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Despite the ever present need for an effectiveMycobacterium tuberculosis (Mtb)

vaccine, efforts for development have been largely unsucasful. Correlates of immune
protection against Mtb are not wholly de ned, but Thl and likely Th1l7 adaptive
immune responses have been demonstrated to be necessary fowvaccine-mediated

protection. Unfortunately, no approved adjuvants are abldo drive a Th17 response,
though recent clinical trials with CAFO1 have demonstrategbroof of concept. Herein

we present the discovery and characterization of a new clasef potential Th17-inducing

vaccine adjuvants, alpha-branched trehalose diester motailes @TDE). Based off the
Mtb immunostimulatory component trehalose dimycolate (TDMe synthesized and

evaluated the immunostimulatory capacity of a library of mictural derivatives. We
evaluated the structure activity relationship of the compands in relation to chain length
and engagement of the Mincle receptor, production of innatecytokines from human

and murine cells, and a pro-Thl7 cytokine prole from primay human peripheral
blood mononuclear cells. Murine cells displayed more struaral tolerance, engaging
and responding to a wide array of compound chain lengths. lm@restingly, human
cells displayed a unique speci city for ester chains betwee 5 and 14 carbons for

maximal immune stimulating activity. Evaluation of two disict aTDEs, B16 and B42,

in concert with a recombinantMtb antigen demonstrated their ability to augment a Th17
immune response against aMtb antigen in vivo. Collectively this data describes the
species-speci ¢ structural requirements for maximal huma activity of alpha-branched
trehalose diester compounds and demonstrates their capaty to serve as potent
Th17-inducing adjuvants.

Keywords: mincle receptor, trehalose diester, Mycobacterium tuberculosis,  C type lectin receptor, adjuvant, Th17

