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Coronavirus Disease 2019 (COVID-19) vaccination has resulted in excellent
protection against fatal disease, including in older adults. However, risk
factors for post-vaccination fatal COVID-19 are largely unknown. We
comprehensively studied three large nursing home outbreaks (20-35% fatal
cases among residents) by combining severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) aerosol monitoring, whole-genome phylogenetic
analysis and immunovirological profiling of nasal mucosa by digital nCounter
transcriptomics. Phylogenetic investigations indicated that each outbreak
stemmed from asingle introduction event, although with different variants
(Delta, Gamma and Mu). SARS-CoV-2 was detected in aerosol samples up to
52 d after the initial infection. Combining demographic, immune and viral
parameters, the best predictive models for mortality comprised /FNBI or age,
viral ORF7a and ACE2receptor transcripts. Comparison with published pre-
vaccine fatal COVID-19 transcriptomic and genomic signatures uncovered a
unique /RF3low/IRF7highimmune signature in post-vaccine fatal COVID-19
outbreaks. A multi-layered strategy, including environmental sampling,
immunomonitoring and early antiviral therapy, should be considered to
prevent post-vaccination COVID-19 mortality in nursing homes.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)  mortality in Belgium was up to 130 times higher inside than outside
outbreaks affecting nursing homes have been a major public health  nursing homes, due to the combined effects of age, sex, frailty and
concernsince the start of the Coronavirus Disease 2019 (COVID-19) pan-  infection risks among residents'. Spatial analyses also indicated an
demic. During the firstepidemic wave, it was estimated that COVID-19  association between the hospitalizationincidence and thelocal density
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of nursing home residents, thus confirming the important impact of
COVID-19 outbreaks in those facilities>. With one of the highest docu-
mented COVID-19 mortality rates in the world? more than half of all
COVID-19-related deaths in 2020 in Belgium were linked to nursing
homes®. A meta-analysis of the first COVID-19 wave in Spain found
that mortality at the facility level was significantly associated with a
higher percentage of patients with complex diseases, lower scores on
pandemic preparedness measures and higher populationincidence
of COVID-19 in the surrounding population®.

Nursing home residents are usually characterized by advanced
age, awidearsenal of comorbidities and associated polypharmacy and
adecreased function of theimmune system, potentially resultingina
higher risk of infections*™®. To protect this highly vulnerable popula-
tion, the rollout of the vaccination campaign was initially targeted
toward older adults and healthcare workers. Vaccination in Belgian
nursing homes beganin the second half of December 2020, employing
mainly the mRNA vaccine BNT162b2. The BNT162b2 vaccine is highly
effective at protecting against COVID-19 hospitalization and death, with
efficacies 0f 90-95% reported in phase 3 clinical trials’ and confirmed
in large-scale real-life studies'’. By March 2021, vaccination coverage
(two-dose scheme) among residents of nursing homes had reached
89.4% on anational scale. Starting from September 2021 on, a third or
booster dose was administered in nursing homes. Reduction in hos-
pital admissions and mortality among residents of nursing homes on
accountofvaccination hasbeenreported throughout Europe, such as
foraSpanish study thatincluded over 25,000 residents and reported a
fatality rate of only 1.6% in the post-vaccination era". A recent study of
10 European countries, analyzing 240 COVID-19 outbreaks in the post-
vaccinationera (July-October 2021), identified an average case fatality
rate of 5.5% for Belgium, almost half of the European average 0f 10.2%".
Although the same study identified vaccination status as significantly
associated with COVID-19 hospitalization, no association was found
with COVID-19 mortality. Strong variability in case fatality ratios has
been observed” ™, with no major risk factors of fatal post-vaccination
COVD-19 identified so far, other than age and comorbidities, mostly
dueto the limited statistical power in small outbreaks.

Through our nationwide surveillance, we observed only three
high fatality rate (>10%) post-vaccination outbreaksin Belgian nursing
homes by the end of this study (October 2021). Here we describe amul-
tidisciplinary investigation of these three post-vaccination outbreaks
ina collaborationinvolving the nursing home staff, health inspectors
of the respective regional agencies, the national institute for public
health (Sciensano), political, academic and governmental stakeholders
as well as the National Reference Center of Respiratory Pathogens at
the University Hospital and University of Leuven. Thus, we were able
to identify demographic and clinical risk factors as well as a unique
prognostic gene signature for fatal COVID-19 in vaccinated nursing
home residents, revealing actionable public health and precision
medicine strategies to mitigate COVID-19 mortality among susceptible
older adultsin the post-vaccine era.

Results

Epidemiological profile of SARS-CoV-2 nursing home
outbreaks

For the largest of the three outbreaks (nursing home A), the first
infection was documented in the dementia ward on 17 May 2021, for
an 89-year-old woman who developed COVID-19-related symptoms,
who was subsequently hospitalized and who died after 2 weeks of
hospitalization. A total of 102 cases were documented related to this
outbreak between 18 May and 24 June, of which 75 were residents, 25
were staff members and two were family members of staff. All depart-
ments of the nursing home were involved, and consecutive screening
moments were scheduled. Among 120 residents, 75 were SARS-CoV-2
positive by polymerase chainreaction (PCR) (62.5%; Table 1), whereas
only 25 of 146 (17.1%) staff members tested positive (Supplementary

Table 1| Demographic and clinical characteristics of nursing
home residents involved in the three post-vaccination
outbreaks

