582

Am J Biomed Sci & Res

Copy@ Uwe Kalina

Table 3: Diagnostic specificity of the in-house anti-SARS-CoV-2 ELISA was determined by testing 518 to 548 citrated plasma samples collected
prospectively prior to the COVID-19 outbreak (before December 2019) from apparently healthy individuals.

Anti-SARS-CoV-2 ELISA

Cut-off [OD]

Apparently healthy blood donors
tested [n]

Diagnostic specificity (95% CI)

Anti-S1 RBD IgG

Anti-S1 RBD IgM

0.05

0.075

548

99.45%(98.41%-99.89%)

Anti-S1 RBD IgA

0.201

518

99.23%(98.03%-99.79%).

Anti-Spike S1 IgM

0.2

518

99.81%(98.93%-100%)

Anti-Spike S1 IgA

0.201

518

99.42%( 98.32-99.88%)

Anti-NC IgG

0.25

548

98.54%(97.14%-99.37%)

Anti-NC IgM

0.2

518

98.84%(97.50%-99.57%)

Anti-Spike S1 IgG

Anti-NC IgA

0.2

0.45

Abbreviations: Confidence Interval (CI).

518

100%(99.29%-100%)

548

99.82%(98.99%-100%)

518

98.65%(97.24%-99.46%)

Table 4: Inter-assay precision was conducted by testing 3-5 COVID-19 reactive citrated plasma samples in 4-fold determination in 11 independent runs.
Anti-SARS-CoV-2 ELISA

Cut-off [OD]

COVID-19 reactive plasma samples [n]

Interassay precision CV [%]

Anti-S1 RBD IgG

0.05

4

6.0–11.2

Anti-S1 RBD IgM

0.075

5

3.5–10.6

Anti-Spike S1 IgM

0.2

3

4.6–8.0

Anti-Spike S1 IgG

Anti-NC IgG

Anti-NC IgM

0.2

0.25
0.2

Abbreviations: Coefficient of Variation (CV).

Median (IQR) D-dimer was 328 µg/L FEU (Fibrin Equivalence
Unit) (214-886), with significant intra- and inter-individual
variation (range 74 - 8054 µg/L FEU) (Figure 8B, Table 2). While
14 (53.8%) subjects had D-dimer levels above the URL (> 773 µg/L
FEU), seven (26.92%) of the donors had sustained elevated D-dimer

5

3
3

4.0–10.1

2.7–4.7
7.7–9.5

with peak levels of more than 1,775 µg/L FEU. While 12 (46.15%)
donors showed normal D-dimer levels throughout the study, the
D-dimer levels of four (15.38%) donors normalized within 70 days
PPP.
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Figure 6:  Longitudinal trend of COVID-19-specific immunoglobulin subclasses and isotypes
Decrease of COVID-19 specific IgA, IgG1, IgG2, IgG3, IgG4 Abs in 12 randomly selected donors directed against NC-, Spike S1- and S1-RBD
SARS-CoV-2 antigens over a period of ~110 days. Samples were diluted 1:50 for IgG2 and IgG4 and 1:300 for IgA, and IgG3 and 1:100 for
IgG1. Ratios were calculated for better comparison. For this, OD values of the samples were divided by a negative control value. As “negative
control” 3 pre-pandemic plasma pools and a negative plasma sample were used. The mean value of this negative control + 4 x SD was used to
calculate the respective ratios. The dotted line indicates the baseline level.

Figure 7: Overview on tested biomarkers longitudinal change
Biomarker levels from all donors are plotted against blood draw (days PPP). Shown is the line of fit of a linear function for (A) D-dimer (orange),
F1+2 (green), CRP (brown), SAA (purple), (B) VWF Ac (light blue), α-2 antiplasmin (black), plasminogen (grey) (C) Fibrinogen (blue), C3 (red),
and C4 (light green).
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Figure 8: Longitudinal trends of coagulopathic biomarkers for female and male donors
(A) Level of F1+2 (pmol/L) and (B) D-dimer (µg/L FEU) determined by INNOVANCE LOCI assays, (C) CRP (mg/L), (D) SAA (mg/L), (E)
Fibrinogen (g/L) and (F) VWF Ac (% of norm) plotted against the time [blood draw (days PPP)]. Shown are individual donors separated by
gender. The dashed lines represent the upper reference limit.