INTRODUCTION

Globally, there are still a number of pathogens that causgra sant burden of disease for which
limited to no vaccines or prophylaxis is available. Among éhissthe gram negative bacterium
Mycobacterium tuberculogisltb) which infects an estimated 10 million people per year resgltin
in over a million deaths annually. Of even greater concerhésihcreasing spread of extensively
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drug-resistant strains (XDR), which result in over 0.5 moilli  (TDES). In these early SAR studies, longer acyl chains (legtwe
deaths per year. It was recently determined that the majorit0 and 26 carbons) linked to the trehalose core were negessar
of cases of XDR tuberculosis are likely due to transmissiofor activity of these compound#, 23). Subsequently, trehalose
rather than inadequate treatmeni)( suggesting that control diesters demonstrated superior innate immune stimulating
of the epidemic of drug-resistant tuberculosis would bene tactivity when compared tenoncester counterpoints but failed
greatly from a new safe and e ective vaccine. Howeveto demonstrate signicant dierences in activity between
vaccine development against this pathogen has been plagueddompounds with di ering acyl chain lengths2{). However,
ine ective candidates and the absence of strong clinicaldates this subsequent study focused on unbranched acyl chains
of protection. between 14 and 22 carbons long so questions remain as to
While the understanding of protective immunity tditb  the activity of the shorter acyl chain and branched acyl chai
remains incomplete, animal model and clinical data sugdedtsd  containing compounds. Furthermore, assessment of acyhchai
functional CDAC T cell response featuring the expression of Thldength of symmetricala-branched TDEs between 18 and 34
type cytokines is crucial for protection against TB«). Recent carbons did not establish a clear correlation between leagth
data also support a role for IL-17 in the protective immunity biological response2).
conferred by an antMtb vaccine. For instance, upon aerosol These initial studies have paved the way for improved
infection with Mtb, murine lungs show increased expression ofinderstanding of this class of synthetic TDM-derivatives bu
IL-17, which is ablated in the absence of IL-Z3. (Pre-clinical systematic biological evaluation of TDE acyl chain variants
observations %-7) suggest that the IL-23/IL-17 axis alone isand SAR in both human and mouse cells is still lacking.
not su cient for protecting from Mtb infection but that it can Therefore, in this study we created an exhaustive library of
augment the immune response directed agaiti. Th17 o ers  synthetica-branched trehalose diester compound3 DESs) with
long-term control of bacteria growth, a critical component o varying chain lengths and assessed their ability to moeulat
an e ective vaccineq, 9). While Th17 cells induce factors (e.g., both human and murine immune responses. Striking species-
IL-17, IL-8) involved in neutrophil recruitment at the sitef o specic dierences in SAR were noted between human and
infection, they are also shown to be responsible for reargiti murine systems. We determined that in human cells an optimal
IFNg-producing protective memory CB@ Thl cells to the site chain length for maximal immune stimulation is between
of Mtb infection (L0). Khader and colleagues demonstrated that& and 14 carbons, while the murine Mincle receptor was
successful protective vaccine strategy will rely on populdtieg more promiscuous responding robustly to branched TDEs
bacterial entry areas with IL-17-expressing cells that wipond  with chain lengths of 10-22. We also demonstrate that
rapidly to the infection. the most active compound is an e ective adjuvant with
Thus, a successfullitb vaccine must be able to induce recombinantMtb antigen, M72, to drive an antigen-specic
these adaptive immune responses to confer protection. Vaccirihl7 immune responsia vivo. Collectively this study highlights
strategies which target immunostimulatory components o th the importance of SAR in the immunostimulatory activity of
pathogen itself are often the most successful at simulatingovel synthetic adjuvants in both mouse and human cells
durable immunity following vaccination. The cell wall of and demonstrates the superior adjuvanticity of mid-chain
Mtb is structurally composed of many immunostimulatory length aTDE compounds to drive a vaccine-mediated Th17
lipids and systematic analysis of these components resulted immune response.
identi cation of the immunostimulatory glycolipid trehake-
6,6-dimycolate (TDM) (L1). Nearly fty years later, the C MATERIALS AND METHODS
type lectin receptor (CLR) Mincle was identi ed as the innate
immune receptor responsible for the activity of TDMZ 13. Materials
Because of its highly potent immune-stimulating properties,THP-1 and Raw264.7 cells were obtained from ATCC (Manassas,
TDM has proven too reactogenic for human us@4(15; VA), TDM was obtained from Sigma (St. Louis, MO), TDB
however, many groups have explored synthetic derivatives @éfom Avanti Polar Lipids (Alabaster, AL). MMG was prepared
this natural molecule with matched immunostimulatory adty  according to the procedure of Andersen et a6 aTDEs
but diminished toxicity. The most advanced of these syrithet were synthesized from 23,8 4,4-hexa-O-trimethyl silyla,a"-
derivatives is the non-branched, synthetic diester comgbunD-trehalose and the appropriate carboxylic acid potassiunesalt
trehalose dibehenate (TDB). For clinical use, TDB has begweviously described(?). The general procedure for preparation
formulated with dimethyldiocyadecylammonium (DDA) in a of alpha branched TDEs was completed as follows:
nanoparticle liposome formulation, CAFO16). This adjuvant 2,23,3 4 £ Hexa-trimethylsilyla,a-D-trehalose  (2.1767g,
formulation has been evaluated in human clinical trialshwit 2.81 mmol) was dissolved in anhydrous methylene chloride
various vaccine candidates including HIV, inuenza and TB(32mL) and anhydrous pyridine (1.8 mL, 22.28 mmol) under
(16-19) with varied success. nitrogen with stirring before being placed on a salted icehbat
Previous studies have described the structure-activityTriic anhydride (1 mL, 5.92 mmol) was added over 30 min
relationship (SAR) of synthetic trehalose derivatives ireaort ~ maintaining the internal temperature below ®. The reaction
to explore the underlying structural drivers of biologicatigity =~ was monitored by TLC (20% ethyl acetate/heptane) and upon
and reactogenicity. Some of these studies have focused oompletion was diluted with methylene chloride (100 mL).
understanding the impact of the carbohydrate moie®,(21)  The solution was washed twice with cold 0.5M HCI (50 mL),
or acyl chain length on activity of unbranched trehalosesthes aqueous saturated sodium bicarbonate, brine, dried owiiuso
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sulfate, ltered and concentrated providing the 22%4,4  Transgenic HEK Cell SEAP Assays
hexa-trimethylsilyl-6,8bis(tri ate)-a,a-D-trehalose  (2.8845, Human and mouse Mincle expressing HEK cells were obtained
99%) which can be used as is or stored in 80 C freezer for from Invivogen (San Diego, CA). Cells were cultured acamydi
4—6 weeks. to the manufactures instructions in DMEM with 10% FBS, 50
Alpha branched acid (2 mmol) was dissolved in anhydrougJ/ml penicillin, 50 mg/ml streptomycin, 100 mg/ml Normocin,
THF (2 mL) and treated with 2M potassium trimethylsilanolate 2 mM L-glutamine, 30ng/ml blasticidin, Img/ml puromycin and
in THF (1.1mL, 2.20 mmol). If a precipitate formed, the 1x HEK-Blué" CLR Selection. For assay, indicated compounds
acid salt was ltered and used as is. If not the reactionwere serially diluted in diluent (50%IPA/50% isooctane),n20
was poured into diethyl ether the resulting precipitate waf a 10x nal concentration were applied to the bottom of a
isolated by ltration. The solid was dried under high vacuum 96-well tissue culture plate and the solvent was evaporated fo
to provide the potassium salt of the alpha branched acid1h in a biosafety hood. HEK cells were applied to the plates
and was combined with 223 %4 £hexa-trimethylsilyl-6,8  at a density of 3 1P cells/well and incubated for 18-24 h
bis(tri ate)-a,a-D-trehalose (933.7mg, 89%mol) and 18- at 37 C. Cell supernatants were harvested and analyzed via the
crown-6 (237.4mg, 898'mol) in anhydrous toluene (17 mL). manufacturer's instructions using Hek-BIllé Detection. SEAP
The reaction was heated to ® and until the reaction activity was assessed by reading the optical density (OD)at 62
was complete by TLC (30% ethyl acetate/heptane). Heptar®5 nm with a microplate reader; data are expressed as the fold
(30mL) was added and the organic solution was washechange in OD over vehicle treated cells.
with water (20mL) and concentrated. The resulting residue
was subjected to chromatography on silica gel eluting wittiHHuman Cell Isolation and Compound
a gradient of 0—-25% ethyl acetate in heptane. All producTreatment
fractions were combined, reduced in vacuo and dried undepBMCs were obtained via leukapheresis from normal donors
high vacuum to provide 2%8,34,4hexa-trimethylsilyl-6,6  (AliCells, Berkeley, CA) or fresh blood was obtained from Healt
bis(acyl)a,a-D-trehalose. human donors through a University of Montana Institutional
2,2.3,34,£hexa-trimethylsilyl-6,Bbis(acyl)a,a-D- Review Board (IRB) approved protocol. PBMCs obtained via
trehalose product was dissolved in anhydrous l:leukapheresis were washed in 1x PBS and cryopreserved in
methanol/methylene chloride (0.1M) and Dowex 50WX8freezing media (50% RPMI, 40% FCS, 10% DMSO) for future use.
(500 mg per 256mmol) was added with stirring and monitored PBMCs from on-site human donors were separated from whole
by TLC (30% ethyl acetate/heptane for starting material &% 1 plood via density gradient separation using Histopaque 1077
methanol in methylene chloride for product). Upon completion, (Sigma). Cells were washed in RPMI media containing 10% heat
the reaction was ltered through celite concentrated andigtt  jnactivated FBS, penicillin/streptomycin/glutamine (contple
by chromatography on silica gel eluting with a 0-50% methanahedia) and resuspended at the desired cell concentration in
in methylene chloride gradient. complete media. Cells were treated with the indicated compound
All compounds were isolated to at least 95% purity and fulloncentrations by addition to plates coated with a serialtibh
characterized byH NMR and HRMS Gupplemental Figure 1 of the stock compound in diluent (50% isopropanol/50%

and data not shown). isooctane, fully evaporated).
All compounds were solubilized and diluted in a 50%

