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ABSTRACT Tuberculosis (TB) due to Mycobacterium tuberculosis remains a major
global infectious disease problem, and a more efficacious vaccine is urgently needed
for the control and prevention of disease caused by this organism. We previously re-
ported that a genetically modified strain of Mycobacterium smegmatis called IKEPLUS
is a promising TB vaccine candidate. Since protective immunity induced by IKEPLUS
is dependent on antigen-specific CD4™ T cell memory, we hypothesized that the
specificity of the CD4™+ T cell response was a critical feature of this protection. Using
in vitro assays of interferon gamma production (enzyme-linked immunosorbent spot
[ELISPOT] assays) by splenocytes from IKEPLUS-immunized C57BL/6J mice, we identi-
fied an immunogenic peptide within the mycobacterial ribosomal large subunit pro-
tein RplJ, encoded by the Rv0651 gene. In a complementary approach, we gener-
ated major histocompatibility complex (MHC) class ll-restricted T cell hybridomas
from IKEPLUS-immunized mice. Screening of these T cell hybridomas against IKE-
PLUS and ribosomes enriched from IKEPLUS suggested that the CD4* T cell re-
sponse in IKEPLUS-immunized mice was dominated by the recognition of multiple
components of the mycobacterial ribosome. Importantly, CD4* T cells specific for
mycobacterial ribosomes accumulate to significant levels in the lungs of IKEPLUS-
immunized mice following aerosol challenge with virulent M. tuberculosis, consistent
with a role for these T cells in protective host immunity in TB. The identification of
CD4* T cell responses to defined ribosomal protein epitopes expands the range of
antigenic targets for adaptive immune responses to M. tuberculosis and may help to
inform the design of more effective vaccines against tuberculosis.
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uberculosis is one of the most significant global health problems. One-third of the

global population may be infected with Mycobacterium tuberculosis, with an esti-
mated 9.6 million new cases and 1.5 million deaths annually (1). The efficacy of the only
currently available vaccine, live attenuated Mycobacterium bovis bacillus Calmette-
Guérin (BCG), varies greatly and is largely ineffective against adult pulmonary tuber-
culosis (2, 3). The poor protection afforded by BCG vaccination, low compliance with
prolonged drug treatment, emergence of multidrug-resistant and extensively drug-
resistant strains, and complications due to coinfection with HIV highlight the need for
novel, improved vaccine strategies against M. tuberculosis (1, 4-6).
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Numerous attempts to obtain an M. tuberculosis vaccine that demonstrates en-
hanced protection over BCG, durability, and safety have been made (7). Administration
of additional doses of BCG did not boost the protection afforded by BCG (8). Candidate
vaccines against M. tuberculosis have focused largely on targeting immunodominant
antigens that are secreted proteins, including Ag85A (9-12), Ag85B (12-17), ESAT-6 (15,
16), TB10.4 (9, 13, 17), Rv1196, and Rv0125 (18, 19). Enhanced protection over BCG has
proven to be difficult to achieve, and safety issues and adverse events have caused
concern (12, 20). The development of new vaccines and diagnostics will be aided by the
discovery of additional antigens relevant to both natural and vaccine-induced immune
responses to M. tuberculosis infection.

The development of safe and effective vaccines against M. tuberculosis is hampered
by the limited knowledge of the immune mechanisms required for protection. Previous
studies, using adoptive transfer of immune CD4* T cells (21, 22), specific in vivo
antibody depletion of CD4* T cells in mice (23-25) or macaques (26, 27), and effects of
CD4™* T cell depletion due to infection with HIV (28), demonstrate the crucial role of
antigen-specific CD4* T cells in the control of M. tuberculosis infection. Furthermore, a
T helper 1 (Th1)-type response and the production of interferon gamma (IFN-vy) have
been linked to favorable outcomes of M. tuberculosis infection in animal models and
humans (29-31).

The identification of M. tuberculosis antigens that are effective targets for protective
CD4+ T cell responses remains an important focus of ongoing efforts to develop novel,
effective vaccines against M. tuberculosis. Numerous mycobacterial proteins have been
recognized as T cell antigens in humans (32, 33) and animals infected with M. tuber-
culosis (34, 35). Secreted mycobacterial proteins have been a major focus of previous
studies to identify immunogenic molecules (36, 37). In addition, proteins associated
with the bacterial cell wall or cell surface, such as the proline-glutamic acid and
proline-proline-glutamic acid (PE/PPE) protein family in M. tuberculosis, induce cell-
mediated immunity (38-40). Secreted proteins of the Esx family, including CFP-10 and
ESAT-6, have been shown to be dominant T cell antigens (40-42). The antigen 85 family
of mycolyl transferases comprises another group of secreted proteins, which are among
the immunodominant antigens that elicit Th1-type immune responses (37, 43).

Recently, an M. tuberculosis genome-wide screen to identify targets of major histo-
compatibility complex (MHC) class lI-restricted CD4 " T cell responses in M. tuberculosis-
infected patients was conducted by using epitope prediction (44). This study highlighted
the breadth of epitopes recognized during M. tuberculosis infection, emphasizing the
potential importance of designing multiepitope vaccines (44). However, other recent
work has shown that many known T cell epitopes of M. tuberculosis are derived from
protein sequences that are hyperconserved among various M. tuberculosis isolates. This
suggests that the recognition of these epitopes by the host immune system may be
beneficial to the pathogen, possibly by acting as immunological decoys or driving the
establishment and maturation of granulomas within the lungs to perpetuate persis-
tence and transmission (33, 45). Alternatively, CD4™ T cell epitopes that are conserved
among mycobacterial species may represent antigens not involved with the evolution
of host-pathogen coexistence specific to M. tuberculosis and could represent more
effective vaccine targets (33, 45).

We previously constructed a candidate vaccine strain, designated IKEPLUS, by the
introduction of genes encoding the M. tuberculosis Esx-3 type VIl secretion system
(T7SS) into an M. smegmatis Aesx-3 mutant (IKE). Compared to standard immunization
with BCG-Danish, the immunization of C57BL/6 mice with IKEPLUS gave prolonged
survival after M. tuberculosis challenge and generated enhanced Th1-type responses
characterized by the production of IFN-y and interleukin-12p40 (IL-12p40) (46). Strik-
ingly, IKEPLUS immunization of mice was associated with marked reductions in the
numbers of viable bacteria in the lung and spleen and apparent sterilizing immunity in
the liver. While the protection against M. tuberculosis afforded by immunization with
IKEPLUS was dependent on antigen-specific CD4™ T cell memory, the specificities of
CD4+ T cells in IKEPLUS-immunized mice remain to be determined. In the present
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study, immunization with IKEPLUS was used as a tool for uncovering possible protective
epitopes that may not be effectively presented during BCG vaccination or natural M.
tuberculosis infection. We used a synthetic peptide library, as well as a library of MHC
class Il (I-AP)-restricted T cell hybridomas (TCHs) constructed from IKEPLUS-immunized
mice, to examine the range of CD4™ T cell specificities generated upon immunization
with IKEPLUS. Our findings identified the mycobacterial ribosome as a potential major
source of protective antigens for immune responses against M. tuberculosis.

