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The Journal of Immunology

Exploiting Pre-Existing CD4+ T Cell Help from Bacille
Calmette–Guérin Vaccination to Improve Antiviral Antibody
Responses

Tony W. Ng,* Ariel S. Wirchnianski,* Anna Z. Wec,*,† J. Maximilian Fels,*

Christopher T. Johndrow,* Kevin O. Saunders,‡ Hua-Xin Liao,‡ John Chan,*,x

William R. Jacobs, Jr.,* Kartik Chandran,* and Steven A. Porcelli*,x

The continuing emergence of viral pathogens and their rapid spread into heavily populated areas around the world underscore the

urgency for development of highly effective vaccines to generate protective antiviral Ab responses. Many established and newly

emerging viral pathogens, including HIV and Ebola viruses, are most prevalent in regions of the world in which Mycobacterium

tuberculosis infection remains endemic and vaccination at birth with M. bovis bacille Calmette–Guérin (BCG) is widely used.

We have investigated the potential for using CD4+ T cells arising in response to BCG as a source of help for driving Ab responses

against viral vaccines. To test this approach, we designed vaccines comprised of protein immunogens fused to an immunodo-

minant CD4+ T cell epitope of the secreted Ag 85B protein of BCG. Proof-of-concept experiments showed that the presence of

BCG-specific Th cells in previously BCG-vaccinated mice had a dose-sparing effect for subsequent vaccination with fusion

proteins containing the Ag 85B epitope and consistently induced isotype switching to the IgG2c subclass. Studies using an Ebola

virus glycoprotein fused to the Ag 85B epitope showed that prior BCG vaccination promoted high-affinity IgG1 responses that

neutralized viral infection. The design of fusion protein vaccines with the ability to recruit BCG-specific CD4+ Th cells may be a

useful and broadly applicable approach to generating improved vaccines against a range of established and newly emergent viral

pathogens. The Journal of Immunology, 2020, 205: 425–437.

R
ecent outbreaks of pathogenic viruses, such as Ebola,
Chikungunya, and Zika viruses, have resulted in increased
morbidity and mortality surpassing past outbreaks (1).

Factors that contribute to the severity of current outbreaks include
human population growth, urbanization with extension into hab-
itats that harbor viral reservoirs, and the increased mobility with
modern transportation that facilitates the spread of infections (2).
To contain or prevent future outbreaks, there is an urgent need to
develop antiviral vaccines as a rapid, efficient, and cost-effective

intervention. Basic knowledge on the features of protective im-
mune responses has been greatly amplified by studies of the
most recent Ebola virus (EBOV) outbreaks, and also by the HIV
vaccine trial (RV144) in Thailand (3, 4). These studies have em-
phasized the relevance of neutralizing Abs (5) and also Abs that
recruit effector functions such as Ab-dependent cellular cytotox-
icity (ADCC) (6). In general, the induction of such Abs is de-
pendent on the binding of specific Ags by BCRs, an important step
that facilitates efficient internalization of the immunogen into
MHC class II (MHCII) compartments for generation of peptides
and their loading onto MHCII molecules for presentation to Th
(7, 8). This cognate interaction between B and Th cells is known
as linked recognition, a concept derived from studies with hapten-
carrier fusion proteins in which the production of anti-hapten Abs
from B cells with BCRs that initially recognize the poorly im-
munogenic hapten is driven by help from T cells that are specific
for the carrier protein to which it is linked (9). Fusion protein
vaccines based on this principle are often used to promote Ab
responses to polysaccharides, as in the case with infant immuni-
zation against bacterial pathogens containing carbohydrate cap-
sules (10, 11), or other molecules that fail to elicit effective Abs
because of suboptimal Th responses (12, 13).
Besides the cognate interaction between B and Th cells, cyto-

kines and costimulatory molecules from distinct Th subsets also
contribute significantly to the development of Ab responses, es-
pecially those against viral infections. For example, extrafollicular
Th1 cells promote the development of short-lived plasmablasts
that produce Abs with little somatic hypermutation and thus have
low affinity toward their Ags. Nevertheless, such Abs contribute
significantly to early protective immunity, especially against viral
pathogens such as influenza A (14). The development of these Abs
is influenced by IFN-g secreted from Th1 cells that drives isotype
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switching to Ab subclasses that control viral infection through
mechanisms that include Fc receptor–dependent functions such as
ADCC (15–17). In contrast, for long term protection, the inter-
action between follicular helper T cells (Tfh) and B cells promotes
the development of long-lived plasma cells capable of secreting
large amounts of high-affinity Abs. These Abs, which have im-
portant neutralizing effects in viral infections, arise predominantly
from B cells in germinal centers (GCs), where interactions with
Tfh drive somatic hypermutation and affinity maturation (18, 19).
Thus, different Th subsets play critically important and comple-
mentary roles in the generation of both rapidly protective and
long-lived protective Abs.
With a proven track record of safety and its ability to confer

partial protection against childhood tuberculous, meningitis, and
miliary disease (20), bacille Calmette–Guérin (BCG) is adminis-
tered routinely in countries with high prevalence of tuberculosis as
a universal vaccine for newborns (21). BCG-vaccinated individ-
uals develop mycobacteria-specific CD4+ Th cells that persist as
long-lived memory cells for decades (22, 23). Although much
emphasis has been placed on the Th1 response to mycobacteria
(24–27), other Th subsets have been described in BCG vaccination
and in Mycobacterium tuberculosis) infection, all which have the
potential to promote humoral immune responses (18, 26, 28–31).
This raises the possibility of using pre-existing BCG-specific
Th cells in BCG-immunized individuals to drive Ab production
against appropriately engineered viral immunogens as a vaccina-
tion strategy. To test this in a preclinical mouse model, we de-
veloped model vaccine subunits in which the B cell immunogen
was fused with a known immunodominant CD4+ T cell epitope of
BCG. In this study, we show that mice primed with BCG devel-
oped BCG-specific Th cell subsets that could be recruited by such
subunit vaccines to drive Ab responses, resulting in accelerated
and increased Ab production. BCG-specific Th cells were induced
by BCG vaccination in neonatal mice, and their contribution to Ab
responses in vaccination persisted in adult animals. Our analysis
showed that Abs facilitated by BCG-specific Th cells had en-
hanced capacity for neutralizing virus entry into host cells, which
correlated with increased Ab affinity in the IgG1 subclass. Abs
that were class switched to IgG2c were also consistently detected,
suggesting the potential for other relevant effector functions such
as ADCC. Overall, our findings provide an initial proof-of-concept
for a practical approach to improving antiviral vaccines by de-
signing immunogens that can use pre-existing BCG-specific Th
cells to promote protective Ab responses.

