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Abstract

T follicular helper (Tfh) cells are a subset of CD4™ T cells that promote antibody production
during vaccination. Conventional dendritic cells (cDCs) efficiently prime Tth cells; however,
conclusions regarding which ¢cDC instructs Tth cell differentiation have differed between recent
studies. We found that these discrepancies might exist because of the unusual sites used for
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immunization in murine models, which differentially bias which DC subsets access antigen. We
used intranasal immunization as a physiologically relevant route of exposure that delivers antigen
to all tissue DC subsets. Using a combination of mice in which the function of individual DC
subsets is impaired and different antigen formulations, we determined that CD11b* migratory type
2 cDCs (cDC2s) are necessary and sufficient for Tth induction. DC-specific deletion of the
guanine nucleotide exchange factor DOCKS resulted in an isolated loss of CD11b* ¢cDC2, but not
CD103* c¢DC1, migration to lung-draining lymph nodes. Impaired cDC2 migration or
development in DC-specific Dock8or Irf4 knockout mice, respectively, led to reduced Tth cell
priming, whereas loss of CD103* cDC1s in Batf3'~ mice did not. Loss of cDC2-dependent Tfh
cell priming impaired antibody-mediated protection from live influenza virus challenge. We show
that migratory cDC2s uniquely carry antigen into the subanatomic regions of the lymph node
where Tfh cell priming occurs—the T-B border. This work identifies the DC subset responsible for
Tth cell-dependent antibody responses, particularly when antigen dose is limiting or is
encountered at a mucosal site, which could ultimately inform the formulation and delivery of
vaccines.

INTRODUCTION

Vaccines are one of the most important medical interventions in global health. Rational
designs are needed to extend vaccination efforts through antigen dose sparing, particularly
during acute pandemic vaccine production (1). Because most vaccines protect the host via
inducing antibodies, a clearer understanding of the cellular pathways that result in efficient
antibody induction could facilitate this goal. Work over the past decade has comprehensively
identified the T cells required for promoting effective antibody responses. T follicular helper
(Tfh) cells promote long-lived, high-affinity antibody production by B cells (2, 3). It was
recently shown that dendritic cells (DCs) were required for the first phase of Tfh cell
initiation unless high antigen doses are used during immunization (4, 5). Yet, it remains
unclear which DC subsets induce Tfh cell differentiation (2, 6); therefore, our goal was to
identify which DC subset(s) initiates Tfh cell priming.

DCs are a heterogeneous population of cells. On the basis of lineage commitment, they are
classified into plasmacytoid DCs, monocyte-derived DCs, and conventional/classical DCs
(cDCs) (7); the latter group of cells uniquely express the transcription factor Zbtb46 and are
primarily responsible for naive T cell activation and Tfh cell induction (8, 9). cDCs can be
further divided into two subsets based on ontogeny: type 1 ¢cDCs (cDC1s) develop in a
BATF3 [basic leucine zipper transcriptional factor, activating transcription factor (ATF)-like
3]-dependent and IRF8 (interferon regulatory factor 8)-dependent manner, whereas cDC2s
require the transcription factor IRF4 (7). These two cDC populations differ in cell surface
marker expression, cytokine production, and anatomic locations at steady state. Tissue cDCs
survey for infection or host damage, which, if detected, induces their migration to draining
lymph nodes (LNSs). In contrast, LN-resident cDCs acquire antigen that drains via
lymphatics or is carried into LNs by migratory tissue DCs. These distinctions make each DC
subset specialized to drive particular T cell responses (7).
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Which DC subset is best suited to induce Tfh cell responses? Approaches such as antibody-
mediated antigen delivery to DC subsets revealed that targeting cDC subset either in the
tissue or in the spleen leads to a robust Tfh cell response (10-12). However, these methods
do not reflect the natural route or form of antigen encounter by a DC. Other studies have
administered antigen via footpad or ear injection (13-16), which results in the rapid
appearance of antigen in the draining LN (15, 17, 18). If antigen is delivered under these
conditions, LN-resident DCs, in the absence of migratory DCs, are capable of inducing
weak Tth cell responses (13-15), although this finding was questioned by a recent study
(18).

Given the requirement for DC migration in the induction of effective T helper cell responses
(17, 19), we aimed to test whether Tfh cells also have specific requirements for migratory
DCs. Alternatively, perhaps the method of immunization used in these studies biased the
type of DC responsible for Tfh cell induction. To address these two possibilities, we used a
natural route of antigen exposure via the nares. Despite the importance of inhalational
sensitization both for beneficial states, such as vaccination, and pathological states, such as
allergic responses, no study has evaluated which DCs in the lung or lung-draining LNs
induce Tfh cells to inhaled antigens. We demonstrate that this method, unlike other routes of
immunization (20), exposes all tissue DC subsets to antigen and does not force antigen into
LNs via inoculation into a restricted tissue compartment. Using this immunization route in
mice with specific DC subset deletion or paralysis, we conclude that migratory cDC2s are
necessary and sufficient for Tfh cell priming to inhaled antigens. We further show that
cDC2s express a unique constellation of chemokine receptors and, accordingly, are
strategically positioned within LNs to direct Tth differentiation. ldentifying the primary cell
responsible for an effective antibody response has direct implications on how we administer
vaccines for efficient antibody responses.

Migratory DCs are required for inducing Tfh responses to subcutaneous antigens

Soluble antigen can drain to LNSs, and this has been suggested as one mechanism by which
LN-resident DCs acquire antigen and prime Tfh cells (13-15). However, these studies used a
method of immunization (via footpad or ear pinna injection) that we found to deliver antigen
within 30 min to LN phagocytic cell types, including all LN DC subsets and B cells (Fig.
1A). This is consistent with previous studies using low—molecular weight tracers
demonstrating antigen in LNs within minutes of footpad injection (21, 22) or intra-auricular
injection even after ear removal (18). Presumably, this is due to injection of a relatively large
volume into a confined tissue space, thus forcing antigen into lymphatics via increased
hydrostatic pressure (23) and bypassing the need for DC migration. Because B cells and
DCs can compensate for each other in Tfh cell priming when antigen doses are high (4, 24),
it is difficult to define the relative role of DCs and B cells with this form of immunization.
Injection of the equivalent dose of antigen into less constrained spaces—such as
subcutaneously, epicutaneously, or intraperitoneally—does not result in substantial antigen
presence within 30 min (Fig. 1A), suggesting that active carriage via DCs is an essential
route for antigen access to LNs (25). Therefore, we first addressed the role of migratory
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versus LN-resident DCs in Tfh cell priming using a subcutaneous immunization route in two
mouse strains with impaired DC migration: Ccr7/~ and Dock8™'~ mice (fig. S1A).

