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Convergent chemo-enzymatic synthesis of
mannosylated glycopeptides; targeting of putative
vaccine candidates to antigen presenting cells

Julie D. McIntosh,”® Margaret A. Brimble,*** Anna E. S. Brooks, ™ P. Rod
Dunbar,b’d* Renata Kowalczyk,""01 Yusuke Tomabechi,c’d and Antony J.
Fairbanks®"*

The combination of solid phase peptide synthesis and endo-f-N-acetylglucosaminidasc
(ENGase) catalysed glycosylation is a powerful convergent synthetic method allowing acces:
to glycopeptides bearing full-length N-glycan structures. Mannose-terminated N-glycan
oligosaccharides, produced by either total or semi-synthesis, were converted into oxazoline
donor substrates. A peptide from the human cytomegalovirus (CMV) tegument protein pp65
that incorporates a well-characterised T cell epitope, containing N-acetylglucosamine at
specific Asn residues, was accessed by solid phase peptide synthesis, and used as an acceptor
substrate. High-yielding enzymatic glycosylation afforded glycopeptides bearing defined
structures. These high-mannose containing
glycopeptides were tested for enhanced targeting to human antigen presenting cells (APCs),

homogeneous high-mannose N-glycan
putatively mediated via the mannose receptor, and for processing by the APCs for presentation
to human CD8+ T cells specific for a 9-mer epitope within the peptide. Binding assays showed
increased binding of glycopeptides to APCs compared to the non-glycosylated control.
Glycopeptides bearing high-mannose N-glycan structures at a single site outside the T cell
epitope were processed and presented by the APCs to allow activation of a T cell clone
However, the addition of a second glycan within the T cell epitope resulted in ablation of T
cell activation. We conclude that chemo-enzymatic synthesis of mannosylated glycopeptides
enhances uptake by human APCs while preserving the immunogenicity of peptide epitopes
within the glycopeptides, provided those epitopes are not themselves glycosylated.

turn  stimulated research into

discovery in antigen

mannosylation® with the objective of enhancing antigen

The mannose receptor (MR),' a member of the calcium
dependent lectin receptor family,? recognises glycans attached
to the
microorganisms, as well as extracellular glycoproteins. In

surface of a wide variety of microbes and
addition to recognising mannose residues, the MR, which
consists of multiple carbohydrate recognition domains (CRD’s)
in a single polypeptide chain, possesses a broader binding
specificity than its name may initially suggest, and also binds
oligosaccharides terminated in other monosaccharides, such as
fucose and N-acetylglucosamine (GIcNAc), in a calcium
dependent manner.’

The roles that have been assigned to the MR are numerous,
including internalisation and clearance of invading organisms
by phagocytosis. Although the MR is expressed primarily by
macrophages, the fact that it is expressed more widely on
antigen presenting cells (APCs) led to the realisation” that the
MR is involved in antigen processing and presentation.’ This

This journal is © The Royal Society of Chemistry 2013

immunogenicity by targeting to APC’s via the MR.” The
targeting of other species to dendritic cells via the MR has also
been investigated for a variety of alternative purposes.®
Previous approaches at antigen mannosylation have
typically involved conjugation techniques such as reductive
amination of mannan-derived aldehydes,ﬁe’f or the construction
of neo-glycoconjugate structures in which the mannose residues
were attached by linkers.®®"

about both molecular heterogencity and the lack of precise

In the former case concerns remain

structural definition of such materials, whilst the latter may run
the risk of the development of immune response to the ‘non-
natural’ structural features of the linkers.

Chemical synthesis may address both of these concerns by
providing defined homogenous in which the
mannose-terminated oligosaccharide is attached to the peptide
backbone by native

materials

linkages. Previously we accessed
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fluorescently-labelled glycopeptides containing single mannose
residues through solid phase peptide synthesis (SPPS).’
logical extension of this work is the construction of peptides
that incorporate multivalent mannose residues via truncated or
full-length branched N-glycan structures. However, the total
chemical synthesis of homogeneous glycopeptides bearing
complicated N-glycan structures which are linked to the peptide
backbone through native Asn-linkages presents significant
logistical challenges.

