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Abstract
Background—Natural killer (NK) cells derived from patients with cancer exhibit diminished
cytotoxicity compared with NK cells from healthy individuals. We evaluated the tumor response
and in vivo expansion of allogeneic NK cells in recurrent ovarian and breast cancer.

Methods—Patients underwent a lymphodepleting preparative regimen: fludarabine 25 mg/m2 ×
5 doses, cyclophosphamide 60 mg/kg × 2 doses, and, in seven patients, 200 cGy total body
irradiation (TBI) to increase host immune suppression. An NK cell product, from a haplo-identical
related donor, was incubated overnight in 1000 U/mL interleukin (IL)-2 prior to infusion.
Subcutaneous IL-2 (10 MU) was given three times/week × 6 doses after NK cell infusion to
promote expansion, defi ned as detection of ≥ 100 donor-derived NK cells/µL blood 14 days after
infusion, based on molecular chimerism and flow cytometry.

Results—Twenty (14 ovarian, 6 breast) patients were enrolled. The median age was 52 (range
30–65) years. Mean NK cell dose was 2.16 × 107 cells/kg. Donor DNA was detected 7 days after
NK cell infusion in 9/13 (69%) patients without TBI and 6/7 (85%) with TBI. T-regulatory cells
(Treg) were elevated at day +14 compared with pre-chemotherapy (P = 0.03). Serum IL-15 levels
increased after the preparative regimen (P = <0.001). Patients receiving TBI had delayed
hematologic recovery (P = 0.014). One patient who was not evaluable had successful in vivo NK
cell expansion.
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Conclusions—Adoptive transfer of haplo-identical NK cells after lymphodepleting
chemotherapy is associated with transient donor chimerism and may be limited by reconstituting
recipient Treg cells. Strategies to augment in vivo NK cell persistence and expansion are needed.
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Introduction
Human natural killer (NK) cells are a subset of peripheral blood lymphocytes defined by the
expression of CD56 or CD16 and the absence of T-cell receptor (CD3) (1–10).NK cells play
a role in tumor surveillance and can recognize unhealthy cells with decreased expression of
class I major histocompatibility complex (MHC) molecules, referred to as ‘loss of self’
(11,12). In a number of tumor types generally considered unresponsive to chemotherapy, a
series of well-publicized trials at the National Cancer Institute (NCI,Bethesda,MD,USA) has
documented anti-tumor effects in patients using adoptive cellular immunotherapy (ACT).
(13,14). This approach involves harvesting mononuclear cells from patients via
lymphapheresis, incubation of the cells ex vivo using high concentrations of the lymphokine
interleukin (IL)-2, and administration of the expanded and IL-2-activated cells (lymphokine-
activated killer, or LAK,cells) to the patient along with IL-2 administration. Early clinical
trials showed modest clinical success using autologous LAK with high-dose IL-2 in
lymphoma, melanoma and renal cancers, with the majority of cytotoxicity attributed to NK
cells (15). The rationale for this study was the potent function of IL-2-activated allogeneic
NK cells, compared with autologous NK cells, against ovarian and breast cancer (16–
20).We now understand that the failure of autologous NK therapy is partially because of the
down-regulation of NK cell killing that occurs with recognition of self-class I MHC on
tumor cells, making allogeneic cell transfer more attractive (11,12,21).

