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Abstract

Vitamin D3 (25-OH-D3) deficiency impairs rituximab-dependent cellular cytotoxicity and the outcome of patients with
diffuse large B-cell and follicular lymphomas (DLBCL). Since the optimum 25-OH-D3 serum levels for NK cell-mediated
antibody-dependent cellular cytotoxicity (ADCC) are unknown, we determined the 25-OH-D3 serum levels associated with
maximum NK cell-mediated ADCC. CD20 antibody-loaded CD20™ B-cell lymphoma cell lines were cultured with NK
cells and ADCC activity was determined by lactate dehydrogenase release assays. Using a newly developed formula, pre-
defined 25-OH-D3 serum levels were achieved with high individual precision over a wide range. NK cells from 20 healthy
individuals killed antibody-treated CD20* lymphoma cells in a concentration- and E:T ratio-dependent manner with obi-
nutuzumab displaying a stronger ADCC activity than rituximab. Maximum NK-cell activity and ADCC were observed at
65 ng/ml 25-OH-D3, the middle of the normal range (30—100 ng/ml). 25-OH-D3 serum levels around this range should be
the target in interventional trials aiming at improving NK cell-mediated ADCC by 25-OH-D3 substitution. Lower levels do
not provide significant ADCC improvements in individuals with 25-OH-D3 deficiency or insufficiency and might result in
the failure of interventions with 25-OH-D3.
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Abbreviations Introduction

ADCC Antibody-depending cellular cytotoxicity

CHOP Cyclophosphamide, hydroxydaunoru- The addition of rituximab to CHOP chemotherapy has sig-
bicin, oncovin™, predniso(lo)n nificantly improved the outcome of patients with DLBCL

CYP24A1 Cytochrome P450/family 24/subfamily A/ [1-3]. Rituximab is a chimeric antibody with a human Fc
member 1 part and a murine antigen-binding site directed against the

CYP27B1 Cytochrome P450/family 27/subfamily B/ human CD20 antigen. Different mechanisms of actions of
member 1 rituximab have been described [4, 5]. The major mechanism

DLBCL Diffuse large B-cell lymphoma of action of rituximab is ADCC, with complement depend-

Fc region Fragment crystallizable region ent cytotoxicity (CDC) and direct induction of apoptosis

RICOVER-60 Rituximab + CHOP in patients over 60 playing a less important role [6-9]. Different types of effec-

25-OH-D3 25-OH-cholecalciferol vitamin D3 tor cells are involved in rituximab-mediated ADCC. Besides
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neutrophils [10] and M2 macrophages [11-13], NK cells
are the most important effector cells responsible for ADCC
[14, 15].

NK cell-mediated ADCC activity is determined by acti-
vating and inhibitory signals. Cytokines such as GM-CSF
and IL-2 stimulate NK cells, [14, 16] and the efficacy of
rituximab has been shown to depend also on single-nucle-
otide polymorphisms of the low affinity Fc-gamma recep-
tor type III (FcyRIIIa/CD16) gene which is responsible for
binding the Fc part of IgG molecules to the NK cell, with
the 158-valine and 158-phenylalanine variants in DLBCL
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patients having a different outcome [17, 18]. An association
of ADCC activity and 25-OH-D3 has been described for
macrophages [19, 20], but these studies assessed 25-OH-D3
levels in vitro only. In a clinical study, Hossein-Nezhad et al.
[21] described differences in the gene expression profile of
white blood cells before and after the substitution of 25-OH-
D3, however, not specifically for NK cells.

25-OH-D3 is well known for its utmost importance in
bone metabolism and, therefore, deficiency was defined as
serum level < 10 ng/ml where osteomalacia may occur. As
25-OH-D3 has additional functions in the immune system
and in many pathologic states such as cancer, multiple scle-
rosis and vascular disease some authors advocate that a level
of 10-30 ng/ml is insufficient for a healthy human being [22]
and levels above 30 ng/ml should be goal to achieve. This
definition is used throughout this manuscript.

