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Respiratory pathogens, particularly emerging and re -emerg-emerg-emerg-
ing viral and bacterial infections, pose a major threat to plan-
etary health and global economic stability ( 111–1–––1–1 4). Current ). Current 
vaccines are largely pathogen -specific, providing effective specific, providing effective specific, providing effective 
protection against known strains; however, their efficacy is 
limited in the face of microbial mutation, antigenic drift, an-
tigenic shift, and the emergence of unknown pathogens ( 5555–5––5–5
8). There is, therefore, an urgent need for the development of ). There is, therefore, an urgent need for the development of 
a broadly protective, clinicall y applicable vaccine targeting y applicable vaccine targeting 
diverse airborne viruses and bacteria to enhance pandemic 
preparedness and strengthen global health security. Epide-
miological studies have shown that live -attenuated vaccines attenuated vaccines attenuated vaccines 
such as oral polio vaccine (OPV), measles, and Bacillus 
Calmette -Guérin (BCG) can confer nonGuérin (BCG) can confer nonGuérin (BCG) can confer non -specific protection specific protection specific protection 
against unrelated infections ( 99––131313). This effect has been ). This effect has been 13). This effect has been 13
partly attributed to trained immunity ——a memorya memory -like state like state like state 
in innate immune cells such as monocytes, which enhances 
responses to seconda ry microbial exposures through durable ry microbial exposures through durable 
epigenetic and metabolic reprogramming ( 14141414–14––14–14 171717). However, ). However, 17). However, 17
recent studies with the BCG vaccine demonstrate that such 

heterologous protection against diverse respiratory viruses 
relies on the coordinated action of vaccine -induced antigeninduced antigeninduced antigen -
specific T cells, which influence the functional state of innate 
and non -hematopoietic cells in tissues such as alveolar mac-hematopoietic cells in tissues such as alveolar mac-hematopoietic cells in tissues such as alveolar mac-
rophages and lung epithelial cells ( 18181818–18––18–18 2020). Together, these ). Together, these 
findings reveal a complex, tissue -localized immune netlocalized immune netlocalized immune net work work 
involving the concerted action of the adaptive and innate im-
mune systems along with structural cells ———a phenomenon we a phenomenon we 
have termed “integrated organ immunity” ( 181818, 18, 18 2121).).
Epidemiological studies have shown that live -attenuated vac-attenuated vac-attenuated vac-
cines such as oral polio vaccine (OPV), measles, and Bacillus 
Calmette -Guérin (BCG) can confer nonGuérin (BCG) can confer nonGuérin (BCG) can confer non -specific protection specific protection specific protection 
against unrelated infections ( 99––131313). This effect has been ). This effect has been 13). This effect has been 13
partly attributed to trained immunity ——a memorya memory -like state like state like state 
in innate immune cells such as monocytes, which enhances 
responses to secondary microbial exposures through durable 
epigenetic and metabolic reprogramming ( 14141414–14––14–14 171717). However, ). However, 17). However, 17
recent studies with the BCG vaccine demonstra te that such te that such 
heterologous protection against diverse respiratory viruses 
relies on the coordinated action of vaccine -induced antigeninduced antigeninduced antigen -
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Traditional vaccines target specific pathogens, limiting their scope against diverse respiratory threats. We describe an raditional vaccines target specific pathogens, limiting their scope against diverse respiratory threats. We describe an 
intranasal liposomal formulation combining toll -like receptor (TLR) 4 and 7/8 ligands with a model antigen, ovalbumin, that like receptor (TLR) 4 and 7/8 ligands with a model antigen, ovalbumin, that like receptor (TLR) 4 and 7/8 ligands with a model antigen, ovalbumin, that 
provided broad, durable protection in mice for at least 3 months against infection with SARSad, durable protection in mice for at least 3 months against infection with SARS -CoVCoVCoV-2 and 2 and 2 and Staphylococcus Staphylococcus 
aureus. In addition, the vaccine protected mice from other viruses (SARS. In addition, the vaccine protected mice from other viruses (SARS -CoVCoVCoV-2, SARS, SCH014 coronavirus), bacteria 2, SARS, SCH014 coronavirus), bacteria 2, SARS, SCH014 coronavirus), bacteria 
(Acinetobacter baumanniiAcinetobacter baumanniiAcinetobacter baumannii), and all), and allergens. Protection was mediated by persistent ovalbuminergens. Protection was mediated by persistent ovalbumin -specific CD4specific CD4specific CD4 + and CD8and CD8 + memory T memory T 
cells that imprinted alveolar macrophages (AMs), enhancing antigen presentation and antiviral immunity. Following infection, 
vaccinated mice mounted rapid pathogen -specific T cell and antibody responses and formed ectopic lymphoid structures in specific T cell and antibody responses and formed ectopic lymphoid structures in specific T cell and antibody responses and formed ectopic lymphoid structures in 
the lung. These results reveal a class of “universal vaccines” against diverse respiratory threats.he lung. These results reveal a class of “universal vaccines” against diverse respiratory threats.
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specific T cells, which influence the functional state of innate 
and non -hematopoietic cells in tissues such as alveolar mac-hematopoietic cells in tissues such as alveolar mac-hematopoietic cells in tissues such as alveolar mac-
rophages and lung epithelial cells ( 18181818–18––18–18 2020). Together, these ). Together, these 
findings reveal a complex, tissue -localized immune network localized immune network localized immune network 
involving the concerted action of the adaptive and innate im-
mune systems along with structural cells ———a phenomenon we a phenomenon we 
have termed “integrated organ immunity” ( 181818, 18, 18 2121).).
Despite these promising findings, the nonspecific effects of 
BCG are most pronounced when administered intravenously 
in mice; however, because giving vaccines through the blood-
stream is neither safe nor practical in humans, their transla-
tion to large -scalescalescale use is limited. We proposed harnessing 
lung integrated organ immunity to develop a mucosal im-
munization strategy that would be broadly protective against 
airborne pathogens ( 2121). The strategy builds on findings that ). The strategy builds on findings that 
intravenous BCG immunization confers br oad protection oad protection 
against diverse respiratory viruses through MyD88 -mediated mediated mediated 
TLR activation of the innate and adaptive immune responses. 
In addition, in the lung, antigen -specific CD4specific CD4specific CD4 + T cells provide T cells provide 
feedback that promotes antiviral ISG expression in alveolar 
epithelial and myeloid cells via IFN -γ signaling ( 181818). We thus ). We thus 
hypothesized that a mucosal vaccine that delivers TLR lig-
ands alongside an antigen could exploit the dynamic inter-
play between the adaptive and innate immune systems to 
stimulate integrated o rgan immunity and protect against di-rgan immunity and protect against di-
verse pathogens in vivo ( 2121)..

Results
Intranasal vaccination with GLA -3M3M3M -052052052 -LSLSLS ++ OVA OVA 
confers broad and durable protection against diverse 
viral and bacterial infections
We evaluated an intranasal vaccine combining the TLR4 ag-
onist GLA and the TLR7/8 agonist 3M -052052052-LS with ovalbu-LS with ovalbu-LS with ovalbu-
min (OVA), selected to provide a defined antigen and broad 
innate stimulation. Mice received four intranasal doses, and 
resistance to diverse resp iratory pathogens was assessed over iratory pathogens was assessed over 
time (Fig. 1A). Upon challenge with SARS -CoVCoVCoV -2 at 21 days, 2 at 21 days, 2 at 21 days, 
42 days, and 3 months post -vaccinations, vaccinated mice ex-vaccinations, vaccinated mice ex-vaccinations, vaccinated mice ex-
hibited markedly reduced weight loss compared to unvac-
cinated controls (Fig. 1B). Immunohistochemistry1B). Immunohistochemistry , plaque , plaque 
assay, and qPCR analyses confirmed reduced SARS -CoVCoVCoV -2 vi-2 vi-2 vi-
rus load and subgenomic RNA levels in vaccinated mice (fig. 
S1, A and B). Histological analysis of lung tissue at day 3 post -
infection revealed reduced inflammation and alveolar dam-
age in vac cinated animals (Fig.cinated animals (Fig. 1C and fig. S11C). Additional 1C and fig. S11C). Additional 
studies showed that vaccination conferred cross -protection protection protection 
against SARS -CoV MA15 and SCH014 MA15 infections (CoV MA15 and SCH014 MA15 infections (CoV MA15 and SCH014 MA15 infections ( 2222, 
23), evidenced by reduced viral titers, preserved body weight, ), evidenced by reduced viral titers, preserved body weight, 
and attenuated lung damage ( fig. S1, D to I). Three to four fig. S1, D to I). Three to four 
immunizations were sufficient to confer this protective effect 
(fig. S12).
Mice primed with PR8 and subsequently immunized with 

GLA -3M3M3M-052052052-LSLSLS in combination with an antigen found in in combination with an antigen found in 
PR8, the nucleoprotein NP (GLA -3M3M3M-052052052-LSLSLS ++ NP) exhibited NP) exhibited 
reduced SARS -CoVCoVCoV -2 viral loads and attenuated weight loss 2 viral loads and attenuated weight loss 2 viral loads and attenuated weight loss 
upon challenge at both 28 days and 2 months post -vaccina-vaccina-vaccina-
tions (fig. S3), indicating that GLA -3M3M3M-052052052-LS can harness LS can harness LS can harness 
pre-existing antigenexisting antigenexisting antigen -specific memory cells to confer hetero-specific memory cells to confer hetero-specific memory cells to confer hetero-
typic prot ection.ection.
Furthermore, vaccinated mice showed durable protection 
against bacterial infection with Staphylococcus aureusStaphylococcus aureus and and A. A. A. 
baumannii as indicated by lower lung bacterial loads at least as indicated by lower lung bacterial loads at least 
3 months post vaccinations (Fig. 1, D to F).1, D to F).
To determine whether intranasal administration of GLA -3M3M3M-
052-LS + OVA might also contribute to protection against in-LS + OVA might also contribute to protection against in-LS + OVA might also contribute to protection against in-
fections acquired via nonrespiratory routes, we assessed 
whether intranasal vaccination protected mice against intra-
venous infection with S. aureus.S. aureus. Immunized mice exhibited Immunized mice exhibited 
lower kidney bacterial load and diminished weight loss com-
pared with unvaccinated mice (fig. S11, J and K).
Finally, we evaluated the effectiveness of the GLA -3M3M3M-052052052-LS LS LS 
+ OVA mucosal vaccine in immunologically experienced tis-
sues by vaccinating mice that had been infected with PR8 
four months earlier. Vaccinated non -naïve mice exhibited re-naïve mice exhibited re-naïve mice exhibited re-
duced bacterial loads i n the lung compared with unvac-n the lung compared with unvac-
cinated controls, and to a similar extent as vaccinated naïve 
mice (fig. S14). These results demonstrated that intranasal 
GLA -3M3M3M-052052052-LS + OVA induced antigenLS + OVA induced antigenLS + OVA induced antigen -agnostic and broadly agnostic and broadly agnostic and broadly 
protective immunity in both naïve and antigen -eeexperienced xperienced 
hosts.

Vaccination establishes durable antigen -specific TRM specific TRM specific TRM 
responses and reprograms alveolar macrophages 
through epigenomic remodeling
To elucidate the cellular mechanisms underpinning the du-
rable, non -specific protection, we characterized the innate specific protection, we characterized the innate specific protection, we characterized the innate 
and adaptive responses elicited by GLA -3M3M3M-052052052-LS + OVA LS + OVA LS + OVA 
immunizations. Following intranasal vaccination, multiple 
innate immune cell subsets upup-regulated the coregulated the coregulated the co -stimulatory stimulatory stimulatory 
molecule CD86 and antigen presenting cells (APC) ——
including alveolar macrophages (AM), dendritic cells (DC), 
monocyte, and F4/80 + macrophagesmacrophages ——infiltrated the bronchi-infiltrated the bronchi-
oalveolar lavage (BAL) fluid shortly after immunization (fig . 
S15, A and B). While most innate immune responses returned 
to baseline within one week, AM activation remained ele-
vated for at least 90 days (Fig. 2A and S5B). MHC -II expres-II expres-II expres-
sion in AM and MHC -I expression in both AM and DC I expression in both AM and DC I expression in both AM and DC 
remained elevated at 21 days or 3 months after vaccination, 3 months after vaccination, 
consistent with sustained antigen -presenting capacity (fig. presenting capacity (fig. presenting capacity (fig. 
S5, C to G).
We evaluated T cell responses using flow cytometry. Mucosal 
vaccination generated a high frequency of long -lived vaccinelived vaccinelived vaccine -
specific (tetramer + OVAOVA -specific) CD4specific) CD4specific) CD4 + and CD8and CD8 + T cells in the T cells in the 
lungs (Fig. 2B). These T cells could produce cytokines such as 
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IFN γ, IL -2, TNF2, TNF2, TNF α, and IL -17A upon antigen stimulation (Fig. 17A upon antigen stimulation (Fig. 17A upon antigen stimulation (Fig. 
2B and fig. S16, A to C). Furthermore, we confirmed that high 
frequency of CD8 + and CD4and CD4 + tissue resident memory T (TRM) tissue resident memory T (TRM) 
cells, which were identified as 
CD45 +TCRTCRTCRTCR β++CD8CD8 +/CD4/CD4/CD4/CD4 +CD45(CD45(CD45(CD45( i.vi.v .).)-CD44CD44CD44CD44 +CD69CD69CD69CD69 +CD103CD103CD103CD103 + cells, 
accumulated in vaccinated lungs at least 3 months post -vac-vac-vac-
cinations (Fig. 2C and fig. S16D). These results were notable 
because TRMs are highly effective in conferring protection 
against respiratory pathogens ( 2424, 2525), yet standard intra-), yet standard intra-
muscular immunizations do not typically induce a high mag-
nitude of TRMs ( 2626, 27272727).).27).27
We next assessed cytokine profiles using Luminex. Immun-
ization was associated with a transient but marked elevation 
of key inflammatory mediators in BAL fluid, including 
CXCL10, CCL5, CCL2, and IFN -γ, reflecting effective engage-
ment of both innate and adaptive immune pathways ( 2828) (fig. ) (fig. 
S7B). While most cytokine levels normalized within 3 days, 
Interferon -induced chemokines CXCL10, CCL5, soluble Re-induced chemokines CXCL10, CCL5, soluble Re-induced chemokines CXCL10, CCL5, soluble Re-
ceptor Activator of Nuclear Factor κκB Ligand (sRANKL), and 
B cell Activating Factor (BAFF) remained elevated at day 7. day 7. 
Inflammatory cytokine levels in serum (fig. S17C) were mark-
edly lower than those in BAL fluid (fig. S17B), suggesting that 
the vaccine -induced cytokine response was mostly localized induced cytokine response was mostly localized induced cytokine response was mostly localized 
within the lung.
To capture system -wide, longwide, longwide, long -term transcriptional dynamics, term transcriptional dynamics, term transcriptional dynamics, 
we conducted single cell RNA -sequencing (scRNAsequencing (scRNAsequencing (scRNA -seq) on seq) on seq) on 
119,876 lung cells collected at multiple timepoints. Cell clus-
tering revealed antigen presentation pathways were enriched 
in type 2 conventio nal dendritic cells (DC2), interstitial mac-nal dendritic cells (DC2), interstitial mac-
rophage (IM), ciliated epithelial cells, and AM at 21 days post -
vaccinations, and elevated gene expression levels persisted 
for at least 3 months in ciliated cells and AM_2 populations 
(fig. S8, A to C). ATII cell s and AM_2 populations exhibited s and AM_2 populations exhibited 
persistent up -regulation of antigenregulation of antigenregulation of antigen -presentation relative presentation relative presentation relative 
genes, such as H2 -D1, H2D1, H2D1, H2 -K1, H2K1, H2K1, H2 -Q7, H2Q7, H2Q7, H2 -Aa, and CD74 (fig. Aa, and CD74 (fig. Aa, and CD74 (fig. 
S8, D to F). We performed scATAC -seq on a total of 96,834 seq on a total of 96,834 seq on a total of 96,834 
lung cells, revealing distinct chromatin accessib ility patterns ility patterns 
across naïve, 21 days, and 90 days post -vaccinations groups vaccinations groups vaccinations groups 
(Fig. 2D). Chromatin loci associated with the antigen presen-2D). Chromatin loci associated with the antigen presen-
tation gene H2 -Aa, interferonAa, interferonAa, interferon -stimulated genes Ccl5, Ifnstimulated genes Ccl5, Ifnstimulated genes Ccl5, Ifn αr2, 
inflammation -regulation gene Il10rb, and membrane lipid regulation gene Il10rb, and membrane lipid regulation gene Il10rb, and membrane lipid 
tran sport proteinsport protein -GRAM Domain Containing 1B (Gramd1b) GRAM Domain Containing 1B (Gramd1b) GRAM Domain Containing 1B (Gramd1b) 
remained accessible in AM for at least 3 months post -vaccina-vaccina-vaccina-
tion (Fig. 2E and fig. S19C). Transcription factor (TF) motif 2E and fig. S19C). Transcription factor (TF) motif 
analysis showed enrichment of AP -1, including Fos, Fosb, 1, including Fos, Fosb, 1, including Fos, Fosb, 
Jund, Jun, and Junb, across multiple populations, including 
T cells, ATII, AM, IM, type 1 conventional dendritic cells 
(DC1), neutrophils, ciliated cells, and monocytes. TF motifs of cells, and monocytes. TF motifs of 
several AP -1, STATs, IRFs, and NF1, STATs, IRFs, and NF1, STATs, IRFs, and NF -κκB families remained ac-
cessible in various T cell populations and AM for at least 3 AM for at least 3 
months post -vaccination, consistent with features of trained vaccination, consistent with features of trained vaccination, consistent with features of trained 
immunity ( 161616, 16, 16 171717, 17, 17 2929, 303030) (Fig.) (Fig. 2F and fig. S9D).2F and fig. S9D).

