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M U C O S A L  I M M U N I T Y

Unresponsiveness to inhaled antigen is governed by 
conventional dendritic cells and overridden during 
infection by monocytes
James G. Bedford1, Melanie Heinlein2,3, Alexandra L. Garnham2,3, Thi H. O. Nguyen1, 
Tom Loudovaris4, Chenghao Ge1,5, Stuart I. Mannering4, Michael Elliott6,7, Stuart G. Tangye8,9, 
Katherine Kedzierska1, Daniel H. D. Gray2,3, William R. Heath1, Linda M. Wakim1*

The nasal-associated lymphoid tissues (NALTs) are mucosal-associated lymphoid organs embedded in the sub-
mucosa of the nasal passage. NALTs represent a known site for the deposition of inhaled antigens, but little is 
known of the mechanisms involved in the induction of immunity within this lymphoid tissue. We find that during 
the steady state, conventional dendritic cells (cDCs) within the NALTs suppress T cell responses. These cDCs, 
which are also prevalent within human NALTs (tonsils/adenoids), express a unique transcriptional profile and in-
hibit T cell proliferation via contact-independent mechanisms that can be diminished by blocking the actions of 
reactive oxygen species and prostaglandin E2. Although the prevention of unrestrained immune activation to 
inhaled antigens appears to be the default function of NALT cDCs, inflammation after localized virus infection 
recruited monocyte-derived DCs (moDCs) to this region, which diluted out the suppressive DC pool, and permitted 
local T cell priming. Accommodating for inflammation-induced temporal changes in NALT DC composition and 
function, we developed an intranasal vaccine delivery system that coupled the recruitment of moDCs with the 
sustained release of antigen into the NALTs, and we were able to substantially improve T cell responses after 
intranasal immunization. Thus, homeostasis and immunity to inhaled antigens is tuned by inflammatory signals 
that regulate the balance between conventional and moDC populations within the NALTs.

INTRODUCTION
Lymphoid organs have evolved to service the upper respiratory tract 
(URT) and facilitate the induction of immune responses to inhaled 
antigens and include encapsulated draining lymph nodes (LNs) and 
mucosal-associated lymphoid tissue, which are directly embedded 
in the submucosa of the nasal passage. In humans, the adenoids, the 
palatine tonsils, and the bilateral lingual tonsils form a ring of 
mucosal-associated lymphoid tissue situated at the upper end of the 
pharynx collectively known as Waldeyer’s ring. The murine equiv-
alent, the nasal-associated lymphoid tissue (NALT), consists of 
paired lymphoid tissue located on the floor of the nasal cavity near 
the entrance of the nasopharyngeal duct. NALTs are highly organized 
lymphoid structures that feature high endothelial venules (HEVs) 
and T cell– and B cell–enriched areas that develop postnatally (1), 
independent of several factors known to be involved in the organo-
genesis of LNs and other mucosal embedded lymphoid tissue (i.e., 
Peyer’s patches) (2). NALTs are strategically located to orchestrate 
regional immune responses and are a recognized site for the depo-
sition of inhaled antigens. However, little is known of the immunity 
that can be evoked within this lymphoid tissue or of the mechanisms 

that drive immune responses to airborne pathogens and intranasal 
vaccines, yet concurrently enforce tolerogenic responses to commen-
sal organisms and harmless inhaled environmental irritants that are 
also routinely encountered within this lymphoid tissue.

Here, we examined the contribution of dendritic cells (DCs) 
present in the NALTs in the generation of cellular immunity to in-
haled antigens. We find that during the steady state, DCs within the 
NALTs fail to prime T cell responses and, instead, actively block 
T cell activation via a contact-independent mechanism that can be 
diminished by blocking the actions of reactive oxygen species (ROS) 
and prostaglandin E2 (PGE2). Whereas the prevention of unwarranted 
immune activation to inhaled antigens appears the default function 
of DCs in the NALTs, local inflammation induced by infection, but 
not exposure to commensal bacteria, resulted in the influx of 
monocyte-derived DCs (moDCs), which transformed this lym-
phoid tissue into an environment that can support the initiation of 
cellular immune responses. These data indicate that the balance 
between immunity and homeostasis to inhaled antigens is orches-
trated by NALT DCs.

RESULTS
DCs in the NALTs fail to activate T cell responses
NALTs, identified by microscopy of nasal tissue sections as aggre-
gates of organized lymphoid tissue found on both sides of the naso-
pharyngeal duct, dorsal to the soft palate (3) are highly organized 
lymphoid structures that feature HEV as well as T cell– and B cell–
enriched areas (Fig. 1, A to C). We investigated the mechanism and 
kinetics of antigen presentation after antigen delivery into the 
upper airways. DC subsets present within the NALTs were compared 
with matched subsets present within the cervical LNs (cLNs), the 
encapsulated LNs that drain the URT. In the NALTs, conventional 
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DCs (cDCs) (CD11c+MHCII+F4/80−) can be divided into two sub-
sets based on the expression of CD11b+ (cDC2) and XCR1+ (cDC1), 
with the CD11b+ DC subset representing the dominant DC popula-
tion during the steady state (Fig. 1, D and E). Although the XCR1+ 

cDC1 subset is considered a uniform lineage (4), the CD11b+ cDC2 
subset is heterogenous, containing subpopulations of DCs with di-
verse functional properties (5). Consistent with previous studies 
(6), we can identify two subpopulations of cDC2  in the NALTs, 

Fig. 1. DCs in the NALTs fail to 
present viral and cell-associated 
antigen. (A and B) Microscopy of 
the nasal tissue highlighting the 
NALTs, nasal turbinates, and nasal 
septum. (C) Microscopy of the NALTs 
with the B220 (B cell zone), CD3 
(T cell zone), peripheral node ad-
dressin (PNad), and 4′,6-diamidino- 
2-phenylindole (DAPI) staining. 
Dotted lines indicate epithelial layer. 
(D) Immunohistochemistry on the 
NALTs of mice staining for CD11c 
(blue), CD8 (red), and MHCII (gray). 
(E) Representative flow cytometry 
profiles gated on MHCII+CD11c+F4/ 
80− cells from the NALTs depicting 
the expression of CD11b+ and XCR1+ 
on the CD103+CD11b+ (red), CD103− 
CD11b+(gray), and CD103+CD11b− 
(blue) DC subsets. (F to I) Prolif-
eration of CFSE-labeled (F and G) 
OT-I or (H and I) OT-II cells cultured 
for 60 hours together with DC sub-
sets [identified as in (E)] isolated 
from (F and H) cLN or (G and I) 
NALTs of mice infected intranasally 
1 to 4 days earlier with x31-OVA1 or 
x31-OVA2. Data are pooled from three 
to eight experiments per time point. 
Symbols represent means ± SEM 
(two-way ANOVA, Sidak’s multiple 
comparison). (J to L) Proliferation 
of CFSE-labeled OT-I or OT-II cells 
cultured for 60 hours together with 
OVA-coated H2-Kbm1splenocytes 
(OCS) and DC subsets (identified as 
depicted in the fluorescence-activated 
cell sorting profiles) isolated from 
cLN or NALTs of mice injected sub-
cutaneously with B16-Flt3-L tumor 
10 days earlier. (J) Representative 
histograms of CFSE dilution of OT-I 
and OT-II cells after 60-hour cul-
ture. The absolute number of divided 
(K) OT-I and (L) OT-II cells was mea-
sured after 60-hour culture. Data 
are pooled from two to three inde-
pendent experiments, and bars 
represent means ± SEM (two-way 
ANOVA, Sidak’s multiple comparison). 
*P < 0.5, ****P < 0.0001.
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including CD103+CD11b+ DCs (cDC2) and CD103−CD11b+ DCs 
(cDC2) (Fig. 1E). A small population of plasmacytoid DCs was also 
present in the NALTs during the steady state (fig. S1). To assess the 
ability of NALT DC subsets to present inhaled antigen and induce 
T cell activation, we infected mice in the URT with a recombinant 
influenza A virus (x31) that expressed either the CD8 (SIINFEKL; 
x31-OVA1) (7) or CD4 (ISQAVHAAHAEINEAGR; x31-OVA2) (8) 
epitope from the model antigen ovalbumin (OVA). On days 1 to 4 
after infection, DC subsets sort-purified from cLN and NALT were 
assessed directly ex vivo for their ability to stimulate CD8+ OT-I or 
CD4+ OT-II cell proliferation. In the cLN, the XCR1+ DC subset 
was responsible for most of the MHCI (major histocompatibility 
complex class I) presentation to CD8+ OT-I cells after x31-OVA1 
infection (Fig. 1F), and the CD11b+ DC subset mediated most of the 
MHCII presentation to CD4+ OT-II cells after x31-OVA2 infection 
(Fig. 1H). In contrast, no MHCI or MHCII antigen presentation 
was mediated by CD11b+ DCs recovered from the NALTs 
(Fig. 1, G and I).

