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Abstract

Mass cytometry was used to investigate the effect of CMV reactivation on lymphocyte
reconstitution in hematopoietic cell transplant patients. For eight transplant recipients, four CMV
negative and four CMV positive, we studied peripheral blood mononuclear cells (PBMC) obtained
six months after unrelated donor hematopoietic cell transplantation (HCT). Forty cell-surface
markers, distinguishing all major leukocyte populations in PBMC, were analyzed by mass
cytometry. These included 34 NK cell markers. Compared to healthy controls, transplant
recipients had higher HLA-C expression on CD56-CD16* NK cells, B cells, CD33PM9nt myeloid
cells and CD4CD8 T cells. The increase in HLA-C expression was greater for CMV-positive HCT
recipients than CMV negative recipients. Present in CMV-positive HCT recipients, but not in
CMV-negative HCT recipients or controls, is a population of KIR-expressing CD8 T cells not
previously described. These CD8 T cells co-express CD56, CD57 and NKG2C. The HCT
recipients also have a population of CD57*NKG2A* NK cells that preferentially express
KIR2DL1. An inverse correlation was observed between the frequencies of CD57"NKG2C* NK
cells and CD57*NKG2A* NK cells. Although CD57*NKG2A* NK cells are less abundant in
CMV-positive recipients, their phenotype is of a more activated cell than the CD57*NKG2A* NK
cells of controls and CMV-negative HCT recipients. These data demonstrate that HCT and CMV
reactivation are associated with an increased expression of HLA-C. This could influence NK cell
education during lymphocyte reconstitution. The increased inhibitory KIR expression by
proliferating CMV-specific CD8 T cells suggests regulatory interactions between HLA-C and KIR
might promote GVL effects following transplantation.
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Introduction

Natural Killer (NK) cells recognize and kill infected, transformed and allogeneic cells with a
diversity of activating and inhibitory cell-surface receptors (1-3). These receptors recognize
epitopes on major histocompatibility complex class I and class I-like molecules,
costimulatory ligands, stress-related molecules, and cytokines (4-6). In humans, the HLA
class I receptors include Killer cell 1g-like receptors (KIR) that recognize epitopes of HLA-
A, -B and -C (A3/11, Bw4, C1 and C2) (7) and CD94:NKG2A heterodimers that recognize
HLA-E (8). Among the receptors expressed by NK cells, the natural cytotoxicity receptors
(NKp30, NKp44 and NKp46), NKG2D and CD16 can all activate a functional response on
binding ligand (2), although CD16 is the only one that directly triggers cytotoxicity in the
absence of cytokines or secondary signaling (9, 10). Following therapeutic hematopoietic
cell transplantation (HCT) for myeloid leukemia, NK cells are the first lymphocyte
population to reconstitute from the graft and enter the circulation. They are believed to play
a pivotal role in promoting GVL effects (11, 12).

Human cytomegalovirus (CMV) infection has direct effects on NK cells. One is an
increased abundance of NK cells expressing the NKG2C receptor in the peripheral blood
(13), that is maintained throughout life. NKG2C is expressed by very few NK cells in the
peripheral blood of CMV uninfected individuals (14). CMV reactivation is reported to
reduce the risk of early leukemic relapse for patients receiving allogeneic HCT as treatment
for AML (15). Previously, we studied CMV reactivation in AML patients following
allogeneic HCT, observing the maturation of NKG2C* NK cells that preferentially express
KIR2DL2/3 and have enhanced capacity to produce IFN-y in response to HLA class I-
deficient target cells (16). These adaptive NKG2C* NK cells can also exert cytolytic
function as well as CD16-mediated ADCC (17). We and others have shown that the
NKG2C-expressing NK cells of healthy CMV-positive individuals preferentially express
KIR that recognize self HLA-C epitopes: C1, C2 or C1 and C2 (17-20).

HLA-C is crucial for educating many NK cells. We found that HCT recipients having one or
two C1THLA-C allotypes experience enhanced protection from AML relapse when the
donor has KIR B/x genotype and there is an HLA-C mismatch between donor and recipient
(21). C2-specific KIR2DS1 can also provide protection against leukemia relapse in an HLA-
C-dependent manner (22). Grafts from KIR2DS1*, C1 homozygous donors provided greater
protection against relapse than grafts from donors who lack KIR2DS1 or have KIR2DS1 in
combination with C2 (22). Consistent with these clinical observations, is the demonstration
in vitro that KIR2DS1-expressing NK cells from HLA-C2 homozygous individuals exhibit
weak cytotoxic responses (23). Although CMV infection of human cells does not alone
enhance their expression of HLA-C (24), the combined effects of HCT and CMV on HLA-C
have yet to be studied.

Previously, we used mass cytometry to explore the diversity of expression of 34 NK cell
markers in the NK cell populations of a panel of healthy donors (19). This study
demonstrated a strong genetic regulation of the inhibitory receptors that recognize HLA
class I ligands (KIR, CD94:NKG2A and LILRBL1). In contrast, the activating receptors,
which recognize other ligands, appeared more sensitive to environmental factors (19). In the
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investigation reported here, we used mass cytometry to study the NK cell and T cell
populations of patients who received a hematopoietic cell transplant (HCT) as treatment for
AML. In particular, we explored the effect of CMV reactivation during lymphocyte
reconstitution following HCT.

MATERIAL AND METHODS

Patients and samples

Peripheral blood mononuclear cells (PBMC) were either obtained from HCT patients, six
months after transplantation, or from healthy controls and cryopreserved (Fig. 1). These
samples were the source for the NK cells analyzed. Transplantations were performed at the
University of Minnesota. Patients were monitored weekly for CMV reactivation, by
quantitative PCR performed in the clinical virology laboratory. When it occurs, CMV
reactivation is detected between days 14 and 57 post-transplantation. CMV viremia (>100
copies per ml of blood) was treated with an eight-week course of Ganciclovir. Blood
samples from the transplanted patients were collected after obtaining informed consent and
approval from the University of Minnesota Institutional Review Board according to the
declaration of Helsinki. PBMC from sixty-four healthy individuals were isolated from
leukocyte reduction system (LRS) chambers through Ficoll density-gradient centrifugation.
LRS chambers were purchased from the Stanford Blood Center.

