o N O O

Distal immunization and systemic cytokines establish a transient immune alert state in the intestine
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Abstract

Conventionally, immune responses are studied in the context of inflamed tissues and their corresponding
draining lymph nodes (LNs). However, little is known about the effects of systemic inflammatory signals
generated during local inflammation on distal tissues and non-draining LNs. Using a mouse model of
cutaneous immunization, we found that systemic inflammatory stimuli triggered a rapid and selective distal
response in the small intestine (SI) and the mesenteric LN (mesLN). This consisted of increased permeability
of intestinal blood vessels and lymphatic drainage of bloodborne solutes into the mesLN, enhanced activation
and migration of intestinal dendritic cells, as well as amplified T cell responses in the mesLNs to systemic but
not orally derived antigens. Mechanistically, we found that the Sl endothelial cells preferentially expressed
molecules involved in TNFa signaling, and that TNFa blockade markedly diminished distal intestinal
responses to cutaneous immunization. Together, these findings reveal that the intestinal immune system is
rapidly and selectively activated in response to inflammatory cues regardless of their origin, thus identifying
an additional layer of defence and enhanced surveillance of a key barrier organ at constant risk of pathogen

encounter.
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Introduction

Immunization or infection of peripheral tissues causes rapid activation of local innate sentinel cells, which
produce cytokines and chemokines to alert neighbouring cells and recruit additional immune cells from the
circulation (1, 2). Dendritic cells (DCs) within inflamed tissues capture locally available antigens, undergo
maturation after sensing microbe-derived toll-like receptor (TLR) ligands or inflammatory cytokines, and
migrate into local draining lymph nodes (LNs) to generate adaptive immune responses (3). Vaccine-derived
antigens or microbes also drain directly into the local LNs via the lymphatics and induce responses by LN-
resident DCs (4, 5). In this manner, vaccination or infection of peripheral tissues elicits localized response
circuits within the affected tissues and their corresponding draining LNs, resulting in a compartmentalized
host defence strategy. However, inflammatory cytokines also enter the circulation and can alert cells in distal
organs (1, 6). For example, concurrent administration of a vaccine during viral infection generates elevated
levels of type-I IFN, which induces an anti-viral state in cells across the entire body, even within organs highly
distal to the vaccination site, and this limits further pathogen dissemination (7). On the other hand,
overexuberant inflammation can promote immune pathology in distal sites, thereby necessitating a carefully

balanced inflammatory response for optimized protection while maintaining organismal function (1, 8, 9).

To this end, it has previously been noted that systemic administration of certain TLR ligands induces DC
maturation within both the spleen and the Sl (10-12). While splenic responses are consistent with positioning
of DCs in the bridging channels and direct access to TLR ligands in the circulation (13), the mechanisms
driving DC responses in the Sl are less clear, as these cells have limited access to circulating agonists (14,
15). It has been shown that a population of CX3CR1* myeloid cells within the Sl lamina propria can sample
systemic antigens (16), though the ability of these cells to migrate into the mesLNs has been debated (17,
18). Analogous innate responses to systemic TLR ligands have not been reported for other barrier organs,

implying the existence of Sl-specific responses to systemic stimuli.

In this regard, myeloid cells within the S| are highly specialized, comprising multiple intestine-specific DC and
macrophage subsets which are essential for regulating the balance of tolerogenic and inflammatory
responses to food-, commensal-, and pathogen-derived antigens (14, 15, 19). Recent studies have also
demonstrated additional complexity in antigen presenting cells in the mesLN for promoting regulatory vs.
effector T cell responses to intestinal antigens (20, 21). Moreover, blood and lymphatic endothelial cells within
the Sl are highly specialized to enable efficient nutrient absorption (22), and single-cell RNA sequencing
(scRNA-seq) analysis of blood endothelial cells (BECs) across organs demonstrated divergent gene
expression patterns and tissue-specific adaptations for the Sl (23). The epithelial lining of the intestine is also
highly sensitive to inflammatory cytokines, together suggesting that multiple hematopoietic and non-

hematopoietic cell populations within the intestine have specialized tuning to inflammatory stimuli (24-26).

Here, we examined how distally generated inflammatory cues alter immune responses within the Sl and the
corresponding mesLNs. We find that immunization of a distal skin site with TLR agonists induces rapid and
transient vascular endothelial and immune responses within the SI, but not in other distal barrier organs.
These responses consist of rapid increases in Sl blood vessel permeability and lymphatic drainage of diverse

bloodborne macromolecules into the mesLN. We also find robust activation and migration of intestinal DCs
3
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to the mesLN, as well as enhanced T cell activation to systemic antigens. Examination of published scRNA-
seq data demonstrated that BECs in the SI have enhanced expression of multiple members of the TNFa
signaling pathway, and blockade of TNFa during immunization inhibited the inflammatory response in the SI.
Together, these findings suggest the existence of a mechanism for rapid intestinal alert which is generated
even if the inflammatory signals originate in highly distal organs. This has important implications for
understanding the regulation of intestinal vascular physiology during homeostasis and inflammation,
generation of immune responses to systemic and gut-derived antigens, as well as general principles of

immune surveillance and barrier defence in the SlI.
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Results
Enhanced activation and migration of intestinal DCs following distal cutaneous immunization

