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The	chemokines	are	a	large	family	of	mainly	secreted	molecules	involved	in	the	regulation	of	numerous	physi-
ological	and	pathophysiological	processes.	Despite	many	years	of	investigation,	the	precise	cellular	sources	
of	most	chemokines	have	remained	incompletely	defined	as	a	consequence	of	the	limited	availability	of	suit-
able	reagents	to	visualize	the	expression	of	chemokine	proteins	at	the	single-cell	level.	Here,	we	developed	a	
simple	flow	cytometry–based	assay	using	commercially	available	chemokine-specific	antibodies	for	efficient	
cell-associated	detection	of	37	of	39	murine	chemokines.	To	demonstrate	the	utility	of	this	methodology,	we	
used	it	to	reevaluate	the	nature	of	homeostatic	chemokines	in	the	hematopoietic	compartment,	to	delineate	
the	complete	chemokine	profiles	of	NK	cells	and	B	cells	in	response	to	major	polyclonal	stimuli,	and	to	assess	
the	chemokine	response	of	DCs	to	bacterial	infection.	The	versatility	of	this	analytical	methodology	was	fur-
ther	demonstrated	by	its	application	to	selected	human	chemokines	and	should	greatly	facilitate	any	future	
investigation	into	chemokine	biology	at	large.

Introduction
The term chemokine, a linguistic contraction derived from chemo-
tactic cytokine, describes a large family of mostly secreted small 
molecules involved in numerous physiological and pathophysi-
ological processes. Although their nominal function, the con-
trol of directed cell migration, constitutes a defining attribute, 
chemokines exert a host of additional activities  that modu-
late many fundamental properties of cellular function (1–13). 
With the completion of the human and murine genomes, the 
rapid discovery of novel chemokines has come to an apparent 
conclusion, and the chemokines may in fact be one of the first 
mammalian superfamilies known in its entirety (14). Based on 
a defining tetracysteine motif, chemokines can be divided into 
4 distinct subfamilies (15): CC chemokines (CCL1–CCL28) con-
tain 2 adjacent cysteine residues near their amino terminus that 
are separated by a single nonconserved amino acid in the CXC 
chemokines (CXCL1–CXCL17) and by 3 amino acids in the sole 
CX3C member, CX3CL1; the C chemokines (XCL1/2 in humans, 
only XCL1 in mouse) lack 1 of the first 2 cysteine residues found 
in the other subfamilies. In general, this subdivision limits che-
mokine binding  to members of  certain chemokine  receptor 
subgroups. However, among the CC and CXC subfamilies, a 
degree of redundancy and promiscuity exists, with some recep-
tors able to bind multiple chemokines and some chemokines 
capable of engaging multiple receptors. It should be noted that 
the structure-based taxonomy of chemokines does not super-
sede, but rather complements, an older classification according 
to functional properties (homeostatic, inflammatory, and dual-
use chemokines) or the alternative clustering based on genomic 
organization (14).

The extraordinary complexity of the chemokine system emerg-
es from the confluence of several factors. Excluding pseudo-
genes and multiple copy numbers for some chemokine genes, 

the murine genome contains 40 distinct genes that give rise to 
39 unique chemokine proteins (14), as the Ccl21b and Ccl21c 
gene products are identical (Table 1). In addition to the large 
number of chemokine family members (at least 46 in humans), 
the presence of splice variants and extensive posttranslational 
modifications, existence of promiscuous receptor binding and 
receptor-independent binding, formation of hetero-oligomeric 
chemokine complexes, dynamic expression patterns and func-
tional diversity combine to generate an exceedingly broad spec-
trum of possible chemokine activities (1, 16, 17). Although the 
transcriptional expression patterns of many chemokines have 
been  detailed  in  various  experimental  and  clinical  settings, 
analytical access to specific chemokine-secreting cell types has 
remained somewhat limited, given methodological approaches 
preferentially reliant on immunoblots, ELISA assays, and/or 
immunohistochemistry (IHC).

The analytical method of choice for the detection of chemo-
kine proteins in defined cellular subsets is flow cytometry (FC), 
which allows for multiparametric analysis of individual chemo-
kine-producing cells within larger cell populations of interest. 
Here, the preferred tools are chemokine-specific mAbs conjugat-
ed to fluorochromes; however, although the list of FC-approved 
mAbs is growing, no such reagents are available for the majority 
of murine chemokines (Table 1). Polyclonal Abs (pAbs) consti-
tute an appropriate alternative, and indeed have been used for 
the flow cytometric detection of selected murine chemokines in 
a variety of immune cell subsets, such as T cells, NK cells, NKT 
cells, DCs, monocyte/macrophages (Mo/Mφ), granulocytes, and 
others (18–27). However, not all studies have rigorously excluded 
potential crossreactivities of these reagents, and, to our knowl-
edge, direct visualization by means of FC has not been reported 
for most murine chemokines.

The use of pAbs rather than mAbs for detection of intracellular 
antigens offers a number of challenges and some advantages 
that have to be addressed in order to assure their reliable usage 
for FC (see Methods). With the aim to develop comprehensive 
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analytical  access  to  all  known  murine  chemokines,  we  have 
selected, tested, and validated a panel of commercially available 
affinity-purified pAbs specific for 37 of 39 murine chemokines 
for use in FC (Table 1). To demonstrate the principal utility of 
our approach to chemokine FC, we applied this methodology to 

an identification of homeostatic chemokines and the principal 
hematopoietic cell subsets in the spleen involved in their expres-
sion (Table 2). In addition, we have delineated the complete che-
mokine profiles of NK and B cells in response to major stimuli 
and defined the DC chemokine response to infection (Table 2).

Table 1
Chemokine nomenclature and antibodies

Name	 Other	 Gene	 Polyclonal	 IHCA	 Partial	 FC-approved	
	 name(s)	 symbol	 Ab	ID	 	 x-reactivityB	 mAbs	(clone	ID)
CC	family
CCL1 TCA-3/I-309 Ccl1 AF845C  None 1A6 (hamIgG)D

CCL2 JE/MCP-1 Ccl2 AF479-NAC  CCL7/12 2H5 (hamIgG1)D,E,F

CCL3 MIP-1α Ccl3 AF450-NAC Yes CX3CL1 39624 (rIgG2a)C

CCL4 MIP-1β Ccl4 AF451-NAC Yes None
CCL5 RANTES Ccl5 AF478C Yes CCL3
CCL6 C10 Ccl6 AF487C  CCL9/10 262016 (rIgG2b)C

CCL7 MARC/MCP-3 Ccl7 AF456-NAC  CCL2/5/8/11/12
CCL8 MCP-2 Ccl8 AF790C  None
CCL9/10 MIP-1γ Ccl9 AF463C  CCL6
CCL11 Eotaxin Ccl11 AF420-NAC Yes CCL7/CX3CL1
CCL12 MCP-5 Ccl12 AF428C  CCL2/7
CCL17 TARC Ccl17 AF529C  None
CCL19 ELC/exodus-3 Ccl19 AF880C Yes None
CCL20 MIP-3α, LARC Ccl20 AF760C  None
CCL21aG SLC/6Ckine/CCL21ser Ccl21a AF457C  None
CCL21b/cG CCL21leu Ccl21b/c AF457C  None
CCL22 MDC Ccl22 AF439C  CCL20
CCL24 Eotaxin-2 Ccl24 AF528C  None
CCL25 TECK Ccl25 AF481-NAC Yes None
CCL26 CCL26L/Eotaxin-3 Ccl26 NA
CCL27 CTACK Ccl27a AF725C Yes None
CCL28 MEC Ccl28 AF533C  None

CXC	family
CXCL1 KC Cxcl1 AF453-NAC  CXCL2/3
CXCL2 MIP-2 Cxcl2 AF452-NAC Yes CXCL1/3/5
CXCL3 DCIP1/GM1960 Cxcl3 NA
CXCL4 PF4 Pf4 AF595C  CXCL1/2
CXCL5 LIX Cxcl5 AF433C  CXCL1/2/3/10
CXCL7 NAP-2/β-TG/TCK-1 Ppbp AF7932 Yes CXCL2
CXCL9 MIG/CRG-10 Cxcl9 AF492-NAC  None
CXCL10 IP-10/CRG-2 Cxcl10 AF466-NAC Yes None
CXCL11 I-TAC Cxcl11 AF572C  None
CXCL12 SDF-1/PBSF Cxcl12 AF310-NAC  None 79018 (mIgG1)C

CXCL13 BLC Cxcl13 AF470C Yes None
CXCL14 BRAK/MIP-2γ Cxcl14 AF866C  NoneH 131120 (mIgG2a)C,I

CXCL15 Lungkine/WECHE Cxcl15 AF442C  None
CXCL16 SR-PSOX Cxcl16 AF503C  None
CXCL17 DMC/VCC1 Cxcl17 AF4270C  None

CX3C	family
CX3CL1 Fractalkine/neurotactin Cx3cl1 AF472C  None

C	family
XCL1 Lymphotactin/ATAC Xcl1 AF486C  None MTAC-2 (rIg)J

mAb species are indicated as hamster (ham-), mouse (m-), and rat (r-). AInformation about IHC-approved pAb usage as per supplier. BCrossreactivities of 
individual chemokine-specific pAbs were determined as detailed in Supplemental Figure 1 and permitted distinction of 3 pAb groups: no crossreactivity, 
minor crossreactivity, and more pronounced crossreactivity (shown in bold). This distinction was based on the fluorescence intensities (GMFI) of a given pAb 
comparing crossrecognized and cognate chemokines in Supplemental Figure 1 (minor, >10-fold lower GMFI relative to cognate chemokine; pronounced, 
5- to 10–fold lower GMFI). CAb source, R&D Systems. DAb source, BD Biosciences. EAb source, eBioscience. FAb source, Biolegend. GThe distinct CCL21 
genes Ccl21a/b/c give rise to 2 unique proteins, CCL21a [Ser65] and the identical gene products CCL21b and CCL21c [Leu65], and the AF457 pAb does not 
distinguish between CCL21-Ser and CCL21-Leu. HNo crossreactivity with noncognate chemokines was observed for anti-hCXCL14 pAb (AF866) or anti-
hCXCL14 mAb (clone 131120). IUtility for FC was determined in the present study. JAb source, ref. 18.
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Results