KIR and HLA Genotyping and CMV serology

In a previous study (16), the eight HCT recipients were typed for HLA-A, -B and —C alleles
and for the presence or absence of KIR genes using the PCR-SSOP method. Serological
typing for CMV infection was obtained per the University of Minnesota standard of care
practices (25, 26). Serological CMV typing and HLA class | genotyping of the sixty-four
controls were determined at the Stanford Blood Center. Both HLA-A, -B and —C genotypes
and the presence or absence of NK cell ligands are shown in Figure 2.

Functional assays

Two assays of NK cell function were performed. In the first test, the NK cell response to
missing-self was assayed after challenge and culture of NK cells with class I-deficient K562
cells. The second test measured the ADCC response of NK cells after challenge and culture
with Raji cells coated with anti-CD20 antibody. PBMC (5 x 10°) were mixed with K562 or
Raji cells at a ratio of 10:1 in VV-bottom 96-well plates, centrifuged at 1,000 rpm for 3
minutes and incubated at 37°C for 5 hours. Brefeldin A and monensin (both from BD
Biosciences) were added to cultures after 1 hour. For K562 stimulation, PBMC cultured in
complete medium and nothing else were used as a negative control. For ADCC assays, 2 x
108/ml Raji cells were pre-coated with either Rituximab (Genentech) at 10 ug/ml or with
murine 1gG at 10 pg/ml for 30 minutes. Raji cells were washed in RPM1/10% FBS and then
mixed with PBMC.

Cell-staining, data acquisition, and data analysis

PBMC samples were thawed and washed with RPMI-1640 (Corning Cellgro) containing
10% fetal bovine serum (heat-inactivated), 2mM L-Glutamine and antibiotics (penicillin
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[100 units/ml] and streptomycin [100mg/ml]) (Gibco BRL/Life technologies) and incubated
at 37°C in 5% CO», for 4 hours. Two million PBMC were stained for mass cytometry
analysis, which was performed as described (19) using the 39 antibodies listed in Table S1,
as well as cisplatin (used as a cell viability reagent). Following the extracellular antibody
staining in functional assays, the cells were fixed, permeabilized and stained for intracellular
IFN-y and MIP-1p. Staining for CD107a was integrated in the extracellular staining panel as
a surrogate measure of cytotoxicity. NK cells were identified with a serial gating strategy
(Fig. S1) allowing the frequency of NK cells expressing each receptor to be measured
(Figure 3). The data were acquired with a CyTOF 2® instrument (Fluidigm) in the Stanford
Shared FACS Facility (purchase of this instrument was supported by grant NIH
S100D016318-01). Data were analyzed using FlowJo software v9.4.8 (Treestar, Inc).
Analysis by spanning-tree progression of density normalized events (SPADE) was as
described (19, 27).

Antibody Conjugation

Antibodies were purchased from the companies specified in Table S1 and labeled using
Maxpar-X8 labeling reagent kits (DVS Sciences) according to the manufacturer’s
instructions and as previously reported (19).

Statistical Analysis

RESULTS

Statistical analyses were performed using Excel (Microsoft Corp), Prism v5 (GraphPad
Software, Inc.) and the Open Source statistical package R www.r-project.org; ISBN 3—
900051-07-0). Fold change differences in frequencies of adaptive NKG2A* and NKG2C*
NK cells shown in Fig. 4C were calculated by dividing the larger frequency by the smaller
frequency, so that the magnitude of change would be the same in both directions. The values
were then displayed as a heat map.

CMV reactivation affects the NK cell repertoire in HCT recipients

To understand better the effects of CMV reactivation in HCT, we used mass cytometry to
determine high-resolution NK cell phenotypes. Here we will alternatively describe the
patients with reactivated CMV as CMV-positive. We compared CMV-negative HCT
recipients and CMV-positive HCT recipients with healthy CMV-negative and CMV-positive
healthy controls. Our gating strategy for mass cytometry is shown in representative two-
dimensional CyTOF plots (Figs. S1A and S1B). The NK cell receptor staining profiles of
the controls exhibited a range of frequency and surface density as measured by the mean
signal intensity (MSI) (data not shown). The transplant recipients have NK cell phenotypes
that are different from those of the controls. Six trends were observed (Fig. 3): 1) decreased
frequencies of receptors for all HCT recipients (KIR3DL2, CD27, and CD56%M): 2)
decreased frequency of a receptor only in CMV-reactivated HCT recipients (NKp30); 3)
elevated receptor frequencies in all HCT recipients (NKp44, CD56"9(CD16"), CD122 and
NKG2D); 4) elevated receptor frequencies only in CMV-negative HCT recipients (CD2,
CD94:NKG2A, and CD56°119M): 5) elevated receptor frequencies only in CMV-positive
HCT recipients (KIR2DL2/3, CD8, CD57, CD94:NKG2C); and 6) no change between
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controls and HCT recipients (15 of 34 receptors). Mann Whitney tests were performed to
compare the frequency of NK cells expressing each receptor between controls and HCT
recipients.

Associated with CMV reactivation is a subset of CD57*NKG2A* NK cells having similarity
to adaptive CD57*NKG2C* NK cells

CMV reactivation is associated with adaptive CD57*NKG2C* NK cells (15). We compared
the size of this NK cell subpopulation in patients, with and without CMV reactivation, and
compared them to controls. We first compared the frequencies of NKG2A™ and NKG2C*
NK cells, with and without co-expression of CD57 (Fig. 4A; (CD57 " NKG2A*,
CD57*NKG2A*, CD57"NKG2C*, CD57*NKG2C™)). Consistent with other reports (16, 28,
29), we observe a significant increase in frequencies of CD57"NKG2A* NK cells in CMV-
negative HCT recipients (p<0.0001), whereas the frequencies in CMV-positive HCT
recipients were comparable to controls. These observations contrast with the increase in
frequency of NKG2C* NK cells in HCT recipients, with the highest frequencies being seen
after CMV reactivation. Frequencies of CD57*NKG2A* NK cells were highest in CMV-
negative controls and 3 fold lower in CMV-positive HCT recipients (p<0.0001). The
frequencies of the CD57*NKG2A™* NK cells were shown to be inversely proportional to the
frequencies of the CD57*NKG2C* NK cells. Thus the CD57*NKG2C* NK cells were at
highest frequency in CMV-positive HCT recipients (mean ~60%) but infrequent in the
controls (mean < 3%) (p<0.0001). The CD57*NKG2C* NK cells from CMV-positive
controls and CMV-negative HCT recipients ranged widely in frequency (mean ~15%, range
7-23%).

