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Aging is a multifactorial process involving many steps including senescence. The immune system plays a critical
role in aging where chronic inflammation and senescence has been shown to be detrimental. Natural killer (NK)
cells are the predominant innate lymphocyte subset that mediate various responses to include surveillance and
elimination of senescent cells. Here, we use autologous propagated and activated NK (aNK) cells from 5 patients
to demonstrate that aNK cells decrease senescent cells in vitro and immunosenescence in humans based on

markers pl6 and fp-galactosidase. In addition, inflammatory cytokine panel data suggest a role for removal of
immunosenescence to reduce the aging-related inflammatory response.

1. Introduction

Aging is a multifactorial process involving oxidative stress, inflam-
mation, autophagy, mitochondrial injury, telomerase damage, and
senescence [1,2]. Steady accumulation of senescent cells with age has
adverse consequences, i.e., these non-proliferating cells occupy key
cellular niches and secrete pro-inflammatory cytokines, contributing to
aging-related diseases, frailty, and morbidity [3,4]. Hence, the cellular
senescence theory of aging posits that human aging is a consequence of
the accumulation of senescent cells. In agreement with this, the elimi-
nation of senescent cells from transgenic progeroid mice [5] and
non-progeroid, naturally aged mice [6,7] led to greater resistance
against aging-associated diseases and prolonged lifespan.

The immune system plays a critical role in the aging process with
several studies suggesting a direct correlation with elevated levels of
interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-a), and diseases of
aging such as heart disease and dementia [8-10]. Thus, the theory of
inflammaging where immunosenescence plays a critical role in the aging
process [11].

Senescent immune system cells are potentially among the most
harmful of all senescent cells because they spread tissue damage and
rapid aging across other body organs and systems. Therefore, an aged
senescent immune system represents a key therapeutic target to main-
tain and extend healthy aging [12]. Indeed, the immune system has

Abbreviations: aNK, Autologous propagated and activated natural killer cells.
* Corresponding author.

mechanisms for keeping senescence under control. Accumulating se-
nescent cells are normally cleared by the immune system [13-15].
However, the ability of the immune system to fight its own senescence is
limited [16].

As a predominant innate lymphocyte subset that mediates anti-
tumor and anti-viral responses, NK cells have been also implicated in
the surveillance of senescent cells, depending on the pathophysiological
context [2,17]. There are several examples of NK cells eliminating se-
nescent cells in vitro and in mice models, wherein NK cells participate in
fibrosis reversion and senescent cell clearance in mice models in vivo
[18,19]. Similar results were obtained with senescent hepatocyte
AML12 cells [20], in agreement with previous reports [19,21], where
NK cells preferentially targeted senescent cells, as shown by significantly
higher levels of active caspase 3 (measuring cell apoptosis) in senescent
vs non-senescent fibroblasts when cultured with NK cells. These results
were confirmed using a CD107a-based degranulation assay as a surro-
gate marker of cytotoxicity, indicating that NK cells can target senescent
fibroblasts in vitro [22].

Presently, there is a lack of data on NK cell effect on immunose-
nescence in humans. Here we investigated the role of autologous
propagated and activated (aNK) cells on immunosenescence with 5 case
studies. Specifically, we assessed whether aNK cell therapy is safe, re-
duces senescent immune cells, and suppresses the inflammatory
response in humans. Our data suggest aNK cell therapy is safe and
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reduces immunosenescence in humans. Moreover, the presented data
demonstrate a role for reduction of immunosenescence in decreasing the
age-related inflammatory response.

2. Materials and methods
2.1. Patient guidelines and study setup

All studies were approved in accordance with the ethical committee
of Amazonia, S.A. de C.V., Galenia Hospital, Cancun, Mexico. The study
was explained to all 5 patients and an informed consent was obtained
from each patient. All patients were healthy and evaluated prior to
enrollment in this study to assure safety. Cohort 1 consisted of 3 in-
dividuals, all males of ages 70 (A), 50 (B), and 41 (C), whose bloods were
collected for tests and assays outlined in Table 1. Following expansion of
NK cells, each individual from cohort 1 received 1 x 10° NK cells based
on safety profile of previous studies [23]. Cohort 2 consisted of 2 in-
dividuals, 1 female of age 50 (D) and 1 male of age 52 (E). Cohort 2
received 2 infusions of 2 x 10° NK cells each time and immunose-
nescence was assessed.

