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Abstract

Fungal cell surface carbohydrates and proteinsuseéul antigens for the development of
antifungal vaccines. In this study, glycopeptideasisting of thes-1,2-mannan andil-terminal
peptide epitopes afandida albicangC. albican3 cell wall phosphomannan complex and Alslp
(rAls1lp-N) protein, respectively, were synthesizaad covalently conjugated with keyhole
limpet hemocyanin (KLH) and human serum albumin AHShrough homobifunctional

disuccinimidyl glutarate. The resultant KLH-conjtem were immunologically evaluated using



Balb/c mice to reveal that they induced high levelsigG antibodies. Furthermore, these
conjugates showed self-adjuvanting property, ag twelld promote robust antibody responses
without the presence of an external adjuvant. Magmificantly, the obtained antisera could
effectively recognize both the carbohydrate and tlésl peptide epitopes and
immunofluorescence and flow cytometry assays ammahstrated that the elicited antibodies
could react with the cell surface of a number afdiy includingC. albicans C. tropicalis C.
lustaniaeand C. glabrata These results suggested the great potential esfetltonjugates as

antifungal vaccines.
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1. Introduction

The rising incidence and mortality rate associatéd systemic or disseminated candidiasis
[1, 2], as well as the severe side effects of aurtberapeutic agents and emerging drug
resistance [3-5], provide the impetus for develgpiew antifungal vaccine as a prophylactic and
therapeutic strategy. Active immunization of huneagainst fungi usually involves fungal cell
surface antigens, which include both carbohydraéesl proteins [6-9]. For example,
f-1,2-mannan oligosaccharides, which are relatisfigrt oligosaccharides attached as side
chains to the main-mannan backbone @. albicanscell wall phosphomannan complexg. 1)
[10], were proven to be highly immunogenic. It wadgmonstrated thap-1,2-mannan
oligosaccharides covalently linked to immunogeraaier proteins, such as tetanus toxoid (TT)
and bovine serum albumin (BSA), and to other imnhogio stimulants could induce effective

and specific humoral immune responses and thedraisgbodies were protective [11-14].
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Fig. 1. Structure of the cell wall phosphomannarCofalbicans
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The C. albicanscell wall proteins (CWPs), many of which are invadvin fungal adhesion,
aggregation and invasion to host cells [15-19], @asidered as another group of promising
antigens useful for antifungal vaccine design. Bpey) and co-workers [20, 21] reported that
intraperitoneal or subcutaneous vaccination of imomompromised mice with a vaccine
composed of the recombinaNtterminus sequence of Alslp (rAlslp-N) proteinGfalbicans
could moderately reduce their fungal burden andrawg their survival. In addition, Culter and
co-workers [22] generated several novel glycopeptiaccines that combingdl,2-mannotriose
with six T cell peptide epitopes, Fba, Met6, HWwgho1, Gapl and Pgkl, found @ albicans
CWPs. All these conjugates were proved being imrganiz and producing comparable titers of
specific antibodies. However, the immune respomrsshsced were relatively weak. Furthermore,
the immunization protocol utilized dendritic cel&gher than through subcutaneous route or other
conventional methods, making it difficult for apgation in human.

Motivated by above discoveries, we became intedlastantifungal vaccines incorporating
both thep-1,2-mannan epitope and an immunogenic epitopen®iCt albicanscell surface
protein Als1, in specific, ithl-terminal 14-mer peptide fragment, VFDSFNSLTWSNAA] 23,
24]. Our vaccine design is presentedFigure 2. After f-1,2-mannan oligosaccharides were
linked to the peptide, the resultant glycopeptidese then coupled with KLH to form conjugate
vaccinel. The peptide served not only as a carrier molefarl®ligosaccharides but also as an
additional recognition epitope to formulate divdleraccines. The selecte@-1,2-mannan

oligosaccharides includeg#l,2-mannobiose, triose and tetraose, which coeldded to analyze



the structure-immunogenicity relationships gfmannan. The KLH, which is a highly
immunogenic and easily accessible T-cell dependeingen, was used as the carrier protein that
aimed to enhance the immunogenicity [25]. The clagzharides were also coupled with HSA to
give conjugates that were used as coating antifgensnmunological studies. The linker used
for glycopeptide-protein coupling was homobifunofb disuccinimidyl glutarate which was
proved to be efficient for coupling and in the m@ae not to elicit linker-specific antibodies [26,

27].
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Fig. 2. Structures of designed KLHY and HSA 2) conjugates off-1,2-mannan oligosaccharide-Als1
peptide as antifungal vaccines and coating antigead in immunological studies, respectively.

