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Abstract

:

(1) Background: The dysfunction and reduced proliferation of peripheral CD8+ T cells and natural killer (NK) cells have been observed in both aging and cancer patients, thereby challenging the adoption of immune cell therapy in these subjects. In this study, we evaluated the growth of these lymphocytes in elderly cancer patients and the correlation of peripheral blood (PB) indices to their expansion. (2) Method: This retrospective study included 15 lung cancer patients who underwent autologous NK cell and CD8+ T cell therapy between January 2016 and December 2019 and 10 healthy individuals. (3) Results: On average, CD8+ T lymphocytes and NK cells were able to be expanded about 500 times from the PB of elderly lung cancer subjects. Particularly, 95% of the expanded NK cells highly expressed the CD56 marker. The expansion of CD8+ T cells was inversely associated with the CD4+:CD8+ ratio and the frequency of PB-CD4+ T cells in PB. Likewise, the expansion of NK cells was inversely correlated with the frequency of PB-lymphocytes and the number of PB-CD8+ T cells. The growth of CD8+ T cells and NK cells was also inversely correlated with the percentage and number of PB-NK cells. (4) Conclusion: PB indices are intrinsically tied to immune cell health and could be leveraged to determine CD8 T and NK cell proliferation capacity for immune therapies in lung cancer patients.






Keywords:


immune cell expansion; immunosenescence; peripheral blood indices; CD56bright NK cells; cancer; aging












1. Introduction


Lung cancer is the most prevalent type of cancer and is responsible for the highest cancer-associated mortality rate worldwide, as well as in Vietnam [1]. However, there is still a lack of efficient therapy for treating this disease, especially for patients with late stages of lung cancer. In the last decade, CD8+ T and NK cells have gained much attention for their potent cytotoxic capacity and ability to act as a living drug to treat cancer. These cells can be collected from peripheral blood (PB), expanded ex vivo, and administered back to the patients. Such immune cell therapies can inhibit tumor growth by boosting the immune response and have shown success in several advanced cancers [2,3,4,5,6].



Natural killer (NK) cells are an essential component of the innate immune system to eliminate virally infected and transformed cells. Recently, the role of NK cells has been revealed extensively in antimicrobial response [7,8], senescent cell elimination [9], inflammatory resolution [10,11], and induction of adaptive immune responses. An 11-year follow-up study involving 3625 people aged 40 and over in Japan indicated an association between lower NK cell activity and increased cancer risk [12]. T cells also play a central role in cancer immune responses by specifically recognizing and reacting to tumor-expressing antigens and have been critically deployed for cancer immunotherapy [13]. Immune cells need to engage directly with tumor cells to perform lethal attacks; thus, higher levels of intratumoral lymphocyte infiltration are also associated with better overall survival in cancer patients [14,15].



One of the biggest challenges to the success of immune cell therapy is the efficient expansion of immune cells of interest, especially in elderly patients characterized by immunosenescence and the reduction of the proliferation rate of both NK cells and T cells [16,17,18,19]. Additionally, T cells in cancer patients are exhausted rapidly due to chronic tumor antigen exposure. These dysfunctional T cells are characterized by low proliferative potential, poor effector function, and overexpression of multiple inhibitory receptors [13,18,20]. Different methods have been developed to restore the function of these dysfunctional immune cells for therapeutic efficiency enhancement [21]. Human NK cells are also not homogenous and can be divided into four different subsets based on the expression of CD16 and CD56 expression. Although accounting for a small fraction, about 10% of circulating NK cells, CD56bright NK cells are superior at producing pro-inflammatory cytokines and act as immunomodulatory cells [22]. CD56dim NK cells are the major blood NK subset (up to 90%) and are potent mediators of natural and antibody-dependent cytotoxicity [22,23,24,25]. The ratio of CD56bright:CD56dim is impaired due to aging and the emergence of cancer, and the circulating CD56bright NK cells inversely correlate with the survival of cancer patients [26,27,28]. Thus, the current NK cell expansion technologies for cancer immune cell therapy are focusing on the expansion of this CD56bright NK cell subpopulation.



Complete lymphocytic blood cell count reflects the peripheral immune status of cancer patients. A recent study indicated that absolute lymphocytic counts of preoperative breast cancer patients could predict disease outcomes [29]. In patients with extensive small-cell lung cancer, the composition of circulating T lymphocyte subtypes is an alternative marker of tumor progression [30]. Besides, immune cell profiling of PB served as a signature upon immune checkpoint blockade across different types of cancer [31,32]. However, there is little evidence of the relationship between the composition and expansion capacity of the PB lymphocytes.



In this study, we investigated the proliferation of circulating CD8+ T cells and NK cells from cancer patients of different genders, ages, and cancer types. We then investigated the correlation between the composition/frequency of circulating lymphocytes and the expansion capacity of immune cells in elderly cancer subjects.




2. Results


2.1. Patient Characteristics


We collected peripheral blood mononuclear cells (PBMCs) from 15 patients (4 males, 11 females) diagnosed with lung cancer and 10 healthy individuals (6 males, 4 females) as a control group. The mean age was 65.2 ± 7.37 and 59.0 ± 12.4 years old in the control and lung patient groups, respectively. The patient cohort comprised 4 patients at stage III, and 11 patients at stage IV. The duration of autologous immune enhancement therapy (AIET) after surgery or the 1st chemotherapy was 16.2 months (ranging from 2 to 48 months). The estimated survival time prior to AIET was 12 months (ranging from 3 to 20 months) (Table 1).




