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Abstract

CD8™ T cells are critical mediators of adaptive immunity but may also exhibit innate-like
properties such as surface expression of NKG2C, an activating receptor typically associated with
natural killer (NK) cells. We demonstrate that, similar to NK cells, NKG2C*TCRaB*CD8* T cells
are associated with prior human cytomegalovirus (HCMV) exposure. In addition to expressing
several NK cell markers such as CD56 and KIR, NKG2C*CD8* T cells are oligoclonal and

do not upregulate PD-1 even in response to persistent activation. Furthermore, we found that
NKG2C*CD8* T cells from some individuals exhibited strong effector function against leukemia
cells and HCMV-infected fibroblasts, which was dictated by both NKG2C and TCR specificity.
Transcriptomic analysis revealed that the transcription factor BCL11B, a regulator of T cell
developmental fate, is significantly downregulated in NKG2C*CD8" T cells when compared to
conventional NKG2C~CD8* T cells. BCL11B deletion in conventional CD8* T cells resulted in
the emergence of a similar innate-like CD56*CD94*DAP12*NKG2C*CD45RA*CCR7-PD-1~/low
T cell population with activity against HLA-E* targets. Based on their intrinsic capacity to
recognize diseased cells coupled with lack of PD-1 induction, NKG2C*CD8™" T cells represent

a lymphocyte population that resides at the boundary between innate and adaptive immunity,
presenting an attractive alternative for cellular therapy, including CAR T-based therapies.
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One sentence summary:

NKG2C*CD8* T cells, found in 40% of HCMV-seropositive individuals, have lost BCL11B
expression and adopt an innate-like identity.

Introduction

Few pathogens leave as large an imprint on the immune system as human cytomegalovirus
(HCMV)(1), which infects all populations with a 50-100% penetrance(2). In healthy
individuals, natural killer (NK) and T cells play complementary roles in maintaining HCMV
in a latent state. HCMV downregulates classical HLA class | expression on the infected
cell, impairing T cell recognition, but potentially increasing its susceptibility to NK cell
surveillance(3). T cell responses are critical for resolving and preventing HCMV disease(1).
Conventional T cell immunity against HCMV includes cytotoxic targeting of infected cells
followed by clonal expansion, differentiation, establishment of memory, and recall of virus-
specific subsets(4). Because of the latent nature of HCMV infection, it is likely that certain
HCMV antigens are periodically shed, resulting in lifelong accumulation of virus-specific T
cells, with one or a few clones capable of populating up to 30% of the entire T cell memory
pool(5).

In addition to T cell responses, cytomegalovirus-specific NK cell responses have been
identified in both mice and humans, and in the former are characterized by increased
cytotoxicity and early production of IFN-vy, followed by clonal expansion and recall of
virus-specific subsets(6). In humans, the non-classical HLA-E molecule is the ligand for
both the activating CD94/NKG2C and the inhibitory CD94/NKG2A heterodimers, which are
nearly mutually exclusive in their cell surface expression. HLA-E expression is increased by
HCMYV infection(7) through stabilizing presentation of HCMV-derived UL40 peptides(8),
potentially explaining the expansion of NK cells expressing NKG2C(9, 10). NKG2C*

NK cells are educated by self-HLA-specific inhibitory killer I1g-like receptors (KIR) and
expand during primary and secondary infection, but only in some individuals(11). NKG2C
expression marks a subset of mature (CD57%) NK cells labeled “adaptive NK”, which are
deficient in the FceRIy chain, the transcription factor PLZF, and the signaling molecules
Syk and Eat-2(11). Adaptive NK cells display a heightened response to HCMV, triggered by
antibody-dependent cellular cytotoxicity, but can still be inhibited through KIR engagement
of HLA class I ligands and are hyporesponsive to a broad set of targets(12).

Over the past two decades, the distinction between innate and adaptive immunity has
become blurred. In mice, bacterial and viral pathogens can stimulate innate-like T cells(13).
In humans, some individuals harbor TCRap*CD8* T cells expressing molecules typically
associated with NK phenotypes: CD56, ILT2, KIR(14, 15), and NKG2A or NKG2C
receptors(10, 16). NK-like TCRaB*CD8* T cells seem to be HLA-E-restricted with a
strong bias in TCR repertoire(17). Stimulation with HLA-E-expressing targets leads to
proliferation and cytotoxicity of NKG2C* T cells, illuminating alternative pathways for

T cell activation(16). A potential clinical benefit to the NKG2C™* T cell population has

been observed in humans infected with Mycobacterium leprae, where NKG2C marks a
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subset of CD8* T cells with superior antimicrobial capacity compared to other CD8* T cell
subsets(18).

Here, we show that in HCMV-seropositive individuals, an expanded population of CD8*

T cells expresses NKG2C and acquires an NK-like genetic signature and phenotype.

These NKG2C*CD8* cells downregulate genes associated with a T cell identity, the most
prominent of which encodes the transcription factor BCL118. NKG2C*CD8* T cells have
a restricted TCR repertoire with preferential use of the VB chain TRBV-14. NKG2C*CD8*
T cells can be activated by HLA-E engagement and, in those individuals with TRBV-14
TCR restriction, demonstrate high efficiency killing of a set of tumor cells via both the
TCR and NKG2C engagement. Despite expansion in response to chronic stimulation, this
population does not upregulate PD-1. Together, our data suggest that in humans, HCMV
exposure gives rise to the expansion of a BCL11B/""NKG2C*CD8" T cell population with
an NK phenotype and broad immune surveillance capacity. The innate ability of these cells
to respond to infected target cells and tumor cell lines reveals an opportunity for adoptive
cellular therapy.

Results

NKG2C*CD8* T cells are associated with HCMV seropositivity in healthy donors

To quantify the NKG2C*CD8* T cell population in humans, we analyzed peripheral blood
from 331 healthy subjects. Of these individuals, 212 (64%) were HCMV-seropositive. In line
with previous findings(9, 16), we observed in some individuals that both T cells (TCRap)
and NK cells express NKG2C. The presence of an “adaptive” FceRIy"NKG2C* NK cell
population, was associated with HCMV-seropositivity of the donor (Fig. 1A). Likewise,
among T cells, NKG2C*CD8* T cells were also associated with HCMV-seropositivity.
41.5% of HCMV-seropositive donors exhibited an expanded population of NKG2C*CD8*
T cells (Figure 1B), as defined by a frequency threshold greater than 2% of total CD8* T
cells. All donors (except for three individuals lacking KLRCZ, the gene encoding NKG2C)
had a detectable NKG2C*CD8* T cell population, however this frequency never surpassed
2% of the total CD8" T cell population in HCMV-seronegative individuals. In contrast,
41.5% of HCMV-seropositive individuals exhibited NKG2C*CD8* T cells with frequencies
ranging from 2.6% to 27.8% of the total CD8* T cell population (Fig. 1C). The highest
population frequency was observed in individuals homozygous for KLRCZ (Fig. 1D).
Among all HCMV-seropositive donors tested, 137 (65%) displayed expansion of a NKG2C*
population within NK or T cells. Of these individuals, 36.5% had expansion in NK cells
only, 29.2% in CD8* T cells only and 34.3% in both lymphocyte populations (Fig. 1E). The
age of the donor did not influence the magnitude of the population (Fig. S1A). Notably,

in individuals with an expanded NKG2C*CD8* T cell population, NKG2C expression was
absent on CD8* T cells specific for the HCMV-derived antigen pp65 (Fig. S1B). When
analyzed for specific reactivity against the five most recognized HCMV open reading
frames (ORFs) by CD8" T cells(5), NKG2C*CD8* T cells showed no specific activation
(Fig. S1C). Therefore, the presence of a CD8* T cell population expressing NKG2C was
independent of the presence of an NKG2C* NK population. Furthermore, the expansion of
the population is variable and age-independent between individuals, and antigen specificity
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among NKG2C*CD8™ T cells is not related to the most common HCMV peptides that
dominate canonical CTL response(5, 19, 20).

To provide further evidence of the association between NKG2C*CD8* T cells and HCMV
infection, we retrospectively examined patients who received allogeneic hematopoietic cell
transplantation with umbilical cord blood, a clinical setting with a common incidence of
HCMYV reactivation (Table S1). Frequent and systematic surveillance post-transplantation
for viral reactivation coincidentally allowed us to detect the emergence and expansion of
NKG2C*CD8* T cells, and to define a temporal relationship with HCMV reactivation.

We identified clear expansion of NKG2C*CD8* T cells in patients following documented
HCMYV reactivation, but no expansion was observed in patients who did not experience
HCMYV reactivation (Fig. 1F). From the serology studies of healthy individuals and from the
immune reconstitution data from transplant recipients, we conclude that the expansion of an
NKG2C*CD8* T cell population is associated with HCMV infection.

NKG2C*CD8* T cells are PD-1-negative and resemble NK cells

Further phenotyping of NKG2C*CD8™" T cells revealed that in the majority of donors
tested, NKG2C*CD8* T cells co-expressed CD56. We found no NKG2C-expressing cells
among CD4" T cells (Fig. 2A). When analyzed for inhibitory receptor surface expression,
NKG2C*CD8* T cells contained a higher frequency of KIR2DL1/S1-, KIR2DL2/L3/S2-
and KIR3DL1-expressing cells compared to conventional NKG2C~CD8™ T cells and to
NKG2A*CD8* T cells (Fig. 2B-C). There was no evidence for skewing of KIR expression
based on self-HLA class | ligands, except a slight bias for higher KIR2DL1 expression in
individuals homozygous for HLA-C allotypes expressing the C2 epitope (C2/C2) compared
to individuals homozygous for the C1 epitope (C1/C1).