In a retrospective analysis of the RICOVER-60 trial
(NCT00052936) we had shown that low 25-OH-D3 serum
levels were associated with a worse outcome of elderly
patients with DLBCL [23] and this finding was confirmed
in patients with follicular lymphoma [24]. We also dem-
onstrated that the rituximab-dependent NK cell-mediated
ADCC can be improved in healthy individuals by increas-
ing their 25-OH-D3 levels by cholecalciferol substitution.
Since the 25-OH-D3 serum level associated with optimum
NK cell-mediated ADCC against B-lymphoma cells is
unknown, the aim of the current study was to determine this
serum level and to test whether other antibodies used for
the treatment of human malignancies that are not directed
against CD20 (e. g. trastuzumab for HER2-positive breast
cancer [25]) have a similar 25-OH-D3 dependency of their
NK-ADCC.

Materials and methods
25-0H-D3 substitution in vivo

NK-cell activity was analyzed at four pre-defined serum
levels of 25-OH-D3: (1) before any substitution with serum
levels ranging between deficiency (< 10 ng/ml) and insuf-
ficiency (10 to <30 ng/ml); (2) after substitution in vivo to
a target level of 30 ng/ml (lower normal range), (3) 65 ng/
ml (mid normal range) and (4) 90 ng/ml (high normal
range). DEKRISTOL™ capsules (Mibe GmbH Arzneim-
ittel, Brehna, Germany) containing 20,000 IU cholecalcif-
erol per capsule were given for substitution. To calculate the
required total dose for a given 25-OH-D3 target serum level,
a formula suggested by van Groningen et al. [26] was ini-
tially used. However, this formula underestimated the doses
needed. Thus, the formula was modified successively until
the individually calculated cholecalciferol doses achieved
the pre-defined 25-OH-D3 serum levels within a narrow
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range. The modified formula is described in the “Results”
section.

Antibodies and cell lines

To investigate ADCC mediated by NK cells, three differ-
ent antibodies with two different target molecules were
investigated: rituximab (MabThera™, Roche, Basel, Swit-
zerland) and obinutuzumab (Gazyvaro™, Roche), both
directed against the CD20 antigen expressed on normal and
malignant B cells and trastuzumab (Herceptin™, Roche)
which binds to HER2/neu overexpressing breast cancer
cells. Antibody stocks were stored at 1 mg/ml at 4-8 °C.
For the NK-cell assays antibodies were used at the indicated
concentrations and incubated (37 °C) for 20 min with the
corresponding target cells. Targets for the rituximab- and
obinutuzumab-mediated ADCC were the CD20" Burkitt’s
lymphoma cell line DAUDI (DSMZ, Braunschweig, Ger-
many). As targets for the trastuzumab-dependent ADCC,
HER2/neu” cells of the breast cancer cell line ZR-75-1
(CLS Cell lines Service GmbH, Eppelheim, Germany) were
used. The specific binding of the antibodies to the respec-
tive targets was confirmed by flow cytometry. DAUDI cells
were cultured in RPMI 1640 (PAN-Biotech GmbH, Aid-
enbach, Germany) supplemented by 20% fetal calf serum
(Sigma—Aldrich Chemie GmbH, Munich, Germany), 2 mM
L-glutamine (Sigma—Aldrich Chemie GmbH), and antibiot-
ics. ZR-75-1 was cultured in RPMI 1640 supplemented by
10% fetal calf serum, 2 mM L-glutamine, 1 mM Na-pyru-
vate, 25 mM Hepes (both by PAN-Biotech GmbH), and
antibiotics.

Isolation of NK cells

PBMCs were isolated by density gradient centrifugation
from the 50 ml EDTA blood donation of the respective
donor. Thereafter NK cells were isolated from PBMCs by
magnetic depletion of all non-NK cells using the CD56"/
CD16* human NK-Cell Isolation Kit (Miltenyi Biotech
GmbH, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. NK cells were isolated imme-
diately before the ADCC assay without additional activation
(e. g. by IL-2). The viability of the NK cells after isola-
tion averaged 99% and the share of the CD16% fraction was
between 90% and 98%, as assessed by flow cytometry using
the corresponding antibodies (Miltenyi). The yield of CD16*
NK cells was between 3 x 10° cells and 1x 107 cells. Cell
counting was made according to Neubauer. A FACSCalibur
(BD Biosciences, Heidelberg, Germany) was used for flow
cytometry analysis. Starting with a forward scatter (FSC)
versus sideward scatter scan (SSC) to gate the lymphocyte
population and followed by analysis of the corresponding
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fluorescence using CellQuest software (BD Biosciences).
5000 or 10,000 lymphocytes were examined per run.