During immunization or infection, local innate cells, such as DCs, are rapidly activated within the inflamed
barrier tissues as well as in the corresponding draining LNs. However, locally generated cytokines also enter
the circulation and can potentially act upon cells in distal organs. To investigate whether innate cell activation
occurs in distal LNs during a cutaneous inflammatory challenge, we immunized mice in the ear with Cytosine-
phosphorothioate-guanine oligodeoxynucleotides (CpG), a TLR9 agonist which generates marked DC
responses in local draining LNs (Fig. 1A) (27). Examination of responses using flow cytometry demonstrated
a marked increase in DC cellularity in the mesLNs, which greatly surpassed that seen in skin-draining
auricular LNs (aurLNs) and non-draining cutaneous inguinal LNs (ingLNs) (Fig. 1B). This increase in DC
numbers in the mesLN was also associated with merging of the CD11c" MHC-IINT and CD11¢N" MHC-1IM!
DCs within 6h post-immunization (p.i.), making discrete gating of LN-resident and -migratory DC populations
challenging (Fig. 1C). Instead, sub-gating of DCs based on additional phenotypic markers (Fig. 1D) revealed
a significant increase in the proportion and cellularity of CD103* CD11b*" and CD103" CD11b* DCs. Since
CD103" CD11b* DCs normally reside in the intestinal lamina propria and migrate into mesLN following
maturation, this suggested that distal cutaneous CpG administration elicits rapid migration of DCs from the
intestine into the mesLN (Fig. 1E) (28). Consistent with this, changes in DC cellularity were associated with
increased costimulatory molecule expression. As expected, increased CD80/86 expression was seen on DCs
in skin-draining aurLNs (Fig. 1F-G) but not in non-draining ingLNs, suggesting minimal impact of skin
immunization on distal cutaneous sites. In contrast, we observed marked CD86 and more modest CD80
upregulation by DCs in gut-draining mesLNs, which started as early as 3h p.i., peaked at 12h p.i., returned
to baseline by 48h (Figs. 1F-H), and was particularly notable in CD103* CD11b*" cells (Fig. 11-J). Enhanced
costimulatory molecule expression was also associated with a rapid spike in MHC-II expression for all DC

populations, which returned to baseline within 10h p.i. (Fig. 1K).

We next analyzed DC distribution in mesLNs using histo-cytometry (29), and found an increased
representation of SIRPa® CD103* DCs as early as 6h after CpG immunization, which was consistent with our
flow cytometry data (Supplemental Fig. 1A, 1B). Furthermore, we observed a significant increase in the
number of CD11c” DCs within the deep T cell zone at 20h p.i. (Supplemental Fig. 1C), a time point
corresponding to the peak of DC cellularity in the mesLN and consistent with the migration and repositioning
of intestinal and LN-resident DCs into the T zone during maturation (Fig. 1B) (27). Together, these results
indicate that in addition to local responses in the skin-draining LNs, distal cutaneous inflammation elicits

robust activation and migration of intestinal DCs into the gut-draining mesLNs.

Distal inflammation induces transient intestinal endothelial permeability and activation of intestinal
DCs

Myeloid cells in the SI have been previously shown to be intimately associated with local fenestrated blood

vessels (BVs) (16). Increased DC responses in the mesLN after cutaneous immunization could thus reflect
5
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their preferential ability to sample systemic signals and to migrate into the mesLNs after maturation. To study
this, we imaged DCs in the Sl 3h post distal skin immunization, while also labeling the BV-associated cells
by intravenous (IV) administration of a fluorescently labeled CD11c¢ antibody (30, 31). CD11c-IV antibody
was administered 3h p.i. and Sls were isolated 30 minutes later to provide sufficient time for response
induction and to enable robust cellular labeling, respectively (Fig. 2A). As expected, in naive animals, we
observed a dense aggregation of intestinal CD11c-expressing cells in the upper lamina propria (LP) of the
villi, but relatively limited IV-labeling. In contrast, higher numbers of IV-labeled CD11c-expressing cells were
observed near the basal lymphatic ducts (Fig. 2B), consistent with these cells starting to emigrate from the

LP into the mesLN via the lymphatic lacteals.

We also visualized responses in the mesLNs 6h p.i., a time point at which DCs began to accumulate after
cutaneous immunization (Fig. 1B). Here, we also observed markedly enhanced CD11c-1V labeling of cells
after immunization, although surprisingly, this appeared to be highly enriched within the lymphatic
subcapsular sinus (SCS) and not in the proximity of BVs (marked by CD105 staining) as would be expected
for IV-administered probes (Fig. 2C). To investigate which DC populations were labeled with the IV probe,
we analyzed the mesLNs from naive and immunized mice via confocal microscopy and histo-cytometry.
Further sub-gating and visualization of IV label-positive events demonstrated preferential enrichment of
SIRPa* CD103* DCs, and positional mapping of these cells demonstrated predominant localization in the
SCS regions (Supplemental Fig. 2A-B). In contrast to gut-draining mesLNs, IV-labeling in cutaneous draining
aurLNs of naive or immunized mice was limited and largely restricted to BV-proximal regions, as would be

expected for IV-antibody staining (Supplemental Fig. 2C).

