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Abstract

Background University students commonly received COVID-19 vaccinations before returning to U.S. campuses in
the Fall of 2021. Given likely immunologic variation among students based on differences in type of primary series
and/or booster dose vaccine received, we conducted serologic investigations in September and December 2021 on a
large university campus in Wisconsin to assess anti-SARS-CoV-2 antibody levels.

Methods We collected blood samples, demographic information, and COVID-19 illness and vaccination history from
a convenience sample of students. Sera were analyzed for both anti-spike (anti-S) and anti-nucleocapsid (anti-N) anti-
body levels using World Health Organization standardized binding antibody units per milliliter (BAU/mL). Levels were
compared across categorical primary COVID-19 vaccine series received and binary COVID-19 mRNA booster status.
The association between anti-S levels and time since most recent vaccination dose was estimated by mixed-effects
linear regression.

Results In total, 356 students participated, of whom 219 (61.5%) had received a primary vaccine series of Pfizer-
BioNTech or Moderna mRNA vaccines and 85 (23.9%) had received vaccines from Sinovac or Sinopharm. Median
anti-S levels were significantly higher for mRNA primary vaccine series recipients (2.90 and 2.86 log [BAU/mL], respec-
tively), compared with those who received Sinopharm or Sinovac vaccines (1.63 and 1.95 log [BAU/mL], respectively).

Footnotes Preliminary findings from this serology investigation were
presented at the 2022 National Epidemic Intelligence Service Conference
in Atlanta, Georgia on May 3rd, 2022 (Session F.3 — Benefits of COVID-19
Vaccination). H.E. Segaloff is no longer affiliated with the CDC Epidemic
Intelligence Service and now serves as a CDC Career Epidemiology Field
Officer with the Wisconsin Department of Health Services. J.Y. Nakayama is
no longer affiliated with the CDC Epidemic Intelligence Service and now
employed with the CDC Division of Nutrition, Physical Activity, and Obesity

*Correspondence:

Peter M. DeJonge

peter.dejonge@dhs.wisconsin.gov; rig0@cdc.gov

Full list of author information is available at the end of the article

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023. Open
Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,

provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is

not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12879-023-08332-7&domain=pdf

DeJonge et al. BMC Infectious Diseases (2023) 23:374

Page 2 of 14

Sinopharm and Sinovac vaccine recipients were associated with a significantly faster anti-S decline over time, com-
pared with mRNA vaccine recipients (P <.001). By December, 48/172 (27.9%) participants reported receiving an mRNA
COVID-19 vaccine booster, which reduced the anti-S antibody discrepancies between primary series vaccine types.

Conclusions Our work supports the benefit of heterologous boosting against COVID-19. COVID-19 mRNA vaccine
booster doses were associated with increases in anti-SARS-CoV-2 antibody levels; following an mRNA booster dose,
students with both mRNA and non-mRNA primary series receipt were associated with comparable levels of anti-S IgG.

Keywords COVID-19 vaccines, Heterologous boosters, SARS-CoV-2 serology, Meso scale discovery

Background

The widespread availability of coronavirus disease
(COVID-19) vaccines in the United States helped enable
U.S. universities to offer a return to in-person learning
during the 2021-2022 academic year. Vaccination was an
important component of COVID-19 mitigation policies
on university campuses because of the higher transmis-
sion risk associated with congregate housing (e.g., dormi-
tories), large group learning environments, and activity in
social settings (e.g., parties, athletic events, or bars) [1-
5]. During fall 2021, multiple vaccines for SARS-CoV-2,
the causative virus of the COVID-19 pandemic, were
available. Three vaccines had been approved or author-
ized for emergency use by the Food and Drug Adminis-
tration, including Pfizer-BioNTech and Moderna mRNA
platform vaccines, and Johnson & Johnson’s Janssen (J&]J/
Janssen), a vector-based platform vaccine [6]. Other vac-
cines were available internationally under approval by the
World Health Organization (WHO), including vaccines
from Sinopharm (BIBP) and Sinovac (CoronaVac), both
inactivated whole virus (IWV) platform vaccines [7].

