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Introduction

Despite widespread immunization with Mycobacterium
bovis bacillus Calmette—Guérin (BCG) strain at birth,
M. tuberculosis remains a major public health problem.
Tuberculosis (TB) was responsible for an estimated 1-5
million deaths and 9 million cases of disease worldwide
in 2013." The live vaccine BCG is effective in protecting
against disseminated TB infection and meningitis in
infants and young children with an estimated efficacy of
77% and 73%, respectively” but efficacy is limited against
pulmonary TB in adults.’ In addition to considerable
resultant morbidity and mortality, this lack of efficacy
leads to a reservoir of infection. The respiratory route
is the major route of spread of disease and an effective
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Summary

Although bacillus Calmette-Guérin (BCG) is an established vaccine with
excellent efficacy against disseminated Mycobacterium tuberculosis infec-
tion in young children, efficacy in adults suffering from respiratory tuber-
culosis (TB) is suboptimal. Prime-boost viral vectored vaccines have been
shown to induce effective immune responses and lentivectors (LV) have
been shown to improve mucosal immunity in the lung. A mucosal boost
to induce local immunogenicity is also referred to as a ‘pull’ in a prime
and pull approach, which has been found to be a promising vaccine strat-
egy. The majority of infants worldwide receive BCG immunization
through current vaccine protocols. We therefore aimed to investigate the
role of a boost (or pull) immunization with an LV vaccine expressing the
promising TB antigen (Ag85A). We immunized BALB/c mice subcutane-
ously with BCG or an LV vaccine expressing a nuclear factor-«B activator
VvFLIP together with Ag85A (LV vF/85A), then boosted with intranasal LV
vF/85A. Prime and pull immunization with LV85A induced significantly
enhanced CD8" and CD4" T-cell responses in the lung, but did not pro-
tect against intranasal BCG challenge. In contrast, little T-cell response in
the lung was seen when the prime vaccine was BCG, and intranasal vF/
85A provided no additional protection against mucosal BCG infection.
Our study demonstrates that not all LV prime and pull approaches may
be successful against TB in man and careful antigen and immune activa-
tor selection is therefore required.

Keywords: BCG; lentivector; prime and pull; prime-boost; tuberculosis;
vaccine; viral vector.

vaccine against pulmonary TB is therefore urgently needed.
Any new vaccine schedule is unlikely to negate the need for
BCG immunization, which is commonly given at birth.
Improved vaccine schedules are therefore likely to comprise
a prime-boost incorporating a BCG prime and a novel vac-
cine boost. A localized boost at the respiratory mucosa in a
prime and pull approach may induce the development of a
localized tissue-resident memory T-cell population at the
site of potential mycobacterial exposure, as has been effec-
tive in induction of localized immunogenicity against
Herpes Simplex Virus 2.*

Viral vectored vaccines have shown considerable prom-
ise against TB in pre-clinical studies. Recently the first
efficacy trial of a new vaccine against TB for four decades
was completed in Africa using a viral vectored vaccine,
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MVA85A.” Unfortunately immunogenicity in the field was
modest, with a median 136 spot-forming cells/million tri-
ple-positive CD4" cells and no CD8" T-cell responses were
detected. This was far lower than the responses seen in vol-
unteers in the UK, and may have been insufficient to pro-
vide protection against disease. This demonstrates the
complexities of developing an effective vaccine against this
common disease. Further development is therefore needed,
particularly to target immunization to the induction of
mucosal responses in the lung. Intranasally (i.n.) adminis-
tered lentivectors (LV) can be used to induce T-cell
responses in the lung in mice, and effective mucosal
immunity, as has been demonstrated by their ability to
protect against influenza.® We therefore tested the ability
of i.n. LV encoding Ag85A to boost BCG immunization in
mice and protect animals against mucosal BCG challenge.

Materials and methods

Vectors and their preparation

DNA encoding M. tuberculosis antigen 85A (Ag85A) was a
gift from Professor Helen McShane (Jenner Institute,
Oxford University). Vesicular stomatitis virus G glycopro-
tein (VSV-G)-pseudotyped LV were produced as described
previously.® Vectors used the spleen focus-forming virus
promoter to express VFLIP from Kaposi’s sarcoma-associ-
ated herpesvirus’ and the human phosphoglycerate kinase
1 promoter to express either Ag85A, green fluorescent pro-
tein (GFP), or liOVA.® To produce LV, 293T cells were
transfected with p8.91 (gag/pol), pMD-G (VSV-G enve-
lope) and transfer vector, using Fugene 6 (Roche, Basel,
Switzerland). Supernatants were collected and concentrated
by ultracentrifugation through a 20% sucrose cushion.