RESULTS

Identification of a mycobacterial ribosomal protein epitope, rplJ;g,46_160s fOr
CD4+ T cells. To examine the range of CD4™ T cell epitopes in IKEPLUS-immunized
mice, we developed a synthetic peptide library of 880 nonoverlapping peptides de-
signed around the homologous M. smegmatis and M. tuberculosis sequences present in
IKEPLUS (Fig. 1A). Peptides were distributed into 45 pools containing 19 to 20 peptides
each, and the number of IFN-y-producing CD4" T cells isolated from the spleens of
mice immunized with either the IKE or IKEPLUS strain induced by restimulation with
each of the pools was measured by using an enzyme-linked immunosorbent spot
(ELISPOT) assay. Responses above background levels were observed for three pools in
the primary screening (Fig. 1B), and two of these were confirmed by subsequent
rescreening (Fig. 1C). Stimulation with the individual peptides comprising these pools
revealed a single peptide from pool 12 that strongly and reproducibly stimulated the
responses of immune CD4" T cells (Fig. 1D). This peptide (KAAGLFNAPASQLAR) was
derived from the M. tuberculosis RplJ protein, also known as the 50S large ribosomal
subunit L10 protein, the product of the M. tuberculosis Rv0651 gene (see Table S1 in the
supplemental material). This peptide is referred to below as rplJrg146_160-

The influence of the immunizing bacterial strain on the development of CD4+ T
cell responses to the novel RplJ epitope was assessed by comparing responses to
rplJrg146-160 By CD4™ T cells from mice immunized with M. smegmatis strains IKE,
IKEPLUS, and mc2155 to those with standard BCG immunization (Fig. 2A). For
comparison, we also analyzed responses to a defined CD4* T cell epitope of the
TB9.8 (Rv0287) protein, an immunodominant epitope described previously in BCG-
immunized mice (47). CD4™ T cells from mice immunized with any of the three M.
smegmatis strains reacted most strongly to rplJig 46_160 @and only minimally to the
TB9.8 peptide. In contrast, CD4" T cells from mice immunized with BCG reacted
strongly with the TB9.8 peptide but not significantly with rplJigi46_160- The mod-
erately reduced response to rplligia6_160 IN Mice immunized with mc2155 com-
pared to those induced by IKE and IKEPLUS may reflect the lower dose of mc2155
(1 X 107 CFU for mc2155 versus 5 X 107 CFU for IKE or IKEPLUS). The lower dose
of mc2155 was necessary because of lethal effects from very high doses of this strain
(46). Therefore, IKE was also used for comparisons of responses in these studies as
an additional representative of a modified M. smegmatis strain that could be used
at the standard IKEPLUS dose. Changing the rplligi46_160 PEPtide concentration
gave a clear dose dependence of responses by CD4+ T cells from IKEPLUS-
immunized mice, with no significant reactivity by CD4* T cells from BCG-immunized
mice at any concentration tested (Fig. 2B). Responses were dependent on MHC class
Il (I-AP) expression by antigen-presenting cells (APCs), as shown by the lack of
stimulation in cultures containing bone marrow-derived dendritic cells (BMDCs)
from MHC class [I7/~ mice (Fig. 2C). Overall, these results indicated that immuni-
zation with M. smegmatis, but not BCG, induced strong MHC class ll-restricted CD4+
T cell responses to the RplJ protein.

Mapping of the core epitope of rplJ;gi46_160- The core epitope of rplligias_160
was determined by defining the recognition of all possible 15-mers spanning the
identified epitope and an additional six residues on either side (i.e., 15-mers overlap-
ping by 14 amino acids covering residues 140 to 157). The peptides were derived from
both the M. tuberculosis H37Rv (TB) (Fig. 3A) and M. smegmatis mc2155 (Fig. 3B)
sequences of this region of Rpl), with the rplligi46_160 PepPtide corresponding to
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FIG 1 IKEPLUS peptide library construction and identification of CD4+ T cell targets. (A) Overview of the process used to generate the IKEPLUS peptide library,
which resulted in 880 peptides representing predicted I-Ab-presented epitopes with homology between M. smegmatis (Msmeg) and M. tuberculosis (Mtb). See
Materials and Methods for details. (B) Screening of 45 pools of peptides comprising the 880-peptide library by an IFN-y ELISPOT assay using CD4+ T cells isolated
at 2 weeks postimmunization from spleens of C57BL/6 mice immunized i.v. with 5 X 107 CFU IKE or IKEPLUS. Arrows indicate pools or peptides that were able
to elicit significant responses in two independent experiments. Responses of immune CD4+ T cells to peptide pools were considered positive if the stimulation
index was more than twice the mean of the values for negative-control wells (effectors, APCs, and DMSO without peptides) and at least 20 spot-forming cells
(SFC) per 10° CD4* T cells above the mean values for the negative controls. (C) Rescreening of positive pools with CD4* T cells from additional IKE- or
IKEPLUS-immunized mice confirmed responses to pools 5 and 12. (D) Deconvolution of responses to identify individual peptides in pool 12 responsible for CD4*
T cell responses. No responses to individual peptides of pool 5 were detected (not shown). Data shown in panels B to D represent mean values and standard
errors for triplicate samples. All data shown are representative of results from at least two independent experiments.

peptide 7 in the TB library (Fig. 3A and C). An IFN-y ELISPOT assay was used to
quantitate responses from CD4* T cells isolated from IKE- or IKEPLUS-immunized
splenocytes 2 weeks after immunization and cultured in the presence of APCs and the
peptides individually (Fig. 3A and B).

With respect to CD4™ T cell responses, the minimal core epitopes for the TB
(LFNAPASQL) and M. smegmatis (LFNAPASQV) sequences were defined as the common
residues among the reactive peptides (Fig. 3A and B). Binding affinities of the peptides
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FIG 2 Dose dependence and MHC class Il restriction of responses to the RplJ epitope following M.
smegmatis immunization. (A) C57BL/6 (B6) mice were immunized with 5 X 107 CFU IKE or IKEPLUS i.v.,
107 CFU mc2155 i.v,, or 5 X 10 CFU BCG-Danish s.c. At 2 weeks postimmunization, CD4* T cells were
isolated from immunized splenocytes and cultured in the presence of APCs and the rpllig 6160 (10
rg/ml) and TB9.8 (10 wg/ml) peptides. Responses of immune CD4* T cells to peptides were quantified
by an IFN-y ELISPOT assay. *, P < 0.05 compared to BCG-immunized and naive mice; **, P < 0.0005
compared to BCG-immunized and naive mice; ***, P < 0.0001 compared to all other groups (ANOVA). (B)
Dose-dependent responses of IKEPLUS-immunized splenocytes to the rpllig,46_160 PePtide were assayed
by an IFN-y ELISPOT assay in comparison to BCG-immunized splenocytes. (C) The requirement for MHC
class Il presentation was assessed by an ELISPOT assay using APCs from wild-type mice or MHC class II=/—
mice. Data shown represent mean values and standard errors for triplicate (A) or quadruplicate (B and
C) samples. All data shown are representative of results from at least two independent experiments.
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8 147 AAGLFNAPASQLARL 38 53
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13 152 NAPASQLARLAAALQ 2 753
MS
1 140 MKGNLSKAAGLFNAP 12 1176
2 141 KGNLSKAAGLFNAPA 15 6680
3 142 GNLSKAAGLFNAPAS 8 8911
4 143 NLSKAAGLFNAPASQ 15 299
5 144 LSKAAGLFNAPASQV 48 395
6 145 SKAAGLFNAPASQVA 203 203
7 146 KAAGLFNAPASQVAR 263 40
8 147 AAGLFNAPASQVARL 272 37
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10 149 GLFNAPASQVARLAA 370 23
11 150 LFNAPASQVARLAAA 108 21
12 151 FNAPASQVARLAAAL 37 36
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FIG 3 Mapping of the core epitope of RplJ. C57BL/6 mice were immunized with 5 X107 CFU IKE or IKEPLUS i.v. or 5 X10¢ CFU BCG-Danish s.c. Two weeks later,
CD4* T cells were isolated from the spleen and assayed by an IFN-y ELISPOT assay for responses to overlapping RplJ 15-mer peptides designed around the
original RplJ epitope (peptide 7) and representing either M. tuberculosis H37Rv (TB) or M. smegmatis mc2155 (MS) sequences. (A) IFN-y ELISPOT responses to
M. tuberculosis peptides by CD4* T cells from IKE-immunized, IKEPLUS-immunized, or naive mice. DMSO was used as a negative control. (B) Same as for panel
A except showing responses to M. smegmatis peptides. (C) Sequences of both M. tuberculosis and M. smegmatis peptides assayed in panels A and B are shown,
along with the location of their first residue (start) in the RplJ protein. The sequences are shown in single-letter amino acid code. With respect to CD4* T cell
responses, the minimal core epitopes for the M. tuberculosis and M. smegmatis sequences were defined as the common residues among the reactive peptides
(underlined). Responses of immune CD4* T cells to the peptides are summarized as the number of positive cells per 106 CD4* T cells, quantified by an IFN-y
ELISPOT assay, as shown in panels A and B, and values for reactive peptides are indicated by dark shading. Binding affinities of the peptides for I-Ab were also
determined, and the IC,s for each peptide (in nanomolar) are listed, with values indicative of significant binding being highlighted by gray shading. Data shown
in panels A and B represent mean values and standard errors for triplicate samples. All data shown are representative of results from two independent
experiments.
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for I-AP were determined by using a previously described method (48), and the 50%
inhibitory concentrations (IC,s) for each peptide (nanomolar) are listed in Fig. 3C. With
respect to binding affinity, the minimal core regions for the TB (FNAPASQLA) and M.
smegmatis (FNAPASQVA) sequences were defined as the common residues among the
strongest-binding peptides. These core and extended epitope sequences were consis-
tent with data from previously reported analyses of I-AP-presented epitopes, which
found that phenylalanine (F) is a frequent P1 anchor residue for I-A® binding, with
proline (P) and alanine (A) being highly favored residues for positions P4 and P9,
respectively (49). With regard to CD4™ T cell responses, a 10-mer core epitope could be
optimal, as the T cell receptor (TCR) can engage residues outside (position N-1) the
9-mer core for I-A® binding. In the case of the RplJ core epitope peptides, leucine (L)
could likely occupy the N-1 position. The lower responses to the M. tuberculosis
peptides than to the M. smegmatis peptides likely reflect weaker TCR interactions, as
the M. tuberculosis peptides bind more strongly to I-A® than do the M. smegmatis
peptides.

