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SUMMARY

SARS-CoV-2Omicron quickly spread globally, also in regions with high vaccination coverage, emphasizing
the importance of exploring the immunological requirements for protection against Omicron break-
through infection.
The test-negativematched case-control study (N = 964) characterizedOmicron breakthrough infections in
triple-vaccinated individuals from the ENFORCE cohort. Within 60 days before a PCR test spike-specific
IgG levels were significantly lower in cases compared to controls (GMR [95% CI] for BA.2: 0.83
[0.73–0.95], p = 0.006). Multivariable logistic regression showed significant associations between high
antibody levels and lower odds of infection (aOR [95% CI] for BA.2 spike-specific IgG: 0.65 [0.48–0.88],
p = 0.006 and BA.2 ACE2-blocking antibodies: 0.46 [0.30–0.69], p = 0.0002). A sex-stratified analysis
showed more pronounced associations for females than males.
High levels of vaccine-induced antibodies provide partial protection against Omicron breakthrough infec-
tions. This is important knowledge to further characterize a threshold for protection against new variants
and to estimate the necessity and timing of booster vaccination.

INTRODUCTION

In late 2019, the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged and caused the outbreak of the coronavirus

disease 2019 (COVID-19) pandemic. Global administration of expeditiously developed vaccines has been of significant importance in con-

trolling the health impact of the pandemic.1 The SARS-CoV-2 Omicron variant (B.1.1.529) was discovered in South Africa in November

2021 and quickly spread, creating a new global challenge for pandemic control. The Omicron variant has more than 30 mutations in the spike

protein, increasing evasion from existing neutralizing antibodies and exhibiting higher transmissibility compared to previous variants.2 Thus,

while vaccine-induced immunity continues to prevent severe disease, breakthrough infections are more likely to occur with Omicron

compared to previous viral variants.2–5 We and others have shown that high levels of vaccine-induced antibodies provide protection against

infection with past variants.6–11 However, the association between vaccine-induced antibodies and breakthrough infection is less clear for
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Omicron.12–18 Consequently, there is a critical need for a better understanding of the protection elicited by vaccine-induced antibodies

against Omicron variants.

The objective of the present studywas to characterize vaccine-induced immunity amongmonovalent triple-vaccinated individuals from the

DanishNational Cohort Study of Effectiveness and Safety of SARS-CoV-2 vaccines (ENFORCE) and to evaluate how vaccine-induced immunity

may provide protection against Omicron breakthrough infection. Omicron spike-specific immunoglobulin G (IgG) levels and angiotensin-

converting enzyme 2 (ACE2)-blocking antibody titers were evaluated in samples collected prior to a positive (case) or negative (control) po-

lymerase chain reaction (PCR) test. Lastly, pre-to post-infection nucleocapsid IgG levels among cases were determined to investigate

seroconversion.

RESULTS

From the ENFORCE cohort, a total of 482 breakthrough infection cases were selected and matched with 482 uninfected controls (Figures 1A

and S1). Both cases and controls had a median age of 64 years (IQR: [56–73] and [57–74], respectively) with 197 males (40.9%) and 285 females

(59.1%) in each group. The demographic characteristics of the study participants are shown in Table 1. The prevalence of comorbidities was

Figure 1. Study design and inclusion of participants

(A) Schematic overview of the ENFORCE study design with focus on inclusion of study participants for evaluation of Omicron breakthrough infections. All study

participants had received a third vaccine dose and completed a subsequent study visit maximum 60 days prior to a positive (case) or negative (control) PCR test.

(B) Illustration of the proportion of SARS-CoV-2 variants (Omicron BA.1 and Omicron BA.2) in Denmark from January 1st to May 1st 2022 and the number of PCR

positive study cases included by PCR date.
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higher among controls compared with cases (28.3% in controls and 17.2% in cases) and the timing of the study visits relative to the PCR tests

also differed slightly between cases and controls (median [IQR]: 36 days [25–50] and 29 days [18–42], respectively). All participants had

received three monovalent vaccine doses (three doses of Pfizer-BioNTech [n = 240, 49.8%], Moderna [n = 207, 42.9%], or one dose of

AstraZeneca and two doses of an mRNA vaccine [n = 35, 7.3%]). All participants had blood sampled at a study visit median 29 days after

the third vaccine dose (IQR: [27–33] and [27–32], respectively) which was used to measure antibody levels. The frequency of PCR testing

for cases and controls was comparable from first vaccination until May 1st, 2022 (median [IQR]: 6 [3–12] and 5 [3–10], respectively). Based

on PCR test date, 9.3%of cases were estimated to beOmicronBA.1 breakthrough infections and 90.2%were estimated to be BA.2 (Figure 1B).

