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Background: Calcitonin gene-related peptide (CGRP), a neuropeptide released
by sensory neurons, plays an emerging role in immune regulation, yet its function
in adaptive immunity remains poorly understood. Here, we identify the CGRP—
RAMP1 pathway as a key intrinsic regulator of CD4" T cell responses during
allergic sensitization.

Methods: House dust mite (HDM) was used to induce allergic sensitization in
mice. CGRP™ sensory nerve fiber distribution in mediastinal lymph nodes
(medLNs) was analyzed with whole-mount imaging. RAMP1 expression on
immune cells was assessed with a RAMP1-mCherry reporter by flow
cytometry. TCR-seq, parabiosis, and adoptive transfer were employed to
assess the biological roles of RAMP1 expression in CD4" T cells. In vitro, CD4*
T cells were stimulated, differentiated, and analyzed by flow cytometry, ATAC-
seq, and RNA-seq to evaluate the impact of CGRP. CD4" T cell-specific RAMP1
knockout mice and CGRP treatment were used to evaluate immune cell
infiltration and Tfh responses in allergic sensitization. Additionally, Calca™",
Rampl™~, and CD4" T cell-specific RAMP1 knockout mice were used from
immunological studies in the HDM-induced allergic asthma model. CGRP was
intraperitoneally injected to evaluate its preventive effect on asthma.

Results: CGRP™ fibers densely innervate medLNs. In CD4* T cells, RAMP1 is
preferentially expressed on naive ones. While RAMP1 does not affect thymocyte
development, TCR diversity, or tissue residency, CGRP-RAMP1 signaling
suppresses CD4* T cell activation and differentiation. CGRP reshapes
chromatin accessibility and transcriptional programs to suppress a responsive
state and repress Tfh-associated gene expression of CD4* T cells. Following
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allergen sensitization, the density of CGRP* fibers in the medLNs is reduced.
CD4" T cell-specific RAMP1 deficiency promotes Tfh cell accumulation and B
cell activation in the medLNs, exacerbating allergic sensitization. Conversely,
exogenous CGRP treatment mitigates allergic sensitization in a RAMP1-
dependent manner. Finally, CGRP treatment during the sensitization phase
effectively alleviates allergic asthma.

Conclusions: These findings suggest a neuroimmune axis in which CGRP-
RAMP1 pathway restrains allergic sensitization by directly modulating the
immunobiology of CD4" T cells.
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Highlights 1 Introduction
+ CGRP" sensory nerve fibers densely innervate mediastinal Neural and immune systems are tightly interconnected through

lymph nodes, and their density is reduced following  complex bidirectional communication networks that play critical

allergen sensitization.

roles in maintaining tissue homeostasis and orchestrating immune

¢ CGRP-RAMPI pathway constrains CD4" T cell activation ~ responses to injury, infection, and inflammation (1-4). Sensory

and differentiation.

nerve fibers innervate hematopoietic organs, barrier tissues, and

e CD4" T cell-specific RAMP1 deficiency promotes Tfth  secondary lymphoid organs. Several neuropeptides, such as

accumulation and allergic sensitization.

substance P (SP), calcitonin gene-related peptide (CGRP), and

* Exogenous CGRP treatment attenuates allergic  norepinephrine (NE), have been detected in lymph nodes (5, 6).

sensitization in a RAMP1-dependent manner. In mice, Nav1.8" sensory fibers densely innervate the lymph node
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hilus and directly interact with subcapsular macrophages and naive
lymphocytes beneath the capsule (5, 7), suggesting a functional
neuroimmune unit that may locally modulate adaptive
immune responses.

Allergic sensitization represents the initiating phase of allergic
asthma and a prerequisite for type 2 inflammation upon allergen
rechallenge (8). Allergic asthma is a chronic airway disorder
characterized by eosinophilic infiltration, elevated IgE, and airway
hyperresponsiveness (9), and it affects over half of pediatric and
adult asthma cases (10). Despite the therapeutic efficacy of inhaled
corticosteroids and biologics in most patients, those with severe or
refractory asthma often experience persistent inflammation and
frequent exacerbations (11). Notably, mast cells and eosinophils
may remain in lung tissues and sustain type 2 cytokine production
even after apparent resolution of inflammation (11). T follicular
helper (Tfh) cells, which promote germinal center responses and
IgE class-switching in B cells, are increasingly recognized as critical
regulators of sensitization and chronicity in allergic asthma. Thus,
early modulation of Tth cell differentiation during sensitization may
be a promising strategy for targeted immunotherapy.

Immunomodulatory molecules have emerged as promising
therapeutic candidates and are increasingly employed in the
clinical management of immune-mediated disorders. CGRP is a
neuropeptide predominantly secreted by sensory neurons and
pulmonary neuroendocrine cells (PNECs), and plays essential
roles in immune regulation. Through binding to its canonical
receptor complex composed of RAMP1 and CALCRL, CGRP
inhibits ILC2 expansion and IL-13 production and mitigates IL-
33-driven airway inflammation in nonallergic contexts (12).
However, whether the CGRP-RAMP1 axis modulates Tfh cell
response during allergen sensitization, and whether it contributes
to T cell-driven pathology in allergic asthma remain unknown.

In this study, we revealed a previously unappreciated role for
the CGRP-RAMP1 pathway in suppressing CD4" T cell activation
and restraining Tth cell accumulation during the sensitization phase
of allergic asthma. With genetic models, including a fluorescent
RAMPI reporter and T cell-specific RAMP1 knockout mouse,
combined with CGRP treatment, we define the functional
landscape of CGRP-RAMPI signaling in regulating adaptive
immune priming. Collectively, our findings establish CGRP-
RAMPI signaling as a key modulator of allergen sensitization and
provide mechanistic insight into how sensory neurons regulate
mucosal immune responses.

2 Materials and methods

2.1 Mice

C57BL/6, B6.SJL-Ptprc“Pepc’/Boy] (B6.CD45.1), NOD.Cg-
PrkDC 112rg"™"7/Sz] (NSG) and B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ
(Cd4°™*) mice were purchased from the Jackson Laboratory.
B6.Ramp1™~ and B6.Calca™~ mice were purchased from Cyagen
Biosciences. B6.Ramp1-mCherryﬂ/ﬂ mice were generated via the
gene targeting of embryonic stem (ES) cells, which were provided
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commercially by Cyagen Biosciences. Male mice aged 8-12 weeks
were used in the experiments. All mice were kept in specific
pathogen free environment under a 12-h light and dark cycle, at a
constant temperature of 21 + 1°C, with humidity maintained at
40%-70%. Mice were provided with autoclaved food and water. All
mouse experiments were approved by and performed in accordance
with the Animal Care and Use Committee at the Southern
University of Science and Technology.

2.2 Whole-mount immunohistochemistry

Whole-mount immunohistochemistry of medLNs was
performed following a modified iDISCO protocol (5, 13). Briefly,
mice were deeply anesthetized with 2.5% avertin (Sigma-Aldrich,
USA, T48402) and perfused with PBS followed by 4%
paraformaldehyde (PFA; Sigma-Aldrich, USA, 158127). MedLNs
were harvested, fixed in 4% PFA overnight at 4 °C, and dehydrated
through a methanol gradient. Tissues were permeabilized in PBS
containing 0.3% Triton X-100, 20% DMSO, and 0.3 M glycine
overnight, and then blocked with 10% DMSO and 6% donkey
serum in PBS supplemented with 0.3% Triton X-100. Samples were
incubated with CGRP (D5R8F; CST, USA, 14959S) Rabbit mAb in
PTwH bufter (PBS with 0.3% Triton X-100, 0.3% Tween-20 and
10 mg/mL heparin) containing 5% DMSO and 3% donkey serum
for 3 days, followed by Alexa Fluor 594 Donkey anti-rabbit IgG
(minimal x-reactivity) Antibody (Invitrogen, USA, 406418)
incubation under the same conditions. After washing, tissues were
cleared in methanol and BABB (1:2 benzyl alcohol:benzyl benzoate;
ansiang, China, L-AX0215), and imaged using a Zeiss LSM 980
confocal microscope. Image analysis and 3D reconstruction were
performed with Imaris software (Bitplane AG, Switzerland). For
quantification of penetration depth of sensory fibers, we first
reconstructed a whole-node surface using the CGRP" channel to
define the region of interest. The surface was inspected in
orthogonal views and minimally edited to match the capsule
boundary. With this surface selected, we ran Tools Distance
Transformation and chose inside. This generated a new channel
in which each voxel intensity equals the shortest Euclidean distance
(in um) from that voxel to the outside of the surface; voxels outside
the surface are set to 0. Thus, higher values indicate greater depth
from the capsule toward the node interior. To assess nerve
localization, we analyzed the CGRP channel with respect to this
distance map. Specifically, we computed Intensity Max (and related
statistics) for CGRP within distance-defined shells to compare
peripheral (near-capsule) versus interior signal.

2.3 Immunofluorescence

Lungs, medLNs and spleens were fixed in 2% PFA,
cryoprotected in 30% sucrose, embedded in optimal cutting
temperature (OCT), and cryosectioned at a thickness of 6 um
thickness. The sections were permeabilized with 0.1% Triton X-100,
blocked in 2% BSA, and stained with mCherry Monoclonal
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Antibody (16D7) Alexa Fluor™ 594 (Thermo Scientific, USA,
M11240). Nuclei were counterstained with DAPI.

2.4 Tissue collection and single-cell
suspension

Mouse BALF was collected by flushing the trachea twice with 1
mL of PBS as previously described (14). Lungs were minced and
digested with 1 mg/mL collagenase IV (Thermo Scientific, USA,
C5138) and 200 U/mL DNase I (Thermo Scientific, USA, DN25) at
37 °C for 30 min, filtered through a 100-um mesh, and fractionated
with a 40%/80% Percoll (GE, USA, 17-0891-09) gradient. Bone
marrow, thymus, spleen, and medLNs were dissociated through a
70-um strainer. Red blood cells were lysed with ammonium-
chloride-potassium lysis buffer (ACK) buffer. Bone marrow cells
were flushed from femurs and tibias. Cell suspensions were washed,
counted, and used for further analyses.

2.5 Flow cytometry

Cells were preincubated with aCD16/32 (BioLegend, USA,
101302) and stained with a Zombie NIR Fixable Viability Kit
(BioLegend, USA, 423106). Surface staining was performed at 4 °C
for 30 min using fluorochrome-conjugated antibodies
(Supplementary Table S1). For intracellular marker detection, the
cells were fixed and permeabilized with the Foxp3/Transcription
Factor Staining Buffer Set (eBioscience, USA, 00-5523-00), followed
by antibody staining for 50 min at room temperature. Data were
acquired on a BD FACSAria III and analyzed with FlowJo v10.8 (BD
Biosciences, USA).

