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Abstract

Neutrophils play a crucial role in establishing inflammation in response to an infection or 

injury, but their production rates, as well as blood and tissue residence times, remain poorly 

characterized under these conditions. Herein, using a biomaterial implant model to establish 

inflammation followed by in vivo tracking of newly formed neutrophils, we determine neutrophil 

kinetics under inflammatory conditions. To obtain quantifiable information from our experimental 

observations, we develop an ordinary differential equation-based mathematical model to extract 

kinetic parameters. Our data show that in the presence of inflammation resulting in emergency 

granulopoiesis-like conditions, neutrophil maturation time in the bone marrow reduces by around 

60% and reduced half-life in the blood, compared to non-inflammatory conditions. Additionally, 

neutrophil residence time at the inflammatory site increases by two-fold. Together, these data 

improve our understanding of neutrophil kinetics under inflammatory conditions, which could 

pave the way for therapies that focus on modulating in vivo neutrophil dynamics.

Abstract

#Corresponding Author: - address correspondence to Siddharth Jhunjhunwala, Centre for BioSystems Science and Engineering, 
Indian Institute of Science, Bengaluru, India – 560012, siddharth@iisc.ac.in, phone: +91 80 22932452. 

Conflict of Interest Statement 
The authors declare no conflict of interest

Authorship 
AA – designed the study, performed all the experiments, analyzed the data and wrote the manuscript. TJ – developed the mathematical 
model, carried out the simulations, and assisted with writing the manuscript. JVR – developed methodology for biomaterial particle 
formulation, assisted with experiments and writing the manuscript. SJ – conceptualized and designed the study, assisted with 
experiments and data analysis, and wrote the manuscript.

Europe PMC Funders Group
Author Manuscript
J Leukoc Biol. Author manuscript; available in PMC 2024 May 27.

Published in final edited form as:
J Leukoc Biol. 2022 September 01; 112(3): 395–409. doi:10.1002/JLB.1A0321-132RR.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Graphical Abstract. 

Keywords

Biomaterials; Foreign-body response; Granulopoiesis; Granulocytes; Half-life

Introduction

Neutrophils are short-lived cells of the immune system that play an essential role in 

pathogen clearance and foreign body responses1. They are continually produced in the 

bone marrow through granulopoiesis, a process where hematopoietic stem cells differentiate 

to mature neutrophils in sequential steps involving numerous intermediate progenitor 

populations2,3. Mature neutrophils are recruited into circulation where their numbers 

remain relatively stable throughout an individual’s lifetime3,4. A delicate balance between 

progenitor proliferation, maturation time in the bone marrow, half-life in the blood, and 

clearance at various tissue sites, ensure that the numbers of neutrophils in circulation remain 

stable5,6.

The kinetics of neutrophil production, maturation, circulation, and death have been 

extensively studied in humans and mice. In humans, over 1011 neutrophils are produced 

every day, and the maturation time in the bone marrow and half-life in circulation has 

been measured to be about 6 days and 11-19 hours, respectively7–9. In mice, the number 

of neutrophils produced is about 107 per day, their maturation time in the bone marrow is 

2-3 days, half-life in circulation is 10-13 hours, and half-life at tissue sites range from 8-18 

hours6,9–12. These measurements have been made under steady-state, non-inflammatory 
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conditions. Under inflammatory conditions, such as during an infection, chronic disease, 

injury, or biomaterial implantation, neutrophil lifespans remain unknown13.

Herein, we use a mouse model of biomaterial implantation to determine the time for 

maturation of neutrophils in the bone marrow, and blood and tissue residence time under 

sterile inflammatory conditions. We track neutrophils spatially and temporally in vivo and 

mathematically model the process to find that, in the presence of an inflammatory stimulus 

that results in a state resembling emergency granulopoiesis, many parameters associated 

with neutrophil kinetics are altered.

Materials and Methods

Animal Studies

All animal studies were conducted under the Control and Supervision Rules, 1998, of the 

Ministry of Environment and Forest Act (Government of India), and the Institutional Animal 

Ethics Committee, IISc. Experiments were approved by the Committee for Purpose and 

Control and Supervision of Experiments on Animals (permit numbers CAF/ethics/546/2017 

and CAF/ethics/718/2019). Animals were procured from the Central Animal Facility, IISc 

or Hylasco Biotechnology (India) Pvt. Ltd, Hyderabad, India (a Charles River Laboratory 

licensed supplier). All experiments were performed on 8-14-week-old (weighing 20 – 30 

grams) C57BL6 mice (both female and male).

