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SUMMARY
mRNA vaccines are effective in preventing severe COVID-19, but breakthrough infections, emerging variants,
and waning immunity warrant the use of boosters. Although mRNA boosters are being implemented, the
extent to which pre-existing immunity influences the efficacy of boosters remains unclear. In a cohort of indi-
viduals primedwith themRNA-1273 or BNT162b2 vaccines, we report that lower antibody levels before boost
are associated with higher fold-increase in antibody levels after boost, suggesting that pre-existing antibody
modulates the immunogenicity of mRNA vaccines. Our studies in mice show that pre-existing antibodies
accelerate the clearance of vaccine antigen via Fc-dependent mechanisms, limiting the amount of antigen
available to prime B cell responses after mRNA boosters. These data demonstrate a ‘‘tug of war’’ between
pre-existing antibody responses andde novoBcell responses followingmRNA vaccination, and they suggest
that transient downmodulation of antibody effector function may improve the efficacy of mRNA boosters.
INTRODUCTION

mRNA lipid nanoparticle (mRNA-LNP) vaccines havebeen admin-

istered tomillionsofpeople, showinghighefficacyagainstCOVID-

19. Despite their wide use, the immunobiology of mRNA-LNPs

remains incompletely understood, and it is unclear whether pre-

existing immunityelicitedbyprior immunizations affects the re-uti-

lization of mRNA-LNPs. This knowledge would be critical during

the current phase of the COVID-19 pandemic, as updated

boosters are used. Both Pfizer-BioNTech and Moderna have de-

ployed their updated mRNA boosters. Moderna released prelimi-

nary data on its phase 2/3 trial (ClinicalTrials.gov: NCT05249829),

which suggested that an updated bivalent booster based on both

Omicron and ancestral spike antigens elicits superior neutralizing

antibody against Omicron than the ancestral vaccine. Other

studies have suggested that when given as a third shot, Omicron

vaccines do not confer a substantial improvement in the immune

response against Omicron relative to the original vaccine, sug-

gesting that pre-existing immunity modulates responses to

boosters.1,2 In the present study, we aimed to answer two critical

questions. First, howdoespre-existing immunity affect responses

to mRNA boosters? Second, are there specific circumstances

where updated vaccines are more effective than ancestral vac-

cines? We show that pre-existing antibodies can impinge on the

efficacy of mRNA vaccines via antibody effector functions, and

that the relative superiority of a monovalent Omicron vaccine de-

pends on the serostatus of the host. These data provide insights

for next-generation mRNA vaccines.
This is an open access article und
RESULTS

Lower pre-boost antibody levels are associated with
higher fold-increase in post-boost antibody levels
Despite effective vaccines, SARS-CoV-2 continues to spread

worldwide. This has motivated administering additional boosters,

but little is known about how pre-existing immunity affects re-

sponses elicited by boosters. We first interrogated whether the

level of pre-existing immunity toSARS-CoV-2 affects theboosting

capacity of mRNA vaccines in a cohort of unexposed (COVID-19

negative) individuals who previously received one dose of the

Pfizer-BioNTech or Moderna mRNA vaccines (Figure S1A). Inter-

estingly, volunteers who exhibited the lowest spike-specific anti-

body response before boost showed the highest fold-increase in

spike-specific antibody after boost (Figure S1B).

We also analyzed a cohort of individuals with prior SARS-

CoV-2 infection, and we observed that individuals with the

lowest antibody responses following infection (pre-vaccination)

showed the highest fold-increase in antibody responses after

the first vaccine dose (Figures S1C and S1D, red data points).

A similar inverse association was observed in SARS-CoV-2

convalescent individuals who received a second vaccine dose

(Figures S1C and S1E, blue data points; Table S1). The boosting

still conferred an immunological benefit, because it increased

the overall antibody titers in all volunteers, but the data sug-

gested that as antibody responses plateau, it becomes increas-

ingly more difficult to boost those responses. Collectively, these

data demonstrate an inverse association between pre-existing
Cell Reports 42, 112167, March 28, 2023 ª 2023 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:ppm@northwestern.edu
https://doi.org/10.1016/j.celrep.2023.112167
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112167&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A

pre-vaccine (V0)

0 7 14 21
101

102

103

104

SA
R

S-
2

sp
ik

e
R

BD
-s

pe
ci

fic
 Ig

G
 (m

ou
se

)

Donorsrr

Recipients
(C57BL/6)

Recipient antibodyC

0 7 14 21
101

102

103

104

105

Days post-mRNA-spike vaccinationSA
R

S-
2

sp
ik

e
R

BD
-s

pe
ci

fic
 Ig

G
 (h

um
an

)
pre-vaccine plasma
post-vaccine plasma

p=0.01

Donor antibody

B

2 doses
(mRNA-1273
or BNT162b2)

0 7 14 21
100

101

102

103

104

K
b V

L8
C

D
8 

T 
ce

lls
 / 

1 0
6  P

BM
C

s

ns

D

6.086.97

2.34 2.15

1.66 1.05

Tcm (CD127+ CD62L+)
Tem (CD127+ CD62L-)
Teff (CD127- CD62L-)

E

F

Day 7

Day 14

Day 21

pre-vaccine plasma
post-vaccine plasma

pre-vaccine plasma
post-vaccine plasma

post-vaccine (V2)

pre-vaccine plasma post-vaccine plasma

pre-vaccine plasma post-vaccine plasma

Days post-mRNA-spike vaccination

Days post-mRNA-spike vaccination

p=0.04

ns

Recipient CD8 T cells

10.43% 11.78%

25.23% 35.86%64.34% 52.37%

CD44

Kb V
L8

day -1
Transfeff r
plasma      day 0

mRNA-spike

Bleed and compare vaccine response

Figure 1. Plasma from mRNA-1273- or BNT162b2-vaccinated humans abrogates de novo antibody responses following mRNA vaccination

(A) Experimental layout. Donor-matched plasmaswere harvested from five different human donors; pre-vaccination (V0) and post-vaccination (V2 corresponding

to 2–3 weeks after second dose). A total of 100 mL of these donor-matched human plasmas was adoptively transferred via the intraperitoneal route into C57BL/6

mice. On the following day, all mice were immunized intramuscularly with 3 mg of an mRNA expressing SARS-CoV-2 spike, and immune responses were

quantified longitudinally.

(B) Donor (human-derived) SARS-CoV-2 spike RBD-specific antibody in recipient mice.

(C) De novo (mouse-derived) SARS-CoV-2 spike RBD-specific antibody in recipient mice.

(D) Summary of SARS-CoV-2 spike-specific CD8 T cells.

(E) Representative FACS plots of SARS-CoV-2 spike-specific CD8 T cells. FACS plots are gated on live CD8 T cells.

(legend continued on next page)
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antibody levels and the ability of mRNA vaccines to boost anti-

body responses. To better understand the mechanism of how

seropositivity affects responses to mRNA vaccines, we per-

formed passive immunization studies in mice.

Immune plasma from mRNA-1273- or BNT162b2-
vaccinated individuals abrogates de novo priming of B
cell responses
Our data from vaccinated humans suggested that pre-existing

antibody to the vaccine antigen (SARS-CoV-2 spike) downmo-

dulates immune responses following booster vaccination. To

evaluate the effect of pre-existing humoral responses on

mRNA vaccines, we transferred donor-matched human plasma

(pre-vaccination and post-vaccination plasma) into naive

C57BL/6 mice, and on the following day, recipient mice received

an mRNA vaccine expressing the SARS-CoV-2 spike protein

(mRNA-spike) (Figure 1A). Human- and mouse-derived anti-

bodies were distinguished using host-specific enzyme-linked

immunosorbent assays (ELISAs), allowing us to track donor-

derived and recipient-derived antibodies over time.

