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Summary

Natural killer (NK) cells are innate lymphocytes that react without previous exposition to virus infected or malignant cells and stimulate adaptive
immune response to build a long-lasting immunity against it. To that end, tissue resident NK cells are predominantly regulatory as opposed to
cytotoxic. In the hematopoietic stem cell transplant (HSCT) setting, which curative potential relies on the graft versus leukemia effect, NK cells
are known to play a significant role. This knowledge has paved the way to the active investigation on its anti-tumor effect outside the stem cell
transplant scenario. Based on the relevant literature on the adoptive transfer of non-genetically modified NK cells for the treatment of relapsed/
refractory acute leukemia and on our own experience, we discuss the role of donor cell peripheral blood persistence and expansion and its lack
of correlation with anti-leukemia activity.
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Abbreviations: AL: Acute Leukemia; AML: Acute Myeloid Leukemia; B-ALL: B cell Acute Lymphocytic Leukemia; BM: Bone Marrow; CNS: Central Nervous
System; CR: complete remission; CRMP*: Complete Remission with no measurable Minimal Residual Disease; CR"°": Complete Remission with measurable
Minimal Residual Disease; CRS: Cytokine Release Syndrome; DBNK: Double Bright NK cell; DC: Dendritic Cells; DFS: Disease Free Survival; E. Coli: Escherichia
Coli; ECOG: Eastern Cooperative Oncology Group performance status scale; EFS: Event Free Survival; FLAG: Fludarabine + Arabinoside C + Granulocyte Colony-
stimulating Factor; Flu/Cy: Fludarabine and Cyclophosphamide; GSF: Granulocyte Colony-stimulating Factor; GVHD: Graft Versus Host Disease; GVL: Graft
versus Leukemia; HHSCT: Haploidentical Stem Cell Transplantation; HLA: human leucocyte antigen; HSCT: Hematopoietic Stem Cell Transplantation; IFN-?:
Interferon gamma; IL-15: Interleukin 15; IL-2 DT: Interleukin 2 conjugated with Diphtheria Toxin; IL-2: Interleukin 2; IV: Intravenous; KIR: Killer Inmunoglobulin
Like Receptors; KIR: MM Killer Inmunoglobulin like Receptors Mismatch; mbIL-15K562: membrane bound IL-15 K562 cell line; mbIL-21K562: membrane bound
IL-15 K562 cell line; MDR: measurable Minimal Residual Disease; MHC: Major Histocompatibility Complex; MTD: Maxime Tolerate Dose; NK: natural killer; ORR:
Overall Response Rate; 0S: Overall survival; PB: Peripheral Blood; PR: Partial Remission; R/R AML: Relapse or Refractory Acute Myeloid Leukemia; SAE: Severe
Adverse Event; SC: subcutaneous; SCT: Stem cell Transplantation; T-ALL: T cell Acute Lymphocytic Leukemia; TGF-3: Transforming Growth Factor beta; Treg:
regulatory T cell; trNK: Tissue Resident NK cell; uNK: uterine NK cells; WFWT: Wilms Tumor cell line.

Introduction

Natural killer cells

NK cells are the best characterized innate lymphocyte
representing 5-20% of peripheral blood lymphocytes. As in-
nate effectors against virus-infected, cancer and stressed cells,
NK cells limit viremia and tumor burden before the onset of
adaptive T and B cells response. This NK cell burst subsides
at days 5-7 when the adaptive immune response leads to mi-
croorganism clearance and probably to tumor eradication in
a successful immune reaction [1].

Although NK cells are typically recognized as cytotoxic
only, their regulatory function has increasingly been accepted
and should be carefully examined. There are two major NK
subsets: CD56# and CDS56™ — immature and mature NK
cells, respectively [2]. This terminology, however, refers to
ontogeny, not to the ability to effectively react against dis-
turbed cells since both subsets can do it in different ways.
CDS56briht reacts by secreting various cytokines, chemokines,
and growth factors while CD56%™ is cytotoxic and one of
the major IFN-y producing cells [3]. Both subtypes react
without previous exposure, utilizing different sets or dif-
ferent densities of the same receptors to destroy target cells
and secrete mediators (or both) related to innate and adapt-
ive immune cells’ development and activation [4]. In animal
models, there are different reactive functions and/or pheno-
type compositions between these two major subsets that as-
sure a high variability and adequate immunosurveillance [2].