Alginate and Chitosan microspheres

Alginate microspheres were prepared as described14. Chitosan (Sigma-Aldrich, USA) was 

dissolved in 1 % (v/v) acetic acid solution at a concentration of 1% (w/v) and stirred 

overnight at room temperature (RT). The chitosan solution was then passed through a 

26G blunt needle at 0.8 bar pressure and a voltage of 6 kV, into 0.9 % (w/v) sodium 

tripolyphosphate cross-linking solution (pH 5.0). All the microspheres were collected and 

washed six times with sterile saline. The microspheres were then incubated in 1% NaOH at 

RT, for two hours with a replacement of NaOH solution at one hour, followed by incubation 

in a 1.6% (v/v) paraformaldehyde solution in phosphate-buffered saline at RT for 1 hour. All 

microspheres were then washed with excess saline and suspended in saline for use.

Microspheres were surgically implanted into the PC of mice as described14. In brief, 

microspheres (450 µl) were suspended in 450 µl sterile saline for implantation. The entire 

volume (900 µl) was then implanted into the PC following a laparotomy procedure. In 

controls (also called mock controls), the animals went through the surgical procedure and 

were injected with 900 µl sterile saline.

In vivo labelling of cells

5-ethynyl-2-deoxyuridine (EdU) was purchased from Carbosynth (UK). Each mouse 

received EdU at a concentration of 25 mg/Kg body weight15 through intraperitoneal 

injection. Surgical procedures are also an inflammatory stimulus. To exclude the 

inflammatory effects of surgery, we waited five days post-surgery to inject EdU (Figure 

Alakesh et al. Page 3

J Leukoc Biol. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



1). Following EdU administration, mice were euthanized at 24-hour intervals, and labeled 

neutrophils were quantified using flow cytometry.

Retrieval of cells and microspheres

Mice were anesthetized using ketamine solution to retrieve cells and microspheres. After 

anaesthesia, about 500-1000 μl blood was collected through the retro-orbital vein and 

cardiac puncture. Following euthanasia, 5 ml of cold phosphate-buffered saline (PBS) with 

4mM EDTA (PBS-EDTA) was injected into the PC using a 26G needle. The fluid containing 

cells was retrieved, passed through a 100 μm filter (to filter out implants) and stored on ice 

before analysis. Microcapsules were collected on the 100 μm filter by rinsing the PC with 

PBS and stored in 1.6% paraformaldehyde for analysis. Subsequently, the spleen and a tibia 

and femur (to get bone marrow) were collected. A cell suspension was prepared by mincing 

the tissue using forceps and passing the cell solution through a 100 μm filter. Cells isolated 

were subjected to RBC lysis and then counted manually using a hemocytometer.

Flow cytometry

For the quantification of labelled (EdU positive) neutrophils, after counting cells from each 

site, 0.5 × 106 cells were used for antibody staining and flow cytometry. First, cells were 

stained with BD Horizon™ Fixable Viability Stain 510 for 20 mins at room temperature 

(RT). Cells were then fixed using 1.6 % paraformaldehyde for 30 mins at RT. Following 

one wash with excess PBS, cells were stained to estimate EdU positive cells using Sulfo-

Cyanine5 azide (Lumiprobe, USA) as per the manufacturer’s instructions. Following two 

additional washes with PBS, cells were stained with anti-Ly6G (clone 1A8, BD Biosciences, 

USA) for 30 min. at 4°C, in PBS containing 1 % BSA and 4 mM EDTA (staining buffer). 

Finally, cells were re-suspended in staining buffer.

To determine neutrophil phenotype, 0.5 × 106 cells from each site were stained immediately 

with a combination of the following antibodies for 30 mins at 4°C: CD11b (M1/70), Ly6G 

(1A8), CD45 (30-F11) CD54 (3E2), CD62L (MEL-14), CD182 (V48-2310) all purchased 

from BD Biosciences (USA). For ex vivo activation 0.5 × 106 cells from each site were 

first activated using 5 µg/ml Cytochalasin B (Sigma-Aldrich) for 5 mins and 5 µM fMLP 

(Sigma-Aldrich) for 30 mins at 37°C and then stained with antibodies as mentioned above. 

Cells were stained with propidium iodide (2 µg/ml), and PI-positive cells were excluded to 

identify live cells.

To identify neutrophil progenitors, RBC were lysed and 2 × 106 cells from bone marrow and 

spleen were first stained with BD Horizon™ Fixable Viability Stain 510 for 20 mins at room 

temperature (RT) and then with lineage cocktail antibodies: I-A/I-E (M5/114.15.2), CD49b 

(HMα2), NK-1.1 (PK136), CD11c (N418), Ly6C (HK1.4), Ly6G (1A8), CD3(17A2), 

CD127 (A7R34), CD19(6D5), CD45R/B220 (RA3-6B2) and stem/progenitor cell markers, 

c-Kit (2B8), Sca-1 (D7), CD34 (SA376A4) and CD16/32 (93). Ki-67 (clone 11F6, 

Biolegend, USA) staining was done using eBioscience™ Foxp3 / Transcription Factor 

Staining Buffer Set (Thermofisher Scientific, USA) according to the user manual.