We concluded that GLA -3M3M3M-052052052-LSLSLS ++ OVA vaccination in-OVA vaccination in-
duced a robust and durable immune response, characterized 
by the induction of antigen -specific TRM cells and persistent specific TRM cells and persistent specific TRM cells and persistent 
reprogramming of epithelial and innate cells ———particularly particularly 
AMs ——marked by sustained epigenetic and transcriptional marked by sustained epigenetic and transcriptional 
chang es that promote heightened antigenes that promote heightened antigen -presenting and an-presenting and an-presenting and an-
tiviral states.

AntigenAntigen -specific T cells orchestrate integrated lungspecific T cells orchestrate integrated lungspecific T cells orchestrate integrated lung
immunity through alveolar macrophages
To dissect the potential contribution of adaptive immunity to 
vaccine -induced nonspecific protection, we compared the an-induced nonspecific protection, we compared the an-induced nonspecific protection, we compared the an-
tigen -agnostic protection of GLAagnostic protection of GLAagnostic protection of GLA -3M3M3M-052052052-LS with or without LS with or without LS with or without 
OVA antigen. Although both formulations provided partial 
protection at 21 day s, the addition of OVA to vaccine formu-s, the addition of OVA to vaccine formu-
lation was required for preventing weight loss at 42 days and 
3 months post -vaccinations (fig. S10A). This suggested an vaccinations (fig. S10A). This suggested an vaccinations (fig. S10A). This suggested an 
adaptive response requirement for long -lived heterologous lived heterologous lived heterologous 
protection. Depletion of both CD4 + and and CD8CD8 + T cells in mice T cells in mice 
throughout the immunization regimen with GLA -3M3M3M-052052052-LS LS LS 
+ OVA abolished vaccine -mediated protection against SARSmediated protection against SARSmediated protection against SARS -
CoV -2, as body weight loss and lung pathology was similar to 2, as body weight loss and lung pathology was similar to 2, as body weight loss and lung pathology was similar to 
that observed in unvaccinated mice (Fig. 3A and fig. S110B). 3A and fig. S110B). 
Moreover, GLA -3M3M3M-052052052-LS + OVALS + OVALS + OVA ––induced protection induced protection induced protection 
against bacterial loads following S. aureusS. aureus infection were 
abolished in mice depleted of both CD4 + and CD8 + T cells 
(Fig. 3A). Depletion of either CD4 + or CD8or CD8 + T cells alone was T cells alone was 
not sufficient to abrogate GLA -3M3M3M-052052052-LS + OVA protective LS + OVA protective LS + OVA protective 
effects, indicating that both T cell populations present redun-
dant roles (Fig. 3A).
In the context of BCG vaccination, CD4 + T cell help is re-
quired for the broadly protective roles of innate cells ( 181818, 18, 18 191919). ). 19). 19
Consequently, we assessed whether T cell depletion impaired 
the training of innate immune cells in our model. In mice 
where CD4 + and CD8 + T cells were depleted, the expression T cells were depleted, the expression 
of CD86 across AM, F4/80 + macrophages, and DC subsets in 
response to GLA -3M3M3M-052052052-LS + OVA was decreased compared LS + OVA was decreased compared LS + OVA was decreased compared 
to vaccinated control mice (Fig. 3B). T cell ablation also di-3B). T cell ablation also di-
minished MHC -II upII upII up -regulation in AM and regulation in AM and regulation in AM and altered the fre-altered the fre-
quency of neutrophil in lung and infiltration of DCs in BAL 
(fig. S11). These findings suggested a feed -forward circuit forward circuit forward circuit 
linked antigen -specific T cell responses to tissuespecific T cell responses to tissuespecific T cell responses to tissue -resident in-resident in-resident in-
nate programming and was essential for establishing broad, 
heterogeneous protective immunity.
We performed single -nucleus spatial transcriptomic analysis nucleus spatial transcriptomic analysis nucleus spatial transcriptomic analysis 
on lungs from unvaccinated mice, vaccinated mice, and vac-
cinated mice depleted of CD4 + and CD8 + T cell during im-
munizations. UMAP projection of 53,645 spatially resolved 
nuclei revealed diverse lung cell populations, including alve-
olar epithelial cells, AM, interstitial macrophages (IM), DC, 
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T, and B lymphocytes (Fig. 3C). Spatial clustering and map-3C). Spatial clustering and map-
ping of transcriptional signatures showed marked differences 
in tissue organization and cellular composition across 
groups, with pronounced spatial reconfiguration in vac-
cinated lungs (Fig. 3D and fig. S112B). Consistent with our 3D and fig. S112B). Consistent with our 
previous results, pathway -level comparisons between vac-level comparisons between vac-level comparisons between vac-
cinated and unvaccinated mice using blood transcription 
modules (BTMs) ( 181818, 18, 18 3131) indicated up) indicated up -regulation of antigen regulation of antigen regulation of antigen 
presentation, phagocytosis, and anti -viral immunity acviral immunity acviral immunity ac tiva-tiva-
tion signatures in AM of vaccinated mice. Nevertheless, these 
alterations were lost upon T cell -depletion (Fig. 3E and fig. depletion (Fig. 3E and fig. depletion (Fig. 3E and fig. 
S12, C and D).
Focusing on T cells, we identified distinct transcriptional 
clusters enriched for TRM -associated genes, including Itgae, associated genes, including Itgae, associated genes, including Itgae, 
Itgal, Runx3 (fig. S113, A and B). Spatial mapping confirmed 
that TRM CD8 + and memory CD4and memory CD4 + T cells preferentially accu-T cells preferentially accu-
mulated in vaccinated lungs whereas their frequency and 
spatial residency were markedly diminished in T cell –––de-de-
pleted mice (fig. S113, C to E). Analysis of intercellular com-
munication strength, integrating spatial localization a nd nd 
ligand -receptor expression profiles, reveareceptor expression profiles, reveareceptor expression profiles, revea led globally en-led globally en-
hanced interactions in vaccinated lungs (Fig. 3F). We ob-3F). We ob-
served enriched T cell ––B cell and T cellB cell and T cell ––innate cell innate cell 
communications, as well as reinforced signaling between AM 
and alveolar epithelial cells (ATI and ATII), both of which 
were attenuated in T cell -depleted mice.depleted mice.depleted mice.
To further dissect the molecular mediators underlying vac-
cine efficacy, we assessed the role of key immunomodulatory 
pathways between T cells and innate cells. The protein 
RANKL which is a critical mediator of T cell –––driven regula-driven regula-
tion of innate cell surviv al and antigen presentation (al and antigen presentation ( 3232), was ), was 
abundant in BAL fluid during GLA -3M3M3M-052052052-LS + OVA im-LS + OVA im-LS + OVA im-
munizations (fig. S17B). Continuous depletion of RANKL dur-
ing immunizations, using an anti -RANKL antibody, RANKL antibody, RANKL antibody, 
eliminated vaccine -induced protection SARSinduced protection SARSinduced protection SARS -CoVCoVCoV -2 and 2 and 2 and S. S. 
aure usus , exacerbating weight loss and bacterial load relative , exacerbating weight loss and bacterial load relative 
to mice that had been vaccinated with GLA -3M3M3M-052052052-LS + OVA LS + OVA LS + OVA 
in the presence of a non -specific, isotypespecific, isotypespecific, isotype -control, antibody control, antibody control, antibody 
(fig. S114). However, pharmacological inhibition of CD40L, 
IFN -γ, or TNF -α signaling ( 2626) did not impact vaccine) did not impact vaccine -in-in-in-
duced protection (fig. S15). These findings indicate a role for 
RANKL in protection induced by GLA -3M3M3M-052052052-LS + OVA.LS + OVA.LS + OVA.

Alveolar macrophages orchestrate vaccineAlveolar macrophages orchestrate vaccine -induced induced induced 
non -specific protectionspecific protectionspecific protection
Various studies have shown that alveolar macrophages (AMs) 
are critical for lung surveillance and host defense ( 3333, 343434, 353535). ). 
As GLA -3M3M3M-052052052-LS + OVA induced longLS + OVA induced longLS + OVA induced long -lasting epigenetic lasting epigenetic lasting epigenetic 
changes in AMs, we aimed to assess the role of such epige-
netic changes in AM in mediating nonspecific protection. De-
pletion of AMs via intranasal administration of chlodronate 
liposomes shortly befo re challenge with GLAre challenge with GLA -3M3M3M-052052052-LS + LS + LS + 

OVA compromised protection against S. aureusS. aureus , as evidenced , as evidenced 
by higher pathogen burden in the lung (Fig. 4A).4A).
To determine the functional changes in AMs that may con-
tribute to protection, we quantified phagocytic capacity 
across multiple target types (Fig. 4B). AMs from vaccinated 
mice showed higher in vivo uptake of AF594 -labeled labeled labeled S. au-S. au-
reus (Fig.(Fig. 4C), apoptotic and necrotic neutrophils (Fig.4C), apoptotic and necrotic neutrophils (Fig. 4D), 4D), 
and PR8 -infected lung epithelial cells (Fig.infected lung epithelial cells (Fig.infected lung epithelial cells (Fig. 4E) compared to 4E) compared to 
AMs from unvaccinated mice. Furthermore, AMs from vac-
cinated mice up -regulated activation markersregulated activation markersregulated activation markers ——including including 
CD86, MHC -I, and MHCI, and MHCI, and MHC -IIIIII ———following PR8 infection and afollowing PR8 infection and a c-c-
cumulated in the alveolar space within 6 hours (fig. S16). Fur-
thermore, based on spatial transcriptomic data, trained AMs 
post-vaccination exhibited enhanced antigen presentation to vaccination exhibited enhanced antigen presentation to vaccination exhibited enhanced antigen presentation to 
T cells (e.g., H2 -Ab1:CD4, H2Ab1:CD4, H2Ab1:CD4, H2 -K1:CD8, CD80:CD28), pro-K1:CD8, CD80:CD28), pro-K1:CD8, CD80:CD28), pro-
moted inflammation a nd tissue repair in epithelial cells (e.g., nd tissue repair in epithelial cells (e.g., 
Il1a/Il1b:Il1r1/Il1rap, Tgfb1:Tgfbr1/2), and facilitated chemo-
taxis and immune cell recruitment (e.g., Cxcl10: Cxcr3, Ccl3: 
Ccr1, Cxcl11: Cxcr3). In addition, AMs displayed enhanced ad-
hesion and recognition capac ity toward T cells, pneumocytes, ity toward T cells, pneumocytes, 
and fibroblasts (e.g., Icam1:Itgal, Jam3:Jam2, Fn1:CD44) (fig. 
S117). These results suggested that trained AMs serve as crit-
ical early effectors of vaccine -induced protection and display induced protection and display induced protection and display 
enhanced functional activities.

Vaccination primes tertiary lymphoid formation and 
enhances antigen presentation while limiting inflam-
mation
To investigate the spatial organization and immunological 
dynamics following infection, we performed multiplexed spa-
tial protein imaging and histopathological analyses on lung 
tissues from vaccinated and unvaccinated mice challenged 
with SARS -CoVCoVCoV -2. Three 2. Three 2. Three days post challenge, lungs from vac-days post challenge, lungs from vac-
cinated mice infected with SARS -CoVCoVCoV -2 exhibited distinct 2 exhibited distinct 2 exhibited distinct 
spatial reprogramming, as shown by RSN -based tbased tbased t -SNE clus-SNE clus-SNE clus-
tering (Fig. 5, A to C). Regions enriched in vaccinated lungs 5, A to C). Regions enriched in vaccinated lungs 
were characterized by increased frequencies of immuneimmune -
dense microenvironments, including region 3 and 5 that dis-
played great abundance of helper (CD4 +) and Cytotoxic ) and Cytotoxic ) and Cytotoxic ) and Cytotoxic 
(CD8 +) T cells, B cells, regulatory T cells, and macrophages ) T cells, B cells, regulatory T cells, and macrophages ) T cells, B cells, regulatory T cells, and macrophages ) T cells, B cells, regulatory T cells, and macrophages 
(Fig. 5D and fig. S118, A to D). These cells were spatially orga-5D and fig. S118, A to D). These cells were spatially orga-
nized in distinct T cell and B cell zones resembling a lymph 
node structure, indicative of an accelerated de novo tertiary 
lymphoid structure (TLS) formation ( 3636, 373737) (Fig. 5E). Con-) (Fig. 5E). Con-37) (Fig. 5E). Con-37
comitantly, immunohistochemistry demonstrated colocaliza-
tion of TLS with SARS -CoVCoVCoV -2 N p2 N p2 N p rotein (Fig. 5E). These TLS rotein (Fig. 5E). These TLS 
features were absent in unvaccinated controls at day 3 post -
infection. Spatial distribution analysis revealed that the TLS -
enriched region (region 3) was predominantly localized 
around the airways (fig. S118E), suggesting that v accination accination 
primed lung tissues for rapid and structured immune engage-
ment upon infection.
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Consistent with these findings, vaccinated mice exhibited ac-
celerated accumulation of antigen -specific NP tetramerspecific NP tetramerspecific NP tetramer +

CD8 + T cells in the lungs (Fig. 5, F and G), along with in-5, F and G), along with in-
creased HA -specific total IgG and IgG2c in the BAL fluid (Fig. specific total IgG and IgG2c in the BAL fluid (Fig. specific total IgG and IgG2c in the BAL fluid (Fig. 
5H). These immune responses were associated with de-
creased expression of proinflammatory cytokines, including 
IL -6, CXCL10, CCL2, and GM6, CXCL10, CCL2, and GM6, CXCL10, CCL2, and GM -CSF in the BAL fluid, key medi-CSF in the BAL fluid, key medi-CSF in the BAL fluid, key medi-
ators of cytokine storm ( 3838) (Fig.) (Fig. 5I). Furthermore, vaccina-5I). Furthermore, vaccina-
tion markedly reduced lung pathology and prompte d early d early 
immune cell recruitment to bronchial regions within 6 hours, 
as revealed by dynamic histopathological analysis (Fig. 5J). 5J). 
Immune cell clustering was not observed in either vaccinated 
or unvaccinated mice prior to infection, highlighting that this 
response was specifically triggered by pathogen challenge 
(Fig. 5J). We concluded that GLA5J). We concluded that GLA -3M3M3M-052052052-LSLSLS ++ OVA vaccina-OVA vaccina-
tions fostered the establishment of a tissue -specific immune specific immune specific immune 
microenvironment that promotes rapid antigen presentation 
and coordinated immune r esponses to enable early control of esponses to enable early control of 
infection and limit immunopathology.

GLA -3M3M -052052052 -LSLSLS ++ OVA vaccination confers longOVA vaccination confers long -last-last-last-
ing protection against allergic asthma
Since combinatorial TLR4 and TLR7 agonism drives a potent 
Th1-biased immune response (biased immune response (biased immune response ( 3939, 4040), we hypothesized that ), we hypothesized that 
this mucosal vaccination strategy may also suppress Th2 -
driven hypersensitivity disorders, such as house dust mite 
(HDM) -induced asthma. Vaccinated mice exhibited reduced induced asthma. Vaccinated mice exhibited reduced induced asthma. Vaccinated mice exhibited reduced 
infiltration of eosinophils and innate lymphoid cell type 2 
(ILC2), decreased Th2 cells expressing IL4, IL5, and IL13, as ILC2), decreased Th2 cells expressing IL4, IL5, and IL13, as 
well as lower serum IgE levels compared to unvaccinated con-
trols (Fig. 6, A to I). These effects persisted for at least three 
months (Fig. 6, A to I, and fig. S119). Histological analysis of 
PAS -stained lung sections further demonstrated diminished stained lung sections further demonstrated diminished stained lung sections further demonstrated diminished 
mucus hypersecretion (Fig. 6J), confirming that GLA -3M3M3M-
052-LS + OVA effectively mitigated allergic asthma. Further-LS + OVA effectively mitigated allergic asthma. Further-LS + OVA effectively mitigated allergic asthma. Further-
more, depletion of CD4 + and CD8and CD8 + T cells throughout the im-T cells throughout the im-
munization regimen abolished protection against 
HDM/OVA -induced asthma. In a complementary approach, induced asthma. In a complementary approach, induced asthma. In a complementary approach, 
T cells were similarly depleted in vaccinated Thy1.1 + mice and mice and 
then replaced with naïve OVA -specific CD4specific CD4specific CD4 + T cells from OTT cells from OT -
II transgenic mice, which express the congenic Thy1.2 +

marker. This transfer restored eosinophilic infiltration in the This transfer restored eosinophilic infiltration in the 
BAL and increased Th2 cytokines in the lung following 
OVA/alum -induced asthma, demonstrating that protection induced asthma, demonstrating that protection induced asthma, demonstrating that protection 
required vaccine -primed T cells (fig. S120).primed T cells (fig. S120).primed T cells (fig. S120).