High levels of spike-specific IgG and ACE2-blocking antibody titers were associated with lower odds of Omicron

breakthrough infection

Significantly lower spike-specific IgG levels were observed among cases compared to controls for SARS-CoV-2wildtype andOmicron variants

BA.1 and BA.2 (GM ratio cases-to-controls [95% CI] for wildtype: 0.84 [0.75–0.95], BA.1: 0.84 [0.74–0.96], and BA.2: 0.83 [0.73–0.95]) (Figure 2A

and Table 2). Multivariable logistic regression was used to analyze the association between antibody levels and the risk of Omicron break-

through infection after adjusting for the matched variables: age group, sex, vaccine, and study visit, and the unmatched variables: vaccine

priority group, CCI, visit year, time from study visit to PCR test, and time from third vaccine dose to PCR test. Higher levels of wildtype

spike-specific IgG were associated with 40% lower odds of breakthrough infection (aOR [95% CI]: 0.60 [0.43–0.85] per log10-fold increase).

Similar associations were observed for spike-specific Omicron BA.1 and BA.2 IgG levels (0.69 [0.51–0.93] and 0.65 [0.48–0.88], respectively)

(Table 2).

ACE2 data were not treated as continuous, due to many samples reaching the assay’s detection limit, particularly for wildtype. Thus, the

data were split into quintiles. The highest quintiles that reached the assay’s upper detection limit were subsequently grouped together

(Table S1). In multivariate logistic regression, we observed significant associations with both wildtype and Omicron BA.1 and BA.2 ACE2-

blocking antibodies, and risk of Omicron breakthrough infection. Participants with moderate titers (377–1000 AU/mL) of wildtype antibodies

had 15% lower odds of breakthrough infection compared to participants with the lowest antibody titers (<377 AU/mL) (aOR [95% CI]:

0.85 [0.47–1.53]), while those with the highest titers (>1000 AU/mL) were 40% less likely to have a breakthrough infection (0.60 [0.42–0.87],

Table 1. Demographics of study participants

Cases (n = 482) Controls (n = 482) p-value

Age at enrollment (median, IQR) 64 (56–73) 64 (57–74) 0.40

Age group (n, %)* NA

<55 100 (20.7) 100 (20.7) .

55–65 152 (31.5) 152 (31.5) .

>65 230 (47.7) 230 (47.7) .

Sex (n, %)* NA

Male 197 (40.9) 197 (40.9) .

Female 285 (59.1) 285 (59.1) .

Vaccine (n, %)* NA

Pfizer-BioNTech 240 (49.8) 240 (49.8) .

Moderna 207 (42.9) 207 (42.9) .

AstraZeneca/mRNA 35 (7.3) 35 (7.3) .

Study visit (n, %)* NA

28 days after 3rd dose 470 (97.5) 470 (97.5) .

Up to 170 days after 3rd dose 12 (2.5) 12 (2.5) .

Charlson Comorbidity Index (n, %) <0.0001

0 399 (82.8) 346 (71.8) .

1–2 78 (16.2) 115 (23.9) .

>2 5 (1.0) 21 (4.4) .

Days from 3rd vaccine to study visit (median,

IQR)

29 (27–33) 29 (27–32) 0.045

Days from study visit to PCR test (median, IQR) 36 (25–50) 29 (18–42) <0.0001

The demographic characteristics of the cases (n = 482) and controls (n = 482). The categorical variables are described as number of participants (n) and the per-

centage (%), while the continuous variables are described as themedian and the interquartile range (IQR). Thematched variables are indicated with an asterisk (*).
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p value: 0.0184). Similarly, for Omicron-specific ACE2-blocking antibodies, participants with higher antibody titers were less likely to have a

breakthrough infection compared to participants with the lowest titers (BA.1: 0.68 [0.44–1.06], 0.52 [0.33–0.82], and 0.44 [0.28–0.70] for 50–103

AU/mL, 103–218 AU/mL, and >218 AU/mL, respectively, p value: 0.0004. BA.2: 0.74 [0.47–1.15], 0.54 [0.26–1.11], and 0.46 [0.30–0.69] for 193–

681 AU/mL, 681–1000 AU/mL, and >1000 AU/mL, respectively, p value: 0.0002). However, there was no difference between low antibody titers

(BA.1: 21–50 AU/mL and BA.2: 60–193 AU/mL) and the lowest titers (BA.1: <21 AU/mL and BA.2: <60 AU/mL) (BA.1: 1.02 [0.65–1.58] and BA.2:

1.01 [0.65–1.56]) (Figure 2B). Results were consistent in sensitivity analysis using conditional logistic regression and only adjusting for the un-

matched variables (data not shown).

