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Chapter 1

General introduction

Hematopoietic cell transplantation (HCT) represents a cardinal
therapy for hematological malignancy otherwise incurable. The
practice over the last decades has improved in term of safety, efficacy,
and donor availability. However, patients still experience a
considerable risk of disease recurrence and transplant related mortality,
primarily due to graft versus host disease (GVHD) and infections (1).

The main actor of this complex cellular treatment is the donor
immune system (IS) that has the role to recognize and kill the patient
cancer cells and to protect the host from infections. Understanding the
reconstitution of the transferred IS and the different dynamics is crucial
to improve the outcome of patients undergoing HCT (2). Immune
reconstitution (IR) after HCT, especially of the adaptive IS, is highly
variable between patients and can take several months to even years. A
timely and balanced IR is especially important for sustained graft-
versus-leukemia (GVL) effects, protection against opportunistic
infections, and survival chances after HCT. However, immune-
suppressive drugs are often needed during the first months after
transplant to induce immune-tolerance between the donor IS and the
recipient. This is detrimental for avoiding GVHD, but it is also the
cause of the induced immunocompromised status in the patient (3).

In this regards, T and NK cells represent two major players in
the reconstitution of the new IS and in the protection against infection

and disease recurrence, but they are also involved in the pathogenesis



of GVHD. Hence, there is a clear need to develop strategies to better
predict, enhance, and modulate T- and NK-cell recovery and function
after HCT.
Multiple variables may influence the T and NK-cell IR (4):
- Pre-transplant factors, such as cell source, cell dose,
donor-recipient matching, graft manipulation and conditioning
regimens.
- Peri-transplant factors, such as the nutritional status of
the patient and the composition of the gut microbiome.
- Post-transplant factors, such as occurrence of GVHD,
infections or relapse.
Several interventions can be done at different time to improve both T-
and NK-cells reconstitution (4):
- Enhance the immune system using cytokine
administration such as IL-2 or IL-15, to boost a specific cell
subset, T regulatory cells (Treg) and NK ells respectively.
- Add cellular therapy for both GVHD (Treg infusions or
mesenchymal stromal cells (MSC) infusion) and GVL (donor
lymphocyte infusion (DLI), cytokine-induced memory-like
(CIML) NK cells, cytokine-induced killer (CIK) cells or
chimeric antigen receptor (CAR) T cell infusion).
- Use check-point inhibitor such as abatacept (CTLA4-Ig,
anti CD80/CD86) and itolizumab (antiCD6 antibody) for
GVHD prevention/treatment or sabatolimab (TIM3 inhibitor),
nivolumab and pembrolizumab (PD-1 inhibitors) and

atezolizumab (PD-L1 inhibitor) for the GVL enhancement.



In conclusion, a comprehensive knowledge of the dynamics of

the IR after HCT is needed to approach and tailor novel strategy to

improve patient’s outcome after HCT.

Scope of the thesis

The aims pf my PhD thesis are:

Performing a deep analysis of T and NK cells reconstitution
after different HCT platforms in order to find new strategy to
improve the transplant outcomes (GVL and GVHD).
Exploring the activity of cytokine-induced memory-like
(CIML) NK cells for the treatment of myeloid malignancies
relapsing after HCT.

Targeting the CD6-ALCAM pathway in T cells for the
treatment of GVHD.

All these topics are discussing in the chapters of this thesis and

represent the main objectives of the publications that I have produced

during my PhD.
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Abstract

Hematopoietic stem cell transplantation from a haploidentical
donor is increasingly used and has become a standard donor option for
patients lacking an appropriately matched sibling or unrelated donor.
Historically, prohibitive immunological barriers resulting from the high
degree of HLA-mismatch included graft-vs.-host disease (GVHD) and
graft failure. These were overcome with increasingly sophisticated
strategies to manipulate the sensitive balance between donor and
recipient immune cells. Three different approaches are currently in
clinical use: (a) ex vivo T-cell depletion resulting in grafts with defined
immune cell content (b) extensive immunosuppression with a T-cell
replete graft consisting of G-CSF primed bone marrow and PBSC
(GIAC) (c) T-cell replete grafts with post-transplant cyclophosphamide
(PTCy). Intriguing studies have recently elucidated the immunologic
mechanisms by which PTCy prevents GVHD. Each approach uniquely
affects post-transplant immune reconstitution which is critical for the
control of post-transplant infections and relapse. NK-cells play a key
role in haplo-HCT since they do not mediate GVHD but can
successfully mediate a graft-vs.-leukemia effect. This effect is in part
regulated by KIR receptors that inhibit NK cell cytotoxic function when
binding to the appropriate HLA-class I ligands. In the context of an
HLA-class I mismatch in haplo-HCT, lack of inhibition can contribute
to NK-cell alloreactivity leading to enhanced anti-leukemic effect.
Emerging work reveals immune evasion phenomena such as copy-
neutral loss of heterozygosity of the incompatible HLA alleles as one
of the major mechanisms of relapse. Relapse and infectious

complications remain the leading causes impacting overall survival and



are central to scientific advances seeking to improve haplo-HCT. Given
that haploidentical donors can typically be readily approached to collect
additional stem- or immune cells for the recipient, haplo-HCT
represents a unique platform for cell- and immune-based therapies
aimed at further reducing relapse and infections. The rapid
advancements in our understanding of the immunobiology of haplo-
HCT are therefore poised to lead to iterative innovations resulting in
further improvement of outcomes with this compelling transplant

modality.

INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) remains a
curative approach for many patients with malignant and non-malignant
hematologic indications (1). However, timely availability of a suitable
HLA-matched sibling donor (MSD) or adequately HLA-matched
unrelated donor (MUD) remains a significant challenge in providing
access to HCT. The likelihood of finding an optimal donor varies
significantly among racial and ethnic groups with the chances of finding
an appropriate donor ranging from 75% for whites of European descent
to 16% for blacks of South or Central American descent (2). Although
most candidates for HCT will have a donor or cord blood unit
considered suitable (HLA-matched or minimally mismatched), even
single allele mismatches negatively impact patient outcomes after HCT
(3). Additionally, proceeding with an unrelated donor is a time- and
cost- consuming process that can result in delay or suboptimal timing

of HCT.



In contrast, haploidentical donors are available for >95% of
patients in need of HCT (4). Biological children, parents, siblings, and
frequently more distant family members who share one haplotype
potentially qualify as donors (Figure 1). They can be readily identified
and are typically available and motivated to donate bone marrow (BM)
or peripheral blood stem cells (PBSC) to their family member in a
timely fashion. This is particularly beneficial when unexpected events
delay or expedite the need for HCT. Moreover, haploidentical donors
can readily be tested in situations where there is concern for an
underlying familiar predisposition syndrome and are typically available
for a repeat stem cell collection, donor lymphocyte infusion or other
cell therapeutic approaches which may be indicated if post-transplant
complications such as graft failure, relapse, or infectious complications
arise. Finally, if the selected family member had a poor stem cell
mobilization for a PBSC graft or the optimal graft composition was not
achieved then a different family member can be approached to serve as

a haploidentical donor.



Figure 1. HLA-matching in Haplo-HCT. (A) Distribution of HLA alleles
on chromosome 6. All HLA alleles exist on the short arm of the chromosome,
specifically 6p21.3. The classical HLA classification system is used clinically
for matching donors and recipients in the transplant setting. HLA class I
alleles -A, -B, and -C are expressed on all nucleated cells and display antigen
to CD8+ T-cells, while HLA Class II alleles -DR, -DQ, -DP are expressed on
antigen-presenting cells and initiate a response by CD4+ T-cells. Not shown
are the non-classical HLA Class I alleles -E, -F, -G, -H, -J that are also present
on the same chromosome arm. (B) A representative inheritance pattern of
HLA alleles is demonstrated. For a patient with HLA allele distribution (b)
and (d) as shown in the middle, each sibling has a 25% chance of being a full
match based on inheritance of the same maternal (b) and paternal (d) alleles
as the patient. Each sibling has a 50% chance of being a haploidentical match
by virtue of having inherited one identical allele (b) from the parents. The
likelihood of having inherited neither of the parental alleles that were inherited
by the patient is 25% (complete HL A-mismatch).

Historically, haploidentical HCT (haplo-HCT) was associated
with high rates of graft vs. host disease (GVHD) and graft failure (5—
7). With the introduction of efficient T-cell depletion (TCD) of the graft
(8), haplo-HCT became feasible from a GVHD perspective. However,
TCD led to an imbalance between host and donor T cells resulting in
high rates of graft failure. This imbalance was overcome with the use
of T-cell depleted “megadose” stem cell grafts (9, 10). Since then,
nuanced ex vivo approaches to optimize the immunological
composition of haploidentical grafts have been developed as outlined
in this review.

A major milestone in promoting the wide-spread use and cost-
efficient accessibility of haplo-HCT, including in resource-poor
countries, was reached with the use of high-dose post-transplant
cyclophosphamide (PTCy) to achieve in vivo attenuation of T cell

alloreactivity (11). A different strategy using Granulocyte-colony



stimulating factor (G-CSF) mobilized bone marrow grafts with
extensive immunosuppression has been similarly feasible (12). In
addition, a special emphasis is being placed on using natural killer (NK)
cells to harness both innate and adaptive immunity in haplo-HCT. NK
cells are uniquely regulated by activating and inhibitory receptors and
can mediate a critical graft-vs.-leukemia (GVL) effect, also referred to
as NK-cell alloreactivity, without mediating GVHD (13-15).

These approaches have contributed to a surge in the use of
haplo-HCT in recent years (16). Furthermore, dramatic advances in the
field of adoptive immune cell transfer have been applied to the haplo-
HCT platform whereby donors could be readily approached for
additional cell collections to enhance immunity against infections and
relapse (17, 18). As haplo- HCT evolves to refine and establish its role
in the field of transplantation, it is critical to examine the
immunobiological properties unique to haplo-HCT and the effect of ex
vivo or in vivo graft manipulation on the immunological content and

trajectory of immune reconstitution.

CHALLENGES OF THE HLA-BARRIER IN HAPLO-HCT

Early trials of T-cell-replete haplo-HCT were associated with
poor outcomes due to a high incidence of GVHD and graft rejection,
resulting in ~10% long-term survival (57, 19, 20). In the setting of
grafting across a haploidentical HLA barrier, ~2% of donor T cells
mediate alloreactive reactions resulting in GVHD while residual host T
cells mount host-vs.-graft responses leading to graft rejection (21-23).
The ability to overcome the problem of GVHD despite the large HLA-
disparity in haplo-HCT was first demonstrated by Reisner and

10



colleagues with the successful transplantation of children with severe
combined immunodeficiency (SCID) wusing T-cell depleted
haploidentical grafts which differed at three major HLA loci (8).
However, when this approach was extended to other indications in
which a patient’s underlying immune system is generally functional,
the minimal T-cell content in the graft resulted in unopposed host- vs.-
graft rejections and a high rate of graft failure. The latter was mediated
by recipient anti-donor T lymphocyte precursors that survived the
conditioning regimen (22, 24, 25), as well as anti-donor HLA
antibodies (26) (Figure 2).

Figure 2. Immunological balance determines outcomes after haplo-HCT.
The graft contains CD34+ and CD34— hematopoietic cells. CD34+ progenitor
and stem cells are required for engraftment and reconstitution of the bone
marrow after transplantation into the host. T cells in the graft facilitate
neutrophil engraftment, immune reconstitution, post-transplant infectious
immunity and exert GVL effect (Right). However, without an ex vivo (T cell
depletion or CD34 positive selection) or in vivo (ATG or Campath) T cell
depletion strategy, they mediate prohibitively severe GVHD (Right). In
contrast, extensive T cell depletion from the graft results in an immunologic
imbalance between residual host and donor T cells favoring graft rejection
(Left). Extensive T cell depletion of the graft also results in slow immune

11



constitution, infections and poor GVL control. To achieve an optimal
immunologic balance, novel graft manipulation approaches selectively
deplete T cells involved in GVHD (CD45RA+ T cell and af- T cell depletion
strategies), while maintaining beneficial immune cells such as NK cells and
vOT cells in the graft.

A second breakthrough that paved the way toward the broad
application of haplo-HCT was the use of “megadose” grafts, targeting

the infusion of a stem cell product containing on the order of >10 x
106/kg CD34™ hematopoietic stem cells while retaining the threshold

dose of <4 x 104/kg T cells established in the SCID patients (9, 10, 27,
28). The underlying immunologic effect of megadose grafting was

attributed to tolerance induction of host anti-donor cytotoxic T cell

precursors by donor CD34* stem cells or by CD34" derived regulatory
immune cells endowed with a “veto”-effect in a TNFo mediated
mechanism (29, 30). Intensified myeloablative conditioning (MAC)
with 8 Gy total body irradiation (TBI), thiotepa, rabbit anti-thymocyte
globulin (ATG) and fludarabine (replacing cyclophosphamide after
1995) (31) to eliminate host T cells, followed by G-CSF mobilized
megadose T-cell depleted PBSC grafts (initially using soybean

agglutination and erythrocyte resetting and later immunomagnetic

selection of CD34% HSCs) without any additional post-transplant
immunosuppression was refined over the years (28, 32). This approach
ultimately demonstrated primary engraftment in 95% of patients with
acute leukemia (n = 104), with 6 of 7 patients who initially experienced
graft failure engrafting successfully after second transplantation.
Although acute and chronic GVHD were largely prevented, a
significant non-relapse mortality (NRM) of 36.5% was observed

12



largely owing to post-transplant infections (27 of the 38 patients died
of infectious complications) and substantial relapse risk. The 2-year
event-free survival (EFS) probability among patients receiving
transplantation in any complete remission (CR) was 47%, while the
EFS for those transplanted in relapse was 4% (27).

Despite the tremendous advances toward clinical feasibility of
haplo-HCT, these early studies embodied the challenge of achieving a
sensitive immunologic balance during transplantation across
haploidentical HLA-barriers. This challenge is reflective of the need for
extensive T-cell depletion and immunosuppression to control GVHD
on the one hand, and facilitation of engraftment, immune reconstitution,
protection from infections, and prevention of relapse on the other
(Figure2). This conundrum has fueled the iterative improvement of

modulating immunity in the context of haplo-HCT as outlined below.

CURRENT HAPLO-HCT PLATFORMS

In vivo Haplo-HCT Strategies with Unmanipulated Stem Cell
Grafts
Post-transplantation Cyclophosphamide (PTCy)

Post-transplantation high-dose cyclophosphamide (PTCy),
when administered in a specific time-frame after graft infusion,
efficiently attenuates alloreactive T cells from both donor and host and
prevents GVHD and graft rejection. This immunological effect of
PTCy was first observed in the 1960s in animal models of allogeneic
skin grafts whereby cyclophosphamide administration within a window

of up to 4 days after grafting delayed rejection (33). Subsequent

13



preclinical studies defined the role of PTCy in the setting of allogeneic
HCT and showed the benefits of its use with respect to engraftment and
GVHD (34-36). Importantly the concurrent immunosuppression of T
cells with cyclosporine or steroids interfered with PTCy-tolerogenic
effects (37, 38), indicating that high proliferative rates are critical for
the PTCy immunomodulatory mechanism (39).

Initial mechanistic studies based on murine skin allografting
models attributed the PTCy-effect to the selective depletion of
alloreactive T cells. Based on these hypotheses, the presumed depletion

was dependent on the heightened cytotoxic sensitivity of newly primed

and highly proliferative alloreactive T cells (particularly CD4™ T cells)
at the peak of anti-host and anti- donor T cell expansion, aided by a
favorable balance between effector T cells and regulator T cells (Tregs)
as well as an additional intra-thymic clonal deletion of alloreactive T
cell precursors (40—44). Suppressive immune cells were only felt to
have an adjunct role in maintaining tolerance (45, 46). However, recent
work by Kanakry and colleagues formally tested the putative
immunologic mechanisms (selective destruction of alloreactive T cells,
intra-thymic clonal deletion of alloreactive T cells and induction of

suppressor T cells) in dedicated murine PTCy haplo-HCT models (47).
These studies suggest that PTCy reduces CD4™ T cell proliferation but

does not eliminate alloreactive T cells and instead functionally impairs
the T-cell response to alloantigens and induces the rapid and
preferential recovery and expansion of regulatory T cells (Treg). Treg
resistance to PTCy is based on their differential expression of aldehyde
dehydrogenase (ALDH) (48). Evidence for the importance of the role
of Tregs after PTCy is exemplified by the development of severe and

14



fatal GVHD in the context of Foxp3t Treg depletion, as well as
additional data showing that Tregs are required for PTCy-mediated
protection against GVHD (49). Studies in thymectomized mice also
suggested the dispensability of the thymus in this process (47).
Advances in this active field of preclinical and clinical study are poised
to further elucidate and facilitate adaption of the PTCy platform for
different clinical scenarios. Increasing experience with this platform
and the potential for PTCy-mediated bi-directional tolerance induction
also lends itself to further exploration of this approach in the setting of
combined solid organ and bone marrow transplantation (44).

The first clinical study of unmanipulated haplo-HCT with PTCy
was conducted in the setting of non-myeloablative (NMA) conditioning
with administration of PTCy at 50 mg/kg on day +3 and an added
immunosuppressive regimen of mycophenolate mofetil (MMF) and
tacrolimus starting on day +4 in 13 patients (50) (Figures 3A, 4C).
Subsequent prospective clinical trials, administering PTCy either on
day +3 or on days +3 and +4, demonstrated rates of graft failure and
GVHD comparable to those reported with reduced intensity
conditioning (RIC) HLA-matched sibling and MUD HCTs with a trend
toward a lower risk of extensive chronic GVHD among recipients of
two doses of PTCy (50). These studies paved the way for the increased
investigation and clinical use of haplo-HCT with PTCy (Figure 3B).

15



Figure 3. Frequently used haplo-HCT regimens. (A) Non-myeloablative
(NMA)  conditioning  with  administration = of  post-transplant
cyclophosphamide (PTCy) as part of the Hopkins protocol for haplo-related
donor HCT uses cyclophosphamide 50 mg/kg/day on days +3 and +4 and
additional GVHD prophylaxis with oral MMF and tacrolimus (Tacro) starting
on day +5. (B) Myeloablative conditioning (MAC) protocol with
administration of post-transplant cyclophosphamide 50 mg/kg/day given on
days +3 and +4 and additional GVHD prophylaxis with oral MMF and
tacrolimus starting on day +5. (C) GIAC haplo-HCT protocol using a
combination of G-CSF primed bone marrow (BM) and peripheral blood stem
cells (PBSC) administered after a conditioning regimen including ATG on
days —5 to —2. GVHD prophylaxis includes short-course Methotrexate in
addition to MMF and cyclosporine (CSA).

GIAC Approach (G-CSF-Mobilization, Intensified Post-transplant
Immunosuppression, ATG and Combination of PBSC and BM
Allografts)
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The GIAC approach using T-cell replete haploidentical grafts
was pioneered at Peking University (12, 51). This approach uses ATG
as part of the conditioning regimen, which affects recipient T cells and
facilitates engraftment. Owing to its long half-life, it also exerts effects
on donor T cells and therefore impacts GVHD and post-transplant
immunity. The graft consists of a combination of G-CSF-primed bone

marrow and PBSC, thereby combining the advantages of both elements.

PBSC grafts contain 2—3-fold higher CD34™ cells and a log-fold higher
T cell dose than are typically contained in a steady-state bone marrow
graft (52), and this has been shown to accelerate engraftment and
decrease the relapse rate (Figures 3C, 4B).

The higher T cell dose in PBSC grafts adversely affects chronic
GVHD but not acute GVHD rates in unrelated donor HCT (53).
Multiple mechanisms may contribute to why acute GVHD rates are not
drastically higher despite the high T cell dose. These include
preferential dendritic cell mobilization and T cell polarization (54, 55),

attenuating effects on costimulatory molecules such as CD86 on APCs

and CD28 on CD4™ T cells (56, 57), as well as IL-10 mediated T-cell
suppression by monocytes (58). Several studies underscored the benefit
of utilizing G-CSF mobilized bone marrow, leading to less acute and
chronic GVHD while maintaining engraftment rates comparable to
PBSC (59) and have attributed these effects to differences in cytokine
milieu, T-cell polarization and T-cell hypo- responsiveness (60—62).

In the initial study of 171 patients using GIAC, most of whom
had ALL, AML, or CML, all patients engrafted with sustained full
donor chimerism. The rates of leukemia-free survival and incidences of

grade II-IV acute GVHD and extensive chronic GVHD were
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comparable to MUD HCT (12, 53). A prospective multicenter study of
AML patients has demonstrated that transplant outcomes with the
GIAC strategy have also been comparable to MSD HCT (63). Although
a modified approach using G-CSF primed haploidentical bone marrow
and extensive GVHD prophylaxis has also been applied in Europe (64),
the GIAC strategy has been used most extensively in China and
therefore patients transplanted with this strategy represent a large

cohort of haploidentical transplants HCT treated to date (65).

Haploidentical HCT with ex vivo T Cell Depletion or Anergy

Induction Strategies

CD34™ Cell Selection

The establishment of procedures for the ex vivo removal of T
cells from the graft in the late 1970s by Reisner, O’Reilly and
colleagues, represented a tremendous breakthrough toward the
feasibility of utilizing haploidentical donors. In the initial approach, T
cells were eliminated from the bone marrow by first rosetting with
sheep red blood cells followed by differential soybean agglutination of
residual T lymphocytes in the non-rosetting population. This yielded an
un-agglutinated fraction containing a high proportion of colony-
forming cells without any detectable T cell alloreactivity, and abrogated
lethal GVHD in murine models (66, 67). This strategy was applied in
the first clinically successful haploidentical HCT of an infant with
AML, leading to sustained hematopoietic engraftment without GVHD
until relapse occurred 11 weeks after HCT (68). Three infants with
SCID were also treated with this approach of whom 2 had sustained
engraftment and none developed GVHD (8).

18



CD34™" selection, now in wide-spread use in TCD transplants,

was first introduced in the 1990s. This process utilizes a CD34"

directed antibody coupled to immunomagnetic beads to positively

select CD34™" cells and isolate them over a magnetic column. This
effectively eliminates all other immune cells, including T-, B-, NK-
cells, dendritic cells and monocytes from the graft (69, 70). This process
was further refined with the use of micromagnetic beads, which had the
advantages of high purity selection via attachment to single cells and
safe infusion into patients (71). Aversa and colleagues of the Perugia
group pioneered a novel haploidentical HCT platform incorporating an
intensified conditioning regimen to eliminate host T cells and
administering megadose T cell depleted grafts without additional post-
grafting immunosuppression (28, 72). Handgretinger et al. tested this
approach with G-CSF mobilized megadose PBSC grafts in 39 children
lacking suitable donors and observed low rates of GVHD, but
significant relapse and treatment-related mortality (TRM) (73).
Investigators from Perugia further evaluated this system in adults with
high- risk leukemia using megadose haplo-HCT, demonstrating 91%
primary engraftment and low rates of GVHD without post- transplant

GVHD prophylaxis (27) (Figure 4A, top panel).
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Figure 4. Comparison of the three major haplo-HCT platforms. (A) Four
different ex vivo T-cell depletion protocols are shown, with the resulting cell
composition in the graft. CD34-positive selection preferentially isolates the
hematopoietic stem and progenitor fraction required for engraftment with
minimal immune cell content (top panel). Depletion of CD3+ T-cells results
in a graft composed predominantly of CD34+ and NK cells (2nd panel).
Depletion of af-T cells depletes T cells involved in mediating GVHD but
retains beneficial immune cells such as NK cells and yo- T cells in the graft.
CD45RA-Depletion removes naive T cells including cells responsible for
alloreactivity and GVHD, while retaining memory T cells including cells vital
for immunity against infections (3rd panel). Additional immunosuppression
(IS) and/or infusion of T-cell subsets may be employed post-transplant to
optimize engraftment (3rd panel). (B) Representation of the GIAC protocol
indicating a G-CSF primed bone marrow (BM) and peripheral blood stem cell
(PBSC) graft, with ATG targeting T-cells derived from both the donor and
recipient. GVHD prophylaxis with methotrexate, a calcineurin inhibitor
(CNI), and MMF targets residual T cells (3rd panel). (C) Post-transplant
cyclophosphamide (PTCy) functionally impairs actively proliferating
recipient and graft derived T cells while favoring Treg recovery (color of cells
corresponds to Figure 2; Tregs are depicted in bright yellow).

CD3™ Cell Depletion
To improve post-transplant immune reconstitution, control of

infections and prevention of relapse, further iterations of
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immunomagnetic graft engineering were developed (74). This included

the elimination of CD3™ T cells and CD19" B cells using a negative
immunomagnetic selection method to deplete these subsets from the
graft. Stem cells, NK cells, myeloid precursors, monocytes, and other

progenitor cells important for engraftment are preserved (75). This
strategy maintains innate immunity in the graft while removing CD3™

T cells capable of inducing GVHD. Depletion of CD19" B cells was
introduced to reduce the risk of post-transplant lymphoproliferative
disease (PTLD) (73) and GVHD (76). While the depletion of donor B-
cells reduces the risk of PTLD, it does not address PTLD arising from
residual host B cells. Instead, this can be addressed with the inclusion
of rituximab or Campath (but not the T cell directed agents ATG or
OKT3) into the conditioning regimen (77, 78). Several centers

established CD37/CD19" depletion as a feasible approach for patients

lacking a suitable donor, with excellent primary engraftment and

reduced rates of GVHD correlating with the remaining CD3™" cell/kg
content of the graft. However, the low OS rate of 31% remains
primarily attributable to infections and relapse, suggesting that further
improvement of TCD haplo-HCT is needed (79, 80) (Figure 4A,

second panel).

ofT-Cell/B-Cell Depletion

With emerging recognition of ydT cells (81), a yet more
sophisticated approach was developed for GVHD prevention. In
contrast to af-T-cell receptor (TCR) expressing T cells, y3-TCR
expressing T-cells are not implicated in mediating GVHD (82) but do

exhibit important functions characteristic of innate immune recognition
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and anti-tumor effects (83, 84). These cells represent 1-20% of all

CD3™ circulating T lymphocytes in human peripheral blood and the
majority of resident T cells in skin and mucosa. Their TCR heterodimer
consists of a y and § chain encoded by a limited repertoire of V, D, and

J gene segments. The two major V&1 and V32 subsets are distinguished
based on their TCRS composition. Whereas, V51T cells are typically

associated with a Vy1/2/3/5/8 chain, the majority of V821 T cells
express an invariant TCR harboring Vy9. The VY952 TCR is expressed
by the majority of peripheral yd T cells, whereas yo T cells including
other Vo elements are predominantly enriched at epithelial surfaces and
the skin (81, 84). Analogous to NK cell biology, y3T cells are fine-tuned
by activating and inhibitory receptors and recognize conserved non-
peptide antigens that signal potential danger or cellular stress. The
activating receptor NKG2D is broadly expressed in ydT cells and
functions synergistically with the y6-TCR as a costimulatory receptor
(85, 86).

vOT cells have heterogenous functions, ranging from protection
against intra- and extracellular pathogens or malignant cells to
modulation of the immune response and tissue homeostasis. They
contribute to pathogen clearance through the production of granulysin,
defensins, and cytotoxic effector molecules such as perforin and
granzymes (84). yoT cells secrete proinflammatory cytokines involved
in protective immunity against viruses, intracellular pathogens (TNF-a
and IFN-y), extracellular bacteria, fungi (IL-17), and extracellular
parasites (IL4, ILS, IL13), and have been shown to exhibit lytic
activities against leukemia, lymphoma and carcinoma cells (87-89).

Indeed, increased ydT-cell numbers after allogeneic HCT were
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associated with a lower incidence of infections and improved disease-
free survival (DFS) in several studies (90-92).

In a pediatric trial using af-T cell/B-cell depleted haplo-HCT,
v8-T cells were the predominant T-cell population in the initial weeks
after transplantation, specifically expanded in response to CMV
reactivation, and displayed cytotoxicity and degranulation when
challenged with primary leukemia blasts in vitro (93). These effects
were increased after exposure to zoledronic acid, suggesting that the
anti-leukemic capacity of yo-T cells could further be enhanced (94).
Outcomes with the af-T cell/B-cell depleted haplo-HCT approach in
which no additional GVHD prophylaxis was employed appear
promising both in children with malignant (95) and non-malignant
conditions (96), and when compared with MUD and MMUD HCTs in
a retrospective analysis of children transplanted for acute leukemias
(97). However, the high incidence of viral infections reported by some
groups highlights the potential to further improve ex vivo T-cell
depletion strategies (98) (Figure 4A, third panel).

CD45RA-Depletion

As our understanding of T cell differentiation status and
phenotype has become increasingly sophisticated, so have approaches
to tailor graft composition further (99, 100). ap-T cells exist as distinct
subsets that can be differentiated by cell surface phenotype: naive (TN),
stem cell memory (TSCM), effector (TE), effector memory (TEM), and

central memory (TCM). The CD45RATCD62L" TN subset is antigen
inexperienced, has a more diverse TCR repertoire than memory T cells

and clonally expands following T cell priming to execute short-lived
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effector functions. They ultimately differentiate into memory subsets,
which is associated with downregulation of CD45RA and upregulation
of CD45RO0. Studies in mouse models demonstrated that TN mediated
severe GVHD, whereas TCM induced milder GVHD and TEM were
devoid of GVH activity (101-105). Importantly memory T cells
transferred infectious immunity and GVL activity in these models
(106).

Based on the premise that elimination of TN from the graft
could significantly reduce GVHD while maintaining pathogen- and
tumor-specific immunity, Bleakley and colleagues developed a novel
graft-engineering strategy using immunomagnetic beads coupled to a
monoclonal Ab targeting CD45RA. The latter antigen is expressed on
all TN, but absent on Treg, TCM and most TM (107). This strategy was
initially studied in patients with high risk hematologic malignancies

undergoing MSD HCT, utilizing a 2-step selection procedure with a
CD347 selection of stem cells (a minor subset of which expresses

CD45RA) followed by depletion of CD45RA™ cells from the CD34~
fraction. This study demonstrated engraftment in all patients (n = 35),
prompt immune recovery without excessive rates of infection or relapse
and low chronic GVHD, but interestingly no reduction in acute GVHD
although the latter was readily steroid-responsive (108).

Clinical results with CD45RA-depletion in the context of haplo-
HCT are so far limited. A study of 17 pediatric patients with high risk
hematologic malignancies using a RIC conditioning with total

lymphoid irradiation (TLI) but without TBI or serotherapy,

administered a CD347 selected PBSC product on day 0, followed by a
CD45RA-depleted PBSC product which had been collected the
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following day, and ultimately a donor NK cell product administered on
day +6 with the use of Sirolimus or MMF post-transplant. Rapid
neutrophil engraftment and memory T-cell reconstitution was
observed, without any infectious deaths and with 76.5% of patients
alive at a median of 225 days after HCT. Grade III-IV acute GVHD and
chronic GVHD were seen in 3 and 6 of 17 patients, respectively (109).

In a second small study, 5 children with combined immunodeficiency

and chronic viral infections received a combination of a CD34"
selected product and the CD45RA-depleted fraction of the CD34-
negative product with post-HCT prophylaxis consisting of
Cyclosporine and MMF. One patient died with graft failure. In the 4
engrafted patients, viral infections cleared within 2 months after HCT
and an early T cell response against viral pathogens was documented in
2 patients (110). Further studies will be needed to further define the role

of this approach in haplo-HCT (Figure 4A, bottom panel).

Ex vivo Induction of T Cell Anergy With CTLA-41g

An early strategy to minimize T-cell alloreactivity by interfering
with the priming of alloreactive T cells in haplo-HCT was explored in
a pediatric trial. This involved collection of patients’ peripheral blood
mononuclear cells (PBMC) prior to the start of myeloablation and a 36-
h in vitro incubation of the recipient cells with non-mobilized donor
bone marrow in a mixed lymphocyte reaction (MLR) setting in the
presence of CTLA- 4Ig, a fusion protein which inhibits priming of
alloreactive T cells by inhibiting costimulatory signaling between the
B7 protein family (CD80/CD86) on APCs and CD28 on T cells (111).

This reduced the frequency of T cells recognizing alloantigens of the
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recipient while preserving responsiveness to alloantigens of other
persons. In this trial of 11 evaluable patients most of which had
persistent disease at the time of HCT, 5 were alive and in CR at 4.5-29
months after transplant with 3 patients developing steroid-responsive
acute GVHD of the gut only. There were no deaths attributable to
GVHD (112). However, this approach has not been explored further.

Photodynamic Purging of Adoptive T Cell Therapy Following TCD
Haplo-HCT

A different approach to augment the TCD graft with an adoptive
T cell therapy product devoid of alloreactive T cells is a process termed
photoallodepletion. Prior to G-CSF mobilization of the PBSC graft,
donors undergo non-mobilized leukapheresis to obtain T cells. Donor
T cells are then incubated with recipient PBMC in an MLR in the
presence of TH9402, a photosensitizer similar to rhodamine. T cell
activation in the MLR, which occurs selectively in the alloreactive T
cells but spares Tregs and pathogen-specific T cells, is associated with
P-glycoprotein pump inhibition leading to mitochondrial accumulation
of TH9402 in alloreactive T cells (113, 114). Subsequent activation of
TH9402 with visible light leads is then selectively toxic to and
eliminates alloreactive T cells via an oxidative damage mechanism

(115). Early results from a clinical trial in which patients received the

photodynamically allodepleted T-cell product subsequent to a CD34"
selected graft appear promising (116).

ROLE OF INNATE IMMUNITY IN HAPLO-HCT
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NK-cells are an important component of the innate immune
system providing protection against infectious pathogens and cancer.

Recent studies have elucidated that human NK cell diversity is much

broader than the traditional distinction via CD56bright and CD56dim
subsets reflective of differentiation stage and cytotoxic potential. The
ability of NK cells to differentiate into long-lived cells with memory
capacity (117) and the discovery of non-NK innate lymphoid cells has
highlighted the complexity and potential roles of innate immune cells
after HCT (118, 119). NK cells have potent anti-leukemia effector
capacity, respond to viral infections via release of toxic granules, and
facilitate engraftment without mediating GVHD. This is particularly
important in the setting of heavily T cell-depleted grafts or T-cell
directed post-transplant immunosuppression and has inspired a rich
field of investigation to augment NK cell immunity in the context of
HCT to develop leukemia-directed NK-cell based cellular therapies.
NK-cell activity is governed by the balance of a system of
activating and inhibitory NK cell receptors (120). Activating signals are
provided by receptors such as NKG2D, CD94/NKG2C and Natural
Cytotoxicity Receptor (NCRs) including NKp30, 44, and 46 and by
activating Kkiller-cell Ig-like receptors (KIR). NKG2D recognizes
MHC-class I related stress-ligands that can be upregulated by tissues in
response to infection, inflammation, DNA-damage, and malignant
transformation (121), while CD94/NKG2C binds to the non-classical
HLA- E molecules and senses overall HLA-Class I expression on cells
(Figure 5A). NK cells utilize a unique process to balance tolerance to
self under steady state conditions with the ability to mediate an immune

response to pathogens or malignant cells. This is referred to as NK-cell
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education or licensing (122), is in large part regulated by inhibitory KIR
receptors and impacts NK-cell alloreactivity in the setting of haplo-

HCT and allogeneic NK-cell therapies (123).

