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Adults are the leading population affected by tuberculosigTB) epidemic and death.
Developing an effective vaccine against adult TB is urgegtineeded. Mycobacterium

bovis Bacillus Calmette-Guerin (BCG) prime-heterologous boosstrategy has been
explored extensively to protect adults against primary TBnfection, but the majority of
experimental regimens have not improved the protection pmed by the BCG vaccine.
The reason attributed to the failure remains unknown. In thistudy, CTT3H-based
vaccines, namely DMT adjuvanted CTT3H subunit or DNA vaca@n(pCTT3H-DMT),
and recombinant adenovirus rAdCTT3H were constructed. Prective efcacy and

immunogenicity of BCG prime-CTT3H based boosters were comared in C57BL/c mice

models of primary or late persistent TB infection. Similar rptective ef cacy against
early intranasal infection was provided by different CTT3Hased vaccines alone in
vaccinated mice, and their protection was inferior to that bthe BCG vaccine. In addition,
CTT3H-based heterologous boosters did not enhance the praiction conferred by the
BCG vaccine against primary infection. However, all of thesthree boosters provided
stronger protection against late persistent TB infectionhan BCG alone, regardless
of vaccine types. Although BCG prime-boosters elicited Th:biased responses to the
antigen CTT3H, the number of CTT3H-sepci ¢ IFNg-expressing Tem (CD62L°CD44M)

and IL-2-expressing Toy (CD62LMCD44M) cells in the spleen was not improved
before exposure to Mycobacterium tuberculosisinfection. In contrast, IFNg® Tgyw and

IL-2€ Tcm cells in spleens, especially in lungs were signi cantly imeased in BCG
prime-boosters after exposure vaccination. Our results iicate that BCG prime-boost
strategy might be a promising measure for the prevention agast late persistent TB
infection by induction of IFNg® Tgy and 1L-2C Ty cells in the lung, which can be used
as alternative biomarkers for guiding the clinical practecand future development of TB
vaccine for adults.
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INTRODUCTION important role in extrapulmonary disseminatior®. In this
study, CTT3H was chosen to develop recombinant adenovirus
Despite signi cant progress in the pipeline for new diagnosticsyector, the adjuvant DMT emulsi ed DNA or protein subunit
drugs, and vaccine candidates, tuberculosis (TB) remaiesod  yaccines in this study. Di erential protective e cacy of thee
the deadliest killers among infectious diseasgs As the only  vaccines against primai. tuberculosiinfection was compared
licensed vaccine for TBlycobacterium boviBacillus Calmette- with BCG in vaccinated C57BL/6 mice. More importantly, the
Guerin (BCG) is recommended to vaccinate infants WOfldWidemunogenicity and protection of BCG prime_boost regimens

and can provide e ective protection against several seriouggainst primary infection and late persistent infection were
forms of TB in children even though its protection wanes withcompared and assessed in mouse models.

time and only lasts 10-15 yeard).(Accordingly, BCG vaccine

cannot control the prevalence and transmission of adult, tiyos

pulmonary TB. As estimated by WHO in 2017, there werd0 MATERIALS AND METHODS

million new TB cases, and 90% occurred in adults with only 100/& . . .

in children (1). Furthermore, one-third of the world population onstruction and Identi cation of

is estimated to have latent TB infection (LTBI), of which 84 Recombinant Adenovirus rAdCTT3H and