For an unmatched subpopulation of the study cohort (Table S2), we assessed spike-specific CD4+ and CD8+ T cell frequencies. No sig-

nificant differences between cases and controls were observed (Figure S2A).

Association between high levels of vaccine-induced antibodies and lower odds of Omicron breakthrough infection were

more pronounced in females than males

To investigate whether sex had an influence on protection from breakthrough infection, the comparison of spike-specific IgG levels and

ACE2-blocking antibody titers was stratified by sex (Table S3). Compared with female controls, female cases had significantly lower spike-

specific IgG levels (GM ratio cases-to-controls [95% CI] for wildtype: 0.76 [0.65–0.89]), BA.1 (0.84 [0.74–0.96]), and BA.2 (0.83 [0.73–0.95])).

In contrast, no significant differences were observed for either variant between male cases and male controls (wildtype: 0.98 [0.82–1.18],

BA.1: 1.02 [0.83–1.26], and BA.2: 0.99 [0.81–1.21]) (Figure 3A and Table S4). Multivariable logistic regression also revealed that higher levels

Figure 2. High levels of spike-specific IgG and ACE2-blocking antibody titers were associated with lower odds of Omicron breakthrough infection

(A) Comparison of spike-specific IgG levels (AU/mL) quantified at a study visit prior to a positive (cases, n = 482) or negative PCR test (controls, n = 482) showing

the geometric mean and 95% CI. SARS-CoV-2 variants from left to right: Wildtype (Wuhan-Hu-1), Omicron BA.1, and Omicron BA.2. * = p % 0.05 and ** =

p < 0.01.

(B) Multivariable logistic regression showing the adjusted odds ratios (aORs) and 95% CI for breakthrough infection for ACE2-blocking antibody titers in tertiles

(wildtype) or quintiles (Omicron variants). The analysis adjusts for thematched variables: age group, sex, vaccine, and study visit, and for the unmatched variables:

vaccine priority group, Charlson comorbidity index (CCI), visit year, days from study visit to PCR test, and days from third vaccination to PCR test.
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of spike-specific IgG were associated with significantly lower odds of breakthrough infection among females (aOR [95% CI] for wildtype: 0.49

[0.31–0.77], BA.1: 0.52 [0.34–0.79], and BA.2: 0.53 [0.35–0.79]), but not among males (wildtype: 0.84 [0.49–1.45], BA.1: 1.00 [0.63–1.58], and

BA.2: 0.88 [0.55–1.43]) (Table S4).

Multivariable logistic regression was also used to investigate the association between ACE2-blocking antibodies and the risk of Omicron

breakthrough infection, stratified by sex. For females, an association was found for both wildtype andOmicron variants, consistent with spike-

specific IgG levels. Formales, an association betweenACE2-blocking antibodies and lower odds of breakthrough infectionwas only found for

participants with the highest antibody titers compared to participants with the lowest antibody titers for Omicron BA.1 and BA.2 (Figure 3B).

Nucleocapsid-specific IgG seroconversion following breakthrough infection was not correlated with vaccine-induced

immunity

To investigate whether nucleocapsid seroconversion after viral infection was impacted by vaccine-induced immunity, nucleocapsid-specific

IgG levels were quantified post infection (median of 114 days after positive PCR test [IQR: 101–126]). Samples were available for 457 cases of

which 96.9% (n = 443) seroconverted post breakthrough infection (Figure 4A).

Disease severity has been shown to increase the levels of humoral and cellular immunity inducedby infection and thereby leading to higher

levels of nucleocapsid seroconversion. Therefore, we evaluated whether nucleocapsid-specific antibody levels post infection correlated with

vaccine-induced immunity.19,20 No clear correlations were found between nucleocapsid-specific IgG levels post infection, and spike-specific

IgG levels and ACE2-blocking antibody titers prior to infection (r = 0.11 and r = 0.12, respectively) (Figure 4B). Nucleocapsid-specific IgG

levels post infection did also not correlate with spike-specific CD4+ or CD8+ T cells prior to infection (Figure S2).

