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A Cell-Impermeable Cyclosporine A Derivative Reduces
Pathology in a Mouse Model of Allergic Lung Inflammation

Molly A. Balsley,* Miroslav Malesevic,” Erik J. Stemmy,* Jason Gigley,*
Rosalyn A. Jurjus,* Dallen Herzog,* Michael I. Bukrinsky,* Gunter Fischer,”
and Stephanie L. Constant*"'

Although the main regulators of leukocyte trafficking are chemokines, another family of chemotactic agents is cyclophilins.
Intracellular cyclophilins function as peptidyl-prolyl cis-trans isomerases and are targets of the immunosuppressive drug cyclo-
sporine A (CsA). Cyclophilins can also be secreted in response to stress factors, with elevated levels of extracellular cyclophilins
detected in several inflammatory diseases. Extracellular cyclophilins are known to have potent chemotactic properties, suggesting
that they might contribute to inflammatory responses by recruiting leukocytes into tissues. The objective of the present study was
to determine the impact of blocking cyclophilin activity using a cell-impermeable derivative of CsA to specifically target extra-
cellular pools of cyclophilins. In this study, we show that treatment with this compound in a mouse model of allergic lung
inflammation demonstrates up to 80% reduction in inflammation, directly inhibits the recruitment of Ag-specific CD4" T cells,
and works equally well when delivered at 100-fold lower doses directly to the airways. Our findings suggest that cell-impermeable
analogs of CsA can effectively reduce inflammatory responses by targeting leukocyte recruitment mediated by extracellular
cyclophilins. Specifically blocking the extracellular functions of cyclophilins may provide an approach for inhibiting the recruit-
ment of one of the principal immune regulators of allergic lung inflammation, Ag-specific CD4" T cells, into inflamed airways

and lungs. The Journal of Immunology, 2010, 185: 000-000.

ment and migration of leukocytes from the circulation
into inflamed tissues. Several different members of the
CC chemokine family have been described as playing critical roles
in allergic lung inflammation and pathology by initiating and pro-
moting the recruitment of eosinophils and T lymphocytes to lung
tissues and airways following allergen challenge (1). In an effort
to reduce allergic disease pathology, many studies have focused
on intervention techniques that specifically target chemokines or
chemokine receptors on the cell surface of proinflammatory leu-
kocyte subsets. This approach is made difficult due to the multiple
contributing factors released, the redundancy of chemokines, and
the promiscuous nature of associations between chemokines and
chemokine receptors.
Cyclophilins are ubiquitously distributed intracellular proteins
found in all eukaryotic cells. This family of proteins is best known
to function in protein folding as peptidyl-prolyl cis-trans isomer-

C hemokines are critical factors responsible for the recruit-
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ases (PPlases) (2). However, there is also evidence that cyclophilins
function intracellularly in several other capacities, including signal
transduction, protein trafficking and chaperoning, apoptosis, and HIV
infection (3-5). Cyclophilins can also be secreted (6, 7) and have been
demonstrated to function in an extracellular capacity as potent che-
moattractants for various leukocyte subsets (8—10), via their PPlase
active site (9). High levels of extracellular cyclophilins, notably
cyclophilin (Cyp)A and CypB, have been observed in patients with
ongoing inflammatory diseases. For example, elevated levels of
extracellular cyclophilins have been detected in the synovial fluid
of patients with rheumatoid arthritis (11), in tissue from individuals
with vascular smooth muscle cell disease (12), and in the serum of
patients with severe sepsis (13). Following from these observations,
we have previously proposed that the presence of extracellular cyclo-
philins in inflamed tissues may contribute to inflammatory processes
via their capacity to induce leukocyte chemoattraction (14).

CypA is well established as the primary intracellular protein
target for the immunosuppressive drug cyclosporine A (CsA) (15),
which is widely administered to patients to prevent allograft re-
jection. When bound to CypA, the CsA/CypA complex acts to inhibit
the TCR-dependent activation pathway and production of IL-2 in
T lymphocytes. Importantly, CsA has been shown to inhibit the en-
zymatic activity of many mammalian cyclophilins in the nanomolar
range of K; values (16-18). Therefore, any function of cyclophilins
requiring the catalytic site, including chemotaxis, is blocked by CsA.
In the present studies we exploited the CsA/CypA interaction and
used analogs of CsA to target cyclophilin activity and investigate
the potential to reduce inflammatory responses in vivo in a mouse
model of allergic lung inflammation. Importantly, we made use of
CsA analogs that were nonimmunosuppressive so as not to affect
T cell activation. The nonimmunosuppressive cell-permeable ana-
log NIM811 (Melle-4—cyclosporine) differs from CsA by a group
replacement at position 4 that prevents NIM811/CypA complexes
from binding to and inhibiting calcineurin, although a high-affinity
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interaction with active residues of cyclophilin is maintained (19).
Our laboratory has previously made use of NIM811 to investigate
the contribution of cyclophilins to leukocyte recruitment in a mouse
model of acute lung injury. We demonstrated that intervention with
NIMS11 significantly reduced the number of neutrophils accumu-
lating in lungs following intranasal delivery of LPS (10). In recent
studies we reported the generation of a new cell-impermeable
analog of CsA, MM218 (20). This compound contains a highly
charged moiety that prohibits its passage through the plasma
membrane, thereby preventing it from interacting with intracellular
cyclophilins and mediating intracellular immunosuppressive ac-
tivity. The latter was confirmed by in vitro T cell proliferation ex-
periments (20). Compared to NIM81 1, this compound enabled us to
specifically target the extracellular pool of cyclophilins and confirm
the contribution of extracellular cyclophilins alone to leukocyte
recruitment during inflammatory responses. The present studies
demonstrate that this cell-impermeable analog of CsA, MM218, is
indeed highly effective at inhibiting leukocyte recruitment, along
with other inflammatory parameters, in an experimental model of
acute allergic lung inflammation. Such findings suggest these types
of analogs might be considered as therapeutic agents for reducing
inflammatory diseases associated with leukocyte recruitment into
tissues.