To further examine the kinetics of CD11c-IV-labeling in different LNs and across timepoints, we used flow
cytometry. Enhanced IV-labeling of DCs was readily detected in the mesLNs but not in non-draining ingLNs
and affected multiple DC subsets (Fig. 2D-F). Enhanced IV-labelling peaked ~4-6h p.i. and declined to levels
below baseline ~12h p.i. In addition, we tested whether enhanced IV-labeling of DCs was restricted to CpG
immunization or was more generalizable to other TLR agonists. We observed a spike in IV-labeling in mesLN
DCs after subcutaneous administration of lipopolysaccharide (LPS) and polyinosinic:polycytidylic acid (p(l:C))
(Supplemental Fig. 2D-E), which was also associated with increased CD86 expression on DCs, together

indicating that similar processes occur in response to multiple inflammatory agonists.

Increased IV-labeling of DCs both in the Sl parenchyma and in the mesLN SCS after distal immunization
suggested enhanced permeability of blood vessels in the SI and crossover of large bloodborne
macromolecules, such as the CD11c-IV antibody, into the SI parenchyma and subsequent drainage into the
mesLN. To test this possibility, we injected a large molecular weight FITC-dextran (500 kD) IV into either
naive or immunized animals (32). As expected, some FITC-dextran in the lymphatic sinuses was seen in
naive animals, consistent with a critical role for fluid transport in intestinal physiology and nutrient uptake.
Importantly, we observed a significant increase in the deposition of FITC-dextran in the lymphatic sinuses of
mesLNs 4h p.i., and this returned to below baseline levels at by 20h (Fig. 2G-H). In contrast, we did not find
changes in dextran drainage in cutaneous draining aurLNs or non-draining ingLNs (Supplemental Fig. 2F),

nor in lung-draining mediastinal LNs (medLNs) (Supplemental Fig. 2G), though the latter exhibited modestly
6
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enhanced baseline drainage as compared to other tissues. Together, these data suggested that following
immunization, there is a transient increase in vascular permeability and lymphatic drainage of large
bloodborne macromolecules during inflammation, as well as the activation and migration of intestinal DCs
into the mesLNs, and that this process preferentially occurs in the intestine and not other barrier tissues (i.e.,
skin and lung). To examine whether distal cutaneous inflammation also affected intestinal epithelial barrier
integrity, we orally gavaged naive or immunized animals with FITC-dextran and analyzed FITC fluorescence
in the serum 2h later (Fig. 21). As expected, we observed baseline uptake of FITC-dextran into the serum in
control animals, consistent with normal absorption of nutrients via the intestinal epithelial lining (Fig. 2J). In
contrast, cutaneous immunization reduced the amount of detectable FITC-dextran in the serum, suggesting
that epithelial barrier integrity was preserved and, if anything, more restricted for gut luminal antigens after

distal cutaneous immunization.

Heterogeneity of BEC populations across tissues, and involvement of the TNFa signaling in

mediating intestinal responses to distal immunization

Selective increases in BV permeability in the S| suggested preferential intestinal BEC signaling in response
to systemic factors generated during distal immunization. To examine this possibility, we performed
unsupervised Gene Set Variation Analysis (GSVA) (33) using a published single-cell transcriptomic dataset
of BECs isolated from various organs, including the SI, colon, kidney, lung, spleen, and soleus (23).
Comparison with Molecular Signatures Database (MSigDB) hallmark gene sets revealed that BECs in
different organs expressed unique pathway signatures, suggesting tissue-specific adaptations. In particular,
BECs within the SI were highly enriched for multiple cytokine signaling pathways, including Type-I and -II
interferons, interleukin-6 (IL-6), and TNFa (Fig. 3A). To identify genes in these cytokine pathways that were
differentially expressed in S| BECs, we selected Sl-expressed genes with a normalized gene expression
across all six tissues (Fig. 3B). We found that out of these four, the TNFa pathway contained the highest
number of differentially expressed genes, the majority of which were enriched in S| BECs compared to

those from the other tissues.

This apparent sensitivity to TNFa was noteworthy, as during inflammation this cytokine can be rapidly
released into the circulation by innate cells in both the skin and the draining LNs (34), and can directly
promote endothelial permeability (35, 36) as well as induce DC activation (34, 37). Furthermore, TNFaq, as
well as other cytokines, was significantly elevated in draining LNs or serum samples after immunization
with CpG, LPS, and poly(l:C), indicating possible involvement in systemic signaling (Fig. 3C-F). To directly
test whether TNFa signaling promoted increased intestinal endothelial permeability and DC activation, we
treated mice with anti-TNFa blocking or isotype control antibody 1h prior to cutaneous CpG administration.
TNFa blockade significantly abrogated IV-labeling of DCs in the Sl and mesLN (Fig. 4A-B), as well as
drainage of IV-administered FITC-dextran to the mesLN 4h p.i. (Fig. 4C), indicating reduced vascular
permeability and lymph drainage with anti-TNFa treatment. MesLN DCs from TNFa-blocked mice also
exhibited a significantly reduced repositioning response, with fewer DCs seen within the T cell zone 24h p.i.

