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ABSTRACT: Tuberculosis (TB) remains a foremost poverty-related disease with a high rate of
mortality despite global immunization with Bacille Calmette−Gueŕin (BCG). Several adjuvanted
recombinant proteins are in clinical development for TB to protect against the disease in infants
and adults. Nevertheless, simple mixing of adjuvants with antigens may not be optimal for
enhancing the immune response due to poor association. Hence, co-delivery of adjuvants with
antigens has been advocated for improved immune response. This report, therefore, presents a
strategy of using chemical conjugation to co-deliver an adjuvanted recombinant protein TB
vaccine (ID93 + GLA-LSQ). Chemical conjugation involving glutaraldehyde (GA) or 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was used to associate the antigen
(ID93) to the modified liposome (mGLA-LSQ). The physicochemical stability of the
formulations was evaluated using high-performance liquid chromatography (HPLC) (adjuvant
content), dynamic light scattering (DLS, particle size analysis), and sodium dodecyl sulfate-
polyacrylamide gel (SDS) electrophoresis (protein analysis). The bioactivity was assessed by
cytokine stimulation using fresh whole blood from 10 healthy donors. The conjugates of ID93 + mGLA_LSQ maintained liposomal
and protein integrity with the two protein chemistries. The GLA and QS21 content of the vaccine were also stable for 3 months.
However, only the glutaraldehyde conjugates provoked significant secretion of interleukin-2 (210.4 ± 11.45 vs 166.7 ± 9.15; p =
0.0059), interferon-gamma (210.5 ± 14.79 vs 144.1 ± 4.997; p = 0.0011), and tumor necrosis factor alpha (2075 ± 46.8 vs 1456 ±
144.8; p = 0.0082) compared to simple mixing. Conjugation of recombinant protein (ID93) to the liposome (mGLA_LSQ) through
chemical conjugation resulted in a stable vaccine formulation, which could facilitate co-delivery of the subunit vaccine to promote a
robust immune response.

■ INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis. According to the 2019 WHO
annual report, TB remains one of the top 10 causes of deaths
worldwide, with an estimated 10.4 million cases worldwide in
2018.1 Six countries (India, Indonesia, China, Nigeria,
Pakistan, and South Africa) accounted for 60% of the new
cases, and there were also an estimated 480,000 new cases of
multidrug-resistant TB (MDR-TB).
The Bacille Calmette−Gueŕin (BCG) vaccine, which was

developed in 1921, is currently the only vaccine available for
TB. BCG is a live, attenuated vaccine that is widely used to
prevent severe disseminated disease in newborns and young
children. Unfortunately, the vaccine is only partially effective: it
provides some protection against severe forms of pediatric TB
but is not completely protective against the disease in infants
and fails to protect against pulmonary TB in adults.2,3 It is also
not possible to “boost” the protection offered by initial BCG
vaccination with a subsequent BCG shot later in life. High
mortality and morbidity continue to be associated with M.

tuberculosis infections despite the widespread use of BCG.3

Therefore, there is an urgent need for new, affordable, safe, and
effective vaccines that can prevent all forms of TB, including
drug-resistant strains. Such vaccines should, preferably, be
suitable for all age groups, including those with HIV, and be
protective in infancy and early childhood.1,2

As of the last count, there are 14 TB vaccine candidates in
various stages of clinical development: 11 in phase II or phase
III trials and 3 in phase I trials.1 These include recombinant
BCGs, whole-cell derived vaccines, recombinant viral-vectored
platforms, protein and adjuvant combinations, and mycobacte-
rial extracts.1,3 They are developed to either prevent infection

Received: September 29, 2020
Accepted: November 5, 2020
Published: November 20, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
31306

https://dx.doi.org/10.1021/acsomega.0c04774
ACS Omega 2020, 5, 31306−31313

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Babatunde+Ayodeji+Adeagbo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akintunde+Oluseto+Akinlalu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tony+Phan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeff+Guderian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerhardt+Boukes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elize+Willenburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elize+Willenburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caryn+Fenner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oluseye+Oladotun+Bolaji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+B.+Fox"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c04774&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04774?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04774?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04774?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04774?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
https://pubs.acs.org/toc/acsodf/5/48?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04774?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


(pre-exposure) or primary progression to disease or
reactivation of latent tuberculosis infection (LTBI).1

