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Cytomegalovirus (CMV) infection is associated with graft rejection
in renal transplantation. Memory-like natural killer (NK) cells
expressing NKG2C and lacking FceRly are established during CMV
infection. Additionally, CD8* T cells expressing NKG2C have been
observed in some CMV-seropositive patients. However, in vivo
kinetics detailing the development and differentiation of these
lymphocyte subsets during CMV infection remain limited. Here,
we interrogated the in vivo kinetics of lymphocytes in CMV-
infected renal transplant patients using longitudinal samples
compared with those of nonviremic (NV) patients. Recipient CMV-
seropositive (R+) patients had preexisting memory-like NK cells
(NKG2C*CD57*FceRly?) at baseline, which decreased in the periph-
ery immediately after transplantation in both viremic and NV
patients. We identified a subset of prememory-like NK cells
(NKG2C*CD57*FceRly'®" ™) that increased during viremia in R+
viremic patients. These cells showed a higher cytotoxic profile than
preexisting memory-like NK cells with transient up-regulation of
FceRly and Ki67 expression at the acute phase, with the subsequent
accumulation of new memory-like NK cells at later phases of viremia.
Furthermore, cytotoxic NKG2C*CD8" T cells and y§ T cells signifi-
cantly increased in viremic patients but not in NV patients. These
three different cytotoxic cells combinatorially responded to viremia,
showing a relatively early response in R+ viremic patients compared
with recipient CMV-seronegative viremic patients. All viremic
patients, except one, overcame viremia and did not experience graft
rejection. These data provide insights into the in vivo dynamics and
interplay of cytotoxic lymphocytes responding to CMV viremia,
which are potentially linked with control of CMV viremia to prevent
graft rejection.
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ytomegalovirus (CMV) is life threatening for individuals

with a compromised immune system, including solid organ
and hematopoietic stem cell transplant patients. Additionally,
infection or reactivation of CMV resulting in viremia in solid
organ transplant patients has been associated with chronic graft
rejection (1, 2). Through constant surveillance, natural killer
(NK) and T cells cooperatively control CMV throughout an
individual’s life. The antiviral drugs used prophylactically in
transplant patients have significant side effects and toxicity, and
there is no currently approved vaccine for CMV.

We and others have identified a subpopulation of NK cells
bearing the activating CD94-NKG2C receptor that preferen-
tially respond to acute CMV infection in both solid organ (3)
and hematopoietic stem cell transplant recipients (4-6). These
NKG2C" cells also express CD57, which marks a population of
mature NK cells with a distinct phenotype and function (7, 8).
These NKG2C*CD57" NK cells are specific to CMV in that
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they do not respond to acute infection with Epstein—-Barr virus
during infectious mononucleosis (9) or herpes simplex virus
(10). Moreover, these NK cells have been observed to be reacti-
vated and persist over several years only in individuals who
have been infected with CMV. These findings are in line with
those from mouse models, in which Ly49H" NK cells specifi-
cally respond to CMV infection (11-13) and have memory-like
signatures (14), suggesting that in humans, NKG2C*CD57"
NK cells could include subsets with memory-like properties.
Within this CMV-specific NKG2C"CD57" NK cell population,
we identified a unique subset of NK cells that do not express
the FceRlIy signaling subunit, which is expressed by all naive
NK cells. Rather, these FceRIy™ NK cells preferentially use the
CD3¢ signaling adapter and ZAP70 tyrosine kinase for signal
transduction mediated by the CD16 Fc receptor. These NK
cells exhibit robust preferential expansion and an enhanced
antibody-dependent cellular cytotoxicity (ADCC) response
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against CMV-infected cells in an antibody-dependent manner
(15-17). In addition to NK cells, minor subsets of CD3" T cells
and y8 T cells, which express natural killer cell receptors
(NKRs), are observed preferentially in CMV-seropositive
patients (18, 19). Although such different lymphocyte subsets
have been associated with immune response to CMV infection
(20), in vivo kinetics of these immune-competent subsets over
CMV infection remain limited.

The aims of this study were to determine how specific sub-
sets of human NK cells respond to CMV infection or reactiva-
tion in solid organ transplant recipients and to demonstrate the
dynamic interactions between NK cells and T cells responding
to CMV viremia in the same transplant patients. For this, we
used mass cytometry to longitudinally analyze peripheral blood
mononuclear cells (PBMCs) from renal transplant patients who
underwent CMV infection or reactivation, followed by single-
cell data analysis using clustering methods. Notably, our panel
included markers such as NKG2C, CD57, FceRly, Syk, and
inhibitory killer cell immunoglobulin-like receptors (KIRs) for
the purpose of in-depth phenotyping of the responding NK
cells and T cells. This enabled us to identify different NK cell
subsets, including memory-like NK subsets, to define the in vivo
kinetics of the NK cell response over CMV infection at the
single-cell level. Moreover, our study identified minor popula-
tions of cytotoxic T cells responding to CMV viremia and dem-
onstrated the interplay between NK cells and T cells during
CMV viremia. This study provides insights into how these
immune-competent cells respond to CMV infection in vivo,
may contribute to host protection, and potentially, influence
graft survival.

