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SUMMARY

In view of the scarcity of data to guide decision making, we evaluated how BNT162b2 and mRNA-1273 vac-
cines affect the immune response in lactating women and the protective profile of breastmilk. Compared with
controls, lactating women had a higher frequency of circulating RBD memory B cells and higher anti-RBD
antibody titers but similar neutralizing capacity. We show that upon vaccination, immune transfer to breast-
milk occurs through a combination of anti-spike secretory IgA (SIgA) antibodies and spike-reactive T cells.
Although we found that the concentration of anti-spike IgA in breastmilk might not be sufficient to directly
neutralize SARS-CoV-2, our data suggest that cumulative transfer of IgA might provide the infant with effec-
tive neutralization capacity. Our findings put forward the possibility that breastmilk might convey both imme-
diate (through anti-spike SlgA) and long-lived (via spike-reactive T cells) immune protection to the infant.
Further studies are needed to address this possibility and to determine the functional profile of spike T cells.

INTRODUCTION

Clinical trials of coronavirus disease 2019 (COVID-19) mRNA
vaccines excluded lactating women, causing a dearth of data
to guide vaccine decision making by health authorities.” This is
especially worrisome because infants are the group of children
most affected by COVID-19.%° In view of the physiological alter-
ations observed in lactating women and of the crucial role of
breastmilk in providing immunity to the suckling infant, there is
a pressing need to determine how mRNA vaccines affect im-
mune responses in lactating mothers and to uncover the effector
profile of breastmilk-transferred immune protection.

Infants have an immature immune system and rely on the trans-
fer of maternal immune cells and antibodies via breastmilk to pro-
vide them with immunity.*® Human breastmilk contains a wide
variety of immunoglobulins, including IgA (~90%), IgM (~8%),
and IgG (~2%).° Although milk IgG originates mostly from blood,
IgA and IgM originate predominantly from mucosa-associated
lymphatic tissue (MALT) within the mammary gland.'®"" At
mucosal sites, IgA and IgM are secreted in the form of polymeric
antibodies complexed to j-chain and secretory component pro-
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teins.'® Whether mucosal immunity is elicited or not by vaccina-
tion depends to a great extent on the vaccination route, with intra-
muscular inoculation favoring a systemic immune response and
intranasal or oral vaccination inducing mucosal immunity.'>'®
Nonetheless, transfer of protective neutralizing IgA antibodies
via breastmilk can occur following intramuscular vaccination
against influenza.'* It remains to be addressed whether COVID-
19 mRNA vaccine-elicited milk IgA">~"? is indeed produced by
mammary MALT as secretory IgA (SIgA) or if it is provided as
monomeric IgA by the blood. Moreover, it is currently unclear if
vaccine-elicited milk IgA can confer immune protection to the in-
fant through viral neutralization.

In addition to antibodies, breastmilk contains effector T cells and
class-switched IgD~ memory B cells and plasma cells.?®>* Several
lines of evidence support that milk B and T cells are capable of with-
standing the gastric environment,”*’ enter the blood circula-
tion,?®*° and are distributed into infant tissues.*>*' Recent studies
have indicated that transfer of maternal lymphocytes via breastmilk
greatly assists the newborn’s immune system.'” mRNA vaccines
induce spike-reactive B and T cells in the blood,***® including in
breastfeeding women.>* Regardless, whether mRNA vaccines
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can elicit mammary MALT T and B cell responses that could be
transferred to the infant via breastmilk remains unknown.

Here we sought to gauge the effects of mMRNA vaccines on the
immune response of lactating women and to uncover breastmilk
effector immune composition.

RESULTS

COVID-19 mRNA vaccines induce production of SIgA by
mammary mucosa early upon first dose administration
We collected 23 paired samples of breastmilk, pre-vaccination
and after first and second mRNA vaccine administration. Demo-
graphic data are contained in Tables S1 and S2.

We looked at humoral response in breastmilk and blood
~10 days after first vaccine dose, when protection conferred by
mRNA vaccines is starting.>>*® All lactating women had anti-
spike antibodies in circulation, with 17 of 23 IgA*IgG*IgM*, 2 of
23 1gG*IgM™*, and 1 of 23 IgA*IgG™ (Figure 1A). Similarly, 22 of
23 lactating women presented anti-spike antibodies in breastmilk,
with 2 of 23 IgA*IgG*IgM™*, 3 of 23 IgA*, and 17 of 23 IgA*IgG*
(Figure 1A). Anti-spike 1gG, IgA, and IgM antibody levels did not
correlate with donors’ age (Figure 1B). We detected a trend be-
tween milk and blood anti-spike IgA levels and within milk sam-
ples a correlation between anti-spike IgA and IgG (Figures 1C
and 1D). As mRNA vaccines are better suited to inducing sys-
temic monomeric IgA than polymeric mucosal SIgA, we sought
to identify the source of IgA in the breastmilk through detection
of SIgA reactive against spike and its RBD domain. Anti-spike
SIgA was present in 70% of milk samples and correlated with
anti-spike IgA in milk (Figures 1E and 1F).

To gain insight into the possible neutralizing properties of milk
and blood antibodies, we first assessed RBD endpoint titers.*’
Milk anti-RBD IgA endpoint titer was lower compared with the
corresponding anti-RBD endpoint titers for IgA, 1gG, and IgM
in blood (Figure 1G). None of milk samples were neutralizing,
and even though several blood samples possessed moderate
(1:450) and high (>1:1,350) antibody endpoint titers, only three
blood samples were neutralizing (Figure 1H).