The inability of NALT DCs to present viral antigen directly 
ex vivo is not merely a result of insufficient delivery of antigen to 
this structure, as we have previously reported that a large number of 
influenza antigen-positive cells are present in the NALTs during the 
acute phase of an influenza virus infection (9). Hence, we speculated 
that NALT DCs have an impaired antigen presentation capacity. To 
investigate this further, we assessed the ability of purified NALT DC 
subsets to present antigen sourced in vitro. Analysis of the XCR1+ 
NALT DC subset was hampered by its rarity. To overcome this, we 
injected mice with a B16 melanoma cell line that secretes Flt3-L, a 
key cytokine involved in DC differentiation, previously shown to 
successfully boost the number of XCR1+ DCs within the NALT (6). 
Sort-purified CD11b+ and XCR1+ DC populations from the NALTs 
and cLN of B16-Flt3-L–treated mice were incubated with carboxy-
fluorescein diacetate succinimidyl ester (CFSE)–labeled OT-I or 
OT-II cells together with irradiated OVA-coated splenocytes (OCSs), 
which served as a source of antigen. Proliferation of the T cells, 
measured as a loss of CFSE fluorescence, was quantitated 60 hours 
later by flow cytometry. Although both the CD11b+ and XCR1+ DC 
subsets isolated from the cLN were able to present cell-associated 
antigen and drive OT-I and OT-II proliferation, neither DC subset 
recovered from the NALT was able to promote proliferation of either 
T cell population (Fig. 1, J to L).

To further investigate why NALT DCs might be incapable of 
driving T cell proliferation, we checked a variety of important DC 
functions and attributes in these cells including (i) up-regulation 
of activation markers, (ii) morphology, (iii) cytokine production, 
and (iv) ability to uptake and process antigen. NALT DCs, similar 
to cLN DCs, up-regulated expression of MHCII, CD80, and CD86 
after in vitro activation (Fig. 2, A and B) and microscopically dis-
played characteristic dendritic morphology (Fig. 2C). We observed 
no significant difference in the ability of NALT and cLN DCs to 
produce interleukin-12 (IL-12) (p40/p70) after in vitro stimula-
tion (Fig. 2, D and E) and found that DC subsets recovered from 
the NALTs and cLN captured comparable amounts of soluble an-
tigen (OVA conjugated to the pH-insensitive fluorochrome Alexa 
Fluor 488) (Fig. 2, F to H). To test whether the defect in NALT DC 
antigen presentation was due to an impairment in antigen process-
ing, sort-purified CD11b+ DCs from the NALTs or cLN of mice were 
coated with OT-II peptide; this eliminated the need for the DCs to 
process the antigen because the peptide can bind directly to surface 

MHCII. Peptide-coated DCs were cultured with CFSE-labeled 
OT-II cells for 60 hours. Whereas peptide-pulsed CD11b+ DCs re-
covered from the cLN could drive OT-II expansion, NALT 
CD11b+ DCs coated in OT-II peptide did not efficiently drive 
T cell proliferation (Fig. 2I). Together, these results show that DCs 
recovered from the NALTs during the steady state are defective at 
priming T cell responses.

NALT DCs suppress T cell proliferation
In addition to playing a pivotal role in antigen presentation to drive 
T cell priming, DCs also have tolerogenic functions, participating in 
the maintenance of central and peripheral tolerance and in the resolu-
tion of ongoing immune responses (10). Because the DC populations 
present within the NALT were defective at inducing T cell priming, 
we next explored whether these DCs were tolerogenic. We first as-
sessed the ability of NALT DCs to suppress T cell priming in vitro. 
To do this, XCR1+ or CD11b+ DCs sort-purified from the cLN of 
mice were incubated with CFSE-labeled OT-I or OT-II cells togeth-
er with OCS (antigen) and adjuvant [lipopolysaccharide (LPS)] in 
the presence or absence of sort-purified bulk NALT DCs (5:1 cLN 
DC:NALT DCs), and proliferation was quantitated 60 hours later 
by flow cytometry. Both the CD11b+ and XCR1+ DC subsets isolated 
from the cLN were able to present cell-associated antigen and drive 
OT-I and OT-II proliferation in the absence of NALT DCs, but 
notably, when NALT DCs were added to the culture, T cell prolif-
eration was completely abrogated (Fig. 3, A to C). To gain insight 
into the potency of suppression mediated by the NALT DCs and to 
determine whether there was a difference in suppressor activity be-
tween the CD11b+ and XCR1+ NALT DC subsets, we repeated the 
assay described above but this time introduced titrated numbers of 
CD11b+ or XCR1+ NALT DCs (ratio of 5:1, 10:1, or 20:1 cLN DC:NALT 
DCs). We found that both NALT DC subsets could effectively block 
OT-I and OT-II proliferation (Fig. 3, D and E) and this suppressive 
effect was potent, as only when NALT DCs were diluted to a 20:1 
ratio (with cLN DCs) was T cell proliferation restored to levels ob-
served in the controls (Fig. 3, D and E). In addition to blocking ex-
pansion of naïve T cells, we found that NALT DCs also blocked 
memory OT-I T cell proliferation (fig. S2, A and B). Moreover, NALT 
DCs could also suppress T cell proliferation when introduced into a 
mixed lymphocyte reaction (Fig. 3, F and G). To show this latter 
effect, responder CFSE-labeled T cells purified from C57BL/6 mice 
were cultured at a 1:1 ratio for 5 days with BALB/c irradiated stimu-
lator cells either alone or with cLN DCs or NALT DCs (from 
C57BL/6 mice). Whereas C57BL/6 responder T cells could undergo 
robust expansion after coculture with BALB/c stimulator cells, un-
influenced by the addition of cLN DCs, the introduction of NALT 
DCs hindered responder T cell expansion (Fig. 3, F and G). Together, 
these findings indicate that NALT DCs can suppress naïve, memory, 
and allogenic T cell expansion.

Next, we determined whether DCs with suppressor activity were 
also present in other mucosal-associated lymphoid tissue and looked 
for these cells in Peyer’s patches, the mucosal-associated lymphoid 
tissue that is associated with the gut. XCR1+ or CD11b+ DCs 
sort-purified from the cLN of mice were incubated with CFSE- 
labeled OT-I cells together with antigen in the presence or absence 
of titrated numbers of CD11b+ or XCR1+ NALT DCs, Peyer’s patch 
DCs, or, as a control, splenic DCs (ratio of 5:1, 10:1, or 20:1 cLN 
DC:NALT, PP, or spleen DCs), and proliferation was quantitated 
60 hours later by flow cytometry. We found that only the DCs 
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isolated from the NALTs could suppress T cell proliferation (fig. S2, 
C and D). Thus, suppressor activity is not a universal trait of DCs 
present within mucosal-associated lymphoid tissue. Moreover, it 
was only the DC subset present within the NALTs that displayed this 
suppressor activity, because “non-DCs” (MHCII+CD11c−) isolated 
from the NALTs (fig. S2E), and DCs recovered from the nasal tissue 
(fig. S2E), had no significant impact on T cell expansion. We next 
explored whether, in addition to suppressing T cell activation, 
NALT DCs could alter T cell polarity and preferentially induce the 
development of regulatory T cells (Tregs). NALT DCs coated with 
the OT-II peptide did not preferentially drive the development of 
Foxp3+ Tregs (fig. S3, A and B). Furthermore, although NALT DCs 
suppressed OT-II proliferation when introduced into cultures with 
cLN DCs, OT-II cells, and antigen, they did not affect the frequency 
of Foxp3+ Treg development (fig. S3, C and D).