Characteristics Nursinghome A NursinghomeB Nursing
Delta Gamma home C Mu®
Median age, years 87 (63-102) 82 (59-98) 87 (64-103)
(range)
Sex, number (%)
Male 71(26.5%) 11(23.9%) 77 (25.2%)
Female 197 (73.5%) 35 (76.1%) 229 (74.8%)
Start vaccinating 8 Jan 2021 12 Jan 2021 26 Jan 2021
residents
Vaccination ratio (among PCR+)
2 doses 96% (94.6%) 86.2% (89.5%) 98.0% (100%)
1dose 1% (1.4%) 13.0% (10.5%) 0.4% (0%)
0 doses 3% (41%) 0% 1.3% (0%)
First documented 17 May 2021 20 May 2021 20 July 2021
case
PCR positivity 62.5% (75/120) 65.5% (19/29) 12.0% (20/166)
69.0% (20/29)¢
Case fatality ratio 20.0% (15/75)° 31.6% (6/19)° 35.0% (7/20)°

(only PCR+)

2For nursing home C, three isolated Delta cases were observed in addition to the Mu outbreak.
All residents received the Comirnaty (Pfizer) vaccine. "An additional resident died, not SARS-
CoV-2 PCR positive, with death considered not COVID-19 related. °A total of seven fatal

cases, of which one was not SARS-CoV-2 PCR positive; this death was classified as COVID-19
related due to severe respiratory symptoms and recent close contact with positive residents,
according to WHO criteria®®. “Considering only the 29 residents of the two affected wards,
positivity rates increase up to 69.0%.

Table1). Timing of diagnosis by a positive PCR result and longitudinal
follow-up isillustrated in Fig. 1a, which clearly shows late-onset PCR
positivity for a large subset of residents who tested PCR negative at
thestart of the outbreak. This ‘second wave’ of delayed infections was
corroborated by the continuous detection of SARS-CoV-2 by quantita-
tive PCR (qPCR) in aerosol samples taken from the common areas of
both staff and residents (Fig. 1b). For 58 0of 102 (56.9%) positive cases,
whole-genome sequencing (WGS) information was available, iden-
tifying the Delta variant (Pangolin lineage B.1.617.2) for all of them.
Phylogenetic analysis indicates that allsamples from the nursinghome
cluster were within the same clade, hence suggesting a single intro-
duction event (Fig. 1c). Among the 75 PCR-positive residents, 15 died
(case fatality ratio of 20%). Considering all individuals for whom
vaccination status was known (Table 1), 96% of residents, but only
66% of staff members, were fully vaccinated. One resident and five
staff members were partially vaccinated at the time of the outbreak,
whereas one resident and 28.7% of staff members were not vaccinated.

Thefirst documented PCR-positive case for nursing home B dates
from20 May 2021, and the presumed index case developed COVID-19
symptoms the day before. Overall, 19 of 29 residents (65.5%) tested
positive for SARS-CoV-2, but none of the 17 staff members tested
positive on the repetitive screening moments organized between
20 May and 24 June. Despite high cycle threshold (Ct) values for this
outbreak (Extended DataFig.1), WGS was successful for19 of 19 (100%)
PCR-positive cases, all classified as Gamma variant (Pangolin lineage
P.1). Our phylogenetic analysis highlights that all samples clustered
together within the more global Gamma phylogeny inferred in our
study, again pointing toward the hypothesis of a single introduction
event (Extended DataFig.1). Overall, seven fatal cases were reportedin
this outbreak, of which one resident tested negative by PCR. Although
this death was classified as COVID-19 related according to World Health
Organization (WHO) criteria'®, due to severe respiratory symptoms
and recent close contact with positive residents, we conservatively
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Fig.1| Overview of the outbreak in nursing home A (Delta/B.1.617.2).

a,b, Wereport the evolution through time of Ct values measured in both infected
residents and staff members (a) and aerosols analyzed in various sections

within the nursing home (b). Gray dots refer to negative PCR results. ¢, Time-
scaled phylogenetic analysis involving Delta (B.1.617.2) genomes sampled and

\?% ‘

1\

sequenced from this outbreak reveals that all 58 full genomes originating
from nursing home A are clearly clustered within the overall phylogenetic tree
(orange dots), suggesting a single introduction event. The phylogenetic treeis
time calibrated, meaning that branch lengths are in units of time (year).

used only PCR-positive residents to calculate the case fatality ratio
(6/19,32%). For this nursing home, the vaccination rate was highamong
residents (86.2%), whereas only 52.9% of the staff members were
fully vaccinated at the time of the outbreak. Nevertheless, none of
the latter tested positive for SARS-CoV-2.

The post-vaccination outbreak in nursing home C was initially
alerted by two cases (related resident and staff) infected with the
Deltavariantafew days before the large testing initiative for the other
residents and staff members (20 July 2021). Twenty-five additional
SARS-CoV-2-positive cases were identified during the outbreak. WGS
determined the presence of the variant of interest, Mu (Pangolin line-
age B.1.621), complemented with the mutation K417N in the spike
protein, and, for one isolated staff member without resident contact,
anadditional Deltainfection was identified. The single Delta-infected
resident was, therefore, not included for further analysis of the out-
break (Table 1; 27/27 PCR-positive cases (100%) were confirmed by
WGS: three Delta and 24 Mu). The Mu variant saw relatively limited
circulation in Belgium, resulting in a restricted sampling of related

genomicsequencesin the local community. Our phylogenetic analysis,
however, indicates that PCR-positive cases in this nursinghome related
to that variant clearly clustered within the overall phylogeny inferred
for that variant (Extended Data Fig. 2), again advocating for a single
introduction event. Moreover, all 24 PCR-positive cases infected with
variant Mu (20 residents and four staff members) were linked to the
dementia unit of the nursing home. Overall, seven infected residents
died of COVID-19 (7/20, case fatality ratio 35%), and one additional
resident died of a COVID-19-unrelated cause. Considering the 229
residents and staff members with known vaccination status, the overall
vaccination rate was 98.3%. For the group of PCR-positive residents,
100% were fully vaccinated.

