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ntigen presenting cells (including dendritic cells
A (DO) and macrophages) are equipped with an ar-

ray of membrane and cytoplasmic receptors
known as pattern recognition receptors (PRR), with
which they bind to microbial components (pathogen as-
sociated molecular patterns, PAMPs). Once internal-
ized, any PAMP-associated proteins are subject to regu-
lated proteolysis (the exogenous antigen processing
pathway), producing peptides that bind to class Il ma-
jor histocompatibility complex (MHC) receptors and
hence stimulate T cell adaptive immunity (). The inter-
action between antigen presenting cell and T cell is
widely recognized as being one of the key steps regulat-
ing both the magnitude and the type of immune re-
sponse. The experimental manipulation of antigen pre-
senting cells, either to enhance therapeutic and
protective responses or to inhibit pathogenic responses,
is therefore an important goal of applied immunology.
Efficient delivery of such immunomodulators is one lim-
iting factor in achieving this goal.

A number of studies have used antibodies to deliver
antigens to antigen presenting cells in vitro or in vivo (2).
This has achieved some significant successes. How-
ever, a wealth of experience from the field of tumor biol-

ABSTRACT Improved chemical inhibitors are required to dissect the role of spe-
cific antigen processing enzymes and to complement genetic models. In this study
we explore the in vitro and in vivo properties of a novel class of targeted inhibitor of
aspartic proteinases, in which pepstatin is coupled to mannosylated albumin
(MPC6), creating an inhibitor with improved solubility and the potential for selec-
tive cell tropism. Using these compounds, we have demonstrated that MPCé is
taken up via mannose receptor facilitated endocytosis, leading to a slow but con-
tinuous accumulation of inhibitor within large endocytic vesicles within dendritic
cells and a parallel inhibition of intracellular aspartic proteinase activity. Inhibition
of intracellular proteinase activity is associated with reduction in antigen process-
ing activity, but this is epitope-specific, preferentially inhibiting processing of T cell
epitopes buried within compact proteinase-resistant protein domains. Unexpect-
edly, we have also demonstrated, using quenched fluorescent substrates, that little
or no cleavage of the disulfide linker takes place within dendritic cells. This does
not appear to affect the activity of MPC6 as an inhibitor of cathepsins D and E in vitro
and in vivo. Finally, we have shown that MPCé selectively targets dendritic cells
and macrophages in spleen in vivo. Preliminary results suggest that access to non-
lymphoid tissues is very limited in the steady state but is strongly enhanced at lo-
cal sites of inflammation. The strategy adopted for MPC6 synthesis may therefore
represent a more general way to deliver chemical inhibitors to cells of the innate im-
mune system, especially at sites of inflammation.

ogy has shown that delivery of drugs via antibody conju-
gates poses formidable technical problems. An
alternative approach is to target DC using ligands of lec-
tins such as mannose receptors, themselves a family
of PRRs (3, 4). We have explored this targeting strategy
in the context of using the selective inhibitor pepstatin 1
to identify the role of aspartic proteinases cathepsins D
and E in the proteolysis of antigen (5, 6). Pepstatin itself
is a very potent inhibitor (ICso < 1 nM for both cathep-
sins D and E). However, pepstatin is almost completely
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insoluble in aqueous solution, and its peptidic nature
gives very poor cell penetration. As a result, it is typically
used at 10—100 M in vitro, concentrations at which it
rapidly forms crystalline deposits in tissue culture. In ad-
dition to improving its solubility, selective cellular target-
ing of pepstatin is desirable, since cathepsin D deficiency
is known to result in profound neurotoxicity (7).

Our previous work addressed these issues by design-
ing a mannose—pepstatin conjugate, MPC6 2 (Figure 1,
panel a) in which pepstatin is coupled to neomannosy-
lated bovine serum albumin (BSA) via a disulfide linker.
These initial studies confirmed that this strategy re-
sulted in an inhibitor with increased solubility, which
could inhibit processing of a model antigen ovalbumin
(OVA) by bone marrow derived GM-CSF DC. However,
only one T cell response was examined, and no informa-
tion was available on uptake, intracellular distribution,
and cell targeting of MPC6. The purpose of this study
was to synthesize fluorescently labeled derivatives of
MPC6 and to follow uptake, endocytosis, and process-
ing of MPC6 by DC.

RESULTS AND DISCUSSION

Synthesis of Fluorophore-Labeled Analogues of
MPC6. Fluorophore-labeled analogues of MPC6 were
prepared using a modification of the approach that we
have previously reported (5). Starting from the key inter-
mediate 3, the tert-butyloxycarbonyl (Boc) protecting
group was removed, and the resulting free amine was
coupled to the activated N-hydroxysuccinimide (NHS)
ester of pepstatin (5) to give 4 (Figure 1, panel b). Re-
moval of the 9-fluorenylmethyloxycarbonyl (Fmoc)
group, followed by conversion to the iodoacetamide
and coupling to neomannosylated BSA 5 gave MPC6-32
6. For the second monolabeled analogue, selective re-
moval of the Fmoc group from 3 and coupling to
pepstatin-NHS gave 7, which was again deprotected,
converted to the iodoacetamide, and coupled to neo-
mannosylated BSA to give MPC6-40 8. Two probes were
prepared with fluorophores in different positions rela-
tive to the disulfide bond, in order to investigate whether
disulfide bond cleavage took place after uptake of MPC6
and the site and timing of such cleavage (8). In MPC6-32
6, the tetramethylrhodamine (TMR) label is placed on
the mannose-BSA conjugate side of the disulfide bond.
If the disulfide linker is cleaved, for example, by intracel-
lular reduction, the label should remain with the
mannose-BSA conjugate. Conversely, in MPC6-40 8,
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the TMR label is placed on the side of the pepstatin
and should therefore remain with the inhibitor after
cleavage of the disulfide linker. Measurements of TMR:
BSA ratios by light absorption spectroscopy gave yields
of around 1 TMR for every 2—3 BSA molecules. How-
ever, no remaining free thiol group could be detected
by the Ellman test on either inhibitor. These results are
consistent with many previous studies showing that
only 30—50% of serum albumin molecules contain a re-
active free thiol group, with the cysteine residue in the
remainder in the form of mixed disulfides or oxidized to
sulfenic and sulfonic acids and hence unreactive to io-
doacetamides (9). Additionally, the BSA free sulfhydryl
is buried within a hydrophobic site and is thus less ac-
cessible for reaction with iodoacetamides (10), also ren-
dering the Ellman’s test less reliable for measuring suc-
cessful conjugation (11).

