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Fig. 5. Association of Mec1 with sites near the
HO-induced DSB. (A) Kinetics of Mec1 associ-
ation with DSB. (B) Effect of the rad9A, rad24A,
and ddc7A mutations on Mec1 association with
DSB. Cells transformed with pGAL-HO or the
control vector were processed and subjected to
a chromatin immunoprecipitation assay, as in
Fig. 2B (A) and Fig. 2C (B). Strains used (77)
contain MATa and MECT-HA.

the association of Mecl with DNA lesions
remains to be determined. ATR and hRad9
are human homologs of Mecl and Ddcl,
respectively (), and localize to nuclear
foci that may contain regions of damaged
DNA (27, 28). Because homologs of the
checkpoint genes have been identified in
other species, it is likely that the mecha-
nism described here is conserved in the
checkpoint control among eukaryotic cells.
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The Plasticity of Dendritic Cell
Responses to Pathogens and
Their Components
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Dendritic cells are involved in the initiation of both innate and adaptive im-
munity. To systematically explore how dendritic cells modulate the immune
system in response to different pathogens, we used oligonucleotide microarrays
to measure gene expression profiles of dendritic cells in response to Escherichia
coli, Candida albicans, and influenza virus as well as to their molecular com-
ponents. Both a shared core response and pathogen-specific programs of gene
expression were observed upon exposure to each of these pathogens. These
results reveal that dendritic cells sense diverse pathogens and elicit tailored

pathogen-specific immune responses.

How organisms respond appropriately to the
wide variety of pathogens and antigens they
encounter on a daily basis remains a central
question in immunology. It has recently been
shown that pattern recognition receptors ex-
pressed on immune cells contribute to the
specific detection of pathogens (/, 2). How-
ever, the downstream target genes induced by
the different pathogens have not been fully
determined. The importance of dendritic cells
(DCs) in initiating immune responses led us
to investigate at a genetic level how DCs

"Whitehead Institute for Biomedical Research, Cam-
bridge, MA 02142, USA. 2Department of Biology, Mas-
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02142, USA. 3Whitehead Institute Center for Genome
Research, Cambridge, MA 02139, USA.

*To whom correspondence should be addressed. E-
mail: hacohen@wi.mit.edu

discriminate different pathogens (3). DCs re-
side in an immature state in most tissues,
where they recognize and phagocytose patho-
gens and other antigens (4). Direct contact
with many pathogens leads to the maturation
of DCs, which is characterized by an increase
in antigen presentation, expression of co-
stimulatory molecules, and subsequent stim-
ulation of naive T cells in lymphoid organs
(4). The extensive reprogramming of DCs
during maturation prompted us to measure
the corresponding changes in gene expres-
sion. We used oligonucleotide microarrays
(9) to test to what extent DCs discriminate
between phylogenetically diverse pathogens
and whether the commonly studied molecular
components of these pathogens are sufficient
to account for the live pathogen response.
Human monocyte-derived DCs (6) were ex-
posed to a diverse set of organisms and com-
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pounds: a Gram-negative bacterial species,
E. coli, and its cell wall component, lipo-
polysaccharide (LPS); a fungus, C. albi-
cans, and yeast cell wall-derived mannan;
and an RNA virus, influenza A, and dou-
ble-stranded RNA (dsRNA). DCs were cul-
tured (6) with pathogens or their compo-
nents between 1 and 36 hours (7) and RNA
was isolated, labeled, and hybridized to
microarrays (8, 9). Each pathogen stimula-
tion was repeated in three independent do-
nors, and each component stimulation was
repeated in two donors. Genes with expres-
sion levels that changed in response to stimuli
(termed regulated genes) were selected on the
basis of repeated differences in the expres-
sion levels of the treated and untreated sam-
ples across multiple time points (/0). Of the
~6800 genes represented on the oligonucle-
otide array, a total of 1330 genes changed
their expression significantly upon encounter
with one of the pathogens or components
(10). Such a large-scale change in gene ex-
pression demonstrated that DCs are able to
undergo a marked transformation in their cel-
lular phenotype. :
Analysis of the individual responses to
pathogens showed that a unique number of
genes was regulated by each pathogen. Influ-
enza and E. coli were able to modulate the
expression of exclusive subsets of genes (Fig.
1, A and C) (I1), whereas C. albicans only