Assessment of T cell differentiation markers revealed that the NKG2C-expressing
population is CD45RA*CD45R0O~CD28~CD27-CCR7-CD57*IL7R!*W/~ potentially
resembling terminally differentiated Tgpra cells. The CD8* population co-expressing
NKG2A and NKG2C exhibited a phenotype similar to the NKG2C* cells (Fig.

2D). In contrast, NKG2A*CD8" T cells resembled central memory T cells
(CD45RA-CD45R0O*"CD28*CD27*CCR7*CD577IL7R™). Interestingly, the small fraction
(<2%) of NKG2C* cells from HCMV-seronegative individuals retained CD27 surface
expression, suggesting that this population had not been exposed to antigen-induced
activation and expansion (Fig. S2A-B). Of note, the total NK population (predominantly
composed by CD569M cells) exhibited the same expression pattern as the NKG2C*CD8*
T cells for the T cell differentiation markers described above, suggesting that the
NKG2C*CD8* T population is either a true Tgpra population or that it is NK-like (Fig.
S2C). The frequency of NKG2C*CD8* T cells expressing KIR2DL1/S1, KIR2DL2/L3/S2
or KIR3DL1 was comparable to frequencies found in NK cells and much higher than in the
naive (CD45RA*CCRT7*) or Temra (CD45RAYCCR77) populations (Fig. S2D-E).

Because classic Tepmra cells are a terminally differentiated population that is more
likely than other T cell populations to express exhaustion markers and to have impaired
proliferative capacity(21), we investigated if NKG2C*CD8* T cells exhibited the same
features. We found that the overwhelming majority of NKG2C*CD8* T cells were
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negative for the immune checkpoint molecule PD-1 at rest, a notable distinction when
compared to their NKG2C~CD8™ T cell counterparts (Fig. 3A-B). Despite differences in
surface expression of PD-1, NKG2C*CD8* cells display similar proliferation kinetics to
NKG2C~CD8* T cells after one week of CD3/CD2/CD28 stimulation /7 vitro. Nevertheless,
the majority of NKG2C*CD8" T cells remained PD-1°" in every mitotic generation, in
contrast to conventional CD8" T cells which upregulated PD-1 expression upon activation
(Fig. 3C). Lack of PD-1 expression despite repetitive activation suggests the NKG2C*CD8*
T cell population may therefore phenotypically resemble NK cells more than Tepmgra.

NKG2C*CD8* T cells acquire NK cell transcriptional features and downregulate a BCL11B-
dependent transcriptional program.

The intriguing mixture of NK-like features within the NKG2C*CD8* T cell subset implies
these cells may possess a transcriptional signature distinct from conventional CD8* T cells.
We performed whole transcriptome analysis on paired samples of NKG2A~"NKG2C*CD8*
T cells (NKG2C*CD8%) and NKG2A™NKG2C~CD8" T cells (DN CD8* T) obtained from
the peripheral blood of five healthy HCMV-seropositive donors. NKG2C* and DN CD8* T
cells defined transcriptionally distinct populations (Fig. 4A). Gene set enrichment analysis
revealed that NKG2C*CD8* T cells are enriched for transcription of genes associated with
the "NK cell-mediated cytotoxicity" pathway, indicating that NKG2C*CD8" T cells have

a strong NK cell-like signature (Fig. 4B). When the analysis was focused specifically on
genes commonly associated with NK or T cell identity, NKG2C*CD8" T cells demonstrated
higher expression of genes classically associated with NK cells and lower expression of
genes associated with T cells when compared to DN CD8" T cells (Fig. 4C). The finding of
a prominent NK signature enrichment validates the phenotypic similarities between NK cells
and NKG2C*CD8™" T cells and suggests shared biological functions.

Among the top 10 differentially expressed (DE) genes between the two populations, was

the gene encoding the transcription factor (TF) BCL11B (Fig. 4A). Among TFs, BCL11B
was found to be the highest DE gene (Fig. 4D). Bcl11b, expressed in all T cell subsets

and progenitors in mice, initiates progenitor cell commitment to the T cell lineage prior

to TCR expression and regulates key processes of T cell function and survival(22). As

a master regulator of T cell fate, Bcl11b controls a transcriptional program that actively
prevents development of lymphocytes towards an innate NK-like phenotype(23). The finding
that NKG2C*CD8* T cells in humans exhibit significantly decreased BCL 11B transcripts
suggests that this cell population has lost T cell identity during development.

To determine if BCL11B loss in human NKG2C*CD8* T cells results in a transcriptional
program that diverts T cells to an NK fate, we converted the murine genes known to

be differentially expressed between Bc/11b-knockout and wild-type CD8* T cells(22)

to their human orthologs and compared them to the DE genes between NKG2C*CD8*
and conventional (DN CD8") T cells (Fig. 4E). Using this approach, we find that the
pattern of Bc/11b-dependent genes, both upregulated and downregulated, is recapitulated
in humans when NKG2C*CD8* T cells are compared to conventional CD8* T cells (Fig.
4F). Thus, the induced adoption of an NK phenotype in T lymphocytes following deletion
of Bcl11bin mice occurs naturally in the human NKG2C*CD8* T cell population. We
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then confirmed by intracellular staining that NKG2C*CD8* T cells have significantly less
BCL11B protein compared to conventional CD8* T cells. Moreover, the low levels of
BCL11B in NKG2C*CD8* T cells are comparable to those observed in NK cells from the
same donors (Fig. 4G).

To assess how much of the unique gene signature observed in NKG2C*CD8* T cells

can be attributed to a putative Tgpmra State or if loss of BCL11B has triggered “NK
reprogramming”, we first derived an “NK signature,” comparing gene transcripts from

NK cells (sorted on CD56*CD3"NKG2A~NKG2C™) with those of autologous DN CD8*
T cells. Compared to the DN CD8* T cells, NKG2C*CD8™" T cells showed significantly
higher expression of genes associated with an “NK signature” (Fig. S3A-B). We then
derived a “TgmRra Signature,” taking advantage of previously published transcriptome data
from Tgpmra cells(24) and comparing it to our newly generated RNA-seq datasets from
DN CD8* T cells and NKG2C*CD8* T cells. We did not observe a clear pattern of
expression for DE genes in the NKG2C*CD8" vs. DN T cell population that are part of

a Temra Signature (Fig. S3B-C). Furthermore, NKG2C*CD8™" T cells exhibit significantly
less BCL11B protein than classic NKG2C~CD45RA*CCR7 Tgmra cells, again closer to
the low BCL11B expression seen in NK cells (Fig. S3D). Taken together, our data show
that NKG2C*CD8* T cells and NK cells appear phenotypically and transcriptionally closely
related and that the dramatic downregulation of BLC11Bin NKG2C*CD8* T cells and
loss of its downstream transcriptional effects likely account for its adoption of an NK-like
identity.

BCL11B deletion promotes the in vitro generation of NKG2C*CD8* T cells.

NKG2C*CD8* T cells display a pronounced downregulation of BCL11B both at the
transcription and protein level. To explore the potential role of BCL11B in the generation
of the NKG2C*CD8* T cells we isolated CD56"NKG2A™NKG2C"KIRCD3*CD8* T
cells from two different HCMV-seronegative individuals and nucleofected these cells with
CRISPR/Cas-9 ribonucleoproteins (RNPs) containing either sgRNASs targeting BCL11B
for knockout (KO) or an irrelevant control sgRNA. Maximum protein loss, as measured
by flow cytometry, was achieved after 14 days in culture for both donors (Fig. 5A).
Nucleofected control and BCL11B KO cells were expanded using either CD3/CD2/CD28
beads or the K562 cell line expressing HLA-E with the HLA-G*01 leader sequence peptide
(VMAPRTLFL) which is homologous to a high-affinity HCMV UL-40 peptide(8). The
cell line also expresses membrane bound IL-21 (mblIL21) which enhances resting T cell
proliferation in vitro and promotes antigen-specific CD8" T cell expansion in vivo(25).
Following deletion of BCL11Bin conventional CD8" T cells, we observed a striking
increase in the frequency of cells expressing CD56, a surface marker classically associated
with NK cells, when compared to the control cells under both stimulation conditions (Fig.
5B). Further analysis stratifying the cells for CD45RA and CCR7 expression showed a
preferential expansion of CD45RA*CCR7™ cells upon BCL 118 deletion, not observed

in the control cells (Fig. 5C). BCL11B KO cells also failed to upregulate PD-1 to the
same extent as control cells following stimulation (Fig. 5D). Strikingly, after 4 weeks of
stimulation with K562 mbIL21 HLA-E:VMAPRTLFL, NKG2C* cells emerged in the CD8*
T cell population deleted for BCL11B. DAP12 is the adaptor molecule that associates
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with NKG2C to initiate the activation signal; not surprisingly, DAP12 was also induced on
CD8* T cells after 4 weeks of stimulation with K562 mblL21 HLA-E:VMAPRTLFL. In
contrast, NKG2C™* T cell expansion was not observed in control cells or in the BCL11B
KO cells stimulated with CD3/CD2/CD28 beads (Fig. 5E-F). The BCL11B"NKG2C* cells
degranulated and produced IFN-y against K562 HLA-E:VMAPRTLFL, in contrast to the
BCL11B™NKG2C" cells, which demonstrated no evidence of activation by degranulation
or by cytokine production (Fig. 5G). Our results provide evidence for a direct role of
BCL11B downregulation in promoting an NK-like pathway of differentiation in human T
cells, specifically inducing an NKG2C*CD8™" T cell phenotype that expands upon HLA-E
ligand stimulation.

