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Abstract

An estimated 10 million people developed tuberculosis (TB) disease in 2019 which under-

scores the need for a vaccine that prevents disease and reduces transmission. The aim of our

current studies is to characterize and test a prophylactic tuberculosis vaccine comprised of

ID93, a polyprotein fusion antigen, and a liposomal formulation [including a synthetic TLR4

agonist (glucopyranosyl lipid adjuvant, GLA) and QS-21] in a preclinical mouse model of TB

disease. Comparisons of the ID93+GLA-LSQ vaccines are also made to the highly character-

ized ID93+GLA-SE oil-in-water emulsion adjuvant, which are also included these studies. The

recent success of vaccine candidate M72 combined with adjuvant AS01E (GlaxoSmithKline

Biologicals) in reducing progression to active disease is promising and has renewed excite-

ment for experimental vaccines currently in the TB vaccine pipeline. The AS01E adjuvant con-

tains monophosphoryl lipid A (MPL) and QS-21 (a saponin) in a liposomal formulation. While

AS01E has demonstrated potent adjuvant activity as a component of both approved and

experimental vaccines, developing alternatives to this adjuvant system will become important

to fill the high demand envisioned for future vaccine needs. Furthermore, replacement sources

of potent adjuvants will help to supply the demand of a TB vaccine [almost one-quarter of the

world’s population are estimated to have latent Mycobacterium tuberculosis (Mtb) according to

the WHO 2019 global TB report], addressing (a) cost of goods, (b) supply of goods, and (c)

improved efficacy of subunit vaccines against Mtb. We show that both ID93+GLA-SE (contain-

ing an emulsion adjuvant) and ID93+GLA-LSQ (containing a liposomal adjuvant) induce ID93-

specific TH1 cellular immunity including CD4+CD44+ T cells expressing IFNγ, TNF, and IL-2

(using flow cytometry and intracellular cytokine staining) and vaccine-specific IgG2 antibody

responses (using an ELISA). In addition, both ID93+GLA-SE and ID93+GLA-LSQ effectively

decrease the bacterial load within the lungs of mice infected with Mtb. Formulations based on

this liposomal adjuvant formulation may provide an alternative to AS01 adjuvant systems.
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Introduction

The only vaccine currently available for use against Mtb is the attenuated live vaccine, bacille

Calmette-Guérin (BCG), which is known to reduce childhood TB (disseminated extrapul-

monary Mtb) but wanes with time, giving variable efficacy against adult TB (pulmonary

Mtb) [1]. Efforts are currently underway for the development of safer alternatives to the

BCG vaccine due to the potential of the attenuated live BCG vaccine to cause disseminated

BCG disease in immunocompromised people, such as those with HIV [2, 3]. The lack of a

surrogate immune signature that defines vaccine efficacy against Mtb infection or TB dis-

ease has, however, made it challenging to accelerate promising vaccine candidates. Even so,

the recent clinical prevention of disease (POD) trial for TB with the M72 subunit vaccine

candidate adjuvanted with a liposomal formulation including monophosphoryl lipid A

(MPL) and QS-21 (M72/AS01E, GlaxoSmithKline Vaccines) has shown promise [4]. The

phase 2b clinical results of the M72/AS01E vaccine showed 54% protective efficacy against

active pulmonary TB disease [4] and remains nearly 50% effective (49.7%) for at least

3-years after the final boost immunization [5]. These results have generated immense enthu-

siasm for the feasibility of additional subunit vaccines and adjuvants that could also prove to

be effective.

The design and development of successful subunit TB vaccine candidates will require anti-

gens and adjuvants that are immunogenic, inexpensive, and accessible to remote regions of the

world [6, 7]. The well-characterized synthetic TLR4 agonist glucopyranosyl lipid adjuvant

(GLA) [8] has successfully been used in several clinical trials (nearly 3,000 individuals to date)

for use in vaccines targeted against a variety of infectious diseases [9–13]. Herein, the aim of

this work was to characterize the prophylactic capacity of ID93 combined with GLA formu-

lated in a QS-21-containing liposomal formulation (GLA-LSQ) in the tuberculosis mouse

model. The fusion antigen ID93 is comprised of four Mtb proteins covering a breadth of dis-

ease stages of an infection: Rv2608 (PE/PPE family), Rv1813 (expressed under stress/hypoxia),

Rv3619 (esxV, an ESAT-6 like protein 1), and Rv3620 (esxW; ESAT-6 like protein 10) [14],

whereas M72 includes only two Mtb proteins [Mtb39A (Rv1196, PPE18) and Mtb32A

(Rv0125, serine proteinase)] [15].

Demand for adjuvants such as AS01 (GSK) may expand since it is a component of the

highly successful FDA approved Shingrix vaccine (affording over 90% efficacy) and the RTS,S/

AS01 Mosquirix malaria vaccine [approved by the European Medicines Agency (EMA)] [16].

The mechanism of action of the QS-21 component of AS01 and the development of semi-syn-

thetic analogs of the natural QS-21 product are reviewed in detail elsewhere [16]. The main

structural and biological differences between monophosphoryl lipid A adjuvant (MPL), which

is included in the AS01E adjuvant, and GLA have been published [8]. Importantly, whereas

MPL is a heterogeneous mixture derived from a biological source, Salmonella minnesota R595,

GLA is a pure, synthetic hexaacylated lipid A [8]. A description of the liposomal formulation

of AS01E has also been published, and comprises liposomes with MPL, and QS-21 bound to

cholesterol, which reduces its hemolytic activity [17].

Here we expand on our previous preclinical work by investigating the use of vaccine candi-

date ID93 with liposomal formulations of GLA (glucopyranosyl lipid adjuvant) to determine

the prophylactic efficacy potential. As with the pre-clinical data collected for ID93+GLA-SE

(GLA in a stable oil-in-water emulsion), the work done in these studies with ID93+GLA-LSQ

will help with future clinical trial design for a POD vaccine against Mtb. An effective, readily

available POD vaccine could dramatically reduce the morbidity and mortality associated with

Mtb infections worldwide.
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Materials and methods

Antigen and adjuvants

The ID93 recombinant fusion protein is comprised of the Mtb proteins Rv2608, Rv3620,

Rv1813 and Rv3619 and was prepared at IDRI (Seattle, WA) as previously described [14]. The

stock concentration of ID93 was 0.69 mg/ml and was diluted immediately before immuniza-

tion with saline.

