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Abstract
Ex vivo generated monocyte-derived dendritic cell (moDC)-vaccines have long been touted

as promising immunotherapeutic agents for cancer treatment, although the response rate

generally remains low. The reasons for this are still unclear and confounded by the diversity

in manufacturing protocols that may affect moDC function. Preclinical studies have shown

that the stimulatory function of dendritic cells can be improved by engaging invariant NKT

cells in vivo through the presentation of the glycolipid alpha-galactosylceramide via CD1d.

However, expression of CD1d on moDC has been shown to be negatively correlated with

expression of CD1a, which in turn has been suggested to be a surrogate marker for IL-12

secreting type-1 polarized moDC, the preferred functional characteristics for cancer vac-

cines. Here we challenge this notion by showing that plasma-derived lipids drive functional

levels of CD1d expression, while CD1a expression can vary considerably in these cells

without being correlated with a loss of polarization or immunogenicity.

Introduction
Targeting antigens to dendritic cells (DC) has been central to most immunotherapeutic strate-
gies against cancer. A common approach is to load antigens onto autologous DC that have
been generated from precursors ex vivo. Monocyte-derived (mo)DC are often used because
they can be prepared in large numbers from human blood for clinical use, are capable of elicit-
ing T cell responses in humans [1], and have a good safety profile [2, 3]. However, to date vac-
cine studies with moDC have failed to show sufficient benefit to have an impact on clinical
practice [2, 3]. Although tumor-derived immunosuppression is likely to have played a major
factor in reducing efficacy, there are also concerns that moDC vaccines are qualitatively hetero-
geneous, with a lack of comparability across studies.

In this context, the expression of CD1a has been associated with a type-1 polarized moDC
phenotype, featuring significant capacity to manufacture IL-12 and potent immunogenicity in
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vitro, attributes that are favorable for vaccine generation [4, 5]. Conversely, lack of CD1a
expression has been associated with a diminished capacity of moDC to produce IL-12 and an
inability to polarize naïve CD4+ T cells to a Th1 phenotype. Importantly, the expression of
CD1d seems to be inversely correlated with CD1a [6, 7], and by inference increased expression
of CD1d would be associated with a non-desirable moDC phenotype. This is of relevance, as
preclinical studies have shown that the stimulatory function of DC can be improved through
interaction with CD1d-restricted NKT cells in vivo, a strategy achieved by loading the cells
with the CD1d-binding glycolipid alpha-galactosylceramide (alpha-GalCer) or other NKT cell
agonists before injection in mice or humans [8–11]. The functional dichotomy between CD1a
and CD1d expression on moDC would therefore be a concern to exploit this activity, as a
favorable type-1 polarized moDC phenotype is likely to have little to no expression of CD1d.
Here we examined the phenotype and function of moDC generated from several healthy
donors under different culture conditions to explore the relationship between CD1a and CD1d
expression and cellular function.

Results and Discussion

Impact of autologous plasma on expression of CD1d, phenotype and
function of moDC
We examined the requirements for the generation of functional moDC that express CD1d so
that and they can be loaded with alpha-GalCer for immunotherapeutic purposes. The use of
autologous plasma is common for the generation of clinical grade moDC, although plasma
from cancer patients potentially contains immunosuppressive factors that interfere with differ-
entiation into immunogenic cells [12, 13]. We therefore compared cultures generated in autol-
ogous plasma-supplemented RPMI (moDCAP) to those using the serum-free medium AIM-V
(moDCAIM-V). In repeated experiments, using cells from different donors, we showed that
plasma of human origin was required for the retention of CD1d during the differentiation of
monocytes into moDC (Fig 1a). In contrast, moDCAIM-V or moDC prepared in RPMI supple-
mented with up to 10% serum of bovine origin failed to express detectable amounts of CD1d
by flow cytometry (Fig 1a). This observation is consistent with the capacity of human plasma-
derived lipoproteins to activate peroxisome proliferator-activated receptor (PPAR)-gamma
and sustain CD1d expression through downstream retinoid signaling [7, 14, 15]. Accordingly,
the removal of the lipid fraction of plasma resulted in a strong downregulation of CD1d (Fig
1a). Plasma-derived immune complexes have also been shown to contribute to CD1d retention
through Fc-gamma-RIIa signaling [6] although delipidation is unlikely to have interfered with
this process. The observed plasma-mediated retention of CD1d was dose-dependent, with
increasing plasma levels associated with greater capacity of alpha-GalCer-loaded moDC to
stimulate iNKT cells (Fig 1b). The addition of plasma did not have any impact on the general
immunogenicity of moDC as moDCAP and moDCAIM-V had similar capacities to activate allo-
geneic T cells (Fig 1c). Furthermore their maturation states after overnight exposure to the
established maturation ‘cocktail’ consisting of IL-1-beta, IL-6, TNF-alpha and PGE2 were
almost identical (Fig 1d), as were their cytokine profiles upon stimulation with LPS and inter-
feron (IFN)-gamma (Fig 1e).