Altogether our data show that SIgA is produced early (day 10)
by the mammary mucosa in response to the first dose of mMRNA
vaccine and indicate that mRNA vaccines are capable of
inducing a local immune response by the mammary MALT.

Unconcentrated neutralizing IgA can be found in milk
after second vaccine dose

Although circulating neutralizing IgG to mRNA vaccine is opti-
mally detected after boost,*® it is currently unclear whether
vaccine-induced milk antibodies are neutralizing.'>'®"®
Contemporaneous with the IgG surge in the blood at ~10 days af-
ter vaccine boost, we detected anti-spike and anti-RBD IgG in
milk (Figures 2A and 2B). In contrast, the frequency and levels
of spike-reactive IgA remained constant in blood and milk, even
though we observed a slight increase in milk anti-RBD IgA (Fig-
ures 2A-2E). Similarly, milk SIgA levels recognizing spike and
its RBD domain remained constant upon vaccine boost (Fig-
ure 2D). Interestingly, anti-spike IgA in breastmilk inversely corre-
lated with circulating anti-spike 1gG (Figure 2C). This might be
because higher induction of circulating IgG might prevent spike
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protein from reaching the mammary MALT and effectively induce
local antibody production. Donor paired analysis shows that
although milk anti-spike IgG was boosted, milk anti-spike IgA
and SlgA remained constant following second vaccine dose (Fig-
ure 2E). Nonetheless the frequency of milk samples with spike
SlgA increased from 70% to 87%. Vaccination induced a similar
antibody profile in blood, with vaccine boost increasing anti-
spike IgG but not affecting IgA (Figure 2F).*° IgM was poorly
induced upon vaccination (Figure 2F).

As expected, all plasma from fully vaccinated lactating women
was neutralizing (half-maximal neutralization titer [NTsq] =
238.69, interquartile range [IQR] 148.47-383.36) and compara-
ble with an age-matched female cohort (NTso = 215.39, IQR
135.34-303.51) (Figures 2G and 2H) and previous reports for
mRNA vaccines.>**% Importantly, only one milk sample dis-
played weak neutralizing activity (Figure 2I). To identify which
milk Ig could potentially neutralize SARS-CoV-2, we purified
IgA and IgG by affinity chromatography and concentrated 5-
fold prior to running neutralization assays. Weak neutralization
could be detected in only three IgA fractions, which clustered
around the highest SIgA levels (Figures 2J and 2K; Table S3).
Next, we purified milk IgA using size exclusion chromatography
(SEC) (Figures S1A and S1B). Purified IgA from pre- and post-
vaccination samples eluted in a single peak corresponding to
polymeric SIgA, suggesting that vaccination did not result in an
influx of monomeric IgA from the blood (Figures S1C and S1D).

Our data indicate that anti-spike SIgA titers were unaffected
by vaccine boosting. Although the concentration of spike-reac-
tive IgA in breastmilk might not be sufficient to directly neutralize
viral infection, our data suggest that cumulative transfer of IgA
through feeding might provide the infant with effective SARS-
CoV-2 neutralization.

Lactating women have higher frequency of circulating
RBD-reactive memory B cells and anti-RBD antibodies
Although human IgA secreting B cells are preferentially retained
in the mammary gland, functional IgG secreting B cells can be
found in higher frequencies in breastmilk.'"*>*' We sought to
evaluate the presence of RBD-reactive B cells in the milk
following vaccination. We could detect B cells in only 5 of 23
milk samples, which were overwhelmingly IgD?? (Figure 3A).
Because of the limited number of B cells detected, we were
not able to assess the presence of RBD-reactive milk B cells.

Mainly because of hormonal changes, lactating women display
distinct immune responses.“” In the blood, a clear population of
RBD-binding IgD™ B cells could be detected after first vaccine
dose, which remained unaltered upon boost (Figures 3B and 3C).
Both RBD-reactive plasmablasts and memory B cells were detect-
able after first vaccine dose, with only plasmablasts increasing in
frequency upon boost (Figures 3B and 3C). Compared with con-
trols, breastfeeding women have a higher frequency of memory
B cells and higher titers of circulating anti-RBD IgA and IgG (Figures
3C and 3D). Moreover, RBD-reactive memory B cells, and overall
RBD-reactive B cells, correlated with anti-spike 1gG levels (Figures
3E and 3F) but not with neutralization titers (Figures 3E and 3F).

Altogether, lactating women had higher frequencies of RBD-
reactive circulating memory B cells and higher RBD-IgG anti-
bodies compared with controls.
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Figure 1. mRNA vaccines induce production of SIgA into the breastmilk early upon first dose administration

(A) Anti-spike IgG, IgA, and IgM in plasma and skim milk of breastfeeding women (n = 23), measured by absorbance at 450 nm (ODys0).

(B) Correlation between anti-spike 1gG, IgA, and IgM and donor’s age in years.

(C) Correlation between anti-spike IgA in plasma and skim milk.

(D) Correlation between anti-spike IgA and IgG in skim milk.

(E) Donor-matched analysis between anti-spike and anti-RBD SIgA in skim milk.

(F) Correlation between anti-spike IgA and SIgA in skim milk.

(G) Endpoint titers for anti-RBD antibodies in skim milk (IgA) and plasma (IgG, IgA, and IgM).

(H) Neutralization curves for plasma and skim milk.