Figure 5. NK-cell receptor repertoire. (A) NK-cell activity is mediated by
a balance of activating and inhibitory signaling. Key activating receptors and
their corresponding ligands are listed in the green table, while inhibitory
receptors are displayed in the red table. (B) KIR genes are highly polymorphic
and organized in centromeric and telomeric motifs with structural variation
that creates multiple gene content haplotypes. Group A haplotype motifs are
characterized by fewer genes and predominantly those encoding for inhibitory
KIRs. In contrast, Group B haplotype motifs are enriched for activating KIRs.
(C) Centromeric and telomeric motifs are paired together to generate either a
KIR A haplotype (composed of centromeric and telomeric A motifs) or a KIR
B haplotype (containing at least one centromeric or telomeric B motif).
Representative KIR haplotypes by recombination are shown here. Prominent
linkage disequilibrium has been noted within the centromeric and telomeric
motifs but not between them, suggesting that pairing occurs by recombination
between the centromeric and telomeric regions.
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KIRs are either activating or inhibitory based on their structure.
The KIR nomenclature incorporates the number of extracellular Ig-like
domains (two in KIR2D vs. three in KIR3D) and whether the KIR
contains a long or short tail (KIR2DL vs. KIR2DS). KIRs are further
numbered in order of their discovery within their structural group
(KIR2DLI vs. KIR2DL2). KIRs with long tails are generally inhibitory
(with exception of KIR2DL4) and KIRs with short tails function as
activating receptors according to presence or absence of
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (124). There
is tremendous variability within the KIR repertoire owing to a high
degree of polymorphism among individual KIR genes as well as their
organization and recombination within haplotypes (Figures 5B, C)
(125). An individual’s genetic KIR repertoire is determined by the
inherited composition of centromeric and telomeric A and B haplotypes
(Figure 5B). Group A haplotypes contain fewer genes and
predominantly those encoding for inhibitory KIRs. Additionally, the
activating KIR2DS4 gene exist as an inactive deletion variant, termed
KIR1D in the majority of Caucasians, leaving the framework gene
KIR2DLA4 as the sole receptor on this haplotype with any activating
function (126, 127). In contrast, Group B haplotypes are enriched for
activating KIRs. Two groups of KIR haplotype can be assigned based
on the combination of the centromeric and telomeric motifs. Presence
of a centromeric or telomeric B-haplotype constitutes a KIR B
haplotype whereas the combination of a centromeric and a telomeric A-
haplotype results in a KIR A haplotype (FigureSC). Although more
than 50 different haplotypes have been described, there are 11 common

haplotypes derived by reciprocal recombination, which collectively
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account for 94% of Caucasian haplotypes examined by Jiang et al.
(128). Distribution of a KIR gene in the centromeric or telomeric region
of chromosome 19q13.4 is further thought to impact KIR-mediated
regulation of NK-cell activity (129). Additionally, KIR-cell surface
expression at the protein level may vary substantially from the inherited
KIR gene profile. This is attributable to the fact that KIRs are
stochastically expressed on NK cells and each NK cell may therefore
display a different cell-surface profile of inhibitory or activating KIRs
(130). For the most accurate prediction of NK-cell alloreactivity
between haploidentical donor and recipient, KIR-genotyping alone is
insufficient and determination of the KIR phenotype (by flow
cytometry) should also be pursued.

The majority of inhibitory KIRs recognize classical (HLA- A,
B, and C) or non-classical HLA-class I molecules (HLA-G) as their
cognate ligands (Figure 5A) (131). KIR genes are located on
chromosome 19 whereas HLA-genes are located on chromosome 6.
KIR and HLA genes therefore segregate independently, and an
individual may or may not express the cognate HLA-ligand for any
given KIR. This forms the basis for the concept of “education” or
“licensing” of NK-cells, which allows NK-cells to maintain self-
tolerance under physiologic conditions, while retaining the ability to
mount an immune response (132). When NK cells encounter the
matching HLA-class I ligand for their inhibitory KIR (based on the
requisite germline inheritance of the appropriate HLA and KIR genes
and their expression patterns on individual NK cells), they are
considered “educated” or “licensed” and refrain from an attack on

healthy tissues under steady state. However, when NK cells are
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accustomed to this inhibitory signal and subsequently encounter a cell
that does not express the appropriate KIR-ligand (“missing ligand”),
this situation renders them functional to mount an effector response, if
the target also expresses stress-ligands that trigger activating NK-cell
receptors (133). A missing ligand may be encountered on malignant
cells due to HLA-class I downregulation, or HLA-mismatched
allogeneic transplantation such as haplo-HCT, when the recipient does
not express the corresponding HLA-ligand (Figure 6). NK-cells are
considered “unlicensed” when they do not encounter the matching
HLA-class I ligand for their given inhibitory KIR. Due to the lack of
exposure to their corresponding ligand, unlicensed NK-cells are “un-
educated” and hyporesponsive at steady state rather than being
triggered by self-tissues lacking the ligand (134). Unlicensed NK cells
require a higher threshold for activation. However, in the absence of
KIR inhibition, they can mediate higher levels of effector function
when they receive strong stimulatory signals under inflammatory
conditions (such as CMV infection or in the posttransplant setting) or
when triggered for antibody-dependent cellular cytotoxicity (ADCC)
(135, 136). Given that NK cells may surface-express variable
combinations and densities of inhibitory KIRs, NK-cell education
occurs on a continuum along which individual NK cells display graded
levels of responsiveness based on their KIR profile and engagement of

cognate HLA-class I ligands (122, 137, 138).

31



Figure 6. NK cell alloreactivity in haplo-HCT is demonstrated via the
different models of receptor-ligand mismatch. (A) The donor-derived NK
cell is licensed when its KIR2DL1 receptor had been engaged by expression
of its cognate C2 ligand in the donor environment. Upon infusion of the
licensed NK cell into the recipient, a leukemia cell expressing the C2 ligand
will not activate the NK cell due to a receptor-ligand match. (B) A receptor-
ligand mismatch occurs when the donor-derived NK cell is licensed, but the
recipient does not express the C2 ligand (missing ligand). Provided that it is
further driven by stimulation through activating receptors, this results in
activation of the licensed donor NK cell upon infusion into the recipient,
leading to a graft-vs.-leukemia effect. (C) If the donor does not express the
appropriate class I ligand for its KIR receptor (HLA and KIR segregate
independently), the donor NK cell is unlicensed. In this case, donor NK cells
are accustomed to a missing ligand. They may be activated when encountering
strong activating signals (like activating cytokines) or be further inhibited
when encountering the inhibitory ligand in the recipient. (D) Licensing of the
NK cell for the C1 ligand occurs in the donor. Upon transplant into the host,
the missing C1 ligand coupled with binding of the activating ligand with the
activating receptor on the NK cell results in alloreactivity. Binding of the
activating KIR receptor KIR2DS1 to the C2 ligand on the target leukemia cell
enhances NK cell alloreactivity.

Since the model of NK-cell alloreactivity in the context of

mismatched HCT was first proposed, a number of studies have
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evaluated its clinical impact (139). For the interpretation of HCT
studies evaluating the role of NK-cell alloreactivity it is critical to
consider the definition of the KIR-mismatch model employed in each
study (131, 140) (Figure 6). The “KIR ligand-ligand mismatch model”
is based on the hypothesis that the presence of the corresponding HLA-
ligand prevents NK-cell alloreactivity, whereas a missing ligand in the
HCT recipient triggers NK cell alloreactivity. However, while this
model accounts for HLA-class I mismatches, it does not consider KIR-
genotype or phenotype. In contrast, the “KIR receptor-ligand mismatch
model” accounts for the fact that a missing ligand is irrelevant if NK
cells do not express the corresponding KIR for a mismatched HLA-
class I ligand. Therefore, this model incorporates the HLA-ligand
repertoire in the recipient as well as the donor KIR genotype and ideally
phenotype. Other groups have employed the “KIR- haplotype model”
which takes into consideration the presence or absence of a B-KIR
haplotype in the donor, as a measure of enrichment for activating vs.
inhibitory KIRs. Use of this model demonstrated a reduced risk of
leukemia relapse when patients were transplanted from donors with
centromeric  B-haplotypes (141-143). Similarly, more recent
approaches have focused on the predicted overall degree of inhibitory
and activating KIR-KIR ligand interactions between the recipient and
potential donors with a highly variable KIR repertoire. This allows for
selection of an optimal donor, even when the transplant recipient’s
HLA- class I repertoire is such that all KIR ligands are expressed and a
missing-ligand scenario is unachievable.

Ruggeri et al. first established that a NK-cell alloreactivity of

the donor toward recipient (based on KIR receptor-ligand mismatch in
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the GVL direction and presence of alloreactive clones against recipient
targets) lowered the AML relapse risk in the context of ex vivo depleted
haplo-HCT (72). These results were subsequently consolidated in a
larger cohort of 112 AML patients, where transplantation from a NK-
cell alloreactive donor was associated with a significantly lower relapse
rate (3% compared to 47%) when transplanted in complete remission
and better EFS when transplanted in relapse (34% compared to 6%) or
CR (67% compared to 18%) (144). Subsequent studies of sibling donor,
unrelated donor (URD), and umbilical cord blood (UCB) donor sources
have yielded variable results (14). Some studies showed no benefit or
even inferior survival resulting from a mismatch in the KIR/KIR-ligand
system. This may be partly related to the variable definition of KIR-
mismatch models and transplant regimens used. In contrast, a large
analysis in AML patients undergoing 9/10 or 10/10 URD employed an
algorithm to predict the strength of inhibition between the ubiquitous
KIR3DL1 and its ligand HLA-B and found that combinations with
absent of weak inhibition were associated with significantly lower rates
of relapse and overall mortality (145). The extent of T-cell depletion
may also play an important role, since the presence of T cells in the
graft affects NK cell reconstitution leading to lower KIR-receptor
expression (146). Lastly, given that a KIR ligand-ligand mismatch
implies an absence of a KIR ligand in the host that is present in the
donor, it equates with the presence of a major HLA-class I mismatch.
It is therefore not unexpected that such mismatch leads to significant T-
cell alloreactivity and poor survival unless T-cell reactivity is

minimized with methods such as TCD.
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A retrospective analysis of 161 patients receiving TCD
haploidentical allografts confirmed a beneficial role of NK cell
alloreactivity. In the presence of KIR-receptor-ligand mismatches in the
GVL direction, expression of activating KIR2DS1 or KIR3DSI1 was
associated with a significant reduction in NRM, largely owing to 50%
reduction in infection rates (147). While much of the benefits of NK
cell alloreactivity are reported for myeloid indications, a pediatric study
of 85 patients undergoing TCD haplo-HCT showed that patients
transplanted for ALL from a KIR B-haplotype donor had a significantly
better EFS than those with KIR haplotype A donors. Additionally, a
higher KIR B- content score (based on the number of centromeric and
telomeric KIR B motifs) was associated with a significant reduction in
relapse risk (148). Although limited by use of a KIR ligand- ligand
model, a study of haplo-HCT with PTCy for various hematologic
malignancies found that KIR-ligand mismatch was associated with a
lower incidence of relapse and better PFS for patients transplanted in
relapse but had no significant impact on those transplanted in CR (149).
A growing ability to navigate the complexities of the KIR-system, such
as recognition of varied strengths of inhibition among subtypes of
inhibitory KIRs and its ligands resulting in discrete hierarchies of anti-
leukemic cytotoxicity will aid in further revealing how donor selection
based on KIR-compatibility may improve outcomes (145). While the
beneficial effects of NK-cell alloreactivity are mostly documented in
the context of ex vivo T cell-depleted haplo-HCT, the growing
adaptation of T-cell replete haplo-HCT affords the opportunity to
carefully study the role of NK-cell alloreactivity in these platforms.
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IMMUNE RECONSTITUTION AFTER HAPLO-HCT

Transplant outcomes are directly related to the achievement of
an acceptable restoration of the immune system. Several cell subsets
play a key role in the protection toward infections and disease
recurrence. In general, innate immunity recovers early after transplant
and represents the first line of defense against pathogens. Specifically,
monocytes followed by neutrophils and NK cells arise in the first month
after transplant. Adaptive immunity mediated by T and B cell
lymphocytes recovers later and is crucial for both immune tolerance
maintenance and long-term protection against infections and disease
relapse. T cell reconstitution can occur through two different
mechanisms: thymus-independent T cell peripheral expansion of
infused donor memory T cells and thymus-dependent de novo
generation of donor T cells from donor hematopoietic progenitors
(150).

While the kinetics of immune reconstitution and its correlation
with HCT outcomes are well-established in the setting of matched
donor transplant, more studies are needed in the setting of haplo-HCT.
Different donor sources do not represent the only cause of possible
differences in immune reconstitution kinetics. Specific haplo-HCT
platforms and GVHD prophylaxis approaches are also crucial factors to
consider (151). As detailed above, two major haplo-platforms are
currently used: T-cell replete haplo-HCT that use an in vivo T-cell
depletion with ATG or PTCY, and TCD haplo-HCT in which the graft
is ex vivo manipulated with a CD34-positive selection or a T-cell

negative selection. Here, we review the immune reconstitution of
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different blood cell subsets after different types of haplo- HCT (Figure
7).

Figure 7. Immune reconstitution with different haploidentical transplant
platforms. Only subsets which have been characterized by published primary
data for each platform are included in this figure (e.g., data on dendritic cell
reconstitution has only been described for the GIAC approach). Cells are
depicted at the approximate time-point of reaching the lower range of normal.
T-cell depleted (TCD) haploidentical transplant is associated with early
recovery of neutrophils, monocytes, immature NK cells and rapid NK cell
maturation which takes 6—8 weeks (top panel). Additionally, ap-T cell/CD19
depletion is associated with early detection of yoT cells and mature NK cells
that are infused with the graft infusion (2nd panel from the top). B cell
recovery is delayed with CD19 depletion relative to CD34+ selection. T-cell
replete (TCR) haploidentical transplant performed with post-transplant
cyclophosphamide (PTCy) and GIAC protocols is associated with early
reconstitution of immature NK cells (3rd panel from the top). It is also
associated with earlier reconstitution of CD8+ T-cells than TCD protocols.
The GIAC protocol is associated with delayed dendritic cell recovery (bottom
panel). This figure was created using BioRender.com.

Monocytes

Monocytes are the first immune subset to recover after HCT.

Rapid and robust monocyte CDI14" cell reconstitution has been
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correlated with the improvement of transplant outcomes in the setting
of MSD (152) and UCB-HCT (153). Recently, a study by Turcotte and
colleagues showed that higher absolute monocyte count (AMC) and

higher classic monocyte subsets (CD14bright CD167) at day +28 were
associated with a reduced risk of relapse and TRM, better 2-yr OS, and
improved 2-yr PFS in a cohort of patients transplanted for different
hematological malignancies using both RIC or MAC regimens and
different stem cell sources (154). AMC was influenced by the graft
origin, with a higher AMC found in UCB but no differences between
BM and PBSC. However, no haplo- HCTs were included in this study.
In a separate cohort of 144 patients treated with MAC conditioning for
hematological malignancies, receiving a T-cell replete graft consisting
of G-CSF- mobilized BM and PBSC from HLA-haploidentical or
MSDs, the monocytes recovered rapidly, and the AMC was above the
normal range starting from the first month to the first year after
transplant. Both patient groups received GVHD prophylaxis with
Methotrexate, Tacrolimus, MMF, and Cyclosporine with the addition
of ATG in the haploidentical group (GIAC protocol). Monocyte
reconstitution was comparable between recipients after HLA-matched
and haplo-HCT on days +30, 90, and 180 after transplantation. None of
the patient transplant characteristics impacted monocyte recovery in the
multivariable analysis (155). Finally, in a pediatric cohort of 40 patients
receiving TCD haplo-HCT wusing CD34 positive selection or
CD3/CD19 cell depletion, monocyte expansion was rapid, reaching
normal values for age within 30 days of transplant. Moreover, no
differences in monocyte recovery were seen between different graft

purification and conditioning intensity regimens (156).
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Neutrophils

Depending on the study, neutrophil engraftment is defined by
the presence of more than 500 or 1,000 neutrophils/uL of blood and
represents a crucial step in the early phase after transplant. Prolonged
neutropenia is associated with severe infection and increased TRM
(157). In the setting of a T-cell replete transplant, neutrophil recovery
occurs quickly. With GIAC protocols, the median neutrophil
engraftment was achieved at 14 days (range 9-25) (158, 159), whereas
with the RIC PTCY platform using BM grafts and Tacrolimus and
MMF GVHD-based prophylaxis, the median time to neutrophil
recovery was 15 days (range 11-42) (11). For both protocols, patients
received recombinant human granulocyte colony-stimulating factor
(thG-CSF) from day +6 or +4 to engraftment, respectively.

In the context of TCD HCT using the Perugia protocol with

CD34%" selected megadose grafts, the median time to neutrophil
recovery was 11 days (range 9-30) without G- CSF support (27).
Studies using CD3/CD19 cell depletion in adult patients also showed
rapid neutrophil recovery, with a median time of 12 days (range 9-50)
without the addition of G-CSF (79, 80). Similar results were seen in a
cohort of pediatric patients with acute leukemia undergoing MAC
transplant. Specifically, patients in the af}-T cell-depleted haplo- HCT
had a faster neutrophil recovery compared to MUD, mismatch unrelated
donors (mMUD), and those treated with Methotrexate and Calcineurin-
inhibitors, with median time to neutrophil engraftment of 13 (range 6—
23), 19 (range 9—46), and 20 days (range 10-120), respectively (97).
All three groups received ATG during the conditioning for prevention

of graft failure and GVHD, and none of the patients received G-CSF to
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accelerate neutrophil recovery. Taken together, these data show that
haplo-HCT provides a comparable or even expedited neutrophil

recovery compared to standard matched donor-HCT.

Dendritic Cells

Dendritic cells (DCs) represent a rare population in the
peripheral blood, accounting for 0.15-0.7% of mononuclear cells (160).
In the context of T-cell replete haplo-HCT using the GIAC protocol,
Wang and colleagues measured the frequencies of DCs and their
subsets among white blood cells (WBCs) after haplo-HCT, including
CD123" plasmacytoid DCs (pDCs) and CDI1lc™ myeloid DCs
(mDCs). Recipients had strikingly decreased proportions of DCs
(0.49% vs. 0.27%, P = 0.025), mDCs (0.27% vs. 0.14%, P < 0.001),
and pDCs (0.04% vs. 0.02%, P = 0.008) in the WBC compartment at
~180 days post-haplo- HCT compared to healthy subjects. Since, it was

reported that primary human DCs were the most potent expander of the
v8 T cell subset V52T (161), the authors also investigated whether the
recovery levels of V32T T cells were associated with the DC content

following transplantation. Bivariate correlation analysis showed that
the proportion of mDCs, but not DCs and pDCs, in WBCs was
significantly correlated with the recovery of V821 T cells after haplo-
HCT. Specifically, slow recovery of mDCs was associated with a slow

recovery of V82T T cells in this haplo-HCT setting (162).

Chang and colleagues also described a slower DCs recovery at
+15 and 30 days after HCT compared to those in the HLA- matched
recipients in another study (158). In their protocol, ATG was
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administrated only in the haplo-group. Indeed, it was described that
ATG not only induced a tolerogenic phenotype in human DCs (163),
but was also able to mediate a complement-mediated lysis of DCs
(164). In summary, these findings may explain the delay in DC
recovery in the setting of the haplo-HCT using the GIAC protocol. The
kinetics of DC reconstitution in other haplo-HCT settings, remain to be

fully characterized.

Natural Killer (NK) Cells

Due to the need to perform an extensive T cell depletion in
haplo-HCT, anti-tumor efficacy is largely dependent on the graft-vs.-
leukemia effect exerted by NK cells that eradicate residual leukemic
blasts surviving the preparative regimen (72, 165-167). In the haplo-
HCT setting performed through the infusion of positively selected

CD34™" cells, the first emergence of fully functioning, KIR alloreactive
NK cells from hematopoietic progenitors may require at least 6—8
weeks, and therefore the benefit offered by their anti-leukemia effect is
delayed (168—171). In the setting of af-T-cell/CD19 depletion,
generation of NK cells from donor HSC takes ~8 weeks but circulating
NK cells can be detected earlier after transplant due to infusion with the
graft (172). Moreover, CMV reactivation in this setting was associated
with an expansion of memory-like NK cells (NKG2C™, CD57, KIR™)
as early as 3 months after HCT (173). Surprisingly, in a pediatric
comparison between TCD haplo-HCT performed with CD34 positive

selection or CD3/19 negative selection, NK-cell recovery was faster in

patients receiving PBSC from CD34" positive selection in the first 4

months after transplant (156).

41



In the T-cell replete haplo-HCT setting using PTCY, Russo and
colleagues described that donor alloreactive NK cells infused with the
graft were killed by cyclophosphamide (174). This translated into a
delay of NK recovery and maturation resulting from a profound
reduction after cyclophosphamide administration following a robust
proliferation of donor-NK cells in the early phase after graft infusion.
The absence of aldehyde dehydrogenase (ALDH)-positive NK cells
suggested that they were susceptible to cyclophosphamide cytotoxicity,
and this was then confirmed using an in vitro assay of mafosfamide-
induced cell death (174). On the other hand, Russo et al. reported an IL-
15 peak in patient sera at day +15 after transplant that was associated

with a progressive increase of NK cells expressing an immature

phenotype (CD62LT ,NKG2A™ , KIR™ ) between day +15 and day +30
(174). The normal distribution of NK phenotypes was achieved only

between 9 and 12 months after transplant, with a decrease of

CD56bright, NKG2A, and CD62L expression and an increase of
maturation markers (CD16, CD57, and KIR). KIR expression returned
to normal levels around day +60, but NKG2A expression decreased
only after 6 months. Interestingly, in this cohort of patients, there was
no difference in PFS between patients with or without a predicted KIR
alloreactivity, suggesting that the protective anti-tumor activity of NK
cells is dampened after T-cell replete haplo-HCT using the PTCY
platform (174).

Another group described the transient and predominant

expansion of an unconventional subset of NK cells characterized by a
specific ~ phenotype: NKp46neg/ low  cpsedim ~ Ccpieneg,

CD94/NKG2Ahigh starting from the second week after transplant and
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maintained until the 7th week (175). This unconventional population

retained its proliferative capacity and the ability to differentiate into the

CD56bright gybsets (NKp46™, CDs56bright cp16~ cells) in response
to IL-15 and IL-18. Despite the unconventional NK cells expressing a
high level of activating receptors (NKG2D and NKp30), Granzyme-B
and Perforin, they displayed a defective in vitro cytotoxicity
highlighting again the need to improve NK reconstitution after PTCy
haplo-HCT (175). Similar results were reported in the GIAC protocol
in which early and higher expression of CD94/NKG2A was inversely
correlated with KIR expression, and was associated with worse survival
(176). The same group showed that NK cells from patients who
developed GVHD had a lower expression of NKG2A, lower
proliferative capacity and an increased rate of apoptosis, but retained
their cytotoxicity after in vitro co-culture with the K562 cell line (177).

Finally, in contrast to TCD haplo-HCT, KIR-mismatch analysis
between donor-recipient pairs when using only HLA and KIR
genotyping without consideration of the KIR phenotype, was unable to
predict post-transplantation outcomes in multivariate analyses in the
setting of haplo-HCT using the GIAC protocol (178). However, it has
been reported that KIR-driven NK cell alloreactivity is better predicted
if donor KIR genotype is considered in conjunction with KIR cell
surface expression (130). Moreover, in haplo-HCT using the GIAC
protocol, the higher number of T-cells infused in the graft contributed
to the high incidence of acute GVHD (178). This resulted in a need for

increased immune suppression, thereby affecting NK alloreactivity.

T Cells
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Achievement of an acceptable T cell reconstitution after HCT
represents a crucial goal and correlates with better transplant outcomes.
Impairment of T cell reconstitution is more pronounced after T cell
depletion (152). In the context of T-cell replete haplo-HCT using the
GIAC protocol, CD3™ T cell counts were 125, 883, 1,163, and 1,308
cells/uL at 30, 90, 180, and 360 days after HCT, respectively (158). A
lower median CD3™ T cell count was reported after NMA haplo-HCT
using a BM graft with PTCy, Tacrolimus and MMF based GVHD
prophylaxis, with 206 cells/uL at day 40 and 219 cells/uL at day 100
(179). On the other hand, CD3" T-cell recovery was more rapid with
338 cells/uL at day +30 after MAC haplo-HCT using PBSC grafts with
PTCy, MMF, and sirolimus GVHD-based prophylaxis (180).

In the setting of T-cell replete haplo-HCT with both GIAC and
PTCy-based protocols, CD8" T cells recovered earlier than CD4™ T
cells (158, 181-183). Faster CD8™ T cell recovery at day +90 correlated

with higher CD3™ cells in the graft but was not associated with a higher
incidence of GVHD (184). The same studies highlighted that the
recovery of CD4™ T cells was impaired for the whole first year after
transplant, but failed to demonstrate a correlation between delay in

CD41 T cell reconstitution and NRM as was shown in the HLA-

matched donor setting (185). Notably, in the GIAC experience the delay
of CD4" T-cell reconstitution was compensated by the proportional

increase of the CD8™ T cell- and monocyte fractions, and the NRM was
relatively low (19.5% in the haplo group vs. 17.4% for the matched-
sibling donor cohort). This was likely due to patient care improvements,

especially the management of CMV reactivation (158).

44



A retrospective EBMT registry study including both adult and

pediatric patients undergoing haplo-HCT found an association between
higher CD3%, CD4™, and CD8™ T-cell counts and better OS with less
NRM (186). However, in the multivariable analysis only higher CD3™
and CD8* T-cell counts correlated with lower NRM. No association
was found between any of the T-cell, B-cell, or NK-cell subset counts
with relapse-related mortality. In this study, the majority of patients
were treated with TCD haplo-HCT using both CD34" selection and
CD3/19 depletion (186).

In the context of ap T-cell depleted haplo-HCT, CD3™, and
CD31/CD8*% T-cell recovery was slower compared to MUD or
MMUD-HCT until 6 months after transplant (97). Recovery of CD4"

T cells was delayed only in the first 3 months and became even better
at 1 year after haplo-HCT compared to MUD and MMUD. In this
pediatric experience, haplo-HCT patients did not receive any additional
pharmacological GVHD prophylaxis, whereas MUD and MUD HCT
were performed using standard calcineurin-based GVHD prophylaxis
and short- term methotrexate (97).

T memory stem cells (TSCM) represent a subset of early-
differentiated human memory T cells with stem cell-like properties.
TSCM and naive T cells (TN) both express naive markers such as
CD45RA, CCR7, and CD62L, but in distinction to TN and similar to
other memory subsets, TSCM are characterized by CD95 expression.
In the context of haplo-HCT using PTCy, two different groups
elegantly showed that donor-derived TSCM reconstitute early after

transplant, representing the majority of both CD4 and CD8 T cells at
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day +8. At the polyclonal, antigen-specific, and clonal level, TSCM
lymphocytes were preferentially derived from differentiation of TN

infused within the graft, whereas most memory infused lymphocytes

are purged by PTCy (182, 187).

Regulatory T (Treg) Cells

Treg cells play a key role in the modulation of immune tolerance
after HCT. Higher Treg content in the graft has been associated with
better OS and lower aGVHD (188), whereas a reduced frequency of
Tregs contributed to cGVHD incidence after matched-donor transplant
(189). In the matched donor setting, Kanakry and colleagues showed
that Treg, especially memory CD45RA-Treg, were preserved and
recovered rapidly while conventional T (Tcon) naive cells were reduced
when PTCy was used as the sole method of GVHD prophylaxis (48).
This was ascribed to the high levels of aldehyde dehydrogenase
(ALDH), as the major in vivo mechanism of Cyclophosphamide
resistance in the Treg population. In addition, murine studies
demonstrated the importance of Tregs for GVHD reduction in the
context of the PTCy-based GVHD prophylaxis (49).

In the T-cell replete haplo-HCT setting using PTCy, naive Tregs
increased after cyclophosphamide administration. This was attributed
to the lower Ki67 levels compared to the memory subsets at day +3. In
addition, Tregs exhibited a lower proliferation profile compared to
Tcons, suggesting a lower susceptibility to PTCy in the haploidentical
setting (182). This effect seems to be enhanced when PTCy is combined

with sirolimus instead of a calcineurin inhibitor (180). Cieri et al.

showed an expansion of CD25" CD127~ FoxP3™ Tregs early after
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transplant, relative to the donor leukapheresis content and to the
quantity in healthy subjects. Interestingly, patients who did not
experience acute GVHD had a higher percentage of circulating Tregs
at day +15 compared to patients who developed acute GVHD (180).
Notably, the ability of Sirolimus to boost Treg reconstitution has also
been reported outside of the PTCy platform. Indeed, Peccatori and
colleagues reported an expansion of Treg after haplo-HCT using a
combination of ATG, sirolimus and MMF as GVHD prophylaxis (190).
Moreover, in the Baltimore experience with a cohort of patients
undergoing MAC haplo-HCT using PTCy, MMF, and tacrolimus-based
GVHD prophylaxis, Tregs achieved normal donor levels at all time-
points examined (day +30, +90, +180, and +365) (181). Finally, in
haplo-HCT using the GIAC protocol, patients with a higher day +30

percentage of naive Treg, defined as CD4" CD25% CD45RA™, had a
significantly lower incidence of grades II-IV acute GVHD (191). This
highlights the importance of reaching a satisfactory Treg reconstitution

for the achievement of immune tolerance after haplo-HCT.

v0 T Cells

vd T cells combine conventional adaptive immunity features
with innate-like MHC-independent tumor recognition (192). In healthy
donors the majority of circulating yd T cells expresses the V62 chain,
whereas the minority expresses the Vo1 chain. The former subgroup is
able to recognize non-peptide phosphoantigens and to perform direct
killing of tumor cells (193). The V31 yd T-cell subgroup on the other
hand is associated with control of CMV infection and also retains

antitumor activity (194). Both subgroups play a key role in the setting
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of haplo-HCT because they do not induce GVHD but can exert
immunological surveillance. In patients undergoing af-TCD haplo-

HCT, v3-T cells were the predominant T-cell subset for the first 2-3

weeks after transplant (91.5% of CD3™ lymphocytes), while aff T cells

became the most prevalent population at 1 month (93). Moreover,

patients had a higher proportion of y3-T cells, especially the V52T
subset for the first 3 months. However, CMV reactivation (but not
infection with other viruses) was associated with an expansion of Vol

vo-T cells (93). Interestingly, the authors showed that zolendronic acid

was able to potentiate V52T killing against leukemia blasts after in vitro
culture, indicating that the cytotoxicity was dependent on
phosphoantigen recognition and providing a rationale for the
development of future clinical trials to boost the Yo T anti-tumor effect
(93). The same group tested the in vivo ability of zolendronic acid
(ZOL) to enhance yd T-cell recovery and function, by administrating
the drug to pediatric patients undergoing af-TCR/CD19 depleted
haplo-HCT. An induction of Vd2-cell differentiation paralleled by
increased cytotoxicity of both V61 and V62 cells against primary
leukemia blasts was associated with ZOL treatment. Patients given
three or more ZOL infusions had a better probability of survival in
comparison to those given one or two treatments (86% vs. 54%,
respectively, p = 0.008), suggesting that ZOL infusion promotes yd T-
cell differentiation and cytotoxicity and may influence the outcome of

patients in this transplant setting (94).

B Cells
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B cell recovery occurs late after HCT. B cells are almost
undetectable during the first and second months and normal values are
only reached around 12 months after transplant (195). In the setting of
NMA haplo-BMT using PTCy, MMF and Tacrolimus as GVHD
prophylaxis, B cells were undetectable until day +28. Recovery of B

cells started from week 5 with an immature CD38bright CD10% Ki-67
negative phenotype, suggesting that the increase in B-cell number was
not due to the homeostatic proliferation of transferred B cells but to de
novo generation (196). Maturation of B cells was characterized by
different expression of both transitional (T) markers CD5 and CD21:
TO (CD5~ CD217), T1 (CD5' CD217), T2 (CD51 CD217), and the
CD5~ CD217" subset. Starting at week 9, mature B cells (CD3gdim
CDI107) began to increase with a naive phenotype (IgD" , IgM™).
Overall, B cell maturation took 6 months to complete in the setting of a
T-cell replete PTCy-based haplo-HCT (196).

With haplo-HCT using the GIAC protocol, median B cell counts
did not differ from HLA-matched HCT at any of the time points
examined (158).

In an analysis comparing CD34 positive selection and
CD3/CD19 cell depletion, B cells reconstituted more rapidly in the
former group (156). Furthermore, recovery of B cells after aff T cell-
depleted haplo-HCT was delayed for the first 6 months compared to a
cohort of patients transplanted with a MUD or MMUD using standard
calcineurin-based GVHD prophylaxis. However, this is at least in part
attributable to the fact that in the af T-cell depletion setting, patients
received one dose of Rituximab as part of the conditioning regimen in

order to prevent post-transplant lymphoproliferative disorders (97).
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RELAPSE AND IMMUNE EVASION MECHANISMS AFTER
HAPLO-HCT

Recent data has highlighted the critical role of the immune
system in the control of myeloid leukemia after HCT and elucidated our
understanding regarding the immunologic mechanisms underlying
relapse after haplo-HCT. Work by Vago and colleagues revealed that a
substantial proportion of AML and MDS relapses after haplo-HCT are
attributable to acquired uniparental disomy of chromosome 6p (copy-
neutral loss of heterozygosity eliminating the incompatible HLA alleles
without decreasing the overall level of expression of HLA class I
molecules). This was shown to result in loss of the mismatched HLA
molecules on leukemia cells and immune escape from leukemia control
exerted by haploidentical donor T cells via the major histocompatibility
mismatch (197). The maintained overall expression of class [ molecules
in this study also evaded activation of NK-cell mediated anti-leukemic
responses which could potentially be based on a newly missing ligand
to an inhibitory KIR receptor (197). Clinical suspicion for an immune
evasion phenomenon was first raised when patients relapsing after
haplo-HCT had discrepant findings in host chimerism monitoring
between short-tandem-repeat amplification but not HLA typing (198).
Recognition of this leukemia escape mechanism has therapeutic
importance for patients who are candidates for subsequent haplo-HCT
in whom a different donor is available who is mismatched for the HLA
haplotype retained in the relapsed leukemic cells and/or is predicted to
mediate NK-cell alloreactivity based on the newly missing KIR-ligand.
The development of routine diagnostic methods is expected to facilitate

this (198). Importantly, ~30% of relapses after haplo-HCT are
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attributable to this mechanism of the elimination of the incompatible
HLA alleles irrespective of the GVHD prophylaxis or platform used to
control T-cell alloreactivity (190, 199, 200).

To identify other drivers of post-HCT relapse Toffalori et al.
analyzed transcriptional signatures specific for post-transplant AML
relapses (201). This study demonstrated deregulation of the
costimulatory interface between donor T cells and host leukemia cells,
with loss of costimulatory interactions and enforcement of inhibitory
ones (PD-1/PDL-1) as evidenced by both changes in leukemic cells and
donor T cells (Figure 8). Additionally, the study documented
downregulation of surface expression of HLA class II molecules on
leukemia cells due to the downregulation of the HLA class II regulator
CIITA (201). Patients with AML relapse after HCT were found to have
a higher proportion of BM—infiltrating T cells expressing inhibitory
receptors (IR) compared to patients remaining in CR. The exhausted
BM-T cell phenotype was associated with a restricted TCR repertoire,
impaired effector functions and leukemia-reactive specificities.
Furthermore, early detection of severely exhausted BM-memory stem
T cells predicted relapse (202). Interestingly, IR-positive T cells
infiltrating the BM of AML patients at relapse displayed a greater
ability to recognize matched leukemic blasts after in vitro expansion
compared with their IR-negative counterparts. This suggest that IR
expression marks lymphocytes enriched for tumor specificity whose
activity could be unleashed with therapeutic check-point blockade,
although innovative targeted strategies will be required to avoid

exacerbation of GVHD in the HCT context (202).
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Figure 8. Mechanisms of relapse post haploidentical HCT. Late relapse
after haploidentical allogeneic transplantation can be driven by a number of
immunologic mechanisms as shown. Under the immune pressure of graft-vs.-
leukemia (GVL) via HLA mismatch in a haploidentical environment, loss of
heterozygosity for the mismatched HLA allele is a mechanism of escape from
immune surveillance and relapse (1). Another mechanism involves
transcriptional silencing of HLA class II molecule, thereby reducing T-cell
mediated GVL. This effect can be partially reversed in the presence of
immunomodulatory molecules such as IFN-y or the epigenetic regulator 5-
azacitidine (5-aza) (2). Modification of the tumor microenvironment via
suppression of release of mediators that promote GVL is another mechanism
used by relapsing leukemia cells, which may be partially reversed via
administration of IL-15 agonists and NK cell infusions that promote the
secretion of proinflammatory cytokines (3). An additional common
mechanism of relapse involves the emergence of T-cell exhaustion with
associated upregulation of PD-L1 and other inhibitory receptors. The latter
may be reversed through administration of checkpoint inhibitors (4). Blue
arrows indicate possible therapeutic strategies to overcome the different
mechanisms of immune evasion. MRD, minimal residual disease; LOH, loss
of heterozygosity; Chr, chromosome; DLI, donor lymphocyte infusion. This
Figure was created using BioRender.com.

HAPLO-HCT AS A PLATFORM FOR POST-TRANSPLANT
IMMUNE THERAPIES
Numerous scientific advances have contributed to the

resurgence of haplo-HCT as a viable transplant option for patients
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requiring HCT and have achieved similar outcomes to those from other
donor sources. The ability to perform haplo-HCT without costly ex-vivo
T-cell depletion approaches, which require extensive cell
manufacturing expertise frequently limited to large transplant centers,
has been a major advance in transplant accessibility for patients in
resource-limited countries that frequently do not perform unrelated
donor transplantation (203). However, further efforts are required to
improve immune reconstitution, control infectious complications and
decrease relapse rates in patients after haplo-HCT. Fortunately, haplo-
HCT provides an ideal platform characterized by unique immunologic
properties and ready accessibility of the donor for additional cell
products. This offers tremendous opportunities for the development and
implementation of innovative adoptive immune cell therapies to
augment infectious and antitumor immunity and further improve

outcomes (Figure 9).