Development of a FC-based assay for detection of murine 
chemokines
To develop a comprehensive tool set for the detection of murine 
chemokines by FC, we evaluated a large panel of commercially 
available chemokine-specific Abs. Given the scarcity of mAbs suit-
able for this application (Table 1), we focused our attention on 
pAbs and defined several criteria for their effective and reliable 
use in FC (see Methods). Here, HEK 293T cells were transfected 
with bicistronic GFP vectors containing individual chemokine 
genes and subsequently stained with the respective chemokine-
specific pAbs for concurrent visualization of the reporter gene 
and chemokine protein by FC (see Methods). Our results, dis-
played in Figure 1 and summarized in Table 1, identified 36 che-
mokine-specific pAbs suitable for the flow cytometric detection 
of 37 of 39 cell-associated chemokines (the anti-CCL21 pAb does 
not discriminate between CCL21-Ser and CCL21-Leu; Table 1). 
Detection of CXCL14 posed a particular challenge, as a result 
of several pAbs being found unsuitable for FC and a failure of 
intracellular CXCL14 protein accumulation (data not shown). 
The latter observation likely resulted from proteasomal degrada-
tion, as previously reported for human CXCL14 (hCXCL14) trans-
fected into HEK and other cancer cell lines (28), as well as the fact 
that the unique “destruction sequence” identified by Peterson et 
al. (28) is largely preserved in murine CXCL14 (mCXCL14). We 
therefore cultured Cxcl14-transfected HEK cells in the presence 
of a protease inhibitor, permitting specific detection of CXCL14 
at low levels with the anti-hCXCL14 pAb AF866, but not the anti-
mCXCL14 pAb AF730 (Figure 1 and data not shown; mouse and 
human CXCL14 are 95% identical). In contrast, robust CXCL14 
expression was revealed with an anti-hCXCL14 mAb, which con-
sequently became our preferred reagent for analysis of mCXCL14 
expression by FC. Finally, no suitable reagents could be identified 
for the specific detection of the 2 remaining chemokines, CCL26 
and CXCL3 (data not shown).

Perhaps the main concern regarding the use of pAbs pertains 
to their enhanced potential for crossreactivity. The specificities 
of many pAbs used in the present study have been verified by 
immunoblot and/or ELISA using large panels of recombinant 
chemokines  (see  data  sheets  for  pAbs  listed  in  Table  1),  yet 
none of the pAbs have been evaluated in a systematic fashion 
for potential crossreactivities when used in FC. To this end, we 
determined the reactivity of all 36 chemokine pAbs with each of 
the 36 HEK chemokine transfectants, as shown in Supplemental 
Figure 1 (supplemental material available online with this article; 
doi:10.1172/JCI40645DS1) and summarized in Table 1. Although 
the majority of chemokine pAbs exclusively recognized their cog-
nate antigen, 14 pAbs exhibited partial reactivity with noncog-
nate chemokines. The majority of crossreactivities were focused 
on chemokines that belong to the CC-MCP (CCL2/7/8/11/12) 
or CXC-GRO (CXCL1–CXCL7) clusters (ref. 14 and Supplemen-
tal Figure 1), emphasizing the role of structural homologies in 
shaping the crossreactive pAb repertoire. Importantly, however, 
the precise degree of crossreactivity was for the most part minor 
(>10-fold lower staining intensities for crossrecognized versus 
cognate chemokines; Table 1); moreover, as detailed below, the 
respective pAbs retained their principal utility for analyses of 
primary cells, especially when used in combination and comple-
mented with transcriptome analyses.

Reevaluation of homeostatic chemokine expression by means of FC
The distinction between homeostatic and inflammatory chemo-
kines emphasizes the biological context in which individual che-
mokines exert their function and reflects a consensus that has 
been established in a multitude of different experimental systems 
(14). The more recent introduction of a third category, dual-use 
chemokines, testifies to the evolving nature of this conceptual dis-
tinction, as it incorporates novel observations that resist a precise 
assignment to either of the 2 prevailing categories (14). Because 
the exact criteria guiding attribution — to the category of homeo-
static chemokine in particular — are thus in flux, we introduce a 
definition for the purpose of the present study based on chemo-
kine FC as the principal analytical readout: Homeostatic chemo-
kines are those chemokines detectable in defined cellular subsets 
in the absence of exogenous stimuli. More precisely, we distinguish 
constitutive chemokine protein expression (detectable directly ex 
vivo) from spontaneous chemokine production (after a 5-hour 
culture in the presence of the protein transport inhibitor brefeldin 
A [BFA], but in the absence of specific stimuli) that most likely 
results from the translation of preexisting chemokine transcripts. 
An investigation into the extent to which the homeostatic chemo-
kines identified here contribute to immune homeostasis, however, 
is beyond the scope of the present study.

Remarkably,  nearly  half  the  murine  chemokines  evaluated 
(18 of 37) were produced in a constitutive and/or spontaneous 
fashion in cells recovered from the spleens of unmanipulated 
B6 mice (Figure 2). Pronounced constitutive chemokine expres-
sion was observed for CCL5, CCL6, CCL9/10, CCL21, CCL27, 
CXCL4, and CXCL7. In contrast, only  low-level expression of 
CCL7, CCL8, CCL11, CXCL9, and XCL1 was detected directly 
ex vivo in smaller splenic hematopoietic cell subsets, and several 
additional chemokines  (CCL2, CCL3, CCL4, CCL22, CXCL2, 
and CXCL16) were synthesized after a brief in vitro culture in 
a spontaneous manner. Two-thirds of the above chemokines, 
namely CCL2/3/4/5/6/7/8/11 and CXCL2/7/9/16, are tradition-
ally regarded as inflammatory (14), and their constitutive and/or 
spontaneous expression observed here suggests that these che-
mokines may also exert previously unrecognized homeostatic 
functions. Whether the presence of the latter chemokines under 
conditions of immune homeostasis warrants their reclassification 
as dual-use members of the chemokine superfamily may remain 
a matter of debate. However, it is important to emphasize that 
the simple presence of many inflammatory chemokines, as shown 
here, does not necessarily reflect activation of immune cells in 
response to pathological processes.

To identify cellular subsets capable of homeostatic chemo-
kine production, we initially focused on cells expressing CD11b  
(Figure 2), an integrin prominently expressed by granulocyte,  
Mo/Mφ,  and DC subsets. However, CD11b  is also expressed 
by activated T cells, small B cell subsets, and mature NK cells 
(refs. 29–32 and Figure 3A), and, a more detailed demarcation 
of innate immune cell populations can therefore be achieved by 
analytical exclusion of B cells (CD19+), T cells (CD3ε+), NK cells 
(NK1.1+), and NKT cells (NK1.1+CD3ε+) and by expression analy-
sis of 2 additional markers: Gr-1, composed of Ly6C and Ly6G 
antigens, and the glycoprotein F4/80 (Figure 3B). The resulting 
delineation of 6 cellular subsets, combined with a determina-
tion of CD11c expression levels (Figure 3C), permits the identi-
fication of granulocytes, Mo/Mφ, conventional DCs (cDCs, with 
CD11c+ and CD11c++ subsets), CD45R/B220+ plasmacytoid DCs 
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(pDCs), a small population of F4/80++ Mo/Mφ, and a group of 
CD11b–Gr-1–F4/80–CD11c– cells, many of which lack expression 
of CD45 (Table 3). These distinctions correspond well to a con-
temporary phenotypic differentiation of Mo/Mφ, DC, and granu-
locyte subsets (33, 34).

