
Elimination of the cold-chain dependence of a nanoemulsion
adjuvanted vaccine against tuberculosis by lyophilization

Mark T. Orr*, Ryan M. Kramer*, Lucien V Barnes, Quinton M. Dowling, Anthony L. Desbien,
Elyse A. Beebe, John D. Laurance, Christopher B. Fox, Steven G. Reed, Rhea N. Coler, and
Thomas S. Vedvick
Infectious Disease Research Institute, Seattle, WA 98102

Abstract
Next-generation rationally-designed vaccine adjuvants represent a significant breakthrough to
enable development of vaccines against challenging diseases including tuberculosis, HIV, and
malaria. New vaccine candidates often require maintenance of a cold-chain process to ensure long-
term stability and separate vials to enable bedside mixing of antigen and adjuvant. This presents a
significant financial and technological barrier to worldwide implementation of such vaccines.
Herein we describe the development and characterization of a tuberculosis vaccine comprised of
both antigen and adjuvant components that are stable in a single vial at sustained elevated
temperatures. Further this vaccine retains the ability to elicit both antibody and TH1 responses
against the vaccine antigen and protect against experimental challenge with Mycobacterium
tuberculosis. These results represent a significant breakthrough in the development of vaccine
candidates that can be implemented throughout the world without being hampered by the necessity
of a continuous cold chain or separate adjuvant and antigen vials.
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Introduction
Although lyophilization of protein, live-attenuated or inactivated virus or bacteria-
containing vaccines is a routine practice, to date there have been no reports of successful
lyophilization and thermostability characterization of an adjuvanted clinical vaccine
candidate [1]. Thermostable vaccines can greatly increase effective distribution of vaccines
in the developing world and eliminate a prime contributor to high vaccine wastage rates [2,
3]. Development of vaccines that do not require cold-chain maintenance would significantly
reduce the cost and technological hurdles of implementation of new vaccines worldwide,
especially in low resource settings. Additionally cold-chain maintenance cannot be ensured
during natural disasters when power supplies may be compromised. Lyophilization of
protein-containing pharmaceuticals such as vaccines is a commonly employed method to
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prolong shelf-life and increase resistance to thermal stress [4, 5], and multiple marketed
vaccines are distributed as lyophilized products [1]. New vaccines under development for
induction of cell-mediated immunity against diseases such as malaria or tuberculosis may
require adjuvant components in order to enhance and shape immune responses effectively
[6]. However, the addition of adjuvant(s) to a vaccine antigen results in a more complex
formulation with the potential for multiple interactions among components. Thus,
maintaining long-term stability in adjuvanted vaccines can present a significant challenge to
vaccine developers; for this reason, some adjuvanted vaccines are administered following
bedside-mixing with a separate adjuvant vial [7]. Moreover, none of the existing marketed
lyophilized vaccines contain adjuvant in the lyophilized formulation [1]. Indeed, adjuvant
formulations already used in approved human vaccines such as aluminum salts or oil-in-
water nanoemulsions may be particularly challenging to lyophilize [8, 9]. The complex
nature of approved vaccine adjuvants (e.g. alum, oil-in-water nanoemulsions and/or
monophosphoryl lipid A (MPLA)) present a substantial hurdle to developing lyophilized
adjuvanted vaccines.

Approximately 1.5 million people die of tuberculosis (TB) each year worldwide, with an
estimated 2 billion people currently infected, 10% of whom will develop active disease at
some point in their lives [10]. The only approved vaccine for TB, Bacillus Calmette-Guérin
(BCG), was first used in humans in 1921 and has been effective in reducing the incidence of
disseminated TB in children. However, BCG has proven ineffective at preventing
pulmonary TB in adolescents and adults [11–13]. Mathematical modeling of the impact of
implementing a hypothetical new vaccine against TB with 60% efficacy predicts an 80%
drop in incidence by 2050 [14]. Thus there is an urgent need for a new TB vaccine to either
boost immunity primed by BCG or replace BCG. Protective immunity against
Mycobacterium tuberculosis (Mtb) requires both TNF and IFN-γ production by CD4 T cells
[15, 16]. We have developed a recombinant fusion protein antigen consisting of four Mtb
proteins, designated ID93, that when paired with an adjuvant such as the synthetic TLR4
agonist glucopyranosyl lipid adjuvant formulated in a squalene-in-water stable
nanoemulsion (GLA-SE), induces robust TH1 responses and is protective against Mtb
challenge [17–19]. In the absence of the TLR agonist, immunization with ID93 generates a
modest TH2 response that is not protective against Mtb challenge [20]. ID93+GLA-SE is
currently undergoing Phase I safety testing in human volunteers. An effective, thermostable
tuberculosis vaccine formulation could have a dramatic impact on global health, with easier
worldwide distribution and reduced vaccine wastage. Herein, we describe the lyophilization,
thermostability characterization, and biological efficacy of a nanoemulsion-adjuvanted
tuberculosis vaccine candidate, ID93+GLA-SE.

