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Summary

While blood antibodies mediate protective immunity in most organs, whether they protect nasal 

surfaces in the upper airway is unclear. Using multiple viral infection models in mice, we 

found that blood-borne antibodies could not defend the olfactory epithelium. Despite high serum 

antibody titers, pathogens infected nasal turbinates, and neurotropic microbes invaded the brain. 

Using passive antibody transfers and parabiosis, we identified a restrictive blood-endothelial 

barrier that excluded circulating antibodies from the olfactory mucosa. Plasma cell depletions 

demonstrated that plasma cells must reside within olfactory tissue to achieve sterilizing immunity. 

Antibody blockade and genetically-deficient models revealed that this local immunity required 

CD4+ T cells and CXCR3. Many vaccine adjuvants failed to generate olfactory plasma cells, but 

mucosal immunizations established humoral protection of the olfactory surface. Our identification 

of a blood-olfactory barrier and the requirement for tissue derived antibody has implications for 

vaccinology, respiratory and CNS pathogen transmission, and B-cell fate decisions.

eTOC blurb

Whether circulating antibodies protect the nasal airway from infection is unclear. Wellford et al. 

show that the olfactory mucosa exists outside the reach of serum antibody due to the presence of a 

blood-olfactory barrier. Instead, mucosal plasma cells can be recruited to protect the upper airway 

and brain from infection.
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Introduction

Airborne pathogens typically initiate infection in the upper respiratory tract (URT) (Bosch et 

al., 2013), whereas most serious complications arise from life-threatening lung damage and 

immunopathology (Busse, 1991). As a result, therapeutic approaches focus on protecting 

pulmonary function. Indeed, SARS-CoV-2 vaccines are highly effective at reducing lung 

viral titer (van Doremalen et al., 2020), reducing severe cases and improving overall survival 

(Baden et al., 2021; Polack et al., 2020).

However, vaccines for airborne pathogens should also protect the URT. Failing to impose 

sterilizing immunity in the nasal cavity allows for reinfection and continued disease 

transmission. It is unknown whether SARS-CoV-2 vaccines, or vaccines generally, provide 

adequate URT protection (Corbett et al., 2021; Fröberg et al., 2021; Horiuchi et al., 2021; 

McMahan et al., 2021). Widespread “breakthrough” SARS-CoV-2 infections in vaccinated 

individuals, typically with mild URT symptoms, indicate incomplete URT immunity 

(Bergwerk et al., 2021). Conflicting evidence obfuscates the relative importance of vaccine-

induced systemic antibodies or tissue-specific immune mechanisms, such as secretory IgA, 

in URT mucosal surface protection (Bricker et al., 2020; Case et al., 2020; Hassan et al., 

2020; Subbarao et al., 2004; van Doremalen et al., 2020; Zhou et al., 2021).

Understanding URT immunity requires appreciation of its heterogeneity. The nasal airway is 

composed of two juxtaposed regions: respiratory epithelium (RE) and olfactory epithelium 

(OE). While RE facilitates air passage into the lungs, the primary OE function is to 

communicate environmental odorant information for the sense of smell (Barrios et al., 

2014; Chen et al., 2014a). From within the OE, olfactory sensory neurons (OSNs) project 

sensory dendrites into the airway and relay scent information through axon tracks that tunnel 

through the olfactory mucosa (OM) directly into the olfactory bulb (OB) of the brain (Figure 

1a). This unique anatomy creates a single-cell pathway that pathogens exploit to bypass 

conventional CNS barriers (Dando et al., 2014), making olfactory protection critical for 

defense against neurotropic airborne pathogens.

Numerous pathogens invade the OM; while some, such as the large eukaryote Naegleria 
fowleri, migrate along olfactory axon tracts to cause fatal meningoencephalitis in the brain 

(Moseman, 2020), viruses such as Influenza A and B (Aronsson et al., 2003; Dumm 

et al., 2020), infect neurons directly. Pandemic avian influenza strains have neurotropic 

predilections and can infect OSNs, leading to lethal disease in animal models (Plourde 

et al., 2012; Schrauwen et al., 2012; van den Brand et al., 2012) and CNS disease and 

long-term neurologic dysfunction in humans (Jang et al., 2009; Lee et al., 2010; McCullers 

et al., 1999; Newland et al., 2003; Popescu et al., 2017; Reyes et al., 2019; Steininger 

et al., 2003). SARS-CoV-2 infects both RE and OE, as evidenced by millions of people 

with transient or long-term post-viral olfactory dysfunction (Brann et al., 2020; de Melo et 
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al., 2021; Meng et al., 2020; Renaud et al., 2021) with serious quality of life impacts for 

anosmic individuals (Hura et al., 2020; Xydakis et al., 2021). SARS-CoV-2 is aggressively 

neuroinvasive in certain animal models (Fumagalli et al., 2021; Zheng et al., 2020), and 

cognitive sequelae are not uncommon (Ceban et al., 2022; Premraj et al., 2022), though 

evidence for neuroinvasion in humans is lacking (Bauer et al., 2022; Butowt et al., 2021; de 

Melo et al., 2021; Khan et al., 2021).

One cytopathic rhabdovirus that hijacks the olfactory pathway to invade the CNS is vesicular 

stomatitis virus (VSV) (Reiss et al., 1998). VSV infection elicits a prototypically robust 

neutralizing antibody (nAb) response, leading to long-term immunity from reinfection 

(Kalinke et al., 1996; Zhou et al., 2007). Following inhalation, VSV infects OSNs and 

rapidly replicates in OSNs, reaching the OB within 24 hours. Although it can cause paralysis 

and death, VSV is typically cleared from the brain in a T cell-dependent manner ~8 days 

following infection (Moseman et al., 2020). Subcutaneous or intraperitoneal VSV challenge 

does not lead to olfactory or CNS replication, but VSV instead replicates briefly within 

specialized lymphoid sinus-lining macrophages (Iannacone et al., 2010). VSV’s olfactory 

neuroinvasive ability, robust nAb generation, and capacity to infect via multiple routes make 

it well-suited for investigations of URT antibody protection.

Here, we showed that circulating nAbs were unable to protect the OM and brain from airway 

viral infection. Systemic antibody was prevented from accessing olfactory tissue by a blood-

olfactory barrier. Instead, we found that local antibody secretion by extravascular plasma 

cells within the OM was required to protect the mucosa and brain. These tissue-resident 

plasma cells were recruited in a CXCR3-dependent process that relies on T cell help. 

Vaccine strategies using common adjuvants such as alum did not sufficiently drive OMP 

protection. However, vaccination strategies with a mucosal adjuvant (dmLT), and potentially 

mRNA vaccines, could generate olfactory plasma cells to protect the URT and CNS.

Results

Circulating antibody does not protect the olfactory mucosa from viral infection

To examine URT adaptive immune responses, we infected mice with VSV, Indiana strain 

(VSV or VSV-IND) via intranasal (IN) or intraperitoneal (IP) routes of infection. In naïve 

mice, IN VSV infection led to widespread replication in the olfactory mucosa (OM), while 

previously infected mice were completely protected from reinfection regardless of primary 

infection route (Figure 1b). OM infection also resulted in CNS neuroinvasion via olfactory 

nerves in naïve mice; this was prevented in immune animals (Figure 1c). IP infection did not 

lead to viral OM infection (Figure S1b), but both IP and IN routes of infection generated 

high nAb titers (Figure S1a). We next investigated whether olfactory protection antibody- 

or T cell-mediated. Infection with the serologically distinct VSV-NJ strain establishes cell-

mediated immune memory without nAb cross reactivity to VSV-IND (Lefrancois, 1984; 

Rosenthal and Zinkernagel, 1980). When VSV-NJ immune mice were challenged IN with 

VSV-IND, neither the OM nor the OB were protected (Figure 1d, e), suggesting antiviral T 

cells were insufficient for protection. These data established nAbs as critical to prevent viral 

OM infection and subsequent CNS neuroinvasion.
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Because IP infection engendered protection without viral replication in the nose (Figure 

1b,c), we tested whether systemic circulating antibodies provided adequate OM protection 

using passive antibody transfers. Naïve mice were challenged IN with VSV 12h after 

transfer of either VSV hyper-immune convalescent plasma or a monoclonal nAb against 

VSV (VI10) (Bachmann et al., 1997; Kalinke et al., 1996) (Figure 1f). OM viral titers in 

recipient mice were indistinguishable from those in naïve mice (Figure 1g). Accordingly, 

antibody transfer failed to prevent VSV neuroinvasion, and virus was readily detectable in 

the brain (Figure 1h) despite serum nAb titers similar to those in previously infected mice 

(Figure 1i).

To ensure that nAb titers achieved through passive transfer were sufficiently protective, we 

challenged mice subcutaneously (SC) (Moseman et al., 2012). When mice were challenged 

SC, both convalescent plasma and monoclonal antibody transfers prevented VSV replication 

in the draining lymph node (LN) (Figure 1j, Figure S1c). Since antibody could conceivably 

require >12hrs to protect the OM, we performed parabiosis between IP-infected and naïve 

mice to generate shared circulation and make their serum antibodies communal (Figure 1k). 