Based on protein database analyses (GenBank database using the protein Basic
Local Alignment Search Tool [BLAST] algorithm), the RplJ protein and the rplgq46_15s
core epitope are highly conserved (>70% amino acid sequence identity) among
mycobacterium, rhodococcus, corynebacterium, and nocardia species. The similarity
between the M. tuberculosis RplJ (L10) protein and the L10 proteins in other more
distantly related lung pathogens, such as Staphylococcus aureus, Streptococcus pneu-
moniae, and Haemophilus influenzae, is ~40%, with no significant similarity at the
RplJ1g146_155 Core epitope. The similarity between the M. tuberculosis RplJ (L10) protein
and the L10 protein in Escherichia coli is only 31%, with no significant similarity at the
rpltgr46_155 COre epitope. The similarity between the M. tuberculosis RplJ protein and
the homologous ribosomal protein in humans (P0) is 20%, with no significant similarity
at the rplligi46_155 COre epitope. Thus, it is likely that responses to rplligq4s_155 are
specific for M. tuberculosis and relatively closely related mycobacteria and are unlikely
to be broadly cross-reactive with ribosomes from other bacteria or mammalian cells.

Enriched ribosomes are processed and presented to RplJ-specific CD4+ T cells.
To confirm that the rpllig 45_160 €Pitope could be generated by the processing of
intact mycobacterial ribosomes, we prepared a ribosome-enriched fraction from IKE-
PLUS using a standard high-performance liquid chromatography (HPLC) ion exchange
and size separation method (see Fig. S1 in the supplemental material). Following
immunization of mice with IKEPLUS or BCG-Danish, splenic CD4* T cells were tested for
their responses in the presence of APCs to various concentrations of a mycobacterial
ribosome-enriched fraction using an IFN-y ELISPOT assay (Fig. 4A). This showed a
strong dose-dependent response in CD4* T cells from IKEPLUS- but not BCG-
immunized mice. Interestingly, the number of IFN-y-secreting cells detected was
several times larger with stimulation by a ribosome-enriched fraction than with an
optimal concentration of the rplligi46_160 PePtide, suggesting the recognition of
additional ribosome-associated epitopes. Responses to the ribosome-enriched fraction
were also dependent on MHC class Il expression by APCs (Fig. 4B).

In complementary experiments, we isolated an rpllig,46_160-Specific TCH clone
(designated RplJ.03) from splenocytes of an IKEPLUS-immunized mouse and used
this clone to assess the recognition of mycobacterial ribosomes. This TCH showed
dose-dependent responses (measured as IL-2 secretion) to the rplligi46_160 PEPtide
(Fig. 5A) and ribosomes from IKEPLUS (Fig. 5B). These responses required the
presence of MHC class Il-positive APCs, and responses were not observed when
MHC class II=/— BMDCs were used as APCs (data not shown). Control TCHs specific
for MHC class ll-restricted M. tuberculosis Ag85B or ovalbumin peptides gave no
detectable responses to rplligi46_160 OF the ribosome-enriched fraction.

Specificity and cytokine profile of ribosome-specific CD4* T cell responses. The
evaluation of the CD4* T cell responses to ribosomal antigens following immunization
with BCG-Danish or IKEPLUS was extended to include additional antigens as well as
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FIG 4 Dose dependence and MHC class Il restriction of CD4* T cell responses to mycobacterial ribosomes. C57BL/6 mice were immunized
with 5 X 107 CFU IKEPLUS i.v. or 5 X 10¢ CFU BCG-Danish s.c., and CD4* T cells were isolated from spleens 2 weeks later for an analysis
of responses to the ribosome-enriched fraction from IKEPLUS. (A) IFN-y ELISPOT assay showing the dose dependence of responses of
CD4+ T cells from IKEPLUS-immunized mice or BCG-immunized mice to the ribosome-enriched fraction from IKEPLUS. (B) The requirement
for MHC class Il presentation was assessed by using APCs from wild-type mice or MHC class Il=/— mice. Responses of immune CD4+ T cells
from IKEPLUS-immunized mice were quantified by an IFN-y ELISPOT assay. Data shown represent mean values and standard errors for
duplicate (A) or quadruplicate (B) samples and are representative of results from three independent experiments. TNTC, too numerous to
count.

