1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATIG,

O

Published in final edited form as:
J Immunol. 2013 August 15; 191(4): 1625-1636. doi:10.4049/jimmunol.1300111.

Multiplex and genome-wide analyses reveal distinctive
properties of KIR+ and CD56+ T cells in human blood

Wing Keung Chan”, Piya Rujkijyanont”, Geoffrey Neale, Jie Yang*, Rafijul Bari*, Neha Das
Gupta’, Martha Holladay”, Barbara Rooney”, and Wing Leung™$1

*Department of Bone Marrow Transplantation and Cellular Therapy, University of Tennessee,
Memphis, TN 38105-3678, USA

THartwell Center for Bioinformatics & Biotechnology, University of Tennessee, Memphis, TN
38105-3678, USA

*Department of Biostatistics, St. Jude Children’s Research Hospital, University of Tennessee,
Memphis, TN 38105-3678, USA

SDepartment of Pediatrics, University of Tennessee, Memphis, TN 38105-3678, USA

Abstract

Killer-cell immunoglobulin-like receptors (KIRs) on natural killer (NK) cells have been linked to
a wide spectrum of health conditions such as chronic infections, autoimmune diseases, pregnancy
complications, cancers, and transplant failures. A small subset of effector memory T cells also
expresses KIRs. Here, we use modern analytic tools including genome-wide and multiplex
molecular, phenotypic, and functional assays to characterize the KIR* T cells in human blood. We
find that KIR* T cells primarily reside in the CD56" T population that is distinctively
DNAM-1high with a genome-wide quiescent transcriptome, short telomere, and limited TCR
excision circles. During cytomegalovirus (CMV) reactivation in bone marrow transplant
recipients, KIR*CD56* T cells rapidly expanded in real-time, but not KIR*CD56~ T cells or KIR*
NK cells. In CMV* asymptomatic donors, as much as 50% of CD56* T cells are KIR*, and most
are distinguishably KIR2DL2/3*NKG2C*CD57*. Functionally, the KIR*CD56* T-cell subset
lyses cancer cells and CMVpp65-pulsed target cells in a dual KIR-dependent and TCR-dependent
manner. Analysis of metabolic transcriptome confirms the immunological memory status of
KIRTCD56* T cells, in contrast to KIR"CD56* T cells that are more active in energy metabolism
and effector differentiation. KIR"CD56™ T cells have >25-fold higher level of expression of
RORC than the KIR* counterpart and are a previously unknown producer of IL-13 rather than
IL-17 in multiplex cytokine arrays. Our data provide fundamental insights intoKIR * T cells
biologically and clinically.
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INTRODUCTION

Human natural killer (NK) cells are part of the innate immune system and recognize
microbe-infected cells and tumor cells through a combination of activating and inhibitory
receptors that do not require somatic gene rearrangement, such as the killer-cell
immunoglobulin-like receptor (KIR) family (1). T cells, in contrast, mediate adaptive
immune response to major histocompatibility complex (MHC)-bound antigens through
recognition by rearranged T-cell receptors (TCRs) (2). KIR generates diversity through
variable haplotype gene content, allele polymorphism, and stochastic expression (3, 4),
whereas TCR recombines a8 or v8 chains during development (5). Both KIR and TCR
generate specificity and are useful developmental markers. KIR* NK cells are usually
CD564IM cytotoxic, and developmentally more mature than KIR~CD56PM9ht cytokine-
secreting NK cells (6). v8 T cells bear more innate-like attributes and appear earlier in the
thymus than af T cells (5). TCR is never found in NK cells, but a subset of
terminallydifferentiated effector memory T cells expresses KIR (7-9).

KIR™ T cells were first identified two decades ago (10), and were found in the CD8*, CD4",
TCR 8+, and ap* T-cell fractions (8, 11-15). Most KIR* T cells are aff*CD8*, possess a
memory phenotype, and are generated upon TCR recognition of HLA-E—-associated viral
peptides after monoclonal or oligoclonal expansion (16-18). Continuous TCR engagement
sustains their KIR expression with resultant resistance to apoptosis (19-23). These cells are
important in the control of infections such as cytomegalovirus (CMV) and hepatitis C virus
infections (14, 15, 18, 24, 25). KIR expression and function are fundamentally differentin T
cells and NK cells (26). For instance, the KIR repertoire in NK cells is different from that in
T cells from the same individual (27, 28). While KIR acquisition during NK cell
development is stochastic, essential for licensing and tuning of responsiveness to self-MHC,
KIR is acquired in T cells after TCR rearrangement and antigen encounter, and its repertoire
is independent of self-MHC (9, 28, 29). The KIR promoters on NK cells have a minimal size
of 120-250 bp, are regulated by all-or-none methylation, and involve transcriptional factors
such as YY1, CRE/ATF, RUNXS3, and Sp1 (30-34). In contrast, the KIR promoter in T cells
has a minimal size of 60 bp, patchy methylation, and involvement of different sets of
transcriptional factors (35, 36). While inhibitory KIRs have similar suppressive function in
NK cells and T cells (37-39), activating KIRs appear unable to trigger T cells directly and
serve rather in a co-stimulatory role without consistent DAP12 expression (40-42).

Similar to KIR, CD56 is another NK-related receptor that is expressed on a small subset of T
cells characterized by reduced proliferative potential because of upregulation of P16 and
P53 (43, 44). Most KIR™ T cells are CD56™, and the CD56 expression level correlates well
with both NK and CD8" CTL functions (45). In this study, we used modern genome-wide
and high-throughput multiplex assays to characterize the KIR™ T cells in human blood. We
found that KIR™ T cells primarily resided in the CD56* T cell population that was
distinctively DNAM-1N9" with a unique genome-wide quiescent transcriptome substantially
different from that of the CD567T cells, NK cells, and Va24 +VB11*iNKT cells. In
addition, the KIR* subset of CD56" T cells was cytotoxic to cancer cells and CMV-infected
cells in a dual KIR- & TCR-dependent manner, whereas the KIR™ subset was a unique
metabolically active RORC* cytokine producer of IL-13. In a bone marrow transplant
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cohort, KIR*CD56* T cells expanded rapidly during CMV reactivation, and these KIR*
cells remained prevalent in asymptomatic CMV™* donors with a characteristic phenotype of
KIR2DL2/3"NKG2C*CD57*. Our findings provide a fundamental understanding of the
biology of these unique subsets of T lymphocytes and have significant implications in
medicine and cellular therapy.

