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Background: Natural killer (NK) cells play a vital role in early immune reconstitution
following allogeneic hematopoietic stem cell transplantation (HSCT).

Methods: A literature search was performed on PubMed, Cochrane, and Clinical
trials.gov through April 20, 2022. We included 21 studies reporting data on the
impact of NK cells on outcomes after HSCT. Data was extracted following the
PRISMA guidelines. Pooled analysis was done using the meta-package (Schwarzer
et al.). Proportions with 95% confidence intervals (Cl) were computed.

Results: We included 1785 patients from 21 studies investigating the impact of
NK cell reconstitution post-HSCT (8 studies/1455 patients), stem cell graft NK
cell content (4 studies/185 patients), therapeutic NK cell infusions post-HSCT
(5 studies/74 patients), and pre-emptive/prophylactic NK cell infusions post-
HSCT (4 studies/77 patients). Higher NK cell reconstitution was associated with
a better 2-year overall survival (OS) (high: 77%, 95%Cl 0.73-0.82 vs low: 55%,
95%Cl 0.37-0.72; n=899), however, pooled analysis for relapse rate (RR) or
graft versus host disease (GVHD) could not be performed due to insufficient
data. Higher graft NK cell content demonstrated a trend towards a better
pooled OS (high: 65.2%, 95%Cl 0.47-0.81 vs low: 46.5%, 95%Cl 0.24-0.70;
n=157), lower RR (high: 16.9%, 95%Cl 0.10-0.25 vs low: 33%, 95%CI| 0.04-0.72;
n=157), and lower acute GVHD incidence (high: 27.6%, 95%Cl 0.20-0.36 vs
low: 49.7%, 95%Cl 0.26-0.74; n=157). Therapeutic NK or cytokine-induced
killer (CIK) cell infusions for hematologic relapse post-HSCT reported an overall
response rate (ORR) and complete response (CR) of 48.9% and 11% with CIK
cell infusions and 82.8% and 44.8% with NK cell infusions, respectively. RR,
acute GVHD, and chronic GVHD were observed in 55.6% and 51.7%, 34.5% and
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20%, and 20.7% and 11.1% of patients with CIK and NK cell infusions,
respectively. Pre-emptive donor-derived NK cell infusions to prevent relapse
post-HSCT had promising outcomes with 1-year OS of 69%, CR rate of 42%,
ORR of 77%, RR of 28%, and acute and chronic GVHD rates of 24.9% and 3.7%,
respectively.

Conclusion: NK cells have a favorable impact on outcomes after HSCT. The
optimal use of NK cell infusions post-HSCT may be in a pre-emptive fashion to

prevent disease relapse.

KEYWORDS

allogeneic hematopoietic stem cell transplantation, immune reconstitution,
hematologic malignancies, graft versus host disease, viral infections

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
is the optimal and potentially curative intervention for various
high-risk hematologic malignancies. Allogeneic HSCT produces
a graft versus leukemia (GVL) effect via an effective immune
reconstitution in the recipient (1). Natural Killer (NK) cells are
considered a part of the innate immune cells that constitute 5-
15% of lymphocytes in the adult population (2). They possess
significant antitumor and antiviral properties and donor-derived
NK-cells are the first to reconstitute following HSCT (3).

Phenotypically, NK cells are defined as CD56"CD3 CD19°
CD14 mononuclear cells with the inclusion of alternative
receptors such as natural cytotoxicity receptors (NCRs) (4).
NK cell differentiation and maturation divide them into an
immature CD56 bright phenotype that constitutes about 90%
of peripheral blood NK cells and is responsible for an early
cytotoxic immune response, and a mature CD56 dim
phenotype that constitutes the remaining 10% of NK cells
and lead to a delayed immune response by production of
interferon-gamma (IFN-y) and tumor necrosis factor (TNF)
(5). The CD56 bright immature NK cell subset is the first to
appear post-transplantation with the acquisition of mature
CD56 dim phenotype months later (6). Several mechanisms
have been described explaining the antitumor role of NK-cells
following HSCT including their key role in orchestrating the
anti-tumor immune response in the microenvironment, such
as the production of proinflammatory cytokines (e.g. TNF-a,
INF-v, granulocyte colony-stimulating factor (G-CSF), etc.)
and chemokines (chemokine (C-C motif) ligand 2-5 (CCL2-
5), C-X-C motif chemokine ligand 8 (CXCL8), and
chemokine C- motif ligand 1 (XCL1)), and an interplay
between several inhibitory receptors such as receptors with
intracytoplasmic signaling domains called immunoreceptor
tyrosine-based inhibition motifs (ITIMs) and activating
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receptors such as NCRs and Natural Killer Group 2D
(NKG2D) receptors (6-9).

Despite its remarkable potential, HSCT is associated with
high relapse rates (RR) and significant non-relapse mortality
(NRM). Efforts to potentiate the GVL effect, including increasing
the conditioning intensity, reduction of post-transplant immune
suppression, and donor lymphocyte infusions, have been limited
by excessive treatment-related toxicity, high incidence of graft
versus host disease (GVHD) requiring systemic immune
suppression, and increased susceptibility to infections. NK cells
have anti-neoplastic and anti-infective activity but do not cause
alloreactivity and GVHD, and emerging data suggest the
promising potential of NK cell therapy after HSCT (10-12).
We hypothesized that higher reconstitution of NK cells
following allogeneic HSCT, higher NK cell content of the stem
cell graft, and pre-emptive or therapeutic use of NK cell
infusions after allogeneic HSCT will result in improved
outcomes after allogeneic HSCT, such as survival, relapse,
GVHD, and infections.

Methods
Data sources and search strategy

This systematic review and meta-analysis was performed
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines (13).
Population, intervention, comparison, and outcome (PICO)
table was developed and electronic databases of PubMed,
Cochrane Library, and Clinical trial.gov were comprehensively
and systematically searched by two authors (M.S., A.Y.S.)
independently through April 20, 2022, using the following
search terms: “hematologic malignancies” OR “hematopoietic
stem cell transplantation” AND “natural killer cells”. No filters
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or publication time limits were applied to the search. We also
searched conference abstracts, including the American Society of
Hematology and the American Society of Clinical Oncology.
Our search identified 989 articles. All search results were
imported to the Endnote X9.0 reference manager and
duplicates were removed.

