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Abstract

Background—To generate clinical-grade dendritic cells (DCs) ex vivo for immunotherapy
trials, peripheral blood monocytes are typically cultured in GM-CSF and IL-4, and then matured
using one or more agents. Duration of the initial DC culture is one important variable that has not
been systematically evaluated for its effect on the characteristics of the final mature DC product.

Study Design—DCs were generated from elutriated peripheral blood monocytes by incubation
in medium containing 2000 units/ml each of GM-CSF and IL-4 for 3 to 7 days, followed by
maturation with LPS and IFNy. DC yield, viability, flow cytometric phenotype, and cytokine
production were evaluated.

Results—The % yield and viability of mature DCs were similar after initial culture durations of
3 or 7 days. Mature DCs expressed abundant CD80, CD86, CD83, and CCRY7 regardless of initial
culture duration, but 3-day DCs expressed these antigens in a more consistent and homogenous
manner. Mature DCs produced much more IL12 and less IL10 in response to restimulation with
CDA40L when the initial culture duration was 3 days, rather than 7 days. Analogous changes were
observed in mature DCs prepared using lower concentrations of GM-CSF/IL4 or when the
alternative maturation cocktails poly-(1:C)/IFNy and CD40L/IFNy were used.

Conclusion—Extended initial culture of DCs in GM-CSF/IL4 does not affect yield or viability
of subsequently matured DCs, but can adversely affect their ability to homogeneously express
high levels of costimulatory molecules and to produce IL12.
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Introduction

Dendritic cells (DCs) play a crucial role in transport and processing of antigens for
presentation to T cells in vivo 1. Consequently, there has been considerable interest in using
them as therapeutic agents to promote tumor and virus-specific T cell responses in patients
with cancer or infection 25, In some cases, DCs for such clinical studies are retrieved
directly from blood or generated from circulating CD34 cells 6. More commonly they are
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generated from peripheral blood monocytes by ex vivo culture with one or more
differentiation agents to produce immature DCs, followed by incubation with one or more
and maturation agents to produce mature DCs. Antigen-loaded DCs prepared in this manner
have been demonstrated to induce T cell immune responses against tumor epitopes &9, but
clinical responses in patients with cancer have been more elusive 3. Consequently, many
current efforts focus on increasing the magnitude and impact of these immune responses
through further refinements in the methods used to prepare, antigen load, and administer
clinical grade DCs.

While the basic approach to DC preparation from monocytes is well established, the specific
methods used for cell purification, culture, and maturation vary widely. Monocytes may be
isolated from blood by adherence 8, elutriation 10, or positive selection using
immunomagnetic beads 11. DC differentiation most commonly is induced using GM-CSF
and 1L4 1213 pyt the doses of each reagent, the culture conditions (flask or closed plastic
bag), the composition of the culture medium, the cocktail of reagents used to induce
maturation, and the methods used to antigen-load DCs all vary substantially °. Although any
of these factors potentially could affect the quality of the final DC product, the sheer number
of variables in a given manufacturing process makes direct comparisons of alternative
methods difficult.

In addition to variability in reagents, investigators preparing clinical grade DCs also employ
a variety of different culture schedules. In particular, monocytes have been cultured in GM-
CSF/IL4 to induce a DC phenotype for as short as 2 days 1416 or as long as 7 days &°. In the
current study, we used a systematic approach to examine the effect of this initial monocyte
culture on viability, yield, phenotype and cytokine producing activity of the final product.
While DCs expressing a “mature” CD80*, CD83*, CD86™ phenotype by flow cytometry can
be prepared using a wide variety of time schedules, we found that the expression of
important surface molecules and production of cytokines may be adversely affected by
extended initial DC incubation with GM-CSF/IL4. Our results suggest the need for caution
in prolonging ex vivo incubation during the preparation of clinical grade DCs.

Materials and Methods

Human subjects

Normal healthy donors gave informed consent to leukapheresis procedures done as specified
in clinical protocols approved by the Institutional Review Board of the Clinical Center of the
National Institutes of Health.