(Fig. 4D). We also observed diminished CD86 expression and IV-labeling as quantified by flow cytometry
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(Fig. 4E-F), together indicating a reduction in DC maturation and migration into mesLN in TNFa-blocked
animals. Thus, TNFa signaling is at least in part responsible for increased intestinal endothelial permeability
and lymphatic drainage, as well as DC maturation and migration into the mesLN following distal cutaneous

immunization.

Cutaneous immunization potentiates adaptive immune responses to systemic antigens in mesLNs

We next examined whether distal alert of the intestinal immune system following cutaneous immunization
could impacts the generation of T cell responses to systemic antigens in the mesLN. To test this, we
adoptively transferred TCR transgenic, OVA-specific OT- CD8" and OT-Il CD4" T cells into naive recipients,
injected these mice with CpG in the distal skin, as well as administered OVA protein i.v. 3h later, and
examined T cell responses across different LNs 4 days later. In order to eliminate potential contributions of
cell recirculation through lymphoid organs and to retain activated T cells within the LNs in which they were
primed, we also co-administered an S1P receptor inhibitor, FTY720, 2 and 3 days p.i. (Fig. 5A). As expected,
we observed increased OT-I T cell cellularity in skin-draining aurLNs, consistent with enhanced inflammatory
responses in local vaccination site-draining LNs (Fig. 5B). Notably, we also found significantly elevated
cellularity and proliferation (by Ki67 expression) of OT-l T cells in the mesLNs, but not in non-draining
cutaneous ingLNs (Fig. 5B-C). OT-I T cells in mesLNs of CpG-treated animals also selectively displayed
reduced levels of CD62L and elevated levels of beta 7 integrin, indicating the generation of effector cells with
altered homing potential and Sl-trafficking capacity (Fig. 5D-E). Activated OT-I cells in the mesLNs also
expressed CXCR3 and CD25, being consistent with the generation of effector cells, albeit the expression of
these markers was not elevated with CpG administration in any of the LNs (Supplemental Fig. 3A-B). In
contrast to CD8" T cell responses, CD4" OT-Il cellularity and activation were largely unchanged across LNs
after cutaneous CpG administration (Supplemental Fig. 3C-E), either reflecting preferential abilities of
intestinal DCs to cross-present systemic antigens (16), or potential avidity differences between the TCR
transgenic CD4 vs. CD8 T cells. A minor increase in the frequency of CD25" CD62L" activated OT-IlI cells in
the mesLN was noted. Together, these data indicate that distal cutaneous inflammation promotes enhanced
induction of CD8 T cell responses to systemic antigens in the mesLNs, but not in non-draining cutaneous
LNs.

Finally, given that SI DCs are important for promoting oral tolerance to food-derived antigens through the
generation of peripheral regulatory T cells (Tregs) in the mesLN (38, 39), we examined whether distal
inflammation influences this process and can abrogate Treg induction. To test this, mice were adoptively
transferred with OT-Il T cells and fed OVA in drinking water for 7 days to induce Treg differentiation (40).
Some mice also received cutaneous CpG injections every other day to trigger the intestinal alert response
during OVA feeding (Fig. 5F). As expected, non-immunized animals developed a population of induced OVA-
specific Tregs in the mesLNs as characterized by co-expression of CD25 and Foxp3 (Fig. 5G-H). Importantly,
distal immunization with CpG did not alter Treg induction, nor did it induce enhanced expression of the
transcription factor RORyt in the responding cells, indicating normal generation of Treg responses to orally

administered antigens (Fig. 5H-J). Together, these data demonstrate that while distal immunization does
8
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to either systemic or food-derived antigens.
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Discussion

The intestine contains the highest microbial content of all the barrier surfaces, which includes both beneficial
commensals as well as potentially harmful pathogens, thus necessitating rapid and effective strategies for
barrier defence. Our findings indicate that the intestine is selectively tuned to respond to inflammatory stimuli
even if these originate in highly distal tissues, and that equivalent responses are not seen in other barrier
organs. Such selectivity appears at least in part driven by increased sensitivity of intestinal BECs to
inflammatory cytokines, which during systemic inflammation appear to elicit enhanced blood vessel
permeability and rapid lymphatic drainage of serum-associated macromolecules into the mesLNs. When
coupled with rapid intestinal DC activation and migration into the mesLN, also likely potentiated by the same
systemic cytokines, this enables effective delivery of information from the intestinal interstitium into the
mesLN, thereby enhancing the generation of adaptive responses geared for intestinal protection. In addition
to enhancing immune surveillance, the alert state could facilitate rapid delivery of additional immune
mediators such as complement molecules into the Sl for immediate anti-microbial function, as well as serum
antibodies, which may provide additional barrier defence depending on previous pathogen exposure. Hence,
we propose that this intestinal alert process represents a tissue-specific adaptation for enhanced immune

detection and defence of a barrier organ under constant threat of bacterial translocation and infection.

