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Abstract

Natural killer (NK) cells are CD3-, CD16*, CD56" that play a crucial role in immune response by
recognizing and eliminating a variety of virus-infected, malignant, and antibody-coated target cells.
We examined activation; repertoire changes and effector functions of human NK cells normal donors
treated with IMMUNEPOTENT-CRP (I-CRP), a bovine dialyzable leukocyte extract (DLE)
containing a mixture of low molecular weight molecules. I-CRP induces human NK cells activation
and increase CD56P'™ CD16~ subset, without inducing proliferation. Human NK cells showed an
increase on NKp30, NKp44, NKp46, NKG2D, NKG2C and KIR receptors, whereas no significant
differences on CD160, CD85j and CD226 where observed. I-CRP-treated human NK cells exhibited
an increased degranulation activity against K562 target cells, as shown by CDI107a assay, and
correlate with cytotoxicity against K562 cells observed in calcein release assay. These results
indicate that I-CRP can modify human NK cells receptor repertoire leading to an increased cytotoxic

activity, supporting evidence for its use to stimulate NK cells.

Highlights

IMMUNEPOTENT-CRP promotes CD56P'™ CD16~ NK subset

IMMUNEPOTENT-CRP induces changes on receptor repertoire on NK cells

IMMUNEPOTENT-CRP improves NK cell cytotoxicity

. NK increase their cytotoxicity against target cells during IMMUNEPOTENT-CRP treatment



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Abbreviations

Antimicrobial peptides (AMP)

Carboxyfluorescein succinimidyl ester (CFSE)

Concanavalin A (ConA)

Dialyzable leukocyte extract (DLE)

Fluorescence-Activated Cell Sorting (FACS)

Innate lymphoid cells (ILC)

IMMUNEPOTENT-CRP (I-CRP)

Interferon (IFN)-gamma

Major histocompatibility complex (MHC)

Natural cytotoxicity receptors (NCR)

Killer immunoglobulin-like receptor (KIR)

Natural Killer (NK)

Tumor necrosis factor (TNF)-alpha,

Killer cell lectin-like receptors (KLR)
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1 Introduction

Natural killer (NK) cells are innate lymphoid cells (ILC) commonly defined by the presence of
markers such as CD56" (neural cell adhesion molecule) and/or CD16* (low-affinity antibody-binding
receptor Fcy- receptor II1a) and the absence of CD3 molecule on the surface [1,2]. CD56 and CD16
markers are frequently used to define the NK cell functions as immunomodulatory or cytotoxic [3,4].
Biological functions of NK cells play an important role in host defense, because they are involved in
recognizing and killing tumor or pathogen infected cells. They also play a key immunoregulatory
role, as NK cells can secrete various set of cytokines, such as interferon (IFN)-gamma and tumor
necrosis factor (TNF)-alpha, among others [5-7].

NK cells constantly interact with other cells in the organism. Normal cells, with the exception of
dendritic cells, cannot be recognized by NK cells because they adequate amounts of major
histocompatibility complex (MHC) class I molecules on their surface. Transformed cells, on the
other hand, have a lowered expression of MHC class I molecules, or have lost them, and thus show
increased expression of stress molecules and can therefore be recognized and killed [8]. The altered
expression of class I antigens or increased expression of stress molecules, a common event in tumor
transformation or following a pathogen infection, leads to NK cell-mediated target cell lysis [9,10].
This “natural” cytotoxicity is controlled by a wide range of receptors expressed on the cell surface,
which can be classified on different families, such as: natural cytotoxicity receptors (NCR; NKp46,
NKp44, NKp30), killer cell lectin-like receptors (NKG2D, NKG2A, CD161), leukocyte inhibitory
receptors (LILRB1 or CD85j), and killer immunoglobulin-like receptor (KIR; CD158a/h, CD158b/j,
CD158d) [7,11,12]. Depending on the subset, NK cells express different combinations of inhibitory
or activating receptors, that result in a diversity within the NK cell populations with the potential to
respond to a variety of stimuli under different pathological conditions [12,13]. A fine regulation
between opposite signals delivered by inhibitory or activating receptors dictates “final” functions of

NK cells effectors [13,14].
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Tumor progression and chronic infections generally lead to the depletion or exhaustion of NK cells,
limiting their potential for activity [9,15-17]. Multiple mechanisms contribute to these effects, such
as dysregulations in receptor signaling, suppressive effects of regulatory cells, as well as soluble
factors in the microenvironment [16]. This condition could be surpassed by cytokine-mediated
activation and the use of other NK-cell target immunotherapies, increasing immunity against the
tumor or improving the clinical response to conventional treatments [18-20].

Immuno-directed therapies have taken an important place in the treatment of several diseases.
Among them, dialyzable leukocyte extracts (DLE), which are a mixture of low molecular weight
substances, obtained from blood or lymphoid tissues, could have immunomodulatory effects [21].
DLE obtained from leukocytes from human, pig, or crocodile blood, or bovine leukocytes from
spleen or colostrum have been shown to modulate multiple molecular targets that promote
immunomodulatory activities in conditions such as immunodeficiencies, autoimmune, bacterial
diseases, asthma, allergies, and some types of cancer [21-26]. The mixture of low molecular weight
molecules obtained from DLE, regardless of the species from which they were obtained, have
demonstrated similar effects on leukocytes from mice and humans, which include the activation of
similar signaling pathways related to their immunomodulatory effects [24,27-30]. In this context,
phase I clinical studies show that IMMUNEPOTENT-CRP (I-CRP) treatment (a bovine dialyzable
leukocyte extract) improves the quality of life of lung and breast cancer patients, increasing the
number of total leukocytes as well as the CD4*, CD8*, CD16* and CD56" subpopulations [29,31].
Also, I-CRP is selectively cytotoxic against cancer cell lines in-vitro, with no important cytotoxic
affectations in immune system cells [31-35]. However, the direct effect on the functionality of
lymphocytes has not been clearly elucidated, and its effect in NK cells has not been assessed. Thus,
the aim of this study was to analyze the in-vitro effects of [-CRP in human NK cells, by testing their

activation, repertoire modifications, and effector activity.
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1.1 Material and Methods

1.1.1 IMMUNEPOTENT-CRP

IMMUNEPOTENT-CRP (I-CRP), was produced by the Laboratorio de Inmunologia y Virologia of
Facultad Ciencias Bioldgicas of Universidad Autéonoma de Nuevo Ledén (UANL, México), as
previously described [36]. One unit (U) of I-CRP is defined as 24 mg of peptides obtained from
15x10% leukocytes [36]. I-CRP was aliquoted in culture medium (RPMI 1640 medium; GIBCO
Thermofisher, Waltham, Massachusetts, USA; supplemented with 1 pg/mL amphotericin B, 1 ug/mL
penicillin and 2.5x107 pg/mL streptomycin; GIBCO® by Life technologies; and 10% of FBS;
GIBCO® by Life technologies). The stock solution was stored at 4°C.

1.1.2 Cell isolation

Blood was collected from healthy donors after obtaining written informed consent. This study was
approved by the Institutional Ethics Committee at the Universidad Auténoma de Nuevo Ledn,
College of Biological Sciences. Then, peripheral blood mononuclear cells (PBMC) were obtained
after centrifugation on Ficoll-Paque™ PLUS (GE Healthcare, Chicago, Ilinois, USA). PBMC were
maintained at 1x10° cells/mL at 37°C in 5% CO. atmosphere in culture medium. Human
myelogenous leukemia cell line, K562, (ATCC® CCL-243™) and T-acute lymphoblastic leukemia
cell lines CEM (ATCC® CCL-119™) and MOLT-4 (ATCC® CRL-1582™), were obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA) and was cultured as suggested
by the supplier.

