
of the Intergovernmental Panel on Climate

Change (30, 31), show the much larger inertia

of this part of the climate system. The LOW

GEO option and WRE450 scenario again are

similar, with neither tending toward stabiliza-

tion. Even the HIGH GEO option shows a con-

tinuing (but slow) rise in sea level toward the

end of the study period, but the rate of rise is

small, even relative to changes observed over

the 20th century (30, 32).

A combined mitigation/geoengineering ap-

proach to climate stabilization has a number of

advantages over either alternative used separately.

A relatively modest geoengineering investment

(33, 34) corresponding to the present LOW GEO

option could reduce the economic and techno-

logical burden on mitigation substantially, by

deferring the need for immediate or near-future

cuts in CO
2
emissions. More ambitious geoen-

gineering, when combined with mitigation, could

even lead to the stabilization of global mean

temperature at near present levels and reduce

future sea-level rise to a rate much less than that

observed over the 20th century: aspects of future

change that are virtually impossible to achieve

through mitigation alone.

As a guide to the amount of SO
2
required, the

eruption of Mount Pinatubo injected about 10

teragrams of sulfur (TgS) into the stratosphere

(35, 36), and the analysis here suggests that an

annual flux of half that amount would have a

substantial influence. Smaller diameter aerosols

would have longer lifetimes and require still

smaller injection rates (15). Five TgS/year is only

È7% of current SO
2
emissions from fossil fuel

combustion (37, 38). Further analysis is required

to assess (i) the technological feasibility of the

suggested injections of SO
2
Eor of more radia-

tively efficient material (34)^ into the stratosphere,
(ii) the economic costs of this option relative to

the reduced costs of mitigation that an overshoot

CO
2
–stabilization pathway would allow, and (iii)

the detailed effects of the proposed SO
2
injec-

tions and CO
2
concentration changes on climate

Ecompare with (39)^ and stratospheric chemistry.
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Dendritic Cell Stimulation by
Mycobacterial Hsp70 Is Mediated
Through CCR5
R. Andres Floto,1* Paul A. MacAry,1,2* Jessica M. Boname,1 Tan Suet Mien,3 Beate Kampmann,4

James R. Hair,1 Oh Seen Huey,2 Edith N. G. Houben,5 Jean Pieters,5 Cheryl Day,6

Wulf Oehlmann,7 Mahavir Singh,7 Kenneth G. C. Smith,1 Paul J. Lehner1†

An effective host immune response to mycobacterial infection must control pathogen dissemination
without inducing immunopathology. Constitutive overexpression of mycobacterial heat shock
protein (myHsp70) is associated with impaired bacterial persistence, but the immune-mediated
mechanisms are unknown. We found that myHsp70, in addition to enhancing antigen delivery to
human dendritic cells, signaled through the CCR5 chemokine receptor, promoting dendritic cell
aggregation, immune synapse formation between dendritic cells and T cells, and the generation of
effector immune responses. Thus, CCR5 acts as a pattern-recognition receptor for myHsp70, which
may have implications for both the pathophysiology of tuberculosis and the use of myHsps in
tumor-directed immunotherapy.

M
ycobacterium tuberculosis infects

one-third of the world_s population

and is responsible for two million

deaths annually. A tightly controlled T cell re-

sponse to M. tuberculosis results in granuloma

formation, which limits mycobacterial replication

and controls the immunopathological conse-

quences of infection (1). The immune response

and granuloma formation are regulated by host

and mycobacterial factors (2); one of these,

mycobacterial heat shock protein 70 (myHsp70),

stimulates dendritic cells (DCs) to release pro-

inflammatorymediators (3). Hsps are conserved

between microorganisms and mammalian cells
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and have a well-characterized role in protein

assembly (4). Their ability to bind and deliver

short polypeptides to immature dendritic cells

(iDCs) is being exploited in tumor-directed DC

immunotherapy (5). Picomolar concentrations

of peptide bound to myHsp70 can generate

antigen-specific cytotoxic T lymphocyte (CTL)

responses through efficient peptide delivery

and direct iDC stimulation by myHsp70 (6). A

calcium-dependent intracellular signaling cas-

cade triggered by myHsp70, but not by Toll-

like receptor (TLR) agonists (6), is critical for

the generation of effector immune responses,

but neither the surface receptor nor the cellular

mechanisms involved are known.