Orange, plasma; purple, skim milk. Circles, Pfizer; squares, Moderna. Dashed line, assay cutoff. n = 23 nursing women and n = 22 controls. p values determined
using ANOVA, post hoc Turkey and Friedman tests, or post hoc Dunn test when comparing three groups and using parametric paired t test and non-parametric
paired Wilcoxon test as appropriate. Pearson and Spearman correlations. **p < 0.01, **p < 0.001, and ***p < 0.0001; ns, not significant.

Spike-specific T cells are transferred through against SARS-CoV-2."*** To detect spike-specific CD4*
breastmilk T cells, we used an activation induced marker (AIM) assay using
Emerging evidence suggests the requirement of both antibody-  OX40 and CD25 dual expression to detect spike reactivity.*>*"
mediated and T cell-mediated immunity for effective protection ~We could robustly detect CD4* T cells in the milk of only 12
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Figure 2. Neutralizing antibodies are found in blood and less frequently in milk after second vaccine dose

Reciprocal dilution

(A) Anti-spike IgG, IgA, and IgM at ~10 days after first (prime) and second (boost) vaccine doses in plasma and in skim milk, measured by absorbance at 450 nm

(OD4s0)-
(B) Anti-RBD IgG, IgA, and IgM performed as in (A).
(C) Correlation between anti-spike IgA in skim milk versus anti-spike IgG in the blood.

(D) Comparison between anti-spike- and anti-RBD SIgA at ~10 days after first (prime) and second (boost) vaccine doses, measured as in (A).
(E) Donor-matched analysis of anti-spike 1gG, IgA, and SIgA, pre-vaccination and after first (prime) and second (boost) vaccine doses, in skim milk.
(F) Donor-matched analysis of anti-spike IgG, IgA, and IgM, pre-vaccination and after first (prime) and second (boost) vaccine doses, in blood.

(legend continued on next page)

4 Cell Reports Medicine 2, 100468, December 21, 2021



Cell Reports Medicine

donors (52%) (Figures 4A and 4B). The absence of T cell detec-
tion in the other 11 samples was likely due to insufficient milk vol-
ume available. After second vaccine dose, spike-reactive T cells
could be identified in all milk samples with detectable T cells,
with frequencies ranging from 0.7% to 9.1% (Figures 4A and
4C), indicating that spike T cells are transferred to breastmilk
upon mRNA vaccination.

All lactating women possessed spike T cells (median 0.76%,
IQR 0.5%-1.19%) in circulation after first vaccine dose, and their
frequency was not altered by subsequent boost (Figures 4D and
4E), even though their activation state, measured by CD69
expression, was decreased (Figures 4D and 4E). Curiously, it ap-
pears that after vaccine boost, breastfeeding women have fewer
spike-reactive CD4" T cells compared with vaccinated controls
(Figures 4D and 4E). In view of the role of CD4* T cells in B cell
effector differentiation, we looked for an association between
circulating spike-reactive T cells and RBD-reactive B cells. There
was no correlation between spike T cells and RBD-plasmablasts
or memory B cells (Figure 4F).

Altogether our data show that in addition to antibodies, milk
also contains spike-reactive T cells. These spike-reactive
T cells might transfer long-lived immunity to the suckling infant.

DISCUSSION

Within the pediatric population, infants present the highest
COVID-19 fatality rate.”>“® Yet lactating women were initially
advised to discontinue breastfeeding following COVID-19
mRNA vaccination.”® How mRNA vaccines affect lactating
women, and the breadth and effector profile of the milk-trans-
ferred immune response, remains poorly understood. Through
a combination of serology, virus neutralization, flow cytometry,
and SEC we identified the secretory and neutralizing properties
of breastmilk-transferred antibodies and cellular immunity
induced by mRNA vaccination.

The function of mammary MALT is to provide protective immu-
nity to the infant through the secretion of polymeric antibodies
complexed to j-chain and secretory component proteins.'® The
secretory component is essential to ensure that milk antibodies
survive the gastric environment and are effectively transferred to
the infant.'® Spike-reactive SIgA was detected in breastmilk of
COVID-19 patients,*® but whether SIgA was similarly present
upon mMRNA vaccination had remained unaddressed. We de-
tected spike-reactive SIgA in 87% of milk samples, reinforcing
the suggestion that mRNA vaccines can elicitimmune responses
by mammary and oral®' mucosa. We then explored the ability of
milk antibodies to neutralize SARS-CoV-2. Even though only 1 of
23 milk samples was directly neutralizing, purification and con-
centration of IgA increased its neutralization capacity. Suggest-
ing that cumulative transfer of IgA through breastmilk might

¢ CellP’ress

provide the infant with effective neutralization capacity.
Compared with COVID-19 infection,®**? milk neutralizing capa-
bilities post-vaccination appear to be weaker. This is consistent
with the fact that spike-reactive SIgA does not increase upon
vaccine boost, indicating a T cell-independent production. Un-
der these conditions, mucosal-produced SIgA has been
described as polyreactive.'%*® As SARS-CoV-2 infection effec-
tively primes airway and gut mucosa immunity, the two sources
of mammary T and B cells,'" it is likely that milk SIgA production
is primed in a T cell-dependent manner and thus presents higher
neutralization capacity.®*>°

An important and until now completely unexplored route for
milk-transferred COVID-19 immunity is through T cells. Milk-
transferred lymphocytes can survive the adverse environment
of the digestive tract and seed in the infant’s tissues.?”~>° This
is due to a combination of a biochemical reaction between the
infant’s saliva and breastmilk that protects lymphocytes from
acid injury,”™® a decrease in enzyme and acid content in the in-
fant’s digestive tract,”®°” and an increase in gut permeability.*®
CD4* T cells are crucial in mediating mRNA vaccine protec-
tion,*?:°8:5% especially in the setting of suboptimal neutralizing
antibodies.? It is possible that spike-reactive T cells that have
been transferred to breastmilk might mediate protection from
infection by seeding in the infant’s upper respiratory tract and
gut.