2.6 RT-gPCR

CD4" T cells were isolated from spleens or medLNs via the
MojoSort Mouse CD4 T Cell Isolation Kit (Biolegend, USA,
480033). Total RNA was extracted via the FastPure Cell/Tissue
Total RNA Isolation Kit V2 (Vazyme, China, RC112-01), reverse
transcribed into cDNA, and analyzed with TB Green Premix Ex Taq
(Takara, JPN, RR820B). Gene expression was calculated using the
ACt method. Primer sequences are listed in Supplementary
Table S2.

2.7 Western blot

CD4" T cells were isolated from spleens via the MojoSort
Mouse CD4 T Cell Isolation Kit. Total protein was extracted from
cells and then analyzed using SDS-PAGE. The target protein was
transferred to PVDF membranes (Millipore, Germany,
IPVH00010) for primary antibody incubation. Rabbit antibodies
against extracellular RAMP1 (Alomone labs, IL, #ARR-021) or -
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actin (Proteintech, China, 10094-1-AP) were used. Protein bands
were visualized using the horseradish peroxidase western blot
detection kit (Tannon, China, 180-5001).

2.8 TCR sequencing

RAMP1" and RAMP1™ CD4" T cells were sorted from RampI-
mCherry™" splenocytes by flow cytometry. DNA (~3 ug per sample
from 3.6 x 10° cells) was extracted for TCR sequencing, which was
performed by Jiangxi HaploX Biotechnology (China) via the
MMumina NextSeq500 or HiSeq X10 platform (2x150 bp).

2.9 Parabiosis

CD45.1 and Rampl-mCherry” CD45.2 mice were surgically
joined as previously described (15, 16). In brief, mice were co-
housed for 2 weeks prior to surgery. Skin incisions were made from
elbow to knee and joints sutured with absorbable stitches.
Postoperatively, mice received saline, carprofen, and 10 days of
oral sulfamethoxazole (2 mg/mL; Sigma, USA, S7507-10G) and
trimethoprim (0.4 mg/mL; Sigma, USA, 92131-1G). Tissues were
harvested 8 weeks post-surgery for flow cytometry analysis.

2.10 Adoptive transfer of CD4* T cells

CD4" T cells were isolated from Rampl-mCherry™" spleens
using the MojoSort Mouse CD4 T Cell Isolation Kit and sorted into
Zombie " CD4*CD8 RAMP1* and RAMP1~ subsets. Each NSG
mouse received 2 x 10> sorted cells via tail vein injection. Tissues
were analyzed at 4 weeks post-transfer via flow cytometry.

2.11 Synthetic CGRP

Rat CGRP peptide (GenScript, China, RP11095) is a synthetic
product with the amino acid sequence of SCNTATCVTHRLA
GLLSRSGGVVKDNFVPTNVGSEAF. Working solutions were
prepared in sterile PBS and adjusted to the indicated concentrations
for in vitro stimulation (100 nM) or in vivo administration (5 pg in
50 uL/mouse).

2.12 CD4* T cell isolation, culture, and
stimulation

CD4" T cells were isolated from spleens via the MojoSort Mouse
CD4 T Cell Isolation Kit, labeled with Celltrace Blue Cell Proliferation
Kit (Thermo Scientific, USA, C34568). Splenic CD4" T cells seeded at
2 % 10° cells/well into 96-well plates pre-coated with «CD3 (1 ug/mL;
ebioscience, USA, 14-0032-85) and aCD28 (1 pg/mlL; ebioscience,
USA,14-0281-86). Cells were treated daily with 100 nM CGRP or
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PBS. After 72 h, supernatants were analyzed using Cytometric Bead
Array (BD, USA, 558266&560485), and cells were subjected to flow
cytometry. For IL-2 supplementation, cultures received CGRP alone
or in combination with recombinant IL-2 (0, 25, 50, or 100 U/mL;
PeproTech, USA, 2112-12-20).

Th cell polarization. CD4" T cells were stimulated under the
following conditions: Th1: 1 ug/mL o«CD3, 1 pg/mL o.CD28, 10 ng/
mL IL-12 (PeproTech, USA, 200-12H), 1 ug/mL alL-4 (Biolegend,
USA, 500838); Th2: 1 ug/mL aCD3, 1 ug/mL aCD28, 10 ng/mL
rIL-4 (PeproTech, USA, 214-14-50), 5 ug/mL oIFN-y (Biolegend,
USA, 505834); Th17: 2 pg/mL oCD3, 1 ug/mL aeCD28 + 20 ng/mL
IL-6 (PeproTech, USA, 200-06-20UG), 2 ng/mL TGF-B
(PeproTech, USA, 100-21-10UG), oIFN-y (Biolegend, USA,
505834), 1 pug/mL IL-4. Then, CGRP (100 nM) or PBS was added
from the beginning of culture. After 72 h, cells were analyzed by
flow cytometry.

2.13 RNA-seq

1 x 10° splenic CD4" T cells were stimulated with aCD3 and
0aCD28 in the presence of PBS or 100 nM CGRP for 24 h. Total
RNA was extracted, and libraries were prepared using poly(A)
selection and reverse transcription. Sequencing was performed on
an Illumina HiSeq X10 or NextSeq500 platform (HaploX
Biotechnology). Differentially expressed genes were defined as p <
0.05, [log,FC| > 0.85, reads > 300.

2.14 ATAC-seq

9 x 10* splenic CD4" T cells activated with oCD3 and oCD28,
and treated with PBS or 100 nM CGRP were subjected to ATAC-
seq using the Active Motif ATAC-Seq kit (Active Motif, USA,
53150). Sequencing was performed on an Illumina NovaSeq 6000
platform (HaploX Biotechnology). Reads were trimmed (Fastp),
aligned to mm10 (Hisat2), and filtered (SAMtools, Picard). Peaks
were called using MACS2, and data were visualized using
DeepTools and the WashU Epigenome Browser.

2.15 BMDC isolation, culture and
stimulation

Murine BMDCs were generated as previously described (17).
Briefly, bone marrow cells were cultured in complete medium
(RPMI 1640 containing 10% FBS, 100 U/mL penicillin, 100 ug/
mL streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 1x
MEM non-essential amino acids, 50 uM 2-mercaptoethanol, and 10
mM HEPES) supplemented with 20 ng/mL GM-CSF (PeproTech,
USA, 300-03) and 10 ng/mL IL-4 for 6 days. For proliferation
assays, 100 nM CGRP was added from day 0. For antigen uptake,
day-6 BMDCs were incubated with DQ-OVA (1 or 10 ug/mL) +
CGRP at 37 °C or 4 °C for 2 h. For activation, day-6 BMDCs were
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treated with 100 nM CGRP + 125 ug/mL Poly(I:C) (APExBIO,
USA, B5551), 200 ng/mL IFN-y (PeproTech, USA, 315-05), or 300
ng/mL GM-CSF for 24 h, followed by flow cytometry analysis.

2.16 Induction of allergic sensitization and
allergic asthma

Allergic sensitization was performed as previously described
(18, 19). On day 0, mice were anesthetized with 2.5% avertin and
intratracheally instilled with 100 pg of HDM in 50 puL PBS. For
CGRP treatment, mice received intraperitoneal injections of CGRP
(5 ug per mouse, twice daily) from day 0 to day 6. On day 7,
medLNs and BALF were collected for further analysis.

Allergic asthma was established following a sensitization and
challenge protocol (19). In the sensitization phase, mice were brief
anesthetized with isoflurane (RWD Life Science, China, R510-22-
10) and intranasally instilled 0.1 pg HDM in 40 uL PBS on day 0.
From days 7 to 11, mice were challenged daily with 10 pg HDM in
40 uL PBS. CGRP (5 ug per mouse, twice daily) was administered
intraperitoneally from day 0 to day 6. On day 15, BALF and lung
tissues were harvested for further analysis.

2.17 Hematoxylin-eosin and periodic acid-
Schiff staining

Lungs were fixed in 4% PFA overnight and embedded in
paraffin. Tissue sections (6 um) were stained with H&E or PAS,
and scanned using a Leica pathology scanner (Leica, USA, Aperio
VERSA 8). Quantitative image analysis was performed in Image].
Inflammatory regions in H&E-stained sections were quantified
using the Trainable Weka Segmentation plugin (20, 21), while
PAS* mucus-producing areas were quantified by color
deconvolution (22). Results were expressed as the percentage of
stained area relative to total lung tissue.

2.18 Statistical analysis

GraphPad Prism was used for statistical analyses. Results were
expressed as mean + SD (unless otherwise specified). The ROUT
method was utilized for outlier identification, followed by the
removal of approximately 10% of the most probable outliers from
the dataset. A comparison between two groups was performed using
a two-sided Student’s ¢ test or Student’s ¢ test with Holm-Sidak
correction for multiple comparison for unpaired samples. For
multiple comparisons on a single data set, a one-way ANOVA
was performed, followed by Tukey’s multiple comparison test.
Statistical significance was set at p < 0.05. Sample sizes (biological
replicates = mice in each group, unless otherwise specified) show
statistical significance in similar group sizes with normal variation
and similar variance between groups. No randomization was used
as all mice were genetically defined and inbred.
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3 Results

3.1 CGRP* fibers are enriched in medLNs,
and RAMP1 is expressed by CD4" T cells

To examine the spatial distribution of CGRP within lymphoid
tissues, we used a protocol adapted from the immunolabeling-

FIGURE 1 (Continued)
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enabled 3D imaging of solvent-cleared organs (iDISCO) method (5,
13). This approach enabled high-resolution volumetric imaging,
revealing that CGRP™ nerve fibers were densely distributed along
the mediastinal lymph nodes (medLNs) (Figure 1A). To track
immune cell-specific expression of RAMP1, we generated Rampl-
mCherry™ reporter mice by inserting a loxP-IRES-mCherry
cassette into intron 1 of the Rampl locus (Figure 1B).
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FIGURE 1 (Continued)