Leukapheresis and counterflow centrifugal elutriation

Leukapheresis and elutriation procedures were done as previously described 17 using the
Fenwal CS3000 Plus (Baxter Healthcare, Deerfield, IL), which processed a 5.0-7.5 L blood
volume to collect a total of 5-10 x10° mononuclear cells (MNC) 17:18, These were
suspended in HBSS without magnesium, calcium, and phenol red (Cambrex), and processed
by counterflow centrifugal elutriation (Elutra Cell Separation System, Gambro BCT,
Lakewood, CO). Monocyte-rich fractions were collected and pooled to yield a product that
contained 70-90% CD14+ monocytes. These cells were either placed directly into culture or
cryopreserved by a controlled-rate freezing procedure using medium containing Plasmalyte
A (Baxter Healthcare, Deerfield, IL) with 6% pentastarch (B. Braun, Irvine, CA), 4% human
serum albumin (Buminate, Baxter Healthcare, Glendale, CA), 5% DMSO (Cryoserv,
Research Industries, Salt Lake City, UT), 15 U/ml heparin (Fujisawa USA, Deerfield, IL),
and 10 pg/ml DNAase (Dornase, Genentech, Emeryville, CA). Lymphocyte-enriched
fractions were cryopreserved by the same method for subsequent use.
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DC culture medium

The standard medium for DC culture was RPMI 1640 (Invitrogen) supplemented with 10%
heat-inactivated autologous plasma or 10% human AB serum (both prepared in our facility)
and 10 pg/ml of gentamycin (Cambrex).

Dendritic cell preparation and maturation

DC Harvest

Fresh or newly thawed donor monocytes were suspended at 1.5 million cells/ml in DC
culture medium (described above) containing 2000 1U/ml of both human IL-4 (Schering-
Plough, Kenilworth, NJ) and GM-CSF (Amgen, Thousand Oaks, CA). Cells were cultured
in 25 cm? polystyrene tissue culture flasks (Becton Dickinson, Franklin Lakes, NJ) at 37°C
in a 5% CO» incubator. Unless otherwise indicated an additional 2000 IU/ml of GM-CSF
and 2000 U/ml of I1L4 were added on day 2, and, for longer incubations, also on day 5.

To induce DC maturation, at varying times from day 2 to 7, a maturation “cocktail” was
added. In most cases a mixture of LPS (100 ng/ml, Calbiochem, San Diego, CA) and IFNy
(1000 1U/ml, Peprotech, Rocky Hill, NJ) was used for this purpose 12, but in selected
studies, alternative combinations of CD40L (Amgen, Thousand Oaks, CA) and IFNy (1000

IU/ml) or poly(l:C) (20 pg/ml, Sigma, St. Louis, MO) and IFNvy (1000 1U/ml) were
used 17:20,21

Eight to 42 h after addition of maturation cocktail, unbound and loosely adherent DCs were
collected, and a dissociation buffer (Invitrogen) was added to each flask for 15 minutes at
4°C to retrieve more adherent cells. Cells loosened by this procedure were dislodged by
additional pipetting, collected, and pooled with the previous collection. Harvested cells were
pelleted, washed twice with HBSS, and resuspended in the DC culture medium.

The total cell concentration in each specimen was determined by manual counting using a
hemocytometer. Viability was determined visually based on trypan blue dye exclusion.
Viable DC yield was calculated by dividing the number of viable DCs recovered by the total
number of cells placed into the initial culture, and multiplying by 100%.

Flow cytometric analysis

Samples of 100 pL containing 100,000 to 200,000 cells were incubated for 10 minutes with
100 pL of an ice-cold 1:5 dilution of reconstituted 1VIG (Sandoglobulin, Sandoz, East
Hanover, NJ) in HBSS. Cells were stained with phycoerythrin-labeled antibodies against
CD80, CD83, CD86, and Class | MHC products (W6/32) (Becton Dickinson, San Jose, CA),
CCR7 (R&D Systems, Minneapolis, MN), or with PE-labeled isotype-matched control
antibodies. To exclude nonviable cells during flow cytometry, 7AAD (Pharmingen, San
Diego, CA) was added to each sample 10 minutes before acquisition. Flow cytometry
acquisition was performed using a FACScan with CellQuest software (Becton Dickinson,
Mountain View, CA). Data analysis was performed using FlowJo software (Tree Star,
Ashland, OR).

