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Summary

Granulocyte-colony stimulating factor (G-CSF) has proved to be a successful
therapy for some patients with Crohn’s disease. Given the known ability of
G-CSF to exert anti-T helper 1 effects and to induce interleukin (IL)-10-
secreting regulatory T cells, we studied whether clinical benefit from G-CSF
therapy in active Crohn’s disease was associated with decreased inflammatory
cytokine production and/or increased regulatory responses. Crohn’s patients
were treated with G-CSF (5 mg/kg/day subcutaneously) for 4 weeks and
changes in cell phenotype, cytokine production and dendritic cell subsets
were measured in the peripheral blood and colonic mucosal biopsies using
flow cytometry, enzyme-linked immunosorbent assay and immunocyto-
chemistry. Crohn’s patients who achieved a clinical response or remission
based on the decrease in the Crohn’s disease activity index differed from
non-responding patients in several important ways: at the end of treatment,
responding patients had significantly more CD4+ memory T cells producing
IL-10 in the peripheral blood; they also had a greatly enhanced CD123+ plas-
macytoid dendritic cell infiltration of the lamina propria. Interferon-g pro-
duction capacity was not changed significantly except in non-responders,
where it increased. These data show that clinical benefit from G-CSF treat-
ment in Crohn’s disease is accompanied by significant induction of IL-10
secreting T cells as well as increases in plasmacytoid dendritic cells in the
lamina propria of the inflamed gut mucosa.
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Introduction

Novel therapies for Crohn’s disease can exploit our deepen-
ing understanding of gut inflammatory conditions [1].
Granulocyte-colony stimulating factor (G-CSF) may be a
particularly useful treatment for the T helper type 1 (Th1)/
Th17-driven Crohn’s inflammation because of its demon-
strated immunomodulatory properties. G-CSF treatment
results in decreased interferon (IFN)-g and increased inter-
leukin (IL)-4 expression, decreased IL-12Rb2 chain expres-
sion and up-regulation of GATA-3 (important for Th2
responses) in mouse and human peripheral blood cells
[2–4]. G-CSF treatment can also promote the generation
and/or mobilization of IL-10-producing regulatory T cells in
the peripheral blood [5,6], as well as preferentially mobilize
peripheral plasmacytoid dendritic cells (PDCs) [7–9], a den-
dritic cell (DC) subset that has been linked to development

of IL-10-producing Tr1-type regulatory cells [10]. Moreover,
G-CSF can exert direct anti-inflammatory effects via inhibi-
tion of Toll-like receptor ligand-stimulated release of
tumour necrosis factor (TNF)-a, IFN-g, IL-12 and IL-1b
from human monocytes and whole blood cells [2,11]. Cur-
rently, G-CSF therapy for Crohn’s disease treatment is sup-
ported by several case reports and open-label studies that
show a benefit for some patients [12–15].

The present study was undertaken to address the mecha-
nisms for the therapeutic effects of G-CSF in patients with
active Crohn’s disease by measuring the changes in immune
cell function that occur with G-CSF treatment and associat-
ing these changes with clinical response. A special focus of
this study was to address the effect of G-CSF on regulatory
cells in Crohn’s inflammation in order to clarify how G-CSF
might complement existing and emerging therapies for this
disease.

Clinical and Experimental Immunology ORIGINAL ARTICLE doi:10.1111/j.1365-2249.2008.03799.x

447© 2008 British Society for Immunology, Clinical and Experimental Immunology, 155: 447–456

mailto:pmannon@uab.edu


Materials and methods

Patients and treatment

Patients were enrolled at the NIH Clinical Center between
December 2001 and July 2003. Eligible adult patients
had a verifiable diagnosis of Crohn’s disease and a Crohn’s
disease activity index (CDAI) score of � 225 and � 450
respectively. Acceptable concomitant medications included
only stable doses of antibiotics, mesalamine drugs, pred-
nisone (� 25 mg/day) and probiotics. Other exclusion crite-
ria included short-bowel syndrome, bowel obstruction,
splenomegaly, probable requirement for imminent intestinal
surgery, active enteric infection, abnormal chest X-ray or
electrocardiogram, active hepatitis B or C infection, HIV
seropositivity or a history of cancer. Patients were excluded if
they reported any reactions to G-CSF (filgrastim) or any
proteins derived from Escherichia coli.