Impact of autologous plasma on expression of CD1a and CD1a-
associated functional dichotomy
The expression of CD1d and CD1a has been shown to be inversely regulated downstream of
both retinoid and Fc-gamma—RIIa signaling [6, 7]. However, to our knowledge this
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Fig 1. Impact of autologous plasma on expression of CD1d, phenotype and function of moDC. a)
Representative CD1d expression histograms of moDC cultured in either serum-free AIM-V or RPMI
supplemented with either 2% autologous plasma (AP), 10% fetal calf serum (FCS) or 2% delipidated AP. At
least three independent experiments were performed. b) Activation of NKT hybridoma cells by alpha-GalCer-
loaded moDC generated in either AIM-V or RPMI supplemented with 0.2–1% AP. NKT cell activation was
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association was never tested in the presence of complete human plasma. Intriguingly, while
autologous plasma retained expression of CD1d in our experiments, this was not consistently
associated with downregulation of CD1a. In fact, in 2 of 10 donors the presence of autologous
plasma led to an upregulation of CD1a and an associated increase in CD1a+ moDC (Fig 2a and
2b). These results could reflect a large variance among the general population in levels of circu-
lating PPAR-gamma activators such as oxidized low-density lipoprotein [7, 16], or levels of
immunoglobulins, which can control the co-expression of CD1a and CD1d [17]. To test
whether there was functional dichotomy between CD1a+ and CD1a- moDC, we sorted CD1a+

and CD1a- cells from moDCAIM-V and moDCAP and assessed their cytokine profile upon stim-
ulation with LPS and IFN-gamma. Surprisingly, we could not observe any consistent functional
differences between CD1a+ and CD1a- cells regardless of culture conditions (Fig 2c). CD1a+

and CD1a- moDCAP differed with similar inconsistency in their ability to activate iNKT cells,
notwithstanding comparable CD1d-expression levels (data not shown).

In summary, these data show that the association between the expression of CD1a and type
1 polarized moDC function is not as clear cut as earlier studies had suggested and are more in
line with more recent work showing that genetic polymorphism can affect the expression of
CD1a without impacting moDC function [18]. Together these observations suggest that, on a
population level, CD1a is unlikely to retain a functionally relevant distribution, and the use of
CD1a as a surrogate marker for moDC functionality needs critical reexamination. Our results
further indicate that the presentation of alpha-GalCer via CD1d can be used as an enhance-
ment to moDC-based vaccines without intrinsic compromise.

Materials and Methods

Cells and reagents
Leukocytes and autologous plasma were collected by leukapheresis of health volunteers, with
peripheral blood mononuclear cells (PBMC) enriched by density centrifugation using lympho-
prep (Axis-Shield, Oslo, Norway) as previously reported [19]. All donors gave informed writ-
ten consent, and the study was approved by the Central Health and Disability Ethics
Committee (LRS/11/03/008/AM03). Cells were cultured in either RPMI-1640 or AIM-V media
(Life Technologies, CA, USA) with supplements as indicated in the text. Fetal calf serum was
sourced from Life Technologies.