The intestinal vasculature comprises specialized networks which collectively mediate diverse functions, most
notably nutrient absorption during homeostatic conditions (41, 42). In contrast, during distal inflammation, the
increased endothelial permeability of S| blood vessels could more selectively promote immune surveillance
of the lamina propria instead of nutrient uptake. Moreover, we find that distal inflammation reduces the uptake
of orally administered macromolecules, suggesting that luminal compartmentalization is actively enforced, if
not enhanced, during this period. This could represent an additional layer of barrier defence, and the
mechanisms driving this process could act directly downstream of inflammatory signaling in epithelial cells or
be mediated indirectly by the perturbed interstitial fluid balance (22). Though TNFa signaling has been
implicated in mouse models of intestinal inflammation, such as Dextran sodium sulfate (DSS)-induced colitis,
to increase epithelial permeability by impairing tight junction integrity (43, 44), it is important to note that many
of these models are also associated with actively disrupted barrier integrity and concurrent TNFa release,
whereas the TNFa in our model is generated in response to distal inflammation in the absence of overt
intestinal epithelial damage. Of relevance, it has been recently noted that chronic TNFa signaling during ileitis
leads to the formation of tertiary lymphoid organs within the intestinal lymphatics which actively impede
lymphatic drainage to the mesLN (45), indicating that while this cytokine has potentially beneficial effects via

promoting transient alert in the Sl, it can also lead to organ pathology in chronic inflammation settings.

The physical mechanisms by which TNFa (or other inflammatory mediators) preferentially regulate intestinal
BEC responses during distal inflammation remain to be elucidated. One potential mechanism is via the
fenestrae-forming plasmalemma vesicle-associated protein (PLVAP, aka PV1) which has been found on
intestinal capillaries (23) and subcapsular sinus lymphatics in lymph nodes (48). Though functional knockouts
of PLVAP have been well-characterized, it is unclear how its expression level or functional properties, and

by extension vascular permeability (42, 49), are modulated during inflammatory conditions. Furthermore, it is
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not known whether TNFa is the sole driver of endothelial cell permeability and DC activation, and multiple
cytokines or other systemic factors could act in concert to activate either or both cell types (6). For example,
cytokines such as type-l and -Il IFNs were also elevated following cutaneous immunization and these may

synergize with TNFa to drive increased vascular permeability in the SI (50, 51).

Like the intestine, the lung is a barrier organ whose function demands highly selective and regulated
permeability at both the epithelial and endothelial layers (52). We did not detect major changes in lymphatic
drainage into the medLN following distal immunization, indicating that lung endothelial permeability was not
drastically altered under these experimental conditions. On a molecular level, our data demonstrate that
endothelial cells across different tissues have non-equivalent expression of proteins in multiple cytokine
signaling pathways and that this is likely responsible for the divergent responses. This likely reflects
differential specialization of endothelial cells to serve their respective organs and the critical need of
unperturbed pulmonary vasculature for optimal gas exchange and organismal function. Other structural
factors such as the degree of capillary fenestration is also likely involved (46). Of note, sensitivity to cytokines
other than TNFa, or to TLR agonists, has been shown to modulate pulmonary endothelial permeability in

specific conditions, such as acute lung injury or acute respiratory distress syndrome (53-55).

Our data also indicate that the intestinal alert during distal inflammation promotes the generation of adaptive
immune responses to systemic antigens, in particular for CD8 T cells, and that these mesLN-primed effector
T cells express homing molecules for enhanced intestinal trafficking. While normally these responses would
be geared towards gut-invasive pathogens, it is also possible that such distal activation in the mesLN could
lead to aberrant immune responses against benign commensals, food antigens, or systemic antigens (56-
58). Of note, in our hands, systemic inflammation did not result in detectable changes in TCR-transgenic CD4
T cell activation to either systemically or orally administered antigens, including normal induction of peripheral
Tregs. While requiring additional functional testing, these findings suggest that there is a preferential effect
of systemic inflammation on CD8 T cell immunity, and that induction of CD4 T cell oral tolerance remains
intact. These data are also consistent with our findings that transient intestinal alert to distal inflammation

occurs without concurrent disruption of epithelial permeability.

Finally, while providing a strategy for enhanced immunosurveillance of the intestine, it is possible that
increased vascular permeability and drainage may also facilitate pathogen dissemination in some infection
settings. Indeed, certain intestine-adapted pathogens such as S. Typhimurium have been shown to hijack
vascular permeability to promote systemic dissemination via the hepatic portal vasculature (41, 47, 59). This
may in turn activate the ‘intravascular firewall’ in the form of phagocytosis by Kupffer cells previously exposed
to commensal-derived metabolites (60). Of note, while our studies focused on type-I inflammatory responses
and early T cell activation in mesLNs, future work should also evaluate the impact of distal type-ll
inflammatory cytokines on intestinal alert responses, as this could play a role in atopic march development
and induction of food allergies due to skin sensitization (61). On the other hand, the Sl alert and distal adaptive
immune responses could be potentially harnessed to develop multi-route (i.e. cutaneous plus mucosal)
vaccination strategies to generate intestine-specific responses against oral pathogens (62). Altogether, the
herein identified intestinal alert response to systemic cytokines may have broad implications, ranging from

11
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Methods
Animals

C57BL/6J male mice were obtained from The Jackson Laboratory. CD45.1+ C57BL/6-
Tg(TcraTerb)1100Mjb/d  (OT-l), CD45.1* B6.Cg-Tg(TcraTcrb)425Cbn/J  (OT-ll), and B6.SJL-
PtprcaPepcb/BoyCrl (CD45.1%) were obtained either from a donating investigator (P. J. Fink, University of
Washington) or Charles River. All mice were kept in specific pathogen—free conditions at an Association for
Assessment and Accreditation of Laboratory Animal Care—accredited animal facility at the University of
Washington, South Lake Union campus. All procedures were approved by the University of Washington

Institutional Animal Care and Use Committee.

