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Background The increase in SARS-CoV-2 infections in December 2021 was driven primarily by the Omicron vari-
ant, which largely displaced the Delta over a three-week span. Outcomes from infection with Omicron remain uncer-
tain. We evaluated whether clinical outcomes and viral loads differed between Delta and Omicron infections during
the period when both variants were co-circulating.

Methods In this retrospective observational cohort study, remnant clinical specimens, positive for SARS-CoV-2 after
standard of care testing at the Johns Hopkins Microbiology Laboratory, between the last week of November and the
end of December 2021, were used for whole viral genome sequencing. Cycle threshold values (Ct) for viral RNA, the
presence of infectious virus, and levels of respiratory IgG were measured, and clinical outcomes were obtained. Dif-
ferences in each measure were compared between variants stratified by vaccination status.

Findings The Omicron variant displaced Delta during the study period and constituted 95% of the circulating line-
ages by the end of December 2021. Patients with Omicron infections (N = 1,119) were more likely to be vaccinated
compared to patients with Delta (N = 908), but were less likely to be admitted (0.33 CI 0.21�0.52), require ICU level
care (0.38 CI 0.17�0.87), or succumb to infection (0.26 CI 0.06�1.02) regardless of vaccination status. There was
no statistically significant difference in Ct values based on the lineage regardless of the vaccination status. Recovery
of infectious virus in cell culture was reduced in boosted patients compared to fully vaccinated without a booster and
unvaccinated when infected with the Delta lineage. However, in patients with Omicron infections, recovery of infec-
tious virus was not affected by vaccination.

Interpretation Compared to Delta, Omicron was more likely to cause breakthrough infections of vaccinated individ-
uals, yet admissions were less frequent. Admitted patients might develop severe disease comparable to Delta. Efforts
for reducing Omicron transmission are required as, though the admission risk might be lower, the increased num-
bers of infections cause large numbers of hospitalizations.
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Research in context

Evidence before this study

The unprecedented increase in COVID-19 cases in the
month of December 2021, associated with the displace-
ment of the Delta variant with Omicron, triggered a lot
of concerns. An understanding of the disease severity
associated with infections with Omicron is essential as
well as the virological determinants that contributed to
its widespread predominance. We did a literature search
on PubMed for articles published up to March 15th,
2022 using the search terms “Omicron”, “SARS-CoV-2”,
and “Disease severity”, “Viral load” and “Cell culture”.
Peer reviewed and preprint published studies showed
that infection with Omicron is associated with lower
likelihood of hospitalization, intensive care unit (ICU)
level care, and mortality. In addition, peer reviewed and
preprint studies that compared the infectious viral load
or RNA loads in Omicron versus Delta showed that Omi-
cron had equivalent infectious viral titers and duration
of viral shedding.

Added value of this study

This study compared the clinical characteristics and out-
comes after infection with the Omicron variant com-
pared to Delta in the National Capital region (Maryland,
Virginia, and D.C) using variants characterized by whole
genome sequencing and a selective time frame when
both variants co-circulated. The analysis was stratified
by vaccination status to compare fully vaccinated
patients who didn’t receive a booster to patients who
received a booster vaccination, and controlled for
comorbidities and other known risk factors for more
severe outcomes. In addition, we compared viral RNA
and infectious virus load between Delta and Omicron
samples from unvaccinated, fully vaccinated, and
patients with booster vaccination.

Implications of all the available evidence

Omicron was more likely than Delta to cause break-
through infections in fully vaccinated and booster vacci-
nated individuals, but these infections were less likely to
result in admission or ICU level care. Admitted patients
with Omicron infections had similar requirements for
supplemental oxygen and ICU level care compared to
patients admitted with Delta infections. Viral loads were
similar in samples from Omicron and Delta infected
patients regardless of vaccination status. The recovery
of infectious virus on cell culture was reduced in sam-
ples from patients infected with Delta who received a
booster dose, which was not the case with Omicron. In
Omicron infected individuals, the recovery of infectious
virus was equivalent in unvaccinated, fully vaccinated,
and samples from patients who received booster
vaccination.
Introduction
The SARS-CoV-2 Omicron variant was first identified in
South Africa and reported to the World Health Organi-
zation (WHO) on November 24, 20211 and was desig-
nated as a variant of concern (VOC) on November 26,
2021.2,3 A large number of mutations and amino acid
changes were noted across the Omicron genome, 15 of
which are within the receptor binding domain (RBD) of
the spike (S) protein.4 Some of the Omicron RBD char-
acterized mutations raised concerns of a substantial
impact on the transmissibility, immunity secondary to
vaccination or prior infection, and efficacy of therapeu-
tic monoclonal antibodies. Initial reports from South
Africa5 and Europe6�8 suggested that the Omicron vari-
ant may be more transmissible but cause less severe
infection. However, the US population differs from
both the South African and UK populations in multiple
ways; most importantly, the percentage of the popula-
tion that is vaccinated is lower in the US than the UK
and prior infection is lower in the US compared to
South Africa.9 Thus, important questions remain as to
the regional impact of Omicron. Most importantly, how
might outcomes, particularly hospitalization, differ
between patients infected with Omicron compared to
variants such as Delta. Additionally, there remains
uncertainty as to whether enhanced evasion of pre-exist-
ing immunity or some other biological mechanisms
drive the higher rate of Omicron transmission.

