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Key Points:

Question: Does BNT162b2 (i) induce the production and secretion of SARS-CoV-2 specific

antibodies into human milk, and/or (ii) get secreted into human milk?

Findings: In this cohort that included ten lactating healthcare workers following BNT162b2
vaccination, 90% produced SARS-CoV-2 immunoglobulin A, and 100% produced

immunoglobulin G in human milk, with minimal amounts of vaccine mRNA transfer.

Meaning: Lactating individuals should continue breastfeeding in an uninterrupted manner after

receiving SARS-CoV-2 mRNA vaccination.
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Abstract:

Importance: To examine the impact of SARS-CoV-2 vaccination of lactating mothers on human
milk

Objective: (1) To quantify SARS-CoV-2-specific immunoglobulin A (IgA) and
immunoglobulin G (IgG) in human milk of lactating mothers who received the BNT162b2
vaccine, with reference to a cohort convalescent from antenatal COVID-19, and healthy lactating
mothers. (2) To detect and quantify vaccine mRNA in human milk after BNT162b2 vaccination.
Design: Gestational Immunity For Transfer 2 (GIFT-2) is a prospective cohort study of |actating
mothers who were due to receive two doses of BNT162b2 vaccine, recruited between 5th
February 2021 and 9th February 2021.

Setting: Lactating healthcare workers living in Singapore

Participants. Convenience sample of ten lactating healthcare workers. Human milk samples
were collected at four time points: pre-vaccination, 1-3 days after dose one, 7-10 days after dose
one, and 3-7 days after dose two of the BNT162b2 vaccine.

Exposure: Two doses of the BNT162b2 vaccine 21 days apart.

Main Outcome and Measure: (i) SARS-CoV-2-specific IgA and 1gG in human milk of
lactating mothers who received BNT162b2 vaccine, (ii) Detection and quantification of vaccine
MRNA in human milk after BNT162b2 vaccination.

Results: Ten lactating healthcare workers aged 32.5 years (range 29 — 42) were recruited, with
40 human milk samples collected and analysed. SARS-CoV-2-specific IgA was predominant in
human milk of lactating mothers who received BNT162b2 vaccine. The sharpest rise in antibody

production was 3 -7 days after dose two of the BNT162b2 vaccine, with medians of 1110
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picomolar of anti-SARS-CoV-2 spike and 374 picomolar of anti-Receptor Binding Domain IgA.
Vaccine mRNA was detected only on rare occasions, at a maximum concentration of 2 ng/mL.
Conclusions and Relevance: In this cohort of ten lactating mothers following BNT162b2
vaccination, nine (90%) produced SARS-CoV-2 IgA, and ten (100%) produced 1gG in human
milk with minimal amounts of vaccine mRNA. Lactating individuals should continue
breastfeeding in an uninterrupted manner after receiving mRNA vaccination for SARS-CoV-2.

Trial Registration: Registered at clinicaltrials.gov (NCT04802278).
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Background

Lactating mothers who have recovered from respiratory virus infections produce antibodiesin
human milk that can neutralize offending viruses in vivo.® The production of protective
antibodies in human milk after influenza vaccination in lactating mothers confers local mucosal
immunity to infants and has informed antenatal vaccination programs for diseases such as

influenza and tetanus in lactating mothers.**

However, similar evidence for Coronavirus Disease-19 (COVID-19) messenger ribonucleic acid
(MRNA) vaccines is scarce.® As a result, vaccine advisories from various health authorities have
been cautious in recommending vaccinations for lactating mothers. The American College of
Obstetricians and Gynecologists (ACOG) and the Royal College of Obstetricians &
Gynaecologists (RCOG, UK) both state that COVID-19 vaccines may be offered to lactating
individuals, while acknowledging that adequate safety datais not available.”® In countries such
as Singapore, mothers have been advised to express and discard human milk for up to seven days
after vaccination.® However, such measures may disrupt mother-child bonding and may result in

premature cessation of breastfeeding.™®

Thereis emerging evidence that SARS-CoV-2 specific antibodies are detectable in human milk
post vaccination;**** however, the amount of immunoglobulin G (1gG) and immunoglobulin A

(IgA) have not been clearly quantified. It is also unknown whether vaccine components such as
MRNA are transferred in human milk; preliminary studies purportedly detect no vaccine mRNA

in human milk.*®
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Our amsare (1) to quantify SARS-CoV-2-specific IgA and 1gG in human milk of lactating
mothers who received COVID-19 mRNA vaccine, with reference to a cohort convalescent from
antenatal COVID-19 as well as a control cohort of healthy lactating women) and (2) to detect

and quantify vaccine mRNA in human milk after vaccination.

We hypothesize that BNT162b2, an mRNA vaccine encoding the immunogenic SARS-CoV-2
spike protein, has minimal leakage into human milk after vaccination, and induces the
production and secretion of spike- and receptor-binding domain (RBD)- specific IgA and 1gG

into human milk.

Methods

We conducted a prospective cohort study of a convenience sample of lactating healthcare
workers living in Singapore, who were due to receive two doses of the BNT162b2
(Pfizer/BioNtech) vaccine. The study was approved by the Institutional Review Board
(Gestational Immunity For Transfer GIFT-2: DSRB Reference Number: 2021/00095) and the
study protocol was registered at clinicaltrials.gov (NCT04802278).%° Participants were recruited
between 5th February 2021 and 9th February 2021 and were invited to participate via
advertisements and social media. Exclusion criteriawere that of no prior known exposure to
COVID-19, and any autoimmune disease, current or recent infections, cancer, and any current or

recent immunomodulatory medication. Demographic details and clinical outcomes of lactating
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mothers and their infants were determined through a structured questionnaire up to 28 days

following mother’ s second dose of vaccine.