Dendritic cell cytokine generation

IL-12 and IL-10 release during maturation was measured in the culture medium collected at
the time of DC harvest. To measure DC cytokine production after restimulation, harvested
washed DCs (100,000/well) were added in a total volume of 500 | to a 48-well plate
containing 50,000 adherent mouse LTK fibroblasts transfected with CD40L (CD40L-LTK).
This cell line was kindly provided by C.van Kooten, Ph.D. (Leiden, the Netherlands). The
supernatant medium was collected 24 hours later and assayed for human IL-12 and IL-10
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expression using commercial ELISA kits (eBioscience, San Diego, CA). In all cases, DCs
added to wells in the absence of CD40L did not secrete measurable I1L-10 or I1L-12.

Statistical methods

Results

The mean and SD were used to express group results for cell viability and % recovery and
the Student's t-test was used to test the significance of group differences. Cytokine
production values were not normally distributed; hence the significance of differences were
assessed using the paired Wilcoxon Signed-Rank Test.

Design for studying the effect of immature DC culture duration on characteristics of

mature DCs

Matched flasks of monocytes were cultured for 3 versus 7 days to generate immature DCs,
and then matured by an additional 18 h exposure to 100 ng/ml of LPS and 1000 1U/ml of
IFNy. Cell yield, viability, surface phenotype, and cytokine secretion were then measured in
both groups.

Effect of immature DC culture duration on viability and yield of mature DCs

There were no significant differences in cell viability or % yield of mature DCs generated
after 3 or 7 days of immature DC culture in GM-CSF/IL4. In an analysis of 7 experiments,
trypan blue viability at harvest (85% for 3-day versus 83% for 7-day cultured cells) and
yield (27% versus 23% of initial cultured monocyte number) were similar for both groups
(Table 1).

Effect of culture duration on DC phenotype

Comparison of flow cytometric phenotype showed that immature DCs cultured for 3 days
usually demonstrated slightly less forward scatter than those cultured for 7 days, presumably
an indication of smaller cell size, but there were no consistent differences in the level of
CD80, CD83, CD86, or CCR7 expression (data not shown). Eighteen hours of maturation
with LPS/IFNy markedly enhanced the expression of CD80, CD83, CD86 and CCR7, and
class Il MHC in both the 3- and 7-day cultured DCs (Figure 1). Comparison of fluorescence
intensity from 6 matched experiments showed that, after maturation, 3-day cultured DCs
expressed slightly higher median channel fluorescence, particularly for CD83 and CCR?7,
than 7-day cultured DCs, but these differences did not achieve statistical significance. Direct
inspection of overlay plots of CD83, and CCR7 expression, however, did reveal noteworthy
differences in pattern. CD83 and CCR7 expression plots for 3-day cultured DCs after
maturation were consistent across experiments, with a single dominant peak of expression.
The corresponding peaks for 7-day cultured DCs after maturation were much more variable,
in some cases displaying a distinct shoulder or even a second peak of cells expressing lower
antigen levels (Figure 2). Similar, but less pronounced, patterns were noted for CD80,
CD86, and Class Il MHC product expression.

Time course of CD83 and CCR7 upregulation during DC maturation with LPS/IFNy

To compare the time course of costimulatory molecule upregulation in response to LPS/
IFNYy, we measured CD83 and CCR7 expression in matched 3-d and 7d-GM-CSF/IL4
treated cells after 8,18, and 42 h of LPS/IFNy exposure. Both 3 day- and 7-day cultured DCs
showed substantially increased expression of the costimulatory molecules CD83 and CCR7
within 8 h of incubation in LPS/IFNy, but the 3-day DCs reached peak levels more quickly.
Whereas 3-day DCs achieved peak levels of CD83 and CCR7 expression within 18 h, 7-day
cells required 42 h to reach comparable levels of expression (Figure 3).

Transfusion. Author manuscript; available in PMC 2013 December 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tawab et al.

Page 5

Effect of DC culture duration on IL12 and IL10 production

Mature DCs prepared after 3-day culture in GM-CSF/IL4 made much more 1L12 both
during maturation with LPS/IFNy (median value of 18,800 versus 490 pg/ml with a p<0.01
Figure 4A), and after restimulation with CD40L (13,000 versus 280 pg/ml with a p<0.01-
Figure 4B) than 7-day-cultured cells. Although IL10 production was not significantly
different between groups during maturation, the 3-day DCs also made significantly less IL10
(23 versus 760 pg/ml respectively p<0.01) after restimulation than the older DCs (Figure 4C
and D).

