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y0 T cells help contribute to innate immunity and are activated by the natural phosphoantigens
produced by the organisms responsible for causing, for example, tuberculosis, malaria,
tularemia, and plague. They are also activated by synthetic phosphoantigens and are cytotoxic
to tumor cells. Here, we show that it is now possible to accurately predict yo T cell activation
by both natural and synthetic phosphoantigens by using the quantitative structure—activity
relationship (QSAR) techniques commonly used in drug design. This approach should be of
use in developing novel immunotherapeutic agents as well as contributing to a better
understanding of the immune system’s response to infectious agents.

Introduction

There is currently intense interest in investigating
the activation of yo T cells by small molecules for
potential use in the pharmacologist’'s armamentarium,?2
since these T cells are thought to contribute to innate
immunity in humans and other primates.® They com-
prise 5% of the normal T cell population, but this can
increase to up to ~80% on infection with a broad range
of pathogens, such as those responsible for tuberculosis,*~”
malaria,® and tularemia.® These immediately reactive
human yé T cells express Vy2Vo2 (also known as
Vy9Vo2) T cell antigen receptors (TCRs), which are
involved with the recognition of a broad variety of small
molecule “phosphoantigens” produced by many bacteria
and protozoa. These potently expand yo T cell popula-
tions, leading to rapid production of IFN-y and TNF-o.
Another class of phosphoantigens, bisphosphonates, is
also known to expand yo T cell populations!® and has
been shown to have potent antitumor activity,!*12 as
do other synthetic phosphoantigens.* The structural
basis for this innate cellular immunity involves the y6
T cell receptor,’® and over 70 compounds have now been
shown to expand yd T cell populations.13.14.16-19 Howy-
ever, there have been no reports of quantitative struc-
ture—activity relationships (QSARs) for this immune
response. Here, we show that the three-dimensional
(3D) QSAR techniques routinely used in drug design can
also be used to predict the activities of a broad range of
antigens within a factor of ~4 over a range in activity
of ~3 x 108, opening the way to the rational design of
novel immunotherapeutic agents.

yo T cells expressing Vy2V62 TCRs respond to many
infectious agents, including Mycobacterium spp., Pseudo-
monas aeruginosa, Salmonella spp., Escherichia coli,
Plasmodium falciparum, Francisella tularensis, Yer-
sinia spp., etc., and these responses have been associ-
ated with the production of a series of so-called phos-
phoantigens by these organisms.®20-24 These compounds
are all thought to be small molecule pyrophosphate
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derivatives, shown generically below in 1 where Y, X,
P, and N are variables.
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Phosphoantigens were first detected in Mycobac-
terium tuberculosis extracts, and to date, the most active
species found is 2 ((E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate), having a 4 x 10719 M ECsp ?® and
identified as a product of the alternative mevalonate
pathway in E. coli.2* A variety of synthetic analogues
of 2, such as 3 and 4, have been described in the
literature and also have very low ECso values (~0.5—
100 nM for 3 and 4) and are of interest in the context
of the treatment of non-Hodgkin’s B lymphoma, mul-
tiple myeloma, and autologous cell therapy of renal
carcinoma. A third class of synthetic phosphoantigens,

the bisphosphonates, currently used in bone resorp-
tion therapy, have also been shown to expand yo T cell
populations!® and to have anticancer as well as anti-
bacterial activity.®1° For example, the 1,1-bisphospho-
nate pamidronate (5) can activate Vy2Vo2 T cells
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Figure 1. Schematic illustration of some of the interactions
between yd T cells and pathogens mediated by natural
phosphoantigens and between yd T cells and tumor cells
mediated by synthetic phosphoantigens. The full molecular
details of phosphoantigen presentation are not known. In
tuberculosis, there appears to be bacterial killing mediated by
TNF-a/IFN-y. In tularemia, antigen production appears to
result in yo T cell self-cytotoxicity. Some synthetic antigens
have been shown to have both antibacterial and antitumor
activity.
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leading to control of both E. coli and Proteus morganii
infections in vivo.® A schematic illustration of some of
the interactions between infectious agents and v T cells
mediated by natural phosphoantigens and TNF-o/IFN-
y, together with the corresponding synthetic phospho-
antigen/yo T cell/tumor cell interaction, is outlined in
Figure 1.