We were able to detect human spike-specific antibody in all

mice that received post-vaccination plasma (Figure 1B). Interest-

ingly, mice that received post-vaccination human plasma

showed a significant impairment in de novo antibody responses

(Figure 1C). We did not observe any significant differences in the

levels of CD8 T cells (Figure 1D) or their memory differentiation

(Figures 1E and 1F). In another experiment, we transferred

plasma from a different set of human donors with escalating

levels of spike-specific antibody (after additional boosting) (Fig-

ure 2A). Mice that received plasma with high titer of spike-spe-

cific antibodies (after three vaccine shots) showed the lowest

de novo antibody response (Figures 2B and 2C). These data sug-

gested that antibodies elicited by prior mRNA vaccinations

negatively affect primary antibody responses during an mRNA

booster, and that such effect was dose dependent.

Following a booster immunization, both primary and second-

ary B cell responses can be recruited to the immune response.3

We devised an experimental model that allowed us to track pri-

mary B cell responses using the same donor and recipient animal

species (Figure 3A). We first primed C57BL/6 mice with mRNA-

spike and then boosted these mice at week 3 to generate high

levels of spike-specific antibodies. At week 2 post-boost, we

harvested immune plasma from these vaccinated mice and

transferred it into naive recipient BALB/c mice. On the following

day, the recipient mice were immunized with the mRNA-spike

vaccine, and immune responses were measured. Note that

donor-derived and recipient-derived antibodies can be distin-

guished based on their immunoglobulin allotype. Antibodies

from donor C57BL/6 mice contain an IgG1b allotype, whereas

antibodies from recipient BALB/c mice contain an IgG1a allo-

type. These two allotypes can be distinguished using allotype-

specific ELISAs, allowing us to independently track donor-

derived and recipient-derived antibodies over time.
(F) Summary of memorymarkers on KbVL8+ CD8 T cells at day 21 post-vaccinatio

with five mice that received pre-vaccine human plasma and five mice that receive

shown. Experiment was repeated using other human donors at other time points

Dashed lines represent the limit of detection (LOD). P values are indicated. Data
As expected, donor spike-specific antibody was detectable in

recipient mice that received spike-immune plasma (Figure 3B),

and these mice showed significantly impaired antibody re-

sponses to the spike protein (Figure 3C), as well as the receptor

binding domain (RBD; Figure 3D), consistent with our data with

human plasma transfer. These data demonstrate that seroposi-

tivity to the vaccine antigen significantly impairs de novo anti-

body responses following mRNA vaccination. Plasma contains

various molecules besides antibodies, so we interrogated the

specific role of IgG antibodies. We purified IgG from the plasma

of mRNA-spike immune mice using a protein G column and then

transferred purified IgG into naive recipient mice, followed by

mRNA-spike vaccination (Figure S2A). Spike-specific donor-

derived IgG was detected in recipient mice (Figure S2B), and it

limited the elicitation of spike-specific antibody responses in

recipient mice (Figure S2C).

After immunization, long-term humoral immunity is maintained

by a subset of B cells that reside mostly in the bone marrow,

known as plasma cells.4,5 We quantified plasma cells at week 3

post-immunization using an ELISPOT-based antibody-secreting

cell assay (Figure 3E), andwe observed an 8-fold reduction in the

number of vaccine-induced plasma cells in mice that received

immune plasma (Figure 3F). A single shot of vaccine generated

low numbers of splenic memory B cells (MBCs) in mice that

received naive plasma, but there were no detectable MBCs in

mice that received immune plasma (Figures 3G and 3H). In addi-

tion, mice that received immune plasma were not able to

generate cross-reactive Omicron-specific antibodies (Figure 3I).

Taken together, pre-existing antibodies significantly curtail de

novogeneration of B cell responses followingmRNAvaccination.

Effects of pre-existing immunity on Omicron-based
vaccines
As the human population reaches immunity to SARS-CoV-2

either by vaccination or infection, it becomes important to under-

stand the effects of pre-existing immunity on vaccine boosters.

Recently, the new Omicron (B.1.1.529) variant was identified

and is now prevalent worldwide. Due to its high number of muta-

tions, Omicron can evade antibody responses elicited by ances-

tral vaccines, motivating the development of Omicron-based

boosters, but it remains unclear how pre-existing immunity

affects the response to updated boosters. A recent study evalu-

ated the effect of a ‘‘third shot’’ with an Omicron vaccine in ani-

mals that were initially primed and boosted with the ancestral

vaccine.2 This prior study showed that when given as a third

shot, an Omicron vaccine elicits comparable antibody re-

sponses relative to an ancestral vaccine. Because a fraction of

the human population has received only one vaccine dose, it

would be important to understand the effect of Omicron vac-

cines when given as a second shot. One can reason that the

effect of an Omicron booster may differ in the context of a sec-

ond shot versus a third shot, because the level of pre-existing im-

munity increases after each additional booster.
n. Two-tailed parametric test (matched) was used. Data are from an experiment

d post-vaccine human plasma (donor-matched); data from all experiments are

post-vaccination, as shown in Figure 2.

are represented as mean ± SEM.

Cell Reports 42, 112167, March 28, 2023 3



V0

Donorsrr

Recipients
(C57BL/6)

1st dose
(mRNA-1273
or BNT162b2)

V1 V3

A

High antibodyNo antibody

V0 V1 V3
101

102

103

104

105

106

107

Sp
ik

e-
sp

ec
ific

 Ig
G

 (r
ec

ip
ie

nt
)

ns

V0 V1 V3
101

102

103

104

105

106

107

Sp
ik

e-
sp

ec
ific

 Ig
G

B C
Human plasma before transfer 
                 (Donor)

Mouse plasma at week 2 post-immunization 
                         (Recipient)

Low antibody

p=0.0083p=0.0405

p<0.0001

Antibody levels

day -1
Transfeff r
plasma  day 0

mRNA-spike

Bleed and compare Ab response

2nd dose 3rd dose

Figure 2. Inverse association between antibody titers and de novo antibody responses following mRNA vaccination
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(B) SARS-CoV-2 spike-specific antibody in human donors.

(C) De novo SARS-CoV-2 spike-specific antibody in recipient mice. Two-way ANOVA test (Dunnett’s multiple comparisons, with adjusted p value) was used. p

values are indicated. Data are from an experiment with five mice that received pre-vaccine human plasma (V0), five mice that received low titer human plasma
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Dashed lines represent the LOD. p values are indicated. Data are represented as mean ± SEM.
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To bring more clarity to this issue, we primed mice with an

ancestral vaccine, and then we boosted them with an ancestral

or an Omicron BA.1 vaccine (Figure 4A). These vaccines were

monovalent. Boosting with the ancestral vaccine generated an

expected improvement in antibody responses against the ances-

tral virus (Figure 4B), but boosting with the Omicron vaccine did
4 Cell Reports 42, 112167, March 28, 2023
not generate superior antibody responses against Omicron (Fig-

ure 4C). Neutralizing antibody responses against the ancestral vi-

rus were 1,531-fold higher in mice that received the ancestral

vaccine boost, relative to the Omicron vaccine boost (Figure 4D).

Neutralizing antibody responses against Omicron were near

the limit of detection in all mice but tended to be slightly higher
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(B) Donor-derived SARS-CoV-2 spike-specific antibody in recipient plasma.

(C and D) Recipient-derived SARS-CoV-2 spike-specific antibody: whole spike-specific (C) and RBD-specific (D).

(E) Experimental layout for detection of antibody-secreting cells.
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(G) Experimental layout for detection of memory B cells.
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(1.4-fold greater) in mice boosted with the Omicron vaccine (Fig-

ure 4E). Overall, in a host that has already been primed with an

ancestral vaccine, a second shot with an Omicron vaccine did

not substantially favor Omicron-specific responses, relative to a

second shot with an ancestral vaccine.