Dendritic cell culture, phenotype and functional assays
Enriched PBMC were cultured for 5 days in medium supplemented with 1000 IU/ml
rhGM-CSF (Bayer, Leverkusen, Germany) and 1000 IU/ml rhIL-4 (Life Technologies) on days
1 and 3. Where indicated, autologous plasma was supplemented up to 2%. In some cases
plasma was delipidated before use by organic solvent extraction, as previously described [20].

assessed using an IL-2 bioassay. Percentages are relative to the highest activation achieved using 1% AP in
the culture medium. Mean and error (SD) are shown. ** p<0.01 as tested by one way ANOVA (Kruskal-
Wallis test with Dunn’s post test) c) Proliferation of allogeneic PBMC in a mixed lymphocyte reaction. 105

PBMCwere incubated with increasing numbers of moDC. PBMC proliferation was measured by 3H-
thymidine uptake. Percentages are relative to the highest cell proliferation observed with 12.5 x 103

moDCAIM-V. Mean and error (SD) are shown. d)Representative flow cytometry histograms depicting the
expression levels of CD80, CD83, CD86 and HLA-DR on moDCmatured overnight with IL-1-beta, IL-6, TNF-
alpha and PGE2. At least three independent experiments were performed. e) Cytokine secretion of LPS/IFN-
gamma activated moDC as measured by multiplex assay. Each line represents one individual. V1-V5
denominates the five different individuals tested. Statistical significance was determined using a non-
parametric Mann-Whitney test.

doi:10.1371/journal.pone.0140432.g001
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Briefly, autologous plasma was mixed with 2 volumes of organic solvent composed of butanol
and di-isopropylether (40%/60% v/v). The mixture was agitated on a rotator for one hour at
room temperature and the delipidated aqueous phase was subsequently harvested with needle
and syringe.

The cultures were harvested on day 5, and phenotypic analysis performed by flow cytometry
on a LSRII flow cytometer (BD Biosciences, CA, USA). To determine the purity of cultured
moDC, the human Mo-DC Differentiation Inspector staining kit from Miltenyi Biotec (Ber-
gisch Gladbach, Germany) was used. The moDC generated according to our protocols were
typically>95% CD14-CD209+. Other antibodies used were against CD1a (FITC-conjugated;
clone HI149), CD83 (PerCP-Cy5.5-conjugated; HB15e), CD86 (PE-Cy7-conjugated; IT2.2)
and HLA-DR (Alexa-Fluor 700-conjugated; L243), all obtained from Biolegend (CA, USA),
and CD1d (PE-conjugated; 51.1) and CD80 (FITC-conjugated; L307), obtained from
eBioscience (CA, USA) and BD respectively. For sorting, moDC were labeled with anti-CD1a

Fig 2. Impact of autologous plasma on expression of CD1a and CD1a-associated functional dichotomy. a) CD1a expression histogram plots of moDC
generated from two individuals with opposite response patterns to autologous plasma (AP). The left plot depicts moDC that upregulated CD1a in the
presence of AP while the individual represented in the right plot downregulated CD1a in response to AP. b) Percentages of CD1a+ cells in moDC cultures
generated in either AIM-V or RPMI 2% AP. Each line represents one individual. Statistical significance was determined using a non-parametric Mann-
Whitney test. c) Cytokine secretion of LPS/IFN-gamma activated CD1a- and CD1a+ moDC as measured by multiplex assay. Each line represents one
individual. V1-V8 denominates the eight different individuals tested (V1-V5 identical to Fig 1). Statistical significance was determined using a non-parametric
Mann-Whitney test.