CCRY is the major chemokine receptor that directs DC migration from peripheral tissues
into LNSs, and in its absence T cell activation is impaired (19). However, LN architecture is
disrupted in Ccr7-~ mice; therefore, we also chose to study Tfh cell activation in Dock&8™~
mice. DOCKS (dedicator of cytokinesis 8) is a member of the DOCK family of atypical
guanine nucleotide exchange factors that regulate the activity of Rho-family GTPases.
Dock8-deficient mice and patients have impaired long-lived high-affinity antibody
production (26, 27). We and others previously reported that Dock8-deficient mice have a DC
migration defect (28, 29) without substantial disruption of secondary lymphoid organ
structure (30). However, deficiency of either Dock8or Ccr7impairs T cell function in an
intrinsic manner (19, 31, 32). Thus, to study the impact of DCs on Tth cell responses, we
used a model system in which differentiation of adoptively transferred wild-type (WT)
ovalbumin (OVA)-specific CD4* T cells (OTII cells) was evaluated 6 days after antigen
exposure. This early time point gauges the first phase of Tth cell differentiation, one that is
DC-dependent (5, 33); in contrast, later stages of Tfh development/maintenance in most
models require cognate B cells (33, 34). Further, we used a high antigen dose to potentially
promote passive antigen drainage to LNs and LN-resident DC access to antigen. This higher
dose overcame the CD4* T cell activation defect caused by loss of DC migration in Dock&
deficient mice (fig. S1B) (29). However, there was a profound loss of PD-1* CXCR5* Tfh
cells in the draining LN 6 days after subcutaneous immunization in Ccr7-deficient and
Dock8-deficient mice (Fig. 1B), suggesting that migratory DCs are required for Tth cell
differentiation.

Subcutaneous versus intranasal immunization delivers antigen to different DC subsets

Migratory cDCs from the skin can be further divided into CD103* ¢cDC1s and CD11b*
cDC2s. Similarly, LN-resident cDCs can be divided into CD8aa* ¢cDC1s and CD11b*
cDC2s (fig. S1C). An additional population of non-cDCs, Langerhans cells (LCs), exists
uniquely in the skin and can transport antigen to draining LNs (35). To trace which DCs
contain antigen after subcutaneous immunization, we used a fluorescently tagged protein
antigen (OVA-Alexa Fluor 647) administered subcutaneously with an adjuvant, followed by
evaluation of DC subsets in the draining inguinal LNs (IngLNs) 18 hours later. Most of the
antigen® DCs in the IngLN were migratory cDCs (Fig. 1, C and D). Very few LN-resident
cDCs were OVA*, and, as expected, few LCs contained antigen at this early time point.
Although migratory DCs contained most of the injected antigens, almost all antigens were
concentrated in CD103-negative cDCs (Fig. 1, C and D), which we confirmed were CD11b*
cDC2s (fig. S1, C and D), consistent with a previous report using photoconvertible tracking
of DC subsets (36). Analysis of cDC subsets within digested skin biopsies from naive mice
demonstrated a more than 10-fold difference in number of cDC1s and cDC2s (fig. S1E).
Therefore, given the scarcity of dermal CD103* ¢cDC1s, subcutaneous immunization likely
engages considerably fewer skin cDC1 compared with cDC2, potentially limiting the utility
of this immunization route to study the nature of the DC subset responsible for Tth cell
induction.
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To answer whether other routes of immunization target both migratory cDCs, we
administered fluorescently tagged antigen via an intranasal route to WT mice (37) and
assessed antigen uptake by pulmonary DC subsets (fig. S2A). A comparable number of
pulmonary cDC1s and cDC2s contained soluble antigen (fig. S2B). We then examined
antigen® DC subsets in the lung-draining mediastinal LN (MedLN; fig. S2C) 18 hours after
immunization. In contrast to subcutaneous route, intranasal immunization leads to
comparable antigen* migratory cDC1 and cDC2 subsets in the draining MedLN (Fig. 1, E
and F). As in the IngLNs, most of the antigen was present in migratory, but not LN-resident,
cDCs of the MedLN of WT mice even up to 3 days after immunization (fig. S2D).
Therefore, intranasal, but not subcutaneous, immunization allows comparison of the role of
migratory cDC1s versus cDC2s in priming Tfh cells to soluble antigens.

Dock8~'~ mice have a cDC2 subset—specific migration defect

In previous work, we and others found an almost complete loss of antigen transport to skin-
draining LNs in mice lacking Dock8 (Fig. 2A, top) (29); however, our current finding
suggests that these studies only truly evaluated the ability of cDC2s to migrate. Using
intranasal administration of fluorescent antigen, we next asked whether one or both cDC
subsets failed to migrate to MedLNs in Dock& '~ mice. Despite normal frequencies of cDC
subsets at steady state in LNs and lungs of Dock8™/~ mice (fig. S3A) and antigen*
pulmonary cDC1 and cDC2 after immunization (Fig. 2B), migratory cDC2s failed to carry
antigen to MedLNs (Fig. 2A, bottom). However, cDC1 migration in Dock&'~ mice was not
impaired, unlike Ccr7~ mice, which have a loss of all DC migration (Fig. 2A, bottom).
Alveolar macrophages, which also express CD11c, were not altered in frequency (5.9 +
0.5% of CD24"MHCII'°B220~TCR"~ versus 4.0 + 0.3% in Dock8™'~ lungs). As a control, we
used Batf3'~ mice, which have a defect in cDC1 development (7), including in the lung (fig.
S3A), and therefore demonstrated the expected loss of antigen* cDC1 migration to MedLN
(Fig. 2A). In contrast, the frequency of antigen* cDC2s in both the MedLNs and IngLNs of
Batf3!~ mice was not impaired (Fig. 2A and fig. S3B).

