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ABSTRACT Bacillus Calmette-Guerin (BCG) vaccination has been hypothesized to reduce
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, severity, and/or
duration via trained immunity induction. Health care workers (HCWs) in nine Dutch hospi-
tals were randomized to BCG or placebo vaccination (1:1) in March and April 2020 and
followed for 1 year. They reported daily symptoms, SARS-CoV-2 test results, and health
care-seeking behavior via a smartphone application, and they donated blood for SARS-
CoV-2 serology at two time points. A total of 1,511 HCWs were randomized and 1,309 an-
alyzed (665 BCG and 644 placebo). Of the 298 infections detected during the trial, 74
were detected by serology only. The SARS-CoV-2 incidence rates were 0.25 and 0.26 per
person-year in the BCG and placebo groups, respectively (incidence rate ratio, 0.95; 95%
confidence interval, 0.76 to 1.21; P = 0.732). Only three participants required hospitaliza-
tion for SARS-CoV-2. The proportions of participants with asymptomatic, mild, or moder-
ate infections and the mean infection durations did not differ between randomization
groups. In addition, unadjusted and adjusted logistic regression and Cox proportional haz-
ards models showed no differences between BCG and placebo vaccination for any of
these outcomes. The percentage of participants with seroconversion (7.8% versus 2.8%;
P = 0.006) and mean SARS-CoV-2 anti-S1 antibody concentration (13.1 versus 4.3 1U/mL;
P = 0.023) were higher in the BCG than placebo group at 3 months but not at 6 or
12 months postvaccination. BCG vaccination of HCWs did not reduce SARS-CoV-2 infec-
tions nor infection duration or severity (ranging from asymptomatic to moderate). In the
first 3 months after vaccination, BCG vaccination may enhance SARS-CoV-2 antibody pro-
duction during SARS-CoV-2 infection.
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BCG Vaccination to Reduce SARS-CoV-2 Infections

IMPORTANCE While several BCG trials in adults were conducted during the 2019
coronavirus disease epidemic, our data set is the most comprehensive to date,
because we included serologically confirmed infections in addition to self-reported
positive SARS-CoV-2 test results. We also collected data on symptoms for every day
during the 1-year follow-up period, which enabled us to characterize infections in
detail. We found that BCG vaccination did not reduce SARS-CoV-2 infections nor
infection duration or severity but may have enhanced SARS-CoV-2 antibody pro-
duction during SARS-CoV-2 infection in the first 3 months after vaccination. These
results are in agreement with other BCG trials that reported negative results (but
did not use serological endpoints), except for two trials in Greece and India that
reported positive results but had few endpoints and included endpoints that were
not laboratory confirmed. The enhanced antibody production is in agreement with
prior mechanistic studies but did not translate into protection from SARS-CoV-2
infection.

KEYWORDS SARS-CoV-2, COVID-19, Bacillus Calmette-Guerin vaccine, randomized
placebo-controlled clinical trial, health care workers

he Bacillus Calmette-Guerin (BCG) vaccine is a widely used live-attenuated vaccine

against tuberculosis. Routine childhood and/or health care worker (HCW) vaccina-
tion is performed worldwide, except in some countries with a low tuberculosis burden,
including the Netherlands. New interest in BCG has arisen after recent studies showed
that BCG vaccination also has nonspecific protective effects against other respiratory
tract infections due to epigenetic and metabolic reprogramming of innate immune
cells (1, 2). This process is termed “trained immunity.” It was first observed in children
in high-infection prevalence settings (3), but later also in observational studies in
adults (4, 5) and in adults challenged with malaria or live-attenuated yellow fever or
influenza vaccination after BCG vaccination (6-8).

In the first year of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic, testing and contact-tracing capacity, as well as personal protection equipment
supplies, were limited and SARS-CoV-2 vaccines were not yet available. These conditions
raised challenges, especially for HCWs and vulnerable adults. HCWs were burdened with a
high risk of exposure and infection while the demand for medical personnel increased (9-
11), and vulnerable adults were at high risk of hospitalization and death. However, BCG
vaccines were available. In this context, several randomized placebo-controlled BCG trials
with 2019 coronavirus disease (COVID-19) endpoints were initiated during the pandemic
to determine whether BCG vaccination reduced SARS-CoV-2 infection and/or infection se-
verity or duration.

We recently published the results of the BCG-Corona trial in 1,511 Dutch HCWs (12).
The primary endpoint of this trial was absenteeism for any reason. Secondary endpoints
were, among others, participant-reported positive SARS-CoV-2 tests and symptomatic re-
spiratory infections. None of these endpoints differed statistically significantly between the
BCG and placebo groups. However, while participants were instructed to always get tested
in case of COVID-19-like symptoms, they may not always have done so, especially in the
case of mild infections. Furthermore, asymptomatic infections likely went unnoticed. We
therefore also collected blood samples for SARS-CoV-2 antibody testing at 3 to 6 months
and 12 months postvaccination. This uncovered 74 additional infections in addition to the
224 participant-reported infections. Our aim was to determine whether BCG vaccination
compared to placebo vaccination reduced SARS-CoV-2 infection acquisition, severity, and/
or duration using this most comprehensive data set in the field to date, with endpoints
detected by both self-reporting and serology and with daily data on symptoms.