Lactating women display a unique immune state, evolved to
provide immunity to the infant. We detected higher RBD-reactive
IgG and IgA titers in lactating women, but their neutralization ti-
ters were undistinguishable from those of controls, which is
consistent with previous findings.'® In addition, we found that
lactating women had higher frequencies of RBD-reactive mem-
ory B cells in circulation, which correlated with their anti-spike
IgG titers. Even though the reasons for increased frequencies
of RBD-reactive memory B cells are likely multifactorial,
increased levels of milk-inducing prolactin have been associated
with increased antibody titers and activated “memory”-like B
and T cells.®°® As memory B cells have been proposed to
play a key role in mounting recall responses to COVID-19
mRNA vaccines,*® further studies will be needed to determine
if these cellular differences are maintained in the medium term
and whether they will affect long-term protection.

Here we show that upon mRNA vaccination, immune transfer
to breastmilk occurs through a combination of spike-reactive
SlgA and T cells. Together, these two lines of defense might syn-
ergize in conferring both immediate (SIgA) and long-lived (T cells)
protection to the nursing infant. Our data support the view that
lactating women’s immune response to the vaccine is skewed
toward long-lasting memory B cell response. The clinical trans-
latability of our findings is multifold. First, our data provide
compelling evidence that COVID-19 mRNA vaccine induces a

G) Plasma neutralization curves.
H) Plasma neutralization titers (NTsg) in nursing and control women.

J) Neutralization curves for skim milk purified IgA concentrated 5-fold, pre-vaccination and ~10 days after vaccine boost.

K) Neutralization curves for skim milk purified IgG concentrated 5-fold, pre-vaccination and ~10 days after vaccine boost.

Orange, plasma; purple, skim milk. Circles, Pfizer; squares, Moderna. Dashed line, assay cutoff. n = 23 nursing women and n = 22 controls. p values determined
using parametric paired t test and non-parametric paired Wilcoxon test as appropriate and using ANOVA, post hoc Holm-Sidak and Kruskal-Wallis tests, and post
hoc Dunn test when comparing three groups. Spearman correlation. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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(I) Skim milk neutralization curves.
(
(

Cell Reports Medicine 2, 100468, December 21, 2021 5




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A B
| .y ..+ Plasma Memory
134% E 2:69% blasts %1%
1 : +41.99%
77.8% o 5
o
2 - B
£ N £
o l@ o
1.29%
3 * 87.5%
o gy
S E
o o =
=4 o T T “ T T T T T
3 RS [ SN
€3 FSC-A CcD20
ns ns " ns IgM
401 p=0.5082 p=0.6966 25-p=0.0115 p=0.6629 ns,—0.9839
(2]
© 204 ® )
30- ‘ 3 ° 328050
2 . @ ° 109350
8 e Q ] B 36450 - o
2 207 ? ) 2 40 © ; 12150 o
: -‘.E 3 ? < g 4050 com a e
107 ’} S ¢ < 5 ‘“' b T 1350 @
b ® d ‘ § 50l 150 am om
o-_|_|_|_ 0- Ll N
Prime Boost Boost Prime Boost Boost 150 5-| e== 50{ nd | @
Controls Controls 50 . . . . . .
. ns ns — Millk Nursling Cm:truls Milk  Nursing Controls Milk Nursing Controls
= . 1
w 1gp=0.0025 p=0.0023 » 607 "—:'”46."—“ 000 E Boost
8 164 ® 3 anti-Spike 19G
D 141 ° o0 ° :’ 1.5 800
D 12 ® [ 2404 ©
8 121 o o e 3 [ ] 0"/. °
2 104 £ [ ) 600
© o ®
E g o E 0 o 310 o o
g 7 ® + o s e £ o0
3 6, 2° g 20q9# 5} o =0 e/o
+
- ['4
a : P }5 ES 1b‘ 4 s 200 °
% 0 _!2_'_ — 0 R%0.2746 o R%0.0289
>~ = 1 -_r T T ek, ns, =0.4493
Prime Boost Boost Prime Boost Boost 0.0+ T T T p<0.'00011 0 T T s d
Controls Controls 0 5 10 15 20 25 0 5 10 15 20 25
% RBD™ B cells % RBD™ B cells
F
Boost
anti-Spike IgG
15 800
°
1.042 - ]
2 |ow E a0 @
8* - /
0.5 200 ° Y
R%0.2834 ¢ %e ° HSRZ—O.0987
0.04 e p0.0018 o ————p=01544,
H H 2 3 0 . 2 3
% RBD* memory B cells % RBD™ memory B cells

Figure 3. Lactating women have higher frequencies of RBD-reactive memory B cells and anti-RBD antibodies in circulation

(A) Gating strategy for CD3-CD19*IgD~ B cells in skim milk after first (prime) and second (boost) vaccine doses.