Material and Methods
Sample Preparation and Lyophilization

The construction, expression, and purification of the ID93 tandem fusion protein containing
the Mtb genes Rv3619, Rv1813, Rv3620, and Rv2608 have been described previously [17].
Briefly the ID93 fusion protein was expressed in E. coli, purified under denaturing
conditions by chromatography on DEAE and Q Sepharose columns, and analyzed by SDS-
PAGE on a 4–20% Tris glycine gel (Invitrogen). GLA (also known as PHAD) was
purchased from Avanti Polar Lipids Inc. (Alabaster, AL). GLA-SE containing 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was formulated according to the
previously described methods [19, 21]. Briefly, GLA-SE emulsions were produced by
mixing a buffered aqueous phase (poloxamer 188 and glycerol in ammonium phosphate
buffer pH 5.1) and oil phase (DMPC and GLA dispersed into squalene by sonication at
70ºC) and then microfluidizing the mixture using the Microfluidics M110P (Newton, MA)
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for 12 passes at 30,000 psi. Component concentrations in the emulsions consisted of 10 % v/
v squalene, 1.9 % w/v phosphatidylcholine, 0.1 % w/v poloxamer 188, 2.3 % w/v glycerol,
and 25 mM ammonium phosphate buffer. GLA-SE was diluted to the specified
concentrations for use.

Liquid and lyophilized samples were prepared with 1.5 mL fill volumes in 3 mL glass vials.
Covialed samples containing ID93 (5 μg/mL) + GLA-SE (50 μg/mL, 2% total oil) were
prepared in 20 mM tromethamine (Tris) at pH 8.0 [22]. Separately vialed ID93 or GLA-SE
were prepared at twice the concentration of covialed samples (10 μg/mL ID93 or 100 μg/mL
GLA, 4 % total oil GLA-SE) and mixed 1:1 prior to injection. Samples for SDS-PAGE were
prepared at 100 μg/mL ID93 to facilitate analysis. Lyophilized samples also contained 5%
(w/v) D-trehalose dehydrate as a stabilizer and were lyophilized using a VirTis (Gardiner,
NY) AdVantage 2.0 EL-85 benchtop freeze dryer. The lyophilization recipe utilized a
thermal treatment schedule including a 10-hour freezing step from 4 to −40 ºC, and an
annealing step at −15 ºC. The primary drying phase (at 100 mTorr) lasted 18 hours from −40
ºC to 25ºC. Finally, a secondary drying phase at 50 mTorr was employed at 25 ºC for 9
hours. All samples were stoppered in atmospheric gas at 500 mTorr, sealed using aluminum
caps, and stored at 4 ºC until use. The lyophilization process utilized is a non-optimized
developmental process designed to be compatible with a variety of excipient systems.
Trehalose was selected as an excipient based on previous observations with other emulsion
systems. Heat stressed samples were incubated at 50°C for 30 days and unstressed samples
were stored at 4°C prior to injection.

Reducing SDS-PAGE
Reducing SDS-PAGE was performed using Life Technologies (Grand Island, NY) NuPAGE
LDS sample buffer, with 1.25% β-mercaptoethanol added, and incubated at 90°C for 15
minutes. Samples were run at 180 V for 65 minutes using 1 μg of ID93 per lane in Life
Technologies Novex 4–20% acrylamide tris-glycine precast gel cassettes. Gels were stained
overnight using Life Technologies SimplyBlue SafeStain before destaining, drying, and
imaging. Band intensities were compared using ImageJ software (NIH) [23].