2. Results and Discussion

2.1. Chemistry

The synthesis of5-1,2-mannan oligosaccharides was the key step $eemabling the
designed glycoconjugate vaccines fak 2-mannosyl linkage is one of the most diffidodinds
to form in carbohydrate chemistry. Many methodatsgihave been developed for the
construction of f-1,2-mannopyranosides, including direct glycosgiati employing
conformationally strained mannosyl thioglycosidenais [28-30] or glycosylation using
glucosyl donors followed by glucose-mannose coneersvia C-2 epimerzation by an
oxidation-reduction sequence [31, 32]. We choseldtter strategy for efficient and large scale
synthesis of the key intermediates and target s#igoharides employing glucopyranosyl
trichloroacetimidate dono®and9. The donors were synthesized from the common aherd
[33, 34] as depicted iBcheme 1. PerO-benzylation o#4 followed by regioselective opening of
the ortho ester ring with Hresin and addition of the resultant hemiacetdtitiloroacetonitrile

[35] afforded6. On the other hand, regioselective protectiorhefgrimary 6-OH group id with



thetert-butyldiphenylsilyl (TBDPS) group followed b®-benzylation of the resultait[33, 36],
opening of the ortho ester ring 8 and addition of the resultant hemiacetal to

trichloroacetonitrile afforded the desired doBor
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Scheme 1. Synthesis of the don@rand9. Reagents and conditions: (a) i) €Bn)O, PhMe, reflux, 6 h; ii)
TBDPSCI, TBAB, CHCI,, 0 °C to rt, 87.5% (two steps); (b) BnBr, NaH, DMF°C, 1 h, (for5, 88.4%;
for 8, 86.8%); (c) i) Dowex AG 50 W8 200 H, 95% EtOH; ii) CiCCN, DBU, CHClI,, 0 °C to rt, (for6,
76.3%; for9, 75.2%; two steps).

The assembly of targgtl,2-mannan oligosaccharides started with glycdmylaeaction of
mannoside 10 [12, 37] with donor 6 under the promotion of trimethylsilyl
trifluoromethanesulfonate (TMSOTTf, 0.1 equiv) inhgdrous dichloromethane (DCM) [12],
which provided disaccharidH in an excellent yield (92.4%). Thereafter, thetgogroup in11
was removedinder Zempin conditions (MeONa, MeOH) to give alcoH®. The conversion of
the glucose unit iri2 into a mannose unit was then achieved in two sSteghding oxidation
with dimethylsulfoxide (DMSO) and acetic anhydri@1, v/v) and stereoselective reduction of
the resultant keto derivative using L-Selectridammydrous tetrahydrofuran (THF) to eventually
afforded dimannosyl3 (Scheme 2) as a glycosyl acceptor [38]. Similarly, glycodida of 13
with 6 followed by configurational conversion of the 2p@sition in the glycose residue of the
resultant trisaccharidd4 by the same deacetylation-oxidation-reduction guolt furnished

trimannosidel6.
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Scheme 2. Synthesis of the di- and trisaccharidk® and 16 as glycosyl acceptors. Reagents and
conditions: a) TMSOTf, CkCl,, 4 A molecular sieves, -40 °C, 92.4%; b) MeONa Mk 94.2%; c) i)
DMSO, AcO; ii) L-selectride, THF, -78 °C, 79.5% (two stepd) TMSOTf, CHCl,, 4 A molecular
sieves, -40 °C, 90.3%; e) MeONa, MeOH, 92.7%; DMSO, AgO; ii) L-selectride, THF, -78°C, 77.6%
(two steps).

After accomplishment of all required glycosyl admep and donors, we turned our attention
to the synthesis of phosphorylatefil,2-mannan oligosaccharid@4a-c (Scheme 3).
Glycosylation of10, 13 and 16 with 9 in the presence of TMSOTTf resulted in oligosaciciesr
17a-c, respectively, which were converted into oligosacces 19a-c following the above
depicted protocols of deacetylation, oxidation aeduction in sequenc&he benzyl protected
oligosaccharide®0a-c was achieved in the presence of benzyl bromideB(Band sodium
anhydride (NaH) in anhydrous dimethyl formamide (B)Mwhereas tetrabutyl ammonium
iodide (TBAI) [33] was used as a catalyst and adonequivalent of NaH should be used to
avoid side reactions such as desilylation . Deptmte of the TBDPS group i@0a-c by using
tetrabutyl ammonium fluoride (TBAF) afforde2lla-c, which were then reacted with freshly
prepared Fmoc-protected phosphorylation agnto result in23a-c, respectively. However,
final deprotection of the Fmoc group @Ba-c turned out to be problematic as this was
accompanied with the removal of benzyl group ofggiate. This problem was solved by using
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as theebd%e reaction should be quenched in less
than 2 mins and neutralized with acetic acid twraff24a-c in very good vyields [39]. The