Human milk samples from the “vaccinated cohort” were collected at four time points. pre-

vaccination (T1),1-3 days after dose one (T2), 7-10 days after dose one (T3), and 3-7 days after
dose two of COVID-19 mRNA vaccine (T4). All samples were collected at home using electric
breast pumps or hand expressed into sterile plastic containers, stored and transported via courier
immediately at -18°C to the laboratory. In the laboratory, the samples were stored at -80°C until

analysis.

Human milk samples at 1 month postpartum from convalescent and healthy mothers were also
analysed for reference. The “convalescent cohort” were six women who had COVID-19 in
pregnancy confirmed with real-time polymerase-chain-reaction (RT-PCR) assay, and then
recovered as defined by resolution of clinical symptoms and with two negative RT-PCR assays
24 hours apart. Nine healthy unrelated mothers without COVID-19 infection or vaccination

served as the “healthy cohort”.

Demographic details and clinical outcomes of lactating mothers and their infants were
determined up to 28 days through a structured questionnaire after ingestion of post-vaccination

human milk.

Assays performed on milk samples were: (1) quantitative ELISA for spike- and RBD-specific

IgA and IgG against SARS-CoV-2 antigens, and (2) sensitive quantitation of BNT162b2 mRNA.
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Human milk was first tested for presence of IgA in all four time points (i.e. T1-T4), whereas T1

and T4 were tested for the presence of 1gG, as IgA levelswere only seentoriseat T4.

IgA and IgG against SARS-CoV -2 spike and RBD were titrated using a quantitative ELISA. A
human monaoclonal antibody specific for SARS-CoV-2 was recombinantly engineered and
expressed as human 1gG1 and/or IgA 1. This was employed as the reagent for quantitation

(details available in eMethods in the Supplement).

Total ribonucleic acid (RNA) from whole human milk was extracted for BNT162b2 mRNA
detection. Phenol-chloroform extraction was utilised to increase mRNA yield and used as input
for polyA-primed reverse transcription. A standard curve was constructed using BNT162b2
vaccine spiked into healthy SARS-CoV -2 negative human milk and then extracted in the
aforementioned manner to allow us to quantify the mRNA detected. This also served asthe
positive control. Detection of BNT162b2 mRNA was then performed using probe-based

guantitative PCR (qPCR; details available in eMethods in the Supplement).

Clinical characteristics of the cohorts were summarised using GraphPad Prism 8. Shapiro-Wilk
test of normality was used; if data was normal, mean and standard deviations were presented.
Therest of the statistical analyses were donein R (4.0.2). Two groups were compared with
Mann-Whitney U test (two tailed). For multiple comparisons, the PM CM Rplus package
(PMCMRplus_1.9.0) was used to perform Kruskal-Wallis test with Dunn’s nonparametric all-
pairs comparison post-test. p<0.05 level of confidence was accepted for statistical significance.

Details of sample sizes and analyses performed specific to each figure arein all figure legends.
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All box and whiskers plots show median (center line), interquartile range (box), and 10th and
90th percentiles (whiskers). All data points are plotted with the boxplots. All line plots show the
median, and error bars show the first and third quartiles. The study is reported in accordance to

the STROBE reporting guidelines for cohort studies.*’

Results

Maternal and infant characteristics

Ten lactating healthcare workers were recruited; all received two doses of the BNT162b2
(Pfizer/BioNtech) vaccine, with the second dose given on day 21. The mothers were of a mean
age of 33.5 [standard deviation, SD 3.3] years of age, eight (80%) were Singaporean Chinese and
two (20%) were Singaporean Malay. At recruitment, mothers were a mean of 9.8 [SD 4.0]
months post-partum. (Table 1) Samples for T1-T4 were available for all subjects so 40 samples
were collected and analysed in total. All infants were born full term and healthy. No mother or
infant experienced any serious adverse event during the 28-day study period. None of the
mothers had mastitis after vaccination. Nine infants were breastfed within 72 hours after their
mothers were vaccinated; one infant was not fed breast milk within 72 hours after vaccination.
None of these nine developed any fever, rash, vomiting, diarrhea, cough or rhinorrhoea, up to 28

days after ingestion of post-vaccination human milk.

Women in the reference cohort had COVID-19 with amean of 136 [SD 80] days before delivery;
thus, human milk collected one month postpartum was about 5.5 months from the point of initial

antigenic exposure. Subjects in the convalescent and healthy women did not receive SARS-CoV-
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2 vaccination during the study. Clinical details of the convalescent and healthy women in the

reference cohort are available in the eTables 1 and 2 in the Supplement.

Levels of SARS-CoV-2-specific IgA and 1gG in in human milk of lactating mothers

A human monoclonal antibody binding to SARS-CoV -2 was recombinantly engineered and
expressed as human 1gG and human IgA. Thisresulted in the production of monoclonal
antibodies of different isotypes with the same antigen-binding ability, which were utilized as
reference reagents for construction of standard curves for the quantitative ELISA (eFigurel in
the Supplement). Human milk samples were evaluated for IgA binding reactivity against SARS-

CoV-2 spike and RBD (Figure 1; eFigure 2 in the Supplement).

Vaccination induced a strong IgA response a T4 (i.e., 3-7 days after dose two of COVID-19
MRNA vaccine). Human milk samples from vaccinated mothers from T4 had medians of 1110
picomolar (pM) (Q1: 672, Q3: 1947; IQR: 1275) of anti-SARS-CoV-2 spike (Figure 1A) and
374 pM (Q1: 240, Q3: 588; IQR: 348) of anti-RBD IgA (Figure 1B), both significantly higher
than the concentrations from earlier time points (P < .001). Human milk samples evaluated at T4
also exhibited significantly higher levels of IgA compared to the reference samples provided by
convalescent mothers who had antenatal COVID-19. IgA was not detected in one mother at T4

(Figure 1C, D; eFigure 2C, D in the Supplement).