Murine models show that depletion of immune cells before ACT enhances the anti-tumor
efficacy of transferred donor cells, with a direct correlation between the extent of
lymphodepletion and in vivo anti-tumor effect of the transferred cells (22).Lymphodepletion
has been shown to augment innate immunity by increasing exposure to homeostatic
cytokines (IL-7 and IL-15),eliminating competing elements of the immune system
(‘cytokine sinks’) and limiting the number of regulatory T lymphocytes (Treg) and myeloid-
derived suppressor cells (23,24).Lymphodepletion followed by ACT has produced
approximately 20% complete and partial responses in initial trials at the NCI, with responses
occurring primarily in melanoma, renal cell cancers and non-Hodgkin lymphoma (15).A
clinical trial assessing the safety and effi cacy of related donor, HLA-haplo-identical,
allogeneic NK-enriched peripheral blood cell infusion in patients with poor prognosis acute
myeloid leukemia (AML) has been completed at the University of Minnesota (25). We
learned that infusion of related donor haploidentical allogeneic NK cell infusions is safe and
that successful in vivo donor NK cell expansion, which correlates with efficacy in AML,
requires a high-dose cyclophosphamide and fludarabine lymphodepleting preparative
regimen (Hi-Cy/Flu). More recently, accumulating data in animal models suggest that
further lymphodepletion may improve ACT persistence and efficacy (23,26).Dudley et al.
(22) evaluated the efficacy and safety of adding total body irradiation (TBI) to a non-
myeloablative chemotherapy preparative regimen in patients with metastatic melanoma.
They reported an objective response rate of 50–70%. Additionally, they found increases in
homeostatic cytokines IL-7 and IL-15, hypothesized to lead to the persistence, proliferation
and activation of the adoptively transferred cells.
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Based on the above findings, we evaluated the in vivo expansion and clinical efficacy of an
adoptively transferred haplo-identical donor NK cell product in a solid tumor setting
following a preparative regimen with and without total body irradiation (TBI).

Methods
Patient eligibility

Patients over the age of 18 years with refractory metastatic breast or ovarian cancer with
adequate performance status, organ function [total bilirubin, Aspartate transaminase(AST)/
Alanine transaminase(ALT) ≤5 times upper limits of normal, and creatinine <2.0 mg/dL, or
calculated creatinine clearance ≥50 mL/ min for patients with creatinine levels above
normal] and hematologic reserve (platelet count greater than 80,000/µL, hemoglobin level
greater than 9 gm/ dL, and an absolute neutrophil count greater than 1000/µL) were eligible
to participate. We treated 20 (14 ovarian and 6 breast) patients. All patients had failed at
least four prior therapies for recurrent disease. Corticosteroids or other immunosuppressive
medications were not allowed for 3 days prior to study entry or while participating in the
study. All patients consented to participate in the study, approved by the Committee on the
Use of Human Subjects in Research at the University of Minnesota (MN,USA) according to
the Declaration of Helsinki.

Study design
We conducted a standard phase II study associated with Investigational New Drug (IND)
application BB-IND 8847 (JSM, sponsor). Lymphodepleting chemotherapy (Hi-Cy/Flu
regimen) given prior to the NK cell infusion (day 0) consisted of 60 mg/kg intravenous
cyclophosphamide (days–5 and–4) and 25 mg/m2 fludarabine for 5 consecutive days (days–
6 to–2). Haploidentical related donors were chosen, with preference given to killer
immunoglobulin-like receptor (KIR) ligand-incompatible donors. They underwent
lymphapheresis for 3–5 h on the day prior to cell infusion (day–1). Peripheral blood
mononuclear cells (PBMC) were collected using a Fenwal CS-3000 Plus blood cell
separator (number 4R4538) with a granulocyte separation chamber and small volume
collection chamber (SVCC; Fenwal Division, Baxter Healthcare, Deerfield, IL,USA). Up to
2×1010 PBMC were incubated with magnetic-activated cell sorting (MACS) colloidal super-
paramagnetic CD3 Micro-Beads (Miltenyi Biotec,Auburn,CA,USA),which consisted of
monoclonal mouse anti-human CD3 antibodies conjugated to microspheres. T cells were
depleted from the lymphopheresis product using the Miltenyi Biotec CliniMACS cell
selection device under good manufacturing practice (GMP) conditions (AmCell, Sunnyvale,
CA, USA) and the CD3-depleted products were prepared for infusion as described
previously by McKenna et al. (27). All cell products contained more than 70% viable cells
for infusion.

