
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:7061  | https://doi.org/10.1038/s41598-024-57311-8

www.nature.com/scientificreports

Investigation of the rhythmic 
recruitment of tear neutrophils 
to the ocular surface and their 
phenotypes
Yutong Jin 1,3, Ceili Minten 2, Mara Jenkins 2, Lyndon Jones 1,3 & Maud Gorbet 1,2,3*

Hundreds of thousands of polymorphonuclear neutrophils (PMNs) are collected from the ocular 
surface upon waking, while few are harvested during daytime. This study aimed to investigate 
potential factors contributing to the circadian infiltration of tear PMNs, including changes in IL-8 
and C5a in tears, and their phenotypes across different time points in a 24-h cycle. Tear PMNs were 
collected using a gentle eyewash after 2-h and 7-h of sleep (eye closure, EC) at night, after 2-h EC 
during the day, and towards the end of the afternoon. Significantly fewer cells were collected after 2-h 
EC during the day compared to 2-h EC at night. A positive correlation between IL-8 and PMN numbers 
existed, but not with C5a. Tear PMNs collected after 2-h EC at night were less degranulated and 
possessed a larger activation potential compared to 7-h EC. Tear PMNs from 7-h EC at night exhibited 
hyper-segmented nuclei and more NETosis compared to 2 h EC night, indicating an aged and activated 
phenotype. The diurnal-nocturnal recruitment pattern of tear PMNs may be driven by increased IL-8 in 
nighttime tears. Higher degranulation and NETs point to the significant activation of tear PMNs on the 
ocular surface during prolonged eye closure at night.
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Neutrophils (polymorphonuclear neutrophils, PMNs) are the first white blood cells to arrive upon tissue infec-
tion or damage and can defend against pathogens through several functional activities, such as oxidative burst, 
degranulation, and release of neutrophil extracellular traps (NETs)1. Previous studies showed that PMNs are 
recruited to peripheral tissues, such as the mouth2, the lungs3, and the ocular surface4 under healthy conditions 
(i.e., in the absence of an inflammatory reaction). While the eye is considered an immune privilege site, a large 
number of leukocytes, with the main population being PMNs5, can be collected from the ocular surface non-
invasively using a gentle eye wash on waking, following prolonged eye closure4–9. Only a few tear PMNs have been 
collected during the daytime10,11, suggesting that infiltration of PMNs to the ocular surface may follow the circa-
dian rhythm, although hypoxia caused by prolonged eye closure may also play a role in leukocyte recruitment12.

The oscillations in physiological and behavioural activities enable light-sensitive organisms to anticipate and 
adapt to environmental changes, such as variations in light exposure and food, which creates the circadian rhythm 
in an approximately 24-h cycle13. Depending on cell types, rhythmic changes in immune cell numbers in the 
circulation exist; for example, naïve CD4+ and CD8+ T lymphocytes peak at night14,15, while natural killer cells16 
and effector T cells15 peak during the day. Additionally, the circadian infiltration of immune cells to peripheral 
tissues has been reported in several studies17–20. The number of lymphocytes homing to lymph nodes peaks at 
night21, while the increased number of PMNs are recruited to the lungs22 and the kidney23. Furthermore, the 
concentrations of proinflammatory mediators, such as interleukin-2 (IL-2), IL-6, IL-12, and tumour necrosis 
factor-alpha, have been reported to reach their maximum at night, which may play a role in attracting immune 
cells to the sites24.

The guidance of PMNs by chemoattractants, such as complement anaphylatoxin C5a, IL-8, and leukotriene 
B4 (LTB4), to local sites, is known as chemotaxis. PMNs sense and follow the concentration gradient through 
the interaction of chemoattractants and their G-coupled protein receptors (GPCR) expressed on the cell surface, 
which induces the subsequent transmigration cascade in blood-circulating PMNs including rolling, arresting, 
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crawling, and eventually migrating to the tissues25. Thakur et al. reported an increase in IL-8 and LTB4 concen-
trations in the closed-eye tears with increasing eye closure time26. Additionally, Mahajan et al. showed that C5a 
level peaked at awakening8. Taken together, such findings may suggest that the recruitment of tear PMNs to 
the closed-eye environment may be driven by the presence of chemoattractants in tears. However, research is 
needed to confirm the association between the recruitment of tear PMNs and chemoattractants across the day.

