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Polyethylene Glycol-Modified GM-CSF Expands
CD11b""CD11¢"e" But Not CD11b°"CD11c"9" Murine
Dendritic Cells In Vivo: A Comparative Analysis with Flt3
Ligand

Elizabeth Daro,** Bali Pulendran, " Kenneth Brasel,* Mark Teepe,* Dean Pettit;
David H. Lynch,* David Vremec,® Lorraine Robb,® Ken Shortman,® Hilary J. McKenna,*
Charles R. Maliszewski! and Eugene Maraskovsky*

Dendritic cells (DC) are potent APCs that can be characterized in the murine spleen as CD11B"CDi11d"9" or
CD11K°¥CD11c¢"". Daily injection of mice of FIt3 ligand (FL) into mice transiently expands both subsets of DC in vivo, but the
effect of administration of GM-CSF on the expansion of DC in vivo is not well defined. To gain further insight into the role of
GM-CSF in DC development and function in vivo, we treated mice with polyethylene glycol-modified GM-CSF (pGM-CSF) which
has an increased half-life in vivo. Administration of pGM-CSF to mice for 5 days led to a 5- to 10-fold expansion of
CD11bM9"CD11c" 9" but not CD11b°¥CD11c"¢" DC. DC from pGM-CSF-treated mice captured and processed Ag more effi-
ciently than DC from FL-treated mice. Although both FL- and pGM-CSF-generated CD1185"9"CD11d"" DC were CD8x ™, a
greater proportion of these DC from pGM-CSF-treated mice were 33D1 than from FL-treated mice. CD11b°“CD11d"" DC
from FL-treated mice expressed high levels of intracellular MHC class Il. DC from both pGM-CSF- and FL-treated mice ex-
pressed high levels of surface class Il, low levels of the costimulatory molecules CD40, CD80, and CD86 and were equally efficient
at stimulating allogeneic and Ag-specific T cell proliferation in vitro. The data demonstrate that treatment with pGM-CSF in vivo
preferentially expands CD118"9"CD11d"" DC that share phenotypic and functional characteristics with FL-generated
CD11b""CD11¢" " DC but can be distinguished from FL-generated DC on the basis of Ag capture and surface expression of
33D1. The Journal of Immunology,2000, 165: 49-58.

mopoietic cells that form a cellular network involved in tissues, whereas mature DC are specialized for highly efficient Ag
immune surveillance and the induction of immune re- presentation to effector T cells in the lymphoid tissues (4-8).
sponses (1). DC acquire Ags in peripheral tissues, migrate to lym- Although GM-CSF is an important cytokine for the generation
phoid organs, and present these Ags, as processed peptides, in dfanyeloid-related DC in vitro, the role of this cytokine in vivo has
context of MHC molecules to T cells, leading to the developmentbeen less well defined. Examination of mice deficient in GM-CSF
of Ag-specific immunity (1-3). Immature DC found in peripheral or in GM-CSFR3 indicates that DC development in lymphoid tis-
tissues are characterized by high Ag capture capacity, high intrasue is not dramatically affected (9). Similarly, DC numbers are not
cellular MHC class I, and low expression of costimulatory mol- increased in GM-CSF-transgenic mice, except in the peritoneal
ecules such as CD80 and CD86. Stimuli such as epithelial barriegavity (10). Additionally, in one study, systemic administration of
breakdown, pathogens, and inflammatory mediators cause DC tgnmodified yeast-derived murine GM-CSF into mice did not sig-
mature and migrate to lymphoid tissues. On DC maturation, Agqjficantly increase the numbers of DC in the spleen, peripheral
capturing activity is down-regulated, surface expression of coyyjgoq (PB), or lymph nodes (LN) (11). However, several other
stimulatory molecules is up-regulated, and class Il molecules argy,gies indicate that GM-CSF is capable of modulating immune
translocated from intracellular compartments to the cell Surfaceresponses in vivo. Transplantation of tumors transduced with GM-
CSF results in the expansion of DC in vivo (12, 13) and the gen-
R bio o Admiristration. at&nalviical Ch eration of antitumor immune responses (14, 15). Similarly, trans-
Deparent of mmunbiclogResench AmInaten, wiecaial ST duction of DC with GM-CSF enhances their Ag-presenting
and Eliza Hall Institute of Medical Research, Melbourne, Australia functions in vivo (16). We recently reported that treatment of mice
Received for publication October 8, 1999. Accepted for publication April 12, 2000. N Vivo with a polyethylene glycol (PEG)-modified form of yeast-
The costs of publication of this article were defrayed in part by the payment of paged€rived murine GM-CSF (pGM-CSF) expands the number of
charges. This article must therefore be hereby magdrtisemenin accordance  CD118"9"CD11¢%9" but not CD11BVCD11d9" DC in murine
‘:"th 18 U.S.C. Section 1734 solely to indicate this fact. spleen (17). PEG-modified proteins are more resistant to hepatic
e e Gyl it pePimen Blearance and therefore have a mre stable and prolonged biolog-
ical half-life in vivo (18).
In contrast to GM-CSF, the role of the hemopoietic growth factor
4 Abbreviations used in this paper: DC, dendritic cells; PB, peripheral blood; LN F-|t3 Ilgand-(FL-) in the (_expansmn of DC has been better def-lnEd n
lymph nodes; PEG, polyethylene élycdl: pGM-CSF, P’EG—r'nodified GM—CSF’: FL: Vvivo th"?‘” in vitro. FL Increases the numbers of both CO¥fb
FIt3 ligand; BM, bone marrow; MFI, mean fluorescence intensity. CD11¢"9" and CD11B5YCD11¢"9" DC when administered to mice