RESULTS

Participant flow and baseline characteristics. Between 24 March and 23 April
2020, 1,526 HCWs were screened and 1,511 were randomized, with 753 HCWs in the
BCG group and 758 in the placebo group (Fig. 1). Participants with less than 80% app
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Participants screened
N=1526
4
Not eligible? (N=13)
Enrollment of participants in app! Declined participation (N=2)
N=1511
Randomization
BCG Placebo
- N=753 N=758
N=523 removed; did not report N=70% removed; did not report
an event during follow-up AND \ an event during follow-up AND
completed less than 80% of completed less than 80% of
diary entries diary entries
N=16 provided no data N=28 provided no data
BCG Placebo
N=685 N=660
N=20 Inconclusive episodes® N=16 Inconclusive episodes®
removed removed
BCG Placebo
N= 665 N= 644
Endline serology® Endline serology®
N=615 N=613
(N=39 episodes detected through (N=35 episodes detected through
serology) serology)
Event: N= 147 Event: N=151
N=117 with date’ N=124 with date’

FIG 1 BCG-Corona Study flow. Footnotes: (1) The first participant was enrolled on 24 March 2020 and the last participant on 23 April 2020. The last day of
follow-up in the app was 27 March 2021, with additional participant information obtained via an online questionnaire to cover the period between 28
March 2021 and the last blood sampling date, if applicable. (2) Thirteen participants were not eligible: pregnancy (N = 4), severely immunocompromised
state (N = 1), malignancy or lymphoma in the last 2 years (N = 1), active viral or bacterial infection (N = 2), recent or expected vaccination (N= 3), not
hospital personnel caring for COVID-19 patient (N = 1), or Mycobacterium tuberculosis infection history (N = 1). (3) Of the 52 participants in the BCG group
removed due to less than 80% diary app completion and no evidence of infection, 19 terminated study participation early at their own request, 10 became
complete nonresponders prior to the end of the study for unknown reasons, 2 went on pregnancy leave, and 21 entered data inconsistently. An additional
16 participants never entered any data in the app. (4) Of the 70 participants in the placebo group removed due to less than 80% diary app completion
and no evidence of infection, 33 terminated study participation early at their own request, 10 became complete nonresponders prior to the end of the
study for unknown reasons, 6 terminated hospital employment, 3 went on pregnancy leave, and 18 entered data inconsistently. An additional 28
participants never entered any data in the app. The percentage of participants that completed less than 80% of the diary entries in the BCG group was not

(Continued on next page)
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completion and no evidence of infection (see Fig. S1 in the supplemental material), or
with inconclusive episodes only, were removed (68 and 20 in the BCG group and 98
and 16 in the placebo group, respectively). The analysis population therefore consisted
of 1,309 participants: 665 in the BCG group and 644 in the placebo group. Of the analy-
sis population, 82.9% in the BCG group and 85.7% in the placebo group provided a
blood sample in the second sampling round. An additional 9.6% and 9.5%, respec-
tively, provided a blood sample in the first but not in the second sampling round.
None of the data availability characteristics differed significantly between the random-
ization groups (Fig. 1).

The majority of the 1,309 participants (74.4%) were female, with no difference between
groups (Table 1). The age of participants ranged between 18 and 67 years, with mean ages
of 41.8 years in the BCG group and 43.2 years in the placebo group. Job-related character-
istics were also similar between groups: 49.3% of the participants were nurses and 53.1%
reported to have direct patient contact at least 75% of their work hours. Household size,
smoking behavior, histories of BCG or recent influenza or other vaccinations, ever having
had a positive tuberculosis test, having had a respiratory tract infection last winter, and
chronic comorbidities were well-balanced between groups. The baseline characteristics of
the analysis population were comparable to those of the entire randomized population
(Table STA). Some significant differences in baseline characteristics were observed between
participants recruited at the three core hospitals versus the six other hospitals, but this did
not affect the BCG-placebo comparisons because randomization was stratified by hospital
(Table S1B). About half of the participants (47.2% in the BCG group and 50.6% in the
placebo group; P = 0.218) received at least one dose of one of five different COVID-19 vac-
cines between 6 January 2021 and the end of follow-up. The time to first COVID-19 vacci-
nation did not differ between the randomization groups (Fig. 2).

Descriptive outcomes by randomization group. SARS-CoV-2 infections over cal-
endar time in the study population mirrored epidemic waves in the Netherlands
(Fig. S2). Only one participant (in the BCG group) reported to have had a positive
SARS-CoV-2 test prior to randomization. A total of 298 infections (not including 4 sec-
ond infections) were detected during the trial, of which 224 were participant reported
and 74 detected by serology only (Table 2). Overall, 147/665 participants (22.1%) in the
BCG group and 151/644 participants (23.4%) in the placebo group experienced an
infection during follow-up (P = 0.608). The SARS-CoV-2 incidence was 0.25 per person-
year in the BCG group and 0.26 per person-year in the placebo group (incidence rate
ratio, 0.95; 95% confidence interval [Cl], 0.76 to 1.21; P = 0.732) (Table S2).

In the BCG and placebo groups, respectively, 0.7% and 1.3% of first infections were
moderate, 73.5% and 76.8% were mild (of which 18.4% and 22.5% were mild and 55.1%
and 54.3% were very mild), and 15.6% and 12.6% were asymptomatic (no statistically sig-
nificant differences) (Table 2). As expected, most symptomatic infections were identified
via participant reporting: 92.0% of mild and 100% of moderate episodes. In contrast, 76.2%
of the asymptomatic episodes were identified by serology only. Fifteen episodes in the
BCG group (10.8%) and 12 in the placebo group (8.3%) reached the long-COVID definition
during follow-up (P = 0.616). In addition, four (2.8%) and eight (5.4%) episodes in the BCG
and placebo groups, respectively, resulted in long-term loss of smell and/or taste (P =
0.431) (Table 2). The mean episode durations of acute episodes (not including long-COVID
or asymptomatic episodes) were 15.4 days (standard deviation [SD], 10.1 days) in the BCG
group and 15.9 days (SD 11.4 days) in the placebo group (P = 0.890) (Table 2, Fig. S3).
None of the different types of symptoms, nor their individual severities, differed between
randomization groups (Table S2).