The high numbers of tear PMNs collected from healthy eyes upon waking are quiescent, exhibiting limited 
activation/pro-inflammatory response upon stimulation with N-formyl-methionyl-leucyl-phenylalanine (fMLP), 
lipopolysaccharide (LPS), IL-8, calcium ionophore, and phorbol-12-myristate-13-acetate (PMA) in vitro4,6,9. It 
has thus been hypothesized that tear PMNs may have undergone activation while in the closed-eye environ-
ment, and become unresponsive to additional stimulation. NETs have gathered significant interest recently as a 
sign of neutrophil activation and are DNA filaments decorated with granular proteins, such as myeloperoxidase, 
neutrophil elastase, and lactoferrin that have been expelled from the neutrophils27,28. The presence of NETs found 
in morning eye “discharge”8 and upregulation of degranulation markers on tear PMNs4 support the concept of 
prior activation on the ocular surface during sleep (or closed eye conditions). Furthermore, Jin et al. reported a 
constitutive release of reactive oxygen species (ROS) of tear PMNs collected after nocturnal sleep5. This spon-
taneous ROS release has also been reported in unstimulated aging blood PMNs29, which may suggest that tear 
PMNs are aged when collected after a nighttime sleep.

While recent studies have provided some insights on the phenotype of tear PMNs collected after sleep (pro-
longed eye closure at night) and potential activation, there is still limited knowledge on the difference between 
nighttime and daytime and the potential role of chemoattractants. Comparing the difference in cell population 
across time, the number of tear PMNs and change of phenotypes over time may provide further insights into the 
mechanisms of recruitment to the ocular surface and the role that tear PMNs play in patrolling and maintain-
ing ocular homeostasis in the anterior segment of the eye. Using a gentle eyewash method to collect cells from 
the ocular surface, the objectives of this study were thus to investigate the rhythmic infiltration of tear PMNs to 
the ocular surface and assess their phenotype, in terms of degranulation and maturation state, across different 
time points. These time points were after 2-h and 7-h of sleep (closed-eye environment) at night, after 2-h sleep 
(closed-eye environment) during mid-day, and towards the end of the day (open-eye, around 5 pm).

Materials and methods
Reagent and monoclonal antibodies
Fluorescein isothiocyanate (FITC)-conjugated antibodies against human CD11b (clone: ICRF44), CD62L, CD15, 
and CD66b (clone: G10F5), R-phycoerythrin (PE)-conjugated antibodies against human CD54 (clone: LB-2), 
CD184, and CD63 (clone: H5C6), and R-phycoerythrin- cytochrome 5 (PE-Cy5)-conjugated antibodies against 
CD45 (clone: HI30) and CD15 (clone: HI98) were purchased from Becton Dickinson Pharmingen (San Diego, 
California, USA). IL-8 ELISA kit, FITC-conjugated anti-mouse IgG F(ab’)2 CF 488A, May-Grünwald’s stain, 
DNase I, and fMLP were from Sigma-Aldrich Co. (Oakville, Ontario, Canada). FITC-conjugated antibody against 
myeloperoxidase, anti-histone H3 (citrulline R2 + R8 + R17) antibody, PE-conjugated anti-goat IgG, and C5a 
ELISA were purchased from Abcam (Waltham, Massachusetts, USA). Anti-lactoferrin antibody was purchased 
from Cedarlane (Burlington, Ontario, Canada). Anti-hCXCR1/IL8 RA antibody was purchased from R&D sys-
tems (Minneapolis, Minnesota, USA). Phosphate-buffered saline (PBS) was purchased from Lonza (Allendale, 
New Jersey, USA). Dulbecco’s modified eagle media (DMEM) was purchased from Life Technologies (Burlington, 
Ontario, Canada).

