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ABSTRACT 

Background. Individuals on haemodialysis ( HD ) are more vulnerable to severe acute respiratory syndrome coronavirus 2 
( SARS-CoV-2 ) infection than the general population due to end-stage kidney disease–induced immunosuppression. 
Methods. A total of 26 HD patients experiencing SARS-CoV-2 infection after a third vaccination were matched 1:1 with 

26 of 92 SARS-CoV-2-naïve patients by age, sex, dialysis vintage and immunosuppressive drugs receiving a fourth 

vaccination with a messenger RNA–based vaccine. A competitive surrogate neutralization assay was used to monitor 
vaccination success. To determine infection neutralization titres, Vero-E6 cells were infected with SARS-CoV-2 variants 
of concern ( VoCs ) , Omicron sublineage BA.1, BA.5 and BQ.1.1. The 50% inhibitory concentration ( IC50, serum dilution 

f hs after the fourth vaccination. 
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Results. A total of 52 HD patients received four coronavirus disease 2019 ( COVID-19 ) vaccinations and were followed up 
for a median of 6.3 months. Patient characteristics did not differ between the matched cohorts. Patients without a 
SARS-CoV-2 infection had a significant reduction of real virus neutralization capacity for all Omicron sublineages after 
6 months ( P < .001 each ) . Those patients with a virus infection did not experience a reduction in real virus neutralization 

capacity after 6 months. Compared with the other Omicron VoC, the BQ.1.1 sublineage had the lowest virus 
neutralization capacity. 
Conclusions. SARS-CoV-2-naïve HD patients had significantly decreased virus neutralization capacity 6 months after 
the fourth vaccination, whereas patients with a SARS-CoV-2 infection had no change in neutralization capacity. This was 
independent of age, sex, dialysis vintage and immunosuppression. Therefore, in infection-naïve HD patients a fifth 

COVID-19 vaccination might be reasonable 6 months after the fourth vaccination. 

LAY SUMMARY 

Haemodialysis ( HD ) patients are a vulnerable patient group when infected with severe acute respiratory syndrome 
coronavirus 2 ( SARS-CoV-2 ) . Immunity after vaccination is less pronounced and diminishes more quickly in these 
patients when compared with healthy individuals. We matched and compared 26 HD patients experiencing a 
SARS-CoV-2 breakthrough infection after full vaccination with 26 virus-naïve patients and followed them up for 
6 months after the fourth vaccination. We found rapidly decreasing immunity in the form of virus neutralization 

capacity for the current Omicron variants BA.5 and BQ.1.1 in SARS-CoV-2-naïve patients 6 months after the fourth 

vaccination, whereas in convalescents from infection, relatively stable titres in real-virus neutralization assays were 
observed. Overall, the recent Omicron BQ.1.1 sublineage showed the highest immune escape capacity, arguing for a 
booster vaccination with an adapted vaccine in SARS-CoV-2-naïve HD patients. 

GRAPHICAL ABSTRACT 

Platen, L. & Liao, B.-H. et al
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NTRODUCTION 

ue to their impaired immune systems, haemodialysis ( HD ) 
atients are known to be at high risk for severe courses of 
oronavirus disease 2019 ( COVID-19 ) [ 1 ]. It has been observed 
hat the currently available vaccinations against severe acute 
espiratory syndrome coronavirus 2 ( SARS-CoV-2 ) significantly 
educe the mortality of COVID-19 in HD patients [ 2 ]. Neverthe- 
ess, a lower humoral response to vaccination in HD patients 
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Patients without
SARS-CoV-2 infection

n=92

Hemodialysis patients
with four vaccinations

n=142

On hemodialysis at follow-up
n=122

Excluded:
• Kidney transplantation, n=2
• Death before third blood analysis, n=11
• Loss of follow-up, n=7

Patients with
SARS-CoV-2 infection

n=26

Excluded:
• SARS-CoV-2 infection before
  third vaccination, n=4

Patients with
SARS-CoV-2 infection

n=26

Patients without
SARS-CoV-2 infection

n=26

1:1 matching by age, sex, dialysis
vintage and immunosuppression

Figure 1: Flow chart of the study cohort. A cohort of 142 HD patients received a fourth COVID-19 vaccination. A total of 122 patients on HD who could be followed up 
for 6 months ( median 191 days ) after a fourth vaccination were enrolled in this study. At the end of follow-up, 30 of 122 patients ( 24.5% ) had experienced a SARS-CoV-2 
breakthrough infection. Of these, 26 patients were selected who experienced a SARS-CoV-2 infection after the third vaccination and were matched to SARS-CoV-2-naïve 
patients. 
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ompared with healthy controls has been reported as well 
s a significant decline in antibody levels and seropositivity 
ver time [ 3 –5 ]. Meanwhile, the continuous emergence of new
ariants and subvariants with immune-evasive properties 
 6 ] leads to an increased rate of breakthrough infections and
ecessitates research on the immune capacity generated by the 
nitial wild-type-specific vaccinations. 

HD patients are advised by German health authorities to per-
orm a basic immunization consisting of three vaccinations fol- 
owed by booster shots at least 3 months after the last immu-
ization. Since homogeneous data on the impact of infections 
n immunity in HD patients are limited, there are no clear rec-
mmendations for patients after SARS-CoV-2 infections [ 7 ]. 

An Omicron breakthrough infection in HD patients may in- 
uce higher Omicron-specific antibody titres and fewer non- 
esponders than vaccination only. A primary variant of concern 
 VoC ) BA.1 or BA.2 infection seems to mainly generate variant-
pecific humoral immunity [ 8 , 9 ]. In older healthy adults, break-
hrough infections seem to generate a more durable humoral 
mmunity than vaccinations alone [ 10 ]. 

The aim of this study was to investigate the course of the
mmune response in infection-naïve compared with recently in- 
ected HD patients after the fourth vaccination over 6 months
ndependent of age, sex, dialysis vintage and immunosuppres- 
ive medication in an observational matched cohort study. Here 
e present the results of the live-virus infection neutralization 
f SARS-CoV-2 VoC Omicron BA.1, BA.5 and BQ.1.1 and antibody-
ediated immunity shortly before, 4 weeks after and 6 months
fter the fourth COVID-19 vaccination in a matched cohort of 52
D patients. 