Uptake and Retention of MPC6 Analogues within
DC. The binding/uptake of MPC6-32 6 and MPC6-40 8
by DC were first investigated by flow cytometry. Mouse
DC can be isolated and/or differentiated in vitro follow-
ing a number different protocols. /n vitro culture of bone
marrow precursors in GM-CSF gives rise to a population
of cells that is 60—90% CD11c positive, with the re-
maining cells mostly immature DC precursors. MPC6-32
6 (Figure 2, panel a) and MPC6-40 8 (Supplementary
Figure 1) are both taken up selectively by the CD11c
positive fraction of cells. Uptake by DC is both dose-
and time-dependent (Figure 2, panel b). The rate of up-
take is slow and continues to increase over 18 h, the
longest time period tested (Figure 2, panel c). The rate
does not saturate over the range of concentrations
tested at early time points, suggesting a low affinity in-
teraction facilitates uptake. However, concentration-
dependent saturation is observed at longer time points
(Figure 2, panel c), suggesting that there is a maximum
amount of inhibitor that can be taken up by each cell.

An alternative protocol for DC differentiation is to ex-
pand precursor cells in the growth factor Flt3L. This pro-
tocol produces a population that is almost entirely
CD11c positive but can be subdivided into two subpop-
ulations, expressing high and low levels of CD11b (12).
Although both populations were able to take up
MPC6-32 6 (and MPC6-40 8, Supplementary Figure 2),
the CD11b high population was more efficient (Figure 2,
panel d), consistent with the fact that this population is
believed to play the major role in uptake and processing
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Figure 1. Chemical structure and synthesis of fluorescent derivatives of mannose pepstatin conjugates. a) Structures of pepstatin 1 and MPC6 2.
b) Scheme showing synthetic route to MPC6-32 7 and MPC6-40 10. TMR, tetramethylrhodamine; Fmoc, 9-fluorenylmethyloxycarbonyl; Boc, tert-
butyloxycarbonyl; TFA, trifluoroacetic acid.
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Figure 2. Uptake of MPC6 by DC in vitro analyzed by flow cytometry. Graphs show median fluorescent inten-
sity (MFI) in the TMR channel. a) Uptake of MPC6-32 by GM-CSF bone marrow derived DC in vitro. b) GM-
CSF bone marrow derived DC were incubated for different times and with different concentrations of
MPC6-32 (left panel) or MPC6-40 (right panel) c) As for panel b, showing staining after 6 and 18 h (over-
night) incubation at two concentrations of MPC6. d) Uptake of MPC6-32 by Flt3L bone marrow derived DC in
vitro. The left panel shows the two CD11c DC populations. The right panels show TMR staining in cells in-
cubated with (solid line) or without (dotted line) MPC6-32. e) Efflux of MPC6-32 from DC. GM-CSF bone mar-
row derived DC (5 x 10“) were cultured for 2 or 18 h at 37 °C with MPC6-32 (0.5 M) and then cultured for
varying times in the absence of exogenous MPC6-32, before fixation. f) Flt3L bone marrow derived DC were
incubated with MPC6-32 at 37 °C (left panel) or 4 °C (right panel). g) GM-CSF bone marrow derived DC were
incubated for 6 h with different concentrations of MPC6-32 in the presence () or absence (M) of chloro-
quine (100 puM).
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of exogenous antigens via the
class Il MHC pathway (13).
Remarkably, efflux of MPC6-32
6 (Figure 2, panel €) and
MPC6-40 8 (Supplementary
Figure 3) is extremely slow, with
a half-life of over 3 h. Thus MPC6
appears to be continuously accu-
mulated by the cell, with very
little concomitant loss once up-
take has occurred. Uptake of
MPC6-32 6 and MPC6-40 8 is
also strictly temperature-
dependent and is blocked al-
most completely at 4 °C (Figure 2,
panel f), consistent with a pro-
cess requiring active internaliza-
tion rather than simple equilib-
rium binding to a receptor. Uptake
was also partly blocked in the
presence of chloroquine (Figure 2,
panel g), which inhibits intracel-
lular acidification, consistent
with a model in which MPCé6 is
taken into the cell via a receptor
and then falls off the receptor at
the acidic pH of the endosome.
As predicted, uptake involved
a saturable interaction with the
mannose residues of MPC6,
since uptake could be competi-
tively inhibited by excess manno-
sylated -BSA, but not by BSA
alone (Figure 3, panel a). 50% in-
hibition of uptake required con-
centrations above 7.5 uM com-
petitor, consistent with the
relatively low affinity interaction
between mannose receptors and
their ligands (14). DC express a
number of receptors of the lectin
family, several of which can po-
tentially bind mannose residues.
Two lectin receptors which have
received particular attention are
DEC 205 (15) and the classical
mannose receptor (16). Both are
expressed on bone marrow de-
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Figure 3. Uptake of MPC6 is mediated by mannose receptors. Uptake was analyzed by flow cytometry. Graphs show median fluorescent
intensity (MFI) in the TMR channel. a) Competitive inhibition of MPC6 uptake. GM-CSF bone marrow derived DC (5 x 10“) were cultured for
3 h at 37 °C in the presence of different concentrations of mannose-BSA or BSA. b) GM-CSF bone marrow derived DC (5 x 10*) were cul-
tured for 30 min in the presence or absence of different amounts of purified anti-DEC205 antibody (or as control an isotype matched anti-
class Il MHC antibody). MPC6-32 6 (at high and low concentrations as shown) was then added for a further 3 h at 37 °C. c¢) Mannose re-
ceptor expression was detected by flow cytometry using a biotinylated antimannose receptor antibody and APC-streptavidin. d) Bone mar-
row derived DC from wild type and mannose receptor deficient mice were incubated in different concentrations of MPCé6 for 3 h at 37 °C.
e) A representative fluorescent histogram of the data in panel d, using a concentration of 0.13 .M MPC6-32 6.

rived mouse DC. As shown in Figure 3, panel b), even
very high concentrations of a monoclonal antibody to
DEC205, NLDC145, which have been shown to block up-
take of apoptotic cells via this receptor (17), were un-
able to block uptake of MPC6-32. This result is consis-
tent with the structure of DEC205, which although
belonging to the lectin family, lacks the classical man-
nose binding domains (18).

