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Abstract

Dendritic cells play a key role in the immune system, in the sensing of foreign antigens and triggering of an adaptive
immune response. Cryopreservation of human monocytes was investigated to understand its effect on differentiation into
immature monocyte-derived dendritic cells (imdDCs), the response to inflammatory stimuli and the ability to induce
allogeneic lymphocyte proliferation. Cryopreserved (crp)-monocytes were able to differentiate into imdDCs, albeit to a
lesser extent than freshly (frh)-obtained monocytes. Furthermore, crp-imdDCs had lower rates of maturation and cytokine/
chemokine secretion in response to LPS than frh-imdDCs. Lower expression of Toll-like receptor 4 (at 24 and 48 h) and
higher susceptibility to apoptosis in crp-imdDCs than in fresh cells would account for the impaired maturation and
cytokine/chemokine secretion observed. A mixed leukocyte reaction showed that lymphocyte proliferation was lower with
crp-imdDCs than with frh-imdDCs. These findings suggested that the source of monocytes used to generate human imdDCs
could influence the accuracy of results observed in studies of the immune response to pathogens, lymphocyte activation,
vaccination and antigen sensing. It is not always possible to work with freshly isolated monocytes but the possible effects of
freezing/thawing on the biology and responsiveness of imdDCs should be taken into account.
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Introduction cryopreserving CD14" cells from human blood have been
described and standardized [7,11]. However, there have been
conflicting reports concerning the effects of cryopreservation on
monocyte differentiation, the response to antigens and the
allogeneic stimulation of T' cells [11-14].

Dendritic cells (DC), which were first described in 1973 [1], are
a major component of the immune system. They are involved in
the sensing of foreign antigens and the processing and presenting
of antigens to lymphocytes. DCs are the main antigen-presenting
cells (APC) in the immune system, bridging the gap between
adaptive and innate immune responses [2]. For these reasons, DCs
are often the cells chosen to study the pathogenesis of diseases
caused by infectious agents, vaccine responses, cancers and
autoimmune diseases [3-8]. Additional functions of DCs, such
as the control of lymphocyte migration to lymph nodes [9], show
their wide relevance to immunology. Dendritic cell-based immu-
notherapy against cancer has attracted considerable attention in

Given the crucial role of DCs in the immune system regulation
and their response to pathogens, evaluating the effect of
cryopreservation on these cells is relevant. The freezing and
thawing of human monocytes was investigated to understand if it
had any effect on cell differentiation, the response to inflammatory
stimuli, cell survival or lymphocyte proliferation. Cryopreserved
(crp)-monocytes  differentiated into immature-mdDCs (crp-
imdDCs) at a lower frequency and displayed lower rates of
; ) ’ . maturation and cytokine secretion in response to LPS than freshly
recet.lt‘ years and l}as 1.ncreased the importance of this cell type in obtained (frh)-imdDCs. The reduced differentiation of crp-CD14"
medicine and basic science [7]. to imdDCs could be explained by the lower expression of GM-

Blood monocytes (CD14) are the major source of human DCs CSF and IL-4 receptors on crp-CD11c" during differentiation.
i vitro. 'Their differentiation into DCs (immature monocyte- The impaired response of crp-imdDCs to LPS may be explained
derived dendritic cells or imdDCs) can be induced i vitro by by the lower TLR4 expression and increased susceptibility to
interleukin-4 (IL-4) and granulocyte/macrophage colony-stimu- apoptosis. Crp-imdDCs were also less able to induce allogeneic

lating factor (GM-CSF) [10]. Cryopreservation of CD14" cells is lymphocyte proliferation than frh-imdDCs.
important when studying rare samples, for analyzing cells collected

in areas without laboratory facilities and to avoid multiple
sampling of the same patient. Methods for isolating and
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Materials and Methods

Purification of CD14" Cells, Cryopreservation and imdDC
Differentiation

This project was authorized by the FIOCRUZ Research Ethics
Committee (#514/09). Peripheral blood was obtained from
healthy donors who gave written informed consent to participate.
CD14" cells were purified and induced to differentiate into
imdDCs as previously described [15].