All flow cytometry data were collected using a BD FACSCelesta (Becton Dickinson, USA) 

and analyzed using FlowJo (Tree-Star, USA). For all protocols, appropriate single color 
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(using compensation beads, BD Biosciences) and fluorescence-minus-one (FMO) controls 

(using cells) were used to compensate the data and gate positive populations, respectively.

Elastase activity assay

The following numbers of cells were used for these assays: bone marrow – 2 × 106, 

blood - 0.2 × 106, peritoneal fluid - 0.2 × 106. Cells were seeded in a 96-well clear flat 

bottom plates and incubated in a PBS solution containing CTAB. Supernatant containing 

intracellular contents were collected and stored at -80°C. Elastase activity was determined 

by the chromogenic substrate N-Methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma-

Aldrich) and compared to a standard curve prepared using Elastase (from human leukocytes, 

Sigma-Aldrich).

For the calculations, we assumed that only neutrophils produce elastase. The enzyme content 

per neutrophils was calculated using the following formula: 96 well reaction volume = V 

= 150 µl, Total number of cells in volume (V) = A, Percentage of neutrophils in a sample 

(from flow cytometry) = X, Total number of Neutrophils in volume (V) = A.X, Total enzyme 

in reaction volume = B (Interpolated from the standard curve). Total enzyme per neutrophil 

= B/(A.X)

Mathematical model

A mechanistic mathematical model was developed based on existing knowledge of 

granulopoiesis13 and the following assumptions. The assumptions were: (i) Differentiation 

of granulocyte-monocyte progenitors (GMPs) to myelocytes occurs through several 

intermediate stages (such as myeloblast and promyelocyte), with each stage having a 

specific proliferation rate. The model assumes that the proliferating pool is kinetically 

homogeneous with identical turnover rates for all the stages. (ii) The numbers of senescent 

neutrophils returning to bone marrow again for clearance16 are assumed to be negligible. 

(iii) Both in non-inflammatory and the induced inflammatory condition, it is assumed that a 

steady-state is established, and the labeled cells are tracked at the steady-state. (iv) As the 

half-life of EDU in circulation (around half an hour)17 is much lower than the timescale 

of the experiment, mitotic pool neutrophil progenitors/precursors are assumed to be labeled 

instantaneously. Equations describing the percentage of EDU positive neutrophils in various 

compartments:

Proliferation pool

X•0 = − 2 . U . R . X0

X•1 = 2 . U . R . X0 − 2 . U . R . X1

⋮

X•n = 2 . U . R . Xn − 1 − 2 . U . R . Xn

Xi = percentage EDU+ cells that has undergone “i “divisions

R = number of neutropℎils in blood at steady state
number of neutropℎils in tℎe proliferation pool at steady state

n = number of divisions to EDU dilution
Yj = percentage EDU+ maturing neutrophils cells in the bone marrow compartments
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Maturation pool

Y•1 = U . R . R1 . ∑
i = 0

n
Xi − s . Y 1

Y•2 = s . Y 1 − s . Y 2

⋮

Y•ℎ + 1 = s . Y ℎ − s . Y ℎ + 1

R1 = number of neutropℎils in tℎe proliferation pool at steady state
number of neutropℎils in tℎe maturation pool at steady state

s = egress rate from individual transit compartment (1/hour)
h = number of transit compartments with transfer rate “s” in maturation pool

Blood

B• = s
R . R1

. Y ℎ + 1 − U . B

B = percentage EDU+ neutrophils in blood
U = egress rate from blood (1/hour)

Peritoneum

Pe• = w . (B − Pe)

Pe = percentage EDU+ neutrophils in peritoneum
w = egress rate from peritoneum (1/hour)

Observed bone marrow data

Y = ∑
j = 1

ℎ + 1
Y j

The detailed derivation of the equations is provided in the Supplementary Information.

Parameter estimation

Agreement between model estimation and experimental data is quantified18 as given below, 

where noise in the experimental measurement is assumed to be normally distributed:

χ2 = ∑
i = 1

n
∑

j = 1

m Y i, j(t) − Y i, j
2

σj
2

n = number of datasets

m = number of time points

Yi,j = measured data

Yi,j(t) = estimated value

σj = standard deviation of the measured data at each timepoint.

Equations are numerically solved using ODE45 in MATLAB with initial conditions that 

all compartments except proliferation pool has no EdU tagged cells initially (at t=0). 

The initial percentage of EDU tagged cells, α in the proliferation pool, is a parameter in 

the model. The distribution of parameters yielding acceptable agreement between model 

and data are obtained using iterative Approximate Bayesian Computation (iABC)19 and 
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iABC procedure was implemented as described20. For distributions resulting from genetic 

algorithm(GA), Genetic Algorithm in global optimization toolbox of MATLAB R2020b is 

used. At least 2500 individual parameter sets yielding from repeated GA runs are used to 

get parameter distributions in all experimental groups. SI and observability analysis were 

performed analytically (see supplementary information).