No blocking antibody to the classical mannose recep-
tor has been described, so we were unable to carry out
similar experiments to the above. However, we were
able to compare uptake of MPC6-32 6 in the presence
and absence of this mannose receptor, using DC derived
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from mannose receptor deficient mice (Figure 3,

panel c). As shown in Figure 3, panels d and e, uptake
of MPC6-32 6 was substantially lower in the absence of
this receptor, particularly at lower concentrations, sug-
gesting that this receptor has an important but not ex-
clusive role in MPC-32 6 uptake.

Distribution of MPCé6 and Linker Stability within DC.
Flow cytometry cannot readily distinguish between
binding at the cell surface and uptake into the cell. The
distribution of MPC6 within dendritic cells was therefore
followed by confocal microscopy, using the fluorophore-
labeled analogues of MPC6. Both MPC6-32 6 and
MPC6-40 8 are seen clearly within the majority of DC.
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Figure 4. Intracellular localization of MPC6. a) GM-CSF bone marrow DC were incubated for 3 h in the pres-
ence of MPC6-32 6 (1 M) and MPC6-40 8 (1 uM), washed, fixed, and processed for confocal micros-
copy. The panels show low (scale bar = 40 pm) and high (scale bar = 4 pm) magnifications showing the
presence of intracellular labeled MPC6 in discrete vesicular structures. b) GM-CSF bone marrow DC were
incubated for 3 h in the presence of MPC6-32 6 ((1 M), washed, fixed, and processed for transmission
electron microscopy. c) As for panel a, but OVA labeled with fluorescein isothiocyanate (FITC) (1 mg mL™?)
was added to the cultures 1 h prior to the end of the incubation period. Note the close overlay between
OVA and MPC6 staining (scale bar = 4 p.m). d—g) As for panel a, but cells were stained after fixation and
permeabilisation using antibodies for the lysosomal protein LAMP 1 (d), the Golgi marker giantin (e), and
the proteinases cathepsin D (f) and E (g) (scale bar = 4 p.m).
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The MPC6 derivatives are concen-
trated into vesicles of heteroge-
neous shape and size, often par-
ticularly densely packed in the
perinuclear region, but fill a large
proportion of the cytoplasmic vol-
ume in some cells (Figure 4,

panel a). No obvious distinction
could be observed between distri-
bution of MPC6-32 6 and
MPC6-40 8, and for brevity the re-
maining panels each show only a
representative image using one
inhibitor.

In light of the size and extent of
MPCé6-containing vesicles ob-
served by confocal microscopy, we
also examined the ultrastructure
of DC that had taken up unlabeled
MPC6 by transmission electron mi-
croscopy (Figure 4, panel b). A
number of DC from this group
were indeed found to be packed
with large electron dense vesicu-
lar structures, which sometimes
filled a large proportion of the cy-
toplasm. The vesicles often con-
tained a core of dense material,
surrounded by less dense ma-
terial. We hypothesize that within
these structures MPC6 may form
insoluble aggregates as it concen-
trates within endosomes, which
may explain the extremely slow ef-
flux observed in Figure 2, panel a.

Since previous studies had
demonstrated inhibition of OVA
processing by MPC6, the extent of
co-localization of OVA and MPC6
was examined (Figure 4, panel c).
OVA was taken up very efficiently
by DC, and its distribution showed
extensive co-localization with that
of the MPC6 derivatives. Thus
MPC6 successfully targets those
endocytic compartments that also
contain exogenous protein anti-
gens taken up by DC.

www.acschemicalbiology.org



The nature of the compartments was examined in
more detail by immunofluorescent microscopy. MPC6
distribution overlapped significantly with LAMP1, a
marker of late endosomes/lysosomes. However, a sig-
nificant proportion of LAMP1 positive vesicles did not
contain MPC6, confirming that lysosomes and endo-
somes are distinct compartments and that MPC6 has
only partial access to the lysosomal system (Figure 4,
panel d). As expected, MPC6 showed little overlap with
the Golgi apparatus (Figure 4, panel €). The two targets
of MPC inhibition within DC are the two aspartic protein-
ases cathepsin D and E. Cathepsin D is predominantly
a lysosomal enzyme, and its distribution is similar to
that of LAMP1. In contrast, cathepsin E is predominantly
extralysosomal (19). As described previously (6, 20),
its distribution is much more diffuse and reticular, and
in contrast to the predominantly perinuclear distribution
of cathepsin D, cathepsin E is also found at the cell pe-
riphery. MPC6 distribution showed significant overlap
with both cathepsin D and E (yellow areas in Figure 4,
panels f and g, respectively). However, some enzyme
containing structures did not shown any MPCé6 fluores-
cence. Interestingly, small cathepsin E containing
vesicles were sometimes seen closely juxtaposed to
but distinct from the much larger endocytic vesicles con-
taining MPC6 (Figure 4, panel g, detail).

The design of MPC6 incorporates a disulfide bond
containing linker. The rationale for this design was
based on a considerable body of literature suggesting
that the intracellular environment favors reductive
cleavage of such disulfide-containing linkers (8, 21).
We therefore hypothesized that cleavage of the disul-
fide linker of MPC6 would liberate pepstatin from the
carrier and thus improve its bioavailability profile
within the cell. However, the experiments shown in
Figures 1—3 did not reveal much difference between
the functional properties of MPC6-32 6, in which the flu-
orophore is attached to the BSA side of the linker, and
MPC6-40 8, in which it is attached to the pepstatin side
of the linker. Furthermore, a recent paper has ques-
tioned the hypothesis of a reductive endosomal environ-
ment (22).

We therefore tested the hypothesis directly, by syn-
thesizing two analogues of MPC6-32, in which the TMR
fluorescence is quenched by a QSY-9 group added to
the other side of a linker. MPC6-98 9 (Figure 5, panel a),
containing a disulfide bonded linker equivalent to that
in MPC6 between the TMR and QSY-9 groups, was again
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synthesized from 3 via selective deprotection, derivat-
ization with QSY-9, and removal of the Fmoc group to
give 10. This was followed by formation of the iodoacet-
amide and conjugation to neomannosylated BSA to
give 9 (Figure 5, panel a). As a control, the analogue
MPC6-105 11 (Figure 5, panel a), containing a simple
aliphatic linker and resistant to reductive cleavage, was
synthesized from 1,3-diaminopropane via a similar
route (Supporting Information). For ease of synthesis,
the pepstatin moiety was omitted from both quenched
compounds.