Materials and Methods
Mice

Five-week-old female wild-type (WT) C57BL/6J mice were obtained from
The Jackson Laboratory (Bar Harbor, ME), and 5-d-old C57BL/6 mice
were bred in our facility using parental mice obtained from The Jackson
Laboratory. GFP+ C57BL/6-P25 TCR-transgenic (Tg) mice that recognize
the I-Ab–restricted CD4+ T cell epitope from the immunodominant my-
cobacterial Ag Ag85B (15-mer peptide FQDAYNAAGGHNAVF) were
bred in our facility by crossing P25-TCR-Tg mice (32, 33) (gift from
Dr. J.D. Ernst; University of California San Francisco, San Francisco,
California) with GFP-expressing Tg mice (strain C57BL/6-Tg(UBC-GFP)
30Scha/J) obtained from The Jackson Laboratory. All mice were main-
tained in specific pathogen–free conditions in compliance with regulations
established by the Albert Einstein College of Medicine Institutional Ani-
mal Use and Care and Institutional Biosafety Committees. All procedures
involving the use of these animals were performed according to protocols
approved by the Albert Einstein College of Medicine Institutional Animal
Care and Use Committee.

Mycobacterial strains and vaccinations

BCG Danish strain (Statens Serum Institute, Copenhagen, Denmark) was
the parental strain used in this study. The Ag85B-deleted BCG strain (D85B

BCG) was constructed by deleting the fbpb gene encoding Ag85B through
allelic exchange with a shuttle phasmid containing flanking sequences
for promoting allelic exchange (gift from Dr. J.D. Ernst; University of
California, San Francisco) using the specialized phage transduction
method as described previously (34). Colonies of D85B BCG were se-
lected for hygromycin resistance following transduction, and the fbpb
deletion was confirmed by PCR analysis of genomic DNA with primers
TN33 (59-GCGGGATCCATGACAGACGTGAGCCGAAAG-39), TN34
(59-GCGAAGCTTGCCGGCGCCTAACGAACTCTGC-39), TN46 (59-GG-
AAACCTTCCTGACCAGCGAGC-39), and TN47 (59-CGGCGCGGA-
CAGCAAACTCCAGTG-39) as described in Supplemental Fig. 1A. The
complemented strain (D85B::fbpb) was generated by transformation with
plasmid pMV261 containing the full length sequence of fbpb and selecting
for kanamycin resistance. BCG and derivatives were grown in Sauton
medium, with antibiotics for selection when appropriate (35). Bacteria
were grown from low-passage-number frozen stocks, cultured to midlog
phase, centrifuged at 600 3 g for 10 min, and resuspended in sterile PBS
(Thermo Fisher Scientific, Waltham, MA) prior to injection into mice.
For vaccination, all BCG strains were administered to 5-d- or 5-wk-old
mice by s.c. injection at the scruff of the neck. Dose was 1 3 105 CFU
for 5 d old or 1 3 107 CFU for 5-wk-old animals. For recombinant
protein vaccine injections, the vaccine in PBS was mixed in a 1:1 volume
ratio with alum (Imject Alum; Thermo Fisher Scientific) to a final in-
dicated concentration ranging from 10 to 0.1 mg/ml. One hundred mi-
croliters of this vaccine mixture was administered i.m. into the mouse
through the thigh muscles with 50 ml per hind limb to provide final doses
ranging from 1 to 0.01 mg of the recombinant fusion protein vaccine
per mouse.

Primary cell culture and cell lines

Vero cells were from the American Type Culture Collection and were
maintained in high-glucose DMEM (Thermo Fisher Scientific). FreeStyle
293-F cells (Thermo Fisher Scientific) were maintained in Life Technol-
ogies FreeStyle 293 Expression Medium with GlutaMAX (Thermo Fisher
Scientific). Murine T cell hybridomas (TCHs) specific for I-Ab–restricted
CD4 T cell epitopes of Ags used in this work were generated using a
previously reported method (36). For the generation of TCH specific for
the Ag85B, CD4+ T cells were isolated from splenocytes of P25-TCR-Tg
mice (32, 33). For the generation of TCH specific for the TB9.8, CD4+

T cells were derived from splenocytes of C57BL/6 mice immunized s.c.
with BCG (1 3 107 CFU), and boosted 4 wk later with the same dose of
BCG administered i.v., followed 2 d later by isolation of CD4+ T cells
from splenocytes. Purified CD4+ T cells were fused with the BW5147.G.14
mouse lymphoma cell line (ATCC TIB-48; American Type Culture Col-
lection). Following fusion, the Ag85B- and TB9.8-specific TCHs were
isolated by screening for reactivity to the peptides corresponding to epi-
topes P25 (FQDAYNAAGGHNAVF) and P10 (ESSAAFQAAHARFVAA)
from Ag85B and TB9.8, respectively. These TCHs were maintained in
complete RPMI medium (RPMI 1640 supplemented with 10 mM HEPES,
50 mg/ml penicillin/streptomycin, 55 mM 2-ME [Thermo Fisher Scien-
tific], and 10% heat-inactivated [56˚C, 30 min] FBS [Atlanta Biologicals,
Flowery Branch, GA]). Murine bone marrow dendritic cells were derived
as previously described (37) and cultured in RPMI 1640 with murine
GM-CSF (20 ng/ml) (PeproTech).

Plasmid construction

The sequence of the N terminus Th (NTh) fragment containing the
human Ig k signal sequence followed by a hexahistidine tag, thrombin
cleavage site, and BCG-derived CD4+ T cell epitopes P25 and P10 sepa-
rated by cathepsin S (CatS) cleavage sites, was synthesized using codon
optimization for mammalian expression (GenScript, Piscataway, NJ). The
ova gene encoding chicken OVA was amplified from OVA plasmid
[plasmid number 31598, a gift from Dr. S. Levy; Addgene (38)], using
primers TN199 (59-GCGCTCGAGGGCTCCATCGGCGCAGCAAGC-39)
and TN200 (59-GCGTCTAGAGGGGGAAACACATC-39) and subcloned
into pcDNA3.1/Hygro expression vector (Thermo Fisher Scientific) via the
XhoI–XbaI sites. To construct the NTh plasmid (pNTh) OVA, the NTh
fragment was cloned in-frame into the N terminus of the ova gene in
pcDNA3.1 via the BamHI and XhoI sites (Supplemental Fig. 2). To con-
struct plasmid P25-NTh OVA with a single BCG-specific CD4+ T cell
epitope or plasmid WT OVA that lacks BCG CD4+ T cell epitopes, in-
verse PCR primer pair TN235 (59-CTCGAGGGCTCCATCGGC-39) and
TN236 (59-TAGTCCGACTGTAAACACGGC-39) for plasmid P25-NTh
OVA or TN214 (59-ACAGTCGGTCTGCTCGAG-39) and TN215 (59-GC-
TCCCCCTAGGCACGAG-39) for plasmid WT OVAwere used to delete the
corresponding BCG-specific CD4+ T cell epitope(s) from pNTh OVA. For
the NTh version of the EBOV glycoprotein (EBOV GP), the NTh fragment
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was amplified from pNTh OVA with primers TN231 (59-CGCACCGG-
TACCGTGGGTCTGTTCCAGGAC-39) and TN232 (59-CGCACCGGT-
CAGACCGACTGTTGCTGCGAC-39) to introduce AgeI sites for cloning
into the pHLsec-EGP-WT plasmid that contains the EBOV GP. The design
of the EBOV GP (UniProt entry KB-Q05320) was based on the version
used in a previously published crystal structure that lacks the mucin do-
main (aa 313–463), and its transmembrane domain was replaced by a
foldon trimerization domain and a 63 His tag (39). A synthesized DNA
fragment corresponding to the above glycoprotein, with the addition of a
A42T mutation to restore to the N-40 glycan, was subcloned into the
pHLsec expression vector (40) using the restriction sites AgeI and KpnI.
All plasmids encoding the fusion proteins were purified from DH5a strain
of Escherichia coli using the EndoFree Plasmid Maxi Kit (QIAGEN,
Germantown, MD).