Materials and Methods

To begin to relate the yo T cell stimulation activity of both
natural and synthetic phosphoantigens to their 3D chemical
structures, we have used two computational chemistry meth-
ods commonly used in drug design: comparative molecular
field analysis (CoMFA)2 and pharmacophore modeling.?” The
CoMFA method calculates interaction energies between a
molecule and a series of probes (electrostatic, hydrogen bond-
ing, and hydrophobic) and correlates variances in the interac-
tion energies with activity, while pharmacophore modeling
(using the Catalyst program) correlates activity with the
presence of particular spatial distributions of chemical features
(such as hydrogen bond donors, negative ionizable groups, etc).
Both approaches permit predictions of drug activity and have
recently been successfully applied to bisphosphonates.?8:2°

Results and Discussion

We show in Figure 2 the structures of the phospho-
antigens investigated. The compound names (the trivial
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Figure 2. Structures and names of compounds investigated.



4870 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 22 Gossman and Oldfield

Table 1. Experimental ECso and pECsg and Predicted pECsg Values for yo T Cell Activation
CoMFA predicted

experimental Catalyst predicted

activity® PECsc° PECso°

compd? ECso (uM) pECsy training set four compd test set training set four compd test set
(E)-4-hydroxy-3-but-enyl PP 0.0004 9.30 9.17 9.21 9.16 9.16 9.13 7.60 754 749 754 751
iodohydrin PP 0.0012 8.91 7.54 7.63 751 7.48 7.28 7.29 7.60 739 746 7.46
bromohydrin PP 0.0100 8.00 7.54 764 752 749 7.29 7.26 747 759 738 751
chlorohydrin PP 0.0707 7.15 7.54 764 751 748 7.28 6.82 7.07 721 715 7.29
iodohydrin PPP 0.224  6.65 7.24 734 721 718 6.99 6.74 7.00 7.04 6.80 6.85
bromohydrin PPP 0.346  6.46 7.25 735 722 719 7.00 6.41 6.49 6.43 6.14 6.37
3,4-epoxy-3-methyl-1-butyl PP 0.400 6.40 6.12 6.16 6.05 6.08 6.12 5.66 564 551 555 5.62
alendronate 0.900 6.05 5.11 5.14 509 5.08 5.12 5.55 547 521 548 534
ibandronate 1.00 6.00 5.44 548 535 540 5.48 6.59 6.30 6.14 6.29 6.00
isopentenyl PP 3.16 5.50 5.25 527 523 522 526 5.59 560 551 552 5.60
ethyl PP 3.16 5.50 5.17 519 516 514 5.19 5.57 5,62 552 559 559
dimethylallyl PP 3.16 5.50 5.68 5.72 560 564 5.72 5.49 564 544 554 560
crotyl PP 3.16 5.50 5.27 529 526 524 528 5.68 5,70 555 562 5.66
allyl PP 3.16 5.50 5.25 527 523 522 5.26 5.68 562 554 559 562
3-methyl-3,4-butanediol-1-yl PP 3.16 5.50 5.59 5.63 551 555 5.64 5.60 554 546 549 555
pamidronate 5.66 5.25 4.99 5.01 497 496 5.01 5.55 543 519 548 5.36
2-methyl-iodohydrin PP 7.07 5.15 4.85 489 485 485 4.65 5.70 585 6.30 570 6.74
o,y-diiodohydrin PPPDE 8.66 5.06 5.30 533 530 530 5.09 5.66 568 564 559 572
o,y-dibromohydrin PPPDE 14.1 4.85 5.33 536 533 533 5.12 6.11 5,62 554 562 5.62
2-methyl-3-butanon-1-yl PP 31.6 4.50 4.43 445 448 443 420 4.74 480 457 466 477
4-pentanon-1-yl PP 31.6 4.50 5.17 5.18 515 514 519 3.37 3.27 322 307 3.36
3-pentanon-1-yl PP 31.6 4.50 5.24 526 522 521 5.26 5.62 5.66 554 559 5.62
3-butanon-1-yl PP 40.0 4.40 5.24 526 522 521 5.26 3.37 3.27 322 3.07 3.36
2-butanon-1-yl PP 447 4.35 5.12 514 511 509 5.15 5.72 566 549 552 5.64
dimethylallyl P 158 3.80 351 347 346 354 3.60 3.62 377 392 385 3.85
crotyl P 158 3.80 3.51 3.47 346 354 3.59 3.49 3.74 389 385 3.82
allyl P 158 3.80 3.08 3.03 311 313 314 3.37 3,57 370 3.66 3.60
isopentenyl P 158 3.80 351 3.48 347 355 3.60 3.37 3.44 360 355 349
p-hydroxylethyl P 224 3.65 3.02 297 3.03 3.06 3.0 3.36 327 343 330 335
phosphoglycolic acid 707 3.15 3.11 3.05 313 315 3.17 3.37 3.27 322 3.07 3.36
isopropyl P 707 3.15 3.10 3.05 312 314 3.16 3.36 3.33 343 340 3.40
propyl P 707 3.15 3.09 3.04 311 313 3.15 3.37 343 355 349 355
methyl P 707 3.15 3.04 298 3.06 3.08 3.10 1.37 133 159 131 154
glycerol-3-P 1580 2.80 3.55 352 351 359 3.64 3.36 3.68 370 374 3.85
xylose-1-P 1580 2.80 3.40 335 336 344 352 3.36 359 377 354 355
2,3-diphosphoglycerate 1580 2.80 2.60 255 260 263 267 3.37 3.26 322 3.07 3.36
phospholactic acid 1580 2.80 3.03 298 3.05 3.07 3.09 3.37 3.27 322 3.07 3.36
sec-butyl P 2240 2.65 3.03 298 3.04 3.07 3.09 3.37 348 3.60 355 359
ribose-1-P 3160 2.50 2.88 282 289 292 298 3.64 341 384 354 355
R2d 0.91 091 090 0.90 0.93 0.80 0.80 0.80 0.80 0.82
Frest 84.8 70.4 665 632 939
RZ, 0.87 0.86 0.85 0.84 0.86
RZ, ¢ 0.91 091 090 0.90 0.93
n" 5 5 5 5 5 4 4 4 4 4
INL 39 34 34 34 34 39 34 34 34 34