isopropanol (IPA)/50% Isooctane solution. For plate coat2y, Cytokine Analysis

m of compounds were applied to the bottom of tissue cultureSupernatants were harvested from treated cells following 18—
plates and allowed to dry for 1h for solvent evaporation. 24h of incubation. Supernatants were analyzed using a DuoSet
Compounds forin vivo studies were formulated in DDA:DSPC TNFa ELISA (R&D Systems, Minneapolis, MN) or Luminex
(distearoyl-sn-glycero-3-phosphocholine) liposomes usary multiplex panel for analytes TNE IL-1b, 1L-6, IFNg, IL-
adapted thin-Im method. Briey, lipid components were 12p70, and IL-23 (R&D Systems) per the manufacturers
dissolved in 9:1 chloroform:methanol in a round bottom instructions. Multiplex analysis was performed using a Luminex
ask and evaporated by rotary evaporation under vacuun00 instrument (Luminex Corporation) and analyzed with
to create a lipid thin Im. The lipid thin Ims were dried StarStation2.3 software. ELISAs were read on a plate reader a
under high vacuum overnight at room temperature to remove450 nm and cytokine concentration was calculated by ttihg t
any residual organic solvent. Films were rehydrated usingtandard curve OD values to a 4-parameter logistical modabusi
10mM TRIS buer (pH 7.4) at a lipid concentration of curve tting software (XL t, IDBS, Alameda, CA).

8.4 mg/ml and sonicated to reduce particle size at@®6

Samples were sonicated until the particle sizeydZwas In vivo Experiments

below 100nm as measured by dynamic light scatterind\nimal studies were carried out in an OLAW and AAALAC
(Supplemental Figure 2and were then sterile Itered by syringe accredited vivarium in accordance with University of Montana
0.22nm PVDF ltration into sealed, sterile, depyrogenated IACUC guidelines for the care and use of laboratory animals.
glass vials. Quantitation of TDE compound in liposomalGroups of 10-14 BALB/c mice were vaccinated intramuscularly
formulations was determined by RP-HPLC using gradientwith 0.125mg M72 antigen and indicated concentrations of
elution with charged aerosol detection against a 5-poinvarious CLR adjuvant candidates (liposomal formulations) in
standard curve. 50 ml total volume per injection. After 14 days, blood and
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serum samples were collected and a secondary vaccination was
administered. At day 19 (5 days post-secondary vaccingt8»9 r fgra
mice per group were euthanized and spleens were harvested the Hoﬁg;{ oTDE #ofR
assessment of cell-mediated immunity. At day 28 (14 days post "~.7") o«TDE Compound | carbons
booster vaccination) the remaining 7 mice in each group werg o ”°o B4 1
euthanized and blood was collected for the measurement of M72 o B6 2
speci ¢ humoral immunity. WOKKR =8 5
ELISA for Anti-M72 Antibody Quanti cation o on B10 4
Sera was collected from mice 14 days post-primary and 14 days 0)‘\{\%4 B12 5
post-secondary injection and diluted according to the expéct Hsﬁ% i B14 6
antibody response (between 1:10 and 1:5000). Plates weeelcoa S © sTDCM 16 -
with 100ml of the full-length M72 protein at Ing/mL. Following “0?# -
washing (PBS plus tween 20) and blocking (SuperBlock, Scytek — © 9 B18 8
Laboratories), plates were incubated with diluted serumifor o o B20 9
followed by anti-mouse IgG, 1gG1, or IlgG2a-HRP secondary o o B22 10
antibody (Bethyl Laboratories) and TMB substrate (BD). &at o o N, Y n
were read at 450nm. Antibody titers were determined by Hgﬁ% s
calculating titer of each sample at OD 0.3. 0 TDM B2 12
_ _ Ho?j B28 13
Splenocyte Restimulation and S o i T — >
Cell-Mediated Immunity Analysis o o — o
Spleens were harvested from vaccinated mice 5 days after o B34 16
secondary injections and splenocytes were harvested py o Nk
disruption of the spleens through a 16én Iter. Red blood Hoég\ ! B36 17
cells were lysed by incubation with red blood cell lysis buer ™ He & TDB B38 18
(Sigma) for 5min followed by washing in 1x PBS. Cells were Hg‘b?j B40 19
plated in a 96 well plate at 5 1(f cells/well in 200mL complete o~ B4z 20
RPMI1640 media. Cells were incubated withmdg/mL M72 5 -
antigen for 6 h at 37C. After 7 h, GolgiPlug (Brefeldin A, BD i 21
Biosciences) was added to each well and incubated & &t PN B46 22
a further 12 h. Following incubation, cells were stainedhwit HO/\Q\OJ}/:\% MMG
the cell surface antibodies against CD3e PerCP-Cy5.5 @onb
Biosciences, 145-2C11), CD4a APC-Cy7 (Tonbo Bioscienc PFIGURE 1 | Overview of structures ofaTDE-derivative compounds
RM4-5) and CD8a PE-Cy7 (Tonbo Biosciences, 53-6.7) anchnd controls.

viability stain (Ghost 510, Tonbo Biosciences). Cells were
treated with cyto x/cytoperm (BD) and stained with anti-IRN
PE-CF594 (BD, XMG1.2), anti-IL2 FITC (Biolegend, JES6-5H4}ytokine production, such as TNE and promote the
anti-IL-5 PE (BD, TRFK5), anti-IL17A BV421 (Biolegend, TE11 development of a Th17 immune response through the induction
18H10.1), and anti-TN& APC (Invitrogen, MP6-XT22). Data of innate cytokines such as IL-6, Ilbland IL-23. We developed
was collected using an LSRII ow cytometer (BD) and analyzed library of synthetic alpha-branched diester trehaloséva¢ives
using FlowJo 10.0 software (TreeStar). Splenocytes were gata®DEs) (Figure 1) to evaluate the structure activity relationship
on live, single cells, then C@3to identify all T cells, then gated of these compounds. In addition, we comprehensively evaluated
as CDLCD8- to identify CD4 T cells or CD4-CD@8 to identify  the immune stimulating capacity of these synthetic TDEs in
CDS8T cells. Gates for intracellular cytokine positive CD4 omoth murine and human systems. This library of compounds
CD8T cells are set based on re-stimulation of naive splemscyt ranged from a single carbon on each acyl-chain branch to kengt
Gating strategies for the detection of antigen speci c €&hd  roughly equivalent to the shorter asymmetrical chain on TDM,

