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Neutrophils are thought to rely solely on nonspecific immune
mechanisms. Here we provide molecular biological, immunologi-
cal, ultrastructural, and functional evidence for the presence of a T
cell receptor (TCR)-based variable immunoreceptor in a 5–8%
subpopulation of human neutrophils. We demonstrate that these
peripheral blood neutrophils express variable and individual-
specific TCR�� repertoires and the RAG1�RAG2 recombinase
complex. The proinflammatory cytokine granulocyte colony-
stimulating factor regulates expression of the neutrophil immu-
noreceptor and RAG1�RAG2 in vivo. Specific engagement of the
neutrophil TCR complex protects from apoptosis and stimulates
secretion of the neutrophil-activating chemokine IL-8. Our results,
which also demonstrate the presence of the TCR in murine neu-
trophils, suggest the coexistence of a variable and an innate host
defense system in mammalian neutrophils.

innate immune system � neutrophil granulocyte � T cell receptor

Neutrophils are the first cells at sites of inflammation. They
are recruited from circulation and bone marrow reserves in

response to host and pathogen-derived stimuli and confer im-
munity by phagocytosis and by killing microorganisms (1).
Neutrophil recruitment to inflammatory sites is mediated by
chemoattractants such as IL-8 (2), and the proliferation and
differentiation of neutrophil precursors in the bone marrow are
largely controlled by the hematopoietic growth factor granulo-
cyte colony-stimulating factor (G-CSF) (3). Based on their
known biological properties, neutrophils have traditionally been
assigned to the nonadaptive immune system, a concept that is
supported by their ability to recognize pathogen-associated
molecular patterns through invariant receptors (4). Unlike neu-
trophils, T cells recognize antigens by an antigen-specific recep-
tor, the T cell receptor (TCR). Since its identification in 1984,
extensive study has established the central role of the TCR in T
cell-mediated adaptive cellular immunity, and the concept has
gained general acceptance that this immunoreceptor is exclu-
sively present in cells of the T lymphocyte lineage (4).

We demonstrate the existence of a TCR-based variable im-
munoreceptor in a 5–8% subpopulation of mammalian neutro-
phils. Activation of the neutrophil immunoreceptor by known
TCR agonists increases IL-8 secretion and inhibits neutrophil
apoptosis. Furthermore, we demonstrate that expression of the
neutrophil immunoreceptor machinery is modulated by G-CSF
in vivo. Our findings reveal a molecular basis for variable and
adaptive immunorecognition in neutrophils.

Results
The TCR�� Complex Is Expressed by a Neutrophil Subpopulation. A
series of control experiments prompted us to test the hypothesis
that human neutrophils express components of the TCR ma-
chinery. To authenticate the presence of the TCR�� complex in
neutrophils in situ, we performed immunocytochemistry using
monoclonal antibodies against the TCR �-subunit and �-sub-
unit. We consistently found positive staining in a subset of freshly
obtained peripheral blood neutrophils indicating that significant

quantities of the TCR�� complex are expressed by a distinct
neutrophil subpopulation (Fig. 1A). No staining was observed in
control experiments in the absence of primary or secondary
antibodies (Fig. 7, which is published as supporting information
on the PNAS web site). A survey among healthy donors (n � 5)
revealed that, on average, a 5–8% fraction of circulating neu-
trophils displayed TCR�� expression (data not shown). To
obtain detailed information on the subcellular localization of the
TCR�� complex in neutrophils we performed ImmunoGold
electron microscopy. Double-labeling for simultaneous detec-
tion of the TCR �- and �-subunits revealed specific staining in
circulating neutrophils (Fig. 1B) and also in infiltrating tissue
neutrophils in a case of acute appendicitis (Fig. 1C). Comparable
to Jurkat leukemic T cells (positive controls) (Fig. 8, which is
published as supporting information on the PNAS web site), gold
particles were frequently grouped in pairs or in larger clusters
consistent with the presence of TCR�� heterodimers and higher-
order TCR complexes (5). TCR�� expression was most abun-
dant on the cell surface of TCR-expressing neutrophils but also
detectable in vesicular compartments and in the perinuclear
region. These sites are in agreement with the biosynthetic
pathway and the intracellular recycling route of the TCR in T
cells (6).

