
SARS-CoV-2 XBB.1.5 mRNA Booster Vaccination Elicits Limited 
Mucosal Immunity

Ninaad Lasrado, Ph.D.1, Marjorie Rowe, B.S.1, Katherine McMahan, M.S.1, Nicole P. 
Hachmann, B.S.1, Jessica Miller, B.S.1, Catherine Jacob-Dolan, Ph.D.1, Jinyan Liu, Ph.D.1, 
Brookelynne Verrette, B.S.1, Kristin A. Gotthardt, B.S.1, Darren M. Ty, M.S.1, Juliana Pereira, 
B.S.1, Camille R. Mazurek, M.S.1, Amelia Hoyt, B.S.1, Ai-ris Y. Collier, M.D.1, Dan H. 
Barouch, M.D., Ph.D.1,*

1Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, 02115, USA

Abstract

Current coronavirus disease 2019 (COVID-19) vaccines provide robust protection against severe 

disease but minimal protection against acquisition of infection. Intramuscularly administered 

COVID-19 vaccines induce robust serum neutralizing antibodies (NAbs), but their ability to boost 

mucosal immune responses remains to be determined. In this study, we show that the XBB.1.5 

mRNA boosters result in increased serum neutralization to multiple severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) variants in humans, including the dominant circulating 

variant, JN.1. In contrast, we found that the XBB.1.5 mRNA booster did not augment mucosal 

NAbs or mucosal IgA responses, although acute SARS-CoV-2 XBB infection substantially 

increased mucosal antibody responses. These data demonstrate that current XBB.1.5 mRNA 

boosters substantially enhance peripheral antibody responses but do not robustly increase mucosal 

antibody responses. Our data highlight a separation between the peripheral and mucosal immune 

systems in humans and emphasize the importance of developing next-generation vaccines to 

augment mucosal immunity to protect against respiratory virus infections.

One sentence summary:

COVID-19 mRNA booster vaccines induce limited mucosal immunity.

Introduction

Current vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

provide robust protection against severe disease but minimal protection against acquisition 

of infection. One hypothesis is that intramuscular administration of messenger RNA 
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(mRNA) vaccines may not induce robust mucosal immunity. In fall 2023, the US Food 

and Drug Administration authorized the use of mRNA vaccines encoding the XBB.1.5 spike 

protein. Recent reports indicate the ability of XBB.1.5 mRNA boosters to induce robust 

serum neutralizing antibody (NAb) responses against XBB.1.5 and other circulating variants 

(1–5), including the dominant variant JN.1 (2, 5) and the highly mutated variant BA.2.87.1 

(5). However, the ability of the XBB.1.5 mRNA boosters to increase mucosal antibody 

responses remains unclear.

The respiratory mucosa represents the portal of entry for SARS-CoV-2, and thus mucosal 

antibodies and tissue-resident memory B and T cells may be required to prevent 

infection (6, 7). Previous reports suggest that SARS-CoV-2 infection leads to enhanced 

mucosal immunoglobulin (Ig)A and IgG responses (8–10). Mucosal IgA is produced as 

dimeric secretory IgA (sIgA) with a J-chain, the ligand for IgA transport by polymeric 

immunoglobulin receptor (IgR) in the mucosa (11); sIgA efficiently neutralizes virus in 

the upper and lower airways (12). In contrast, monomeric serum IgA lacks the J-chain 

and cannot transudate to the mucosa, although serum IgG can traverse mucosal barriers 

to a limited extent utilizing the neonatal Fc receptor (FcRn) (13–15). Although systemic 

B and T cell responses induced by coronavirus disease 2019 (COVID-19) vaccines have 

been extensively studied (16–21), mucosal immune responses induced by these vaccines 

have received less attention (22–25). In this study, we aimed to assess whether the 

current XBB.1.5 mRNA boosters delivered by the intramuscular route increased peripheral 

and mucosal immune responses in humans. Our findings demonstrate that the XBB.1.5 

mRNA boosters robustly increased peripheral NAb and IgG antibody responses but did not 

substantially augment mucosal NAb or IgA responses in the nasal mucosa.

Results

Peripheral, but not mucosal, NAb responses are increased following XBB.1.5 mRNA 
boosting

Following the XBB.1.5 surge in 2023, subvariants emerged including EG.5.1, FL.1.5.1, 

HV.1, and HK.3 (Fig. 1). The highly mutated variant BA.2.86 (26) also emerged from the 

BA.2 lineage, and its descendant JN.1 has become the globally dominant variant (Fig. 

1). To evaluate peripheral and mucosal antibody responses following XBB.1.5 mRNA 

boosting, we assessed NAb responses in serum and nasal swab eluates using a luciferase-

based pseudovirus NAb assay. Our clinical cohort included 58 participants who did or 

did not receive the XBB.1.5 mRNA booster (Table 1), and we performed NAb assays at 

baseline prior to boosting and at week 3 following boosting. Participants had a median 

of four COVID-19 vaccines and approximately 80% of participants had a history of prior 

COVID-19 infection, although this might be an underestimate due to the high frequency of 

asymptomatic or minimally symptomatic infections.