Statistics

All data presented are based on at least 2 or more independent experiments with at 

least 3 animals per experimental group. An independent experiment is described as an 

experiment involving new/different batches of microspheres, mice and performed on a 

different date. Each ‘n’ represents an individual animal. One-way ANOVA was used for all 

statistical comparisons involving multiple groups. For the neutrophil tracking data across 

different tissue sites (BM, Blood and PC), one-way ANOVA was used at each time point. 

Significance is represented as * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. Data 

are presented as mean ± standard deviation. Common Language Effect Size (CLES) was 

used to determine statistical differences in parameters estimated using the mathematical 

model. The CLES measure gives us the probability of one random sample drawn from one 

distribution has a higher value than a randomly drawn sample from another distribution. 

CLES measure was calculated using the MATLAB implementation21 and is reported with 

95% confidence interval.

Results

Biomaterial implant model for inducing inflammation

The mouse peritoneal cavity (PC) has been used as a model to study the molecular 

and cellular events for initiation, persistence, and resolution of inflammation22. Some of 

the most commonly used irritants (zymosan, LPS and thioglycolate), however, result in 

an inflammatory microenvironment that lasts for short (<3 days) periods22–24. We have 

previously shown that peritoneal implantation of sterile biomaterial microspheres results 

in sustained inflammation, which may be used to study neutrophil production under 

inflammatory conditions25. Hence, mice received sterile biomaterial microspheres or saline 

as a control (referred to as mock). To tune the level of inflammation, we used chitosan 

(highly stimulatory26 in its crude form) and ultrapure alginate (less stimulatory14,25) 

to prepare the biomaterial microspheres (Fig. S1 A). Implantation of these biomaterial 

microspheres resulted in recruitment of neutrophils to the implantation site for at least ten 

days, with a concomitant increase in the percentage of these cells (Fig. S1 B), as reported 

previously14,25.

As a measure of the level of inflammation, we determine the proportions of granulocyte-

monocyte progenitors (GMP), which increase when an inflammatory stimulus induces 

emergency granulopoiesis27. GMP population was identified as Lineage- c-Kit+ Sca-1- 

CD16/32+ CD34+ cells through flow cytometry in the bone marrow (BM) (Figure 2A) 

and spleen (Figure 2B). We observe that in mice implanted with alginate microspheres, 

the percentages and number of GMP in the bone marrow and percentages in the spleen 

were similar to those in mock controls at seven- and ten-day post-implantation. In contrast, 
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chitosan microsphere implantation significantly increased GMP percentages and number 

(Figure 2A and 2B). However, no differences were observed in the proliferation of GMPs, 

and all of them (∼100%) appeared to be proliferating based on the expression of ki67 

(Figure 2C).

Neutrophil phenotype

To further understand the effects of microsphere implantation, we studied the phenotype 

of neutrophils isolated from bone marrow, blood and PC (implant site). Neutrophils were 

identified using the gating strategy shown in Figure 3A, and surface expression of CD101 

was used to differentiate mature and immature neutrophils28. At day ten post implantation, 

we observed that percentage of mature neutrophils (CD45+ Ly6G+ CD101+) is significantly 

lower in the bone marrow, blood and PC of mice implanted with chitosan microspheres, as 

compared to mock or alginate implanted mice (Figure 3B). Additionally, we observed that 

in the chitosan implanted mice, absolute numbers of mature neutrophils reduced ∼4 fold and 

∼2 fold in the BM and blood, respectively (Figure 3C). Following the aforementioned trend, 

the number of immature neutrophils increased ∼2 fold and 30 fold in the BM and blood of 

chitosan implanted mice as compared to mock and alginate implanted mice. (Figure 3D).

Next, we measured the surface expression levels of CD11b, ICAM-1, CD62L and CXCR2 

on neutrophils at seven- and ten-day post-implantation. The expression levels of these 

proteins are expected to vary based on the level of cellular activation29. We observed 

that in neutrophils retrieved from the bone marrow and blood of mice implanted with 

chitosan microspheres, expression of CD11b and ICAM-1 following ex vivo activation 

was significantly lower compared to cells from mice implanted with alginate microspheres 

or mock controls. These differences are not observed among neutrophils at the site 

of inflammation (Figure 4A and 4B). The activation-dependent upregulation of CD11b 

and ICAM-1 expression may also be visualized as a fold change (Fig. S2A and 

S2B). Activation-dependent downregulation of CD62L and CXCR2 expression was also 

compromised in neutrophils isolated from the blood of mice implanted with chitosan 

microspheres as compared to those from mice with alginate microspheres or mock controls 

(Fig. S2C, S2D). Additionally, the granular content of neutrophils from the blood of mice 

implanted with microspheres was also different from mock controls, as significantly lower 

amounts of elastase per neutrophil was observed in the blood of mice with microsphere 

implants (Figure S2E).