The human leukemia cell line HL-60 can be induced to
differentiate in vitro into neutrophil-like cells by all-transretinoic
acid (ATRA) (7). Immunoblot demonstrated the presence of the
TCR� constant chain in native and differentiating HL-60 cells
(Fig. 1D Top). In unstimulated neutrophils, a band was detected
that was slightly larger than 47 kDa, consistent with the presence
of a previously reported differentially glycosylated TCR variant
(8) (Fig. 1D Bottom). Monoclonal antibodies to CD3 and CD28
(9) are commonly used to mimic activation of the TCR. Acti-
vation with CD3 and, to a lesser degree, CD28 antibodies
triggered induction of TCR�. These results are in line with the
finding that human neutrophils express CD3� (Fig. 4 B and C)
and CD28 (10).

Circulating Human Neutrophils Express Individual-Specific TCR V��
mRNA Repertoires. We next determined whether HL-60 cells and
neutrophils exhibit TCR V� and V� repertoire diversity. RT-
PCR expression profiling of 32 TCR V� mRNAs revealed
isolated expression of TCR V�3 mRNA in HL-60 cells (Fig. 1E
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Upper). Complementarity-determining region 3 (CDR3) spec-
tratyping of the V�3 chain revealed oligoclonality (11), consis-
tent with the clonal nature of HL-60 cells (Fig. 1E Upper Left).
To assess TCR V� and V� repertoire diversity in neutrophils,
TCR V�� mRNA expression profiling was performed on neu-
trophil and T cell fractions from healthy individuals (n � 6). We
found expression of a multitude of TCR V�� chain mRNAs in
the neutrophil fraction (Fig. 1 E and F). Control experiments to
exclude contamination are shown in Fig. 9, which is published as
supporting information on the PNAS web site. Significant dif-
ferences of TCR V�� gene expression patterns between neu-
trophils and T cells from the same individuals were observed
(Fig. 10, which is published as supporting information on the
PNAS web site). Representative analysis of the V�14 and V�14
CDR3 spectratypes revealed Gaussian and skewed (V�14 Neu-
trophils 1) CDR3 length distribution profiles indicative of com-
plex V�� repertoires as they are observed in T cells (12). TCR
V�� expression profiles in neutrophils differed interindividually
(Fig. 1 E and F and Fig. 10). Together, these data indicate that

peripheral blood neutrophils express complex and individual-
specific TCR V�� repertoires.

We next characterized the TCR��-expressing neutrophil sub-
population by f low cytometry. Ethanol-fixed neutrophil
CD16bright cells showed positive staining for TCR� for a sub-
fraction of 5% cells (Fig. 2A). Neutrophils showed positive
staining for CD16 but not for T cell markers (CD3, CD4, and
CD8) (Fig. 11, which is published as supporting information on
the PNAS web site). We also observed positive staining for
TCR� in HL-60 cells (Fig. 2B). The identification of a CD16bright

TCR�� subfraction by flow cytometry thus confirmed the
presence of the TCR in neutrophils.