a Notations: PP = pyrophosphate; PPP = triphosphate; PPPDE = triphosphodiester; P = phosphate. ? From ref 17, geometric mean
values shown when a range given. The data for 2 are from ref 25. ¢ Bold values represent predicted activities of compounds that were not
included in the training set. @ Correlation coefficient. ¢ Ratio of R? explained to unexplained = R?(1 — R?). f Cross-validated correlation
coefficient after leave-one-out procedure. 9 Average squared correlation coefficient calculated during the validation procedure. " Optimal
number of principal components (CoMFA) or number of components in Catalyst pharmacophore hypothesis. | Number of observations.

names used in ref 17) are also shown. The compounds
are ordered in terms of increasing ECs, left to right and
top to bottom. The corresponding ECsg values for T cell
activation (in micromolar) for these compounds are
given in Table 1, where average ECsg (or pECso = —log
ECso (M)) values are used when a range is given in the
original compilation of Espinosa et al.1” While there are
expected to be small differences in the EDsy values
determined by different groups when using different
techniques (cell proliferation, IFN-y or TNF-o. produc-
tion) as well as the use of different clones, we have found
that where data have been reported from more than one
group, there is good agreement. For example, we find
ECsp values of 3, 3, 3, and 10 uM for stimulation by
isopentenylpyrophosphate (refs 30—32 and 16, respec-
tively). Likewise, for pamidronate, Das et al.1° found
ECsp values in the ~1—10 uM range (using IL-2, IFN-

y, and %CD3 expansion assays) in good accord with the
4 uM ECsg value found by Kunzmann et al.13