D endritic cells (DC} are rare, but widely distributed, he- Thus, immature DC are specialized for capturing Ag in peripheral
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in vivo (11, 19, 20). In addition, administration of FL to humans specificK and t. values. The area under the blood concentration/time
results in transient DC expansion (51). FL-deficient mice exhibitcurve fromt = 0 to infinite time was determined by conventional trape-
markedly reduced numbers of both CDI#RCD11¢™" and zoidal summation and extrapolation.
CD118°CD11¢"" DC (52). -
. . . Antibodies
In this study, we have taken advantage of the increased half-life

of pGM-CSF to gain further insight into the role of this cytokine ajj abs were from PharMingen (San Diego, CA) except DEC205 (NLDC-
in DC development and function. To this end, we have compared45s; a gift from Dr. G. Kraal, Free University, Amsterdam, The Nether-
DC generated by daily administration of pGM-CSF or FL to mice. |(?And5) and 3\?;2)1 (hylzjfidorga frgrg_ ﬂ;-e ?Te(;i%tlr: Type CL;IH#? Cfollllecti_on
' 7 anassas, , proaucead an lotinylated at Immunex). e 1ollowin
Wm:j rggggli%g?ngfé%prmtent, tpgglggscgieéiegﬂuglg ex clones were usedrl)mless otherwise no¥ed: CD1d (1B1); CD3 (17A2); CDg4
pande ut no . : * (L3T4); CD8& (53-6.7); CD11b (M1/70); CD11c (HL3); CD19 (1D3);
The pGM-CSF- and FL-generated, CDI'8CD11¢"" DC ex  CD40 (3/23): CD80 (16-10A1); CD86 (GL1); B220 (RA36B2); GR-1
pressed similar levels of MHC class Il, CD40, CD80, and CD86(RB6—8C5); H-2Kb (AF6-88.5); I-Ab (AF6-120.1); NK1.1 (PK136);
but expression of 33D1 was more homogeneous in pGM-CSFTER-119 (TER119); and Thy-1.2 (T24).
generated CD11¥"CD11¢"" DC than in FL-generated _
CD118"9"cD11¢"sh DC. Functionally, pGM-CSF-generated DC Phenotyping of DC

captured and proces.se.d Ag mor.e eﬁlc!ently than FL-gener.ated. Dghenotyping of the various populations was performed by incubating cells
but were equally efficient at stimulating T cell proliferation in yjth either FITC-, APC-, or PE-conjugated Ab or biotinylated Ab which
vitro. The data highlight the role of pGM-CSF in the developmentwere detected with APC-conjugated streptavidin. Flow cytometry was per-

of DC that are functionally and phenotypically similar to but dis- formed using a FACScalibur (Becton Dickinson, San Jose, CA) and results
tinct from FL-generated DC. were analyzed with Cellquest software (Becton Dickinson).

Isolation of DC
Materials and Methods _
Mice and cytokine treatment protocols S_pleens were remo_ved from control, FL-, or pGM-CSF-treated mice an_d o}
single-cell suspensions were prepared and depleted of erythrocytes with =;
Female C57BL/6, DBA/2, and BALB/c mice were obtained from The NH,CI. Thymus and LN (inguinal and axillary) were also harvested from
Jackson Laboratory (Bar Harbor, ME) or Taconic (Germantown, NY). GM-CSFR3~/~ and GM-CSFB"/* mice. The various cell suspensions
DO11.10 mice (21) were kindly provided by Dr. Mark Jenkins and GM- were incubated with Ab to Thy-1.1, B220, NK1.1, Gr-1 and Ter-119 for 30
CSFR3 '~ mice (22) were bred and maintained at Immunex and themin at 4°C. The cells were then centrifuged and resuspended. mAb-coated 2.
Walter and Eliza Hall Institute, respectively. All mice used were 6—10 wk cells were removed using anti-lg-coated magnetic beads (Dynabeads, Dy- =
old and were maintained in specific pathogen-free facilities. The status ofal, Oslo, Norway). The enriched cells were incubated with FITC-conju-
the GM-CSFRB chain genes was determined by RT-PCR analysis of tailgated anti-CD11c, and PE-conjugated anti-CD11b and the various cell pop- =.
DNA. Mice (three to five per group) were injected once daily (s.c. at theulations were then isolated by flow cytometry using a FAC3taBecton
nape of the neck) with 1@g recombinant human FL (Chinese hamster Dickinson) or a EPICS Elite (Coulter, Brea, CA) cell sorter.
ovary cell derived) for 9 consecutive days op.§ of either PEG-modified
or unmodified murine GM-CSF for 5 consecutive days. PBS was used illeasurement of Ag uptake
control injections. FL and GM-CSF were produced at Immunex.

peo lUMOQ

1y wou

Cells were harvested from spleen, PB, or bone marrow (BM) of mice
Preparation of pGM-CSF treated with FL or pGM-CSF as described above. After incubation with

FITC-dextran (70 kDa), FITC-OVA, or FITC-zymosan (Molecular Probes,
Recombinant murine GM-CSF was produced in ye8attharomyces cer- Eugene, OR) at 37°C, cells were washed three times in PBS-5% FBS and
evisiae) as described (23). N-terminal PEG conjugation was conductethen incubated with PE-anti-CD11c and APC-anti-CD11b. Flow cytometry >
with 20-kDa PEG that was obtained in the activated form of succinimi- analysis of CD11b and CD11c identified DC subpopulations. FITC-dex- 2>
dylpropionic acid PEG (Shearwater Polymers, Huntsville, AL). A 6-fold tran, FITC OVA, or FITC-zymosan uptake was quantified as mean fluo- &
molar excess of succinimidylpropionic acid PEG was added to a solutiomescence intensity (MFI). Nonspecific FITC signal was assessed by incu- ﬁ
of murine GM-CSF in 20 mM NakPO,, 50 mM cyanoborohydride (pH bating cells in FITC-dextran, -OVA, or -zymosan at 0°C. For time course ¢
6.0), and the reaction was allowed to proceed overnight at 2—8°C. Monoef uptake, cells were incubated with 2 mg/ml FITC-dextran or FITC-OVA v
PEG-conjugated murine GM-CSF was purified from the reaction mixturefor 0—-90 min. For dextran or OVA titration, cells were incubated with N
by anion exchange chromatography with Q Sepharose high performand@001-5.0 mg/ml for 30 min at 37°C. Phagocytosis was assessed by incu-
resin (Pharmacia, Uppsala, Sweden) using a 0-150 mM NaCl elution grabating cells with 1 mg/ml FITC-zymosan for 90 min at 37°C. In some
dient on a Perceptive Integral HPLC system. Purified protein solutionsconditions, cells were pretreated with L cytochalasin D (Sigma, St.
were concentrated and buffer exchanged into PBS. PEG-murine GM-CSEouis, MO) for 30 min at 37°C to depolymerize actin. All incubations were
was then tested for endotoxin levels, by the LAL method, and total proteinperformed in PBS-5% FBS. To verify that the flow cytometry-based FITC
concentration was determined by amino acid analysis. signal represented internalized dextran, OVA, or zymosan, cells were an-

alyzed by epifluorescence and phase-contrast microscopy.
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Pharmacokinetics of native and pGM-CSF

