Infection and Drug Resistance Dove

ORIGINAL RESEARCH

Attenuated Cytokine-Induced Memory-Like
Natural Killer Cell Responses to Mycobacterium
tuberculosis in Tuberculosis Patients

Chen Liang"z’*, Shanshan Li "*, Jinfeng Yuan', Yanhua Song3, Weicong Ren', Wei Wang',
Yuanyuan Shang@®', Shenjie Tang 2 Yu Pang®'

'Department of Bacteriology and Immunology, Beijing Key Laboratory on Drug-Resistant Tuberculosis Research, Beijing Chest Hospital, Capital
Medical University /Beijing Tuberculosis and Thoracic Tumor Research Institute, Beijing, 101149, People’s Republic of China; 2Tuberculosis Clinical
Medical Center, Beijing Chest Hospital, Capital Medical University /Beijing Tuberculosis and Thoracic Tumor Research Institute, Beijing, 101149,
People’s Republic of China; 3Department of Tuberculosis, Beijing Chest Hospital, Capital Medical University/Beijing Tuberculosis and Thoracic Tumor
Research Institute, Beijing, 101149, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Shenjie Tang; Yu Pang, Beijing Chest Hospital, Capital Medical University, No. 97, Machang, Tongzhou District, Beijing, 101149,
People’s Republic of China, Tel/Fax +86 010 8950 9367; +86 010 8950 9359, Email tangsjl 106@vip.sina.com; pangyupound@ | 63.com

Purpose: This study aimed to investigate the phenotype, proliferation and functional alterations of cytokine-induced memory-like
natural killer (CIML NK) cells from healthy subjects and TB patients, and assessed the efficacy of CIML NK cells in response to
H37Rv-infected U937 cells in vitro.

Methods: Fresh peripheral blood mononuclear cells (PBMCs) were isolated from healthy people and tuberculosis patients and
activated for 16h using low-dose IL-15, or IL-12, IL-15, IL-18 combination or IL-12, IL-15, IL-18 and MTB H37Rv lysates,
respectively, followed by low-dose IL-15 maintenance for another 7 days. Then, the PBMCs were co-cultured with K562 and H37Rv-
infected U937, and the purified NK cells were co-cultured with H37Rv infected U937. The phenotype, proliferation and response
function of CIML NK cells were assessed using flow cytometry. Finally, colony forming units were enumerated to confirm the survival
of intracellular MTB.

Results: CIML NK phenotypes from TB patients were similar to healthy controls. CIML NK cells undergo higher rates of
proliferation after IL-12/15/18 pre-activation. Moreover, the poor expansion potential of CIML NK cells co-stimulated with MTB
lysates. CIML NK cells from healthy individuals showed enhanced IFN-y functional to H37Rv infected U937 cells, along with
significantly enhanced killing of H37Rv. However, the CIML NK cells from TB patients show attenuated IFN-y production and now
enhanced the ability of killing intracellular MTB compared to those from healthy donors after co-cultured with H37Rv infected U937.
Conclusion: CIML NK cells from healthy individuals exist the increased ability of IFN-y secretion and boosted anti-MTB activity
in vitro, which from TB patients show impaired IFN-y production and no enhanced anti-MTB activity compared to those from healthy
donors. Additionally, we observe the poor expansion potential of CIML NK cells co-stimulated with antigens from MTB. These results
open up new possibilities for NK cell-based anti-tuberculosis immunotherapeutic strategies.
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Introduction

Mpycobacterium tuberculosis (MTB), the causative agent of tuberculosis (TB), is one of the world’s most pernicious
human pathogens !'In 2020, 10.0 million people developed active TB and approximate 1.5 million people died from this
disease.>” The success of this pathogen lies in its ability to persist within humans throughout the life span.* It is
estimated that one-third of the global population is infected with MTB, posing a major contributor to the pool of active

TB cases.” Current vaccines have poor efficacy, and the prolonged treatment with combinations of drugs is required to
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cure disease due to eradication of nonreplicating bacilli.® To overcome these problems, there is a need for a better
understanding of MTB in the context of its host for the development of new immunotherapeutic strategies.

As the host’s first line of defense against invading pathogens, innate immune responses play an important role in early
clearance of tubercle bacilli, and shaping the nature and magnitude of adaptive immune responses.’ In Innate immunity,
NK cells play a well-recognized role in actively inducing death of MTB-infected monocytes and shaping acquired cell-
mediated immunity.® A previous clinical study revealed that newly diagnosed TB patients had significantly lower
frequencies of NK cell subsets, coinciding with decreased expression of activating receptors, indicating that NK cells
may be functionally impaired during TB infection.” Correspondingly, another recent study provided evidence that the NK
cell cytotoxic activity was restored upon successful anti-TB treatment via monitoring the activity of circulating NK cells
before and after anti-TB treatment.'®!" Thus, these studies point towards a remarkable contribution of NK cells in
immune defenses against MTB.

Traditionally, the activation of NK cells employs non-antigen specific mechanism during infection, but a growing
body of evidence demonstrates that NK cells can elicit recall responses against previously experienced antigens.'? The
existence of memory-like NK cells was reported in different species, including non-human primates and human.'>"'*
Specific memory responses of NK cells were initially identified in cytomegalovirus-infected mice and in the development
of delayed-type hypersensitivity responses to chemical semi-antigens and viral antigens,'> and several subsequent studies
have shown that NK cells can mediate memory-like responses to a variety of pathogens, including herpes simplex
virus,'® human immunodeficiency virus,'”'® Ehrlichial pathogens'® and Mycobacterium tuberculosis.*® The adaptive
features of NK cells open new possibilities for NK cell-based therapeutic strategies against TB. Specifically, it has been
reported that stimulating NK cells with multiple cytokines was able to endow them with memory-like characteristics.?'
A series of pre-clinical and clinical trials have demonstrated the considerable therapeutic effects of cytokine-induced
memory-like (CIML) NK cells in patients with different malignancies.”® The enhanced anti-tumor responses are majorly
attributed to the increased interferon-y (IFN-y) production by CIML NK cells. In view of the essential for IFN-y in
resistance to intracellular tubercle bacilli,”® an interesting question is whether the specific subset of NK cells could bring
additional benefits for TB patients to accelerate bacterial clearance. We therefore conducted in vitro experimental study
to compare the phenotypes, proliferation and functional alterations of peripheral blood mononuclear cell-induced CIML
NK cells in healthy subjects and TB patients, and to assess the efficacy of CIML NK cells in response to H37Rv-infected
U937 cells.