After giving informed consent and a 14-day screening
period, eligible patients received G-CSF 5 mg/kg/day subcu-
taneously for 28 days (dose was adjusted to keep the absolute
neutrophil count � 50 000 cells/ml). Clinical status was
assessed on days 8, 15, 22 and 28, and biochemical and
haematological parameters were assessed on days 4, 8, 11, 15,
22 and 28. Patients were assessed as clinical responders if the
CDAI score fell at least 100 points from baseline and experi-
enced remission if the absolute CDAI score was � 150 points.
Patients were followed for up to 24 weeks after the final
injection of G-CSF, assessed at weeks 4, 8, 16 and 24. Colonos-
copy was performed just prior to the first injection and within
48 h of the final injection. Biopsy specimens were restricted to
areas of endoscopically visible active inflammation.

Cytokine measurement

Peripheral blood mononuclear cells (PBMCs) were prepared
from 50 ml whole blood using Ficoll-sodium diatrizoate
gradient centrifugation. CD4+CD45RO+ cells were enriched
using CD4 and CD45RO magnetic affinity cell sorting
(MACS) microbeads (Miltenyi Biotec, Auburn, CA, USA).
Cells were stimulated for 48 h with antibodies (1 mg/ml)
against CD3 and CD28. All culture supernatant cytokine
concentrations were determined using multiplex bead
Luminex100 instrumentation (Luminex Corporation,
Austin, TX, USA) with Lincoplex assay kits (LINCO Research,
Inc., St Charles, MO, USA). The assays were performed and
analysed using a Logistic-5PL regression method with the
Bio-Plex manager 3·0 software (Bio-Rad Laboratories, Her-
cules, CA, USA). Percentage coefficient of variation for both
intra- and interassay variability was 10–15%.

Peripheral blood DC phenotyping

Isolated PBMCs stained for four-colour flow cytometry
and analysed on a fluorescence activated cell sorter

(FACSCalibur) using Cellquest software (Becton Dickinson
Biosciences, San Jose, CA, USA). List mode parameters
were collected for 106 mononuclear cells. DCs were identi-
fied by gating on the lineage (CD3, CD14, CD16, CD19,
CD20 and CD56)-negative and human leucocyte antigen
D-related-positive population. Subpopulations of DCs were
then determined by using CD11c+ to identify myeloid and
BDCA-2+ to identify plasmacytoid cells. Monoclonal anti-
bodies were obtained from Becton Dickinson Biosciences,
except for BDCA-2 (Miltenyi Biotech). All intra-assay vari-
ability was < 3%. The interassay variability for B cells and
monocytes was 13%, for T cells < 6% and for natural killer
cells 18·5%.

Immunohistochemistry

Sections from formalin-fixed mucosal biopsies were deparaf-
finized and rehydrated prior to heat-induced antigen retrieval
(10 mM Tris-HCl, 1 mM ethylenediamine tetraacetic acid,
pH 9·0 for 20 min by microwave). Slides were washed with
Tris-buffered saline, 0·05% Tween-20 (TBST). Endogenous
peroxidase activity was blocked [10 min with 0·3% hydrogen
peroxide containing sodium azide from the EnVision+®Dual
Lynk System-HRP (DAB+)] (DakoCytomation, Carpinteria,
CA, USA). Mouse anti-human CD-123 antibody (BD Bio-
sciences Pharmingen, San Diego, CA, USA) was added at 1:50
dilution for 1 h at 37°C. After washing with TBST, the slides
were incubated with a horseradish peroxidase (HRP)-labelled
polymer (DakoCytomation), and peroxidase activity was
visualized with the substrate 3′-3′ diaminobenzidine. The
slides were counterstained with Mayer’s haematoxylin, dehy-
drated and mounted.