Demographic and clinical profile of SARS-CoV-2 outbreaks

Demographic and clinical risk factors for fatal COVID-19 among
residents were identified by multivariable logistic regression
models (Table 2), with the best model including age, male sex, non-
Delta SARS-CoV-2 variants (Gammaand Mu) and later onset of infection
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Table 2 | Multivariate logistic regression of demographic and clinical characteristics of residents with COVID-19 (all PCR-

positive residents, n=114)

Model1 Model 2 Model 3° Model 4

Variable Odds ratio 95% Cl Odds ratio 95% Cl Odds ratio 95% Cl Odds ratio 95% Cl
Sex (M) 3.38 1.24-9.47 3.55 1.29-101 6.03 1.91-21.21 5.68 1.72-20.94
Age 1.08 1.02-1.15 1.08 1.02-1.16 113 1.05-1.22 115 1.06-1.25
SARS-CoV-2 Gamma/Mu = = 1.74 071-4.32  3.97 1.26-13.98 373 114-13.62
Late PCR+ - - - - 3.28 1.04-11.58 2.96 0.92-10.72
Dementia = = = = = = 0.99 0.36-2.76
Diabetes - - - - - - 1.44 0.39-5.10
Nadir Cq value - - - - - - 1.01 0.95-1.06

“Model 3 was the best model, according to cAIC; significant variables are indicated in bold. Late PCR+, late onset of PCR positivity (<7d versus >7d after first PCR-positive case in each nursing

home).

(PCR positivity >7 d after the start of the outbreak). In the sensitivity
analysis, only fully vaccinated and PCR-positive residents (n =107)
were included. The results remained statistically significant, with a
similar effect size (Supplementary Table 2). The importance of these
four factors as predictors of mortality was confirmed by Kaplan-Meier
survival estimates (Extended Data Fig. 3) and time-to-event analysis
(Cox proportional hazard regression; Supplementary Table 3). Of inter-
est, dementia or peak viralload (nadir cycle quantification (Cq) value)
were not predictive of fatal cases in the joint analysis of the three out-
breaks (Table 2) but were significant predictorsin single nursing homes
(Supplementary Table 3). Because nursing home size was found tobe a
major risk factor for COVID-19 mortality in several countries, including
Belgium''®, weincluded this as an additional parameter in both logistic
and Cox regression models. Asshownin Supplementary Table 6, nurs-
ing home size was not anindependent predictor (inaddition to age, sex
and late PCR positive) of fatal COVID-19, whereas the preferred model
(corrected Akaike information criterion (cAIC)) contained age, sex,
late PCR positive and variants/outbreaks as independent predictors.

Digital transcriptomic analysis of SARS-CoV-2 outbreaks

In search of candidate biomarkers for post-vaccine fatal COVID-19,
as well as possible therapeutic targets, we opted for nCounter digital
transcriptomics forimmunovirological profiling of the nasal mucosa,
encouraged by previous results' 2. For 20 of 28 fatal cases, a suffi-
cient volume of diagnostic nasopharyngeal swabs was available for
nCounter analysis, to exploreimmunological (600 genes representative
of themajorimmune cell types) and virological (SARS-CoV-2 transcripts
and ACE2/TMPRSS2 receptors) parameters as possible risk factors
for fatal post-vaccine COVID-19. Thus, we carefully matched (age, sex
and outbreak) 20 fatal cases (all those with available nasopharyngeal
swabs) with 30 PCR-positive non-fatal cases, with similar timing of
infection, as well as10 PCR-negative but SARS-CoV-2-exposed residents.
Because these samples were obtained at SARS-CoV-2 diagnosis, before
hospitalization or treatment (oxygen and/or dexamethasone), the
transcriptomicimmune signatures are not modified by immunomodu-
latory treatment and canbe used to predict fatal outcome. In addition,
only four of 118 PCR-positive residents had received corticosteroids
before their SARS-CoV-2 diagnosis. None of them was a fatal case, and
they were not included for nCounter analysis.

As shown in Fig. 2 (volcano plot), a total of 193 human and seven
viral gene transcripts were significantly upregulated or downregulated
(P < 0.05) when comparing fatal versus non-fatal cases. In addition
to the antiviral cytokines /L28A (also known as /FNL2 (interferon-A2))
and /IFNBI (the gene encoding interferon-beta (IFN-f)), the most
upregulated genes were predominantly expressed by innate immune
cells:monocytes/macrophages (CX3CR1, TNFSF15, CLEC6A, ITLN1 and
LILRBS), naturalkiller (NK) cells (THY1, CDHS, KIR3DL3, CD160, B3GAT1,

12 = Higher in PCR+ <= |—> Higher in fatal ®
P Antisense ORF1ab
CX3CR1
41 @ @ CR2
30 T ACE2 ORF7a Freb
IRF3 PTGERA(Q @TNFSF15
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Fig.2 | Differentially expressed genes in nasal mucosa of fatal COVID-19
outbreak cases as compared to matched PCR-positive residents from three
nursing homes. Volcano plot of differentially expressed genes in nasal mucosa
of fatal (n = 20) versus age-matched, sex-matched and outbreak-matched non-
fatal PCR-positive cases (n = 30), quantified by nCounter digital transcriptomics
(uncorrected Pvalues from linear model, negative binomial distribution, dotted
line showing P < 0.05, FDR g values provided in Source Data). Selected viral (red
circles) and hostimmune transcripts (blue circles) significantly upregulated or
downregulated in fatal versus non-fatal cases are highlighted with gene names.
Details onimmune genes are given in the Results section. PCR+, PCR positive.