2.2. The Peripheral Blood Indexes


First, we characterized the absolute number of WBC and lymphocytes and the relative frequencies of the CD3+, CD4+, and CD8+ T cells and NK cells in both lung cancer patients and healthy individuals. In lung cancer patients, the median density values of WBC and lymphocytes, the frequency of lymphocytes and CD3+ T, CD4+ T, and CD8+ T cells, were at the lower boundary of the normal range, and lower than those in the healthy individuals, but not significantly different (p < 0.05) (Figure 1). The median frequency of NK cells in lung cancer patients was within the normal range and higher than that of healthy people but not significantly different (p > 0.05) (Figure 1).



However, a large portion of patients’ blood indices was out of the normal range, in which the frequency of CD4+ T cells, CD3+ T, and lymphocytes in 60% (9/15), 53.3% (8/15) and 40% (6/15) of the patients, respectively was out of range. In healthy people, blood indices were less likely to be out-of-range compared to lung cancer patients (Figure 1H).



Taken together, these findings demonstrated that the PB indices of lung cancer patients enrolled in the study had the tendency to be on the lower end of the spectrum and that they had a high rate of out-of-range values.




2.3. Immune Cell Expansion Capacity


To evaluate the capacity of peripheral immune cell expansion in cancer patients, the PBMCs were collected and cultured using BINKIT [4]. From day 3 (D3) onward, the total cell number was counted every two days. CD8+ T lymphocyte culture reached the log phase earlier than NK cell culture (D5-7 vs. D7-9, respectively).



From D0 to D3, the total cell numbers in CD8+ T and NK cell cultures decreased by 66.7% (10/15) and 100% (15/15) in lung cancer samples, and 60% (6/10) and 80% (8/10) in healthy samples, respectively. From D5, the cell counts more than doubled every two days, with a peak fold-increase at D7 in CD8+ T cell culture (3.2 times for both cancer and healthy samples) and D11 in NK cell culture (2.9 times in cancer and 2.7 times in healthy samples), followed by a gradual decline until D15 (Figure 2A1, A2). After 15 days, CD8+ T cell culture reached a higher total cell count than NK cell culture (Figure 2B1,B2).



To determine the number of CD8+ T cells and NK cells, the samples were analyzed by flow cytometry on D0 and D15 (Figure 2C).



In lung cancer samples, after 15 days of culture, the number of CD8+ T lymphocytes increased 405 (108–2510)-fold to 3313.0 ± 2382.5 × 106 cells, with a cell viability of 97.6% and frequency of 68.7 ± 14.9%. Meanwhile, the number of NK cells increased 147.4 (22–2495)-fold to 2320.1 ± 2504.9 × 106 cells, with a cell viability of 97.5% and frequency of 79.1 ± 23.8%. In healthy samples, the fold increase of CD8+ T cells and NK cells was 783 (384–5763) and 2150 (547–5664), respectively. The expansion capacity of NK cells in healthy people was significantly higher than that of lung cancer patients (Figure 2D1,D2).



After 15 days of culture, the average frequency of CD56bright NK cells after the expansion increased from 2.1 ± 1.4% to 96.9 ± 3.5% in lung cancer patients, which increased 46.7 times. Meanwhile, in healthy people, the frequency of CD56bright NK cells in PB and after expansion was 0.19 ± 0.1% and 85±11.9%, respectively, which were both lower than in the lung cancer samples (p < 0.01) (Figure 2E).



Together, we demonstrated that both the number and purity of PB-CD8+ T cells and PB-NK cells significantly increased after 15 days of culture. However, there was still a large variation in the expansion capacity between samples.



Because the peripheral CD8+ T cells and NK cells from several patients exhibited limited proliferation capacity, we analyzed the impact of age, gender, metastasis, and cancer stages on the expansion of these cell types. In the PB, the density of lymphocytes and the frequencies of CD3+CD8+ T cells were likely higher in females than in males, although there was a gender imbalance in our cohort (p < 0.05). However, the number and the fold increase of both CD8+ T cells and NK cells after expansion were not significantly different by gender (p > 0.05). In addition, the density of PB lymphocytes in metastasis patients was significantly higher than in non-metastasis subjects (p < 0.05), but the expansion capacity was not significantly different between the two groups (p > 0.05). Age, dividing by above and below 60 years, and cancer stages (III and IV) had no impact on the immune cell expansion (p > 0.05). Interestingly, the expansion of NK cells was significantly higher in healthy people than in lung cancer patients (p < 0.001) (Figure 3). Collectively, this result demonstrated that CD8 T cell and NK cell expansion capacity was not affected by sex, age, metastasis state, and cancer stages. However, cancer status does affect NK cell expansion.




2.4. The Immune Cell Expansion in Out-of-Range Samples


We have shown that a large portion of lung cancer subjects has out-of-range PB indices. Here, we investigated whether the expansion capacity is related to the range of PB index values.



In the patients with the lower frequency and density of PB-lymphocytes (<16.8% and <900 cells/µL, respectively), we observed a decrease in the frequency of mononuclear cells (p < 0.01), the number of PB-CD8+ T cells (p < 0.01), and PB-NK cells (p < 0.05) compared to that in the patients within the normal range (Figure 4A,B). Surprisingly, patients with a lower-than-normal frequency of PB-CD8 T cells and PB-NK cells had no significant difference in either PB or post-culture indices (Figure 4C,D).



These results indicated that the out-of-range value of examined samples was not correlated with the expansion of immune cells. We further investigated the relationship between the PB indices and the immune cell expansion capacity.




