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The operational model provides a key conceptual framework for the analysis of pharmacological data. However, this model
does not include constitutive receptor activity, a frequent phenomenon in modern pharmacology, particularly in recombinant
systems. Here, we developed extensions of the operational model which include constitutive activity and applied them to

effects of agonists at the chemokine receptor CCR4.

EXPERIMENTAL APPROACH

The effects of agonists of CCR4 on [**S]GTPyS binding to recombinant cell membranes and on the filamentous (F-) actin
content of human CD4* CCR4* T cells were determined. The basal [**S]GTPyS binding was changed by varying the GDP
concentration whilst the basal F-actin contents of the higher expressing T cell populations were elevated, suggesting
constitutive activity of CCR4. Both sets of data were analysed using the mathematical models.

RESULTS

The affinity of CCL17 (also known as TARC) derived from analysis of the T cell data (pK, = 9.61 = 0.17) was consistent with
radioligand binding experiments (9.50 = 0.11) while that from the [**SJGTPyS binding experiments was lower (8.27 = 0.09).

Its intrinsic efficacy differed between the two systems (110 in T cells vs. 11).

CONCLUSIONS AND IMPLICATIONS

The presence of constitutive receptor activity allows the absolute intrinsic efficacy of agonists to be determined without a
contribution from the signal transduction system. Intrinsic efficacy estimated in this way is consistent with Furchgott’s
definition of this property. CCL17 may have a higher intrinsic efficacy at CCR4 in human T cells than that expressed

recombinantly in CHO cells.

Abbreviations

F-actin, filamentous actin; FITC, fluorescein isothiocyanate; CCL22, macrophage-derived chemokine (MDC); PBMC,
peripheral blood mononuclear cell; PE, phycoerythrin; CCL17, thymus and activation-related chemokine (TARC)
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Introduction

The development of the operational model (Black and Leff,
1983) was a key milestone in the analysis of functional phar-
macological data because its inclusion of a plausible trans-
ducer function facilitates the direct fitting of the model to
experimental data. This allows estimates of the affinity and
efficacy of agonists to be derived from suitable experimental
systems without the need to transform the data. This avoids
the potential for distortion of the data following linearizing
transformations, a particular problem with double reciprocal
plots, which are required, for example, in the method of
Furchgott (1966) for estimating agonist affinity. Of course, in
light of the two-state model (Karlin, 1967; Thron, 1972;
Colquhoun, 1973), we must be cautious in our interpretation
of the ‘affinity’ derived from such an analysis. While it may
well define the midpoint of the binding isotherm of the
agonist under the prevailing experimental conditions, it does
not represent the affinity of the agonist for any particular
conformational state of the receptor and, as such, is not a
measure of a thermodynamic constant.

Unfortunately, the more recent observation that recep-
tors may be constitutively active resulting in basal signalling
in the absence of agonist (Costa and Herz, 1989) is incom-
patible with the operational model and prevents its use for
the analysis of data from systems which show agonist-
independent activity. However, consideration of the limiting
cases of the ternary complex model (De Léan et al., 1980) led
to the development of a model of receptor interaction with
a signal transduction system which does include constitutive
receptor activity (Hall, 2006) and the demonstration that
this model can also be considered as an operational model
of systems with constitutive receptor activity. An interesting
consequence of the presence of the constitutive activity in
this model is that it results in a natural separation of agonist
efficacy (‘efficacy’ and ‘intrinsic efficacy’ in this report are
taken to have the definitions specified in Neubig ef al., 2003)
from the ‘coupling efficiency’ of the associated transduction
system, providing a measure of efficacy (‘a’) which quanti-
fies the change in the ability of the receptor to activate the
signal transduction system on binding of agonist. To be
precise, the ability of the agonist:receptor complex to acti-
vate the signal transduction system is equivalent to 1/a
times its concentration of free receptor (and note therefore
that oo < 1 results in agonism whilst o > 1 results in inverse
agonism). An advantage of this parameter as a measure of
agonist efficacy is that, while it is clearly dependent on the
signal transduction system under consideration, it is inde-
pendent of the amplification of the stimulus associated with
the signal transduction pathway and should therefore be
independent of the point in the cascade at which the
response is measured.

In its original form, this model can only be applied to
concentration-response curves with unit Hill coefficients as it
was derived with an invariant Hill coefficient of unity. The
main objective of this report is to describe generalizations of
this model, which allow it to be fitted to concentration-
response curves with non-unit Hill coefficients. The math-
ematical details of this are described in the first section of the
Results along with the results of Monte Carlo simulations
which explore the precision and accuracy of the parameter
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estimates when these models are fitted to simulated experi-
mental data. The new models (equations 6, A5 + A6 and 12)
are then used to derive estimates of the affinity and efficacy of
the chemokine receptor CCR4 agonists, CCL17 (also known
as thymus and activation-regulated chemokine; TARC), and
CCL22 (also known as macrophage-derived chemokine;
MDC), in recombinant cells and for CCL17 in assays of
cytoskeletal reorganization in primary human T cells
(chemokine and receptor nomenclature follows Alexander
etal., 2011). CCR4 is a G-protein-coupled receptor, which is
predominantly expressed on leukocytes and mediates chemo-
taxis of these cells in response to CCL22 and CCL17. The
receptor is therefore thought to play a role in the recruitment
of immune cells (particularly certain T cell populations) to
sites of inflammation (see Hall et al., 2010).

Methods

Monte Carlo simulations

Monte Carlo simulations were performed using equations 6,
7, 8 and 12. Equation 6 was studied most extensively since it
is likely to be of most general utility. The level of error in the
simulated data was determined empirically to mimic that of
the T cell actin polymerization assay (as this had the sparsest
data set). Simulated concentration-response curves were gen-
erated with 12 points per curve and families of five curves per
experimental occasion (an example data set is shown in
Supporting Information Figure S1). The simulated within-
occasion error was normally distributed with a standard
deviation of 3% of the mean response. The between-occasion
error was also Gaussian with a standard deviation of 6%. This
resulted in individual fit sums of squares of similar magnitude
to those of the fits to the T cell filamentous actin (F-actin)
data (~0.13) and similar standard deviations for the replicate
determinations at each concentration (~5% coefficient of
variation). Simulations were also performed using equation 6
with within-occasion standard deviations of 6%. The effect
of performing duplicate instead of singlet determinations
within an assay (and hence 24 point curves) was also deter-
mined with this degree of variability.

Fifty experimental occasions were simulated for each con-
dition. The generating equation was then fitted by minimiz-
ing the residual sum of squares using the Excel Solver add-in.
For each intentional change of a parameter, the other model
parameters were adjusted such that the maximal response for
the curve with the highest value of x was approximately
equal to Ema (i.e. the agonist was full) and the simulated
curves were well described within the agonist concentration
range. Tables 1-4 summarize the results of these simulations.

To explore the influence of the number of concentration-
response curves in an experiment on the curve fits, curves
were deleted from a set of 10 simulated five-curve families
(generated with equation 6) to generate families of three and
two curves.

Finally, the operational model (equation a below) was
fitted to pairs of curves taken from 10 five-curve families
(parameters as described for simulation 2 in Table 1) simulat-
ing two different levels of receptor inactivation (25% or 80%
reduction of the control maximal response) to determine the
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potential inaccuracy in the affinity estimate caused by fitting
this model to data with differing basal activity.

= _ EmatlAl + basal (a)
K, +[Al(1+7)

Cell culture and membrane preparation
CHO-K1 cells were transfected with cDNA encoding CCR4
(Power et al., 1995). The cells were grown in T175 c¢cm? flasks
or Corning CellSTACKS®© (Corning Inc., NY, USA) at 37°C in
a 95% 0,/5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium F12 nutrient mix containing 5% heat-inactivated
dialyzed fetal bovine serum and 0.5 mg-mL™" Geneticin.

For use in radioligand binding studies, cells were har-
vested on the day of experiment from T175 cm? flasks follow-
ing treatment with Versene™ and centrifugation at 250x g for
5 min. Cells were washed in PBS before resuspension in radio-
ligand binding assay buffer.

For preparation of cell membranes, frozen (-80°C) cell
pellets were prepared by harvesting cells with HBSS contain-
ing 0.6 mmol-L™! EDTA and 10% v/v TrypLE™, and centrifu-
gation at 250x g for 5 min. Cell pellets were defrosted on ice
before resuspending in homogenization buffer (HEPES,
50 mmol-L; bacitracin 47 pg-mL™; EDTA, 1 mmol-L’; leu-
peptin, 25 ug-mL™ adjusted to pH 7.4 with KOH) containing
2 umol-L™" pepstatin A and 1 mmol-L™" phenylmethylsulpho-
nyl fluoride. Cells were homogenized in a Waring blender (2
x 15 s, with 5 min incubation on ice between each bout) and
left to settle for 30 min. The homogenate was centrifuged at
250x g for 10 min and the resulting supernatant was centri-
fuged at 48 000x g for 36 min at 4°C. The resulting pellet was
resuspended in homogenization buffer. The membrane sus-
pension was then frozen in aliquots at —80°C until required.
The protein concentration was determined using the bicin-
choninic acid method as described by Smith et al. (1985).