We next examined whether NALT DCs were blocking T cell 
activation by abrogating the antigen presentation ability of the con-
ventional cLN DCs. We first tested the possibility that NALT DCs 
were affecting the capacity of the cLN DCs to undergo maturation. 
This was not the case, as the expression levels of activation markers 
CD86 and MHCII on LPS-stimulated cLN DCs were unimpaired by 
the presence of NALT DCs (fig. S4, A and B). Next, we determined 
whether NALT DCs were affecting the capacity of the cLN DCs to 
uptake, process, and present antigen. To this end, we coated XCR1+ 
or CD11b+ DCs, which were sort-purified from the cLN of mice 
with OT-II peptide, and cultured these peptide-loaded DCs with 
CFSE-labeled CD4+ OT-II in the presence or absence of NALT DCs. 
In this scenario, where we removed the requirement of the cLN DCs 
to capture and process the antigen, we still observed that NALT 
DCs could block OT-II CD4+ T cell expansion (fig. S4C). Last, we 

Fig. 2. DCs in the NALTs are capable of maturation, cytokine production, and antigen uptake. (A and B) Expression levels of MHCII, CD86, and CD80 on CD11b+ NALT DCs and 
CD11b+ cLN DC activated for 12 hours with LPS. (A) Representative histograms depicting the level of expression of CD86 and CD80. Gray histogram represents unstained control. 
(B) Mean fluorescence intensity (MFI) of MHCII, CD80, and CD86. Bars represent means ± SEM. Data are pooled from three experiments (paired t test). (C) MHCII+CD11c+F4/80− 
DCs from the cLN and NALTs were sort-purified, and cellular morphology was analyzed by immunohistochemistry staining for MHCII (M5/114, red) and the nuclear dye DAPI 
(blue). Data are representative of two independent experiments. (D and E) Representative flow cytometry profiles gated on CD11b+ DCs isolated from the NALTs and cLN 
depicting the level of expression of IL-12 after 6 hours of in vitro activation in the presence of LPS (dot plots). Contour plots indicated IL-12 unstimulated samples. The average 
fold increase in MFI of IL-12 (stimulated samples relative to unstimulated control samples) is enumerated. Data are pooled from five experiments (means ± SEM). (E) Percent-
age of IL-12–producing DCs. Bars represent means ± SEM. Data are pooled from five experiments (paired t test). (F to H) Purified DCs isolated from the NALTs and cLN were 
incubated with the indicated concentrations of OVA–Alexa Fluor 488 (OVA-A488) for 45 min at 4° or 37°C. (F) The histograms show uptake of antigen by the CD11b+ and 
XCR1+ DC subsets. (G and H) Endocytosis was measured as an increase in mean linear fluorescence. The graphs show means ± SEM. Data are pooled from two to three exper-
iments. (I) Proliferation of CFSE-labeled OT-II cells cultured for 60 hours together with OT-II peptide–loaded CD11b+ DC isolated from cLN or NALTs. The absolute number of 
divided OT-II cells was measured after 60-hour culture. Data are pooled from five independent experiments (Mann-Whitney U test). ns, not significant. **P < 0.01.
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Fig. 3. NALT DCs suppress T cell proliferation but not activation. (A to C) Proliferation of CFSE-labeled OT-I or OT-II cells cultured for 60 hours together with OCS, 
CD11b+, or XCR1+ DCs isolated from cLN, either alone (Nil) or with NALT DCs (5:1 ratio). (A) Representative histograms of CFSE dilution of OT-I and OT-II cells after 60-hour culture. 
The absolute number of divided (B) OT-II and (C) OT-I cells was measured after 60-hour culture. Data are pooled from three independent experiments, and bars represent 
means ± SEM (two-way ANOVA, Sidak’s multiple comparison). (D and E) Proliferation of CFSE-labeled OT-I and OT-II cells cultured for 60 hours together with OCS and (D) XCR1+ 
or (E) CD11b+ DCs isolated from cLN, either alone (Nil) or with the indicated numbers of NALT DC subsets. The absolute number of divided OT-I or OT-II was measured after 
60-hour culture. Data are pooled from three to eight independent experiments per condition, and bars represent means ± SEM (one-way ANOVA, Dunnett’s multiple com-
parison). (F and G) Proliferation of CFSE-labeled responder B6 T cells cultured for 5 days together with irradiated BALB/c cells and either cLN or NALT DCs. (F) Absolute number of 
divided cells. Data are pooled from four experiments, dot represents individual experiments, and bars represent means ± SEM (two-way ANOVA, Sidak’s multiple comparison). 
(G) Representative histograms of CFSE dilution of responder T cells after 5 days of culture. (H) OT-I cells cultured for 0 to 3 days together with OCS, CD11b+, or XCR1+ 
DC subsets isolated from cLN alone (Nil) or with NALT DCs (5:1 ratio). Pie charts represent the mean proportion of OT-I cells expressing listed combinations of markers. 
Data are pooled from three independent experiments. Black outer circles highlight the proportion of divided (CFSElo) cells. *P < 0.5, **P < 0.01, and ****P < 0.0001.
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mixed NALT DCs with T cells that were activated via anti-CD3/28 
cross-linking (i.e., independent of DC presentation) and observed 
reduced T cell proliferation (fig. S4D). Collectively, these findings 
suggest that NALT DCs were not suppressing T cell proliferation by 
merely abrogating the antigen presentation capacity of the cLN DCs.

To identify the stage within the T cell activation cycle that NALT 
DCs were instigating their block, cLN XCR1+ or CD11b+ DCs were 
incubated with CFSE-labeled OT-I cells together with antigen 
(OCS) in the presence or absence of sort-purified NALT DCs (5:1 
cLN DC:NALT DCs), and proliferation (loss of CFSE) and expres-
sion of the T cell activation markers CD25, CD69, and CD71 were 
measured 24, 48, and 72 hours later by flow cytometry. At 24 hours 
after culture, T cells activated in the presence of NALT DCs up- 
regulated early activation markers similar to cells activated in the 
absence of these suppressor cells (Fig.  3H and fig. S5, A to C). 
Although the OT-I cells stimulated in the absence of NALT DCs 
entered cell cycle and had undergone at least two rounds of division 
by 48 hours after culture, the OT-I cells stimulated in the presence 
of NALT DCs were largely undivided and remained in this state for 
the duration of the experiment (Fig. 3H and fig. S5, A to C). To gain 
further insight into the fate of T cells interacting with NALT DCs, 
we cultured naïve OT-I T cells with XCR1+ or CD11b+ DC subsets 
purified from the NALTs or, as controls, matched DC subsets 
recovered from the cLN or spleen and monitored T cell survival. 
Whereas minimal cell death was observed when T cells were cul-
tured with splenic or cLN DC subsets, we observed 50% fewer viable 
T cells after culture with either NALT DC subset (fig. S5D). Thus, 
T cells stimulated in the presence of NALT DCs up-regulate the 
expression of early activation markers, but fail to undergo robust 
proliferation and, instead, succumb to cell death.

NALT DCs suppress T cell proliferation via a contact-independent 
mechanism involving the production of PGE2 and ROS
To gain insight into how NALT DCs were blocking T cell proliferation, 
we next assessed whether suppression required physical contact be-
tween the NALT DCs and the target cell. To this end, we used a 
transwell system where XCR1+ or CD11b+ cLN DCs, CFSE-labeled 
OT-I cells, and antigen (OCS) were placed into one chamber, and 
the NALT DCs were placed in the other. We quantitated T cell pro-
liferation 60 hours later and found that physical separation of NALT 
DCs from the other constituents of the presentation assay did not 
affect their ability to impede T cell proliferation (Fig. 4A). We ob-
served comparable levels of inhibition when NALT DCs were either 
mixed with the other cellular components of the assay or separated 
by a transwell, suggesting that the inhibitory effect was contact in-
dependent. To further validate that a factor released by the NALT 
DCs was responsible for blocking T cell activation, we collected the 
supernatant from sort-purified NALT DCs or, as a control, NALT 
non-DCs cultured for 24 hours in vitro. Supernatants were spiked 
into a well with XCR1+ or CD11b+ cLN DCs, CFSE-labeled OT-I 
cells, and antigen (OCS). The addition of the supernatant from the 
NALT “non-DC” culture did not affect T cell proliferation, but the 
supernatant from the NALT DC culture alone could attenuate T cell 
proliferation (Fig. 4B). Hence, NALT DCs block T cell proliferation 
via a mechanism that does not require cell contact.