Subunit vaccines are generally highly purified recombinant
protein or peptide antigens consisting of defined pathogenic4

units devoid of danger signals.5 These vaccines are poorly
immunogenic and typically do not elicit responses that could
confer protection on their own. They usually require an
adjuvant to stimulate adaptive immune responses.6 Some of
the vaccine candidates for the prevention of TB under clinical
trials are recombinant proteins in combination with adjuvants.1

These include M72/AS01E (GSK and IAV),7 H56:IC31 (SSI,
Valneva, and Aeras),8 and ID93/GLA-SE9 or GLA-LSQ
(IDRI, Wellcome Trust, IAVI).
Adjuvant delivery systems such as liposomes facilitate

vaccine delivery to antigen-presenting cells (APC), resulting
in enhanced humoral and cell-mediated immunity to a broad
spectrum of bacterial, protozoan, and viral antigens.10

However, in some cases, it has been observed that simply
mixing adjuvants with the antigens can result in less optimal
immune responses compared to compositions where the
antigen and adjuvant are associated.11,12 Co-delivery of
adjuvants with antigens using a suitable system has been
shown to enable the adjuvants to stimulate more specific and
potent immune response while also reducing off-target effects,
thus potentially producing a safer vaccine.13 Co-delivery of
antigens and liposomes or other adjuvants containing TLR
agonists to APCs ensure that both molecules are co-localized
to the identical endosome or phagosome within the same APC,

which may enhance the antigen presentation and processing
efficiency.14 Several antigen-adjuvant association strategies
have been employed, including covalent conjugation, encap-
sulation, and entrapping antigens in lipid-based vesicles.13,14

ID93 is a recombinant antigen protein that composes of
three M. tuberculosis immune-dominant antigens (Rv2608,
Rv3619, and Rv3620) and one M. tuberculosis latency-
associated antigen (Rv1813).15 In the presence of an
appropriate adjuvant, the protein can stimulate Th1 immune
responses known to confer protective immunity that is
required for an effective TB vaccine.16 ID93 has been
efficiently combined with either GLA-SE (emulsion) or
GLA-LSQ (liposome) for the stimulation of high antibody
production and Th1 immune responses that have been linked
with protective immunity in TB.10,15,17 Both ID93 + GLA-SE
and ID93 + GLA-LSQ have been evaluated in phase I/II
clinical trials.9 The glucopyranosyl lipid A (GLA) adjuvant is a
synthetic toll-like receptor (TLR) 4 ligand that is formulated as
either a stable emulsion (GLA-SE)9 or as a liposomal
formulation containing QS-21 saponin (GLA-LSQ).18 The
current composition is composed of two vials, one containing
the antigen (ID93) and one containing the adjuvant (GLA-SE
or GLA-LSQ), which are “bedside-mixed” immediately before
immunization.
In the present study, we hypothesized that chemical

conjugation of ID93 to the surface of GLA-LSQ using
chemical conjugation could facilitate the co-delivery of the
antigen and adjuvants, thereby improving bioactivity. We

Figure 1. Characterization of the conjugates using size exclusion gel chromatography (SEC), SDS-PAGE, and UV analysis. (A) Plots of absorbance
measured at 280 nm of the eluted fractions from the SEC column packed with Sepharose CL-4B for conjugated liposome GA (glutaraldehyde),
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) and unconjugated or free ID93. (B) Typical SDS-PAGE gel of the fractions
from the SEC column when ID93 alone was loaded. (C) Typical SDS-PAGE gel of the fractions from the SEC column when conjugated liposome
was loaded on the column.
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explored the use of two chemical covalent conjugation
approaches bearing in mind that conjugation chemistry could
also affect the immune response. The stimulation of memory
T-cell cytokine recall responses was performed based on a
previously published in vitro method using whole blood from
humans presumed to have been previously immunized with
BCG.19 The stimulation of the three cytokines,20 interferon-
gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), and
interleukin-2 by the conjugates, were evaluated using the in
vitro human whole blood assay. The physicochemical stability
of the formulations was also assessed for approximately 3
months.