other cytokines (Fig. 6). C57BL/6 mice were immunized intravenously (i.v.) with 5 X 107
CFU of either IKEPLUS or BCG-Danish. Two weeks after immunization, CD4* T cells were
purified from splenocytes and tested by an ELISPOT assay for the production of IFN-v,
IL-4, or IL-17A in response to ex vivo stimulation with the rpllig,46_160 PepPtide or the
ribosome-enriched fraction from IKEPLUS. Stimulation with purified E. coli ribosomes
was used to assess the specificity of responses, and the IKEPLUS sonicate, M. tubercu-
losis sonicate, or TB9.8 peptide was used an additional control. CD4* T cells from mice
immunized with IKEPLUS showed significant numbers of IFN-y-producing cells in
response to the rpllrgi46_160 PePtide and mycobacterial ribosomes. IL-17A-producing
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FIG 5 Dose response and specificity of RplJ-specific T cell hybridomas. The rpll;g,46_;60-specific TCH clone “RplJ.03"
was used to further establish the dose dependence and specificity of T cell responses to the rpllig46_160 fibosomal
peptide epitope (A) or the ribosome-enriched fraction from IKEPLUS (B). C57BL/6 BMDCs were used as APCs, and
responses were quantified by an IL-2 ELISA. Control TCHs specific for MHC class Il-restricted M. tuberculosis Ag85B
or ovalbumin (OVA) peptides gave no detectable responses to either rplJig;45_160 OF the ribosome-enriched fraction
from IKEPLUS. Data are mean values and standard errors for duplicate samples and are representative of results
from three independent experiments.
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FIG 6 Specificity and cytokine profile of ribosome-specific CD4* T cell responses. C57BL/6 mice were immunized i.v. with 5 X 107 CFU of IKEPLUS or BCG-Danish.
Two weeks later, CD4* T cells were purified from splenocytes and tested by an ELISPOT assay for the production of IFN-vy or IL-4, as well as IL-17A (not shown),
in response to ex vivo stimulation with the indicated antigens (the rplJ;g,46_160 Peptide [10 ng/ml], the ribosome-enriched fraction from IKEPLUS [5 nM], purified
E. coli ribosomes [5 nM], the M. tuberculosis sonicate [10 pg/ml], the TB9.8 peptide [10 wg/ml], or the IKEPLUS sonicate [10 wg/ml]). Responses that were
significantly different between IKEPLUS- and BCG-immunized animals are indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.0001; ns, not significant (as determined
by ANOVA). Positive-control wells stimulated with concanavalin A (5 ng/ml) demonstrated the ability of the assays to detect all three cytokines (not shown).
Symbols represent cells harvested from individual mice (n = 6), and data shown are combined data from two independent experiments.

cells were not detected (data not shown), and an inconsistent trend in IL-4-producing
cells was seen, which did not reach statistical significance (by analysis of variance
[ANOVAI]). We detected these cytokines in response to the positive control concanava-
lin A (ConA) (not shown). BCG immunization, as noted above, did not induce IFN-y
responses to the rplligi46_160 PEPtide or the ribosome-enriched fraction from IKEPLUS.
Ribosomes from E. coli induced only weak IFN-y production in IKEPLUS-immunized
mice, which was not statistically significant (by ANOVA). In summary, these studies
showed that the responses to mycobacterial ribosomal epitopes induced by IKEPLUS
immunization were predominantly Th1-like and distinguished between ribosomes from
different microbial sources.

Prevalence of ribosome-specific CD4* T cell responses following challenge
with virulent M. tuberculosis. CD4™ T cell responses to ribosomal antigens in mice
immunized with BCG-Danish or IKEPLUS were examined after challenge with M. tuber-
culosis strain H37Rv (Fig. 7). Mice were immunized with IKEPLUS or BCG-Danish and
challenged 10 weeks later with a low-dose aerosol delivery of virulent M. tuberculosis
(H37Rv) as described previously (50). Six weeks after challenge, CD4™ T cells were
purified from spleens and lungs and tested by an ELISPOT assay for the production of
IFN-y in response to ex vivo stimulation with the TB9.8 peptide, the rplligi4s_160
peptide, or the ribosome-enriched fraction from IKEPLUS. Stimulation with purified E.
coli ribosomes was used to assess the specificity of responses, and the IKEPLUS sonicate
was used as an additional control. CD4* T cells from the spleen and lung of mice
immunized with IKEPLUS showed significant numbers of IFN-y-producing cells in
response to both the rplligi46_160 PEPtide and mycobacterial ribosomes following
challenge with M. tuberculosis. In contrast, spleen and lung CD4* T cells from either
unimmunized mice or those immunized with BCG did not respond significantly to the
rplrg146 160 PEPtide or mycobacterial ribosomes. Ribosomes from E. coli induced only
weak responses that were not significantly increased in IKEPLUS- or BCG-immunized
mice compared to those in unimmunized mice. Levels of M. tuberculosis bacilli (CFU)
were not significantly diminished in the lungs of BCG- or IKEPLUS-immunized mice in
comparison to unimmunized mice (see Fig. S2 in the supplemental material), likely
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FIG 7 Ribosome-specific CD4* T cell responses following M. tuberculosis challenge. Mice (C57BL/6) were immunized with 5 X 107 CFU IKEPLUS i.v. or 107 CFU
BCG-Danish s.c. or sham immunized with saline s.c. (naive). Ten weeks later, immunized and naive mice were challenged with a low-dose aerosol delivery of
M. tuberculosis strain H37Rv (~100 CFU). Six weeks after challenge, CD4* T cells were purified from spleens and lungs and tested by an ELISPOT assay for the
production of IFN-y in response to ex vivo stimulation with the indicated antigens (the IKEPLUS sonicate [10 ug/ml], the TB9.8 peptide [10 wg/ml], the
rplrg146-160 PEPtide [10 wg/ml], the ribosome-enriched fraction from IKEPLUS [5 nM], or purified E. coli ribosomes [5 nM]). Bars show mean numbers of IFN-y
spot-forming cells (SFC) in response to the indicated antigens for groups of 4 mice, with background values (mean number of IFN-y spot-forming cells per 10¢
CD4* T cells in response to culture medium alone) being subtracted, and error bars indicate 1 standard deviation. Background values (mean * 1 standard
deviation) were as follows: 8 = 9 spot-forming cells for naive spleen, 11 = 9 spot-forming cells for IKEPLUS spleen, 36 * 9 spot-forming cells for BCG spleen,
120 = 6 spot-forming cells for naive lung, 84 * 19 spot-forming cells for IKEPLUS lung, and 68 = 25 spot-forming cells for BCG lung. Responses that were
significantly different between IKEPLUS-immunized, BCG-immunized, and unimmunized animals are indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001 (as determined by ANOVA). TNTC, too numerous to count (estimated to be 2,500 spot-forming cells).

reflecting the relatively early time postchallenge at which the animals were sacrificed
in this experiment compared to previous studies showing reductions in tissue bacterial
loads following IKEPLUS immunization (46). However, these results indicate that IFN-
y-producing CD4™ T cells specific for rpligi46_160 and potentially other ribosome-
associated antigens accumulate in tissues after M. tuberculosis challenge and are a
prominent population in the lungs of mice that have been immunized to prime such
responses.

High prevalence of ribosome-specific CD4* T cells following immunization
with IKEPLUS. To examine the magnitude of the ribosome-specific CD4* T cell
response that develops following immunization with IKEPLUS, a TCH library was
constructed by fusing splenic CD4" T cells from IKEPLUS-immunized C57BL/6 mice with
mouse thymoma cells. The TCHs that initially grew from this fusion, representing 187
separate culture wells, were tested for reactivity to the IKEPLUS sonicate in the presence
of C57BL/6 BMDCs by an IL-2 enzyme-linked immunosorbent assay (ELISA) (data not
shown). Positive clones were subjected to limiting dilution at a density of 0.5 cells per
well to ensure the development of cell lines derived from single cells. Hybridomas that
grew out of limiting dilution were again assayed as described above for reactivity to the
IKEPLUS sonicate, which yielded 51 IKEPLUS-reactive TCHs, and these TCHs were further
screened for reactivity against the ribosome-enriched fraction from IKEPLUS. The 51
clones were normalized based on their production of IL-2 in response to the IKEPLUS
sonicate and separately by IL-2 production in response to the ribosome-enriched
fraction from IKEPLUS (Fig. 8A). Of the 51 IKEPLUS TCHs, 38 (74.5%) also showed
significant responses to the ribosome-enriched fraction from IKEPLUS (Fig. 8A).