Asthe IgA response from vaccination was observed only at T4, we compared the concentration

of 1gG targeting spike and RBD in human milk samples collected at T1 and T4. The median
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concentrations of anti-Spike and anti-RBD IgG at T4 were 495 pM (Q1: 257, Q3: 1001; IQR:
744) and 236 pM (Q1: 138, Q3: 501; IQR: 363), respectively. These levels were significantly
higher compared to the concentration at T1 (P < .001), and to the convalescent cohort, all of

which were negligible (Figure 2A, B; eFigure 3A, B in the Supplement). There was no IgA or

IgG detected in healthy unvaccinated lactating women.

Anincrease in IgG in human milk samples were observed in all ten (100%) human milk samples
after the second dose of the MRNA vaccine at T4 (Figure 2C, D; eFigure 3C, D inthe

Supplement).

At T4, both SARS-CoV -2 antigen-specific IgA and 1gG antibodies were present in human milk.
Theratio of SARS-CoV-2 antigen-specific IgA and IgG was calculated. A ratio of more than 1
would reflect more IgA present than 1gG. Conversely, aratio of less than 1 would reflect more

IgG than IgA.

Optical density at 450 nanometer (ODsp) is araw assay readout for quantitative ELISA that is
highly dependent on factors such as the sensitivity of the test kit. Utilizing this raw assay
readout, OD4so Values of 1gG were observed to be above that of IgA in seven (70%) of the
vaccinated individuals for both spike (eFigure 4A in the Supplement) and RBD (eFigure 4B in

the Supplement).

However, in order to perform direct cross-comparison between different antibody isotypes,

OD s values were further transformed to picomolar (pM) asthe latter quantifies the absolute
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concentration of antibodies. Here, breaking-down the analysis by individual mothers, we report a
higher molar concentration of IgA compared to IgG in six (60%) of the mothers for anti-spike

(Figure 3A) and anti-RBD (Figure 3B) antibodies.

Notably, 1gG for both spike and RBD were measurable in all ten samples at T4 (i.e., 3-7 days
from the dose two) (Figure 3A, B). In contrast, in the convalescent group, spike 1gG antibodies
were only detected in one woman (Figure 3C, eFigure 4C in the Supplement), and RBD 1gG

antibodies were not detected in any samples (Figure 3D, eFigure 4D in the Supplement).

Minimal transfer of BNT162b2 mRNA in milk samples of vaccinated mothers

There was minimal transfer of BNT162b2 mRNA into human milk across all time points. Our
assay method could detect sub-picogram levels of BNT162b2 mRNA (Figure 4A). The standard
curves constructed with cDNA from spiked milk were similar to that obtained with synthetic
DNA constructs (eFigure 5 in the Supplement), indicating robustness of the method. We were
only able to observe on rare occasions very low levels of vaccine mRNA in human milk
collected within the first week after either dose one or dose two (Figure 4B); 36 out of 40 (90%)
samples did not show detectable levels of vaccine mRNA. The highest concentration of
BNT162b2 mRNA in the tested samples was 2 ng/mL. This would translate into a hypothetical
0.667% of the original vaccine dose being transferred in 100 mL of human milk given to the

infant post vaccination, in the worst-case scenario.
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Discussion

We demonstrated that human milk from lactating mothers who received BNT162b2 vaccines
contained SARS-CoV -2-specific antibodies. Within 3-7 days after administering the second dose
of BNT162b2 vaccine, nine (90%) individuals produced SARS-CoV-2 IgA, and ten (100%)
individuals produced 1gG in human milk. The transfer of antibodies via milk may confers local
mucosal protection to the breastfed infant. We detected negligible amounts of BNT162b2 mRNA
in aminority of human milk samples using a very sensitive assay. Infantsin our cohort had no

reported adverse events, up to 28 days after ingestion of post-vaccination human milk.

We showed that the sharpest rise in antibody production was after dose two of the BNT162b2
vaccine, with an average of 1882 pM of anti-SARS-CoV-2 spike IgA and 606 pM of anti-RBD
IgA being seen in the human milk at 3-7 days after dose two. Thisis similar to the kinetics found
in Baird et a. and Friedman et al., and could either be afunction of time after the initial antigenic
stimulation of dose one, or an immunological need for dose two.™** As the humoral
immunological responsein lactating individuals has been recently shown'® to be more dependent
on the booster dose of vaccination compared to non-lactating individuals, the latter is highly
probable. Thus, whether significant amounts of antigen-specific antibodies can be elicited after

administering one-dose regime vaccines, requires confirmation.*®

Using women convalescent from antenatal COVID-19 as areference cohort, we were also able
to demonstrate that antibody levelsimmediately after vaccination were significantly higher than

those of the convalescent cohort, whose infection was a mean of 5.5 months before the point of
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human milk collection. This suggests that even for lactating women who have had natural
COVID-19, vaccination may be helpful to induce and boost transfer of SARS-CoV-2-specific

antibodies in human milk as these protective antibodies wane over time.

Other groups have also found SARS-CoV -2 spike and RBD-specific IgG*** in human milk after
vaccination in addition to IgA. Here, we showed that SARS-CoV-2 spike and RBD-specific IgG
are found at significantly higher levelsin T4 compared to T1. The presence of vaccine-elicited
|gG has been described after intramuscular influenza vaccination,” and is postulated to be related
to the intramuscular route of antigenic exposure during vaccination. Compared to a mucosal
exposure during natural infection, this would induce increased class-switching to favor 1gG as
the dominant isotype rather than IgA in human milk.** When comparing OD.so raw values for
IgA and 1gG, a higher ODgs; for IgG compared to IgA for spike and RBD was detected,
suggesting that dominance of the 1gG isotype might occur in BNT162b2 vaccinated mothers.
However, when converted to picomolar (pM), we show that the majority of vaccinated mothers
have increased IgA over 1gG, indicating that in human milk, IgA is still the predominant isotype

elicited in response to the vaccine.