ATERIALS AND METHODS 

tudy design 

he COVIIMP study ( German: ‘COVID-19-Impfansprechen im- 
unsupprimierter Patient*innen’ ) is an observational cohort.
he study design has been described previously [ 11 ]. In brief,
he immune status and COVID-19 infections of HD patients and
ther immunocompromised patients are observed. The study 
onforms to the ethical guidelines of the Helsinki Declaration
nd has been approved by the local ethics committee ( ethic vote
63/21 S-SR, 19 March 2021, Medical Ethics Committee of the
linikum rechts der Isar of the Technical University of Munich )
nd was reported ( NIS592 ) to the Paul Ehrlich Institute. All study
articipants provided written informed consent. 

tudy population 

 total of 142 HD patients who had received four COVID-
9 vaccinations through 20 March 2022 were recruited from
our dialysis centres ( Kidney Center Eifeldialyse, Mechernich,
ermany; KfH Kidney Center München-Harlaching, Munich,
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Vaccination
1

Vaccination
2

Vaccination
3

Vaccination
4

2nd blood
analysis

1st blood
analysis

Infections
n=4

Infections
n=6

Time

3rd blood
analysis

Infections during 6-months follow-up
n=16

Early infections
n=10

Late infections
n=16

Days between
blood analyses
median (min–max)

28 (21–105) 165 (137–175)

191 (161–201)2 (0–78)

26 (4–28)
Days to vaccination
3 and 4
median (min–max)124 (27–33)

Figure 2: Timing of SARS-CoV-2 breakthrough infections. Patients with a SARS-CoV-2 infection after the third vaccination but before the second blood sample taken 
a median of 26 days after the fourth vaccination were defined as early infections ( n = 10 ) . Patients with an infection during the follow-up period, i.e. after the second 
blood sample taken a median of 26–191 days after the fourth vaccination were defined as late infections ( n = 16 ) . vac: vaccination; min: minimum; max: maximum. 
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ermany; KfH Kidney Center Traunstein, Traunstein, Germany; 
linikum rechts der Isar München, Munich, Germany ) . All pa- 
ients were vaccinated by their treating physicians according 
o German guidelines. Twenty patients were lost to follow-up 
nd four patients were excluded because they experienced a 
ARS-CoV-2 breakthrough infection before the third vaccina- 
ion, resulting in a cohort of 118 patients. Twenty-six of the 118 
atients experienced a SARS-CoV-2 breakthrough infection af- 
er the third vaccination and in the remaining 92 patients, no 
istory of SARS-CoV-2-infection was verifiable. Propensity score 
atching was carried out for the variables age, sex, dialysis vin- 

age and presence of immunosuppressive medication using the 
atchIt package in R version 4.2.2 ( R Foundation for Statistical 
omputing, Vienna, Austria ) to match these 26 patients with a 
istory of SARS-CoV-2 infection to 26 of 92 SARS-CoV-2-naïve 
atients ( Fig. 1 ) . 
Blood analysis was performed three times in the 52 included 

articipants between February and September 2022. The time 
f analysis was a median of 124 days [interquartile range ( IQR ) 
03–124; minimum 27, maximum 133] after the third vaccination 
nd 26 days ( IQR 26–26; minimum 6, maximum 28 ) and 191 days 
 IQR 191–192; minimum 161, maximum 201 ) days after the fourth 
accination. 

Dialysis data including total ultrafiltration, dialysis duration,
atients’ weight before and after dialysis as well as dry weight 
s defined by the local physician and the dialysis modality was 
ollected at three time points [time of the fourth vaccination,
ime of the second blood draw and time of the third blood draw 

 ±1 week ) ]. The percentage above the dry weight was calcu- 
ated as follows: dry weight = [ ( weight before dialysis − dry 
eight ) ÷ dry weight] × 100% [ 12 ]. 

ARS-CoV-2 infections 

ARS-CoV-2 infections were defined by a reported polymerase 
hain reaction ( PCR ) -confirmed infection or by a new positive 
-specific immunoglobulin G ( IgG ) level in the blood analysis.
ARS-CoV-2 infections before the second blood sample were de- 
ned as early infection and breakthrough infections during the 
ollow-up period were defined as late infections ( Fig. 2 ) . Data on
he severity of all clinically apparent SARS-CoV-2 infections were 
ollected and categorized into mild, moderate and severe dis- 
ase using the World Health Organization ( WHO ) score [ 13 ]. 

ARS-CoV-2 IgG assay 

wo types of SARS-CoV-2-specific IgG-type antibodies were mea- 
ured by chemiluminescent immunoassays ( CLIAs ) using mag- 
etic particle–based detection on an iFlash 1800 CLIA Analyzer 
 YHLO Biotechnology, Shenzen, China ) as described previously 
 11 ]. The 2019-nCoV IgG kit ( YHLO ) was employed for the de-
ection of SARS-CoV-2 nucleocapsid-specific antibodies ( anti-N 

gG ) and considered positive at ≥10 AU/ml. The assay has a 
igh specificity for SARS-CoV-2 of 99.3% ( 95% CI 98.3–99.7 ) as re- 
orted previously [ 14 ]. Thus false positive results, e.g. by detec- 
ion of cross-reactive antibodies against seasonal coronaviruses,
re very unlikely but cannot be completely excluded. Anti-S an- 
ibodies were determined using the SARS-CoV-2 IgG II Quant 
ssay on the Architect platform ( Abbott, Wiesbaden, Germany ) .
ARS-CoV-2 receptor-binding domain ( RBD ) -specific neutraliz- 
ng antibodies ( NAbs ) were measured using a surrogate neu- 
ralization assay ( 2019 nCOV NAb kit; YHLO ) that determines 
Ab titres preventing the binding of recombinant RBD ( Wuhan 
train ) to the SARS-CoV-2 receptor ACE-2 protein. Titres were 
etermined according to the WHO standard and are given in 
AU/ml. Lower and upper limits of detection for NAbs were 4 and 
00 BAU/ml, respectively. For values exceeding the upper limit of 
uantification, a value of 801 AU/ml was used in the statistical 
odels. 