NK cells were administered by intravenous infusion 2 days after the last dose of fludarabine.
On the evening of the cell infusion, patients began subcutaneous injections of IL-2 (10 MU)
given three times weekly for a total of six doses, based on regimens known to expand
autologous and allogeneic NK cells in vivo (25,28). Seven patients also received 200 cGy
TBI on day–1. TBI was delivered with a linear accelerator using 6, 18 or 25 MV photons in
a single fraction on day–1,with right and left lateral fields at a dose rate between 10 and 19
cGy/min prescribed to the midplane of the patient at the level of the umbilicus.

Laboratory methods
NK cell products and peripheral blood samples obtained from the 20 subjects at specified
time-points were analyzed by four-color flow cytometry on a FACSCalibur (BD
Biosciences, San Jose, CA, USA) using CELLQuest Pro acquisition software (BD
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Biosciences) and FlowJo analysis software (Tree Star Inc., Ashland, OR, USA). Cells were
stained with the following monoclonal antibodies (MAb): peridinin chlorophyll A protein
(PerCP)-conjugated SK7 (anti-CD3), allophycocyanin (APC)-conjugated NCAM16.2 (anti-
CD56), APC-conjugated SK3 (anti-CD4), phycoerythrin (PE)-conjugated 2A3 (anti-CD25),
APC-conjugated M-A251 (anti-CD25), PE-conjugated h-IL7R–M21 (anti-CD127) (BD
Biosciences), fluorescein isothiocyanate (FITC)-conjugated eBioRDR5 (anti-CD127)
(eBioscience, San Diego, CA, USA) and Alexa Fluor 488-conjugated 259D (anti-Foxp3)
(Biolegend, San Diego, CA, USA), as indicated. IL-15 and IL-7 concentrations were
determined on frozen serum and plasma, respectively, by a commercial enzyme-linked
immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, USA) with an assay
sensitivity of 2 pg/mL.

Donor chimerism was measured using a standard short-tandem repeat assay on unsorted
mononuclear cells. This has proved to be a reliable assay in the setting of AML, where NK
donor expansion is seen with 90–100% donor chimerism (29). The test was performed by
the University of Minnesota clinical molecular diagnostics laboratory (30). The primary
endpoint of the study was to evaluate the successful in vivo expansion of the infused
allogeneic donor NK cell product. Successful NK cell expansion was defined as the
detection of ≥100 donor-derived NK cells/µL whole blood 14 days after the NK cell infusion
and was determined using the following formula: absolute donor-derived NK cells =
(absolute lymphocyte count × percentage of donor chimerism × percentage of CD56+

CD3−(NK) lymphocytes by flow cytometry).

Statistics
Enrollment was targeted at 14 patients to provide 80% power at a 0.05 significance level to
detect a successful donor NK cell expansion rate of at least 30%. Prospective stopping rules
were applied in each cohort and included prolonged neutropenia, defined as an absolute
neutrophil count of less than 500 on day +35, as well as a rate of any non-hematologic grade
4 toxicity, except fevers or grade 4 neutropenia, at day +28 exceeding 20%.

Secondary objectives for this trial were to characterize the toxicities and estimate disease
response. Patients were assessed 28 days after completing therapy. Responses were
evaluated as complete response (CR), partial response (PR), stable disease (SD) and
progressive disease (PD), based on the Response Evaluation Criteria in Solid Tumors
(RECIST) (31). Days to last platelet transfusion, last red blood cell transfusion and
engraftment were measured from the study start date. Data from patients who did not receive
transfusions were censored at the date of study completion or date of death. Time to event
was estimated using the Kaplan–Meier method. Median days to events and their
corresponding 95% confidence intervals are reported. The generalized Wilcoxon test was
used to compare the survival curves between groups and a t-test was used to compare the
differences between mean values of two groups.