Subjects
This study was conducted in accordance with the tenets of the Declaration of Helsinki and received ethics clear-
ance from the University of Waterloo Human Research Ethics Committee (#43743; Waterloo, ON, Canada). 
Informed consent was obtained from the subjects after explanation of the nature and possible consequences of 
the study. A total of 20 non-contact lens wearers who were free of any ocular diseases were recruited, consisting 
of 10 males and 10 females, between the ages of 20 and 36 years of age (28 ± 4). After flow cytometry protocol 
optimization, an additional 6 participants were recruited to assess the expression of NETs, IL-8Rs, and lactoferrin 
on tear PMNs collected at different time points.

Collection of tear PMNs
Each participant was trained to collect cells using the gentle eyewash method previously described by Gorbet 
et al.4 Briefly, participants released saline solution onto their ocular surface using a sterile dropper placed at 
the inner angle of the eye. The run-off was collected into a sterile 50 mL polypropylene tube placed at the outer 
angle of the eye.

There were four different collection time points on four different days: three time points of prolonged eye 
closure (EC) after a full night of sleep (7 h EC night samples), after 2 h of sleep at night (2 h EC night samples), 
after 2 h of eye closure or sleep in the afternoon (2 h EC day samples); and one open-eye day collection towards 
the end of the day at around 5 pm (end of day samples). The former two, full night and 2 h night, were considered 
nighttime collections, which were undertaken on two consecutive days, and the latter two, 2 h day and end of 
the day, were considered daytime collections. Participants collected the 7 h EC night samples upon waking in 
the morning after a full night of sleep (average 7 h), which were delivered to the lab within 2 h. For 2 h EC night 
samples, participants collected the cells after the 2-h sleep at night around 2 am, which were delivered to the lab 
in the early morning. Participants collected the 2 h EC day samples after closing their eyes for 2 h in the afternoon 
(after 1 pm). For the end of day samples, participants collected the cells from open eyes in the late afternoon 
around 5 pm. All daytime collections were delivered to the lab within 2 h of collection.
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All collected eyewash samples were centrifuged at 280 × g for 5 min. The supernatants were kept for protein 
analysis, and the cell pellets were resuspended in PBS. Cell counts were performed using the MOXI Z automated 
cell counter (ORFLO, Hailey, Idaho, USA), gating on PMN population based on cell diameter, between 6.5 and 
9 mm.

Chemokine analysis
For nighttime collection samples, 1 mL of the eyewash supernatant was transferred to 1.5 mL Eppendorf tubes 
and stored at – 80 °C for future ELISA analysis. The supernatants of daytime collection samples were trans-
ferred to Amicon Ultra-15 centrifugal concentrators with 10,000 Dalton molecular weight cutoff filters (Sigma, 
Ontario, Canada), followed by centrifugation at 3500×g for 20 min. The concentrates were transferred to 1.5 mL 
Eppendorf tubes and stored at – 80 °C until processing. The concentrations of IL-8 and complement C5a were 
measured using ELISA, and final concentrations were corrected with the initial volume of eyewashes returned 
by participants.

Cell histological staining
After incubation, cells were centrifuged onto a microscope glass slide using the StatSpin Cytofuge (HemoCue 
America, Brea, California, USA), at 1000×g for 2 min, followed by staining with May-Grünwald’s stain and visu-
alization using an Axiovert microscope (Nikon Instruments Inc., Melville, New York, USA). Pictures of the entire 
circular area of the cytospin, where the cells deposited, were taken at 10 × magnification using an MS-2000-XY 
mechanical stage (Applied Scientific Instrument, Oregon, USA) and stitched using NIS elements-Advanced 
Research software package (Nikon Instruments Inc., Melville, New York, USA). The numbers of PMNs, corneal 
epithelial cells, and aggregates were then counted.

Cell activation and immunostaining
Due to the limited cell numbers obtained in the daytime collection, only nighttime collection samples were 
analysed. Cells were either stimulated with 1.5 µM fMLP for 15 min in the cell incubator (37 °C, 5% CO2) or not.

Cells were stained with FITC-CD66b (a marker for specific granules), PE-CD63 (a marker for azurophilic 
granules), FITC-CD62L (L-selectin), PE-CD184 (a marker for cell maturation state), and PE-Cy-5-CD45 (pan 
leukocyte antibody) for 20 min in the dark at room temperature. Then, samples were diluted with DMEM/10% 
fetal bovine serum (FBS) and were ready for flow cytometry analysis.