Recombinant protein expression and purification

For recombinant protein expression, transfection was performed by mixing
400 mg of DNA with 1200 ml of 1 mg/ml PEI MAX transfection reagent
(Polysciences, Warrington, PA) in 45 ml of PBS and added into a 2-l flask
containing 1 3 106 FreeStyle 293-F cells (Thermo Fisher Scientific) in
600 ml of Life Technologies FreeStyle 293 Expression Medium with
GlutaMAX (Thermo Fisher Scientific). The flask was kept in a shaker set
at 125 rpm and incubated at 37˚C with 8% CO2 for 5 d. Cells were re-
moved by centrifugation at 800 3 g. For purification of rOVA and EBOV
GP, imidazole was added to 30 mM to the supernatant for purification of
the hexahistidine-tagged fusion protein proteins using a 5 ml HisTrap HP
column (GE Healthcare Life Sciences, Pittsburgh, PA). Recombinant
proteins were eluted with 500 mM imidazole and passed through Amicon
Ultra Centrifugal Filter Units (Millipore Sigma, Burlington, MA) with a
30-kDa molecular mass cut-off to allow buffer exchange into PBS. Buffer
exchange into PBS and concentration of the purified protein was carried
out using Vivaspin 20 concentrators (Sartorius, Goettingen, Germany). All
recombinant proteins were purified and concentrated under endotoxin free
conditions. Protein concentrations of the purified recombinant proteins
were determined by bicinchoninic acid assay (Thermo fisher Scientific,
Rockford, IL), and aliquots were stored at 280˚C until day of use.

SDS-PAGE analysis of fusion proteins

Purified fusion protein Ags or vaccines were subjected to SDS-PAGE
followed by staining with GelCode Blue Safe Protein Stain (Thermo
Fisher Scientific) for direct visualization of protein bands or by transferring
to nitrocellulose membranes for immunoblotting. After blocking with 5%
milk in PBS with 0.05% Tween 20 (PBST), nitrocellulose membranes
containing NTh EBOV fusion protein vaccine were incubated with either
rabbit anti–EBOV GP1 (3) or human anti–EBOV GP2 (41), and nitrocel-
lulose membranes containing the OVA version of the fusion protein vac-
cine were incubated with rabbit anti-SIINFELK (Covance, Denver, PA).
HRP-conjugated goat anti-rabbit or anti-human Abs (SouthernBiotech,
Birmingham, AL) were used as detection Abs, followed by the addition of
the SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific).

ELISA and ELISPOT assays for cytokine secretion

Capture ELISAwas used to measure cytokine responses from mouse TCHs
or splenocytes. Mouse TCHs specific to the peptide P25 of Ag85B, peptide
P10 of TB9.8, or peptide P72 of isocitrate lyase were cocultured in complete
RPMI 1640 with murine bone marrow–derived dendritic cells in the
presence of the fusion protein vaccine (10 mg/ml), individual peptide
controls (5 mg/ml), or BCG strains (multiplicity of infection of 10) at 37˚C
for 18 h. Similarly, splenocytes from mice vaccinated with BCG strains
were cultured in complete RPMI 1640 in the presence of peptide-25 (5 mg/ml)
or H37Rv lysate (10 mg/ml) at 37˚C for 18 h. Supernatants were assayed for
IL-2 or IFN-g using capture and biotin-labeled detection Ab pairs (BD Bio-
sciences, Franklin Lakes, NJ). Detection was performed with HRP-conjugated
streptavidin (BD Biosciences) and Turbo TMB substrate (Thermo Fisher
Scientific), and absorbance was measured with a Wallac 1420 VICTOR2
microplate reader (Perkin Elmer, Waltham, MA).

A standard ELISAwas performed to detect Ag-specific Abs in sera from
vaccinated mice. Blood samples from vaccinated mice were collected
through retro-orbital bleed and allowed to clot for 20 min at room tem-
perature (RT). Serum was removed from cells by centrifuging at 2000 3 g
for 10 min at RT and kept at280˚C for storage. Corning 96-Well EIA/RIA
Assay Microplates (Thermo Fisher Scientific) were coated with 5 mg per
well of purified OVA (Worthington Biochemical, Lakewood, NJ) or HIV
gp120 in sodium bicarbonate buffer (15 mM Na2CO3, 34 mM NaHCO3

[pH 9.5]) overnight at 4˚C, or with ∼95,000 infectious units (IU) of

recombinant vesicular stomatitis virus (rVSV) expressing EBOV GP
(rVSV-EBOV) in PBS (pH 7.4) overnight at 4˚C. The Ag-coated ELISA
plate was washed three times with PBST and blocked with 5% milk in
PBST for 45 min at RT. Serum samples were then incubated with the Ag-
coated ELISA plate for 2 h at RT, washed four times with PBST, and
incubated with HRP-conjugated mouse IgG1- or IgG2c-specific Abs
(SouthernBiotech) for 1 h at RT. After washing four times with PBST, the
signal was detected with the SIGMAFAST OPD substrate (Sigma-Aldrich,
St. Louis, MO), and the absorbance was measured with the Wallac 1420
Victor2 microplate reader (Perkin Elmer). To measure the affinity of
Ag–Ab interaction, a guanidine hydrochloride (GuHCl)–modified ELISA
was performed (42). After incubating the serum samples with the Ag-
coated ELISA plate and subsequent PBST washes, the ELISA plate was
either treated with PBS or 2.5 M GuHCl for 15 min at ∼22˚C. The plates
were then washed three times with PBST, followed by incubation with
HRP-conjugated mouse IgG1- or IgG2c-specific Abs (SouthernBiotech)
and continuation of the standard ELISA procedure mentioned above.

For ELISPOT assays, 5-wk-old female WT C57BL/6J mice were vac-
cinated with PBS, BCG, or revaccinated with BCG after a 5-wk interval at a
dose of 1 3 107 CFU. Five weeks after the last vaccination, spleens were
harvested, and CD4+ T cells were purified by negative selection using a
commercially available kit and following the manufacturer’s instruction
(Miltenyi Biotec, Auburn, CA). ELISPOT plates (Millipore Sigma) were
coated with 50 ml per well of 10 mg/ml anti–IFN-g (clone R4-6A2), 4 mg/ml
anti–IL-4 (clone OX-81), 4 mg/ml anti–IL-17A (clone TC11-18H10)
(BD Biosciences), or 10 mg/ml anti–IL-21 (Thermo Fisher Scientific) as
capture Abs for 18 h at 4˚C. Plates were washed and blocked with RPMI
1640 (Thermo Fisher Scientific) containing 2% FBS for 2 h at RT. A total
of 2 3 105 purified CD4+ T cells along with 5 3 105 splenocytes from
naive mice as APCs, were plated with Ag85B (P25) peptide (FQDAY-
NAAGGHNAVF; 10 mg/ml) (Mimotopes, Mulgrave, VIC, Australia) or
M. tuberculosis H37Rv bacterial lysate (10 mg/ml) (BEI Resources,
Manassas, VA) or no Ag in 100 ml of complete RPMI 1640 medium for
36 h at 37˚C. After cells were removed, plates were washed with PBST,
and 50 ml per well of 1 mg/ml of biotinylated Abs (anti–IFN-g [clone
XMG1.2], anti–IL-4 [clone B11-3], anti–IL-17A (clone TC11-8H4) (BD
Biosciences), or anti–IL-21 (Thermo Fisher Scientific) as detection Abs
were added and incubated for 2 h at 37˚C, followed by washing with
PBST. Fifty microliters per well of streptavidin–alkaline phosphatase at
1:1000 in PBS (Sigma-Aldrich) was added to the plates for 1 h at 37˚C
followed by washing and addition of the BCIP/NBT substrate (Sigma-
Aldrich). The reaction was stopped by washing the wells with water,
and spots were counted using an automated ELISPOT reader (Autoimmun
Diagnostika GmbH, Strasbourg, Germany).