p-mannoconfiguration of all glycosidic linkages in the ndlgesized oligosaccharides was



confirmed by comparing thé,; » coupling constants before and after the C-2 cordional
inversion [40]. Taking compounds and 18a for example, theifJ; » coupling constants were
about 8.0 Hz, while th&J, » coupling constants fat3 and 19a were <1.0 Hz, indicating the

inversion fromp-glucoto f-mannostereochemistry of inovived sugar residues.
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Scheme 3. Synthesis of the carbohydrate building blo@4s-c. Reagents and conditions: a) TMSOTH,
CH,Cl,, 4 A molecular sieves, -40 °C, (fai7a, 84.3%; for17b, 89.5%; fori7c, 81.5%); b) MeONa,
MeOH, 91.3-95.5%; c) i) DMSO, A©; ii) L-selectride, THF, -78 °C, 79.6-84.5% (twies); d) BnBr,
NaH, TBAI, 0°C, 83.7-89.4%; e) TBAF, THF, 83.4-8%2f) i) Tetrazole, CHCIl,/MeCN; ii) tert-BuOOH,
79.3-87.5%; g) DBU, CKCl,, 86.3-93.2%.

The 14 mer peptide of Alsl was achieved by Fmoedtaslid-phase peptide synthesis
(SPPS) engaging a 2-chlorotrityl resin preloadeth wimoc-alanine (loading 0.13 mmol/g,
Scheme 4) [41, 42]. Coupling reactions of Fmoc-protectedirmmacids (3 equiv) were carried
out by usingO-benzotriazole-1-yN,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU)
and 1-hydroxybenzotriazole (HOBt) and the Fmoc nesthwvas executed with a mixture of 20%
piperidine in DMF [43]. After completion of the fyresis, the crude peptide was detached from
the resin by treating with a mixture of acetic ac¢rdluoroethanol, and dichloromethane (1:1:8,
viviv). Purification was achieved by column chroagaaphy using Sephadex LH-20 gel to
afford the global protected peptidé.
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Scheme 4. Solid-phase synthesis of pepti2& Reagents and conditions: a) HBTU, HOBt, DIPEA, BM
b) Piperidine/DMF (1:4, viv); ¢) AcCOH/TFE/DCM (216, v/viv), 2 h.

With g-1,2-mannan oligosaccharide phosphate esidasc and peptide26 in hand, the
synthesis of glycopeptidé¥a-c were performed by coupling reactions in the presesf HOBt
(6 equiv) and 1-(3-dimethylamino propyl)-3-ethyleardiimide hydrochloride (EDC, 6 equiv) in
N-methylpyrrolidone (NMP) and DCM (1:1, v/v) [39, B4espectively. Thereafter, the benzyl
groups of the glycopeptides were removed by hydrolysis using Pd(OH)C (10 Wt. %) as
catalyst, and all acid-sensitive side chain pratgogjroups of the peptide, suchtasutyl (Bu),
t-butyl carboxyl (Boc) and trityl (Trt) groups, weremoved by treatment with a solution of
trifluoroacetic acid (TFA), triethylsilane (TES) iBCM (3:1:6, v/v/v) [45]. The completely
deprotected glycopeptide®3a-c were obtained after purification by preparative LldPand
Sephadex-G25 size exclusion column chromatographlysequently, these glycopeptides were
coupled with a large excess of disuccinimidal giatea (DSG) [46]29 to furnish the
corresponding activated este8a-c, respectively, which were finally coupled with KLH
HSA in a phosphate buffer solution (PBS, 0.1 M)ptovide the target glycopeptide-protein

conjugatedla-c and2a-c after purification by passing through a Biogel A 0.5 cuhly dialyzing



against distilled water, and lyophilization. Theman-loading of the glycopeptide conjugates
were determined by the phenol-sulfuric acid methodording to a reported protocol [47]. The
mannose content of KLH and HSA conjugates was 28s7and 7.0-8.5%, separatelyable 1,

see supporting information), which indicated that in esage about nine molecules of

glycopeptide were bound to each molecule of HSA.