DISCUSSION

In this test-negative matched case-control study, we evaluated humoral immune responses in a large triple-vaccinated cohort to investigate

the immunological requirements for protection against Omicron breakthrough infection. Higher vaccine-induced antibody levels were found

to be associated with lower odds of breakthrough infection. A sex-stratified analysis revealed that this association was consistent and clear for

females while the association was unclear or absent for males. In addition, we demonstrated nucleocapsid seroconversion in almost all cases

and we found no correlation between vaccine-induced immunity and nucleocapsid seroconversion.

In this study, we report the protection of humoral vaccine-induced immunity against Omicron breakthrough infection in a large test-nega-

tive matched case-control study with antibody levels measured within 60 days before infection. Identification of an immune correlate of pro-

tection against SARS-CoV-2 infection is of major importance to navigate the effects of waning immunity, the necessity and timing of booster

vaccination, and whether vaccinated individuals remain protected from infection. Several studies have shown associations between vaccine-

induced antibodies and protection from breakthrough infection with previous SARS-CoV-2 variants, including wildtype, Alpha, and Delta,7–16

but only very few studies have reported similar association for Omicron variants.17,18We observed significantly higher spike-specific IgG levels

and ACE2-blocking antibody titers in controls compared to cases for both wildtype and Omicron variants, that remained after adjusting for

demographic differences, demonstrating a significant impact of vaccine-induced immunity against Omicron breakthrough infection. Still,

there was not a defining protective threshold, indicating confounding factors, such as the combined impact of the immune system, gene var-

iations, the level of societal infections or lifestyles, which would need additional investigations. Nonetheless, the data support the general

assumption of high antibody titers eliciting protection against SARS-CoV-2 infection and suggest an inverse correlation between antibody

levels and odds of breakthrough infection for all viral variants.

High levels of SARS-CoV-2-specific CD4+ and CD8+ T cells have been correlated to a mild COVID-19 disease course.21 The cellular data

presented in this study did not show a direct correlation between T cell levels and protection against breakthrough infection. Still, others have

Table 2. High levels of spike-specific IgG were associated with lower odds of Omicron breakthrough infection

Variant n

Geometric Mean

Adjusted

Odds Ratio

Cases

95% CI

Controls

95% CI

GM ratio

95% CI p-value

aOR

95% CI p-value

Wildtype 481 1,744,920

1585978–1919791

2,075,195

1897717–2269271

0.84

0.75–0.95

0.005 0.60

0.43–0.85

0.003

Omicron BA.1 482 507,775

459492–561132

601,740

542144–667888

0.84

0.74–0.96

0.012 0.69

0.51–0.93

0.015

Omicron BA.2 481 464,534

421169–512365

558,175

503889–618309

0.83

0.73–0.95

0.006 0.65

0.48–0.88

0.006

Quantification of spike-specific IgG levels prior to a positive (case) or negative PCR test (control) showing the geometric mean (GM) with 95% CI and GM ratio

cases-to-controls. Multivariable logistic regression showing the adjusted odds ratios (aORs) and 95% CI for breakthrough infection for a log10-fold increase of

spike-specific IgG levels. The analysis adjusts for the matched variables: age group, sex, vaccine, and study visit, and for the unmatched variables: vaccine priority

group, Charlson comorbidity index (CCI), visit year, days from study visit to PCR test, and days from third vaccination to PCR test.
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shown a rapid end extensive recall of SARS-CoV-2-specific T cells upon breakthrough infection which may aid in protection of viral

replication.22

The study included participants infected from January 1st to May 1st 2022, where Omicron variants BA.1 and BA.2 were predominant in

Denmark and worldwide. During the inclusion period, societal transmission levels in Denmark were soaring. Especially in February 2022,

where around 7,500 PCR-confirmed cases per 1million people were registered daily, as well as a PCR test positivity rate of�30%.23 Increasing

transmission of SARS-CoV-2 in society is highly correlatedwith increasing risk of breakthrough infection.14 The high antibody levels associated

with lower odds of breakthrough infection in this study, may therefore be higher than the antibody levels needed to stay protected from infec-

tion during periods with lower societal transmission levels of SARS-CoV-2.