FIG 1 Legend (Continued)

mBio

statistically different from the percentage in the placebo group (chi-squared P = 0.283). (5) An inconclusive episode was defined as anti-N seropositivity but
not anti-S1 seropositivity at the end of period 2. The precentage of participants that we removed from the BCG group because they had inconclusive
episodes only was not statistically different from the percentage in the placebo group (chi-squared P = 0.599). (6) N is the number of participants that
participated in at least one sampling round at the end of the follow-up (chi-squared p = 0.237). (7) Events with a date were included in all analyses and

events without a date in logistic regressions only.
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TABLE 1 Baseline characteristics of the analysis population by study group

No. (%) with characteristic in:

Characteristic BCG group (N = 665) Placebo group (N = 644) Total (N =1,309) P?
Recruitment site 0.997
Radboud University Medical Center Nijmegen 186 (28.0) 177 (27.5) 363 (27.7)
University Medical Center Utrecht 167 (25.1) 159 (24.7) 326 (24.9)
Noordwest Hospital Alkmaar 148 (22.3) 141 (21.9) 289 (22.1)
Haga Hospital Den Haag 42 (6.3) 40 (6.2) 82 (6.3)
Canisius-Wilhelmina Hospital Nijmegen 31 4.7) 32 (5.0) 63 (4.8)
Sint Maartenskliniek Nijmegen 24 (3.6) 30 (4.7) 54 (4.1)
Leiden University Medical Center 25(3.8) 24 (3.7) 49 (3.7)
Jeroen Bosch Hospital Den Bosch 23 (3.5) 21 (3.3) 44 (3.4)
Erasmus Medical Center Rotterdam 19(2.9) 20 (3.1) 39 (3.0)
Mean (SD) age (yrs)® 41.79 (12.66) 43.21(12.73) 42.49 (12.71) 0.043
Female sex 501 (75.4) 473 (73.4) 974 (74.4) 0.471
Mean (SD) no. of additional household members 1.96 (1.38) 1.86 (1.40) 1.91(1.39) 0.184
Smoking status 0.218
Current 50 (7.5) 45 (7.0) 95(7.3)
Former 213 (32.0) 180 (28.0) 393 (30.0)
Never 402 (60.5) 419 (65.1) 821 (62.7)
Hospital department 0.740
Urgent care 36 (5.4) 39 (6.1) 75 (5.7)
Internal medicine® 110 (16.6) 93 (14.4) 203 (15.5)
Intensive or medium care 64 (9.6) 63 (9.8) 127 (9.7)
Other 455 (68.4) 449 (69.7) 904 (69.1)
Job function 0.507
Doctor 145 (21.8) 149 (23.1) 294 (22.5)
Nurse 329 (49.5) 316 (49.1) 645 (49.3)
Paramedic 112 (16.8) 92 (14.3) 204 (15.6)
Support personnel 79 (11.9) 87 (13.5) 166 (12.7)
Scheduled to work on COVID ward 0.878
No 198 (29.8) 188 (29.2) 386 (29.5)
Yes 425 (63.9) 411 (63.8) 836 (63.9)
Unknown 42 (6.3) 45 (7.0) 87 (6.7)
% work hours with patient contact 0.212
0-25 95 (14.3) 112(17.4) 207 (15.8)
26-50 107 (16.1) 83(12.9) 190 (14.5)
51-75 113 (17.0) 104 (16.1) 217 (16.6)
75+ 350 (52.6) 345 (53.6) 695 (53.1)
History of BCG vaccination 118 (17.8) 108 (16.8) 226 (17.3) 0.694
Past tuberculosis test results? 0.055
Tested negative 447 (67.2) 442 (68.6) 889 (67.9)
Tested positive (either or both) 55 (8.3) 67 (10.4) 122 (9.3)
Never tested 153 (23.0) 133 (20.6) 286 (21.8)
Unknown (both) 10 (1.5) 2(0.3) 12(0.9)
Respiratory infection in winter 2019-2020 0.525
No 483 (72.6) 461 (71.6) 944 (72.1)
Yes, with fever 61(9.2) 52(8.1) 113 (8.6)
Yes, no fever 121(18.2) 131 (20.3) 252(19.3)
Influenza vaccination in winter 2020-2021 0.272
Yes 328 (49.3) 346 (53.7) 674 (51.5)
No 215(32.4) 193 (30.0) 408 (31.2)
Missing 122 (18.3) 105 (16.3) 227 (17.3)

(Continued on next page)
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TABLE 1 (Continued)

No. (%) with characteristic in:
Characteristic BCG group (N = 665) Placebo group (N = 644) Total (N = 1,309) Pe
Any other vaccination in past yr¢ 73(11.0) 63 (9.8) 136 (10.4) 0.537
Current use of antihypertensive medication 46 (6.9) 44 (6.8) 90 (6.9) 1
History of cardiovascular disease 13 (2.0) 17 (2.6) 30(2.3) 0.520
Current use of antidiabetes medication 3(0.5) 4 (0.6) 7 (0.5) 0.966
History of asthma 48(7.2) 43(6.7) 91(7.0) 0.782
History of hay fever 207 (31.2) 174 (27.0) 381 (29.1) 0.115
History of other pulmonary disease 13 (2.0) 16 (2.5) 29 (2.2) 0.643
Any lung disease (previous three combined) 229 (34.5) 202 (31.4) 431 (32.9) 0.262
Positive SARS-CoV-2 test prior to baseline 1(0.2) 0(0.16) 1(0.1) 1
At least 1 dose COVID-19 vaccine during follow-up’ 313 (47.2) 326 (50.6) 639 (48.8) 0.218

aChi-squared tests for categorical variables and Wilcoxon rank sum test for continuous variables.

bThe 1.42 years difference in mean age was statistically significant, but we believe that it was not relevant in this context.

‘Internal medicine includes the pulmonology and infectious disease departments.
9Tuberculosis tests included the Mantoux and/or TB QuantiFERON tests.

€The following other vaccinations were reported: diphtheria-tetanus-pertussis-polio (DTaP-IPV), hepatitis A, hepatitis B, yellow fever, typhoid, rabies, mumps-measles-

rubella, meningococcal, pneumococcal, Haemophilus influenzae type B, Ebola, tick-borne encephalitis, human papillomavirus, and unknown.
In the Netherlands, the SARS-CoV-2 vaccines available during the study period were Spikevax (Moderna Biotech, Cambridge, MA, USA), Comirnaty (Pfizer/BioNTech,

New York, NY, USA), Vaxzevria (AstraZeneca AB, Sodertalje, Sweden), and Jcovden (Janssen Vaccines, Leiden, Netherlands). In addition, one participant received an

experimental vaccine by CureVac N.V. in a clinical trial setting. This vaccine was never marketed due to insufficient efficacy. See Table S1 in the supplemental material for

the number and percentage of participations in each vaccine category by randomization group.