A solution to this problem is a combined chemo-enzymatic
approach in which the peptide is accessed by synthesis, and the
multi-antennary oligosaccharide is then attached enzymatically.
In this respect we,'? together with Wang and co-workers,'! have
been instrumental in developing the synthetic potential? of the
(ENGases),13
enzymes that specifically cleave the chitobiose core of N-linked
glycans the GIcNAc

Particularly noteworthy developments have

endo-f-N-acetylglucosaminidases a class of
residues.
the
development of N-glycan oxazolines as activated donors for
first demonstrated by Shoda,'* and the
production of a variety of ‘glycosynthase’'” mutants of
enzymes such Endo M,16 Endo A,17 and Endo D'® which are
able to process oxazolines as donors but which are incapable of
Furthermore, the fact that the
oxazoline substrates required for these bio-catalysed synthetic

between two innermost

been

these enzymes,

performing product hydrolysis."

reactions may now be readily accessed from the corresponding
reducing sugars in water,”’ another seminal contribution by
Shoda, has significantly increased the ease of access to donors,
and so greatly broadened the scope of this potentially widely
applicable methodology.

As part of an on-going program centred on the convergent
synthesis of complex glycopeptides,”’ we reasoned that the
ENGase methodology is ideally suited to the production of
glycopeptide vaccine candidates comprising high mannose N-
glycans.

oligosaccharides bearing multiple mannose residues may

To test the hypothesis that the conjugation of

enhance the binding of a peptide vaccine to APC’s, glycans
into a 19-mer peptide from the
cytomegalovirus (CMV) pp65 protein (PP65491-509;
ILARNLVPMVATVQGQNLK) that that incorporates a very
well-characterised peptide epitope recognised by human
cytotoxic T-lymphocytes (CTL) (pp65495.503; NLVPMVATYV).
The CMV pp65 protein®
protein, and is capable of blocking innate and adaptive immune

were incorporated

is the most common tegument

responses upon CMV invasion® Pp65 and pp65-derived
peptide fragments stimulate the development of CTL in vivo
and in vitro.** The PP6549s.s03fragment is presented to T cells
bound to HLA-A2, the most common MHC class I molecule
(=45% of the population), and T cell responses to this epitope
are very well characterised,” making it an ideal model antigen.
The pp65491-500 peptide sequence chosen for the present study
conveniently incorporates two Asn residues (Asn-495 and Asn-
507) for the potential attachment of N-glycans, one of which
sits (Asn-495) within the pp6549s.503 T cell epitope. In order to
facilitate binding analysis in cellular immunology screens, a
fluorescence label was required, which in this instance was

2 | J. Name., 2012, 00, 1-3

provided by the attachment of 5(6)-carboxyfluorescein (5(6)-
CF)' in the final stages of SPPS. 5(6)-Carboxyfluorescein is a
widely used bio-labelling reagent allowing for ready detection
of peptides and proteins using both fluorescent microscopy and
flow cytometry and can be readily incorporated into stepwise
SPPS.”? Glycopeptides 4-7 (Figure 1) were therefore selected
as synthetic targets, in addition to the non-glycosylated peptide
1, which was used as a control in the APC binding assay.

5(6)-CF-lle-Leu-Ala-Arg-X1-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-GIn-X2-Leu-Lys

1:X1=X2=

2:X1=Asn; X2 léGlcNAc)Asn

3: X1 =X2 = (GIcNAc)As|
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Undecasaccharide

Structures of CMV-glycopeptides prepared by
enzymatic addition of mannose-containing oligosaccharides.

Results and Discussion

Peptide Synthesis

ENGase catalysed glycosylation requires a protein or peptide tc
contain a GIcNAc at Asn residues that are ultimately destined
to bear full length N-glycans. Glycopeptides 2 and 3 (Figure 1),
which contained GIcNAc at Asn-5, and GIcNAc at both Asn-£
and Asn-17 respectively, were targeted for peptide synthesis. It
was envisaged that both could be readily accessed by SPPS ir.
which the protected glycosyl amino acid building block Fmoc-
[GIeNAc(OAc);]Asn-OH 8?7 was incorporated as required.
Firstly, the non-glycosylated control peptide 1 was synthesised

2 to which Fmoc:

using aminomethyl polystyrene resin,
Lys(Boc)-(4-(hydroxymethyl)phenoxypropionic acid, HMPP)
was attached using N,N'-diisopropylcarbodiimide (DIC) as
coupling agent (Scheme 1). Microwave-assisted SPPS using the
appropriate Fmoc protected amino acid building blocks and 2-
(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium

hexafluorophosphate (HCTU) as coupling agent was followea

This journal is © The Royal Society of Chemistry 2012
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Fm°°'AS”(G'°NA°(OA°)3) ®) 5(6)-CF-lle-Leu-Ala-Arg-X1-Leu-Val-Pro-Met(O)-Val-Ala-Thr-Val-Gln-Gly-GIn-X2-Leu-Lys

