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Abstract

Adjuvants are materials added to vaccines to enhance the immunological response to an antigen.
QS-21 is a natural product adjuvant under investigation in numerous vaccine clinical trials, but its
use is constrained by scarcity, toxicity, instability, and an enigmatic molecular mechanism of
action. Herein, we describe the development of a minimal QS-21 analogue that decouples adjuvant
activity from toxicity and provides a powerful platform for mechanistic investigations. We found
that the entire branched trisaccharide domain of QS-21 is dispensable for adjuvant activity and
that the C4-aldehyde substituent, previously proposed to bind covalently to an unknown cellular
target, is also not required. Biodistribution studies revealed that active adjuvants were retained at
the injection site and nearest draining lymph nodes preferentially compared to attenuated variants.
Overall, these studies have yielded critical insights into saponin structure—function relationships,
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provided practical synthetic access to non-toxic adjuvants, and established a platform for detailed
mechanistic studies.

Molecular vaccines comprised of subunit antigens are often less immunogenic than whole
pathogens and do not elicit adequate immune responses alone, requiring the inclusion of an
immunoadjuvant to increase immunogenicityl-2. Unfortunately, few adjuvants are
sufficiently potent and non-toxic for clinical use3. QS-21, a saponin natural product from the
Quillaja saponaria tree?, is one of the most promising adjuvants currently under
investigation (Figure 1a)°. It is composed of two isomeric constituents, QS-21-apiose (1a)
and QS-21-xylose (1b)8, which differ at the terminal sugar in the linear tetrasaccharide
domain’. QS-21 has emerged as the immunopotentiator of choice in many recent clinical
trials and vaccines containing QS-21 are under development for several cancers® and
infectious and neurodegenerative diseases (malaria®, HIV10, hepatitis'!, tuberculosis!?,
Alzheimer's diseasel3). Despite its promise, QS-21 suffers from several liabilities including
limited access from its natural source, toxic side effects, and chemical instability due to
spontaneous hydrolysis of the acyl chain. Furthermore, poor understanding of its molecular
mechanism of action impedes rational development of analogues with improved efficacy
and decreased toxicity.

To address these challenges, our group previously achieved the first chemical synthesis of
QS-2114-15, syubsequent studies revealed that simplified acyl chain domain variants having
stable amide linkages retain adjuvant activity and exhibit decreased toxicity6. More
recently, systematic truncation of the linear tetrasaccharide domain identified a trisaccharide
variant with improved synthetic accessibility, albeit with reemergence of toxicityl’. Amine
2 (SQS-0-0-5-11) was also identified as an adjuvant-inactive precursor that could be
converted to active adjuvant 3 (SQS-0-0-5-12), the first fluorescent saponin with potent
adjuvant activity (Figure 1b). In subcellular localization studies, 3 was internalized into
dendritic cells, while two other fluorescent saponins with weak adjuvant activity were notl’.

Herein, we report systematic structure—function studies of the two remaining structural
domains of QS-21 that have led to the development of a minimal saponin adjuvant that is
both synthetically accessible and successfully decouples adjuvant activity from toxicity.
Most strikingly, the entire branched trisaccharide domain proved dispensable for adjuvant
activity in these synthetic saponins. This enabled targeted modifications in the triterpene
domain that revealed that the C4-aldehyde substituent, previously suggested to be involved
in covalent binding to a putative cellular target of QS-2118, is not required for adjuvant
activity. Moreover, incorporation of an aryl iodide motif in the acyl chain domain enabled
biodistribution studies of active/attenuated pairs of radioiodinated saponins in mice,
demonstrating preferential accumulation of active adjuvants at the site of injection and
within the nearest draining lymph nodes. Complementary studies with fluorescent probes
show that co-administration with an active adjuvant increases localization of the antigen
ovalbumin (OVA) to the lymph nodes, suggesting a potential role for antigen trafficking in
the mechanism of action of these saponin adjuvants.
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Results

Initial Evaluation of lodinated Saponins 6 and 8

In our initial efforts, we sought to introduce a radioiodine (1311 into the QS-21 saponin
scaffold to enable in vivo biodistribution studies. We first synthesized the non-radiolabeled
aryl iodide 6 (SQS-0-0-5-18) by acylation of amine 2 (SQS-0-0-5-11)17 (Figure 1b).
Because no in vitro model exists to assess adjuvant activity, biological evaluation of aryl
iodide 6 was carried out in a preclinical mouse vaccination model involving a multi-antigen
formulation comprised of the immunogenic peptide MUC1 (mucin-1, prostate and breast
cancer antigen, non-glycosylated tandem repeat domain) conjugated to the highly
immunogenic KLH carrier protein (MUC1-KLH) and OVA, a reliable immunogen that
induces both antibody and T-cell responses in mice. Antibody responses against each of the
three antigens, co-administered with the adjuvant of interest, were determined by ELISA
(see Supplementary Methods).