GLA was obtained from Avanti Polar Lipids. QS-21 was prepared at IDRI (Seattle, WA)

from semi-purified saponin (Quil A from Brenntag Biosector, Frederikssund, Denmark) or

obtained directly from Desert King International (San Diego, CA). Briefly, liposomes were

manufactured by combining lipid components and GLA in organic solvent consisting of chlo-

roform or chloroform:methanol, which was then evaporated on a rotary evaporator or centrif-

ugal rotary evaporator overnight. The dried components were rehydrated in the indicated

buffer and placed in a sonicating water bath at ~60˚C until all the solids were suspended in the

buffer. The mixture was then transferred to a Microfluidics M110P (Newton, MA) for high-

pressure homogenization for 5–12 passes at 10–30 kpsi. All formulations were stored at 5˚C

following manufacture. Formulations were characterized by dynamic light scattering (particle

diameter) and HPLC (adjuvant content) (Table 1) as previously described [18, 19]. GLA-AF,

GLA-SE, and SE formulations were prepared as previously described [18]. Antigen was

admixed with adjuvant formulation immediately prior to immunization. Thus, antigens were

not encapsulated in the liposomes. Although antigen-adjuvant association was not assessed as

part of the current report, our previous work [20] indicates that the ID93 antigen tends to asso-

ciate with GLA-SE but not GLA-AF or anionic GLA liposomes (equivalent to GLA-LS2 in the

current report).

DPPC (1,2-dipalmitoryl-sn-glycero-3-phosphocholine) and DPPG (1,2-dipalmitoryl-sn-

glycero-3phospho(1’-rac-glycerol)) were obtained from Lipoid LLC, Newark, NJ. DSPE-

PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-

col)-2000] was purchased from CordenPharma International. Plant-derived cholesterol was

acquired from Sigma-Aldrich Fine Chemicals (SAFC), St. Louis, MO, and buffer salts were

obtained from J.T. Baker (Phillipsburg, NJ). Following previously described procedures[18],

Table 1. Adjuvant nomenclature and characteristics.

Vaccine Antigen (ID93)

Dose

Adjuvant Dose Adjuvant Description Particle Diameter of Representative Adjuvant Batch

(Z-ave, nm)

ID93+SE - Stable oil-in-water emulsion 82

ID93+GLA-SE 0.5 μg 5 μg GLA GLA + stable oil-in-water

emulsion

77

ID93+GLA-AF 0.5 μg 5 μg GLA GLA aqueous nanosuspension 41

ID93+LS 0.5 μg Neutral liposomes 87

ID93+LSQ 0.5 μg 2 μg QS-21 Neutral liposomes + QS-21 87

ID93+GLA-LS1 0.5 μg 5 μg GLA GLA + PEGylated liposomes 58

ID93+GLA-LSQ1 0.5 μg 5 μg GLA GLA + PEGylated liposomes

+ QS-21

59

2 μg QS-21

ID93+GLA-LS2 0.5 μg 5 μg GLA GLA + Anionic liposomes 73

ID93+GLA-LSQ2 0.5 μg 5 μg GLA GLA + Anionic liposomes

+ QS-21

70

2 μg QS-21

ID93+GLA-LS3 0.5 μg 5 μg GLA GLA + Neutral liposomes 77

ID93+GLA-LSQ3

(GLA-LSQ)

0.5 μg 5 μg GLA, 0.4, 2, or 10 μg

QS-21

GLA + Neutral liposomes + QS-

21

75

https://doi.org/10.1371/journal.pone.0247990.t001
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GLA was formulated in an aqueous nanosuspension (GLA-AF; aqueous formulation), stable

emulsion (GLA-SE), or in one of three different liposome compositions. The three liposome

compositions were prepared as follows: PEGylated liposomes (GLA-LS1 [3.3:1:1 weight ratio

of DPPC:DSPE-PEG2000:cholesterol in 25 mM ammonium phosphate buffer]), anionic lipo-

somes (GLA-LS2 [(3.3:0.4:1 weight ratio of DPPC:DPPG:cholesterol in 25 mM ammonium

phosphate buffer]), or DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine neutral liposomes

(GLA-LS3 [4:1 weight ratio of DOPC:cholesterol in 25 mM ammonium phosphate buffer]). In

addition, each liposome composition was optionally formulated with QS-21 by adding aqueous

QS-21 to the prepared liposome (e.g. GLA-LSQ1 for PEGylated QS-21 liposomes, GLA-LSQ2

for anionic QS-21 liposomes, GLA-LSQ3 for neutral QS-21 liposomes). In general, liposomes

were prepared as 2x or 4x concentrate and mixed with antigen and diluent prior to administra-

tion. A description of the vaccines included within this manuscript is included in Table 1.

Human subjects

All human blood research reported here was reviewed and approved by Western Institutional

Review Board. IRB approval was in place prior to grant funding (reference Western Institu-

tional Review Board File #20020527). All human subjects undergo an IRB-approved informed

consent process involving; (i) provision to subjects with adequate information to allow for an

informed decision about participation in the clinical investigation; (ii) facilitating the potential

subject’s comprehension of the information; (iii) providing adequate opportunity for the

potential subject to ask questions and to consider whether to participate; (iv) obtaining the

potential subject’s voluntary written agreement to participate; and (v) continuing to provide

information as the clinical investigation progresses or as the subject or situation requires. For

the in vitro studies, human blood samples were collected from normal, healthy adult donors

using standard phlebotomy techniques. Human peripheral blood collected by standard veni-

puncture was obtained from study subjects recruited in Seattle by IDRI.

Human subjects involvement and characteristics. Human blood samples are necessary

for the proposed studies. The study population included adults of both genders. Most study

volunteers in the Seattle area are Caucasians (of European origin different than Spanish), Afri-

can Americans, and Asians. The area of study does not have a significant population of Ameri-

can Indian or Hispanics.

Sources of materials. The blood materials were obtained from adult volunteers in Seattle

through IDRI’s Research Donor Program. These volunteers are recruited by word-of-mouth

from IDRI, University of Washington and local health care institutions.

Written consent was obtained with the research subject receiving a copy of the signed and

dated informed consent.

Human whole blood in vitro stimulation

Adjuvant formulations were diluted in irrigation-grade saline and added to 96-well U-bottom

tissue culture plates. Heparinized whole blood, obtained from healthy donors, was added in

duplicate to each formulation, resulting in final GLA concentrations of 10μg/mL or 1μg/mL.

Plasma supernatants were harvested after 24 hours of culture at 37˚C then assayed for Tumor

necrosis factor-alpha (TNFα), Interleukin-6 (IL-6), Interleukin-1-beta (IL-1β), Interferon-

gamma (IFN-γ), C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand 8

(CXCL8) (eBioscience, San Diego, CA), C-C motif chemokine ligand 4 (CCL4), C-X-C motif

chemokine ligand 5 (CXCL5) and C-X-C motif chemokine ligand 10 (CXCL10) (R&D Sys-

tems, Minneapolis, MN). Duplicate wells for each donor and condition were averaged for a

single value.
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Human dendritic cell generation and stimulation

Whole blood was obtained from healthy volunteers and peripheral blood mononuclear cells

(PBMC) were isolated by standard Ficoll-Hypaque density gradient centrifugation. CD14

+ monocytes were magnetically labeled with CD14 MicroBeads (Miltenyi Biotec, Auburn, CA)

and purified on a magnetic-activated cell sorting (MACS) separator following the manufactur-

er’s protocol. The eluted fraction containing the CD14+ cells were cultured at 5–6 x 106 cells

per well in 6-well tissue culture plates using complete medium (RPMI 1640, 10% fetal bovine

serum, 1% L-glutamine, 1% penicillin/streptomycin) supplemented with GM-CSF (50 ng/mL)

and IL-4 (50 ng/mL). After incubating for 5 days at 37˚C, the cells were washed, counted, and

plated in 96-well U-bottom tissue culture plates at 6 x 104 cells per well, and incubated with

formulations diluted to 10 μg/mL and 1 μg/mL of GLA, in duplicate. After incubating at 37˚C

for 24 hours, supernatants were assayed for TNFα, IL-6, IL-12p70, CCL2, CCL5, CXCL8

(eBioscience), CCL4, CXCL5, and CXCL10 (R&D systems). Duplicate wells for each donor

and condition were averaged for a single value.

