parameters GL (pulmonary conductance) and Cdyn (pulmonary compliance) as
described"’. Logarithmically increasing doses of methacholine (3.3-3,300 pgkg™") were
administered intravenously through a jugular venous catheter. Maximally reduced GL and
Cdyn values after each methacholine dose were expressed as percentages of their values
obtained just before the infusion of that dose. Intervals of 3—5 min were allowed to elaspe
between doses to allow GL and Cdyn to return to within 10% of the baseline obtained
before the preceding dose.

Segmental allergen challenge of human subjects

Approval for the human study was granted by the Brigham and Women’s Hospital Review
Board. The study subjects included five control subjects without any history of respiratory
disorder, including asthma, and eight allergic asthmatics who met the American Thoracic
Society criteria for an asthma diagnosis”. Each asthmatic subject had an abnormal allergen
skin prick test defined as a weal of greater than 5 mm to 1 of 12 standard allergens in 50%
vol/vol glycerin solution (Eastern 10-tree mix, ragweed mix, 3-weed mix, dog epithelium/
mixed breeds, timothy grass, Dermatopagoides farinae, D. pteronyssinus Alternaria tenius,
coakroach, Cladosporium herbarum and Aspergillus mix (all from Greer Laboratories), and
cat hair standardized extract (ALK Laboratories)).

Before the study, the subjects were exposed to increasing concentrations of neubulized
allergen to determine the concentration required to reduce their FEV, by 20%. We
performed segmental allergen challenge with seasonal allergens at times when these agents
were not in season. At this time all subjects were free of respiratory symptoms and had
stable lung function for at least 4 weeks following the inhalation challenge before
segmental challenge, for which procedure subjects underwent two serial bronchoscopic
procedures 4—8 h apart.

Bronchoscopy was performed under midazolam/fentanyl conscious sedation. For
normal and asthmatic pre-allergen samples, the bronchoscope was advanced to airway
occlusion in the anterior segment of the left upper lobe and 3 x 50-ml aliquots of warmed
sterile saline instilled and gently aspirated; in asthmatics only, the bronchoscope was then
moved and advanced into the right upper lobe, where 2 ml of allergen diluent was
delivered; after 5 min the bronchoscope was moved again and advanced into the right
middle lobe, where 2 ml of allergen solution was delivered. The broncoscope was then
removed, and focal wheezing was confirmed to be present exclusively over the right middle
lobe in all subjects by auscultation. Four to eight hours later, a second bronchoscopy was
performed to obtain BAL fluid from the right upper lobe (sham sample) and the right
middle lobe (allergen sample).

Measurement of C3a/C3a des-Arginine levels in BAL fluid

BAL fluid samples were collected onto ice, strained through a gauze mesh and centrifuged
(700g at 4 °C) and stored at —80 °C until assayed. C3a/C3a des-Arginine levels were
measured using an RIA kit (Amersham Pharmacia Biotech). Interference from the
precursor C3 in BAL samples was avoided by the inclusion of a selective precipitation step
before the assay. All samples were assayed undiluted according to the protocol outlined by
the manufacturers.
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A voltage-dependent channel
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Growth of the malaria parasite in human red blood cells (RBCs) is
accompanied by an increased uptake of many solutes including
anions', sugars’, purines’, amino acids* and organic cations’.
Although the pharmacological properties and selectivity of this
uptake suggest that a chloride channel is involved, the precise
mechanism has not been identified. Moreover, the location of this
uptake in the infected RBC is unknown because tracer studies are
complicated by possible uptake through fluid-phase pinocytosis®
or membranous ducts’. Here we have studied the permeability
of infected RBCs using the whole-cell voltage-clamp method.
With this method, uninfected RBCs had ohmic whole-cell con-
ductances of less than 100 pS, consistent with their low tracer
permeabilities®. In contrast, trophozoite-infected RBCs exhibited
voltage-dependent, non-saturating currents that were 150-fold
larger, predominantly carried by anions and abruptly abolished
by channel blockers. Patch-clamp measurements and spectral
analysis confirmed that a small (<10pS) ion channel on the
infected RBC surface, present at about 1,000 copies per cell, is
responsible for these currents. Because its pharmacological prop-
erties and substrate selectivities match those seen with tracer
studies, this channel accounts for the increased uptake of small
solutes in infected RBCs. The surface location of this new channel
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and its permeability to organic solutes needed for parasite growth
indicate that it may have a primary role in a sequential diffusive
pathway for parasite nutrient acquisition.