Delineation of cellular subsets exhibiting homeostatic or induced 
chemokine expression
The combined analysis of complex cellular phenotypes and che-
mokine expression by FC allows for the precise characterization 
of chemokine-producing cell subsets under varied experimental 

Table 2
Summary of chemokine expression patterns and cellular subsets

	 Homeostatic	 Inflammatory
Name	 Constitutive	(ex	vivo)	 Spontaneous	(5	h	culture	with	BFA)	 (induced/stimulated)A

CC	family
CCL1 – – TE, TM

CCL2 – Mo/Mφ Mo/Mφ, cDC, BMDC
CCL3 – Mo/Mφ, cDC, BMDC, B TE, TM, NK, Mo/Μφ, cDC, BMDC, B
CCL4 – Mo/Mφ, cDC, BMDC, B TE, TM, NK, Mo/Mφ, cDC, BMDC, B
CCL5 TE, TM, NK TE, TM, NK, BMDC TE, TM, NK, Mo/Mφ, cDC, BMDC
CCL6 Granulocyte, Mo/Mφ, cDC Granulocyte, Mo/Mφ, cDC, BMDC Mo/Mφ
CCL7 [B], CD45– [B], CD45– Mo/Mφ, cDC, BMDC
CCL8 B B [BMDC]
CCL9/10 Granulocyte, Mo/Mφ, cDC Granulocyte, Mo/Mφ, cDC, BMDC TE, TM, [NK], Mo/Mφ, cDC
CCL11 DC, CD11b+, [B], CD45– Mo/Mφ, DC, BMDC, [B], CD45– BMDC
CCL12 – – BMDC
CCL17 – BMDC BMDC
CCL19 – – No increase
CCL20 – – No increase
CCL21a T, DC (captured) – No increase
CCL21b/c T, DC (captured) – No increase
CCL22 – cDC, BMDC cDC, BMDC, B
CCL24 – – No increase
CCL25 – – No increase
CCL26
CCL27 Granulocyte, DC Granulocyte, DC BMDC
CCL28 – – No increase

CXC	family
CXCL1 – BMDC Mo/Mφ, cDC, BMDC
CXCL2 – Mo/Mφ, BMDC TE, [NK], Mo/Mφ, cDC, BMDC, granulocyte
CXCL3
CXCL4 Mo/Mφ, DC, granulocyte, B (captured) Mo/Mφ, DC, BMDC, granulocyte, B [CD45–] No increase
CXCL5 – – BMDC
CXCL7 Mo/Mφ, DC, granulocyte, B (captured) Mo/Mφ, DC, [BMDC], granulocyte, B, [CD45–] No increase
CXCL9 T (captured) – Mo/Mφ, cDC, BMDC
CXCL10 – – Mo/Mφ, cDC, BMDC
CXCL11 – – [Mo/Mφ, cDC]
CXCL12 – – No increase
CXCL13 – – No increase
CXCL14 – – No increase
CXCL15 – – No increase
CXCL16 – Mo/Mφ, DC, BMDC Mo/Mφ, DC
CXCL17 – – No increase

CX3C	family
CX3CL1 – – No increase

C	family
XCL1 – T, NK, [B] TE, TM, NK

Summary of data on chemokine expression patterns by primary spleen cells and BMDCs obtained in the present study; in the case of T cell–produced che-
mokines, findings from L. monocytogenes–specific CD8+ TE cells (18) and lymphocytic choriomeningitis virus–, vesicular stomatitis virus–, and L. monocy-
togenes–specific CD8+ and CD4+ TE and TM cells (J. Eberlein and D. Homann, unpublished observations) were combined. No suitable reagents could be 
identified for the specific detection of CCL26 and CXCL3. AStimulation protocols used for cellular subsets were as follows. For pathogen-specific TE and TM, 
viral and bacterial pathogen-derived peptides; for NK cells, PMA/ionomycin, IL-2, or IL-15; for Mo/Mφ and primary splenic DCs, LPS or IFN-γ; for BMDCs, 
L. monocytogenes infection; for B cells, LPS or anti-IgM/anti-CD40. Negative data are categorized as absence of detectable chemokine expression (–) 
and no increase in chemokine production after stimulation with any agent. Cell subsets listed in brackets exhibit marginal chemokine expression under the 
indicated experimental conditions.



technical advance

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 3      March 2010  911

conditions. Taking into account considerations and experimental 
strategies that address the partial crossrecognition of noncognate 
chemokines by several of the pAbs (Table 1), we first focused on 
homeostatic chemokine expression (Figure 4) and complemented 
these analyses with a general evaluation of induced chemokine 
production (Supplemental Figures 2 and 3) before assessing the 
complete chemokine response of specific immune cell subsets (NK 
cells, B cells, and DCs) in more detail. All data on cellular chemo-
kine expression profiles are summarized in Table 2.

CCL1. Although we did not detect homeostatic expression of 
CCL1 in splenic hematopoietic cells (Figure 2A), this chemokine 
was readily produced by subpopulations of activated effector 
and memory T cells (TE and TM, respectively). In fact, induced 
CCL1 expression identifies a subset of highly polyfunctional 
CD8+ and CD4+ TM cells (J. Eberlein and D. Homann, unpub-
lished observation).

CCL2. In the absence of ex vivo detectable CCL2, spontaneous 
production of this chemokine was restricted to a subset of Mo/Mφ  
(Figure 4A). LPS stimulation enhanced the fraction of CCL2+ Mo/Mφ  
only  slightly,  but  increased  CCL2  expression  levels  and  also 
induced production by a minor CD11c+cDC subset (Supplemen-
tal Figure 2A). Although these findings were confirmed by the 
absence of detectable CCL2 in tissues from Ccl2–/– mice (Supple-
mental Figure 2B), the anti-CCL2 pAb was also crossreactive with 
CCL7/12 (Supplemental Figure 1). We therefore conducted cor-
responding analyses with the anti-CCL2 mAb 2H5 and observed 
similar, but notably weaker, CCL2 expression patterns in B6 mice 

(Supplemental Figure 2C). Unexpectedly, the anti-CCL2 mAb, 
which did not react with CCL7, also recognized CCL12, a che-
mokine that was not spontaneously synthesized by spleen cells 
(Figure 2A and Supplemental Figure 2C). That the specificity of 
a widely used mAb was not limited to its cognate chemokine pro-
vides an example that the phenomenon of crossreactivty is not 
restricted to pAbs and illustrates the need to extend comprehen-
sive specificity analyses to mAbs.

CCL3 and CCL4. Spontaneous expression of CCL3 and CCL4 
occurred in both CD11b+ and CD11b– populations (Figure 4B). 
In the former group, CCL3/4 production was observed in subsets 
of Mo/Mφ and cDCs (Figure 4B), cell types that also responded 
with significantly increased CCL3/4 synthesis upon LPS stimu-
lation (in particular, Mo/Mφ and CD11c+cDCs, but also some 
granulocytes; Supplemental Figure 2A). Inducible CCL3/4 pro-
duction is also a major component of the pathogen-specific T 
cell response, but constitutive or spontaneous expression is only 
observed at a very low level in TE but not TM populations (J. Eber-
lein and D. Homann, unpublished observation). In agreement 
with this finding, only marginal spontaneous CCL3/4 expres-
sion was found in T cells of undefined specificity. Rather, B 
cell subsets constituted the largest CD11b– cell type capable of 
spontaneous CCL3/4 synthesis (Figure 4B). Finally, the minor 
crossreactivity of the anti-CCL3 pAb with CX3CL1 (Figure 2B), 
a chemokine not produced by splenic hematopoietic cells, did 
not result in false positive signals in CCL3-deficient cells stained 
with this pAb (data not shown).

Figure 1
Validation of chemokine-specific pAb use for FC. HEK 293T cells were transfected (Tx) with individual pIRES2-AcGFP1 vectors containing Il15 
(negative control) or 36 distinct murine chemokines and cultured for 18 hours. BFA was added for the final 14 hours to limit chemokine secretion, 
and cells were analyzed for expression of corresponding chemokine proteins by FC as detailed in Methods. All histograms are gated on GFP+ 
HEK cells comparing Il15 transfectants (gray solid) and respective chemokine transfectants (black tracing) stained with the same chemokine-
specific pAb. To reduce proteasomal degradation, Cxcl14-transfected HEK cells were cultured in the presence of 10 μM of the protease inhibitor 
MG-132 and stained with anti-hCXCL14 mAb clone 131120 or with an anti-hCXCL14 pAb (inset).
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CCL5.  We  identified  CCL5  as  one  of  the  most  prominent 
homeostatic chemokines (Figure 2A) with a constitutive expres-
sion pattern largely restricted to NK cells and several T cell sub-
sets (Figure 4C; note the absence of constitutive CCL5 in the 
CD3ε–CD19–NK1.1– population). Notwithstanding the fact that 
CCL5 can be induced in many other cell types, including Mo/Mφ  
and DCs (Supplemental Figure 2A), the lack of constitutive CCL5 
expression by the latter cells was systemic, applying to lymphatic 
and nonlymphatic tissues alike (blood, spleen, LNs, BM, perito-
neal cavity, liver, and lung; data not shown). CD44hi memory-
phenotype CD8+ T cells represent the major population of T 
cells featuring constitutive CCL5 expression, whereas subsets of 
γδTCR+ T cells and, to a much lesser extent, memory-phenotype 
CD4+ and NKT cells, are also CCL5+ (J. Eberlein and D. Homann, 
unpublished observation). Interestingly, pathogen-specific CD8+ 
TM within the memory-phenotype CD8+ population express par-
ticularly high levels of constitutive CCL5 and account for the 
largest source for ex vivo detectable CCL5 in pathogen-immune 
animals (J. Eberlein and D. Homann, unpublished observation). 
Finally, the weak crossreactivity of the anti-CCL5 pAb with CCL3 
appears to be negligible, as we observed no residual staining in 
various CCL5-deficient cell subsets evaluated under homeostatic 
or inflammatory conditions (data not shown).

CCL6 and CCL9/10. The murine chemokines CCL6 and CCL9/10, 
together with their closest human homologs, CCL23 and CCL15, 
belong to the N6 subfamily of proteins that have an N-terminal 
extension relative to other β-chemokines (14). The constitutive 
expression of both chemokines was rather pronounced and con-
fined to the same cell subsets (granulocytes, Mo/Mφ, and some 
CD11c+cDCs; Figure 4, D and F), but stood in apparent contrast 
to their homeostatic regulation: CCL9/10 can be found at extraor-
dinarily high levels in the circulation of normal mice (~1 μg/ml; 
ref. 35), yet serum levels of the inflammatory chemokine CCL6 
(36) are estimated to be more than 10,000-fold lower (A. Coelho, 
unpublished observation). The above considerations, however, 
are tempered by our observation that the complementary cross-
reactivities of anti-CCL6 and anti-CCL9/10 pAbs were the most 
pronounced of all chemokine pAbs evaluated (Supplemental Fig-
ure 1, A and B). Nevertheless, the expression pattern described 
above for CCL6 was confirmed with a noncrossreactive anti-CCL6 
mAb (Supplemental Figure 2D), and the ostensible phenotype of 
CCL9/10+ cells as well as the intensity of the anti-CCL9/10 pAb 
staining signal are consistent with the notion that granulocytes 
and Mo/Mφ are in fact coproducers of CCL9/10 and CCL6. In 

other cell types, attribution of the anti-CCL9/10 pAb signal to 
CCL9/10 production can be more definitive, for example, in acti-
vated T cell subsets that bind the anti-CCL9/10 pAb, but not the 
anti-CCL6 mAb (data not shown).