Screening and selection criteria

A title or abstract-specific primary screening was conducted
by two authors (M.U.Z., A.Y.S.) independently to exclude
irrelevant articles. Disagreements were resolved by mutual
consensus and by a third author (M.S.). Full texts of the
remaining 59 articles were then assessed for eligibility based
on predetermined criteria which were set after discussion and
consensus between all authors and approved by the PI (M.U.M.).
Inclusion criteria were original studies (clinical trials
retrospective, and prospective cohort), 2) both adult and
pediatric patients, 3) studies that enrolled only allogeneic
HSCT patients, 4) studies that investigated the impact of NK

10.3389/fimmu.2022.1005031

cells reconstitution after HSCT, graft NK cell content, or NK cell
infusion after HSCT. We excluded reviews, studies with
insufficient data, animal models, or studies presenting
outcomes that were not relevant to the searching protocol.
Articles not in English were excluded if translations were not
available. A total of 38 articles were excluded in secondary
screening based on case reports, case series, reviews, and/or
irrelevant articles (Figure 1) (Supplementary Table 1).

Data extraction

An excel sheet was created for data extraction with
consensus and approved by the PI (M.UM.). Two authors
(M.U.Z. and LA.) extracted data independently. Data were
extracted regarding author name, year of publication, the
number of evaluable patients, age, gender, underlying disease,
donor type, graft source, conditioning regimen, follow-up time,
overall survival (OS), overall response rate (ORR), complete
remission/response (CR), GVHD, RR, cytomegalovirus (CMV)
reactivation, and NK cell donor, cell dose and conditioning
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FIGURE 1
PRISMA diagram of included and excluded studies
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(when applicable). In studies that reported dichotomous data,
the results were analyzed by using high and low NK cell cut-offs
per the individual studies. In the case of time-to-event analysis,
we calculated the median OS for the most recurring timeperiod.
Datasheets were double-checked by M.S. and M.U.M. for
any discrepancies.

Quality assessment

The methodological quality of the included studies was
evaluated using the National Institute of Health (NIH) quality
assessment tool for before-after (pre-post) studies with no
control group. Based on this tool, the studies were rated as
good and fair.

Data analysis

Meta-analyses were performed using R-studio. The
‘metaprop’ package (Schwarzer et al, R programming
language) was used to calculate the pooled risks using the
random effects model. For calculating inter-study variance,
Der Simonian-Laird Estimator was used. We assessed
heterogeneity in the meta-analysis with the I (2) statistics
(14). The test uses y (2) and degrees of freedom to describe the
percentage of the variability in effect estimates that is due to
heterogeneity rather than sampling error (chance) (13). I
(2) reflects the percentage of total variation across studies
and values greater than 25%, 50%, or 75% were considered to
respectively indicate low, moderate, or high heterogeneity
(15). If p<0.05, the pooled analysis was considered
significantly heterogeneous (13). T (2) was used to estimate
the dispersion of true effect sizes between studies, with low
values meaning low dispersion and consequently low
heterogeneity (13).

Results

We included a total of 1785 patients from 21 studies.

Reconstitution of NK cells after HSCT

A total of 1455 patients from 8 studies investigating the
impact of NK cell reconstitution following allogeneic HSCT on
post-transplant outcomes were evaluated (16-23) (Table 1). The
median age of the patients was 43 (8.6-73) years and 37% were
male. The median duration of follow-up was 32 (1.4-122)
months. The graft source was peripheral blood (PB) for 47.5%
(691/1455), bone marrow (BM) for 44% (642/1455), and
umbilical cord blood (UCB) for 8.3% (122/1455) of the

Frontiers in Immunology

04

10.3389/fimmu.2022.1005031

patients. The donor type was matched sibling donor (MSD)
33.5% (406/1209), matched unrelated donor (MUD) 47.5%
(575/1209), haploidentical (haplo) 12.9% (156/1209), and
mismatched unrelated donor (MMUD) 5% (62/1209).
Myeloablative conditioning (MAC) was used in 50% (734/
1455) of the patients and 46% (676/1455) of patients received
reduced-intensity conditioning (RIC). The hematologic
diagnoses were acute lymphocytic leukemia (ALL) 14.6% (213/
1143), acute myeloid leukemia (AML) 39.9% (457/1143),
myelodysplastic syndromes (MDS) 16.2% (186/1143), chronic
myeloid leukemia (CML) 2.6% (30/1143), lymphoma (Hodgkin
and non-Hodgkin) 6.5% (74/1143), myeloproliferative neoplasm
(MPN) 4.1% (47/1143), multiple myeloma (MM) 3.9% (45/
1143), and others 7.9% (91/1143). NK cells were grouped into
high and low by using existing criteria from individual studies.

At a median follow-up of 2 (1-5) years, the pooled OS for
high NK cell cohort and low NK cohort was 77% (95% CI 0.73-
0.82, I> = 58%, n=899) and 55% (95% CI 0.37-0.72, I* = 96%,
n=899), respectively (16, 17, 19, 20, 22) (Figures 2, 3). The
pooled RR was 30% (95% CI 0.18-0.43, I ~ 94%, n=952) (17, 21,
23). The pooled incidence of acute GVHD was 59% (95% CI
0.44-0.74, 1> = 96%, n=1241) (16, 17, 19-21, 23). The incidence of
CMV infections was 56% (95% CI 0.47-0.63, 2 = 80%, n=830)
(16, 19, 21). Minculescu et al. reported that higher NK cell
reconstitution was significantly associated with lower CMV
infections (19% vs 34%) (17). Dunbar et al. reported higher
RR (adjusted hazard ratio 20.2) with low NK cell count at 60
days post-HSCT and there was no significant association with
GVHD incidence (22). Lang et al. reported significantly lower
RR with higher NK cell reconstitution (18% vs 73% at 2 years)
(18). McCurdy et al. recently reported a significantly lower RR
(21% vs 35% at 2 years), lower NRM (4% vs 21%), and higher 2-
year OS and PFS (81% and 76% vs 50% and 44%, respectively)
with higher NK cell constitution using a cut off of >50.5 NK
cells/uL at day 28 post-HSCT (16). The data were insufficient to
conduct a pooled analysis for relapse, GVHD, and
CMV infections.