1.1.3 NK cells purification

NK cells were purified from PBMC of at least six healthy individuals per study, by negative selection
using magnetic-activated cell sorting (MACS) microbead technology (Miltenyi Biotec, Bergisch
Gladbach, Germany; >90% purity and >90% viability). PBMC were incubated with anti-CD20

microbeads, anti-CD3 microbeads and anti-CD14 microbeads (ref:130-091-104, 130-050-101 and
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130-050-201; respectively) as stated by manufacturer's instructions. NK cells were put in culture in
similar conditions than PBMC.

1.1.4 Analysis of lymphocyte populations

The principal lymphocyte subsets (CD3*, CD20* and CD56* CD16%) of PBMC were evaluated as
follows: 1x10° PBMC per well were seeded in conic 96-well plates (Corning Inc. Costar®, NY,
USA) and treated with different concentrations of I-CRP (0.3, 0.7 and 1.5 U/mL) or with the mitogen
concanavalin A as a control (ConA; Spg/mL; Sigma-Aldrich, Germany) for 24h and 48h. At the end
of incubation, cells were collected, washed and stained with anti-CD56 (CD56-PE; cat:555516, BD
Biosciences), anti-CD16 (CD16-PerCP-Cy; cat:560717, BD Biosciences), anti-CD3 (CD3-FITC;
cat:555916, BD Biosciences) and anti-CD20 (CD20-APC; cat:559776, BD Biosciences) in 100 pL of
FACS buffer at room temperature in darkness. After 30 min of incubation, cells were washed,
assessed by flow cytometry (BDAccury6; Becton Dickinson, San Jose, CA, USA), and analyzed
using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

1.1.5 NK-cells receptors repertoire

All phenotypic studies were implemented on PBMC, (1x10° per well in 96-well round bottom plate)
and treated with I-CRP (1.5 U/mL), IL-2 (200 U/mL) as positive control, or left unstimulated as
negative control, for 24h and 48h. After, supernatant was discarded, and cells were stained for 30 min
with the following Abs CD45 (clone J33), CD3 (UCHT1), CD16 (3G8), CD160 (191B8), NKp44
(BAB281), NKp30 (Z25), CD85j (HP-F1), CD158el/2 (227.3.7), CD158i (FES172), NKG2D
(ON72), NKp46 (BAB281) from Beckman Coulter, CD56 (B159), CD69 (L78), CD226 (DX11),
CD161 (DX12) from BD Biosciences, NKG2C (134591), CD158d (181703) from R&D Systems,
and CD158b/j (DX27) CD158a/h (11PB6) from Miltenyi Biotec. Analyses were performed by nine-
color staining flow cytometry using a CytoFLEX S cytometer and analyzed using Kaluza Analysis

2.1 software (Beckman Coulter). Lymphocytes were gated in FSC/SSC dot plot and at least 30,000
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events were collected, then CD45" were selected and CD3* lymphocytes were eliminated from the
analysis by plotting lymphocytes in a FSC/CD3 expression dot plot. Negative CD3 cells were
analyzed for the expression of CD56 and/or CD16 which defined NK cells and receptor expression
analysis was performed in CD3-CD56*-CD16*~ population.

1.1.6 Cell viability and early activation assay

To determine effects on viability and the activation induced by I-CRP on PBMC or NK cells, we
used Calcein-AM (Thermofisher, Waltham, Massachusetts, USA) staining combined to CD69. First,
PBMC or NK cells were seeded at 1x10° cells per well in 96-well conic bottom plates (Corning Inc.
Costar ®, NY, USA) and treated for 24h and 48h with different concentrations of I-CRP (0.3, 0.7 and
1.5 U/mL), concanavalin A (ConA; 5 pg/mL; Sigma-Aldrich, Germany), 1L-2 (200 U/mL; R&D
Systems®, US) or IL-15 (ng/mL; Gibco®, US). After incubation, cells were collected, washed twice
and then, incubated Calcein-AM (0.25 pM) for 30 min at room temperature in darkness. Finally, after
washings, cells were incubated with an anti-CD69-allophycocyanin antibody (CD69-APC,
cat:555533, BD Biosciences) at room temperature in darkness. Cells were then washed and
resuspended in FACS buffer to be assessed by flow cytometry (Fluorescence-Activated Cell Sorting
[FACS]; BDAccury6; Becton Dickinson, San Jose, CA, USA) and analyzed using FlowJo Software
(Tree Star Inc., Ashland, OR, USA).

1.1.7 Proliferation assay

To test proliferation of PBMC, we used Carboxyfluorescein succinimidyl ester (CFSE; Invitrogen,
Carlsbad, USA) and 1x10° PBMC were stained (1 uM) following the manufacturer’s instructions.
PBMC were then washed twice with PBS. CESE stained PBMC were incubated with I-CRP (1.5
U/mL) or ConA (5 pg/mL) for 96h. At the end of the culture, cells were collected, washed twice with

PBS, and stained with Calcein-AM (as previously described), assessed by flow cytometry
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(Fluorescence-Activated Cell Sorting [FACS]; BDAccury6; Becton Dickinson, San Jose, CA, USA),
and analyzed using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

1.1.8 Cytokine release assay

The supernatants from the indicated cultures and co-cultures were collected and concentrations of IL-
2, IL-4, IL-6, IL-10, IL-17a and TNF-a were tested with CBA Human Th1/Th2/Th17 Cytokine Kit
(BD, San Jose, CA, USA) by flow cytometry following the manufacturer’s instructions.

1.1.9 Degranulation assay (CD107a)

After incubation with I-CRP (1.5 U/mL) for 24h, PBMC or NK cells were pelleted, washed twice
with PBS, and co-cultivated with K562 cell line (ratios NK:K562 5:1, 10:1, 15:1, 20:1 and 30:1).
Also, PBMC or NK cells were co-cultured with CEM or MOLT-4 cells, in an independent manner in
the ratio 10:1 (E:T). After 1h, the anti-CD107a (H4A3, CD107a-FITC; cat:555800, BD Biosciences)
was added, and co-cultures were incubated for 3h. Afterwards, cells were recovered, washed (PBYS),
assessed by flow cytometry (BDAccury6) and analyzed using FlowJo Software (Tree Star Inc.,
Ashland, OR, USA).

1.1.10 NK cell cytotoxicity (Calcein-AM release assay)

After PBMC or NK cells were stimulated with I-CRP for 24h, and washed twice, cells were co-
incubated with K562 target cell line labeled with Calcein-AM (2uUM) at an E:T ratio of 10:1 for 4h at
room temperature in 5% COs. NK cell-mediated target cell lysis was assessed by flow cytometry and
determined by the loss of Calcein-AM stain—expressing K562 target cells. K562 cells were gated in
FSC/SSC dot plot and 10,000 events were collected K562 cells alone were used as a control.

1.1.11 Statistical analyses

Statistical analyses were conducted using the nonparametric Mann-Whitney U test (*p<0.05,
*#*p<0.01, ***p<0.001, ****p<0.0001). The level of significance in figures 2 and 3 was adjusted for

multiple testing using the Bonferroni correction. The results are expressed as median of at least three
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independent experiments (median+SD). The data was analyzed using GraphPad Prism (GraphPad
Software, San Diego, CA, USA).

1.2 Results

1.2.1 I-CRP activates and modulates PBMC, but does not promote proliferation

Cell activation was evaluated on peripheral blood mononuclear cells (PBMC) derived from healthy
human donors after treatment with I-CRP at different concentrations (0.3, 0.7 and 1.5 U/mL) or
Concanavalin A (ConA, Spg/mL) as a positive control. In figure 1A, we show the gating strategy
used to determine cell viability and activation on PBMC. Viability of PBMC stimulated with
different concentrations of I-CRP or ConA is shown in supplementary figure 1. Loss of cell viability
is not observed after 24 or 48h of treatment with I-CRP, even at 0.7 U/mL, a CCig (cytotoxic
concentration 100) in leukemic T-cells [33], suggesting that I-CRP is non-toxic to PBMC (middle
panel) (supplementary figure 1). Interestingly, in Figure 1A we can observe that [-CRP incubation
increases the CD69 expression on viable PBMC at 0.7 U/mL and 1.5 U/mL, finding similar values to
those observed after ConA stimulation. The increased expression of CD69 was observed since 24h of
treatment and was more important after 48h of incubation (Fig. 1A).