Materials and Methods

Reagents, Bacteria and Cell Line

The following anti-human antibodies were used: PerCP/Cyanine 5.5-anti-human CD3 (clone: HIT3a), Brilliant Violet
421 anti-human IFN-y (clone: B27), PE/Cyanine7 anti-human CD107a (H4A3), Brilliant Violet 650 anti-human CD57
(QA17A04), Zombie NIR™ Fixable Viability and CFSE-FITC (all BioLegend); Brilliant Violet 480 anti-human
CD16 (clone: 3G8), PE anti-human CDS56 (clone: B159) (all BD Biosciences). The following endotoxin-free
recombinant human (rh) cytokines were used: rhIL-12 and rhIL-15 (PeproTech), and rhIL-18 (Biolegend). The
standard strain MTB H37Rv strain (ATCC: 27294) was preserved in Department of Bacteriology and Immunology,
Beijing Chest Hospital, Capital Medical University, taken out of the —80 °C freezer for recovery, and cultivated in
Lowenstein-Jensen medium. MTB H37Rv was lysed using FastPrep-24 5G (MP Biomedicals). The lysates were
centrifuged and the supernatants were prepared to obtain MTB H37Rv whole cell lysates. K562 (ATCC: CCL-243;
K-562 are lymphoblast cells isolated from the bone marrow of a 53-year-old chronic myelogenous leukemia patient)
and U937 cells (ATCC: CRL-1593.2) were stored in liquid nitrogen, resuscitated and thawed at 37 °C for use in our
studies, and maintained for <2 months at a time in continuous culture in RPMI-1640 medium containing penicillin/
streptomycin and 10% FBS (Gibco). The K562 and U937 cell lines were gently provided by Beijing Children’s
Hospital affiliated to Capital Medical University.
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Samples Collection and Study Design
Peripheral blood was collected from healthy volunteers and TB patients at Beijing Chest Hospital from May 2022 to
November 2022. Healthy volunteers were recruited based on the following inclusion criteria: (i) aged 18-70 years; (ii)
T-SPOT negative; (iii) without any tuberculosis-related symptoms, and chest imaging examination without active lesions;
(iv) no history of TB and other immune-related diseases. The pulmonary TB patients were diagnosed according to
National Health Commission of the People’s Republic of China pulmonary tuberculosis diagnosis and treatment guide-
lines (WS 288-2017, China). TB patients should met all inclusion criteria as follows: (i) aged 18—70 years; (ii) new cases
without any anti-TB treatment before; (iii) positive results for MTB test using sputum culture and/or GeneXpert MTB/
RIF test; (iv) pulmonary imaging features indicative of TB; (v) informed consent. All people with MTB previous
infection, HIV co-infection, diabetes mellitus or other immune-related comorbidity were excluded from our study.
Donor peripheral blood mononuclear cells (PBMCs) were isolated by Lymphocyte Separation Medium (TBD). Fresh
PBMCs were plated at 4-5x10° cells/mL in 12-well cell culture plate and preactivated for 16h hours using [rhIL-12 (10
ng/mL) plus rhIL-15 (50 ng/mL) plus rhIL-18 (50 ng/mL)] or [rhIL-12 (10 ng/mL) plus rhIL-15 (50 ng/mL) plus rhIL-18
(50 ng/mL) and MTB H37Rv whole cell lysates (20 pg/mL)] or control conditions (rhIL-15, 1 ng/mL) in RPMI-1640
medium containing penicillin/streptomycin and 10% FBS, respectively (Cooper et al, 2009; Romee et al, 2016).'>'8
Following pre-activation, cells were washed to remove cytokines and cultured in RPMI-1640 supplemented with rhIL-15
(1 ng/mL) to support survival for 7 days. Fresh media was replaced every 2—3 days. On day 7, PBMCs were collected for
subsequent experiments. NK cells were isolated from PBMCs using negative magnetic bead separation (Miltenyi Biotec,
Bergisch Gladbach, Germany), consistently achieving greater than 95% purity for CD3°CD56" NK cells (Figure S1).

Proliferation Assays

PBMCs from healthy subjects and TB patients were prepared as described above. PBMCs were adjusted to 10’/mL in
PBS and incubated with CFSE (working concentration: 0.25uM) for 20 minutes at room temperature in the dark. Next,
the suspensions were washed using PBS for three times to remove unbound dye and incubated with the Zombie NIR
Fixable Viability for 10min. The cells were incubated with PerCP/Cyanine5.5 anti-human CD3 antibodies and PE anti-
human CD56 antibodies to distinguish CD3"CD56 'NK cells for 30 min at 4 °C protected from light, the single cells were
suspended in D-PBS and data were acquired using LSRFortessa flow cytometer (BD Biosciences, San Diego, CA, USA).
The PBMC:s collected here before treatment with cytokines at this time are the undivided cells for NK cell proliferation.
The rest of the CFSE labeled cells were pre-activated referring to the previous paragraph. On the 8th day, the cells were
collected for flow cytometry analysis. Percentage of divided cells=number of cells that have undergone proliferation/total
number of cells before stimulationx100%.

