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Human NK cells from the decidua basalis of gravid uteri and from the cycling endometrium of women
undergoing hysterectomy were isolated and compared by gene expression profiling using Affymetrix
microarrays with probes representing ~47,400 transcripts. Substantial differences indicate that these
two types of NK cells represent distinct subsets.
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1. Introduction

The human uterine endometrium harbors various immune cell
populations including NK cells, macrophages, T cells, B cells and
neutrophils [1,2]. Endometrial NK cells (eNK) increase in number
after ovulation becoming the major endometrial immune cell type.
With menstruation, shedding of the uterine mucosa carries with it
most of the endometrial immune cells. However if pregnancy
takes place, NK cells continue to accumulate becoming 70% of
the lymphocytes in the human decidua by the end of the
first trimester of gestation [3]. We refer to these as decidual NK
cells (dNK).

Human dNK cells have been fully characterized. Their gene
expression profile sets them apart from the two main peripheral
blood NK cell (pNK) subsets [4]. Like CD569™, CD16" pNK cells,
dNK cells are granular and express killer cell immunoglobulin like
receptors (KIR) [5-7]. However they lack cytotoxic activity and
expression of CD16 [4,5,7,8] as does the minor CD56" 8" CD16
pNK subset. dNK cells produce a number of immunosuppressive
molecules that may contribute to the establishment of maternal-
fetal immune tolerance [4]. Their activation also leads to the
secretion of proinflammatory, angiogenic and trophoblast migra-
tion promoting factors and thus it has been proposed that they may
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play a role in invasion of the endometrium during implantation and
placental vascular remodeling during early pregnancy [9-12].

Unlike dNK and pNK cells, characterization of eNK cells is
limited. They share many properties with dNK cells such as CD9
expression, the level of CD56 expression, absence of CD16 expres-
sion, granularity and lack of cytotoxic activity [2], and therefore
they have been thought of as equivalent to dNK cells. More recently
an analysis of eNK cells was reported [13]. Phenotypic comparison
to previously published data on dNK cells revealed some pheno-
typic differences. Unlike fresh dNK cells, freshly isolated eNK cells
were reported not to express the activating receptor NKp30, and
failed to secrete the angiogenic cytokine VEGF and placental
growth factor [13]. However no direct comparison of dNK and eNK
cells was provided.

Here we present a genome wide expression profile comparison
of the dNK and eNK cell populations. The analysis reveals that dNK
and eNK are two distinct NK cell subtypes, as different as CD56P"i8ht
and CD56%™ pNK cells.

2. Results and discussion

It has been assumed that NK cells from cycling endometrium
and NK cells present in the decidua basalis at the maternal-fetal
interface during pregnancy are equivalent cells. To compare their
gene expression profiles RNA from FACS sorted dNK and eNK cells
was hybridized to Affymetrix HGU133 Plus 2.0 oligonucleotide
microarrays containing ~ 54,000 probe-sets representing ~ 47,400
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Fig. 1. dNK and eNK cells present distinct gene expression profiles. A) Unsupervised hierarchical clustering of 4 dNK cell samples and 5 eNK cell samples based on the expression
profile of genes with variable expression levels across all samples. 1414 genes were considered in this analysis as they complied with the following criteria: they were expressed by
at least 30% of the samples, and o;/p; ratio was >0.5 and <1000 (where o; and p; are the standard deviation and mean of the hybridization intensity values of each individual gene
across all samples). The resulting dendogram reflects the similarity in gene expression profiles between each of the samples. B) Relative intensity profiles of genes differentially
expressed at p < 0.01 with at least 3 fold change in intensity between dNK and eNK cells. Each row represents the relative hybridization intensities of a gene in the different
samples. Each column represents one sample. Color intensities reflect the magnitude of relative expression levels of a particular gene across samples. Red represents higher
expression, green represents lower expression, and black represents average intensity across samples. C) The transcription profiles of dNK and eNK cells are as different as the
transcription profiles of CD56°"€" pNK and CD56%™ pNK cells. Number of genes differentially expressed at p < 0.01 between dNK and eNK cells and between CD56°"8"t, CD56%™
PNK cells and dNK cells. Data correspond to two independent datasets obtained with microarrays HGU133Plus2 for dNK (4 samples) vs eNK cells (5 samples), and with microarrays
HGU133A and HGU133B for dNK (4 samples) vs CD56""8" pNK cells (3 samples), dNK (4 samples) vs CD56%™ pNK cells (3 samples), and CD56""" pNK cells (3 samples) vs. CD569™
pNK cells (3 samples). The average of genes differentially expressed in comparisons involving all possible combinations of three samples of each cell type is shown to correct for
unequal sample sizes. Student’s t-test comparisons in this analysis were done with Dchip software. The number of genes differentially expressed normalized by the total number of
genes present in each array presented a similar trend (not shown). D) Dendogram of the relationship between the four NK cell subsets based on the data of C.
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transcripts. dNK cell were isolated from decidua basalis of first
trimester elective terminations as previously described [4],
A similar procedure was used to obtain eNK cells from non-affected
regions of cycling endometrium of donor women (average age 44
years) undergoing hysterectomy for different reasons.