would progress to active TB during their lifetim&)( Therefore, Eukaryotic Expression Plasmid pCTT3H
there is an urgent need to develop an e ective vaccine againglecombinant plasmid pDC316-CTT3H, composed of the
adult TB. tandem-fusion of genes encoding the signal peptide of human
Adult TB is primarily caused by endogenous reactivation otissue plasminogen activator (§F) and the fusion protein
LTBI secondarily by exogenous contagion or reinfectiorcc@e  CTT3H, was commercially synthesized (Life Technologi&g) (
candidates such as DNA and subunit vaccines, recombinaait vi A recombinant replication-de cient adenovirus rAdCTT3H was
vectors, genetically modi ed BCG, or attenuatégicobacterium packaged and constructed by co-transfecting plasmids pDC316-
tuberculosistrains have been explored extensively for adult TREZTT3H and pBHGIlox E1, 3 Cre into human embryonic kidney
(4). However, it remains elusive to replace the BCG vaccingg3 (HEK293, ATCE CRL-1573™) cells with Lipofactamine
because few vaccine candidates can provide vastly superiggoo reagent (Invitrogen), as previously describéd).(To
protection than the BCG vaccine in vaccinated animé ( construct DNA vaccine, the fusion gene was obtained by
Furthermore, extensive research has been carried out on thylymerase chain reaction (PCR) with the specic primers
heterologous boost strategy, aimed to extend the protectiogyrgeting to the plasmid pDC316-CTT3H and subcloned into the
period primed by the BCG vaccing,(6). Unfortunately, almost  eukaryotic expression vector pVAX-1 (Thermo Fisher Sciati
half of heterologous boost regimens could not demonstratgs previously describedlf). The resultant construction was
better e cacy than the BCG vaccine alone against primdty named pCTT3H and the inserted gene was veri ed by enzyme
tuberculosisnfection in various animal models, such as mice digestion and DNA sequencing.
guinea pigs, cattle, and non-human primatés ). BCG prime 1 10° HEK293T cells (ATCEG CRL-3216™) were plated
and a modi ed vaccinia virus Ankara expressing antigen 85An each well of 6-well plates and cultured at 5% £G7 C
(MVAB5A) boost regimen might elicit a stronger Thl-typedin Dulbecco's modied Eagle medium (DMEM) (Hyclone),
immune response than the BCG vaccine alone, but MVA85Aypplemented with 10% fetal bovine serum (FBS) (Hyclone),
boosted BCG-primed infants did not show any improved e cacy 100 U/mL penicillin and streptomycin. 24 h later, cells were
against TB in a clinical tria|7(). The reasons attributed to transfected with the p|asm|d pCTT3H using Lipofectamine
these failures remain unknown, thus signi cantly hindegithe 2000 reagent (Invitrogen). The pVAX1-transfected cells were
development of BCG prime-boost strategy. used as a negative control. Alternatively, cells were iatect
Recently, we reported that a regimen of BCG prime andyith either rAdCTT3H or wild-type adenovirus serotype
DMT (DDA-MPLA-TDB) adjuvanted multistage subunit protein 5 Adnull (Neuron Biotech) at a multiplicity of infection
WH121 showed a stronger ability to protect mice agaiNst (MOI) of 10 for 48h. Then, supernatant and cell lysates
tuberculosigpost-exposure infection than BCG alone or BCGwere collected and prepared, respectively. Fifty micrograms
repeat vaccination in miCG8I. FUrthermOfe, subunit vaccine of proteins from either Supernatant or cell |ysates were
CMFO in adjuvant of DMT enhanced the BCG vaccine to thwal'tana|yzed by 12% SDS-PAGE. Western blotting was explored
the reactivation of LTBI §). Therefore, whether heterologous tg con rm the expression of the fusion protein CTT3H using
boost regimens are more e cacious to prevent against LTBhtha mouse anti-CTT3H seral() as the primary antibody and
primary infection remains to be investigated. CTT3H corsist peroxidage Conjugated goat anti-mouse |gG (Proteintech
of ve antigens ofM. tuberculosicontaining CD§ epitopes: Bijotech) as the secondary antibody. The immunoblots
CFP10, TB10.4, TB8.4, Rv3165¢c, and HBHA).(In addition, were visualized using a BeyoECL Plus kit (Beyotime
CFP10 and TB10.4-speci ¢ cytolytic CB8 cells were found Biotech).
in the lung of mice as early as 3 weeks after infectitf).( Both recombinant replication-de cient adenovirus serotype
Besides CDB T cells, Rv3165¢ induced speci c-CB® cells  5.pased rAdCTT3H and recombinant eukaryotic expressing
both in active TB patients and LTBI individuals3). HBHA,  plasmid pCTT3H were successfully constructBij(res 1A,B.
expressed by bottM. tuberculosisand BCG, is an adhesion Secretion of the recombinant fusion protein CTT3H with a size
molecule mediating adherence to epithelial cells and plays asf about 61kDa was detected only in supernatants rather than
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FIGURE 1 | Construction and identi cation of rAdCTT3H and pCTT3H(A) The structural diagram of recombinant replication-de ciehadenovirus serotype 5-based
rAdCTT3H.(B) The structural diagram of the recombinant eukaryotic expigsion plasmid pCTT3H. Identi cation of the recombinant protén CTT3H expressed in the
supernatant or lysates of rAdCTT3H infected HEK293T cell&C) or pCTT3H transfected HEK293T cell{D) by western blotting with anti-CTT3H antibody.