Irf4-deficient mice are reported to have impaired development and migration of CD11b*
cDC2s (7, 38). To identify whether defective migration in Dock8™'~ mice was a result of
reduced /r74 expression, we analyzed WT and Dock8™'~ bone marrow—derived DCs
(BMDCs) for expression of /rf4. Dock8'~ BMDCs have a normal expression of /rf4as
compared to WT BMDC:s (fig. S3C). Further, in vitro activation with lipopolysaccharide
(LPS) (the same adjuvant used in vivo for these studies) did not induce significantly more
apoptosis in Dock&-deficient BMDCs after 24 hours of stimulation (fig. S3D). Over the
same time frame in vivo, Dock8-deficient cDC2s failed to reach draining LNs, suggesting
that this was not due to a survival defect. Therefore, DOCKS selectively regulates the
migration but not the development, survival, or antigen uptake of tissue cDC2s in an IRF4-
independent manner, leaving cDC1 function intact. Consistent with these findings, T cell
activation to inhaled antigens in Dock8™'~ mice was only mildly impaired in the MedLN, as
assessed by proliferation of adoptively transferred OTII cells (Fig. 2C). Therefore, intranasal
immunization of Dock&-deficient versus Batf3-deficient mice enabled us to test the relative
role of migratory cDC2s versus cDC1s in Tfh priming, respectively.
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Migratory DCs are required for inducing Tfh responses to inhaled antigen

We used Dock8™~, Batf3!~, and Ccr7-'~ mice, as well as mice with DC-specific deletion of
/rf4, to delineate the roles of the two migratory cDC subsets in driving Tfh cell responses to
inhaled antigens. Dock8-deficient patients and mice have impaired antibody responses (26,
27), including after intranasal immunization (fig. S3E), which has been primarily ascribed to
impaired B cell function (26). It is not known whether this could also in part be due to
defective priming of Tfh cells. Both Ccr7-/~ and Dock&'~ mice failed to induce significant
Tfh cell differentiation of WT OTII cells (Fig. 2, D and E). On the other hand, Barf3/~ mice
had no defect in Tfh cell induction to inhaled antigen (Fig. 2, D and E), demonstrating that
migratory cDC1s are dispensable for priming Tth cells.

Together, these results suggest that migratory cDC2s are required for instructing Tth cell
differentiation; to test this in a second model, we generated a DC-selective /rf4 deletion
using /fgax-Cre (CD11cC") strain (subsequently referred to as DC- /4 mice) (7, 38). In
line with previous reports, DC-/rf# mice have impaired cDC2 development that leads to a
selective loss of antigen™ cDC2s in the MedLN (Fig. 2F and fig. S3F). However, because of
leakiness of the /rf4 conditional allele in B cells and T cells (even in Cre™ mice; fig. S3G)
(38) and the crippling of early germinal center (GC) B cell responses in the absence of /r74,
we limited our analyses to early Tfh differentiation in WT transferred T cells. Further, we
excluded mice in which >20% of blood lymphocytes were green fluorescent protein—positive
(/rf4-deleted) for experiments. As observed in Dock&deficient mice, DC-/rf#2 mice also
have defective Tth cell priming (Fig. 2, G and H). Therefore, using a second mouse strain,
we confirmed that cDC2s are required to initiate Tfh cell differentiation.

Migratory cDC2s are necessary for Tfh-induced antibody responses

We next asked whether cDC2 migration was necessary for Tfh-driven high-affinity antibody
production. Randall et a/. demonstrated that Dock8 deficiency reduced the ability of B cells
to form immune synapses, impairing late-stage antibody production (26). Because B cells
are required for reinforcing the Tfh cell program (5, 33, 34), the loss of Tfh cells and OVA-
specific immunoglobulin G1 (1gG1) in Dock8™'~ mice could be due to defective signals from
B cells instead of impaired cDC2 migration. To address this, we generated mice in which
Dock8 could be depleted in a cell-specific manner (fig. S4A). Crossing Dock8™%~ mice
with CD11¢€" mice led to specific deletion of Dock8in DCs (DC-Dock8 mice; fig. S4B).
Unlike Dock8™~ mice (26, 29), DC-Dock8” mice had equivalent frequencies of splenic
marginal zone B cells and T cells as control mice, suggesting that these cell types are not
affected (fig. S4, C and D).

Similar to Dock&'~ mice, DC-Dock& mice had a cDC2-specific migration defect, whereas
cDC1 migration was intact (Fig. 3, A and B, and fig. S4E). Again, we did not observe
significant antigen* LN-resident cDC populations in either control or DC-Dock8® mice (Fig.
3B). DC-Dock& mice immunized with inhaled antigen demonstrated significant loss of
antigen-specific Tfh cells as compared to WT and control Dock87°%~ mice (Fig. 3, C and D,
and fig. S4F). Loss of OVA* CD11b* ¢cDC2s in immunized DC-Dock&” did not impair OTII
activation or proliferation (fig. S4G) or effector T helper 1 (Ty1) differentiation (Fig. 3E),
which was comparable to previous results using a similar model (39). Therefore, the absence
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of migratory cDC2s impairs Tth differentiation without inducing a pan-CD4* T cell
activation defect.

Previous work has shown that early (e.g., day 6) Tth cell induction after immunization is
DC-dependent, whereas after this time point, B cells are required to reinforce Tfh
differentiation (33, 40-42). Further, CD11c is expressed in a fraction of activated B cells
(33), and DOCKS loss has been shown to impair GC B cell responses, although at time
points (days 7 to 11) after we typically evaluate for Tfh induction (26, 43). To confirm that
the Tth cell defect in DC-Dock8® mice was due to cDC2 loss and not due to off-target
Dock8 deletion in activated B cells (33), we created mixed bone marrow chimeras using
DC-Dock& and Zbtb46-DTR (diphtheria toxin receptor) (7) donors. During diphtheria toxin
treatment, cDCs in the chimeric mice are Dock&-deficient but in the presence of a WT
complement of B cells. Again, we observed a significant impairment in Tth cell
differentiation of adoptively transferred OTII cells (fig. S4H). These results demonstrate
that, although lung migratory CD103* DCs are sufficient for T cell activation (Figs. 2C and
3E and fig. S4G), cDC2s are crucial for induction of the Tth cell fate.