Functional Assays and Survival of MTB

Fresh PBMCs were activated for 16 h referring to the previous paragraph and harvested after 7 days with rhIL-15 (1 ng/
mL) treatment. Then, cells were restimulation with cytokine or co-cultured with K562 or H37Rv infected U937. For
restimulation, PBMCs were plated at 5x10° cells/mL in 12-well cell culture plate restimulated for 6h using IL-12/15/18.
For targeting K562, PBMCs were incubated with K562 cells (10°) for 6h (effector/target ratio of 5:1). For targeting
H37Rv infected U937, U937 cells (10° for PBMCs or 5x10* for purified NK cells) were treated with 1uM of Phorbol 12-
myristate 13-acetate (Sigma) overnight into macrophage phenotype prior to H37Rv infection. The optical density (OD)
value of H37Rv was adjusted to infect U937 cells at MOI=5 for 4 h. Next, cells were washed 3 times with PBS to remove
the un-phagocytosed bacteria. Preactivated PBMCs or purified NK cells were incubated with H37Rv infected U937 for 6
h (effector/target ratio of 5:1). GolgiPlug and GolgiStop (brefeldin A and monensin, respectively) protein transport
inhibitors (BD Biosciences) were added 4 hours prior to cell collection in all groups. Next, the supernatant cells were
washed twice with D-PBS supplemented with 1% of FBS, and stained with Zombie NIR Fixable Viability kit
(BioLegend) to exclude dead cells. Then, the cells were stained for cell surface markers (CD3, CD56, CD16, CD57
and CD107a) with the respective fluorochrome-conjugated antibodies for 30 min on ice protected from light. For
intracellular IFN-y staining, cells were fixed and permeabilized with BD Cytofix/Cytoperm Kit following the
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manufacturer’s protocol. Finally, cells were washed twice and acquired in a BD LSRFortessa (BD Biosciences)
cytometer. NK cells were gated as CD3 CD56 (Figure 1B for details on gating strategies) for all analysis. Flow
cytometry data were analyzed with FlowJo v10.8.1. Meanwhile, the adherent cells in the lower layer were washed
three times with PBS to confirm the survival of H37Rv. 0.05% SDS (in PBS) was added to lyse the cells, followed by 10-
fold serial dilutions and cell lysates were plated on 7H10 agar for 4—6 weeks at 37 °C (5% CO,) to enumerate colony
forming units (CFUs).

Statistical Analysis

GraphPad Prism Version 9.0 software was used for graphical representation and statistical analysis. Data were repre-
sented using Means + SEM. The Shapiro—Wilk Test was used to test whether the data conformed to a normal distribution.
If the data conformed to a normal distribution, Student’s ¢ test was used for statistical analyses between two groups. And
Ordinary one-way or two-way ANOVA with Tukey’s multiple comparisons test was used to determine significant
differences among multiple groups. If the data do not conform to a normal distribution, Wilcoxon rank sum test was
used for statistical analyses between two groups. A Kruskal-Wallis Test was used to determine significant differences
among multiple groups. If the results of a Kruskal-Wallis test are statistically significant, then Dunn’s Test was used to
determine exactly which groups are different. Values of P<0.05 were considered statistically significant.

Results
Characteristics of Cytokine-Induced Memory-Like NK Cells in Healthy Donors and

Tuberculosis Patients

The whole experimental schematic is shown in Figure 1A. Figure 1B was the representative flow cytometry gating
strategy, which was set with FMO control for NK cells (Figure S2). In healthy subjects, the percentage of NK cells in the
lymphocytes with low-dose IL-15, IL-12/15/18, and IL-12/15/18/MTB induction group were (3.60+0.73) %, (5.83%0.90)
and (2.94+0.69) %, respectively (Figure 1C). In TB patients, the percentage of NK cells in the lymphocytes with above
three different treatments were (2.98+1.07) %, (6.54+2.12) %, (3.76+1.39) %, respectively (Figure 1C). Compared with
control NK group (low-dose IL-15 pretreatment), the percent of NK cells was enhanced after the 1L-12/15/18 stimulation
in both healthy donors (P<0.05) and TB patients (£<0.01), but there was no significant difference in IL-12/15/18/MTB
treatment groups (P>0.05). Further comparison of the proportion of the two major NK subsets found that there was no
significant change in the ratio of the CD56%™ and CD56"€" NK after cytokine induction (Figure 1D and E). However,
the proportion of CD16 CD56%™ NK cells was considerably increased in IL-12/15/18 and IL-12/15/18/MTB stimulated
group (Figure 1F), and the proportion of CD16'CD56%™ NK cells was greatly reduced in both stimulated groups
(Figure 1G). There was no statistical difference in the change in the proportion of CD16 CD56"€" NK cells after
cytokine induction (P>0.05, Figure 1H). The percent of CD16"CD56°"¢" NK cells was reduced in IL-12/15/18 and IL-
12/15/18/MTB stimulated group in TB (P<0.001, Figure 11).

Proliferation and Differentiation of Cytokine-Induced Memory-Like NK Cells in

Healthy and TB Donors

The proliferative effect of NK cells with low dose IL-15, IL-12/15/18 or IL-12/15/18/MTB H37Rv lysate pre-activation
on PBMCs from healthy donors and TB patients was investigated by CFSE labeling and dye dilution was evaluated after
7 days. CFSE labeling was measured by flow cytometry for CD3 CD56" NK cells. Representative CFSE flow cytometry
results of CD3 CD56" NK cells were shown Figure 2A. In healthy subjects, the percentage of divided NK cells in the
low-dose IL-15, IL-12/15/18, and the IL-12/15/18/MTB induction group were (21.23+£8.32) %, (34.85+8.44) % and
(14.83+4.89) %, respectively (Figure 2B). In TB patients, the percentage of divided NK cells in the above three different
treatments was (22.18+6.92) %, (51.249.26) %, (23.83+2.62) %, respectively (Figure 2B). Compared with control group
(low-dose IL-15 pretreatment), the proliferation of NK cells was greatly enhanced after the IL-12/15/18 stimulation in
both healthy donors (P<0.05) and TB patients (P<0.0001). However, when PBMCs were co-treated with 1L-12/15/18/
MTB, the percentage of divided NK cells decreased compared to the IL-12/15/18 group (P<0.001, Figure 2B). When
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Figure | Characterization of Cytokine-induced memory-like NK cells. (A) Schema of cytokine-induced memory-like NK cells in vitro. PBMCs from HC and TB were pre-activated with
low-dose IL-15, IL-12/15/18 or IL-12/15/18/MTB H37Rv whole cell lysates for 16 hours. After incubation with cytokines, the cells were washed to remove cytokines, and then low-dose
IL-15 was used to maintain growth for 7 days. Afterwards, the cells without restimulation were collected for proliferation analysis. The cells incubated with IL-12/15/18, K562, or H37Rv-
infected U937 for 6h were collected for IFN-y and CD 107a analysis. CFUs were calculated using H37Rv-infected U937 after incubated with previous treated PBMCs or purified NK cells.
(B) Representative flow cytometry gating strategy. NK cells were gated by CD3 CD56". This gating is shown from 2 representative individuals. The numbers in the panels indicate
percentage in the gated areas of sorted cells. Summary of data shown as means + SEM percentage of (C) NK cells in live lymphocytes, (E, H and ) CD56°"8" and (D, F and G) CD56%"™
NK in total NK cells from HC (n=6) and TB (n=4) after pre-activation. All data in these figures were compared between and within groups using two-way ANOVA or Kruskal-Wallis test,
and the data without statistical differences were not labeled in the graph. *P<0.05; **P<0.01, **P<0.001, **P<0.0001.