About a quarter of all infections (24.8%) was identified by serology only, and this per-
centage was non-significantly higher in the BCG group in period 1 (50.9%) compared to
the BCG group in period 2 (10.0%) and or to the placebo group in both periods (29.4%
and 19.3%) (Table 2). Seroidentified episodes accumulated faster in the BCG than in the
placebo group (logrank P = 0.002, Fig. 2). The percentage of participants with seroconver-
sion was higher in the BCG group than in the placebo group at month 3 (7.8% versus
2.8%; P = 0.006), but not at month 6 (8.8% versus 7.0%; P = 0.573) or month 12 (13.6% ver-
sus 15.6%; P = 0.401). Similarly, the mean anti-S1 antibody concentration was higher in the
BCG group than in the placebo group at month 3, but there were no differences in anti-S1
or anti-N antibody concentrations between the groups at months 6 or 12 (Table 2).

Logistic regression and Cox proportional hazards models. Unadjusted and adjusted
logistic regression models showed no differences between BCG and placebo vaccina-
tion in cumulative incidence of any SARS-CoV-2 infection or of asymptomatic, mild
(subdivided into mild and very mild), or moderate infections separately (Table 3). No
differences were seen in Cox proportional hazards time-to-first-event models with
these same outcomes, either (Table 3, Fig. 2). Younger age, various job-related charac-
teristics, past BCG vaccination, and current use of hypertension medication were asso-
ciated with increased odds or hazards of acquiring infection (Table S3) and were
retained in all multivariable models (Table 3, Table S4). A larger household size was
associated with increased odds or hazards in some but not all models. In terms of job-
related characteristics, being a nurse or support staff (compared to a doctor), having a
larger percentage of work hours with patient contact, and expectation to work on a
COVID ward were associated with higher odds or hazards of infection or infection se-
verity, and working in the intensive or medium care departments (compared to the
urgent care department) were associated with lower odds or hazards. Recruitment site,
enrollment week, sex, ever having tested positive for tuberculosis, current use of anti-
diabetic medication, history of pulmonary disease, and history of cardiovascular dis-
ease were not associated with an outcome in any of the models. All sensitivity analyses
showed similar results (Tables S5 and S6).

DISCUSSION

This is the most comprehensive analysis of a placebo-controlled BCG trial with
SARS-CoV-2 endpoints to date, including both participant-reported positive tests as
well as serology to identify infections and in-depth characterization of infection
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FIG 2 Time-to-first event curves. Footnotes: (1) Self-reported episodes included proven episodes with and
without seroconversion. (2) Sero-identified episodes included all possible episodes detected through
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episodes using daily symptoms data. Serology detected an additional 74 endpoints on
top of the 224 participant-reported endpoints. Unadjusted and adjusted logistic
regression (cumulative incidence) and Cox proportional hazards (time-to-first-event)
models showed no differences between BCG and placebo vaccination for SARS-CoV-2
infections of any severity, nor for asymptomatic, mild (subdivided into mild and very
mild), or moderate infections separately. Mean infection durations and the proportions
of participants with infections who developed long-COVID or long-term loss of smell
and/or taste did not differ between the randomization groups either.

Our findings corroborated the results of several placebo-controlled BCG trials with
SARS-CoV-2 endpoints. A South African trial in HCWs (N = 1,000) (13) and two Dutch tri-
als in community-dwelling elderly populations (N = 2,014) (14) and vulnerable elderly
populations (N = 6,112) (15) found no differences between BCG and placebo vaccina-
tion in participant-reported positive SARS-CoV-2 tests, COVID-19 hospitalizations or
deaths, or any symptomatic respiratory tract infection in the year following vaccina-
tion. The South African trial did not detect a difference in the cumulative incidence of
SARS-CoV-2 seroconversion either, but it is unclear how seroconversion was defined,
and seroconversions due to natural infection versus COVID-19 vaccination were not
differentiated (13). The ACTIVATE-2 trial in older Greek patients (N = 153) did report a
protective effect of BCG vaccination (odds ratio [OR] 0.32; 95% Cl, 0.13 to 0.79), but the
trial endpoint combined test-confirmed and suspected COVID-19 cases (16). A trial in
India (N = 495) reported a protective effect for suspected COVID-19 cases (OR, 0-38;
95% Cl, 0.20 to 0.72) but not for test-confirmed cases (OR, 1.08; 95% Cl, 0.54 to 2.14)
(17). It has been hypothesized that childhood BCG vaccination and/or latent tuberculo-
sis might modulate BCG-induced trained immunity (18). Childhood vaccination is com-
mon in South Africa, Greece, and India but not in the Netherlands. Latent tuberculosis
is more prevalent in South Africa than in Greece (48.5% and 5.8% in the South African
and Greek trial populations, respectively) (4, 13), and uncommon in the Netherlands. It
therefore seems unlikely that these factors explain the divergent results of the Greek
and Indian versus South African and Dutch trials, but ongoing trials in additional popu-
lations might shed more light on this debate in the future (19, 20). We think that it is
more likely that endpoints based on suspected COVID-19 cases are insufficiently spe-
cific for SARS-CoV-2 infection and that the total number of endpoints in the Greek and
Indian trials was too small to rule out chance (16, 17).

SARS-CoV-2 risk in HCWs increased with the proportion of work hours with patient
contact. This suggests that the risk is mostly due to a high probability of exposure
rather than a higher risk of infection once exposed. Interestingly, working in intensive or
medium care unit was associated with a lower risk of infection than working in urgent
care, which may be related to better infection control measures, including availability of
personal protective equipment, in the former. Using antihypertensive medication was also
consistently associated with higher infection risk. Patients diagnosed with high blood pres-
sure have increased levels of angiotensin-converting enzyme 2 (ACE2), which acts as the
entry receptor for SARS-CoV-2 (21, 22). Whether antihypertensive medication use has an
additional effect is controversial: animal models have suggested an increase in ACE2 in the
respiratory tract due to these medications but an increased SARS-CoV-2 infection risk after
medication initiation has not been confirmed in humans (23, 24). Finally, our data con-
firmed that a substantial proportion of SARS-CoV-2 infections (14.1%) are asymptomatic
and that HCWs are less likely to seek testing for asymptomatic or very mild infections than
for mild or moderate infections.