Murine Neutrophils Express TCR V�� Repertoires. To test whether
TCR expression in neutrophils is limited to the human immune
system, purified splenic neutrophils from two normal mouse
strains (CD1 and 129�SvJ) and two mutant strains lacking T cells
(CD1 nude and C.B17 SCID) were analyzed for the presence of
the TCR��. CD1 athymic mice have no T cells (13), and in C.B17

Fig. 1. Presence of TCR�� in circulating human neutrophils and promyelocytic HL-60 cells. (A) A subpopulation of normal neutrophils expresses TCR��-subunits.
Shown are circulating neutrophils isolated from a healthy donor that were subjected to fluorescence immunocytochemistry using monoclonal antibodies to the
TCR �-subunit and �-subunit. TCR��-positive cells show yellow fluorescence, and nuclei (blue) are DAPI-counterstained. (B and C) ImmunoGold electron
microscopy demonstrating the presence and subcellular distribution of the TCR�� complex in peripheral blood neutrophils (B) and neutrophils infiltrating the
appendix in a case of acute appendicitis (C). Plain and bold arrows highlight gold particles grouped in pairs and clusters consistent with the presence of TCR��

heterodimers and higher-order TCR�� complexes, respectively. Note specific staining on the cell surface, in vesicular compartments, and in the perinuclear region
of neutrophils. n, nucleus. (Scale bars: 1 �m.) (D Top) Constitutive expression of the TCR� chain in native HL-60 cells and during ATRA-induced differentiation.
(D Middle) Induction of TCR� in neutrophils by monoclonal antibodies to CD3 and CD28, respectively. Aliquots of 2 � 106 cells were incubated for 1 min at 37°C
in the presence or absence (control) of antibodies to CD3 and CD28 and analyzed by immunoblot using a monoclonal antibody specifically reacting with the TCR�

subunit. (D Bottom) Peripheral blood mononuclear cells (PBMC) from the same blood draw are shown as reference. The larger band in neutrophils and peripheral
blood mononuclear cells represents a previously reported differently glycosylated TCR� chain (8). (E Upper) RT-PCR expression profiling of 32 different TCR V�

chains (V�1–32) demonstrating selective expression of V�3 mRNA in HL-60 cells after 5 days of ATRA (5 �M)-induced differentiation [� ATRA (d5)] (top). Asterisks
denote nonspecific amplification products. (E Lower) Representative TCR V� expression profiling in peripheral blood neutrophils from a healthy individual
(Neutrophils 2). (F) Expression of complex V� repertoires in neutrophils in a different individual (Neutrophils 1). TCR CDR3 length spectratypes (Left) are shown
for V�3 (HL-60 cells) and, representatively, for V�14 and V�14 (neutrophils). Boxed areas designate the amplification products for which spectratyping was
performed. Specific PCR products range from 248 to 462 bp (V� chains) and from 417 to 557 bp (V� chains), respectively.
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SCID mice the generation of TCRs is severely inhibited because
of DNA repair defects, which leads to a failure of V(D)J
recombination and combined T and B cell deficiency with minor
‘‘leakiness’’ (14). Immunocytochemistry showed positive stain-
ing of the TCR� chain in a 5–7% subpopulation of neutrophils
from three mouse strains investigated (Fig. 3A), and RT-PCR
revealed mRNA expression of TCR� and TCR� constant chains
(Fig. 3B). TCR CDR3 spectratyping confirmed the presence of
complex V�5 and V�16 repertoires in the neutrophil fraction of
normal 129�SvJ mice (Fig. 3C). Neutrophils from T cell-
deficient CD1 nude mice also expressed TCR V�� repertoires,
whereas no evidence for TCR V�� repertoire expression was
found in neutrophils from recombination-defective C.B17 SCID
mice.

To test whether and to which extent neutrophils express the
TCR conditions of severe T cell deficiency, we assessed the
expression of TCR�� constant chains in peripheral blood neu-
trophils from an 8-week-old infant with X-linked SCID (X-
SCID). X-SCID is a rare inherited immune system disorder with
an incidence of 1:200,000 caused by mutations in the IL-2
receptor �-chain (15). Affected individuals typically display
dramatically reduced or absent T cells (T cell-negative�B cell-
positive X-SCID) (16). At the time of blood draw the infant’s
WBC were as follows: 2,100 � 103 neutrophils per microliter,
1,380 � 103 lymphocytes per microliter, and 940 � 103 mono-
cytes per microliter. Importantly, RT-PCR analysis of purified
X-SCID neutrophils revealed expression of both the TCR� and
the TCR� constant genes, strongly suggesting that TCR expres-

sion in human X-SCID neutrophils occurs in the virtual absence
of T cells (Fig. 12, which is published as supporting information
on the PNAS web site). Consistent with these results, we also
found that neutrophils from an adult patient with severe iatro-
genic T cell deficiency (acute graft rejection) express the TCR
(Fig. 12).