We challenged both parabionts IN two weeks following surgery and found that only the 

previously infected mice were protected from OM and OB infection (Figure 1l–m). This 

difference was observed despite equivalent serum nAb titers between partners (Figure 1n). 

Thus, the olfactory mucosa, analogous to the brain and retina (Iwasaki, 2017; Zhou and 

Caspi, 2010), was situated outside the protective reach of circulating antibody.

Systemic antibodies protect respiratory but not olfactory tissue in the URT

To address whether circulating antibody failed to protect the entire URT or merely the 

olfactory regions, we used Influenza/B/Malaysia/2506/2004 (Mal/04) which, unlike VSV, 

readily infects both OSNs and respiratory epithelial cells (Dumm et al., 2020). Similar to 

VSV, previous Mal/04 infection reduced viral OM titers upon rechallenge but convalescent 

plasma transfer did not prevent OM infection, despite similar nAb titers (Figure 2a–b). 

To directly compare antibody-mediated protection in respiratory and olfactory epithelia, 

we infected mT/mG mice IN with a Mal/04-Cre virus (Dumm et al., 2019), causing 

productively infected cells to lose constitutive membrane tdTomato and become membrane 

GFP+ (Muzumdar et al., 2007). Mal/04 infected both respiratory and olfactory cells in naïve 

mT/mG mice, but those receiving anti-Mal/04 convalescent plasma 12h before challenge had 

markedly decreased numbers of infected RE cells, while infection in the OE was unaffected 

(Figure 2c, d). These data suggested that within the nasal passages, blood-borne antibodies 

could protect the respiratory epithelium, but not olfactory epithelium.

Antibody fails to reach the olfactory mucosal surface

Our results indicated circulating antibodies readily protected the respiratory mucosa and LN 

but failed to protect the OM. To establish if systemic antibody could access olfactory tissue, 

we injected mice with an α-EpCAM antibody that binds both URT epithelial tissues. To 

unequivocally distinguish OE and RE, we used olfactory marker protein-GFP reporter mice 

(OMP-GFP) that fluorescently label OSNs. Ex vivo staining of OMP-GFP heads indicated 

α-EpCAM antibodies robustly label EpCAM in both olfactory and respiratory epithelium 

(Figure 3a). However, when antibody was injected IP 12h prior to sacrifice, only respiratory 
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epithelial cells were labeled! No staining of OM cells was observed (Figure 3b–c). Failure 

of specific antibody to exit circulation and bind olfactory targets indicated the presence of a 

vascular barrier that partitions olfactory tissue from circulation. Moreover, IN-administered 

α-EpCAM antibody prior to sacrifice led to staining of all EpCAM+ cells within the OM 

(Figure S2a–c), suggesting antibody moved freely within the OM and the impediment to 

antibody access lied at the vascular endothelium. This barrier remained intact both short- 

and long-term following IP VSV infection (Figures S2d–e). These data, in combination with 

our viral titer data, demonstrated that the blood-olfactory barrier (BOB) precluded systemic 

antibody from accessing olfactory tissue.

Extravascular plasma cells reside in the olfactory mucosa

Though serum antibody did not prevent olfactory infection, the humoral response 

nevertheless did (Figure 1b–e). How can this occur if blood antibody is unable to access 

the OM? Dimeric IgA protects other mucosal surfaces including the gut and lung (Mantis et 

al., 2011; Pilette et al., 2001); to determine whether URT protection was dependent on IgA 

antibodies, we IN VSV infected IgA-deficient (IgA−/−) or IgA+/− mice. Upon rechallenge, 

IgA−/− mice were completely protected from OM infection (Figure 4a), indicating OM 

surface protection was not dependent on IgA.

Alternatively, we hypothesized antibody-secreting cells were recruited to olfactory tissue. 

If antibody-secreting plasma cells resided within the tissue, their local antibody production 

would bypass the BOB and provide antibodies directly to the mucosal surface. Indeed, 

using flow cytometry with IN antibody labeling to distinguish OM cells from contaminating 

nasal turbinate bone marrow (BM) cells (Figure S3a–e), OM plasma cell numbers were 

increased weeks after VSV infection (Figure 4b). While most OM plasma cells were 

intracellular IgA+, IgG+ or IgM+ plasma cells were also detected (Figure 4c). Histologically, 

we identified CD138+ plasma cells in the OM lamina propria of previously infected mice 

(Figure 4d).

Because antibody-secreting cells are typically quite rare, we quantified OM antigen-specific 

plasma cells using ELISpot assays. As expected, infected mice had increased α-VSV 

antibody-secreting cells in the BM compared to naïve controls (Figure S3f). To quantify 

α-VSV antibody-secreting cells in olfactory tissue, we dissected OM septum “peels” to 

avoid nasal turbinate BM cell contamination (Oberland and Neuhaus, 2014). IP infected 

mice had significantly increased numbers of α-VSV antibody-secreting cells within the OM 

(Figure 4e–f).

Human OM is anatomically similar to murine OM, but it is unknown if B cells reside in 

human olfactory tissue (Chen et al., 2014b; Mellert et al., 1991). We reanalyzed existing 

OM scRNA-seq data (Durante et al., 2020) from four healthy patient biopsies. Subsetting 

cells based on Ig gene expression, dimensionality reduction analysis and nearest-neighbor 

clustering unveiled two groups of B lineage cells (Figure 4g) containing cells from all 

four patients (Figure 4h). The differentially expressed genes between these clusters (Figure 

4i) identified a small group as naïve B cells but also a large group of class-switched 

plasma cells (JCHAIN, CD38, PRDM1) within human OM. This group was CD19loHLA-
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DRloKi-67−CD95lo CD28+ compared to naïve B cells, indicating long-lived plasma cells 

(Mei et al., 2015).

Protection of the olfactory mucosa is dependent on local plasma cells

To determine if local plasma cells were responsible for OM protection, we systemically 

depleted plasma cells using bortezomib, a small-molecule proteasome inhibitor used 

clinically to treat multiple myeloma (Field-Smith et al., 2006). Bortezomib injection rapidly 

and specifically ablates plasma cells (Manning et al., 2015; Neubert et al., 2008), yet 

the long half-life of circulating antibody maintains systemic nAb titers following acute 

plasma cell depletion. Three weeks after VSV IP infection, plasma cells were depleted with 

bortezomib, and two weeks later, bortezomib-treated mice were rechallenged with VSV. 

Plasma cell-depleted mice remained protected from SC but not IN infection despite the 

presence of serum nAbs (Figure 5a–b, Figure S4a). ELISpots of OM tissue confirmed a 

reduction in olfactory plasma cells after bortezomib treatment (Figure S4b). We obtained 

similar results using marizomib, another selective plasma cell depletion molecule (Figure 

S4c–d). In both instances, plasma cell depletion allowed virus to reach the OB (Figure 

S4e–f).

As an alternative plasma cell depletion strategy, we used diphtheria toxin (DT)-mediated 

depletion of cells that have expressed activation-induced cytosine deaminase (AID). B cell 

activation and plasma cell differentiation is often accompanied by AID-dependent class 

switching and/or somatic hypermutation (Muramatsu et al., 2000). To selectively ablate 

B cells that had expressed AID, we IP infected AIDCre/+ x inducible DTR (AID-DTR) 

mice, waited 21 days, and administered DT. Systemic depletion of class-switched B lineage 

cells abolished OM protection despite ample serum nAb titers (Figure 5c–d) and similarly 

enabled CNS neuroinvasion (Figure S4g). These data suggested plasma cells recruited to the 

OM protect the olfactory mucosal surface.

Lymph node CXCR3 signaling and T cell help spur plasma cells OM protection

Next, we attempted to discern the signals that drove plasma cells to the OM. Long-lived 

plasma cells typically reside in the BM to secrete antibody into circulation (Brynjolfsson et 

al., 2018; Lemke et al., 2016; Lightman et al., 2019). The chemokine receptor CXCR4 is 

critical to recruit and retain BM plasma cells (Cheng et al., 2018; Muehlinghaus et al., 2005; 

Nie et al., 2004). Alternatively, activated plasmablasts use the chemokine receptor CXCR3 

to migrate into effector tissues (Chihara et al., 2013; Hauser et al., 2002; Marques et al., 

2011). To determine if CXCR3 was required for OM plasma cell recruitment, we IP VSV 

infected Cxcr3−/− mice. Cxcr3-deficient mice generated serum nAbs but failed to completely 

protect the OM from IN reinfection (Figure 6a, b), which corresponded to a reduced number 

of OM VSV-specific plasma cells (Figure S5a). To temporally impair CXCR3 during the 

immune response, we administered an α-CXCR3 antibody or isotype control at days 3, 5, 

7, and 10 following VSV infection. CXCR3 blockade had little impact on serum nAb titers; 

however, IN rechallenge led to OM viral replication (Figure 6c, d). Both CXCR3 deficiency 

and blockade similarly compromised OB protection (Figure S5b, c).
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CXCR3 ligands are canonically produced in inflamed tissues, but qRT-PCR for CXCR3 

ligands Cxcl9 and Cxcl10 (Groom and Luster, 2011; Müller et al., 2010; Van Raemdonck 

et al., 2015) in the OM 4.5 dpi revealed mRNA expression comparable to naïve mice 

(Figure 6e, f). Given that IP infected mice had no OM viral replication, we reasoned 

CXCR3-mediated lymphocyte interactions in the draining LNs may program plasma cell 

OM residency. Literature suggests CXCR3 acts within secondary lymphoid organs to 

influence B and T cell effector fates (Bowyer et al., 2018; Duckworth et al., 2021; Groom 

et al., 2012; Serre et al., 2012). Indeed, we found that Cxcl9 and Cxcl10 mRNA were 

upregulated in the peritoneal-draining mediastinal LNs 4.5d after IP infection (Figure 6g, h).