Discussion
We report a mucosal vaccination strategy which elicits dura-
ble and non -specific protection against viral and bacterial specific protection against viral and bacterial specific protection against viral and bacterial 
pathogens, as well as allergic airway inflammation. Intrana-
sal GLA -3M3M3M-052052052-LS + OVA induced OVALS + OVA induced OVALS + OVA induced OVA -specific pulmonary specific pulmonary specific pulmonary 
CD4 + and CD8and CD8 + memory T cells, which reduced heterologous memory T cells, which reduced heterologous 

infection and allergic inflammation by epigenetically im-
printing AMs to enhance antiviral defenses, antigen uptake, 
and antigen presentation. In addition, immunization im-
printed the tissue to rapidly form tertiary lymphoid struc-
tures upon heterologous infection, accelerating pathogen -
specific T - and Band B -cell immunity. Given their high abundance, cell immunity. Given their high abundance, cell immunity. Given their high abundance, 
TRMs likely play a dominant role in orchestrating this pro-
cess; however, the relative contributions of circulating 
memory T cells ve rsus TRMs remain to be determined.rsus TRMs remain to be determined.
We propose that this approach could provide a broadly effec-
tive solution for containing emerging respiratory pathogens 
while also mitigating allergic inflammation. This represents 
a conceptual shift from traditional vaccines, which include 
antigens from th e target pathogen. In our platform, an anti-e target pathogen. In our platform, an anti-
gen of any specificity could be included to engage T cells, 
while coordinated signals from TLR4/7/8 agonists and vac-
cine -induced memory T cells reprogram resident alveolar induced memory T cells reprogram resident alveolar induced memory T cells reprogram resident alveolar 
macrophages to establish durable organ -lelelevel immunity. vel immunity. 
Thus, protection is not dictated by antigen specificity but in-
stead provides broad readiness against unrelated pathogens.
Previous studies, showing that infection -induced heterolo-induced heterolo-induced heterolo-
gous immunity can arise through tissue -resident T cells or resident T cells or resident T cells or 
trained alveolar macrophages, support our findings ( 4141–––
44,45). We show that such protection can be induced without ). We show that such protection can be induced without 
prior infection through a clinically translatable universal vac-
cine approach. Importantly, in addition to broad protection 
against respiratory viruses and bacteria, we show that vac-
cination can prevent allergic asthma, extending the scope of allergic asthma, extending the scope of 
integrated organ immunity –––based intervebased interve ntions into allergic ntions into allergic 
disease ( 4646, 474747). It is important to consider how these find-). It is important to consider how these find-
ings may translate to humans, whose mucosal immune sys-
tems are shaped by lifelong microbial and environmental 
exposures. Such encounters with commensals or pathogens 
can intermittently deliver TLR -mediated signamediated signamediated signa ls that may ls that may 
pre-condition AM and TRM compartments and provide par-condition AM and TRM compartments and provide par-condition AM and TRM compartments and provide par-
tial or context -dependent protection. Our intranasal GLAdependent protection. Our intranasal GLAdependent protection. Our intranasal GLA -
3M-052052052-LS strategy may augment or stabilize these endoge-LS strategy may augment or stabilize these endoge-LS strategy may augment or stabilize these endoge-
nous signals in a controlled manner. Altho ugh protection was ugh protection was 
maintained in influenza -experienced mice, the more complex experienced mice, the more complex experienced mice, the more complex 
exposure history of adult humans may alter responsiveness. 
Controlled human infection studies, in which vaccinated or 
placebo -treated volunteers are intentionally exposed under treated volunteers are intentionally exposed under treated volunteers are intentionally exposed under 
clinical supervision, will be essential to evaluate this strategy linical supervision, will be essential to evaluate this strategy 
in immunologically experienced humans.
Regarding the mechanisms of heterologous protection, differ-
ent stimuli may engage distinct yet overlapping pathways. 
Live BCG protection depends on IFN γ, which imprint an an-
tiviral program ( 181818). By contrast, blocking IFN). By contrast, blocking IFN γ or TNF did 
not abrogate protection after GLA -3M3M3M-052052052-LS + OVA vaccina-LS + OVA vaccina-LS + OVA vaccina-
tion, indicating a distinct mechanism. Whereas BCG main-
tains persistent IFN γ-secreting effector T cells, we propose secreting effector T cells, we propose 
that GLA -3M3M3M-052052052-LS plus OVA vaccination induces TRMs LS plus OVA vaccination induces TRMs LS plus OVA vaccination induces TRMs 
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and circulating memory T cells that sustain protection 
through RANKL -mediated reprogramming of AMs, inde-mediated reprogramming of AMs, inde-mediated reprogramming of AMs, inde-
pendent of IFN γ. Protection was T cell –––dependent, and adju-dependent, and adju-
vant alone provided only transient (~3 weeks) effects. 
Notably, in lower -injury infections such as SARSinjury infections such as SARSinjury infections such as SARS -CoVCoVCoV -2, resi-2, resi-2, resi-
dent AMs alone were sufficient to mount protective innate 
memory ( 3333). Thus the protection mediated by memory T ). Thus the protection mediated by memory T 
cell –––driven RANKL signaling in AMs could represent a form driven RANKL signaling in AMs could represent a form 
of integrated organ immunity that sustains broad heterolo-
gous pro tection (tection ( 2121).).
Beyond lowering pathogen burden, our findings suggest that 
GLA -3M3M3M-052052052-LS + antigen may also mitigate immunopathol-LS + antigen may also mitigate immunopathol-LS + antigen may also mitigate immunopathol-
ogy. The vaccine reprograms AMs toward enhanced phagocy-
tosis, promoting rapid clearance of pathogens and damaged 
cells, thereby limiting excess ive inflammationive inflammation ———a major a major 
driver of mortality in severe infections ( 4848,49,50). Concur-,49,50). Concur-
rently, reprogrammed AMs sustain elevated CD86 and MHC -
II for up to 3 months. Following infection, they rapidly enter 
BAL and promote tertiary lymphoid structures, enabling effi-effi-
cient recall responses ( 515151, 51, 51 5252). ). Thus, integrated organ immun-Thus, integrated organ immun-
ity not only reduces pathogen burden in an antigen -agnostic agnostic agnostic 
manner but also imprints the tissue with innate memory that 
accelerates pathogen -specific adaptive responses. Together, specific adaptive responses. Together, specific adaptive responses. Together, 
these features suggest that this strategy could convert infec-convert infec-
tions into organ -level immune imprinting that build lasting level immune imprinting that build lasting level immune imprinting that build lasting 
immunity.
Several vaccines have been reported to provide heterologous 
protection, including live -attenuated vaccines such as BCG, attenuated vaccines such as BCG, attenuated vaccines such as BCG, 
oral poliovirus (OPV), and measles –––mumpsmumps ––rubella (MMR), rubella (MMR), rubella (MMR), 
which can reduce all -cause infectious mortality (cause infectious mortality (cause infectious mortality ( 99––131313). How-). How-13). How-13
ever, these off -target effects are variable and contexttarget effects are variable and contexttarget effects are variable and context -depend-depend-depend-
ent, and mechanistically unclear. By contrast, our intranasal 
GLA -3M3M3M-052052052-LS strategy couples TLR4/7/8 coLS strategy couples TLR4/7/8 coLS strategy couples TLR4/7/8 co -activation with activation with activation with 
antigen -driven T cell engagement to reprogram AMs and sup-driven T cell engagement to reprogram AMs and sup-driven T cell engagement to reprogram AMs and sup-
port TRM f ormation, establishing inteormation, establishing inte grated organ immunity grated organ immunity 
against diverse respiratory viruses, bacteria, and allergens. 
The choice of GLA (TLR4) and 3M -052 (TLR7/8) was moti-052 (TLR7/8) was moti-052 (TLR7/8) was moti-
vated by their complementary MyD88 -dependent pathways dependent pathways dependent pathways 
and favorable safety records; both have been studied in non-
human primates and entered clinical evaluation (primates and entered clinical evaluation ( 53,5453,54), in-), in-
creasing translational feasibility. Given that two to four 
intranasal doses conferred protection in mice, future optimi-
zation to 2 doses and use of user -friendly devices such as na-friendly devices such as na-friendly devices such as na-
sal sprays may enable pr actical deployment in humans. In actical deployment in humans. In 
this setting, influenza or SARS -CoVCoVCoV -2 antigens could be used, 2 antigens could be used, 2 antigens could be used, 
leveraging widespread pre -existing memory T cells from existing memory T cells from existing memory T cells from 
prior infection or vaccination. In addition, by enabling pro-
grammable, mucosal, non -specific protection, tspecific protection, tspecific protection, t his approach his approach 
offers a foundation for the development of universal vaccines 
that confer broad and durable protection against diverse res-
piratory pathogens and beyond. This could serve as an early 
pandemic countermeasure, providing broad protection 

before st rainrain -matched vaccines are available. Outside pan-matched vaccines are available. Outside pan-matched vaccines are available. Outside pan-
demic settings, seasonal administration could protect against 
influenza, common cold viruses, RSV, and other respiratory 
threats ——ultimately paving the way toward a truly universal ultimately paving the way toward a truly universal 
vaccine .

Materials and Methods
Mice
C57BL/6J mice (strain no. 000664) were purchased from 
Jackson Laboratories. Female mice aged 6 to 8 weeks were 
used for GLA -3M3M3M-052052052-LS + OVA immunizations, while male LS + OVA immunizations, while male LS + OVA immunizations, while male 
mice of the same age range were used for GLA -3M3M3M-052052052-LS + LS + LS + 
NP immunization study. B6.PL -Thy1Thy1Thy1 a/CyJ (B6 Thy1.1, strain /CyJ (B6 Thy1.1, strain /CyJ (B6 Thy1.1, strain /CyJ (B6 Thy1.1, strain 
no. 000406) and B6.Cg -Tg(TcraTcrb)425Cbn/J (OTTg(TcraTcrb)425Cbn/J (OTTg(TcraTcrb)425Cbn/J (OT -II, strain II, strain II, strain 
no. 004194) were obtained from Jackson Laboratories. All an-
imals were maintained on a 12 hours light/12hours light/12 hours dark cycle hours dark cycle 
at 18 to 23 °°C and 40 to 60% humidity. All procedureC and 40 to 60% humidity. All procedure s were s were 
approved by the Institutional Animal Care and Use Commit-
tees of Stanford University (IACUC protocol number 32681), 
and of Emory University (IACUC protocol number 
201700309). Mice were randomly assigned to experimental 
groups.

GLA -3M3M -052052052 -LS adjuvant formulations and immun-LS adjuvant formulations and immun-LS adjuvant formulations and immun-
ization
Mice were immunized intranasally (i.n.) with antigen ad-
mixed with a synthetic liposomal adjuvant formulation con-
taining the Toll -like receptor (TLR) agonists GLA (TLR4) and like receptor (TLR) agonists GLA (TLR4) and like receptor (TLR) agonists GLA (TLR4) and 
3M-052 (TLR7/8). The adjuvant (GLA052 (TLR7/8). The adjuvant (GLA052 (TLR7/8). The adjuvant (GLA -3M3M3M-052052052-LS) was pro-LS) was pro-LS) was pro-
vided by the Access to Advance d Health Institute (AAHI, Se-d Health Institute (AAHI, Se-
attle, WA) at a stock concentration of 1 mg/mL GLA and mg/mL GLA and 
0.4 mg/mL 3Mmg/mL 3M -052 in a PEGylated liposomal suspension. For 052 in a PEGylated liposomal suspension. For 052 in a PEGylated liposomal suspension. For 
each immunization, 10 μg of GLA and 4 μg of 3M -052 were 052 were 052 were 
delivered in a 20 μL total volume (10 μL per nostril). Anti gens gens 
were co -administered in the same 20administered in the same 20administered in the same 20 μL volume: 25  μ μg of 
chicken ovalbumin (OVA EndoFit TMTM ; InvivoGen, Cat. No. vac; InvivoGen, Cat. No. vac -
pova) or 5  μg of influenza nucleoprotein (Recombinant Influ-
enza A/Puerto Rico/8/34/Mount Sinai NP Protein; Sino Bio-
logical, Cat.No.11675 -V08B1). Antigen and adjuvant were V08B1). Antigen and adjuvant were V08B1). Antigen and adjuvant were 
mixed immediately prior to administration.

SARS -CoVCoVCoV -2 B.1.351 virus and cell culture2 B.1.351 virus and cell culture2 B.1.351 virus and cell culture
Vero E6 -TMPRSS2 cells were kindly provided by B. Graham TMPRSS2 cells were kindly provided by B. Graham TMPRSS2 cells were kindly provided by B. Graham 
(Vaccine Research Center, NIH). SARS -CoVCoVCoV -2 B.1.351 seed 2 B.1.351 seed 2 B.1.351 seed 
stock (GISAID: EPI_ISL_890360) was provided by A. Pekosz 
(Johns Hopkins University). Viral stocks were propagated in 
Vero E6 -TMPRSS2 cells, and TMPRSS2 cells, and TMPRSS2 cells, and titers were determined by titers were determined by 
plaque assay. Cells were cultured in complete Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with puro-
mycin (10 μg/mL, Gibco, A11138 -03). All virus stocks were 03). All virus stocks were 03). All virus stocks were 
deep-sequenced to confirm identity.sequenced to confirm identity.sequenced to confirm identity.
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SARS -CoVCoVCoV -2 B.1.351 mouse infections and viral burden 2 B.1.351 mouse infections and viral burden 2 B.1.351 mouse infections and viral burden 
analysis
Viral challenge was conducted as previously described ( 181818). ). 
Briefly, to perform SARS -CoVCoVCoV -2 (B.1.351) infection, the virus 2 (B.1.351) infection, the virus 2 (B.1.351) infection, the virus 
was prepared by dilution in 0.9% sterile saline (MedLine, 
RDI30296). Mice were anesthetized using isoflurane and sub-
sequently intranasally inoculated with 50 μL of viral suspen-
sion containing 1  10106 plaque -forming units (PFU) per forming units (PFU) per forming units (PFU) per 
animal within an ABSL -3 containment facility. Body weight 3 containment facility. Body weight 3 containment facility. Body weight 
was recorded daily to monitor disease progression. At 3 days 
post-infection, animals were euthanized infection, animals were euthanized infection, animals were euthanized by isoflurane over-by isoflurane over-
dose, and one lung lobe was harvested into tubes pre -filled filled filled 
with TRIzol reagent (Roche, 11667165001) and homogenized 
using a Bead Ruptor 24 (Omni International; 5.15 m/s for 15 
s). Total RNA was purified using the Direct -zol RNA Miniprep zol RNA Miniprep zol RNA Miniprep 
Kit (Zymo, R2051), followed by reverse transcription using a 
commercial cDNA synthesis kit (Thermo Fisher, 4368813). 
Gene expression was subsequently quantified by qPCR using 
the QuantStudio 5 system, Subgenomic -specific TaqMan pri-specific TaqMan pri-specific TaqMan pri-
mer/probe sets and PR8 M protein gene expression primer-protein gene expression primer-
were used as previously described ( 181818, 18, 18 3333). For the plaque ). For the plaque 
assay, at the indicated day post -infection, mice were eu-infection, mice were eu-infection, mice were eu-
thanized and lung tissue was collected in revvity Bead Ruptor 
tubes filled with 1% FBS ––Hanks’ balanced salt solution Hanks’ balanced salt solution 
(HBSS). Tissue was homogenized in an Omni Bead Ruptor 24 
instrume nt (5.15nt (5.15 m/s, 15m/s, 15 s). To perform plaque assays, 10s). To perform plaque assays, 10 -fold fold fold 
dilutions of the viral supernatant in serum -free DMEM (cat-free DMEM (cat-free DMEM (cat-
alog number 30 -2002, ATCC) were overlaid onto VeroE62002, ATCC) were overlaid onto VeroE62002, ATCC) were overlaid onto VeroE6 -
TMPRSS2 -hACE2 cellshACE2 cellshACE2 cells monolayers and adsorbed for 1monolayers and adsorbed for 1 hour at hour at 
37°C. After adsorption, 0.6% immunodiffusion agarose in 2 

DMEM supplemented with 5% FBS (Corning 35 -016016016-CV) and CV) and CV) and 
1 sodium bicarbonate was overlaid, and cultures were incu-
bated for 48 hours at 37°C. Agarose plugs were removed, cells hours at 37°C. Agarose plugs were removed, cells 
were fixed with 4% PBS -buffered paraformaldehyde (PFA) for buffered paraformaldehyde (PFA) for buffered paraformaldehyde (PFA) for 
15 min at room temperature, and plaques were visualized us-
ing crystal violet staining (20% methanol in double -distilled distilled distilled 
water).

Mouse -adapted coronavirus infection experimentsadapted coronavirus infection experimentsadapted coronavirus infection experiments
Mouse-adapted SARSadapted SARSadapted SARS -CoV MA15 and SCH014 MA15 strains CoV MA15 and SCH014 MA15 strains CoV MA15 and SCH014 MA15 strains 
were propagated and handled in accordance with previously 
established protocols and with approval from the Institu-
tional Review Board at the University of North Carolina 
(UNC) at Chapel Hill ( 2323). Female mice aged 20 weeks were ). Female mice aged 20 weeks were 
anesthetized with a ketamine/xylazine cocktail and intrana-
sally administered 50 μL of phosphate -buffered saline (PBS) buffered saline (PBS) buffered saline (PBS) 
containing either 1  1010410410 PFU of SARS -CoV MA15 or 1CoV MA15 or 1CoV MA15 or 1  10105

PFU of SCH014 MA15. Body weights were monitored daily 
following infection. Animals exposed to SCH014 MA15 were llowing infection. Animals exposed to SCH014 MA15 were 
euthanized at day 4 post -infection, while those challenged infection, while those challenged infection, while those challenged 
with SARS -CoV MA15 were euthanized at days 2 and 4 to as-CoV MA15 were euthanized at days 2 and 4 to as-CoV MA15 were euthanized at days 2 and 4 to as-
sess disease progression. For virological analysis, gross lung 

pathology was assessed, and the inferior right lung lobe was 
collected for viral titer determination. Lung tissues were ho-
mogenized in 1 mL PBS, centrifuged to remove debris, and mL PBS, centrifuged to remove debris, and 
serial dilutions of the supernatants were applied to confluent 
monolayers of Vero E6 cells. Viral ti ters were quantified by ters were quantified by 
plaque assay using an agarose overlay (0.8% in culture me-
dium), followed by visualization of plaques with Neutral Red 
staining after a 2 -day incubation at 37°C. All infection proce-day incubation at 37°C. All infection proce-day incubation at 37°C. All infection proce-
dures were performed under ABSL -3 conditions, in fac3 conditions, in fac3 conditions, in fac ilities ilities 
certified by the CDC and UNC Environmental Health and 
Safety. Experimental procedures were approved by the UNC 
Institutional Biosafety Committee and the Institutional Ani-
mal Care and Use Committee (IACUC protocol #22 -155.0) and 155.0) and 155.0) and 
were conducted follo wing institutional biosafety and animal wing institutional biosafety and animal 
welfare guidelines.