Because CD94 associates with NKG2A and NKG2C, we used a CD94 specific antibody to
quantitate and compare the expression of CD94-associated receptors on different NK cell
subpopulations (Fig. 4B). For all HCT recipients, the CD57"NKG2A* NK cells had
significantly higher CD94 expression (p<0.0001) than the other three subpopulations. In no
other NK cell subpopulation was there a significant difference in the level of CD94 between
HCT recipients and controls. The expression levels detected with anti-NKG2A and anti-
NKG2C were comparable to that with anti-CD94, consistent with the well-established
stoichiometry of the two receptors (data not shown). In conclusion, these results demonstrate
that the majority of NKG2A* NK cells in HCT recipients have higher CD94 and NKG2A
cell surface expression than is seen when is co-expressed with NKG2C. And that CD94 and
NKG2A, when expressed on CD57* NK cells are both expressed at similar levels to those
observed for adaptive CD57*NKG2C* NK cells.

Differential expression of KIR2DL1 and KIR2DL2/3 by CD57* NK cell subsets in HCT

recipients

We next evaluated the frequencies of expression of other markers by CD57*NKG2A* and
CD57*NKG2C™* NK cells in the CMV-negative and CMV-positive HCT recipients. The
differences in the frequencies are shown in Figure 4C. Shaded boxes represent expression
biased towards CD57*NKG2C* NK cells (red) and CD57*NKG2A* NK cells (blue). This
analysis revealed a bias in KIR2DL1 and KIR2DL2/3 expression. Thus CD57*NKG2A* NK
cells from HCT recipients preferentially express KIR2DL1, whereas the CD57*NKG2C™*
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NK cells preferentially express KIR2DL2/3. Although CD57*NKG2C* NK cells in all HCT
recipients express KIR2DL1 (mean (CMV-negative) = 19%; mean (CMV-positive) =
12.7%), the frequencies were substantially higher for the CD57*NKG2A* NK cells (mean
(CMV-negative) = 41.8%; mean (CMV-positive) = 43.7%). Similarly, the CD57*NKG2A*
NK cells of all HCT recipients express KIR2DL2/3 (mean (CMV-negative) = 34.7%; mean
(CMV-positive) = 27%), but it is expressed at higher frequency by the CD57*NKG2C* NK
cells (mean (CMV-negative) = 65.2%; mean (CMV-positive) = 72.4%). These data
demonstrate an increased frequency of KIR2DL2/3 on CMV-specific CD57"NKG2C* NK
cells and a similar preference for expression of KIR2DL1 on CD57*NKG2A* NK cells in
HCT recipients.

Reduced CD57*NKG2A* NK cell frequencies in CMV-positive HCT recipients correlate with
activated phenotype

To investigate further the reduction in frequencies of CD57*NKG2A* NK cells in HCT
recipients, we determined whether the approximately two-fold frequency difference between
the CD57"NKG2A* NK cells of CMV-positive and CMV-negative HCT recipients
correlated with other changes in phenotype resulting from CMV reactivation. We performed
an analysis similar to that shown in Fig. 4C. For the CD57*NKG2A* NK cell subset of
CMV-negative and CMV-positive HCT recipients, we compared each NK cell receptor’s
frequency of expression (Fig. 4D). In the CD57*NKG2A* NK cell population from CMV-
positive HCT recipients, the number of cells expressing KIR3DL1, NKp30 and CD27 is
consistently less than in the CMV-negative recipients. Conversely, CD57*NKG2A* NK
cells expressing NKG2D, CD8 and NKp44 are more humerous in the CMV-positive than in
the CMV-negative HCT recipients. The CD57*NKG2A* population of NK cells was
smaller in CMV-positive recipients, but exhibits a surface phenotype that is characteristic of
activated cells.

We next measured the capacity of NK cells to mount a missing-self response and mediate
antibody-dependent cellular cytotoxicity (ADCC). In the missing-self assay, NK cells were
challenged with K562 target cells that lack HLA class | (Fig. 4E-G); in the ADCC assay,
NK cells were challenged with Raji cells coated with anti-CD20 antibody (Fig. 4H-J). In the
response to K562 cells, NK cells from controls and HCT recipients gave a similar cytotoxic
response, as assessed by degranulation, but differed in their cytokine response. NKG2A™*
NK cells from CMV-negative controls produced significantly more IFN-y (Fig. 4E) and
MIP-1B (Fig. 4F) compared to NKG2A™ or NKG2C* NK cells from either CMV-positive
controls or the HCT recipients. NKG2A* and NKG2C™* NK cells from CMV-positive
controls produced more IFN-y than the same NK cell subsets from HCT recipients.
Conversely, NKG2A™ and NKG2C* NK cells from HCT recipients produced more MIP-1j3
than these cells from CMV-positive controls. The biggest difference in response was
between CMV-positive HCT recipients and CMV-positive controls, although not
statistically significant. Similar comparisons could not be made for NKG2C* NK cells,
because there were insufficient numbers of these cells in the CMV-negative controls (Fig.
4G).
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The ADCC assay showed a frequency of IFN-y* NKG2A* NK cells in the CMV-positive
HCT recipients comparable to that in the CMV-negative controls (Fig. 4H). The frequency
of IFN-y* CD57*NKG2A* cells (Fig. 4H) and MIP-1p* CD57*NKG2A™ cells (Fig. 41) in
CMV-positive HCT patients compared with that of NKG2C* NK cells in CMV-positive
HCT recipients. All NK cell subsets degranulated to similar levels in the ADCC assay (Fig.
4]).

Inhibitory receptors are differentially expressed by T cells in CMV-positive HCT recipients

Previous studies demonstrated expression of inhibitory KIR on subsets of CD4 and CD8 T
cells, for which KIR expression is associated with regulatory functions (30-34). Here, we
evaluated expression of KIR2DL1, KIR2DL2/3, KIR3DL1, KIR3DL2, NKG2A and
LILRB1 on the CD3* T cells from controls and HCT recipients (Fig. 5A). In CMV-positive
HCT recipients, we observed significant elevation (p<0.0001) in the frequencies of T cells
expressing KIR2DL1, KIR2DL2/3 and KIR3DL2 and a modest increase in the frequency
KIR3DL1* T cells. Thus, on T cells there was upregulation of inhibitory receptors in the
context of CMV reactivation. Conversely, the frequencies of LILRB1" T cells were
significantly reduced (p=0.03) in CMV-positive HCT recipients, and frequencies of
NKG2A* T cells varied among the controls and the HCT recipients regardless of CMV
status or HCT. We next compared the proportion of KIR*, NKG2A* and LILRB1* T cells
in the CD4 and CD8 T cell subpopulations (Fig. 5B). In the CMV-negative controls and the
CMV-negative HCT recipients the CD4 T cells expressing inhibitory KIR, NKG2A or
LILRB1 were more numerous than the CD8 T cells expressing these receptors. In contrast,
in the CMV-reactivated HCT recipients there was an increase in the CD8 T cells expressing
NK cell receptors. CMV-seropositive controls had elevated numbers of CD8 T cells
expressing NKG2A and LILRBL, but still there were proportionally more CD4 T cells
expressing NKG2A and LILRBL1.