At baseline, median serum NAb titers to WA1/2020, BA.1, BA.5, XBB.1.5, EG.5.1, 

FL.1.5.1, HV.1, HK.3, and JN.1 were 3081, 3688, 2386, 114, 131, 50, 40, 66, and 184, 

respectively, and increased to 5289, 10,971, 9590, 1979, 2808, 1391, 1686, 2108, and 1514, 

respectively, by week 3 following mRNA boosting (Fig. 2A). This increase represented a 

1.2-, 2.6-, 3.2-, 16.2-, 20.2-, 24.7-, 25.4-, 27.2-, and 7.5-fold increment in median NAb 
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titers, respectively (Fig. 2B). Participants who did not receive the XBB.1.5 mRNA boosters 

showed median serum NAb titers to WA1/2020, BA.1, BA.5, XBB.1.5, EG.5.1, FL.1.5.1, 

HV.1, HK.3, and JN.1 of 2073, 4028, 2395, 158, 134, 161, 87, 103, and 149 at baseline, 

respectively, and at the week 3 follow up visit, the titers NAb titers were largely unchanged 

at 1063, 1885, 2507, 104, 75, 75, 43, 44, 74, respectively (Fig. 2C), representing a 1.2-, 0.6-, 

1.3-, 0.8-, 0.7-, 0.6-, 0.7-, 0.8-, and 0.6-fold change in median NAb titers (Fig. 2D). These 

data demonstrate that XBB.1.5 mRNA boosting substantially increased serum NAb titers to 

currently circulating variants, including JN.1.

We next measured mucosal NAb titers in nasal swab eluates of participants who received 

the XBB.1.5 mRNA booster. Nasal swab eluates had comparable total Ig concentrations 

across samples (mean 226 ± 36 μg/ml). Mucosal NAb titers did not detectably increase 

against WA1/2020, BA.5, XBB.1.5, HV.1, and JN.1 variants following mRNA boosting (Fig. 

2E, fig. S1A). We also did not detect an increment in mucosal NAb titers in participants 

who did not receive an mRNA booster (Fig. 2F, fig. S1B). However, in participants with 

acute SARS-CoV-2 infection (Table 2), we observed robust nasal NAb responses using these 

assays (fig. S2).

Peripheral, but not mucosal, spike protein-binding antibody responses were enhanced 
following XBB.1.5 mRNA boosting

SARS-CoV-2 binding antibody responses were assessed using enzyme-linked 

immunosorbent assays (ELISAs) and electrochemiluminescence assays (ECLAs). In serum, 

receptor binding domain (RBD)-specific IgG responses by ELISA had median titers of 

26,777, 1419, 2566, 1540, and 764 against WA1/2020, BA.1, BA.5, XBB.1.5, and JN.1, 

respectively, at baseline before boosting, and increased to 89,649, 7231, 11,040, 6758, and 

3494, respectively, following mRNA boosting (Fig. 3A). No such increase was noted in 

participants without XBB.1.5 mRNA boosting (Fig. 3B). Spike protein-specific serum IgG 

responses determined by ECLA showed similar trends (fig. S3 and S4). In individuals with 

acute SARS-CoV-2 infection (Table 2), we observed a modest 2.1- to 2.2-fold increase in 

serum IgG responses to XBB.1.5 and JN.1 (fig. S5).

In nasal swab eluates, RBD-specific mucosal IgG responses showed a modest 1.3- to 

2.7-fold increase against WA1/2020 and XBB.1.5, respectively, following mRNA boosting 

(Fig. 3C). In contrast, RBD- and spike protein-specific mucosal IgA responses did not 

detectably increase following mRNA boosting (Fig. 3C, fig. S6). In participants who did not 

receive the XBB.1.5 mRNA boosters, we also did not observe an increase in RBD- or spike 

protein-specific mucosal IgG and IgA responses (Fig. 3D, fig. S7). In contrast, participants 

with acute SARS-CoV-2 infection, median mucosal IgG titers increased 9.8- and 8.1-fold 

against WA1/2020 and XBB.1.5, respectively, and mucosal IgA titers increased 3.0- and 

2.4-fold (fig. S8). These data demonstrate that intramuscular XBB.1.5 mRNA boosting led 

to minimal boosting of mucosal IgG responses and no detectable boosting of mucosal IgA 

responses, but natural mucosal SARS-CoV-2 infection boosted both mucosal IgG and IgA 

responses.
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Cellular immune responses were not increased following XBB.1.5 mRNA boosting

We next assessed spike protein-specific interferon (IFN)-γ+ CD4+ and CD8+ T cell 

responses in peripheral blood mononuclear cells (PBMCs) using intracellular cytokine 

staining assays (ICS). Median spike protein-specific IFN-γ+ CD4+ T cell responses to 