Aryl iodide saponin 6 (SQS-0-0-5-18) induced antibody titers comparable to both NQS-21
(natural QS-21) and SQS-21 (synthetic QS-21, 65% l1a and 35% 1b) (Figure 1d-f) and also
exhibited reduced toxicity compared to QS-21, as assessed by mouse weight loss (Figure
1g). As a negative control, we also synthesized the iodinated saponin variant 8
(SQS-0-3-7-18), which lacks the linear tetrasaccharide domain (Figure 1c and
Supplementary Fig. 1) and exhibited poor adjuvant activity (Supplementary Fig. 1).

Biodistribution of Radioiodinated Saponins [1311]-6 and [131]-8

For biodistribution studies, we synthesized radiolabeled aryl iodide saponin [*311]-6 ([*311]-
SQS-0-0-5-18) via aryl tin-halide exchangel® of trimethylstannane 7 (Figure 1b).
Radioiodinated [1311]-8 ([*311]-SQS-0-3-7-18) was synthesized analogously from 9 as a
negative control (Figure 1c).

To identify tissues and organs that could play roles in saponin mechanisms of action, we
compared the acute in vivo biodistribution of the active adjuvant [1311]-6 and the attenuated
adjuvant [1311]-8 in mice co-administered with OVA. Treatment with [1311]-6, compared to
[1311]-8, resulted in significantly higher recovery of radioactivity at the site of injection (17-
fold higher, 78% ID/g [injected dose per gram]) and in the nearest draining lymph nodes
(24-fold higher, 27% ID/qg) at 24 h post-injection (Figure 2a), which was retained at 72 h and
96 h post-injection (Supplementary Fig. 2). In contrast, radioactivity in other tissues where
large fold-differences were initially observed (muscle, bone, skin) decreased rapidly at the
later timepoints. Minimal deiodination of [1311]-6, evidenced by low thyroid uptake (0.21%
ID/g), was observed at 24 h (Figure 2a), although deiodination increased at later time-points
(Supplementary Fig. 2). In contrast, the attenuated adjuvant [1311]-8 was recovered at
significantly lower levels at the site of injection (4.5% ID/g) and nearest draining lymph
nodes (1.1% ID/g) at 24 h post-injection (Figure 2a) and was further cleared from both sites
at later time-points (Supplementary Fig. 2). Taken together, these data indicate that only the
active adjuvant 6 (SQS-0-0-5-18) localizes to and is retained at the injection site and lymph
nodes, while the attenuated adjuvant 8 (SQS-0-3-7-18) is not.
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Other adjuvants that contain mixtures of Quillaja saponins have previously been reported to
affect the biodistribution of antigens?%-21, although it is not known whether biodistribution
of the adjuvant is influenced by the presence or absence of the antigen. To investigate these
effects with these structurally-defined QS-21 variants, we assessed the biodistribution of
active adjuvant [*311]-6 and inactive adjuvant [1311]-8 in absence of OVA (Supplementary
Fig. 3). In both cases, the biodistribution profiles were comparable to those observed in the
presence of OVA above (Supplementary Fig. 2), indicating that the antigen OVA does not
impact the biodistribution of these saponin adjuvants.

In a complementary experiment, we examined the biodistribution of [*311]-OVA in the
presence and absence of active adjuvant 6 (Supplementary Fig. 4). Although comparable
biodistribution profiles resulted, thyroid uptake was also high, indicative of rapid
deiodination of [311]-OVA, which is commonly observed for radioiodinated proteins. Thus,
the influence of 6 upon OVA antigen biodistribution could not be assessed effectively and
an alternative experimental approach was required.

To address this problem, we conducted in vivo fluorescence imaging experiments with
fluorescein-labeled active adjuvant 3 (SQS-0-0-5-12)17 and Alexa-647-conjugated OVA
(OVA-AB4T). At 24-h post-injection, we observed retention of the fluorescent saponin at the
injection site (Figure 2b) and accumulation within the draining lymph nodes (left node in
Figure 2c), consistent with the biodistribution results above. Immunohistochemical analysis
of dissected nodes indicated subnodal localization of 3 to the cortex of the draining inguinal
node. Flow cytometric analysis demonstrated dendritic-cell-specific internalization of 3
within the lymph nodes.1” Moreover, while OVA-A647 was observed at the site of injection
in mice treated with both the active adjuvant 3 and an unlabeled, inactive adjuvant 2
(SQS-0-0-5-11) (Figure 2b and Supplementary Fig. 5), it only localized to the nearest
draining lymph nodes when co-injected with the active adjuvant 3 (Figure 2c). Overall, these
data suggest a role for the active saponin 3 in the trafficking of the OVA antigen by antigen-
presenting cells to the draining lymph nodes, where the antigen is presented to the adaptive
immune system.