To further characterize the myHsp70-mediated

calcium signal in iDCs, we demonstrated that

pertussis toxin, an inhibitor of heterotrimeric

G-protein–coupled receptor (GPCR) transduction,

inhibited signaling of both myHsp70 and the

control GPCR-mediated agonist, N-formyl-Met-

Leu-Phe (fMLP; Fig. 1A). Analysis of potential

GPCRs expressed on iDCs, using a heterologous

expression system, revealed thatmyHsp70 signaled

through a CC chemokine receptor. We examined

glioma cells expressing different chemokine re-

ceptors and found that myHsp70 triggered a

calcium response in cells expressing CCR5, and

to amuch lesser extent CCR1 (Fig. 1B). Alexa488-

conjugated myHsp70 showed specific binding to

Fig. 1. myHsp70 trig-
gers intracellular signaling
in human iDCs through
CCR5. (A) The myHsp70
receptor on human DCs
is G-protein–coupled. Cal-
cium signaling in iDCs,
preincubated with (gray)
or without (black) pertus-
sis toxin (PTX, 1 mg/ml
for 12 hours), after stim-
ulation with myHsp70
(200 nM, top), fMLP
(1 mM, bottom), or sub-
sequently thapsigargin
(TG, 1 mM) is shown. (B)
Calcium signaling in
chemokine receptor–
expressing glioma cell
lines after myHsp70 stim-
ulation (200 nM, arrows).
(C) myHsp70 binds to
CCR5. (Top) Alexa488-
labeled myHsp70 (220
nM) staining of CCR5-
expressing (black) versus
control CXCR4-expressing
(gray) cells. (Bottom)
Labeled myHsp70 (220
nM)–specific binding
was inhibited by increas-
ing doses of unlabeled
myHsp70. (D) TAK779
inhibits myHsp70 cal-
cium signaling. Calcium
signaling in iDCs, pre-
treated with TAK-779
(100 nM, gray), or vehi-
cle alone (black) after the
addition of myHsp70
(200 nM, top), MIP-1b
(100 nM), or fMLP (1mM,
bottom) is shown. (E)
The CCR5D32 mutation
confers resistance to
myHsp70. Calcium responses in iDCs homozygous for wild-type (wt) CCR5
(black) or CCR5D32 (gray) after stimulation with myHsp70 (30 nM, top) or
MIP-1b (200 nM, bottom), followed by fMLP (1mM), are shown. (Lower inset)
CCR5 expression on CCR5 wild-type (black) or CCR5D32 (gray) iDCs (iDC
isotype: gray fill). (F) Dose response of myHsp70 (black) versus MIP-1b (gray)
calcium signaling in iDCs. (G) M. bovis lysates trigger calcium responses

through CCR5 in iDCs. Calcium responses in untreated (black) or TAK-779–
pretreated (gray) iDCs after treatment with M. bovis BCG lysate (arrow) are
shown. (H) myHsp70 does not signal via murine CCR5. Calcium signaling in
mouse peritoneal macrophages from CCR5þ/þ (black) and CCR5j/j (gray)
mice after the addition of myHsp70 (top) or mouse MIP-1b (bottom) is
shown.
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Fig. 2. myHsp70 signaling triggers rapid
calcium-dependent iDC aggregation. (A)
myHsp70 induces changes in iDC morphology
and trafficking. Simultaneous fluorescence (top)
and DIC (middle) (�100) imaging of Fluo3-
labeled iDCs after the addition of myHsp70
(200 nM) is shown. DIC images were analyzed
with edge-detection analysis software (bottom)
to enhance the visualization of membrane
ruffling. (B) Merged fluorescence and DIC
images from the experiment shown in (A) 450
s after the addition of myHsp70, at lower (�40)
magnification. (C) Quantification of membrane
ruffling after myHsp70 addition. The fold
increase in the edge signal derived from image
analysis is shown for three representative cells.
The arrow indicates addition of myHsp70. (D)
myHsp70 calcium responses are required for
iDC aggregation. The correlation of intracellular
calcium concentration (F/F0) with cell move-
ment [determined by x-y displacement (ana-
lyzed every 5 s)] in iDCs treated with myHsp70
(200 nM), myHsp70 after preincubation with
the intracellular calcium chelator BAPTA-AM,
ATP (100 mM), LPS (100 ng/ml), TAK-779 (1
mM), or iDCs from CCR5D32 homozygotes
treated with myHsp70 is shown.