CRP, SAA, Fibrinogen, VWF-Activity, and Complement
Factors Were in Normal Range for The Majority of Donors
The levels of CRP, SAA, and fibrinogen were found within
reference range in most of the donors. Median (IQR) fibrinogen ,
SAA, and CRP in the donor cohort were 2.64 g/L (2.38-2.94), 2.32
mg/L (1.38-3.86) and 1.09 mg/L (0.66-2.00), respectively (Figure
8C-E, Table 2). None of the donors had an elevated fibrinogen level
>3.5 g/L (reference range, 1.8 - 3.5 g/L). CRP and SAA levels were
only mildly elevated in 8 donors (30%) each, with a maximum
of 14.3 and 25.4 mg/mL, respectively. Only one donor had a CRP

elevation above the upper normal threshold for the North American
population (10 mg/L), which also correlated to the longitudinally
elevated F1+2 response (Figure 8C, 9C).

VWF Ac was found within reference interval in 92% of the
donors. Median (IQR) VWF Ac was, 74.7 (59.5-91.1) % of norm,
ranging from, 29.4 - 147.7 % of norm (reference interval, 47.8-173.2
% of norm) (Figure 8F, Table 2). 89% of the donor samples tested
for complement factors were within reference interval (median
(IQR) C3c, 1.4 (1.16 - 1.64), C4, 0.25 (0.22 - 0.38)) (Table 2).
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Plasminogen and α-2 Antiplasmin
We determined the α-2 antiplasmin and plasminogen activity
to screen for fibrinolytic disorders. Median IQR α-2 antiplasmin
and plasminogen activity was 103.2 (87.4 - 111) % of norm and
110.6 (100 - 119.7) % of norm, respectively. Interestingly, five
donors with elevated F1+2 or D-dimer levels were measured
with α-2 antiplasmin below the lower reference limit (LRL),
indicating hyper-fibrinolytic activities. All donor samples tested for
plasminogen activity were found within normal range (75-150% of
norm). Detailed results are compiled in Table 2.

Convalescent Donor Samples Non-Reactive for Anti-PF4/
Heparin Antibodies

None of the 21 donors assessed (ranging 41-168 days PPP)
were reactive for HIT antibodies in the ASSERACHROM HPIA antiPF4/heparin ELISA.

Antibody and Selected Biomarker Levels in Association
with Disease Severity

An anonymized self-assessment questionnaire was used to
collect data on disease severity and long-term symptoms. Ten
donors in the study had a severe, four a moderate, two a mild, and

one an asymptomatic case of COVID-19. For nine donors no data
on the clinical status is available. The classification of the disease
severity was based on the subjective perception of the donors.
Majority of the donors were outpatient, two individuals with
severe cases needed hospitalization with one requiring ventilation.
Five donors with severe disease, and one with moderate disease
classification (donor 9, 11, 12, 14, 17, 18) reported symptoms of
partial recovery, symptomatic for long COVID-19 state (fatigue,
shortness of breath, high liver enzyme). All data from the donor
survey is collated in Table 1.
Data from donor characteristics was used to build correlation
with serological and coagulation activation, fibrinolytic and acute
phase biomarkers in the studied cohort. In univariate analysis
we found that virus‐specific Ab levels were significantly higher
in participants with severe disease than in those with moderate,
mild, or asymptomatic COVID-19. Mainly anti-S1 and anti-RBD, but
not anti-NC antibody levels, were positively correlated to disease
severity (p<0.0001-p=0.0014). Moreover, a relationship to disease
severity was observed for CRP, C3, C4, and plasminogen level,
p=0.0078, p=0.0041, p=0.0049 and p=0.0197, respectively. Median
(IQR) biomarker and serological immunoassay levels for the severe
and non-severe donor groups are summarized in Table 2.