Overall, increased GMP percentage in the bone marrow and spleen, more immature 

neutrophils in the BM and blood along with altered surface protein expression 

and reduced granule enzyme content among neutrophils in circulation suggest that 

emergency granulopoiesis (EG)-like conditions are induced following chitosan microsphere 

implantation. However, as GMP levels remains similar in mice with alginate microspheres 

and mock controls, we label the former as having caused inflammation but not inducing 

emergency granulopoiesis.
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Neutrophil Kinetics

We next assessed the kinetics of neutrophils under non-inflammatory (mock), 

inflammatory-(alginate), and inflammation-inducing EG-like (chitosan) conditions. 5-

ethynyl-2-deoxyuridine (EdU) labeled neutrophils were identified through the gating 

strategy described in Figure 5A (numbers in Supplementary Table 1). Under non-

inflammatory and inflammatory (but not EG-like) conditions, labeled neutrophil peaks were 

observed at day E2 in bone marrow and day E3-E4 in the blood, which is line with recently 

published data on neutrophils kinetics under steady-state conditions6. In the presence 

of inflammation that induces EG-like conditions, we observed that labeled neutrophils 

appeared earlier in the bone marrow (at day E1, Figure 5B) and blood (at day E2, Figure 

5C) as compared to the other two conditions. Percentages of labeled neutrophils in the PC 

(Figure 5D) followed a trend similar to those in circulation. Under EG-like conditions, the 

peak of labeled neutrophils appeared at day E2-E3, which was earlier than the peak observed 

in the other two conditions (day E3-E4). The differences in the timing of the peak of labeled 

neutrophils at each tissue site in the mice with EG-like conditions suggest a faster release of 

neutrophils into the circulation and early arrival of these labeled cells at the inflammatory 

site.

The overall time taken for labeled neutrophils to appear and then disappear may also be 

analyzed to provide insights into residence time in various compartments. One method often 

employed to understand half-life and residence times is fitting an exponential decay curve 

from the peak6,12. However, an exponential decay function is not an actual depiction of the 

underlying process and may lead to inaccurate estimation of the parameters. Therefore, we 

developed a mechanistic model to extract kinetic parameters from the experimental data.

Quantifying Kinetic Parameters

We applied a system of differential equations that explicitly model EDU dilution, neutrophil 

maturation in the bone marrow, and residence times in the blood and tissue (Figure 6). 

The model parameters must be Structurally Identifiable (which is a consequence of the 

model topology) for them to be estimated30,31. By analyzing the transfer functions of 

the experimentally observed variables and the observability of internal state variables, we 

determine that the model parameters were identifiable (supplementary information). Then, 

we fit the model to the data obtained from mock controls and microsphere implanted mice, 

beginning with uniform priors for all the parameters in iterative Approximate Bayesian 

Computation (iABC). Representative fits (∼1000) of the model to data are presented in 

Fig. S3. To determine if the model is predictive, we next performed additional experiments 

to determine the fractions of EdU labeled neutrophils in each compartment at day 1.5, 

2.5, and 3.5. The experimental data obtained fit well to the model (Fig. S3). Nevertheless, 

the fitting could be improved with the additional data points, and hence we re-optimized 

the mathematical model to the entire data-set to obtain improved estimates of parameters 

(Figure 7).

The practical identifiability of the parameter (which depends on the discrete nature and 

quality of the measured data) appears as the magnitude of spread in the parameter 

distributions32,33. This spread is presented in Table 1 as the medians and range of each 
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parameter. Using these parameters, we calculated the values for maturation time in the bone 

marrow, and half-life and residence time in the blood and PC (Table 2). Owing to the large 

sample size in parameter distributions, comparing the distributions between different groups 

will show statistical significance even if the differences are very small. To look at practical 

significance of the differences, which would not be greatly influenced by the large sample 

size, a non-parametric effect size measure (Common Language Effect Size (CLES)), was 

used to quantify the differences34. CLES was calculated between different groups for all the 

parameters and tabulated (Table S2).

Next, to assess if the parameter values obtained were an artifact of the fitting approach, we 

used a different fitting algorithm. A rejection-based algorithm, such as iABC, doesn’t lead 

to stationary distribution of parameters, rather moves toward one single parameter set and 

consequently leads to narrow parameter distributions. Hence, we used a genetic algorithm 

based fitting approach, which while resulting in broader parameter distributions has the 

advantage of computing definite bound on all possible parameters values. The genetic 

algorithm based fitting approach resulted in similar fits to our experimental data (Figure 

8), and importantly presented a broader range of parameter values that included the values 

from the iABC strategy (Table 1 and Table 2). Also, a further validation of the model was 

performed as described in the supplementary information.

Finally, to determine the applicability of the mathematical model to a different inflammatory 

setting, we performed intraperitoneal injections of LPS and assessed neutrophil kinetics. 

Our data and model fits showed that LPS resulted in emergency granulopoiesis, which was 

characterized by a drop in bone marrow maturation time of neutrophils similar to the one we 

observe in chitosan-microsphere implanted mice (Fig. S4).