CD14" cells were cryopreserved (crp-CD14") in inactivated fetal
bovine serum (iFBS; Gibco-BRL, Grand Island, NY) containing
10% DMSO (Sigma-Aldrich, St. Louis, MO) as previously
described [12,16]. CD14" cells were thawed by incubation for 1
to 2 min at 37°C in a water bath, and washed with iFBS by
centrifugation at 300Xxg for 10 min. Fresh or cryopreserved
CD14" cells (5x10° viable cells due to Trypan Blue exclusion
assay) were incubated in RPMI medium (Lonza, Walkersville,
USA) supplemented with 10% iFBS, 100 IU/mL of penicillin,
100 pug/mL of streptomycin, 2 mM of L-Glutamine, 2.5 pg/mL
of amphotericin (Gibco-BRL, Grand Island, NY), 100 ng/mL IL-
4 and 50 ng/mL GM-CSF (PeproTech, Rocky Hill, NJ) for 6 to 7
days, as previously described [15]. The expression of imdDCs
markers (CD11c and HLA-DR) and CD14 (PE, PercP and FITC
conjugated antibodies, respectively; BD Pharmigen™™, USA) were
evaluated in frh- and crp-imdDCs by flow cytometry in a
FACSAria II (Becton & Dickinson, San Jose, CA), as described
by Silveira et al. (2011). Moreover, CD116 (GM-CSF receptor)
and CD124 (IL-4 receptor) (FITC and PE conjugated antibodies,
respectively; BD Pharmigen ™, USA) expression were evaluated
at 0, 4 and 7 days after induced differentiation. Isotype-matching
antibodies were used as negative controls (eBioscience, San Diego,

CA, USA).

Response to Inflammatory Stimuli

After viability determination (Trypan blue exclusion assay),
5%10° frh- and crp-imdDCs were stimulated with the bacterial
endotoxin lipopolysaccharide (LPS from FEscherichia coli; Ingenex,
San Diego, CA, USA), at a concentration of 1 pg/mL in RPMI
supplemented medium (without IL-4 and GM-CSF) for 6, 24 and
48 h. Cells were harvested, centrifuged and the supernatants
stored at —80°C for cytokine/chemokine determination. Cells
were analyzed for the expression of CD40, CD80, CD83 and
CD86 costimulatory markers (APC, PE-Cy7, FITC and PE
conjugated antibodies, respectively; BD Pharmigen™, USA) and
TLR4 expression (biotin conjugated antibody plus streptavidin-
FITC) by flow cytometry in a FACSAria II (Becton & Dickinson,
San Jose, CA). Chemokine (IP-10, MCP-1 and RANTES) and
cytokine (TNF-o and IL-6) levels were determined in cell-free
supernatants with the CBA Flex Set Kit (Becton & Dickinson, San
Jose, CA).

Apoptosis

Annexin V and propidium iodide (PI) or 7-AAD (eBioscience,
San Diego, AS, USA) were used to determine the percentage of
apoptotic cells. The frh- and crp-imdDCs were labeled according
to the manufacturer’s recommendations. Briefly, crp- and frh-
imdDCs were treated with LPS, harvested, washed with wash
buffer and incubated in 45 UL of binding buffer with 5 uL of
Annexin V for 15 min. Cells were washed again in buffer,
recovered in 300 pUL of PBS (Lonza, Walkersville, USA) and 5 uL.
of PI or 7-AAD, and analyzed on a FACSAria II (Becton &
Dickinson, San Jose, CA).
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Mixed Leukocyte Reaction

DCs and lymphocytes co-cultures (allogeneic or autologous)
were performed to investigate the ability of frh- and crp-imdDCs
to stimulate lymphocyte proliferation. After monocyte-DC differ-
entiation, new samples of lymphocytes (CD14* depleted PBMC)
were obtained from the same donors and stained with CellTrack-
er'™ Green CMFDA (Invitrogen, Carlsbad, USA) according to
the manufacturer’s instructions. Cultures were set up with a 1:10
ratio of frh- or crp-imdDCs to autologous or allogeneic freshly
obtained lymphocytes, in a 6-well plate with RPMI supplemented
medium (without IL-4 and GM-CSF). The proliferation rate was
analyzed after five days using a FACSAria II (Becton & Dickinson,
San Jose, CA).

Statistical Analysis

Statistical differences between the groups were analyzed using
Student’s ¢ test, one- or two-way ANOVA followed by a
Bonferroni post-test, in GraphPad Prism 3.0 (GraphPad Software,
SanDiego, CA). A p value of 0.05 or less was considered
statistically significant.