Intracellular distribution of MHC class |l
Pharmacokinetic parameters for native murine GM-CSF and pGM-CSF
were determined from blood concentration/time profiles essentially as deBC were isolated by flow cytometry as described above, except APC-
scribed (24). Briefly, after i.v. injection, mice were bled at various time conjugated CD11b and biotinylated CD11c followed by Texas Red-strepta-
points ranging from 1 min to 24 h, and serum GM-CSF concentration wasvidin (Molecular Probes) were used to identify DC populations. Sorted DC
determined by bioassay or radioassay. The bioassay was performed lwere plated onto fibronectin-like polymer (Sigma)-coated coverslips and
titrating serum samples onto the GM-CSF-responsive cell line, FDCP2.1Dncubated for 30 min at 37°C in DMEM, 10% FBS, 9aM Ca?*, 500 uM
and measuring®H]thymidine incorporation?9 iodination was used for ~ Mg?™". After fixation in 4% paraformaldehyde, cells were permeabilized
the radioassay, and the serum was TCA precipitated before gamma courdnd blocked with PBS, 0.1% saponin (Sigma), 10% FBS. Intracellular and
ing. The apparent elimination rate constant (K) and the halfifg) (vere cell surface MHC class Il were detected by incubation with FITC-conju-
calculated using a pharmacokinetic half-life program on an RS/1 systemgated anti-I-® Ab (Boeringer Ingelheim clone M5-114) in PBS, 0.1%
The log linear portion of the concentration/time curve was used to calculatsaponin, 10% FBS. The coverslips were gently washed three times in PBS,
K with t,,, determined as,,, = In2/K. Half-life values are presented @s 0.1% saponin, 10% FBS; once in PBS; and once in double-distillgal H
SE, where SE indicates the error in fitting the log linear line to the dataand were mounted in Moviol (Calbiochem, La Jolla, CA) containing 2.5%
points in calculating th& value. The distributiont(,,«) and elimination ~ 1,4-diazabicyclo[2.2.2]octane (Sigma) on glass slides. MHC class Il dis-
(t1,B) half-lives were calculated using a biphasic pharmacokinetics pro tribution was analyzed by confocal microscopy in 0% sections on a
gram that related the respective log linear concentration/time curves t®io-Rad 1024 confocal head (Bio-Rad, Richmond, CA; outfitted with a
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Table I. Treatment with pGM-CSF in vivo expands myeloid cells in murine spleen, bone marrow, an@ blood
% Cells Total Cells (x10°)
SP LN PB BM Cells/SP Cells/4LN  Cells/ml PB
c GM C GM C GM C GM c GM C GM C GM
CD11b"/GR-1* 25+0.3 29.0-8.3 ND ND 8.6 49.0 33.0 804 380.8 101.0-358 ND ND 03 6.8
CD11b"/CD11c" 21+02 11028 10 36 16 37 17 13 320.6 37.4+ 95 02 28 01 05
CD11b/CD1i1c" 29+05 18+£03 07 17 14 03 20 ND 431.0 6.2+ 1.0 02 13 01 0.0
B220"/CD19" 49.1+49 18.8+22 400 40.0 53.0 240 20.0 15 747213 63.4+3.0 9.9 309 20 33
CD3* 339x3.1 23.8-2.7 59.0 53.0 23.0 15,0 ND ND 516124 80.4f 4.4 146 409 09 21
NK1.1* 57x0.3 41+27 11 17 11.0 40 ND ND 8% 15 135+ 7.9 03 13 04 06
TER-119 40x14 18964 ND ND 1.1 04 ND ND 6.1 1.2 63.7+189 ND ND 00 0.1
Total 100.3+ 2.2 107.0= 6.2 101.8 100.0 99.7 96.4 56.7 83.2 152.485.0 365249 252 772 3.8 133

@ Cells were isolated and counted from spleens (SP), LN (pooled axillary and inguinal), PB, and BM of PBS (control, C)- or pGM-CSF (GM)-treatedgimntaiée/day
for 5 days). Cells were analyzed for surface expression of various markers of B cells (B220, CD19), T cells (CD3), NK cells (NK 1.1), DC (CD11b, CD11c), myeloid cells (GR-1),
and erythroid cells (TER-119). ND, no data. For spleens, data represent thezm@Bn(n = 4). For other tissues, data represent pooled cells from tissues of three mice per
group.

Zeiss axiovert microscope (Zeiss, Oberkochen, Germany) using the 63ide (10u.g/ml) or protein (Sigma, 30Q.g/ml) or with constant numbers of

plan apochromat objective. Control cells that were labeled with onlyDC (1 X 10% in the presence of varying concentrations of OMA 5,9

CD11b-APC or CD11c-TxR were used to ensure that there was ngeptide or protein in 0.2 ml culture medium for 5d. In GM-CFFR™

bleedthrough into the FITC-MHC class Il channel from residual CD11b orexperiments, purified CD4or CD8" LN T cells (2 X 10% from BALB/c

CD11c after FACS sorting. (H-2% mice were cultured with 1.25¢ 10°-2 X 10° DC from GM-

Flow cytometry-based quantification of MHC Class Il distribution was CSFR3™/~ or GM-CSFRB™'* mice (H-2) for 6 days in 96-well V-bottom

determined by comparing permeabilized (total MHC class 1) and nonperawells in HEPES-buffered RPMI 1640 supplemented with 10% FCS;*10

meabilized (cell surface MHC class 1) cells. Spleen cells isolated fromM 2-ME, and sodium pyruvate. The cultures were pulsed with 035

FL- and pGM-CSF-treated mice were incubated with APC-CD11b and[*H]thymidine for 8 h, and the cells were harvested onto glass fiber sheets =