ADCC assay

NK-cell activity (against antibody-naive target cells) and NK
cell-mediated ADCC (against antibody-treated target cells)
was assessed by LDH release from target cells. NK effector
cells were co-incubated (96-well U-bottom, 4 h, 37 °C) with
4000 corresponding target cells using E:T ratios of 5:1 and
2.5:1. ADCC medium used to suspend all cells consisted
of pyruvate-free X-Vivo 15 (Lonza, Verviers, Belgium)
supplemented by 2% human serum albumin (CSL Behring
GmbH, Marburg, Germany) and was not pretested. Superna-
tants were analyzed for their LDH content by ELISA using
the Cytotoxicity Detection Kit Plus (Roche/Sigma—Aldrich
Chemie GmbH) according to the manufacturer’s instruc-
tions. ELISA plates were quantified using a Wallac Victor 2
(PerkinElmer LAS, Rodgau, Germany). NK-cell activity was
calculated relatively to the detergence-induced maximum
LDH release corrected by the spontaneous release from
the corresponding target cells. Spontaneous LDH release
averaged less than 5%. At values above 10%, the assay was
discarded and repeated. Maximal and spontaneous lyses of
the respective target cells were used as internal (inter-assay)
controls.

Statistical analysis

NK-cell activity and ADCC assays were run with all sam-
ples in triplicates. The difference of the NK-cell activity
against untreated targets (0 ng/ml of the corresponding anti-
body) and the antibody-treated targets was determined by
F test followed by a two-sided Student’s T test. In addition,
ANOVA was used to prove that the extent of the ADCC
depended on the antibody concentration. ADCC activity at
different 25-OH-D3 serum levels was compared using the
Wilcoxon signed-rank test.

Results

Twenty (ten male, ten female) volunteers with no apparent
health problems and a median age of 61.5 (range 30-86)
years were included in this study (Table 1). Written informed
consent was obtained from all individual participants
included in the study.

NK cell-mediated ADCC before vitamin D3
substitution

Fifteen of the 20 test volunteers had base-line 25-OH-D3
serum levels below the lower normal level (<30 ng/ml)

with values ranging from 4 to 23 ng/ml (Table 1), of whom
five had 25-OH-D3 insufficiency (10-30 ng/ml), and ten
25-OH-D3 deficiency (< 10 ng/ml). Target cells were loaded
with the corresponding antibody at increasing concentra-
tions. To analyze the ADCC against lymphoma, CD20"
DAUDI lymphoma cells were used as targets and labeled
with the anti-CD20 antibodies rituximab and obinutuzumab,
respectively. DAUDI cells lack MHC-I molecules, and thus
preclude unspecific inhibitory effects on NK cells. ADCC
against the HER2/neu-expressing breast cancer cells was
tested with ZR-75-1 cells labeled with the anti-HER2/neu
antibody trastuzumab. The results of the 15 subjects with
25-OH-D3 deficiency or insufficiency before substitution are
shown in Fig. la—c. Rituximab-dependent ADCC against
DAUDI cells mediated by NK cells depended on the anti-
body concentration used to load the target cells and required
at least 0.001 pg/ml antibody to become significantly supe-
rior compared to the NK-cell activity against antibody-naive
DAUDI cells. A maximum effect was observed at 0.1 pg/
ml rituximab (Fig. 1a). Obinutuzumab, a second generation
anti-CD20 antibody with a glyco-engineered Fc region for
optimized ADCC, induced a significantly stronger ADCC
compared to NK-cell activity against antibody-naive targets
starting at concentrations as low as 0.0001 pg/ml with a
maximum at 0.01 pg/ml (Fig. 1b). NK-cell activity against
untreated or ADCC against trastuzumab-treated ZR-75-1
cells is shown in Fig. lc. Trastuzumab-mediated ADCC
of NK cells showed the highest individual variability. An
ANOVA analyzing the entire range of antibody concentra-
tions confirmed with very high significance (Rituximab:
p=3.8X% 10727, Obinutuzumab: p=6.3X% 1073!; Trastu-
zumab: 4 x 107'%) that the increasing means of ADCC
activity were not accidental but dependent on the antibody
concentration (Fig. la—c).