The role of antigen-specific 1gG in human milk isunclear at thistime, since IgG does not have a
secretory chain and is prone to digestion by the breastfeeding infant; this lends voice to the move
to develop intranasal vaccines for respiratory diseases.™® However, our study did demonstrate a
clear and predominant production of spike-specific IgA, which is resistant to degradation by

digestion, which can be expected to confer mucosal immunity to the infant.
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In terms of MRNA detection, it is worth noting that our method offers significant advantages
over that reported previously.* Phenol-chloroform extraction, the gold standard for RNA
extraction, and double-quencher gPCR probes were utilized in our protocol, enhancing the
sensitivity of our approach. Consequently, we could detect as low as 2 femtograms (2 x 10 g)
of BNT162b2 cDNA input, which marks an approximately 60-fold increase in sengitivity relative
to Golan and colleagues,™ where they could not detect vaccine mRNA in human milk up to 48
hours post-vaccination. However, translation and inferred persistence of nanoparticle-delivered
mRNA on the scale of days have been previously reported in in vivo models.® Thus, we
interrogated human milk for presence of mMRNA up to one week post vaccination in case of
delayed kinetics. In addition, it isimportant to note that our protocol was designed for specific
detection of intact BNT162b2 mRNA, rather than its degraded products, which would be more

reflective of whole vaccine components.

Reassuringly, our data suggests that in most cases, vaccine mMRNA does not escape into
mammary secretions. The few instances where extremely low levels of BNT162b2 mRNA were
detected may be due to naturally occurring inter-individual variationsin protein adsorption.™
This miniscule amount of MRNA is expected to be readily destroyed by enzymesin theinfant’s
gut, and any accompanying lipid nanoparticles that are excreted into human milk would also be

readily digested if ingested orally by the infant.>*

This study has several important strengths. Firstly, we accurately quantified antigen-specific IgA
and IgG in human milk. This was referenced against a cohort of lactating women who are

convalescent from antenatal COVID-19 and a cohort of unvaccinated lactating women.
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Secondly, we used a gold-standard method for detection of vaccine mRNA in human milk, with
actual vaccine derived BNT162b2 used as positive control. Lastly, we tracked and reported the

clinical status of infants who were fed human milk from vaccinated mothers.

This study has limitations. Firstly, we did not perform any functional assays, however, binding
affinity of spike- and RBD-specific antibodies have been correlated with neutralization.?
Secondly, the relatively short duration of follow-up period also did not allow for characterization
of durability of IgA in human milk after vaccination. Sample collection is ongoing for

subsequent studies on antibody durability.

These results lend immunological and clinical evidence to the current recommendation of the
ACOG, RCOG and WHO that lactating individuals should continue breastfeeding in an

uninterrupted manner after receiving COV1D-19 mRNA vaccines.”#%

Article Information

Author Contributions

Drs LWW and Y JZ had full accessto all of the datain the study and take responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: ML, YG, MSFN, LYL, ZA, PAM, LWW, Y JZ.

Acquisition, analysis, or interpretation of data: ML, YG, MSFN, BS, YXN, RG, LWW, YJZ.
Drafting of the manuscript: IMML, YG, MSFN, LWW, Y JZ.

Critical revision of the manuscript for important intellectual content: All authors.

Satistical analysis: MSFN, Y JZ.

Page 17 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Obtained funding: ML, ZA, PAM, YJZ.

Supervision: LYL, ZA, PAT, PAM.

Acknowledgements
The authors wish to thank Dr Dimple Rajgor for helping with reviewing, formatting and in
submission of the manuscript for publication. We are also deeply grateful to all mothers who

donated their time and precious gift of milk to science.

Conflict of Interest Disclosures
All authors declare no financial relationships with any organisations that might have an interest
in the submitted work in the previous three years and no other relationships or activities that

could appear to have influenced the submitted work.

Funding

J.M. Low received funding from KTP — NUCMI and National University Health System Pitch
for Funds to conduct this research. M.S.F. Ng is arecipient of the Career Devel opment Award
from the Agency for Science, Technology and Research, Singapore. L.W. Wang is arecipient of
the National Medical Research Council Open Fund-Y oung Investigator Research Grant (Project
ID: MOH-000545-00) from the Ministry of Health, Singapore. This study isfunded by the
SARS-CoV-2 antibody initiative (R-571-000-081-213) and Reimagine research fund (R-571-

001-093-114).

Page 18 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

References

1. Fox A, Marino J, Amanat F, et al. Robust and specific secretory IgA against SARS-CoV-
2 detected in human milk. Iscience. 2020;23(11):101735. doi:10.1016/j.isci.2020.101735

2. Pace RM, Williams JE, Jarvinen KM, et a. Characterization of SARS-CoV-2 RNA,
Antibodies, and Neutralizing Capacity in Milk Produced by Women with COVID-19.
mBio. 2021;12(1):e03192-03120. doi:10.1128/mBi0.03192-20

3. van Keulen BJ, Romijn M, Bondt A, et al. Breastmilk; a source of SARS-CoV-2 specific
IgA antibodies. medRxiv. 2020. doi:10.1101/2020.08.18.20176743

4, Kimberlin DW. Red Book 2015: Report of the Committee on Infectious Diseases 30th
Edition. Edited by David W. Kimberlin, Michael T. Brady, Mary Ann Jackson, Sarah S.
Long. American Academy of Pediatrics; 2015.