NCAMI and CCL3) and conventional dendritic cells (XCRI). Thus, the
predominant immunopathogenic signature of fatal COVID-19 in vac-
cinated residents represents exacerbated innate immune activation
rather than afailed adaptive (B cell and T cell) vaccine response. Like-
wise, alarge subset of B cell genes (CD19, CR2, CD79A, CD79B, PAX5 and
CD70),regulatory T cell (Treg) genes (FOXP3and PTGER4) and cytotoxic
CD8 T cellgenes (EOMES and PTGER4) were also significantly upregu-
lated in fatal cases, arguing against a curtailed B cell or T cell response
or afailure of B cells or T cells to migrate to the nasal mucosa. On the
other hand, ageneralized downregulation of major histocompatibility
complex (MHC) class I-mediated antigen presentation (B2M and
HLA-C)was observed across all cell types, in agreement with previous
reports demonstrating loss of MHC class I activity at the transcrip-
tomic, epigenomic and functional level” 7.

Because the top downregulated genes were most representa-
tive of mucosal epithelial cells (PIGR, CD9 and MUCI), the observed

Nature Aging | Volume 3 | June 2023 | 722-733

725


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-023-00421-1

exacerbated innate response might represent enhanced migration
of innate immune cells but also virus-mediated destruction of the
mucosal epithelial cells. In favor of the latter hypothesis, fatal cases
were characterized by significantly higher viral transcript levels when
measured by nCounter. Transcript levels for spike, envelope, nucleo-
protein, ORFlab, ORF3aand ORF7agenes (Fig. 3a and data not shown,
all P<0.05 with false discovery rate (FDR) correction) were higher in
fatal cases compared to non-fatal PCR-positive residents. Inaddition,
antisense SARS-CoV-2 was selectively increased in eight of 20 fatal
cases (Fig. 3a) versus PCR-positive cases, indicating heightened intra-
cellular viral replication. Of note, peak viral load (nadir Cq values) or
viralload of the first PCR-positive sample, measured by qPCR, was not
significantly different between fatal cases and PCR-positive controls
(Fig. 3a), underscoring the sensitivity of nCounter digital transcrip-
tomics. Exacerbated viral replication in fatal cases was paralleled by
amarked eight-fold increase in viral receptor ACE2 transcript levels
(P<0.001) aswellasanunexpected two-fold decrease (P < 0.01) in viral
co-receptor TMPRSS2 expression (Fig. 3b).

Amongallimmune genes, /[FNBI transcripts displayed the strong-
est negative correlation to survival time (starting from the date of
PCR-positive diagnosis, Spearman’s p =-0.24, P=0.0024). Corrobo-
rating our previous findings in a Belgian cohort of intensive care unit
(ICU) patients”, we found that increased IFNBI transcript levels sig-
nificantly predicted afatal outcome (Fig.3c,d; areaunder thereceiver
operating characteristic (AUROC) curve 0.76 (95% confidence interval
(CI) 0.63-0.89), P=0.0013), which was slightly increased by adding
age and sex to the model (Fig. 3d; AUROC 0.82 (95% C1 0.71-0.93),
P=0.000064). IFNBI remained a significant predictor in multivari-
able logistic regression, independent of age, sex and peak viral load
(nadir Cq value), which was also confirmed by time-to-event analysis
(Cox proportional hazard models; Table 3).

Lastly, when combining all available demographic, immune and
viral parameters, the best predictive model for mortality, accord-
ing to the cAIC, included age (odds ratio (OR) 1.07, 95% C1 0.98-1.19),
increased viral ORF7a (OR 1.67, 95% CI1 0.98-3.46) and viral receptor
ACE2 (15.43, 95% CI1 2.54-165.9) transcript levels, resulting in correct
classification of 18 of 20 (90%) fatal cases (AUROC 0.88, 95% CI 078-
0.98,P=0.000002), as visualized in Fig. 3d.

A unique immune signature in post-vaccination fatal
COVID-19

To our knowledge, no well-powered study of immune signatures in
post-vaccination fatal COVID-19 in the older adult population have
been published at present. Thus, no public datasets are currently avail-
able for independent validation of our ‘post-vaccine fatal COVID-19’
immune signature inacomparable epidemiological setting. Therefore,
we compared published transcriptomic and genomic signatures of
pre-vaccination fatal and/or life-threatening COVID-19.

Upon cross-comparison of our ‘post-vaccine fatal COVID-19’ tran-
scriptomic signature with previously described IEI (inborn errors
in type I IFN immunity) genes linked to life-threatening COVID-19
(ref. 28), weidentified a clear dichotomy between upregulated (/RF7)

versus downregulated (/RF3) IEl genes in fatal cases (Fig. 4a). There-
fore, we quantified type I IFN signaling score based on nCounter gene
expression data (Supplementary Table 5). Of note, type I IFN signaling
score was not significantly different between fatal cases and matched
controls (Fig. 4b). However, lymphocyte activation, Th17 and Treg
differentiation pathways were significantly increased in fatal cases
(Fig. 4b), in agreement with our finding of upregulated FOMES, SRC,
THY1,RORC,IL6R, FOXP3and PTGER4 genes (Fig. 2). AsshowninFig. 4c,
type I IFN signaling score was highly correlated to /RF7 (p = 0.84,
P=7x107") as well as STAT2 (ref. 29) (p = 0.91, P= 6 x 10°) but not
to IRF3 or IFNA2 (both P> 0.05) transcripts. In contrast to /[FNA2, but
in agreement with our multivariable logistic regression models for
mortality, IFNBI levels were most strongly correlated to/RF7and TLR7
plasmacytoid dendritic cell (pDC)-specific type I IFN drivers as well
as inflammatory targets, such as IL6R (Fig. 4c, lower panel). Similar
to IFNBI, we found that /RF3 transcript levels were also able to pre-
dict mortality in residents (Fig. 4d; Kaplan-Meier curve, P= 0.0030).
In addition, classification of nursing home residents according to
IFNBI levels demonstrated a significant link with lower IRF3 expres-
sion as well as higher viral replication and apoptosis, providing a
possible molecular and cellular mechanism of action of IFN-3.