Materials and Methods

Mouse model of allergic lung inflammation

All experiments were conducted under the approval of The George
Washington University Institutional Animal Care and Use Committee. A
previously described (21) mouse model of acute allergic lung inflammation
was used for most studies. Briefly, BALB/c mice (purchased from the
National Cancer Institute, Bethesda, MD) were primed i.p. with 100 pg
OVA protein mixed 1:1 with Imject alum (Pierce, Rockford, IL) and then
challenged with 50 wg OVA in PBS by intranasal (i.n.) delivery for 4
consecutive days (days 7-10). Most analyses were conducted 2 d later (day
12). For experiments in which airway chemokines were measured, the
mice were sacrificed 6 h after the third OVA challenge (day 9). For the
kinetics studies, groups of mice were sacrificed every other day from day 6
to day 16 after priming.

Inducing allergic lung inflammation by adoptive transfer of
OVA-specific CD4" T cells

DO11.10 mice carrying a transgenic (Tg) TCR specific for pOVA353_339
were purchased from The Jackson Laboratory (Bar Harbor, ME) and were
maintained on BALB/c mice. Female progeny were used as the source of
OVA-specific CD4™ T cells for adoptive transfer into BALB/c recipients.
Populations of OVA-specific Th2 CD4" T cells were generated in vitro
as described by previous investigators (22) using 5 pg/ml pOVAsz3 339
(GenScript, Piscataway, NJ), 15 ng/ml IL-4 (PeproTech, Rocky Hill, NJ),
25 U/ml IL-2 (Roche Diagnostics, Indianapolis, IN), and 2.5 pg/ml anti—
IFN-vy (eBioscience, San Diego, CA). After 3 d of culture, 3 X 10° Th2-
differentiated CD4" T cells were delivered via tail vein injection to female
BALB/c mice, and 24 h after transfer (day 1) the mice were given i.n.
challenges with 50 pg OVA for 4 consecutive days. Analyses were con-
ducted 48 h after the final challenge.

In vivo drug intervention

NIM811 CsA (19) was provided by Novartis Institute for Biomedical
Research (Cambridge, MA), and MM218 CsA (20) was synthesized at the
Max Planck Research Unit for Enzymology of Protein Folding (Halle,
Germany). Based on preliminary dosing studies, OVA-primed/challenged
mice were given 200-png doses of MM218 (0.67 mM in PBS), NIMS811
(1.66 mM in diluent), or diluent (16% EtOH in 15% polyoxyethylated
castor oil [Cremophor EL; BASF, Mount Olive, NJ]) by i.p. injection on
days 7, 9, and 11 of the model regimen, and on days 1, 3, and 5 of the
transfer regimen.

Tissue isolation and processing

Immediately following sacrifice, blood was collected by cardiac puncture,
allowed to clot for several hours at room temperature, and the serum was
separated by centrifugation. For the analysis of circulating leukocytes,

blood was collected in heparin and the RBCs were lysed using ammonium
chloride buffer. Bronchoalveolar lavage (BAL) was performed after blood
collection to isolate airway cells and fluid. The fluid and cells were then
separated by centrifugation and used for different analyses. Intact lungs
were perfused with 20 ml cold PBS, finely chopped, and crushed through
a metal strainer to generate single-cell suspensions. Spleen and lymph
node cell suspensions were generated by crushing the individual organs
between glass slides followed by filtration through nylon mesh.

Flow cytometric analysis and tissue histology

For flow cytometric analysis, BAL and lung tissue cells were treated with
ammonium chloride lysis buffer, counted, and then stained with various
combinations of allophycocyanin-anti-GR-1 (neutrophils), FITC-anti—-CD8
(CD8* T cells), PE-anti-CD11c¢ (alveolar monocytes), and PE-Cy5-anti-
mouse CD4 combined with FITC-anti-mouse CD62L to identify effector/
memory CD4" T cells (CD47/CD62L"). Cells from the transfer studies
were costained with PE-Cy5—anti-mouse CD4 and biotinylated-KJ1-26
followed by FITC-avidin. All Abs were purchased from eBioscience.
Eosinophils were identified by forward light scatter/side light scatter dis-
tribution and confirmed by cytospin analysis. For lung histology, whole
lungs were first perfused with PBS and then infused with 1 ml cold peri-
odate-lysine-paraformaldehyde fixative as previously described (21). Fixed
lungs were embedded in paraffin and 6-pm tissue sections were stained with
H&E or periodic acid-Schiff (PAS) by Histoserv (Gaithersburg, MD).