The hapten-protein conjugate system NP-OVA [(4-hydroxy-3-nitrophenyl)-acetyl-OVA] can
be used to study T cell-dependent affinity maturation (44). Loss of Tfh cells in DC-Dock8®
mice was associated with reduced high-affinity 1gG1 production and class-switched GC B
cells after intranasal immunization (Fig. 3, F to H). Isotypes driven by Tyl or T-independent
mechanisms, such as 1gG2c and IgM, respectively (45), were only modestly impaired in DC-
Dock8” mice (Fig. 3F), and IgE was not significantly induced in any group (60.2 + 27.3
ng/ml of total IgE in control versus 31.3 + 38.3 in DC-Dock8® and 26.8 + 16.4 in naive
mice). Therefore, migration of pulmonary cDC2s to LNs is required for priming Tth cells
and driving subsequent high-affinity 1gG1 production.

Migratory cDC2s are sufficient for the first step of Tth cell priming

To test whether migratory cDC2s are sufficient to drive Tfh cell responses, we administered
1.5-um fluorescently tagged OVVA-encapsulated microparticles intranasally, which cannot
passively drain into MedLNs (37, 46), to WT, Dock&"'~, and Batf3~ mice. Fluorescent
microparticles were phagocytosed and transported to MedLN by both migratory cDC2s and
cDC1s but were not present in resident LN DCs (Fig. 4A). Intranasal administration of OVA
microparticles was sufficient to induce antigen-specific T cell activation in the MedLN (Fig.
4B) and resulted in comparable expansion of adoptively transferred OTII cells in WT,
Batf3!~, and Dock8!~ mice (Fig. 4C). However, only WT and Batf3”~ mice developed a
significant Tfh cell population to these beads, whereas Dock&'~ mice demonstrated a
profound loss of Tfh cells (Fig. 4D). Given the lack of cDC1s in Batf3'~ mice and the
inability of antigen-encapsulated microparticles to freely drain to LNs, the presence of a
substantial Tfh population in Batf3/~ mice demonstrated that migratory cDC2s are
sufficient to induce the Tfh cell fate.

Using an intranasal vaccination model of inactivated PR8 influenza A (A/PR/8/34) in DC-
Dock8 mice, we tested whether loss of migratory cDC2s affected antibody-mediated
protection from a live viral challenge (47). Consistent with our results using OVA, we
observed a significant reduction in influenza-specific antibody production in DC-Dock&®
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mice (Fig. 4E). Neutralizing antibodies protect immunized mice from a lethal challenge of
influenza, which we observed in control mice (Fig. 4F). However, naive and DC-Dock&"
mice exhibited morbidity (weight loss) and mortality, demonstrating that cDC2-dependent
Tfh cell priming engendered antibody protection from a live viral challenge.

Migratory cDC1 and cDC2 express different patterns of homing molecules

What is unique about tissue migratory cDC2s that enable them to initiate Tth cell
differentiation? It is known that the cytokine interleukin-2 (I1L-2) is detrimental to the
induction of Tfh cells (48). A recent study by Li and colleagues demonstrated that CD25
expression by CD4™ splenic cDC2s was required for Tfh-regulated B cell responses to sheep
red blood cells (RBCs) by creating an “IL-2—free” zone (9). Because this study did not
evaluate CD25 on migratory cDC1s, we compared the expression of CD25 on both
migratory and LN-resident pulmonary cDC1s and cDC2s after intranasal immunization.
Migratory cDC2s expressed higher levels of CD25 (fig. S5, A and B). However, we could
not find evidence to support a role for CD25 on pulmonary DCs in promoting antibody
responses, and therefore, we screened for other differentially expressed genes between the
two cDC subsets using transcriptional profiling. We performed RNA sequencing (RNA-seq)
on sorted cDC1s and ¢cDC2s from pooled MedLNs 18 hours after intranasal immunization.
A total of 1574 genes were differentially expressed by more than twofold between cDC1s
and cDC2s in lung-draining LNs. Supporting the accuracy of the sorting and sequencing
results, markers characteristic of each subset across multiple tissues including XcrZ and
Sirpa, transcription factors selectively required for each subset such as /rf8and /rf4,
cytokines such as IL-12, and numerous pattern recognition receptors were found to be
significantly different (Fig. 5A). However, Ingenuity Pathway Analysis (IPA) revealed that
the top four most significantly different canonical pathways were all related to cell
movement, which correlated with the most significant pathway listed under molecular and
cellular functions (Fig. 5B). In particular, a signature of chemokine, chemokine receptor, and
integrin expression distinguished the two DC subsets (Fig. 5C). Specifically, cDC1s had
higher levels of Ccr7expression by RNA-seq (Fig. 5D), reverse transcription polymerase
chain reaction (fig. S5C), and flow cytometry staining (Fig. 5E). Conversely, migratory
cDC2s in MedLNs 18 hours after immunization expressed higher levels of chemokine
receptors, such as Gpr183 (Ebi2) and S1pr3, and less Ccr7than cDC1s (Fig. 5, C and D).
GPR183 (G protein—coupled receptor 183) was recently shown to not only affect Tth
development in a T cell-intrinsic fashion but also guide splenic cDC2s to the T-B border (9,
49). The reciprocal expression of S1IPR1 (sphingosine 1-phosphate receptor 1) and S1PR3
could also potentially contribute to distinct anatomic microdomain organization of cDC
subsets. As compared with cDC1s, cDC2s also express higher levels of the CXCR5 ligand
Cxcl13, indicating that cDC2s also produce chemokines that could attract nascent pre-Tfh
cells (Fig. 5C and fig. S5C). We confirmed that CXCRS5 surface expression was restricted to
cDC2s by flow cytometry (Fig. 5E and fig. S5, D and E). This pattern of higher CXCR5 and
lower CCR7 on cDC2s as compared with cDC1s should position cDC2s at the edge of the
paracortex and adjacent to B cell follicles, rather than centrally in the CCR7 ligand-rich T
cell zone (50). Because Tfh cell priming has been shown to occur in the interfollicular
zone/T-B border (T cell regions adjacent to B cell follicles), we next examined localization
of migratory DC subsets in the MedLNs.
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Migratory cDC2s are appropriately positioned within LNs to promote Tfh induction