(B) Gating strategy for circulating RBD-reactive CD3~CD19*IgD~CD20 CD27* plasmablasts and CD3~CD19*IgD CD20*CD27* memory B cells.

(C) Cumulative frequency of circulating total B cells (top left), RBD-reactive B cells (top right), plasmablasts (bottom left), and memory B cells (bottom right) after
first (prime) and second (boost) vaccine doses for nursing and after the second (boost) vaccine dose for controls.

(D) Endpoint titers for anti-RBD IgG, IgA, and IgM in skim milk and plasma of nursing women and in plasma of controls. nd, non-detectable.

(E) Correlation between anti-spike IgG and neutralization titers with the frequency of RBD-reactive B cells upon vaccine boosting.

(F) Correlation between anti-spike IgG and neutralization titers (NTsg) and the frequency of RBD-reactive memory B cells upon vaccine boosting.

Circles, Pfizer vaccine; squares, Moderna vaccine. n = 23 nursing women and n = 22 controls. p values determined using non-parametric paired Wilcoxon test, t
test, and Man-Whitney test as appropriate. Pearson and Spearman correlations. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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Figure 4. Spike-specific T cells are transferred to breastmilk after vaccine boost
A) Gating strategy for CD3*CD4"OX40*CD25" spike-specific T cells in skim milk after first (prime) and second (boost) vaccine doses.
B) Frequency of milk samples with detectable versus non-detectable CD3*CD4* T cells.

D) Gating strategy of circulating for spike-specific T cells, after first (prime) and second (boost) vaccine doses.

(
(
(C) Cumulative frequency of spike-specific T cells in skim milk after vaccine boost.
(
(

E) Cumulative frequencies of T cells (left), spike-specific T cells (middle), and CD69" spike-specific T cells (right) after first (prime) and second (boost) vaccine

doses in nursing women and post-boost in controls.

(F) Correlation between the frequency of RBD-reactive memory B cells (right) and plasmablasts (left) and the frequency of spike-specific T cells after boost.

Circles, Pfizer vaccine; squares, Moderna vaccine. n = 23 nursing women and n =

22 controls. p values determined using parametric paired and unpaired t tests,

non-parametric paired Wilcoxon test, and Mann-Whitney test as appropriate. Spearman correlation. **p < 0.01; ns, not significant.

stronger memory B cell response in lactating women, hinting that
lactating women might sustain effective B cell responses longer,
which might affect boost vaccination scheduling. Second, this
work suggests that protection transferred to milk occurs in the
form of antibodies and T cells. As memory T cells are long lived,
this opens the possibility that milk-transferred protection might
still be present in the infant even after weaning. Third, our results
suggest that repeated feedings might confer neutralizing protec-
tion mediated by SIgA. This has important clinical implications,
as SlgA is more resistant to gastric degradation than IgG, mean-
ing that neutralizing protection might be transferred through
breastmilk even after the introduction of solid foods.

Limitations of the study

Our results represent only a snapshot of what is likely a dynamic
immune response. However, we show that transfer of SIgA and
T cells to milk spans a wide breastfeeding window. Because of

inequal representativity, we were unable to explore any differ-
ences in milk-transferred protection between the two mRNA
vaccines. Future research using larger sample sizes and longitu-
dinal designs is needed to determine whether spike-reactive
SIgA and T cells contained in breastmilk confer immunity to the
infant and to elucidate their effector mechanisms.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal purified BioLegend Cat#302933; RRID: AB_11150591
anti-human CD28 (Clone CD28.2)

Mouse monoclonal anti-human BioLegend Cat#300424; RRID: AB_493741
CD3 (Clone UCHT1)

Mouse monoclonal anti-human BioLegend Cat#344665; RRID: AB_2876651
CD4 (Clone SK3)

Mouse monoclonal anti-human BioLegend Cat#363026; RRID: AB_2564255
CD19 (Clone SJ25C1)

Mouse monoclonal anti-human BioLegend Cat#302342; RRID: AB_2562602
CD20 (Clone 2H7)

Mouse monoclonal anti-human BioLegend Cat#356108; RRID: AB_2561975
CD25 (Clone M-A251)

Mouse monoclonal anti-human BioLegend Cat#302810; RRID: AB_314302
CD27 (Clone 0323)

Mouse monoclonal anti-human BioLegend Cat#310930; RRID: AB_2561909
CD69 (Clone FN50)

Mouse monoclonal anti-human BioLegend Cat#350028; RRID: AB_2629633
CD134 (Clone Ber-ACT35)

Mouse monoclonal anti-human BioLegend Cat#348249; RRID: AB_2876661
IgD (clone 1A6-2)

Goat polyclonal ACE-2 R&D Systems Cat#AF933; RRID: AB_355722
Goat Anti-Human IgG Abcam Cat#ab97225; RRID: AB_10680850
Goat Anti-Human IgA Abcam Cat#ab97215; RRID: AB_10680847
Goat Anti-Human IgM Abcam Cat#ab97205; RRID: AB_10695942
Anti-IgA Secretory Component Abcam Cat#ab3924; RRID: AB_2261963
Anti-mouse IgG1 (clone RMG1-1) BioLegend Cat#406601; RRID: AB_315060
Goat Anti-Mouse IgG HRP Bio Rad Cat#1706516; RRID: AB_11125547
Donkey anti-Goat IgG Invitrogen Cat#A-11057; RRID: AB_142581
Fixable Viability Dye eFluor 506 Invitrogen Cat#65-0866-18; RRID: N/A
Chemicals, peptides, and recombinant proteins