Western blot analysis

Equivalent volumes (20 wl) of BAL fluid from individual mice were
separated under reducing conditions using 4-12% Bis-Tris SDS-PAGE
gels, followed by blotting and detection using rabbit anti-human CypA
(U.S. Biological, Swampscott, MA) and anti-human CypB (ABR, Rock-
ford, IL) Abs as previously described (21). Densitometric analysis was
conducted using ImageQuant software.

Measuring cytokines, chemokines, and OVA-specific IgE

To measure airway cytokines, BAL fluids were pooled within treatment
groups and then concentrated 8-fold using 3-kDa cut-off Centricon columns
(Millipore, Billerica, MA). To test cytokine production by OVA-specific
CD4" T cells, suspensions of mononuclear cells were generated from
spleens isolated from individual mice. The cells were then cultured at 4 X
10° cells/ml for 4 d with different doses of OVA protein (0-100 wg/ml)
to induce cytokine production. Levels of cytokines in BAL fluid and cul-
ture supernatants were measured using mouse IL-5 and IL-13 ELISA
kits (eBioscience). Levels of eotaxin/CCL11, TARC/CCL17, and MDC/
CCL22 were measured in individual BAL samples using ELISA kits (R&D
Systems, Minneapolis, MN). Serum from individual animals was analyzed
for the presence of OVA-specific IgE using an ELISA kit purchased from
MD Bioproducts (St. Paul, MN).

Measuring airway hyperresponsiveness

On day 12 of the regimen, mice were anesthetized by 300 wl i.p. injection
of ketamine (10 mg/ml) and xylazine (1 mg/ml) and a tracheostomy tube
was inserted. Measurements of airway resistance and compliance were
conducted using the FinePointe RC system (Buxco Research Systems,
Wilmington, NC). Mice were sequentially challenged with aerosolized
PBS (baseline) followed by increasing doses of methacholine ranging from
1.56 to 25 mg/ml. Maximum resistance and average compliance values
were recorded during a 3 min period following each challenge.

Chemotaxis assays

Activated CD4" T cells were generated from total spleen cells isolated
from C57BL/6 mice (purchased from National Cancer Institute) by over-
night stimulation with 10 pg/ml Con A. Purified CD4* T cells were set up
in 48-well Boyden chemotaxis chambers (Neuroprobe, Gaithersburg, MD)
as previously described (21). Positive and negative controls included 1 ng/
ml RANTES (PeproTech) and medium alone (RPMI 1640 plus 1% BSA
fraction V), respectively. Recombinant cyclophilins were optimized for use
at 100 ng/ml for CypA (Calbiochem, San Diego, CA) and 200 ng/ml for
CypB (purified in-house). For blocking studies, 2 pM MM218 was added
to the upper and lower wells of the chamber. A chemotactic index was
generated by dividing the number of migrated cells in each well by the
average number of cells that had migrated to medium alone.

Statistical analysis

Statistically significant differences between groups were determined using
the Student ¢ test for all studies.
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Results
Extracellular cyclophilins are produced throughout
effector cell recruitment phase

To determine the optimal timing for targeting cyclophilin activity in
our model of allergic lung inflammation, we initially established
the kinetics of production of extracellular CypA and CypB, the two
most abundant members of the cyclophilin family, relative to the
kinetics of leukocyte recruitment within lung airways and tissues.
Mice were sacrificed every other day from day 6 (1 d prior to first
i.n. OVA challenge) to day 16 (6 d after final i.n. OVA challenge) of
our regimen, and airway and lung tissue cells were analyzed by
flow cytometry. In previous (21) and present (Supplemental Fig. 1)
studies we have observed that this OVA priming/challenge regi-
men induces an inflammatory response characterized by an influx
of monocytes, eosinophils, and CD4* T cells, with minimal re-
cruitment of CD8" T cells and neutrophils. Due to the dominant
pathological contribution of eosinophils and CD4* T cells in this
model of allergic inflammation (21), our subsequent leukocyte
recruitment analyses were focused on monitoring changes in these
two effector cell subsets. Fig. 1A shows significant recruitment
of both eosinophils and effector/memory CD4* T cells following
serial challenge with OVA protein, with peak recruitment between
days 12 and 14. When analyzing the BAL fluid from these mice,
we observed that levels of both extracellular CypA and CypB
increased over the course of leukocyte recruitment (Fig. 1B).
While the kinetics of production varied between the two cyclo-
philins, elevated levels were present throughout the time course of
recruitment.