Abbreviations: HC, healthy donors; TB, tuberculosis patients; PBMCs, peripheral blood mononuclear cells; MTB, Mycobacterium tuberculosis.
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Figure 2 NK cells from healthy and tuberculosis donors undergo higher rates of proliferation after IL-12, IL-15, and IL-18 treatment. The proliferative effect of NK cells in
PBMCs from HC and TB patients after low dose IL-15, IL-12/15/18 or IL-12/15/18/MTB lysates pre-activation was investigated by CFSE labeling, and dye dilution was
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Abbreviations: HC, healthy donors; TB, tuberculosis patients; PBMCs, peripheral blood mononuclear cells; MTB, Mycobacterial tuberculosis.
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PBMCs were treated with low doses of IL-15, the proportion of NK cell divided was not notably different between
healthy individuals and TB patients (P>0.05, Figure 2D). While the proportion of divided NK cells from TB patients was
higher than that from healthy people after 1L-12/15/18 or IL-12/15/18/MTB induction (P<0.05, Figure 2E and F).
Meanwhile, after 1L-12/15/18 or 1L-12/15/18/MTB induction, the percentage of dead NK cell in TB group was
significantly greater than that in healthy group (P<0.0001, Figure 2C). There were no obvious differences noted in the
proportion of CD57" NK cells among these treatments (Figure S3).

Cytokine-Induced Memory-Like NK Cells Exhibited Significantly Enhanced Functional

Responses

Previous studies have determined that human NK cells which were pre-activated with IL-12, IL-15, and IL-18 exhibit
memory-like functional responses to leukemia target cells.** To evaluate whether NK cells from TB patients affect the
IFN-y release and degranulation levels after cytokine pre-activation, flow cytometry analysis gating on CD3 CD56 ' NK
cells were performed. Representative flow cytometry gating strategy for IFN-y" and CD107a+ NK cells as shown
Figure 3A and B. And the gating strategy of IFN-y and CD107a positive quadrant for CD56%™ and CD56°"¢" NK cells
were shown in Figure S4. Our results found that CIML NK cells exhibited enhanced IFN-y production with cytokine
restimulation (P<0.0001, Figure 3A and C). The levels of IFN-y secreted by two subsets of NK cells (CD56%™ and
CD56"8") also showed an enhanced function after cytokine induction (P<0.0001,Figure 3D and E). In healthy subjects,
the percentage of IFN-ypositive NK cells in the low-dose IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB
induction group were (2.3+1.04) %, (38.89+10.3) % and (41.46+6.49) % in total NK cells, (1.9£1.00) %, (39.85£10.98)

® LowdoselIL-15 ® IL-12/1518 IL-12/15/18/MTB

FMO Low dose IL-15 IL-12/15/18 IL-12/15/18/MTB

A e
war ke seee  aees T,
IFN-y* IFN-y* IFN-y* IFN-y* C . - - D o erwr  ewen E - —
0 . 0.06 39.30 27.30 s . . g | — - S bl
] & g e 8 8 2w 2 5 - ° Fool .
3 :: g 2404 3 a0 E- K
We | 1% i { i A P Ba] i i
3 I $ £ £ . 8 . 8 3 -
’z? 20+ £ 204 'E 204 .
! ! - » F £ 2 H §> P i.
= T
NIC TIB NIC TIB HC ™
.
* .
. F G - H . -
IFNy* IFN-y* ; IFN-y IEN-y* I e PR * = -
[} s & 004 |4 36.20 | 4 28.91 I B - £ — g
™ § S . : £ oo £ Fof .
s & A £ & 2 . + £ 2 o =
G i o LI 2] = T [ s %2 8] +° =
£ = = - o - 8 b
o s £ 204 s = - r .
. . . . T " a k " K .
g ' 1 Haa ks * £ 10 £ g0 0+
8 ot e 2 . N .
IFN-y-BV421 e kS o s e s
we .+ T
B [ J .. K s
- 2
s g
cD107a* | cD107a* cD107a* cb1o7a* < P £ oo .
34.52 £ o] 2. % H :
0 20.20 36.10 £ 1 z -
P o ; z I S & £ 40 I+ 2%
H ; i s i 8 8 Y
HC £ ,@ 3 3 1 £ £ 20 .
- 2 = -
i E| - . N Lo @
. &S "\s’“é 604? V»:D" &
,,,,,,,,,,,,,,,,,, & Vs
8 N N
cD107a* | cD107a* cD107a* cDp107a* . _son a0
0 ’ 12.20 38.90 35.54 L. . M N Ng
= 60 H Z 30
B * H .4+ H H o :
8 8 € H i g %0 i i % T
. ! % L 1 ‘s gn] 15Z i= T 74
8 Eusd . RN . Felat .
w0 a > *
8 9 oq 3 a3 o : (=L
o . ° . 8
e e —————r *\a" @s" & ;‘" & \s“@ o R
CD107a-PE-Cy7 CIRNS @@ & ® & @t}