The Omicron variant was first identified in Maryland
in the last week of November 2021, and became pre-
dominant in a matter of 3 weeks. In this study, we evalu-
ated the biological differences between viral variants
collected as a part of routine clinical care between
November 22nd and December 31st in the Johns Hop-
kins Health System, as well as the clinical outcomes in
patients infected with Omicron and Delta. We focused
on this time frame as it witnessed the detection of the
first Omicron case in our system in the last week of
November, and the switch between Delta predominance
in the beginning of December to Omicron predomi-
nance at the end of December 2021. We provide a com-
parison of clinical, demographic and virological load
www.thelancet.com Vol 79 Month May, 2022
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Figure 1. Flow chart of samples and patients used for the study.
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between Delta and Omicron infected individuals and
stratify our results based on vaccination status.
Methods

Ethical considerations and data availability
Research was conducted under Johns Hopkins IRB pro-
tocol IRB00221396 with a waiver of consent. Remnant
clinical specimens from patients that tested positive for
SARS-CoV-2 after standard of care testing were used for
whole genome sequencing. Whole genomes were made
publicly available at GISAID.
Specimens and patient data
In this retrospective observational cohort study, naso-
pharyngeal (symptomatic) or lateral mid-turbinate nasal
swabs (asymptomatic) after standard of care diagnostic
or screening testing were collected and used for genome
sequencing. At Johns Hopkins Medical System, SARS-
CoV-2 clinical testing is performed for inpatients and
outpatients (five acute care hospitals and more than 40
ambulatory care offices) as well as standard of care
screening particularly prior to scheduled surgeries.
Molecular assays used include primarily the NeuMoDx
SARS-CoV-2 (Qiagen), Cobas SARS-CoV-2 (Roche),
Xpert Xpress SARS-CoV-2/Flu/RSV (Cepheid), in addi-
tion to the RealStar� SARS-CoV-2 RT-PCR (Altona
Diagnostics), ePlex Respiratory Pathogen Panel 2
(Roche), Aptima SARS-CoV-2 (Hologic), and Accula
SARS-CoV-2 assays (ThermoFisher Scientific).10�13