[**TJCCL17 binding studies

['*I]CCL17 binding studies were performed in white, 96-well
clear bottomed, scintillation proximity assay (SPA) plates at
room temperature (20-22°C) in assay buffer [mmol-L": HEPES,
20; NaCl, 100; MgCl,, 10; saponin, 10 ug-mL™" (membranes
only); 0.1% BSA; adjusted to pH 7.4 with KOH]. Wheatgerm
agglutinin polyvinyltoluene SPA beads (SPA beads) were pre-
coated with CCR4 cells or membranes for 30 min on ice and
added to SPA plates containing CCR4 agonist or vehicle (1%
DMSO) and ["**I]CCL17 (~0.1 nmol-L™) to give 0.25 mg-well ™
SPA beads and either 1 x 10 cells-well or 2.5 ug-well™
membrane protein. Non-specific binding was determined in
the presence of 10 nmol-L! CCL22. Plates were incubated for
4 h before detection of ['*I]JCCL17 binding, using a Wallac
Microbeta Trilux scintillation counter (PerkinElmer LAS UK
Ltd, Beaconsfield, UK). The total amount of radioligand added
to each well was calculated for data analysis using a Packard
Cobra II Gamma Counter (PerkinElmer LAS UK Ltd).

Guanosine 5’-O-(3-[*S]thio)triphosphate
binding studies

Guanosine 5’-O-(3-[*S]thio)triphosphate (>3S]IGTPYS)
binding studies were performed in white, 96-well clear bot-
tomed, SPA plates at ambient room temperature (20-22°C) in
assay buffer (mmol-L™": HEPES, 20; NaCl, 100; MgCl,, 10;
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EDTA, 1; saponin, 10 ug-mL™; 0.01% BSA; pH 7.4 with KOH).
SPA beads were pre-coated with CHO-CCR4 or CHO-K1 mem-
branes for 30 min on ice before addition of GDP. The SPA
bead/membrane/GDP suspension was mixed with CCR4
agonist or vehicle (1% DMSO) and incubated for 30 min.
[*S]GTPYS (~0.4 nmol-L"') was then added to give a final
concentration of 0.25 mg per well SPA beads and 7.5 ug per
well membranes and plates incubated for 1 h before centrifu-
gation (250x g for 1 min). [*S]GTPyS binding was detected
using a Wallac Microbeta Trilux scintillation counter (Perki-
nElmer LAS UK Ltd) following a further 2 h incubation.

Measurement of chemokine-stimulated
increases in T cell F-actin content

Volunteers gave informed consent for blood donation and
denied taking any medication in the 7 days prior to dona-
tion. Blood (nine volumes) was taken from healthy human
subjects into 3.8% sodium citrate solution (one volume). An
equal volume of 1.9% dextran T-500 solution (in PBS) was
added to agglutinate and sediment the erythrocytes. After
40 min, the upper layer was collected and centrifuged at 300x
g for 8 min. The pellet was resuspended in PBS, applied to a
discontinuous Percoll gradient and centrifuged at 1000x g for
15 min. The peripheral blood mononuclear cell (PBMC) frac-
tion was collected, diluted with PBS and centrifuged (400x g
for 10 min). The resulting pellet was resuspended at 5 x
107 cells mL™ in assay buffer (Roswell Park Memorial Institute
1640 medium containing 10 mmol-L™' HEPES and 1% BSA).
The cell suspension was incubated at room temperature with
saturating concentrations of fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human CD4 and a non-
inactivating phycoerythrin (PE)-conjugated mouse anti-
human CCR4 (BD Biosciences, Oxford, UK) or appropriate
isotype control antibodies for 15 min. The cell suspension
was centrifuged at 400x g for 10 min and the pellet resus-
pended at 107 cells mL™ in assay buffer.

The PBMC were incubated in the presence of 0.1% DMSO
(the standard vehicle for antagonist studies) at 37°C for
40 min. Cells were incubated with agonist (CCL22 from
ALMAC Sciences, Craigavon, UK; CCL17 from PeproTech EC,
London, UK) for 15 s before addition of three volumes of 10%
formalin solution. After 30 min, the cells were centrifuged
(1200x% g for 5 min) and washed twice with PBS, centrifuging
at 1200x g for 5 min to recover them. The cell suspensions
were incubated for 20 min with lysophosphatidylcholine
(100 pg-mL™) and Alexa Fluor 647 phalloidin (Life Technolo-
gies, Paisley, UK) (0.075 units-mL™). The cells were centri-
fuged at 1200x g for 5 min and resuspended in PBS.

The F-actin content of the CD4" CCR4" lymphocytes in
each sample was determined on a FACSCalibur flow cytom-
eter by measuring the mean Alexa Fluor 647 (FL-4) fluores-
cence intensity of 1000 cells. This was expressed as a fraction
of the Alexa Fluor 647 fluorescence intensity of the CCR4~
lymphocytes in the same sample.

Materials

All cell culture media and reagents were purchased from
Gibco (Invitrogen Ltd, Paisley, UK). DMSO and T175 c¢m?
flasks were obtained from Fisher Scientific UK Ltd. (Lough-
borough, UK). All other chemicals were purchased from
Sigma-Aldrich Co. Ltd. (Gillingham, UK) unless otherwise



stated. ['*I)JCCL17 and [**S]GTPyS (specific activity 2200 and
1250 Ci-mmol!, respectively) were obtained from Perki-
nElmer LAS UK Ltd.

Data analysis
Experimental concentration-response curves were initially
fitted with a Hill function (Hill, 1910; equation 1).

= M + basal €))
ECs +[A]

where [A] is the agonist concentration, E. is the maximal

response, ECs is the concentration of agonist causing 50% of

the maximal response, n is the Hill coefficient and basal is the

signal in the absence of agonist.

The families of concentration-response curves were fitted
with equation 6, A5 + A6 or 12. Least squares regression was
performed by minimizing the sum of squared residuals using
the Excel solver add-in. To account for their likely log-normal
distribution, the parameters of these equations other than
Enax and basal were fitted by varying the log of their value and
anti-logging, for example, K, appeared in the equations as
108k, For equation 12, t was constrained to 0.25 min.

Results

Derivation of the models

Three potential sources of deviations of the Hill coefficient of
a concentration-response curve from unity were considered:
the transducer function (generally the default assumption),
the equilibrium binding isotherm of the agonist and perform-
ing the assay under conditions where the response is mea-
sured prior to the agonist achieving steady-state binding.
Models of each of these possibilities are derived below.

Hill transducer function. The basic model derived in Hall
(2006) can be represented diagrammatically as shown below.

The agonist (A) binds to the receptor (R) with dissociation
constant K,. Both the free receptor and the agonist:receptor
complex interact with the signal transduction system (rep-
resented by the dotted lines). The signal transduction
cascade was modelled as a rectangular hyperbolic (or
linear rational) function of the concentrations of receptor
species (which has midpoint K, for the free receptor and
oK, for the agonist:receptor complex). It was assumed that
the receptor and agonist:receptor complex compete for
binding to the transducer molecules. In this case, the
binding of the two receptor species to the transducer (T)
[T, [R] _ a[T]; [R]
Kc(1+@]+[R] oK, +a[R]+[AR]

e

is given by [RT]=

[ART]= [T];[AR]
oK, + a[R]+[AR]
Hence, [RT1+[ART] _ _ a[R]+[AR]
[T]; oK, +o[R]+[AR]

Constitutive activity in the operational model

By identifying [RT] + [ART]| with the response (E) and,
hence, [T]; with En., this approach gives equation 2 as the
relationship between the concentrations of receptor species
and the response.

E _ o[R]+[AR]
Epax 0K, +0[R]+[AR] )

Substituting for the concentrations of the receptor species
([R] = Ku[R]1/(Kq4 + [A]) and [AR] = [A][R]+/(K. + [A])), this gives

E _ y(@K,+[A)
Evme 0K, (1+ ) +[A] (00 %) @)

where x = [R]+/K. may be taken as a measure of the coupling
efficiency of the signal transduction system.

However, we may also derive this model using the classi-
cal approach taken in the derivation of the operational model
of defining a stimulus, S, and making the response a specified
function of this stimulus. Following the example of Leff et al.
(1993), let S = [R] + €[AR] and f(S) = EmaS/(Ke + S), then

Ernex ([R]+ €LARD

E= =
FeS K, +[R]+€[AR]

which is of the same form as equation 2 (with & = 1/a).
Substituting for the concentrations of the receptor species
this gives

B (K, +€[A]
C K.+ +[Al1+ey) (4)

where y is as previously defined. We may then derive (by
inspection; see Hall, 2006) expressions for the activity in the
absence of agonist, En./(1 + ), the maximal response to
the agonist, En.xey/(1 + €x), and the midpoint of the
concentration-response curve, K,(1 + x)/(1 + gy).