Many studies have shown sex-based differences in immunity following vaccination and infection. One such difference is the observation of

increased antibody production elicited by vaccination in females compared to males.24 Susceptibility to SARS-CoV-2 infection seems to be

similar in males and females, while higher severity andmortality rates are observed for males.25–27 ACE2 is the receptor utilized by SARS-CoV-

2 to enter cells, and different expression patterns of ACE2 in the respiratory tract inmales and femalesmay add to the sex-based differences in

susceptibility to infection and mortality, interplaying with the sex-based differences in the immune system.28–30 In this study, a sex-stratified

analysis showed that both spike-specific IgG levels and ACE2-blocking antibody titers act as an immune marker of protection against Om-

icron breakthrough infection for females, while only high ACE2-blocking antibody titers showed protection against infection for males. This

Figure 3. Association between high levels of vaccine-induced antibodies and lower odds of Omicron breakthrough infection were more pronounced in

females than to males

(A) Comparison of spike-specific IgG levels (AU/mL) quantified at a study visit prior to a positive (case) or negative (control) PCR test stratified by sex showing the

geometric mean and 95% CI (n = 285 females and n = 197 males). SARS-CoV-2 variants from left to right: Wildtype (Wuhan-Hu-1), Omicron BA.1, and Omicron

BA.2. *** = p < 0.001.

(B) Multivariable logistic regression showing the adjusted odds ratios (aORs) and 95% CI for breakthrough infection for ACE2-blocking antibody titers in tertiles

(wildtype) or quintiles (Omicron variants) stratified by sex. The analysis adjusts for the matched variables: age group, sex, vaccine, and study visit, and for the

unmatched variables: vaccine priority group, Charlson comorbidity index (CCI), visit year, days from study visit to PCR test, and days from third vaccination to

PCR test.
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may partially be explained by small differences in age compositions of our study cohort, with a higher percentage of male participants >65

years of age (56.3% males compared to 41.8% females). Additionally, this may link to the sex-based difference in ACE2 expression.28–30 A

study has reported that males maintain innate immunity, but have a more rapid decline of adaptive immunity with increasing age compared

to females.31 Another consideration is the type of antibodies quantified. In this study, a sex-based difference in vaccine-induced immunity and

protection from infection was discovered with antibody levels as a strong immune marker of protection for females, while males may have

additional immunological components impacting protection against infection. These observations further emphasize the need of sex-strat-

ifying analyses when investigating vaccine-induced immunity.

Previous studies have shown that disease severity and high viral loads were associated with increased humoral and cellular immune re-

sponses.19,20,32 SARS-CoV-2 vaccination has been demonstrated to provide substantial protection against severe disease and to reduce

the infectious viral load significantly, bringing into question whether vaccine-induced immunity reduces seroconversion following infec-

tion.33,34 In this study, we did not find a negative correlation between vaccine-induced immunity and infection-induced seroconversion. In

contrast, we observed a very weak positive correlation between vaccine-induced antibodies and infection-induced nucleocapsid-specific an-

tibodies, which may reflect a general correlation between the ability to produce antibodies following vaccination and seroconversion upon

infection.

Our study had several strengths. Thematched case-control study design eliminated many demographic discrepancies and focused exclu-

sively on vaccine-induced immunity. The risk of including participants with an undetectedprior infectionwas reducedby examination of nucle-

ocapsid-specific IgG seroconversion prior to first vaccination and at the study visit. Additionally, the criteria of a documented negative PCR

Figure 4. Nucleocapsid-specific IgG seroconversion following breakthrough infection was not correlated with vaccine-induced immunity

(A) Nucleocapsid-specific IgG levels (AU/mL) prior to and post breakthrough infection for cases (n = 457). Seroconversion is defined by nucleocapsid-specific

antibodies >3,000 AU/mL and a 2-fold increase.

(B) Spearman correlations between infection-induced nucleocapsid-specific IgG (AU/mL), and vaccine-induced spike-specific IgG (AU/mL) (Wuhan-Hu-1) and

ACE2-blocking antibodies (AU/mL) (Wuhan-Hu-1).
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test for controls secured a similar behavioral testing pattern during the pandemic for both groups. The quantification of antibody levels, within

60 days prior to breakthrough infection, placed a suitable time frame to display clinical outcomes. Furthermore, the studywas able tomeasure

both wildtype- and Omicron-specific antibodies.

In conclusion, our study described an inverse correlation between vaccine-induced antibodies and risk of Omicron breakthrough infection.

This supports the general assumption of vaccine-induced antibodies as an immunemarker of protection against SARS-CoV-2 infection for all

viral variants, including Omicron BA.1 and BA.2. The inverse correlation may extend to other sub-lineages of Omicron, such as BA.5, BA.2.75,

BQ.1, and XBB, although the required protective antibody levels may be higher, since these sub-lineages have more enhanced immune-

evasion capacities than previous Omicron variants. Overall, further research into vaccine-induced antibodies and breakthrough infections

is important to characterize a threshold for protection against infection and to estimate the necessity and timing of booster vaccination to

remain protected.