During early stages of Tth cell differentiation, T cells coexpress CCR7 and CXCRS5; the
balance of these chemokine receptors promotes developing Tth cell residence in a
subanatomic region of secondary lymphoid organs called the T-B cell border and
interfollicular zone (34, 50). This region, which contains a low density of both T cells and B
cells, is outside of the B cell follicles and the central T cell zone. We used filter-dense and
multiparameter confocal microscopy to simultaneously visualize T cells, B cells, and
migratory DC subsets within the MedLN (51). We defined the outer T-B border (nearest the
B cell follicles) by the zone where T cell (CD3*) staining ended and the inner T-B border
(nearest the T cell zone) by where B cell (B220%) staining ended (fig. S6A). These two
borders define an area of overlap between the two lymphocyte populations and were used to
blindly score where DC subsets were located.

In MedLNs of immunized mice, we observed a concentration of CD11c*CD11b* ¢cDC2s in
the T-B border, whereas CD11c*CD103* ¢cDC1s were concentrated in the T cell zone (Fig.
6, A and B). However, CD11b is expressed on multiple cell types, including monocytes and
LN-resident cDC2s. To identify the lung-derived migratory DC subsets present in the
MedLN after intranasal immunization, we administered fluorescent OVA microparticles,
which do not free-drain, to WT mice and imaged MedLN 18 hours later. Bead* DCs in the
T-B border were CD11b* DCs, whereas most in the T cell zone were CD103* DCs (Fig. 6,
B to D, and fig. S6B). Higher magnification of each subanatomic region of a draining
MedLN confirmed the predominance of bead-containing cDC1s in the T cell zone and
cDC2s in the T-B border (Fig. 6, E and F, and fig. S6, C to D). These data suggest that
migratory CD11b* cDC2s express the appropriate chemotactic receptors to home to the T-B
border and induce Tfh cells for robust antibody responses.

Given the lack of Tfh cell-dependent humoral immunity in DC-Dock&” mice associated
with the loss of cDC2 migration, we predicted that these mice should have a deficit of bead*
pulmonary cDC2s in the T-B border of MedLN after immunization. Although we observed a
similar number of bead* cDC1s in the T cell zone of control and DC-Dock&” mice, bead*
cDC2s were significantly reduced in DC-Dock&” mice (Fig. 6, G and H, and fig. S6, E and
F). This confirms our observations by flow cytometry that Dock8 deficiency impairs
migration of cDC2s but not cDC1s, thus abrogating the presence of antigen-carrying DCs
from the lung to the T-B border, resulting in a failure to induce Tfh cell priming and Tth-
dependent protective antibody responses.

Together, our study demonstrates that, unlike LN-resident cDCs, lung CD11b* cDC2s have
access to inhaled antigen, and unlike migratory cDC1s, they express the right balance of
CCR7 and CXCRS5 to position adjacent to B cell follicles in MedLNs. Therefore, we
conclude that migratory cDC2s are ideally situated in lung-draining LNs to prime Tfh cell
responses to inhaled antigens.

DISCUSSION

DCs are critical for generating the first step of a vaccine response, namely, Tth cell priming
(2, 3, 5). We aimed to address two related questions about the nature of the DC capable of

Sci Immunol. Author manuscript; available in PMC 2021 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krishnaswamy et al.

Page 10

Tfh cell priming: (i) Is migration of tissue-scanning DCs required? And (ii) which subset of
DC is capable of instructing Tth cell differentiation? DC migration is a central step
regulating whether antigen, particularly at limiting doses, is presented to naive T cells.
However, recent work suggested that Tth cell priming only required LN-resident DCs (13—
15). We show that the route of immunization affects which cells can present antigen and,
therefore, the requirement for DC migration in Tth cell priming. These findings potentially
help reconcile disparate observations of antigen presentation by DCs in LNs minutes to
hours after footpad or ear pinna injections but not flank injection, although all of these sites
are considered subcutaneous immunizations (13, 15, 17). Our data demonstrate that when
antigen is not forced into lymphatics, DC migration is required for Tth cell priming and the
subsequent antibody-mediated protection after inhalational immunization.

DC-specific Dock8-deficient mice provided a unique model to selectively block the function
of cDC2s. Loss of antigen* ¢cDC2s in the MedLN of Dock&'~ mice was due to neither
impaired development nor defective phagocytic capacity, but rather a failure to migrate from
the lungs. In a previous study, we found that Dock8™'~ mice displayed a similar selective
cDC2 migration defect within the spleen (30). Ongoing studies are addressing how DOCKS8
selectively regulates tissue cDC2 but not cDC1 migration. Patients with mutations in Dock8
present with a hyper IgE syndrome but simultaneously have impaired production of
antibodies to vaccines (31, 43). The hyper IgE state has been ascribed to heightened T2
responses observed in these patients. Multiple strains of Dock8 deficiency (including our
own) do not recapitulate the hyper IgE state (26). Therefore, the pathogenesis of the hyper
IgE state in Dock&-deficient patients remains to be elucidated. Nevertheless, preventing
cDC2 migration in DC-Dock&" mice or deleting cDC2s in DC-/rf4 mice abrogated Tfh cell
responses to inhaled antigens, consistent with our previous work and that of others showing
that deletion or paralysis of splenic cDC2s abrogates the antibody response to RBCs (8, 30,
52). This was not due to a pan-CD4" T cell activation defect because Tl priming was
unimpaired in DC-Dock&” mice. In contrast to the DC-Dock8” mice, deletion of migratory
and LN-resident cDC1s in Batf3/~ mice does not impair Tfh cell responses to inhaled
antigens. Together, these data demonstrate that, although multiple DC populations can
induce CD4™" T cell activation, Tfh cell differentiation and the associated antibody response
require migratory cDC2s (Fig. 7). This is consistent with a recent report on DC subsets in
the spleen after sheep RBC immunization (9). We also propose that migratory cDC2s are
sufficient for the first step of Tth cell priming. Using antigen-encapsulated beads, which LN-
resident DCs cannot access, and Batf3-deficient mice to eliminate cDC1s, we isolated
antigen presentation to migratory ¢cDC2s and observed robust Tth cell induction. Further,
although DC-Dock8® mice have intact antigen transport to MedLNs by cDC1s, any possible
transfer to LN-resident DCs does not seem sufficient to induce Tth cells to soluble or
particulate antigen. Therefore, these data support a model in which migratory cDC2s are
sufficient for the first phase of Tth priming.