WA1/2020, BA.5, XBB.1.5, and JN.1 were 0.094%, 0.095%, 0.101%, and 0.086% at 

baseline before XBB.1.5 mRNA boosting, and 0.078%, 0.070%, 0.064%, and 0.072% at 

week 3, respectively (Fig. 4A). Median spike protein-specific IFN-γ+ CD8+ T cell responses 

to WA1/2020, BA.5, XBB.1.5, and JN.1 were 0.047%, 0.029%, 0.031%, and 0.045% at 

baseline before boost, and 0.036%, 0.016%, 0.025%, and 0.019% at week 3, respectively, 

indicating no boosting of CD4+ or CD8+ T cell responses (Fig. 4A). Total IFN-γ T cell 

responses measured by ELISPOT also did not increase after XBB.1.5 mRNA boosting (Fig. 

4B). Participants who did not receive the XBB.1.5 mRNA booster similarly did not show an 

increase in spike protein-specific T cell responses (Fig. 4C and D). These findings indicate 

that T cell responses showed substantial cross-reactivity across variants, but that XBB.1.5 

mRNA boosting did not enhance these T cell responses.

Discussion

COVID-19 vaccines have demonstrated robust protection against severe disease, but only 

limited prevention of acquisition of infection (27); moreover, protection against severe 

disease wanes over time (27, 28). In this study, we show that the XBB.1.5 mRNA boosters 

induced robust serum binding and NAb responses against current circulating variants 

including JN.1, consistent with other recent immunogenicity (1–5) and effectiveness (29) 

studies. However, the XBB.1.5 mRNA boosters did not induce robust mucosal NAb or 

IgA responses and only induced modest mucosal IgG responses. These data provide an 

immunologic rationale for the limited protection of current COVID-19 mRNA vaccines 

against infection and suggest that next generation vaccines should induce improved mucosal 

immunity.

Prior studies have shown minimal NAb responses in saliva and bronchoalveolar lavage 

(BAL) in vaccinated and convalescent individuals (9, 30). Moreover, previous reports have 

shown varying and limited nasal IgG (31, 32) and IgA (33, 34) responses and salivary 

IgG and IgA (35) responses following mRNA vaccination. We speculate that it may be 

easier to detect low titers of mucosal IgA in saliva than in nasal swabs given the larger 

sample volume. Our data extend these prior studies by showing a discordance between 

peripheral and mucosal antibody responses following XBB.1.5 mRNA boosting in a current 

population with extensive prior immunity from both vaccination and infection. We observed 

a modest increase in nasal IgG responses following XBB.1.5 mRNA boosting, which may 

reflect limited transudation of serum IgG to mucosal surfaces through FcRn (13–15), a 

mechanism that does not apply to IgA. Since intramuscular boosting with mRNA vaccines 

did not enhance mucosal NAb and IgA responses, alternative immunization strategies may 

be required.

Five participants in our cohort had acute SARS-CoV-2 infection at baseline and developed 

increased serum antibody responses (36) as well as augmented mucosal IgG and IgA 

responses. These data suggest that infection robustly boosts mucosal immunity. These 
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findings are consistent with previous studies of SARS-CoV-2 infection in humans (37–40) 

as well as our recent study in nonhuman primates showing that mucosal boosting led to 

improved mucosal immunity and enhanced protection against SARS-CoV-2 challenge (41).

T cell responses are highly cross-reactive against multiple variants and likely contribute 

substantially to population-level immunity and protection against severe disease (42–45). 

However, XBB.1.5 mRNA boosting did not boost CD4+ or CD8+ T cell responses, similar 

to previous findings with the bivalent mRNA boosters (28). A prior study also showed that 

SARS-CoV-2 infection can lead to diminished CD8+ T cell responses after mRNA boosting 

(46). We do not exclude the possibility that the XBB.1.5 mRNA boosting may lead to 

modest T cell responses that are lower than the detection limit of our assays in this highly 

immune population.

Our study has several limitations. First, our cohort is relatively small and most participants 

had hybrid immunity at baseline, which may yield different results than a naïve population. 

In addition, our cohort involves more females than males, and thus additional studies are 

warranted to assess the generalizability of our findings. Finally, we were unable to measure 

mucosal T cell responses, since nasal swabs did not yield sufficient lymphocytes for cellular 

immune assays.

In summary, our data demonstrate that intramuscular XBB.1.5 mRNA boosting robustly 

increased serum NAb and IgG responses, but did not increase mucosal NAb and IgA 

responses by our assays. These findings provide an immunologic rationale for why mRNA 

vaccines provide robust protection against severe disease but minimal protection against 

infection. Moreover, the discordance between systemic and mucosal antibody responses 

suggests a near complete separation between the peripheral and mucosal immune systems 

in humans. Next generation vaccines for COVID-19 and other respiratory pathogens should 

focus on improving induction of mucosal immunity (47).