Immunizations and Treatments

All experiments were performed in male animals. For immunization studies, the following amounts of
adjuvants were injected per site: 20 ug of CpG ODN 1668 (AdipoGen), 20 ug of LPS from E. coli O111:B4
(Sigma-Aldrich), or 20 pg of poly(l:C) (Amersham) diluted 1:2 with PBS. All adjuvants were injected either

intradermally in the ear pinnae, or the front footpads (targeting the auricular or brachial LNs respectively).

For intravenous labeling studies, 3 ug of CD11c-PE antibody (clone HL3, BD Pharmingen) and/or 0.5 mg of
FITC-Dextran conjugate (500 kD, Invitrogen) were diluted in PBS (up to a final volume of 200 pL per mouse)

and injected retro-orbitally 30 mins prior to euthanasia.

For in vivo antibody blocking studies, 0.5 mg of InVivoMab anti-TNFa antibody (clone XT3.11, BioXCell) or
InVivoMab 1gG1 isotype control (clone HRPN, BioXCell) were diluted in PBS (up to a final volume of 200 pL

per mouse) and injected intraperitoneally 1h prior to immunization with adjuvant.

For studies utilizing adoptive transfers, naive CD45.1" OT-l or OT-ll T cells were isolated from LNs and
spleens using their respective naive CD8" or CD4" T cell isolation kits (Miltenyi Biotec). Purity was checked
via flow cytometry. The indicated number of cells was resuspended in PBS (up to a final volume of 200 uL

per mouse) and transferred into CD45.2* C57BL/6J recipients via intravenous retro-orbital injection.

For studies testing the response to systemic antigen, 10 ug of endotoxin-free OVA (InvivoGen) was diluted

in PBS (up to a final volume of 200 uL per mouse) and administered via intravenous retro-orbital injection 3h
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following immunization with adjuvant. In some of these studies, FTY720 was diluted to a final concentration

of 0.2 mg/mL in PBS, vortexed for 10-15 mins, and injected intraperitoneally at a dose of 1 mg/kg body weight.

For oral tolerance studies, Grade Il albumin from chicken egg white (Sigma-Aldrich) was resuspended in

water at 1.5% concentration and administered via drinking water for 7 days.

Confocal Microscopy and Histo-cytometry

Isolated tissues were fixed overnight at 4°C in Cytofix (BD) diluted 1:3 with PBS, cryoprotected in 30%
sucrose for 8-24h, embedded in O.C.T. compound (Tissue-Tek), and stored at -80°C. Tissues were sectioned
on a Microm HM550 cryostat (Thermo Scientific) at 20 ym thickness, then imaged on a Leica SP8 confocal
microscope using a 20x 0.7 NA oil-immersion objective as previously described (27). Compensation was
performed on raw images using LAS-X (Leica), followed by image visualization and analysis using Imaris
(Bitplane). Spot object creation and T cell zone demarcation were performed in Imaris as previously described

(27).

For histo-cytometry analysis, CD11c-expressing cell objects were generated in Imaris and data on marker
intensity and object positioning was exported for additional quantification and visualization in FlowJo (BD

Biosciences), as previously described (27, 29, 63).

Flow Cytometry

For myeloid cell studies, LNs were physically disrupted using forceps and enzymatically digested with an
enzymatic cocktail consisting of Collagenase P (0.2 mg/mL in HBSS, Sigma-Aldrich), Dispase Il (0.8 mg/mL,
Sigma-Aldrich), DNase | (0.1 mg/mL, Sigma-Aldrich), and FCS (1%, Corning) in RPMI 1640 medium (Fisher
Scientific). For T cell studies, LNs were physically disrupted using forceps and digested with Collagenase D
(1.08 mg/mL, Sigma-Aldrich). Data were acquired on a Cytek Aurora (Cytek Biosciences) or an LSR-II (BD

Biosciences) flow cytometer and analyzed using FlowJo software.

Intestinal Permeability Assay
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Intestinal epithelial permeability was assessed via a FITC-dextran leakage assay. 15-week-old littermate
mice were fasted for 4h, followed by oral gavage with 10 mg of 4 kD FITC-dextran or PBS (as a negative
control). Mice were then anesthetized and injected with CpG or PBS in both ears. 2h later, mice were
euthanized. Blood was harvested via cardiac puncture and centrifuged to obtain serum. FITC-dextran levels
in serum (488 nm excitation, 516 nm emission) were measured on a microplate reader, and FITC-dextran

concentration was determined using a standard curve.