Figure 9. Haplo-HCT offers a platform for post-transplant immune
therapies to prevent and treat relapse. In the context of a haploidentical
transplant, there are several options to administer cellular therapies in order to
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address relapse, infection and GVHD either pre-emptively or therapeutically.
In the event of a relapse, enhancing GVL effect using cellular therapy that
either relies on the haploidentical mismatch between donor and recipient or
gene-modified donor immune effector cells T cells are potential options.
Donors haploidentical to the recipient may also readily serve as a source of
cells for the production of CAR-T or CAR-NK. In the event of significant
viral infection post relapse, administration of antiviral cytotoxic T-cells may
promote viral clearance without increasing the risk of GVHD. Finally, Treg
infusions may be utilized to treat GVHD. DLI, Donor lymphocyte infusion;
CIML NK cells, Cytokine-induced memory-like NK cells; TCR, T-cell
receptor; CAR, Chimeric antigen receptor; CTLs, Cytotoxic T-lymphocytes.

Suicide Mechanisms for Defined T-Cell Content in the Graft and
Post-transplant

Ex-vivo TCD haplo-HCT affords opportunities not only for the
dose-titration but also the manipulation of the T cell product prior to
infusion into the patient. Rather than in- or ex-vivo approaches to
selectively deplete or attenuate T cells, a different approach is the
infusion of polyclonal T cells that have been genetically engineered to
include an inducible suicide gene. With this strategy, a defined dose of
T cells can be administered to aid in engraftment and immune
reconstitution, mediate a GVL effect, and provide infectious immunity
while being selectively susceptible to an externally inducible suicide
mechanism in the event of significant GVHD (204).

The first such approach was pioneered by Bonini and colleagues
with the introduction of a herpes simplex virus thymidine kinase (HSV-
TK) suicide gene into T cells using y-retroviral transduction in which
the transgene also contained the truncated selection marker ALNGFR.
This allowed for the isolation and infusion of transduced cells bearing

the suicide gene (205). With this strategy, administration of the drug
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ganciclovir activated the suicide mechanism and successfully

controlled GVHD in several patients after infusion (204). Interestingly,

the first wave of circulating TK™ cells after infusion facilitated thymic
renewal and was followed by a second wave of long-term immune

reconstitution with naive lymphocytes. This was supported by an

increase in TCR excision circles, CD31% recent thymic emigrants and
expansion of thymic tissue on imaging and was further associated with
an increase in serum IL-7 levels following each infusion (206).

Since then, other approaches have been developed, such as
transduction of T-cells with the iCasp-9 suicide gene. This gene can be
activated by an otherwise inert drug (207, 208). Novel approaches have
also included the use of a different transduction marker such as
truncated CD19 that allows for the confirmation of transduction and if
desired positive isolation of transduced T cells prior to infusion.
Brenner and colleagues first utilized this approach in children
undergoing haplo-HCT and demonstrated impressively how iCasp-9
transduced T cells expressing the truncated CD19 aid in immune
reconstitution and contribute to infectious immunity (207, 208).
Activation of the suicide gene led to resolution of GVHD symptoms
within hours (209, 210). Interestingly, while alloreactivity was rapidly
abrogated, suicide gene transduced T cells were not permanently
eliminated and able to reconstitute again without causing GVHD.
Pediatric studies are underway to investigate suicide-gene equipped T-

cell infusions after af-TCR/CD19 depleted haplo-HCT.

Haploidentical Donor Lymphocyte Infusions
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A common approach to address relapse early after HCT is the
infusion of donor lymphocyte infusions (DLI) to exert a GVL effect,
but this is frequently accompanied by significant rates of GVHD.
Zeidan and colleagues demonstrated the feasibility of this approach
after haplo-HCT with PTCy in a retrospective analysis of a dose

escalation approach at their center (211). Forty patients received 52
haplo-DLI doses initially at 1 x 105 CD3%/kg and most commonly

starting at 1 x 106 CD3%/kg. Ten patients (25%) developed GVHD with
Grade III-IV acute GVHD in 6 and chronic GVHD in 3 patients.
Twelve patients (30%) achieved a CR with a median duration of 11.8
months (211).

Sun et al. reported on haplo-DLI following a number of different
chemotherapy regimens (FLAG, Methotrexate and others) for relapse
after haplo-HCT with the GIAC protocol. Of 86 patients, 20 developed
Grade I1I-IV aGVHD and 41 developed cGHVD. NRM was 10.3%, and
62% of patients achieved a CR after chemo-DLI of which 50%
experienced re-relapse at a median duration of 92 days (212). A
modified GIAC backbone was also utilized to assess preemptive DLI at

a median of 77 days post haplo-HCT in high risk patients to prevent

relapse. With a sizeable median CD3% dose of 1.8 x 107/kg, the 100-
day incidences of acute GVHD were 55.3% for Grade II-1V and 10.2%
for Grade III-1V, respectively. Two-year incidence of chronic GVHD
was 52%, among which 18.2% were severe. With this regimen, 2-year
NRM was high at 33.1% with a 2-year relapse incidence of 32% (213).

Approaches to reduce GVHD while optimizing the GVL effect
of preemptive or therapeutic DLI are likely to evolve over time and

include the infusion of IL-10 anergized DLI (214), CD45-RA depleted
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DLI (215) and adoptive transfer of gene modified cells as described in
this section. Although experience in the haplo-HCT setting is limited to
date, azacitidine or decitabine in conjunction with DLI have shown
promising overall response rates on the order of 25— 33% for patients

with AML or MDS relapsing after allogeneic HCT (216, 217).

CAR- T or CAR-NK-Cell Infusion

Chimeric antigen receptor (CAR) T cells targeting CD19 have
revolutionized the treatment of relapsed/refractory B-cell acute
lymphoblastic leukemias and aggressive B-cell lymphomas, with
complete remission rates ranging from 70-90% in ALL (218, 219) and
~60% for refractory large B-cell lymphoma (220, 221). CAR-T cells
have been successfully manufactured from donor T cells in patients
with relapse after allogeneic HCT and infused without mediating
GVHD. Autoimmune complications have not been observed after
infusion of CAR-T cells derived from autologous T cells suggesting
that the CAR-signal overrides TCR-based recognition. The use of third-
party CAR-T cells has been explored with concurrent transcription
activator-like effector nuclease (TALEN)-based gene editing of the
endogenous TCR. These CAR-T cells did mediate GVHD in a limited
study of three patients (222). The use of CAR-NK cells is also being
explored in the relapse setting, and although long-term persistence may
be more limited than that of CAR-T cells, this approach may be
beneficial when there is a higher degree of HLA-mismatch such as after
haplo-HCT (223). While the therapeutic success of CD19-targeting
CAR-T cell therapy to date is limited to B-cell malignancies and

multiple myeloma (224), studies are underway to investigate the safety,
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feasibility, and preliminary efficacy of CAR-T cells directed against
AML and MDS (225-227). Given this rapidly evolving field, the
established efficacy potential of CAR-T cells and ability to utilize donor
cells for CAR-T cell manufacture post-HCT, haploidentical HCT
donors represent a readily available post-transplant cell source for
donor-derived CAR-T cell or CAR-NK cell therapies for relapsed

leukemia.

Antiviral Cytotoxic T Lymphocyte (CTL) Infusion

Infectious complications and particularly end-organ viral
disease after HCT remain a challenge, particularly in haplo-HCT where
ex- or in-vivo T-cell depletion is necessary. For example, the incidence
of BK-virus hemorrhagic cystitis is higher in haplo-HCT (228). As
demonstrated by Leen and Bollard the infusion of virus-specific CTL
lines, generated by stimulating PBMC from adenovirus and EBV-
seropositive donors, can safely be performed without inducing GVHD
and can result in clearance of adenoviral disease and prevention of
EBV-associated PTLD (229). The successful use of off-the-shelf multi-
virus-specific T cells to treat viral infections after allogeneic HCT with
minimal risk of GVHD has since been confirmed in a larger study and
has the potential to mitigate serious viral disease after haplo-HCT either

with third-party or haploidentical antiviral CTLs (230).

TCR-Edited T Cell Infusions
Whereas, CAR-transduced T cells recognize extracellular
peptides on the surface of target cells in an MHC-independent manner,

TCR-mediated T cell recognition mediates T cell immunity against
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MHC-restricted, intracellular targets and minor histocompatibility
antigens. With the advent of sophisticated strategies to optimize T cell
transduction and prevent mis-coupling of transduced and endogenous
TCR chains, TCR-edited T cells have successfully entered clinical trials
for patients with an HLA-type required for the HLA-restricted
expression of the antigen. Greenberg and colleagues cloned a high
affinity TCR targeting the HLA-A2 restricted tumor antigen WT-1
from healthy donors and inserted this TCR into EBV-specific donor

CDS8™ T cells (to minimize the GVHD risk and enhance persistence).

The WTI1-TCR modified donor T cells were then infused

prophylactically into the HLA-A*0201+ recipients after they had
received an allogeneic HCT from the same donor. This approach
resulted in 100% relapse free survival in the WT-1 TCR-T cell group at
44 months as compared to a comparative group of similar risk AML

patients with a 54% relapse-free survival after HCT (231). A separate

approach is currently under investigation to target the HLA-A*0201-
restricted minor histocompatibility antigen HA-1, which is exclusively
expressed on hematopoietic cells (232). When the immunogenic single-
nucleotide polymorphic variant of HA-1 is expressed on hematopoietic
cells of the HLA-A2+HCT- recipient, donor T cells that have been
transduced to encode a high-avidity TCR recognizing HA-1 can
effectively eliminate leukemia and lymphoma cells in vitro (233).
Given the facile availability of donor T cells, haplo-HCT can and
should serve as a beneficial platform to explore new approaches to

reduce relapse after HCT.

NK Cell Product Infusion to Augment Graft vs. Tumor Effect
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As previously described, NK-cells can mediate GVL effects due
to KIR-mediated alloreactivity in the haplo-HCT setting. In addition to
selecting the donor based on predicted NK-cell alloreactivity, the
availability of haploidentical donors for additional cell product
collection affords the unique opportunity to utilize NK-cell infusions to
provide for additional GVL or GVT effects after HCT prophylactically
or in the face of relapse (234). Generation of adequate numbers of NK
cells for post-transplant therapies can be challenging given the
relatively low NK cell frequency in the blood but can be overcome by
in vitro expansion such as with membrane-bound IL-21 expressing
feeder cells (mbIL21). A Phase 1 study evaluated prophylactic NK cell
infusions after haplo-HCT with PTCy on days —2, +7, and +28. Of 11
enrolled patients who received all 3 planned NK cell doses, 54%
developed Grade I-II aGVHD, and none developed Grade III-IV
aGVHD, chronic GVHD or dose-limiting toxicities. Only 1/11 patient
relapsed. All others were alive and in remission at a median follow-up
of 14.7 months (235). Administration of cytokines can facilitate NK
cell expansion, but certain cytokines such as IL-2 also preferentially
expand Tregs based on their constitutive expression of high-affinity IL-
2R (CD25). These Tregs in turn inhibit NK cell proliferation (236). A
study treating AML patients with haploidentical NK cell infusions after
lymphodepletion ~ with  cyclophosphamide  and  fludarabine
demonstrated that NK cell expansion was most pronounced and
effective when IL-2-diphteria toxin fusion protein was administered to
achieve host Treg depletion (237).

A recent trial administering haploidentical NK cells with rhIL15
for relapsed AML after lymphodepleting chemotherapy showed that
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rhIL-15 achieved better rates of in vivo NK-cell expansion and
remission compared to previous trials utilizing IL- 2, but also observed
steroid- and tocilizumab-responsive cytokine release syndrome and
neurologic toxicity which was associated with high levels of IL-6 (238).

Cytokine-induced memory-like (CIML) NK cells from
haploidentical donors were able to induce complete remissions in
relapsed/refractory AML patients outside of the transplant setting
without any toxicities (239). This GVL effect may be even more
durable when NK cells from the same haploidentical donor are infused
after haplo-HCT because no immunologic rejection of the CIML NK
cells from the same donor is expected. Studies to date have suggested
that KIR- reactivity is less important when NK cells are cytokine-
induced (240). Studies are now underway to evaluate the safety and

efficacy of CIML NK cells for relapse after haplo-HCT.

Cytokine Support to Enhance NK-Cell Alloreactivity After Het
An alternative strategy to address relapse after HCT is the
administration of cytokines aimed at enhancing the anti- leukemic
function of the existing post-transplant immune environment. One such
approach employed ALT-803, an IL-15 superagonist complex designed
to extend the in vivo half- life of IL-15 and mimic the physiologic trans-
presentation of IL-15 (241). In contrast to IL-2 that can promote the
survival, proliferation, and activation of lymphocytes, but that also
stimulates Tregs, IL-15 preferentially expands CD8" T cells and NK
cells via trans-presentation to the IL-2/15RByc- receptor while avoiding

the stimulation of Tregs. In a recent Phase 1 trial ALT-803 was well-

tolerated, particularly when administered subcutaneously, and induced
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responses of 19% in patients relapsed after HCT (241), suggesting that
such agents may also be explored in the haplo-HCT setting. Efforts are
underway to test use of IL-15 or IL-15 superagonist complex alone or
in combination with NK cell-based therapy to target relapse after haplo-

HCT.

CONCLUSION

The initial immunologic barriers to haplo-HCT, namely GVHD
and graft failure, have been overcome with different platforms that can
be utilized to control T cell alloreactivity post-transplant. Comparable
clinical outcomes have now been achieved relative to alternative donor
sources and depending on the specific scenario, haplo-HCT can offer a
lower risk of GVHD and/or improved control against relapse. The GVL
effect in haplo- HCT is particularly intriguing given the concept of NK-
cell alloreactivity based on the KIR/KIR-ligand system and ability to
select donors accordingly. An emerging body of literature is elucidating
immunologic mechanisms of GVHD and relapse that are potentially
targetable and highlight the immune pressure exerted by donor immune
cells after HCT. Given ready accessibility of the donor, haplo-HCT
offers a unique platform for post-transplant cell-based immune
therapies aimed at expediting immune reconstitution, improving thymic
function, providing infectious immunity, and treating or protecting
against relapse, while maintaining therapeutic control of those cell
immunotherapies with methods such as suicide mechanisms. The rapid
advancements in our understanding of the immunobiology of haplo-

HCT are therefore poised to lead to increasingly sophisticated strategies
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to fine-tune the transplant process and to further improve outcomes

after haplo-HCT.
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Abstract

Administration of post-transplant cyclophosphamide (PTCy) has
significantly expanded the number of patients undergoing HLA-
haploidentical hematopoietic cell transplantation (haplo-HCT). To
examine immune reconstitution in these patients, we monitored T- and
natural killer (NK)-cell recovery in 60 patients receiving bone marrow
or peripheral blood stem cell (PBSC) grafts after haplo-HCT with PTCy
and 35 patients receiving HLA-matched donor PBSC grafts with
standard graft-versus-host disease (GVHD) prophylaxis. Compared
with HLA-matched recipients, early T-cell recovery was delayed in
haplo-HCT patients and skewed toward effector memory T cells with
markedly reduced naive T cells. We found higher regulatory T (Treg)-
cell/conventional T (Tcon)-cell ratios early after HCT and increased
PD-1 expression on memory T cells. Within the haplo-HCT, patients
who did not develop chronic GVHD (cGVHD) had higher PD-1

expression on central and effector memory CD4" Treg cells at 1 month
after transplant. These findings suggest an immunologic milieu that
promotes immune tolerance in haplo-HCT patients. NK cells were

decreased early after haplo-HCT with preferential expansion of

immature CD56P118MCD 16~ NK cells compared with matched donor
transplants. One month after transplant, mass cytometry revealed
enrichment of immature NK-cell metaclusters with high NKG2A, low
CD57, and low killer- cell immunoglobulin-like receptor expression
after haplo-HCT, which partially recovered 3 months post-HCT. At 2
months, immature NK cells from both groups were functionally
impaired, but interleukin-15 priming corrected these defects in vitro.

Increased immature/ mature NK-cell ratios were associated with
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cytomegalovirus reactivation and increased incidence of cGVHD after
haplo-HCT. These homeostatic imbalances in T- and NK-cell
reconstitution after haplo-HCT reveal opportunities for early immune-

based interventions to optimize clinical outcomes.

Introduction

HLA-haploidentical hematopoietic cell transplantation (haplo-HCT)
has become a preferred transplant modality in patients who lack a
readily available HLA-matched donor (1,2). This has been made
possible by the development of novel strategies that markedly reduce

the incidence of graft failure and severe graft- versus-host disease
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(GVHD), the major complications associated with HLA-mismatched
transplants (3-6).

Although different platforms for haplo-HCT have been developed, the
administration of posttransplant cyclophosphamide (PTCy) on days +3
and +4 has become the most frequent approach since it is relatively easy
to implement and does not require ex vivo graft manipulation (6).
Multiple registry and single center studies have shown that outcomes
after haplo-HCT with PTCy are comparable with HLA-matched related
and unrelated donor HCT (7-11).

Recovery of innate and adaptive immune systems is needed to provide
effective graft versus leukemia (GVL) and prevent posttransplant
infections (12-14). While the kinetics of immune reconstitution and its
correlation with post-HCT outcomes are well established in the setting
of HLA-matched transplants, there are relatively little data in patients
receiving PTCy after haplo-HCT (15,16). This is particularly relevant
in the context of recent reports showing an increased incidence of viral
infections, including cytomegalovirus (CMV) reactivation, after haplo-
HCT with PTCy, suggesting T- and natural killer (NK)-cell immune
impairment (17-21). Killer-cell immunoglobulin-like receptor (KIR)
ligand or KIR haplotype mismatch also do not appear to impact
outcomes after haplo-HCT with PTCy, suggesting abrogation of the
NK-cell-mediated GVL effect after PTCy (22,23).

To examine the dynamics of immune reconstitution after haplo-HCT
with PTCy, we prospectively monitored immune recovery in a cohort
of 60 adult patients who underwent haplo-HCT with PTCy and a
contemporaneous cohort of 35 adult patients receiving related or

unrelated HLA-matched donor transplant (MD-HCT) with standard

95



GVHD prophylaxis. Using flow and mass cytometry to monitor
recovery of innate and adaptive immunity and NK-cell functional
assays, we found significant impairment of both T- and NK-cell
reconstitution early after haplo-HCT. These studies suggest that novel
strategies to enhance early immune reconstitution in patients receiving
PTCy-based haplo-HCT may further enhance transplant outcomes in

these patients.

Methods

Patients and sample collection

This study included 95 patients who underwent allogeneic HCT at the
Dana-Farber Cancer Institute and Brigham and Woman’s Hospital
(Boston, MA) between November 2011 and November 2018. Sixty
patients received stem cells from HLA-haploidentical donors (haplo-
HCT group), and 35 had HLA-matched (8/8) related (11/35) or
unrelated (24/35) donors (MD-HCT group). Both cohorts received
reduced-intensity conditioning. GVHD prophylaxis consisted of PTCy
(50 mg/kg) on days 13 and 14 and tacrolimus (TAC) plus
mycophenolate mofetil for haplo-HCT patients and TAC plus
methotrexate (MTX) for MD-HCT patients. Blood samples were
obtained at 1, 2, 3, 6, 9, 12, 18, and 24 months after transplant for
analysis of immune reconstitution (supplemental Table 1). Samples
obtained after relapse were excluded from analysis. For mass cytometry
and NK functional assays, samples were also collected from healthy
donors (HDs; 6 females and 6 males) with a median age of 48.5 years

(range, 23-68 years). Written informed consent was obtained from all
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patients prior to sample collection, in accordance with the Declaration
of Helsinki. Protocol approval was obtained from the Human Subjects
Protection Committee of the Dana-Farber/Harvard Cancer Center.
Detailed descriptions of transplant procedures and sample processing

are provided in supplemental Methods.

Monitoring immune reconstitution

A panel of directly conjugated monoclonal antibodies (supplemental
Table 2) was used to define functionally distinct immune cell subsets
and homeostatic characteristics of each subset. After staining, cells
were acquired on a Fortessa LSR flow cytometer (BD) and analyzed
using FACSDiva software (BD). The cell gating strategy and markers
used for cell subset definition are described in supplemental Figures

1 and 2.

NK-cell characterization

To examine NK-cell phenotype early after transplant, cryopreserved
samples obtained 1 month after HCT were analyzed using mass
cytometry with a panel of 35 metal-tagged antibodies (supplemental
Table 3) (24). Samples were collected on a Helios-2 mass cytometer
(Fluidigm) and data analyzed using Cytobank (25). The methods used
to analyze high-dimensional single-cell mass cytometry data are
described in supplemental Methods.

NK-cell function after coculture with or without 5 ng/mL interleukin-
15 (IL-15) and target cells was evaluated by measuring CD107a as a
marker of degranulation and by cytokine (interferon-y [IFN-y] and

tumor necrosis factor o [TNF-a]) release. A detailed description of
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sample preparation is provided in supplemental Methods and
supplemental Table 4, and an example of the gating strategy is shown

in supplemental Figure 4.

Statistical analysis
A detailed description of statistical analyses performed to com- pare
experimental data and patient outcome is provided in the supplemental

Methods.

Results

Patient characteristics

Clinical characteristics of patients in the study are summarized in Table
1. Median patient age at the time of transplant was 56 years (range, 20-
75 years) for haplo-HCT and 63 years (range, 19-73 years) for MD-
HCT (P = 0.07). Both cohorts were similar in terms of patient/donor
sex, CMV patient/donor serostatus, hematologic disease, and disease
status at the time of transplant. Median follow-up was 32.8 months
(range, 12-92.9 months) for haplo-HCT and 16.8 months (range, 3.6-
70.4 months) for MD-HCT patients (P = 0.07). The 2 groups differed
markedly in stem cell source (P < 0.0001).

Patient Characteristics Haplo-HCT  MD-HCT P-value
N (%) N (%)
Total 60 (100) 35 (100)
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Age at HCT, Median (Range), 56 (20-75)

Years
Patient Sex, Male 32 (53.3)
Donor Sex, Male 40 (66.7)
Donor type
Matched Related Donor -
Matched Unrelated Donor -
Haploidentical Related Donor 60 (100)
Female Donor for Male Recipient 5(8.3)
Patient or Donor CMYV Serostatus, 36 (60)
Positive
Disease
ALL 23.3)
AML 12 (20)
MDS 14 (23.3)
NHL 16 (26.7)
HL 6 (10)
OthersT 10 (16.7)

Disease Status

CR 26 (43.3)
PR 18 (30)
Rel/TF/Untreated 16 (26.7)

Cell Source

BM 47 (78.3)
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63 (19-73)

25 (71.4)

25 (71.4)

11 (31.4)

24 (68.6)

5(14.3)

20 (62.5)

3(8.5)
10 (28.6)
10 (28.6)
8(22.9)

1(2.9)

3 (8.5)

19 (54.3)

4(11.4)

12 (34.3)

0(0)

0.07

0.13

0.66

0.49

0.37

0.09

<0.0001



PBSC 13 (21.7) 35 (100)
Follow-up Time (Months), Median 32.8 (12- 16.8 (3.6- 0.07
(Range) 92.9) 70.4)

Table 1. Patient characteristics. Statistically significant P value is shown in
bold. ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; BM,
bone marrow; CR, complete remission; HL, Hodgkin lymphoma; IF,
induction failure; MDS, myelodysplastic syndrome; NHL, non-Hodgkin
lymphoma; PR, partial remission; Rel, relapsed. *Chronic myeloid leukemia
(n 5 3), chronic lymphocytic leukemia (n 5 3), chronic myelomonocytic
leukemia (n 5 1), myeloproliferative neoplasm (n 5 2), mixed myelodys-
plastic/myeloproliferative neoplasm (n 5 2), and red cell disorder (n 5 2).

Clinical outcomes

Haplo-HCT was associated with delayed neutrophil and platelet
engraftment compared with MD recipients, with a median time to
neutrophil engraftment of 16 days (range, 13-31) after haplo-HCT
compared with 14 days (range, 6-26 days) after MD-HCT (P < 0.01).
Median time to platelet engraftment was 26 days (range, 15-63 days) in
haplo-HCT vs 19 days (range, 11-24 days) in MD-HCT (P < 0.01)
(supplemental Figure 5). Late graft failure occurred in 1 patient in the
haplo-HCT cohort. There was no difference in overall survival (P =
0.71), progression-free survival (P = 0.95), cumulative incidence of
relapse (P = 0.28), nonrelapse mortality (P = 0.7), and grade II to IV
(acute GVHD) (P = 0.28) between the 2 cohorts (supplemental Figure
6). The incidence of chronic GVHD (cGVHD) was significantly lower
after haplo-HCT (22% at 2 years) compared with MD-HCT (53% at 2
years, P =0.019).

Delayed lymphocyte reconstitution after haplo-HCT
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The absolute lymphocyte count was significantly lower in the haplo-
HCT group at 1 month but was similar to MD recipients at subsequent
time points (Figure 1A). At 1 month, there were also significant
differences in the distribution of major lymphocyte subsets in the 2
groups. NK cells were the predominant lymphocyte subset in haplo-
HCT patients (median, 35.1% [range, 17.4%- 51.2%] vs 17.7% [range,
13.5%-28.6%] in the MD-HCT cohort; P = 0.015). All other
lymphocyte subsets (T, B, and NKT) were significantly lower in the
haplo-HCT group at this time point (Figure 1B). Although haplo-HCT
patients had a higher proportion of NK cells at 1 month, the absolute
number of NK cells was lower in these patients (P = 0.04; Figure 1C).
Haplo-HCT recipients had lower T-cell numbers in the first 3 months
and lower B-cell numbers for the first 2 months. In contrast, NKT cells
remained lower for all time points up to 2 years in haplo-HCT recipients
(Figure 1C).

A B
ALC

2000 —e— Haplo-HCT o Tecells

. 1500 —&— MD-HCT
=
§ 1000+

500

[¢]
1236 9121824

Months after HCT

W Bcells
NK cells

% Cells

M NKT cells

Haplo-HCT  MD-HCT

T cells (CD3%) B cells (CD19%) NK cells (CD56*CD3?) NKT cells (CD56"CD3")
‘ 1000 300 250 60 « == HaploHCT
! 800 200 ok —=— MD-HCT
= 6004, * 200 150 * R [
8 400 1004 . 100 o u
‘ 200 50

0 0 0 o]
1236 9121824 1236 9121824 1236 9121824 1236 9121824

Months after HCT

Figure 1. Reconstitution of major lymphocyte populations after haplo-
HCT and MD-HCT. (A) Recovery of absolute lymphocyte counts (ALC)
after haplo-HCT and MD-HCT. (B) Distribution of major lymphocyte
populations in peripheral blood 1 month after haplo-HCT and MD-HCT. (C)
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Reconstitution of CD3" T cells, CD19" B cells, CD3'CD56" NK cells, and
CD3"CD56" NKT cells after haplo-HCT and MD-HCT. Haplo-HCT, n = 60;
MD-HCT, n = 35. Median cell counts per microliter are represented at each
time point. Statistically significant differences are noted in each figure (****P
<0.0001; ***P <0.001; **P <0.01; *P < 0.05; Wilcoxon rank-sum test). See
supplemental Table 7 for the median absolute values along with the
corresponding interquartile values and P values for panels A and C.

Delayed CD4% Tcon-cell reconstitution after haplo-HCT

Delayed T-cell recovery after haplo-HCT was primarily due to slower
CD4" conventional T (Tcon)-cell reconstitution (Figure 2). Compared
with MD-HCT patients, the number of CD4" Tcon cells was lower for
the first 3 months, while the number of CD4™ Treg cells was lower only

at 1 month in haplo-HCT patients. However, in both cohorts, CD4T T

cells did not reach normal levels for the entire course of this analysis

(Figure 2A). Similarly, the number of CD8" T cells was also lower in
haplo-HCT patients at 1 and 3 months compared with MD-HCT

patients, although differences were less marked compared with CD4™
Tcon cells. In both groups, CD8" T cells reached normal levels by 6

months after transplant (Figure 2A). Delayed CD4" T-cell recovery
after haplo-HCT resulted in a lower CD4/CDS ratio, especially at 1
month after transplant (P < 0.0001; Figure 2B). The regulatory T
(Treg)-cell/ Tcon-cell ratio was higher in the haplo-HCT group
compared with MD-HCT group for the first 3 months after transplant,

indicating slower recovery of CD4" Tcon cells compared with CD4™"

Treg cells early after haplo-HCT (Figure 2B).

Unbalanced recovery of naive and memory T cells after haplo-HCT
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To characterize T-cell maturation, we monitored reconstitution of
naive, central memory (CM), effector memory (EM), and terminal EM

(TEMRA) subsets within each major T-cell population (Figure 2C).
There was a profound reduction of naive subsets in CD4" Tcon, CD4™
Treg, and CD8" T cells after haplo-HCT, lasting 12 months in the
CD4™ compartment and 3 months in the CD8" compartment.

Reconstitution of CM cells was most delayed in CD4™1 Tcon cells with

reduced absolute counts for 6 months after haplo-HCT. The number of
CM CD4™ Treg cells was reduced for 2 months after haplo-HCT. CM

CD8" T cells reconstituted similarly in both groups but reached higher
numbers in the haplo-HCT cohort at the 1-year mark. TEMRA subsets

were significantly reduced for 3 months within CD4" Tcon and CD8™

T cells. Finally, EM T cells were only decreased at 1 month in the CD4"
group. After this time point EM T-cell reconstitution was similar or

higher in the haplo-HCT group.

Increased PD-1 expression on T cells early after haplo-HCT
Programmed cell death 1 (PD-1) is a coinhibitory receptor and its

expression in CD4" Tcon and CD8™ T cells attenuates T-cell activation

and plays an important role in peripheral tolerance (26). We observed

increased expression of PD-1 on CD4t Tcon-cell, Treg- cell, and CcD8*
T-cell subsets after haplo-HCT (Figure 2D-E). These differences were
evident in all memory subsets in the first 3 months after haplo-HCT

with PTCy.
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Figure 2. T-cell reconstitution after haplo-HCT and MD-HCT. (A)
Peripheral blood reconstitution of CD4" Tcon, CD4" Treg, and CD8" T cells
after transplant; the median cell counts per microliter are represented at each
time point. (B) Median CD4/CDS8 and Treg/Tcon ratio after HCT. (C) Heat
map summarizes T-cell reconstitution during the first year after HCT.
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Absolute median counts were scaled for the lowest and highest values in each
group. Red denotes the highest value and blue denotes the smallest value in
each group. (D) Flow cytometry plots from 2 representative patients (haplo-
HCT and MD-HCT) showing PD-1 expression on T-cell subsets; CD4" Tcon
naive cells were used as internal negative control. (E) Expression of PD-1 on
CD4" Tcon, CD4" Treg, and CD8" T cells after haplo-HCT and MD-HCT.
Values are expressed as median and range. Treg cells were defined as
CD4"CD25"CD127" T cells and Tcon cells as CD4" conventional (non-T
regulatory) T cells. Naive T cells are CD45RO CD62L" lymphocytes; CM T
cells are CD45RO'CD62L" lymphocytes; TEMRA T cells are defined as
CD45ROCD62L" lymphocytes and EM T cells are CD45RO'CD62L
lymphocytes. Haplo-HCT, n = 60; MD-HCT, n = 35. Asterisks denote
statistically significant differences comparing haplo-HCT and MD-HCT
cohorts at specific time points (****P <(0.0001; ***P <0.001; **P <0.01; *P
< 0.05). White stars within the heat map (C) denote P < 0.05 (Wilcoxon rank-
sum test). See supplemental Table 8 for the median absolute values along
with the corresponding interquartile values and P values for panels A-C.

Delayed NK-cell reconstitution with a high CD56Pright cpi6-

/cD56dIMCD16* NK-cell ratio early
after haplo-HCT
To characterize NK-cell reconstitution, we divided NK cells into 4

subsets based on the expression of CD56 and CDI16 (27):
cpsebrightcpie,  cpsedimepie™,  cDs6dMCD16",  and

CD56P1ghtcD 16+ NK cells (Figure 3A). In HD, CD56PTightcD16-
NK cells account for 5% to 15% of circulating NK cells and are

relatively immature cells with weak cytolytic activity (28).

CD356HMCD167 cells are the predominant NK-cell subset in peripheral
blood of HD, with a mature phenotype and strong cytolytic activity

(28). CD564IMCD16~ NK cells exhibit an immature phenotype (27),
yp

while CD56PTghtcD 167 NK cells represent an intermediate stage of
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NK-cell maturation with cytotoxicity against tumor cells closer to that
of CD564MCD16" NK cells but expressing a phenotype similar to
CD56%1EMCD 16~ NK cells (29). After haplo-HCT, we observed an
increase in CD56PTENt CD16~ NK cells with fewer mature

CD3563MCD16T NK cells during the first 6 months compared with
MD-HCT group (Figure 3B). Differences in the distribution of

CD569MCD16™ NK cells and CD56PT8hCD16" NK cells between
haplo-HCT and MD- HCT cohorts were less marked. Consistent with
these differences, haplo-HCT patients had higher absolute numbers of

CD56PTight CD16- NK cells and markedly lower numbers of
CD3564MCD16T NK cells during the first 3 months after transplant

(Figure 3C). As a result, CD56P1180tCD16-/CD564MCD 16+ NK-cell
ratio was higher in the haplo-HCT group for the first 6 months after
transplant, highlighting the imbalanced reconstitution of the 2 major

NK subsets in this transplant setting (Figure 3D).
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Figure 3. Reconstitution of NK-cell populations after haplo-HCT and
MD-HCT. (A) Representative gating strategy used to define NK-cell subsets
based on expression of CD56 and CD16. (B) Reconstitution of NK-cell
subsets after haplo-HCT and MD-HCT. Values are expressed as median and
range. (C) Absolute number of NK-cell subsets in peripheral blood after
haplo-HCT and MD-HCT. Median cell counts per microliter are represented
at each time point. (D) Median CD56""CD16/CD56“™CD16" NK-cell ratio
after haplo-HCT and MD-HCT. Statistically significant differences are noted
(*¥***P = 0.0001; ***P = 0.001; **P = 0.01; *P = 0.05; Wilcoxon rank-sum
test). See supplemental Table 9 for the median absolute values along with
the corresponding interquartile values and P values for panels C and D.

NK cells reconstituting early after haplo-HCT have immature
phenotypes
To further characterize the dynamics of NK-cell reconstitution, we

analyzed samples from patients 1 month after transplant (6 patients after
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haplo-HCT and 3 patients after MD-HCT) and HDs (n = 3) using a 35-
marker mass cytometry panel (see supplemental Table 5 for patient
clinical characteristics). In this analysis, MD-HCT patients received
sirolimus in addition to TAC and MTX for GVHD prophylaxis (MDs-
HCT). At 1 month, the FlowSOM algorithm identified 20 different NK-
cell metaclusters (Figure 4A) based on the levels of expression of
different markers included in the panel (Figure 4B). These metaclusters

naturally subdivided the 4 previously established NK-cell populations:
cDsebrightcpie,  cpsedimepist,  ¢Ds6dMCD16",  and
CD56P1ghtCD 16" (Figure 4A-B).

CD561EMCD 16~ NK-cell metaclusters (8, 11, 12, 16, 19, and 20)
were characterized by a higher expression of inhibitory receptor
NKG2A and activating receptors NKp30, NKp46, and NKG2D.
Metaclusters 8 and 12 also expressed CD62L, reflecting a more
immature phenotype, while metacluster 11 had the highest level of

Ki67, a proliferation marker. Metaclusters 19 and 20 also represent the

only subsets with CD25 expression and are the only CDs6brightcp6-
NK-cell metaclusters also present in HDs (Figure 4D).

