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Tissue-resident memory T (Trm) cells are enriched at the s# of previous infection
and required for enhanced protective immunity. However, t emergence of Trm cells
and their roles in providing protection are unclear in the kel of Helicobacter pylori(H.
pylori) vaccinology. Here, our results suggest that conventionalaccine strategies are
unable to establish a measurable antigen (Ag)-specic menmmy cell pool in stomach;
in comparison, gastric subserous injection of mice with mio-dose of Alum-based H.
pylori vaccine can induce a pool of local CDL Trm cells. Regional recruitment of
Ag-specic CD4C T cells depends on the engagement of Ag and adjuvant-induced
in ammation. Prior subcutaneous vaccination enhanced tl§ recruitment. A stable
pool of Ag-specic CD4C T cells can be detected for 240 days. Two weeks of
FTY720 administration in immune mice suggests that these dis do not experience
the recirculation. Immunohistochemistry results show thiaclose to the vaccination site,
abundant CDACT cells locate on epithelial niches, independent of lymphade cluster.
Paradigmatically, Ag-specic CDAC T cells with a phenotype of CD6L CD103- are
preferential on lymphocytes isolated from epithelium. Upo Helicobacter infection,
CD4C Trm cells orchestrate a swift recall response with the recitment of circulating
antigen-speci ¢ Th1/Th17 cells to trigger a tissue-wide pahogen clearance. This study
investigates the vaccine-induced gastric CDZ Trm cells in a mice model, and highlights
the need for designing a vaccine strategy againgtl. pylori by establishing the protective
CDA4C Trm cells.

Keywords: tissue-resident memory T cells, CD4
memory

C T cells, subunit vaccine, Helicobacter pylori , immunological

INTRODUCTION

In addition to e ector memory T (Tem) cells and central memofy(Tcm) cells, tissue-resident
memory T (Trm) cells are the third subset of memory T cells thedide in the non-lymphoid
tissues without entering recirculatiori); Proximity to the entry points of pathogens and their
state of di erentiation ensure that Trm cells can rapidly re&as local infection -5). A study
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reveals that a subset of e ector T cells within non-in amed water bath. Vaccine with Alum was prepared with an equal
tissues manipulate the potential to di erentiate into Trm eell volume of CCF solution and Alum adjuvant. CpG ODN 1826
after adaption to local survival cue$)( However, in most was obtained from Sangon Biotech Co., Led. (China, Shahghai
scenarios of immunization/infection, Trm cells emergetgathe  and dissolved in CCF solution before intranasal vaccimatio
resolution of local in ammation {, 7). Trm cell populations are
well-characterized in terms of Trm cells derived from aDg  Animals and Immunizations
cells or generated in response to invasive pathogens, buésse | Eight-week-old female C57BL/6J mice were obtained from the
well-understood in terms of Trm cells derived from CO4 cells Comparative Medicine Center of Yangzhou University and bred
or generated in response to non-invasive pathogenic baqtéyia at the China Pharmaceutical University Animal Experimental
Helicobacter pyloiH. pylori) is a highly successful pathogen Center. All animal experiments were approved by the Animal
that colonizes the stomach of human8).( Development of Ethical and Experimental Committee of China Pharmaceutical
vaccines is one of the desirable alternative strategidimmate  University. The immunizations were performed according te th
the threat ofH. pylori. Previous clinical trials have demonstratedtimetables in the gures and the doses of antigen and adjts/an
that many attempts fail to provide su cient protection agairidt ~ are indicated in the gure captions or special region of the rgu
pyloriin human (9, 10). Evidence obtained from mice suggests . . .
a strong ability of this bacterium to alter the detection of Gastric Subserous Layer Vaccination
pattern recognition receptors (PRRs) and subvert host immundlice were anesthetized with 15 mg/kg Xylazine and 100 mg/kg
system by producing multiple virulence factoiis). When facing  Ketamine, and placed on a body temperature heating pad. After
this pathogen, host immune system is unable to orchestrate ghaving the right abdomen, a 1.5cm incision was made above
potent response to purge the infection. Most infected individua the stomach. After laparotomy, the stomach was localized, an
develop asymptomatic chronic gastritis, which sustains their 5 M vaccine preparation (Volume, CCF solution: Alubn 1:1,
lifetimes if no antibiotic intervention. It is commonly aepted ~containing 7.5mg CCF) was injected into the gastric subserous
the need for CDE& T cells, rather than CD8 T cells or layer of the greater curvature using a Hamilton syringe with
antibody-mediated responses, in providing protectidr?,(13. @ 33G needle. Then, suturing with PGA absorbable sutures
Multiple studies using conventional vaccine strategies sthay ~ was performed using uninterrupted sutures for the peritoneum
vaccination reduces!. pylori colonization in mice {3-18). Yet, —and interrupted sutures for the skin incision (Shanghai Pugion
the emergence of gastric Trm cells in these studies remaifénhuan Medical Products Co., Ltd.).
enigmatic. Dependence solely on recalling circulating msmo . . .
T cgells inducepd by conventignal vaccinagon may rgsul??:l QL reparation of Single-Cell Suspensions
delay and “miss the boat” for optimal protection. Establighin From Gastric Tissue
a CDAC Trm pool in stomach by vaccination and exploring Single-cell suspensions were prepared as a previous study with
the generation, maintenance, and behavior of these ce#ls amodi cations (21). Brie y, the whole stomach was isolated, cut
attractive. However, the rst-line challenges are how tacsthese  through the lesser curvature, and the contents were removed
pathogen-speci c CD& T cells into the tissue “battle eld” and before being placed into 15ml RPMI 1640 containing 10 mM
make sure that a COZ Trm pool can be detected. To addressHEPES, 10% FBS, 4mM EDTA, and 0.5mM dithiothreitol.
these gaps in the eld, by using intracellular cytokine stagni  Gastric epithelial lymphocytes were isolated by shaking &t 25
we assessed the magnitude of antigen (Ag)-specic C@4élls rpm and 37C for 30min. Tissues were then minced and
after various vaccinations and found a measurable pool of Agncubated with another 15ml RPMI 1640 containing 10 mM
speci c CDAC Trm cells in mice that vaccinated with micro- HEPES, 10% FBS, 4mM EDTA, and 0.5mM dithiothreitol
dose of Alum-basedt. pylorivaccine in gastric subserosa layerfor 15min to isolate the remaining lymphocytes. Supernatants
(GSL). The characteristics and mechanism of protectionrsgjai were passed through a @®n cell strainer. After washing and
H. pylori were further investigated in these cells. This studycentrifugation, cell pellets were resuspended in an appropriate
proposes a notion that investigators should take into acca@unt medium for further analysis or culture.