2.2. PBMCs and NK cell isolation and propagation

Whole blood for NK cell preparation was collected in sodium heparin
tubes (BD Medical). NK cell expansion and stimulation was achieved as
previously described [24]. Briefly, PBMCs were isolated by density
gradient centrifugation using Ficoll-Paque (Cytiva) and cultured for 3
days, at 10° cells/ml, in serum-free medium OpTmizer CTS T-cell
expansion SFM (Invitrogen) containing 700 [U/ml recombinant human
IL-2 (rhIL-2; Chiron), 0.01 kE/ml OK432 (Chugai Pharmaceutical), and
10% heat-inactivated autologous human plasma in a flask containing
immobilized anti-CD16 monoclonal antibody (Beckman Coulter). The
cells were transferred to an untreated flask containing OpTmizer me-
dium supplemented with IL-2 and 10% heat-inactivated autologous
human plasma, or heat-inactivated human serum type AB, and cultured
further. Fresh medium was added to the flask every 2-3 days to bring the
cell density down to 106 cells/ml. After 10-14 days in culture, cells were
harvested by centrifugation and cryopreserved in CryoStor CS10 Freeze
Media (BioLife Solutions). For the determination of cell concentration
and viability, cells were stained with Cellometer ViaStain (Nexcelom
Bioscience) and analyzed using Cellometer K2 cell counter (Nexcelom
Bioscience).

2.3. NK cell cytotoxicity in vitro

Cytotoxicity assay (lactate dehydrogenase [LDH] release) was per-
formed using CytoTox 96 Non-Radioactive Cytotoxicity Assay (Prom-
ega) according to the manufacturer’s instructions. Essentially, K562
cells (ATCC) were incubated with NK cells or PBMCs from the same
donor at an effector to target ratios 2:1, 6:1, and 10:1 for 4 h; the number
of PBMC cells were adjusted to yield the equivalent CD56-positive cells
in the cultured NK cell population.

For neutral red uptake assay, senescent skin fibroblasts were ob-
tained from 70-year old male donor by serial passaging. At passage 10,
cells were considered senescent due to growth arrest. Cells were stained

Table 1
Blood analysis schedule of individuals infused with aNK cells.

Procedure Days Relative to NK cell infusion

-7 -1 0 3 14 30 90
aNK cell infusion +
CBC plus Homocysteine, Sedimentation ~— + + + o+ 4 +

rate, HS-CRP, Fibrinogen, Liver and

Kidney markers
Plasma cytokine profiles + + + + + +
PBMCs senescence markers + + +
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with 33 pg/ml neutral red (Sigma) in medium (DMEM-LG, no phenol
red, supplemented with 10% FBS and GlutaMAX) for 4 h (37 °C, 5%
CO»); rinsed with PBS, exposed to effector cells at effector to target ratios
1:1, 3:1, and 10:1 in medium for 4 h (37 °C, 5% CO5); rinsed with PBS;
and air-dried. Lysis solution was added and incubated at ambient tem-
perature with gentle agitation for 15 min. Absorbance at 450 nm (A4s0)
was determined with a microtiter plate reader (Molecular Devices
SpectraMax Plus 384). Skin fibroblast cells were dissociated enzymati-
cally and counted to determine the number of effector cells to fit the set
effector to target ratios. The number of PBMC cells were adjusted to
yield the equivalent CD56-positive cells in the cultured NK cell
population.