Results
Characteristics of the NK cell products

The apheresis products contained a median of 9.5% CD56+ CD3−NK cells (range 4.0–
29.6%) prior to manipulation. Following enrichment by CD3 depletion, the final products
contained a median of 33% NK cells (range 23.1–55.5%), resulting in a median infused NK
cell dose of 2.15 × 107 NK cells/kg (range 8.33 × 106–3.94 × 107). The products were signifi
cantly T-cell depleted after processing, with a median of 0.11% CD3+ cells (range 0.03–
1.9%), giving a median infused T-cell dose of 5.59×104 CD3+ cells/kg (range 2.35 × 104–
5.69 × 105). Of the mononuclear cells in the fi nal product, 43.9 ± 3.4% were CD14+ and
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47.1 ± 3.3% were lymphocytes (of which 51.9 ± 3.8% were NK cells and 45.0 ± 3.8% were
CD19+ B cells, with minimal T and natural killer T-cells [NKT]). The lymphocyte
contribution to the fi nal product included 25.0 ± 0.3% NK cells, 20.1 ± 0.2% CD19+ B cells
and <0.001% T or NKT cells.

Haplo-identical NK cell infusion following Hi-Cy/Flu preparation: toxicity and response
Twenty patients with recurrent ovarian (n = 14) or breast cancer (n = 6) were treated with
haplo-identical NK cell infusions (Table I). All received the Hi-Cy/ Flu preparative regimen
as lymphodepletion and to prevent immunologic rejection of donor cells by the recipient.
Seven received 200 cGy TBI for additional lymphodepletion (Hi-Cy/Flu/TBI). All patients
were monitored at specified time-points throughout the study for toxicity, expected during
treatment with high-dose chemotherapy and low-dose IL-2 (Table II). Expected low-grade
(1 and 2) toxicities were observed in most patients. Eleven patients developed grade 3
toxicity, and none of the expected side-effects reached grade 4. Despite the known
constitutional symptoms associated with IL-2, injections were tolerable, with 93% (111/120)
of the planned IL-2 doses administered. Sixteen patients received all six planned doses.
Fewer doses were given to one patient with high fever (five doses), one with hypoxia (five
doses) and one with autoimmune hemolysis (four doses).

There were 10 unanticipated severe adverse events (SAE) (four grade 3, five grade 4 and
one grade 5) (Table III). Eight of these occurred following the addition of TBI. Two of the
SAEs (decrease in cardiac ejection fraction and abdominal pain), although unexpected,
resolved with no permanent sequelae. The grade 5 toxicity was a death attributed to tumor
lysis syndrome (TLS) in a 51-year-old woman with significant ovarian cancer tumor burden
(maximal size liver metastasis 6.8×4.8 cm). On admission, her white blood cell (WBC)
count was 24 000; she had negative blood and urine cultures and was without obvious
infection. She received her first IL-2 dose 4 h after NK cell infusion and experienced chills,
rigors and temperature to 100.3°F. Within 24 h she became lethargic, weak, tachycardic and
hypotensive. Despite fluid resuscitation and antibiotics, she became more unresponsive,
hyperglycemic, hypoxic and acidotic and eventually went into cardiac arrest and died. At
that time she was neutropenic (WBC 0.2) and had an elevated lactate dehydrogenase (LDH)
and potassium. Cultures from her blood and the NK cell product subsequently came back
negative. Autopsy revealed disease throughout the abdomen and pelvis. Metastatic lesions in
the liver, spleen and diaphragm were necrotic. Sections of the metastatic carcinoma showed
scattered CD56+ NK cells and CD3+T cells. Based on these results, death was believed to
be the result of metabolic derangement consistent with TLS as a result of NK cell therapy.

Another unanticipated toxicity that occurred in two patients was passenger lymphocyte
syndrome (PLS). PLS is an autoimmune hemolytic anemia as a result of the production of
antibodies by donor B ‘passenger lymphocytes’ in an immune response against the
recipient’s red blood cell antigens (32). One patient with type B+ blood (donor 0+) had a
drop in her hemoglobin to 5.7 (from 8.0) on day +8, after four doses of IL-2. This was
associated with an elevated LDH, low haptoglobin and spherocytes on a peripheral smear.
Serial direct anti-globulin testing (DAT) on her serum samples demonstrated development
of an anti-B antibody 3 days prior to clinical hemolysis, with an increasing titer that peaked
at 1:128. The IL-2 was discontinued and she was treated with high-dose methylprednisolone
and rituximab, with resolution of the hemolysis within 48 h. A patient with type A blood had
a drop in hemoglobin with an associated DAT positive for anti-A antibodies after an NK cell
product from a type O donor. This event resolved spontaneously within 1 day and only in
retrospect was it attributed to PLS.