CDS8C T cells are outlined irsupplemental Figure 3 22 carbons.
To investigate the capacity of these molecules to bind to
RESULTS and activate the Mincle receptor, we used human embryonic
L . . kidney (HEK) cells expressing the human or mouse Mincle
Activation of Mincle in Response to a receptor along with an NkB-driven secreted embryonic
Library of a-Branched TDEs alkaline phosphatase (SEAP) reporter. Many of EDE

The Mycobacterium extract trehalose dimycolate (TDM) hagompounds were able to induce production of SEAP in a
been identied as an immunostimulant that works primarily dose dependent mannerFigure 2. HEK null cells (HEK

through activation of the pattern recognition receptor Mincle cells containing the NF-kB reporter without Mincle receptor)
(12, 13). It has widely been shown to induce inammatory were used as a negative controls to conrm the receptor
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A B C G hMincle mMincle
2" B 2 —Bts  »" Compound| EC50 (ug/mi) | Max SEAP | EC50 (ug/mi)| Max SEAP.
5. - B 54 —B18 5 g 4 B4 . 111(014)| 1225 | 3.08(045)
2 =B g +B20 2 < B6 7387 161(029)| 03978 1.95(0.42)
5 ¢ B0 5 & s B2 6 s B8 6346 [1.20(019)| 1692 | 2.11(039)
T, e :5 z , . Bz, B10 - 121(018)|  2.247 200 (0.59)
& g $ _ e B 2 B12 7243 |119(0.19)| 0891 | 2.36 (056)
3 2 =3 32 gy B 2 I B14 - 121(020)] 1161 | 2.58(062
& g5 =% = ' S 4
ol ol o B32 0l B16 - 162 (0.39) 2.84(0.79
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 B18 0.3547 2.55 (0.60) 0.524 5.36 (1.00;
[Compound] (ug/ml) [Compound] (ug/ml) [Compound] (ug/ml) B20 0.119 3.33(0.88)| 0.3059 8.38 (1.60
B22 03176 [307(0.80)| 06807 | 7.74 (124
D E F B24 00966 [2.79(081)[ 06346 | 7.70(1.34)
B26 0.2892 3.06 (0.68) 0.9972 743 (1.58)
12 B 2 12 - B28 00894 [3.36(050)| 06846 | 8.39 (1.53)
510 B 510 510 + 83 LU B30 0.05312  [3.41(057) 1.157 8.96 (1.69)
g, =B g, 2, ;83 () B32 008364 [ 4.10 (047)| 0.08167 | 10.59 (1.75)
kS B10 £ z —+— B40 ) B34 5.18 (0.59) 8.37 (1.11)
g © =Bz g °© g ° bl o B36 2953 |4.36(065)| 3558 | 6.03(0.89)
R . <B4 F 4 P = Bl6 B38 1234 |549(0.76)| 1832 6.24 (0.67)
T, @ =i A z, z , = B40 557 (043) 862 (1.02)
N % <o <o B42 1773 [7.04(152)| 2134 | 7.26(144)
0.1 1 10 100 . 0.1 1 10 100 B44 3.80 (1.03) 6.95 (1.69)
[Compound] (ug/ml) [Compound] (pg/ml) [Compound] (ug/ml) B46 5.68 (1.82) 193.7 7.56 (2.36)
FIGURE 2 | Activation of human or mouse Mincle in response to synthetiaTDE compounds. The indicated compounds were dissolved in 5%
isopropanol/isooctane, serially diluted in vehicle and thredried to the bottom of a tissue culture plate. HEK cells trasfected with human (A—C) or mouse (D—F) Mincle
and an NFkB-driven SEAP reporter were incubated with the compounds fv24 h followed by assessment of the supernatants for SEAP lels. Data are represented
as fold change in O@y5g over vehicle treated cells. Graphs are mean values from theendependent experiments  SEM. Table in(G) represents the average
calculated EC50 and average max SEAP value (SD, n D 3) for each compound in each cell line.

speci city of the compounds in HEK cells expressing human ompotency (higher EC50) for both human and murine Mincle-
mouse Mincle reporter Supplemental Figure 4. The positive induced SEAP induction was noted for the longer chain
control reference compounds, including synthetic trehalos compounds compared to the mid-chain compounds while higher
dicorynomycolate (sTDCM), trehalose dibehenate (TDB) andnaximum SEAP production was achieved for these longer chain
TDM, all demonstrated robust ability to activate both humarda compounds Figure 2G. For all compounds diminished peak
mouse Mincle-expressing HEK cellSupplemental Figure $  SEAP levels in the human vs. the mouse cells in response to these
The relative activity of TDM and TDB in the human and compounds was seefigure 2G).
mouse HEK cells is consistent with the results reported by As indicated above, non-classical dose response curves were
others @0). Of note, the TDB and sTDCM were more potent observed for several compounds with an increase in SEAP
in the mouse vs. the human Mincle receptor transfectegroduction at lower compound concentrations that drops o
HEK cells Supplemental Figure %. Interestingly, the Mincle at higher doses. We have previously noted a similar non-
agonist synthetic glycerol monomycolate (MMG)§{ did not  classical dose response curve when evaluating TLR7/8 ligands
display human specicity in this assay as it was able ton the HEK systemZ9) and we routinely see this phenotype in
activate both human and mouse Mincle receptor on HEKprimary human cells with cytokine production, mostly as a fiesu
cells and was in fact more potent in mouse Mincle HEKof paracrine signaling feedback loops from various cell types.
cells Supplemental Figure 5. This synthetic version is a To investigate this phenotype in this system, cell viabilityswa
shorter chain version of the lipid-derived one reported to beassessed to determine if the loss of signal at the highersdose
“human-speci c” (29). was simply as a result of cell death induced by the compound.
For theaTDE compound library, Mincle/NF«B-driven SEAP For some of the compounds, B8, B10, B12, and TDB, there
reporter activity generally fell into three categories: rsfie  were marked decreases in viability at the top concentration
chain compounds, B4-B14, mid-chain compounds, B16-B32\lany others demonstrated less substantial decreases, drat w
and longer chain compounds, B34-B46. Compounds B4-Blgtill more than 5 standard deviations away from the average
were unable to induce measurable SEAP production fronof the vehicle only-treated cells. These included B14, B16,
hMincle expressing HEK cells across the broad dose rand#l8, B20, B22, B24, and TDM S$upplemental Figure §.
evaluated Figure 2A). These short chain compounds were However, similar to previous investigations in the TLR7/8 HEK
weakly stimulatory with the mMincle HEK cell§Figure 2D).  system 29) there was not a clear correlation between viability
A similar species trend, higher activity in murine receptor-and compound activity suggesting a mechanism other than
expressing cells, was discovered with the mid-chain B16-B3®&tivation-induced cell death for this recurring phenotype i
compounds. Moderate, dose-dependent SEAP induction wadbese cells.
noted in hMincle HEK cells, but more robust activity was noted . .. .. . .
from mMincle HEK cells (Figures 2B,E). Some compoundetht Structure-Activity Relationships of
exhibited a dose-dependent decrease in SEAP activatiolfehalose Diester Compounds in Human
at higher compound concentrations suggesting feedbacland Mouse Cells
inhibition or toxicity at higher compound concentrationsh&€se Next, investigation into activity of the alpha-branched TDE
atypical shapes precluded curve tting and EC50 determinatioompounds was extended to include both human and murine
for some compounds. For those e ectively evaluated, lowemonocytic cell lines, THP-1 and RAW264.7, respectively séhe
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FIGURE 3 | TNFa production from human THP-1 cells in response to stimulatio with syntheticaTDE compounds. The indicated compounds were dissolved in 5%
isopropanol/isooctane, serially diluted in vehicle and thedried to the bottom of a tissue culture plate. THP-1 cells wee applied to the compound-coated plates and
incubated at 37 C; supernatant was harvested 24 h later and analyzed for TNFvia ELISA(A-E). Results from the 200mg/ml concentration vs. each compounds acyl
chain length are shown in(F). Data points are average of at least two independent experients ~ SD.

