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Background. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variant of concern (VOC) B.1.617.2 (Delta) 
displaced B.1.1.7 (Alpha) and is associated with increases in coronavirus disease 2019 (COVID-19) cases, greater transmissibility, 
and higher viral RNA loads, but data are lacking regarding the infectious virus load and antiviral antibody levels in the nasal tract.

Methods. Whole genome sequencing, cycle threshold (Ct) values, infectious virus, anti-SARS-CoV-2 immunoglobulin G (IgG) 
levels, and clinical chart reviews were combined to characterize SARS-CoV-2 lineages circulating in the National Capital Region be-
tween January and September 2021 and differentiate infections in vaccinated and unvaccinated individuals by the Delta, Alpha, and 
B.1.2 (the predominant lineage prior to Alpha) variants.

Results. The Delta variant displaced the Alpha variant to constitute 99% of the circulating lineages in the National Capital 
Region by August 2021. In Delta infections, 28.5% were breakthrough cases in fully vaccinated individuals compared to 4% in the 
Alpha infected cohort. Breakthrough infections in both cohorts were associated with comorbidities, but only Delta infections were 
associated with a significant increase in the median days after vaccination. More than 74% of Delta samples had infectious virus 
compared to <30% from the Alpha cohort. The recovery of infectious virus with both variants was associated with low levels of local 
SARS-CoV-2 IgG.

Conclusions. Infection with the Delta variant was associated with more frequent recovery of infectious virus in vaccinated and 
unvaccinated individuals compared to the Alpha variant but was not associated with an increase in disease severity in fully vaccin-
ated individuals. Infectious virus was correlated with the presence of low amounts of antiviral IgG in the nasal specimens.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) genomic evolution led to the emergence of variants that 
are more transmissible, cause severe disease, and escape nat-
ural or vaccine induced protective immunity. Lineage B.1.1.7 
(Alpha) was classified as a variant of concern (VOC) by the US 
Centers for Disease Control and Prevention (CDC) due to ev-
idence of higher transmissibility and concern for more severe 

disease [1]. The Alpha variant, which was first detected in 
Southeast England in September 2020 [2], predominated new 
SARS-CoV-2 infections in the United Kingdom by December 
2020, spread globally, and rapidly became the major lineage in 
the United States by April 2021 [3, 4] with estimates that it was 
50% more transmissible and had a 43–90% higher reproduction 
number compared to other SARS-CoV-2 lineages [5]. Although 
early reports found no correlation between Alpha and increased 
severity of disease [5], recent studies report an association with 
higher mortality [6] and risk of hospitalization [7].

The B.1.617.2 (Delta) variant displaced the Alpha in the 
United States after a nationwide decline in the total numbers of 
cases in June 2021 and became the most frequently sequenced 
lineage by July 2021 [8]. The Delta variant was classified as a 
VOC by the World Health Organization (WHO) in May 2021 
due to notably increased transmissibility, even in the context 
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of increasing percentages of fully vaccinated individuals in var-
ious communities. The Delta variant was associated with SARS-
CoV-2 outbreaks and breakthrough infections in vaccinated 
individuals [9, 10], but vaccines continue to limit severe disease, 
hospitalization, and death [11–13].

The reasons for increased transmission of both the Alpha and 
Delta are unclear, but one proposed hypothesis is that these vari-
ants are able to attain higher viral loads in the respiratory tract 
of infected individuals [5, 14]. Some reports have found an as-
sociation between the Alpha and Delta variants and higher viral 
loads in the upper respiratory tract [5, 6, 10]. Quantifying these 
differences is particularly important in vaccinated individuals, 
where the Delta variant has been associated with comparable 
cycle threshold (Ct) values in vaccinated versus unvaccinated 
patients [15]. Additionally, studies have assessed the recovery 
of infectious virus and neutralizing antibody levels [16, 17]. 
We used a large cohort of samples characterized by whole ge-
nome sequencing between January 2021 and September 2021 
to compare the clinical characteristics, Ct values from upper 
respiratory specimens, recovery of infectious virus, and nasal 
SARS-CoV-2 immunoglobulin G (IgG) for Delta and Alpha 
variants.

METHODS

Ethical Considerations and Data Availability

Research was conducted under Johns Hopkins IRB protocol 
IRB00221396 with a waiver of consent. Remnant clinical spe-
cimens from patients that tested positive for SARS-CoV-2 after 
standard of care testing were used for this study. Whole gen-
omes were made publicly available at GISAID.