We also performed homologous prime-boost regimens

comparing ancestral vaccines with Omicron BA.1 vaccines (Fig-

ure 4F). Two shots of ancestral vaccine generated higher ances-

tral-specific antibody responses, which was expected given that

the vaccine was matched to the antigen (Figure 4G). Omicron-
specific antibody responses were not significantly different after

homologous primeboost (Figure 4H), but neutralizing antibody re-

sponseswerehigherwitheach ‘‘matchedvaccine’’ (Figures4I and

4J). In other words, although the Omicron prime-boost vaccine

did not elicit superior antibody responses in terms of total binding

titers (Figure 4H), it tended to elicit superior neutralizing antibodies

to Omicron (Figure 4J). We did not observe differences in the

numberCD8andCD4Tcells (FiguresS3A–S3F), but the ancestral

vaccine tended togenerate slightlymorepolyfunctionalCD8Tcell

responses than the Omicron vaccine (Figures S3G and S3H).
Cell Reports 42, 112167, March 28, 2023 5
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Figure 4. Comparative analyses of monovalent Omicron vaccine boosters

(A) Experimental layout for evaluating a heterologous Omicron vaccine boost. C57BL/6 mice were immunized intramuscularly with 3 mg of an mRNA expressing

ancestral spike. After 3 weeks, mice were boosted with an mRNA vaccine expressing ancestral spike or Omicron spike, and immune responses were quantified.

(B) Ancestral RBD-specific antibody responses.

(C) Omicron RBD-specific antibody responses.

(D) Neutralizing antibody responses against ancestral pseudovirus.

(E) Neutralizing antibody responses against Omicron pseudovirus.

(F) Experimental layout for evaluating a homologous Omicron vaccine boost. C57BL/6 mice were immunized intramuscularly with 3 mg of an mRNA expressing

ancestral spike or Omicron spike. After 3 weeks, mice were boosted homologously, and immune responses were quantified.

(G) Ancestral RBD-specific antibody responses.

(H) Omicron RBD-specific antibody responses.

(I) Neutralizing antibody responses against ancestral pseudovirus.

(J) Neutralizing antibody responses against Omicron pseudovirus. Two-tailed Mann-Whitney test was used, comparing immune responses post-boost.

Data are from three experiments with three to five mice per group; dashed lines represent the LOD. p values are indicated. Data are represented as mean ± SEM.

See also Figures S3 and S4.

Article
ll

OPEN ACCESS
To understand how each vaccine affected long-term humoral

responses, we quantified plasma cells. The ancestral prime-

boost regimen elicited higher numbers of ancestral-specific

plasma cells and a similar number of Omicron-specific plasma

cells, relative to the Omicron prime-boost regimen (Figures S3I
6 Cell Reports 42, 112167, March 28, 2023
and S3J). In addition, we compared spike protein expression

on 293T cells incubated with ancestral or Omicron mRNA-

LNPs, or 293T cells transfected with the respective DNA vectors

used for in vitro transcription. The ancestral spike was expressed

at higher levels relative to the Omicron spike (Figure S3K).
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Wethen interrogatedwhether ourmonovalentOmicronvaccine

confers superior protection to our monovalent ancestral vaccine

in the setting of a single prime immunization (Figure S4A). Anti-

body responses tended to be higher when the vaccine antigen

was matched to its respective viral antigen (Figures S4B and

S4C), and this effect was also observed for neutralizing antibody

responses (Figures S4D and S4E). In particular, the Omicron vac-

cine prime elicited 19.6-fold improved neutralizing antibody

responses against Omicron (Figure S4E), and based on these

data, we hypothesized that in the context of a single prime immu-

nization, an Omicron vaccine may confer improved protection

against an Omicron challenge, relative to an ancestral vaccine.

To test this hypothesis, we primed K18-hACE2 mice with an

ancestral vaccine or an Omicron vaccine, and at week 2 post-

prime, these mice were challenged intranasally with 5 3 104

plaque-forming units (PFUs) of SARS-CoV-2 Omicron variant.

Consistent with our hypothesis, we observed superior protection

againstOmicron inmice that receiveda single shot of theOmicron

vaccine, relative to mice that received a single shot of the

ancestral vaccine (Figure S4F). Taken together, the relative supe-

riority of an Omicron vaccine over an ancestral vaccine may

depend on whether the host has pre-existing immunity to the

spike antigen.

Pre-existing immunity to the vaccine antigen limits
in situ antigen expression after mRNA vaccination
We have demonstrated that pre-existing humoral responses

abrogate de novo B cell responses, so next we aimed to under-

stand a possible mechanism. Historically, the high seropreva-

lence of viral vectors in the human population has hampered

their clinical utility both as vaccines and gene delivery systems.

Pre-existing neutralizing antibodies are a main limitation for the

Ad5 vector platform, because Ad5 has infected �90% of hu-

mans, motivating the development of other vector platforms

with lower seroprevalence, such as Ad26.6–11 We interrogated

whether neutralizing antibodies (which are known to limit the util-

ity of Ad5) would also hamper the use of mRNA vaccines.

Neutralizing monoclonal antibodies (mAbs) such as bamlanivi-

mab are used for the treatment of COVID-19 in individuals at

high risk for severe disease, but it is unclear whether these

therapies could thwart the efficacy of mRNA vaccines. We first

treated mice with a cocktail of neutralizing mAbs targeting

different epitopes on the spike protein, and on the following

day, we immunized these mice with the mRNA-spike vaccine

(Figure S5A). The neutralizingmAbs were detectable in the circu-

lation for more than a month (Figure S5B), but they did not signif-

icantly affect vaccine-elicited antibody responses (Figure S5C).

These data suggested that the downmodulation of vaccine-eli-

cited responses by pre-existing antibody was independent of

antibody-neutralizing function.

To clarify the mechanism by which antibodies affected mRNA

vaccine-elicited immunity, we performed antibody-dependent

cellular cytotoxicity (ADCC) assays (Figure 5A). We co-cultured

target cells expressing vaccine antigen (spike + targets) with

effector NK cells and plasma from human volunteers before or

after SARS-CoV-2 vaccination. After 5 h, we measured NK cyto-

toxic activity and target cell killing (see STAR Methods). Vacci-

nated plasma elicited more potent CD107a degranulation and
Cell Reports 42, 112167, March 28, 2023 7
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interferon g (IFNg) expression on NK cells (Figures 5B and 5C).

Consistent with the increased ADCC activity triggered by vacci-

nated plasma, there was improved killing of target cells express-

ing vaccine antigen (Figures 5D and 5E). A similar increase

in NK-mediated ADCC activity was observed using plasma

from vaccinated mice (Figure S6). These data suggested that

following a booster vaccination, cells expressing vaccine antigen

can be killed by vaccine-elicited antibodies via NK-mediated

effector functions.

We then asked whether pre-existing immunity to the antigen

encoded by the mRNA vaccine can limit the amount of antigen

that is present at the site of mRNA vaccination. To answer this

simple question, we utilized an mRNA-LNP luciferase reporter

that allowed in situ quantification of antigen expression at the

site of immunization (the quadriceps muscle) in the presence

or absence of pre-existing immunity. We first injected mice

with this mRNA-luciferase, and after 2 weeks, we re-injected

these mice with the same mRNA-luciferase to determine

whether antigen clearance was accelerated during the booster

immunization (Figure S7A). As controls, we injected another

group of littermate control mice with PBS, and after 2 weeks,

we injected these mice with mRNA-luciferase. Interestingly,

mice that received the mRNA-LNP for the second time showed

significantly lower antigen levels by in vivo luminescence imag-

ing (IVIS), relative to mice that received the mRNA-LNP for the

first time (Figures S7B and S7C). These data suggest that pre-

existing immunity limits the amount of antigen available after

mRNA-LNP re-utilization.