Animals

Female C57BL/6 (CD45.2) and CB6F1 mice (5–7 weeks old), as indicated in each study, were pur-

chased from Charles River Laboratories (Wilmington, MA). B6.SJL-PtprcaPepcb/BoyJ (CD45.1)

mice were purchased from Jackson Laboratories (Bar Harbor, Maine). Mice were maintained

under specific pathogen-free conditions in the IDRI animal facility and housed in Animal Biologi-

cal Safety Level-3 (ABSL-3) containment after infection. Unless otherwise indicated, 4 mice per

group were included in immunogenicity studies and 7 mice per group were included in challenge

studies. Isoflurane was used during non-terminal bleeds in order to minimize animal suffering

and distress. All mice in these studies were inspected on a daily basis by the animal technicians

familiar with detecting ill animals. The PI, or designated researcher on the project, is responsible

for checking the animal if ill, and is required to provide a course of action. Training of new staff

was provided by authorized users with monitoring by vivarium staff, following standard operating

procedures. After infection of mice with Mtb, mice were closely monitored by the PI or research

technicians and euthanized as soon as possible if the indicators such as weight loss, hunched pos-

tures, scruffiness of fur, presented themselves. Mice used for long term infection or anticipated to

develop fatal TB were weighed by the PIs or technicians just prior to Mtb infection, and at least

monthly thereafter. If weight loss exceeding 20% from maximum was noted, mice were eutha-

nized on the same day they reached this endpoint criteria. No mice died prior to meeting the cri-

teria for euthanasia. The total number of animals used in these studies was 264.

Ethics statement

The IDRI Animal Care and Use Committee (IACUC) approved the protocol for these animal

studies. Mice used in these experiments were treated in accordance with the regulations and

guidelines of the IACUC (Protocol Numbers: 2011–5, 2014–9, and 2017–9) and with recom-

mendations from the National Institute of Health Guide for the Care and Use of Laboratory

Animals. The method of euthanasia used is consistent with the recommendation of the Panel

on Euthanasia of the American Veterinary Medical Association. Mice were ethically sacrificed

by controlled administration of inhalation carbon dioxide followed by cervical dislocation.

Immunizations

Mice were immunized intramuscularly with saline or 0.5 μg ID93 admixed with specified adju-

vants, at 3-week intervals. The immunizations were administered in 2 sites at 50μl per site for a
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total of 100 μl; QS21 was used at 2 μg or as noted in the figure legends; GLA was included at

5 μg; ID93 was included at 0.5 μg. Liposomal formulations, provided by the adjuvant team, are

described in Table 1.

A subset of CB6F1 mice was immunized intradermally with one dose of bacille Calmette

Guérin, Pasteur strain (Sanofi Pasteur, Swiftwater, PA) at 1x104 colony forming units per dose.

Infection

Four weeks after final immunization, CB6F1 and C57BL/6 mice were challenged with a low

dose aerosol (LDA) of M. tuberculosis HN878 or M. tuberculosis H37Rv, respectively, using an

aerosol exposure chamber (University of Wisconsin, Madison, WI) calibrated to deliver 50–

100 colony forming units (CFU) into the lung. Twenty-four hours after infection, lungs of 3

euthanized animals were homogenized and plated on Middlebrook 7H10 agar (Molecular

Toxicology, Inc., Boone, NC) to enumerate bacteria delivered. For CB6F1 mice, an average of

79 CFU/lung were delivered; for C57BL/6 mice, an average of 58 CFU/lung were delivered.

Bacterial burden

Three weeks following challenge with Mtb H37Rv, C57BL/6 mice (7 mice per group) were

euthanized to determine bacterial burden in the lungs and spleen. CB6F1 mice were eutha-

nized 4 weeks after challenge with Mtb HN878 for enumeration of bacterial burden. Lung

lobes and spleen were homogenized in RPMI using Omni Tissue Homogenizer soft tissue

probes (Omni International, Kennesaw, GA). Serial dilutions of homogenates were made in

PBS with 0.05% Tween80 (Sigma, St. Louis, MO), and aliquots of dilutions were plated on

Middlebrook 7H10 agar plates, with remaining homogenates used for flow cytometry. Plates

were incubated for three weeks at 37˚C, 5% CO2, before colony enumeration. Bacterial burden,

in CFU per organ, was calculated and expressed as Log10. Reduction in bacterial burden was

calculated as (Mean Log10 CFUsaline−Mean Log10 CFUvaccine).

Flow cytometry

Cells from mouse lung or spleen homogenates were resuspended in RPMI1640 (Life Technolo-

gies, Carlsbad, CA)/10%FBS (Sigma) with pen/strep (Life Technologies) and glutamine (Gemini),

and dispensed into 96-well round bottom plates. To evaluate cytokine production, cells were stim-

ulated with medium alone, ID93, Rv2608, Rv1813, Rv3619, or Rv3620 at 10 μg/mL, or Mtb lysate

(obtained through the Biological and Emerging Infections (BEI) Resources Repository, http://

www.beiresources.org) at 1 μg/mL, for 2 hours at 37˚C. Subsequently, Brefeldin A at 1 μg/mL

(GolgiPlug; BD Biosciences, San Jose, CA) was added and samples incubated an additional 8

hours at 37˚C. Plates were held at 4˚C overnight before staining with antibodies.

Stimulated cells were incubated with fluorochrome-conjugated monoclonal antibodies to

CD4 (clone RM4-5, product # 45-0042-82, eBioscience or 100540, BioLegend, San Diego, CA),

CD8 (clone 53–67, product # 100739 or 100752, Biolegend) and CD44 (clone IM7, product #

47-0441-82, eBioscience) in 1% bovine serum albumin (BSA, Sigma) in PBS with 1μg/mL Fc

Block (CD16/CD32, Clone 93, product # 14-0161-85, eBioscience) for 10 minutes at room

temperature. After washing, cells were treated with Cytofix/Cytoperm (BD Biosciences) for 20

minutes at room temperature, then washed with Perm/Wash buffer (BD Biosciences). Intra-

cellular staining was done with fluorochrome-conjugated monoclonal antibodies to IFNγ
(clone XMG1.2, product # 505826), IL-5 (clone TRFK5, product # 504304 or 504306), and IL-

17 (clone TC11-18H10.1, product # 506914), all from BioLegend, plus CD154 (clone MR1,

product # 12-1541-82 or 46-1541-82), IL-2 (clone JESS-5H4, product # 17-7021-82 or 48-

7021-82), and TNF (clone MP6-XT22 product # 11-7321-82, 17-7321-82, or 48-7321-82) from
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eBioscience in Perm/Wash buffer. All antibodies were used at 1:100 dilution. Stained cells

were washed and resuspended in 1% BSA in PBS and filtered before analysis on a modified 4

laser Fortessa with FACSDiva software (BD Biosciences). Lymphocytes were gated by forward

and side scatter. Data were analyzed with FlowJo version 10.6.1 (BD Biosciences) and Graph-

Pad Prism 8.1 (BD Biosciences).