After observing the activation induced by I-CRP, we then assessed if it could modulate different cell
subsets. In figure 1B, we show the representative gating strategy we followed to assess CD3, CD20,
CD16, and CD56 populations. After 24h of culture with different concentrations of I-CRP, we did
not observe significant differences on CD3+ T cells (Fig. 1C) and CD20+ B cells (Fig. 1D) of PBMC
from healthy donors, when compared with untreated controls. As shown in figure 1E, we observe a
decrease of CD56P'™ CD16* NK cell subset only after 48h of treatment with 1.5 U/mL of I-CRP. On
the other hand, we can observe a significant augmentation of the CD56P'™ CD16" population after
24h of stimulation with the same concentration as well as with 0.7 U/mL after 48h of treatment (Fig.
1F), when compared to non-stimulated PBMC. After 48h of culture, we observed similar results, and

just a slight decrease in B cells (p<0.05) at the highest concentration of I-CRP tested (Fig. 1D), and a
10



237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

significant increase of CD56P™ CD16~ NK cells at 0.7 U/mL of I-CRP (Fig. 1F). These results show
that I-CRP modulates NK cell subsets by increasing the CD56P'™ CD16~ subset. Interestingly, our
cytokine secretion analysis showed that I-CRP promotes TNF-alpha, IL-6, IL-10 and IL-17A
secretion on PBMC, at a higher level than those observed after IL-15 stimulation, and a lower
secretion of IL-2, and no differences in IL.-4 production (supplementary figure 2), revealing that I-
CRP-stimulates the release different cytokines.

To assess whether I-CRP could induce proliferation, PBMC were stained with CFSE before I-CRP or
ConA incubation, and cells were then cultured for 96h. Results show that PBMC stimulated with I-
CRP do not present any proliferative peaks (Fig. 1G), in contrast with ConA, which showed four new
peaks with lower CFSE fluorescence on histogram. These results revealed that I-CRP induce the
early activation but not proliferation of PBMC.

1.2.2 NK cells modulate CD161 accessory molecule and killer cell lectin-like NKG2D and NKG2C

receptors upon I-CRP stimulation

To get more information about the changes in NK cell CD56P'™ CD16~ subsets, we analyzed if I-
CRP activates (CD69 expression) NK cells and if it could modulate accessory receptors and killer
cell lectin-like receptors (KLR), which can mediate NK cell antitumor activity. First, we gated NK
cells (gating strategy on figure 2A), by selecting lymphocytes that were gated in FSC/SSC dot plot
and at least 30,000 events, then CD45+ cells were selected and CD3+ lymphocytes were eliminated
from the analysis by plotting lymphocytes in FSC/CD3 expression dot plot. Negative CD3 cells were
analyzed for the expression of CD56 and/or CD16 which were defined as NK cells, and receptor
expression analysis was performed in CD3-CD56+/-CD16+/— population. We observed that I-CRP
increased CD69 expression on NK cells after 24h (p<0.01) and 48h (p<0.01) of treatment, similar to
the results observed on IL-2-treated cells (Fig. 2B), and confirming, that I-CRP induces early

activation on NK cells.

11
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Then, we analyzed accessory receptors and KLR that use HLA as a ligand and have inhibiting and
activating types of receptors. In figure 2C we can observe that I-CRP promotes the augmentation of
CD161 expression (p<0.01) in NK cells after treatment, when compared to untreated cells; while no
significant differences were observed on IL-2-stimulated cells when compared to control cells
(p>0.05). However, we did not observe significant differences on CD160, CD85j and CD226
expression of I-CRP or IL-2 treated cells, when compared to control cells (Fig. 2C).

On the other hand, when assessing KLR we observed that I-CRP increased NKG2D (p<0.01) and
NKG2C (p<0.01) receptors expression on NK cells, when compared to controls at 24 and 48h (Fig.
2D). In contrast, IL-2 only shows an increase of NKG2D+ cells after 48h of treatment. Taken
together, these results indicate that I-CRP induces early activation of NK cells and an increase of

CD161, NKG2D, and NKG2C in human NK cells from normal donors.

1.2.3 NK cells modulate some killer immunoglobulin-like receptors /CD158a/h, CD158b/j,
CD158d and CD158el/2) as well as natural cytotoxicity receptors NKp30, NKp44 and
NKp46 after I-CRP treatment

The killer Immunoglobulin-like receptors (KIRs), and natural cytotoxic receptors (NCR) are

fundamental to unravel NK cell function and the molecular mechanisms of tumor cell killing [12,37].

Thus, in view of the modifications observed in CD161 and KLR, we explored if I-CRP-activated NK

cells could also modulate KIR and NCR repertoire to then define if I-CRP could improve antitumoral

activity of NK cells. Gating strategy applied in these analyses was similar to that observed on figure
2A. The KIR analysis shows an increase in their expression compared to control cells, CD158a/h

(p<0.01), CD158b/j (p<0.01), CD158d (p<0.01) and CD158e1/2 (p<0.01) after 24 and 48h of I-CRP

stimulation (Fig. 3A); CD158i did not show a significant difference (p>0.05). In contrast, IL-2 did

not show significant difference in any KIR expression (p>0.05). Moreover, increased NCR

expression is detected after 24h and 48h of I-CRP stimulation when compared to controls (p<0.01). It

12
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is important to note that NKp44 (p<0.01) and NKp30 (p<0.01) upregulation is earlier than those
observed after IL-2 stimulation, suggesting a different pathway of activation. These results indicate
that I-CRP modulates KIR and NCR expression on NK cells and suggest that it could improve
antitumoral activity.

1.2.4 I-1.2.4 ICRP induces early activation on isolated NK cells

To determine if the changes observed in NK cells were mediated by a direct effect on NK cells or an
indirect action provided by the effect of I-CRP in other types of cells from PBMC, we isolated NK
cells from PBMC by negative selection (supplementary figure 3). The NK cells (95% pure) obtained
after negative selection (Fig. 4A) were tested for cell viability after treatment with I-CRP or IL-15,
when compared to no stimulation. We found that I-CRP incubation did not affect significatively the
viability of NK cells after 24h of treatment when compared with the untreated control and with IL-15
treated cells (Fig. 4B), confirming the results we observed in total PBMC (Supplementary figure 1).
Concerning CD69 activation marker, we found that I-CRP induces early activation of NK cells
(43%) similar to IL-15 stimulation (45%), when compared to unstimulated control cells (13%) (Fig.
4C). To verify the modulation of NK cell markers, we tested NK subsets according to CD56 and
CD16 expression. In figure 4D, we can observe the dot plots from a representative healthy donor,
indicating the percentages of NK cells subsets in I-CRP and IL-15 stimulated NK cells compared to
non-stimulated cells for 24 and 48h. We found that I-CRP stimulation decreased the CD56P'™ CD16*
subset (p<0.01) and increased CD56P™ CD167cells (p<0.01) when compared to control or IL-15

treatment (Fig. 4D), and revealing, that I-CRP directly modulates NK cells.