To visualize the distribution and expression levels of the 39 cell surface markers by PBMC
from the groups of HCT recipients and controls, we performed a hierarchical clustering
analysis, Spanning-tree Progression Analysis of Density-normalized Events (SPADE) (19,
27, 35) (Fig. 5C, Fig. 7C). Inhibitory NK receptor expression, with the exception of
LILRB1, was in all individuals restricted to T cells and NK cells (data not shown). We
extracted the nodes from the T cell arm of the SPADE trees (Fig. 5C) and dissected the
expression of inhibitory receptors. The analysis identified clusters of T cells in controls and
CMV-negative recipients expressing combinations of the six inhibitory receptors, whereas in
CMV-positive recipients we found a greater number of T cells that co-express all inhibitory
receptors. For instance, a significant proportion of the KIR2DL1* CD8 T cells also co-
express KIR2DL2/3, KIR3DL1, KIR3DL2, NKG2A, and LILRB1. In the CD4 T cell arm of
all HCT recipients, there was a second set of clusters that uniquely contain KIR2DL2/3 and
LILRB1 but none of the other inhibitory receptors. Whereas LILRB1 is co-expressed with
other inhibitory receptors by CD4 and CD8 T cells, it is predominantly expressed on CD4 T
cells that express KIR2DL2/3 as their only inhibitory receptor. These data demonstrate a
dynamic expression of inhibitory receptors on CD4 and CD8 T cells that appears to be
influenced by transplantation (as exemplified by KIR2DL2/3 and LILRB1 expression) as
well as by CMV reactivation (as exhibited by all inhibitory receptors).
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SPADE analysis identified numerous subsets of CD4 and CD8 T cells that express
activating NK cell receptors (Fig. S2 and S3). In controls, expression of activating NK cell
receptors was mostly restricted to the same subsets of CD4 and CD8 T cells that express
inhibitory receptors in HCT recipients. Thus, subsets of CD4 and CD8 T cells expressing
combinations of inhibitory KIR, NKG2A and LILRB1 in HCT recipients are also
phenotypically similar to NK cells in expression of activating receptors. Specific to CMV
reactivation, the expression of NKG2C was most pronounced on CD8 T cells. NKG2C was
also expressed on the CD4 T cells co-expressing inhibitory receptors. Virtually all NKG2C-
expressing CD8 T cells co-express CD57, which is also expressed on most CD8 T cells in
controls. In the controls and the CMV-negative recipients most CD4 T cells do not express
CD57. In CMV-positive recipients, however, CD57 expression on CD4 T cells is enhanced.

CD56* T cells expressing inhibitory KIR in CMV-positive HCT recipients are functionally

competent

From the same experiments reported in Figs. 4E and 4F, we determined the functional
capacity of T cells as a measure of secondary activation in response to HLA class I-deficient
K562 target cells. Recent reports from our group (36) and others (37) demonstrate T cell
expression of KIR is predominantly restricted to CD56-expressing cells. Here, we find no
significant difference in the frequencies of CD56*CD3*T cells in HCT recipients and
controls (Fig. 6A). As shown in Figure 5, a larger proportion of CD56* T cells express
inhibitory receptors in HCT recipients (Fig. 6B). Of the CD56" T cells staining negative for
inhibitory KIR, NKG2A or LILRB1 (Null), we observed strong activation as measured by
the frequency of CD56* T cells producing IFN-y (circles) or expressing CD107a (squares)
(Fig. 6C). We observed no differences in CD107a expression for HCT recipients and
controls. There was a trend for higher production of IFN-y by Null CD56* T cells in HCT
recipients than controls, but the differences were not statistically significant. While the
frequencies of CD107a* Null CD56* T cells were comparable for controls and HCT
recipients, the activation of Null CD56* T cells in controls was biased towards
degranulation and away from IFN-y production.

We next performed Boolean gating analysis on all CD56* T cells expressing inhibitory KIR,
NKG2A or LILRB1. This analysis defined sixty-four potential CD56* T cell subsets (Fig.
6D). In the figure, each subset is organized and color-coded according to the number of
inhibitory receptors expressed. We observed a broad range in the frequency of cells within
each subset (range: 0-30%) of CD56* T cells. Complementing the SPADE analysis in Fig.
5C, Boolean gating identified in HCT recipients a greater number of CD56™ T cell subsets,
expressing three to six inhibitory receptors than in controls. In controls, the majority of
CD56™ T cells express one or two inhibitory receptors, regardless of CMV status. We then
assessed the 64 subsets of CD56™ T cells for the presence of IFN-y (Fig. 6E) and CD107a
(Fig. 6F). These markers of function were essentially absent when CD56™ T cells of controls
were challenged with K562 target cells (data not shown). Statistical significance was
determined for each IFN-y* or CD107a* CD56" T cell subset present at >10% CD56* T
cells in HCT recipients by comparing the mean frequency to that of the corresponding
subset in controls. Conversely, subsets of CD56™ T cells expressing inhibitory receptors
from HCT recipients are functionally competent. Of the 64 CD56" T cell subsets in CMV-
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positive HCT recipients, 14 (21.9%) produced IFN-y at a frequency of =10% CD56™ T cells
compared to six subsets (9.4%) in CMV-negative HCT recipients (p=0.03) and one subset
(1.6%) in CMV-positive controls (p<0.0001) (data not shown).