doi:10.1371/journal.pone.0140432.g002

DC Function Is Dissociated from CD1a Expression

PLOS ONE | DOI:10.1371/journal.pone.0140432 October 13, 2015 5 / 7



antibodies and DAPI (Biolegend) and CD1a+ and CD1a- fractions collected using an Influx cell
sorter (BD Biosciences). For activation, 0.5x105 sorted moDC were stimulated with 100ng/ml
LPS (Sigma-Aldrich, MO, USA) and 100ng/ml human IFN-gamma (Peprotech, NJ, USA) for
48h. Cell culture supernatants were analyzed using Bioplex assay kits, following manufacturers
instructions (Biorad, CA, USA). The ability of moDC to stimulate iNKT cells was assessed by
incubating 25,000 moDC loaded with 100ng/ml alpha-GalCer (kindly provided by Professor
Gavin Painter, Victoria University, Wellington, New Zealand) with 105 mouse NKT hybrid-
oma cells (DN32.D3) for 24h and quantifying the secreted IL-2 using an HT-2 bioassay [21].
Briefly, 104 HT-2 cells were seeded in a 96 flat bottom well plate and cultured with 1:1 volume
of moDC-DN32 supernatant in RPMI-1640 medium containing 10% fetal calf serum. The fol-
lowing day, 3H-thymidine was added to the culture and IL-2-dependent proliferation and 3H-
thymidine uptake were quantified using a Microbeta-counter (Perkin-Elmer, MA, USA). Simi-
larly, to assess immunogenicity, mixed lymphocyte reactions were performed with titrated
numbers of moDC cultured with 1x105 allogeneic PBMC for 72h. Proliferation of responders
was assessed by examining 3H-thymidine uptake for the last 18h of culture.

Acknowledgments
This work was supported by the New Zealand Health Research Council (Grant 10/667) and
New Zealand Lottery Health Research (Grant 341092).

Author Contributions
Conceived and designed the experiments: IFH OG. Performed the experiments: BM EB CEW.
Analyzed the data: BM OG. Wrote the paper: IFH OG.

References
1. Dhodapkar MV, Krasovsky J, Steinman RM, Bhardwaj N. Mature dendritic cells boost functionally supe-

rior CD8(+) T-cell in humans without foreign helper epitopes. J Clin Invest. 2000; 105(6):R9–R14. Epub
2000/03/23. doi: 10.1172/JCI9051 PMID: 10727452; PubMed Central PMCID: PMC377466.

2. Figdor CG, de Vries IJ, Lesterhuis WJ, Melief CJ. Dendritic cell immunotherapy: mapping the way. Nat
Med. 2004; 10(5):475–80. Epub 2004/05/04. doi: 10.1038/nm1039 nm1039 [pii] PMID: 15122249.

3. Palucka K, Banchereau J. Dendritic-cell-based therapeutic cancer vaccines. Immunity. 2013; 39
(1):38–48. Epub 2013/07/31. S1074-7613(13)00288-4 [pii] doi: 10.1016/j.immuni.2013.07.004 PMID:
23890062; PubMed Central PMCID: PMC3788678.

4. Cernadas M, Lu J, Watts G, Brenner MB. CD1a expression defines an interleukin-12 producing popula-
tion of human dendritic cells. Clin Exp Immunol. 2009; 155(3):523–33. Epub 2009/02/18. CEI3853 [pii]
doi: 10.1111/j.1365-2249.2008.03853.x PMID: 19220838; PubMed Central PMCID: PMC2669529.

5. Chang CC, Wright A, Punnonen J. Monocyte-derived CD1a+ and CD1a- dendritic cell subsets differ in
their cytokine production profiles, susceptibilities to transfection, and capacities to direct Th cell differ-
entiation. J Immunol. 2000; 165(7):3584–91. Epub 2000/10/18. PMID: 11034359.

6. Smed-Sorensen A, Moll M, Cheng TY, Lore K, Norlin AC, Perbeck L, et al. IgG regulates the CD1
expression profile and lipid antigen-presenting function in human dendritic cells via FcgammaRIIa.
Blood. 2008; 111(10):5037–46. Epub 2008/03/14. blood-2007-07-099549 [pii] doi: 10.1182/blood-
2007-07-099549 PMID: 18337560; PubMed Central PMCID: PMC2384132.

7. Szatmari I, Pap A, Ruhl R, Ma JX, Illarionov PA, Besra GS, et al. PPARgamma controls CD1d expres-
sion by turning on retinoic acid synthesis in developing human dendritic cells. J Exp Med. 2006; 203
(10):2351–62. Epub 2006/09/20. jem.20060141 [pii] doi: 10.1084/jem.20060141 PMID: 16982809;
PubMed Central PMCID: PMC2118109.