■ RESULTS
Incorporation of DOPE into the GLA-LSQ. The GLA-

LSQ configuration was successfully altered to include the
phospholipid dioleoylphosphatidylethanolamine (DOPE) to
provide the amino group for covalent conjugation by
combining dipalmitoylphosphatidylcholine (DOPC), choles-
terol, and DOPE in a molar ratio of 3:2:1. The manual
preparation using the sonication method gave a single-phase
translucent formulation with an average particle size of 100.3 ±
0.1 nm within 2 h of sonication at 60 °C and was stable for a
minimum of 6 months. However, volumes greater than 20 mL
required an extended sonication time and were not stable for
more than a week. On the other hand, by using a Microfluidics
processor, it was possible to manufacture a bulk volume of
liposome with a particle size of 70.6 ± 0.5 nm and also
maintain liposomal integrity based on particle size when stored
at 2−8 °C.
Conjugation of the Protein (ID93) to the Liposome.

The conjugated liposome was eluted on an SEC column
packed with Sepharose CL-4B in fractions between 5 and 7
mL, while free ID93 was eluted in fractions between 9 and 12
mL (Figure 1). The conjugation efficiency of the two methods
(Table 1) showed that there was no significant difference in

the mean percentage of conjugated ID93 (EDC vs GA − 92.0
± 0.1 vs 90.0 ± 1.0; p = 0.15). The pH of the EDC conjugates
(pH = 6.3) was lower than that of the GA conjugates (pH =
7.23). Following conjugation, the particle size of the EDC
conjugate liposomal formulation increased by 10.6% while that
of the GA increased by 13.6%.
Physicochemical Stability of the Conjugates. The data

from the HPLC-ELSD analysis indicated that the change in the
GLA and QS-21 content of both EDC and GA formulations
was <20% when observed at 4 °C for 2 months. As presented
in Table 2, the GLA content was reduced by 15.9 and 11.7% in
EDC and GA formulations, whereas 4.1 and 3.2% reductions
were observed for QS-21 in EDC and GA formulations,
respectively. The osmolality data of the two formulations
monitored over 3 months at three different temperatures (4,
25, and 40 °C), as shown in Table 3, indicate that there were

no appreciable changes in the osmolality across the temper-
ature. However, the osmolality of EDC formulation was a little
higher than that of the GA formulation. As shown in Figure 2,
there was <20% growth in the particle size and PDI of the two
formulations when stored at 4 °C for 3 months, whereas the
particle size grew 25−40% at 25 and 40 °C with somewhat
higher growth in the EDC formulation.

Biological Activity Using Whole Blood Assay. The
assays for three cytokines were linear in the concentration
range of 0−7500 (IFN-γ), 0−1500 (IL-2), and 0−6000 pg/mL
(TNFα) with R2 > 0.99. When the IFN-γ production was
compared across the tested formulations, as shown in Figure 3,
the GA conjugate formulation was observed to stimulate a
significantly higher amount of IFN-γ than the same amount of
mGLA-LSQ + ID93 (210.5 ± 46.8 pg/mL vs 144.1 ± 15.8 pg/
mL; p = 0.0026). However, there was no significant difference
in the amount produced by EDC conjugates when compared
to the mixed vaccine (160.2 ± 49.7 pg/mL vs 144.1 ± 15.8 pg/
mL; p = 0.873). In addition, there was a significant difference
between the GA and EDC conjugates in stimulation of IFN-γ
production (210.5 ± 46.8 pg/mL vs 160.2 ± 49.7 pg/mL; p =
0.0367). On the other hand, IL-2 production by the EDC
conjugate was not significantly different from the mixed
formulation (196.6 ± 33.44 pg/mL vs 166.97 ± 28.93 pg/mL;
p = 0.1107), whereas there was a significant difference between
the GA conjugate and the mixed vaccine (210.4 ± 36.53 pg/
mL vs 166.97 ± 28.93 pg/mL; p = 0.0059). There was no
statistically significant difference between GA and EDC
conjugates in terms of IL-2 production (210.4 ± 36.53 pg/
mL vs 196.6 ± 33.44 pg/mL; p = 0.7762).
For the stimulation of TNFα by the formulations, it was

observed that GA conjugates produced a significantly higher
TNFα than the vaccine mixture (2075 ± 148.0 pg/mL vs 1456
± 458.1 pg/mL; p = 0.0082) and also than the EDC
conjugates (2075 ± 148.0 pg/mL vs 1495 ± 527.6 pg/mL; p =
0.015). However, there was no difference between the EDC
conjugates’ TNF production when compared to the mixed
vaccine (1495 ± 527.6 pg/mL vs 1456 ± 458.1 pg/mL; p =
0.9994).