cell lines have previously been reported as responsive to the2-fold from 105.75 pg/ml (21) to 228.97 pg/ml (83)
Mincle receptor agonists TDM and TDEB(), 31). The reference (Figures3D,H. The only outlier to these general structure
compounds sTDCM and MMG demonstrated potent, robustactivity relationship (SAR) trends was the compound B26, tvhic
induction of TNFa from the human THP-1 cellsKigure 3A).  induced roughly equivalent levels of Tllas B14/B16.

TDM and TDB also demonstrated activity at the highest The compounds were also assessed in a murine macrophage
concentrations tested, but were less potent and e caciownth cell line, RAW 264.7. Absolute TNFvalues in response to
the other known Mincle agonists. Biological activity of thethe compounds from experiment to experiment varied greatly
synthetic a-branched trehalose diesters demonstrated a cledFigure 4P, but curve shapes and compound SAR trends
chain-length and dose-dependent activity pro le. The shstte remained consistent between replicates. In the murine célls a
compounds, B4-B10 with chain lengths of 1-4 carbons, andontrol compounds, except MMG, were highly potent inducers
longest compounds, B32-B46 with chain lengths of 15-28f TNFa, demonstrating almost half maximal responses at the
carbons, were inactive for induction of TMFfrom human lowest concentrations testeBigure 4A). The short chain length
THP-1 cells Figures 3B,E . In contrast, compounds with a compounds, B4-B10, demonstrated some activity but with lyighl
single chain length of 5 carbons, B12, through a chain lengtbdiminished potency compared to longer chain compounds, with
of 14 carbons, B30, demonstrated robust dose-responsiv@aTNRn average of 15-fold increase in ECHtg(re 4B). Similar
cytokine production. These “mid-chain length” compoundsto the human THP-1 cells the mid chain-length compounds,
fell further into two categories with B12-B20 demonstratin B12-B20, were very active (low EC50) but displayed roughly 2-
the highest potencies and greatest maximum cytokine levetsld lower maximal levels of TN#(Figures 4C,F. In contrast
(Figures 3C,B. The remaining mid-chain length compounds, to the results in human THP-1 cells, the remaining long-
B22-B30, were markedly less potent, demonstrating an alfiost chain length compounds, B22-B46, were all very potent and
fold increase in average EC50 of the groups, and less e caciowe cacious for induction of TNFa from the murine RAW

at inducing TNR, average peak levels of the groups di ering264.7 cellsKigures 4E,D. These results are consistent with the
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FIGURE 4 | TNFa production from mouse RAW 264.7 cells in response to stimulégon with syntheticaTDE compounds. The indicated compounds were dissolved in
50% isopropanol/isooctane, serially diluted in vehicle anthen dried to the bottom of a tissue culture plate. RAW 264.7 ells were applied to the compound-coated
plates and incubated at 37 C; supernatant was harvested 24 h later and analyzed for TNFvia ELISA(A-E). Results from the 200mg/ml concentration vs. each
compounds acyl chain length are shown in(F). Data points are average of at least three independent expenents, for ease of interpretation SEM are only displayed
in (F).

human and murine activity previously noted in the HEK cellor compound-specic phenomenon, the response of a
reporter system. heterogeneous primary human PBMCs to #®iEDE compound

. library was also evaluated. Primary human PBMCs were
CytOKme Pro le Induced by aTDE incubated with theaTDE compound and supernatants were

Compounds in Cell Lines and Primary evaluated by multiplex cytokine ELISA for THF IL-1b,
Human PBMCs IL-23, IL-6 (Th17 associated) and IgNand IL-12p70 (Thi
In addition to the pro-in ammatory cytokine TNR, production — associated). As with THP-1 cells, robust dose-responsive
of several other Th17/Thl-stimulating cytokines were eatdd  induction of TNFa and IL-1b was detected, but unlike the
in response to the TDE library in a multiplex assay fromTHP-1 cells dose-responsive stimulation of IL-6 and IL-23
both murine and human cell lines. Interestingly, in responseproduction was also noted in response to a subset of the
to the aTDE compounds THP-1 cells only produced Ilb-1 aTDE compounds Figure 5. No production of the Thl-
and TNFa and none of the other cytokines examined (IL-6,associated IF or IL-12p70 were detected (data not shown).
IL-23, IL-12p70, IFN (Supplemental Figure J. However, the The relationship between compound structure and cytokine
relative SAR between the compounds and cytokine productioproduction was similar to what was previously noted in
demonstrated with the TN& ELISA was recapitulated in the the human THP-1 cell line, though some dierences were
multiplex assay for both TN and IL-1o with the mid- observed. While B4-B10 were largely inactive in human
chain length compounds being the most active. The multipleX HP-1 cells Figure 3B and Supplemental Figures 6A,B
experiment was also performed in the murine cell line andThl7-associated cytokines were readily detected from muma
demonstrated similar results as the human cell line wher®BMCs in response to B10 and B&idure 5 left graphs).
production of only TNFRa was detected from the murine cell The aTDE compounds B6 and B4 gave mixed responses,
line (Supplemental Figure §. inactive with some donor PBMCs and low activity in others.
To determine if the abridged cytokine repertoire inducedConsistent with the previous THP-1 cell responses, the longer
by the compounds from the cell lines was a cell-speci cchain length compounds, B32-B46, induced minimal cytokine

