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Background. Recent advances in rational adjuvant design and antigen selection have enabled a new genera-

tion of vaccines with potential to treat and prevent infectious disease. The aim of this study was to assess whether
therapeutic immunization could impact the course of Mycobacterium tuberculosis infection with use of a candi-
date tuberculosis vaccine antigen, ID93, formulated in a synthetic nanoemulsion adjuvant, GLA-SE, administered
in combination with existing first-line chemotherapeutics rifampicin and isoniazid.

Methods. We used a mouse model of fatal tuberculosis and the established cynomolgus monkey model to
design an immuno-chemotherapeutic strategy to increase long-term survival and reduce bacterial burden, com-
pared with standard antibiotic chemotherapy alone.

Results. This combined approach induced robust and durable pluripotent antigen-specific T helper–1-type
immune responses, decreased bacterial burden, reduced the duration of conventional chemotherapy required for
survival, and decreased M. tuberculosis–induced lung pathology, compared with chemotherapy alone.

Conclusions. These results demonstrate the ability of therapeutic immunization to significantly enhance the
efficacy of chemotherapy against tuberculosis and other infectious diseases, with implications for treatment dura-
tion, patient compliance, and more optimal resource allocation.

Worldwide, the tuberculosis pandemic is associated
with 1.7–2 million deaths annually, and the increase
in multidrug-resistant tuberculosis (MDR-tuberculosis)
further heightens this threat [1]. There is an urgent
need for more effective therapeutic regimens to increase
treatment compliance and decrease tuberculosis trans-
mission [2–6]. The development of rationally designed
molecular adjuvants that stimulate innate immune re-
sponses and shape the quality and strength of adaptive
immunity, combined with select recombinant proteins,

has enabled the development of a new generation of
vaccines that can be used to treat and prevent infectious
diseases.

Although development of more effective prophylac-
tic vaccines for tuberculosis is a high priority, thera-
peutic approaches, such as postexposure vaccines,
which could be used in combination with antibiotics
to shorten treatment regimens, clear bacilli [7], and
limit the spread of MDR-tuberculosis [8–10], should
be explored. Using a combination of drugs plus
vaccine, we showed therapeutic efficacy among pa-
tients infected with another macrophage pathogen of
the genus Leishmania [11], supporting the potential of
an immune-therapeutic approach. In this regard, few
tuberculosis vaccine candidates have been evaluated
for therapeutic efficacy [12–23].

We identified potent T cell antigens ofMycobacterium
tuberculosis (M. tuberculosis), recognized by persons la-
tently infected with M. tuberculosis, and used a synthetic
nanoemulsion adjuvant, GLA-SE (a synthetic TLR-4
agonist [GLA], formulated in a stable oil-in-water
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emulsion [SE]), that adds an innate signal and potent Th1-
inducing properties [24–26], to develop a vaccine candidate,
ID93/GLA-SE [12–14]. ID93 combines 4 antigens belonging to
families of M. tuberculosis proteins associated with virulence
(Rv2608, Rv3619, and Rv3620) or latency (Rv1813) [27]. To ade-
quately evaluate therapeutic vaccines, it is essential that long-
term models of protection against diseases be developed and
used. To do this, we have used both mouse and nonhuman
primate (NHP) models. Unlike C57BL/6 and BALB/c mice,
which exhibit stabilized pulmonary bacterial growth and survive
for >1 year [7, 28–31], SWR/J mice exhibit extremeM. tuberculo-
sis susceptibility, with progressive bacterial growth resulting in
fatal disease, thus making them a good postexposure model to
evaluate immunotherapeutic regimens [29]. The reasons for this
increased susceptibility are unclear. Nevertheless, we have evi-
dence that ID93/GLA-SE–immunized SWR/J mice mount effec-
tive immune responses and protection against M. tuberculosis
(unpublished data). The cynomolgus monkey has been described
as a good model for human tuberculosis, displaying a range of
clinical and pathological changes [32], and may be efficiently
protected againstM. tuberculosis challenge [17, 33, 34]. To model
synergy between chemo- and immune-therapy, we performed
studies using ID93/GLA-SE, administered in combination with
existing first-line antibiotics rifampicin (RIF) and isoniazid
(INH) in SWR/J mice and cynomolgus monkeys. These data
show that therapeutic immunization can be used to complement
chemotherapy as an approach to treat tuberculosis.