The University of Wisconsin (UW) in Madison, Wis-
consin, is a large, public university in an urban setting
with >45,000 students on campus every academic year.
Receipt of COVID-19 vaccination was not required for
students returning to campus in September 2021; how-
ever, UW reported that 88% of the student body had
offered proof of completion of the full COVID-19 pri-
mary series vaccination by the first week of classes [8].
Notably, UW reported 6,480 international students
enrolled during fall 2021, which suggested a student
body with a mix of varying COVID-19 vaccine plat-
forms received [9]. This might have had implications
for COVID-19 mitigation on campus given the variable
effectiveness against COVID-19 outcomes and differ-
ent immune responses associated with various types of
COVID-19 vaccines [10-16].

During the fall semester of the 2021-2022 academic
year at UW, we conducted a serosurvey to measure
anti-SARS-CoV-2 antibodies within this highly and het-
erogeneously vaccinated population. Our first investi-
gation objective was to quantify levels of SARS-CoV-2

antibodies associated with different types of COVID-19
vaccine platforms (i.e., mRNA, vector-based, and IWV).
During our investigation, the U.S. Centers for Disease
Control and Prevention (CDC) recommended a booster
dose of an mRNA COVID-19 vaccine for all persons aged
>16 years. This led us to our second objective, which was
to quantify effects of booster doses on antibody levels
among students who had received different primary vac-
cine types.

Methods

We visited the UW campus at the semester start (Sep-
tember 7-11, 2021) and semester end (December 7-12,
2021) during the fall semester of the 2021-22 academic
year. Before both the September and December project
iteration, we sent out a recruitment email to students
living in UW-affiliated housing (e.g., dormitories). This
email informed students about the serology project
and contained a link to a questionnaire that requested
self-reported demographic and COVID-19 vaccina-
tion information. If students wanted to participate in
the serology project, they were required to complete the
questionnaire.

Students were allowed to participate in both Septem-
ber and December. Demographic information collected
in September included age, sex, race and ethnicity, class
year, and immunocompromising health conditions
(based on self-reported AIDS/HIV status, recent organ
transplant, or others). For the December demographics
questionnaire, we added a question about country of resi-
dence because we noted a substantial proportion of inter-
national students had participated in September.

Table 1 summarizes the dose schedule and type of
COVID-19 vaccines assessed by our project. Based on
UW policy, to opt out of weekly COVID-19 viral testing,
students were required to report COVID-19 vaccination
data to UW. UW vaccination data were routinely updated
throughout the fall 2021 semester. UW provided us with
these data, which included vaccination dates, dose num-
ber, and type. UW-collected student vaccination data
were used to validate the self-reported vaccination infor-
mation from the online questionnaire. If disagreements
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occurred between self-reported and UW-collected vacci-
nation information (related to vaccine types, dose dates,
or overall vaccine status) we deferred to UW-collected
data. Completion of any primary series was considered
fully vaccinated by UW.

In this project, we assessed IgG antibodies targeting
the SARS-CoV-2 spike and nucleocapsid proteins (anti-
S and anti-N, respectively). Table 1 summarizes which
antibodies each COVID-19 vaccine is expected to elicit;
SARS-CoV-2 infection should elicit both an anti-S and
anti-N response. These distinctions are important for
understanding our results. For instance, a student vac-
cinated with an mRNA vaccine, but with a detectable
anti-N response, is likely to have been previously infected
with SARS-CoV-2.

We collected student blood specimens (5mL-8mL) at
a designated phlebotomy site on campus during both the
September and December project time points. We stored
all collected blood in 10mL serum separator vacutainer
tubes for up to 3 hours before transport to the UW-affil-
iated laboratory. Specimens were processed through a
centrifuge at 3500 rpm for 10 minutes and serum super-
nate was extracted and stored at 4°C, before transport
on dry ice to CDC'’s laboratory for quantitative serologic
testing.