To determine with greater resolution how soon after day 3 cells incubated with GM-CSF/
IL4 begin to downregulate IL12 production towards day 7 levels, we measured cytokine
levels in matched cells incubated with GM-CSF/IL4 for 3-5 days before maturation ((Figure
5). In 4 of 6 experiments IL12 production after restimulation diminished >90% between day
3 and 5. The rate of change was less dramatic in the other 2 experiments, but even in these
instances production was reduced 15-25% during this time period (Figure 5).

To be certain the differences in 1L12 production we observed after maturation were not
attributable simply to a slower rate of IL12 release by older cells, cytokine production by 3-
and 7-day DCs was compared after either 8, 18, or 42 h of incubation with LPS/IFNy. In
fact, the same pattern of increased IL12 production by 3-day DCs after maturation was
observed at all 3 time points (Figure 6A). More important, a similar pattern was also
observed when the matured cells were washed and restimulated with CD40L (Figure 6B).
Thus the differences in production at 18 h reflect a difference in IL12 producing capacity
and not a change in the kinetics of its release.

Effect of GM-CSF and IL4 Concentration on 7-Day DCs

Because DC preparation protocols often use lower concentrations of GM-CSF and/or I1L4
than those routinely used in our facility 2225, 1L12 production by DCs generated after 7-day
culture with half or one quarter our usual concentrations of GM-CSF/IL4 was also assessed.
In the latter instance we also used half our usual starting cell concentration, to exclude any
possible role of cell crowding or medium depletion in the downregulation of 1L12
production. Using either of these modifications in culture conditions, 7-day DCs produced
substantially less IL12 than matched DCs incubated for 3 days with our conventional dose
of GM-CSF/IL4 (Table 2).

Effect of maturation with CD40L/IFNy and Poly(l:C)/IFNy on IL12 and IL10 production of 3-
and 7-day DCs

To assess how variations in the duration of GM-CSF/IL4 incubation affects DCs matured
with other maturation cocktails known to highly stimulate 1L12 production 17:20.21 e
compared phenotype and cytokine production in DCs matured using CD40L/IFNy or poly-
(I:C)/IFNYy after 3- or 7-days of GM-CSF/IL4 treatment. A similar pattern of increased
heterogeneity in maturation marker expression (analogous to figure 4) was observed using
either maturation cocktail. Younger DCs matured with CD40L/IFNy again produced
significantly more 1L12 during maturation (median 26,600 vs. 2880 pg/ml) and during
restimulation (1430 vs 230 pg.ml) than older cells. On the other hand, they made
significantly less IL10 during maturation (90 vs 410 pg/ml- Figure 7). Consistent differences
in cytokine production between younger and older DCs were not observed during
maturation with poly-(1:C)/IFNy, but 3-day treated DCs again made significantly more 1L12
than older cells after restimulation with CD40L (5300 vs 130 pg/ml - Figure 8).
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Discussion

These studies demonstrate that surface expression of the costimulatory molecules CD83 and
CCRY and production of the cytokines IL12 and IL10 by mature DCs derived from
peripheral blood monocytes can be substantially affected by the duration of initial culture in
GM-CSF/IL4.

The use of a 6- to 7-day incubation with GM-CSF and IL4 to promote differentiation of
monocytes into DCs was first described in 1994 12.13  and this approach is still commonly
used to generate DCs for clinical trials. While such prolonged incubations may be required
for the generation of morphologically “classic” large DCs, more recent studies have
established that monocytes can express DC surface markers, produce abundant IL12 in
response to stimulation, and effectively stimulate antigen-specific CD8 cells after as short a
duration as 1-2 days in culture with GM-CSF/IL4 14.26-29 These abbreviated protocols for
DC preparation are an attractive alternative, particularly for cell processing facilities
interested in increasing the efficiency and convenience of DC generation, while decreasing
the period for which the cellular product is at risk for microbial contamination. Still, in the
absence of controlled clinical trials, the relative merits of DCs produced using short versus
“standard” 6-7 day GM-CSF/IL4 incubations remain unclear.