Each sample in our cohort represents a unique patient
as repeat tests from the same patient were excluded
www.thelancet.com Vol 79 Month May, 2022
(samples with better quality genomes were used) as
were uncharacterized genomes due to insufficient qual-
ity (Genomes with unassigned lineages, n = 347,
Figure 1). Table 1 summarizes the numbers of patients
and samples used for each part of the study.
Sample size
A total of 1,119 Omicron and 908 Delta infected patients
diagnosed between November 22nd 2021 and Decem-
ber 31st 2021 were included in the study. Patients’ sam-
ple size and cohorts were based on whole genome
sequencing surveillance data. For whole genome
sequencing, samples were collected randomly (daily,
the first available 150- 200 samples with the same day’s
collection date) from the whole Johns Hopkins system.
For Ct, ELISA and cell culture experiments, subsamples
from the Omicron and Delta cohorts were selected
based on availability (Table 1).
Clinical data analysis
Clinical and vaccination data for patients whose sam-
ples were characterized by whole genome sequencing
was bulk extracted as previously detailed in.14 Cases
with missing data were excluded (N = 4). The first Omi-
cron infection was collected from a patient in the Johns
Hopkins Medical System during the last week of
November, 2021. COVID admission relatedness was
determined based on presenting complaints, admission
diagnoses, reason for testing, and timing of testing.
Patients admitted without symptoms or whose primary
reason for admission was not COVID were not counted
as a COVID-related admission. Additionally, patients
3
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who developed symptoms after admission or who tested
positive on regular asymptomatic surveillance of inpa-
tients were also considered non-COVID-related admis-
sions. In our vaccinated patients’ population, 68.6%
received Pfizer/BioNTech, followed by the Moderna
mRNA-1273 (26.6%), then the J&J/Janssen COVID-19
vaccines (4.8%). Full vaccination was based on the CDC
definition of positive test results more than 14 days post
the second shot for pfizer/BioNTech BNT162b2 and
Moderna mRNA-1273 or 14 days after the J&J/Janssen.
Ct value analysis
To ensure comparable Ct values for viral load analyses,
samples were retested with the PerkinElmers SARS-
CoV-2 kit (https://www.fda.gov/media/136410/down
load, Last accessed January 19, 2022) and Ct values of
the N gene were used for comparisons. The distribution
of nasopharyngeal (from symptomatic patients) and lat-
eral mid-turbinate nasal swabs (from asymptomatic
patients) were equivalent between the groups and the
comprehensive analysis of all Ct values (Figure 3a) did
not control for sample type.
Amplicon based sequencing
Specimen preparation, extractions, and sequencing
were performed as described previously.15,16 Library
preparation for this cohort was performed using the
NEBNext� ARTIC SARS-CoV-2 Companion Kit (Var-
Skip Short SARS-CoV-2 # E7660-L). Sequencing was
performed using the Nanopore GridION and reads
were basecalled with MinKNOW, and demultiplexed
with guppybarcoder that required barcodes at both
ends. Alignment and variant calling were performed
with the artic-ncov2019 medaka protocol. Only sequen-
ces with coverage >90% and mean depth >100 were
submitted to GISAID database. Genomes with lineages
assigned by Pangolin were included (coverage > 70%,
Tables S1 and S2 detail the quality of the genomes,
sequences with coverage >90% and mean depth >100:
Delta 840/ 908 and Omicron 987/ 1,119).Query muta-
tions were manually confirmed with Integrated Geno-
mics viewer (IGV) (Version 2.8.10), clades were
determined using Nextclade beta v 1.13.2 (clades.next-
strain.org, Last accessed March 30, 2022), and lineages
were determined with Pangolin COVID-19 lineage
Assigner.17
ELISA
Respiratory samples were tested, undiluted, with the
EUROIMMUN Anti-SARS-CoV-2 ELISA (IgG) follow-
ing the package insert (https://www.fda.gov/media/
137609/download) as we described previously.14 The
assay detects antibodies to the SARS-CoV-2 S1 domain
of the spike protein. The value 1.1 was used as a cut off
for positives.
www.thelancet.com Vol 79 Month May, 2022
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Cell culture
VeroE6TMPRSS2 cells (RRID: CVCL_YQ49) were
obtained from the cell repository of the National Insti-
tute of Infectious Diseases, Japan and are described
in.18 One vial of frozen cells was received, thawed in the
recommended media and expanded to generate approxi-
mately 20 vials of cells (seed stock). Subsequently, one
vial of this batch of frozen cells is thawed, expanded for
use and additional batches of frozen cell stocks (working
stocks) are generated. All laboratory members are
trained in good cell culture practice with annual
refreshers. The original seed stock of cells is checked for
mycoplasma using a real time quantitative PCR test
(MycoSEQ Mycoplasma Detection kit, Thermo Fisher
Scientific). VeroE6TMPRSS2 Cells were cultured and
infected with aliquots of swab specimens (convenience
sample, based on the availability) as previously
described for VeroE6 cells.19 Cultures were incubated
for 6 days and SARS-CoV-2 cytopathic effect (CPE) was
confirmed by reverse transcriptase PCR.
Reagents validations
ELISA and PerkinElmers SARS-CoV-2 kits received the
FDA emergency use authorization (EUA) and were clin-
ically validated for diagnosis. SARS-CoV-2 whole
genome sequencing was validated using reference
materials and controls and each run includes positive
and negative controls.
Statistical analysis
Fisher Exact test was used for categorical variable com-
parisons with confidence limits calculated by Wilson
score interval method. One-way ANOVA was used for
comparing continuous independent variables. Given
the admission rate for Delta infections, we were pow-
ered to detect a 3-percentage point difference with 85%
power at 5% statistical significance. The primary out-
comes of interest were admission, ICU level care, and
Death. To assess the association between variant type
and outcomes, we conducted a multivariable logistic
regression that controlled for noted risk factors for
COVID-19 severe outcomes including, age, gender,20

race and ethnicity,21 and comorbidities (hypertension,
pregnancy, lung disease, kidney disease, immunosup-
pression, diabetes, heart failure, atrial fibrillation, smok-
ing, cerebrovascular diseases, cancer, and coronary
artery disease). We further analyzed the association
between strain type and Ct level controlling for the
same factors using a linear regression analysis. All
regression analyses were done in Stata (StataCorp.
2021. Stata Statistical Software: Release 17. College Sta-
tion, TX: StataCorp LLC.), all other statistical analyses
were conducted using GraphPad prism. There was no
allowance for multiplicity in our statistical approaches.
www.thelancet.com Vol 79 Month May, 2022
Key resource table

Reagent Item Number
chemagic Viral DNA/RNA 300 Kit H96
 CMG-1033-S
Mag-Bind� TotalPure NGS
 M1378
NEBNextARTIC SARS-CoV-2 Companion Kit

(Oxford Nanopore Technologies) - 96 reactions
E7660L
Qubit 1X dsDNA HS Assay Kit
 Q33231
Native Barcoding Expansion 96
 EXP-NBD196
SFB Expansion
 EXP-SFB001
Adapter Mix II Expansion
 EXP-AMII001
Flow Cell Priming Kit XL
 EXP-FLP002-XL
Sequencing Auxiliary Vials
 EXP-AUX001
Flow Cell (R9.4.1)
 FLO-MIN106D
Software
 Version
MinKnow
 21.11.6.
Nextclade
 v1.13.2
Pangolin
 v3.0.
Role of funders
The corresponding authors confirm that they had full
access to all the data in the study and had final responsi-
bility for the decision to submit for publication. The
Funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.
Results