5. Schlaudecker EP, Steinhoff MC, Omer SB, et al. IgA and neutralizing antibodies to
influenza a virus in human milk: arandomized trial of antenatal influenza immunization.
PloSone. 2013;8(8):e70867. doi:10.1371/journal.pone.0070867

6. Drugs and Lactation Database (LactMed)[Internet]. COVID-19 Vaccines. Bethesda
(MD): National Library of Medicine (US). 2006:[Updated 2021 March 2017]. Available

from: https://www.ncbi.nlm.nih.gov/books/NBK565969/.

7. American College of Obstetricians Gynecologists. Practice advisory: Vaccinating
pregnant and lactating patients against COVID-19. Available from:

https://www.acog.org/clinical/clinical-qui dance/practice-

advisory/arti cles/2020/12/vaccinati ng-pregnant-and-l actating-pati ents-agai nst-covid-19

[Last updated March 24, 2021]. 2020.

Page 19 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

8. Royal College of Obstetricians and Gynaecologists. COVID-19 vaccines, pregnancy and

breastfeeding.  Available from:  https.//www.rcog.org.uk/en/guidelines-research-

services/coronavirus-covid-19-pregnancy-and-womens-heal th/covid-19-vaccines-and-

pregnancy/covid-19-vaccines-pregnancy-and-breastfeeding/. Published 2121. Accessed

22 April, 2021.
9. Ministry of Health Singapore. COVID-19 Vaccination. Available from:

https://www.moh.gov.sg/covid-19/vaccination. Published 2021. Accessed 31 March,

2021.

10.  Tomori C, Gribble K, Palmquist AE, Ververs MT, Gross MS. When separation is not the
answer: Breastfeeding mothers and infants affected by COVID[119. Maternal & Child
Nutrition. 2020;16(4):€13033. doi:10.1111/mcn.13033

11.  Baird JK, Jensen SM, Urba WJ, Fox BA, Baird JR. SARS-CoV-2 antibodies detected in
human breast milk post-vaccination. medRxiv. 2021:2021.2002.2023.21252328.
doi:10.1101/2021.02.23.21252328

12.  Friedman MR, Kigel A, Bahar Y, et a. BNT162b2 COVID-19 mRNA vaccine dlicits a
rapid and synchronized antibody response in blood and milk of breastfeeding women.
medRxiv. 2021. doi:10.1101/2021.03.06.21252603

13.  Perl SH, Uzan-Yulzari A, Klainer H, et a. SARS-CoV-2-Specific Antibodies in Breast
Milk After COVID-19 Vaccination of Breastfeeding Women. JAMA. 2021.
doi:10.1001/jama.2021.5782

14. Vacarce V, Stafford LS, Neu J, et al. Detection of SARS-CoV-2 specific IgA in the
human milk of COVID-19 vaccinated, lactating health care workers. medRxiv. 2021.

doi:10.1101/2021.04.02.21254642

Page 20 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

15. Golan Y, Prahl M, Cassidy A, et al. COVID-19 mRNA vaccine is not detected in human
milk. medRxiv. 2021. doi:10.1101/2021.03.05.21252998
16.  ClinicalTrials.gov. Gestational Immunity for Transfer (GIFT). Availbale from:

https://clinicaltrials.gov/ct2/show/NCT04802278. Published 2021. Accessed 22 Apiril,

2021.

17.  von Elm E, Altman DG, Egger M, Pocock SJ, Gegtzsche PC, Vandenbroucke JP. The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement: guidelines for reporting observational studies. Ann Intern  Med.
2007;147(8):573-577. doi:10.7326/0003-4819-147-8-200710160-00010

18.  Atyeo C, DeRiso EA, Davis C, et a. COVID-19 mRNA vaccines drive differential Fc-
functional profiles in pregnant, lactating, and non-pregnant women. bioRXxiv.
2021:2021.2004.2004.438404. doi:10.1101/2021.04.04.438404

19. Boyaka PN. Inducing mucosal IgA: a challenge for vaccine adjuvants and delivery
systems. The Journal of Immunology. 2017;199(1):9-16.

20.  Pardi N, Tuyishime S, Muramatsu H, et al. Expression kinetics of nucleoside-modified
MRNA ddlivered in lipid nanoparticles to mice by various routes. Journal of Controlled
Release. 2015;217:345-351.

21.  Academy of Breastfeeding Medicine. ABM STATEMENT: Considerations for COVID-

19 Vaccination in Lactation. Available from: https://www.bfmed.org/abm-statement-

considerations-for-covid-19-vaccination-in-lactation#.  Published 2020. Accessed 22

April, 2021.

Page 21 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

22.  World Health Organization. Pfizer BioNTech COVID-19 vaccine: What you need to

know. Available from: https://www.who.int/news-room/feature-stories/detail/who-can-

take-the-pfizer-biontech-covid-19--vaccine. Published 2021. Accessed 23 April, 2021.

Page 22 of 38


https://doi.org/10.1101/2021.04.27.21256151

medRxiv preprint doi: https://doi.org/10.1101/2021.04.27.21256151; this version posted April 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Figurelegends

Figure 1. IgA antibodiesin human milk samples

(A) & (B): Concentration [pM?] of IgA antibodies against spike (A) and RBD (B) in human milk
for vaccinated mothers (n =10) across all time points; convalescent (n = 6) and healthy mothers
(n =9) used as reference cohort. Grey dotted lines reflect the limit of assay detection. Statistics
were calculated with Kruskal-Wallis test and Dunn’ s post-test.