Figure 3 Cytokine-induced memory-like NK cells exhibit enhanced IFN-y functional responses. PBMCs from HC (n=6) and TB (n=4) were pre-activated with low dose IL-
I5,1L-12/15/18 or IL-12/15/18/MTB H37Rv lysates for 16 h. Afterwards, the cells were washed to remove cytokines, then cultured with low dose IL-15 for 7 Days. Low dose
IL-15, IL-12/15/18 or IL-12/15/18/MTB lysates were used to restimulate for another 6h. (A) Representative flow cytometry gating strategy for IFN-y* NK cells. (B)
Representative flow cytometry gating strategy for CD107a" NK cells. This gating is shown from 2 representative individuals. Labeled numbers are the percentages of IFN-y*
or CD107a* NK cells. Summary of data showing (C) IFN-y production and (F) degranulation level by NK cells (CD3 " CD56") as well as each of the two major human NK
cell subsets CD56%™ (D and G) and CD56°"&" (E and H) after cytokine restimulate. Comparisons of IFN-y release (I-K) and CD107a expression (L-N) were conducted
between NK cells from HC (n=6) and TB patients (n=4) after cytokine restimulate. All data in these figures were compared between and within groups using two-way
ANOVA or Kruskal-Wallis Test, and the data without statistical differences were not labeled in the graph. *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
Abbreviations: HC, healthy donors; TB, tuberculosis patients; PBMCs, peripheral blood mononuclear cells; MTB, Mycobacterial tuberculosis.
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% and (40.27£3.97) % in CD56°8" NK, (2.27+0.88) %, (40.93£7.35) % and (41.04+£3.88) % in CD56%™ NK,
respectively. In TB patients, the percentage of IFN-y positive NK cells in the low-dose IL-15, IL-12/15/18 induction,
and the IL-12/15/18/MTB induction group were (2.41£2.52) %, (36.9£6.61) % and (35.48+4.35) % in total NK cells,
(3.32+2.46) %, (37.128.18) % and (39.55+3.73) % in CD56"€" NK, (2.31+2.37) %, (34.73+7.45) % and (32.33+9.05)
% in CD56%™ NK, respectively. The presence of MTB lysate did not affect IFN-y secretion by CIML NK cells
(Figure 3C—E). The level of total NK cells, CD56“™NK and CD56™€™NK degranulation was increased after cytokine
preactivated (P<0.01, Figure 3B, F, G and H). In health population, the percentage of CD107a positive NK cells with
above three different treatments were (18.2+1.46) %, (38.83+£10.27) % and (36.73+5.87) % in total NK, (5.42+2.02) %,
(20.87+6.91) % and (22.9+5.06) % in CD56°"¢" NK, (10.10£3.19) %, (25.72+8.96) % and (19.38+5.28) % in
CD56%™NK, respectively. In TB patients, the percentage of CD107a positive NK cells with above three different
treatments were (20.15+4.93) %, (54.08+10.88) %, (47.80+16.20) % in total NK, (8.95+4.21) %, (26.434+9.83) % and
(20.05+4.51) % in CD56°" NK, (7.88+4.25) %, (20.73+4.09) % and (24.68+4.03) % in CD56“™NK, respectively.
After cytokine restimulation, IFN-y release (Figure 3I-K) and CD107a (Figure 3L—N) expression of NK cell were
compared between healthy subjects and TB patients, showing no significant differences between the two populations (P >
0.05). These findings demonstrated that IL-12/15/18 and IL-12/15/18/MTB preactivated human NK cells could affect
IFN-y and degranulation levels in both health and TB population.

Cytokine-Induced Memory-Like NK Cells Functional Responses Against K562 Target
Cells in HC and TB Population

IFN-y expression and degranulation levels of NK cells in peripheral blood of TB patients were reduced, and returned to
baseline levels after clinical cure.?>° In order to verify whether the function of NK cells in TB patients could be rescued
by cytokine induction, the induced cells were incubated with K652 cells for another 6 hours, and then the levels of IFN-y
and CD107a in NK cells were detected using flow cytometry. In healthy subjects, the percentage of IFN-y positive NK
cells in the low-dose IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB induction group were (12.78+2.69) %,
(28.82+3.31) % and (22.64+3.26) % in total NK cells, (12.83+1.19) %, (36.95+8.04) % and (27.63+2.25) % in CD56°" "
NK, (9.68+1.18) %, (21.48+5.50) % and (18.87+2.30) % in CD56%™ NK, respectively. The percentage of CD107a
positive NK cells with above three different treatments were (67.22+1.93) %, (63.8344.18) % and (58.48+4.52) % in
total NK, (54.00£10.29) %, (53.18+9.53) % and (46.20+4.56) % in CD56°" NK, (56.1+3.88) %, (55.37+3.40) % and
(52.23+8.38) % in CD56%™ NK, respectively. In TB patients, the percentage of IFN-y positive NK cells in the low-dose
IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB induction group were (7.66+1.19) %, (19.03+0.62) %, (17.76
+1.42) % in total NK cells, (11.724+2.33) %, (29.98+9.96) % and (26.8+9.25) % in CD56*"¢"NK, (3.62+1.86) %, (15.07
+3.3) % and (12.70£1.78) % in CD56%™NK, respectively. The percentage of CD107a positive NK cells with above three
different treatments were (39.9848.21) %, (48.95£9.39) % and (36.70+£6.70) % in total NK, (43.60+£9.03) %, (51.84
+6.24) % and (41.6£6.81) in CD56""™NK, (32.60+£9.92) %, (34.75+11.41) % and (30.78+9.13) % in CD56“™NK,
respectively. CIML NK cells exhibited enhanced IFN-y production in response to K562 leukemia cells both in HC and
TB group (P<0.01, Figure 4A—C). However, there was no significant difference in the level of cell degranulation under
three treatment condition in either the HC or the TB patient group (P>0.05, Figure 4D—F). The total NK and CD56%™
NK cells from TB patients showed conspicuously weaker levels of IFN-y and CD107a against K562 target cells overall
than that from healthy controls (P<0.05, Figure 4G, H, J and K). However, the levels of IFN-y and CD107a responses of
CD56™EMNK cells to K562 target cells were not a remarkable discrepancy when compared between healthy individuals
and TB patients (P>0.05, Figure 41 and L).