BuQ 4 t OBn
=0 Ph O'Bu O'Bu O'Bu
H Q@ ¢ O 74y @ £ 40 &£ 0O & 4 0 H O /\/O,S,O OBn
BacHN N\(LN’WNfLN/\(N N S 1 L S A ‘NYlOH © HN S oo
o Left 0o L4, o Jgt 0 H o Ho L o BnO o
TrtHN TrtHN BnO
BUCNJ\Z BnOn o]
26 Bno 0
n

Q H B

24b, n=1
=0 _Ph O'Bu O'Bu O'Bu ) OBn )
RS i i inyineinsiny o #-0— OBn 24c,n=
BocHN \L)LN/\( N N N N N N 8o -0
4 H H H H § H o g0 o
7

27a, n=0
HO o Ph OH OH OH oH 27b, n=1
ISBNEE RSB NIT RS Y o flo on 2rcnz2
HyN N N NTY N Ny N N o
o H o § H Ho G H § Ho§ H N O HO
Ph OH o] p: o
HoN HoN HO
HN HO o)
Ho OL
HO n
o 0 Q HO % o
R(N_OWO*ND c HO N
) 29 o} 28a, n=0
28b, n=1
HO o Ph OH OH OH OH 28c, n=2
H H 1 @ n H @ ¢« n Q H I
oM N N)\"/N NN Ny N N;\",N N/\’rN])gN/\/o p—0 OH
H H H H H H H O HOo Q
Ph o OH o O o HO 10)
H N ¢ HoN HO
HN HO -0
HO o
o O HO o
—N HO o
o HSA or KLH | 4 HO ~
30a, n=0
HO 30b, n=1
0 OH o OH
= Ph T o OH 30c, n=2

OH
e}
Ph OH ) . HO. ]
H N Hr/d H,N .
) Hﬁoﬁ\i
b8 Protein= KLH 1a HSA 2a n=0 HO n
KLH 1b HsA 2b n=1 HO
KLH 1¢ HSA 2c n=2

Scheme 5. Synthesis of glycopeptid&8a-c and their conjugation to proteida-c, 2a-c. a) EDC, HOB,
CH.CI,/NMP (2:1, v/v), 0°C to rt, 78.9-83.2%; b) i),HPd(OH)/C, CHCI,/MeOH (1:2, v/v), 24 h; ii)



TFA/TES/DCM (3:1:6, viviv), 2 h, 78.4-82.7% (twceps); c) DMF/PBS buffer (4:1, v/v), 4 h; d) PBS
buffer, 2.5 days.

2.2. Biological evaluations
2.2.1 Elisa analysis

To evaluate the immunogenicity of the resultant Ktdhjugate vaccines, six pathogen-free
female Balb/c mice (6-8 weeks old) were subcutaslyammunized four times (with a 2-week
interval) with conjugateda-c as emulsions with Freund’s adjuvant (complete iadéuadjuvant
for initial immunization and incomplete Freund'sjadnt for boost immunizations). Control
groups were vaccinated with sterile PBS and KLHpeetively. Following completion of the
immunization regimen, mouse blood samples weremddato prepare antisera, which were then
susbjected to enzyme-linked immunosorbent assayksSA] [48] with the corresponding HSA
conjugates as capture reagents to detect glycaeepi#-1,2-mannan- and Alsl-specific
antibodies, respectively. In these assays, HSAugags were used to coat plates to avoid
possible cross-reactivity of the antisera raisethieyglycopeptide-KLH conjugates against KLH.

Since we were mainly interested in IgG antibodiésctv were related to T cell-dependent
immunities, the horseradish peroxidase (HRP)-catpigoat anti-mouse IgG (H+L) antibody
was used to detect total IgG antibodies in theesamtby ELISA. It should be noticed that,
because the anti-mouse 1gG (H+L) secondary antilweay used, the titers might also reflect
some other isotypes of antibodies due to weak aemstivity with the light chain. The results
using glycopeptide-HSA conjugat@a-c as capture antigen&i. 3) indicated that only very
weak glycopeptide-specific immune responses welladed by free glycopeptidé&8a-c even
when being used with Freund’s adjuvant (endpoinibady titers < 400). On the other hand,
very strong glycopeptide-specific immune respongere observed for all of the corresponding
KLH-conjugatesla-c combined with Freund’'s adjuvant. Even in the absenf adjuvant,
conjugatesla-c could elicite significant specific IgG antibodiels.was also shown that the
KLH-glycopeptide conjugates alone elicited lowemome responses than their emulsions with

Freund’s adjuvant. Thus, the ELISA results disalbsieat both the adjuvant and KLH could



enhance the immunogenicity of glycopeptides toitediffective humoral immune responses. In

the meantime, the results also showed some self-adljicity of the p-(Man),-Als1-KLH

glycopeptide conjugates.
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Fig. 3. ELISA results showing glycopeptide-specific IgQibady responses induced by KLH conjugates
la-c in mice. The sera from immunized mouse with eamfjugate with or without Freund’s adjuvant
were analyzed by ELISA with HSA conjugatga (A), 2b (B) and2c (C) as capture antigens and
HRP-conjugate goat anti-mouse IgG (H+L) antibodyttesssecondary antibody. Each dot represents the
mean antibody titer of three independent experimémteach individual mouse, and the black bar show
the average titer of each group of mice. Adj = adjt. * P <0.05, statistically significant difference
between the indicated groups. (excluding the KLHHAWMuUnNized group and the PBS control group).