The BCG-Corona trial was initiated in March 2020, early in the first epidemic wave in
the Netherlands, and therefore captured SARS-CoV-2 exposures and infections in an

FIG 2 Legend (Continued)

serology that could be linked to a symptomatic period and therefore had a known episode infection date.
(3) WHO mild episodes were further subcategorized into very mild and mild episodes (definitions can be
found in Text S1 in the supplemental material). The WHO moderate episodes are not shown in time-to-event

curves because there were only three episodes.
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TABLE 2 Outcomes during follow-up, by randomization group

Outcome BCG (N = 665) Placebo (N = 644) Total (N =1,309) P

Reported a positive test during follow-up, n (%) 108 (16.3) 116 (18.0) 224 (17.1) 0.528

All episodes based on reported tests and serology 147 (22.1) 151 (23.4) 298 (22.8) 0.608

during follow-up, n (%)

Episode severity (WHO definitions), n (%) 0.806
Asymptomatic 23(15.6) 19(12.6) 42 (14.1)

Mild 108 (73.5) 116 (76.8) 224 (75.2)
Moderate 1(0.7) 2(1.3) 3(1.0)
Unknown 15(10.2) 14 (9.3) 29(9.7)

Episode severity with subcategories, n (%)° 0.823

Asymptomatic 23 (15.6) 19 (12.6) 42 (14.1)
Very mild 81 (55.1) 82 (54.3) 163 (54.7)
Mild 27 (18.4) 34 (22.5) 61 (20.5)
Moderate 1(0.7) 2(1.3) 3(1.0)

Unknown 15(10.2) 14 (9.3) 29(9.7)

Long-term loss of smell and/or taste, n (%)¢ 4(2.8) 8(5.4) 12 (4.1) 0.431

Developed long-COVID, n (%)? 15(10.8) 12 (8.3) 27 (9.5) 0.616

Mean (SD) duration of acute episode® 12.24(10.93) 13.38(11.96) 12.84 (11.47) 0.590

Mean (SD) duration of acute episode, excluding 15.44 (10.06) 15.90 (11.40) 15.68 (10.76) 0.890

asymptomatic and long-COVID episodes’

Episode type, n (%) 0.008
Participant-reported with seroconversion 71 (48.3) 78 (51.7) 149 (50.0)
Participant-reported with no seroconversion 12(8.2) 27 (17.9) 39(13.1)

Participant-reported and no serology 25(17.0) 11(7.3) 36 (12.1)
Identified by seroconversion only 39 (26.5) 35(23.2) 74 (24.8)

Period that episode occurred in and data source, n (%)? 0.075, 0.108

Period 1: participant reported 28 (49.1) 24 (70.6) 52(57.1)
Period 1: sero-identified only 29 (50.9) 10 (29.4) 39 (42.9)
Period 2: participant reported 80 (90.0) 92 (80.7) 172 (84.7)
Period 2: sero-identified only 9(10.0) 22 (19.3) 31(15.3)

Unknown period 1(0.7) 3(2.0) 4(1.3)

Antibody results for participants with samples available”

No. (%) with anti-S1 antibodies at mo. 3; total group N 27 (7.8); 344 9(2.8); 325 36 (5.4); 669 0.006
Mean (SD) anti-S1 concn at mo. 3 (IU/mL) 13.05 (64.87) 4.34(23.61) 8.82 (49.50) 0.023
No.’ (%) with anti-S1 antibodies at mo. 6; total group N 21 (8.8); 238 16 (7.0); 229 37 (7.9); 467 0.573
Mean (SD) anti-S1 concn at mo. 6 (IU/mL) 11.37 (50.74) 13.67 (79.57) 12.50 (66.40) 0.709
No/ (%) with anti-S1 antibodies at round 1; total group N 48 (8.2); 582 25 (4.5); 553 73 (6.4); 1,135 0.015
Mean (SD) anti-S1 concn at Round 1 (IU/mL) 12.37 (59.45) 8.21 (54.44) 10.34 (57.08) 0.220
No.* (%) with anti-S1 + anti-N antibodies at round 2; 75 (13.6); 551 86 (15.6); 552 161 (14.6); 1,103 0.401
total group N
Mean (SD) anti-S1 concn at round 2 (IU/mL) 902.51 (2,690.39) 1,007.96 (2,765.13) 955.28 (2,727.32) 0.521
Mean (SD) anti-N concn at round 2 (IU/mL) 17.61 (72.10) 16.28 (68.56) 16.94 (70.32) 0.752

aBased on chi-square test for categorical variables and Wilcoxon rank sum test for means. P values of <0.05 are indicated in boldface.

bWe further subdivided the WHO “mild” category into very mild and mild subcategories (see the definitions in Text S1 in the supplemental material).

Reported stand-alone loss of smell and/or taste for at least 60 days after the end of acute infection episode. The denominators are 141, 149, and 290 for BCG, placebo, and total,
respectively, because 6, 2, and 8 episodes that had not yet reached 60 days of stand-alone loss of smell and/or taste but were ongoing at the end of follow-up were excluded.

9Reported symptoms other than stand-alone loss of smell and/or taste for at least 60 days after the end of acute infection episode. The denominators are 139, 144, and 283
for BCG, placebo, and total, respectively, because 8, 7, and 15 episodes that had not yet reached 60 days of lingering symptoms other than stand-alone loss of smell and/or

taste but were ongoing at the end of follow-up were excluded.

eN = 231 episodes. The following episodes were removed from the calculations: 27 long-COVID cases, 15 episodes that had not yet reached the long-COVID definition but
were ongoing at the end of follow-up, and 25 episodes that could not be matched with one specific symptoms episode and therefore had an unknown episode duration. In

cases of lingering stand-alone loss of smell and/or taste, only the duration of the acute infection episode (with respiratory tract symptoms) was included.