CD56PTEMtCD 161 NK-cell metaclusters (2, 3, 5, 6, 7, and 13) share

similar phenotype with CD356PT8NtCD16~ NK-cell metaclusters for
NKG2A, NKG2D, NKp30, and NKp46. However, several of these
metaclusters showed high expression of KIR (metaclusters 2, 3, 5, and
7), CD57 (metacluster 5), granzyme B (metaclusters 2, 3, 5, 6, 7, and
13), and perforin (metacluster 2, 5, 6, and 13), suggesting an

intermediate stage of NK-cell maturation.
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CD564MCD16% NK-cell metaclusters (1, 9, 10, 14, 15, and 17)
expressed higher levels of maturity markers (KIRs and CD57) and

activation markers (CD69 and perforin) compared with
CD56P1ENtCD 16~ NK-cell metaclusters. The viSNE map identified a

maturation gradient for CD3564MCD167 NK-cell metaclusters, where
metaclusters 15 and 17 represented more immature cells expressing
CD16, CD69, perforin, and TIGIT; metaclusters 10 and 14 represented

an intermediated maturation stage, expressing also CD57; and

metacluster 1 recapitulates the mature CD3564MCD16T NK cells
expressing both CD57 and KIR. Finally, metacluster 9 mirrored
memory-like NK cells, with coexpression of CD57 and NKG2C in

addition to KIRs. We were also able to identify one metacluster that

recapitulated the CcD569MCD16™ NK cells (metacluster 18), which
expressed low levels of NKp46 and NKG2A, intermediate levels of
NKp30, NKG2D and DNAM, and high levels of perforin, TIGIT,
CD69, and CDS. One month after haplo-HCT, this analysis showed an

enrichment of immature CD56PT8MCD16™ and CD56bPMightCD 6

NK-cell metaclusters with a reduction of more mature CD563MCD16"
NK-cell metaclusters compared with HD and MDs-HCT (Figure 4C-
D).

We also used the same mass cytometry panel to examine NK cells 3
months after HCT. This comparison included 17 patients (8 after haplo-
HCT, 3 after MDs-HCT, and 6 after MD-HCT with TAC/MTX only)
and 4 HDs. At this time point, the FlowSOM algorithm identified 16

different NK-cell metaclusters (Figure 4E, F), with fewer immature

metaclusters representing CD5 cbrightcp6- (metaclusters 1 and 6) and
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CD356PTgNtCD16% NK cells (metacluster 2) and most representing

more mature CD564MCD16" NK cells (metaclusters 3, 4, 5,7, 9, 11,
12, 14, and 15). Haplo-HCT samples continued to display a

proportional reduction of CD564MCD 16+ NK-cell metaclusters (12,
14, and 15), compared with HD and MD-HCT (Figure 4G and H).
However, no differences were observed when compared with the MDs-
HCT group. Interestingly, haplo-HCT patients who had experienced

CMV  reactivation had higher representation of mature

CD569MCD 16V KIRT NK-cell metaclusters (3, 5, and 11) compared
with haplo-HCT patients without CMV reactivation, where immature
metaclusters were enriched (metaclusters 2, 4, and 6; see supplemental

Figure 7).
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Figure 4. Mass cytometry analysis of NK-cell maturation after haplo-
HCT. Mass cytometry analysis was performed using cryopreserved PBMCs
obtained 1 and 3 months after transplant (haplo-HCT n =10, MD-HCT n = 6,
MDs-HCT n =4) and from HDs (n= 7). (A) FlowSOM analysis of all 1-month
samples overlaid on viSNE map identified 20 distinct NK-cell metaclusters.
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(B) Heat map summarizes the expression of different markers in each NK-cell
metacluster 1 month after HCT. (C) Relative representation of each NK-cell
metacluster in haplo-HCT, MDs-HCT, and HD samples 1 month after HCT.
Indicated columns compare representation of each meta-cluster in haplo- HCT
vs HD and haplo-HCT vs MD-HCT samples. (D) One-month density viSNE
map representation of all NK-cell metaclusters depicting data for all samples
(n=12), haplo- HCT (n = 6), HD (n = 3), and MD-HCT (n = 3). The location
of each NK-cell metacluster is the same as in panel A. (E) FlowSOM analysis
of all 3-month samples overlaid on viSNE map identified 16 distinct NK-cell
metaclusters. (F) Heat map summarizes the expression of different markers in
each NK metacluster 3 months after HCT. (G) Relative representation of each
NK metacluster in haplo-HCT, MDs-HCT, MD-HCT, and HD samples.
Indicated columns compare representation of each metacluster in haplo-HCT
vs HD, haplo-HCT vs MDs-HCT, and haplo-HCT vs MD-HCT samples. (H)
Three-month density viSNE map representation of all NK-cell metaclusters
depicting data for all samples (n = 21), haplo-HCT (n = 8), HD (n = 4), MDs-
HCT (n = 3), and MD-HCT (n = 6). For the heat maps median intensity was
normalized for the highest value for each marker; red indicates the highest
value, and blue represents the lowest value. For the tables shown in panels C
and G, blue squares indicate a relative decrease, red squares represent a
relative increase, and white squares indicate no change. Only statistically
significant changes (P < 0.05) are reported. For comparison, the Wilcoxon
rank-sum test for unpaired group was used. viSNE allows visualization of
high-dimensional single-cell data and is based on the t-Distributed Stochastic
Neighbor Embedding (t-SNE) algorithm.

IL-15 restores NK-cell function after haplo-HCT

To assess NK-cell function, we evaluated NK-cell degranulation and
cytokine production after stimulation with K562 target cells.
Experiments were carried out with peripheral blood mononuclear cells
(PBMCs) obtained 2 months after transplant (haplo-HCT and MD-
HCT) and from HD (Figure SA; see supplemental Table 6 for patient
clinical characteristics). After K562 stimulation, NK cells from haplo-
HCT and MD-HCT patients exhibited degranulation levels (CD107a)
similar to HD NK cells (Figure 5B). However, NK cells from both
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transplant cohorts had significant impairment of cytokine production,
especially for IFN-y (Figure 5B). IL-15 is critical for the generation
and maintenance of NK cells in vivo, and incubation with IL-15 can
enhance NK-cell function in vitro (30). To test if IL-15 can overcome
defects in NK-cell function in the posttransplant setting, we incubated
PBMCs from haplo-HCT, MD- HCT, and HDs for 12 to 15 hours in
media containing recombinant human IL-15 (5 ng/mL) and
subsequently assessed function after stimulation with K562. IL-15
priming effectively restored IFN-y secretion from haplo-HCT NK cells
to normal levels, with levels of CD107a degranulation and TNF-a
secretion after haplo-HCT actually becoming higher than HDs and MD-
HCT, respectively (Figure 5B). We also compared the NK-cell
function in samples from relapsed vs nonrelapsed patients within the
haplo-HCT and MD-HCT cohorts, and no statistical differences were

observed (data not shown).
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Figure 5. Functional analysis of NK cells after haplo-HCT. Assays were
carried out using cryopreserved PBMCs collected 2 months after haplo-HCT
(red boxes, n =9), MD-HCT (black boxes, n = 9) and from HDs (blue boxes,
n = 8). Thawed PBMCs were cultured overnight with media alone or media
plus IL-15 (5 ng/mL) and then stimulated with K562 target cells (effector to
target ratio = 5:1). (A) Flow cytometry plots from a representative haplo-HCT
patient showing surface staining of CD107a and intracellular staining for IFN-
vy and TNF-a at baseline (PBMC alone), with target cells (PBMC + K562),
and with target cells after priming with IL-15 (IL-15-primed PBMC + K562).
(B) Summary data for all samples showing percentage of CD107a", IFN-y",
and TNF-o" NK cells upon coculture with K562 cells in the absence or
presence of IL-15 priming. The background staining for CD107a, IFN-y, and
TNF-a present at baseline was subtracted. Box and whisker plots show
medians, along with minimum and maximum values. Data were compared
using the Wilcoxon signed-rank test for paired comparison (**P < 0.01; *P <
0.05).

Delayed NK-cell reconstitution correlates with CMV reactivation
after haplo-HCT

To assess the potential clinical impact of impaired NK-cell
reconstitution, we compared CMV reactivation in both cohorts. Only 3
of 35 MD-HCT patients (8.6%) developed CMV reactivation, with a
median of 110 days (range, 27-205 days) to CMV reactivation. In
contrast, 18 of 60 haplo-HCT patients (30%) developed CMV
reactivation at a median of 36 days (range, 11- 100 days; P = 0.015;
Figure 6A). Despite letermovir prophylaxis given to 7 patients after
haplo-HCT, this group still experienced more CMV reactivation. Since

expression of CD16 distinguishes immature from mature NK cells, we

correlated the ratio of CD167/CD16" NK cells with the occurrence of

CMV reactivation. Patients who developed CMV reactivation had an

increased CD167/CD16" NK-cell ratio at 1 and 2 months compared
with haplo-HCT patients who did not develop CMV reactivation
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(Figure 6B), suggesting a correlation between delayed NK-cell

maturation and CMV reactivation. Analysis of absolute counts of
CD16% and CD16” NK-cell and NK-cell subsets (56PT8htCD16,

sedimcpet, sebrightcp 16t and 564MCD167) 1 and 2 months after
haplo-HCT showed similar results (supplemental Figure 8). In this

analysis, increased numbers of CD16" NK cells 1 and 2 months after
haplo-HCT were significantly associated with a lower incidence of
CMYV reactivation.

NK- and T-cell reconstitution associated with cGVHD after haplo-
HCT

Consistent with previous reports, haplo-HCT patients had a lower
incidence of cGVHD than MD-HCT patients (Figure 6C). To examine
whether NK-cell reconstitution influenced the development of cGVHD,

we compared the ratio of CD167/CD167 NK cells in haplo-HCT
patients with and without cGVHD. For this analysis, only cGVHD that

occurred within 1 year after transplant was considered. We observed a
higher CD167/CD16" NK-cell ratio at 1, 2, and 6 months after
transplant (P = 0.04, P = 0.001, and P = 0.04, respectively) in patients
who developed cGVHD after haplo-HCT (Figure 6D). Analysis of
absolute NK-cell counts confirmed that increased numbers of CD16™"
NK cells 2 months after haplo-HCT were associated with a lower

incidence of subsequent cGVHD (supplemental Figure 8). To

determine whether early PD-1 expression influenced subsequent

development of cGVHD, we examined the percentage of PD-17 cells
in different T-cell subsets. Within the haplo-HCT cohort, PD-1

expression was higher in CM CD4" Treg cells and EM CD4" Treg cells
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at 1 month in patients who did not develop cGVHD (P = 0.0023 and P
= 0.0418, respectively; Figure 6E). No differences in PD-1 expression

were observed in the CD4" Tcon-cell compartment regarding the

subsequent development of cGVHD.

Figure 6. Correlation of immune reconstitution and clinical outcomes
after haplo-HCT. (A) Probability of CMV reactivation after haplo-HCT and
MD-HCT. (B) Comparison of CD16/CD16" NK-cell ratio in patients after
haplo-HCT with and without CMV reactivation after transplant. The median
values per microliter are represented at each time point (**P < 0.01; *P <
0.05). (C) Probability of cGVHD after haplo-HCT and MD-HCT. (D)
Comparison of CD16/CD16" NK-cell ratio in patients after haplo-HCT with
and without cGVHD after transplant; the median values per microliter are
represented at each time point. (E) Distribution of PD-1" CM and EM CD4"
Treg cells at 1 month after haplo-HCT according to cGVHD onset. Values are
expressed as median and range. Statistically significant differences are noted
(**P < 0.01; *P < 0.05; Wilcoxon rank-sum test). CM T cells are defined as
CD45RO'CD62L" and EM as CD45RO'CD62L" T lymphocytes. See
supplemental Tables 10 and 11 for the median absolute values along with
the corresponding interquartile values and P values for panels B and D.

Discussion
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Prompt and successful reconstitution of both T- and NK-cell immunity
after HCT is critical for the prevention of GVHD, infection, and relapse,
which remain the leading causes of mortality in patients after allogeneic
HCT (31). The use of PTCy has revolutionized haplo-HCT by
decreasing GVHD and graft failure, but recent studies have reported
increased rates of infections, including CMV and community
respiratory viruses, highlighting potential immune defects in these
patients. Using detailed immunophenotypic and functional assays, our
study reveals significant delays in T- and NK-cell recovery in the first
3 months after haplo-HCT with PTCy compared with MD-HCT with
conventional GVHD prophylaxis. Delayed recovery of naive T cells

along with a significantly higher Treg-cell/Tcon-cell ratio and PD-1

expression on memory CD4" T cells likely contribute to the low

incidence of c¢cGVHD. Delayed NK-cell reconstitution, with the

preferential expansion of immature CDS5 6brightcp16-NKG2AT NK
cells, may contribute to the higher rate of CMV reactivation after haplo-
HCT.

Delayed T-cell reconstitution after haplo-HCT was primarily driven by

a reduced number of CD4™ Tcon cells, with a relative sparing of CD4 ™"

Treg cells, resulting in a higher Treg-cell/Tcon-cell ratio early after

transplant. Relative sparing of CD4" Treg cells after PTCy has been
found in previous studies and may be due to higher levels of aldehyde
dehydrogenase expression in these cells (15, 32-35). We also observed
a profound reduction of naive T cells and a predominance of EM cells
in all major T-cell populations that persisted for 1 year after haplo-HCT.

Increased sensitivity of naive T cells to cyclophosphamide or rapid
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differentiation of naive into memory/effector T cells after transplant
could potentially explain preferential recovery of memory T cells in
patients receiving PTCy (33,36). T-cell recovery early after transplant
is primarily driven by homeostatic proliferation in response to
persistent lymphopenia rather than through generation of new T cells
from hematopoietic precursors. However, the prolonged delay of naive
T-cell recovery lasting 1 year after haplo- HCT suggests that de novo
T-cell generation may also be impaired in this transplant setting.

Regulation of cell survival can also affect T-cell reconstitution after

transplant. In CD4" Tcon cells and CD8" T cells, activation of PD-1
delivers inhibitory signals that regulate the balance between T-cell
activation, tolerance, and terminal differentiation (26,37). Both murine
models (38,39) and clinical studies (40-42) support the importance of
PD- 1 in maintaining immune tolerance and preventing GVHD. In our
analysis, we observed increased expression of PD-1 in all T-cell subsets
at early time points after haplo-HCT. The common y-chain cytokines
IL-2, IL-17, IL-15, and IL-21 induce expression of PD-1, especially on
memory T-cell subsets (43), and increased levels of these cytokines
after transplant may explain the increased expression of PD-1 observed
in our haplo-HCT cohort (23). In the haplo-HCT cohort, we also found
that patients who did not develop cGVHD had higher PD-1 expression

on CM and EM CD4% Treg cells at 1 month after transplant. We
previously demonstrated that PD-1 promotes IL-2—-induced cp4t

Treg-cell proliferation and prolongs CD4" Treg-cell survival in a
murine model and in patients receiving low-dose IL-2 therapy for

cGVHD (37). These findings are also consistent with previous studies
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in murine models where PTCy was found to efficiently ameliorate

GVHD by preventing CD4" Treg-cell apoptosis and reducing CD4"
Tcon-cell expansion (44).

We observed a profound and persistent reduction of NKT cells in haplo-
HCT compared with MD-HCT recipients. In a previous report, NKT
cells remained low for 1 to 3 months after haplo-HCT compared with

conventional transplant. However, in this study, NKT cells were

defined as CD31CD1617 cells, and haplo-HCT patients received a
different conditioning regimen and GVHD prophylaxis that included
anti-thymocyte globulin (45).

NK cells contribute to GVL and also provide antiviral immunity after
transplant (46,47). Consistent with previous studies (23,27), we found

a significant delay in NK-cell reconstitution, with immature

CD356PNENtNKG2ATCD16"KIR"CD57- NK cells predominating the
early posttransplant period in haplo-HCT patients. We also found a

higher CD167/CD16" NK-cell ratio in patients who developed CMV
reactivation after haplo-HCT, suggesting a link between predominance
of immature NK cells and viral reactivation. Although absolute count
and subset distribution of immune cells represent an imperfect
surrogate marker for protection against infection, we observed a
significantly higher risk of CMV reactivation after haplo-HCT where
both T- and NK-cell reconstitution was delayed compared with MD-
HCT. Interestingly, patients who experienced CMV reactivation
showed a more mature NK-cell profile at mass cytometry analysis

performed at 3 months, suggesting that CMV reactivation may promote

NK-cell maturation (48-50). We also observed a higher CD167/CD16"
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NK-cell ratio in patients who subsequently developed cGVHD. The

mechanism whereby delayed recovery of CD167 NK cells may
contribute to the development of cGVHD is not known, but this may be
related to reduced NK-cell-mediated killing of antigen presenting cells
and T cells, which has been reported to prevent GVHD in murine
models (51).

IL-15 is important for normal NK-cell homeostasis (52) and has been
used to enhance antitumor and antiviral immunity (53-57). We
hypothesized that the NK-cell functional defects in our haplo-HCT
patients were primarily due to the predominance of immature subsets
and demonstrated that this impairment can be rescued by IL-15
priming. Although functional studies and mass cytometry studies were
done with a small number of representative samples, these results
suggest that haplo-HCT with PTCy represents a suitable setting to test
the ability of IL-15 or IL-15 analogs to boost NK-cell function and
improve clinical outcomes. Adoptive transfer of NK cells early after
transplant is another potential strategy (58,59). Our group recently
described cytokine-induced memory-like NK cells with enhanced
antitumor activity and increased proliferation capacity (60,61).
Adoptive transfer of cytokine-induced memory-like NK cells after
haplo-HCT with PTCy may be another approach to overcome delayed
NK-cell reconstitution without increasing GVHD.

It is also important to acknowledge key limitations in our comparison
of haplo-HCT with MD-HCT. First, GVHD prophylaxis differed
between the 2 transplant cohorts and might contribute to differences in
immune recovery after HCT. In addition to PTCy, haplo-HCT patients
received mycophenolate mofetil and TAC after transplant, while MD-
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HCT patients received MTX and TAC. However, the preferential
recovery of EM and TEMRA T cells observed in our haplo-HCT cohort
was also reported after MD-HCT treated with PTCy as a single agent
for GVHD prophylaxis (62), suggesting that this effect could be driven
specifically by PTCy. Second, stem cell sources differed, with haplo-
HCT patients receiving primarily bone marrow compared with MD-
HCT patients who received peripheral blood stem cells (PBSCs). PBSC
grafts contain higher numbers of donor T cells, and this may contribute
to faster T-cell recovery in this cohort. Previous studies have not
suggested that NK-cell reconstitution is affected by graft source
(14,23). However, a recent study reported a positive correlation
between graft NK-cell dose and early NK-cell reconstitution,
suggesting that graft composition may have contributed to the different
patterns of NK-cell recovery observed in our study (63). Third,
profound HLA mismatch in haplo-HCT patients may also affect
recovery of thymic function and delay the generation of naive T cells.
Thus, all of the differences we observed in our comparison may not be
entirely attributed to the administration of high-dose cyclophosphamide
in the early posttransplant period. We cannot exclude the possibility
that additional variables, including the initiation of TAC (day -3 vs day
+5), the start of granulocyte colony- stimulating factor (day +11 vs day
+5), or the intensity and type of conditioning might have played a role
in the different patterns of immune reconstitution we observed.

In conclusion, our comparison of haplo-HCT with conventional MD-
HCT revealed several significant differences in T- and NK-cell
reconstitution. These findings are consistent with an immune milieu

promoting tolerance, leading to a lower rate of cGVHD. Interventions
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that selectively promote the generation, expansion, and persistence of
functional NK cells to reduce viral reactivation and enhance GVL,
without increasing the risk of GVHD, may further improve outcomes

in patients undergoing haplo-HCT with PTCy.
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Supplemental Materials

Patients, Transplantation Procedures and sample collection

This study included 95 patients who underwent allogeneic HCT at the
Dana-Farber Cancer Institute and Brigham and Woman’s Hospital
(Boston, MA) between November 2011 and November 2018. Of these,
60 patients received a haploidentical T cell replete haplo-HCT with
PTCy (haplo-HCT group) and 35 underwent a matched (8/8) related
(11/35) or unrelated (24/35) donor transplant (MD-HCT group). Both
cohorts  received reduced intensity conditioning  (RIC):
cyclophosphamide (29 mg/kg) and fludarabine (120 mg/m2) and low
dose of total body irradiation (TBI, 200 cGy) for haplo-HCT group and
intravenous low dose busulfan (260 mg/m2 or 3.2 mg/Kg) and
fludarabine (120 mg/m2) for MD-HCT group. GVHD prophylaxis for
haplo-HCT patients consisted of PTCy (50 mg/kg on days +3 and +4)
and tacrolimus (TAC) and mycophenolate mofetil (MMF) starting from
day +5. MMF was discontinued at day +28. No systemic corticosteroids
were allowed wuntil 24 hours after completion of day +4
cyclophosphamide. GVHD prophylaxis for MD-HCT patients
consisted of methotrexate (MTX, 5 mg/m2) on days +1, +3, +6, +11
and TAC beginning from day —3. Patients received G-CSF (Tbo-
Filgrastim) starting from day +5 in the haplo-HCT group and after the
last dose of MTX in the MD-HCT group, until ANC was >500 for 2
consecutive days. Patients in both cohorts received acyclovir for viral
prophylaxis, with the exception of seven patients in the haplo-HCT
group that also received letermovir per institutional policy, after it was

approved for cytomegalovirus (CMV) prophylaxis. Any CMV DNA
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detectable by PCR above the sensitivity threshold after transplant was
considered as viral reactivation. Flow cytometry staining for immune
reconstitution analysis was performed on fresh whole blood samples.
For analysis, both percentages and absolute numbers of the parental
cells were considered. Absolute numbers were calculated from the
complete blood cell count (CBC) performed on the same day as flow
cytometry analysis. For mass cytometry by time of flight (CyTOF) and
NK functional assays, PBMC were isolated from freshly drawn blood
samples by density gradient centrifugation (Ficoll-Paque PLUS; GE
Healthcare) and cryopreserved in RPMI 10% DMSO before being

utilized.

Analysis of single cell mass cytometry data for NK cell

characterization

NK cells were identified by 2-dimensional gating for the expression of
CD45+CD3-CD19-CD14-CD56+ markers (supplemental Figure 3).
Dimensionality reduction was performed on a concatenated dataset
after downsampling NK cells to 5000 events from each sample (approx.
60000 total events for analysis performed at 1 month and 100000 events
at 3 months). To interpret high dimensional single-cell data that were
produced by mass cytometry, we used a tool based on the viSNE
algorithm,1 which allows visualization of high-dimensional cytometry
data on a 2-dimensional map at single-cell resolution and preserve the
nonlinearity.2 In the viSNE map, cell position reflects their proximity
in high dimensional space based on the similarity of marker expression.
A FlowSOM analysis3 was then run to identify distinct NK cell meta-

clusters. A self-organized map (SOM) is an unsupervised technique for
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clustering and dimensionality reduction, in which a discretized

representation of the input space is trained.4

Flow cytometry-based NK functional assay

NK activation after co-culture with target cells was evaluated by
measuring the expression of CD107a as a marker of degranulation and
by cytokine (IFNy and TNFa) release. PBMC from patients and HD
were thawed using CTL Anti-Aggregate (CTL-AA-001, Cellular
Technology Limited) solution (1:20 dilution with RPMI) and then
resuspended in RPMI medium with 10% FBS. After thawing, PBMC
were left at 37°C overnight in the presence or absence of IL-15 (5
ng/ml) (Miltenyi Biotec) for NK priming. PBMC were then washed 2
times and cultured for 6 hours at 37 with K562 cells (effector:target
ratio 5:1) previously stained with Cell Trace Violet (CTV, Invitrogen
C34557) according to the manufacturer’s recommended protocol. To
detect cytokine release, Golgi Stop (Protein transport inhibitor
Monensin BD 554724) and Golgi Plug (Protein transport inhibitor
Brefeldin A BD 51-2301KZ) were added after 1 h of co-culture. After
co-culture, cells were collected and stained using a panel of surface and
intracellular mAbs shown in supplemental Table 4. Zombie Red
staining (Biolegend 423109) was used to distinguish live and dead cells.
Samples were then resuspended in PBS 2% FBS and acquired on
Fortessa LSR flow cytometer (BD). FCS files were analyzed using
FlowJo Version 10 software. An example of the gating strategy is

shown in supplemental Figure 4.

Statistical analysis
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Patient baseline characteristics and immunophenotype data were
analyzed primarily descriptively. Overall survival (OS) was defined as
the time from stem cell transplant to death from any cause. Progression-
free survival (PFS) was defined as the time from stem cell infusion to
disease relapse, progression or death from any cause, whichever
occurred first. Patients who were alive without disease relapse or
progression were censored at the time of the last visit. The Kaplan-
Meier method was used to estimate PFS and OS whereas cumulative
incidence of non-relapse mortality (NRM), relapse, and GVHD was
estimated in the context of a competing risks framework considering
relapse for NRM, NRM for relapse, and death or relapse without
developing GVHD for GVHD as a competing event. The log-rank and
Gray tests5 were used for comparing estimates of PFS and OS and
estimates of cumulative incidence of NRM and relapse, respectively.
Immunophenotype data, CyTOF data and NK functional data were
compared using the Wilcoxon rank-sum test for unpaired group
comparison and the Wilcoxon signed-rank test for paired comparison.
All tests were 2-sided at the significance level of 0.05 and multiple
comparisons were not considered. Statistical analyses for immune
reconstitution analysis were performed using SAS version 9.2 (SAS
Institute, Inc., Cary, NC) and R version 3.3.2 (the CRAN project), while
functional and CyTOF data were analyze using Prism software
(GraphPad). All graphs were made using Prism software (GraphPad).
Heatmaps were generated using GENE-E
(http://www.broadinstitute.org/ cancer/software/GENE-E).
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Supplemental Tables
Months after 1 2 3 6 9 12 18 24
HCT
Haplo-HCT, n 37 51 46 36 24 25 18 17
MD-HCT, n 21 26 20 14 14 12 10 7

Table S1. Number of samples tested by flow cytometry at each time point
after transplant were used for graphs displayed in Figures 1, 2, 3 and 6.
Missing data 1 month after HCT was due to technical difficulties drawing
samples on inpatient hospital units. This trend was proportionally similar
between the two cohorts: 37/60 (62%) and 51/60 (85%) haplo-HCT display a
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1 and 2 months sample respectively, versus 21/35 (60%) and 26/35 (74%) for
MD-HCT.

Table S2. Conjugated monoclonal antibodies in the flow cytometry immune
monitoring panel.
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Table S3. Antibody-metal conjugate panel used for mass cytometry.
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Table S4. Conjugated monoclonal antibodies used in the flow cytometry NK
functional assay panel.
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Table S5. Clinical characteristics of patients tested in CyTOF assay at 1 and
3 months after HCT. Samples were selected based on the availability of an
adequate number of frozen cells. Haploidentical cell transplantation
(HAPLO), matched donor cell transplantation with sirolimus/TAC/MTX
GVHD prophylaxis (MDs) and matched donor cell transplantation with
TAC/MTX GVHD prophylaxis (MD).

Table S6. Clinical characteristics of patients tested in NK functional assays 2
months after HCT. Samples were selected based on the availability of an
adequate number of cryopreserved cells.

MD-HCT Haplo-HCT
Months N Med Q1 Q3 N Med Q1 Q3 p-value
ALC 1 21 693 4959 1084.6 | 37 210 120 514.08 0.0002
2 26 | 814.59 | 700.05 1397 51 699.3 375 1216.8 0.10
3 20 | 893.4 645 13782 | 46 | 6583 384.2 882 0.07
6 14 | 9933 522.0 1114.1 | 36 | 1071.1 | 531.6 | 1511.7 0.66
9 14 | 1240.7 | 1039.5 | 14722 | 24 | 1360.7 | 625.4 | 2368.2 0.80
12 12 | 1228.7 840.5 | 23684 | 25 | 1026.8 | 750.0 | 2494.4 0.66
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18 10 | 1296.2 851.4 1793.0 | 18 | 16742 | 821.3 | 2723.2 0.28
24 7 956.8 863.3 18283 | 17 | 1679.9 | 871.7 | 2651.0 0.31
CD3* 1 21 337.5 263.6 458.6 | 37 65.4 25.4 147.1 <.0001
2 26 | 420.5 255.8 695.7 | 51 305.0 1134 | 6169 0.11
3 20 | 4432 257.4 803.8 | 46 176.4 113.8 | 404.5 0.013
6 14 | 526.2 374.3 746.2 | 36 | 426.2 184.1 891.9 0.87
9 14 | 667.5 501.2 9349 | 24 | 600.7 | 260.6 | 1514.5 0.92
12 12 | 6242 465.1 1289.7 | 25 | 4814 | 3183 | 1514.1 0.62
18 10 | 829.7 272.6 12282 | 18 | 881.9 | 504.7 | 1607.6 0.40
24 7 408.3 163.4 1170.1 | 17 | 851.7 | 329.2 | 1895.5 0.20
CD19* 1 21 11.3 5.4 18.3 37 1.8 0.6 4.0 <.0001
2 26 353 17.6 97.3 51 10.4 4.2 47.6 0.0065
3 20 73.0 21.1 120.2 | 46 35.0 6.5 158.9 0.28
6 14 49.4 5.7 1353 36 76.4 21.3 206.4 0.44
9 14 181.3 69.6 243.0 | 24 118.4 76.1 211.6 0.58
12 12 105.7 26.0 160.8 | 25 114.8 74.3 270.8 0.51
18 10 123.8 40.4 362.4 18 | 267.6 167.0 | 408.0 0.22
24 7 70.3 54.4 144.6 17 | 280.0 183.3 3232 0.049
CD56%3" 1 21 115.3 77.1 221.8 | 37 52.7 239 130.1 0.03
2 26 163.2 95.2 2719 | 51 153.1 103.4 | 272.8 0.70
3 20 178.8 122.6 226.7 | 46 156.6 72.9 248.2 0.66
6 13 109.0 76.6 136.5 36 184.8 102.7 | 264.4 0.10
9 14 126.9 80.7 237.0 | 24 119.9 71.5 416.0 0.75
12 12 164.6 72.7 2053 | 25 113.1 87.8 198.6 0.99
18 10 172.9 95.3 220.8 18 176.9 110.7 330.9 0.55
24 7 192.5 65.8 268.3 17 182.8 93.0 238.2 0.95
CD56%3* 1 20 159 8.7 429 36 1.1 0.4 3.1 <.0001
2 26 22.8 11.4 61.7 52 3.7 1.6 8 <.0001
3 20 33.4 11.2 90 49 43 1.5 9.7 <.0001
6 13 16.1 8.4 71.3 41 8.2 2.7 14.9 0.04
9 14 33.6 6.7 87.4 28 10.4 3.1 242 0.0217
12 11 48.5 4.9 77.6 26 10.8 33 23.6 0.0249
18 10 452 13.3 65.4 20 14.9 6 26.8 0.0408
24 7 53 18.2 86.7 20 16.2 7 273 0.0563
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Table S7. The median absolute values (cells/uL) along with corresponding
inter-quartile values and p-values referring to Figures 1A and 1C.

MD-HCT Haplo-HCT
Mont p-
s N Med | Q1 Q3 N Med | Q1 Q3 | e
1 21 11.6 49 14.8 37 26 12 7.7 0‘(;00
2 26 123 6.9 183 51 7.7 4.0 154 | 0.09
Treg 3 20 11.9 5.4 20.7 45 10.4 5.7 16.0 | 0.59
(CD4"25127 6 14 13.5 5.6 30.6 36 14.1 8.1 19.1 | 091
) 9 14 158 | 102 | 56.6 24 175 | 101 | 319 | 075
12 12 179 | 103 | 39.9 25 15.8 8.6 235 | 047
18 10 10.9 4.5 25.2 18 214 | 167 | 312 | 0.06
24 7 3.8 3.5 27.6 17 21.1 | 161 | 365 | 031
1 21 24 12 5.8 37 0.9 0.4 26 0.01
2 26 32 23 4.8 51 32 15 7.6 0.68
3 20 2.9 12 53 45 3.8 13 8.6 0.19
Treg EM 6 14 3.7 0.5 9.2 36 6.3 3.1 9.7 0.16
(CD25*127-
45RO"62L") 9 14 35 1.1 9.9 24 6.4 3.4 172 | 020
12 12 4.6 2.1 9.0 25 42 1.4 9.7 0.64
18 10 3.7 2.7 49 18 6.6 35 13.1 | 0.09
24 7 25 15 7.1 17 8.6 6.1 10.8 | 0.09
1 21 5.5 26 7.8 37 12 0.2 2.9 0‘(;00
2 26 53 24 9.5 51 26 1.1 52 | 0.023
3 20 8.1 15 10.9 45 4.0 1.6 7.3 0.19
Treg CM 6 14 6.1 4.0 155 36 45 1.6 73 0.16
(CD25*127-
45RO*62L") 9 14 7.5 26 22.1 24 6.2 28 8.7 0.30
12 12 11.6 5.0 17.1 25 6.3 2.0 150 | 031
18 10 4.7 1.6 133 18 7.6 3.9 16.0 | 0.46
24 7 2.1 0.8 6.0 17 11.8 3.0 17.1 | 0.11
1 21 0.57 | 036 | 0.80 37 0.05 | 0.02 | 026 <‘(:0°
2 26 049 | 0.14 | 130 51 021 | 009 | 064 | 0.07
3 20 037 | 006 | 0.94 45 031 | 012 | 072 | 094
Treg
TEMRA 6 14 038 | 0.00 | 2.07 36 0.69 | 025 | 1.85 | 031
(CD25*127-
45RO6217) 9 14 177 | 038 | 3.09 24 082 | 022 | 255 | 047
12 12 0.82 | 033 | 297 25 046 | 0.6 | 2.13 | 0.29
18 10 0.87 | 0.14 | 259 18 155 | 030 | 3.06 | 0.72
24 7 071 | 034 | 434 17 156 | 0.67 | 328 | 041
1 21 074 | 028 | 139 37 0.03 | 0.00 | 022 <‘(:0°
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26