Data obtained from five eNK cell samples and four dNK cell
samples were organized based on the expression pattern of genes
with variable levels of expression by an unsupervised hierarchical
clustering algorithm [14]. This resulted in the segregation of dNK
and eNK samples into two distinct groups (Fig. 1A), thus indicating
that the two cell types differ in their gene expression profile.

Student’s t-test revealed that 450 genes were differentially
expressed between the two subsets with at least a 2 fold change in
their transcripts level at p < 0.01, and 153 genes were differentially
expressed with at least a 3 fold change. About 70% of those genes
were overexpressed by eNK cells (Fig. 1B).

To evaluate the extent of the differences between dNK and eNK
cells in the context of other human NK cell types, the number of
genes differentially expressed was compared to the number of
genes differentially expressed between CD56"8" pNK, cD56%™
pNK and dNK cells in an independent dataset using an earlier
version Affymetrix HGU133 arrays containing about 45,000 probe-
sets representing 39,000 transcripts, a larger number than previ-
ously reported (4 and manuscript in preparation). After correcting
for uneven sample sizes, the comparisons between dNK and
CD56PM8 or cD564™ pNK cells yielded the largest number of
differentially expressed genes at a fixed fold change and p-value.
dNK and eNK cells differentially expressed fewer genes but more
than those differentially expressed between CD56"18ht  and
cD564im PNK cells in the second dataset, even after normalizing by
the number of genes contained in each type of array used in the
independent datasets (Fig. 1C). Thus, dNK and eNK cells, although
closely related, are at least as dissimilar as CD56"8" pNK and
cD564m pNK cells. A dendogram indicating the relationship
between the 4 subsets is presented in Fig. 1D.

Classification of genes differentially expressed between dNK and
eNK cells

Genes differentially expressed between dNK and eNK cells were
classified in functional categories based on gene ontology annota-
tions. The category with the highest number of differentially
expressed genes was DNA binding/transcription factors/translation
regulators (Fig. 2). There were also an important number of
differentially expressed genes with unknown function. Two of the
genes showed the largest difference among the subsets eNK > dNK
differing by about 16 fold. In almost all categories 70% or more of
the genes were upregulated in eNK cells with the exception of
cytoskeleton related genes that had a few more genes upregulated
by dNK cells. The 153 genes differentially expressed with at least a 3
fold change are shown in Fig. 2. These differences are substantial.

Quantitative RT-PCR was used to validate the gene expression
data of 10 differentially expressed genes on one dNK and one eNK
sample (Fig. 3).

It is difficult to figure out the functional meaning of these
differences as they are scattered throughout so many different
functional categories. For example the 4 most overexpressed genes
in the eNK subset (8-16 fold) are present in 4 families: metabolism
(cholesterol hydroxylation), unknown function, signal transduction
and another gene of unknown function. Further exploration of the
relationship among these genes may point to important features of
the transition from eNK to dNK cells that are important in preg-
nancy. Particularly interesting could be the study of a number of
proteins that may affect the uterine microenvironment and endo-
metrial cellular composition. CH25H (cholesterol 25-hydroxylase) is

expressed by eNK but not by dNK cells, based on Affymetrix pres-
ence calls. CH25H catalyzes the formation of 25-hydroxycholesterol
which acts as a co-repressor of the expression of cholesterol
biosynthetic enzymes [15]. As cholesterol is a substrate for the
synthesis of steroid hormones, changes in the expression of CH25H
in pregnant and non pregnant uteri may be relevant to local
hormonal changes occurring in pregnancy. Also interesting is the
overexpression by eNK cells of a number of genes encoding for
secreted proteins: Placental specific gene 8 (PLAC8) [16,17], MIP1
(CCL4) a proinflamatory chemokine, GLI pathogenesis-related
protein 1 (GLIPR1) associated with myelomocytic differentiation in
macrophages [18], and interleukin 16 (IL16) which stimulates
migratory responses of CD4* lymphocytes, monocytes, and eosin-
ophils [19].