NKG2C*CD8* T cells can be activated via NKG2C and TCR

To assess whether NKG2C triggers effector function in CD8* T cells, as it does in

NK cells(26), we stimulated NKG2C by plate-bound antibody. We detected increased
degranulation and IFN-y production in NKG2C*CD8* T cells, in contrast to NKG2C~CD8*
T cells where no significant increase was observed (Fig. 6A-B). Antibody triggering of

the activating receptors DNAM-1 and NKG2D, highly expressed on NKG2C*CD8* T

cells (Fig.S2F), or a combination of both did not induce a response (Fig. 6A-B). CD3
stimulation induced high amounts of degranulation and IFN-y production in both NKG2C~
and NKG2C*CD8™" T cells, indicating that TCR signaling was equally functional in both
populations (Fig. 6C-D). Importantly, even when CD3 was stimulated, NKG2C engagement
could still increase the IFN-y response among NKG2C*CD8* T cells (Fig. 6E-F). These
results demonstrate that NKG2C stimulation can induce cytotoxic and cytokine effector
functions, highlighting an alternative non-antigen-restricted pathway for activation of this

T cell population, in addition to their intact TCR signaling. Furthermore, co-triggering

of NKG2C and CD3 enhances CD8* T cell response beyond each individually, thereby
diversifying the responsiveness and broadening the activation potential of the cell.

NKG2C*CD8* T cells display potent anti-tumor and anti-HCMV effector functions mediated
by NKG2C and TCR specificity

Because NKG2C*CD8* T cells are expanded in HCMV-seropositive individuals, we
assessed their activation against human fibroblasts (HFs) infected with the TB-40E HCMV
strain(27). NKG2C*CD8™" T cells displayed strong reactivity to infected cells, compared

to NKG2C~CD8* T cells from the same individuals (Fig. 7A). NKG2C*CD8" T cells

were not reactive to uninfected cells. To determine if NKG2C*CD8* T cells are capable

of recognizing and killing target cells via NKG2C, we co-incubated them with K562
HLA-E:VMAPRTLFL. NKG2C*CD8* T cells robustly responded, as measured by CD107a
mobilization and IFN-y production, whereas the NKG2C~CD8* T cells did not (Fig.

7B). NKG2C*CD8™ T cells effectively killed K562 HLA-E:VMAPRTLFL compared to
NKG2C~CD8* T cells (Fig. 7C). Blocking NKG2C with an antibody against CD94, we
observed a significant reduction in CD107a mobilization and IFN-y production in the
NKG2C*CD8* T cell population against the target cell line, indicating contribution from
the receptor (Fig. 7D). In contrast, blocking NKG2D or DNAM-1 receptors, did not have
any effect (Fig. 7D). Complete blockade of NKG2C*CD8* T cell functionality could not be
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achieved, however, suggesting that a separate receptor, possibly the TCR, also contributed to
target cell recognition.

Based on these results, we analyzed TCR VP usage by NKG2C*CD8* T cells in six
individuals using a panel of 24 TCR V antibodies to stain the NKG2A*NKG2C™,
NKG2A™NKG2C* and NKG2A"NKG2C~ CD8* T cell subpopulations. In all individuals,
the majority of the NKG2C*CD8* T cells expressed one prominent TCR Vf chain, with
the population being strikingly dominant in four of the six individuals. In contrast, all
other CD8* T cell subpopulations, including those expressing NKG2A, demonstrated a
diversity of TCR VP usage (Fig. 7E). Interestingly, in 50% of individuals, we observed

a skewed distribution towards a single dominant VVf chain: TRBV-14. To determine

if other CD45RA*CCR7~ populations, including canonical Tgpra cells, demonstrate a
similarly narrow TCR VP chain repertoire, we analyzed TCR Vp chain usage in two
different individuals. We stratified the CD8" T cell population into canonical Tgpmra
(CD45RA*CCR77) and the NKG2C*CD8* population, and compared both to naive T cells
(CD45RA*CCRT7*). As expected, the NKG2C*CD8™ population exhibited the narrowest
TCR VB chain repertoire (Fig. S4A). Interestingly, NKG2C*CD8* T cells from HCMV-
seronegative donors, in which they are found at a low frequency (<2%), exhibited a
polyclonal repertoire comparable to that observed in NKG2C~CD8* cells from the same
individuals (Fig. S4B).

The sequence of CDR3 and the identity of the flanking V and J gene segments are widely
used to classify TCR variants(28). To identify unique CDR3 regions, we took advantage of
iPair next-generation sequencing technology to specifically amplify the productive a and B
TCR transcripts across the CDR3 in the NKG2C*CD8* T cells of three donors previously
analyzed by flow cytometry for TCR Vp usage. Sequencing of NKG2C*CD8" T cell clones
confirmed the predominance of single VB family usage within each donor (Table S2). Of the
21 productive CDR3 sequences identified in Donor 1, 19 (86%) showed 7RBWV-28 usage.
For donors 4 and 5, we also observed predominance of one VB use, with 26 of 29 clones
(90%) in donor 4 and 21 of 22 clones (95%) in donor 5 exhibiting 7RBV-14 usage.

Given the difference in TCR usage across donors, we investigated whether this variability
influenced recognition of a series of allogeneic acute myeloid leukemia (AML) cell

lines. While NKG2C*CD8* T cells from all donors tested were able to recognize K562
HLA-E:VMAPRTLFL (Fig. 7B-C), only those exhibiting TRBV-14 usage demonstrated
significantly higher killing capacity against all six leukemia cell lines compared to their
NKG2C~CD8* T cell counterparts (Fig. 7F). CD94 blockade reduced CD107a mobilization
and IFN-y production by NKG2C*CD8* T cells against the AML targets (Fig. S5A), all of
which displayed HLA-E surface expression (Fig. S5B). The lack of complete abrogation of
NKG2C*CD8* T cell functionality with CD94 blockade suggests non-overlapping activation
via a separate mechanism, such as the TCR. Recognition of the AML cells was specific to
the NKG2C*CD8™ population, as NKG2C~CD8" cells, both naive (CD45RATCCR7*) and
canonical Tgpmra (CD45RAYCCR77), displayed no response to the tumor targets (Fig. S5C).

To determine if the TCR was involved in the recognition of AML target cells, we
performed a TCR knockout using CRISPR/Cas-9 RNPs targeting the 7RAC locus from
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the three broadly reactive donors exhibiting an expanded NKG2C*CD8* T cell population.
After 4 days in culture, a proportion of both NKG2C~ and NKG2C™ cells had lost

surface TCRaf expression, as assessed by flow cytometry (Fig. 7G). Loss of TCRa

did not lead to significant reduction in CD107a mobilization and IFN-y production by
NKG2C*TCRaB~CD8* T cells against the K562 HLA-E:VMAPRTLFL target cell line.
This indicates that the intact NKG2C receptor on these cells was potently activated by the
peptide VMAPRTLFL, as previously found for NKG2C* NK cells(8), and that the TCR is
not specific for this UL-40 derived HCMV sequence (Fig.7G). Loss of HLA-E expression
on the target cells completely abrogated the functional response of the NKG2C*CD8*

T cells, confirming activation occurs through NKG2C:HLA-E engagement (Fig.7G). In
contrast, loss of TCRaf in NKG2C*CD8* T cells led to partial abrogation of the reactivity
against the AML cell line THP-1, indicating contribution of the TCR receptor to target cell
recognition (Fig.7G).

To determine whether the TCR of NKG2C*CD8* T cells has specificity for HLA-E-

bound peptides, HLA-E*01:03 tetramers folded with VMAPRTLIL, VMAPRTLVL or
VMAPRTLFL were used to stain CD8" T cells from 5 different donors, in the presence

of anti-CD94 mAb to prevent binding of the NKG2A/NKG2C receptors to the HLA-E
tetramer. The VMAPRTLIL, VMAPRTLVL, and VMAPRTLFL peptides are present in

the leader sequence of the UL40 protein derived from different HCMV strains, but they

are also part of the leader sequence of various HLA class | alleles(29). The majority of
TCR* cells from donor 2, 4 and 5 showed binding to the HLA-E tetramer folded with the
VMAPRTLIL sequence, while equivalent cells from donors 3 and 5 did not show significant
tetramer binding (Fig. 7H). Of note, donors 2, 4 and 5 were the same donors that displayed a
dominant TRBV-14 V chain usage and broad recognition of several AML targets. Analysis
of the HLA genotype of donors and target cells (Table S3) revealed that VMAPRTLIL is a
non-self peptide for donors 2, 4 and 5, due to its absence in their HLA-C alleles. In contrast,
donors with HLA-C alleles exhibiting the VMAPRTLIL peptide (donors 3 and 6) failed

to generate CD8™ T cells specific for the self-peptide (Fig. 7H) and did not functionally
react against the allogeneic AML targets. Therefore, in some individuals with expansion

of NKG2C*CD8* T cells, the TCR is HLA-E-restricted and recognizes HCMV-derived
peptides but only if they are homologous to non-self HLA peptides.