MATERIALS AND METHODS

Mice, Treatment, and ID93/GLA-SE Immunization
Female, age-matched (4–6 weeks) SWR/J and C57BL/6 mice
were purchased from Jackson and Charles River Laboratories,
respectively. All mice were maintained in the animal facility of
The Infectious Disease Research Institute (IDRI) and were
treated in accordance with the guidelines of the Animal Care
and Use Committee.

Mice were infected with a low dose (50–100 bacteria)
aerosol (LDA) of M. tuberculosis H37Rv (ATCC #27294) with
use of a University of Wisconsin–Madison aerosol chamber.
At 15 or 30 days after infection, a subset of mice was started
on a drug regimen of INH (at 85 mg/L of drinking water) and
RIF (at 50 mg/L of drinking water) administered for 30, 60, or
90 consecutive days. Female mice are estimated to drink 0.15–
0.37 mL/g [35]. Assuming a mean intake of 0.26 mL/g per
day, animals would receive approximately 22 mg/kg of INH
and 13 mg/kg of RIF per day. The minimum inhibitory con-
centrations for M. tuberculosis H37Rv are 0.25 μM for RIF
and 1.0 μM for INH. A subset of groups receiving the 60–90-
day RIF-INH combination regimen was also injected with
either GLA-SE alone (referred to as Rx + GLA-SE) or the
ID93/GLA-SE vaccine (referred to as Rx + ID93/GLA-SE),

which were produced as previously reported [14, 24, 25]. Mice
were immunized 3 times, 3 weeks apart, with 8 μg of protein
plus 20 μg of GLA-SE either during (DTT; days 15, 36, and
57) or after antibiotic treatment (PTT; days 107, 128, and
149). Therapeutic efficacy was determined by tracking survival
over time and by plating lung homogenates as previously de-
scribed [13].

Cytokine Profiling Assay
Splenocytes (2 × 106/mL) were stimulated with ID93 (10 μg),
purified protein derivative (10 μg; CSU), or phosphate-
buffered saline. Cytokine concentrations (IFN-γ, IL-2, TNF,
IL-5, IL-10, IL-13, and IL-17) were determined using a
Procarta Luminex-based assay (Affymetrix).

Flow Cytometry
At various times after the last immunization (days 149 and
177), splenocytes were stained with fluorochrome-conjugated
mAb anti-CD3, CD8, CD44, IFN-γ, TNF, IL-2 (eBioscience),
and CD4 mAb (Invitrogen) and analyzed on a LSRII flow cy-
tometer (BD Biosciences). Splenocytes were gated by forward
and side scatter to identify intact round cells; 20 000
CD3+CD8+ events were acquired for each sample and ana-
lyzed using FlowJo (Treestar) and SPICE (courtesy of Mario
Roederer, National Institutes of Health).

Histopathology
Mice
At various times (days 106, 241, or 295 after infection), 1 lobe
of each lung was fixed in 10% neutral buffered formalin. After
fixation, tissues were embedded in paraffin and stained with
hematoxylin and eosin (H&E), Fite’s acid fast stain, or Tri-
chrome stain by the Benaroya Research Institute Histology
Core facility (Seattle, WA). Random images of each lung were
taken for H&E and acid-fast bacteria (AFB) with use of a
Nikon DS-L2 digital camera. Image Pro Plus was used for
analysis of digitized images. Qualitative analyses were per-
formed by a veterinary pathologist blinded to the source of
specimens.

Non-Human Primates
A single lobe of the lung was fixed in 10% normal buffered
formalin, embedded in paraffin, and stained with H&E, Fite’s
acid fast stain, or Trichrome stain. Qualitative analyses were
performed by a veterinary pathologist and included comparing
all fields in a group for organization of cellular infiltrate,
number of granulomas, visual quantification of AFB, and pul-
monary fibrosis (Biogenetics Research Laboratories).

Lesion Scoring
Lesions were scored as follows: 0, normal tissue morphology
with no lesion present; 1, lesions involving < 10% of the tissue
and minimal infiltration of inflammatory cells; 2, lesions
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affecting 10%–20% of the tissue and mild cellular infiltration;
3, lesions covering 21%–40% of the tissue and moderate cellu-
lar infiltration; and 4, lesions covering 41%–100% of the tissue
and marked cellular infiltration.