Neutrophils Express Essential Components of the TCR Signaling Com-
plex. We next investigated whether HL-60 and neutrophils
express TCR constant chains and components of the TCR
signaling complex. RT-PCR showed expression of each of the
TCR �, �, �, and � constant chains (TRAC-TRDC) in HL-60
cells and neutrophils (Fig. 4 A and C). Both cell types also
express the CD3� chain (17), �-chain-associated protein kinase
70 (ZAP70) (18), and linker for activation of T cells (LAT) (19).

Fig. 2. Flow cytometric analysis of TCR�� expression in human neutrophils
and HL-60 cells. (A) Double-staining of human neutrophils for CD16�TCR� and
CD16�TCR�, respectively. Note that a CD16bright subfraction of circulating
neutrophils displays positive staining for TCR�. Peripheral blood neutrophils
from a healthy individual were purified and stained with the indicated anti-
bodies to the TCR and lineage surface markers, respectively. Staining for CD16
and TCR��TCR� was carried out in ethanol-fixed cells. Thin lines in the histo-
grams represent staining with isotype controls. (B) HL-60 cells stain positively
for TCR�. Positive staining for myeloid lineage markers (CD15 and CD33) and
the absence of staining for the lymphoid marker CD3 are shown.

Fig. 3. Expression of the TCR�� complex in murine neutrophils. (A) Immu-
nocytochemistry demonstrating the presence of TCR�-positive neutrophils
(green fluorescence) in normal CD1 mice, T cell-deficient CD1 athymic nude
mice, and lymphopenic C.B17 SCID mice, respectively. Neutrophils were iso-
lated by MACS from spleens of each of the three strains using an antibody to
Ly6-G (Gr1), and immunocytochemistry was performed by using an anti-
mouse TCR� monoclonal antibody recognizing a common epitope of the
murine TCR complex. Nuclei were counterstained with DAPI (blue). Note the
characteristic donut-shaped nucleus of murine neutrophils. (B) Expression of
TCR�� constant chain genes in purified spleen neutrophils (N) and the Ly6-G
depleted mononuclear fraction (m) of normal 129�SvJ and T cell-deficient
mice (CD1 nude and C.B17 SCID). Expression of the T cell marker gene CD8a
and GAPDH is shown for the respective leukocyte preparations. The absence
of CD8a mRNA expression in purified neutrophils demonstrates that the
preparations were free of contaminating T cells. m, spleen mononuclear cells;
N, spleen neutrophils. (C) Neutrophils from normal 129�SvJ and T cell-deficient
CD1 nude mice express TCR V�� repertoires as evidenced by CDR3 spectra-
typing. Note the absence of TCR V chain repertoires in neutrophils from
recombination-defective C.B17 SCID mice. Mono, mononuclear fraction (TCR-
positive control).
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ATRA-mediated differentiation induced up-regulation of CD3�
and ZAP70 mRNA levels in HL-60 cells but had no effect on
expression of LAT and TCR constant chains. Moreover, CD3-
or CD28-activating antibodies resulted in increased CD3� but
not ZAP70 expression (Fig. 4B).