1.2.5 I-CRP enhances natural cytotoxicity activity of NK cells from normal donors
With the purpose of describing the effect of I-CRP on NK cells, next we tested the natural cytotoxic
capacity of unstimulated or I-CRP-stimulated PBMC or isolated NK cells. Thus, to determine if I-

CRP improves the natural cytotoxic activity of NK cells against target cells we tested the
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degranulation marker expression (CD107a) on NK cells, the killing of target cells, and the activation
(CD6Y9) of NK cells. PBMC or isolated NK cells were stimulated with I-CRP for 24h. After
treatment, cells were co-cultured with K562 target cell line using different ratios of effector to target
cells (5:1, 10:1, 15:1, 20:1 and 30:1) for 4h (schematic set up, figure 5SA). First, we measured the
expression of the degranulation marker CD107a (figure 5B) on NK in PBMC and in isolated NK
cells. Lymphocytes were gated in FSC-A/SSC-A dot plot and at least 10,000 events were selected,
then the expression of CD56 and/or CD16 were selected to define NK cells (gating strategy in
supplementary figure 4A). CD107a expression is significatively increased, when compared to
control, in PBMC and in isolated NK cells pre-incubated with I-CRP, after co-culture with K562
cells in the ratios 5:1, 10:1, 15:1, 20:1 and 30:1 (figure 5B). This result is similar to the one observed
after IL-15 stimulation. We observed enhanced CD107a expression at all ratios, but particularly the
10:1 ratio showed low variability among samples and a high CD107a expression. This expression
was significatively increased in PBMC (p<0.0001) (15% to 45%) (left) and NK cells (p<0.0001)
(13% to 45%) (right) pre-incubated with I-CRP, before co-culture with K562 cells, while pre-
incubation of PBMC and isolated NK cells with ILL-15 induce 18% of CD107a increase, in both cases
(supplementary figure 4B-C). This observation was also observed in MHC class I-expressing target
cells, CEM and MOLT-4 (supplementary figure 5).

To determine if I-CRP-treated NK cells enhanced their cytotoxicity against a target cell we tested the
cell viability in K562 cells, using calcein-AM staining assessment. We stained K562 cells with
calcein-AM and then we co-cultured them with PBMC (figure 5C left) or with purified NK cells
(figure 5C right), in the 10:1 ratio (NK cells to K562). We gated at least 10,000 events of target cells
(K562) and then we quantified calcein negative cells (dying cells) (Supplementary figure 6). We
observed that when PBMC or isolated NK cells were stimulated with I-CRP they induced loss of cell
viability of K562 cells. This result was similar to the one observed in IL-15 stimulated cells. These

data demonstrate that I-CRP improves the natural cytotoxic activity of NK cells against target cells.
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In figure 5D (left) we can observe that CD69 expression increases, after K562 stimulation, in PBMC
(16.8% to 38.1%) and in isolated NK cells (31% to 53%) pre-incubated with I-CRP; this result was
similar to that observed in IL-15 stimulated PBMC (16.8% to 31.7%) and NK cells (31% to 42%).
Significant differences were observed on PBMC (p<0.001) and isolated NK cells (p<0.05) stimulated
with I-CRP, when compared to their respective control. This observation was showed in other target
cells, CEM and MOLT-4 cells lines in the ratio 10:1 (supplementary figure 7). Taken together, these
data demonstrate that I-CRP increases the effector activity of isolated NK cells against target cells,
through their activation, release of cytotoxic granules (CD107a expression), and killing of target

cells, with no apparent implication of other cell populations present in PBMC.

1.3 DISCUSSION

We examined changes in the NK cell repertoire and functions occurring in response to I-CRP
treatment. We show that I-CRP does not affect PBMC viability and induces activation of NK cells,
modifications on the repertoire of NK markers, and an augmented recognition against the K562 cell
line. These processes are closely linked to the changes on the expression of the activation and
inhibitory NK cell receptors, which control activation and provide NK cell diversity and functionality
[38], indicating that [-CRP improves NK cells functional activity.

Several markers of early NK cell activation have been described, including the C-type lectin receptor,
CD69 [39]. CD69 is not expressed on resting NK cells but is highly upregulated on NK cells after
activation [40]. In this study CD69 was consistently higher in I-CRP-treated NK cells, even when
NK cells were previously isolated. The increase of the NK cells CD56P'™ CD16- subset was observed
after I-CRP treatment, this can be related to an observation reported by Lajoie et al. in 2014, who
indicated that CD16 shedding is restricted to activated cells and this process is partially ADAM-17
dependent [41]. Despite ADAM-17 inhibitors were not implemented in our study, CD16 shredding is

strongly correlated with degranulation [41], which was observed with a high constitutive potential on
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[-CRP-treated NK cells, using the CD107a functional assay. Fogel et al. [40] observed that CD16
shedding increased NK cell motility and facilitate detachment of NK cells from target cells [40,42].
We observed an increase in target cell recognition and cytotoxic activity in I-CRP-stimulated NK
cells, suggesting that CD16 shedding could be implicated in these processes.

The phenotypic analysis of the NK cell repertoire identified patterns of NK cell receptors that may
define NK cell activation by DLEs, such as enhanced CD161, NKG2D, NCR and KIR expression.
CD161 engagement appears to have a complex role in the modulation of immune NK functions with
both activating and inhibitory effects [43]. CD161 is involved in triggering the NK cell cytotoxicity
against human melanoma [44] as well as in the ability to respond to IL-12 and IL-18, upregulating
NKp30, CD160 and CD25 [45]. Similarly, I-CRP induces an increase in the expression of NKp30
and CD69, but not in CD160, suggesting a different kind of activation. Increased NKG2D expression
is related to NK cell activation, as it can have functions as an activating and a co-stimulatory
receptor, playing a fundamental role in the surveillance of microbial infections and cancer [46].
NKG2D was increased after stimulation with I-CRP, supporting the activation of NK cells.
Moreover, NKp44, an NCR which is only up regulated in activated NK cells, was also increased.
Taken together, these results indicate that I-CRP can activate NK cells, isolated or in PBMC. This
activation does not involve proliferation, but involves NKG2C and general KIR expression,
characteristics mostly observed in adaptive-like NK cells, which are well studied in HCMV-
seropositive patients and are defined as CD57*NKG2C* NK cells [47,48]. In this study CD57 was
not analyzed, but the I-CRP-activation pattern we report here has important similarities with the
adaptive-like NK cells, like CD16 decrement, which is observed after acquisition of NKG2C in
CD56%m cells [49], and a better degranulation activity, also reported in NKG2C* NK cells, compared
to NKG2C~ NK cells [49]. Another similarity is the expression of inhibitory and activating KIR in
NK cells, which has been related to the adaptation to HCMV-infection in addition to NKG2C [50]. It

has been determined that adaptive NK cells possess unique KIR repertoire, and display strong
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cytotoxicity against tumor cells [50-52], and, on the other hand, the KIR expression have been
shown to be clinically relevant in allogeneic transplantations to treat acute leukemia [53]. It remains
unclear if these cells can surpass NK cell-resistant tumor cells, but it suggests a better cytotoxic
activity as seen in matured adaptive-like NK cells.

In this context, other reports on DLEs revealed in vitro differentiation of functional
CD56"CD16*CDI11c* NK-like cells from CD34* cells [26], this supports the hypothesis that [-CRP
activation of NK cells might involve a maturation mechanism. The receptors CD161 and NCR are
not usually observed in HCMV-adaptive-like NK cells, but are expressed in I-CRP-treated NK cells;
recently, these receptors were related to a BMPRIA™ (type IA BMP receptor) immature thymocytes,
which able to generate higher numbers of NK cells [54] and promote maturation of a resulting
CD9%4*CD161*CD56*NKp46+ NK cells [55]. The increased expression of NKG2C and CD161, and
CD16 loss could be the result of the heterogeneous peptide mixture composing I-CRP, which could
include peptides derived from MHC class I molecules [56], as well as peptides encoding by UL40 in
HCMV [57], which can activate adaptive-like NKG2C NK cells. Furthermore antimicrobial peptides
(AMP), like LL-37, can mediate ADAM activation [58] and BMP pathway engagement [59].
However, further studies about the exact peptides contained in DLEs and inhibition studies must be

done to better describe these mechanisms of action.