In addition to the genetic link to type I IFN signaling, anti-type |
IFN neutralizing antibodies have been shown by several groups to be
an additional risk factor for life-threatening COVID-19 (refs. 30-33).
Because no serum samples were available from the fatal cases, we
cross-examined our fatal COVID-19 immune gene signature with the
LAIR1 biomarker recently described by van der Wijst et al.** as strongly
correlated to anti-IFN auto-antibodies. Confirming its antagonistic
role in IFN/antiviral signaling, LA/RI level was positively correlated
with peak viral load (nadir Cq value, P=7.0 x107, p=-0.49, n=50;
Extended Data Fig. 4). Similar to peak viral load (Fig. 2 and Tables 2
and 3), LAIRI transcript levels were not able to predict survival in this
cohort (data not shown). However, we found that LA/RI transcript
level was significantly and negatively correlated with /RF3 (the major
upstream driver of type I IFN production in epithelial cells) in fatal
cases (p=-0.59,P=0.0067, n=20), whereas no significant correlation
was observed for matched PCR-positive controls (p =-0.037, P=0.84,
n=30; Extended Data Fig. 4). This demonstrated a major difference
inthe type I IFN pathway regulation between fatal cases and controls,
probably more pronounced in the epithelial cells of the upper airway
mucosa, in agreement with Zhang et al.>*.

Taken together, cross-examination of published transcriptomic
and genomic pre-vaccine fatal COVID-19 signatures highlights the
unique innate and adaptive immune signature observed in post-
vaccination fatal COVID-19 in nursing home residents.

Discussion

We comprehensively studied three large outbreaks in Belgian nursing
homes with high fatality ratios (20-35%), which resulted in several
epidemiologically and clinically relevant insights into the ongoing
‘armsrace’ between vaccines and SARS-CoV-2 variants of concern. First,
whole-genome phylogenetic analyses indicated that each outbreak

Fig. 3| Immunological and virological risk factors identified in fatal COVID-19
outbreak cases among residents in three nursing homes. a-c, Viral transcript
levels for spike protein (left: fatal versus PCRpos P = 0.012, fatal versus PCRneg
P=0.000022, PCRneg versus PCRpos P =0.0089) and ORFlab antisense RNA
(middle), measured by nCounter digital transcriptomics. Right panel shows
peak viralload (nadir Cq values) as quantified by qPCR. Viral receptors (ACE2:
fatal versus PCRpos P= 0.0009; TMPRSS2:fatal versus PCRpos P= 0.0036,

fatal versus PCRneg P=0.0005, PCRneg versus PCRpos P=0.0422) (b) and
antiviral cytokine /FNBI (fatal versus PCRpos P=0.0022, fatal versus PCRneg
P=0.0022) (c) were quantified by nCounter digital transcriptomics. Data are
presented as median values +s.d. d, Left: visualization of best predictive model
(multivariate logistic regression, selected by cAIC), including age (not depicted)

and ORF7a and ACE2 transcripts. Dashed gray lines indicate the detection limit
of SARS-CoV-2 transcripts. Each circle represents a resident, and the size of the
circleis proportional to ACE2 normalized expression. Right: comparison of ROC
curves of predictive models by univariate (/[FNBI) or multivariate (/FNBI/age/
sex and age/ORF7a/ACE2) logistic regression. ROC curves showing significant
prediction of fatal versus non-fatal COVID-19 according to /FNBI transcript
levels (right), with and without age and sex as additional factors (detailed in the
Results section). For a—c, statistical results are from Kruskal-Wallis test with
FDR correction for multiple testing (PCRneg n =10, PCRpos n = 30, fatal n = 20),
P < (0.0001,**P<0.001, *P < 0.01,*P < 0.05, NS, not significant. PCRpos,
PCR positive; PCRneg, PCR negative.
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stemmed from a single introduction event, although with different
variants (Delta, Gamma and Mu). Second, our study confirms previ-
ousreports of theindependent relationship of older age and male sex
with fatal COVID-19, yet is the first to associate Gammaand Mu variants
and late onset of PCR positivity with fatal post-vaccination COVID-19
among older adults. Our findings evoke that even non-dominant
variants of concern (Gamma) or variants of interest (Mu) can result
in high mortality, similar to the dominant variant of concern (Delta at

the time of this study, May-August 2021) in specific high-risk set-
tings. Third, environmental sampling revealed that SARS-CoV-2 could
be detected in aerosol samples of common spaces (used by either
residents or staff) up to 52 d after the initial infection. Fourth, gene
expression profiling of nasopharyngeal swabs identified candidate
immunological (/FNBI and /RF3) and virological (ORF7A and ACE2)
biomarkers for early monitoring of post-vaccine breakthrough cases
inhigh-risk older adults, which might not be limited to nursinghomes.
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Table 3 | Multivariate Cox proportional hazard regression of
immunological and virological parameters in fatal versus
non-fatal post-vaccination COVID-19 in nursing home
residents

Model 1° (50 residents) Model 2 (50 residents)
Variable Hazard ratio  95% Cl Hazard ratio  95% ClI
Sex (M) 1.97 0.64-545 2.02 0.65-5.83
Age 1.08 1.02-1.15 1.08 1.02-1.16
IFNB1 transcript 2.32 1.26-4.48 2.36 1.26-4.63
levels (log)
Nadir Cq value - - 1.01 0.95-1.06

®Model 1 was the best model according to cAIC; significant variables are indicated in bold.