CCL7, CCL8, and CCL11. Anti-CCL7 and anti-CCL11 are part 
of a group of 4 pAbs that feature noncognate interactions with 
CC-MCP chemokines. The former pAb in particular exhibited an 
unusually broad spectrum of mostly low-level crossreactivities, 
including recognition of CCL2/11/12; conversely, the pAbs spe-
cific for CCL2/11/12 also partially recognize CCL7 (Table 1). In 
spite of these caveats, the results of a complementary evaluation of 
CCL7/8/11 and other crossrecognized chemokine expression led 
us to conclude the following. Production of CCL7/8/11, detectable 
ex vivo at low levels preferentially in the CD11b– compartment, 
remained  largely unchanged after short-term in vitro culture 
(Figure 2A), and some of the CCL8+ and CCL11+ cells appeared 
to be B cells (Figure 4, E and G). Although borderline expression 
can be found in T cells, pathogen-specific T cells neither contain 
Ccl7/8/11  mRNA  transcripts  nor  produce  the  corresponding 
proteins upon TCR engagement (J. Eberlein and D. Homann, 
unpublished observation). In addition, constitutive CCL11 was 
found in some CD11b+ cells, but its expression — mostly excluded 
from granulocytes and slightly more pronounced in pDCs — was 
not preferentially associated with a specific immune cell subset 
(Figure 4G). Upon stimulation with LPS,  induced chemokine 
expression was observed for CCL7 (mostly in Mo/Mφ and some 
DCs), but not for CCL8/11 (Supplemental Figure 2A and data not 
shown). Finally, about half of the CCL7+ cells and approximately 
one-third of CCL11+ cells, but no CCL8+ cells, analyzed for con-
stitutive and spontaneous chemokine production lacked expres-
sion of CD45. This population remains to be defined in detail, 
but did include fibroblastic reticular cells (FRCs), as determined 
by CD31 and/or gp38/podoplanin expression (Figure 4, E and G, 
and data not shown). However, the apparent CCL7/11 production 
by CD45– cells must be interpreted with caution, as CCL7-defi-
cient mice, which demonstrated the expected lack of LPS-induced 
CCL7 expression in CD11b+ populations (Supplemental Figure 
2E), nevertheless exhibited higher background staining in nonhe-
matopoietic cells (data not shown); further analyses of FRCs will 
also require optimized cell dissociation protocols (37).

CCL12, CCL17, CCL19, and CCL20. None of these chemokines 
were expressed by splenic hematopoietic cells under homeostatic 
conditions (Figure 2A). The lack of CCL12 is noteworthy because 
the chemokines weakly crossrecognized by the anti-CCL12 pAb 
(CCL2/7) were expressed under homeostatic conditions. We also 
evaluated CCL17 expression in LN DCs, which are reported to 
constitutively express Ccl17 mRNA (38), but did not detect any 
protein (data not shown). The apparent absence of homeostat-
ic CCL19 in spleen and LNs (Figure 2A and data not shown) is 
interesting because a recent publication proposed that CCL19 is 
surface-bound to T cells expressing its receptor CCR7 (39). This 
conclusion was based on differential staining intensities using 
a CCR7-specific Ab versus CCL19 fusion protein, and, although 
the CCL19-FP may well constitute a more sensitive reagent for the 
indirect determination of CCR7 occupancy by CCL19, direct Ab 
staining of surface-bound CCL19 was not performed (39).

CCL21. CCL21 exhibited a peculiar expression pattern: ex vivo 
detectable CCL21 in CD11b– cells disappeared after 5 hours of in 
vitro culture (Figure 2A). This observation suggests that CCL21 
may be acquired rather than produced by CD11b– cells and is sup-

Figure 2
Visualization and identification of homeostatic chemokines in splenic 
hematopoietic cells. (A and B) Spleen cells obtained from naive B6 
mice (or, for CXCL11 analyses, from Balb/c mice) were analyzed for 
chemokine expression directly ex vivo (constitutive) or after a 5-hour 
culture in the presence of BFA but absent any exogenous stimuli 
(spontaneous) as detailed in Methods. All plots are gated on “live” 
cells, as determined by forward/side scatter properties. Red circles 
denote chemokine-positive staining in the respective quadrants. (A) 
CC family. (B) CXC, CX3C, and C families. Note that our analyses of 
CXCL14 expression with a preconjugated anti-hCXCL14 mAb (clone 
131120) were associated with nonspecific staining of a CD11b++ cell 
subset (identical staining pattern observed with a preconjugated 
mIgG2a isotype control; not shown). Data are compiled from multiple 
independent experiments (n = 2–3 mice), with individual chemokine 
stains repeated at least twice.



technical advance

914	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 3      March 2010

ported by a recent report that documents the capture and surface 
immobilization of CCL21 by a variety of immune cells in the LN 
(26). Our subset analyses demonstrated that T cells constituted 
the major population of CCL21+ cells in the spleen and likely bind 
CCL21 via its receptor, CCR7 (Figure 4H). The notion that T cell 
CCL21 is preferentially captured is also supported by the observa-
tion that pathogen-specific T cells neither contain Ccl21 message 
nor upregulate mRNA or protein expression after specific in vitro 
stimulation (J. Eberlein and D. Homann, unpublished observa-
tion). However, our conclusions are in seeming contradiction to 
the finding by Friedman et al. that CD11c+ DCs bind CCL21 at 
higher levels than any other immune cell subset (26). We therefore 
evaluated surface CCL21 expression in LNs, spleen, and blood, tis-
sues previously shown to contain a wide range of distinct CCL21 
levels (about 2,000 ng/g, about 300 ng/g, and <10 ng/ml serum, 
respectively; refs. 40, 41). Indeed, the level of detectable surface 
CCL21 declined  in the expected order  (LN,  then spleen,  then 
blood), and although few CD11c+ cells were CCL21+ in the spleen, 
the  overall  mean  fluorescence  intensity  of  CCL21  stains  was 
higher in the CD11c++ cDC subset than in other cells (Figure 4H).  
Because CCL21 capture and presentation by DCs facilitates the 
specific priming of T cells by establishing initial antigen nonspe-
cific interactions (26), it is possible that the reciprocal interaction, 
namely the binding of CCL21-bearing T cells to CCR7+ DCs, may 
also contribute to improved T cell activation.

CCL22. In the absence of constitutive expression, CCL22 was 
spontaneously synthesized by cDC subsets, and to a lesser degree 
by CD45+CD11b–Gr-1–F4/80– cells (Figure 4I and data not shown). 
The possibility of B cells being a source for induced CCL22 syn-
thesis is discussed below. None of these or other splenic hema-
topoietic cells produced CCL20, the chemokine with which the 
anti-CCL22 pAb crossreacted weakly.

CCL24, CCL25, and CCL28. No homeostatic expression of these 
chemokines was observed in splenic hematopoietic cells (Figure 2A).  
However, in agreement with the previously reported spontaneous 
secretion of CCL25 by in vitro cultured small intestinal epithelial 
cells (42), constitutive CCL25 expression by these cells was readily 
visualized by FC (Supplemental Figure 2F).

CCL27. Based on its homeostatic expression primarily in kera-
tinocytes, CCL27 appears to be a tissue-specific chemokine (43). 
Therefore, the unique expression pattern of CCL27 described 
here — ex vivo detectable CCL27 in splenic granulocytes accom-
panied  by  weaker  expression  in  DC  subsets  (Figure  2A  and  
Figure 4J) — was surprising. This observation is of particular 
interest in light of a recent publication on the differential expres-
sion of CCL27 protein and mRNA in skin-draining LNs: even 
under homeostatic conditions, CCL27 protein is transported 
by as-yet undetermined mechanisms from the epidermis to the 
LNs, where it may assist in the recruitment of CCR10-bearing T 
cells (44). Whether granulocytes and/or DCs indeed participate 
in CCL27 transport in the context of immune homeostasis or 
inflammation is currently under investigation.

CXCL1, CXCL2, and CXCL3. The determination of CXCL1/2 
expression patterns is complicated by the partial crossreactiv-
ity of anti-CXCL1/2 pAbs (Table 1), a likely consequence of the 
pronounced homology among these chemokines (14). However, 
although no gene products were detected in splenic hematopoiet-
ic cells analyzed directly ex vivo with anti-CXCL1/2 pAbs, distinct 
expression patterns were discerned for spontaneous chemokine 
production. Specifically, CXCL2, but not CXCL1, was detected in 
Mo/Mφ subsets (Figure 2B and Figure 4K), even though the anti-
CXCL1 pAb exhibited the highest degree of CXCL2 crossreactivity 
(Supplemental Figure 1C). As expected, LPS stimulation caused 
the rapid and robust upregulation of both CXCL1/2 by Mo/Mφ, 
some CD11c+cDC subsets, and, in the case of CXCL2, granulo-
cytes (Supplemental Figure 3A).