9:X1=X2=Asn
10 - X1 = Asn; X2 = GIcNAcSOAc)S)Asn
11 : X1 = X2 = (GIcNAC(OAc)3)Asn

5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met(O)-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys 5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys

9 1, 8% overall yield
OAc ) OH o
o] o
AcO HO!
AcO NH o3 NH
AcHN hg AcHN
5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met(O)-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys ~ ——» 5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys
10 2, 32% overall yield
OAc o] OAc o OH o] OH o
o] e}
AcO Q HO H Q
AcHN AcHN hg AcHN AcHN

5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met(O)-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys 5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-Gln-Asn-Leu-Lys
11 3, 9% overall yield

Scheme 1. Synthesis of CMV control peptide 1 and glycopeptides 2 and 3 containing a GIcNAc residue either at Asn-17, or at
both Asn-5 and Asn-17. Reagents and conditions: (a) DIC, CH,Cly, rt, 2 h; (b) 20% piperidine, DMF, 35 W, 75 °C, 1 x 0.5 min +
1 x 3 min; (¢) Fmoc-AA-OH, HCTU, iPr,EtN, DMF, 20 W, 75 °C, 5 min; or Fmoc-Arg(Pbf)-OH, HCTU, iPr,EtN, DMF, rt, 25
min + 25 W, 75 °C, 5 min; or 8, HATU, 2,4,6-trimethylpyridine, DMF, 20 W, 75 °C, 15 min; (d) 5(6)-carboxyfluorescein, HCTU,
iPr,EtN, DMF, 20 W, 75 °C, 20 min; (e) 20% piperidine, DMF, 35 W, 75 °C, 4 x 3 min; (f) TFA, iPr;SiH, DODT, H,O0, rt, 2 h; (g)
DMS, TBAI, TFA, 0 °C, 1 h (for 1) or 1.5 h (for 2) or 9.5 h (for 3); (h) 1 M NaOMe in MeOH, rt, pH 12.2, 1.5 h (for 2) or pH

10.4, 3 h (for 3).

by HCTU-mediated coupling with 5(6)carboxyfluorescein
(5(6)-CF). Peptide 9 was cleaved from the resin using
trifluoroacetic acid (TFA). Subsequent reduction of the
methionine sulfoxide was performed using dimethylsulfide
(DMS) and tetrabutylammonium iodide in TFA.? Finally
purification by reverse phase (RP) HPLC yielded pure 1.
Similarly microwave-assisted SPPS using building block 8 with
(1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) activation,
followed by incorporation of the 5(6)-CF label and cleavage
from the resin yielded glycopeptides 10 and 11. Removal of the
acetate protecting groups on the attached GIcNAcs by treatment
with sodium methoxide in methanol, subsequent reduction of
the methionine sulfoxide, and purification by RP-HPLC yielded

This journal is © The Royal Society of Chemistry 2013

targets 2 and 3, comprising one and two GIcNAc residues

respectively.

Enzymatic Glycosylation

The synthesis of glycopeptides 4 and 6 bearing Mans-

terminated pentasaccharide N-glycans (Scheme 2) was
achieved using the tetrasaccharide oxazoline donor 12, which
was synthesized as previously described.'® The mutant
ENGase Endo A E173H, which had previously been

demonstrated!’®?!

to transfer oxazoline 12 to a variety of
acceptors bearing GIcNAc residues, was used for conjugation
to both peptides 2 and 3. In both cases the E173H mutant was
effective in producing the desired glycopeptide products 4 and
6 in good yield. Subsequent purification by RP-HPLC allowed
separation of the two regioisomeric materials that arose from

the use of the 5(6)carboxyfluorescein label.t

J. Name., 2013, 00, 1-3 | 3
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The synthesis of glycopeptides bearing full-length high
mannose N-glycans bearing nine mannose residues required the
use of the decasaccharide oxazoline donor 13 (Scheme 3).
Although highly complex oligosaccharide oxazolines, such as
13, may be accessed by total chemical synthesis, a considerably
more efficient procedure is to access them by semi-synthesis
following isolation of a high mannose containing
oligosaccharide / glycoconjugate from natural sources. In the
case of oxazoline 13, isolation from soybean flour is a
convenient if somewhat protracted method, and the reported
procedure''® allowed access to multi-milligram quantities of
oxazoline 13. Oxazoline 13 was then assayed as a substrate for
the Endo A E173H mutant enzyme, which had previously been
applied for the synthesis of a variety of truncated high mannose