subset of Trm cells when planning &h pylorivaccine strategy. ) ) ]
Preparation of Single-Cell Suspensions

MATERIALS AND METHODS From Lymphoid Organs and Blood
) ) The spleen and mesenteric lymph nodes were isolated and gently
Vaccine Preparation pushed through a 76m cell strainer. After extensive washing,

Puried CCF protein and GEM particles were prepared andcells from the lymph nodes were collected. The cells from the
stored according to previous protocolsq 20). Brie y, the CCF  spleen and blood were suspended in 7 ml erythrocyte lysis bu er
protein was expressed kgscherichia colRosetta (DE3) cells (Biolegend) and washed twice with 10 ml PBS containing 5% FBS
with pET-28a-CCF. The protein was rst puried by nickel Cells were collected for FACS analysis or stimulatedtro.

a nity chromatography (GE Healthcare), followed by anion-

exchange chromatography with DEAE Sepharose FF (Amershafintigen-Speci c CD4 C T Cell Analysis

Pharmacia Biotech AB, Sweden). The purity of CCF waSingle-cell suspensions from the stomach were puried with
con rmed by Coomassie blue staining. The GEM particles wer&7/44% Percoll gradients. The cells at the interface weleatet
prepared bylLactococcus lactidZ9000 cells using a hot-acid and washed with 7 ml RPMI 1640 containing 10% FBS. To detect
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Ag-speci c CDAC T cells, puri ed single-cell suspensions from deplete CD€ T cells, IFNg and IL-17A according to the design
the stomach, MLN, spleen or blood were stimulated with 106  of experiments.

naive, CFSE-labeled splenocytes that were preloaded withrCCF i

RPMI 1640 containing 10% FBS andg/ml BFA for 12h. After  H. pylori Challenge

collection, cells were stained for intracellular cytolsne Helicobacter pylo$S1 was cultured as previously descril#il
. Sixty days after the last vaccination, the mice were chgdlén
FACS Analysis with 1 10° CFU H. pylori SS1 (determined by turbidimetry)

For IFN-g and IL-17 intracellular cytokine stainingn vitro by gavage in 2081 of 0.2% sodium bicarbonate solution.
restimulated cells were rst stained with anti-CD4 (GK1d&)d

anti-CD90.2 (30-H12) antibodies, then xed and permealgitiz Quantitative Culture of H. pylori

with Intr.acellular Stainir?g Fixation/Perme.abiIizf':\tion avh Quantitative culture ofH. pylori was performed as previously
Bu er (Biolegend, San Diego, CA) and stained intracellularlyyaqcriped 12). Brie y, half of the stomach was homogenized in

with anti-IFN-g (XMG1.2) and anti-IL-17 (9B10) antibodies. FOr 540y grain Heart Infusion (BHI) broth and plated at a series of
cell phenotype detection, single-cell suspensions wereestain; ions on BHI plates. The bacterial colonization was akted
with the following antibodies: anti-CD8 (145-2C11), anti- .t the whole organ level.

CD90.2 (30-H12), anti-CD45 (30-F11), anti-CD4 (GK1.5 or
RM4-4), anti-CD11b (M1/70), anti-CDe (53-6.7), anti-CD19 Statistics

(6?5é'Dz';ti'“§2$ clast§ Cl:lli)(Al\f/LIlsml-l:\L/ﬁ?.ls.Z)t,' acrgiiggegé7H1'2F§)’GraphPad Prism 7.0 software was used for statistical analyses.
ant- (3C7), anti- (IM7), anti- (2E7), ant- The dierences between the groups were assessed using the

TCRgd (UC7-13D5), anti-Ly6C (HK1.4), anti-Gr-1 (RB6-8C5), K : :
. : ruskal-Wallis test or Mann—WhitneyJ-test. P < 0.05 was
anti-CD11c (N418), and anti-F4/80 (BM8) purchased fromConsidered statistically signi cant.

Biolegend or BD Pharmingen. Multiparameter analyses were
performed on a BD FACS Aria Il or a BD FACS Calibur
ow cytometer. RESULTS

Immuno uorescent H|Sto|0gy Ag-SpeCi c CD4 C Effector T Cells Are
For gastric histology, the longitudinal specimens were xedPresent in Stomach After Conventional
with 4% paraformaldehyde, embedded in paran, and stained\/accinations, but Fail to Give Rise to a

with hematoxylin and eosin (HE). For CD4 immuno uorescent Formidable CD4 C Memory T Cell Pool
staining, 20 or 1@mm frozen sections were cut and dried at room An outstanding question in the eld oH. pylori vaccinology

zmpeé?tur;.gf;er prchllerrg,glLelsg sBe_ctllons v;ere S.tba'gdd av& / is whether conventional vaccinations can induce an Ag-speci
exaiuo -anti- ( -5, Biolegend) antibody and/or oy population in the stomach. Here, we used a

puri ed anti-CD11b (M1/70, Biolegend) or anti-C1:8(53-6.7, recombinantH. pylorisubunit vaccine, CCF, as a model Ag. CCF