2.5. The Relationship between the PB Indices and the Immune Cell Expansion


We next investigated the correlation between PB indices and the expansion capacity of immune cells. The frequency of expanded CD8+ T cells was positively correlated with the PB-CD8+ T cell frequency (r = 0.57) and negatively correlated with PB-CD4+ T cell frequency (r = −0.61) and the CD4:CD8 ratio (r = −0.61). CD8+ T cell expansion capacity was also inversely correlated with the percentage and number at seeding of PB-NK cells (r = −0.68, and r = −0.72, respectively) (Figure 5A).



With regards to NK cell expansion, the frequency of PB-lymphocytes, PB-NK cells, and the seeding number of CD8+ T cells were negatively correlated with the fold increase of this cell type (r = −0.58, −0.65, and −0.53, respectively). Particularly, the seeding number of NK cells had inverse correlations to the fold increase of the cells (r = −0.61) (p < 0.05) (Figure 5B). Interestingly, CD56bright NK cell expansion capacity also had a strong correlation with PB-CD56bright NK frequency (r = 0.99, p = <0.0001) (Figure 5C). On the other hand, we found no correlation between the number of CD8+ T cells or NK cells and PB indices (p > 0.05).



Remarkably, in healthy people, there was no correlation between immune cell expansion capacity and the PB indices, except for the tight relationship between the fold increase of CD8 T cells and the frequency of PB-NK cells (r = 0.66, p = 0.043) (Figure 6).



In summary, our analysis showed that PB indices had a robust relationship with immune cell expansion. Expansion of CD8 T cells, NK cells, and CD56bright NK cells are correlated with PB-NK cell number, PB-lymphocyte percentage, and PB-CD56bright NK frequency, respectively.





3. Discussion


Immune cell expansion from PB lymphocytes of elderly cancer patients is challenging because of the immunosenescence caused by aging and cancer [16,17,18,19,20]. In this study, we aimed to identify that the PB indices in elderly lung cancer patients were correlated with CD8+ T lymphocytes and NK cell expansion. Our results showed that more than 35.9% of lung cancer patients have a number and frequency of PB lymphocytes lower than the reference range for healthy people of the same age, which is consistent with the previous studies reporting the decline in the lymphocyte count in cancer patients [20,33,34,35]. Particularly, 60% and 53.3% of patients experienced a decrease in the frequency of PB-CD4+ T cells and PB-CD3+ T cells, respectively. Several studies indicated an association between low absolute lymphocyte count and worse disease-free survival and higher mortality in cancer patients [36,37,38,39,40,41]. The circulating CD4+ T cells are significantly decreased in non-small cell lung cancer and small lung cancer patients [19,42]. In contrast to the observed reduction in CD4+ T cells, the frequency of total peripheral blood NK cells did not decrease in lung cancer patients. This result was consistent with previous observations that the number and percentage of NK cells did not decline in cancer patients [16,17]. In addition, the T cells can become dysfunctional, characterized by reduced proliferative capacity [18,20]. Thus, restoring the peripheral lymphocytes to the normal range could be beneficial to cancer treatment efficacy, especially in elderly subjects.



We addressed whether it is possible to expand CD8+ T cells and NK cells in the patients and whether the PB lymphocytic cell count is associated with this expansion. After 15 days of culture, both CD8+ T and NK cells had expanded fold changes ranging from 100 to 2500 times, which is consistent with other reports with the same culture period [43,44,45,46]. However, the growth of NK cells significantly declined compared to healthy people, similar to the report of Gounder SS et al. [16]. Although several clinical trials showed low NK cell expansion in lung cancer patients [6,43,44,47], our culture method was effective in inducing the proliferation of these lymphocytes, even in elderly patients with an average age of 59.2 years. We observed that the optimal time for cell growth was from day 7 to day 11 of the culture. The extended culture might lead to cell senescence, as indicated by the decreased expansion capacity after 13 days despite the cell number continuing to increase [45,46]. In our study, the frequency of the CD56bright NK cell subset in the expanded NK cell population was higher than 95%. CD56bright NK cells were reported to decline with age in elderly subjects [16,17,48]. Our culture method successfully expanded this NK cell subpopulation, thereby suggesting the functional restoration of amplified NK cells. Moreover, the BINKIT used in this study could expand not only CD3-CD56 NK cells but also CD3CD56 NKT cells. This cell population also plays an important function in targeting and killing cancer cells and has been used in clinical trials for cancer treatment [49,50].



In accordance with previous studies suggesting the impact of gender on immune cell proliferation [16,17,18,19,20], we observed that the higher expansion capacity of CD8+ T cells in females was higher than that in males. However, the metastasis state and cancer stages had no impact on the growth of these two immune cell types in our study.



Several studies suggested that the total number of NK cells and T cells increased with aging, accompanied by the expansion of exhausted or senescent cells [16,19,49,50], leading to a decrease in peripheral immune cell proliferation. We observed that a high frequency of PB-CD8+ T cells and NK cells had a contrary effect on the fold increase of the two immune cell types, which increased in CD8+ T cells but decreased in NK cell cultures. Interestingly, a smaller number of NK cells at seeding correlated to a better effect in cell expansion. This may be due to the higher frequency of exhausted CD56dim NK cells in the PB-NK population of lung cancer patients. The expansion of NK cells was also inversely correlated with the frequency of PB-lymphocytes and the density of PB-CD8 T cells.



Our study proposed that the frequency of PB-CD4+ T cells and the CD4:CD8 ratio was inversely proportional to the frequency of the CD8+ T cells in the expanded population. The percentage and concentration of PB-NK cells also negatively correlated to the expansion of CD8+ T cells. Our results pose the possibility that a decrease in the total lymphocytes might not be detrimental if it is accompanied by a decrease in the number of senescence PB-NK or PB-CD8 T cells. Additional studies are needed to evaluate the correlation between immune cell expansion, cancer stage, and the expression of exhausted immune markers. Particularly, the correlation between PB-NK frequency and count to the immune cell expansion was not observed in healthy donors. That means these correlations are likely related to lung cancer patients. However, because of the small cohort in this study, more samples should be collected in future work to get confirmation of this relationship.