2.4. Video of aNK cells cytotoxicity on senescent human fibroblasts in
vitro

To record aNK cell cytotoxicity in real-time, fibroblasts were
cultured to near confluence, exposed to cultured aNK cells at effector:
target ratio of 10:1, incubated for 1 h in a CO; incubator, and transferred
to room temperature to be observed with a 10 x phase contrast objec-
tive. Time-lapsed photomicrography was performed at 1 exposure per
min for 4 h 9 min with an Olympus IX2-UCB-2 unit and Camedia 2.5.1
software. The resulting video clip (72 exposures), edited for clarity, is
shown at 1 exposure per second (Supplementary Material 1).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bbrep.2022.101380

2.5. Inflammatory cytokine profiles in plasma samples

For cytokine profiles, blood was collected in EDTA tubes (BD Medi-
cal). Cytokine profiles in donors’ plasma included the following
markers: Alpha-1-Antitrypsin, Alpha-2-Macroglobulin, p-2-Micro-
globulin, BDNF, CRP, Complement C3, Eotaxin-1, Factor VII, Ferritin,
Fibrinogen, GMCSF, Haptoglobin, Intercellular Adhesion Molecule 1,
IFN-y, IL-1a, IL-1p, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-
12 Subunit p40, IL-12 Subunit p70, IL-15, IL-17, IL-18, IL-23, IL-27, MIP-
la, MIP-18, MMP-3, MMP-9, MCP 1, Stem Cell Factor, RANTES, Tissue
Inhibitor of Metalloproteinases 1, TNFa, TNFp, TNFr2, VCAM-1, VEGF,
Vitamin D-Binding Protein, von Willebrand Factor. The tests were per-
formed by Myriad RBM (Supplementary Material 2).

2.6. Flow cytometry

Cells used in this study had a greater than 90% viability. One million
cells were stained according to standard protocols with CD56 and CD3
antibodies from Miltenyi Biotec: PE-conjugated mouse IgGl clone
IS5-21F5, PE-conjugated anti-human CD56 clone AF12-7H3, APC-con-
jugated mouse IgG2a clone S43.10, and APC-conjugated anti-human
CD3 clone BW264/56. The cell pellet was dispersed in 200 pl of MACS
buffer and analyzed using the BD Accuri C6 Plus Flow Cytometer with
BD Accuri C6 software v 1.0.264.21.

2.7. Protein assay and ELISA for senescence markers

Protein concentration was determined using the Pierce Detergent
Compatible Bradford Assay Kit according to the manufacturer’s in-
structions. Human pl6 levels were determined using a kit from
MyBiosource according to manufacturer’s instructions. Similarly,
B-galactosidase activity was analyzed with a cellular senescence assay
kit from Cell Biolabs according to manufacturer’s instructions.

2.8. Statistical analysis
Statistical summary (Mean, standard deviation) was obtained for all

data and charted accordingly. To detect any significant differences
among the experimental groups, all data were subjected to non
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parametric Kruskal Wallis test, followed by post-hoc Dunn’s test. Sta-
tistical significance was denoted on charts with “*«, “**< or
indicating p-value as 0.01 < p < 0.05, 0.001 < p < 0.01, or p < 0.001,

respectively.

kel
3

3. Results
3.1. Phenotypic characterization of NK cells

Fig. 1 illustrates results from flow cytometry of cells from individual

A
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donors. PBMCs had a median of 11.2% CD3(-)CD56(+) NK cells (range
5.9-13.6). After a mean of 15 days in culture (range 14-19) aNK cells
were harvested at the peak of the exponential phase of expansion, with a
median of 91.0% CD3(-)CD56(+) aNK cells (range 83.4-96.0) and a
mean expansion factor of 198 (range 128-373) (Fig. 1A and B).

3.2. Cytotoxicity of NK cells in vitro

To demonstrate that this method of expansion and stimulation of NK
cells is effective, we tested the cytotoxicity of PBMCs and aNK cells on
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Fig. 1. Flow cytometry CD3 vs. CD56 dot plots of PBMCs and aNK cells. A: Results from cohort 1 with donors A, B, and C. B: Results from cohort 2 with donors D and
E. The 5 patients had a median frequency of 11.2% CD3(—)CD56(+) NK cells (range 5.9-13.6) in their PBMCs, and following culture expansion, there was an increase

of the median frequency to 91.0% CD3(—)CD56(+) aNK cells (range 83.4-96.0).
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K562 cells in vitro with an LDH release assay (Fig. 2A). aNK cells ac-
quired higher levels of cytotoxic activity against K526 cells, in a dose-
dependent manner in vitro, than NK cells that were part of PBMCs
from which they were derived.