RNA sequencing (RNA-seq) analysis was performed on CD11b+ 
and XCR1+ DCs sort-purified from the NALTs and cLN of naïve 
mice to identify a transcriptional profile that could explain the sup-
pressive nature of these cells. The CD11b+ and XCR1+ DCs recovered 

from both the cLN and NALTs expressed hallmark DC subset sig-
nature genes (fig. S6, A to D) (5, 11), and although most of the genes, 
including those encoding toll-like receptors (fig. S6E), were equiva-
lently expressed between the same subset of DC present within both 
lymphoid compartments, there were several interesting discrepan-
cies (Fig. 4, C to E). Comparing matched CD11b+ and XCR1+ DC 
subsets, we identified 1025 and 1923 differentially expressed genes, 
respectively. When comparing cLN and NALT DC subsets, some of 
the most differentially expressed genes were mitochondrial genes. 
An elevation of mitochondrial genes can be linked to cell death; 
however, before transcriptional analysis, we confirmed that each 
DC subset was >99% viable. In addition to being associated with cell 
death, differential expression of mitochondrial genes can also be in-
dicative of differences in metabolism. We found that six subunits of 
the NADH (reduced form of nicotinamide adenine nucleotide) 
dehydrogenase (ND1 to ND6), cytochrome b, and cytochrome c 
oxidase subunits (COX) 1 to 3 were elevated in both NALT DC sub-
sets compared with their matched subsets recovered from the cLN 
(Fig. 4F); these genes encode for proteins that constitute members 
of complex I (ND1 to ND6), complex III (cytochrome b), and com-
plex IV (COX1 to COX3) of the mitochondrial electron transport 
chain. Elevated expression of these complexes is indicative of increased 
oxidative phosphorylation (OXPHOS), a metabolic signature previ-
ously associated with tolerogenic human DCs (12). In addition to 
being involved in respiratory electron transport and adenosine tri-
phosphate (ATP) synthesis, the mitochondrial electron transport chain 
generates ROS. After a brief in vitro stimulation, we confirmed that 
CD11b+ and XCR1+ DC subsets isolated from the NALTs expressed 
elevated levels of ROS compared with their matched subsets recov-
ered from the cLN (Fig. 4, G and H).

Exposure of T cells to high concentrations of ROS has a negative 
impact on T cell activation and survival, resulting in (i) T cell apop-
tosis (13–15), (ii) down-regulation of the expression of T cell recep-
tor (TCR)  chain, leading to impaired TCR signaling (15, 16), and 
(iii) nitrosylation of the TCR, resulting in T cell anergy (17). Further-
more, many studies using a variety of cell types show that increased 
intracellular ROS can lead to the expression of cyclooxygenase-2 
(Cox-2) (18–21), a key enzyme that promotes the synthesizes of PGE2, 
which is a lipid mediator known to inhibit T cell proliferation (22). 
After a 6-hour in vitro stimulation, CD11b+ DCs isolated from the 
NALTs expressed higher levels of Cox-2 compared with matched sub-
sets recovered from the cLN (fig. S7, A and B) and higher concen-
trations of PGE2 could be detected in the supernatants of cultured 
NALT DCs compared with matched subsets isolated from the cLN 
(fig. S7C). Because both ROS and PGE2 have previously been shown to 
impair T cell proliferation, we explored whether these factors were 
responsible for the suppressor activity of NALT DCs. To do this, we 
tested whether inhibitors that block ROS [N-acetylcysteine (NAC)] 
and cyclooxygenase activity (indomethacin) could restore T cell ex-
pansion when introduced into our in vitro antigen presentation 
assay. XCR1+ or CD11b+ DCs sort-purified from the cLN of mice 
were incubated with OCS in the presence or absence of NALT DCs 
(5:1 cLN DC:NALT DCs) with either 10 M indomethacin, 0.5 mM 
NAC, or both reagents. To avoid the inhibitors having a direct effect 
on the T cells, CFSE-labeled OT-I cells were added 24 hours later 
and proliferation was measured after 60 hours of in vitro culture. 
Without the introduction of the inhibitors, NALT DCs reduced T cell 
expansion to 31% of that observed in the absence of these cells, 
and although the introduction of these inhibitors individually mildly 
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Fig. 4. NALT DCs suppress T cell 
proliferation via the produc-
tion of PGE2 and ROS. (A) Prolif-
eration of CFSE-labeled OT-I cells 
cultured for 60 hours together 
with OCS, CD11b+, or XCR1+ cLN 
DCs, either alone (alone) or with 
bulk NALT DC (5:1), which were 
added directly to the well (mix) or 
seeded onto a transwell. Graphs 
depict the percentage of maximum 
proliferation. Data are pooled from 
five experiments, dot represents 
individual experiments, and lines 
represent means ± SEM (two-way 
ANOVA, Sidak’s multiple compari-
son). (B) Proliferation of CFSE- 
labeled OT-I cells cultured for 
60  hours together with OCS, 
CD11b+, or XCR1+ cLN DCs, either 
alone (Nil) or with NALT DCs (5:1), 
or the supernatant recovered from 
NALT DC or NALT non-DC cul-
tures. Graphs depict the absolute 
number of divided OT-I cells after 
60-hour culture. Data are pooled 
from three to five independent 
experiments, and bars represent 
means ± SEM (two-way ANOVA, 
Sidak’s multiple comparison). 
(C to F) RNA-seq analysis per-
formed on CD11b+ and XCR1+ 
DCs isolated from the NALTs and 
cLN of naïve mice. (C) Venn diagram 
comparing cLN versus NALT CD11b+ 
DCs and cLN versus NALT XCR1+ 
DCs, depicting the number of 
similarly regulated (red, up-regulated; 
blue, down-regulated) differen-
tially expressed (DE) genes. (D) 
Mean-difference plot depicting the 
fold change in gene expression 
(log2-transformed) between cLN 
and NALT CD11b+ DCs against the 
average log expression of each gene 
[in counts per million (CPM), 
log2-transformed]. Red and blue 
points indicate genes significantly 
enriched in DCs from the cLN or 
NALT DCs, respectively. Black 
dots represent nonenriched genes. (E) Mean-difference plot depicting the fold change in gene expression (log2-transformed) between cLN and NALT XCR1+ DCs against 
the average log expression of each gene (in CPM, log2-transformed). Red and blue points indicate genes significantly enriched in DCs from the cLN or NALT DCs, respec-
tively. Black dots represent nonenriched genes. (F) Heatmap of expression values for the COX1 to COX3, cytochrome b (CYTB), and ND1 to ND6 genes in CD11b+ DCs and 
XCR1+ DCs isolated from NALT and cLN (presented as normalized log2 expression). (G and H) Representative histograms showing the production of ROS measured by 
CellROX staining of CD11b+ and XCR1+ DCs isolated from the NALTs (red) and cLN (gray). Unfilled lines represent CellROX unstained control. (H) Graph depicts the relative 
MFI of CellROX in each DC population compared with cLN CD11b+ DCs. Dots represent individual experiments, data are pooled from seven independent experiments, 
and bars represent means ± SEM (one-way ANOVA, Dunnett’s multiple comparison). (I and J) CD11b+ or XCR1+ cLN DCs were cultured with OCS, either alone (Nil) or with 
NALT DCs (5:1) in the presence of vehicle control [dimethyl sulfoxide (DMSO)], 0.5 mM NAC, or 10 M indomethacin (INDO), or both, for 24 hours before the addition of 
CFSE-labeled OT-I cells, and T cell proliferation was assessed 60 hours later. (I) Representative histograms of CFSE dilution of OT-I cells after 60-hour culture. (J) Percentage 
of maximum proliferation (relative to cultures without NALT DCs). Data are pooled from 4 to 14 independent experiments per condition, dots depict individual experi-
ments, and bars represent means ± SEM (one-way ANOVA, Dunnett’s multiple comparison). (K) CD11b+ or XCR1+ DCs isolated from cLN were cultured with OCS and 
CFSE-labeled OT-I cells either alone (Nil) or with NALT DCs (5:1) in the presence of a vehicle control (DMSO), or 12.5 M EP2 inhibitor, or 12.5 M EP4 inhibitor, or both, and 
proliferation was assessed 60 hours later. Data are pooled from 3 to 10 independent experiments per condition, dots depict individual experiments, and bars represent 
means ± SEM (one-way ANOVA, Dunnett’s multiple comparison). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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increased T cell expansion, the addition of these inhibitors together 
restored T cell expansion to 70 to 80% (XCR1+ and CD11b+ DCs, re-
spectively) to levels observed in conditions without suppressor DCs 
(Fig. 4, I and J). Thus, blocking Cox-2 activity and scavenging ROS 
counteracts the suppressor activity of NALT DCs.