For forkhead box P3 (FoxP3) and CD25 double-staining,
after blocking the endogenous peroxidase activity, slides were
incubated with the mouse monoclonal anti-FoxP3 (Abcam,
Cambridge, MA, USA) at 1:50 overnight at 4°C and processed
as above. For the second staining, after heat-induced antigen
retrieval, the slides were incubated in serum free-protein
block for 30 min and then with mouse anti-human CD25
antibody (Novocastra, Bannockburn, IL, USA) at 1:50 for
60 min at 37°C. After washing with TBST, the slides were
incubated with goat anti-mouse immunoglobulin (Ig)G-
alkaline phosphatase conjugate (Sigma, St Louis, MO, USA)
at 1:100 for 45 min and washed with TBST. Alkaline phos-
phatase activity was visualized using the Vector Red alkaline
phosphatase subtrate kit I (Vector Laboratories, Burlingame,
CA, USA) containing 0·2 mM of levamisole (DakoCytoma-
tion). The slides were washed with distilled water, counter-
stained and mounted using an aqueous mounting media.
Negative double-staining control experiments were per-
formed with mouse IgG2a isotype (AbD Serotec,Raleigh,NC,
USA) using similar Ig concentrations. Biopsy slides were
counted for stained lamina propria cells included in
8–12 high power fields (hpf)/slide by two pathologists
masked to the clinical response.
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Statistical analysis

The sample size for this open-label pilot study was designed
for the primary outcome of safety (10 treated subjects gave
> 80% probability of observing adverse events that had
actual rates of 10% or greater). Secondary outcomes such as
changes in cytokine production and cell populations were
analysed in an exploratory fashion (no adjustments were
made for multiple comparisons). Differences between
means within groups (baseline and post-treatment results
in responders, for instance) were tested using a paired t-test
and differences between groups (post-treatment results for
responders and non-responders, for instance) were tested
using a non-paired t-test (InStat; GraphPad Software, San
Diego, CA, USA). In some instances, because of the small
sample size, significance testing was repeated using non-
parametric Mann–Whitney testing to assess the robustness
of the results.

Results

Patient demographics and response to G-CSF
treatment

Ten patients were screened and nine were enrolled (one
patient had no active Crohn’s disease). Of the nine patients,
there were six females and three males [34·7 � 7·8 years old,
mean � standard deviation (s.d.), range 22–42]. The mean
duration of disease was 13·8 � 9·5 years. Eight patients had
ileocolonic disease and one had only colonic involvement.
One patient had fistulizing disease and five had had previous
bowel resections. At the time of enrolment patients were
taking no Crohn’s medications (two patients) or were taking
one or two Crohn’s medications: four were taking corticos-
teroids, five were taking mesalamine, and two had stopped
azathioprine 4 weeks prior to enrollment. Patients began the
study with mean CDAI of 313 � 60 points.

During the 28-day G-CSF treatment period six patients
reported improvement in their CDAI score, achieving a clini-
cal response (four patients) or remission (two patients).
Improvement in three of these patients occurred after 2
weeks and the other three by the end of G-CSF treatment

(Fig. 1). One remission was durable for over 60 days
post-treatment, and in two patients clinical responses were
maintained for 110 days post-treatment. The three non-
responders terminated participation early in the treatment
(one patient) or early in the follow-up period (two patients)
because of lack of efficacy. Five other patients terminated
participation coincident with a recrudescence of symptoms
during the follow-up period.

The three non-responding patients had significantly longer
duration of disease compared with the responding patients
(22·3 � 5·5 years versus 9·5 � 8·2, P < 0·05) and included the
only patient with active fistulae. Additionally, all three non-
responding patients reported prior bowel resections com-
pared with only two of six of the responding patients.

Changes in PBMC phenotype following G-CSF
treatment

In order to detect differences in immune parameters that
might be associated with the clinical response to G-CSF, we
measured peripheral blood cell phenotypes before and after
G-CSF treatment. Overall, there were no significant differ-
ences in numbers of baseline peripheral blood cell pheno-
types in responding patients compared with non-responders,
except for higher pretreatment numbers of CD3+/DR+ cells in
non-responders (343 � 156 versus 171 � 51 cells/ul, mean �

s.d., P = 0·04, reference range 0–291 cells/ml). Similarly, there
were no differences in cell numbers at the end of treatment
between the two groups. However, while within each
responder and non-responder group significant increases in
some phenotypes could be measured after treatment
(Table 1),nearly all the changes, including the non-significant
ones, were in a conjugate upward direction. These data did
not point to any meaningful differences in the PBMC pheno-
types before or after G-CSF treatment that was associated
with the presence of a clinical response.