Particle Analysis
Particle size, polydispersity, and zeta potential measurements were made as described
previously[24] using a Malvern (Worcestershire, UK) Nano-ZS after 100 times dilution into
ultrapure water filtered througha 20 nm Whatman (Maidstone, Kent, UK) Anotop plus filter.
Nanoparticle tracking analysis was performed with a NanoSight LM10 (Amesbury, UK)
with a 405 nm laser and a Hamamatsu Orca Flash 2.8 CMOS camera (Hamamatsu, JP).
Samples were diluted 1:105 in 20-nm filtered ultrapure water in three steps. Each sample
was diluted and analyzed four times, independently, to account for dilution error. Ninety
seconds of video were recorded for each sample with optimized shutter and gain settings.
The camera histogram gating was adjusted to maximize sensitivity. Data analysis was
performed using NanoSight NTA 2.3 software (Wiltshire, UK) in standard mode.

Chemical Integrity of GLA-SE
Concentrations of squalene, DMPC, and GLA were monitored using reversed-phase HPLC
(RP-HPLC) as described previously[24]. An Agilent 1200 (Santa Clara, CA) and an ESA
Biosciences Corona Charged Aerosol Detector (CAD; Chelmsford, MA) were used with a
Waters (Milford, MA) Atlantics C18 5 μm column (4.6 mm × 250 mm). Mobile phase A
contained 75:15:10 (v/v/v) methanol, chloroform, and water with 20 mM ammonium acetate
and 1 % acetic acid. Mobile phase B contained 50:50 (v/v) methanol and chloroform, 20
mM ammonium acetate, and 1% acetic acid. Samples were prepared by dilution (1:20) into
mobile phase B, 9 μL were injected onto a 30°C column, and elution with a gradient of
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100% to 10% mobile phase A over 45 minutes was used. Standard curves were fit with a
second order polynomial, as recommended by the detector manufacturer, and sample
concentrations determined by interpolation.

Animals and immunizations
6–8 week old female C57BL/6 mice were purchased from Charles River maintained in
Specific Pathogen Free conditions. After infection animals were maintained in ABSL3
containment according to the regulations and guidelines of the IDRI Institutional Animal
Care and Use Committee. Mice were immunized three times three weeks apart by
intramuscular injection of 100 μL of the indicated vaccine preparation. For BCG
immunization 5×104 CFU (Pasteur strain, Sanofi Pasteur) were injected intradermally once
at the time of the first subunit immunization.

Blood cell counts
Peripheral blood was collected from mice (N=5/group) eighteen hours after immunization.
Whole blood was stained for CD90.2 (clone 53–2.1) and CD19 (clone 6D5). Sphero
AccuCount Rainbow Particles (Spherotech.com) were added according to the
manufacturer’s instructions. Cells were washed and resuspended in PBS. Up to 106 events
were collected on a four laser LSRFortessa flow cytometer (BD Biosciences). Data were
analyzed with FlowJo. Absolute numbers of CD19+ B cells and CD90.2+ T cells per
microliter of blood were calculated according to the manufacturer’s instructions.

Antibody responses
Mouse sera (N=5/group) were prepared 21 days after immunization by collection of retro-
orbital blood into microtainer serum collection tubes (VWR International, West Chester,
PA), followed by centrifugation. Each serum sample was then analyzed by antibody capture
ELISA. Briefly, ELISA plates (Nunc, Rochester, NY) were coated with 1 μg/ml
recombinant antigen in 0.1 M bicarbonate buffer and blocked with 1% BSA-PBS. Then, in
consecutive order and following washes in PBS/Tween20, serially diluted serum samples,
anti-mouse IgG, IgG1 or IgG2c-HRP (all Southern Biotech, Birmingham, AL) and ABTS-
H2O2 (Kirkegaard and Perry Laboratories, Gaithersburg, MD) were added to the plates.
Plates were analyzed at 405nm (ELX808, Bio-Tek Instruments Inc, Winooski, VT).