Stem cell graft NK cell content

A total of 185 patients from 4 studies investigating the
impact of NK cell content of stem cell graft on post-transplant
outcomes were evaluated (24-27) (Table 2). The median age was
35 (16-73) years and 32% were male. In three of four included
studies with available data (n=157/185), all patients received a
matched sibling donor peripheral blood stem cell
transplantation. Most patients (80%, 148/185) received a
myeloablative conditioning regimen. The hematological
diagnoses were AML/ALL 56.7% (105/185), CML 25.9% (48/
185), lymphoma 7% (13/185), MDS 4.8% (9/185), MM 3.2% (6/
185), and severe aplastic anemia 1.6% (3/185).
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TABLE 1 Impact of NK cells reconstitution on outcomes after allogeneic HSCT.

Study Pts, n Male, n (%) Age (yrs), Donor Type, n (%) Graft Diagnosis, n (%) Conditioning, n  GVHD Prophylaxis,  Follow up, median  Acute GVHD, n Relapse, n (%) CMV reacti- 08, (%) years (Y)
Median source, n (%) n (%); T- cell (range) months (%), Grade vation, n (%)
(range) (%) Depletion
Lang et al* 47 NA 8.6 MUD 18 (38) BM 47 ALL 27 (57), AML 10 (21), MDS 2 (4.2), CML 4  MAC 47 (100) NR; yes NA NA GlL:11 (10), G2: 5.5 (25), NR NA
(2011) (18) Haplo 29 (61) (100) (8.5), JMML 1 (2), Lymphoma 3 (6) G3: 4.5 (50), G4: 0 (0)
Ando et al.® 246 152 (61.8) 51 (18-69) NA BM 98 AML 131 (53.4), ALL 61 (24.8), MDS 32(13), MAC 99 (40.2), Tac, CSA; no 384 98 (40), >II NA 141 (57) High: 75
(2020) (19) (39.8) CML 7 (2.8), MPN 7 (2.8), other 8(3.2) RIC 147(59.8) (9.6-115) Low: 35.7 at 5Y
PB 36
(14.6)
UCB 112
(45.5)
Chang et al.c 43 29 (67) 27 (13-40) Haplo 43 (100) PB 43 AML 14 (33), ALL 12 (28), CML 16 (37), MDS 1 MAC 43 (100) CSA, 12 (1.4 -23) 25 (58), >I1 High:0 (0) NR High: 92.9, Middle: 66.7
(2008) (20) (100) (2) MTX, MMF; yes Low: 3 (21) Low: 42.9 at 2Y
Kheav et al. 439 NA 44 (15-68) MSD 237 (54) PB 336 AML 104 (23.7) ALL 57 (13) RIC 266 (60.6) NR; no NA 205 (48), >II 89 (22) 269 (61.5) NA
(2014) (21) MUD 151 (33.9) (76.5) NHL 49 (11.2), HL 19 (4.3), MM 42 (9.6), MPN MAC 173 (39.4)
MMUD 51(12) BM103 40 (9.1), MDS 52 (11.8), other 76 (17)
(23.5)
Dunbar et al.* 167 Low: 39 (47) Low: 44 MSD/MUD 149 (89)  PB 157(94) NA MAC 79 (47) Tac; MMF; no 12.3 (2.2-58) High: 13 (34) HR: 20.2 NR High: 72
(2008) (22) High:16 (56) High: 48 UCB 10 (5.9) single UCB 10 RIC 43(25) Low: 40 (34), 1 (Low vs high) Low:83at1Y
HLA-MM 8 (4.7) (5.9)
Kim et al.® 70 34 (49) 42 (20-64) MSD 34 (48.5) PB 59 ALL 14 (20), AML 33 (47), CML 3 (4.3) MDS 8 MAC 41 (59) NA; yes 328 35 (50), >I 21 (30) NR High: HR 1, Low: HR
(2016) (23) Haplo 6 (8.5) (84) (11) MM RIC 29 (41) 2.241.04-483)at 1Y
MUD 19 (2.7) BM 11 3 (4.3), lymphoma 3 (4.3) other 6 (8.6)
MMUD 11 (15.7) (16)
Minculescu 298 173 (58) 55 (16-74) MSD 100 (33.5) PB 60 (20)  ALL 42 (14), AML 165 (55), MDS 91 (30.5) MAC 107 (35.9) MAC: CSA, MTX and 479 127 (43), > 1 64 (21) High: 37 (19) High: 76
et al’ (2016) NK<150:  NK <150: NK <150 MUD 198 BM 238 RIC 191 (64) RIC: Tac, MMF; no (15.6-122) Low: 35 (34) Low: 61.8
(17) 102 37 (36) 53 (16-74) (66) (79.8) Non-MAC: atly
NK>150:  NK >150: NK >150 Tacrolimus +MMF; no
196 88 (44.8) 55 (18-73)
McCurdy et al® 145 MSD/MUD 55 MSD/MUD 49  MSD 35 (24) BM 145 NA MAC 145 (100) PTCy, Tac, MMF; no NR 1I-1V 55 (38) High: 21 MSD/MUD High: 81
(2022) (16) (73) (22-64) MUD 40 (28) (100) TI-IV 16 (11) Low: 35 39 (53) Low: 50
Haplo 46 (65)  Haplo 41 (2- Haplo 70 (48) at2y Haplo 28 (40) at2Y
64)

*Groups were divided based on the patterns of NK activity. Group 1 (consistently low activity <10% specific lysis), group 2 (consistently high activity >30% specific lysis), group 3 (initially high activity then decreasing), group 4 (initially low activity, then
increasing to normal levels).

"Not mentioned.

