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DERIVATIVES OF ALPHA-, BETA-, AND GAMMA-CYCLODEXTRIN
AND THEIR USE AS ANTI-INFECTIVES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority to U.S. Provisional Application
61/482,108 filed on May 3, 2011, the entire content of which is hereby incorporated

by reference.

FIELD OF THE INVENTION
The present invention relates to the development of symmetry-based small

molecule blockers of pore-forming virulence factors and their use as anti-infectives.

BACKGROUND OF THE INVENTION

We have previously proposed an approach for the discovery of inhibitors of
pore-forming toxins that involves selection of molecules with comparable
dimensions and the same symmetry as the target pores and capable of blocking the
pores. We suggested that this approach would allow highly efficient identiﬁcation
of leads using orders of magnitude fewer initial screenings of candidate compounds
compared to the standard High-Throughput Screening approach employed in
pharmaceutical drug discovery. The identification of small molecule drug
candidates can be performed faster and significantly cheaper in comparison with
the existing industry standards. We have successfully applied this approach to
anthrax toxin which plays a key role in anthrax infection. The toxin was disabled
using high-affinity blockage of the pore formed by protective antigen (PA) subunit of
anthrax lethal toxin (LeTx) by rationally designed low-molecular weight
compounds. Guided by the seven-fold symmetry of the PA pore, cyclic molecules of
seven-fold symmetry using B-cyclodextrin as a starting molecule were synthesized
and tested (Fig. 1). The hydroxyls at positions 2 and 3 form hydrogen bonds and are

required to keep the molecule rigid, making the 6-OH group a favorable site for
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modifications. We successfully tested the discovered inhibitors of anthrax toxin in

vitro and in vive.l-6

SUMMARY OF THE INVENTION

We identified the structural features of the pore blocking cyclodextrin (CD)
compounds that affect their ability to inhibit the cytotoxic activities of anthrax
lethal toxin, a-hemolysin (a-HL) toxin of Staphylococcus cureus, and s-toxin
produced by Clostridium perfringens as well as to block the ion current through the
channels formed by PA and o-HL in artificial membranes. These toxin targets form
trans-membrane pores with sevenfold symmetry57

The inventor discovered that not only B-CD derivatives, but also certain o-
and y-CDs can be utilized as blockers of pore-forming virulence factors and as anti-
infectives. Furthermore, it was also established that cyclodextrins carrying
substitute groups at positions 2 and 3, rather than at position 6, can be utilized as
blockers of pore-forming virulence factors and as anti-infectives.

Accordingly, one aspect of the present invention is directed to a compound for
use in treating a disease condition caused by a pore-forming toxin, said compound

having the general formula:

<@Mﬂ
NS 4

the pore opening; Rz = Rs = H, OH, ethylamine, or butylamine; and R; = any of the

, wherein n = 6, 7, or 8, depending on the geometry of

substituents shown in tables 1 and 2.

In one preferred embodiment, the pore-forming toxin is a-HL or e-toxin, and
the compound is one in which:

Rz = Rz = H, OH, (CH3);NH; or (CH;);NH; and
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—NH NHBoc

NH,C NH,CI
R; = OH, NH;, —s 0O

Br
Ci
“""""—NH N —ﬂ 3 _—N ] or

N(CH2)4CH3. wherein n = 7, Rg = R3 = H, OH, (CHg)zNHz or (CH2)3NH2 and

e N H NHBoc
NH,CI NH,Cl
Ry =0H, NH;, —$8 , 0 :
Br
cl
—NH . —R , N , o Or

N(CH;)4CHs.

In another preferred embodiment, the pore-forming toxin is anthrax toxin and the

compound is one in which:

n=6or 8, and Ry = R3 = H, OH, (CH,),NH, or (CH;);NH; and
s N H NHBoc

e NH,C|
R; = OH, NHp, —$ 0
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Br
o
H H
- NH —N , N , or N(CH;)4CHj.

E

In yet another preferred embodiment, the pore-forming toxin is anthrax toxin, and the

compound is one in which:

n = 7, Ry = Rz = ethylamine or butylamine, and R; = OH, NH,,
—=NH NHBoc
NH,GI NH,CI
MS ] O £l
Br

cl
H H
e NH —N , —N , or N(CH2)4sCHs.

b

In another preferred embodiment, a compound having a formula of any of the
compounds presented in tables 1 and 2 is used for treating a disease condition

caused by a pore-forming toxin.