Anti-S and anti-N antibody levels were detected using
Meso Scale Discovery V-PLEX SARS-CoV-2 Panel 2
(Ig@Q) kits, a highly sensitive serologic assay for detection
of anti-SARS-CoV-2 immunoglobulin-G (IgG) antibodies
[17, 18]. We tested specimens in duplicate for each IgG
target and reported average values as the WHO-stand-
ardized binding antibody units per milliliter (BAU/mL)
[19]. Based on manufacturer recommendation, we estab-
lished thresholds of positivity at 17.66 BAU/mL for anti-S
and 11.8 BAU/mL for anti-N targets. These quantitative
serologic data were then linked to data reported on the
student survey.

We categorized students as previously positive for
COVID-19 if (i) on the questionnaire, they self-reported
a previous positive COVID-19 test dated before their
blood draw; or (ii) they provided sera which resulted with
anti-S and anti-N IgG levels above respective thresholds
of positivity and had not reported a positive COVID-19
test or had not been vaccinated with an IWV vaccine.

Students were designated as fully vaccinated, boosted,
partially vaccinated, or unvaccinated based on CDC
guidance for adults without an immunocompromis-
ing condition aged >18 years. Fully vaccinated students
were those with a blood draw date >14 days after receipt
of the final COVID-19 vaccine in their recommended
primary series. We categorized students as boosted
if their blood draw date was >7 days after receipt of a
COVID-19 booster dose (or any vaccine dose received
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after completion of a primary series). Partially vacci-
nated students were those with >1 dose of a COVID-19
vaccine who did not meet the fully vaccinated definition.
Unvaccinated students were those who had not received
any doses of a COVID-19 vaccine at time of blood draw.
In categorizing students, we accounted for a student’s
immunocompromised status because this increased
the number of vaccine doses recommended for primary
series completion [20].

Statistical analysis

Quantitative IgG levels for anti-S and anti-N were trans-
formed to log(10) scale and then summarized by type of
primary COVID-19 vaccine received and binary COVID-
19 booster status (boosted or unboosted). IgG values
were summarized using scatterplots and boxplots. We
used notched boxplots to assess statistical significance of
differences in median IgG values associated with vaccine
profiles, from which we excluded students previously
positive for COVID-19 [21, 22].

We used 2 mixed-effects linear regression models to
estimate the association between anti-S IgG BAU/mL
and either (i) time since receipt of final vaccine in pri-
mary series or (ii) time since receipt of booster dose.
These models were only applied to students without prior
history of positive COVID-19 tests and those without any
reported immunosuppressed condition. The model was
additionally adjusted for self-reported sex. Because some
students participated in both September and December
and contributed multiple observations which are not
independent, we included a random effect for regression
intercept based on the student identification number.
We visually assessed Cook’s Distance plots (standardized
residuals vs leverage) to determine any points with out-
sized influence. Identified outliers with excess influence
were excluded from regression model calculations but
were still presented in scatter plots.

To assess whether primary vaccine platform (e.g.,
mRNA vs IWYV) modified the association between time
and anti-S levels, we also ran the same two models above
using an interaction term between primary vaccine type
and time since vaccination. ANOVA methods were used
to assess the change in model fit, with and without the
interaction term. R (version 4.1.1) was used to analyze
data and produce all figures [23].

Ethical considerations

Students aged 18 years and older provided written
informed consent prior to participation in the project.
For students <18 years who were interested in partici-
pating, project staff obtained informed written consent
and additionally received verbal informed consent from
at least one of the student’s parents and/or guardians.
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Students were not compensated for participating in this
project. Students were provided with binary serology
results (positive or negative) for both anti-S and anti-N
antibodies based on serology testing at the Wisconsin
State Laboratory of Hygiene before sera were transported
to CDC [24, 25]. Students were also provided with a guide
to interpreting their results. This activity was reviewed by
CDC and was conducted consistent with applicable fed-
eral law and CDC policy.!

Results

In total, 356 students participated in serology testing
during the 2021 fall semester (Table 2). Average age was
19.5 years (standard deviation = 2.0 years). Most students
were female (56.2%), White (55.6%), non-Hispanic or
Latino (86.5%), and freshmen (59.0%). Among Decem-
ber participants, 25.0% (43/172) participants were from
countries outside of the United States; the 3 most com-
mon countries were China, India, and South Korea.