“High (>9.27 cells/uL, n=14), Middle (3.59 to 9.27 cells/uL, n=51), Low (<3.59 cells/uL, n=14).

4ANK levels were designated from the cluster analysis and counts greater than 18.2 cells/mm3 at 60 days were considered in the high level (n=84) and counts less than this value was considered in the low level (n=38).

Cut-off values were different for 30 days vs 90 days post-transplant. For 30 days post-transplant the cut-off was <177.5/pL. For 90 days post-transplant cut-off was <181.9 cells/uL. OS was HR=1 at High NK and HR=2.64(0.76-9.21) at Low NK.
‘High: NK30>150, Low: NK30<150.

8High NK cell count: >50.5 cells/mL and Low NK cell count: £50.5 cells/mL

OS, overall survival; NA, not available; ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; BM, bone marrow; UCB, umbilical cord blood; CLL, chronic lymphoid leukemia; HL, Hodgkin lymphoma; JMML, juvenile myelomonocytic leukemia;
MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; MUD, matched unrelated donor; MSD, matched sibling donor; Haplo-haploidentical donor; MMUD, mismatched unrelated donor; MM, multiple myeloma; NHL, non-Hodgkin
lymphoma; NR, nonreported; PB, peripheral blood; RIC, reduced intensity conditioning; SAA, severe aplastic anemia; MPN, myeloproliferative neoplasm; TBI, total body irradiation; TCD, T-cell depleted; HR, hazard ratio; NMA, nonmyeloablative; AA,
aplastic anemia; CSA, cyclosporin; Tac, tacrolimus; MMF, mycophenolate; MTX, methotrexate; PTCy, post-transplant cyclophosphamide.
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Study Events Total Proportion 95%-Cl Weight
Ando 2020 184 246 — 0.748 [0.689;0.801] 24.2%
Chang 2008 39 43 —0—— 0.907 [0.779;0.974] 9.5%
McCurdy 2022 117 145 —0— 0.807 [0.733;0.868] 19.7%
Dunbar 2008 120 167 —0— 0.719 [0.644;0.785] 20.9%
Minculescu 2016 226 298 - 0.758 [0.706;0.806] 25.7%
Random effects model 899 < 0.774 [0.727; 0.818] 100.0%
Heterogeneity: ° = 58%, 1 = 0.0021, p = 0.05 T T T T !

0 0.2 0.4 0.6 0.8 1

Proportion

FIGURE 2

Forest plot of overall survival for high NK cells reconstitution after allogeneic HSCT

At the median follow-up of 17.4 (0.3-77.6) months, the
pooled OS was 65.2% (95% CI 0.471-0.814, I? ~ 81%, n=157)
for high NK cell group and 46.5% (95% CI 0.235-0.704, I> = 89%,
n=157) for low NK cell group (24-26). The pooled RR was 16.9%
(95% CI 0.104-0.246, I* = 0, n=157) for high NK cell group and
33% (95% CI 0.040-0.721, 2 = 94%, n=157) low NK cell group
(25, 26). The pooled incidence of acute GVHD was 27.6% (95%
CI10.196-0.364, 12 = 0, n=157) for high NK cell group and 49.7%
(95% CI 0.259-0.737, I* = 85%, n=157) for low NK cell group
(25, 26).

Therapeutic use of NK cells for
hematologic relapse after HSCT

A total of 74 patients from 5 studies were evaluated that
investigated the use of NK cells for the relapsed disease after
allogeneic HSCT (28-32) (Table 3). The median age of patients
was 42.4 (1.9-69) years and 36.5% were male. The median
duration of follow-up was 20 (1-69) months. The donor type
was MSD 59.4% (44/74), MUD 22.9% (17/74), haplo 55% (41/
74), and UCB 1.3% (1/74). Conditioning chemotherapy
(fludarabine/cyclophosphamide) before NK cell infusion was
used in two studies (31, 32). Other three studies did not use

any conditioning; however, concurrent investigator’s choice
therapy was allowed (28-30). The underlying diagnoses were
ALL 8% (6/74), AML 39% (29/74), lymphoma 17.5% (13/74),
chronic lymphocytic leukemia (CLL) 2.7% (2/74), CML 12% (9/
74), MM 4% (3/74), and MDS 16% (12/74). All five studies
reported varying NK cell infusion dosages, with a range of 1 x10
(6) NK cells/kg to 1 x10 (8) NK cells/kg (28-32).

Two studies, including 29 patients, used third-party haplo
NK cells. Peripheral blood mononuclear cells (PBMCs) were
collected by apheresis followed by CD3+ depletion and CD56+
selection with CliniMACS (31, 32). ORR and CR were noted in
82.8% (24/29) and 44.8% (13/29) of the patients, respectively. RR
was 51.7% (15/29). Median OS was reported as 7.6 months by
Lee et al. Acute and chronic GVHD occurred in 34.5% (10/29)
and 20.7% (6/29) of the patients, respectively. Three studies,
including 45 patients, used donor-derived or autologous
cytokine-induced killer (CIK) cells. Leukapheresis product was
expanded using CIK cells expansion cultures, using interferon-
gamma (IFN-y), CD3 monoclonal antibody, and interleukin
(IL)-2 (28-30). ORR and CR rates were reported as 48.9% (22/
45) and 11.1% (5/45). Median OS was reported as 2.4 years by
two studies. RR was 55.6% (25/45). Acute and chronic GVHD
was noted in 20% (9/45) and 11.1% (5/45) of the
patients, respectively.

Study Events Total Proportion 95%-Cl Weight
Ando 2020 86 246 - 0.350 [0.290;0.413] 20.5%
Chang 2008 18 43 —'— 0.419 [0.270;0.579] 18.4%
McCurdy 2022 72 145 ——0—— 0.497 [0.413;0.581] 20.2%
Dunbar 2008 138 167 - 0.826 [0.760;0.881] 20.3%
Minculescu 2016 184 298 —'— 0.617 [0.560;0.673] 20.6%
Random effects model 899 _ 0.550 [0.371; 0.723] 100.0%
Heterogeneity: /% = 96%, 12 = 0.0397, p < 0.0% I T I I !