Intracellular cytokine staining
One month after the final immunization splenocytes were isolated from five animals per
group. Red blood cells were lysed using Red Blood Cell Lysis Buffer (eBioscience) and
resuspended in RPMI 1640 and 10% FBS. Cells were plated at 2×106 cells/well in 96-well
plates and were stimulated for 1 hour with media or ID93 (10 μg/mL) at 37°C. GolgiPlug
(BD Biosciences) was added and the cells were incubated for an additional 7 hours at 37°C.
Cells were washed and surface stained with fluorochrome labeled antibodies to CD4 (clone
GK1.5), CD8 (clone 53–6. 7), and CD44 (clone IM7) (BioLegend and eBioscience) in the
presence of anti-CD16/32 (clone 2.4G2) for 20 minutes at 4°C. Cells were washed and
permeabilized with Cytofix/Cytoperm (BD Biosciences) for 20 minutes at room
temperature. Cells were washed twice with Perm/Wash (BD Biosciences) and stained
intracellularly with fluorochrome labeled antibodies to IFN-γ (clone XMG-1.2), IL-2
(JES6-5H4), TNF (MP6-XT22), CD154 (clone MR1), IL-5 (clone TRFK5), and IL-17A
(clone TC11-18H10.1) (BioLegend and eBioscience) for 20 minutes at room temperature.
Cells were washed and resuspended in PBS. Up to 106 events were collected on a four laser
LSRFortessa flow cytometer (BD Biosciences). Data were analyzed with FlowJo. Cells were
gated as singlets > lymphocytes > CD4+ CD8− > CD44+ > cytokine positive.
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M.tb. aerosol challenge and enumeration
Four weeks after the last immunization, mice (n = 7/group) were aerogenically infected with
M. tuberculosis H37Rv (ATCC No. 35718; American Type Culture Collection) using a
GlasCol aerosol generator calibrated to deliver 50–100 bacteria into the lungs. To confirm
the amount of bacteria delivered an additional three unimmunized animals per infection
were euthanized one day later and bacterial burden in the lungs were enumerated. Protection
was determined three weeks after challenge by harvesting the lungs from the infected mice,
homogenizing the tissue in 0.1% PBS–Tween 80, and plating 5-fold serial dilutions on7H10
agar plates (Molecular Toxicology) for bacterial growth. Bacterial colonies were counted
after incubation at 37°C with 5% CO2 for 14–21 days.

Statistical methods
Bacterial burdens were normalized by log10 transformation. Statistical significance of
differences in bacterial burdens, cytokine production, blood cell counts, and antibody titers
were determined using one-way analysis of variance with the Sidak Multiple Comparisons
Test using Prism 5 (GraphPad Software).

Results
Physicochemical Characterization

One approach to improving vaccine thermostability is to lyophilize the antigen component
of the vaccine, which is then mixed with the adjuvant at the time of usage. However this
requires cold-chain maintenance for the adjuvant and increases the technological burden of
vaccination. To surmount this problem we have developed a single vial of both the antigen
ID93 and GLA-SE adjuvant (termed “covialed”). We have subsequently developed a
lyophilization regimen for this covialed adjuvanted vaccine. Upon lyophilization, a white,
partially shrunken cake is formed, and, after reconstitution with water, the emulsion reforms
and appears similar to the pre-lyophilized emulsion (Figure 1). The potential to increase
stability to heat stress by lyophilization was evaluated by incubating liquid or lyophilized
ID93 + GLA-SE at 50°C for 30 days. After heat stress, no visible change in sample quality
was observed (Figure 1, bottom row) when compared to unstressed sample (top row).
Reconstituted samples maintained the appearance of an emulsion and lyophilized cakes did
not show any further signs of collapse or discoloration.

Particle characteristics are critical for effective vaccine development as particle size
determines the speed and mechanism of vaccine trafficking in vivo. Maintenance of particle
size below 200 nm is desirable in order to allow terminal sterile filtration of the product; in
addition, particle sizes <200 nm are able to rapidly access the lymph node [25]. To assess
whether covialing or lyophilization and reconstitution of covialed ID93+GLA-SE altered the
biophysical properties we examined the particle size, concentration, polydispersity, and
overall zeta potential of ID93, GLA-SE, covialed ID93+GLA-SE and lyophilized covial
ID93+GLA-SE. Measured particle characteristics after mixing were primarily reflective of
the contribution of GLA-SE due to the five orders of magnitude higher particle
concentration as compared to ID93. Covialing ID93 and GLA-SE did not affect the particle
size relative to GLA-SE alone (80 nm in both cases) (Figure 2A). Lyophilization and
subsequent reconstitution of ID93+GLA-SE resulted in a minor increase of approximately
10 nm, within the error of the measurement. ID93 forms polydisperse aggregates with a Z-
average diameter of approximately 70 nm. Heat stress of ID93 alone reduced the average
particle size observed; however, this was not statistically significant (P>0.05) (Figure 2A).
Heat stress of GLA-SE alone or in combination with ID93 did not affect particle size or
concentration across any of the platforms tested (Figure 2A and D). GLA-SE is a highly
homogenous solution as reflected by the low polydispersity value (Figure 2B). Although the
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degree of polydispersity observed for ID93 is much higher, the mixture of ID93 and GLA-
SE retains the overall low polydispersity characteristic of GLA-SE, reflective of the relative
proportions of ID93 and GLA-SE particles. Importantly, lyophilized and reconstituted
ID93+GLA-SE retained this uniform particle size. Exposure to heat stress did not affect the
polydispersity of ID93, GLA-SE, or covialed ID93+GLA-SE in liquid or lyophilized
formats. Both ID93 and GLA-SE have an overall negative zeta potential in the current
configuration. Mixing the two resulted in an average zeta potential of -13 mV, which was
unaffected by lyophilization (Figure 2C). Upon heat stress a more negative zeta potential
was seen for all GLA-SE containing samples; however, this change was only statistically
significant for lyophilized ID93 + GLA-SE (P<0.025). Thus overall we find that
lyophilization and reconstitution of ID93+GLA-SE results in only minor alterations to the
physicochemical characteristics when compared to non-lyophilized ID93+GLA-SE.
Similarly sustained exposure to elevated temperatures did not have a pronounced impact on
the physicochemical characteristics of the vaccine.