Flow cytometry analysis of Th subsets

Five-week-old female WT C57BL/6J mice were vaccinated with PBS or
BCG by s.c. route at 13 107 CFU per mouse. Five weeks after vaccination,
splenocytes were isolated, treated with RBC lysis buffer, cultured in
complete RPMI 1640 medium as described above, and stimulated for 2 h
with mycobacteria Ags (peptide P25 or H37Rv lysate) as mentioned above,
followed by another 6 h of Ag stimulation in the presence of monensin
(5 mM) and brefeldin A (5 mg/ml) (Sigma-Aldrich). Afterward, cells were
resuspended in PBS and stained with Molecular Probes LIVE/DEAD
Fixable Blue Dead Cell Stain (Thermo Fisher Scientific) viability dye and
subsequently with fluorochrome-conjugated Abs against surface markers in
FACS buffer (PBS with 2% FBS and 0.05% sodium azide). Following
surface staining, cells were fixed in PBS containing 2% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA), permeabilized with eBio-
science Fixation and Permeabilization Buffer (Thermo Fisher Scientific),
and stained for intracellular cytokines and transcriptional factors. The
following Abs were used for staining: CD4 allophycocyanin–H7 (clone
GK1.5), B220 PE–Cy5 (clone RA3-6B2), IFN-g Alexa Fluor 700 (clone
XMG1.2), Bcl-6 Alexa Fluor 647 (clone K112-91), CXCR5 PE–CF594
(clone 2G8), RORgT PE–CF594 (clone Q31-378) (BD Biosciences),
MHCII PE–Cy5 (clone M5/114.15.2), IL-21 (clone FFA21), T-bet PE–Cy7
(clone eBio4B10), GATA-3 Alexa Fluor 488 (clone TWAJ) (Thermo
Fisher Scientific), and CD8a PE–Cy5 (clone 53-6.7) (Tonbo Biosciences,
San Diego, CA). Flow cytometry was performed with the BD Biosci-
ences LSRII Flow Cytometer configured with five lasers, and 2 3 105

events per sample were collected and analyzed using FlowJo software
(BD Biosciences).

Adoptive transfer of P25 Tg CD4+ T cells

Naive CD4+ T cells from P25 TCR-Tg/GFP mice were purified by negative
selection with the Miltenyi Biotec Negative Selection Kit as mentioned
above, with slight modification by adding anti-CD44 conjugated to biotin
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(clone IM7) (Thermo Fisher Scientific) to remove small numbers of
memory T cells that are present in these animals. Purified CD4+ T cells
(4 3 104 in 100 ml of PBS) were injected i.v. into WT C57BL/6 mice.
Sixteen hours later, 5 3 106 CFU of BCG were administered in a volume
of 100 ml of PBS s.c. at the base of the tail. On day 7 after vaccination,
mice were euthanized, and spleens were harvested and analyzed by FACS.
Tissues were also fixed in 10% neutral buffered formalin, paraffin em-
bedded, and sectioned. Ag retrieval with 10 mM Na citrate (pH 6) was
performed. Sections were blocked in 5% donkey serum/2% BSA and
stained with rabbit anti-GFP Ab (A11122; Thermo Fisher Scientific) fol-
lowed by biotin-conjugated anti-rabbit IgG Ab. Avidin-peroxidase com-
plex was added and visualized by the addition of 3,39-Diaminobenzidine
chromogenic substrate. Sections were counterstained with hematoxylin,
and images were acquired with a Pannoramic 250 Flash II slide scanner
(3DHISTEC).

Virus neutralization assay

Generation of an rVSV-expressing enhanced GFP (eGFP) and glycoprotein
from EBOV/Mayinga (EBOV/H.sap-tc/COD/76/Yambuku-Mayinga) in
place of vesicular stomatitis virus G was described previously (43, 44).
Viral neutralization experiments were performed by incubation of titrated
amounts of serum from vaccinated mice with a pretitrated amount of
rVSV-EBOV (multiplicity of infection � 1 IU per cell) at RT for 1 h prior
to addition to Vero cell monolayers cultured in DMEM containing 2%
FBS, and 1% penicillin-streptomycin at 37˚C with 5% CO2. Infection
was allowed to proceed for 12–14 h at 37˚C, and viral infectivity
was measured by automated counting of eGFP+ cells (IU) using the
CellInsight CX5 High-Content Screening Platform (Thermo Fisher
Scientific) (41, 43).

Results
Functional subsets of CD4+ T cells induced by
BCG vaccination

Studies of T cell responses to BCG vaccination in humans have
emphasized mainly the ability of this vaccine to induce CD4+ Th1
cells against secreted bacterial Ags (24–27), although a variety of
other defined Th subsets may also be present (26, 29, 45, 46). We
used signature markers of well-defined functional Th subsets to
more broadly characterize the responses to BCG in a standard
mouse model of vaccination. Groups of mice received a single
vaccination s.c. of PBS or BCG (1 3 107 CFU), and an additional
group received two BCG vaccinations separated by 5 wk (BCG
revaccination). Five weeks following the last injection, CD4+

T cells were purified from the spleens of individual mice for ex
vivo stimulation with mycobacterial Ags (peptide P25 epitope of
Ag85B or M. tuberculosis lysate) followed by detection of cyto-
kine secretion by ELISPOT. Sham-vaccinated naive mice (PBS
injections) did not develop mycobacteria-specific CD4+ T cell
responses to these mycobacterial Ags (data not shown). Sim-
ilar to BCG vaccination in humans (45, 47, 48), mice in the
BCG-vaccinated and -revaccinated groups developed mycobacteria-
specific CD4+ T cells with cytokine secretion profiles characteristic
of a broad range of Th subsets, including signature cytokines
for Th1 (IFN-g), Th2 (IL-4), Th17 cytokine (IL-17A/F), and Tfh
(IL-21) (Fig. 1A). Consistent with this, FACS analysis of CD4+

T cells showed that upon restimulation with mycobacterial Ags,
CD4+ T cells from BCG-vaccinated mice expressed the tran-
scriptional regulators Tbet, GATA3, RORgT, and Bcl6, which
are associated with the differentiation to individual Th subsets
(Fig. 1B; Supplemental Fig. 3A, 3B). Confirming the strong in-
duction of Th1 immunity by BCG (24, 27), intracellular cytokine
staining showed higher levels of IFN-g compared with other cy-
tokines such as IL-21 (Fig. 1C, top). However, these BCG-specific
IL-21–secreting CD4+ cells expressed the master transcriptional
regulator Bcl6 and the chemokine receptor CXCR5, markers for
Tfh (49, 50). These markers were not detected in the CD4+ IFN-g+

population (Fig. 1C, bottom), suggesting that the majority of
IFN-g–secreting CD4+ T cells were not functionally Tfh.