To generalize this model for concentration-response
curves with non-unit Hill coefficients, we again follow the
approach of Leff et al. Let f(S)= EnaxS"/(K! +S") then

Enax ([R]+€[AR))"

E=f§)=——""—""""-
' K! +([R]+€[AR)"

After substitution for the concentrations of the receptor
species, this results in equation 5.

3 Enax)" (K, +€[A)"
T K+ [A) + 1" (K, 1 e[A] )

In this case, the response in the absence of agonist is Enaxy"/(1
+ %), the maximal response is Enu€"y"/(1 + €"") and the
midpoint is the rather inelegant

K, ({'/l+£" +2¢"y" —{'/2+x" +e"y" )
s({'/z +x" +ey" )— {’/1 +e" +2e"y"

ECso =

To allow equation 5 to be applied to experimental data, it is
also necessary to add a term (basal), which accommodates
receptor-independent basal activity in the system to give

British Journal of Pharmacology (2012) 166 1774-1792 1777



R) Slack and DA Hall

__ Ena)" (K, +£[A]"
(Ko +[AD" + %" (K, +€[A]"

+ basal (6)

Hill binding isotherm. 1In this case, it will be assumed that the
binding of the agonist is described by a Hill function (equa-
tion 1 with basal = 0) while the transducer function is linear
rational. In this case, [R] = (K,)"[R]t/(K)™ + [A]™), [AR] =
[A]"[R]x/((Ko)™ + [A]"), S = [R] + €[AR] and f(S) = EmaxS/(Ke + S),
where m is the Hill coefficient of the binding isotherm, giving

_ Ena (K +e[A]")
CKI A+ +[A" A +eyp)

+ basal )

In this model, the response in the absence of agonist is
Emaxx/(1 + %), the maximal response is Enaxe)/(1 + €y) and the
midpoint is K,((1 + )/(1 + gx))"".

Analysis of the data from the [**S]GTPyS binding experi-
ments requires a modification of this model (equations AS
and A6), which includes terms for basal activity due to other
receptors in the system and the GDP concentration depen-
dence of the basal activity. This is derived in the final section
of the Appendix.

Hill binding and transduction. Clearly, it is possible to further
generalize the model by allowing both the binding isotherm
and the transducer function to have non-unit Hill coeffi-
cients, the equation for which is

E= Emaxt "(K“ +elAl") — + basal (8)
(K +[AT") +x" (K +e[AT")

However, as shown in Table 4, from a statistical perspective,
this is a step too far and it is simply not possible to recover
accurate estimates of the parameters from this model from
simulated data with a realistic degree of variability.

Although of little practical utility, equation 8 could be
used to derive the analogues of the formulae for the analysis
of equieffective concentrations of two agonists to derive their
relative intrinsic efficacy (e.g. Waud, 1969). This is done in
the Appendix.

Pre-steady-state binding. Assuming that the agonist binds
with pseudo-first-order kinetics, the concentration of the ago-
nist:receptor complex at time ¢ is given by

[AR], =[AR]. (1-e*»t) =

Rl [A
RELAL ) phes) ()

K, +[A]

where, kos = k[A]/K, + k. and k. is the dissociation rate con-
stant of AR. It follows that

_IRIFAL iy o Rl

[Rl =[Rly K. +1A] K. +1A]

(K +[Ale™) (10)

Then, defining the stimulus as S; = [R]; + €e[AR]; and assuming
that ]C(St) = Emaxst/(Kt’ + Sr)
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Enax ([R]; +€[AR])

B0 = R IR velAR),

Enax (LT](KQ +[AleT o) + e[ A](1— e ))

K,+[A
K +(7[R]T (K, +[A]e’k"‘”‘)+s[A](1—e’k“”5f)) (1
COK +A]T

__ Enax (K +[Al(e + A —g)e "))
K, 1+ X) + [A](]. +ey+ X(]- _ g)e—kgbst)

and allowing for receptor-independent basal activity in the
system gives
_ Enax) (K, +[Al(e+(1—¢) e’kobsf))
K, (1+3)+[AI(1+ ey +yx(1-g)e ot

+basal  (12)

Note for fitting k,,, was replaced by the expression below
equation 9 to provide a direct estimate of k..

Monte Carlo simulations

The results of Monte Carlo simulations on equation 6 are
summarized in Table 1. Simulations performed with different
values of n showed that the input model parameters were well
approximated by the curve fits for all values n tested,
although & is modestly underestimated when n = 2 when
singlet determinations are used. The standard deviation of
each estimated parameter was similar at each n indicating
that the precision of the estimate was not affected by the
slope of the transducer function. Increasing the level of con-
stitutive activity from ~15% of En.x to ~70% of Ena.x (With
other parameters as for the n = 2 simulations) improved the
precision with which the values of  were estimated but not
that of the other parameters.

Doubling the within-occasion error markedly worsened
the precision and accuracy of the parameter estimates (except
for those of En. and basal, which were essentially unaf-
fected). Increasing to duplicate determinations with this level
of error partially reversed the decreased precision and
improved the accuracy of the parameter estimates to such an
extent that the mean estimates were generally more accurate
than those derived from the singlet determinations with the
lower within-occasion error.

The effects of reducing the number of curves within an
experiment are summarized in Table 2. Only 10 simulated
data sets were used for this exercise. Perhaps surprisingly for
a model with six parameters, even reducing the number of
curves to two had a relatively small impact on the accuracy
of the parameter estimates, however, the precision was
adversely affected, standard deviations increasing by up to
80%.

The results of simulations using equations 7 and 12 are
summarized in Table 3. The parameters of equation 7 were, if
anything, estimated more accurately and more precisely than
those of equation 6. Simulations of equation 12 were slightly
more concerning. Firstly, although most of the parameters of
the model were quite well estimated, fits to 2 of the 50
simulated data sets returned values of pK, and log k. which
were grossly inaccurate. However, if these very clear outliers
were excluded from the data set, then the estimate of pK, was
quite accurate. However, the value of log k. was still rather
poorly estimated.
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Table 5

Summary of the parameters (derived from equation 1) of the concentration-response curves to CCL17 and CCL22 in the [**S]JGTPYS binding assay
at various GDP concentrations

Agonist GDP (mmol-L") *Emax (103 ccpm) basal (10° ccpm)

CCL17 0.3 8.92 = 0.14 3.6 0.5 10.2 = 1.0 1.22 (0.68, 2.18)
CCL17 0.5 8.76 = 0.10 4.4 = 0.7 9.3+ 0.8 0.75 (0.56, 1.01)
CCL17 1 8.86 = 0.06 53 +03 7.4 = 0.7 0.91 (0.68, 1.24)
CCL17 5 8.57 = 0.05 58 £ 0.4 4.9 = 0.4 0.88 (0.73, 1.06)
CCL17 12.5 8.36 = 0.11 4.4 = 0.6 3304 0.90 (0.78, 1.03)
CCL17 37.5 8.36 = 0.12 2.7 £0.3 2.0 £ 0.2 0.92 (0.69, 1.24)
CCL17 50 8.46 = 0.13 22 +£03 1.6 = 0.1 1.03 (0.88, 1.22)
CCL22 0.3 9.59 = 0.05 55+04 99 1.0 0.95 (0.66, 1.36)
CCL22 0.5 9.43 = 0.06 6.2 £ 0.7 9.2+ 1.0 0.86 (0.64, 1.14)
CCL22 1 9.38 £ 0.11 84 1.0 7.4 = 0.8 0.82 (0.59, 1.15)
CCL22 5 9.19 = 0.07 9.4 £ 0.7 4.6 = 0.5 0.77 (0.66, 0.90)
CCL22 12.5 8.95 = 0.08 9.0 £ 0.8 3.0 0.5 0.79 (0.73, 0.86)
CCL22 37.5 8.76 = 0.04 6.7 £ 0.3 1.8 0.2 0.73 (0.65, 0.82)
CCL22 50 8.70 = 0.04 6.0 £ 0.2 1.5+0.2 0.75 (0.6, 0.95)

*Using equation 1, the upper asymptote of the curves is Emax + basal.
Values are the mean = SEM of four duplicate determinations except for n, which is presented as geometric mean with 95% confidence interval

in parentheses.

The simulations of equation 8 (Table 4) gave very poor
estimates of € and of y for each curve. Thus, it is not possible
to achieve good estimates of the pharmacological parameters
when two Hill coefficients are included in the model and this
equation was not applied to experimental data.

The operational model was fitted to two sets of 10 pairs of
curves generated from equation 6 using the parameters listed
for simulation 2 in Table 1. These two sets consisted of the
curves with the greatest and least values of % (s and ;) or
those with the greatest and the median values of x (xs and y3).
These sets correspond to pairs of curves where the maximal
response has been reduced to 20% or 75% of its control value,
respectively. In the case of the simulation using the ys and 3
curves, the affinity of the agonist was quite well estimated
(pK, =9.62 = 0.15 cf 9.70 as input) while the accuracy of the
estimates using the ys and y; curves was poorer (pK, =9.41 =
0.09). Thus, the estimate of affinity appears to be worse when
there is a smaller degree of overlap between the two curves. If
the simulations are interpreted as irreversible receptor inacti-
vation experiments, the proportion of the receptors remain-
ing after inactivation is given by the ratio of the values of y
for equation 6 and the ratio of the values of 7 in the opera-
tional model. Again, this was better estimated for the lower
levels of inhibition [z-ratio = 0.11 (0.07, 0.17) cf y3/xs = 0.16]
than at high [zratio = 0.010 (0.005, 0.017) cf y1/ys = 0.026].