Results

Crp-CD14" Cells Differentiated at Lower Levels than frh-
CD14" Cells

Immature monocyte-derived dendritic cells express high levels
of CD11c and HLA-DR, but lose their CD14 expression during
differentiation [10,17]. To investigate whether CD14" cells
cryopreservation before differentiation affected the phenotype of
imdDCs, we evaluated the expression of markers involved in DC
differentiation (Figure 1 A). Expression of CD11c and HLA-DR
was lower in imdDCs derived from crp-CD14" than in those
derived from frh-CD14" cells. Almost no CD14 expression was
observed in either type of differentiated cell (Figure 1 B). Lower
expression of IL-4 receptor (CD124) at 4 and 7 days post-
differentiation (dpd) and GM-CSF receptor (CD116) 4 dpd was
associated with crp-CD11c* than with fresh-cells during the
differentiation of monocytes to imdDCs (Figure 1 C and D). Both
crp- and frh-CD14" expressed I1.-4 and GM-CSF receptors at
similar levels before differentiation to imdDCs began (Figure S1).

Viable CD14" cells were separated (by cell sorting) from crp-
CD14" cells to verify if the impaired differentiation of crp-CD14*
could be due to a tolerogenic profile induced by apoptotic cells in
thawed cultures during differentiation (30% in crp-monocytes;
Figure S2 C and D). The exclusion of apoptotic monocytes from
the culture did not enhance differentiation efficiency or imdDC
phenotype (Figure S2 A and B).

Response of crp-imdDCs to LPS

One of the key features of DCis is their ability to recognize and
respond to antigens [2,18,19]. Having shown that crp-CD14" cells
differentiate into imdDCs, the ability of these cells to respond to an
inflammatory stimulus (LPS, a TLR4 ligand that induces the
expression of mdDC maturation markers and cytokines/chemo-
kines production) was analyzed [20,21]. Crp- and frh-imdDCs
(5x10” viable cells based on Trypan Blue exclusion assay) were
treated with LPS and analyzed for the expression of activation
markers (CD40, CD80, CD83 and CD86) at 0, 6, 24 and 48 hours
post-treatment (hpt) [22]. Crp-imdDCs expressed lower levels of
all four activation markers than frh-imdDCs at 48 hpt (Figure 2
and Figure S3).

The production of inflammatory cytokines and chemokines was
also assessed. Crp-imdDCs cells produced smaller amounts
(between 10 and 100 times lower levels) of IP-10, MCP-1,
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Figure 1. Phenotypic analyses of frh- and crp-imdDCs. Frh-imdDCs (black), crp-imdDCs (blue) and isotype-matched controls (red) were
analyzed for the expression of CD11¢/CD14 and CD11c/HLA-DR. (A) Representative dot blot analyses for the expression of CD11¢/CD14 and CD11¢/
HLA-DR from one blood donor. (B) Data from six independent cultures of frh- (circles) and crp-imdDCs (squares). Data was analyzed by Student's t test
and the values shown are the means + SDs of six individual donors. (C and D) Expression of IL-4 (CD124) and GM-CSF (CD116) receptors on CD11c¢*™
cells during monocytes differentiation to imdDCs. Frh-monocytes (circles) and crp-monocytes (squares) were induced to differentiate to imdDCs and
growth factors receptors were analyzed at 0, 4 and 7 days post-differentiation (dpd). Data was analyzed using one-way ANOVA followed by a
Bonferroni test; values represent means = SDs of six individual donors. *p=0.05, frh: freshly obtained, crp: cryopreserved, imdDCs: immature
monocyte derived dendritic cells.

doi:10.1371/journal.pone.0071291.g001

RANTES, TNF-o and IL-6 than frh-imdDCs at 24 and 48 hpt
(Figure 3 A-E). The lower levels of cytokine/chemokine secretion
by crp-imdDCs may be due to the lower levels of TLR4 expression
on cell surfaces at the same time points (Figure 3 I and Figure S4
A). Similarly, a lower expression of CD11c, a known LPS receptor
on leukocytes [23], was observed in crp-imdDCis than in frh-cells
(Figure S4 B and C).

Crp-imdDCs are More Susceptible to Apoptosis than frh-
imdDCs

Apoptosis, a programmed cell death, is a fundamental control
mechanism of the immune response [24]. Previous studies have
shown that imdDCs are susceptible to apoptosis after differenti-