(C) & (D): Increase in IgA antibodies against spike (C) and RBD (D) over time. Each line in
grey represents data from one individua and the median = IQR is represented in red.
Abbreviations: RBD, receptor-binding domain; IgA, immunoglobulin A; pM, picomolar; IQR,
interquartile range; T1, pre-vaccination; T2, 1-3 days after dose one of BNT162b2 vaccine; T3,
7-10 days after dose one of BNT162b2 vaccine; T4, 3-7 days after dose two of BNT162b2
vaccine.

29| conversion factors: To convert concentration from pM to M, multiply values by 10",
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Figure 2. 1gG antibodiesin human milk samples

(A) & (B): Concentration [pM?] of 1gG antibodies against spike (A) and RBD (B) in human milk
for vaccinated mothers (n = 10) at T1 and T4; convalescent (n = 6) and healthy mothers (n = 9)
used as reference cohort. Grey dotted lines reflect the limit of assay detection. Statistics were
calculated with atwo-tailed Wilcoxon test.

(C) & (D): Increase in 1gG antibodies against spike (C) and RBD (D) over time. Each line in
grey represents data from one individua and the median = IQR is represented in red.
Abbreviations: RBD, receptor-binding domain; 1gG, immunoglobulin G; pM, picomolar; IQR,
interquartile range; T1, pre-vaccination; T4, 3-7 days after dose two of BNT162b2 vaccine.

29| conversion factors: To convert concentration from pM to M, multiply values by 10",
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Figure 3. Vaccinated mothers have both IgA and 1gG in human milk unlike convalescent
mothers

(A) & (B): Concentration of spike (A) and RBD (B) IgA and I1gG in vaccinated mothers (n = 10).
(C) & (D): Concentration of spike (C) and RBD (D) IgA and IgG in convalescent mothers (n =
6). Legend demonstrates the ratio of IgA and IgG in human milk, whereby the concentration of
IgA was divided by the concentration of IgG antibodies. Abbreviations. RBD, receptor-binding
domain; IgA, immunoglobulin A; IgG, immunoglobulin G; pM?, picomolar; IQR, interquartile
range; N.C., not calculated due to absence of either IgA or 1gG antibodies.

23| conversion factors: To convert concentration from pM to M, multiply values by 10%.
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Figure4. Minimal transfer of BNT 162b2 mRNA into human milk.

(A) Standard curve of cDNA reverse-transcribed from vaccine derived BNT162b2-spiked human

milk was made and used as a positive control. n > 6 technical replicates, means are shown with

error barsindicating the standard error of measurement (SEM).

(B) Heat map of calculated median BNT162b2 mRNA concentrations in vaccinated mothers (n =

10) at four time points asindicated.

Abbreviations. Cr, cycle threshold; pg?, picogram; ng®, nanogram; mL®, milliliter; T1, pre-

vaccination; T2, 1-3 days after dose one of BNT162b2 vaccine, T3, 7-10 days after dose one of

BNT162b2 vaccine; T4, 3-7 days after dose two of BNT162b2 vaccine.

2 5| conversion factors: To convert concentration from pg to kg, multiply values by 10%.
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® S| conversion factors: To convert concentration from ng to kg, multiply values by 10™2.

P S| conversion factors: To convert concentration from mL to L, multiply values by 0.001.
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Table 1: Characteristics of vaccinated mothers

Age, mean [standard deviation, SD], years 33.5[3.3]

Ethnicity 8 Singaporean Chinese
2 Singaporean Malay

Chronic diseases 9 None

1 Thalassemia minor

Antenatal conditions 10 None

Smoking history 10 No

Types of feeds provided 9 Exclusively breastfed
1 Mixed feeds

Time post-partum/breastfed, mean [SD], months | 9.8 [4.0]
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Determination of antibody titersin human milk
Sensitive quantitation of BNT162b2 mRNA in human milk

eTables
eTable 1: Demographic and clinical details
eTable 2: Clinical details of antenatal COVID-19 and perinatal findings

eFigures

eFigure 1. Standard curves used in quantitative EL|SA.

A human monoclonal antibody binding to both full spike and RBD of SARS-CoV -2 was recombinantly expressed as
human IgA1 and IgG1. Concentrations of (A) anti-spike IgA, (B) anti-RBD IgA, (C) anti-spike 1gG, and (D) anti-
RBD IgG antibodies in human milk samples were estimated from interpolation of the standard curves constructed
using known concentrations of this antibody (in pM?).

Abbreviations. RBD, receptor-binding domain; 1gA1, immunoglobulin A1; 1gG1, immunoglobulin G1; pM,
picomolar; ODs, optical density measured at a wavelength of 450 nanometer.

29| conversion factors: To convert concentration from pM to M, multiply values by 10'.

eFigure 2. SARS-CoV-2 antigen-specific I1gA levelsin human milk samples.

OD g0 Values were measured for (A) anti-spike and (B) anti-RBD IgA antibodies in 10-fold diluted human milk
samples collected from vaccinated mothers (n = 10) at four time points pre- and post- vaccination. Statistics were
calculated with Kruskal-Wallis test with Dunn’s post-test. The same results are shown asline plotsin (C) and (D)
for visualization of antibody response from each individual. Each line in grey represents data from one individual
and the median + IQR isrepresented in red.

Abbreviations: OD s, Optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
IgA, immunoglobulin A; IQR, interquartile range; T1, pre-vaccination; T2, 1-3 days after dose one of BNT162b2
vaccine; T3, 7-10 days after dose one of BNT162b2 vaccine; T4, 3-7 days after dose two of BNT162b2 vaccine.

eFigure 3. SARS-CoV-2 antigen-specific 1gG levelsin human milk samples.