Biolegend) antibody_followed_ by goat anti-rat Ig_GZa/IgGbea as constructed by multi-epitopes frorh pyloriurease, and self-
Fluor® 488/594 antibody (Biolegend). The slides were washe\ﬁdjuvant regions fronBalmonella typhimuriunphase | agellin

and counterstained with DAPI to visualize cell nuclei, anthges FIiC and cholera toxin BZ0). To detect Ag-specic CD& T

were acquired with a Panoramic' 250 Flash'lll Scanner (3I%ellsin stomach, we isolated total puri ed leukocytes frofmole
Histech). The number of CD@& cells in each section was counted stomach of immune mice and co-cultured these cells with 1
ina0.5mm - 0.5mm area with highest CD@ cell signaling. Ag-preloaded, CFSE-labeled naive splenocytes for 12h in the
Quantitative RT-PCR presence of Brefeldin A (BFA). Two crucial e ector cytokines,

Gastric RNA extraction and reverse transcription were cdrrie IFN-g and IL-17A, for antiH. pylori immunity were used to

out as described previously2d. PCR amplication was identify Ag-spec_i cT cells_. In_the prelimina_ry data, we found
performed with a conventional TagMan method. TagMan geneIhat for conventional vaccinations, Ag-speci ¢ CDLU.E"S _that
primers and probes were designed by Sangon Biotech Co., LéH_oduced only IFNg or IL-17A were rare, but the combination of

(China, Shanghai) based on the following sequence numbetjéz:N'g and ”",NA allowed for the detection of'more Ag-speci ¢
CCL5, Mm01302427_m1; CXCL9, Mm00434946_m1; CxcL1fP4C T cells in these groupsStipplementary Figure .

MmO00445235_m1; GADPH Mm99999915 g1. Prev_ious studies suggest that specic vac_cinat_iong caneavok
a transient state that which allows Te cell migration into mo
FTY720 Treatment lymphoid tissues at e ector stages,(23). To detect gastric

For FTY720 treatment, 1 mg/kg FTY720 was injected i.p. daily tAg-Speci ¢ CDAC T cells after conventional vaccinations, we
block circulating memory T cell egress from the lymphoid nsde Performed di erent vaccine administrations on the mice and

according to the design of the experiments. compared the gastric Ag-speci c COAT cells at Day 7 and
o _ _ Day 30 Figures 1A,B. Naive mice were used as a negative
Neutralizing Antibody Experiments control to exclude non-specic staining, and mice receiving

Immune mice were i.p. injected with 106y anti-CD4 antibody gastric subserosa layer (GSL) vaccination were used as a/@ositi
(GK1.5, BioXcell), anti-RatlgG1, anti-IFj{XMG1.2, BioXcell) control. Ag-specic CDL T cells could be observed on Day
and anti-IL-17A (17F3, BioXcell) antibody every 2 days to7 in stomach of mice receiving subcutaneous (s.c.), insaha
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FIGURE 1 | Conventional vaccinations failed to induce a durable Ag-sgci c CD4C memory T cell pool in the stomach.(A) C57BL/6J mice were immunized at
Day-14, Day-7, and Day 0 with different vaccine strategie¢B). At Day 7 and Day 30 after the last vaccination, mice were satced and the Ag-specic CD4 C T cells
in stomach were measured by intracellular cytokine staingn Puri ed cells were restimulated with Ag-preloaded, CFSHabeled, naive splenocytes for 12 h in the
presence of 5mg/ml BFA. IFN-g- and/or IL-17A-producing CD90.2CCDA4C cells were identi ed as Ag-speci ¢ CDAC T cells. At Day 7 (top) and Day 30 (bottom) after
the last vaccination, gastric Ag-speci ¢ CDAC T cells from these immunized mice were analyze@C). Absolute number and frequencies of gastric Ag-specic CDL T
cells among total CDAC T cells at Day 7 (top) and Day 30 (bottom) were quanti edD). The frequencies of Ag-speci ¢ CDAC T cells from MLN among total CDL T
cells at Day 7 (top) and Day 30 (bottom) were quanti edE). In all graphs, dots represent individual data points and camns represent median values.P < 0.05,

P < 0.001, ***P < 0.0001, ns D not signi cant. The Kruskal-Wallis test (vs. naive) was usefata were pooled from two individual experiments witim D 5 mice
per group.

(i.n.), intramuscular (i.m.) and oral (p.o.) vaccinationsut ~Gastric Subserosa Layer Vaccination

the number was much lower than that in the GSL controlRecruits Abundant Ag-speci c CD4 CT
mice (Figures 1C,D. To investigate whether these Ag-specic Cglls Into Stomach

CDAC T cells could form a gastric memory T cell pool, wepeyejopment of arin situ vaccine strategy might be of utmost
compared the number of gastric Ag-speci ¢ COA cellsamong  jmnortance to establish a strong CO4Trm pool in stomach

di erent groups on Day 30. Results revealed that few Ag-speci 24 25). GSL injection has been used for local anesthesia and
CDAC T cells were detected in these groups except for GSger the development of gastric ulcer dn situ tumor animal
(Figures 1C,D). Moreover, the expansion of Ag-specic CB4  models. Given that orientation of visible blood vessels asnfr

T cells was observed on Day 7 in the MLN from mice receivingesser curvature to greater curvature, we hypothesizedttteat
i.m. or s.c. administrationKigure 1E). These ndings suggest non-vascular zone of greater curvature was a feasiblenegio
that conventional vaccine strategies can drive some ofegi  establish a local Ag depot. To verify this, we formulated C@R w
CDA4C T cells presenting in stomach, but these cells fail to givélum adjuvant, performed the laparotomy to access stomach,
rise to a formidable memory T cell pool. and injected 5m vaccine into GSL Kigures 2A,B. Acute
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FIGURE 2 | A vaccine strategy triggered abundant Ag-speci c CDL T cells in Itration of the stomach.(A) C57BL/6J mice were immunized at Day 0 by GSL and
sacri ced on Day 7. (B) Details for GSL vaccination are as follows: an incision was ade above the stomach and 5ml vaccine formulation (containing 7.5 mg Ag)
was injected into the subserosa layer of the stomach. The insions in peritoneum and skin were sutured(C) Gastric Ag-speci ¢ CD4C T cells were analyzed in mice
that GSL vaccinated with Ag/Alum, Alum and Ag/PBS(D) Absolute number of gastric Ag-speci c CDAC T cells at Day 7 were quanti ed(E) C57BL/6J mice were
immunized with one of six different strategies(F) Gastric Ag-speci ¢ CD4C T cells in each group were analyzed as described before. Abdate number and
frequencies of gastric Ag-speci ¢ CDAC T cells among total CDA T cells at Day 7 were quanti ed(G). The frequencies of Ag-speci ¢ CDAC T cells from MLN(H)
and spleen(l) among total CDAC T cells were quanti ed. In all graphs, dots represent individal data points and columns represent median values.P < 0.05,