MATERIALS AND METHODS

Cell purification and flow cytometry

Healthy donor peripheral blood was obtained after informed consent approved by the St.
Jude Children’s Research Hospital institutional review board. Lymphocyte subsets were
sorted with FACSAriall (BD Biosciences, San Jose, CA) using anti-CD3, anti-CD56, anti-
CD14, anti-KIR2DL1, anti-KIR2DL2/3, and anti-KIR3DL1. The purity of CD3*CD56~ T
cells, CD3"CD56* NK cells, CD3*CD56" T cells, CD3*CD56*KIR™ T cells, and
CD3*CD56*KIR* T cells was more than 98% in all experiments. iNKT cells were cloned
from PBMCs using a modified protocol (46). Briefly, the PBMCs were cultured with 100
ng/mL a-galactosylceramide (aGC) and 50 ng/mL IL-2 for 3 weeks. The iNKT cells were
flow sorted for TCRVa24 (clone 6B11). Then, the cells were restimulated with allogeneic
PBMCs, fresh IL-2, and aGC every week. Before each experiment, cells were re-sorted for
TCRVa24. The purities of INKT for TCRVa24 and CD1d-tetramer were >95% and >90%,
respectively.

Phenotypes of cell subsets were analyzed by flow cytometry with LSRII (BD Biosciences)
and FlowJo 8.8.6 software (Tree Star, Ashland, OR). The following clones of antibodies
were used: anti-KIR2DL1 (EB6.B), anti-KIR2DL2/3 (CH-L, GL183), anti-KIR3DL1
(DX9), anti-CD95 (UB2), anti-DNAM-1 (DX11), anti-CD11a (HI111), anti-NTBA
(292811), anti-CD244 (2-69), anti-CD54 (84H10), anti-CD155 (TX21), anti-CD48 (J4-57),
anti-CD16 (B73.1), anti-CD4 (MT310), anti-CD8 (DK25, SK1), anti-TCRaf (WT31), anti-
TCRYS (11F2), anti-TCRVa24 (6B11), anti-CD45RO (UCHL1), anti-CD45RA (L48), anti-
CD3 (SK7, UCHT1), anti-CD25 (2A3), anti-CD38 (T16), anti-CD69 (L 78), anti-CD90
(5E10), anti-granzyme B (GB10), anti-NKG2a (2199), anti-NKp30 (Z25), anti-NKp44
(Z231), anti-NKp46 (BAB281), anti-NKG2D (1D11), anti-CD253 (RIK-2), anti-TRAILR1
(DJR1), anti-TRAILR2 (71908), anti-CD27 (CLB-27/1), anti-CD122 (TM-Betal), anti-
CD94 (HP-3B1), anti-CD178 (14C2), anti-CD56 (MY31, N901), anti-CD137 (LAH2), anti-
CD152 (BN13), anti-CD127 (R34.34), anti-CD73 (AD2), anti-CD44 (MEM85), anti-CD62L
(DREG56), anti-CD28 (CD28.2), anti-CD14 (MphiP9), anti-NKG2C (134591), anti-CD57
(HNK-1) and anti-HLA-E (3D12).

Patient and transplant information

Thirty patients who underwent allogeneic stem cell transplantation at St. Jude were
included. Transplant approaches have been described previously (47). These patients or their
parents had given informed consent approved by our institutional review board before
enrolling in the institutional transplant protocol. After the completion of a preparative
regimen, blood samples were obtained weekly for CMV surveillance using quantitative PCR
until 100 days after transplantation and then every 2—4 weeks thereafter. Enumeration of
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KIR* and KIR™ CD56™ T cells was performed monthly for 3 months and then every 2—-4
months thereafter.

CMV experiments

Blood samples from CMV-seropositive asymptomatic healthy donors were screened for
HLA-A*0201. Percentages of CMVpp65-tetramer* cells were measured using HLA-
A*0201-CMVpp65 tetramer-PE (iTag, Beckman Coulter, Brea, CA). The CMVpp65-
tetramert CD56" T cells were expanded in SCGM medium (CellGenix GmbH, Freiburg,
Germany) in the presence of IL-2 (500 U/mL, Cellgenix), IL-15 (10 ng/mL, Cellgenix),
OKT3 (10 ng/mL, Biolegend, San Diego, CA), 1 ug/mL CMVpp65 peptide (Anaspec, CA),
and 5% human AB serum (Lonza, Basel, Switzerland) for 14 days. The cells were
replenished with fresh medium and cytokines every 3 days. In selected experiments,
CMVpp65-tetramer* cells in the KIR™ and KIR* subsets of CD56 T cells were sorted by
flow cytometry with >95% purity.

TCR VB spectratyping

The CDR3-encoding region of the TCRVp gene was amplified using 25 TCRVf subfamily—
specific primers and a carboxyfluorescein (FAM)-conjugated TCRVJ constant region—
specific primer (48). The PCR products were denatured with Hi-Di formamide (Applied
Biosystems, Carlshad, CA) and electrophoresed along with Gene Scan-500 L1Z size
standard (Applied Biosystems) on a 3130xI Genetic Analyzer (Applied Biosystems). The
overall complexity of TCRV in each subset was calculated by summation of the total
number of peaks in each subfamily.