Indeed, increased /IFNBI transcript levels are highlighted as a sig-
nificant independent predictor of fatal post-vaccination COVID-19,
extending our previous findings in critical COVID-19 (ref.19). Although
IFN-B therapy was beneficial in small phase 2 clinical trials*>*¢, subse-
quent larger trials identified no benefit”” or evenan association with a
longer ICU stay*®, thus underscoring our previous findings on endog-
enous IFN-B expression in ICU patients”. As previously proposed®*°,
these apparently conflicting effects of type I IFN can be explained by
atwo-phase model, in which early IFN results in antiviral protection®,
whereas late IFN exerts a deleterious pro-inflammatory effect. In sup-
port of this hypothesis, type I IFN scores were strongly correlated
to STAT2 levels (Fig. 4c, p=0.91, P= 6.8 x107%°), for which our group
previously demonstrated a simultaneous antiviral and pathogenic
invivo role in a COVID-19 hamster model®. In addition, we found that
IFNBI transcripts were strongly correlated (p = 0.84,P= 6.8 x10™) to
IL-6 receptor (the target of tocilizumab) expression. Thus, our study
suggests IL6/IL6R signaling as a plausible ‘downstream’ therapeutic
target in [FNBI-overexpressing patients with COVID-19, which should
beinvestigated in future clinical trials.

Regarding the clinical use of transcriptomic biomarkers in
COVID-19, only nCounter technology was able to reliably detect
IFNBI as well as other low-abundance transcripts (MASP2 and THY1)
when compared to single-cell RNA sequencing (RNA-seq) analysis
of both nasal mucosa® and blood** (data not shown). Moreover,
10 cytokine transcripts found to be overexpressed in fatal cases by
nCounter (/FNAI, IFNA2, IFNB1, IL2, L3, IL17B, IL17F, IL20, IL21 and
IL26) were undetectable or extremely low in several single-cell RNA-
seq datasets?*?*. In addition, only a small subset of these cytokines
has been reproducibly detected at the protein level as biomarkers of
COVID-19 disease severity and mortality, as evidenced by arecent meta-
analysis*. Inaddition, this study also found that nCounter technology
outperformed conventional qPCR (Fig. 2a) for virological monitoring
of nasopharyngeal swabs to instruct COVID-19 clinical management.

We would like to highlight that, due to the challenging circum-
stances of the outbreaks (sudden high mortality, extremely high work
burden on staff with emergency measures and quarantine, closing of
the nursing homes for all visitors and family members not allowed to
visit terminally ill residents), all our research analyses (QPCR, SARS-
CoV-2WGS, phylogenetics andimmune gene expression profiling) were
limited to the diagnostic samples (nasal swabs). Additional (blood)
samples for antibody or genetic testing in the fatal cases were logisti-
cally and ethically not possible. However, a cross-comparison with
published (pre-vaccine) transcriptomic? and genomic* signatures for
fatal and life-threatening COVID-19 revealed a surprising dichotomy
between IRF3-mediated IFN/antiviral signaling and IR7-mediated
IFN/antiviral signaling, which our data suggest as ‘protective’ versus
‘deleterious’, respectively (Fig. 4). Of interest, this dichotomy also
provides a possible molecular and cellular mechanism of action for
IFN-B, linking IRF7/TLR7 overactivation in pDCs to IL-6R-mediated

inflammation, triggering the destruction of IRF3-expressing epithe-
lial cells through apoptosis (Fig. 4), similar to previous findings**.
Notably, arecent study, published during the reviewing process of our
study, confirmed the significant link between IFN-B-induced transcrip-
tomic changes and severe COVID-19 in the aging brain*. Moreover, the
contrasting antiviraland/or pro-apoptotic effects of IFN- versus IFN-a
were shown previously in other pathologies**~*¢. Importantly, anti-
IFN-B neutralizing antibodies are infrequent (<1% of critical COVID-19),
in contrast to anti-IFN-a or anti-IFN-w antibodies, which occur in up
to 20% of older patients and fatal COVID-19 (ref. 49). Taken together,
our findings reveal a need to refine the ‘generic’ type I IFN response
(easily quantified by nCounter digital transcriptomics, this study and
refs. 50,51 or qPCR arrays**?), according to subtypes (IFN-«, IFN-f8
and IFN-w), cellular context (epithelial cells and pDCs) and upstream
signaling (IRF3 versus IRF7) to accurately predict ‘protective’ versus
‘deleterious’ clinical outcomes.

Finally, our finding of increased viral receptor ACE2, enhanced
intracellular viral replication and later onset of PCR positivity in fatal
cases hints at a therapeutic window for early antiviral therapy at the
start of an outbreak, supported by the recent availability of effective
oral antivirals®>~. The significantly higher mortality with late onset of
infection (PCR positivity >7 d) was observed in each of the three out-
breaks (Fig.1and Extended Data Figs.1and 2). We hypothesize that this
increased mortality might be due to a higher infectious dose, linked to
the exposure to multiple concomitant viral shedders, as compared to
earlyinfections. This hypothesisis supported by our demonstration of
prolonged detection of SARS-CoV-2 by aerosol PCR in several common
rooms of each nursing home. Thus, our study indicates that biomarker-
guided clinical trials evaluating the role of early antiviral therapy
during post-vaccination nursing home outbreaks, and conceivably also
among susceptible community-dwelling older adults, are warranted.