In addition, we also analyzed the titers of spedintibodies against the oligosaccharides
and the peptide individually. As shown kigure 4, all three KLH conjugateda-c, with or
without adjuvant, induced robust antibody resporesgsnst thes-(Man), S-(Man), S-(Man),,
and Als1 epitopes in immunized mice. The resultggssted that both the carbohydrate and the

peptide epitopes could contribute to the desigof @ffficient glycopeptide-KLH vaccines.
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Fig. 4. ELISA results showing-1,2-mannan and Alsl peptide-specific IgG antiboelgponses induced
by KLH glycopeptide conjugatelsa-c in mice. The sera from immunized mouse with eamfjugate with

or without Freund’s adjuvant were analyzed by ELIB#h £-1,2-(Man)-HSA (A), 5-1,2-(Man}-HSA

(B), p-1,2-(Man)-HSA (C) and Als1l-HSA (D) conjugates (see suppgrtinformation) as capture
antigens and HRP-conjugate goat anti-mouse I1gG JHaritibody as the secondary antibody. Each dot
represents the mean antibody titer of three indedgetexperiments for each individual mouse, and the
black bar shows the average titer of each groupicé. Adj = adjuvant. P <0.05, statistically significant
difference between the indicated groups. (excludiegKLH+Ad]j immunized group and the PBS control

group).
2.2.2 Immunofluorescence and flow cytometry assays

The binding of antisera from KLH conjugate-immurzaice withC. albicars (SC5314)
cells was evaluated by immunofluorescence (IF) feowl cytometry assays. Different forms of
C. albicars cells were fixed with paraformaldehyde and theated with blocking buffer to
mask potentially nonspecific binding sites on tledl surface. After incubation with pooled
antisera, cells were stained with the anti-mousg flgorescent antibody and examined with a
fluorescence microscopy and flow cytometry. Thailtssshowed that the antiserum from mice
immunized withlb plus the adjuvant could react with the cell susfa¢ yeast, including both
germtube and hyphal forms Gf albicars (Fig. 5 a-c, g-i). The antiserum from mice immunized
with 1b alone had a similar binding patterffid. 5 d-f). The antiserum from mice immunized
with 1a, 1c and 28a-c alone, or together with adjuvant, could not recogiC. albicars. No

binding with the fungus was observed the controugrfig. 5j-I).
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Fig. 5. Indirect immunofluorescence analysis showing trativity of antiserum derived from conjugate
1b-immunized mice withC. albicansstrain SC5314. Immunofluorescence (a,d,g,j), brighd (b,e,h,k),
and overlay (c,f,i,l) images of bacterial cellsatedd with antiserum from mice immunized with with or
without adjuvant or with control serum collectednr mice before immunization. In this study spores o
the germ tubes and hyphal formsfalbicanswere used. Adj = adjuvant. Magnification: x200.

The flow cytometry analyses confirmed the IF resulthe antiserum from mice immunized
with 1b with or without the adjuvant, which contained Igihtiboies, could react witlc.
albicars cells Fig. 6 c,d). Although negative results were obtained in tReaksays, the
antiserum from mice immunized witta showed weak binding tG. albicars cells Fig. 6 a,b).
However, the antiserum from mice immunized wib and 28a-b alone or together with

adjuvant or the sera of control group mice coultireocognizeC. albicars (Fig. 6 e-Q).
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Fig. 6. Results offlow cytometry analysis of the binding of IgG amtibes in the sera from different
groups of mice withC. albicanscells. The yeast cells were fixed with paraforrealgtle and incubated
with pooled sera from each group of mice at a 1.dil@ion. The cells were then treated with Alexa
Fluor 488-labeled goat anti-mouse IgG antibody. pbeecentages corresponding to the yeast cells that
showed fluorescence intensity for 488 dye are shd@sults using sera from mice immunized wiith
plus the adjuvant (a) or without adjuvant (b), seoan mice immunized withb plus the adjuvant (c) or
without adjuvant (d), sera from mice immunized withplus adjuvant (e) or without adjuvant (f), and
sera from the control group (g)

Furthermore, the IF and flow cytometry assay resuitth showed that antibodies against the

trisaccharide had significantly higher affinity @ albicanscells than the disaccharide, whereas



the affinity decreased significantly for antibodigsrived from the tetrasaccharide. As a result,
we may conclude that the length of oliganannoses had a big impact on their immunogenicity
and certain level of optimal affinity ¢f1,2-mannan fo€. albicanscells might be reached with

a trisaccharide, which was consistent with the ipresty studies [49].