Eleven of the 64 subsets (17.2%) in CMV-positive HCT recipients expressed CD107a at
frequencies =10% CD56™ T cells in response to K562 stimulation and all of these subsets
were IFN-y* as well. Compared to CMV-positive HCT recipients, only four subsets (6.3%)
in CMV-negative HCT recipients expressed CD107a (p<0.0001) and one subset (1.6%) in
CMV-negative and in CMV-seropositive controls (p<0.0001) (data not shown). Activated
CD56™ T cell subsets in HCT recipients expressed between one and three inhibitory
receptors. Unique to CMV-positive HCT recipients, was a subset of IFN-y*CD107a* CD56*
T cells that expresses four inhibitory receptors: NKG2A, KIR2DL2/3, KIR3DL2 and
LILRB1.

HLA-C expression differs among major lineages of peripheral blood leukoctyes and is
elevated in HCT recipients

HLA class | genotypes (Fig. 2) and surface expression of HLA-C were determined for
controls (Fig. S1C) and HCT recipients (Fig. 7A). In general, HLA-C allotypes are
distinguished by their levels of surface expression (38). Independently of these allotype
differences, HLA-C is consistently expressed at higher levels in HCT recipients (Mean MSI:
236 + 11.4) than in controls (Mean MSI: 114 + 5.5). This difference is statistically
significant (p <0.0001). In the CMV-positive HCT recipients HLA-C expression was higher
(Mean MSI: 274 £ 7) than in the CMV-negative recipients (Mean MSI: 197 +9.2) (p
<0.0001). Thus most of the difference in HLA-C expression is a consequence of
transplantation, but this is further augmented by CMV reactivation.

We investigated if HLA-C expression induced by transplantation and CMV reactivation
differed among the major leukocyte populations. Three subsets of myeloid accessory cells
(CD33PrightH) A-DR*, CD33%MHLA-DR*, CD33 HLA-DR™), CD19* B cells, CD3* T
cells (CD4, CD8, CD4CD8), and four NK cell subsets (CD56PM9MCD16~, CD569MCD16™,
CD5649MCD16*, CD56-CD16") were defined (Fig. S1A) and their levels of HLA-C
determined by mass cytometry (Fig. 7B). In controls, HLA-C expression by the ten
leukocyte subpopulations varied by 77 MSI (range, 16-93), whereas the range was wider for
the HCT recipients. The MSI range was 15-167 for the CMV-negative recipients and 30—
291 for the CMV-positive recipients. HLA-C expression was increased most on
CD56-CD16* NK cells in CMV-negative HCT recipients (p=0.03) and on CD33PM9ntH|_A-
DR* monocytes and myeloid DCs (p<0.0001) in CMV-positive HCT recipients. HLA-C
expression was also significantly higher on CD19* B cells (p=0.03), CD56"CD16"* NK cells
(p<0.0001) and CD4CD8 T cells (p<0.0001) in CMV-positive HCT recipients compared to
CMV-negative controls and HCT recipients. The CD4 and CD8 T cells of CMV-positive
HCT recipients had comparable HLA-C expression to the T cells of CMV-negative HCT
recipients and controls. These data indicate that the highly resolved analysis of HLA-C
expression on leukocyte subsets yields a very different outcome than when analyzing
expression on bulk PBMC or CD3 T cells. Thus CMV reactivation most significantly
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influences HLA-C expression on CD33P19"tH|_A-DR* monocytes and myeloid DCs and on
CD19" B cells and CD4CD8 T cells in the peripheral blood.

The ten leukocyte populations analyzed for HLA-C expression (Fig. 7B) were clearly
identified in SPADE analysis (Fig. 7C). HLA-C expression varied within subsets of CD4 T
cells, B cells, CD569MCD16* NK cells and CD56P9MCD16~ NK cells. The variation was
seen as bifurcated patterns, with around one half of the cells expressing HLA-C at low level
and the other half at much higher level. The cells with highest expression were the subsets of
myeloid accessory cells and B cells, CD4CD8 T cells and CD56"CD16™ NK cells. This was
the case for controls and CMV-negative recipients. The analysis emphasizes the specific
increase in cell-surface HLA-C surface by CMV-positive HCT recipients. For instance,
where we observe a bifurcated expression profile in the CD4 T cell arm in controls and in
CMV-negative HCT recipients, the minimally staining nodes show increased expression in
CMV-positive HCT recipients, though not at the highest levels. We confirmed the presence
of these patterns of HLA-C expression in HLA-C homozygous control individuals (data not
shown). Thus bifurcated expression of HLA-C in CD4 T cells is not due to HLA-C
polymorphism but reflects the presence of numerous subsets of CD4 T cells, among which
some T cell subsets express HLA-C at lower levels and others at higher levels. Based on the
panel of markers used in this analysis, the CD4 T cells that increase expression of HLA-C in
CMV-positive recipients are phenotypically distinctive based on the co-expression of CCR7
and CD27 and specifically lack expression of any inhibitory receptor. These data further
illustrate the potential impact of transplantation and/or CMV reactivation on expression of
HLA-C in peripheral blood.

DISCUSSION

In this study we used mass cytometry to explore how CMV reactivation might affect the
reconstitution of blood NK cell and T cell repertoires following allogeneic transplantation.
HCT recipients were either CMV-negative or CMV-positive; the latter having reactivated
the virus soon after transplantation. The small number of CMV positive HCT recipients
studied limits the strength of the conclusions that can be drawn regarding individual
correlates of CMV-mediated protection following transplantation. However, the data points
to a variety of differences in the phenotypes induced by HCT and CMV reactivation which
should be further evaluated in future study of larger cohorts of CMV positive and CMV
negative transplant recipients.

CMV reactivation, when caused by allogeneic transplantation, is hallmarked by expansion in
the peripheral blood of adaptive NKG2C—expressing NK cells (16) and effector memory
CD8 T cells (39, 40). Comparing the expression of 40 markers by PBMC from HCT
recipients and 64 healthy controls allowed us to identify NK cell and T cell phenotypes
associated with transplantation and/or with CMV reactivation. We find an association
between CMV reactivation and increased HLA-C surface expression on CD33PMghtH| A-
DRPright monocytes and myeloid DCs, as well as on subsets of B cells, CD4CD8 T cells and
CD56™9CD16™ NK cells. Previous studies have rarely measured surface expression of
HLA-C on primary cells of the peripheral blood. HLA-C is the dominant KIR ligand, as it is
the only polymorphic HLA class | molecule for which all the allotypes are potential KIR
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ligands. The two groups of HLA-C allotypes, defined by the C1 and C2 epitopes have
different capacities for NK-cell education. C1 allotypes are stronger NK-cell educators than
C2 allotypes (41), despite their overall lower levels of cell surface expression (38). In this
study, we demonstrate that enhanced expression of HLA-C on PBMC in HCT recipients is
significantly influenced by transplantation with a further significant increase on subsets of
leukocytes associated with CMV reactivation.