Antibody ELISA

Mice were bled for serum at the time points described in the figure legends. Nunc Polysorp

plates (ThermoFisher, Waltham, MA) were coated overnight at 4˚C with 2μg/mL of ID93 in

0.1M bicarbonate (ELISA Coating Buffer Powder, eBioscience). Subsequently, plates were

blocked with PBS/0.05% Tween20 (TEKnova, Hollister, CA) with 1% BSA for 2h at room tem-

perature (RT). After washing, serial dilutions of serum in PBS/0.05% Tween20/0.1% BSA were

added to the plates for 2h at RT. Plates were washed, and HRP-conjugated goat anti-mouse

IgA (catalog # 1040–05), IgG1 (catalog # 1070–05), IgG2a (catalog # 1080–05) [21, 22] (per-

formed only in studies done in CB6F1 mice), or IgG2c antibodies (catalog # 1079–05) (per-

formed in studies done in CB6F1 and C57BL/6 mice) (all from Southern Biotech,

Birmingham, AL) at 1:2000 dilution were added to the plates, with incubation of 1h at RT.

Plates were washed and SureBlue tetramethylbenzidine substrate solution (KPL, Gaithersburg,

MD) was added to the plates. After 2 minutes, the reaction was stopped with 1N H2SO4 and

plates were read on a BioTek Synergy2 microplate reader (Winooski, VT) at 450nm with

570nm background subtraction. Reciprocal dilutions corresponding to endpoint titers were

determined with GraphPad Prism 8.1 with cutoff value of naïve serum control wells +2SD.

Samples with absorbance too low to calculate an endpoint were assigned a value of zero.

In vivo cytotoxicity assay

MHCII+ dependent CD4+ T cell cytotoxicity assay was modified from that previously

described [23]. RBC-lysed CD45.1 donor splenocytes were labeled with 0.2μM or 2μM CFSE

in PBS for 10 minutes at 37˚C, then washed twice with RPMI1640/20% FBS. CFSEhi spleno-

cytes were labeled with 10μM ID93 CD4 peptides at 37˚C for 1 hour, then washed. CFSElo and

CFSEhi donor CD45.1 cells were combined 1:1 in PBS, then up to 107 total injected i.v. into

immunized CD45.2 recipient mice one week post-immunization, and controls one week post-

saline. The next day, splenocytes were harvested from recipients, RBC-lysed, and stained for

CD45.1 (clone A20, catalog # 110724), CD45.2 (clone 104, catalog # 109835) and MHC II

(I-Ab clone AF6-120.1, catalog # 116416) (all BioLegend). Cell gating hierarchy was

singlets > lymphocytes > CD45.1+ > MHC II+ > CFSEhi or CFSElo. The specific lysis was cal-

culated as described previously [24]:

½1� ðCFSEhi
immunized=CFSE

lo
immunizedÞ=averageðCFSE

hi
unimmunized=CFSE

lo
unimmunizedÞ��100:

Statistical analysis

Human in vitro cytokine/chemokine induction was compared between formulations of the

same concentration using the Mann-Whitney test, and significance levels (�p< 0.05,
��p< 0.01, ���p< 0.001) indicated on graphs. Bacteria burden, single cytokine production

after subtraction of medium value, cytokine-polyfunctional T cells, antibody ELISA endpoint

titers, and cytotoxicity were assessed versus control groups specified in figures using one-way

ANOVA with Bonferroni’s multiple comparison test. Cytokine ELISPOT assays were assessed

using 2-way ANOVA with Bonferroni’s multiple comparison test. The above analyses were

performed with GraphPad Prism 8.1 (GraphPad Software, San Diego, CA).
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Results

Selection of the liposomal formulation to pair with synthetic TLR4 agonist,

GLA

We evaluated two different formulations of GLA, GLA-LSQ (QS-21+neutral liposomes) and

GLA-SE (stable oil-in-water emulsion), for innate responses following their addition to

human whole blood (WB) (Fig 1) and human dendritic cells (DC) (Fig 2). Following WB stim-

ulation with two concentrations of adjuvant (10 and 1 μg/ml), the GLA-SE formulation

induced significantly greater levels of innate chemokines and cytokines (including IL-1β,

TNF-α, IL-6, IFNγ, CCL2 [MCP-1], CCL4 [MIP-1α], CXCL8 [IL-8], and CXCL10 [IP10] than

the GLA-LSQ formulation (Fig 1).

In contrast, when human DCs were stimulated with 10 μg/ml of GLA-LSQ and GLA-SE

adjuvant formulations, the GLA-LSQ formulation induced significantly greater levels of cyto-

kines and chemokines, including IL-12p70, TNFα, IL-6, CCL4 [Mip-1β], CXCL8 [IL-8], and

Fig 1. Stimulation of human whole blood with different formulations of GLA. Whole blood from 8 healthy donors was stimulated in duplicate with either 10

or 1 μg/mL of GLA-LSQ, GLA-SE, or saline. Protein levels were measured from the supernatants after 24 hours of stimulation using an ELISA. Duplicates for

each donor and condition were averaged for a single value. Data shown are the mean ± SD of those single values for the 8 donors. Statistical significance was

determined by the Mann-Whitney test comparing formulations at each concentration, �p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0247990.g001
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CXCL10 [IP-10] compared to GLA-SE (Fig 2). No significant differences between the formu-

lations were observed at the lower 1 μg/ml concentration.

In vivo optimization of the liposomes for use in a GLA-LSQ formulation

In an effort to evaluate the effect of liposomal composition on GLA adjuvant activity, we tested

three liposomal formulations in vivo, using ID93 as the vaccine antigen. CB6F1 mice (an F1

cross between C57BL/6 and BALB/c mice) were included for the initial studies in an effort to

evaluate responses in mice with a more diverse genetic background in hopes that both cellular-

biased responses (C57BL/6) and humoral-biased responses (BALB/c) could be aptly investi-

gated. Mice were immunized three times, three weeks apart, with ID93 combined with three

different liposomal formulations of GLA +/- QS-21 (GLA-LS1 [Pegylated], GLA-LS2

[anionic], and GLA-LS3 [neutral]). Spleens were harvested for Immunogenicity four weeks

after the last immunization. As shown in Fig 3A, the most robust polyfunctional ID93-specific

Fig 2. Innate stimulation of human DC with different formulations of GLA. DC prepared from whole blood of 8 human donors were stimulated in duplicate

with either 10 or 1 μg/mL of GLA-LSQ, GLA-SE, or media. Protein levels were measured from the supernatants after 24 hours of stimulation using an ELISA.