Table5: Comparison of anti-SARS-CoV-2 antibody and biomarker level between donors reporting long-term symptoms and donors with full
recovery.
Biomarker/ Assay

Long-term symptoms [n=6] Median (IQR)

Full recovery [n=8] Median
(IQR)

D-dimer [µg/L FEU]

309(192-842)

513(296-1097)

F1+2 [pmol/L]

248(209.0-303.5)

P value*
0.011

258(188.0-325.0)

0.1093

1.71(1.02-3.55)

0.0029

78.4(66.8-94.2)

0.3002

104.3(91.2-117.2)

0.3142

CRP [mg/L]

1.23(0.659-2.420)

1.555(0.717-2.475)

Fibrinogen [g/L]

2.485(2.14-2.888)

2.645(2.415-3.010)

0.0061

α-2 antiplasmin [% of norm]

101.5(86.2-110.4)

107.1(59.8-111.9)

0.3381

C3c [g/L]

1.47(1.19-1.69)

1.29(1.053-1.598)

SAA [mg/L]

VWF Ac [% of norm]

Plasminogen [% of norm]
C4 [g/L]

2.9(1.86-4.73)

76.7(69.3-94.5)

108(99.8-113.5)
0.25(0.22-0.39)

0.25(0.19-0.28)

0.41

0.0727
0.1312

Atellica IM COV2G [Index]

4.71(1.50-12.47)

15.59(2.78-27.64)

0.0212

DIM VISTA COV2G [QUAL]

12703(9111-24549)

23724(12882-37102)

0.0239

3009(1885-4048)

3911(2150-12814)

0.0196

508(272-785)

947(324-1926)

0.0077

Atellica IM COV2T [Index]

DIM VISTA COV2T [QUAL]

DIM VISTA COV2N (sVNT) [QUAL]

25.6(20.8-136.6)

2040(1001-4455)

Virus Neutr. Test (VNT) [Titre]

224.5(139.2-490.3)

ELISA NC IgG [Titre]

288(131-557)

ELISA Spike S1 IgG [Titre]

105.8(35.7-146.7)

0.0039

4068 (1534-6649)

0.0104

348(217.5 -939.6)

0.0562

457(248 -1369)

0.0067

Statistical analysis between groups (donors reporting long-term symptoms and donors showing full recovery) was performed by t-test (significance
limit p< 0.05) in relation to disease severity. *Data was transformed with a logarithmic function to normal distribution (significance limit p< 0.05).

American Journal of Biomedical Science & Research

586

Am J Biomed Sci & Res

Copy@ Uwe Kalina

Disease severity was associated with an increased risk of longterm symptoms (LTS). Five of the six donors with LTS had a severe
COVID-19, one a moderate case (Table 1). Interestingly, in relation
to disease severity, donors with long-term pathogenesis were
found to have significantly lower anti-S1, anti-S1-RBD and anti-NC
antibody, D-dimer, and fibrinogen levels, but higher SAA levels,
compared to the individuals that fully recovered (Table 5).
In a next step, principal component analysis on correlation of

different biomarkers (F1+2, D-Dimer, CRP, SAA, VWF Ac, and α-2
antiplasmin) was performed. As a prerequisite, Bartlet’s test was
performed to determine whether significant correlation exists
among the tested parameters. Only parameters with p-values
<0.05 were taken for k-means clustering to put donors into three
groups. The analysis was carried out for early timepoint (median
41 days) and late timepoint (median 153.5 days) to identify groupcharacteristics changes over time (Figure 9 A+B & Table 1).

Figure 9: Multiparametric donor cohort characterization with principal component analysis followed by K-means clustering
(A) Principal component analysis of early timepoints (median 41 days PPP) and late timepoints (median 153.5 days PPP) (B). Principal
components PC1 and PC2 are constructed combining the following parameters: F1+2, D-dimer, CRP, SAA, VWF Ac, α-2 antiplasmin. Donors
could be clustered into 3 separate groups based on K-means clustering based on the values of the PC1 and PC2. Equations for PC1 and PC2
are mentioned in the method section. PC1 and PC2 represents 99.2% variance in data for early timepoint. PC1 and PC2 represents 98.6%
variance in data for late timepoint. (C) REML correlation is shown for log-NAb, IgG and total Ab level measured with the Dimension Vista COV2G
and T assays and a set of biomarkers including F1+2, D-dimer, CRP, SAA, α-2 antiplasmin and fibrinogen.
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The group with majority of donors (Cluster 1) at early timepoint
had highest mean level of F1+2, VWF Ac, and α-2 antiplasmin.
Donors with highest mean D-dimer levels also had highest CRP and
SAA levels (Cluster 2). For the late timepoint, the majority cluster
represented donors with lowest mean biomarker levels as expected
in recovered cohort (Cluster 3). Donor 16 had highest level of F1+2,