To directly address whether cyclooxygenase-induced synthesis 
of PGE2 was responsible for the NALT DC–mediated T cell sup-
pression, we checked whether blocking the receptors for this 
prostanoid would render T cells resistant to NALT DC–mediated 
suppression. PGE2 signals via four receptors (EP1, EP2, EP3, and 
EP4), but only EP2 and EP4 are highly expressed on T cells, and the 
anti-proliferative effects of PGE2 are thought to occur predominately 
via EP2 signaling (22). XCR1+ or CD11b+ DCs sort-purified from 
the cLN of mice were incubated with CFSE-labeled OT-I cells 
together with OCS in the presence or absence of NALT DCs (5:1 
cLN DC:NALT DCs) and with inhibitors for either EP2 or EP4 or 
both. Proliferation of the OT-I cells was measured 60 hours later. 
We found that blocking the EP2 receptor alone was sufficient to 
relieve the suppression mediated by NALT DCs (Fig. 4K). Collec-
tively, these data indicate that NALT DCs can suppress T cell prolif-
eration via a contact-independent mechanism that can be diminished 
by blocking the actions of ROS and PGE2.

Human tonsil DCs suppress T cell responses
The NALT of mice is considered analogous to the Waldeyer’s ring 
in humans, which collectively includes the adenoid and tonsil tissue. 
We next investigated whether DCs recovered from human NALT 
were also poised to suppress T cell proliferation. We first character-
ized the DC populations present in adult human tonsil/adenoid 
tissue and found that two DC (HLA-DR+CD11c+CD14−CD3−CD19−) 
subsets could be identified on the basis of the expression of the 
markers CD141+ (cDC1, BDCA-3) and CD1c+ (cDC2, BDCA-1) 
(Fig. 5A). Studies by others have previously demonstrated that hu-
man tonsil DCs show poor antigen presentation capacity (23), and 
here, we examined whether these cells were immunosuppressive. To 
test the suppressor activity of human tonsil/adenoid DCs, we used a 
mixed lymphocyte reaction and assessed the capacity of these DCs 
to alter responder T cell proliferation. To this end, moDCs [granulocyte- 
macrophage colony-stimulating factor (GM-CSF) DCs] generated 
from peripheral blood mononuclear cells (PBMCs) were cocultured 
with mismatched CFSE-labeled responder T cells and nontyped 
tonsil HLA-DR−CD11c− cells (Nil), and to this, we introduced 
either (i) tonsil DCs (HLA-DR+CD11c+), (ii) tonsil non-DCs 
(HLA-DR+CD11c−), or (iii) as a control, spleen DCs (HLA-DR+ 
CD11c+) (Fig. 5B). The absolute number of divided responder T cells 
was measured after 5 days of culture. The presence of tonsil DCs 
suppressed responder T cell proliferation by 50% of that observed 
in cultures that lacked these cells (Fig. 5, C to E). Furthermore, non-
DC isolated from the tonsil tissue could not attenuate responder 
T cell expansion, nor could the addition of splenic DCs (Fig. 5, C to E). 
Thus, human tonsil DCs, like their murine counterparts, have the 
ability to suppress T cell proliferation.

Inflammation induced by pathogen exposure, but not 
commensal bacteria, changes the composition of DCs 
present within the NALTs, rendering the pool incapable 
of suppressing T cell responses
The data thus far imply that the default role for DCs in the NALT 
during the steady state is to suppress T cell responses, potentially as 

a means to prevent unwarranted immune activation against harmless 
antigens and bacterial commensals encountered at the nasopharyngeal 
mucosa. Using our mouse model, we next investigated whether in-
fection/inflammation influenced the functionality and composition 
of DCs present within the NALTs. To do this, we first monitored 
changes in the number and composition of DCs in the NALTs over 
the course of an URT infection with influenza virus (x31). Although 
the number of XCR1+ DCs in the NALTs did not change over the 
course of the infection, the number of CD11b+ DCs declined for the 
first 2 days after infection but increased thereafter (Fig. 6A). Further 
profiling of the CD11b+ DCs that accumulated in the NALTs from 
>day 2 after infection revealed that the vast majority of these DCs 
expressed CD64, the high-affinity immunoglobulin G (IgG) FcR1, 
and stained with the MAR-1 antibody, which is directed against the 
high-affinity IgE FcR1 (Fig. 6B). It has been demonstrated recently 
that the coexpression of these receptors distinguishes conventional 
CD11b+ DCs from newly recruited moDCs (24). Whereas infection- 
induced inflammation appeared to recruit moDCs into the NALTs, 
and these cells represented the dominant DC population in this 
lymphoid tissue between days 4 and 10 after infection, by day 15 
after infection, the composition of DCs within this structure returned to 
a steady-state profile (Fig. 6B). To confirm that this change in DC 
composition was due to an influx of moDCs rather than an alter-
ation in the phenotype of preexisting DCs, we infected CCR2 
knockout (KO) mice, which have impaired homing of inflammato-
ry monocytes, the immediate precursors of moDCs, and found sig-
nificantly less CD64+CD11b+ DCs within the NALTs on day 4 after 
infection (fig. S8). Next, we assessed whether the change in DC 
composition in the NALTs altered the suppressive nature of this 
lymphoid tissue. To this end, we sort-purified bulk DC populations 
from NALTs harvested from either naïve mice or mice that had 
been intranasally infected with influenza virus 4 or 15 days earlier. 
We cultured these cells with cLN XCR1+ or CD11b+ DCs recovered 
from naïve mice and CFSE-labeled OT-I cells together with cell- 
associated antigen (OCS). Consistent with our earlier experiments, 
NALT DCs sort-purified from naïve mice could suppress T cell pro-
liferation (Fig. 6C). The DC pool recovered from the inflamed 
NALTs (day 4 after infection) no longer suppressed T cell prolifer-
ation, whereas those isolated from the NALTs during the recovery 
phase (day 15 after infection) had once again regained their suppressor 
activity (Fig. 6C). Our data suggest that the infiltration of moDCs 
alleviated the suppressive nature of the NALT DC pool. To confirm 
this hypothesis, we infected CCR2 KO mice with influenza virus 
(x31) and, on day 4 after infection, tested the immunomodulatory 
nature of the DCs as described above. In this scenario, the DCs re-
covered from the infected CCR2 KO mice remained immuno-
suppressive, indicating that the recruitment of moDCs is required 
to transform the NALT DC pool into a nonsuppressive population 
(Fig. 6C).