To assess the degranulation of specific granules and NETs release, cells were stained with anti-lactoferrin anti-
body for 30 min at room temperature in the dark. The cells were subsequently washed with DMEM/10% FBS at 
280×g for 5 min, followed by staining with FITC-conjugated secondary antibody and PE-Cy5-CD45 for 30 min at 
room temperature in the dark. Cells were washed at 280×g for 5 min and were ready for flow cytometry analysis.

To identify NETs, samples were stained with anti-citrullinated-histones (H3Cit) antibody for 30 min at room 
temperature in the dark, followed by the staining with PE-conjugated secondary antibody, FITC-anti-myelop-
eroxidase (MPO) antibody, and PE-Cy-5-CD15 for another 30 min at room temperature in the dark. Samples 
were diluted in DMEM/10%FBS and immediately analysed by flow cytometry.

Flow cytometry
The PMN population was identified based on double gating the cells that were high in side-scattered light (granu-
larity), low in forward-scatter light (size), and CD45 + using a Becton Dickinson FACS Calibur flow cytometer 
(Mountain View, California, USA) and associated CELLQuest Software. At least 2000 PMN events were acquired 
and mean fluorescent intensities (MFI) were recorded for all samples.

The release of NETs by tear PMNs was also analyzed through flow cytometry following a previously published 
protocol for NETs30, and CD15 was used to identify PMNs. Cells were not permeabilized and fixed, hence the 
surface expressions of MPO, and H3Cit can be used to quantify the presence of NETs on tear PMNs.

Statistics
Results are presented as mean ± standard deviation. The paired t-test if normally distributed and Wilcoxon 
signed-rank test if not normally distributed were used to compute statistical significance. Correlations were evalu-
ated through the Spearman correlation test. A p-value of less than 0.05 was required for statistical significance, 
and all the statistical analysis was performed via IBM SPSS Software (IBM Canada Ltd., Markham, Ontario, 
Canada). All figures were plotted using GraphPad Prism Software (GraphPad Software, San Diego, California, 
USA). Outliers were identified by calculating the interquartile range and were removed.

Results
Cell count and nuclei shapes of tear PMNs across different time points
As reported in Fig. 1a, the increased presence of tear leukocytes in the eyewash depended on time of collection 
and length of eye closure. The average number of leukocytes collected after 7 h of eye closure at night (full night 
sleep) was 3.3 × 105, the highest count among all time points. Significantly fewer leukocytes were collected after 
2 h of eye closure at night, with an average cell count of 1.4 × 105 (p = 0.005), suggesting an increase in leukocyte 
recruitment with longer eye closure time at night. The numbers of leukocytes present in the nighttime collec-
tions were significantly higher than the cell counts in either daytime collection, with daytime collections yielding 
fewer than 3000 leukocytes on average. Significantly fewer leukocytes were also collected after 2 h of eye closure 
during the day when compared to the 2 h of eye closure at nighttime (p < 0.001), highlighting that eye closure 
alone was not driving leukocyte presence on the ocular surface.
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A small number of ocular epithelial cells (less than a thousand on average) were also present in the eyewash 
and counted from the cytospin (see Fig. 1b). The highest number of ocular epithelial cells in the eyewash were 
observed after a full night of sleep (p < 0.006).

One of the hallmarks of fresh blood PMNs is their multi-lobed nuclei (2–4 lobules)31, and nuclear morphol-
ogy can provide information on cell maturation state. On the cytospins, hyper-segmented nuclei (more than 4 
lobes of nuclei) were commonly observed in the 7 h EC night tear PMNs (Fig. 2a-b), while some 2 h EC night 
tear PMNs appeared to exhibit hypo-segmented nuclei (Fig. 2c-d). From the daytime collection, ocular surface 
epithelial cells were predominantly present in the eyewash (Fig. 2e), and when present, the tear PMNs harvested 
displayed normal (tri-lobar) nuclear morphology (Fig. 2f), similar to fresh circulating blood PMNs. As seen in 
Fig. 2g, a significantly higher percentage (23%) of the 2 h EC night tear PMNs exhibited hypo-segmented nuclei 
compared to the 7 h EC night tear PMNs (p = 0.005). Conversely, a significantly higher percentage (48%) of the 
7 h EC night tear PMNs showed hyper-segmented nuclei compared to the 2 h EC night tear PMNs (p = 0.024). 