structures in addition to those reported above. 712

OH o

Q
HO
Ho/%“”ﬁ

AcHN
5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-Gln-Asn-Leu-Lys

o o o
HOg NI\ o 2 o Q
HO HO NH

AcHN

5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-Gln-Asn-Leu-Lys
4, 68% yield

and in a similar fashion from 3:

o o
NH NH

5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-GIn-Asn-Leu-Lys

6, 89% yield
°Y W =GcNAc @=Man

Scheme 2. Reagents and conditions: (a) oxazoline 12, Endo A
E173H, sodium phosphate buffer (100 mM, pH 6.5), 23 °C, 7 h.

Surprisingly it was found that the E173H mutant of Endo A
was incapable of catalyzing the transfer of oxazoline 13 to
either peptide 2 or 3; indeed oxazoline 13 was recovered intact
from these reactions indicating that it was not a hydrolytic
substrate for the E173H mutant.
perplexing result because Endo A is known to cleave full-

This was a somewhat

length high mannose oligosaccharides efficiently; indeed WT
Endo A is itself incapable of performing synthetic reactions
using oxazoline 13 as the donor because product hydrolysis is
considerably faster than synthesis. Clearly the E173H mutation
had subtly affected the substrate tolerance of the enzyme so that
it was no longer capable of processing full-length N-glycan

4 | J. Name., 2012, 00, 1-3

structures. In light of this negative result, attention turned to the
commercially available N175Q mutant of Endo M.'®® This
enzyme has previously been shown to accept donor 13 as a
substrate, and indeed in the present study was effective in
producing the desired glycopeptides 5
and 3, respectively in good yield. Purification by RP-HPLC
enabled the
fluorescently-labeled materials. '

and 7, from peptides 2

again separation  of two  regioisomeric

o
HO
HO NH
AcHN

5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-Gln-Asn-Leu-Lys
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o
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5(6)-CF-lle-Leu-Ala-Arg-Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-Gln-Asn-Leu-Lys
5, 48% yield

and in a similar fashion from 3:

Hiewr | Heen

5(6)-CF-lle-Leu-Ala- Arg -Asn-Leu-Val-Pro-Met-Val-Ala-Thr-Val-GIn-Gly-! Gln Asn-Leu-Lys

7,54%yield [l =GloNAc @=Man
Scheme 3. Reagents and conditions: (a) oxazoline 13, Endo M
N175Q, sodium phosphate buffer (100 mM, pH 6.5), 23 °C.

Ability of glycosylated peptides to target antigen to MR-
expressing APC

Peptides were assessed for their ability to target monocyte
derived dendritic cells (hereafter referred to as antiger
APC) from 3 different human donors;
monocytes isolated from blood were cultured for 6 days ana

presenting cells,

then used on day 6 for binding assays. These in vitro-derived
cells express high levels of MR (CD206; Figure 2A) as well as
moderate levels of DC-SIGN (CD209; data not shown) that can
APC treated with
peptide 1 exhibited non-specific binding at 37 °C across all

also bind high order mannose glycans.

donors tested (Figure 2B-D); the nature of this interaction was
not further analysed in this study. However, there was enhanced
targeting of glycopeptides 4-7 to the APC across all donors

(Figure 2B-D). That this enhanced targeting required the

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Increased targeting of glycosylated peptides to MR-positive APC. (A) Expression levels of CD206 (MR) on the APC
were determined using an anti-CD206 antibody. (B-C) APC were treated with 10uM of peptides 1 and 4-7 at 37 °C for 60 minutes
and analysed by flow cytometry. Results in B show the binding for a representative donor of 1 (dotted line) compared to 4 (black
line) and 6 (dark grey histogram) relative to the unstained sample (light grey shaded histogram). Results in C show the binding of
1 (dotted line) compared to 5 (black line) and 7 (dark grey histogram) relative to the unstained sample (light grey shaded
histogram). In D, results are given as the change in measured fluorescence intensity (MFI, calculated as the MFI of sample minus
the MFI of the untreated control); each sample was tested in duplicate. Monocytes cultured from three individual donors are

shown. Statistical significance for each sample (compared to 1) was calculated using a one way Anova followed by Dunnett’s

Multiple Comparison Test; *p<0.05, **p<0.01, ***p<0.001.

