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Abstract 
 
Mice with a functional human immune system serve as an invaluable tool to study the 
development and function of human immune system in vivo. A major technological limitation of 
all current humanized mouse models is the lack of mature and functional human neutrophils in 
circulation and tissues. To overcome this, we generated a humanized mouse model named 
MISTRGGR, in which the mouse granulocyte colony stimulating factor (G-CSF) was replaced 
with human G-CSF and the mouse G-CSF receptor gene was deleted (G-CSFR) in existing 
MISTRG mice. By targeting the GCSF cytokine-receptor axis, we dramatically improved the 
reconstitution of mature circulating and tissue-infiltrating human neutrophils in MISTRGGR 
mice. Moreover, these functional human neutrophils in MISTRGGR are recruited upon 
inflammatory and infectious challenges and help reduce bacterial burden. MISTRGGR mice 
represent a unique mouse model that finally permits the study of human neutrophils in health 
and disease.  
 
Key Points:  

• Targeting the GCSF cytokine-receptor axis dramatically improves circulating and tissue-
infiltrating human neutrophils in MISTRGGR mice. 

• Human neutrophils generated in MISTRGGR mice are functional and are able to 
respond robustly to inflammatory and infectious stimuli. 

 
Short title: A humanized model that enables human neutrophils 
 
Scientific category: Phagocytes, Granulocytes, and Myelopoiesis; Immunobiology and 
Immunotherapy 
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Introduction 
 
Mice serve as valuable tools for the study of in vivo immune responses. Although the overall 
structure and composition of the murine and human immune systems are comparable at many 
levels, extensive evolutionary pressures over millions of years have resulted in significant 
changes1-4. Differences between the human and murine immune systems have been widely 
characterized in blood. Transcriptional analysis of mouse and human cells show similarities in 
lineage defining genes and aspects of cell identity, yet many human and mouse immune cells 
show striking differences in their activities and effector or regulatory mechanisms5. Neutrophils 
are one such cell type for which human or murine specific effects drive differences in immunity 
and pathogenesis. 
 
Neutrophils are indispensable during injury, infection and as more recently appreciated in 
homeostatic immune surveillance in both humans and mice6-9. They are the most abundant 
circulating leukocytes and play essential roles in fending against microbial infections through a 
variety of mechanism including phagocytosis, release of reactive oxygen species (ROS), 
antimicrobial peptides and proteases, and by their unique formation of neutrophil extracellular 
traps (NETs)9,10. Both human and mouse neutrophils produce various cytokines and 
chemokines to influence inflammation and regulate adaptive immune responses11. Yet, there 
are significant differences in the maturation, migration and function of human and mouse 
neutrophils. The structure of key neutrophil molecules (selectins, FcαRI, serine proteases)12-15, 
expression of cytokines (IL10, IL17)16,17, activation pathways of ROS18,19 and cytotoxic granular 
content (defensins, bactericidal enzymes)14,20-22 display major cross-species alterations that can 
affect migration, signaling, effector mechanisms and neutrophil activation23. These human to 
mouse differences in the overall biology of neutrophils have striking implications for immunity 
against infections, pathogenesis of cancer, and health4,6-23. 
 
Neutrophils are pivotal to the human innate defense against various bacterial and fungal 
pathogens, including Listeria monocytogenes, Pseudomonas aeruginosa and Candida auris24-27. 
In contrast to mice, for which neutrophil deficiencies  do not cause a progressive health 
deterioration under specific-pathogen-free (SPF) conditions28, neutropenic humans suffer 
greatly from exposure to microbials in daily life29, suggesting an even more crucial role of 
neutrophils in immune defense against infections in humans. Individuals with severe congenital 
neutropenia, as well as patients undergoing chemotherapy and bone marrow transplantation, 
are commonly treated with recombinant human G-CSF (filgrastim). G-CSF drives granulopoiesis 
and improves and accelerates the recovery of circulating neutrophil counts, thus reducing the 
frequency and severity of infections30,31. 
 