Like NK cells, the NKG2C*CD8" T cell population expresses KIR receptors (Fig. 2B-C).
To investigate if functional inhibition is mediated by KIR, we co-incubated KIR2DL2/
L3*NKG2C*CD8" T cells with the HLA A-B-C-deficient cell line 721.221, and a 721.221
transfectant expressing the HLA-C1 ligand Cw*03. NKG2C*CD8* T cells responded to
wild-type 721.221 cells (Fig. S5D) via HLA-E recognition (Fig. SSE-F). Presence of the
KIR2DL2/L3 cognate ligand HLA-Cw*03 on the target cell, however, abolished CD107a
mobilization and IFN-y production by NKG2C*CD8" T cells, similar to KIR2DL* NK
cell response from the same individuals (Fig. S5D), indicating that KIR receptors are fully
functional in the T cell and can mount an inhibitory signal upon binding to its HLA ligand.

Overall, TCR studies of the NKG2C*CD8* T cell population establish that in some
HCMV-seropositive individuals, the NK-like T cells undergo substantial clonal expansion /n
vivo, frequently bearing a TRBV-14-derived TCR that targets a non-self HLA-E-presented
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peptide. Combined with the broader recognition of HLA-E through co-expressed NKG2C,
NKG2C*CD8* T cells from these individuals display greater cytotoxic potential compared
to conventional CD8* T cells.

NKG2C*CD8* T cells proliferate in response to HLA-E and represent a platform for CAR-T
cell manipulation

We next examined if HLA-E specifically induces proliferation of NKG2C*CD8* T

cells by co-incubating peripheral blood mononuclear cells (PBMC) with K562 HLA-
E:VMAPRTLFL cells. Following one week of stimulation, an increase in the frequency

of NKG2C*CD8* T cells could be observed, indicating preferential expansion of the cell
population (Fig. 8A). Co-incubation of NKG2C*CD8* T cells with the K562 mblL21
HLA-E:VMAPRTLFL also induced expansion of the NKG2C*CD8* T cell population (Fig.
8A), 1000-fold after 28 days of stimulation (Fig.8B). Responder frequency and division
index were also higher among NKG2C*CD8* T cells in response to both K562 HLA-
E:VMAPRTLFL and K562 mbIL21 HLA-E:VMAPRTLFL, compared to NKG2C~CD8* T
cell counterpart, whereas there was no difference between the two populations following
CD3/CD2/CD28 stimulation (Fig. 8C). After a 7-day stimulation with either CD3/CD2/
CD28 beads or K562 mblL21 HLA-E:VMAPRTLFL, NKG2C*CD8* T cells acquired
surface expression of CD45R0 (Fig. S6A-B) and maintained higher capacity to degranulate
and produce IFN-y compared to the NKG2C~CD8™ T cell counterpart (Fig. S6C-D). Taken
together, our data demonstrate that HLA-E on the target cell can provide an extrinsic signal
for selective proliferation.

Having demonstrated rapid and extensive expansion upon HLA-E stimulation,
NKG2C*CD8* and NKG2C~CD8* T cells from one donor were isolated and, after two
weeks of expansion using K562 mblL21 HLA-E:VMAPRTLFL, they were transduced with
the CD19-specific CAR construct 1928z(30). When co-cultured with the CD19-expressing
target cell line NALM-6 the 1928z2-NKG2C*CD8™ cells demonstrated higher killing
capacity than their 1928z-NKG2C~CD8" T cell counterpart, particularly at low effector

to target (E:T) ratios (Fig. 8D). In contrast to 19282-NKG2C~CD8* T cells, the 1928z-
NKG2C*CD8* T cells did not upregulate PD-1 (Fig. 8E). Basal NALM-6 recognition

by non-transduced NKG2C*CD8* T cells was also higher compared to non-transduced
NKG2C~CD8* T cells, due to activation trough recognition of HLA-E expressed on the
NALM-6 targets (Fig. 8F-G). These results illustrate the greater cytotoxicity potential of
the NKG2C*CD8* T cells against a tumor target and its amenability for cell engineering
without the limitation of cell exhaustion.

Discussion

There is now increasing evidence to challenge the concept that clear phenotypic and
functional distinctions exists between the innate and adaptive immune cell populations.

It has long been observed that T cells can express the NK-associated KIR and NKG2A
receptors(14-16), although their functions remain unclear. A CD8* T cell subset expressing
the NKG2C receptor has previously been observed(31, 32), suggesting that the NKG2C may
constitute an alternative T-cell activation pathway(16). The origin of NKG2C*CD8" T cells,

Sci Immunol. Author manuscript; available in PMC 2022 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sottile et al.

Page 11

the factors leading to their expansion, and the functional peculiarities of this lymphocyte
population, however, have largely been unexplored.

Expanded in the peripheral blood of healthy HCMV-seropositive individuals, these
“unconventional” NKG2C™ T cells are already committed to the CD8-single positive stage
of T cell development, but have lost expression of the transcription factor BCL11B and have
become phenotypically and functionally similar to NK cells. While NKG2C*CD8* T cells
may exist in the peripheral blood of healthy HCMV-seronegative individuals, their frequency
notably remains below 2%. Together with the observation that the population expands in

the setting of HCMV reactivation following allogeneic hematopoietic cell transplantation,
these findings strongly indicate that HCMV infection is the primary stimulus leading to the
expansion of the innate-like NKG2C*CD8* T cells.

Despite the likelihood that both NKG2C* NK and T lymphocytes can expand upon HCMV
infection or reactivation, there is no apparent correlation between expansion of one NKG2C*
lymphocyte population with the other. Furthermore, it is not clear why some individuals
exclusively develop NKG2C*NK cells or NKG2C*CD8* T cells and why some expand

both populations or neither. It is evident, however, that NKG2C*CD8* T cells occur

at the highest frequency in HCMV-seropositive individuals homozygous for the NKG2C
gene KLRC2, as previously seen for NK cells(33). Accordingly, the frequency of HCMV
reactivation is higher among recipients of hematopoietic cell allografts from donors negative
for KLRC2(34). While initial expansion of the NKG2C*CD8™ T cells may occur via

TCR engagement in response to primary HCMV infection, repeated expansion of the

cell population would likely follow lifelong recurrences of HCMV reactivation. Activation
via co-expressed NKG2C may provide additional protection from HCMV reactivation and
disease.

The T cell response to HCMV is known to be robust and directed against many peptides

of the virus(35). Prior studies have primarily focused on pp65-specific T cells, but

the presentation of non-pp65 epitopes may stimulate expansion of alternative T cell
subpopulations such as NKG2C* CD8* T cells. Selective expansion of NKG2C* CD8*

T cell clones may be related to viral strain and peptide presentation by HLA-E(8), which
also presents leader peptides of HLA class | molecules(36). Variation in viral strain has been
proposed as a reason for expansion of NKG2C* NK cells; however, this alone would not
explain why one lymphocyte population (NK vs T cell) and not the other would expand

in the same individual, when both populations express the same receptor. Specificity of the
co-expressed TCR on the NKG2C*CD8* T cell therefore likely plays a role, a hypothesis
supported by the observation that the expanded population of NKG2C*CD8* T cells is
highly oligoclonal. Together with the finding that the small fraction of NKG2C*CD8*

T cells found in HCMV-seronegative individuals is polyclonal, these results support the
concept of a strong selective and antigen-driven TCR expansion occurring among NKG2C*
T cell clones in HCMV-infected individuals.

Expression of inhibitory KIR2DL1, KIR2DL2/L3 and KIR3DL1 receptors is evident
on NKG2C*CD8* T cells, consistent with previous reports of KIR expression on
terminally differentiated (CD45RA*CD57*CCR7-CD27-CD287IL7R™) CD8" T cells(15,
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37). NKG2C™* adaptive NK cells preferentially express self-HLA-specific inhibitory KIR. In
a previous study on total CD8* T cells, self- and nonself-specific KIR appear to be randomly
distributed (15). In contrast, we found a higher frequency of KIR2DL1*NKG2C*CD8* T
cells in C2/C2 individuals compared to C1/C1 individuals, suggesting a modest self-KIR
bias. In our study and in line with previous observations on other T cell subsets(38), the
KIR*NKG2C*CD8" T cell population can be functionally inhibited by cognate HLA class-I
molecules expressed on the target cell, indicating that a self-regulating mechanism to control
TCR responses exists possibly to avoid cross-reactivity against self-antigens.

Ex vivo phenotype analysis reveals that NKG2C*CD8™ T cells seemingly resemble

the Tepmra subset, a classification of memory CD8* T cells associated with chronic
infections, including HCMV/(39). We observed, however, that NK cells show the same
expression pattern for the markers commonly used to classify Temra cells, indicating
that this phenotype could be associated with the overall T to NK cell shift rather than a
terminally differentiated T cell status. Indeed, after prolonged stimulation, NKG2C*CD8*
T cells can acquire expression of CD45R0O. Furthermore, the transcriptional profile of
classic Tgpra cells is distinct from that observed in NKG2C*CD8* T cells, which are
more transcriptionally related to NK cells. In the setting of chronic viral infections or
malignancies, cellular immunity may be impaired due to the upregulation of cell surface
exhaustion molecules, such as PD-1. In our study, absence of PD-1 expression is an
exceptional feature of the NKG2C*CD8* T cell, suggesting a TCR with low affinity

and avidity, as has been reported for melanoma-specific CD8* T cells with low PD-1
expression(40, 41). This characteristic could be critical to ensure long-term proliferation and
survival of NKG2C*CD8" T cells(42).