Our data show that infection with a respiratory pathogen (influenza 
virus) can alleviate the suppressive nature of the NALT DC pool. 
We next explored how exposure to commensal bacteria, commonly 
encountered at the nasopharyngeal mucosa, influenced the immuno-
suppressive nature of the DCs within the NALT. We infected 
mice in the upper airways with 108 colony-forming units (CFU) of 
Staphylococcus aureus, and this resulted in nasal bacterial colonization 
in about half of the mice for at least 21 days and evoked a very 
mild and transient inflammatory response, as measured by the level 
of inflammatory cytokines in the nasal lavage (Fig. 6, D and E). 

 at S
tanford U

niversity on O
ctober 13, 2020

http://im
m

unology.sciencem
ag.org/

D
ow

nloaded from
 

http://immunology.sciencemag.org/


Bedford et al., Sci. Immunol. 5, eabb5439 (2020)     9 October 2020

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

9 of 14

We observed no significant increase in the number of moDCs within 
the NALTs of S. aureus–infected mice (Fig. 6F), and, unlike the DC 
pool present in the NALTs of mice acutely infected with influenza 
virus, which lost their immunomodulatory activity, DCs sort- 
purified from the NALTs of S. aureus–infected mice remained 
immunosuppressive (Fig. 6G). Collectively, these data show that 
DCs in the NALTs retain suppressor activity after exposure to com-
mensal bacteria.

We next examined how the influx of moDCs was alleviating the 
suppressive nature of the NALT DC pool and tested whether 
moDCs were simply diluting out the suppressive DC population or 
whether they were altering the immunomodulatory nature of the 
NALT DCs. To this end, we intranasally infected mice with influenza 
virus and purified NALT moDCs (MAR-1+CD64+) and conven-
tional CD11b+ DCs (MAR-1−CD64−) 4 days later. At this time, 
moDCs represented >70% of the bulk DC pool within the inflamed 
NALTs. We cultured these NALT DC subsets with cLN XCR1+ or 

CD11b+ DCs recovered from naïve mice and CFSE-labeled OT-I 
cells together with cell-associated antigen (OCS) and measured T cell 
proliferation 60 hours later. Consistent with earlier experiments 
testing the suppressive activity of bulk NALT DCs during influenza 
virus infection (Fig. 6C), we find that the purified moDC popula-
tion recovered from the NALTs of virus-infected mice did not sup-
press T cell proliferation (Fig. 6, H and I). The conventional CD11b+ 
DC population isolated from the inflamed NALT retained their 
suppressor activity (Fig. 6, H and I). Together, these findings imply 
that inflammatory moDCs alleviate the suppressive nature of the 
NALT DC pool by diluting out the suppressive DC population.

Sustained antigen release into the URT improves T cell 
responses in the NALTs
To test whether the altered composition of DCs within the inflamed 
NALTs was capable of priming T cell responses, we immunized mice 
in the upper airways with a live attenuated influenza virus vaccine 

Fig. 5. Human tonsil DCs suppress T cell responses. (A) Representative flow cytometry profiles gated on DCs (CD14−CD3−CD19−CD11c+HLA-DR+) depicting the propor-
tion of CD141+ and CD1c+ subsets in human tonsil tissue. (B to E) Mixed lymphocyte reaction (MLR), where moDCs differentiated from PBMCs were cocultured with 
mismatched CFSE-labeled responder T cells, tonsil HLA-DR−CD11c− cells (Nil), and either tonsil non-DCs (HLA-DR−CD11c−), tonsil DCs (HLA-DR+CD11c+), or spleen DCs 
(HLA-DR+CD11c+). The absolute number of divided cells was measured after 5 days of culture. (B) Schematic diagram of MLR assay. (C) Absolute number of divided 
responder T cells after 5 days of culture. Five independent experiments using five different tonsil donors are shown. (D) Representative histograms of CFSE dilution of 
responder T cells after 5 days of culture. (E) Percentage of proliferation relative to Nil. Data are pooled from five independent experiments, dots depict individual experi-
ments, and bars represent means ± SEM (one-way ANOVA, Dunnett’s multiple comparison). **P < 0.01.
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(LAIV), and 4 days later, a time point when inflammatory moDCs 
would have accumulated in the NALTs, we intranasally adminis-
tered OVA protein. As a control, we administered LAIV and OVA 
together at t = 0 hours. One hour after the administration of OVA 
protein, we recovered the NALTs, sort-purified the DC subsets, and 

cultured these cells with CFSE-labeled OT-I T cells to measure the 
antigen presentation capacity of these DCs directly ex vivo (Fig. 7A). 
Although we observed poor antigen presentation mediated by DCs 
recovered from uninflamed NALTs (d0 LAIV), we found that delaying 
the delivery of the OVA protein until day 4 after LAIV immunization 

Fig. 6. Inflammation induced by 
pathogen exposure, but not com-
mensal bacteria, changes the 
composition of DCs present 
within the NALT, rendering the 
pool incapable of suppressing 
immune responses. (A) Absolute 
number of CD11b+ and XCR1+ DCs 
in the NALTs and nasal tissue at the 
indicated days after intranasal in-
fection with 104 PFU of influenza 
virus (x31). Data are pooled from 
three independent experiments, 
with the symbols representing 
means ± SEM (n = 6 to 13 mice per 
group). (B) Representative flow cyto-
metry profiles gated on MHCII+CD11c+ 
F4/80− DCs isolated from the NALTs 
of naïve mice or mice 4, 10, and 
15 days after intranasal infection, 
with influenza virus (x31) depicting 
the change in composition of DC 
subsets (CD11b+,  XCR1+,  and 
CD11b+CD64+MAR-1+). (C) Prolif-
eration of CFSE-labeled OT-I cells 
cultured for 60 hours together with 
OCS, CD11b+, or XCR1+ cLN DC 
subsets, either alone or with NALT 
DCs (5:1) isolated from either naïve 
mice, or B6 or CCR2 KO mice infected 
4 or 15 days before with 104 PFU 
influenza virus (x31). The absolute 
number of divided OT-I cells was 
measured after 60-hour culture. 
Data are pooled from 3 to 14 inde-
pendent experiments per condition, 
dots depict individual experiments, 
and bars represent means ± SEM 
(two-way ANOVA, Sidak’s multiple 
comparison). p.i., post infection. 
(D) Mice were infected intranasally 
with 108 CFU of S. aureus, and 2, 4, 
and 21 days later, the bacterial load 
in the nose was measured. Symbols 
represent individual mice, and 
horizontal bars represent means ± 
SEM (n = 5 to 11 mice per time point). Dotted lines represent the limit of detection. (E) Mice were infected intranasally with 108 CFU of S. aureus, and at the indicated times, 
the level of a panel of cytokine/chemokines in the nasal lavage was measured by cytometric bead array. Bars represent means ± SEM (n = 3 to 11 mice per time point; 
one-way ANOVA, Sidak’s multiple comparison). (F) Absolute number of moDCs (MHCII+CD11c+ CD11b+CD64+MAR-1+) in the NALTs of B6 mice on day 4 after intranasal 
infection with influenza virus (x31) or S. aureus. Data are pooled from two independent experiments. Symbols represent individual mice, with lines representing 
means ± SEM (n = 5 to 8 per group, one-way ANOVA, Tukey’s multiple comparison). (G) Proliferation of CFSE-labeled OT-I cells cultured for 60 hours together with OCS, 
CD11b+ DCs isolated from cLN, either alone (Nil) or with NALT DCs (5:1) isolated from either naïve B6 mice, or B6 mice infected 4 days before with either influenza virus or 
S. aureus. The absolute number of divided OT-I cells was measured after 60-hour culture. Data are pooled from three independent experiments. Dots represent indepen-
dent experiments, and lines represent means ± SEM (two-way ANOVA, Sidak’s multiple comparison). (H and I) Proliferation of CFSE-labeled OT-I cells cultured for 60 hours 
together with OCS, CD11b+, or XCR1+ cLN DCs, either alone or with moDCs (CD64+MAR1+) or cDCs (CD64−MAR1−) (ratio 5:1) isolated from NALTs of either naïve mice, or 
B6 mice infected 4 days before with 104 PFU influenza virus (x31). The percentage of maximum proliferation (relative to cultures without NALT DCs) is shown. Data are 
pooled from three independent experiments. Bars represent means ± SEM (two-way ANOVA, Sidak’s multiple comparison). IFN, interferon-; MCP-1, monocyte chemo-
attractant protein–1; TNF, tumor necrosis factor–. *P < 0.5, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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boosted the capacity of the DCs recovered from the NALTs by 
about eightfold to prime T cell responses directly ex  vivo 
(Fig. 7, B and C). Moreover, it was the newly recruited inflammatory 
moDC (CD64+MAR-1+) subset that was mediating this present-
ation. Together, these data indicate that local inflammation in the 
NALT results in the influx of moDCs, which transform this lym-
phoid tissue into an environment that can support the initiation of 
cellular immune responses.