Preliminary experiments demonstrated that the
TMR-dependent fluorescence of MPC6-98 9 increased
10- to 20-fold on reductive cleavage of the S—S bond
with dithiothreitol, whereas in contrast MPC6-105 11
was unaffected, confirming that the quenching was ef-
fective and could be reversed by cleavage of the disul-
fide bond. The uptake and fluorescence of both com-
pounds by DC was then compared to that of MPC6-32,
using flow cytometry (Figure 5, panel b). Unexpect-
edly, we could find no evidence of cleavage of MPC6-98
9 even after 6 h of incubation with DC, and indeed
there was no significant difference in emission be-
tween MPC6-98 9 and MPC6-105 11. In order to recon-
cile the lack of linker cleavage with the observed po-
tency of MPC6 in antigen processing and enzymatic
functional assays, one must hypothesize that the pep-
statin in MPC6 retains activity even when bound to linker
and carrier. This hypothesis was tested by measuring
the relative potency of MPC6 and pepstatin in cell free
assays of cathepsin D and E inhibition. As shown in
Figure 5, panel ¢, MPC6 was only about 2- to 3-fold less
potent compared to free pepstatin, a decrease that
may be accounted for by the incomplete coupling of
pepstatin/linker to the BSA carrier as discussed above.
Despite the attachment of a large carrier moiety, there-
fore, the pepstatin within MPC6 retains almost all its po-
tency as a proteinase inhibitor.

Functional Inhibition of Aspartic Proteinase Activity
by MPCé. Confocal microscopy demonstrated targeting
of MPC6 to cathepsin D/E containing intracellular com-
partments. However, this approach cannot give quanti-
tative information on the efficiency of enzymatic inhibi-
tion, particularly as the antibodies to the cathepsins do
not distinguish between mature (active) enzyme and im-
mature (inactive) precursor. Functional inhibition of as-
partic proteinase activity by MPC6 was therefore as-
sessed using two approaches. In the first, DC were
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Figure 5. The role of disulfide bond cleavage in MPC6 activity. a) Scheme showing synthetic route to the
quenched MPC6 analogue MPC6-98 9 (containing a disulfide bond in the linker between the quencher QSY-9
and the TMR) and the structure of MPC6-105 11 (without this disulfide bond). b) The uptake of MPC6-98,
MPC6-105, and MPC6-32 (cf. Figure 2, panel b) by GM-CSF bone marrow derived DC. The graph shows MFI of
DC population after 6 h of incubation in presence of different compounds, plotted against compound concen-
tration. c) The inhibition of cathepsin D and cathepsin E by MPCé6 and pepstatin. Enzyme (1 nM) was incu-
bated in the presence of inhibitor at the concentration shown and proteinase tested using a quenched fluores-
cent peptide substrate as described in Methods. The graph shows the activity as a percent of the activity in
the absence of inhibitor.
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allowed to take up MPC6 for
differing times and then
lysed, and proteinase activity
in the lysate at pH 4 was mea-
sured using a quenched fluo-
rescein substrate that is effi-
ciently cleaved by both
cathepsin D and E (23)
(Figure 6, panel a). In agree-
ment with the uptake data
shown in Figure 1, inhibition is
both time- and dose-
dependent. Levels of inhibi-
tion reached 60—70% at
10 pM MPC6 (the maximum
tested), after exposure to
MPC6 over 3—6 h. Addition of
pepstatin after cell lysis inhib-
its over 95% proteinase activity
(Figure 6, panel b), confirming
that the assay is indeed selec-
tive for aspartic proteinase ac-
tivity. Consistent with the very
slow efflux of inhibitor ob-
served, inhibition is long last-
ing, since cells that are allowed
to take up MPC6 for 3 h,
washed, and then incubated
in the absence of inhibitor re-
main efficiently inhibited even
after 18 h (Figure 6, panel c).
Activity of aspartic protein-
ases in DC was also measured
using a flow cytometric assay,
using the active site specific
probe BODIPY-FL pepstatin
(Figure 6, panel d). In this as-
say, DC are fixed and perme-
abilized at acidic pH and then
incubated in the presence of
BODIPY-FL pepstatin, in the
presence or absence of excess
pepstatin (24). Incubation of
DC with MPC6 (10 M) for 3 h
resulted in 60—80% inhibition
of specific binding of the active
site probe. Furthermore, MPC6
inhibited BODIPY-FL pepstatin
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Figure 6. Inhibition of aspartic proteinase activity in DC incubated with MPCé6. a) GM-CSF DC were incubated in the presence
of different concentrations of MPC6 for 3 h. Excess MPC6 was removed by washing, the cells were lysed, and acid proteinase
activity in 100 cell equivalents was measured as described in Methods. Results are expressed as percentage inhibition rela-
tive to activity of cells without inhibitor. b) GM-CSF DC were incubated in the presence of MPC6 (10 p.M) for varying
lengths of time. Cells were then washed, and proteinase activity was measured as in panel a. For the last unlabelled his-
togram, pepstatin (100 nM) was added after lysis. c) GM-CSF DC were incubated in the presence or absence of MPC6

(10 M) for 3 h. Excess MPC6 was removed by extensive washing, a portion of cells was removed, and proteinase activity
was measured as above (inhibition shown in column labeled 3). The remaining cells were incubated overnight in the ab-
sence of inhibitor, and proteinase activity was measured after a further 18 h of culture (column marked 3 + 18). d) GM-
CSF DC from cathepsin D deficient (CTSD —/—), cathepsin E deficient (CTSE —/—), or wild type litter mate controls