To evaluate a more specific role for humoral immunity, we

performed a passive immunization study using plasma from im-

mune mice (Figure 6A). We primed C57BL/6 mice with mRNA-

luciferase, and after 3 weeks, we boosted these same mice

with the same mRNA-luciferase to generate a high level of lucif-

erase-specific antibodies (Figure S7D). These mice were bled,

and immune plasma was adoptively transferred into naive

BALB/c mice. As controls, we transferred plasma from mice

that were previously immunized with a control mRNA-LNP

expressing an irrelevant antigen (mRNA-spike). A day after

adoptive plasma transfer, all mice received an intramuscular

injection of mRNA-luciferase, and the kinetics of antigen

clearance was quantified by IVIS. Injection of mRNA-luciferase

into recipient mice resulted in rapid antigen expression by 6 h

post-immunization, and most of the antigen was cleared after

1 day of immunization (Figures 6B and 6C). Interestingly, trans-

fer of luciferase-specific plasma accelerated antigen clearance

after mRNA immunization, demonstrating that seropositivity to

the antigen encoded by the mRNA vaccine limits the amount

of antigen at the site of immunization (Figures 6B and 6C).

We also evaluated whether humoral responses elicited by a

different vaccine platform could have a similar effect on antigen

clearance. To test this, we included mice that received a

different vaccine platform expressing the same antigen (Ad5-

luciferase) (Figure 6D). Humoral responses elicited by an Ad5-

luciferase vector also accelerated antigen clearance following

mRNA-luciferase vaccination (Figures 6E and 6F). These

data suggested that humoral responses against the transgene

itself (luciferase) could accelerate antigen clearance following

mRNA vaccination.
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Finally, we asked whether the clearance of vaccine antigen by

pre-existing antibody responses was dependent on antibody

effector mechanisms. To answer this question, we purified IgG

from the plasma of mRNA-luciferase-immunized mice, followed

by digestion with pepsin, which cleaves IgG into an F(ab0)2
fragmentandanFc fragment.We then transferred thisF(ab0)2 frag-
ment into naive mice, followed by immunization with mRNA-lucif-

erase 1 day later (Figure S7E). Note that the F(ab0)2 fragment re-

tains antigen-binding capacity but is devoid of effector function

because of the absence of the Fc fragment (Figures S7F and

S7G). Importantly, the F(ab0)2 fragment from immune IgG did not

accelerate antigen clearance after mRNA immunization, suggest-

ing that antibody effectormechanismswere required for the clear-

anceofvaccineantigen (FiguresS7HandS7I). Luciferase isknown

tobean intracellular protein, butweaskedwhether thisprotein can

be present and thus recognized by luciferase-specific antibodies

at the surface of the cell. To examine this, we performed surface

staining of luciferase+ 293T cells with luciferase-specific immune

plasma, followed by staining with a fluorescently labeled anti-

mouse IgG. Most luciferase binding was observed after intracel-

lular staining, consistent with the intracellular localization of this

reporter protein, but surface binding was also observed, albeit

at lower levels (Figures S7J and S7K). This result was consistent

with prior studies showing that proteins that are normally present

intracellularly can also be presented at the surface of the cell and

be recognized by antibodies with effector function.12–14 In addi-

tion, we evaluated whether the Fc fragment of pre-existing anti-

bodies was required for downmodulation of de novo antibody re-

sponses. To determine this, we purified IgG from the plasma of

mRNA-spike-immunizedmice, followed by digestion with pepsin,

to generate an F(ab0)2 fragment devoid of effector function. We

then transferred this F(ab0)2 fragment into naive mice, followed

by immunization with mRNA-spike 1 day later (Figure S7L). The

F(ab0)2 fragment from immune IgG did not significantly affect

de novo antibody responses after mRNA immunization (Fig-

ure S7M). Taken together, we show that pre-existing antibody

elicited by prior immunization accelerates antigen clearance

following mRNA vaccination, via an Fc-dependent effector mech-

anism that significantly limits the amount of antigen available to

prime B cell responses.

Generalizability to an mRNA-HIV vaccine
So far, we have demonstrated that pre-existing SARS-CoV-2

spike-specific antibody responses limit antibody responses

generated by mRNA-based SARS-CoV-2 vaccines. Due to their

extraordinary success during the COVID-19 pandemic, mRNA

vaccines are now being explored for multiple diseases, and there

are several ongoing HIV vaccine trials using the mRNA vaccine

platform (ClinicalTrials.gov:NCT05217641). Thus,we interrogated

the effects of pre-existing humoral responses on anmRNA-based

HIV vaccine. We developed anmRNA vaccine expressing a clade

B envelope derived from HIV-1 strain SF162 (mRNA-HIV), and we

immunized C57BL/6 mice with this mRNA-HIV vaccine or a con-

trol ancestral SARS-CoV-2 vaccine (mRNA-spike). We boosted

mice after 4 weeks to generate a high titer of virus-specific anti-

bodies, and at week 2 post-boost, we harvested immune plasma

and transferred it to naive BALB/c recipient mice. On the following

day, we immunized recipient mice with the mRNA-HIV vaccine
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(A) Experimental layout for evaluating the effect of humoral responses on antigen clearance. C57BL/6micewere immunized intramuscularly with 3 mg of anmRNA

expressing a luciferase reporter and after 3 weeks, mice were boosted. We immunized another group of mice with an irrelevant mRNA vaccine expressing a
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luciferase expression was quantified by in vivo imaging (IVIS).

(B) Bioluminescence images.

(C) Summary of antigen expression by IVIS.

(D) Experimental layout for evaluating the effect of antigen-specific humoral responses on antigen clearance. Experiment was similar to that of (A), but we

immunized another group of mice with a different vaccine platform expressing the same transgene (Ad5-luciferase).

(E) Bioluminescence images.

(F) Summary of antigen expression by IVIS.

Data are from one experiment with 10 quadriceps per group (five mice per group). Experiment was repeated for a total of three times, with similar results. Two-

tailed Mann-Whitney test was used. p values are indicated. Data are represented as mean ± SEM. See also Figure S7.
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and compared antibody responses (Figure 7A). Similar to our prior

experiments, antibodies fromdonormice and recipient micewere

distinguished basedon their IgG1allotype.Wewere able to detect

donor antibodies in mice that received HIV-specific plasma (Fig-

ure 7B) and, consistent with our prior data, we also observed a

negative effect of pre-existing HIV-specific antibodies on

mRNA-HIV vaccines (Figure 7C), demonstrating that the findings

were generalizable to other mRNA vaccines. Overall, we show

that pre-existing antibodies can limit de novo antibody responses

elicited by mRNA vaccines.
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DISCUSSION

mRNA vaccines have been administered to millions of people

worldwide and have shown high efficacy at preventing COVID-

19. Despite their success, breakthrough infections, variants of

concern, and declining antibody levels have warranted the use

of boosters. It remains unclear how pre-existing immunity

induced by prior vaccinations or infections affects the efficacy

of mRNA vaccines. By analyzing a cohort of individuals who

were initially primed with mRNA vaccines, we observed that

lower antibody levels before the boost were associated with

higher fold-increase in antibody levels after the boost. We

show the same inverse correlation in COVID-19 convalescent

patients who subsequently received SARS-CoV-2 vaccines.

Similar results have been shown by other groups,15–17 but the

mechanism has been unclear.