Experimental

Recombinant cell studies. [**IJCCL17 bound to CHO-CCR4
cell membranes with a pKp of 9.40 = 0.06 (n=3) and to whole
CHO-CCR4 cells with a pKp of 9.23 = 0.13 (n = 3) (data not
shown). In the cells, the saturation binding isotherm was
consistent with binding to a single class of non-interacting

binding sites since the Hill coefficient was 0.87 (95% confi-
dence interval 0.66-1.15). However, that for the membranes
did differ significantly from unity 0.85 (0.82, 0.88). In CHO-
CCR4 membranes, CCL17 and CCL22 inhibited the binding
of ['®IJCCL17 (Supporting Information Figure S2A) with pK;
values of 9.50 = 0.11 and 10.34 * 0.16, respectively (n =4 in
each case). The Hill coefficients of the binding curves were
0.73 (0.67, 0.81) and 0.79 (0.66, 0.95), respectively, both
significantly different from unity. In whole cells (Supporting
Information Figure S2B), the pK; values were 9.82 = 0.09 and
10.39 = 0.18 respectively (n = 4), with Hill coefficients of 0.73
(0.48, 0.98) and 0.79 (0.58, 1.08). The latter was not signifi-
cantly different from unity, however, a trend towards ‘flat-
ness’ was still apparent since none of the CCL22 competition
curves had Hill coefficients greater than unity in these
experiments.

CCL17 and CCL22 induced concentration-dependent
increases in the amount of [**S]GTPyS which bound to CHO-
CCR4 cell membranes (summarized in Table 5 and illustrated
in Figure 1). The presence of increasing concentrations of
GDP reduced the amount of spontaneous binding to the
membranes (an observation which was also true of CHO-K1
cell membranes, Supporting Information Figure S4) and the
maximal response to and potency of both agonists. The rela-
tive maximal response of CCL17 also decreased with GDP
concentration. For CCL22, there was also a decrease in the
Hill coefficient with increasing GDP concentration with the
Hill coefficient at the higher GDP concentrations being less
than unity and those at the lower GDP concentrations being
close to unity. This profile suggests that the binding isotherm
of CCL22 under these experimental conditions has a Hill
coefficient less than unity (consistent with the binding data)
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Figure 1

[**SIGTPyS binding induced by CCL17 (A) and CCL22 (B) in the
absence or presence of GDP at 0.3, 0.5, 1, 5, 12.5, 37.5 or 50 uM.
Data are the mean of four separate determinations and vertical bars
show the SEM.

and that the transducer function has a Hill coefficient close to
unity.

Given these observations, the [**S]|GTPyS binding assay
data were analysed with equations A5 + A6. Due to the wide
span of levels of binding, robust weighting (by 1/Y?) was used
when minimizing the sum of squared residuals. The data for
CCL22, CCL17 and basal binding to CHO-K1 membranes
were analysed simultaneously, sharing all parameters of the
model except the affinity and efficacy of the two agonists.
The results of this analysis are summarized in Table 6 and
Figure 2. From these fits, the dissociation constants of CCL17
and CCL22 were 5.3 nmol-L™! and 3.3 nmol-L™, respectively,
and their intrinsic efficacies were 10.6 and 33.6 indicating
that CCL22 has approximately 1.6-fold higher affinity than
CCL17 and approximately threefold higher intrinsic efficacy,
in this system.
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Table 6

The parameters derived by fitting equations A5 + A6 to the CCL17
and CCL22 concentration-response curves in the [**S]GTPyS binding
experiments at different GDP concentrations

Parameter Estimate

Emax (10° ccpm) 16.3 = 2.1

CCL17 pK, 8.28 = 0.09
CCL22 pK, 8.48 = 0.07
CCL17 loge 1.02 = 0.03
CCL22 loge 1.53 = 0.05
Logy: -0.13 = 0.07
logy. 0.16 = 0.05
log m -0.07 = 0.01
basal (10° ccpm) 0.68 + 0.21
log Kcop -6.26 + 0.09
log s -0.11 = 0.03

Data are presented as mean = SEM.

T cell studies. As shown in Figure 3, the CD4" lymphocytes
present in a human PBMC preparation show a wide range of
expression levels of CCR4. CCL22 and CCL17 induced
concentration-dependent increases in the F-actin content of
CD4* CCR4" lymphocytes (Figure 4). The concentration-
response curves to CCL17 were approximately sigmoid while
those to CCL22 were not as there is a decrease in F-actin
content around 10 nM of this agonist. To allow a Hill func-
tion to be fitted to the CCL22 data, the responses at the
highest concentrations were excluded from the analysis.
However, due to the clear deviation of these data from the
assumptions of the mathematical models, the data on CCL22
are not explored further in the main body of this report (the
results of fitting equations 6 and 12 to the binned CCL22
data are presented in Supporting Information Table S1, the
rationale for the choice of these models is discussed below).
The results of fitting a Hill function to these data are pre-
sented in Table 7. The potencies of the two chemokines were
very similar, however, the maximal response to CCL22 was
significantly greater than that of CCL17 (P < 0.005, paired
t-test). The maximal response to CCL17 was 89.0 = 3.4% of
that of CCL22.

The cell populations were divided into five contiguous
‘bins’ of approximately equal numbers of cells (labelled ‘low’,
‘low-mid’, ‘mid’, ‘high-mid’ and ‘high’). Relative to the ‘low’
population, the mean PE fluorescence intensities of the other
populations were (mean * SEM, n = 4) low-mid: 1.96 = 0.03;
mid: 3.76 * 0.05; high-mid: 7.21 = 0.09; high: 16.11 * 0.73.
The CCL17 concentration-response curves were analysed for
each bin. These data are shown in Figure 5 and the results of
fitting a Hill function to these data are presented in Table 8.
The potency and maximal response of the chemokine
increased with increasing receptor density. Interestingly, the
basal F-actin content also increased in the CD4" CCR4* lym-
phocytes with increasing receptor density (two-factor ANOVA,
by CCR4 expression bin and donor, showed a highly signifi-
cant effect of CCR4 expression level on basal F-actin content,



A
16 4
* 4E
= 'E #0uMGDP
g = 0.3 UM GDP
':'2__ 4 0.5 uM GDP
‘é ® 1uMGDP
8 5 UM GDP
E‘ 012.5uM GDP
2 £37.5 uM GDP
& 050 uM GDP
|
0 +—|— r T r r .
0 01 109 10° 10% 107 10F
CCL17 concentration (M)
B
3 ¢ 0pM GDP
g = 0.3 uM GDP
“_é_ 4 0.5 pM GDP
'§ @ 1uMGDP
3 ©5uM GDP
:&f 012.5 uM GDP
2 437.5 UM GDP
g 050 M GDP

0 101 107 107 10 107 10°
CCL22 concentration (M)

Figure 2

The fit of equations A5 + A6 to the data presented in Figure 1. Solid
lines show the curve fit.

P < 107°). Two-factor ANOVA also showed a significant effect of
CCR4 expression level on all of the curve fit parameters:
basal, P ~0.003; pECs, P ~0.0023; Epax, P ~4 x 107%; logn, P
~0.015. The maximal response to CCL17 relative to CCL22 in
each bin remained essentially constant (low — high: 0.93 =
0.06; 0.91 = 0.06; 0.88 = 0.05; 0.91 = 0.03; 0.88 = 0.03).
The data were also analysed using equations 6 and 12
(equation 7 was eliminated as an option since double recip-
rocal plots of equieffective concentrations of CCL17 and
CCL22 were consistent with a binding isotherm Hill coeffi-
cient of unity, see Appendix and Discussion, data not shown).
The results of the curve fits are shown in Table 9 and repre-
sentative curve fits are shown in Figure 6. The estimates of K,
and ¢ from fitting 6 were 0.1 nmol-L™" and 1.8, respectively,
while those from fitting 12 were 0.24 nmol-L™" and 113.5. In
each case, the estimate of y increased with increasing receptor
density (as determined flow cytometrically). Assuming that K,
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Figure 3

Representative histogram of the PE fluorescence intensity of human
CD4* lymphocytes stained with either PE-conjugated anti-human
CCR4 antibody (red) or a PE-conjugated isotype control antibody

(purple).
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Figure 4

Increases in the F-actin content of human CD4* CCR4" cells induced
by CCL17 or CCL22. Data are the mean of four determinations in
separate donors and vertical bars show the SEM.

is the same in each population, the ratios of the values of ¥
should correspond to their relative receptor densities. The
geometric mean ratios x/yiow for the higher expressing popu-
lations were equation 6: 1.1, 1.3, 1.4 and 1.6; and equation
12:2.2,4.3, 7.8 and 18.0. The latter are much more consistent
with the values obtained flow cytometrically.
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Table 7

Summary of the parameters (derived from equation 1) of the concentration-response curves to CCL17 and CCL22

Agonist
CCL17 9.77 *= 0.09
CCL22 9.80 = 0.12

0.94 = 0.05
1.06 = 0.05

1.01 £ 0.02
1.03 £ 0.02

1.24 (1.06, 1.44)
1.60 (1.35, 1.90)

*Using equation 1, the upper asymptote of the curves is Emax + basal.