CXCL4 and CXCL7.  The  constitutive  expression  of  CXCL4 
and CXCL7 by a wide variety of immune cells (Mo/Mφ, granu-
locytes, DCs, B cells, and some T cells, but <2% of CD45– cells; 
Figure 2B and Figure 4L) was unexpected. In spite of the weak 
crossreactivity of anti-CXCL4/7 pAbs with CXCL1/2, the latter 
chemokines were not expressed in a constitutive fashion, as dis-
cussed above (Figure 2B and Table 2), and the specificity of the 
anti-CXCL4 pAb was confirmed by stains using CXCL4-deficient 
cells (Supplemental Figure 3B). Although recent work identified 
monocytes as an auxiliary CXCL4/7 source, and blood-borne 
DC subsets constitutively transcribe Cxcl4/7 mRNA (45–47), 
CXCL4/7 expression is usually regarded as an exclusive feature 
of the megakaryocyte lineage. In fact, CXCL4/7 are the 2 most 
abundantly expressed chemokines in platelets and are detect-
able  in normal  sera at micromolar concentrations  (48).  It  is 
thus conceivable that CXCL4 and CXCL7 are in part captured 
rather than synthesized by the different immune cell subsets: 

Figure 3
Phenotypic distinction of CD3ε–CD19–NK1.1– cell populations. Single-
cell suspensions prepared from spleens of naive B6 mice were ana-
lyzed directly ex vivo for expression of various cell surface markers. 
(A) CD11b expression by small subsets of CD3ε+ T and CD19+ B cells 
as well as mature NK cells. (B) Analytical exclusion of T cells (CD3ε+), 
B cells (CD19+), NK cells (NK1.1+), and NKT cells (NK1.1+CD3ε+) 
permitted delineation of 6 cellular subsets according to expression of 
CD11b, Gr-1 (Ly6C/G), and F4/80 antigens. In the 2-color dot plot, 
CD11b-expressing cells are identified as red events. The plot at right 
demarcates regions corresponding to the 6 distinct cell subsets in the 
2-color dot plot, whose identities are summarized in Table 3. (C) Major 
DC subsets were distinguished based on CD11b and CD11c expres-
sion patterns (left), with respective Gr-1, F4/80, and CD45R (B220) 
expression profiles shown at right, distinguished by color.
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the CXCL7 receptors CXCR1/2 are preferentially expressed by  
Mo/Mφ  and  granulocytes,  and  these  cells  constituted  the 
majority of CXCL7+ cells in the CD11b+ myeloid compartment  
(Figure 4L). The identity of the murine CXCL4 receptor remains 
unknown, but CXCR3 appears to be a promising candidate. In 
humans, CXCL4 was initially shown to only bind an alternative 
CXCR3 splice variant, termed CXCR3B (49), but more recent 
work indicates that it also binds to the native CXCR3 receptor 
(50). Among murine CXCR3-expressing cells, there appeared to 
be direct correlation between CXCR3 and CXCL4 expression lev-
els (data not shown), but high levels of CXCL4 were also detected 
in CXCR3– cells, most notably B cells (Figure 4L). The notion 
that CXCL4 is predominantly captured by various cellular sub-
sets is indeed supported by our preliminary findings (data not 
shown), and the surprising expression patterns of both CXCL4 
and CXCL7 will clearly require further investigation.

CXCL9, CXCL10, and CXCL11. In accordance with the published 
literature (51), our FC analyses of primary murine spleen cells 
stimulated with IFN-γ identified Mo/Mφ as a principal source for 
induced CXCL9/10 production. Furthermore, DCs constituted 
an additional source for these inflammatory chemokines, and the 
CD11c+ cDC subset consistently demonstrated the highest level of 
inducible CXCL10 expression (Supplemental Figure 3C). Interest-
ingly, we also found that a small population of T cells was charac-
terized by weak constitutive CXCL9 expression (Figure 4M). Simi-
lar to CCL21, detectable CXCL9 disappeared after in vitro culture 
(Figure 2B); moreover, pathogen-specific T cells do not synthesize 
Cxcl9 mRNA or protein (J. Eberlein and D. Homann, unpublished 
observation). Thus, it is possible that T cell CXCL9 is also pref-
erentially surface-bound, perhaps through its receptor CXCR3, 
one of the most prominently TM-expressed chemokine receptors 
(data not shown). In contrast to the robust CXCL9/10 production 
following IFN-γ stimulation, induced CXCL11 expression, as ana-
lyzed in spleen cells of Balb/c origin, remained comparatively weak 
(Supplemental Figure 3D). Finally, using mice deficient for Cxcl9 
or Cxcl10 and regular B6 mice that lack a functional Cxcl11 gene 
(52), we confirmed the specificity of our pAb stains (Figure 4M  
and Supplemental Figure 3D).

CXCL5, CXCL12, CXCL13, CXCL14, CXCL15, and CXCL17. Splen-
ic hematopoietic cells evaluated under homeostatic conditions 
expressed none of these chemokines (Figure 2B).

CXCL16 and CX3CL1. CXCL16 and CX3CL1 share the distinction of 
being the only cell membrane–anchored chemokines (14, 23). How-
ever, whereas CX3CL1 was not expressed by splenic hematopoietic 
cells under homeostatic conditions, robust spontaneous CXCL16 
production was observed for Mo/Mφ, cDCs, and, to a lesser extent, 
pDC subsets (Figure 4N), and the anti-CXCL16 pAb specificity was 
validated in analyses of Cxcl16–/– tissues (Supplemental Figure 3E). 
In agreement with previous findings (23), LPS stimulation enhanced 
CXCL16 expression by DCs and Mo/Mφ (data not shown).

XCL1. Some constitutive and spontaneous XCL1 expression was 
found in both CD11b– and CD11b+ cells (Figure 2B). Because the 
analytical exclusion of NK, T, and B cells also removed XCL1+ pop-
ulations, these cells contain the relevant sources of homeostatic 
XCL1 production. Indeed, NK cells exhibited low levels of consti-
tutive and spontaneous XCL1 expression (see below), as did small 
subsets of T and B cells (Figure 4O). In addition, robust XCL1 
production is readily induced in large subpopulations of patho-
gen-specific CD8+TE and TM, and inducible XCL1 expression, simi-
lar to IL-2, progressively increases in aging CD8+ TM populations  
(J. Eberlein and D. Homann, unpublished observation).

In summary, our application of chemokine FC has confirmed, 
extended, and identified the homeostatic expression patterns of 18 
chemokines in defined murine hematopoietic cells (Table 2). The 
remarkable diversity of homeostatic chemokines expressed by these 
cells likely generates a complex network for cellular interactions 
that is further modulated by the contribution of nonhematopoi-
etic cells and the overall composition of specific tissue microenvi-
ronments (e.g., constitutive CCL25+ intestinal epithelial cells in the 
small intestine; Supplemental Figure 2F).

Chemokine profiles of murine and human NK cells
Among the immune cell subsets evaluated for their capacity to 
produce chemokines, NK cells constitute one of the best-charac-
terized populations (53), as evidenced by the NK cell production 
of CCL3/4/5 and XCL1 in vitro or in vivo in the course of murine 
cytomegalovirus infection (18, 21). Our results confirmed the 
robust induction of these chemokines by PMA/ionomycin-stimu-
lated NK cells, demonstrated the presence of polyfunctional NK 
cell subsets (i.e., most pronounced coproduction of CCL3/4/5 and 
XCL1 in conjunction with IFN-γ), and revealed the synthesis of 
CCL9/10 and CXCL2 by minor NK cell subsets (Figure 5A and 
Supplemental Figure 4, A and B). The absence of any other NK 
cell–produced chemokine was particularly noteworthy in regard to 
2 chemokines, CCL1 and CCL22: whereas prolonged activation of 
human NK cells elicits their secretion (54, 55), short-term stimula-
tion of murine NK cells did not (Figure 5A).

To determine whether human NK cells produce an expanded 
range of chemokines compared with their murine counterparts, 
we evaluated the expression of all chemokines reported to be 
secreted by human NK cells (53), including CCL1, CCL22, and 
CXCL8  (IL-8),  a  chemokine/IL  not  found  in  the  mouse.  For 
detection of CCL1 and XCL1, to our knowledge not previously 
analyzed by FC, we used affinity-purified pAbs in analogy to our 
murine chemokine assays; we also found that a CCL5-specific pAb 
provided more consistent results than did fluorochrome-conju-
gated CCL5 mAbs (Supplemental Figure 4C and data not shown). 
Interestingly, small subsets of human NK cells constitutively 
expressed CCL3/4, and larger NK populations spontaneously syn-
thesized CCL3/4 and XCL1 in the absence of added stimuli. Upon 
activation with PMA/ionomycin, practically all NK cells rapidly 

Table 3
Identity of CD3ε–CD19–NK1.1– cell subsets

Region	 CD11b	 Gr-1	 F4/80	 CD11c	 Identity
1 +++ +++ – – Granulocyte
2 – + – + pDC
3 – – – – CD45– (FRC and other)
4 ++ ++ + – iMo/Mφ
5a + – +/– ++ CD11c++ cDC
5b ++ – + + CD11c+ cDC (rMo/Mφ)
6 +/– +/– ++ – F4/80++ Mo/Mφ subset