PLOS ONE | www.plosone.org

ation in the absence of specific stimuli and can represent 10 to
20% of cells in culture after 48 h [15]. Staining for annexin V and
PI was assessed in crp- and frh-imDCs to evaluate if the lower
response of crp-imdDCs to LPS could also be accounted for by a
higher susceptibility to apoptosis. The percentage of annexin V*/
PI' cells was higher in cpr-imdDCis than in frh-imdDCs at 24 and
48 h (Figure 4). This higher susceptibility to apoptosis in crp-
imdDCs may explain the lower response to LPS. Additionally,
dying cells were found to have lower levels of CD11c, CD40 and
CD80 expression (Figure S5).
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Figure 2. Maturation of frh- and crp-imdDCs after stimulation with LPS. Expression of CD40, CD80, CD83 and CD86 on frh- and crp-imdDCs
after treatment with LPS (1 ug/mL) at 0 (imdDCs), 6, 24 and 48 h. Histogram of one individual donor (representative of six). frh: freshly obtained, crp:
cryopreserved, imdDCs: immature monocyte derived dendritic cells.

doi:10.1371/journal.pone.0071291.g002

Crp-imdDCs are Less Able to Induce Lymphocyte
Proliferation in a Mixed Leukocyte Reaction

proliferation, as expected. However, co-culture of frh-imdDCs
with allogeneic lymphocyte resulted in approximately three times

more lymphocyte proliferation than co-culture with crp-imdDCs,
suggesting that cryopreservation reduces the functionality of
dendritic cells.

Co-cultures were performed with allogeneic lymphocytes to
evaluate DC function as a specialized antigen-presenting cell.
Autologous lymphocytes were used to observe lymphocyte basal
proliferation. Figure 5 shows that co-culture of frh- or crp-imdDCs
with autologous lymphocytes resulted in an absence of T-cell
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Figure 3. Chemokine/cytokine secretion and TLR4 expression by frh- and crp-imdDCs after stimulation with LPS. After 6, 24 and 48 h
of LPS stimulation (1 pg/mL), cell culture supernatants of frh- (circles) and crp-imdDCs (squares) were analyzed with the CBA Flex set kit for IP-10 (A),
MCP-1 (B), RANTES (C), TNF-a (D) and IL-6 (E); detection limit for all cytokines/chemokines: 10 pg/mL. Data was analyzed by Student’s t test and the
values shown are the means = SDs of six individual donors. *p=0.05, **p=0.01, ***p=0.001. (F) Histograms showing TLR4 expression on the surface
of frh- (black) and crp-imdDCs (blue) treated with LPS (red for isotype-matched control). The histogram uses data from one representative donor out
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doi:10.1371/journal.pone.0071291.g003

Discussion

Dendritic cells are the most potent antigen-presenting cells and
are responsible for crosstalk between the innate and adaptive
immune responses [2,18,19]. Since their initial description in 1973
[1], the known role of DCs in both basic science and medicine has
increased to include allergy control [3], viral infections [4,5],
transplantation [6], autoimmune diseases [25], cancer [8] and
immune regulation [9]. The importance of DCs in the immuno-
logical process was acknowledged by the 2011 Nobel Prize for
Physiology or Medicine award to Ralph M. Steinman who first
observed  them (http://www.nobelprize.org/nobel_prizes/
medicine/laureates/2011/). One of the most common protocols
for human DC differentiation uses CD14" monocytes from

PLOS ONE | www.plosone.org

peripheral blood [10]. The cryopreservation of CD14" cells
provides a source of imdDCis for later use and is an important
procedure in studies based on these cells [7,13,26]. However, the
effects of cryopreservation on CD14" cells remain unclear. The
freeze/thaw cycle procedure may modify the differentiation of
DCs and the subsequent response of these cells to inflammatory
stimuli or pathogens [12].

In this study, crp-CD14" cells were found to be able to
differentiate into imdDCs but did so less efficiently than frh-
CD14" cells (Figure 1). This suggests that the freeze/thaw
procedure does indeed modify these cells. The observed differ-
ences in differentiation ability between the two cell types may be
due to the presence of fewer IL-4/GM-CSF receptors on crp-
CD11c" during differentiation (Figure 1 C and D). Consistent with

July 2013 | Volume 8 | Issue 7 | e71291
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Figure 4. Apoptosis of frh- and crp-imdDCs. Analysis of apoptosis
(Annexin V*/PI') in frh- (circles) and crp-imdDCs (squares) at 0, 6, 24 and
48 h. Data was analyzed by Student’s t test and the values shown are
the means * SDs of six individual donors. *p=0.05.
doi:10.1371/journal.pone.0071291.g004

this notion, levels of CD11c and HLA-DR expression were lower
on the surface of crp-imdDCs than on the surface of frh-imdDCs
(Figure 1 A and B). Furthermore, cryopreservation of monocytes
induced approximately 30% of cells to death (Annexin V'/7-
AAD", Figure S2 C and D) and could have influenced
differentiation to imdDCs. The exclusion of apoptotic monocytes

A Autologous B

Cryopreservation of Monocytes Impairs DC Function

after thawing (by cell sorting) resulted in similar differentiation to
imdDCs than in unsorted crp-CD14" (Figure S2 A and B). This
suggests that the presence of apoptotic cells in the culture after
thawing does not interfere with the differentiation of monocytes to
imdDCs.