cellular lysates generated from the rAdCTT3H infected-toe t Mice and Immunization
plasmid pCTT3H transfected- HEK293T cells, as con rmed bySpeci ¢ pathogen-free (SPF) C57BL/6 female mice, aged 6—8
western blotting with anti-CTT3H mouse polyclonal antibody weeks, were purchased from the Center for Animal Experiments
(Figures 1C,D. In contrast, no speci ¢ expression in culture of Wuhan University (Wuhan, China). Mice were randomly
supernatants or cellular lysates from Adnull or pVAX-1 trehte divided into di erent groups and were housed on the animal
HEK293T cells was detected, respectiveigyres 1C,D. feeding cabinet (VentiRack) in an ABSL-3 laboratory. The
immunization regimens were listed iRigure 2 For di erent
Preparation of Vaccines regimens, a dose of 206 either pCTT3H-DMT or CTT3H-
The puri cation and quantitation of recombinant adenovirus DMT was immunized intramuscularly (i.m.) twice at 3-weeks
rAdCTT3H, recombinant protein CTT3H, and recombinant intervals. rAdCTT3H was immunized intranasally (i.n.) @c
eukaryotic plasmid pCTT3H was performed as previouslwith a dose of 5 10° PFU. 1 1P CFU of BCG China in a
described, respectivelyl@ 14, 15. The concentration of volume of 200rL PBS was vaccinated subcutaneously (s.c.) once
the endotoxin in each puried products was detected byat the time of the rst vaccination and used as a positive control
ToxinSensorTM Chromogenic LAL Endotoxin Assay KitPBS, DMT, Adnull, or pVAX-1 alone were used as negative
(Genscript). The adjuvant DMT liposome was preparedcontrols.
by lipid Im hydration method and rehydration in 10 mM . .
sterile Tris-bu er (pH 7.4) as previously describetiy. DMT ~ Challenged With Virulent
adjuvanted subunit vaccine CTT3H-DMT and DNA vaccineH37Rv
pCTT3H-DMT were prepared by emulsifying 10@L of the  Mice models of primary infection and late persistent TB infection
DMT liposome and 100mL of either protein CTT3H (50 were established as previously descrildgd). Vaccinated mice
mg/100 mL) or plasmid pCTT3H solution (50mg/100 mL), were infected i.n. with about 100 CFU li%k tuberculosi$i37Rv
respectively. as mentioned in dierent regimensHgure 2). At dierent

M. tuberculosis
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FIGURE 2 | Comparison of protective ef cacy among different regimens(A) The immunization and challenge schedules of three CTT3H-Isad vaccines alone
immunized C57BL/6 mice against primaryM. tuberculosis infection (i D 6). C57BL/6 mice were immunized with CTT3H-DMT, pCTT3H-DM®&nd rAdCTT3H,
respectively. BCG was used as positive control. PBS, DMT, pAX-1, or Adnull were used as negative controls. At the tenth ek after immunization, mice were

(Continued)
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FIGURE 2 | challenged i.n. with approximately 100 CFU viruler¥. tuberculosis H37Rv strain. Four weeks post-challenge, spleen, and lung ere aseptically removed
from each mouse and the number ofM. tuberculosisin both organs was cultured and enumerated. The results aretown as (mean SEM) log g CFU/lung (B) or
spleen (C) of different groups. (D) The protocol of BCG prime-CTT3H-based boosters in mice agaist primary infection ( D 6). Bacterial load in the lungE) and
spleen (F) of the different groups were shown as (mean SEM) logg CFU/organ. G) The protocol of BCG prime-CTT3H-based boosters against rok late persistent
TB infection ( D 6). Bacterial load in the lungH) and the spleen(l) of different groups was shown as (mean SEM) log g CFU/organ. All experiments were repeated
twice with similar results.

time-points post-challenge, mice were sacriced. Lung andnemory T cells (Ev, CD62LMCD44%) and e ector memory T
spleen from six mice in each group were aseptically removedells (Tem, CD621°CD44") was detected as previously described
respectively. The bacterial load per organ was enumeratdd). The results are shown as mearSD per groupii D 6).

by plating serial dilutions of whole organ homogenates on

Middlebrook 7H11 agar. When required, n/ml of 2-  Statistical Analysis

thiophenecarboxylic acid hydrazide (TCH, Beijing Lugiadl@p A two-tailed StudentsT-test was performed for pair-wise
was added to selectively inhibit the growth of the residu@®  comparisons with SPSS 19.0 software (SPSS 19.0, Chicago, IL,
The lung from three mice in each group was xed in 4%ysA). One-way ANOVA test was used for analysis, when three or
paraformaldehyde solution, embedded in para n, sectionedian more experimental groups were compared, with Tukey's honestly

stained with hematoxylin and eosin (HE) and acid-fast (AF)sjgnj cant di erence (HSD)post-hotest in SPSS 19.0. A value of
staining. Lung histopathological scores of three mice indért ;< 0.05 was considered signi cant.

groups were evaluated as previously describgd (

CTT3H -Speci c IgG Antibody and RESULTS

Subclasses Tittered by E!‘ISA . Enhanced Protection Against Late
Serum from each mouse in dierent vaccinated groups wa

collected and the CTT3H-specic endpoint titers for IgG,?'—)erS'Stent Rather Than Primary TB