ARS-CoV-2 infection neutralization assay 

he method for analysis of patients’ serum neutralization ca- 
acity of several SARS-CoV-2 strains has been described in detail 



COVID-19 vaccination response in HD patients 2451 

e  

(
E
o  

V  

b  

s  

T  

w  

v
 

b  

0  

a  

E  

o  

a
b  

m  

B
s
a
o
a

5
t  

d  

t  

r  

≤
t  

P  

f

f  

s  

p  

a  

w  

r

S

V
m
r  

u  

U
w  

a  

P  

S  

F

R

P

O  

t
6  

7  

T  

t  

d  

f  

v  

d  

(
a  

t  

v  

t  

p  

p  

n
H  

t  

c  

ρ  

s

V

V  

v
M  

v  

r  

A  

w  

6  

g  

A  

t  

n  

T

B  

n  

w  

t  

B  

c

S

S  

t  

t  

fi  

t  

v
 

o  

2  

t  

d  

v  

o  

t  

fi  

2  

c  

t
 

b

lsewhere [ 15 ]. Briefly, SARS-CoV-2 isolates of VoC Omicron BA.1
 B.1.1.529, GISAID EPI ISL: 7808190 ) , VoC Omicron BA.5 ( GISAID 

PI-ISL: 15942298 ) and BQ.1.1 ( GISAID EPI ISL: 15812430 ) were 
btained from nasopharyngeal swabs of infected individuals.
ero E6 cells were incubated with the respective variants in Dul-
ecco’s Modified Eagle Medium for 2–3 days and high-titre virus
tock was gained by collecting and centrifuging the supernatant.
he viral stock was aliquoted and stored at −80°C. Virus titres
ere determined by plaque assay before the start of analysis and
iral strains were confirmed by next-generation sequencing. 

The patient’s sera were diluted 1:20 to 1:2560 and incu-
ated for 1 hour with a defined multiplicity of infection of
.03 plaque-forming units ( PFU ) /cell ( 450 PFU/15 000 cells/well )
t 37°C. Then the inoculum was incubated for 1 hour on Vero
6 cells seeded into 96-well plates before removing the virus in-
culum and washing the cells. After 24 hours, cells were fixed
nd permeabilized with 4% paraformaldehyde and 0.5% saponin 
uffer, blocked with 10% goat serum and stained with a pri-
ary anti-SARS-CoV-2-N antibody ( 40143-T62; Sino Biological,
eijing, China ) . Afterwards, a colorimetric, quantitative analy- 
is was performed by an in-cell enzyme-linked immunosorbent 
ssay using goat anti-rabbit IgG2a-horseradish peroxidase sec- 
ndary antibody ( 12-348; EMD Millipore, Shanghai, China ) and 
dding substrate tetramethybezidine. 

After implementation of non-linear regression, the serum 

0% inhibitory concentration ( IC50 ) was defined as the dilu- 
ion factor at which 50% infection inhibition was obtained. As
escribed before [ 11 ], patients were classified as responders if
he IC50 value of the infection neutralization was > 1:20. Non-
esponders were defined for sera with a neutralizing IC50 value
1:20. Extremely strong responders exceeded the maximum de- 
ection range when diluted up to 1:40 960 ( n = 16 ) . GraphPad
rism 9.5.1 ( GraphPad Software, San Diego, CA, USA ) was used
or calculations. 

Analysis of neutralization capacity for VoC Omicron BA.1 be- 
ore and after the fourth vaccination was performed and de-
cribed previously [ 11 ] with the same protocol. Remaining sam-
les were analysed concurrently for BA.1 and analyses for BA.5
nd BQ1.1 strains were added for all time points. Serum samples
ere stored at −80°C after blood collection and were thawed and
efrigerated at 4°C until analysis. 

tatistical analysis 

ariables are presented as frequencies and percentages and as 
ean ± standard deviation ( SD ) or median and interquartile 

ange ( IQR ) , as appropriate. The χ2 test or Fisher’s test was
sed for group differences and the t -test and Mann–Whitney
 test were applied to continuous variables. Paired samples 
ere tested with the McNemar or Wilcoxon test, as appropri-
te. For correlation analysis, Spearman correlation was used.
 -values < .05 were considered significant; tests were two-sided.
tatistical analysis was carried out with R version 4.2.2 ( R
oundation for Statistical Computing ) . 

ESULTS 

atient characteristics 

verall, 52 HD patients were included in the study ( Fig. 1 ) . Pa-
ients were followed up for a median of 6.3 months ( IQR 6.3–
.3 ) after the fourth vaccination. Patients had a median age of
1.4 years ( IQR 60.2–81.9 ) and 9/52 patients ( 17.3% ) were female.
he median dialysis vintage was 51.7 months ( IQR 24.2–94.9 ) ,
he median relative ultrafiltration was 4.6 ml/kg/h and the me-
ian absolute ultrafiltration was 1.8 L/session at the time of the
ourth vaccination ( Table 1 , Supplemental Table 1 ) . One indi-
idual in each group received immunosuppressive medication,
ue to a history of lung transplantation in the infection group
 tacrolimus, mycophenolate mofetil, prednisolone ) and due to 
nterior ischaemic optic neuropathy ( prednisolone ) in the con-
rol group ( Table 1 ) . The matching variables age, sex, dialysis
intage and immunosuppressive medications did not differ be-
ween patients with a SARS-CoV-2 breakthrough infection com-
ared with SARS-CoV-2-naïve patients ( Table 1 ) . Except for one
atient in the infection group and two patients in the infection-
aïve group receiving haemodiafiltration, all patients received 
D. No correlation was present between the relative ultrafiltra-
ion at the time of the fourth vaccination and the neutralization
apacity of the VoCs Omicron BA.1 ( P = .10, ρ = 0.24 ) , BA.5 ( P = .82,
= 0.03 ) and BQ1.1 ( P = .41, ρ = 0.12 ) at the second blood analy-
is, i.e. 4 weeks after the fourth vaccination. 

accinations 

accinations were administered using messenger RNA ( mRNA )
accines ( BNT162b2 by BioNTech-Pfizer or mRNA-1273 by 
oderna ) in 49 ( 94.2% ) individuals. Overall, the administered
accines in the two groups ( naïve and infected ) were compa-
able. The infected group received a total of 2 AZD1222 ( by
straZeneca ) , 95 BNT162b2 and 7 mRNA-1273 vaccinations,
hile the naïve group received 2 AZD1222, 96 BNT162b2 and
 mRNA-1273 vaccinations. Three patients received a heterolo-
ous vaccination scheme ( two patients received one AZD1222 by
straZeneca and three mRNA vaccines and one patient received
wo AZD1222 by AstraZeneca and two mRNA vaccines ) . Vacci-
ation regimes did not differ between the two groups ( P = 1.0;
able 1 ) . 