Values are the mean = SEM of four determinations in separate donors except for n, which is presented as geometric mean with 95%

confidence interval in parentheses.
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Figure 5

CCL17-induced increases in the F-actin content of human CD4*
CCR4* cells expressing low, low-mid, mid, high-mid and high levels
of CCR4. Data are the mean of four determinations in separate
donors and vertical bars show the SEM.

Discussion

In this report, we have studied two sets of data whose behav-
iour is consistent with that of an agonist displaying differing
levels of efficacy. In the T cell studies, the potency of and
maximal response to CCL17 (and indeed CCL22, not shown)
increased with increasing receptor density and in the
[**S]GTPyS binding experiments, the potency of and maximal
response to the agonists decreased with increasing GDP con-
centration. These data sets thus invite an attempt to deter-
mine the affinity and efficacy of the agonists. However, in
both cases, the response in the absence of agonist also
increased as the coupling efficiency of the assay systems
increased, indicating constitutive activity. This alone indi-
cates that the use of the operational model is inappropriate
because this model does not include constitutive receptor
activity (although the simulations indicate that when the
change in maximal response is not large, the estimate of
affinity derived from such a fit would not be very inaccurate).
Similarly, as demonstrated in the Appendix, Furchgott’s
method also fails when applied to systems which show con-
stitutive activity. Secondly, the significant deviation of the

1784 British Journal of Pharmacology (2012) 166 1774-1792

slope of the concentration-response curve from unity pre-
vents the application of Hall’s model (equation 4). This moti-
vated the derivation of equations 6, 7 and 8 (and AS + A6) to
model the potential alternative sources of non-unit Hill coef-
ficients of a concentration-response curve: the transducer
function (the approach taken by Black and Leff) and the
binding isotherm or indeed both. Also, since the actin poly-
merization assay has a very short agonist contact time (15 s)
due to the rapid decay of the response, another possibility is
that low concentrations of the agonist do not reach steady-
state with the receptor during the agonist incubation period.
To investigate this possibility, a further model was derived
(equation 12) in which the binding of the agonist was
assumed to be first order, under pre-steady-state conditions
and rate limiting for the response.

The viability of fitting these models to experimental data
was explored through Monte Carlo simulations. As shown in
Tables 1-4, it was generally possible to derive accurate esti-
mates of the parameters of the models described by equa-
tions 6 and 7 (and indeed A5 + A6, see Table A2) from
simulated data sets, although multiple replicate determina-
tions may be required to achieve a good level of accuracy in
some cases. The parameters of equation 6, at least, can be
estimated from as few as two concentration-response curves
although rather greater precision can be achieved if a larger
number of curves are included in the analysis. In contrast, the
parameters of equation 8 were very imprecisely estimated in
the simulations. Thus, it seems that two Hill coefficients
cannot be unambiguously estimated from a family of up to
five concentration-response curves. On a further practical
note, the derivation of accurate estimates of € and K, requires
the ligand to be partial for at least one value of y studied in
the experiment. For an inverse agonist, this may require quite
high levels of expression. The analysis of an inverse agonist
also requires an independent estimate of Ey,x or simultaneous
analysis of a full agonist to estimate this parameter accurately.

The situation with equation 12 was a little more compli-
cated. Most of the parameters were well estimated in the
simulations. However, this was not true of k. which was
estimated rather imprecisely. This is perhaps not surprising
given that estimating k. from these data is an attempt to
estimate a rate constant from a measurement at a single time
point. Thus, it may be better to treat k. in this model simply
as an arbitrary slope parameter (much as a Hill coefficient)
rather than as a true estimate of the rate constant. Also, fits to
two out of the 50 simulated data sets returned extremely
inaccurate estimates of K, and k. Given the extremely aber-
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Table 8

Summary of the parameters of the concentration-response curves to CCL17 at different mean CCR4 expression levels

CCR4 expression PECso Emax basal n

Low 9.01 = 0.22 0.50 = 0.03 0.98 = 0.01 0.74 (0.52, 1.06)
Low-mid 9.35 + 0.21 0.78 = 0.03 0.99 + 0.02 1.12 (0.71, 1.79)
Mid 9.70 = 0.11 0.99 + 0.04 1.01 = 0.02 1.36 (0.62, 2.97)
High-mid 9.85 = 0.10 1.19 + 0.05 1.06 = 0.01 1.58 (1.38, 1.81)
High 10.04 = 0.10 1.44 + 0.08 1.10 = 0.03 1.38 (1.19, 1.59)

Values are the mean = SEM of four determinations in separate donors except for n, which is presented as geometric mean with 95%
confidence interval in parentheses.

Table 9 A
Summary of the parameters derived by fitting equations 6 and 12 to 9 )
the CCL17 concentration-response curves at different CCR4 expres- = 25
sion levels 5
£ 23
L]
§ 21 olow
Parameter Equation 6 Equation 12 g - T
Emax 1.75 £ 0.07 1.90 = 0.09 ; . AﬂTid .
pKe 10.00 + 0.19 9.61 = 0.17 -] %t
loge 0.27 + 0.21 2.05 + 0.09 s Bt
logy, (low) -0.35 + 0.27 -2.58 + 0.11 3 134
logy, (low-mid) -0.29 + 0.23 -2.24 = 0.10 T A
logy, (mid) ~0.25 = 0.19 ~1.95 * 0.10 8 0s FI . . . .
logy, (high-mid) -0.21 = 0.17 -1.69 = 0.10 0 101 10 10 10° 107
logy (high) -0.15 £ 0.11 -1.33 £ 0.09 CCL17 concentration (M)
logn 1.24 = 0.29 n/a B
log(k/min™") n/a 0.38 = 0.12 ) 27 1
basal 0.98 =+ 0.02 0.97 = 0.02 £ 25
g
Data are presented as mean = SEM. E 23 ]
§ 21 1 + low
rant nature of the estimates from such data sets, it should be g a5 | = low-mid
possible to identify and disregard them should they occur. = A mid
Hence, equation 12 may still be of some utility notwithstand- 'g 1.7 1 o high-mid
ing the caveat on the estimation of k. when a single time i g— o high
point is used. Overall, therefore, the Monte Carlo simulations =
suggest that if the models are an adequate description of the g 13 A
experimental system, the parameter estimates derived from 5
fitting them should be accurate. % v E"
In the [*S]GTPyS binding experiments, data were gener- = 094+ T T T T ,
ated in the presence of different concentrations of GDP. As 0 104 10 10® 10¢ 107
the GDP concentration was increased, the potency of and CCL17 concentration (M)
maximal response to the two agonists decreased and the
maximal response to CCL17, relative to that of CCL22, was Figure 6

reduced. This behaviour is consistent with that expected if
the efficacy of the two agonists decreases with increasing GDP
concentration, presumably due to a decrease in the coupling
efficiency of the system. This seems a reasonable interpreta-
tion since GDP competes for the binding of [**S]JGTPyS to the
activated G-protein. The level of spontaneous [**S]GTPyS
binding was also reduced, in both CHO-CCR4 and CHO-K1
membranes, by increasing GDP concentrations (as expected;

The fit of equations (A) 6 and (B) 12 to the T cell actin polymerization
data. Data from the same representative experiment are shown in
each case. The solid lines are the curve fits. A single determination of
the effect of each concentration of agonist was made.
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see Bidlack and Parkhill, 2003) again consistent with a
decrease in coupling efficiency. Thus, the behaviour of the
concentration-response curves at increasing GDP concentra-
tions is consistent with that of a system with decreasing
coupling efficiency. Since the receptor density in the mem-
brane preparation is constant, this must be because, in model
terms, GDP decreases y by increasing K..

The data from the [*S]GTPyS binding experiments were
fitted with equations A5 and A6 (i.e. assuming binding iso-
therms with non-unit Hill coefficients) since the competition
binding studies with CCL22 and CCL17 indicated that the
binding isotherms of the two agonists had non-unit Hill
coefficients in the SPA assay. Indeed, the estimates of the Hill
coefficient from the fits of equations AS + A6 and those from
the binding assays were not significantly different (ANOVA P >
0.05) supporting the choice of this model. Overall, the fit of
this model is adequate. The fits then suggest that CCL22 has
1.6-fold higher affinity than CCL17 at CCR4 under the
experimental conditions and approximately threefold higher
intrinsic efficacy. However, the estimates of the agonist affini-
ties are rather different from those obtained in the equilib-
rium binding experiments. This is not unexpected since the
binding experiments were performed in the absence of
guanine nucleotides with an agonist radioligand and hence
measure the affinity of the chemokines for the high-affinity
state of the receptor while the [**S]GTPyS binding experi-
ments are performed in their presence and hence measure
binding to a different state of the receptor. Interestingly, the
affinities of CCL22 and CCL17 derived from the radioligand
binding assays were very similar when measured in mem-
branes and whole cells. Given that the binding of ['*I|CCL17
to membranes from the CCR4 transfectants was abolished in
the presence of GTP (data not shown), this suggests that there
are CCR4:G-protein complexes present in the cells which are
sequestered from cellular nucleotides and hence exhibit high
affinity for the agonist. This putative sequestration appears to
have been disrupted in the membranes.

