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Introduction: Combination approaches are being explored to improve

immunotherapy efficacy, yet the immunomodulatory effects of chemotherapy

on NK cell receptors and their ligands remain unexplored in high-grade serous

ovarian cancer (HGSOC). Therefore, understanding chemotherapy-induced

immune modulation is essential in HGSOC.

Methods: Immune profiling was conducted on clinical specimens from 33

chemo-naïve patients undergoing primary debulking surgery (PDS), 57

chemotherapy-treated patients undergoing interval debulking surgery (IDS), and

17 patients in the IDS group were followed during chemotherapy cycles. Immune

profiling was carried out using flow cytometry, Procartaplex immunoassay, and

ELISA. Blood samples were collected from 50 age- and gender-matched healthy

participants for comparison.

Results: Primary investigation on follow-up patients reveals chemotherapy-

mediated immune modulation on NK cell subsets. This was further validated in

the chemo-treated surgical cohort. The Natural Cytotoxicity Receptors (NCRs)

were downregulated on NK cells in chemo-naïve surgical cohorts. The NCR

group of receptors was normalized to a level comparable to that in healthy

controls in the chemotherapy-treated surgical cohort, due to reduced soluble

ligands. Surface MICA expression was also increased (p = 0.0466) on EpCAM+

cells in the chemo-treated surgical cohort compared to the chemo-naïve surgical

cohort, while NKG2D+ immune cells were reduced in both surgical cohorts

compared to healthy controls. Moreover, proinflammatory cytokines IL-2 (p =

0.0001) and TNF-a (p = 0.0442) were reduced in the chemotherapy-treated

surgical cohort, while intracellular levels of dual perforin and granzyme were

elevated in the chemo-treated group, which may enhance cytolytic potential.

High surface expressions of HLA-E, MIC-B, and LLT-1 ligands were associated

with improved progression-free survival.

Conclusions: Our findings highlight the broad immunomodulatory effects of

chemotherapy on NK cell receptors, ligands, and cytokines, which may offer

insights for combination therapies in HGSOC.

KEYWORDS
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1765987/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1765987/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1765987/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1765987/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1765987&domain=pdf&date_stamp=2026-03-31
mailto:jayantimaniapramanik@gmail.com
https://doi.org/10.3389/fimmu.2026.1765987
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1765987
https://www.frontiersin.org/journals/immunology


Kumar et al. 10.3389/fimmu.2026.1765987
1 Introduction

Ovarian cancer presents significant mortality among gynecological

cancers, due to late-stage diagnosis with an aggressive phenotype (1). The

common treatment modality for ovarian cancer is debulking surgery to

reduce the disease burden, followed by platinum-based chemotherapy or

vice versa (2, 3). However, the prognosis of ovarian cancer varies even

considering common factors such as stage, grade, and response to

therapy. This disparity in the outcome of the disease may be driven by

host characteristics. The host immune system is one such factor that has

been proven to change the course of the disease (4, 5). Evidence shows

that tumors can induce the onset of immune reactions (6), which may

play a crucial role in eliminating neoplastic cells. However, ovarian tumor

microenvironment (TME) represents a complex paradox of both

immunosuppressed state with immune evasion tactics via Treg and

M2 macrophages (7, 8), while clinical studies also report immune active

state with active T cell infiltration and antigen presentation (9). The

presence of tumor-infiltrating lymphocytes (TIL) in the tumor

microenvironment correlated with improved five-year survival in

epithelial ovarian cancer (9). Moreover, higher levels of immune

effector cells in cancer tissues, including CD8+ T cells, Natural Killer

(NK) cells, and Vg9Vd2T-cells, were associated with favorable clinical

outcomes for EOC patients (10, 11). A positive clinical outcome is

determined by the balance between immune activation and the

inflammatory tumor microenvironment. As the latter favors the

development of immune suppression, reducing the maturation of

myeloid cells, inducing the emergence of regulatory cells, and thus

reducing the effector function of lymphocytes that leads to immune

evasion and cancer progression (12). Although chemotherapeutic

treatment helps in reducing the disease burden, it also affects the

immune system (13). It is also evident that apoptotic cancer cell death

induced by chemotherapeutic agents can be immunogenic under certain

circumstances, and induced immunogenicity is correlated with the

different therapeutic interventions (14, 15). Chemotherapy, paclitaxel,

and carboplatin were found to reduce the immunosuppressive cells and

enhance the level of IFN-g in the peritoneal cavity of preclinical mouse

models (16, 17). Furthermore, the immunomodulatory effect of

chemotherapy was also observed in HGSOC patients with evidence of

patient-specific immune activation (18). Neoadjuvant chemotherapy

may reduce the tumor-associated immunosuppression by reducing the

tumor burden and enhancing the antigen processing and presentation

(19). Despite these studies, the effect of standard chemotherapy on NK

cell receptors -ligands in HGSOC patients remains poorly characterized.

Hence, the present study evaluates the effect of chemotherapy on the

expression of functional markers on NK, NKT-like, and T cells, their

surface, and soluble ligands in high-grade serous epithelial ovarian cancer

(HGSOC) patients.
2 Materials and methods

2.1 Participant enrollment

The study included HGSOC patients from chemo naïve cohort

who underwent primary debulking surgery (PDS), or chemo treated
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cohort, underwent interval debulking surgery (IDS) between 2017

and 2021 at Saifee Hospital and P.D. Hinduja Hospital & Medical

Research Center, Mumbai, India. Every enrolled patient signed the

informed consent form, which was approved by the institutional

ethics committee of the ICMR-National Institute for Research in

Reproductive and Child Health, Mumbai, as well as the ethics

committees of both hospitals. Blood and tissue samples were

collected in an EDTA vacutainer and RPMI medium, respectively.