In September, 223 students provided blood samples
for serologic testing (Table 3). At time of blood draw,
206 students (92.4%) were fully vaccinated, 3 (1.3%)
had received a booster dose, 5 (2.2%) were partially vac-
cinated, and 12 (5.4%) were unvaccinated. Most Sep-
tember participants had received mRNA vaccinations
(30.9% Pfizer-BioNTech vaccine and 23.8% Moderna vac-
cine); the third and fourth most common vaccine types
reported were IWV vaccines, Sinovac and Sinopharm
(18.4% and 13.0%, respectively). The 3 students with self-
reported booster doses had all received a full primary
series of Sinopharm vaccine doses outside the United
States and had received a dose of the Pfizer-BioNTech
vaccine when they arrived on the UW campus.

In December, blood samples were collected from 172
students, including 39 (22.7%) who also participated
in September. At that time of blood draw, 49 (28.5%)
reported having received a booster dose and 10 (5.8%)
reported being unvaccinated. Similar to September par-
ticipants, Pfizer-BioNTech and Moderna mRNA vac-
cines were the 2 most reported primary series (41.9% and
29.1%, respectively).

In September and December, 17.0% (38/223) and
25.6% (44/172) of students were previously positive for
COVID-19, respectively (Table 3). In September, 6 stu-
dents (3 Moderna vaccine recipients, 2 Pfizer-BioN-
Tech vaccine recipients, and 1 unvaccinated student)
had positive anti-S and anti-N levels but reported no

! Activity was determined to meet the requirements of public health surveil-
lance as defined in 45 CFR 46.102(1)(2) This activity was reviewed by CDC and
was conducted consistent with applicable federal law and CDC policy.§§ See
e.g. 45 C.ER. part 46.102(1)(2), 21 C.ER. part 56; 42 U.S.C. §241(d); 5 US.C.
§552a; 44 U.S.C. §3501 et seq.
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previous positive COVID-19 testing (6/38, 15.8%). This
proportion of unrecognized COVID-19 infections was
comparable among December samples (7/44, 15.9%); in
addition to 1 student who also participated in Septem-
ber (Moderna vaccine recipient), 6 December students
had positive anti-S and anti-N levels (2 Moderna vaccine
recipients and 4 Pfizer-BioNTech vaccine recipients) but
had reported no previous positive COVID-19 testing.

Among students who had only completed a primary
series and without previous positive COVID-19 test,
Moderna and Pfizer-BioNTech vaccinations were associ-
ated with the highest median values of anti-S I1gG (2.83
and 2.78 log [BAU/mL], respectively; Fig. 1A, Table 4).
The calculated 95% CIs (boxplot notches) indicated that
these median anti-S values for Moderna and Pfizer-
BioNTech vaccinees were significantly higher than those
associated with J&J/Janssen, Sinopharm, and Sinovac
vaccines (2.41, 1.66, and 1.95 log [BAU/mL], respec-
tively). Median anti-N values were significantly higher
among IWV vaccine recipients than those associated
with mRNA- or vector-based vaccines (Fig. 1B, Table 4).

Among students boosted with an mRNA vaccine, dis-
tribution of anti-S IgG values was more condensed across
vaccine types than among students with only primary
series receipt (Fig. 2A). Regardless of primary vaccine
type, receipt of an mRNA booster dose increased the
median anti-S IgG value. For instance, among students
without a previous positive COVID-19 test, those who
had received Pfizer-BioNTech as a primary series were
associated with a median anti-S IgG value not statistically
significantly different than those who had received a Sin-
opharm vaccine primary series (3.69 vs 3.31 log [BAU/
mlL], respectively). No obvious visual differences existed
in IgG level improvement associated with either Mod-
erna or Pfizer-BioNTech mRNA vaccine boosters. No
obvious visual differences in median anti-N levels were
observed across vaccine types following receipt of an
mRNA booster (Fig. 2B).

The reduced difference in anti-S level across vaccines
was also apparent when primary vaccine type was col-
lapsed to type of vaccine platform (e.g., mRNA vs IWV vs
vector-based; Fig. 3). The median anti-S value for boosted
mRNA recipients was not significantly different from
that of boosted IWV recipients (3.82 vs 3.27 log [BAU/
mlL], respectively).