A B| Ecolic.amb C| E.co
E. coll Influenza
685 531
E. coll- 3
specific / . £
E
" ] E. coli E
nfluenza- ]
specific % 685
C. albicans- ] it
5 166
C. albicans apeciic
w0 ||, |\
Common
y 242
Fig. 1. Pathogen-regulated gene expres-
sion in human monocyte-derived DCs. (A) " LR
Overlapping sets of E. coli—, C. albicans—, & s
and influenza-regulated genes (70). Num- E
bers in the overlapping region of the 3 C. albicans
Venn diagram represent common regu- 289
lated genes. Numbers of pathogen-spe- L =
cific genes are shown inside the stippled g_,g
circles (77). Some pathogen-specific &| [ S
genes are also found in the common PrEm p— o~
group but are much more strongly regu- repression  induction
lated in one pathogen than in others. (B) >8 >4 0 >4 >8
Representation of mRNA expression lev- i .

elsat 0, 1, 2, 4, 8 12, and 24 hours in

response to £. coli and C. albicans. Each gene is represented by a single
row of colored bars, and each time point is represented by a single
column. Color bars represent the ratio of hybridization measurements
between corresponding time points in the pathogen and control medium
profiles, according to the scale shown. Genes are placed in groups
corresponding to pairwise overlaps shown in accompanying Venn dia-
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modulated the expression of a subset of E.
coli-regulated genes (Fig. 1B). In addition,
gene expression was most rapidly induced by
E. coli, less rapidly by C. albicans, and most
slowly by influenza (12).

The intersection of the three different
pathogen responses revealed a common set of
166 highly regulated genes (Fig. 1, A and D).
To describe the dynamics of DC response
after exposure to any of the three pathogens,
we classified these genes according to their
kinetics of expression and known biological
functions (Fig. 2) (/3). Immediately after
contact with any of the three pathogens, a
rapid decline was observed in the transcript
levels of genes associated with phagocytosis
and pathogen recognition (Fig. 2B). At the
same time, there was a transient increase in
the expression of immune cytokines, chemo-
kines, and receptors that contribute to the
recruitment of monocytes, DCs, and macro-
phages to the site of infection. Also strongly
induced was a set of cytoskeletal genes that
may potentially mediate shape change and
migratory behavior of activated DCs. The
induction of signaling genes and transcription
factors in the middle phase may be involved
in preparing the DC to be receptive to regu-
latory signals in the lymphatics and lymph
nodes. In'addition, several antigen process-
ing and presentation genes were induced to
high levels in a sustained fashion. Genes

donors.

Infi

involved in generating reactive oxygen spe-
cies (ROS) were induced across the time
course, which suggests that infecting or-
ganisms are killed throughout DC matura-
tion and migration. Finally, during the late
phase, chemokine receptors known to me-
diate responses to lymph node chemokines,
thereby mediating DC migration, were up-
regulated (/4). The set of 166 genes de-
scribed here thus constitutes part of a core
DC response. This response is elicited in-
dependently of pathogen -characteristics
and unfolds as a temporally ordered cas-
cade that modulates both innate and adap-
tive immune responses (Fig. 2C).

In contrast, analysis of the E. coli—spe-
cific genes (Table 1 and Fig. 1E) showed
that DCs also strongly and rapidly up-reg-
ulated most innate immune genes on the
array, including inflammatory cytokines,
neutrophil- and monocyte-attracting che-
mokines, and prostaglandin pathway com-
ponents. This potent inflammatory re-
sponse probably is partially counteracted
by interleukin-10 (IL-10) that is induced in
the middle phase. At later times, genes that
regulate the adaptive immune response
were induced, including T cell-stimulating
genes, secreted cytokines, and a subset of
chemokines that are thought to attract naive
Ty2 T helper cells (15). An unexpected
class of cytokine receptors that share a

D E.coli C.alb Infi
Doner 123 123 123

E. coli
685

E Ecoi c.ab
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Infi

Influenza
531

£ £

time

grams. From top to bottom: E. coli- but not C. albicans-regulated genes;
common regulated genes; C. albicans— but not E. coli-regulated genes.
(C) Gene profiles and overlaps for £. coli and influenza. (D and E) Gene
expression of common response genes [(D), see also Fig. 2] and differ-
ential response genes [(E), same genes as in Table 1] in three independent

www.sciencemag.org SCIENCE VOL 294 26 OCTOBER 2001

871



872

common vy chain (IL-2R, IL-7R, IL-15R,
and IL-4R) were also induced. The expres-
sion of these receptors may allow DCs to
respond to lymphocyte-derived interleukins
within the lymph node.