Nonimmunosuppressive CsA analog (NIM811) significantly
reduces leukocyte numbers in lung tissue and airways of
allergic mice

We next investigated the contribution of cyclophilins in this model
by administering nonimmunosuppressive analogs of CsA to in-
hibit cyclophilin activity. Because extracellular cyclophilins were
present throughout the time course of leukocyte recruitment (Fig.
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FIGURE 1. Extracellular cyclophilins are generated throughout leuko-
cyte recruitment phase of allergic lung inflammation. Groups of OVA-
primed/challenged mice were sacrificed every other day starting at day 6
through day 16 of the inflammatory response. A, Numbers of effector/
memory CD4" T cells and eosinophils were determined in BAL fluid of
individual mice by flow cytometric analysis. Data show mean * SE cell
numbers, with n = 10 mice per time point. B, Western blot analysis was
conducted on cleared fluid from individual BAL samples to determine
levels of extracellular CypA and CypB. Data show mean = SE gel band
density (GBD) for each time point as determined by densitometric anal-
ysis. These data are representative of three independent experiments.

1B), we spanned our intervention regimens throughout the air-
way challenge phase, with drug treatment given on days 7, 9, and
11 of the regimen. We initially tested a cell-permeable non-
immunosuppressive analog of CsA, NIM811 (19), which we had
previously shown was highly effective at reducing the influx of
neutrophils in a mouse model of LPS-induced acute lung in-
flammation (10). In the present model of allergic lung inflam-
mation, intervention with NIM811 significantly reduced (29-50%)
the number of effector/memory CD4" T cells and eosinophils both
in lung tissues and airways (Fig. 2). Importantly, no changes
in cell numbers or cell distribution were observed in the blood,
spleen, or peripheral lymph nodes of NIM811-treated mice (Sup-
plemental Fig. 2A), ruling out the likelihood of systemic cytotoxic
effects. Taken together, these data suggest that leukocyte recruit-
ment to lung tissues and airways can be significantly reduced in
experimental acute allergic lung inflammation by blocking the ac-
tivity of cyclophilins with a nonimmunosuppressive analog of CsA.

Cell-impermeable CsA analog (MM218) also significantly
reduces leukocyte numbers in lung tissue and airways of
allergic mice

To focus on the contribution of extracellular cyclophilins during
allergic lung inflammation, we next tested the capacity of a recently
described cell-impermeable analog of CsA, MM218 (20), to reduce
leukocyte recruitment in our mouse model. MM218 was found to
reduce the number of effector/memory CD4" T cells and eosi-
nophils in lung tissues and airways of allergic mice by a highly
significant 75-88% (Fig. 3). This major reduction in inflammatory
infiltrates was supported by lung tissue sections stained with H&E
to detect inflammatory infiltrates from untreated versus MM218-
treated mice (Fig. 4). As with NIMS811, analysis of leukocyte
numbers in the spleen, peripheral lymph nodes, and blood dem-
onstrated no evidence that treatment with MM218 had induced
systemic cytotoxicity (Supplemental Fig. 2B). Further evidence
that MM218 does not mediate any significant toxic effects is
provided by our recently published studies showing no impact of
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FIGURE 2. NIM811 intervention reduces leukocyte numbers in lung
tissue and airways of allergic mice. Mice were primed/challenged with
OVA, with some groups treated i.p. with NIM811, diluent alone, or un-
treated, on days 7, 9, and 11 of the regimen. A, NIM811 reduces the number
of effector/memory CD4™ T cells in airway BAL (50%) and lung tissue
(38%). B, NIM811 reduces the number of eosinophils in airway BAL (48%)
and lung tissue (29%). Data show mean * SE cell numbers for each group
(n = 12 mice/group) with a Student ¢ test analysis used to determine sta-
tistical significance. ***p < 0.001; **p < 0.01; *p < 0.05, levels of sta-
tistical difference comparing OVA plus NIM811 to OVA plus diluent
groups. These data are representative of three independent experiments.
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FIGURE 3. MM218 intervention significantly reduces leukocyte num-
bers in lung tissue and airways of allergic mice. Mice were primed/chal-
lenged with OVA, with groups treated i.p. with MM218 or PBS on days 7,
9, and 11 of the regimen. Cells were also collected from naive BALB/c
mice to serve as a baseline. A, MM218 significantly reduces the number
of effector/memory CD4" T cells in airway BAL (88%) and lung tissue
(75%). B, MM218 reduces the number of eosinophils in airway BAL
(88%) and lung tissue (79%). Data show mean *+ SE cell numbers for each
group (n = 6) with a Student ¢ test analysis used to determine statistical
significance. ***p < 0.001;**p < 0.01, levels of statistical difference
comparing OVA plus MM218 to OVA plus PBS groups. These data are
representative of six independent experiments.

the drug on in vitro T cell activation and proliferation (20). To
rule out the possibility that MM218 treatment might be acting by
inhibiting the production of other known eosinophil and T cell-
attracting chemokines, levels of three airway chemokines asso-
ciated with leukocyte recruitment in allergic airway inflamma-
tion (eotaxin/CCL11, MDC/CCL22, and TARC/CCL17) were
compared in BAL fluid from MM218-treated versus untreated
mice. Because these chemokines are secreted acutely following
airway challenge, measurements were conducted on BAL fluid
collected 6 h after OVA challenge. While numbers of airway
eosinophils and effector CD4* T cells were reduced by 56-65%,