To identify potentially unique characteristics of cDC2s that might enable Tfh cell
differentiation, we performed RNA-seq of MedLN c¢DC1s and cDC2s after intranasal
immunization. Unexpectedly, we did not identify differential expression of ligands known to
drive Tth cell differentiation, including OX40L, ICOSL (inducible T cell costimulator
ligand), or CD25. The latter was recently identified as a mechanism by which the inhibitory
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Tth cytokine IL-2 could be quenched by DCs during Tfh cell priming (9); we observed
cDC2-specific expression of CD25 yet could not find evidence for a DC-specific role of
CD25 for antibody production. B cells, which also express high levels of CD25 upon
activation (53), could also be positioned to induce an IL-2—free zone during Tth formation.
This possibility requires further investigation. Instead, we found that cDC2s expressed a
unique pattern of chemokine receptors, similar to Tfh cells, which should position them
proximal to B cell follicles (Fig. 7). Conversely, cDC1s expressed higher levels of CCR7,
which should position them distal to B cell follicles. Consistent with these gene expression
profiles, we observed cDC1 and cDC2 migration from the lung into distinct regions of the T
cell-rich areas of the MedLNs—CXCR5-expressing cDC2s to the T-B border and cDC1s to
CCRY ligand-rich regions of the T cell zone. This pattern matches what we and others have
described for the two cDC subsets in the splenic white pulp (30, 49) and in skin-draining
LNs at steady state (13). Expression of CXCRS5 on activated DCs has been observed during
helminth infection, and loss of CXCR5-based homing of DCs impaired T2 priming (54).
The models used in our study rely on type 1 immunizations, and therefore, given that we
show selective CXCR5 expression on cDC2s, it remains to be determined whether a type 2
immunization induces a similar pattern of cDC1 and cDC2 segregation within the LN.
Recent work has observed a similar pattern of DC subset segregation in human LNs (55). In
this T cell- and B cell-rich region of LNs, we propose that cDC2s drive Tth cell
differentiation by establishing a niche conducive for nascent Tth cell interaction with both
appropriate DC- and B cell-derived signals.

This work helps define the nature of the pulmonary DC that efficiently induces Tth cell
priming and thereby has implications on our understanding of mucosal immune responses to
infection and could potentially guide vaccination practices. Our study emphasizes that the
route of antigen delivery substantially affects the type of antigen-presenting cells that can
present antigen. Given our findings, current intramuscular vaccine strategies might be
inefficient because they do not target cDC2s, simply because of the route of injection.
Human studies of intradermal injection showed equivalent antibody titers to intramuscular
injection at 1/1¢ the dose of antigen (1). Work to compare the form and route of antigen
delivered during various types of vaccination strategies could reveal approaches that will aid
dose-sparing efforts and optimize vaccine efficacy.

MATERIALS AND METHODS

Study design

The study aimed to identify the subset of DCs that drive Tfh responses to inhaled antigens.
Experiments included WT, transgenic, and knockout mouse strains (C57BL/6 background).
All mice used were between 6 and 10 weeks old and were age- and sex-matched for each
experiment. Analysis included DC, T cell, and B cell phenotyping. Experiments included
intranasal, subcutaneous, or footpad immunizations and retro-orbital route for adoptive
transfers. Counts for bead* migratory cDCs in immunofluorescence studies were blinded.
Experiment replications are included in the figure legends.
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In vivo DC migration

Mice were immunized intranasally, subcutaneously (per flank), or by footpad with 50 ug of
OVA-Alexa Fluor 647 (Molecular Probes) and 1 ug of LPS (Invivogen) or with 500 ug of
DiD-OVA-encapsulated 1.5-um PLGA (poly lactic-co-glycolic acid) nanoparticles and 1 pg
of LPS, as indicated. DiD (1,1’-dioctadecyl-3,3,3",3’-tetramethylindodicarbocyanine
perchlorate) is a lipophilic tracer from Invitrogen. MedLNs, IngLNs, and popliteal LNs were
harvested 18, 48, or 72 hours after immunization (as indicated), minced, and digested with
collagenase IV (1 mg/ml; Sigma-Aldrich) for 40 min at 37°C. Single-cell suspensions were
prepared, stained, and then analyzed on an LSRII (BD Biosciences) or MACSQuant
(Miltenyi Biotec) flow cytometer.

In vivo T cell proliferation and Tfh or Tyl cell analysis

OTII cells were prepared from the spleen and LNs of OTII TCR (T cell receptor) transgenic
mice by negative selection using the EasySep CD4* T Cell Isolation kit (STEMCELL
Technologies) according to the manufacturer’s instructions. For T cell proliferation assays,
OTII cells were labeled with 2 uM carboxyfluorescein diacetate succinimidyl ester (CFSE)
before transfer. A total of 108 purified OTII cells were transferred into mice by retro-orbital
injection. Mice were intranasally or subcutaneously immunized 24 hours later with 10 pg of
OVA (Sigma-Aldrich) and 1 ug of LPS (Invivogen), as indicated. MedLN or IngLN was
harvested 3 days (T cell proliferation) or 6 days after immunization (Tth and TH1 cell
analysis), and single-cell suspensions were prepared, stained, and then analyzed on an LSRII
flow cytometer (BD Biosciences). For the OVA-encapsulated beads experiments, 500 g of
OVA-encapsulated PLGA particles with a mean diameter of 1.5 pym and OVA concentration
of 50 pg/mg beads (gifted by T. Fahmy, Yale University) was administered intranasally with
1 pg of LPS (Invivogen) to mice that received OTII cells the previous day. Tth cell analysis
was performed as described above.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software. Data were analyzed
with the unpaired Student #test using Welch’s correction or one-way analysis of variance
(ANQOVA) and Tukey post hoc analysis. The Kaplan-Meier method was used to analyze
survival data. All graphs show mean (£SD); ns, not significant; *£< 0.05, **P< 0.01, ***pP
<0.001, and ****P< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Migratory cDCsarecrucial for Tfh cell differentiation.
(A) WT mice were immunized with 50 pug of OVA—-Alexa Fluor 647 (AF647) and 1 ug of