Group comparisons between patients vaccinated with 
NT162b2 ( n = 46 ) and mRNA-1273 ( n = 6 ) as the fourth vacci-
ation were difficult due to low numbers of patients vaccinated
ith mRNA-1273 ( Supplemental Fig. 1 ) . However, directly after
he fourth vaccination the neutralization capacity of Omicron
A.5 was significancy higher in the mRNA-1273 group when
ompared with the BNT162b2 group ( Supplemental Fig. 1 ) . 

ARS-CoV-2 infections 

ARS-CoV-2 breakthrough infections were detected in 26 pa-
ients after the third vaccination. Of these cases, 15 ( 57.7% ) infec-
ions were PCR confirmed and 11 ( 42.3% ) infections were identi-
ed by N-specific IgG-positivity only. Two patients were infected
wice. In both cases the first infection occurred before the first
accination. 

In 10 of the 26 infected patients, the breakthrough infection
ccurred before the second blood analysis, i.e. before or until
6 days after the fourth vaccination. Of these, four ( 15.4% ) pa-
ients were infected before the first blood analysis ( taken a me-
ian of 4 months after the third and 2 days before the fourth
accination ) . Two of these infections were PCR confirmed and
ccurred 96 and 103 days before the first blood examination. In
he other six individuals ( 23.1% ) the infection occurred after the
rst and before the second blood examination taken a median of
 days before and 26 days after the fourth vaccination; the PCR-
onfirmed infections ( n = 4 ) occurred a median of 7.5 days after
he fourth vaccination. 

Of the 26 infected patients, 16 ( 61.5% ) had a SARS-CoV-2
reakthrough infection during the follow-up period, i.e. 26 days–
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Table 1: Patient characteristics. 

History of SARS-CoV-2-infection 

Characteristics Total ( N = 52 ) Yes ( n = 26 ) No ( n = 26 ) P -value 

Age ( years ) , median ( IQR ) 71.4 ( 60.2–81.0 ) 71.4 ( 59.4–80.8 ) 72.6 ( 65.1–82.1 ) .47 
Female, n ( % ) 9 ( 17.3 ) 5 ( 19.2 ) 4 ( 15.4 ) 1.00 
Dialysis vintage ( months ) , median 
( IQR ) 

51.7 ( 24.4–94.9 ) 45.3 ( 22.3–91.1 ) 56.2 ( 29.5–103.8 ) .58 

Immunosuppressive medication 
present, n ( % ) 

2 ( 3.8 ) 1 ( 3.8 ) 1 ( 3.8 ) 1.0 

Vaccines, n ( % ) 1.0 
mRNA and vector vaccine 3 ( 5.8 ) 1 ( 7.7 ) 2 ( 7.7 ) 
Only mRNA vaccine 49 ( 94.2 ) 25 ( 96.2 ) 24 ( 92.3 ) 

Days between vaccination and 
blood analysis, median ( IQR ) 
Vaccine 3 and blood analysis 1 124 ( 103–124 ) ; min 27, max 

133 
124 ( 103–124 ) ; min 93, max 

126 
124 ( 103–124.8 ) ; min 27, 

max 133 
.45 

Vaccine 4 and blood analysis 2 26 ( 26–26 ) ; min 6, max 28 ) 26 ( 26–26 ) ; min 6, max 28 ) 26 ( 26–26 ) ; min 10, max 28 .63 
Vaccine 4 and blood analysis at 

the 6-month follow-up 
191 ( 191–192; min 161, max 

201 
191 ( 191–191.8 ) ; min 161, 

max 194 ) 
191 ( 191–191.8 ) ; min 161, 

max 201 
.98 

Ultrafiltration ( ml/kg/h ) , median 
( IQR ) 
At the fourth vaccination 4.6 ( 2.7–7.1 ) 3.0 ( 2.3–6.1 ) 5.4 ( 4.2–7.2 ) .027 
4 weeks after the fourth 

vaccination ( blood analysis 2 ) 
5.1 ( 3.4–6.9 ) 4.2 ( 2.4–6.0 ) 6.3 ( 4.3–7.1 ) .087 

6-month follow-up ( blood 
analysis 3 ) 

4.9 ( 3.4–6.2 ) 4.5 ( 3.3–5.8 ) 5.2 ( 3.8–6.7 ) .29 

History of kidney transplantation, 
n ( % ) 

5 ( 9.6 ) 3 ( 11.5 ) 2 ( 7.7 ) 1.0 

Charlson Comorbidity Index, 
median ( IQR ) 

5.0 ( 4.0–7.0 ) 4.5 ( 4.0–7.0 ) 6.0 ( 4.0–7.0 ) .75 

Renal diagnosis, n ( % ) 
Glomerulopathy 5 ( 10.0 ) 
Diabetic nephropathy 12 ( 24.0 ) 
Hypertensive nephropathy 7 ( 14.0 ) 
Congenital or cystic renal 

disease 
5 ( 10.0 ) 

Tubulointerstitial disease 1 ( 2.0 ) 
Reflux nephropathy 1 ( 2.0 ) 

Other 5 ( 10.0 ) 
Nephropathy of unknown origin 14 ( 28.0 ) 

N-specific IgG before fourth 
vaccination, median ( IQR ) 

0.5 ( 0.3–0.9 ) 0.7 ( 0.2–1.8 ) 0.5 ( 0.3–0.7 ) 

N-specific IgG after fourth 
vaccination, median ( IQR ) 

0.8 ( 0.4–1.6 ) 1.6 ( 0.6–9.6 ) 0.5 ( 0.4–0.8 ) 

N-specific IgG at follow-up, 
median ( IQR ) 

1.0 ( 0.0–13.2 ) 13.5 ( 4.2–37.0 ) 0.0 ( 0.0–1.0 ) 

P -values present the results of group-wise comparisons of SARS-CoV-2-infected and -naïve patients. 
min: minimum; max: maximum. 
Values in bold are statistically significant. 
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 months after the fourth vaccination ( Fig. 2 ) . PCR-confirmed in- 
ections ( n = 9 ) occurred a median of 51 days before the 6-month 
ollow-up blood analysis or a median of 140 days after the fourth 
accination. 