SARS-CoV-2 positivity and variants trends
November�December 2021
The SARS-CoV-2 positivity rate increased markedly in
December 2021 (symptomatic, 25.5%, Table 2 and
Figure 2a). The large increase in SARS-CoV-2 positivity
in the month of December was the highest recorded
since the beginning of the pandemic (Figure S1a and22).
The spike in SARS-CoV-2 positivity was particularly evi-
dent during the last two weeks of December for both
symptomatic and asymptomatic patients (Figure 2a). A
systemwide increase in COVID-19 hospitalizations was
notable in December 2021 (Figure 2b) and was also the
highest recorded since the beginning of the pandemic
(Figure S1b). The increase in the positivity correlated
with an increase in the detection of the Omicron vari-
ant, that went from less than 1% of sequenced strains in
the beginning of December to the dominant variant in
less than 3 weeks (Figure 2c and d). Table 2 shows the
total positive tests and samples sequenced in November
and December 2021.
Patient characteristics and infection outcomes in
Omicron and Delta infections
A total of 7353 samples tested positive for SARS-CoV-2
of a total 45,856 tested in the Johns Hopkins
5



November December November December

Positive tests %

SARS-CoV-2 (All testing) 726 7078 2.67 18.65

SARS-CoV-2 (Symptomatic only) 592 6236 5.7 25.5

SARS-CoV-2 whole genome sequencing

Sequenced %

Total 552 2179 76.03 30.79

Delta 492 827 89.13 37.95

Omicron 1 1208 0.18 55.44

Other or low QC 59 144 10.69 6.61

Table 2: SARS-CoV-2 positive tests and positivity rates in November and December 2021 and total sequenced.
Sequence counts were up to the time of writing this manuscript.

Figure 2. SARS-CoV-2 positivity, COVID-19 hospitalizations, and variants trends November- December 2021. (a) SARS-CoV-2 daily
positivity rates between November and December 2021 for both symptomatic and asymptomatic testing. (b) COVID-19 related
admissions between November and December 2021. (c) SARS-CoV-2 variant distribution between November and December 2021
relative to the 7 day rolling average positives from Johns Hopkins system. (d) Percent SARS-CoV-2 variants in November and Decem-
ber 2021.
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Variables, N (%) Omicron Delta

Total 1119 908

Collection range 11/25/2021 to 12/31/21 11/22/21 to 12/31/21

Fully Vaccinated (No booster) 704 (62.9%) 325 (35.8%)

Booster 183 (16.4%) 63 (6.9%)

Partially vaccinated 35 (3.1%) 22 (2.4%)

Symptomatic 1036 (92.6%) 836 (92.1%)

Gender

Female 728 (65.1%) 499 (55.0%)

Male 391 (34.9%) 409 (45.0%)

Age

median (IQR) 32 (22-46) 35 (17-55)

0-44 809 (72.3%) 577 (63.6%)

45-64 255 (22.8%) 215 (23.7%)

65+ 55 (4.9%) 116 (12.8%)

Race/Ethnicityy

White 360 (32.1%) 381 (41.9%)

Black 531 (47.4%) 345 (37.9%)

Hispanic 87 (7.8%) 93 (10.2%)

Other 143 (12.8%) 91 (10.0%)

Comorbidities

Hypertension 242 (21.6%) 283 (31.2%)

Pregnancy 84 (7.5%) 53 (5.8%)

Lung Disease 225 (20.1%) 205 (22.6%)

Kidney Disease 69 (6.2%) 126 (13.9%)

Immunosuppression 121 (10.8%) 156 (17.2%)

Diabetes 106 (9.5%) 138 (15.2%)

Heart Failure 29 (2.6%) 62 (6.8%)

Atrial Fibrilation 17 (1.5%) 46 (5.1%)

Smoker 115 (10.3%) 142 (15.6%)

Cerebrovascular Disease 46 (4.1%) 69 (7.6%)

Cancer 251 (22.4%) 208 (22.9%)

Coronary Artery Disease 85 (7.6%) 151 (16.6%)

Outcome

COVID Related Admission* 39 (3.5%) 140 (15.4%)

ICU Level Care 10 (0.9%) 41 (4.5%)

COVID related Death 3 (0.3%) 21 (2.3%)

CT, N, (avg [StDev]) 372 (18.7 [ 4.7]) 640 (18.8 [ 4.9])

Table 3: Clinical and metadata of the Omicron and Delta infected patients.
* Patients admitted without symptoms or whose primary reason for admission was not COVID were not counted as a COVID-related admission
y Race/Ethnicity separates out Hispanic as a separate group due to the higher noted incidence in this community.

Articles
Laboratories between November 22nd 2021 and Decem-
ber 31st 2021. Of these, 2378 were randomly selected for
whole genome sequencing. After excluding repeat tests
in patients and results that were unable to be character-
ized due to low quality, a total of 2027 patients, 1119
Omicron and 908 Delta, were included in the study.
Patients infected with the Omicron variant were youn-
ger (median age 32 (IQR 22-46) vs 35 (IQR 17-55),
Table 3) and more likely to be both fully vaccinated and
boosted than patients with Delta infections (Table 3). A
greater percentage of patients with Omicron infections
were female compared to Delta infections, and a greater
percentage of patients were non-White. Additionally,
www.thelancet.com Vol 79 Month May, 2022
every comorbidity except cancer and pregnancy, were
less frequent in Omicron patients.