P < 0.01, P < 0.001, ***P < 0.0001, ns D not signi cant. The Kruskal-Wallis test (vs. naive) or Mankivhitney U test (for two groups) was used. Data were

in ammation, which was characterized by mucosal swellingAg/PBS solution did not recruit Ag-speci c COZL T cells into

was observed in the vaccination site, and abundant Ag-speci stomach either, and no tissue alteration was observed in the

CD4C T cells could be detected 5-7 days later. To clarifynjection site. We found that Ag/PBS solution could be absarb
the requirement for Ag-speci c CD@ cell recruitment in GSL  within hours after injection, indicating that a sustaineelease

vaccination, mice were injected with Ag/Alum, Alum alone, o vehicle (i.e., Alum adjuvant) was necessary for Ag-specic T
Ag/PBS solution, respectively. Injection of Alum alone €dil
to recruit any Ag-specic CDZ T cells, but induced regional

cell recruitment.

In consideration of the low dosage of vaccine used in GSL

tissue swellingRigures 2C,D. In comparison, GSL injection of vaccination, we modi ed the vaccine strategy with an adufigl
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step to create the following protocol: i) subcutaneous veatgdn ~ CD4C memory T cells was not altered in MLN, but signi cantly
to induce a systemic Ag response, followed by ii) a surgicalecreased in spleen after FTY720 administratiig(res 4B,Q.
operation to inject a micro-dose of vaccine into GSL. To test To verify whether these Ag-specic C4Trm cells were
this strategy for the induction of an Ag-speci c T cell respens sensitive to systemic CD4 antibody depletion, we i.p. ingcte
we performed six kinds of vaccination programs that includedmmune mice with anti-CD4 antibodyRigure 4D). No CD4C
multiple rounds of subcutaneous vaccination and/or a GSIT cells could be detected in blood or spleen, whereas Ag-speci
vaccination Figure 2B). As expected, some of gastric Ag-speci cCD4C cells in stomach remained numerically unchanged and
CD4C T cells were detected in mice receiving subcutaneouseasurable, although with lower CD4 expressibig(res 4E,F,
vaccination alone, but abundant these cells were obsenmved implying their retention in a distinct anatomical location v
GSL-vaccinated mice. Performing two rounds of subcutaseouvas less a ected by circulation. Collectively, these dat@ak
vaccination signi cantly boosted the number of Ag-specic that in ltrating Ag-specic CD4C Te cells can form a long-
CDA4C T cells recruited by GSL vaccinatioRigures 2F,G. We  lived Trm pool and most of these cells may be separated
also examined the percentages of Ag-speci c CD# cells in  from circulation.
spleen and MLN. s.c. vaccination did not induce plenty of Ag-
specic CDAC T cells in MLN, whereas Ag-specic CIQ4 T . g .
cells were abundant in mice receiving s.c. vaccination pl8k G Distribution of These CD69 C_CD:,LO?’_CDA' C
vaccination Figure 2H). In the di erent vaccination programs, 11M Cells Is Dependent on Epithelial
the levels of splenic Ag-specic COAT cells were variable Architecture of Stomach
(Figure 2I). We also tested whether GSL injection of miceWe next examined the location of CQAT cells induced by
with Alum or Ag/PBS solution after s.c. vaccination couldGSL vaccination. Stomach was isolated and cut throughrlesse
induce plenty of Ag-specic CD@ T cells into stomach. The curvature. As shown inFigure 5A, vaccination region was
results showed that without regional Ag exposure and adjtivan sniped longitudinally and used for immunohistological siain
induced in ammation, recruitment of Ag-specic CD@ T cells of CD4C T cells. Six groups with di erent vaccination programs
was limited Supplementary Figure 2 These results indicated were involved in this experiment. Mice were sacri ced on 7-
that introduction of a systemic Ag-speci c response enhancediay or 30-day post GSL vaccination. The results indicated
the regional Ag-specic CD& T cell recruitment induced by that abundant CDZ T cells could be observed in the gastric
GSL vaccination. mucosa near the vaccination site at 7-day post GSL vaccination
Taken together, these data indicate that the local Ag entmsun (Figures 5B,D. In ltration of CD4 C T cells was restricted to the
Ag vehicle phase and systemic immune response all contribute aidjacent mucosa, as few CD4ells presented in the mucosa of
the maximum recruitment of Ag-speci ¢ CD@ T cells induced non-vaccination site. Density of CIAT cells was not associated
by GSL vaccination. with Ag exposure and prime. Extremely low density of D4
T cells was observed in stomach of naive and s.c. immunized
. L mice in the same perspective. Additionally, only some CD4
Ag-specic CD4 C T Cells Retain in T cells appeared around the vaccination site, even though the
Stomach Long-Term Without Recirculation surrounding region was enriched with immune celsgure 5D).
To investigate whether a durable Ag-speci c GD4'rm pool At 30-day post GSL vaccination, density of GDA4T cells
was formed after s.c.x€GSL vaccination, we counted the on mucosa of vaccination site was decreadedures 5C,B.
number of Ag-specic CDE€ T cells in stomach over the Notably, at this time point, most CD& T cells were located close
following 8 months Figure 3A). Age-matched naive mice were to the epithelium, which was con rmed by the distinct epithélia
served as negative controls to exclude the inuence of agarchitecture of stomactHgures 5E,F. For instance, in the body
In immune mice, the granulation tissue induced by the Alummucosa close to the cardia equivalent, @%#rm cells formed
adjuvant was sti ened at Day 30 and shrank in the followinga chain; in the middle of the body mucosa, CD4Trm cells
months (Figure 3B). No gland atrophy or metaplasia was were evenly distributed in the epithelial region of gastrig and
observed in the mucosa near the vaccination site during B8ys in the transition region, both two retention patterns could be
60 (Supplementary Figure 3 On the other hand, contraction of observed. Moreover, Xim sections of gastric tissue indicated
the in Itrating Ag-speci ¢ CDAC T cell population was complete thatthese CDZ T cells were in contacted with the epithelial cells
within 30 days and a stable Ag-specic CO4memory T  (Figure 5E bottom). Parallelly, detection of Ag-specic CB4
population could be detected for at least 240 d&ygres 3C,D. T cells in the epithelium or lamina propria also suggested that
Inthe next step, to investigate whether these COvdemory T at memory stage, most of Ag-speci c CD4cells were located
cells experienced recirculation via the lymphovasculaesysive  on epithelial regions Kigures 5G,H. These data demonstrate
treated immune mice with FTY720 daily to inhibit lymphocyte that CD4AC T cells recruited by GSL vaccination preferentially
egress from lymph nodes for 14 daysdure 4A). Even though in Itrate the adjacent mucosa and survive in the special eih
circulating CD4L T cells were decreased by more than 100-folabf the epithelium.
in blood and Ag-speci c CDZ€ memory T cells vanished from Previous studies suggest that GDZrm cells are maintained
blood, the number of Ag-specic CD4 memory T cells was in vagina, intestine and skin, and cluster with macrophages,
stable in stomachKigures 4B,Q, suggesting a characteristic of dendritic cells (DCs) and CBB T cells @4, 26, 27). To examine
local retention. Moreover, the absolute number of Ag-speci cwhether other immune cells were responsible for €OFrm
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FIGURE 3 | Ag-speci ¢ CD4C Teff cells contracted and sustained in stomach long-term(A) C57BL/6J mice were s.c. immunized with Ag/Alum at Days-14 and?,
and treated with GSL vaccination at Day 0(B) Mice were sacri ced on Day 7, Day 30, and Day 150, and their storachs were unfolded. Arrows indicated granulation
tissue in the vaccination sites(C) Mice were sacri ced on the day indicated in the timetable (redrrows), and the gastric Ag-speci c CDAC T cells in each time point
were analyzed as described previouslyD) Absolute number and frequencies of gastric Ag-speci c CDL T cells among CDA T cells at each time points were
quanti ed. In all graphs, dots represent individual data poits and columns represent median values. P < 0.01, ***P < 0.001. Mann-Whitney U test was used to
compare two groups. Data were pooled from six individual exgriments withn D 4-8 mice per group.