Granulocyte-colony stimulating factor treatment is
associated with changes in memory cell cytokine
production

The capacity of circulating CD4+CD45RO+ memory T cells
to produce cytokines before and after G-CSF treatment was

Fig. 1. Clinical response to granulocyte-colony

stimulating factor (G-CSF) treatment in active

Crohn’s disease. Patients’ clinical response

measured by the Crohn’s disease activity index

(CDAI) is plotted over the course of treatment

(shaded area) and follow-up. Dotted line

denotes CDAI = 150, the level at or below

defining remission.
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assessed, and the most striking effect was seen in relation
to IL-10 production. In particular, peripheral blood
CD4+CD45RO+ cells isolated from responding patients
exhibited significant increases in IL-10 production fol-
lowing G-CSF treatment [from 3973 � 1147 pg/ml to
13 162 � 2885, P < 0·02, mean � standard error of the

mean (s.e.m.)]; one patient had very high baseline and
end-of-treatment IL-10 production (Fig. 2). In contrast,
CD4+CD45RO+ cells from non-responding patients did not
have a significant change in their IL-10 production following
G-CSF treatment (3250 � 1948 pg/ml to 5517 � 1188 pg/
ml, P > 0·3).

Table 1. Peripheral blood mononuclear cell phenotyping before and after granulocyte-colony stimulating factor (G-CSF) treatment (cell/ml blood):

intragroup changes for responders and non-responders, paired t-test results.

Responders (n = 6) Non-responders (n = 3)

Pre- Post- P-value Pre- Post- P-value

CD3 1356 � 579 2093 � 400 0·04 1004 � 511 1577 � 246 n.s.

CD5 1337 � 586 2071 � 400 0·04 995 � 512 1592 � 254 n.s.

CD4 877 � 483 1279 � 263 0·05 550 � 291 862 � 143 n.s.

CD8 505 � 122 931 � 337 0·02 497 � 242 741 � 37 n.s.

CD4/CD3 877 � 489 1272 � 269 n.s. 547 � 290 864 � 177 n.s.

CD8/CD3 430 � 101 747 � 276 n.s. 425 � 228 660 � 86 n.s.

T4/T8 ratio 1·9 � 0·9 1·8 � 0·8 n.s. 1·1 � 0·1 1·2 � 0·2 n.s.

DNT 29 � 22 42 � 32 0·05 19 � 2 37 � 27 n.s.

CD45RO/CD4 395 � 279 540 � 293 n.s. 317 � 218 539 � 284 0·05

CD45RA/CD4 276 � 170 429 � 136 n.s. 106 � 70 197 � 97 n.s.

CD45RO/CD8 110 � 46 194 � 129 n.s. 120 � 71 122 � 6 n.s.

CD45RA/CD8 208 � 88 357 � 138 n.s. 159 � 83 287 � 15 n.s.

CD3/DR 171 � 51* 375 � 184 0·02 343 � 156 273 � 22 n.s.

CD4/DR 58 � 15 117 � 49 0·04 69 � 51 91 � 18 n.s.

CD8/DR 113 � 54 277 � 187 0·04 179 � 154 175 � 3 n.s.

CD3/CD25 648 � 527 949 � 441 0·05 382 � 226 649 � 310 0·03

CD3/CD161 200 � 100 336 � 132 0·02 206 � 147 390 � 326 n.s.

CD20 156 � 75 214 � 81 0·04 75 � 51 155 � 61 0·01

CD20/CD5 53 � 33 75 � 40 0·02 29 � 23 55 � 30 n.s.

CD19 161 � 74 225 � 83 0·04 82 � 54 165 � 72 n.s.

NK 141 � 85 344 � 230 n.s. 157 � 131 201 � 100 n.s.

NK T 71 � 56 143 � 105 0·02 133 � 49 258 � 6 n.s.

*P = 0·04 for intergroup pretreatment values responders versus non-responders. NK, natural killer; NK T, natural killer T cells; n.s., not significant.