Specimens and Patient Data

The clinical specimens used for sequencing were nasopharyn-
geal (for symptomatic patients) or lateral mid-turbinate nasal 
swabs (for asymptomatic patients) after standard of care di-
agnostic or screening testing was performed during inpatient 
and outpatient encounters across the Johns Hopkins Medical 
System (which encompasses 5 acute care hospitals and more 
than 40 ambulatory care offices). In addition, specimens were 
obtained through standard of care screening and testing serv-
ices performed by the health system at several long-term care 
facilities in the State of Maryland as well as through mobile out-
reach clinics in local neighborhoods. Molecular assays used for 
diagnosis include RealStar® SARS-CoV-2 reverse transcription 
polymerase chain reaction (RT-PCR) (Altona Diagnostics), 
Xpert Xpress SARS-CoV-2/Flu/RSV (Cepheid), NeuMoDx 
SARS-CoV-2 (Qiagen), Cobas SARS-CoV-2 (Roche), ePlex 
Respiratory Pathogen Panel 2 (Roche), Aptima SARS-CoV-2 
(Hologic), and Accula SARS-CoV-2 assays (ThermoFisher 
Scientific) [18–21]. Molecular diagnosis of SARS-CoV-2 at 
Johns Hopkins Hospital laboratory began on 11 March 2020 

[22], and whole genome sequencing for identifying circulating 
SARS-CoV-2 variants started as early as March 2020 as well 
[22]. Surveillance efforts for VOCs were increased at the end of 
October 2020 to monitor the evolution of SARS-CoV-2. Each 
sample in our cohort represents a unique patient. Table 1 shows 
the numbers of samples used for each part of the study.

Clinical Data Analysis

Patient data were bulk extracted from a data warehouse that 
contains all encounter-related information from hospital and 
outpatient visits to any Johns Hopkins Medical Institutions 
Facilities. Coronavirus disease 2019 (COVID-19) related hos-
pitalization, intensive care unit (ICU) level care, and mortality 
were confirmed by manual chart reviews. Symptom-onset date 
was a questionnaire included in the chart and was answered by 
the patient at the specimen collection time. Symptomatic ill-
ness was defined based on the ordering clinician and was also 
a questionnaire included in the clinical charts. Vaccination 
status was determined through local vaccination first. If there 
was no local information entered (this includes both docu-
mented vaccinations given and self-reports documented in the 
system) registries from across the state that are pulled into the 
electronic medical records were then searched as were regis-
tries from nearby states (particularly Washington D.C.) and 
insurance registries. Notably, Johns Hopkins has an agree-
ment with the State of Maryland and with CRISP (Chesapeake 
Regional Information System for our Patients) to provide vac-
cination status and positive infection information for all Johns 
Hopkins Patients. In general, the majority of the vaccinated pa-
tients’ population with known vaccine types in our cohort re-
ceived the Pfizer/BioNTech (72.6%), followed by the Moderna 

Table 1. Clinical Charts and Samples Used for the Study

  B.1.2 Alpha Delta  

Total patients 377 1482 785

Samples with Ct values

  Total 224 564 251

Breakthrough

  Total 46 87

  Asymptomatic   20 15

  Known days to symptoms   26 72

Unvaccinated

  Total 200 470 134

  Asymptomatic 9 28 18

  Known days to symptoms 191 442 116

Samples with cell culture

  Total   154 128

  Breakthrough   46 39

  Unvaccinated 58 95 77

Samples with respiratory IgG

  Breakthrough   43 24

  Unvaccinated   30 17

Abbreviations: Ct, cycle threshold; IgG, immunoglobulin G.
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mRNA-1273 (26.8%) and the J&J/Janssen COVID-19 vaccines 
(0.6%). Vaccine breakthrough infections were 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 shot.

Ct Value Analysis

To ensure comparable Ct values for viral load analyses, sam-
ples with available Ct values after clinical testing was per-
formed with the most commonly used diagnostic platform at 
Johns Hopkins (the NeuMoDx SARS-CoV-2 https://www.fda.
gov/media/136565/download) were included in this study. 
Specifically, Ct values of the N gene were compared.