In line with this, N-specific IgG-type antibodies were de- 
ectable in the infection group at the time of the second blood 
xamination after the fourth vaccination and in the follow-up 
nalysis ( Table 1 ) . Interestingly, no difference in serum neutral- 
zation titres after the third and before the fourth vaccination 
 i.e. at the first blood examination ) between naïve individuals 
nd those experiencing a breakthrough infection were observed 
 Table 2 ) . This indicates that the overall relatively low infection 
eutralization titres against the Omicron VoCs BA.1, BA.5 and 
Q.1.1 after three vaccinations are not sufficient to protect from 

nfection with these VoCs. 
Of the 26 reported infections in the matched cohort of 52 in-

ividuals, 11 infections were clinically undetected, 4 cases were 
etected but asymptomatic ( WHO score 1 ) and 8 cases were mild 
mbulatory cases ( WHO score 2 ) . In three cases a moderate dis-
ase necessitated hospitalization; two of the three patients did 
ot receive oxygen therapy ( WHO Score 4 ) and in one of these 
hree cases mild oxygen therapy was necessary ( WHO score 5 ) .
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Table 2: Group-wise comparison of immunity of HD patients with and without a recent SARS-CoV-2 infection. 

History of SARS-CoV-2 infection 

Variables Total ( N = 52 ) Yes ( n = 26 ) No ( n = 26 ) P -value 

Neutralizing antibodies 
Before fourth vaccination ( BAU/ml ) 717.5 ( 203.8–≥800 ) 761.5 ( 165.5–≥800 ) 455.0 ( 245.8–≥800 ) .73 
After fourth vaccination ( BAU/ml ) ≥800 ( ≥800–≥800 ) ≥800 ( ≥800–≥800 ) ≥800 ( ≥800–≥800 ) .92 
6-month follow-up ( BAU/ml ) ≥800 ( 417.2–≥800 ) ≥800 ( ≥800–≥800 ) 505.5 ( 232.8–≥800 ) < .001

Omicron BA.1 infection neutralization capacity 
Before fourth vaccination ( IC50 ) 30.0 ( 0.0–195.8 ) 48.5 ( 5.0–231.0 ) 27.0 ( 0.0–141.2 ) .49 
After fourth vaccination ( IC50 ) 570.5 ( 198.0–2560.0 ) 811.5 ( 167.0–2560.0 ) 444.5 ( 222.2–2560.0 ) 1.0 

6-month follow-up ( IC50 ) 141.6 ( 20.0–663.6 ) 619.2 ( 185.3–887.4 ) 20.0 ( 0.0–20.0 ) < .001 
Omicron BA.5 infection neutralization capacity 

Before fourth vaccination ( IC50 ) 20.0 ( 20.0–116.1 ) 22.5 ( 20.0–101.9 ) 20.0 ( 20.0–113.7 ) 1.0 
After fourth vaccination ( IC50 ) 365.6 ( 76.1–2560.0 ) 572.8 ( 107.6–2560.0 ) 249.7 ( 62.7–2265.5 ) .32 
6-month follow-up ( IC50 ) 238.7 ( 20.0–2329.5 ) 2339.0 ( 1041.5–7494.2 ) 20.0 ( 20.0–74.9 ) < .001 

Omicron BQ.1.1 infection neutralization capacity 
Before fourth vaccination ( IC50 ) 20.0 ( 0.0–21.3 ) 20.0 ( 0.0–20.0 ) 20.0 ( 0.0–23.9 ) .73 
After fourth vaccination ( IC50 ) 99.0 ( 20.0–219.4 ) 116.7 ( 20.0–255.7 ) 89.1 ( 20.0–153.4 ) .64 
6-month follow-up ( IC50 ) 25.1 ( 20.0–266.3 ) 270.0 ( 27.9–440.0 ) 20.0 ( 0.0–20.0 ) < .001 

P -values present the results of group-wise comparisons of SARS-CoV-2-infected and -naïve patients. 
Values in bold are statistically significant. 
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e did not report any COVID-related deaths in the 26 infected
ndividuals during our observation period. 

In two individuals, duplicate infections occurred. The first in- 
ections occurred before the first vaccination in both cases and
ere of mild ( WHO score 1 ) and moderate ( WHO score 5 ) disease
everity. 

mpact of a SARS-CoV-2 infection on immunity 

ll patients showed a significant increase in neutralizing an- 
ibody levels and neutralization capacity for the VoCs Omi- 
ron BA.1, BA.5 and BQ.1.1 after a fourth vaccination ( Fig. 3 ,
able 2 ) . However, no significant differences were seen be-
ween the two groups with or without a breakthrough infec-
ion, not at the first blood analysis before or at the second blood
nalysis in a median of 26 days after the fourth vaccination
 Table 2 ) . 

At the follow-up 6months after the fourth vaccination, SARS- 
oV-2-naïve patients had significantly lower virus neutraliza- 
ion capacities for all VoCs ( P < .001 ) and significantly lower neu-
ralizing antibody titres ( P < .001 ) ( Table 2 , Fig. 3 ) . Similar results
ere present when looking at the response rates ( Fig. 4 ) . This

ndicates that a breakthrough infection confers a significant ad- 
itional level of protection even against newly emerging VoCs 
ike BQ.1.1. 

Comparing the virus neutralization capacity between the 
micron variants in the whole cohort, we found significantly 
ower neutralization capacity of the Omicron BQ.1.1 variant 
ompared with Omicron BA.1 or BA.5 directly after the fourth
accination ( P < .001 ) ( Fig. 5 ) . At the 6-month follow-up, neu-
ralization capacity of Omicron BQ.1.1 and BA.1 was signif- 
cantly lower compared with Omicron BA.5 ( P = .001 and
 = .013 ) ( Fig. 5 ) . Stratification of virus-naïve and infected
atients showed similar results for both groups ( data not 
hown ) . 

Next, we compared HD patients early versus late SARS-CoV- 
 infections ( Table 3 , Fig. 6 ) . Fig. 6 depicts serum neutralization
itres against the different Omicron VoCs and Table 3 displays
he medians and IQRs of the respective time points and provides
 group comparison. Shortly after infection, i.e. at the second
lood analysis time point for those with an early infection, we
ound a significantly increased serum neutralization capacity for
ll VoCs compared with those who had not yet ( late infection ) or
ot at all ( naïve ) experienced a SARS-CoV-2 breakthrough infec-
ion ( Table 3 , Fig. 6 ) . Patients with a later infection showed signif-
cantly improved neutralization capacity at the 6-month follow-
p for Omicron variants BA.5 ( P < .001 ) and BQ.1.1 ( P = .002 ) .
atients with an earlier infection had significantly decreasing
erum neutralization capacity for Omicron BA.1 ( P = .004 ) and
y trend slightly decreasing neutralization capacities for BA.5
 P = .08 ) and BQ.1.1 ( P = .06 ) at the 6-month follow-up time point
 Fig. 6 ) . However, despite this decrease, neutralization titres re-
ained significantly higher than in SARS-CoV-2-naïve HD pa-

ients ( Table 3 , Fig. 6 ) . 