Through these steps, we determined that in mice with inflammation that induces EG-like 

conditions, the neutrophil maturation time in the bone marrow is considerably lower 

compared to the other two conditions. While this was apparent from the experimental data 

shown in figure 5 (peak of EdU labelled neutrophils in blood appearing at day 2 in mice 

with chitosan microspheres), the mathematical model allowed us determine that the median 

of the range of maturation times was lowered to ∼24 hours (compared to the expected ∼54 

hours under non-inflammatory conditions). Additionally, we observed that half-life (and 

consequently residence time) in blood decreased, while half-life in PC increased in mice 

with EG-like conditions compared to non-inflammatory conditions. This was, in fact, not 

apparent from the experimental data.

Together, these data suggest that in response to inflammation resulting in EG-like 

conditions, neutrophils are generated and released faster from the bone marrow and spend 

less time in the blood and more time at the site of inflammation when compared to a 

non-inflammatory condition. In contrast, under a milder inflammatory condition (alginate 

implants), maturation time is not altered, but the half-life of neutrophils in the blood 

increases modestly.
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Discussion

Neutrophils play an essential role in pathogen and foreign body clearance35. However, 

their aberrant activity may result in pathological conditions such as inflammatory bowel 

disease36, rheumatoid arthritis37, and acute respiratory distress syndrome38. A potential 

strategy to enable their beneficial roles while also limiting their damaging effects is the 

modulation of neutrophil frequencies and life cycle1,13,39. To achieve such modulation, we 

must first determine neutrophil kinetics under inflammatory conditions.

Granulopoiesis under emergency conditions has been explored by injecting granulocyte 

colony stimulating factor (G-CSF)11 or E. coli40 or LPS41. Both G-CSF and E. coli 

injections resulted in neutrophils appearing faster in circulation 11,40, and it was suggested 

(but not demonstrated) that this was due to reduced maturation time in the bone marrow. 

Another study has determined changes in neutrophil production rates in the bone marrow 

following a burn injury42, but other aspects of the kinetics have not been determined. 

Our data on neutrophil kinetics under emergency granulopoiesis-like conditions induced by 

chitosan microspheres is in agreement with these reports, and demonstrates that maturation 

time in the bone marrow is indeed reduced. We show that alterations in maturation time 

results in an increase in the number and percentage of immature neutrophils in the bone 

marrow, circulation and at the inflammatory site, which could have implications on the 

phenotype and function of circulating neutrophils. For example, the lowered capacity to 

upregulate activation markers (such as CD11b) and lower granule protein content per cell 

in mice implanted with chitosan microspheres could be a consequence of an increase 

in the number of immature neutrophils. We also determine neutrophils kinetics under a 

condition that induces inflammation but does not appear to cause emergency granulopoiesis 

(alginate microsphere implantation). Under such conditions, neutrophil maturation times in 

the bone marrow remain unchanged, and consequently the number of immature neutrophils 

in the bone marrow and blood are not different from mock controls. Notably, while our 

study suggests a systems-level mechanism of changes in neutrophil maturation time and 

phenotype, the specific molecular-level details remain to be determined.

Further, no previous report describes neutrophil kinetics at the site of inflammation. In this 

context, a recent study by Ballesteros et al.6 shows that neutrophil half-life in different 

tissues under steady-state conditions is similar (except in skin) to their half-life in the 

blood. It has also been suggested that inflammation may extend neutrophils’ lifespan at the 

inflammatory tissue site2,43,44. Our data show an increase in half-life (and consequently 

lifespan) of neutrophils at a sterile inflammatory site if the inflammation induces EG-like 

conditions.

To estimate maturation times and lifespans of neutrophils in various tissues, we have 

developed a new model to fit the data. Prior studies have fit an exponential decay function 

(peak to baseline) to similar experimental data6,11,12, but such modeling ignores the 

simultaneous ingress of labeled cells during that period resulting in over-estimation of half-

lives. Additionally, deriving information on specific aspects of kinetics, such as maturation 

times in the bone marrow, is not possible using exponential decay based fitting methods. 

Hence, we modeled the process of granulopoiesis and neutrophil presence in tissues 
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mechanistically, to extract kinetic parameters with an acceptable spread in distributions. 

Our model provided quantifiable values for most parameters, except for the peritoneal egress 

rate from mice implanted with alginate microspheres. The latter could be because of the 

large variability seen in the experimental data in this group.

One caveat to the data and the model presented here is that we assume that the number of 

reverse-migrating neutrophils45 in the bone marrow is negligible compared to the numbers 

present in the maturation compartment. Another shortcoming is that we do not explicitly 

include the marginated pool of neutrophils present in the lungs and liver. A logical next step 

to the current study would be to determine how both reverse migration and marginated pool 

of neutrophils are altered under inflammatory conditions.