Peptide M / Agarose InvivoGen Cat#gel-pdm-2; RRID: N/A

Protein G Agarose
SARS-CoV-2 Spike CS + PP
SARS-CoV-2 RBD

Thermo Scientific
iBET Bioproduction Unit
iBET Bioproduction Unit

Cat#20398; RRID: N/A
N/A
N/A

Critical commercial assays

Alexa Fluor 488 Antibody Labeling Kit

Invitrogen

Cat#A20181; RRID: N/A

Experimental models: Cell lines

Human Embryonic Kidney 293T

Human Embryonic Kidney 293ET

Prof Paul Digard, N/A
Roslin Institute, UK
Dr Colin Adrain, Instituto N/A

Gulbenkian de Ciéncia, Portugal

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA
Plasmid pLEX-ACE2 Dr. Maria Joao Amorim, Instituto N/A
Gulbenkian de Ciéncia, Portugal;
Alenquer et al., 2021
Plasmid psPAX2 Dr. Luis Moita, Instituto Gulbenkian N/A
de Ciéncia, Portugal
Plasmid pVSV.G Dr. Luis Moita, Instituto Gulbenkian N/A

de Ciéncia, Portugal

Software and algorithms

FlowJo V10.7.3 BD Biosciences https://www.flowjo.com/solutions/flowjo;
RRID: SCR_008520
Prism V9.00 GraphPad http://www.graphpad.com/;

RRID: SCR_002798

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact (helena.
soares@nmes.unl.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We collected 23 paired samples of breastmilk and blood on two separate occasions. Coinciding with the priority vaccination of health
care workers, we collected 14 paired samples between December 2020 and February 2021, a median of 10 days after first (interquar-
tile range (IQR), 8-12 days) and second (IQR, 9-10 days) mRNA vaccine administration, as previously described®’ (Table S1). The
second collection interval occurred upon opening of the vaccination to the general population from June to September 2021 and
participants were recruited through social media platforms, pre-natal support groups and/or word of mouth. In this second period,
we collected 9 paired samples of breastmilk and blood, ~11 days after the first (IQR, 10-15 days) and ~15 days after the second (IQR,
11-25 days) mRNA vaccine administration (Table S2). Of the 22 control participants, 20 received with Pfizer BTN162b2 and 2 the
Moderna mRNA-1273 vaccine. Blood was collected by venopuncture in EDTA tubes and breastmilk was expressed with breast
pump into sterile containers. Biospecimens were immediately processed. All participants provided informed consent and all proced-
ures were approved by NOVA Medical School ethics committee (11/2021/CEFCM and 112/2021/CEFCM), in accordance with the
provisions of the Declaration of Helsinki and the Good Clinical Practice guidelines of the International Conference on Harmonization.

METHOD DETAILS

Blood and breastmilk cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation (Biocoll, Merck Millipore).®® Breastmilk
cells were isolated by centrifugation. Plasma and skim milk samples were stored at —80°C or —20°C, respectively, until further anal-
ysis. PBMCs and breastmilk mononuclear cells were suspended in freezing media (10% DMSO in FBS) and stored at —80°C until
subsequent analysis.

Flow cytometry

RBD was labeled with an available commercial kit according to manufactor’s instructions (Life technologies, A20181). For detection
of SARS-CoV-2 reactive T cells, cryopreserved PBMCs were rested for 1h at 37°C and then stimulated overnight with either 1 ng/mL
of spike protein plus 5 pg/mL of anti-CD28 (CD28.2, BioLegend) cross-linked with 2.5 ng/mL of anti-mouse IgG1 (RMG1-1, Bio-
Legend) or with medium (negative control). PBMCs were stained with a fixable viability dye eFluor™ 506 (Invitrogen) and surface
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labeled with the following antibodies all from BioLegend: anti-CD3 (UCHT1), anti-CD4 (SK8), anti-OX40 (Ber-ACT35), anti-CD25 (M-
A251), anti-CD69 (FN50), anti-CD19 (SJ25C1), anti-IgD (IA6-2), anti-CD27 (0323) and anti-CD20 (2H7) and also with labeled RBD as
described above. Cells were washed, fixed with 1% PFA and acquired in BD FACS Aria lll (BD Biosciences) and analyzed with FlowJo
v10.7.3 software (Tree Star).

ELISA

Antibody binding to SARS-CoV-2 trimeric spike protein or its RBD domain was assessed by a previously described in-house ELISA
assay®’ based on the protocol by Stadlbauer et al.®® Briefly, 96-well plates (Nunc) were coated overnight at 4°C with 0.5 ug/ml of
trimeric spike or RBD. After blocking with 3% BSA diluted in 0.05% PBS-T, 1:50 diluted plasma and 1:5 diluted skim milk, were added
and incubated for 1 h at room temperature. Plates were washed and incubated for 30 min at room temperature with 1:25,000 dilution
of HRP-conjugated anti-human IgA, IgG and IgM antibodies (Abcam, ab97225/ab97215/ab97205) or with 1:10,000 dilution of anti-
human SIgA (Abcam ab3924) followed by a 30 min incubation with HRP-labeled secondary antibody (Biorad, 706516) at 1:5,000 dilu-
tion in 1% BSA 0.05% PBS-T. Plates were washed and incubated with TMB substrate (BioLegend), stopped by adding phosphoric
acid (Sigma) and read at 450nm. Cut-off for plasma samples resulted from the mean of OD45¢ values from negative controls plus 3
times the standard deviation.®” Cut-off for skim milk samples resulted from the median of ODg4sq values from unvaccinated controls
plus 2 times the standard deviation.®" Endpoint titers were established using a 3-fold dilution series starting at 1:50 and ending at
1:109,350 and defines as the last dilution before the signal dropped below OD,5, of 0.15. This value was established using plasma
from pre-pandemic samples collected from subjects not exposed to SARS-CoV-2.°” For samples that exceeded an OD s, of 0.15 at
last dilution (1:109,350), end-point titter was determined by interpolation.’® As previously described,*’ in each assay we used 6 in-
ternal calibrators from 2 high-, 2 medium- and 2 low-antibody producers that had been diagnosed for COVID-19 through RT-PCR of
nasopharyngeal and/or oropharyngeal swabs. As negative controls, we used pre-pandemic plasma samples collected prior to July
2019.