1.4 Conclusion

Overall, our results show that I-CRP induces NK cell activation (CD69 expression), increasing the
CD356P'm CD16~ subset and modulating the expression of the main NK receptors repertoire (Fig.6A),
resulting in a NKG2C+CD161+NK cells with improvements in their cytotoxic response against
target cells (Fig.6B). This work helps to understand the mechanism of I-CRP as immunostimulant

and its possible implications on NK cell differentiation/activation. In addition, these results pointed-
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out the possible use of I-CRP in diseases having a mayor dysfunction of NK cells like viral and

bacterial infections and cancer.

2 Conflict of Interest

The authors declare no conflict of interest. C.R.-P. is employee of LONGEVEDEN SA de CV; the
company had no role in the design of the study, in the collection, analyses, or interpretation of data;

in the writing of the manuscript; or in the decision to publish the results.

3 Author Contributions

HYLA, ABML, RTG, DSA, ACMT, and CRP analyzed and interpreted data. HYLA, and ABML
performed all the experimental work. DSA, ACMT, and CRP conceived and supervised the project.
HYLA, ABML and ACMT wrote the manuscript. RTG, DSA, and CRP revised the manuscript. All

authors approved the final manuscript.

4 Funding

This work was supported by the Laboratorio de Inmunologia y Virologia of Facultad Ciencias

Biolégicas of Universidad Auténoma de Nuevo Ledén (UANL, México), and Unité de Biologie

Cellulaire des Lymphocytes, Institut Pasteur (Paris, France).

5 Acknowledgments

18



430 We thank the Laboratorio de Inmunologia y Virologia of Facultad Ciencias Bioldgicas of
431  Universidad Autéonoma de Nuevo Leén (UANL, México), and Unité de Biologie Cellulaire des
432 Lymphocytes, Institut Pasteur (Paris, France). HYLA and ABML thank CONACYT for scholarship.
433  We thank Alejandra Arreola for article revision.

434

435 6 Reference

436  [1] F. Cichocki, B. Grzywacz, J.S. Miller, Human NK cell development: One road or many?,

437 Front. Immunol. 10 (2019) 1-10. https://doi.org/10.3389/fimmu.2019.02078.

438 [2] M. Grudzien, A. Rapak, Effect of natural compounds on NK cell activation, J. Immunol. Res.
439 2018 (2018). https://doi.org/10.1155/2018/4868417.

440  [3] J.S. Miller, The biology of natural killer cells in cancer, infection, and pregnancy, Exp.
441 Hematol. 29 (2001) 1157-1168. https://doi.org/10.1016/S0301-472X(01)00696-8.

442  [4] E. Vivier, E. Tomasello, M. Baratin, T. Walzer, S. Ugolini, Functions of natural killer cells,
443 Nat. Immunol. 9 (2008) 503-510. https://doi.org/10.1038/ni1582.

444  [5] C. Fauriat, E.O. Long, H.G. Ljunggren, Y.T. Bryceson, Regulation of human NK-cell cytokine
445 and chemokine production by target cell recognition, Blood. 115 (2010) 2167-2176.
446 https://doi.org/10.1182/blood-2009-08-238469.

447  [6] N.W. Zwirner, A. Ziblat, Regulation of NK cell activation and effector functions by the IL-12
448 family of cytokines: The case of IL-27, Front. Immunol. 8 (2017).
449 https://doi.org/10.3389/fimmu.2017.00025.

450 [7] C. Fuqua, M.R. Parsek, E.P. Greenberg, Regulation of gene expression by cell-to-cell
451 communication: Acyl-homoserine lactone quorum sensing, Annu. Rev. Genet. 35 (2001) 439—
452 468. https://doi.org/10.1146/annurev.genet.35.102401.090913.

453 [8] M. Orr, L. Lanier, Natural Killer Cell Education and Tolerance, Cell. 142 (2010) 847-856.
454 https://doi.org/10.1016/j.cell.2010.08.031.Natural.

455 [9] AM. Abel, C. Yang, M.S. Thakar, S. Malarkannan, Natural killer cells: Development,
456 maturation, and clinical utilization, Front. Immunol. 9 (2018) 1-23.
457 https://doi.org/10.3389/fimmu.2018.01869.

458 [10] A. Iwasaki, R. Medzhitov, Control of adaptive immunity by the innate immune system, Nat.
459 Immunol. 16 (2015) 343-353. https://doi.org/10.1038/ni.3123.

460 [11] M. Sternberg-Simon, P. Brodin, Y. Pickman, B. Onfelt, K. Kiirre, K.J. Malmberg, P. Hoglund,
461 R. Mehr, Natural killer cell inhibitory receptor expression in humans and mice: A closer look,
462 Front. Immunol. 4 (2013) 1-12. https://doi.org/10.3389/fimmu.2013.00065.

463 [12] D. Pende, M. Falco, M. Vitale, C. Cantoni, C. Vitale, E. Munari, A. Bertaina, F. Moretta, G.
464 Del Zotto, G. Pietra, M.C. Mingari, F. Locatelli, L. Moretta, Killer Ig-like receptors (KIRs):
465 Their role in NK cell modulation and developments leading to their clinical exploitation,
466 Front. Immunol. 10 (2019). https://doi.org/10.3389/fimmu.2019.01179.

467 [13] W. Held, J.D. Coudert, J. Zimmer, The NK cell receptor repertoire: formation, adaptation and
468 exploitation, Curr. Opin. Immunol. 15 (2003) 233-237. https://doi.org/10.1016/S0952-
469 7915(02)00031-6.

470  [14] G. Chaouat, Current knowledge on natural killer cells, pregnancy and pre-eclampsia, Reprod.
471 Biomed. Online. 16 (2008) 170-172. https://doi.org/10.1016/s1472-6483(10)60572-x.

19



472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

S.M. Vidal, S.I. Khakoo, C.A. Biron, Natural killer cell responses during viral infections:
Flexibility and conditioning of innate immunity by experience, Curr. Opin. Virol. 1 (2011)
497-512. https://doi.org/10.1016/j.coviro.2011.10.017.

C.M. Sungur, W.J. Murphy, Positive and negative regulation by NK cells in cancer, Crit. Rev.
Oncog. 19 (2014) 57-66. https://doi.org/10.1615/CritRevOncog.2014010805.

P. Hoglund, E. Klein, Natural killer cells in cancer, Semin. Cancer Biol. 16 (2006) 331-332.
https://doi.org/10.1016/j.semcancer.2006.08.002.

C. Cantoni, L. Huergo-Zapico, M. Parodi, M. Pedrazzi, M.C. Mingari, A. Moretta, B.
Sparatore, S. Gonzalez, D. Olive, C. Bottino, R. Castriconi, M. Vitale, NK Cells, Tumor Cell
Transition, and Tumor Progression in Solid Malignancies: New Hints for NK-Based
Immunotherapy?, J. Immunol. Res. 2016 (2016). https://doi.org/10.1155/2016/4684268.

A. Mandal, C. Viswanathan, Natural killer cells: In health and disease, Hematol. Oncol. Stem
Cell Ther. 8 (2015) 47-55. https://doi.org/10.1016/j.hemonc.2014.11.006.

W. Hu, G. Wang, D. Huang, M. Sui, Y. Xu, Cancer immunotherapy based on natural killer
cells: Current progress and new opportunities, Front. Immunol. 10 (2019) 1-16.
https://doi.org/10.3389/fimmu.2019.01205.

A. Armaudov, Z. Kostova, Dialysable leukocyte extracts in immunotherapy, Biotechnol.
Biotechnol. Equip. 29 (2015) 1017-1023. https://doi.org/10.1080/13102818.2015.1060136.

A. Salazar-Ramiro, N. Herndndez-Pedro, E. Rangel-Lopez, V. Cruz, S. Estrada-Parra,
Dialyzable Leukocyte Extract ( Transfer Factor ) as Adjuvant Immunotherapy in the
Treatment of Cancer, MOJ Autoimmune Dis. 1 (2018) 1-7.
https://doi.org/10.15406/mojad.2016.01.00003.