Finally, we also tested the reactivity of the agi@gsto other clinically commo@andida
strains by IF. The antiserum from mice immunizethwb also contained antibodies that could
react withC. tropicalis, C. lustaniaeandC. glabratacells Fig. 7). However, the antiserum
could not recogniz€. kruseior C. parapsilosisThe antisera from mice immunized with and

1c and of the control groups could not bind to anyhele fungal cells.

C.albicans C.tropicalis C.glabrata C. lusitaniae C.krusei

Bright field &ﬁ% %\

: e :
5 w’- oo

Fig. 7. Immunofluorescence results of the binding of thésara from mice immunized witth plus the
adjuvant to other clinically common Candida. Bridigid (above row), immunofluorescence (middle
row), and overlay (below row) images were showngMfication: x200.

"

Overlay

3. Conclusions

In conclusion, a fragment condensation strateggdimbinings-1,2-mannan antigen with
an oligopeptide derived from Als1 to furnish thgaglpeptides was applied for the development
of antifungal vaccines. These glycopetides wergugated to KLH using a homobifunctional

linker under mild conditions to result in semi-dymtic conjugate vaccines. These



KLH-glycopeptide conjugates elicited high levels @G antibodies in mice even when
administered without any adjuvant. The antiserddcgpecifically and strongly recognize and
bind to both the carbohydrate epitope and the Algitide. Thus, the initial criterion that an
effective vaccine needs to induce a robust, tosraoverriding immune response has been
achieved. Additionally, these conjugates could aedtobust immune responses without the use
of any external adjuvants, thus they may offer pwssibility of achiving adjuvant-free
vacination, which is paradigm-shifting for vaccindmportantly, 1b elicited antibodies that
could react with a number of gungi, such @salbicans, C.tropicalis, C. lustania@and C.
glabrata. Consequently, it is identified as a promising famtgal vaccine candidate for further
development to prevent fungal infections. Furthedtepth studies focused on the functional

mechanisms of these glycopeptide conjugates aregng

4. Experimental section
4.1 chemistry

All starting materials and reagents were purchdsech commercial vendors and used
without further purification except as indicatednalytical TLC was carried out on Silica Gel
60A F254 plates (Merk) with detection by charringhwl0% HSQ;, in EtOH (v/v). Molecular
sieve 4A was flame-dried under high vacuum and embalnder N atmosphere immediately
before use. The ELISA 96-well microtiter plates &vpurchased from Jet Bio-Filtration Products
Co., Ltd. The HRP-conjugate goat anti-mouse IgG GiH-antibody (Invitrogen, Cat. 32430)
were bought from Invitrogen. Hemocyanin from Megath crenulata (keyhole limpet) and
albumin from human serum were bought from Sigmadéld Reversed-phase HPLC
separations were performed on a Shimadzu SCL-10Ai8/Rg a mixed solution of acetonitrile
and water (with 0.05% trifluoroacetic acid) for . NMR spectra were recorded on 400, 500
or 600 MHz instruments (Bruker or Varian) with chieah shifts reported in ppmd) in reference
to tetramethylsilane (TMS) if not otherwise noteadacoupling constantsJ) in hertz (Hz).
Matrix-assisted laser desorption ionization timdlpf(MALDI-TOF) MS were obtained with a

Bruker Ultraflex instrument by applying the matok 2, 5-dihydroxybenzoic acid (DHB). The



high resolution electron spray ionization mass spd¢iR ESI MS) were obtained with a Waters

Micromass-LCTPremier-XE mass spectrometer.

4.1.1 Synthesis @gf1,2-mannopyranosides
Synthesis of monosaccharidgé$ have been reported [3Fynthesis of glycosyl acceptor
10 has been reported [37]. Synthesis of compahtias been reported [39]. The details of the

chemical synthesis of the oth#d ,2-mannopyranosides are given in the Supportif@nation.