Five patients had neutropenia beyond day +28, four of whom received TBI. There were no
significant differences between the breast and ovarian cohorts with respect to time to
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neutrophil or platelet recovery or red blood cell (RBC) transfusion independence. However,
patients who received TBI had signifi cantly longer median times to neutrophil recovery
[TBI 32 days, 95% confi dence interval (CI) 15 – 34; no TBI 15 days, 95% CI 13–15; P =
0.014). Similarly, the median times to transfusion independence were longer after TBI:
platelets (TBI 51 days, 95% CI 23–82; no TBI 18 days, 95% CI 13–36; P = 0.040) and RBC
(TBI 43 days, 95% CI 37–76; no TBI 15 days, 95% CI 13–20; P = 0.001).

Re-evaluation of disease by computed tomography (CT) scan was performed 4–6 weeks
following NK infusion and every 3 months thereafter. There were 4 patients with PR (all
ovarian), 12 with SD (8 ovarian and 4 breast) and 3 with PD (1 ovarian and 2 breast) at a
median of 36 days (range 31–109) following NK cell infusion. The median time to
progression was 2 months (range 1–6).

In vivo expansion of haplo-identical NK cells after Hi-Cy/Flu and Hi-Cy/Flu/TBI
None of the 13 patients in the non-TBI Hi-Cy/Flu group met the pre-defined criterion for
successful in vivo NK cell expansion at day +14, although nine (69%) had detectable donor
chimerism at day +7 (mean 47 ± 9%; range 0–83%). At that time NK cells comprised 40.81
±8.6 (range 1.0–86.6%) of circulating lymphocytes. By day +14, the percentage of
circulating NK cells had dropped to 4.1 ± 6.8 (range 0–29.8%), replaced by a corresponding
increase in T cells (85.3 ± 7.6%). All patients had similarly low Treg profiles at baseline
(prior to starting chemotherapy) that were significantly elevated at day +14 compared with
pre-chemotherapy counts (P = 0.03). Interestingly, the T-cell profile split into two clusters,
with one group having a marked increase in a population with a Treg phenotype (CD4+,
CD25 + and CD127−) at day +14, the other with mainly CD8+ T cells. By day +14 the
percentage of lymphocytes with a Treg phenotype in the ‘low Treg ’ group was 4.9 ± 1.6%
and in the ‘high Treg group’ 47 ± 10.4% (P = 0.001) (Figure 1). A representative flow
cytometry plot from a high Treg patient is shown in Figure 2. The surface phenotype panel
for Treg correlated closely with the percentage of true Treg, as defined by the expression of
Foxp3 (see CD127 and Foxp3 panels). There was no variable that predicted the Treg group
or NK cell persistence (KIR ligand mismatch, prior therapy, baseline phenotype, phenotype
of the product [Table IV]). At day + 14, one of 13 patients had 8.1% donor DNA compared
with 9 of 13 on day + 7 (P = 0.004), showing NK cell loss between days + 7 and +14. All
donor DNA had disappeared by day +28.

Hypothesizing that inadequate host lymphodepletion was contributing to rejection of the
donor NK cells, 200 cGy TBI was added to achieve further immune suppression in seven
patients. No significant differences in rates of donor chimerism (6/7 at day +7) (P= 0.61) or
lymphocyte profiles at day +7, + 14 or +28 were seen between patients who did and did not
receive TBI. In vivo NK cell expansion was detected at day +14 in one patient ineligible for
that endpoint because she received only 4/6 doses of IL-2 and received high-dose steroids to
treat the autoimmune hemolysis associated with PLS. Her donor-derived NK cells persisted
from day +28 (91%; 180 donor derived NK cells/µL) to day +42.