0.60

0.14

51

0.10

0.02

2
3 20 0.69 | 0.18 | 2.59 45 026 | 0.08 | 056 | 0.03
6 14 048 | 022 | 332 36 030 | 0.08 | 069 | 0.06
Treg naive 0.002
(CD25*127- 9 14 1.80 | 049 | 6.11 24 034 | 0.09 | 0.57 5
45R0O62L")
12 12 120 | 070 | 2.79 25 045 | 0.11 | 134 | 0.05
18 10 0.56 | 021 | 3.53 18 047 | 013 | 092 | 0.6l
24 7 033 | 0.15 | 5.75 17 0.80 | 0.10 | 1.57 | 1.00
1 21 1935 | 119.5 | 248.7 | 37 18.7 6.8 35.7 <‘(:0°
2 26 | 219.0 | 1244 | 2983 | 51 1023 | 39.7 | 192.0 0“104
3 20 | 2202 | 110.6 | 408.6 | 45 90.1 | 51.7 | 136.6 0‘(;03
6 14 | 2257 | 1413 | 4045 | 36 | 153.0 | 1083 | 2262 | 0.11
Tcon
9 14 | 3004 | 1612 | 348.6 | 24 | 2083 | 129.1 | 304.5 | 0.20
12 12 | 2936 | 2139 | 351.7 | 25 | 206.0 | 119.0 | 396.8 | 0.36
18 10 | 292.0 | 133.5 | 613.9 18 | 341.1 | 236.6 | 4484 | 0.79
24 7 2385 | 66.6 | 432.3 17 | 298.5 | 188.4 | 4583 | 0.48
1 21 51.0 | 370 | 823 37 8.7 2.7 185 <‘(:0°
2 26 640 | 253 | 1039 | 51 60.8 | 257 | 1234 | 0.80
3 20 62.1 | 372 | 879 45 575 | 298 | 913 | 0.76
Tcon EM 6 14 520 | 393 | 1299 | 36 993 | 584 | 1584 | 0.16
(Tcon
45RO"62L") 9 14 70.5 | 33.9 | 105.1 24 | 139.6 | 86.1 | 196.0 | 0.019
12 12 768 | 574 | 1015 | 25 126.7 | 532 | 181.6 | 0.57
18 10 | 1022 | 615 | 269.3 18 143.0 | 76.0 | 2642 | 038
24 7 87.1 | 244 | 218.1 17 | 1345 | 1003 | 2743 | 0.20
1 21 60.6 | 284 | 829 37 7.1 0.9 15.6 <‘(:0°
2 26 44.7 99 | 1259 | 51 9.6 4.4 33.8 0‘(;03
3 20 627 | 158 | 1159 | 45 14.9 7.9 358 | 0.01
Teon CM 6 14 | 406 | 191 | 1005 | 36 | 209 | 102 | 373 | 004
(Tcon
45RO"62L") 9 14 49.9 15.7 80.9 24 25.9 12.3 46.2 0.30
12 12 56.7 | 300 | 1214 | 25 328 | 182 | 80.6 | 0.29
18 10 38.8 47 | 162.7 18 59.6 | 18.6 | 122.8 | 0.58
24 7 29.9 4.7 95.4 17 729 | 239 | 1045 | 0.18
1 21 20.5 8.2 39.0 37 0.3 0.1 13 | <000
Tcon 1
TEMRA 0.000
(Teon 45RO- 2 26 17.4 7.6 57.7 51 3.1 12 9.1 1
62L) 3 20 229 7.0 38.7 45 53 26 9.3 0‘(;03
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6 14 | 4920 | 19 | 974 | 36 144 | 67 | 275 | 054
9 14 | 522 | 112 | 798 | 24 158 | 77 | 322 | 0.06
12 12 | 608 | 200 | 739 | 25 | 221 | 52 | 441 | 0.05
18 10 | 565 | 344 | 1278 | 18 | 278 | 138 | 60.8 | 0.14
24 7 502 | 182 | 873 17 | 494 | 161 | 800 | 0.90
1 21 318 | 160 | 634 | 37 0.3 0.1 0.8 <‘(:°°
2 26 | 260 | 3.0 | 546 | 51 0.9 0.3 2.7 <‘(:°°
3 20 | 380 | 61 | 900 | 45 23 0.7 6.3 <‘(:°°
Tcon naive 6 14 31.8 8.5 84.9 36 42 13 g3 | 0000
(Tcon 45RO" 8
62L) 9 14 | 343 | 174 | 1708 | 24 42 13 9.3 <‘(:0°
12 12 | 627 | 150 | 1063 | 25 1.1 15 | 184 0“;"9
18 10 | 416 | 51 | 8.1 18 8.1 28 | 314 | 035
24 7 186 | 48 | 415 17 170 | 5.1 | 349 | 075
1 21 887 | 453 | 1639 | 37 | 302 | 86 | 785 0‘?6
2 26 | 1287 | 59.1 | 2428 | 51 80.3 | 243 | 3349 | 0.6
3 20 | 147.8 | 809 | 2894 | 46 | 649 | 162 | 198.6 | 0.03
6 14 | 2020|1167 | 2667 | 36 | 2126 | 69.8 | 600.5 | 0.69
CD§" 1098.
9 14| 2550 | 1417 | 4350 | 24 | 2950 | 1138 | 0.58
12 12 | 261.1 | 156.0 | 5584 | 25 | 2383 | 94.0 10;‘3' 0.86
18 10 | 187.0 | 108.0 | 747.7 | 18 | 316.0 | 173.9 | 982.1 | 0.30
24 7 1307 | 758 | 631.9 | 17 | 3216 | 111.3 | 867.6 | 0.25
1 21 231 | 97 | 394 | 37 110 | 40 | 433 | 032
2 26 | 313 | 140 | 524 | 51 267 | 65 | 151.7 | 0.90
3 20 | 323 | 166 | 729 | 46 148 | 47 | 961 | 0.17
CDS EM 6 14 | 421 | 243 | 763 36 | 63.0 | 305 | 2668 | 0.23
(CD8*45RO*
62L) 9 14 | 457 | 122 | 1028 | 24 | 972 | 403 | 4272 | 0.04
12 12 | 554 | 142 | 898 | 25 732 | 32.0 | 2854 | 0.21
18 10 | 373 | 254 | 2139 | 18 | 1175 | 315 | 467.5 | 0.13
24 7 230 | 152 | 4107 | 17 | 1041 | 572 | 2657 | 0.10
1 21 54 3.6 8.3 37 3.7 0.9 93 | 0.15
2 26 8.7 29 | 352 | 51 8.6 07 | 17.8 | 0.26
CD8 CM 3 20 8.9 49 | 245 | 46 3.7 0.7 9.0 0‘208
(CD8*45RO*
62L%) 6 14 8.6 40 | 240 | 36 110 | 34 | 313 | 084
9 14 8.6 4.1 127 | 24 157 | 72 | 284 | 0.06
12 12 73 49 | 117 | 25 182 | 69 | 494 | 0.03
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18 10 87 | 30 | 238 | 18 | 194 | 144 | 513 | 012
24 7 30 | 06 | 147 | 17 | 203 | 97 | 622 | 002
1 21 | 392 | 174 | 680 | 37 46 12 | 170 <‘(:°°
2 26 | 551 | 247 | 811 | 51 | 283 | 77 | 952 | 0.06
3 20 | 514 | 199 | 1516 | 46 | 238 | 79 | 588 | 0.05
CD8
TEMRA 6 14 | 1172 | 216 | 1560 | 36 | 72.8 | 257 | 2822 | 0.80
§§E_§+45R0- 9 14 | 1197 | 856 | 2566 | 24 | 1209 | 313 | 4392 | 0.99
12 12 | 1362 | 690 | 2955 | 25 | 1002 | 315 | 5663 | 0.78
18 10 | 1032 | 649 | 4037 | 18 | 146.6 | 37.1 | 4185 | 0.90
24 7 79.7 | 537 | 2582 | 17 | 1939 | 582 | 4954 | 045
1 21 | 182 | 63 | 268 | 37 12 | 03 | 29 <‘(:°°
2 26 | 212 | 58 | 393 | 51 6.9 08 | 155 0";01
3 20 | 22 | 61 | 622 | 46 6.8 08 | 152 0'203
(Cclﬁgs‘jjgvlfo_ 6 14 | 276 | 94 | 596 | 36 | 126 | 31 | 324 | 0.09
62L) 9 14 | 416 | 157 | 556 | 24 153 | 61 | 527 | 0.09
12 12 | 253 | 84 | 979 | 25 | 186 | 91 | 407 | 053
18 10 | 248 | 147 | 753 18 | 255 | 68 | 1052 | 0.90
24 7 107 | 28 | 197 | 17 | 262 | 84 | 711 | 016
1 21 | 0.064 | 0.043 | 0.088 | 37 | 0179 | 0.089 | 0.342 0"100
2 26 | 0.059 | 0.043 | 0.087 | 51 | 0.099 | 0.056 | 0.155 | 0.03
3 20 | 0058 | 0052 | 0.091 | 45 | 012 | 0.083 | 0.178 0'200
Treg:Tcon 6 14 | 0081 | 0035 | 0125 | 36 | 0.093 | 0.067 | 0.135 | 0.42
ratio 9 14 | 0078 | 0038 | 0134 | 24 | 0.092 | 0.062 | 014 | 052
12 12 | 0068 | 0035 | 0134 | 25 | 0.076 | 0.055 | 0.096 | 0.60
18 10 | 0052 | 0031 | 0076 | 18 | 0.082 | 0.056 | 0.105 | 0.12
24 7 007 | 0022 | 0.1 17 | 0.064 | 0.05 | 0.098 | 0.66
1 21 | 2579 | 1.687 | 2863 | 37 | 0.671 | 0.362 | 1.549 <";°0
2 26 | 1741 | 06 | 2335 | 51 | 1.148 | 0351 | 2901 | 051
3 20 | 1532 | 0893 | 1.988 | 46 | 1.148 | 0.644 | 2.984 | 0.99
CD4:CD8 6 14 13 | 0845 | 166 | 36 | 0837 | 036 | 2027 | 0.16
ratio 9 14 | 1191 | 0634 | 2391 | 24 | 0792 | 0334 | 1.823 | 0.17
12 12 | 1.094 | 0635 | 2338 | 25 | 0.806 | 0392 | 1.806 | 025
18 10 | 0941 | 0465 | 1331 | 18 | 1.127 | 0.506 | 1.444 | 0.90
24 7 | 0931 | 0698 | 295 17 | 092 | 057 | 1485 | 037
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Table S8. The median absolute values along with the corresponding inter-
quartile values and p-values referring to Figures 2A, 2B, 2C.

Supplemental Figures
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Figure S1. Gating strategy for T cell subset analysis. Three major T cell
populations, CD4Treg, CD4Tcon, and CD8 T cells, were defined as
CD3'CD4'CD8CD25'CD127, CD3'CD4'CD8 non-Treg cells and
CD3"CD4'CD8", respectively. Within each T cell population, subsets were
defined as follows: naive (CD45ROCD62L"), central memory (CM,
CD45RO'CD62L"), effector memory (EM, CD45RO'CD62L°), and
terminally differentiated effector memory (TEMRA, CD45RO'CD62L") T
cells. PD-1 expression was monitored on each T cell subset (6,7).
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Figure S2. Gating strategy for analyzing NK and B cells. A) NK cells were
defined as CD45"CD3°CD56" lymphocytes and divided in 4 subsets based on
the expression of CD56 and CD16: CD56™€"CD167, CD56“"CD16",
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CD56“™CD16™ and CD56™¢"CD16" NK cells. NKT cells were defined as
CD45"CD3"CD56" lymphocytes. B) B cells were defined as CD45"CD19"
lymphocytes.
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Figure S3. Mass cytometry NK cell gating strategy.
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Figure S4. Flow cytometry NK cell gating strategy for functional assays.
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Figure S5. Engraftment after HCT. A) Probability of neutrophil
engraftment. B) Probability platelet engraftment. Values are plotted for
haploidentical cohort (haplo-HCT n=60, red line) and matched donor cohort
(MD-HCT n=35, black line).
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Figure S6. Clinical outcomes in haplo-HCT and MD-HCT cohorts. A)
Probability of overall survival (OS). B) Probability of progression free
survival (PFS). C) Probability of non-relapse mortality (NRM). D) Probability
of relapse. E) Probability of acute graft versus host disease (aGVHD). Values
are plotted for haploidentical cohort (haplo-HCT n=60, red line) and matched
donor cohort (MD-HCT n=35, black line).
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Figure S7. NK cell meta-cluster distribution 3 months after haplo-HCT
in patients with and without CMV reactivation. A) Representation of
FlowSOM meta-clusters in 8 haplo-HCT samples. B) viSNE density map of
haplo-HCT patients with CMV reactivation (n=5) and without (n=3). C)
Percentage distribution of FlowSOM NK cell meta-clusters in patients with
CMV reactivation (n=5) compared to patients without (n=3). Data are
expressed as median and range and compared using Wilcoxon signed-rank
test for comparison, * P< (.05.
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Figure S8. Absolute numbers of peripheral blood CD16+ and CD16- NK
cells and NK cell subsets (CD56""CD16, CD56“™CD16",
CD56"€"CD16" and CD56“™CD16°) 1 and 2 months after haplo-HCT. A
and C: Comparison of patients with and without CMV reactivation. B and D:
Comparison of patients who later developed or did not develop cGVHD. Box
and whisker plots show medians, along with minimum and maximum values.
Groups were compared using Wilcoxon signed-rank test for paired
comparison, * P<(0.05 and ** P<0.01.
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Abstract

BACKGROUND. Responses to conventional donor lymphocyte
infusion for postallogeneic hematopoietic cell transplantation (HCT)
relapse are typically poor. Natural killer (NK) cell-based therapy is a
promising modality to treat post-HCT relapse.

METHODS. We initiated this ongoing phase I trial of adoptively
transferred cytokine-induced memory-like (CIML) NK cells in patients
with myeloid malignancies who relapsed after haploidentical HCT. All
patients received a donor-derived NK cell dose of 5 to 10 million
cells/kg after lymphodepleting chemotherapy, followed by systemic IL-
2 for 7 doses. High-resolution profiling with mass cytometry and
single-cell RNA sequencing characterized the expanding and persistent
NK cell subpopulations in a longitudinal manner after infusion.
RESULTS. In the first 6 enrolled patients on the trial, infusion of CIML
NK cells led to a rapid 10- to 50-fold in vivo expansion that was
sustained over months. The infusion was well tolerated, with fever and
pancytopenia as the most common adverse events. Expansion of NK
cells was distinct from IL-2 effects on endogenous post-HCT NK cells,
and not dependent on CMV viremia. Immunophenotypic and
transcriptional profiling revealed a dynamic evolution of the activated
CIML NK cell phenotype, superimposed on the natural variation in
donor NK cell repertoires.

CONCLUSION. Given their rapid expansion and long-term persistence
in an immune-compatible environment, CIML NK cells serve as a
promising platform for the treatment of posttransplant relapse of

myeloid disease. Further characterization of their unique in vivo
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biology and interaction with both T cells and tumor targets will lead to

improvements in cell-based immunotherapies.

Introduction

Relapse of acute myeloid leukemia (AML) occurs in up to 50% of

patients after allogeneic hematopoietic stem cell transplant (HCT) and
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heralds an extremely poor prognosis (1). In several series of patients
with AML who relapsed following HCT, the median overall survival
was less than 6 months (2-3). Traditional approaches for the treatment
of post-HCT relapse include the use of donor lymphocyte infusions
(DLIs) or additional chemotherapy followed by a second HCT (1).
While DLI is associated with remission rates of 10% to 25%, it is also
associated with a high risk of moderate to severe graft-versus-host
disease (GvHD), and long-term survival with this approach remains
poor (4). With the recent increase in haploidentical HCT (haplo-HCT),
whereby it is less clear whether the risk of GvHD due to DLI is
outweighed by its efficacy (5-8), the treatment of posttransplant relapse
must be improved.

The development of approaches for the management of post-HCT
relapse of myeloid disease remains a high-priority area of research.
Early post-HCT reconstitution of natural killer (NK) cells has been
associated with a reduced risk of relapse in a number of retrospective
studies, including in the T cell-depleted setting (9—11). NK cells are an
attractive platform for the management of post-HCT relapse because
they can mediate a graft-versus-leukemia effect without causing GvHD
(11-15). The heterogeneity in clinical efficacy of predicted NK cell
alloreactivity has been attributed in part to non-persistence of NK cells
following infusion, inhibition from Treg or myeloid suppressor cells,
and tumor-induced NK cell anergy (16, 17). Strategies to overcome
these barriers have focused on generating sufficient NK cell numbers
that persist in vivo and retain their efficacy against potential target cells

(18-20).
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The incubation of donor-derived NK cells with interleukin-12 (IL-12),
IL-15, and IL-18 generates a phenotype known as cytokine-induced
memory-like (CIML) NK cells, which are capable of enhanced
survival, expansion, and avoidance of anergy in vivo (21, 22). In
preclinical studies, CIML NK cells exhibited a lower threshold of
activation in response to cytokine restimulation as well as enhanced
cytotoxicity against target leukemia cells (22). In a phase I trial of
adoptively transferred CIML NK cells from a haploidentical donor in
patients whose AML was relapsed/refractory and who never received a
stem cell transplant, complete remission or complete remission with
insufficient hematological recovery (CR/CRi) was attained in greater
than 50% of subjects (21, 23). While exhibiting enhanced cytotoxicity
against leukemia, the CIML NK cells were only detectable for 2 to 4
weeks in these treated patients due to HLA incompatibility. In contrast,
adoptive transfer of CIML NK cells in the context of a syngeneic mouse
model (24) resulted in persistence of functional cells for several
months, arguing that their transfer into an immune-compatible
environment can prolong their survival (25).

The prolonged persistence of functional CIML NK cells in an immune-
compatible syngeneic mouse model supports their use in the post-HCT
setting, a setting in which immune compatibility results from a common
donor for both stem cells and subsequent adoptive transfer of NK cells
(24). We therefore initiated a phase I trial of CIML NK cells to treat
patients with relapsed myeloid malignancies after haplo-HCT. Here we
describe the detailed characterization of the CIML NK cells in vivo in
the first 6 patients treated on this trial, including transcriptome and

proteome analysis at single-cell resolution.
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Methods

Study design.

Patients with relapsed myeloid disease, including AML, MDS,
myeloproliferative neoplasm (MPN), or BPDCN following haplo-HCT
were eligible to be treated in an ongoing single-center phase I dose de-
escalation clinical trial of CIML NK cell therapy (NCT04024761). The
primary endpoints are safety and identification of the maximum
tolerated dose (MTD) of CIML NK cells administered following stem

cell transplantation. The trial schema involves treatment of 5 patients at
a starting dose of 5 x 100 to 10 x 100 cells/kg, a second dose level of 1

x 100 to 2 x 100 cells/kg in the event of at least 2 dose-limiting
toxicities at the starting dose, and plan to treat 10 additional patients at
the MTD in phase Ib. CIML NK cells were derived from the same donor
who provided stem cells for the original transplant. Patients receiving
therapy had relapsed disease that was confirmed by morphological
evaluation, flow cytometry, next-generation sequencing, or PET-CT
imaging, did not previously receive DLI, and had to have at least 20%

donor T cell chimerism. NK cells were purified from nonmobilized
apheresis products by a 2-step CD3 depletion followed by CD56™
selection (CliniMACS device, Miltenyi Biotec), consistently achieving

greater than 90% purity for CD3~CD56™ NK cells. The purified NK
cells were subsequently activated overnight (12—16 hours) with 1L-12
(10 ng/mL), IL-15 (50 ng/mL), and IL-18 (50 ng/mL) to generate the
CIML NK cells under GMP conditions. The cells were washed and

were subject to quality control assessment, including a requirement for

a T cell dose of less than 3 x 10 cells/kg in the product. All patients
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treated so far were infused as inpatients by their healthcare team at the

starting NK cell dose of 5 x 100 to 10 x 100 cells/kg over at least 15—

30 minutes after a course of lymphodepleting chemotherapy. Patients

1, 3, and 4 were treated with a combination of fludarabine (25 mg/mz,
days —6, -5, -4, -3, and —2), and cyclophosphamide (60 mg/kg, given
on days —5 and —4). Patient 2 received a protocol deviation and was
treated at a reduced dose of fludarabine (30 mg/m2 i.v. over 1 hour on
days —4, -3, and —2) and cyclophosphamide 60 mg/kg i.v. over 1 hour
(on days —4 and —3) due to concern about tolerating potential

chemotherapy-induced cytopenia. The lymphodepleting chemotherapy
doses for patients 5 and 6 were adjusted to fludarabine (30 mg/m2 Lv.

over 1 hour on days —5, —4, and —3) and cyclophosphamide 500 mg/m2
i.v. over 1 hour (on days —5 and —4) after a trial amendment. The first 5

patients were treated with a low dose of human recombinant IL-2 (1 x

106 1U/m2) subcutaneously every other day for a total of 7 doses.
Patient 6 received only 2 doses of IL-2 due to the development of
transaminitis. Response evaluation included day +28 bone marrow
biopsy and a PET-CT in patient with extramedullary disease (patient
with BPDCN).

All patients were followed for up to 5 years or until disease relapse or

mortality from the time of trial recruitment as per protocol.

Patient and healthy donor samples.
Patients with relapsed AML, MDS, MDS/MPN, or BPDCN provided
written informed consent prior to participation under an IRB-approved

protocol at the Dana-Farber Cancer Institute (DFCI) where all protocol
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procedures were performed and data were collected. Correlative
samples included peripheral blood collected at screening for the trial,
on day —7 (before starting lymphodepletion), day 0, day +7, day +21—
28, day +42, day +60, day +100, and relapse time points after infusion.
Healthy donor PBMCs were isolated by Ficoll centrifugation, and NK
cells were purified using RosetteSep (STEMCELL Technologies). All
PBMCs were cryopreserved according to a standard internal laboratory
protocol at the time of collection from patients.

Cryopreserved PBMC samples from 4 additional patients were
retrieved and analyzed from a previously published clinical trial (30)
involving subcutaneous administration of IL-2 (at the same dose as in
the current CIML NK trial) in the post—stem cell transplant setting
(NCT00529035). These samples included baseline (before IL-2),
during (7 days after initiation of IL-2), and after (2—4 weeks after
completion of IL-2). NK cells from these patients were analyzed using
flow cytometry and mass cytometry and their phenotype compared to
the NK cells from our CIML NK trial patients. These analyses were
performed to potentially evaluate major phenotypic changes with the
use of IL-2 on endogenous NK cells in the post-HCT setting versus

CIML NK cells in the current study.

Flow cytometric analysis.

A custom NK and T cell panel of antibodies was used (Supplemental
Tables 7 and 8). All cell staining for flow cytometry was performed as
previously described (21), and data were acquired on a BD LSR
Fortessa flow cytometer and analyzed using FlowJo (Tree Star)

software. Gating strategies are described in Supplemental Figure 3.
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The absolute lymphocyte count was measured using a clinical assay.
For any lymphocyte population not measurable directly with the
clinical assay, the absolute count of this population was determined by
multiplying its percentage of total lymphocytes, as measured with flow
cytometry, by the total lymphocyte count measured at the same time

point using the clinical assay.

Mass cytometry (CYTOF).

Metal-tagged antibodies used for our mass cytometry panel are listed in
Supplemental Table 9. In-house conjugations of antibodies were
performed with a Maxpar labeling kit per the manufacturer’s
instructions  (Fluidigm). AIll antibodies were used per the
manufacturer’s recommendation (Fluidigm).

Cryopreserved patient PBMC samples were thawed, counted using
acridine orange and propidium iodide (AO/PI), and pelleted by
centrifugation at 800g for 3 minutes. Cells were then incubated in
103Rh viability stain for 15 minutes, washed in CyFACS, and
incubated with undiluted Human TruStain FcX for 10 minutes for Fc
receptor blocking. Antibody master mix was applied to cell suspensions
for 30 minutes, washed and fixed/permeabilized with FoxP3
Fixation/Permeabilization Concentrate and Diluent, prepared following
the manufacturer’s guidelines (eBioscience). A mix of intracellular
antibodies prepared with 1x Perm Wash was added to each sample and
incubated for 30 minutes. Next, cells were washed with 1x Perm Wash
and incubated overnight at 4°C in FoxP3 Fixation/Permeabilization
Concentrate and Diluent, containing 191/193Ir DNA intercalator

(Fluidigm). Prior to acquisition, samples were transferred to 5 mL
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round-bottom polystyrene tubes with cell strainer caps, washed and
filtered with Cell Staining Buffer (CSB), Cell Acquisition Solution
(CAS), and resuspended in CAS supplemented with EQ Four Element
Calibration Beads (1:10) (Fluidigm). All mass cytometry data were
collected on a Helios Mass Cytometer (Fluidigm). The instrument was
tuned using CYTOF Tuning Solution according to the Helios User
Guide (Fluidigm, pp. 60-68). A brief overview of tuning steps includes
Pre-XY Optimization, Mass Calibration, XY Optimization, DV
Calibration, Dual Calibration, Gases/Cur- rent Calibration, and QC
report. EQ Four Element Calibration Beads (1:10 in CAS) were used
according to the manufacturer protocol before and during acquisition.
The data were normalized using the FCS Processing tab of Fluidigm
CYTOF software v7.0.8493. Data analysis was manually performed
using FlowJo 10.7.1. Initial data cleanup was based on a previously
described gating strategy (40). Cell events were gated to remove dead
cells and debris through biaxial plots of time versus event length, beads
(for removal of the EQ Calibration Beads), and Gaussian-derived
parameters (residual, width, offset). The viability stain 103Rh was used
to gate out dead cells on PBMC populations. All viable cells were back-
gated on both DNA parameters (1911Ir and 1931r) to ensure no doublets
were included. Clustering of NK cell populations was performed both

with R-Phenograph and FlowSOM methods in R (41-44).

Luminex cytokine assays.
Patient plasma samples were thawed and prepared for soluble analyte
assay according to previously published methods (45, 46). Analytes

were measured on a Luminex FLEX- MAP3D per the manufacturer’s
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protocol. Soluble eotaxin, GM-CSF, GROa, IFN-a, IFN-y, IL-1, IL-
la, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 p70,
IL-13, IL-15, IL-17A, IL-18, IL-21, IL-22, 1L-23, IL-27, IL-31, IP-10,
MCP-1, MIP-1a, MIP-1B3, RANTES, SDF1a, TNF-a, and TNF-3 were
tested. Of all soluble markers measured, 33 were within detectable
range and could be quantified by extrapolation of mean fluorescence
intensities to the respective standard curve between lower limit of
quantitation and upper limit of quantitation. Analyte concentration for
each patient was calculated using standard curves. Fold changes were
calculated as a ratio relative to the patient’s baseline (COD1) (47—49).
Functional and flow-based cytotoxicity assays.

Frozen PBMCs were thawed and cultured overnight in RP-10 medium
(RPMI 1640 supplemented with 10% FBS, 1x penicillin/streptomycin,
2 mM L-glutamine, and 7.5 mM HEPES) with 1 ng/mL IL-15. K562
cells (ATCC CCL-243) were cultured in RP-10 medium and labeled
with 5 uM CellTrace Violet (Thermo Fisher Scientific) in PBS for 20
minutes at 37°C. PBMCs and K562 cells were washed twice with RP-
10 and cocultured at the indicated effector/target (E:T) ratios. To
measure NK cell cytotoxicity, PBMCs and K562 cells were cocultured
for 4 hours, and then stained with PE—annexin V and 7-AAD (BD
Biosciences) for 15 minutes at room temperature. To measure
intracellular IFN-y and degranulation, PBMCs and K562 cells were
cocultured for 1 hour, followed by the addition of 0.2 puL GolgiPlug
(BD Biosciences), 0.13 pL GolgiStop (BD Biosciences), and 1 puL. of
APC-CD107a (BioLegend). After an additional 5 hours of coculture,
cells were stained for intracellular IFN-y using Cytofix/Cytoperm (BD
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Biosciences). Cells were acquired using BD LSR Fortessa and analyzed

using FlowJo.

scRNA-seq and analysis.

Cryopreserved PBMC samples from patients were thawed and diluted
with prewarmed complete RPMI 1640, and cells were centrifuged at
200g for 10 minutes to remove dead cells. Cell pellets were resuspended
in 25% Percoll solution in PBS and centrifuged at 300g for 10 minutes
to further remove dead cells. Live cells were resuspended in 2%

FBS/PBS for single-cell isolation and cDNA library construction. The
relapse samples were depleted of CD34™" cells using a CD34 ™ positive

selection kit (STEMCELL Technolo- gies), with the CD34% cells
resuspended as independent tumor samples. Single-cell libraries were
prepared using the 10x Chromium Next GEM Single Cell 3’ Kit (10x
Genomics), according to the manufacturer’s instructions. The single-
cell cDNA libraries were sequenced by NovaSeq S4 flowcell
(Illumina), with data deposited in the NCBI Gene Expression Omnibus
database (GEO GSE198141). Raw sequences were demultiplexed,
aligned, and filtered. Barcode counting and unique molecular identifier
(UMI) counting was done with Cell Ranger software v3.1 (10x
Genomics) to digitalize the expression of each gene for each cell.
Analysis was performed using the Seurat 3.0 package (50). Data from
individual samples were analyzed separately prior to combining the
data from multiple samples. The outlier cells with very low number of
gene features (<500) or low total UMI (<1000), or high number of gene
features (>5000) or high total UMI as doublets (>20,000) were

removed. Cells with high mitochondrial ratio (>15%) from each data
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set were also removed. Subsequently, samples were combined based on
the identified anchors for the following integrated analysis. Principal
component analysis (PCA) was performed and the first 15 principal
components (PCs) were used to cluster cells using the Louvain
algorithm in Seurat. These PCs were then used to run UMAP clustering.
Well-defined marker genes for each cluster were used to identify

potential cell populations, such as T cells (CD3E, CD4, CD84), naive

T cells (IL7R, CCR7), B cells (CD19, CD20, SDCI1, MS4AI), CD14%
monocytes (CDI14, LYZ), NK cells (NKG7, GNLY), and platelets
(PPBP). Differential gene expression analysis was performed in Seurat
using the nonparametric Wilcoxon’s rank-sum test [Find markers ()
function] and the MAST test. Volcano plots were used to visualize data
and were generated in the ggplot2 package in R (https://cran.r-
project.org/package=ggplot2). For gene sets representing specific
cellular functions or pathways, we performed functional enrichment

analysis with the online tool Reactome GSA (https:/www.

biorxiv.org/content/early/2020/04/18/2020.04.16.044958) (51).

Statistics.

All flow cytometry data were tested for normal distribution (Shapiro-
Wilk test), and if the data were not normally distributed, the appropriate
nonparametric tests were used (GraphPad Prism v5.0). P values
corresponding to the differential expression using mass cytometry data
were acquired using the diffcyt package in R (52). Differential
expression of scRNA-seq data was performed using Wilcoxon’s rank-
sum test as part of the Seurat package (50). All statistical comparisons

are indicated in the figure legends. All comparisons used a 2-sided o of
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0.05 for significance testing, with adjustment for multiple comparisons

where required.

Study approval.

This study was reviewed and approved by the institutional review board
of the DFCI, Boston, Massachusetts, USA (ClinicalTrials.gov
NCT04024761). The study was performed in compliance with the
provisions of the Declaration of Helsinki and Good Clinical Practice
guidelines. Written informed consent was obtained from participants

before inclusion in the study.

Results

Adoptive transfer of donor-derived CIML NK cells is safe and
associated with clinical responses.

Six patients whose myeloid disease relapsed after haplo-HCT were
treated with a donor-derived CIML NK cell product as part of a phase
I clinical trial (Figure 1, A and B). These included 3 with AML, 1 with
myelodysplastic syndrome (MDS), 1 with blastic plasmacytoid
dendritic cell neoplasm (BPDCN), and 1 with CML in blast crisis
(patient characteristics are reported in Supplemental Table 1;
supplemental material available online with this article;
https://doi.org/10.1172/JCI1154334DS1). As per trial inclusion criteria,
none of the patients received any prior DLI, nor any other therapy
concurrent with the CIML NK cell infusion. Patients tolerated the
CIML NK cell infusion and expansion well, with fever as the most

common side effect (temperature ranging from 38.1°C to 39.3°C)
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during the 12 days of IL-2 administration. One patient developed grade
2 cytokine release syndrome (CRS) 7 days after CIML NK cell infusion
and was treated with tocilizumab. Four of 6 patients developed

pancytopenia after CIML NK infusion. In 2 cases the pancytopenia was

prolonged, and these patients received CD34" cell-selected stem cell
boosts from their original donors 5 and 6 weeks after CIML NK
therapy, respectively. Both patients responded to the stem cell boosts,
with neutrophil recovery evident within 9 to 14 days after boost
(Supplemental Figure 1). No patient developed any evidence of acute
or chronic GvHD. One patient (patient 6) experienced a transient
increase in alanine aminotransferase and aspartate aminotransferase
while on IL-2, resulting in premature discontinuation of IL-2 (the
patient received a total of 2 doses).

All patients were evaluable at the day +28 response assessments
following infusion of CIML NK cells, and 4 of 6 patients attained a
response to therapy. Three of 6 patients met European Leukemia Net
(ELN) 2017 criteria for CR in AML or International Working Group
criteria for marrow CR in MDS (26, 27). These included patients 4
(BPDCN patient with entirely extramedullary disease relapse) who
achieved a PET-negative CR (confirmed by tumor site biopsy) (Figure
1C), while patient 2 (with MDS and multiple pathogenic mutations) and
patient 3 (with AML and pathogenic 7P53 mutation) had no detectable
residual disease by next-generation sequencing after CIML NK cell

therapy (Figure 1D). Patient 1, with FMS-like tyrosine kinase 3 internal
tandem duplication—positive FLT3-ITD") AML, attained a

morphologic leukemia-free state with clearance of some of the

pathogenic mutations present at the time of post-haplo-HCT relapse but
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had a persistent FL73-ITD mutation on day +28 bone marrow
assessment. Patients 5 and 6 exhibited disease refractoriness on the day

+28 response assessment.

Figure 1. Phase I trial schema and clinical responses. (A) CONSORT flow
diagram for the patients evaluated for the phase I trial. (B) Schema describing
the generation of CIML NK infusion product and trial therapy. For each
patient, the same donor who had previously given stem cells underwent
nonmobilized apheresis of peripheral blood followed by CD3 depletion and
CD56-positive selection. The resulting product was incubated with a cytokine
cocktail for 12—-16 hours, washed, and infused into the lymphodepleted
patient. Following NK cell infusion, low-dose IL-2 was administered
subcutaneously every other day for 7 doses. (C) Disease response of the
BPDCN patient who had entirely extramedullary disease. Shown is the PET-
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CT imaging of the 2 identified lesions in the scalp with the corresponding
visual evaluation of these lesions, and the active axillary lymph node. (D)
Next-generation sequencing (NGS) or RT-PCR was used to track individual
mutations or transcripts before and after treatment with the CIML NK cells.
Patients 2 and 3 exhibited marrow CR (for MDS) and CR without minimal
residual disease (for AML) on the day +28 assessment, respectively, while
patient 1 exhibited a morphologic leukemia-free state with persistently
detectable FLT3-ITD. Patient 5 had progressive disease as per ELN 2017
criteria for AML. Patient 6 exhibited a reduction in BCR-ABL1 transcripts
after CIML NK infusion as measured with quantitative RT-PCR, but had
persistent disease suggesting refractoriness to therapy.

CIML NK cell infusion is associated with rapid and prolonged
expansion in the peripheral blood NK cell compartment without
changes in Treg numbers.

Following CIML NK cell infusion, NK cell numbers dramatically
expanded to a median peak of 10-fold (range 10- to 50-fold; Figure
2A). NK cells constituted the dominant lymphocyte subset, with
increased NK cell numbers persisting for up to several months beyond
the last dose of IL-2 (day +12) in these patients (Figure 2B). T cells
constituted a minority of peripheral blood mononuclear cells (PBMCs)

in the peripheral blood compartment after NK cell expansion. There

was no significant increase in the Treg numbers (Figure 2B); CDS™ T
cells were the major subset of T cells present in the first weeks after

CIML NK infusion (Supplemental Figure 2). During their expansion,

NK cells were predominantly CD56dim cells (Supplemental Figure
3) and displayed classical NK cell maturity markers, including KIR and
CD57 (Figure 2C and Supplemental Figure 3). Expansion of the NK
cell population on day +28 following infusion of CIML NK cells was

associated with reduced expression of several markers, including CD2,
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TIGIT, CD161, CD226, granzyme B, and perforin when compared with
NK cells in the infusion product (Wilcoxon’s rank-sum test P < 0.05;
Figure 2D).

Functional evaluation of infused NK cells on day +28 and day +60 after
infusion was performed by cytokine (IL-12 plus IL- 18) stimulation or
coculture with K562 cells and comparing with NK cells from the
screening time point before any therapy. On day +28 following
infusion, IFN-y expression was increased in response to cytokine
stimulation (Figure 2E). CD107a expression was upregulated after
coculture with K562 on day +28 compared with the time of screening
in patients 1, 2, and 4, but not in other patients.

Evaluation of the expression of a panel of endogenous cytokines
potentially associated with NK cell proliferation revealed the lack of
increase in IL-15 or IL-21 at the time of exogenous IL-2 administration,
although IL-15 appeared to increase in patient 4 after day +7 (Figure
2F). Patient 3, who developed CRS after NK cell infusion, had a
corresponding increase in IL-6 and TNF-a, supporting the diagnosis

(Supplemental Figure 4).
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Figure 2. Rapid expansion of NK cells follows infusion of CIML NK
product into the patients. (A) Mean NK cell counts/uL of peripheral blood
deter- mined from the lymphocyte count. (B) Flow cytometry was used to
evaluate NK cells in the peripheral blood as a proportion of total lymphocytes.
Data presented are CD56 CD3™ cells as a percentage of total lymphocytes,
mean + SD. Right: Tregs (CD3"'CD4'CD25'CD127") cells as a percentage of
total lymphocytes, mean = SD. The value for each patient is shown with a
colored dot, and the coloring scheme corresponds to that in panel A. *P <0.05
by Mann-Whitney U test, with significance adjusted by Holm’s method for
multiple comparisons. (C) Flow cytometry—based evaluation of key markers
distinguishing the CD56%™ NK cell population from the CD56""#" NK cell
population. There was no significant difference in expression of markers
between time points as determined by the Mann-Whitney U test. (D)
Differential expression analysis of mass cytometry markers in the
predominant CD5 clusters between day 0 (infusion product) and day +28
after infusion. Markers labeled in red are differentially expressed (Wilcoxon’s
signed-rank test, P < 0.05). (E) Functional characterization of the expanded
NK cell compartment using both cytokine stimulation and coculture with

6d1m
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K562 target cells at an E:T ratio of 5:1. The y axis shows percentage
expression of the indicated marker relative to the corresponding unstimulated
control, and the dashed line represents the same functional assays applied to
healthy donor control PBMCs. In B, C, and E, the screening time point (Scr)
refers to endogenous patient NK cells prior to infusion. *P < 0.05 by Mann-
Whitney U test. (F) Measurement of plasma cytokines following CIML NK
cell infusion. The x axis of each plot shows days relative to CIML NK cell
infusion (day 0).

Longitudinal evaluation of the NK cell compartment after CIML
NK cell infusion reveals expansion and persistence of both adaptive
and nonadaptive NK cell subpopulations.