0 0.2 0.4 0.6 0.8 1

Proportion

FIGURE 3

Forest plot of overall survival for low NK cells reconstitution after allogeneic HSCT.

Frontiers in Immunology

06

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1005031
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mushtaq et al.

o -
. + H ‘;‘,g
z FES EE
: 2z &

g T N
g [N 5
z s d 4 7 -
=1 ‘igg 5 LF L3
= L =9
g S &~ AT %a v 8
< PE2ska 2E 8=
Z T2 Ao Ve T3 22
]
Y &Q)
g g <
g 55
g = N a)
= P S
8 2z 3 s 25 s
= & o
£
. =1
g5 £%
&< = 5 4 £
25 | < = B ig J =8
Z & =RSHERG) 2o &
o 5T
g L% s
& =)
=~ o =
= = = @ 2 e
s " B S T
3 = P
= == g8 5a TS
5 o= cz a3 =1 <
© <R a8 a < T £
P a3 = =R > E
- % A = g5 s =2 8 9
3 aT 2 27 > Z 223 g
< o= o N T3 502'8
_ ER-ITE
S TT T
g 59 SF
& R
g, 5= &5
- %225 E§
3= - v
g g 5 S = A
& 8 = o = “-'g".&’.m"
% 3 *® =
: S < & =&
= © ! 1 S u £ 2
3 s = 23 A 22973
2  ge g EE
ETEE
= © R =
g = g £3LE
= y S
& = = - % S &35 &
£ EE g i BT
=z 2 £ ) ES
£ s n = p 2% g5
E & ] I &5 £ 3 T
H 2 g Ee R sE2 2
° — AL
© = 3 =g s2 S EE
S 3
a2 =
e s © 230
w =g g 2E§"m'
< - S - o =
- £ B> =<5 8
- 5523
@ 4 = 4 S < g5
s 3 = z ¥ 5 EC
—- = © Z VEQ%
= 5 37 5 223 2
s 2 3 = T < 8 Z
9 = N = “" UUUQ
< £ @ = 2 ¥ 355 =
= g ) a Z 8 =3
4 s = <= = w2 3 £
Z ) & @ = S g g8
- g = = = S n ® S

5 = 3 & < &g EZ

O & PR S £257%

k4 8 3 & s g4 72§

T =2 £ S t<EE

EPS & A g

2 -5 2 = £ S Z

[7} 52 3 2 ) 523

c oF < . w = g 2858

o a- 3 7 S EQE%’

g cz ¢ = z£ £ 30 &

S 2o F is EE N

= = =} =} = |53

© 553 sg & 2258

= <2 < 42 <o 22 [~1

] 853 g

5 2EGE

= —_—

§ fg |gs2 & 8 2 2EF
2 58 = = = hy

§ 5 a%tg g «'E"Z’%E

O I} a2 @ @ @ 35228

- | Ay ~ ~ ""E

3 43985
. S =% <

c g s = = Swgwa
& S S S I N

S ) z Z z S 82 EH

2 g7 2 ¢ iggggﬂ

9 g < 2 8 2 § = 8§ 3

%] a =

Z = = = B8 g ES

x 2 820 E

z £28°57%

w 8 _ug._lo

o 3 X=8 =09

= 53 ‘ﬁ'gm»Ug

§ 75 7 8§ % 2 ¥ 2e0 8%

= EE ] " ] ) Z .. & - E=Z

c 2 c e o~ ~ & g S g

o o) z =z = z2 . s5< 8

o = s ot ° « S E5He &S

= @ ES kS X o D E 2

3 TeEEES

¥] s @ S 8w 5 o -

& F< g = G 5559

c == < I < o B2

o = w2 oh =

5 Z % 7 z SV g3

] S i
E 5o B

S fa == 2T 2
& ] 2 e S =] P o g2

- S gL 53

2 Ao 282z g

—~ o .. V5 D
= 8 P 82 adx
£ . = S °CED™ ST

N A B $§EE7E

N 2~ 2 8 3 ©c58 2 ¥

w 58§ = s E~ESET

o ¢S 5. ¢ g S5 Y H £ 5

m I 2 Q% ® 2 To v T L
= S =2 g ESN w S B g

< z 23 33 & =0 S ABE £

(=R 1 58 28 g od Rl A al

Frontiers in Immunology 07

10.3389/fimmu.2022.1005031

Pre-emptive use of NK cells to prevent
relapse after HSCT

A total of 77 patients from 4 studies were evaluated that
investigated the pre-emptive (or prophylactic) use of NK cells to
prevent disease relapse after allogeneic HSCT (33-36) (Table 4).
The median age of patients was 33.5 (2-75) years and 40% were
male. The median duration of follow-up was 23.1 (8-81.6)
months. All four studies used haplo donors. RIC was used in
70% (54/77) of the patients and MAC was used in 27% (21/77) of
the patients. The hematologic diagnoses were ALL 15.5% (12/
77), AML 67.5% (52/77), lymphoma 3.8% (3/77), MDS 2.6% (2/
77), CML 7.7% (6/77), and sarcoma 1% (1/77). All four studies
used donor-derived NK cells. PBMCs were collected by
apheresis followed by CD3+ depletion and CD56+ selection
with CliniMACS. Recently conducted studies by Choi et al. and
Ciuera et al. also performed ex vivo expansion as detailed in
Table 4. Patients received 2-3 NK cell infusions. NK cell infusion
doses ranged from 1 x10 (5) cells/kg to 1 x10 (8) cells/kg (33-36).

At the median follow-up of 1 (0.63-5) year, the pooled OS
was 69% (95% CI 0.38-0.93, I = 63%, n=34) (33, 34, 36). The
pooled ORR was 77% (95% CI 0.55-0.94, I> = 0, n=21) (33, 34).
The pooled CR was 42% (95% CI 0.08-0.79, % = 84%, n=62) (33-
35). The pooled RR was 28% (95% CI 0.13-0.46, > = 47%, n=24)
(33-36). The pooled incidence of acute and chronic GVHD was
24.9% (95% CI 0.08-0.44, I* = 57%, n=75) and 3.7% (95% CI
0.00-0.22, I* = 74%, n=10), respectively (33-36).