Our study also has several limitations. First, the impact of previous treatments, such as chemotherapy and radiotherapy, was not investigated, which can affect the number of circulating lymphocytes. Second, the number of patients was limited to 15, reducing the statistical power of comparing PB indices between young and old cancer patients. Third, gender is imbalanced in the patient cohort. Unfortunately, this is a retrospective study, so it is difficult to recruit more patients. Therefore, we have anticipated this in the manuscript and focused the analysis on the whole cohort. However, our findings provided valuable insights that serve as the motivation to delve deeper into predicting and optimizing immune cell expansion for cell therapy.




4. Materials and Methods


4.1. Study Population


In this retrospective study, we collected data from 15 lung cancer patients who underwent autologous NK cell and CD8+ T cell therapy at the Vinmec Times City International Hospital (Hanoi, Vietnam) between January 2016 and December 2019. The study was compiled with the standards of the Helsinki Declaration and approved by the institutional review board of Vinmec International Hospital (approval number: 28/2022/CN-HDDD VMEC).




4.2. Data Collection


The clinicopathologic information was extracted from the patients’ medical records, including their gender, age, cancer stages, and metastasis state (Table 1). Complete PB blood cell counts, including white blood cell count (WBC, cells/µL), frequency (%), and absolute numbers (cells/µL) of lymphocytes, frequency (%) of monocytes, and mononuclear cells, were extracted from the blood routine test on the day of blood collection for the first immune cell expansion. The blood routine test was performed by a Semi-Automatic Nihon Kohden MEK9100 Hematology Analyzer (BIONS Medicals Systems Pvt. Ltd. Kochi, Kerala, India).



The proportion of CD3+, CD4+ T, CD8+ T, and NK cells in the peripheral blood lymphocyte population and the number of CD8+ T cells and NK cells were determined using flow cytometry.




4.3. Immune Cell Expansion


PB samples were collected from patients and transferred to 15 mL polypropylene tubes containing 10% ethylenediaminetetraacetic acid as an anticoagulant. An amount of 2 mL of blood was set aside for counting the total cell number. Approximately 50 mL of blood was used for immune cell expansion for one sitting as described in our previous study [51]. Briefly, PB mononuclear cells (PBMCs) were obtained by density gradient centrifugation using Ficoll-Paque (GE Healthcare, Uppsala, Sweden) and cultured using BINKIT® (Biotherapy Institute of Japan, Tokyo, Japan). The cell culture period was divided into two stages: the initial culture (for the targeting of a specific cell type) and the subculture (for the targeted cell proliferation) [4,46]. The cell processing center was set up in compliance with Good Manufacturing Practice (GMP) standards. In patients treated with radio or chemotherapy, the blood had to be collected one month after the last chemotherapy regimen or before the start of radiotherapy.



The phenotype of expanded cells and PBMCs at baseline (Day 0) and the end of the culture was analyzed by flow cytometry. The following monoclonal antibodies were used: CD3-Pacific Blue, CD8-fluorescein isothiocyanate (FITC), CD56-R Phycoerythrin (PE), and CD4-Allophycocyanin (APC)-Alexa Flour 750, and the corresponding isotypes. All antibodies and isotypes were purchased from Beckman Coulter, CA, USA. All samples were acquired on a Navios Cytometer (Beckman Coulter, Brea, CA, USA). Data were analyzed with the Navios software, version 3.2, according to the manufacturer’s instructions.




4.4. Statistical Analysis


Descriptive statistics include frequency, mean, and standard deviation to describe research subjects’ characteristics of cells. Statistical analysis of the frequencies of immune cell subpopulations between groups was performed using the ANOVA with Tukey HSD tests and the two-tailed Wilcoxon rank-sum test with R Program, followed by the Bonferroni correction (Version 1.2.5042). Spearman’s rank coefficient was used for correlation analysis. GraphPad Prism (Version 8.4.3) was used to create grouped box-and-whisker graphs. Results with p-values < 0.05 were considered statistically significant.