TxR-CD11c, washed, and fixed in 2% paraformaldehyde. The cells werdor counting on a gas-phase beta counter. The background counts for eitherd

incubated with FITC-conjugated anti-124AF6-120.1) in PBS, 5% FBSin T cells or DC cultured alone were100 cpm.

the absence or presence of 0.1% saponin at 0°C for 30 min. The cells were

washed three times in PBS, 5% FBS in the absence or presence of saporfResults

apd once in PBS an_d refixed in 2% paraformalde_hyde. MHC _c_Iass 1l dis'pGM-CSF has an increased half-life in mice

tribution was determined by flow cytometry analysis and quantified as MFI

for each population. Cell surface MHC class Il was quantified using non-The in vivo pharmacokinetics of pGM-CSF was compared with

permeabilized cells, and intracellular MHC class Il was determined bythat of unmodified, recombinant murine GM-CSF. After s.c. ad-

subtracting surfacg_ MHC class Il (nonpermeabilized cells) from total MHCminiStration to mice, pGM-CSF was found to have a distribution

class Il (permeabilized cells). . . L .
half-life (t,,,c) of 15.9 = 1.5 min and an elimination half-life

(ty,,B) of 5.3 h = 13 min. In contrast, unmodified, recombinant

. ) " :
Cells were pulsed with DQ-OVA (Molecular Probes) for 15 min at 37°C murine GM-CSF had &, of 0.92 = 0.04 min and &, 3 of

and then washed extensively with PBS, 5% FBS at 4°C. Cells were tran511'75 + 3.89 min. Thus, modification of GM-CSF by PEG_ In-
ferred to 37°C, and processing of OVA into peptide was assayed by increased the, ,a by >15-fold and the {,,8 by >27-fold. Splenic
crease in MFI over time. DC populations and DQ OVA were identified andweight increased from 0.07& 0.018 g to 0.206+ 0.037 g after
quantified by flow cytometry as in Ag capture assays. DQ-conjugated OVAs ¢ injection of 0 and g pGM-CSF/mouse/day for 5 days, re-
B?f;:ggo"x?s quantified using the FITC channel of a FACSCalibur (Bectony o wyively (not shown). These data were generated in six separate’
’ experiments using six different batches of pGM-CSF and two to
three mice per group. Thus, the SD observed may be a reflection
of batch-to-batch variation, possibly due to variations in the extent

CD4* or CD8" allogeneic T cells (90-95% pure) were isolated from the of PEG derivitization. In contrast to pGM-CSF, s.c. injection of

peripheral LN of 4- to 8-wk-old DBA/2 (H-9 mice. CD4 -transgenic T~ Unmodified GM-CSF at pg/day for up to 7 days had no effect on
cells were isolated from the inguinal LN, axillary LN and spleens of 8-wk- either spleen weight or white blood cell counts.

old OVA-TCR-transgenic DO11.10 (H%mice. LN cells were incubated _ _

with Abs to MHC class Il (I-2 or I-A%), B220, and either CD4 or CD8 and  Treatment of mice with pGM-CSF expands CO1¥igD11¢"oh

for 30 min at 4°C. Ab-coated cells were depleted with anti-lg-coated magtut not CD11“CD11d¢" DC.

netic beads (Dynabeads). Depleted LN cells were composed of at least 90% . L

CD4* or CD8' T cells as determined by FACS analysis. Naive Cb4 ~ We first compared the effects of daily s.c. injection of pGM-CSF
transgenic T cells were further purified by cell sorting on the basis ofon cells in the spleen, bone marrow (BM), LN, and PB of mice. In
CD62L expression using a FACSTaf (Becton Dickinson). the spleen, PB, and BM, we found a marked increase in the pro-

portion of CD11b" cells with a concomitant decrease in the-per

A . din 96.well b | | o Icent of B cells (B220CD19") (Table ). Enlarged LN in pGM-
ssays were performed in 96-well round-bottom culture plates in 0.2 m 3 ; ; ;
DMEM containing 10% FCS in humidified 10% G@or 5 days. DC pop CSF-treated mice were characterized by increased numbers of T

ulations were isolated as above and irradiated with 2000 rad. In the MLRCEIlS (CD3") and B cells (B220CD19"), although the percent

LUoJ} papeo|uUMO(

Processing of OVA into peptide

2202 ‘6 1snbBny uo 159nB Aq /B0’ jounwiw - mmmy

Preparation and purification of alloreactive and Ag-specific
CD4" and CD8" T cells

MLR and Ag-specific T cell assay

purified, allogeneic CD% or CD8" LN T cells (1 X 10°) from DBA/2
mice (H-2) were cultured with 2< 10'-1 X 10* DC from either FL- or
pGM-CSF-treated C57BL/6 mice (H2 To detect Ag-specific presenta
tion, purified CD4 CD62L LN T cells (1 X 10% from DO11.10 mice
were cultured in 96-well plates with 2010* irradiated DC (2000 rad) from

ages of these populations were unaltered (Table I). To date, there
is no clear evidence that pGM-CSF directly influences the expan-
sion or development of this leukocyte compartment. This suggests
that the effects in the lymph node are unlikely to be direct but may

either FL- or pGM-CSF-treated syngeneic BALB/c mice. Cultures were'eflect changes in trafficking and retention of lymphocytes in the

conducted in the presence of a constant concentration of QY4 pep

LN or a compensatory homeostatic feedback mechanism.
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A | Nocytokine pGM-CSF FL

104
104

FIGURE 1. Treatment of mice
with pGM-CSF expands CD11§"
CD11¢"" DC but not CD11l"
CD11¢"9" DC. Mice were treated
with PBS (control), pPGM-CSF (mg/
day/5 days), or FL (10wg/day/10
days). Spleen cells were isolated and
analyzed for expression of CD11b
and CD11cA, Flow cytometric anal- el =] O

ysis of spleen cells from mice treated 10¢ “10° 10' 102 10° 104 "10° 10" 102 10° 104
with PBS, pGM-CSF, or FL. The

profiles are representative ofl10 in- CD1 1 b

dependent experiments of 2 or more

FL- or pGM-CSF-treated mice per B
experimentB, Summary of the total
numbers of DC subpopulations in the
spleens of untreated, pGM-CSF-
treated, and FL-treated mice. Data

are presented as means SD for

three replicates. Similar results were
obtained on>10 separate occasions,

but there was variance associated
with different batches of pGM-CSF.