To be able to longitudinally evaluate the NK cell compartment in all 6
patients after CIML NK infusion, we defined the NK cell populations
present in the infusion products using flow cytometry, a 39-marker
mass cytometry panel, and single-cell RNA sequencing (scRNA-seq).
All infusion products met product release criteria (>70% CD3~CD56™
and <3 x 109/kg CD3" cells) and had a high purity of NK cells. On
mass cytometric analyses, the NK cell subpopulations that could be
identified included adaptive CD56dim NK cells, those that expressed
NKG2A, both CD16" and CD16~ fractions, and those that expressed
CDS8 (Supplemental Figure 5, A and B). To deconvolute each
patient’s contribution to these clusters (patient 6 was excluded from this
specific analysis as they received only 2 out of planned 7 IL-2 doses),
we used the following set of markers: CD56, CD3, NKG2A, IL-7Ra,
KIR2DL1, NKG2C, NKp46, NKp30, and Ki67. The resulting clusters
delineated several identifiable NK cell populations in the infusion

product, including adaptive NK cells (NKG2CTKIR™), CD56bright
NK cells (CD56MNKG2ANKIR2DL1-), and CD564IMNK G2A10 NK
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cells (Supplemental Figure 5C). The infusion products in patients 1
and 2 had a large subpopulation of adaptive NK cells expressing both
NKG2C and KIR. Patients 3 and 4, on the other hand, had a
subpopulation with a higher level of CD56 and NKG2A expression and
a relatively low KIR and NKG2C expression, consistent with

CD56bright NK cells that were largely absent in the other patients
(Supplemental Figure 5C). Additional characterization of the CIML

NK infusion products with scRNA-seq also identified several CD5 6dim
and adaptive NK cell populations, as well as additional CD5 6bright NK

cell subpopulations that were not detected by mass cytometry

(Supplemental Figure 6A). The CD56dim subpopulations in the
infusion product had a similar lev- el of expression of NK cell lineage
markers, with the only noticeable differences being in the expression of
FCERIG and NCR3 genes (Supplemental Figure 6B).

To investigate the specific phenotypic imprint of the CIML NK cell
preparation, we compared the CIML NK cell infusion product with the
original resting donor-derived repertoire from screening samples using
mass cytometry. The latter samples corresponded to the allogeneic
donor-derived NK cell compartment within the recipient following
HCT, but prior to receiving the infusion product. Compared with the
resting donor NK cell repertoire, CIML NK cells exhibited a cytokine-
stimulated signature, including a higher expression of CD25 and CD69,
and a trend toward higher expression of CD161 that is thought to mark
cytokine-responsive NK cells (Supplemental Figure 7 and ref. 28).
Expression of NKG2D and TRAIL was lower on the infusion products

from all patients compared with the screening time point. The immuno-
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modulatory markers TIM3 and TIGIT were more highly expressed on
the infusion product than at screening (Supplemental Figure 7).

Phenotypic evaluation over time of the NK cell subpopulations present
in the infusion product showed their persistence on day +28 after CIML
NK infusion (Figure 3). Patients 1, 3, and 4 exhibited the longest
persistence of NK cell subpopulations phenotypically matching those
that were infused (Figure 3A). We used scRNA-seq to compare major

clusters present in the infusion product and at the day +28 time point.
Distinct clusters of CD5641M, adaptive CD5641IM, and CD56bright NK
cells were identified, alongside several nonadaptive CD56dim NK cell

clusters (Figure 3B). Characterization of the nonadaptive CD56dim
clusters revealed distinct expression of the chemokine genes CCL4
(Dim1) and CCL3 (Dim2) in 2 of the clusters present on day +28. IFNG
was shown to be more highly expressed in Dim2 and Dim4, while the

cells in Dim3 expressed a higher level of LAG3 (Figure 3C).

We then compared the gene expression in CD56d1m ¢lusters at infusion
with those present on day +28 after CIML NK cell infusion. These
genes included KLRC2, CD52, and IFNG, the expression of which is
typically associated with adaptive NK cells (Figure 3D). Expression of
the /NG gene was increased in all NK cell subpopulations on day +28
when compared with the infusion time point (Figure 3E). Additional
genes associated with NK cell activation, including JUN, FOSB, and
DUSPI, as well as the chemokine CCL3 had increased expression in
each of the major NK cell subpopulations (Figure 3E). The top 50

differentially expressed genes in the CD56dIm and CD56bright NK
clusters at infusion compared with day +28 are summarized in

Supplemental Tables 2 and 3.
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We then longitudinally evaluated the transcriptionally defined NK cell
populations using mass cytometry in all the trial patients on days +7,
+28, and +60 (Figure 3F). The persistence of NK cell clusters
identified in the infusion product was most notable in patients 1, 2, and
5. Patients 3 and 4 both exhibited a dominance of NK clusters on day
+28 and day +60 that constituted a minor portion of the infusion

product. Patient 6 had a poor expansion of infused CIML NK cells. The

majority of CD25" NK cell subsets were absent after day +7 in all

patients. Furthermore, the majority of infused CIML NK cells that

expanded by day +28 and persisted to day +60 were Ki67—.
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Figure 3. Evaluation of subpopulations of NK cells present in the infusion
product over time. (A) Median proportion of total PBMCs that were
CD56'CD3 at the indicated time points. Days after infusion of the CIML NK
product are indicated above the time point labels. (B) UMAP of NK cell
clusters defined with single-cell RNA sequencing at day +28 compared to the
infusion product for all patients whose CIML NK cells expanded. The
CD56%™ NK cell subpopulations that persist include Dim1, Dim2, CD56€",
and adaptive NK cells. (C) Identification of defined NK cell subpopulations
based on transcriptional profiling reveals the expansion of several CD56dim
subpopulations and adaptive CD56"™ NK cell populations. The heatmap
shows the top 5 differentially expressed genes in each NK cell cluster when
compared with other clusters using Wilcoxon’s rank-sum test (log[fold
change] threshold = 0.25). (D) Volcano plot showing the top differentially
expressed genes in all CD56%™ clusters between infusion and day +28; fold
change cutoff = 0.5, P-value cutoff = 10 x 10-32. Differential gene expression
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was determined using the nonparametric Wilcoxon’s rank-sum test. (E) Violin
plot to show the expression of select genes within the CD56%™, CD56""#", and
adaptive CD56%™ NK populations at infusion (red) and day +28 (green) time
points. Shown are the most differentially expressed markers as well as genes
associated with NK cell activation. (F) Evaluation of NK cell subpopulations
over time as a proportion of total NK cells in each of the clinical trial patients
treated with CIML NK cell therapy. Key subpopulations include adaptive NK
cells (CD56'CD3 CD57'KIR'NKG2C‘FceRI"), CD56™ NK cells
(CD56"CD3 NKG2A'IL-7R"),  CD56""NKG2A* NK  cells, and
CD56%™Ki67" NK cells, among others. The sample time points for each
patient are labeled. INF, at time of infusion.

CMYV reactivation drives the expansion of adaptive NK cells, but
not other NK cell subsets.

Three of the patients had a low-titer CMV viremia during this trial,
although none of these patients developed CMV disease and/or needed
treatment. To address the potential impact of CMV reactivation on the
expanding NK cell compartment, we correlated absolute NK cell
numbers with CMV reactivation (Supplemental Figure 8, A and B)
and compared the expansion of NK cells between patients 1, 2, and 3
who had CMYV reactivation (CMV+ group), and patients 4 and 5 who
had no CMYV reactivation (CM V- group). Patient 6 was excluded from
this analysis because the patient was positive for CMV serology but did
not reactivate CMV. By day +7 after CIML NK infusion, the CMV+
group had an identifiable adaptive NK cell population (although
nonadaptive NK cells still constituted the major subset), which was
largely absent in the CMV— group (Figure 4A). Both the adaptive and
nonadaptive NK cell clusters persisted to day +28 after CIML NK cell
infusion, but nonadaptive NK cells remained the dominant subset in

both the patient groups (Figure 4B). There were minimal differences
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in the expression of measured markers within the nonadaptive

CD56dim NK cell population when com- paring CMV+ and CMV—
patients on day +28 after CIML NK cell infusion (Figure 4C).
Comparison of the CMV+ and CMV—- groups with scRNA-seq also
showed adaptive NK cell clusters in the infusion product
(Supplemental Figure 8, C and E) that expanded on day +28 in the
CMV+ patients (Figure 4D and Supplemental Table 4) and persisted
to day +60 (Supplemental Figure 8, D and F). Among the CMV+
patients, the adaptive NK cell clusters on day +28 expressed more genes

associated with mitochondrial ATP synthase when compared with the
CMV- group (Figure 4E). Distinct clusters of nonadaptive CD56bright

and CD564IM NK cells were also present in both the CMV+ and CMV-

groups (Figure 4, D and F). The expression of genes used to

characterize functionally mature CD56dIm NK cells such as GZMB,
PRF1, and ZEB? (29) did not differ between the CMV+ and CMV-—
groups (Figure 4F and Supplemental Figure 8, E and F). Therefore,

mature CD56dim NK adaptive and nonadaptive NK cells expanded in
both CMV+ and CM V- patients.
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Figure 4. Distribution of adaptive and nonadaptive CD56dim NK cell
populations and markers in the CMV+ (n =3) and CMV- (n = 2) groups.
(A) UMAP of PBMC subpopulations identified by mass cytometric analysis
showing both CMV+ (light green) and CMV— (red) cells on both day +7 and
day +28. (B) Distribution of adaptive and nonadaptive CD56*™ NK cells in
the CMV- (green) and CMV+ group (orange) on day +7 and day +28 after
CIML NK cell infusion. (C) Differential expression of markers on the
nonadaptive CD56%™ NK cell subpopulations on day +28 after CIML NK cell
infusion shows no differ- ences in this subpopulation between CMV+ and
CMV- groups. *P < 0.05 by Wilcoxon’s rank-sum test, with significance
adjusted for multiple comparisons (43). (D) UMAP of PBMC subpopulations
in CMV+ and CMV- patients evaluated with scRNA-seq on day +28 after
CIML NK cell infusion. The adaptive Diml, Dim2, Dim5, and Dim6
subpopulations are expanded predominantly in the CMV+ group, while the
Dim3 and Dim4 subpopulations are comparable between groups. (E) Volcano
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plot to show the most differentially expressed genes in the adaptive CD56%™

NK cell clusters between CMV+ and CMV- groups (P-value cutoff = 10 x
10-32, fold change cutoff = 0.1). The MAST test was used to determine
differentially expressed markers between the 2 groups (log[fold change]
threshold = 0.25). (F) Dot plot showing genes defining the individual clusters
identified in the CMV+ and CM V- patient groups on day +28 after infusion.
Subsets of genes corresponding to CD56™&"  adaptive CD56™ and
nonadaptive CD56“™CD16" NK cells are indicated.

Expansion of the NK cell compartment after CIML NK cell
infusion is distinct from endogenous NK cells in HCT patients
receiving IL-2.

In the absence of a trackable marker on the CIML NK cells and to
dissect how much expansion of the NK cell compartment was driven
by IL-2 effects on endogenous post-HCT NK cells, we compared the
NK cell compartment following CIML NK infusion to the
corresponding NK cell compartment from 4 patients who received IL-
2 after transplant on a previously published clinical trial
(NCT00529035; ref. 30). On flow cytometry, CD56dim and
CD56bright NK cell population proportions were similarly distributed
in the CIML NK and IL-2 trial patients both during and 2 to 4 weeks
after IL-2 therapy (Supplemental Figure 9). However, on mass
cytometry, there were major differences in both NK cell subpopulation
distribution and global marker expression on NK cells from the CIML
NK cell and IL-2 trial samples. NK cell populations at baseline in both
the CIML NK patients and in the post-HCT patients on the IL-2 trial

included CD564M NK cells that were CD57CD16%, CD57CD16,
and CD57-CDI16~ in clusters I and III and adaptive NK cells

(NKG2CTCD57%) in cluster IT (Figure 5A). However, clusters I and I

176



in CIML NK cells were predominantly absent from the IL-2 trial
patients at all evaluated time points (Figure SB). Globally CIML NK
cells had a higher expression of the markers CD2, TRAIL, and TIM3
on day +7 after onset of the therapy (Figure SC). A similar comparison
between the 2 patient cohorts 2 to 4 weeks after completion of their IL-
2 treatment showed higher expression of CD2, TRAIL, TIGIT, and
granzyme B in the CIML NK cell trial samples, suggestive of continued
enhanced effector function in these patients weeks after stopping 1L-2

treatment (Figure SD).
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Figure 5. Immunophenotype of CIML NK-treated patients compared to
the posttransplant IL-2—treated patients. Peripheral blood samples from 3
time points from CIML NK cell trial (n = 4) and IL-2 trial (n = 4) were
evaluated using mass cytometry. The time points included at baseline prior to
IL-2 start, during IL-2 treatment 1 week after starting it, and 2 to 4 weeks after
completion of IL-2 therapy. (A) UMAP of CD3 CD56" clusters in patients
treated with IL-2 (lower insets) compared to patients on the CIML NK trial
who also received IL-2 as part of the trial protocol. (B) Distribution of clusters
of CD3°CD56" cell subpopulations in both the CIML NK- and IL-2—treated
patients. *P < 0.05 by Mann-Whitney U test, with significance adjusted by
Holm’s method for multiple comparisons. (C) Distribution of marker
expression on PBMCs between CIML NK- and IL-2—treated patients during
therapy. (D) A comparison of marker expression between CIML NK trial
(blue) and IL-2 trial (red) patients 2 to 4 weeks after completion of IL-2. CIML
NK-—treated patients exhibited a higher expression of CD2, granzyme B,
TIGIT, and TRAIL compared with IL-2—treated patients. *P < 0.05 by
Wilcoxon’s rank-sum test, with significance adjusted for multiple
comparisons (43).

The NK cell compartment undergoes a phenotypic shift with
expansion, but reverts back to the screening phenotype after day

+60 after CIML NK infusion.

CD56dim NK cells accounted for approximately 35% of all
lymphocytes in the peripheral blood at the day +60 time point, in

contrast to a median of 7% at the screening time point (Figure 6A).

CD56dim NK cells by day +60 phenotypically resembled the
corresponding NK cells at screening (Figure 6B). There were no
significant differences in mass cytometry marker expression between
the 2 time points (Figure 6C). We sought to identify the subpopulation
of NK cells that might sustain this greater abundance by identifying a
cluster among the NK cells that was highly positive for Ki67. The

relative abundance of this subpopulation on day +60 was significantly
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increased compared with the screening time point in all evaluable

patients (0.32% vs. 0.075% of all PBMCs, P = 0.04 by Wilcoxon’s

rank-sum test), although the number of Ki67+ NK cells was less than
1% of PBMCs at both time points (Figure 6D). Similar to the

predominant CD56dim population, there were no mass cytometry

markers that were significantly differentially expressed among the

CD56bright NK cells between the 2 time points (Supplemental Figure
10).

Figure 6. Phenotypic changes of the dominant NK cell subsets in the
peripheral blood over time. NK cell phenotype was compared at screening
and day +60 after CIML NK cell infusion using flow cytometry and mass
cytometry. (A) Comparison of the CD56%™ and CD56"*¢" NK cell subset
proportion of total lymphocyte count at screening and day +60. At screening,
the median CD56%™ NK proportion of lymphocytes was 3.3% (min 1.3%, max
15.2%), while the median CD56€" NK proportion of lymphocytes was 0.7%
(min 0.1%, max 1%). On day +60, the median CD56%™ proportion of
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lymphocytes was 32.6% (min 0%, max 50.9%), while the median CD56"¢"
NK proportion of lymphocytes was 2.5% (min 0 %, max 8.4%). (B) tSNE plot
comparison of PBMC populations at screening and day +60 time points in
representative patient 3. NK cells are in the red circle. (C) Differential
expression of mass cytometry markers in the CD3 CD56%™ cell
subpopulations (Wilcoxon’s rank-sum test, with significance adjusted for
multiple comparisons). Screening (n = 6) and day +60 (n = 5). Patient 5 did
not have a day +60 sample. (D) Clustering of PBMCs to identify the Ki67"
subpopulation (red squares) of CD3°CD56" NK cells. CD3 CD56'Ki67" cells
as a proportion of total PBMCs at both screening and day +60. Individual
patient values are shown superimposed on the box plots. The median per-
centage of CD3°CD56Ki67" cells at screening and day +60 was 0.075% (min
0%, max 0.09%) and 0.32% (min 0.07%, max 1.15%), respectively.
*Differential abundance, with P < 0.05 using Wilcoxon’s rank-sum test.

NK cells traffic to sites of disease after CIML NK cell infusion.

We evaluated whether expansion of the NK cell populations after CIML
NK cell infusion is associated with the presence of NK cells at sites of
disease. Multiparameter immunofluorescence imaging (MIFI) was used
to investigate the expression of multiple markers in the bone marrow
and tissue biopsy samples before and after CIML NK cell infusion.
Patient 1 had nearly no detectable NK cells in the bone marrow on day
+100 after HCT, and yet had a definite NK cell infiltration on day +28
after CIML NK cell infusion despite the marrow being hypocellular
(<10% cellularity) (Figure 7A). Patient 3, on the other hand, had NK
cells present in the day +100 post-HCT bone marrow (50% cellularity)
and in the day +28 post—-CIML NK infusion bone marrow (Figure 7A).
Further longitudinal evaluation of available bone marrow samples from
patient 3 showed a paucity of NK cells on day +60 and at the time of
relapse after CIML NK cell infusion. In patient 4 with extramedullary

disease, CIML NK cell infusion was associated with an NK cell
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infiltrate at the tumor site 7 days after infusion. This infiltrate was

juxtaposed to the CD123™ leukemia blasts, which were substantially
reduced on day +7. The leukemia blasts and NK cells were undetectable
by day +28 after CIML NK cell infusion (Figure 7B). The reduction in
blast burden in this patient was also associated with an influx of T cells
into the tumor site. Further characterization of the immune cell infiltrate
in this patient on day +7 revealed that most NK cells were CD16—, with
some cells expressing granzyme B and only a minority expressing
CDS57 (Figure 7C). Similarly, the majority of the T cells were CD8™.
In all other patients with bone marrow involvement of their disease, NK
cells were present in the marrow on day +28 after infusion

(Supplemental Figure 11).
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Figure 7. Immune effector cell infiltration at the site of disease. (A)
Multiparameter immunofluorescence imaging (MIFI) was applied to the
pretreatment bone marrow and day +28 after CIML NK therapy applied to 2
representative patients. NK cell infiltration was relatively sparse in patients 1
and 3 before therapy, as exemplified by the general lack of CD56 positivity
relative to the predominance of CD3 positivity. In contrast, on day +28 after
CIML NK infusion, the CD3 CD56" staining was relatively enhanced. (B)
Infiltration of immune effector cells in the patient with BPDCN in the context
of active CD123" extramedullary disease. Prior to CIML NK cell infusion,
diseased cells (white arrow) were juxtaposed to some NK cells (black arrow)
and CD3" cells. On day +7 after CIML NK infusion, substantial reduction in
the CD123" blasts, with residual NK cell subpopulations (pink and yellow
arrows) and CD3" cell populations noted. By day +28 after CIML NK
infusion, the extramedullary lesion was involuted and with no detectable
blasts and NK or T cell cellular infiltrate. Original magnification, 200 (A and
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B). (C) Quantitation of NK cell and T cell subpopulations (individual dots
represent quantitation within a specific field in the biopsy, 5 fields evaluated)
from day +7 MIFI panel from extramedullary disease site in BPDCN patient.

AML blasts present at relapse after CIML NK therapy express
inhibitory NK cell ligand genes.

Patients 1 and 3 both exhibited longterm persistence of NK cell
populations that were present in their infusion products. At the time of
AML relapse, they both had a coexistence of leukemia blasts with the
NK cells in the peripheral blood, providing an opportunity to potentially
understand NK and leukemia cell interactions (Figure 8A). Using
scRNA-seq, we conducted a differential expression analysis comparing
NK cell clusters between day +28 and relapse time points in both
patients 1 and 3 to determine whether there was a change associated
with relapse (Figure 8B). All NK cell clusters at the time of relapse
expressed genes associated with NK cell activation (Figure 8B). The
FOS gene had increased expression at the time of relapse in both these
patients (Figure 8C and Supplemental Tables 5 and 6). All the NK
clusters in patient 1 had a significant reduction in the expression of

CXCR4 at the time of relapse (Figure 8C). Patient 3, on the other hand,

had an upregulation of genes associated with the CD5 cbright phenotype
of NK cells at the time of relapse (Supplemental Table 6). We

conducted gene set enrichment analysis on all differentially expressed

genes in the CD564IM and CD56bright NK cell clusters that were
present at relapse in patients 1 and 3 (Figure 8D). We identified genes
in the FGFRIc pathway, thought to be involved in the differentiation

of CD56bright NK cells to a CD56dim phenotype (31), as being
differentially expressed at the time of AML relapse compared with day
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+28 in both patients. Other pathways that exhibited differential
expression included those involving polyamines and histamine
receptors.

We next evaluated whether post-CIML NK relapse of AML was
associated with the expression of ligands for activating and inhibitory

receptors present on the persistent NK cells in the peripheral blood.

Using scRNA-seq, we identified CD34"-containing clusters enriched
for AML blasts, and confirmed that these did not express typical NK
cell markers (Supplemental Figure 12). HLA-E, an inhibitory ligand
that binds NKG2A and CD94 (KLRDI), was highly expressed on the

CD34™" clusters in patient 1 but its expression was lower on the CD34™
clusters in patient 3 (Figure 8E). The leukemia-containing clusters
were found to have a low expression of CD48 and CD58, the genes
coding for activating ligands that bind CD2. Galectin-9 (LGALSY9), a

known inhibitory ligand for NK cells, was expressed predominantly on
the CD34™ clusters in both patients. TIM3 (HAVCR?2), a receptor for

galectin-9, was not expressed in the CD34~ clusters at either the
expansion or relapse time point, but its receptor, CD44, was expressed
at relapse. The expression of most other NK activating and inhibitory
ligands was either not present or not assessable with 3’ scRNA-seq
(Supplemental Figure 13).

Since CD2 ligands were found to be downregulated in the context of

AML relapse and CD2 was highly expressed on CD56dim CIML NK
cells (Figure 5D), we evaluated the effect of blocking CD2 on CIML
NK activation, cytokine secretion, or cytotoxicity in vitro using a
blocking anti-CD2 monoclonal antibody. While blockade of CD2 led

to reduced secretion of TNF-a in conventional NK cells, it did not have
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any significant effect on CIML NK cell activation, cytokine secretion,
or cytotoxicity (Supplemental Figure 14), suggesting that other
activating NK cell receptors are able to compensate for lack of CD2

signaling for activation in CIML NK cells.

Figure 8. Transcriptomic evaluation of NK cells and AML blasts at the
time of disease relapse by scRNA-seq. (A) Representative UMAP from
scRNA-seq analysis in patient 1. The outlined populations are CD34" blasts
that were identified at relapse. (B) Violin plots corresponding to the
expression of activation markers in CD3 CD56" NK cell clusters defined
using scRNA-seq. *P < 0.05 by Wilcoxon’s rank-sum test, with significance
adjusted for multiple comparisons (50). (C) Volcano plots for patient 1 (left)
and patient 3 (right) comparing gene expression in NK cell-containing
scRNA-seq clusters at day +28 to relapse. Genes on the left of the violin plot
are downregulated while those on the right are upregulated at the time of
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relapse. (D) Gene set enrichment analysis corresponding to differentially
expressed genes in NK cell clusters derived from scRNA-seq data in patient
1 as a representative example. Within every cluster, every pair of columns
corresponds to day +28 (D28) and relapse (R) time points. The intensity of
expression is represented by the color of the legend on the left. (E) Expression
of specific NK cell receptors within the NK clusters on day +28 and relapse
in patient 1 (P1) and patient 3 (P3) and their corresponding NK ligands on the
relapsed leukemia blasts are indicated in blue (CD34" cells).

Discussion

We demonstrate that infusion of donor-derived CIML NK cells into an
immune-compatible environment for the management of post—haplo-
HCT relapse of myeloid disease is safe and results in rapid expansion
and long-term persistence of NK cells. The expansion of the NK cell
compartment following CIML NK cell infusion was distinct from IL-2
effects on endogenous posttransplant NK cells and was not dependent
on CMV reactivation. In preliminary outcomes of this ongoing trial,
infusion of CIML NK cells was associated with a reduction in
measurable disease burden in 4 of 6 treated patients, including a patient
with BPDCN. Response to therapy was sustained for several months.
CIML NK cells were well tolerated, with the main adverse effect being
the development of cytopenia in most patients. Importantly, infusion of
these donor lymphocytes was not associated with severe CRS or
neurotoxicity. Furthermore, in spite of the administration of low-dose
IL-2 in the posttransplant setting, no patient developed any GvHD.
The lifespan of conventional NK cells is thought to be in the range of
12 to 14 days, but adoptive transfer of CIML NK cells in a syngeneic
murine model was associated with significant prolongation of their
expected lifespan (23). In a previous clinical trial using CIML NK cells
to treat relapsed/refractory AML in a nontransplant HLA-mismatched
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setting, the donor-derived NK cells could not be detected beyond day
+28 after infusion (21). In the current clinical trial, expansion of donor
CIML NK cells and subsequent persistence of these cells for several
months was noted. We hypothesize that this was due in part to the
immune-compatible posttransplant milieu since all treated patients had
high T cell chimerism at the time of CIML NK infusion.

CMV reactivation likely contributed to the expansion and persistence

of immunophenotypically and transcriptionally identified adaptive

CD56dim NK cell subsets. However, nonadaptive CD56dim NK cells
were the dominant subset and expanded in both the CMV+ and CM V-

patients. Furthermore, the presence of CMV did not significantly affect

the surface marker or gene expression of nonadaptive CD56dim NK
cells. This suggests that CMV reactivation was not the sole driver of
NK cell expansion. Additional work will be required to determine
whether there is any difference in antitumor activity between the
adaptive NK cells expanded in response to CMV and the nonadaptive
NK cells.

The expanded NK cell compartment following infusion of CIML NK
cells was associated with presence of NK cells at disease sites and
reduction of disease burden. This was most dramatic in patient 4 with

BPDCN whose disease burden visibly shrank and became undetectable

on PET-CT. MIFI demonstrated the presence of NK cell and CD8" T
cell infiltrates in the extramedullary mass in this patient, suggesting a
possible interaction between these 2 cell populations in mediating

disease reduction and pre- venting disease relapse. The infiltration of
CD8™ T cells into the site of disease was also seen in patient 3. Further

work is required to explore the possible interaction between CD8 T
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cells that appear to infiltrate disease sites following CIML NK infusion
and the infused NK cell subsets.

While the use of CIML NK cells was safe and not associated with
severe CRS, neurotoxicity, or GVHD, it is of note that all patients with

bone marrow involvement of myeloid disease exhibit- ed pancytopenia.

In 2 of these patients, a CD34"-selected stem cell boost was required
to promote peripheral blood cell recovery, while in the others the
peripheral blood counts recovered on their own. Prolonged
pancytopenia after adoptive cell transfer was observed in prior CAR-T
trials and may be related to the lymphodepleting chemotherapy (32).
One patient exhibited clinical and laboratory features of grade 2 CRS,
requiring treatment with tocilizumab that resolved the syndrome. CRS
was reported in a recently published haploidentical NK cell therapy
trial, although the higher reported rate in that trial could have been due
to the use of subcutaneous IL-15 to expand the NK cells (33).
Consistent with this trial and other published NK cell trials, no patient
developed any GvHD despite receiving a product that is mismatched to
the recipient. The tolerability of the adoptively transferred CIML NK
cell therapy in this trial is similar to what has been seen in other NK
cell therapy trials, including those using IL-21-expanded NK cells (34,
35).

The deeper immunophenotypic evaluation of infused CIML NK cells
using mass cytometry revealed interpatient heterogeneity, likely
reflecting the diversity of the NK cell populations inherent in the donor
(36). It was demonstrated that the mass cytometry—defined CIML
phenotype persists long term as an imprint superimposed on the original

NK cell repertoire. This imprint was not driven by IL-2 alone, as a
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comparator group of patients who received the same dose of IL-2 at

least 6 months after transplant did not yield expansion of the same

CD56dim NK cell subpopulations. The NK cell compartment following
CIML NK infusion expressed higher levels of CD2, TIGIT, TRAIL,
and granzyme B that persisted several weeks after the last dose of IL-
2, suggesting that this set of markers could perhaps distinguish the
CIML NK-expanded NK cells from endogenous NK cells. We hope to
build upon this finding in future studies with larger patient numbers, as
lack of distinct marker(s) makes tracking CIML NK cells in vivo
challenging particularly when using autologous products and in a post—
allo-HCT setting. By day +60 after infusion, the NK cell compartment
largely resembled that seen prior to infusion of CIML NK cells.

scRNA-seq analysis of the NK cell compartment at the time of AML
relapse after CIML NK cell therapy demonstrated the persistence of

both CD56bright apg adaptive NK cell populations, among others.

Gene set enrichment analysis suggested that in the patient with a

sizeable expansion and persistence of CD56bright NK cells, there was

downregulation of the FGFRIc pathway involved in NK cell
maturation from CD56bright 1o Cp56dim, potentially explaining why

the CD56bright NK cells were able to persist (31). The expression of
HLA-E in the relapsed AML blasts in this patient with an expanded

NKG2A-expressing CD56bright NK population suggests a potential
evasion mechanism, in agreement with previous analysis of residual

leukemic cells following allogeneic NK cell therapy (37). Since this
patient also exhibited an infiltrate of CD8™ T cells at the site of disease,

possibly promoted by the cytokine secretion from the CD56bright NK
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cells, evasion of CD8™ T cells may have contributed significantly to the
relapse mechanism. Additional mechanisms of AML relapse after
CIML NK therapy may be associated with the absence of ligands for
CD2, a receptor that is expressed on the NK cell populations after
infusion, and that is involved in mediating tumor target cytotoxicity via

interaction with CD16 (38). In patient 1, in whom most of the expanded

and persistent NK cells exhibited a mature cytotoxic CD56dimCp16+
phenotype, the absence of expression of CD48 and CD58 on relapsed
leukemia could suggest a resistance mechanism. Our in vitro analysis,
however, suggests that CD2 blockade is not sufficient to reduce CIML
NK cell activation, cytokine secretion, or cytotoxicity. This does not
exclude CD?2 as a relevant receptor for targeting of myeloid disease, as
conventional NK cells were affected by the blocking antibody, but does
suggest that the lower activation threshold of CIML NK cells leads to
additional mechanisms being involved in mediating escape of AML
from their effects. Such additional mechanisms of AML relapse may

involve the inhibitory ligand galcetin-9, since its receptor, CD44 (39),
was expressed on the CD34~ PBMCs at the time of relapse. The

expression of galectin-9 may have played an additional role in the
survival of residual leukemia clones early after NK cell infusion when
its receptor TIM3 was more highly expressed in the infused CIML NK
cell product.

While this study consistently demonstrated the rapid expansion and
persistence of donor-derived CIML NK cells without any GvHD or
severe CRS complications, it has important limitations. First, the
number of treated patients was relatively small. Furthermore, as the

infused NK cells shared HLA expression with the NK cells already
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present in the transplanted patient and there was no traceable marker in
the infused CIML NK cells, it was not possible to use donor chimerism
or other direct means to track the infused NK cells. The mass cytometry
marker signature determined by comparison of the NK compartments
from the CIML NK trial patients and IL-2-treated posttransplant
patients must also be interpreted with caution, as the NK cells being
compared came from patients who are not at identical times in their
posttransplant course. Although these limitations prevent immediate
generalizations of the findings, the deep high-throughput analyses of
longitudinally collected samples do reveal a number of important
hypothesis-generating observations with the potential for clinical
translation in the near future. Additional work is necessary to elucidate
the mechanism(s) of the prolonged alterations in the NK cell
compartment after donor CIML NK cell infusion, as well as their
interaction with other immune effector cells as a means to treat

posttransplant relapse of myeloid disease.

Conclusion

In summary, we demonstrate that CIML NK cells infused into
an immune-compatible milieu in the context of a haploidentical stem
cell transplant are associated with marked NK expansion and long-term

persistence. We show that CIML NK cell products comprise

predominantly cytotoxic CD56dim NK cells but also exhibit donor-
specific heterogeneity in both the presence of additional NK cell subsets
as well as in the expression of NK cell markers associated with the
memory-like phenotype. The NK cell subpopulations present at the

time of NK cell infusion undergo significant phenotypic changes
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associated with enhanced NK cell activity and the development of a
memory-like phenotype by day +28, but by about day +60 after infusion
phenotypically resemble the NK cells present prior to infusion in
significantly increased numbers. We also show that expansion of the
NK cell compartment following CIML NK cell infusion is distinct from
IL-2 effects on endogenous posttransplant NK cells and is not
dependent on CMV reactivation. Finally, we speculate that relapse of
AML after CIML NK cell therapy is associated with expression of NK
inhibitory ligands, and may occur in the context of evasion of CD2-
mediated activation in addition to other mechanisms that remain to be
determined. Because of their capacity for rapid expansion and long-
term persistence, CIML NK cells offer an attractive platform for further
improvement of NK cell therapies by combining them with
immunomodulatory agents and/ or by arming them with CAR gene

constructs.
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Supplemental Materials

Figure S1. Clinical course and responses of patients treated with CIML
NK cell therapy. A The clinical outcomes of patients treated with CIML NK
cells are shown. All patients had measurable disease post haplo-HCT and prior
to receiving CIML NK cells. Complete response and morphologic leukemia-
free state are defined per the ELN 2017 criteria for AML, and marrow CR is
defined as per the IWG criteria for MDS. **Patient 6 only received 2/7 IL2
doses due to the development of hepatotoxicity.
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Figure S2. T-cell subpopulations following CIML NK cell infusion. A
Longitudinal evaluation of CD3", CD4", and CD8" T-cell subpopulations in
all patients using a customized flow cytometry panel. Comparison of
abundance of CD3" T-cell subpopulations at the different time points is
shown. *p<0.05 Mann-Whitney U test, with significance adjusted by Holm’s
method for multiple comparisons. B Longitudinal evaluation of CD4" and
CDS8" subpopulations, including central memory (CM), effector memory
(EM), stem cell memory naive (SCM naive), and effector memory T-cells
expressing CD45RA (TEMRA). The abundance of CD4" and CD8" T-cell
subpopulations at the different time points is shown.
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Figure S3. Gating strategies for characterization of NK and T cell subsets
by flow cytometry. A NK cells are CD56"CD3". Bright and dim NK cells are
characterized by the expression of CD56 and CD16. The expression of CD57,
KIR and NKG2A is determined in bright and dim populations. B T cells are
CD3". CD8" and CD4" subsets are characterized by the expression of CD4
and CD8. Conventional CD4" T cells are CD127°CD25", where CD127
CD25" cells are Tregs. Conventional CD4" and CD8" T cell subsets are
characterized by the expression of CD45RA and CCR7 where effector
memory (EM) T cells are CD45RA'CCR7, central memory (CM) T cells are
CCR7'CD45RA", terminally differentiated effector memory T cells
(TEMRA) are defined by CD45RA'CCR7 and stem cell memory T cells
(SCM naive) are characterized as CD45RA'CCR7". Representative flow plots
are patient 5 day +42 and patient 4 day+14, respectively.
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Figure S4. Evaluation of endogenous cytokines in longitudinal serum
samples from patients on the CIML NK trial. Each measured serum
cytokine is indicated above each graph. Longitudinal time points include day
-7 (D-7), day +3 (D3), day +7 (D7), day +14 (D14), day +28 (D28), and day
+60 (D60) following CIML NK infusion.
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Figure SS. The infusion product contains distinct subpopulations with
natural variation in donor NK cell repertoires. A The infusion product in
all patients is enriched with CD56"CD3" NK cell populations. Shown is the
UMAP of immune cell clusters expressing CD56" and CD3" derived from the
infusion products of all 6 patients treated with CIML NK cell therapy. B
Distribution of NK cell clusters among all patient infusion products within the
CYTOF marker UMAP space, showing a number of existing CIML NK
subpopulations. C The NK cell subpopulations in the infusion products are
compared against each other in tSNE plots derived from the first 5 patients on
the trial, with distinct NK cell subpopulations identified using PhenoGraph
clustering. The scale of expression on the tSNE plots is indicated in the top
left corner. The scaled expression of the indicated markers is shown as
boxplots on the right, with each boxplot corresponding to an individual
patient.
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Figure S6. Single cell RNA sequencing characterization of donor infusion
products yields distinct NK cell subpopulations. A Distribution of NK cell
clusters among all patient infusion products within the gene expression
UMAP space identifies a number of CD56%™ populations among the CIML
NK cells. A CD56"" NK cluster is identified that could not be well-
characterized with mass cytometry. B Dot plot of genes characterizing the
individual CD56*™ and CD56™¢" NK subpopulations among all CIML NK
infusion products.