Fig. 3. myHsp70 signaling through CCR5 promotes
DC–T cell clustering. (A) iDCs and CD8 T cells were
stimulated with myHsp70 (200 nM) or control BSA
(200 nM) on glass coverslips at 37-C for 30 min.
After the removal of unbound cells, iDCs were
labeled with antibody to major histocompatibility
complex II (anti–HLA-DR) (red) and CD8 T cells were
labeled with anti-CD3 (green); cells were then
examined by confocal microscopy. (B) T cells
associated with each iDC were quantified 30 min
after the addition of myHsp70, myHsp70 after
preincubation with BAPTA-AM, LPS (100 ng/ml), or
BSA control. (C) myHsp70-induced formation of
DC–T cell contacts was analyzed by simultaneous
fluorescence and DIC imaging of Fluo3-labeled iDCs
with CD4 or CD8 T cells (unlabeled) after the ad-
dition of myHsp70 (200 nM), using cells from CCR5
wild-type or CCR5D32 homozygotes. Contact be-
tween myHsp70-stimulated iDCs and T cells was
reduced in the absence of functional CCR5 on iDCs.
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CCR5-expressing but not control CXCR4-

expressing cells (Fig. 1C) and was inhibited by

competition with unlabeled myHsp70 (Fig. 1C).

CCR5-dependent signaling also occurred in

primary human DCs, because the CCR5 antag-

onist TAK-779 (7) inhibited calcium signaling in

iDCs triggered by myHsp70 and the endogenous

CCR5 ligand, MIP-1b, but not calcium signaling

by fMLP (Fig. 1D).

The requirement for CCR5 in myHsp70 sig-

naling was confirmed by examining calcium re-

sponses in iDCs from a donor homozygous for

the CCR5D32 allele, the naturally occurring 32-

nucleotide deletion that prevents CCR5 surface

expression (8) (Fig. 1E and fig. S1). The absence

of myHsp70- or MIP-1b–mediated calcium sig-

naling in CCR5D32 iDCs confirmed an absolute

requirement for CCR5 in this pathway (Fig.

1E). A dose-response comparison of calcium

signals in iDCs showed MIP-1b to be five times

more potent than myHsp70 (Fig. 1F). A lysate

from M. bovis bacille Calmette Gu2rin (BCG)

also triggered a TAK-779–inhibitable calcium

signal, suggesting that sufficient myHsp70 is

present to promote CCR5-dependent signal-

ing (Fig. 1G). Furthermore, CCR5-dependent

myHsp70 signaling was species-specific, be-

cause no myHsp70 signal was seen in CCR5-

expressing mouse macrophages (Fig. 1H),

myHsp70 did not involve TLR signaling path-

ways Eas assessed by microarray analysis (fig.

S2A and table S1) and assays of nuclear factor

kB activity (fig. S2, B and C)^, and myHsp70

induces a calcium-dependent phenotypic matu-

ration of DCs (fig. S3).

The immediate morphological consequences

of CCR5-mediated Hsp70 calcium signaling were

further investigated by live cell imaging of iDCs

(Fig. 2, A to C, and video S1). The addition of

myHsp70 triggered calcium oscillations, immedi-

ately followed by rapid cell membrane ruffling

and pseudopodia projection (Fig. 2C). Correlation

of intracellular calciumoscillationswith cellmove-

ment, by means of simultaneous fluorescence

differential interference contrast (DIC) imaging,

suggested that a rise in intracellular calcium was

required, but not sufficient, to trigger membrane

changes and cell aggregation. Membrane changes

and cell aggregation were inhibited by chelation of

intracellular calcium and could not be induced by

calcium rises induced by adenosine triphosphate

(ATP) or phorbol myristate acetate/ionomycin

(Fig. 2D and fig. S4). These morphological

changes were also mediated through CCR5.

They were inhibited by TAK-779, were not seen

in DCs from CCR5D32 homozygotes (Fig. 2D),

and were not induced by TLR agonists (Fig.

2D). Thus, myHsp70 stimulation of human

DCs results in rapid CCR5-mediated, calcium-

dependent, nonrandom migration of iDCs and

the projection of plasma membrane extensions.