IgG1, and IgG2a (Abcam) were tested by ELISA, as previousiipfection Conferred by Heterologous Boost

described 10). BCG With CTT3H-Based Vaccines

. To evaluate the e ect of vaccine types on the protection, the
CTT3H-Specic IFN- g Secreted by protective e cacy against primaryM. tuberculosisinfection
Splenocytes Detected by ELISA between DMT adjuvanted CTT3H subunit protein vaccine,
2.5 10 of splenocytes were seeded into each well of 249NA vaccine pCTT3H in adjuvant of DMT, and recombinant
well microtiter plates and incubated with b@/mL of CTT3H  adenovirus rAdCTT3H vaccine were rstly compared in di erent
protein at 37C in a humidi ed CO, incubator for 72h (0. vaccinated mice. At the tenth week after immunization, deet
Supernatants from each well were collected and a commercighccinated C57BL/6 mice were challenged i.n. with about 100
mouse IFNg ELISA kit (Multi Sciences LTD) was used to CFU of virulent M. tuberculosisH37Rv strain. Four weeks
measure the concentration of IFlin the supernatants with a after infection, bacterial load in the lung, spleen, and lung
detection limit of 5 pg/ml. CTT3H-specifc IFNd-concentration  histopathology were used to assess vaccine-induced patecti
was calculated by subtracting the background of mediummint  (Figure 2A). Among all groups, PBS control mice, as well as
The results are showed as the meaBD (pg/mL) for each group Adnull and pVAX-1 groups, had the highest bacterial load in the

(nD6). both lung Figure 2B) and spleenFigure 20 (p < 0.05), while

. . the most signi cant inhibition of the growth oM. tuberculosis
In vivo Measurement of Cytotoxic T Cells in both organs was obtained in BCG vaccinated mipe<(
Responses to TB10.4 0.05). Interestingly, both DMT adjuvanted CTT3H and pCTT3H

The CFSE method was used to evaluate the CTL e ects againgiccinated mice conferred much more signi cant protectibam
TB10.4 (Qiangyao Biotech) of dierent vaccinated mice ashe DMT alone treated micep(< 0.05). rAdCTT3H vaccinated
previously described1() and analyzed by a ow cytometer mice also more signi cantly reduced the bacterial load in the
(Figure S). The speci c rate of killing ofn vivo CTL assay was lung and spleen than PBS or Adnull controlp € 0.05). In
calculated by the formula: 1 — (%CFSE high cells/%CFSE loaddition, there was no statistical di erence of organ badcteri
cells) 100 (L0). The results are expressed as the meaBEM  load among rAdCTT3H, CTT3H-DMT, and pCTT3H-DMT

of six mice per group. groups.

. To further investigate the boost e ect and the e ect of booster
CTT3H-Speci c Memory T Cells Detected vaccine types on the BCG-primed protection against primary
by Intracellular Flow Cytometry infection, mice were rst vaccinated with the BCG vaccinalan

Total splenocytes or pneumonocytes from each mouse wethen boosted with three CTT3H-based vaccines at the ninth
prepared. These cells were stained for CD4 or CD8, intracellulaveek. Nine weeks later, mice were challenged i.n. with about
cytokines IFNg and IL-2, and surface markers CD62L and100 CFU of virulentM. tuberculosisFour weeks post-challenge,
CD44. The absolute number of IFBE and IL-2° T cells, central  protection was evaluated in di erent group§igure 2D). BCG
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repeat vaccinated mice had the highest bacterial loadinboip  Th1 Biased Response Induced by BCG

(Figure 2B and spleenKigure 2F) of all groups. Interestingly, Prime-CTT3H-Based Boosters
there was no statistical di erence of the bacterial load intho T investigate the immunological mechanism related with
lung and spleen between heterogeneous CTT3H boosters afigjures of boost strategy against primary infection, Thped
the BCG-PBS control group, respectively. Therefore, ourlt®su response was also analyzed in di erent vaccinated mice before
suggest that di erent CTT3H-based vaccines could not enhanccha”enge_ Higher levels of anti-CTT3H IgG, IgGl, IgG2a,
BCG primed mice to protect over the BCG vaccine alone agai”%GZa/lgGl, IFNg, and CTL responses were induced in mice
primary infection, regardless of vaccine types. vaccinated with BCG and CTT3H-based boosters than the BCG-
To explore the protective e cacy of heterologous boostpgs control groupf < 0.05) Eigures 4A-D. Among three
strategy against LTBI, BCG primed mice were challenged Witﬂ,pes of boosters, the highest level of IgG2a/lgGl and the
almost 100 CFUM. tuberculosidi37Rv at the fth week after strongest IFNg response were obtained in rAdCTT3H boosted
immunization (Figure 2G). Four weeks later, about 4@CFU  mice (Figures 4D,B, while the most signi cant CTL response
and 16> CFU of M. tuberculosisiespectively, persisted in the t5 TB10.4 was detected in DMT adjuvanted DNA or protein
lung and the spleen of BCG-primed mice and remained stablgoosted miceRigure 4P. However, BCG repeat vaccination did

during the whole experimental perio&igures 2H,). Consistent  not enhance any of these immunological biomarkers, compared
with the previous report), the mouse models of late persistenttg the BCG-PBS group.