OD 50 Values were measured for (A) anti-spike and (B) anti-RBD 1gG antibodiesin 10-fold diluted human milk
samples collected from vaccinated mothers (n = 10) at two time points pre- (T1) and post- second dose vaccination
(T4). The same results are shown asline plotsin (C) and (D) for visualization of antibody response from each
individual. Each line in grey represents data from one individual and the median = QR isrepresented in red.
Abbreviations: OD s, optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
1gG, immunoglobulin G; IQR, interquartile range; T1, pre-vaccination; T4, 3-7 days after dose two of BNT162b2
vaccine.

eFigure 4. Cross-comparison of SARS-CoV-2 antigen-specific IgA and 1gG levelsin human milk samples.
(A,B) OD4so values were measured for the vaccination cohort and show (A) anti-spike and (B) anti-RBD antibodies
in 10-fold diluted human milk samples collected from vaccinated mothers (n = 10) at 3-7 days after the second
vaccination dose (T4). (C,D) OD,s, values were measured for the reference cohort and show (C) anti-spike and (D)
anti-RBD antibodiesin 10-fold diluted human milk samples for cases (n = 6) at one month post-partum.
Abbreviations. ODs, optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
IgA, immunoglobulin A; 1gG, immunoglobulin G; IQR, interquartile range.

eFigure5. Standard curves using cDNA generated from BNT 162b2-spiked human milk versus pTwist-
BNT162b2AUTR plasmid.

One BNT162b2 equivalent is defined as a single-stranded polynuclectide molecule that contains a linear sequence
that binds either the forward or reverse primer. Prism analysis of the two regression lines revealed that their
dopeg/gradients were not significantly different (P = .42). Data represented as the mean = SEM, n> 3 technical
replicates.

Abbreviations. cDNA, complementary DNA; Cy, cycle threshold.
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Detailed methods

Determination of antibody titersin human milk

IgA and 1gG against SARS-CoV -2 antigens including the whole spike and RBD protein were titrated using
quantitative ELISA. 96-well flat-bottom maxi-binding immunoplate (SPL Life Sciences, #32296) were coated with
100 ng of SARS-CoV -2 whole spike protein or 200ng of RBD protein at 4 °C overnight. After three washes in
Phosphate Buffer Saline (PBS), 350 uL of blocking buffer [4% skim milk in PBS with 0.05% Tween 20 (PBST)]
was added to each well. After incubation for 1.5 hours, the plate was washed three times with PBST. 100 pL of 10-
fold diluted human milk samples were added to each well for 1-hour incubation. Plate was then washed three times
with PBST followed by 1-hour incubation in the dark with 100 pL of 5000-fold diluted goat anti-human I1gG-HRP
(Invitrogen, #31413), or 5000-fold diluted F(ab’)2 anti-human IgA-HRP (Invitrogen, #A24458). Plate was washed
threetimesin PBST and incubated for 3 minutes with 1-Step Ultra TMB-ELISA (Thermo Scientific, #34029), 100
ML per well. Reaction was stopped with 100 pL of 1 M H,SO, and OD 5, was measured using a microplate reader
(Tecan Sunrise). ODg4so Was calculated by subtracting the background signal from sample binding to the blocking
buffer. A recombinant human monoclonal antibody targeting RBD of SARS-CoV -2 was engineered to both human
1gG1 and human IgA1. Standard curves for whole spike and RBD were constructed by testing known concentrations
(3.5 pM - 3.5 nM) of this antibody alongside the samples. Linear region of the standard curve was used to quantify
the 1gG/IgA antibody concentration in human milk samples viainterpolation. Experiments were performed at least
three times.

Sensitive quantitation of BNT162b2 mRNA in human milk

Total RNA from human milk was extracted with TRIzol LS reagent (Invitrogen) according to manufacturer’s
instructions. Briefly, 250 uL of whole human milk was RNA-extracted with 750 uL of Trizol LSand 200 pL of
chloroform. The entire upper agueous fraction (~500 uL) was isopropanol-precipitated, washed with 70% ethanol
and air-dried before dissolution in RNAse-free water. The entire volume of RNA was used as input for SuperScript
IV (Invitrogen) reverse transcription performed as per manufacturer’s instructions and diluted 50-fold with RNAse-
free water to afinal volume of 1 mL prior to storage at -20MC or assay.

For standard curve construction, we collected BNT162b2 from actual vaccine discards. Five-fold serial dilutions of
recongtituted BNT 162b2 vaccine were spiked into healthy, SARS-CoV-2 negative human milk and RNA-extracted
in parallel with vaccinee samples. These served as a positive control.

Tagman-based detection of BNT162b2 mRNA was performed using PrimeQuest-designed primer and probe sets
(Integrated DNA Technologies, IDT). The primer and probe sequences are as follows:
AGCCTACACCAACAGCTTTAC (forward primer), TGAAGAAAGGCAGGAACAGG (reverse primer) and /56-
FAM/CGACAAGGT/ZEN/GTTCAGATCCAGCGT/3IABKFQ/ (probe). Primers were used a 250 nM while probe
was used at 150 nM. An input volume of 1 ul was used for each diluted cDNA sample. Standard cycling conditions
used were as per recommendation by IDT.