Although a variety of prior studies have examined costimulatory molecule, cytokine
receptor, and cytokine production by young 19:20.30 and older DCs 17:19.20.31.32 yariations in
the conditions used to generate, stimulate, and monitor DC responses make quantitative
comparisons between studies difficult. By specifically comparing 3-day and 7-day DCs from
the same donor generated under otherwise identical conditions, the current studies clearly
demonstrate that extending DC incubation with GM-CSF/IL4 beyond 3-4 days before
maturation can significantly affect their phenotype and function. After maturation, 3-day
DCs expressed CD83 and CCR7 more rapidly, uniformly, and consistently, produced
significantly more IL12 during and after maturation and less 1L10 after maturation,
compared to 7-day DCs.

These changes may have significant impact on DC function as APCs. CCR7 33 and

CD83 3435 gach play an important role in DC-T cell interaction. IL12 is critical both in
promoting type 1 T cell polarization and in enhancing the functional avidity of T cell
responses 14:36 and IL10 is a potent suppressor of T cell function. Taken together, a pattern
of reduced CCR7, CD83 and IL12 expression in association with an increase in 1L10
production might be predicted to reduce the ability of older DCs to stimulate type 1 T cell
responses. Clinical comparisons are not available, but recent in vitro studies comparing T
cell responses induced using DCs prepared much like ours, report stronger responses using
DCs with shorter culture duration 37. The changes in costimulatory molecule and cytokine
expression we observe may help explain this finding.

This study focused most thoroughly on a maturation cocktail of LPS and IFNy However, to
examine the relevance of our finding under different culture conditions, we also compared
3-day and 7-day DCs matured using CD40L/IFNy and poly(l:C)/IFNv, two alternative
maturation cocktails used to generate mature DCs with robust 1L12 production 17:20.21,
Using either maturation cocktail, we observed similar culture duration-related changes in
CDB83 and CCR7 expression in the mature DC product. Perhaps more importantly, 1L12
production, particularly after restimulation post maturation, was again significantly reduced
in both instances. Like LPS/IFNy, CD40L/IFNy, but not Poly(l:C)/IFNy, a cocktail which
does not stimulate extensive 1L-10 production 32, also increased IL10 release from older
DCs. Although most of our studies were performed using 2000 units/ml of GM-CSF and
IL4, we noted similar changes in DCs generated using lower concentrations of GM-CSF and
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IL4 comparable to the concentrations more often used in other centers. Although our studies
cannot address the myriad of other possible culture conditions, the persistent pattern does
suggest our observations may have more general relevance. The findings could simply
reflect cell damage and/or senescence during extended culture. Alternatively, they may be
attributable to a more physiologic change in cell phenotype related to cell age per se, or to
the presence of GM-CSF, I1L4 and/or other components of our culture medium. Additional
studies comparing mRNA and/or protein expression may be helpful both in providing a
broader picture of the changes in phenotype and in understanding the etiology of these
changes.

In light of the complexity of antigen presentation in vivo, no single set of surrogate markers
can be expected to fully predict the fitness of DCs to induce T cell responses against tumor
or microbial pathogens in vivo. The observed reductions in expression of bioactive
molecules associated with prolonged in vitro incubation merit concern, both for their direct
impact on cell function and also as a potential indicator of more generalized reductions in
the cellular “reserves” of older cells. DCs generated using other combinations of culture
conditions, differentiation agents, and maturation agents may be affected differently, but
unless specific benefits attributable to prolonged ex vivo incubation can be identified, it
would seem most prudent to avoid prolonged incubation of DCs with GM-CSF/IL4 and
other differentiation cocktails.
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Figure 1.

Cell surface marker expression on mature DCs generated from monocytes after 3- (bold
solid line) or 7-day (dashed line) culture in GM-CSF/IL4 followed by 18 hours of exposure
to LPS/IFN-y. Similar findings were obtained in each of three independent phenotypic
studies. Shaded curves represent the isotype control.
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Figure2.