1.3%  1.8%

14.2% 9.9%

103

1.3% 10.8%

103

102

CD11c

40.07m CD11bMeh/CDA 1chish DC

O CD11bow/CD11chion DC  29.0
30.01 234

20.09

10.01

Number of Spleen Cells (x10€)
o
°

Control pGM-CSF FL

We next compared the capacity of pPGM-CSF to generate DC imphology represented a mixture of relatively immature myeloid
vivo to that of FL, a cytokine known to generate large numbers ofcells as well as granulocytes (not shown).

CD11B""cD11d"" and CD11KVCD11d"e" DC (11). Adminis .
tration of pGM-CSF in vivo for 5 days increased the numbers of °C from PGM-CSF- and FL-treated mice express low levels of

CD118"9"CD11d9" but not CD11B“CD11d9" DC in the CD40, CD80, CD86, and high levels of MHC Class I

spleen, whereas FL expanded both CDI#ED11¢"9" and  FL- and pGM-CSF-generated splenic DC expressed low levels of
CD11B°CD11¢"" DC when administered to mice for 10 days the costimulatory molecules, CD40, CD80, CD86, and relatively
(Fig. 1). Injection of pGM-CSF s.c. at pg/mouse/day for 0—15 high levels of MHC class Il (Fig. 2). We previously reported that
days revealed that maximal DC numbers were achieved at day BL-generated splenic DC express low levels of CD40 and CD86,
and dropped by 24 and 47% at days 9 and 15, respectively (nategligible levels of CD80 and high levels of MHC class Il (11, 20).
shown). In contrast, we have previously shown that a minimum ofUsing a more sensitive anti-CD80 Ab (clone 16-10A1), we were
9 days is required to achieve maximal numbers of DC after injecable to detect low level expression of CD80 on FL-generated DC
tion of FIt3L (11). The absolute number of splenic DC generated(Fig. 2).

by pGM-CSF was 26.3 10° cells/spleen, 1.8-fold less than that . e )

generated after 9 days of treatment with FL (4&310° cellsy ~ PC from pGM-CSF-treated mice differ in expression of CD1d
spleen, Fig. 1B In addition to the expansion of CD1M#\CD11¢"" and 33D1

DC, pGM-CSF also expanded a population of CO1®D11¢®"  The majority of CD115*CD11¢"9" splenic DC from FL-treated
cells (Fig. 1A), which were also positive for GR-1, and by mor- mice expressed bright levels of Ce&nd DEC205 (Fig. 2) (20).
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FIGURE 2. Comparison of surface phenotype of pGM-CSF- and FL-generated DC. Flow cytometric analysis of electronically gated DC populations as
shown in Fig. 1Afrom the spleens of pGM-CSF- and FL-treated mice. Spleen cells were incubated with Ab to CD11c, CD11b, and one of the following:
CD40 CD80, CD86, MHC Class Il, CD1d, CD4, CRBDEC-205, or 33D1. Surface expression of these molecules is represented as filled histograms. Open
histograms represent isotype controls.
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FIGURE 3. DC from pGM-CSF-treated mice capture Ag more efficiently than DC from FL-treated mice. Splenocytes were incubated with FITG
dextran-OVA, or Ovalbumin-zymosan. Cells were examined by flow cytometry to identify Ct¥0b11¢"9" DC, CD118"9"CD11¢"" DC, and the
control cells (CD11bCD11c") and to assess internalized FITC. The data are presented as the MFI of internalized FITC. Each group represents poaed
spleen cells from three mice unless otherwise nodehdB share the same legend, aBdndD share the samg-axis.A, Dextran internalization is 4-fold
faster in pGM-CSF-generated DC. Cells were cultured with FITC-dextran for 0-90 min. Similar results were obtain#d separate occasions at 30
and 60 min of uptakeB, FITC-dextran uptake is not saturable. Cells were cultured with .001-5 mg/ml FITC-dextran for 3C niagocytosis is
enhanced in pGM-CSF-generated DC. Cells were incubated with FITC-zymosan particles for 90 min at 0°C or 37°C in the absence or presené® of
cytochalasin D. Cytochalasin D effectively inhibited the phagocytosis of zymosan. Data are representative of three separate ekpenalbntsin uptake is 8
maximal in DC generated from BM of pGM-CSF-treated mice. Cells were harvested from spleen, PB, and BM from six mice per group to give six sepagate
samples for spleen and BM and pairs of peripheral blood samples were pooled to give three separate samples. Data are presentedSés means
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In contrast, the majority of CD1§"CD11¢"9" DC from FL-or  dent process of phagocytosis. Soluble Ags, such as proteins, can be
pGM-CSF-treated mice did not express these markers (Fig. 2) (20)nternalized and degraded by actin-dependent macropinocytosis orQ
However, there were small proportions of CDI#CD11¢"" DC  clathrin-dependent endocytosis (including nonselective fluid phase
from FL- or pGM-CSF-treated mice that expressed @DBDEC205  endocytosis and receptor-mediated endocytosis). We therefore ex-
(Fig. 2). The significance of these subpopulations of DC is unknowramined endocytosis and phagocytosis of splenic DC generated in
but may reflect DC that have been previously stimulated, becausgyq by treatment with FL or pGM-CSF. To assay the capture of
CD11b can be up-regulated on GREDEC205" DC in Vvitro  gojuble Ag, spleen cells from pGM-CSF- and FL-treated mice

(25). %Dllﬂi’wcglld‘igh DC from Fl-reated mice and \yere incubated with 2 mg/ml FITC-dextran for 0-90 min. Anal-
CD118"9"CD11¢"" DC from pGM-CSF-treated mice expressed yis of various DC populations by FACS revealed that all DC

. i igh
somewhat higher levels of CD1d than CDT#CD11¢"" DC from opulations were capable of internalizing soluble dextran, al-