Safety Evaluations in NHP
Details of experimental animals, M. tuberculosis infection, ra-
diographic, clinical, necropsy, and bacterial burden procedures
have been previously reported [17]. In brief, adult, cynomol-
gus macaques (Macaca fascicularis; 7 per group) were used
and maintained in accordance with guidelines of the Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care. Before commencement and during the studies, the ma-
caques underwent a rigorous battery of diagnostic and clinical
procedures (eg, physical examination, complete blood count,
erythrocyte sedimentation rate, serum chemistry, thoracic
radiography, and tuberculin skin testing). Macaques were
inoculated intratracheally with a high dose of approximately
5 × 102 CFU of virulent M. tuberculosis (Erdman strain) in a
1.0 mL volume to ensure the development of active tuberculo-
sis. At 8 weeks after infection, a subset of macaques was
started on a drug regimen of INH (15 mg/kg) and RIF
(15 mg/kg) delivered by gavage (Rx) 3 times per week for a
4-week period or were left without further treatment (Mock).
A subset of macaques was then immunized intramuscularly 3
times 2 weeks apart with 10 μg of ID93 plus 25 μg of GLA-SE
(Rx + ID93/GLA-SE).

Statistical Analysis
Standard one-way analysis of variance (ANOVA), followed by
Dunnett’s Multiple Comparison Test, were used to determine
statistical significance of CFU and other normally distributed
sample populations. For nonnormally distributed sample popu-
lations, a nonparametric Wilcoxon rank-sum test was used to
compare individual groups. Categorical data were analyzed
using Fisher’s exact test, and a log rank test was used to evaluate
statistical differences between survival curves. P≤ .05 was con-
sidered to be statistically significant; however, because sample
sizes in the NHP studies were small, the statistical power of
these studies was limited. Therefore, P < .05 for statistical signifi-
cance should not necessarily be interpreted as precluding an
important difference between groups. Statistical analyses were
performed using GraphPad Prism, version 4.00, for Windows
(GraphPad Software) or JMP, version 8.0 (SAS Institute).

RESULTS

Development of the SWR/J Mouse Model of tuberculosis
Relapse and Reactivation
The purpose of this work was to establish a model for postex-
posure strategies and to elucidate the immunotherapeutic effi-
cacy of ID93/GLA-SE. In contrast to C57BL/6 mice [36] and

consistent with previous observations [29, 37], SWR mice
failed to transition to a chronic state after M. tuberculosis in-
fection (Figure 1A). Mock-treated SWR/J mice died of infec-
tion with a median survival time (MST) of 116.5 days,
whereas those treated with RIF-INH for 90 days had an MST
of 247.5 days (P < .001; log rank test) (Figure 1B).

To determine optimal lengths of treatment in SWR/J mice,
animals were treated with RIF-INH for either a 90-day
regimen or for shortened periods of 30 or 60 days. Significant
differences in survival and recoverable lung CFU between
animals that were mock- or drug-treated for 30 (P < .0005; log
rank test), 60 (P < .05; log rank test), or 90 days (P < .005; log
rank test) were observed (Figure 1C). Changing the initiation
of chemotherapy from 15 to 30 days after infection did not
significantly alter the long-term efficacy of treatment (P > .50;
log rank test) (Figure 1C). Although 60 or 90 days of chemo-
therapy was sufficient to decrease the number of viable lung
bacteria below the limit of detection (Figure 1D), these treat-
ment regimens were insufficient to achieve clearance of M. tu-
berculosis in SWR/J mice.

Therapeutic Vaccination with ID93/GLA-SE as an Adjunct to
Chemotherapy Enhanced Survival and Shortened the Required
Treatment Time
Three doses of the candidate tuberculosis vaccine fusion pro-
teins ID83 and ID93 or their component antigens combined
with GLA-SE as an adjuvant have previously provided pro-
phylactic protection against tuberculosis in mouse and guinea
pig models [12, 14]. We asked whether the ID93/GLA-SE
vaccine would provide immunotherapeutic benefit as mea-
sured by reduction of CFU or improved survival (Figure 2A)
and found that these vaccines increased the frequency of
SWR/J survival after infection (P < .01).