Affymetrix expression analysis

RNA pre-amplification, labeling and hybridization on Human Genome U133Plus 2.0
GeneChip array were performed in the St. Jude Hartwell Center for Bioinformatics &
Biotechnology microarray core facility according to the manufacturer’s instructions
(Affymetrix, Santa Clara, CA). Expression values were summarized using the MAS5
algorithm as implemented in the GCOS v1.4 software (Affymetrix). Signals were variance
adjusted by log-transformation prior to statistical analysis. Analysis of variance (ANOVA)
was performed using Partek Genomics Suite v6.4. The false discovery rate was controlled at
a level of 0.05 unless otherwise stated. Gene ontology and pathway analysis was performed
using the DAVID bioinformatics database. Gene set enrichment analysis was performed
using the KEGG canonical pathways database as described (49). The data have been
deposited in the Gene Expression Omnibus, NCBI and are accessible through GEO Series
accession number GSE47855 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE47855).

Cytotoxicity assay

Cytotoxicity assays were performed using DELFIA BATDA reagent (PerkinElmer Life and
Analytical Sciences, Waltham, MA) according to the manufacturer’s instructions. BATDA-
labeled target cells were cocultured with effector cells for 2 h at 37°C. The fluorescence was
measured using a Wallac Victor 2 Counter Plate Reader (PerkinElmer Life and Analytical
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Sciences) (4). For KIR blocking experiments, cells were pretreated with KIR antibody CH-L
or pan-HLA-ABC antibody W6/32, 1gG2 clone that has minimal binding affinity to human
Fcyllla receptor CD16 (50, 51).

Multiplex cytokine measurement

The production of Ty-1, Ty-2, Treg, and Ty-17 cytokines, after stimulation with 1 of the 20
stimuli for 3 days, was measured by the Luminex system using a Milliplex MAP 7-plex
Panel | kit for IFN-v, IL-4, IL-5, IL-6, IL-10, IL-13, and IL-17; Panel Il kit for IL-21; and
Panel 111 kit for TGFB (MilliPore, Billerica, MA). Cells were plated at a density of 5x10%
cells per well. Stimuli included TLR ligands 1-9 (Human TLR1-9 agonist kit, Invivogen,
San Diego, CA), EBV (B95-8 Type 1 purified viral lysate), HSV-1 (Maclntyre Purified, all
from Advanced Biotechnologies Inc., Columbia, MD), phytohemagglutinin, phorbol
myristate acetate, concanavalin A (all from Sigma, St. Louis, MO), IFN-a, IFN-B, IL-2,
IL-6, and TGF-B.

Real-time PCR

Transcripts were quantified using Applied Biosystems pre-designed Tagman Gene
Expression assay on an ABI PRISM 7900HT (Applied Biosystems) according to the
manufacturer’s instructions. For rorc quantification, the Hs01076112_m1 probe was used
(52). Relative expression of the target transcript was calculated by the cycling threshold
(Ct) method as 272ACTrelative to th e expression in NK cells.

Ty-17 differentiation

CD4* cells from various lymphocyte subsets were sorted by flow cytometry (Aria I, BD
Biosciences) and cultured under T-17 differentiation conditions as previously described
(53). Cells plated at 5x10* per well were primed with immobilized CD3 and CD28
antibodies for 3 days and then incubated with I1L-2 (20 U/mL, R&D Systems, Minneapolis,
MN), IL-1p (10 ng/mL, R&D Systems), IL-6 (50 ng/mL, R&D Systems), 1L-23 (20 ng/mL,
R&D Systems), neutralizing anti-IFN-y (10 pg/mL, BD Biosciences), and anti-IL-4 (10
ug/mL, BD Biosciences) for 5 days. The cells were allowed to proliferate for 7 more days
with the addition of low-dose IL-2 (10 U/mL, R&D Systems) and IL-23 (20 ng/mL, R&D
Systems).

CD107 degranulation assay

Lymphocyte subsets were activated for 3 days with either 500 U/mL rhlL-2 and 10 ng/mL
IL-15 (R&D Systems), or anti-CD3 (OKT3) and CD28 (CD28.2) antibodies (Biolegends)
and then used in a CD107 mobilization assay with K562 cells as the target (4). A redirected
assay was performed with P815 cells (ATCC, Manassas, VA) that were pre-incubated with
the indicated antibodies (5 pg/mL) and washed twice before being used as the target cells.

Statistical analysis

The exact Wilcoxon signed rank test was used to compare samples from the same donor,
and the exact Wilcoxon rank sum test was used for independent samples. The relationships
of various lymphocyte subsets were revealed using dendrograms by cluster analysis with the
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complete linkage method based on surface phenotype similarity. All analyses were
performed using Rsoftware (version 2.10). No adjustments were made for multiple testing.

RESULTS

KIR* T cells primarily reside in the CD56" T cell population with limited TCRVp repertoire,
TREC, and telomere length

In adult blood, about half of the NK cells were KIR™; in contrast, only about 1% of CD3* T
cells were KIR*, and they primarily resided in the CD56" rather than the CD56~ fraction
(Figures 1A and 1B). CD56* T cells accounted for 4.8% of the lymphocytes in adult blood
(Figure S1A), but they were rare in cord blood (0.41% on average; Figure S1B). In iINKT
cells, a substantial percentage was CD56* (Figure S1C, average 36.9% =+ 21.7%) but they
were all KIR™.

Compared with CD56~ T cells, CD56* T cells had a less diverse TCRV repertoire and a
skewed Gaussian pattern (Figure S1D). As expected, iNKT cells were solely TCRVB11*,
and NK cells did not express any TCRf. Thus, CD56* T cells have a lower TCRVp
complexity score than CD56™ T cells but higher than that of NK and iNKT cells (Figure
1C). CD56* T cells also had lower copy numbers of the signal joint T-cell receptor excision
circle (TREC) than CD56~ T cells (Figure 1D), indicating that CD56™ T cells had undergone
extensive post-thymic proliferation. This finding supported the observation that the
telomeres of CD56™ T cells were shorter than those of CD56~ T and NK cells (Figure 1E).