Truncated Saponin Lacking the Branched Trisaccharide Domain (16)

Having established saponin variant 6 (SQS-0-0-5-18) as a potent adjuvant with low toxicity,
we next investigated the role of the branched trisaccharide domain in adjuvant activity. We
synthesized truncated saponin 16 (SQS-1-0-5-18), which lacks this entire domain, from
quillaic acid (10)?2 and protected trisaccharide 12 (Figure 3a). Remarkably, truncated
saponin 16 elicited KLH and MUC1 antibody responses comparable to those of parent aryl
iodide 6, NQS-21, and SQS-21, and significantly higher than those of the no-adjuvant
control, with the exception of anti-MUCL titers at the lower dose (20 pg) (Figures 3b,c).
Antibody titers against OVA were also similar to those elicited by parent aryl iodide saponin
6 and considerably higher than those of the no-adjuvant control (Figure 3d). Moreover,
truncated saponin 16 exhibited much lower toxicity than NQS-21 and SQS-21, slightly
lower than that of even the parent aryl iodide 6 (Figure 3e). Thus, the entire branched
trisaccharide domain is not required for adjuvant activity in the truncated saponin variant 16.
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This represents a major simplification of the saponin structure and provides a more
favorable activity/toxicity profile than QS-21 itself.

Saponins with Targeted Triterpene Domain Modifications (18-22)

The discovery that the entire branched trisaccharide domain is not required for adjuvant
activity facilitated investigation of the triterpene domain of QS-21 by semisynthesis of new
variants from alternative triterpene precursors, by analogy to the synthesis of 16
(SQS-1-0-5-18) from quillaic acid (Figure 3a). We were particularly interested in exploring
the roles of the C4-aldehyde substituent and C16-alcohol in the quillaic acid core structure.
Previously, the C4-aldehyde substituent has been proposed to be important for the adjuvant
activity of QS-2118, However, other saponins that lack a triterpene aldehyde substituent but
are active adjuvants have been identified recently?32425 Thus, an initial variant 18
(SQS-1-7-5-18) was synthesized from oleanolic acid (Supplementary Fig. 6), which shares
the same carbon skeleton as quillaic acid, differing only in the oxidation states at the C4
substituent (Me vs. CHO) and C16 (H vs. OH).

Oleanolic acid derivative 18 (C4-Me, C16-H) led to lower antibody titers against all three
antigens compared to the parent quillaic acid derivative 16 (Figure 4a—d). Further, OVA
antibody titers with oleanolic acid derivative 18 were similar to those in the no-adjuvant
control. Thus, removal of both the C4-aldehyde substituent and C16-alcohol in oleanolic
acid derivative 18 results in considerably attenuated antibody responses in this preclinical
vaccination model.

To investigate the importance of each of these functionalities individually, we synthesized
triterpene variants 19-22, in which the oxidation states of the C4-aldehyde substituent and
C16-alcohol are varied independently (Figure 5a). Caulophyllogenin variant 19
(SQS-1-11-5-18), in which the C4-aldehyde substituent is reduced to a hydroxymethyl
group while the C16-alcohol is retained, was accessed from an advanced intermediate in the
synthesis of 16 (SQS-1-0-5-18) (Supplementary Fig. 7). Echinocystic acid variant 20
(SQS-1-8-5-18), in which the C4-aldehyde substituent is replaced by a methyl group while
the C16-alcohol is again retained, and hederagenin variant 22 (SQS-1-10-5-18), in which the
C4-aldehyde substituent is replaced by a hydroxymethyl group and the C16-alcohol is
replaced by a proton, were prepared from the corresponding, commercially available
triterpenes (Supplementary Fig. 8 and Supplementary Fig. 9). Gypsogenin variant 21
(SQS-1-9-5-18), which possesses the C4-aldehyde substituent but lacks the C16-alcohol,
was accessed via initial TEMPO oxidation of the C4-hydroxymethyl substituent in
hederagenin to afford gypsogenin (Supplementary Figs. 8 and 9).

These saponin variants were evaluated with a four-component vaccine that comprised
MUC1-KLH, OVA, and the poorly immunogenic glycolipid GD3 (melanoma,
neuroblastoma, sarcoma antigen) conjugated to KLH (GD3-KLH) (Figure 5b-¢; see
Supplementary Fig. 10 for full data with both 20 and 50 pg doses). Echinocystic acid
derivative 20 (C4-Me, C16-OH), induced the highest antibody responses to all four antigens,
comparable to or higher than those of the complete, branched trisaccharide-containing
saponin 6 (SQS-0-0-5-18) and SQS-21. Caulophyllogenin derivative 19 (C4-CH,0OH, C16-
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OH) afforded antibody titers slightly below those of echinocystic acid derivative 20,
branched trisaccharide-containing saponin 6, and SQS-21, albeit only at elevated doses (50
ug). In contrast, gypsogenin derivative 21 (C4-CHO, C16-H) and hederagenin derivative 22
(C4-CH,0H, C16-H), both generated lower antibody responses in all cases except the anti-
GD3 IgG response, and similar to the no-adjuvant treated controls for KLH and OVA.