(CTSD +/+ and CTSE +/+) were incubated in the presence (solid line) or absence (dashed line) of MPC6 (10 M) for 3 h,
and aspartic proteinase activity was measured by staining with BODIPY-FL pepstatin as described in Methods. The filled
histograms show fluorescent signal in the presence of excess unlabeled pepstatin (100 M). The bar chart below the
FACS profiles show MFI for each experimental group, after subtracting MFI in the presence of excess unlabeled pepstatin
(100 uM).
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Figure 7. Inhibition of antigen processing in DC incubated with MPC6. a) GM-CSF DC (5000 cells) cultured from bone marrow of Balb/c mice were in-
cubated with varying concentrations of MPC6 and co-cultured with ovalbumin (OVA, 1 mg mL™?) or OVA peptide (323—339, 1 pg mL™?), and the T
cell hybridoma D011.10 (2 x 10* cells). IL2 release was measured after 24 h. b) GM-CSF DC cultured from bone marrow of Balb/c mice were incu-
bated with MPC6 (10 M) for 1 h and then OVA (2 mg mL?) for a further 2 h. Excess OVA and inhibitor was removed by washing, and the cells were
fixed with gluteraldehyde as described in Methods. Different numbers of fixed DC were then co-cultured with DO11.10 cells (2 x 10%), and IL2
release was measured after 24 h. c) Splenic CD11c+ from Balb/c mice DC (105) were incubated with (M) or without () MPC6 (10 M) for 3 h
and then co-cultured with OVA for a further 3 h. The DC were washed and co-cultured with DO11-10 cells as above. IL2 release was measured
after 24 h. d) GM-CSF DC cultured from bone marrow of C57Bl mice were incubated with (M) or without () MPC6 (10 M) for 3 h and then co-
cultured with OVA (left panel) or OVA peptide 323—339 (right panel) for a further 3 h. The DC were washed and co-cultured with OT-II trans-
genic T cells for 18 h. Proliferation was measured by thymidine incorporation. €) GM-CSF DC cultured from bone marrow of C57Bl mice were in-
cubated with (M) or without (¢) MPC6 (10 M) for 3 h and then co-cultured with OVA, and the T cell hybridoma MF2 (105 cells). IL2 release was
measured after 24 h. f) GM-CSF DC cultured from bone marrow of cathepsin D deficient or wild type litter mates were incubated with or with-
out MPC6 (10 M), MSP1 protein, or MSP1 peptide (marked as B7p) and the B7 T cell hybridoma. IL2 release was measured after 24 h. g) GM-
CSF bone marrow derived DC were pulsed labeled with S35 methionine in the presence or absence of MPC6 (10 M) and then cultured for the
times shown in the absence of label. Cells were lysed and immunoprecipitated with anti-li antibody In-1, and the immunoprecipitate fraction-
ated by PAGE. Control immunoprecipitates using rat Ig showed no bands at the molecular weights of li or class | MHC.
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binding equally both in DC from mice lacking cathepsin
D and in DC from mice lacking cathepsin E. Thus MPC6
is able to target both cathepsin D and cathepsin E con-
taining compartments in these DC.

The activity of MPC6 in inhibiting antigen processing
of protein antigens is explored in Figure 7. Initial
dose—response curves demonstrated that MPC6 maxi-
mally inhibited processing of OVA presentation to the
specific T cell hybridoma DO11.10 but did not block an-
tigen presentation of the synthetic peptide coding the
OVA sequence 323—339, at concentrations of 10 uM
(Figure 7a). This concentration was used in all subse-
quent experiments. In order to try and quantify the effi-
ciency of blocking, DC were incubated with a fixed con-
centration of OVA and MPC6 and then fixed with
gluteraldehyde to block further processing. Different
numbers of DC were then co-cultured with DO11.10
cells (Figure 7, panel b). A comparison of dose re-
sponses in the presence or absence of inhibitor sug-
gested that MPC6 increases the number of cells required
to give an equivalent response by around 1 order of
magnitude, consistent with a 90% decrease in number
of OVA peptide/MHC complexes formed in the presence
of the inhibitor. A similar dose response was observed
using DC isolated directly from mouse spleen (Figure 7,
panel ¢) rather than differentiated from bone marrow in
vitro. DO11.10 is a rather insensitive T cell line, requiring
1—2 mg mL~! OVA for efficient stimulation. We there-
fore tested MPC6 using OTII cells, TcR transgenic T cells
recognizing the same peptide sequence of OVA but re-
quiring 2—3 orders of magnitude less antigen (and pre-
sented by a different MHC class Il haplotype). MPC6
showed similar levels of inhibition of processing of OVA
in this model (Figure 7, panel d), confirming that the ef-
ficient inhibition observed was not specific to either the
D011.10 line used as indicator or the particular strain
of MHC or mouse. The sensitivity of antigen processing
to MPCé was different for different epitopes. Thus no in-
hibition of processing was observed when using MF2
(Figure 7, panel €) or 3D018.3 (Supporting Information
Figure 4), two T cell lines that recognize a different por-
tion of the OVA sequence. In contrast, MPC6 did inhibit
processing of MSP1—19, a fragment of a protein from
Plasmodium chabaudi chabaudi (25, 26) (Figure 7,
panel f). Inhibition was not therefore a special feature
of the single OVA epitope 323—339.

The exogenous class Il MHC antigen processing path-
way requires two proteolytic events, the cleavage of an-
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tigen into MHC-binding peptides and the cleavage of in-
variant chain, a protein that is associated with MHC in
the ER and prevents binding until it is proteolytically de-
graded and removed. The proteinases responsible for li
degradation remain poorly characterized (27), although
early studies implicated aspartic proteinases (28, 29). It
remained possible, therefore, that the effect of MPC6
could be attributed to its effect on invariant chain cleav-
age rather than a direct effect on antigen proteolysis. In
order to assess this possibility directly, DC were loaded
with MPC6, and invariant chain degradation followed by
pulse-chase metabolic labeling and immunoprecipita-
tion (Figure 7, panel g). At the concentrations that led to
profound inhibition of antigen processing, MPCé6 failed
to block or retard invariant chain degradation.

In Vivo Targeting of DC by MPC6. The selectivity of
MPC6 was next examined in vivo, by injection of
MPC6-40 8 intravenously into mice. Mice were sacri-
ficed after 3 h, and spleen cells isolated and analyzed
by flow cytometry (Figure 8, panel a). An initial analysis
of uptake on unfractionated spleen cells showed that
MPC6-40 8 was taken up by splenic CD11c positive DC
(10—20% positive) but much less efficiently by lympho-
cytes (<5% positive). In order to analyze the specificity
in more detail, CD11c cells were enriched by magnetic
bead separation and the CD11b+ (myeloid) and
CD11b— (lymphoid) cells (30) were analyzed sepa-
rately (Figure 8, panel b). MPC6-40 8 was found selec-
tively in the myeloid (CD11b+) DC population and was
inefficiently taken up by the CD11b DC. In agreement
with this observation, MPC6-40 8 could be detected in
the CD11c+CD8— population (the equivalent of
CD11b+) but not in the CD11c+CD8— population
(Supplementary Figure 5). Significant staining was still
observed 18 h after injection, although the levels were
reduced compared to the 3 h time point.