Fig. 2. Cytokine production by peripheral

CD4+CD45RO+ cells before and at the end of

granulocyte-colony stimulating factor (G-CSF)

treatment. Isolated cells were cultured and

stimulated with anti-CD3 and anti-CD28

antibodies. Supernatant cytokines were

measured by enzyme-linked immunosorbent

assay. Interleukin-10 levels for responders pre-

versus post-treatment were 3973 � 1147 pg/ml

and 13 162 � 2885 (mean � standard error of

the mean), P < 0·02. Responders, solid lines,

non-responders, dashed lines.
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No significant differences in peripheral CD4+CD45RO+

cell IL-4 production were observed before or after treatment
within or between groups: 1288 � 524 pg/ml pretreatment
to 3215 � 1579 pg/ml after treatment for responding
patients and 879 � 526 pg/ml pretreatment to 1176 �

312 pg/ml after treatment for non-responding patients.
However, two responding patients, who had shown an
increase in IL-10 production, also exhibited a notable
increase in CD4+CD45RO+ cell production of IL-4 after
G-CSF treatment.

Interferon-g production by peripheral CD4+CD45RO+

cells from G-CSF-responsive patients did not change
at the end of treatment (14 483 � 5174 pg/ml versus
13 893 � 5720). In non-responders IFN-g production, while
lower at the start of treatment, increased significantly at the
end of treatment (2253 � 968 pg/ml versus 13 600 � 2814,
P < 0·02). Finally, with respect to TNF-a production by
peripheral CD4+CD45RO+ T cells, there were no significant
differences before or after treatment in either group.

Granulocyte-colony stimulating factor treatment
affects levels of circulating DC subsets

Peripheral blood myeloid (CD11c+) and plasmacytoid
(BDCA-2+) DC populations were quantitated at the initia-
tion and termination of G-CSF treatment as well as after the
4-week follow-up period. All patients showed an increase in
the number of peripheral blood myeloid and PDCs as well as
a decrease in the myeloid dendritic cell(MDC)/PDC ratio at
the end of G-CSF treatment (Fig. 3a). Responding patients
showed a significant decrease in the MDC/PDC ratio at the
end of treatment compared with baseline (2·1 � 0·2 versus
1·1 � 0·2, mean � s.e.m., P < 0·01) that was sustained
to follow-up (2·1 � 0·2 versus 1·1 � 0·4, P < 0·05). Non-
responding patients showed a trend towards a decrease in
MDC/PDC ratio at the end of treatment (3·5 � 1·7 versus

0·9 � 0·2, P > 0·2) and a return towards baseline at the end
of the 4-week follow-up (3·5 � 1·7 versus 2·3 � 0·4, P > 0·6).

The above results were reflected in the PDC/total PBMC
ratios of the responding and non-responding patients
(Fig. 3b). Thus, responding patients showed an increase from
19 � 4% PDC/PBMC ¥ 102 (mean � s.e.m.) prior to
treatment to 29 � 8 at end of treatment and 24 � 7 at end
of follow-up (4 weeks after the final dose), whereas
non-responders showed an increase from 17 � 8% PDC/
PBMC ¥ 102 prior to treatment to 28 � 9 at end of treatment,
dropping to 5% at the end of follow-up. Despite changes
within the G-CSF responder group, statistical testing for dif-
ferences between responders and non-responders found no
significance at any time-point.

Lamina propria cell CD123 expression following
G-CSF treatment

To determine if any changes in peripheral blood PDCs were
reflected in the lamina propria, biopsies of endoscopically
inflamed colonic mucosa were stained for cells expressing
CD123. Of all pretreatment biopsies, only one patient in the
responder group showed CD123-positive cells in the lamina
propria (� 1 cell/hpf) or in any lymphoid follicles included
in the biopsy. However, at the end of treatment, four patients
in the responder group showed the notable appearance of
CD123-positive cells in the lamina propria (a mean of five
CD123+ cells/hpf, range 2–14) which were neither endothe-
lial cells associated with mucosal blood vessels nor basophils
(Table 2 and Fig. 4). No non-responder patients accumu-
lated any CD123-positive cells in the lamina propria after
G-CSF treatment.