Spatial distribution of CGRP™ nerve fibers and RAMP1" immune cells in lymphoid organs. (A) Whole-mount immunohistochemistry image showed
CGRP* nerve fibers (red) distributed in the medLN. (B) Schematic representation of the Rampl-mCherry™™ reporter allele design, enabling cell-
specific RAMP1 expression tracking via mCherry fluorescence. (C) Immunofluorescence staining of lung, medLN, and spleen from Rampl-
mCherry™™ mice showing RAMP1-mCherry™ cells (red), DAPI nuclear counterstaining (blue), and merged images. (D) Flow cytometric percentages
of RAMP1 expression RAMP1-mCherry* in immune cell subsets, including B cells (Zombie " TCRB"CD19"), ILCs (Zombie~lineage"CD45*CD90.2%),
CD8" T cells (Zombie B220"CD45*CD11b~CD11c"TCRB*CD47), CD4" T cells (Zombie B220~CD45"CD11b~CD11c TCRB"CD4™), neutrophils (Neu,
Zombie B220~CD45" CD11b*CD11c Siglec-F Ly6G™), eosinophils (Eos, Zombie B220~CD45*CD11b*CD11c " Siglec-F*Ly6G™), DCs (Zombie B220~
CD45*CD11b* CD11c*Siglec-F~Auto™), and AM¢ (Zombie B220~CD45*CD11b'°CD11c*Siglec-F+Auto®) in medLNs, lung interstitum, spleens or
BALF, n = 3-9/group; (E) Representative histograms and bar graphs showed the percentages of RAMP1-mCherry* in naive (CD62L"CD44", red),
central memory (CD62LYCD44", orange), and effector (CD62L-CD44", pink) CD4" T cells from lungs, spleens, and medLNs of Ramp1-mCherry™"
and WT mice (blue), n = 3/group. (F) Flow cytometry contour plots and bar graphs showed the percentages of RAMP1-mCherry* in early thymocyte
progenitor (ETP), double-negative cell (DN) 2-4, double-positive cell (DP), CD4™" single-positive cell (SP), CD8" immature SP, and CD8* SP, n = 4/
group. Graphs depict individual values and group means + SD. Statistical significance was determined using one-way ANOVA with Tukey's multiple

10.3389/fimmu.2025.1671269

comparison test (E): ns, not significant; ***P < 0.001; ****P < 0.0001.

Immunofluorescence staining of the lung, spleen, and lymph nodes
demonstrated robust mCherry signal, indicating widespread
expression of RAMP1" cells in mucosal and lymphoid
compartments (Figure 1C). Flow cytometric profiling revealed
high RAMP1 expression in alveolar macrophages (AM¢), CD4"
and CD8" T cells, innate lymphoid cells (ILCs), dendritic cells
(DCs), eosinophils, and neutrophils, but minimal expression in B
cells, with the strongest signals observed in AM¢@ and T cells
(Figure 1D). Given that CD4" T cells constitute a major immune
subset in the lung, medLN and spleen, we further examined RAMP1
expression across CD4" T cell subsets. Naive cells (CD62L"CD44")
showed the strongest expression, which was decreased in the central
memory and effector populations (Figure 1E). In line with these
findings, RAMP1 was broadly expressed across T cell
developmental stages, including early thymocyte progenitor
(ETP), double negative 2 (DN2)-DN4, and single positive (SP)
cells (Figure 1F). These data suggest that CGRP-RAMP1 may play a
previously underappreciated role in the early activation and lineage
commitment of CD4" T cells within sensory nerve-rich
lymphoid niches.

3.2 RAMP1 expression does not affect
thymocyte development, TCR diversity or
tissue residency of CD4™ T cells

RAMPI was highly expressed across multiple stages of
thymocyte development, raising the question of whether it
influences T cell output or peripheral composition. To validate
our model, we confirmed efficient Ramp1 deletion in CD4" T cells
from Cd4“°Rampl-mCherry™ (CD4" T cell-specific Rampl-
deficient, CD4***"?1 Supplementary Figure S1). However,
quantification of total thymocytes, including ETP, DN2-DN4,
DP, and SP subsets, revealed no significant differences between
CD4ARampl Ramplf/ =, Calca™™ mice, and their wild-type (WT)
controls (Supplementary Figure S2A). Similarly, splenocyte
numbers, as well as mature CD4" and CD8" T cell frequencies in
the spleens, remained unaltered (Supplementary Figure S2B),
indicating that neither global CGRP deficiency nor T cell-intrinsic
loss of RAMP1 impacts thymic development or peripheral T cell
seeding. Given the high expression of RAMP1 on CD4" T cells and
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its proposed role in modulating T cell responsiveness, we next
evaluated whether RAMP1 expression affects the diversity of the T
cell receptor (TCR) repertoire, a critical indicator of adaptive
immune potential (23). TCR sequencing analysis of RAMP1-
mCherry” and RAMP1-mCherry” CD4" T cells from the spleens
revealed no significant differences in V-J usage, clonotype number,
CDR3 length distribution, or the Shannon diversity index
(Supplementary Figures S2C, D). Although a trend toward
increased diversity was observed in RAMP1-mCherry" T cells,
this trend did not reach statistical significance.

Recent studies have shown that certain lymphocyte subsets,
such as ILC2s and memory T cells, exhibit long-term residency
within specific tissues (24-26). To evaluate whether RAMP1
expression is associated with this residency phenotype, we
employed a classical parabiosis model (27) by surgically
conjoining CD45.2 Ramp1-mCherry™" donor mice with CD45.1
wild-type recipients (Supplementary Figure S3A). After 8 weeks of
shared circulation, donor-derived T cells, eosinophils and
neutrophils were detected in both parabionts, whereas ST2"
ILC2s, mast cells and AM¢@ remained largely confined to the
donor (Supplementary Figure S3B). Both the circulating and
resident immune populations, including the above subsets,
expressed RAMPI, suggesting that RAMP1 expression does not
inherently define migratory behavior (Supplementary Figures S3C
—G). Donor-derived CD4" T cells efficiently trafficked to the BM,
spleen, medLN, and lung, with minimal reentry into the thymus.
RAMPI expression was comparable between donor- and recipient-
derived CD4" T cells across the tissues examines, suggesting that
RAMP1 expression has no impact on migration or retention
(Supplementary Figure S3D). Similar expression profiles were
observed in CD8" T cells, eosinophils, and neutrophils
(Supplementary Figure S3E-G). These findings suggesting that
RAMP1I is not associated with tissue retention and does not affect
leukocyte residency.

To explore potential plasticity in RAMP1 expression, we
performed adoptive transfer of FACS-sorted RAMP1-mCherry”
and RAMP1-mCherry” CD4" T cells into NOD-scid IL2Rg™"
(NSG) mice (Supplementary Figure S4A). After 4 weeks, both
populations expanded and populated immune tissues.
Interestingly, RAMP1 expression among recovered CD4" T cells
was similar between the groups (Supplementary Figure S4B),
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suggesting that in vivo phenotypic plasticity between RAMP1" and
RAMP1™ CD4" T cells, is potentially influenced by as-yet undefined
cues during homeostatic expansion or tissue adaptation.

3.3 CGRP restrains CD4™" T cell activation
and effector differentiation

To investigate the function of CGRP-RAMP1 in CD4" T cells,
we first assessed RAMP1 expression during activation. Upon
aCD3/0CD28 stimulation, CD4" T cells exhibited marked
proliferation with a progressive decrease in RAMP1-mCherry
expression (Figure 2A). Consistently, Rampl and Calcrl transcript
levels were downregulated upon activation, and CGRP treatment

10.3389/fimmu.2025.1671269

did not further alter their expression (Figure 2B). Moreover, CD4"
T cells isolated from medLNs showed Calcrl transcript levels
comparable to those in splenic CD4" T cells (Supplementary
Figure S5), supporting the functional relevance of CGRP signaling
in this compartment. In contrast, CGRP treatment significantly
inhibited CD4" T cell proliferation at 72 hours post-activation
(Figure 2C). This effect was abolished in RampI-deficient CD4" T
cells, confirming the requirement of RAMP1 for CGRP-mediated
suppression, while proliferation remained comparable between
Rampl™™ and WT CD4* T cells (Figure 2D). CGRP exposure
also reduced CD25 expression, indicating impaired activation
(Figure 2E). Consistently, cytokine analysis revealed decreased
production of Thl-type (IL-2, TNF and IFN-y), Th2-type (IL-4,
IL-5, IL-13 and IL-10), and Thl7-type (IL-17A) cytokines
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CGRP suppresses CD4* T cell activation and differentiation. (A) Representative flow cytometry plot showed RAMP1-mCherry expression in activated
CD4* T cells upon a.CD3 and aCD28 stimulation, n = 4/group. (B) Relative mRNA expression of Calcrl and Rampl in naive and activated CD4* T
cells treated with PBS or CGRP for 72 h, n = 3—-6/group. (C) Proliferation of Celltrace blue-labeled activated CD4* T cells following treatment with
PBS or CGRP for 24 h, 48 h and 72 h; bar graph showed the percentages of proliferated cells at 72 h, n = 3/group. (D) Proliferation of Celltrace
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(F, G) Concentrations of Thl-type (IL-2, TNF and IFN-y), Th2-type (IL-4, IL-5, IL-13 and IL-10) and Th17-type (IL-17A) cytokines in culture
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n = 4/group. Graphs depict individual values and group means + SD (A-D, F-J) or means (E). Statistical significance was determined using one-way
ANOVA with Tukey's multiple comparison test (A, D) and two—tailed Student's t test (C-J) pair: ns, not significant; *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.
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(Figures 2F, G). Under lineage-polarizing conditions, CGRP
downregulated the expression of T-bet, GATA3, and RORyt,
along with reducing proliferation and activation (Figures 2H-]J).
These findings indicate that CGRP constrains CD4" T cell
activation and differentiation.

3.4 CGRP reshapes the epigenome and
transcriptome of CD4™ T cells and restrains
their Tfh-like differentiation

To investigate how CGRP modulates CD4" T cell function, we
performed transcriptomic and epigenomic profiling of CGRP-
versus PBS-treated CD4™ T cells. RNA-seq analysis revealed that
CGRP treatment altered genes associated with restrained CD4" T
cell activation and Tth differentiation, including downregulation of
112 (28, 29) and upregulation of Kif2 (30), S1prl (31), Sell (32), Mxd1
(33), Il7r (34-36), and Ccr7 (36) (Figure 3A). To assess whether
these transcriptional changes were accompanied by epigenetic
remodeling, we performed ATAC-seq and observed reduced
chromatin accessibility at the 112 locus and increased accessibility

10.3389/fimmu.2025.1671269

at Klf2, Slprl, Sell, Mxdl, and Ccr7 in CGRP-treated cells
(Figure 3B). By contrast, Bcl6 transcript levels and accessibility
showed no significant changes (Supplementary Figure S6),
indicating that CGRP does not directly repress Bcl6 at the RNA
or chromatin level in our datasets. These results were integrated
into a schematic model (Figure 3C), which highlights that CGRP
constrains Tfh differentiation by sustaining a naive-like
transcriptional profile and upregulating genes previously linked to
the restraint of BCL6-mediated Tth commitment (28-36) and
attenuated IL-2. Consistent with this model, we confirmed that
Tth cells expressed high levels of RAMPI (Figure 3D), establishing
them as a relevant target of CGRP-RAMP1 signaling.