TB infection to mimic LTBI were established successfullyd an
then boosted with CTT3H-based vaccines or BCG. At tthN_gC Tem and IL-2 © Ty Cells Decreased

nineteenth week, bacterlz_al load in both lung and spl_een_ fro n BCG Prime-Boosters Before Exposure
heterologous boosted mice was decreased more signi cant¥N o€ Tem and IL- Tew cells in the spleen are thought as
- EM - CM

than the BCG-PBS control grougigures 2H,). In particular, e ective biomarkers to predict the vaccine-induced early and

almost half of rAdCTT3H-boosted mice signi cantly inhilgitl . : . . .
the growth ofM. tuberculosiin their spleensFigure 21). Unlike persistent protectiong). To further establish the immunological
) ) mechanism related with the failure of boost strategy against

protection against primary infection, repeated BCG vaccorati . . . i - X
also resulted in a more signi cant decrease in bacteriatl Ioaprlmary mfectlon,_ the number of CTT3H-specic ”.:N
or IL-2 secreting T cells Higure 5A), IL-2-expressing

of both lung and spleen than in the BCG-PBS group, even @CM (CD621MCDA4") cells, and IFNg-positive Tey

that protection was inferior to those of heterologous booste (CD621°CD44") cells Figure 5B) in splenocytes between BCG

Taken together, our results demonstrated that di erent CHF3 . ; . S
. . rime-boosted mice was determined. BCG repeat vaccination
based vaccines, regardless of vaccine types, could enh@te . C
more signi cantly decreased the number of IF)¥ or IL-2

T e e o o enasd oo D T cels, and [FNg° CDEF Tew celsn the sl v
P y 9 BCG-PBS control micep< 0.05Figure 50). Interestingly, BCG

infection. prime-heterologous boosters also did not improve the levels of
all biomarkers, but resulted in a more signi cant decreakthe

CTT3H Speci ¢ Thl- Biased Responses levels of IFNg® Tewm cells, IL-& T cells, and IL-& Ty cells in

Elicited by CTT3H-Based Vaccines the spleen, when compared with the respective booster control

To assess the immunogenicity of dierent CTT3H-based ' Compared to the BCG'PB.S control group, CTT3H-based
boosters only more signi cantly increased the levels of {§N

vaccines, vaccinated mice were sacri ced for immunoldgic c .
analysis at the tenth week after immunization. PBS, DM'?F cells and IFNg™ Tew cells in the spleenFgures 5D-F,

Adnull, and pVAX-1 treated control mice did not produce fegardiess of vaccine typdsdure S3.

any antibodies, including 1gG, 1gG1, or IgG2a against th _~C 5C
recombinant protein CTT3H, as expecte@dgure 3). In contrast, 1FN-g° Teym and IL-2© Tey Cells Increased

higher levels of CTT3H-speci ¢ IgG, IgG1, and IgG2a antitesdi 1N the Spleen of BCG Prime-Boosters After

as well as the higher ratio of IgG2a/lgG1 were induced in micEXposure

vaccinated with all three CTT3H-based vaccines vs. BE& ( To investigate immunological e ects related with the protent
0.05) Figures 3A-D. Among all groups, CTT3H-DMT elicited against late persistent TB infection, IR)$ or IL-2C T cells,
the highest titers of IgG, 1gG1, and 1gG2a, while rAdCTT3Hand memory T cells in the spleen were further analyzed
vaccinated mice elicited the highest ratio of 1gG2a/lgGi. | 14 weeks post-challeng&igure 6. Among all the treatment,
addition, splenocytes from control mice also did not secreteepeat BCG vaccination induced the most signi cant increase
any INF-g. Compared to control groups, BCG-vaccinated micen the number of IFNg® or IL-2¢ T cells, IFNg® Tgm
produced much higher levels of both CTT3H specic IRN- and IL-X Tcyw cells in the spleen, except the levels of IL-
and CTL response to TB10.4. Both levels in three groups & CD8& T cells in both DMT adjuvanted boosters and IFN-
CTT3H-based vaccinated mice were also much higher tharethogi® Tgy in CTT3H- DMT boost group p < 0.05,Figure 6).

in the BCG group. Of all groups, the highest concentration oRegardless of vaccine typ&sgure S3A, heterologous boosters
CTT3H speci c IFNg was secreted by the rAdCTT3H group with CTT3H-based vaccines induced a more signi cant insea
(Figure 3B, while the strongest CTL response to TB10.4 wasf all these biomarkers than BCG-PBS control groEg(re 8).
detected in pCTT3H-DMT vaccinated micEigure 3P. In particular, IFNg® CDE T cells and IFNg® CD%TEM cells
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FIGURE 3 | Comparison of CTT3H-speci ¢ Thl responses among three CTT3kbased vaccines immunized C57BL/6 mice 1§ D 6). The immunization schedule was
described inFigure 2A . At the tenth week after immunization, sera from each C57BL/énice of different groups were collected and titers of anti-CT3H antibodies
19G (A), IgG2a(B), and IgG1 (C) were detected by ELISA. The results are shown as (mean SEM) log g endpoint titers. (D) The ratio of IgG2a/lgG1 of different
vaccinated groups. (E) The levels of CTT3H-speci c IFNg secreted by splenocytes. The concentration of IFNy in supernatants was detected by ELISA and the
results are expressed as mean SD (pg/mL).(F) Comparison of CTL response to TB10.4 among different vaccated groups (mean SEM). p < 0.05 vs. the BCG
group. All experiments were repeated twice with similar rests.