Amplicon-based Sequencing

Specimens were extracted using the Chemagic™ 360 system 
(Perkin Elmer) following the manufacturer’s protocol. In total, 
300 µL of sample was extracted and eluted in 60 µL elution 
buffer. Sequencing and data analysis were performed as pre-
viously described [4, 22]. Briefly, libraries were prepared in 96 
well plates using the ARTIC protocol (V3). Nanopore 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. Thresholds were set to a minimum of 90% 
coverage and 100 mean depth. Mutations were visually con-
firmed with Integrated Genomics viewer (IGV) (Version 
2.8.10), clades were determined using Nextclade beta v 0.12.0 
(clades.nextstrain.org), and lineages were determined with 
Pangolin COVID-19 lineage Assigner (COG-UK (cog-uk.io)).

Cell Culture

Vero-TMPRSS2 cells were cultured and infected with aliquots 
of swab specimens as previously described for VeroE6 cells [23]. 
The presence of SARS-CoV-2 was confirmed by RT quantita-
tive PCR (qPCR).

ELISA

Undiluted respiratory samples were tested with the 
EUROIMMUN Anti-SARS-CoV-2 enzyme-linked immu-
nosorbent assay (ELISA) (IgG) following the package insert 
(https://www.fda.gov/media/137609/download). The assay de-
tects antibodies to the S1 domain of the spike protein of SARS-
CoV-2 with a cutoff of <0.8 for negative results and ≥0.8 to <1.1 
as borderline. The value 1.1 was used as a cutoff for respiratory 
specimen types such that values >1.1 were deemed positive.

Statistical Analysis

Statistical analyses were conducted using GraphPad prism. 
The χ2 and Fisher exact tests were used for categorical variable 
comparisons, and t-test and Kruskal-Wallis 1-way analysis of 
variance (ANOVA) tests were used for comparing continuous 
independent variables.

RESULTS

SARS-CoV-2 Positivity and Variant Trends

Between January 2021 and September 2021, a total of 265 127 
samples were tested at the Johns Hopkins Hospital Laboratory 
with positivity rates that declined from 7.7% in January to 0.7% 
in June with a notable increase in August and September to 
3.2% and 3.5% (Figure 1A). Of 6151 genomes sequenced in this 
time frame, our data showed that the predominant circulating 
lineages (primarily B.1.2, clade 20G) were displaced by Alpha in 
late February [4], which were subsequently displaced by Delta 
at the end of June to constitute 99% of the circulating variants in 
August and September (Figure 1B). Other VOC and VOI were 
detected only infrequently during this time frame (Figure 1B).

Patient Characteristics and Infection Outcomes in Alpha and Delta 
infections

Clinical chart reviews were performed for all Delta (785), 
Alpha (1482), and B.1.2 (377) infected patients diagnosed at 
Johns Hopkins laboratory from January 2021 to September 
2021. The Delta variant was associated with a significant in-
crease in confirmed breakthrough infections when compared 
to the Alpha variant (28.5% vs 4%, P < .00001, Table 2). There 
was a significant increase in the median days after vaccination 
for the Delta variant breakthroughs compared to Alpha variant 
breakthroughs (178.4 vs 20.1, P < .00001, Table 2). Delta var-
iant infected patients were significantly different in race distri-
bution when compared to the Alpha with a significant increase 
in infections in White race (P = .0003); however, Black patients 
predominated infections with both variants. An increase in 
COVID-19 related mortality and admissions was noted with 
the Delta variant (P = .01 and .003). However, the Delta in-
fected group had a lower prevalence of certain comorbidities 
including lung, kidney, and heart disease (Table 2).

The Alpha variant was associated with a significant increase in 
symptomatic infections when compared to the precedent B.1.2 
lineage (84.8% vs 78.8%, P = .0015, Table 2). However, there 
was no similar increase from Alpha to Delta (P = .75, Table 2). 
A reduction in the median age, reduction in the male to female 
ratio, and an increase in infections in African-Americans were 
noted for the Alpha variant compared to the B.1.2 lineage (Table 
2). When compared to the B.1.2, the Alpha variant showed a 
significant increase in COVID-19 related hospitalization and 
ICU level care but not mortality.

When vaccine breakthrough infection cases were compared 
to the unvaccinated patients in the Alpha and Delta groups, 
no significant differences in the likelihood of COVID-19 re-
lated hospital admissions were observed. However, the Alpha, 
and to a lesser extent the Delta, vaccine breakthrough groups 
were characterized by significantly higher immunosuppression 
and other comorbidities (Table 3). Comorbidities including hy-
pertension, immunosuppression, cancer, and coronary artery 
disease were associated with vaccine breakthrough infections 
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with the Alpha and Delta variants (Table 3). Vaccine break-
through infections with the Delta variant were associated with 
a significantly higher percentage of symptomatic infections 
(84.4% vs 61%, P = .0002) and a marked increase in the me-
dian days after receiving the vaccine (195.7 days vs 77.3 days, 
P < .00001, Table 3).