LPS in each footpad (50 pl) or subcutaneously (s.c.) in the flank (100 ul); draining IngLNs
or popliteal LNs (PopLNs) were analyzed 30 min after immunization. Overlays show DCs
(left) and B cells (right) from immunized (dark gray) and naive controls (light gray). f.p.
footpad. (B) WT, Dock8!=, and Ccr7-'~ recipient mice were adoptively transferred with
congenic OTII cells, immunized subcutaneously with OVA (10 pg per flank) and LPS (1 pg
per flank), and analyzed 6 days later. PD-1, programmed cell death protein 1. Unimmunized
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WT mice were used as naive controls. Representative data depicting the frequency of OTII
Tfh cells (CD44* PD-1* CXCR5") in IngLN of recipient mice (left) and cumulative data
from individual mice (right) are shown. (C and D) Frequency (%) (C) and absolute counts
(D) of OVA™ DC subsets from WT mice 18 hours after subcutaneous immunization with 50
ug of OVA-AF647 and 1 pg of LPS per flank (see fig. S1C). (E) Frequency (%) and (F)
absolute counts of OVA* DC subsets from WT mice 18 hours after intranasal immunization
with 50 pg of OVA-AF647 and 1 ug of LPS per mouse (see fig. S2C). Data shown are
representative of three to four independent experiments with two to six mice per group. Each
symbol represents an individual mouse.
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Fig. 2. Migratory cDC2s, not cDC1s, are necessary for Tfh cell induction.
(A) Frequency (%) of OVA* migratory cDCs in WT, Dock&!~, Batf3!~, and Ccr7~ 18

hours after immunization with OVA-AF647 and LPS administered either subcutaneously
(IngLN; top) or intranasally (i.n.) (MedLN; bottom), as in Fig 1 (C and E, respectively). (B)
Frequency of OVA* lung cDCs in WT and Dock8™'~ mice 6 hours after intranasal
immunization with 50 pg of OVA-AF647 and 1 ug of LPS. Data shown are gated on cDCs,
as in fig. S2A. (C) WT and Dock8™'~ recipient mice were adoptively transferred with CFSE-
labeled OTII cells, immunized intranasally with 10 ug of OVA and 1 pg of LPS, and
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analyzed for T cell proliferation 3 days later. (D) Congenic OTII cells were adoptively
transferred into WT, Dock8~, Batf3!~, and Ccr7-~ recipient mice, immunized intranasally
with 10 ug of OVA and 1 ug of LPS, and analyzed 6 days later. Representative data depicting
the frequency of OTII Tfh cells (CD44* PD-1* CXCR5*) in MedLNs of recipient mice are
shown. (E) Pooled analyses of frequencies of OTII Tth cells as in (D) from four independent
experiments. (F) Frequency (%) of OVA™ migratory cDCs in DC-/rf4 and control (Ctrl)
mice (/rf4"7 [tgax-Cre™) immunized intranasally with 50 pg of OVA-AF647 and 1 pg of
LPS, as in (A). (G) DC-/rf4 and control mice were adoptively transferred with congenic
OTI cells, immunized with 10 pg of OVA and 1 ug of LPS intranasally, and analyzed 6 days
later for OTII Tth cells, as in (D). (H) Pooled analyses of frequencies of OTII Tth cells as in
(G) from two independent experiments. Data shown are representative of two to four
independent experiments with two to three mice per group.
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Fig. 3. DC-specific deletion of DOCK 8 resultsin a cDC2-specific migration defect and afailureto

prime Tfh cells.

(A and B) Representative data show the frequency of OVA* migratory cDC subsets in WT,
DC-Dock&”, and control mice (Dock8™~ Itgax-Cre™) 18 hours after intranasal immunization
with 50 ug of OVA-AF647 and 1 ug of LPS. (B) Distribution of OVA* cells among cDC
subsets in MedLNs of DC-Dock& or control mice immunized as in (A). Mig, migratory
cDCs; LN, LN-resident cDCs as in fig. S2C. (C) Frequency (%) of OTII Tfh cells (CD44*
PD-1* CXCR5") in MedLNs of WT, DC-Dock&”, and control mice immunized intranasally
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with 10 pg of OVA and 1 pg of LPS and analyzed 6 days later. (D) Pooled analyses of
frequencies of OTII Tfh cells as in (C) from three independent experiments. (E) Frequencies
of interferon-y™ cells of transferred OTII cells in MedLN of mice immunized as in (C). (F)
WT, DC-Dock&”, and control (/fgax-Cre™) mice were immunized and boosted intranasally
with 10 pg of NP16-OVA (first immunization contained 1 pg of LPS). Unimmunized WT
mice served as naive controls. NP4-specific serum 1gG1, 1gG2c, and NP16-specific serum
IgM from mice 21 days after intranasal immunization are shown. *P< 0.05 and **P< 0.01
in comparison to WT. (G) Representative data depicting the frequency of IgG1* GL7* GC B
cells in MedLNs of DC-Dock&” or control mice 6 days after intranasal immunization with
NP16-OVA and LPS. Pooled analyses of frequencies of IgG1* GL7* B cells are shown on
the right. (H) Absolute counts of IgG1* GL7* B cells in MedLNs of DC-Dock&” or control
mice immunized as in (G). Data are a representative of two (A, B, and F) or three (Cto E, G,
and H) independent experiments with three to six mice per group. Each symbol (D to H)
represents an individual mouse.
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Fig. 4. Migratory cDC2s are sufficient for inducing Tth cellsto inhaled antigens.
(A) Representative data showing the frequency of nanoparticle-containing migratory and