In various human and murine tumors, neutrophils compose a significant part of tumor-infiltrating 
myeloid cells and can display both pro and anti-tumor effects23,32,33. Although recent work has 
provided clues to how neutrophils play a complex role in pathologies such as cancer 
progression, significant gaps remain in understanding the regulation of neutrophil infiltration and 
survival within the tumor microenvironment and the switch between pro- and anti-tumor 
phenotypes.  
 
Neutrophils can infiltrate multiple tissues like the spleen and lung even at the steady-state and 
participate in local immune homeostasis6-8,34. Yet, it remains unknown to what extent infiltrating 
neutrophils contribute to homeostatic immune surveillance and tissue physiology, especially in 
humans, as approaches to study and manipulate human neutrophils in human tissues are 
limited. Conflicting reports in mouse studies and a general lack of data about the function of 
human neutrophils have created a fundamental need for development of humanized mice that 
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allow for the development and maturation of functional human neutrophils, that are capable of 
response to inflammation.  
 
Development of humanized hemato-lymphoid system mice (referred here as humanized mice) 
that are generated by transplantation of human hematopoietic cells into various strains of 
immune-compromised mice have provided a leap forward for studying human immune function 
in vivo. MISTRG mice, which harbor human cytokines MCSF, IL3/GMCSF, THPO and human 
SIRPα have highly improved maturation and function of human monocytes, macrophages, NK 
cells as well as the general humanization of the immune system35. Strikingly however, no 
system that supports circulating human neutrophils currently exists. Here, we describe a novel 
humanized mouse model by humanization of the cytokine G-CSF and ablation of the murine G-
CSF receptor (G-CSFR), to finally allow human neutrophil development and survival in an in 
vivo model system. With successful human neutrophil reconstitution in the periphery, this 
humanized mouse model can now be applied to study human neutrophils and unravel their 
major contribution to health and disease. 
 
Materials and Methods 
 
Transplantation of human CD34+ hematopoietic progenitor cells into mice. 
Fetal liver samples were cut in small fragments, treated for 45 min at 37 °C with collagenase D 
(Roche, 200 μg/ml), and prepared into a cell suspension. Human CD34+ cells were purified by 
performing density gradient centrifugation (Lymphocyte Separation Medium, MP Biomedicals), 
followed by positive immunomagnetic selection with EasySep™ Human CD34 Positive 
Selection Kit (Stemcell). For intra-hepatic engraftment, newborn 1-3 day-old pups were 
sublethally irradiated at a dose of 150 Rads (X-RAD 320 irradiator), and unless otherwise 
specified, 20,000 fetal liver CD34+ cells in 20 μl of PBS were injected into the liver with a 22-
gauge needle (Hamilton Company). All use of human materials was approved by the Yale 
University Human Investigation Committee. 
 
Flow Cytometry. 
All mice were analyzed at approximately 6-8 weeks post-engraftment. Blood was collected 
retro-orbitally. Single cell suspensions were prepared from bone marrow and lung. Samples 
were stained with fluorochrome-labeled monoclonal antibodies against mouse and human cell-
surface antigens and analyzed on an LSRII flow cytometer (BDBiosciences). Data were 
analyzed using FloJo software. 
 
In vitro phagocytosis assay. 
Protocols as previously described36 were adapted and optimized. Blood was incubated with 
pHrodo™ Green E. coli BioParticles® Conjugate (Life Technologies, 1mg/ml) in a 96-well plate 
at 37 °C for 0, 20 and 90 minutes respectively (10 ug E.coli particles per 50ul blood). Cells were 
fixed at an added final concentration of 1.6% PFA and stained for lineage characterization. All 
buffers were tested for pH 7.4 prior to use.  
 
LPS nebulization, in vivo labelling, and tissue collection. 
Mice were exposed to aerosolized lipopolysaccharide (LPS from P. aeruginosa 10, Sigma 
L9143) using a nebulizer (Pulmo-Aide compressor) as previously described37. LPS (12.5 mg) 
dissolved in 5.0 ml of PBS were administered using a nebulizer connected to a container with 
vent holes over 15 min. At 24 hours after nebulization, mice were anesthetized. To distinguish 
between circulating and lung resident or infiltrating human immune cells, fluorochrome labeled 
anti-human CD45 antibody (2.5μg, HI30) was intravenously injected 5 min prior to sample 
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collection. BAL was performed using standard methods with a 22G Catheter (BD)38. Mice were 
then euthanized for tissue collection as previously described. 
 