To assess how covialing, lyophilization, and heat stress affect the chemical integrity of
ID93+GLA-SE, we evaluated ID93 concentration by SDS PAGE and GLA, squalene and
DMPC (the latter two are the major components of the stable nanoemulsion) concentrations
by RP-HPLC. Samples containing 100 μg/mL ID93 were evaluated due to the inability to
detect ID93 at 5 μg/mL by SDS-PAGE. 100 μg/mL and 5 μg/mL ID93-containing covialed
samples behave similarly in terms of particle size, particle concentration, zeta potential, and
GLA degradation profiles under liquid, lyophilized, and heat stressed conditions (data not
shown). GLA-SE runs as a defuse smear, likely due to the disruption of nanoemulsion
particles by SDS, and is visible after staining. Lyophilization and reconstitution of covialed
ID93+GLA-SE resulted in a 5–10% decrease in ID93 concentration, expected due to
dilution upon reconstitution, indicating that substantial hydrolysis of ID93 has not occurred
(Figure 3). Upon exposure to heat stress at 50°C for one month there was a dramatic
reduction in the ID93 present in ID93+GLA-SE. Lyophilization of ID93+GLA-SE rendered
the protein resistant to this degradation with 6% and 90% of the ID93 band intensity
observed after heat stress for the liquid and lyophilized samples, relative to the unstressed
samples, respectively (Figure 3). Thus lyophilization of ID93+GLA-SE protected the ID93
protein from heat stress-induced degradation.

As expected, after mixing GLA-SE 1:1 with ID93, approximately half of the original
concentration of GLA, DMPC, and squalene were measured, and no material was lost after
lyophilization and reconstitution (Figure 4A). Exposure of liquid GLA-SE to heat stress
caused a 50% loss of GLA concentration (P<0.001). This was exacerbated by covialing with
ID93 to the point that there was no detectable GLA after heat stress (Figure 4A). This
enhanced susceptibility may be due to the more basic pH of the covialed ID93+GLA-SE
compared to GLA-SE alone. This loss of GLA was ameliorated by lyophilization of the
covialed ID93+GLA-SE, with ~50% of the GLA recovered after reconstitution of the heat
stressed lyophilized ID93+GLA-SE (Figure 4D). GLA was the major heat labile component
of GLA-SE as neither the DMPC nor the squalene concentration was affected by heat stress
(Figure 4B–D). Taken together, these data show that the two active components of
ID93+GLA-SE were protected from heat induced degradation by lyophilization.