Controlling for gender, age, race/ethnicity, and
comorbidities, we found that, compared to patients with
Delta, patients with Omicron were less likely to be
admitted (0.34 (CI 0.21-0.53)), require ICU level care
(0.39 (CI 0.17-0.89)), or die (0.22 (CI 0.05-0.91),
Table 4). Regardless of variant, vaccinated patients were
less likely to be admitted, require ICU level care, or die,
however, admissions and mortality were more likely in
older age groups, and men were more likely to die
(Table 4). The only statistically significant comorbidities
were kidney disease, immunosuppression, diabetes,
7



COVID Related Admission* ICU Level Care COVID related Death Ctz

Omicron 0.34 (0.21-0.53) 0.39 (0.17-0.89) 0.22 (0.05-0.91) 0.07 (-0.59-0.72)

Vaccine Statusy

Unvaccinated/Partially Vaccinated Reference Reference Reference Reference

Fully vaccinated 0.30 (0.18-0.50) 0.42 (0.19-0.90) 0.17 (0.05-0.64) -0.81 (-1.50�0.12)

Boosted 0.18 (0.08-0.38) 0.14 (0.04-0.51) 0.35 (0.09-1.37) -0.47 (-1.64-0.71)

Symptomatic 5.26 (2.24-12.35) 1.02 (0.40-2.57) 0.22 (0.07-0.67) 0.38 (-0.83-1.58)

Gender

Female Reference Reference Reference Reference

Male 1.32 (0.87-2.02) 1.69 (0.84-3.38) 3.43 (1.18-9.96) 0.37 (-0.26-1.01)

Age

0-44 Reference Reference Reference Reference

45-64 2.52 (1.49-4.28) 0.96 (0.39-2.35) 2.73 (0.54-13.89) -0.33 (-1.22-0.56)

65+ 6.16 (3.20-11.86) 0.64 (0.21-1.98) 20.15 (4.06-100.03) 0.07 (-1.30-1.43)

Race/Ethnicity**

White Reference Reference Reference Reference

Black 1.15 (0.72-1.84) 0.63 (0.30-1.35) 1.22 (0.36-4.08) 1.12 (0.39-1.85)

Hispanic 0.94 (0.42-2.11) 0.43 (0.05-3.48) 1.57 (0.16-15.21) -0.39 (-1.57-0.78)

Other 1.14 (0.54-2.39) 1.22 (0.36-4.14) 0.61 (0.07-5.51) -0.67 (-1.69-0.34)

Comorbidities

Hypertension 0.83 (0.49-1.41) 1.68 (0.64-4.39) 0.61 (0.16-2.33) -0.63 (-1.54-0.28)

Pregnancya 2.14 (0.92-4.99) 0.73 (0.09-6.29) - -0.40 (-1.67-0.88)

Lung Disease 0.82 (0.51-1.33) 1.82 (0.90-3.68) 1.03 (0.35-3.00) -0.37 (-1.11-0.37)

Kidney Disease 4.76 (2.77-8.19) 6.79 (2.63-17.51) 3.32 (0.85-13.05) 1.21 (-0.11-2.54)

Immunosuppression 2.78 (1.74-4.46) 1.06 (0.46-2.43) 1.74 (0.57-5.28) 1.02 (0.01-2.02)

Diabetes 2.35 (1.41-3.91) 2.13 (0.98-4.61) 3.22 (1.11-9.39) 1.17 (0.07-2.28)

Heart Failure 0.60 (0.28-1.30) 1.19 (0.46-3.08) 0.51 (0.13-2.03) -1.14 (-3.02-0.75)

Atrial Fibrilation 3.41 (1.52-7.63) 1.86 (0.72-4.82) 1.34 (0.38-4.77) 0.07 (-2.00-2.15)

Smoker 0.93 (0.56-1.56) 0.64 (0.29-1.42) 0.56 (0.16-1.93) 1.06 (0.11-2.00)

Cerebrovascular Disease 0.88 (0.46-1.68) 1.04 (0.44-2.44) 0.36 (0.09-1.40) -0.90 (-2.38-0.58)

Cancer 1.34 (0.84-2.15) 0.82 (0.38-1.74) 1.47 (0.51-4.27) 0.16 (-0.66-0.98)

Coronary Artery Disease 2.84 (1.68-4.82) 4.11 (1.64-10.31) 2.15 (0.65-7.17) -0.56 (-1.78-0.66)

N 2027 2027 1890 1012

Table 4: Multivariable regression.
* Patients admitted without symptoms or whose primary reason for admission was not COVID were not counted as a COVID-related admission;
y Partially vaccinated were considered unvaccinated;
z Regression results (see methods).