The large molecular weight of MPC6 should limit ac-
cess to nonlymphoid tissue via the endothelial blood
vessel wall, but access of the inhibitor may occur at sites
of inflammation when the barrier becomes more leaky.
In order to test this hypothesis, mice were injected with
MPC6-40 8 intravenously, and peritoneal cells were col-
lected either in unstimulated mice (Figure 8, panel c) or
after inducing peritoneal inflammation by prior injection
of thyoglycollate (31). The peritoneum contained lym-
phocytes, granulocytes, CD11b+CD11c— macro-
phages, and CD11b+CD11c+ DC. MPC6-40 8 could
not be detected in any population in unstimulated mice,
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Figure 8. In vivo targeting of MPCé. a) Mice were injected intravenously with 1 mg of
MPC6-40 8 or left uninjected. Spleens were harvested after 3 h, and cells were stained for
CD11c. The left panel shows the forward scatter/side scatter profile and the two gated
populations. The smaller populations consisted of >98% lymphocytes; the larger popula-
tion contained >90% of the total CD11c+ DC population. The left panel shows the
MPC6-40 signal (measured as TMR fluorescence) for the lymphocytes and the CD11c+
DC, for control (shaded) and MPC6-40 injected mice (empty histograms). b) As for panel a,
but the CD11c spleen cells were enriched by magnetic bead selection and then stained
for CD11c and CD11b. The panels show the MPC6-40 signal (measured as TMR fluores-
cence) for the CD11b+CD11c+ DC and the CD11b—CD11c+ DC for control (shaded histo-
gram) and MPC6-40 injected mice (empty histograms). One representative experiment of
three. c) Mice were injected intravenously with 1 mg of MPC6-40 8 or left uninjected. Peri-
toneal exudates cells were harvested after 3 h, and cells were stained for CD11b and
CD11c. The panels show the MPC6-40 signal (measured as TMR fluorescence) for the
CD11b+CD11c— macrophages and the CD11b+CD11c+ DC for control (shaded histo-
gram) and MPC6-40 8 injected mice (empty histograms). One representative experiment
of three. d) As for panel c), but all mice received 2 mL of thioglycollate (3%) 3 days prior to
the MPC6-40 injection. One representative experiment of three.

confirming that the inhibitor did not cross the endothe-
lium efficiently (Figure 8, panel ). In contrast, significant
staining was observed in both macrophages and DC af-
ter thioglycollate (Figure 8, panel d).
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CONCLUSION

This study describes the synthesis and functional
properties of the inhibitor/carrier conjugate MPC6,
which targets the aspartic proteinase inhibitor pep-
statin to antigen presenting cells. A major goal of the
study was to incorporate fluorescent groups into
the basic structure that would allow efficient track-
ing of the conjugate by fluorescence microscopy or
flow cytometry. The tetramethyl rhodamine (TMR) la-
bel chosen proved a good compromise between
ease of chemical synthesis and good optical proper-
ties, allowing multiparameter analysis in combina-
tion with most of the commonly used fluorophores
such as FITC, APC, and the PE-Cy5/7 tandem dyes.
This approach therefore allowed tracking of MPC6
inhibitor within several subpopulations of heteroge-
neous cell mixtures both in vitro and ex vivo. This is
a particularly important consideration in following
DC targeting, since these cells are usually only a
small minority of lymphoid tissue in vivo and con-
sist of several subtypes with different function (30).

Using this fluorescent tracking approach, we
demonstrated that MPC6 is avidly internalized by a
variety of DC. Uptake was slow (compared, for ex-
ample, to the very rapid binding of antibody conju-
gates to their target) and required micromolar con-
centrations of inhibitor. Both of these features, as
well as the uptake block induced at 4 °C and the
competitive block in the presence of BSA mannose,
are compatible with a model of mannose-receptor
facilitated uptake. DC express a number of receptors
able to bind macromolecules containing mannose
(32). The reduced uptake of MPC6 in the absence of
the classical mannose receptor clearly demon-
strates an important role for this receptor on bone
marrow derived DC in vitro, but other members of
the lectin family may well contribute in vivo. Further
studies will be required to more precisely identify
the contribution of each receptor on different DC and
macrophage subsets in vivo.

The classical mannose receptor has a relatively
low ligand binding avidity. However, low affinity re-
versible binding to a mannose receptor effectively
increases the local concentration at the cell surface,

leading to enhanced uptake via endocytosis (33). The
ability to continually accumulate inhibitor over an 18 h
period, the very slow efflux rates, and the sensitivity of
the uptake to chloroquine further suggest that MPC6
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does not remain bound to the receptor but dissociates
at acidic endosomal pH, presumably allowing the recep-
tor to recycle for further rounds of uptake. It remains un-
clear why MPCé6 is not then lost from the cell, but a plau-
sible hypothesis supported by the ultrastructural
evidence of a large number of very electron-rich dense
vesicles is that the high concentrations achieved within
the endolysosomal compartment lead to aggregation,
thus trapping the inhibitor within the cell. These proper-
ties of MPC6 require relatively high extracellular concen-
trations, for prolonged periods of time. However, the
low affinity and hence reversible binding of MPC6 al-
lows a recycling mechanism to occur, which can achieve
very high levels of intracellular inhibitor. In contrast, an-
tibody conjugate delivery depends on high affinity bind-
ing, which is fast and requires low concentrations of ex-
tracellular conjugate. However, the high affinity of the
antibody—antigen interaction effectively means the in-
teraction is irreversible, limiting uptake to the amount of
antibody target present in the cell.

Confocal microscopy and enzymatic studies demon-
strated that MPCé6 is internalized to the antigen process-
ing compartments of DC, which contain both internal-
ized exogenous antigens and the two aspattic
proteinases cathepsin D and E (34). Other compart-
ments containing both proteinases clearly exist, pre-
sumably accounting for the fact that only partial inhibi-
tion of proteinase activity was achieved. The nature of
this heterogeneity remains unclear, but both enzymes
may be stored in storage vesicles (perhaps as proen-
zymes) and released into the appropriate endosomal
compartment only upon appropriate stimulation. Such
a regulated delivery model is compatible with the recent
data (35) suggesting that efficient antigen processing
occurs only in the presence of appropriate microbial
stimulation.