For comparative analysis, blood samples from age and gender-

matched healthy controls (HC) were also collected. Patients with

immunological disorders, other cancers, along with ovarian cancer,

were excluded from the study (Supplementary Table 1).

2.2 Single-cell suspension of tissue
specimens

Tissue specimens were washed twice with PBS and minced with

sterile surgical blades. Enzymatic digestion of tissue specimens was

carried out by using 4 ml of collagenase and incubated at 37°C in a

water bath for 15 minutes. To pellet the cells, samples were

centrifuged at 3000 rpm for 10 minutes. Trypsin EDTA (0.05%)

+ PBS (4ml) was added to the pellet and incubated at 37°C for 10

minutes. After adding 10%FBS+RPMI, the sample tube was

centrifuged at 3000 rpm for 10 minutes. RPMI was used to

suspend the pellet, which was then strained through a 40 mm cell

strainer. The immunological phenotyping of receptors and their

related ligands was carried out using the single-cell suspension.

2.3 Immune staining of blood, tissue
specimens, and flow cytometry

Fluorescent antibody staining was carried out on 150 mL of

whole blood and tissue suspension (Supplementary Table 2) for 30

minutes at 4°C in the dark. Red blood cells (RBC) were lysed using

FACS lysis buffer (BD Biosciences, San Jose, USA) for 15 minutes

with intermittent vortexing, and samples were washed twice with

staining buffer (0.02% FBS in PBS). Except for RBC lysis, a similar

protocol was used to stain tumor-infiltrated immune cells and their

cognate ligands. Samples were promptly acquired after staining

using the BD FACS Aria™ Fusion flow cytometer (BD Biosciences,

San Jose, USA). The data was analyzed using FlowJo software

version 10.1. The threshold for positive staining was determined

using unstained or fluorescence minus one (FMO) control. A

Fixable Violet Dead Cell Stain kit (Invitrogen, Vienna, Austria)

was used to remove the dead cells. Samples were analyzed using a

sequential gating strategy by using CD45, CD3, CD56 to identify the

lymphocytes (Figure 1A). For ligand panels, after the exclusion of

dead cells, a singlet gate was used to remove the debris and doublets

followed by gating for EpCAM+cells to study surface ligands

(Supplementary Figure 1).

2.4 Procartaplex multiplex immunoassay
and ELISA

Cytokines (IL-2, IL-5, IL-6, IL-8, IL-10, 1L-15, IL-27, IFN-g,
TNF-a, PVR, and B7H6) were measured using the Procartaplex

Multiplex Immunoassay according to the manufacturer’s protocol
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1765987
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kumar et al. 10.3389/fimmu.2026.1765987
FIGURE 1

Frequency of immune cells in follow up patients group, chemotherapy-Naïve and chemotherapy-treated HGSOC patients. (A, B) Sample collection
schedule for the interval and primary debulking surgery group of patients. (C) Flow cytometry plots for gating strategies for CD3-CD56+Bright NK,
CD3-CD56+Dim NK, NKT-like, and T cells. (D–G) Frequencies of CD3-CD56+BrightNK cells, CD3-CD56+DimNK cells, CD3+CD56+NKT-like cells, CD3
+CD56-T cells in peripheral blood of HGSOC patients during chemotherapy cycles. The repeated Measured ANOVA was used to determine
statistical difference between the groups. (H–K) Frequencies of CD3-CD56+BrightNK cells, CD3-CD56+DimNK cells, CD3+CD56+NKT-like cells, CD3
+CD56-T cells in peripheral blood of healthy control, chemo naïve surgical cohort blood, chemo treated surgical cohort blood, chemo untreated
surgical cohort tissue, and chemo treated surgical cohort tissue. To determine statistical differences between the groups Mann-Whitney U test was
done, and repeated-measure ANOVA was used in follow-up data sets *p<0.05; **p<0.01.
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(Invitrogen, Vienna, Austria). Briefly, in a 96-well plate, cytokine-

specific antibody-coated beads were combined with serum samples

and standards. An ELISA plate magnet holder was used throughout

the experiment for washing. After washing, enzyme-linked

secondary antibodies were added, followed by the addition of

streptavidin-R-phycoerythrin (SAPE) to capture the complexes.

The plate was washed again, and the cytokine concentration was

analyzed using the Liuminex™ instrument (Thermo Fisher

Scientific, USA) with a standard curve for quantification.

Serum level of MICA, MICB, and ULBP-1 was analyzed by

ELISA according to the manufacturer’s recommendations.

(Invitrogen, Vienna, Austria). The absorbance was measured at

450 nm as principle wavelength, by using spectrophotometer. The

OD of each sample was used to determine the concentration of

these ligands, and standards of known concentrations that were

included in the kit were used to plot the standard curve.

2.5 Statistical analysis

GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA)

was used for statistical analysis. Datasets were compared using the

Mann-Whitney U-test. Repeated measure ANOVA was used to

analyze data generated during the follow-up of patients. Data is

reported as mean ± standard error of the mean (SEM). Spearman

correlation analysis was carried out to determine the correlation

between different variables. To assess the survival difference based

on clinical and immunological parameters, we have divided patients

based on the median value of immune parameters into “high” and

“low” groups. The Kaplan-Meier survival analysis with the log-rank

test was performed. Univariate survival analysis (hazard ratio: HR;

95% confidence interval: 95% CI) was performed with the Cox

proportional hazards model . The p-values<0.05 were

statistically significant.
3 Results

3.1 Detailed clinicopathological features of
HGSOC patients

Ninety HGSOC patients were enrolled in the study. Among

them, 33 patients were in chemo naïve surgical cohort and 57

patients were chemo treated surgical cohort. Chemo Naïve surgical

cohort patients underwent surgery without prior treatment, while

chemotherapy treated surgical patients received three cycles of

chemotherapy (Paclitaxel and Carboplatin) before surgery,

allowing us to study the immunomodulatory effect of

chemotherapy. Seventeen patients in chemotherapy treated

surgical cohort were followed during their chemotherapy cycle.