** Race/Ethnicity separates out Hispanic as a separate group due to the higher noted incidence in this community.
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atrial fibrillation, and coronary artery disease. Notably,
while individuals that were boosted had a lower odds
ratio of admission or ICU-level care, this was not statis-
tically different from fully vaccinated individuals. Given
the relatively low number of patients that died (24 over-
all, 21 Delta and 3 Omicron), none of whom had Omi-
cron and were boosted, the difference between fully
vaccinated and boosted is also not statistically signifi-
cant. Evaluating patients separately by vaccination sta-
tus, we found that patients with Omicron infections
were less likely to be admitted regardless of vaccination
status (Table S3). However, for unvaccinated older indi-
viduals, of which there were only 52, there was no differ-
ence in admission rates, as equal numbers of patients
were admitted by virus type (22 of 41 Delta patients and
5 of 11 Omicron patients). This is in comparison to vacci-
nated elderly patients, of which there were 119 patients,
where those with Omicron infections were less likely to
be admitted (40% [30/75] for Delta (CI 0.297�0.513)
and 20% [9/44] for Omicron (CI 0.112�0.345); Fisher
Exact test, p = 0.04).
Omicron and Delta variants cycle threshold (Ct) values
in upper respiratory samples
To determine if the Ct values in upper respiratory sam-
ples were different in Omicron versus Delta infected
individuals, we compared the Ct values collected for all
the groups regardless of the days to the onset of symp-
toms or the status of the patients being symptomatic or
asymptomatic (Omicron = 412, Delta N = 642). No dif-
ference in the mean or median Ct values were notable
(Figure 3a). No differences were noted when Ct values
were compared between vaccinated and unvaccinated
www.thelancet.com Vol 79 Month May, 2022



Figure 3. Omicron and Delta variants cycle threshold (Ct) values in upper respiratory samples.
(a) Ct values of Omicron and Delta from all samples with available Ct values (N gene) stratified by vaccination status. (b) Ct values

of Omicron and Delta from samples collected 5 days or less from the onset of symptoms. For this analysis, samples from asymptom-
atic patients were not included. (c) Ct values of Omicron and Delta variants collected more than 5 days from the onset of symptoms.
For this analysis, samples from asymptomatic patients were not included. Vax, fully vaccinated patients who didn’t receive a booster
dose (panel A only, Vax includes boosted patients); Unvax, unvaccinated; boost, patients with booster dose. Data shown as box and
whisker plots, horizontal bars represent median Ct values, and total numbers per group are shown on top of each box.

Articles
patients from both groups as well (Omicron vacci-
nated = 229, unvaccinated = 166, Delta vaccinated = 230,
unvaccinated = 400, Figure 3a). When the Ct analysis
was correlated to the days from the onset of symptoms
for symptomatic patients, no statistically significant dif-
ferences were detected between Omicron and Delta
fully vaccinated, boosted, or unvaccinated (Figures 3b
and c and S2). Finally, a multivariable regression con-
trolling for gender, age, race and ethnicity, and comor-
bidities found no statistically significant association
between strain type and Ct-level (Table 4).
Recovery of infectious virus in Omicron versus Delta
groups
To assess the recovery of infectious virus from upper
respiratory tract specimens of individuals infected with
Omicron versus Delta variants, samples from 214 Omi-
cron and 153 Delta (Table 5) infections were used to
inoculate Vero-TMPRSS2 cells. Recovery of infectious
virus (positive cytopathic effects; CPE) was noted from
more specimens from the Delta group as compared to
the Omicron group (Delta 78% (CI 0.71�0.84), Omi-
cron 61% (CI 0.55�0.67); Figure 4a, Fisher Exact test,
p = 0.0009). Specimens from the boosted Delta group
showed statistically significant reduction in the recovery
of infectious virus as compared to the fully vaccinated
www.thelancet.com Vol 79 Month May, 2022
or the unvaccinated Delta groups (62% (CI 0.47�0.75)
vs 85 (CI 0.74�0.92) and 82% (CI 0.7�0.9), Fisher
Exact, p = 0.0096 and 0.037, Figure 4a). This was not
the case in the Omicron groups which had no statisti-
cally significant differences in infectious virus recovery
between the boosted, fully vaccinated and unvaccinated
groups (57% (CI 0.46�0.68), 69% (CI 0.55�0.79), and
60% (CI 0.49�0.7), Figure 4a). A statistically signifi-
cant increase in the recovery of infectious virus from
specimens of patients infected with the Delta variant as
compared to the Omicron was noted for both fully vacci-
nated (85% (CI 0.74�0.92) vs 69% (CI 0.55�0.79),
Fisher Exact test, p < 0.042) and unvaccinated (82%
(CI 0.7�0.9) vs 60% (CI 0.49�0.7), Fisher Exact test,
p = 0.008) groups (Figure 4a). Consistent with our pre-
viously published reports (Figure 4c and14,19), and since
lower Ct values have been associated with positive CPE,
we compared samples with Ct values less than 20 for
both Delta and Omicron groups (N, Table 5). Our analy-
sis showed that the Delta infection was associated with
a statistically significant increase in samples with posi-
tive CPE compared to Omicron (87% (CI 0.79�0.92) vs
74% (CI 0.66�0.81), Fisher Exact test, p = 0.0017) how-
ever, no statistically significant differences were seen
between boosted, fully vaccinated, or unvaccinated
groups (Figure 4b). Taken together, Omicron infections
had lower numbers of samples with infectious virus
9
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when compared to Delta virus infections, indicating that
a higher infectious virus load was not driving the
higher transmissibility seen in Omicron infections.
Notably, no statistically significant differences were
noted in the specimen collection time frame in relation
to the onset of symptoms in all groups (Figure 4d). Of
note, 8.3% of samples with infectious virus were col-
lected after 5 days from symptoms (14 of a total of 168
positives with known sample collection times, Tables S1
and S2).
Localized SARS-CoV-2 IgG in nasal specimens
We previously showed that SARS-CoV-2 IgG levels in
the upper respiratory tract are higher in samples from
vaccinated individuals and correlate with less recovery
of infectious virus on cell culture.14 To compare the
anti-SARS-CoV-2 IgG levels between patients who
received a booster and fully vaccinated patients, ELISA
was performed on upper respiratory samples from the
Omicron and Delta infected groups. As expected, a sta-
tistically significant increase in localized IgG levels was
observed in patients who received a booster (Figure 5a,
one-way ANOVA, p < 0.001 CI (0.3734 to 1.758)) and
IgG levels were higher in samples with no detectable
infectious virus compared to those with infectious virus
(Figure 5a, one-way ANOVA, p < 0.001 CI (-2.447 to
-0.6775)). The anti-SARS-CoV-2 IgG levels were higher
in the boosted Omicron group compared to the Omi-
cron- fully vaccinated group but this was not statistically
significant in the Delta-infected groups (Figure 5b, one-
way ANOVA, p < 0.001 (CI 0.9881 to 2.857). Both Omi-
cron and Delta infected patients that had infectious
virus showed a statistically significant decrease in anti-
SARS-CoV-2 IgG levels when compared to specimens
with no infectious virus (Figure 5c, one-way ANOVA,
p < 0.001 (CI -3.348 to -0.8068). The data indicate that
anti-SARS-CoV-2 antibody levels in the upper respira-
tory tract can be increased after booster vaccination but
the presence of infectious virus with either Omicron or
Delta infection is associated with lower local levels of
vaccination induced antibodies.
Discussion
In this study, we provide a comparison between Omi-
cron and Delta infected patients from the transition
from Delta to Omicron dominance. Using this tight
time frame also controls for the timing of samples’ col-
lection in relation to vaccinations and booster doses
between the two groups in addition to the implemented
community measures of infection control, including
masking and social distancing. Our data showed that
Omicron infected patients were associated with higher
infection rates in vaccinated individuals and those who
received booster vaccinations but admissions, ICU level
care, and mortality were less likely. Additionally, even
www.thelancet.com Vol 79 Month May, 2022