Red blood cells have been difficult to patch clamp because of their
small size, high deformability and atypical membrane composition.
Whole-cell voltage clamp requires the added complexity of ruptur-
ing the small patch of membrane under the pipette, and has not
been used to study the permeabilities of human RBCs. We have now
obtained whole-cell recordings on these cells by matching the
oncotic and hydrostatic forces imposed on the cell when the patch
is ruptured with brief electrical pulses (400—600 mV, 0.5—1ms
long). Uninfected human RBCs have small ohmic whole-cell con-
ductances (< 100 pS, n = 12 cells; Fig. 1a) in this configuration. We
used this method to study ion permeation in single RBCs infected
with the human malaria parasite, Plasmodium falciparum.

Figure 1b shows the whole-cell current in response to voltage
steps applied to a trophozoite-infected RBC. This current is 150-
fold larger than that of uninfected RBCs (n = 13 infected cells;
P < 0.0001). It exhibited inward rectification (the plateau at positive
voltages; Fig. 1c, filled circles) despite using identical solutions on
both sides of the RBC membrane, indicating either voltage-depen-
dent gating or rectification of one or more transport pathways in the
membrane. We found that the currents could be abruptly abolished
by addition of 125 wM furosemide to the bath solution (Fig. lc,
open circles). Furthermore, these whole-cell currents did not
saturate at up to 1.1 M salt solutions (Fig. 1d). These findings
suggest a single pathway with channel-type transport on the
infected RBC membrane.

To examine the ion selectivity of this pathway, we applied a NaCl
gradient across the RBC membrane (Fig. le). The reversal potential,
E..., under these conditions shifted to —47 mV (mean of 5 cells),
approximating the Nernst potential for CI” in this experiment
(—49 mV measured with a Cl” electrode). This E,., indicates a strong
selectivity for CI” over Na" and is consistent with tracer studies. (We
calculate a Na* to CI” permeability ratio, Py./Pcj, of roughly 107°
from the data in refs 1 and 9.)

The pharmacological properties of this conductive pathway
are also consistent with previous tracer studies: furosemide, NPPB
(5-nitro-2-(3-phenylpropylamino)benzoic acid), niflumate’, gly-
benclamide' and phloridzin'' reduced the whole-cell current in
low micromolar concentrations, whereas DIDS" (4,4'-diisothio-
cyanatostibene-2,2’-disulphonic acid) had only a modest effect
(Table 1). Interestingly, phloridzin had a greater blocking effect in

a 50

1(pA)

0

the pipette solution than in the bath, implicating an intracellular site
of action as previously proposed'".

Permeability ratios (P/Pq) for other anions, determined by E,.,
measurements, indicate weak selectivity of this pathway, with high
permeation rates for large organic anions (Table 2). We found a
permeability sequence of SCN™ > 1" > Br~ > Cl~ > acetate” >
lactate™ > glutamate™, corresponding to the Eisenman selectivity
sequence number 1 for anions. This suggests permeation through a
pathway that has a weak binding site with a large radius"; it is
inconsistent with a rigid non-interacting pore. (Using data in refs 1,
2 and 9, we calculated P/Pq for lactate and glutamate to be
about 0.5 and 0.03, respectively, which are comparable with
our measurements.)

This whole-cell current on infected cells requires transmembrane
movement of anions from the bath solution into RBC cytosol. This
might occur directly through the exposed RBC plasma membrane.
Alternatively, anions might bypass the RBC membrane by moving
down the proposed parasitophorous duct (a membranous tubule
that may provide the parasite access to serum’), and then enter the
RBC cytosol through known channels' on the parasitophorous
vacuolar membrane (PVM), which surrounds the parasite.