In summary these data show that the transcriptional profiles of
dNK and eNK cells separate these two NK cell types into distinct
subsets that are also different from the two subsets of pNK cells. The
number of genes differentially expressed is at least as large as the
differences between CD56”"#" CD16™ and CD56%™ CD16" pNK cells.
Endometrial NK cells and dNK cells should therefore be thought of as
distinct cells that likely reflect differences in the hormonal and cellular
environment where they reside. Thus, their potential responses to
environmental stress are likely to be different and one should not
assume that a response with one would be similar to the other. These
cells may reflect a spectrum of NK cell developmental stages which
can occur under different microenvironmental conditions.

3. Methods
3.1. Samples

Decidual samples from patients undergoing elective termination in the first
trimester between 6 and 12 weeks of gestation were collected and processed as
described [4]. dNK cells were FACS sorted as CD3- CD56+ CD16- cells. To obtain
endometrial NK cells, fertile reproductive tract specimens from women undergoing
elective hysterectomy at the Dartmouth Hitchcock Medical Center were used.
Samples from 5 patients with an average age of 44 years were employed. The
preliminary patient diagnoses included genital prolapse, fibroids, cervical dysplasia,
or menorrhagia. Tissue samples used were distal to the pathological changes and
processed as described [4,2]. All patients had histology consistent with cycling
endometrium and were in the secretory phase of the cycle with exception of sample
eNK6 that was from the proliferative phase. The resulting isolated single cell
suspensions were used for cell sorting. Endometrial NK cells were isolated by
staining and selection for CD45+, CD56+, CD3- cells [20,21]. Cell pellets were
washed with PBS and stored at 80 C until used for RNA preparation.

3.2. RNA labeling and microarray hybridization

Pellets from flow-sorted cells were washed with PBS and frozen at —80 °C. Total
RNA isolation was done with TRIzol following manufacturer’s instructions, with
addition of linear polyacrylamide (Genelute LPA; Sigma-Aldrich) to make RNA
pellets visible. RNA was cleaned-up (Rneasy, QIAGEN)[4], amplified with Acturus
RiboAmp OA kit (Arcturus) and transcribed in vitro for generation of biotin-labeled
cRNA target (Affymetrix, CA), all according to kit manufacturers instructions. Biotin-
labeled cRNA fragmentation was done in 40 mM Tris-acetate (pH 8.1), 100 mM KOAc,
30 mM MgOAc. This fragment mixture was hybridized to Affymetrix Human
Genome HGU133 Plus 2 chips displaying probes for ~47,400 transcripts. Gene
transcript levels were determined using algorithms in the GCOS software (Affy-
metrix, CA), and based on Affymetrix decision matrices, each probe was assigned
a call of present or absent. In total four dNK and five eNK cell samples were analyzed.

3.3. Microarray data analysis

Samples were clustered with an unsupervised hierarchical clustering algorithm
[14] using Dchip software (http://www.dchip.org). Intensity values were normalized
by the model-based expression analysis method [22]. Genes considered for sample
clustering analysis were those presenting variable levels of expression across all 9
samples according to the following criteria: genes should be expressed (have pres-
ence calls) in at least 30% of the 9 samples, and aj/y; ratio should be >0.5 and <1000,
where o; and ; are the standard deviation and mean of the hybridization intensity
values of each particular gene across all samples, respectively.

Hybridization intensities of the 9 samples were normalized by setting the mean
intensity of each array to be the same with Affymetrix GCOS software. All


http://www.dchip.org

Gene GB

Transcribed locus 170087
HELLS AI807356
WDHD1 NM_00708
RGIMTD2 BEG71949
HISTIH2AK AV747226
10c400713 AU149712
PHF14 AAG08749
CDNA clone CSODMO12YE14 AI354636
AI96123;
INTS2 AL136800
KIAA1841 AI560205
P30 NM_00386
ZFP36L2 07802
INF367 N62196
MBTPS2 BF666325
GTF2H2 AF078847
MYBL1 AW592266
10732229 AV702306
5C2201 AI809519
ZNF167 NM_01865
TIGD7 AF251050
INF248 N21541
TBC1D28 BF195608
IKzF1 BG540504
DNA2L D42046
Mcm8 BC005170
HZF3 A1277336
MLLT3 BC030550
POLQ NM_01412
RNF213 AI954660
NR1D2 N32859
SNAI2 AI572079
cNOT2 AL137674
INF3 AI752257
PBXIPL AI935162
RXRA BE675800
TAFAB A1366784
cNOT2 BG105204
RRP12 AK021460
HBSIL AW297143
aKi R41907
MLFL AI911434