All these immunostimulatory responses
may be enhanced through induction of ad-
ditional induced gene families (Table 1)
(12)—for example, cell stress genes that
modulate levels of antimicrobial ROS, an-
tiapoptotic genes that may extend the life-
time of the infected DC (/6), and the late-
expressing matrix metalloproteases that
may allow processing of cytokines and DC
migration to lymph nodes (/7). Genes with
undefined roles in DC function were also
regulated by E. coli, including signaling
molecules, transcription factors, adhesion

REPORTS

molecules, and many of the glycolytic
genes. HIF1a, a known transcription factor
of glycolysis genes, was also up-regulated
(18). Collectively, these diverse changes of
gene expression in response to E. coli and
LPS reflect a significant cellular and im-
munological reprogramming of the DC.
Relative to the response of DCs to E. coli,
their response to C. albicans was greatly
attenuated in many functional categories and
constituted a subset of the E. coli response,
with a much smaller number of immune
genes and with no robust C. albicans—spe-
cific genes (Fig. 1, A and B, and Table 1).
Because many of the immune genes are
known to be regulated by the transcription
factor NF-kB (19), this difference may be
partially explained by the relatively weak
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Fig. 2. Expression kinetics of common response genes in DCs. (A) Schematic transient (T) and
sustained (S) gene expression profiles based on self-organizing map clusters of up-regulated genes
(38). Temporal clustering of up-regulated genes is based on the expression kinetics of E. coli-
responsive genes (E, early; M, middle; L, late). Down-regulated genes (down) were placed into a
single cluster. (B) Function of genes regulated at different times in response to any pathogen;
underlined genes are down-regulated; all others are up-regulated. GenBank accession numbers are
listed in (72). (C) Stages in DC life: encounter and phagocytosis of pathogens, activation of the
innate immune response, migration to the lymph node, antigen presentation and stimulation of the

adaptive immune cells, and apoptosis.

NF-«B up-regulation (Table 1).

DCs regulated a large number of genes in
response to influenza, comparable to the
number regulated in response to E. coli.
However, the innate immune response was
relatively weak and completely devoid of
genes capable of stimulating neutrophils, as
confirmed by a neutrophil chemotaxis assay
(12). The adaptive response to influenza was
also distinct from the response to E. coli. The
antiviral genes—those encoding interferon
(IFN) o and p—were strongly induced, as
were the interferon-inducible chemokine
genes (Table 1). This suggests possible ef-
fects on induction and migration of naive Ty1
cells (/5). An important subset of genes in-
duced by influenza are linked with the inhi-
bition of the immune response at certain stag-
es. These include proapoptotic genes that
may lead to early death of infected cells (16)
as well as genes encoding mcp-1, which can
block IL-12 production in macrophages (20);
HLA-E, which can inhibit natural killer cells
(21); Gfrp, a close homolog of a protein that
inhibits NO synthesis (22); and IDO, which
can inhibit T cell activation (23). Influenza
also modulated the expression of a large set
of genes involved in diverse cellular func-
tions and whose contribution to pathogen-
host interactions may not have been studied
previously (12).

To further dissect the ability of DCs to
discriminate pathogens, we investigated
whether individual pathogen components
were sufficient to elicit these differential
pathogen responses. Despite additional ac-
tive molecules known to be present on
bacteria, LPS was able to mimic and ac-
count for almost the entire bacterial re-
sponse (Fig. 3A). Unexpectedly, the fungal
component mannan mimicked the magni-
tude and biological character of the bacte-
rial response more closely than it did the
fungal or viral response profiles (Fig. 3, A
and B) (12). Although dsRNA was a less
potent stimulator of the bacterial response,
it did elicit a strong innate response com-

A E.coli LPS C.alb. Man Infl. dsRNA
685 571 289 627 531 324
B E.coli Man E. coli dsRNA
685 627 685 324

€D €0

Fig. 3. Relation between pathogen- and com-
ponent-responsive genes. (A) Overlapping sets
of pathogen-regulated and corresponding com-
ponent-regulated genes (as in Fig. 1). (B) Com-
parison of E. coli-regulated and other compo-
nent-regulated genes.
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parable to that induced by bacteria, and at
the same time elicited aspects seen in the
viral response (Fig. 3, A and B) (/2). Thus,
all three components were able to elicit the
expression of many innate immune genes
as well as most of the genes in the common
pathogen response. This finding shows that
the core DC program can be triggered by
multiple stimuli with diverse molecular
structures.

Genome-scale studies of DC transcrip-
tional responses have allowed us to dem-
onstrate the existence of common and dif-
ferential pathogen recognition pathways.
Although there have been reports of chang-
es in gene expression in DCs in response to
LPS, the response to pathogens has not
been thoroughly investigated (24, 25). Dif-
ferential immune responses to pathogens
have been described in clinical and animal
studies (26-28), and we show here that
these responses are reflected by changes in
DC gene expression.