Results

Kinetic Change of Lymphocyte Subsets in CMV Infection. We exam-
ined longitudinal changes in PBMC subsets in kidney trans-
plant patients with CMYV infection or reactivation at four or
five time points, with samples collected at day 0 of transplanta-
tion; at a time point prior to viremia; and then, postviremia at
~1 wk, ~1 mo, and long term (>1 mo). Matched control kidney

transplantation patients without CMV viremia (nonviremic
[NV]) were evaluated at three time points (day 0 and at
approximately days 50 [median 51] and 180 [median 183] post-
transplant) (Fig. 1). Patients in both groups showed that abso-
lute counts of all lymphocyte subsets decreased at the second
time point after transplantation (Fig. 2 and SI Appendix,
Fig. S1), likely because of lymphopenia caused by immunosup-
pressive agents and CMV prophylactic drugs. Absolute counts
as well as frequencies of NK cells, CD8" ap T cells, and y5 T
cells increased during the time course in viremic patients,
whereas NV patients showed no significant changes (Fig. 2).
CD4* T cells were stable in both groups, except for a transient
increase at 1 mo in viremic patients (SI Appendix, Fig. S1).
Frequencies and absolute counts of monocytes decreased in
viremic patients but were stable in NV patients. These data sug-
gest that viremic patients show dynamic changes of cytotoxic
lymphocytes over CMV viremia.

NK Cell Subset Analysis in CMV-Seropositive Kidney Recipients.
Prior studies have established that NK cells subsets are affected
by prior CMV infection (18); therefore, we divided the cohort
into two groups based on recipient CMV serostatus and per-
formed an in-depth analysis of their NK cell repertoire using
high-dimensional mass cytometry. NK cells were identified by
the phenotype CD3"CD4 CD14°CD56" cells. t-distributed sto-
chastic neighor embedding (t-SNE) dimensionality reduction
showed that recipient CMV-seropositive (R+) patients mainly
have six NK subsets based on the NK cell marker panel (Fig.
34 and SI Appendix, Fig. S2). NKG2C, CD57, FceRly, and
CD2 expressions were the predominant drivers of the variance.
CD57 expression was clearly distributed, defining the maturity
axis. CD57" cells included NKG2C*CD57" cells and immature
NK cells, which were identified as NKG2C CD57 NKp30*
NKp46™ cells regardless of CD2 expression. CD57* cells
included four representative subsets. As FceRIy is a key marker
to define functionally distinct types of NKG2C"CD57" NK
cells (15-17), we designated the NKG2C*CD57* subsets char-
acterized by FceRIy™ as memory like and FceRIy'o% © 4im ag
transitional prememory-like NK cells (although further studies

CMV prophylaxis

Transplantation
L L

day0
V1 (R+/D+) A—a .
V2 (R+/D+) A A A

day100

- : -
day300

A A

V3 (R+/D+)

V4 (R+/D+) N A A

V5 (R+/D-)
V6 (R—/D+)

V7 (R-/D+)

2 2 2N 2
b
-
b

V8 (R-/D+)

V9 (R—/D+)
V10 (R—/D+)

V11 (R—/D+) A "
NV1 (R+/D-) &

NV2 (R+/D-) 4 A

NV3 (R+/D-) 4 A

NV4 (R+/D-) A A

NV6 (R+/D-) & A

NV7 (R—/D+) 4 a

NV8 (R-/D-) 4 A

(
(
(
(
NV5 (R+/D-) A A A
(
(
(
(

NV9 (R-/D+) A A

Fig. 1.

Timetable of blood sampling. Time points of blood sampling (triangles) are shown. A pink triangle indicates detection of CMV viremia by PCR.

Viremic patients had four or five sampling time points (day 0 of transplantation, previremia, ~1 wk, ~1 mo, and late [>1 mo] postviremia). NV patients
had three sampling time points (day 0 and 50 and 180 d posttransplant). Viremic patients (n = 11) and NV patients (n = 9) used for longitudinal analysis
are described. CMV serostatus in recipient (R) and donor (D) is shown. An R-/D- patient was not on CMV prophylaxis medication. V, viremic patient;

MMF, mycophenolate mofetil.
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Fig. 2.