Pseudomonas aeruginosa infection. 
Two doses of 100 ug anti-Ly6G antibody (clone: 1A8, BioXCell) in 100 ul PBS were 
intravenously injected to recipient mice at approximately 48 hours and 3 hours prior to the 
intranasal admiration of Pseudomonas aeruginosa. Prior to inoculation (~24hr), P. aeruginosa 
(PA14) were grown at 37�°C in a shaking incubator for approximately 16 hr in LB medium. 
Bacteria were subcultured in a 1:20 ratio until OD600 was between 1.5 and 2.0, which is 
approximately 1.5 × 109 and 2 × 109 CFU/ml. Mice were anesthetized with methoxyflurane, and 
a dose of 500 or 5000 CFU in 20 ul PBS was instilled intranasally using a micropipette. Mice 
were sacrificed at 18 or 24 hours after infection, unless otherwise stated. Livers and lungs were 
collected sterilely, homogenized with gentleMACS Dissociator (Miltenyi), plated on LB plates 
and cultured at 37�°C overnight for the calculation of bacterial loads. Alternately, a subset of 
mice were used to characterize of the immune cells by flow cytometry as previously described. 
 
Statistical analysis.  
Statistical analysis was performed with the GraphPad Prism 7 software, using two-tailed 
unpaired Student’s t-test (Mann-Whitney test).  
 
Results  
 
Granulocyte colony-stimulating factor (G-CSF) is the major cytokine that regulates the 
commitment, development, maturation, and survival of neutrophilic granulocytes39-42. Deletion of 
the murine G-CSF gene revealed physiologic roles for this cytokine in granulopoiesis at both 
steady state and condition of inflammation and infections40. G-CSF is produced by a variety of 
cells including macrophages, T cells, endothelial cells, and fibroblasts upon inflammation 
signals, and in turn induces proliferation of neutrophilic progenitors and the release of post-
mitotic neutrophils from the bone marrow43,44. Human and murine G-CSF proteins display a 
relatively high degree of amino acid sequence homology (73%)45. Early studies have shown 
receptor-binding cross-reactivity between human and mouse G-CSF46; however, little is known 
of the efficacy of these proteins in a cross-species bone marrow microenvironment. 
 
Given the crucial role of G-CSF in regulating granulopoiesis, we hypothesized that humanization 
of cytokine G-CSF will favor human neutrophil reconstitution in humanized MISTRG mice. Thus, 
we generated mice that are deficient in mouse G-CSF (Csf3) and express human GCSF (CSF3) 
instead using CRISPR-Cas9 system47, referred to as MISTRGG (G for G-CSFhh) mice hereafter. 
The construct was designed to replace the entire mouse G-CSF open reading frame (ORF) 
(~1.6kb) with the human ORF, but to maintain the promotor, 5’ and 3’ UTRs primarily of mouse 
origin (Fig. 1a). We confirmed the loss of mouse G-CSF and expression of the human G-CSF in 
the bone marrow and blood plasma after LPS stimulation (Fig. 1b, c), a widely-accepted 
protocol that induces systemic G-CSF expression48. To assess the effect of G-CSF 
humanization on granulocyte reconstitution in humanized mice, newborn MISTRGG and control 
MISTRG mice were intra-hepatically injected with human fetal CD34+ hematopoietic stem and 
progenitor cells. As a readout of engraftment, human and mouse immune cells were quantified 
at 7-8 weeks post-injection (Fig. S1). Replacement of the mouse G-CSF with the human GCSF 
yielded increased human neutrophil frequencies in the bone marrow at steady state but did not 
impact circulating neutrophils in blood (Fig. 1d). Other major immune human populations such 
as T, NK, B and CD33+ myeloid cells remained unaffected in MISTRGG mice (Fig. 1e). The 
levels of murine neutrophils in circulation and bone marrow were not affected (Fig. 1d), which 
we hypothesize is a result of the functionality of human G-CSF on the mouse G-CSFR due to 
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the reported capability of recombinant human G-CSF to induce murine granulocytic colony 
formation46,49.  
 