In summary, lyophilization of ID93+GLA-SE results in a white to off-white cake that retains
the chemical and biophysical properties of covialed ID93+GLA-SE upon reconstitution.
Exposure of ID93+GLA-SE to heat stress results in a significant loss of both ID93 and
GLA. Lyophilization of covialed ID93+GLA-SE largely ameliorated these losses due to heat
stress, indicating that this approach may reduce or eliminate the need for cold-chain
maintenance of this vaccine candidate.
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Vaccine Immunogenicity and Efficacy
To determine how heat stress affected the biological activity of ID93+GLA-SE and whether
lyophilization ameliorated any detrimental effects we immunized mice with saline or
ID93+GLA-SE that was stored as separate vials of liquid antigen and adjuvant (liquid), a
mixture of antigen and adjuvant (liquid covial) or co-lyophilized antigen and adjuvant (lyo
covial). Immunization material was stored at either 4°C (i.e. unstressed) or 50°C (i.e. heat
stress) for one month prior to immunization. Following immunization there is a transient
loss of circulating B and T cells from the blood as these cells home to the draining lymph
node where they encounter antigen [26]. This transient lymphopenia has been termed lymph
node shutdown as lymphocytes become transiently trapped in the lymph node. This process
is necessary for efficient interactions between antigen presenting cells and cognate
lymphocytes. The GLA-SE adjuvant augments this effect which may in part account for its
excellent adjuvant activity. Immunization with unstressed liquid ID93+GLA-SE elicited a
dramatic loss of both B and T cells from the blood (Figure 5A). Stressing the liquid
ID93+GLA-SE at 50°C for a month reduced this effect, suggesting that the activity of GLA
was impaired by heat stress. Unstressed liquid covial ID93+GLA-SE induced lymph node
shutdown as efficiently as the liquid vaccine, however this liquid covial material was more
affected by heat stress as the degree of lymph node shutdown was markedly reduced, likely
reflective of the loss of detectable GLA (Figure 5A). Lyophilized covial ID93+GLA-SE
elicited transient lymphopenia to a similar degree to the liquid material, however unlike the
liquid covial material this effect was not impaired by heat stress of the lyophilized covial
vaccine. These data suggest that biological activity of the GLA-SE adjuvant is susceptible to
heat stress and this is exacerbated by covialing with the ID93 antigen. Importantly,
lyophilization rendered covialed ID93+GLA-SE resistant to the damages of heat stress as
read out by this parameter.

To more fully examine the impacts of heat stress and lyophilization on the biological
activity of ID93+GLA-SE we evaluated ID93-specific antibody titers following
immunization. Immunization with ID93+GLA-SE elicits a mixed IgG1 and IgG2c response
that is skewed towards IgG2c production. This is reflective of the IFN-γ dominated CD4 T
cell responses produced by ID93+GLA-SE [19]. Exposure to heat stress significantly
impaired the ability of liquid ID93+GLA-SE to elicit measurable antibody titers (Figure 5B).
This is likely due to degradation of the ID93 protein upon heat stress (Figure 3). Although
covialing ID93+GLA-SE did not alter the magnitude of the antibody response when the
vaccine was stored at 4°C, this was not sufficient to prevent loss of the antibody-inducing
potential caused by heat stress. Conversely the lyophilized covial ID93+GLA-SE elicited
robust antibody responses similar in magnitude and IgG1/IgG2c skewing to the liquid
unstressed material and this was not impaired by heat stress (Figure 5B).

ID93+GLA-SE protects against M. tuberculosis by inducing ID93-specific CD4 T cells that
make IFN-γ, TNF, and IL-2 (i.e. TH1 cells). Exposure to heat stress reduced the frequency
of ID93-specific TH1 cells as measured by production of any of these cytokines by almost
50% following the third immunization with liquid ID93+GLA-SE (Figure 5C). That the TH1
response to stressed liquid ID93+GLA-SE is maintained despite degradation of the ID93
protein likely reflects the presence of immunogenic peptides and residual GLA after heat
exposure. Covialing of liquid ID93+GLA-SE slightly enhanced the magnitude of the TH1
response when stored at 4°C, however exposure to heat stress completely ablated the ability
of liquid covial ID93+GLA-SE to elicit such response. Lyophilized covial ID93+GLA-SE
induced TH1 responses similar to that produced with liquid ID93+GLA-SE. Critically,
unlike liquid or liquid covialed ID93+GLA-SE, lyophilized covial ID93+GLA-SE fully
retained the ability to elicit ID93-specific TH1 cells following heat stress (Figure 5C). We
have found previously that ID93-specific CD4 T cells elicited immunization with native
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ID93+GLA-SE are exclusively TH1 cells, failing to produce IL-5 (TH2) or IL-17 (TH17)
upon restimulation [27]. Covialing, lyophilization, and/or exposure to heat stress did not
enhance the induction of either TH2 or TH17 cells by ID93+GLA-SE as measured by
detectable IL-5 or IL-17 production (data not shown). Production of CD154 following
stimulation has been proposed to be a generalized marker of CD4 T cell activation
regardless of cytokine production [28]. In all cases CD154 expression levels closely
mirrored that of both IFN-γ and TNF, further indicating that there was no deviation from the
TH1 programming. Overall the early impairment lymphocyte egress from the blood (Figure
5A) strongly correlated with the subsequent loss of both the antibody (Figure 5B) and CD4
T cell response (Figure 5C) to ID93+GLA-SE vaccination.