The NK cell cytotoxic effects were also evaluated by a neutral red
uptake and release assay, using senescent skin fibroblasts (Fig. 2B). As
observed with K562 cells (Fig. 2A), aNK cells showed higher levels of
cytotoxicity against senescent skin fibroblasts than naive NK cells.

In addition, we documented the in vitro cytotoxicity of aNK cells
activity by video (Supplementary material 1). Here, we illustrated a time
course video of the elimination of senescent fibroblasts by aNK cells.
Notably, the video shows a high level of cooperation among attackers,
with simultaneous initiation of cytotoxicity by aNK cells and elimination
of senescent fibroblast on separate targets.

3.3. Reduction of senescence marker expression in human PBMCs
following aNK cell infusion

Three individuals (Cohort 1) were infused with 1.0 x 10° autologous
aNK cells. No adverse effects were noted, and all blood test results were
within normal physiological range (Data not shown). At various time
points, PBMCs were isolated from donors A, B, and C and assessed for
senescence markers p16 and B-galactosidase prior to aNK cell infusion,
and on days 14 and 90 post infusion (Fig. 3). Following aNK cell infu-
sion, there was a reduction in both p16 and p-galactosidase levels for all
three individuals. The highest levels of both markers were observed for
all three donors prior to aNK cell infusion (day 0). Ninety days after aNK
cell infusion, there was an increase of senescence markers towards
baseline, albeit still lower than baseline in all three donors. Of note, the
older the individual, the higher the levels of both p16 and f-galactosi-
dase prior to aNK cell infusion (Fig. 3). Similarly, following aNK cell
infusion, there was a larger reduction for the older individual of both
p16 and B-galactosidase on day 14. The data suggests that aNK cells may
reduce senescence marker expression in PBMCs.

3.4. Cytokine profiles in plasma of donors A, B, and C

To understand other effects of aNK cells, we ran a 50-cytokine in-
flammatory profile on donors A, B, and C. There were varying results for
all 3 donors. Of the 50 cytokines performed, there were 27 that were
detectable in all 3 donors. Since many showed no relevant changes or
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patterns, here, we present 7 different cytokines/proteins that had a trend
in all three donors following aNK cell infusion (Supplementary Material
2). T-cell specific RANTES trended higher following aNK cell infusion
while ferritin, monocyte chemotactic protein-1, IL-6 and IFN-y
decreased. Of note, donor C, who has inflammatory bowel disease (IBD),
had inflammatory markers, IL-6, IL-17A, IFN-y and IL-27 upregulated
prior to aNK cell infusion and a significant decrease to almost unde-
tectable in many instances post infusion (Supplementary Material 2). IL-
17A was not detected in donors A and B.

3.5. Reduction of senescence marker expression in human PBMCs
following two aNK cell infusions

In support of the effects of a single dose infusion of aNK cells on
senescence markers (Cohort 1), two individuals (Cohort 2, donors D and
E) were infused with 2.0 x 10° aNK cells per dose separated 192 days
apart. Blood was collected prior to infusion (baseline) on the days of
infusion (0 and 192). We assessed p16 and p-galactosidase on days 0, 56,
192/0, 210/18, 301/109 and 459/267 for a total study period of 459
days (Fig. 4). For cohort 2, the effects of the first aNK cell infusion on
senescence markers were similar to those for cohort 1. The initial levels
of p16 and p-galactosidase decreased on day 56 followed by an increase
on day 192. The second infusion (Day 192/0) resulted in another
decrease in p16 for both donors (Fig. 4A), and the effect lasted longer for
both markers, approximately eight vs six months compared with the first
infusion. The decrease in f-galactosidase levels for both donors was not
as large as it was for p16 compared with the first infusion (Fig. 4B). The
data support the administration of one aNK cell infusion and the pos-
sibility that an additional infusion may have a longer lasting decrease of
immunosenescence.