The T cell studies capitalized on the previous observation
from several laboratories (e.g. Andrew et al., 2001) that circu-
lating human CD4* CCR4* lymphocytes show a wide range of
CCR4 expression. When these cells were subdivided into five
populations with contiguous ranges of CCR4 expression, the
responses to CCL17 also behaved in a manner which is con-
sistent with our expectations from classical receptor theory.
That is, both the maximal response to the agonist and its
potency increased with increasing receptor density. The
increase in basal F-actin content of the T cells with receptor
expression suggests either that CCR4 is exhibiting constitu-
tive activity or that an agonist of CCR4 is present in the
PBMC preparations. The observation (for an example see
Supporting Information Figure S3) that several CCR4 antago-
nists, which show no inverse agonist activity in the
[**S]GTPyS binding assays, had no effect on the basal F-actin
content of the T cells suggests that constitutive receptor activ-
ity is the more likely explanation. Constitutive activity has
been described for other chemokine receptors (Hall etal.,
1999; Wan et al., 2002) but we are not aware that this phe-
nomenon has previously been reported for CCR4.

As shown in Figure 6, equations 6 and 12 were both a
plausibly good fit to the data. However, there are two aspects
of the fitted parameter estimates which suggest that equa-
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tion 12 is the better model. Firstly, the estimate of the Hill
coefficient of the transducer function from the fit of equa-
tion 6 is extremely high (17.5), which seems implausible.
Secondly, the y/y0w ratios from the fit of equation 6, which
(assuming K. is constant) should reflect the differences in
receptor expression level, were all less than two, much lower
than the flow cytometric estimates. The x/yow ratios derived
from fitting equation 12 are in much better agreement. Also,
fitting equation 6 to simulated data generated with equa-
tion 12 results in very variable estimates of €, n and the
coupling efficiencies and can result (7/50 families) in esti-
mates similar in structure to those in Table 9 (not shown).
Thus, it seems most likely that the steep concentration-
response curves to CCL17 in this assay system are due to
pre-steady-state binding of the agonist due to the short
agonist contact time in the assay rather than due to the
properties of the signal transduction system. The fit of 12
then implies that CCL17 is a reasonably efficacious agonist at
CCR4 (¢ ~110) (although given the lack of published com-
parators, this is a somewhat subjective judgement). The esti-
mated affinity of CCL17 for CCR4 from the two fits are both
consistent with that from the competition binding experi-
ments and with published values (pK; ~9.26; Imai efal.,
1998). The value of k. derived from equation 12 is 2.4 min™,
which implies rather rapid binding kinetics (other CC
chemokines have been shown to have rather slower dissocia-
tion kinetics albeit under rather different conditions, for
example Jensen et al., 2008). However, given the results of the
simulations, this value should be treated with some caution.

The results of the analysis of the T cell data should
perhaps be treated with a degree of caution for two reasons.
Firstly, the effects of naturally occurring differences in recep-
tor density were studied rather than the effects of acutely
reducing the available receptor number by irreversible modi-
fication. The chronic expression of differing levels of CCR4
may result in differing adaptive changes in the expression of
the Gi-protein(s) to which it couples affecting En.x, which was
assumed to be the same in all cell populations. If En,. did vary
systematically with CCR4 expression, this would affect the
estimate of ¢ and y since it would affect the relationship
between receptor density and the basal activity and maximal
response. The good agreement between the relative receptor
densities estimated from fitting equation 12 and by flow
cytometry may therefore indicate that this is not an issue.
This, of course, suggests that generation of recombinant cell
lines with a variety of receptor densities also provides an
experimental strategy for quantifying agonist efficacy if some
of these lines display constitutive activity. Modern transient
expression technologies such as BacMam transduction or
inducible expression systems may be particularly useful in
this regard. Secondly, in the derivation of equation 12, it was
assumed that the response is dependent on the concentration
of the agonist:receptor complex achieved at 15 s after addi-
tion of the agonist. This is clearly an approximation at least at
low concentrations of agonist (high concentrations will reach
steady-state very rapidly due to mass action), which will
affect the estimate of K, (though less so that of € due to its
dependence on the maximal response which is independent
of K,). The fact that the estimate of K, is in reasonable agree-
ment with the radioligand binding data, however, suggests
that this approximation is not unreasonable in this case. A



further related complication is the transiency of the increase
in F-actin in response to agonist. This may affect the relation-
ship between stimulus and response when measurements are
taken at the same time point, particularly if the response
kinetics differ at different receptor expression levels. It is not
clear whether this was a confounding factor in the current
analysis.

Comparing the model fits to the two sets of data, it is
particularly noteworthy that the estimates of € for CCL17
between the two experimental systems are quite different
(~10 vs. ~110). One trivial explanation for this is simply that
one (or both) of the model fits is generating erroneous esti-
mates. However, in general, the theory and assumptions on
which they are based are well supported by published data
(see below). It is possible that the assumption in the deriva-
tion of equations A5 and A6 that E, can be shared is not
correct but this is unlikely to result in such a large difference
in the estimate of €. Also, we should bear in mind that the
two experimental systems do differ somewhat. CCR4 is
expressed endogenously by T cells and is coupled to human
G-proteins in these cells while in the CHO transfectants, the
recombinant receptor is coupled to non-human G-proteins,
which may well be expressed in different ratios. The assays
were also performed at different temperatures. Thus, the dif-
ference in the estimate of € between the two systems may
reflect a real difference in the ability of CCL17 to change the
interaction of CCR4 with G-proteins in the two systems.

The models themselves follow well-precedented
approaches to modelling pharmacological systems. As dem-
onstrated in Hall (2006), equation 3 (and hence 4) can be
derived as a special case of the ternary complex model and
the ‘Derivation of the Models’ section describes further its
close relationship with the operational model. Indeed, Black
and Leff’s operational model equations are the special cases of
equations 4 and 5 when y < < 1. In this case, 1 + % = 1 and the
xK. term becomes negligible (since there is no measurable
basal activity) making, for example, equation 4.

_ EnagxlA]l EqaTlA]
T K, +[AlQ+ey) K, +[AIA+7T)

which is the operational model equation. This also reminds
us that Black and Leff had to define 7 to include both intrinsic
efficacy and signal transduction, because it only becomes
possible to separate these aspects of agonist action in the
presence of measurable constitutive activity. This begs the
question of how & should be interpreted. In a system where
receptor expression is sufficiently low and receptor activation
poorly coupled, constitutive activity will be undetectable. In
that case, the stimulus S = [R] + €[AR] = €[AR] and the response
is given by E = f(S) = f(e[AR]), which is identical to Furchgott’s
assumption. This strongly suggests that we may interpret the
€ derived from analysis of a system with constitutive activity
as a measure of intrinsic efficacy. In essence, the differences in
constitutive activity at different values of x provide us with
sufficient information about the behaviour of the transducer
function to separate its contribution from the intrinsic effi-
cacy of the agonist. Ehlert efal. (2011) have recently
described a method which exploits constitutive activity to
estimate the affinity of ligands for the active and inactive
states of a receptor (based on the two-state model) under

Constitutive activity in the operational model

certain conditions. Our model takes a less mechanistic
approach defining agonist intrinsic efficacy as the increase in
the ability of an agonist receptor complex to activate signal
transduction compared with free receptor, and is hence not
dependent on a specific mechanistic model. However, it is
possible to map the parameters from either model onto the
other and this is shown in the Supporting Information
Appendix S1. This analysis shows that K,/e derived from
equation 6 is equal to the affinity of the ligand for the active
state of the receptor (assuming a two-state model is appropri-
ate) and that it becomes impossible to determine the affinity
of agonists for the inactive state of the receptor when their
binding strongly favours the active state. Also, under certain
circumstances, K, derived from equation 6 is a good approxi-
mation for the affinity of the ligand for the inactive state of
the receptor and ¢ is a good approximation for the ratio of the
affinities for the active and inactive states (the intrinsic effi-
cacy parameter of the two-state model).