To exclude an ADCC induced by nonspecific binding of
the antibodies to the “false” targets, the HER2/neu™ cell line
ZR-75-1 was labeled with both CD20-specific antibodies
rituximab and obinutuzumab and used as target. Conversely,
CD20* DAUDI cells were treated with the HER2/neu-spe-
cific antibody trastuzumab. The NK cells of subject ID #75
(9.7 ng/ml 25-OH-D3) were tested as effector cells in the
ADCC. The result of this ADCC is shown in Fig. 1d and
confirms that none of the antibodies used in this study was
cross-reactive thus excluding unspecific ADCC. Moreover,
specific binding of the antibodies to the respective targets
was confirmed by flow cytometry (data not shown).

Development of a rapid and precise 25-OH-D3
substitution protocol

To determine the 25-OH-D3/ADCC relationship, we inves-

tigated the NK-cell activity and NK cell-mediated ADCC
at different 25-OH-D3 serum levels in each individual. We
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Table 1 Sex, age and 25-OH- ID Sex Age (years)  Before substitution  After substitution

D3 serum levels of the test

persons included in this study Deficiency/insuf- Lower normal ~ Mid normal High normal

ficiency (ng/ml) range (ng/ml)  range (ng/ml) range (ng/
ml)

1 m 50 - 35.1% 70.1 123.0
4 f 46 - 32.2° 71.5 110.0
50 m 33 11.4 34.6 57.2 103.0
55 m 32 14.3 333 67.4 93.6
56 m 59 4.0 325 71.7 -
57 f 30 - 31.5% 61.2 90.5
61 f 40 - 36.9° 68.4 102
66 f 64 8.7 277 68.2 86.4
67 m 70 9.0 33.8 65.5 89.6
70 m 78 59 24.5 64.3 110.0
71 f 71 23 339 68.2 115.0
72 m 57 15.7 45.8 62.6 89.0
73 f 78 4.6 28.1 68.8 83.4
74 m 79 6.1 31.3 72.8 94.9
75 f 79 9.7 31.7 68.5 72.1
87 m 56 - 30.5% 69.4 81.0
91 f 83 9.8 27.6 63.6 88.8
92 m 86 10.3 27.3 58.2 74.4
93 f 80 59 25.8 63.7 -
99 f 42 8.8 38.8 61.5 86.8
Mean fandm  60.7 9.8 32.1 66.1 9.1
SD 18.3 49 4.9 44 13.9
Mean f 61.3 10.1 314 66.4 92.8
SD 18.9 6.0 4.2 3.5 13.6
Mean m 60 9.6 329 65.9 95.4
SD 17.6 4.2 5.6 5.4 14.8

fFemale, m male

“Due to the season or self-initiated prophylactic substitution these test persons did not receive Dekristol to

reach the lower normal range

modified a formula suggested by van Groningen et al. [26]
to achieve the desired 25-OH-D3 serum levels within a
short period and calculated the required vitamin D3 dose as:
cholecalciferol (I.U.) = A 25-OH-D3 (ng/ml) X body weight
(kg) x200 (with “A 25-OH-D3” meaning the difference
between the actual and the pre-defined 25-OH-D3 serum
level). Applying this formula, the pre-defined serum level
was achieved with a narrow margin in nearly all individuals
(Fig. 2). Overdosing was rare and occurred only at the 90 ng/
ml target level. The maximum level observed was 123 ng/
ml (Table 1); it was not associated with any symptoms and
returned to normal ranges within one week. Hypercalcemia
never occurred and serum values of phosphate remained
below the limit. Moreover, the serum levels achieved using
this formula were independent of sex, age and dose incre-
ments of vitamin D3 levels, i.e. the difference between the
starting 25-OH-D3 serum level and the pre-defined target
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level. As in the reference publication [26], the maximum
daily vitamin D3 intake was restricted to 200,000 I.U.; this
resulted in a vitamin D3 substitution period of a minimum of
two to a maximum of 4 days. The minimum interval between
the last day of 25-OH-D3 intake and the next ADCC assay
was five days.