N = 189 episodes. The same episodes as listed under footnote e were removed from the calculations, as were 42 asymptomatic episodes with a duration of 0 days.

9Period 2 data included period 1 if only one sample (at the end of period 2) was taken. Four episodes (one in the BCG group and three in the placebo group) could not be assigned
to a period. The first P value compares the distribution between participant-reported and sero-identified episodes in the BCG and placebo groups during period 1, and the second P
value for episodes in period 2. Four episodes (one in the BCG group and three in the placebo group) could not be assigned to a period and were excluded from both statistical tests.

hN is the total participants in the denominator. Participants who did not volunteer a blood sample at the given sampling round or were not offered blood sampling in their
hospital were removed. Comparison of baseline characteristics between serology cohorts at month 3 (core hospitals) and month 6 (other hospitals) are shown in Table S1B

in the supplemental material.

Includes core hospital participants who had missed their month 3 venipuncture visit and agreed to provide a fingerprick sample at home instead.
JOne participant volunteered a blood sample at both months 3 and 6; however, they were only included once for the round 1 results.
Kincludes participants who had received at least one dose of a COVID-19 vaccine. They were equally distributed among the randomization groups (Table 1; Fig. 2).
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TABLE 3 Logistic regression and Cox proportional hazards models
Statistical models® Covariates OR (95% CI) P value
Logistic regression
Univariate, all episodes BCG vs placebo 0.93 (0.72-1.20) 0.563
Univariate, WHO asymptomatic only BCG vs placebo 1.15(0.62-2.16) 0.654
Univariate, WHO mild only BCG vs placebo 0.89 (0.66-1.18) 0413
Univariate, subcategory very mild only BCG vs placebo 0.94 (0.67-1.31) 0.715
Univariate, subcategory mild only BCG vs placebo 0.76 (0.45-1.27) 0.291
Univariate, WHO moderate only BCG vs placebo 0.48 (0.02-4.98) 0.545
Multivariable model, all episodes® BCG vs placebo 0.85 (0.65-1.12) 0.249
Age (yrs) 0.98 (0.97-0.99) 0.001
Household size (per additional member) 1.10(1.00-1.21) 0.040
Function
Doctor — —
Nurse 1.84(1.26-2.72) 0.002
Paramedic 1.47 (0.90-2.40) 0.120
Support staff 2.11 (1.19-3.71) 0.010
% of work hours with patient contact
0-25 — —
26-50 1.80 (0.99-3.31) 0.077
51-75 1.71(0.95-3.14) 0.056
75+ 247 (1.46-4.31) 0.001
Hospital department
Urgent Care — —
Internal Medicine 1.58 (0.87-2.93) 0.139
Intensive or Medium Care 0.64 (0.32-1.28) 0.201
Other 0.94 (0.55-1.66) 0.822
COVID ward
No — —
Yes 1.58 (1.12-2.27) 0.011
Unknown 1.48 (0.80-2.68) 0.199
Past BCG vaccination 1.70 (1.15-2.48) 0.007
Current hypertension medication use 1.94 (1.15-3.21) 0.011
Multinomial logistic regression
Univariate, all episodes (WHO severity definitions©) BCG vs placebo
No infection — —
Asymptomatic 1.15(0.62-2.14) 0.655
Mild 0.89 (0.66-1.18) 0.413
Moderate 0.48 (0.04-5.27) 0.545
Multivariable model, all episodes (WHO severity definitions®<9) BCG vs placebo
No infection — —
Asymptomatic 1.12 (0.60-2.09) 0.729
Mild 0.82(0.61-1.10) 0.183
Moderate 0.41 (0.03-5.85) 0.509
Univariate, all episodes, with subcategories® BCG vs placebo
No infection — —
Asymptomatic 1.15(0.62-2.14) 0.655
Very mild 0.94 (0.68-1.31) 0.715
Mild 0.76 (0.45-1.27) 0.292
Moderate 0.48 (0.04-5.28) 0.546
Multivariable model, all episodes, with subcategories®sf BCG vs placebo
No infection — —
Asymptomatic 1.13(0.60-2.11) 0.711
Very mild 0.87 (0.62-1.22) 0.416
Mild 0.72 (0.43-1.21) 0.230
Moderate 0.64 (0.05-8.24) 0.729
Cox proportional hazards?"
Univariate, all episodes BCG vs placebo 0.92(0.72-1.19) 0.521
Univariate, WHO asymptomatic only BCG vs placebo 1.19(0.32-4.44) 0.793
Univariate, WHO mild only BCG vs placebo 0.91(0.70-1.18) 0.468
Univariate, subcategory very mild only BCG vs placebo 0.96 (0.70-1.30) 0.769
Univariate, subcategory mild only BCG vs placebo 0.76 (0.46-1.26) 0.293
Univariate, WHO moderate only BCG vs placebo 0.48 (0.04-5.25) 0.544
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TABLE 3 (Continued)
Statistical models® Covariates OR (95% ClI) P value
Multivariable Cox proportional hazards BCG vs placebo 0.86 (0.66-1.11) 0.238
model, all episodes® Age (yrs) 0.98 (0.97-0.99) 0.002
Household size (per additional member) 1.10(1.01-1.19) 0.024
Function
Doctor — —
Nurse 1.73(1.19-2.52) 0.004
Paramedic 1.37 (0.85-2.21) 0.195
Support staff 2.05(1.19-3.53) 0.010
% of work hours with patient contact
0-25 — —
26-50 1.85(1.02-3.35) 0.044
51-75 1.81(1.00-3.27) 0.050
75+ 2.30(1.33-3.95) 0.003
Hospital department
Urgent Care — —
Internal Medicine 1.41 (0.81-2.45) 0.222
Intensive or Medium Care 0.47 (0.23-0.97) 0.040
Other 0.92 (0.55-1.54) 0.753
COVID ward
No — —
Yes 1.50 (1.06-2.12) 0.021
Unknown 1.42(0.80-2.52) 0.230
Past BCG vaccination 1.58 (1.11-2.25) 0.011
Current hypertension medication use 1.90 (1.22-2.98) 0.005

aN = 1,309 with cumulative SARS-CoV-2 infections as the endpoint.

bModeling is described in Materials and Methods and the supplemental material. In addition to the variables listed in this table, the following variables were considered for
inclusion in each model: recruitment site, enrollment week, sex, smoking status, ever having tested positive for tuberculosis, current use of antidiabetes medication, and

history of pulmonary disease or cardiovascular disease.
N = 1,309 with cumulative WHO-defined asymptomatic, mild, or moderate SARS-CoV-2 infections as endpoints.

dCovariates retained in the model included age in years, hospital department, percentage of work hours with patient contact, past BCG vaccination, and current use of

hypertension medication.
eN = 1,309 with cumulative asymptomatic, very mild, mild, or moderate SARS-CoV-2 infections as endpoints.