A plasmid construct containing BNT162b2 cDNA without the 5" and 3' UTRs was synthesized (Twist Bioscience)
and is herein referred to as pTwist-BNT162b2AUTR. Briefly, the BNT162b2 open reading frame is 3825 bases long
and consists of human codon-optimized SARS-CoV -2 spike glycoprotein containing the K986P and VV987P
mutations'

Standard curve construction was performed in a separate experiment using pTwist-BNT162b2AUTR and cDNA
generated from BNT 162b2-spiked human milk with the aim of determining whether their performancesin the
guantitative PCR assay were comparable.
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eTable 1. Demographic and clinical details

Demographic and clinical details

Reference cohort (n = 6)

Control cohort (n=9)

Age, mean [standard deviation, SD], years 30.8[4.1] 32.1[4.1]

Ethnicity 1 Chinese 6 Chinese
2 Malay 1 Maay
1 Indian 2 Indian
2 Caucasian

Pre-existing comorbidities 5 None 8 None

1 Pre-existing hepatitis C

1 Pre-existing hepatitis C

Antenatal conditions

6 None

9 None

Antenatal ultrasound abnormalities

6 No abnormalities

2 Intrauterine growth

restriction
Gestational age at delivery, mean [SD], 40.0[0.8] 39.2[1.2]
weeks
Mode of delivery 6 Vaginal 6 Vaginal
3 Caesarean section
Gender of infants 5 Female 6 Female
Infant birth weight, mean [SD], kg 3.59[0.24] 3.11[0.61]
Infant birth length, mean [SD], cm® 50.8[1.6] 50.5[2.2]
Infant birth occipital frontal circumference, | 34.6[0.9] 22.3[1.2]
mean [SD], cm?
Any immediate postnatal complications 5 None 8 None
1 Transient tachypnoea of the 1 Exaggerated physiological
newborn jaundice
Type of feeds 4 Exclusive breastfeeding 6 Exclusive breastfeeding
2 Mixed feeding 3 Mixed feeding

3l conversion factors: To convert length from cm to m, multiply values by 0.01.
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eTable 2: Clinical details of antenatal COVID-19 and perinatal findings

Clinical details of antenatal COVID-19 and perinatal findings

COVID-19 diagnosis gestation 2 First trimester
1 Second trimester
3 Third trimester
Length of time between COVID-19 diagnosis and delivery, mean [SD], days 136 [80]
Severity of COVID-19 1 Asymptomatic
4 Mild
1 Moderate
Time between first positive PCR and first negative PCR, median (range), days 23 (17 - 39)
SARS-CoV-2 PCR from perinatal samples (nasopharyngeal, vaginal, umbilical All negative
cord and placental swabs, maternal blood, cord blood, amniatic fluid, human milk)
Placental / umbilical cord histology 2 Normal
3 Abnormal
1 Not done

Abbreviations: COVID-19, Coronavirus Disease 2019; PCR, polymerase chain reaction
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eFigure 1. Standard curvesused in quantitative ELISA.

A human monoclonal antibody binding to both full spike and RBD of SARS-CoV-2 was recombinantly expressed as
human IgA1 and 1gG1. Concentrations of (A) anti-spike IgA, (B) anti-RBD IgA, (C) anti-spike 1gG, and (D) anti-
RBD IgG antibodies in human milk samples were estimated from interpolation of the standard curves constructed
using known concentrations of this antibody (in pM?).

Abbreviations: RBD, receptor-binding domain; IgA1, immunoglobulin A1; 1gG1, immunoglobulin G1; pM,
picomolar; OD s, Optical density measured at a wavelength of 450 nanometer.

23l conversion factors: To convert concentration from pM to M, multiply values by 10,
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eFigure 2. SARS-CoV-2 antigen-specific 1gA levelsin human milk samples.

OD 45 values were measured for (A) anti-spike and (B) anti-RBD IgA antibodiesin 10-fold diluted human milk
samples collected from vaccinated mothers (n = 10) at four time points pre- and post- vaccination. Statistics were
calculated with Kruskal-Wallis test with Dunn’s post-test. The same results are shown asline plotsin (C) and (D)
for visualization of antibody response from each individual. Each line in grey represents data from one individual

and the median £ IQR is represented in red.

Abbreviations: OD,s, optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
IgA, immunoglobulin A; IQR, interquartile range; T1, pre-vaccination; T2, 1-3 days after dose one of BNT 162b2
vaccine; T3, 7-10 days after dose one of BNT162b2 vaccine; T4, 3-7 days after dose two of BNT162b2 vaccine.
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eFigure 3. SARS-CoV-2 antigen-specific 1gG levelsin human milk samples.

OD 45 values were measured for (A) anti-spike and (B) anti-RBD 1gG antibodiesin 10-fold diluted human milk
samples collected from vaccinated mothers (n = 10) at two time points pre- (T1) and post- second dose vaccination
(T4). The same results are shown asline plotsin (C) and (D) for visualization of antibody response from each
individual. Each line in grey represents data from one individual and the median + IQR isrepresented in red.
Abbreviations: OD,s, optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
1gG, immunoglobulin G; IQR, interquartile range; T1, pre-vaccination; T4, 3-7 days after dose two of BNT162b2

vaccine.
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eFigure 4. Cross-comparison of SARS-CoV-2 antigen-specific IgA and 1gG levelsin human milk samples.
(A,B) ODyso values were measured for the vaccination cohort and show (A) anti-spike and (B) anti-RBD antibodies
in 10-fold diluted human milk samples collected from vaccinated mothers (n = 10) at 3-7 days after the second
vaccination dose (T4). (C,D) OD,so values were measured for the reference cohort and show (C) anti-spike and (D)
anti-RBD antibodies in 10-fold diluted human milk samples for cases (n = 6) at one month post-partum.
Abbreviations; OD,s, optical density measured at a wavelength of 450 nanometer; RBD, receptor-binding domain;
IgA, immunoglobulin A; 1gG, immunoglobulin G; 1QR, interquartile range.
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eFigure 5. Standard curves using cDNA generated from BNT 162b2-spiked human milk versus pTwist-
BNT162b2AUTR plasmid.

One BNT162b2 equivalent is defined as a single-stranded polynucleotide molecule that contains a linear sequence
that binds either the forward or reverse primer. Prism analysis of the two regression lines revealed that their
slopes/gradients were not significantly different (P = .42). Data represented as the mean = SEM, n > 3 technical
replicates.

Abbreviations: cDNA, complementary DNA; Cr, cycle threshold.
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