cell residence in stomach, we analyzed the types of in lttate CXCL9 and CXCL10 that are critical for CAT cell recruitment
immune cells at whole organ level on Day 7 and Day 3@26). Compared with memory stage, CCL5 and CXCL10 levels
(Figure 6A). All cell types except macrophages, i.e., neutrophilsyere signi cantly increased in the vaccination site during
in ammatory monocytes, mo-DCs, B cellgd T cells, CDL T e ector stage Figure 6D). Interestingly, at memory stage, CCLS5,
cells and CDE T cells, were expanded on Day Fidure 6B). CXCL10, and TGHL levels at the vaccination site were lower
However, ow cytometric analysis showed that most of thethan those of naive miceF{gure 6E). We reckoned that the
immune cells seceded from stomach before Day 30, suggestigeganuloma structure might a ect regional homeostasis. Iratpt
that the increased gastric immune cell content induced byhese data demonstrate that a distinct migration and retamti
GSL vaccination was not sustainable at the whole organ.levglattern of CDA T cells is induced by GSL vaccination.

To visualize the regional relationship between CDZ cells Next, we isolated intraepithelial T cells from the vaccinatio
and innate immune cells, an immunolocalization assay wasite and analyzed their phenotypes at the memory stage GCCD4
performed and the images indicated no direct relationshipT cells from the vaccination site expressed CD69 and CD44,
between the CD@ and CD11I€C cells during the memory stage, but expressed little CD103 and no CD62L; on the contrary,
as the CD116 cells preferentially enveloped the vaccinationCD8C T cells in this region expressed CD103, CD69, and
site Figure 6C). Next, we measured several chemokines CCL8;D44 (Figure 6F. Parallelly, we measured the expression of
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FIGURE 4 | Gastric Ag-speci c CD4C memory T cells induced by GSL vaccination experienced ligtlrecirculation and were located separately from the blood(A)
C57BL/6J mice were s.c. immunized with Ag/Alum at Days-14 and?, and treated with GSL vaccination at Day 0. Thirty days latethe mice were i.p. injected with 1
mg/ml of FTY720 or PBS daily for 14 days(B) Ag-speci c CD4C T cells among CDAC T cells in the stomach, blood, MLN and spleen and CD& T cells among total
leukocytes were analyzed(C) Absolute number of Ag-speci c CDAC T cells in stomach, MLN, blood and spleen and CDZ T cells in stomach and blood at the
whole organ level were quanti ed.(D) 30-day post GSL vaccination, mice were i.p. injected with 10 mg anti-CD4 antibody or anti-RatlgG1 antibody at Days 30, 32
and 34. Mice were sacri ced on Day 36.(E) Ag-speci c CD4C T cells among total CD90.Z cells in stomach were shown (left), and the absolute numberfo
Ag-speci c CD4C T cells in stomach was quanti ed (right)(F) CD4C T cells among total leukocytes in blood or spleen were showrl€ft), and the absolute number of
CDAC T cells in blood or spleen was quanti ed (right). In all graphgjots represent individual data points and columns represermean and SEM. P < 0.05,

*P < 0.01. Mann-Whitney U test was used to compare two groups. Da were pooled from two individual experiments witm D 3-5 mice per group.