NK cells are constitutively in a pre-activation state, and as
such can react against a target cell in a matter of hours. This
natural and quick activation is modulated by the presence
of inhibitory and stimulatory receptors such as the Killer
Immunoglobulin like Receptors (KIR). In addition to other
ligands, inhibitory KIRs for self-HLA class I ligands protect
normal cells from being destroyed — the missing-self theory
[5], provided that these cells are not abnormal enough to
express higher levels of activating ligands or downregulate
its HLA Class I expression. The set of KIRs of an individual,
known as KIR haplotype, can exhibit a lower or a higher
number of KIR stimulatory receptors — A and B Haplotype,
respectively. Understanding the net effect of a specific KIR
haplotype in combination with the minor HLA molecules
receptors in addition to the natural occurring receptors (also
inhibitory or stimulatory) that NK cells also express is chal-
lenging. Furthermore, other factors also may play a role in
the modulation of this interactions, including the nature
of the microenvironment milieux, target cells [6], nearby
cells as regulatory T cells (Tregs), and myeloid derived sup-
pressor cells [7]. In simplified systems, as in vitro studies
or immunodeficient animal models, the main inhibitory or
stimulatory set of receptors have been studied according, re-
spectively, to the absence or presence of its related ligand

on the target cell — the so-called KIR mismatch (KIR MM);
upon information derived from those studies, models of i-
deal NK cell/target combination are being tested to predict
NK cells alloreactivity.

Tissue resident NK cells

CDS56isht NK cells display tissue homing markers, such as
CCR7 and CD62L, [8] and are the prominent tissue resi-
dent NK cells (trNK) [4]. CD56" i NK cells are found in the
lungs, for example, and have been shown to react to Influenza
1 virus-infected cells, activating adaptive immune responses
such as CD8 T cytotoxic and CD4 Th1 cells through IFN-y
secretion [9]. In the human liver, they account for 50% of the
total lymphocytes. Among other functions, they interact with
hepatocyte HLA-E via NKG2A inhibitory receptors, releas-
ing TGF-f that prime dendritic cells (DC) to expand T CD4
regulatory cells [10]. In lymph nodes, CD56" " NK cells are
known to interact with DC releasing IFN-y to drive CD4 Th1
differentiation [11]. Approximately 25% of total lymphocytes
in the human kidney are CD56"h NK cells. Renal trNK cells
are involved in various kidney diseases [12], and in the uterus,
ulNK cells — known as super-bright NK cells — represent more
than 70% of uterine lymphocytes and are the subject of sev-
eral studies linking it to trophoblast remodeling. In contrast,
the emergence of CD56%™ NK cells is linked to spontaneous
abortion [13].

CD56Misht NK cells decline with age and it has been
suggested that this decline impairs the ability to mount an a-
daptive T and B cell response to new antigens [14]. Older age
is a risk factor for severe or lethal COVID-19 diseases. NK cell
functional impairment and a decline in circulating CDJ56"risht
NK cells has been shown to be associated with COVID-19
disease severity and death [15]. These findings could indicate
a key role for NK cells, particularly CD56>h NK cells, in
stimulating adaptive immune response.