The sex-adjusted, mixed-effects linear regression
model indicated a negative association between time
since primary series vaccination and anti-S IgG (Fig. 4A).
An interaction term between vaccine platform and time
since vaccination statistically improved model fit (x> =
14.7; P <.001), indicating a statistically significant dif-
ference between mRNA vaccines and IWV vaccines (
for interaction term = 0.11; 95% CI = .05-.17). Anti-S
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Table 2 Characteristics of students participating in a COVID-19 serology investigation — fall academic semester 2021, Wisconsin

Participation Month Overall
September only September and December only
December
Total number of participants, No. (%) 184 100% 39 100% 133 100% 356 100%
Age (yrs), mean (sd) 19.1 13 20 19 20 26 19.5 2
Sex, No. (%)
Female 97 52.7% 25 64.1% 78 58.6% 200 56.2%
Male 77 41.8% 13 33.3% 53 39.8% 143 40.2%
Nonbinary or other 2 1.1% 0 - 1 0.8% 3 0.8%
Refused or missing 8 4.3% 1 2.6% 1 0.8% 10 2.8%
Race, No. (%)
Asian 79 42.9% 11 28.2% 38 28.6% 128 36.0%
Black 6 3.3% 0 - 1 0.8% 7 2.0%
White 82 44.6% 27 69.2% 89 66.9% 198 55.6%
Other 8 4.3% 0 0% 3 2.3% 1 3.1%
Refused or missing 4.9% 1 2.6% 2 1.6% 12 3.4%
Ethnicity, No. (%)
Hispanic or Latino 10 5.4% 0 - 5 3.8% 15 42%
Non-Hispanic or Latino 149 81.0% 38 97.4% 121 91.0% 308 86.5%
Refused or missing 25 136 % 1 2.6% 7 53% 33 9.3%
Class, No. (%)
Freshman 134 72.8% 19 48.7% 57 42.9% 210 59.0%
Sophomore 26 14.1% 9 23.1% 43 32.3% 78 21.9%
Junior 6 33% 4 10.3% 16 12.0% 26 73%
Senior 6 3.3% 6 15.4% 10 7.5% 22 6.2%
Graduate and above 5 2.7% 1 2.6 % 6 4.5% 12 34%
Refused or missing 7 38% 0 - 1 0.8% 8 2.2%
Immunocompromised condition, No. (%)?
Yes 4 2.2% 0 - 6 4.5% 10 2.8%
Refused or missing 7 3.8% - 1 0.8% 8 22%
Home country
United States n/a - 29 74.4% 99 74.4% n/a -
China n/a - 6 154% 16 12.0% n/a -
India n/a - 0 - 8 6.0% n/a -
South Korea n/a - 0 - 4 3.0% n/a -
Other® n/a - 4 103% 5 3.8% n/a -
Missing n/a - 0 - 1 0.8% n/a -

2 Presence of HIV/AIDS, recent organ transplant, or other immunocompromising condition

b Includes Bangladesh (Sep/Dec - 0, Dec - 1), Germany (Sep/Dec - 1), Indonesia (Sep/Dec - 1), Kazakhstan (Dec - 1), Malaysia (Dec - 1), Pakistan (Sep/Dec - 1), United

Arab Emirates (Sep/Dec - 1), and Vietnam (Dec - 1)

decline over time was also apparent among boosted stu-
dents (Fig. 4B), however the difference in rate was not sig-
nificantly different between students with either mRNA
or IWYV primary receipt. Moreover, our regression model
suggested a similar intercept value for anti-S IgG levels
associated with both mRNA and IWV vaccines, approxi-
mately 3.8 log (BAU/mL). This can be interpreted roughly
as the anti-S IgG level at 0 days following mRNA booster
injection.