An unexpected finding of our study was the appar-
ent lack of role for the disulfide bond within the linker
that joins the albumin and pepstatin portions of the con-
jugate. Using quenched fluorescent substrates, we
were unable to find any evidence for substantial break-
age of the linker within DC, even over a 6-h period. The
inclusion of disulfide bond linkages in macromolecular
drug delivery systems has become commonplace and is
based on the widely held belief that the endosomal/
lysosomal system provides a highly reductive environ-
ment, leading to cleavage of such linkers and release of
active drug. The discovery of several specific enzymatic
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pathways for facilitating this S—S bond breakage (8)
provided further apparent support for this model. How-
ever, relatively few studies have directly measured re-
ductive cleavage of such linkers in situ. One recent study
that did set out to measure cleavage also found no evi-
dence for reduction within the endosomal system (22),
whereas a second recent study demonstrated disulfide
bond cleavage within endosomes (21). The reasons for
these discrepancies remain unclear, although they may
be related to the different cell types and receptor target-
ing used in the two reported studies. One further com-
plexity is that disulfide bond cleavage may readily occur
in the cytoplasm (which has a highly reductive environ-
ment) but disulfides in endosomes/lysosomes (which
as shown by our confocal images are the major compart-
ments targeted by MPC6) remain intact unless cleaved
by specific enzymatic activity. In this regard, one impor-
tant consideration is that the disulfide bond within the
MPC6 linker does not have the same structure as the
Cys—S—S—Cys bond found in natural protein disulfides
and may therefore not act as an efficient substrate for
the oxidoreductase enzymes such as GIILT that have
been described within DC (36). Our work has also dem-
onstrated that for MPC6 to function effectively as a tar-
geted inhibitor of cathepsins D and E, dissociation of in-
hibitor and carrier may not be essential. This was also
demonstrated in a recent study of targeting of cysteine
proteases by mannose cluster-inhibitor conjugates in
APCs (37). Further work on linker characterization may
improve the susceptibility of conjugates to cellular re-
duction and hence improve the efficiency of delivery.
Despite the partial inhibition of proteinase activity
and the lack of linker cleavage, MPC6 was remarkably
efficient at blocking processing of OVA by DC. Compari-
son of DC dose—response curves suggested that MPC6
reduced the number of loaded MHC peptide complexes
by as much as 90%. Thus MPC6 appears to effectively
target the pool of aspartic proteinase, which is specifi-
cally required for antigen processing to occur. These
studies support and extend our earlier studies propos-
ing a nonredundant role for cathepsin E in the process-
ing of OVA (6), although the relative importance of
cathepsin D and E has not been further explored in the
current study. The sensitivity of several other T cell
epitopes to MPC6 inhibition was also explored. It is in-
teresting that the two MPC6 sensitive epitopes OVA
323—339 and MSP1 1690—1709 are both within com-
pact and proteolytically resistant domains of globular
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proteins (38). In contrast, the two MPC6 resistant
epitopes MF2 and 3D018.3 T cells recognize epitopes
that are exposed on the OVA protein surface. One may
speculate that aspartic proteinase degradation may
therefore be a specific requirement for releasing pep-
tides from particularly resistant protein domains, al-
though further work is required to test this hypothesis.
Finally, an important aspect of targeted delivery is the
behavior of conjugates in vivo. This is especially impor-
tant in the case of large molecular weight conjugates
such as MPC6, since these molecules are unlikely to ef-
ficiently cross the endothelial barrier and therefore pen-
etrate many tissues. MPC injected intravenously did in-
deed target spleen DC, consistent with the open blood
supply to this organ. Uptake was selective, since very
little MPC6-40 8 could be detected in lymphocytes or
CD11b—CD8+CD11c+ lymphoid DC, while fluores-
cence could readily be detected in CD11b+, CD8—,
CD11c DC, which are the population principally involved
in processing/presentation of exogenous antigens via
Class I MHC to CD4+ T cells. Our preliminary results
therefore suggest that the large size of MPC6, together
with its tropism for antigen presenting cells, may para-
doxically offer some benefits. Its size will prevent its
access to most tissues, thus reducing any possible tox-
icities, but it will gain preferential access to immunologi-
cally active and/or inflammatory sites in which antigen
presenting cells are typically most active, since these tis-

sues typically show high endothelial permeability and
accessibility. This hypothetic selective in vivo localiza-
tion was confirmed using the classical inflammatory
peritoneal model.

In conclusion, we have described a versatile modu-
lar approach to the synthesis of macromolecular carri-
ers targeting inhibitors to the antigen presenting cell
compartment of the immune system. The strategy has
allowed us to incorporate diverse functional properties,
including increased solubility in biological solutions,
fluorescence at wavelengths suitable for tracking via
confocal microscopy or flow cytometry, targeting via spe-
cific pattern recognition receptors, and delivery and ac-
cumulation within the endosomal intracellular compart-
ment. These properties were achieved with little effect
on the potency of the core inhibitor moiety pepstatin,
and good inhibitory activity against the target antigen
processing pathway. Targeted delivery via PRRs may
therefore provide significant advantages for delivering
high concentrations of immunomodulators to DC. Fur-
ther modification of each element of the modular design
will allow enhanced targeting selectivity, improved intra-
cellular delivery, and delivery of a range of immunomod-
ulators. Such targeted inhibitors will provide valuable
tools for dissection of the immune system, as well as for
delivering immunomodulators for prophylaxis or
therapy.

METHODS

Details of chemical synthesis, purification and characteriza-
tion, animals, culture media and cell isolations are all given in
the Supporting Information.

In Vitro Uptake Experiments. DC (0.5—2 X 10°/well) were cul-
tured in the presence of MPC6-32, MPC6-40, MPC6-98, or MPCé6-
105 at 37 °C, 5% CO, for various times (15 min to 18 h) in a to-
tal volume of 200 L of complete medium. The cells were
washed twice in HBSS by centrifugation and then fixed in 3.8%
formaldehyde. Fluorescence was analyzed on a FACSArray Bio-
analyser (BD Biosciences). TMR fluorescence intensity was mea-
sured in the yellow channel. In some experiments, cells were
processed for immunofluorescence prior to fixation. The cells
were put on ice, and nonspecific binding was blocked by addi-
tion of 10 pL of rabbit serum for 10 min. Conjugated antibody
(CD11c-PE (clone N418), CD11c-APC (clone N418), CD11c-PE-
Cy7 (clone N418) or appropriate isotype controls, all purchased
from BD Biosciences) diluted according to manufacturer’s rec-
ommendations was added to each well and left for 45 min at
4 °C. The cells were washed twice in cold HBSS, fixed, and ana-
lyzed as above.