To further examine the effects of pre-existing immunity on

mRNA vaccines, we performed passive immunization studies

in mice, transferring plasma from vaccinated humans into mice

that were later immunized with mRNA vaccines. Transfer of im-

mune plasma into recipient mice abrogated de novo priming of

B cell responses following mRNA-spike vaccination. Similar ef-

fects were reported in mice that received autologous (mouse-

derived) immune plasma. At first glance, these data supported

a model in which systemic antibodies ‘‘compete’’ with B cells,

arguing in favor of extending prime-boost intervals to allow sys-

temic antibody levels to decline. It has been shown that

extended prime-boost intervals elicit more potent antibody

responses,11,18 but it has been unclear whether this effect is

due to a time-dependent maturation of immune responses,

competition between antibodies and B cells for antigen, or

another mechanism. During a secondary antigen encounter,

there can be competition between primary and secondary

T cell responses, as well as primary and secondary B cell re-

sponses.3,11,19 Our initial hypothesis was simply that on a

booster immunization, antibodies elicited by a previous immuni-

zation ‘‘competed’’ with B cells by masking the antigen. Consis-

tent with this hypothesis, we observed a pattern of reduced re-

sponses after immune F(ab0)2 transfer compared with naive

IgG transfer (Figure S7M), although the difference was not statis-

tically significant. Our experiments using F(ab0)2 fragments

(which retain antigen binding without effector function) suggest

that in addition to antigen masking, antibody effector functions

could also bemechanistically involved. It is important to highlight

that F(ab0)2 exhibits less stability relative to intact antibody,20,21

but our analyses comparing antigen clearance are at hyperacute

time points (6 h; Figures S7H and S7I).

Our data do not suggest that booster immunizations do not

work. The mRNA boosting still conferred an immunological

benefit because it increased antibody titers, but the data

suggested that as antibody responses reach a certain level, it be-

comes increasingly harder to improve responses. In addition, our

data suggest that convalescent plasma therapy can hamper the

efficacy of mRNA vaccines. Plasma contains antibodies with

various types of function, such as neutralizing and effector func-

tions. We did not observe a significant effect of neutralizing

mAbs on mRNA vaccine-elicited responses, consistent with

prior reports.22,23 This could be explained by the antibody
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isotypes and the functions that they trigger. The neutralizing

mAbs used in our study were IgG1, and this isotype is typically

not a potent inducer for ADCC activity in mice.24 However, im-

mune plasma contains many isotypes, such as IgG2a and

IgG2b, which are known to mediate potent ADCC activity in

mice.24 Importantly, the cocktail of neutralizing mAbs used in

our study binds to two distinct epitopes on the spike protein,

so the data in Figure S5 suggest that competition for antigen

may not be as critical as antibody effectormechanisms at curtail-

ing de novo antibody responses after vaccination. The findings in

the present study may also help guide the optimal time for vacci-

nating, ideally after plasma ADCC activity has contracted or after

convalescent plasma has been cleared from circulation.

We also evaluated whether pre-existing antibody affected the

kinetics of antigen clearance following mRNA vaccination. We

quantified vaccine antigen using an mRNA-LNP expressing a

luciferase reporter, which allowed sensitive quantification of

antigen levels in the presence or absence of pre-existing immu-

nity. Our data showed that pre-existing immunity against the

transgene itself accelerates antigen clearance after mRNA im-

munization. In the case of adenovirus vaccines, pre-existing

neutralizing antibodies elicited by prior immunizations are

thought to block the entry of these vectors into host cells, limiting

their clinical utility and motivating the use of adenoviruses with

lower seroprevalence, such as Ad26. However, mRNA vaccines

may be unaffected by neutralizing antibodies, especially

because the antigen is expressed only after the mRNA enters

the host cell.

It is unclear why T cell responses were not affected by pre-ex-

isting antibody responses. A prior clinical study in volunteers

who received dose-escalating doses of the Pfizer vaccine

(BNT162b1) showed that antibody responses were higher with

greater mRNA vaccine doses, whereas T cell responses were

not higher with greater vaccine doses.25 Prior studies have sug-

gested that T cells may require less antigen to undergo expan-

sion relative to B cells,26–28 and it is possible that after a certain

‘‘antigen threshold,’’ more antigen may not necessarily result in

more T cell expansion. Another question from our studies is

why T cell responseswere similar following ancestral vaccination

or Omicron vaccination, whereas antibody responses differed.

Thismay be because of theway that T cells and B cells recognize

their cognate antigen. B cells recognize three-dimensional struc-

tures on the antigen, whereas T cells recognize short linear epi-

topes, so T cells may not be substantially affected by structural

features of the Omicron spike protein.29–31

Pre-existing humoral immunity extends beyond what is

conferred by plasma transfer, and it would be interesting to

examine how pre-existing antibody responses interact with

MBCs and ongoing germinal center (GC) reactions, which can

persist for months.32–34 It is possible that following a secondary

immunization, antibodies can also accelerate the clearance of

antigen within the GC, which could potentially affect the evolu-

tion of GC B cells, but more studies are needed to understand

the interplay between circulating antibody responses and

ongoing GC B cell responses. Due to the growing interest in up-

dated booster vaccines, we also investigated how pre-existing

immunity affects the immunogenicity of booster vaccines based

on the Omicron variant. Our data show that boosting a seropos-
itive host with a monovalent Omicron BA.1 vaccine may not

confer a substantial immunological advantage, relative to boost-

ing with an ancestral vaccine. In this regard, original antigenic sin

has been suggested to affect the elicitation of Omicron-specific

immune responses in a host that has been previously immunized

with ancestral antigen.35,36 The ‘‘vaccine antigen clearance’’ ef-

fect by pre-existing antibodies reported in our study may also

help explain the factors that influence original antigen sin, an

incompletely understood phenomenon that was first identified

by Thomas Francis in the 1960s to describe how responses to

an initial influenza infection affect responses to subsequent influ-

enza infections.37

There are differences between our Omicron vaccine and the

recently deployed Pfizer-BioNTech and Moderna Omicron vac-

cines. First, our Omicron vaccine is monovalent, whereas the

recently deployed Omicron vaccines are bivalent. Second, our

Omicron vaccine was administered as a second shot, whereas

the recently deployed Omicron vaccines are being administered

mostly as a fourth shot. Third, our Omicron vaccine is based only

on BA.1, whereas the recently deployed Omicron vaccines are

based on later variants. Despite these differences, there are sim-

ilarities between our study and the studies with the recently

deployed vaccines. For example, the Moderna bivalent booster

elicited a 1.73 enhancement in neutralizing antibodies (NAb)

against Omicron, relative to ancestral booster. Our data in Fig-

ure 4E show a similar trend: 1.43 enhancement in NAb against

Omicron, relative to ancestral booster. Ultimately, our data do

not contradict the clinical studies with the updated Omicron vac-

cines. On the contrary, our data suggest that the decision of im-

plementing a bivalent vaccine is reasonable, given the limitations

that we report for a monovalent BA.1 Omicron vaccine.

Furthermore, we show that in the context of a single prime, an

Omicron vaccine may confer a slight but statistically significant

protective advantage against Omicron, relative to an ancestral

vaccine. This advantage ismostly lost in a seropositive host, sug-

gesting that the relative superiority of an Omicron vaccine de-

pends on whether the host is immune to SARS-CoV-2. These

results can help guide the appropriate deployment of updated

vaccines to relevant human populations. For instance, in a naive

or seronegative population with high risk for Omicron infection,

an Omicron primary vaccine may confer a slight protective

advantage compared with an ancestral primary vaccine. How-

ever, this relative benefit of immunizing with an Omicron vaccine

may be less striking in a population with pre-existing immunity to

the ancestral virus. We also evaluated immune responses after

homologous prime-boost immunizations, comparing an ances-

tral vaccine with an Omicron vaccine. Priming and boosting

with the same ancestral vaccine elicited substantially higher

levels of ancestral-specific antibody responses, relative to prim-

ing and boosting with the Omicron vaccine. This is an expected

outcome because the vaccine antigen is matched. However, an

unexpected finding is that priming and boosting with the mono-

valent Omicron vaccine did not elicit substantially higher levels

of Omicron-specific responses. Such effect could be because

of the structural stability of the Omicron spike protein, which

has been suggested to be a poor immunogen.29–31 Our side-

by-side comparison of antigen expression on 293T cells revealed

lower levels of translated spike protein with the monovalent
Cell Reports 42, 112167, March 28, 2023 11
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Omicron BA.1 vaccine relative to the ancestral vaccine, which