Makino and Baba (1997) demonstrated that mdDCs generated
from frozen PBMCis showed similar levels of CD80, CD86, HLA-
DQ and HLA-DR to mdDCs generated from fresh PBMCs.
Ghanekar et al. (2007) showed that cryopreserved monocytes from
cancer patients could be differentiated fully into mature DCs with
a phenotype and function similar to those of DCs derived from the
cells of healthy donors. These different results may be explained by
the procedures employed for CD14" cell isolation and cryopres-
ervation. Makino and Baba, (1997) and Ghanekar et al. (2007)
applied adherence to plastic for cell separation whereas magnetic
sorting was used in this study. Moreover, DMSO and rIL-4/rGM-
CSF concentration (used for freezing cells and to differentiate
monocytes into imdDCs, respectively), varied between studies and
could help to explain the distinct results. This study used cells from
healthy donors whereas Ghanekar e al. (2007) used monocytes
from cancer patients. Furthermore, it analyzed a larger number of
donors (six) and different parameters than in other studies. There
1s no consensus on what should be the gold standard protocol for
cryopreserve monocytes. Cell type (PBMCs or CD14%), cell source
(healthy or non-healthy donors), DMSO concentration, medium,
cell number and other factors could therefore also contribute to
observed differences.

DC maturation is a critical step in the presentation of antigens
to T cells and the initiation of an adaptive immune response [27].
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Figure 5. Cryopreservation interferes with the allogeneic lymphoproliferative response. (A) Representative histogram of autologous and
allogeneic lymphocyte proliferation of one donor (frh-imdDCs (black), crp-imdDCs (blue) and Lyn-stained lymphocytes without DC stimulation (red)).
(B) Frh- (circles) and crp-imdDCs (squares) were co-cultured with autologous (negative control) or allogeneic lymphocytes stained with CellTracker™
Green CMFDA in a 1:10 ratio of imdDCs:lymphocytes. After five days of co-culture lymphocytes proliferation was analyzed by flow cytometry. Data
was analyzed by Student’s t test and the values shown are the means = SDs of six individual donors. ***p=0.001. frh: freshly obtained, crp:
cryopreserved, imdDCs: immature monocyte derived dendritic cells, Lyn: stained lymphocytes without DC stimulation, Aut lyn: autologous
lymphocytes, All lyn: allogeneic lymphocytes.

doi:10.1371/journal.pone.0071291.g005
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The treatment of DCs with LPS can be used to demonstrate cell
activation, which can be characterized by the pattern of surface
markers [20,21]. Crp-imdDCs expressed lower levels of activation
markers (CD40, CD80, CD83 and CD86) than frh-imdDCis at 48
hpt with LPS (Figure 2 and Figure S3). This suggests that imdDCs
generated from frozen monocytes have an impaired response to
inflammatory stimuli, in contrast to the results reported by
Hayden et al. (2009).

Cytokines and chemokines are important mediators secreted by
DCs in response to pathogens triggering an immune response
[2,19]. The stimulation of imdDCs with LPS induces these cells to
secrete inflammatory cytokines such as IL-12p40, IL-1B, TNF-o
and IL-6 [20,21,28]. Crp-imdDCs were shown to secrete smaller
amounts of inflammatory cytokines/chemokines than frh-imdDCs
(Figure 3 A-E) after stimulation with LPS. These findings are
consistent with those of Meijjerink ez al. (2011), who showed that
crp-imdDCs secreted smaller amounts of TNF-a, IL-1p and IL-
12p70 after stimulation with lipoteichoic acid, LPS and bacteria.
The response of imdDCs to LPS depends on the expression of
TLR4 [29] and CDI11c [23] at the cell surface and so levels of
TLR4 and CD11c expression were determined in frh- and crp-
imdDCs. Fewer TLR4 and CD11c molecules were found on the
surface of crp-imdDCs than on frh-imdDCs (Figure 3 I’ and S4),
potentially explaining the lower response of crp-imdDCs to LPS
stimulation. Low expression of cellular receptors has also been
demonstrated for monocytes and lymphocytes obtained from
cryopreserved-PBMCs. These cells expressed lower levels of PD-1
receptor and PD-L1 ligand on their surface, resulting in a weaker
lymphoproliferative response to PD-1/PD-L1 blockade [30].