Lamina propria cell CD25 and FoxP3 expression
following G-CSF treatment

To assess the effect of G-CSF treatment on FoxP3-expressing
T cell populations, biopsies of endoscopically inflamed
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colonic mucosa were examined for expression of CD25
and FoxP3 among lamina propria mononuclear cells by
immunohistochemical staining. CD25-stained cells were
counted as CD25high (intensely stained cytoplasm) or CD25low

(intermediate or very low staining). While numbers of
CD25high/FoxP3– cells/hpf were similar between responder
and non-responder patients (1·6 � 0·5 versus 2·2 � 1·4,
mean � s.e.m.), the non-responding patients showed signifi-
cantly higher numbers of FoxP3+ cells, both CD25high

(3·4 � 0·3 versus 0·8 � 0·3, P < 0·001) and CD25low (22 � 3·2
versus 6·3 � 1·8, P < 0·005), in the lamina propria prior to
treatment (Table 3, Fig. 5). However, at the end of treatment,
the numbers of CD25high/FoxP3–, CD25low/FoxP3+ and
CD25high/FoxP3+ cells/hpf were not changed significantly
within the groups of patients. The CD25high/FoxP3+ cells
decreased significantly as a percentage of total CD25+ cells
in non-responders at the end of treatment (69·3 � 17%

Table 2. Lamina propria mononuclear cell CD123 expression in colonic

biopsies before and after granulocyte-colony stimulating factor (G-CSF)

treatment.

Responder Non-responder

Pre-* Post- Pre- Post-

CD123+ 0·1 � 0·1 4·8 � 2·3 0 0

*Number of cells/high power fields (mean � standard error of the

mean).

Fig. 4. CD123 staining in colonic biopsies

from Crohn’s patients treated with

granulocyte-colony stimulating factor (G-CSF).

Colonoscopic biopsies were taken before and

within 1 week of completing G-CSF treatment

from a responder (a–d) and a non-responder

patient (e–h). CD123+ cells have brown

cytoplasmic staining. Scale bar: 100 mm for

(a, c, e, g); 50 mm for (b, d, f, h).

G-CSF responders

Pre-treatment biopsy 

(a)

End of treatment biopsy

(c)

G-CSF non-responders

Pre-treatment biopsy

(e)

End of treatment biopsy

(g)

(b)

(d)

(f)

(h)
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to 47·3 � 20·9%, P < 0·05) (Table 4). However, a non-
significant increase in CD25high/FoxP3+ cells in the lamina
propria of responding patients at the end of G-CSF treatment
(0·8 � 0·3 to 1·8 � 0·8) was also seen.

Discussion

Granulocyte-colony stimulating factor-induced clinical
responses in Crohn’s disease were accompanied by increased
capacity of circulating memory T cells to produce IL-10 and
the appearance of plasmacytoid DCs in the lamina propria, a
DC phenotype associated with regulatory responses. While

non-responders showed none of these findings, this group
may have disease activity less amenable to treatment with
G-CSF, given that this group reported a significantly longer
duration of disease and a higher rate of previous bowel
surgery and that the data showed higher expression of FoxP3
in lamina propria cells, a finding reported to be linked to
colitis activity [16–18].

Clinical responsiveness to G-CSF was not associated with
significant differences in baseline or post-treatment changes
in PBMC phenotype. G-CSF effects on PBMC phenotype in
all treated Crohn’s patients largely recapitulated the expected
effects seen in normal volunteer peripheral blood stem cell

Table 3. Lamina propria mononuclear cell forkhead box P3 (FoxP3) and CD25 expression in colonic biopsies before and after granulocyte-colony

stimulating factor (G-CSF) treatment.

Responder Non-responder

Pre-† Post- Pre- Post-

FoxP3+/CD25high 0·8 � 0·3* 1·8 � 0·8 3·4 � 0·3 3·1 � 1·2

FoxP3+/CD25low 6·3 � 1·8** 8·9 � 4·0*** 22 � 3·2 32·9 � 13·6

FoxP3-/CD25high 1·6 � 0·5 1·5 � 0·5 2·2 � 1·4 3·7 � 1·5

*P < 0·001; **P < 0·005; ***P = 0·059. Responder versus non-responder at that time-point. †Number of cells/high power fields (mean � standard

error of the mean).