Longitudinal changes of count and frequency of each lymphocyte subset in CMV infection. The x axis indicates time points. The y axis indicates

count or frequency of each lymphocyte subset. Data at days 50 and 180 in NV patients were plotted at pre- and postviremia time points in viremic
patients, respectively. Data represent the average count or percentage + SEM from CMV viremic patients (pink, n = 11) and NV patients (green, n = 9).
Statistical significance was analyzed with the Student’s t test, relative to the previremia time point. n.s., not significant. *P < 0.05; **P < 0.01.

will be necessary to definitively demonstrate a precursor-product
relationship of the “prememory” and “memory-like” NK cells)
(Fig. 3). In addition, NKG2C CD57* cells and CD57*CD2" cells
were distinguished from the memory subsets. Thus, we deter-
mined longitudinal changes of six NK cell subsets (memory like,
prememory like, mature FceRIy*NKG2C CD57*, CD57"CD2",
NKG2C*CD57-, and immature) in R+ patients. The frequency
of preexisting memory-like NK cells decreased after transplanta-
tion in both viremic and NV patients (red in Fig. 3 B and C).
Reciprocally, immature NK cells significantly increased in both
groups (gray in Fig. 3 B and C). Intriguingly, the putative
prememory-like NK cells significantly increased over the time
course in viremic patients, whereas NV patients remained stable
(green in Fig. 3 B and C). Moreover, t-SNE plots showed that
FceRIy™ prememory-like NK cells newly emerged and accumu-
lated over viremia (Fig. 3 C and D), indicating the generation of
new memory-like NK cells, which were observed exclusively in
viremic patients and not in NV patients. To characterize the rela-
tionship among these three NK subsets with a memory-like
phenotype, we examined Ki67 and FceRIy expression of single
cells at postviremia time points. Prememory-like NK cells
showed higher expression of Ki67 compared with memory-like
NK cells in viremic patients, while there was no significant differ-
ence in NV patients (Fig. 3 E and F). Significant differences in
Ki67 and FceRIy expression levels of newly generated memory-
like NK cells were observed between the preexisting memory-
like NK cells and newly generated prememory-like NK cells
(Fig. 3 E and F). Furthermore, prememory-like NK cells as well
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as newly arising memory-like NK cells exhibited higher expression
of cytotoxic effector molecules (granulysin, perforin, and granzyme
B) compared with the preexisting memory-like NK cells (Fig. 3G
and SI Appendix, Fig. S3). These data suggest that CMV viremia
preferentially induced the proliferation of cytotoxic prememory-
like NK cells along with accumulation of new memory-like NK
cells. The expandability of preexisting memory-like NK cells
appears lower than the newly generated prememory-like NK cells,
depending on FceRly expression. These findings are supported by
the evidence that there is a significant positive correlation between
Ki67 and FceRIy expression in viremic patients but not in NV
patients (Fig. 3E). Longitudinal analysis of single cells showed
Ki67 expression in all subsets, except that the preexisting memory-
like NK cells were up-regulated at the previremia or ~1-wk time
point in viremic patients. FceRIy expression of prememory-like
NK cells and immature NK cells was apparently up-regulated at
the ~1-wk time point compared with day 0, whereas there was no
significant change in NV patients (Fig. 3H). These data suggest
that CMV viremia transiently up-regulates FceRly expression in
NK cells, which is indicative of the enhanced proliferation capacity
of NK cells.