Cytokine-Induced Memory-Like NK Cells Functional Responses Against
H37Rv-Infected U937 Cells in HC and TB Population

We next verified the efficacy of CIML NK cells in response to H37Rv-infected U937 cells. On day 7 after cytokine
induction, the induced PBMCs and purified NK cells were incubated with H37Rv infected U937 cells for 6 h. The levels
of IFN-y and CD107a expressing in NK cells were assayed using flow cytometry in PBMCs. The lower cell layer was

2356 e Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Liang et al

>

O

®

IL-12/15/18

e LowdoselL-15 o
*kkk KKk K
*okkk EET TS
407 — —_—
. °
£ 30
< 301
£ %
g —_
= 20
= e
i
>
> 10
£ ]° £
0 T T
HC B
80
SAE 2
X 60+ ¢ ® o
[ [ )
g T
= 401 ~I~ b
+
(T
~
S 20+
o
o
0 T T
HC B
¢« HC +» TB
* sk ok ok *
409 — — —_—
—_ *
g 30
X & *
= *
2
= 20 e 3
£ s A%
TalF
i
0 1 1 1
o 2 Q
N N &
v \\"\ Q\‘
P NV N
S ? &)
& N4 W
o [\
v N4
kkkk  dkk  kkokk
80 — — plal
S b -
X 60-] '? ak %
@ A _l_ .
2 ~
£ 47 T . +
+(ﬂ : A
N~
o 20
=
a
o
0 T T T
» @ Q
N N &
N4 \\"\ q,\\“
& N &
& v N’
& Yoo
v %

IL-12/15/18/MTB

V)

IFN-y* in CD569™NK (%)

m

CD107a"* in CD56%™NK (%)

T

IFN-y* in CD56%™NK (%)

CD107a* in CD569™NK (%)

*okok *k
407 gnen Kok
30 >
3
20 ® o
7 4
104 % .
b L ]
L.
0 1 - T
HC B
80
60 :i 4
2x
[ ]
40 {__}
20 ® o
0 T T
HC B
40
* * *
30 *
1 ¢
20 "
25 %,
10-] $ A A
*
A
Y
0 1 A 1 1
o G Q@
N N S
N4 %) N
o D W
& N %)
& W’
‘\'»
80 k% *% *%

2]
o
1

IS
o
1

N
o
1

o

» & Q
N N &
4 N N
& N N
P ; N
& O
N N

IFN-y* in CD56P"19"NK (%)

CD107a* in CD56"I"NK (%)

IFN-y* in CD56"19"NK (%)

CD107a* in CD56°"9"NK (%)

*k *
Kok kK *%
50
® °
40 K3
®
30 e o 'l‘
s o
20 °
L]
2 =
104 .
0 1 T
HC B
80—
® [
s ® © °
& 2 e T
RN
40 °° ';' +
[ ]
[ ]
20
0 I 1
HC B
50—
0. A
40+ _z_ -
30 * % % 1
.1 84
20 " 4
®: A
b S
10+ n
0 T T T
o ® )
N Q
AR
& g N
& W N’
&
80
. *
so-é M
= i *
L] T §u
40 * 4+
A A

T
o ® S
N N

AR
@ » N
& o N
Yoo
N4

Figure 4 Cytokine-induced memory-like NK cells functional responses against K562 targets cells in HC and TB populations. On day 7 after cytokine induction, the cells
were incubated with K562 cells for 6 hours, then the levels of IFN-y and CD107a were detected by flow cytometry. NK cells (CD3 CD56") were gated on IFN-y and
CD107a. Summary of data shown as means * SEM percentage of (A) IFN-y production and (D) degranulation level by NK cells as well as each of the two major human NK
cell subsets CD56%™ (B and E) and CD56°"8" (C and F) restimulated with K562. Comparison of IFN-y functional reflection (G-I) and CD107a expression (J-L) differences
between the memory-like NK cells from HC (n=6) and TB patients (n=4) against the K562, respectively. All data in these figures were compared between and within groups
using two-way ANOVA or Kruskal-Wallis Test, and the data without statistical differences were not labeled in the graph. *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
Abbreviations: HC, healthy donors; TB, tuberculosis patients; MTB, Mycobacterium tuberculosis.
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lysed and CFUs were counted to evaluate the intracellular bactericidal ability of NK cells. In healthy subjects, the
percentage of IFN-y positive NK cells in the low-dose IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB induction
group were (11.29+2.13) %, (24.52+2.09) % and (22.03+2.98) % in total NK cells, (14.13£1.64) %, (26.25+3.36) % and
(19.4+4.07) % in CD56""#"NK, (11.8+1.55) %, (25.15+3.88) % and (20.70+6.71) % in CD56%™NK, respectively. In HC
group, the levels of IFN-y positive NK cells were enormously increased with IL-12/15/18 induction after exposure to
H37Rv infected U937 (P<0.0001, Figure 5A), and also significantly enhanced in the two major NK cell subtypes
CD56%™NK cells (P<0.001, Figure 5B) and CD56""2"NK cells (P<0.0001, Figure 5C). However, in TB patients, the
percentage of IFN-y positive NK cells in the low-dose IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB induction
group were (5.24+1.60) %, (6.25+2.62) % and (4.45+1.80) % in total NK cells, (5.87+2.31) %, (10.66£1.62) % and (9.99
+2.79) % in CD56°€" NK, (5.50+1.05) %, (9.58+1.51) % and (7.00+1.6) % in CD56%™ NK, respectively. CIML NK
cells derived from PMBCs of TB patients showed little enhanced functional response after co-incubation with H37Rv-
infected U937 cells, as evidenced by the absence of a significant increase in the expression of IFN-y after cell pre-
activated by cytokines (P>0.05, Figure 5A).