To confirm the high frequency of ribosome specificity, the 38 IKEPLUS ribosome-
specific clones were randomly assigned to five pools for further screening. Since hsp65
was identified as a potential contaminant that copurified with ribosomes (data not
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FIG 8 Predominance of ribosome-specific CD4" T cells in IKEPLUS-immunized mice. A TCH library was constructed by fusing CD4" T cells isolated from the
spleens of IKEPLUS-immunized C57BL/6 mice with mouse thymoma cells. TCHs were screened for reactivity to the IKEPLUS sonicate, and a total of 51
IKEPLUS-specific clones were isolated for analysis (see the text for details). (A) Normalized responses of TCHs to the IKEPLUS sonicate (y axis) and the
ribosome-enriched fraction from IKEPLUS (x axis). The subset of TCHs screened that responded to the IKEPLUS sonicate at a level of 3 standard deviations above
the values for replicate wells with no antigen were included in this analysis. Dotted lines represent 3 standard deviations above values for replicate wells with
no antigen. Each symbol represents data for a single TCH. Open symbols correspond to those TCHs that responded significantly to only the IKEPLUS sonicate,
and filled symbols indicate TCHs that responded significantly to both the IKEPLUS sonicate and the ribosome-enriched fraction from IKEPLUS. Of the 51
IKEPLUS-specific TCHs, 38 were also specific for the ribosome-enriched fraction from IKEPLUS (74.5%). (B) The 38 IKEPLUS ribosome-responsive TCHs were
randomly assigned to five pools for further screening. All pools responded to the IKEPLUS sonicate and the ribosome-enriched fraction from IKEPLUS, as
determined by an IL-2 release assay, but only pool 2 responded to the rplJ;g;46_160 PEPtide. None of the ribosome-specific TCH pools responded to the purified
hsp65 protein from M. bovis, which was included as an additional control. Asterisks indicate >3 standard deviations above values for replicate wells with no
antigen. (C) Retesting individual clones from pool 2 in an IL-2 release assay revealed that one out of seven TCH clones was responsive to the rplligi46_160
peptide. Asterisks indicate >3 standard deviations above values for replicate wells with no antigen. Data in panels B and C are mean values and standard errors
for duplicate samples.

shown), we assessed whether hsp65 contributed to CD4™ T cell responses to our
ribosome preparations. Using the purified hsp65 protein from M. bovis, we found that
none of the IKEPLUS ribosome-specific clones responded to the hsp65 protein (Fig. 8B).
IKEPLUS ribosome-specific clones were also screened for reactivity to the rpllgi46_160
epitope (Fig. 8B). Pool 2 of the IKEPLUS ribosome-specific clones reacted to the
rpl)re146-_160 €pPitope (Fig. 8B). The seven individual clones comprising this pool
were then screened for reactivity to the rplligi46_160 €pitope (Fig. 8C), revealing a
single rplligi46_160-reactive clone. Thus, the great majority of CD4" T cells that
were reactive with IKEPLUS ribosomes in our panel were directed at epitopes
distinct from the rplligi46_160 €Pitope or were potentially reactive with other
ribosome-associated proteins.

Identification of additional mycobacterial ribosomal protein epitopes for CD4+
T cells. To screen for additional ribosomal protein CD4* T cell epitopes in IKEPLUS-
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A B IKEPLUS IAP
CD4+ cell Consensus
- Peptide Organism Start Sequence response Percentile
1 * 1 MS 11 ADIAEQFKASTATVV 165 0.39
5 . B 11 ADIAAQFKESTATLI 3.74
2 V] 16 QFKASTATWTEYRG 175 1.68
3 B 16 QFKESTATLITEYRG 11.52
4 3 MS 66 |IEGLDELFAGPTAIA 575 0.73
B 66 |IEGLDELFVGPTAIA 3.60
5 4 V] 71 ELFAGPTAWAFVKGE 45 0.85
B 71 ELFVGPTAIAFVTGE 1.62
6 5 VS 76  PTAIAFVKGEAVDAA 19.09
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6 VS 106 KGGYMDGKALSVADV 14.26
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B 51  VLLDIGYKTEGVIPA 375 8.17
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B 141 DIGLRGFLPASLVEM 6.90
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. . . . 13 VS 431 QMEKFAAAEAEAANA 695 0.41
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FIG 9 Identification of CD4* T cell targets within the RplJ and RpsA ribosomal proteins. Peptides were screened for in silico-predicted
binding affinity for I-AP. These peptides included nine peptides derived from the RplJ protein and five peptides derived from the RpsA
protein. (A) IFN-y ELISPOT responses to selected RplJ and RpsA peptides by CD4" T cells from IKEPLUS-immunized mice. CD4" T cells were
isolated at 2 weeks postimmunization from spleens of C57BL/6 mice immunized i.v. with 5 X 107 CFU IKEPLUS and assayed by an ELISPOT
assay for the production of IFN-vy in response to the 14 peptides (10 wg/ml for each peptide). Asterisks indicate >3 standard deviations
above values for replicate wells with no antigen. No responses to individual peptides were detected by using CD4+ T cells from
BCG-immunized mice (not shown). Data shown represent mean values and standard deviations for duplicate samples. Data shown are
representative of results from two independent experiments. (B) Sequences of both M. tuberculosis (TB) and M. smegmatis (MS) peptides
along with the location of their first residue (start) in the RplJ or RpsA protein. The sequences are shown in single-letter amino acid code.
Shaded cells represent peptides that were synthesized and analyzed based on the I-A® consensus percentile. Responses of immune CD4+
T cells to the peptides are summarized as the number of positive cells per 106 CD4* T cells, quantified by an IFN-y ELISPOT assay, as shown
in panel A.

immunized mice, we synthesized peptides with the highest predicted binding affinity
for I-AP over the entire length of the RplJ protein of M. tuberculosis and M. smegmatis.
In addition, we carried out a similar in silico analysis of the sequence of a representative
protein from the small ribosomal subunit RpsA (ST protein, a product of the M.
tuberculosis Rv1630 gene and the M. smegmatis MSMEG_3833 gene). Two weeks after
immunization with IKEPLUS or BCG-Danish, CD4* T cells were purified from splenocytes
and tested by an ELISPOT assay for the production of IFN-y in response to ex vivo
stimulation with nine Rpl) peptides and five RpsA peptides with a predicted strong
affinity for I-AP. Whereas BCG-immune CD4* T cells did not respond to these
peptides (data not shown), IKEPLUS-immune CD4* T cells reacted strongly to the
rplyvst46-160 PEPtide (KAAGLFNAPASQVAR), the RplJ epitope described above, and
the overlapping rpllysisi_16s Peptide (FNAPASQVARLAAAL) (Fig. 9). IKEPLUS-
immune CD4" T cells also reacted strongly to the rplJys,,_55 peptide (ADIAEQFK
ASTATVV) and the overlapping rplJys;6_30 Peptide (QFKASTATVVTEYRG), represent-
ing an additional epitope within the RplJ protein (Fig. 9). In examining the peptides
derived from the RpsA protein, IKEPLUS-immune CD4* T cells were found to react
strongly to the rpsAysasq_a4s Peptide (QMEKFAAAEAEAANA) (Fig. 9). These studies
showed that the CD4* T cell responses to the mycobacterial ribosome induced by
IKEPLUS immunization included epitopes derived from both large and small ribo-
somal subunit proteins.
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DISCUSSION