Antibodies and Staining Reagents

Antibodies used for staining tissue sections for confocal microscopy and/or cells for flow cytometry include:

CD3 (clone 17A2; Biolegend, BD), CD4 (clone RM4-5; BD), CD8 (clone 53-6.7; Biolegend), CD11b (clone
M1/70; Biolegend), CD11c (clone HL3; BD), CD11c (clone N4/18; BD), CD25 (PC61.5; Invitrogen), CD44
(clone IM7; Biolegend), CD45.1 (clone A20; Biolegend), CD45.2 (clone 104; Biolegend, BD), CD62L (clone
MEL-14; BD), CD64 (clone X54-5/7.1; Biolegend), CD80 (clone 16-1A1; BD), CD86 (clone GL1; Biolegend),
CD103 (clone M290; BD), CD105 (REA1058; Miltenyi Biotec), B220 (clone RA3-6B2; Biolegend), Clec9a
(AF6776; R&D), Collagenase IV (clone N120-6586; Novus Bio), Foxp3 (clone FJK-16s; eBioscience), Integrin
B7 (clone FIB504; eBioscience), Ki67 (B56; BD), Ly6G (clone 1A8; Biolegend), Lyve1 (clone ALY7;
Invitrogen), MECA-79 (clone MECA-79; Biolegend), MHC-II (clone M5/114.15.2; Biolegend), NK1.1 (clone
PK136; Biolegend), Rorgt (clone Q31378; BD), SIRPa (clone P84; Biolegend), Ter119 (clone ter-119;

Biolegend), XCR1 (clone ZET; Biolegend).

Analysis of Publicly Available Endothelial Cell Data

Single-cell RNA sequencing data of endothelial subsets across six organs (S, colon, lung, spleen, kidney,
and soleus) were obtained from a published data set (23) and processed to obtain transcriptomic profiles of
average log-transformed normalized gene expression. GSVA (33) enrichment was then performed on these
transcriptomic profiles in comparison to the mSigDB Hallmark and Pathway Interaction Database
(http://pid.nci.nih.gov) gene sets to identify key signaling pathways that were differentially enriched in

endothelial populations from these organs.
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Serum and Lymph Node Cytokine Analysis

To quantify cytokine levels, mice were immunized in both ear pinnae and forepaws with CpG (20 ug/site),
LPS (10 ug/site), or poly(l:C) (20 ug/site). 6h later, draining LNs and sera were harvested. LNs from each
mouse were pooled, lysed using a Precellys CK14 Lysing Kit (Berin Corp) in 1X Pierce Protease Inhibitor
(Thermo Scientific), and concentrated using 30K Amicon filters (Millipore). Samples were then processed
with a LEGENDPIex Mouse Inflammation Panel kit (Biolegend) according to the manufacturer's instructions
and analyzed by flow cytometry on a BD LSRIl (BD Biosciences). Data were then analyzed using

LEGENDplex software (Biolegend).

Statistics

Statistical analysis was performed using GraphPad Prism software. For studies involving side-by-side groups,
unpaired t-test or one-way ANOVA was used together with the Benjamini, Krieger, and Yekutieli False
Discovery Rate correction for multiple comparisons. For infection studies, the Kruskal-Wallis test was used
together with the Benjamini-Hochberg False Discovery Rate correction for multiple comparisons. In bar
graphs for all figures, error bars represent the SD. For time course data, * = P < 0.05 and # = P <0.0001 and
show statistical significance between the indicated time point and the naive control group. In all figures, data
points represent either pooled (auricular, brachial LNs) or independent (mesLN) tissues, and a minimum of

3 mice were used per group.