These data suggested CXCR3-mediated interactions in the LN, not in the OM, influenced B 

cell homing ability. The lymph node cytokine milieu during infection is impacted by many 

cell types, but we found depleting CD8+ T cells and NK cells did not affect OM protection 

(Figure S5d, e). However, CD4+ T cell depletion abolished OM protection (Figure 6i). 

Administration of α-CD40L antibody 3 dpi to disrupt contact-dependent T/B interactions 

prevented OM and OB protection from rechallenge (Figure 6i, Figure S5f), indicating that 

direct CD4+ help to B lymphocytes was required. Notably, high plasma nAb titers were still 

detectable (Figure 6j), implying CD4+ T cells provide signals to B cells that instruct OM 

homing and not just facilitate antibody production.

CXCR3 is expressed by both effector T and B lymphocytes (Groom and Luster, 2011). To 

interrogate which compartment required CXCR3 for OM humoral protection, we generated 

T cell Cxcr3-deficient (Cxcr3−/−:Tcra−/− BM→ Cxcr3−/−) and B cell Cxcr3-deficient 

(Cxcr3−/−:μMT BM→ Cxcr3−/−) mixed bone marrow chimeras (BMCs). Unlike WT BMC 

controls, neither T cell Cxcr3-deficient nor B cell Cxcr3-deficient mice showed OM 

protection (Figure 6k). The brains of these mice were similarly exposed to viral invasion 

(Figure S5g). Mixed BMCs produced blood-borne nAbs (Figure S5h), indicating CXCR3 on 

both B and T lymphocytes was required for proper mucosal plasma cell OM protection.

Because T cell help drives OM surface protection, we tested the importance of antibody 

class-switching. After IP VSV infection, class-switch deficient AID−/− mice generated 

normal plasma nAb titers, yet the OM and the OB were not protected upon IN challenge 

(Figure 6l, m, Figure S5i).

To rule out that an antibody class-switching defect could explain the lack of OM protection 

when CXCR3 was compromised, we treated plasma nAbs with 2-mercaptoethanol (2-ME) 

to disrupt polymeric IgM antibodies (Charan and Zinkernagel, 1986; Scott and Gershon, 

1970). As expected, 2-ME treatment of AID−/− plasma eliminated VSV neutralizing 

capacity (Figure 6m). However, 2-ME treated plasma antibodies from Cxcr3−/− (Figure 6n) 

or α-CXCR3 treated (Figure 6o) mice remained highly neutralizing. CD4 depletion prior to 

infection abolished antibody class switch, but class switching remained intact in mice when 

α-CD40L blockade began d3 post infection (Figure 6p), indicating T cell help in humoral 

OM protection extended beyond B cell class-switching.
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Two-dose mucosal adjuvant vaccinations protect the olfactory mucosa

OM antibody protection could prevent URT infection and transmission while also 

shielding the CNS. Stimulating protective OM humoral immunity is therefore critical for 

vaccine design. Our data suggested a protective vaccination approach should elicit strong 

neutralizing antibody but must also recruit plasma cells to the tissue. To establish if protein 

antigen was sufficient for OM protection, we IP immunized with UV-inactivated VSV 

(VSV-UV) (Bachmann et al., 1993). IP VSV-UV injection generated serum nAb titers that 

protected against SC viral challenge but did not protect the OM from IN rechallenge, 

suggesting protein antigen alone did not install protective OM immunity (Figures 7a–c). 

To enhance vaccine efficacy, we co-administered VSV-UV with traditional adjuvants alum 

or CpG. Compared to VSV-UV alone, both adjuvants provoked enhanced serum nAb titers 

and protected against SC VSV challenge (Figure 7a–b). However, none of these vaccine 

formulations were sufficient to protect the OM from IN VSV challenge (Figure 7c). These 

immunizations also failed to protect the brain from viral neuroinvasion (Figure S6a).

Mucosal vaccination approaches highlight immunization route and mucosal adjuvants to 

drive protection of barrier tissues (Lavelle and Ward, 2021; Oh et al., 2021; Renegar and 

Small, 1994; Sheikh-Mohamed et al., 2021). We thus immunized mice with VSV-UV and 

dmLT, a double mutant derivative of E. coli heat labile toxin modified for increased clinical 

safety. This adjuvant drives systemic and mucosal antibody responses when given mucosally 

or parenterally (Akhtar et al., 2021; Clements and Norton, 2018). dmLT delivered IP, IM, or 

IN raised the blood nAb titers compared to VSV-UV alone (Figure S6b), yet OM protection 

was rarely observed (Figure 7d). We then administered two dmLT doses via the same 

routes and observed IP dmLT boost prevented VSV OM infection (Figure 7e). Two-dose IP 

dmLT vacccination also protected the OB from viral neuroinvasion (Figure 7f). Critically, 

multiple doses of alum + VSV-UV failed to protect the OM (Figure 7e), indicating that 

boosting alone does not guarantee OM barrier protection, despite similar nAb titers and class 

switching between alum and dmLT boosted mice (Figure 7g, S6c). IN dmLT-adjuvanted 

immunization induced modest nAb titers and failed to protect the OM (Figure 7g) likely 

due to poor antigen retention, as much of the inoculating bolus was lost to swallowing or 

expulsion.

How did dmLT drive humoral OM protection? The BOB remained intact after two doses 

of dmLT (Figure S6d), so we hypothesized induction of CXCR3 ligands influenced plasma 

cell homing and analyzed the mediastinal LNs for Cxcl9 and Cxcl10 production after dmLT 

or alum immunization. Twelve hours after the second dose, we found mRNA expression of 

both ligands was significantly increased in dmLT-immunized mice (Figure 7h–i).

Numerous reports of COVID-19-induced anosmia are consistent with direct SARS-CoV-2 

OM infection (Brann et al., 2020; Meng et al., 2020). The failure of multiple vaccination 

strategies to protect the OM led us to investigate whether clinically approved mRNA 

vaccines against COVID-19 are OM protective. We challenged Keratin18-hACE2 transgenic 

(K18) mice, a model widely used for SARS-CoV-2 (Fumagalli et al., 2021; Zheng et al., 

2020), with a VSV-SARS-CoV-2 chimeric virus that expresses the SARS-CoV-2 spike 

protein in place of the VSV-G surface protein, leading to OM sustentacular cell infection 

(Case et al., 2020; Dieterle et al., 2020). Prior infection protected the OM from rechallenge, 
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while convalescent plasma did not (Figure 7j). We found that a single IM dose of the 

Pfizer-BioNTech mRNA vaccine (BNT162b2) significantly reduced OM viral titers 3d after 

IN challenge (Figure 7k), indicating that mRNA immunization strategies could drive a 

tissue-specific protective effect.

Discussion

Systemic antiviral antibody is widely assumed to correlate with sterilizing immunity in 

peripheral tissues. Recent animal studies of SARS-CoV-2 (Bergwerk et al., 2021; Bricker 

et al., 2020; Case et al., 2020; Corbett et al., 2021; Fröberg et al., 2021; Hassan et al., 

2020; Horiuchi et al., 2021; McMahan et al., 2021; Zhou et al., 2021), as well as the 

frequency of SARS-CoV-2 infections in vaccinated individuals, have cast doubt on this 

assumption. The efficacy of circulating antibodies and vaccination in URT protection has 

received substantial debate and attention in recent years (Kato et al., 2013; Renegar et al., 

2004; Subbarao et al., 2004). Our study provides a compelling solution to this dilemma; RE 

in the upper airway was protected by circulating antibody, but the OE was not. Our data 

described the mechanistic underpinning for this failure: the blood-olfactory barrier (BOB) at 

least partially compartmentalized the OM from circulation. The BOB thus required plasma 

cells to physically relocate beyond the endothelium to produce locally protective antibody.

Our data highlighted how URT heterogeneity (distinct respiratory and olfactory components) 

profoundly shaped the immune parameters required for surface protection. Further 

complicating the issue, olfactory-respiratory delineation is not always clear in humans, as 

the two tissues can become progressively metaplastic and intermingled due to age and prior 

infection (Mori et al., 2021; Paik et al., 1992). Previous work attempted to quantify URT 

antibody responses using saliva or nasal washes (Mades et al., 2021; Wagner et al., 1987). 

Washes are ill-suited to sample olfactory regions deep within the nasal cavity and may 

insufficiently capture the divergent OE and RE humoral responses.