PAS

FIGURE 4. MM218 intervention reduces inflammation in lung tissue of
allergic mice. Mice were primed/challenged with OVA, with groups treated
i.p. with MM218 or PBS on days 7, 9, and 11 of the regimen. Whole lungs
isolated from naive, OVA plus PBS, and OVA plus MM218 mice were
paraffin-embedded and 6-pm sections cut and stained with H&E or PAS.
Images (original magnification X10) show tissue areas surrounding
bronchioles. Arrows on H&E sections denote inflammatory foci. Scale bar,
10 pm. These data are representative of three independent experiments.

levels of all three chemokines were comparable between treatment
groups, with no significant reductions observed in the MM218-
treated mice (Supplemental Fig. 3). The possibility remains that
chemokines other than those measured in the present study may
have been impacted; however, eotaxin, MDC, and TARC are con-
sidered to be major contributors to leukocyte recruitment in al-
lergic responses (1).

Cell-impermeable CsA intervention significantly reduces
airway mucus and Th2 cytokine levels

We next investigated whether MM218 would affect other im-
mune parameters of inflammation associated with allergic lung
inflammation. Indeed, lung tissue sections stained with PAS to
detect airway mucus hypersecretion demonstrated a marked re-
duction in the frequency and abundance of staining of PAS-positive
airways in MM218-treated versus untreated mice (Fig. 4). BAL
fluid from the two groups of mice was also assessed for the pre-
sence of airway Th2 cytokines, specifically IL-13 and IL-5. Fig.
5A shows that levels of both IL-5 and IL-13 were significantly
reduced in the airways of mice treated with MM218 (reductions
of 76 and 83%, respectively). These data fit well with the observed
reduction in effector/memory CD4* T cells in lung tissues and air-
ways (Fig. 3), since CD4" T cells are known to be a major source
of the two cytokines. To rule out the possibility that MM218 treat-
ment might be impacting CD4" T cell priming, thereby reducing
the total number of Th2 CD4* T cells generated in vivo, spleen
cells from OVA-primed/challenged mice treated, or not treated,
with MM218 were isolated and restimulated in vitro with OVA
protein to induce cytokine production. As shown in Fig. 5B, cul-
ture supernatants from the MM218-treated mice showed no re-
duction in levels of Th2 cytokines, suggesting that the treatment
with MM218 did not adversely affect in vivo T cell priming.
Moreover, levels of serum OVA-specific IgE were found to be
equivalent between MM218-treated and untreated mice (Fig. 5C),
providing additional evidence that Th2 T cell priming was not
affected by the drug.

Airway hyperresponsiveness is significantly reduced in allergic
mice treated with cell-impermeable CsA

We next investigated whether the observed reductions in leukocyte
infiltrates and Th2 cytokines levels mediated by MM218 treatment
would also be associated with improved lung function. For these
studies airway function was assessed by measuring changes in lung
resistance and compliance in response to increasing doses of in-
haled methacholine to induce bronchoconstriction. Measurements
were conducted on individual mice from groups that were OVA
primed/challenged, with and without MM218 treatment, versus
naive mice. Measurements of airway resistance and compliance
for the three groups are shown in Fig. 6. As expected, airway re-
sistance was significantly increased and lung compliance was de-
creased in OVA primed/challenged mice, compared with naive
mice. Strikingly, mice treated with MM218 showed levels of
airway resistance and lung compliance that were almost equiva-
lent to those of naive mice. Collectively, these data demonstrate
the capacity of cell-impermeable CsA to reduce several parame-
ters of allergic lung inflammation associated with leukocyte re-
cruitment, including airway hyperresponsiveness (AHR).

Cell-impermeable CsA inhibits migration of activated CD4™
T cells in vitro and in vivo

The above findings suggest that extracellular cyclophilins likely
contribute to allergic lung inflammation by promoting the re-
cruitment of proinflammatory leukocytes into the respiratory tract
and that blocking the function of these cyclophilins using cell-
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FIGURE 5. MM218 intervention reduces Th2 cy- A 500+
tokine levels in airways of allergic mice but does
not affect Th2 T cell priming. Mice were primed/
challenged with OVA, with groups treated i.p. with
MM218 or PBS on days 7, 9, and 11 of the regi-
men. A, BAL fluid was collected and pooled for each
group, followed by 8-fold concentration. Levels of IL-
5 and IL-13 cytokines were measured in the resulting
fluid by ELISA. Data show the mean = SE for rep- 04
licate wells (n = 4). ***p < 0.001, Student ¢ test for
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impermeable CsA impacts this recruitment. In previous studies, we
showed that both CypA and CypB have the capacity to induce
potent migration of activated CD4™" T cells in vitro (21). However,
we (21) and others (23) have found that the same cyclophilins
are unable to initiate signaling events or to induce migration of
eosinophils. These findings have led us to previously suggest that,
in vivo, extracellular cyclophilins likely mediate their chemotac-
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FIGURE 6. MM218 intervention reduces AHR in allergic mice. Mice
were primed/challenged with OVA, with groups treated i.p. with MM218
or PBS on days 7, 9, and 11 of the regimen. On day 12, mice were in-
dividually anesthetized with an i.p. injection of ketamine/xylazine, a tra-
cheostomy tube was inserted, and mice were attached to a respirator. The
mice were then sequentially challenged for 3 min with increasing doses of
methacholine (1.5625-25 mg/ml). Measurements of airway resistance (Ry)
and compliance (Cgy,) were determined using the Buxco FinePointe RC
and associated software. Data show mean = SE Ry and Cgy, measure-
ments at individual doses of methacholine for each group of mice (n = 10/
group). ***¥p < 0.001; **p < 0.01; *p < 0.05, Student ¢ test analysis levels
of statistical difference at various doses of methacholine between OVA
plus MM218 and OVA plus PBS groups. These data are representative of
three independent experiments.