To distinguish between surface and duct-associated sites, we used
the on-cell patch-clamp method to measure directly transport
across patches of RBC plasma membrane. Membrane patches on
infected cells often showed a rectifying current (Fig. 2a), suggesting
a small conductance ion channel on the infected RBC surface.
Prompted by these findings, we used a solution with a high Cl~
concentration (1.15M) in the bath and pipette to increase con-
ductance. This maneouvre revealed unambiguous channel activity
with fast gating and a slope conductance of 20pS (Fig. 2b, ¢),
suggesting permeation through a proteineous pore rather than a
nonspecific membrane defect’. This channel exhibited voltage-
dependent gating which explains the inward rectification seen
with whole-cell measurements (Fig. 2d). It was present in high
density on trophozoite-infected cells (37 of 46 patches, 19 with > 3
channels), never on uninfected red cells (22 patches) and could be
blocked with 200 uM furosemide in the pipette (much reduced
channel activity, n = 4 patches on 4 infected cells; Fig. 2e).

This small channel exhibits complex gating with bursts of fast
flickering open events and long intervening closed periods (Fig. 2¢).
Consistent with this complex gating, the spectral density of an on-
cell recording revealed a 1/f profile' (Fig. 3, bottom curve). (A
channel with simple, non-bursting gating would have a Lorenztian
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Figure 1 Whole-cell recordings. a, Uninfected RBC in solution A. Left, whole-cell current
response to a—70 mV pulse. Note the small current amplitude and the capacitive spikes,
which reflect patch rupture. Right, corresponding /—Vplot. b, Trophozoite-infected RBC.
Left, recorded as in a. Current is 150 times larger than that on uninfected RBCs. Middle
and right, responses to pulses of —80to +80 mV (20-mV increments) before and after
bath addition of 125 wM furosemide, respectively. Dashed line represents zero current.
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¢, Corresponding /—V/ plots before (filled circles) and after (open circles) addition of
furosemide. d, Whole-cell chord conductances in solution A plus 0, 500 or 1,000 mM
choline*Cl~. Chord conductances, determined between —50 and =80 mV , are plotted
against Cl ~ activity (mean = s.e.m. of 12, 7 and 8 cells, respectively). e, Whole-cell /—V
plot with solution A in the bath and solution B in the pipette. The negative £, (or X
intercept) confirms a predominance of CI~ permeation.
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spectral density.) Spectral analysis of our whole-cell recordings also
revealed a 1/f profile in 140 mM and 1.15M CI” solutions (Fig. 3,
middle and top curves, respectively). These parallel profiles, com-
bined with its voltage-dependent gating and the effects of furose-
mide (Fig. 2d, e), strongly suggest that the small surface channel
is the predominant conductive pathway in the infected RBC
membrane. Because the spectra of individual channels add up to
the whole-cell spectrum, this method also provides an accurate
estimate of the channel’s functional copy number on this tropho-
zoite-infected cell at about 1,000 (calculated from the single-
channel and whole-cell spectra with 1.15M CI). Calculations
using our single-channel and whole-cell conductances, although
less precise than spectral methods, indicate that the functional copy
number may rise to about 8,000 per cell depending on parasite
maturity.

Because its pharmacology and selectivity match those identified
by more than 20 years of tracer flux and osmotic lysis experi-
ments' ', this voltage-dependent channel fully accounts for the
increased uptake of small solutes into infected RBCs by the “new
permeation pathways”. Tracer studies have revealed that this chan-
nel is permeable to sugars®, purines’, amino acids* and some organic
cations such as choline’, all of which are required for parasite
growth'”. By localizing this channel to the RBC plasma membrane,
our findings indicate that it may have a role in acquisition of these
nutrients from serum. Our model is a sequential diffusive pathway
for nutrient uptake by the parasite (Fig. 4). Small nutrient solutes in
serum can enter the RBC cytosol through this channel. (Whereas
most nutrients enter predominantly through this channel, sugars
enter primarily through the RBC’s endogenous carriers'®.) They
would then diffuse through the RBC cytosol and cross the PVM
through non-selective 150 pS channels' (which show different
gating from the surface channel) into the vacuolar space. Finally,
they would be taken up by the parasite by specific carriers, some