Our data have important implications for intranasal vaccines 
that attempt to evoke cellular immunity. Our results suggest that an 
intranasal vaccine that aims to elicit a T cell response should induce 
the recruitment of moDCs into the NALTs and maintain antigen 
within this region until these immunogenic DCs arrive. Thus, we 
tested an intranasal vaccine delivery system that accommodated 
these requirements for its capacity to evoke T cell responses in the 
NALTs. Chitosan hydrogels are a sustained release vaccine delivery 

Fig. 7. Sustained antigen release into the URT improves T cell responses in the NALTs. (A to C) Proliferation of CFSE-labeled OT-I cells cultured for 60 hours together 
with DC subsets isolated from NALTs of mice immunized either 0 or 4 days earlier with LAIV and administered OVA protein 1 hour before harvest. (A) Schematic represent-
ative of the experimental approach. i.n., intranasally. (B) Representative histograms gated on OT-I cells depicting level of CFSE dilution. (C) Fold increase in the number of 
divided OT-I cells after 60-hour culture with d4 NALT moDCs relative to d0 NALT DCs. Data are pooled from seven experiments (paired t test). (D) Absolute number of FITC+ 
cells in the NALTs at the indicated times after intranasal delivery of FITC-OVA or FITC-OVA-gel. Data are pooled from two independent experiments, and symbols represent 
means ± SEM (n = 2 to 6 mice per group; two-way ANOVA, Sidak’s multiple comparison). (E) Absolute number of CD64+ moDCs in the NALTs 3 and 4 days after intranasal 
delivery of OVA-gel. Data are pooled from two independent experiments. Symbols represent individual mice (n = 8 to 13 mice per group; one-way ANOVA, Dunnett’s multiple 
comparison). (F) Proportion of BrdU+ OT-I cells in the NALTs of memory mice (generated as described in Materials and Methods) 3 days after the delivery of either OVA or OVA-gel. 
Data are pooled from three independent experiments, with dots depicting individual mice and bars representing means ± SEM (n = 5 to 13 mice per group; one-way 
ANOVA, Tukey’s multiple comparison). (G and H) Absolute number of (G) BrdU+ OT-I and (H) total OT-I T cells in the NALTs on day 3 after OVA or OVA-gel delivery. Data are 
pooled from two independent experiments, with dots depicting individual mice and bars representing means ± SEM (n = 4 to 8 mice per group; unpaired t test). (I and J) Absolute 
number of (I) BrdU+ OT-I and (J) total OT-I T cells in the NALTs of wild-type (WT) or CCR2 KO memory mice (generated as described in Materials and Methods) 3 days after 
the delivery of OVA-gel after a 1-hour BrdU pulse. Bars represent means ± SEM (n = 3 to 4 mice per group; unpaired t test). *P < 0.5, **P < 0.01, and ***P < 0.001.
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system primarily consisting of the naturally occurring polymer chitosan 
(25). Chitosan solutions can be made thermosensitive with the ad-
dition of polymers such that the hydrogels only form as a result of 
an increase in temperature (26). This behavior can be exploited to 
produce chitosan solutions that are liquids at room temperature but 
can transform into gels when heated to body temperature. We first 
tested whether the chitosan-gel vaccine could release antigen into 
the NALTs for an extended period of time. We intranasally immu-
nized mice with the chitosan-gel vaccine loaded with OVA conju-
gated to fluorescein isothiocyanate (FITC-OVA-gel) (27) and tracked 
the persistence of FITC+ cells within the NALTs. As a control, mice 
were intranasally immunized with the same dose of OVA-FITC re-
suspended in saline (FITC-OVA). Although the number of FITC+ 
cells in the NALTs for the first 5 hours after immunization was 
equivalent across the cohorts, at 24 and 48 hours after immuniza-
tion, we observed significantly more FITC+ cells in the NALTs re-
covered from mice that were immunized with the OVA-FITC-gel 
formulation compared with the control cohort, proving that the 
gel-based vaccine resulted in sustained antigen release into this 
structure (Fig. 7D). In addition, the gel-based vaccine also resulted 
in the recruitment of moDCs into the NALTs (Fig. 7E). We next 
tested whether the chitosan-gel–based vaccine could evoke T cell acti-
vation and proliferation in the NALTs. Because naïve T cells do not 
readily infiltrate the NALTs (9), we assessed the ability of the gel-
based vaccine to activate and expand memory CD8+ T cells. Mice 
with circulating memory OT-I.CD45.1+ CD8+ T cells (generated as 
described in Materials and Methods) were immunized with either 
OVA-gel or OVA protein, and 3 days later, animals were injected 
with 5-bromo-2′-deoxyuridine (BrdU), a synthetic nucleoside ana-
log of thymidine, which is incorporated into the DNA of dividing 
cells, and the presence of BrdU+ OT-I cells in the NALTs was as-
sessed 1 hour later. In comparison with intranasal delivery of OVA 
protein, intranasal immunization with OVA-gel resulted in sevenfold 
more locally dividing (BrdU+) OT-I cells in the NALTs (Fig. 7, F and G). 
This increased local expansion boosted the total number of OT-I 
cells in this lymphoid tissue 7.8-fold above that observed after intra-
nasal immunization with OVA protein alone (Fig. 7H). This improve-
ment in  local T cell expansion after OVA-gel immunization was 
dependent on moDCs, as immunization of CCR2 KO memory mice 
failed to evoke significant local T cell expansion in the NALTs 
(Fig. 7, I and J). Thus, a sustained vaccine delivery system that results 
in persistent delivery of antigen into the NALTs and moDC recruit-
ment improves CD8+ T cell activation within this lymphoid tissue.

DISCUSSION
The nasopharyngeal mucosa of the URT is an environment that 
presents a challenge for the immune system; it is heavily populated 
with commensal organisms and constantly exposed to environmental 
antigens, yet it also represents a major entry point into the body for 
many respiratory pathogens. The immune system must distinguish 
between the “harmful” and the “harmless” and respond accordingly, 
mounting robust immune responses to pathogens, yet enforcing 
tolerogenic responses to commensal organisms and harmless inhaled 
environmental irritants. Here, we demonstrate that DCs located in 
the mucosal-associated lymphoid tissue of the URT regulate the 
balance between immunity and homeostasis to inhaled antigens.

In addition to playing a pivotal role in antigen presentation to 
drive T cell priming, DCs also have tolerogenic functions, partici-

pating in the maintenance of both central and peripheral tolerance 
(10). It is still unclear whether a specific tolerogenic DC lineage ex-
ists or whether the suppressor activity of the DC reflects its activa-
tion status, with in vivo studies demonstrating that perhaps both 
can impart tolerogenic properties onto these cells. Hawiger et  al. 
(28) was first to demonstrate that the induction of self-tolerance or 
immunity can be controlled by the activation status of DCs. Other 
studies have identified subsets of DCs with fixed tolerogenic prop-
erties that are not altered by maturation. A subset of cDCs express-
ing perforin (perf-DCs) was shown to limit autoreactive T cells in vivo 
through a perforin-mediated mechanism (29). DCs with tolerogenic 
properties have been identified in the intestinal mucosa, where they 
play a central role in enforcing tolerance to commensal bacteria and 
food antigens (30–32) as well as the lung (33), where they maintain 
immune quiescence in the airways after inhalation of inert environ-
mental antigens. Recent meta-analysis of the transcriptional landscape 
during tolerogenic and immunogenic DC maturation revealed that 
a significant proportion of gene expression changes that occurred 
during tolerogenic DC maturation overlapped with those changes 
that occurred during immunogenic DC maturation; this challenges 
the view that tolerogenic DCs are merely cDCs that have undergone 
incomplete activation (34). With advances in single-cell RNA-seq tech-
nology, a clearer picture of the overlapping, yet distinct, maturation tra-
jectories of tolerogenic and immunogenic DCs will likely emerge (5).