Covariates retained in model included age in years, hospital function and department, expected to work in COVID ward, past BCG vaccination, and current use of

hypertension medication.

9N = 1,252 participants and N = 241 events with a known date; N = 57 events that were excluded in all survival analyses due to a lack of event date (all asymptomatic

infections that were identified by serology only or insufficient data).
hCumulative SARS-CoV-2 infection as the endpoint.

immunologically naive population. This may explain why the mean acute infection epi-
sode duration was long (15.7 days) and a substantial proportion of infected individuals
developed lingering symptoms (10% long-COVID plus an additional 4% long-term loss
of smell and/or taste). Studies in the United Kingdom showed that median episode dura-
tion declined as the pandemic progressed, from a median of 11 days in 2020 (25), to 8
days during Delta dominance in 2021 and 5 days during Omicron dominance in the winter
of 2021-2022 (26). The proportion of COVID-19 patients developing long-COVID varied
widely between studies due to differences in definitions used. A large population-based
cohort in Groningen province in the Netherlands reported a prevalence of 12.7% for the
period March 2020 to August 2021 using 23 symptoms, including loss of smell and/or
taste, and a total symptom duration of at least 90 days after the diagnosis (27).

The percentage of participants with SARS-CoV-2 seroconversion at month 3 (7.8%
versus 2.8%; P = 0.006), as well as mean SARS-CoV-2 anti-S1 antibody concentrations
(13.1 versus 4.3 IU/mL; P = 0.023), were higher in the BCG group than in the placebo
group, but no differences were seen at month 6 or month 12. Mean SARS-CoV-2 anti-N
antibody concentrations at month 12 (not assessed at month 3 and month 6) also did
not differ between randomization groups. This suggested that BCG vaccination may
enhance SARS-CoV-2 antibody production after SARS-CoV-2 infection but that the
effect is short-lived. This finding is not robust, because the number of participants with
a SARS-CoV-2 infection in the first 3 months of the study was small and the overall
anti-S1 antibody concentrations at month 3 were low. However, additional evidence
for BCG potentially acting as an adjuvant comes from human challenge studies in
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which participants received BCG (re)vaccination followed by influenza or COVID-19
vaccination (7, 28).

Important strengths of this trial are the large number and comprehensive nature of the
endpoints. Anti-S1 antibodies are highly sensitive and specific for the presence of the
SARS-CoV-2 Spike protein but are induced by both natural infection as well as COVID-19
vaccines (29, 30). Anti-N seropositivity is considered less sensitive and specific (29, 31), but
it is currently the most reliable way to identify natural SARS-CoV-2 infections after COVID-
19 vaccination. A recent RIVM study using the same assay that we used in this trial showed
that anti-N seropositivity was 85% sensitive for mild infections and 67% sensitive for
asymptomatic infections (32). While we may have missed some natural infections in the
second period of the study, there were no differences between the randomization groups
in the rate of COVID-19 vaccinations and proportion of participants vaccinated by the end
of the study. We would therefore expect a similar number of natural infections to have
been missed in each group. Additional strengths of the trial included the high diary app
completion and retention rates. Furthermore, the reliability of participant-reported positive
tests was high. The concordance of participant-reported positive test results with hospital
laboratory data was 89% in the one hospital for which laboratory data were available (see
Text S1 in the supplemental material). Negative test results, on the other hand, were sub-
stantially underreported. While these were not endpoints in any of our analyses, we did
use them to rule out infection episodes potentially responsible for seroconversion. Another
potential limitation was that we used two different methods of blood collection: clinician-
performed venipuncture and participant-performed fingerprick sampling (33).

In conclusion, BCG vaccination of HCWs did not reduce SARS-CoV-2 infections nor
infection duration or severity (on a scale from asymptomatic to moderate). In the first 3
months after vaccination, BCG vaccination may enhance SARS-CoV-2 antibody produc-
tion during SARS-CoV-2 infection, but this remains to be confirmed.

MATERIALS AND METHODS

Study design and population. The BCG-Corona trial was a multicenter, double-blind, placebo-con-
trolled randomized trial comparing BCG to placebo vaccination to prevent absenteeism and COVID-19-
related endpoints. The study protocol was approved by the institutional review board of the University
Medical Center (UMC) Utrecht, registered at clinicaltrials.gov (identifier NCT04328441), and published
(34). The sample size was determined for the primary objective (absenteeism) by computer simulation.
The primary results were also published and summarized in a supplementary text (12). Participants were
doctors, nurses, paramedics, and support staff from 9 Dutch hospitals: three university hospitals that
implemented in-hospital sampling (referred to as the core hospitals) and six hospitals (one university
and five nonuniversity teaching hospitals) that did not. Participants were 18 years or older, were
expected to be in direct contact with SARS-CoV-2-infected patients, and possessed a smartphone. The
primary exclusion criteria were known allergy to BCG, active or latent Mycobacterium tuberculosis infec-
tion (as judged by the local Principal Investigator in each hospital), any other active infection, immuno-
compromised state, malignancy or lymphoma in the past 2 years, current or planned pregnancy, any
vaccination in the past 4 weeks, having a hospital employment contract of less than 22 h per week, or
expected work absence of at least 4 weeks.