The expression of CD107a positive cells was also increased after IL-12/15/18 preactivated on the surface of NK cells
both in health and TB population (P<0001, Figure 5D). In health people, the percentage of CD107a positive NK cells in
the low-dose IL-15, IL-12/15/18 induction, and the IL-12/15/18/MTB induction group were (39.27+7.23) %, (62.50
+4.60) % and (54.95+9.30) % in total NK, (31.32+9.75) %, (56.42+5.83) % and (53.94+8.15) % in CD56""€™NK, (45.72
+8.33) %, (66.33+3.21) % and (59.92+5.64) % in CD56%™NK, respectively. In TB patients, the percentage of CD107a
positive NK cells with above three different treatments were (26.63+4.47) %, (48.70+4.75) % and (47.55+£6.23) % in
total NK, (29.94+2.35) %, (51.98+7.16) % and (46.50+8.35) % in CD56™¢™NK, (30.48+1.72) %, (53.03+4.34) % and
(51.08+6.26) % in CD56“™NK, respectively. Moreover, the IFN-yfunctional response of CIML NK cells from TB
patients to H37Rv was weaker than that of healthy people (P<0.0001, Figure 5G-I). Although NK cells in the TB patient
group showed increased expression of CD107a after IL-12/15/18 induction, their degranulation levels were significantly
weaker compared to healthy subjects (P<0.05, Figure 5J and K)). However, there was no significant difference in CD107a
expression in CD56™€™NK cells when comparing healthy individuals and TB patients (P>0.05, Figure 5L).

Furthermore, our results showed that after cytokine-preactivated PBMCs and purified NK cell co-incubation with
H37Rv-infected U937 cells, the CFU counts of healthy human-derived PBMCs and purified NK cells were significantly
lower compared to control NK cells (P<0.01, Figure 6A and D). Cytokine-preactivated PBMCs and purified NK cells
from TB patients incubated with H37Rv-infected U937 did not contribute to obvious CFU number change under the
three treatment conditions (P>0.05, Figure 6B and E). The above results showed that intracellular MTB killing ability of
TB patient-derived PBMCs and purified NK cells which were preactivated using 1L-12/15/18 or IL-12/15/18/MTB were
not markedly enhanced compared with low-dose IL-15 treatment, and were also conspicuously weaker compared to the
simultaneously treated PBMCs and purified NK from HC group (P< 0.01, Figure 6C and F).

Discussion

The development of new therapeutic strategies for tuberculosis treatment is urgently needed to facilitate its global
eradication.?” An alternative approach is provided by host-directed therapies, which interfere with host cell factors
required for survival or replication of tubercle bacilli.”® Motivated to make inroads into the urgent needs within host-
directed therapy for TB patients, we investigated whether pre-activation of human PBMCs with IL-12, IL-15, and 1L-18
produced enhanced protective immune responses against MTB. First, we analyzed the changes in the CIML NK
phenotype. In our results, the expression of CD16 on NK cell surface showed a downward trend after the pre-
activation of IL-12/15/18 and IL-12/15/18/MTB. The results were in according to previous report that cytokine exposure
resulted in decreased expression of CD16 on the NK cell surface,”” which correlated with increased IFN-y expression.”
CD16" NK cells from patients with tuberculous pleuritis have increased susceptibility to apoptosis, which leads to
reduced frequency of NK cells.*' * Therefore, the decrease in the proportion of CD16"NK cells and shedding of CD16
after IL-12/15/18 and IL-12/15/18/MTB pre-activation may be a regulatory mechanism by which NK cell activity is
controlled to prevent auto-aggressiveness or activation-induced cell death. The mechanism of surface expression and
function of CD16 on NK cells is regulated by disintegrin and metalloproteinase 17 (ADAM17).>° However, the signaling
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Figure 5 The functional responses of cytokine-induced memory-like NK cells against H37Rv infected U937 cells in HC and TB population. On day 7 after pre-activation, the
cells were incubated with H37Rv-infected U937 cells for 6 h. The levels of IFN-y and CD107a expressed by NK cells were then assayed using flow cytometry. (A) IFN-y
production and (D) degranulation level by NK cells as well as each of the two major human NK cell subsets CD56%™ (B and E) and CD56°™ (C and F) restimulated with
H37Rv-infected U937 cells. IFN-y functional reflection (G-lI) and CD107a (J-L) expression differences between NK cells from HC (n=6) and TB patients (n=4) with
different treatments against H37Rv target cells were compared using two-way ANOVA or Kruskal-Wallis Test. *P < 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.

Abbreviations: HC, healthy donors; TB, tuberculosis patients; MTB, Mycobacterium tuberculosis.
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Figure 6 The killing effect of Cytokine-induced memory-like NK cells from HC and TB population on intracellular H37Rv. On day 7 after pre-activation, the PBMCs or
purified NK cells were incubated with H37Rv-infected U937 cells for 6 h. The lower cell layers were lysed to confirm the survival of H37Rv. The IL-12/15/18 or IL-12/15/18/
MTB pretreated PBMCs (A) or purified NK cells (D) from healthy people (HC, n=10) had more effective bactericidal ability against intracellular H37Rv. However, there
were no significant differences among IL-15, IL-12/15/18 and IL-12/15/18/MTB pretreated PBMCs (B) or purified NK cells (E) from tuberculosis patients (TB, n=10) against
H37Rv. The killing ability of PBMCs (C) or purified NK cells (F) against H37Rv differs between healthy people and tuberculosis patients after pretreatment with IL-12/15/18
or IL-12/15/18/MTB. Significantly less CFUs were observed in H37Rv-infected U937 after co-incubation with PBMCs or memory-like NK cells from healthy people in
comparison with that from tuberculosis patients. The data without statistical differences were not labeled in the graph. *P < 0.05; ** P< 0.01; *** P< 0.001; **** P< 0.0001.
Abbreviations: HC, healthy donors; TB, tuberculosis patients; PBMCs, peripheral blood mononuclear cells; MTB, Mycobacterial tuberculosis.

pathway behind the changes of CD16 expression on NK cell after cytokines treatment need to be further investigated. In
addition, CD57 is the marker of NK cell terminal maturation, which is only expressed in CD56%™. In this study, there
was no statistical difference in the expression of CD57 before and after cytokine induction. Existing studies suggest that

CIML NK may not enhance its own function by inducing cell differentiation and maturation.”’** CIML NK plays a role
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in long-term persistence and memory through epigenetic (CpG demethylation) and cellular metabolic changes (glucose
transporter and transferrin receptor).’’*>>® The expression of CD57 is weak in response to cytokine signals and IFN-
yproduced by antigen stimulation is also low.>” > The CD57" phenotypes of tuberculosis patients in different states of
the disease are also divergent.**** This may be the reason for the huge heterogeneity in CD57" phenotype among TB
group in our study.