We unexpectedly found that the transcription factor BCL 118 is markedly downregulated

in NKG2C*CD8™" T cells. Bcl11b is a zinc-finger transcription factor required for the
development of T cells in mice(43) and is first expressed at the CD4~CD8™ stage of T cell
development. Germline deletion of Bc/11b leads to decreased sensitivity in T cells to Notch
signaling and differentiation into NK cells(44). Paradoxically, as NK cells differentiate,
BCL11B expression increases, together with several genes associated with T cell signaling
(e.g., CD3D, CD3E, CD5, CD6, THEMIS), with the highest BCL11B expression evident in
the NKG2C* “adaptive” subset (45). Thus, T cells can be reprogrammed into NK cells via
BCL 11B deletion, while NK cells may acquire T cell features via BCL11B upregulation,
reinforcing a model that the identities of NK and T cell subpopulations are governed by
reciprocal BCL11B-dependent gene programs, at times overlapping.

We find that in humans, downregulation of BCL 118 occurs naturally in the NKG2C*CD8*
T cells, and indeed is a marker for a general NK reprogramming of a mature T cell,

as supported by the transcriptional upregulation of genes classically associated with “NK
cell identity” and “NK cell cytotoxicity” and the simultaneous downregulation of genes
associated with “T cell identity”. In support of the active role BCL11B plays in the

NK reprogramming of the T cell population, transcriptome comparison with a murine
dataset where Bc/11bwas deleted in young adult thymocytes at the DN2 stage of T

cell development(22) reveals that the majority of genes observed to be differentially
expressed in naturally occurring human NKG2C*CD8* T cells are modulated in the same
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direction in the Bc/11b-knockout murine cells. Strikingly, BCL 11B deletion in canonical
mature NKG2C~CD8™ T cells gives rise to CD45RAYCCR7-CD56*NKG2C*DAP12* cells,
providing further evidence that loss of BCL11B is directly responsible for the overall
reprogramming of NKG2C*CD8* T cells into NK-like cells. Of note, NKG2A*CD8™*

T cells also expand upon BCL11B deletion. This is somewhat paradoxical, given the

fact that stimulation with HLA-E should suppress the expansion of NKG2A™ cells for
which HLA-E represents an inhibitory signal. Others have proposed that NK cells do

not downregulate the expression of CD94/NKG2A receptors upon ligation(46), but rather
that NKG2A is constantly recycled at a slow rate, whereupon HLA-E serially triggers

its expression to maintain an inhibitory signal(47). A similar mechanism of sustained
NKG2A surface expression may therefore take place in T cells, as supported by our data.
Absence of BCL11Bis likely responsible for the resistance to PD-1 upregulation observed
in NKG2C*CD8™ T cells. In our transcriptome analysis, PDCDI was found to be controlled
by BCL11Bboth in the human and murine datasets. Moreover, NK cells, which express
BCL11B at similarly low levels as NKG2C*CD8* T cells, have minimal to no PD-1
expression(48), further supporting a role for BCL11B in regulating the similarities between
the two lymphocyte subsets.

TCR analysis indicates that these reprogrammed T cells have undergone significant

clonal expansion in HCMV-seropositive individuals, suggesting that a strong response

to a pathogenic challenge occurs /7 vivo. Whether reprogramming of the CD8" T cell
occurs after TCR engagement and expansion of the T cell clone or it is an intrinsic
characteristic of a T cell subset that during development is diverted from a “conventional”
CDS8™* T cell program, remains unclear. As our data suggest, the presence of a small

fraction of CD8* T cells displaying NKG2C surface expression in HCMV-seronegative
individuals supports the second hypothesis. The finding that NKG2C activation of CD8*

T cells can trigger cytotoxic granule release and IFN-y production in the absence of CD3
stimulation reveals a TCR-independent pathway for activation. Moreover, NKG2C signaling
complements TCR signaling in activation of the T cell, revealing two non-overlapping
pathways that serve to enhance each other. NKG2C*CD8* T cells from multiple individuals
were able to mount a robust and efficient cytotoxic response against HLA-E:VMAPRTLFL-
expressing targets and HCMV-infected targets, which are known to upregulate HLA-E
upon HCMYV infection(49). While the HLA-G-derived leader sequence VMAPRTLFL is

an optimal ligand for CD94:NKG2C receptors(26, 50), we found that the TRBV-14 TCR
expressed by NKG2C*CD8* T cells is not specific for the self-peptide VMAPRTLFL, but
rather for a non-self HLA-E-presented peptide. Thus, NKG2C*CD8* T cells exhibit an
HLA-E-restricted TCR that cooperates with NKG2C for target cell recognition. Although
HLA-E expression on healthy tissue is relatively low compared to classical HLA-class |
molecules, it is frequently overexpressed in many types of tumors(51), suggesting a potent
immunosurveillance role via HLA-E for NKG2C*CD8* T cells.

Previous reports have elucidated a clinical benefit to a population of polycytotoxic T cells
expressing NKG2C in leprosy and tuberculosis(18, 52), suggesting that NKG2C could be
used as a biomarker to monitor protective CD8" T cell responses to intracellular pathogens.
Beyond this, however, the innate capacity of the NKG2C*CD8" T cell population to respond
to virally infected cells and tumor cells, combined with a capacity for ex vivo proliferation
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and resistance to PD-1 upregulation, reveal a potential utility as a cellular immunotherapy,
either unmodified or as a cellular vehicle for modification with a chimeric antigen receptor.
Indeed, we found that 1928z-NKG2C*CD8* T cells were superior effector cells compared to
1928z-NKG2C~CD8* T cells from the same donor.

Finally, our findings have important implications for the development and differentiation

of T and NK cell lineages. Downregulation of BCL 118 transcription in NKG2C*CD8*

T cells indicates that a lymphocyte already committed to the T cell lineage can still

be diverted toward an innate lymphoid fate, gaining innate capacity to respond through
NKG2C without sacrificing any ability to signal via the native TCR. What molecular events
trigger this diversion late in T cell development remains unknown but raises the possibility
of reprogramming T cells to adopt NK-like features for immune advantage by targeting
BCL11B.

Materials and Methods

Study design

The goal of this study was to characterize the human CD8* T cell population that expresses
NKG2C. To this end, we relied on phenotypic analysis of healthy human volunteer donors,
cell-based functional assays and RNA-sequencing. Validation of BCL11B expression was
performed by flow cytometry and assessment of BCL11B function used /n vitro transduction
KO experiments. Replicates and statistical tests are provided in the figure legends. All data
points were included and no outliers were excluded. Researchers were not blinded as to the
source of the blood samples and HCMYV serostatus.

Cell sources and preparation

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll (GE Healthcare)
centrifugation. Additional PBMC were isolated from buffy coats obtained from healthy
volunteer donors via the New York Blood Center (NYBC). The MSKCC Institutional
Review Board (IRB) waived the need for additional research consent for anonymous
NYBC samples. PBMC were cryopreserved in fetal bovine serum with 10% DMSO. DNA
was extracted from whole blood (Qiagen) and KLRCZ2 copy number was determined by
PCR(53) for 130 individuals. Human cytomegalovirus (HCMV) serostatus was provided
by NYBC. A total of 59 adult patients who underwent double umbilical cord blood
(DUCB) hematopoietic cell transplantation (HCT) at Memorial Sloan Kettering Cancer
Center (MSKCC) between 2006 and 2017 were included in the study, 30 patients with

and 29 patients without HCMV reactivation. Patients provided informed written consent for
research, and studies were approved by the MSKCC IRB.

Flow cytometry

PBMC (2 x 10° cells per well) were stained for 20 minutes with LIVE/DEAD™ Fixable
Agua - Dead Cell Stain Kit (405 nm, Invitrogen) followed by 30 minutes staining in

FACS buffer (PBS with 0.5% BSA and 2mM EDTA) at room temperature with the
following antibodies: CD3 (UCHT1, BD Biosciences), CD56 (N901, Beckman Coulter),
CD4 (VIT4, Miltenyi Biotec), CD8 (RPA-T8, Biolegend), TCR-y6 (B1, Biolegend), TCR-
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V&1 (REA173, Miltenyi Biotec), KIR2DL1/S1 (EB6B, Beckman Coulter), KIR2DL2/L3/S2
(CH-L, BD Biosciences), KIR3DL1 (DX9, BD Biosciences), NKG2C (REA205, Miltenyi
Biotec), NKG2A (Z199, Beckman Coulter), PD-1 (EH12.2H7, Biolegend). FceRI+y (rabbit
polyclonal, Millipore Sigma) was detected by intracellular staining using the FIX &
PERM™ Cell Permeabilization Kit (Thermo Fisher).

For BCL11B staining, 1 x 108 cells per well previously stained for extracellular markers as

indicated above and were fixed and permeabilized using BD Phosflow kit (BD Bioscience).

After two washes, intracellular staining was performed using BCL11B antibody (Abcam) or
a Rat 1gG2a Isotype control (Abcam) in FACS buffer.