NK Cell Subset Analysis in CMV-Seronegative Kidney Recipients.
Studies were undertaken to determine if the kinetics and profile
of alterations in the NK cell response would differ in CMV-
seronegative (due to primary CMV infection) and CMV-
seropositive (presumably reactivation of CMV) kidney transplant
recipients. t-SNE dimensionality reduction identified several NK
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Fig. 3. Longitudinal kinetics of NK cells subsets in R+ patients. (A) Schema diagrams shown for NK cell subsets identified by t-SNE analysis in R+ patients
(Left) and R- patients (Right). Bold line-shaped subsets are significantly expanded subsets in CMV viremic patients. The horizontal line indicates maturity
as indicated by CD57 expression. The table defines the signature phenotypes representative of each NK cell subset. The colored plots in the table corre-
spond to the subsets in the schema. New memory-like NK cells are observed only in R+ viremic patients and exhibit FceRly™ to low intermediate level
between preexisting memory-like and prememory-like NK cells. CD57*KIR* NK cells in R- patients are a cluster composed of NKG2C* (green) and NKG2C™
(gold) cells. (B) Line graphs showing longitudinal changes of the frequencies of six NK cell subsets. Data represent the average from R+ viremic patients
(n =5) and R+ NV patients (n = 6). Statistical significance was analyzed with the Student’s t test, relative to the day 0 time point. (C) Representative t-SNE
plots showing longitudinal change of phenotypes in an R+ viremic patient. Colored shapes delineate old (preexisting) memory-like (red), new memory-
like (orange), prememory-like (green), and NKG2C*CD57 (pink) NK cells. (D) Line graphs showing longitudinal change of the frequencies of the three
memory-like NK cells. Data represent the average + SEM from R+ viremic patients (n = 3). (E) Representative single-cell scatterplots showing Ki67 and
FceRly expression of the three memory-like NK cells. The Pearson product-moment correlation coefficient was used to evaluate the association. (F) Box
plots showing single-cell Ki67 and FceRly expression of the three memory-like NK cells compiled from R+ viremic (n = 5) and R+ NV patients (n = 6). (G)
Heat map showing each marker expression in an R+ viremic patient. Colored boxes indicate marker profiles of the three memory-like NK cells. A dotted
line box highlights cytotoxic molecules and intracellular molecules. (H) Line graphs showing longitudinal changes of Ki67 and FceRly expression of six NK
cell subsets. Data represent the average from R+ viremic patients (n = 5) and R+ NV patients (n = 6). Statistical significance was analyzed with the Stu-
dent’s t test, relative to the day 0 time point. n.s., not significant. *P < 0.05; **P < 0.01.
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cell subsets with different NK marker expression in recipient
CMV-seronegative (R-) patients (Fig. 34 and SI Appendix,
Fig. S2). A proportion of R- patients had memory-like NK cells,
presumably generated by infections other than CMYV, although
the size of the population is much smaller compared with R+
patients. Immature NK cells were defined as NKG2C CD57~
NKp30*NKp46* cells regardless of CD2 in R- and R+ patients.
Given that CD57"KIR* NK cells express different levels of
NKG2C expression on the cell surface, we identified NKG2C*
or NKG2C™ cells within the CD57*KIR* NK cell population
using the single-cell matrix data (Materials and Methods). We lon-
gitudinally tracked seven NK subsets (memory like, NKG2C*
CD57*KIR*, NKG2C CD57*KIR*, CD57*KIR", CD57+CD2,
NKG2C*CD577, and immature) in R- patients. Frequencies of
NKG2C*CD57~ and NKG2C*CD57*KIR* NK cells with high
expression of granulysin increased postviremia, showing a peak
up-regulation of Ki67 and FceRIy expression at the 1-wk time
point (pink and green in Fig. 4). Intriguingly, NKG2C*CD57*
KIR™ NK cells showed early up-regulation of Ki67 expression at
the previremia time point (green in Fig. 44). Reciprocally,
NKG2C CD57*KIR* NK cells decreased at ~1 wk postinfection
(sky blue in Fig. 44). Memory-like NK cells significantly
increased at the late postinfection time point (red in Fig. 4). All
subsets tended to show up-regulation of FceRIy expression over
the course of CMV infection. In contrast, there were no signifi-
cant changes in R— NV patients. Collectively, R— viremic patients
showed a dynamic increase of cytotoxic NKG2C* NK cells over
CMYV viremia along with the accumulation of memory-like NK
cells at the late phase of CMV infection.

Single-Cell Inhibitory KIR Repertoire Analysis. A preferential
expansion of NKG2C*CD57* NK cells with KIR2DL3 expres-
sion has been documented in patients with CMV infection (4,
21). We examined the inhibitory KIR repertoire in kidney trans-
plant patients by evaluating the expression pattern of four inhi-
bitory KIRs within NKG2C*CD57" NK cells, which most
frequently express KIRs. Among the 15 different KIR pheno-
types that potentially could be stochastically observed, all of the
viremic patients having an HLA-C1/C1 or -C1/C2 genotype
exclusively displayed a high frequency of single-positive
KIR2DL3" NK cells, which was significantly higher in viremic
patients than in NV patients no matter the recipient's CMV
serostatus (Fig. 54). In addition, memory-like NK cells in viremic
patients exhibited a similar KIR composition to NKG2C*CD57*
NK cells, showing a high frequency of single-positive KIR2DL3*
NK cells (Fig. 54). Longitudinal analysis showed that single-
positive KIR2DL3" NK cells dominated the KIR composition
over CMV viremia, as memory-like NK cells also exhibited a
dynamic change of KIR composition, showing predominant
single-positive KIR2DL3" NK cells in viremic patients (Fig. 5 B
and C and SI Appendix, Fig. S4 A and B). Moreover, a high fre-
quency of single-positive KIR2DL3* NK cells was observed in
viremic patients, even in those with an HLA-A3, HLA-A11, or
HLA-Bw4 haplotype, which have ligands to engage KIR3DL?2 or
KIR3DLI, respectively (SI Appendix, Fig. S4C). These data sug-
gest that HLA-CI1 is the exclusive factor causing the expansion of
single KIR2DL3* NK cells.