Although IL-2 signaling is generally considered antagonistic to
Tth differentiation, it is essential for the initial activation and priming
of CD4" T cells toward lineage commitment, including the Tth fate
(29). Supplementation with exogenous IL-2 (25-100 U/mL) restored
the proliferative capacity of CGRP-treated CD4" T cells
(Supplementary Figure S7A), and recovered the expression of the
activation markers CD25, CD69, and CD44 (Supplementary Figure
S7B), suggesting the availability of IL-2 may partially counteract the
CGRP-mediated suppression on CD4" T cell activation.
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(D) Flow cytometric analysis of the RAMP1 expression in medLN B and Tfh cells from sensitized Ramp1-mCherr,

Y mice, n = 4/group. Graph depicts

individual values and group means + SD. Statistical significance was determined using two-tailed Student’s t test: ****P < 0.0001.
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3.5 CD4* T cell-specific RAMP1 deficiency
promotes Tfh cell accumulation and
exacerbates allergic sensitization

To assess whether CGRP directly modulates DC function, we
generated BMDCs from WT and Rampl-mCherry™" mice using
GM-CSF and IL-4. Flow cytometry confirmed RAMP1 expression
on BMDCs (Supplementary Figure S8A). CGRP treatment did not
influence BMDC proliferation (Supplementary Figure S8B).
Antigen uptake, assessed by DQ-OVA fluorescence at 1 ug/mL
and 10 pug/mL, was comparable between CGRP- and PBS-treated
BMDCs (Supplementary Figure S8C). Similarly, CGRP stimulation
had no effect on the expression of MHC-II, CD80, or CD86
(Supplementary Figure S8D). To further assess the impact of
CGRP on stimulated BMDCs, BMDCs were treated with Poly(I:
C), IFN-y, or GM-CSF in the presence or absence of CGRP. No
significant changes were observed in the expression of MHC-II,
CD80, or CD86 (Supplementary Figures S8E, F). These results
indicate that CGRP does not affect the proliferation, antigen uptake,
or co-stimulatory phenotype of BMDCs induced by GM-CSF/IL-4,
suggesting that its immunoregulatory effects during allergic
sensitization are likely mediated through downstream targets such
as CD4" T cells, rather than through direct modulation of antigen
presentation by DCs.

Allergic sensitization begins with Tth cell activation in draining
lymph nodes, preceding Th2-driven airway inflammation (37). We
hypothesized that CGRP-RAMPI signaling in CD4" T cells
restrains Tfh responses, thereby limiting subsequent allergic
inflammation. To test this hypothesis, we employed an HDM-
induced lung sensitization model (Figure 4A). Following allergen
exposure, CGRP™ nerve fiber density in medLNs was reduced
(Figure 4B; Supplementary Videos 1, 2), and medLNs from sham
mice showed an uneven distribution of fibers, with relative
enrichment at 40-80 um beneath the surface and some fibers
extending deeper into the interior. Sensitization abolished this
enrichment, resulting in a more uniform distribution across
depths (Supplementary Figure S9). These findings suggest that
peripheral sensitization reshapes the spatial organization of
CGRP" sensory innervation within medLNs. BALF analysis on
days 3 and 7 revealed progressive immune cell infiltration,
including eosinophils and CD4" T cells. Compared with
littermate controls, CD4***"*! mice presented an exacerbated
airway immune response, suggesting that CGRP-RAMP1
signaling limits CD4" T cell activation during sensitization
(Figures 4C, D). Notably, CD4" T cell-specific RAMP1 deletion
did not significantly affect CD8" T cell frequencies in either BALF
or medLNs following HDM sensitization (Supplementary Figure
S10). Given that Tth cells initiate allergic sensitization by promoting
germinal center formation and IgE class switching in B cells (38), we
next examined Tfh responses in medLNs. CD4***"P! mice
presented a time-dependent increase in Tth cell (CXCR5'PD-17)
frequencies, with a marked increase on day 7 (Figure 4E).
Consistent with this, the total numbers of medLN leukocytes,
including Tth cells and B cells, were also elevated (Figures 4F, G).
Importantly, Tth-associated cytokines IL-13 and IL-4, which are
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known to promote IgE class switching and support IgE* B cell
survival (37-39), were significantly increased in CD4***"P! mice
compared with controls (Figure 4H). In line with this, CD4***"#!
mice also displayed increased B cell proliferation and IgE expression
(Figure 4I). Furthermore, germinal center (GC) B cells were also
significantly expanded in medLNs from CD4**"?! mice
(Figure 4]). Together, these results support a model in which
CGRP-RAMPI signaling in CD4" T cells suppresses Tfh
accumulation and limits B cell responses, thereby attenuating

allergic sensitization.

3.6 CGRP suppresses Tfh cell accumulation
and limits allergic sensitization

To investigate whether CGRP modulates allergic sensitization
by regulating Tth cells, we administered CGRP intraperitoneally
(i.p.) twice daily during the sensitization phase (Figure 5A). In
control mice, CGRP treatment reduced total medLN leukocyte
numbers, as well as both the frequency and absolute number of
Tfh cells (Figures 5B-D). These effects were not detected in
CD4*R*P! mice, indicating that RAMP1 expression on T cells is
required for CGRP-mediated suppression of Tth responses. CGRP
also suppressed B cell expansion and reduced the proportion of IgE"
B cells in the medLNs of control but not CD4*R*"F!
(Figure 5E). Consistently, the frequencies of GC B cells were
reduced by CGRP treatment in control but not CD4***"?!
(Figure 5F). In the airway, CGRP decreased immune cell infiltration

mice
mice

and eosinophil accumulation in the BALF, an effect that was
diminished in CD4“**™! mice (Figures 5G, H). These findings
suggest that CGRP suppresses allergic sensitization by limiting Tth
cell accumulation and downstream B cell responses through a
RAMP1-dependent mechanism in CD4" T cells.

3.7 RAMP1 expression in CD4* T cells
is required to limit allergic asthma

To investigate the protective role of CGRP-RAMP1 signaling in
allergic asthma, we first examined WT, Ramplf/ ~and Calca™™ mice
in an HDM-induced asthma model (Figure 6A). On day 15, both
strains exhibited exacerbated airway inflammation and mucus
hypersecretion, as evidenced by elevated total leukocyte and
eosinophil counts, along with increased B cell infiltration in the
BALF (Figures 6B-F). CD4" T cell numbers were also elevated,
predominantly comprising eftector subsets (Figure 6G), suggesting
that CGRP-RAMP1 signaling limits CD4" T cell activation and
airway inflammation.

Given these findings, we next assessed the CD4" T cell-specific
contribution of RAMP1 by subjecting CD4***"™! mice and their
littermate controls to HDM sensitization and challenge. Compared

with littermate controls, CD4*RamP!

mice displayed exacerbated
airway inflammation and mucus hypersecretion, with increased
leukocyte eosinophil and B cell counts in the BALF (Figures 7A-E).

CDA4" T cells were also expanded, with a marked increase in effector
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CD4" T cell-specific RAMP1 deficiency promotes Tfh cell accumulation and exacerbates allergic sensitization. (A) Adult CD44RamP1 myjce and
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leukocytes on day 3 and 7, n = 3-5/group. (D) Counts of BALF eosinophils and CD4" T cells on day 3 and 7, n = 3-5/group. (E) Representative
contour plots and percentages of medLN Tfh cells on day 3 and 7, n = 3-5/group. (F) Counts of medLN leukocytes on day 7, n = 6/group.

(G) Counts of medLN Tfh cells on day 7, n = 6/group. (H) Intracellular cytokine staining of IL-13 and IL-4 in medLN Tfh cells on day 7, n = 4-5/
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(B, F=J): ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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FIGURE 5

CGRP suppresses Tfh cell accumulation and alleviates allergic sensitization in a RAMP1-dependent manner. (A) Adult CD

ctrl cpgBRampt

4ARampl mice and their

controls were sensitized with HDM and treated intraperitoneally with CGRP or PBS twice daily from days 0—6. BALF and medLNs were collected on
day 7 for flow cytometry analysis. (B) Counts of medLN leukocytes, n = 4-5/group. (C, D) Representative contour plots (C), percentages and counts
of (D) medLN Tfh cells, n = 4-5/group. (E) Counts of medLN B cells and percentages of IgE* B cells, n = 4-5/group. (F) Frequencies of GC B cells in
medLNs, n = 3/group. (G, H) Counts of BALF leukocytes (G) and eosinophils (H), n = 4-5/group. Graphs depict individual values and group means +
SD (B, D—H). Statistical significance was determined using one-way ANOVA with Tukey's multiple comparison test (B, D—H): ns, not significant;

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

subsets (Figure 7F). These findings suggest that RAMPI expression
in CD4" T cells is required for CGRP-mediated suppression of

allergic inflammation.

3.8 CGRP treatment during sensitization
attenuates allergic asthma

Given that RAMPI expression in CD4" T cells is required for
CGRP-mediated protection, we next examined whether exogenous
CGRP administration during sensitization could recapitulate this
protective effect. Mice were administered CGRP intraperitoneally
twice daily throughout the sensitization phase (Figure 8A). CGRP
treatment reduced lung inflammation and mucus production
(Figures 8B, C), with decreased numbers of leukocytes,
eosinophils and B cells in the BALF (Figures 8D-F). CD4" T cell
accumulation was also suppressed (Figure 8G). Flow cytometric
analysis further revealed that CGRP treatment reduced the numbers
of CD4" T cells and B cells in both lungs and medLNs (Figures 8H-
K). The relative frequencies of these subsets remained unchanged,
except for lung CD4" T cells, which were reduced (Supplementary
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Figures S11A, B). In addition, CGRP suppressed the frequencies of
Tth cells and GC B cells in medLNs (Figures 8], K). By contrast,
CXCR5"CD279" Tth cells were barely detectable in lung tissue
(Supplementary Figure S9), consistent with previous reports that
Tth cells are restricted to draining LNs and give rise to Th2 effector
populations that migrate to the lung (37). Together, these findings
suggest a model in which CGRP alleviates allergic asthma primarily
through RAMPI1-mediated regulation of CD4" T cells during the
sensitization phase.

4 Discussion

Neuroimmune communication has emerged as a critical layer
of immune regulation, yet how sensory neuropeptides precisely
shape adaptive immune responses to maintain tissue homeostasis
and restrain pathological inflammation remains unclear. Neuron-
derived cues may constitute an underappreciated axis that
complements conventional anti-inflammatory strategies.