DESCRIPTION OF THE FIGURES

Figure 1. Schematic illustration of B-cyclodextrin molecule in comparison with
anthrax PA (left) and staphylococcal a-HL (right) pores.

Figure 2, Protection of RAW 264.7 cells from LeTx action by compound 3.

Figure 3. Channel blocking activity of compounds 1-3.

Figure 4. Protection of rabbit erythrocytes from «-HL action by compound 12.
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Figure 5. Multichannel a-HL conductance upon cis-addition of CD derivatives.
Figure 6. Activation of e-prototoxin with trypsin. 10% SDS-polyacrylamide gel
stained by Coomassie brilliant blue.

Figure 7. Protection of MDCK cells from ETX-induced cell death by monoclonal
antibodies against ETX. Cells were incubated with different concentrations of anti-
ETX mAb with or without e-toxin. Each experimental condition was performed in
duplicates. Cell viability was determined by MTS colorimetric assay. Error bars
represent standard deviations.

Figure 8. Protection of MDCK cells from e-toxin-induced cytotoxicity by compound
5105. MDCK cells were incubated with different concentrations of compound 5105
with or without e-toxin. Each experimental condition was performed in duplicates.

Error bars represent standard deviations.

DETAILED DESCRIPTION OF THE INVENTION

Compounds 1-9 and 13 (see Table 1) were tested for their ability to protect
mouse macrophage cells from LeTx-induced cell death (Fig. 2). For some of these
compounds, their ability to block the ion current though the pores formed by PA in
planar lipid membranes (Fig. 3) was also evaluated. First, the activities of per-6-
amino derivatives carrying unmodified hydroxyls at positions 2 and 3 (compounds
1-3) were compared with the 2,3-methylated ones (compounds 4-6). None of the
methylated derivatives displayed anti-toxin activities while the unmodified
compounds 2 and 3 showed activity at low micromolar concentrations. This data
demonstrates the importance of the rigidness of the eyclodextrin core provided by
free OH groups. In contrast, compound 13 carrying ethylamino groups at positions
2 and 3 displayed anti - LeTx activity at low micromolar concentrations.

The activities of various o-, B-, and y-cyclodextrin derivatives carrying the
same modifications were also investigated. One a-cyclodextrin derivative
(compound 7) showed a detectible level of LeTx inhibiting activity, while another o-
cyclodextrin derivative (compound 1) demonstrated no such activity. Although not

wanting to be bound by a theory, these results could be explained by smaller size or
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by structural features of «-CDs, which could provide a less favorable spatial
orientation of the substituting groups.

All the B- and y-cyclodextrin derivatives with free OH groups at positions 2,3
displayed anti-LeTx activity in the micromolar range. When structuraily gimilar
derivatives of B- and y-cyclodextring were compared, it appeared that the y-CDs
displayed comparable activities with the B-CD derivatives (compounds 2 and 3: 8
and 9). Although not wanting to be bound by a theory, these results could be
explained by a recent discovery that, in addition to the heptameric pores, PA can
form octameric pores having the same eight-fold symmetry as y-CD.8

Channel blocking activity was tested for some of the compounds. The results
demonstrate that there is a general correlation between the cytotoxicity inhibition
and channel blocking activity. Similar to the results of the cytotoxicity
experiments, «-CD derivative (compound 1) exhibited a much lower blocking
activity than B- and y-CD derivatives (compounds 2 and 38) (Fig. 3).

The activities of two a- and y-CDs (compounds 10 and 12) structurally related
to a B-CD derivative (compound 11) which inhibits «-HL as shown previously, were
also evaluated.® The compounds were tested using a rabbit erythrocyte assay (Fig.
4). Both o- and v-CDs did not display any activity. Similar results were obtained
when the compounds’ ability to block ion current though the pores formed by o-HL
in planar lipid membranes (Fig. 5) was compared. Although not wanting to be
bound by a theory, this difference in the activities of anthrax and staphylococeal
toxins could be explained by the fact that in contrast to o-HL, PA can form
octameric pores having the same eight-fold symmetry as y-CD. This data
demonstrates that size and conformation as well as the match of the symmetry of a
blocking molecule and a pore play important roles in the activity of the inhibitors of
pore-forming toxins.