CD69 and CD103 on Ag-speci c CI2 Trm cells. Almost all programs Figure 7A). H. pylori challenge was performed
these cells displayed a CDB3D103-phenotype Kigure 6G. 60 days later. At Day 63, colonization df. pylori was
These data indicate that GSL vaccination induces intraepigh determined by quantitative culture. Substantial reduetioof
CD69CCD103- CDL Trm cells in stomach. bacterial colonization could be found in mice that received
GSL vaccination, and s.c@BSL vaccination provided the

. . optimal protection at this time point Kigure 7B), indicating
Vaccine Strat(_agy Involving CD4 C Trm Cells  ihat these mice demonstrated rapid antimicrobial responses
Provides Rapid and Long-Term Protection and prolonged protection. In comparison, most conventional
Against Helicobacter Insult vaccine strategies failed to reduce bacterial colonimatind
Vaccination programs used in previous studies generallpo reduction ofH. pylori colonization was observed in mice
performed H. pylori challenge on 14 days after the last receiving Alum alone by GSL vaccination. Furthermore, we
vaccination 28 29). At this time point, Te cells induced investigated the limit of anti-microbial response involgin
by conventional vaccinations might not completely attenuatécD4C Trm cells Figure 7C). Results showed that s.c&&SL
in blood or stomach of immune mice. A previous clinical vaccination induced a drastic reduction Hf pyloriload at day
study indicated that the protective e ects induced by oral0—-14 and the bacterial load was sustained at a low degreegiuri
vaccination continued to attenuate in the years that folldwe day 14-30 post challeng€&igure 7D). A numerical advantage
(30). Here, we tested the dierences between conventiona@f reduction was observed between s.C&5L vaccination
vaccinations and vaccine strategies involving GSL vatieina and GSL vaccination. These results imply that s€@3L
in terms of rapid and long-term protection. Mice were divided vaccination induces rapid and long-term protection against
into nine groups and subjected to dierent immunization H.pylori
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FIGURE 5 | GSL vaccination drove CDL T cell in Itration of the mucosa and retention within the epftelium. (A) Stomach was dissected as photo indicated and
anatomical position was shown in the macroscopic perspectie. Gastric tissue from mice that were treated with GSL vacnation was cut longitudinally and stained
with Alexa Fluo® 488-anti-CD4 antibody. CDAC T cells were quanti ed on immuno uorescent staining of 20mm frozen sections from Day 7(B) or Day 30 (C) post
GSL vaccination.(D,E) Representative images of immuno uorescent staining (greerCD4; blue, DAPI; V, vaccination site)(F) Schematic plan of CDAC cell location
(left) and the distribution of CD& cell on gastric middle mucosa and transition region (right'he precise positions of CD4 cells were determined by

immuno uorescent staining of 10mm frozen sections (green, CD4; blue, DAPI; V, vaccination st * < 0.01. Mann—Whitney U test was used to compare two
groups. Data were repeated 3-8 times(G) EL or lamina propria (LP) lymphocytes were pooled from two imune mice at memory stage. Ag-speci c CDAC T cells
were quanti ed (H). Six mice g D 6) were used in this experiment. < 0.01, unpaired t-test.
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FIGURE 6 | The maintenance and phenotype of CDZ Trm cells. (A) GSL vaccination was performed at Day 0 and mice were sacri cecn Day 7 and Day 30 to
analyze immune cell in Itration using the indicated gated sategy. (B) Absolute number of innate and adaptive immune cells at the wdle organ level was quanti ed.
*P < 0.05, *P < 0.01. The Kruskal—Wallis test (vs. naive) was used. Colummepresent mean and SD. Data were pooled from two individuabgeriments with

n D 5-6 mice per group. (C) Immuno uorescent staining of 20mm frozen sections at Day 30 (green, CD4/CD11b; red, CD11b; ble, DAPI; V, vaccination site) post
GSL vaccination. Data were repeated at least three times witsimilar results.(D) CCL5, CXCL9, and CXCL10 mRNA were measured at Day 2 and Day 30yb
gRT-PCR. GSL-Vs: vaccination site; GSL-Non vs: non-vaccation site. (E) CCL5, CXCL9, CXCL10 and TGH1 mRNA were measured at Day 30 by qRT-PCR(F)
Phenotypes of intraepithelial CD& T cells and CD& T cells in the vaccination region(G) Expression of CD69 and CD103 was analyzed on Ag-speci ¢ CD& Trm
cells. 2 < 0.05, *P < 0.01, ***P < 0.001. Mann-Whitney U test was used to compare two groups. D& were pooled from two individual experiments witm D 3-5
mice per group. Columns represent mean and SEM.

Frontiers in Immunology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 1115



Liu et al. Vaccination Induces Gastric Trm Cells

FIGURE 7 | s.cx2CGSL vaccination provided prolonged and rapid protection aginst Helicobacter insult. (A) C57BL/6J mice were immunized at Day-14, Day-7, and
Day 0 with different vaccine formulation described in the tale. Helicobacter challenge was performed on Day 60 and mice were sacri ced on Dg 63 to test the
protective effects. (B) H. pylori colonization was determined by the quantitative culture oay 63. *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, P > 0.05. The
Kruskal-Wallis test (vs. naive) was used. Data were pooleain two individual experiments withn D 8 mice per group. (C) Mice experienced s.cxZ GSL vaccination
were challenged at Day 60 and H. pylori colonization was detenined on Day 63, Day 74, and Day 9QD). **P < 0.05, ***P < 0.01. Mann-Whitney U test was used to
compare two groups. In all graphs, columns represent median rad interquartile. Data were pooled from two individual expgments withn D 6-8 mice per group.