Delta and Alpha Variants Cycle Threshold (Ct) Values in Upper Respiratory 
Samples

To determine if the Ct values in respiratory specimens were 
different between Alpha, Delta, and B.1.2 variants, we com-
pared the Ct values available for each group (N: Alpha = 564, 
Delta = 251, B.1.2 = 224) and associated the Ct values to 
the days after the onset of symptoms for symptomatic pa-
tients (N: Alpha = 511, Delta = 215, B.1.2 = 214). The mean 
Ct values for the Delta and B.1.2 variants were significantly 

lower when compared to the Alpha variant (20.61 vs 19.62 
vs 21.77, respectively, Figure 2A). Similar trends were noted 
when Ct values were associated with samples collected within 
5 days or less from symptoms onset (mean Ct for Alpha 20.98 
vs 19.79 for Delta vs 19.25 for B.1.2, respectively, Figure 2B). 
For samples collected more than 5 days from symptoms, 
mean Ct values of the Alpha was significantly higher than 
the B.1.2 (24.5 vs 21.58, respectively, P < .05, Figure 2C). 
Supplementary Figure 1 confirms unbiased distribution of 
the data collected in correlation to days of the onset of symp-
toms for each group.

Mean Ct values were significantly lower in Delta versus Alpha 
variant vaccine breakthrough groups (20.51 vs 22.76, P < .05) 
(Figure 2D), but no significant differences were observed be-
tween Ct values from vaccinated and unvaccinated individuals 
infected by either variant (Figure 2E and 2F).

Figure 1. SARS-CoV-2 positivity and variant trends. Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Recovery of Infectious Virus in Delta versus Alpha groups

Samples from a total of 154 Alpha (95 from unvaccinated, 13 
from partially or unknown vaccination status, and 46 from 
vaccine breakthrough infections) and 128 Delta (77 unvacci-
nated, 12 from partially or unknown vaccination status, and 
39 from vaccine breakthrough infections) were used to in-
oculate Vero-TMPRSS2 cells. Significantly more specimens 
with Delta variants had infectious virus present compared 
to specimens containing Alpha variants (Delta 74.2%, Alpha 
29.2%; Figure 3A, P < .00001). Specimens from the fully vac-
cinated Alpha group showed significant reduction in the re-
covery of infectious virus as compared to the unvaccinated 
Alpha group (17.4% vs 37.9%, P = .02, Figure 3A), but in the 
Delta groups there were nearly equivalent specimens with 
infectious virus (76.6% vs 74.4%, Figure 3A). A significant 
increase in the recovery of infectious virus from specimens 
with the Delta variant as compared to the Alpha variant was 
noted for both unvaccinated (76.6% vs 37.9%, P < .00001) and 

fully vaccinated (74.4% vs 17.4%, P < .00001) groups (Figure 
3A). The mean Ct value for specimens associated with infec-
tious virus in all groups was significantly lower than groups 
without infectious virus (P < .0001) but no differences in 
mean Ct values were noted between Alpha and Delta vaccin-
ated and unvaccinated groups in infectious virus positive or 
negative groups (Figure 3B).No significant differences were 
noted in the specimen collection time frame in relation to the 
onset of symptoms in all groups (Figure 3C). Because lower 
Ct values have been associated with positive recovery of in-
fectious virus on cell culture, we compared samples with Ct 
values <20 for both Delta and Alpha vaccinated and unvac-
cinated groups to control for this confounding factor (Alpha 
N = 51, Delta N = 47). Delta infection was associated with a 
significant increase in samples with positive infectious virus 
compared to Alpha for both fully vaccinated (100% vs 38.9%, 
P < .00001) and unvaccinated (96.7% vs 72.7%, P < .00001) 
cohorts (Figure 3D).