Interplay of Different Cytotoxic Lymphocytes in CMV Viremia. As
activated CD8* T cells and yd T cells also frequently express
NK receptors, we examined NKG2C"CD8" of Tcells and y6 T
cells in the kidney transplant recipients. t-SNE dimensionality
reduction identified NKG2C*CD8* T cells and yd T cells char-
acterized by coexpression of NKRs and triple cytotoxic mole-
cules (i.e., granzyme B, perforin, and granulysin) (Fig. 6 4 and
B). The frequencies of NKG2C*CDS8* T cells and triple cyto-
toxic y8 T cells were higher in viremic patients compared with
NV patients (Fig. 6C). These data suggest that prememory-like
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NK cells (R+ patients) or mature NKG2C*CD57* NK cells
(R~ patients), NKG2C*CD8* T cells, and triple cytotoxic y5 T
cells are three different cytotoxic lymphocytes responding to
CMV viremia. To demonstrate the interplay of these cytotoxic
lymphocytes, we first depicted three-dimensional line graphs of
frequencies of these three types of lymphocytes. Two main dif-
ferent patterns were observed; the first is a combinatorial
response (solid line circled in Fig. 6 D, Left), and the second is
a skewed response of NK cells or y8 T cells (dotted line circled
in Fig. 6 D, Left). In accordance with the result, these three dif-
ferent cytotoxic lymphocytes exhibited an increase correspond-
ing to patterns of overall lymphocyte frequency (Fig. 6 D,
Right). These data indicate that viremic patients mostly show a
combinatorial immune response of different cytotoxic lympho-
cytes against CMV infection, whereas some patients showed a
skewed immune response of selective cytotoxic lymphocytes.
Furthermore, R+ viremic patients showed that frequencies and
cell counts of the three cytotoxic lymphocytes significantly
increased along with a high peak of Ki67 expression at ~1 wk
postviremia (Fig. 6 E and F). On the other hand, R- viremic
patients showed that cell counts of the three cytotoxic lympho-
cytes significantly increased at 1 mo postviremia, along with a
high peak of Ki67 expression at 1 wk postviremia as the fre-
quency of NKG2C*CD57+* NK cells showed a significant
increase at ~1 wk postviremia (Fig. 6 £ and F). Such longitudi-
nal changes were not observed in NV patients (SI Appendix,
Fig. S5). These findings indicate that R+ patients mount a
robust immune response to CMV viremia relatively earlier than
R- patients.

Longitudinal Change of Anti-Glycoprotein B Antibody Able to Acti-
vate CD16 in Renal Transplant Patients. Anti-glycoprotien B (gB)
antibodies have been demonstrated to mediate significant pro-
tection against CMV infection (22, 23). Mature NK cells
express the activating CD16 Fc receptor that mediates ADCC
against human IgG1 or IgG3 antibody-coated targets. Further,
CD57* and memory-like NK cells induced by CMV infection
are the most potent mediators of ADCC function (7, 10, 15).
Therefore, we assayed patient sera for the presence of anti-gB
antibodies capable of triggering CD16 activation using an LacZ
CD16 reporter assay. We determined that plasma from CMV
viremic patients possesses specific anti-gB antibodies compe-
tent to activate CD16 (SI Appendix, Fig. S6). A proportion of
R+ viremic patients showed increased anti-gB antibody activity,
although overall, there was no significant difference between
viremic and NV patients (Fig. 7). Intriguingly, elevated CD16-
activating anti-gB antibodies were exclusively observed in
patients who showed a combinatorial response of cytotoxic lym-
phocytes (solid line circled in Fig. 6D). In contrast, there were
no increases in CD16-activating anti-gB antibodies in R— vire-
mic patients. These findings suggest that ADCC via anti-gB
antibody was potentially augmented during CMV infection in
R+ patients but not in R- patients.

Discussion

In the present study, we addressed NK cell diversity and
dynamic kinetics of response in CMV infection by high-
dimensional analysis of more than 30 NK cell-associated
markers, especially focusing on memory-like NK cells, which
have been demonstrated as NKG2C* and/or FceRIy™ cells in
previous studies (15, 24, 25). Dimensionality reduction identi-
fied distinct types of NK cells that were mainly characterized by
NKG2C, CD57, FeeRly, CD2, NKp30, NKp46, and inhibitory
KIRs. The longitudinal analysis enabled us to demonstrate not
only quantitative changes of each subset but also, cellular rela-
tionships among different subsets and in vivo kinetics of the
response at the single-cell level over CMV infection. In
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Single-cell inhibitory KIR repertoire analysis of NK cells. (A) Heat map showing the frequencies of NK cells with each inhibitory KIR profile

in CD57* NK cells without memory-like NK cells (Left) and with memory-like NK cells (Right). Data represent viremic patients (n = 11) and NV patients
(n = 9). HLA-C genotypes are described on the top of the heat map. A pink box highlights single KIR2DL3* NK cells. Comparison of the frequency
between viremic patients and NV patients was analyzed with the Student’s t test. **P < 0.01. (B) Line graphs showing longitudinal changes of the fre-
quencies of NK cells with each inhibitory KIR profile in a representative R+ viremic patient. Colored boxes and lines highlight single KIR2DL3* (pink),
KIR3DL1" (green), and KIR3DL2" (blue) NK cells. (C) Pie charts showing longitudinal changes of inhibitory KIR repertoires of memory-like NK cells in the

same patient as in B. The value above the pie chart is the percentage of memory-like NK cells in total NK cells at each time point.