Data availability

Values for all data points in graphs are reported in the Supporting Data Values file.
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Figure 1. Enhanced activation and migration of intestinal DCs following distal cutaneous
immunization (A) C57BL6/J mice were injected subcutaneously (SC) in both ears with CpG or left untreated
and indicated LNs were harvested at indicated time points for analysis. (B) Time course of DC cellularity for
DCs from various LNs post-immunization (p.i.) (n = 3-4 mice). (C-D) Representative flow cytometry plots
showing gating of CD11¢* MHC-II" mesLN DCs (C) and expression of CD103 and CD11b on the gated subset
(D) at 6h p.i. (E) Time course of cellularity for the indicated mesLN DC subsets p.i. (n = 3-4 mice). (F)
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Representative flow cytometry plots showing CD80 and CD86 expression on DCs in LNs at 12h p.i. (G-H)
Time course of CD80 (G) and CD86 (H) expression on DCs from various LNs p.i. (n = 3-4 mice). (I-K) Time
course of CD80 (I), CD86 (J), and MHC-II (K) expression on the indicated mesLN DC subsets p.i. (n = 3-4
mice). Data in (B), (C), (G), (H), (1), (J), and (K) were analyzed via one-way ANOVA with Benjamini, Krieger,
and Yekutieli correction for multiple comparisons. * = P < 0.05 and # = P < 0.0001, and show statistical
significance between the indicated time point and the naive control group. Data are representative of at least
two independent experiments. (A) was created on Biorender.com.
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Figure 2. Enhanced endothelial permeability drives activation and intravenous labeling of intestinal
DCs following cutaneous immunization. (A) C57BL6/J mice were injected in both ears with CpG for either
3 or 6h, or left untreated, followed by intravenous (IV) retro-orbital injection of CD11c-PE and/or 500 kD FITC-
dextran. After 30 mins, the mice were euthanized, and LNs were harvested for analysis by microscopy or
flow cytometry. (B) Representative images of IV-labeled DCs and Lyve1+ lymphatic vessels in Sl villi 3h p.i.
and quantification of IV-labeling frequency in CD11c¢* MHC-II" Imaris spot objects. Scale bars are 50 pm. (n
= 3-4 mice). (C) Representative images showing IV-labeled cells in the SCS of mesLNs from naive and CpG-
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injected mice, as well as CD105" blood vessels. Scale bars are 200 um (L) and 50 um. (D) Representative
flow plots showing IV-labeling in mesLN DCs 6h p.i. (E) Flow cytometry time course of DC IV-labeling in
indicated LNs (n = 3-4 mice). (F) Flow cytometry time course of DC IV-labeling in distinct mesLN DC subsets
(n = 3-4 mice) (n = 3-4 mice). (G) Representative images of FITC-dextran drainage in mesLN lymphatics 4
and 20h p.i. Scale bars are 150-200 um. (H) Quantification of FITC-dextran signal in CD105" Imaris spot
objects from (G) (n = 4 mice). (I) Diagram depicting study design for (J). C57BL6/J mice were fasted for 4h,
after which they were orally gavaged (OG) with 10 mg of 4 kD FITC-dextran and injected in both ears with
either PBS or CpG. 2h later, mice were euthanized and blood was isolated for analysis. (J) Quantification of
serum FITC-dextran levels. Data are representative of at least two independent experiments (n = 2-5 mice).
(A) was created on Biorender.com. Data in (E) and (F) were analyzed via one-way ANOVA with Benjamini,
Krieger, and Yekutieli correction for multiple comparisons. *= P < 0.05 and #= P < 0.0001 and show statistical
significance between the indicated time point and the naive control group. Data are representative of at least
two independent experiments. (A) and (I) were created on Biorender.com.
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Figure 3. Molecular characterization of BECs and systemic cytokines. (A) Heatmap depicting
differentially enriched MSigDB Hallmark gene sets across BEC populations from a published single-cell RNA
sequencing data set (23) as analyzed by Gene Set Variant Analysis (GSVA). (B) Heatmaps depicting
cytokine pathway genes which are differentially expressed in S| BECs compared to BECs in other tissues.
(C-F) LEGENDplex screen for inflammatory cytokines in serum and draining LNs 6h after cutaneous adjuvant
administration. Where appropriate, dotted lines indicate upper (“Max”) and lower (“LOD”) limits of detection
respectively. Data in C are from a single experiment (n = 1-3 mice).
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Figure 4. The intestinal alert state during distal inflammation is mediated by TNFa signaling.

(A) C57BL6/J mice were injected intraperitoneally with either anti-TNFa blocking antibody or isotype control.
1h later, they were injected in both ears with CpG for 3-24h or left untreated, followed by IV injection of
CD11c-PE or 500 kD FITC-dextran. After 30 mins, SI and mesLNs were harvested for analysis.
Representative microscopy images of IV-labeled DCs in Sl villi 3h p.i. +/- TNFa blockade, and quantification
of CD11c-PE intensity. Scale bars are 50 um (n = 3-4 mice). (B) Representative images of IV-labeled DCs
in mesLNs 4h p.i., +/- TNFa blockade, and quantification of CD11c-PE staining 4h and 24h p.i. Scale bars
are 150-200 pym (n = 3-4 mice). (C) Representative images of FITC-dextran drainage to mesLN lymphatics
4h p.i. +/- TNFa blockade, and quantification of FITC-dextran intensity in CD105+ Imaris spot objects 4h and

27



653
654
655
656
657

24h p.i. Scale bars are 100 ym (n = 3-4 mice). (D) Representative images of mesLN DC repositioning into
the T cell zone 24h p.i. +/- TNFa blockade, and quantification of this repositioning 4h and 24h p.i. White
dashes denote the T cell zone boundary (n = 3-4 mice). (E-F) Quantification of CD86 exprssion (E) and IV-
labeling (F) on mesLN DC subsets 3h p.i. +/- TNFa blockade. Data are representative of at least two
independent experiments. Scale bars are 200 uym (n = 3-5 mice).
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Figure 5. Cutaneous immunization potentiates adaptive immune responses to systemic antigens in
mesLNs. (A) Diagram depicting study design for (B-E). 200,000 OT-I and OT-Il (each) were adoptively
transferred into C57BL6/J mice. One day later, recipients were injected in both ears with CpG for 3h or left
untreated, followed by IV injection of 10 ug of OVA. Mice also received intraperitoneal FTY720 2 and 3 days
later and were euthanized 4 days p.i. for analysis by flow cytometry. (B) Quantification of CD44" OT-I cell
counts across indicated LNs (n = 5 mice). (C) Quantification of the CD44+ Ki67+ subset in OT-I T cells (n =
5 mice). (D-E) Quantification (D) and representative flow plots (E) of integrin 37 (beta7) and CD62L
expression in CD44" OT-I cells across indicated LNs (n = 5 mice). (F) Diagram depicting study design for (G-
H). Mice were adoptively transferred with 100,000 OT-II T cells and then fed OVA in drinking water for a week.
Some animals also received CpG injections every other day, after which mesLNs were isolated for analysis
by flow cytometry. (G) Representative flow plots of FOXP3 and CD25 expression on mesLN CD44" OT-II T
cells. (H-J) Quantification of frequency (H), cellularity (1), and RORyt (J) expression on FOXP3* CD25" Tregs
in mesLNs. Data are representative of at least two independent experiments (n = 1-4 mice).
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