Design of fusion protein vaccines to capture helper activity of
BCG-primed Th cells

The existence of multiple Th subsets specific for mycobacterial Ags
following BCG vaccination suggested a general approach that
could leverage the helper activity of some of these subsets for Ab

production against relevant Ags of other unrelated pathogens. As a
proof-of-concept model for the recruitment of BCG-specific Th
subsets to promote B cell responses against viral pathogens, we
constructed fusion proteins in which either OVA or viral proteins,

such as EBOV GP, were fused to immunodominant CD4+ T cell
epitopes of mycobacterial Ags Ag85B (P25 epitope) and TB9.8
(P10 epitope). Variants of the fusion proteins were designed with

both the P25 and P10 epitopes fused in tandem to the N terminus
of the immunogens, designated NTh proteins. Immunogens that
only consisted of a single P25 epitope fused to the N terminus

were also produced and designated as P25-NTh (Fig. 2A, 2B).
These fusion protein vaccines were produced as hexahistidine-
tagged soluble proteins, purified by Ni-NTA affinity chromatogra-
phy and confirmed for correct structure and purity by SDS-PAGE

and immunoblotting (Fig. 2C, 2D). To facilitate the proper pro-
cessing of the BCG epitopes, the endosomal cysteine protease site
for CatS was introduced to the flanking region of the individual

P25 and P10 epitopes in the NTh version of the EBOV GP
(Fig. 2A), OVA fusion protein vaccines, and the single P25 epitope
in the P25 NTh version of the OVA fusion protein (Fig. 2B).

ELISA was performed with conformational epitope-specific anti–
EBOV GP Abs (41) to show that the purified EBOV GP fusion
protein vaccine maintained its native structure (Fig. 2E), which
is essential for vaccines that require BCR recognition and

BCR-mediated Ag uptake.
To demonstrate correct processing and presentation of the

MHCII-presented BCG epitopes embedded in the fusion protein

vaccines, these were incubated with murine dendritic cells (mDCs)
along with Ag85B or TB9.8 TCHs that recognize MHC class II
complexed with either P25 or P10 epitopes (51, 52), followed by

measurement of IL-2 secretion as an index of T cell Ag-specific
responses (Fig. 2F, 2H). The processing and presentation of the
P25 epitope flanked by CatS cleavage sites in the P25 NTh OVA
fusion protein vaccine was similar to the processing and presen-

tation of the endogenous P25 epitope from the Ag85B protein
(Fig. 2G), and these BCG-specific epitopes fused to the fusion
protein vaccine of EBOV (Fig. 2F) or OVA (Fig. 2H) were all

efficiently processed by dendritic cells and presented to T cells
in vitro.

Enhanced Ab responses to fusion proteins in BCG-primed mice

For initial studies, fusion protein vaccines constructed with OVA
linked to BCG Th epitopes were administered into mice as a
mixture with alum to provide an Ag depot and adjuvant effects. To
reveal the contribution of BCG priming in promoting Ab responses,

the dose for the fusion protein vaccine was titrated from 1 to 0.01
mg per mouse. In mice that were primed only with PBS injections
and lacked BCG-specific Th cells, fusion protein–specific IgG Abs

were induced only at the highest doses (1–0.1 mg), whereas a
lower dose (0.01 mg) yielded an undetectable Ab titer. In contrast,
mice that had been previously primed with BCG had readily de-
tectable Ab responses to the fusion protein vaccine at the dose of

0.01 mg (Fig. 3A). Analysis of Ab isotype showed that significant
class switching to IgG2c occurred only in the BCG-primed mice
and not in PBS-primed mice even after administration of high

doses (1–0.1 mg) of the fusion protein vaccine (Fig. 3B). To assess
memory B cell formation induced by the initial fusion protein
vaccine, a second homologous boost with the same dose (0.01 mg)
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of the fusion protein vaccine was administered. The PBS-primed
mice that lacked BCG-specific Th cells and produced undetectable
IgG Ab titers to the initial 0.01 mg per mouse vaccine dose
responded to the second homologous boost with total IgG Ab titers

similar to those of BCG-primed mice that received the same vac-
cination regimen (Fig. 3C). However, the second homologous boost
was still unable to induce IgG2c class switching in PBS-primed
mice as compared with BCG prime mice (Fig. 3D), indicating a

FIGURE 1. BCG vaccination in-

duces a broad range of Th subsets.

(A) ELISPOT of purified CD4+ T cells

from BCG-vaccinated and BCG-revacci-

nated mice and (B) FACS analysis on

splenocytes from BCG-vaccinated mice

were performed to detect signature cy-

tokines and transcriptional makers that

corresponds to distinct subsets of Th

cells after restimulation ex vivo with

BCG Ags in the form of peptide or

bacterial lysate. Mean 6 SD for five

replicates is shown, and data are repre-

sentative of three separate experiments.

*p , 0.05, **p , 0.01, ***p , 0.001,

****p , 0.0001, Kruskal–Wallis one-

way ANOVA, with post hoc analysis

using the Mann–Whitney U test with

Bonferroni correction to adjust the prob-

ability. (C) FACS analysis on splenocytes

from BCG-vaccinated mice that were

gated on CD4+ T cells detected IFN-g

and IL-21 secretion upon restimulation

with peptide P25 (top). Tfh markers

CXCR5 and Bcl6 were only detected in

IL-21–secreting CD4+ T cells (bottom).

Mean 6 SD for five replicates is shown,

and data are representative of three sep-

arate experiments. *p, 0.05 **p, 0.01,

Mann–Whitney t test used to comparing

between the two columns.
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FIGURE 2. Purification and characterization of fusion protein vaccine constructs. Schematic design of (A) the EBOV GP and (B) OVA fusion protein

vaccine constructs (hIgss, Thr, and CatS). SDS-PAGE analysis of purified (C) EBOV GP and (D) OVA fusion protein vaccines as shown by Coomassie

Blue staining and immunoblotting with anti–EBOV GP or anti-SIINFEKL Abs. (E) Anti-EBOV GP Abs (ADI-15878 and KZ52) that recognize confor-

mational epitopes were used in ELISA to detect proper folding of glycoprotein in the fusion protein vaccine. ****p , 0.0001, two-way ANOVA followed

by a Tukey multiple comparisons test to evaluate significance between groups. (G) CatS engineered to flank the P25 epitope in the fusion protein vaccine

showed similar efficiency as compared with the endogenous P25 from the purified Ag85B protein for processing and presentation of the P25 peptide by

dendritic cells, as detected by ELISA for the release of IL-2 from P25-specific TCH. (F–H) The proper processing and presentation of BCG-specific

epitopes by dendritic cells after uptake of (F) EBOV GP or (H) OVA versions of the fusion protein vaccine were detected by P25 and P10 TCHs specific for