ELD_tlrigtg%Qicl%igﬁlgczz (20)|;LV:/he;egs a large Sprgptﬂat'on 0 hough the initial rate of internalization for pGM-CSF-generated
rom F--treated mice expressec e Mar -\ as~4-fold faster than that of FL-generated DC (Figd)3

ginal zone marker, 33D1 (Fig. 2) (20), virtually all of the The lymphocyte-enriched control population was inefficient at up-
CD114""CD11¢"" DC from pGM-CSF-treated mice expressed K yf pl bsll EITC-dext Ei P :fA Simil it E
high levels of 33D1 (Fig. 2). These data demonstrate that pGM-CSFt-a € of soluble -dextran (Fig. 3A). Similar results were ob-

generated CD11%¥"CD11¢"" DC are not phenotypically identical tai”e‘?' using 2 mg/mi FITC-OVA (not shpwn). _ _
with FL-generated CD11%"CD11¢"" DC. Fluid-phase endocytosis is receptor independent (reviewed in

Ref. 27). The capture of dextran was receptor independent because
DC from pGM-CSF-treated mice capture Ag more efficiently it was not saturable to 5 mg/ml (FigB3. Similar results were
than DC from FL-treated mice obtained for OVA (not shown). Furthermore, the capture of dex-
DC capture a variety of Ags using several different mechanismgran or OVA was not inhibited by the actin-depolymerizing agent
(reviewed in Ref. 26). Particulate Ags such as microbes and apcsytochalasin D (not shown) and was not likely due to the actin-
ptotic cells can be internalized and degraded via the actin-deperdependent process of macropinocytosis. Therefore, the enhanced
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FIGURE 4. CDL1K*CD11¢"" DC from FL- DC (FL) DC (pGM-CSF)

treated mice have high intracellular MHC class Al,
Confocal microscopy of intracellular MHC class II.
Splenic DC were isolated from FL- and pGM-CSF-
treated mice and processed for intracellular MHC class

Il distribution. FL-generated, CD118"CD11¢"9" DC
expressed MHC class Il on the cell surface (appears as
a ring around the cell in confocal sections of spherical
cells) and in intracellular vesicles (appear as puncta in-
side or near cell boundaries). pGM-CSF-generated,
CD118""CD11¢"" DC also exhibited both cell sur
face staining (appears as a haze across the adherent sur-
face of flat cells) and some intracellular vesicles. FL-B
generated, CD11%'CD11¢"" DC contained many

80 1 m Cell Surface

MHC class |l positive intracellular vesicles. Sections are m a Intracellular

.75 . and are taken in planes to reveal intracellular ves- g 60 4

icles. B, Flow cytometry-based quantitation of MHC o 1

class Il distribution. Cell surface MHC class Il was T 401
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capture of soluble Ag observed in pGM-CSF-generated DC wagreshly isolated DC generated by pGM-CSF treatment are more g
due primarily to fluid-phase endocytosis and not macropinocytosiadherent than those generated by FL treatment, and this results in=
or receptor-mediated endocytosis. greater cell spreading during the 30-min incubation. Thus, pGM-
Phagocytosis was also examined in the FL- and pGM-CSF-gencSF-generated DC appear larger in Fig. 4A, but forward scatter =.
erated splenic DC by incubating DC with FITC-conjugated, yeast-analysis as well as cell volume comparisons using Cell-Tracker
derived zymosan particles for 90 min in the presence or absence @fye (Molecular Probes) showed no difference in cell size or vol-
cytochalasin D. DC generated in vivo with pGM-CSF internalizedyme between FL- and pGM-CSF-generated freshly isolated
~5-fold more zymosan than DC generated in vivo with FL (Fig. splenic DC in suspension. Quantification of intracellular MHC
3C). Zymosan internalization was indeed due to actin-dependerfjass |1 confirmed that FL-generated, CDPMED11¢"" DC
phagocytosis because treatment with cytochalasin D was inhibingye higher levels of intracellular MHC class Il than FL- or pGM-
tory (Fig. 3C). The control, lymphocyte-enriched populations Werecsr-generated, CD11B"CD11¢"9" DC (Fig. 4B). FL- and pGM-
inefficient at phagocytosis (Fig Q3. CSF-generated CD118"CD11¢"9" DC contained approximately

Having determined that DC from the spleens of pGM-CSF-gq a1 amounts of intracellular and surface MHC Class Il (FR). 4
treated mice exhibit enhanced Ag capture efficiency, Ag capture

potential was examined in DC from PB and BM, tissues that are

more Clinica”y accessible than the Spleen. Uptake of FlTC-OVADC from pGM_CSF_treated mice process Ag more efﬁcienﬂy
was enhanced in DC from PB, BM, and spleens of pGM-CSF-han DC from FL-treated mice

treated mice as compared with DC from FL-treated mice (H). 3

2202 ‘6 1snbny uo 1s9nb Aq /6o’ jounwiw

Interestingly, DC from BM and PB of pGM-CSF-treated mice Processing of protein Ag into peptide is required for efficient pre-
were more éﬁicient at Ag capture than splenic DC (Fig).3in sentation on MHC class Il. Efficient internalization of extracellular
o Ags does not necessarily lead to delivery to an intracellular com-

contrast, FL-generated DC, including those from the BM, were )
relatively poor at Ag capture (Fig.03. Similar results were ob- partment where proteolysis occurs. We therefore assessed the ca-

tained for FITC-dextran uptake (not shown). Uptake was low inPacity for the DC subsets to process internalized OVA into pep-

control lymphocyte-enriched populations from all tissues analyzedide- This was accomplished using DQ-OVA (Molecular Probes),
(Fig. 3D). a self-quenching conjugate designed specifically for the study of

_ Ag processing. On proteolysis, highly fluorescent peptides are re-
CD118°*CD11¢"e" DC from FL-treated mice have high levels |eased from DQ-OVA, and thus processing of OVA into peptide
of intracellular MHC class I can be quantified by flow cytometry. Spleen cells from pGM-CSF-