As IL-15 is an ideal candidate to drive NK-cell expansion, based on previous studies (25),
we measured the level of endogenous IL-15 throughout therapy (Figure 3). All patients had
increased IL-15 levels from baseline after the chemotherapy preparative regimen (1.2 ± 0.3
pg/mL versus 31.8 ± 4.0; P = <0.001) that was sustained at day +7 (mean 34.1 ± 3.6) and
began to fall at day +14 (12.9 ± 3.8). The seven subjects who received TBI had higher IL-15
levels at days 14 (19.7 ± 0.4 versus 11.3 ± 2.7) and 28 (19.2 ± 0.3 versus 8.6 ± 2.7) that did
not reach statistical significance. IL-7 levels also rose after the lymphodepleting
chemotherapy, and remained elevated until at least day + 28 (data not shown).
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Discussion
We tested the use of adoptively transferred haploidentical NK cells to treat patients with
solid tumors. Following preparation with a Hi-Cy/Flu regimen, donor DNA was detectable 7
days after the NK cell infusion in 79% (15/19) of patients. Although most patients had high
percentages of NK cells at day + 7, the absolute lymphocyte count was essentially
immeasurable at that time-point. After completion of the IL-2 course 14 days after NK cell
infusions, the small numbers of donor NK cells found earlier were replaced by recipient T
cells, often with a Treg phenotype. IL-7 and IL-15 levels both increased after the preparative
regimen, but did not correlate with the lymphocyte phenotype.

As no successful NK cell expansion was seen with the Hi-Cy/Flu chemotherapy alone, we
investigated whether intensifying lymphodepletion by adding 200 cGy TBI was necessary to
achieve successful NK expansion and possibly eliminate the suppressive effects of the Treg.
Our hypothesis was supported by the work of Rosenberg et al. (33) showing that the
addition 200–200 cGy TBI to a Hi-Cy/Flu preparative regimen promoted T-cell expansion
and persistence in melanoma, and by the finding that 400 cGy TBI was associated with
significantly better NK cell expansion in patients with AML (29).With the addition of TBI
200, we found a significantly greater time to hematopoietic recovery in our heavily pre-
treated population, but no improvement in rates of NK cell expansion in evaluable patients.
It is interesting that the only patient with expanded NK cells was not evaluable for this end-
point because she developed PLS requiring high-dose steroids and interruption of her IL-2
administration after four doses. Steroids at high doses may have inadvertently contributed to
the greater immunosuppression in this patient. Although this provided proof of the concept
that NK cells can expand in solid tumor patients, the presumed inhibitory effects of steroids
on NK cell function are contrary to the goals of maximizing NK cell function in vivo.

Our protocol was based on the findings of Miller et al. (25), who induced complete
remission in 5 of 19 poor prognosis patients with AML. They were able to demonstrate
successful expansion and persistence of haplo-identical NK cells 14 days after NK infusion
in patients following the Hi-Cy/Flu preparative regimen. Higher numbers of circulating
donor-derived NK cells were seen in the patients who achieved complete remission. While
tumor response was not a primary outcome of this study, in Miller’s study 26% achieved
complete remissions following haplo-identical NK cell therapy. Although our current trial
corroborates the fi ndings of Arai et al. (34), who reported SD in 4 of 12 advanced renal cell
carcinoma and melanoma patients receiving NK-92 cells as allogeneic immunotherapy, the
contribution towards therapeutic efficacy played by the NK cells is difficult to differentiate
from the high-intensity chemotherapy regimen. It remains unknown whether there is any
absolute threshold for NK cell persistence or expansion that may correlate with efficacy. It is
also possible that in vivo-expanded NK cells home to tumor and are not found circulating in
blood at the time of sample collection. Although tracking cells in vivo could address this
issue, clinically applicable methods have been hampered by lack of resolution to allow
whole body imaging of cells that might divide in vivo.