CD56" T cells have distinct surface phenotype and genome-wide transcriptional pattern

To distinguish CD56* T cells from CD56~ T, NK, and iNKT cells, we performed an
immunophenotyping array using 41 NK and T biomarkers related to activation,
costimulation, inhibition, cytotoxicity, adhesion, and development (Figure 2A and Table
S1). Compared with CD56~ T cells, CD56™ T cells expressed higher levels of NK markers
including CD16, CD94/NKG2a, NKG2D, CD122, DNAM-1, and granzyme B, as well as
TCRy8 and CD8. In contrast, CD56~ T cells expressed more CD4, CD27, and TCRaf than
CD56™ T cells. Compared with NK cells, CD56" T cells expressed more CD4, CD8, and
activation markers CD27 and CD44 but less NK-associated molecules including CD16,
NKp30, NKp46, 2B4, and CD122. Remarkably, no marker was expressed more in both
CD56~ T and NK cells than in CD56™ T cells. Compared with iNKT cells, CD56* T cells
expressed more CD122, CD8, CD45RA, CD27, and CD62L, as well as NK receptors CD16,
NTB-A, NKG2D, DNAM-1, NKp46, 2B4, NKG2a, and CD94, but less CD4, CD38, CD25,
CD45R0, and CD69. Notably, CD56 T cells expressed the most DNAM-1, CD8, and
TCRy8 among the 4 cell types. In a dendrogram generated based on data from all 41
biomarkers using cluster analysis with the complete linkage method (Figure 2B), CD56* T
and NK cells were in the same branch but were disparate from CD56™ T cells and farthest
from iNKT cells in surface phenotype.

Since phenotypic analyses using antibodies and flow cytometry in this and prior studies
could provide only limited data, we further characterized the CD56* T cells at a genome-
wide level by comparing the transcriptome in the 4 cell types using microarray profiling. A
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large number of genes (9,366) were differentially transcribed (p=0.0056, false discovery rate
[FDR]<0.01). Pairwise comparisons between CD56™ T cells and each other cell type
revealed 101 CD56™ T “signature genes” that were differentially expressed with p<0.0024
and FDR<0.3 (Figure 2C). Among those transcripts, 9 genes were unidentified, and 30%
were enriched compared with CD56~ T, NK, and iNKT cells, especially those involved in
transcription repression in mitogen-activated protein kinase pathways, such as znf394,
gdpd5, tfcp2l 1, and snhgl2. Genes that were preferentially downregulated in CD56™ T cells
were those involved in metabolism, such as stx6, nnt, galnt2, and hvenl; in DNA
replication, such as tyms, rpal tmfl, and ecop; and in adhesion, such as CD47 and tspan3.
Analysis using the KEGG canonical pathway database (49) showed that the activity of 29
pathways was significantly suppressed in CD56* Tcells compared with the other subgroups.
Among the top pathways were those associated with cell division and metabolic activity,
including cell cycle, DNA and nucleotide synthesis, oxidative phosphorylation, fatty acid
biosynthesis, amino acid metabolism, and allograft rejection. Notably, no pathways were
significantly enriched in CD56* T cells, indicating definitively their relative transcriptional
quiescence and defining ultimately their molecular identity apart from other lymphocyte
subsets.

CD56™T cells are cytotoxic in proinflammatory milieu through the KIR *subset

Although CD56* T cells have been called “NK-like™, surprisingly we found that highly
purified resting CD56" T cells were tolerant to standard NK-susceptible targets, such as
K562, THP-1, U937, Jurkat, and 721.221 cells (Figure S1E), compatible with our genome-
wide hypoactive transcriptome data. In addition, they are tolerant to standard iNKT-
susceptible targets such as CD1d-restricted aGC-loaded Jurkat cells (Figure S1F). To
confirm that the non-reactivity of CD56™ T cells to aGC-loaded Jurkat cells was not a
unique target cell-line effect, we generated a CD1d-transduced cell line using NK-resistant
RS4;11 cells to avoid any false readout by contaminating NK cells. We found that the aGC-
loaded RS4;11-CD1d mutant was indeed susceptible to Killing by iNKT cells but not by
CD56™T cells.

Based on the genome-wide quiescent transcriptional pattern, we hypothesized that CD56* T
cells required a pro-inflammatory milieu to exhibit their NK-like activity. Indeed, CD56* T
cells stimulated with 1L-2 and IL-15 or IL-12 and 1L-18 could Kill all NK-susceptible targets
(Figure 3A). Because the KIR* rather than KIR™ subset of NK cells is primarily cytotoxic,
we further hypothesized that a similar distinction existed in CD56™ T cells. In a single-cell
degranulation assay, significantly more K562-reactive cells were found in KIR* than in
KIR~CD56* T cells (Figure 3B). Similarly, a significantly higher percentage of KIR*CD56*
T cells degranulated in the presence of FcyRIlla™ murine target cells coated with antibodies
specific to CD3/CD28 (Figure 3C), even though both subsets were CD3* and the
KIR*CD56* T cells expressed significantly less CD28 and CD90 (Figure S2A). Using anti-
CD16 antibody—coated P815 cells, we found that CD107a* cells were confined to the
KIRTCD56~ T subset, whereas <5% of the KIR"CD56* T had degranulation (Figure 3D). In
CD56~ T cells, the TCRy8* rather than the TCRafB* population is naturally cytotoxic (54).
In CD56* T cells, we found that the TCRy8* population was enriched with the
KIR2DL2/3*and KIR3DL1 *cytotoxic subset (Figure S2B).
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KIRTCD56™ T cells are phenotypically distinct and more NK-like than KIR"CD56" T cells