A cell-based assay was developed for the screening of chemical libraries. The
procedure includes incubation of target cells with e-toxin in the presence or absence

of tested compounds followed by the colorimetric detection of the cytotoxic effect.
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First, e-toxin was prepared using the optimized protocol to obtain the
product with highest yield and activity. The mature e-toxin was prepared using the
optimized conditions and its quality was assessed by 10% SDS-PAGE (Fig. 6).

The activated ETX was assessed for its cytotoxicity. Only one cell line with a
reasonable sensitivity to e-toxin has been identified - the Madin-Darby canine
kidney (MDCK) epithelial cell line, and the concentration of the toxin reducing cell
culture viability by 50% (LCso) was 2ug/ml according to the literature. This cell line
wasg utilized for ETX cytotoxicity testing and for the development of .a screening
assay in a 96-well format. Cytotoxicity was monitored with the use of the MTS
bioreduction cell viability assay kit (Promega).

The assay was adapted to a 96-well format. Using anti-ETX monoclonal
antibody (mAb) as a toxin inhibitor, it was demonstrated that anti-ETX mAb dose-
dependently protected MDCK cells from e-toxin-mediated cytotoxicity (Fig. 7).

The final protocol developed was successfully utilized for the screening of the
library of B-CD derivatives. Over one hundred B-cyclodextrin derivatives at a
concentration of 50 uM were screened using the cell-based assay.

Compounds that showed at least 50% inhibition of e-toxin cytotoxicity at a 50
uM concentration were selected. They were serially diluted and tested to determine
the ICs values. Four compounds displayed dose-dependent inhibition of s-toxin
cytotoxicity (Fig. 8, Table 2).

The obtained results demonstrate that the pore blocking cyclodextrin
(CD) compounds with the above-described structural features inhibit the cytotoxic
activities of anthrax lethal toxin, a-hemeolysin (a-HL) toxin of Staphylococcus
aureus, and e-toxin produced by Clostridium perfringens. Thus, this invention
demonstrates that such CD compounds can be used for treating, preventing, or
delaying a disease condition caused by Bacillus anthracis, Staphylococcus aureus,
and Clostridium perfringens. Compound having a formula of any of the compounds
presented in Table 1 and 2 of this application can be used for treating, preventing,
or delaying a disease condition caused by a pore-forming toxin. In particular,

compounds having a formula of any of the compounds presented in Table 2 of this

SUBSTITUTE SHEET (RULE 26)



WO 2012/151445 PCT/US2012/036397

application are particularly useful for testing, preventing, or delaying a disease
condition caused by e-toxin of Clostridium perfringens. The structures of the
compounds identified by the inventor is being utilized for the further design,

synthesis and testing of a biased library of B-cyclodextrin derivatives.
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TABLE 1. Compound Activities
R4
&/ﬁ&
< 20 RO O
\//
L “In
I inhibition of
Compound " Ry Ry Rs Inhltl::;tson trans-membrane
ho. ’ cytotoxicity colnductance
ICSD ‘MM} CSU (nM)
1 6 -NH; -H >100 12004300
2 7 -NH» -H 2746 140+90
3 8 -NH; -H 12+3 170+50
4 3] ~-NH, -CH3 >100
5 7 -NH» -CHs >100
8 8 ~NH» -CH; >100
7 -H
6 e 45+13
—s
8 -H
7 ot 0.5+0.2
] -H
8 e 54+0.8
—s
'EO N NHBo¢ _’H
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O
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1 1 rmemen B3 H NHBoc "'H
N1 3.3+2.3 ~50
Q
12 e NH NHBoc “H
NH,CI >100 ND
Q
13 -OH ~{CHz)3-NH- 4.1+0.4
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SUBSTITUTE SHEET (RULE 26)