Table 2. Clinical and Metadata of the B.1.2, Alpha, and Delta infected patients

 B.1.2 Alpha Delta P Value: Alpha to B.1.2 P Value: Delta to Alpha 

Total 377 1482 785

Asymptomatic (%) 80 (21.2) 211 (14.2) 108 (13.76) .0015 .7511

Symptomatic (%) 297 (78.8) 1257 (84.8) 675 (85.98)

All positives after vaccination (%) 39 (10.3) 184 (12.4) 300 (38.2)

Confirmed breakthrough (%) 2 (0.5) 59 (4) 224 (28.5) .0002 <.00001

Median days after first dose (all positives after vaccination) 9.4 20.1 178.4 <.00001 <.00001

Median age (SD) 45 (21.8) 36 (21.3) 38 (22.4) <.00001 .053

Female (%) 140 (37.1) 865 (58.4) 450 (57.3) <.00001 .623

Male (%) 237 (62.9) 616 (41.6) 335 (42.7)

Race

  Asian (%) 24 (6.4) 34 (2.3) 47 (6)

  Black (%) 108 (28.6) 860 (58) 492 (62.7) <.00001 .0003

  White (%) 209 (55.4) 416 (28.1) 333 (42.4)

  Other/unknown (%) 32 (8.5) 172 (11.6) 111 (14.1)

Disease severity

  Mortality (%) 3 (0.8) 16 (1.1) 20(2.5) .78 .01

  Admission (%) 28 (7.4) 165 (11.1) 122 (15.5) .0372 .003

  ICU (%) 5 (1.3) 54 (3.6) 41 (5.2) .0204 .08

Comorbidities

  Hypertension (%) 128 (33.9) 460 (31) 230 (29.3) .2918 .41

  Respiratory failure (%) 18 (4.8) 159 (10.7) 82 (10.4) .0002 .88

  Pregnancy (%) 24 (6.4) 118 (7.9) 53 (6.8) .3295 .32

  Lung disease (%) 83 (22) 358 (24.2) 124 (15.8) .416 <.00001

  Kidney disease (%) 40 (10.6) 204 (13.8) 82 (10.4) .1238 .024

  Immunosuppression (%) 68 (18) 251 (16.9) 117 (14.9) .6462 .23

  Diabetes (%) 50 (13.3) 235 (15.9) 108 (13.8) .2301 .2

  Heart failure (%) 17 (4.5) 120 (8.1) 44 (5.6) .0152 .03

  Atrial fibrillation (%) 15 (3.9) 65 (4.4) 43 (5.5) .8869 .26

  Smoker (%) 34 (9) 212 (14.3) 72 (9.2) .0063 .0004

  Cerebrovascular disease (%) 26 (6.9) 104 (7) 53 (6.8) 1 .86

  Cancer (%) 125 (33.2) 318 (21.5) 175 (22.3) <.00001 .67

  Coronary artery disease (%) 55 (14.6) 236 (15.9) 93 (11.8) .5786 .009

Statistics for ages and median days after vaccination were calculated by t test, and all other statistics were calculated by χ2 test.

Abbreviations: ICU, intensive care unit; SD, standard deviation.
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Localized SARS-CoV-2 IgG in the Delta versus the Alpha Groups

To assess the relationship between upper respiratory tract SARS-
CoV-2 IgG levels in fully vaccinated patients and the recovery 
of infectious virus, ELISA was performed on upper respiratory 
samples from fully vaccinated individuals infected with Alpha 
(N = 43) or Delta (N = 24) variants as well as control unvacci-
nated but infected groups (Alpha, N = 30 and Delta, N = 17). 
A significant increase in localized IgG levels was observed in 
vaccinated versus unvaccinated individuals infected with the 
Alpha variant (Alpha unvaccinated, 0% positives, vaccinated 
46.5% positives, P < .0001). More vaccinated individuals in-
fected by the Delta variant showed detectable upper respiratory 
tract IgG but the mean IgG levels were not different between the 

groups (Delta unvaccinated 11.8% positives, vaccinated 37.5% 
positives) (Figure 4A). The distribution of sample collection in 
relation to the time from the onset of symptoms was similar 
between the groups (Figure 4B). Specimens from vaccine break-
through patients from both Alpha and Delta variants demon-
strated an inverse correlation between upper respiratory tract 
IgG levels and the recovery of infectious virus on cell culture, 
regardless of Ct value (Figure 4C and 4D).

DISCUSSION

In this study, we showed that breakthrough infections with 
the Delta variant were associated with higher rates of recovery 

Figure 2. Delta and Alpha variants Ct values in upper respiratory samples. Abbreviations: Ct, cycle threshold; unvax, unvaccinated; vax, vaccinated.
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of infectious virus from respiratory samples compared to the 
Alpha. This was associated with a significant increase in the 
median time after receiving the vaccine, which was likely as-
sociated with the temporal circulation of each with the rollout 
of vaccination. The recovery of infectious virus correlated with 
lower localized IgG levels in the respiratory tracts. The di-
sease in fully vaccinated individuals was not more severe in the 
Delta versus the Alpha infected groups and in general, break-
through infections associated with significant increases in cer-
tain comorbidities. Taken together, our study indicates that the 
reduction in antibodies associated with time since vaccination 

might increase the likelihood of symptomatic disease and infec-
tiousness but not severe disease.