PR8 influenza virus infection
Influenza A/PR/8/34 (H1N1) (PR8 virus) was generously pro-
vided by the Y. -H. Chien lab at Stanford. PR8 was propagated H. Chien lab at Stanford. PR8 was propagated H. Chien lab at Stanford. PR8 was propagated 
in MDCK cells as previously described ( 555555). Virus stocks ). Virus stocks 
(1 1010810810 PFU/mL) were stored at PFU/mL) were stored at −80 °C. Mice were anesthe-C. Mice were anesthe-
tized with isoflurane and intranasally infected with 200 PFU PFU 
of PR8 diluted in 20 μL PBS (10 μL per nare).

Bacterial strains and culture conditions
Methicillin -sensitive sensitive sensitive S. aureusS. aureus TCH1516 [USA300TCH1516 [USA300 -HOUHOUHOU -MR] MR] MR] 
(ATCC BAA -1717) and 1717) and 1717) and A. baumanniiA. baumanniiA. baumannii (ATCC 19606) were ob-(ATCC 19606) were ob-
tained from ATCC and handled under BSL -2 conditions. 2 conditions. 2 conditions. 
Strains were cultured according to ATCC recommendations 
and previously published protocols ( 56565656–56–56–56 5858). Briefly, ). Briefly, S. aureusS. aureus
and A. baumanniiA. baumanniiA. baumannii were grown on blood agar plates at 37were grown on blood agar plates at 37 °°C C 
overnight in a static incubator. One to two isolated colonies 
were transferred into Todd Hewitt broth ( S. aureusS. aureus ) or in ) or in 
Lennox broth/agar (LB) ( A. baumanniiA. baumanniiA. baumannii ) and cultured at) and cultured at 240 240 
rpm for 14 to 16 hours at 37 °°C. Bacterial cells were harvested C. Bacterial cells were harvested 
by centrifugation at 5000  g for 5 min at room temperature 
(RT), washed with PBS, and resuspended. Colony -forming forming forming 
units (CFUs) were determined by serial dilution and plating 
on blood agar. Bacteria were diluted to the desired concen-
trations for in vivo experiments.

Bacterial infection and burden assessment
Vaccinated or unvaccinated mice were intravenous (i.v.) chal-
lenged with 1  10106 CFU of CFU of S. aureusS. aureus or intranasally (i.n.) chal-or intranasally (i.n.) chal-
lenged with 5  10106 CFU of S. aureusS. aureus or 1  10107 CFU of A. A. A. 
baumannii in 25 in 25 μL (12.5 μL per nostril) under isoflurane an-per nostril) under isoflurane an-
esthesia. The CFU inoculum was determined by optical den-
sity (OD 600600) and calculated based on bacterial growth curves. ) and calculated based on bacterial growth curves. 
Twenty -four hours postfour hours postfour hours post -infection, mice were euthanized via infection, mice were euthanized via infection, mice were euthanized via 
isoflurane overdose. Lungs or kidneys were collected in 1 mL 
of cold PBS and homogenized at 5 m/s for 15 s, repeated four 
times using a tissue gri nder, while maintaining cold nder, while maintaining cold 
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conditions. Homogenates were serially diluted (1:10, 1:100, 
and 1:500 in PBS) and plated on blood agar. After 24 h incu-h incu-
bation at 37 °°C, colonies were counted and reported as CFU C, colonies were counted and reported as CFU 
per gram of lung tissue.

Asthma modelAsthma model
House Dust Mite (HDM) extract containing Dermatopha-Dermatopha-
goides pteronyssinus was purchased from Greer Laboratories was purchased from Greer Laboratories 
Inc. (Cat. No.XPB82D3A25, Lot No. 385931). The lyophilized 
protein was reconstituted to a stock concentration of 
1mg/mL and aliquoted for storage at mg/mL and aliquoted for storage at −20 °C. On day 0, vac-C. On day 0, vac-
cinated or unvaccinated mice were sensitized with 20 μg of 
HDM in 20 μL of ddH 2O intranasally under isoflurane anes-O intranasally under isoflurane anes-O intranasally under isoflurane anes-O intranasally under isoflurane anes-
thesia. From days 7 to 11, mice were challenged daily with 20 
μg of HDM in 20 μL of ddH 2O. On day 13, all mice were O. On day 13, all mice were O. On day 13, all mice were O. On day 13, all mice were eu-eu-
thanized, and peripheral blood, bronchoalveolar lavage fluid 
(BALF), and lung tissues were collected for further analysis. 
Each experimental group included at least five mice.

Histopathological analysis
Lungs were preserved in 4% Formaldehyde Solution or 10% 
neutral buffered formalin followed by paraffin embedding 
and sectioning. Histology was performed by HistoWitz, Inc 
and Histo -tec laboratory Inc. Briefly, slides were stained with tec laboratory Inc. Briefly, slides were stained with tec laboratory Inc. Briefly, slides were stained with 
H&E, Periodic Acid –––ScSchiff Staining or subjected to immuno-hiff Staining or subjected to immuno-
histochemistry (IHC) with an antibody specific for SARS -
CoV -2 nucleocapsid protein (GeneTex, Cat. No. GTX635686). 2 nucleocapsid protein (GeneTex, Cat. No. GTX635686). 2 nucleocapsid protein (GeneTex, Cat. No. GTX635686). 
The stained lung slides 3 days after SARS -CoVCoVCoV -2 infection 2 infection 2 infection 
were read by a board -certified veterinary patholcertified veterinary patholcertified veterinary pathol ogist and ogist and 
scored from 0 to 5 for perivascular inflammation, bron-
chial/bronchiolar alveolar degeneration/necrosis, bron-
chial/bronchiolar inflammation and alveolar inflammation 
or from 0 to 3 for extent of IHC positivity in the bronchi and 
alveoli. A narrati ve description of leukocyte classes and his-ve description of leukocyte classes and his-
topathological findings observed was also provided. The 
score of lungs 4 days after SARS -CoV MA15 or SCH014 MA15 CoV MA15 or SCH014 MA15 CoV MA15 or SCH014 MA15 
infection was given by UNC -Chapel Hill Lab based on Gross Chapel Hill Lab based on Gross Chapel Hill Lab based on Gross 
Pathology: 0 ––– no congestion noted; 1 no congestion noted; 1 ––– momore than half of the re than half of the 
left lung; 2 ––– no more than one lobe worth of tissue involved no more than one lobe worth of tissue involved 
in congestion multiple lobes involved, no more than half of 
the total lung tissue; 3 ––– most of the lung involved, congestion most of the lung involved, congestion 
generally looks severe but there are still health y patches; 4 y patches; 4 –––
lung looks like a liver, All tissue shows congestion, deep 
red/purple color.

In vivo depletion with antibodies
Antibodies used for depletion are listed in table S1. Mice re-
ceived a single intraperitoneal dose of antibody every 2 to 3 
days consecutively, the detail dose is provided in the corre-
sponding figure legend.

Luminex assay

BAL and blood were collected from mice at the indicated 
timepoints. BALF was collected from mice and cell -free su-free su-free su-
pernatants were stored at –––8080 °C until analysis. BALF was C until analysis. BALF was 
used directly without dilution. Blood was centrifuged at 
10,000 rpm, 1 min at RT in the serum gel tubes, serum was 
collected. Luminex assay was performed on BALF and serum 
using Mouse 48 -plex Procarta kits (Thermo Fisher Scientifplex Procarta kits (Thermo Fisher Scientifplex Procarta kits (Thermo Fisher Scientif ic, ic, 
Cat. No. EPX480 -208342083420834 -901) according to the manufacturer901) according to the manufacturer901) according to the manufacturer ’s s s 
protocol and modifications as previously describe d (d (181818). Each ). Each 18). Each 18
sample was measured in singlets. Plates were read on an 
FM3D FlexMap instrument with a lower bound of 50 beads 
per sample per cytokine/chemokine.

ELISA
The concentrations of IgE in serum were determined using 
commercially available ELISA kits (BD OptEIA Cat. No. 
555138) according to the manufacturer’s instructions. The rel-
ative HA -specific total IgG, IgG1, and IgG2c were quantitated specific total IgG, IgG1, and IgG2c were quantitated specific total IgG, IgG1, and IgG2c were quantitated 
by Elisa plate coating with HA protein (Cat. No. 50with HA protein (Cat. No. 50 -161161161161-161-161 7183, 7183, 7183, 
Sino Biological Influenza A H1N1 (A/Puerto Rico/8/1934) He-
magglutinin / HA Protein (ECD,His Tag), 100 ng/50 μL PBS) 
and test with secondary antibodies (goat anti -mouse IgG, mouse IgG, mouse IgG, 
IgG1, IgG2c, SouthernBiotech, Cat. No. 1030 -05, 107105, 107105, 107105, 1071-05, 1071-05, 107105, 107805, 107805, 107805, 1078-
05, 1:6000). In all experiments, absorbance was detected us-
ing a Varioskan Flash multilabel counter (Thermo Fisher Sci-
entific) to determine concentrations based on a standard 
curve drawn on each plate.

Flow cytometry analysis of innate immune cells in BAL 
and lungs
Bronchoalveolar lavage (BAL) was performed to collect cells 
and soluble mediators from the lungs. Mice were euthanized 
by CO 2 inhalation, and the trachea was cannulated using a 
20G angiocatheter. The lungs were lavaged twice with 1 mL mL 
of ice -cold PBS per wash, yielding a total volume of approxi-cold PBS per wash, yielding a total volume of approxi-cold PBS per wash, yielding a total volume of approxi-
mately 1.8 to 2 mL. The recovered BAL fluid was centrifuged mL. The recovered BAL fluid was centrifuged 
at 500 g for 5g for 5 min at 4min at 4 °C to separate cells from the superna-C to separate cells from the superna-
tant. Red blood cells (RBCs) were lysed using ACK (ammo-
nium ––chloridechloridechloride –––potassium) lysis buffer (Qupotassium) lysis buffer (Qu ality Biological), ality Biological), 
and the cell pellets were resuspended in flow cytometry stain-
ing buffer. Supernatants were stored at –––8080 °C for subsequent C for subsequent 
ELISA or Luminex assays.
Following euthanasia by CO 2 inhalation, lungs were har-
vested at the indicated time points and digested with 5 mL of mL of 
enzymatic digestion buffer (1 mg/mL type IV collagenase and mg/mL type IV collagenase and 
100 ng/mL DNase I) and then dissociated using the gentle-ng/mL DNase I) and then dissociated using the gentle-
MACS dissociator (program m_lung_01). After enzymatic di-
gestion at 37 °°C with shaking at 180C with shaking at 180 rpm for 30rpm for 30 min, lungs min, lungs 
were further processed using the lung_02 program. The re-
sulting lung cell suspension was passed through a 100 μm cell 
strainer and subjected to RBC lysis with ACK buffer. Single 
cells were stained with innate panel antibodies for 30 min at 
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4°C (table S2). Samples were then washed twice with 1 

PBS ++ 2% fetal bovine serum (FBS) and fixed with BD Cytofix 2% fetal bovine serum (FBS) and fixed with BD Cytofix 
(BD, Cat. No. 554655). Compensation was set using compen-
sation beads (Invitrogen, Cat. No. 01 -333333333333-42), Counting 42), Counting 42), Counting 
beads (Invitrogen, Cat. No. 01 -1234123412341234-42) were added 10 min 42) were added 10 min 42) were added 10 min 
before loading samples onto flo w cytometry. Samples were w cytometry. Samples were 
analyzed on a BD FACS Symphony analyzer with BD FACS 
Diva v.8.0.1.

Ex vivo stimulation of OVA -specific T cells.specific T cells.specific T cells.
Single -cell suspensions were prepared from mouse lungs. cell suspensions were prepared from mouse lungs. cell suspensions were prepared from mouse lungs. 
Cells were processed using a 70 to 40% Percoll gradient and 
centrifuged at 2500 rpm for 20 min at RT with the lowest 
acceleration and no brake. Mononuclear cells were collected 
from the interphase and resuspended in complete RPMIresuspended in complete RPMI -1640 1640 1640 
medium and plated at 1 to 2  10106 cells per well in 96cells per well in 96 -well Uwell Uwell U -
bottom plates. Cells were restimulated with 100 μg/mL oval-
bumin (OVA) protein, 1 μg/ml OVA peptide pool (PepTiva-
tor®® Ovalbumin, Miltenyi Biotec, Cat. No.130Ovalbumin, Miltenyi Biotec, Cat. No.130 -0909099-771), or 771), or 771), or 
individual OVA peptides (1 μg/mL OVA 257 -264, invivoGen, 264, invivoGen, 264, invivoGen, 
Cat. No. vac -sin, 1 sin, 1 sin, 1 μg/mL OVA 323 -339, invivogen, Cat. No. 339, invivogen, Cat. No. 339, invivogen, Cat. No. 
vac-isq) at 37isq) at 37isq) at 37 °°C in 5% COC in 5% CO 2. Brefeldin A (1:1000; Invitrogen, . Brefeldin A (1:1000; Invitrogen, . Brefeldin A (1:1000; Invitrogen, . Brefeldin A (1:1000; Invitrogen, 
Cat. 00 -450645064506-51) was added after 251) was added after 251) was added after 2 h. For OVA peptide pool h. For OVA peptide pool 
stimulation, cells were incubated for 6 h total; for OVA pro-h total; for OVA pro-
tein or individual peptide stimulation, cells were incubated 
overnight. Stimulated cells were harvested and processed for 
intracellular cytokine staining.

Intracellular cytokine -staining assay for antigenstaining assay for antigenstaining assay for antigen -spe-spe-spe-
cific T cells
Cells were stained using a protocol as previously described 
(5959). Briefly, cells were stained with Ghost Dye Violet 510 for ). Briefly, cells were stained with Ghost Dye Violet 510 for 
10min at 4min at 4 °C in PBS. After washing, cells were blocked with C in PBS. After washing, cells were blocked with 
Fc receptor antibody α-CD16/32 for 5CD16/32 for 5 min, OVA Class II Te-min, OVA Class II Te-
tramer was stained at RT for 1 hour and directly add T cells 
antibodies (table S2). Cells were incubated for 30 min at 4min at 4 °C C 
and washed twice with PBS ++ 2% FBS. If the intracellular 2% FBS. If the intracellular 
staining was needed, cells were then permeabilized with BD 
Fix/Perm for 20 min at RT and washed with 1 min at RT and washed with 1  Perm for two 
times, then stained intracellularly with T cells antibodies in 
1 Perm buffer (table S2). Cells were then washed twice with 
1 Perm buffer and fixed with BD Cytofix for 10 min at RT. min at RT. 
Data were a cquired on a BD Symphony analyzer and ana-cquired on a BD Symphony analyzer and ana-
lyzed using FlowJo v.10.

Intravascular labeling and identification of lung tis-
sue -resident T cellsresident T cellsresident T cells
To discriminate circulating from tissue -resident T cells in the resident T cells in the resident T cells in the 
lung, intravenous ( i.v.i.v. ) labeling was performed as previously ) labeling was performed as previously 
described ( 6060, 6161). Briefly, mice were injected intravenously ). Briefly, mice were injected intravenously 

via tail vein with 3 μg of anti -CD45 antibody, diluted in 100CD45 antibody, diluted in 100CD45 antibody, diluted in 100 μL 
of sterile PBS, 3 min prior to euthanasia. Following injection, 
mice were euthanized and perfused via the right ventricle 
with 10 mL of cold PBS to remove circulating blood cells. mL of cold PBS to remove circulating blood cells. 
Lungs were harvested and processed into single -cell suspen-cell suspen-cell suspen-
sions. After Fc block , cells were stained ex vivo with fluoro-, cells were stained ex vivo with fluoro-
chrome -conjugated Tissueconjugated Tissueconjugated Tissue -resident memory T cells (TRM) resident memory T cells (TRM) resident memory T cells (TRM) 
antibodies (table S2). TRM were identified as 
CD45 +TCRTCRTCRTCR β++CD8CD8 +/CD4/CD4/CD4/CD4 +CD45(CD45(CD45(CD45( i.vi.v .).)-CD44CD44CD44CD44 +CD69CD69CD69CD69 +CD103CD103CD103CD103 + cells.cells.

Phagocytosis assay of alveolar macrophages
Isolation of neutrophils
Neutrophils were isolated from the bone marrow of C57BL/6 
mice as previously described ( 4646). Briefly, femurs and tibias ). Briefly, femurs and tibias 
were harvested, and bone marrow cells were flushed using 
HBSS supplemented with 2% FBS and 2 mM EDTA. After fil-mM EDTA. After fil-
tration through a 70 μm cell strainer, red blood cells were 
lysed using ACK lysis buffer. The remaining cells were layered 
over 3 mL Histopaque 1077 (Sigma, 10771mL Histopaque 1077 (Sigma, 10771 -100ML; density 100ML; density 100ML; density 
1.077g/mL) and 3g/mL) and 3 mL of 72% Percoll (Merck, P1644) in a mL of 72% Percoll (Merck, P1644) in a 
15mL conical tube. Centrifugation was performemL conical tube. Centrifugation was performe d for d for 
30 minutes at 750minutes at 750 g at 25g at 25 °°C using the lowest acceleration and C using the lowest acceleration and 
zero deceleration settings. Neutrophils were collected from 
the interface between the Histopaque and Percoll layers and 
resuspended in culture medium. Neutrophil purity was con-
firmed by flow cytometry for Ly6G expression .
UV -induced cell deathinduced cell deathinduced cell death
To induce apoptosis and necrosis, purified neutrophils were 
suspended in HBSS at a concentration of 1  10107 cells/mL and 
plated as a thin monolayer in a sterile, lid -open 6open 6open 6 -well plate. well plate. well plate. 
Cells were irradiated with UV light (254 nm) for 15nm) for 15 minutes minutes 
using the germicidal lamp inside a Class II biosafety cabinet 
(BSL -2). Subsequently, cells were incubated at 372). Subsequently, cells were incubated at 372). Subsequently, cells were incubated at 37 °° C for C for 
2 hours to allow for the progression of apoptosis or secondary hours to allow for the progression of apoptosis or secondary 
necrosis. Cell viability and death status were assessed via An-
nexin V and Zombie UV s taining.taining.
A549 cell culture and infection with PR8A549 cell culture and infection with PR8
A549 human lung epithelial cells (ATCC, Cat.No. CCL -185) 185) 185) 
were maintained in DMEM supplemented with 10% FBS, 100 
U/mL penicillin, and 100 μg/mL streptomycin at 37 °°C with C with 
5% CO 2. Cells were infected with Influenza A virus (PR8, . Cells were infected with Influenza A virus (PR8, . Cells were infected with Influenza A virus (PR8, . Cells were infected with Influenza A virus (PR8, 
A/Puerto Rico/8/34 H1N1) at a multiplicity of infection (MOI) 
of 500 in DMEM culture medium. After 24 hours, cells were hours, cells were 
harvested and washed twice with PBS.