The BOB to some extent impeded circulating molecules from entering the OM. With respect 

to large molecular weight molecules like immunoglobulins, the BOB operated similarly to 

the blood-brain barrier (BBB). Other studies suggest olfactory ensheathing cells surrounding 

olfactory nerve fascicles may segregate the olfactory nerve from blood (Beiersdorfer et 

al., 2020; Mori, 2018), but our data indicated antibodies cannot efficiently cross the 

olfactory endothelial barrier. Careful examination of the BOB’s functional variations and 

characteristics remains necessary, especially in humans, as these will impact drug delivery, 

including therapeutic antibodies for olfactory disorders. Nonetheless, our data demonstrated 

that OE junctions were not restrictive to antibody movement, as locally produced and 

IN-administered antibody could diffuse throughout the OM. Clinically, so-called “nose-to-

brain” drug delivery relies on diffusion through the olfactory tract (Kumar et al., 2018; 

Lochhead and Thorne, 2012; Martin et al., 2021). The BOB may prevent systemic molecules 

from traveling up the olfactory tract into the brain, acting as an extension of the BBB.

The dichotomy between URT olfactory and respiratory epithelia is conserved across 

terrestrial mammal species (Green et al., 2012), hence our data may impact animal and 

human disease. Viruses, bacteria, and eukaryotic pathogens are all capable of accessing 
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the CNS through the human olfactory portal (Aronsson et al., 2003; Dando et al., 2014; 

Lawler and Stevenson, 2017; Moseman, 2020; Shivkumar et al., 2013). OM protection 

against potentially lethal diseases would require immunization strategies that recruit local 

plasma cells to secrete protective antibody. While we envision the greatest functional 

impact from olfactory plasma cells that secrete nAbs, many antibodies rely on Fc effector 

functions or combinatorial binding. Evidence suggests Fc-mediated functions influence 

olfactory immunity (Glauser et al., 2019), perhaps by acting through OM parenchymal 

cells or macrophages (Mellert et al., 1991). At a population level, humoral olfactory 

protection limits dissemination of respiratory pathogens. Pathogens replicate in the OM 

prior to encountering blood antibody pressure, and vaccinations that fail to induce olfactory 

protection may facilitate continued transmission and viral evolution. Recent studies have 

indicated nasal viral replication can occur in the presence of anti-SARS-CoV-2 antibody 

(Corbett et al., 2021; Fröberg et al., 2021; Horiuchi et al., 2021; McMahan et al., 2021), and 

puzzlingly, breakthrough infections are not associated with waning antibody titers (Terreri 

et al., 2022). One possible factor in mild breakthrough cases could be an olfactory foothold 

for viral replication prior to virus being squashed by the systemic immune response in other 

tissues. This hypothesis is corroborated by the observation that breakthrough infections 

typically present with mild pulmonary symptoms (Bergwerk et al., 2021). Olfactory 

infection is one of many elements that could impact breakthrough cases, including weak 

antibody affinity, viral mutations, and antibody transudation efficacy.

Tissue-resident T lymphocytes have been the subject of intense research over the past 

decade; more recently, several studies have described the existence and importance of 

tissue-resident memory B cells in humans and animals (Allie et al., 2019; Johnson et al., 

2020; Niimi et al., 2018; Oh et al., 2021; Tan et al., 2022; van der Feltz et al., 2001; Weisel 

et al., 2022, 2020). While memory B and T cells in the OM could contribute to a secondary 

response (Iijima and Iwasaki, 2016; Oh et al., 2019), plasma cells that provide a continuous 

antibody “shield” at the mucosal surface would be critical to thwart neuroinvasion.

Our data demonstrated that OM plasma cells provided a non-redundant barrier against 

IN viral challenge. Polymeric Igs (especially dimeric IgA) are thought to protect mucosal 

surfaces by binding to the polymeric Ig-receptor (Chen et al., 2020; Horton and Vidarsson, 

2013; Yu et al., 2018). We found IgA was dispensable for OM protection, and IgM was 

unable to protect. While protective meningeal IgA-secreting plasma cells were recently 

described (Fitzpatrick et al., 2020), and many olfactory plasma cells expressed IgA, plasma 

cell placement beyond the BOB is what determined olfactory protection. Blood IgA titers 

have been used as a surrogate for mucosal protection (Pakkanen et al., 2010), but it is likely 

that OM plasma cells are uncoupled from the serum IgA response (Mazanec et al., 1989). 

Whether other mucosal sites recruit similar plasma cell populations following infection 

requires additional work.

Our data indicated olfactory plasma cell recruitment depended on CXCR3 and correlated 

with LN Cxcl9/10 expression. The cellular source of CXCL9/10 was unclear, although these 

chemokines are induced by IFNs (Sung et al., 2012) and T cell-derived IFN may spur LN 

Cxcl9 and/or Cxcl10 expression. Our mixed BMC data suggested B cell-intrinsic differences 

between nascent plasma cells fated for olfactory homing and typical BM-homing plasma 
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cells. Priming of B cells with predefined fates is a poorly understood issue, but recent work 

suggests “type 1” B cells may protect barrier tissues from viral infection (Keller et al., 

2021; Naradikian et al., 2016; Serre et al., 2012; Song et al., 2022). IP infection triggers 

strong type 1 signals, robust T cell activation, and IFN production, stimuli which may 

affect this plasma cell localization phenotype. OM protection was severely compromised 

in CXCR3-deficient animals, but slightly better than naïve animals, indicating alternative 

plasma cell recruitment/differentiation pathways may be involved. Many questions remain 

regarding olfactory plasma cells. Are these cells stationed in a specific tissue niche? How 

long do they reside, and what molecules retain them? Do these cells proliferate in situ or 

recirculate to patrol other tissues? How are OM and BM plasma cells clonally related?

Our data showed that the pleiotropic effects of dmLT (Akhtar et al., 2021), but not 

alum, immunization generated sterilizing OM immunity, but other adjuvant and dosing 

combinations may suffice. The OM protection observed after single-dose Pfizer-BioNTech 

vaccination suggested mRNA vaccines may be suited toward producing this type of 

immunity. Intranasal vaccination has been proposed as an effective, convenient mechanism 

to elicit mucosal protection (Fehervari, 2021; Hassan et al., 2020; Oh et al., 2021), and 

this approach warrants further investigation, despite the low antibody titers induced in our 

mouse model. “Prime and pull” immunization (a mucosal booster dose) (Shin and Iwasaki, 

2012) may potentially draw plasma cells into the OM. Our discovery of a BOB provides 

important insight for designing vaccines that protect the olfactory tract from both respiratory 

and neuroinvasive pathogens.

Limitations of the study

While our study demonstrated the existence of a blood-olfactory barrier and protective 

olfactory plasma cells in mice, it remains to be seen whether this physiology is recapitulated 

in humans or other animals. We identified use of the adjuvant dmLT as protective, but 

other vaccine adjuvants may suffice, and the effects of vacciniation may differ in humans. 

Our data showed that CXCR3 was required in both T and B cells for olfactory protection, 

and CXCR3 ligands were upregulated in the draining lymph node, we did not determine 

the cellular source of these ligands. Protection of the olfactory mucosa was dependent on 

neutralizing antibodies produced by mucosal plasma cells, but T cell-mediated immunity 

and non-neutralizing antibodies may still impact immunity in the nasal mucosa.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Ashley Moseman 

(ashley.moseman@duke.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability

• This paper analyzes existing, publicly available single-cell RNA sequencing data. 

These accession numbers for the datasets are listed in the Key Resources Table.

• All original code has been deposited on GitHub and is publicly available as of 

the date of publication. DOIs are listed in the Key Resources Table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—B6, mT/mG, Cxcr3−/−, μMT Tcra−/−, AIDCre/+, AID−/−, iDTR, K18 mice (see Key 

Resources Table) were purchased from the Jackson Laboratory and either used or bred 

in-house. OMP-GFP on C57BL/6 background (Potter et al., 2001) mice were provided by 

Dorian McGavern (NINDS). Mice were bred and maintained under specific pathogen-free 

conditions at Duke University School of Medicine. Mice used in this study were between 6 

and 14 weeks of age. Male and female mice were equally represented across experiments 

(no phenotypic differences between male and female mice were observed). All mice in this 

study were handled in accordance with the guidelines set forth by the Duke Animal Care and 

Use Committee.

Viruses—Vesicular stomatitis virus ovalbumin, serotype Indiana (VSV-OVA, VSV, or 

VSV-IND) and VSV-OVA, serotype NJ (VSV-NJ) (provided by Dorian McGavern, NINDS) 

were propagated on Vero cells. VSV-Sars-S-GFP (gift of Sean Whelan, Washington 

University School of Medicine in St. Louis) was propagated on VeroE6 cells overexpressing 

human TMPRSS2 protease. Influenza B/Malaysia/2506/2004 (Mal/04) and Mal/04-Cre 

expressing viruses (provided by Nicholas Heaton, Duke) were grown in embryonated 

chicken eggs in a humidified incubator at 33°C and Mal/04 assays were performed on 

MDCK cells. See Key Resources Table for virus identifiers.

Cell lines—Vero cells were epithelial kidney cells orginially derived from adult African 

green monkey and maintained in MEM (10% FBS, 1% Pen/Strep, 1% NEAA, 1% Sodium 

Pyruvate). Vero-E6 cells overexpressing human TMPRSS2 were originally cloned from Vero 

76 and maintained in the same Vero media. MDCK cells were orginally derived from adult 

female canine kidney tissue and grown in MEM (5% FBS, 1% Pen/Strep, 1% Glutamax, 2% 

Sodium Bicarbonate, 2% HEPES). See Key Resources Table for more information.