Frontiers in Immunology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 338


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Smith et al. Structure-Driven Activity olaTDE Compounds

1-4 carbons 5-9 carbons 10-14 carbons 15-22 carbons
2000 -~ B4 2000 ~ B12 2000 -~ B22 g§§§1 T B32
= = B6 = - B14 = ~ B2 = B34
3 E 1500 ~ B8 E 1500 = B16 E 1500 ~B2 £ - B36
w & B1o 2 ~B18 B8 B2g 81500 + B38
> g 1000 3 1000 - B20 2 1000 = B30 34000 — B40
= = z z -+ B42
= k500 £ 500 // £ 500 Z 500 - B44
ot ——a—9 04 L= Py e e — g B46
1 10 100 1 10 100 1 10 100 1 10 100
[Compound] (ug/ml) [Compound] (ug/ml) [Compound] (ug/ml) [Compound] (pg/ml)
6000 6000 6000 -+ B22 6000
- B4 ~ B12 ~ B24 - B32
£ =B6 E B4 = -+~ B26 = B34
e, 5 4000 Bg 4000 = B16 £ 4000 B28 £ 4900 - B36
g - 2 ~B18 2 2
-~ = B10 = = = B30 2 -+ B38
2 N +B20 = =t — B40
1 2 2000 & 2000, 2 2000 5 2000 QA + B42
ot | = = = - B44
- B46
ok 0 ok ol =
10 100 1 10 100 1 10 100 1 10 100
[Compound] (ug/ml) [Compound] (pg/ml) [Compound] (ug/ml) [Compound] (ug/ml)
6000 - B4 6000 ~ B12 6000 - B22 6000 o B32
- - B6 < B14 _ ~B24 - B34
E 4000 + B8 E 4000 = B16 E 4000 -~ B26 E 4000 = B36
© 3 B10 B +~B18 B B28 2 ~+ B38
1 b= = - B20 g = B30 o — B40
= = 2000 = 2000 = 2000 = 2000 -+ B42
= = = < - B44
04 0 mm z ¢
1 10 100 1 10 100
[Compound] (ug/ml) [Compound] (pg/ml)
2500 2500 - B12 2500 : E%ﬁ
=2000 = 2000 < B14  =2000 ~+ B26
™ E E = B16 E B28
PN 21500 2 1500 « B18 21500 = B30
_ll §1ooo § 1000 '+ B20 §1ooo
—- < 500 < 500 < 500
1 10 100 K 10 100 K 10 100 0
[Compound] (pg/ml) [Compound] (pg/ml) [Compound] (pg/ml) [Compound] (pg/ml)
FIGURE 5 | Cytokine production from primary human mononuclear cellsiresponse to stimulation with synthetic trehalose diestecompounds. The indicated
compound was dissolved in 50% isopropanol/isooctane, serily diluted in vehicle and then dried to the bottom of a tissueulture plate. Cryopreserved PBMCs were
thawed and applied to the compound-coated plates and incubded at 37 C; supernatant was harvested 24 h later and analyzed for TN IL-1b, IL-23, IL-6. Dashed
lines depict the level of cytokine of the lowest standard anthus the limit of detection of a given analyte. Results repsent the mean SEM of 5 individual donors.

responses only at the highest dose evaluatdduge 5 right in DDA:DSPC liposomes. The known synthetic Mincle agonist
graphs). Again as previously noted in THP-1 cells, the mid-TDB in a DDA:DSPC liposome was included for comparison
chain length compounds B12-B20 were the most potent antb a Mtb adjuvant currently under clinical evaluation. Similar

e cacious at inducing all Th17 promoting cytokines (TNE  to the studies previously reporte®@ 21, 24), initial in vitro

IL-1b, IL-6, and IL-23) across a wide dose range of compoundnalysis was done using plate coated compounds and subsequent

(Figure 5, 2nd column from left). in vivo studies were performed with liposomal formulations to

L optimize the structural presentation of the adjuvants and due
aTDE B16 Induces Signi cant Th17 to the physiochemical properties (lack of aqueous solubility)
Immunity to M. tuberculosis Antigen M72 for this class of compounds. In contrast to previous studies

The pattern of cytokine production noted above from the humanwith TDB liposomes (CAFO01 and other related formulations)
PBMCs suggests leadTDE compounds could be e ective the liposomes used herein were processed using sonication
vaccine adjuvants to induce a Th17 adaptive immune responsgg6 C) until the particle size (Zavg) was below 100nm as
Based on these promisinig vitro results, the lead candidate measured by dynamic light scatterin§upplemental Figure 2)
aTDE compound B16 (with high human potency) and B42and were then sterile ltered by syringe 0.2éh PVDF ltration

(with high mouse potency) were evaluated for adjuvant agtivi into sealed, sterile, depyrogenated glass vial. To ensuisétyact

in combination with the Mycobacteria tuberculosiantigen, of liposomal formulated compounds, liposomes formulated
M72. M72 is a fusion protein consisting of two mycobacteriaffor in vivo studies were screened on murine RAW cells to
proteins Mtb32a and Mtb39a which are expressed in BC@ssess their responsiveness. The liposome formulations were
and M. tuberculosisstrains 32). M72 contains human CD4  active in RAW cells$upplemental Figure 9 but showed some
and CD& T cell epitopes which are highly conserved indierences in relative potency in comparison to the plate-
over 45 Mycobacteriastrains, including multi- and extreme- coated activity. Unlike the plate-coated responsegre 4),

drug resistant strains 3Q9). For this study, groups of 10 B16 formulated in a DDA:DSPC liposome induced higher
BALB/c mice were vaccinated intramuscularly (i.m.) two téme levels of TNR secretion compared to B42. This result is not
with 14 days between the primary and booster vaccinatiorsurprising since Mincle agonist activity is highly dependent
Increasing doses of B16 and B42 compounds were evaluated formulation.
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FIGURE 6 | Serum antibody levels from mice in response to vaccination ith recombinant M72 antigen and variousaTDE compounds. BALB/c mice, 10 per group,
were vaccinated two times i.m. with 0.125mg antigen plus 2, 10, or 50 nmol of the indicated adjuvant. Serm was analyzed from 7 mice at 14 days post-secondary
vaccination for presence of anti-M72 1gG1 and IgG2a antibodivia ELISA.