During the lymphopenic window induced by the preparative regimen in our study, there was
evidence of transient donor NK cell persistence, but by day + 14 patients had reconstituted
with host T cells, suggesting that suppressive factors induced in the tumor
microenvironment may be inhibiting donor NK cell expansion. The proliferation of
adoptively transferred NK cells could be limited by host factors, including immune rejection
by effector T cells, suppression by myeloid-derived suppressor cells (MDSC), which are
widely studied for their suppressive properties in tumor models (24,35,36), and suppression
by Treg, which are known to maintain tolerance to self/tumor antigens (37–42) and induce
immune tolerance against tumors in both mouse models and humans (38,39,43). In support
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of this, Treg depletion before adoptive cell transfer of T cells in a murine AML model
signifi cantly increased the efficacy in the setting of substantial preexisting tumor burden
(44). As half the patients in our study had significant Treg expansion, the ability to deplete
Treg appears critical for effective adoptive cellular therapy. As others have shown an
inverse relationship between the accumulation of Treg in human ovarian cancer and survival
(39), eradicating this cell population for this disease may not only enhance the effectiveness
of adoptively transferred NK cells but may also be of therapeutic benefit.

Successful adoptive cell transfer requires the creation of a lymphopenic environment to
‘make space’ and change the competitive balance between endogenous lymphocytes and
proliferating donor lymphocytes. In addition, lymphopenia may induce survival or deplete
inhibitory factors (reviewed in 45,46) to promote cellular expansion. Despite their ability to
decrease Treg (37,47,48), in our study cyclophosphamide and fludarabine alone, or with 200
cGy TBI, were inadequate to promote NK cell expansion. Our use of exogenous IL-2 to
promote in vivo NK cell expansion may have had the unintended effect of promoting host
Treg expansion (49), supporting the use of IL-15 as a more NK-selective cytokine when it
becomes available for use in humans. Cyclosporine (CsA), a calcineurin inhibitor, inhibits
Treg activity by blocking the induction of the nuclear factor of activated T cells (NFAT),
leading to a decrease in IL-2 and IL-2 receptor gene expression. The lack of IL-2 or its
functional receptor blocks the generation of Treg both in the thymus and in the periphery
(50). More recently, CsA was found to be significantly more immunosuppressive to T cells
than NK cells, and the anti-tumor effects of adoptively transfused in vitro-expanded NK
cells were found to be maintained in the presence of CsA (51). The use of CsA for Treg
depletion needs prospective clinical testing.

Haplo-identical donor NK cell infusions were well tolerated overall, with limited infusional
or IL-2-related toxicity. However, two signifi cant unanticipated toxicities, TLS and PLS,
add to our understanding of the possible consequences of allogeneic NK-cell therapy in
heavily pre-treated patients with significant tumor burden. TLS occurs from massive
necrosis of neoplastic cells after chemotherapy. This syndrome is infrequently encountered
in the treatment of ovarian cancer, with only three separate reported incidences in the
literature following carboplatin/cyclophosphamide, topotecan and weekly paclitaxel (52–
54). In other solid tumors, TLS has been reported to occur 4–7 days following chemotherapy
and most frequently in patients with widespread tumor highly sensitive to anti-neoplastic
therapy (55). The ovarian cancer patient developed TLS 5 days following completion of her
second infusion of high-dose cyclophosphamide, with her symptoms beginning within 6 h of
the NK cell infusion. The timing of the event, together with the detection of NK cells in her
necrotic liver specimen on autopsy, suggest that NK cells could have contributed to the
tumor lysis. Since this event, patients have been given allopurinol as prophylaxis for TLS
and no other episodes have occurred.

In addition, we identified a previously unreported event of adoptive-cell therapy-related PLS
resulting in autoimmune hemolysis in two patients. In our trial, PBMC from related haplo-
identical donors were enriched for NK cells by depletion of CD3+ T cells. Thus the final
product contained monocytes and B cells. The potential toxicity of B-cell derived antibody
production from ABO-incompatible cellular therapy donors should be noted and cellular
products from ABO-incompatible donors should be B-cell depleted. Additionally, other
selection strategies, such as CD56+ selection, could be used to enrich the NK cell product
further, but this double-selection strategy leads to more cell loss.