presence of MR expression was demonstrated by analysis of
MR-deficient cells (lymphocytes) present in the same samples,
which indicated there was no consistent enhanced targeting of
glycopeptides 4-7 as compared to peptide 1 (see SI, Figure S 9).
The observed magnitude of targeting to APC was found to be
dependent on both the number and structure of the attached N-
glycans. Figures 2B and 2C show that glycopeptides 6 and 7,
each bearing two N-glycans, exhibited slightly stronger binding
to the APC as their mono-glycosylated
counterparts 4 and 5. Figure 2D shows that on average peptides
5 and 7, which both contain MangGIcNAc, structures, showed
stronger binding to the APC as compared to 4 and 6, which

compared to

bear truncated Man;GIcNAc, oligosaccharides. A caveat to
these observations is that although the binding affinities do
appear to correlate with N-glycan structure, further analysis is
required to determine whether the peptides are actually binding
to MR (CD206), DC-SIGN (CD209), or indeed both.

This journal is © The Royal Society of Chemistry 2013

Ability of glycosylated peptides to induce activation of a NLV-
Specific T cell clone

The ability of the mannosylated peptides to be processed and
induce T cell activation was determined. The T cell clone used
in this study recognises the epitope  pp65495.503
(NLVPMVATYV) and is hereafter referred to as the NLV-
specific clone. HLA-A2" APC were incubated with the
peptides overnight to allow processing and presentation of the
peptide epitope. The pp6549s.503 peptide itself (“NLV” in
Figure 3) binds HLA-A2 molecules on the APCs and activates
the NLV-specific T cell clone, as measured by secretion of the
cytokine TNFa (Figure 3). The non-glycosylated longer peptide
PP65491-500 (1) is also processed by the APCs to present pp6549s.
503 bound to HLA-A2 to activate the NLV-specific T cell clone
(Figure 3). Mono-glycosylated peptides 4 and 5, each bearing a
glycan at Asn-17 — outside the pp6549s5.503 T cell epitope — were

J. Name., 2013, 00, 1-3 | 5
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both processed and presented at the surface of the APC by
MHC class I, resulting in activation of the NLV-specific T cell
clone (Figure 3). Interestingly, APC pulsed with glycopeptides
6 and 7, which each bear an additional N-glycan located at Asn-
5 —the first amino acid in the T cell epitope — induced no
activation of the NLV-specific clone cells in any of the
individuals tested. Hence glycosylation at Asn-5, within the
epitope recognised by the T cell clone, inhibits processing of
the peptide by APCs, and therefore ablates T cell activation.
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Figure 3. Ability of peptides to induce T cell activation.
Activation of the NLV-specific clone was measured by
intracellular staining for the cytokine TNFa and analysed by
flow cytometry. Results are given as the percent TNFa positive
cells of the NLV-specific clone cells. NLV refers to the peptide
NLVPMVATYV, which served as a positive control for the
assay. APC were prepared from 3 individual Donors as shown;
each compound was tested in duplicate. Statistical significance
for each sample (compared to 1) was calculated using a one
way Anova followed by Dunnett’s Multiple Comparison Test;
*p<0.05, **p<0.01, ***p<0.001.

6 | J. Name., 2012, 00, 1-3

This result provides key information for the design of
glycopeptide vaccine candidates wusing this type of
modification; care should be taken to ensure that the addition of
any targeting N-glycans should be distant from any epitopes of
interest to guarantee that correct processing of the epitope is
possible.** However, importantly the ability of the mono-
glycosylated peptides 4 and 5 to induce T cell activation

indicates that the addition of the mannose-terminated
oligosaccharides did not restrict antigen processing of
unglycosylated peptide epitopes within the construct,

suggesting this strategy may indeed be highly useful to target
antigen to MR-expressing cells for presentation to T cells.

Conclusions

We have demonstrated the effectiveness of a convergent
chemo-enzymatic strategy to prepare pp65-based glycopeptides
bearing truncated and full-length high mannose N-glycans. The
combination of Fmoc-SPPS, the use of oxazoline donors of
and ENGase-catalysed
glycosylation  afforded glycopeptides in good yield
Experiments to test the levels of glycopeptide binding to APCs
indicated both that the addition of high mannose N-glycans
resulted in improved targeting of the peptide cargo to MR-

synthetic or semi-synthetic origin,

expressing cells, and that the targeted peptides were able to be
processed and presented by the APCs to human T cells; the
latter with the proviso that the site of glycosylation was not
within the epitope sequence. Thus the controlled addition of
high mannose N-glycans to peptides at judiciously selected
sites has the potential to afford superior constructs for vaccine
development.
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