Limitations of this study include missing demographic (8.4% of
657), clinical (2.4% of 620) and vaccination (26.5% of 574) data, although
no data were missing for fatal cases. Due to the unpredictable and
sudden onset of these large-scale COVID-19 outbreaks in nursing
homes, nobaseline serum samples were available before the three out-
breaks, nor from fatal cases, to compare the levels of vaccine-elicited
SARS-CoV-2 neutralizing antibodies or anti-IFN type l auto-antibodies.
Moreover, the observational nature of the study and the heterogene-
ity among three outbreaks (three different variants in nursing homes
with different characteristics) might result in residual confounding
factors, although the vaccination rates were highly similar among the
nursing homes (Supplementary Table 1), and nursing home size did
not predict COVID-19 mortality in our study (Supplementary Table 6).
Lastly, we did not have specific data on staff pandemic preparedness
and populationincidence of COVID-19in the surrounding population,
which Sufer et al.* identified as major predictors of (pre-vaccine)
COVID-19 mortality in a large retrospective study of Spanish nursing
homes. Amajor strength of this study is the simultaneous vaccination of
residentsineach nursing home (prioritized in the national vaccination
campaign) and the defined onset (outbreaks) of SARS-CoV-2infections,
thuseliminating any possible bias in waning vaccine efficacy between
fatal and non-fatal cases. Because this study was performed before
vaccination booster doses were offered to older adults in Belgium
(starting in September 2021), the risk factors identified herein might
notbedirectly applicablein (recently) boosted older adult populations
but remain highly relevantin the global context, in which currently only
63% of people have received aniinitially full vaccination protocol (two
doses), and only 33% have received abooster dose®, as exemplified by
recent high Omicron COVID-19 mortality among unvaccinated older
adultsin Hong Kong®°.

In conclusion, high case fatality ratios in susceptible older adults
can be observed with various SARS-CoV-2 variants—that is, Delta,
Gamma and Mu. Broad immunovirological profiling of nasal mucosa
by nCounter transcriptomics allowed prediction of fatal COVID-19 in
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diagnostic samples, whereas standard qPCR viral load quantification
did not. The best predictive models for mortality comprised /FNBI or
age, viral ORF7a and ACE2 receptor transcripts, whereas comparison
with pre-vaccine fatal COVID-19 signatures uncovered a unique /RF3
low/IRF7 high immune signature in post-vaccine fatal COVID-19 out-
breaks. A multi-layered strategy including environmental sampling,
immunomonitoring and early antiviral therapy should be considered
to prevent post-vaccination COVID-19 mortality in nursing homes.

Methods

Data collection

Demographic and clinical characteristics, including comorbidities,
were compiled from health records provided by the individual nursing
homes. The primary outcome was COVID-19-related death, as defined
by WHO criteria’®. All residents, as well as the large majority of staff
members, received the BNT162b2 (Comirnaty (Pfizer)) vaccine. This
work was framed within the role of the National Reference Centre for
Respiratory Pathogens UZ/KU Leuven (as defined by the Royal Decree
0f 9/2/2011), as approved by the UZ/KU Leuven ethical committee for
research (S66037).No written informed consent was obtained for the
use of human data and samples; all individuals involved were orally
informed of the setup, context and objectives of the study, and all
individuals provided oral consent.

Quantification of viral loads

Consecutive screening events were organized in all three nursing
homes, first testing symptomatic individuals, followed by collective
andrepeated testing after the identification of a positive case. Next to
nasopharyngeal swabs of residents and staff, aerosol samples were col-
lected using the AerosolSense instrument (Thermo Fisher Scientific).
After RNA extraction, samples were tested by the TagPath COVID-19
CE-1VD RT-PCR kit (Thermo Fisher Scientific). More details can be
found inthe Supplementary Methods.

WGS and phylogenetic analyses

Samples with a sufficiently high viral load (>1,000 copies per
milliliter) were subjected to WGS using the ARTIC Network protocol
version 3.17 (ref. 61) or as described by Freed et al.®> and sequenced
with Oxford Nanopore Technologies ARTIC library preparation. Com-
plete sequences were recovered using the ARTIC analysis pipeline and
typed using Pangolin and NextClade. Specifically, and to investigate
if those outbreaks could have been induced by multiple introduction
eventsinthe nursing home, we aimed to contextualize the position of
those infectious cases in a more global phylogenetic tree built from
the analysis of an alignment made of (1) the viral genomes collected
in the considered nursing home and sequenced in the context of the
present study as well as (2) the genomic sequences of the same vari-
antavailable for Belgium at the time of the outbreak and (3) a subtree
of the European Nextstrain build containing all the genomic
sequences of that variant at the time of the outbreak. A time-calibrated
maximum likelihood phylogenetic tree was constructed using
IQ-TREE version 2.0.3.19 (ref. 63) (GTR model)®* and TreeTime version
0.8.4.22 (ref. 65). Extended protocols are available in the Supplemen-
tary Methods.

Immunovirological profiling by digital transcriptomics
(nCounter)

Toidentifyimmune and viral risk factors, 600-plex target profiling was
performed by digital nCounter transcriptomics (NanoString) inasub-
setof residents (n = 60). RNAwas extracted fromnasopharyngeal swabs
asdescribed above and used for hybridization to pre-specified Human
Immunology V2 and customized SARS-CoV-2 panels, as described pre-
viously, Pathway score analyses and cell type deconvolution were
performed using nSolver software (NanoString). Details on the gene
lists and pathways are provided in Supplementary Table 5.

Analysis of publicly available RNA-seq data

Bulk RNA-seq data from both nasopharyngeal and blood samples,
as well as corresponding gene signatures of fatal versus non-fatal
COVID-19 in hospitalized patients, were obtained from Lee et al.>.
Single-cell RNA-seq data” of nasopharyngeal samples of 19 patients
with COVID-19 (eight moderate and 11 critical, according to WHO
classification) and five healthy controls were obtained from
https://doi.org/10.6084/m9.figshare.12436517; single-cell RNA-seq
data from peripheral blood mononuclear cell (PBMCs) of patients
with COVID-19 were obtained from http://www.covidcellatlas.com/
(ref.24).