Data from the 39 students who participated in both
September and December highlighted a booster-associ-
ated increase in anti-S IgG (Fig. 5). In total, 10 students
were boosted between the September and Decem-
ber blood draws, all of whom experienced an increase
in anti-S IgG levels—5 with an over 10-fold increase
(50.0%). Of the 19 students who were not boosted and
did not report a positive COVID-19 test between Sep-
tember and December, 17 (89.5%) were associated with
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Table 3 Vaccination status of students participating in COVID-19
serology investigation — fall academic semester 2021, Wisconsin

September December
Total participants 223 100% 172 100%
Status, No. (%)?
Unvaccinated 12 54% 10 5.8%
Partially vaccinated 5 22% 4 2.3%
Fully vaccinated 203 91.0% 109 634%
Boosted 3 13% 49  285%
Primary series received, No. (%)
CoviShield (AstraZeneca) 13% 5 2.9%
Covaxin 0 - 2 1.2%
Johnson & Johnson/Janssen (J&J/ 16 72% 11 6.4%
Janssen)
Moderna 53 238% 50 29.1%
Pfizer-BioNTech 69 309% 72 41.9%
Sinopharm (BIBP) 29 13.0% 12 7.0%
Sinovac (Coronavac) 41 184% 10 5.8%
Unvaccinated 12 54% 10 5.8%
Detailed primary series plus booster, No. (%)
Covaxin plus J&J/Janssen 0 - 1 0.6%
J&J/Janssen plus Moderna 0 - 4 2.3%
J&J/Janssen plus Pfizer-BioNTech 0 - 1 0.6%
Moderna plus Moderna 0 - 12 7.0%
Moderna plus Pfizer-BioNTech 0 - 1 0.6%
Pfizer-BioNTech plus Moderna 0 - 1 0.6%
Pfizer-BioNTech plus Pfizer-BioNTech 0 - 23 134%
Sinopharm plus Pfizer-BioNTech 3 13% 4 2.3%
Sinovac plus Moderna 0 - 1 0.6%
Sinovac plus Pfizer-BioNTech 0 - 1 0.6%
Not boosted 220 987% 123 71.5%
Previous COVID-19 positive, No. (%)
No 185 83% 128  744%
Yes, self-report 32 143% 37 21.5%
Yes, based on serology but not self- 6 27% 7 4.1%
reported®

2 Fully vaccinated students were those with a blood draw date more than 14
days after receipt of the final COVID-19 vaccine in their primary series. Boosted
students were those with a blood draw date at least 7 days after receipt of

a booster dose of a COVID-19 vaccine (or any vaccine dose received after
completion of a primary series). Partially vaccinated students were those with
at least 1 dose of a COVID-19 vaccine who did not meet the fully vaccinated
definition. Unvaccinated students were those who had not received any doses
of a COVID-19 vaccine at time of blood draw. Immunocompromised status was
considered when categorizing students by vaccination status.

b Sera was resulted with anti-S and anti-N IgG antibody levels above the
threshold of positivity (>17.66 BAU/mL and >11.8 BAU/mL, respectively) and no
history of an inactivated whole virus vaccine.

declines in anti-S IgG level. An additional 4 students
were not boosted, but did report a positive COVID-19
test between blood draws; 2 (50.0%) were associated with
increases in anti-S levels.
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Discussion

Among a group of university students, we detected sig-
nificant differences in median anti-S IgG levels and rates
of decline after primary series completion with various
COVID-19 vaccines. Median anti-S levels were approxi-
mately 10-times higher for both Pfizer-BioNTech and
Moderna mRNA vaccine recipients, compared with
either Sinopharm or Sinovac (IWV) vaccine recipients;
additionally, the negative association between anti-S
levels and time since primary series completion was
significantly more pronounced among IWYV recipients,
compared with students who received an mRNA vaccine
primary series. These serologic findings support previous
work that compared serologic outcomes across vaccine
types, which demonstrated mRNA vaccines are consist-
ently associated with a more robust anti-S IgG response
[26-29].

More importantly, among IWYV primary series recipi-
ents, an mRNA booster dose increased anti-S antibody
response to levels comparable with mRNA primary
series recipients. In other words, an mRNA booster
dose appeared to increase anti-S IgG to comparable lev-
els regardless of the type of COVID-19 vaccine primary
series. COVID-19 mRNA booster doses could be consid-
ered an important supplement for people administered
non-mRNA formulations.