Figure S7. Differential expression analysis of marker expression on
CD56"™ populations in the infusion product compared to the screening
time point. CD56%™ NK cells from the screening time point before CIML NK
infusion (red) from all patients treated on the trial are compared to the CD56%™
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NK cells in the infusion product (green). * p<0.05 by Wilcoxon rank sum test,
with significance adjusted for multiple comparisons (43).

Figure S8. CMY reactivation is associated with expansion of an adaptive
NK cell population, while non-adaptive NK cell subpopulations expand
independently of CMV. A CMYV reactivation occurred in 3/6 treated patients,
with viral load measured using a clinical grade assay. B Correlation between
CMV viral load after reactivation and fold NK expansion in the 3 patients in
whom CMV reactivated. C Gene expression UMAP of CIML NK infusion
products in patients who reactivated CMV (CMV+) compared to those who
did not (CMV-), showing a similar distribution of NK cell subpopulations. D
Gene expression UMAP of NK cell subpopulations at the day +60 time point
after CIML NK cell infusion. E Dot plot of NK cell subpopulations in the
infusion product, showing genes associated with the adaptive NK cell
phenotype, the CD56™€" NK cell phenotype, and with the CD56*™/CD16"
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mature NK cell phenotype. Samples from both CMV- (blue dots) and CMV+
(red dots) are shown. F Dot plot of NK cell subpopulations at day +60 after
CIML NK cell infusion, showing persistence of both adaptive and non-
adaptive NK cells in both CMV+ and CMV- groups.

Figure S9. There is no difference in the percentage of peripheral blood
NK cells that are CD56"™¢" or CD56%™ between post-HCT patients
receiving IL-2 and CIML NK infusion patients receiving IL-2. A
CD56™" and B CD56%™ NK cells in the peripheral blood of patients treated
with CIML NK cell infusion and post-transplant IL-2 treated patients. Data
presented is CD56%™ and CD56™*¢" populations as a percentage of total
CD56'CD3" lymphocytes as determined by flow cytometry. Mean + SD. p >
0.05 by Wilcoxon rank sum test, comparing CIML trial and IL-2 trial samples
at each of the indicated time points.
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Figure S10. Evaluation of the CD56""¢" NK cell population following
CIML NK infusion. A Volcano plot showing most differentially expressed
genes between the CIML NK infusion product to the day+28 time point after
infusion of CIML NK cells (p cut off = 10e-32, fold change cut off = 0.5). The
Wilcoxon rank sum test was used to determine differentially expressed
markers between the two groups, with significance adjusted for multiple
comparisons (50). B Differential expression analysis of mass cytometry
markers comparing the screening time point prior to CIML NK infusion to the
day+60 time point after infusion (p > 0.05 by Wilcoxon rank sum test).
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Figure S11. NK cell infiltration into the bone marrow following CIML
NK infusion. A Distribution of markers in bone marrow core biopsies from
each patient taken at day +28 following CIML NK infusion in patients with
bone marrow disease. Shown are CD3" cells (purple), CD8" cells (white),
CD56" cells (yellow), and juxtaposition of these cells next to CD34" cells
(blasts). B Longitudinal bone marrow core samples in representative patient
3. The time points correspond to screening (prior to CIML NK infusion), day
+28 following CIML NK, day +60 following CIML NK infusion, and relapse
(day +120 following CIML NK infusion).

Figure S12. Identification of CD34" blasts relapsed following CIML NK
therapy in patient. A Representative UMAP plot of scRNAseq data applied
to both CD34" and CD34" fractions of post-CIML NK relapse sample from
patient 3. The clusters at relapsed are compared to the clusters at day +28
following CIML NK cell infusion. Clusters 0, 4, and 7 represent relapsed
leukemia blasts. B Violin plots corresponding to relapse clusters in both
patient 1 and patient 3, both of whom had CD34'CD123" blasts in the
peripheral blood. The remaining clusters express NK cell genes.
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Figure S13. Single-cell RNA sequencing of peripheral blood mononuclear
cells from Patient 1 (left) and Patient 3 (right) at the day +28 and relapse
time points, with the cells from the latter fraction separated into CD34-
depleted (CD34") fractions (A) and CD34-enriched (CD34") fractions (B).
A Within the CD34-depleted fraction, NK cell clusters were identified based
on the expression of the markers NCAM1, KLRD1, KLRF1, NCR1, NKG7,
GNLY, CD3D, CD3E, and CD3G. Violin plots show gene expression of
known NK receptors on the NK cell clusters in both patients. B Within the
CD34-enriched fraction, clusters corresponding to leukemia blasts were
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identified based on the expression of CD34 and CD123, and absence of the
aforementioned NK cell markers. Violin plots show the expression of known
NK activating and inhibitory ligands on leukemia blasts in Patient 1 (left) and
Patient 3 (right).

Figure S14. CD2 blockade is not sufficient to alter the function of CIML
NK cells in vitro. A Conventional and CIML NK cells from healthy donors
were preincubated with an anti-human mAb against CD2 or an IgG1 isotype
control for 30 minutes before coculture with K562 for 6 hours at an E:T ratio
of 5:1. Data presented show the mean percentage + SEM of NK cells that were
positive for TNFa and CD107a. n= 6 healthy donors in 2 independent
experiments. B Following preincubation for 30 minutes with mAb against
CD2 or an IgGl isotype control, CIML and conventional NK cells were co-
cultured with K562 at 3 E:T ratios for 4 hours. Data presented is the mean
percentage = SEM of 7AAD and Annexin V positive K562 target cells. N=6
healthy donors in 2 independent experiments. * p<0.05 with Wilcoxon
matched pairs signed rank test.
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Table S1. Clinical characteristics and outcomes of patients treated with
CIML NK cells.

A AML: acute myeloid leukemia, MDS: myelodysplastic syndrome, BPDCN:
blastic plasmacytic dendritic cell neoplasm, 3+7: induction chemotherapy
with daunorubicin and cytarabine, AZA: azacytidine, RIC: reduced intensity
conditioning, PBSC: peripheral blood stem cell graft, DUCBT: double-
umbilical cord blood transplant

B Refers to sequence of therapy and disease status prior to CIML NK cell
therapy. The date of treatment or disease status is indicated as relative to the
date of haploidentical stem cell transplant (HCT), and is reported in the
number of months. Dates prior to HCT are reported with a negative number
of months.

€ Refers to CMV reactivation as measured with a clinical grade viral load PCR
assay, with the time indicated relative to Day 0, the day of CIML NK cell
infusion

P Refers to number of days from the date of CIML NK infusion, which is day
0

¥ The therapy administered in all prior clinical trials did not meet any
exclusion criteria for the CIML NK phase I trial
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Table S2: Top 50 differentially expressed genes in CD56"™ NK cell
clusters between infusion and day + 28
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Table S3: Top 50 differentially expressed genes in CD56"" NK cell
clusters between infusion and day +28
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Table S4: Top 50 differentially expressed genes in adaptive NK cell
clusters between CMV" and CMV" groups
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Table SS5: Top 50 differentially expressed genes in NK cell clusters
between day + 28 and relapse Patient 1
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Table S6: Top 50 differentially expressed genes in NK cell clusters
between day + 28 and relapse patient 3
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Table S7: Flow cytometry antibodies for NK cell subsets

Table S8: Flow cytometry antibodies for T cell subsets
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Table S9: Mass cytometry NK phenotype panel

220



Chapter S

Phenotypic and functional characterization of the
CD6-ALCAM T cell costimulatory pathway after
allogeneic cell transplantation

Running Title: TARGETING CD6 FOR aGVHD TREATMENT

Benedetta Rambaldi'?, Haesook T. Kim?®, Yohei Arihara'*, Takeru
Asano!”, Carol Reynolds!, Mariah Manter', Max Halpern!, Augustine
Weber!, John Koreth!, Corey Cutler!, Mahasweta Gooptu!, Sarah
Nikiforow!, Vincent T. Ho!, Joseph H. Antin', Rizwan Romee',
Jeanette Ampudia®, Cherie Ng®, Stephen Connelly®, Robert J. Soiffer!

and Jerome Ritz!*

Affiliations

'Department of Medical Oncology, Dana-Farber Cancer Institute and Harvard
Medical School, Boston, MA

’Ph.D. Program in Translational and Molecular Medicine (DIMET),
University of Milano-Bicocca, Monza, Italy

3Department of Data Science, Dana-Farber Cancer Institute, Harvard T H
Chan School of Public Health, Boston, MA

*Department of Medical Oncology, Sapporo Medical University
’Department of Hematology and Oncology, Himeji Red Cross Hospital,
Hyogo, Japan 6Equillium, La Jolla, CA, USA

Synopsis
High expression of CD6 on Tcon and ALCAM on DCs and monocytes
is maintained during aGVHD, representing a suitable therapeutic target.

Itolizumab, an anti-CD6 monoclonal antibody, without inducing T-cell
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depletion, abrogates ALCAM mediated T- cell proliferation upon TCR

engagement.

222



Abstract

CD6 is a co-stimulatory receptor expressed on T cells that binds
activated leukocyte cell-adhesion molecule (ALCAM), expressed on
antigen presenting cells, epithelial and endothelial tissues. The CD6-
ALCAM pathway plays an integral role in modulating T cell activation,
proliferation, and trafficking. In this study we examined expression of
CD6 by reconstituting T cells in 95 patients after allogeneic cell
transplantation and evaluated the effects of itolizumab, an anti-CD6
monoclonal antibody, on T cell activation. CD6 T cells reconstituted
early after transplant with Treg expressing lower levels of CD6
compared to Tcon and CD8 T cells. After onset of acute graft versus
host disease (aGVHD), CD6 expression was further reduced in Treg
and CD8 T cells compared to healthy donors, while no difference was
observed for Tcon. ALCAM expression was highest in plasmacytoid
dendritic cells (pDC), lowest in myeloid dendritic cells (mDC) and
intermediate in monocytes and was generally increased after aGVHD
onset. Itolizumab inhibited CD4 and CD8 T cell activation and
proliferation in preGVHD samples, but inhibition was less prominent
in samples collected after aGVHD onset, especially for CD8 T cells.
Functional studies showed that itolizumab did not mediate direct
cytolytic activity or antibody-dependent cytotoxicity in vitro. However,
itolizumab efficiently abrogated the costimulatory activity of ALCAM
on T cell proliferation, activation and maturation. Our results identify
the CD6-ALCAM pathway as a potential target for aGVHD control and
a phase I/l study using itolizumab as first line treatment in combination
with steroids for patients with aGVHD 1is currently ongoing

(NCT03763318).
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Introduction

Acute graft versus host disease (aGVHD) continues to be an important
cause of morbidity and mortality after allogeneic hematopoietic cell
transplantation (HCT) (1). Steroids provide effective treatment, but
most patients with severe aGVHD do not achieve a complete response
(2,3). Moreover, steroid treatment is often associated with severe
toxicities. Novel therapeutic options are needed and different strategies
to selectively modulate alloreactive T cells and APCs have been studied
for the treatment of steroid refractory GVHD. Various approaches are
currently being evaluated in clinical trials including 1) targeting key
inflammatory mediators (IL-6, siltuximab or tocilizumab), 2) selective
depletion of alloreactive T cells (ricin-conjugated anti- CD3/CD7, anti-
CD30 brentuximab, post-transplant cyclophosphamide), 3) modulation
of cytokine-driven signal transduction (ruxolitinib), 4) inhibition of
target organ homing (anti-integrina4p7, vedolizumab) and 5) inhibition
of costimulatory signals (abatacept) (4). Despite these advances,
treatment of steroid refractory GVHD remains a challenge (5).

The costimulatory receptor CD6 is a 105-130 kDa type I
transmembrane glycoprotein belonging to the highly conserved
scavenger receptor cysteine-rich superfamily (SRCR-SF) (6). CD6 is
expressed on the majority of T cells and minor populations of B and
NK cells (7,8). CD166, activated leukocyte cell adhesion molecule
(ALCAM) is the primary ligand for CD6 (9). ALCAM is expressed on
APCs and various epithelial and endothelial cells (10,11). Upon
ligation, the CD6-ALCAM complex helps stabilize the immunological
synapse between the T cell and the APC. In this context, CD6-ALCAM

binding promotes T cell activation, proliferation, maturation, and
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trafficking from the intravascular space into tissues, including the
central nervous system (12—17). Early studies by Soiffer and colleagues
demonstrated that ex-vivo depletion of CD6" donor T cells prior to
transplantation markedly decreased the incidence of aGVHD,
highlighting the importance of CD6" T cells in pathogenesis of GVHD
(18-21).

Itolizumab, a humanized IgG1 anti-CD6 monoclonal antibody, has
been shown to block CD6 signaling, leading to a reduction in T cell
activation and proliferation (22). Itolizumab therapy has been evaluated
for treatment of different autoimmune disorders (9), such as severe
chronic plaque psoriasis (23) and COVID-19 cytokine-release
syndrome with promising results (24). However, it is not known
whether blocking the CD6-ALCAM pathway with itolizumab can
modulate T cell responses after allogeneic HCT in the setting of
aGVHD.

In the present study, we characterized the expression of CD6 and
ALCAM by reconstituting immune cells in a cohort of 95 patients who
underwent allogeneic HCT and examined the effects of itolizumab on
T cell responses in vitro in the setting of aGVHD. Our results show that
T cells and dendritic cells (DCs) expressed CD6 and ALCAM,
respectively early after HCT and surface expression of both structures
is maintained during aGVHD. Then, we demonstrated the ability of
itolizumab to inhibit in vitro T cell proliferation and activation in
peripheral blood (PB) obtained from patients with aGVHD, in an
ALCAM-dependent manner without causing T cell depletion. Our
results provide new insights into the mechanisms of action of

itolizumab and suggest that targeting the CD6-ALCAM costimulatory

225



pathway represents a novel approach for prevention and treatment of

aGVHD.

Methods

Patients and sample collection

This study included 95 patients who underwent allogeneic HCT at the
Dana-Farber Cancer Institute and Brigham and Woman’s Hospital
(Boston, MA) between September 2018 and January 2020. Blood
samples were obtained at 1, 2, 3 and 6 months after transplant for
analysis of CD6 and ALCAM expression. Samples from 9 healthy
donors (HD) were used as controls. Samples from 9 additional patients
and 9 HD were used for in vitro functional assays (Supplemental
Table S1). Written informed consent was obtained from all patients and
HD prior to sample collection, in accordance with the Declaration of
Helsinki. Protocol approval was obtained from the Human Subjects

Protection Committee of the Dana-Farber/Harvard Cancer Center.

Monitoring CD6 and ALCAM immune reconstitution

Immune reconstitution was evaluated by flow cytometry using fresh
whole blood samples. For analysis, both percentages of positive cells
and median fluorescence intensity (MFI) were considered. Two panels
of directly conjugated monoclonal antibodies (Supplemental Table
S2) were used to define the expression of CD6 and ALCAM on
functionally distinct T cell and APC subsets, respectively. After
staining, cells were acquired on a Fortessa LSR flow cytometer (BD)

and analyzed using FlowJo and Cytobank software. Cell gating strategy
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and markers used for cell subset definition are described in

Supplemental Figure S1 and S2.

Functional activity of itolizumab in vitro

Frozen peripheral blood mononuclear cells (PBMC) obtained from
patients who developed aGVHD after transplant (Supplemental Table
S1) were stimulated using antiCD3/CD2/CD28 beads in the presence
of itolizumab or isotype control cetuximab. T cell proliferation,
activation and maturation were evaluated after 72 hours of culture using
the flow cytometry panel in Supplemental Table S3. An example of
the gating strategy used in this analysis is shown in Supplemental
Figure S3. Detailed description of the protocol is provided in

Supplemental Methods.

Complement dependent cytotoxicity (CDC), antibody direct
cytotoxicity (ADC) and antibody dependent cellular cytotoxicity
(ADCC) assays

The ability of itolizumab to induce CDC, ADC or ADCC was measured
as the percentage of cell lysis in the presence of itolizumab compared
to alemtuzumab as positive control or cetuximab as negative control.
For ADCC evaluation we also measured the percent CD107a" cells on
NK cells after 6 hours of culture (25). Detailed descriptions of CDC,
ADC and ADCC protocols are provided in Supplemental Methods.

T cell stimulation using ALCAM-Fc¢ and anti-CD3 antibody

Recombinant Human ALCAM Fc¢ Chimera (ALCAM-Fc) and anti-
CD3 Ab were resuspended in PBS overnight at 4’C in flat bottom 96
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well plate. The day after, HD CD3* T cells were added and cultured in
media with itolizumab or cetuximab for 96 hours. Cells were analyzed
using flow cytometry (Supplemental Table S4). Detailed description
of the protocol is provided in Supplemental Methods and
Supplemental Figure S3.

Statistical analysis

Statistical methods are provided in Supplemental Methods.

Results

Patient characteristics

To investigate the expression of CD6 and its ligand ALCAM during
immune reconstitution after allogeneic HCT, we prospectively studied
a homogeneous population of 95 adult patients with hematological
malignancies. Clinical characteristics of these patients are summarized
in Table 1. Median patient age at the time of transplant was 61 years
(range, 19-76). All patients received pre-transplant conditioning with
busulfan and fludarabine and GVHD prophylaxis with tacrolimus and
methotrexate. Half of the patients received a myeloablative
conditioning regimen (50.5%) and almost all patients received PB stem
cell (PBSC) grafts (97.9%). A matched unrelated donor (MUD) was
used in 63 patients (66.3%). Median follow-up among survivors was 12
months (range, 4-20). Median donor T cell chimerism was 76% 1
month after HCT and 96% at 6 months (Table 2). Acute GVHD
occurred in 42 patients (44.2%) at a median of 50 days after transplant
(range 20-294 days).
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Total

Patient Age at HCT, Median (Range), Years
Patient Sex, Male

Donor Age, Median (Range), Years

Donor Sex, Male

Donor type
HLA Matched Related Donor
HLA Matched Unrelated Donor
Partially HLA Mismatched Unrelated Donor

Female Donor for Male Recipient

Patient or Donor CMV Serostatus, Positive

Disease
ALL
AML
MDS
MPD
NHL
Otherst

Disease Status at transplant
Complete remission (CR)
Partial remission (PR)
Active Disease /Untreated

Cell Source
Bone Marrow
Peripheral blood stem cells

Conditioning Intensity
Myeloablative
Reduced intensity

N (%)
95 (100)
61 (19-76)
55(57.9)
29 (18-67)
57 (60)

26 (27.4)
63 (66.3)
6(6.3)

17 (18)
64 (67.4)

6(6.3)
52 (54.7)
12 (12.6)

8 (8.4)

8 (8.4)

9 (9.6)

66 (69.5)
2(2.1)
27 (28.4)

2(2.1)
93 (97.9)

48 (50.5)
47 (49.5)

Table 1. Patient characteristics. ALL, acute lymphoid leukemia;

AML, acute myeloid leukemia; MDS, myelodysplastic syndrome;

MPN, myeloproliferative neoplasm; NHL, non-Hodgkin lymphoma;

CR, complete remission; PR, partial remission; FChronic myeloid

leukemia (CML, n=2); chronic lymphocytic leukemia (CLL, n=1);

chronic myelomonocytic leukemia (CMML, n=3) and mixed

myelodysplastic/ myeloproliferative neoplasm (Mixed MDS/MPN,

n=3).

229



N (%)

Engraftment
ANC > 500 cells/mm?® 95 (100)
% Donor T cell Chimerism - Median (Range)
Day +30 76 (14-100)
Day +100 86 (24-100)
Day +180 96 (45-100)
Acute GVHD 42 (44.2)
Days to acute GVHD onset - Median (Range) 50 (20-294)

Maximum Grade

1 16 (38.1)

2 17 (40.5)

3 3(7.1)

4 6(14.3)
Acute GVHD Sites

Skin 31(73.8)

Liver 6(14.3)

Gut 17 (40.5%)
Acute GVHD patients treated systemically 34 (81%)
Steroid refractory acute GVHD 4 (11.8%)

Table 2. Engraftment, chimerism and acute GVHD outcomes.

CD6 is expressed on T cells early after transplant but expression
levels vary in different T cell populations

We first examined the percent of T cells expressing CD6 as well as the
level of CD6 expression on different T cell populations measured by
median fluorescence intensity (MFI). While almost all T cells
expressed CD6, expression level was highest in conventional CD4 T
cells (Tcon) and lowest in CD4 regulatory T cells (Treg) while CD8 T
cells displayed intermediate levels of CD6 expression (Figure 1A and
B). CD6 expression was maintained at all time points after HCT and
both percentage of CD6" cells and CD6 MFI were comparable between
HD and patients at the different time points analyzed. The only
exception was a reduction of CD6 MFI in Treg cells after transplant

compared to HD. We also divided T cells into 5 maturation stages based
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on the expression of CD45RA, CCR7 and CD95: Naive (CD45RA",
CCR7*, CD95%), Stem cell memory (SCM, CD45RA", CCR7*, CD95%),
central memory (CM, CD45RA", CCR7"), effector memory (EM,
CD45RA", CCR7) and terminally differentiated effector memory
(TEMRA, CD45RA", CCR7) (Figure 1C). As shown in the heat map
in Figure 1D, Tcon subsets displayed the highest CD6 MFI. In both
Tcon, Treg and CD8 T cells, CM T cells have the highest expression of
CD6, while EM T cells express the lowest levels. CD6 expression was
maintained after transplant at levels similar to HD, with the exception
of lower CD6 MFI in CM and EM Treg in patients compared to HD.
Finally, we examined whether CD6 was differentially expressed on PD-
1 positive T cells, since PD-1 represents a marker of T cell activation
and exhaustion that is upregulated after T cell receptor (TCR)
engagement (26). For all 3 T cell populations, we observed that PD-1
positive T cells expressed significantly lower levels of CD6 compared
to PD-1 negative T cells in both HD and patients after transplant
(Figure 1E).
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Figure 1. CD6 expression on T cells after HCT. (A) Percentage of CD6
positive cells and (B) CD6 median fluorescence intensity (MFI) on regulatory
CD4 T cells (Treg, red boxes), conventional CD4 T cells (Tcon, blue boxes)
and CD8 T cells (CD8, green boxes) in healthy donors (HD) and in patients
at 1, 2, 3 and 6 months after HCT. Box plots indicate median, Q1 and Q3 and
min and max. (C) Representative gating strategy used to define T cell subsets,
based on the expression of CD45RA, CCR7 and CD95 markers. (D) Heat map
summarizes the median CD6 MFI values in the different T cell subsets in HD
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and in patients at 1, 2, 3 and 6 months after HCT. White stars show statistically
significant differences between HD and samples after transplant (any p<0.05).
(E) CD6 MFI on Treg, Tcon and CD8 T cells based on the expression of PD-
1 in HD and in patients at 1, 2, 3 and 6 months after HCT. Statistically
significant differences are noted: **** P< 0.0001; *** P<(0.001; ** P< 0.01;
* P< 0.05; Wilcoxon rank-sum test.

ALCAM expression on monocytes and dendritic cells (DC) after
HCT

To examine whether the CD6-ALCAM pathway represents a suitable
target for aGVHD treatment, we also analyzed ALCAM expression on
monocytes and DCs. DCs were divided into two major populations
based on the expression of CD11c and CD123: myeloid DCs (mDCs,
CDll1c" and CDI123) and plasmacytoid DCs (pDCs, CD11c and
CD123", Figure 2A). In HD, almost all monocytes and pDCs expressed
ALCAM, but significantly fewer mDCs expressed ALCAM. After
transplant, significantly fewer monocytes and pDCs expressed
ALCAM compared to HD but the magnitude of this difference was
relatively small (Figure 2B). ALCAM expression (MFI) was highest
on pDCs, relatively low on mDCs and intermediate on monocytes
(Figure 2C). ALCAM MFI on pDCs after transplant was similar to HD
controls whereas ALCAM MFI on monocytes was significantly
elevated compared to HD in the first month after transplant. In contrast,
ALCAM MFI was lower in mDCs after transplant compared to HD. We
also examined whether ALCAM expression on mDCs and pDCs was
correlated with expression of PD-L1. As shown in Figure 2D and E,
there was a weak positive correlation between ALCAM and PD-L1
expression on mDCs, while no correlation was observed for pDCs,

where almost all cells uniformly express high levels of ALCAM.
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Figure 2. ALCAM expression on monocytes and DCs after HCT. (A)
Representative gating strategy used to define DC subsets, based on the
expression of CDIl1lc and CD123 in flow cytometry. (B) Percentage of
ALCAM positive cells and (C) levels of ALCAM expression (MFI) on CD14"
monocytes (grey boxes), myeloid DC (mDCs, light-blue boxes) and
plasmacytoid DC (pDCs, green boxes) in healthy donors (HD) and in patients
at 1, 2, 3 and 6 months after HCT. Correlation of PD-L1 and ALCAM
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expression on (D) mDCs and (E) pDCs. Statistically significant differences
are noted: **** P< (0.0001; *** P< 0.001; ** P< 0.01; * P< 0.05; Wilcoxon
rank-sum test.

CD6 and ALCAM expression are maintained during aGVHD

To examine whether CD6 and ALCAM expression were affected by the
development of aGVHD, we compared CD6 and ALCAM MFI in
samples obtained before (preGVHD) and after aGVHD onset
(postGVHD) with samples from HD and from patients that did not
develop aGVHD (noGVHD). Based on the median time of aGVHD
onset, preGVHD samples were compared to noGVHD samples
collected at 1 and 2 months after transplant while postGVHD samples
were compared with noGVHD samples collected at 3 and 6 months
after transplant. As shown in Figure 3A, Tcon expressed high levels of
CD6 in both pre- and postGVHD samples that were similar to HD and
patients who did not develop aGVHD. CD6 expression by Treg and
CDS8 T cells in aGVHD samples was significantly decreased compared
to HD but was similar to noGVHD samples. When compared to HD,
ALCAM expression was increased on CD14 monocytes preGVHD but
there were no differences in expression by mDCs and pDCs (Figure
3B). Despite small differences, ALCAM expression was generally
maintained at similar levels in monocytes, mDCs and pDCs in patients
with and without aGVHD. We only observed a slightly increased
ALCAM MFI on mDCs in postGVHD samples compared to noGVHD
samples (Figure 3B).

We also compared samples from patients who developed aGVHD with
patients who did not at specific time points after transplant. We

observed a small decrease of CD6 MFI in Tcon and CD& T cells in the
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GVHD cohort at 1 month, compared with the noGVHD group. For
ALCAM we observed a higher ALCAM MFI and percentage of
ALCAM positive cells on mDCs in the GVHD cohort compared to
noGVHD at 3 months after transplant (Supplemental Figure S4 and
S5). To address the impact of systemic aGVHD treatment (steroids) on
CD6 and ALCAM expression, we compared samples from patients
with low grade aGVHD who only received topical therapy with patients
with higher grade aGVHD who received systemic steroids. With the
limitation of a low number of samples, we did not observe significant
differences for CD6 expression on T cells and no clear trend was
observed for ALCAM expression on monocytes and DCs (data not

shown).
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Figure 3. Expression of CD6 and ALCAM in patients after HCT with and
without aGVHD. (A) Levels of CD6 expression (MFI) in Treg, Tcon and
CDS T cells. (B) Levels of ALCAM expression (MFI) in Treg, Tcon and CD8
T cells. PreGVHD samples (green boxes) and postGVHD samples (red boxes)
from patients who developed acute GVHD are compared with noGVHD
samples obtained at different times after transplant (grey boxes) and healthy
donors (blue boxes). Statistically significant differences are noted: *** P<
0.001; ** P< 0.01; * P< 0.05; Wilcoxon rank-sum test. Healthy donor (HD,
blue 13 boxes) n=9, preGVHD n=30, postGVHD n=20, noGVHD 1-month
(1m) n=38, 2-months (2m) n=40, 3-months (3m) n=43 and 6-months (6m)
n=21.

Itolizamab inhibits in vitro T cell proliferation, activation and
maturation after TCR engagement

To test the ability of itolizumab to modulate T cell responses after TCR
stimulation, cryopreserved PBMC obtained from 9 patients before
(preGVHD, median time between GVHD and sample collection -24,
range -32; -7 days) and after GVHD onset (postGVHD, median time
between GVHD and sample collection 20, range 0; 64 days) were
stimulated with antiCD3/CD2/CD28 in the presence of itolizumab or
isotype control antibody (cetuximab). Clinical characteristics of these
patients are summarized in Supplemental Table S1. Of note,
postGVHD samples were collected from patients who were receiving
aGVHD treatment (steroids) and one patient was also receiving
ruxolitinib at the time of sample collection. Only 1 sample was
collected at aGVHD onset prior to starting treatment for aGVHD. T cell
proliferation, activation and maturation were evaluated 72 hours after
stimulation using flow cytometry. Prior to GVHD onset, itolizumab
inhibited CD4 and CDS8 T cell proliferation in a similar fashion to HD

control. This effect was less prominent in CD8 T cells collected after

237



GVHD onset (Figure 4A). Similar results were observed for CD25
expression, as a marker of T cell activation and CD45RO expression,
as a marker of T cell maturation into memory subsets (Figure 4B and
C). Itolizumab inhibited these other measures of T cell activation in
both CD4 and CD8 T cells from healthy donors and from patients prior
to aGVHD. However, increased expression of CD25 and CD45RO on
T cells in postGVHD samples were no longer inhibited by itolizumab.
After TCR stimulation, we also observed increased ALCAM
expression on both CD4 and CD8 T cells from healthy donors and
transplant patients. However, except for CD8 T cells collected
preGVHD, no statistically significant inhibition was observed using
itolizumab (Figure 4D).

Comparisons of inhibition achieved by itolizumab for each of these
assays in CD4 and CD8 T cells from healthy donors and patients after
transplant are shown in Figure 4E. In all assays, the level of inhibition
induced by itolizumab in pre-GVHD T cells was similar to that
achieved in healthy donors. Itolizumab induced less inhibition of
proliferation in both CD4" and CD8* T cells collected after GVHD
onset. Less inhibition was also noted for CD25 expression in CD8" T
cells post GVHD but there were no differences in the ability of
itolizumab to inhibit CD45RO and ALCAM expression in both CD4*
and CD8" T cells in any groups.
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Figure 4. Inhibition of T cell proliferation, activation and differentiation
by itolizumab. Cryopreserved peripheral blood mononuclear cells (PBMC)
obtained from healthy donors (HD) and patients before or after aGVHD onset
were stimulated with anti- CD3/CD2/CD28 beads in the presence of
itolizumab or isotype control (cetuximab). (A) Proliferation of CD4 and CD8
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T cells measured by CFSE dye dilution; (B) Activation of CD4 and CD8 T
cells measured by expression of CD25; (C) maturation of CD4 and CD8 T
cells measured by expression of CD45RO; (D) ALCAM expression is absent
in resting T cells and is an additional marker of T cell activation. (E) Percent
inhibition induced by itolizumab, comparing activity against HD, pre- and
postGVHD samples in CD4 and CD8 T cells. Percentage inhibition was
calculated using the following formula: (%cells in isotype control - %cells in
itolizumab)/%cells in isotype control. If no difference was observed between
isotype control and itolizumab the percentage of itolizumab inhibition equals
0%. Statistically significant differences are noted: ** P< 0.01; * P< 0.05;
Wilcoxon rank-sum test. HD, n=9, preGVHD, n=7, postGVHD, n=8.

Itolizaumab does not induce complement dependent cytotoxicity
(CDC), antibody dependent cytotoxicity (ADC) or antibody direct
cellular cytotoxicity (ADCC)

To test the ability of itolizumab to induce direct or indirect killing of
target cells we evaluated the effects of itolizumab in CDC, ADC and
ADCC assays. Cell lysis in the presence of itolizumab was compared
to alemtuzumab as positive control or cetuximab as negative control.
The gating strategy used to measure target cell lysis is shown in
Supplemental Figure S6. Itolizumab did not mediate CDC or ADC at
6 or 24 hours. After 6 hours of incubation, itolizumab did not induce
ADCC measured either by direct lysis of target cells or degranulation
of CD107a on NK cells (Figure 5).
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Figure 5. T esting itolizumab for complement dependent cytotoxicity
(CDC), antibody dependent cytotoxicity (ADC) and antibody direct
cellular cytotoxicity (ADCC). For CDC and ADC, CD3+ T cells were
isolated from cryopreserved peripheral blood mononuclear cells (PBMC)
from healthy donors (HD) and cultured in the presence of medium + antibody
+ 25% of human serum (HS) and medium + antibody, respectively.
Percentage cell lysis was calculated by combining the percentage of positive
cells for 7-AAD or Annexin V or both. CDC activity was calculated by
subtracting the values obtained in medium + antibody from the values
obtained in the culture with medium + antibody + HS. ADC activity was
calculated by subtracting the values obtained in the culture with medium alone
from the values obtained in the culture with medium + antibody. CDC and
ADC were assessed after 6 and 24 hours of culture. For ADCC PBMC from
HD were cultured in the presence of antibody for 6 hours. Both percentage
cell lysis and CD107a expression on NK cells were evaluated after 6 hours of
culture. The effects of itolizumab (red boxes) were compared to alemtuzumab
(green boxes- positive control) and cetuximab (blue boxes - negative control).
Values are expressed as mean and SD, paired t test, 2 tails was used.
Statistically significant differences are noted: **** P< 0.0001; *** P< 0.001;
** P<0.01; * P<0.05; paired t test. HD, n=5.

Itolizumab activity is dependent on the presence of ALCAM

To test whether the inhibitory activity of itolizumab was dependent on
the presence of ALCAM, T cells from HD were stimulated with anti-
CD3 antibody with or without ALCAM-Fc for 96 hours. Itolizumab or
isotype control cetuximab were added at the start of each culture. As
shown in Figure 6A, the addition of cetuximab or itolizumab did not
induce proliferation of CD4 or CD8 T cells alone, and anti-CD3
induced proliferation of CD4 or CD8 T cells was not inhibited by the
addition of either antibody. The addition of ALCAM-Fc to anti-CD3
further enhanced CD4 and CDS8 T cell proliferation. The addition of
itolizumab significantly impaired this increased proliferation when

compared to the addition of cetuximab. When T cells were monitored
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for activation (expression of CD25, Figure 6B) and maturation
(expression of CD45RO, Figure 6C), itolizumab had similar effects on
both CD4 and CD8 T cells and inhibitory activity was only detected in
the presence of both anti-CD3 and ALCAM-Fc. As shown Figure 6D,
activation of CD4 and CD8 T cells with anti-CD3 also induces
expression of ALCAM and this is further enhanced in the presence of
ALCAM-Fc. In this setting, the presence of itolizumab inhibits
increased expression of ALCAM even if ALCAM-Fc is not present.
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Figure 6. Itolizumab activity is dependent on the presence of ALCAM. T
cells from HD were stimulated with anti-CD3 antibody with or without
ALCAM-Fc for 96 hours. Itolizumab or isotype control cetuximab were added
at the start of each culture. (A) Proliferation of CD4 and CD8 T cells; (B)
Expression of CD25; (C) Expression of CD45RO; (D) Expression of ALCAM
after stimulation with anti-CD3 antibody alone or in combination with ALC
AM-Fc, in the presence of cetuximab (blue boxes) or itolizumab (red boxes).
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Statistically significant differences are noted: ** P< 0.01; * P< 0.05;
Wilcoxon rank-sum test. HD, n=10.

Discussion

Acute GVHD remains a frequent cause of non-relapse mortality and
contributes to poor quality of life in patients who have undergone
allogeneic HCT. Corticosteroids are administered as first line therapy,
but steroid treatment fails to achieve complete responses in up to 50%
of cases and is also associated with short and long term toxicities (5).
Ideally, new treatment approaches for GVHD should be aimed at
specific modulation of donor T cell alloreactivity and induction of
tolerance rather than nonspecific T cell depletion or broad inhibition of
T cell functions which can increase risk of tumor immune escape as
well as opportunistic infections (27). In this study we demonstrate that
blocking the CD6-ALCAM costimulatory pathway inhibits T cell
activation and proliferation thus representing a new potential target for
GVHD prevention and treatment. Indeed, CD6 is highly expressed on
Tcon after HCT, and its expression is maintained at the onset of
aGVHD. Moreover, expression of ALCAM, the primary ligand for
CD6, is increased in DCs and monocytes in patients who develop
aGVHD. In contrast, Treg express lower levels of CD6 (28-30), and
targeting CD6 with itolizumab could preferentially affect Tcon while
sparing Treg, thus promoting a more tolerogenic state. CD6 expression
also varies as T cells undergo maturation (31). Naive and central
memory T cells express high levels of CD6 compared to more mature
effector memory T cells. Previous studies have suggested that GVHD
is primarily mediated by naive T cells and these cells may also be

preferentially affected by itolizumab (32-39). Similarly, we observed
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that PD-1 positive T cells, that are already exposed to TCR activation
(26), express lower levels of CD6 compared to PD-1 negative cells.
Therefore, targeting the CD6-ALCAM pathway could potentially spare
tolerogenic T cell subsets (Treg) and more mature (EM) pathogen
specific T cells, leading to a more favorable balance between GVHD
control and maintenances of GVL and anti-infection capabilities.