3.6. Blood test results

Standard blood tests scheduled as shown in Table 1 did not reveal
any significant changes following aNK cell infusion. All infusions were
well tolerated with no adverse effects according to safety and toxicity
blood testing (data not shown).
4. Discussion

Aging is a multifactorial process involving many critical steps

Fig. 2. Cytotoxic effects of PBMCs and aNK cells on
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Fig. 3. Effects of aNK cell infusion on senescence
markers pl6 (A) and p-galactosidase (B) in human
PBMCs isolated from donors A, B, and C, of ages, 70,

@ Donor A 51, and 41 years old, respectively. Donors were
mDonor B infused with 10° aNK cells on day 0. Data was ob-
@Donor ¢  tainedin duplicates for each donor at each time point.

Data within each time point were pooled from the
three donors and analyzed with Kruskal-Wallis test
followed by post-hoc Dunn’s test. Error bar = Stan-
dard deviation. Expression of senescent markers p16
and f-galactosidase decreases following infusion of
aNK cells and trends toward pre-infusion levels by 90
days post-infusion. Significant differences were
denoted by *: 0.01 < p < 0.05; **: 0.001 < p < 0.01.
If not indicated, results are not statistically
significant.
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Fig. 4. Effects of aNK cell infusion on senescence markers p16 (A) and p-galactosidase (B) for human PBMCs in vivo. Donors D and E were infused with 2 x 10° of
aNK cells twice, as indicated by the upper row (Days O through 192, first infusion) and lower row (Days 0 through 267, second infusion) of the x-axis label. Total
study period 459 days. Error bar = Standard deviation. Data was obtained in duplicates for each donor at each time point. Data within each time point were pooled
from the two donors and analyzed with Kruskal-Wallis test followed by post-hoc Dunn’s test. Expression of senescent markers p16 and p-galactosidase decreases
following infusion of aNK cells and trends toward pre-infusion levels by 6 months post-infusion; the pattern is repeated with a second infusion. Significant differences

including senescence, with senescence playing a pivotal role in the
molecular mechanisms leading to increased inflammation, disease, and
frailty as the manifestation of aging [1-3]. It is well understood that the
immune system is key to aging and longevity where immunosenescence
plays a major role. When immune cells undergo senescence, they lose
their capacity to ward off negative effects in aging physiology [12-15].
PBMCs represent the major subsets of immune cells, such as lympho-
cytes (B-cells, T-cells, and NK-cells), monocytes, and dendritic cells, all
constantly interacting with each other to maintain homeostasis [25].
Hence, analyzing PBMCs allows us to gather a deeper understanding of
the immune system in general.

NK cells directly communicate with various PBMCs and are known to
target senescent cells both in vitro and in vivo, [18-22]. Recently, Tang,
et al., described studying specific T cell subsets that were reduced
following NK cell infusion, yet universally accepted markers of senes-
cence such as p-galactosidase and p16 were not determined. The study
followed 37 patients for 1 month following NK cell infusion. Moreover,
the study illustrated a decrease in various well-defined inflammatory
cytokines indicative of reducing inflammatory burden in age-related

diseases [26].

Here, we used aNK cells to assess their ability to remove immuno-
senescence following specific dosage. Our in vitro experiments demon-
strate that aNK cells exhibit an ability to eliminate senescent cells
superior to NK cells found in PBMCs (Fig. 2). The effect of aNK cells on
senescent fibroblasts was also documented in a cell culture video cap-
ture (Supplementary Material 1). The video shows aggressive targeting
and physical elimination of senescent cells by aNK cells after they
interrogate fibroblasts to select targets for elimination. We hypothesize
there was a concerted response to senescent fibroblast by several aNK
cells. Note the high level of cooperation among aNK cells attackers. The
data suggests signal exchange among aNK cells prompting them to co-
ordinate cytotoxic activity. Whether the same occurs in vivo, remains to
be determined.

In support for the removal of immunosenescent cells in humans, we
performed studies on 5 individuals infused with aNK cells. We assessed
levels of senescent markers, p16 and p-galactosidase, in PBMCs isolated
from 5 healthy individuals before and after infusion of aNK cells. In
addition, in cohort 1 (n 3), we assessed safety, toxicity and an
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inflammatory profile using a 50-protein marker array at 2 baselines and
followed up to 90 days post aNK (Table 1).