Antibody subtyping of the anti-MUCL1 and anti-OVA IgG isotypes revealed a significant
bias toward the mouse IgG1 and 1gG2b subclasses with both of the adjuvant active saponins
in this group (19, 20). Similar results were obtained with SQS-21 and with the parent
quillaic acid derivative 16. Production of other mouse IgG subclasses, including 1gG2a and
1gG3, was low or negligible, as indicated by class-specific ELISA. Toxicity remained
drastically lower for all four variants compared to NQS-21 and SQS-21 (Figure 5f).

Thus, echinocystic acid derivative 20 provides immunostimulatory activity generally
rivaling that of SQS-21 but without the associated toxicity. Caulophyllogenin derivative 19
also provides antibody responses similar to the complete, branched trisaccharide-containing
saponin 6, although higher doses are required. Importantly, both echinocystic acid derivative
20 and caulophyllogenin derivative 19 lack the C4-aldehyde substituent but retain the C16-
alcohol. In contrast, gypsogenin derivative 21 and hederagenin derivative 22 both lack the
C16-alcohol and induced lower antibody responses to all antigens tested. Taken together,
these data indicate that the C4-aldehyde substituent is not required for potent
immunoadjuvant activity in these novel saponins and reveal a previously unappreciated role
for the C16-alcohol in enhancing activity.

Biodistribution of Truncated Saponins [*311]-16 and [*311]-18

We next compared the in vivo biodistribution patterns of the adjuvant-active truncated
quillaic acid variant 16 (SQS-1-0-5-18) and the adjuvant-attenuated oleanolic acid derivative
18 (SQS-1-7-5-18), using the radioiodinated congeners [1311]-16 (Figure 3a) and [1311]-18
(Supplementary Fig. 6), to enable correlation with our earlier studies of the active/attenuated
adjuvant pair 6 (SQS-0-0-5-18) and 8 (SQS-0-3-7-18) (Figure 2a). The active adjuvant
[1311]-16 showed significantly higher localization at the injection site (136% ID/g) and
within the lymph nodes (3.55% ID/g) compared to [*311]-18 (11.5% and 0.50% ID/g,
respectively) (Figure 6). Accordingly, in both biodistribution studies, the more active
adjuvant was preferentially retained at the site of injection and accumulated in the lymph
nodes, providing a positive correlation between this biodistribution pattern and adjuvant
activity.

Discussion

The molecular mechanisms of the adjuvant activity of QS-21 and its variants remain poorly
understood. It has been reported that QS-21 stimulates mixed Th1/Th2 helper T cell
responses, corresponding to cellular and humoral immunity respectively, including antigen-
specific CD8* cytotoxic T lymphocytes.28 There is some evidence to suggest that QS-21
does not bind to Toll-like receptors 2 and 426 and that it does not operate by a depot effect,
in which the adjuvant increases the lifetime of the antigen, extending its presentation to the
immune system?’. It has also been suggested that Quillaja saponins may, by analogy to
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tucaresol, bind covalently to amino groups on T cell surface receptors via imine formation at
the C4-aldehyde substituent, providing costimulation for T cell activation28.

Herein, extensive structure—function studies of novel iodinated saponins based on QS-21
have identified echinocystic acid derivative 20 (SQS-1-8-5-18) as a minimal saponin
immunoadjuvant with potent activity and dramatically reduced toxicity compared to the
natural product (Figure 5), as well as improved synthetic accessibility relative to previously
reported variants'6-17. Subtyping of the IgG antibodies elicited by echinocystic acid
derivative 20, as well as the closely-related quillaic acid derivative 16 (SQS-1-0-5-18) and
caulophyllogenin derivative 19 (SQS-1-11-5-18), indicates that IgG1 and 1gG2b subclasses
predominate. The mouse 1gG1 subclass is associated with Th2 cell responses (humoral
immunity), whereas the 1gG2b, together with the 1gG2a, are related to Th1 responses
(cellular immunity) and are known to induce potent immunotherapeutic effector functions?®,
including complement-dependent cytotoxicity and antibody-dependent cellular toxicity.
Similar results were obtained with SQS-21. Thus, despite the considerable structural
differences between these truncated saponins and QS-21, they elicit both Th1 and Th2
immunity, a hallmark of QS-21 itself.

To date, investigation of structural requirements within the triterpene domain of QS-21 has
been hampered by the challenges associated with chemoselective modification of the natural
product and by material throughput limitations for synthetic analogues that incorporate
alternative triterpenes. Thus, our striking discovery that the entire branched trisaccharide
domain can be omitted while retaining potent adjuvant activity and attenuating toxicity has
opened the door to investigation of such triterpene modifications by semisynthesis from
alternative, readily available triterpene precursors.