Fluorescent labeling
Apoptotic and necrotic neutrophils, as well as PR8 -infected infected infected 
A549 cells, were labeled with pHrodo Green succinimidyl es-
ter (SE) dye (Thermo Fisher Scientific, Cat. No. P35369) ac-
cording to the manufacturer’s instructions. Briefly, cells were 
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incubated with 10 μM pHrodo SE in sodium bicarbonate 
buffer (pH 8.4) for 30 min at RT, followed by two washes with 8.4) for 30 min at RT, followed by two washes with 
PBS to remove unbound dye. Fluorescence labeling was vali-
dated by comparing signal intensity in MES buffer (pH 5.5) 5.5) 
versus PBS (pH 7.4) to confirm pH sensitivity.7.4) to confirm pH sensitivity.
In vivo phagocytosis assay
A total of 1  10106 labeled apoptotic/necrotic neutrophils, 1 

10105 PR8 -infected epithelial cells, or 20infected epithelial cells, or 20infected epithelial cells, or 20 μg S. aureusS. aureus (AF594, (AF594, 
Thermo Fisher Scientific, Cat. No. S23372) in 25 μL PBS were 
administered intranasally into anesthetized vaccinated or un-
vaccinated mice. Mice were euthanized by CO 2 inhalation 
30 minutes postminutes post -instillation. BAL was collected and centri-instillation. BAL was collected and centri-instillation. BAL was collected and centri-
fuged (5 min at 500min at 500 g, 4g, 4 °°C), and cells were stained with in-C), and cells were stained with in-
nate panel antibodies (table S2). In the bacterial phagocytosis 
assay, cells were incubated with 0.2% Trypan blue for 3 min with 0.2% Trypan blue for 3 min 
on ice and washed one time, then stained with antibodies 
cocktail. Data were acquired on a BD Symphony analyzer and 
analyzed using FlowJo v.10.

Alveolar macrophages depletionAlveolar macrophages depletion
Alveolar macrophages depletion was done as previously de-
scribed with minor modifications ( 6262). To deplete alveolar ). To deplete alveolar 
macrophages (AM), mice were lightly anesthetized with 
isoflurane and administered 50 μL of clodronate liposomes 
(Liposoma BV, Netherlands) intranasally on two consecutive 
days. Control mice received the same volume of PBS -
containing control liposomes. The efficiency of AM depletion 
was verified 48 hours after the second administration via 
flow cytometry analysis of BAL cells. Cells were stainedlow cytometry analysis of BAL cells. Cells were stained with with 
fluorochrome -conjugated antibodies against CD45, CD11c, conjugated antibodies against CD45, CD11c, conjugated antibodies against CD45, CD11c, 
Siglec -F, and viability dye, and AMs were identified as F, and viability dye, and AMs were identified as F, and viability dye, and AMs were identified as 
CD45 +CD11cCD11cCD11cCD11c+SiglecSiglecSiglecSiglec -FFF + viable singlets. More than 90% deple-viable singlets. More than 90% deple-
tion of AMs was typically achieved with this protocol.of AMs was typically achieved with this protocol.

OT -II CD4II CD4II CD4 + T cell adoptive transfer and OVA –alum alum 
asthma model
Vaccinated or unvaccinated B6.PL -Thy1a/CyJ recipient mice Thy1a/CyJ recipient mice Thy1a/CyJ recipient mice 
received 1  10106 Thy1.2 OTThy1.2 OT -II CD4II CD4II CD4 + T cells via T cells via i.v.i.v. injection on 
day 21 after the final immunization. The OVA –––alum asthma alum asthma 
model was established as described previously ( 6363). Briefly, ). Briefly, 
75μg of OVA (Albumin from chicken egg white, Sigma, Cat. 
No. A5503 -1G) was adsorbed onto 21G) was adsorbed onto 21G) was adsorbed onto 2 mg of aluminum hydrox-mg of aluminum hydrox-
ide (Alhydrogel 2%, InvivoGen, Cat. No. vac -alualualu -10) by rotat-10) by rotat-10) by rotat-
ing the mixture overnight at 4 °°C. The OVAC. The OVA –––alum preparation alum preparation 
was administered intraperitoneally on days 42 and 49. Mice days 42 and 49. Mice 
were subsequently challenged intranasally with 50 μg of OVA 
daily on days 56 through 58. Anti -Thy1.1 antibody (200Thy1.1 antibody (200Thy1.1 antibody (200 μg per 
dose, i.p.) was administered according to the experimental 
timeline to deplete Thy1.1 + T cells, as indicated. All mice were T cells, as indicated. All mice were 
euthanized on day 60. Bronchoalveolar lavage (BAL) and 
lung tissues were collected for downstream immunological 

and histological analyses.

Cell preparation for scAb -seq and scATACseq and scATACseq and scATAC -SeqSeqSeq
Lung immune and epithelial cells were isolated using a mod-
ified enzymatic digestion protocol from a previous study with 
minimal modification ( 181818). Mice were euthanized and lungs ). Mice were euthanized and lungs 
were perfused and lavaged with digestion buffer composed of 
RPMI -1640 supplemented with elastase (Worthington), dis-1640 supplemented with elastase (Worthington), dis-1640 supplemented with elastase (Worthington), dis-
pase II (Sigma -Aldrich), and DNase I (SigmaAldrich), and DNase I (SigmaAldrich), and DNase I (Sigma -Aldrich). Lung Aldrich). Lung Aldrich). Lung 
tissues were then excised, minced into small fra gments, and gments, and 
further digested in RPMI -1640 containing liberase (Sigma1640 containing liberase (Sigma1640 containing liberase (Sigma -Al-Al-Al-
drich) and DNase I at 37°C for 30 min. Fo llowing enzymatic llowing enzymatic 
digestion, single -cell suspensions were obtained by passing cell suspensions were obtained by passing cell suspensions were obtained by passing 
the mixture through a 100 μm cell strainer and red blood cells 
were lysed using ACK lysis buffer. To enrich for specific cell 
subsets, cells were stained with surface markers targeting 
CD11b+, EpCAM, EpCAM, EpCAM, EpCAM +, and CD11c, and CD11c, and CD11c, and CD11c + populations. CD3 + T cells were T cells were 
enriched following FACS protocol. Cells were sorted using a 
FACSAria cell sorter (BD Biosciences) after staining with ol-
igo antibodies (table S3). CD11b +, EpCAM, EpCAM, EpCAM, EpCAM +, CD11c, CD11c, CD11c, CD11c+, CD3, CD3, CD3, CD3 + cells cells 
and the non -sorted fraction were combined at a 1:1:1:1:6 ratio sorted fraction were combined at a 1:1:1:1:6 ratio sorted fraction were combined at a 1:1:1:1:6 ratio 
and resuspended in cold PBS supplemented with 1% BSA 
(Miltenyi Biotec) and 0.5 U/ μL RNase inhibitor (Sigma -Al-Al-Al-
drich) for scRNA -seq. CD11bseq. CD11bseq. CD11b+, EpCAM, EpCAM, EpCAM, EpCAM +, CD11c, CD11c, CD11c, CD11c+ and the nonand the non -
sorted fraction were combined at a 1:1:1:7 ratio and resus-
pended in BD OMICS Guard buffer (BD Biosciences, Cat. 
570911)

scRNA -seq analysisseq analysisseq analysis
To simultaneously assess whole -transcriptome and targeted transcriptome and targeted transcriptome and targeted 
surface protein expression at the single -cell level, BD Rhap-cell level, BD Rhap-cell level, BD Rhap-
sody single -cell multicell multicell multi -omics technology was employed. omics technology was employed. omics technology was employed. 
Mouse lung cells were thawed and resuspended in FACS 
buffer prior to dextramer -basedbasedbased flow cytometric sorting for flow cytometric sorting for 
CD11b+, EpCAM, EpCAM, EpCAM, EpCAM +, CD11c, CD11c, CD11c, CD11c +, CD3, CD3, CD3, CD3 + cells. Sorted cells were col-
lected into staining buffer at a concentration of 200 –––800 800 
cells/μL in ~600 μL per sample. Approximately half of the 
collected cells were loaded onto the BD Rhapsody Cartr idge idge 
(BD Biosciences, Cat. #633733) using the associated BD Rhap-
sody Cartridge Reagent Kit (Cat. #633731). Cells were cap-
tured in microwell arrays with barcoded beads, followed by 
cell lysis, bead retrieval, cDNA synthesis, template switching, 
and Klenow e xtension. Fullxtension. Full -length cDNA containing unique length cDNA containing unique length cDNA containing unique 
molecular identifiers (UMIs) and cell barcodes were PCR -
amplified. Whole -transcriptome was prepared using the BD transcriptome was prepared using the BD transcriptome was prepared using the BD 
Rhapsody Whole Transcriptome Amplification Kit (Cat. 
#633801) following the manufacturer’s instruc tions. Libraries tions. Libraries 
were sequenced on the Illumina NovaSeq X Plus platform (Il-
lumina, San Diego, CA). Raw sequencing data were processed 
using the BD Rhapsody Analysis Pipeline (v2.2.1) on 
VELSERA cloud platform and aligned to the GRCm39 refer-
ence genome. Out put files were further converted to put files were further converted to 
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SEURAT, H5MU, and SCANPY formats for downstream anal-
ysis and visualization using standard R packages or the Cel-
lismo tool (BD). Quality control filters excluded cells with 
mitochondrial transcript fractions >25%, fewer than 200 de-
tected genes, or >20,000 t otal reads. Potential doublets were otal reads. Potential doublets were 
identified and removed using ScDblFinder. Filtered counts 
were then scaled by a factor of 10,000 and log -transformed, transformed, transformed, 
and the top 2000 most variable genes were selected for prin-
cipal component analysis. Clustering and UM AP visualiza-AP visualiza-
tion were performed using the first 30 principal components, 
with Seurat SNN graph construction followed by Louvain 
community detection. Differential expression was computed 
using the Wilcoxon rank -sum test, and genesum test, and genesum test, and gene -set enrichment set enrichment set enrichment 
analysis was performed on genes ranked by the Wald statis-performed on genes ranked by the Wald statis-
tic. ComplexHeatmap (v2.2.0) was used for heatmap visuali-
zation.

scATAC -seq analysisseq analysisseq analysis
Single -nucleus chromatin accessibility profiling was per-nucleus chromatin accessibility profiling was per-nucleus chromatin accessibility profiling was per-
formed using the BD Rhapsody Single -Cell ATACCell ATACCell ATAC -Seq plat-Seq plat-Seq plat-
form, which employs a modified Tn5 transposase to 
simultaneously fragment genomic DNA and insert sequenc-
ing adapters into accessible chromatin reg ions of individual ions of individual 
nuclei. Libraries were sequenced on the AVITI system (Ele-
ment Biosciences, San Diego, CA) to investigate chromatin 
structure and regulatory elements at single -cell resolution. cell resolution. cell resolution. 
Cryopreserved cells stored in BD OMICS -Guard buffer (Cat. Guard buffer (Cat. Guard buffer (Cat. 
#57#570911) for less than 48 hours were centrifuged at 8000911) for less than 48 hours were centrifuged at 800#570911) for less than 48 hours were centrifuged at 800#57  g 
for 5 min to remove the preservation buffer. Without addi-
tional washing, cells were resuspended in BD sample buffer 
at ~800 cells/ μL for downstream ATAC -seq processing. Splint seq processing. Splint seq processing. Splint 
beads were prepared using a custom splint oligonucleotide 
specific to V3 capture beads provided by BD Biosciences. Nu-
clei were isolated following a modified protocol ( 6464). Briefly, ). Briefly, 
cell pellets were lysed and resuspended in Nuclei Buffer using 
a wide -bore pipette, aiming for a cbore pipette, aiming for a cbore pipette, aiming for a c oncentration of 10,000 nu-oncentration of 10,000 nu-
clei/μL. In situ tagmentation was performed by incubating 
the nuclei with a Tagmentase mix that targets accessible 
chromatin regions, generating DNA fragments with pre-
loaded adapter sequences. An aliquot of tagmented nuclei 
was stained with DyeCycle Green (1 mM) and counted using mM) and counted using 
the BD Rhapsody Scanner. Single -nucleus capture, cell lysis, nucleus capture, cell lysis, nucleus capture, cell lysis, 
and genomic DNA processing were performed according to 
the BD Rhapsody manufacturer’s protocol. DNA fragments 
were captured via splint -oligooligooligo -bondbondbond ed TSO (templateed TSO (template -switch switch switch 
oligo) strands. Ligase was used to ligate the bead -bound oli-bound oli-bound oli-
gos to the tagmented DNA, followed by gap filling and exten-
sion using a specific enzyme mix. Final denaturation removed 
DNA templates from beads, and Illumina -compatible adcompatible adcompatible ad apt-apt-
ers and sample indices were introduced during amplification. 
Libraries were prepared with the following sequencing pa-
rameters: Read 1: 50 cycles, Read 2: 50 cycles, Index 1: 8 

cycles, and Index 2: 60 cycles. Sequencing data were analyzed 
using the BD Rh apsody ATAC Large Input pipeline (v2.2.1) apsody ATAC Large Input pipeline (v2.2.1) 
on VELSERA cloud platform. Processed output files were 
used for secondary analysis and visualization using the Si-
gnac package (v1.14.0). In brief, fragment files were imported 
and used to create a Seurat object wit h a chromatin assay via h a chromatin assay via 
the Create Chromatin Assay function. Quality control (QC) 
filtering was applied based on several metrics, including the 
total number of unique fragments per cell, nucleosome band-
ing pattern score (nucleosome signal), transcription s tart site tart site 
(TSS) enrichment score, and the fraction of reads overlapping 
ENCODE blacklist regions. Cells not meeting established 
thresholds (TSS enrichment > 3, nucleosome signal < 0.5, 
blacklist ratio < 0.08, number of peaks < 15000, number of 
peaks > 500, fraction of overlapping peaks > 0.4) were ex-fraction of overlapping peaks > 0.4) were ex-
cluded from downstream analysis. Normalization was per-
formed using term frequency –––inverse document frequency inverse document frequency 
(TF -IDF), followed by dimensionality reduction via singular IDF), followed by dimensionality reduction via singular IDF), followed by dimensionality reduction via singular 
value decomposition (SVD). Clustering was carried out using carried out using 
shared nearest neighbor (SNN) modularity optimization, and 
two-dimensional embedding was generated using Uniform dimensional embedding was generated using Uniform dimensional embedding was generated using Uniform 
Manifold Approximation and Projection (UMAP). A gene ac-
tivity matrix was computed using the GeneActivity (Signac) 
function to infer geneinfer gene -level accessibility based on the aggre-level accessibility based on the aggre-level accessibility based on the aggre-
gation of chromatin accessibility signals over gene bodies and 
promoter regions. Motif enrichment and transcription factor 
activity were assessed using chromVAR.

Spatial transcriptomics
Lung tissues from C57BL/6 mice were freshly harvested, em-
bedded in optimal cutting temperature (OCT) compound, 
and immediately snap -frozen in liquid nitrogen. Samples frozen in liquid nitrogen. Samples frozen in liquid nitrogen. Samples 
were stored at −80°C until sectioning. Spatially resolved sin-
gle-nucleus transcriptomic profiling was performed using the nucleus transcriptomic profiling was performed using the nucleus transcriptomic profiling was performed using the 
Curio Trekker Single -Cell Spatial Mapping Kit (Cat. Nos. Cell Spatial Mapping Kit (Cat. Nos. Cell Spatial Mapping Kit (Cat. Nos. 
SK017 and SK020; Takara Bio). Briefly, 25 μm cryosections of 
mouse lung tissue were placed onto Trekker 10  10 mm glass mm glass 
tiles, each embedded with a monolayer of uniquely DNA -
barcoded microparticles (beads). Upon exposure to ultravio-
let (UV) light, the spatial DNA barcodes were photocleaved 
and internalized into the overlying tissue. Following UV ex-
posure and barcod e incorporation, the tissue was dissociated e incorporation, the tissue was dissociated 
from the tile into single -nucleus suspensions. These spatially nucleus suspensions. These spatially nucleus suspensions. These spatially 
tagged nuclei were then loaded onto the BD Rhapsody Single -
Cell system (BD Biosciences) for single -nucleus capture and nucleus capture and nucleus capture and 
transcriptomic profiling. Spat ial transcriptomics data were ial transcriptomics data were 
processed using Seurat (v5.1.0) and analyzed using the 
Squidpy package (v1.6.2) in Python. Spatial neighborhood 
graphs were constructed using Squidpy’s sq.gr.spatial_neigh-
bors function, which uses spatial coordinates to define the the 
connectivity between spots. For spatial feature enrichment, 
we computed co -occurrence and neighborhood enrichment occurrence and neighborhood enrichment occurrence and neighborhood enrichment 
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scores across clusters using sq.gr.co_occurrence and 
sq.gr.nhood_enrichment. Spatial ligand -receptor interaction receptor interaction receptor interaction 
analysis was conducted with SOAPy (v1.0.1) ( 6565) using a cu-) using a cu-
rated database of known interactions (cellphonedb v5), ena-
bling inference of potential cell –––cell communication events.cell communication events.