LN-resident cDCs in WT mice 18 hours after intranasal immunization with DiD-
encapsulated PLGA nanoparticles (1.5 pm in diameter; 500 pg per mouse) and 1 ug of LPS.
MHC I1, major histocompatibility complex class 1. (B) Representative data depicting
frequency of proliferation of CFSE-labeled OTII cells in MedLNs of WT mice 3 days after
intranasal immunization either with saline (naive) or with OVA-encapsulated nanoparticles
with 1.5-um-diameter OVA-encapsulated nanoparticles (500 g of beads per mouse; OVA
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concentration, 50 ug/mg beads) and 1 pg of LPS. (C) Recipient WT, Dock8~, and Batf3/~
mice were adoptively transferred with congenic OTII cells and immunized intranasally with
OVA-encapsulated nanoparticles (1.5 um in diameter; 500 pg per mouse) and 1 pg of LPS.
MedLNs were analyzed 6 days later for OTII cell expansion. Representative data depicting
the proliferation index of OTII cells among total CD44* CD4* T cells with respect to naive
controls are shown. Proliferation index was calculated as the ratio of % CD45.1 OTII of total
CD44* CD4™ T cells from immunized/naive mice. **P< 0.01, ***P < 0.001 as compared to
naive. (D) Frequency of OTII Tfh cells (CD44* PD-1* CXCR5%) in MedLNs of WT,
Dock8™=, and Batf3™!~ recipient mice adoptively transferred with congenic OTII cells,
immunized with OVA-encapsulated nanoparticles and LPS intranasally as in (C), and
analyzed 6 days later. (E) DC-Dock8 and control (/tgax-Cre~ Dock8™™) mice were
intranasally immunized with 100 pg and boosted twice with 50 pg of inactivated influenza
AJ/PR/8/34. Unimmunized WT mice served as naive controls. PR8-sp ecific serum IgG from
mice 21 days after first immunization is shown. *~ < 0.05 as compared to naive and DC-
Dock8. OD, optical density. (F) DC-Dock&” and control mice were immunized with
inactivated PR8, as in (E), followed by intranasal challenge with 3000 plaque-forming units
of PR8. Data pooled from two independent experiments with 8 to 15 mice per group show
frequency of survival (left) and weight loss (right) in mice after challenge. Data are
representative of three (A to E) independent experiments with three to eight mice per group.
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Fig. 5. Migratory cDC2s express unique migratory signature distinct from cDCls.
(A to D) RNA-seq analyses of migratory cDC1s (CD11c*MHCMNCD24*CD103*) and

cDC2s (CD11c*MHCNCD24*CD11b™) isolated from pooled MedLLN of WT mice 18 hours
after intranasal immunization with 1 ug of LPS. (A) Volcano plot showing statistical
significance against fold change between cDC1s and cDC2s. Teal dots, £< 0.01 and fold
change of >2; red dots, £< 0.01 and fold change of <2; orange dots, #> 0.01 and fold
change of =2; black dots, £> 0.01 and fold change of <2. Genes of interest are indicated in
purple. (B) IPA showing significant pathways in the “Molecular and cellular functions” and
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“Canonical pathways” categories. CAMP, cyclic adenosine monophosphate; GPCR, G
protein—coupled receptor. (C) Heat map showing the expression of selected key molecules
normalized to row mean. (D) Relative expression as indicated by TPM (transcripts per
kilobase million) of Gpri83and Ccr7on migratory cDC1 and cDC2s from RNA-seq data.
Adjusted Pvalues are shown. (E) Flow cytometry histograms show an overlay of CXCR5
and CCRY7 expression on migratory cDC subsets in MedLNs (gating as in fig. S2C) 18 hours
after intranasal immunization with 1 pg of LPS. Data representative of three to four
independent experiments (n7= 2 to 3 mice per group).
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Fig. 6. Migratory cDC2s are positioned in the T-B border poised to promote Tfh cell induction.
(A to G) T cell zone (T) and T-B border (T-B) definitions from the same MedLN section are

shown in fig S6. Arrows indicate bead* cDCs. (A and B) Immunofluorescence images of
MedLN from WT mice 18 hours after intranasal immunization either with LPS (A) or with
LPS plus yellow-green 1.0-um beads (B). (C) Immunofluorescence images indicating bead™
migratory cDC1s (CD11c* CD103*; left) and cDC2s (CD11c* CD11b*; right) in MedLN
from WT mice after immunization as in (B). (D) Quantitation of bead™ cDC1s and cDC2s in
T-B border and T cell zone of MedLN after immunization as in (B). (E and F)
Immunofluorescence images with close-ups indicating bead™ migratory cDC2s in the T-B
border (E) and bead* migratory cDCl1s in the T cell zone (F) in MedLN from WT mice after
immunization as in (B). (G) Immunofluorescence images indicating bead™ migratory cDC1s
(CD11c* CD103*; left) and cDC2s (CD11c* CD11b™; right) in MedLN from DC-DOCK&®
(DockS8™- ItgaxCre*) mice after immunization as in (B). (H) Quantitation of bead* cDC1s
and ¢cDC2s in MedLN from control (Dock8™~ ItgaxCre™) or DC-Dock8A (Dock8"/-
[tgaxCre*) mice after immunization as in (B). Data are representative of two independent
experiments with two to four mice per group. Scale bars, 100 um.
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Fig. 7. Model of Tfh cell priming by cDC2sin the LN.
On encountering antigens in the airways, pulmonary cDCs migrate to the MedLNs, a

process dependent on CCR7. cDC2s express lower levels of CCR7 and higher levels of
CXCRS5 as compared to cDC1s, which positions cDC2s between the CXCL13Mi B cell
follicles and the CCL-19" T cell area—the T-B border. We propose that the T-B border is
where Tfh differentiation occurs because both cDC2- and B cell-derived signals are present.
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