Lentivectors were titred by measuring vector integra-
tion in 293T cells by quantitative PCR. Three days after
transduction, DNA was prepared from 293T cells using
the blood and tissue kit (Qiagen, Hilden, Germany).
Incorporated LV sequence was measured by quantitative
PCR targeting an invariant region of the inserted LV
sequence. Primers used were TGTGTGCCCGTCTGT
TGTGT (forward) and GCTCTCTCGACGCAGGACTC
(reverse). The 6FAM/TAMRA-labelled probe was CAG
TGGCGCCCGAACAGGGA. Quantitative PCR was per-
formed using a Realplex cycler (Eppendorf, Hamburg,
Germany).

Animals

Six- to eight-week-old female BALB/c mice were obtained
from Charles River Laboratories (Wilmington, MA). All
mice were maintained in specific pathogen-free conditions
and used in accordance with home office license PPL70/
5427. Mice expressing human HLA A2 and HLA DRI, null
for mouse MHC I and II, were a gift from Professor Franc-
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ois Lemonnier, Institute Pasteur, France.” Vaccines and
BCG were resuspended in sterile PBS for administration via
the subcutaneous (s.c.) or in. route. Bronchoalveolar
lavage (BAL) was performed as described previously.®

Tissue processing

Lungs were digested with collagenase (Liberase; Roche)
and DNase I (Sigma-Aldrich, St Louis, MO), dissociated
via a 70-um cell strainer, and mononuclear cells were
purified using histopaque 1083 (Sigma). Splenocytes were
treated with red blood cell lysis solution (Sigma) before
washing in PBS. All cells were resuspended in RPMI-1640
medium containing 10% fetal calf serum, r-glutamine
and penicillin—streptomycin.

Cell stimulation, staining and flow cytometry

Cells were re-stimulated in culture with a mixture of 66
overlapping 15mer peptides covering the entire sequence
of Ag85A in equal concentrations, at 1 pg/ml for each
peptide. This peptide mixture has previously been used to
assess immune responses to Ag85A in vaccinated mice
and humans and is referred to as 66p.'>""

Re-stimulation with 66p for 16 hr was in the presence
of 1 um brefeldin A (eBioscience, San Diego, CA). The
number and nature of Ag85A-responding cells were
determined by flow cytometry. The staining panel con-
sisted of fixable viability stain e780 (eBioscience) and
antibodies against the following targets: CD3 peridinin
chlorophyll protein Cy5.5 (clone 17A2; Biolegend, Cam-
bridge, UK); CD4 v500 (RM4-5, BD, Franklin Lakes, NJ);
CD8 e450 (53-6.7; eBioscience); interferon-y (IFN-y)
FITC (XMGI1.2; eBioscience); tumour necrosis factor-o
(TNF-o) phycoerythrin (MP6-XT22; BD). After washing,
cells were blocked with anti-CD16/32 and stained for sur-
face markers (fixable viability dye, anti-CD4, anti-CD8).
Cells were washed with PBS then fixed, permeabilized
and stained for all other (intracellular) targets using the
Foxp3/transcription staining buffer kit (eBioscience).

Data were acquired using an LSR Fortessa cytometer
(BD) running FACSDiva software (BD) and was analysed
using Frowjo software (Treestar, Ashland, OR).

BCG

BCG Pasteur strain was a gift from Helen McShane, Jenner
Institute, Oxford University. BCG SSI was obtained from
Statens Serum Institut. BCG was grown in Middlebrook
7H9 media (BD) supplemented with 10% ADC (Sigma),
which included 0-05% Tween-80. Colony-forming units
were counted by plating onto Middlebrook 7H10 agar
(BD) supplemented with 10% Oleic Albumin Dextrose
Catalase (OADC) (Sigma) and culturing at 37° until colo-
nies were evident (3 weeks).
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BCG was released from mouse tissues by homogenizing
excised lung or spleen in PBS using M tubes on a Gentle-
max (Miltenyi Biotec, Bergisch Gladbach, Germany), fol-
lowing the pre-installed RNA_01 protocol. Mycobacterial
suspensions were diluted and plated onto 7H10/OADC
plates for colony counting.