BCG epitopes in Ag85B and TB9.8, respectively. Activation of TCH is measured by ELISA for IL-2 released into the supernatant. Mean 6 SD for six

replicates is shown, and data are representative of two independent experiments. ****p , 0.0001, two-way ANOVA followed by a Sidak or Dunnett

multiple comparisons test to evaluate the significance between groups. CatS, cathepsin cleavage site; hIgss, human Ig k signal sequence; Thr, thrombin

cleavage sites.
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FIGURE 3. BCG-specific CD4+ T cells and linked recognition are required to provide dose-sparing effect of the fusion protein vaccine and drive class-

switching Ab responses. (A and B) PBS- or BCG-primed mice were boosted with indicated dose of OVA fusion protein vaccine (NTh OVA) ranging from 1

to 0.01 mg per mouse, and sera were analyzed for OVA-specific (A) total IgG and (B) IgG2c. (C and D) After 4 wk, a second boost with 0.01 mg of OVA

fusion protein vaccine (NTh) were given to mice that initially received the 0.01 mg dose of the OVA fusion protein vaccine. Sera were analyzed for OVA-

specific (C) total IgG and (D) IgG2c. (E) Mice vaccinated with PBS, WT, or D85B BCG were boosted with the OVA fusion protein vaccine (P25-NTh), and

sera were collected and analyzed for OVA-specific IgG2c. (F) BCG-vaccinated mice were boosted with WT OVA, OVAwith Ag85B protein (85B), or the

OVA fusion protein vaccine (P25-NTh OVA), and sera were collected and analyzed for OVA-specific IgG1 and IgG2c. (G) Six months after BCG vac-

cination, mice were boosted with the NTh OVA fusion protein vaccine, and sera were analyzed 2 wk later by ELISA for Ag-specific Abs. Median with

interquartile range for at least four replicates are shown. A Mann–Whitney U test was used for pairwise comparisons, and a Kruskal–Wallis one-way

ANOVA test for multiple comparisons. For post hoc analysis after Kruskal–Wallis test, a Mann–Whitney U test using the Bonferroni correction was used to

adjust for significance between groups. *p , 0.05, **p , 0.01.
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requirement for BCG-specific Th cells to induce class switching to
this isotype.

Requirement for linked recognition for BCG enhancement of
Ab responses

We used a BCG mutant lacking expression of Ag85B (D85B) to
assess the requirement for specific mycobacterial Ag recognition
and direct linkage of this to the Ab target of the P25-NTh OVA
fusion protein. The D85B BCG mutant was created through allelic
exchange to delete the fpbp gene encoding Ag85B (Supplemental
Fig. 1A, 1B). The expression of Ag85B was determined by the
activation of a P25-specific TCH, which was activated by mDCs
infected with the WT BCG but not the DAg85 mutant BCG
(Supplemental Fig. 1C; top). A TCH specific for BCG isocitrate
lyase (53) served as a control to confirm similar levels of infection
of mDCs with the WT and mutant BCG (Supplemental Fig. 1C;
bottom). To confirm that vaccination with the DAg85B mutant
BCG did not elicit P25-specific CD4+ T cells, splenocytes from
mice vaccinated with WT, D85B, or D85B BCG complemented
with fbpb were restimulated in vitro with the P25 peptide or
M. tuberculosis lysate, and the release of IFN-g into culture su-
pernatants was assayed by capture ELISA. Stimulation with
M. tuberculosis lysate showed that all three BCG vaccine strains
(WT, D85B, and 85B complemented) induced similar Th cell re-
sponses toward mycobacterial lysate. P25-specific Th cells were
induced, as shown by restimulation of splenocytes with P25 peptide,
in mice vaccinated with either the WT or the 85B-complemented

BCG strains but not in the D85B BCG mutant–vaccinated mice
that had similar Th responses as those in the unstimulated groups
(Supplemental Fig. 1D), which were comparable to naive mice
(data not shown) (54).
To test whether P25-specific CD4+ T cells were required to

induce Ab responses to the fusion protein vaccine, mice were
primed with PBS, WT, or D85B BCG followed by vaccination
with the P25-NTh OVA fusion protein vaccine. Mice primed with
WT BCG promoted IgG2c Abs specific for OVA, whereas animals
primed with D85B BCG did not (Fig. 3E). The classic mechanism
of linked recognition in specific Th interactions with B cells re-
quires that the T cell epitope must be tightly associated, generally
by a covalent bond, with the immunogen that is recognized by
the cognate BCR (55). Consistent with this principle, in BCG-
vaccinated mice that developed P25-specific Th cells, ad-
ministering the OVA immunogen that lacked the P25 epitope
(WT OVA) or WT OVA in a mixture together with the Ag85B
protein (WT OVA plus 85B) failed to promote OVA-specific Abs
(Fig. 3F). This confirmed the requirement for covalent linkage of
the P25-specific CD4+ T cell epitope to the OVA immunogen for
recruitment of BCG-induced Th activity and indicated that the
effects on Ab responses of BCG-primed animals were unlikely to
be due to the prolonged trained innate immunity effects that can
follow BCG vaccination (56, 57).
BCG vaccination is most commonly given to neonates, leading

to BCG-specific memory Th cells that persist at least into young
adulthood and are frequently boosted by subsequent exposure to

FIGURE 4. BCG-specific Th cells promote neutral-

izing anti–EBOV GP Abs following vaccination with

EBOV GP fusion protein vaccine. (A) Anti–EBOV GP

IgG1 and IgG2 Ab titer measured by ELISA from sera

in PBS- and BCG-primed mice (n = 4) after adminis-

tering NTh EBOV GP fusion protein vaccine. (B and C)

Sera from naive (n = 1), PBS- (n = 10), or BCG- (n = 10)

primed mice vaccinated with NTh EBOV GP fusion

protein vaccine were incubated with rVSV–EBOV GP–

expressing GFP to determine the neutralization ca-

pacity of anti–EBOV GP Abs to prevent entry into

Vero cells, as shown by (B) representative microscopy

images (original magnification 340) and by (C) IC50

quantification. Experiments were repeated twice.

*p , 0.05, **p , 0.01, Mann–Whitney U test for

pairwise comparison.
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M. tuberculosis or nontuberculous mycobacteria (58). To more
accurately model this situation in mice, we expanded the time
interval between BCG priming and vaccination with the fusion
protein vaccine by resting the animals for 6 mo after priming
before vaccinating with the fusion protein vaccine. These animals
continued to show enhancement of Ab production with BCG
priming, indicating that the relevant BCG-specific memory Th
cells were sufficiently long-lived to provide the dose-sparing and
isotype-switching effects even without subsequent boosting with
mycobacterial Ags (Fig. 3G). This result also suggested that the
observed effects of BCG priming in this model were likely to
depend on long-lived memory T cells and not on the more tran-
sient effects of BCG on trained innate immunity (56, 57).