addition to NK cells, we identified minor subsets of T cells
responding to CMV viremia, which were characterized by
expression of NKRs and cytotoxic effector molecules, and dem-
onstrated the interplay of the different cytotoxic lymphocytes
against CMV infection.
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We observed that preexisting memory-like (NKG2C*
CD57*FceRIy™) NK cells in R+ patients decreased and exhib-
ited the lowest Ki67 expression compared with other sub-
sets over viremia. While preexisting memory-like NK cells
diminished, we determined that prememory-like NK cells
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Fig. 6. Interplay of NK cells, CD8" T cells, and y8 T cells in viremic patients. (A) Representative t-SNE plots showing phenotypes of NKG2C* T cells (red)
and triple cytotoxic (granulysin, perforin, granzyme B) y8 T cells (orange). (B) Heat map showing marker profiles of NKG2C" T cells (red) and triple cyto-
toxic y8 T cells (orange). (C) Frequencies of NKG2C*CD8" T cells and triple cytotoxic yd T cells in viremic (n = 11) and NV (n = 9) patients. Statistical signifi-
cance was analyzed with the Student's t test. (D) Three-dimensional line graphs showing longitudinal changes of three different lymphocytes. (Left) Fre-
quencies of NK cells, CD8* T cells, and y8 T cells in viremic (pink) and NV (green) patients. (Right) Frequencies of prememory-like NK cells (in R+ patients)
or NKG2C*CD57" NK cells (in R- patients), NKG2C*CD8" T cells, and triple cytotoxic yd T cells in R+ (red) and R- (white) viremic patients. Variations from
previremia to postviremia time points are depicted. Viremic patient identifications are labeled above the plot. (E) Line graphs showing longitudinal
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age + SEM from R+ (n = 5) and R- (n = 6) viremia patients. Statistical significance was analyzed with the Student’s t test, relative to the day 0 time point.
(F) Line graphs showing longitudinal changes of cell counts and Ki67 expression of the three different cytotoxic lymphocytes in R+ (Upper) and R- (Lower)
viremic patients. Scales of cell counts and Ki67 expression are described on the left and right sides, respectively. Cell count data represent individual
(gray) and the average (green) + SEM from R+ (n = 5) and R- (n = 6) viremic recipients. Ki67 expression represents the average (orange). The statistical
significance of the mean slope of linear model was evaluated with the Student’s t test, relative to the previremia time point. *P < 0.05; **P < 0.01.
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(NKG2C*CD57 FceRIy"Y * 9im) with a higher cytotoxic pro-
file significantly increased and proliferated (expressing Ki67)
over CMV viremia, accompanied by transient up-regulation of
FceRIy expression. In vitro studies from our laboratory have
demonstrated that FceRIy expression is up-regulated by cyto-
kine stimulation and positivity correlates with cell proliferation,
which support the hypothesis that up-regulation of FceRlIy is
likely due to inflammatory cytokine induction in viremic
patients. In addition to cytokine stimulation, interaction with
CMV-infected cells might be involved in the in vivo expansion
of prememory-like NK cells (26, 27), which is supported by the
finding that prememory-like NK cells undergo clonal-like
expansion as evidenced by the dominance of single-positive
KIR2DL3" KIR repertoire restriction. Notably, t-SNE analysis
demonstrated that newly generated memory-like NK cells
merged with prememory-like NK cells accumulated over the
viremic time course. The new memory-like NK cells exhibited
an intermediate immune profile between preexisting memory-
like NK cells and prememory-like NK cells. These data indicate
that a proportion of the prememory-like NK cells down-
regulate or lose FceRIy expression and shift to a memory-like
stage over the viremic time course. These prememory-like NK
cells appeared to serve as the main population that differenti-
ates into the memory-like stage and have proliferation capacity,
resulting in their ability to develop into the NKG2C*CD57*
NK cell pool with different FceRIy expression levels ranging
from negative to high in reactivated CMV infection. Impor-
tantly, single-cell analysis revealed that NKG2C*CD57* NK
cells are heterogenous and have different division capabilities
and cytotoxic profiles, depending on their FceRIy expression
level. We have previously demonstrated that ex vivo these
FceRIy™ NK cells have enhanced ADCC functions and prolifer-
ation when activated via CD16 (15, 17), whereas our current
in vivo study of CMV viremic patients indicated that memory-
like NK cells are quite limited compared with other NK cell
subsets with respect to proliferation, despite anti-gB antibody
production being augmented in R+ viremic patients. These
findings indicate that the FceRIy~™ NK cell subset is a very het-
erogenous population, including quiescent FceRIy™ NK cells
and FceRIy™Y NK cells with high proliferative capacity. Our
findings and others highlight that FceRIy-deficient NK cells,
which are termed memory-like, are the long-lived quiescent
memory-like population with a terminally differentiated pheno-
type and limited proliferation capacity (24). Although the phys-
iological role of the memory-like NK cells in humans has not
been well studied, the observation that preexisting memory-like
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NK cells decreased and immature NK cells surged in the
peripheral after CMV infection in kidney transplant patients
might be linked with NK cell redistribution to peripheral lym-
phoid and other tissues for immune surveillance, as memory-
like NK cells are observed in nonlymphoid organs (24, 28). NK
cells might also be affected by the immune-suppressive agents
given to transplant patients to prevent graft rejection (29). The
patterns of tissue localization of memory-like and prememory-
like NK cells in immunocompromised conditions and viral
infection should be further analyzed. Collectively, our current
study strongly sudggests that prememory-like NK cells express-
ing FceRIy°Y '© '™ have a high proliferative capability and can
be the main progenitors that develop into NKG2C*CD57+ NK
cells with different FceRIy expression over CMV infection.