Data presentation and statistical analysis

Data from BAL are shown as total cell counts. From the
lung homogenates, the processing of lung may have influ-
enced the recovery of cells and therefore total T-cell num-
bers. Lung homogenate data are therefore reported as
antigen-responding cells as a percentage of total cells
rather than as absolute numbers. Numbers and percent-
ages were obtained by subtracting the response of cells
(or %) stimulated with the Ag85A peptide mix from that
of unstimulated cells.

All data were analysed using GrapHPAD PrisM (GraphPad
Software, Inc., La Jolla, CA). Statistical tests applied to each
data set are indicated in the relevant figure legend. Data are
given as mean or mean =+ standard error of the mean
(SEM) unless otherwise stated. Data were routinely analy-
sed by one-way analysis of variance, with Bonferroni post-
tests unless stated. P < 0-05 was considered significant.

Results

Immunization with LV vFLIP/Ag85A (vF/85A)
produces Ag85A-responding T cells

We have previously demonstrated that an LV expressing
influenza nucleoprotein (NP), together with the nuclear
factor-xB activator vFLIP (vF/NP), can protect mice from
lethal influenza challenge.® In this study a subcutaneous
(s.c.) VE/NP prime, followed by an in.) vF/NP boost,
recruited NP-specific T cells to the lung and completely
prevented influenza-associated weight loss and mortality.®
We therefore constructed an LV expressing the mycobacte-
rial antigen Ag85A'® together with VFLIP (VF/85A), and
control LV with Ag85A without vFLIP (85A), or with vFLIP
and the control antigens GFP (vF/GFP) or liOVA & (vF/
OVA). These LV were used to immunize mice, using s.c.
prime and an i.n. boost. Antigen-specific cellular immune
responses in spleen, BAL and lung homogenate were
assessed by re-stimulation of cells with a mixture of pep-
tides spanning the Ag85A protein. Cytokine production
was measured using intracellular staining for IFN-y and
TNF-o. with the gating strategy shown the Supplementary
material (Fig. S1), the majority of Ag85A-responding cells
were positive for both IFN-y and TNF-a. The IFN-y
response is therefore shown in Fig. 1 with the TNF-«
response presented in the Supplementary material (Fig. S2).

Figure 1 shows that the s.c. priming dose of vF/85A led
to production of Ag85A-specific CD8" IFN-y T cells, but
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not CD4" IFN-y T cells, in the spleen (Fig. 1). Boosting
in. with LV expressing Ag85A or vF/85A significantly
increased Ag85A-specific CD8" T cells in the spleen and
lung, but only vF/85A significantly increased Ag85A-spe-
cific CD8" T cells in BAL (Fig. 1). Prime-boost with vF/
85A resulted in a mean of 32 000 Ag85A-specific CD8" T
cells in the BAL, 50% of the total BAL CD8" T cells.
Antigen-specific CD4" T cells were also increased in the
lung by vF/85A priming followed by either Ag85A or VF/
85A boosting, though CD4" responses (up to 1% of total
CD4" T cells in lung) were lower than CD8" responses.
From these data we chose to proceed with vF/85A as our
LV immunogen.

Maintenance of T cells in the airway after
immunization

To determine how long Ag85A-specific T cells were main-
tained in the airway and lung after immunization, mice
were immunized with LV vF/85A prime/pull and T-cell
responses were determined at 2, 4 and 7 weeks post boost
(see Supplementary material, Fig. S3). Numbers of both
CD8" and CD4" T cells in the lungs and BAL declined
after 2 weeks. The decline in CD8" and CD4" T cells seen
after 2 weeks persisted even if a higher dose of LV vF/
Ag85A was used to boost (data not shown). Equivalent
immunization was seen if the time between prime and
boost was increased from 2 weeks to 12 or 30 weeks
(data not shown), which supports our previous data that
following an s.c. prime, the CD8" T cells reside in the
spleen and are therefore available for boost at later inter-
vals.®