8. Chang DH, Osman K, Connolly J, Kukreja A, Krasovsky J, Pack M, et al. Sustained expansion of NKT
cells and antigen-specific T cells after injection of alpha-galactosyl-ceramide loaded mature dendritic
cells in cancer patients. J Exp Med. 2005; 201(9):1503–17. Epub 2005/05/04. jem.20042592 [pii] doi:
10.1084/jem.20042592 PMID: 15867097; PubMed Central PMCID: PMC1389847.

DC Function Is Dissociated from CD1a Expression

PLOS ONE | DOI:10.1371/journal.pone.0140432 October 13, 2015 6 / 7

http://dx.doi.org/10.1172/JCI9051
http://www.ncbi.nlm.nih.gov/pubmed/10727452
http://dx.doi.org/10.1038/nm1039
http://www.ncbi.nlm.nih.gov/pubmed/15122249
http://dx.doi.org/10.1016/j.immuni.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23890062
http://dx.doi.org/10.1111/j.1365-2249.2008.03853.x
http://www.ncbi.nlm.nih.gov/pubmed/19220838
http://www.ncbi.nlm.nih.gov/pubmed/11034359
http://dx.doi.org/10.1182/blood-2007-07-099549
http://dx.doi.org/10.1182/blood-2007-07-099549
http://www.ncbi.nlm.nih.gov/pubmed/18337560
http://dx.doi.org/10.1084/jem.20060141
http://www.ncbi.nlm.nih.gov/pubmed/16982809
http://dx.doi.org/10.1084/jem.20042592
http://www.ncbi.nlm.nih.gov/pubmed/15867097


9. Fujii S, Shimizu K, Kronenberg M, Steinman RM. Prolonged IFN-gamma-producing NKT response
induced with alpha-galactosylceramide-loaded DCs. Nat Immunol. 2002; 3(9):867–74. Epub 2002/08/
03. doi: 10.1038/ni827 ni827 [pii] PMID: 12154358.

10. Petersen TR, Sika-Paotonu D, Knight DA, Dickgreber N, Farrand KJ, Ronchese F, et al. Potent anti-
tumor responses to immunization with dendritic cells loaded with tumor tissue and an NKT cell ligand.
Immunol Cell Biol. 2010; 88(5):596–604. Epub 2010/02/10. icb20109 [pii] doi: 10.1038/icb.2010.9
PMID: 20142835.

11. Richter J, Neparidze N, Zhang L, Nair S, Monesmith T, Sundaram R, et al. Clinical regressions and
broad immune activation following combination therapy targeting human NKT cells in myeloma. Blood.
2013; 121(3):423–30. Epub 2012/10/27. blood-2012-06-435503 [pii] doi: 10.1182/blood-2012-06-
435503 PMID: 23100308; PubMed Central PMCID: PMC3548165.

12. Krasagakis K, Tholke D, Farthmann B, Eberle J, Mansmann U, Orfanos CE. Elevated plasma levels of
transforming growth factor (TGF)-beta1 and TGF-beta2 in patients with disseminated malignant mela-
noma. Br J Cancer. 1998; 77(9):1492–4. Epub 1998/07/04. PMID: 9652767; PubMed Central PMCID:
PMC2150189.

13. Nemunaitis J, Fong T, Shabe P, Martineau D, Ando D. Comparison of serum interleukin-10 (IL-10) lev-
els between normal volunteers and patients with advanced melanoma. Cancer Invest. 2001; 19
(3):239–47. Epub 2001/05/08. PMID: 11338880.

14. Gogolak P, Rethi B, Szatmari I, Lanyi A, Dezso B, Nagy L, et al. Differentiation of CD1a- and CD1a+
monocyte-derived dendritic cells is biased by lipid environment and PPARgamma. Blood. 2007; 109
(2):643–52. Epub 2006/09/14. blood-2006-04-016840 [pii] doi: 10.1182/blood-2006-04-016840 PMID:
16968896.