METHOD DETAILS

Viral Titer Quantification—Plaque/focus-forming assays were performed to quantify 

VSV and Mal/04 viral titers, while qRT-PCR was used to quantify VSV-Sars-S-GFP titer. 

Briefly, animals were perfused intracardially with PBS and tissues (olfactory mucosa, 

olfactory bulb, lung, popliteal lymph nodes) were snap frozen on dry ice. Tissues were 

immersed in 1 mL of 2% FBS MEM containing zirconia silica beads (Biospec Products 

#11079125z) and homogenized for 1 min using a Biospec Products Mini Beadbeater.
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Plaque/focus-forming assays –—For VSV, plaque assays were performed by spinning 

homogenates for 10 min at 1500 x g/4°C and serially diluting supernatants in MEM for 

quantification on Vero cells. One-hundred microliters of diluted homogenate were added 

to Vero monolayers in flat-bottom 24-well plates and incubated for ~1 hour at 37°C in 

5% CO2. Four hundred microliters of 1% methylcellulose in MEM were added to each 

well, and plates were incubated for 18-24 hrs. Cells were subsequently fixed with 1.25% 

neutral buffered formalin (10 min), stained with crystal violet (10 min), and plaques were 

enumerated. For Mal/04, focus-forming assays were performed by spinning homogenates 

for 10 min at 1500 x g/4°C and serially diluting supernatants in Infection PBS (35% BSA, 

1% Pen-Strep, 1% Ca+ Mg+ in PBS) for quantification on MDCK cells. One-hundred 

microliters of diluted homogenate were added to MDCK monolayers in flat-bottom 24-well 

plates and incubated for ~1 hour at 37°C in 5% CO2. Four hundred microliters of agar 

overlay (0.01% DEAE Dextran, 0.066% NaHCO3, 0.5% Oxoid agar, 22% dH2O, 0.1% 

Trypsin in MEM) were added to each well, and plates were incubated for 24-36 hrs. To 

enumerate influenza focus-forming units, Cells were subsequently fixed with 1.25% neutral 

buffered formalin (10 min), washed with PBS, treated with 300 μL primary antibody (1:1000 

hyperimmune α-Mal/04 serum), and incubated for 1 hr at RT with gentle shaking. Cells 

were washed with PBS and 300 μL secondary antibody (1:2000 Peroxidase-conjugated 

AffiniPure Goat Anti-Mouse IgG 0.8/mL, Jackson Immunoresearch) was added, incubating 

on shaker at RT for 45 min before washing with PBS and adding 200 μL AEC substrate 

(SeraCare KPL TrueBlue Substrate) per well. After 10 min of RT incubation, plates were 

washed, and focus-forming units were quantified.

qRT-PCR –—VSV-Sars-S-GFP was quantified via qRT-PCR. Virally infected tissues 

(olfactory mucosa) were harvested and snap frozen. Tissues were homogenized with 

zirconia/silica beads using a tissue beater in RNA lysis buffer (Qiagen). Homogenates 

were centrifuged for 10 min at 1500 x g/4°C. Viral RNA was extracted from clarified 

supernatant using QIAamp Viral RNA kit (see Key Resources Table). Quantitative PCR was 

performed using EXPRESS One-Step Superscript qRT-PCR kit (see Key Resources Table) 

and using 18S rRNA as an endogenous control (ThermoFisher Scientific, #4319413E) using 

the QuantStudio 6 pro instrument (ThermoFisher). Gene expression was plotted on an 

arbitrary standard curve then normalized to 18S in the same sample using QuantStudio 

Design and Analysis Software (ThermoFisher). Quantification of viral reads (in duplicates) 

was performed with the following custom primers and probes (IDT) (Sequences provided 

in the Key Resources Table) : SARS CoV-2 S FWD, SARS CoV-2 S REV, SARS CoV-2 S 

Probe, Eukaryotic 18s rRNA Endogenous Control

Neutralizing Antibody Titers VSV –—Mice were bled retro-orbitally with heparinized 

tubes and whole blood was centrifuged at 2,000 x g for 10 minutes at 4°C. Plasma was 

taken, serially diluted two-fold in MEM, and mixed with VSV (50 PFU/well) in 96-well 

plates. After incubating for 90 minutes at 37°C, 100 μL of plasma/virus mixture was added 

to monolayers of Vero cells in a 96-well plate. Cells were incubated for 1 hr at 37°C and 

5% CO2 before adding 100 μL of 1% methylcellulose overlay. After 18-24 hrs of incubation, 

cells were fixed with 1.25% neutral buffered formalin, stained with crystal violet, and 
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plaques enumerated. The highest dilution that reduced plaque numbers by >50% was taken 

as the neutralizing antibody titer.

Influenza B Mal/04 –—Serum was obtained as with VSV and serially diluted in Infection 

PBS (see “Viral Titer Quantification”). Diluted serum was incubated with Influenza B 

Mal/04 (50 PFU/well) for 90 minutes at 37°C. 100 μL of serum/virus mixture was added to 

monolayers of MDCK cells in a 96-well plate and incubated for 1 hr at 37°C and 5% CO2. 

100 μL of oxoid agar overlay (see “Viral Titer Quantification”) was then added to each well, 

incubated 24-36 hours, and cells were fixed and stained as described in focus-forming assay. 

The highest dilution that reduced focus numbers by >50% was taken as the neutralizing 

antibody titer.

Infections—VSV Eight to fourteen-week-old mice were infected intranasally (IN) by 

pipetting 10 μL of viral diluent in each nostril (1 x 105 PFU total) under anesthesia. 

For intraperitoneal (IP) infections, mice were infected with 5 x 106 PFU of VSV. For 

subcutaneous challenge (SC) experiments, mice were infected via hock injection with 25 μL 

per hind leg (1 x 105 PFU total). Influenza B Mal/04 Eight to twelve-week-old mice were 

infected IN by pipetting 25 μL of viral diluent in each nostril (5 x 105 PFU total) under 

isoflurane anesthesia.

VSV-Sars-S-GFP Eight to twelve-week-old mice were infected IN by pipetting 25 μL of 

viral diluent in each nostril (1.25 x 105 PFU total) under anesthesia.

Antibody transfers—Anti-VSV hybridoma producing the neutralizing monoclonal 

murine IgG2a antibody (VI10) was generated as previously described (Kalinke et al., 1996) 

and a kind gift from Matteo Iannacone (Ospedale San Raffaele, Milan, Italy). Convalescent 

plasma specific for VSV and Mal/04 Influenza B were generated by repeated infections 

with each respective virus to create hyperimmune mice. Mice were bled retro-orbitally 

with heparinized tubes following infectious boosts, and finally terminally bled by cardiac 

puncture before whole blood was centrifuged at 2,000 x g for 10 minutes at 4°C. In each 

experiment, mice received 500 μL of plasma IP 12 hours prior to infection.

Parabiosis—Surgeries were performed as previously described (Wright et al., 2001). 

Briefly, mice (1 VSV IP-infected d21 partner, 1 naïve partner) were anesthetized using a 

solution of 90 mg/kg Ketamine, 10 mg/kg Xylazine, and 2 mg/kg Acepromazine in PBS. 

Hair removal cream was applied to the sides of both mice and a sterile incision was made 

from the forelimb elbow to the hindlimb knee. Sutures were used to join the forelimbs 

and hindlimbs of the animals at the joints, and the skin flaps of both animals were sutured 

together. Surgical staples were used to reinforce the attachment before being removed 1 

week after surgery.

Immunohistochemistry—Mice were perfused intracardially with 2.5% neutral buffered 

formalin (NBF) and skin around the head and nose was removed before fixing whole heads 

in 2.5% NBF overnight at 4°C. Heads were then submerged in a 0.5 M EDTA solution for 

5-7 days at 4°C to decalcify bone around the olfactory regions. Once decalcified, heads were 

embedded in tissue freezing medium (Triangle Biomedical Sciences) for sagittal or coronal 
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sections. Cryosections were cut using a Leica CM1850 cryostat at a thickness of 30 μm 

after which sections were washed and stained in PBS. Primary antibodies were incubated 

on cryosections overnight at 4°C, and secondary staining was done for 2 hrs at 4°C. After 

staining, sections were washed 4-5 times with PBS, and 2-3 drops of Mowiol Mounting 

Media (9.6% (w/v) Mowiol 4-88, 24% (w/v) glycerol, 2.5% DABCO, 0.1 M Tris-Cl pH 8.5 

in water) were added to each section before addition of a coverslip. Images were acquired 

using a Leica SP8 Upright Confocal Microscope equipped with 405 nm diode laser, Argon/2 

(458, 488, 514 nm) laser, 561 nm diode laser, and HeNe 633 nm laser. Image analysis was 

performed using Imaris software (Bitplane) version 7.6.1.