Discussion

NK cells are cytotoxic lymphocytes and are an important
part of the innate immune systems. They play an important role
in early immune reconstitution after HSCT. NK cells are
important mediators of anti-tumor and anti-infective
responses in the recipient. In this systemic review and meta-
analysis, we investigated the impact of NK cell reconstitution
post-HSCT, stem cell graft NK cell content, therapeutic NK cell
infusions post-HSCT, and pre-emptive/prophylactic NK cell
infusions post-HSCT on outcomes after allogeneic HSCT, such
as survival, relapse, GVHD, and infections.

Higher NK cell recovery after HSCT was associated with
favorable outcomes although studies were heterogeneous.
Higher NK cell reconstitution was associated with a better 2-
year OS (77% vs 55%). We could not perform pooled analysis for
relapse, GVHD, or infections due to the paucity of data. A low
number of NK cells after HSCT has been associated with poor
outcomes and efforts to improve NK cell reconstitution have
resulted in favorable responses (37, 38). Higher NK cell
reconstitution has been associated with significantly lower
relapse rates by Dunbar et al., Lang et al., and McCurdy et al
(16, 18, 22). The early recovery of NK cells following HSCT
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TABLE 3 Impact of therapeutic use of NK and CIK cell infusions on outcomes after allogeneic HSCT.

Author/
Year

Study type

Patients, n
Age (years),
Median
(range)
Male, n (%)
Diagnosis, n
(%)

Disease
status

HSCT donor

NK/CIK cell
donor
Product
Manipulation

Number of
infusions

NK cell
infusion
dose/kg,
(range)
Pre-NK cell
Conditioning

CR, n (%)
ORR, n (%)
0S, n (%)

Follow up
(months),
median
(range)
Relapse, n
(%)

Acute
GVHD, n
(%)
Chronic
GVHD, n
(%)

Shaffer et al., 2015

Clinical Trial Phase 2,
NK cells

8
19 (1.9-55.9)

NA

AML: 6 (75), MDS: 2
(25)

Relapsed or persistent
disease

MSD: 7 (87.5); MUD: 1
(12.5)

Haplo: 8 (100). Third
party

PBMC:s collected by
apheresis, CD3+ T-cell
depletion with
CliniMACS, followed by
CD56+ selection

1

10.6 (4.3 - 22.4) x 10°

Flu/Cy with IL-2

2 (25)
3 (37.5)
NA

NA

3 (37.5)

Lee et al., 2016

Clinical Trial Phase 1
21

51 (2-63)

15 (71)

AML: 8 (38), CML: 7 (30), MDS: 6
(28.5)

Relapsed or persistent disease
MSD 13 (72%); MUD 8 (38%)
Haplo: 21 (100), third party

PBMC:s collected by apheresis, CD3+
T-cell depletion with CliniMACS
(first 3 patients received CD56+
selection), culture with IL-2; post-
infusion IL-2

4

Escalating dosage: 1 x 10% 5 x 10%
3x10%3x 107

RIC (BuFIuATG) 21 (100)

11 (78.5)
21 (100)
5(23%) - 7.6 months

NA

12 (57.1)

10 (47.6)

6 (30)

Introna et al., 2007

Clinical Trial Phase 1, CIK
cells

11
53 (24-62)

5 (45.4)

AML: 4 (36), HD: 3 (27),
CML: 1 (9), ALL: 1(9),
MDS: 2 (18)

Relapsed disease
MSD: 6 (54); MUD: 5 (45)

Autologous CIK cells: 11
(100)

Leukapheresis product was
expanded using CIK cells
expansion cultures, using
IFN-y, CD3 antibody, and
1L-2

Repeated infusions at 3-4-
week intervals; Median
number of CIK infusions
were 2

12.4 (7.2 - 87.4) x 10°

None. Other therapies
included DLI 3,
Chemotherapy 2, DLI plus
Chemo 3, RT 1

3(27.2)
3(27.2)

4 (36.3%); Median OS 2.5
(2.1-2.7) years

20.5

NA

4 (36.3)

2 (18.1)

Laport et al., 2011

Clinical Trial Phase 1, CIK
cells

18
53 (20-69)

NA

NHL: 5 (27), AML: 3 (16),
MM: 3 (16), CLL: 2 (10),
ALL: 2 (10), MDS: 2 (10),
HL: 1 (5)

Relapsed disease
MSD: 18 (100)

MSD: 18 (100). Same
matched sibling donor

Leukapheresis product was
expanded using CIK cells
expansion cultures, using
IFN-y, CD3 antibody, and
IL-2

1

Escalating dose: 1 x 10%; 5
x 1071 x 10°

None

2 (11.1)
14 (77.7)

10 (55.5%) at 2.3 years;
Median OS 28 months

20 (1-69)

16 (88.8)

2 (11.1)

1(5.5)

“Donor cells may be mobilized peripheral blood stem cells (cryopreserved), leukapheresis product or harvested from patient if donor not available
*Individual patient level data available, cumulative data not available.
HSCT, hematopoietic stem cell transplant; CR, complete remission; ORR, Overall response rate; NA, Not available; AML, Acute myeloid leukemia; ALL, Acute lymphoblastic leukemia; HD,
Hodgkin’s lymphoma; SCA, Sarcoma; MDS,Myelodysplastic syndrome; NHL, Non-Hodgkin’s lymphoma; CML, Chronic myeloid leukemia; CMML, Chronic myelomonocytic leukemia;
MM, Multiple myeloma; CLL, Chronic lymphocytic leukemia; UCB — Umbilical Cord Blood; Haplo, Haploidentical; MSD, Matched sibling donor: MUD, Matched unrelated donor; MAC,
Myeloablative conditioning: TCD, T cell depleted; RIC, reduced intensity conditioning; BuFluATG, Busulfan, fludarabine, thymoglobulin; PT-Cy, Post-transplant cyclophosphamide;
FluCy, Fludarabine, cyclophosphamide; CIK cells, Cytokine-induced killer cells; PBMCs, peripheral blood mononuclear cells; IFN-y, Interferon-gamma; IL, Interleukin
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Linn et al., 2012