To define the disease baseline for chemo Naive group, data from 17

patients at T0 cycle chemotherapy was also included, along with

chemo naïve patients data from chemo naïve surgical cohort. The

median age was 51.5 (range 34-74) years for chemo naïve surgical

cohort and 56 years (32–78 years) for chemo treated surgical cohort
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(Supplementary Table 1-Detailed clinical characteristics of the

enrolled patients).

Eighty patients (88.8%) were diagnosed in the advanced stage of

the disease, stage (III & IV). The dissemination of tumor cells was

observed in the ascitic fluid of 44 patients (48.8%). Lymph node

metastases were found in 41 individuals, which accounts for 45.5%

of all enrolled HGSOC patients. Their performance status as per the

ECOG scale ranged from 0 to 2. Fifty age-matched healthy (Median

age: 51, Range: 30–64 years) volunteers were also enrolled

as controls.

3.2 Lymphocyte distribution in follow-up
group, chemo naïve and treated cohorts of
HGSOC patients

The sample collection schedule (Figures 1A, B) outlines for

immune phenotyping performed during chemotherapy sessions,

chemo treated and chemo naïve surgical cohort, allowing us to

understand longitudinal immunomodulatory effects of

chemotherapy during chemotherapy cycles in peripheral blood

and further validation in cross sectional surgical cohort on both

circulating and tumor-infiltrating immune cells, as well as soluble

parameters. Representative flow cytometry plots depict the gating

strategy in peripheral blood and tumor samples from different

patient groups (Figure 1C).

During chemotherapy session, we did not observe major change in

immune cell frequency, except a trend of reduced CD3+T cells CT0 to

CT2 while reversal of this effect was seen after CT3 (Figures 1D–G).

However, chemotherapy associated immune alterations were observed

in chemotherapy treated cross sectional patients cohorts. The certain

immune subsets, like the CD3-CD56+Bright NK (p = 0.042) cells and

CD3+CD56-T (p = 0.039) cells, were increased in the peripheral blood

of patients in chemotherapy treated surgical cohort (Figures 1H, K).

Additionally, other subsets CD3-CD56+DimNK (chemo naïve, p =

0.0415; chemo treated = 0.0023) and CD3+CD56+NKT (chemo naive,

p = 0.0416; chemo treated, p = 0.0031) cells were increased in the

peripheral blood of both groups compared to healthy controls

(Figures 1I, J). However, no immune alteration was seen in tumor-

infiltrated immune subsets (Figures 1I–K).

3.2.1 Immune receptor dynamics during
chemotherapy session on CD3-CD56+Bright and
Dim NK cells

To investigate chemotherapy mediated immune alteration,

patients were followed during chemotherapy cycles to understand

the immune modulatory effect and to determine the specific time

point where immune alterations occurred. Notably, NKp46+CD3-

CD56+Bright (p =0.0069) cells were increased after the third

chemotherapy cycles, while other receptors remained mostly

unchanged on CD3-CD56+Bright NK cells (Figures 2A–C).

Additionally, chemotherapy treated group showed significant

increase in the frequency of NKG2A+CD3-CD56+DimNK cells (p

=0.0068) (Figure 2D), NKG2D+CD3-CD56+DimNKcells (p =0.002)

(Figure 2E), and KIR2DL2/L3+CD3-CD56+DimNK cells (p
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=0.0444) (Figure 2F), suggesting a more pronounced alteration of

the immune profile after the third chemotherapy cycle.

3.3 Improved expression of NKp30, NKp46,
and KIR2DL2/L3/S3 on CD3-CD56+Bright

NK cells in the peripheral blood of
chemotherapy-treated surgical cohort

Phenotypic characterization of CD3-CD56+Bright NK cells in

cross sectional group was conducted to understand and validate the

chemotherapy-induced changes in the receptor expression within

the immature subset of NK cells. Among NCR receptor group,

NKp30+CD3-CD56+Bright , NKp46+CD3-CD56+Bright cells were

restored to normal healthy donor level in chemotherapy treated

surgical cohort while these subsets NKp30+CD3-CD56+Bright (p =

0.0293), NKp46+CD3-CD56+Bright (p = 0.0047) cells remained

significantly reduced in chemotherapy naïve surgical cohort

(Figure 3A). Additionally, among NKG2 group of receptors, a

trend of increased NKG2C+CD3-CD56+Bright cells was observed

in chemotherapy treated cohort, whereas KIR2DL2/L3/S3+CD3-
Frontiers in Immunology 05
CD56+Bright NK cells significantly increased in chemotherapy

treated surgical cohort than chemotherapy naïve surgical cohort

(Figure 3C). Other immune subsets, including NKG2D+CD3-CD56

+Bright ,and KIR3DL1+CD3-CD56+Bright cells, did not exhibit

chemotherapy-specific changes and were significantly reduced in

both chemotherapy-treated and naïve surgical cohorts

(Figures 3B, C).

Spearman correlation analysis revealed a strong positive

correlation between NKG2C and NKp44, NKp46, NKG2D, CD161

and KIR2DL2/L3S3 receptors in the chemotherapy-treated surgical

cohort (Figure 3E). Adhesion receptor DNAM-1, also showed a

strong positive correlation with NKp30, NKp44 and KIR2DL2/L3/

S3 in chemotherapy treated surgical cohort (Figure 3E). Moreover,

KIR2DL2/L3/S3 which had no significant correlation with any of the

receptors in chemo naïve surgical cohort, demonstrated significant

positive correlation with NKG2C, CD161, and DNAM-1 expression

while negative correlation with NKG2A (Figures 3D, E).