Experiments were undertaken to evaluate efficacy of the
antibiotic regimen with ID93/GLA-SE or GLA-SE alone
(Figure 2B). Efficacy was assessed on the bases of quantitative
cultures of lung homogenates and survival over time. Com-
pared with chemotherapy (Rx) alone, immunization with
ID93/GLA-SE as an adjunct to chemotherapy further reduced
CFU by 0.643 log10 (P < .05) (Figure 2B). No differences in
lung CFU were observed between the groups administered
GLA-SE adjuvant and chemotherapy (Rx + GLA-SE), com-
pared with Rx (P > .05) (Figure 2B). Moreover, there was a sig-
nificant difference between the postexposure efficacy induced
by the Rx + ID93/GLA-SE and the Rx + GLA-SE groups
(4.419 ± 0.17 vs 4.938 ± 0.16 log10; P < .05), showing that the
adjunctive bactericidal effect observed in these studies is
antigen dependent.

Vaccine administered as an immunotherapeutic after (PTT)
or during (DTT) 90 days of treatment prevented death in 52%
and 67% of M. tuberculosis-infected mice, respectively,
(P < .0001) (Figure 2C). Whereas 40% of the animals receiving
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90 days of chemotherapy alone survived M. tuberculosis infec-
tion (MST, 214 days), 100% of the animals receiving vaccine
immunotherapy after 60 days of chemotherapy survived for at
least 250 days (P < .05) (Figure 3A). Of importance, these
studies demonstrate that vaccine immunotherapy could reduce
the duration of therapy by at least one-third while preventing
death for an extended period after chemotherapy was with-
drawn. Our data thus suggest that the ID93/GLA-SE vaccine
administered in conjunction with antibiotics could be used to
shorten standard chemotherapy regimens (Figure 3A), with a
possible positive impact on compliance.

Therapeutic Vaccination with ID93/GLA-SE as an Adjunct to
Antibiotic Treatment Reduces Tuberculosis Lung Pathology
To characterize the effect of antibiotics combined with ID93/
GLA-SE on lung pathology, sections from mock-, Rx-, and
Rx + ID93/GLA-SE–treated mice were taken for histological
analysis on various days until experiments were terminated
(Table 1, Figure 3B–M). The lungs of mock-treated mice had

diffuse alveolar edema (Figure 3B and F) with grade 3–4
(40%–100%) involvement of the lung parenchyma appearing
greatly inflamed and necrotic as previously reported [29, 38],
with numerous acid-fast bacilli (>30/600x high power field)
(Figure 3J). The lung sections of the Rx90d group showed
obvious resolution of inflammatory lesions (Figure 3C and G)
with only rare bacilli (<1/HPF) (Figure 3K; Table 1). At day
241, the lungs of Rx 90d + ID93/GLA-SE mice had numerous
granulomas (Figure 3D and H) and few bacilli (≤6 organisms/
HPF, 600x) (Figure 3L; Table 1). At day 295, lungs of mice
treated with 60 days of antibiotics and immunized with ID93/
GLA-SE showed no significant lesions (Figure 3E and I;
Table 1) and few bacilli (Figure 3M).

ID93/GLA-SE Elicits Robust TH1 Immune Responses in SWR/J
Immunized Mice
Experiments were conducted to characterize the immunoge-
nicity of ID93/GLA-SE in SWR/J mice after M. tuberculosis
infection. In response to in vitro restimulation with ID93, a