Figure 1.   Number of cells collected from the ocular surface at different time points. (a) Number of leukocytes 
was determined using a MOXI-Z automated cell counter. (b) Number of ocular epithelial cells from cytospin. 
Values are presented as means ± standard deviations, n = 12–19 for PMNs, and n = 9–15 for ocular epithelial cells. 
Wilcoxon matched-pairs signed rank test and paired t-test were conducted to compare the paired data values 
between end of day and 2 h EC day, 2 h EC day and 2 h EC night, and 2 h EC night and 7 h EC night, ns not 
statistically significant, *significantly different, p < 0.006. EC: eye closure.
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As hyper-segmentation has been associated with aging and maturation, to further confirm our histological 
observations, the expression of CD184, a marker for cell aging32, was characterized on tear PMNs by flow cytom-
etry. A significantly higher expression of CD184 was observed on 7 h EC night tear PMNs compared to 2 h EC 
night tear PMNs, 62 ± 14 and 46 ± 12 (Mean Fluorescence Intensity) respectively (p = 0.008), suggesting that tear 
PMNs collected after a full night of sleep were more aged than 2 h EC night tear PMNs, and corroborating the 
microscopy observations around nuclear morphology.

Figure 2.   Analysis of the nucleus morphology of tear PMNs collected after a full night of sleep (a,b), after 
2 h sleep at night (c,d), and during the day (e,f). Note that in (e), only cluster of ocular epithelial cells can be 
observed as little to no PMNs are collected during daytime. The percentage of 2 h EC night and 7 h EC night 
tear PMNs exhibiting three-lobed, hyper-segmented, and hypo-segmented nuclei, n = 10–16, *significantly 
different from 7 h EC night tear PMNs, p ≤ 0.024 (g).
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The correlation between proinflammatory mediators and tear PMN numbers
IL-8 and C5a have been shown to be present in the tear film and are chemoattractants, recruiting leukocytes to 
tissues1. The average concentration of IL-8 in 7 h EC night samples was significantly higher than in the 2 h EC 
night samples, as shown in Table 1 (p < 0.001). IL-8 concentration in the 2 h eye closure at night eyewash was 
significantly higher than in the eyewash collected after 2 h eye closure during the day (p = 0.001), suggesting that 
the increase in IL-8 concentration in 2 h EC night compared to 2 h EC day samples was unlikely due to simple 
“accumulation” of IL-8 in the closed-eye environment and highlighting the pro-inflammatory environment of the 
nocturnal closed-eye environment. No difference in IL-8 concentrations in the eyewash was observed between 
the two daytime collection samples.

C5a concentration significantly increased between 2 and 7 h EC night samples (p = 0.005), whereas C5a was 
barely detected in the daytime collection samples. Furthermore, the concentration of C5a in the 2 h EC night 
samples was significantly higher than the 2 h EC day samples (p = 0.031).

The changes in IL-8 concentrations across different time points followed a similar trend to the PMN count. 
The number of leukocytes collected from the ocular surface was positively correlated with IL-8 concentration 
(p < 0.014, r = 0.678, see Fig. S1). However, there was no correlation between leukocyte number and C5a con-
centration in the eyewash (p = 0.984, r = 0.003, see Fig. S2).

PMN phenotypes from 2 and 7 h EC night samples
Due to the low PMN numbers from the daytime collections, with few cells remaining after cell count and cytol-
ogy, only the phenotypes of 7 h EC and 2 h EC night tear PMNs were evaluated. Tear PMNs collected after a full 
night of sleep (7 h EC) exhibited a significantly higher expression of CD63 (p = 0.007) and CD66b (p = 0.012) 
compared to 2 h EC night tear PMNs (Fig. 3a,b, respectively).

Upon stimulation with fMLP, 2 h EC night tear PMNs also demonstrated higher levels of CD66b (1.61 ± 0.35 
vs. 1.27 ± 0.18, p = 0.001) and CD63 (1.87 ± 0.56 vs. 1.32 ± 0.33, p = 0.002) expressions compared to 7 h EC night 
tear PMNs, further highlighting changes in degranulation and activation potential associated with residing for 
longer period in the closed-eye environment and leading to lower granule content.