TCR Expression in Neutrophils Is Modulated by G-CSF in Vivo. We
tested whether G-CSF impacts expression of the TCR machinery
in circulating neutrophils in vivo. For this, a single dose (30 �g)
of recombinant human G-CSF was administered s.c. to two
healthy probands, and peripheral blood neutrophils were col-
lected at various time points after injection (Fig. 13, which is
published as supporting information on the PNAS web site).
G-CSF suppressed mRNA expression of all neutrophil TCR
constant chains and components of the TCR signaling complex
(CD4, CD3�, ZAP70, and LAT) during the first 48 h after
injection (Fig. 4C). This effect was maximal at 12 h (individual
2; data not shown) and 48 h after injection (individual 1; Fig. 4C).
Up-regulation of matrix metalloproteinase 25 (20) and CD64
indicated that the effect was not due to a global suppression of
neutrophil gene expression. At 132 h after injection mRNA
levels of all TCR constant chains and most signaling components
had increased but were still below those levels found before
G-CSF administration. These results suggest that G-CSF po-

tently modulates gene expression of the neutrophil TCR com-
plex in vivo.

Neutrophils Express the RAG1�RAG2 Recombinase and Flexible TCR
V�� Repertoires. The recombination-activating gene proteins
RAG1 and RAG2 initiate genomic V(D)J recombination. West-
ern blot analysis showed constitutive expression of both proteins
in HL-60 cells and circulating neutrophils (Fig. 5A). Constitutive
expression of RAG1�RAG2 by neutrophils indicates that these
cells possess the specific molecular equipment for generation of
antigen receptor diversity. Time course analysis revealed that
G-CSF induced up-regulation of RAG1 for a period of 48 h,
which was paralleled by a moderate down-regulation of generally
high RAG2 levels. To explore the dynamics of neutrophil
TCR�� repertoire diversity over time and its responsiveness to
G-CSF we characterized the CDR3 spectratypes of selected V
chains for the duration of 7 months in the two probands who
were administered G-CSF. Some CDR3 spectratypes changed
from Gaussian to oligoclonal profiles (Fig. 5B), whereas others
remained constant, indicating that TCR�� repertoires in neu-
trophils are variable. Clonal analysis of the CDR3 repertoire
changes confirmed these results on the nucleotide sequence level
(Fig. 14, which is published as supporting information on the
PNAS web site).

Stimulation of the TCR�CD3 Complex Induces Up-Regulation of bcl-xL

Expression, Inhibits Apoptosis, and Enhances IL-8 Secretion. To ex-
plore a possible function of the neutrophil TCR in apoptosis, we
determined the effect of the TCR agonists CD3 and CD28 on the
expression of antiapoptotic factors and cell survival. Stimulation
of neutrophils with both anti-CD3 and anti-CD3�CD28 anti-
bodies induced up-regulation of bcl-xL starting at 3 h (Fig. 6A).
CD28 stimulation alone did not alter bcl-xL expression. Engage-
ment of CD3 had an antiapoptotic effect on neutrophils, as

Fig. 4. Expression and regulation of invariant components of the TCR
complex in HL-60 cells and neutrophils. (A) mRNA expression of TCR�, �, �, and
� constant chains (TRAC-TRDC), constituents of the TCR signaling complex
(CD3�, ZAP70, and LAT), and various leukocyte-specific genes (CD4, CD8a,
matrix metalloproteinase 25, and CD64) during ATRA-dependent differenti-
ation of HL-60 cells. TRGC double bands represent the two known alternative
splice variants. RT-PCR amplification of GAPDH is shown as a reference. (B)
Induction of CD3�, but not ZAP70, by anti-CD3 and anti-CD28 antibodies in
neutrophils. Aliquots of 2 � 106 freshly obtained cells were incubated for 1 min
at 37°C in the presence or absence (control) of antibodies to CD3 and CD28,
respectively, and analyzed by Western blot using the antibodies indicated. (C)
G-CSF suppresses the expression of the neutrophil TCR complex in the circu-
lation in vivo. RT-PCR expression profiling was performed in neutrophils at the
indicated time points after G-CSF administration. Data are representatively
shown for one proband. Expression of neutrophil (matrix metalloproteinase
25 and CD64) and T cell marker (CD8a) genes are shown as reference. T, T cells
from the same individual; MMP, matrix metalloproteinase.