Statistics and reproducibility. Owing to the nature of the study
(nationwide comprehensive mapping of high-fatality SARS-CoV-2
outbreaks in nursing homes), no statistical methods were used to
pre-determine sample sizes, and data collection and analysis were not
performed blinded to the clinical outcome (fatal COVID-19). Demo-
graphic and clinical data (COVID symptoms, detailed pre-existing
comorbidities, clinical outcome from all residents and pre-COVID
pharmacological data; the level of detail differed per nursing home)
were collected from electronic health records provided by the
nursing homes and hospitals. Missing data were not imputed, and
only individuals with all available parameters respective to the
specific model were included. Stepwise logistic regression was used
to identify risk factors for fatal COVID-19, and the best model was
selected using cAIC. Kaplan-Meier estimates of survival were cal-
culated up to 60 d after the first SARS-CoV-2 PCR-positive case in
each nursing home outbreak. Selected predictors were confirmed
by Cox proportional hazard regression, defining survival in days since
PCR diagnosis. In sensitivity analyses, only fully vaccinated (defined
as two BNT162b2 doses received at least 14 d before the start of the
outbreak) and PCR-positive residents were included. Because tran-
scriptomic data did not follow a normal distribution (determined
by Kolmogorov-Smirnov test), non-parametric Kruskal-Wallis test
(with FDR correction for multiple testing) was used to compare three
groups (PCR-negative, PCR-positive and fatal cases) and Mann-Whitney
test for two groups (fatal versus non-fatal). Pathway scores were nor-
mally distributed and analyzed using a t-test (with Welch’s correction
when needed, fatal versus non-fatal groups). All statistical tests were
two-sided.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data are included in the manuscript, Source Data files and supple-
mentary files. Demographic, clinical and nCounter data are available
fromthe authors upon reasonable request, due to privacy protection.
All Source Data and code related to phylogenetic analysis (Fig. 1 and
Extended DataFigs. 2 and 3) are available for download at https:/www.
zidu.be/SI_data.zip. The following GISAID IDs corresponding to SARS-
CoV-2genomes were generated as part of this study: EPI_LISL_2289002,
EPLISL_2301430, EPI_ISL_2304141, EP1_ISL_2304143, EPI_ISL_2348574-
78,EPLISL_2348580-86, EPI_ISL_2348587-92,EPI_ISL_2626083-96, EPI_
ISL_2864473-74,EP1_ISL_2864478,EPI_ISL_2864483, EP1_ISL_2864485,
EPI ISL_2864489, EPI ISL_2864573-76, EPI_ISL_2864707-10, EPI_
ISL_2864714-15, EPLISL_2864717-21, EPI_ISL_2886237, EPI ISL_3118412-
26, EPI_ISL_4007338, EPI_ISL_4008034, EPI_ISL_4008052,
EPI_ISL_4348705, EP1_ISL_4348711, EPI_ISL_4348959, EPL_ISL_4354278,
EPLISL 4358318, EPI_ISL_4571448-51 and EPI_ISL_5349110.

Code availability
All code necessary to reproduce the findings of this study is provided
inthe Supplementary Information: https://www.zidu.be/SI_data.zip.
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Extended DataFig.1| Overview of the outbreak in nursing home B
(Gamma/P.1). We report the evolution through time of Ct values measured in
bothinfected residents (a) and aerosols analyzed in the lounge of the nursing
home (b). Grey dots refer to negative PCR results. In addition, we also report the
time-scaled phylogenetic analysis involving Gamma (P.1) genomes sampled and
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sequenced from this outbreak (c), showing one phylogenetic cluster (zoomed
inthered circle, scale bar corresponds to the full tree) among 6 full genomes
(orange dots), likely corresponding to a single introduction event into nursing
home B. The phylogenetic tree is time-calibrated, meaning that branch lengths
arein units of time (year).
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(B.1.621) genomes sampled and sequenced from this outbreak (c), showing one
phylogenetic cluster (with short branch lengths) among 24 full genomes (orange
dots) likely corresponding to asingle introduction event. The phylogenetic tree
is time-calibrated, meaning that branch lengths are in units of time (year).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Nextstrain was used to sample European genomic sequences and other sequences ancestrally related to the variants under study.

Data analysis All software used is open-source and detailed in the Supplementary Methods. Software/tools used: Nextstrain (SARS-CoV-2 Workflow,
development version), Pangolin and Nextclade (https:// clades.nextstrain.org/), ARTIC version 3 and 4, IQ-TREE 2.0.3, TreeTime 0.8.4 As
described in the Code Availability statement, all code necessary to reproduce the findings of this study is provided in the Supplementary
Information.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available from the authors upon request, GISAID IDs corresponding to full SARS-CoV-2 genomes generated as part of this study are listed in
Supplementary Methods.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Only biological sex was reported, since this was known as an important parameter of COVID-19 mortality.

Population characteristics The population consisted of nursing home residents, characterized by older age, predominant female sex and high burden of
comorbidities (summary statistics per nursing home are given in Suppl. Table 4.).

Recruitment All Belgian nursing homes were monitored for post-vaccine COVID19 outbreaks and all residents from nursing homes with
high case fatality (>10%) were recruited

Ethics oversight This work was framed within the role of the National Reference Centre for respiratory pathogens UZ/KU Leuven (as defined
by the Royal Decree of 09/02/2011), as approved by the UZ/KU Leuven Ethical committee for research (S66037).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed, all outbreaks were monitored at national level.
Data exclusions  No data were excluded in the study.
Replication This was an observational study, all Belgian nursing homes with high post-vaccine COVID-19 case-fatality (>10%) were included (3 in total).

Randomization  Allocation was not random, all available samples were analyzed in each nursing home. Known (age, sex, comorbidities, viral load) and novel
covariates were characterized by univariate and multivariate logistic regression.

Blinding Investigators were not blinded to group allocation during data collection and analysis, since all data needed to be reported as part of the
SARS-CoV-2 surveillance as National Reference Centre.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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