ISCUSSION 

his prospective matched observational study demonstrates 
hat virus neutralization capacity for all current VoCs decreased
ignificantly in SARS-CoV-2-naïve HD patients compared 
ith SARS-CoV-2-infected patients 6 months after the fourth
accination, independent of age, sex, dialysis vintage and im-
unosuppression. The strength of our study is the examination
f the live-virus infection neutralization capacity of patients’
era for different SARS-CoV-2 Omicron VoCs. Compared with the
ther Omicron VoCs BA.1 and BA.5, the neutralization capacity
f the late Omicron BQ.1.1 variant was the lowest. This was true
irectly after the fourth vaccination as well as at the 6-month
ollow-up. These findings are highly important, because Omi-
ron BA.5 has been the predominant VoC in Germany during the
ollow-up period of this study and Omicron BQ.1.1 is currently
 as of February 2023 ) the most frequent VoC in Germany with
ncreasing prevalence [ 16 ]. It will therefore be important to
losely monitor new variants that might escape the immune
ystem or erase the effectiveness of established antibody
reatments [ 6 ]. 
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Figure 3: NAb titres before and after the fourth vaccination and at the 6-month follow-up. HD patients who had experienced a breakthrough infection after the third 
vaccination ( infected ) were compared with those without ( naïve ) . ( A ) BAU/ml according to the WHO standard using a competitive, surrogate NAb assay. ( B–D ) The IC50 
titres in a real-virus neutralization assay with SARS-CoV-2 Omicron VoC ( B ) BA.1, ( C ) BA.5 and ( D ) BQ.1.1. Green and brown indicate neutralizing immunity of infected 

and infection-naïve patients, respectively. Statistical analysis was performed using a paired-samples Wilcoxon test. P -values indicate statistical significance between 
groups. For better comparability, the y -axis changes its linear scale at 2700 in ( C ) . 
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Figure 4: Percentage of vaccine responders before, after the fourth vaccination and at the 6-month follow-up. ( A ) A total of 26 HD patients who had a SARS-CoV-2 
breakthrough infection after the third vaccination were compared with ( B ) 26 matched individuals which did not experience an infection. A responder was defined 
by Omicron BA.1, BA.5 or BQ.1.1 virus infection neutralization of ≥1:20 and as NAbs ≥10 BAU/ml. Green and red indicate the percentages classified as responder and 
non-responder, respectively. Statistical analysis was done using the McNemar test for paired samples. NA: not applicable; FU: follow-up. 
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We previously showed that by administration of a fourth vac-
ine dose, a significant increase of the virus neutralization ca-
acity can be achieved for VoC Delta and Omicron BA.1 [ 11 ]. With
his work we add that this also holds true for VoC Omicron BA.5
nd BQ.1.1. As we found significantly decreasing virus neutral- 
zation capacity in the SARS-CoV-2-naïve group for all observed 
micron variants during the follow-up period of 6 months, we
ssume that the humoral immunity provided by the vaccines 
hat were designed for the original SARS-CoV-2 wild-type strain 
s rapidly waning over time and in their ability to neutralize
urrent Omicron VoCs. In SARS-CoV-2-naïve HD patients, a fifth 
accination 6 months after the last vaccination could be a rea-
onable approach—ideally using an adapted vaccine. During the 
bservation period of our study a specific Omicron-adjusted 
accine was not available. Today, an Omicron-specific vaccine 
as become available that could further improve the immune 
esponse [ 17 ]. Nevertheless, the effect of another vaccination
ay not be completely comparable to exposure to the virus it-
elf. As described previously, ‘hybrid immunity’ achieved by the 
ombination of vaccination and natural infection may lead to a
tronger and more sustained immune response than vaccina- 
ion alone [ 18 ]. 

In SARS-CoV-2-infected patients, no decreased neutraliza- 
ion capacity was observed at the 6-month follow-up for VoC
A.1 and BQ.1.1, and we found a significantly higher neutraliza-
ion capacity for Omicron BA.5. This might be explained by the
act that most patients in our cohort were infected when the
micron BA.5 VoC was by far the dominant variant. However, it
emains open if the number of exposures to the viral spike pro-
ein or the type of spike involved in the booster was the relevant
ifference. In our study, the infected patients had five exposures
hile SARS-CoV-2-naïve patients had only four and were ex- 
osed to only first-generation vaccines. Alternatively, exposure 
o a different type of spike protein during breakthrough infection
ith the current Omicron variants could be the key for a broader
mmunity against the latest VoC. However, the effect of time has
o be considered, since the follow-up analysis in patients with a
ate infection was closer to the virus exposure than in patients
ith an early infection or no history of infection. When compar-

ng patients with an early infection with those without a history
f infection, we still found an improved neutralization capac-
ty at the follow-up in infected patients, indicating that patients
ight benefit from a fifth exposure to an Omicron spike protein

ndependent of time ( Table 3 , Fig. 6 ) . The increased breadth of
mmunity observed would argue for using an Omicron BA.5-
dapted vaccine. 

Overall, we were surprised that only 25% of our HD co-
ort had a SARS-CoV-2 infection until the end of the obser-
ation period. The infection was asymptomatic in 42% of the
ases and diagnosed by N-specific IgG positivity only. This high
ate of asymptomatic infections could be explained by the fact
hat all patients had received at least three COVID-19 vaccina-
ions at the time of the SARS-CoV-2 infection. However, it has
o be taken into account that despite the high specificity of
ur N-specific antibody assay ( 99.3% [ 14 ] ) , the detection of e.g.
ntibodies cross-reactive against seasonal coronaviruses can- 
ot be completely excluded. We did not record the variants;
owever, as most infections occurred after mid-March, Omi-
ron infections are most likely since initially Omicron BA.1 and
A.2 and from June onwards Omicron BA.5 were the predomi-
ant variants in Germany [ 16 , 19 , 20 ]. Interestingly, in patients
ith late infections ( after the second blood examination ) , a
ignificantly increasing neutralization capacity could only be 
ound for VoC BA.5 and BQ.1.1 during the follow-up period. This
ould be due to a relevant proportion of patients who might
ave been infected with the VoC BA.5 during the follow-up pe-
iod. A breakthrough infection with BA.5 might therefore also
ositively impact and broaden immunity against the currently
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Figure 5: Comparison of neutralization capacity of Omicron variants BA.1, BA.5 and BQ1.1 in the whole cohort [infected and naïve patients ( n = 52 ) ]. Comparison of 

neutralization capacity after the fourth vaccination ( left side ) and at the 6-month follow-up ( right side ) . After the fourth vaccination, neutralization capacity of the 
Omicron variant BQ.1.1 was significantly lower than for BA.1 and BA.5. At the 6-month follow-up, neutralization capacity for BA.5 was significantly higher for BA.5 
compared with BA.1 and BQ.1.1. Statistical analysis was performed using a Wilcoxon test. P -values indicate statistical significance between groups. 