This hypothesis is supported by previous clinical studies using T12, the
first anti- CD6 monoclonal antibody used in the transplant setting. T12,
an IgM antibody, induced profound ex vivo depletion of CD6+ T cells
when donor grafts were manipulated ex vivo in the presence of
complement (18). Patients in these trials received myeloablative
conditioning and did not receive any prophylactic immune suppressive
medications. CD3"CD6" T cells recovered rapidly after transplantation
with CD6-depleted allogeneic stem cell products with very low
incidence of acute or chronic GVHD (19). Functional immune recovery
was not delayed and there was no increase in viral reactivation after
transplant. There was also a very low incidence of graft failure and graft
versus leukemia activity appeared to be preserved (20,21,40). Taken
together, these previous clinical trials suggested that in vivo blockade
of CD6 function might also be an effective approach for selective
modulation of alloreactive T cells without affecting other critical T cell
functions.

As expected, in our cohort of HCT patients, we observed mixed donor-
recipient T cell chimerism in the early post-transplant period with a
median donor T cell chimerism of 76% at 1 month. We are not able to
distinguish CD6 expression on individual donor versus recipient T

cells, but we found that CD6 expression on T cells in patients with
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>95% T cell donor chimerism was similar to levels of expression in
patients with <95% T cell donor chimerism. Similarly, no difference
was observed for ALCAM expression on monocytes, mDCs and pDCs
(Supplemental Table S5). This suggests that CD6 and ALCAM are
equally expressed on recipient and donor cells after transplant.

Our studies also found that ALCAM expression was increased on both
DCs and monocytes in patients with aGVHD compared to patients
without aGVHD. In myeloid DC, ALCAM expression was positively
correlated with PD-L1 expression. ALCAM is expressed at high levels
on all pDCs, and this did not change when aGVHD developed. These
observations support the concept that ALCAM is upregulated when
DCs are activated (41). ALCAM expression on DCs is important for
the promotion and maintenance of the immunological synapse and this
is one of the mechanisms whereby ALCAM promotes T cell activation
(13). Since immune reconstitution varies depending on the transplant
setting, the expression of CD6 and ALCAM should also be explored in
patients with haploidentical donors and with different GVHD
prophylaxis  regimens such as ATG or post-transplant
cyclophosphamide.

Itolizumab, an IgG1 anti-CD6 monoclonal antibody has been evaluated
in different autoimmune disorders (9), including psoriasis (23),
rheumatoid arthritis (42), Sjogren syndrome (43) and in Covid-19
infection (24,44). Using PBMC from patients with aGVHD, itolizumab
inhibited T cell proliferation, activation, and maturation of both CD4
and CD8 T cells. This was most evident with T cells obtained just prior
to development of aGVHD and less inhibition was observed in post-

GVHD T cells obtained from patients receiving immune suppressive
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medications. These findings suggest that itolizumab may be more
effective in early stages of GVHD in combination with steroids or as
GVHD prophylaxis. Even though these ex vivo experiments lack
GVHD target tissues and do not perfectly recapitulate aGVHD in vivo,
using whole PBMC, we were able to mimic the alloreactive activation
of T cells in the presence of ALCAM expressed on circulating APCs
(monocytes and B cells) and demonstrate the inhibitory activity of
itolizumab.

Infusion of itolizumab in patients with autoimmune diseases has
resulted in only transient reduction of CD6" circulating T cells,
suggesting that this antibody does not induce profound T cell depletion
(45). This is consistent with our results demonstrating that itolizumab
does not directly eliminate T cells in vitro in CDC, ADC or ADCC
assays. Thus, the mechanism by which itolizumab inhibits T cell
function in vivo is likely through its ability to prevent the interaction
between CD6 on T cells and ALCAM on APCs (22). This is consistent
with our in vitro results showing that the addition of itolizumab to
activated CD3 T cells in the absence of ALCAM did not inhibit T cell
proliferation, activation, or maturation. However, in the presence of
ALCAM, itolizumab efficiently abrogates the costimulatory effects of
this interaction and is able to suppress T cell proliferation, activation,
and maturation. In contrast to other pan-T cell antibodies that either
activate T cells (anti-CD3) or deplete T cells (ATG, anti-CD52),
itolizumab only inhibits T cell activation in the presence of ALCAM
and has no direct or indirect depleting functions.

While ruxolitinib, a JAK1/2 inhibitor, is currently the only drug
approved for the treatment of steroid refractory aGVHD (46), several
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drugs that target different T cell co- stimulatory molecules are currently
being tested in preclinical models and in patients with aGVHD (4, 27).
In this setting, itolizumab may be a promising agent for either
prevention or treatment of aGVHD, due to higher expression of CD6
on naive and central memory Tcon cells, while sparing more
tolerogenic Treg and effector memory T cells, important for control of
both tumor cells and opportunistic infections after transplant (37).
Moreover, itolizumab may not inhibit responses to viral infections or
reactivation. Indeed, different NK and T cell populations are involved
in responses to CMV infection (NKG2C*CDS8" T cells) and these cells
have low expression of CD6 (47).

Recently, Ruth and colleagues demonstrated that targeting CD6 may
also be a novel approach to enhance cancer immunotherapy (48). This
study utilized UMCD6, an anti-CD6 monoclonal antibody that binds
the same CD6 domain (Domain 1) as itolizumab. UMCD6 upregulated
the expression of the activating receptor NKG2D and down-regulated
expression of the inhibitory receptor NKG2A on both NK cells and
CD8* T cells, with concurrent increased expression of perforin and
granzyme-B (48). The combined capabilities of an anti-CD6
monoclonal antibody to control autoimmunity through effects on CD4"
T cells and the enhanced killing of cancer cells through distinct effects
on CD8" T cells and NK cells, may represent a new approach to induce
tolerance without suppressing GVL activity after HCT.

In conclusion, our studies demonstrate that functional inhibition of the
CD6-ALCAM costimulatory pathway may be a novel therapeutic
strategy for prevention or treatment of aGVHD. On the basis of these

biological properties, a phase I/II study using itolizumab as first line
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treatment in combination with steroids for patients with aGVHD is
currently ongoing (NCT03763318). Future clinical studies may also
test the feasibility and clinical efficacy of itolizumab for prevention of

GVHD.
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Supplemental Materials

SUPPLEMENTAL METHODS

Cell processing for in vitro functional assays

For functional in vitro assay, PBMC were isolated from freshly drawn
blood samples by density gradient centrifugation (Ficoll-Paque PLUS;
GE Healthcare) and cryopreserved in RPMI 10% DMSO before being
utilized. For in vitro culture of PBMC or T cells complete medium
(CM) was used. CM was made using DMEM (Cat 11995-065 Gibco),
10% FBS (Heat Inactivated, Gibco 10437-028), 1% Penicillin-
Streptomycin (Gibco, 100X, 15140122), HEPES 10mM (Gibco, 1M,
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15630080), 1% MEM Non-ess A.A. (Gibco, 100X, 11140050) and 2-
Mercaptoethanol 0.05mM (Sigma-Aldrich, 14.3M, M3148).

Functional activity of itolizumab in vitro

Frozen PBMC obtained from patients who developed aGVHD after
transplant (Supplemental Table S1) were stimulated using a
combination of antiCD3/CD2/CD28 beads (Treg Suppression Inspector
human 2.5 ml 5x10°7 Anti-Biotin MACSiBead particles preloaded with
biotinylated CD2/CD3/CD28 antibodies, Miltenyi 130-092-909) at a
bead:cell ratio of 1:2 in the presence of itolizumab 10 pg/ml (Biocon
Ltd, Bangalore, India) or isotype control 10 pg/ml (cetuximab Erbitux
NDC 66733-948-23, LOT c1800010). To detect T cell proliferation,
PBMC were stained with CFSE (Invitrogen Thermo Fisher Scientific)
as per product instruction. T cell proliferation, activation and
maturation were evaluated after 72 hours of culture using the flow
cytometry panel in Supplemental Table S3 and analyzed using FlowJo
software. An example of the gating strategy used in this analysis is
shown in Supplemental Fig. S3. Detailed description of the protocol is

provided in Supplemental Methods.

Complement dependent cytotoxicity (CDC), antibody direct
cytotoxicity (ADC)

After thawing HD PBMC, CD3" T cells were isolated using EasySep
Human T-Cell isolation Kit (STEMCELL Cat 17951 Lot 17F79887) as
per manufacturer's instructions. Purity of isolated CD3* T cells was
assessed using flow cytometry with FITC-conjugated anti-CD3
antibody (Ab) (BioLegend, clone UCHT]I, cat 300406). After T cell
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isolation, we obtained a median percentage of 96.9%, CD3™ cells (range
90.5-98.1%). After 15 minutes pre-incubation with itolizumab (Biocon
Ltd, Bangalore, India), positive control alemtuzumab (10 pg/ml,
Campath-1H, anti-CD52, human IgG1, BioVision A1105-200, Lot
4M13A11050) or negative control cetuximab (10 pg/ml, Erbitux NDC
66733-948-23, LOT ¢1800010), isolated CD3" T cells were cultured at
a concentration of 1 x 10%/ml in the presence of CM with (for CDC) or
without (for ADC) 25% human serum. Cells were incubated at 37°C,
5% CO2 for 6 or 24 hours. At the end of cell culture, the cell plate was
kept on ice to prevent further complement activity. Harvested cells were
stained with 7-AAD (BD, 51-68981E’ sold as 559925) and PE-
conjugated Annexin V (BD, 51-65875X, sold as 556422) as per
manufacturer's instructions and acquired on Fortessa LSR flow
cytometer (BD). Each sample was acquired at medium velocity for 180
seconds. Analysis was performed using FlowJo software. An example
of gating strategy is shown in Supplemental Figure 4. Percentage lysis
was calculated by the average of % of 7-AAD and/or Annexin V
positive cells. To detect complement-mediated cell death (CDC),
percent specific lysis was calculated by subtracting the value obtained
in conditions with Ab alone from the value obtained in the presence of
AB+ human serum (HS). ADC activity was calculated by subtracting
the values obtained in culture with medium alone from the values
obtained in cultures with medium + antibody. CDC and ADC were

assessed after 6 and 24 hours of culture.

Antibody dependent cellular cytotoxicity (ADCC) assay
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Thawed HD PBMC were cultured at a final concentration of 1 x 10%/ml
in the presence of CM and specific ab at a concentration of 10 pg/ml.
Cells were incubated at 37°C, 5% CO2 for 6 hours. Harvested cells were
stained with FITC-conjugated anti-CD3 Ab (BioLegend, clone
UCHT]1, cat 300406), BV510-conjugated anti-CD56 Ab (BioLegend,
clone HCD56 NCAM, cat 318340) and APC-conjugated anti-CD107a
LAMP-1 (BioLegend, clone H4A3, cat 328620) and incubated for 30
minutes. Cells were washed two times and then stained with 7-AAD
(BD, 51-68981E’ sold as 559925) and PE-conjugated Annexin V (BD,
51-65875X, sold as 556422) as per manufacturer's instructions and
acquired on Fortessa LSR flow cytometer (BD). Each sample was
acquired at medium velocity for 180 seconds. Analysis was performed
using FlowJo software. To set the positive threshold for CD107a
expression an APC-conjugated isotype mouse IgG1 (BioLegend, clone
MOPC-21, cat 400122) was used. An example of gating strategy is

shown in Supplemental Figure 4.

T cell stimulation assay using ALCAM-Fc¢ and anti-CD3 Ab

Recombinant Human ALCAM Fc Chimera (ALCAM-Fc, R&D
Systems, cat 7187-AL-100) 10 pg/ml and anti-CD3 Ab 5 pg/ml
(Invitrogen Thermo Fisher Scientific, clone OKT3, cat 16-0037-85)
were resuspend in PBS (Gibco 10010-023, ph7.4) overnight at 4°C in
flat bottom 96 well plate. Plate was washed 2 times with PBS before
adding cells. After thawing HD PBMC, CD3" T cells were isolated
through negative selection using the EasySep Human T-Cell isolation
Kit (STEMCELL Cat 17951 Lot 17F79887) as per manufacturer's

instructions. Purity of isolated CD3 T cells was assessed using
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flowcytometry with FITC-conjugated anti-CD3 antibody (Ab)
(BioLegend, clone UCHTI, cat 300406), median CD3" cells 0f 98.15%,
range 94.7-99.2%. Isolated T cells were cultured in complete medium
(CM) with itolizumab (10 pg/ml) or cetuximab (10 pg/ml) at 37°C, 5%
CO2 for 96 hours. Cells were analyzed using flow cytometry
(supplemental Table 4) and analyzed using FlowJo software. An

example of gating strategy used is shown in Supplemental Figure 3.

Statistical analysis

Data analysis was primarily descriptive using the Wilcoxon rank-sum
test for unpaired group comparison and the Wilcoxon signed-rank test
for paired comparison. All tests were 2-sided at the significance level
of 0.05 and multiple comparisons were not considered. Statistical
analysis was performed using SAS version 9.2 (SAS Institute, Inc.,
Cary, NC) and R version 3.3.2 (the CRAN project) and Prism software
(GraphPad). All graphs were made using Prism software (GraphPad).
Heatmap was generated using GENE-E (http://www.broadinstitute.org/
cancer/software/GENE-E).

EXP SEX AGE DX DONOR GVHD GVHD  SKIN LIVER GUT AGVHDTX
PROPHY GRADE
1 F 37 NHL MUD Siro/Tac/MTX 3 3 0 0 Pred/ECP
2 M 65 NHL MUD Siro/Tac/MTX 2 3 0 1 Pred
3 M 42 NHL MRD Siro/Tac/MTX 2 3 0 0 Pred
4 F 52 MM MUD Siro/Tac/MTX 2 0 1 1 Pred
5 F 49 NHL MUD Tac/MTX 1 2 0 0 Pred
6 M 71 MF MUD Tac/MTX 2 0 0 1 Pred
7 F 52 NHL MUD Tac/MTX 2 3 0 0 Pred
8 M 71 MDS MUD Tac/MTX 4 0 2 4 Pred
/Ruxolitinib
9 M 61 AML MUD Tac/MTX 2 3 0 0 Pred
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Table S1. Clinical characteristics of patients with aGVHD used for
in vitro functional assays.

EXP, experiment number; DX, diagnosis; GVHD PROPHY, Graft
versus host disease prophylaxis; aGVHD TX, acute GVHD treatment;
NHL, non-Hodgkin lymphoma; MM, multiple myeloma, MF,
Myelofibrosis; MDS, myelodysplastic syndrome; AML, acute myeloid
leukemia; MUD, matched unrelated donor; MRD, matched related
donor; Siro, sirolimus; Tac, tacrolimus; MTX, methotrexate; Pred,
prednisone > 1 mg/Kg; ECP, extracorporeal photopheresis. All patients
received a reduced intensity conditioning based on busulfan and

fludarabine combination and a peripheral blood stem cell gratft.
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TUBE TARGET FLUOROCHROME CLONE COMPANY PRODUCT

CD45RA BV605 HL100 BioLegend 304133
CD279 PD-1 PE J105 Invitrogen 12-2799-42
CD127 APC eBioRDR5  Invitrogen 17-1278-42

. CD25 FITC m-A251 BioLegend 356105

g CCR7 BV711 G043-H7  BioLegend 353227

=

3 CD4 BV510 RPA-T4 BioLegend 300545

3] CD3 BV786 UCHTI BioLegend 300472

= CD8 Alexa 700 RPA-TS BioLegend 301027
CD95 PeCF594 (PE Dazzle) DX2 BioLegend 305633
CD6 BV650 M-T605 BD 743448
CD45 APC-Cy7 2D1 BD 560178
LINEAGE: PE-Cy7
CD3 SK7 BD 557851
CD19 SI125C1 BD 341093
CD56 B159 BD 557747

2 CD14 MS5E2 BD 557742

= HLA-DR BV510 G46-6 BD 563083

Q CDllc PE-Cy5 B-LY6 BD 551077

< CD123 FITC AC145 Miltenyi Biotec ~ 130-090-897
CD166 BV421 3A6 BD 562936
ALCAM
PD-L1 BV786 MIH1 BD 563739
CD14 BV605 MS5E2 BioLegend 301833

Table S2. Conjugated monoclonal antibodies in the flow cytometry
immune monitoring panel. One tube was used for the characterization
of CD6 expression on T cells (T CELL TUBE) and another tube for the
characterization of ALCAM expression on monocytes and antigen

presenting cells (APC TUBE).
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TARGET FLUOROCHROME CLONE COMPANY PRODUCT

CD3 AF700 UCHTI1 BD 557943
CD4 BVs10 SK3 BD 562970
CD8 PerCP/Cy5.5 RPA-T8 BioLegend 301032
CD25 PE-CF59%4 M-A251 BD 562403
CD45RO BV786 UCHLI1 BD 564290
CD14 PE-Cy7 MSE2 BioLegend 301814
CD166 BV421 3A6 BD 562936
ANNEXIN V PE / BD 556422
CFSE CFSE / pvitrogen TRrmo 34554
ZOMBIE NIR | APC-Cy7 / BioLegend 423105

Table S3. Conjugated monoclonal antibodies used in the T cell

activation assay (Figure 4)

TARGET FLUOROCHROME CLONE  COMPANY PRODUCT
CD4 BV510 SK3 BD 562970
CDs PerCP/Cys.5 RPA-TS  BioLegend 301032
CD25 PE-CF594 M-A251  BD 562403
CD45RO BV786 UCHLI  BD 564290
CD166 BV421 3A6 BD 562936
CFSE CFSE / ::}‘:erfiec‘;;zef;mo 34554
ZOMBIE NIR | APC-Cy7 / T 423105

Table S4 Conjugated monoclonal antibodies used for ALCAM and T

cell activation assay (Figure 6).

261



Day 30 T cell chimerism at 1 month after HCT

<95 95-100

N Median Q1 Q3 N Median Q1 Q3 p-value
%CD6" Treg 56 74.25 68.11 82.68 11 69.9 58.83 80.45 0.26
%CD6" Tcon 56 98.08 97.07 98.84 11 97.42 95.98 98.1 0.25
%CD6* CD8*
T cells 56 87.04 82.92 91.7 11 76 70.91 94.49 0.62
%ALCAM in
CD14+ 75 80.44 72.83 85.79 12 83.78 81.16 85.91 0.16
monocytes
o +
AL 75 18.74 13.51 28.61 12 16.73 10.01 21.91 0.37
mDC
o, +
;B%LCAM 75 95 92.05 97.97 12 94.11 88 99.13 0.71
CD6 MFI in
CD8 + T cells 56 8886 7225.8 10488 11 9149.6 6234.4 10784 0.77
gPeZMFI n 56 6507.4 5936 7969.9 10 6508.4 47219 @ 8022.3 0.49
SDOMELIR | 56 17057 | 14328 | 18599 11 16107 | 13399 17949 044
ALCAM MFI
in CD14+ 75 10131 8379.5 11385 12 12141 8668.4 13496 0.22
monocytes
ALCAM DIEE 75 3609.5 3043.6 4314.3 12 3209.7 290149  4103.2 0.37
in mDCs
ALCAM MFI 75 18307 15962 22602 12 21176 16139 25528 0.30
in pDCs

Table S5. Expression of CD6 and ALCAM in patients with different

levels of donor chimerism.

A Ungated Lymphocytes D3 cD4
o4 Treg
08 Teon
CD4+ Treg CD4* Teon CD8* T cells

TEMRA TEMRA TEMRA
EM ™ EM ™ EM ™
CD4* Treg CD45RA*CCR7* CD4* Tcon CD4SRA'CCR7*  CD8* T cells CDASRA'CCR7*

scm scM scM

Naive Naive Naive
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Ungated Lymphocytes CD4* Treg CD4* Teon CD8* T cells

c CD4* Tcon Naive CD4* Treg CD4* Tcon CD8* T cells

Figure S1. Gating strategy for T cell subset analysis. (A) Three
major T cell populations, CD4Treg, CD4Tcon, and CD8 T cells, were
defined as CD3"CD4°CD8CD25"CD127-, CD3"CD4"CD8" non-Treg
cells and CD3"CD4 CD8", respectively. Within each T cell population,
subsets were defined as follows: central memory (CM, CD45RA"
CCR7Y), effector memory (EM, CD45RA°CCR7’), terminally
differentiated effector memory (TEMRA, CD45RA*CCR7), T cells
naive (CD45RA'CCR7'CD95) and stem cell memory (SCM,
CD45RA"CCR7'CD95%). (B) The threshold of CD6 gate on T cell
subsets was made using monocytes as internal negative control. (C) PD-
1 expression was monitored on each T cell subset, using Tcon naive
cells as internal negative control. 265 peripheral blood samples were
tested with this panel: n=9 HD; n=67 at 1 mo; n=76 at 2 mo; n=78 at 3

mo; n=35 at 6mo.
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CD45*-Granulocytes Monocytes

CD14* Monocytes

CD45*-Granulocytes
DCs e

mDCs

T "
CD166

D CD14* Monocytes mDCs pDCs

T T T Ty T T T gy T T
CD166 CD166 CD166

Figure S2. Gating strategy for dendritic cell subsets and monocyte
analysis. (A) Monocyte were defined within the CD45" cells, after
excluding granulocytes, based on the SSC-A, FSC-A and CD14
expression. (B) Dendritic cells (DCs) were defined within the CD45*
cells, after excluding granulocytes, based on the positivity of HLA-DR
and negativity of lineage markers (CD14, CD3, CD19 and CD56). DC
subsets were defined as follows: myeloid DCs (mDCs, CD11¢"CD123"
) and plasmacytoid DCs (pDCs, CD11¢CD123%). (C) PD-L1 and
CD166 (ALCAM) expression on both mDCs and pDCs. (D) CD166
(ALCAM) expression on CDI14" monocytes, mDCs and pDCs.

Samples with less than 1000 DC events were excluded from the
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analysis. 236 peripheral blood samples were tested with this panel: n=9

HD; n=62 at 1 mo; n=66 at 2 mo; n=69 at 3 mo; n=30 at 6mo.

A Ungated Singlets Live cells Lymphocytes Ccb3
Q O Q
A 2 a 8 S
SSC-H Zombie NIR FSC-A SSC-A CD8
B CcD4 CcD4 CD4 CD4 CD4
>
o
0.39% § s % %
26% © S = £
<
1.59%
CFSE SSC-A SSC-A SSC-A SSC-A
¢ CD8 CD8 CcD8 CcD8 CD8
>
o
0.37% & & 2 =
g 2 g g
35.6% © [} < 13
<
3.22%
CFSE SSC-A SSC-A SSC-A SSC-A

Figure S3. Gating strategy for in vitro functional assays. (A)
Example of the gating strategy of CD4" and CD8" T cells, after
exclusion of doublets and dead cells. Gating strategy on CD4" T cells
(B) and CD8" T cells (C) for CFSE dilution (T cell proliferation), CD25
(T cell activation), CD45RO (T cell maturation), ALCAM and Annexin
V. (T cell apoptosis) expression. Cell alone (orange),

cellstbeads+cetuximab (blue), cellstbeads+itolizumab (red).
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Figure S4. Comparison of CD6 expression on Treg, Tcon and CD8

T cells in patients with and without GVHD at specific time points

after transplant. CD6 MFI was lower in GVHD group compared

noGVHD group at 1 month after transplant in Tcon and CD8 T cells.

Statistically significant differences are noted: * P< 0.05; ** P< 0.01.

41; GVHD

month 1, n=26; noGVHD month 2, n=40; GVHD month 2, n=36;

Wilcoxon rank-sum test. HD, n=9; noGVHD month 1, n
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compared to noGVHD at 3 months after transplant. Statistically
significant differences are noted: * P< 0.05; Wilcoxon rank-sum test.
HD, n=9; noGVHD month 1, n=41; GVHD month 1, n=26; noGVHD
month 2, n=40; GVHD month 2, n=36; noGVHD month 3, n=45;
GVHD month 3, n=33; noGVHD month 6, n=23; GVHD month 6,
n=12.

A
4 CD3* alone CD3*+ Cetu CD3*+ Ale CD3*+ Ito
N
n
i @ = i @25 @ E
2 A
’<\F CD3*+ HS + Cetu CD3*+ HS + Ale
i @@= | &= | @) <=
Annexin V PE "
B
A
PBMC + Ale Isotype PBMC + Cetu PBMC + Ale PBMC + Ito
[\e)
wn
a
(@]
CD107a "

Figure S6. Gating strategy to test itolizumab complement
dependent cytotoxicity (CDC), antibody dependent cytotoxicity
(ADC) and antibody direct cellular cytotoxicity (ADCC) analysis.

(A) Representative example of percentage of cell lyses, based on the
expression of 7-AAD and annexin V. (B) Representative example of

CDI107a expression on NK cells, as marker of ADCC. An APC-
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conjugated mouse isotype was used to design the gate for CD107a.
Percentage of cell lysis was calculated by adding the percentage of
positive cells for 7-AAD or Annexin V or both. CDC activity was
calculated by subtracting the values obtained in the medium + antibody
from the values obtained in the culture with medium + antibody + HS.
ADC activity was calculated by subtracting the values obtained in the
culture with medium alone from the values obtained in the culture with
medium + antibody. For ADCC PBMC form HD were cultured in the
presence of antibody for 6 hours. Both percentage of cell lyses and

CD107a expression on NK cells were evaluated after 6 hours of culture.
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Chapter 6

General discussion

Summary, Conclusions and Future Perspectives

Immune reconstitution (IR) after HCT varies dependent of
multiple factors and as reported in the review in the chapter 2 of this
thesis, it can change between different HCT transplant settings and also
within the same group of donors.

We showed how post-transplant cyclophosphamide (PTCy) has
an impact in the T- and NK-cell reconstitution after haplo-HCT
compared to matched donor (MD) HCT. We highlighted a delay in T-
and NK-cell recovery in the first 3 months after haplo-HCT with PTCy
compared to MD-HCT with conventional GVHD prophylaxis. Delayed
recovery of naive T cells along with a significantly higher Treg-
cell/Tcon-cell ratio and PD-1 expression on memory CD4" T cells
likely contribute to the low incidence of cGVHD. Delayed NK-cell
reconstitution, with the preferential expansion of immature
CD56EMCD16NKG2A* NK cells, may contribute to the higher rate
of CMV reactivation after haplo-HCT (1). These observations are in
line with a previous publication (2) in which immature NK subsets are
detected early after haplo-HCT with PTCy and were associated with
loss of KIR-mediated leukemia-killing. These data were confirmed also
in a subsequent paper from McCurdy and colleagues (3), in which
different donor sources (MD and haplo) with PTCy were analyzed for
T- and NK-cell reconstitution. The authors showed, across all the donor

groups, that conventional CD4" T cell recovery, their activation status,
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and metabolic signatures are risk factors for aGVHD, and early NK cell
recovery protects against relapse, while loss of NK and CD8" T cell
inflammatory signaling predominates in relapsing patients.

Moreover, we demonstrated that the expansion of functionally
impaired immature CD56"¢"CD16° NK cells after haplo-HCT can be
enhanced with in vitro interleukin-15 priming (1) This impairment in
the NK cell reconstitution after haplo-HCT with PTCy opens the field
to post-transplant cellular therapy, such as with the infusion of donor
NK cells to prevent or treat leukemia relapse. One of the limitations of
the use of donor-derived NK cell is the limited life span and persistence
in the recipient. Different platforms were tested to overcome this limit.

Cooley and colleagues treated 42 patients with
relapse/refractory myeloid malignancies in a dose-escalation study
phase 1/2 trial with rhIL-15 infusion after lymphodepleting
chemotherapy and haploidentical NK-cells infusion. They observed
robust in vivo NK-cell expansion and 35% achieved complete
remission. Cytokine release syndrome (CRS) was observed in 56% of
patients given subcutaneously rhIL-15 (with concurrent neurologic
toxicity in 5 of 9 patients) and was responsive to steroids and
tocilizumab (4).

Ciurea and colleagues treated 25 patients in a phase I/II trial
using mb-IL21 ex vivo expanded donor-derived haploidentical NK cells
infused at 1 x 10° - 1 x 108 cells/kg/dose on days —2, +7, and +28 after
transplant. Results were compared with an independent case-matched
cohort of 160 patients from the CIBMTR database. After a median
follow-up of 24 months, the 2-year relapse rate was 4% vs. 38% (p =
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0.014), and disease-free survival (DFS) was 66% vs. 44% (p = 0.1) in
the cases and controls, respectively (5,6).

In our work, 6 patients with myeloid malignancies, relapsed
after haplo-HCT, were treated in a phase I study with donor-derived
cytokine-induced memory-like (CIML) NK cells 5 to 10 million
cells/kg after lymphodepleting chemotherapy, followed by systemic IL-
2 for 7 doses. We observed a rapid expansion and long-term persistence
of the infused CIML-NK cells with a positive safety profile (all the
infusions were well tolerated, with fever and pancytopenia as the most
common adverse events) and a response to therapy in 4 out of 6 patients
at day 28 after infusion (7).

Another approach that combines the property of both NK and
cytotoxic CD8" T cells is the use of cytokine-induced killer (CIK) cells.
CIK cells showed very little GVHD in several experimental models in
the presence of either minor or major histocompatibility mismatches
(8). In the work by Introna and colleagues seventy-four patients who
relapsed after HCT were enrolled in a phase IIA study and treated with
the sequential infusion of donor lymphocyte infusion (DLI) followed
by CIK cells. Overall, 12 patients (16%) developed acute aGVHD,
mostly after DLI infusions. cGVHD was observed in 11 patients (15%).
A complete response was observed in 26%, partial response in 4%,
stable disease in 11%, early death in 3%, and disease progression in
56% (9). In our institution, an ongoing phase I/II trial aims to test the
safety of haplo-CIK infusions in relapsed patients after haplo-HCT
(NCT03821519).

Finally, both NK and T cells can be used as a platform to

produce chimeric antigen receptor (CAR) cells against specific tumor
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antigens. In the setting of disease relapse after transplant, donor derived
CAR cells represent a suitable tool, but with the warning of inducing
GVHD. For this reason, different strategy using off the shelf umbilical-
cord-derived CAR-NK cells (10) and donor-derived CAR-CIK cells
(11) were tested with promising results in terms of safety and efficacy.

Future approaches are needed especially in the field of
relapsed/refractory myeloid malignancies. In this regard, we are
planning to test the safety and efficacy of CIK cells armored with a dual
CD33/CD123 CAR in patients affected by relapsed/refractory myeloid
malignancies.

The last part of this thesis is focused on the balancing of T cell
response to control GVHD occurrence. Indeed, multiple co-inhibitory
and co-activating receptor regulate the T cell response and fate (12).
CD6, a pan-T cell co-stimulatory receptor, helps to stabilize the
immunological synapse between the T cell and the APC, upon ligation,
with its ligand, antigen activated leukocyte cell adhesion molecule
(ALCAM). In this context, CD6-ALCAM binding promotes T cell
activation, proliferation, maturation, and trafficking from the
intravascular space into tissues. In our study, we showed that CD6 T
cells reconstituted early after transplant with Treg expressing lower
levels of CD6 compared to Tcon and CD8* T cells. After onset of
aGVHD, both CD6 and ALCAM expression was maintained.
Itolizumab inhibited CD4* and CD8" T cell activation and proliferation
in the setting of aGVHD in ex vivo experiments, without mediate direct
cytolytic activity or antibody-dependent cytotoxicity (13).

A humanized xenograft mouse model was used to investigate

the ability of itolizumab to prevent and treat GVHD. Mice were treated
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with itolizumab, abatacept (CTLA4-Ig), or vehicle, starting one day
prior to PBMC transplantation to investigate prevention and at day 5
post-PBMC transfer, to investigate the therapeutic effect of itolizumab.
Treatment with itolizumab either for prevention or for treatment
schedule, significantly decreased mortality compared to the vehicle
control and this decrease was similar to the positive control group
treated with abatacept (14).

Altogether, our results identify the CD6-ALCAM pathway as a
potential target for aGVHD control and a phase I/Il study using
itolizumab as first line treatment in combination with steroids for
patients with aGVHD is currently ongoing (EQUATE study,
NCT03763318). The objective of this study is to evaluate the safety,
tolerability, pharmacokinetics (PK), pharmacodynamics (PD, as change
in CD6 surface expression on CD4" cells), and clinical activity of
itolizumab in subjects with newly diagnosed aGVHD. Preliminary
results were presented at the annual ASH international conference (15).
Twenty-two adult subjects with Grade III-IV aGVHD who initiated
steroid treatment within 7 days prior to the first dose of itolizumab have
enrolled in EQUATE at 0.4 mg/kg (n=4), 0.8 mg/kg (n=9), or 1.6 mg/kg
(n=9), administered I'V every 2 weeks x 5 doses. The median follow-up
is 146 days (range: 14-355 days). All enrolled patients had grade III or
IV aGVHD and 91% had lower GI involvement. All subjects received
at least one dose and 15 received at least 2 doses of itolizumab. All
subjects experienced at least 1 adverse event (AE). Serious AEs
occurred in 14 subjects (64%), with 9 (41%) reporting infection-related
SAEs. There were 8 deaths. Six subjects (27.3%) had SAEs leading to
death (3 at 0.8 mg/kg and 3 at 1.6 mg/kg): sepsis (n=1), Staphylococcal
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sepsis (n=1), Klebsiella sepsis (n=1), intestinal infarction (n=1), cardiac
arrest (n=1), and GVHD (n=1). Another 2 deaths occurred >100 days
post-last dose due to progressive aGVHD (n=1) and primary disease
relapse (n=1). Across all doses, the complete response (CR) rate was
55% at both Day 15 and Day 29, and the overall response rate (ORR)
was 73% at Day 15 and 68% at Day 29. At Day 169 (n=20), non-relapse
mortality (NRM) was 35%, overall survival was 65%. Of note, the 10
subjects who achieved an early CR at Day 15 had a lower rate of NRM
at Day 169 (20%) compared to the 10 subjects who had a very good
partial response (VGPR), partial response (PR), no response (NR), or
disease progression (50%). Itolizumab substantially decreased the
levels of cell surface CD6 on circulating T cells after the first dose in a
dose-dependent manner and maintained that decrease throughout the
treatment period. Notable findings by immunophenotyping included:
(1) an increase in the ratio of T regulatory to T effector cells at 0.8 and
1.6 mg/kg dose-level by Day 15, and (2) decreases of PD-1 expression
on T cells and of ALCAM on CD14+ monocytes at all dose-levels by
day 8. This indicates itolizumab can reduce activation of T effector cells
and monocytes. Higher itolizumab trough concentrations on day 15,
achieved at higher dose-levels, correlated with a higher rate of CR at
day 15 (15).

These promising data support the design and initiation of a
pivotal phase 3, placebo-controlled clinical trial to assess itolizumab in
combination with corticosteroids as first-line treatment of aGVHD. Our
center is going to participate to this phase III trial.

While ruxolitinib, a JAK1/2 inhibitor, is currently the only drug
approved for the treatment of steroid refractory aGVHD (16) several
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drugs that target different T cell co-stimulatory molecules are currently
being tested in preclinical models and in patients with aGVHD
(12)(17). Abatacept, a CTLA-4 Ig targeting the CD28/CTLA-4-
CD80/CDS86 axis, has been tested for aGVHD prevention in a phase II
randomized placebo-controlled trial in combination with calcineurin
inhibitor and methotrexate in 8/8 and 7/8 HLA-matched HCT, showing
significant lower rates of grades III-IV aGvHD (18). This favorable
result led to FDA breakthrough therapy designation for the prevention
of moderate to severe aGVHD in HCT from unrelated donors. In this
scenario, itolizumab may be a promising agent for either prevention or
treatment of aGVHD.

Moreover, Ruth and colleagues demonstrated that targeting
CD6 may also be a novel approach to enhance cancer immunotherapy
(19). The combined capabilities of an anti-CD6 monoclonal antibody
to control autoimmunity through effects on CD4" T cells and the
enhanced killing of cancer cells through distinct effects on CD8" T cells
and NK cells, may represent a new approach to induce tolerance

without suppressing GVL activity after HCT.

In conclusion, the results collected in this PhD thesis highlight
the need of balancing the effector and tolerogenic properties of the
immune system reconstituting after HCT and suggest different
strategies to enhance or moderate the T and NK cells functions. Only
with a better understanding of the transplant immunology it will be

possible to achieve significant translational and clinical advances.
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