Therefore, in order to reduce competition between human and murine granulocytic progenitors 
over niche space, human G-CSF and other cytokines and growth factors, we deleted mouse G-
CSF receptor (G-CSFR, also known as Csf3r/Cd114) in MISTRGG mice, referred to as 
MISTRGGR (R for G-CSF R-/-) mice hereafter, as G-CSFR deficiency is expected to cause an 
80% decrease in mouse neutrophils in circulation as well as the bone marrow50. We designed 
CRISPR guides targeting both the start codon and in the beginning of 3’ UTR, resulting in a 
deletion of ~16.8kb spanning the entire mouse ORF (Fig. 2a). The loss of G-CSFR was 
confirmed at transcript level (Fig. 2b). To assess the outcome of G-CSFR deletion on mouse 
neutrophils, we quantified mouse neutrophils by flow cytometry in MISTRGGR-/- mice. As 
anticipated, MISTRGGR-/- mice had a significant reduction of mouse neutrophils in blood, bone 
marrow and peripheral tissues such as lungs (Fig. 2c).  

Given the reduced number of mouse neutrophils in MISTRGGR-/-, we wanted to test whether 
circulating human neutrophil proportions and numbers were affected in engrafted mice. 
Newborn MISTRGGR-/- and control littermates were again injected with fetal CD34+ cells, and 
human engraftment were assessed similarly as in Fig. 1. Remarkably, overall humanization 
quantified by human CD45+ expression was enhanced in MISTRGGR-/- compared with 
MISTRGGR+/-, MISTRGG and MISTRG groups. This enhanced humanization corresponded to a 
marked increase in human neutrophils (CD66b+ SSChi) as well as an accompanied reduction in 
mouse neutrophils (Ly6G+) (Fig. 2d, e, g). The reconstitution of other major immune human 
populations such as B cells and CD33+ myeloid cells was unaffected (Fig. 2f, S2a). A definitive 
identification of human neutrophils was achieved by May-Grunwald Giemsa (MGG) staining in 
blood smears (Fig. 2h). These cells (as seen in the enlarged boxes) had segmented nuclei with 
approximately 3 lobes and a light pink cytoplasm, which is in accordance with the distinct 
morphology of mature human neutrophils51. We further tested the capacity of reconstituted 
human neutrophils to phagocytose inflammatory targets in an in vitro assay using fluorogenic E. 
Coli bioparticles36. Human neutrophils from MISTRGGR-/- blood were capable of phagocytosis 
with efficacy similar to PMNs from human blood (Fig. 2i). These observations were specific to 
human and mouse neutrophils and were not observed in other lineages capable of phagocytosis 
such as human B cells (Fig. 2i, S2b). 
 
One explanation for enhanced circulating neutrophils was enhanced neutrophil development in 
the bone marrow. While the overall human engraftment (hCD45+) in the bone marrow was 
comparable across different genotypes, MISTRGGR-/- mice had significantly more human 
neutrophils (CD66b+ CD15+ SSChi) (Fig. 3a, b, S3a). This population of neutrophils and 
neutrophilic progenitors have been shown to be further separated into CD49d+ 101- pre-
Neutrophils (Pre-Neu), primarily myelocytes and metamyelocytes, and CD101+ Neutrophils 
(Neu), consisting band and segmented neutrophils52. We’ve performed similar flow cytometric 
analysis and revealed that G-CSFR ablation improved reconstitution of both pre-Neu and Neu 
subsets (Fig. 3b, c), indicating an enhancement throughout all different stages of human 
neutrophilic granulopoiesis. This universal increase in neutrophil commitment is as expected 
given that both earlier proliferation and terminal differentiation of neutrophil progenitors were 
shown to be induced by G-CSF signaling53. The developmental stages of neutrophils in pre-Neu 
and Neu subsets were also confirmed with May-Grunwald Giemsa (MGG) staining (Fig. 3d). 
 