Quantification of viral infection by immunohistochemistry—mT/mG mice were 

infected IN with Mal/04-Cre virus (5 x 106 FFU). Four mice were used as naïve controls, 

and four mice received IP injections of 500 μL of convalescent plasma per mouse 12 hours 

prior to infection. Three sagittal sections per mouse were prepared and stained with DAPI 

(1.25 μg/mL). Infected (mGFP+) cells were quantified per mm of olfactory epithelium or 

respiratory epithelium.

In vivo α-EpCAM antibody treatment—20 μg of α-EpCAM antibody (see Key 

Resources Table for antibodies) in 100 μL PBS were injected IP into OMP-GFP 

mice 12 hours prior to sacrifice. Sagittal sections were prepared as described in 

“Immunohistochemistry” above. For quantification of EpCAM staining, six serial sections 

from two mice were prepared. Half of the sections were stained ex vivo for positive controls 

of EpCAM biodistribution, with the same α-EpCAM antibody (5 μg/mL). These positive 

controls then received donkey α-rat-AlexaFluor647 (2.5 μg/mL) and DAPI (1.25 μg/mL) 

as a secondary stain. The other sections, having received only in vivo α-EpCAM antibody 

were stained ex vivo with only donkey α-rat-AlexaFluor647 (2.5 μg/mL) and DAPI (1.25 

μg/mL). Tile scan images of the entire head were captured using the Leica SP8 Confocal 

Microscope. Image analysis was performed using Imaris software (Bitplane) version 7.6.1. 

To quantify EpCAM signal in olfactory and respiratory regions, custom surfaces were drawn 

using OMP-GFP signal as a demarcation between olfactory and respiratory epithelium. The 

intensity sum of the EpCAM signal with background subtraction was calculated for each 

surface. This value was normalized to the DAPI intensity sum to account for variation in 

region size, achieving a normalized EpCAM intensity value.

Flow Cytometry and Cell Isolation—Five minutes prior to sacrifice, 5 μL of α-CD45.2 

antibody (see Key Resources Table for all antibodies and dilutions) was pipetted into both 

nostrils of each mouse (1 μg total). Mice were perfused intracardially with saline solution 

prior to harvesting organs and mincing with scissors. Tissues were digested in 0.5 mL 

Hibernate A with DNase I (Roche, 0.5 mg/mL) and Collagenase D (Roche, 0.5 mg/mL) at 

37°C for 30 min with constant shaking. Cells were washed, spun down at 500 x g for 5 

min, and resuspended in PBS. Cells were stained on ice for 20 min with α-B220, Zombie 

UV Viability dye, and α-CD45. Cells were then washed, spun down at 500 x g for 5 

min, and fixed and permeabilized with True-Nuclear Fix/Perm Buffer system (Biolegend) 

as directed. Cells were then stained with α-IgG, α-IgA, and α-IgM in True Nuclear Perm 

Buffer (Biolegend) on ice for 20 min. Cells were washed with True Nuclear Perm Buffer and 
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analyzed on a BD Fortessa-X20 Flow Cytometer equipped with five lasers (UV, 405, 466, 

561, and 640 nm excitation). Data analysis was conducted in FlowJo 10.8.1.

B cell Enzyme-linked Immunospot Assay (ELISpot)—PVDF 96-well plates 

(MabTech) were prewet with 15μL of 35% ethanol and incubated for 30 seconds. The 

ethanol was then firmly shaken-out and wells were immediately rinsed 2x with 200 μL of 

PBS. 50 μL of VSV-containing supernatant (108 PFU equivalent) was added as antigen to 

each well before incubation overnight at 4°C. Antigen solution was then removed from the 

wells and washed 3x with 200 μL PBS. The plate was incubated for 1 hr at RT with 200 

μL of blocking buffer (RPMI, 5% FBS, 0.01% PenStrep, and 0.01% GlutaMAX). Cells were 

harvested from mouse bone marrow or olfactory mucosa septum peel (OM). The plate was 

decanted and cells were seeded onto plates at two separate dilutions with 3 replicates per 

dilution in RPMI blocking buffer, 100 μL/well. BM cells were seeded at 2 x 106 or 5 x 

105 cells/well, and OM peels were seeded in two dilutions dependent on the total number 

of cells available. Plates were incubated overnight at 37°C and 5% CO2 before removing 

the cells and rinsing twice in 200 μL PBS. The empty plate was rinsed 5 times in wash 

buffer (0.025% Tween-20 in PBS) before incubation at RT for 2 hours with 100 μL of 

diluted biotinylated detection antibody (Peroxidase-conjugated AffiniPure Goat Anti-Mouse 

IgG 0.8/mL, Jackson Immunoresearch) diluted 1:2500 in PBS. The plate was then emptied 

and the underdrain removed prior to washing both sides of the plate 5 times with Tween-20 

wash buffer. The plates were subsequently incubated for 30 minutes at RT in the dark with 

AEC substrate (100 μL/well, SeraCare KPL TrueBlue Substrate). Color development was 

stopped by rinsing both sides of the plate with DI water and air dried in the dark. Once dry, 

spots were enumerated and the average of all 6 replicates for each sample was calculated.

In vivo depletion/blockade studies—CXCR3 blockade was performed by IP 

administration of α-CXCR3 antibody (see Key Resources Table for all depleting/blocking 

antibodies) at days 3 (250 μg/mouse), 5 (500 μg), 7 (500 μg), and 10 (250 μg) post-infection. 

For CD4+ T cell depletion, α-CD4 antibody was injected IP 1 day prior to infection (500 

μg/mouse). CD40L blockade was done by IP dose of α-CD40L antibody at day 3 following 

infection (250 μg/mouse). CD8+ T cell depletion was performed by giving α-CD8 antibody 

IP 1 day prior to infection (250 μg) and 4 days after infection (100 μg). For NK cell 

depletion, α-NK1.1 antibody was injected IP 1 day prior to infection (250 μg) and 4 days 

after infection (100 μg). For plasma cell depletions, mice were infected with VSV-IND at 

least three weeks prior to plasma cell depletion. Mice were treated with 3 μg of Bortezomib 

(5 mg/mL in DMSO, diluted in PBS to 100 μL/mouse) or 1 μg of Marizomib (0.2 mg/mL 

in DMSO, diluted in PBS to 100 μL/mouse) on days 22- and 26-post infection and rested 

until prior to rechallenge (d40). For AID-Cre DTR experiments mice were administered 1 μg 

diphtheria toxin (DT) IP three weeks following infection, followed by 14 days of rest prior 

to rechallenge.

Cxcl9/10 qRT-PCR—B6 Mice were infected IP with VSV and tissues (olfactory mucosa, 

medisastinal lymph nodes) were harvested and snap frozen. qRT-PCR was performed as 

described above. Quantification of viral reads (in duplicates) was performed with the 

following custom primers and probes (IDT) (Sequences provided in the Key Resources 
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Table): Cxcl9 FWD, Cxcl9 REV, Cxcl9 Probe, Cxcl10 FWD, Cxcl10 REV, Cxcl10 Probe, 

Eukaryotic 18s rRNA Endogenous Control, Assay ID: Hs99999901_s1; ABY-QSY Jira 

56112

Mixed Bone Marrow Chimeras—Eight-week-old Cxcr3−/− mice were irradiated with 

840 rads using a Precision X-RAD 225Cx. Four hours following X-ray irradiation, mice 

were reconstituted with the following combinations of bone marrow: WT, Cxcr3−/−:μMT 

(30:70), or Cxcr3−/−+Tcra−/− (30:70) (~2 x 106 cells/mouse, IV injection). Eight weeks 

following bone marrow transfer mice were infected and rechallenged as indicated in 

“Infections”.

Vaccinations—VSV was propagated in Vero cells prior to concentration and inactivation 

for vaccine adjuvant. Vero media was harvested, centrifuged at 2,000 x g for 5 minutes, 

and the supernatant containing virus was passed through a 0.22 micron filter. Virus was 

concentrated by ultracentrifugation for 90 minutes at 40,000 x g and 4°C. VSV was then 

inactivated by exposing to UV light (1 cm from 30 W UV bulb) for 3 hours. Complete 

VSV inactivation was confirmed by plaque-forming assay. VSV-UV (50 μL/mouse) was 

mixed with various adjuvants (see Key Resources Table): Imject alum (50 μL/mouse), CpG 

(2 μg/mouse in 50 μL PBS), dmLT (5 μg/mouse in 50 μL PBS). Total volume for all IP 

and intramuscular immunizations was 100 μL, and immunization dose was halved for IN 

immunizations. Pfizer-BioNTech vaccine was administered IM (50 μL, 5 μg) to mice 21d 

prior to IN challenge.

Bioinformatic analysis—All analysis of single-cell RNAseq data was conducted in R 

v4.0.3 and Seurat v4.1.0. Data was obtained from Durante et. al. 2020 (Durante et al., 2020) 

(see Key Resources Table). Briefly, UMAP dimensional reduction and nearest neighbor 

clustering was used to identify immune cell clusters with high Ptprc gene expression. 