may advise in favor of bivalent vaccines, including spike se-

quences other than that of BA.1. Because variant-specific vac-

cines are being developed around the globe, it is important to

consider not only ‘‘antigenic matching’’ of the vaccine antigen

to circulating variants but also the structural stability of the vac-

cine antigen, because both can affect the immunogenicity of vac-

cines. The development of SARS-CoV-2 vaccines was in part

possible by introducing stabilizing amino acids in the ancestral

spike protein (two prolines at position 986–987), suggesting

that structural stability canbe crucially important in vaccines.38,39

In summary, there are two critical points from this study. First,

pre-existing antibody limits de novo B cell responses following

mRNA vaccination. This observation agrees with the recommen-

dation of increasing prime-boost intervals, to allow systemic anti-

body levels to decline. Similarly, in the context of convalescent

plasma therapy, it may be beneficial to wait until passively trans-

ferred antibodies are cleared from circulation before adminis-

tering mRNA vaccines. We did not observe impairment of

vaccine-elicited responses by neutralizing mAb therapy, but our

data suggest that treatment with antibodies that trigger ADCC

activity (which are being developed for HIV40–42) may have detri-

mental effects if administered duringmRNA vaccination. Second,

pre-existing antibody to the antigen encoded by the mRNA

vaccine accelerates the clearance of the antigen at the site of im-

munization via antibody effector mechanisms, severely limiting

the amount of antigen available to prime B cell responses. Future

studies will determine whether experimental blockade of ADCC

activity during mRNA booster immunization can delay the clear-

ance of vaccine antigen and enhance vaccine-elicited responses.

Finally, thereareseveral trials testingmRNAvaccinesagainstmul-

tiple infectious diseases, and our data with mRNA-HIV vaccines

suggest generalizability. Overall, these data are important for un-

derstanding how pre-existing immunity modulates responses to

mRNA boosters, providing insights to improve this delivery plat-

form in next-generation vaccines.

Limitations of the study
Our experiments show that NK cells trigger ADCC by plasma an-

tibodies, but NK cells are not the only cells that mediate ADCC

in vivo. Future studies will examine the contribution of other

cell subsets, such as macrophages and neutrophils. Our studies

suggest a role for ADCC, but further studies are needed to deter-

mine the contribution of other antibody effector mechanisms,

including antibody-dependent cellular phagocytosis (ADCP).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

aCD8, clone 53-6.7 in PerCPcy5.5 BD Pharmingen Cat# 551162, RRID:AB_394081

aCD44, clone IM7 in Pacific Blue Biolegend Cat# 103020, RRID:AB_493683

aIFNy, clone XMG1.2 in APC BD Pharmingen Cat# 554413, RRID:AB_398551

aCD4, clone RM4-5 FITC eBioscience Cat# 11-0042-82, RRID:AB_464896

Goat a mouse IgG-biotin,

clone RM4-5 FITC

Invitrogen Cat# SA5-10239, RRID:AB_2810197

Streptavidin (SA)-APC Invitrogen S868

biotin anti-mouse IgG1[a] BD-Pharmingen Cat# 553500, RRID:AB_394885

biotin anti-mouse IgG1[b] BD-Pharmingen Cat# 553533, RRID:AB_394903

anti-SARS-CoV-2 S protein

(RBD epitope B), clone SARS2-34

BioXCell Cat# BE0359, RRID:AB_2894778

anti-SARS-CoV-2 S protein

(RBD epitope A), clone SARS2-01

BioXCell Cat# BE0357, RRID:AB_2894776

Bacterial and virus strains

Ad5-SARS CoV2 S University of Iowa Vector

Core, custom made

N/A

SARS-Related Coronavirus 2,

Isolate USA-WA1/2020,

BEI resources NR-52281

Chemicals, peptides, and recombinant proteins

SARS CoV-2 S protein overlapping

peptide pools (181 peptides)

BEI resources NR-52402

SARS CoV-2 S protein for ELISA Made by the Northwestern

University recombinant protein

production core using a SARS

CoV-2 S protein gene provided

by BEI (NR-52394, see above)

N/A

Critical commercial assays

Quick RNA 96 kit (RNA extraction) Zymo Research R1052

Taqman RNA-to-CT step kit ThermoFisher 4392653

Experimental models: Cell lines

HEK-293 ATCC CRL-1573

Vero-E6 ATCC CRL-1586

Experimental models: Organisms/strains

K18-hACE2 mice Jackson Laboratories 034060

Recombinant DNA

Plasmid containing SARS

CoV-2 spike (S) gene

BEI resources NR-52394

Software and algorithms

GraphPad Prism software version 9.1.0 https://www.graphpad.com/

scientific-software/prism/

N/A

FlowJo version 10.7.2 https://www.flowjo.com N/A

Other

KbVL8 tetramer (APC) Provided by the NIH tetramer

core at Emory University

N/A

Forward primer,

50 GACCCCAAAATCAGCGAAAT-30
Integrated DNA Technologies 10006713

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Reverse primer,

50 TCTGTTTACTGCCAGTTGAATCTG-30
Integrated DNA Technologies 10006713

Probe,

50 TCTGGTTACTGCCAGTTGAATCTG-30
Integrated DNA Technologies 10006713

SARS CoV-2 copy number control BEI resources NR-52358

Live dead dye for flow cytometry Invitrogen L34976

Cytofix/cytoperm (fixing agent

for flow cytometry)

BD Biosciences 554722

Phosphate buffer saline (PBS) Gibco 14190-144

Golgi Plug BD Biosciences 555029

Golgi Stop BD Biosciences 554724

DMEM Gibco 11965-092

Fetal bovine serum Sigma F0926-500
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Pablo

Penaloza-MacMaster (ppm@northwestern.edu).

Materials availability
For mRNA vaccine access, contact Pablo Penaloza-MacMaster (ppm@northwestern.edu).

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This article 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 MODELS AND SUBJECT DETAILS

Animals and ethics statement
Mice were purchased from Jackson laboratories andwere housed at Northwestern University or University of Illinois at Chicago (UIC)

animal facility. All procedures were performed with the approval of the center for comparative medicine at Northwestern University

and the UIC IACUC. Adult mice, approximately half females and half males, were used for the immunogenicity experiments included

in this study. For the SARS-CoV-2 challenge studies, female mice were used.

In the human studies, all protocols used for participant recruitment, enrollment, blood collection, sample processing, and immu-

nological assays with human samples were approved by the IRB of Northwestern University (STU00212583). All individuals volun-

tarily enrolled in the study by signing an informed consent form after receiving detailed information about the study. All volunteers

self-identified as males or females, and were 18 years old or older.

METHOD DETAILS

Mice and vaccinations
6-8-week-old female K18-hACE2 mice were used for challenge studies, as done previously.43 These mice express human ACE2 on

the keratin 18 promoter. These mice were purchased from Jackson laboratories (Stock No: 034,860). Mice were immunized intra-

muscularly (50 mL per quadriceps) of mRNA-LNPs diluted in sterile PBS, as done previously.43,44 All other experiments were

performed with 6-8-week-old wild type mice (half males and half females) from Jackson laboratories (C57BL/6, Stock No:

000,664; or BALB/c, Stock No: 000651).

SARS-CoV-2 virus and infections
SARS-Related Coronavirus 2, Omicron Isolate was obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2,

Isolate hCoV-19/USA/MD-HP20874/2021 (Lineage B.1.1.529; Omicron Variant), NR-56461, contributed by Andrew S. Pekosz.