Furthermore, patients were categorized into early and late relapse

groups based on median progression-free survival. The percentage of

KIR2DL2/L3/S3+CD3-CD56+Bright (p =0.0042) and NKG2C+CD3-
FIGURE 2

Chemotherapy induced receptor alteration in NK cell subsets follow up of HGSOC patients during chemotherapy sessions. (A–C) Expression of
NKp30, NKp44, and NKp46 on CD3-CD56+Bright NK cells during chemotherapy cycles. (D–F) Expression of NKG2A, NKG2D, and KIR2DL2/L3/S3 on
CD3-CD56+ Dim NK cells during chemotherapy cycles. To determine statistical differences between the groups Mann-Whitney U test was done,
and repeated-measure ANOVA was used in follow-up data sets *p<0.05; **p<0.01.
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CD56+Bright (p =0.0049) cells increased in the early relapse group

whereas KIR2DL1/S1+CD3-CD56+Bright (p =0.0224) cells were

increased in the late relapse group (Figure 3F). Spontaneous

cytotoxic potential of NK cells was enhanced with increased level
Frontiers in Immunology 06
of granzyme+CD3-CD56+Bright NK (p=0.002) and dual Perorin

+Granzyme+CD3-CD56+Bright NK cells in chemotherapy treated

surgical cohort compared to healthy control (p = 0.004

Figures 3G–I).
FIGURE 3

Chemotherapy-induced alteration in CD3-CD56+BrightNK cell receptors in peripheral blood of HGSOC patients. (A) Expression of NKp30, NKp46, (B)
NKG2 group of receptors, (C) KIR group of receptors in chemo naïve and treated surgical cohort. (D, E) Spearman correlation between the receptor
expression chemo naïve and chemo treated cohort. (F) Frequencies of circulatory NKG2C+CD3-CD56+Bright NK, KIR2DL2/L3/S3+CD3-CD56+Bright

NK, and KIR2DL1/S1+CD3-CD56+Bright NK cells in early and late relapse group. (G) Representative flow cytometry plots for gating of perforin and
granzyme on CD3-CD56+Bright NK cells. (H, I) Intracellular granzyme and perforin expression (H) Frequency of granzyme+CD3-CD56+Bright NK cell,
(I) Frequency of dual perforin+granzyme+ CD3-CD56+Bright NK cell in chemo naïve and treated surgical cohort. To determine statistical differences
between the groups Mann-Whitney U test was done, and repeated-measure ANOVA was used in follow-up data sets *p<0.05;**p<0.01; ***p<0.001.
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3.4 Restoration of NCR group of receptors
and KIR2DL2/L3/S3 on circulatory CD3-
CD56+DimNK cells in chemotherapy
treated surgical cohort

Immune profiling of CD3-CD56+DimNK cells revealed

complete normalization of most NCR group of receptors to level

compared to healthy controls in chemotherapy treated surgical

cohort. Moreover, the expression of these receptors (NKp30, p =

0.05, NKp44, p = 0.042, NKp46, p = 0.0211) was also increased in

chemotherapy treated surgical cohort compared with

chemotherapy naïve cohort (Figure 4A) KIR2DL2/L3/S3+CD3-

CD56+DimNK cells were also comparable to the healthy control

levels in chemotherapy treated cohort and showed a trend towards

higher expression compared with the chemotherapy naïve surgical

cohort (Figure 4B), which indicates comprehensible chemotherapy-

mediated immune modulation of CD3-CD56+DimNK cell in

peripheral blood. However, NKG2D+CD3-CD56+DimNK cells were

reduced (chemo naive, p =0.07; chemo treated, p = 0.0092) in both

surgical cohorts (Figure 4B). The expression of these receptors was

not significantly altered on tumor-infiltrating CD3-CD56+DimNK

cells across both patient groups (Supplementary Figure 2). In early

relapsed patients, we observed an increased frequency of circulatory

NKG2C+CD3-CD56+DimNK (p = 0.0079) and CD161+CD3-CD56

+DimNK (p =0.0414) cells, whereas tumor-infiltrated NKp46+CD3-

CD56+DimNK (p =0.0041) and DNAM-1+CD3-CD56+DimNK (p

=0.0287) subsets were elevated in late relapse group (Figure 4C).

Spearman correlation analysis revealed a strong positive correlation

between NKp44, NKp46, NKG2C, NKG2D, CD161 and KIR group

of receptors in chemotherapy treated surgical cohort (Figures 4D, E).

Furthermore, Perf+CD3-CD56+Dim NK cells were increased in

chemo treated cohort (p = 0.0215) (Figure 4G), whereas Gran

+CD3-CD56+Dim NK cells and dual perforin+granzyme+CD3-

CD56+DimNK cells increased in both surgical cohorts (Figures 4G–I).

3.5 Receptor expression profile of CD3
+CD56+NKT-like cells in chemo treated
and naïve surgical cohort

Unlike NK cell subsets, we did not observe significant alteration

of the NCR group of receptors on NKT-like cells. However, within

the NKG2 family, NKG2A+CD3+CD56+NKT-like cells showed a

trend towards reduction in chemo naïve cohort (Supplementary

Figure 3A). While, NKG2D+CD3+CD56+NKT-like cells were

reduced in both surgical cohorts compared to the control

(Supplementary Figure 3B). Interestingly, chemotherapy increased

the level of CD161+CD3+CD56+NKT-like (p = 0.023) cells in

chemo treated surgical cohort relative to chemo naïve surgical

cohort (Supplementary Figure 3C).