5. Conclusions


In conclusion, we successfully expanded CD8+ T lymphocytes and NK cells from the PB of the elderly lung cancer subjects. The expanded NK cells had a high frequency of the CD56bright subset, indicating the restored function in this population. Furthermore, the proliferation of these immune cells correlated with the PB indices, in which the expansion of CD8+ T cells was inversely associated with the peripheral blood CD4:CD8 ratio and the frequency of PB-CD4+ T cells. The expansion of NK cells was negatively correlated with PB-lymphocytes’ frequency and the PB-CD8+ T cell count. The growth of both cell types had an inverse correlation to the percentage and number of PB-NK cells. Our study proposed that it is possible to predict the proliferation rate of immune cells in lung cancer patients based on their PB indices for immune cell therapies.
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Figure 1. The peripheral blood indices of cancer patients (n = 15) and healthy people (n = 10). The complete PB cells were counted on the hematology analyzer and flow cytometry system. Each data point represents one patient, blue and black lines indicate the median of lung cancer and healthy samples, respectively, and dotted lines indicate the upper and lower limits of reference intervals. (A) The absolute numbers of WBCs (cells/µL). (B) The absolute numbers of lymphocytes in PB (cells/µL). (C) The percentage of peripheral blood lymphocytes (%) among white blood cells. (D–G) The percentage of CD3+ T, CD4+ T, CD8+ T, and NK cells in the PB lymphocyte population, respectively. (H) The frequency (%) of out-of-range values in peripheral blood of lung cancer patients and healthy people. # Reference from Vinmec hospital. * Reference from Ministry of Health with document number: QĐ1494/2015. Abs.: Absolute numbers. 
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Figure 2. The proliferation of immune cells during 15 days of culture in lung cancer patients and healthy people. The growth curves of total cells in CD8+ T cell (A1) and NK cell cultures (A2). The fold increase of total cells every two days from D3 to D15 in CD8+ T cell culture (B1) and NK cell cultures (B2). The gating strategy to identify and count T cell and NK cell subsets by flow cytometry (C). The expansion of NK cells (D1) and CD8+ T cells (D2) after 15 days of culture. The changes in the frequency of CD56bright NK cells in PB and after 15 days of culture (E). Pre: at cell seeding; Post: at cell harvesting after culture. Significance levels were set to p < 0.01 (**), and p < 0.001 (***). 
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Figure 3. The capacity of immune cell expansion by age, gender, metastasis state, and cancer stages, and between cancer patients and healthy people. The comparison of median values of PB indices and immune cell expansion ability by gender (A), age below and above 60 years old (B), metastasis state (C), and cancer stages III and IV (D), and cancer patients and healthy people (E). Significant differences were obtained by the Wilcoxon signed-rank test followed by the Bonferroni correction. Median values and interquartile ranges are shown in the graphs. Significance levels were set to p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). PB: Peripheral blood; Lym.: Lymphocytes. No.: Number. 
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Figure 4. The comparison of immune cell expansion capacity between subjects with a normal and abnormal frequency of PB-lymphocytes (A), the density of PB-lymphocytes (B), the frequency of PB-CD8+ T cells (C), and the frequency of PB-NK cells (D). Significant differences were obtained by the Wilcoxon signed-rank test followed by the Bonferroni correction. Median values and interquartile ranges are plotted in graphs. Significance levels were set to p < 0.05 (*), and p < 0.01 (**). PB: Peripheral blood; WBC: whole blood cell count; SL: number of; Lym.: Lymphocytes; MONO.: Monocytes; MNC: mononuclear cells. 
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Figure 5. Correlation of peripheral blood indices and the expansion of CD8+ T cells and NK cells in lung cancer patients. (A) The relationship of PB indices and the expansion capacity of CD8+ T cells. (B) The relationship between PB indices and the expansion capacity of NK cells. (C) Relationship of PB- CD56bright NK (%) with NK cell growth. Spearman’s rank coefficient was used for correlation analysis and non-linear regression was also applied. Median values and interquartile ranges were plotted in graphs. Significance levels were set to p < 0.05, p < 0.01, and p < 0.001. PB: Peripheral blood; Pre-: At seeding; Post-: After expansion. 
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Figure 6. Correlation of peripheral blood indices and the expansion of CD8+ T cells and NK cells in healthy donors. (A) The relationship of PB indices and the expansion capacity of CD8+ T cells. (B) The relationship between PB indices and the expansion capacity of NK cells. (C) Relationship of PB- CD56bright NK (%) with NK cell growth. Spearman’s rank coefficient was used for correlation analysis and non-linear regression was also applied. Median values and interquartile ranges were plotted in graphs. Significance levels were set to p < 0.05. PB: Peripheral blood; Pre-: At seeding; Post-: After expansion. 






Figure 6. Correlation of peripheral blood indices and the expansion of CD8+ T cells and NK cells in healthy donors. (A) The relationship of PB indices and the expansion capacity of CD8+ T cells. (B) The relationship between PB indices and the expansion capacity of NK cells. (C) Relationship of PB- CD56bright NK (%) with NK cell growth. Spearman’s rank coefficient was used for correlation analysis and non-linear regression was also applied. Median values and interquartile ranges were plotted in graphs. Significance levels were set to p < 0.05. PB: Peripheral blood; Pre-: At seeding; Post-: After expansion.



[image: Ijms 24 04284 g006]







[image: Table] 





Table 1. Details of the patients enrolled in this study.
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Patient

	
Sex

	
Age

Mean (SD)

Median [Min; Max] *

	
Stage

	
Metastatic Site

	
Pretreatment

	
Duration of AIET after Surgery or the 1st Chemotherapy (Months)

Mean (SD)

Median [Min; Max]

	
Estimated Survival Prior to AIET (Months)

Mean (SD)

Median [Min; Max] *




	

	

	
59.0 (12.4)

60.0 [32.2; 82.1]

	

	

	

	
16.2 (15.0)

12.0 [2; 48]

	
12.0 (4.64)

12.0 [3.0; 20.0]






	
PT 1

	
F

	
59.96

	
IV

	
M1 m (pleural)

	
Surgical/Chemo

	
48

	
12




	
PT 2

	
F

	
58.52

	
III

	
M0

	
Chemo

	
24

	
15




	
PT 3

	
M

	
57.56

	
IV

	
M0

	
Chemo

	
3

	
16




	
PT 4

	
F

	
61.64

	
III

	
M0

	
Surgical/Chemo

	
24

	
20




	
PT 5

	
F

	
52.47

	
III

	
M0

	
Surgical/Chemo

	
12

	
18




	
PT 6

	
F

	
59.95

	
IV

	
M1 m (bone)

	
Chemo

	
48

	
14




	
PT 7

	
F

	
59.27

	
IV

	
M0

	
Chemo/Radiation

	
2

	
16




	
PT 8

	
F

	
40.0

	
IV

	
M1 m (brain)

	
Chemo/Radiation

	
13

	
8




	
PT 9

	
F

	
51.63

	
IV

	
M1 m (brain)