4.1.2 Solid phase peptide synthesis

The solid-phase peptide synthesis26fwas carried out starting from a 2-Cl-trirtyl resin
preloaded with Fmoc-Ala2b, loading 0.13 mmol/g, 760 mg, 0.1 mmol). Firstymoc removal
was executed by using a solution of 20% piperignBMF. Thereafter, coupling reaction with
amino acid protected by Fmoc group was performedadtivation with HBTU (2.0 equiv) ,
HOBt (2.0 equiv) and DIPEA (3.0 equiv) in DMF atoro tempreture (rt) for 5 min [43].
Subsequently, the actived amino acid ester wasfeeed to solid phase peptide synthesis tube
and kept for shaking at rt for 1-2 h. Furthemohe, mixed solution of DMF and DCM was used
to wash the the resin twice and then the solutfd2086 piperidine in DMF was added to remove
the Fmoc group, which was washed again by usingnilked solution of DMF and DCM above.
The procedure was repeated for each coupling. Afbenpletion of the synthesis of the crude
peptide, the resin was transferred from the pemyaehesizer into a flask, treated with a mixed
solution of AcCOH/TFE/DCM (2:1:16, v/vlv) and kephaking for 2 h to afford the crude
protected peptide26, which was then purified by column chromatograpmd LH-20 in

sequence.

4.1.3 General procedures for glycopeptides synshesi

Procedure aTo a stirred solution d?4a (0.02 mmol), peptid@6 (65 mg, 0.03 mmol) and
HOBLt (17.8 mg, 0.13 mmol) in GI&I/NMP (3.0 mL, 2:1, v/v), which was cooled to 0 Was
added EDC (26.0 mg, 0.14 mmol) [39]. The ice hads removed after 15 min and the reaction



was kept stirring at rt for 24 h under argon. Thaction mixture was diluted with G&l, (40
mL) and washed with saturated NaH£€olution (30 mL) and brine (30 mL) in sequencéne T
organic layer was dried over anhydrous,8@&, and concentrated in vacuum to afford a crude
product. Flash chromatography of the residue with,@,/MeOH (40:1, v/v) afforded the
protected glycopetide®7a as a white solid27b and27c were prepared following the procedure
described above.

Procedure b:A mixture of 27a (15.0 mg) and Pd(OHC (10 Wt. %, 10.0 mg) in
MeOH/CHCI, (2.0 ml, 2:1, v/v) was kept shaking under hydrogemO psi for 24 h and the
catalyst was then removed by passing through teqedid and MeOH (15 mL) was used to wash
for several times. Thereafter, the combined fiiratas concentrated under vacuum and the
residue was treated with TFA/TES/DCM (3/1/6, vivigy 2 h [45]. Subsequently, the solvent
was removed and the residue was extracted withfigdirvater. The solution was then
lyophilized to afford the crude glycopeptide, whiglas subjected to G-25 or purified by
reversed-phase HPLC to give the deprotected glyatafee28a. 28b and 28c were prepared

following the procedure described above.

4.1.4 General procedure for activation of aminoeglgptide

To the solution of amino-glycopeptid8a dissolved in DMF/PBS (4:1, 0.1 M PBS buffer)
were add few drops triethylamine and a large exoégisuccinimidal glutarat@9 (15 equiv)
[27]. The reaction was kept under gentle stirribgtdor 4 h. After which most of the solvents
were distilled off under vacuum, the activated glyeptide was then separated from the reagents
by precipitation with large excess volumes of EtQfatlowed by washing of the precipitate 10
times with EtOAc and drying under vacuum affordied pure30a. 30b and30c were prepared

following the procedure described above.

4.1.5 General procedure for conjugation with HSAl &i.H
Conjugation was carried out by combining thévated glycopeptide80a with HSA or
KLH at a molar ratio of 30:1 (moles of active egter mole of protein) in 0.1 M PBS buffer [26].



The reaction was kept under gentle stirring abrttivo and a half days. After that, the reaction
mixture was then purified by Biogel A 0.5 columnngs0.1 M PBS buffer (I = 0.1, pH = 7.8) as
the eluent. Fractions containing the glycopeptidenjugates, as characterized by the
bicinchoninic acid (BCA) assay for proteins and gteenol-sulfuric acid assay for mannose,
were combined and dialyzed against distilled wétoer2 days [27]. The solution was then
lyophilized to afford white solids of the desiralgb/copeptide conjugateka or 2a. 1b-c and

2b-c were prepared following the procedure describexyab

4.2 Biologic assay

Clinical strains ofC . albicansSC5314,C. parapsilosisATCC22019, andC. glabratg C.
tropicalis, C. lusitaniae and C. krusei were obtained from Shanghai Key Laboratory of
Molecular Medical Mycology. All the strains had beieentified by internal transcribed spacer
sequencing. Germ tube formation was obtained bygng yeast cells for 1.5 h in RPMI 1640

at 37°C.