The levels of expression of CD62L, CD11b and CD54, which have been mostly associated with transmigration 
phenotype33,34, were similar on the 2 h and 7 h night tear PMNs (see Table S1).

While results did not reach statistical significance, noteworthy is the fact that CD66b expression on 2 h night 
tear PMNs collected from female participants was higher than that of males, with values of 143 ± 57 and 117 ± 65, 
respectively. Additionally, the activation ratio of 2 h night tear PMNs in females (1.39 ± 0.32) was found to be 
lower than that of males (1.74 vs. 0.37).

Furthermore, 7 h EC night tear PMNs showed a significantly higher level of lactoferrin (p = 0.007) and lower 
expression of IL-8Rs than 2 h EC night tear PMNs (p = 0.002), as shown in Table 2, indicating the increased 
expression of lactoferrin and internalization of IL-8Rs are associated with the phenotype of activated PMNs35.

Neutrophil extracellular traps (NETs)
As could be observed in Fig. 2a, tear PMNs collected from a full night of sleep appeared to form aggregates/clus-
ters on the cytospin. Upon treatment with DNase I, a 70% reduction in the number of aggregates was observed 
(see Fig. S3), suggesting the presence of NETs on tear PMNs. NETs on PMNs were visualized by fluorescent 
microscopy with lactoferrin (Fig. 4), myeloperoxidase (MPO), and citrullinated histones (H3Cit) (Fig. 5)28,36. 
NETs were then further quantified by flow cytometry with MPO and H3Cit37. As shown in Table 3, tear PMNs 
collected after a full night of sleep showed significantly higher levels of MPO and H3Cit (p = 0.046). Compared 
to 2 h EC night tear PMNs, significantly more 7 h EC night tear PMNs exhibited NETs, staining positive for both 
MPO and H3Cit, 26% ± 14% vs. 11% ± 7% (p = 0.043) (see supplementary Fig. S5).

Discussion
Two hypotheses have been proposed regarding the origin of tear PMNs, whereby they arise from the lacrimal 
glands and are washed away due to blinking during the day and then accumulate at night during prolonged eye 
closure38, or leukocytes extravasate from conjunctival blood vessels due to the presence of chemoattractants4. 
The fact that very few leukocytes were observed following 2 h eye closure during the day, while over 100,000 
leukocytes were collected after 2 h eye closure at night strongly supports the hypothesis that tear PMNs and other 
leukocytes found on the ocular surface during sleep/eye closure extravasate from the blood vessels in response 

Table 1.   Eyewash IL-8 and C5a concentrations collected at different time points. Values are presented as 
means ± standard deviations, IL-8 concentration: n = 12–17; C5a concentration: n = 9–14. Wilcoxon matched-
pairs signed rank test was conducted to compare the paired data values between end of day and 2 h EC day, 2 h 
EC day and 2 h EC night, and 2 h EC night and 7 h EC night. EC eye closure. *Significantly different from 2 h 
EC night, p ≤ 0.005. # Significantly different from 2 h EC day, p < 0.04.

Collection time IL-8 concentration (pg/mL) C5a concentration (pg/mL)

End of day 29 ± 20 4 ± 10

2 h EC day 33 ± 21 11 ± 22

2 h EC night 185 ± 162# 96 ± 191#

7 h EC night 669 ± 412* 176 ± 176*
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to a chemoattractant. Noteworthy is that significantly higher numbers of leukocytes were observed after 7 h of 
eye closure compared to 2 h of eye closure at night, suggesting that there is also continuous extravasation of 
leukocytes, which is likely related to the continuous presence of chemoattractants, such as IL-8 and C5a.

An increase in IL-8 concentration with increasing eye closure time during the night was observed in this study, 
corroborating results from tear collections (using capillary tubes)26, and indicating that the eyewash method 
provides an effective way to sample the closed eye environment, whereby both tear proteins and cells can be 
assessed reliably. Chemoattractants present in tears have the capability to attract PMNs to the ocular surface, 

Figure 3.   Changes in the expression levels of (a) CD66b and (b) CD63 on 2 h and 7 h EC night tear PMNs 
under unstimulated and fMLP-stimulated conditions. Tear PMNs were stained with CD63 and CD66b, and 
samples were analyzed by flow cytometry. Results are presented as mean ± standard deviations, n = 13–20. EC 
eye closure, ns not statistically significant, *significantly different (p ≤ 0.012).