Limitation of the study

This study focused onOmicron-specific antibody levels to protect against Omicron breakthrough infection.We utilized a platformmeasuring

multiple variant-specific antibodies in a single well, requiring one dilution of the sample. This introduced a saturation of the signal for wildtype

antibodies. This limitation can be observed for bothMSD assays, but particularly the ACE2 assay. Neutralizing antibody titers were quantified

by the MSD ACE2 assay, which was preferred over the usage of the more laborious pseudovirus neutralization assay, as we have previously

shown a very strong correlation between ACE2-blocking antibodies measured by MSD assays and neutralizing titers measured by pseudo-

virus neutralization assays.6 Our study also had a few other limitations. Even with the matched study design, some variation was still present in

the cohort, including the number of individuals with comorbidities. Individuals with comorbidities are generally considered to be at a higher

risk of infection, since a diminished humoral response has been associatedwith comorbidities.24 Even so, in our study cohort, there weremore

controls with comorbidities compared to cases, indicative of a preventive behavioral pattern among high-risk populations. Another drawback

of the study was the limited number of participants who donated PBMCs for the evaluation of T cell immunity. T cell-mediated immunity may

be particularly important for providing protection against infection over time.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Astrid Hvidt

(asthvi@rm.dk).

Materials availability

Samples from the ENFORCE cohort may be made available to researchers upon approval of an application to the ENFORCE scientific steer-

ing committee and further approval by relevant authorities. Applications for material must be sent to enforce.rigshospitalet@regionh.dk. The

ENFORCE protocol is available at www.enforce.dk and more detailed information about material access may be found at https://chip.dk/

Research/Studies/ENFORCE/Study-Governance.

Data and code availability

d The data reported in this study cannot be deposited in a public repository. Data is restricted to protect the privacy of the study partic-

ipants in this cohort. Data from the ENFORCE cohort may be made available to researchers upon approval of an application to the

ENFORCE scientific steering committee and further approval by relevant authorities. Applications for data must be sent to enforce.

rigshospitalet@regionh.dk. If approval is granted data will be provided as deidentified data. The ENFORCE protocol is available

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3- PerCP-Cy5.5 Biolegend CAT#BL344808; RRID: AB_10640736

CD4-BV650 Biolegend CAT#BL300536; RRID: AB_2632791

CD8-BV605 Biolegend CAT#BL301040; RRID: AB_2563185

CD69-APC Biolegend CAT#BL310910; RRID: AB_314845

OX40-BV421 Biolegend CAT#BL350014; RRID: AB_2564184

41BB-PE Biolegend CAT#BL309804; RRID: AB_314783

Chemicals, peptides, and recombinant proteins

LIVE/DEAD-APC-H7 Invitrogen CAT#L34976

Brilliant Stain Buffer BD CAT#566349

PepMixTM SARS-CoV-2 (Swiss-Prot ID: P0DTC2) JPT CAT#PM-WCPV-S-2

Critical commercial assays

V-PLEX SARS-CoV-2 Panel 25 (IgG) kit Meso Scale Discovery CAT#K15583U-2

V-PLEX SARS-CoV-2 Panel 25 (ACE2) kit Meso Scale Discovery CAT#K15586U-2

V-PLEX SARS-CoV-2 Panel 2 (IgG) kit Meso Scale Discovery CAT#K15383U-2

Software and algorithms

MESO QuickPlex SQ 120MM Meso Scale Discovery https://www.mesoscale.com/en/products_and_services/

instrumentation/quickplex_sq_120mm

Discovery Workbench Software (version 4.0) Meso Scale Discovery https://www.mesoscale.com/en/products_and_services/software

MACSQuant Analyzer 16 Flow Cytometer Miltenyi Biotec https://www.miltenyibiotec.com/DK-en/products/

macsquant-analyzer-16.html

FlowJo� Software (version 10.8.1) BD Biosciences https://www.flowjo.com/

SAS Studio Software (version 9.4) SAS Studio https://www.sas.com/

R Software (version 4.2.2) R CRAN https://www.r-project.org/

RStudio Desktop (version 2022.07.2) Posit https://posit.co/download/rstudio-desktop/

BioRender BioRender https://www.biorender.com/
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at www.enforce.dk and more detailed information about data access may be found at https://chip.dk/Research/Studies/ENFORCE/