Finally, results presented here showcase the possibility of using biomaterials as a tool 

to study immune cell dynamics46,47. Biomaterials induce differing grades of immune 

responses based on the chemical nature of the material used and on the physical (shape, 

size, morphology etc.) characteristics of the implant48,49. An example of this variation 

is demonstrated here with alginate and chitosan-based biomaterial implants. While the 

chemical composition of these materials is dissimilar and the purity of the base material was 

different, the exact reasons that these materials induce distinct immune responses remains 

unclear. Nevertheless, it is noteworthy that the implantation of biomaterials (specifically, 

chitosan) in the peritoneal cavity results in a dramatic change in neutrophil kinetics, which 

could have implications in our methodologies to test the compatibility of materials for in 
vivo use.

In conclusion, we show that in the presence of inflammation that induces EG-like 

conditions, neutrophil maturation time in the bone marrow and half-life in the blood reduces, 

and residence time at the inflammatory site increases when compared to non-inflammatory 

and low-grade inflammatory stimuli. The functional impact of such changes remains to be 

evaluated.
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Refer to Web version on PubMed Central for supplementary material.
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These may be used to fit the model to other datasets or obtain new parameter distributions 

for a different set of experiments.
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Figure 1. Experimental design.
Microspheres were implanted in the peritoneal cavity of mice. At day 5, EdU (5-ethynyl-2-

deoxyuridine) was injected intraperitoneally to label proliferating cells. Following EdU 

administration, at 24-hour intervals, mice were euthanized, and labelled neutrophils were 

quantified using flow cytometry.

Alakesh et al. Page 16

J Leukoc Biol. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Quantifying Granulocyte-Monocyte Progenitors (GMP).
A and B – Representative flow cytometry dot plots to determine GMPs (c-Kit+ Sca1- CD34+ 

CD16/32+) and quantification of granulocyte-monocyte progenitors (GMPs) as a percentage 

of total live single cells from bone marrow (BM) (A) and spleen (B) at day 7 and 10 

after mock or microsphere-implantation. Absolute GMP counts in the bone marrow were 

obtained by multiplying GMP percentage with total cell counts. c-Kit+ Sca-1- population 

was identified as a sub-population of live cells and lineage negative (Lin–) cells, where 

Lin– indicates negative for I-A/I-E, CD49b, NK-1.1, CD11c, Ly6C, Ly6G, CD3, CD127, 
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CD19 and CD45R/B220. C - Representative flow cytometry dot plots to determine ki67 

expressing GMPs. Fluorescence-minus-one (FMO) plot was used to ascertain ki67 gate 

position. Percentage of GMPs expressing ki67 was quantified from the BM and spleen of 

mice at day 10 after mock or microsphere-implantation. For statistical analyses, a one-way 

ANOVA was performed followed by Tukey post-test, and * = p < 0.05; ** = p < 0.01; *** = 

p < 0.001; and **** = p < 0.0001.
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Figure 3. Quantifying Immature and Mature Neutrophils.
A – Representative flow cytometry dot plots and gating strategy to identify mature 

neutrophils (CD45+ Ly6G+ CD101+) in bone marrow. Similar gating strategy was used to 

identify mature neutrophils from other tissue sites. B – D – Percentage of mature neutrophils 

(B), and absolute cell counts of mature (C) and immature (D) neutrophils at different sites 

at day 10 after mock or microsphere-implantation procedure. n = 4 mice per group from 

2 independent experiments. For statistical analyses, a one-way ANOVA was performed 
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followed by Tukey post-test, and * = p < 0.05; ** = p < 0.01; *** = p < 0.001; and **** = p 

< 0.0001.
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Figure 4. Neutrophil Phenotype.
CD11b (A) and ICAM-1 (B) expression levels among neutrophils from bone marrow, blood 

and peritoneal cavity at day 7 and day 10 after mock or microsphere-implantation procedure. 

Cells were either treated (stimulated) or not treated (unstimulated) with cytochalasin B (5 

µg/ml) and fMLP (5 µM) ex-vivo, and expression levels of CD11b and ICAM-1 among 

neutrophils (Ly6G+ cells) was quantified. Saline and chitosan groups are representative of 2 

independent experiments with total n = 4. Alginate group is representative of 1 independent 

experiment with n = 4 mice at each time point, involving both male and female mice (no 
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difference was observed based on sex of mice). For statistical analyses, a one-way ANOVA 

was performed followed by Tukey post-test, and * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; and **** = p < 0.0001. Black – Mock, Orange – Chitosan, Green - Alginate
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Figure 5. Tracking labelled neutrophils.
A - Gating strategy used to determine labelled (EdU positive) neutrophils. Fluorescence-

minus-one (FMO) plots were used to ascertain gate positions. Plots are representative of 

multiple independent experiments. B – D – Labelled neutrophil percentages in the bone 

marrow (B) blood (C) and the peritoneal cavity (D) at different times. N = 3-7 mice/time 

point/per group pooled from at least 3 independent experiments including both male and 

female mice (no difference was observed based on sex of mice). For statistical analyses, at 

each time point, a one-way ANOVA was performed followed by Tukey post-test. *, $ and # 
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indicates comparison between mock vs chitosan, alginate vs chitosan and mock vs alginate, 

respectively. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; and **** = p < 0.0001
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Figure 6. Schematic for Modelling Neutrophils Kinetics.
A mathematical model was developed that represented four compartments, namely a 

proliferating cell population and a maturation pool in the bone marrow, circulating cells 