Figure 1. Bacterial burden and survival of SWR/J and C57BL/6 mice infected with Mycobacterium tuberculosis (M. tuberculosis) and treated with
antibiotics. SWR/J and C57BL/6 mice were infected with an LDA of M. tuberculosis H37Rv. (A) The number of viable bacteria in the lungs (5 mice/
group) were determined 15, 30, and 100 days after infection. Symbols indicate the mean ± the SD. (B ) The survival of SWR/J and C57BL/6 mice was
monitored in animals (8 mice/group) infected with M. tuberculosis H37Rv and mock or treated with a 90-day antibiotic regimen (Rx 90d) consisting of
INH and RIF administered on days 30–120. (C ) SWR/J mice were infected with a LDA of M. tuberculosis H37Rv and treated with 30, 60, or 90 days of
antibiotics starting on day 15 (Rx 30d, 60d, 90d) or on day 30 (Rx 90d (30)). Survival of SWR/J mice (7 mice/group) is shown. (D ) Number of viable
bacteria in the lungs of animals (5 mice/group) mock or treated with a 90-day INH/RIF regimen (Rx 90d) administered on days 30–120 was determined
30, 60, 90, 120, and 150 days after infection. *P < .05 (one-way ANOVA followed by Dunnett’s Multiple Comparison Test or log rank test) is considered
to be statistically significant. One representative of 2 experiments is shown.
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subset of cytokines representing pro-inflammatory and TH1
and TH2 functional groups was significantly up-regulated
(Figure 4A). TNF, a soluble mediator of M. tuberculosis-specific
immunity in infected individuals, was significantly up-regulated
at day 241 in the group immunized with ID93/GLA-SE
(P < .05). In addition, ID93-specific IFN-γ, IL-2, and IL-17
responses were detected, which were significantly higher in
vaccinated animals, compared with unvaccinated animals. No
statistically significant difference in the concentration of the
TH2-type IL-5 cytokine was detected, but significant ID93-
specific IL-10 and IL-13 responses were measured at day 241.

Polyfunctional CD4+ TH1 cells have recently been described
as a correlate of protection against Leishmania major and have
been implicated in limiting disease progression in human

tuberculosis [39, 40]. Frequencies of CD4+ and CD8+ T cells
producing IFN-γ, IL-2, and TNF were thus examined to deter-
mine the phenotype of ID93-specific T cell responses
(Figure 4B–D;). Higher frequencies of ID93-specific polyfunc-
tional triple-positive and IFN-γ+TNF+ double-positive CD4+

T cells were observed in mice receiving adjunctive immuno-
therapy, compared with mice receiving only chemotherapy
(P < .05), (Figure 4B–D). High background responses of ID93-
specific TNF in both the CD4+ and CD8+ T cell subsets were
observed, which was likely attributable to the increased
immune activation of an ongoing M. tuberculosis infection
in these animals. Although ID93-specific responses in CD8+

T cells were lower in magnitude than those observed in
the CD4+ compartment, there were significantly higher

Figure 2. Colony-forming unit counts and survival of SWR/J mice infected with a LDA of Mycobacterium tuberculosis (M. tuberculosis) and treated
with antibiotics and ID93/GLA-SE. SWR/J mice were infected with LDA of M. tuberculosis (day 0). Fifteen days later (day 15), mice were mock or
antibiotic treated for 90 days (Rx 90d). A subset of antibiotic-treated mice in each group was also immunized 3 × 3 weeks apart with ID93/GLA-SE
either during- (DTT; days 15, 36, 57) or after antibiotic treatment (PTT; days 107, 128, 149). (A) Scheme of immunotherapy experiments. (B ) Number of
viable bacteria in the lungs of animals (6 or 7 mice/group) was determined 177 days after infection. *P < .05 is considered to be statistically significant.
(C ) Protection was assessed by monitoring animal deaths (9 or 10 mice/group) caused by M. tuberculosis over time. One representative of 4 experi-
ments is shown. P < .05 (log rank test) is considered to be statistically significant.
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frequencies of double (IFN-γ+TNF+) and triple positive (IFN-
γ+IL-2+TNF+) CD8+ T cells in mice receiving adjunctive
ID93/GLA-SE vaccination. All together, these data show that,
although there are many antigens present after M. tuberculosis
infection that could be potentially primed and boosted contin-
uously, ID93/GLA-SE administered adjunctively with antibiot-
ics was successful at stimulating a significantly more robust,
high-quality (polyfunctional), and durable TH1-type anti-
ID93 CD4+ T cell response.