CGRP, a sensory neuropeptide, is increasingly recognized as an
important regulator of immune responses. While RAMPI1 is

12 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1671269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2025.1671269

Li et al.
A Allergic asthma gj C
Adult & .
e N . g
Sensitization: Challenge: g
HDM i.n. 5x HDM i.n. T ¢
©
O ee00e o
c
Day 0 7-11 15 -
B
% Calca* =
wl
oS
I
2
o
D + +
B cells CD4" Tcells CD4" T effectors
2x10¢ 8x10¢ * 6x10¢ ** 6x104 * K
* ns ns
5x106 6x10¢ * 3
1.5x10 P . + ax0e . o
3 1x108 = 4x10¢ - t - T
ns 2x104. - : 2x104 b ’V
5x10° 2x10¢ ! ( '
. | . | °
0 ol 0 o lde 2] olade 71
WT  Calca”Ramp1™ WT  Calca*Ramp1™ WT  Calca”Ramp1™”
FIGURE 6

Global loss of Calca or Rampl exacerbates allergic asthma. (A—G) Adult WT, Calca™~ and Ramp1™’~ mice and their controls were sensitized
intranasally with HDM on day 0 and challenged daily on days 7-11. On day 15, lungs were collected for histopathological analysis, and BALF were
harvested for flow cytometry analysis (A). Representative lung sections stained with H&E or PAS (B), and quantification of inflammatory score and
PAS™ cells (C), scale bars 200 um, n = 5-8/group. Counts of BALF leukocytes (n = 10—23/group, D), eosinophils (n = 3-7/group, E), B cells (n = 4-7/
group, F), CD4" T cells and CD4" T effectors (n = 4-7/group, G). Graphs depict individual values and group means + SD (C-G). Statistical
significance was determined using one-way ANOVA with Tukey's multiple comparison test (C—G): ns, not significant; *P < 0.05; **P < 0.01;

***p < 0.001; ****P < 0.0001.

abundantly expressed throughout thymocyte maturation, both our
data (not shown) and those of prior studies (40) confirmed the
presence of CGRP in the thymus, Rampl or Calca deletion did not
alter the thymocyte composition or peripheral T cell seeding.
Moreover, it did not affect TCR rearrangement, suggesting that
RAMP1 is dispensable for thymic T cell development under
homeostatic conditions. However, previous studies have shown
that CGRP can prevent aberrant thymocyte activation and that its
expression decreases with age (41), suggesting that RAMP1
function may become more relevant under conditions of
inflammation or aging. This could reflect either the intrinsically
low signaling activity of the CGRP-RAMP1 axis in the steady-state
thymus (42) or functional redundancy with other developmental
pathways. Notably, RAMPI expression on both thymocytes and
peripheral CD4" T cells appear to be specifically tuned to respond to
CGRP. In contrast, the expression of CALCR, the coreceptor for
IAPP (43), was virtually undetectable in these populations (data not
shown), supporting a selective role for CGRP-RAMP1 signaling in
T cell biology.
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Evidence from both human and murine studies implicates
sensory neurons in allergic airway diseases. CGRP* PNECs are
markedly increased in the lungs of asthma patients (44), and
ablation of sensory neurons mitigates OVA-induced allergic
inflammation in mice, highlighting the importance of
neuroimmune crosstalk (45, 46). In our model, HDM
sensitization reduced the density of CGRP" fibers in medLNs,
while CGRP inhibited CD4" T cell responses and allergic
sensitization. Consistent with earlier reports showing that sensory
nerves rarely penetrate the deep cortical region of popliteal and
inguinal lymph nodes (5), CGRP" fibers in medLNs were mostly
enriched in superficial regions. Nevertheless, a subset of fibers
extended deeper into the parenchyma, thereby facilitating
potential interactions with CD4" T cells. Notably, Nav1.8"
sensory fibers have been shown to closely associate with
subcapsular macrophages and naive lymphocytes (7), suggesting
that neuronal inputs may influence both innate and adaptive
immune compartments. Furthermore, although Tfh cells
classically reside in secondary lymphoid organs where they
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support GC B cell responses, Tth-like populations have been
detected in lymph and blood (47), raising the possibility that
these cells, during their transit through lymph nodes, could be
exposed to sensory neuron-derived CGRP in subcapsular or
medullary regions. Such spatial proximity may provide a route by
which CGRP signaling modulates Tth differentiation, maintenance,
or egress into circulation. Interestingly, HDM stimulation activates
TRPV1" nociceptors, triggering SP release while suppressing CGRP
(48). This imbalance may tilt the local immune microenvironment
toward allergic sensitization. Our study revealed that CGRP
suppresses allergic sensitization and the development of allergic
asthma, which is consistent with previous findings (49). In contrast,
SP has been shown to induce the migration of CD301b" dendritic
cells (48) or trigger mast cell degranulation (50), thereby initiating
allergic responses. These findings underscore the neuropeptide
specific-, context-dependent roles of sensory neurons in
orchestrating allergic inflammation.

While RAMP1 expression is detected across multiple immune
cell types, including CD4" and CD8" T cells, alveolar macrophages,
neutrophils, eosinophils, DCs, and ILCs, our focus is CD4" T cells,
which express high RAMP1 levels and play a pivotal role in allergic
sensitization (51). Despite their key role in initiating type 2
immunity, DCs in our system (GM-CSF/IL-4-induced BMDCs)
showed no CGRP-mediated alterations in proliferation, antigen
uptake, or the expression of MHC II and costimulatory molecules.

Frontiers in Immunology

This finding contrasts with reports in ¢cDCls where CGRP
enhanced CD8" T cell activation via cross-presentation, likely
reflecting subset-specific roles (52). Furthermore, CGRP inhibits
antigen presentation by epidermal Langerhans cells, and DCs are
intimately associated with sensory nerves, suggesting tissue and
context specificity (53). Thus, in allergic sensitization, CGRP likely
modulates CD4" T cell activation and differentiation more directly
than through classical cDC2 antigen presentation.

Our data indicate that CGRP suppresses CD4" T cell
polarization toward the Tth lineage, a pivotal step in initiating
allergic sensitization. While Tth cells do not directly mediate airway
inflammation, they orchestrate IgE production by B cells and serve
as precursors for pathogenic Th2 cells upon repeated allergen
exposure (37). Mechanistically, we observed that CGRP
upregulated Kif2, Siprl, Sell, and Ccr7—genes that sustain the
naive T cell program and inhibit Tth commitment (30, 32, 54). In
contrast, canonical Tth markers such as CXCR5 and PD-1 are
induced during follicular migration and B cell interactions (54). In
addition, CGRP increased the expression of MxdI and II7r, both of
which antagonize BCL6 signaling (33, 34, 54), thereby reinforcing
transcriptional networks that constrain Tfh differentiation. By
contrast, Bcl6 transcript levels and chromatin accessibility were
not significantly altered following CGRP treatment. These findings
do not support a mechanism in which CGRP directly represses Bcl6
transcription but instead suggest that it modulates BCL6-associated
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downstream pathways. Nevertheless, the possibility that CGRP
influences BCL6 at the protein or post-transcriptional level
cannot be excluded and warrants further investigation. Although
Tth-like cells can be generated in vitro under specific cytokine
conditions (35, 55, 56), their differentiation efficiency and
phenotypic stability remain variable across protocols, and no
standardized system has been established (57, 58). Therefore, we
did not pursue CGRP-based in vitro Tth skewing assays in
this study.

Our study suggests that CGRP is a negative regulator of Tth cell
differentiation. Although IL-2 is known to inhibit Tth
differentiation via STAT5-BLIMPI signaling (36), emerging
evidence suggests a more nuanced model in which IL-2-
producing CD4" T cells can themselves commit to the Tfh
lineage while limiting neighboring cells through paracrine IL-2
signaling (28). Importantly, IL-2 is also indispensable for the
priming and survival of naive CD4" T cells (29, 59). This dual
function highlights a temporal dichotomy: IL-2 is essential for early
activation but must be silenced to permit Tth commitment. Thus,
by dampening IL-2 production, CGRP may limit the expansion of
CD4" T cells and restrict the pool of cells available for Tfh
polarization. Beyond IL-2, Ttfh-associated cytokines represent
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another key regulatory axis in allergic sensitization. Although IL-
21 is a hallmark Tfh cytokine, its role in IgE regulation is context-
dependent and species-specific (60, 61). In contrast, IL-4 and IL-13
are consistently implicated in sustaining IgE" B cell survival and
enhancing IgE production, and Tth subsets producing these
cytokines have been well documented (37-39). In line with this,
our analysis revealed increased IL-4 and IL-13 in CD4“R*"?!

supporting the contribution of Tth-derived cytokines to B cell

mice,

responses during allergic sensitization.

Furthermore, CGRP may dampen Th2 cell development, which
is consistent with recent findings that CGRP-RAMP3 signaling
attenuated IL-13 production during viral infection (62). These
results suggest that CGRP broadly modulates CD4™ T cell subset
differentiation, underscoring the need to dissect receptor-specific
signaling cascades in future studies. In addition, while our data
identify CD4" T cells as primary targets of CGRP-RAMP1 signaling
the suppression of allergic sensitization, the partial loss of
protection observed in T cell-specific RAMP1-deficient mice
implies contributions from additional cell types. Previous studies
have shown that CGRP can also regulate ILC2s (12) and endothelial
cells (63), suggesting that these populations may cooperate with
CD4" T cells to mediate the inflammatory effects induced by CGRP.
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CGRP exerts potent vasodilatory effects (64). In vitro, 100 nM
CGRP is a commonly used concentration for receptor activation
assays (12, 48, 65-67). Previous studies indicate that concentrations
above 100 nM can elicit robust vascular responses but do not
influence protein extravasation or sensory irritation (64, 68). In
vivo, CGRP doses 1-10 pg/mouse/day have been used to inhibit
influenza, airway inflammation, colitis and liver injury (12, 65-67).
Considering the short half-life (7-10 min) of CGRP in adult
circulation (69), we employed 5 pg/mouse twice a day and did
not find any adverse effect. Collectively, both the in vitro and in vivo
doses used in our study are consistent with the ones widely used and
experimentally applicable.

Our results highlight CD4" T cells as key mediators of the effects
of CGRP-RAMPI1 on allergic sensitization. CGRP-RAMP1 may
thus represent a complementary approach to existing allergic
asthma therapies. In contrast to the broad-spectrum
inflammatory effects and associated adverse outcomes of
corticosteroids (70, 71), CGRP selectively targets neuroimmune
interactions. Integrating CGRP-based interventions with
conventional treatments may provide novel therapeutic
opportunities, particularly for patients with steroid-resistant or
severe asthma.