To examine how myHsp70 affected interac-

tions between DCs and T cells, we stimulated

iDCs and autologous T cells with myHsp70.

Autologous T cells rapidly clustered around the

DCs (Fig. 3A). More T cells (up to nine) asso-

ciated with each DC after stimulation with

myHsp70 than with bovine serum albumin

(BSA) or lipopolysaccharide (LPS), and this

enhanced interaction was inhibited by 1,2-bis(o-

aminophenoxy)ethane-N,N,N ¶,N ¶-tetraacetic acid

(BAPTA) preloading (Fig. 3B). The trapping of

T cells by DCs was observed as early as 30 s

after stimulation of iDCs (Fig. 3C and videos S2

and S3), was facilitated by the formation of a

network of DC membrane extensions (Fig. 3C),

and was seen with both autologous and allogeneic

CD4 and CD8 T cells (Fig. 3C). The formation of

the membrane extensions and T cell clusters was

dependent on functional CCR5 receptors on DCs

but not on T cells (Fig. 3C and video S4). The

rapid clustering of DCs and associated T cells

suggested an integrin-mediated mechanism. The

addition of myHsp70 led to a rapid increase in b
2
-

integrin–specific iDC binding to immobilized

intercellular adhesion molecule–2 (ICAM-2),

ICAM-3, and (to a lesser extent) ICAM-1 (Fig.

4A) (9). This rapid T cell trapping by DCs

stimulated with myHsp70 was followed at later

time points (after 30 min) by T cell polarization of

talin and LFA-1 toward the point of contact with

the DC (Fig. 4B), suggesting the formation of

antigen-independent immune synapses (10, 11).

The ability of myHsp70 to promote iDC–T cell

interactions may explain why T cells are required

for myHsp70 to stimulate pro-inflammatory

cytokine release from DCs (fig. S5) (6).

CCR5 mediated a number of functional con-

sequences of myHsp70 signaling. myHsp70 and

Fig. 4. myHsp70 sig-
naling through CCR5 pro-
motes functional DC–T cell
immune synapse for-
mation. (A) myHsp70
up-regulates b2 integrin
activity. b2-integrin–
dependent adherence
of iDCs to substrate
coated with ICAM-1, -2,
or -3 measured 10 min
after treatment with
myHsp70 or vehicle is
shown. (B) myHsp70 in-
duces DC–T cell immune
synapse formation. Thirty
minutes after stimulation
with myHsp70 (200 nM),
T cells (green) and iDCs
[labeled with anti–HLA-
DR (red)] were examined
for polarization of talin
(left) and LFA-1 (right) by
confocal microscopy. (C) CCR5D32 iDCs show impaired IL-6 release after
myHsp70 treatment. IL-6 release from CCR5 wild-type (black bars) or
CCR5D32 (gray bars) iDCs 72 hours after stimulation with myHsp70 (200
nM), LPS (0.5 ug/ml), or RANTES (400 nM) is shown. (D) TAK-779 and pertussis
toxin block the generation of peptide-specific CTLs by myHsp70. myHsp70-
peptide–pulsed iDCs were used to generate antigen-specific CTLs (6). The
effect of pretreating iDCs with increasing concentrations of pertussis toxin
(left) or TAK-779 (right) on the induction of peptide-specific CTLs by Hsp70
was determined. Results are shown as percent inhibition of specific lysis,

where inhibition is plotted as a percentage of the maximal response (n 0 3
replicates T SEM). (E) The effect of TAK-779 on intracellular mycobacteria
replication. iDCs from immune individuals were incubated for 2 hours with
M. bovis BCG-lux, washed to remove noninternalized mycobacteria, and
cocultured with autologous CD4þ and CD8þ T cells in the absence (blue) or
presence (red) of TAK-779. Cell-associated luminescence (correlating with
viable mycobacteria) was determined in triplicate samples before and 24
hours after the addition of T cells. Results are representative of three
separate experiments.
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the CCR5 agonist RANTES induced interleukin-

6 (IL-6) release from wild-type but not CCR5D32
iDCs (Fig. 4C). Furthermore, pretreatment of

iDCs with pertussis toxin or TAK-779 inhibited

the ability of peptide-loaded myHsp70 to stimu-

late DCs to generate influenza peptide–specific

CTLs (Fig. 4D). To examine the effect of CCR5-

mediated signaling in mycobacterial infection, we

used the model pathogenM. bovis BCG-lux (12).