CRP, and VWF Ac albeit reporting a mild disease and complete
recovery. The latent class analysis shows association of disease
severity with levels out of normal range of C3 (0.9≤ C3g/L ≤1.8), C4
(0.1≤ C4g/L ≤0.4), CRP (>2.87 mg/L), and SAA (>6.4 mg/L) (Figure
10).

Figure 10: Multiparametric latent class analysis for detection of association between biomarkers and donor characteristics
Latent class analysis including the parameters: disease severity, gender, C4, C3c, hsCRP, SAA, fibrinogen. Cluster 2 represents a group with
respective likelihood for all the biomarkers and predicts a higher disease severity. Cluster 1 predicts a likelihood of having a lower disease
severity with corresponding likelihoods for the biomarkers. Non-severe category included mild, moderate, and asymptomatic cases.

Multivariate analysis covering all tested biomarkers revealed a
broad correlation range among the tested biomarkers (Figure 9C).
F1+2 levels only correlated with CRP levels (REML correlation, r=
0.40, p=0.0070). CRP levels further correlated with further acute
phase markers SAA, fibrinogen , and NAb (REML correlation, r= 0.51,
0.50, and 0.45 respectively, p<0.0001-0.0070). Antiplasmin levels
correlated with NAb levels (REML correlation, -0.48, p=0.0439).

Conclusion

This study is focused on the longitudinal characterization

of the anti-SARS-CoV-2 antibody response and trajectories of
thrombin activation, fibrinolysis, inflammation, and endothelial
function biomarkers, in 26 donors from USA. We investigated
the interaction and the potential of these biomarkers of disease
severity and prognosis, to predict clinical courses and long-term
outcomes in COVID-19 convalescence. Similar to other studies, we
find a decrease in the VNT level over time with the median NAb
titre decreasing 2.7-fold within 4 months [6,7]. Comparable results
were achieved with the sVNT showing a correlation of r = 0.92 to
the cell based VNT (Figure 3A). All studied antibodies irrespective
of the type and antigen showed a gradual overall decrease. Anti-S1
IgG levels correlated better to VNT than NC IgG titers as also seen
in other studies [21-23] most likely due to antibody maturation and
repeated presentation of S1 as antigen. We also observed better
correlation of IgG than IgM to VNT level, most likely due to antibody
maturation. Interestingly, following on from our earlier study
[20], subtyping ELISAs showed IgG3 and IgG1 as the prominent
contributors of humoral response against SARS-CoV-2 and the

levels followed the same trend as total IgG (Figure 6). The CLIA
(Atellica IM COV2T, COV2G, and Dimension Vista COV2T, COV2G)
also demonstrated correlation to VNT with a REML r ranging from
0.74-0.87. This demonstrates that the high throughput assays can
be used for qualitative and semi-quantitative epidemiological
studies of COVID-19. All the assays barring Atellica IM COV2T assay
showed a gradual decrease as seen also in the in-house ELISAs.
The slight increase in total antibody levels in the Atellica IM COV2T
assay may reflect a compensation of decreasing antibody levels by
increasing antibody affinity or avidity over time, in combination
with the antigen bridging assay principle (Figure 3C).
We observed that donors with a reported severe course of
COVID-19 displayed higher antibody levels to S1 and RBD as the
target antigen (Table 2) similar to other studies [21-23]. CRP, C3, C4,
and plasminogen also correlated significantly to disease severity.
In contrast to the increased antibody response in severe COVID-19
cases our data further suggest an association between lower anti-S1,
anti-S1-RBD and anti-NC antibody levels and the risk for long-term
pathology. The lower anti-SARS-COV-2 antibody levels in donors
developing sustained symptoms might support a dysregulated Fcү
receptor dependent viral control, which is further supported by the
observation that long-term symptoms improved after vaccination
[24,25]. Increased plasma levels of D-dimer have been shown to be
an independent biomarker for severity and poor prognosis in acute
infection [26-28] and are associated to thrombotic events with
high sensitivity, but limited specificity [13,28,29]. Similar to other
studies, we observed markedly elevated and sustained D-dimer or
F1+2 in 26.9% of the donors with peak levels up to 8,054 µg/L FEU
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and >5,000 pmol/L, respectively, accompanied with only mildly
increased or normal acute phase biomarkers [16,30]. We found no
evidence of hyper- or hypofibrinogenemia and, the occurrence of
VWF AC levels mainly in the normal range suggest that COVID-19
convalescent donors do not present with endothelial cell activation
in their recovery phase. This is in contrast to other studies [31], and
further adequately powered clinical trials addressing additional
biomarkers of endothelial dysfunction and glycocalyx disruption,
will be required to exclude the persistence of endothelial cell
activation in convalescence [32,33,34-36].