In comparison to immunization with the currently used BCG vaccine, immunization
of mice with the genetically modified M. smegmatis strain IKEPLUS was previously
shown to enhance survival after M. tuberculosis challenge and led to the development
of a Thi-like response thought to be critical for defense against M. tuberculosis (46).
While protection against M. tuberculosis afforded by immunization with IKEPLUS was
shown to be dependent on antigen-specific CD4* T cells, the specificities of CD4+ T
cells in IKEPLUS-immunized mice remained to be elucidated (46). In the present study,
we used immunization with the M. smegmatis IKE or IKEPLUS strain as an approach to
identify novel, potentially protective, CD4" T cell epitopes beyond those that stimulate
responses following BCG vaccination or M. tuberculosis infection. Responses of CD4* T
cells generated within 2 weeks of immunization were analyzed, in order to focus on
immunodominant antigens that are likely to predominate in this relatively early period
after vaccination. Using a synthetic peptide library consisting of 880 nonoverlapping
15-mers representing predicted I-AP-presented epitopes with homology between M.
tuberculosis and IKEPLUS, we identified one specific epitope of IKEPLUS-immune CD4*
T cells, rpltg146_160 derived from the RplJ protein of the mycobacterial 50S ribosomal
subunit. The CD4* T cell responses to the rplligi46_160 €PItOPe, as well as those to
ribosomes from IKEPLUS, were found to be specificc MHC class Il restricted, and
dominated by the production of IFN-vy, suggesting the development of a Thi-like
response thought to be critical for defense against M. tuberculosis.

We consistently observed that CD4" T cells from mice immunized with IKEPLUS or
with other M. smegmatis strains (IKE or the parent strain mc2155) responded signifi-
cantly to the rplligi46_160 €PItope, while CD4* T cells from mice immunized with a
standard BCG vaccine strain did not. One hypothesis as to why this differential response
to a ribosomal component occurred is that fast-growing mycobacterial strains (like M.
smegmatis) have more ribosomes per bacterium than do slow-growing mycobacteria
(such as BCG or M. tuberculosis), thus leading to more availability of the RplJ protein for
processing and presentation by the host immune system. Alternatively, the failure of
BCG, even when administered intravenously in large doses (Fig. 6), to elicit detectable
responses to the RplJ epitope may reflect the presence of immune evasion mechanisms
that block the induction of ribosome-specific responses in virulent mycobacterial
species such as M. bovis and M. tuberculosis. This raises the possibility that directed
immunization against mycobacterial ribosomal components could prime the host
immune response to recognize ribosomal epitopes when challenged with virulent,
ribosome-limited mycobacteria such as M. tuberculosis. Indeed, CD4" T cells from the
lungs and spleens of IKEPLUS-immunized mice responded significantly better to my-
cobacterial ribosomes and the rplligius_160 Peptide than did CD4* T cells from
BCG-immunized or naive mice following M. tuberculosis challenge (Fig. 7). This suggests
that ribosome-specific CD4+ T cells are recruited to and expand in the lungs of M.
tuberculosis-challenged mice when animals have been primed with a suitable form of
immunization, such as with the genetically modified M. smegmatis strain IKEPLUS.
These data also extend previous studies in which the presence of RplJ- and ribosome-
specific CD4™ T cells was assayed at 2 weeks postimmunization, here demonstrating
that ribosome-specific CD4* T cells can be recalled when challenged 10 weeks after
immunization. Thus, vaccination strategies directed at priming CD4* T cells against the
rplte146-160 €PItOPe or potentially other ribosome-associated determinants could be
considered an approach to enhance vaccine strategies against M. tuberculosis.

Ribosome vaccines are intriguing possibilities for immunization, as they are thought
to be more immunogenic, less toxic, and more defined than whole-cell vaccines (51,
52). Immunization with ribosomes could confer some cross-serotype protection, reduc-
ing the number of vaccines to be developed and delivered to patients (51, 52). Early
studies, mainly from the 1960s and 1970s, demonstrated the potential of ribosomal
components as protective vaccines. Studies examining protection afforded by ribo-
somes against M. tuberculosis in mice (53), Pasteurella multocida in mice and chickens
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(54), or Pseudomonas aeruginosa in mice (55) concluded that the immunogenic portion
of the ribosome critical for protection was the rRNA. However, studies of ribosome
vaccination against Haemophilus influenzae in mice and rabbits (56), Streptococcus
pyogenes in mice (57), and Neisseria meningitidis in mice (58) identified the ribosomal
protein as being critical for protection. These studies were somewhat technologically
hampered, allowing only a limited determination of gross fractions (rRNA versus
protein) as the immunological component of the ribosome, and no T cell epitopes were
identified.

More contemporary studies have examined the potential of protective vaccines
composed of specific ribosomal proteins. Immunization with the ribosomal protein
L7/L12 from Brucella abortus combined with an adjuvant led to a T cell response and
was protective against brucellosis in mice (59) and cattle (60). When administered to
mice in the presence of a Th1 adjuvant in a prime-boost regimen, the combined
recombinant ribosomal proteins L5 and L3 from Leishmania major were found to
enhance Th1-like immune responses and provide cross-protection against Leishmania
amazonensis and L. chagasi (61). Interestingly, a protein with homology to RplJ, the
ribosomal L10-like protein from Flavobacterium psychrophilum, when administered with
an adjuvant, was found to be protective in immature rainbow trout (62). While these
studies indicate the potential of ribosomal proteins in protective vaccines, the mech-
anisms of protection were not defined, and no T cell epitopes were described.

It has been suggested that components of the ribosome itself (rRNA) or closely
associated with the ribosome (recently translated protein and cell surface proteins) may
act as adjuvants (51, 52). A complex particle containing rRNA, proteins, and other
closely associated molecules could be highly immunogenic and thus stimulate cell-
mediated as well as humoral immune responses (52). The idea of the ribosome as a
self-adjuvanting, immunogenic particle for immunization is intriguing. However, the
mechanism of recognition, processing, and presentation of ribosomes following infec-
tion or immunization is unclear. In addition, the kinetics of the development of
ribosome-specific T cell responses following infection, and their tropism for various
tissues such as the lung, have not yet been determined. Studies are under way to gain
insight into the cells and pathways involved in the immune response to ribosomes.

A notable result of the present study was the observation that in the screening of
a TCH library generated from IKEPLUS-immunized CD4* T cells, a substantial majority
(74.5%) of the IKEPLUS-responsive clones were also reactive to ribosomes from IKEPLUS.
Only one of these ribosome-specific clones was specific for the rpllig;46_160 €pitope
described here, suggesting that additional components of the mycobacterial ribosome
are immunogenic. To extend our examination of potential immunogenic ribosomal
epitopes, we synthesized and screened the 15-mer peptides with the best predicted
I-Ab-presented binding affinity from the entire RplJ protein as well as from the RpsA
protein, a representative protein of the small ribosomal subunit. RpsA was chosen for
further examination, as it is the largest of the ribosomal small-subunit proteins (481
amino acids [aa]), the sequence homology among mycobacteria is between 85.4% and
100% (63), and RpsA is thought to be the target of pyrazinamide, one of the commonly
used first-line drugs for the treatment of tuberculosis (64). This identified one additional
specific epitope of IKEPLUS-immune CD4* T cells within the RplJ protein, rplJysi1_sss
and one specific epitope derived from the RpsA protein, rpsAysaz:—aas-

The mycobacterial ribosome is a complex particle made up of rRNA, 57 ribosomal
proteins, and other associated molecules. Our studies have identified a number of
specific epitopes for CD4™ T cell responses and strongly suggest the presence of
additional immunogenic ribosomal protein epitopes in mycobacteria. Although we
have not yet determined that ribosome-specific CD4* T cells contribute to protective
immunity against M. tuberculosis, the identification of a broader array of immunogenic
ribosome-associated CD4* T cell epitopes has the potential to provide new targets for
vaccination that are distinct from the immunodominant antigens presented during BCG
vaccination or natural M. tuberculosis infection. In this regard, CD4™ T cell epitopes
derived from the mycobacterial ribosome may prove successful either as completely
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novel immunization formulations or by enhancing current vaccine candidates to pro-
vide broader immune recognition and protection.