We also identified a very minor population of NK cells at
baseline in R— patients with a memory-like phenotypic profile,
although the antigen driving this population is unknown. How-
ever, we were able to detect significant proliferation of NK cells
at later phases of primary CMV infection in R- viremic
patients. As is the case in R+ patients, these preexisting
memory-like NK cells partially merged into the expanded
NKG2C*CD57" NK cell subset and exhibited the lowest Ki67
expression among NK cell subsets in R— patients. Moreover,
NKG2C*CD57* NK cells with single-positive KIR2DL3
expression undergo a clonal-like expansion with progressive
KIR repertoire restriction over CMV viremia, accompanied by
development of the memory-like NK cell pool with a similar
KIR repertoire as NKG2C*CD57* NK cells. These data indi-
cate that memory-like NK cells are derived from
NKG2C*CD57" NK cells and take at least several months to
significantly accumulate and constitute the memory-like NK
cell pool after primary CMV infection.

In addition to NKG2C* NK cells, t-SNE analysis identified
higher frequencies of NKG2C* of T cells and y8 T cells with
NKRs and highly cytotoxic profiles in viremic patients.
NKG2C* Tcells and triple cytotoxic y8 T cells demonstrated a
peak of Ki67 expression at ~1 wk postviremia and increased
over the time course, indicating that these T cells, as well as
prememory-like NK cells, respond to CMV infection. This find-
ing is strengthened by the observation that these cytotoxic lym-
phocytes did not increase in NV patients. The frequency of
NKG2C* T cells is reported to be high in CMV-seropositive
healthy donors and hematopoietic stem cell transplant patients
who experienced CMV reactivation (18, 30). As NKG2C* T
cells have the capacity to proliferate in response to different
pathogens (31), CMV is one of the pathogens that can drive an
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expansion of NKG2C* T cells. Among y5 T cells, Vy9"°¢V52P>
T cells have been shown to increase and highly express cytotoxic
molecules in CMYV infection (32, 33). The triple cytotoxic yd T
cells identified in our study may contain Vy9"®®V§2P* T cells
considering the similar phenotypes and kinetics observed.
NKG2C* T cells and cytotoxic y8 T cells can be activated via
NKRs, which have modulatory functions on proliferation and
cytolytic activity, independent of TCR signaling (31, 34). Previ-
ous studies and our data imply that NKG2C* T cells may be
driven via innate-like pathways in CMV infection, although
some of the NKG2C* T cells might also harbor CMV-specific T
cell receptor (TCR) signaling (35). Intriguingly, R+ viremic
patients exhibited a relatively early cellular response of these
three cytotoxic lymphocytes compared with R- viremic patients.
That indicates that these cytotoxic lymphocytes may have a sig-
nature of being susceptible to inflammatory cytokines or a
memory-like signature that enables them to quickly respond to
CMYV rechallenge compared with naive cells. In fact, NKG2C*
Tcells and yd T cells can be expanded by interleukin-15 (IL-15)
(31, 36). Adaptive y8 T cell subsets have been shown to clonally
expand in CMV infection (32, 37). Moreover, we observed that
a combinatorial interplay of these cytotoxic lymphocytes was
found in a proportion of CMV viremic patients. Furthermore,
such patients possessed ADCC-competent anti-gB antibodies
as shown by an LacZ CD16 reporter assay, highlighting that
adaptive innate immunity to viral infection is linked with
humoral immunity. Considering the preferential CD16 expres-
sion on cytotoxic T cells, NKG2C™" T cells, and triple cytotoxic
vd Tcells, as well as prememory-like NK cells, anti-gB antibod-
ies might augment these immune responses to CMV infection
in R+ patients (17). Further studies are warranted to explore
the interplay between innate and adaptive immune cells in vire-
mic patients. Age and genetics may be important modulators,
as NKG2C copy number and variants have been predicted to
impact immune responses to CMV (38-40). Intriguingly, eleva-
tion of anti-gB antibodies was not observed in the R- viremic
patients. It is plausible that the initiation of humoral immune
responses to primary CMV infection might be suppressed by
the immune-suppressive therapy, whereas preexisting antibody-
producing cells could be activated even under the immune
suppression.