As reported for murine DCs (13), human DCs

from immune people were unable to kill inter-

nalized mycobacteria, even in the presence of

autologous T cells. TAK-779 inhibition of CCR5

led to a dose-dependent enhancement of intra-

cellular mycobacterial replication (Fig. 4E and fig.

S6A) at all concentrations of mycobacteria tested

(fig. S6B), suggesting an important role for this

receptor in controlling mycobacterial infection.

The identification of CCR5 as the critical re-

ceptor for myHsp70-mediated DC stimulation has

implications for both mycobacterial infection and

the therapeutic use of myHsp70. CCR5 is impor-

tant in immune cell cross talk. Interaction with its

naturally occurring ligand MIP-1b promotes the

recruitment of cells to sites of inflammation (14),

facilitates immune synapse formation (15), orches-

trates T cell interactions within lymph nodes

(16), and controls the activation and differentiation

of T cells (17). Our finding that a mycobacterial

lysate, as well as purified myHsp70, stimulated a

CCR5-dependent calcium response indicates a

further connection between the innate and adaptive

immune responses during mycobacterial infection.

The cellular aggregation induced by myHsp70

signaling through CCR5 may play an important

role in the formation of granulomas, the hallmark

of mycobacterial infection.

Microbial-induced DC responses need to be

highly regulated, reflecting a balance between a

rapid and appropriate response to invading mi-

crobes and the inducement of immunopathology

(2)—a particular problem in mycobacterial in-

fection. An increasing number of human patho-

gens, including HIV (18), toxoplasma (19), and

M. tuberculosis (as described here), target the

CCR5 receptor. This role of CCR5 as a pattern-

recognition receptor for myHsp70 may, at least

in part, be responsible for the maintenance of the

high CCR5D32 allele frequency (10 to 15%) in

Northern European populations (20) and may

alter the pattern of disease seen in people with

the CCR5D32 allele.

References and Notes
1. J. L. Flynn, J. Chan, Trends Microbiol. 13, 98 (2005).
2. J. L. Flynn, J. Chan, Annu. Rev. Immunol. 19, 93 (2001).
3. Y. Wang et al., J. Immunol. 169, 2422 (2002).
4. M. J. Gething, J. Sambrook, Nature 355, 33 (1992).
5. P. Srivastava, Annu. Rev. Immunol. 20, 395 (2002).

6. P. A. MacAry et al., Immunity 20, 95 (2004).
7. M. Baba et al., Proc. Natl. Acad. Sci. U.S.A. 96, 5698 (1999).
8. M. Benkirane, D. Y. Jin, R. F. Chun, R. A. Koup,

K. T. Jeang, J. Biol. Chem. 272, 30603 (1997).
9. J. E. Hildreth, F. M. Gotch, P. D. Hildreth, A. J. McMichael,

Eur. J. Immunol. 13, 202 (1983).
10. P. Revy, M. Sospedra, B. Barbour, A. Trautmann,

Nat. Immunol. 2, 925 (2001).
11. M. L. Dustin, T. G. Bivona, M. R. Philips, Nat. Immunol. 5,

363 (2004).
12. B. Kampmann et al., J. Infect. Dis. 182, 895 (2000).
13. K. A. Bodnar, N. V. Serbina, J. L. Flynn, Infect. Immun.

69, 800 (2001).
14. J. G. Cyster, Annu. Rev. Immunol. 23, 127 (2005).
15. M. Nieto et al., J. Exp. Med. 186, 153 (1997).
16. F. Castellino et al., Nature 440, 890 (2006).
17. S. A. Luther, J. G. Cyster, Nat. Immunol. 2, 102 (2001).
18. T. Dragic et al., Nature 381, 667 (1996).
19. J. Aliberti et al., Nat. Immunol. 4, 485 (2003).
20. E. de Silva, M. P. Stumpf, FEMS Microbiol. Lett. 241, 1 (2004).
21. We are grateful to M. Mahaut-Smith for the use of the Cairn

Spectrophotometer and A. Betz for CCR5–/– mice. Funded by
the Wellcome Trust (P.J.L.), the Medical Research Council
(R.A.F.), the Swiss National Science Foundation ( J.P.), and
FEBS (E.H.). P.J.L. holds a Lister Institute Research Prize.