Among KIR receptors, there was an increase in KIR2DL2/L3/S3

+CD3+CD56+NKT-like chemo naïve surgical cohort, and KIR3DL1

+CD3+CD56+NKT-like cells were increased in both surgical cohorts

compared to control (Supplementary Figures 3D, E). A Spearman

correlation shows a significant negative correlation between NKp44
Frontiers in Immunology 07
and NKp46 receptors in the chemo naïve surgical cohort. While,

these two NCR group of receptors were positively correlated in

chemotherapy treated surgical cohort. Moreover, NKG2C receptor

also shows strong positive correlation with NKp44, NKp46, NKG2

group of receptors and DNAM-1 in chemotherapy treated surgical

cohort (Supplementary Figures 3F, G), suggesting broad receptor

alteration post-chemotherapy.

Receptor expression profile of CD3+CD56+NKT-like cells,

including CD161, remained relatively stable during chemotherapy

cycles (Supplementary Figure 3H). Additionally, the percentage of

circulatory CD161+CD3+CD56+NKT-like NKp30+CD3+CD56

+NKT-like and NKG2C+CD3+CD56+NKT-like cells were high in

patients with early relapse, while tumor-infiltrating NKG2A+CD3

+CD56+NKT -like cells were higher in late relapsed patients

(Supplementary Figure 3I).Unlike NK cells, we did not see

significant change in perforin and granzyme level in intracellular

NKT-like cells (Supplementary Figures 3J, K). The expression profile

of these receptors was comparable on tumor-infiltrated NKT-like

cells between both groups (Supplementary Figure 4).

3.6 Receptor expression profile of CD3
+CD56-T cells in chemo naïve and chemo
treated surgical cohort

Receptor expression changes on CD3+CD56-T cells were very

similar to NKT-like cells in NKG2 group of receptors. NKG2A

+CD3+CD56-T cells were reduced in chemotherapy treated

surgical cohort (Supplementary Figure 5A) while NKG2D+CD3

+CD56-T cells were reduced in both surgical cohorts compared to

control (Supplementary Figure 5B). Interestingly, chemotherapy

selectively reduced KIR3DL1+CD3+CD56-T cells and increased

CD161+CD3+CD56- T cells in chemotherapy treated surgical

cohort, compared to chemotherapy naïve surgical cohort

(Supplementary Figures 5C, D). Furthermore, circulatory NKG2C

+CD3+CD56-T cells were increased in early-relapsed patients

whereas tumor-infiltrated NKG2A+CD3+CD56-T cells, NKp30

+CD3+CD56-T cells, and KIR2DL2/L3/S3+CD3+CD56-T cells

were increased in late-relapsed patients (Supplementary

Figure 5E). Although, CD161+CD3+CD56-T cells were increased

in cross sectional data of the chemotherapy treated surgical cohort,

CD161 expression was not significantly altered during

chemotherapy cycles (Supplementary Figure 5F). Spearman

correlation analysis revealed a strong negative correlation between

CD161 and KIR3DL1 in chemotherapy naive surgical cohort

(Supplementary Figure 5G). Moreover, Adhesion receptor

DNAM-1 shows positive correlation with NKG2A, NKG2C and

KIR2DL1 in chemotherapy treated surgical cohort (Supplementary

Figure 5H). Finally, we examined the effect of chemotherapy on

granzyme and perforin expression in CD3+CD56-T cells. Co-

expression of dual Perforin and Granzyme was increased on CD3

+CD56-T cells in both surgical cohorts compared to healthy

controls (Supplementary Figures 5I, J). The receptor expression

was not significantly varied on tumor infiltrated T cells in both

surgical cohorts (Supplementary Figure 6).
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FIGURE 4

Chemotherapy-induced changes in receptor expression on CD3-CD56+DimNK cells in HGSOC patients. (A) Chemotherapy-induced alteration of
NCR group of receptors in the peripheral blood of chemo treated cohort. (B) Expression of NKG2 group and KIR2DL2/L3/S3 receptors in chemo
naïve and treated surgical cohort. (C) Increased frequency of circulatory NKG2C+CD3-CD56+DimNK, CD161+CD3-CD56+DimNK cells in early
relapse, and tumor infiltrated NKp46+CD3-CD56+DimNK, and DNAM-1+CD3-CD56+DimNK cells in late relapse groups of patients. (D, E) Spearman
correlation between the receptor expression in chemo naïve and chemo treated cohort. (F–H) Representative flow cytometry plots for the gating of
perforin and granzyme on CD3-CD56+DimNK cells. (G) perforin level on CD3-CD56+DimNK cells, h) Frequency of granzyme+CD3-CD56+DimNK
cells, and frequency of perf+granz+CD3-CD56+Dim NK cells in chemotherapy naïve and treated cohort and (I) frequency of perf+granz+CD3-
CD56+Dim NK cells in chemotherapy naive and treated cohort. To determine statistical difference, the Mann-Whitney U test was used between the
independent groups, and repeated-measure ANOVA was used in follow-up data sets *p< 0.05; **p>0.01; ***p<0.001.
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3.7 Increased expression of MIC-A on
EpCAM+ cells, soluble ligands, and survival
of ovarian cancer patients

We also studied the effect of chemotherapy on surface

expression of cognate ligands such as MICA, MICB, ULBP-1,

HLA-E, B7-H6, LLT-1, Vimentin, HLA-C, and PVR on EpCAM+

and EpCAM- cells in both groups. A Schematic (Figure 5A) shows

the processing of tumor specimens to get a single cell suspension

and followed by staining and acquisition. We observed a higher

proportion of EpCAM- cells in tumor specimen (Figure 5B).

However, all ligands were significantly upregulated on EpCAM+

cells than EpCAM- cells (Supplementary Figure 7). The expression

of MICA (p = 0.0012) was increased on EpCAM+ cells (Figure 5C).