Clinical Trial Phase 1-2,
CIK cells

16
36 (20-60)

7 (44)

ALL: 3 (18), HD: 3 (18),
AML: 8 (50), CML: 1 (6),
NHL: 1 (6)

Relapsed disease

Haplo: 12 (75); MUD: 3
(19); UCB: 1(6)

HSCT donors: 20;
Autologous: 5*

Leukapheresis product was
expanded using CIK cells
expansion cultures, using
IFN-y, CD3 antibody, and
IL-2

55 (1-12 infusions per
patient); at a minimum of
4-week intervals

10-200 x 10°

None. Treated with
investigator’s choice
therapy concurrently

NA
5(31.2)
NA®

9 (56.2)

3 (18.7)

2 (12.5)
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TABLE 4 Impact of pre-emptive/prophylactic NK cells infusions on outcomes after haploidentical HSCT.

Author/
Year

Study type
Patients, n
Age (years),
Median
(range)
Male, n (%)
Diagnosis, n
(%)
Diagnosis
specification
HSCT donor
NK cell
donor

Product
Manipulation

Timing of
infusion

Number of
infusions

NK cell
infusion
dose/kg,
(range)
HSCT
Conditioning

CR, n (%)
ORR, n (%)
0S, n (%)

Follow up
(months),
median
(range)
Relapse, n
(%)

Acute
GVHD, n
(%)
Chronic
GVHD, n
(%)

Stern et al., 2013

Clinical Trial Phase 2
16
A: 23 (8-32), B: 10 (8-23)

NA

AML: 8 (50), ALL: 5 (31),
HL: 2 (12.5), SCA: 1 (6)

Haplo HSCT

Haplo: 16 (100)
Same as HSCT donor

PBMC:s collected by
apheresis, CD3+ T-cell
depletion with CliniMACS,
followed by CD56+ selection

Center A: Day +40, +100
Center B: Day +3, +40, +100

29 total, 1.8 per patient

1.21 (0.3-3.8) x10”

MAC/TCD 16 (100)

2 (12.5)
13 (81.3)

44 +12% at 1 yr:
25+ 11% - 2 & 5 yrs

69.6 (63.6-81.6)

7 (43.8)

4 (25)

Choi et al., 2014

Clinical Trial Phase 1
41
47 (17-75)

23 (56)

ALL: 7 (17), AML: 32 (78), MDS: 1 (2),
NHL: 1 (2)

Haplo HSCT

Haplo: 41 (100)
Same as HSCT donor

PBMC:s collected by apheresis, CD3+ T-
cell depletion with CliniMACS or
RosetteSep system. Cultured with IL-15,
IL-21 and hydrocortisone

First infusion 2 weeks after HCT, second
infusion 3 weeks after HCT

Escalating dosage: 0.2 x 10% 0.5 x 10% 1.0
x 10% >1.0 x 10°

RIC (BuFIuATG) 41 (100)

AML: 21 (72); ALL/NHL: 4 (50)
NA

AML: 31% -4 yrs;
ALL/NHL:0 -1 yrs

31.5 (16-53)

15 (37)

9 (22)

10 (24)

Ciuera et al., 2017

Clinical Trial Phase 1
13
44 (18-60)

6 (46)
AML: 8 (61.5), CML: 5 (38), MDS: 1 (7.7)
High risk myeloid malignancies

Haplo: 13 (100)
Same as HSCT donor

PBMC:s collected by apheresis, CD3+ T-cell

depletion with CliniMACS. Ex vivo

expansion using K562 feeder cells expressing

membrane-bound IL-21

Day +2, +7, +28

1x10°-1x10°

Mel based RIC with PT-Cy: 13 (100)

NA
NA
11 (85%) - 1 yr

14.7 (8-25.1)

1(7.7)

7 (54)

10.3389/fimmu.2022.1005031

Passweg et al., 2004

Pilot Study
5
16 (3-25)

2 (40)
AML: 4 (80), CML: 1 (20)

NK-DLI in case of poor
engraftment or relapse

Haplo: 5 (100)
Same as HSCT donor

PBMC:s collected by
apheresis, CD3+ T-cell
depletion with CliniMACS,
followed by CD56+ selection

NK-DLI in case of poor
engraftment (n = 3), graft
failure (n = 1), and early
relapse (n = 1)

2

1.61 (0.21-2.2) x 107

MAC/TCD: 5 (100)

3 (60)
3 (60)
4 (80%)- 1 yr

12 (8-18)

1(20)

HSCT, hematopoietic stem cell transplant; CR, complete remission; ORR, Overall response rate; NA, Not available; AML, Acute myeloid leukemia; ALL, Acute lymphoblastic leukemia; HD,
Hodgkin’s lymphoma; SCA, Sarcoma; MDS,Myelodysplastic syndrome; NHL, Non-Hodgkin’s lymphoma; CML, Chronic myeloid leukemia; CMML, Chronic myelomonocytic leukemia;
MM, Multiple myeloma; CLL, Chronic lymphocytic leukemia; Haplo, Haploidentical; MAC, Myeloablative conditioning: TCD, T cell depleted; RIC, reduced intensity conditioning;
BuFIuATG, Busulfan, fludarabine, thymoglobulin; PT-Cy, Post-transplant cyclophosphamide; FluCy, Fludarabine, cyclophosphamide; Mel, Melphalan; PBMCs, peripheral blood
mononuclear cells; DLI, donor lymphocyte infusion; IL, Interleukin.

could have antitumor effects that could explain lower relapse
rates in patients with higher NK cell reconstitution.