Supporting Online Material
www.sciencemag.org/cgi/content/full/314/5798/454/DC1
Materials and Methods
Figs. S1 to S7
Table S1
Videos S1 to S4
References

26 May 2006; accepted 8 September 2006
10.1126/science.1133515

Direct Demonstration of an
Adaptive Constraint
Stephen P. Miller,1 Mark Lunzer,1 Antony M. Dean1,2*

The role of constraint in adaptive evolution is an open question. Directed evolution of an engineered
b-isopropylmalate dehydrogenase (IMDH), with coenzyme specificity switched from nicotinamide
adenine dinucleotide (NAD) to nicotinamide adenine dinucleotide phosphate (NADP), always produces
mutants with lower affinities for NADP. This result is the correlated response to selection for relief
from inhibition by NADPH (the reduced form of NADP) expected of an adaptive landscape subject to
three enzymatic constraints: an upper limit to the rate of maximum turnover (kcat), a correlation in
NADP and NADPH affinities, and a trade-off between NAD and NADP usage. Two additional constraints,
high intracellular NADPH abundance and the cost of compensatory protein synthesis, have ensured
the conserved use of NAD by IMDH throughout evolution. Our results show that selective mechanisms
and evolutionary constraints are to be understood in terms of underlying adaptive landscapes.

T
he old notion of natural selection as an

omnipotent force in biological evolution

has given way to one where adaptive pro-

cesses are constrained by physical, chemical, and

biological exigencies (1–4). Whether constraint

and/or stabilizing selection explain phenotypic

stasis, in the fossil record and in phylogenies, re-

mains an open question (5). Direct experimental

tests of constraint are scarce (6–9). Even tight

correlations among traits, at once suggestive of

constraint, can be broken by artificial selection to

produce new phenotypic combinations (8, 9). De-

spite all circumstantial evidence, results from

direct experimental tests imply that selection is

largely unconstrained.

The direct experimental test for constraint is

conceptually simple. A phenotype is subjected to

selection (natural or artificial) in an attempt to

break the postulated constraint (6–9). A response

to selection indicates a lack of constraint. No re-

sponse to selection indicates the presence of a

constraint. However, the cause of a constraint is

rarely specified because the etiologies of most

phenotypes are not well understood, their relation-

ships to fitness are usually opaque, and a lack of

response to selection may reflect nothing more

than a lack of heritable variation (4, 7). If the

cause of a constraint is to be elucidated, it must

be for a simple phenotype whose relationship to

fitness is understood.

Coenzyme use by b-isopropylmalate dehydro-

genase (IMDH) is a simple phenotype whose

etiology and relationship to fitness are understood

(10, 11). IMDHs catalyze the oxidative decarboxyl-

ation of b-isopropylmalate to a-ketoisocaproate
during the biosynthesis of leucine, an essential

amino acid. All IMDHs use nicotinamide adenine

dinucleotide (NAD) as a coenzyme (cosubstrate).

This invariance of function among IMDHs hints

at the presence of ancient constraints, even though

some related isocitrate dehydrogenases (IDHs)

use NADP instead (12, 13).

Structural comparisons with related NADP-

using IDHs identify amino acids controlling co-

enzyme use (14–16) (Fig. 1A). Introducing five

replacements (Asp236 Y Arg, Asp289 Y Lys,

Ile290 Y Tyr, Ala296 Y Val, and Gly337 Y Tyr)

into the coenzyme-binding pocket of Escherichia

coli leuB–encoded IMDH by site-directed muta-

genesis causes a complete reversal in specificity

(10, 11): NAD performance (k
cat
NAD/K

m
NAD, where

K
m

is the Michaelis constant) is reduced by a

factor of 340, from 68 � 103 M–1 s–1 to 0.2 �
103 M–1 s–1, whereas NADP performance

(k
cat
NADP/K

m
NADP) is increased by a factor of 70,

from 0.49 � 103 M–1 s–1 to 34 � 103 M–1 s–1.

The engineered LeuBERKYVYR^ mutant (the

final R represents Arg341, already present in

wild-type E. coli IMDH) is as active and as spe-

cific toward NADP as the wild-type enzyme is
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