Table 1 Pharmacological properties of the whole-cell currents

Channel blocker % inhibition
Furosemide
1M (5) 30 £ 12
15 uM (5) 54 +9
100 pM (11) 83+2
Glybenclamide
100 uM (5) 85+9
Niflumate
2pM (3) 20+9
18uM (3) 56 =8
78 uM (2) 87
NPPB
0.8 M (5) 41+5
8uM (4) 788
32 uM (4) 92 +2
DIDS
100 uM (2) 7
Phloridzin
300 M (2) 34
50 pM pipette (3)* 75 +2

The percentage inhibition (mean + s.e.m.) of whole-cell currents on bath addition of channel
blockers at indicated concentrations.

*Phloridzin was also tested by addition to the pipette and chord conductance measurement as in
Fig. 1d.

Table 2 Anion selectivity properties of the whole-cell currents

Anion Erev P/Pg,
SCN- (5) +50 =3 7.4
I”in bath (4 -31+5 3.5
Br- (@) +4 £ 1 1.2
Acetate™ ) -4 +1 0.87
Lactate™ 4) 24 +6 0.43
Glutamate™ 5) -51 3 0.1

The permeabilities of test anions relative to that of CI".

* lodide was tested by switching the bath and pipette solutions and using an agar bridge. NaS,03
(1.1 mM) was added to the Nal solution as an antioxidant. The number of cells tested at each
concentration is given in parentheses.
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recently identified””. Our identified channel is probably also
involved in metabolic waste removal (such as lactate, Table 2) and
volume regulation of infected RBCs'. Its small single-channel
conductance and strong selectivity against Na*, despite permeability
to bulky uncharged and charged metabolites, pose intriguing pore-
design problems, which may be partly solved by its weak binding site
(Eisenman selectivity sequence number 1 for anions) and its
voltage-dependence.

With all the steps for this sequential nutrient acquisition pathway
identified, the need for a parasitophorous duct to provide a parallel
route for uptake of serum nutrients becomes less clear. Moreover,
the parasitophorous duct—a proposal based on fluorescent macro-
molecule uptake by infected cells—remains controversial because
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Figure 2 On-cell currents on trophozoite-infected RBCs. a, Left, currents in solution A.
I, (membrane potential, negative of pipette potential) pulses were from —80 to +80 mV
(40-mV increments). Dashed line represents zero current. This patch had several small
channels. Right, corresponding /—V plot. b, Currents in solution A plus 1,000 mM
choline*Cl~. This on-cell patch had three independent and identical channels, whose
opening events are represented by downward deflections. I, —100mV . ¢, A single-
channel patch showing fast flickering and complex burst behaviour. Seal resistance was
150 GQ. d, Voltage-dependent gating at indicated 1, (millivolts). The channel opens more
frequently at negative 1, (downward deflections) than at positive V;, (upward deflections).
e, Identical conductance but fewer opening events with 200 M furosemide in the
pipette. V,,—100 mV (Compare the bottom trace in d, without furosemide.) Scale bars,
19.5pA/29ms (a); 4.4 pA/71 ms (b); 4.4 pA/48 ms (¢); 3pA/12ms (d, e).
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of poor reproducibility” and an absence of definitive electron
microscopic evidence. If the duct exists, it should produce a
furosemide-insensitive current in our whole-cell measurements
that involves diffusion down the duct, into the vacuolar space
around the parasite and through the PVM channels' to the
recording pipette. We could not distinguish the currents on fur-
osemide-treated infected cells from those of uninfected cells, imply-
ing no electrical continuity between the bath and the vacuole
around the parasite. Other models for the proposed duct, such as
an intermittently present duct or compartmentalization of the
vacuolar space with tight junctions, cannot be excluded with our
measurements.