In our meta-analysis, higher stem cell graft NK cell content
was associated with a higher OS (65% vs 46.5%), lower RR (17%
vs 33%), and lower acute GVHD incidence (28% vs 50%);
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however, the differences were not statistically significant.
Improved relapse-free and overall survival were observed after
HSCT with high NK cell content in the stem cell graft and early
NK cell reconstitution. The rapid recovery of NK and T cells
post-HSCT likely enhances the crosstalk between NK and T cells
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in the microenvironment (20). Our findings of lower acute
GVHD in the high NK cell group are consistent with the
findings of previous studies which reported that the GVL
effect is possible without increasing GVHD (22, 39). This
likely can be explained in part based on the restricted
alloreactivity of NK cells to hematopoietic cells and partly
based on innate differences between donor and host recipient’s
major histocompatibility complexes (MHC)-class I profiles
which are exploited by NK cells (34). The cytotoxic effects
induced by the alloreactive NK cells lead to a reduction in
antigen-presenting cells in the recipient and therefore, indirectly
inhibit T-cell proliferation and GVHD induction (40). Some of
the earlier studies suggested their role in inducing GVHD
following HSCT; however, subsequent studies showed that the
adoptive transfer of donor NK cells post-transplant led to a
decline in the incidence of relapse and GVHD while preserving
the GVL responses. This in part was attributed to the KIR-ligand
mismatch on the target cells that suppresses the alloreactive T-
cell responses in the recipient (41). NK cells have been shown to
reduce viral reactivation (CMV and BK virus) following
haploidentical transplantation (36, 42). Higher NK cell
reconstitution decreases rates of CMV reactivation and
improves outcomes in patients with CMV reactivation (25).
Minculescu et al. reported that higher NK cell reconstitution was
significantly associated with lower CMV infections (17).
McCurdy et al. reported a significantly lower NRM with
higher NK cell constitution (16). Our findings are consistent
with prior studies reporting that a higher NK cell dose in the
donor graft appears to be associated with a lower risk of relapse
and improved progression-free survival (24-26, 43-45).
Individual studies have shown better outcomes in patients
with earlier and higher NK cell reconstitution following HSCT
and poor outcomes with delayed and lower NK cell
reconstitution (19, 23).

Therapeutic administration of NK cells for the relapsed
hematologic disease after HSCT employed either NK cell or
cytokine-induced killer (CIK) cell infusions. While both
approaches yielded favorable outcomes, a few key differences
were noted. Therapeutic NK cell infusions for hematologic
relapse post-HSCT reported an ORR and CR of 83% and 45%,
and RR, acute GVHD, and chronic GVHD rates of 52%, 20%,
and 11%, respectively. Therapeutic CIK cell infusions reported
an ORR and CR of 45% and 11%, and RR, acute GVHD, and
chronic GVHD rates of 56%, 34.5%, and 21%, respectively. NK
cell infusions appear to have better outcomes; however, a direct
comparison could not be made due to the heterogeneous nature
of the studies. In a previous meta-analysis to evaluate the
therapeutic effect of HSCT in combination with NK cells in
leukemia patients, the combination was found to decrease the
incidence of GVHD after HSCT without a significant effect on
OS and relapse rate (42).
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Pre-emptive donor-derived NK cell infusions to prevent
relapse post-HSCT had promising outcomes with one-year
overall survival of 69%. The rates of overall response and
complete remission were 77% and 42% respectively. The
relapse rate was 28%, and acute and chronic GVHD was noted
in 25% and 4% of patients, respectively. These results
demonstrate significantly lower relapse rates, lower GVHD
incidence, and higher survival compared to the contemporary
historical population although a direct comparison is difficult
given the small patient sample and different underlying
hematologic malignancies (46-48). The safe and effective dose
of NK cell infusion remains to be determined. It is not
established whether a higher number of infused NK cells
improves efficacy (31). The NK cell dose for therapeutic and
pre-emptive studies varied, with a dose range of 1 x10 (5) cells/
kg to 1 x10 (8) cells/kg.

The promising outcomes seen with pre-emptive studies
suggest that donor-derived NK cell infusion may be a more
effective prophylactic strategy as compared to NK cell infusions
after overt hematologic relapse (31). Individual studies have also
shown the production feasibility and safety of infusing NK cells
(preemptive and therapeutic) following HSCT resulting in higher
NK cell number and function, lower relapse rates, and lower viral
infections without increasing GVHD or mortality (36, 45). These
findings support the feasibility and potential benefit of NK cell
infusions after HSCT without increasing treatment-related
mortality. Further prospective studies are needed to define the
optimal manipulation, expansion, dosing, and timing of NK cell
infusions after HSCT. Moreover, there is emerging research on
engineering NK cells for cancer immunotherapy, including
chimeric antigen receptor (CAR) NK cells, that can be
employed in hematologic malignancies (49, 50).

To our knowledge, this is the first comprehensive meta-
analysis to investigate the impact of NK cell reconstitution and
infusion on outcomes after HSCT. Our study has several
limitations. Literature was limited with a lack of randomized
data. Studies were very heterogeneous, limiting the
generalization of results, and allowing for a limited pooled
analysis. Our findings suggest the promising benefit of NK
cells to prevent disease relapse without causing excess toxicity;
however, these findings are hypothesis-generating and
conclusions should be made with caution due to the lack of
prospective randomized data.

Conclusions

Higher reconstitution of NK cells after allogeneic HSCT
appears to have a favorable impact on outcomes, including
better OS and low incidence of relapse, acute GVHD, and viral
infections. Infusion of donor-derived NK cells after HSCT to
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prevent relapse resulted in favorable outcomes with an
acceptable toxicity profile. However, the benefit of allogeneic
NK cell infusions after HSCT to treat overt hematologic
relapse is modest. The study summarizes the current
evidence regarding the impact of NK cells following
allogeneic HSCT with its limitations. This seminal review
will help to tailor and design phase I clinical trials
evaluating unmanipulated or engineered NK cell infusions
following allogeneic HSCT in patients with hematologic
malignancies. Our findings suggest the need for further
prospective studies to investigate the utility of NK cell
infusion early post-transplant to improve clinical outcomes
and survival as well as to establish the potential benefit of NK
cell infusion after HSCT to prevent relapse of high-risk
hematologic malignancies without increased non-
relapse mortality.
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