Next, we assessed the function of human neutrophils in MISTRGGR-/- mice in peripheral tissues 
during inflammation. LPS nebulization provides an ideal tool to study recruitment and function of 
neutrophils in the lung. In this model, mice are exposed to aerosolized LPS, which initiates 
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recruitment of neutrophils into the pulmonary vasculature, transendothelial migration into the 
lung interstitium, and subsequently transepithelial migration into the alveolar space54. Neutrophil 
accumulation in lung vasculature peaks at around 4 hours after nebulization, whereas the 
maximum migration into interstitial and alveolar spaces occurs at around 12-24 hours post-
nebulization54. Engrafted 7 week-old MISTRG and MISTRGGR-/- mice were exposed to 
aerosolized LPS and sacrificed at 24hr after nebulization. Bronchoalveolar lavage fluid (BALF), 
and lung tissues were harvested for flow cytometric assessment of infiltrating neutrophils and 
other immune cells (Fig. 4a). In order to differentiate immune cells residing in the lung 
vasculature from cells in the interstitium, we adopted a strategy of in-vivo labeling of circulating 
human immune cells55. Intravenous injection of anti-human CD45 allowed distinguishing 
between interstitial and intravascular neutrophils (Fig. 4b). At steady state, there were few 
human neutrophils in the lung of both MISTRGGR-/- and MISTRG mice, although the numbers 
for MISTRGGR-/- mice are significantly higher than MISTRG (Fig. 4c). However, upon LPS 
nebulization, there was a marked increase in human neutrophils in both intravenous and 
interstitial compartments in MISTRGGR-/- mice but not in control MISTRG mice (Fig. 4c). 
Although there was robust recruitment of mouse neutrophils in control MISTRG mice, human 
neutrophils failed to respond or expand (Fig. 4c). The recruitment of human neutrophils in 
MISTRGGR-/- was even more dramatic in the BAL (Fig. 4d). The morphology of cells isolated 
from BAL were further confirmed by MGG staining. In contrast to steady state, where 
neutrophils are absent, BAL isolates from LPS-treated MISTRGGR-/- mice are enriched with 
mature hyper-segmented human neutrophils (Fig. 4e). The accumulation of human neutrophils 
in the lung and BAL were accompanied by a significant reduction of CD101+ neutrophil (Neu) 
population in the bone marrow, suggesting a release of post-mitotic neutrophils in response to 
LPS stimuli (Fig. 4f). The levels of circulating human and mouse neutrophils and other human 
immune lineages in the blood remained unaffected by LPS nebulization (Fig. S2a, S4a, b, c).  
Human neutrophils in MISTRGGR-/- mice are recruited into the pulmonary vasculature (Fig. 4b), 
migrate first into the lung interstitium (Fig. 4b, c), and then subsequently into the alveolar space 
(Fig. 4d). Overall, these observations demonstrate that human neutrophils generated in 
MISTRGGR-/- mice are able to develop and respond robustly to inflammatory stimuli by homing 
to the sites of inflammation.   
 
Finally, we tested the ability of human neutrophils to contain an infection, one of the major 
hallmarks of neutrophil function. Pseudomonas aeruginosa, a gram-negative bacterium, is one 
an opportunist pathogen that predominately infect neutropenic or immunocompromised 
individuals, such as cystic fibrosis patients, making it one of the leading causes of hospital-
acquired pneumonia25,56. The clearance of P. aeruginosa during pulmonary infection is largely 
dependent on neutrophils and their intact machinery of intracellular killing following 
phagocytosis and extracellular killing following NET formation25,57,58. Given the relevance of 
Pesudomonas infections in human, we infected MISTRGGR-/- and control MISTRG mice with P. 
aeruginosa intranasally (with a low and high dose of inoculation). In this experiment 
MISTRGGR-/- and MISTRG mice were engrafted with fetal liver cells and were co-housed prior 
to infection to eliminate potential impacts of the microbiota. In order to assess the function of 
human neutrophils exclusive of mouse neutrophils, prior to infection we depleted the remaining 
mouse neutrophil compartment by administrating anti-mouse Ly6G antibody intravenously (Fig. 
5a). The degree of depletion in blood and lung were validated by flow cytometry (Fig. S5a). 
Depletion of murine neutrophils by anti-Ly6G antibody also made MISTRG mice more 
susceptible to P. aeruginosa infection even at low doses of inoculation (Fig. S5b, S5c). Cell 
composition in lung vasculature, interstitium and BAL were assessed similarly by flow cytometry 
as previously stated (Fig. 4b). In all of these compartments, human neutrophils in MISTRGGR-/- 
greatly outnumbered human neutrophils in MISTRG mice (Fig. 5b, 5c). MISTRGGR-/- mice also 
had overall more human immune cells, but the composition of other immune cells except for 
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granulocytes were comparable (Fig. 5d).  Bacteria from lung and liver homogenates were plated 
and counted as an assessment of severity of infection and bacterial dissemination. MISTRGGR-