Subsets of CD3ε–CD19–NK1.1– cells are distinguished according to Gr-1 
and F4/80 expression, corresponding to the regions shown in Figure 3B. 
The specifications of inflammatory (i-) and resident (r-) Mo/Mφ are used 
to emphasize the close relationships of Mo, Mφ, and DCs: the inflam-
matory Mo/Mφ described here resemble inflammatory Mo found in the 
blood, and the CD11b++F4/80+Gr-1– resident Mo/Mφ can differentiate 
into CD11c-expressing DCs in the absence of inflammation (80).
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produced CCL3/4, and about half also expressed XCL1 (Figure 
5B). At the same time, the induced IFN-γ response was far more 
limited, usually with less than 10% of NK cells producing this 
cytokine (data not shown). In agreement with a recent report (56), 
we also found substantial constitutive CCL5 expression in human 
NK cells, but, contrary to their murine counterpart, stimulation 
resulted in depletion of CCL5 stores rather than intracellular 
CCL5 accumulation. A similar difference was also noted in con-
stitutive and induced CCL5 expression by murine versus human 
T cells and remains unexplained — although it may be related to 
different sensitivities to protein transport inhibition by BFA and 
monensin (57, 58). Finally, human NK cells did not exhibit con-
stitutive, spontaneous, or induced expression of CCL1, CCL22, or 
CXCL8 (Supplemental Figure 4D, control stains for hCCL1). The 
lack of induced CCL1 synthesis in particular defines a functional 
difference between NK and T cells: after activation, both popula-
tions produce copious amounts of CCL3/4/5 and XCL1 as well 
as some CCL9/10 in the mouse, but only T cells are induced to 
express CCL1 (J. Eberlein and D. Homann, unpublished observa-
tion). Interestingly, CXCL2 — the only other T cell–produced che-
mokine detected in a small subset of stimulated CD4+T cells (data 
not shown) — also constituted a minor component of the murine 
NK cell response (Figure 5A). Thus, at the level of induced chemo-
kine production, an otherwise remarkable similarity between NK 
and T cells (18) contrasted the unique capacity for CCL1 secretion 
by CD8+ and CD4+ T cells (Table 2).

Our  further  observations  emphasized  quantitative  differ-
ences among constitutively NK cell–expressed murine chemo-
kines in different anatomic compartments and illustrated the 
exquisite sensitivity of NK cells to cytokine-induced chemokine 
production. In comparison to the spleen, blood-borne NK cells 
contained high amounts of constitutive CCL5 and exhibited 
somewhat more pronounced constitutive CCL3/4 and XCL1 
expression (Figure 5, C and D), a finding that complements the 
constitutive and spontaneous production of the same chemo-
kines by human NK cells. The functional status of resting murine 

NK cells was recently detailed by Fehniger, Ley, and colleagues, 
who documented the presence of mRNA transcripts for several 
cytolytic effector molecules (granzyme A [GzmA], granzyme B 
[GzmB], and perforin; ref. 59). However, whereas GzmA protein 
is expressed in a constitutive fashion, GzmB and perforin are 
translated from preexisting mRNA species only upon stimula-
tion with cytokines such as IL-2 and IL-15 (59). Our analysis of 
the microarray data generated by Fehniger et al. (59) revealed 
that among chemokine mRNA species, only Ccl3/4/5 and Xcl1 
transcripts were expressed at high levels in resting NK cells (data 
not shown), and their low-level (CCL3/4 and XCL1) to high-level 
(CCL5) constitutive translation was rapidly increased by treat-
ment with IL-2 or IL-15 (Figure 5D). Because IL-15–induced 
protein production was not accompanied by a corresponding 
increase of chemokine mRNA (data not shown), we conclude that 
IL-15, and possibly also IL-2, promote the early NK chemokine 
response, apparently through release from a partial translational 
blockade. In summary, our data provide evidence that the earliest 
stage of the murine and human NK cell response is dominated 
by the synthesis and secretion of chemokines that precede IFN-γ  
production and the eventual acquisition of cytolytic effector 
functions mediated by GzmB and perforin (59).

Chemokine profiles of activated murine B cells
B cells are recognized as a biologically relevant source for select-
ed cytokines and chemokines (60–62), but the spectrum of che-
mokines synthesized by stimulated B cells remains incompletely 
defined. We first determined the range of chemokines produced by 
splenic B cells obtained from unmanipulated mice in response to 
LPS, a widely used stimulus that mediates B cell activation through 
TLR4. Compared with spontaneous B cell chemokine expression, 
LPS treatment significantly increased CCL3/4 and CCL22 synthe-
sis (Supplemental Figure 5A). However, overall LPS-induced che-
mokine expression levels are weak (CCL3/4) or restricted to small 
B cell subsets (CCL22) and not associated with enhanced tran-
scription of Ccl3, Ccl4, or Ccl22 mRNA species (61, 63). No other 
chemokines were synthesized by LPS-activated B cells (data not 
shown), and the absence of induced CCL6 and CXCL1/2 produc-
tion should be emphasized here, given the reported upregulation 
of corresponding chemokine mRNA transcripts (63).

Inspection of  the chemokine mRNA species  expressed after 
stimulation of the B cell receptor (anti-IgM or antigen) revealed 
somewhat more robust and diversified induction of chemokine 
transcripts compared with LPS stimulation (Ccl2/3/4/5/6/9/22, 
Cxcl16, Cx3cl1, and/or Xcl1; refs. 61, 63). However, when evaluated 
for the production of chemokine proteins after IgM/CD40 engage-
ment, B cells failed to synthesize most of these chemokines (Sup-
plemental Figure 5B). The low-level production of CCL3/4, similar 
to the results obtained after LPS stimulation, was the only excep-
tion, and the synthesis of CCL22 after IgM/CD40 stimulation was 
at best marginal. Of further interest was the absence of spontane-
ous or induced CCL5 protein expression under any experimental 
conditions, particularly in light of the fact that Ccl5 is the most 
abundantly expressed chemokine mRNA transcript in purified B 
cells (61, 63). In comparison to the rapid production of multiple 
chemokines by innate immune cells (NK cells, Mo/Mφ, and DCs) 
and pathogen-specific T cells (ref. 18 and data not shown), the che-
mokine response by B cells obtained from naive mice was therefore 
limited in regard to both the spectrum (CCL3/4/22) and the quan-
tity of chemokines produced.

Figure 4
Delineation of cellular subsets expressing homeostatic chemokines. 
Spleen cells obtained from naive mice were analyzed directly ex vivo 
(constitutive) or after 5 hours of in vitro culture in the presence of BFA 
(spontaneous; identified by labeled boxes). For chemokines prefer-
entially expressed by CD11b+ cell subsets (A, B, D, F, G, I–L, and 
N), dot plots are gated on CD3ε–CD19–NK1.1– as indicated. In the 
2-color black/red dot plots, chemokine-expressing cells are identified 
as red events; histograms are gated on CD11c-expressing cells and 
color-coded as in A. For chemokines expressed by CD11b– cells (B, 
E, G, and L–N), 2-color dot plots are gated on B cells (CD19+CD3ε–

CD11b–, blue) and T cells (CD19–CD3ε+CD11b–, black). (C, E, G, H, 
and M) Note the partially different gating strategies used for analysis 
of CCL5/7/8/11/21 and CXCL9 expression. (C) Constitutive CCL5 was 
not detectable in CD3ε–CD19–NK1.1– cells (left), but was detected in 
NK cells, subpopulations of T cells, and some NKT cells (right). (E and 
G) Spontaneous CCL7/11, but not CCL8, production in cell subsets 
lacking CD45 expression. (H) Top: Ex vivo detectable CCL21 expres-
sion by T cells (left) and CCR7+ cells (middle). Histogram at right is 
gated on the 3 DC subsets (colored traces) and CD3ε+T cells (gray 
solid). Bottom: CCL21 surface stains of cells recovered from blood, 
spleen, and mesenteric lymph node (MLN). (M) Constitutive CXCL9 
expression by T cells (histograms gated on CD3ε+T cells from Cxcl9–/–  
and B6 mice). Experiments were conducted in multiple independent 
experiments with groups of 3 mice and performed at least twice.
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The DC chemokine response to infection
Given the diverse array of constitutive, spontaneous, and induc-
ible chemokine expression by DCs (Figure 4, Supplemental Figure 
2A, and Supplemental Figure 3, A and C) and their importance 
for the effective coordination of adaptive immune responses (64, 
65), we surveyed the DC chemokine response to in vitro infection 
with the bacterium L. monocytogenes. In the absence of infection, 
BM- derived DCs (BMDCs) synthesize an array of chemokines at 
variable levels, similar to those of primary DCs recovered from 
the spleen. However, in contrast to splenic DCs, cultured BMDCs 
also expressed CCL5/17 and CXCL1/2 (Figure 6), possibly result-
ing from partial activation under the culture conditions. Upon  
L. monocytogenes  infection,  BMDCs  displayed  a  chemokine 
response similar to that of LPS/IFN-γ–stimulated splenic DCs. 
Specifically, robust induction of CCL2/3/4/5 and CXCL1/2/5/10 
was accompanied by more modest synthesis of CCL11/CXCL9 as 
well as marginal upregulation of CCL7/8/12/27 (Figure 6). More-
over, 6 additional chemokines were highly expressed in uninfect-
ed BMDCs but differentially regulated upon infection: increased 
CCL17/22 production contrasted with unaltered CXCL16 levels 
and downmodulated CCL6, CCL9/10, and CXCL4 (and perhaps 
CXCL7; Figure 6). Thus, the DC response to infection was dis-
tributed over approximately 20 distinct chemokines and com-
posed of 2 major components: (a) the modulation of homeostatic 
chemokine expression (potentiation, CCL3/4/5/11/17/22 and 
CXCL1/2; no change, CXCL16; inhibition, CCL6, CCL9/10, and 
CXCL4/7); and (b) the de novo induction of inflammatory chemo-
kines generally found at somewhat lower levels (CCL2/7/8/12/27 
and CXCL5/9/10).  Interestingly,  several of  the above chemo-
kines (CCL2/5/17 and CXCL1/2/10) were previously reported 
to be spontaneously produced by CD11bhi cDCs isolated from 
the lungs of naive mice (24). Because these chemokines were not 
produced by primary splenic DCs in the absence of stimulation 
(Figures 2 and 4), peripheral DCs residing in an organ exposed to 

the exterior environment apparently exhibit a chemokine signa-
ture consistent with heightened activation and a predisposition 
to readily process inflammatory insults.