A. Zajicovd, E. Javorkovd, P. TroSan, M. Chudickovd, M. Krulovd, V. Holan, A low-
molecular-weight dialysable leukocyte extract selectively enhances development of CD4+
RORyt+ T cells and 1L-17 production, Folia Biol. (Czech Republic). 60 (2014) 253-260.

R.A. Fabre, T.M. Pérez, L.D. Aguilar, M.J. Rangel, 1. Estrada-Garcia, R. Herndndez-Pando, S.
Estrada Parra, Transfer factors as immunotherapy and supplement of chemotherapy in
experimental pulmonary tuberculosis, Clin. Exp. Immunol. 136 (2004) 215-223.
https://doi.org/10.1111/j.1365-2249.2004.02454 .x.

M.E. Merchant, N. Leger, E. Jerkins, K. Mills, M.B. Pallansch, R.L. Paulman, R.G. Ptak,
Broad spectrum antimicrobial activity of leukocyte extracts from the American alligator
(Alligator mississippiensis), Vet. Immunol. Immunopathol. 110 (2006) 221-228.
https://doi.org/10.1016/j.vetimm.2005.10.001.

D. Ramirez-Ramirez, E. Vadillo, L.A. Arriaga-Pizano, H. Mayani, S. Estrada-Parra, M.A.
Velasco-Velazquez, S.M. Pérez-Tapia, R. Pelayo, Early Differentiation of Human CD11c+NK
Cells with yo T Cell Activation Properties Is Promoted by Dialyzable Leukocyte Extracts, J.
Immunol. Res. 2016 (2016). https://doi.org/10.1155/2016/4097642.

C.H. Kirkpatrick, Structural Nature and Functions of Transfer Factors, Ann. N. Y. Acad. Sci.
685 (1993) 362-368. https://doi.org/10.1111/j.1749-6632.1993.tb35889.x.

L. Vallejo-Castillo, L. Favari, S. Vazquez-Leyva, G. Mellado-Sanchez, Z. Macias-Palacios,
L.E. Lépez-Judrez, L. Valencia-Flores, E. Medina-Rivero, R. Chacén-Salinas, L. Pavén, S.M.
Pérez-Tapia, Sequencing Analysis and Identification of the Primary Peptide Component of the
Dialyzable Leukocyte Extract “Transferon Oral”: The Starting Point to Understand Its
Mechanism of Action, Front. Pharmacol. 11 (2020) 1-17.
https://doi.org/10.3389/fphar.2020.569039.

M.A. Franco-Molina, E. Mendoza-Gamboa, P. Zapata-Benavides, M.E. Vera-Garcia, P.
Castillo-Tello, A. Garcia de la Fuente, R.D. Mendoza, R.G. Garza, R.S. Tamez-Guerra, C.
Rodriguez-Padilla, IMMUNEPOTENT CRP (bovine dialyzable leukocyte extract) adjuvant
immunotherapy: A phase I study in non-small cell lung cancer patients, Cytotherapy. 10

20



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

(2008) 490-496. https://doi.org/10.1080/14653240802165681.

H.H. Lara, L. Ixtepan-Turrent, E.N. Garza-Trevio, J.I. Badillo-Almaraz, C. Rodriguez-Padilla,
Antiviral mode of action of bovine dialyzable leukocyte extract against human
immunodeficiency virus type 1 infection, BMC Res. Notes. 4 (2011) 1-9.
https://doi.org/10.1186/1756-0500-4-474.

H.H. Lara, L.I. Turrent, E.N. Garza-Trevifio, R. Tamez-Guerra, C. Rodriguez-Padilla, Clinical
and immunological assessment in breast cancer patients receiving anticancer therapy and
bovine dialyzable leukocyte extract as an adjuvant., Exp. Ther. Med. 1 (2010) 425-431.
https://doi.org/10.3892/etm_00000066.

A.C. Martinez-Torres, A. Reyes-Ruiz, K.M. Calvillo-Rodriguez, K.M. Alvarez-Valadez, A.C.
Uscanga-Palomeque, R.S. Tamez-Guerra, C. Rodriguez-Padilla, IMMUNEPOTENT CRP
induces DAMPS release and ROS-dependent autophagosome formation in HeLLa and MCF-7
cells, BMC Cancer. 20 (2020) 1-11. https://doi.org/10.1186/s12885-020-07124-5.

H.Y. Lorenzo-Anota, A.C. Martinez-Torres, D. Scott-Algara, R.S. Tamez-Guerra, C.
Rodriguez-Padilla, Bovine Dialyzable Leukocyte Extract IMMUNEPOTENT-CRP Induces
Selective ROS-Dependent Apoptosis in T-Acute Lymphoblastic Leukemia Cell Lines, J.
Oncol. (2020). https://doi.org/10.1155/2020/1598503.

A.C. Martinez-Torres, A. Reyes-Ruiz, M. Benitez-Londofio, M.A. Franco-Molina, C.
Rodriguez-Padilla, IMMUNEPOTENT CRP induces cell cycle arrest and caspase-independent
regulated cell death in HeLa cells through reactive oxygen species production, BMC Cancer.
18 (2018) 13. https://doi.org/10.1186/s12885-017-3954-5.

A.C. Martinez-Torres, L. Gomez-Morales, A.B. Martinez-Loria, A.C. Uscanga-Palomeque,
J.M. Vazquez-Guillen, C. Rodriguez-Padilla, Cytotoxic activity of IMMUNEPOTENT CRP
against non-small cell lung cancer cell lines, PeerJ. 7 (2019) €e7759.
https://doi.org/10.7717/peer).7759.

M.A. Franco-Molina, E. Mendoza-Gamboa, L. Castillo-Le6n, R.S. Tamez-Guerra, C.
Rodriguez-Padilla, Bovine dialyzable leukocyte extract protects against LPS-induced, murine
endotoxic shock, Int. Immunopharmacol. 4 (2004) 1577-1586.
https://doi.org/10.1016/j.intimp.2004.06.014.

S. Paul, G. Lal, The molecular mechanism of natural killer cells function and its importance in
cancer immunotherapy, Front. Immunol. 8 (2017). https://doi.org/10.3389/fimmu.2017.01124.
A. Horowitz, D.M. Strauss-Albee, M. Leipold, J. Kubo, N. Nemat-Gorgani, O.C. Dogan, C.L.
Dekker, S. Mackey, H. Maecker, G.E. Swan, M.M. Davis, P.J. Norman, L.A. Guethlein, M.
Desai, P. Parham, C.A. Blish, Genetic and environmental determinants of human NK cell
diversity revealed by mass cytometry, Sci. Transl. Med. 5 (2013) 1-11.
https://doi.org/10.1126/scitranslmed.3006702.

M. Lopez-Cabrera, A.G. Santis, E. Fernandez-Ruiz, R. Blacher, F. Esch, P. Sdnchez-Mateos,
F. Sanchez-Madrid, Molecular clon;ng, expression, and chromosomal localization of the
human earliest lymphocyte activation antigen AIM/CD69, a new member of the C-Type
animal lectin superfamily of signal-transmitting receptors, J. Exp. Med. 178 (1993) 537-548.
https://doi.org/10.1084/jem.178.2.537.

L.A. Fogel, M.M. Sun, T.L. Geurs, L.N. Carayannopoulos, A.R. French, Markers of
Nonselective and Specific NK Cell Activation, J. Immunol. 190 (2013) 6269-6276.
https://doi.org/10.4049/jimmunol.1202533.

L. Lajoie, N. Congy-Jolivet, A. Bolzec, V. Gouilleux-Gruart, E. Sicard, H.C. Sung, F. Peiretti,
T. Moreau, H. Vié, B. Clémenceau, G. Thibault, ADAM17-Mediated Shedding of FcyRIITA
on Human NK Cells: Identification of the Cleavage Site and Relationship with Activation, J.
Immunol. 192 (2014) 741-751. https://doi.org/10.4049/jimmunol.1301024.