This voltage-dependent channel, found only on infected RBCs,
may be either a modified host RBC protein*' or a parasite-encoded
protein targeted to the host membrane®. In either case, its exposed
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Figure 3 Power spectras of whole-cell (top and middle traces) and single-channel (bottom
trace) currents. Spectra were calculated from recordings in solution A (middle trace) or
solution A plus 1,000 mM choline*Cl ~ (top and bottom traces). These profiles are roughly
parallel, indicating that the single-channel type seen with on-cell patch clamp can fully
account for the whole-cell currents. The 1/f profiles reflect the complexity of single-
channel bursting.

Parasite plasma
membrane
transporters

P —

Parasite

PVM
channel
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membrane
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Figure 4 Sequential route of nutrient acquisition. In addition to entry through endogenous
RBC carriers (not shown), key nutrients in serum are acquired by sequential passage
through the voltage-dependent anion channel on the RBC membrane, the non-selective
PVM channel and carriers on the parasite plasma membrane. The parasitophorous duct, if
present, would produce continuity between the PVM and RBC membranes. Although not
shown here, the PVM has extensive invaginations (called the tubulovesicular network®)
that probably increase its surface area for nutrient uptake by the PVM channel.
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location on infected cells and presence in all studied plasmodial
species™ suggest that it may be an ideal target for future chemother-
apy development. O

Methods

Whole-cell conductances

We took human RBCs from a healthy volunteer, washed them in solution A (in mM: 115
NaCl, 10 MgCl,, 5 CaCl,, 20 Na-HEPES, pH 7.4), and allowed them to settle before patch
clamp. Pipettes were pulled from Corning 7056 glass to tip diameters = 0.5 pm (1—
5MQ), heat-polished, filled with filtered pipette solutions and used immediately. For
whole-cell recordings, we obtained patch rupture by applying electrical pulses until a
capacitive transient developed. Although the whole-cell configuration is usually achieved
on other cells by suction applied to the pipette®, this often damaged the small RBC.
Plasmodium falciparum trophozoites, grown in the same RBCs®, were voltage clamped by
the same methods. Whole-cell recordings were filtered at 10 kHz (8 pole Bessel filter). Data
for current—voltage profiles represent the current averaged over 20—50 ms. Furosemide
had no effect on uninfected RBC currents (data not shown).

Anion selectivity

We determined Na* versus Cl” selectivity with a uncharged solute as the primary osmolyte
in the pipette (solution B: (in mM) 230 sorbitol, 20 Na-HEPES, 10 MgCl,, 0.5 EGTA,
pH 7.4) to quantitate relative influx of cations and anions. Similar results were obtained
with sucrose as the primary osmolyte in the pipette (not shown).

Selectivity of anions was determined under biionic conditions with a bath solution of
(in mM) 500 NaCl, 10 MgCl,, 5 CaCl,, 20 Na-HEPES, pH 7.4, and pipette solutions of (in
mM) 500 Na* salt of the test anion (436 for lactate™), 10 MgCl,, 20 Na-HEPES, pH 7.4.
P/P; were then calculated with the Goldman equation® using the mean E,.,.

Channel characterization

We carried out single-channel measurements in hypertonic saline to increase conductance
through this channel and to reduce pipette noise by reducing access resistance, both of
which improved our signal-to-noise ratio. Single-channel recordings were filtered at 6 kHz
and digitized at 100 kHz.

We carried out spectral analysis of whole-cell and single-channel recordings on 1-s
current sweeps recorded at V,,, of +40 mV after filtering at 15kHz (8 pole Butterworth
filter). For each trace, the power spectrum of non-channel noise (for example, from
equipment), determined at V,,, = 0, was subtracted. The power spectrum of a single burst
of channel activity was adequately described by a Lorentzian with a characteristic time of
0.5 ms (not shown).
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Basal cell carcinoma, medulloblastoma, rhabdomyosarcoma and
other human tumours are associated with mutations that activate
the proto-oncogene Smoothened (SMO) or that inactivate the
tumour suppressor Patched (PTCH). Smoothened and Patched
mediate the cellular response to the Hedgehog (Hh) secreted
protein signal, and oncogenic mutations affecting these proteins
cause excess activity of the Hh response pathway'>. Here we show
that the plant-derived teratogen cyclopamine, which inhibits the
Hh response™, is a potential ‘mechanism-based’ therapeutic agent
for treatment of these tumours. We show that cyclopamine or
synthetic derivatives with improved potency block activation of
the Hh response pathway and abnormal cell growth associated
with both types of oncogenic mutation. Our results also indicate
that cyclopamine may act by influencing the balance between
active and inactive forms of Smoothened.