Discussion
The considerable complexity of the chemokine system and its 
involvement in numerous physiological and pathophysiological 
processes are the subjects of many ongoing investigations. Here, 
our direct visualization of practically all murine chemokines by 
FC should greatly facilitate the precise delineation of chemokine-
expressing cells in varied experimental settings, permit detailed 
evaluation of chemokine coexpression, and assist in efficient anal-
yses pertaining to multiple aspects of chemokine biology in gener-
al. The use of pAbs for chemokine FC will eventually be superseded 
by the increased use of fluorochrome-conjugated mAbs. However, 
given the multiplicity of applications for individual pAbs, these 
reagents will continue to provide greater methodological flexibil-
ity. For example, our demonstration that all 25 pAbs currently not 
approved for IHC (Table 1) retain specific reactivity under condi-
tions of PFA fixation indicates that they will also be suitable for 
chemokine detection in paraffin-embedded tissues, a contention 
that we have already verified for selected pAbs (data not shown). 
Furthermore, our general approach to pAb selection and valida-
tion can readily be adopted for visualization of chemokine produc-
tion by cells from other species, including humans (Figure 5B and 
Supplemental Figure 4, C and D).

A perennial concern pertaining to pAbs is their potential for rec-
ognition of noncognate antigens, and we have addressed this issue, 
which is certainly not limited to pAbs (Supplemental Figure 2C), 
in an extended series of experiments determining pAb crossreac-
tivities at the level of murine chemokines (Supplemental Figure 1). 
Although our results may serve as a general template for the util-
ity and limitations of individual chemokine-specific pAbs in FC 
and other applications, it remains imperative for any experimental 
design to assure the validity of experimental readouts by inclusion 
of appropriate controls (see Methods).

Our exemplary implementation of chemokine FC to the char-
acterization of hematopoietic cells capable of homeostatic and 
induced chemokine expression underscores the relative ease with 
which this methodology can identify both the cellular sources of 
individual chemokines and the entire spectrum of chemokines 
produced by defined cellular subsets. Indeed, several of the expres-
sion patterns described in Results may serve as a foundation for 
future investigations into specific functions exerted by particular 
combinations of chemokines and the cell populations involved in 
their synthesis (a detailed investigation of the chemokine signa-
tures of pathogen-specific T cells is in progress, although perti-
nent findings have been reported herein as unpublished observa-
tions). Because of its comprehensive nature, chemokine FC can 
also, within the limits of defined experimental settings and the 
analytical sensitivity afforded by FC, demonstrate the absence 
of multiple chemokine proteins. This insight is particularly use-
ful because the correlation of mRNA and protein expression is 
in general unpredictable, and chemokine production detected by 
other means may be confounded by the generation of artifacts 
when assessed after prolonged in vitro culture. Finally, we empha-
size that a delineation of functional profiles, of which the che-
mokine response is a major component, must complement any 
phenotypic differentiation of cellular subsets in order to develop 
an integrative understanding of their roles in health and disease.

Figure 5
Chemokine profiles of murine and human NK cells. (A) Splenocytes 
obtained from B6 mice (or Balb/c mice for CXCL11 analyses) were cul-
tured for 5 hours with PMA/ionomycin and BFA and processed for che-
mokine FC. Plots are gated on NK1.1+CD3ε– (B6) or DX5+CD3ε– (Balb/c)  
cells; numbers within plots indicate mean percent IFN-γ+ and/or che-
mokine-positive cells in the respective quadrants. (B) Chemokine 
expression by human NK cells (CD56+CD3–) was determined directly 
ex vivo (constitutive), after 5 hours of culture in the presence of BFA 
(spontaneous) or stimulation with PMA/ionomycin plus BFA (induced). 
Vertical markers were set according to goat IgG or isotype control 
stains. The fraction of chemokine+ NK cells obtained from 4 healthy 
volunteers is shown below (representative data from 3–5 independent 
experiments). (C) Blood-borne murine NK cells (NK1.1+CD3ε–) were 
analyzed for constitutive chemokine expression (black tracings). Dif-
ferent controls (gray solid) are featured in the individual plots (CCL3 
control, CCL3 stains of Ccl3–/– NK cells; CCL4 and XCL1 controls, 
goat IgG stains; CCL5 controls, CCL5 stains of Ccl5–/– and Ccl5+/– NK 
cells, the latter shown by dotted tracing). The CCL5 expression level 
(GMFI) of Ccl5+/– NK cells were slightly, but significantly, lower than 
those of wild-type NK cells (P = 0.01). (D) Constitutive, spontaneous, 
and cytokine-induced (100 ng/ml IL-2 or IL-15) CCL3/4/5 and XCL1 
expression by splenic NK cells was determined in conjunction with 
IFN-γ; numbers denote average percentages of IFN-γ+ and/or chemo-
kine-positive cells in corresponding quadrants. All data obtained for 
murine NK cells are representative for multiple independent experi-
ments in 2–3 mice each.
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Methods
Cell lines, vectors, and transfection. Murine chemokine cDNA clones were 
purchased from ATCC (Ccl17) or Open Biosystems (all other clones), 
sequenced, and subcloned into the pIRES2-AcGFP1 vector (Clontech). 
For further details, see Supplemental Table 1. A frameshift error in the 
cds of the Cxcl12 clone (IMAGE:6406409) was corrected using PCR-driven 
overlap extension. HEK 293T cells and/or Cos7 cells were transfected with 
chemokine vectors or Il15 vector (negative control; production of murine 
IL-15 verified by immunoblot and FC, data not shown; mIl15 vector pro-
vided by T. Sosinowski, University of Colorado Denver and National Jewish 
Health) using FuGENE (Roche) according to the manufacturer’s protocol, 
or CaPO4 as described previously (66), and cultured for 18–36 hours. For 
the final 14 hours, 1 μg/ml BFA (Sigma-Aldrich) was added, and the cells 
were processed and stained with chemokine-specific Abs as detailed below. 
In the case of Cxcl14/15, an ER retention sequence (KDEL) was introduced 
to enhance intracellular chemokine accumulation, and Cxcl14-transfect-
ed HEK cells were additionally cultured in the presence of 10 μM of the 
protease inhibitor MG-132 (Fisher) to reduce proteasomal degradation.

Animals. C57BL/6J (B6) and Balb/c as well as Ccl2–/– (B6.129S4-Ccl2tm1Rol/J), 
Ccl3–/– (B6.129P2-Ccl3tm1Unc/J), and Cxcl10–/– (B6.129S4-Cxcl10tm1Adl/J) mice 
on a B6 background were purchased from The Jackson Laboratory. B6.Ccl5–/–  
mice (identical to the commercially available B6.129P2-Ccl5tm1Hso/J strain; 
ref. 67) were obtained from M. von Herrath (LIAI, La Jolla, California) and 
backcrossed to B6 mice, and F1 mice were intercrossed to yield B6.Ccl5–/–, 

B6.Ccl5+/–, and B6.Ccl5+/+ littermates. Additional chemokine-deficient mice 
or tissues were provided by I. Charo (University of California, San Francisco; 
B6.Ccl7–/– and B6.Cxcl16–/–; refs. 68, 69), A. Kowalska (Children’s Hospital of 
Philadelphia, Pennsylvania; B6.Cxcl4–/–; ref. 70), and J. Farber (NIH/NIAID, 
Bethesda, Maryland; B6.Cxcl9–/–; ref. 71). All animals were evaluated at 8–12 
weeks of age, with the exception of B6.Ccl7–/– and B6.Cxcl16–/– mice (approxi-
mately 28 weeks), and all procedures were performed in accordance with 
regulations as set forth by the University of Colorado IACUC.

Primary cell preparation and purification. Single-cell suspensions were pre-
pared from murine spleen, LNs, blood, peritoneal cavity, and BM according 
to standard procedures (72, 73). For isolation of cells from liver and lung, 
mice were terminally anesthetized with Avertin and sacrificed by total body 
perfusion through the left ventricle with PBS prior to tissue processing, as 
described previously (73). Suspensions of small intestinal epithelial cells 
were prepared using PBS-flushed and inverted small intestines incubated 
with 30 mM EDTA/PBS buffer at 37°C for 30 minutes on a rotating plat-
form with supernatant harvest/buffer replacement every 5 minutes (74). 
Human PBMCs were obtained from healthy subjects and isolated from 
whole blood using cellular preparation tubes (BD). Informed consent was 
obtained in all cases, and the study protocol was approved by the Univer-
sity of Colorado Institutional Review Board.