Cohort 1 had elevated levels of both senescence markers p16 and
f-galactosidase in PBMCs prior to aNK cell infusion. Donor A, the oldest,
had the highest levels of both markers while donor C, the youngest, had
the lowest levels of markers (Fig. 3), indicating a direct correlation of
high p16 and p-galactosidase levels with increased age. On day 14 after
aNK cell infusion, there was a drop in both markers for all three donors
regardless of age indicating reduction of immunosenescence. On day 90
post aNK cell infusion, there was an increase of both senescence markers
towards baseline levels. This observed trend in all 3 donors may be due
to a transient effect of treatment because of a limited time of activity for
infused aNK cells [27].

To assess whether the immunosenescence effect would last longer,
donors D and E, cohort 2, were infused with 2 separate and larger doses
of aNK cells. Results obtained for cohort 2 support and extend our cohort
1 data to a longer period post aNK cell infusion (Fig. 4). When cohort 2
was given a second aNK cell infusion, the effect lasted longer, up to a
measured total of 267 days (Fig. 4). At this point from the start of the
first aNK cell infusion, levels of immunosenescence for donor E were
higher than recorded at the first infusion (459 days prior). This is not
surprising granted the number of uncontrollable variables that can in-
crease or decrease immunosenescence such as diet and nutrition [28].
Based on our p16 and p-galactosidase data in cohort 2, it can be inferred
that the reversal of markers to higher levels occurred somewhere be-
tween 4 and 6 months, implying therapeutic intervention to reduce
immunosenescence in humans will likely need to be repeated for
optimal removal of immunosenescence. This is the first time following
two aNK cell infusions immunosenescence has been documented for
greater than 1 year.

To further extend our understanding of other systemic changes
occurring following aNK cell infusion, we performed inflammatory
protein profiling in cohort 1 (Supplementary material 2). T-cell specific
RANTES trended higher while the remainder 6 inflammatory cytokines
all trended lower following aNK cell infusion (Supplementary material
2). NK cells are affected by several interleukins and chemokines such as
T-cell specific RANTES, which are found early on when NK cells are
activated [29] and previously shown to be secreted by senescent fibro-
blast among other inflammatory stimuli [30]. The trend towards
increasing T-cell specific RANTES may be due to immunosenescence
being eliminated and activation of nearby neutrophils or macrophages
to clear those cells [31].

There was a decreasing trend of inflammatory proteins ferritin,
monocyte chemotactic protein-1 (MCP-1), IL-6 and IFN-y following aNK
cell infusion. Ferritin has been previously reported to be stored in se-
nescent cells [32] which suggests that the decrease in ferritin levels in
our data is a result of clearing of immunosenescence. Inflammatory
proteins such as MCP-1, IL-6 and IFN-y play a key role in inflammation
and have been shown to be upregulated in chronic inflammation and
diseases of aging [33-35]. Tang et al., illustrated a decrease in IL-6, IL-8,
IL-1- o, [L-17, MIP-1 a, MIP-1B, and MMP1. This decrease was shown
only to 30 days out. Nevertheless, those data support our findings that
removal of senescent cells may lower these age-associated inflammatory
proteins. Importantly, IFN-y is known to play a key role in NK cell
activation and recruitment.

Interestingly, IL-17A which has been implicated in several autoim-
mune diseases [36,37] was highly upregulated in Donor C prior to aNK
cell infusion. This donor suffers from IBD. IL-17A also plays a role in age
associated disease [34]. Following aNK cell infusion, IL-17A was
reduced in donor C. In support of this data, studies illustrate that IL-27
plays an important role in IBD [38,39]. While there are conflicting re-
ports of the role of IL-27 in IBD, our data shows a clear reduction in IL-27
in donor C following aNK cell infusion (Supplementary Material 2). This
data suggests a role for aNK cell therapy in controlling inflammatory
disease.

In summary, our data suggest that one or two infusions of aNK are
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safe and may reduce immunosenescence for up to 6 months. This rep-
resents a new therapeutic approach to reduce the detrimental features of
aging such as inflammation and immunosenescence. This study is
limited due to the observation of only 5 cases. Further studies are needed
with larger cohorts and controlled placebos.
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