Study-Governance.

d This paper does not report original code. Requests for code should be directed to the lead contact.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The Danish National Cohort Study of Effectiveness and Safety of SARS-CoV-2 vaccines (ENFORCE) was designed as an open-label, non-ran-

domized, parallel group, phase IV study.35 The study enrolled adults prior to their first vaccination offered through the Danish vaccination

program (clinicaltrails.gov, identifier: NCT04760132). From February to August 2021, 6,943 individuals were enrolled at seven study sites

that covered all five Danish regions. The study enrolled 3,014 males (43.4%) and 3,929 females (56.6%) with a median age of 64 years (IQR:

53, 75). Information on ancestry, race, and/or ethnicity has not been considered in this study. The study protocol was approved by the Danish

Medicines Agency (#2020-006003-42) and the National Committee on Health Research Ethics (#1-10-72-337-20). All participants provided

written informed consent.

Study design and study population

In this test-negative matched case-control study, participants were selected from the ENFORCE cohort. Cases were defined as individuals

that had: 1) a positive SARS-CoV-2 PCR test between January 1st and May 1st 2022, 2) a study visit within 60 days prior to the PCR test,

and 3) received a third vaccination prior to the PCR test and >20 days prior to the study visit. Controls were defined by the same

criteria but with the requirement of a negative PCR test (Figure 1A). Individuals with a previous SARS-CoV-2 infection were excluded.

Previous infection was defined as: 1) previously PCR- or antigen-test positive, 2) spike Ig positive prior to first vaccination, or 3) serocon-

version prior to first vaccination (nucleocapsid-specific IgG >3,000 AU/mL). To ensure exclusion of previous infections, nucleocapsid-spe-

cific IgG at the study visit had to be less than double the value prior to first vaccination and %3,000 AU/mL. Recipients of a fourth vaccine

dose during the inclusion period were also excluded (Figure S1). Controls and cases were matched 1:1 by age, sex, vaccine, and study visit.

Data collection

Information on age, sex, medical history, vaccination dates, and vaccine were collected prior to first vaccination and confirmed by the Danish

National Patient Registry and the Danish Vaccination Registry. SARS-CoV-2 infections were confirmed by positive PCR (data from the Key In-

fectiousDiseases Systemdatabase and theDanishNational Microbiology database). In Denmark, the capacity of standard variant sequencing

of viral isolates was saturated by the endof December 2021, due to the extensive increase in positive PCR tests. Consequently, less than 10%of

the viral isolates were sequenced during the following time period. This study investigated breakthrough infections from January 1st toMay 1st

2022, whereOmicron BA.1 was the predominant variant during the first weeks of January, after which the BA.2 variant became predominant.36

Blood samples collected at the last study visit prior to the PCR test were used to profile the humoral immune response by quantifying

spike-specific IgG levels and ACE2-blocking antibody titers.

METHOD DETAILS

Profiling of the humoral immune response

Serum levels of spike-specific IgG and ACE2-blocking antibodies against SARS-CoV-2 wildtype (Wuhan-Hu-1) andOmicron variants BA.1 and

BA.2 were quantified by the Meso Scale Discovery (MSD) platform (Meso Scale Diagnostics LLC, Maryland, USA) using panel 25: IgG kit

(K15583U-2) and ACE2 kit (K15586U-2). The assays were performed according to the manufacturer’s protocol. Unspecific antibody binding

was blocked by MSD Blocker A (Cat. No. R93AA-2). Serum samples were diluted 1:100,000 in MSD Diluent 100 (Cat. No. R50-AA3) for IgG

assays and 1:10 for ACE2 assays and run as singlets. For IgG assays, serum samples were incubated along with MSD Reference Standard

1 (Cat. No. C00ADK-2) to establish a calibration curve. At the time of analysis, MSD did not provide a calibration reagent for the ACE2 assays

including Omicron variants. An internal monoclonal antibody calibrator, that bound both wildtype and Omicron spike proteins, was included

for all ACE2 assays. For IgG assays, bound IgG was detected by MSD SULFO-TAG anti-human IgG antibody (Cat. No. D21ADF-3). For ACE2

assays, MSD SULFO-TAG human ACE2 protein (Cat. No. D21ADG-3) was added to the wells before washing to allow ACE2 to compete with

antibody binding to spike. GOLD Read Buffer B (Cat. No. R60AM-2) was added and plates were read on a MESO QuickPlex SQ 120 reader.