These studies revealed that the C4-aldehyde substituent is dispensable for potent adjuvant
activity while the C16-hydroxyl group enhances activity in these truncated saponins. In
contrast, the C4-aldehyde substituent of QS-21 has been suggested previously to react with
amino groups on T-cell surface receptors through Schiff base formation, providing co-
stimulation necessary for T-cell activation and Thi cellular immunity18.28, This hypothesis
was based on the finding that reductive amination of the C4-aldehyde substituent of QS-21
provides amine derivatives with significantly attenuated adjuvant activity!®. However, this
modification not only removes the C4-aldehyde substituent but also introduces a positively-
charged amino group at this position, which may alternatively compromise non-covalent
interactions with a putative receptor or otherwise interfere with proper biodistribution or
subcellular localization of the adjuvant. Along similar lines, we have previously shown that
QS-21 variant 2 (SQS-0-0-5-11), which retains the C4-aldehyde substituent but carries a
positively-charged amino functionality in the acyl chain domain, is likewise inactivel’.
While it remains possible that QS-21 and these modified, synthetic variants may have
distinct molecular targets, they appear to induce similar cellular effects in vivo.

Conversely, our finding herein that the C16-hydroxyl group enhances adjuvant activity in
these truncated saponins suggests a previously unappreciated role for this functionality,
perhaps in stabilizing saponin conformation and/or interacting directly with a putative
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receptor. These results are consistent with reports of other adjuvant-active saponins that
possess the C16-hydroxyl group but lack the triterpene C4-aldehyde substituent23:24:25,

The development of these iodinated saponins has also enabled comparative in vivo
biodistribution studies using adjuvant-active/attenuated pairs. We observed a strong positive
correlation between adjuvant activity and retention at the site of injection and accumulation
in the draining lymph nodes, a known site for immune cell maturation. Fluorescence
imaging studies confirmed localization of both the adjuvant and antigen to the nearest
draining lymph node only with active adjuvant. While the underlying molecular basis for
these observed biodistribution patterns remains to be elucidated, the availability of the
adjuvant-active/attenuated pairs discovered herein should facilitate its investigation and
further studies of the resulting implications for cellular mechanisms of action.

A review article citing unpublished data has reported that naturally-derived QS-21, injected
intramuscularly into rabbits, is absorbed rapidly from the injection site, but similarly
accumulates in the draining lymph nodes at 48 h30. Other adjuvants comprised of Quillaja
saponin mixtures have also been reported to increase cell counts in the lymph nodes3! and to
increase uptake of Alexa 488-labeled OVA by dendritic cells?C. A recent study similarly
showed that the adjuvant MF59, an oil-in-water emulsion containing squalene, recruits
antigen-presenting cells and other cell types to the draining lymph nodes, and that
fluorescent forms of both the adjuvant and OVA antigen are taken up by these cells32,
Earlier studies also demonstrated that MF59 localizes to the lymph nodes33 and is taken up
by dendritic cells and colocalizes intracellularly with the antigen gD234. Taken together,
these results suggest that Quillaja saponins may facilitate antigen trafficking by antigen-
presenting cells from the site of injection to the lymph nodes, where the processed antigens
are presented to the adaptive immune system. This mechanism, shared by MF59, would
contribute to the resulting activation of T-helper cells and generation of high-affinity
antibodies from B cells.

In conclusion, we have developed a series of truncated QS-21 variants that exhibit potent
adjuvant activity and low toxicity, are synthetically accessible, and have enabled the first in
vivo mechanistic studies of these structurally-defined, synthetic saponins. Previous,
conservative modifications in the acyl chain domain of QS-21 have successfully decoupled
adjuvant activity from toxicityl6. Synthetically more-tractable variants have also been
developed, albeit without reduction in toxicityl”. The novel saponins described herein
achieve both goals, with echinocystic acid derivative 20 (SQS-1-8-5-18) representing a
particularly compelling candidate for further advancement toward clinical evaluation. While
these saponins appear to induce biological effects similar to those of MF59, the remarkable
potency of QS-21 and these novel variants compared to many other adjuvants tested
previously®35 suggests that they may have additional activities beyond the biodistribution
effects demonstrated herein. The development of this minimal saponin adjuvant platform
sets the stage for further investigations of the molecular mechanisms of saponin
immunostimulation using, for example, photoaffinity probe variants for target identification.
It will also be of interest to assess cytokine production, T-cell responses, and the
cytotoxicity of antibodies elicited in vaccinations using these novel immunoadjuvants.
Convenient synthetic access to this small library of improved, adjuvant-active saponins may
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also allow screening with other antigens of interest to define optimal adjuvant-antigen pairs
in the future.

Material and Methods

General synthetic methods

Reactions were performed in flame-dried sealed-tubes or modified Schlenk (Kjeldahl shape)
flasks fitted with a glass stopper under a positive pressure of argon, unless otherwise noted.
Air- and moisture-sensitive liquids and solutions were transferred via syringe. The
appropriate carbohydrate reagents were dried via azeotropic removal of water with toluene.
Molecular sieves were activated at 350 °C and were crushed immediately prior to use, then
flame-dried under vacuum. Organic solutions were concentrated by rotary evaporation
below 30 °C. Flash column chromatography was performed employing 230-400 mesh silica
gel. Thin-layer chromatography was performed using glass plates pre-coated to a depth of
0.25 mm with 230-400 mesh silica gel impregnated with a fluorescent indicator (254 nm).
Additional protocols, detailed experimental procedures, and complete analytical data for all
isolable synthetic intermediates are in Supplementary Methods.