Furthermore, our results provide a first insight into the boosted anti-TB activity of human CIML NK cells via
facilitating the secretion of IFN-y, but not enhancing cytotoxicity. Similar results were also reported by a recent study
when CIML NK cells were restimulated in vitro with a variety of hepatocellular carcinoma cell lines.*’ These data
highlight the essential role of [IFN-y for controlling MTB growth in patients, which is supported by a previous therapeutic
trial demonstrating positive results of safety and efficacy for IFN-y in accelerating eradication of MTB infection.*** In
comparison with conventional administration methods, the CIML NK cells have several potential advantages in host-
directed therapies. On the one hand, these CIML NK cells persist for a long time and are highly functional, which make
them a good alternative for immunotherapy. In other words, they are better able to serve as IFN-y reservoir to modulate
the protective immune responses against MTB. On the other hand, previous experimental studies confirm the high
specificity of CIML NK cells and do not demonstrate unwilling effector function towards autologous cells.>* Thus, it has
potential for maintaining immune homeostasis and controlling tissue damage that occurs during host-directed therapies.
Collectively, the CIML NK based immunotherapy holds great promise for the treatment of TB patients, especially drug-
resistant TB patients who respond poorly to existing anti-TB drug therapy.

Another interesting finding of our study was that the CIML NK cells induced by PBMCs of patients with tuberculosis
could not enhance the elimination of MTB, and its functional response was significantly weaker than that of healthy
people, which may suggest that some of immunosuppressive effect on NK cells associated with TB infection can be
overcome with CIML NK cells from health donors rather than TB patients. In previous studies on the mechanisms of NK
cells, IL-12 and IL-18 induce NK-cell activity and bias immunity towards a Thl cell response characterized by profound
IFN-y production, which is considered critical for protection against MTB.**** And NK subsets of pulmonary TB
patients had significantly compromised NKp30 and NKp46 expression and decreased IFN-y production upon triggering.
This is in agreement with reduced NKp46 mRNA expression in TB patients with ineffective immunity to MTB compared
with health donors.*’ Although the exact mechanism of defective response of NK cells remains unclear, at present,
evidence indicates that MTB may hijack the host gene expression to inhibit the immuno-metabolic reprogramming of NK
cells.’®*" Importantly, this immunosuppressed status could not be reversed by cytokine-mediated activation. Further
study is urgently required to elucidate the molecular mechanism involved in impaired IFN-y production capability of NK
cells in TB patients.

Despite exhibiting no difference in IFN-y production between 1L-12/15/18 and IL-12/15/18/MTB pre-activated
PBMCs, we observed the poor expansion potential of CIML NK cells co-stimulated with antigens from MTB. The
amount of NK cells was also found to be remarkedly decreased after 7 day-stimulation with MTB antigens.** Our results
also showed that MTB lysates impaired the proliferative capacity of NK cells, most likely due to virulence factors
released after the destruction of bacterial cells.”> This effect is reminiscent of a previous study demonstrating that
cytomegalovirus infection has the potential to shape the NK cell repertoire, thus resulting in the selective expansion or
inhibition of specific NK cell subsets.'* These reports suggest that the mycobacterial components could hijack NK cell
signal transduction and involve in proliferation procedure. On the other, we also found an interesting result that the
proportion of CIML NK cell proliferation was higher in TB patients than in healthy subjects. NK cells in TB patients
show greater ability to divide after cytokine preactivation, which is accompanied by higher levels of death. Lots of
previous studies have demonstrated that there were exhaustion of immune cells during MTB infection.>> > NK cell
exhaustion in chronic diseases appears to have many conserved features, including upregulation of inhibitory receptors
and excess proliferation due to cytokine-induced activation.>® In our study, TB patients were previously exposed to MTB
infection compared to healthy individuals, and immune cells in TB patients had been activated by the pathogen. Thus,
NK cells from TB patients might be able to respond and proliferate rapidly in response to cytokine induction.’” >’
Meanwhile, the functional profiles of NK cells are modified in TB endemic settings.*® These may explain why the
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proliferation of NK cells in TB patients is accompanied by more cell death and weakened functional response. The exact
mechanism needs to be further verified in the future.

We also acknowledged several limitations to the present study. First, sample might be too small to detect some marked
difference, which needs to be further expanded for verification. Second, despite showing in vitro efficacy against MTB-
infected U937 cells, application of our findings to an animal model is deserved, to validate whether the superiority of CIML
NK-based immunotherapy is also evident in vivo. Finally, given that the trend of degranulation of CIML NK subsets was
comparable between health control and TB patients, it seems reasonable to speculate on the presence of impaired IFN-y
biosynthesis via inhibiting signal transduction in CIML NK cells. Unfortunately, the underlying mechanisms of suppressed
IFN-y production of CIML NK cells from TB patients are not fully understood. Nevertheless, our data provides novel insights
into the employment of CIML NK cells in cellular immunotherapy for tuberculosis.

Conclusion

To conclude, our results demonstrated that CIML NK cells from healthy individuals exist the increased ability of IFN-y
secretion and boosted anti-MTB activity in vitro. The CIML NK cells from TB patients show impaired IFN-y production
and no enhanced anti-MTB activity compared to those from healthy donors. Additionally, we observe the poor expansion
potential of CIML NK cells co-stimulated with antigens from MTB. Further animal experiments are of great importance
to validate whether the superiority of CIML NK-based immunotherapy is also evident against MTB infection in vivo.
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