were dominated in the spleen of all BCG prime-CTT3H boost_ung Pathological Lesion Decreased by

groups. BCG Prime-Boosters Against Late
c c _ Persistent Rather Than Primary TB
IL-2% Tcm and IFEN- g~ Tgy in the Lung Infection
Increased in BCG Prime-Boosters After As shown inFigure 8A, in the primaryM. tuberculosiinfection
Exposure model, the most serious lung pathology with extensive brpsis

Furthermore, sterilizing immunity is attributed to driveFN-  perivasculitis, and alveolitis was obtained in all contraups,

g® Tem and IL-X Tcwm cells from the spleen to the infected which also had the highest pathological score with acidkastili
lung (9). Comparatively, the levels of IFBE or IL-2C T cells, (AFB) throughout the whole lung tissue section. Compared
IFN-g¢ Tem and IL-X Tcy cells in the lung of each group to controls, three CTT3H-based vaccines displayed far fewer
were much lower than that in the respective spleen. Comparegathological lung changes with only a few AFB dispersed through
with BCG-PBS control mice, repeat BCG vaccination induced the tissue sectionFigure 8A). Consistent with the results of
more signi cant increase in the number of IFYS or IL-2¢ T enumeration in organs, the lowest lung pathological scoré an
cells, IFNg® Tgy, and IL-X Tcy cells in the lung | < 0.05, the fewest AFB were found in the lung from BCG vaccinated mice
Figure 7). Regardless of vaccine typEjure S3B, heterologous among all groupsKigures 8A,B.

boosters with CTT3H-based vaccines induced the most number When pre-exposure boost BCG with CTT3H-based vaccines
of all these biomarkers, especially both IE-Zcy and IFN-gC  to against primaryM. tuberculosisinfection, consistent with
CD4C Tewm cells than BCG-PBS control group as well as repedhe results of bacterial enumeration, more AFB stained
BCG vaccination Figure 7). In addition, IFNg© CDE T cells bacteria were observed in the lung section from BCG repeat
and IFN-g© CDETEM cells of all biomarkers were dominated in vaccinated mice, which also showed the most serious patialiog
the lung of all BCG prime-CTT3H boost groups. changes Figures 8C,D with extensive brosis, perivasculitis,
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FIGURE 4 | Th1 biased response induced by BCG prime-CTT3H-based boosgrs (0 D 6). The immunization schedule was described ifrigure 2D . ELISA was used
to determine titers of anti-CTT3H IgGA), IgG2a(B), and IgG1(C) in the serum from each C57BL/6 mouse in BCG prime-booster vacinated groups at the eighteenth
week. (D) The ratio of IgG2a/lgG1 of different vaccinated groups(E) The levels of CTT3H-speci ¢ IFNg secreted by splenocytes (mean SD pg/mL). (F) CTL
response to TB10.4 (mean SEM). P < 0.05 vs. the BCG repeated vaccination group. All experimestwere repeated twice with similar results.

and alveolitis Figures 8C,0). However, heterogeneous CTT3H pathological changes of late persistét tuberculos infected

boosters did not enhance the protection of the BCG vaccinenice.

against late persistent TB when compared to BCG-PBS control

group. Interestingly, compared with BCG repeat vaccination,

mice boosted with CTT3H-based vaccines or PBS resulted P|SCUSSION

fewer pathological changes and fewer AFB present in the lung

(Figures 8C,D. In this study, we compared the e cacy of dierent vaccine
While post-exposure boost BCG with CTT3H-based vaccinetypes, namely CTT3H-DMT, pCTT3H-DMT, and rAdCTT3H,

to against persisteritl. tuberculosignfection, among all groups, as boosters to BCG vaccine-primed protection. In particular,

the most serious lung pathology with extensive brosis wasmmunogenicity and protection e cacy against primary TB

found in the BCG-PBS group, and a few AFB were foundnfection and late persistent TB infection were evaluated.

in their lung tissue sections. Compared with the BCG-PB®ur results demonstrated that similar protective e cacy was

group, lower lung pathological scores and fewer AFB in th@rovided by CTT3H-DMT, pCTT3H-DMT, and rAdCTT3H

lung tissue were obtained in CTT3H-based vaccines boostedone in vaccinated mice against primary infection but that

mice (Figures 8E, I, consistent with the results of HE staining. protection was inferior to that of the BCG vaccine. CTT3H-

Together with these data, heterologous post-exposure bodsased vaccines as heterologous boosters did not enhance the