K. Srpan, A. Ambrose, A. Karampatzakis, M. Saeed, A.N.R. Cartwright, K. Guldevall,

21



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

G.D.S.C. De Matos, B. Onfelt, D.M. Davis, Shedding of CD16 disassembles the NK cell
immune synapse and boosts serial engagement of target cells, J. Cell Biol. 217 (2018) 3267—
3283. https://doi.org/10.1083/jcb.201712085.

B. Ljutic, J.R. Carlyle, D. Filipp, R. Nakagawa, M. Julius, J.C. Zufiga-Pfliicker, Functional
Requirements for Signaling through the Stimulatory and Inhibitory Mouse NKR-P1 (CD161)
NK Cell Receptors, 1. Immunol. 174 (2005) 4789-4796.
https://doi.org/10.4049/jimmunol.174.8.4789.

E. Montaldo, C. Vitale, F. Cottalasso, R. Conte, T. Glatzer, P. Ambrosini, L. Moretta, M.C.
Mingari, Human NK cells at early stages of differentiation produce CXCLS8 and express
CD161 molecule that functions as an activating receptor, Blood. 119 (2012) 3987-3996.
https://doi.org/10.1182/blood-2011-09-379693.

A. Kurioka, C. Cosgrove, Y. Simoni, B. van Wilgenburg, A. Geremia, S. Bjorkander, E.
Sverremark-Ekstrom, C. Thurnheer, H.F. Giinthard, N. Khanna, L.J. Walker, C. V. Arancibia-
Carcamo, E.W. Newell, C.B. Willberg, P. Klenerman, V. Aubert, M. Battegay, E. Bernasconi,
J. Boni, D.L. Braun, H.C. Bucher, C. Burton-Jeangros, A. Calmy, M. Cavassini, G.
Dollenmaier, M. Egger, L. Elzi, J. Fehr, J. Fellay, H. Furrer, C.A. Fux, M. Gorgievski, D.
Haerry, B. Hasse, H.H. Hirsch, M. Hoffmann, 1. Hosli, C. Kahlert, L. Kaiser, O. Keiser, T.
Klimkait, R. Kouyos, H. Kovari, B. Ledergerber, G. Martinetti, B. Martinez de Tejada, C.
Marzolini, K. Metzner, N. Miiller, D. Nadal, D. Nicca, G. Pantaleo, A. Rauch, S. Regenass, C.
Rudin, A. Scherrer, P. Schmid, R. Speck, M. Stockle, P. Tarr, A. Trkola, P. Vernazza, R.
Weber, S. Yerly, A. Bailey, E. Barnes, B. Bird-Lieberman, O. Brain, B. Braden, J. Collier, J.
East, L. Howarth, S. Keshav, S. Leedham, R. Palmer, F. Powrie, A. Rodrigues, A. Simmons,
P. Sullivan, S.P.L. Travis, H. Uhlig, CD161 defines a functionally distinct subset of pro-
inflammatory natural killer cells, Front. Immunol. 9 (2018) 1-14.
https://doi.org/10.3389/fimmu.2018.00486.

F.M. Wensveen, V. Jelenci¢, B. Poli¢, NKG2D: a master regulator of immune cell
responsiveness, Front. Immunol. 9 (2018). https://doi.org/10.3389/fimmu.2018.00441.

D.W. Hendricks, H.H. Balfour, S.K. Dunmire, D.O. Schmeling, K.A. Hogquist, L.L. Lanier,
Cutting Edge: NKG2C hi CD57 + NK Cells Respond Specifically to Acute Infection with
Cytomegalovirus and Not Epstein-Barr Virus , J. Immunol. 192 (2014) 4492-4496.
https://doi.org/10.4049/jimmunol.1303211.

M. Gumad, A. Angulo, C. Vilches, N. Gémez-Lozano, N. Malats, M. Lopez-Botet, Imprint of
human cytomegalovirus infection on the NK cell receptor repertoire, Blood. 104 (2004) 3664—
3671. https://doi.org/10.1182/blood-2004-05-2058.

P.A. Kobyzeva, M.A. Streltsova, S.A. Erokhina, L.M. Kanevskiy, W.G. Telford, A.M.
Sapozhnikov, E.I. Kovalenko, CD56dimCD57-NKG2C+ NK cells retaining proliferative
potential are possible precursors of CD57+NKG2C+ memory-like NK cells, J. Leukoc. Biol.
108 (2020) 1379-1395. https://doi.org/10.1002/JLB.1MA0720-654RR.

V. Béziat, L.L. Liu, J.A. Malmberg, M.A. Ivarsson, E. Sohlberg, A.T. Bjorklund, C. Retiere,
E. Sverremark-Ekstrom, J. Traherne, P. Ljungman, M. Schaffer, D.A. Price, J. Trowsdale, J.
Michaélsson, H.G. Ljunggren, K.J. Malmberg, NK cell responses to cytomegalovirus infection
lead to stable imprints in the human KIR repertoire and involve activating KIRs, Blood. 121
(2013) 2678-2688. https://doi.org/10.1182/blood-2012-10-459545.

A.R. Manser, N. Scherenschlich, C. Thons, H. Hengel, J. Timm, M. Uhrberg, KIR
Polymorphism Modulates the Size of the Adaptive NK Cell Pool in Human Cytomegalovirus—
Infected Individuals, J. Immunol. 203 (2019) 2301-2309.
https://doi.org/10.4049/jimmunol.1900423.

L.L. Liu, V. Béziat, V.Y.S. Oei, A. Pfefferle, M. Schaffer, S. Lehmann, E. Hellstrom-
Lindberg, S. Soderhill, M. Heyman, D. Grandér, K.J. Malmberg, Ex vivo expanded adaptive

22



619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650

651

652

653

654

655

656

657

658

[53]

[54]

[55]

[56]

[57]

[58]

[59]

NK cells effectively kill primary acute lymphoblastic leukemia cells, Cancer Immunol. Res. 5
(2017) 654—665. https://doi.org/10.1158/2326-6066.CIR-16-0296.

S. Sivori, M. Della Chiesa, S. Carlomagno, L. Quatrini, E. Munari, P. Vacca, N. Tumino, F.R.
Mariotti, M.C. Mingari, D. Pende, L. Moretta, Inhibitory Receptors and Checkpoints in
Human NK Cells, Implications for the Immunotherapy of Cancer, Front. Immunol. 11 (2020)
1-10. https://doi.org/10.3389/fimmu.2020.02156.

N.C. Robson, L. Hidalgo, T. McAlpine, H. Wei, V.G. Martinez, A. Entrena, G.J. Melen, A.S.
MacDonald, A. Phythian-Adams, R. Saced6n, E. Maraskovsky, J. Cebon, M. Ramirez, A.
Vicente, A. Varas, Optimal effector functions in human natural killer cells rely upon autocrine
bone morphogenetic protein  signaling, Cancer Res. 74 (2014) 5019-5031.
https://doi.org/10.1158/0008-5472.CAN-13-2845.

L. Hidalgo, V.G. Martinez, J. Valencia, C. Hernandez-Lopez, M.N. Vazquez, J.R. Nuiiez,
A.G. Zapata, R. Sacedoén, A. Varas, A. Vicente, Expression of BMPRIA on human thymic NK
cell precursors: Role of BMP signaling in intrathymic NK cell development, Blood. 119
(2012) 1861-1871. https://doi.org/10.1182/blood-2011-07-370650.

A. Rolle, J. Pollmann, E'M. Ewen, V.T.K. Le, A. Halenius, H. Hengel, A. Cerwenka, IL-12-
producing monocytes and HLA-E control HCMV-driven NKG2C+ NK cell expansion, J. Clin.
Invest. 124 (2014) 5305-5316. https://doi.org/10.1172/JCI77440.