ID93/GLA-SE as an Adjunct to Antibiotic Treatment in
Cynomolgus Macaques
To demonstrate the safety of ID93/GLA-SE when adminis-
tered as an adjunct to antibiotics in NHP, macaques were ad-
ministered 3 doses of the vaccine after 1 month of RIF-INH
therapy (Figure 5A). Injection-site reactions were minimal,
with no more than barely perceptible erythema and edema

(Draize scale range, 0–1), and there were no significant
changes in body weight and temperature (data not shown). All
7 (100%) of the Rx + ID93/GLA-SE–immunized NHP sur-
vived to the last time point evaluated, whereas 6 NHP (85.7%)
in the antibiotics alone group and 3 NHP (42.8%, P = .44) in
the mock-treated group survived to this point (Figure 5B).
Four monkeys treated with Rx + ID93/GLA-SE either had no
radiological changes or resolved the M. tuberculosis infection
before the end of the experiment (as evidenced by lung infil-
trates on previously positive chest radiographs), whereas none
of the macaques receiving Rx alone or mock treatments re-
solved their M. tuberculosis infection and remained chest ra-
diograph positive (Figure 5C). Forty percent of the macaques
treated with Rx + ID93/GLA-SE responded dramatically to ad-
junctive immunotherapy by showing quantitative differences
in M. tuberculosis bacterial numbers, compared with the Rx
alone group; (P < .05), (Figure 5D). Of interest, the Rx + ID93/

Figure 3. Survival of SWR/J mice infected with Mycobacterium tuberculosis (M. tuberculosis) and treated with the ID93/GLA-SE vaccine and
reduced antibiotic chemotherapy. SWR/J mice were infected with an LDA of M. tuberculosis H37Rv. Fifteen days later, mice were treated for 60 or 90
days with antibiotics (Rx 60d and Rx 90, respectively). After the completion of the 60-day antibiotic regimen, mice were immunized 3 × 3 weeks apart
with ID93/GLA-SE. (A) Protection was assessed by monitoring animal deaths (7 mice/group) due to M. tuberculosis over time. P < .05 (log rank test) is
considered to be statistically significant. (B–M) Histopathological evaluation of lung tissues after challenge with M. tuberculosis H37Rv. Inflammatory
responses and granuloma (g) formation are shown in H&E sections (B–I), and the presence of AFB (arrows) (J–M) was evaluated. (B, F and J) Mock-
treated mice, day 106; (C, J and K) 90-day antibiotic therapy, day 106; (D, H and L) 90-day antibiotic therapy + ID93/GLA-SE, day 241; (E, I and M) 60-
day antibiotic therapy + ID93/GLA-SE, day 295 Data shown are representative of 5 mice/group. One representative of 3 experiments is shown.
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GLA-SE macaques that had lower CFU counts also had nega-
tive chest radiograph findings at the end of the experiment.
There was also a correlation by histopathology between group
assignment and the presence of diseased tissue, with animals
receiving ID93/GLA-SE containing the most healthy organs
and the saline group having the most diseased organs
(P = .003) (Figure 5E). Overall, these results show that an
ID93/GLA-SE vaccine was well tolerated as a postexposure im-
munotherapeutic agent in cynomolgus macaques.

DISCUSSION

When delivered as an adjunct to chemotherapy in mice and
monkeys, the ID93/GLA-SE vaccine [12–14] was successful in
inducing robust TH1 immune responses, shortening the che-
motherapy time required for protection, reducing bacterial
burden, or extending survival time, compared with antibiotics
only. Although the concept of effective postexposure immuni-
zation has been demonstrated in tuberculosis models [22, 41],
previous studies have not shown the potential of augmenting
or shortening chemotherapy regimens with a defined subunit
vaccine, such as ID93/GLA-SE.

Conventional anti-tuberculosis drugs target biosynthetic pro-
cesses involved in bacterial growth, including RNA transcrip-
tion (RIF), protein translation (streptomycin), and cell wall

biogenesis (INH). The required 6-month regimen of treatment
with first-line drugs is plagued with noncompliance, contribut-
ing to the emergence of MDR-tuberculosis. For several weeks
after the cessation of 90 days of antibiotic treatment, M. tuber-
culosis CFU could not be recovered from the lungs of treated
SWR/J mice, suggesting that, when left without additional treat-
ment, nondetectable bacteria become cultivable and could
cause a relapse. The drugs that are currently in common use
preferentially target replicating organisms; therefore, a nonrepli-
cative subpopulation of the bacteria present in persistent or
chronic infections will show resistance to drugs. Relapse rates
are higher in those who do not complete their full antibiotic
course and those who are concomitantly infected with HIV
[42], revealing the need for a pertinent animal model for devel-
oping postexposure treatment strategies.