Intracellular class Il can be detected in immature DC (reviewed ir@nd FL-treated mice were pulsed with 2 mg/ml DQ-OVA and
Ref. 4). We therefore examined the intracellular distribution ofchased for various amounts of time to allow protein processing.
MHC class II. Splenic DC from mice treated with FL or pGM-CSF During the pulse period, pPGM-CSF-generated DC internalized the
were isolated by flow cytometry and processed for intracellularmost DQ-OVA because they are more efficient at capturing Ag
MHC class Il (I-A°) localization. Confocal microscopy revealed (Fig. 5). However, the rate of OVA processing within the first 30
that FL- and pGM-CSF-generated CDIBBCD11d¢" DC ex  min (slope of the line between 0 and 30 min) wa8-fold higher
pressed MHC class Il on the cell surface and in intracellular vesby the pGM-CSF-generated than that of FL-generated DC (Fig. 5).
icles (Fig. 4A). FL-generated, CD1?8CD11¢"9" DC exhibited a  Thus, FL- and pGM-CSF-generated DC are capable of delivering
much higher proportion of MHC class ll-containing intracellular internalized OVA to an intracellular compartment where proteol-
vesicles compared with cell-surface MHC class Il (Figd)4 ysis occurs.
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CD118"¢"CD11¢"9" but not CD11K°CD11¢"" DC expansion
is deficient in FL-treated GM-CSHR'™ mice

Although administration of FL in vivo induces the generation of
both CD11H9"CD11¢"" and CD11K*CD11&"" DC, it is un
clear whether this is strictly FL-mediated or due to the combined
action of FL and endogenous cytokines. Previous studies have
demonstrated marginal changes in DC numbers in GM-GSER
mice, the most significant of these being a 3-fold decrease in DC
in the LN (9). To determine whether FL-mediated DC expansion
in vivo is dependent on GM-CSF, we treated GM-CHFR™ mice

with FL. Spleen cellularity was increased similarly in FL-treated
GM-CSFR3~/~ and GM-CSFB™'* mice as was the generation
of CD118°¥CD11¢"" DC (Table ). However, FL generated
fewer CD115'9"CD11¢"9" DC in GM-CSFR3 ™/~ mice than in
GM-CSFR3™™" controls (Table 1), suggesting that FL-mediated
expansion of CD11%"CD11¢"9" DC involves, to some extent,
GM-CSF/GM-CSFR signaling. However, because development of
CD116"9"CD11¢"" DC was not completely abrogated in GM-
CSFR3~'~ mice, GM-CSF chain signaling is not an absolute

into peptide was then assayed by increase in fluorescence intensity ové’ﬁqmremem for CplltﬁghCDllagh DC development. The alo
time at 37°C. DC populations and DQ-OVA were identified and quantifiedStimulatory capacity of splenic DC from FL-treated GM-

by flow cytometry. Data are presented as meansSD from three

replicates.

DC from pGM-CSF- and FL-treated mice are functionally
equivalent in their capacity to stimulate T cell proliferation

CSFR3~’~ mice was equivalent to FL-generated splenic DC from
GM-CSFR3™/* mice, indicating that DC generated with FL in
GM-CSFR3~/~ mice were functionally normal (not shown).

Discussion
Daily administration of a chemically modified form of GM-CSF

pGM-CSF-generated DC were compared with FL-generated DGpGM-CSF) with an extended pharmacokinetic half-life demon-
for their capacity to stimulate the in vitro proliferation of alloge- strates that this cytokine can expand the number of DC in mice.

neic CD4" or CD8" T cells. Purified splenic DC from FL- or
pGM-CSF-treated C57BL/6 mice (H2were cultured in the pres
ence of purified CD4 or CD8" LN T cells from DBA/2 mice

This is consistent with a previous report using GM-CSF-trans-
fected tumor cells (12, 13) but is in contrast to other reports ex-
amining either GM-CSF-transgenic mice or systemic treatment

(H-2%. DC from FL- or pGM-CSF-treated mice were functionally with recombinant, unmodified, yeast-derived GM-CSF (10, 11).

equivalent in their capacities to stimulate allogeneic CDar

The discrepancies likely reflect differences in the endogenous lev-

CD8" T cell proliferation (Fig. . We next assessed the capacity els of GM-CSF reached in GM-CSF-transgenic mice as compared
of the various DC to stimulate Ag-specific T cell proliferation in with transfected tumor cells as well as differences between the
vitro. We cultured DC with LN T cells from DO11.10 transgenic biological half-life of recombinant GM-CSF as compared with its
mice which express rearranged T&Rnd TCR3 genes encoding biochemically modified pGM-CSF counterpart. The availability of

for a TCR specific for the peptide fragment OYA s, presented

a more biologically potent form of GM-CSF allowed for the direct

on I-A MHC class Il molecules (21). No consistent differences comparison of GM-CSF- and FL-mediated DC expansion in vivo <
were observed in the capacity of FL- or pGM-CSF-generated DGand has revealed several distinctions between GM-CSF and FL.
to present soluble OVA peptide or OVA protein and stimulate the First, both FL and pGM-CSF generate significant numbers of

proliferation of DO11.10 T cells (Fig. 7).

FIGURE 6. DC from pGM-CSF-
treated mice are equivalent to FL-gener-
ated DC in inducing alloreactive T cell
proliferation. Purified splenic DC from
pGM-CSF- and FL-treated C57BL/6 mice
(H-2°) were cultured in the presence of-pu
rified CD4" or CD8" LN T cells from
DBA/2 mice (H-2), and T cell prolifera
tion was monitored by3H]thymidine in
corporation. Data are presented as the
mean= SEM of triplicate cultures and are
representative of three separate experi-
ments. Both panels share the same legend. o
Ll
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functionally equivalent to FL-gener-
ated DC in inducing Ag-specific T
cell proliferation. Splenic DC from
pGM-CSF- and FL-treated BALB/c
mice (H-Z) were cultured in the
presence of naive CDALD62L" T
cells from OVA-TCR-transgenic
DO11.10 mice (H-2) in the contin
ued presence of OVA peptide or
protein. T cell proliferation was mon-
itored by PH]thymidine incorpora
tion. Data are presented as the-*
means* SEM of triplicate cultures
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were obtained on several occasion
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CSF-generated DC were less efficient
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pGM-CSF treatment, whereas FL requires 9 days treatment tdaken together, these data suggest that GM-CSF minimally influ-
reach maximal DC numbers. Continuous treatment with pGM-ences the development of CD11HCD11¢"9"CD8«* DC. DC
CSF causes DC numbers to gradually return to normal levels aftetan be derived from both myeloid- and lymphoid-committed pre-
10 days, whereas DC numbers remain elevated in response to cogursors (5). In the mouse spleen, myeloid-related DC are charac-
tinuous treatment with FL for>10 days. It is possible that the terized as CD11H"CD11¢"9"CD8«~ (20, 25, 31). Conversely, it
more rapid kinetics of DC expansion achieved with pGM-CSFhas
may reflect differences in the differentiation time of the respectiveCD118°*CD11&"9"CD8a" spleen DC is related to thymic DC,
precursor cell targets. It is known that the FIt3 receptor is restrictedyhich appear to be derived from a lymphoid-committed precursor
to more primitive progenitor cells and immature myeloid and B- (32-35). CD11KVCD11¢""CD8x* spleen DC are phenotypi
lymphoid precursors, whereas GM-CSF receptor is expressed oghlly indistinguishable from thymic DC. The lymphoid origin of
more mature myeloid cells including mature monocytes and DCcp11d°vCD11d"9"CD8a* spleen DC is further supported by
(28-30). Examining DC development in mice sequentially treatedindings that i.v. injection of lymphoid-committed precursors re-
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been proposed that the ontogenic derivation of