CMV reactivation and increased HLA-C surface expression also associate with increased
expression of inhibitory KIR (and reduced expression of LILRB1) on CD8 T cells having an
effector memory phenotype. This increase was greatest for KIR2DL1 and KIR2DL2/3.
Preferential expansion of KIR2DL2/3* CD8 T cells in CMV-reactivated HCT recipients has
been reported by our group (36) and others (34). To our knowledge, these studies are the
first accounts of a surface phenotype directly reflecting CMV reactivation. In CMV-
reactivated HCT recipients, there is a restricted repertoire of inhibitory KIR-expressing CD8
T cells, in which a greater proportion of individual CD8 T cells express all inhibitory KIR.
In contrast, for CMV-negative HCT recipients we observed many different combinations of
inhibitory KIR expressed on CD4 T cells and also in controls. These data indicate dynamic
differences between CD4 and CD8 T cells in the expression of inhibitory receptors. Further,
while we observed very few KIR-expressing CD57*CD8 T cells in healthy controls (and in
CMV-negative HCT recipients), they usually expressed a single KIR receptor, as previously
reported for healthy individuals (33).

Little is known of the interactions between cells expressing HLA-C and KIR-expressing
effector memory CD8 T cells following allogeneic transplantation and CMV reactivation.
HLA class | type has no detectable effect on the selectivity of KIR receptors expressed by
CD8 T cells in healthy individuals (33) or in HCT recipients. However, CMV infection in
the healthy, aging population results in the expansion of CD8 T cells (42-46) that express
memory phenotypes and become senescent (44, 47-50). These studies point to a regulatory
role for inhibitory KIR when expressed on CD8 T cells.

Our data demonstrate that KIR-expressing effector memory CD8 T cells are capable of
mounting a functional response to HLA Class I-deficient target cells although limited
primarily to subsets expressing one to three inhibitory receptors. That we observe in CMV-
positive HCT recipients an expansion of CD56* T cell subsets expressing 4-6 inhibitory
receptors that are not activated may suggest a threshold effect for increased regulation of
effector memory CD8 T cells. CD8 T cell function was measured in bulk PBMC rather than
in isolation. It is likely that activation of KIR-expressing CD8 T cells in HCT recipients
reflects signaling through cytokine receptors rather than direct engagement of the T cell
receptor. A limitation of this study was the small number of available patient samples.
Consequently, an evaluation of the effects of TCR signaling on KIR-expressing CD8 T cells
was not possible.

Future studies should evaluate the relationship between KIR-expression by CD8 T cells and
their alloreactive response to missing self HLA class I. Such as occurs for certain leukemias
(51) as well as during lytic stage EBV infection (52), where controlled reactivation of EBV
associates with improved survival following allogeneic transplantation (53). In settings of
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CMV reactivation and allogeneic transplantation, it will also be of value to measure the
impact of expanding KIR-expressing CD8 T cells on the education of reconstituting NK
cells, because the two types of cytotoxic lymphocyte could compete for binding to HLA
class | ligands. If competition between KIR-expressing CD8 T cells and NK cells does
occur, it will be relevant to investigate potential associations with the onset of autoimmune
diseases post-transplantation (54). A longitudinal study evaluating phenotype and function
of KIR-expressing CD8 T cells in a large cohort of HCT recipients is currently underway.

HLA-C influences the expansion of adaptive NKG2C-expressing cells during infection with
CMV, a setting where these cells preferentially express KIR that recognize self MHC class |
(17-20). In this study, we hypothesized that adaptive NK cell responses to CMV
reactivation subdivide into helper (enhanced IFN-y production) and effector (enhanced
cytotoxicity) arms, and questioned whether NKG2A plays a role. Support for this hypothesis
comes from two recent studies: the first demonstrates that CD944MCD564M NK cells
exhibit greater cytolysis than either CD94P1ightCD56dIM or CDY4PrIgNC D5t NK cells
(55); the second shows that CD94:NKG2A educates KIR-expressing NK cells for cytolysis
but not for cytokine production (56). Here, we observed a population of CD57+CD569M NK
cells that express CD94:NKG2A at significantly lower levels than CD57-CD569M NK cells.
While at lowest frequencies in CMV-reactivated HCT recipients, these CD57*NKG2A* NK
cells display a strongly activated effector phenotype (increased expression of CD8, NKG2D
and NKp44) not seen in controls and that are significantly less activated in CMV-negative
HCT recipients. Our data argue for transplantation and CMV-reactivation potentiating this
population of NK cells by inducing phenotypes more reflective of effector functions. Our
recent demonstration that CMV reactivation caused by transplantation selects for expansion
of CD57"NKG2C* NK cells with enhanced IFN-y or helper function (16) suggests there are
two distinctive arms of adaptive CD57* NK cells. However, when we measured and
compared the functional capacities of adaptive CD57*NKG2C* and CD57*NKG2A* NK
cells in response to missing self-antigen, we observed no significant differences in IFN-v,
MIP-1B and CD107a expression between NKG2A and NKG2C—expressing NK subsets.
Only in CMV-reactivated HCT recipients in response to ADCC, we observed a marginal
increase in IFN-y and MIP-1 expression on NKG2A-expressing cells compared to
NKG2C-expressing NK cells.

EBYV infection influences the maturation and expansion of CD57*NKG2A* NK cells in
CMV-positive healthy individuals (57). Unlike CMV, which selects for expansion of
NKG2C* NK cells expressing self-reactive KIR, EBV does not affect KIR expression.
Although EBYV infection was not investigated here, we found no affect of either HLA class |
or CMV on the expression of inhibitory KIR by CD57*NKG2A™ NK cells. However, on
comparing the expression of inhibitory KIR by CD57*NKG2A* and CD57*NKG2C* NK
cells in HCT recipients, we found KIR2DL1 is preferentially expressed on CD57*NKG2A™*
NK cells. To our knowledge, this is the first account where KIR2DL1, independent of its C2
ligand, is preferentially expressed by NKG2A-educated NK cells.