A substantial proportion of UW students reported
receipt of a COVID-19 primary series at the start of the
2021 fall semester. That said, students who completed a
primary series outside the United States might have been
less protected than students who completed a primary
series in the United States because of decreased vaccine-
associated antibody response—with regards to both
an initial response and waning over time. Certainly, the
direct and indirect protection afforded by any COVID-
19 vaccine is better than no vaccination. However, our
work found a significantly lower antibody response and
a more pronounced negative association between anti-
S levels and time since IWV primary series completion,
compared with an mRNA primary series. Thus, despite
full vaccination status, international students with IWV-
receipt might have been at higher risk for COVID-19
infection and transmission during the fall 2021 semes-
ter. At UW, where international students make up an
estimated 13.5% of the student body [9], COVID-19 risk
was potentially magnified considering that international
students are more likely to socialize with co-national
peers [30]. Through the lens of vaccine equity, public
health experts and policy makers working in populations
of differentially vaccinated persons should take care to
recognize subgroups who might benefit from additional
vaccination.
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Fig. 1 Distribution of anti-SARS-CoV-2 IgG antibody levels from sera samples (N = 333) collected from a sample of university students (N = 306)
who had only completed a primary series of a COVID-19 vaccine or were unvaccinated — fall academic semester 2021, Wisconsin. Top row, A:
antibody levels targeting the spike protein of SARS-CoV-2 (anti-S). Bottom row, B: antibody levels targeting the nucleocapsid of SARS-CoV-2 (anti-N).
Within each row, on the left, a scatterplot—shaded according to previous COVID-19 status—and overlaid boxplot displays antibody levels in
WHO-standardized binding antibody units per milliliter (BAU/mL), log(10) scale. On the right, notched boxplots are presented, reflecting the 95%
confidence intervals around the median value; these only reflect data from students without previous COVID-19. Total datapoints per category are
included above each vaccine group. Horizontal dashed lines indicate the assay threshold of positivity. One student (with receipt of Covaxin primary

series) not presented

We found that an mRNA booster dose helped to nor-
malize antibody levels throughout the student popula-
tion. Not only did we find similar anti-S levels among
IWV and mRNA vaccine recipients after an mRNA
booster dose, but our mixed-effects regression model
demonstrated that post-booster, anti-S rates of decline
were statistically similar between both IWV and mRNA
primary series type. Although a threshold of protection
associated with a certain anti-S IgG level remains unclear
[31], evidence indicates that anti-S IgG levels of Sinop-
harm or Sinovac primary series recipients would drop
below that threshold before Moderna or Pfizer-BioN-
Tech primary series vaccine recipients. A difference in
this time-to-threshold would likely be less pronounced
among an mRNA-boosted group of students.

Though not a randomized clinical trial, our real-world
findings add to a growing body of evidence which sup-
ports the use of heterologous boosting (or boosting
with a COVID-19 vaccine type different from that of
the primary series vaccine type). In the United States,

researchers considering only J&J/Janssen, Moderna, and
Pfizer-BioNTech vaccine combinations found immu-
nogenicity resulting from heterologous boosting com-
parable, or even more robust, than that of homologous
boosting [32-34]. An inactivated-to-mRNA prime-
boosting regimen (similar to many students in our pro-
ject) has specifically been shown to be safe and, as Zuo et
al.note, a regimen that “strongly augments” the immune
response [35, 36]. Among Sinovac recipients in a large
observational study in Chile, though both homologous
and heterologous booster doses resulted in strong pro-
tection against COVID-19 outcomes (including against
symptomatic COVID-19, critical care, and death), those
who were boosted with Pfizer-BioNTech were associ-
ated with a significantly greater vaccine effectiveness,
compared with those who were boosted with Sinovac
(adjusted vaccine effectiveness against symptomatic
COVID-19 = 96.5% and 78.8%, respectively; P<.05)
[37]. We were unable to assess homologous boosting
with IWV; given U.S. public health guidance[38], no
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Fig. 2 Distribution of anti-SARS-CoV-2 IgG antibody levels from sera samples (N = 51) collected from a sample of university students (N = 49) with
receipt of an mMRNA COVID-19 vaccine booster dose — fall academic semester 2021, Wisconsin. Top row, A: antibody levels targeting the spike
protein of SARS-CoV-2 (anti-S). Bottom row, B: antibody levels targeting the nucleocapsid of SARS-CoV-2 (anti-N). Within each row, on the left, a
scatterplot—shaded according to previous COVID-19 status—and overlaid boxplot displays antibody levels in WHO-standardized binding antibody
units per milliliter (BAU/mL), log(10) scale. On the right, notched boxplots are presented, reflecting the 95% confidence intervals around the median
value; these only reflect data from students without previous COVID-19. Total datapoints per category are included above each vaccine group.
Horizontal dashed lines indicate the assay threshold of positivity. One student (with receipt of Covaxin primary, J&J/Janssen booster) not presented