Fig. 5. Forkhead box P3 (FoxP3) and CD25

staining in colonic biopsies from Crohn’s

patients treated with granulocyte-colony

stimulating factor (G-CSF). Colonoscopic

biopsies taken before treatment with G-CSF,

representative biopsies from responder

(a, b) and non-responder (c, d) patients.

FoxP3-positive cells are seen as brown nuclear

staining and CD25-positive cells are seen as red

cytoplasmic staining. Scale bar: 100 mm for (a)

and (c), 50 mm for (b) and (d). Detail shows

FoxP3+/CD25high cells (black arrowheads) and

FoxP3+/CD25low cells (black arrows); 60¥
magnification.

G-CSF responders

Pre-treatment biopsy

(a)

G-CSF non-responders

Pre-treatment biopsy

(c) (d)

(b)

Table 4. Lamina propria mononuclear cell forkhead box P3 (FoxP3)/CD25 expression as a percentage of total FoxP3 or CD25 expression in colonic

biopsies before and after granulocyte-colony stimulating factor (G-CSF) treatment.

Responder Non-responder

Pre- Post- Pre- Post-

DP†/total FoxP3 10 � 2·9% 13·5 � 5·0% 13·7 � 0·8% 5·9 � 3·0%

DP/total CD25 38·8 � 13·5% 32·7 � 11·5% 69·3 � 17% 47·3 � 20·9%*

*P � 0·05. Non-responder pre- versus post-; †double-positive FoxP3/CD25high cells.
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donors (who received G-CSF 10 mg/kg/day for 4–5 days)
[19]. Similar to healthy stem cell donors, all G-CSF-treated
Crohn’s patients exhibited increased peripheral CD3+ T cell
expression of CD25. Importantly, neutrophil numbers were
also increased by G-CSF therapy to the level seen in normal
blood stem cell donors, but this increase was equivalent in
both responders and non-responders. This is of interest,
because an alternative mechanism for G-CSF efficacy in
Crohn’s disease proposes that G-CSF may improve an innate
immunodeficiency [14] that predisposes individuals to gut
inflammation, as mild neutrophil defects have been reported
in Crohn’s patients [20] and a Crohn’s-like colitis may be
seen in states of significant neutrophil defects such as
chronic granulomatous disease and glycogen-1b storage
disease [21,22]. This study does not offer support for the
thesis that Crohn’s disease is due to immunodeficiency con-
sequent to a neutrophil defect.

Naive or memory CD4 cells from healthy humans have
been shown to produce increased amounts of IL-10 after
G-CSF treatment in vivo [23,24] or after in vitro exposure
to PDCs [10,25], particularly when the PDCs have been
exposed to G-CSF [6]. A striking immunological result of
treatment of Crohn’s patients with G-CSF was the signifi-
cant increase in IL-10 production capacity by peripheral
CD4+CD45RO+ (memory) T cells, particularly as it was
restricted to patients with a clinical response. While these
data do not prove that the induced IL-10-producing cells are
related causally to the clinical improvement in this group of
patients, the complete absence of this effect in the three
non-responding patients supports the idea that induction of
regulatory effects by G-CSF may be one mechanism for its
efficacy. These G-CSF-induced IL-10-producing cells may
represent the development of IL-10-producing regulatory T
cells known as Tr1 cells, but the exact T cell subset that is the
source of the IL-10 cannot be deduced from these data.

Finally, while the generation of Tr1 cells producing IL-10
was observed by previous studies of the effects of G-CSF on
IL-10 production, and G-CSF has IL-10-linked beneficial
clinical effects in an animal model of graft-versus-host disease
[5], the present report suggests that G-CSF treatment and
induction of IL-10 might also operate in a human disease.