Primary cell culture. To determine spontaneous chemokine production by 
defined immune cell subsets, primary cells obtained from spleen or blood 
of B6 mice were cultured for 5 hours in RPMI plus 10% FCS in the pres-

Figure 6
DC chemokine response to bacterial infection. BMDCs were obtained from B6 mice (or Balb/c mice for CXCL11 analyses), propagated by cul-
ture in GM-CSF, and infected with rLM-OVA at MOI 1 as described in Methods. At 4 hours after L. monocytogenes or mock infection, BFA was 
added to cultures for an additional 5 hours, followed by quantitation of chemokine expression by uninfected versus infected DCs. Histograms are 
gated on CD11c+ BMDCs and display chemokine expression by uninfected (gray solid) and infected (black tracing) cells. Solid vertical markers 
demarcate chemokine-expressing from nonexpressing cells, dashed markers for CCL6, CCL9/10, and CXCL16 distinguish chemokine++ and 
chemokine+/– cells. Numbers indicate the percentage of chemokine-positive DCs in the absence (gray) or presence (black) of infection; values 
are the average of duplicate experimental samples. Data are representative for 1 of 4 similar experiments. Similar results were obtained after  
24 hours of rLM-OVA infection and prevention of cell death by addition of antibiotics after initial establishment of infection (not shown).
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ence of 1 μg/ml BFA but absence of any exogenous stimuli. Stimulation of 
murine NK cells was performed by a 5-hour culture of spleen cells in the 
presence of BFA as well as 20 ng/ml PMA and 1 μg/ml ionomycin (Sigma-
Aldrich), recombinant human IL-2 (100 ng/ml, i.e., 1,000 U/ml; eBiosci-
ence), or recombinant murine IL-15 (100 ng/ml; Peprotech). Mo/Mφ stimu-
lation was achieved by 5 hours of spleen cell incubation with 500 ng/ml 
LPS (Sigma-Aldrich) or 1,000 U/ml recombinant murine IFN-γ (Peprotech) 
and BFA; B cell stimulation was provided by 5 hours of treatment with  
500 ng/ml LPS, or 10 μg/ml donkey anti-IgM F(ab′)2 (Jackson Immunore-
search) and 15 μg/ml anti-CD40 (FGK45.5; gift from R. Torres, University 
of Colorado Denver and National Jewish Health), plus BFA. Human PBMCs 
were cultured for 5 hours in the presence or absence of PMA and ionomycin 
using protocols identical to the stimulation of murine NK cells.

BMDC propagation and infection. BMDCs were generated as described pre-
viously (75). In brief, BM cells obtained from femurs and tibias of B6 mice 
were cultured for 6 days in the presence of 10 ng/ml recombinant GM-CSF 
(BD Biosciences), yielding a population of greater than 90% CD11c+ cells 
that for the most part expressed low levels of CD40 and CD86 character-
istic of immature DCs (data not shown). Recombinant L. monocytogenes 
expressing full-length ovalbumin (rLM-OVA; provided by L. Lenz, Universi-
ty of Colorado Denver and National Jewish Health; ref. 76) was grown and 
titered as described previously (77) and used at MOI 1 for in vitro BMDC 
infection. Infection was allowed to proceed for 9 hours, with BFA added 
for the final 5 hours. As assessed by FC, infected DCs exhibited slightly 
increased CD11c expression and elevated SSC properties, likely resulting 
from the presence of intracellular bacteria (data not shown).

General FC. mAbs used in FC were purchased as purified, biotinylated 
and/or fluorophore-conjugated reagents from BD Biosciences, eBiosci-
ence, Biolegend, R&D Systems, or Invitrogen (Supplemental Table 2); 
our protocols for cell surface and intracellular FACS staining using sapo-
nin-based permeabilization buffers were as previously described (73, 78). 
Alternatively, transfected cells were fixed with 2% PFA (10 min at room 
temperature), permeabilized with 90% methanol, and stored at –20°C in 
90% methanol prior to chemokine staining and analysis. All samples were 
acquired on FACSCalibur, FACSCanto, or LSR II flow cytometers (BD 
Biosciences) and analyzed with CellQuest, DIVA (BD Biosciences), and/or 
FlowJo (TreeStar) software.

Selection of chemokine-specific pAbs for use in FC. Based on initial observations, 
we defined several criteria for the choice of chemokine-specific pAbs poten-
tially suitable for use in FC. (a) Immunizing antigen: Use of full-length 
chemokines rather than peptide epitopes generates a spectrum of pAbs 
likely containing subsets that retain reactivity even under conditions of cell 
fixation. However, because the relative preponderance of these subsets is 
unpredictable, the intensities of pAb-specific stains over background (sig-
nal/noise ratio) is somewhat variable. (b) Affinity purification: This limits 
the spectrum of pAb species to those specific for the target antigen. (c) Host 
species: In our hands, pAbs generated in goats and sheep demonstrate less 
background staining than those generated in rabbits or hamsters. (d) Detec-
tion Abs: Fluorochrome-conjugated F(ab′)2 fragments with minimal species 
crossreactivity are the preferred reagents. For reasons that remain unclear, 
we found that the same donkey anti-goat F(ab′)2 conjugated to FITC or Cy5 
consistently provided better results than did the PE conjugate.

Evaluation of pAbs for chemokine FC. To assure pAb specificity and appropri-
ate sensitivity, it is essential to combine multiple complementary controls. 
(a) We used HEK or Cos7 cells transfected with bicistronic vectors (GFP/
chemokine) to identify suitable pAbs (Figure 1), evaluate staining protocols 
(all pAbs described here work under conditions of both saponin and meth-
anol permeabilization), and determine the extent of pAb crossreactivities 
(Supplemental Figure 1). (b) For those chemokines known to be produced 
in response to defined stimuli, we cultured cells in the absence or presence 

of specific stimuli prior to intracellular chemokine staining. (c) As a general 
negative control, preimmune serum [IgG] from the same host species in 
which the pAb of interest was raised was used at a concentration commen-
surate to that of chemokine-specific Abs. However, the extent of background 
staining obtained with different pAbs, even if generated by standardized 
experimental protocols, is somewhat variable, so the data must be inter-
preted with great care. (d) The preincubation of pAbs with corresponding 
recombinant chemokines and use of the resulting pAb/chemokine complex 
as a staining reagent (cold-block control) is widely used (e.g., ref. 24); howev-
er, it cannot rule out specific crossreactivity: if the Ab specifically recognizes 
antigens A and B, blockade with antigen A will also abolish recognition of 
antigen B. Nevertheless, cold-block controls are well-suited, and preferable 
to IgG controls, for establishing the level of background staining for indi-
vidual pAbs. (e) Chemokine-deficient tissues are perhaps the best negative 
control, but are obviously limited to the availability of respective mouse 
strains. Nevertheless, it is possible, depending on the nature of the gene-
targeting construct, that expression of truncated chemokine proteins does 
not completely abolish chemokine detection even if an effective functional 
loss is achieved. (f) The utility of chemokine FC is limited by its relative sen-
sitivity, i.e., the number of specific molecules expressed by individual cells 
and the specific signal/noise ratios of the staining reagents. However, the 
overall robust signal/noise ratios of chemokine-specific Abs selected for our 
study (Figure 1 and Supplemental Figure 1), provide a practical orientation 
for their effective use as reagents for FC-based distinction of chemokine-
expressing and nonexpressing cell subsets.

Chemokine FC. Intracellular chemokine stains were performed using 
affinity-purified pAbs (CXCL17 pAb, sheep; all other pAbs, goat) as well 
as goat and sheep IgG controls, all provided by F. Mortari (R&D Systems, 
Minneapolis, Minnesota; Table 1). Chemokine expression was visualized 
by staining of cells with no more than 0.1 μg pAb for 45 minutes at room 
temperature in a volume of 50 μl, followed by detection of primary pAb 
with FITC- or Cy5-conjugated donkey anti-goat or -sheep F(ab′)2 frag-
ments (Jackson Immunoresearch) for 30 minutes at room temperature. 
Where available, chemokine-specific mAbs were also used (PE-conju-
gated anti-CCL2, clone 2H5, Biolegend; and PE-conjugated anti-CCL3, 
clone 39624, allophycocyanin-conjugated anti-CCL6, clone 262016, anti-
CXCL12, clone 79018, and anti-hCXCL14, clone 131120, R&D Systems). 
Preconjugation of mAbs, pAbs, and corresponding control Abs to Alexa 
Fluor 488 or Alexa Fluor 647 was performed using Zenon technology 
(Invitrogen). For detection of human chemokines, we used fluorochrome-
conjugated mAbs (allophycocyanin-conjugated anti-CCL3, clone 93342, 
FITC-conjugated anti-CCL4, clone 24006, FITC-conjugated anti-CCL5, 
clone 21445, PE-conjugated anti-CCL22, clone 57203, and FITC-conju-
gated anti-CXCL8, clone 6217) and affinity-purified goat pAbs specific for 
CCL1 (AF272), CCL5 (AF278-NA), and XCL1 (AF695; all from R&D Sys-
tems). Although not formally tested, the XCL1-specific AF695 pAb likely 
recognizes both XCL1 and XCL2, as these chemokines differ by only 2 
amino acids in positions 7 and 8 (79).

Microarray data and analysis. We used deposited data from gene array 
analyses of resting and IL-15–stimulated murine NK cells, performed by 
Fehniger et al. (59), from the NCBI GEO Web site (accession GSE7764). 
For the purpose of our investigations, we downloaded the raw data, per-
formed MAS5 normalizations, and determined mRNA expression levels 
for all murine chemokines. The only statistically significant difference 
between resting and IL-15–stimulated NK cells at the level of chemo-
kine transcripts pertained to the approximately 3.5-fold downregula-
tion of Ccl5 mRNA after 24 hours of IL-15 treatment (data not shown). 
In addition, the public Reference Database of Immune Cells (63) was 
used to assess global chemokine mRNA profiles of various murine and 
human immune cell subsets.
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Statistics. Data handling, analysis, and graphic representation (all shown 
as mean ± SEM) was performed using Prism 4.0a (GraphPad Software). 
Statistical significance was calculated by 2-tailed Student’s t test, with  
P < 0.05 considered significant (*P < 0.05; **P < 0.01; ***P < 0.001).
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