Overlay flow cytometric plots from 6 independent experiments comparing CD83 (panels A
and C) and CCR7 (panels B and D) expression by LPS/IFNy-treated DCs prepared after 3
days (Panel A and B) or 7 days (Panel C and D) of culture in GM-CSF and IL4. Mature DCs
generated after 3 days of initial culture typically demonstrated a single dominant peak of
antigen expression, whereas those generated after 7 days of initial culture often showed
shoulders or second peaks, indicating populations with lower levels of antigen expression.
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Figure 3.
Time course of CD83 (Panel A and C) and CCR7 (Panel B and D) expression by DCs after
treatment with LPS/IFN-y. Immature DCs generated from monocytes by incubation with
GM-CSF/IL4 for 3- (Panels A and B) or 7-days (Panel C and D), were phenotyped before
maturation (solid double line), and 8 (dashed), 18 (dotted), or 42 (solid) hours after addition
of LPS/IFN-y. The 3-day DCs achieved peak levels of CD83 and CCR7 expression within
18 h, but 7-day treated cells required 42 h to reach comparable levels.
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3 Days

7 Days

Comparison of cytokine production by 3-day and 7-day, GM-CSF/IL4-treated DCs in
response to LPS/IFN-y. Immature DCs in each case were exposed to LPS/IFNy for 18 h.
IL12 (A and B) and IL10 (C and D), were measured in culture medium collected
immediately after maturation (A and C) or after harvest and restimulation with CD40L (B
and D). Statistically significant differences (p<0.01) were noted in Panels A, B, and D.
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Figureb.

Effect of variations in the duration of initial DC culture in GM-CSF/IL4 on 1L12 production.
After incubation with GM-CSF/IL4 for 3, 4, or 5 days, immature DCs were matured with
LPS/IFN-v for 18 h. IL12 release was then measured in culture medium collected
immediately after maturation (A), or after restimulation with CD40L (B).
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Time course of IL12 production in 3- and 7-day cultured DCs after maturation with LPS/

IFNy. Immature DCs prepared by 3-day or 7-day incubation with GM-CSF/IL4 were
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matured with LPS/IFN-v for either 8, 18, or 42 h. IL12 release during maturation (panel A)
and after restimulation with CD40L (panel B) were measured. The markedly higher 1L12
produced by 3-day DCs (noted in Figure 4) was apparent at 8 h and persisted even after 42 h
of stimulation.
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IL12 and 1L10 production by 3-day and 7-day GM-CSF/IL4 cultured DCs in response to
CD40L/IFN-y. DCs in each case were matured by 18 h exposure to CD40L/IFN-y. IL12 (A
and B) and 1L10 (C and D) were measured in culture medium collected immediately after
maturation (A and C) or after restimulation with CD40L (B and D). Statistically significant
differences (p<0.01) were noted as indicated in panels A, B, and C.
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Figure8.

IL12 and 1L10 production by 3-day and 7-day GM-CSF/IL4 cultured monocytes in response
to Poly(I:C)/IFN-y. DCs in each case were matured by 18 h exposure to the maturation
cocktail. IL12 (A and B) and IL10 (C and D) were measured in culture medium collected
immediately after maturation (A and C) or after harvest and 18 h restimulation with CD40L
(B and D). Statistically significant reductions in 1L12 production after restimulation were
noted.
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Table 1
Effect of Immature DC Culture Duration on Viability and % Yield of Mature DCs

Immature DC Culture Duration (days) | Viability of MatureDCs | % Yield of Mature DCs

3 85+10% 2714+46%

7 83+13% 242+56%

Monocytes were incubated with GM-CSF/IL4 for 3 or 7 days to generate immature DCs, which were then matured by incubation for 18 h with
LPS/IFNY. These results represent the mean + SD for 7 paired experiments.
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Effect of variations in culture conditions on DC yield and I1L12 production after maturation with LPS/IFN-Y

Cultureduration with

Initial cell concentration

GM-CSF/IL4dose Refeedingtimes Cell yield

IL12 release (pg/ml)

GM-CSF/IL4
(days) million/ml 1U/ml (days) % duringmat. restimulated
3 15 2000/2000 2 36 12500 5060
7 15 2000/2000 2,5 17 210 40
7 15 2000/2000 2,4,6 19 1030 120
7 15 1000/1000 2,5 12 610 80
7 0.75 500/500 2,5 9 2160 250
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