Probe

ID (dNK, eNK)

DNA binding / transcription /translation

242868 _at
227349 _at
204728 s_at
230243 at

224320_s_at
238030_at
1569652_at
207746 at
225931 s_at
209750_at
213139_at
233054_at
212684 _at
214177_s_at
202426 s_at
235020_at
222182 s at
216913 s at
209315_at
236154 _at
204783 _at

Metabolism related

CH25H NM_003956
CBRa Al469277
DPYD NM_000110
DHFRLL AW104373
MGC70870 W80446
OBFC2A AU157541
E AV699857
ANKRD23 AIB66797
ADPRHL2 AF212236
DS BC006170
AGPAT4 AI733330

206932_at

228667_at

P-calls

P OWUUNUE NN WRENE AU AUNE OO UL NG S S0 ®

4
0
0
0
2
1
3
3
4
4
4
3
N
4
2
4
2
1
2
3
2
0
4
3
2
4
3
3
1
3
4
3
4
4
4
2
4
4
4
4
3
4

Unknown gene or function

LOC645561 AI797678
CDNA clone IMAGE BF002625
C9orf39 AK098502
EFCABG AI884495
T™TCA BC018707
C210rf86 AW131553
clone FCBBF3021807 Al051236
clone PLACE1005146 AAT77349
Transcribed locus AAS04245
STIL NM_138729
DENND2D NM_024901
Transcribed locus 790760
C130rf24. NM_006346
Transcribed locus BF970431
Clorf21 ALS63236
LOC400099 AI573252
CDNA clone IMAGE 86159
10C492311 N26029
LOC646561 Al693524
vDa A1971520
CDNA clone HLUNG2004067 ~ Al472320
1L0C643837 BC042880

DNA clone EUROIMAGE 73337 AL109705
DKFZp667E0512 AA649070

150rf39 AL109730
CDNA FLI37032 fis AWS503390
cDNA DKFZpS64C203 AL049245
L0C126917 AK024480

227921 at
229530_at
1559005_s_at
230177_at
1554101 a_at
228909_at
235695_at
230711_at
229968_at
1552738 _a_at
221081 s_at
244357_at
213239_at
228151 at
2231255 at
230136_at
227724_at
226977_at

225615_at

H.D. Kopcow et al. / Placenta 31 (2010) 334-338

eNK vs dNK

(I

(I

4 -

-20

15 10 5 0 5

”IJIJIJIJIJIJ

10

o
o

FOLD CHANGE

Gene

GB Probe

P-calls

ID (dNK, eNK)

Membrane proteins / receptors

D69 107555 209795_at as
Cccr2 NM_000647 ~ 206978_at 25
SLC16A7 NM_004731  207057_at 45
GPR171 NM_013308 207651 at 45
PLXNCL AF035307 213241 at 45
PTGDR AKO026202 234165 at a5
Homo sapiens, clone IMAGE BGS505277  238055_at 45
TMEMS BF224146 204807 at 25
CD8A AW006735 205758 _at 25
XPRL BEA30489 226615 at 43
MYADM AA909044 224920 x_ 30
TACSTD2 104152 202286_s_ 30