Q. Hammer, T. Riickert, E.M. Borst, J. Dunst, A. Haubner, P. Durek, F. Heinrich, G.
Gasparoni, M. Babic, A. Tomic, G. Pietra, M. Nienen, [.W. Blau, J. Hofmann, I.LK. Na, I.
Prinz, C. Koenecke, P. Hemmati, N. Babel, R. Arnold, J. Walter, K. Thurley, M.F. Mashreghi,
M. Messerle, C. Romagnani, Peptide-specific recognition of human cytomegalovirus strains
controls adaptive natural Kkiller cells article, Nat. Immunol. 19 (2018) 453-463.
https://doi.org/10.1038/s41590-018-0082-6.

K. Reiss, S. Bhakdi, Pore-forming bacterial toxins and antimicrobial peptides as modulators of
ADAM function, Med. Microbiol. Immunol. 201 (2012) 419-426.
https://doi.org/10.1007/s00430-012-0260-3.

W.K.K. Wu, G. Wang, S.B. Coffelt, A.M. Betancourt, C.W. Lee, D. Fan, K. Wu, J. Yu, J.J.Y.
Sung, C.H. Cho, Emerging roles of the host defense peptide LL-37 in human cancer and its
potential  therapeutic  applications, Int. J. Cancer. 127 (2010) 1741-1747.
https://doi.org/10.1002/1jc.25489.

6.1 Figures Legends

Figure 1. I-CRP increases CD69 expression modulating CD56Dim CD16*- NK subset on

PBMC. A) Gating strategies for flow cytometry analysis of Calcein-AM and CD69 on PBMC.

Quantification of CD69 expression by flow cytometry in PBMC from 6 healthy subjects treated with

different concentrations of I-CRP (0.3 U/mL, 0.7 U/mL and 1.5 U/mL) for 24 and 48h or

Concanavalin-A (ConA, 5 mg/mL). B) Gating strategy for the analysis of CD3* (T cells), CD20* (B

cells) and CD56/CD16 (NK cells) lymphocytes on PBMC by flow cytometry. C) Quantification of

CD3+ T Cells on PBMC treated by I-CRP or Concanavalin A, with different concentrations as
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indicated for 24 and 48h (middle left). D) Quantification of CD20+ B Cells on PBMC treated with
different concentrations of I-CRP or Concanavalin A, as indicated during 24 and 48h (middle right).
E) Quantification of CD56Dim CDI16+ subset of NK cells on PBMC treated with different
concentrations of I-CRP or Concanavalin A, as indicated for 24 and 48h (down left). F)
Quantification of CD56Dim CD16-NK cell subset on PBMC treated by I-CRP or Concanavalin A,
with different concentrations as indicated for 24 and 48h (down right). G) Representative histograms
(left) and quantification (right) of proliferation pics by flow cytometry through CFSE staining in
PBMC 4 healthy individuals treated with I-CRP (1.5 U/mL) or Concanavalin A (Con A, 5 mg/mL)
for 96h. All data shown is median and range. Statistics were performed by non-parametric Mann—

Whitney U-test (*p<0.05, *%p<0.01, ***p<0.001, ***%p<0.0001).

Figure 2. I-CRP promotes early activation and enhances NKG2C expression on NK cells. A)
Representative gating strategy used in analysis. B) Quantification of CD69 expression on NK cells
after PBMC incubation with I-CRP (1.5 U/mL) or IL-2 (200 U/mL) during 24 and 48h. C)
Quantification of accessory receptors (CD161, CD161, CD85j and CD226) on NK cells after PBMC
stimulation with I-CRP (1.5 U/mL) or IL-2 (200 U/mL) during 24 and 48h. D) Quantification of
Killer cell lectin-like receptors (NKG2D and NKG2C) on NK cells after PBMC incubation with I-
CRP (1.5 U/mL) or IL-2 (200 U/mL) during 24 and 48h. All data shown is median and range from
healthy donors n=6. Statistics were performed by non-parametric Mann—Whitney U-test with

Bonferroni correction (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figure 3. I-CRP modulates Killer Immunoglobulin-like receptors and Natural cytotoxicity
receptors expression on NK cells. A) Quantification of Killer Immunoglobulin-like receptors (KIR,
CD158a/h, CD158b/j, CD158d, CD158e1/2 and CD158i) on NK cells after PBMC incubation with I-
CRP (1.5 U/mL) or IL-2 (200 U/mL) during 24 or 48h. B) Quantification of Cytotoxicity receptors

(NKp30, NKp44 and NKp46) on NK cells after PBMC stimulation with I-CRP (1.5 U/mL) or IL-2
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(200 U/mL) at 24 and 48h. All data shown is median and range from healthy donors n=6. Statistics
were performed by non-parametric Mann—Whitney U-test with Bonferroni correction (*p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001).

Figure 4. I-CRP modulates CD56Dim CD16+/— NK. A) Representative gating strategy and dot
plot (CD20 vs CD3) obtained from one healthy donor after negative NK cell isolation from PBMC.
The median of purity efficacy in NK cell population was 95%. B) Quantification of cell viability by
flow cytometry using calcein-AM staining in isolated NK cells treated with I-CRP (1.5 U/mL) or IL-
15 (15 ng/mL) during 24h (data from 6 healthy donors). C) Quantification of CD69 expression by
flow cytometry on isolated NK cells from 7 healthy individuals. Isolated NK cells were incubated
with [-CRP (1.5 U/ml) or IL-15 (15 ng/mL) during 24 h. D) Representative dot plots of isolated NK
cells subsets using CD56 and CD16 markers (I:CD56BrightCD16—, I1:CD56BrightCD16+,
III:CD56DimCD16—, IV:CD56DimCD16+ and V:CD56-CD16+) untreated or treated with I-CRP
(1.5 U/mL) or IL-15 (15 ng/mL) for 24h. Quantification of CD56DimCD16+ and CD56DimCD16—
subsets after I-CRP or IL-15 stimulation for 24h (data from 6 healthy donors). All data shown is
median and range. Statistics were performed by non-parametric Mann—Whitney U-test (¥p<0.05,

*p<0.01, ***p<0.001, ****p<0.0001).

Figure 5. I-CRP increases NK cells effector activity. A) Schematic representation of experiment
design. B) Quantification of CD107a expression by flow cytometry on PBMC (left) and isolated NK
cells (right) from 6 healthy individuals, pre-stimulated with I-CRP (1.5 U/ml) or IL-15 (15 ng/mL)
for 24h and then co-cultured with K562 cells in different ratios 5:1, 10:1, 15:1, 20:1 and 30:1
(NK:K562) during 4h. C) Quantification of the percentage of calcein-AM negative K562 cells co-
cultured during 4h with PBMC (left) or isolated NK cells (right) from 8 healthy individuals pre-

stimulated with I-CRP (1.5 U/ml) or IL-15 (15 ng/mL) for 24h, and then co-cultured with K562 cells
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in a 10:1 (NK:K562) ratio. D) Representative histograms of CD69 expression by flow cytometry on
PBMC and isolated NK cells from 11 healthy individuals, pre-stimulated with I-CRP (1.5 U/ml) or
IL-15 (15 ng/mL) for 24h and then co-cultured with K562 cells in a 10:1 (NK:K562) ratio for 4h, and
quantification (right). All data shown is median and range. Statistics were performed by non-

parametric Mann—Whitney U-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figure 6. Schematic representation of I-CRP effect on NK cells. A) I-CRP increase early
activation marker CD69, promotes overexpression of CD161 an accessory/activator receptor, killer
cell lectin-like receptors (KLR) NKG2D and NKG2C, Killer Immunoglobulin-like receptors (KIR)
and enhances natural cytotoxicity receptors (NCR, NKp30, NKp44 and NKp46) on NK cells. B) I-
CRP improves the effector activity of NK cells by enhancing degranulation marker (CD107a),

promoting cytokines release and improving cytotoxicity on K562 target cells.
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