In comparison to KIR"CD56* T cells, TCR and flow analyses revealed considerably
restricted TCRVp spectrum (Figure S2C) and higher expression of NKp46, NKG2D, 2B4,
CD16, CD38, CD122, CD11a and granzyme B in KIR*CD56* T cells (Figure S2D). We
then extended the comparison to genome-wide level by expression profiling of KIR* and
KIR™ CD56™ T cells in the context of those in NK, CD56~ T, and iNKT cells. As shown in
the principal component analysis plot (Figure 3E), the KIR* subset clustered closer to NK
cells, whereas the KIR™ subset was closer to CD56~ T cells. Among the 146 genes
differentially expressed between the KIR* and KIR™ subsets of CD56" T cells (p<0.001,
FDR<0.28, Figure 3F), genes in glycolysis, glutaminolysis and ATP synthesis were enriched
in the KIR™ subset. NADP*-dependent cytosolic malic enzyme (mel), which converts malic
acid to pyruvate during fatty acid biosynthesis, had the highest fold difference between the
two subsets with 42.37-fold higher expression in KIR™ population. Other genes differentially
expressed in the KIR™ subset regulated lipid metabolism (e.g. elov4 and cyp2el), solute/
nutrient transport (e.g. clich, kenk6 and slcd4a?) and differentiation (e.g. rorc, il4l1, Itk and
runx2). In contrast, the KIR* subset was characterized by the lack of transcripts for
glycolysis and glutaminolysis, but increased expression of genes related to cytotoxicity
regulation (e.g. arrb) and viral infection (e.g. ctbp2, golml and trim6-34). It is known that
during T cell activation and memory development, metabolic transcription program could
alter cell fate and differentiation (55); thus while activated T cells increase nutrient uptake,
ATP synthesis, and energy utilization mainly through glycolysis and glutaminolysis,
memory T cells by contrast maintain house-keeping energy conversion process through lipid
oxidation (56, 57). Collectively, our gene expression data support the hypothesis that
KIR™CD56* T cells are metabolically active T subset poised to effector differentiation and
reprograming, whereas KIR* CD56" T cells are metabolically quiescent memory cells
equipped with cytotoxic pathways set for long-term pathogen control.

KIRTCD56*T cells expand in human cytomegalovirus infection

Previous studies have shown that some KIR™ T cells are CMV-specific (15, 18, 24, 25), but
the kinetics of their response to CMV reactivation is unclear. Therefore, we examined a
cohort of donors and recipients of hematopoietic stem cell transplantation. We found that
almost half of the CD56™ T cells were KIR* in healthy asymptomatic CMV-seropositive
donors, which was significantly more than in CMV-seronegative donors (Figure 4A;
p=0.0018). Notably, KIR2DL2/3 was overrepresented in CMV* donors but not KIR2DL1 or
KIR3DL1,; thus, the majority of KIR positivity in CD56* T cells was related solely to
KIR2DL2/3 expression (Figure 4B). Furthermore in CMV* donors, expression of CD57 in
KIR*CD56™ T cells was higher than that in KIR"CD56™ T cells (Figure 4C), whereas nearly
all NKG2C*CD56™ T cells resided in the KIR* rather than the KIR™ population (median
37.7% versus 5%; Figure 4D). Thus, KIR2DL2/3*CD57*NKG2C* was a signature
phenotype of the KIR*CD56™ T cells.

Among the 30 stem cell transplant recipients, 12 (40%) had CMV reactivation detectable in
blood by real-time PCR in the first 100 days after transplantation. Notably, all had an
increase in the percentage of the KIR* subset in CD56* T cells at the time of CMV
reactivation. When the CMV titers started to rise, both the percentage and absolute number
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of KIR*CD56* T cells increased (Figure 4E). Once the viremia was under control, the
KIRTCD56* T population gradually decreased but remained generally higher than before
viral reactivation. In contrast, patients without CMV reactivation during transplant courses
had constant KIR*CD56* T cell numbers (Figure 4F). Thus, overall, the median percentage
of KIR*CD56* T cells during the first 100 days after transplantation was significantly
higher (p=0.0021) in patients with CMV reactivation than in those without (Figure 4G).

During CMV reactivation in the transplant recipients, we did not observe a similar response
in the KIR*CD56~ T cell or KIR*CD56* NK cell populations. When these 3 cell
populations from seropositive donors were investigated on their potential for memory
response to CMV in vitro after 2 weeks of activation using 1 pg/mL of CMVpp65 peptide,
the percentage of the KIR* subset increased only in the CD56* T population (from median
41.3% to 73%) and not in CD56~ T cells (p<0.05, Figure 5A). Furthermore, expansion was
not observed in KIR*CD56™ T cells obtained from CMV-seronegative donors, indicating
that the expansion in seropositive donors was a memory response.

The median frequency of HLA-A*02:01 CMVpp65 tetramer—positive cells was 0.39% in
KIRTCD56* T cells, which was 4-fold higher than that in KIR"CD56~ T cells and 1 log
higher than that in KIR"CD56™ T or KIR*CD56~ T cells in seropositive donors (Figure 5B).
Notably, the mean fluorescence intensity was much higher in the KIR* than in the KIR™
CD56™ T cells (Figure 5C). No binding was observed in either KIR™ or KIR* CD56* T cells
from seronegative donors.