Reactivated CD4 C Trm Cells Trigger a in ammatory cells and trigger tissue-wide protection. Incfa

Rapid Systemic Th1/Thi17 Cellular at 7-day post challenge, the mucosa near the vaccination site

Response to Support Tissue-Wide showed fewer in ammatory cellin Itration as compared with the
R . distal mucosa Supplementary Figure 4B, possibly suggesting

Antl_mlcrqblal _ReSponse_ ) i a tissue-wide inammatory cell inltration was temporally

Next, we investigated the immunological mechanism Ofjg|ayed to the regional in ltration. These data highlight the

protgctlve response and the role. of.(:lrculatln.g.Iymphocyte§|arming function of these intraepithelial CI@4 Trm cells,

in mice receiving s.cX2GSL vaccination. Administration of .4 indicate that regionally positioned CDATrm cells can

FTY72_O to immune mice impaired_ the protgctive e ects, andtrigger tissue-wideH. pylori clearance through the recruitment
depletion of CDL T cells by an anti-CD4 antibody completely ¢ circulating Th1/Th17 cells.

abrogated protectionKigure 8A), indicating the vital roles of

circulating memory lymphocytes and CQ4cells in protective

response induced by GSL vaccination. Furthermore, tFahd  DISCUSSION

IL-17A depletion by neutralizing antibody partly suppressed

the protective response in immune mice, highlighting the sole Stomach is an inhospitable digestive organ that is inhabited
of IFN-g and IL-17A in providing protection Figure 8Q. by only 200 dierent species §. The notorious one is
Analysis of Ag-speci ¢ immune response at day 3 post challengd. pylori, which is a helical rod-shaped organism that is in
suggested that a potent Ag-speci ¢ Th1/Th1l7 cell response ivontact with the gastric epithelium and in uences the physipio
stomach and the expansion of Ag-specic Th17 cells in spleeof gastric stem cell pool by inducing chronic in ammation
already could be detecte8pplementary Figure 4A. Next, we (31). Evidence indicates that as long as 50,000 years of co-
compared the Ag-specic Th1/Th1l7 cell responses in immunevolution with human have conferred multiple capabilities (e.
mice treated with or without FTY720 in stomach, blood, spleeng., secretion of virulence factors and remodeling of awgoles
and MLN at 7-day post challenge. FTY720 administrationconstituents) onH. pylori to adapt to the milieu of stomach
signi cantly dampened the expansion of Ag-specic Thl andand escape the host defensive mechanisi®s3(). Likewise,
Th17 cells in stomach and bloodrigures 8D-F. In addition, these capabilities lead to an undesirable outcomeHopylori
after preventing lymphocyte egress from the lymph nodes witlvaccines. Conventional vaccine strategies have beensasegn
FTY720, the percentages of Ag-speci ¢ Thl cells in spleen artdsted in the eld ofH. pylorivaccinology {5, 16, 36-38), while
MLN were increased by 3-fold; however, an increase in thao study identi ed an Ag-speci ¢ cellular response in stomach.
percentage of Ag-speci ¢ Th17 cells was only observed in MLMere, we demonstrated that by using intracellular cytokine
(Figures 8D-H. Because of the powerful ability of Th17 cellsstaining, a small population of Ag-speci ¢ CAT cells could

to induce an anti-microbial response, reactivated MLN-geltl be measured during e ector stage rather than memory stage of
Ag-specic memory Th1l7 cells might be a vital source ofthese immunizations, suggesting conventional vaccirsesgies
gastric Th17 cells that contribute to the recruitment of &te  were less e ective to induce a measurable CD#rm pool
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FIGURE 8 | The immunological mechanism of protective response in the ioe experienced s.c.xZ GSL vaccination.(A) Mice experienced s.cxZ GSL vaccination.
H. pylorichallenge was performed on Day 60. FTY720 administration (thg/kg) was performed daily during Days 59-67. Neutralizingrdibody (i.p.) injection was
performed on Days 59, 61, 63, and 65.H. pylori colonization were determined on Day 67 after FTY720 and ar€D4 antibody administration(B) or after anti-IFNg
and anti-IL-17A antibodies administratior(C). *P < 0.05, ***P < 0.001, ns D not signi cant. The Kruskal-Wallis test (vs. naive) was useat The Mann—-Whitney U test
was used to compare two groups. Dots represent individual d& points and columns represent median and interquartile. &a were pooled from two individual
experiments withn D 6 mice per group. (D) Immune mice were administrated with 1 mg/kg FTY720 daily durgnDays 59-67 and sacri ced on Day 67 for Ag-speci ¢
CDAC T cell analysis. The percentages of Ag-speci ¢ IFNg (E) or IL-17A (F) CDAC T cells among total CDA T cells in stomach, blood, spleen, and MLN were
quanti ed. **P < 0.01, The Mann-Whitney U test was used to compare two groupsDots represent individual data points and columns represermean and SEM.
Data were pooled from two individual experiments witlm D 5 mice per group.