We and others have shown that combining antigens in re-
combinant fusions, such as ID93, Mtb72f, ID83, CSU-F36,
H56, and H1, induces multi-antigen-specific immune respons-
es and increased protection against M. tuberculosis [12, 14, 15,
17–20, 41]. The ID93 fusion protein was designed with
antigens from EsX, virulence factor, and latency-associated
families and was formulated with a potent TLR4 agonist-
containing adjuvant, GLA-SE, which induces a TH1-type
CD4+ T cell response [12, 14, 43, 44]. GLA also stimulates
and directs innate and adaptive immune responses by

Table 1. Effects of ID93/GLA-SE Immunotherapy on Lung Pathology of Mycobacterium tuberculosis–Infected SWR/J

Groupa Lesion Grade
Lung
(%)b

Lung
AFBc Granuloma structure Diagnosis

Mock (Day 106) 3–4
Moderate-
Marked

40–100 6–30 Coalescing macrophage
nodules, with syncytial
giant cells

Histiocytic alveolar and interstitial pneumonia,
moderate to marked; granulomatous lobar
bronchopneumonia.

Numerous AFB in lesions
Rxd (Day 106) 0–2 Mild-

Moderate
0%–40% <1 No nodular granulomas, Few

macrophages
Histiocytic alveolar and interstitial pneumonia,
mild to moderate.

Resolution of large lesions Minimal AFB in lesions
Rxd (Day 241, 295) 4 Marked 41–100 ≤30 No significant histiocytic

granulomas, no syncytial
macrophages

Histiocytic alveolar and interstitial pneumonia,
marked.

Many AFB in lesions
Rxd + ID93/GLA-SEe

(Day 241)
2 Mild-
Moderate

11–40 ≤6 Histiocytic granulomas with
syncytial macrophages

Histiocytic alveolar and interstitial pneumonia,
mild-moderate.

Several small dense
lymphoid aggregates

Few or no AFB in lesions

Rxf+ ID93/GLA-SEe

(Day 295)
1–3 Minimal-
Moderate

0–40 ≤1–6 Histiocytic granulomas with
syncytial macrophages

Histiocytic alveolar and interstitial pneumonia,
minimal-moderate.

Minimal, multifocal,
infiltration of lymphocytes

Few AFB in lesions

a Data are representative of 3–5 animals per group.
b Percent of lung tissue involved: Minimal (grade 1 or <10%); Mild (grade 2 or 11%–20%); Moderate (grade 3 or 21%–40%); Marked (grade 4 or 41%–100%).
c Number of AFB/HPF, 600x.
d 90 day INH/RIF chemotherapy initiated 15 days following infection with M. tuberculosis.
e Mice were immunized 3 times, 3 weeks apart after the administration of a chemotherapy treatment.
f 60 day INH/RIF chemotherapy initiated 15 days following infection with M. tuberculosis.
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inducing DC maturation and the release of pro-inflammatory
cytokines and chemokines associated with immune cell traf-
ficking [25, 26, 45]. Low-dose M. tuberculosis infection and
subsequent chemotherapy induced relatively few ID93-specific

T cells. However, postinfection immunization with ID93/
GLA-SE administered with antibiotics induced a strong ID93-
specific TH1 immune response, as measured by IFN-γ CD4+

T cells and CD8+ T cell responses at later times, perhaps

Figure 4. ID93-specific cytokine responses in SWR mice after immunotherapy. SWR mice were infected with an LDA Mycobacterium tuberculosis
(M. tuberculosis) H37Rv and treated with either 90 days of antibiotics alone or antibiotics followed by immunization with ID93/GLA-SE 3 × 3 weeks
apart. (A) Cytokine profile of ID93-stimulated splenocytes recovered at either day 177 or 241 after infection. Cells were incubated for 24 hours in the
presence of antigen or media control, and supernatants were collected and analyzed by multiplex bead array for IFN-γ, IL-2, TNF, IL-5, IL-10, IL-13, and
IL-17. Box plots show median and interquartile range after background subtraction. P values from Wilcoxon rank-sum test. (B–D) Intracellular cytokine
staining for ID93-specific T cell responses at days 149 and 177 after infection. Cells were stimulated with ID93 or media control in the presence of
brefeldin A for 8–12 hours and stained with fluorochrome-conjugated antibodies against CD3, CD4, CD8, CD44, IFN-γ, IL-2, and TNF. (B and C ) The
panels show the gating scheme for FACS analysis. (D) Box plots in lower panel show median and interquartile range after background subtraction.
P values from Wilcoxon rank-sum test. One representative of 2 experiments is shown.
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indicating the ability of M. tuberculosis infection to prime
CD8+ T cell responses that are boosted by immunization-
dependent CD4+ T cell help.