Using IL-2, IL-15 and OKT3, we successfully expanded ex vivo and subsequently flow-
sorted enough CMVpp65-specific KIR* subsets of CD56* T cells for further functional
experiments. We tested whether KIR*CD56" T cells, which were obtained from HLA-
A*02:01* CMV-seropositive donors and proliferated ex vivo for 2 weeks in response to
CMVpp65 peptide, had variable cytotoxicity to CMV-infected cells in a KIR-dependent
manner. The NK cell-resistant HDLM-2 lymphoblastic cell line, which was HLA-A*02:01*
and HLA-C17 (ligand for inhibitory KIR2DL2/3), was used as the target. For CMVpp65-
tetramer—positive CD56" T cells (Figure 5D), the KIR"CD56™ T cells had only a modest
effect on the CMVpp65-peptide—loaded HDLM-2 cells, and the killing did not increase with
KIR-ligand blockade. In contrast, CMVpp65-tetramer—positive KIR*CD56* T cells did not
kill peptide-loaded HDLM-2 cells well, but the cytotoxicity increased significantly with
KIR-ligand blockade. This suggested that KIR expression and signaling modulated the
memory response of human CD56* T cells to specific pathogens such as CMV. As
expected, the cytotoxicity of KIR"CD56* and KIR*CD56™ cells against peptide-unloaded
HDLM-2 cells was lower than that with peptide-loaded cells.

We then assessed the effects of KIR signaling on non—-CMV-specific cytotoxicity. For
CMVpp65-tetramer—negative CD56™ T cells, the KIR* subset killed HDLM-2 cells
significantly better than its KIR™ counterpart (40% vs. 10% on average; Figure 5E). With
KIR-ligand blockade, the KIR* subset’s cytotoxicity further increased. Similar effect was
observed with KIR2DL2/3 antibody blockade (Figure S2E). Taken together, these data
suggested that KIR was broadly functional in regulating non—-CMV-specific immunity in
CD56*T cells as well.
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KIR™CD56'T cells are Rorc*IL -13 secretor

Rorc was among the top 5 of 146 genes differentially expressed between KIR™ and KIR*
subsets of CD56* T cells in our genome-wide expression analysis (Figure 3F). The KIR™
subset had a 27.7-fold higher expression (Figure 6A), which was confirmed by real-time
PCR (Figure 6B). Rorc mRNA was found in CD56~ T and iNKT cells as well, but the level
of Rorc was significantly higher in KIR"CD56* T cells than in CD56~ T, NK, and
KIR*CD56*T cells.

Rorc is the human homologue of murine transcription factor Ror yt, which is involved in
IL-17 induction in subsets of a3 and v8 T cells (53, 58). Rorc also directs the production of
IL-17 in iNKT cells (59) and IL-17 and IL-22 in lymphoid tissue-inducer cells and NK-like
cells (52). In contrast, mature NK cells express little or no RORC (52). We questioned
whether the expression of rorc in the KIR™ CD56™ T subset was related to 1L-17 production,
similar to that in CD56™ T lineages. We first investigated whether the RORC protein could
be induced and maintained in CD56* T cells. Under Ty-17 differentiation conditions with
IL-1B, IL-6, IL-2, and IL-23 (53), a prominent population of RORC™ cells was found in both
the KIR"CD56" Ty and KIR"CD56~ Ty populations but not in NK cells (Figure 6C).
Notably, the KIR*CD56* T cell subset remained negative for RORC at both the transcript
and protein level. Using CD56™ T cells as control, we found that KIR"CD56* T cells were
able to secrete IFN-y and 1L-13 upon PMA stimulation (Figure 6D and E). In comparison
with KIR*CD56™" T cells, KIR"CD56* T cells produced significantly more IFN-y and IL-13
(Figure 6F).

To further assess the global cytokine profile of KIR"CD56 T cells in innate and adaptive
immunity, we performed multiplex cytokine arrays using 200 stimulation-cytokine
combinations challenging KIR"CD56* T cells with 20 common stimuli, including toll-like
receptor 1-9 agonists, viral lysates, mitogens, and cytokines that favor various Ty
polarizations. The production of 10 Ty-1, Ty-2, Treg, and T-17 signature cytokines was
measured. One-way non-parametric ANOVA showed that 16 of the 200 stimulation-
cytokine combinations were statistically different across T, NK, KIR"CD56" T and
KIR*CD56* T cells (Figure 6G). As expected, CD56~ T cells contained all subpopulations
capable of response to various stimuli by producing all types of T cytokines. NK cells also,
as expected, secreted IFN-y (with PMA or IL-2) and IL-6 (with TLR agonists). However,
KIR™CD56* T cells did not produce IL-5, IL-6, IL-10, or IL-17 upon stimulation with any
TLRs, viral lysates, mitogens, or cytokines tested. All these data suggest that KIR"CD56* T
cells are not broad cytokine secretors but rather a unique population of previously unknown
RORC™ IL-13—producing cells.

DISCUSSION

In this study, we confirmed prior findings that KIR*CD56* T cells are rare (<1%) in
umbilical cord blood and account for <20% of T cells in CMV-seronegative adults (60, 61).
However, during CMV reactivation in an immunocompromised state such as that in
transplant recipients, we found that the KIR*CD56* T population markedly expanded in real
time corresponding to viral replication. Notably, after expansion, the proportion of these
cells declined as the viral copy number in blood decreased but remained higher than that in
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the pre-reactivation phase. Because CMV persists throughout life, it is conceivable that
repeated subclinical reactivations may mechanistically account for the expansion of the
KIR™ fraction over time (62). This growth may occur at the expense of naive T cells to
maintain homeostasis in the total T-cell number (62). In this regard, the KIR*CD56* T
subset had a more restricted TCR repertoire than the KIR"CD56" cells. In CMV-
seropositive donors, as much as 50% of the CD56™ T cells were KIR*. These cells have a
unique signature of being CD57*NKG2C*KIR2DL2/3* but KIR2DL1/KIR3DL1".
Phenotypically similar CD57*NKG2C* NK cells have been observed previously during
CMV infection and reactivation (63, 64). Thus, both T cells and NK cells may preferentially
use some shared activating receptors such as NKG2C to recognize HLA-E that is altered
during CMV infection (25, 65). The biological reason for the preferential expression of
KIR2DL2/3 over KIR2DL1 or KIR3DL1 in CD56™ T cell response to CMV is unknown,
although similar predilection has also been observed in NK cells in chronic viral hepatitis
and acute chikungunya or CMV infection (64, 66, 67). One plausible speculation in
evolutionary terms might be better viral protection by C1-specific KIRs, as the C1 epitope
preceded the C2 epitope by several million years and C1-receptors are universally expressed
in all people (68, 69). Notably, we found that KIR*CD56~ T cells did not have similar
memory response to human CMV, suggesting that the T memory response to CMV
reactivation in humans is primarily mediated through the unique subset of KIR*CD56*T
cells.