General procedure for synthesis of truncated saponins

The requisite triterpene cores were selectively silylated (TESOTHS, 2,6-lutidine) at hydroxyl
groups to provide protected triterpenes having a free C28-carboxylic acid. p-Selective
Schmidt glycosylation (BF3-OEty) with trisaccharide trichloroacetimidate donor 12 (ref. 17)
followed by reduction of the azide (PhSeH) gave the corresponding glycosyl esters.
Acylation of the amine with 6-((t-butoxycarbonyl)-amino)hexanoic acid (14) (EtOCOCI,
Et3N) and subsequent global deprotection by hydrogenolysis (H,, Pd/C) and acid hydrolysis
(TFA/H,0) afforded the fully deprotected saponins bearing the free amine at the terminus of
the acyl chain domain. Late-stage acylation of the amine with succinimidyl esters 4 or 5
gave the corresponding aryl iodides 16, 18-22 or the relevant aryl tin congeners,
respectively. See Figure 3a, Supplementary Figs. 6-9 and Supplementary Methods for
complete details.

General procedure for preclinical mouse vaccination model

Groups of five mice (C57BL/6J, female, 6-8 weeks of age) were vaccinated with a three-
component vaccine consisting of MUC1-KLH (2.5 pg) and OVA (20 pg), or a four-
component vaccine that also included GD3-KLH (5 ug). Antigens were co-administered
with the adjuvant of interest (5, 20, or 50 pug) or without adjuvant (no-adjuvant control) in
phosphate buffered saline (PBS, 100 uL) via subcutaneous injections on days 0, 7, and 14,
followed by a booster on day 65. Mouse sera were collected at day 72 and antibody titers
against each antigen were determined by ELISA. Statistical significance of each antibody
response compared to the no-adjuvant control was assessed using a two-tailed unpaired
Student's t-test with Cl = 95%. As an initial, general assessment of toxicity, mouse weight
loss was monitored on days 0, 1, 2, 3, and 7 after the first vaccination. These animal
experiments were conducted as described in MSKCC Institutional Animal Care and Use
Committee (IACUC) protocol #97-11-051. See Supplementary Methods for complete
details.
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Radiosynthesis

The aryl tin saponins (7, 9, 17, S9) were synthesized from the corresponding amine
precursors (2, S4, 15, S8) by acylation with N-succinimidyl-4-(trimethylstannyl)benzoate 5
(EtzN, DMF, 21 °C, 1-2.5 h). Radiolabeling was achieved by iodination of the aryl tin
saponin (20 pg) with [2311]-Nal and chloramine-T (methanol, 21 °C, 1 min), followed by
immediate HPLC purification. Solvents were removed by rotary evaporation at 35 °C and
the radioiodinated probes were formulated in 0.9% saline for biodistribution studies. Co-
elution of the radioiodinated probes with the corresponding cold saponins was used for
quality control analysis.

Radiolabeled ovalbumin was synthesized by treating 20 pg of ovalbumin with [131(]-Nal and
Chloramine-T in methanol. The reaction mixture was diluted with 2 mL phosphate buffered
saline (PBS) followed by centrifugal filtration at 2800 rpm (736 g) for 12 min using a 30
kDa molecular weight cutoff filter. This process was repeated twice and the concentrated
compound was then formulated in 1 mL 0.9% saline for biodistribution studies.

Biodistribution experiments

Groups of five mice (naive, C57BL/6J female, 8-10 weeks of age) were injected
subcutaneously with the radioiodinated saponin variants of interest (~25 uCi), the
corresponding non-radiolabeled saponin (20 pg), and OVA (20 pg) in PBS (150 pL). Mice
were sacrificed at 24 h, 72 h, and 96 h post-injection. Tissues and organs were harvested and
analyzed for distribution of radioactivity normalized to the weight of the organ (%1D/g,
percent injected dose per gram). Statistical significance of the difference in recoveries
(%1D/g) for the active and attenuated adjuvant was assessed for each tissue or organ using
two-tailed unpaired Student's t-test with Cl = 95%. In initial experiments, biodistribution
profiles did not change substantially between 24 h and 96 h post-injection (Supplementary
Fig. 2), and the 24 h time-point was used for the subsequent experiments. These animal
experiments were conducted as described in MSKCC IACUC protocol #08-07-013.