NK-cell activity and ADCC after 25-OH-D3
substitution

NK-cell activity (i.e. NK cell-mediated killing of target
cells in the absence of antibody) and NK cell-mediated
ADCC against DAUDI cells increased significantly with
increasing 25-OH-D3 serum levels of the NK-cell donor.
As shown in Fig. 3a, rituximab-dependent ADCC against
the lymphoma cell line DAUDI increased significantly
with rising 25-OH-D3 serum levels compared to base-line
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Fig.1 NK-cell activity and NK cell-mediated ADCC before vita-
min D3 substitution NK-cell activity (0 pg/ml antibody) and NK
cell-mediated ADCC of all 15 subjects with a deficiency or insuf-
ficiency of vitamin D3 against CD20" DAUDI cells treated with
rituximab (a) or obinutuzumab (b) and ZR-75-1 breast cancer cells
treated with trastuzumab, respectively (c). The E:T ratio was 5:1.
Boxplots indicate lower quartile, median, and the upper quartile. The
lower whisker depicts the lowest and the upper whisker the highest
lysis rate. Statistics: p values below or above the solid lines were
determined by two-sided 7 test and p values over the broken lines by
ANOVA. d In contrast to both anti-CD20 antibodies rituximab and

deficiency and insufficiency levels at 65 ng/ml. Substitu-
tion to serum levels in the lower normal range (ca. 30 ng/
ml) did not result in a significantly improved ADCC com-
pared to base line. However, on the other hand, serum
levels exceeding 65 ng/ml and close to the upper normal
limit of 100 ng/ml resulted in a decreased ADCC, indicat-
ing that the optimal 25-OH-D3 serum level of a donor
is at the middle of the normal range (30-100 ng/ml) at
around 65 ng/ml (Fig. 3a). Using obinutuzumab-labeled
DAUDI cells as targets, an increase of ADCC activity with
increasing 25-OH-D3 serum levels was observed (Fig. 3b)
which was similar to the one observed with rituximab, but
lysis rates with obinutuzumab were higher and the effect of
25-OH-D3 on the obinutuzumab-induced ADCC was less

obinutuzumab, the ADCC induced by the HER2/neu-specific anti-
body trastuzumab against CD20* DAUDI cells (black columns) was
not increased compared to the NK-cell activity against naive DAUDI
cells (trastuzumab vs. naive, p=0.50). Conversely, rituximab and
obinutuzumab dependent ADCC against the HER2/neu® cell line
ZR-75-1 (white columns) was not increased compared to the NK-cell
activity (without antibodies) against ZR-75-1 breast carcinoma cells
(rituximab vs. naive, p=0.46; obinutuzumab vs. naive, p=0.12). NK
cells used in this ADCC were derived from subject ID #75 before
substitution and used at an E:7T ratio of 5:1

pronounced. Similar to rituximab, the optimum lysis rate
was observed at 65 ng/ml 25-OH-D3. However, the decline
after further substitution to ca. 90 ng/ml (in contrast to the
observation with rituximab) was not significant. Results
in Fig. 3a—c are shown for an antibody concentration of
0.1 pg/ml, which is within the range of rituximab con-
centrations achieved in lymphoma patients treated with
this antibody. Effects of 25-OH-D3 were virtually identi-
cal at all antibody concentrations (0.0001-1 pg/ml) tested.
ADCC activity against trastuzumab-treated ZR-75-1 breast
cancer cells showed a similar 25-OH-D3 dependent trend,
but in contrast to the CD20 antibodies rituximab and obi-
nutuzumab, differences in trastuzumab-mediated ADCC
were not significant (Fig. 3c).
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120 -

Actual Serum Level (ng/mi)
3

30 65 90
Pre-defined Target Serum Level (ng/mi)