It has been hypothesized that cellular immunity induced by
immunization could enhance pathology or trigger reactivation
of persistent lung bacteria. However, we found that ID93/
GLA-SE was safe when administered after M. tuberculosis ex-
posure with antibiotics in both mice and monkeys. Similar to
human tuberculosis, substantial monkey-to-monkey variability

in the clinical outcome of M. tuberculosis-infected macaques
has been previously reported [1]. Thus, the dramatic quan-
titative reduction in M. tuberculosis numbers and negative
radiograph findings observed in a subset of the monkeys ad-
ministered Rx + ID93/GLA-SE adjunctive immunotherapy was
anticipated. Furthermore, dramatic differences in lung histo-
pathology were observed in animals treated with ID93/GLA-
SE as an adjunct to chemotherapy, compared with mock and
Rx controls; this combination minimized the formation of

Figure 5. Survival, clinical parameters, and bacterial burden of NHP infected with Mycobacterium tuberculosis (M. tuberculosis) and treated with
antibiotics. Cynomolgus macaques were inoculated intratracheally with 1000 CFU of virulent M. tuberculosis (Erdman strain). The infection was allowed
to proceed for 60 days, followed by treatment with 30 days of INH-RIF antibiotics delivered by gavage or saline (mock). Monkeys (7 per group) were
injected with ID93/GLA-SE (Rx + ID93/GLA-SE) administered 3 times 2 weeks apart or did not receive further treatment (Mock, Rx). (A) Scheme of NHP
immunotherapy experiment. (B) Survival was monitored for 50 weeks after exposure. (C) CXR changes were also evaluated monthly for 50 weeks after
exposure. (D ) At necropsy, bacteria were quantified by enumerating the bacteriological burden (CFU) in monkey lungs. (E ) Histologic appearance of
H&E-stained sections of lung tissues harvested from NHP.
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large coalescing macrophages and/or reduced necrosis. The
potential value of the SWR model for modeling postexposure
treatment of tuberculosis is emphasized by these studies. The
results of the NHP studies show that treatment is effective in
this model but that adjunctive immunotherapy with ID93/
GLA-SE provided an improvement over current standards of
care. Although the natural history of infection in cynomolgus
monkeys mimics human disease, the cost of housing NHP for
studies lasting multiple years can be prohibitive. The SWR
mouse model presented here would allow more rapid screen-
ing of potential candidates, especially in light of the paucity of
rodent models showing granulomatous pathology due to
experimental M. tuberculosis infection.

Mathematical modeling of tuberculosis to evaluate the ex-
pected benefits of shortening the duration of effective chemo-
therapy for active pulmonary tuberculosis have shown that the
introduction of new, shorter treatment regimens are associated
with significant cost savings and higher compliant rates, which
could dramatically accelerate reductions in tuberculosis inci-
dence and mortality [46]. These models predict up to 2- or
3-fold increases in rates of decrease if shorter regimens are ac-
companied by enhanced case detection [6]. Taken together,
these data demonstrate the potential to optimize therapy regi-
mens that we already have and to enhance chemotherapeutic
efficacy by boosting the immune response with an appropri-
ately adjuvanted vaccine, such as ID93/GLA-SE. Our results
suggest that a vaccine and chemotherapy strategy could be an
efficient approach to induce immunity and antibacterial
effects by 2 independent and complementary mechanisms to
shorten the duration, toxicity, and cost of lengthy chemother-
apy regimens, thus increasing patient compliance, limiting the
creation of MDR strains, and possibly preventing disease
relapse by reducing residual bacteria that survive initial
chemotherapy.
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