ug/ml QVA in culture

4 20 100 0 4 20 100
ug/ml OVA in culture

tic effect directly on effector/memory T cells and indirectly on
eosinophils via T cell-derived cytokines (21). To provide sup-
porting evidence that cell-impermeable CsA has the capacity to
directly inhibit the migration of CD4™ T cells, in vitro chemotaxis
assays were conducted in which activated CD4* T cells were
stimulated either with CypA or CypB in the presence or absence
of MM218. Fig. 7A shows that MM218 was indeed able to
completely inhibit the migration of activated CD4" T cells in re-
sponse to both CypA and CypB. This effect was shown to be
cyclophilin-specific, as the presence of MM218 did not alter the
response of the same cells to another T cell-attracting chemokine,
RANTES (Fig. 7B).

Further supporting evidence that cell-impermeable CsA can
impact directly on the recruitment of activated CD4" T cells was
provided by in vivo studies using a well-established T cell transfer
model of allergic lung inflammation. In this model, OVA-specific
activated Th2 CD4* T cells are generated in vitro from DO11.10
TCR Tg mice and then transferred into naive wild-type recipients,
followed by intranasal OVA challenge to induce inflammatory
responses in the lung (22). This approach enables populations of
Ag-specific T cells to be tracked as they migrate into lung tissues
and airways and to observe any changes in cell recruitment during
drug intervention. Fig. 8 shows a robust recruitment of OVA-
specific (KJ1-26") CD4" T cells in response to OVA challenge
in recipient mice that received OVA-primed (activated) DO11.10
TCR Tg CD4" T cells, but not in recipient mice that received
unprimed (naive) DO11.10 CD4" T cells. Mice treated with cell-
impermeable CsA showed a significant reduction in the number of
OVA-specific (KJ1-26") CD4* T cells recruited both into lung
tissues and airways. Taken together, the results from these studies
provide further compelling evidence that cell-impermeable CsA
has the capacity to directly inhibit the recruitment of activated
CD4* T cells in response to extracellular cyclophilins both in vitro
and in vivo.

Cell-impermeable CsA is effective at reducing leukocyte
recruitment when administered locally to the airways

There is presently much interest to develop drug therapies and
small molecule antagonists that have specific targets and can be
administered locally to asthma patients (24). Having demonstrated
the efficacy of our cell-impermeable CsA analog to reduce allergic
lung inflammation when delivered systemically, we next tested
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FIGURE 7. MM218 inhibits in vitro CD4" T cell migration in response
to extracellular cyclophilins. A, Activated CD4" T cells were generated
in vitro and set up in Boyden chambers using recombinant CypA and
CypB with or without MM218. RANTES was used as a positive control
for T cell migration. Data show mean = SE chemotactic indices for each
group (n = 6 wells/group). **p < 0.01; ***p < 0.001, Student ¢ test
levels of statistical differences between with MMZ218 and without
MM218 for CypA and CypB stimulation, respectively. B, The same as-
say was used with activated CD4" T cells set up either with RANTES or
CypA with or without MM218. Data show mean *= SE chemotactic in-
dices for each group (n = 6 wells/group). ***p < 0.001, Student ¢ test
levels of statistical difference between with MM218 and without MM218
for CypA stimulation only. These data are representative of three in-
dependent experiments.

whether it would also be effective when administered directly to
the airways. For these studies, OVA-primed/challenged mice were
given three doses of either 10 png or 2 pwg MM218 by i.n. delivery.
As shown in Fig. 9, i.n. administration of MM218 was able to
induce a very marked and significant reduction in the number of
effector/memory CD4" T cells and eosinophils detected in the
airways of allergic mice. Similar reductions of both leukocyte
subsets were observed in lung tissues (data not shown). It is
particularly striking that a dose as low as 2 pug was found to be
effective because this dose is 100-fold lower than the optimal dose
used for systemic administration. These findings provide promis-
ing evidence that cell-impermeable CsA analogs, such as MM218,
may have potential for therapeutic use.