Imaging studies
Three mice were shaved and immunized in the left flank with 10 ug of active adjuvant 3
(SQS-0-0-5-12) or inactive adjuvant 2 (SQS-0-0-5-11) and 20 g of Alexa-647-conjugated
OVA (OVA-A647) in PBS (100 pL). Whole-body imaging was performed at 24 h post-
injection with a Maestro Imaging System. At 24 h post-injection, mice were sacrificed and
the left and right lymph nodes were dissected and imaged separately. These animal
experiments were conducted as described in MSKCC IACUC protocol #97-11-051.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aryl iodide saponin 6 exhibits potent adjuvant activity and low toxicity in a preclinical
mouse vaccination model

(a) Structure of QS-21 and its four key structural domains. (b) Synthesis of aryl iodide
saponins 6 (SQS-0-0-5-18) and [131]-6: (i) FITC, Et3N, DMF, 21 °C, 2 h, 75%; (ii) 4, Et3N,
DMF, 21 °C, 1 h, 52%; (iii) 5, EtzN, DMF, 21 °C, 1 h, 75%; (iv) [1311]-Nal, Chloramine-T,
MeOH, 21 °C, 1 min, >50%. (c) Structure of adjuvant-attenuated negative control saponin 8
(SQS-0-3-7-18) and synthesis of [1311]-8: (v) [*31]-Nal, Chloramine-T, MeOH, 21 °C, 1
min, >50%. Biological evaluation of aryl iodide saponin 6 (SQS-0-0-5-18) with three-
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component vaccine for (d) anti-KLH titers (1gG), (e) anti-MUC1 titers (1gG), and (f) anti-
OVA titers (IgG) indicating potent adjuvant activity comparable to natural and synthetic
QS-21 (compare 20 pg doses); horizontal bars indicate median titers; statistical significance
compared to no-adjuvant control: * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (g) Toxicity
assessment based on median percent weight loss, indicating low toxicity of 6
(SQS-0-0-5-18); error bars indicate maximum and minimum values for five mice.
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Figure 2. Radioiodinated saponin [131I]-6 and fluorescent saponin 3 localize to lymph nodes and
injection site in mice

(a) Biodistribution of active adjuvant [*311]-6 ([*311]-SQS-0-0-5-18) and attenuated adjuvant
[1311]-8 ([*311]-SQS-0-3-7-18) with OVA antigen, indicating accumulation of [1311]-6, but
not [1311]-8, at injection site and lymph nodes (see Supplementary Fig. 2); error bars indicate
standard deviation from mean for five mice; statistical significance indicated graphically
only for lymph nodes and injection site for clarity: * = p < 0.05: liver, muscle, lymph node,
skin, thyroid; ** = p < 0.01: blood, lungs, spleen, kidneys, bone, injection site; *** =p <
0.001: heart. (b) Imaging at injection site (yellow arrows indicate ink circles) with
fluorescein-labeled active adjuvant 3 (SQS-0-0-5-12) or unlabeled inactive adjuvant 2
(SQS-0-0-5-11) and Alexa-647-labeled OVA (OVA-A647), indicating retention of 3 and
OVA-AB47 at injection site; green crescent in fluorescein image for Mouse 2 is due to
software ghosting effect (see Supplementary Fig. 5). (c) Imaging of dissected lymph nodes
with active adjuvant 3 (SQS-0-0-5-12) or inactive adjuvant 2 (SQS-0-0-5-11) and OVA-
A647, indicating increased accumulation of OVA-A647 with 3 but not 2. Mice were injected
in left flank and right lymph node serves as negative control within each animal.
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Figure 3. Truncated saponin 16 lacks the entire branched trisaccharide domain of QS-21 but
retains potent adjuvant activity and low toxicity in a preclinical mouse vaccination model

(a) Synthesis of aryl iodide saponins 16 (SQS-1-0-5-18) and [1311]-16. (i) TESOTHf, 2,6-
lutidine, CH,Cl,, 0 °C, 1 h, 80%; (ii) 1. 11, 12, BF3.0Ety, 4 A M.S., CH,Cl,, -35 °C, 30
min; 2. PhSeH, Et3N, 38 °C, 8 h, 58% (2 steps); (iii) 1. HO,C(CH»)sNHBoc (14),
EtOCOCI, Et3N, THF, 0 °C, 2.5 h, (acid preactivation), then add to 13, 0 °C, 1.5 h; 2. Hy
(50 psi), Pd/C (Degussa), THF/EtOH (1:1), 21 °C, 24 h; 3. TFA/H,0 (4:1), 0 °C, 2 h, 65%
(3 steps); (iv) 4, EtsN, DMF, 21 °C, 2 h, 67%; (v) 5, Et3N, DMF, 21 °C, 1.5 h, 75%; (Vi)

Nat Chem. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fernandez-Tejada et al. Page 17

[*31]-Nal, Chloramine-T, MeOH, 21 °C, 1 min, 55%. Biological evaluation of truncated
saponin 16 with three-component vaccine for (b) anti-KLH (IgG), (c) anti-MUC1 (1gG) and
(d) anti-OVA (IgG) titers, indicating potent adjuvant activity; horizontal bars indicate
median titers; statistical significance compared to no-adjuvant control: * =p < 0.05, ** =p <
0.01, *** = p < 0.001. (e) Toxicity assessment based on median percent weight loss,
indicating low toxicity of 16 (SQS-1-0-5-18); error bars indicate maximum and minimum
values for five mice.
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Figure 4. Oleanolic acid derivative 18, which lacks both the C4-aldehyde substituent and C16-
alcohol in the triterpene domain of QS-21, exhibits poor adjuvant activity in a preclinical mouse
vaccination model