Purification of milk IgA and IgG

IgA and IgG from breast milk samples were purified through Peptide M/Agarose (Invivogen) or Protein G (ThermoScientific), respec-
tively, according to the manufacturer’s instructions. Briefly 1 mL of skim milk was incubated with 2 mL of Peptide M/Agarose or Pro-
tein G and incubated for 20 min. Peptide M/Agarose and Protein G beads were washed 3 times with wash buffer (10mM sodium
phosphate 150mM sodium chloride; pH 7.2) and eluted in fractions of 500 uL with 0.1M glycine pH 2.76. The pH of the collected frac-
tions was adjusted to 7 with 1M TRIS; pH 8.83, pooled IgA and IgG fractions were washed with PBS and concentrated using Amicon
Ultra with a 100 kDa membrane (Millipore). All steps were carried out at 4°C. Skim milk and IgA and IgG milk fractions were analyzed
on non-reducing polyacrylamide gel electrophoresis (BN-PAGE) on NativePAGE 4%-16% Bis-Tris gels (ThermoFisher Scientific)
with NativeMark (ThermoFisher Scientific) as molecular weight marker and stained with ProBlue Safe Stain (Giotto Biotech).

Production of ACE2 expressing 293T cells

Production of 293T cells stably expressing human ACE2 receptor was done as previously described.”" Briefly, VSV-G pseudotyped
lentiviruses encoding human ACE2, 293T cells were transfected with pVSV-G, psPAX2 and pLEX-ACE2 using jetPRIME (Polyplus),
according to manufacturer’s instructions. Lentiviral particles in the supernatant were collected after 3 days and were used to trans-
duce 293T cells. Three days after transduction, puromycin (Merck, 540411) was added to the medium, to a final concentration of
2.5 pg/ml, to select for infected cells. Puromycin selection was maintained until all cells in the control plate died and then reduced
to half. The 293T-Ace2 cell line was passaged six times before use and kept in culture medium supplemented with 1.25 pg/mi
puromycin.

Production of spike pseudotyped lentivirus

To generate spike pseudotyped lentiviral particles, 6x10° 293ET cells were co-transfected with 8.89 ug pLex-GFP reporter, 6.67 ug
psPAX2, and 4.44 ug pCAGGS-SARS-CoV-2-Syync D614G, using jetPRIME according to manufacturer’s instructions. The virus-con-
taining supernatant was collected after 3 days, concentrated 10 to 20-fold using Lenti-XTM Concentrator (Takara, 631231), aliquoted
and stored at —80°C. Pseudovirus stocks were titrated by serial dilution and transduction of 293T-Ace2 cells. At 24h post transduc-
tion, the percentage of GFP positive cells was determined by flow cytometry, and the number of transduction units per mL was
calculated.

Neutralization assay

Heat-inactivated plasma, skim milk, and purified milk IgA and IgG fractions were four-fold serially diluted and then incubated with
spike pseudotyped lentiviral particles for 1h at 37°C. The mix was added to a pre-seeded plate of 293T-Ace?2 cells, with a final
MOI of 0.2. At 48h post-transduction, the fluorescent signal was measured using the GloMax Explorer System (Promega). The relative
fluorescence units were normalized to those derived from the virus control wells (cells infected in the absence of plasma or skim
breast milk), after subtraction of the background in the control groups with cells only.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by using GraphPad Prism v9.00. First, we tested the normality of the data by using D’Agostingo &
Pearson normality test, by checking skewness and kurtosis values and visual inspection of data. Then, if the samples followed
a normal distribution, we chose the appropriate parametric test; otherwise, the non-parametric counterpart was chosen. In two
groups comparison: for paired data the Wilcoxon matched-pairs signed-rank test and paired t test were used; for unpaired data,
Man-Whitney test and the unpaired t test were used. For multiple groups comparison, repeated-measures one-way analysis of vari-
ance (ANOVA) with posttest Turkey’s and Holm-Sidak’s multiple comparisons or Friedman or Kruskal-Wallis tests with posttest
Dunn’s multiple comparisons were used as indicated. For correlations, Pearson or Spearman tests were used as described. The
half-maximal neutralization titer (NT5c), defined as the reciprocal of the dilution at which infection was decreased by 50%, was deter-
mined using four-parameter nonlinear regression (least-squares regression without weighting; constraints: bottom = 0). Spearman
and Pearson correlation test were used in correlation analysis. The choice of each test was dependent on the underlying distribution
and is indicated in the legend of the figures.
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Figure S1
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Figure S1. Size exclusion chromatography (SEC) of IgA purified milk fractions. Related to Figure 2. (A) Chromatogram of all
standard proteins run in a Superdex 200 increase 10/300 GL. HWM Filtration Calibration Kit (Cytiva) were used with the following
proteins: thyroglobulin (669 kDa); ferritin (450 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (44 kDa). These standard
proteins were dissolved in bi-distilled water and their chromatographic profiles were obtained using an UV detector. (B) Graphical
representation of calibration curve of partition coefficient (Kav) of each protein versus their respective molecular weight in Daltons.
The Kav was calculated through the following formula: Kav=(Ve—V0)/(Vc-V0) where Ve is the elution volume of the protein, VO is the
void volume and Vc is the column bed volume. A dispersion graph Kav vs logMW was constructed. The equation obtained for the
calibration curve is: Kav = -0.322log(MW) + 1.9436, where Kav is the partition coefficient and MW is the protein molecular weight
(Da). (C) Size exclusion chromatogram of skim milk purified IgA fraction collected pre-vaccine (purple), or after first (red) and second
(green) vaccine doses. (D) Non-reducing polyacrylamide gel electrophoresis of purified IgA fractions before SEC and after SEC of milk
samples collected pre-vaccine, or after first (prime) and second (boost) vaccine doses. For the sake of clarity we removed gel lines 2 and
5 which pertained to the paired blood sample.