Apoptosis plays an important role in the control and regulation
of the immune response [31,32] and DCs have been shown to
have a high turnover rate [24]. Frh-indDCs undergo apoptosis in
a time-dependent manner in the absence of specific stimuli [15]. In
this study, there were a larger number of apoptotic cells (Annexin
V*/PI) in crp-imdDCs than frh-imdDCs, confirming the greater
susceptibility of imdDCs derived from crp-CD14" cells to
apoptosis (Iigure 4). Lower levels of TLR4/CD]1lc expression
and higher susceptibility to apoptosis in crp-imdDCs could
account for their lower response to LPS than frh-imdDCs.

A mixed leukocyte reaction experiment was performed to
evaluate if the differences in cell phenotype and responsiveness
impaired the antigen presentation ability of DCs [33]. As
expected, both imdDC types (cryopreserved or freshly obtained)
were unable to stimulate lymphocyte proliferation when co-
cultured with autologous lymphocytes, as autologous lymphocytes
are not able to recognize self-antigens presented by imdDC.
However, when allogeneic lymphocytes were stimulated by
imdDC, frh-imdDCs induced more lymphocyte proliferation than
crp-imdDCs (Figure 5). This suggests that cryopreservation of
monocytes impairs the ability of crp-imdDCs to present antigens
to T-cells.

Taken together, these results demonstrate that cryopreserved
monocytes generate dendritic cells less efficiently than frh-CD14*
cells and that the imdDCs generated from crp-CD14" cells display
impaired maturation and cytokine/chemokine secretion after
exposure to inflammatory stimuli (LPS). The lower responsiveness
of crp-imdDCis to LPS seems to be due to lower levels of TLR4/
CD11c expression at the cell surface and a higher susceptibility of
crp-imdDCs to apoptosis. Allogeneic proliferation was impaired in
crp-imdDCs when compared to proliferation in frh-imdDCs (as
demonstrated by the mixed leukocyte reaction). The source of the
monocytes from which DCs differentiate may therefore affect
imdDC phenotype, maturation, cytokine/chemokine production,
survival and DC function with repercussions for studies on host-
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pathogen interactions, vaccine response, allogeneic T-cell stimu-
lation and immune regulation.

Supporting Information

Figure S1 Expression of GM-CSF and IL-4 receptors on
CD14". Expression of IL-4 (CD124; A) and GM-CSF (CD116; B)
receptors on CDI14% cells during monocytes differentiation to
imdDCs. Fresh (circles) and crp-monocytes (squares) were induced
to differentiate into imdDCs using IL-4 and GM-CSF, and
receptors for growth factors were analyzed at 0, 4 and 7 days post-
differentiation (dpd). Data was analyzed using one-way ANOVA
followed by a Bonferroni test; values represent means = SDs of the
results of six individual donors. *¥$p=0.05.

(TIF)

Figure S2 Differentiation of crp-monocyte into imdDCs
with sorting of viable cells after thawing. (A) Expression of
imdDCs markers (CD11c and HLA-DR) on differentiated crp-
sorted and unsorted monocytes from one donor. (B) Percentage of
cells expressing CD14, CD11c and HLA-DR after differentiation
to imdDCs in crp-sorted and unsorted monocytes from six
different donors. (C) Exclusion of dying cells (Annexin V*/7-
AAD ") in monocytes cultures after thawing using cell sorting from
one representative donor. (D) Percentage of viable cells (Annexin
V™ /7-AAD") from six different donors in sorted and unsorted
monocytes after thawing. Data was analyzed using two-way
ANOVA followed by a Bonferroni test; values represent means =
SDs of the results from six different experiments.

(TTF)

Figure 83 Mean fluorescence intensity of activation
markers on imdDCs generated from crp- and frh-
monocytes after LPS stimulation. Frh- and crp-CD14" were
induced to differentiate on imdDCs with IL-4 and GM-CSF for 7
days and the expression of CD40, CD80, CD83 and CD86 were
analyzed. After monocyte differentiation, cells were stimulated
with 1 pg/mL of LPS and cell activation markers were analyzed at
0, 6, 24 and 48 hours post-treatment (hpt). Data was analyzed
using two-way ANOVA followed by a Bonferroni test; values
represent means * SDs of the results from six different
experiments. *p=0.05.