Study procedures. After having obtained informed consent, participants were randomized to BCG
or placebo (1:1) using a computer-generated dynamic randomization algorithm in random blocks of
two, four, or six sequences, stratified by hospital. They received an intradermal injection in the left upper
arm with either 0.1 mL of the Danish strain 1331 (Statens Serum Institut, Denmark), equivalent to
0.075 mg attenuated Mycobacterium bovis, or 0.1 mL of normal saline solution. Participants and study
personnel conducting participant follow-up were blinded to treatment allocation. The study personnel
preparing and administering the study vaccines and the data analysts were not blinded but could not
influence treatment allocations or data collection.

At the randomization visit, participants completed an online baseline questionnaire (Research
Online, Julius Center, UMC Utrecht, the Netherlands) and installed a diary application on their smart-
phone (Research Follow App, Your Research BV, Huizen, Netherlands). Participants were asked to report
symptoms via the app daily, as well as SARS-CoV-2 exposures and test results and health care visits,
including hospital admissions, weekly. The daily questionnaire was integrated into the weekly question-
naire after 6 months to improve user convenience, and COVID-19 vaccination questions were added af-
ter the start of the Dutch vaccination campaign on 6 January 2021. We used push notifications, e-mails,
and phone calls to maximize adherence with app completion, and we terminated the app for all partici-
pants on 27 March 2021. Blood sampling continued until mid-June 2021, and we collected data on
symptoms, positive SARS-CoV-2 tests, and COVID-19 vaccinations for the period between 27 March 2021
and the participant’s final sampling date via an online questionnaire (Formdesk, Innovero Software
Solutions BV, Wassenaar, Netherlands) and e-mail.
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Blood samples were collected in two sampling rounds, dividing the follow-up time into two poten-
tial seroconversion periods. Period 1 was the period between study vaccination and the first sampling
round, after about 3 months for the core hospitals and about 6 months for the other hospitals. Period 2
was the period between the first and the second sampling rounds, about 12 months after study vaccina-
tion for all hospitals. Core hospital participants donated 10 mL of serum via in-hospital venipuncture,
which was processed, frozen, and transported frozen to the Dutch National Institute for Public Health
and the Environment (RIVM in Dutch). The other participants, as well as core hospital participants who
missed their venipuncture visit, were asked to collect about 300 uL of peripheral capillary blood at
home by fingerprick using a sampling kit that was sent to them by mail; they returned the sample by
mail to the RIVM laboratory on the day of collection. The RIVM laboratory used an in-house magnetic im-
munoassay on a Luminex platform to determine the presence and concentrations of SARS-CoV-2-spe-
cific antibodies (Text S1) (32, 35, 36). At the end of period 1, only immunoglobulin G (IgG) antibodies
against the S1 subunit of the SARS-CoV-2 Spike protein (anti-S1) were measured. At the end of period 2,
both anti-S1 and IgG antibodies against the SARS-CoV-2 nucleocapsid protein (anti-N) were measured to
enable differentiation between natural infections and COVID-19 vaccine-induced antibodies.

Outcome and follow-up time definitions. The presence of a SARS-CoV-2 infection was defined as a
participant-reported positive test result and/or seroconversion, which in turn was defined as anti-S1
seropositivity at the end of period 1 or anti-S1 and anti-N seropositivity at the end of period 2 (Text S1).
Participants with anti-N but no anti-S1 seropositivity at the end of period 2, and no corresponding posi-
tive test date, were classified as having “inconclusive episodes” and were excluded from most analyses
except for some sensitivity analyses (Text S1). Participants who had less than 80% app completion with-
out self-reported or serological evidence of an infection were also excluded because we could not be
sure that they were true negatives.

Episode duration and severity were based on the diary app data (Text S1). The acute infection epi-
sode duration was defined as the number of consecutive days during which the participant reported
symptoms, not including stand-alone loss of smell and/or taste or lingering symptoms (e.g., fatigue) af-
ter respiratory symptoms had ceased. Fever was defined as a temperature of 38°C or above. All other
symptoms were reported on a scale of 0 to 5, with 0 for not present and 1 to 5 corresponding to increas-
ing severity. Episode severity was categorized as asymptomatic, mild, or moderate, as defined by the
World Health Organization (WHO) (37, 38). Additionally, we further subdivided the WHO-defined mild
category into very mild and mild subcategories (Text S1). Separate variables were created for long-term
loss of smell and/or taste and long-COVID (based on symptoms other than stand-alone loss of smell
and/or taste). These were defined as continuing to report the respective symptoms for at least 60 days
after the end of the acute infection episode.

The number of follow-up days was calculated as the number of days between vaccination and the
first infection episode (the positive test date or the start date of the symptomatic period if no test
date was available; for survival analyses) or the end of study (the month 12 sampling date or the last
day of app completion if the participant did not provide a month 12 sample; for all other analyses).
The app completion percentage was calculated for the period between vaccination and 27 March
2021 (Text S1).

Statistical analyses. Analyses were performed in R version 4.1.2 (PBC, Boston, MA, USA). We compared
characteristics between randomization groups using the Wilcoxon rank sum test for continuous variables and
chi-squared test for categorical variables. Endpoints were any SARS-CoV-2 infection or asymptomatic, mild
(further subdivided into very mild and mild), or moderate infection; only the first infection per participant
was included. The occurrence of endpoints in the randomization groups was modeled using (multinomial)
logistic regression for cumulative incidence and Cox proportional hazards models for time to first event (the
latter including infections that could be dated only). All models were first run unadjusted, followed by adjust-
ment for potential confounders. Randomization group was forced into the multivariable models, and poten-
tial confounders were selected using a backward stepwise approach using the Akaike information criterion
(k = 2.7) to select the final model. Sensitivity analyses were conducted assuming that the inconclusive epi-
sodes were either true episodes or not, or assuming that participants with less than 80% app completion and
no reported or detected infection episode were true negatives.

Data availability. Individual participant data that underlie the results reported in this article will be
made available after deidentification to investigators whose proposed use of the data has been
approved by an independent review committee up to 5 years following publication. The study protocol
will be available to anyone during this same time frame. Information regarding submitting proposals
and accessing data may be found on https://dataverse.nl/.
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