Duplicates for each donor and condition were averaged for a single value. Data shown are the mean ± SD of those single values for the 8 donors. Statistical

significance was determined by the Mann-Whitney test comparing formulations at each concentration, �p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0247990.g002
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CD4+CD44+CD154+ T cell response, including cells secreting IFNγ, TNF, and IL-2, was

observed with ID93+GLA-LSQ2 (anionic) and ID93+GLA-LSQ3 (neutral) candidates. Sur-

prisingly, all of the adjuvanted ID93 vaccines were capable of protecting the CB6F1 mice

against the clinical Beijing strain, Mtb HN878 (Fig 3B), whereas as expected, the unadjuvanted

ID93 fusion protein alone was not protective. BCG, included as a positive control, provided

statistically greater protection against Mtb HN878 compared to the ID93 vaccines tested (Fig

3B). We next looked at humoral responses induced in immunized mice, where all of the adju-

vanted vaccines produced significantly higher antigen-specific IgA, IgG2a, and IgG2c

responses compared to ID93 protein (S1 Fig). There were no differences in antigen specific

IgG1 responses attributed to adjuvant (S1 Fig). In addition, all of the adjuvanted ID93 vaccines

containing GLA had similar antibody titers regardless of the liposomal formulation (S1 Fig).

Our next experiments were performed in C57BL/6 mice, in which most of our preclinical

work on our TB vaccine candidates have been performed [14, 20, 25, 26]. It was important to

compare ID93+GLA-LSQ with ID93 plus the adjuvant that has been most thoroughly tested in

the clinic, GLA-SE, therefore the GLA-SE adjuvant was included in subsequent experiments.

Immunogenicity study to determine the optimal QS-21 dose

Based on the robust T helper 1 (TH1) CD4+ polyfunctional T cell response in addition to the

reduction in bacterial load within the lung (Fig 3), we moved forward with the neutral formu-

lation LSQ3 for the remainder of the studies. We next wished to determine the effects of differ-

ent concentrations of QS-21 in the GLA-LSQ liposomal formulation. Our prior study included

2 μg of QS-21 and 5 μg of GLA in the GLA-LSQ formulations. Several different doses of QS-21

in AS01 formulations combined with different vaccines have been used in the mouse model

[16]. The M72/AS01E vaccine includes 25 μg MPL and 25 μg of QS-21 in a 0.5 mL dose [4].

Therefore, we performed an immunogenicity study in which three different doses of QS-21,

five-fold higher and five-fold lower than the 2 μg dose (10, 2, and 0.4 μg per immunization)

were included in the GLA-LSQ adjuvant. The ID93+GLA-SE vaccine candidate was also

included as a control to compare the differences in immunity attributed to GLA formulated

Fig 3. Enhanced protection against Mtb HN878 in CB6F1 mice with liposomal formulations. (A) Increased polyfunctional ID93-specific CD4+CD44+ T

cells from the spleens of immunized CB6F1 mice four weeks after the final immunization. The data are represented as the percentage of CD4+CD44+CD154

+ T cells producing one or more cytokines following ex-vivo stimulation with ID93; cytokine producing subsets are shown as stacked bars, with mean + SD of

each subset. Comparisons of total cytokine producing cells between groups were performed using one-way ANOVA with Bonferroni’s multiple comparison

test. Down-inflected lines indicate �p<0.05 versus ID93+GLA-LSQ2 or ID93+GLA-LSQ3. (B) Four weeks after LDA infection with Mtb HN878, lungs were

taken, and bacterial burden was determined. Bacterial load within the lung is represented as Log10 colony forming units (CFU), with individual mice and mean

+/- SD shown. Comparisons among groups were performed using one-way ANOVA with Bonferroni’s multiple comparison test, �p<0.05, ��p<0.01,
���p<0.001, ����p<0.0001 versus Saline; ^p<0.05, ^^p<0.01, ^^^p<0.001 versus BCG.

https://doi.org/10.1371/journal.pone.0247990.g003
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with an emulsion versus a liposome. C57BL/6 mice were immunized three times, three weeks

apart and spleens were harvested from euthanized animals four weeks after the last immuniza-

tion. As shown in Fig 4A and 4B, the ID93 vaccine containing GLA-SE induced the greatest

magnitude of CD4+ single cytokine secreting T cells (including IFNγ, TNF, IL-2 and IL-17A)

and polyfunctional CD4+ TH1 cells (secreting IFNγ, TNF, and/or IL-2). Increased frequencies

of ID93-specific CD4+CD44+ T cells expressing single cytokines (IFNγ, TNF, and IL-2) were

also observed in mice given vaccines with adjuvant formulations containing GLA and the 2 μg

dose of QS-21. The formulation containing 2 μg of QS-21 also induced significantly greater

polyfunctional CD154+CD4+ T cells, whereas neither the 10 nor 0.4 μg QS-21-containing

GLA-LSQ formulations were significantly different than the ID93 protein only group (Fig 4B).

Further results from IFNγ and IL-5 ELISPOT assays showed that a TH1 (IFNγ) response was

observed with the ID93+GLA-LSQ (2 μg) immunization, whereas a TH2 (IL-5) response was

observed with ID93 protein alone (S2 Fig). All of the GLA-LSQ formulations, regardless of

QS-21 dose, enhanced cytotoxic capability as measured by in vivo lysis of labeled, antigen

loaded MHC II+ target cells (Fig 4C). ID93-specific CD4+ cytotoxic T cells have previously

been reported in ID93+GLA-SE immunized mice [23]. The ID93+GLA-LS (no QS-21) did not

induce in vivo cytotoxic activity above that of ID93 alone, nor did ID93+LSQ (no GLA) with

Fig 4. Immunogenicity of C57BL/6 mice four weeks after the final immunization with ID93+GLA-LSQ. Mice were immunized with ID93

combined with GLA-LS containing different QS-21 doses (10, 2 or 0.4 μg). (A) The percent frequency of single-cytokine producing

ID93-specific CD4+ T cells. Bars represent the mean of the group, with vertical lines indicating SD. Groups were compared for each cytokine

using one-way ANOVA with Bonferroni’s multiple comparison test, with �p<0.05, ��p<0.01, ����p<0.0001 versus ID93 alone, an exact p value

is shown for values near significance; (B) percent of polyfunctional ID93-specific CD4+CD44+CD154+ T cells producing one or more

cytokines. The data are represented as the percentage of CD4+CD44+CD154+ T cells producing one or more cytokines following ex-vivo

stimulation with ID93; cytokine producing subsets are shown as stacked bars, with mean + SD of each subset. Comparisons of total cytokine

producing cells between groups were performed using one-way ANOVA with Bonferroni’s multiple comparison test, �p<0.05, ��p<0.01,
����p<0.0001; (C) percent CD4+ T cell cytotoxicity. Mean and SD, with individual mice, are shown. Comparisons between the groups were

performed using one-way ANOVA with Bonferroni’s multiple comparison test; ��p<0.01, ���p<0.001, ����p<0.0001 versus ID93 alone.