■ DISCUSSION
Adjuvants containing GLA and QS-21 have been shown both
at preclinical and clinical studies to synergistically induce both
innate immune response and antigen-specific Th1 cellular
immunity.7,10,21 When co-administered with the vaccine
antigen ID93, GLA_SE has also been demonstrated to reduce

Table 1. GLA and QS-21 Contents of EDC and GA
Conjugates at T0

EDC conjugates GA conjugates

ID93 conjugation efficiencya 92.0 ± 0.1% 90.0 ± 1.0%
GLA contentb 35.8 ± 1.1 μg/mL 36.8 ± 0.9 μg/mL
QS21b 29.0 ± 0.8 μg/mL 30.9 ± 3.1 μg/mL
aThe data obtained from the UV analysis. bThe data from the HPLC-
ELSD data for GLA and QS21.

Table 2. Stability of the GLA and QS-21 Content in the
Conjugates Stored at 4 °C for 2 Months

parameters GA (μg/mL) EDC (μg/mL)

GLA contenta

day 0 36.8 ± 0.9 35.8 ± 1.1
0.5 months 35.1 ± 0.1 31.6 ± 0.6
1 month 33.2 ± 1.0 30.5 ± 1.2
2 months 32.5 ± 0.1 30.1 ± 1.2

QS-21a

day 0 30.9 ± 3.1 29.0 ± 0.8
0.5 months 30.9 ± 1.2 28 .0 ± 1.8
1 month 31.1 ± 1.7 28.5 ± 2.2
2 months 29.9 ± 1.2 27.8 ± 1.9

aThe data from the HPLC-ELSD determinations for the GLA and
QS21 content in the formulations.
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the bacterial burden of M. tuberculosis in the lung and spleen,
thereby preventing extensive lung pathology.20 In this study,
ID93 was covalently attached to a modified GLA-LSQ, and the
formulation demonstrated a superior stimulation of Th1-type
cytokine recall responses.
For a successful covalent conjugation, the assemblage,

composition, and correct ratio of the lipid constituents of the
liposome as well as the size and nature of the outer surface
group of the liposome are critical.10,22 In this study, to facilitate
the conjugation using GA and EDC, DOPE (to provide amino
group) was introduced into the composition of GLA-LSQ
formulation. Incorporation of DOPE into the liposome is
challenging because DOPE is a non-bilayer prone lipid with
the cross-sectional area of the head group being smaller than
that of the acyl chain. Therefore, in solution, they tend to form
an aggregate of negative curvature structures.23 However, with
a combination of DOPE with DOPC (a bilayer prone lipid) in
a molar ratio of 1:3, a stable formulation of modified liposome
(mGLA-LSQ) was formed. This formulation had a comparable
particle size and polydispersity index of unmodified GLA-LSQ.
The concentration of the liposomal contents (GLA and QS-
21) and particle size was also maintained for a minimum of 6
months at 4 °C.
Various conjugation chemistries have been described in the

literature for coupling of protein molecules to liposomes.22

These include homo- or heterobifunctional cross-linkers with

varying spacer lengths that can create linkages between amine,
carboxyl, and sulfhydryl groups. In this study, glutaraldehyde
(a homobifunctional cross-linking agent) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) (a
heterobifunctional cross-linker) were used to attach ID93
protein to mGLA-LSQ. Glutaraldehyde was used for covalent
linkage of the amino group on the protein to the amino group
on the liposome surfaces. A two-step dialysis method with GA
was used to avoid vesicle aggregation and protein polymer-
ization, as observed in previous reports using a one-step
reaction or two steps with direct interaction with GA.24 This
method yielded an excellent conjugation efficiency and did not
affect the integrity of the protein or that of the liposomes since
there was minimal growth in the particle size after conjugation.
The nature and content of the active constituents of the
formulation, i.e., GLA and QS-21, were also maintained.
Heterobifunctional cross-linking chemistry based on the
coupling of the carboxyl group on the protein to the amino
group on the liposome was also explored using EDC.25 In this
study, successful conjugation using EDC was observed to be
dependent on the EDC concentration. EDC concentration
higher than 200 μg/mL of the reaction mixture caused
degradation of the protein. This observation was in agreement
with earlier reports that excess EDC can cause degradation of
protein.26 There was no significant difference in the two
conjugation chemistries when the conjugation efficiency,
integrity of protein, and formulation stability at 4 °C were
compared. This is important for taking the formulation forward
since conjugation chemistry has been shown to influence the
characteristics of macromolecular structures formed and also
the immunogenicity of the conjugate.27