MATERIALS AND METHODS

Study design

We conducted an exploratory cohort study evaluating peripheral and mucosal immune 

responses of individuals who did or did not receive the XBB.1.5 mRNA boosters in 

fall 2023. During each visit, participants provided their vaccine, symptom, and testing 

history, as well as their race and ethnicity based on specified categories; they could select 

multiple race categories. The specimen biorepository at Beth Israel Deaconess Medical 

Center (BIDMC) obtained peripheral blood and nasal swabs from the study participants. 

The BIDMC institutional review board approved this study (2020P000361). All participants 

provided informed consent. This study included 63 individuals who did or did not receive 

the XBB.1.5 mRNA boosters (Pfizer-BioNTech, 30 μg; Moderna, 50 μg). Participants were 

excluded from the immunologic assays if they had a recent history of SARS-CoV-2 infection 

within 2 weeks of enrollment or if they received immunosuppressive medications. Assay 

operators were all blinded to participant prior infection or vaccination history.
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Pseudovirus Neutralizing Antibody Assay

Neutralizing antibody (NAb) titers against SARS-CoV-2 variants were determined 

using pseudotyped viruses expressing a luciferase reporter gene. In brief, a luciferase 

reporter plasmid pLenti-CMV Puro-Luc (Addgene), packaging construct psPAX2 (AIDS 

Resource and Reagent Program), and spike protein-expressing pcDNA3.1-SARS-CoV-2 

SΔCT were co-transfected into human embryonic kidney (HEK)293T cells (ATCC 

CRL_3216) with lipofectamine 2000 (Thermo Fisher Scientific). Pseudotyped viruses 

of SARS-CoV-2 variants were generated using the spike protein from WA1/2020 

(Wuhan/WIV04/2019, GISAID accession ID: EPI_ISL_402124), Omicron BA.1 (GISAID 

ID: EPI_ISL_7358094.2), BA.5 (GISAID ID: EPI_ISL_12268495.2), XBB.1.5 (GISAID 

ID: EPI_ISL_16418320), EG.5.1 (GISAID ID: EPI_ISL_18125149), FL.1.5.1 (GISAID 

ID: EPI_ISL_18126515), HV.1 (GISAID ID: EPI_ISL_18592608), HK.3 (GISAID 

ID: EPI_ISL_18631954), and JN.1 (GISAID ID: EPI_ISL_18680594). 48 hours post-

transfection, the supernatants containing the pseudotyped viruses were collected and purified 

by filtration with 0.45-μm filter. To determine NAb titers in serum and nasal swab eluate, 

HEK293T-hACE2 cells were seeded in 96-well tissue culture plates at a density of 2 × 104 

cells per well overnight. Three-fold serial dilutions of heat-inactivated serum or nasal swab 

eluate samples were prepared and mixed with 60 μl of pseudovirus, and incubated at 37 

°C for 1 hour before adding to HEK293T-hACE2 cells. 48 hours later, cells were lysed 

in Steady-Glo Luciferase Assay (Promega) according to the manufacturer’s instructions. 

SARS-CoV-2 neutralization titers were defined as the sample dilution at which a 50% 

reduction (NT50) in relative light units was observed relative to the average of the virus 

control wells. The lower limit of detection (LLOQ) was 20 for serum NAb titers and was 4 

for mucosal NAb titers.

Electrochemiluminescence assay (ECLA)

ECLA plates [MesoScale Discovery (MSD); SARS-CoV-2 IgG catalog no. K15721U (panel 

37)] were designed and produced with up to nine antigen spots in each well, and assays 

were performed. The antigens included spike proteins from WA1/2020, BA.5, XBB.1.5, 

XBB.1.16, XBB.1.16.6, XBB.2.3, EG.5.1, FL.1.5.1, and JN.1. The plates were blocked with 

50 μl of blocker A (1% bovine serum albumin in distilled water) solution for at least 30 

min at room temperature with shaking at 700 rpm with a digital microplate shaker. During 

blocking, serum samples were diluted to 1:5000 or nasal swab eluate samples were diluted 

to 1:200 in Diluent 100. The calibrator curve was prepared by diluting the calibrator mixture 

from MSD 1:9 in Diluent 100 and then preparing a seven-step fourfold dilution series and 

a blank containing only Diluent 100. The plates were then washed three times with 150 

μl of wash buffer [0.5% Tween 20 in 1× phosphate-buffered saline (PBS)] and blotted dry. 