for further investigation. Technological barrier for idéflying already been proved that 98.3% lymphocytes loss in stomach
endogenous Ag-speci ¢ COZIT cells in stomach is obvious. The using ow cytometry for counting 2, 39). A need for puri cation
ine ciency of lymphocyte isolation from stomach of mice has to ex vivoculture and extensive steps of intracellular cytokine
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staining may lead to the additional cell log€). Thus, we decided GSL immune mice were exclusively CEBOD103-. A recent
to establish a mice model with a measurable CD&m pool. study in the context ofCandida albicansnfection nds that
Past studies have revealed that almost always Trm cells fomon-recirculating skin CD6@CD4C Th17 cells are su cient to
within the tissue after resolution of in ammation or infeicin  trigger sterilizing immunity ¢4). Also, Ag-specic CDZ Trm
(4, 41). Most H. pylori vaccines, including the only licensed cells reported by N. lijima and A. lwasaki's study expresse6<D
H. pylori vaccine, are composed of non-infectiots pylori  but little CD103 6).
Ags that are poorly immunogenic(). In consideration of the Trm cells within peripheral tissues provide strong protection
importance of local in ammation, we employed GSL injection against pathogenic insul2g, 45, 46). Inducing a potent mucosal
to deliver a micro-dose of Alum-based. pylori vaccine into  immune memory is favored ad. pylori restrictedly survive in
stomach and subcutaneous vaccination was performed befoepithelium of stomach with less invasiveness. Durihgpylori
GSL vaccination to mount the in ltrating Ag-specic CO@ insult, evenly distributed intraepithelial C@4 Trm cells are
T cells. This immunization strategy established a strati e optimally positioned to eliminate the window period and init&at
immune memory involving the local long-lived C@ATrm cells a protective response immediately. GSL vaccination-induced
and adjacent lymph node-settled memory T cells. Upon GSICD4C Trm cells are long-lived and pathogen-speci c, therefore
vaccination, the regional dissemination of Ag-specic GD4 providing prolonged protection that was highly sensitiveHo
T cells was dependent on local Ag recognition and adjuvantpylori insult. As Thl and Th17 immunity was highlighted in
induced in ammation, as either injection with Ag in PBS or the anti-microbial response dfl. pylori vaccine 28 29, we
delivering Alum adjuvant alone showed no e ect on Ag-speci creported that CDL Trm cells induced by GSL vaccination
CDA4C T cell recruitment. sustained in stomach for long-term and rapidly reactivated t
Our results also provided insights of CD4Trm cells recruit circulating Th1/Thl7 cells to clear gastrid. pylori
induced by GSL vaccination in terms of migration properties,Tissue-autonomous protection was found in the immune mice,
location/development, and cell surface phenotype. For migmat but superior antimicrobial e ects were dependent on the
properties, the magnitude of C[@4 Trm cells was stable after engagement of circulating lymphocytdsdure 8B). It might be
FTY720 administration, suggesting they were accord with ththat protective CD€ Trm cells induced by GSL vaccination
important identi cation parameter that undergoes little oron were restricted to adjacent mucosa at low magnitudes andat:e
recirculation (). For location/development, we found that in the help of circulating Th1/Th1l7 cells to trigger tissue-wid
GSL immune mice, CD@ Trm cells showed a distinct pattern protection @1). This observation is consistent with previous
of intraepithelial retention. Three phases of their developmme study that small numbers of Trm cells trigger an antiviraltsta
can be described as followed: in acute phase, ©€O4cells through amplifying innate or adaptive immune signads).
in Itrated into the mucosa along with the elevated levelS6IL5 In the present study, we attempted to introduce a vaccine-
and CXCL10 and expansion of various innate immune cellinduced CD4 Trm pool in stomach and evaluated its protective
during the phase of in ammation resolution, more than 60% ofe cacy. Alum-based vaccine was used for GSL vaccination,
CDACT cells, including Ag-speci ¢ CD@T cells, withdrew from  but we found an undesirable granuloma that a ected regional
stomach; in memory stage, CB4rm cells were distributed homeostasis. Employing a biocompatible vehicle with the
along with the architecture of gastric epithelium and keepcharacteristics to spread in GSL is interested to improve the
stable in magnitude for long-term. An elegant study indest outcome of this model. Our further study will use the silk
that vaginal CD€ Trm cells induced by an attenuated herpes broin to replace Alum adjuvant to extend the CATrm cell
simplex virus 2 sustain in a unique lymphocyte structure, ndme distribution, increase their magnitudes, and prevent therfof
memory lymphocyte cluster, which is located in parenchymaranuloma. A more attractive but challenging question isvho
tissue £6). Half of skin CD4C T cells persist in peri-follicular to design a feasible delivered system that targets stoma&h. Th
clusters that accurately equilibrate with the blood lympjtes laparotomy used in mice is impractical in humans. Combining
during steady state, and infection can increase the immunendoscopy technology with GSL vaccination is also less feasib
cell content of these cluster2). Our data showed that no for the translational application. Recently, an impressivelgtu
lymphocyte clusters were observed in stomach of immuneeports an ingestible self-orienting system for oral deljvef
mice in memory stage. Residential pattern of the €D#rm  macromolecules that deliveries insulin through gastric mazo
cells in our study was di erent from the prevailing view that (48). This delivered system is applicable for stomach-targeted
after resolution of infection/in ammation, CD& Trm cells are vaccination after some adjustment.
preferentially localized within parenchymal tissues, wi8C Overall, our study developed a mice model with a strategic
Trm cells adhere to epithelial layerd)( Current knowledge CDA4C Trm pool in stomach. CD€ T cells induced by GSL
about Trm cells is primarily obtained from invasive pathogensvaccination preferentially in Itrated the adjacent mucosada
which can disseminate into the host organ. Dierences onthen restrictively sustained in the epithelial region adjatc
types of vaccine, tissue architecture and in ammatory siigga  to the vaccination site. The underlying mechanism of local
may be responsible for the outcome of GQD4Trm cell maintenance is currently unknown but may be associated
location/development 1, 25, 42, 43). In addition, the cell with the metabolism of free fatty acids and T®Fsignals,
surface phenotypes of Ag-speci c CD4T'rm cells isolated from similar to the maintenance requirements for intraepithklia
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CD8C Trm cells ¢9. Principally, our results indicate that FUNDING

pathogen-speci c CD& Trm cells within the gastric epithelium

can catch the best chance to sound the alarm, orchestrafdlis research was sponsored by the National key Ré&D
the defense response, and provide prolonged protection. TH&rogram of China (No. 2017YFD0400303), National Natural
notion that developing vaccine strategies involves a Trndcience Foundation of China (No. 81502970), the Priority

population may shed new light on the development ofAcademic Program Development (PAPD) of Jiangsu Higher
H. pylorivaccines. Education Institutions and Postgraduate Research & Practice

Innovation Program of Jiangsu Province.
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