Multiplexed spatial protein imaging by PhenoCycler -
Fusion system
Multiplexed spatial protein imaging was performed using the 
PhenoCycler Fusion (PCF, Akoya Biosciences) according to 
the manufacturer’s protocol. Lung tissues from C57BL/6 mice 
were harvested, fixed in 4% paraformaldehyde (PFA), dehy-
drated, embedded in par affin (FFPE), and sectioned at 5 affin (FFPE), and sectioned at 5 μm 
thickness. Sections were deparaffinized, rehydrated, sub-
jected to antigen retrieval. Sections were then stained with a jected to antigen retrieval. Sections were then stained with a 
cocktail of primary antibodies conjugated with unique DNA 
barcodes using an automated staining workfl ow. Following ow. Following 
staining and fixation steps, the slides were stored in buffer 
until imaging. Antibody panels included markers for im-
mune, epithelial, endothelial, and stromal cell subsets (table 
S4). For imaging, slides were mounted onto the PhenoCycler 
Fusi on instrument. A flow cell was placed on the slides, the on instrument. A flow cell was placed on the slides, the 
reporter plate was prepared, and the experimental template 
generated using the PhenoCycler Experiment Designer was 
loaded into the Fusion software. Reporter hybridization, im-
aging, and dehybridizatio n cycles were performed fully auto-n cycles were performed fully auto-
matically by the PhenoCycler Fusion system.
Quality control (QC)
Image analysis was performed using QuPath software. Anti-
body performance QC was determined by 1 to 2 experienced 
scientists after reviewing the QPTiff image in QuPath. The 
explanation of the QC scores is shown in table S5. First, the 
specificity of the ant ibody marker was compared to the refer-ibody marker was compared to the refer-
ence images from Akoya’s mouse spleen references. If the 
marker had a similar staining pattern as the reference im-
ages, it was marked as specific staining and a level of 4 for 
intensity was determined. If no signal was found on one tis-found on one tis-
sue but was found on the other tissues, the marker has a score 
of 0. If the signal -tototo-noise ratio was low and there was high noise ratio was low and there was high noise ratio was low and there was high 
background noise, the marker had a score of 1. If the signal -
to-noise ratio was high, the marker had a score of 2.noise ratio was high, the marker had a score of 2.noise ratio was high, the marker had a score of 2. If the If the 
signal was saturated at the maximum intensity, the marker 
had a score of 3. Only markers with scores above 1 were rec-
ommended for downstream analysis. Tissue artifact QC was 
manually removed using the brush selection tool in QuPath. 
The artifacts i nclude outnclude out -ofofof-focus, tissue folding, debris and focus, tissue folding, debris and focus, tissue folding, debris and 
bubbles on any of the markers.
Cell segmentation
Nuclear segmentation was first performed using StarDist 
method applied to the DAPI channel. Cytoplasm segmenta-
tion was then estimated from nuclear expansion by morpho-
logical dilation, and the centroid of each cell was defined by 

the x-y coordinates in the image. The mean fluorescent inten-y coordinates in the image. The mean fluorescent inten-y coordinates in the image. The mean fluorescent inten-
sity (MFI) of each marker was calculated for each segmented 
cell from the corresponding expression compartment, e.g., 
nuclear or cytoplasmic surface, to produce a raw expression 
table where each r ow represents a cell and coow represents a cell and co lumns are their lumns are their 
x-y coordinates and protein MFI expressions.y coordinates and protein MFI expressions.y coordinates and protein MFI expressions.
Supervised phenotyping
Phenotypes and their corresponding markers are listed in ta-
ble S6. Multiple training regions of interest (ROIs) were se-
lected across multiple samples to create a combined training 
image. The training ROIs should capture heterogeneity in cell 
phenotypes and marker intensities. On training ROIs, “Add marker intensities. On training ROIs, “Add 
Points” tool was used to select representative cells for each 
phenotype based on the expression markers. For example, for 
“Cytotoxic T cells” phenotype, 10 to 20 cells with double pos-
itive staining of CD8 and CD3 e markers were chosen. The se-e markers were chosen. The se-
lection of cells had to capture both high and low intensity of 
CD8 + cells to accommodate the heterogeneity of marker ex-
pression on different areas and different samples. After se-
lecting training cells for all phenotypes, the “Train Object 
Classifier”, artificial neural network classifier was used to 
train the phenotyping model. For features, the markers listed model. For features, the markers listed 
in table S6 and their expression compartment MFI were se-
lected. “Live update” was selected to visualize the phenotyp-
ing results and to adjust the training cells by adding or results and to adjust the training cells by adding or 
removing cells. When finished live adjustment, the classifier 
was applied to the whole slide images. After phenotyping, the 
percentage of each phenotype i within each sample j was cal-
culated and plotted as a bar chart.as a bar chart.
Cellular neighborhood analysis
The spatial interactions between different cell phenotypes 
were quantified using the Cellular Neighborhood method in 
CytoMap software. The input data were the CSV files from 
QuPath Export Measurements, with x -y coordinates, re-y coordinates, re-y coordinates, re-
gion/sample annotation, phenot ype classification and MFI ype classification and MFI 
for each marker for every segmented cells. The raster -
scanned 50 -μm-radius circle creates a table of neighbor-radius circle creates a table of neighbor-radius circle creates a table of neighbor-
hoods, in which the position of each neighborhood is evenly 
distributed across the tissue in a grid pattern. Once neighb or-or-
hoods were defined, phenotypes were used to cluster them 
into five regions using the default NN Self -Organizing Map Organizing Map Organizing Map 
algorithm. The phenotype composition was calculated for 
each cellular neighborhood and plotted on a heatmap. Di-
mensionality reduction was applied for data visualization by applied for data visualization by 
means of tSNE using the training markers MFI and the neigh-
borhood model. tSNE was performed using the Barnes -Hut Hut Hut 
algorithm with Euclidean distance and parameters were set 
to 30 for perplexity, 4 for exaggeration, and 0.5 f or theta.or theta.
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Fig. 1. Intranasal GLA -3M3M3M -052052052 -LSLSLS ++ OVA vaccination confers robust and longOVA vaccination confers robust and long -lasting protection against lasting protection against lasting protection against 
SARS -CoVCoVCoV -2, PR8 influenza virus, 2, PR8 influenza virus, 2, PR8 influenza virus, S. aureusS. aureus , and , and Streptococcus pneumoniaeStreptococcus pneumoniae infections . (. ( AA ) 
Experimental strategy for SARS -CoVCoVCoV -2 and PR8 infection. (2 and PR8 infection. (2 and PR8 infection. ( BB ) Body weight changes following SARS) Body weight changes following SARS -CoVCoVCoV -
2 challenge 21 days ( nn = 12 for each group), 42 days (= 12 for each group), 42 days ( nn = 13 unvaccinated mice, 15 vaccinated mice), and 3 = 13 unvaccinated mice, 15 vaccinated mice), and 3 
months ( n = 9 unvaccinated mice, 7 vaccinated mice) post vaccinations. (= 9 unvaccinated mice, 7 vaccinated mice) post vaccinations. ( CC ) Representative H&E) Representative H&E -stained stained stained 
lung sections from vaccinated and unvaccinated mice at day 3 post SARSfrom vaccinated and unvaccinated mice at day 3 post SARS -CoVCoVCoV -2 infection (21 days after 2 infection (21 days after 2 infection (21 days after 
vaccinations). Blue arrows show representative immune cell infiltrated area; yellow arrows show alveolar 
wall thickening and epithelial cell damage. AW, airway. Scale bar: left, 200 μm; right, 50 μm. (bar: left, 200 μm; right, 50 μm. ( DD ) 
Experimental strategy for S. aureusS. aureus and and A. baumanniiA. baumanniiA. baumannii infection. (infection. ( EE ) Bacterial load in lung following ) Bacterial load in lung following S. aureusS. aureus
infection 21 days, 42 days, and 3 months post -vaccinations. (vaccinations. (vaccinations. ( nn = 14 unvaccinated mice, 6 for other groups). = 14 unvaccinated mice, 6 for other groups). 
(FF ) Bacterial load in lung following ) Bacterial load in lung following A. baumanniiA. baumanniiA. baumannii infection 21 days postinfection 21 days post -vaccinations (vaccinations (vaccinations ( nn = 5 for each group). = 5 for each group). 
Each dot represents one mouse. Data are pooled from at least two independent experiments. Statistical 
significance of body weight in (B) was assessed by two -way ANOVA with Šidák’s multipleway ANOVA with Šidák’s multipleway ANOVA with Šidák’s multiple -comparison test. comparison test. comparison test. 
Statistical significance in (E) was assessed by one(E) was assessed by one -way ANOVA followed by Dunnett’s mulway ANOVA followed by Dunnett’s mulway ANOVA followed by Dunnett’s mul tipletiple -comparison comparison 
test for each timepoint compared with unvaccinated group. Statistical significance in (F) were assessed by 
two-tailed Manntailed Manntailed Mann -Whitney U test. Data are mean Whitney U test. Data are mean Whitney U test. Data are mean  SEM (* P < 0.05, **< 0.05, ** PP < 0.01, ***< 0.01, *** PP < 0.001, ****< 0.001, **** PP < < 
0.0001).
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Fig. 2. Intranasal GLA -3M3M3M -052052052 -LSLSLS ++ OVA vaccination elicits robust and durable antigenOVA vaccination elicits robust and durable antigen -specific TRM specific TRM specific TRM 
responses alongside innate immune activation, and drives coordinated epigenomic remodeling in 
alveolar macrophages and T cells. ((AA ) (Left) Representative flow cytometry plots of CD86 expression in ) (Left) Representative flow cytometry plots of CD86 expression in 
alveolar macrophage (AM), F4/80 + Macrophage, Dendritic Cell (DC), CD11bMacrophage, Dendritic Cell (DC), CD11b + DC, and CD103DC, and CD103 + DC. (Right) DC. (Right) 
Mean fluorescence intensity (MFI) of CD86 in indicated cell types at 21 and 90 days post -four four four 
immunizations. n = 5 for each group. Gating strategies can be found in fig. S123A. (= 5 for each group. Gating strategies can be found in fig. S123A. ( BB ) (Top) Representative ) (Top) Representative 
flow cytometry plots of OVA -specific IFNspecific IFNspecific IFN γ expression in CD4 + or CD8or CD8 + T cells. (Bottom) Frequencies of T cells. (Bottom) Frequencies of 
IFN γ++CD8CD8 + T cells and OVA Class I tetramerT cells and OVA Class I tetramerT cells and OVA Class I tetramerT cells and OVA Class I tetramer + CD8CD8 + T cells among CD8T cells among CD8T cells among CD8T cells among CD8 + T cells, and IFNT cells, and IFN γ+CD4CD4 + T cells and T cells and T cells and T cells and 
OVA Class II tetramer + CD4CD4 + T cells among CD4T cells among CD4 + T cells at 21, 42, and 90 days postT cells at 21, 42, and 90 days post -four immunizations. four immunizations. four immunizations. 
IFN γ++ cells were quantified after overnight stimulation with 100 μg/ml OVA protein. (cells were quantified after overnight stimulation with 100 μg/ml OVA protein. ( nn = 25, 13, 14, 5 for day = 25, 13, 14, 5 for day 
0 , day 21, day 42, and day 90 respectively, for IFN, day 21, day 42, and day 90 respectively, for IFN γ+ data. data. nn = 25, 10, 5, 10 for day 0, day 21, day 42, and day = 25, 10, 5, 10 for day 0, day 21, day 42, and day 
90 respectively, for Tetramer + figures). (figures). ( CC ) (Top) Representative flow cytometry plots of CD4) (Top) Representative flow cytometry plots of CD4 + or CD8or CD8 +

CD45( i.v.i.v. )−CD44 + cells gated from TCR β+CD4/CD8CD4/CD8 + cells at day 0, day 21, and day 90 post -four four four 
immunizations. (Bottom) Frequencies of CD4 +/CD8/CD8/CD8/CD8 + TRM (CD45 +TCRTCRTCRTCR β++CD4CD4 +/CD8/CD8/CD8/CD8 +CD45(CD45(CD45(CD45( i.v.i.v. )−
CD44 +CD69CD69CD69CD69 +CD103CD103CD103CD103 +) in live CD45) in live CD45) in live CD45) in live CD45 +TCRTCRTCRTCR β++CD4CD4 +/CD8/CD8/CD8/CD8 + populations. populations. nn = 10, 5, 5 for day 0, day 21, and day 90 = 10, 5, 5 for day 0, day 21, and day 90 
respectively. The representative flow cytometry plots from 21 days after vaccinations is also shown in fig. 
S17D. Gating strategies can be found in fig. S17D. Each dot represents one mouse. Data in (A) are 
represen tative of at least two independent experiments. The CD86 MFI in indicated cell types at different tative of at least two independent experiments. The CD86 MFI in indicated cell types at different 
times post -vaccinations are shown in fig. S6B. Data in (B) and (C) are pooled from at least two independent vaccinations are shown in fig. S6B. Data in (B) and (C) are pooled from at least two independent vaccinations are shown in fig. S6B. Data in (B) and (C) are pooled from at least two independent 
experiments. Significance in (A) to (C) was assess ed by oneed by one -way ANOVA followed by Dunnett’s multipleway ANOVA followed by Dunnett’s multipleway ANOVA followed by Dunnett’s multiple -
comparison test for each timepoint compared with day 0. Data are mean  SEM (* P < 0.05, **< 0.05, ** PP < 0.01, < 0.01, 
***PP < 0.001, ****< 0.001, **** P P < 0.0001). (< 0.0001). ( DD ) UMAP projection of 96,834 total lung cells clustered from scATAC) UMAP projection of 96,834 total lung cells clustered from scATAC -seq seq seq 
data from naïve mice, and from mice at 21 and 90 days post -vaccinations. IM (Interstitial macrophage), vaccinations. IM (Interstitial macrophage), vaccinations. IM (Interstitial macrophage), 
ATII (Type II alveolar epithelial cells). ( EE ) Tracks of H2) Tracks of H2 -Aa and Ccl5 on chromosomes 17 and 11, respectively, Aa and Ccl5 on chromosomes 17 and 11, respectively, Aa and Ccl5 on chromosomes 17 and 11, respectively, 
in AMs from naïve mice, 21 days and 3 -monthmonthmonth postpost -immunized mice. Coimmunized mice. Coimmunized mice. Co -accessible peaks are shown as accessible peaks are shown as accessible peaks are shown as 
links below the tracks. ( F ) Heat map showing transcription factor (TF) different mean deviation scores at ) Heat map showing transcription factor (TF) different mean deviation scores at 
21 days and 3 months post -vaccinations compared with naïve mice. APvaccinations compared with naïve mice. APvaccinations compared with naïve mice. AP -1 transcription factors are shown 1 transcription factors are shown 1 transcription factors are shown 
in green. Stat and Irf transcription factors are shown in red. Nf κκb transcription factors are shown in yellow.
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Fig. 3. Antigen -specific T cells coordinate interactions among innate immune cells and lung epithelial specific T cells coordinate interactions among innate immune cells and lung epithelial specific T cells coordinate interactions among innate immune cells and lung epithelial 
cells. ((AA ) (Top) Experimental design. (Bottom) Weight loss of unvaccinated, vaccinated, and vaccinated ) (Top) Experimental design. (Bottom) Weight loss of unvaccinated, vaccinated, and vaccinated 
mice depleted of T cells, following challenge with SARS -CoVCoVCoV -2 (2 (2 ( nn = 8 unvaccinated mice, 5 vaccinated with = 8 unvaccinated mice, 5 vaccinated with 
isotype control treatment, 6 for other groups) or S. aureusS. aureus ((nn = 5 for each group). 200 = 5 for each group). 200 μg/dose CD4 and 
CD8 antibodies were used in this experiment. ( BB ) (Left) Representative flow cytometry plots of C) (Left) Representative flow cytometry plots of C D86 D86 
expression in AM, F4/80 + macrophage, DC, CD11b + DC, CD103 + DC, and pDC. (Right) MFI of CD86 in 
indicated cell type of unvaccinated, vaccinated, and vaccinated mice depleted of CD4 + and CD8and CD8 + T cells, at T cells, at 
21 days post -4 immunizations. 4 immunizations. 4 immunizations. n = 5 for each group. Gating strategies can be found in fig. S123A. (= 5 for each group. Gating strategies can be found in fig. S123A. ( CC ) UMAP ) UMAP 
projection of 53,645 total lung cells clustered from spatial transcriptomes of unvaccinated, vaccinated, and 
vaccinated mice depleted of CD4 + and CD8 + T cells at 21 days post -vaccinations. IM, intersvaccinations. IM, intersvaccinations. IM, inters titial titial 
macrophage. Anti -CD4 and CD8 antibodies were administered beginning with the first immunization. (CD4 and CD8 antibodies were administered beginning with the first immunization. (CD4 and CD8 antibodies were administered beginning with the first immunization. ( DD ) 
Spatial mapping of scRNA -seq profiles, colored by cell type as in (C). Scale bar, 2 mm. (seq profiles, colored by cell type as in (C). Scale bar, 2 mm. (seq profiles, colored by cell type as in (C). Scale bar, 2 mm. ( E ) Blood ) Blood 
transcriptional module (BTM) enrichment of differentially expressed genes (DEGs) from identified lung cell 
subsets in vaccinated versus unvaccinated mice (FDR < 0.05). Enrichment was performed using 
hypergeometric distribution with BH correction. A ntigenntigen -presentationpresentationpresentation -associated pathways are marked in associated pathways are marked in associated pathways are marked in 
red; lysosome and phagocytosislysosome and phagocytosis -associated pathways in blue; antiviralassociated pathways in blue; antiviralassociated pathways in blue; antiviral -immunityimmunityimmunity -associated pathways in associated pathways in associated pathways in 
yellow. ( F ) Heatmap showing the change between cell) Heatmap showing the change between cell -cell communications among unvaccinated, cell communications among unvaccinated, cell communications among unvaccinated, 
vaccinated, and vaccinated mice depleted of CD4 + and CD8and CD8 + T cells at 21 days postT cells at 21 days post -vaccinations. Colors vaccinations. Colors vaccinations. Colors 
represent the changes in communication strength, calculated from cellular spatial information and ligand -
receptor interaction. Adaptive immune cells are marked in blue, innate immune cells in red, and structura l 
cells i n black. The black box highlights interactions between T cells and B cells, or T cells and innate cells, n black. The black box highlights interactions between T cells and B cells, or T cells and innate cells, 
while the red box highlights interactions between AM and alveolar epithelial cells (ATI and ATII). 
Significance asterisks in (A) indicate comparisons b etween vaccinated + antibodyetween vaccinated + antibody -treated groups and treated groups and treated groups and 
vaccinated groups. Each dot represents one mouse. Data are representative of at least two independent 
experiments. Significance of body weight in (A) was assessed by two -way ANOVA with Šidák’s multipleway ANOVA with Šidák’s multipleway ANOVA with Šidák’s multiple -
compar ison testison test . Other significance in (A) and (B) was assessed by oneOther significance in (A) and (B) was assessed by one -way ANOVA followed by Dunnett’s way ANOVA followed by Dunnett’s way ANOVA followed by Dunnett’s 