50 μl of the diluted samples and calibration curve was added in duplicate to the plates and 

set to shake at 700 rpm at room temperature for at least 2 hours. The plates were again 

washed three times, and 50 μl of SULFO-TAG anti-human IgG or IgA detection antibody 

diluted to 1× in Diluent 100 was added to each well. Samples were incubated with shaking 

at 700 rpm at room temperature for at least 1 hour. Plates were then washed three times, 

and 150 μl of the MSD GOLD Read Buffer B was added to each well. The plates were read 

immediately after using a MESO QuickPlex SQ 120 machine. MSD titers for each sample 

were reported as relative light units, which were calculated using the calibrator. The lower 
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limit of quantitation (LLOQ) was 100 relative light units (RLU) for serum IgG and was 40 

RLU for mucosal IgG and IgA.

Enzyme-linked immunosorbent assay (ELISA)

SARS-CoV-2 RBD-specific binding antibodies in serum and nasal swab eluate were 

assessed by ELISA. 96-well plates were coated with 0.5 μg/mL of SARS-CoV-2 WA1/2020, 

Omicron BA.1, BA.5, XBB.1.5, and JN.1 RBD protein in 1× Dulbecco phosphate-buffered 

saline (DPBS) and incubated at 4 °C overnight. After incubation, plates were washed once 

with wash buffer (0.05% Tween 20 in 1× DPBS) and blocked with 350 μL of casein block 

solution per well for 2 to 3 hours at room temperature. Following incubation, block solution 

was discarded and plates were blotted dry. Serial dilutions of heat-inactivated serum or 

nasal swab eluate diluted in Casein block were added to wells, and plates were incubated 

for 1 hour at room temperature, prior to 3 more washes and a 1-hour incubation with 

a 1:4000 dilution of antihuman IgG horseradish peroxidase (HRP) (Invitrogen, Thermo 

Fisher Scientific) or 1:1000 dilution of anti-human IgA HRP (Bethyl Laboratories) at room 

temperature in the dark. Total Ig was comparable across nasal swab eluates. Plates were 

washed 3 times, and 100 μL of SeraCare KPL TMB SureBlue Start solution was added to 

each well; plate development was halted by adding 100 μL of SeraCare KPL TMB Stop 

solution per well. The absorbance at 450 nm, with a reference at 650 nm, was recorded with 

a VersaMax microplate reader (Molecular Devices). For each sample, the ELISA end point 

titer was calculated using a 4-parameter logistic curve fit to calculate the reciprocal serum 

dilution that yields a corrected absorbance value (450 nm-650 nm) of 0.2. The lower limit of 

detection (LLOQ) was 25 for serum ELISA titers and was 6 for mucosal ELISA titers.

Intracellular cytokine staining (ICS) assay

CD4+ and CD8+ T cell responses were quantitated by pooled peptide-stimulated ICS assays. 

Peptide pools contained 15 amino acid peptides overlapping by 11 amino acids spanning 

the SARS-CoV-2 WA1/2020, BA.5, XBB.1.5, and JN.1 spike proteins (21st Century 

Biochemicals and GenScript). 106 peripheral blood mononuclear cells were re-suspended 

in 100 μL of R10 media (500 ml of RPMI-1640 with 55 ml of fetal bovine serum [FBS] and 

5.5 ml of 100× penicillin-streptomycin) supplemented with CD49d monoclonal antibody (1 

μg/mL) and CD28 monoclonal antibody (1 μg/mL). Each sample was assessed with mock 

(100 μL of R10 plus 0.5% DMSO; background control), peptides (2 μg/mL), or 10 pg/mL 

phorbol myristate acetate (PMA) and 1 μg/mL ionomycin (Sigma-Aldrich) (100μL; positive 

control) and incubated at 37°C for 1 hour. After incubation, 0.25 μL of GolgiStop and 0.25 

μL of GolgiPlug in 50 μL of R10 media was added to each well and incubated at 37°C for 8 

hours. Samples were then held at 4°C overnight. The next day, the cells were washed twice 

with DPBS, stained with aqua live/dead dye (Life Technologies, 1:100 dilution) for 10 min 

and then stained with predetermined titers of monoclonal antibodies against CD279 (clone 

EH12.1, BB700; 2 μL/test), CD4 (clone L200, BV711; 0.75 μL/test), CD27 (clone M-T271, 

BUV563; 0.5 μL/test), CD8 (clone SK1, BUV805; 1 μL/test), CD45RA (clone 5H9, APC 

H7; 2.5 μL/test) for 30 min. Cells were then washed twice with DPBS containing 2% FBS 

and incubated for 15 min with 200 μL of BD CytoFix/CytoPerm Fixation/Permeabilization 

solution. Cells were washed twice with 1X Perm Wash buffer (BD Perm/Wash Buffer 

10X in the CytoFix/CytoPerm Fixation/ Permeabilization kit diluted with MilliQ water and 
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passed through 0.22μm filter) and stained intracellularly with monoclonal antibodies against 

Ki67 (clone B56, BB515; 0.25 μL/test), IL-21 (clone 3A3-N2.1, PE; 5 μL/test), CD69 (clone 