Fig.2 Vitamin D3 serum levels after substitution shown are the tar-
geted and the actually achieved 25-OH-D3 serum levels using the
primary van Groningen formula (white columns) and our new estab-
lished formula (black columns) 4-8 days after taking the last tablet

Quantification of the 25-OH-D3 effect on ADCC

We also quantified ADCC before and after 25-OH-D3 sub-
stitution. Due to the lack of significant 25-OH-D3 effects
on trastuzumab-mediated ADCC, we restricted the quan-
titative analysis to the anti-CD20 antibodies rituximab and
obinutuzumab. The results are shown in Fig. 3d and can
be summarized as follows: (1) the effect of 25-OH-D3 on
the NK cell-mediated ADCC was more pronounced with
rituximab compared to obinutuzumab; (2) the 25-OH-D3
effect on ADCC was stronger at lower antibody concentra-
tions. (3) Choosing only two rather low E:T ratios, it was
not possible to make a statement about the effect of vitamin
D3 at higher E:T ratios. Anyway, at all antibody concen-
trations of rituximab and obinutuzumab used to label the
target cells, vitamin D3 showed a stronger effect on the NK
cell-mediated ADCC when effector and target cells were
applied in the lowest ratio of 2.5:1 compared to 5:1. The
optimum effect of 25-OH-D3 with a doubling of the lysis
rate compared to base line values was observed at 65 ng/
ml 25-OH-D3 at a rituximab concentration of 0.0001 pg/
ml and at an E:T ratio of 2.5:1 (p <0.008). Yet, still at the
highest antibody concentration (1 pg/ml) and E:T ratio (5:1),
25-OH-D3 substitution resulted in a 12% higher lysis rate
with obinutuzumab (p <0.03) and an even 18% higher lysis
rate with rituximab (p <0.01) compared to base line values.

Sex-specific 25-OH-D3 effects on NK cell-mediated
ADCC

In our previous study [23], we had demonstrated that
25-OH-D3 deficiency impairs the clinical outcome of lym-
phoma patients, and this was more pronounced in female
compared to male patients (Supplementary Fig. 2 [23]). We,
therefore, compared rituximab- and obinutuzumab-mediated
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ADCC between males and females before and after 25-OH-
D3 substitution. Indeed, the effects of 25-OH-D3 on NK-
cell activity and NK cell-mediated ADCC were significant
when female NK-cell donors (Fig. 4a/c) were analyzed sepa-
rately and, in contrast, less pronounced in males and—due
to the limited number of individuals studied—was not sig-
nificant (Fig. 4b/d). This sex-specific difference of ADCC
was observed with both antibodies rituximab (Fig. 4a/b) and
obinutuzumab (Fig. 4c/d) at all antibody concentrations and
E:T ratios investigated.

Discussion

After demonstrating the effect of 25-OH-D3 on antibody-
dependent cellular phagocytosis (ADCP) mediated by
macrophages in a previous study [20], we focused our
investigations on NK cells because of the limited number
of effector cells that can be obtained from one donor in a
single blood sampling. For this reason, neutrophils that also
mediate ADCC were not included in the current study. NK
cell-mediated ADCC is the major mechanism of action of
both rituximab and obinutuzumab and improved signifi-
cantly in 25-OH-D3 deficient and insufficient individuals
after 25-OH-D3 substitution. The results of this study do
not only explain the findings of a worse outcome of patients
with low 25-OH-D3 levels in both DLBCL [23] and follicu-
lar lymphoma [24], they also help to design interventional
trials aiming at improving the outcome of CD20 antibody-
treated patients by 25-OH-D3 substitution. For such trials
knowledge of the optimum serum level and schedules of
the 25-OH-D3 substitution is a prerequisite. The formula
published by van Groningen et al. to calculate the substitu-
tion dose proved to be unsuitable to achieve the predefined
serum levels within less than a week, the usual time of the
so-called prephase treatment with prednisone before the start
of immunochemotherapy for DLBCL [23]. We adjusted the
formula which now enables a safe and precise achievement
of optimum serum target levels by the time of the first appli-
cation of rituximab, which is usually urgent, at least in fast-
growing cases of DLBCL. Consequently, we changed the
substitution formula in our interventional OPTIMAL > 60
trial (NCT01478542/amendment#3) in elderly patients with
DLBCL, where patients now will be substituted to mid-nor-
mal 25-OH-D3 target levels.