Figure 4. Recovery of infectious virus from respiratory samples of patients infected with Delta or Omicron. (a) Percent CPE positives
and negatives for Delta and Omicron; total, patients who received a booster, fully vaccinated, and unvaccinated groups. Fisher Exact
test (p, N, and CI, Table 5). (b) Percent CPE positives and negatives for Delta and Omicron; total, patients who received a booster,
fully vaccinated, and unvaccinated groups with Ct values less than 20. Fisher Exact test (p, N, and CI, Table 5). (c) Box and whisker
plots of Ct of Delta and Omicron samples, CPE positive and negative. Horizontal bars denote median Ct values. One-way ANOVA
p < 0.05. (d) Distribution of sample collection time from each group in relation to days from the onset of symptoms. In c and d, total
numbers per group are shown on top of each box.

Articles
when examining only unvaccinated individuals, patients
with Omicron infections were less likely to be admitted
and though the low numbers precluded a statistically
www.thelancet.com Vol 79 Month May, 2022
significant result, probably less likely to need ICU level
care. Samples collected from Omicron infected patients
had equivalent viral loads when compared to samples
11



Figure 5. SARS-CoV-2 IgG levels in upper respiratory samples of infected vaccinated patients. Boost, patients with booster dose; Vax,
fully vaccinated patients who didn’t receive a booster dose. Dashed lines demarcate the limit of borderline and negative ELISA
results as specified per assay’s package insert. Statistical analyses, one-way ANOVA. Total numbers per group are shown on top of
each scatter.
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collected from Delta infected individuals regardless of
the vaccination status. Recovery of infectious virus on
cell culture was less frequent in the Omicron group
with no statistically significant impact of vaccination
with the exception of the Delta individuals who received
a booster dose, this group showed a statistically signifi-
cant reduced recovery of infectious virus when com-
pared to the Delta fully vaccinated and unvaccinated
groups. Consistent with our previously reported obser-
vations,14 samples with successful recovery of infectious
virus on cell culture correlated with less IgG levels in
the respiratory samples. In this study, we also report a
statistically significant increase of IgG in samples col-
lected from patients who received a booster dose.