TP1.55.3, ECD; 0.75 μL/test), IL-10 (clone JES3–9D7, PE CY7; 2 μL/test), IL-13 (clone 

JES10–5A2, BV421; 2.5 μL/test), IL-4 (clone MP4–25D2, BV605; 2.5 μL/test), TNF-α 
(clone Mab11, BV650; 2.5 μL/test), IL-17 (clone N49–653, BV750; 2 μL/test), IFN-γ 
(clone B27; BUV395; 2.5 μL/test), IL-2 (clone MQ1–17H12, BUV737; 2.5 μL/test), IL-6 

(clone MQ2–13A5, APC; 1.25 μL/test), and CD3 (clone SP34.2, Alexa 700; 0.25 μL/test) 

for 30 min. Cells were washed twice with 1X Perm Wash buffer and fixed with 250μL of 

freshly prepared 1.5% formaldehyde. Fixed cells were transferred to 96-well round bottom 

plate and analyzed by a BD FACSymphony system. Data were analyzed using FlowJo v9.9.

ELISPOT assay

ELISPOT plates were coated with mouse anti-human IFN-γ monoclonal antibody from 

Mabtech at 1 μg per well and incubated overnight at 4°C. Plates were washed with DPBS 

and blocked with R10 medium for 2 to 4 hours at 37°C. SARS-CoV-2–pooled spike peptides 

from WA1/2020, BA.5, XBB.1.5, and JN.1 (21st Century Biochemicals and GenScript) 

were prepared and plated at a concentration of 2 μg per well, and 200,000 cells per 

well were added to the plate. The peptides and cells were incubated for 15 to 20 hours 

at 37°C. All steps after this incubation were performed at room temperature. The plates 

were washed with ELISPOT wash buffer and incubated for 2 to 4 hours with biotinylated 

mouse anti-human IFN-γ monoclonal antibody from Mabtech (1 μg/ml). The plates were 

washed a second time and incubated for 2 to 3 hours with conjugated goat anti-biotin 

alkaline phosphatase from Rockland Inc. (1.33 μg/ml). The final wash was followed by the 

addition of Nitro blue tetrazolium chloride/5-bromo-4-chloro 3 indolyphosphate p-toludine 

salt (NBT/BCIP chromagen) substrate solution for 7 min. The chromagen was discarded, 

and the plates were washed with water and dried in a dim place for 24 hours. Plates 

were scanned and automatically counted on a Cellular Technologies Limited Immunospot 

Analyzer.

SARS-CoV-2 Variant Mutation Graph

Amino acid differences in the spike proteins of BA.1, BA.2, BA.5, XBB.1.5, EG.5.1, 

FL.1.5.1, HV.1, HK.3, BA.2.86, and JN.1 relative to WA1/2020 were analyzed through a 

Jupyter Notebook from Jesse Bloom (https://github.com/jbloom/SARS2-clade-spike-diffs). 

The mutation data were graphed in Adobe Illustrator.

Statistical analysis

All raw, individual-level data are presented in data file S1. Descriptive statistics were 

calculated using GraphPad Prism v10.2.2. All data points represent biological replicates for 

each group. Each immunologic assay was performed for each sample independently without 

technical replicates. Data are presented as median with interquartile range. Statistical 

comparisons for NAb and ELISA data between pre-boost and post-boost time-points were 

performed using a two-tailed Mann-Whitney test, and a P value of <0.05 was considered 

statistically significant.
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Figure 1. Key spike protein mutations in the Omicron variant, XBB subvariants, and the 
currently circulating JN.1 SARS-CoV-2 variant.
Spike protein mutations in JN.1 and other SARS-CoV-2 variants are shown. Substitutions in 

the BA.1, BA.2, BA.5, XBB.1.5, EG.5.1, FL.1.5.1, HV.1, HK.3, BA.2.86, and JN.1 SARS-

CoV-2 variants relative to the Wuhan/WIV04/ reference strain (https://gisaid.org/WIV04/) 

are indicated. Amino acid substitutions are indicated in red tiles, and deletions in blue tiles. 

NTD, N-terminal domain; RBD, receptor binding domain.
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Figure 2. Peripheral and mucosal neutralizing antibody responses following XBB.1.5 mRNA 
boosting.
(A) Serum neutralizing antibody (NAb) titers after XBB.1.5 mRNA boosting against SARS-

CoV-2 WA1/2020, BA.1, BA.5, XBB.1.5, EG.5.1, FL.1.5.1, HV.1, HK.3, and JN.1 variants 

by luciferase-based pseudovirus neutralization assays at baseline prior to boosting and 

at week 3 after boosting (n=31). NT50, half-maximal neutralizing titers. Median values 

are shown at the top. (B) Longitudinal paired analysis of NAb titers are shown. Median 

fold-change values 3 weeks after XBB.1.5 mRNA vaccination are indicated numerically 

at the top. (C) Serum NAb titers in participants who did not receive the XBB.1.5 mRNA 

boosters (n=27) presented as in (A). (D) Paired analysis of NAb titers and their fold-change 

values during the 3-week follow-up in participants without XBB.1.5 mRNA boosting as in 