Table 2.   The mean fluorescent values of lactoferrin expression on 7 h EC and 2 h EC night tear PMNs. Tear 
PMNs were stained with lactoferrin, and immediately characterized by flow cytometry. Results are presented as 
mean ± standard deviations. n = 6. *Significantly different from the 2 h night PMNs (p < 0.007).

2 h EC night tear PMNs 7 h EC night tear PMNs

Lactoferrin

Unstimulated 120 ± 82 285 ± 107*

fMLP stimulated 173 ± 105 324 ± 200

Ratio of stimulated vs unstimulated 1.4 ± 0.4 1.2 ± 0.3

IL-8Rs Unstimulated 25 ± 7 17 ± 4*
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as blood-isolated PMNs showed enhanced chemotaxis in the presence of closed-eye tears collected after sleep 
compared to open-eye tears26. The positive correlation between tear PMN number and IL-8 concentration but 
not with C5a concentration indicates that IL-8 may contribute significantly to the recruitment of tear PMNs to 
the ocular surface.

Our study provides the first evidence of a difference in nuclear morphology in tear PMNs. The distribution 
in nuclear morphology of 2 h closed-eye night tear PMNs was found to be similar to that previously reported 
for a normal/healthy blood neutrophil population39. In comparison, a significantly higher percentage of hyper-
segmented PMNs were observed in the 7 h closed-eye night tear PMNs, a nuclear morphology that has been 
suggested to be indicative of cell aging and activation19,31,40. The higher presence of hyper-segmented PMNs is 
in line with our observations indicating a high level of activation of tear PMNs collected upon awaking (high 
degranulation, increased presence of NETs and higher levels of CD184). Additionally, the limited degranula-
tion response of 7 h EC night tear PMNs to fMLP stimulation points towards the aging mechanisms and lower 
granular content due to prior activation, similar to aged blood PMNs reported to have a lower granule content 
and NET-forming capability compared to young or fresh PMNs41.

Several research groups, including our own, have hypothesized through indirect evidence that tear PMNs 
collected after a full night of sleep are being activated when they are in the nocturnal closed-eye environment4,5,8,9. 
In the current study, 7 h EC night tear PMNs exhibited higher levels of degranulation markers (CD66b, CD63 
and lactoferrin) and NETs markers (H3Cit and MPO) and lower levels of IL-8Rs compared to the 2 h EC night 
tear PMNs, providing direct evidence of activation/degranulation of tear PMNs in the nighttime closed-eye 
environment over prolonged residence time. While our study focussed on receptor expression and NETs, many 
PMN functions are interconnected and research has also demonstrated the importance of a functional NADPH 
oxidase in inducing NETosis, as evidenced by impaired NETs release in PMNs from chronic granulomatous 
disease (CGD) patients and NADPH oxidase-knockout mice42. To provide better insights into the activation 
and regulatory effects of tear PMNs on ocular surface homeostasis and inflammation, further investigation will 
be needed to correlate NETs with ROS production in tear PMNs. Sex has also been reported to have a signifi-
cant effect on the inflammatory response43,44, and while our results showed that some differences in tear PMNs 
phenotypes existed between male and female, these did not reach statistical significance. Our prior study on 
ROS production with a similar sample size had reached similar conclusions5. Further investigations with larger 
sample sizes will be needed to confirm the effects of sex on tear PMNs activation in the closed eye environment. 
Overall, our findings indicate that night-infiltrating tear PMNs become activated as they interact with the ocu-
lar surface environment during nighttime closed-eye conditions, potentially to eliminate pathogens and clean 
debris accumulated on the ocular surface throughout the day, ultimately enhancing the eye’s defense mechanisms 
and contributing to ocular surface homeostasis. Given the double-edged role of neutrophil functions and the 
susceptibility of the eye to immune-mediated damage, there likely exist mechanisms within the ocular surface 
environment to protect against degranulation and other inflammatory mediators released by tear PMNs. Extrava-
sated neutrophils have been reported to contribute to homeostasis and diseases in tissues such as the lungs4, the 
mouth45 and the uterus46. Further research will be needed to clearly identify the role of tear PMNs on ocular 
surface homeostasis; this may shed light on the development of various ocular surface pathologies and how the 
presence of a biomaterial may affect the innate immune response on the ocular surface.