Several studies have shown that covalent antigen con-
jugation results in superior antibody induction,5,27−29 which is
not unanticipated since B-cell receptors can identify intact
antigen on the adjuvant’s (liposome) surface.28 Moreover,
antigens coupled to the surface of liposomes consisting of
unsaturated fatty acids have also been reported to be
pinocytosed by APCs, loaded onto the class I MHC processing
pathway, and presented to both CD4+ and CD8+ T cells.30,31

Thus, adjuvant-coupled antigens are anticipated to be
appropriate for the development of vaccines that induce
humoral and cellular immunity.31 The T-cell-dependent
manner in which conjugate vaccines have been described to
work could significantly boost immunogenicity compared to
unconjugated antigens.32

In this study, as seen from the results, both conjugation
methods consistently produced enhanced stimulation of T-cell
recall responses. However, the responses with the GA
conjugate were statistically significant. The difference in the
biological activity of the two conjugates shows that comparable
conjugation efficiency and stability of the conjugates may not
translate to equivalent biological activity. This indicates that
some other factors such as the quantity and quality of T-cell

Table 3. Osmolality of the Conjugates at Different Temperature for 3 Months

4 °C 25 °C 40 °C

parameters GA EDC GA EDC GA EDC

osmolality
0 month 96.3 ± 6.5 156.7 ± 1.2 96.3 ± 6.5 156.7 ± 1.2 96.3 ± 6.5 156.7 ± 1.2
1 month 96.0 ± 6.6 163.7 ± 1.5 106.0 ± 7.9 161.3 ± 5.5 102.3 ± 5.5 158.3 ± 1.5
2 months 99.0 ± 2.7 160.7 ± 2.3 102.3 ± 3.2 156.0 ± 1.7 93.7 ± 2.1 167.7 ± 2.5
3 months 107.7 ± 5.7 164.7 ± 0.6 104.0 ± 3.6 164.3 ± 2.1 101.0 ± 2.6 168.0 ± 3.5

Figure 2. Particle size and particle distribution index of the (A) GA
conjugate and (B) EDC conjugate at 4, 25, and 40 °C indicative of
the conjugates at accelerated temperature.
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epitopes provided by the conjugates can influence the immune
response stimulated by the conjugate. The study also
demonstrates that selective use of GA could produce a
conjugate with enhanced immunogenic response despite the
shortcomings that have been associated with conjugation using
glutaraldehyde.
Many new vaccine candidates with adjuvants are presented

in separate vials to enable bedside mixing of the antigen with
the adjuvant. However, this results in the potential for mixing
errors and added cost. Effective conjugation of the antigen to
the adjuvant could enable the presentation of the vaccine in
one vial and therefore prevent wastage and mixing errors.
Thus, apart from enhanced immunogenicity, the stability of the
formulation at 4 °C indicates the potential to change the
configuration of the ID93 + GLA-LSQ vaccine to a single vial.
In conclusion, controlled conjugation of ID93 to the

liposome produced an enhanced memory T-cell cytokine
recall response with GA in a whole blood in vitro assay,
whereas EDC conjugates did not enhance bioactivity. The
conjugated formulations are physicochemically stable, and the
integrity of the protein can be maintained for at least 3 months
when stored at 4 °C, although there was limited loss in the
GLA content over this time. This approach also presents the
opportunity of having a one-vial formulation to avoid
dispensing errors or wastage. However, there is a need to
extend stability monitoring and evaluate bioactivity to validate
the findings of this study in in vivo animal models and human
studies.

■ EXPERIMENTAL PROCEDURE
Formulation of Liposome for Conjugation. Liposomes

were prepared by combining DOPC, cholesterol, and DOPE at
different molar ratios in chloroform. The final GLA
concentration of the liposomal formulation was 0.1 mg/mL.
The chloroform was evaporated using a Genevac EZ-2
centrifugal evaporator until a film was formed. A hydrating
solution, phosphate-buffered saline (pH 7.2) containing 0.04
mg/mL of QS21, was added to the film. It was sonicated at
∼60 °C with a Crest Powersonic CP230D (Trenton, NJ)
water bath ultrasonicator for approximately 2 h or until it
appeared to be a single-phase, translucent formulation. For a
larger volume, >20 mL, the solution was homogenized for 5
min at 3500 rpm and microfluidized using a Microfluidics
M110P (Newton, MA) for five passes at 20,000 psi and 10 °C.
QS21 dissolved in phosphate-buffered saline was added to the
microfluidized solution to have final solutions containing 0.04
mg/mL of QS21 and 0.1 mg/mL of GLA.