(B). (E and F) Mucosal NAb titers in nasal swabs against SARS-CoV-2 WA1/2020, BA.5, 

XBB.1.5, HV.1, and JN.1 variants in participants with XBB.1.5 mRNA boosting (E) and 

without boosting (F) by luciferase-based pseudovirus neutralization assays. Median values 

are shown at the top. For all panels, the dotted lines reflect the limits of quantitation, and red 

bars reflect median responses. P values were calculated using a two-tailed Mann-Whitney 

test; *P≤0.05, **P≤0.01, ****P≤0.0001, and ns = not significant.
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Figure 3. Peripheral and mucosal binding antibody responses following XBB.1.5 mRNA 
boosting.
(A and B) Serum IgG binding antibody titers against the RBD of SARS-CoV-2 WA1/2020, 

BA.1, BA.5, XBB.1.5, and JN.1 were measured at 3 weeks after XBB.1.5 mRNA boosting 

(A) or without XBB.1.5 mRNA boosting (B) by ELISA. (C and D) Mucosal IgG and IgA 

binding antibody titers in nasal swabs against the RBD of SARS-CoV-2 WA1/2020 and 

XBB.1.5 were measured at 3 weeks after XBB.1.5 mRNA boosting (C) or without XBB.1.5 

mRNA boosting (D) by ELISA. The dotted lines reflect the limits of quantitation. Red bars 

reflect median responses and are shown numerically at the top. P values were calculated 

using a two-tailed Mann-Whitney test; **P≤0.01, ****P≤0.0001, and ns = not significant.
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Figure 4. Cellular immune responses following XBB.1.5 mRNA vaccination.
(A) Spike protein-specific CD4+ and CD8+ T cell responses to SARS-CoV-2 WA1/2020, 

BA.5, XBB.1.5, and JN.1 following XBB.1.5 mRNA vaccination. Samples were stimulated 

with pooled peptides and IFN-γ production was measured by intracellular cytokine staining 

(ICS). (B) Spike protein-specific T cell responses to SARS-CoV-2 WA1/2020, BA.5, 

XBB.1.5, and JN.1 following XBB.1.5 mRNA vaccination were measured by IFN-γ 
ELISPOT assays after pooled peptide stimulation. Data are presented as as spot-forming 

cells (SFCs) per million peripheral blood mononuclear cells (PBMCs). (C and D) The ICS 

assay (C) and ELISPOT assay (D) were also conducted in participants without XBB.1.5 

mRNA boosting and are shown as in (A) and (B), respectively. The dotted lines reflect the 

limits of quantitation. The red bars reflect median responses and are shown numerically at 

the top of each panel.
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Table 1.

Study population. BNT, BNT162b2 Pfizer COVID-19 mRNA vaccine; 1273, mRNA-1273 Moderna 

COVID-19 mRNA vaccine; Ad26, Ad26.COV2.S Janssen COVID-19 viral-vector vaccine; NVX, Novavax 

COVID-19 vaccine (protein adjuvanted). Data are displayed as median (range or interquartile range, IQR) and 

n (%); BMI, body mass index; pregnant designation reflects time of last vaccine dose or time of sampling. All 

individuals with known prior infection had mild disease.

XBB.1.5 Booster N = 31 No XBB.1.5 Booster N=27

Age (years), median (range) 48 (26–73) 37 (22–73)

Sex at birth, Female 24 (77) 22 (81)

Race

 White 29 (94) 23 (85)

 Asian 2 (6) 3 (11)

 Black 0 1 (4)

 Multiple Races 1 (3) 0

Ethnicity

 Non-Hispanic or Latino 30 (97) 23 (85)

 Hispanic or Latino 1 (3) 4 (15)

Medical condition

 Diabetes 0 1 (4)

 Obesity (BMI ≥30 kg/m2) 2 (6) 3 (11)

 Hypertension 1 (3) 2 (7)

 Asthma 1 (3) 3 (11)

 Pregnant 1 (3) 3 (11)

 Lactating 1 (3) 1 (4)

Monovalent XBB.1.5 vaccine

 BNT XBB.1.5 monovalent booster 13 (42) N/A

 1273 XBB.1.5 monovalent booster 18 (58) N/A

Prior COVID-19 vaccine history

 BNT (4 doses) 1 (3) 0

 BNT (4 doses)/1273 BA.5 (1 dose) 1 (3) 0

 BNT (3 doses) 0 3 (11)

 BNT (3 doses)/BNT BA.5 (1 dose) 3 (10) 2 (7)

 BNT (3 doses)/1273 BA.5 (1 dose) 3 (10) 0

 BNT (3 doses)/1273 (1 dose)/BNT BA.5 (1 dose) 1 (3) 0

 BNT (2 dose) 0 1 (4)