The temporal cascade of gene expression
in the common response to pathogens [which
is also induced by Gram-positive Staphylo-
coccus aureus (29)] accounts for core DC
functions and delineates the essential role of
DCs in linking innate recognition of patho-
gens with antigen presentation and the devel-
opment of an adaptive T cell response (30—
33). The existence of this common response
reflects a convergence of pathways from re-
ceptors that are known to distinguish some of
these components and pathogens. In contrast,
the presence of pathogen-specific gene ex-
pression in most functional categories (in-
cluding transcription factors and cytokines)
suggests that distinct pathways are activated
by different pathogens. These differential re-
sponses demonstrate that human monocyte-
derived DCs are flexible in their responses
and may even exhibit a diversity of responses
similar to that of the different DC subtypes
(34, 35).

The extensive plasticity of the DCs ob-
served in our experiments indicates that the
concept of DC maturation cannot be simply
defined by the modulation of a standard set of
markers (4). Instead, we propose that DCs not
only are capable of generating a core response
to any pathogen, but also exhibit stimulus-spe-
cific maturation and activation. For each stim-
ulus, particular subsets of genes are modulated
and lead to important physiological conse-
quences. There is likely to be even more differ-
ential regulation in vivo, depending on DC
subtype, cell interactions, and tissue location.
Determining whether these unique responses
are advantageous to the pathogen, or to the host,
is essential for understanding host-pathogen in-
teractions (36). Further studies of these patho-
gen-regulated genes may thus enhance our un-
derstanding of DC maturation and provide fu-
ture targets for immunotherapy.
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Table 1. Functional categories of genes regulated differentially in response to E. coli, C. albicans, and
influenza. Code: +, gene expression is up-regulated in response to pathogen; —, gene expression is not
changed; ++ and +++, gene expression is changed at a higher level relative to other pathogens that
regulate the same gene (each + denotes increased expression by a factor of ~2.5); +/—, gene expression
is regulated in a subset of donors; d, gene expression is down-regulated.

GenBank

Gene accession no. E. coli C. albicans Influenza
Innate
Neutrophil
il8 Y00787 +++ + +
grol X54489 +++ + +/-
gro2 M57731 +++ + +/-
gro3 X53800 ++ +/- +/-
Inflammation
tnfo X02910 ++ + +
il1B X04500 +++ + +
il6 X04602 ++ + +
ilTo M28983 + - -
gesf X03656 ++ - -
mip1B M69203 ++ + ++
mip3a/larc u64197 ++ +/- +/-
mip3p/elc u77180 + +/- +/-
bf L15702 ++ + +/-
Prostaglandin/leukotriene
ptgir D38128 ++ + +
ptgerda L28175 - - +
cox2 U04636 ++ +
Adaptive
T cell: T41
il12b/p40 M65290 ++ + -
itac U59286 + + ++
mig X72755 + + ++
inp10 X02530 + + ++
ifnB1 V00535 + - ++
ifna2 00207 - - +
ifnal3 J00210 - - +++
ifna14 V00533 - - +
ifna16 M28585 - - +
T cell: T2
tarc D43767 ++ + +/-
mdc u83171 + + +/-
T cell stimulation
41bbL U03398 ++ - +/-
slam u33017 +++ + +
cd86 U04343 + + +
icam1 M24283 ++ + ++
ebi3 L08187 ++ + -
Antigen presentation
B2m J00105 ++ - ++
Imp10 X71874 + + +/-
B cell
pbef U02020 +++ + +
Immune receptor
il15ra u31628 ++ +/- +
ilzr M29696 ++ + +
itr X01057 + +/- -
il4r X52425 + + +/-
gmcsfr X17648 + +/- -
il3r D49410 + + -
41bb u03397 +++ +/- ++
tnfr2 M32315 ++ - -
il13rac? Y10659 ++ ++ -
cd155 M24406 +++ - -
cd83 211697 ++ ++ ++
Immune transcription
nfkb p52 $76638 ++ +/- +
nfkbp50 M58603 ++ +/- ++
nfkb p65 L19067 + + +
nfxb relB M83221 + +/- -
stat5a U43185 ++ + -
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ogy Inc.) were differentiated into DCs for 7 days in isgf3 M87503 + +/- +
standard conditions with granulocyte-macrophage csda M24069 ++ - -

colony-stimulating factor (GM-CSF) and IL-4 (72, 30).

7. Pathogens or their components were added to DC Glycolysis and energy

cultures (107 cells per plate per time point) at day 7 enol M14328 + - d
at the following amounts: E. coli SD54 (ATCC) [mul- pk3 X56494 ++ - +/-
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analysis tools developed in the lab. Messenger RNA .
expression kinetics and induction levels were validat- Apoptosis
ed with enzyme-linked immunosorbent assay (ELISA) Inhibitor
measurement of tumor necrosis factor (TNF) «, IL- pai2 M31551 ++ - _
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