Structures were generated for COMFA investigation
by using steepest descents followed by conjugate gradi-
ent, and then Newton—Raphson algorithms for geom-
etry optimization, with no constraints on the internal
geometry of the molecules.?6 Each molecule was aligned
to one of the most active molecules studied, iodohydrin
pyrophosphate, acting as a template by performing an
rms fitting of the pharmacophoric atoms of each con-
former to those of the template using a shape reference
alignment function. The alignments of each structure,
obtained through pairwise superpositioning using the
maximum common subgroup method, placed all 39
structures in the same reference frame as the shape
reference compound. The enantiomers chosen were
those that best fit the overall alignment. The aligned
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Figure 3. CoMFA results for yo T cell activation. (A) Alignment of all 39 compounds investigated. The descriptors are indicated
(N = 39 compound training set). (B) Pseudoreceptor surface enclosing 21 mono- and pyrophosphates. (C)—(H), graphs of COMFA-
derived QSAR predictions for yo T cell activation vs experimental activity. (C) A 39 compound training set. (D—G) As in panel C
but 34 compound training set (O) and 5 compound test set (®) predictions. The numerical and statistical results are given in
Table 1. The lines represents the ideal slopes of 1. (H) Composite 20 compound test set, for which the R? was 0.90 and the rms
error in pECso was 0.57 (about a factor of four error in prediction over the 3 x 10° range in activity). Most of the experimental
data is reported with a 10x range for the ECso and contributes to the error.

set of structures is shown in Figure 3A. We then used
CoMFA techniques to analyze the inhibition data shown
in Table 1. We first performed a regression analysis of
the inhibition results by using a genetic function ap-
proximation (GFA) algorithm?32 to obtain the following
QSAR equation:

pEC;, =3.31+ 0.01 x “OH /189" +

0.06 x “OH7/303” + 0.11 x “OH /322" +
0.07 x “H/266” (1)

where the descriptors, OH~ , define the corresponding
probe interaction energies between a hydrogen bond
donor/acceptor and the molecule of interest at the
specified grid points. The descriptor, HY, is the interac-
tion energy between a proton (H*) and the molecule and
gives the electrostatic potential energy of interaction.
Charges were calculated by using the Gasteiger method.3*
The locations of the descriptors in eq 1 are also shown
in Figure 3A. The optimal number of components in the
final GFA model was determined by cross-validated
R2 35 and standard error prediction values, as obtained
from the leave-one-out cross-validation technique. The
GFA analysis gave a correlation coefficient of 0.91 with
a cross-validated R, of 0.87 and an optimal number of
components of five (one fixed term plus four variables).

To obtain statistical confidence limits, the noncross-
validated analysis was repeated with 10 bootstrap
groups, which yielded an RZ of 0.91.%5 Cross-validation
provides information concerning the predictive ability
of the QSAR data set by minimizing the occurrence of
chance correlations in the QSAR model, and the boot-
strapped Rﬁs value of 0.91 indicates a high degree of
confidence in the analysis. Experimental and predicted
PECso values with this training set and the associated
statistical results are shown in Table 1 and graphically
in Figure 3C.

These results are of interest since they indicate that
it should be possible to predict ECsg values for yo T cell
activation in a straightforward manner from 3D chemi-
cal structures. The experimental range of activity (ECso)
varies from ~400 pM for 2 to ~3 mM for ribose-1-
phosphate, as shown in Table 1. So, to test the predictive
ability of the CoOMFA approach, we next carried out four
sets of test calculations in which we deleted at random
five (test set) points from the initial training set. The
QSAR equations were then recomputed, and the results
obtained were used to calculate the pECsg values for the
five compounds in each of the four test set calculations.
The four sets of predicted pECso values are shown in
bold in Table 1, as are the R?, R, RZ, and F-test
statistical results for each QSAR equation. The new
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Figure 4. Catalyst pharmacophore hypothesis superimposed on four molecules having different activities. The features in each
case are dark blue sphere, negative ionizable group; purple sphere, hydrogen bond donor; cyan sphere, hydrophobic feature. The
molecules are (A) (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate, (B) bromohydrin pyrophosphate, (C) ibandronate, and (D)

isopentenyl phosphate.