To assess how heat stress, covialing, and lyophilization affected the protective efficacy of
ID93+GLA-SE we challenged immunized mice with a low dose of aerosolized M.
tuberculosis. Three weeks later animals immunized with liquid ID93+GLA-SE were
significantly protected against M. tuberculosis relative to the saline immunized animals as
measured by reduced bacterial burdens in the lungs and spleen (Figure 5D and E). Heat
stressing liquid ID93+GLA-SE separately did not impair this protective efficacy, likely
reflective of the residual ID93-specific TH1 response elicited by this immunization (Figure
5C). Covialing of ID93+GLA-SE did not impair protective efficacy when stored at 4°C, but
the liquid covialed vaccine lost all protective efficacy when exposed to heat stress.
Lyophilization of the covialed ID93+GLA-SE maintained protective efficacy and most
importantly lyophilization of ID93+GLA-SE abrogated the loss of protective efficacy due to
heat stress (Figure 4D and E).

Discussion
The need for increasing the thermostability of vaccines intended for distribution to the
developing world requires special considerations to be taken in the formulation stage of
development. Successful lyophilization of multi component systems, including covialed
antigen and adjuvant systems, have rarely been described in the literature[29], and present
additional challenges that must be addressed. Lyophilization of protective antigen of anthrax
in a squalene emulsion has been reported; however the formulation was not reported to
contain a bulking agent and therefore would not have produced a cake structure when
lyophilized. Importantly neither a description of the thermostability nor a biophysical
characterization of the reconstituted system were included [30]. Lyophilization of our
system resulted in a product that, when reconstituted, retained the biophysical properties of
the liquid sample, and conveyed stability to heat stress under accelerated conditions. Long-
term stability studies are underway.

Colyophilization and reconstitution of the antigen and nanoemulsion adjuvant did not
significantly alter the physicochemical characteristics of the vaccine. Upon reconstitution
the concentrations of both the antigen and the TLR4 agonist GLA, as well as the squalene
oil, were not substantially different than that of the starting material. Prolonged exposure to
heat stress had little effect on the physical characteristics of either the liquid covialed or
colyophilized vaccine, however heat exposure led to chemical degradation of both the
antigen and the TLR4 agonist, but not the squalene or phospholipid components of the
adjuvant. Colyophilization partially protected against this loss of TLR4 agonist. Further
refinements to the lyophilization process including optimization of the lyophilization
process and stabilizing excipients will be necessary to enhance thermostability of the
colyophilized vaccine.

The loss of GLA due to heat stress was strongly predictive of the impaired immune
responses and protective efficacy of the vaccine when administered to experimental animals.
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Although this relationship was not completely linear, the reduction in GLA in the liquid
samples resulted in decreased frequencies of ID93 specific CD4 T cells after immunization.
The complete loss of GLA in the heat stressed liquid covialed ID93+GLA-SE matches the
loss of CD4 T cell induction. Conversely the degradation of the ID93 protein in the liquid
samples had little impact on the magnitude of the CD4 T cell response. This can likely be
attributed to retention of the immunodominant peptides necessary to prime the T cell
response in the heat stressed samples. On the other hand heat induced degradation of ID93
significantly impaired the magnitude of the antibody response to the vaccine. This is not
surprising as many of the ID93-specific antibodies may be conformationally dependent.
Futher the residual antibody response was preferentially IgG1 indicating a loss of GLA
driven IgG2c skewing. Colyophilization of ID93+GLA-SE largely prevented heat stress
induced loss of ID93-specific antibody responses, indicating that the protein structure was
protected by this process. This would suggest that protection of antigens against heat stress
is a more critical parameter for vaccines that rely on antibody responses for protective
efficacy than vaccines such as ID93+GLA-SE that rely on T cells for protective efficacy.
Indeed the heat stressed separately vialed liquid vaccine retained a degree of protective
efficacy against experimental challenge with aerosolized Mtb. As we have found previously,
induction of a TH1 response against ID93 correlates with vaccine efficacy [19]; however,
there is not always a direct correlation between TH1 magnitude and magnitude of protective
efficacy. This is likely due to limitations of the Mtb infection model in mice. Despite these
caveats there is a clear relationship between the ability to retain GLA concentration by
lyophilization in the face of thermal stress, the retention of TH1 induction, and maintenance
of protective efficacy. Further optimization of the lyophilization process will focus on
minimizing the loss of GLA concentration during thermal and other stress events. Additional
optimization may be needed to minimize the increased thermal sensitivity of GLA when
ID93 and GLA-SE are covialed.