NK zcell anti-tumor activity

Anti-malignancy NK cell activity has been documented in
several in vitro studies. Cultured in certain conditions, NK
cells can kill virtually every tumor cell line tested [16].
NK-cell adoptive immunotherapy has been studied in my-
eloid malignancies based on clinical data in Hematopoietic
Stem Cell Transplantation (HSCT). The Graft versus
Leukemia effect (GVL) is recognized as the cellular mechan-
ism through which HSCT can cure leukemia [17]. However,
GVL is also associated with the presence of graft-versus-host
disease (GVHD) and its related morbidity and mortality. In a
study on T depleted haploidentical HSCT (HHSCT) for the
treatment of high-risk acute myeloid leukemia (AML), the
GVL effect mediated by KIR-MM haploidentical NK cells was
shown to occur in the absence of GVHD [18]. It is now known
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Possible mechanisms of non-genetically modified NK cells transferred activity. In the upper panel, a moderate lymphodepletions is
accompanied by a less favorable microenvironment milieux and some reminiscent lymphocytes and myeloid derived suppressor cells that protect
malignant cells from being significantly destroyed by the transferred lymphocytes. In the lower panel, a myeloablative lymphodepletion gives rise to
a favorable milieux and a more profound depletion of suppressor cells facilitating transferred NK cells local activation and tumor cell destruction that
derived molecules are captured by dendritic cells and presented to the adaptive immune system. CD56bright or regulatory NK cells, also activated
in such a milieux, stimulate innate and adaptive immune system directly, cell by cell, or through its cross talking with DC cells, resulting in a robust
adaptive immune response. An eventual tumor infiltrating lymphocyte can be activated in such a favorable environment. Professional illustration by

Clara Heinrich.

that NK cells play a significant role in allogeneic HSCT’s GVL
effect [19] that is reinforced by the demonstration that NK
cells’ early recovery following HSCT is associated with fewer
relapses and improved survival [20]. HSCT-related GVL ef-
fect can cure hematological malignancies and to obtain it
without GVHD would be ideal.

NK cells alloreactivity in HSCT

Although in the T depleted haploidentical HSCT scenario ad-
ditional studies have confirmed the benefits of utilizing KIR-
MM donors, the benefit of donor recipient NK alloreactivity
in predicting outcomes in T replete haploidentical HSCT or
in the HLA match unrelated T repleted HSCT setting is less
clear, with some studies suggesting NK alloreactivity is as-
sociated with better outcomes and some suggesting it is not
[21-24]. The increased complexity of these HSCT strategies
could probably explain such conflicting findings.

NK cell adoptive immunotherapy

Several investigators are studying KIR MM haploidentical
NK cell immunotherapy to separate GVL from SCT and its
associated morbidity. In this setting, in addition to NK cell
characteristics, there are many unsettled issues such as ideal
number of cells infused, preparative regimens, and so on that
are being tested in phase I/II studies most of which include
patients with relapsed or refractory diseases.

As can be seen in Table 1, NK cells adoptive immuno-
therapy feasibility, safety, and clinical efficacy has been
investigated outside the HSCT setting, utilizing different
NK cell products, lymphodepletion, and interleukin (IL)
regimens. Interleukin (IL) is usually administered during the
14 days following cells infusion, aiming to activate and ex-
pand the donor NK cells i vivo.

The clinical activity of the adoptive transfer of moderately
activated haploidentical NK cells (IL-2 overnight) in a popu-
lation of relapsed/refractory AML (R/RAML) patients led to
26% of ORR and CR [25]. In this trial, which also included
patients with solid malignances, Miller et al. tested low and
moderate intensity lymphodepletion strategies, followed by
IL-2, for which off-target effects were mild and manageable.
Immune reconstitution studies showed that in the patients
who received moderate intensity of Cy/Flu, but not in those
receiving low-dose lymphodepletion, donor NK cells peaked
around day +7 followed by a progressive decrease. This was a
very important study because in addition to the observed anti-
leukemia activity, it suggested that lymphodepletion intensity
can influence adoptive NK cell immunotherapy clinical activ-
ity and was the first to show transient NK cell engraftment
that peaks around day +7, gradually disappearing thereafter.

Later, based on the observation that IL-2 systemic adminis-
tration favors T regulatory cells (Treg) expansion, Bachanova
et al. [26] hypothesizing that the in vivo depletion of Tregs
would facilitate adoptively transferred NK cells persistence
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Infused NK cells persistence and expansion