https://doi.org/10.1371/journal.pone.0247990.g004
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lower doses of QS-21 at 2 and 0.4 μg. ID93+LSQ containing 10 μg of QS-21, however, did

induce a significant cytotoxicity response, although this trended lower than responses induced

with GLA-containing adjuvants (Fig 4C). Antibody titers were also measured in each of the

groups four weeks after the last immunization. ID93-specific IgG1 responses were similar

among all groups receiving ID93 regardless of adjuvant formulation or whether the protein

was adjuvanted (Fig 5A). ID93-specific IgG2c responses were statistically greater than titers in

the ID93 protein alone group in all of the groups given ID93+GLA-LSQ regardless of the

amount of QS-21 included in the adjuvant (Fig 5B), although a dose-dependent trend was

observed.

Side-by-side comparison of efficacy with ID93 combined with different

adjuvant formulations

Following the immunogenicity results detailed above, a 2μg dose of QS-21 was selected for fur-

ther evaluation in the GLA-LSQ adjuvant formulation. Having compared the immunogenicity

differences between the ID93 vaccines combined with liposomal formulations and ID93+-

GLA-SE, we set out to perform a side-by-side comparison of the GLA-SE and GLA-LSQ (2 μg

QS-21) adjuvant to determine how the adjuvant formulation affects protective efficacy in our

mouse model. In addition, we were also interested in determining the contribution of each

component of the adjuvant formulations [including the stable emulsion (SE), liposomes alone

(LS), and liposomes + QS-21 (LSQ)], therefore we included these adjuvant components com-

bined with ID93 as controls along with ID93+GLA-SE, ID93+GLA-LSQ, and BCG. C57BL/6

mice were immunized once with BCG, or three times, three weeks apart with ID93 protein

alone, or ID93 with SE, LS, GLA-SE, GLA-LS, LSQ, or GLA-LSQ, and spleens were harvested

four weeks after the last immunization to measure the induced immune responses. The fre-

quency of ID93-specific CD4+CD44+ T cells producing TH1 cytokines, including IFNγ and

TNF, was significantly increased compared to ID93 protein alone in the groups that received

either ID93+GLA-SE or ID93+GLA-LSQ, however the magnitude of the response was again

Fig 5. Enhanced ID93-specific IgG2c antibody responses in C57BL/6 mice with ID93+GLA-LSQ. Anti-ID93 IgG1 and IgG2c antibody titers were

measured from the sera four weeks after the final immunization using an endpoint antibody ELISA. Results are shown as individual values of 4 mice per

group, with mean and SD, and data is representative of two separate experiments. One-way ANOVA with Bonferroni’s multiple comparisons test was used

to determine statistical significance of the groups compared to ID93; ����p<0.0001.

https://doi.org/10.1371/journal.pone.0247990.g005
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shown to be greatest with ID93+GLA-SE (Fig 6A). In addition, only ID93+GLA-SE induced

significant IL-2 responses (Fig 6A). Similarly, when comparing polyfunctional CD4+CD44

+CD154+ T cell responses, including the production of IFNγ, TNF, and IL-2, the percent fre-

quency of the ID93-specific polyfunctional CD4+ T cell response was significantly higher in

the group given ID93+GLA-SE, compared to all other groups (Fig 6B). Vaccine efficacy, as

demonstrated by a reduction in bacterial counts in the lung, was also determined in the immu-

nized mice. Mice were challenged with a low dose aerosol of Mtb H37Rv four weeks after the

last immunization. Three weeks after infection, lungs were harvested from euthanized mice

and bacterial burden was assessed in each group. BCG, ID93+GLA-SE and ID93+GLA-LSQ

significantly protected against infection compared to both the mock (saline) treated group and

the unadjuvanted ID93 groups, although surprisingly, ID93+SE also showed some protection

in this study (Fig 6C). None of the vaccines combined with individual liposomal components

(LS, LSQ, or GLA-LS) elicited protection (Fig 6C). Finally, ID93-specific CD4+ TH1 responses

were also demonstrated in the lung three weeks after challenge in mice immunized with ID93

+GLA-SE and ID93+GLA-LSQ, including significant polyfunctional TH1 responses (Fig 7).

Fig 6. Prophylactic protection with ID93+GLA-SE and ID93+GLA-LSQ in C57BL/6 mice. Mice were immunized with ID93 combined with different

adjuvant formulations including SE, LS (liposomes), LSQ (liposomes+QS21), GLA-LS, GLA-LSQ, or GLA-SE. (A) The percent frequency of single-cytokine

producing ID93-specific CD4+CD44+ T cells. Bars represent the mean of the group, with vertical line indicating SD. Groups were compared for each cytokine

using one-way ANOVA with Bonferroni’s multiple comparison test, with �p<0.05, ����p<0.0001 versus ID93 alone; (B) percent of polyfunctional ID93-specific

CD4+CD44+CD154+ T cells producing one or more cytokines; cytokine producing subsets are shown as stacked bars, with mean + SD of each subset.

Comparisons between groups were performed using one-way ANOVA with Bonferroni’s multiple comparison test, �p<0.05, ����p<0.0001; (C) bacterial

burden in the lung is represented as Log10 colony forming units (CFU) 3 weeks after challenge with Mtb H37Rv, with individual mice and mean +/- SD shown.

Comparisons between groups were performed using one-way ANOVA with Bonferroni’s multiple comparison test, �p<0.05, ��p<0.01, ����p<0.0001 versus

Saline; ^p<0.05, ^^p<0.01, ^^^^p<0.0001 versus ID93.

https://doi.org/10.1371/journal.pone.0247990.g006

PLOS ONE Protection against TB with ID93 and a lipid-based adjuvant

PLOS ONE | https://doi.org/10.1371/journal.pone.0247990 March 11, 2021 13 / 20

https://doi.org/10.1371/journal.pone.0247990.g006
https://doi.org/10.1371/journal.pone.0247990


Interestingly, a minor, yet significant ID93-specific IL-17 response was observed in the lungs

of ID93+GLA-SE immunized mice, although the percent frequency of CD4+ T cells secreting

IL-17 was lower than the CD4+ IFNγ producing population (Fig 7A). Mice immunized with

ID93+GLA-LSQ showed a trend towards increased IL-17 in the lung, although the response

was not statistically significant (Fig 7A).

Discussion

The goal of these studies was to optimize a liposomal adjuvant formulation for use with the

ID93 vaccine antigen against Mtb. The ID93+GLA-SE vaccine is safe and induces immunity

in healthy adult volunteers (Lenexa, Kansas; NCT01599897), in BCG-vaccinated healthy adults

(South Africa; NCT0192719), and when given at the end of drug treatment in HIV-uninfected

TB patients (South Africa; NCT02465216) [10, 12].