Overall we find that covialing of liquid ID93+GLA-SE does not impair either its
immunological activity or the resulting protective efficacy against M.tb. as long as the cold
chain is maintained. Covialing has very practical benefits of a decreased burden for shipping
and storage resources as a vaccine against M.tb. is implemented globally. Lyophilization of
the covialed ID93+GLA-SE rendered the vaccine impervious to the detrimental effects of
prolonged exposure to elevated temperatures. By reducing the need for cold chain
maintenance we can significantly reduce the practical barriers to delivering a candidate
tuberculosis vaccine – and therefore increasing accessibility worldwide. Of note the GLA-
SE adjuvant is also included in a number of other vaccine candidates in clinical trials
including vaccines for malaria, leishmaniasis, and schistosomiasis. In addition, other
formulations of GLA are being considered for vaccines against influenza, HIV, and
hookworm. Vaccines against all of these diseases will benefit from the reduced cold-chain
requirement achieved by successful lyophilization of these adjuvants.
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Figure 1. Lyophilization and reconstitution do not affect the appearance of ID93+GLA-SE
Representative images of liquid (left), lyophilized (center), and reconstituted (right) vials of
ID93 + GLA-SE. Vials were unstressed (top row) or stressed (bottom row) at 50°C for 30
days.
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Figure 2. Lyophilization and heat stress do not significantly alter the physicochemical
characteristics of ID93+GLA-SE
Particle characterization of liquid and reconstituted lyophilized samples containing ID93
and/or GLA-SE as indicated in the figure labels. (A) Z-Average diameter and (B)
polydispersity index from DLS experiments are shown. (C) Zeta potential measurements
and (D) particle concentration measurements from nanoparticle tracking analysis are also
shown. Filled bars represent unstressed samples (i.e. stored at 4 °C for 30 days) and open
bars represent samples stressed at 50°C for 30 days.
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Figure 3. Lyophilization of ID93+GLA-SE prevents heat induced loss of ID93
Reducing SDS-PAGE with SimplyBlue™ staining of covialed ID93 + GLA-SE liquid (lanes
1 and 3) and reconstituted lyophilized samples (lanes 2 and 4). Samples were either
unstressed (lanes 1 and 2) or stressed (lanes 3 and 4) at 50°C for 30 days. Unstressed GLA-
SE and ID93 are shown for comparison (lanes 5 and 6, respectively).
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Figure 4. Lyophilization of ID93+GLA-SE limits heat induced loss of GLA
Chemical integrity of adjuvant components was determined by reversed-phase HPLC.
Liquid and reconstituted lyophilized samples containing ID93 and/or GLA-SE, as indicated
in the figure labels, were analyzed. (A) GLA, (B) DMPC, and (C) squalene concentration
were determined from standard curves and (D) a representative chromatogram is shown.
Filled bars represent unstressed samples and open bars represent samples stressed at 50°C
for 30 days.
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Figure 5. Lyophilization of ID93+GLA-SE prevents loss of biological activity due to heat stress
Mice were immunized with saline or liquid, liquid covial, or lyophilized covial ID93+GLA-
SE exposed to 4°C or 50°C for one month. (A) B and T cell blood counts were determined
18 hours after immunization. (B) ID93-specific serum antibody titers were determined three
weeks after the first immunization. (D) The frequency of ID93-specific CD4 T cells in the
spleen were evaluated one month after the final immunization by analyzing cytokine
production following in vitro restimulation with ID93. One month after the final
immunization animals were challenged with a low dose of aerosolized M. tuberuculosis.
Bacterial burden in the (D) lung and (E) spleen were determined three weeks later. Data are
displayed as mean + s.d. of N=5 −7 mice/group. Data are shown from one of two
experiments with similar results. *, **, ***, and **** indicate P<0.05, 0.1, 0.001 and
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0.0001, respectively, relative to saline. n.s. not significant relative to saline. Statistical
comparisons between 4ºC and 50ºC samples are indicated.
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