The measurement of the release of an intracellular
enzyme, such as the lactate dehydrogenase (LDH), has been
found to be almost as sensitive but substantially easier to
handle compared to the Cr-release assay [27]. By analyzing
25-OH-D3 serum levels of 30 ng/ml, 65 ng/ml and 90 ng/ml
for NK-cell activity and both rituximab- and obinutuzumab-
mediated NK-ADCC, a consistent optimum was observed
at serum levels around 65 ng/ml which is in the middle of
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Fig. 3 Effect of vitamin D3 levels on NK cell-mediated ADCC a—c
summarize the ADCC-mediated lysis rates of all individuals at four
actually achieved 25-OH-D3 serum levels at an E:T ratio of 2.5:1
and 0.1 pg/ml of rituximab-loaded DAUDI cells (a), obinutuzumab-
loaded DAUDI cells (b) and trastuzumab-loaded ZR-75-1 breast can-
cer cells (c¢). 25-OH-D3 substitution restricted to the lower normal
range (32.1 ng/ml) did not affect the NK cell-mediated ADCC. After
continued substitution only rituximab- (p=0.001) and obinutuzumab-
mediated ADCC (p=0.007) increased significantly at a 25-OH-D3
serum level of 66.1 ng/ml compared to base line, while the increase
of trastuzumab-mediated ADCC was not significant (p=0.064).
Further 25-OH-D3 substitution to 94.1 ng/ml resulted in a weak,

the normal range. This is remarkable because the normal
range was originally defined based on parameters of bone
metabolism [28].

Our current study demonstrates a more pronounced
effect of 25-OH-D3 in females, explaining our clinical
observation in the RICOVER-60 study [23] where only
female patients with a low 25-OH-D3 serum level (< 8 ng/
ml) fared significantly worse than females with higher
25-OH-D3 levels, while the difference in male patient
did not reach significance. Since all female patients in the
RICOVER-60 trial [23] and the majority of the volunteers
in this study were post-menopausal, a negative effect of
testosterone is the most likely mechanism for this sex-
specific effect of vitamin D3. In support of this hypothesis

Antibody Concentration (ug/ml)

but significant decline of the rituximab-mediated ADCC (p=0.045)
compared to the maximum, while this decline was minimal for obi-
nutuzumab (p=0.145) and remained unchanged for trastuzumab
(»=0.49). d Relative 25-OH-D3 induced increase of target cell lysis
at different antibody concentrations and E:T ratios after the substitu-
tion of 25-OH-D3 serum levels to 66.1 ng/ml. The curves show the
decreasing impact of 25-OH-D3 with increasing antibody concentra-
tions and higher E:T ratios and the smaller effect on obinutuzumab-
ADCC compared to rituximab-ADCC. Signs and symbols: Check/
closed line: rituximab (E:7=2.5:1); quadrate/dashed line: rituximab
(E:T=5:1); triangle/dotted line: obinutuzumab (E:T=2.5:1); circle/
chain line: obinutuzumab (E:T=5:1)

Olmoz-Ortiz could show that testosterone inhibits the con-
version to active 1,25-OH vitamin D3 by down regula-
tion of CYP27B1 and increases the metabolism to inac-
tive vitamin D3 by CYP24A1 [29]. Whether and to which
degree differences in hepatic enzymatic activities between
elderly women and men play a role, can only be speculated
on [30].

Possible mechanisms or signaling pathways of vitamin
D3 to affect NK cell-mediated ADCC were not investigated
in this study. Nevertheless, CD16 expression could be exam-
ined in the context of quality control after isolation of the
NK cells. In contrast to the considerably fluctuating CD16
expression between the single subjects, there was no signifi-
cant different mean fluorescence intensity of CD16 on NK
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Fig.4 Sex-specific effects of vitamin D3 on NK cell-mediated
ADCC In contrast to female volunteers, where 25-OH-D3 substitu-
tion resulted in a significant increase of rituximab-dependent ADCC
activity (a), there was only a trend in males (b). The same was

cells of a single subject at the four different 25-OH serum
levels as assessed by flow cytometry.