Further subsetting, UMAP dimensional reduction, and clustering was used to identify B cell 

subsets based on Ig gene expression. Differentially expressed genes were used to identify 

and name these groups. All code is deposited on GitHub (see Key Resources Table).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and graphics—All statistical analyses were performed in 

GraphPad Prism 9.1.2 as indicated in the figure legends. Plots were generated in Prism 

and original diagrams were created with BioRender.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The olfactory mucosa is not protected by serum antibody

• A blood-endothelial barrier separates olfactory mucosa from circulating 

antibody

• Mucosal plasma cells within olfactory tissue secrete local, protective antibody

• Vaccinations often fail to drive plasma cells to the olfactory mucosa
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Figure 1 - Circulating Antibody Fails to Protect URT and Brain from Viral Infection
(a) Murine (left) and human (right) URT and brain, with olfactory regions in purple. Viral 

neuroinvasion via OSNs depicted below. (b-c) OM VSV titers (b) and OB VSV titers (c) 
from mice challenged IN with VSV. Experimental groups: naive mice (n = 5) and mice 

infected either IN (n = 5) or IP (n = 5) with VSV 35d prior to challenge. Data representative 

of two independent experiments. (d-e) OM VSV titers (d) and OB VSV titers (e) from 

mice IP infected with VSV-NJ and 28d later challenged IN with VSV-IND alongside naïve 

controls. (f-i) Experimental design (f), OM VSV titers (g), OB VSV titers (h), and plasma 
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nAb titers (i). Experimental groups: naïve mice (n = 5), mice IP infected with VSV 21d 

prior to IN rechallenge (n = 5), and mice receiving IP transfer of either α-VSV convalescent 

plasma (n = 5) or VI10 α-VSV monoclonal antibody (n = 5) 12h before VSV IN challenge. 

Data representative of two independent experiments. (j) LN VSV titers from mice treated 

as in (f-i) and challenged SC. Popliteal LNs harvested 8h after challenge. (k-n) Parabiosis 

experimental outline (k), OM VSV titers (l), OB VSV titers (m), and plasma nAb titers (n). 
Mice infected with VSV IP (−21d) were surgically conjoined with naïve mice. At either 12 

(n = 2 pairs) or 20 (n = 2 pairs) days after attachment, both mice were challenged IN with 

VSV. For (b-c, g-j), statistical significance determined using Ordinary One-Way ANOVA 

with multiple comparisons. Parametric unpaired t-test used for (d-e). Ratio paired t-test used 

for (l-n). ND (not detected), ns (not significant) P > 0.05, * P < 0.05, ** P < 0.01, *** P < 

0.001, **** P < 0.0001. See also Figure S1.
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Figure 2 - Antibody Diifferentially Protects Nasal Respiratory and Olfactory Epithelium
(a-b) OM Mal/04 Influenza B viral titers (a) and plasma nAb titers (b) from IN infected 

mice. Experimental groups: mice infected with Mal/04 21d prior (n = 5), mice receiving 

anti-Mal/04 convalescent plasma (n = 5) 12h before challenge, and naïve mice (n = 5). 

Data representative of two independent experiments. (c-d) mT/mG mice were IN infected 

with Mal/04-Cre and fixed 48h later for immunofluorescent confocal microscopy. Mice 

received either no treatment (n = 4) or convalescent plasma transfer (n = 4) 12h prior 

to challenge. Representative images of OE and RE tissue shown in (c). Quantification 

of infected cells (GFP+) per mm of epithelium, 3 sagittal sections per mouse (d). Scale 

bars = 150 μm. Statistics in (a) calculated by ordinary One-Way ANOVA with multiple 

comparisons. Parametric unpaired t-test performed in (b). Comparisons in (d) evaluated 

using unpaired t-test with Welch’s correction, ns (not significant) P > 0.05, * P < 0.05, ** P 
< 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 3 - Circulating Antibody Cannot Access Olfactory Epithelium
(a-b) 20 μg of anti-EpCAM antibody injected IP into OMP-GFP mice 12h before sacrifice. 

Serial sagittal head sections were prepared and either stained ex vivo with α-EpCAM 

primary antibody followed by DAPI and α-rat Alexa Fluor 647 (a) or stained only with 

α-rat Alexa Fluor 647 and DAPI (b) to reveal in vivo antibody distribution. Blue = DAPI, 

Green = OMP-GFP, White = α-EpCAM. Scale bar = 2 mm. Magnified image shows 

conversion of RE to OE, inset scale bar = 50 μm. (c) Quantification of α-EpCAM signal 

in a-b. Six sections across two mice analyzed for both groups. Olfactory regions defined 

by OMP-GFP expression, all other airway epithelial regions considered respiratory mucosa. 

Total EpCAM signal intensity following background correction was determined for each 

region and normalized to DAPI expression to account for variation in region size. Statistical 

significance determined by ratio paired t-test. ns (not significant) P > 0.05, *** P < 0.001. 

See also Figure S2.
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Figure 4 - Plasma Cells Exist in Mouse and Human Olfactory Mucosa
(a) OM VSV titers from IgA−/− (n = 5) and IgA+/− (n = 5) mice previously infected IN 

with VSV. At 35 dpi, mice rechallenged IN along with naïve IgA−/− mice (n = 5). OM 

VSV titers 48h after challenge. Data representative of two independent experiments. (b-c) 
Total OM plasma cells (b) and isotype proportions (c) from B6 mice infected with VSV IN 

(35 dpi, n = 7) and naïve mice (n = 9). Single cell OM suspensions gated on Live CD45+ 

IN labeled-CD45.2+ and either IgGhi, IgAhi, or IgMhi. Data pooled from two independent 

experiments. (d) Immunofluorescent staining of mouse OM 35d after IN VSV infection. 
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Arrows indicate CD138+ CD45+ plasma cells. Blue = DAPI, Red = CD45, Green = CD138. 

Scale bars = 100 μm. (e-f) ELISpot to detect VSV-specific antibody-secreting cells. OM 

peeled from the septum of naïve (n = 10) or d35 IP infected (n =10) mice. Representative 

image (e) and quantification (f). Data pooled from two independent experiments. (g-i) 
Published human OM single cell RNA-seq data from 4 healthy patients reanalyzed to 

identify antibody-producing cells. (g) UMAP dimensional reduction analysis of the subset of 

antibody-producing cells. Cluster analysis identified plasma cells (green) and naïve B cells 

(red). (h) Original patient identity of each sample. (i) Volcano plot showing significantly 

differentially expressed genes (−log10(adj P value) > 5, log2(FC) > 1) between plasma cells 

(green) and naïve B cells (red). Statistical significance in (a) determined using Ordinary 

One-Way ANOVA for multiple comparisons. Parametric unpaired t-test with Welch’s 

correction used to assess statistical significance in (b) and (f). ND (not detected), ns (not 

significant), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. See also Figure S3.
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Figure 5 - Local Plasma Cells are Required to Protect the Olfactory Mucosa from Infection
(a-b) OM VSV titers (a) and plasma nAb titers (b) from mice IP infected and treated with 

bortezomib (n = 8) 21d after infection or untreated (n = 9). At 35 dpi, mice rechallenged 

with VSV IN. Data pooled from two independent experiments. (c-d) OM VSV titers (c) 
and plasma nAb titers (d) from AIDCre/+ x iDTR mice (n = 4) or AID+/+ control mice (n 

= 4) previously IP infected with VSV. Diphtheria toxin administered 21 and 22 dpi. Mice 

challenged IN with VSV at d35. Data representative of two independent experiments. For (a-

d), parametric unpaired t-test used for significance. ND (not detected), ns (not significant), * 

P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. See also Figure S4.
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Figure 6 - Olfactory Plasma Cell Recruitment Depends on Cxcr3 and T cell Help
(a-b) OM VSV titers (a) and plasma nAb titers (b) from previously infected WT and 

Cxcr3−/− mice rechallenged IN with VSV. Experimental groups: naïve WT mice (n = 3), IP 

infected (21 dpi) WT mice (n = 4), and IP infected (21 dpi) Cxcr3−/− mice (n = 6). Data 

representative of two independent experiments. (c-d) OM VSV titers (c) and plasma nAb 

titers (d) from naïve (n =13), infected isotype control treated mice (n = 12), and infected 

α-CXCR3 mAb treated mice (n = 10). Antibody treatments given d1, 3, 5 after primary 

infection, and mice IN rechallenged 21 dpi. Data pooled from two independent experiments. 
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(e-h) qRT-PCR for Cxcl9 and Cxcl10 from naïve (n = 7) and VSV IP infected WT (n 

= 12) mice 4.5 dpi. (e) Cxcl9 and (f) Cxcl10 from OM. (g) Cxcl9 and (h) Cxcl10 from 

mediastinal LNs. Genes normalized to 18S mRNA and plotted as relative expression over 

mean from naïve group. Data pooled from two independent experiments. (i-j) OM VSV 

titers (i) and plasma nAb titers (j) from control and antibody-treated mice reinfected IN 

with VSV 21d after primary VSV IP infection. Experimental groups: naïve mice (n = 8), 

mice IP infected (n = 10), mice given α-CD4 depleting antibody 1d prior to IP infection 

(n = 10), and mice treated with α-CD40L blocking antibody 2d after IP infection (n = 9). 