Interestingly, among all ligands, MICA (p = 0.0466)was upregulated

on EpCAM+ cells of chemotherapy treated surgical cohort

(Figure 5D). Spearman correlation analysis revealed significant

differences in ligand expression correlations between both surgical

cohorts, indicating major shift in expression of these ligands

(Figures 5E, F).

To understand chemotherapy’s impact on the soluble ligands

level, we assessed the soluble level of MICA, MICB, ULBP-1, B7-H6,

and PVR in serum of both groups, with a schematic shown in

(Figure 5G). Soluble MICA was elevated in chemo naïve surgical

cohort (p = 0.0397) (Figure 5H). Interestingly, soluble PVR (p =

0.0002) and B7-H6 (p = <0.0001) were reduced in serum of

chemotherapy treated surgical cohort when compared with

chemotherapy naïve cohort (Figures 5I, J). We hypothesized that

chemotherapy-induced MICA upregulation may be associated with

the prognosis. To determine this, we have divided patients based on

the median expression of ligands into high and low-expressing

groups. MICA expression was not significantly associated with

progression-free survival [Median; 25 versus 23 months, HR (95%

CI) 1.05 (0.325 – 3.136, p = 0.927)]. However, high expression of

MICB was associated with better progression-free survival [Median;

20 versus 25 months, HR (95% CI) 3.075(1.234 to 7.663, p = 0.0321)

(Figure 5K)]. As well as, high expression of LLT-1 was associated

with improved progression-free survival [Median 30 versus 21

months, HR (95% CI) 4.106(1.745 to 9.660p = 0.0316),

(Figure 5L)] and high HLA-E was associated better progression-

free survival [Median; 28 versus 21 months HR (95% CI) 3.138

(1.306 to 7.540), p = 0.0171) (Figure 5M)]. Survival analysis based

on clinicopathological characteristics suggests that treatment

strategy does not significantly alter the progression free survival

of ovarian cancer patients (Figure 6A). However, lymph node

metastasis was associated with poor progression free survival of

HGSOC patients (Figure 6B).

3.8 Altered serum cytokines in
chemotherapy treated and naive surgical
cohorts

We analyzed the serum cytokine profile of both groups of

HGSOC patients and compared them to those of healthy

contro l s . In chemotherapy- treated surg ica l cohorts ,

proinflammatory cytokine IL-2 (p = 0.0001) and TNF-a (p =
Frontiers in Immunology 09
0.0442) were reduced (Figures 6C, H), while anti-inflammatory

cytokine IL-5 (p = 0.0001) was elevated compared to chemotherapy

naïve and healthy control (Figure 6D). Other cytokines like IL-6, IL-

10 were increased in both surgical cohorts compared to healthy

control (Figures 6E–G). Overall, our findings indicate a reduction in

proinflammatory cytokines and an increase in anti-inflammatory

cytokines in the serum of the chemotherapy-treated surgical cohort.
4 Discussion

This study provides a comprehensive evaluation of the immune

alterations induced by chemotherapy in HGSOC patients,

longitudinal follow-up of patients during chemotherapy cycles

and by comparing the chemotherapy naïve surgical cohort with

the chemotherapy-treated surgical cohort of patients. The study

reveals how chemotherapy impacts the immune profile, particularly

in the peripheral blood and in the tumor microenvironment. Initial

investigation during chemotherapy cycles revealed immune

modulatory effect on peripheral NK cell subsets, which was

further validated on larger cross sectional patients cohort. That

chemotherapy exerts a more significant immune modulatory effect

on peripheral immune cells than on immune cells in the tumor

microenvironment. This differential effect is likely influenced by the

tumor heterogeneity, which may obscure the chemotherapy-

mediated immune alteration in TME (20). In chemotherapy

treated surgical cohort, increased levels of CD3-CD56+Bright NK

cells and CD3+CD56-T cells, along with upregulation of receptors

like NKG2C, NCRs on NK cells, and CD161+CD3+CD56-T cells,

CD161+CD3+CD56+NKT cells, suggest chemotherapy-induced

immune activation. This may represent a valuable therapeutic

opportunity, where the enhanced function of NK cells and

immune reconstitution may give opportunities for further

intervention (20, 21). Although, our data demonstrates a notable

upregulation in the NCR group of receptors, NKG2C, following

chemotherapy in chemotherapy treated surgical cohort. It is

important to consider that not all immune parameters exhibit

significant change, specifically NCR and KIR group of receptors

in chemotherapy treated cohort, indicating chemotherapy-

mediated alterations may be very selective (22). This type of

differential effect of chemotherapy on immune subsets was

reported previously in breast cancer, where B and NK cells were

more affected than T cells (23). Certain soluble ligands, like B7-H6

ligands for NKp30, are associated with immune evasion, poor

prognosis, and chemoresistance in solid tumors (24). The

observed reduced B7H6 levels in chemotherapy-treated cohort

potentially aided in restoring NCR receptors and enhancing the

NK cell function (25). Studies indicate that targeting these soluble

ligands may reprogram NK cells, enhance their response, and

potentially boost the efficacy of immune checkpoint therapies

(26–29).

These data suggested the direct activation of innate immune

response in the chemotherapy treated surgical cohort of HGSOC

patients by diminishing inhibitory factors in the circulation.