	
Surgical/Chemo

	
24

	
12




	
PT 10

	
F

	
32.24

	
IV

	
M1 m

	
Surgical/Chemo

	
6

	
10




	
PT 11

	
M

	
65.76

	
IV

	
M1 m (liver)

	
Chemo

	
4

	
12




	
PT 12

	
F

	
82.12

	
IV

	
M1 m (liver)

	
Chemo/Radiation

	
12

	
3




	
PT 13

	
M

	
78.10

	
III

	
M0

	
Chemo/Radiation

	
6

	
8




	
PT 14

	
F

	
63.74

	
IV

	
M1 m (bone)

	
Surgical/Chemo

	
4

	
6




	
PT 15

	
M

	
61.52

	
IV

	
M1 m (brain)

	
Surgical/Chemo

	
13

	
10








* Mean, min, and max values were calculated from fifteen patients.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Total cell number (x 10"6)

>
—

A2 C CD3CDS T CD3CD56 bright
i CDS8 T cell culture L2000 NK cell culture o o e
g : -
< {4 w0
= 10000 < 10000
— -
> @ Lung cancer Nl # Lung cancer i Peripheral
_——" [ blood
2 * Healthy pcople % * Healthy people "
E .. B wn
= =
= =
T T
¥} L]
S . B
) )
- =
D0 D3 D5 D7 DY DIl D13 DI5 D0 D3 D5 D7 D9 D11 D13 DIS 8T
Days of culture Days of culture cell
culture
Bl CDS8 T cell culture B2 NK cell culture
= @
-
- s
5 g
-
; ) 2 . .
2 : s | e
: : 3.2 g s 1 i
AP - I i " %—T T ! I .j:_ NK cell
; :' T ;_—:_—} 2 _:.E_ :=: : —;;;—T v A _:IL_ & . -;- 5 culture
§ = =% e . L < v > * . . v iy H .
I |3 BT E -
=
D5 D7 D9 D11 D13 D15 DS D7 DY D11 D13 D15
Days of culture Days of culture E
D1 CDS8 T cell culture D2 NK cell culture
= : — : l o —_—
= N T R T = ‘21 e T
B s . £ . - 920 I
- = : l < s + PB-CDS6 PhNK (%)
- : - ’ ] g ) i 3 Post-CD56 "EMNK (%)
g | - ' & - L v Pos ”%
| S Ly ——
43 : T | £ L
% - - v H & . * o l. A
1= gaat | ; : ) Lung cancer Healthy people
Pre Post Pre Post Fold- Pre Post Pre Post Fold-

CDS8 T (%) CDS8 T (x10°6) increase NK (%) NK (x 10°6) increase





nav.xhtml


  ijms-24-04284


  
    		
      ijms-24-04284
    


  




  





media/file2.png
Percentage (%) Absolute numbers (cells/uL)

Percentage (%)

12004 5 WBC#
L
10 . oy
SO0 4 L
000 —ego— 1
s Yvy¥
b0 e Yoo
om0 e
:
Lung cancer Healthir people
patients
" CD3T*
B L J
04 b ... _'EE_'_
. .
—e e v’
04
¥
Lung cancer Hcalthir people
patients
10414
NK*
B0 4
-
.
° hd
204 Cec Y I
& ." L Y xlx
o v
Lung cancer Hcalthiv pcople

patients

Absolute numbers (cells/uL)

Percentage (%)

2
:

[
=
=

2
-

[
=
s

2
:

2
s

Lymphocyte*
L ]
v
k
H
—."—
L L A4
®
h 4
e -
—"_
L ] v
H
°

Lung cancer Health:y people

patients

CD4 T+

v

Lung cancer
patients

H

Health'}f people

0 -

& 2

20 4

Out-of-range values (%)
=

®

100+ Lynlphocyte#
O
<
S o
5
-
3 40+ °® ] _;.'_
S
(=% ML
_._!_._‘ v
L *s v|¥
“al B M
Lung cancer Healthfy people
paticnts
F 100
CDS8 T*

g

Percentage (%)
=

[l 4 oY
; ‘ — Tl
¥
L-ung' cancer Health;q:r people

patients

WBC Abs. Lym (%) CD3T CD4T CDST NK

Lyvm

B Lung cancer patients

H Healthy people





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
g





media/file10.png
PB-CD56Pright (94)

A 01 r=-0.67107 41 =-06%
p= 0.0178 ~ = 0.0056
40 ~
= 3
2 30 é
3 32
[~ -
= 20 g
‘l o
10
0 v v v v v 0
0 20 40 60 80 100 0 20 40 60 80 100
% CDS8 T-post % CD8 T-post
40
307 =_0.7250 . r=-0.6786
p= 0.0031 n4e p= 0.0068
2 20 ° oz
= Zz 201
P e =
a 2 10 1
E -
By 0 ¥ - ¥ R 1 0 T iy 1
1000 2000 3000 1000 2000 - 3000
10 FoldCD8T -10 - Fold CD8 T
30
r=-0.67107
= 201 P= 0.0178
z S
e L
-™
< Z
0 . . E 0 T — .
1000 2000 3000 1000 2000 3000
-10 ¢ Fold NK -10 Fold NK
15 1
o r=-0.5286
= P
< ~
e
-,
- 5
o
a
z “ L — '\\ .
R 1000 2000 -~ 3000
" Fold NK
40 - 150 -
r=0.01987
™ p=0.9515 r=—0.09934
30 . - =0.7375
Q ~ — X 100] P
S S N < ([ A PO
¥ 20 °e <
“ o . T 4
2 | e Z 50| * °
10 ~~. = ~~
. e e .
0 . . 0 .
0 2 4 6 0 2 4 0.3068
8000 - =0
15000 p=10.2857
- 2 6000 1 .
W
€ L0000 . r=0.00228 3 o e
% p>0.9999 5 4000 L
Z 5000{ - NV o
% A LI S 2000 )—’:’///’;
; -'—-0—.—\.
PR BT RO S— s ) v W
=~ 2 4 6 - 2 4
5000 -2000 -