4.2.1 Immunization procedure

Pathogen-free female Balb/c mice (6-8 weeks old)aiobd from Shanghai SLAC
Laboratory Animal Co. Ltd. (Shanghai, China) werenmunized with compounds
subcutaneously (s.c.) in the nape of the neck. Heyict vaccines were given alone or as a
mixture made with Freund’s adjuvant (Sigma, St.iseuMO) (n=6 per group). Negative control
groups of mice were given PBS buffer or KLH combingith adjuvant. Each mouse was
immunized on day O with vaccine conjugates (2P glycopetide per mouse) alone, or as a
mixture with complete Freund’s adjuvant at a 1l:ivXvand boosted (2Qg glycopetide per
mouse) three times on days 14, 28, 42 with or witlmcomplete Freund’s adjuvant at a 1:1 (v/v)
[25, 50]. Sera were collected before immunizatiomd ahen one week after the final
immunization. All sera were stored at -40 °C. Alimal procedures were carried out under a

protocol approved by the ethics committees of Seéddititary Medical University.



4.2.2 ELISA analysis protocol

The immune responses were tested by ELISA usindnadst previously described [48].
Briefly, 96-well plates were coated with correspmigd HSA-conjugated glycopeptideZa-c,
which were dissolved at 5g/ml in carbonate buffer (pH=9.6) and incubated 8C overnight.
The plates were blocked with blocking buffer (5%n+at milk in Tris-buffered saline with 0.05%
Tween-20) for 2 h at 37 °C. Then 1(D1:400 dilution of serum was serially diluted inle8
ratio. The plates were placed in a 37 °C incubfaiod h. After washing with PBST, the plates
were incubated with 10@l of 1:2000 diluted HRP-conjugate goat anti-moug& I(H+L)
antibody (Invitrogen, Cat. 32430) and plates waibated for 30 mins at 37 °C. After washing
with PBST, 3,3',5,5- tetramethylbenzidine was usasl the substrate for HRP. The color
development was stopped by addition of 10@f 2 M H,SO,. The OD at 450 nm and 630 nm
were read using a Universal Microplate Reader (B¥&-Instruments, Inc.). The antisera of mice
immunized with KLH combined with adjuvant or PBS reeused as negative controls. The
observed optical density (OD) was plotted againssarum dilution valvues in logarithmic scale,
and the best-fit line was used to calculate anyligdrs that were defined as the dilution value at

an OD value of 0.2.

4.2.3 Flow cytometry

Candidastrains were grown in yeast extract-peptone-degtrnedium for 1 day at 3.
The germ tube/hyphae @f. albicars was prepared by incubating yeast cells in RPM)1io4
1.5 h and 4 h at 37C. Then cells (10 in different phenotype were fixed and killed b%63
paraformaldehyde at -2@ for 20 mins. Then the cells were blocked with B®A in PBS for
1hr at RT. After washing, the cells (5¥)0vere incubated with immune serum diluted 1/100 in
dilution solution (1% BSA in PBS) and incubated@m temperature for 1 h. After washing 3
times with PBS, the yeast cells were suspendederadFluor 488-labeled goat anti-mouse 1gG
(Invitrogen) and incubated at rt for 0.5 h. Aftabéling, the cells were washed three times and
suspended in 500 PBS. Flow cytometry was performed using a FAC3talflow cytometer

with an argon laser excitation at 488nm. 10,000scel each sample were analyzed. Flowjo



software (7.6.1) was used to analysed the resétsited by Changhai hospital, Shanghai) [51].

4.2.4 Immunofluorescence staining
For immunofluorescence assays, the cells were sdspdn mounting media (50% glycerol
and 50 mM N-proplygallate in PBS), placed on a esliand imaged by a fluorescence

microscope.

4.2.5 Statistics
GraphPad Prism Software was used for preparatiofigafes and statistical analyses.
ELISA data were assessed by multivariate ANOVA, 8yi&k multiple comparisons test.

Statistical significance was definedRsalues of <0.05.
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® An original $-1,2-mannan-peptide conjugates as antifungal vaccines have
been synthesized.

® These KLH-conjugates elicited high antigen-specific 1gG levels in mice
even administered without complete Freund’'s adjuvant and the antisera
could effectively recognize both the carbohydrate and the Alsl peptide
epitopes.

® immunofluorescence and flow cytometry assays demonstrated that the
elicited antibodies could react with the cell surface of a number of fungi,
including C. albicans, C. tropicalis, C. lustaniae and C. glabrata.