LV T-cell responses in mice expressing MHC I and II

Mice null for murine MHC I and II, expressing human
HLA-A2 and HLA-DRI, were used to determine the feasi-
bility of using LV vF/85A prime-boost immunization to
recruit Ag85A-responding cells to the human lung.
An initial experiment showed a weaker response to LV
vF/Ag85A immunization in these mice, so an increased
dose of LV VF/85A was used in this experiment (1 x 10’
Transforming units (TU) prime, 1-3 x 10 TU boost).
CD8" and CD4" IFN-y" cells were recruited to the spleen
following LV vF/85A prime, and a boost immunization
led to significant recruitment of these antigen-specific
CD8" cells to the airway (BAL) and lung (Fig. 2).

LV immunization does not does enhance response to
a BCG vaccination

New TB vaccines will probably be introduced to a popu-
lation already immunized with BCG. We therefore exam-
ined mice that were immunized s.c. with BCG and then
boosted 8 weeks later with LV vF/85A i.n. (Fig. 3a). An
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Figure 1. Lentivectors (LV) encoding Ag85A recruit antigen-specific T cells. BALB/c mice were immunized as shown with vehicle control (saline)
or LV encoding vFLIP (vF), Ag85A (85A), lIOVA (OVA), singly or in combination. Priming comprised 4 x 10° TU injected subcutaneously
(s.c.) and boosting comprised 6 x 10° TU administered intranasally (i.n.) 2 weeks later. Bronchoalveolar lavage (BAL) (a,d), lung (b,e) and

spleen (c,f) lymphocytes were retrieved 2 weeks following the final immunization, some were stimulated with Ag85A peptides (filled bars) others
remained unstimulated (open bars), then cells were stained to identify IFNy in CD4" (d,e,f) and CD8" (a,b,c) T cells (values are mean + SEM,
n = 6 except negative control n = 2). Antigen-specific responses were calculated for each group and responses were compared to administration
of saline alone (¥*P < 0-05 or **P < 0-01) or LV vF/85A prime followed by saline boost (°P < 0-05; 3*P < 0-01).

8-week interval was selected to optimize the memory
response to BCG prime."? Following BCG prime and LV
vF/85A boost, the number of Ag85A-responding cells was
not significantly increased when compared with responses
to BCG alone in the BAL (Fig. 3a). A similar lack of
increased response was seen with different strains of BCG
and different doses of LV VF/85A (see Supplementary
material, Table S1). Hence LV VvE/85A prime/pull immu-
nization induced robust Ag85A responses in the lung,
whereas BCG prime with LV vF/85A pull did not (Fig. 3a
and see Supplementary material, Table S1).

Challenge studies were then performed using mucosal
administration of BCG to induce respiratory infection.
BCG was not expected to cause manifest illness and did
not in these mice. Animals immunized s.c. with BCG were
relatively protected against BCG challenge as determined
by a lower bacterial load in spleen and lungs than animals
that did not receive BCG immunization (Fig. 3b, c¢). Two

© 2015 John Wiley & Sons Ltd, Immunology, 146, 264-270

doses of LV vF/85A in a prime-boost regimen did not
significantly protect against BCG challenge, although there
was a trend towards lower bacterial loads in spleen but
not lungs (Fig. 3b, c). Furthermore, boosting BCG s.c.
immunization with i.n. LV vF85A did not increase protec-
tion compared with that seen with BCG s.c. alone. From
these data we conclude that the current formulation of LV
vF/85A is not a suitable clinical vaccine candidate to take
forward into further development.

Discussion

In this journal Xu et al.'’ have recently reported on the
efficacy of a BCG prime and a LV boost in protecting
against TB in mice. Differences between the study of Xu
et al. and our study include their use of a different myco-
bacterial antigen, Ag85B, fused with a second mycobacte-
rial antigen, Rv3425, and their use of two s.c. LV boost
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immunizations. We administered a single LV boost via
the i.n, route to provide a prime and pull approach and
induce local immunogenicity. Although we did induce
immunogenicity at the lung and in BAL, suggesting the
prime and pull approach was successful; unfortunately
this failed to translate into protection against challenge
with intranasal BCG.