40 r=0.5750 o
p=0.0247 )
= 30 4
o0
S
ﬂb 20 A
&
2
* 104
0 . ' ' '
0 40 60 80 100
% CD8 T-post
60 - r=-0.5750
p=0.0247
0 ' —— .
1000 2000 - 3000
20 Fold NK
120 r=-0.5238
p=0.0569
)
. E\:« 100 4
.
=)
=9 E 80 -
o
60
2 4 6
200 1
r=-).9912
- _ 150 p<0.0001
e ¥
T 8
= £ 100 -
W, W
(==
=]
L=
Z 0 i
6
.50





media/file12.png
60 -
r=0.01818
50 1 p=0.9730 -
’f'
E 40 4 ~YY_ _y_-
;’ 30 - v
R v -7 =<
° 20 .
10 - \ J
0 v Y r v '
0 20 40 60 80 100
% CD8 T-post
30 -
r=0.5106
=(0.1349
E; 20 A P=
(—]
—
b
- 10 - v e
% -
& 4. Av— :
a0 - —_— - .
2000 4000 6000
10 Fold CD8 T
40 -
r=—0.3697
30 - p=0.2957
§. 20 -
»
< 10
0 . . .
2000 4000 6000
-10 - Fold NK
15 1
r=—0.2364
' —
S 10- p=0.5135
S """v-g -----
2 | v v v
= b v
8 ) \ vt -
~ . . .
- 2000 4000 6000
5 Fold NK
120 - r=—0.1152
p=0.7589
~100{ Ty v
S v vv v
v v
Z 804 v
g | T
60 - M
0.0 0.1 0.2 0.3 0.4
20000 -
_ r=0.5515 7,
S 15000 - p=0.1049 -
=
p—
)
\2 10000 {
Z
&
2 5000 -
=
0 r r r '
0.0 0.1 0.2 0.3 0.4

PB-CD56Pright (05,)

6000

04

4 -
r=0.2317
5]  p=05166
z
§ 21 v
v
o v d'.-“-—‘-.""
1+ ,/” v
0 v T T T ]
0 20 40 60 80 100
% CD8 T-post
40
r=0.6606 el
30 4
£ 2
e
. 10
X
A4
0 ’ ,
2000 4000
-10 - Fold CD8 T
30 ;
e 20- r=-0.6322
S
]
e
S 10 -
=
o
& 0 : SS— .
2000 4000 6000
10 Fold NK
150 ;
r=—0.1758
~ S p=0.6321
S 100 - M v
Y [ e
N I
E 50 ] A "-""-._ -
=~
0 ' ' .
0.0 0.1 0.2 0.3
8000 -
2 6000 | r=05273 gl
3 p=0.1231 -~
S 4000 -
£
= 2000
S
e
Z 0
-2000

% PB-CD8 T

Post-NK

NK CD56 bright

40 1

r=0.1394 v
p=0.7072 e
30 - ol
-...____._',.-'
¥ \J Y
20 M
- '
’/’ ?-.\.
10‘ ,/’
¥
0 r Y T Y "
0 20 40 60 80 100
% CD8 T-post
60 -
r=-0.361
0] -7 v p=03714
e m——=—T v
20 - '_',\,
————y T T T T T V-
0 . . —
2000 4000 6000
20 - Fold NK
120 -
r=0.0060
) >(.99
é -~ p - .
= 100 ; ~vee -
= S—————— e
20 v Yy v
=
g 80 R
U "‘,-""‘- .‘-..-"‘-._--.
60 v — . .
0.0 0.1 0.2 0.3 0.4
6x108 -
v
=—0.2606
©  4x106 r=
= N p=0.4697
2
£ 2x106
S
=
b 0
-2x106 -