MATERIALS AND METHODS

Mice. Six-week-old female C57BL/6J mice were purchased from The Jackson Laboratories (Bar
Harbor, ME) and allowed to acclimate for 1 week before experiments. Mice were housed under
specific-pathogen-free conditions in compliance with the procedures and regulations established by the
Albert Einstein College of Medicine Institute for Animal Studies and Biosafety Committees. All experi-
ments using animals were performed according to protocols approved by the Albert Einstein College of
Medicine Institutional Animal Care and Use Committee (IACUC).

Mycobacterial cultures and infections. Mycobacterium smegmatis (strain mc2155) and the genet-
ically modified variants IKE and IKEPLUS were described previously (46) and were grown in liquid cultures
in Sauton medium (65). BCG-Danish was obtained from the Statens Serum Institute (Copenhagen,
Denmark) and was grown in Middlebrook 7H9 medium (Difco Laboratories, BD Diagnostic Systems,
Sparks, MD) with oleic acid-albumin-dextrose-catalase (OADC enrichment; Difco Laboratories, BD Diag-
nostic Systems, Sparks, MD) and 0.05% tyloxapol (Sigma-Aldrich, St. Louis, MO). Bacteria were grown from
low-passage-number frozen stocks, cultured to mid-log phase, and then frozen in medium with 5%
glycerol at —80°C. Bacteria were thawed, washed, resuspended in phosphate-buffered saline (PBS)
containing 0.05% Tween 80, and sonicated to obtain a single-cell suspension prior to infection. Mice were
infected with 5 X 107 CFU IKE or IKEPLUS via the tail vein, 107 CFU mc2155 via the tail vein, 5 X 106 CFU
BCG-Danish subcutaneously (s.c.) in the scruff of the neck, or 5 X 107 CFU BCG-Danish via the tail vein.

Preparation of bacterial sonicates. IKEPLUS cells grown as described above, or irradiated M.
tuberculosis H37Rv cells (BEI Resources, Manassas, VA), were sonicated in lysis buffer (30 mM Tris-HCI,
0.05% tyloxapol, cOmplete mini EDTA-free protease inhibitor cocktail [Sigma] [pH 8.0]) for 20 min on ice.
The culture was centrifuged at 3,000 X g for 12 min at 4°C, the supernatant was retained, and the pellet
was resuspended in lysis buffer and sonicated as described above. Supernatants from three sonication/
centrifugation cycles were combined and centrifuged at 30,000 X g for 30 min at 4°C. The supernatant
was filtered through a 0.22-um filter, and the protein concentration was determined by using a
bicinchoninic acid (BCA) protein assay kit (ThermoFisher Scientific, Grand Island, NY).

Generation and screening of the IKEPLUS peptide library. An overview of the process used to
generate the IKEPLUS peptide library is shown in Fig. 1A. All possible 15-mer peptides were determined
from the genome sequences of the Mycobacterium smegmatis (mc2155) and M. tuberculosis (H37Rv)
strains used to generate IKEPLUS (a possible 3,166,147 peptides). Fifteen-mer peptides with =2 substi-
tutions between the M. smegmatis and M. tuberculosis strains were included for further consideration
(285,532 peptides). These peptides were then ranked for their predicted binding affinity for MHC class Il
(I-AP) by using the consensus method (66). The 1% of peptides with the strongest predicted binding to
I-Ab were selected, and from this set, redundant peptides overlapping by >8 residues were excluded.
This yielded a library of 880 unique peptides, which were synthesized and arranged into 45 pools.
Peptides were synthesized as crude material (estimated 70 to 80% purity) on a small scale (~1 mg) by
Mimotopes (Clayton, Victoria, Australia), reconstituted in dimethyl sulfoxide (DMSO), and used at a final
concentration of 2.5 ug/ml per peptide within peptide pools or 10 ug/ml for peptides assayed
individually.

Generation and screening of peptides from RplJ and RpsA ribosomal proteins. The sequences
from the Rpl) and RpsA ribosomal proteins from the Mycobacterium smegmatis (mc2155) and M.
tuberculosis (H37Rv) strains were collected from the UniProt database. The sequences were then
clustered at the 30% amino acid sequence identity level to group similar sequences into separate clusters
by using the epitope cluster analysis tool available at the IEDB Tools website (67). Each cluster of
sequences was then aligned separately by using the ClustalW algorithm as implemented in MEGA tool
(68). For these clusters, 15-mer peptides overlapping by 10 amino acids were generated, and duplicates
were removed. The remaining peptides were then ranked based on their predicted binding affinity for
MHC class Il (I-A®). The MHC binding affinity was predicted by using the IEDB analysis resource consensus
tool (66, 69). Peptides with an IEDB consensus percentile rank of =10.0 were selected, and variants
(peptides from the same sequence position but having amino acid mismatches) were removed by
eliminating the variant with the higher consensus percentile. This resulted in nine peptides from RplJ and
five from RpsA. Peptides were synthesized as crude material (estimated 70 to 80% purity) on a small scale
(~1 mg) by A&A Labs (San Diego, CA). Peptides were reconstituted in DMSO and used at a final
concentration of 10 ug/ml per peptide.

Purification of CD4+ T cells. CD4* T cells were purified from pooled splenocytes by positive
selection using magnetic antibody cell separation (MACS) CD4 (L3T4) Microbeads according to the
manufacturer’s instructions (Miltenyi Biotech, Auburn, CA).

MHC purification and binding assays. The purification of H-2 I-A> MHC class Il molecules by affinity
chromatography and the performance of assays based on the inhibition of binding of a high-affinity
radiolabeled peptide to quantitatively measure peptide binding were performed as detailed previously
(48). Briefly, the mouse B cell lymphoma line LB27.4 was used as a source of MHC molecules. A
high-affinity radiolabeled peptide (0.1 to 1 nM peptide ROIV [sequence YAHAAHAAHAAHAAHAA]) was
coincubated at room temperature with purified MHC in the presence of a cocktail of protease inhibitors
and an inhibitor peptide. Following a 2-day incubation, MHC-bound radioactivity was determined by
capturing MHC-peptide complexes on monoclonal antibody (MAb) (Y3JP)-coated Lumitrac 600 plates
(Greiner Bio-One, Frickenhausen, Germany), and bound radioactivity was measured as counts per minute
by using the TopCount microscintillation counter (Packard Instrument Co., Meriden, CT). The concen-
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tration of the peptide yielding 50% inhibition of the binding of the radiolabeled peptide was calculated.
Under the conditions used, where [radiolabeled peptide] < [MHC] and IC;, = [MHC], the measured IC;,s
are reasonable approximations of the true K, (equilibrium constant) values. Each competitor peptide was
tested at six different concentrations covering a 100,000-fold range and in three or more independent
experiments. As a positive control, the unlabeled version of the radiolabeled probe was also tested in
each experiment.