Fig. 5. Regulation of RAG1�RAG2 expression and TCR V�� CDR3 repertoire
diversity in neutrophils by G-CSF in vivo. (A) Constitutive RAG1�RAG2 expres-
sion in HL-60 cells and neutrophils. Shown are transient up-regulation of RAG1
and down-regulation of RAG2 in circulating neutrophils in response to G-CSF.
Note isolated RAG2 expression in peripheral blood T cells (T). The additional
lower-molecular-mass RAG1 bands have been previously observed (25). Data
are representatively shown for one proband. (B) Individual TCR�� CDR3
repertoires change over time, and their expression is suppressed by G-CSF. TCR
V�3, V�6, and V�17 CDR3 length spectratypes are representatively shown for
individuals 1 and 2 before (�6 mo and 0 h) and after (12 h, 48 h, 132 h, and 28 d)
administration of G-CSF.
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evidenced by TUNEL staining (Fig. 6B) and flow cytometry
(data not shown). Furthermore, we examined whether CD3�
CD28-mediated TCR engagement has an effect on neutrophil
IL-8 secretion, an essential chemokine for early neutrophil
recruitment. Indeed, time course analysis of CD3 and CD3�
CD28 activation showed enhanced secretion of IL-8 by neutro-
phils within 24 h (Fig. 6C). This response was also observed when
Fc �-receptors were blocked by antibodies to CD16 and CD32
(Fig. 15, which is published as supporting information on the
PNAS web site) or in the presence of autologous serum (data not
shown), indicating that it is not mediated by nonspecific Fc
receptor activation. Taken together, these data demonstrate that
engagement of the CD3-dependent TCR signal transduction
pathway inhibits apoptosis and triggers increased IL-8 secretion
in neutrophils.

Discussion
In this report several independent lines of evidence are pre-
sented for the existence of a TCR-based variable host defense
system in human neutrophils. First, immunocytochemical anal-
ysis reveals that a subpopulation of human peripheral blood
neutrophils expresses the TCR�� complex, and ultrastructural
data demonstrate its presence on the surface of both circulating
and tissue neutrophils. Second, circulating neutrophils express
individual-specific TCR V�� repertoires that display variation
over time. Third, consistent with the variable nature of TCR V��
diversity, both recombinases, RAG1 and RAG2, the prerequi-
site for the generation of TCR repertoire diversity, are expressed
by peripheral neutrophils. Finally, biochemical and molecular
biological evidence indicates that neutrophils possess integral
components of the TCR signaling machinery and that TCR

engagement through the CD3�CD28 pathway enhances bcl-xL
expression, protects neutrophils from apoptosis, and leads to
increased IL-8 secretion. These results in humans are consistent
with the finding that neutrophils from several mouse strains also
express TCR V�� repertoires, suggesting that this may be a
general feature of mammalian neutrophils. The presence of the
TCR in circulating human neutrophils is also in agreement with
our observation that promyelocytic HL-60 cells express major
components of the TCR machinery. Of note, TCR expression in
HL-60 cells is supported by two studies in the murine promy-
elocytic cell line MPRO that demonstrate expression of the
TCR� and TCR� mRNAs and the Rag1 protein during MPRO
differentiation into mature neutrophils (21, 22).

Our study establishes that athymic CD1 nude mice, which are
completely deficient in T cells, express TCR V��. In keeping
with these observations in the mouse, the TCR was also ex-
pressed in neutrophils from two individuals with severe primary
and secondary T cell deficiency syndromes (X-SCID and acute
graft rejection), respectively. These findings indicate that ex-
pression of the TCR in neutrophils does not require the presence
of the T cell system. Consistent evidence for TCR expression in
neutrophils from T cell-deficient individuals and mouse strains
lacking T lymphocytes dismisses the possibility that the presence
of the TCR in neutrophils is the mere result of ‘‘passive receptor
expression,’’ e.g., because of phagocytosis of TCR-bearing lym-
phocytes. This finding is also supported by the fact that we
routinely detected RAG1 expression in human neutrophils,
which cannot be attributed to ingestion of T cell material because
RAG1 is absent from postthymic T cells.