In this work, we have characterized the GLA-LSQ adjuvant formulation (which contains a

synthetic TLR4 agonist plus QS-21 in a liposomal formulation; this is similar to AS01 which

Fig 7. Enhanced TH1 immune responses following infection with Mtb H37Rv within the lungs of C57BL/6 mice immunized with ID93+GLA-SE and ID93

+GLA-LSQ. Mice were immunized with ID93 combined with different adjuvant formulations including SE, LS (liposomes), LSQ (liposomes+QS21), GLA-LS,

GLA-LSQ, or GLA-SE. Four weeks after the last immunization mice were challenged with a low dose aerosol of Mtb H37Rv. Three weeks after challenge mice

were euthanized and lungs collected to assess the immune response. (A) The percent frequency of single-cytokine producing ID93-specific CD4+CD44+ T cells

within the lung. Bars represent the mean of the group, with vertical line indicating SD. Groups were compared using one-way ANOVA with Bonferroni’s

multiple comparison test, �p<0.05, ��p<0.01, ���p<0.001, ����p<0.0001 versus ID93 alone; (B) percent of polyfunctional ID93-specific CD4+CD44+CD154+ T

cells within the lung producing one or more cytokines; cytokine producing subsets are shown as stacked bars, with mean + SD of each subset. Comparisons

between groups were performed using one-way ANOVA with Bonferroni’s multiple comparison test, ���p<0.001, ����p<0.0001.

https://doi.org/10.1371/journal.pone.0247990.g007
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instead contains MPL and QS-21 in a liposomal formulation) for prophylactic TB vaccine effi-

cacy in the mouse model. The differences between the synthetic (hexaacylated lipid A deriva-

tive; GLA) and natural (purified non-toxic derivative of LPS derived from Salmonella
minnesota R595; MPL) TLR4 agonists have previously been described [8]. Adjuvants such as

MPL and GLA help to drive adaptive immunity by enhancing antigen presentation (including

upregulation of MHC molecules), DC maturation, and stimulation of innate cytokines and

chemokines associated with immune cell trafficking [8]. It is interesting to highlight that GLA

consists of a single highly pure hexaacylated structure whereas MPL consists of a mixture of

structures with different numbers of acyl chains including a hexaacylated form which is con-

sidered to be the most active structure for activation of human cells [27]. Although both MPL

and GLA have demonstrated acceptable safety profiles in clinical testing, this compositional

difference may explain why GLA is employed in clinical testing at approximately one order of

magnitude lower doses than MPL.

We first characterized cytokine and chemokine responses on human WB and DCs upon

stimulation with two different formulations of GLA; one formulated with a stable oil-in-water

emulsion (SE) and the other formulated with a QS-21 containing liposomal formulation (simi-

lar to AS01). Stimulation of human whole blood (WB) resulted in a higher magnitude of cyto-

kine/chemokine responses with GLA-SE, whereas stimulation of human DCs led to

significantly higher cytokine/chemokine responses with the GLA-LSQ formulation over the

GLA-SE adjuvant. This data is in line with the AS01 adjuvant system, which has been shown

to require MHCIIhigh DC’s for priming optimal adaptive T cell responses [28]. We have previ-

ously reported gene expression from both mouse and human DCs in response to GLA (and

MPL) in an aqueous suspension, which led to upregulation and secretion of IL-6, TNF, CCL4,

IL-12, and CXCL10 [8], similar to what was observed on human DC stimulated with

GLA-LSQ in the current study. IFNγ was observed following stimulation of human WB with

GLA-SE. Adaptive TH1 immunity following immunization with ID93+GLA-SE has been

shown to depend on IL-12 and T-bet in mice, and innate IFNγ from NK and CD8+ T cells is

dependent on type 1 IFN [29]. Work done by Dubois Cauwelaert et al. showed that early after

immunization in mice, both NK and CD8+ T cells produce IFNγ which is significantly

reduced when type 1 IFN signaling is blocked [29]. Here we show that IFNγ-inducible

CXCL10 (IFNγ-induced-protein-10) was produced following WB stimulation with GLA-SE

and is also produced following stimulation with GLA-LSQ from human DC.

We have also previously demonstrated that GLA-SE combined with ID93 stimulates a

potent TH1 CD4+ T cell response [14, 25, 26, 30]. The AS01 adjuvant in combination with sev-

eral different vaccines also results in strong TH1 and humoral immunity [16, 31–33]. In this

study, we wanted to determine whether ID93 combined with an optimized GLA-LSQ formula-

tion could induce TH1 CD4+ T cell responses and provide protection in vivo in our preclinical

mouse model. We initially tested ID93 with different liposomal formulations in CB6F1 mice.

The LSQ formulations that induced the greatest percent frequency of ID93-specific polyfunc-

tional TH1 responses (CD4+CD44+CD154+ T cells expressing IFNγ, TNF, and/or IL-2) were

the neutral liposome (GLA-LSQ3), followed closely by the anionic liposome (GLA-LSQ2) for-

mulation. Having shown that the GLA-LSQ formulations had the highest TH1 immune

responses, we were surprised to see that all of the liposomal formulations regardless of whether

they include QS-21 or not were capable of providing protection in the CB6F1 mouse model.

Interestingly, all of the adjuvanted formulations induced significant antigen specific IgG2a and

IgG2c antibody titers (in addition to IgA responses). In humans, highly functional antibody

subclass responses (IgG1 and IgG3) are induced following three immunizations with ID93+-

GLA-SE, resulting in enhanced NK ADCC responses shown by the production of IFNγ and

MIP1β, and upregulation of CD107a [10]. Antibody-dependent cellular phagocytosis (ADCP)
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is also significantly increased in humans immunized with ID93+GLA-SE, but not antigen

alone [10]. Lu et al. have shown that individuals with latent TB have superior PPD-specific

antibodies capable of driving ADCC and NK cell activation compared to individuals with

active TB [34]. We speculate that perhaps the enhanced ID93-specific IgG2 responses in our

mouse study were partially responsible for the enhanced protection against Mtb in the CB6F1

mouse model, which is something that we are interested in pursuing.

In the next set of experiments, we wished to include ID93+GLA-SE given as a prophylactic

vaccine to enable a side-by-side comparison with the ID93 vaccine combined with an ‘ASO1--

like’ adjuvant (GLA + QS-21 in liposomes) in the C57BL/6 model. The M72 tuberculosis POD

vaccine candidate combined with AS01 has shown promise in humans against Mtb, where

54% protection against disease has been reported [4]. Furthermore, the AS01 adjuvant is

included in the FDA approved Shingrix vaccine, which is highly effective (97%) in older adults

against shingles, and in the EMA recommended RTS,S malaria vaccine (Mosquirix) [35]. We

selected the neutral liposomal GLA-LSQ formulation; the anionic GLA-LSQ formulation

could be an alternate candidate for development based on the enhanced the magnitude of the

CD4+ TH1 polyfunctional responses and protection that was observed with both formula-

tions. In order to determine the optimal concentration of QS-21, three concentrations of QS-

21 were tested (10, 2, and 0.4 μg) which were combined with liposomes, or liposome and GLA;

ID93+GLA-SE was included as a control. TH1 responses were induced with ID93+GLA-SE

and with ID93+GLA-LSQ containing the 2 μg dose of QS-21. A small, but significant

ID93-specific IL-17 response was also observed with ID93+ GLA-SE. A significant percent of

CD4+ T cell cytotoxicity was observed with ID93+GLA-SE as previously shown [23]. Interest-

ingly, while there was a clear dose response for CD4+ cytotoxicity in mice given ID93+LSQ

(without GLA, only the high dose of QS-21 was considered significant), combining GLA with

LSQ enhanced cytotoxic responses to nearly equal levels regardless of the QS-21 dose. We also

measured humoral responses, which may contribute to immunity against Mtb [10, 34, 36–38].