multiple -comparison test for each group compared with vaccinated group. Data are mean comparison test for each group compared with vaccinated group. Data are mean comparison test for each group compared with vaccinated group. Data are mean  SEM (ns P > > 
0.05, * PP < 0.05, **< 0.05, ** PP < 0.01, ***< 0.01, *** PP < 0.001, ****< 0.001, **** PP < 0.0001).< 0.0001).
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Fig. 4. Enhanced phagocytic function of AMs following vaccination contributes to the vaccine -induced induced induced 
non -specific protective immunity.specific protective immunity.specific protective immunity. (A) (Left) Experimental design. (Right) Bacterial load, 1 day after (A) (Left) Experimental design. (Right) Bacterial load, 1 day after S. S. 
aureus (S. aureusS. aureus ) infection, in the lungs of vaccinated and unvaccinated mice treated with ctrl or ) infection, in the lungs of vaccinated and unvaccinated mice treated with ctrl or 
clodronate liposomes. n = 5 for each group. (= 5 for each group. ( BB ) Experimental design schematic for () Experimental design schematic for ( CC to to EE ). AMs were ). AMs were 
collected 30 min after infection in vivo. In (C) to (E), blue color represents unvaccinated mice and red color color 
represents vaccinated mice. (C) (Left) Representative flow cytometry histogram showing uptake of AF594 -
labeled S. aureusS. aureus by AMs. (Right) Frequency of AF594by AMs. (Right) Frequency of AF594 -labeled labeled labeled S. aureusS. aureus + AMs among total AMs in BAL. AMs among total AMs in BAL. 
Gating strategies can be found in fig. S123A. (D) (Left) Representative flow cytometry histogram showing 
uptake of green -labeled apoptotic and necrotic neutrophils by AMs. (Right) Frequency of greenlabeled apoptotic and necrotic neutrophils by AMs. (Right) Frequency of greenlabeled apoptotic and necrotic neutrophils by AMs. (Right) Frequency of green -labeled labeled labeled 
neutrophil + AMs among total AMs in BAL. (E) (Left) Representative flow cytometry histogram showiAMs among total AMs in BAL. (E) (Left) Representative flow cytometry histogram showi ng ng 
uptake of green -labeled PR8 infected lung epithelial cells (A549) by AMs. (Right) MFI of greenlabeled PR8 infected lung epithelial cells (A549) by AMs. (Right) MFI of greenlabeled PR8 infected lung epithelial cells (A549) by AMs. (Right) MFI of green -labeled labeled labeled 
epithelial + AMs among total AMs in BAL. AMs among total AMs in BAL. n = 5 for each group. Each dot represents one mouse. Data are = 5 for each group. Each dot represents one mouse. Data are 
representative of at least two independent experiments. Significance in (A) was assessed by two -way way way 
ANOVA with Šidák’s multiple -comparison test, (C) to (E) were assessed by twocomparison test, (C) to (E) were assessed by twocomparison test, (C) to (E) were assessed by two -tailed Manntailed Manntailed Mann -WhitneWhitneWhitne y U y U 
test. Data are mean  SEM (* P < 0.05, **< 0.05, ** PP < 0.01).< 0.01).
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Fig. 5. Vaccination promotes rapid formation of tertiary lymphoid structures and regulated 
inflammation following infection. (AA ) Multiplexed spatial protein imaging was performed using the ) Multiplexed spatial protein imaging was performed using the 
PhenoCycler -Fusion (PCF; updated CODEX platform). tFusion (PCF; updated CODEX platform). tFusion (PCF; updated CODEX platform). t -SNE plot showing spatial clustering of regions from SNE plot showing spatial clustering of regions from SNE plot showing spatial clustering of regions from 
unvaccinated and vaccinated mice (one -month postmonth postmonth post -vaccinations) at day 3 following SARSvaccinations) at day 3 following SARSvaccinations) at day 3 following SARS -CoVCoVCoV -2 2 2 
infection, based on region -specific neighborhood (RSN) features. Each dot represents a cell, colorspecific neighborhood (RSN) features. Each dot represents a cell, colorspecific neighborhood (RSN) features. Each dot represents a cell, color -coded coded coded 
by region number (1 t o 5). o 5). nn = 12 lung sections, including six slides from three unvaccinated mice and six = 12 lung sections, including six slides from three unvaccinated mice and six 
slides from three vaccinated mice. ( BB ) t) t -SNE plot showing the distribution of vaccinated (red) and SNE plot showing the distribution of vaccinated (red) and SNE plot showing the distribution of vaccinated (red) and 
unvaccinated (blue) samples across RSN -defined spatial regions. (defined spatial regions. (defined spatial regions. ( CC ) Bar plot illustrating the composition ) Bar plot illustrating the composition 
of regions 1 to 5 in vaccinated and unvaccinated mice, based on spatial clustering analysis. Asterisks denote 
the regions with increased proportions in vaccinated mice compared with unvaccinated mice following 
challe nge wnge w ith SARSith SARS -CoVCoVCoV -2. (2. (2. ( DD ) Heat map showing the cellular composition within each region and the ) Heat map showing the cellular composition within each region and the 
relative frequencies of regions 1 to 5 in all samples. Colors indicate fold -change values (red, upchange values (red, upchange values (red, up -regulated; regulated; regulated; 
blue, down -regulated), with foldregulated), with foldregulated), with fold -change values indicated directly. (change values indicated directly. (change values indicated directly. ( E ) (Top) Representative images of ) (Top) Representative images of 
CD206, CD31, CD8, CD4, CD68, S100A9, Foxp3, Ly6G, CD20, and DAPI. Inserts below showing images of 
different cell types. (Bottom) Immunohistochemical staining images about SARS -CoVCoVCoV -2 N protein 2 N protein 2 N protein 
localization on adjacent tissue sectisecti ons. Scale bar: left, 2 mm; right, 160 μm. (ons. Scale bar: left, 2 mm; right, 160 μm. ( F ) Experimental design. () Experimental design. ( GG ) 
(Left) Representative flow -cytometry plots of NP class I tetramercytometry plots of NP class I tetramercytometry plots of NP class I tetramer + CD3 +CD8CD8CD8CD8 + CD44CD44CD44CD44 + T cells gated from T cells gated from 
CD3 +CD8CD8CD8CD8 + T cells in lungs of vaccinated and unvaccinated mice at indicated times after PR8 infection. T cells in lungs of vaccinated and unvaccinated mice at indicated times after PR8 infection. 
(Right) Frequency of NP Class I tetramer + CD8CD8 + cells in CD8cells in CD8 + T cells at indicated time after PR8 infection. T cells at indicated time after PR8 infection. 
(HH ) Levels of HA) Levels of HA -specific total IgG, IgG1, and IgG2c in BAL fluid. (I) Levels of ILspecific total IgG, IgG1, and IgG2c in BAL fluid. (I) Levels of ILspecific total IgG, IgG1, and IgG2c in BAL fluid. (I) Levels of IL -6, CXCL10, MCP6, CXCL10, MCP6, CXCL10, MCP -1/CCL2, 1/CCL2, 1/CCL2, 
and GM -CSF in BAL fluidCSF in BAL fluidCSF in BAL fluid . (. ( J ) Representative H&E) Representative H&E -stained lung sections from mice unvaccinated and stained lung sections from mice unvaccinated and stained lung sections from mice unvaccinated and 
vaccinated at 0, 6 hours, 24 hours, 3 days, and 7 days after PR8 infection. Blue arrows indicate immune cell 
infiltrates; red arrows indicate virus infected epithelial cells; yellow arro ws indicate alveolar wall thickening ws indicate alveolar wall thickening 
and epithelial cell damage; black arrows indicate hyaline membrane formation. AW, airway; BV, blood 
vessel. Scale bar: top, 200 μm; bottom, 50 μm. n = 5 for all groups. Each dot represents one mouse. Data = 5 for all groups. Each dot represents one mouse. Data 
are repres entative of at least two independent experiments. Significance in (G) to (I) was assessed by twoentative of at least two independent experiments. Significance in (G) to (I) was assessed by two -
way ANOVA with Šidák’s multiple -comparison test. Data are mean comparison test. Data are mean comparison test. Data are mean  SEM (** P < 0.01, ***< 0.01, *** PP < 0.001, ****< 0.001, **** PP
< 0.0001).
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Fig. 6. Intranasal GLA -3M3M3M -052052052 -LSLSLS ++ OVA vaccination confers robust and longOVA vaccination confers robust and long -lasting protection lasting protection lasting protection 
against allergic asthma. ((AA ) Experimental design. Representative flow cytometry plot of Ly6G) Experimental design. Representative flow cytometry plot of Ly6G -SiglecSiglecSiglec -FFF +

Eosinophils (Eos) gated from CD11b + cells in the indicated groups of ( BB ) 21 days or () 21 days or ( F ) 3 months after ) 3 months after 
vaccinations. Gating strategies can be found in fig. S123A. Cell number of CD45 + cells, Eos, AM, neutrophil cells, Eos, AM, neutrophil 
(Neu), and ILC2 cells in the BAL of mice ( CC ) 21 days or () 21 days or ( GG ) 3 months after vaccinations. The frequency of ) 3 months after vaccinations. The frequency of 
IL4 +, IL5, IL5, IL5, IL5 +, IL13, IL13 +, and Th2 cells (GATA3, and Th2 cells (GATA3 +) in CD4) in CD4) in CD4) in CD4 + T cells in the lungs of mice (T cells in the lungs of mice ( DD ) 21 days or (H) 3 months ) 21 days or (H) 3 months 
after vaccinations. Serum IgE concentrations in mice ( E ) 21 days or () 21 days or ( I) 3 months after vaccinations. () 3 months after vaccinations. () 3 months after vaccinations. ( J ) 
Representative Per iodic Acidiodic Acid ––– Schiff (PAS)Schiff (PAS) - stained image from the indicated groups at (left) 21 days and stained image from the indicated groups at (left) 21 days and 
(right) 3 months after vaccinations. Scale bar, top, 200 μm; bottom, 50 μm. Yellow arrows highlight 
representative mucus accumulation in the airways, visualized as magen tata-stained regions. stained regions. stained regions. nn = 5, 8, 8, in 21 = 5, 8, 8, in 21 
days after vaccinations and n = 5, 5, 5, in 3 months after vaccinations for naïve, unvaccinated and HDM = 5, 5, 5, in 3 months after vaccinations for naïve, unvaccinated and HDM 
challenge, GLA -3M3M3M-052052052 -LS + OVA vaccinated and HDM challenge groups, respectively. Each dot LS + OVA vaccinated and HDM challenge groups, respectively. Each dot LS + OVA vaccinated and HDM challenge groups, respectively. Each dot 
represents one mouse. Data are representative of at least two independent experiments. Significance was Data are representative of at least two independent experiments. Significance was 
assessed by one -way ANOVA with Šidák’s multipleway ANOVA with Šidák’s multipleway ANOVA with Šidák’s multiple -comparison test. Only the significance between comparison test. Only the significance between comparison test. Only the significance between 
unvaccinated + HDM and vaccinated + HDM groups is shown. Data are mean  SEM (ns PP > 0.05, *> 0.05, * PP < 0.05, < 0.05, 
**PP < 0.01, ***< 0.01, *** PP < 0.001, ****< 0.001, **** PP < 0.0001).< 0.0001).
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Fig. S1. 

 
Fig. S1 Vaccination with GLA-3M-052-LS + OVA protects against SARS-CoV-2, SARS-CoV 
MA15, SCH014-CoV MA15, and S. aureus infections. (A) SARS-CoV-2 subgenomic (Sg) gene 
expression in lungs 21 days (n = 12 unvaccinated mice, 11 vaccinated mice), 42 days (n = 4 
unvaccinated mice, 8 vaccinated mice), and 3 months (n = 8 unvaccinated mice, 7 vaccinated 
mice) post-vaccinations. Virus load in lung measured by plaque assay 21 days post-vaccinations 



(n = 8 unvaccinated and 5 vaccinated mice). (B) Left: Representative immunohistochemical (IHC) 
staining images of SARS-CoV-2 nucleocapsid protein in vaccinated and unvaccinated mice at day 
3 after SARS-CoV-2 infection. Scale bar, 200 μm. Circles indicate SARS-CoV-2 nucleocapsid 
protein positive areas. Right: IHC score at day 3 after SARS-CoV-2 infection (n = 6 for each 
group). (C)  H&E staining score at day 3 after SARS-CoV-2 infection (n = 6 for each group). (D) 
Body weight changes following SARS-CoV MA15 infection 28 days post-vaccinations. (E) Lung 
damage score at day 4 after SARS-CoV MA15 infection. (F) Virus load in lung measured by 
plaque assay at day 2 and day 4 after SARS-CoV MA15 infection. (G) Body weight changes 
following SCH014-CoV MA15 infection 28 days post-vaccinations. (H) Lung damage score at 
day 4 after SCH014-CoV MA15 infection. (I) Virus load in lung measured by plaque assay at day 
4 after SCH014-CoV MA15 infection. n = 8 for each group in (D, E, G to I), n = 8 unvaccinated 
and 7 vaccinated mice in Day 2, n = 7 unvaccinated and 8 vaccinated mice in Day 4 in (F). (J) 
Body weight changes following S. aureus systemic infection one-month post-vaccinations. n = 5 
for each group. (K) Bacterial load in kidneys at day 3 after S. aureus systemic infection. n = 4 for 
each group. Each dot represents one mouse. Data are representative of at least two independent 
experiments. Significance of weight loss in (D, G, J) were assessed by two-way ANOVA with 
Šidák’s multiple-comparison test. Others were assessed by two-tailed Mann-Whitney U test. Data 
are mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
 
  



Fig. S2. 

 
Fig. S2 SARS-CoV-2 infection following two, three, or four intranasal doses of GLA-3M-
052-LS + OVA. (A) Experimental design. (B) Body weight changes following SARS-CoV-2 
infection 28 days post-vaccinations. n = 9, 8, 8, 8 mice for unvaccinated, 4 immunizations, 3 
immunizations, and 2 immunizations groups. Colored asterisks indicate statistical significance 
compared to the unvaccinated group for the corresponding color-coded group. Data are 
representative of at least two independent experiments. Significance was assessed by two-way 
ANOVA with Dunnett’s multiple-comparison test. Data are mean ± SEM (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001). 
 
  



Fig. S3. 

 
Fig. S3 A single GLA-3M-052-LS + NP vaccination following PR8 infection protects against 
SARS-CoV-2 infection. (A) Experimental design. (B) Left: Body weight changes following 
SARS-CoV-2 infection 28 days post-vaccinations. Right: SARS-CoV-2 subgenomic (Sg) gene 
expression in lungs. n = 6, 6, 7, 5 mice for unvaccinated, GLA-3M-052-LS + NP vaccinated 
following PR8 infection, only PR8 infected, and only GLA-3M-052-LS + NP vaccinated groups. 
(C) Experimental design schematic for (D). (D) Left: Body weight changes following SARS-CoV-
2 infection 2 months post-vaccinations. Right: SARS-CoV-2 subgenomic (Sg) gene expression in 
lungs. n = 9 unvaccinated mice, 8 mice for GLA-3M-052-LS + NP vaccination following PR8 
infection. Each dot represents one mouse. Data are representative of at least two independent 
experiments. Significance was assessed by one-way ANOVA followed by Dunnett’s multiple-
comparison test for each group compared with unvaccinated group in (B), two-way ANOVA with 
Šidák’s multiple-comparison test in (D, left), two-tailed Mann-Whitney U test in (D, right), Data 
are mean ± SEM (*P < 0.05, **P < 0.01). 
 
  



Fig. S4. 

 
Fig. S4 GLA-3M-052-LS + OVA vaccination protects against S. aureus infection in PR8 
infected non-naïve mice. (A) Experimental design. (B) Bacterial load in the lung at day 1 after 
infection. n = 6 for PR8 infected and GLA-3M-052-LS+OVA vaccinated mice, 5 for other groups. 
Each dot represents one mouse. Data are representative of at least two independent experiments. 
Significance was assessed by one-way ANOVA followed by Dunnett’s multiple-comparison test 
for each group compared with unvaccinated group. Data are mean ± SEM (**P < 0.01, ****P < 
0.0001). 
 
  



Fig. S5. 