This virus was propagated and tittered on Vero-E6 cells (ATCC). Vero-E6 cells were passaged in DMEMwith 10%Fetal bovine serum

(FBS) and Glutamax. Cells less than 20 passages were used for all studies. Virus stocks were expanded in Vero-E6 cells following a
16 Cell Reports 42, 112167, March 28, 2023
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lowMOI (0.01) inoculation and harvested after 96 h. Titers were determined by plaque assay on Vero-E6 cell monolayers. Viral stocks

were used after a single expansion (passage = 1) to prevent genetic drift. K18-hACE2 mice were anesthetized with isoflurane and

challenged with 5 3 104 PFU of SARS-CoV-2 intranasally. Mouse challenges were performed at the University of Illinois at Chicago

(UIC) following BL3 guidelines with approval by the UIC Institutional Animal Care and Use Committee (IACUC).

SARS-CoV-2 quantification in lungs
Lungs were isolated from infected mice and homogenized in sterile PBS. RNA was isolated with the Zymo 96-well RNA isolation kit

(Catalog #: R1052) following the manufacturer’s protocol. SARS-CoV-2 viral burden was measured by RT-qPCR using Taqman

primer and probe sets from IDT with the following sequences: Forward 50 GACCCCAAAATCAGCGAAAT-30, Reverse 50 TCTGGTT

ACTGCCAGTTGAATCTG-30, Probe 50 ACCCCGCATTACGTTTGGTGGACC-30. A SARS-CoV-2 copy number control was obtained

from BEI (NR-52358) and used to quantify SARS-CoV-2 genomes.

Reagents, flow cytometry and equipment
Single cell suspensions were obtained from PBMCs or tissues. Dead cells were gated out using Live/Dead fixable dead cell stain

(Invitrogen). MHC class I monomers (KbVL8, VNFNFNGL) were used for detecting virus-specific CD8 T cells, and were obtained

from the NIH tetramer facility located at Emory University. MHC monomers were tetramerized in-house. The VNFNFNGL epitope

is located in position 539-546 of the SARS-CoV-2 spike protein. Cells were stained with fluorescently-labeled antibodies against

CD8a (53-6.7 on PerCP-Cy5.5), CD44 (IM7 on FITC), CD127 (A7R34 on Pacific Blue), CD62L (MEL-14 on PECy7) and KbVL8

(VNFNFNGL) tetramer (APC). Fluorescently labeled antibodies were purchased from BD Pharmingen, except for anti-CD127 and

anti-CD44 (which were from Biolegend). Flow cytometry samples were acquired with a Becton Dickinson Canto II or an LSRII and

analyzed using FlowJo v10 (Treestar).

SARS-CoV-2 spike and luciferase specific ELISA
Binding antibody titers were quantified using ELISA as described previously,11,45,46 using the respective proteins as coating antigen.

Briefly, 96-well, flat-bottomMaxiSorp plates (Thermo Fisher Scientific) were coated with 1 mg/mL of the respective protein for 48 h at

4�C. Plates were washed 3 times with wash buffer (PBS plus 0.05% Tween 20). Blocking was performed with blocking solution

(200 mL PBS plus 0.05%Tween 20 plus 2%BSA) for 4 h at room temperature. 6 mL of plasma samples were added to 144 mL of block-

ing solution in the first column of the plate, 3-fold serial dilutions were prepared for each sample, and plates were incubated for 1 h at

room temperature. Plates were washed 3 times with wash buffer. To determine mouse allotype-specific antibody (BALB/c or C57BL/

6 derived), different primary antibodies were used: biotin anti-mouse IgG1[a] (BALB/c) specific antibody (BD-Pharmingen, MN

553500); or biotin anti-mouse IgG1[b] (C57BL/6) specific antibody (BD-Pharmingen, MN 553533). In the mAb therapy experiments,

the mAb were of IgG1 isotype derived from BALB/c mice so we used biotin anti-mouse IgG1[a] specific antibody to quantify this

mAb in the plasma of recipient mice. To quantify the endogenous antibody response in recipient mice that received mAb, we

used biotin anti-mouse IgG1[b] combined with anti-mouse IgG2/IgG2b-specific antibody. Primary antibodies were diluted 1:1000

in blocking solution and were then added to the plates and incubated for 1 h at room temperature. Plates were washed 3 times

with wash buffer and added streptavidin-HRP (Southern Biotech, 7105-05) diluted 1:400 in blocking buffer and incubated for 1 h

at room temperature. After washing plates 3 times with wash buffer, 100 mL/well SureBlue Substrate (SeraCare) was added for

1 min. The reaction was stopped using 100 mL/well KPL TMB Stop Solution (SeraCare). Absorbance was measured at 450 nm using

a Spectramax Plus 384 (Molecular Devices). Ancestral SARS-CoV-2 spike used in ELISAs was produced in-house using a plasmid

produced under HHSN272201400008C and obtained fromBEI Resources, NIAID, NIH: vector pCAGGS containing the SARS-related

coronavirus 2; Wuhan-Hu-1 spike glycoprotein gene (soluble, stabilized); NR-52394. The ancestral receptor binding domain (RBD)

protein used as coating antigen was made in-house; produced under HHSN272201400008C and obtained through BEI Resources

(NIAID, NIH: Vector pCAGGS Containing the SARS-Related Coronavirus 2, Wuhan-Hu-1 Spike Glycoprotein Receptor Binding

Domain (RBD), NR-52309). The Omicron RBD protein used as coating antigen was purchased from RayBiotech. The luciferase pro-

tein used as coating antigen was purchased from Sigma (L9420).

ADCC assays
ADCC assays were performed similar to our prior publication with a fewmodifications.12 In brief, 293T cells were first transfected with

the DNA used to in vitro transcribe the ancestral mRNA-spike vaccine to generate ‘‘target cells’’ expressing spike antigen. After 24-48

h, we confirmed spike protein expression on a fraction of the target cells by staining them with spike-specific mAbs47,48 (clone

SARS2-34 and SARS2-01 from BioXCell) conjugated to Alexa Fluor 647 for 30 min at 4�C. Cells were washed, fixed in 4% PFA,

and analyzed on a Canto II flow cytometer (BD Biosciences). After confirming surface expression of spike protein, we utilized the

rest of the live unstained cells as targets in ADCC assays. These cells expressing vaccine antigen (spike + targets) were co-cultured

with NK effector cells expressing human CD16 (NK92.hCD16) or mouse CD16 (NK92.mCD16) at a 1:1 ratio (50,000 targets +50,000

effector NK cells) together with 1:20 diluted plasma in the presence of CD107a-FITC (Biolegend) and Golgi Plug/Golgi Stop (BD

Biosciences). After 5 h the cultures were washed and stained with live/dead fixable dye and CD56-BV605 (Biolegend), followed

by intracellular staining with IFNg-APC (Biolegend). Cells were acquired on a Canto II flow cytometer. Quantification of target cell
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killing was performed on a separate well without Golgi Plug/Golgi Stop. Effector NK92 cells expressing human or mouse CD16

(NK92.hCD16 and NK92.mCD16, respectively) were a kind gift from Drs. Oscar Aguilar and Lewis Lanier.