All of the GLA-containing adjuvants induced ID93-specific IgG2c and IgA serum antibody

responses above that seen with protein only. Interestingly, whereas immunization with ID93

combined with the liposomal formulation (without QS-21 or GLA) did not lead to induction

of ID93-specific IgG2c responses compared to protein alone, the LSQ formulation (without

GLA), and the liposomal formulation (with GLA), in addition to the GLA-LSQ adjuvants did

significantly increase ID93-specific IgG2c responses. The addition of GLA to liposomes with

the lowest amount of QS-21 (0.4 μg) also led to a significant increase in ID93-specific IgG2c.

AS01 also results in the production of polyfunctional CD4 T cells in addition to a TH1-isotype

switching humoral response [31]. Studies done in T-bet and IL-12 knockout mice indicate that

ID93-specific IgG2c production following ID93+GLA-SE immunization is dependent on T-

bet but not IL-12, even though IL-12 is required for adaptive ID93-specific TH1 responses

[29]. Based on both in vitro and in vivo responses, we selected the neutral formulation for fur-

ther studies.

In our next set of studies, we further defined the effects of the liposomal adjuvant formula-

tions using 2 μg QS-21. We measured both immunogenicity and protective efficacy with ID93

+GLA-SE compared to ID93+GLA-LSQ, liposomes alone, and LSQ without the TLR agonist.

ID93 combined with either GLA-SE or GLA-LSQ induced CD4+ TH1 cells producing IFNγ
and TNF, however ID93 formulated with the GLA-SE-containing adjuvant induced signifi-

cantly greater IL-2 and ID93-specific polyfunctional TH1 cells than the GLA-LSQ adjuvant.

Although GLA-SE induced a more robust TH1 immune response versus GLA-LSQ, both vac-

cines were able to provide protective efficacy in C57BL/6 mice when given as a prophylactic

vaccine compared to the ID93 protein alone, following a low dose aerosol challenge with Mtb

H37Rv. This suggests that the adjuvants may be working through different mechanisms,
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which have not yet been fully characterized, or alternatively that the magnitude of the TH1

response is not critical to protection against Mtb. When immune responses were examined

within the lung following Mtb challenge, enhanced TH1 responses were observed, including

ID93-specific IFNγ, TNF, and IL-2 with both ID93+GLA-SE and ID93+GLA-LSQ. In addi-

tion, a significant ID93-specific IL-17 response was induced post infection with ID93+-

GLA-SE, and trended slightly higher with ID93+GLA-LSQ. There has been recent interest in

the generation of both a TH1 and TH17 immune response against Mtb. We show that this is

achievable in mice with GLA-SE combined with ID93 when given intramuscularly. The contri-

bution of antigen-specific CD4+ T cells expressing CXCR3 and CCR6 along with production

of both IFNγ and IL-17 may be indicative of protective responses against Mtb, as shown in a

rhesus macaque model of latent tuberculosis [39]. Our group is currently investigating the

kinetics of lung homing T cells and phenotypes following immunization with ID93 formulated

with different adjuvants to determine whether cells from vaccinated animals more effectively

localize to specific areas of the lung, such as close proximity to granulomas.

Conclusions

This work characterizes liposomal formulations containing the TLR4 agonist (GLA) and QS-

21 in combination with ID93, for use as a vaccine against Mtb. We predominantly show an

ID93-specific TH1 cellular immune response, including CD4+ T cell production of IFNγ,

TNF, and IL-2 in mice immunized with both ID93+GLA-SE and GLA-LSQ, in addition to

vaccine-specific IgG2 humoral responses. Both ID93+GLA-SE and ID93+GLA-LSQ also

reduced the bacterial load in the lungs of mice infected with Mtb. Looking forward, it will be

of interest to determine if these preclinical mouse results translate to those in humans. A study

in healthy adults evaluating the safety, tolerability, and immunogenicity of a liposomal formu-

lation combined with ID93 [ID93+AP10-602 (GLA-LSQ)], ID93+GLA-SE, or ID93 alone, has

been completed and results are pending (Iowa City, Iowa; NCT02508376). In this study, two

doses (5 and 10 μg GLA) of AP10-602 combined with ID93 (10 μg) were compared to 5 μg of

GLA-SE combined with ID93 (10 μg), or ID93 (10 μg) alone. The availability of banked biospe-

cimens and ongoing correlate of protection studies from human clinical trials, including the

M72/AS01 POD trial, will also provide invaluable data that will further enable the development

of late stage TB vaccines [40] including the ID93+AP10-602 vaccine. Given limited resources,

early correlative biomarkers of protection could reduce the costs of human clinical trials and

advance highly effective TB vaccine candidates in the pipeline.

Supporting information

S1 Fig. Anti-ID93 antibody responses in the CB6F1 mouse model. Enhanced ID93-specific

IgA, and IgG2a and IgG2c antibody responses were observed with ID93 (no adjuvant) com-

pared to saline. All GLA-containing adjuvants combined with ID93 induced higher ID93-spe-

cific IgA, IgG2a, and IgG2c antibody responses compared to ID93 alone, 4 weeks after the last

immunization. Results are shown as the individual values of 4 mice per group, with average

and SD. One-way ANOVA with Bonferroni’s multiple comparisons test was used to determine

statistical significance among groups, indicated by horizontal bars; ���p<0.001, ����p<0.0001.

(TIF)

S2 Fig. Decreased Th2 immunity with ID93+GLA-LSQ compared to ID93 alone. C57BL/6

mice were immunized three times, three weeks apart with ID93 or ID93+GLA-LSQ. Four

weeks after the last immunization, spleens were harvested from 4 mice per group, and stimu-

lated with ID93 (10 μg/mL), an ID93 CD4 peptide pool (1 μg/mL) or CD8 peptide pool (1 μg/
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mL). An (A) IFNγ or (B) IL-5 ELISPOT was performed as previously described [25]. Compari-

sons were performed using a 2-way ANOVA of ID93 versus ID93+GLA-LSQ for each stimula-

tion, and medium versus stimulations for each immunization, with Bonferroni’s multiple

comparison test, ��p< 0.01, ����p< 0.0001.

(TIF)
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