BCG with CTT3H-based vaccines signi cant improve lungprotection primed by the BCG vaccine against primary infection
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FIGURE 5 | CTT3H antigen-speci c T cells in spleens induced by BCG priméCTT3H-based boosters before exposureif D 6). The immunization protocol was
described inFigure 2D . At the eighteenth week, splenocytes from heterologous bosters with PBS, CTT3H-DMT, pCTT3H-DMT, rAdCTT3H, and BCG wainated
mice were collected and counted. 2.5 108 cells were seeded in each well of a 24-well plate and stimulat! with CTT3H (10mg/mL) as described in detail in the
section of Materials and Methods. The absolute number of CT3aH-speci ¢ IFN-gC (or IL-2€) CD4€ (or CD8C) T cells, IFNgC CD4 € (or CD8C) Ty cells, and
IL-2€ cD4 € (or cD8C) Tewm cells from spleens were detected by ow cytometry. Results a8 shown as mean SD (1 D 6). (A,B) Flow cytometry analysis strategy,
(C) comparing BCG prime and BCG repeated boost strategy(D,F) comparing BCG prime, subunit vaccine prime, and BCG prime ath boost with subunit vaccine
including protein vaccine(D), DNA vaccine(E), and recombinant adenovirus vaccingF).

however, boost regimens conferred stronger protectionremjai infection (6). Thl-biased response, especially increasing gFN-
late persistent TB infection than BCG alone, regardless afecreting CD4T cells in the spleen of vaccinated mice were
vaccine types. Our ndings demonstrate that a BCG prime-boosgenerally used as the biomarker to assess the immunogenicity
strategy might be a promising measure for the preventiorof the strategyX, 6). The majority of boosters5( 6), as well as
against late persistent TB infection, rather than primaryall heterologous boosters in this study, could elicit Thfetst
infection. response, which cannot enhance the protection of the BCG
During past decades, BCG prime and heterologous boosiaccine against primary TB infection in mice. Therefore, @ym
strategy has been explored to protect adults against primary TiBot be a reliable biomarker to guide the development of booster
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FIGURE 6 | CTT3H antigen-speci c T cells in spleens induced by BCG primé&CTT3H-based boosters after exposureif D 6). The immunization and infection
protocols were described inFigure 2G . At the nineteenth week, the absolute number of CTT3H-spedi IFN-g€ (or IL-2€) CD4€ (or CD8C) T cells, IFNgC CD4 €
(or CD8C) Tewm cells, and IL-£ cD4 € (or CDSC) Tcwm cells from spleens were detected by ow cytometry. Results a8 shown as mean SD (1 D 6). (A-C)
Comparing BCG prime, BCG repeated boosting, and BCG prime ath boosted with subunit vaccine strategies including DNA vagine (A), protein vaccine(B), and
recombinant adenovirus vaccingC).

FIGURE 7 | CTT3H antigen-speci ¢ T cells in lungs induced by BCG prime-CT3H-based boosters after exposurerf D 6). The immunization and infection protocols
were described inFigure 2G . At the nineteenth week, the absolute number of CTT3H-speai IFN-g€ (or IL-2€) CD4C (or CD8C) T cells, IFNgC CD4 € (or CD8C)
Tewm cells, and IL-€ CD4 € (or CD8C) Tewm cells in pneumonocytes were detected by ow cytometry. Resuk are shown as mean SD (1 D 6). (A—C) Comparing
BCG prime, BCG repeated boosting, and BCG prime and boosted \ith subunit vaccine strategies including DNA vaccin¢A), protein vaccine (B), and recombinant
adenovirus vaccine(C).
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FIGURE 8 | Comparison of histopathological changes in lungs among diérent regimens. The immunization and challenge schedulesere shown inFigures 2A,D,G .
Arrowheads indicate AF positive bacteria. HE, scale bad 400 mm; AF staining, scale barD 50 mm. (A) The representative lung pathological changes of three
CTT3H-based vaccines alone immunized C57BL/6 mice againstimary M. tuberculosis infection and (B) lung pathological scores D 3). (C) The representative
lung pathological changes of BCG prime-CTT3H-based boostes in mice against primary infection andD) lung pathological scores D 3). (E) The representative
lung pathological changes of BCG prime-CTT3H-based boostes against mice late persistent TB infection andF) lung pathological scores (i D 3).
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vaccine for adult TB 16-19). In fact, cell-mediated immunity Antigens that can stimulate IL2 Tcy cell responses should
againstM. tuberculosislways is slow to form when compared be suitable targets for controlling of LTBI. For example, ESAT
with other pulmonary pathogens such &suenza virus (19) 6 might not be a suitable antigen candidate, because it iesluc
or Streptococcus pneumon(aé), which bene ts the replication ESAT-6-speci c T cells driven toward terminal di erentiatian

of M. tuberculosisn the lung during the rst 3 weeks after persistent TB infection2). Several subunit vaccine candidates,
primary infection and subsequently promotes the establightme such as CMFO ), ID93 (29, and H56 (B0) might provide

of alatentinfection21). IL-2€ Tcwm cells are located in secondary longer-lasting protection against primary infection than tBEG
lymphoid tissue. They are characterized by highly expressingaccine alone in di erentanimal models. In the future, theyitm
IL-2 and can turn into e ector T cells when they encounter be developed to replace the BCG vaccine for the immunization
the antigen again4?). Tgm cells are located in infection sites of infants. Therefore, our results have important implicatso
and can express IFNg-very rapidly 2). Previously, we found in guiding the clinical practice and future development of TB
that IFN-g¢ Tgw cells and IL-& T cells, especially IL2  vaccine for adults.