Surface binding of luciferase-specific antibodies from plasma
To examine binding of luciferase-specific plasma antibodies to the surface of luciferase + cells, 293T cells were transfected with the

same DNA vector used for synthesizing the mRNA-luciferase. These cells were incubated with a 1:4 plasma dilution (naive versus

luciferase-immune) for 1 h, followed by staining with goat anti-mouse IgG conjugated to Biotin (Catalog # SA5-10239, Invitrogen)

for 30 min, followed by staining with SA-APC (Catalog #S868, Invitrogen) for 30 min. To assess intracellular binding, cells were first

fixed with Cytofix/Cytoperm (BD Biosciences) and then permeabilized with 1x Perm Wash (BD Biosciences), followed by incubation

with naive or luciferase-immune plasma (diluted in 1:4 in 1x Perm Wash) for 1 h, followed by staining with goat anti-mouse IgG con-

jugated to Biotin for 30 min, followed by staining with SA-APC for 30 min.

mRNA-LNP vaccines
We synthesized mRNA vaccines encoding for the codon-optimized SARS-CoV-2 spike protein from USA-WA1/2020 or Omicron

BA.1. Constructs were purchased from Integrated DNA Technologies (IDT) or Genscript, respectively, and contained a T7 promoter

site for in vitro transcription of mRNA. The sequences of the 50- and -30 0-UTRswere identical to those used in a previous publication.44

All mRNAs were encapsulated into lipid nanoparticles using the NanoAssemblr Benchtop system (Precision NanoSystems) and

confirmed to have similar encapsulation efficiency (�95%). mRNAwas diluted in Formulation Buffer (Catalog # NWW0043, Precision

NanoSystems) to 0.17 mg/mL and then run through a laminar flow cartridge with GenVoy ILM encapsulation lipids (Catalog #

NWW0041, Precision NanoSystems) with N/P (Lipid mix/mRNA ratio of 4) at a flow ratio of 3:1 (RNA: GenVoy-ILM), with a total

flow rate of 12 mL/min, to produce mRNA–lipid nanoparticles (mRNA-LNPs). mRNA-LNPs were evaluated for encapsulation effi-

ciency andmRNA concentration using RiboGreen assay using the Quant-iT RiboGreen RNA Assay Kit (Catalog # R11490, Invitrogen,

Thermo Fisher Scientific). mRNA to express luciferase was purchased from TriLink Biotechnologies (CleanCap FLuc mRNA, L-7602,

CleanCapFirefly Luciferase) and was encapsulated into lipid nanoparticles using the aforementioned protocol.

In vivo bioluminescence
Mice were imaged at various times after immunization. To quantify luciferase expression, luciferin (GoldBio, Catalog # LUCK-100;

weight of 10 mL/g) was administered intraperitoneally 15 min before imaging. Mice were anesthetized and imaged for 45 s using a

SII Lago IVIS Imager (Spectral Instruments Imaging). Region of interest (ROI) bioluminescence was used to quantify signal. Each

leg (quadriceps) was treated as an individual site of immunization (or individual data point).

Pseudovirus neutralization assays
SARS-CoV-2 pseudovirus neutralization assays were performed as described previously.11,49 In brief, we utilized a SARS-CoV-2

spike pseudotyped lentivirus kit obtained through BEI Resources, NIAID, NIH (SARS-Related Coronavirus 2, Spike-Pseudotyped

Lentiviral Kit V2, NR-53816). We used HEK-293T–hACE2 cells as targets (BEI Resources, NIAID, NIH, NR-52511). Serial plasma di-

lutions were incubated with the SARS-CoV-2 spike pseudotyped lentivirus (ancestral or Omicron BA.1). Cells were then lysed using

luciferase cell culture lysis buffer (Promega). The reaction was added to 96-well black optiplates (PerkinElmer) and luminescence was

quantified using a PerkinElmer Victor3 luminometer.

B cell ELISPOT
Antibody secreting cells (ACS) were enumerated similar to a prior paper, but using spike protein as coating antigen instead of viral

lysate.45 In brief, SARS-CoV-2 spike-specific ASC were quantitated by ELISPOT using 96-well Multiscreen filter plate (MSHAN4B50,

Millipore Ireland BV). Plates were coated with 5 mg/mL of the SARS-CoV-2 spike protein and incubated overnight at 4�C. After incuba-
tion, plates were washed once with PBS containing 0.05% Tween 20 (PBS-T) and twice with PBS. Plates were blocked by incubating

plates with RPMI containing 10% fetal bovine serum (FBS) for 2 h at room temperature. Single suspensions of bone marrow cells at

60x106 cells/mL were prepared in medium (RPMI supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine

and 0.05 mM of B-Mercaptoethanol). After incubation, blocking medium was replaced with 100 mL/well of fresh medium and added

50 mL of single cell suspension to the first row, and serially diluted 3-fold down the plate. Plates were incubated for 8 h at 37�C in a

5%CO2 incubator.PlateswerewashedwithPBSandPBS-T, and incubatedwith100mLofbiotinylatedanti-mouse IgGantibodydiluted

1:1000 in PBS-Twith 1%FBS for twodays at 4�C.Antibodywas removedby flicking plates followed bywashing four timeswith PBS-T,

and 100 mL of horseradish peroxidase (HRP) conjugated avidin D (A-1004, Vector Laboratories, Burlingame, CA) was added perwell at

5 mg/mL inPBS-Twith 1%FCSand incubated for 1 h at room temperature. Plateswerewashed three timeswith PBS-T andPBSbefore

adding 100 mL of freshly prepared chromogen substrate. The substrate was prepared by adding 0.15 mL of AEC solution (3-amino-9-

ethyl carbazole, MP Biochemical#195039) at a concentration of 20 mg/mL in dimethylformamide (Sigma, St. Louis, MO) to 10 mL of

0.1Msodiumacetate buffer (pH= 4.8). This solutionwas filtered through a 0.2 mmmembrane and 100mL of 3%H2O2was added imme-

diately before use. Plates were incubated with substrate for 8 min until spots appeared and the reaction was stopped by rinsing plates

with water. Plates were allowed to dry and spots were counted. Memory B cells were enumerated in mouse spleen as described pre-

viously using feeder cells,50 but instead of using viral lysate we used SARS-CoV-2 spike protein as coating antigen.
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IgG purification from plasma and generation of F(ab’)2 fragments
Naive plasma and immune plasma were harvested. IgG was purified from whole plasma using a protein G chromatography column

(Cytiva, Catalog # 29048581). To generate F(ab’)2 fragments, purified IgG was digested with pepsin using the Pierce F(ab’)2 prep-

aration kit (Thermo Fisher, Catalog # 44988). Undigested IgG was removed by protein A purification, and protein concentration was

measured at 280 nm absorbance on a nanodrop (Thermo Fisher). Complete digestion of IgG was confirmed by running a non-

reducing SDS-PAGE gel (Biorad, Catalog # 4561095). Undigested IgG or digested IgG were mixed with Laemmli sample buffer (Bio-

rad) in a non-reducing environment, followed by separation in a polyacrylamide gel followed by staining with Coomassie Brilliant Blue

R-250. 1000 mg of purified IgG or F(ab’)2 were injected intraperitoneally into mice, and on the following day, mice received mRNA

vaccines intramuscularly.

Comparing spike protein expression by ancestral and Omicron vaccines
293T cells were transfected with pcDNA3.1 vectors expressing ancestral or Omicron spike protein (same vectors used for generating

mRNA-spike vaccines). After 1 day, we confirmed spike protein expression on the surface of 293T cells, by staining cells with spike-

specific mAbs (clone SARS2-34 and SARS2-01)47,48 conjugated to Alexa Fluor 647 for 30 min at 4�C. Cells were washed, fixed in 4%

PFA, and analyzed on a Canto II flow cytometer (BD Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of data points in some figures varies due to sample availability or logistical reasons. For example, the ELISAs use only

5 mL of plasma, whereas the neutralization assays use 20 mL of plasma, so we were able to perform ELISAs in more experiments.

Since immunogenicity studies do not require BSL-3, we were able to perform more immunogenicity studies than challenge studies

(Figure S4). Statistical analyses are indicated on the figure legends. Statistical significance was established at p % 0.05. Data were

analyzed using Prism (Graphpad).
Cell Reports 42, 112167, March 28, 2023 19
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