As y is a ratio of two parameters, it can be varied by
changing [R]r or by varying K.. The most obvious system
where the latter may be possible is in the [**S]GTPyS binding
assay (or its non-radioactive alternatives) and this is what we
have attempted. Part of the standard optimization of this
technique is to vary the GDP concentration to identify a
concentration (usually low micromolar) at which the agonist-
stimulated binding is optimal (Bidlack and Parkhill, 2003). As
noted above, the concentration of receptor ([R];) and
G-protein (a contribution to E.) in the assay is constant, so
the effect of GDP must be on the efficiency of coupling to the
G-protein, that is, K.. Also, in many cases, the level of con-
stitutive activity varies markedly over the full concentration-
effect curve for GDP providing the opportunity to construct
concentration-response curves with a wide range of basal
responses, hence providing a large amount of information on
the transducer function. Thus, the GTPyS binding assay may
provide a simple, routine method for quantifying the intrin-
sic efficacy of agonists at G-protein-coupled receptors. We
note, however, that in our experiments, the estimated affinity
and intrinsic efficacy of CCL17 differ somewhat between the
two systems studied. This could reflect real differences
between the two systems or indicate that varying the GDP
concentration is not an appropriate strategy to explore the
transducer function. Further experiments comparing receptor
inactivation with varying GDP concentrations are required to
determine this. Irreversible antagonists are not available for
CCR4, preventing us from making this comparison in the
present systems.

Another pharmacological phenomenon to which this
method of analysis is relevant is that of biased agonism
(Urban et al., 2007). The implication of this observation is
that to fully characterize an agonist, we would need to define
a value of ¢ for each signal transduction system to which its
receptor couples. Of course, these estimates could then be
used to measure the degree of functional selectivity exhibited
by that agonist. Indeed, the difference between the estimates
of € for CCL17 in this report is essentially a form of biased
agonism.

In summary, in this report, we have derived operational
models of agonist action which include constitutive receptor
activity and allow for non-unit Hill coefficients. These models
and the original model presented in Hall (2006) are generali-
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zations of the operational model and are compatible with
Furchgott’s concept that the response to an agonist is a func-
tion of the pharmacological stimulus in the presence of that
agonist. Further, we have shown that the parameter which
represents efficacy in these models is consistent with Furch-
gott’s concept of intrinsic efficacy and that this can be mea-
sured directly when the system under consideration shows
constitutive activity. These models have been applied to the
effects of CCL22 and CCL17 at the chemokine receptor
CCR4.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 An example of a simulated family of curves based
on Equation 6 with the following parameters: Emax = 1.5, K,
= 02, E= 30, n= 2, basal = 09, Xhigh = 04, JXhigh-mid = 02, KXmid =
0.1, Yiow-mia = 0.05, yiow = 0.0025. The parameters derived from
fitting Equation 6 to these data were: Emax = 1.52, K, = 0.20,



E= 306, n= 193, basal = 092, JXhigh = 044, JXhigh-mid = 021, Xmid
=0.11, Yiowmia = 0.06, Yiow = 0.002. The sum of squared residu-
als for the fit was 0.1646.

Figure S2 The effect of CCL22 (diamonds) and CCL17
(squares) on the binding of ['*I]TARC to CHO-CCR4 mem-
branes (A) or cells (B). Data are the mean of four separate
determinations and vertical bars show the SEM.

Figure S3 The effect of the absence (red bars) or presence
(blue bars) of the CCR4 inhibitor (300 nmol-L™) whose struc-
ture is inset (from patent W0O2004020584A2) on the basal
F-actin content of human CD4* CCR4* cells expressing dif-
ferent levels of CCR4. The cells were incubated with the
antagonist for 30 min prior to the point at which agonist
would be added (vehicle was added in this case). In [**S]|GTPyS
binding experiments in the presence of 1 uM GDP and 1%
BSA to match the T cell assays, the basal level of [**S]GTPyS
bound was 6.1 x 10* = 0.2 x 10* ccpm in the absence of the
compound and 5.9 x 10* = 0.1 x 10° ccpm in the presence of
the same concentration of the compound (n = 4). These were
not significantly different (P > 0.05, paired t-test). The appar-
ent pA; of the antagonist was 7.61 + 0.06 (n=21) in the T cell
assays and 8.33 = 0.10 (n = 4) in the [*S]GTPyS binding
experiments. The antagonist was synthesised by Respiratory
CEDD Medicinal Chemistry, GlaxoSmithKline, Stevenage.
Figure S4 The effect of GDP on the binding of [**S]|GTPyS to
membranes from CHO-CCR4 or CHO-K1 cells in the absence
of agonist. The level of binding in the absence of GDP was
13 710 = 1950 ccpm in CHO-CCR4 membranes and 10 130 =
1440 ccpm in CHO-K1 membranes. Data are the mean of 4
separate determinations and vertical bars show the SEM.
Table S1 Summary of the parameters derived by fitting equa-
tions 6 and 12 to the CCL22 concentration-response curves
at different CCR4 expression levels generated in the same
experiments as the CCL17 curves. Data are presented as mean
+ SEM. Two of the replicate determinations for CCL22 were
too steep and resulted in highly suspect estimates of the
parameters of the model. These replicates have been excluded
in the ‘trimmed 12’ column and the two ‘acceptable’ repli-
cates are noted

Appendix S1 The relationship between the models derived
in this report and that of Ehlert et al. (2011).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

Appendix

Comparison of full and partial agonists to
estimate relative intrinsic efficacy

The derivations will be made from equation 8. Let A be the
reference (full) agonist and let B be a partial agonist. Equating
equieffective concentrations of the two agonists gives:

EnaxX" (K" +£4[A]")"
(K7 +[AT") + " (K +e4[A]")

— + basal

R VLR

(Ky +[B1")" +%"(Ki +es[BI")"

Constitutive activity in the operational model

where E. is the maximal response, y is the coupling effi-
ciency, K, is the dissociation constant of A, K, is that of B, €,
is the intrinsic efficacy of A, e is that of B, m is the Hill
coefficient of the binding isotherms, n is the Hill coefficient of
the transducer function and basal is the activity in the
absence of agonists. It has been assumed that the Hill coeffi-
cients of both the transducer function and the binding iso-
therms are common. Cancelling common terms, this
becomes

(K7 +ea[AT")"
(K + LAY + 3" (K +ea[AT")"

_ (Ky +e5[BI")'
(K +[BI") +x" (K" +e5[B]")

Cross multiplying and cancelling the resulting common
terms then gives

(K + e [AT")(Kp +[BI") = (Ky" + &5 [BI") (K" +[AT™)
from which

1 1 Kp(ea-1) (ea—¢€p)

(A" " [BI" K'es—1) * Ki'(en—1) (A1)

In theory then (but see below), a plot of [A]™ versus [B]™,
where [A] and [B] are equieffective concentrations of the two
agonists, should yield a straight line and hence allow estima-
tion of m. Of course, when m = 1 a simple double reciprocal
plot should yield a straight line. The intercept of these plots
can then be used to determine the relative efficacy of the
two agonists if the K, is known: if g is sufficiently large that
ep — 1 = g5 then

intercept x K" = 2|
€3
and if &, is already known this can then be used to estimate ;.
Indeed, when both K, and ¢, are known the approximations
are unnecessary since the expression for the intercept can be
rearranged to give,

e, = Eat (intercept x KJ")
! (intercept x K") +1

Alternatively, following the derivation of Waud (1969),
if the reference agonist is sufficiently efficacious that
we may assume that [A] << K,, then K[ +[A]" =K} and
(K" +e5[BI") (K +[A]") = Ki'(Ki' +€5[B]"), which leads to
the expression

1 1 Kpe, €
[A]" [B]" Ki'(es—1) Ki'(ep—-D

(A2)

which again allows a good approximation to the relative
efficacy of the two agonists to be determined for all but the
least efficacious ligands, assuming K, is known, and the abso-
lute measurement of ¢; if both of the pharmacological param-
eters of A are known. In this case, the affinity of B can also be
determined since Kj' =slope/intercept. This is also true for
equation Al if g, > >¢p > 1.
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Table A1

Summary of the slope and intercept of linear regressions performed on simulated values of 1/[A]™ and 1/[B]™ for pairs of concentration-response
curves generated using equation 8 with the parameters listed in the text. Estimates are mean = SD

Intercept

Slope Estimate
1 0.15 6.6 62 x15 32.2
1 0.015 4.0 4.0 = 0.6 19.2
0.7 0.15 10.8 11.6 = 3.7 32.2
0.7 0.015 6.5 6.8 = 1.1 19.2

Estimate Iog[_d&) Estimate
intercept

29.5 £ 2.6 -0.69 -0.69 = 0.13

18.3 = 3.5 -0.68 -0.65 + 0.09

30.8 = 5.8 -0.48 -0.43 = 0.20

19.4 = 3.6 -0.47 -0.46 = 0.12

However, there is a practical issue with the foregoing
discussion, at least where we cannot assume that m = 1. The
random errors in the data generally result in the
concentration-response curves to the two agonists having
different Hill coefficients when equation 1 is fitted. Simula-
tions indicate that the resulting double reciprocal plots of
equieffective concentrations are curved even when the true
value of m is used. They also indicate that the value of m,
which results in a straight line for the double reciprocal plot
is generally not a good estimate of its true value. Hence, an
independent estimate of m, the Hill coefficient of the binding
curves, is required for this analysis (if it cannot be assumed to
be unity). If the concentration-response curve to A has a Hill
coefficient greater than that to B, the double reciprocal plot is
convex (the intermediate points lie above the line joining the
endpoints) while it is concave if the curve to B is steeper than
that to A. Thus, an incorrect estimate for m can be identified
if the replots do not obey this rule, though the converse
cannot be assumed.