It is not likely that G-CSF exerts its main therapeutic effect
in Crohn’s disease by down-modulating the Th1 response.
Although two G-CSF responders developed new IL-4 pro-
duction, there was no significant decrease in responder
IFN-g production. Interestingly, non-responding patient T
cells showed a significant increase in mean IFN-g production
after G-CSF treatment. The neutral or enhancing effect of
G-CSF on Th1 responses in patients with Crohn’s disease
stands in contrast to the effect of G-CSF on stem cell donors
where IFN-g production is inhibited significantly by G-CSF
exposure [19]. This difference may be related to the effects of
G-CSF in inflammatory versus healthy states and the dura-
tion of G-CSF treatment in the two studies (29 days versus 5
days).

Previous studies showed that circulating DC numbers
increase after G-CSF treatment, an increase favouring plas-
macytoid over MDC subsets [7,8,26–28]. We could not show
that significant changes in peripheral blood PDCs or the
MDC/PDC ratio accounted for significant changes in
responders versus non-responder patients. However, in cor-
responding in situ studies of DCs in the colonic tissue of our
patients we found that all patients exhibited almost no
CD123+ plasmacytoid DCs prior to G-CSF treatment, con-
sistent with a previous report noting few plasmacytoid DCs
present in the tissues of either Crohn’s disease or non-
inflamed control patients [29]. In contrast, while colonic
tissue from a majority of patients responding to G-CSF
treatment exhibited an increase in CD123+ plasmacytoid
DCs at the end of treatment, tissue from the non-responding
patients continued to be devoid of these cells. Thus, studies
of CD123+ plasmacytoid DCs in the colonic tissues showed
changes in the numbers of these cells that were restricted
to patients who manifested clinical responses to G-CSF
therapy. The changes in IL-10 production and plasmacytoid
DCs might be linked, as it has been shown that plasmacytoid
cells exert an immunoregulatory effect through induction of
IL-10-secreting Tr1 cells [25], possibly through the secretion
of IFN-a/b [30,31]. Future studies will need to test whether
the failure of G-CSF to ameliorate disease in non-responders
in this view, is related to inadequately induced plasmacytoid
DCs in these patients by differences in the expression of
gut-homing molecules or the ability to induce regulatory T
cells.

Although G-CSF may exert beneficial effects in Crohn’s
disease by inducing T regulatory cells, the FoxP3+ ‘natural’
regulatory T cell (nTreg) subset does not appear to be a major
mechanism, but its involvement cannot be ruled out based
on our data. Previous studies have shown that nTregs play an
important role in animal models of colitis and in humans
with immunodysregulation polyendocrinopathy enteropa-
thy X-linked syndrome who develop severe colitis in their
absence [18,32]. However, the relation of such cells to
inflammatory bowel disease is unclear because patients with
Crohn’s disease and ulcerative colitis have significantly
higher numbers of lamina propria nTregs compared with
healthy controls (or even non-involved or disease-remission
mucosa) [16,17,33–35]. Our data show that G-CSF therapy
increased the number of CD25+FoxP3+ cells in responders,
but to a small and non-significant degree. In addition, while
Crohn’s patients who were unresponsive to G-CSF therapy
had significantly higher numbers of lamina propria
CD25+FoxP3+ cells compared with patients who responded
to G-CSF, it is not clear whether these higher numbers of
putative regulatory T cells identify non-responding Crohn’s
patients as actually having a more refractory inflammation,
or indicate the presence of conditions that attenuate the
induction of regulatory mechanisms. Future studies measur-
ing enhanced suppressive function of these CD25+FoxP3+

cells after G-CSF treatment may establish a role for nTregs
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in the therapeutic effect. Finally, in contrast to previous
studies, we identified a sizable population of CD25lowFoxP3+

cells that were present in greater numbers than the
CD25

high

FoxP3+ cells; the regulatory capacity of this popula-
tion, if any, is currently unknown. Taken together, these data
suggest strongly that ‘conventional’ CD25+FoxP3+ cells are
probably not responsible for the therapeutic effects of G-CSF
in this disease, but further study is required.

In summary, our data suggest that G-CSF holds promise
for the treatment of Crohn’s disease through its capacity to
induce IL-10-mediated regulatory effects, associated possibly
with increased plasmacytoid DC numbers in the inflamed
gut. Future studies are needed to define more clearly the
mechanisms of the observed immune responses to G-CSF
and to establish more clearly the causal link between these
responses and the improvement of symptoms.
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