In summary, this study first identifies in depth the in vivo
kinetics of NK cell immune responses to primary vs. reactiva-
tion of CMYV, revealing dynamic changes within the
NKG2C*CD57" NK cell subset depending on FceRlIy expres-
sion over CMV infection in kidney transplant patients. We also
identified NKG2C* T cells and triple cytotoxic y8 T cells, as
well as NKG2C*CD57+ NK cells, combinatorially responding
to CMV infection. Although this study has a limitation to estab-
lish links with clinical outcome because of the enrolled sample
size, pretransplant NKG2C* NK cells have been suggested to
have a protective role to CMV viremia (41, 42). Given that all
viremic patients, except one patient, overcame viremia and
prevented graft rejection, the phenotypic features of cytotoxic
lymphocytes in the current study can be related to immune pro-
tection against CMV infection rather than immunopathology of
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graft injury. Prospective studies comprehensively analyzing the
in vivo kinetics of cytotoxic lymphocytes in kidney transplant
patients, including patients undergoing graft rejection, are war-
ranted to assess immunological features in the clinical manage-
ment of these patients.

Materials and Methods

More details of the materials and methods are presented in S/ Appendix,
Supplemental Materials and Methods.

Study Population and Clinical Data. We analyzed 83 samples of 27 kidney
transplant patients collected over the time course. The longitudinal study con-
sisted of CMV viremic patients (n = 11) and NV patients (n = 9). Clinical charac-
teristics are summarized in S/ Appendix, Table S1. Blood sampling in viremic
patients had five collecting time points: day 0 (before kidney transplantation),
previremia (before viremia), ~1 wk after diagnosis, ~1 mo postviremia, and
long-term postviremia (>1 mo after diagnosis). For patients who developed
viremia at a late phase of transplantation, we sampled four time points: pre-
viremia, ~1 wk, ~1 mo, and late (>1 mo) postviremia. As controls for patients
who developed viremia, NV patients had three collecting time points: day 0
and ~90 and ~180 d after transplantation. Individual sampling schedules are
described in Fig. 1. Written informed consent was obtained from all the
patients. The study was conducted in accordance with the principles of the
Helsinki Declaration and was approved by the University of California, San
Francisco (UCSF) Institutional Review Board (21-34669).

CMV Protocol and Definitions. Standardized protocols for blood collection,
processing, and storage were implemented at UCSF. Recipients were screened
routinely to detect CMV viremia by PCR during CMV prophylaxis (0 to 3 mo for
R+, 0 to 6 mo for R-) and at the time of discontinuation of CMV prophylaxis
(baseline). Scheduled study blood draws were done at baseline and at 12 and
24 mo posttransplantation. In addition, at the time of positive clinical testing
results by CMV PCR, samples were collected at 1 ~wk and ~1 mo after positive
PCR test results. We selected these time points for profiling as previous studies
from our team indicated that CMV-specific CD4* and CD8" T cells are detected
in the circulation within 7 d after the peak of CMV replication (43). Further-
more, continued T cell responses in the absence of viremia reflect large and
long-lasting changes in the memory compartment that justify profiling sam-
ples collected at 12 and 24 mo posttransplantation (44). A positive CMV PCR
test is defined as a result >137 IU/mL, as specified by the manufacturer. At this
relatively low level of CMV PCR positivity, clinicians may sometimes observe a
patient without treatment intervention; however, we have chosen this thresh-
old for definition of infection or reactivation because we anticipate that the
protective immune response will be assessable at this time point (45).

Statistical Analysis. Comparison of longitudinal changes of lymphocyte sub-
sets was performed using the Student’s t test. Details are described in figures.
Statistical significance was defined as P < 0.05 with a two-tailed test. All statis-
tics analyses were performed using the R software 3.6.1 (The R Foundation for
Statistical Computing).

Data Availability. All study data are included in the article and/or S/ Appendix.
Mass cytometry data have been deposited on Mendeley Data, https:/data.
mendeley.com/datasets/fnbvcyf223/1.
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