The inclusion of Rv3425 was one important difference
between our approach and that of Xu et al., which should
be evaluated further. Xu et al. investigated responses and
protection against mycobacteria in C57BL/6 mice whereas
we used the BALB/c strain. Mouse strain has a major
impact on the T-cell responses induced by BCG and the
susceptibility to mycobacterial infection.'*'?

We feel that our respiratory BCG challenge is a more
stringent mimic of natural processes than the intravenous
challenge used by Xu et al.; however, they challenged with
M. tuberculosis. Our use of BCG was mainly pragmatic,
in an attempt to develop a model for use outside contain-
ment level three facilities, as has been investigated previ-
ously and found to be possible.'””> We also wondered if
the lower pathogenicity of this organism might provide
better differentiation between vaccine regimens, as in vac-
cine development sometimes low-level protection is only
demonstrated when, for example, the dose of a challenge
is reduced to a level at which the difference can be
detected.' It is also possible that BCG would be easier to
protect against with a BCG vaccine than M. tuberculosis
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because of the increase in the similarity of vaccine and
challenge organism.

Despite the differences in study design both vaccine
regimens induced potent cytotoxic CD8" T-cell responses,
but only Xu etal induced significant CD4" T-cell
responses. This suggests a major role for CD4" T-cell
responses in protection against mycobacterial infection.
However, the CD4" T-cell response in humans following
BCG prime and MVAS85A boost was disappointing in the
field and the response was insufficient to protect against
TB in infants in South Africa.” This was despite excellent
induction of CD4" and CD8" T cells using the same regi-
men in a murine model.'® It has been suggested that the
key population of cells required to protect against myco-
bacterial infection is a CD4" IL17" population of Th17
cells and further work is therefore needed to develop vac-
cines that induce such a population of T cells.!” Alterna-
tively CD4" IL-2" T cells may be the key T-cell
population.'® Lentivectors expressing cell activators have
been used to modify dendritic cell signalling'® and induce
subpopulations of CD4" T cells.* Intranasal LV immuni-
zation is also very effective in recruiting T cells to the
lung.® However, the nuclear factor-xB activator adjuvant
recruited CD8" rather than CD4" T cells and the CD8"
responses were short-lived. The mycobacterial challenge
was administered at the peak of the response so we do
not feel that the short-lived duration of response was the
explanation for the failure to induce protection. Xu et al.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 264-270
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Figure 3. Lentivector (LV) vF/85A does not improve efficacy of bacillus Calmette-Guérin (BCG) vaccination. (a). BALB/c mice (n = 1to n =4 as
shown) were immunized with saline, BCG [4 x 10° colony-forming units (CFU) subcutaneously (s.c.)] or LV vF/85A (4 x 10° TU s.c.) then
boosted after 8 weeks with LV vF/85A [6 x 10° TU intranasally (i.n.)] or saline as shown. T cells were collected after 2 weeks from bronchoalveolar
lavage (BAL), stimulated and analysed as Figure 1. P < 0-05 versus BCG. (b) BALB/c mice were immunized with LV vE/85A (4 x 10° TU s.c.) or
BCG (4 x 10° CFU s.c.) then some were immunized 3 weeks later with LV vE/85A (2 x 107 i.n.). After a further 3 weeks, mice were challenged with
5 x 10° CFU BCG i.n. Three weeks after BCG challenge lung and spleen homogenates were cultured on 7H10 agar until BCG colonies were visible.
Colonies were counted and results are presented as viable BCG remaining in the entire organ. *P < 0-05 versus unimmunized. (c¢) BALB/c mice
(n = 6) were immunized with BCG (4 x 10° CFU s.c.) or LV vF/85A or LV vE/GFP (4 x 10° TU s.c.). Boost immunization after 2 weeks (for LV)
or 8 weeks (for BCG) was with LV vF/Ag85A or LV vF/GFP (6 x 10° TU i.n.). After 2 weeks, mice were challenged with 5 x 10° CFU BCG i.n., after
a further 3 weeks organs were removed and BCG CFU in lungs and spleens were quantified as above. *P < 0-05 versus unimmunized.

did not observe complete protection against TB challenge.
An optimal LV boosting protocol may therefore incorpo-
rate the antigens and multiple immunization of Xu et al.,
but include an intranasal immunization with an LV
encoding a dendritic cell activator that generates an
appropriate CD4" T-cell response.
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