Although serum IgE is often regarded as a useful marker of
allergic responses, many murine allergic asthma models validate
primarily through histopathology, BALF analyses, and lung cellular
responses without including IgE measurements (44, 72-79). In line
with these practices, we assessed H&E and PAS staining, BALF
immune cell infiltration, and LN-derived B cell and GC responses—
which demonstrated enhanced sensitization and airway
inflammation, as well as their attenuation under CGRP-RAMP1
signaling. Future studies incorporating serological IgE analyses will
provide an additional layer of validation and further refine these
findings. In addition, a limitation of our study is that the CD4-Cre
system also induces recombination in CD8" T cells due to transient
CD4 expression during thymic development. However, CD4" T
cells are well established as the principal drivers of allergic
sensitization and asthma, whereas the involvement of CD8* T
cells has not been widely recognized. Consistent with this, our
data showed that CD4" T cell-specific RAMP1 deletion did not
significantly alter CD8" T cell populations, suggesting that the
phenotypes described here are predominantly mediated by CD4"
T cells.

5 Conclusion

Our study identifies the CGRP-RAMPI1 pathway as a
neuroimmune axis that plays a pivotal role in regulating adaptive
immune responses, particularly in allergic sensitization. We
demonstrate that CGRP™ sensory nerve fibers densely innervate
medLNs, and their density significantly decreases after allergen
sensitization. By showing that RAMP1 is preferentially expressed on
naive CD4" T cells, we uncover a mechanism by which CGRP,
through RAMP1, modulates T cell activation and differentiation.
Notably, exogenous CGRP treatment attenuates Tth cell
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accumulation and B cell activation, mitigating allergic
sensitization in a RAMP1-dependent manner. Furthermore, our
in vivo asthma model shows that systemic CGRP treatment during
the sensitization reduces airway inflammation and mucus
hypersecretion. These findings highlight the importance of
neuroimmune regulation in allergic diseases and identify the
CGRP-RAMP1 axis as a potential therapeutic target linking the
nervous and immune systems.

Data availability statement

Data will be made available on request. The raw sequencing
data from this study have been deposited in the Genome Sequence
Archive in BIG Data Center (https://bigd.big.ac.cn/), Beijing
Institute of Genomics (BIG), Chinese Academy of Sciences, under
the accession number: TCR-seq, PRJCA046607; ATAC-seq,
PRJCA046606; and RNA-seq, PRJCA046604.

Ethics statement

The animal study was approved by Animal Care and Use
Committee of Southern University of Science and Technology.
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

XL: Conceptualization, Formal analysis, Methodology,
Writing - original draft, Writing - review & editing, Data
curation, Investigation, Software, Validation, Visualization. YZ:
Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing - review & editing.
WC: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Writing - review & editing. QM: Data
curation, Software, Writing — review & editing, Visualization. AH:
Data curation, Writing - review & editing, Investigation,
Methodology. JP: Data curation, Investigation, Writing — review
& editing, Validation. DC: Data curation, Investigation, Validation,
Writing - review & editing. YX: Data curation, Investigation,
Writing - review & editing, Methodology. JW: Data curation,
Investigation, Methodology, Writing — review & editing. HS: Data
curation, Methodology, Writing - review & editing. QL:
Methodology, Writing - review & editing, Conceptualization,
Formal analysis, Funding acquisition, Project administration,
Resources, Supervision, Writing - original draft.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by grants from the National Natural Science Foundation of China

frontiersin.org


https://bigd.big.ac.cn/
https://doi.org/10.3389/fimmu.2025.1671269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

(81971507) and the Shenzhen Science and Technology Innovation
Committee (ZDSYS20200810171403013) to QL.

Acknowledgments

We thank Dr. Yang Xu at the Southern University of Science
and Technology for reagents and helpful discussions. We thank Dr.
Jiale Cai at the Southern Medical University for critical reading of
the manuscript. Graphical depictions were created using BioRender.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

1. Huh JR, Veiga-Fernandes H. Neuroimmune circuits in inter-organ
communication. Nat Rev Immunol. (2020) 20:217-28. doi: 10.1038/s41577-019-
0247-2

2. Godinho-Silva C, Cardoso F, Veiga-Fernandes H. Neuro-immune cell units: A
new paradigm in physiology. Annu Rev Immunol. (2019) 37:19-46. doi: 10.1146/
annurev-immunol-042718-041812

3. Udit S, Blake K, Chiu IM. Somatosensory and autonomic neuronal regulation of
the immune response. Nat Rev Neurosci. (2022) 23:157-71. doi: 10.1038/s41583-021-
00555-4

4. Di Giovangiulio M, Verheijden S, Bosmans G, Stakenborg N, Boeckxstaens GE,
Matteoli G. The neuromodulation of the intestinal immune system and its relevance in
inflammatory bowel disease. Front Immunol. (2015) 6:590. doi: 10.3389/
fimmu.2015.00590

5. Huang S, Ziegler CGK, Austin J, Mannoun N, Vukovic M, Ordovas-Montanes J,
et al. Lymph nodes are innervated by a unique population of sensory neurons with
immunomodulatory potential. Cell. (2021) 184:441-459.e25. doi: 10.1016/
j.cell2020.11.028

6. Murray K, Barboza M, Rude KM, Brust-Mascher I, Reardon C. Functional
circuitry of neuro-immune communication in the mesenteric lymph node and
spleen. Brain Behavior Immun. (2019) 82:214-23. doi: 10.1016/j.bbi.2019.08.188

7. De Virgiliis F, Oliva VM, Kizil B, Scheiermann C. Control of lymph node activity
by direct local innervation. Trends Neurosci. (2022) 45:704-12. doi: 10.1016/
j.tins.2022.06.006

8. Qian G, Jiang W, Sun D, Sun Z, Chen A, Fang H, et al. B-cell-derived IL-10
promotes allergic sensitization in asthma regulated by Bcl-3. Cell Mol Immunol. (2023)
20:1313-27. doi: 10.1038/s41423-023-01079-w

9. Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet. (2018) 391:783-
800. doi: 10.1016/s0140-6736(17)33311-1

10. Kulkarni NS, Hollins F, Sutcliffe A, Saunders R, Shah S, Siddiqui S, et al.
Eosinophil protein in airway macrophages: a novel biomarker of eosinophilic
inflammation in patients with asthma. J Allergy Clin Immunol. (2010) 126:61-9.e3.
doi: 10.1016/.jaci.2010.03.026

11. Holgate ST, Wenzel S, Postma DS, Weiss ST, Renz H, Sly PD. Asthma. Nat Rev
Dis Primers. (2015) 1:15025. doi: 10.1038/nrdp.2015.25

Frontiers in Immunology

17

10.3389/fimmu.2025.1671269

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1671269/full#supplementary-material

SUPPLEMENTARY VIDEO 1
Whole-mount immunohistochemistry showing the distribution of CGRP*
fibers (blue) in medLNs from a representative sham mouse.

SUPPLEMENTARY VIDEO 2
Whole-mount immunohistochemistry showing the distribution of CGRP*
fibers (blue) in medLNs from a representative day 7-sensitized mouse.

12. Wallrapp A, Burkett PR, Riesenfeld SJ, Kim SJ, Christian E, Abdulnour RE, et al.
Calcitonin gene-related peptide negatively regulates alarmin-driven type 2 innate
lymphoid cell responses. Immunity. (2019) 51:709-723.e6. doi: 10.1016/
j-immuni.2019.09.005

13. Renier N, Wu Z, Simon DJ, Yang J, Ariel P, Tessier-Lavigne M. iDISCO: a
simple, rapid method to immunolabel large tissue samples for volume imaging. Cell.
(2014) 159:896-910. doi: 10.1016/j.cell.2014.10.010

14. Cao Y, Li Y, Wang X, Liu S, Zhang Y, Liu G, et al. Dopamine inhibits group 2
innate lymphoid cell-driven allergic lung inflammation by dampening mitochondrial
activity. Immunity. (2023) 56(2):320-35.€9. doi: 10.1016/j.immuni.2022.12.017

15. Harris JE, Ford CE, Barnes DW, Evans EP. Evidence from parabiosis for an
afferent stream of cells. Nature. (1964) 201:886-7. doi: 10.1038/201886a0

16. Amisaki M, Zebboudj A, Yano H, Zhang SL, Payne G, Chandra AK, et al. IL-33-
activated ILC2s induce tertiary lymphoid structures in pancreatic cancer. Nature.
(2025) 638(8052):1076-84. doi: 10.1038/s41586-024-08426-5

17. Liu Q, Rojas-Canales DM, Divito SJ, Shufesky WJ, Stolz DB, Erdos G, et al.
Donor dendritic cell-derived exosomes promote allograft-targeting immune response. J
Clin Invest. (2016) 126:2805-20. doi: 10.1172/JCI84577

18. Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco-Madeira
F, Toussaint W, et al. Conventional and monocyte-derived CD11b(+) dendritic cells
initiate and maintain T helper 2 cell-mediated immunity to house dust mite allergen.
Immunity. (2013) 38:322-35. doi: 10.1016/j.immuni.2012.10.016

19. Schuijs MJ, Willart MA, Vergote K, Gras D, Deswarte K, Ege MJ, et al. Farm dust
and endotoxin protect against allergy through A20 induction in lung epithelial cells.
Science. (2015) 349:1106-10. doi: 10.1126/science.aac6623

20. Bashir ST, Redden CR, Raj K, Arcanjo RB, Stasiak S, Li Q, et al. Endometriosis
leads to central nervous system-wide glial activation in a mouse model of
endometriosis. ] Neuroinflamm. (2023) 20:59. doi: 10.1186/s12974-023-02713-0

21. Arganda-Carreras I, Kaynig V, Rueden C, Eliceiri KW, Schindelin ], Cardona A,
et al. Trainable Weka Segmentation: a machine learning tool for microscopy
pixel classification. Bioinformatics. (2017) 33:2424-6. doi: 10.1093/bioinformatics/
btx180

22. Jensen EC. Quantitative analysis of histological staining and fluorescence using
Image]. Anat Rec (Hoboken). (2013) 296:378-81. doi: 10.1002/ar.22641