and expansion, IL-2 conjugated with diphtheria toxin (IL-2
DT) was given one day before NK cell infusion. That strat-
egy succeeded in obtaining higher peripheral blood NK cell
persistence and expansion along with clinical enhanced ef-
ficacy overall response rate (ORR) of 53% as compared to
their previous trial with IL-2 alone. They also showed that
IL-15 serum level was increased after lymphodepletion and
correlated with successful donor NK-cell expansion. Next,
the same group, this time utilizing overnight incubation with
IL-15, published their experience testing post-infusion IL-15
for the treatment of R/R AML [27]. IL-15 was administered
either intravenously (IV) or subcutaneously (SC) to two con-
secutive cohorts. In the IV cohort, the primary end point was
IL-15 maximum tolerate dose (MTD). In a subsequent co-
hort in the same study, SC IL-15 was administered following
the NK-cell infusion. On the 7th day after infusion, 100% of
circulating NK cells were from donor origin, and at day 14
donor NK cells were 42% and 33% of total cells in the IV
and SC cohorts, respectively. In vivo NK-cell expansion was
documented in 35% of the IV group of patients and in 27%
of the SC cohort of patients. ORR was 35% (no difference
between IV and SC), and 11 of the 40 evaluable patients went
on to HSCT. However, in the SC cohort, there was one severe
adverse effect (SAE) grade 5 caused by cytokine release syn-
drome (CRS) and neurotoxicity, and 56% of the patients had
documented CRS while no CRS was observed in the IV co-
hort. Although the authors succeed in obtaining engraftment,
expansion, and better persistence, there was a lack of corre-
lation between i1 vivo NK cell persistence, expansion, and/or
toxicity and clinical activity.

Curti et al. [28] reported the results of NK-cell immunother-
apy in elderly high-risk AML patients. In this study, patients
received one infusion of a non-activated, cryopreserved NK
cell product followed by subcutaneous administration of IL-2
thrice weekly for six doses. Donor NK cells in PB and BM
peaked at day 10 and 3, respectively, and PB donor chimerism
varied from 2% to 18% in the evaluable patients. Complete
remission (CR) was observed in one of the five R/R AML
patients, while two patients in molecular relapse achieved
molecular CR. Among the six patients treated in CR, three
were alive and disease free 34, 32, and 18 months after NK
cell therapy.

Increasing the NK cell product activity and better i vitro
expansion has been pursued for many years. Harada et al.
[29] published a preclinical study testing cells from a Wilms
tumor cell line (WFWT) as feeders for in vitro activation of
NK cells. After the end of the culture, more than 70% of the
NK cell population was CD56*CD16™ and expressed addi-
tional phenotypic markers of an immature NK cell. However,
the expanded NK cells killed not only fresh WFWT cells but
also MHC class I-expressing autologous brain tumor cells.
In a clinical study utilizing the same cell expansion platform,
IV infused cells lead to a remarkable glioblastoma regres-
sion in two patients [29]. Later, Fujisaki et al. developed a
technical platform utilizing irradiated K562 cells geneti-
cally modified to express membrane bound IL-15 and 4-1BB
(mbIL-15K562) [30], and Denman et al., genetically modified
K562 cells to express membrane bound IL-21 instead (mbIL-
21 K562) [16], both obtaining a clinical grade expansion of
highly active cytotoxic NK cells.

Vela et al. [31] utilized the mbIL-15K562 platform to in
vitro expand haploidentical NK cells in a heavily pretreated
population of pediatric patients with refractory T-ALL, AML,

B-ALL, and biphenotypic AL. Reinduction regimens, the ma-
jority myeloablative, were administered twice. In cohort 1,
one NK cells infusion (day 0), and in cohort 2 two NK cells
infusions at day 0 and day 7 of each cycle, were administered.
ORR, CRMRP- " and CRMRP+ (MRD for minimal residual dis-
ease) were 78%, 39%, and 39%, respectively. Donor NK cell
engraftment was observed in 46.7% of the patients, and NK
cell peaked at day 7. However, PB lymphocyte reconstitution
or engraftment did not correlate with clinical response — 3 of
the eight patients without donor chimerism achieved MRD
negativity. There was no difference between the two cohorts.
Remarkably, 62.5% of the patients who went on to HSCT af-
ter the end of the trial had received high-intensity chemother-
apy, while none submitted to Flu/Cy were able to achieve it.