Tcwm cells in the spleen are related with the vaccine-induced

protection @). Further, sterilizing immunity plays a critical in ETHICS STATEMENT

the clearance of LTBI, which might be achieved by driving

IFN-g© CD4Tey and IL-Z Tey cells to the infected lung The study protocols involving animal experiments were
(9). In this study, CTT3H-based boosters did not enhance thgyerformed in accordance with the guidelines of the Chinese
protection of the BCG vaccine against primary infection, whic council on Animal Care. The Committee on the Ethics of
might contribute to the decreased levels of I§N-Tem and IL-  Animal Experiments and the School Committee on Biosafety of

2 Tew cells in the spleen. A recent study also supported thigongji Medical College (Wuhan, China) approved the research
conclusion that an improved protection conferred by an BCGpyotocols.

prime-recombinant Sendai virus expressing antigen Ag85A and

Ag85B boost regimen was related with the increasing leviels

CD4C Tcw cells @3). Furthermore, both IFNgC Tgy cells and AUTHOR CONTRIBUTIONS
_ C . . . .

IL-2% Tewm cells were mcre_asgd signi cantly in the spleen an%w and MC performed immunological detection, collectiongdan

lung by post_—exposure vaccination, regard!ess of BCG or C:-F-rm-lf;\nalysis of data. JM, XT, and MT performed the experiments with

based vaccines as boosters. Correspondl_ngly, BCG pr!mgd_mLFE animal models. EB prepared the puri cation of antigen. XF

boosted with BCG or CTT3H-based vaccines strqngly inhebite designed the experiments, interpreted the data, and wrote the

the growth of persistent. tuberculosisand provided more manuscriot

signi cant protection against late persistent TB infectidmah Pt

the BCG vaccine alone. The improved protection of all boosters

was related with increasing number of IF@?- Tem cells and IL- FUNDING

2C Tcwm cells in the infected lung, consistent with our previous ) )
reports @, 9). However, BCG re-vaccination or CTT3H based- T his work was supported by grants of the National Megaproject

boosters cannot thwart the reactivation as CMFO/DMT doegf Science Research for both the 13th 5-year Plan of China (No.
(9). Our results were also supported by other previous report20182X10302302002-001) and the 12th 5-year Plan of China
For example, & cells are associated with LTBI, whilgT (No. 20127X10003008-005), and the National Natural Seienc

cells are related with active TB4). Moreover, an experiment Foundation of China (No.81772147). The funders had no role
of adoptive transferring of T cells from “immune” or vacciedt N Study design, data collection, data analysis, interpiataand
mice into immunode cient recipient mice also demonstrated Writing of the report.

that central memory-like CD% T cells (CD62[Y) rather than

e ector memory T cells (CD62P) play an important role in - ACKNOWLEDGMENTS

the protection against TB26). VPM1002, a modied BCG

1 ureC::hly conferred superior protection against TB vs. BCGWe thank Zhihui Liang (Department of Immunology, Huazhong
which is also related with higher numbers ofg cells 6). In  University of Science and Technology) for FACS analysis,
addition, mice chronically infected witiM. tuberculosicould Qiaoyang Xian, Yan Rao, Qijie Zhang, and Ming Guo (Wuhan
elicit higher number of E cells than mice vaccinated with the University) for their technical assistance with mouse modéhwi
BCG vaccine, which may contribute to the failure of the BCGorimary TB infection.

vaccine to provide long-lasting protectiof7). Taken together,

IFN-gC Tem cells, and especially ILS2Tcm cells and their SUPPLEMENTARY MATERIAL

distribution are more e ective biomarkers to assess vaccine
induced protection, regardless of models of primary infettio The Supplementary Material for this article can be found
and late persistent infection. online at: https://www.frontiersin.org/articles/10.388nmu.

In conclusion, the levels of IFN® Tew cells and IL-2  2018.02439/full#supplementary-material
Tew cells are related with vaccine-elicited protective e cacyia Figure S1 | TB10.4 CD&" peptide-pulsed, CFSE-labeled target cells were

might be used as alternative biomarkers for management BILT analyzed forin vivo CTL activities from different immunized C57BL/6 mouse
or guiding preclinical and clinical trials of vaccine candids. (1D 6). Representative histograms of the peptide-pulsed splezcyte targets with
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the right and left peaks being CFSE-labeled TB10.4 peptidg@ulsed splenocytes
and unpulsed splenocytes analyzed by a ow cytometer, respetively.

Figure S2 | Comparison of CTT3H antigen-speci c T cells in spleens betwen
BCG prime-different CTT3H-based boosters before exposurén D 6).
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