Chemotherapy-induced immune modulation also includes
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FIGURE 5

Surface ligand expression on tumor specimens, soluble ligands, and survival. (A) Schematic representation of tumor specimens’ collection and
processing. (B) Frequency of EpCAM- and EpCAM+ cells within tumor specimens in HGSOC patients. (C, D) Frequency of MICA+ EpCAM+ cells in
chemo naïve and treated cohorts. (E) Spearman correlation analysis between the ligand expressions on EpCAM+ cells in chemo naïve cohorts. (F)
Spearman correlation analysis between ligand expressions on EpCAM+ cells in chemo treated cohorts. (G) Schematic representation of the
measurement of soluble ligands in serum. (H) Serum levels of soluble ligands MICA, (I) PVR, and (J) LLT-1 in the chemo naïve and treated cohorts. k-
m) Progression-free survival of patients stratified by high and low expression of NK cell ligand on tumor cells (K) HighMIC-B associated with
progression-free survival, (L) high HLA-E associated with progression-free survival, and (M) high LLT-1 was associated with the progression-free
survival of HGSCO patients. To determine statistical difference between the groups, the Mann-Whitney U test was done, Kaplan-Meier survival
analysis was done based on ligand expression, *p< 0.05; **p<0.01; ***p<0.001; ****p>0.0001.
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increased expression of dual perforin and granzyme, suggesting

enhanced cytolytic potential across NK cell subsets in

chemotherapy treated surgical cohort (30). Chemotherapy also

upregulated the expression of MICA on EpCAM+ cells. This

counters the traditional view of chemotherapy as broadly

immunosuppressive, a process that may increase the tumor
Frontiers in Immunology 11
immunogenicity (31). It was demonstrated that chemotherapy

can induce local immune activation, which leads one to believe

that chemotherapy can increase the immunogenicity of immune-

excluded HGSOC tumors (20). The prognostic significance of

immune cells is well-known in various malignancies such as

breast and colorectal cancer (32, 33). Immune cells in circulation
FIGURE 6

Survival analysis and cytokine level in HGSOC patients. (A) Progression-free survival based on treatment mode. (B) Poor progression-free survival in
patients with lymph node metastasis. (C–H) Serum cytokine profile of the chemo naïve and treated surgical cohort. To determine the statistical
difference between the groups, Mann-Whitney U test was done, Kaplan Meier survival analysis was done based on treatment mode and lymph node
metastasis.*p<0.05; **p<0.01; ***p<0.001; ****p<0.001.
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with receptors like NKp30, NKG2C, and CD161 were prevalent in

early relapse cases, whereas tumor-infiltrating immune cells

expressing other receptors correlated with late relapse. These

findings suggest that the expression and balance of activating and

inhibitory receptors influence disease outcome. Further, immune

markers may offer prognostic insights that surpass the conventional

cancer staging system. Altered NK cell receptor expression was also

associated with poor disease outcomes in other malignancies

(34, 35). The role of NK cell ligands is well-known in cancer

immunosurveillance and immunoediting (36, 37). The findings of

our study also indicate the potential prognostic role of MIC-B,

HLA-E, and LLT-1 in HGSOC patients. Immune markers were

reported as better prognostic indicators than conventional staging

systems for solid cancer (38).

Proinflammatory cytokines IL-2 and TNF-a were reduced in

chemotherapy-treated patients. Given that high cytokine levels

often correlate with poor prognosis (39), their reduction post-

chemotherapy may indicate a lowered inflammatory response and

a potential decrease in tumor-associated inhibitory factors (40).

However, the concurrent expansion of immune cells raises

questions about the role of these cytokines in immune cells’

proliferation in vivo, suggesting a more complex mechanism at

play in ovarian cancer (41).

4.1 Limitations of the study

A limitation of the study is the lack of paired pre and post-

treatment samples from the same patients in cross sectional cohort may

influence the observed differences, specifically in tumor specimens, due

to interpatient heterogeneity. The study primarily focuses on

chemotherapy’s effect on specific immune markers without exploring

the mechanistic pathways behind receptor and ligand restoration.

Additionally, it did not detail receptor alterations across the different

T cell subsets. Future research should explore chemotherapy’s impact

on immune receptors across diverse immune cell subsets in clinical and

preclinical models, with an eye towards therapeutic applications.

In conclusion, this study underscores chemotherapy’s capacity

to modulate the immune profile in HGSOC patients. These findings

may provide valuable details for combination therapies based on

chemotherapy-induced immune reactivation and potentially

improve the patient’s outcome.
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SUPPLEMENTARY FIGURE 1

(A) Representative gating strategy for NK cell receptors. (B) Representative
gating strategy for ligand panel.

SUPPLEMENTARY FIGURE 2

Tumour infiltrated CD3-CD56+Dim NK cells phenotype in primary chemo
naïve and treated cohorts.

SUPPLEMENTARY FIGURE 3

Chemotherapy-induced receptor alteration on CD3+CD56+NKT-like cells.
(A) Expression of NKG2A, (B) Frequency of NKG2D, (C) Frequency of CD161 in
chemo naïve and treated cohort. (D) Frequency of KIR2DL2/L3/S3 and, (E)
Frequency of KIR3DL1 in peripheral blood of both groups. (F, G) Spearman
correlation between the receptor expression in chemotherapy naïve and
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treated cohorts (H) CD161 expression on CD3+CD56+NKT-like cells during
chemotherapy sessions. (I) Frequency of NKp30, NKG2C, and CD161 on

circulatory CD3+CD56+NKT-like cells in the early relapsed group, and
Frequency of NKG2A on tumor-infiltrated CD3+CD56+NKT-like cells in

late relapsed cases. (J) Representative flow cytometry plots for gating of

perforin and granzyme on CD3+CD56+NKT-like cells. (K, L) Frequency of
perforin+granzyme+ CD3+CD56+NKT-like cells in HGSOC patients. To

determine statistical difference Mann-Whitney U test was used between the
groups, and repeated-measure ANOVA was used in follow-up data sets *p<

0.05; **p<0.01; ***p<0.001.