Increased antiviral activity, avidity, and persistence of Abs
induced by BCG-specific Th cells

To study the potential for Abs driven by BCG-specific Th cells to
neutralize viral entry and infection, we employed a standard model
for assaying effects on EBOVentry (41). PBS or BCG-primed mice
were vaccinated with 0.01 mg of the EBOV GP fusion protein
vaccine (NTh EBOV GP) per mouse, and 2 wk later sera were
analyzed for anti–EBOV GP–specific IgG1 and IgG2c (Fig. 4A).
A second boost with the same dose of the EBOV fusion protein
vaccine was administered 10 wk later, and sera were collected for
viral neutralization assay, in which an EBOV GP pseudotyped
rVSV (rVSV-EBOV GP) expressing GFP was used to measure
EBOV GP–mediated entry of the virus into Vero cells (Fig. 4B).
This revealed significantly improved neutralization of viral entry
with sera from the BCG-primed group as compared with the PBS-
primed group (Fig. 4C), consistent with either increased Ab
concentration or avidity or both in the BCG-primed group.
Neutralizing Abs are often developed from B cell clones that

undergo affinity maturation through multiple rounds of mutation
and selection in GCs reactions, resulting in Abs with increased
avidity toward their Ags. To determine which subclasses of IgG
developed into high-avidity Abs, BCG-primed mice were vacci-
nated twice with the fusion protein vaccine NTh OVA at 4-wk
intervals. Serum samples were incubated with OVA-coated ELISA

wells to allow for Ab–Ag interactions, and avidity of the anti-OVA
Abs was measured by their ability to resist elution by GuHCl, a
chaotropic agent used to disassociate Ab–Ag interactions (42).
Anti-mouse IgG1 or IgG2c Abs were used to probe for the sub-
class of mouse anti-OVA Abs that remained bound to OVA. Both
IgG1 and IgG2c binding was sensitive to GuHCl elution after
the first NTh OVA boost. However, after the second NTh OVA
boost, the IgG1 anti-OVA Abs became significantly more resistant
to GuHCl elution, whereas IgG2c Abs remained susceptible to
GuHCl disruption of binding (Fig. 5A). This suggested that the
IgG1 subclass of anti-OVA Abs underwent maturation with
repeated boosting into higher-avidity Abs, consistent with
multiple rounds of mutation and selection in GCs. In contrast,
IgG2c anti-OVA Abs did not show this affinity maturation,
suggesting that they may be primarily produced by B cells
located outside of GCs.
We also assessed the kinetics of anti-OVA Ab titers that de-

veloped in BCG-primed mice after each NTh OVA boost by
obtaining serum samples at 1, 2, 3, and 8 wk after the first NTh OVA
boost, and at 2 and 8 wk after the second NTh OVA boost (Fig. 5B).
Both the IgG1 and IgG2c subclasses of anti-OVA Ab responses
peaked at week 2 following the first NTh OVA boost and then
diminished significantly by 8 wk. Administering a second NTh
OVA boost increased the titers of both anti-OVA IgG1 and IgG2c
subclasses to levels that surpassed the first vaccination. These Ab
titers were increased and remained elevated for a prolonged period
after the second boost, suggesting the formation of memory
B cells and long-lived plasma cells.

Localization of BCG-specific Th cells in secondary
lymphoid tissue

GCs are discrete structures within the B cell follicles, where B cells
undergo somatic hypermutation and affinity maturation. Sustaining
the GCs reaction requires Tfh, a particular Th subset that local-
izes predominantly to the light zone of the GC (59). To directly
visualize the location of BCG-specific Th cells within a sec-
ondary lymphoid organ, adoptive cell transfer was performed
in which GFP+ P25 Tg TCR CD4+ T cells were transferred into

FIGURE 5. Development of high-affinity IgG1

subclass and kinetics of fusion protein vaccine-

specific Ab responses. (A) BCG-primed mice (n = 8)

were boosted twice with the NTh OVA fusion pro-

tein vaccine, and serum samples were collected and

stored at 280˚C after each fusion protein vaccine

boost for future analysis. A modified ELISA that

consists of a GuHCl treatment step was used to ana-

lyze the serum for measuring Ab affinity. Experiments

were repeated twice. **p , 0.01, ***p , 0.001,

Mann–Whitney U test used for pairwise comparisons.

(B) BCG-primed mice (n = 5) were boosted with

the OVA fusion protein vaccine, and sera were

collected at week 1, 2, 3, and 8 and stored at280˚C

for future analysis. Mice were then boosted again

with OVA fusion protein vaccine, and sera were

collected at week 2 and 8. All sera were assayed

by ELISA for Ag-specific IgG1 and IgG2c Abs.

Experiment was done once. *p , 0.05, Kruskal–

Wallis one-way ANOVA with post hoc analysis

using the Mann–Whitney U test with Bonferroni

correction to adjust the probability.
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mice 16 h before priming with PBS or BCG. Spleens were harvested
6 d later for analyses by FACS (Fig. 6A) and immunohisto-
chemistry (Fig. 6B, 6C). FACS analysis showed that the trans-
ferred GFP+ P25 Tg TCR CD4+ T cells expanded following BCG
priming (Fig. 6A), and these GFP+ cells were predominantly lo-
calized to the white pulp and not the red pulp of the spleen
(Fig. 6B). Although the numbers of GCs were similar between
PBS and BCG-primed groups (Fig. 6B), there were more GFP+

cells in the BCG-primed group, with the majority of these GFP+

cells in the extrafollicular areas and away from GCs (Fig. 6C).

Assessment of Th priming with neonatal BCG vaccination and
adult revaccination

In countries with a high prevalence of M. tuberculosis infection,
the BCG vaccine is routinely administered to most infants shortly
after birth. BCG vaccine given to neonates induces BCG-specific

FIGURE 6. Localization of P25-specific T cells in the spleen. Mice (n = 5) were adoptively transferred with 4 3 104 CD4+ T cells purified from P25

TCR-Tg GFP+ mice 16 h prior to vaccination with PBS or BCG. The animals were sacrificed 6 d after vaccination, and spleens were bisected for (A)

processing into splenocytes for FACS analysis and (B and C) fixation for histology. (A) Gating strategy to isolate lymphocytes, followed by gating on

singlets. Dead cells and B220+ MHCII+ cells were excluded from the analysis. Total CD4+ T cells were gated followed by GFP+ signal to detect the

adoptively transferred P25 TCR-Tg cells. (B and C) Formalin-fixed and paraffin-embedded spleens were cut into thin sections for immunocytochemistry

with anti-GFP followed and counterstained with hematoxylin. White pulp (WP), red pulp (RP), and GCs were quantified. Experiment was performed once.