The Omicron variant was first reported from South
Africa early in November 2021. The first case was
reported from the US on December 1st 2021, a few days
after the WHO classified it as a variant of concern.23

The first case we identified as a part of our SARS-CoV-2
genomic surveillance was from a patient who developed
symptoms during the last week of November 2021. A
very quick increase in Omicron detection correlated
with a marked increase in the overall SARS-CoV-2 posi-
tivity to reach an average of close to 50% in symptomatic
patients in the last week of December. Notably, the
Omicron detection and rapid increase occurred during
a spike in Delta circulation. In contrast, the Delta dis-
placement of Alpha variant occurred in a time of
markedly low circulation of the latter (Figure S1 and14).
The rapid increase in Omicron cases could be explained
by either an increase in overall transmissibility of this
variant or due to the enhanced immune evasion of Omi-
cron through multiple mutations in the Spike protein.
In a study that compared the household contacts of
Delta and Omicron infected patients, the secondary
attack rate was higher with Omicron, particularly in
fully vaccinated and boosted contacts (preprint24). Nota-
bly, 53.1% of the Omicron infected patients from our
cohort were fully vaccinated or received booster doses
and there was no difference in the presence of Omicron
infectious virus in either the unvaccinated, vaccinated
or boosted groups, suggesting little effect of vaccination
on infectious virus load. Multiple studies have shown
that the neutralization of the Omicron variant is
reduced compared to Delta or prior variants (preprint
and peer reviewed25�28). Interestingly, there were fewer
numbers of specimen containing infectious virus in the
Omicron group compared to the Delta group, indicating
that the presence of infectious virus alone may not
explain the higher transmissibility of Omicron.

The omicron genome contains 32 amino acid
changes in the spike protein, within its NTD, RBD, and
close to the furin cleavage region, some of which are
shared with prior variants of concern and were previ-
ously characterized (peer reviewed and preprint29,30).
Interestingly, those changes are expected to impact the
binding to the host receptor ACE2 and alter membrane
fusion (preprint31). This likely explains the notable phe-
notypic changes of Omicron in cell culture and animal
studies and the change in the viral tropism. Omicron
www.thelancet.com Vol 79 Month May, 2022
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was shown to cause a mild disease in animals and repli-
cate less efficiently in the lungs.32 In addition, the use
of the Vero-TMPRSS2 cell line which initially showed an
enhanced sensitivity for the recovery of SARS-CoV-2,33

was also impacted by changes within Omicron. The slower
viral growth might indicate an alternative entry pathway
that is less dependent on TMPRSS2.34 This is consistent
with our observations that samples from the Omicron
infected group were associated with less recovery of infec-
tious virus on this cell line, yet, using this cell line allowed
the comparisons between different groups based on their
vaccination status. Our data indicates that the recovery of
infectious virus with Omicron is not impacted by booster
vaccination, which was not the case with Delta infected
patients. Even though, when we strictly limited our analy-
sis to samples with Ct values less than 20, the recovery of
infectious virus from the Delta infected, boosted group
was equivalent to other groups. IgG levels were higher in
samples from boosted, vaccinated patients and those with
no infectious virus. Taken together, we believe that Omi-
cron evasion of preexisting immunity contributes to lessen
the impact of booster vaccination on the recovery of infec-
tious virus, which might contribute to increased transmis-
sion, even in individuals who receive booster vaccination.

The most recent CDC guidelines for infection con-
trol and isolation indicates that in a contingency status,
health care workers can quarantine for 5 days from the
onset of symptoms if asymptomatic or with mild to
moderate symptoms.35 Our study showed that 8.5% of
CPE positive samples were collected after 5 days from
symptoms’ onset from patients who did not require hos-
pitalization. Our data indicates that it is not uncommon
to recover infectious virus after 5 days from symptoms
regardless of the vaccination status when patients are
symptomatic. Hence care should be taken when making
a release from quarantine decisions, especially when
patients are showing symptoms.

The limitations of our study include the retrospective
nature of data collections which doesn’t allow the collec-
tion of baseline serum and respiratory IgG levels. Anti-
body neutralization assays and quantification of viruses
from clinical samples were not conducted as a part of
this study nor were Omicron or Delta specific IgG
assays. Clinical data was compiled from patients tested
and admitted to the Johns Hopkins Health System and
the results might be impacted by regional differences. It
is possible that patients who tested positive in our sys-
tem sought additional clinical care, including admis-
sion, at a different hospital not affiliated with Johns
Hopkins. While this could artificially lower our admis-
sion rates, we have no reason to think that this was dif-
ferent in the first half of December, when Delta was
predominant, compared to the end of December. Addi-
tionally, the study was conducted in a highly vaccinated
population, particularly in older individuals. Thus,
while the results clearly suggest that vaccinated patients
or relatively younger unvaccinated patients with
www.thelancet.com Vol 79 Month May, 2022
Omicron infections were less likely to have severe dis-
ease, the impact on older individuals, while limited, sug-
gests that Omicron remains highly dangerous for this
community, particularly in those with no vaccination.
This is consistent with the data from Hong Kong, where
95% of deaths in the recent Omicron wave were in the
elderly.36

In conclusion, our data suggests that Omicron
infected patients are less likely to develop severe disease
when compared to Delta, yet we show that Omicron is
associated with more infections of fully and booster vac-
cinated individuals likely due to immune evasion. It is
important to note that the total numbers of admissions
were higher and that admitted patients didn’t show a
statistically significant difference in the use of supple-
mentary oxygen, or ICU level care. This highlights the
importance of taking infection control precautions and
raising an awareness that Omicron infections should
not be underestimated.
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