WO 2012/151445

TABLE 2. Compound Activities

R .
AN
"HO
o HO O
v/
i |7
inhibifion of
Compound # R ETX
cytotoxicity
ICsp (V)
5105 /—Q—cm 20 + 10
——NH
o]
5130 21+9
—H
Br
5137 20 + 1
—R
5072 'N‘(CHQ)q.“CHS 56+1.5
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CLAIMS

What is claimed is;

I. A compound for use in the treatment of a disease condition caused by o-HIL or e-toxin, said

compound having a formula according to:

wherein n =7,

Rz=Rs=H, OH, (CHg)zNHg or (CHz)g,NHg and

—NH NHBoc
NHLCI NH;Cl
R =OH, NH;, -8 , O ,
Br
cl
/—'—'"—"< :>—«~«CH3 ﬁ
—NH , N . —N , or
N(CH2)iCHs.
2. The compound according to claim 1, wherein R; = Rz = OH, and R, =
Br
Ci
H H
remmane N H , —N , —N , Or N(CHQ):;CH}

14
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3. The compound according to claim 1, wherein R, = R3 = (CH,);NH; or (CH,):NH,,
4. The compound according to claim 2, wherein the disease condition is caused by e-toxin.

5. The compound according to any one of claims 1-4 having a formula of any of the compounds

presented in Table 2.

6. A compound for use in the treatment of a disease condition caused by anthrax toxin, said
compound having a formula:

e ——

R

<1%5Y%&~0

RO S
m\/ﬁ

wherein n = 6, or 3, Rz = R3 = H, OH, . (CHz)zNH2 or (CH2)3NHQ and R} = OH, NHz,

——NH NHEoc
NH,CI NHCl
— , 0 ,
Br
ci
H |
——NH ,  —N , TN

R or

N(CH,)3CHs.

7. A compound for use in the treatment of a disease condition caused by anthrax toxin, said

compound having a formula:

15
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» wherein n = 7, Ry = R3 = (CH,),NH, or (CH;);NH;, and
——NH NHBoc
NHLC] NHClI
R; = OH, NH;, —sS o)
Br
cl

—nNFf iy N or

N(CH2)4CH3.

8. The compound according to any one of claims 6 or 7 having a formula of any of the

compounds presented in Table 1.

16
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Figure 1
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. El Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. II  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
- Please see extra sheet for continuation -

1. I:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. EI As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. E No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continuation of:
Box NO Iil. Observations where unity of invention is lacking .

Group |: claims 1-5, drawn to a compound for use in the treatment of a disease condition caused by alpha-HL or E-toxin, said compound
having a formula pictured.

Group II: claims 6-8, drawn to a compound for use in the treatment of a disease condition caused by anthrax toxin, said compound
having a formula pictured.

The inventions listed as Groups | and 1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

The inventions of Groups | do not include the inventive concept of a compound for use in the treatment of a disease condition caused by
anthrax toxin, as required by Group II.

The inventions of Groups | do not include the inventive concept of a compound for use in the treatment of a disease condition caused
by alpha-HL or E-toxin, as required by Group |.

The inventions of Groups | and Il share the technical feature of a compound for use in the treatment of a disease condition caused by
microbial pore-forming toxin. However, this shared technical feature does not represent a contribution over prior art as being anticipated
by US 2009/0005343 A1 to Hecht et al. (hereinafter 'Hecht). Hecht discloses a compound for use in the treatment of a disease
condition caused by alpha-HL (Claim 4, a method for treating a bacterial or viral infection; para[0030], staphylococcal alpha-hemolysin).
Further, Hecht discloses a compound for use in the treatment of a disease condition caused by anthrax toxin (Claim 4, a method for
treating a bacterial or viral infection; paraf0019]-[0020], protective antigen of anthrax toxin). As said composition was known in the art at
the time of the invention, this cannot be considered a special technical feature that would otherwise unify the groups.

Another special technical feature of the inventions listed as Groups | and Il is the specific beta-cyclodextrin formulae recited therein. The
inventions do not share a special technical feature, because Hecht teaches a compound of Claim 1 having a formula according to:
[pictured structure] wherein n = 7, R2=R3=H, R1 = NH2 (Fig. 1, compound AmbetaCD, para[0022]-[0023]). Without a shared special
technical feature, the inventions lack unity with one another.

Groups | and II therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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