media/file9.jpg





media/file0.png





media/file8.png
* 900 - 2900 ‘

<900

16.8 -453

x

1 ¢ <168

= g ...., e@e ; o i
il % 2 swmv A&¢ A —— X X X
-
X bk [ g e L %
e  re—ot@ ﬁw‘o\wwv X Xxwascd LRSS
v 7
e 2N x | 2 k Y :
gote—o1 o e\.v_ Hfpoc— x %
- - ,b,.a.s.v.x i -
ooy \«»\\.vsms x R
‘g
e L a0 + !
e o %3 4z ..exé,\ X ¥ % o
4
X OPIX X A ch QNW» b
) ==
® veofon @ 8 ! x 33k %
7
b 1 H-HDC X &V “ M “,
4 k4 \~ = e
o Iogoo P \nv ** % mox &
-» @\ WA R
x e X | k@.e&.es > 1 - i
e ap @ e\..v 1 * X
i » e - Y, o k.
W o <, s X
7, %
x Wk x 2% e %
o 5, e cl %
S u._QC . i o
e 2 0&. i
- r % H |
e n\.\ xRk
e A o
(7
Xi E \Qﬁ &\ TT I o O
oy C.\ or—gnox )
% Hol—Hx |~ \Ntv - i “ \N
ke CC = X HE X
4. A
X |~ 4 i i
o —$les o Ca« > % P x X
[~
% * , Lo \\» .*
+ B . = =] -
\Mw L X
“ )
XK —gRsox L 2, £4.8 wh L 2,
S48 m m Z X XX g i "
eeeeeee 8 8 8 2 g8 © 0w < &N © uﬁ ococooco0oee © 2 © 2 © ®W © w N ©
§§gggsge = ° ¥ °° % g§ggggge = 8 v ®”°
n e % “"u TN ® DTN
- o ————— . .u@.v\ e g "
o#1¢ o \\&xv&.\ -3 .
X e o X owbK *
b %, P s %
o 1+ el o, %y 4o b £
£
14 Pt
R x | v T o % [ 7%
gole o1 o e\.w.. —pt—
3 » £§ﬂ\ e .
ool ' e [
7
5k L. N X 30 5dRS ;
e %% ,\e.W\Q % Y,
T 4
X POHX X -\.wtﬁ %ﬁ\C x 368K % L 4
¢ oojon o o -4
.
o o x| g, D x% W
e 2y e
»  re-fae .v\.\\% @ 3
<,
x X o Yo, %y, ¢ e R e
5 ) 0\— W =
T - Y, ofe
o Wxxexx 2.0 W XX 3
* “ ‘_ ® I J\\&\\M e i Q.\
gmv mv !
x sl n 2,% ook | %
n .ml\ \0\ {1 * -
.\ qﬁ
A
X R B ;mv mU Pa ! va
P C..V %
- L B 3
sofoo 3 2
v /
MF |
xxP% L & % B e
loA\ =5 V)
.\ —— \.:.
& X
| Bt L6 % s Wochwxx | %,
= TN «..ﬂ,. ! o ¢ @
' uw
- xx  |ln% - X x z
o —@loe o o\ao e o} + . .
(<)
4| g - “\Y \\; i )
4| . E= .l. . =
%
x X —gkx L “w‘ mw. v x L3 0 2 “mv .w
£S48 i m Z o o + :

10000
8000
6000
4000
2000





media/file11.jpg





media/file6.png
B
EE Male 0 Female Peripheral blood Post - culture | B < 60 years old [ =z60yearsold | Peripheral blood Post - culture
> > @ >«
12000+ i 12000+
10000+ 10000+
8000+ 8000+ ! T
6000+ 6000+ '
4000+ . ; 4000+ i
1 ‘T 8l & '] 1 al ol i P
100 ==

J v

85 5 3
2. ____ _I
il h
—CF
HEEH
5 &8 8 8
S S EaEE——— |
|.
|.
o
.

L. T @l
- Ll . Ll L Ll Ll L) Ll L) L ? 7 Ll L = ? . Ll ! il L) L) . . Ll L L) Ll - L . Ll L 0 . L] L] L] L] . T T Ll Ll ? ? L L] ! i L] L] Ll Ll Ll . LJ Ll Ll LJ Ll Ll
WBC | Lym.. Lym D371 CD4T; €4 CDS8Ti No.ofi NK  No.of |CDST No.of i CDST: NK  No.of | NK WBC Lym. CDAT:CD4 CDET : Nowof i NK i No.of [CDST No.of ¢CD8T ! NK iNo.ofi NK
(celliuly; (eelll & (%) (%) | (%) | JCDR D (%) CDST (%) (NKat| (%) CDS8T: fold- (%) NK | fuld- (celliuly (cell! (Ya) FCD8 [(%) (CDBT: (%) [NKat| (%) CDST fold- | (%) @ NK | fold-
uh al seeding (x10%) iinecrcasc (x10%) iincrease iy ! at seeding (x10% increase (x10%) {increase
seeding (x10%) i ; seeding (x10%)
(x10%) (x10%)
& D
I Non-metastasis 0 Metastasis Peripheral blood Post - culture I Stage ITT 0 Stage IV Peripheral blood Post - culture
- > » <« : >« >
12000+ 14000+ :
10000+ 12000+
8000+ 10000+
60 8000+
- e 6000+
e 0% 40004 . ey
1 = g | = l . i - 2 £

1 100 l
80+ ‘ ! 80+ l
60+ - - i 60+ ; i l l
40+ ‘ 40 -

2:. " 0 0 i ‘é :ﬁ - o .% - i

. L) . . L) L . . L) L] ? % L . . L Ll . L] . . Ll L] L L) . . L) L . . 0 . . . L) L] L) . Ll L . T f . . T ! . . g il L) L) L . L . L . . . . L]
WBC  Lym. Lym ¢€p3aT! €471 CD4d CDET! No.of! NK  No.of |[CDST No.of | CDET NK  No.of NK WBC  Lym.| Lym CD3IT CD4T CD4 (CDST No.of ! NK | No.of | CDST! Nowof | €CDE'T | NK | No.of i NK
(cellipl) © teelll (%) (%) | (%) | /CD8 (%) [CDRT (%) NKat| (%) DT fold- (%) NK  fold - (eellipl)  (eclli (%) 0 (o) | (") | /CDS | (%) (CDRT (%) | NKat| (%) CDST! fold- | (%) NK | fold- |

mh at seeding (310%) iincrease (x10%) inercase ul ' at seeding (x10%) [increase (x10%) fincrense!

seeding (x10%) seeding (x10%)
(x10) (1)

L |- Lung cancer BN Healthy people Peripheral blood Post - culture

« >4 e, >

18000 —

16000

140004 ***

12000 e

10000 ——

8000 b

6000

4000 i

LI 4 =
100m= .
80+

%: *i Lig 10y “

. CDE'T i No.of i CDST{ NK | No.of | NK
(%) | NKat| (%) CDST : fold- (%) NK Told -
at seeding| (X109 iincrease (x10%) | increase
seeding (x10%)
(x10%)

WBC Lym.: Lym CD371 CD4T  CDST No.of NK | No,of
(eellipl)  (cellf & (%) | (9) (%) (%) CDST
1]