Conjugation of ID93 to GLA-LSQ Liposome. Con-
jugation of ID93 to Liposome Using 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC).
In this study, the modified method used by Bartczak and
Kanaras33 was adopted. mGLA-LSQ was mixed with ID93
(200 μg/mL) in a reaction vessel containing 200 μg of EDC/
mL of the reaction mixture. The mixture was then vortex-
mixed for 30 s and incubated at room temperature for 2 h. The
resulting conjugates were purified using size exclusion gel
chromatography (SEC). Phosphate-buffered saline (pH 7.2)
was used as a mobile phase on an SEC column packed with
Sepharose CL-4B (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). ID93 solution without an adjuvant, ID93 mixed with
GLA-LSQ, and conjugates were introduced onto the SEC
column and eluted with PBS. PBS (20 mL) was used, and 1
mL of fractions was collected. The column fractions were also

Figure 3. Immunological response after stimulation of the whole
blood of 10 healthy volunteers with formulations. The measurements
of (A) interferon-gamma (IFN-γ), (B) interleukin-2 (IL-2), and (C)
tumor necrosis factor (TNF-α) were determined using ELISA plates
read at 450 nm.
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monitored using SDS electrophoresis with ProteoSilver as the
staining kit, according to the manufacturer’s protocol. The
efficiency of the conjugation process was determined by
measuring the amount of free ID93 in the pooled fractions
containing free ID93 using a validated UV method at 280 nm.
Conjugation of ID93 to Liposome Using 25% Gluta-

raldehyde. A method earlier described by Zegers et al.24 for
controlled conjugation using dialyzed GA was modified for this
study. mGLA-LSQ (2 mL) was dispensed into a dialysis
cassette (Slide-A-Lyzer, Thermo Scientific, UK) and dialyzed
against 200 mL of 0.2% of 25% glutaraldehyde (1600 μL of
fresh 25% glutaraldehyde in 200 mL of PBS) for 20 h at 4 °C.
The activated liposome was dialyzed against 100 mL of PBS
three times for several hours to remove excess GA. The
activated liposome was transferred to the reaction vessel and
800 μg of ID93 in 1000 μL of PBS and incubated for 20 h at 4
°C. Tris HCL (600 μL, pH 7.2) was added to the mixture to
get rid of excess glutaraldehyde, and the mixture was incubated
at room temperature for 2 h. The characterization of the
conjugates and efficiency of the reaction was determined, as
described above for EDC.
Physicochemical Stability of the Antigen-Conjugated

Liposomes. The physicochemical stability of the antigen-
conjugated liposomes was assessed at zero time and after 1 and
3 months. The particle size, visual appearance, pH, and
osmolality of the samples stored at 4, 25 and 40 °C were
examined at above-mentioned time points, while GLA (HPLC-
CAD/ELSD) and QS21 (HPLC-CAD) concentration and
ID93 integrity (SDS-PAGE) of the sample stored at 4 °C were
determined at 0, 0.5, 1, and 2 months.
Particle Size Determination. The particle mean hydro-

dynamic diameter (Z-average diameter) and polydispersity
index (PDI) of the liposome and conjugated liposome-antigen
were measured by dynamic light scattering (DLS) at a 90°
angle using a Zetasizer Nano-S (Malvern Instruments,
Worcestershire, UK). The formulations were prepared at
1:100 dilutions using ultrapure water in a 1.5 mL polystyrene
disposable cuvette. The measurements were taken in
triplicates.
GLA Quantitation by Reversed-Phase HPLC. The concen-