students had the option to be boosted with Sinovac nor
Sinopharm.

Given these and other data, CDC guidelines allow for
a "mix-and-match" booster dose strategy for Pfizer and
Moderna COVID-19 vaccines; the use of the J&J/Jans-
sen COVID-19 vaccine is recommended in certain lim-
ited situations [38]. CDC booster guidance also addresses
vaccination of persons who received >1 COVID-19 vac-
cines outside of the United States, albeit in an online
appendix [39]. Information contained within this type of
guidance is important to promote, especially in popula-
tions like that of our investigation with a diverse range of
nationalities. This likely applies to numerous U.S. univer-
sity campuses. More broadly, this type of policy would
also be applicable to any population with residents that
were vaccinated against COVID-19 outside the United
States (e.g., work visa holders, migrant workers, refugees,
or asylees).

The findings in this analysis are subject to at least
4 methodological limitations. For one, the level of
IgG antibodies associated with protection against

COVID-19 outcomes remains unclear [27, 40-43]. In
part, this is because protection against COVID-19 is
associated with other immunologic responses outside
of just anti-S and anti-N IgG, such as cell-mediated
immunity. This is also due to the substantial number
of commercially available serologic assays which limit
the comparability of serostudies [44, 45]. Our results
followed WHO guidance and reported our findings in
the standardized unit (BAU/mL) for anti-SARS-CoV-2
antibody levels; however, as Perkmann et alfound, use
of BAU/mL might not overcome the systematic dif-
ferences across the many available anti-SARS-CoV-2
assays [46]. Second, interpretation of our assay results
is also challenged by the fact that this was an investiga-
tion using real-world data among a convenience sam-
ple of students, which limits generalizability. This also
meant that small numbers hampered our ability to con-
fidently assess antibody levels among specific vaccine
series groupings (e.g., only one student had received a
Sinovac primary plus mRNA booster). Third, we relied
on self-reported information, which might undercount
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the true number of previous COVID-19 cases in our
participant population. Previous infection would influ-
ence the anti-S and anti-N IgG levels observed among
participants; whereas we were able to identify a limited
number of students with unrecognized previous infec-
tion, for serologic reasons (Table 1) we could only cor-
rect for unknown previous infection among mRNA or
vector-based vaccine recipients. Fourth, these results
reflect a period when Delta was the dominant circulat-
ing variant strain in Wisconsin. How future mutations
in the SARS-CoV-2 virus will affect IgG binding to
mutated antigens is unclear [47]. Thus, we cannot say
whether the infection-associated rise in antibodies that
we observed will remain the same as the SARS-CoV-2
virus continues to mutate and new variants emerge.
Variant emergence also complicates any discussion
concerning correlates of protection and to what degree
a certain antibody level protects an individual from a
given COVID-19 outcome. Thus, the associated rise in
anti-S IgG following an mRNA booster dose, and the
benefit of doing so among IWYV vaccinated persons,
could offer different protection as new variants arise.
Overall, our study offers more data suggesting that
IWV vaccine types result in a lower immune response
and faster decline over time, compared with mRNA vac-
cines. International students compose a U.S. population
subgroup that might be at higher risk for SARS-CoV-2
infection and transmission given lower antibody levels
because of type of vaccines received. One way to better

protect such a subgroup, and indeed all U.S. residents
with only receipt of an IWV primary series, is evidenced
in our findings. Namely, heterologous vaccine boost-
ing with mRNA doses might significantly improve the
anti-SARS-CoV-2 antibody levels among persons who
received COVID-19 IWV vaccines outside of the United
States.
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