*p , 0.05, ****p , 0.0001, Mann–Whitney U test for pairwise comparison; ***p , 0.001, ****p , 0.0001 for multiple columns, Kruskal–Wallis

one-way ANOVA followed by Dunnett multiple comparisons test to evaluate the significance.
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Th subsets that may differ functionally from those that develop in
subjects receiving BCG vaccination later in life (60), and these
differences could have an impact on responses to fusion protein
vaccines that recruit BCG-specific Th cells. To test this, BCG was
administered to 5-d-old and 5-wk-old mice that were then rested
for 5 wk before administering the NTh EBOV GP fusion protein
vaccine. Mice that received neonatal BCG vaccination at 5 d of
age showed similar Ab responses to EBOV GP compared with
those that received adult BCG vaccination at 5 wk, especially in
the induction of IgG2c (Fig. 7A).
A recent clinical study has suggested beneficial effects of BCG

revaccination in adults for enhancing anti–M. tuberculosis im-
munity (61), and this has generated renewed interest in applying
such revaccination to future vaccine regimens against tuberculosis.
To explore the impact of BCG revaccination on the enhancement
of Ab responses against the NTh EBOV GP fusion protein in our
mouse model, mice were primed once with PBS or BCG, or
primed with BCG and revaccinated 6 wk later with BCG before
administering the fusion protein vaccine (Fig. 7B). As seen before,
the presence of BCG-specific Th cells in BCG-primed mice pro-
moted higher Ab titers to the fusion protein vaccine as compared
with PBS-primed mice that lacked BCG-specific Th cells (Figs. 3,
4A, 7B). In BCG-revaccinated mice, a further increase of Ab titers
to the fusion protein in both IgG1 and IgG2c subclasses was ob-
served as compared with mice that were primed only once with
BCG (Fig. 7B, Supplemental Fig. 4). These results indicated a

potential advantage from BCG revaccination in reinforcing and
augmenting the BCG-specific Th activity for Ab responses to the
fusion protein immunogen.

Discussion
The concept of linked recognition in T cell–dependent generation
of Ab responses is well established and is the basis of many ef-
fective conjugate vaccines (9, 11, 12, 62). In the current study, we
adopted this basic principle by using covalently linked BCG Th
epitopes in fusion protein immunogens to enhance vaccination for
stimulation of Ab responses. Our approach was largely motivated
by the fact that there is a large human population with pre-existing
BCG-specific Th cells acquired during BCG vaccination at birth.
Our results showed that BCG vaccination induces a broad spec-
trum of Th cells that can be recruited by the BCG CD4+ T cell
epitope on the fusion protein vaccine to promote the development
of Abs that are likely to be protective if directed against relevant
targets such as viral surface glycoproteins. Abs produced with
recruitment of BCG-specific Th cells included high-affinity neu-
tralizing IgG Abs as well as ADCC promoting Abs of the IgG2
subclass. Both of these are known to be important for protection
against viral pathogens, as shown in mouse models of viral in-
fections such as influenza (14).
The administration of our fusion protein vaccines following

BCG priming consistently induced IgG2c class-switched Abs with
lower affinity as compared with their IgG1 counterparts (Fig. 5A).

FIGURE 7. Assessment of fusion protein vaccine in neonatal BCG vaccination and adult BCG revaccination. (A) Five-week-old adult or five-day-old

neonate mice (n = 3–7) were primed with PBS or BCG, followed by vaccination with the NTh EBOV GP fusion protein vaccine. Sera were collected and

analyzed by ELISA for Ag-specific IgG1 and IgG2c Abs. (B) Mice were vaccinated with PBS (n = 4), BCG (n = 5), or revaccinated with BCG (n = 5),

followed by administering the NTh EBOV GP fusion protein vaccine. Sera were analyzed by ELISA for Ag-specific IgG1 and IgG2c Abs. *p , 0.05,

Kruskal–Wallis one-way ANOVA with post hoc analysis using the Mann–Whitney U test with Bonferroni correction to adjust the probability.
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These low-affinity IgG2c Abs most likely developed from extra-
follicular sites outside of the GC. Indeed, as shown in our adoptive
transfer experiments using P25 GFP+ cells, most of BCG-specific
T cells localized outside of the GC (Fig. 6C), suggesting that their
extrafollicular positioning and, subsequently, the location for
B cell interaction outside the GCs resulted in the production of
relatively low-affinity Abs. Furthermore, the entry of Th cells into
the GCs requires chemokine receptors, such as CXCR5, which
were absent from the majority of IFN-g–secreting CD4+ T cells in
the BCG-vaccinated mice (Fig. 1C), providing further support
that these BCG-specific Th1 cells contributed to the promotion of
IgG2c Abs that developed in extrafollicular foci without under-
going affinity maturation in the GCs.
Our results also showed that recruitment of BCG-specific Th

cells using the fusion protein approach also gave a significant dose-
sparing effect for the induction of IgG1 Ab responses when
compared directly to vaccination with alum-adjuvanted protein in
BCG naive animals. This most likely was due to the fact that BCG
priming also induced a population of Th cells with the typical
features of conventional Tfh, including the production of cy-
tokines important for B cell differentiation and maturation of
Ab responses such as IL-4 and IL-21. Because of increased affinity,
these Ag-specific IgG1 Abs induced by BCG-specific Tfh most
likely developed in GCs and conferred neutralizing capabilities
that prevented viral infection in our model system for EBOV
infection (Fig. 4B). Although, BCG priming provided a dose-
sparing effect on the recombinant fusion vaccine in the devel-
opment of these neutralizing IgG1 Abs, the subtle increase in
IgG1 can easily be obscured by a slight increase in vaccine dose,
especially with alum as an adjuvant, which also promotes IgG1
responses (Fig. 7A). The contribution of BCG-specific Tfh to
promoting high-affinity neutralizing IgG1 Ab responses could
be significantly enhanced in mice that received BCG vaccina-
tion twice before administering the fusion protein vaccine (Fig. 7B,
Supplemental Fig. 4). Recent clinical studies have indicated that
BCG revaccination may improve protection against M. tuberculosis
(61), which may lead to the frequent use of such regimens in re-
gions with a high prevalence of tuberculosis. If so, the quality of
BCG-specific Th cells resulting from BCG revaccination could
further enhance the Ab responses generated using our fusion protein
vaccines.
Our work demonstrates that the pre-existing BCG-specific Th

cells, including Th1 and Tfh, contribute to the development of IgG1
and IgG2c Abs elicited by fusion protein vaccines engineered to
recruit the activities of these Th cells. Although our studies in the
mouse model showed that a majority of BCG-specific Th cells are
extrafollicular Th1 cells that promote low-affinity IgG2c Ab re-
sponses, we also demonstrated a small population of BCG-specific
Tfh that drives the development of high-affinity IgG1 Abs. By
modulating the BCG-specific Th subsets, such as in BCG revac-
cination or by modifying BCG, it may be possible to adjust the
balance of Th subsets to further optimize the levels of neutralizing
and ADCC-promoting Abs. In our studies to assess vaccine design
involving recruitment of pre-existing BCG-induced Th cell Ab
responses, comparisons with immunization using alum as an ad-
juvant were used because of the well-established use of this ad-
juvant with purified protein vaccines. It is possible that other
chemical adjuvants could generate responses similar to those ob-
tained with our approach without requiring BCG priming and
linked recognition of the immunogen, Thus, our vaccination ap-
proach is by no means a replacement for the use of other more
powerful adjuvants that are entering clinical use, such as MF59,
which has been shown to promote many of the advantages we
observed with BCG priming (63, 64), and may in some cases bypass

the need for Th cell priming (65). However, given the continued
widespread use of BCG vaccination in many of the regions that are
most frequently afflicted by emerging viral pathogens, our approach
may be useful as a safe and cost-effective component of vaccination
regimens to rapidly contain initial outbreaks of disease.
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