(TTF)

Figure S4 TLR4 and CD1l1c expression on crp- and frh-
imdDCs after LPS stimulation. TLR4 (A) and CDl11c (B)
expression was observed at 0, 6, 24 and 48 hours post-treatment
(hpt) using 1 ug/mL of LPS. Data was analyzed using two-way
ANOVA followed by a Bonferroni test; values represent means *
SDs of the results from six different experiments. *$=0.05,
*#$=0.01. Histogram: CD11c expression on crp- and frh-imdDC
cell surfaces after stimulation with LPS. Data from one
representative donor out of six (C).

(TIF)

Figure S5 Expression of CD11c and activation markers
on the cell surfaces of live and dying cells. Expression of
CD40, CD80, CD86 and CD11c on live (Annexin V™ /7-AAD ")
and apoptotic (Annexin V*/7-AAD") frh-imdDCs after treatment
with LPS (1 pg/mL) for 48 h. Histogram showing data from one
representative donor out of six independent ones.

(TIF)

Acknowledgments

We would like to thank Dr. Ana Luiza P. Mosimann (Instituto Carlos
Chagas ICC/Fiocruz PR), Dr. Anderson Sa-Nunes (Universidade de Sao

July 2013 | Volume 8 | Issue 7 | e71291



Paulo) and Dr. André Bafica (Universidade Federal de Santa Catarina) for
helpful discussions and critical reading of the manuscript.

References

1.

Steinman RM, Zanvil AC (1973) Identification of a Novel Cell Type in
Peripheral Lymphoid Organs of Mice. J Exp Med 137: 1142-1162.

. Banchercau J, Briere F, Caux C, Davoust J, Lebecque S, et al. (2000)

Immunobiology of Dendritic Cells. Annu Rev Immunol 18: 767-811.

. Blazquez AB, Cuesta ], Mayorga C (2011) Role of dendritic cells in drug allergy.

Curr Opin Allergy Cl Immunol 11: 279-284.

. Dejnirattisai W, Duangchinda T, Lin C-Lung S, Vasanawathana S, Jones M, et

al. (2008) A Complex Interplay among Virus, Dendritic Cells, T Cells, and
Cytokines in Dengue Virus Infections. J Immunol 181: 5865-5874.

. Klagge IM, Schneider-Schaulies S (1999) Virus interactions with dendritic cells.

J Gen Virol 80: 823-833.

. van Kooten C, Lombardi G, Gelderman KA, Sagoo P, Buckland M, et al. (2011)

Dendritic Cells as a Tool to Induce Transplantation Tolerance: Obstacles and
Opportunities. Transplantation 91: 2-7.

. Hayden H, Friedl J, Dettke M, Sachet M, Hassler M, et al. (2009)

Cryopreservation of monocytes is superior to cryopreservation of immature or
semi-mature dendritic cells for dendritic cell-based immunotherapy.
J Immunother 32: 638-654.

. Palucka K, Ueno H, Fay ], Banchereau J (2011) Dendritic cells and immunity

against cancer. J Inter Med 269: 64-73.

. Moussion C, Girard J-P (2011) Dendritic cells control lymphocyte entry to

lymph nodes through high endothelial venules. Nature 479: 542-546.

Sallusto BF, Lanzavecchia A (1994) Efficient Presentation of Soluble Antigen by
Cultured Human Dendritic Cells is Maintained by Granulocyte/Macrophage
Colony-stimulating Factor Plus Interleukin 4 and Downregulated by Tumor
Necrosis Factor. J Exp Med 179: 1109-1118.

. Makino M, Baba M (1997) A cryopreservation method of human peripheral

blood mononuclear cells for efficient production of dendritic cells.
Scand J Immunol 45: 618-622.

. Meijerink M, Ulluwishewa D, Anderson RC, Wells JM (2011) Cryopreservation

of monocytes or differentiated immature DCs leads to an altered cytokine
response to TLR agonists and microbial stimulation. ] Immunol Methods 373:
136-142.

. Hori S-Ichi, Heike Y, Takei M, Maruyama M, Inoue Y, et al. (2004) Freeze-

thawing procedures have no influence on the phenotypic and functional
development of dendritic cells generated from peripheral blood CDI14+
monocytes. J Immunother 27: 27-35.

. Ghanekar SA, Bhatia S, Ruitenberg JJ, Della Rosa C, Disis ML, et al. (2007)

Phenotype and in vitro function of mature MDDC generated from cryopre-
served PBMC of cancer patients are equivalent to those from healthy donors.
J Immune Based Ther Vacc 3: 5-7.