Table S1. Demographic data of nursing women. Related to Figure 1.

_ Age Feed ing DaysSt Daysnd _ COVID-19
Nursing (years) duration post 1%t | post 2 Vaccine diagnostic
(months) dose dose
1 31 16 10 10 BNT162b2 No
2 44 12 10 11 BNT162b2 No
3 34 7 8 7 BNT162b2 No
4 37 13 13 13 BNT162b2 No
5 39 21 13 10 BNT162b2 No
6 31 23 8 10 BNT162b2 No
7 33 13 8 8 BNT162b2 No
8 35 11 16 9 BNT162b2 No
9 38 4 10 10 BNT162b2 No
10 28 15 12 12 BNT162b2 No
11 33 9 9 7 BNT162b2 No
12 38 13 8 9 BNT162b2 No
13 31 3 8 9 BNT162b2 No
14 29 13 7 10 BNT162b2 No
15 30 6 12 12 BNT162b2 No
16 32 5 15 26 BNT162b2 No
17 32 4 11 21 BNT162b2 No
18 40 4 10 9 BNT162b2 No
19 30 4 15 15 MRNA-1273 No
20 31 4 11 25 BNT162b2 No
21 26 6 10 10 MRNA-1273 No
22 29 14 11 11 BNT162b2 No
23 23 9 10 10 BNT162b2 No
24* 30
25* 28
26* 27

*Only pre-vaccination samples were provided and used to calculate milk Ig cut-offs.




Table S2. Demographic data of controls. Related to Figure 1.

Controls Age Daﬁls post Vaccine COVID-19
(years) 2"¢ dose diagnostic
1 26 10 BNT162b2 No
2 34 16 BNT162b2 No
3 26 10 BNT162b2 No
4 28 10 BNT162b2 No
5 40 10 BNT162b2 No
6 31 10 BNT162b2 No
7 30 10 BNT162b2 No
8 34 11 BNT162b2 No
9 36 11 BNT162b2 No
10* 62 11 BNT162b2 No
11 31 16 BNT162b2 No
12 31 18 BNT162b2 No
13 32 18 BNT162b2 No
14 31 21 BNT162b2 No
15 37 20 BNT162b2 No
16 39 11 BNT162b2 No
17 36 13 BNT162b2 No
18 43 9 BNT162b2 No
19 40 12 BNT162b2 No
20 23 21 MRNA-1273 No
21 25 12 mMRNA-1273 No
22 43 22 BNT162b2 No
23 41 12 BNT162b2 No

*Excluded from the study due to post-menopausal status.




Table S3. ODus for spike-reactive SIgA, IgA, 1gG in breastmilk, and NT50 for purified milk IgA, after
vaccine second dose. Related to Figure 2.

Nursing ODasoanti- | ODasoanti- | ODasoanti- NT50 purified
Spike SIgA | Spike IgA Spike 1gG IgA
1 0.491 1.39 1.156 n.d.
0.249 0.899 0.988 n.d.
3 0.097 0.806 0.923 n.d.
4 0.216 1.092 0.992 n.d.
5 0.353 1.427 0.961 n.d.
6 0.159 0.853 1.088 n.d.
7 0.226 1.174 1.042 n.d.
8* 1.052 1.6 1.032 -
9 0.424 1.476 0.957 7.45 (4.29-9.57)
10 0.085 0.726 0.973 n.d.
11 0.269 1.258 1.174 n.d.
12 0.204 1.099 1.057 n.d.
13 0.137 0.746 0.963 n.d.
14 0.266 0.975 1.043 n.d.
15 0.102 0.145 0.86 n.d.
16 0.062 0.087 0.763 n.d.
17 0.205 0.313 1.037 n.d.
18 0.167 0.796 0.869 n.d.
19 0.834 1.339 0.945 2.15 (0.14-6.47)
20 0.301 0.831 0.484 n.d.
21 0.665 1.359 0.881 9.15 (4.22-39.97)
22 0.109 1.012 0.615 n.d.
23 0.133 0.627 1.191 n.d.

*This sample could not be used to purify milk IgA due to insufficient volume.
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