Anti-M72 ELISAs were performed on serum from blood Based on the promisingin vivo activity of B16, a
collections at 14 days post-secondary vaccination to asisess comprehensiven vivo study examining the adjuvant activity
antibody response to M72 antigen without and with variousof B16 liposomes with varying doses of M72 antigen was
liposomally formulatedaTDE compounds. Results from the completed. The low M72-speci c antibody titers observed in the
ELISAs demonstrated modest levels of anti-M72 serum IgGihitial in vivo study (Figure 6) as well as increased but variable
and IgG2a antibodyRigure 6). Antigen alone induced negligible frequencies of M72-specic IL-17 T cells led us to design a
antibody titers and the addition of adjuvants boosted thestudy in which the antigen dose was increased while the dose of
response, though not signi cantly higher than the liposomeB16 was held at 10 nmol based on the previous study ndings.
vehicle controls. However, higher levels of IgG1 antibsdvere M72 speci ¢ serum IgG1l and IgG2a antibody titers (measured
seen with alaTDE compounds suggesting a potential Th2 biasedt 14 dp2) were signi cantly improved with increasing doses of
immune response. M72 antigen in the presence of B16 adjuvahkigures 8A,B.

To assess the M72-speci ¢ CB4nd CD& T cell responses Similar to the previous study, the lowest dose of M72 antigen
generated in response to the adjuvants, spleens were hatves(@.1mg) did not exhibit signi cantly higher antibody titers in
from a subset of mice 5 days post-secondary vaccination armutesence of B16 adjuvant, although signi cantly higher geii-
re-stimulated with whole M72 antigen and protein transportspeci c T-cell responses were observed (see below). Theae dat
inhibitors followed by intracellular cytokine staining.d€tor  clearly demonstrate a dose-dependent increase in anti-M72
antigen-speci c T cells were de ned by their cytokine indiact ~ serum antibody titers in the presence of B16 liposome adjuvant
pro le uponrecall: Th1 T cells were identi ed as IFNoroducers M72 restimulation of splenocytes conrmed results from
supported by the production of IL-2 and TN Th2 cells the rst in vivo study demonstrating liposomal B16 induces
were dened as IL-5 producers and Thl7 cells as IL-17Asigni cantly higher frequencies of IL-17 CD4 and CD8T cells
producers. Mice vaccinated with B16 and M72 antigen exhibitedith 0.1 mg M72/mouse and Ing M72/mouse compared to
the greatest frequency of IL-C7 cells in both CD% and antigen plus blank liposomesFigures 8E,F. At the highest
CD&" T cells following antigen re-stimulationF{gure 7).  antigen dose (16g M72), these di erences were not signi cant
Frequencies of IFYy producing T cells were not increased in due to higher responses from the antigen plus blank liposome
comparison to naive mice in any of the vaccinated groupg$Figures 8E,F. Frequencies of ILG CD4T cells are similarly
(Supplemental Figure 1), suggesting that a Th1 response is notincreased in the two lower doses of antigen plus B16 compared to
induced by adjuvant plus M72 combinations. IL-5 productionantigen plus blank liposoméd={gure 8C), but again no di erence
was increased in CB8T cells with 50 nmol B42 (over naive is observed at the highest antigen dose testeéigufe 80).
and liposome control) and 2 nmol B42 (over liposome control;Frequencies of ILG, IL-2C, and TNFRAC CD8T cells are also
Supplemental Figure 19 suggesting a Th2 skewing with B42.increased in the lower doses of antigen plus B16 compared
TNFa production was increased compared to controls in theto antigen plus blank liposome, but not at the highest dose
B42 adjuvanted groups at the highest dose evaluated while [(Supplemental Figure 11B IL-2C CD4T cells were similarly
2 levels were moderately increased over antigen alone it mascreased only in the middle dose of antigen plus B16 compared
adjuvanted groupsSupplemental Figure 1 The frequency of to blank antigen while frequencies of THE CD4 T cells were
multifunctional (IFNg® IL-2€ TNFa®) CD4C and CD& T cells  notincreased in any of the B16 groups compared to their antigen
was also assessed. The frequency of these cells was vendlowraatched blank liposome groupsS¢pplemental Figure 11
few changes were noted (data not shown). Similar to the previous study, no dierences in frequencies
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FIGURE 7 | Induction of IL-17 producing CDAC and CD8C T cells from anaTDE adjuvanted M72 vaccine. BALB/c mice, 10 per group, were imnunized two times
i.m. with 0.125 mg antigen plus 2, 10, or 50 nmol of the indicated adjuvant. Slens were harvested from a subset of 3 mice per group at 5 days @st-secondary
vaccination. Splenocytes were restimulated with Ing/mL whole antigen and transport inhibitors followed by suece staining for CD3, CD4, and CD8 and then
intracellular cytokine staining. Data represent percengge of live, cD¥/CD4C, left, or D3 /CDSC, right, cells that are also positive for IL-17A upon stimulan.