Mannose Receptor Studies. The anti-DEC205 antibody
NLDC145 was purified from culture hybridoma supernatant by
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ammonium sulfate precipitation and DEAE-Sephadex ion ex-
change using standard methods. The hybridoma was obtained
from Prof. Reis e Sousa, Cancer Research UK. Mannose receptor
was visualized using a biotinylated anti-CD206 antibody (Cam-
bridge Biosciences, no. 123003) and streptavidin-APC. The man-
nose receptor deficient mice have been described previously
(39).

Confocal Microscopy. Dendritic cells were incubated in the
presence of MPC6-32 6 or MPC6-40 8 (1 wM) for 3 h in CM. In
some experiments, ovalbumin-FITC was added (1 mg mL™?) for
the last hour of incubation. The cells were washed in HBSS and
5 X 10* cells were allowed to adhere for 30 min on poly L-lysine
(Sigma Aldrich, 100 ug mL™! in water) coated 18 mm circular
coverslips, at 4 °C. The cells were fixed for 10 min in 4%
paraformaldehyde and mounted in DAPI containing mounting
medium (Vectashield). In some experiments, the DC were fur-
ther processed for immunofluorescence prior to mounting. Af-
ter fixation in paraformaldehyde, DC were permeabilized in cold
methanol (=20 °C) for 3 min (methanol rather than detergent
permeabilization was found to be necessary in order to preserve
localization of MPC6-32 and 40). The DC were washed in Tris-
buffered saline (TBS), blocked in 20% goat or rabbit serum, and
then stained with rabbit anti-LAMP1 (1:100 dilution in blocking
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buffer, Abcam cat. no. ab24170), rabbit anti giantin (1:200 dilu-
tion in blocking buffer, Covance no. PRB-114C), goat anti anti-
cathepsin D or goat anticathepsin E (1:20 dilution in blocking
buffer, R&D) for 2—3 h. The coverslips were washed three times
in TBS and then incubated in rabbit antigoat Ig FITC (DAKO) or
goat antirabbit Ig FITC (DAKO) for 1 h, washed, and mounted as
above. The images were collected and analyzed on a Leica con-
focal microscope, using Leica analysis software.

In Vivo Uptake Experiments. Mice (with or without previous
thioglycollate injection) were injected intravenously with 200 L
of MPC6-40 8 (5 mg mL™Y) solution. Mice were sacrificed and
spleens and/or peritoneal exudate cells were harvested after 3
or 18 h.

T Cell Presentation. Activation of the T cell hybridomas
DO11.10 (OVA 323—339, I-AY), MF2 (257—278, I-AY) (kind gift
of Dr. K. Rock, University of Massachusetts), and B7 (Plasmo-
dium chabaudi chabaudi MSP1 1690—1709) was measured by
assaying IL2 release as described previously (25). The MSP1
1—19 protein was prepared as described previously (26). Acti-
vation of T cells from the OTII TcR transgenic mouse (OVA
323-339, I-A®) was measured by assaying for *H thymidine in-
corporation as described previously (40).

Antigen Processing Assay. DC were precultured in the pres-
ence of MPC6 for 30 min to 3 h (as detailed in figure captions)
before addition of appropriate antigen and T cell (see above) for
18—24 h. In some experiments, antigen and inhibitor were re-
moved by washing after a further 2 h of incubation and further
antigen processing was blocked by fixation in 0.5% glutaralde-
hyde solution in phosphate buffered saline (PBS) (Sigma-
Aldrich) for 30 s. Excess gluteraldehyde was quenched by add-
ing an equal volume of complete medium, and the cells were
washed twice. DC and T cell were then co-cultured for a further
18—24 h as above.

Invariant Chain Immunoprecipitation. Details in Supporting In-
formation.

Proteolysis Assays. Enzymatic. Purified recombinant human
cathepsin D (R&D) or E (R&D) or DC lysate was incubated in the
presence of the specific aspartic proteinase quenched fluorogenic
peptide substrate Mca-Gly-Lys-Pro-lle-Leu-Phe-Phe-Arg-Leu-
Lys(Dnp)-DArg-NH, (23) (200 uM, M-2455, Bachem) and buffer (1
M acetate, pH 4.0) for 10 min at 37 °C. Typically the incubation mix-
ture contained 5 pL of substrate (final concentration 10 M) and
10 pL of enzyme or lysate, 5—10 plL of inhibitor, and a total vol-
ume of 100 pL. The reaction was stopped by addition of 1 mL of
cold trichloroacetic acid (5% w/Vv). Fluorescence was measured in
a fluorimeter (Perkin-Elmer LS50B) set at excitation 328, emission
393. For measurement of enzymatic activity in DC (2 X 10°) after in-
cubation in the presence of MPC6, cells were washed three times
to remove all exogenous inhibitor, and then lysed in 200 pL of 0.1%
Triton-X in 0.15 M sodium acetate buffer, pH 4.5). The cell lysate
was incubated for 15 min on ice, mixed, and then diluted further (1:
10—1:50) in 0.15 M sodium acetate buffer, pH 4.5 without deter-
gent. An aliquot of the diluted lysate was assayed as above.

Flow Cytometric. DC (2 X 10°) were incubated for 3 h in the pres-
ence of MPC6 (10 wM). The cells were washed and fixed in 4%
paraformaldehyde in 0.15 M sodium acetate buffer, pH 4.5. The
cells were permeablized by adding an equal volume of Triton-X100
(0.2%, in 0.15 M sodium acetate buffer, pH 4.5) and then incu-
bated with BODIPY-FL pepstatin (24) (500 nM final, InVitrogen) with
and without excess pepstatin (100 wM) for 30 min at RT. The cells
were washed twice with 0.15 M sodium acetate buffer, pH 4.5. Fluo-
rescence intensity was measured by flow cytometry on a FACSCali-
bur (BD Biosciences). Specific aspartic protein dependent fluores-
cence is given by the difference in intensity between samples with
and without excess unlabeled pepstatin. The fluorescence intensity
was stable for at least 24 h.
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