The influence of 25-OH-D3 was dependent on experi-
mental conditions. Thus, the increase in lysis rates after the
substitution of 25-OH serum levels to 65 ng/ml using the
ADCC-optimized antibody obinutuzumab was lower com-
pared to rituximab. Similarly, an increasing effect of vita-
min D3 on NK cell-mediated ADCC was also observed with
decreasing antibody concentrations, irrespective of whether
rituximab or obinutuzumab was used. Regarding the E: T
ratio, the influence of vitamin D3 on ADCC after substitu-
tion to 65 ng/ml was stronger at an E:T ratio of 2.5:1 than at
5:1. However, since both E:T ratios were rather low, it was
not possible to predict the effect of vitamin D3 at high E:T
ratios (10:1 and higher). NK cells, such as immune cells
in general, have a limited maximal activity. The scope for
improvement in NK cell-mediated ADCC by vitamin D3
was more obvious at “suboptimal” conditions such as non
ADCC-optimized antibody and low antibody concentra-
tion. However, in consideration of the conditions in vivo

@ Springer
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observed for obinutuzumab-mediated ADCC in females (¢) and males
(d). Further substitution to 92.8 ng/ml led to a significantly decreased
ADCC in females compared to the maximum (p <0.02), irrespective
of the antibody—antibody concentrations 0.1 pg/ml; E:T ratio 2.5:1

with peripheral concentrations of therapeutic antibodies
hardly exceeding 0.1 pg/ml and a NK-cell/tumor-cell ratio
(E:T ratio) hardly above 1:1 the effect of vitamin D3 on NK
cell-mediated ADCC has a vitally high impact, and thus can
decisively improve the clinical outcome of immunotherapies
based on these antibodies.

In contrast to the consistent 25-OH-D3 effects on ADCC
mediated by the CD20 antibodies rituximab and obinutu-
zumab, this was not observed to a similar degree with trastu-
zumab, where 25-OH-D3 effects showed a similar trend, but
did not reach significance. This is most likely due the fact
that the NK cell-dependent ADCC is not the major mecha-
nism of action of this antibody [31, 32]. In addition, the
trastuzumab-mediated ADCC showed a high inter-individual
and intra-individual variability, making the demonstration
of statistically significant 25-OH-D3 effects even more
challenging.

In summary, additional to providing a reliable formula
for a rapid and precise 25-OH-D3 substitution to pre-defined
serum levels, our study shows for the first time an improved
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rituximab- and obinutuzumab-induced NK cell-mediated
ADCC after 25-OH-D3 substitution in vivo. Since the max-
imum ADCC was consistently observed at serum levels
around 65 ng/ml and declined with further substitution, this
25-OH-D3 serum level should be the target in interventional
trials. That most interventional trials with vitamin D3 have
failed to date [33-35] might also be due to the fact that in
these studies the serum levels after substitution were either
not controlled or did not aim at and did not achieve 25-OH-
D3 serum levels at the mid-normal range. Unfortunately,
this also holds true for many recently completed or ongoing
trials of vitamin D in cancer patients (for details see http://
www.clinicaltrials.gov). A planned interim analysis of our
OPTIMAL > 60 study revealed, that the majority of patients
did not achieve the pre-defined optimum 25-OH-D3 serum
levels. However, in this study so far the vitamin D3 dose to
be substituted was calculated according to the conventional
van Groningen formula (study amendment#2), which made
it necessary to change to our modified formula (amend-
ment#3). This may give a definite answer to the question
whether low 25-OH-D3 levels are just a marker for poor
prognosis or whether vitamin D3 deficiency and insuffi-
ciency are druggable targets with the potential of improving
the outcome of the respective patients. A recent study [36]
gives an initial indication that adequate vitamin D3 substitu-
tion may actually improve the clinical outcome in lymphoma
patients receiving immunochemotherapy.
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