Discussion

Cyclophilins, traditionally known as intracellular PPIases, have
been shown to be potent chemoattractants for leukocytes. Fur-
thermore, elevated levels of extracellular cyclophilins have been
observed in several inflammatory diseases, implicating a role for
these proteins in promoting inflammation. In the present study, we
used a mouse model of acute allergic lung inflammation charac-
terized by a major influx of eosinophils and activated Th2 CD4*
T cells to investigate the contribution of extracellular cyclophilins
to the pathology of allergic lung inflammation. We made use of
two different types of nonimmunosuppressive analogs of CsA to
block cyclophilin activity.

BAL
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25

2.0
15
1.0
0.5

CD4*/KJ1-26* (x 109)
*
*
*

OVA + OVA + OVA +
PBS PBS MM218

FIGURE 8. MM218 intervention inhibits in vivo migration of OVA-
specific CD4* T cells to lung tissues and airways of allergic mice. Acti-
vated OVA-specific Th2 CD4" T cells were transferred into BALB/c mice.
A separate group of mice received naive OVA-specific CD4"* T cells. All
recipient mice were i.n. challenged with OVA for 4 d. Groups of mice (n =
6) were treated i.p. with MM218 or PBS during OVA challenge. Data show
significant reductions in the number of OVA-specific (KJ1-26") effector/
memory CD4" T cells in the airways and lung tissues of MM218-treated
mice given activated CD4" T cells (filled bars). No response was induced
in mice given naive CD4" T cells (open bars). *p < 0.05; ***p < 0.001,
Student ¢ test levels of statistical difference in the airways and lung tissue,
respectively when comparing OVA plus MM218 to OVA plus PBS groups.
These data are representative of two independent experiments.

Our findings demonstrate that elevated levels of extracellular
CypA and CypB are present throughout the challenge phase of the
inflammatory response. Interestingly, the release of CypA and
CypB appeared to be differentially regulated since both their initial
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FIGURE 9. MM218 is effective when administered directly to the air-
ways. Mice were primed/challenged with OVA, with groups of mice (n = 6)
given different doses of MM218 by i.n. delivery during challenge. Data
show a significant reduction in effector/memory CD4" T cells and eosi-
nophils in MM218-treated mice. ***p < 0.001; **p < 0.01, Student 7 test
levels of statistical difference comparing OVA plus MM218 to OVA plus
PBS groups. These data are representative of two independent experiments.
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secretion and peak production followed different kinetics profiles.
For example, CypA levels showed a marked increase after only
a single OVA challenge, whereas little increase was observed in
CypB levels until after four challenges. Such findings suggest that
the two cyclophilins may regulate different aspects of leukocyte
recruitment, with CypA contributing more to initial recruitment
and CypB being more important for sustaining leukocyte influx. We
were unable to provide direct evidence for this possibility due to the
absence of reagents with the capacity to inhibit the function of
individual members of the cyclophilin family. However, a new
small molecule compound designed to specifically target CypA,
and not CypB, was recently described (25). Although this com-
pound is not currently compatible for in vivo use due to its poor
solubility in aqueous diluents, studies are currently underway
to design more soluble versions of such compounds (G. Fischer,
unpublished observations). Additionally, we have also initiated
studies to develop an immunohistochemical approach that should
enable us to investigate any differential kinetics of expression
between CypA and CypB, as well as their cell source. Thus, in the
present studies our approach was to inhibit the function of all
cyclophilins present throughout the leukocyte recruitment phase.

Our results show that targeting the function of cyclophilins,
using either a nonimmunosuppressive cell-permeable analog of
CsA (NIM811) or a cell-impermeable analog of CsA (MM218),
significantly reduces the number of effector/memory CD4" T cells
and eosinophils in the airways and lungs of allergic mice. Al-
though the present studies were focused on investigating changes
in populations of proinflammatory effector cell subsets, we noted
that MM218 treatment also reduced the influx of monocytic cells
into airways (Supplemental Fig. 1). This finding is not surprising
due to the fact that murine monocytes express CD147, the cell
surface receptor for extracellular cyclophilins (9), and they readily
migrate in response to cyclophilins (26). Interestingly, the re-
duction in monocyte numbers was not as marked as that seen in
eosinophils and T cells (64% for monocytes versus >80% for the
other two subsets). This likely reflects the fact that most resident
lung leukocytes are monocytes (macrophages and dendritic cells),
and thus fewer are proportionally recruited relative to other sub-
sets of leukocytes. These findings further support the idea that
MM218 inhibits active leukocyte recruitment and has little impact
on resident leukocytes.

As part of our studies, we also demonstrated that cell-imperme-
able MM218 CsA has the capacity to inhibit the recruitment of
activated CD4" T cells both in vitro (using cyclophilin-specific
chemotaxis assays) and in vivo (using an adoptive cell transfer
approach). As previously discussed (21), we think that extracellular
cyclophilins likely mediate a chemotactic effect directly on CD4*
T cells and indirectly on eosinophils via alterations in Th2 cytokine
production. The net result is that inhibiting the function of extra-
cellular cyclophilins affects the recruitment of both leukocyte sub-
sets. The capacity to reduce the influx of effector/memory CD4*
T cells into the pulmonary microenvironment is of particular im-
portance in the context of immune-mediated lung inflammation
since this population regulates most parameters of allergic lung
pathology (27). Indeed, several different studies have shown that
inhibition of the cytokines IL-5 and IL-13 alone can lead to re-
duction in AHR, mucus hypersecretion, IgE generation, as well as
eosinophil influx (28-31).