TCR repertoire studies were performed using a I0Test® Beta Mark TCR VB Repertoire Kit
(Beckman Coulter). For T cell differentiation analysis, 2 x 10° PBMC were stained with

the following antibodies: CD3 (UCHTZ1, BD Biosciences), CD8 (RPA-T8, Biolegend), CD4
(VIT4, Miltenyi Biotec), CD45R0O (UCHL1, Biolegend), CD45RA (HI100, Biolegend),
CD27 (M-T271, Biolegend), CD28 (CD28.2, Biolegend), CD197 (G043H7, Biolegend),
CD95 (DX2, Biolegend), CD127 (A019D5, Biolegend), CD57 (HNK-1, Biolegend), CD62L
(DREG-56, Biolegend).

The following tetrameric peptide/HLA class | tetramer complexes from MBL® Interational
Corporation were used in this study: HCMV pp65 NLVPMVATV/HLA A*0201 and HCMV
pp65 TPRVTGGGAM/HLA B*0702. The APC-labelled HLA-E tetramers were provided by
the NIH Tetramer Core Facility at Emory University.

For HLA-E surface detection on tumor cell lines, clone 3D12 (Biolegend) was used. All
FACS analyses were performed on an LSR Fortessa (BD Biosciences) and analyzed using
FlowJo software (10.6.2).

Cell lines and culture

Human acute myelogenous leukemia (AML) cell lines KG1, HL-60, THP-1, MOLM-13,
U-937, SET-2 and the erythroleukemia cell line K562 expressing HLA-E with the HLA-
G*01 leader sequence peptide (VMAPRTLFL) were cultured in RPMI supplemented with
10% FCS and 1% Penicillin-Streptomycin. All the AML cell lines were stably transduced
with a GFP-firefly luciferase fusion protein as described elsewhere(54).

The 721.221 B lymphoblastoid cell line and 721.221 transfected with cDNA encoding HLA-
Cw3 or HLA-Cw4 (kindly provided by Dr. Peter Parham, Stanford University, Stanford,
CA) were cultured in RPMI supplemented with 10% FCS and 1% Penicillin-Streptomycin.

The HLA-E*01:01 gene with the signal peptide exchanged for that of HLA-G*01
(MVVMAPRTLFLLLSGALTLTETWA) was codon-optimized for human translation and
synthesized in pUC57 (Genscript). Site-directed mutagenesis to convert HLA-E*01:01 for
HLA-E*01:03 (R128G) was performed using the Q5 Site-Directed Mutagenesis Kit (New
England Biolabs) with the forward primer 5’-GGGACCAGACGGGAGATTCCTG-3’ and
reverse primer 5’~AGCTCGCATCCGTGCATC-3’ (IDT). The HLA-E*01:03-HLA-G*01
gene was then cloned in the 3rd generation lentivector pERRL by restriction digest cloning
with Xbal and Sall (NEB); pERRL was derived from pRRLSIN.cPPT.PGK-GFP.WPRE
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(a gift from Didier Trono, Addgene #12252), exchanging the human PGK promoter

for the human EF1a promoter and inserting an Xbal restriction site in the 5 MCS.
Lentivirus was produced as previously described(55); briefly, 293T cells (ATCC) were
transiently transfected with 15ug pERRL, 18ug pRSV-Rev (a gift from Didier Trono,
Addgene #12253), 18ug pMDLg/pRRE (a gift from Didier Trono, Addgene #12251),

and 7pg pCI-VSVG (a gift from Gary Nolan, Addgene #1733) using Lipofectamine 2000
(Invitrogen), supernatants were collected at 24 and 48hr post-transfection and concentrated
by centrifugation at =30,000g for =6hr. Viral pellets were combined and resuspended in
RPMI complete media and used to transduce parental K562 cells or K562 Clone 9 mbIL21
cells (provided by Dean Lee, Nationwide Children’s Hospital, OH). Transduced K562 cells
were sorted by FACS for uniform high expression of HLA-E, while a high-expressing clone
of transduced K562 Clone 9 mblIL21 was isolated by limiting dilution and grown out.

Human primary fibroblasts cultures were obtained by outgrowth of cells from explanted
skin biopsies(56). Briefly, after dissection, the dermis was minced into 1mm3 pieces and 8
fragments were plated on the bottom of a 75 cm? culture dish. Explants were let air dry

for 15 minutes and then 8 mL of DMEM supplemented with 20% FCS was added. After

2 weeks cells were dissociated with trypsin-EDTA. Human fibroblasts were infected with
the HCMV TBA40/E strain derivative TB40-BACk | 7-SE-EGFP as previously described(27).
The percentage of infected cells was assessed by flow cytometry (EGFP) prior to functional
experiments.

For T cell proliferation analysis, 2 x 10° CellTrace™ Violet (Invitrogen) dye-labelled PBMC
were cultured in 50U/mL IL-2 (Proleukin, Prometheus Laboratories) and stimulated with
CD3/CD2/CD28 beads (Miltenyi Biotec) at a bead-to-cell ratio of 1:2 or irradiated K562
HLA-E:VMAPRTLFL at a ratio of 1:1 for 7 days, replenishing the IL-2 and irradiated K562
HLA-E:VMAPRTLFL 4 days post-stimulation. Responder frequency, proliferation index,
and division index were calculated as previously described(57).

For CAR-T experiments, NKG2C* and NKG2C~CD8* T cells were first FACS-sorted and
stimulated with CD3/CD2/CD28 beads (Miltenyi Biotec) at a bead-to-cell ratio of 1:2 for
48h in the presence of 100U/ml IL2. After 48h, beads were magnetically removed and cells
were transduced as previously described(58). Prior to functional experiments, cells were
expanded for 2 weeks with K562 mbIL21 HLA-E:VMAPRTLFL at a ratio of 1:1, in the
presence of 100U/ml IL2.

Functional assays

CD107a mobilization and IFN-y production were used to determine CD8* T cell activation.
Frozen PBMC samples were thawed and rested overnight in RPMI complete media with
200 U/mL IL-2 in a 37°C incubator with 5% CO,. PBMC (2 x 10° cells per well) were
incubated in 96-V bottom plates with target cells at a 5:1 ratio in the presence of anti-
CD107a antibody (BD Biosciences). After 2 hours of co-culture, 55.5 pg/mL of Brefeldin A
(MP Biomedicals) was added to the cells. After additional 4 hours of co-culture, cells were
washed, fixed/permeabilized and stained with anti-IFNvy antibody (BD Biosciences).
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For plate-bound Ab stimulation assays, 96-well flat-bottom plates were pre-coated overnight
at 4°C with the following antibodies (10pg/mL): anti-NKG2C (134522, R&D systems), anti-
NKG2D (1D11, Biolegend), anti-DNAM1 (DX11, BD Biosciences) or MICA-Fc (1300-
MA, R&D systems). 2 x 10° cells were added to the wells in complete medium containing
anti-CD107a antibody. After 2h of incubation, Brefeldin A was added and incubation
followed for 4 additional hours at 37°C. Afterwards, cells were washed, fixed/permeabilized
and stained with anti-IFN-y antibody. In blocking experiments, the following antibodies
(10ug/mL) were added at the beginning of the co-culture: anti-CD94 (HP-3B1, Santa Cruz
Biotechnology), anti-NKG2D (1D11, Biolegend) or anti-DNAM1 (DX11, BD Biosciences)
and the procedure continued as described above. The anti-CD94 antibody was first digested
to purify F(ab")2 fragments using the Pierce™ F(ab")2 Preparation Kit (Thermo Fisher
Scientific).

For HCMV antigen-specific stimulation, T cells were stimulated with 1ug/mL of the
indicated ORFs (JPT), containing 15 amino acid peptides spanning the complete amino

acid sequence of the indicated protein antigen. Following O/N peptide stimulation cells were
stained with anti-1IFN-y antibody.

RNA-seq processing and analysis

Paired-end reads were trimmed for adaptors and removed of low quality reads using
Trimmomatic (v0.38)(59). Transcript quantification was based on the hg38 UCSC Known
Gene models and performed using the quasi-mapping-based mode of Salmon (v.0.13.1)(60),
correcting for potential GC bias. Counts were summarized to the gene level using tximport
(v1.10.1)(61). For those samples that were sequenced across two runs, summarized reads
determined by tximport were summed, and the means of average transcript length offsets
calculated for each run was used for downstream differential analyses executed by DESeq?2
(v1.22.2)(62). Genes were considered differentially expressed (DE) if they showed a false
discovery rate (FDR)-adjusted P-value < 0.05. Gene set analysis was performed with GOseq
(v.1.34.1)(63), using either DE genes higher in NKG2C* CD8* T cells or DE genes higher
in NKG2C~ NKG2A~ (DN) CD8™ T cells, and those showing an absolute log2 fold change
> 1. Gene sets were retrieved from the MSigDB database (v.3.0)(64, 65). FDR-corrected
P-values were calculated from P-values calculated by GOseq, and only gene ontologies
passing a threshold of £< 0.05 were considered. Up to the top 10 gene sets ranked

on p-value are shown. For transcription factor assignment, a list of curated human genes
associated with transcription factors were obtained from the Animal TFDB (v3.0)(66) and
gene IDs were matched to DE gene IDs. To determine potential BCL11B-dependent genes,
DE genes that were defined to be either repressed (upregulated in Bc/11b-deficiency) or
activated (downregulated in Bc/11b-deficiency) were retrieved from a previously published
study on mouse thymocytes(22). These gene names were converted into human orthologs
using the NCBI gene IDs from the HCOP database(67), in addition to matching gene
symbols between orthologs. Hypergeometric tests were calculated on the overlap between
BCL11B-dependent genes and DE genes (NKG2C™ versus DN) using all the sufficiently
expressed genes (18,943) that remained after independent filtering performed by DESeq?2
as the total population size. The NK cell signature was defined as all DE genes that were
expressed higher (log2 fold change > 0) in NKG2C~ NKG2A™ NK cells compared to
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NKG2C~NKG2A~ CD8* T cells. To derive the Tgpmra signature, FASTQ files downloaded
from the Gene Expression Omnibus (accession number GSE80306)(24) and processed
using the same software and methods described above, except for single-end reads. The
TeMmRA Signature was defined as DE genes that were expressed higher (log2 fold change
>0) in Temra T cells compared to naive T cells. All heatmaps were generated using
ComplexHeatmap (v1.99.7)(68).