Silveira GF, Meyer F, Delfraro A, Mosimann ALP, Coluchi N, et al. (2011)
Dengue virus type-3 isolated from a fatal case with visceral complications
induces enhanced pro-inflammatory responses and apoptosis of human dendritic
cells. J Virol 85: 5374-5383.

. Harris LW, Griffiths JB (1977) Relative Effects of Coooling and Warming Rates

on Mammalian Cells During the Freeze-Thaw Cycle. Cryobiology 14: 662-669.

PLOS ONE | www.plosone.org

Cryopreservation of Monocytes Impairs DC Function

Author Contributions

Conceived and designed the experiments: GFS PFW CNDS JB. Performed
the experiments: GFS AMBM PFW. Analyzed the data: GFS PFW ]JB.
Contributed reagents/materials/analysis tools: CNDS JB. Wrote the
paper: GFS PFW CNDS JB.

20.

21.

26.

27.

28.

29.

32.

33.

O’Doherty U, Peng M, Gezelter S, Swiggard W], Betjes M, et al. (1994) Human
blood contains two subsets of dendritic cells, one immunologically mature and
the other immature. Immunology 82: 487-493.

Shortman K, Naik SH (2007) Steady-state and inflammatory dendritic-cell
development. Nat Rev Immunol 7: 19-30.

Steinman RM (2011) Decisions about Dendritic Cells: Past, Present, and Future.
Annu Rev Immunol 30: 1-22.

Li C-Y, Chao LK, Wang S-C, Chang H-Z, Tsai M-L, et al. (2011) Honokiol
inhibits LPS-induced maturation and inflammatory response of human
monocyte-derived dendritic cells. J Cell Physiol 226: 2338-2349.

Patenaude J, D’Elia M, Coté-Maurais G, Bernier J (2011) LPS response and
endotoxin tolerance in Flt-3L-induced bone marrow-derived dendritic cells. Cell
Immunol 271: 184-191.

. Willmann K, Dunne JF (2000) A flow cytometric immune function assay for

human peripheral blood dendritic cells. J Leukoc Biol 67: 536-544.

. Ingalls RR, Golenbock DT (1995) CD11¢/CDI18, a transmembrane signaling

receptor for lipopolysaccharide. J Exp Med 181(4): 1473-9.

. Kushwah R, Hu J (2010) Dendritic cell apoptosis: regulation of tolerance versus

immunity. ] Immunol 185: 795-802.

. Torres-Aguilar H, Blank M, Jara L], Shoenfeld Y (2010) Tolerogenic dendritic

cells in autoimmune diseases: crucial players in induction and prevention of
autoimmunity. Autoimmun Rev 10: 8-17.

Lewalle P, Rouas R, Lehmann F, Martiat P (2000) Freezing of dendritic cells,
generated from cryopreserved leukaphereses, does not influence their ability to
induce antigen-specific immune responses or functionally react to maturation
stimuli. ] Immunol Methods 240: 69-78.

Nestle FO, Nickoloff BJ (2007) Deepening our understanding of immune
sentinels in the skin. J Clin Invest 117: 2382-2385.

Rescigno M, Granucci F, Citterio S, Foti M, Ricciardi-Castagnoli P (1999)
Coordinated events during bacteria-induced DC maturation. Immunol Today
20: 200-203.

Visintin A, Mazzoni A, Spitzer JH, Wyllie DH, Dower SK, et al. (2001)
Regulation of Toll-like receptors in human monocytes and dendritic cells.

J Immunol 166: 249-255.
. Campbell DE, Tustin NB, Riedel E, Tustin R, Taylor J, et al. (2009)

Cryopreservation decreases receptor PD-1 and ligand PD-L1 coinhibitory
expression on peripheral blood mononuclear cell-derived T cells and monocytes.
Clin Vaccine Immunol 16: 1648-1653.

. Huerta S, Goulet EJ, Huerta-Yepez S, Livingston EH (2007) Screening and

detection of apoptosis. J Surg Res 139: 143-156.

Maier M, Geiger EV, Henrich D, Ebrahimi R, WutzlerS, etal. (2009) Apoptosis
differs in dendritic cell subsets early after severe trauma. Hum Immunol 70:
803-808.

Steinman RM, Witmer MD (1978) Lymphoid dendritic cells are potent
stimulators of the primary mixed leukocyte reaction in mice. Proc Natl Acad Sci
USA 75: 5132-5136.

July 2013 | Volume 8 | Issue 7 | e71291