Data pooled from two independent experiments. (k) OM viral titers from WT or Cxcr3−/− 

hosts irradiated and reconstituted with WT BM (n = 3), 70:30 Tcrα:Cxcr3−/− BM (n = 6), 

or 70:30 μMT:Cxcr3−/− BM (n = 5). Mice IP infected with VSV 8 weeks after irradiation 

and rechallenged IN with VSV 21d later. (l) OM viral titers from IN rechallenged AID−/− 

(n = 8) or WT mice (n = 8), data pooled from two independent experiments. (m-p) Plasma 

nAb titers with 2-mercaptoethanol treatment for (m) AID−/− mice (from l), (n) Cxcr3−/− 

mice (from a, b), (o) α-Cxcr3 treated mice (from c, d), and (p) α-CD4 and α-CD40L treated 

mice (from g). For (a, c, i, k), statistical significance determined using Kruskal-Wallis 

One Way ANOVA for multiple comparisons. For (e-h, l), parametric unpaired t-test used 

for significance. In (m) statistical significance determined by ratio paired t-test. ND (not 

detected), ns (not significant), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. See 

also Figure S5.
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Figure 7 - A Mucosal Adjuvant, but not Conventional Adjuvants, Drives Olfactory Mucosa 
Protection
(a) nAb titers from mice immunized with UV-inactivated VSV combined with different 

adjuvants. Data representative of two independent experiments. Naïve (n = 5), VSV-UV only 

(n = 5), VSV-UV + alum (n = 5), and VSV-UV + CpG (n = 5) mice. (b) LN VSV titers 

from mice immunized as in (a) and challenged SC with VSV 21d after immunization. (c) 
OM VSV titers from mice in (a) IN challenged 21d after immunization. (d) OM VSV titers 

from mice immunized with VSV-UV alone or combined with Alum or dmLT 21d before IN 
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challenge. Immunization route (IP, IM, or IN) indicated for each group (n = 5 for all groups). 

(e-g) OM (e) and OB (f) VSV titers from mice immunized as in (d), but 21d following 

initial dose, an identical dose and route of immunogen administered 21d before VSV IN 

challenge. (g) Plasma nAb titers from mice in (e, f). n = 5 for all groups except naïve and all 

dmLT groups (n = 10). Data pooled across two independent experiments. (h-i) qRT-PCR for 

Cxcl9 (h) and Cxcl10 (i) from mice that received 2 IP immunizations with either VSV-UV 

+ alum (n = 9) or VSV-UV + dmLT (n = 10) 21 days apart. Mediastinal LNs harvested 

12h following second immunization. Data pooled from two independent experiments. Genes 

normalized to 18S mRNA and plotted as relative expression over mean from naïve group 

(n = 8). (j) OM VSV-SARS-CoV2 titers in naïve K18-hACE2 mice (n=11), K18-hACE2 

mice infected IN 21d prior to rechallenge (n=6), or K18-hACE2 receiving convalescent 

plasma (n = 8) 12h prior to IN challenge. Viral titers quantified by normalizing Spike 

mRNA to 18S mRNA. Data pooled from two independent experiments. (k) OM viral titers 

from Naïve K18-hACE2 mice (n = 7) or K18-hACE2 mice (n = 7) given Pfizer-BioNTech 

Sars-CoV2 vaccine IM 21d prior to IN VSV-Sars-CoV-2 challenge. SARS-CoV-2 Spike 

mRNA normalized to 18S mRNA. Data pooled from two independent experiments. For 

(b-f, h-i), statistical significance determined using Ordinary One-Way ANOVA with multiple 

comparisons. In (j), Kruskal-Wallis One-Way ANOVA with multiple comparisons used 

for statistical significance. In (k), Kolmogorov-Smirnov unpaired t-test was used. ND (not 

detected), ns (not significant), * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. See 

also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

α-mouse CD45.2 Clone 104 (Pac Blue); 1:10 dilution IN Biolegend Cat 109820

α-mouse CD45 Clone 30-F11 (BUV395); 1:500 dilution BD Cat 564279

α-mouse B220 Clone RA3-6B2 (BV-711); 1:500 dilution Biolegend Cat 103255

α-mouse IgG Poly4053 (APC); 1:250 dilution Biolegend Cat 405308

α-mouse IgA Clone C10-3 (FITC); 1:250 dilution BD Cat 559354

α-mouse IgM Clone RMM-1 (PE-Cy7); 1:250 dilution Biolegend Cat 406513

Zombie Viability UV Dye; 1:1000 Biolegend Cat 423107

α-mouse EpCAM Clone G8.8 BioXCell Cat BE0346

α-rat-AlexaFluor647 Jackson Immunoresearch Code 712-605-153

α-mouse CXCR3 Clone CXCR3-173 BioXCell Cat BE0249

α-mouse CD4 Clone GK1.5 BioXCell Cat BE0003-1

α-mouse CD40L Clone Mr-1 BioXCell Cat BE0017-1

α-mouse CD8 Clone YTS 169.4 BioXCell Cat BE0117

α-mouse NK1.1 Clone PK136 BioXCell Cat BE0036

Bacterial and virus strains

VSV ovalbumin, serotype Indiana (Kim et al., 1998) N/A

VSV ovalbumin, serotype New Jersey (Kim et al., 1998) N/A

VSV-Sars-S-GFP (Case et al., 2020) SRA: SRR11878607

Influenza B/Malaysia/2506/2004 (Mal/04) N/A NCBI:txid464417

Mal/04-Cre (Dumm et al., 2019) N/A

Chemicals, peptides, and recombinant proteins

VI10 anti-VSV mAb (Kalinke et. al., 1996) N/A

Bortezomib Millipore CAS 179324-69-7

Marizomib Sigma SKU SML1916

Imject Alum ThermoFisher Cat: 77161

CpG ODN 2395 Invivogen Cat: tlrl-2395

dmLT (Enterotoxigenic E. coli Double Mutant Heat-Labile Toxoid) BEI Resources NR-51683

SARS-CoV-2 mRNA vaccine Pfizer-BioNTech N/A

Critical commercial assays

QIAamp Viral RNA Isolation Kit Qiagen #52904

Express One-Step Superscript qRT-PCR Kit ThermoFisher #1178101

Deposited Data

Previously published single-cell RNA sequencing data (Durante et. al., 2020) GEO accession code: GSE139522

Experimental models: Cell lines

Monkey: Vero cells ATCC CCL-81

Monkey: Vero E6 cells ATCC CRL-1586
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REAGENT or RESOURCE SOURCE IDENTIFIER

Canine: MDCK cells ATCC CCL-34

Experimental models: Organisms/strains

Mouse: C57BL/6J (B6) Jackson Laboratories RRID:IMSR_JAX:000664

Mouse: B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J 
(mT/mG)

Jackson Laboratories RRID:IMSR_JAX:007676

Mouse: B6.129P2-Cxcr3tm1Dgen/J (Cxcr3−/−) Jackson Laboratories RRID:IMSR_JAX:005796

Mouse: B6.129S2-Ighmtm1Cgn/J (μMT) Jackson Laboratories RRID:IMSR_JAX:002288

Mouse: B6;129S2-Tcratm1Mom/J (Tcra−/−) Jackson Laboratories RRID:IMSR_JAX:002116

Mouse: B6.129P2-Aicdatm1(cre)Mnz/J (AIDCre/+, AID−/−) Jackson Laboratories RRID:IMSR_JAX:007770

Mouse: C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J (iDTR) Jackson Laboratories RRID:IMSR_JAX:007900

Mouse: B6.Cg-Tg(K18-ACE2)2Prlmn/J (K18) Jackson Laboratories RRID:IMSR_JAX:034860

Mouse: B6;129P2-Omptm3Mom/MomJ (OMP-GFP) Jackson Laboratories RRID:IMSR_JAX:00666

Oligonucleotides

Cxcl9 FWD: AGGCACGATCCACTACAAATC (500 nM) This paper N/A

Cxcl9 REV: GCAGGTTTGATCTCCGTTCT (500 nM) This paper N/A

Cxcl9 Probe: /56-FAM/CCTCAAAGA/ZEN/
CCTCAAACAGTTTGCCC/3IABkFQ/ (200 nM)

This paper N/A

Cxcl10 FWD: GGCCATAGGGAAGCTTGAAA (500 nM) This paper N/A

Cxcl10 REV: CAGACATCTCTGCTCATCATTCT (500 nM) This paper N/A

Cxcl10 Probe: /5SUN/TCCTGCCCA/ZEN/CGTGTTGAGATCATT/
3IABkFQ/ (200 nM)

This paper N/A

Eukaryotic 18s rRNA Endogenous Control ThermoFisher # CCU002NR

SARS CoV-2 S FWD: ACAGGCACAGGTGTTCTTAC (500 nM) This paper N/A

SARS CoV-2 S REV: GATCACGGACAGCATCAGTAG (500 nM) This paper N/A

SARS CoV-2 S Probe: /56-FAM/CTGCCTTTC/ZEN/
CAACAATTTGGCAGAGAC/3IABkFQ/

This paper N/A

Software and algorithms

Imaris v7.6.1 Bitplane N/A

Flowjo v10.8.1 BD N/A

R v4.0.3 R Project N/A

Seurat v4.1.0 Satija Lab N/A

Prism v9.1.2 GraphPad N/A

Complete code for analysis of single-cell RNA sequencing data This paper DOI: 10.5281/
zenodo.7015296https://zenodo.org/
badge/latestdoi/474683647
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