Gene targeting

For BCL11B locus targeting, NKG2A"NKG2C~KIRs~CD8* T cells were FACS-sorted
and maintained in RPMI complete media supplemented with 200U/ml IL-2 O/N at a
density of 106 cells per ml. The next day, cells were transfected by electrotransfer of

Cas9 protein and gRNA using a Nucleofector 11 Amaxa system (Lonza). 5x108 cells

were mixed with 10 pg TrueCut Cas9 protein (Thermo Fisher Scientific) for each

SgRNA and either 2 pl (200 pmol) of a control (TrueGuide synthetic SgRNA, Thermo
Fisher Scientific) or 2 pl (200 pmol) each of three different BCL11B sgRNA guides
(TrueGuide synthetic sgRNA, Thermo Fisher Scientific) in a 1ml cuvette. The target DNA
sequences of the BCL11B sgRNA guides were: 5’-CGCCATCCTCGAAGAAGACG-3’,
5-GTTCATTTGACACTGGCCAC-3’, 5’ ACTTGGATCCCGATCTCCAC-3’. Following
electroporation, cells were diluted in RPMI complete medium supplemented with 100U/ml
IL-2 and incubated at 37 °C, 5% CO,. 48h after electrotransfer cells were stimulated with
CD3/CD2/CD28 bheads (Miltenyi Biotec) at a bead-to-cell ratio of 1:2 and, after two weeks,
with irradiated K562 mblL21 HLA-E:VMAPRTLFL at a ratio of 1:1, replenishing the IL-2
every 3 to 4 days and irradiated K562 every 7 days.

For TRAC locus targeting, total T lymphocytes were purified using the EasySep™ Human T
Cell Enrichment Kit (STEMCELL Technologies) and activated with CD3/CD2/CD28 beads
(Miltenyi Biotec) at a bead-to-cell ratio of 1:2. 48 hours after initiating T cell activation,
beads were magnetically removed and 2x108 cells were transfected by electrotransfer of
Cas9 ptotein and gRNA using a 4D Nucleofector X Unit system (Lonza), as previously
described(69).

Short-term quantitative cytotoxicity assay

The short-term cytotoxicity of NKG2C™ or NKG2C*CD8* T cells was determined by a
standard luciferase-based killing assay. 5x103 target tumor cells expressing firefly luciferase
were co-cultured with FACS-sorted NKG2C~ or NKG2C*CD8™* T cells at different effector-
to-target ratios in triplicate in white-walled 96-well plates (Corning) in a total volume of
200 ul of cell media. Target cells alone were plated at the same cell density to determine

the maximal luciferase expression as a reference (“max signal”), and 16 h later, 75 ng

of D-Luciferin (Gold Biotechnology) dissolved in 50 ul of PBS was added to each well.
Emitted luminescence of each sample (“sample signal”) was detected in a Spark plate
reader (Tecan) and quantified using the SparkControl software (Tecan). Percent lysis was
determined as (1 — (“sample signal” / “max signal’’)) x 100.
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Statistical analysis

Paired #test was applied for the comparison between groups with observations from the
same donor cells. Unpaired #test was used to compare independent groups. ANOVA with
multiple comparisons was used to analyze groups of more than two. All tests are indicated
in each individual figure legend. *P<0.05, **P<0.01, ***P<0.001 and **** £ <0.0001
were used as significant p values. The analysis was performed using Prism 8 software
(GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Prevalence of NKG2C*CD8" T cellsin HCMV seropositiveindividuals.
(A) FACS plots showing the frequency of FceRIy"NKG2C* NK cells and NKG2C*CD8*

T cells in one representative HCMV-seronegative and HCMV-seropositive donor. (B) Pie
charts show the prevalence of NKG2C*CD8* T cells among HCMV-seronegative and
HCMV-seropositive individuals according to frequency of the corresponding lymphocyte
subset. P-value was calculated using a XZ test. (C) Graph showing the frequency of
NKG2C*CD8* T cells among HCMV-seronegative (N=119) and HCMV-seropositive
individuals (n=212). Statistical analysis was performed by Mann-Whitney test. Dot plots
show the minimum and maximum frequency of NKG2C* cells among total CD8" T cells
found in donors who display a detectable population (above 2% of total CD8* T cells).

(D) Graph showing the frequency of NKG2C*CD8* T cells among individuals homozygous
(NKG2C/NKG2C), heterozygous (NKG2C/Neg) or negative (Neg/Neg) for the KLRC2
gene. (E) Venn diagram showing the frequencies of healthy HCMV-seropositive donors
(N=137) having FceRIy"NKG2C* NK cells, NKG2C*CD8" T cells or both lymphocyte
subsets. (F) FACS plots showing the frequency of NKG2C*CD8* T cells present after cord-
blood HSCT in two representative patients, experiencing HCMV reactivation or not. Graph
on the right show cumulative analysis of 59 patients, 29 with HCMV reactivation between
Day+30 and Day+60 post HSCT. Statistical analysis was performed by Mann-Whitney test.
** Pvalue < 0.01, **** Pvalue < 0.0001.
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Fig. 2. Phenotype of NKG2C*CD8" T cdlls.
(A) Dot plots showing CD56, CD4 and CD8 expression on NKG2C*CD8* T cells (red)

or NKG2C~CD8* T cells (black). Graphs on the right show cumulative analysis from

88 donors. Statistical significance was calculated using paired student-ztest. (B) UMAP
plots showing the cumulative expression of NKG2C, NKG2A and KIR receptors in total
CD8* T cells from 88 donors. (C) Graph showing the frequency of NKG2C*CD8*

T cells expressing the indicated KIR receptors compared to NKG2C~CD8* T cells or
NKG2A*CD8* T cells, segregated by donor-expressed KIR ligands HLA-C1, -C2, -Bw4
and Bwé. Statistical analysis was performed by student-£test comparing the NKG2C~CD8*
or the NKG2A*CD8* vs NKG2C*CD8* for each KIR within the indicated HLA haplotype.
(D) Left: FACS histograms show staining of the indicated markers in one representative
individual. Right: UMAP plots show the expression of the indicated markers in total CD8*
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T cells, cumulative of 6 different individuals. ** P-value < 0.01, *** P-value < 0.001, ****
P-value < 0.0001.
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Fig. 3. NKG2C*CD8" T cellsare PD-1 negative at rest and do not upregulate PD-1 even after

strong stimulation.

(A) NKG2C™~ and NKG2C*CD8™* T cells from the same representative HCMV-seropositive
donor were stained for PD-1 at rest. (B) Cumulative analysis for PD-1 expression on
NKG2C~CD8* and NKG2C*CD8* T cells in 88 HCMV-seropositive donors. Statistical
analysis was performed by paired student-£test comparing the NKG2C~ vs NKG2C*CD8*
within the same individuals. (C) Left: Total CD8* T cells were CTV labelled and stimulated
for 7 days with beads against CD3/CD2/CD28 and proliferation indexes were analyzed
separately for NKG2C~ and NKG2C*CD8* T cells monitoring CTV dilutions. Right: PD-1
expression was analyzed on every mitotic generation following 7 days stimulation with
beads against CD3/CD2/CD28 in 3 independent donors. **** Pvalue < 0.0001.
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Fig. 4. NKG2C*CD8* T cellsacquire NK cell transcriptional features and downregulate a
BCL 11B-dependent transcriptional program.