In summary, the results of this investigation suggest that CMV-reactivation caused by
allogeneic transplantation induces increased expression of HLA-C on CD33PrigntH|_A-
DRPrght monocytes and myeloid DCs, as well as on subsets of B cells, CD4CD8 T cells and
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on CD56™YCD16* NK cells, which may serve roles for regulating NK cell and CD8 T cell
cytolysis during hematopoietic reconstitution. Increased expression of HLA-C by
specialized subsets of lymphocytes and antigen-presenting cells (APC) may indirectly
reflect their activation status. Because the expression of KIR ligands is increased after
transplant-induced CMV reactivation, it will be important to determine if enhanced IFN-y
production by adaptive CD57*NKG2C* NK cells expressing self-reactive KIR represents an
activating response to secondary APC-derived cytokines (58), rather than recognition of a
human CMV-specific ligand, such as m157 protein expressed on CMV-infected cells in
mice (59-62). CMV reactivation correlates with a modest decrease in early leukemic relapse
in a cohort of transplant recipients most of whom received HLA matched allografts (83%)
(15). For future studies evaluating HLA-C mismatched transplantations for CMV
reactivation, it will be important to determine whether the rapidly expanding KIR-
expressing memory CD8 T cells are senescent. This is observed during the normal course of
CMV infection. Alternatively, function may be restored to these cells due to the absence of
cognate HLA-C ligand or to amplification of inflammatory cytokines. It will also be
important to evaluate the therapeutic potential of CD57*NKG2A* NK cells for optimizing a
cytolytic response to residual tumors in settings of allogeneic transplantation.
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Figure 1. HCT recipient characteristics
A list of HCT recipients including information on conditioning regime, type of leukemia and

CMV status. HCT recipients were aged 28-61, median age, 44.
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Controls | HLA-A HLA-B HLA-C
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Figure 2. HLA genotyping for CMV-negative controlsand HCT recipients
Genotypes for HLA-A, -B and —C are provided for sixty CMV-negative controls (green

font), four CMV seropositive controls (light blue font), four CMV seronegative (dark blue
font) and four CMV-positive (red font) HCT recipients. HLA-A and —B alleles listed in red
font indicate expression of the Bw4 epitope. HLA-C allotypes in purple font indicate
expression of the C2 epitope.
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Mann Whitney test (p-values

NK cell CC'\Q:]/“:)TS (é;'\g:]/t:::?; CM|-\|/(-;r-1reg. CM\H/-(I?;ract. CMV- con. vs. HCT rec. [ CMV- con. vs. HCT rec. HCT recipients
Receptors (N=40) (N=4) (N=4) (N=4) CMV- | CMV-react| CMV- | CMV-react|CMV-vs. CMV-react.
Group 1: KIR3DL2 252+1.8 228+23 185+1.6 9.0+1.1 ns 0.02 ns 0.03 0.002
V% CD27 35.7+29 29.5+32 19.8+3.3 1.5+£20 ns 0.03 ns ns ns
All HCT CD56dim 93.9+0.5 952+14 65.9+4.4 64.2 £3.5| <0.0001 < 0.0001 0.03 0.03 ns
Group 2:
¥ % HCT NKp30 246 +1.7 Not Tested 26.9+22 149+1.8 ns ns Not Tested Not Tested 0.005
CMV-react.
Group 3: NKp44 0.8+0.1 0.3+0.2 57+1.3 3.3+0.7| <0.0001 <0.0001 0.03 0.03 ns
% CD56neg (CD16+) 54+22 34+16 242+34 30.8+3.8( 0.03 0.005 0.03 0.03 ns
All HCT CD122 706 +1.7 65.6 £ 3.1 89.5+2.7 93.3+ 1.2 0.006 0.001 0.03 0.03 ns
NKG2D 61.9+1.9 67.6+52 771125 81.4+41 0.05 0.01 ns 0.03 ns
Group 4: NKG2A 43.8+3.9 30.7+4.8 64.5+3.1 23.3+1.9 ns ns ns ns <0.0001
A % HCT CD56bright 34+05 27+0.9 99+16 2.8+0.8( 0.002 ns 0.03 ns 0.007
CMV-neg CD2 28.7+23 30.1+3.7 42.8+4.3 245+138 ns ns ns ns 0.008
Group 5: KIR2DL2/L3 30.1+1.6 28.3+23 243124 40.8+4.6 ns ns ns ns 0.02
A % HCT CD8 21.3+2.1 19.1+09 152+ 3.6 39.2+11.2 ns ns ns ns ns
CMV-react. CD57 294+16 354 +3.1 23.9+33 456+ 4.4 ns 0.01 ns 0.03 0.008
NKG2C 0.8+0.1 17.2+52 72+1.9 31.8+7.8( <0.0001 < 0.0001 0.03 0.03 < 0.0001
2B4 98.5+2.2 95.1+3.4 97.3+0.7 99+0.5 ns ns ns ns ns
CD16 80.9+3 82.7+2.1 81.1+3.2 90.1+4.2 ns ns ns ns ns
NKp46 79.6+23 756+3 81.5+3.0 80.2+23 ns ns ns ns ns
CD161 702+5.1 67.2+3.8 64.5+4.2 59.1+3.5 ns ns ns ns ns
LILRB1 46.7+5 451+3.3 40.1+4.8 40.7 £10.7 ns ns ns ns ns
Group 6: CD7 86.7 +4.1 Not Tested 859+37 91.8+2.6 ns ns Not Tested  Not Tested ns
No change KIR2DL1 9.2+1 11.9+1.2 13.1+0.5 156 +£0.8 ns ns ns ns ns
in % KIR3DL1 1M1.7+£17 9.2+21 111227 10.6 £3.8 ns ns ns ns ns
CD10 41.4+6.5 Not Tested 353+3.4 432+6.2 ns ns Not Tested ~ Not Tested ns
CD4 146+ 3.6 11.2+49 17.6 £3.9 245+838 ns ns ns ns ns
2DS4 19.6+4.3 8.9+3.2 74+59 124+71 ns ns ns ns ns
CD117 6.9+0.6 Not Tested 123+23 85+0.6( 0.02 ns Not Tested  Not Tested ns
CCR7 29+12 34+09 3.1+0.6 33+05 ns ns ns ns ns
2DL4 06+0.2 Not Tested 04+0.0 1.1+0.3 ns ns Not Tested  Not Tested ns
2DL5 0.3+0.2 Not Tested 0.1+0.0 0.2+0.1 ns ns Not Tested ~ Not Tested ns