Of particular interest is the finding that treatment with the cell-
impermeable MM218 analog was markedly more effective at re-
ducing leukocyte influx (75-88% reduction) compared with the
nonimmunosuppressive cell-permeable NIM811 analog (29-50%
reduction). Furthermore, the augmented effectiveness of MM218
was achieved using smaller amounts of compound per injection

(0.67 versus 1.66 mM of MM218 and NIMS811, respectively). We
think the likely explanation is that the cell-impermeable nature of
MM218 prevents it from being trapped at intracellular sinks that
are known to sequester cell-permeable cyclosporines, such as un-
modified CsA and NIM811 (32, 33). This enables the entire amount
of MM218 CsA to be available for the inhibition of extracellular
cyclophilins. Indeed, studies using fluorescent-tagged CsA have
demonstrated that cell-permeable analogs accumulate at very high
concentrations within the cell cytosol (20), which would reduce
their availability to interact with extracellular ligands. We were
particularly pleased to observe that a localized delivery of MM218
was as effective at reducing leukocyte recruitment into allergic
lungs as systemic delivery. Moreover, this effect was mediated using
100-fold lower doses of the drug. These findings provide strong
supporting evidence that the primary target of our cell-impermeable
CsA analog is extracellular cyclophilins generated in the respira-
tory tract, which has significant positive implications from a ther-
apeutic perspective.

Collectively, our results demonstrate the potent capacity of a
cell-impermeable analog of CsA, MM218, to reduce several pa-
rameters of acute allergic lung inflammation and provide pre-
liminary evidence that targeting extracellular cyclophilins could
have therapeutic potential for reducing tissue inflammation. A
CsA derivative that is highly effective at reducing allergic lung
inflammation might be questioned in the light of human data
reporting only modest improvements following CsA treatment
(34). However, several alternative studies have demonstrated CsA
to have a potent inhibitory effect on allergic lung inflammation
both in animal models (35-37) and in humans (38-40), particu-
larly in cases of severe refractory asthma (41). Regardless of these
contradictory findings, it is clear that the side effects associated
with high doses and the need for long-term usage reduce the
appeal of CsA as a drug of choice (34). We propose that the use
of cell-impermeable derivatives of CsA, as described in the
present studies, offer a safer and more efficacious approach than
unmodified CsA due to their remaining in extracellular spaces,
rather than being sequestered within cytoplasmic compartments.
By remaining extracellular, cell-impermeable CsA derivatives
have no impact on the function of intracellular proteins and will
require lower doses for optimal inhibition of extracellular cyclo-
philin function. An additional advantage of cell-impermeable de-
rivatives is their high solubility in aqueous solutions, making them
more manageable for local delivery, for example via inhalation.
Interestingly, a study in which CsA was complexed to cylodextrin
to improve its solubility demonstrated an equivalent reduction in
murine allergen-induced eosinophilia at 9-fold lower doses than
noncomplexed CsA (36), suggesting that CsA functions more
efficiently in water-soluble forms. In conclusion, we propose that
using drugs and other compounds that remain outside of cells,
such as the current cell-impermeable CsA, will enable us to more
specifically target extracellular molecules and reduce side effects
resulting from uptake by nontarget cells.
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Fig. S1. Distribution of leukocytes in airways of allergic mice after MM218 treatment.

BAL fluid was collected from individual OV A primed/challenged mice treated 1.p. with MM218

or PBS on days 7, 9 and 11 of the regimen. Leukocytes were analyzed by flow cytometry to
establish the relative distribution of neutrophils, CD8" T cells, monocytes, eosinophils and CD4"

T cells for the two groups, compared to airway cells from naive mice. Data show mean cell numbers
for each group (n=6 per group) + SE with a Student’s t-test analysis used to determine statistically
significant differences between OVA+MM218 and OVA+PBS groups. *** = P<0.001; * = P<0.05.
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Fig. S2. Mice treated with either NIM811 or MM218 do not exhibit systemic leukopenia.

Blood, spleen and mediastinal LN were collected from individual OVA primed/challenged mice
treated i.p. (A) with NIM811 or PBS, or (B) with MM218 or PBS, on days 7, 9 and 11 of the regimen.
Total leukocyte numbers were counted by hemacytometry. Data show mean + SE cell numbers

for each group (n=6 mice per group).
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Fig. S3. Levels of airway eotaxin, MDC and TARC chemokines are not reduced by MM218
treatment. Mice were primed i.p. with OVA/Alum (day 0) and then given i.n. OVA challenges on
days 7, 8 and 9. Groups of mice were treated i.p. with MM218 or PBS on days 7 and 9. BAL fluid
was collected from individual animals 6 h after the third OVA challenge (day 9) and levels of the
chemokines eotaxin, MDC and TARC were measured by ELISA. BAL fluid from naive mice was
included for comparison. Data show mean + SE levels of each chemokine for the three groups
(n=6-8 mice per group). These data were generated from a combination of two independent
experiments.