In summary, the adoptive transfer of haploidentical NK cells after lymphodepleting
chemotherapy in patients with ovarian and breast cancer is associated with transient donor
chimerism that is not improved with the addition of low-dose TBI. Sustained in vivo NK
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cell expansion may be limited by host rejection, competition with host lymphocytes or
suppression by recipient Treg or MDSC. More effective strategies to augment in vivo NK
cell persistence and expansion are needed to test the clinical benefit of NK cells against solid
tumors.
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Figure 1.
Treg increase 14 days after NK + IL-2 administration. PBMC were collected prior to
chemotherapy and 14 days after haplo-identical NK cell infusion and IL-2 administration.
When all the ovarian patients were considered, there was a significant increase in Treg, but
two patterns were seen. Seven patients exhibited a high Treg profi le, defined by the
presence of CD4+, CD25+ and CD127– cells at day +14. Six patients exhibited a low Treg
pattern, where the post-therapy sample did not change from pre-therapy. There was no
difference in Treg elevation based on presence or absence of TBI (P = 0.44). Error bars
represent standard error of the mean.
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Figure 2.
Phenotypic Treg express Foxp3. PBMC were collected prior to chemotherapy and 14 days
after haplo-identical NK cell infusion from a patient in the high Treg group. At day +14,
52.6% of circulating cells were CD3+ CD4+.Of those, 90% were consistent with circulating
Treg. The surface phenotype panel for Treg CD25+ CD127– correlated closely with the
percentage of true Treg (95%), as defined by the expression of Foxp3.
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Figure 3.
IL-15 levels increase after lymphodepleting therapy. Plasma was collected from patients at
the indicated time-points before and after the Hi-Cy/Flu ± TBI preparative regimen. A
significant increase in IL-15 concentration was detected following the chemotherapy prior to
donor NK infusion and at day + 7. By day +14 concentrations began to decrease. Error bars
represent standard error of the mean.
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Table I

Patient demographics and clinical characteristics.

Ovarian
(n = 14)

Breast
(n = 6)

Age (years)

  30–39 0 2

  40–49 2 3

  50–59 9 1

  60–69 3 0

Performance status

  0 11 4

  1 3 2

Ethnicity

  Caucasian 14 5

  Hispanic/Latino 0 1

  Black 0 0

  Median number of prior therapies
    (range)

7 (4–15) 10 (5–12)
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Table II

Toxicity.

Toxicity Grade Total by grade

Dyspnea 3 3

4 0

Hypoxia 3 0

4 0

Fever in absence of infection 3 1

4 0

Chills 3 0

4 0

Hypertension 3 0

4 0

Hypotension 3 0

4 0

Fatigue (lethargy, malaise) 3 1

4 0

Edema 3 0

4 0

Pneumonitis/pulmonary infiltrates 3 2

4 0

Injection site reaction 3 0

4 0

Rash/desquamation 3 0

4 0

Nausea 3 3

4 0

Myalgia 3 1

4 0

Total 3 11  

4 0

Patients were monitored at specified time-points prior to therapy, after the Hi-Cy/Flu ± TBI regimen, after NK cell infusion and after each IL-2
dose, for expected toxicities attributed to the therapy. The number of patients who had at least 1 day with a grade 3 or grade 4 toxicity is shown.
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Table IV

Treatment characteristics by Treg group.

Patient
number

Breast/
ovarian

KIR
mismatch TBI

Treg
group

1 Breast Yes No Not tested

2 Breast No No Not tested

3 Breast Yes No Not tested

4 Breast No No Not tested

5 Ovarian Yes No High

6 Ovarian Yes No Low

7 Ovarian No No High

8 Ovarian No No High

9 Ovarian Yes No High

10 Ovarian No No High

11 Ovarian No No Low

12 Ovarian No No Dead

13 Ovarian No No Low

14 Ovarian Yes Yes Low

15 Ovarian No Yes Low

16 Ovarian No Yes Low

17 Ovarian Yes Yes High

18 Ovarian No Yes Low

19 Breast No Yes Not tested

20 Breast No Yes Not tested
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