Our results point towards the circadian recruitment of tear PMNs to the ocular surface, with the infiltration 
of tear PMNs peaking at night. Tan et al.10 had reported that only a few tear PMNs could be collected during the 
first 3 h of sleep, which contradicts observations by Postnikoff et al.6 and our current study. This inconsistency 
may be due to differences in cell collection methods, with Tan et al. using capillary tubes, while the other stud-
ies used a gentle eyewash method. Tear PMN cell aging also appear to follow a circadian rhythm. Diurnal cell 
aging has been reported in blood circulating PMNs by Adrover et al.47, and may be regulated by their intrinsic 
molecular clock47 or the systemic mechanism19. In other tissues, such as in the lungs, PMNs have also been shown 
to extravasate to the lung tissues during the resting (night) period due to the secretion of CXCL5 produced by 
pulmonary epithelial cells, which may be controlled by the circadian system (including both the circadian clock 
and neurohormones) and play an important role in the response to bacterial infection48. A study by Alenezi et al. 

Figure 4.   Tear PMNs exhibiting NETs in tear samples collected at night, stained with antibodies against 
lactoferrin and its FITC-conjugated secondary antibody.
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Figure 5.   Tear PMNs exhibiting NETs in tear samples collected after 2 h (a–d) and 7 h (e–h) EC night, stained 
with FITC-conjugated MPO and H3Cit using a PE-conjugated secondary antibody. (a,e) bright field; (b,f) green 
channel showing FITC-conjugated anti-myeloperoxidase (MPO) antibodies; (c,g) red channel displaying anti-
citrullinated histones (H3Cit) antibodies with its PE-conjugated secondary antibody; (d,h) colocalization of 
MPO and H3Cit (orange).

Table 3.   Changes in the levels of MPO, and H3Cit on 2 h and 7 h EC night tear PMNs. Tear PMNs were 
stained with MPO and H3Cit, and immediately characterized by flow cytometry. Results are presented as 
mean ± standard deviations. n = 6. *Significantly different from the 2 h night PMNs (p < 0.05).

Mean fluorescent intensity (MFI)

2 h EC night 7 h EC night

MPO 13 ± 2 21 ± 10*

H3Cit 9 ± 4 13 ± 7*
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recently highlighted how the circadian rhythm may affect cells of the ocular surface, whereby genes involved 
in immune defence, mucin production, cell signaling and turnover in bulbar conjunctival cells were found to 
be differentially upregulated in the early morning compared to the evening49. More research will be needed to 
determine the role of the circadian rhythm on ocular surface homeostasis.

Conclusion
Our study demonstrated that the infiltration of tear PMNs to the ocular surface in the closed-eye environment 
peaked at night under healthy conditions, suggesting a circadian rhythm of the recruitment of tear PMNs to the 
eyes. Tear PMNs undergo significant activation with increasing eye-closure time at night, showing increased 
degranulation, NETs, and upregulation of CXCR4 markers. The activation and presence of these inflammatory 
mediators highlight the potential role of neutrophils in ocular surface homeostasis in the closed-eye environ-
ment at night. An imbalance in regulation or overproduction of mediators may lead to ocular surface damage 
and contribute to pathology. Many diseases, such as rheumatoid arthritis50 and asthma51, have a time-dependent 
severity of symptoms. Although there is limited research on the variation in symptom severity across the day 
in ocular complications, our findings suggest that circadian regulation of tear PMNs could play a role in the 
pathogenesis of ocular conditions, such as dry eye11,52 and keratoconus53. Further research will be needed to 
better understand the role of tear PMNs activation in ocular surface inflammation and their interactions with 
the protective mechanisms of the ocular surface in the nocturnal/diurnal cycle.

Data availability
The datasets analysed during the current study are available from the corresponding author upon reasonable 
request.
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