Generation and screening of IKEPLUS CD4+ T cell hybridomas. CD4* TCHs were constructed by
using a previously reported method (70). Briefly, C57BL/6 mice were immunized with 5 X 107 CFU
IKEPLUS i.v. and boosted 4 weeks later with 108 CFU IKEPLUS i.v. Two days after boosting, CD4* T cells
were purified from splenocytes and fused by using polyethylene glycol 1450 (PEG 1450; ATCC) (50%
[wt/vol] in unsupplemented Dulbecco’s modified Eagle’s medium [DMEM] [ThermoFisher Scientific]) with
the BW5147.G.14 mouse lymphoma cell line (ATCC TIB 48). Following fusion, cells were plated at 10°
activated CD4* T cells per well in 96-well flat-bottom plates, followed by selection medium containing
a hypoxanthine-aminopterin-thymidine (HAT) supplement (Life Technologies, ThermoFisher Scientific,
Grand Island, NY). Seven days after fusion, all wells showed visible growth and were expanded in DMEM
containing a hypoxanthine-thymidine (HT) supplement (Life Technologies). The resulting TCHs were
screened for reactivity to a sonicate of IKEPLUS by an IL-2 ELISA. IKEPLUS-specific TCHs were then
subjected to limiting dilution by plating a mean of 0.5 cells per well in 96-well flat-bottom plates to
obtain single-cell-derived clonal lines. Clones that grew from these cultures were again screened for
reactivity to IKEPLUS as well as to ribosomes from IKEPLUS and the recombinant M. bovis hsp65 protein
(StressMarq Biosciences Inc., Victoria, BC, Canada).

Enrichment of ribosomes from IKEPLUS. Ribosomes were enriched from IKEPLUS by using slight
modifications of a previously reported protocol (71). Briefly, bacteria were cultured to mid-log phase,
harvested by centrifugation at 10,000 X g for 10 min at 4°C, resuspended in lysis buffer (buffer A [70 mM
KCl, 10 mM MgCl,, 10 mM Tris-HCl {pH 7.4}]), and frozen at —80°C (71). Just before ribosome enrichment,
bacteria were thawed, lysed by two cycles of homogenization at 15,000 Ib/in? with an EmulsiFlex
high-pressure homogenizer (Avestin Inc., Ottawa, ON, Canada), and clarified by centrifugation at
30,000 X g for 45 min at 4°C. The pellet was discarded, and the clarified lysate was passed through a
0.22-um filter. Ribosomes were then enriched from the clarified lysate by HPLC (Agilent Technologies,
Santa Clara, CA) using a quaternary amine (QA) monolithic disk ion exchange column (BIA Separations
Inc., Wilmington, DE). Isolations were performed at a flow rate of 2 ml/min, using lysis buffer (buffer A)
and lysis buffer containing 1 M NaCl (buffer B). Eluants from sequential elutions with 35%, 47%, and 100%
buffer B were collected and further analyzed (71). Ribosome-containing fractions were concentrated by
using Amicon Ultra-15 centrifugal filter units (EMD Millipore, Billerica, MA) with a 100,000-molecular-
weight (100K) cutoff. The absorbance was measured at 260 nm and 280 nm by using a NanoDrop
spectrophotometer (ThermoFisher Scientific). The A,¢,/A,g, ratio was found to be within 1.9 to 2.0, within
the range of 1.8 to 2.0 expected for good-quality RNA. The concentration was determined by using a
previously reported molar extinction coefficient at 260 nm (E,,) for E. coli ribosomes of 145 = 3 (72) and
the reported predicted molecular weight of the M. smegmatis ribosome of 2.43 X 106 g/mol (73).

ELISPOT assay. A total of 2 X 10° purified CD4* T cells isolated from pooled immunized spleens
were plated onto 96-well flat-bottom nitrocellulose ELISPOT plates (Millipore) coated with 4 ug/ml
anti-IL-4 (BD Pharmingen, San Diego, CA), 4 ug/ml anti-IL-17A (BD Pharmingen), or 10 wg/ml anti-IFN-y
MAb (BD Pharmingen or Mabtech Inc., Cincinnati, OH). CD4+ T cells were incubated for 20 h in the
presence of 10° lipopolysaccharide (LPS) blasts or naive T cell-depleted splenocytes as a source of APCs
plus a ribosome-enriched fraction from IKEPLUS, peptide pools, or individual peptides. ConA (Sigma) was
used as a positive control. After 20 h of incubation at 37°C, plates were washed with PBS containing
0.05% Tween 20. Wells were incubated with 2 ug/ml biotinylated anti-IL-4, 2 ug/ml biotinylated
anti-IL-17A, or 1 ug/ml anti-IFN-y MAb (BD Pharmingen) for 2 h at 37°C. Plates were washed as described
above and then incubated with streptavidin-alkaline phosphatase (Life Technologies) for 1 h at 37°C.
Plates were washed as described above and developed by the addition of 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP) and nitroblue tetrazolium chloride (NBT) tablets (Sigma). Plates were counted with the
aid of computer-assisted image analysis by using an AID ELISPOT reader (Autoimmun Diagnostika GmbH,
StralBberg, Germany). The net number of cytokine-producing CD4* T cells per 106 CD4* T cells was
determined as follows: ((number of spots against relevant peptide/antigen] — [number of spots against
irrelevant control]) X 5.

Murine IL-2 ELISA. Together with 10° bone marrow-derived dendritic cells, 10° ribosome-specific
CD4+ TCH cells were cultured in the presence of the IKEPLUS sonicate, ribosomes from IKEPLUS,
synthetic peptides, or a commercially available hsp65 protein from M. bovis (StressMarq). After 20 h of
incubation at 37°C, culture supernatants were harvested, and the levels of IL-2 were quantitated by a
capture ELISA as previously described (74). Absorbance values were determined at 450 nm on a Wallac
1420 Victor2 microplate reader (PerkinElmer, Waltham, MA), and values for IL-2 were determined by
using a standard curve generated by using known concentrations of purified recombinant murine IL-2
(BD Biosciences).

M. tuberculosis challenge. Mice were immunized with 5 X 107 CFU IKEPLUS i.v. or 107 CFU
BCG-Danish s.c. Ten weeks later, immunized and naive mice were exposed to a low-dose aerosol of
wild-type M. tuberculosis strain H37Rv. Briefly, H37Rv was cultured at 37°C in Middlebrook 7H9 medium
containing OADC, 0.5% glycerol, and 0.05% tyloxapol to an A, of 0.4 to 0.8. A total of 2 X 10 CFU/ml
of bacteria in PBS-Tween plus 0.05% (vol/vol) antifoam Y-30 (Sigma) was loaded into a nebulizer attached
to an airborne infection system (University of Wisconsin Mechanical Engineering Workshop). Mice were
exposed to aerosolized H37Rv for 20 min, and ~100 H37Rv bacteria were deposited into the lungs of
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each animal. The inoculum dose was confirmed by plating of whole-lung homogenates at 24 h
post-aerosol exposure, with quantification of CFU after 4 weeks of incubation at 37°C. Lungs, livers, and
spleens were harvested at 6 weeks postchallenge, and single-cell suspensions were prepared. For CFU
quantification, samples were maintained separately (six mice per group), but for ELISPOT assays, samples
were pooled within groups (four mice per group). CD4* T cells were purified as described above by using
MACS selection, and an IFN-y ELISPOT assay was performed as described above. CD4* T cells were
incubated for 20 h in the presence of 10> naive T cell-depleted splenocytes as a source of APCs, plus a
ribosome-enriched fraction from IKEPLUS, the rpll;g,46_160 PePtide, the TB9.8 peptide, and the IKEPLUS
sonicate. ConA was used as a positive control.

Statistical analyses. For ELISPOT screening of synthetic peptide pools or individual peptides,

responses were considered positive if the net number of spot-forming cells per million cells was >20, the
stimulation index (sample/DMSO control) was >2, and the P value was <0.05 (as determined by
Student’s t test for the means of triplicate values for the response against relevant pools or peptides
versus the DMSO control). For ELISPOT assays comparing three or more immunization conditions,
responses were considered significant if the P value was <0.05 (one-way ANOVA with Bonferroni
correction for multiple-comparisons for means of triplicate or quadruplicate values against relevant
antigens).
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