Although both KIR* T cells and CD56" T cells have been called NK-like T cells, our
genome-wide transcriptional assays clearly showed for the first time that they are
remarkably distinct from conventional NK cells and iNKT cells. Even though the multi-
parameter surface-molecule dendrogram and gene-expression array placed CD56* T cells
and KIR*CD56™ T cells closer to NK cells than to CD56~ T cells and KIR"CD56™ T cells,
the 2 former cell populations have a signature quiescent transcriptome. In this regard, KIR™
and KIR*CD56™ T cells possess distinct metabolomics: while KIR"CD56* cells highly
express genes for glycolysis, energy conversion, nutrients uptakes, and DNA metabolism
(thus providing the essential fuel for the function of effector genes) (55, 56), KIR*CD56*
cells are relatively quiescent metabolically with transcriptions limited to house-keeping
genes and genes related to cytotoxicity and anti-viral pathways. In line with these findings,
functional assays of KIR*CD56™ T cells revealed minimal cytokine secretion capability as
shown by cytokine array analyses with multiple stimuli, as well as their negligible
degranulation and cytotoxicity during steady state against standard NK-and iNKT -sensitive
targets. However, upon priming with proinflammatory cytokines, cross-linking of CD3 and
CD28, or triggering of CD16, KIR*CD56™ T cells could be cytotoxic to cancer cells or
responsive to CMV in a dual KIR-dependent and TCR-dependent manner. Thus,
KIR*CD56* memory T cells may use both KIR and TCR to monitor tumor transformation
or viral reactivation with or without MHCI downregulation. While the TCRs on the
KIR*CD56™ T subset may enable antigen specificity and memory responses (9), the KIRs
may survey against immune escape through downregulation of MHC and simultaneously
prevent over-aggression toward normal cells by prematurely terminating the TCR immune
synapse (70). Furthermore, the DNAM-1* and CD16" subsets of CD56" T cells was

J Immunol. Author manuscript; available in PMC 2014 December 24.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chanetal.

Page 12

predominately KIR*, thus allowing both natural cytotoxicity and antibody-dependent
cytotoxicity to be self-modulated by KIR.

Another novel finding of this study is that KIR can uncouple the effector function of CD56*
T cells. Specifically, while the KIR* subset is cytotoxic and responsive to CMV infection
and cancer cells, the KIR™ subset is a previously unknown RORC™* IL-13 producer. The high
level of RORC expression uncovered initially by the genome-wide array in the KIR"CD56*
T cell population was surprising, as RORC is a transcription factor typically present in
Ty-17 cells and other IL-17-producing cells, including v8 T cells, iINKT cells, and innate
lymphoid cells (71). Instead of producing IL-17, this novel RORC*KIR™CD56" T subset
produces IL-13, which may paradoxically inhibit Ty-17 cells in production of IL-17 through
STATG6 and GATAS3 (72, 73). Thus, our finding discloses a potential, unexpected role of
RORC in negative regulation of IL-17-associated pathways.

In summary, the 2 populations of KIR*CD56* and KIR"CD56™ T cells are molecularly,
phenotypically, functionally and metabolically distinct from the other well-characterized
lymphocyte subsets. Whereas the KIR*CD56* T cytotoxic effector cells may be valuable for
immunotherapy of cancers and CMV infections in lymphopenic hosts, the KIR"CD56*
IL-13 producing cells may be useful for the treatment of 1L-17-associated health conditions
such as chronic inflammatory diseases and graft-versus-host disease (74, 75). Both
populations can be easily isolated for future immunologic studies and clinical use.
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Figure 1. KIR, TCRVB, TREC and telomere lengths
(A) Flow cytometry for KIRs on CD56~ T, CD56* T, and NK cells. Numbers indicate the

percentage of cells in each region. Data are from representative experiment of 12
individuals. (B) Comparisons of percentages of KIR™ and KIR* subsets in CD56~ T, CD56*
T, and NK cells. Data are from 12 individuals. (C) TCRV diversity. (D) Low number of
TREC in CD56* T cells. (E) Telomere length of CD56* T cells was shorter than those of
CD56~ T and NK cells. DNA from an immortal cell line (lane 2) was used as a positive
control. Data are representative of three independent experiments. The bars in the dot-plot

(B-D) represent the median. ***p<0.001.
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Figure 2. CD56™ T cells are distinct from NK, CD56~ T, and iNKT cells in surface phenotype
(A) Box-plots summarize the percentage of cells testing positive in CD56~ T, NK, CD56* T,

and iNKT populations. Markers without substantial differences are not shown in the figure:
NKp44, NTB-A, FasL, TRAIL-R1, TRAIL-R2, TRAIL, Fas, CD48, PVR, 4-1BB, ICAM-1,
CD69, CLTA-4, CD11a, and CD90. (B) Dendrogram shows the relationship among CD56~
T, CD56* T, NK, and iNKT cells in surface phenotype using all 41 biomarkers. (C)
Hierarchical clustering of 101 transcripts with differential expression between CD56* T
cells and other cell types. Red indicates relative high expression and green indicates relative
low expression across the data set. Each column represents a sample from different
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individuals. Names of the genes significantly upregulated or downregulated in CD56* T
cells are listed on the right. Data in (A-C) are from 5-6 individuals.
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Figure 3. KIRTCD56™ T cells are more cytotoxic and phenotypically disparate from the KIR™
subset