15. Nagy L, Tontonoz P, Alvarez JG, Chen H, Evans RM. Oxidized LDL regulates macrophage gene
expression through ligand activation of PPARgamma. Cell. 1998; 93(2):229–40. Epub 1998/05/06.
S0092-8674(00)81574-3 [pii]. PMID: 9568715.

16. Szatmari I, Gogolak P, Im JS, Dezso B, Rajnavolgyi E, Nagy L. Activation of PPARgamma specifies a
dendritic cell subtype capable of enhanced induction of iNKT cell expansion. Immunity. 2004; 21
(1):95–106. Epub 2004/09/04. doi: 10.1016/j.immuni.2004.06.003 S1074761304001645 [pii] PMID:
15345223.

17. Paquin-Proulx D, Santos BA, Carvalho KI, Toledo-Barros M, Oliveira AK, Kokron CM, et al. Dysregu-
lated CD1 profile in myeloid dendritic cells in CVID is normalized by IVIg treatment. Blood. 2013; 121
(24):4963–4. Epub 2013/06/15. 121/24/4963 [pii] doi: 10.1182/blood-2013-04-499442 PMID:
23766460; PubMed Central PMCID: PMC3682345.

18. Seshadri C, Shenoy M, Wells RD, Hensley-McBain T, Andersen-Nissen E, McElrath MJ, et al. Human
CD1a Deficiency Is Common and Genetically Regulated. J Immunol. 2013; 191(4):1586–93. Epub
2013/07/17. jimmunol.1300575 [pii] doi: 10.4049/jimmunol.1300575 PMID: 23858036; PubMed Central
PMCID: PMC3748949.

19. Thurner B, Roder C, Dieckmann D, Heuer M, Kruse M, Glaser A, et al. Generation of large numbers of
fully mature and stable dendritic cells from leukapheresis products for clinical application. J Immunol
Methods. 1999; 223(1):1–15. Epub 1999/02/26. S0022-1759(98)00208-7 [pii]. PMID: 10037230.

20. Cham BE, Knowles BR. A solvent system for delipidation of plasma or serum without protein precipita-
tion. J Lipid Res. 1976; 17(2):176–81. Epub 1976/03/01. PMID: 818332.

21. Moody DB, Guy MR, Grant E, Cheng TY, Brenner MB, Besra GS, et al. CD1b-mediated T cell recogni-
tion of a glycolipid antigen generated frommycobacterial lipid and host carbohydrate during infection. J
Exp Med. 2000; 192(7):965–76. Epub 2000/10/04. PMID: 11015438; PubMed Central PMCID:
PMC2193317.

DC Function Is Dissociated from CD1a Expression

PLOS ONE | DOI:10.1371/journal.pone.0140432 October 13, 2015 7 / 7

http://dx.doi.org/10.1038/ni827
http://www.ncbi.nlm.nih.gov/pubmed/12154358
http://dx.doi.org/10.1038/icb.2010.9
http://www.ncbi.nlm.nih.gov/pubmed/20142835
http://dx.doi.org/10.1182/blood-2012-06-435503
http://dx.doi.org/10.1182/blood-2012-06-435503
http://www.ncbi.nlm.nih.gov/pubmed/23100308
http://www.ncbi.nlm.nih.gov/pubmed/9652767
http://www.ncbi.nlm.nih.gov/pubmed/11338880
http://dx.doi.org/10.1182/blood-2006-04-016840
http://www.ncbi.nlm.nih.gov/pubmed/16968896
http://www.ncbi.nlm.nih.gov/pubmed/9568715
http://dx.doi.org/10.1016/j.immuni.2004.06.003
http://www.ncbi.nlm.nih.gov/pubmed/15345223
http://dx.doi.org/10.1182/blood-2013-04-499442
http://www.ncbi.nlm.nih.gov/pubmed/23766460
http://dx.doi.org/10.4049/jimmunol.1300575
http://www.ncbi.nlm.nih.gov/pubmed/23858036
http://www.ncbi.nlm.nih.gov/pubmed/10037230
http://www.ncbi.nlm.nih.gov/pubmed/818332
http://www.ncbi.nlm.nih.gov/pubmed/11015438