 



Fig. S5 Innate cell responses in BAL and lung following four vaccinations with GLA-3M-
052-LS + OVA. (A) Experimental design schematic for (B). (B) Top: CD86 MFI of indicated cell 
types in lung. n = 28 naïve mice, 5 mice for 6 hours post-each immunization, 8 mice for 24 hours 
post-each immunization, 5 mice for day 24 and day 28, 13 mice for day 42, 8 mice for day 63, 5 
mice for day 111. Gray dashed lines indicate the 1st to 4th immunization time points, respectively. 
Bottom: Cell number in BAL. n = 28 naïve mice, 5 mice for 6 hours post-each immunization, 8 
mice for 24 hours post-each immunization, 5 mice for day 24 and day 28, 12 mice for day 42, 7 
mice for day 63, 5 mice for day 111. (C) Experimental design schematic for (D to F). (D) 
Representative flow cytometry plots of MHC-II expression in AM, F4/80+ macrophage, Monocyte 
(Mono), DC, CD11b+ DC, and CD103+ DC.  (E) MHC-II MFI of indicated cell types in lung at 
21 days or 90 days after immunizations. (F) Indicated cell type percentage in live CD45+ cell 21 
days and 90 days post-four vaccinations. (G) Top: Representative flow cytometry plots of MHC-I 
expression in AM, F4/80+ macrophage, DC, CD11b+ DC, and CD103+ DC at day 28 post four 
immunizations. Bottom: MHC-I MFI of indicated cell types in lung. Gating strategies can be found 
in Fig. S23A. Each dot represents one mouse. Data in (B) are pooled from at least two independent 
experiments. Data in (D to G) are representative of at least two independent experiments. 
Significance in (B, E, F) were assessed by one-way ANOVA followed by Dunnett’s multiple-
comparison test for each time point compared with day 0. Significance in (G) was assessed by 
multiple Mann–Whitney (two-tailed) U-test. Data are mean ± SEM (*P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001).  
 
  



Fig. S6. 

 
Fig. S6 OVA-specific T cell responses in lung post four vaccinations with GLA-3M-052-LS 
+ OVA. (A) Experimental design. (B) IL2+/IL17A+/TNFα+ CD4+ T cells percentage in CD4+ T 
cells and TNFα+ CD8+ T cells percentage in CD8+ T cells at 21, 42, and 90 days post-four 
immunizations (after stimulation with 100 μg/ml OVA protein overnight in vitro). Data are pooled 
from at least two independent experiments, n = 25, 13, 14, 5 mice for day 0, day 21, day 42, and 
day 90, respectively. (C) IFNγ+/IL2+/IL17A+/TNFα+ CD4+ T cells percentage in CD4+ T cells and 
IFNγ+/TNFα+ CD8+ T cells percentage in CD8+ T cells at 21 days post-four immunizations (after 
stimulated with OVA peptides 6 hours in vitro) in lung, n = 5 in day 0, 8 in day 21. (D) Flow 



cytometric gating strategy for classifying lung resident memory T cells (TRM) in lung for Figure 
2C. The representative gating shown is from one sample collected 21 days after vaccination. Each 
dot represents one mouse. Data are pooled from at least two independent experiments. Significance 
in (B) was assessed by one-way ANOVA followed by Dunnett’s multiple-comparison test for each 
time point compared with day 0. Significance in (C) was assessed by two-tailed Mann-Whitney U 
test. Data are mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
 
  



Fig. S7. 

 
Fig. S7 Cytokines in BAL fluid and serum during and after immunizations with GLA-3M-
052-LS + OVA. (A) Experimental design. (B) Average MFI of indicated cytokines in BALF and 
in (C) serum. n = 8 mice for 24 hours post-each immunization and day 42, 7 mice for Day 63, and 
5 mice for other time points. Each dot represents one mouse. Data are pooled from at least two 
independent experiments. Significance was assessed by one-way ANOVA followed by Dunnett’s 
multiple-comparison test for each time point compared with day 0. Data are mean ± SEM (*P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).  



Fig. S8. 

 
Fig. S8 Vaccinations with GLA-3M-052-LS + OVA promoted long-term activation of antigen 
presentation and antiviral immunity-related gene expression in AM and epithelial cells. (A) 
UMAP projection of 119,876 total lung cells clustered from scRNA-seq of naïve, 21 and 90 days 
post-immunization mice. IM, Interstitial macrophage. (B)  Top variable genes defining cell 



clusters identified from scRNA-seq data. (C) Overrepresentation analysis and enrichment of Gene 
Ontology (GO) biological processes across identified cell clusters, using differentially expressed 
genes (DEGs; log2FC cutoff > 0.25; FDR cutoff < 0.05). Enrichment was performed using 
hypergeometric distribution with BH correction. (D) Volcano plots of DEGs logFC in ATII and 
AM_2 in 21 days post-vaccinations and 3 months post-vaccinations vs unvaccinated mice. (E) The 
bubble plot showing the expression changes of representative antiviral, antigen presentation, and 
phagocytosis-related differentially expressed genes at day 21 or 3 months following four 
vaccinations. (F) UMAP projection colored by scaled expression of markers. 
 
  



Fig. S9. 

 



Fig. S9 scATAC-seq in the lung. (A) Top variable genes defining cell clusters identified from 
scATAC-seq data. (B) Overrepresentation analysis of biological processes across identified cell 
clusters, using differentially expressed genes (DEGs; log2FC cutoff > 0.25; FDR cutoff < 0.05). 
Enrichment was performed using hypergeometric test with BH correction. (C) Tracks of genes 
Gramd1b, Ifnar2, and Il10rb on Chromosome 9 and 16 in AM of naïve, 21 days and 3 months 
post-immunized mice. Peaks and links are shown below the track. (D) Line graph showing the 
differences in transcription factor (TF) accessibility 21 days and 3 months (D90) after four-
vaccinations. Each line represents a separate TF within the indicated family. 
  



Fig. S10. 

 
Fig. S10 Antigen-specific T-cell responses contribute to the protection against SARS-CoV-2 
infection. (A) Top: experimental design. Bottom: Body weight changes of GLA-3M-052-LS with 
OVA or without OVA immunized mice 21 days (n = 14 unvaccinated mice, 16 GLA-3M-052-
LS+OVA vaccinated mice, 8 GLA-3M-052-LS vaccinated mice), 42 days (n = 8 for each group), 
and 3 months (n = 10 unvaccinated mice, 5 GLA-3M-052-LS+OVA vaccinated mice, 7 GLA-3M-
052-LS vaccinated mice) post-vaccinations, following SARS-CoV-2 infection. Colored asterisks 
indicate the significance of comparisons with the group of the corresponding color. (B) 
Representative H&E-stained lung sections from unvaccinated, vaccinated and vaccinated mice 
with T cell depletion at days 3 after SARS-CoV-2 infection. AW: airway, BV: blood vessel. 
Yellow arrows indicate alveolar structural damage and inflammation. Scale bar: left, 200 μm; right 
50 μm. Data are pooled from at least two independent experiments. Significance was assessed by 
two-way ANOVA with Tukey’s multiple-comparison test. Data are mean ± SEM (*P < 0.05, **P 
< 0.01, ****P < 0.0001).  
  



Fig. S11. 

 
Fig. S11 Innate cell responses after CD4⁺ and CD8⁺ T cells blockade 21 days post-
vaccinations. (A) Experimental design. (B) Representative flow cytometry plots of CD4⁺ and 
CD8⁺ cells in the lungs of unvaccinated mice, vaccinated mice, and vaccinated mice depleted of T 
cells. (C) Left: representative flow cytometry plots of MHC-II expression in alveolar macrophage 
(AM), F4/80+ macrophage, DC, CD11b+ DC, and CD103+ DC. Right: MFI of MHC-II in indicated 
cell type of unvaccinated, vaccinated and vaccinated mice depleted of T cells, at 21 days post-four 
immunizations. (D) Indicated cell types percentage in live CD45+ cells of unvaccinated, 
vaccinated, and vaccinated mice depleted of T cells, 21 days post-vaccinations. (E) Left: total cell 
numbers in BAL. Right: cell numbers of AM, F4/80+ macrophage, Monocyte (Mono), DC, 
CD11b+ DC, CD103+ DC, pDC, Neutrophil, Eosinophil, and NK in BAL. n = 5 for each group. 
Each dot represents one mouse. Gating strategies can be found in Fig. S23A. Data are 
representative of at least two independent experiments. Significance was assessed by one-way 
ANOVA followed by Dunnett’s multiple-comparison test for each group compared with GLA-
3M-052-LS + OVA + isotype control group. Data are mean ± SEM (*P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001)  
  



Fig. S12. 

 
Fig. S12 Spatial transcriptomics analysis in lung. (A) Top variable genes defining cell clusters 
identified from spatial transcriptomics data. (B) Spatial mapping of representative cell types. Scale 
bar: 2 mm. (C) The bubble plot showing the representative expression changes of antigen 
presentation and phagocytosis-related differentially expressed genes. (D) Volcano plots of DEGs 



logFC in AM in vaccinated vs unvaccinated and vaccinated with CD4⁺ and CD8⁺ T cells blockade 
vs vaccinated mice groups. The upregulated antigen presentation genes were labeled red and 
downregulated antigen presentation genes were labeled blue. 
  



Fig. S13. 

 



Fig. S13 Spatial transcriptomic analysis of T cell subclusters in lung. (A) UMAP projection of 
3,912 total cells clustered from T cells in Figure 3C. (B) Top variable genes defining T cell 
subclusters identified from spatial transcriptomic data. (C) UMAP visualization shows the 
distribution of distinct cell types across different samples. (D) Spatial mapping of representative 
T cell subclusters. Scale bar: 2 mm. (E) Stacked bar plot showing the percentage of T cell subsets 
within each group. (F) Bubble plots display the top differentially expressed ligand–receptor 
interactions between distinct T cell subsets and alveolar macrophage (AM) in short- (left) and 
long-range communication (right). Bubble size represents P value, and color indicates Interaction 
Ranking (Ir) score. (G) Left, representative short-range communications in the two vaccinated lung 
slides. Red level means relative Icam1 expression in TRM CD8+ T cells. Blue level means relative 
Itgal+Itgb2 expression in AM. Arrows display representative sites of cell-cell short-range 
communications. Right, representative long-range communications in the two vaccinated lung 
slides. Red level means relative Tgfb1 expression in TRM CD8+ T cells. Blue level means relative 
Tgfbr1+Tgfbr2 expression in AM. Circles display representative regions of long-range 
communication. 
  



Fig. S14. 

 
Fig. S14 RANKL mediates the protection conferred by GLA-3M-052-LS + OVA vaccination 
against SARS-CoV-2 and Staphylococcus aureus infection. (A) Experimental strategy. 250 
μg/dose RANKL antibody was used at indicated time. (B) Body weight changes following SARS-
CoV-2 infection. n = 8 unvaccinated mice, 8 vaccinated mice with isotype control antibody 
treatment, 9 vaccinated mice with RANKL antibody treatment. Colored asterisks indicate 
statistical significance between vaccinated group and vaccinated with anti-RANKL treatment 
group. (C) Bacterial load in the lung at one day after Staphylococcus aureus infection. n = 5 for 
each group. Significance was assessed by two-way ANOVA with Šidák’s multiple-comparison test 
in (B) and one-way ANOVA with Šidák’s multiple-comparison test in (C).  Data are representative 
of at least two independent experiments. Data are mean ± SEM (*P < 0.05, ***P< 0.001). 
  



Fig. S15. 

 
Fig. S15 CD40L, IFNγ, TNFα, IFNγR are not necessary for the protection. (A) Experimental 
strategy for (B). 250 μg/dose CD40L or 500 μg/dose IFNγ antibody were used in this experiment. 
(B) Body weight changes following SARS-CoV-2 infection. Left, n = 10 unvaccinated mice, 7 
vaccinated mice with isotype control antibody treatment, 8 vaccinated mice with CD40L antibody 
treatment. Right, n = 8 unvaccinated mice, 5 vaccinated mice with isotype control treatment, 8 
vaccinated mice with IFNγ antibody treatment. (C) Experimental strategy for (D). 250 μg/dose 
IFNγR and/or 250 μg/dose TNFα were used in this experiment. (D) Body weight changes 
following SARS-CoV-2 infection. n = 8 unvaccinated mice, 8 vaccinated mice with isotype control 
treatment, 8 vaccinated mice with IFNγR antibody treatment, 3 vaccinated mice with TNFα 
antibody treatment, 7 vaccinated mice with IFNγR and TNFα antibodies treatment. Data are 
representative of at least two independent experiments. Significance was assessed by two-way 
ANOVA with Šidák’s multiple-comparison test. Data are mean ± SEM. ns indicates no significant 
difference between the vaccinated group and the vaccinated + antibody treatment group (P > 0.05). 
  



Fig. S16. 

 
Fig. S16 Vaccinated AM were rapidly activated following PR8 infection. (A) Experimental 
design. Days post-PR8 infection (DPI). (B) Left: Representative flow cytometry plots of CD86 
expression in AM at 0, 0.25, 1, 3, and 7 days post-PR8 infection. Right: MFI of CD86 in AM. (C) 
MFI of CD86 in DC, Monocyte, and F4/80+ macrophage. (D) MFI of MHC-II in AM, DC, 
Monocyte, and F4/80+ macrophage. (E) MFI of MHC-I in AM, F4/80+ macrophage, Monocyte 
(Mono), and DC in lung at day 3 post PR8 infection. (F) Percentage of AM, DC, Neutrophil, and 



Monocyte in live CD45+ cells of lung. (G) Cell numbers of AM, DC, Neutrophil, and Monocyte 
in BAL. n = 5 mice in each group. Each dot represents one mouse. Gating strategies can be found 
in Fig. S23A. Data are representative of at least two independent experiments. Significance was 
assessed by two-way ANOVA with Šidák’s multiple-comparison test. Data are mean ± SEM (**P 
< 0.01, ***P < 0.001, ****P < 0.0001)  
 
  



Fig. S17. 

 
Fig. S17 Communications from AM to T cells and other cells based on spatial transcriptomic 
analysis. (A) Bubble plots display the top differentially expressed ligand–receptor interactions 



from alveolar macrophage (AM) to indicated cells in short- (up) and long-range communication 
(down). Bubble size represents P value, and color indicates Interaction Ranking (Ir) score. (B) 
Circle plots showing short- (up) and long- (down) range intercellular communication networks 
from AM to indicated cells. The thickness of the lines represents interaction event number, while 
the size of the circles indicates total number of interaction events. 
 
  



Fig. S18. 

 
Fig. S18 Supplemental data for Figure 5. (A) Heatmap showing the standardized MFI of marker 
proteins in indicated cell types of (left) unvaccinated and (right) vaccinated mice on day 3 
following SARS-CoV-2 infection. The positive signal in B cell (CD20+), Cytotoxic T cells 



(CD3e+CD8+), Endothelial cells (CD31+), Helper T cells (CD3e+CD4+), M1 Macrophage 
(CD68+CD206- or weak), M2 Macrophage (CD206+ CD68- or weak), Neutrophil 
(Ly6g+S100A9+), and Treg (CD3e+CD4+FOXP3+) were marked. (B) Representative images 
demonstrating the strategy used to identify specific cell types. Scale bar: 40 μm. (C) Stacked bar 
plot showing the (left) cell number and (right) percentage of cell type within each group on day 3 
after SARS-CoV-2 infection. (D) Heatmap showing the standardized MFI of marker genes in 
region 1-5 (R1-R5) of (left) unvaccinated and (right) vaccinated mice on day 3 following SARS-
CoV-2 infection. (E) Representative images showing region 1-5 distribution in unvaccinated and 
vaccinated mice at day 3 after SARS-CoV-2 infection. Scale bar: 2 mm.  
 
  



Fig. S19.  

 
Fig. S19 Vaccination with GLA-3M-052-LS + OVA protects against allergic asthma. (A) 
Flow cytometric gating strategy for identifying innate immune cell subsets in the lung and BAL. 
For the phagocytosis experiments, only alveolar macrophages (AM) in BAL were tested. When 
assessing phagocytosis by AF594-labeled S. aureus, PE-CF594–Siglec-F was replaced with 
FITC–Siglec-F to avoid spectral overlap. (B) Percentage of Eosinophil (Eos), AM, Neutrophil 
(Neu), DC, ILC2 cells in lung live CD45+ cells of (top) 21 days after vaccinations and (bottom) 3 
months after vaccinations. n = 5 naïve mice, 8 mice for unvaccinated and HDM challenge, 8 mice 
for GLA-3M-052-LS + OVA vaccinated and HDM challenge (21 days after vaccinations) and n = 
5 naïve mice, 5 mice for unvaccinated with HDM challenge, 5 mice for GLA-3M-052-LS + OVA 
vaccinated with HDM challenge (~3 months after vaccinations). Each dot represents one mouse. 
Data are representative of at least two independent experiments. Significance was assessed by one-



way ANOVA with Šidák’s multiple-comparison test. Data are mean ± SEM (ns P > 0.05, *P < 
0.05, ****P < 0.0001). 
 
  



Fig. S20. 

 



Fig. S20 Blockade of CD4⁺ and CD8⁺ T cells abrogated the protective effects of vaccination 
against asthma. (A) Experimental strategy for (B to D). (B) Percentage of Eosinophil (Eos), AM, 
Neutrophil (Neu), and ILC2 cells in lung live CD45+ cells. (C) Cell number of CD45+ cells, Eos, 
AM, and Neu cells in the BAL. (D) The percentage of IL4+, IL5+, IL13+ and Th2 cells (GATA3+) 
in lung CD4+ T cells. (E) Experimental strategy for (F to I). (F) Percentage of Eos, AM, Neu, and 
ILC2 cells in lung live CD45+ cells. (G) Cell number of CD45+ cells, Eos, AM, and Neu cells in 
the BAL. (H) The percentage of IL4+, IL5+, IL13+ and GATA3+ cells (Th2) in CD4+ T cells or in 
(I) Thy1.2+CD4+ T cells. n = 5 for each group. Each dot represents one mouse. Gating strategies 
can be found in Fig. S23A. Data are representative of at least two independent experiments. 
Significance in (B to D) were assessed by one-way ANOVA followed by Tukey’s multiple-
comparison test. Significance in (F to I) were assessed by two-way ANOVA followed by Šidák’s 
multiple-comparison test. Data are mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001). 
  



Table S1. List of antibodies used in depletion in vivo 

 

 
  



Table S2. List of flow antibodies. 

   



Table S3. List of antibodies used in scRNA-seq 

 
  



Table S4. List of antibodies used in CODEX staining 

 
 
  



Table S5. The results of QC scores for the CODEX staining 

 
 
  



Table S6. Phenotypes and their corresponding markers for the CODEX staining 

 
 
 