of IFNgC CD8T cells Figure8C or IFNgC CD4T cells Furthermore, route of administration (s.c. vs. i.m.) andigan
(Supplemental Figure 11Atop) were observed between groups.used could account for di erences in results between thislgtu
Collectively, thesen vivo studies show the Th2 and Th1l7 and those previously reported. Di erences could also arise from

adjuvanting capacity of liposomallDE B16. the speci ¢ liposome formulation and processing to a size range
amenable to sterile Itration. In our experience DDA liposomes
DISCUSSION are unstable, non-uniform, and di cult to reproduce so the

liposomal formulations developed for these studies inclu&D

In this study we examined the e ect that acyl chain lengthto stabilize the liposome and allow for stable particles below
has on biological activity of alpha-branched trehalose tdies 100 nm which can be readily sterilized using a Ov#2 PVDF
compounds in both human and mice. A library of molecules |ter, However, DDA liposomes have been shown to e ciently
was evaluated for their ablllty to bind and activate the Cadsorb antigeni@ and whether the addition of DSPC reduces
type lectin receptor Mincle, induce cytokine production from that adsorption with our formulations is not know. Further,
mouse and human macrophage cell lines, and primary humago-delivery of antigen and adjuvant is important for biasing a
PBMCs. The most active compounds induced a Th17-skewinghi response J7). It is therefore possible that adsorption of
cytokine pattern from primary human cells suggesting thatythe antigen by liposomal formulations in this study was not e cig
could serve as Th17-promoting adjuvant molecules. Thisntdi \which may have led to a lack of antigen and adjuvant co-
was supported througim vivo murine studies using a clinical delivery, reducing the Th1 bias of the immune response. Furthe
candidateMtb antigen. DDA liposomes are much largeB§) than liposomes used here,

Several studies of trehalose glycolipids have been perfdemedyhich may lead to dierences in tracking and subsequent
date to assess the structure activity relationship betwlésitlass  immune response.
of compounds and the immunostimulatory activity they exert Several seminal studies on trehalose glycolipids have
(22-29). These studies have been plagued by several limitatiof$vestigated the function of these compounds. Trehalose
including incomplete compound libraries for comprehensivemonoesters are able to activate macrophages in a Mincle-
analysis of structure activity relationships within a singéies  dependent fashior?d) but the diester forms are superior in their
(i.e., alpha branched diesters). In addition, complete bi@agi immunostimulatory capacityd4). While these studies elegantly
evaluation of the compounds in both human and mouse cellgemonstrate the utility of the number of acyl chains decimgt
has been lacking. In previously publishiedvivo studies, Mincle  the trehalose, they fail to exhaustively address the e echafn
agoniStS tend to bias a Th1/Th17 response which is in Contrafﬁéngth on activity; furthermore they perform all their ana@s
to our ndings of a Th2/Th17 response. The loss of Minclein murine cells. Khan et al. completed a detailed analysis of
has been shown to reduce IGNn an infection setting §4)  un-branched chain lengths from 2 to 20 carbons in murine cells
and when DDA liposomes are used as a delivery system, TDB2). These studies are consistent with the ndings reported
and other Mincle |igandS have been shown to bias a Thl/Thlﬁere in that the |0nger-chain ||p|ds are more active at CW|
vaccine immune responséf, 24, 35). While these groups used induction from mouse cells suggesting that the branchinigss
C57BL/6 mice, a Thl-biased mouse strain, Balb/c mice, a Thgmportant for activity in murine cells than acyl chain length
biased mouse strain, were used for the studies reportedrhereiFigure 4) (22, 39).
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FIGURE 8 | B16 liposomes biases a Th17/Th2 adaptive immune response. BiAB/c mice, 14 per group, were immunized twice, 14 days apart,.m with 0.1, 1, or 10
mg of M72 antigen plus either blank DDA:DSPC liposome or B16 &xled (10 nmol nal dose) liposome.(A,B) M72-speci ¢ serum antibody titers at 14 days
post-secondary vaccination.(C—F) Spleens were harvested from mice at 5 days post-secondary weination and restimulated with Img/mL whole antigen and
transport inhibitors followed by surface staining for CD3CD4, and CD8 and then intracellular cytokine staining/C) Percent of live, cD&/CD4C/IL5C cells, (D)
Percent of live, CD¥ /CD8C/IFNGC cells, (E) Percent of live, CD$/CD4C/IL17C cells, and (F) Percent of live, CD$ /CD8C/IL17C cells."p < 0.05, "p < 0.01,

Fokokk

p < 0.001.

Most of the prior Mincle agonist SAR studies focus exclusivelieterogenous primary cell populatiorfriures 3,5. The same
on murine cells. As reported herein, SAR ndings for the varyi  species distinction was not seen in the human vs. murine Mincle-
chain lengthaTDE compounds was strikingly di erent between expressing HEK cells={gure 2); these di erences suggest the
the murine and human cells. In the murine cells the longertransfected Mincle receptors or chimeric mouse receptor with
chain compounds displayed the highest immunostimulatoryhuman signaling components do not re ect the same receptor
activity, the mid-chain length compounds were more potentbinding or signaling as murine and human cells. Alternatively
(lower EC50) but appeared to function as partial agonists athese compounds could be signaling through another C-Type
demonstrated by a decreased maximum cytokine output. In theéectin Receptor in addition to Mincle receptor in primary
human cells, the longer chain molecules were largely imacti human cells and cell lines. Additional studies are needed to
and the greatest activity came from a small window of 5-14urther explore these possibilities. The trends for cell @ttdn
length carbon chains, compounds B12-B30. The human resulis response to the various compounds was very similar between
were recapitulated in both the macrophage cell line and théhe two species in this HEK system. This distinction is likely
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a result of other co-receptors or signaling components that arThese results were also compared with mice vaccinated using
present on macrophages and other immune cell types but ndhe clinical candidate Mincle agonist TDB. TDB was also able
in the transgenic HEK system. It is widely known that Mincleto boost Th17 in mice as previously reportegb), but did so
agonists work through and with other innate immune receptorswith diminished potency over thaTDE compounds. This data
such as MCL, to exert their e ect and these receptors could bsupports thein vitro results and suggests that optimization of
the drivers behind the structure activity di erences seetwsen  structure can enhance potency and potentially vaccine e cacy.
species, rather than direct Mincle interactiodv. These results Collectively, this study demonstrates the utility of mid-ahai
underscore the importance of analysis of structurally waria lengthaTDE compounds as Th17-inducing vaccine adjuvants for
compounds not only in disparate species, but also in the ceNitb vaccines.
type(s) that will most likely be the target of the compound.

The identi cation and development of novel synthetic ETHICS STATEMENT
adjuvants capable of inducing a Th1l7 or Th1l/Thl7 adaptive
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