Utilizing mbIL21 K562 cells, we were able to consistently
grow a pure (90%) population of CD56"*CD 16 NK cells,
at clinical grade numbers, enough to infuse a median of 2.85
x 10° [1Q, 2.54-2.94] of highly activated CD56¢"CD16brisht
NK cells/patient [32]. These ‘artificial” dual function Double
Bright NK cells (DBNK) obtained in our culture condition
express an array of tissue homing ligands, such as CXCR3 for
liver or inflammation, CXCR4 for bone marrow, and ITGA4
and NCAM1 for central nervous system. We investigated the
infusion of haploidentical DBNK cells to treat a very high-
risk cohort of 13 R/R AML patients with a median ECOG
of 3, relapsed/refractory to a median of five lines of treat-
ment including HSCT in 69%. The ORR was 78.6%, of
which 50% were CR. Patients received FLAG chemotherapy
followed by six infusions of DBNK cells ranging from 10° to
107/kg/infusion without exogenous interleukin. The rationale
for the treatment regimen was that repeated delivery of large
NK cells doses would ensure cell activity across a 14-day per-
iod, avoiding exogenous interleukin side effects. Interestingly,
we were not only able to document CNS responses with CR
or PR in all four patients with CNS disease (including one
with a probable fungal brain infection) but also an increasing
number of NK cells that, despite the several infusions up to
day 14, peaked at day +7, outnumbered by T cells in most
responding patients [32]. On the other hand, there was a
predominant NK cell peripheral blood expansion in three
patients. One with steroid-responsive severe anemia probably
related to DBNK cell immunotherapy; one refractory to two
haploidentical SCT with different donors with an impressive
peripheral blood NK cell expansion that turned out to be ac-
tive in promoting DC activation of Th17 lymphocytes [33],
without anti-leukemia activity. The third patient treated on a
compassionate basis because of a severe resistant Escherichia
coli ascending cholangitis did not respond and died of pro-
gressive AML several weeks later with significant clinical
improvement of his cholangitis. No cytokine storm was
observed, and all adverse events were manageable with no
related death. As others have shown, we did not observed
correlation between NK cell peripheral blood number or per-
sistence and clinical efficacy. It is important to point out that
we did not test for donor chimerism, so are unable to be sure
if the striking in vivo NK cell expansion observed in some
patients was of autologous or donor origin.

Utilizing cord blood derived in vitro activated NK cells,
Dolstra et al. treated 11 patients with high-risk AML in CR
obtaining a favorable disease-free survival (DFS) that remains
to be confirmed in an awaited follow up [34]. Bjorklund et al.
treated 16 R/R AML patients and obtained 25% CR, and a
third of the patients were able to go on to HSCT [335].
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It must be pointed out that in most of the revised studies
(Table 1) although NK cells were selected for best donor ac-
cording to KIR mismatch or the presence of KIR B haplotype,
NK-cell alloreactivity did not influence clinical efficacy. This
lack of correlation could be attributed to the relatively small
population of patients treated in each study or the degree of
in vitro NK cells activation. For R/R AML, as can be seen in
Table 1, the transient clinical improvement should be utilized
as a bridge to HSCT.

GVL effect without SCT

Outside the R/R AML setting, Nguyen et al. published the
results of a phase II study, including 21 intermediate-risk
AML patients after completion of 4—35 cycles of chemother-
apy. All patients were in CR at enrollment and received 1 in-
fusion of fresh KIR mismatched haploidentical NK cells. A
low- to intermediate-intensity lymphodepletion was started
at day 7, followed by IL-2 1 million IU SC beginning on day 1
for a total of six doses. The primary endpoint was to compare
event-free survival to a cohort of 55 patients who completed
chemotherapy, were in first CR, but did not receive NK cells.
Of the 21 patients who received NK cells, a transient en-
graftment of donor cells (median donor chimerism of 4%)
was observed in 19 patients. When compared to the control
group, the adoptive transfer of NK cells did not improve EFS
or OS rates [36]. The hypothesis that HSCT could be replaced
by adoptively transferred NK cells without GVHD was not
corroborated in their study design.