Raw data were processed by Discovery Workbench 4.0 Software. Quantifications were reported in arbitrary units per mL (AU/mL).

Serum levels of nucleocapsid-specific IgG against SARS-CoV-2 wildtype (Wuhan-Hu-1) were also quantified by MSD using panel 2: IgG kit

(K15383U-2). The assays were performed according to the manufacturer’s protocol with a serum dilution of 1:5,000. Seroconversion was iden-

tified by: 1) nucleocapsid-specific IgG >3,000 AU/mL and 2) a two-fold increase in nucleocapsid-specific antibodies compared to a previous

study visit.

Profiling of the cellular immune response

For a small subset of participants (controls: n=40, cases: n=33), peripheral bloodmononuclear cells (PBMCs) were donated and used to profile

the cellular immune response by quantifying spike-specific (Wuhan-Hu-1) CD4+ and CD8+ T cells by the activation induced marker (AIM)
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assay.37 Antigen specific T cells were defined as cells that express 2 or 3 activation inducedmarkers. The AIMs used for this study were CD69,

OX40 (CD134), and 41BB (CD137).

Purified PBMCswere stimulated with PepMix� SARS-CoV-2 (JPT peptides product code PM-WCPV-S-2, Swiss-Prot ID: P0DTC2) at 2mg/ml

or Dimethyl sulfoxide (negative control) for 20 h. Following stimulation, cells were washed, stained and run on MACSQuant16 (Miltenyi Bio-

tec). Data was analyzed using FlowJoTM v10.8.1 Software (BD Biosciences).

For viability staining 0.1 ml LIVE/DEAD-APC-H7 (cat# L34976) was diluted in 99.9 ml PBS. The staining master mix contained CD3- PerCP-

Cy5.5 (1 ml, cat# BL344808), CD4-BV650 (2 ml, cat# BL300536), CD8-BV605 (1ml, cat# BL301040), CD69-APC (1ml, cat# BL310910), OX40-BV421

(5 ml, cat# BL 350014), and 41BB-PE (2.5 ml, cat# BL309804) in 52.5 ml Brilliant Stain Buffer (cat# 566349).

QUANTIFICATION AND STATISTICAL ANALYSIS

Demographic characteristics were analyzed by Chi-squared tests (categorical variables) and Wilcoxon rank sum tests (continuous variables).

Spike-specific IgG data were presented with the geometric mean (GM) and error bars showing 95% confidence interval (CI). A paired t-test

was used to compare the log-transformed titers. The mean differences and 95% CI were subsequently exponentiated to give the GM ratios

and 95% CI. Multivariate logistic regression analysis investigated whether antibody levels were associated with breakthrough infection after

adjusting for thematched variables: age group (<55, 55-65, or >65), sex (female ormale), vaccine (Pfizer-BioNTech,Moderna, or AstraZeneca/

mRNA), and study visit (�28 days or up to 170 days after third vaccination), and adjusting for the unmatched variables: vaccine priority group

(general population, individuals at increased risk, or health care workers), Charlson comorbidity index38 (CCI) (0, 1-2, or >2), visit year (2021 or

2022), days from study visit to PCR test, and days from third vaccination to PCR test. Data was presented as a forest plot showing the adjusted

odds ratios (aORs) and 95% CI. ACE2 data were not normally distributed and many samples reached the assay’s detection limit. The ACE2

data were therefore split into quintiles. The assay had an upper detection limit of 1,000 AU/mL and the samples reaching this limit were desig-

nated to the highest quintile. This resulted in the data being presented in five groups for Omicron variants and in three groups for wildtype

(Table S1). ACE2 data were also analyzed by multivariable logistic regression, as described for spike-specific IgG data. To investigate the

robustness of the results, sensitivity analysis using multivariable conditional logistic regression, adjusting for the unmatched variables was

performed. To investigate if the findings were consistent among males and females, sensitivity analysis was conducted to analyze the data

stratified by sex. Spearman’s rank correlation test was used to assess a correlation between infection-induced nucleocapsid-specific anti-

bodies and vaccine-induced spike-specific antibodies and ACE2-blocking antibodies.

P-values %0.05 were considered statistically significant. P-values were denoted as following: *=P%0.05, **=P<0.01, ***=P<0.001, and

****=P<0.0001. Data analysis and visualization was conducted in SAS Studio (version 9.4), R (version 4.2.2), and RStudio Desktop (version

2022.07.2). Schematic overviews of the study were created using BioRender.com.
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