p
p
s  

i
v

w
[
n
u
d
a
n
s
s

r
fl

c
o
d  

h  

a
h
i
B
O  

n
s
i
r
a

p
c
T

redominant variant BQ.1.1, which is a variant that was not 
resent in Germany during the study period, while it does not 
eem to impact immunity against Omicron BA.1. Furthermore,
t argues for using an Omicron BA.5-adapted vaccine for booster 
accinations. 

Low serum anti-spike concentrations have been associated 
ith an increased risk of breakthrough infections in HD patients 

 21 , 22 ]. We detected high surrogate NAb titres against the origi- 
al Wuhan strain in all our patients, although absolute NAb val- 
es were significantly decreasing in SARS-CoV-2-naïve patients 
uring the follow-up. It is unknown which NAb level might be 
n appropriate surrogate cut-off level to evaluate if a patient 
eeds a COVID-19 booster vaccination, especially when these 
urrogate NAb measurements are designed to detect wild-type- 
pecific antibodies. 

In search of factors affecting immunity in HD patients unlike 
eported previously, we did not find an association between 
uid overload and neutralization capacities in our matched 
ohort [ 23 ]. A recent publication showed that the preservation 
f anti-SARS-CoV-2 antibody titres in HD patients may also 
epend on the patients’ dialysis modality [ 24 ]. In our cohort,
owever, no reliable statement could be made on this subject,
s 49 patients ( 94% ) received HD and only 3 patients received 
aemodiafiltration. The previously observed higher humoral 
mmunity in HD patients receiving mRNA-1273 compared with 
NT162b2 could be seen in our cohort for neutralization of 
micron BA.5 after the fourth vaccination [ 25 ]. Due to the low
umbers of patients vaccinated with mRNA-1273, this result 
hould be interpreted very carefully. We tried to approach 
mmunosuppressive medication, as a well-known factor of 
educed immunity in HD patients, with matching and therefore 
n even distribution between the two groups. 

Due to the low numbers of patients with immunosup- 
ression ( one in each group ) we did not perform separate 
orrelation analyses of these two patients. Supplementary 
able 2 provides values for the immunocompromised patients 



COVID-19 vaccination response in HD patients 2457 

Ta
b
le
 
3:
 
G
ro

u
p
-w

is
e 
co

m
p
ar

is
on

 
of
 
N
A
b
s 
an

d
 
n
eu

tr
al
iz
at
io
n
 
ca

p
ac

it
y 
b
et
w
ee

n
 
S
A
R
S
-C

oV
-2

 
in
fe
ct
io
n
-n

aï
ve

, e
ar

ly
 
an

d
 
la
te
-i
n
fe
ct
ed

 
in
d
iv
id
u
al
s.
 

T
im

e 
of

 
SA

R
S-

C
oV

-2
 
in
fe
ct
io
n
 

G
ro

u
p
-w

is
e 
co

m
p
ar
is
on

 

V
ar
ia
bl
es

 

SA
R
S-

C
oV

-2
 

n
aï
ve

 
Ea

rl
y 

La
te
 

P -
va

lu
e 
n
aï
ve

 

ve
rs
u
s 
ea

rl
y 

P -
va

lu
e 
n
aï
ve

 

ve
rs
u
s 
la
te
 

P -
va

lu
e 
ea

rl
y 

ve
rs
u
s 
la
te
 

N
eu

tr
al
iz
in
g 
an

ti
bo

d
ie
s 

B
ef
or

e 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( B
A
U
/m

l )
 

45
5.
0 
( 2
45

.8
–≥

80
0 )
 

74
0.
0 
( 1
53

.2
–≥

80
0 )
 

76
1.
5 
( 3
38

.5
–≥

80
0 )
 

.9
3 

.6
8 

1.
0 

A
ft
er

 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( B
A
U
/m

l )
 

≥8
00

 
( ≥

80
0–

≥8
00

 ) 
≥8

00
 
( ≥

80
0–

≥8
00

 ) 
≥8

00
 
( ≥

80
0–

≥8
00

 ) 
1.
0 

.8
7 

.8
9 

6-
m

on
th

 
fo
ll
ow

-u
p
 
( B
A
U
/m

l )
 

50
5.
5 
( 2
32

.8
–≥

80
0 )
 

≥8
00

 
( ≥

80
0–

≥8
00

 ) 
≥8

00
 
( ≥

80
0–

≥8
00

 ) 
.0
01

 
.0
06

 
.2
8 

O
m

ic
ro

n
 
B
A
.1
 
in
fe
ct
io
n
 
n
eu

tr
al
iz
at
io
n
 
ca

p
ac

it
y 

B
ef
or

e 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
27

.0
 
( 0
.0
–1

41
.2
 ) 

86
.5
 
( 5
.0
–1

54
1.
5 )
 

48
.5
 
( 1
5.
0–

12
6.
0 )
 

.4
0 

.7
2 

.5
0 

A
ft
er

 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
44

4.
5 
( 2
22

.2
–≥

25
60

 ) 
≥2

56
0 

( 1
66

7.
5–

≥2
56

0 )
 

36
3.
5 
( 8
0.
2–

91
9.
0 )
 

.0
46

 
.1
6 

.0
05

 

6-
m

on
th

 
fo
ll
ow

-u
p
 
( I
C
50

 ) 
20

.0
 
( 0
.0
–2

0.
0 )
 

39
1.
8 
( 1
43

.2
–5

58
.6
 ) 

70
7.
8 
( 5
06

.9
–9

80
.0
 ) 