Here, we provide evidence for another population of cDCs with 
suppressive properties that reside in the NALTs. Comparing the 
transcriptional profile of cLN and NALT DC subsets revealed that 
some of the most differentially expressed genes were mitochondrial 
genes. Although alterations in expression of these genes has been 
associated with cell death, changes in mitochondrial gene expres-
sion can also be indicative of differences in metabolism. Whether 
the metabolic state of the NALT DCs is the factor driving high ex-
pression of mitochondrial genes will need to be addressed in future 
studies. Previous reports show that maturation of immunogenic 
DCs leads to a shift toward a glycolytic metabolic state, whereas, 
consistent with our data, tolerogenic DCs tend to favor OXPHOS 
(12, 35). In line with our results, which link the suppressive nature 
of the NALT DCs to ROS production and changes in DC metabo-
lism, others have previously demonstrated that lung DCs and 
macrophages induce tolerance to inhaled antigen, and this process 
was dependent on mitochondrial respiration and peroxisome 
proliferator-activated receptor gamma (PPARγ)–driven H2O2 gener-
ation (33). Collectively, these reports suggest that the metabolic 
state of DCs is likely to influence their immunogenicity.

Our results have important implications for the development of 
vaccines that attempt to evoke cellular immunity after intranasal 
immunization. The NALTs represent a known site for the deposi-
tion of inhaled vaccines (36). Here, we show that during the steady 
state, DCs within the NALTs inhibit T cell responses. However, the 
suppressive nature of the NALT DC pool is not fixed and can be 
alleviated by local inflammation that results in the influx of moDCs; 
these cells dilute out the suppressive DC pool and can facilitate local 
T cell priming. Collectively, our data highlight two important re-
quirements for an intranasal vaccine that aims to evoke a cellular 
immune response. The vaccine should, first, trigger the recruitment 
of moDCs into the NALTs and, second, preserve sufficient amounts 
of antigen within this region until these immunogenic DCs arrive. 
Here, we tested a proof-of-concept vaccine and coupled a bio-adhesive 
polymer and thermosensitive pluronics; this formulation prolonged 

 at S
tanford U

niversity on O
ctober 13, 2020

http://im
m

unology.sciencem
ag.org/

D
ow

nloaded from
 

http://immunology.sciencemag.org/


Bedford et al., Sci. Immunol. 5, eabb5439 (2020)     9 October 2020

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

13 of 14

antigen retention time in the nasal cavity and evoked moDC re-
cruitment into the NALTs. This vaccine formulation significantly 
improved T cell priming within the NALTs. Intranasal vaccines 
need to accommodate for inflammation-induced temporal changes 
in NALT DC composition and function, if they are to evoke effective 
T cell immunity. Although the suppressive nature of DCs within the 
NALTs is an obstacle in the development of intranasal vaccines that 
aim to evoke strong cellular immunity, it is worth considering that 
because of the suppressive nature of NALT DCs, intranasal delivery 
could represent an effective route of administration of treatments 
that aim to evoke tolerance. Greater understanding of the immuno-
modulatory effects of the NALT DCs could lead to the development 
of guided approaches that use these cells for antigen-specific induc-
tion of immunosuppression in vivo—this type of DC therapy would 
be exceptionally beneficial for the treatment of allergic and auto-
immune diseases or in transplantation medicine.

Our findings have important implications for the development 
of intranasally delivered immunotherapies. Better understanding of 
inflammation-induced temporal changes in NALT DC composition 
and function will facilitate the development of guided approaches 
that tip the balance between unresponsiveness and immunity; this 
could significantly improve the outcomes of intranasal immuno-
therapies that aim to evoke effective T cell immunity or tolerance.

MATERIALS AND METHODS
Study design
The main aim of the study was to test the antigen presentation ca-
pacity of NALT DCs during the steady state and after infection. No 
outliers were excluded from the data analyses.

Mice and infections
C57BL/6 (CD45.2), B6.CH-2bm1 (bm1), OT-I.CD45.1, OT-II.CD45.1, 
CCR2 KO, and BALB/c mice were bred in-house and housed in spe-
cific pathogen–free conditions in the animal facility at the Doherty 
Institute of Infection and Immunity, the University of Melbourne. 
All experiments were done in accordance with the Institutional Animal 
Care and Use Committee guidelines of the University of Melbourne. 
Mice were infected intranasally in the URT with 104 plaque-forming 
units (PFU) of x31-OVA1 (encodes the OVA257–264 epitope within 
the neuraminidase stalk) (7) or 104 PFU of x31-OVA2 (encodes the 
OVA323–339 epitope within the neuraminidase stalk) (8) in a volume 
of 10 l. In some experiments, mice received an URT infection with 
105 PFU of PR8-LAIV, which was generated as described (37). Mice 
were infected intranasally with 108  CFU of S. aureus [JKD6159, 
CA-MRSA (ST93) (38)] or S. aureus (Newman, MSSA CC8) (39) 
(40) in a volume of 10 l as previously described (41).

DC isolation
The NALTs were extracted as described (9). cLNs, Peyer’s patches, 
and NALTs recovered from 5 to 10 mice (pooled) were digested 
with deoxyribonuclease (Roche) and collagenase (Worthington type 3) 
to generate single-cell suspensions. Light-density cells were selected 
using Nycodenz (Nycomed Pharma) (1.077 g/cm3). Spleen and LN 
DCs were further enriched by depletion of unwanted cells with rat 
antibodies directed against CD3 (clone KT3-1.1), Thy1 (clone 
T24/31.7), CD45R (clone RA36B2), Ly6C/G (clone RB6-8C5), Ly-76 
(Ter119), and anti-rat Ig magnetic beads (BioMags from Qiagen). 
All DC subsets were then sort-purified using a BD Aria III 

(BD Biosciences) into XCR1+ and CD11b+ subsets (gating strategy; 
fig. S9). Where indicated, DCs were harvested from mice 10 days 
after the subcutaneous injection of 5 × 106 B16 melanoma cells ex-
pressing Flt3 (B16-Flt3-L).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/52/eabb5439/DC1
Supplementary Methods
Fig. S1. Proportion of pDCs in the NALTs.
Fig. S2. NALT DCs suppress T cell proliferation. Related to Fig. 3.
Fig. S3. NALT DCs do not promote Treg formation. Related to Fig. 3.
Fig. S4. NALT DCs suppress T cell proliferation. Related to Fig. 3.
Fig. S5. NALT DCs suppress T cell proliferation and promote T cell death. Related to Fig. 3.
Fig. S6. CD11b+ and XCR1+ NALT DCs express a cDC signature gene profile. Related to Fig. 4.
Fig. S7. NALT DCs express elevated levels of Cox-2 and synthesize PGE2. Related to Fig. 4.
Fig. S8. moDC recruitment into the NALTs is necessary to alleviate the suppressive nature of 
the NALT DC pool. Related to Fig. 6.
Fig. S9. Representative fluorescence-activated cell sorting strategy for isolation of NALT DCs.
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overridden during infection by monocytes
Unresponsiveness to inhaled antigen is governed by conventional dendritic cells and
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NALTs.
allows for T cell priming. These results provide mechanistic insight into steady state and inflammatory responses in 
mucosa by viral infection induces local recruitment of monocyte-derived DCs, which overrides the effects of cDCs and
adenoids and tonsils and can also inhibit T cell responses and prevent immune activation. Inflammation induced in nasal 

indendritic cells (cDCs) in suppressing T cell responses during the steady state. Similar cDCs are found in human NALTs 
. study induction of immunity in NALTs and identify a role for conventionalet alantigen deposition. Here, Bedford 

The nasal-associated lymphoid tissues (NALTs) are lymphoid organs in the nasal mucosa that are sites of inhaled
A nose for inflammation
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