SUPPLEMENTARY FIGURE 4

Tumor-infiltrated CD3+CD56+NKT-like cells phenotype in chemo naive and
treated cohort.

SUPPLEMENTARY FIGURE 5

Chemotherapy-induced receptor alterations on CD3+CD56-T cells. (A)
Frequency of NKG2A, (B) NKG2D and, (C) KIR3DL1 on CD3+CD56- T cells

in chemo naïve and treated cohort (D) Chemotherapy-induced changes in

CD161 expression on CD3+CD56-T cells in the peripheral blood of the
chemotherapy treated cohort. (E) Frequency of NKG2C expression on

circulatory CD3+CD56- T cells in early relapsed patients, and frequency of
NKp30, NKG2A, KIR2DL2/L3/S3 on tumor in filtered CD3+CD56- T cells in

late relapsed patients. (F) CD161 expression on CD3+CD56+NKT-like cells
during chemotherapy sessions. (G, H) Spearman correlation between the

receptor expression in the chemo naïve and treated cohorts. (I)
Representative flow cytometry plots for gating of perforin and granzyme on
CD3+CD56- T cells. (J) Frequency of frequency of dual perforin+granzyme+

CD3+CD56- T cells in HGSOC patients. To determine statistical differences
Mann-Whitney U test was used between the groups, and repeated-measure

ANOVA was used in follow-up datasets, *p< 0.05; **p<0.01; ***p<0.001.

SUPPLEMENTARY FIGURE 6

Tumor-infiltrated CD3+CD56- T cell cells phenotype in primary
chemotherapy naïve and treated cohort.

SUPPLEMENTARY FIGURE 7

Ligand expression profile of EpCAM+ HGSOC tumour cells in primary
chemotherapy naïve and treated cohort.

SUPPLEMENTARY FIGURE 8

Ligands expression profile of EpCAM+ and EpCAM- cells in HGSOC patients

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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11. Thedrez A, Lavoué V, Dessarthe B, Daniel P, Henno S, Jaffre I, et al. A quantitative
deficiency in peripheral blood Vg9Vd2 cells is a negative prognostic biomarker in
ovarian cancer patients. PloS One. (2013) 8:1–12. doi: 10.1371/journal.pone.0063322
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et al. Potential mechanisms of human natural killer cell expansion in vivo during low-
dose IL-2 therapy. J Clin Invest. (2000). 106:117–124. doi: 10.1172/JCI6218
frontiersin.org

https://doi.org/10.1007/s00109-007-0214-1
https://doi.org/10.1007/s00109-007-0214-1
https://doi.org/10.1016/j.tranon.2021.101076
https://doi.org/10.1007/s00262-019-02449-y
https://doi.org/10.1016/j.gore.2022.100926
https://doi.org/10.1158/1078-0432.CCR-21-2834
https://doi.org/10.1038/s41588-020-0630-5
https://doi.org/10.1038/s41588-020-0630-5
https://doi.org/10.1186/1471-2407-9-186
https://doi.org/10.3390/vaccines10122121
https://doi.org/10.1136/jitc-2020-001261
https://doi.org/10.1136/jitc-2020-001261
https://doi.org/10.1126/scitranslmed.aaa2327
https://doi.org/10.4143/crt.2018.311
https://doi.org/10.1111/sji.12072
https://doi.org/10.1186/s13045-020-00896-0
https://doi.org/10.1186/s40425-019-0693-y
https://doi.org/10.1038/s41573-020-0078-4
https://doi.org/10.1038/nri3839
https://doi.org/10.1006/gyno.2000.5878
https://doi.org/10.1007/s00595-016-1433-2
https://doi.org/10.1007/s00595-016-1433-2
https://doi.org/10.1002/cam4.1891
https://doi.org/10.3389/fimmu.2016.00413
https://doi.org/10.1371/journal.pone.0076928
https://doi.org/10.1002/ijc.25156
https://doi.org/10.1007/s00281-011-0264-x
https://doi.org/10.1684/ecn.2013.0340
https://doi.org/10.3390/biomedicines10092116
https://doi.org/10.1172/JCI6218
https://doi.org/10.3389/fimmu.2026.1765987
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Chemotherapy driven alterations in NK cell receptors and ligands in high grade serous ovarian cancer
	1 Introduction
	2 Materials and methods
	2.1 Participant enrollment
	2.2 Single-cell suspension of tissue specimens
	2.3 Immune staining of blood, tissue specimens, and flow cytometry
	2.4 Procartaplex multiplex immunoassay and ELISA
	2.5 Statistical analysis

	3 Results
	3.1 Detailed clinicopathological features of HGSOC patients
	3.2 Lymphocyte distribution in follow-up group, chemo na&iuml;ve and treated cohorts of HGSOC patients
	3.2.1 Immune receptor dynamics during chemotherapy session on CD3-CD56+Bright and Dim NK cells

	3.3 Improved expression of NKp30, NKp46, and KIR2DL2/L3/S3 on CD3-CD56+Bright NK cells in the peripheral blood of chemotherapy-treated surgical cohort
	3.4 Restoration of NCR group of receptors and KIR2DL2/L3/S3 on circulatory CD3-CD56+DimNK cells in chemotherapy treated surgical cohort
	3.5 Receptor expression profile of CD3+CD56+NKT-like cells in chemo treated and na&iuml;ve surgical cohort
	3.6 Receptor expression profile of CD3+CD56-T cells in chemo na&iuml;ve and chemo treated surgical cohort
	3.7 Increased expression of MIC-A on EpCAM+ cells, soluble ligands, and survival of ovarian cancer patients
	3.8 Altered serum cytokines in chemotherapy treated and naive surgical cohorts

	4 Discussion
	4.1 Limitations of the study

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