Our findings come as a surprise considering that neutrophils
are thought to rely solely on nonspecific host defense mecha-
nisms (4). At this point, the exact biologic role of the TCR-based
host defense system in neutrophils remains to be established.
Also, it is presently unknown whether TCR-positive neutrophils
display additional biological features that set them apart from
the main neutrophil fraction. Neutrophils have a half-life of only
6–10 h in the circulation and a rapid turnover rate (23). Given
these dynamic features, it is conceivable that the neutrophil TCR
may represent a first line system of antigen-specific defense.
Such a rapid and highly flexible immunological intervention
system would make sense because it may complement the
conventional T cell-based cellular host defense with its relatively
slow temporal dynamics (24). The observed induction of IL-8
secretion after engagement of the neutrophil TCR raises the
possibility that activation of TCR-positive neutrophils by specific
antigens may potently and rapidly boost the recruitment of
additional neutrophils to sites of inflammation where these
antigens are present. Such a mechanism may efficiently facilitate
the response to antigens during early phases of host defense.

In conclusion, we report the discovery of an as-yet-
unrecognized TCR-based variable immunoreceptor in a sub-
population of human and murine neutrophils. This finding adds
a novel aspect to the current understanding of the workings of
neutrophils and the TCR in the mammalian immune system.

Materials and Methods
Cell Isolation and Cell Culture Experiments. Neutrophils were iso-
lated by dextrane sedimentation and density gradient centrifu-
gation (FICOLL-Paque, Amersham Bioscience, Munich, Ger-
many). Neutrophils were routinely �97% pure. T cells were
enriched from peripheral blood mononuclear cells by positive
selection using MACS CD3 MicroBeads (Miltenyi Biotec,
Bergisch-Gladbach, Germany) (average yields �93%). Periph-
eral blood from an 8-week-old male infant with X-SCID was
drawn before stem cell transplantation. Venous blood from a
male kidney transplant patient (triple immunosuppressive ther-
apy) (Fig. 12B) and from two healthy volunteers who were
administered recombinant human G-CSF (Filgrastim, Amgen,

Fig. 6. Induction of antiapoptotic responses and enhanced IL-8 secretion by
CD3�CD28-mediated activation of neutrophils. (A) Activation of CD3 and
CD3�CD28 costimulation (3 h) induce enhanced expression of bcl-XL but not
bcl-2 in neutrophils. (B) Reduced percentages of TUNEL-positive neutrophils
after 48 h of stimulation with anti-CD3 and anti-CD3�anti-CD28 antibodies. (C)
Enhanced secretion of IL-8 by neutrophils during anti-CD3 or anti-CD3�anti-
CD28-mediated TCR activation. Aliquots of 2 � 106 neutrophils were incu-
bated in the presence of antibodies to CD3, CD28, or both for the indicated
time points, and Western blot analyses and TUNEL assays were performed. IL-8
was determined in the neutrophil supernatant by ELISA.
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Thousand Oaks, CA) at a single dose of 30 �g s.c. was obtained
at various time points. Written informed consent had been
obtained from all individuals included in this study.

CD1-Foxn1nu mice, CB17�Icr-Prkdcscid�Crl mice (4 weeks old,
male), and normal mice (129�SvJ and CD1) were purchased
from Charles River Laboratories (Wilmington, MA) and main-
tained under specific pathogen-free conditions until the day they
were killed. Neutrophils from pooled (n � 7) splenocyte cell
suspensions were isolated by MACS using the Anti-Ly6G Mi-
croBead kit (Miltenyi Biotec). The Ly6G negative mononuclear
cell fraction was used as controls. Isolated neutrophils were 93%
(129�SvJ and CD1 mice) and �98% pure (CD1 nude and C.B17
SCID mice), as assessed by flow cytometry (data not shown).