(A) Cytotoxicity of CD56* T cells stimulated ex vivo with IL-2 and I1L-15 or IL-12 and
IL-18 for 3 days. Data are mean and S.E.M. (B) CD107a degranulation assay in KIR* versus
KIR™ subsets of CD56~ T (black), CD56* T (red) and NK cells (green) against K562 after
IL-2/IL-15 priming, or against P815 cells with (C) CD3/CD28 redirection or (D) CD16
redirection. (E) Principal component analysis plot using ~3,900 transcripts among iNKT
(black), CD567T (orange), KIR"CD56*T (red), KIR *CD56*T (blue), and NK (green) cells
filtered with FDR 0.01 and 10% present calls. (F) Heat map representation of gene
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expression profile that differed between KIR* and KIR™ subsets in CD56* T cells (ANOVA
p<0.001). In left panel, expression is depicted in standard deviation units relative to the
mean across all samples for each transcript. In right panel, expression is presented as relative
transcript level between KIR™ and KIR™ subset in a log,-scale, and the genes are ordered by
mean difference observed. Genes of interest annotated to specific functional ontologies are
shown to the right of the heat map. Data are from 5 (A, E, and F), 4 (B), and 3 (Cand D)
experiments. * p<0.05.
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Figure 4. KIR" subset of CD56™ T cells in human CMV infection
(A) Comparison of percentage of KIR* cells or (B) single KIR2DL1*, KIR2DL2/3", or

KIR3DL1* cells in the CD56™ T cell population between CMV-seropositive and -
seronegative asymptomatic donors. (C) Comparisons of percentages of CD57* or (D)
NKG2C* cells in KIR™ and KIR* CD56* T cells from CMV-seropositive donors. (E) CMV
titer in copy per microgram of DNA (blue), absolute number of KIR*CD56™ T cells per
microliter of blood (black), and percentage of the KIR™ subset in the CD56™ T population
(red) from 3 representative patients were plotted against time. (F) Constant low levels of
KIR* CD56" T cells were observed from patients without CMV infection/reactivation. Day
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0 is the day of transplantation. Each line represents one patient. (G) Comparison of the
median percentage of the KIR* subset in CD56™ T cells during the first 100 days after
transplantation between groups of patients with or without CMV viremia. The bars are the
median. * p<0.05; ** p<0.01.
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Figure 5. Memory and lytic response by KIRTCD56" T cells
(A) Percentage of KIR* cells in CD56~ T, CD56" T, and NK cells from CMV-seropositive

(closed symbols with solid lines, n=5) and seronegative (open symbols with dotted lines,
n=4) donors before and after 14-day pulsing with CMVpp65. (B) Flow gating strategy for
CMVpp65 tetramer against KIR expression on CD56* and CD56~ T cells. Numbers in
quadrants indicate the percentage of positive cells. Results are representative of 4
independent experiments. (C) Paired comparison of mean fluorescence intensity of HLA-
A*02:01 CMVpp65-tetramer* in KIR™ versus KIR™ subsets of CD56" T cells. (D)
CMVpp65-peptide—specific CD56™ T cells were tested against CMVpp65-peptide—loaded
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HDLM-2 cells pretreated with pan-MHCI antibody (black bar) or untreated (white bar).
Unloaded HDLM-2 cells with (gray bar) or without (dotted white bar) pan-MHCI antibody
were used as control. (E) Cytotoxicity of CMVpp65-tetramer—negative KIR*CD56* T
versus KIRCD56* T cells against HDLM-2 cells with or without pan-MHCI antibody. Data
represent 4 (C-E) independent experiments. * p<0.05; ** p<0.01.
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Figure 6. KIR"CD56™ T cells are RORC* IL-13 secretor
(A) Heat map of Rorc expression in CD56~ T, KIR"CD56* T, KIR*CD56™ T, NK, and

iNKT cells. (B) Quantitative PCR of RorcmRNA transcript in different subsets. The data
presented arenormalized to that of NK cells. The results are from 5 independent
experiments. (C) Intracellular staining of RORC in CD4*-enriched fraction of T, NK, and
CD56* T cells after Ty-17 differentiation culture conditions. Numbers in quadrants indicate
the percentage of cells positive. The results are representative of 3 independent experiments.
(D) Luminex array of cytokine production from CD56~ T and (E) KIR"CD56* T cells after
culturing in Ty-17 differentiation conditions and restimulation with anti-CD3 and PMA for
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36 h. Data represent mean and SD from 2 independent experiments. (F) Pairwise
comparison of IFN-y and IL-13 production upon PMA stimulation between KIR™ and KIR*
CD56™ T subsets. (G) Luminex analysis of cytokine production after immune stimulation.
The results are displayed as a heat map for stimulus-product combinations that were
different across CD56~ T, NK, KIR"CD56" T and KIR*CD56™ T cells. The color coding on
the heat map is according to the mean fluorescence intensity from multiplex beads coated
with antibodies against indicated cytokines after log,o-transformation, ranking, and fitting
into a color scale of red to blue. Spectraof red and blue represent values higher and lower
than the mean rank, respectively. Column on the left labels the cytokine produced with the
indicated stimulus. Numbers beside the population names indicate the donor number. TLR2:
HKLM; TLR4: LPS E. coli K12; TLR5: flagellin S. typhimurium; TLR6: FSL1; HSV:
herpes simplex virus; PHA: phytohemagglutinin; PMA: phorbol 12-myristate 13-acetate;
IFN-a: interferon-a; and IL-2: interleukin-2. NA: not available and shown as gray. Kruskal-
Wallis rank sum test was used to compare the ranks of all cytokines in CD56™ T, NK,
KIR™CD56* T and KIR*CD56* T cells, and significant ranks are displayed in the heat map.
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