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1671269/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1671269/full#supplementary-material
https://doi.org/10.1038/s41577-019-0247-z
https://doi.org/10.1038/s41577-019-0247-z
https://doi.org/10.1146/annurev-immunol-042718-041812
https://doi.org/10.1146/annurev-immunol-042718-041812
https://doi.org/10.1038/s41583-021-00555-4
https://doi.org/10.1038/s41583-021-00555-4
https://doi.org/10.3389/fimmu.2015.00590
https://doi.org/10.3389/fimmu.2015.00590
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1016/j.bbi.2019.08.188
https://doi.org/10.1016/j.tins.2022.06.006
https://doi.org/10.1016/j.tins.2022.06.006
https://doi.org/10.1038/s41423-023-01079-w
https://doi.org/10.1016/s0140-6736(17)33311-1
https://doi.org/10.1016/j.jaci.2010.03.026
https://doi.org/10.1038/nrdp.2015.25
https://doi.org/10.1016/j.immuni.2019.09.005
https://doi.org/10.1016/j.immuni.2019.09.005
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1016/j.immuni.2022.12.017
https://doi.org/10.1038/201886a0
https://doi.org/10.1038/s41586-024-08426-5
https://doi.org/10.1172/JCI84577
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1126/science.aac6623
https://doi.org/10.1186/s12974-023-02713-0
https://doi.org/10.1093/bioinformatics/btx180
https://doi.org/10.1093/bioinformatics/btx180
https://doi.org/10.1002/ar.22641
https://doi.org/10.3389/fimmu.2025.1671269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

23. Alcover A, Alarcon B, Di Bartolo V. Cell biology of T cell receptor expression
and regulation. Annu Rev Immunol. (2018) 36:103-25. doi: 10.1146/annurev-
immunol-042617-053429

24. Masopust D, Soerens AG. Tissue-resident T cells and other resident leukocytes.
Annu Rev Immunol. (2019) 37:521-46. doi: 10.1146/annurev-immunol-042617-053214

25. Fan X, Rudensky AY. Hallmarks of tissue-resident lymphocytes. Cell. (2016)
164:1198-211. doi: 10.1016/j.cell.2016.02.048

26. Mix MR, Harty JT. Keeping T cell memories in mind. Trends Immunol. (2022)
43:1018-31. doi: 10.1016/;.it.2022.10.001

27. Yang C, Liu ZL, Wang J, Bu XL, Wang Y], Xiang Y. Parabiosis modeling:
protocol, application and perspectives. Zool Res. (2021) 42:253-61. doi: 10.24272/
j.issn.2095-8137.2020.368

28. DiToro D, Winstead CJ, Pham D, Witte S, Andargachew R, Singer JR, et al.
Differential IL-2 expression defines developmental fates of follicular versus
nonfollicular helper T cells. Science. (2018) 361(6407):eaa02933. doi: 10.1126/
science.aa02933

29. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and activation
of the immune system. Nat Rev Immunol. (2012) 12:180-90. doi: 10.1038/nri3156

30. Lee JY, Skon CN, Lee YJ, Oh S, Taylor JJ, Malhotra D, et al. The transcription
factor KLF2 restrains CD4(+) T follicular helper cell differentiation. Immunity. (2015)
42:252-64. doi: 10.1016/j.immuni.2015.01.013

31. Baeyens A, Fang V, Chen C, Schwab SR. Exit strategies: S1P signaling and T cell
migration. Trends Immunol. (2015) 36:778-87. doi: 10.1016/j.it.2015.10.005

32. Carlson CM, Endrizzi BT, Wu J, Ding X, Weinreich MA, Walsh ER, et al.
Kruppel-like factor 2 regulates thymocyte and T-cell migration. Nature. (2006)
442:299-302. doi: 10.1038/nature04882

33. Sandhu SK, Volinia S, Costinean S, Galasso M, Neinast R, Santhanam R, et al.
miR-155 targets histone deacetylase 4 (HDAC4) and impairs transcriptional activity of
B-cell lymphoma 6 (BCL6) in the Emu-miR-155 transgenic mouse model. Proc Natl
Acad Sci U.S.A. (2012) 109:20047-52. doi: 10.1073/pnas.1213764109

34. McDonald PW, Read KA, Baker CE, Anderson AE, Powell MD, Ballesteros-Tato
A, et al. IL-7 signalling represses Bcl-6 and the TFH gene program. Nat Commun.
(2016) 7:10285. doi: 10.1038/ncomms10285

35. Wan S, Ni L, Zhao X, Liu X, Xu W, Jin W, et al. Costimulation molecules
differentially regulate the ERK-Zfp831 axis to shape T follicular helper cell
differentiation. Immunity. (2021) 54:2740-2755.¢6. doi: 10.1016/j.immuni.2021.09.018

36. Walker LSK. The link between circulating follicular helper T cells and
autoimmunity. Nat Rev Immunol. (2022) 22:567-75. doi: 10.1038/s41577-022-00693-5

37. Ballesteros-Tato A, Randall TD, Lund FE, Spolski R, Leonard WJ, Leon B. T
follicular helper cell plasticity shapes pathogenic T helper 2 cell-mediated immunity to
inhaled house dust mite. Immunity. (2016) 44:259-73. doi: 10.1016/
jimmuni.2015.11.017

38. Gowthaman U, Chen JS, Zhang B, Flynn WF, Lu Y, Song W, et al. Identification
of a T follicular helper cell subset that drives anaphylactic IgE. Science. (2019) 365
(6456):eaaw6433. doi: 10.1126/science.aaw6433

39. Grydziuszko E, Phelps A, Bruton K, Jordana M, Koenig JFE. Heterogeneity,
subsets, and plasticity of T follicular helper cells in allergy. J Allergy Clin Immunol.
(2022) 150:990-8. doi: 10.1016/j.jaci.2022.08.023

40. Mignini F, Sabbatini M, Mattioli L, Cosenza M, Artico M, Cavallotti C. Neuro-
immune modulation of the thymus microenvironment (review). Int ] Mol Med. (2014)
33:1392-400. doi: 10.3892/ijmm.2014.1709

41. Bulloch K, McEwen BS, Diwa A, Radojcic T, Hausman J, Baird S. The role of
calcitonin gene-related peptide in the mouse thymus revisited. Ann N Y Acad Sci.
(1994) 741:129-36. doi: 10.1111/.1749-6632.1994.tb23094.x

42. Bulloch K, McEwen BS, Nordberg ], Diwa A, Baird S. Selective regulation of T-
cell development and function by calcitonin gene-related peptide in thymus and spleen.
An example of differential regional regulation of immunity by the neuroendocrine
system. Ann N'Y Acad Sci. (1998) 840:551-62. doi: 10.1111/j.1749-6632.1998.tb09594.x

43. Naot D, Musson DS, Cornish J. The activity of peptides of the calcitonin family
in bone. Physiol Rev. (2019) 99:781-805. doi: 10.1152/physrev.00066.2017

44. Sui P, Wiesner DL, Xu J, Zhang Y, Lee ], Van Dyken S, et al. Pulmonary
neuroendocrine cells amplify allergic asthma responses. Science. (2018) 360(6393):
eaan8546. doi: 10.1126/science.aan8546

45, Talbot S, Abdulnour R-Elie E, Burkett Patrick R, Lee S, Cronin Shane JF, Pascal
Maud A, et al. Silencing nociceptor neurons reduces allergic airway inflammation.
Neuron. (2015) 87:341-54. doi: 10.1016/j.neuron.2015.06.007

46. Trankner D, Hahne N, Sugino K, Hoon MA, Zuker C. Population of sensory
neurons essential for asthmatic hyperreactivity of inflamed airways. Proc Natl Acad Sci.
(2014) 111:11515-20. doi: 10.1073/pnas.1411032111

47. Pavlov VA, Chavan SS, Tracey KJ. Molecular and functional neuroscience in
immunity. Annu Rev Immunol. (2018) 36:783-812. doi: 10.1146/annurev-immunol-
042617-053158

48. Perner C, Flayer CH, Zhu X, Aderhold PA, Dewan ZNA, Voisin T, et al
Substance P release by sensory neurons triggers dendritic cell migration and initiates
the type-2 immune response to allergens. Immunity. (2020) 53:1063-1077.e7.
doi: 10.1016/j.immuni.2020.10.001

Frontiers in Immunology

18

10.3389/fimmu.2025.1671269

49. Tamari M, Del Bel KL, Ver Heul AM, Zamidar L, Orimo K, Hoshi M, et al.
Sensory neurons promote immune homeostasis in the lung. Cell. (2024) 187:44-61.e17.
doi: 10.1016/j.cell.2023.11.027

50. Serhan N, Basso L, Sibilano R, Petitfils C, Meixiong J, Bonnart C, et al. House
dust mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation. Nat
Immunol. (2019) 20:1435-43. doi: 10.1038/541590-019-0493-z

51. Lambrecht BN, Hammad H, Fahy JV. The cytokines of asthma. Immunity.
(2019) 50:975-91. doi: 10.1016/j.immuni.2019.03.018

52. Yang X, Ding W, Lou F, Xu H, Sheng A, Sun Y, et al. Nociceptor-derived CGRP
enhances dermal type I conventional dendritic cell function to drive autoreactive CD8+
T cell responses in vitiligo. Immunity. (2025) 58(8):2086-103.e9. doi: 10.1016/
jimmuni.2025.05.018

53. Hosoi J, Murphy GF, Egan CL, Lerner EA, Grabbe S, Asahina A, et al. Regulation
of Langerhans cell function by nerves containing calcitonin gene-related peptide.
Nature. (1993) 363:159-63. doi: 10.1038/363159a0

54. Vinuesa CG, Linterman MA, Yu D, MacLennan IC. Follicular helper T cells.
Annu Rev Immunol. (2016) 34:335-68. doi: 10.1146/annurev-immunol-041015-055605

55. Choi YS, Gullicksrud JA, Xing S, Zeng Z, Shan Q, Li F, et al. LEF-1 and TCF-1
orchestrate T(FH) differentiation by regulating differentiation circuits upstream of the
transcriptional repressor Bcl6. Nat Immunol. (2015) 16:980-90. doi: 10.1038/ni.3226

56. He L, Gu W, Wang M, Chang X, Sun X, Zhang Y, et al. Extracellular matrix
protein 1 promotes follicular helper T cell differentiation and antibody production.
Proc Natl Acad Sci U.S.A. (2018) 115:8621-6. doi: 10.1073/pnas.1801196115

57. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. (2011)
29:621-63. doi: 10.1146/annurev-immunol-031210-101400

58. Crotty S. T follicular helper cell biology: A decade of discovery and diseases.
Immunity. (2019) 50:1132-48. doi: 10.1016/j.immuni.2019.04.011

59. Kiindig TM, Schorle H, Bachmann MF, Hengartner H, Zinkernagel RM, Horak
I. Immune responses in interleukin-2-deficient mice. Science. (1993) 262:1059-61.
doi: 10.1126/science.8235625