Biological evaluation of oleanolic acid derivative 18 (SQS-1-7-5-18) with a three-
component vaccine for (a) anti-KLH titers (IgG), (b) anti-MUCL1 titers (IgG) and (c) anti-
OVA titers (IgG), indicating attenuated adjuvant activity; horizontal bars indicate median
titers; statistical significance compared to no-adjuvant control: * = p < 0.05, ** = p < 0.01,
*** = p < 0.001. (d) Toxicity assessment based on median percent weight, indicating low
toxicity of 18 (SQS-1-7-5-18); error bars indicate maximum and minimum values for five
mice.
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20 (SQS 1-8-5-18)  -Me -OH  Echinocystic acid
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18 (SQS 1-7-5-18) -Me -H Oleanolic acid
Anti-MUC1 Titers: d Anti-OVA Titers:
Saponins 19, 20, 21, and 22 Saponins 19, 20, 21, and 22
2% * - - - 21 P e e
@ 514 20
(i ° § = o
212 - L 1] [ ] = a3 -_—
: A H = 2% ooy a
o 2m ol il o Tt @ 2™ AL @ v e
= 2t aa o % e D 2% o0 S5 ese
by 26 —_— —— § 2‘: - v e
=] oo v o 2 o
s 2 Q 2
= o 24
&2 < 2
2°1 ece v 204 o v
Dose (ug): 20 2 50 50 50 50 Dose(ug): 20 20 50 50 50 50
Compound: 1altb & 19 20 21 22 Compound: 1alib & 19 20 21 22
fort: £ ® B L % p £ 2 ey BT T £ 3 2
Ll R 2§ e o2 O N2 52 ¢ 3 & ¢ 3
E' - ® :3; = ® :3; 'E' = o é = = ;:
f . . g
Anti-GD3 (IgG) Titers: Toxicity as Assessed by
Saponins 19, 20, 21, and 22 Median Weight Change
* e * * * 94 T
@ 20 %
£ ° L] <
b ol i e = ° o
@ 00 ik 00 -BE e )
= 54 oo AL ®® B V% e g
3 =
L4 ]
& 2 3
< =
21 ese e ® . &  Days Post-Injection
Dose(ug): 20 20 50 50 50 50 & 4 2 3 & & & i
Compound: 1allb & 19 20 21 22
Name: Z w o 5 - - > - No Adi ¢ - S0QS-1-8-5-18 (20) (50 pg)
(sQs) ; ':Dﬂ & 2 & = B < szls.z:u:u"1buzougl V- (50516610 (1) (S0 )
a & L & L L b -1-10-5-
g 2 a2 I a2 3 2 & SQS.0-0-518 (6) (20 pg) ¥ SQS-1-10-5-18 (22) (50 pg)

-8 S0QS5-1-11-5-18 (19) (50 pa)

Figure 5. Caulophyllogenin derivative 19 and echinocystic acid derivative 20, which lack the C4-
aldehyde substituent but retain the C16-alcohol in the triterpene domain of QS-21, exhibit
potent adjuvant activity and no toxicity in a preclinical mouse vaccination model

(a) Structures of saponin variants 19-22 with modifications at the C4-aldehyde substituent
and C16-alcohol of the triterpene domain of QS-21. Biological evaluation of triterpene
variants 19-22 with a four-component vaccine (MUC1-KLH, OVA, GD3-KLH) for (b) anti-
KLH (1gG), (c) anti-MUC1 (1gG), (d) anti-OVA (1gG), (e) anti-GD3 (IgM), and (f) anti-
GD3 (IgG) titers, indicating that the C4-aldehyde substituent is not required adjuvant
activity (19, 20) while removal of the C16-alcohol attenuates activity (21, 22) (see
Supplementary Fig. 10 for full data with both 20 and 50 pg doses); horizontal bars indicate

median titers; statistical significance compared to no-adjuvant control: * = p < 0.05,

0.01, *** = p < 0.001. (f) Toxicity assessment based on median percent weight loss,
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indicating lack of toxicity of 19-22; error bars indicate maximum and minimum values for
five mice.
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24 h Biodistribution studies: Saponins 16 and 18
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Figure 6. Adjuvant-active quillaic acid derivative 16 localizes to the injection site and lymph
nodes in mice while adjuvant-attenuated oleanolic acid derivative 18 does not

In vivo biodistribution in mice of active adjuvant [1311]-16 ([1311]-SQS-1-0-5-18) and
attenuated adjuvant [*311]-18 ([1311]-SQS-1-7-5-18) at 24 h post-injection in the presence of
20 g of OVA,; error bars indicate standard deviation from mean for five mice; statistical
significance indicated graphically only for lymph nodes and injection site for clarity: * = p <
0.05: lymph nodes, injection site, skin; ** = p < 0.01: lungs, spleen, stomach, muscle, bone;
*** = p < 0.001: blood, heart.
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