Signal transduction

@K NM_003328 206828t 4 5 ]
RASAL NM_002890  202677at 45 —
Transcribed locus AAQ07029 235601t 25 —
NM_000788  203302_at 45 —
TPk AA348410 23213t 25 —
DUSPG BCO03143  208892s 45 [—
RGS1 NM_002922 4s —
cHM AAg78377 3s —
GIMAP2 Al431931 45 —
PPP1R3E AK024489 05 —
DNA DKFZp6670095 AL512701 45 1
SRGAP3 ALI37457  215550at 05 —
RASAL M23612 2106215, 25 ——1
GIMAPL AK91818 155231812 25 —
€DeaLe AA994004 235226_at 14 —
INPP4B. NM_003866  205376_at 35 —=
PRKX NM_005044  204060_¢ 45 —
GNAZ NM_002073 204993 at 3 0 —
SPSB1 NM_025106  219677_at 30 —
MAP2K3 AA780381 44 ———
LMNA M13452 212089 at 40 ———
8 6 -4 -2 0 2 4 6 8 10 12
Other
CDNA clone HEMBB1000335 AUL46384 232210 at 45 ——
RTNAIPL 8006309 224509 s at 15 — ]
DPYI9L4 Al669947 213391 at 25 — ]
PYHINL AI827431 240413 _at 45 —
STAMBPLL Al638611 227607_at 45 | m—
PARP11 NM_020367 220315 at 14 | m—
Transcribed locus AI936034 243366_5_at 35 ]
IAPE-PLD 8F382393 04 —
Transcribed locus AIB07627 04 —
E AA251906 25 —
PIGF NM_002643 35 | m—
KLHDC1 NM_172193 25 —]
omAL AI927931 45 —]
TRIML4 NM_014788 45 —
FBXLA AF176699 35 —
MOBKL2A BE396735 e —
ISCAL BG387555 X 45 —
ccocal AI651679 239282_at 32 —
10 -8 6 -4 2 0 2 4 6
Cytoskeleton related
RAPI)G/D51 AI052055 237856_at 235 —
BICD1 90030 214806_at 25 [——
TSGAL4 1278890 225485_at 35 —
SNTBL 86484314 214708 at 04 —
RHOF NM_019034 219045_at 45 —
2 AF199015 217230_at 31 —
SPTENS AW341247 237097_at 30 —
Py AA194149 225188 _at 30 —
pan— MOS0 Zoa3sat 30 —
TPPP 86055052 20104 52t 31 —
6 -4 -2 0 2 4 6 8
Stress related
BRCAL NM_007295 204531_s_at 24 ——
FKBPS 753747 ) at 4s —
KNTCL NM_014708 34 [ —
DDIT4 NM_019058 45 —
RBLL AL365505 85 [—
LATS2 AF207547 ) 45 —
DDITAL AAS28140 228057_at 41 —
6-4-2 0 2 4
Secreted molecules
MIP1B NM_002984 204103_at 45 —
PLAC8 NM_016619 219014_at 35 —
GLIPR1 NM_006851 204222_s_at 35 | —
116 M90391 209828 sat 35 ——]

| o

eNK vs dNK

—
—
—

8-6-4-202 468

-7-6-5-4-3-2-10

FOLD CHANGE

337

Fig. 2. Genes differentially expressed by dNK and eNK cells. Fold changes of genes that showed greater than or equal to three fold change at P < 0.01 by Student’s t-test. 153 genes
meeting these criteria were classified into the following categories: membrane proteins/receptors; signal transduction; cytoskeleton related; secreted molecules; metabolism
related, DNA binding/transcription/translation; stress related; genes with unknown function; and other genes. Gene, gene name, or gene symbol obtained from Netaffx (Affymetrix,
Inc.) GB, GenBank accession number. Probe ID, Affymetrix probeset designation. P-(Presence) calls (dNK, eNK), number of present calls by Affymetrix algorithms in 4 dNK and 5 eNK

samples.
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Fig. 3. Validation of microarray data by RT-Q-PCR. Fold change in the level of tran-
scripts of 10 genes differentially expressed by dNK and eNK cells as evaluated by
microarray gene expression profiling (black bars) and RT-Q-PCR (white bars). Micro-
array data correspond to the average of 5 eNK and 4 dNK samples as described in Fig. 2.
RT-Q-PCR values are the average of duplicates obtained from one eNK and one dNK
sample and were normalized to the expression level of B-actin, that was similar in both
samples (not shown), before calculating the fold change in expression level between
the two cell types.

hybridization intensity values below 35 were set to 35. Samples were grouped
according to their biological origin in dNK (four samples) or eNK (five samples).
Genes considered in the comparison analysis showed a 2 or 3 fold change at p < 0.01
in a Student’s t-test and complied with the following criteria: if the gene was
overexpressed by dNK cells, it had to be present, according to the Affymetrix algo-
rithm, in at least 3 dNK samples; if it was overexpressed by eNK cells, it had to be
present in at least 4 eNK samples. For genes represented by multiple probe-sets, the
result for only one representative probeset is shown.

Genes were arranged in functional categories based on information available
from Affymetrix (http://www.affymetrix.com/analysis/index.affx), the Gene
Ontology Consortium functional annotations (http://www.geneontology.org),
OMIM and PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez) databases.

Raw microarray data and the original “.CEL” files for the 9 chip hybridizations
were deposited in gene expression omnibus datasets (GEO, http://www.ncbi.nlm.
nih.gov/gds).

3.4. Quantitative real-time reverse-transcriptase polymerase chain reaction (qPCR)

cDNA was prepared from 50 ng of total RNA using the SuperScript II Kit (Invi-
trogen). qPCR reactions were prepared in duplicate using iTaq Fast SYBR Green
Supermix With ROX (BioRad) and gene specific primers listed in Supplemental
Table 1. qPCR was performed on a 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, California). Cyclophyllin A and B-actin were used as internal
housekeeping references. Gene expression was quantified using the 2-2A¢ quan-
tification method of Livak [23].
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