60. Kemeny DM. The role of the T follicular helper cells in allergic disease. Cell Mol
Immunol. (2012) 9:386-9. doi: 10.1038/cmi.2012.31

61. Varricchi G, Harker J, Borriello F, Marone G, Durham SR, Shamji MH. T
follicular helper (Tth ) cells in normal immune responses and in allergic disorders.
Allergy. (2016) 71:1086-94. doi: 10.1111/all.12878

62. Hou Y, Sun L, LaFleur MW, Huang L, Lambden C, Thakore PI, et al.
Neuropeptide signalling orchestrates T cell differentiation. Nature. (2024) 635
(8038):444-52. doi: 10.1038/541586-024-08049-w

63. XuJ, Xu L, Sui P, Chen J, Moya EA, Hume P, et al. Excess neuropeptides in lung
signal through endothelial cells to impair gas exchange. Dev Cell. (2022) 57:839-853.¢6.
doi: 10.1016/j.devcel.2022.02.023

64. Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related
peptide: physiology and pathophysiology. Physiol Rev. (2014) 94:1099-142.
doi: 10.1152/physrev.00034.2013

65. Wu M, Song G, Li ], Song Z, Zhao B, Liang L, et al. Innervation of nociceptor
neurons in the spleen promotes germinal center responses and humoral immunity.
Cell. (2024) 187(12):2935-51.e19. doi: 10.1016/j.cell.2024.04.027

66. Yang D, Jacobson A, Meerschaert KA, Sifakis JJ, Wu M, Chen X, et al
Nociceptor neurons direct goblet cells via a CGRP-RAMP1 axis to drive mucus
production and gut barrier protection. Cell. (2022) 185:4190-4205.e25. doi: 10.1016/
j.cell.2022.09.024

67. Kroeger I, Erhardt A, Abt D, Fischer M, Biburger M, Rau T, et al. The
neuropeptide calcitonin gene-related peptide (CGRP) prevents inflammatory liver
injury in mice. J Hepatol. (2009) 51(2):342-53. doi: 10.1016/j.jhep.2009.03.022

68. Weidner C, Klede M, Rukwied R, Lischetzki G, Neisius U, Schmelz M, et al. Acute

effects of substance P and calcitonin gene-related peptide in human skin - A microdialysis
study. J Invest Dermatol. (2000) 115:1015-20. doi: 10.1046/j.1523-1747.2000.00142.x

69. Thakor AS, Giussani DA. Role of nitric oxide in mediating in vivo vascular
responses to calcitonin gene-related peptide in essential and peripheral circulations in
the fetus. Circulation. (2005) 112:2510-6. doi: 10.1161/circulationaha.105.562546

70. Cottu A, Groh M, Desaintjean C, Marchand-Adam S, Guillevin L, Puechal X,
et al. Benralizumab for eosinophilic granulomatosis with polyangiitis. Ann Rheum Dis.
(2023) 82:1580-6. doi: 10.1136/ard-2023-224624

71. Papi A, Chipps BE, Beasley R, Panettieri RA Jr., Israel E, Cooper M, et al.
Albuterol-budesonide fixed-dose combination rescue inhaler for asthma. N Engl ] Med.
(2022) 386:2071-83. doi: 10.1056/NEJMo0a2203163

72. Tussiwand R, Everts B, Grajales-Reyes GE, Kretzer NM, Iwata A, Bagaitkar J,
et al. KIf4 expression in conventional dendritic cells is required for T helper 2 cell
responses. Immunity. (2015) 42:916-28. doi: 10.1016/j.immuni.2015.04.017

73. Kudo M, Melton AC, Chen C, Engler MB, Huang KE, Ren X, et al. IL-17A
produced by alphabeta T cells drives airway hyper-responsiveness in mice and
enhances mouse and human airway smooth muscle contraction. Nat Med. (2012)
18:547-54. doi: 10.1038/nm.2684

74. Arnold IC, Dehzad N, Reuter S, Martin H, Becher B, Taube C, et al. Helicobacter
pylori infection prevents allergic asthma in mouse models through the induction of
regulatory T cells. J Clin Invest. (2011) 121:3088-93. doi: 10.1172/jci45041

frontiersin.org


https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1146/annurev-immunol-042617-053214
https://doi.org/10.1016/j.cell.2016.02.048
https://doi.org/10.1016/j.it.2022.10.001
https://doi.org/10.24272/j.issn.2095-8137.2020.368
https://doi.org/10.24272/j.issn.2095-8137.2020.368
https://doi.org/10.1126/science.aao2933
https://doi.org/10.1126/science.aao2933
https://doi.org/10.1038/nri3156
https://doi.org/10.1016/j.immuni.2015.01.013
https://doi.org/10.1016/j.it.2015.10.005
https://doi.org/10.1038/nature04882
https://doi.org/10.1073/pnas.1213764109
https://doi.org/10.1038/ncomms10285
https://doi.org/10.1016/j.immuni.2021.09.018
https://doi.org/10.1038/s41577-022-00693-5
https://doi.org/10.1016/j.immuni.2015.11.017
https://doi.org/10.1016/j.immuni.2015.11.017
https://doi.org/10.1126/science.aaw6433
https://doi.org/10.1016/j.jaci.2022.08.023
https://doi.org/10.3892/ijmm.2014.1709
https://doi.org/10.1111/j.1749-6632.1994.tb23094.x
https://doi.org/10.1111/j.1749-6632.1998.tb09594.x
https://doi.org/10.1152/physrev.00066.2017
https://doi.org/10.1126/science.aan8546
https://doi.org/10.1016/j.neuron.2015.06.007
https://doi.org/10.1073/pnas.1411032111
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1016/j.immuni.2020.10.001
https://doi.org/10.1016/j.cell.2023.11.027
https://doi.org/10.1038/s41590-019-0493-z
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1016/j.immuni.2025.05.018
https://doi.org/10.1016/j.immuni.2025.05.018
https://doi.org/10.1038/363159a0
https://doi.org/10.1146/annurev-immunol-041015-055605
https://doi.org/10.1038/ni.3226
https://doi.org/10.1073/pnas.1801196115
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1126/science.8235625
https://doi.org/10.1038/cmi.2012.31
https://doi.org/10.1111/all.12878
https://doi.org/10.1038/s41586-024-08049-w
https://doi.org/10.1016/j.devcel.2022.02.023
https://doi.org/10.1152/physrev.00034.2013
https://doi.org/10.1016/j.cell.2024.04.027
https://doi.org/10.1016/j.cell.2022.09.024
https://doi.org/10.1016/j.cell.2022.09.024
https://doi.org/10.1016/j.jhep.2009.03.022
https://doi.org/10.1046/j.1523-1747.2000.00142.x
https://doi.org/10.1161/circulationaha.105.562546
https://doi.org/10.1136/ard-2023-224624
https://doi.org/10.1056/NEJMoa2203163
https://doi.org/10.1016/j.immuni.2015.04.017
https://doi.org/10.1038/nm.2684
https://doi.org/10.1172/jci45041
https://doi.org/10.3389/fimmu.2025.1671269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

75. Wallrapp A, Riesenfeld S], Burkett PR, Abdulnour RE, Nyman ], Dionne D, et al.
The neuropeptide NMU amplifies ILC2-driven allergic lung inflammation. Nature.
(2017) 549:351-6. doi: 10.1038/nature24029

76. Hammad H, Chieppa M, Perros F, Willart MA, Germain RN, Lambrecht BN.
House dust mite allergen induces asthma via Toll-like receptor 4 triggering of airway
structural cells. Nat Med. (2009) 15:410-6. doi: 10.1038/nm.1946

77. Steer CA, Matha L, Shim H, Takei F. Lung group 2 innate lymphoid cells are
trained by endogenous IL-33 in the neonatal period. JCI Insight. (2020) 5(14):e135961.
doi: 10.1172/jci.insight.135961

Frontiers in Immunology

19

10.3389/fimmu.2025.1671269

78. Ravanetti L, Dijkhuis A, Dekker T, Sabogal Pineros YS, Ravi A, Dierdorp BS,
et al. IL-33 drives influenza-induced asthma exacerbations by halting innate and
adaptive antiviral immunity. J Allergy Clin Immunol. (2019) 143:1355-1370.e16.
doi: 10.1016/j.jaci.2018.08.051

79. Bachus H, Kaur K, Papillion AM, Marquez-Lago TT, Yu Z, Ballesteros-
Tato A, et al. Impaired tumor-necrosis-factor-alpha-driven dendritic
cell activation limits lipopolysaccharide-induced protection from allergic
inflammation in infants. Immunity. (2019) 50:225-240.e4. doi: 10.1016/j.immuni.
2018.11.012

frontiersin.org


https://doi.org/10.1038/nature24029
https://doi.org/10.1038/nm.1946
https://doi.org/10.1172/jci.insight.135961
https://doi.org/10.1016/j.jaci.2018.08.051
https://doi.org/10.1016/j.immuni.2018.11.012
https://doi.org/10.1016/j.immuni.2018.11.012
https://doi.org/10.3389/fimmu.2025.1671269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CGRP restrains CD4+ T cell responses and allergic sensitization
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Whole-mount immunohistochemistry
	2.3 Immunofluorescence
	2.4 Tissue collection and single-cell suspension
	2.5 Flow cytometry
	2.6 RT–qPCR
	2.7 Western blot
	2.8 TCR sequencing
	2.9 Parabiosis
	2.10 Adoptive transfer of CD4+ T cells
	2.11 Synthetic CGRP
	2.12 CD4+ T cell isolation, culture, and stimulation
	2.13 RNA-seq
	2.14 ATAC-seq
	2.15 BMDC isolation, culture and stimulation
	2.16 Induction of allergic sensitization and allergic asthma
	2.17 Hematoxylin-eosin and periodic acid-Schiff staining
	2.18 Statistical analysis

	3 Results
	3.1 CGRP+ fibers are enriched in medLNs, and RAMP1 is expressed by CD4+ T cells
	3.2 RAMP1 expression does not affect thymocyte development, TCR diversity or tissue residency of CD4+ T cells
	3.3 CGRP restrains CD4+ T cell activation and effector differentiation
	3.4 CGRP reshapes the epigenome and transcriptome of CD4+ T cells and restrains their Tfh-like differentiation
	3.5 CD4+ T cell-specific RAMP1 deficiency promotes Tfh cell accumulation and exacerbates allergic sensitization
	3.6 CGRP suppresses Tfh cell accumulation and limits allergic sensitization
	3.7 RAMP1 expression in CD4+ T cells is required to limit allergic asthma
	3.8 CGRP treatment during sensitization attenuates allergic asthma

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