2202 ‘6 1snbny uo 1s9nb Aq /60" jounwiwi 1 :mmmy/:dny wody pepeojumoq

with FL and pGM-CSF may shed ||ght on the mechanism of aCtiOnsu|ts in the exclusive generation of CDileldj'ghCDsa+

of these two cytokines.

DC in both the thymus and spleen (35). Thus, our studies of in vivo

Second, whereas FL induces the generation of bothygministration of pGM-CSF and analysis of FL-treated GM-

CD114""CcD11¢"9"CD8a~,

DC, pGM-CSF primarily induces

the

and CD11“CD11¢"9"CD8«™
generation

CD118"9"CD11¢""CD8«~ DC (Fig. 1A; Fig. 2), (17). In adél
tion, expansion of CD11%#'CD11¢""CD8x* DC in FL-treated

GM-CSFR3™/~ mice is normal,

Table Il. DC subsets from FL-treated GM-CSBR™ micé*

whereas expansion of
CD118"9"CD11¢""CD8a~ DC is reduced by 50% (Table II).

Cell Recovery/Spleen (X 1®)

CD118v9y CD118°%/
Total cells CD11¢""DC Cd11¢9" DC
GM-CSFR3*'*  260= 40 21+ 3 36+ 6
GM—CSFRT/* 220+ 30 13+ 3 36+ 6

@ Absolute number of cells (mean SD) X 10~ of two separate experiments

derived from 10 mice/group.

CSFRB™’~ mice suggest that GM-CSF plays an important role in
the development of CD11"CD11<""CD8x~ myeloid-related
DC but is not essential for the development of the
CD11H°¥CD11¢""CD8a ™" putative lymphoid-related spleen DC
subset.

Third, DC generated by pGM-CSF differ in the expression of
certain surface molecules. DC generated by pGM-CSF uniformly
express high levels of the marginal zone marker, 33D1. In contrast,
FL-generated, CD11¥"CD11¢"" DC can be subdivided into
33D1" and 33D1 subpopulations (Fig. 2) (20). This may indicate
that pGM-CSF-generated DC represent a more homogeneous pop-
ulation of CD118'9"CD11¢"9" DC than those generated with FL.
The biological function of 33D1 on CD1f§"CD11¢"" DC in
the marginal zone is not clear but may reflect DC developmental
origins (e.g., macrophage/monocyte rather than Langerhans cell).
Alternatively, 33D1 expression may relate to DC maturational sta-
tus and functional role in this location, given that the marginal
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zone is a primary entry point for particulate Ag trafficking from the or maturation. 3) The DC generated by FL and pGM-CSF repre-
circulation (20, 36). The Ag recognition receptor DEC205 and thesent an intermediate maturation stage. It is likely that further mat-
lymphoid-related DC marker C28are not expressed on pGM- uration of FL- or pPGM-CSF DC will be induced by specific mat-
CSF-generated, CD11B"CD11¢"9" DC. This is consistent with  uration signals. DC maturation has been shown to be induced after
previous reports that C8and DEC205 are coordinately ex- exposure to several classes of signals: proinflammatory mediators
pressed on CD11B'CD11¢"9" DC within the T cell areas (11, 20, such as IL-B, IL-6, TNF-a, PGE, and IFN« (41-44); T-cell
37, 38). Another difference in surface phenotype between FL- anderived signals such as CD40 ligand (45, 46); and pathogen-de-
pGM-CSF-generated CD11B"CD11¢"" DC is the somewhat rived signals such as LPS, viral dsDNA, and bacterial CpG DNA
higher level of expression of CD1d on pGM-CSF-generated DC(47, 48).
Previously, we have shown a strong correlation between CD1d, Due to the capacity of DC to modulate immune responses, they
DEC205, and CD8 on CD11#P“CD11¢"" DC from FL-treated  have been under clinical investigation as cellular vaccine adjuvants
mice (20). The presence of CD1d on the pGM-CSF-generated49, 50). Given that DC represent a diverse family of leukocytes,
CD116"9"CD11¢"" DC suggests that this marker may not be it is as yet unclear which DC populations are the most appropriate
restricted to CD11B"CD11¢"¢" DC. CD1d may play a role in  for the generation of long lasting and clinically effective immune
unconventional Ag presentation to specific T cell populations (refesponses in vivo. Furthermore, the effective delivery of vaccines
viewed in Ref. 39); therefore, the expression of CD1d on pGM-will also depend on matching the form of Ag (peptide, protein, and
CSF-generated DC may be functionally significant. cDNA) with the functional capacity and maturation status of the
Finally, pGM-CSF-generated DC are more efficient at Ag cap-DC population used. The present study provides a foundation for
ture and processing than FL-generated DC. The correlation besvaluating the use of FL and pGM-CSF in generating DC in vivo
tween surface phenotype and functional status of DC has beconsnd for optimizing their clinical utility.
a widely accepted means of assessing DC maturation, particularly
for in vitro-generated DC from monocyte precursors (reviewed inAcknowledgments
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