Promyelocytic HL-60 and Jurkat cells (DSMZ, Braunschweig,
Germany) were cultivated in RPMI medium 1640 (10% FCS�1%
MEM). Detailed information on cell activation experiments is
provided in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.

Immunocytochemistry, Flow Cytometry, and ImmunoGold Electron
Microscopy. For immunocytochemistry and electron microscopy
studies the cells were simultaneously stained with mouse anti-
human monoclonal antibodies to TCR�F1 and TCR�F1 (En-
dogen, Bonn, Germany). Positive staining was visualized by
using an Axio Imager ZI (Zeiss, Göttingen, Germany) and Axio
Vision software. Flow cytometric analyses were performed on a
FACSCalibur using CellQuest Pro software (Becton Dickinson
Biosciences, San Jose, CA). For visualization of apoptotic neu-
trophils, TUNEL was performed on neutrophil cytospins using
the In Situ Cell Death Detection POD Kit (Roche, Mannheim,
Germany) followed by counterstaining with DAB (DakoCyto-
mation, Hamburg, Germany). For ImmunoGold electron mi-
croscopy cells, human neutrophils, Jurkat cells, and sections of
appendix tissue were examined in a LEO912AB electron micro-
scope (Zeiss). For detailed description of immunocytochemistry,
f low cytometry, and electron microscopy, see Supporting Mate-
rials and Methods.

RT-PCR, TCR CDR3 Size Spectratyping, and Assessment of CDR3 Se-
quence Diversity. RNA from all cells was prepared with TRIzol
reagent (Life Technologies, Carlsbad, CA). cDNA was made by

using the First Strand cDNA synthesis kit (Roche Diagnostics,
Mannheim, Germany). mRNA expression levels were quanti-
tated with the Fast Start cDNA SYBR Green Kit (Roche
Diagnostics) on the Lightcycler. Data were normalized against
GAPDH.

TCR V� and V� mRNA expression profiling and size spec-
tratyping of the antigen-binding V� and V� CDR3 regions were
performed as previously reported (11, 12). CDR3 spectratypes
were assessed on an ABI 310 Genetic Analyzer capillary se-
quencer (Applied Biosystems, Toroed, Norway). The sequences
of additional PCR primers can be requested from the authors.
Authenticity of all relevant PCR products was confirmed by
sequencing. PCR runs were repeated at least twice.

To assess neutrophil TCR V�3 CDR3 sequence diversity
specific RT-PCR amplification products were excised from
agarose gels, purified (QIAEX II Gel Extraction Kit; Qiagen,
Valencia, CA) and cloned into a TA vector (pCR-TOPO;
Invitrogen, ABI 310 Genetic Analyzer) by using standard pro-
tocols. For each time point, cDNA sequences of the V�3 CDR3
were analyzed for a total of 40 randomly picked clones.

Immunoblotting and ELISA. Immunoblot analyses were performed
with standard techniques using the following antibodies: TCR�
chain (Endogen), CD3� (Serotec, Oxford, U.K.), ZAP70 (Cell
Signaling Technology, Boston, MA), actin (Santa Cruz Biotech-
nology, Santa Cruz, CA), bcl-2 (DAKO, Hamburg, Germany),
bcl-XL (Santa Cruz Biotechnology), RAG1 (BD Biosciences,
San Jose, CA), and RAG2 (BD Biosciences). Pilot immunoblot-
ting experiments revealed that detection of RAG1 and RAG2
from peripheral blood leukocyte subpopulations was possible
only when protein fractions were prepared with TRIzol reagent,
which allows separation of cellular protein from DNA. Neutro-
phil IL-8 secretion was assessed by ELISA (Human IL-8 ELISA
kit; Pierce Biotechnology, Rockford, IL).
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