Figure 3. Comparing NK cell receptor expression on NK cells between controlsand HCT
recipients
NK cells were defined by a gating strategy described in Fig. S1. Six patterns of perturbations
in receptor expression between healthy controls and HCT recipients were observed and are
labeled Group 1-6. CMV-neg Controls, Healthy CMV seronegative individuals; CMV-pos
Controls, Healthy CMV seropositive individuals; CMV-negative, HCT recipients that are
CMV seronegative; CMV-positive, HCT recipients seropositive with reactivated CMV; ns,
not significant. Data represent means (+ SE).
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Figure 4. Comparison of phenotypes and function of adaptive CD57"NK G2C* and
CD57*NKG2A™ NK cells

(A) The frequency of total NK cells that are CD57"NKG2A*, CD57*NKG2A*,
CD57"NKG2C™* and CD57*NKG2C* and (B) mean signal intensity (MSI) of CD94
expression within each population from CMV-negative controls (black bars; N=40), CMV-
positive controls (white bars; N=4), CMV-negative (green bars; N=4) and CMV-positive
(blue bars; N=4) HCT recipients. (C) Heat maps comparing fold change in frequency of
each receptor between CD57*NKG2A* and CD57*NKG2C* NK cells in CMV-negative
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(left column) and CMV-positive (right column) HCT recipients. Shaded boxes represent
increased fold change differences biased towards CD57*NKG2C* (red) and
CD57*NKG2A* (blue). (D) Frequencies of CD57*NKG2A* NK cells expressing receptors
shown to decrease (left column) or increase (right column) in CMV-positive HCT recipients
compared to CMV-negative HCT recipients. (E-J) PBMC from CMV-negative (black
circles) and CMV-positive (white circles) controls and from CMV-negative (green circles)
and CMV- positive (blue circles) HCT recipients were challenged with (E-G) K562 target
cells or with (H-J) Raji cells pre-treated with anti-human CD20 antibody. Graphs show the
frequencies of NK cell subsets positive for intracellular IFN-y (E and H), MIP-1p (F and I)
and CD107a (G and J). The bars in the dot plots represent mean (+ SE). The p values are
derived from unpaired Mann Whitney tests. *p<0.05, **p<0.005, ***p<0.0001.
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Figure5. Expression of inhibitory KIR and NKG2A across T cell subsets
(A) The frequency of CD3* T cells expressing KIR2DL1, KIR2DL2/3, KIR3DL1,

KIR3DL2, NKG2A or LILRB1 in CMV-negative (black bars; N=40) and CMV-positive
(white bars; N=4) controls and in CMV-negative (green bars; N=4) and CMV-positive (blue
bars; N=4) HCT recipients. Data represent means (+ SE). The p values are derived from
unpaired Mann Whitney tests. *p<0.05, **p<0.005, ***p<0.0001. (B) Heat map
summarizing the proportion of KIR*, NKG2A* and LILRB1* T cells that are skewed
towards CD4 (blue boxes), CD8 (red bars) or balanced between CD4 and CD8 (black boxes)
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T cells in CMV-negative and seropositive controls and in CMV-negative and CMV-positive
HCT recipients. (C) Spanning-tree Progression Analysis of Density-normalized Events
(SPADE) for 3 representative samples (CMV-negative control, CMV-negative and CMV-
positive HCT recipients) evaluating distribution of KIR2DL1 (left column), KIR2DL2/3
(second column from left), KIR3DL2 (third column from left) and LILRB1 (right column)
expression on CD4, CD8 and CD4ACDS8 T cells. Node color represents signal intensity and
size represents frequency. A SPADE analysis evaluating distribution of all other measured
receptors is shown in Figs. S2 and S3.
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Figure 6. Comparing the functions between Null CD56" T cellsand CD56™ T cells expressing
inhibitory NK receptors

PBMC from CMV-negative controls (green), CMV-seropositive controls (light blue), CMV-
negative (dark blue) and CMV-positive (red) HCT recipients were incubated with K562
cells. (A) Comparing the frequency of CD3 T cells expressing CD56 in controls and in HCT
recipients. (B) Comparing the proportion of CD56" T cells that stain positive or negative for
inhibitory KIR, NKG2A or LILRB1 (Null). (C) Comparing the frequency of Null CD3 T
cells producing IFN-vy (circles) or expressing CD107a (squares) in controls and in HCT
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recipients. (D) Heatmap summary for Boolean gating analysis of inhibitory KIR, NKG2A
and LILRBL1 expression on CD56* T cells resulting in sixty-four possible subsets. Each
subset is grouped and color-coded according to the number of inhibitory receptors
expressed. The color of each box ranges from black to yellow (range: 0-30%) according to
the scale bar beneath the heatmap. (E and F) The frequency of each CD56™ T cell subset
producing IFN-vy (E) and expressing CD107a (F) in CMV-negative (light blue circles) and
CMV-positive (red circles) HCT recipients. The bars underneath the dot plots represent
mean (+ SE). The p values are derived from unpaired Mann Whitney tests. *p<0.05,
**p<0.005.
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Figure 7. Expression of HLA-C acrossmajor cell lineagesin peripheral blood associates with
HLA-C allotype but also with CMV reactivation following transplantation

PBMC from controls (N=60), CMV-negative (N=4) and CMV-positive (N=4) HCT
recipients were stained ex vivo and analyzed for expression of HLA-C. (A) Mean Signal
intensity (MSI) of HLA-C from PBMC is plotted twice for each sample (once for each
HLA-C allele). There is strong correlation between expression level of HLA-C and HLA-C
allotypes in analysis of variance (p <0.0001). MSI HLA-C from CMV-negative (red circles)
and CMV-positive HCT recipients (blue circles) is compared to healthy cmv-negative
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controls (black circles) matched for HLA-C gene content. (B) Histogram measuring MSI
HLA-C on all major cell lineages from CMV-negative controls (grey bars), CMV-negative
(green bars) and CMV-positive (blue bars) HCT recipients. Data represent means (+ SE).
The p values are derived from unpaired Mann Whitney tests. **p<0.005, ***p<0.0001. (C)
SPADE clustering analysis for the same 3 representative samples used in Fig. 5 (Controls,
CMV-negative and CMV-positive HCT recipients) for evaluating distribution of HLA-C
expression across major cell lineages. Node color represents HLA-C signal intensity and
size represents frequency.
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