NKG2A~NKG2C* (NKG2C*CD8") or NKG2A™NKG2C™ (DN) CD8* T cells were sorted
from PBMC of 5 different healthy donors and processed for RNA sequencing. (A) Volcano
plot depicts log, fold change on x-axis and -logyo(p-value) (calculated by Wald tests)
on y-axis. Red dots highlight DE genes when comparing NKG2C* versus DN CD8* T
cells. Highlighted are top 10 DE genes ranked by FDR-corrected p-value. Dotted vertical
and horizontal lines mark +/- 1 and p = 0.05, respectively. (B) Bar plots display -log10
(p-value) of gene set enrichment in genes higher in DN (gray) or higher in NKG2C™ (black)
CDS8™ T cells. Fractions within bar plots indicate number of DE genes found within the
total gene set. (C) Heatmaps show expression of curated NK-cell identity genes (top) and
T-cell identity genes (bottom). Asterisks indicate genes found within the “Natural killer cell
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mediated cytotoxicity” gene set displayed in (B). (D) Heatmap shows expression of top 20
DE genes that encode transcription factors. (E) Bar plots display -log10 (p-value) calculated
by hypergeometric tests evaluating overrepresentation of BCL11B-dependent genes (e.g.
DE genes comparing Bc/1167'~ to WT) among NKG2C™ versus DN DE genes. Tests were
performed using any combination of gene sets that were either upregulated (red circle) or
downregulated (blue circle) in either comparison, as represented by Venn diagrams. For
example, the top bar plot depicts the -log10 (p-value) calculated from testing whether the
number of genes that are significantly downregulated in Bc/1267~ cells (blue circle) are
overrepresented among the genes that are significantly upregulated in NKG2C* cells (red
circle). Absolute numbers of their differences and intersection are indicated. (F) Heatmap
shows expression of BCL11B-dependent genes that are also DE in NKG2C™* versus DN
comparison. Green marks genes that are upregulated upon BCL 11B-deficiency, while
purple marks genes that are downregulated. (G) Histograms show intracellular staining for
BCL11B in three different donors, gated on total NK cells, DN or NKG2C*CD8* T cells.
Dotted histograms represent isotype controls. Graph on the right shows cumulative analysis
from 3 independent donors. Statistical significance was calculated by one-way ANOVA with
Turkey’s multiple comparison test. DE = differentially expressed; FDR = false discovery
rate. *** Pvalue < 0.001
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Fig. 5. NKG2C*CD8" T cellscan be generated in vitro by BCL11B deletion.
(A) FACS histograms showing BCL11B intracellular expression on CD8* T cells

electroporated with Cas/9 and control mRNA guides or BCL 11B specific mRNA guides at
the indicated time points. (B) FACS plots showing the frequency of CD8*CD56" cells on the
control and BCL11B KO cells after 2 or 4 weeks of expansion with CD3/CD2/CD28 beads
or K562 mblL21 HLA-E:VMAPRTLFL. Graph on the right shows cumulative analysis from
2 independent donors. (C) FACS plots showing the frequency of CD45RA*CCR7-CD8*
cells on the control and BCL11B KO cells after 2 or 4 weeks of expansion with CD3/CD2/
CD28 beads or K562 mblL21 HLA-E:VMAPRTLFL. Graph on the right shows cumulative
analysis from 2 independent donors. (D) Cumulative analysis from 2 independent donors

on PD-1*CD8* T cells in control or BCL11B KO cells after 2 or 4 weeks of expansion

with CD3/CD2/CD28 beads or K562 mblL21 HLA-E:VMAPRTLFL. (E) FACS plots
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showing the frequency of NKG2A* vs NKG2C* and CD56*DAP12*CD8* T cells on

the control and BCL11B KO cells after 4 weeks of expansion with K562 mblL21 HLA-
E:VMAPRTLFL. (F) Cumulative analysis of 2 independent donors from the data shown

in (E). (G) Representative flow cytometry plots showing degranulation (CD107a) and
intracellular IFN-y expression by K562 mbIL21 HLA-E:VMAPRTLFL-expanded pre-gated
NKG2C* or NKG2C~CD8* T cells after 6 hours stimulation with the indicated target cells.
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NKG2C N
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Fig. 6. NKG2C*CD8" T cells express functional NK G2C that can cooperate with TCR activation
in degranulation and |FN-y production.

(A) Total PBMC cells were stimulated with the indicated plate-bound mAbs for 6 h.
Representative flow cytometry plots showing degranulation (CD107a) and intracellular
IFN-y expression by pre-gated NKG2C* or NKG2C~CD8™ T cells after triggering with
plate-bound mAbs (10 pg/mL). (B) Graphs showing the percentage of CD107a* and IFN-y*
cells from 7 independent donors. Data are shown as mean + SD. Statistical analysis was
performed by #test comparing the NKG2C~CD8* vs NKG2C*CD8™ for each antibody with
Holm-Sidak post-test correction. (C) FACS plots representing CD107a and intracellular
IFN-y expression by NKG2C~ or NKG2C*CD8* T cells after anti-CD3 (1 pg/mL) plate-
bound stimulation. (D) Corresponding graphs showing the percentage of CD107a* and
IFN-v* cells from 7 independent donors. Data are shown as mean + SD. (E) Representative
FACS plots showing the percentage of CD107a* cells after triggering of NKG2C*CD8* T
cells with plate-bound anti-CD3 or anti-NKG2C mAb alone or in combination. (F) Data are
shown as the mean + SD for 7 independent donors. Statistical significance was calculated
by one-way ANOVA with Turkey’s multiple comparison test. * P-value < 0.05, ** P-value <
0.01,***~value < 0.001, **** P-value < 0.0001.
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Fig. 7.NKG2C*CD8" T cellsanti-tumor and anti-HCMV effector functions are mediated by

their NKG2C and TCR specificity.

(A) Representative flow cytometry plots showing degranulation (CD107a) and intracellular
IFN-y expression by pre-gated NKG2C* or NKG2C~CD8" T cells after 6 hours stimulation
with uninfected or HCMV-infected human fibroblasts. Graphs on the right show cumulative
analysis of CD107a* and IFN-y* NKG2C* or NKG2C~CD8* T cells from 12 independent
donors against uninfected or HCMV-infected human fibroblasts. Statistical significance
was calculated using Wilcoxon matched-pairs signed rank test. (B) Representative flow
cytometry plots showing degranulation (CD107a) and intracellular IFN-y expression by
pre-gated NKG2C* or NKG2C~CD8* T cells after 6 hours stimulation with K562 HLA-
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E:VMAPRTLFL target cells. Graph on the right show cumulative analysis of CD107a*
and IFN-y* NKG2C* or NKG2C~CD8" T cells from 12 independent donors against K562
HLA-E:VMAPRTLFL target cells. Statistical significance was calculated using Wilcoxon
matched-pairs signed rank test. (C) /n vitro cytotoxicity of FACS-sorted NKG2C* or
NKG2C~CD8* T cells against K562 HLA-E:VMAPRTLFL target cells was assessed
using a 6 hours bioluminescence assay. Results from 3 independent donors are shown.
Statistic was calculated using a 2-way ANOVA comparing the mean of each effector to
target (E:T) ratio between NKG2C™ and NKG2C*CD8™ T cells. (D) Representative flow
cytometry plots showing degranulation (CD107a) and intracellular IFN-y expression by
pre-gated NKG2C*CD8* T cells against K562 HLA-E:VMAPRTLFL in the presence of
the indicated blocking mAbs (10 pg/mL). Graphs on the right show cumulative analysis

of 4 independent donors. Statistical significance was calculated using one-way ANOVA
with Turkey’s multiple comparison test. (E) CD8* T cell from 6 healthy donor PBMC
were stained with a combination of different monoclonal antibodies against individual

VB TCRs and analyzed by flow cytometry. Cells were pre-gated on NKG2A*NKG2C~
(NKG2A*), NKG2A"NKG2C* (NKG2C*) and NKG2A"NKG2C~ CD8* T cells. (F) /n
vitro cytotoxicity of FACS-sorted NKG2C* or NKG2C~CD8* T cells against the indicated
AML target cell lines was assessed using a 6 hour bioluminescence assay. Results from 3
independent donors are shown. Statistic was calculated using a 2-way ANOVA comparing
the mean of each E:T ratio between NKG2C™~ and NKG2C*CD8* T cells (G) FACS plots
showing TCRap expression on NKG2C*CD8* or NKG2C~CD8* T cells electroporated
with Cas/9 and TRAC specific mRNA guides. Graphs on the right show cumulative analysis
of CD107a* and IFN-y™* cells against the indicated targets. Statistical significance was
calculated by one-way ANOVA with Turkey’s multiple comparison test. (H) NKG2C*CD8*
T cells from 5 donors were stained with the indicated HLA-E tetramers in the presence of
a CD94 blocking antibody. **** P-value < 0.0001, ***P-value < 0.001, **P-value < 0.01,
*P-value < 0.05.
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Fig. 8. NKG2C*CD8" T cellsproliferatein responseto HLA-E and display superior tumor
killing if transduced with a CD19-CAR.

(A) Left: Representative plots showing total PBMC cells stimulated for 7 days with the
indicated stimuli and pre-gated on CD3*CD8" cells. Right: Cumulative analysis from

3 independent donors. Statistical significance was calculated by one-way ANOVA with
Turkey’s multiple comparison test. (B) Total cell counts of pre-sorted NKG2C*CD8* T
cells stimulated with K562 mblL21 HLA-E:VMAPRTLFL (ratio 1:1) for the indicated
number of days. (C) Total CD8* T cells were CTV labelled and exposed for 7 days to
the indicated stimuli. Pre-gated NKG2C* or NKG2C~CD8" T cells were then analyzed
for proliferation monitoring CTV dilutions. Statistical analysis was calculated using a
2-way ANOVA. (D) NKG2C~ and NKG2C*CD8* T cells from one representative donor
were FACS sorted and left untransduced or transduced with a 1928z CD19-targeting
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CAR construct. Cytotoxicity was assessed using a standard 51Cr assay after 24h of

exposure to the CD19* cell line NALMS. (E) PD-1 surface expression on NKG2C~CD8*
and NKG2C*CD8™ cells transduced with the 1928z CD19-targeting CAR construct. (F)
Histogram shows HLA-E surface staining on NALM-6 cells. (G) Cumulative analysis of 3
independent donors showing degranulation (CD107a) and intracellular IFN-y expression by
pre-gated NKG2C~CD8* T cells and NKG2C*CD8" T cells against NALM6 in the presence
of a CD94 blocking mAb (10 pug/mL). Statistical significance was calculated by one-way
ANOVA with Turkey’s multiple comparison test. **** P-value < 0.0001, ***P-value <
0.001, **P-value < 0.01, *P-value < 0.05.
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