To identify potential foretellers of elevated D-dimer and F1+2,
we performed a multivariate correlation analysis of all tested
biomarkers (Figure 9C). F1+2 was significantly associated with
CRP, the overall low levels of the acute phase reactants, including
SAA, fibrinogen, plasminogen, and complement factors however
indicate, that inflammation alone is not the main driver of abnormal
coagulation function in COVID-19 convalescence. Notably, we
observed that trajectories of elevated D-dimer and F1+2 followed
the same trend as the antibody response for the majority of donors
(Figure 11).

Figure 11: Comparison of longitudinal trends of biomarkers and anti-SARS-CoV-2 antibodies in selected donors
Trajectories of CRP (brown), SAA (orange) and anti-SARS-CoV-2 S1-RBD IgG and total antibodies measured with Atellica IM COV2G (green)
or COV2T (purple), in selected donors with D-dimer (red) and F1+2 (blue) levels above reference range. The dashed lines represent the upper
reference limit.

Although clinical evidence of any thrombotic event was absent
in the studied cohort, the presence of thrombotic manifestations
for all participants of the study can’t be ruled out. In several studies,
hospitalized (non-ICU) COVID-19 patients with high D-dimer levels
were diagnosed with asymptomatic thrombotic events [32-34]. An
association of D-dimer levels > 1570 µg/L FEU and asymptomatic

(Deep Vein Thrombosis )DVT, Estimation of Odds Ratio (OR) [33].
42% of the donors monitored in our study had D-dimer peak
levels exceeding 1570 µg/L FEU. Of note, 75% of the donors with
symptoms of dyspnoea had elevated D-dimer or F1+2 suggesting
an association to COVID-19 related lung injury [35].
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Single parameter t-test analysis and multiparametric Latent
class analysis showed clear association between disease severity
and levels of CRP, C3c, C4, and high IgG titres. Donors with longterm symptoms had significant lower anti-S1, anti-S1-RBD, and
anti-NC antibody, D-dimer, and fibrinogen levels and higher SAA
levels, compared to recovered donor cohort.

Serial plasmapheresis procedure could be a potential limitation
of the study. However, all samples were treated similarly and can
be compared. Furthermore, other studies have demonstrated that
D-dimer and F1+2 levels or acute phase markers are not disturbed
by apheresis [36-38]. Lack of clearly defined clinical phenotypes
is another limitation of the study. Statistical power of this study
is limited due to the small cohort size however all outcomes are
significant and similar to other studies with larger donor cohorts
[39-42].
In conclusion, this study found a robust development of NAb
in SARS-CoV-2 convalescents with decreasing levels over time.

While antibody levels to S1 and S1-RBD associated with disease
severity, anti-S1, anti-S1-RBD and anti-NC antibody concentration
was impaired in donors with long-term pathology. Further
investigation into the clinical utility of elevated D-dimer and F1+2
in identifying donors with a risk for thrombotic complications in
post COVID-19 is warranted. This study underlines the necessity for
larger observational studies to monitor progression of serological
and laboratory biomarkers in a growingly vaccinated population
challenged with emerging SARS-CoV-2 variants like Omicron.
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