QSAR/CoMFA equations were all virtually identical to
the original model derived from the 39 compound
training set. There is in general excellent agreement
between the pECsy predictions for the test set com-
pounds (Table 1, ® in Figure 3D—G) and the experi-
mentally observed values, with an rms error of 0.57 and
an R2 value of 0.90 for the 20 predicted compound pECsg
values (Figure 3H). These results show that it is now
possible to predict pECsg values for yo T cell activation
within about a factor of four (rms error on pECso = 0.57)
covering an experimental range in activity of ~3 x 108,
On the basis of the QSAR/CoMFA equations, it is also
apparent that the interaction resulting in yo T cell
activation is primarily polar in nature. The computed
pseudoreceptor surface is shown in Figure 3B (together
with 21 pyrophosphate and monophosphate molecules)
and can be readily docked into the putative phospho-
antigen binding site of the TCR,3¢ as noted previously
for the docking of 2.4

While all of these R? and F-test values are very good,
we felt it would nevertheless be desirable to validate
these results by using a second, independent QSAR
method, covering a large range of conformational space.
We therefore used the Catalyst approach?’ in which up
to 256 conformations of each molecule can be investi-
gated, to develop a series of pharmacophore hypotheses.
The five top-scoring hypotheses were very similar, and
one such hypothesis is illustrated in Figure 4A—D.
There are four components: two negative ionizable
groups (e.g., two pyrophosphate phosphates or two
phosphonates), a H-bond donor (e.g., the OH group in
2 or 3), and a hydrophobic feature (e.g., a methyl group
in 2 or the bromine atom in 3). The presence of all four
Catalyst features in the appropriate relative geometry
results in very low ECsp values: less features correlate
with less antigenic activity. For example, the most
potent natural phosphoantigen 2 contains two negative
ionizable groups (in the pyrophosphate moiety) as does

the drug phosphostim (3, X = Br), together with a
hydrogen bond donor (the OH group) and a hydrophobic
feature (the methyl group). In the synthetic phospho-
antigen 3, an OH group is again present, together with
another hydrophobic feature, a bromine atom, as can
be seen in Figure 4A,B. The y6 T cell stimulatory
activity of the bisphosphonate drug, ibandronate (bon-
dronate) correlates with the presence once again of all
four features, but here, the two phosphates are replaced
by phosphonate groups (Figure 4C). Compounds with
less features have less activity; for example, the weak
activity of isopentenyl phosphate (observed plCsp = 3.80,
computed plCso = 3.44) correlates with the presence of
only two pharmacophore features, a hydrophobic feature
and a negative ionizable group (Figure 4D). Using this
Catalyst hypothesis, we obtained the training set results
shown in Table 1 (R? = 0.80). We then reinvestigated
the training/test set prediction approach outlined above
for the COMFA method, and the training/test set results
for four N = 34 (training)/N = 5 (test set) results are
again shown in Table 1 and graphically in Figure 5. The
overall (N = 20, Figure 5G) rms error for the predicted
pPECs values was 0.82 (corresponding to a factor of ~7
error in ECsq prediction). This result is slightly worse
than that obtained by using the CoMFA approach but
is still very good given that the overall range in activity
investigated is ~3 x 108 and most experimental ECsg
values cover a 10x range.

The ability to predict yo T cell activation from
molecular structure within, on average, about a factor
of four over a >10° range by using the CoOMFA approach
should facilitate the design or discovery of additional
molecules of this type and represents the first applica-
tion of 3D QSAR techniques to unraveling some of the
details of the structural basis of innate immunity. This
can be expected to be of interest in investigating a broad
range of infectious diseases where yo T cell responses
are involved, such as malaria, tuberculosis, tularemia,
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