 BNT (1 dose) 0 1 (4)

 BNT (2 doses)/BNT BA.5 (1 dose) 0 1 (4)

 BNT (2 doses)/1273 (1 dose)/1273 BA.5 (1 dose) 0 1 (4)

 BNT (2 doses)/1273 (1 dose)/BNT BA.5 (1 dose) 1 (3) 0
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XBB.1.5 Booster N = 31 No XBB.1.5 Booster N=27

 BNT (2 doses)/1273 (2 doses)/BNT BA.5 (1 dose) 1 (3) 0

 BNT (2 doses)/1273 (2 doses)/1273 BA.5 (1 dose) 1 (3) 1 (4)

 BNT (2 doses)/Ad26 (1 dose) 0 1 (4)

 BNT (2 doses)/Ad26 (1 dose)/BNT (1 dose) 1 (3) 0

 BNT (2 doses)/Ad26 (1 dose)/BNT BA.5 (1 dose) 2 (6) 1 (4)

 BNT (2 doses)/Ad26 (1 dose)/1273 BA.5 (1 dose) 0 1 (4)

 BNT (2 doses)/Ad26 (1 dose)/1273 (1 dose)/BNT BA.5 (1 dose) 2 (6) 0

 BNT (2 doses)/Ad26 (1 dose)/BNT (1 dose)/BNT BA.5 (1 dose) 1 (3) 0

 1273 (4 doses)/1273 BA.5 (1 dose) 3 (10) 2 (7)

 1273 (4 doses)/BNT BA.5 (1 dose) 1 (3) 0

 1273 (3 doses) 0 5 (19)

 1273 (3 doses)/1273 BA.5 (1 dose) 4 (13) 2 (7)

 1273 (3 doses)/BNT BA.5 (1 dose) 0 1 (4)

 1273 (2 doses) 0 1 (4)

 1273 (2 doses)/BNT (1 dose)/1273 BA.5 (1 dose) 0 1 (4)

 Ad26 (2 doses)/BNT BA.5 (1 dose) 1 (3) 0

 Ad26 (1 dose)/1273 (2 doses)/1273 BA.5 (1 dose) 1 (3) 0

 NVX (3 doses)/BNT BA.5 (1 dose) 1 (3) 0

 NVX (3 doses)/1273 BA.5 (1 dose) 1 (3) 0

 NVX (2 doses)/BNT (1 dose)/BNT BA.5 (1 dose) 0 1 (4)

 NVX (2 doses)/1273 (3 doses)/1273 BA.5 (1 dose) 0 1 (4)

 NVX (2 doses)/Ad26 (1 dose)/BNT (1 dose)/1273 BA.5 (1 dose) 1 (3) 0

Days from prior vaccine to baseline sample 345 (308–355) 468 (342–668)

Days from XBB.1.5 vaccine to peak sample 21 (15–33) N/A

Days from baseline to peak sample 50 (30–57) 50 (43–57)

Known COVID-19 positive test* 25(80) 22 (81)

 1 prior infection 20 (65) 16 (59)

 2 prior infections 5 (16) 6 (22)

Days from most recent positive test to peak sample** 477 (395–551) 507 (435–579)

*
Reported for only those with known prior infection.

**
Only reported for participants who contributed a peak sample.
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Table 2.

Characteristics of study participants without XBB.1.5 monovalent booster and recent infection within 
90 days. Data displayed as median (range or IQR) and n (%); pregnant designation reflects time of last 

vaccine dose or time of sampling. All individuals with known prior infection had mild disease.

No XBB.1.5 monovalent booster with recent infection
N=5

Age (years), median (range) 29 (24–38)

Sex at birth, Female 3 (60)

Race

 White 3 (60)

 Asian 2 (40)

 Black 0

 Multiple Races 0

Ethnicity

 Non-Hispanic or Latino 5 (100)

 Hispanic or Latino 0

Medical condition

 Obesity (BMI ≥30 kg/m2) 1 (20)

 Hypertension 0

 Asthma 1 (20)

 Pregnant 0

 Lactating 1 (20)

Most recent vaccine dose

 BNT BA.5 bivalent booster 5 (100)

Prior COVID-19 vaccine history

 BNT (3 doses) 3 (60)

 BNT (2 doses)/Ad26 (1 dose)/1273 (1 dose) 1 (20)

 1273 (2 doses)/Ad26 (1 dose) 1 (20)

Days from bivalent BA.5 vaccine to baseline sample 349 (348–366)

Days from bivalent BA.5 vaccine to peak sample 405 (398–412)

Days from baseline sample to peak sample 63 (50–63)

Known COVID-19 positive test* 5 (100)

 1 prior infection 3 (60)

 2 prior infections 2 (40)

Days from positive test to sampling* 52 (40–64)

*
Reported for only those with known prior infection.
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