Discussion

In R/R AML, the adoptive transfer of NK cells without HSCT,
NK cell transient engraftment and persistence has been re-
peatedly shown to be independent of the lymphodepletion
intensity, cellular product activation, the number of cells
infused, or the utilization of interleukin post infusion (Table
1). In this setting, better clinical activity, albeit without NK
cell persistence, was observed in those trials that utilized in
vitro activated cellular products [31, 32, 37]. On the other
hand, in the trials that utilized genetically modified K562 cells
as feeders for in vitro activation and expansion, the high-
intensity lymphodepletion that was utilized made it impossi-
ble to know if in vitro activated NK cells or lymphodepletion
or both, influenced results. As pointed out above, the disap-
pointing results reported by the St. Jude group [36] could be
attributed to the lack of NK cell in vitro activation and/or the
low-intensity lymphodepletion utilized.

Lymphodepletion intensity is still an unsettled matter. NK
cells’ early recovery after HSCT was recently confirmed in
a very interesting biosystem model study utilizing machine
learning to examine transcriptome changes in lymphocyte
subsets that predict major transplant outcomes [38]. This
study showed that a favorable cytokine profile leads to a
higher overall survival (OS) rate and progression free survival
(PFS). The known early NK-cell recovery after HSCT could
be related to what had been suggested by Steven Rosenberg’s
group when describing the need for lymphodepletion before
the adoptive transfer of T lymphocytes to treat melanoma
[39]. According to them, myeloablative regimens or the al-
most absence of normal cells could induce a favorable milieux
for lymphocyte expansion. In agreement with both above-
mentioned studies, Hirayama et al. [40] recently showed that
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a favorable cytokine profile induced by lymphodepletion is as-
sociated with better clinical outcomes and tend to be obtained
by higher dose lymphodepletion. On the other hand, there is
no apparent difference in clinical activity between different
regimens of low to moderate intensity [41].

The ideal number of NK cells infused or the number of
infusions remains to be defined; in our study, the patient who
presented the highest NK cell peripheral blood expansion
with no anti-leukemia effect received only three of the six
planned infusions, suggesting that the total number of cells
infused as well as the number of infusions might be less im-
portant for in vivo expansion than recipient-related factors.
Another unsettled matter is the iz vivo persistence and ex-
pansion of adoptively transferred NK cells. As can be seen in
Table 1, and as mentioned above, transient engraftment and
persistence of donor NK cells has been repeatedly shown to
be independent of all explored strategies.

Host immune effectors could reject transferred NK cells
and explain the short persistence, however, most studies
utilized only one infusion, and its kinetics was equally sim-
ilar in the few multiple infusions’ studies; likewise, unre-
lated, non-HLA matched, off the shelf NK cells were shown
to have the same kinetics as the infused haploidentical NK
cells, and antibodies against donor class I or Il HLA antigens
were not detected in any recipient [42]. Taken together, these
results suggest that NK cell rejection is a less likely explana-
tion for the transient peripheral blood persistence. Finally, T
cells expansion in the favorable cytokine milieux obtained
by lymphodepletion could explain host T cells rejection of
donor NK cells, however, as mentioned above, better cyto-
kine profile is related to better clinical outcomes, suggesting
that T cells immune recovery goes along with a better anti-
tumor activity.

Based on these findings, we could hypothesize that, be-
ing an innate immune effector cell designed to alert the a-
daptive immune system through the secretion of cytokines,
chemokines, and growth factors, NK cell kinetics in these tri-
als were very much in accordance with their original descrip-
tion. After around 7 days of NK cell burst, adaptive immune
effectors surpass NK cell numbers in an effective immune re-
sponse [1]. We also could question if non-genetically modified
NK cells should behave as CAR-T cells, for which peripheral
blood expansion is a hallmark and is related to anti-tumor ac-
tivity and severe adverse events. T lymphocytes are designed
to be immune effectors that upon clonal expansion establish
a robust memory and antibody production. Non-genetically
modified NK-cell immunotherapy should aim to get the best
T-cell response possible.

In conclusion, clinical trials studying non-genetically mod-
ified NK cell anti-leukemia activity have repeatedly showed
that this activity is independent of peripheral blood NK cell
persistence and expansion. It is possible that attempts to aug-
ment non-genetically modified NK cell peripheral blood ex-
pansion and persistence could jeopardize an appropriate and
effective stimulation of the anti-tumor adaptive immune re-
sponse at its own microenvironment, the primary role of in-
nate effectors.

Animal research adheres to the ARRIVE
guidelines

This study does not involve animal research.
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