<
 .0
01

 
<
 .0
01

 
.1
8 

O
m

ic
ro

n
 
B
A
.5
 
in
fe
ct
io
n
 
n
eu

tr
al
iz
at
io
n
 
ca

p
ac

it
y 

B
ef
or

e 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
20

.0
 
( 2
0.
0–

11
3.
7 )
 

35
.8
 
( 2
0.
0–

25
60

.0
 ) 

22
.5
 
( 2
0.
0–

57
.0
 ) 

.4
4 

.5
8 

.3
3 

A
ft
er

 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
24

9.
7 
( 6
2.
7–

22
65

.5
 ) 

25
60

.0
 
( 9
43

.1
–6

67
2.
2 )
 

25
1.
4 
( 4
8.
5–

73
9.
2 )
 

.0
26

 
.8
3 

.0
21

 

6-
m

on
th

 
fo
ll
ow

-u
p
 
( I
C
50

 ) 
20

.0
 
( 2
0.
0–

74
.9
 ) 

20
67

.5
 

( 1
17

3.
8–

23
48

.5
 ) 

49
22

.0
 
( 9
30

.2
–8

94
6.
8 )
 

<
 .0
01

 
<
 .0
01

 
.2
5 

O
m

ic
ro

n
 
B
Q
.1
.1
 
in
fe
ct
io
n
 
n
eu

tr
al
iz
at
io
n
 
ca

p
ac

it
y 

B
ef
or

e 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
20

.0
 
( 0
.0
–2

3.
9 )
 

37
.1
 
( 5
.0
–2

50
.6
 ) 

0.
0 
( 0
.0
–2

0.
0 )
 

.2
5 

.1
7 

.0
55

 

A
ft
er

 
fo
u
rt
h
 
va

cc
in
at
io
n
 
( I
C
50

 ) 
89

.1
 
( 2
0.
0–

15
3.
4 )
 

24
3.
3 
( 1
22

.3
–2

01
8.
7 )
 

20
.0
 
( 2
0.
0–

12
9.
6 )
 

.0
27

 
.3
4 

.0
21

 

6-
m

on
th

 
fo
ll
ow

-u
p
 
( I
C
50

 ) 
20

.0
 
( 0
.0
–2

0.
0 )
 

20
4.
1 
( 4
0.
3–

25
7.
0 )
 

36
4.
6 
( 2
5.
1–

18
79

.0
 ) 

<
 .0
01

 
<
 .0
01

 
.1
3 

P -
va

lu
es
 
p
re
se

n
t 
th

e 
re
su

lt
s 
of
 
gr
ou

p
-w

is
e 
co

m
p
ar

is
on

s 
of
 
n
aï
ve

 
an

d
 
ea

rl
y,
 
n
aï
ve

 
an

d
 
la
te
 
an

d
 
ea

rl
y 
an

d
 
la
te
 
SA

R
S-
C
oV

-2
-i
n
fe
ct
ed

 
H
D
 
p
at
ie
n
ts
. E

ar
ly
 
in
fe
ct
io
n
 
is
 
d
efi

n
ed

 
as
 
a 
SA

R
S-
C
oV

-2
 
in
fe
ct
io
n
 
be

fo
re
 
th

e 
se

co
n
d
 
bl
oo

d
 
sa

m
p
le
 

( i
.e
. a

ft
er
 
th

e 
fo
u
rt
h
 
va

cc
in
at
io
n
 ) a

n
d
 
la
te
 
in
fe
ct
io
n
 
is
 
d
efi

n
ed

 
as
 
an

 
in
fe
ct
io
n
 
d
u
ri
n
g 
th

e 
6-
m

on
th
 
fo
ll
ow

-u
p
 
( i
.e
. a

ft
er
 
th

e 
se

co
n
d
 
bl
oo

d
 
sa

m
p
le
 ) . 

V
al
u
es
 
in
 
bo

ld
 
ar
e 
st
at
is
ti
ca

ll
y 
si
gn

ifi
ca

n
t.
 



2458 L. Platen et al .

Figure 6: NAb titres before and after the fourth vaccination in infection-naïve patients and patients with SARS-CoV-2 breakthrough infections early and late after 
vaccination. HD patients who had experienced a breakthrough infection after the third vaccination until a median of 26 days after the fourth vaccination were grouped 
as early infection ( early ) and compared with those experiencing no infection and those experiencing an infection after the second blood examination taken a median of 

26–191 days after the fourth vaccination ( late ) . ( A ) BAU/ml according to the WHO standard using a competitive surrogate NAb assay. ( B–D ) The IC50 titres in a real-virus 
neutralization assay with SARS-CoV-2 Omicron VoC ( B ) BA.1, ( C ) BA.5 and ( D ) BQ.1.1. Brown, grey and green indicate neutralizing immunity of infection-naïve, early- 
infected and late-infected patients, respectively. Statistical analysis was performed using unpaired and paired samples Wilcoxon tests. P -values indicate statistical 

significance between groups. For unpaired analyses, only significant P -values are shown. For better comparability, the y -axis changes its linear scale at 2700 in ( C ) . 
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ompared with the median and IQR values of their respective
roups. 

Finally, some limitations must be mentioned. We focused 
ur analyses on the most relevant VoC for Germany. Our results
re not generalizable to other variants, such as the recently de-
cribed Omicron XBB.1.5 VoC with emerging prevalence in the 
SA. This variant has been associated with immune escape and
neffectiveness of established antibody treatments [ 6 ] and even
eems to have additional immune escape potential when com- 
ared with the BQ1.1 VoC [ 26 ]. However, a more detailed analysis
n patient cohorts is lacking. 

ONCLUSION 

n conclusion, we found a significantly reduced immune re- 
ponse against the recent SARS-CoV-2 VoC in HD patients. Low
erum neutralization capacity within 3 months after a third vac-
ination could not prevent Omicron breakthrough infection. In 
ddition, we found a rapid waning of immunity within 6 months
fter a fourth vaccination in SARS-CoV-2-naïve patients that was 
ot detected after an Omicron breakthrough infection. There- 
ore, another booster vaccination with an Omicron-adapted 
accine seems reasonable in HD patients without a SARS- 
oV-2 infection. Furthermore, close monitoring of circulating 
ARS-CoV-2 variants will be necessary to identify those confer- 
ing an increased risk for HD patients. 

UPPLEMENTARY DATA 

upplementary data are available at ckj online. 
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