The main observation in this cohort was the association of 
the Delta with more breakthrough infections and the signifi-
cant increase in the days since receiving the vaccine in these 
cases. Breakthrough infections with the Delta variant were also 
associated with a slight increase in viral loads and marked in-
crease in the recovery of infectious virus from infected vaccin-
ated and unvaccinated patients when compared to the Alpha 
variant. We previously showed that vaccination was associ-
ated with reduction of the recovery of infectious virus on cell 

Figure 3. Recovery of infectious virus in Delta versus Alpha groups. Abbreviation: CPE, cytopathic effect; Ct, cycle threshold.

e722 • CID 2022:75 (1 July) • Huai Luo et al



culture in a cohort primarily infected with the Alpha variant 
between January 2021 and May 2021, and this was associated 
with higher upper respiratory tract IgG levels [24]. The increase 
in vaccine breakthrough infections seen with Delta could be 

due to waning immune responses as a result of the extended 
time post vaccination. Interestingly, the recovery of infectious 
virus was notable in samples with negative or low upper respi-
ratory tract IgG levels and was more prominent with the Delta 

Figure 4. Localized SARS-CoV-2 IgG in the Delta versus the Alpha groups. Abbreviations: CPE, cytopathic effect; Ct, cycle threshold; IgG, immunoglobulin G; OD, optical 
density; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; unvax, unvaccinated; vax, vaccinated. 

e723 • CID 2022:75 (1 July) • Delta Variant Vaccine Breakthrough



group, a correlation that was independent of the relative viral 
loads in the specimens. Our data are consistent with a recent 
observation from Vietnam that associated Delta breakthrough 
infections with lower levels of neutralizing antibodies induced 
by vaccination and a study from Wisconsin that showed high 
levels of infectious virus recovery from vaccinated patients [16, 
17]. Our data also suggest that increasing the upper respiratory 
tract IgG—perhaps through booster vaccinations—could help 
reduce transmission and symptomatic infections.

The higher recovery of infectious virus from the Delta group 
regardless of vaccination status, which did not correlate to dif-
ferences in the relative Ct values of the samples, suggests in-
creased fitness of Delta. Changes within the spike protein of the 
Delta variant are thought to lead to enhanced binding to the 
host cell receptor (ACE2) and the S: P681R change in particular 
might increase the S protein cleavage efficiency allowing for 
more efficient entry [25]. In addition, the S: L452R could con-
tribute to the noticeable reduction in neutralization by serum 
antibodies and monoclonal antibodies [26–28]. However, mu-
tations in other parts of the viral genome may contribute to 
virus fitness and immune evasion as previously described for 
SARS-CoV-2 [29]. Our use of Vero-TMPRSS2 cells to perform 
virus isolation may also be important in detecting individuals 
with infectious Delta variant in their nasal swab specimen.

The limitations of our study include the infrequent spe-
cimens collected after 5 days of symptoms onset for the vac-
cine breakthrough groups, the retrospective nature of data and 
sample collection, and the infrequent missing data from pa-
tients’ electronic medical charts. In addition, the phenotypes 
with cell culture experiments are usually dependent on the cell 
lines used, even though Vero-TMPRSS-2 cells have been shown 
to enhance the isolation of SARS-CoV-2 [30]. Moreover, the 
lack of serum and localized SARS-CoV-2 IgG data prior to in-
fection for vaccine breakthrough cases in our cohort does not 
allow for the differentiation between waning immune responses 
and low initial responses to vaccines. In addition, quantification 
of viruses and quantitative antibody neutralization assays from 
clinical samples were not conducted as a part of this study. It is 
important to note that measures of infection control, including 
masking and social distancing, were different from the summer 
of 2021 when Delta predominated, compared to the winter of 
2021 when Alpha dominated, a variable that our study cannot 
control for.

We hypothesize that the increase in time since receiving the 
vaccines combined with increased fitness of the Delta variant 
predisposes both vaccinated and unvaccinated individuals to 
symptomatic SARS-CoV-2 infections that are associated with 
higher viral loads and transmission. Yet vaccinated patients in-
fected with the Delta had comparable admissions and mortality 
when compared to the Alpha infected vaccinated patients, sug-
gesting continued protection from severe disease.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding author.
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