tration of GLA was determined using a modified high-
performance liquid chromatography (HPLC) method, as
described by Kramer et al.34 The chromatographic system
consisting of S600 series liquid chromatography (Skyam,
Germany) was fitted with a quaternary pump, autoinjector, and
evaporative light scattering detector (ELSD). Chromato-
graphic separation was achieved at 25 °C on a reverse-phase
Agilent Zorbax XDB C-18 column (5 μm, 150 × 4.6 mm i.d.;
Agilent Technologies, Palm Alto, USA) at a flow rate of 1 mL/
min. Gradient elution was adopted within 25 min with 100%
mobile phase A (10 mM ammonium acetate and 1% acetic
acid in methanol: chloroform and water (65:30:5)) and mobile
phase B (10 mM ammonium acetate and 1% acetic acid in
methanol: chloroform and isopropanol (50:30:20)). The
effluents were monitored with an ELSD detector nebulized
with nitrogen gas at a temperature of 70 °C and a pressure of
3.5 bar. The injection volume was 100 μL. Under the
conditions described, a plot standard peak area response versus
GLA concentration was used to generate a standard curve in
the concentration range of 5−25 μg/mL. Triplicate samples of
the conjugated liposomes were diluted 1:50 in mobile phase B,
and 100 μL of the sample was injected onto the C-18 column.

QS21 Quantitation by Reversed-Phase HPLC. The
concentration of QS21 was determined using a validated
high-performance liquid chromatography (HPLC) method.
The chromatographic system consisting of S600 series liquid
chromatography (Skyam, Germany) was fitted with a
quaternary pump, autoinjector, and evaporative light scattering
detector. Chromatographic separation was achieved at 25 °C
on a reverse-phase Alltech Vydac 214TP54 C4 column, 4.6 ×
250 mm, 5 μm at a flow rate of 1 mL/min. Gradient elution
was adopted with mobile phase A (water with 0.1%
trifluoroacetic acid) and mobile phase B (acetonitrile with
0.1% trifluoroacetic acid). The effluents were monitored with
an ELSD detector nebulized with nitrogen gas at a temperature
of 80 °C and a pressure of 3.5 bar. The injection volume was
100 μL. Under the conditions described, a plot standard peak
area response versus QS21 concentration was used to generate
a standard curve in the concentration range of 5−30 μg/mL.
Triplicate samples of the conjugated liposomes were diluted
1:50 in mobile phase B, and 100 μL of the sample was injected
onto the column. The concentration of QS21 was calculated
from the standard curve equation.

Biological Activity of the Antigen-Conjugated Lip-
osomes Using Human Whole Blood Assay. The ethics
committee of the Institute of Public Health, Obafemi Awolowo
University, approved the study. Ten healthy adults with no
history of exposure to active TB were enrolled, and all the
subjects were provided a written informed consent before
participation. The subjects recruited have prior exposure to
BCG vaccines or tuberculin skin test (TST) and did not have
any exposure to any anti-infective drugs in the last 2 months
before participation. Pregnant women or lactating mothers and
TB patients were excluded from this study. Blood samples were
collected into heparinized blood collection tubes and
processed within 2 h after collection. The whole venous
blood was diluted 10-fold with a serum-free complete synthetic
cell culture medium. The formulations (conjugates, ID93,
mixture of ID93 + mGLA-LSQ, mGLA-LSQ,) and controls
(serum-free media alone, negative control; 10 μg/mL of
phytohemagglutinin, positive control) were prepared using
serum-free media as the diluent. Each sample (100 μL) was
dispensed per well in U-bottom 96-well tissue culture plates.
Each sample was dispensed into at least six wells, and 100 μL
of a 10-fold diluted fresh blood sample was added to each
sample well. The mixture was incubated at 37 °C for 12 days in
a 5% CO2 humidified incubator. The cultured plate was
removed from the incubator at the end of the 12th day and
centrifuged at 1100 rpm (218g) for 1 min. The supernatants
were pooled together for each sample and stored at −80 °C
until the day of analysis. IFN-γ, IL-2, and TNFα enzyme-linked
immunosorbent assays (ELISAs) were conducted using ELISA
kits (RayBiotech USA) following the manufacturer’s instruc-
tions. ELISA plates were read at 450 nm using a Multiskan FC
microplate photometer (Thermo Scientific, China).

Data Analysis and Statistical Analysis. IFN-γ, IL-2, and
TNFα ELISA data were analyzed using Skanlt software
5.0.0.42 (Thermo Scientific). The background production of
IFN-γ, IL-2, and TNFα for each individual was determined by
calculating the average concentration of the negative control,
and these were subtracted from the formulation-stimulated
wells. Statistical analysis was done using GraphPad Prism 8.0.1.
One-way analysis of variance (ANOVA) was performed, and
Tukey’s multiple comparison test with a single pooled variance
was performed. The p values <0.05 were considered significant.
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