(in the blood), and cells at the inflammatory site (peritoneal cavity). The schematic describes 

our approach, with the top panel denoting time = 0, when a subset of neutrophil-progenitors 

are instantaneously labelled by EdU. At time = t, labelled neutrophil-progenitors either 

divide in the bone marrow or stop dividing and migrate into the maturation pool, followed 

by the blood and inflammatory tissue site.
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Figure 7. Mathematical Model Fits Obtained using the iABC Procedure.
Representative fits to Mock, Chitosan and Alginate data are shown here. Sample curves 

corresponding to different parameters sets in proliferation pool (A), maturation pool (B), 
blood (C) and peritoneal cavity (D) are shown as thin lines and average is shown as thick 

solid line. Experimentally measured data are shown in pink with standard deviation.
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Figure 8. Mathematical Model Fits Obtained using the Genetic Algorithm Procedure.
Representative fits to Mock, Chitosan and Alginate data are shown here. Sample curves 

corresponding to different parameters sets in proliferation pool (A), maturation pool (B), 
blood (C) and peritoneal cavity (D) are shown as thin lines and average is shown as thick 

solid line. Experimentally measured data are shown in pink with standard deviation.
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Table 1

Parameter distributions obtained from iterative Approximate Bayesian Computation (iABC) and Genetic 

Algorithm (GA) methods to fit the mathematical model to experimental data. α stands for initial percentage of 

labelled cells; U for egress rate from blood; R for number of neutrophils in blood divided by number of 

neutrophils in proliferation pool, R1 for number of neutrophils in proliferation pool divided by number of 

neutrophils in maturation pool; s for egress rate from individual transit compartment; h for number of transit 

compartment with transfer rate “s” in maturation pool; w for egress rate from peritoneum. n from the 

mathematical model was kept constant at 10 across treatment groups and mathematical model fitting 

procedures.

Saline   Chitosan   Alginate

Median Range (central 95%) Median Range (central 95%) Median Range (central 95%)

α iABC 59.21 57.16 61.39 65.55 62.52 68.30 51.37 48.44 53.58

GA 56.16 56.75 69.61 61.01 59.29 65.17 47.4 44.4 72.65

U (hr-1) iABC 0.14 0.12 0.15 0.24 0.20 0.27 0.10 0.09 0.11

GA 0.38 0.12 1.58 0.38 0.14 1.5 0.27 0.08 1.63

R iABC 0.77 0.72 0.88 0.39 0.36 0.46 0.78 0.72 0.92

GA 0.29 0.07 0.89 0.24 0.05 0.66 0.30 0.05 1.07

R1 iABC 0.17 0.16 0.19 0.38 0.36 0.40 0.29 0.27 0.31

GA 0.17 0.14 0.19 0.42 0.37 0.45 0.30 0.16 0.35

s (hr-1) iABC 0.68 0.64 0.71 1.26 1.19 1.35 0.62 0.58 0.674

GA 0.57 0.28 0.87 1.21 0.49 1.90 0.50 0.12 1.06

h iABC 36 34 38 30 28 32 29 27 31

GA 30 16 49 29 12 47 24 6 49

w (hr-1) iABC 0.22 0.14 0.35 0.10 0.08 0.15 1.47 0.63 0.197

GA 0.15 0.11 0.39 0.09 0.07 0.6 1.16 0.35 1.98
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Table 2
Mathematical model based calculation of maturation time in bone marrow, and half-life 
in circulation and site of inflammation.

  Saline   Chitosan   Alginate

Median Range (central 
95%)

Median Range (central 
95%)

Median Range (central 
95%)

Maturation time in 
bone marrow (h/s) 

(hours)

iABC 53.62 50.86 55.98 24.12 22.97 25.27 46.76 44.19 49.35

GA 54.42 49.99 59.80 24.37 21.83 27.39 47.69 43.36 56.17

Half-life in blood 
(ln(2)/U) (hours)

iABC 4.69 4.33 5.36 2.79 2.52 3.33 6.43 5.90 7.46

GA 1.8 0.43 5.35 1.8 0.44 4.72 2.5 0.42 8.05

Half-life in 
peritoneum (ln(2)/w) 

(hours)

iABC 3.09 1.95 4.74 6.69 4.45 8.44 0.46 0.35 1.09

GA 4.6 1.74 5.92 7.19 1.14 8.83 0.59 0.34 1.97
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