Whereas embryonic loss of Sonic hedgehog (Shh) signalling can
result in cyclopia and other developmental defects’, inappropriate
activation of the Shh response pathway is associated with several
types of human tumour®". Current approaches to treatment of
such neoplastic disorders are limited by the cytotoxic effects of
therapeutic agents on proliferating tissues. Alternative ‘mechanism-
based” approaches specifically targeting abnormally active signalling
pathways in defined types of cancer' might avoid such toxicity,
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particularly if the pathways in question functioned primarily in
embryonic development and were not required for survival in
adults. Cyclopamine, a plant steroidal alkaloid, induces cyclopia
in vertebrate embryos" and has been shown to act by inhibiting the
cellular response to the Shh signal**. To evaluate the therapeutic
potential of cyclopamine for the treatment of Hh-pathway-asso-
ciated disorders we investigated the mechanism by which cyclopa-
mine acts.

Cellular responses to the Hh signal are controlled by two
transmembrane proteins, Smo and Ptch, which are predicted to
have seven and twelve transmembrane spans, respectively. Genetic
and biochemical evidence indicates that Ptch suppresses the activity
of Smo, and that binding of Hh to Ptch relieves this suppression'?,
allowing activation of downstream targets through the Ci/Gli family
of transcriptional effectors'®"®. As our previously described Hh
signalling assay used Drosophila melanogaster cultured cells and was
not sensitive to cyclopamine (ref. 18 and data not shown), we
screened several vertebrate cell lines for a sensitive transcriptional
response to palmitoyl- and cholesteryl-modified ShhN polypeptide
(ShhN,)** (Fig. la) using a Gli-dependent luciferase reporter*.
Among several responsive fibroblast cell lines, NTH-3T3 mouse
embryonic fibroblasts, which respond with a 20—150-fold induction
of luciferase activity (Fig. 1b), were selected for all further studies
except those requiring particular genetic backgrounds. Treatment of
the cells with cyclopamine completely abolished the response to
ShhN,, (Fig. 1¢). To confirm the validity of this assay, we analysed the
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Figure 1 NIH-3T3 fibroblasts respond to ShhN, and are sensitive to cyclopamine. a, Sonic
hedgehog signalling domain was purified by isolating detergent-insoluble glycolipid
complexes (DIGs) from 293 cells expressing full-length Shh®, followed by immunoaffinity
chromatography. The purified species corresponds to palmitoyl- and cholesteryl-modified
ShhN polypeptide (ShhN,) from mass spectrometry analysis. Inset, SDS—polyacrylamide
gel electrophoresis analysis of lysate, DIGs and purified ShhN,. The responsiveness of
NIH-3T3 cells to Shh (b) and cyclopamine (¢) was analysed by transfection with Gli-luc
reporter and Renilla luciferase control followed by treatment with ShhN, (4 nM or as
indicated) and/or cyclopamine (5 wM) for 2d. Luciferase activities normalized relative to
control. For time response, see Supplementary Information. d, The effect of cell density on
Shh pathway activity was analysed by plating cultures of stable Shh reporter lines Shh-
LIGHT (squares) or SmoA1-LIGHT (diamonds) cells in quadruplicate to 96-well plates in a
series of twofold dilutions. The Shh-LIGHT cells were treated with 4 nM ShhN,, and Gli-luc
reporter activity (relative to equally dense Shh-LIGHT control culture) and relative cell
density (% of maximum Renilla activity) were assayed after 24 h. Error bars, 1 s.d.
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