The simulations also suggest that even when the double
reciprocal plot is curved, it is still possible to estimate the
slope and intercept of the theoretical straight line reasonably
well: four sets of conditions were tested, measurable consti-
tutive activity (x = 0.15 with €, = 300 and ¢ = 10) and very
low constitutive activity (y = 0.015 with &, = 2000 and ¢; =
100) with m =1 and m = 0.7. Other parameters were n = 1,
K,=1,K,=0.2, Ep. = 1.5, basal = 0.9. The values of ¢, and &3
gave maximal responses for A of ~0.97E..x and for B of
0.6Em.. Twelve-point singlet curves (as described in the
Methods) were generated for each agonist. Ten simulated
pairs of curves were generated under each condition with
Gaussian errors with a standard deviation of 3% of the mean
response. Ten equieffective concentrations of the agonists
were then used to generate the double reciprocal plots which
ranged from the ECs, to the ECy of the partial agonist (this
seems to give the best estimates). Linear regression was per-
formed on the resulting curves. The results are summarized in
Table A1 and show good agreement between the estimates
and the true values.

The analogous expression to equation Al derived from
equation 12 is

1 1 Ky(ea(l—e™»)+e ot _1)
[A]  [B] K, (ep(1—ekoont) 4 e-ont 1)
€, (1 _ e*kAubst ) + e*kAubst —&p (1 _ e*kBub,\'f) _ e*kBubst
£p(1— e hwonst) 4 g~korst 1
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which, while rather complicated, shows that the double
reciprocal plot should be a straight line if the binding iso-
therm has a Hill coefficient of unity.

Furchgott’s method for analysis of receptor
inactivation experiments fails in systems with
constitutive activity

In a system without constitutive activity, the assumption that
equal responses result from equal stimuli allowed Furchgott
(1966) to show that a double reciprocal plot of equieffective
concentrations of agonist before and after irreversible inacti-
vation of a proportion of the receptor population should be
linear and that the slope and intercept of this line could be
used to estimate agonist affinity. However, as shown below, in
a system with constitutive activity such a double reciprocal
plot does not result in a linearization of the data. Following
Furchgott’s derivation, let f be the transducer function and
the stimulus, again, be given by S = [R] + ¢[AR] then, under
control conditions we obtain

E =f([R]+E[ARD=f([R]T(Ka +e[A]))

K, +[A]

where, as above, ¢ is the efficacy of the agonist, K, is its
dissociation constant and [R]r is the receptor density in the
preparation. After inactivation of a fraction, g, of the receptor
population the response is given by

R A-g)(&K, + S[A]')j
Kq +[AY

w1
Assuming that equal responses result from equal stimuli
gives

[R]; (K, +e[A]) _ [R]; (1-q)(K, +£[A])
K, +[A] K. +[AY

(Kq +e[AD(Kq +[A]) = (1- (K, +e[A]) (K, +[AD

K2 + K, [A] +eK, [A]+[A[AT
=(1-q)(K? + K, [Al+ €K, [A]’ + e[ A][A]")

After further manipulation, this yields

_gKi+ K, [A'(1+ge—¢)

A= e —qelAT (A3)




which can be rearranged to give the following double recip-
rocal relationship

1 -qe+K,1-e—q)—— [A]
m K,(1+qge—¢)—gK? 1 (Ad)
q q [A]

which is clearly not linear, indeed the curve it describes is
rectangular hyperbolic in 1/[A]’. At first glance, however,
there seems no reason not to attempt to fit this relationship
to an appropriate set of data. Unfortunately, preliminary
investigation of this analysis using simulated data sets sug-
gests that it is very readily confounded by (simulated) experi-
mental error giving extremely poor estimates of € and K.
Hence, we have not applied it to the data presented in this
report. It is, however, noteworthy that under conditions
where terms in € dominate the numerator and denominator
of equation A4, this equation becomes

1 ey [A] 1 q

Al K-  A-9IAT  Kd-q

which is Furchgott’s equation. Thus, equation A4 represents a
general relationship from which Furchott’s method of analy-
sis may be derived as a special case, when agonist efficacy is
high. This provides further support for the proposal that e
defined above is equivalent to Furchgott’s intrinsic efficacy.

A model for data derived from [*S]GTPyS
binding experiments, which vary basal
activity by varying the GDP concentration
To allow the modelling framework to be applied to [**S]GTPyS
binding assay data where the basal activity is manipulated by
varying the GDP concentration requires the following phe-
nomena to be incorporated into the model. Firstly, there are
other receptors present in cell membranes which may con-
tribute to the constitutive activation of the G-proteins (as
evidenced by the presence of GDP-sensitive [**S]GTPyS
binding in membranes from CHO-K1 cells, see Supporting
Information Figure S4). Secondly, the level of constitutive
activity is related to the concentration of GDP present in the
assay. To allow for the former a second receptor species (R2)
will be include in the model. The latter will be included by
assuming that the presence of GDP changes K. by the factor
(1 + ([GDP]/Kgpr)*) where Kgpp is the apparent affinity of GDP
and s is a Hill coefficient, to reflect the competition of GDP
with the [*S]GTPyS for binding to the G-protein o-subunit.
We may then write

Eax ([R1+ €[AR] +[R2])

K, +[R]+€[AR]+[R2]

where R is the receptor of interest and R2 represents the
contribution of the other receptors in the system. Substitut-
ing the binding isotherms (allowing for non-unit slopes)
gives

Constitutive activity in the operational model

( (R Ky e[RI[AT" +[R2]T)
_ Ky S A] K (A

o IRUKYelRLIAT | b
Ky +[A]" " K +[A]"

B Enmax ([RY; (KI" +€[A]") +[R2]; (K2 +[A]"))
K (K +[AT") + IRl (Ko +€[A]") +[R21, (KJ +[AT™)
 Enax (K (1 +%2) +[AT" (01 +%2))

DK A+ x) AT g +x)

where y; is the transducer constant of R and ¥, is the trans-
ducer constant for R2, K, is the dissociation constant of 4, ¢ is
the intrinsic efficacy of A and m is the Hill coefficient of the
binding isotherm for A. The use of the same value for K. as the
midpoint of the transducer function for both R and R2 is a
mathematical convenience, however, since the objective of
introducing R2 is simply to account for basal activity which is
not related to R, this should not present any issues. The GDP
dependence can then be incorporated by replacing K. with
the term K.(1 + ([GDP]/Kgpp)’) to give.

E=
Epmax (K (1 +%2) + [A]" (€31 + %2))
K;"[1+(7[gDP]) +%1+ X2 )+[A]’"(1+([GDP]) +8X1+X2)
GDP

In this case, the use of the same value of Kgpp for both R and
R2 in the model is justified by our observation that the GDP
dependence of the basal activity is similar in both CHO-
CCR4 and CHO-K1 cells (Supporting Information Figure S4).
Again, it is necessary to include the term, basal, to allow for
receptor-independent binding of the radioligand to give
equation AS.

E=
Eppax (K (01 +22) + [AT" (€)1 + X2))

K( ([GD ]j +x1+x2J+[A]'"[1+(7[GDP]) +8X1+Xz]
Kepp Kepp

+ basal (AS)

Finally, assuming that the process of transfection and selec-
tion of a clonal cell line does not alter the overall contribu-
tion of the other receptors present in CHO-CCR4 cells, we can
estimate x, from the GDP dependence of basal [**S]GTPyS
binding in CHO-K1 cell membranes by fitting equation A6
(below) to such data simultaneously with fitting AS to the
concentration-response curve data from the recombinant
cell membranes and sharing the estimates of the common
parameters.

Eo—Dmede a0

1 +([GDP])" T (A6)

GDP

Note, A6 is simply AS with x; set to zero. The results of a
simulation of fitting equations A5 and A6 to simulated
experimental data are summarized in Table A2. As expected
for the large number of curves per simulated experiment, the
parameters of these equations were found to a high degree of
precision and accuracy.
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Table A2

Summary of the input parameters and their estimates derived from 50 simulated data sets using equations A5 and Aé6. Eight simulated singlet
concentration-response curves were generated per data set to partially mimic the replication used in the [>S]JGTPyS binding experiments.
Simulated variability was as described in the Materials and Methods. Parameter estimates are presented as mean + SD

Emax/ 1000 pK. loge logy logy2
Input 16.3 0.48 1.48 -0.12 0.18
Output 16.2 = 1.1 0.48 = 0.05 1.49 = 0.04 -0.13 = 0.05 0.18 = 0.03
logm basal/1000 Kcor logs
Input -0.07 0.70 -0.30 -0.11
Output -0.07 = 0.03 0.69 + 0.07 -0.3 = 0.04 -0.10 = 0.03
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