/- were able to better control P. aeruginosa infection as suggested by lower bacterial load in both 
lung and liver of MISTRGGR-/- mice (Fig 5e). Therefore, these data show that human 
neutrophils generated in MISTRGGR-/- mice are functional and capable of responding to and 
reducing bacterial burden. Overall, MISTRGGR-/- mice enable development of functional, 
mature human neutrophils that are recruited during pulmonary infection to fulfill their essential 
role of fighting bacteria in-vivo.  
 
Discussion 
 
Humanized mouse models have greatly expanded our understanding of how the human 
immune system works and notably, have aided in translating findings in mice to humans. 
However, until now, there were no humanized mouse models that supported mature functional 
neutrophils which are a cornerstone of the innate immune response. MISTRGGR-/- mice 
described here overcome this major limitation in current generation humanized models by 
greatly improve human neutrophil numbers in blood and peripheral tissues. Importantly, this 
model allows for the first-time functional integration of human neutrophil function in vivo and 
greatly expands the utility of humanized mice for studying complex human disease. 
 
In our system, humanization of G-CSF alone did not improve human neutrophils. Results 
achieved by deletion of G-CSFR, receptor that binds to G-CSF argues that this is due to cross-
reactivity of mouse G-CSFR with human G-CSF, which display a relatively high homology to 
mouse G-CSF46. Given that murine granulocytes and precursors are still in vast majority during 
the early weeks of engraftment, the presence of murine cells will likely have a competitive 
advantage over the human G-CSF and occupy niche space for granulopoiesis. Therefore, G-
CSFR deletion was necessary to limit murine granulopoiesis and to allow human granulocyte 
development. This model still exhibits deficiencies. Although MISTRGGR-/- mice have 
significantly fewer mouse neutrophils, G-CSFR deficiency did not completely eliminate mouse 
neutrophils, opening up possibilities for further improvement of the existing system. Additionally, 
at steady state, human neutrophil numbers seen in blood of MISTRGGR-/- mice are still not 
comparable to the high proportions and numbers of neutrophils seen in human blood. We have 
confirmed a pool of post-mitotic mature human neutrophils in the bone marrow of engrafted 
MISTRGGR-/- mice (Fig 3d), and yet these neutrophils display lower CD10 expression, a marker 
for mature human bone marrow neutrophils52, as compared to mature neutrophils isolated from 
adult human bone marrow (Fig S3b, c, Ref. 52). Nevertheless, our model is a major step forward 
to understanding why and will allow more mechanistic studies to be performed to understand 
how this could be achieved and what additional unknown factors are required for human 
neutrophil development. 
 
Although human neutrophils effectively home to lungs and are functional in reducing bacterial 
burden during P. aeruginosa infection, the presence of human neutrophils does not completely 
clear the infection. MISTRG mice, without depletion of murine neutrophils have a lower bacterial 
load compared with engrafted MISTRGGR-/- mice.  It is unclear whether it is just a quantitative 
deficiency as there are still fewer human neutrophils in engrafted MISTRGGR-/- than there are 
mouse neutrophils in MISTRG mice (Fig 5b, S5c). Other qualitative functions of infiltrating 
human neutrophils (e.g., NETs formation) during infection also remain elusive, some of which 
could potentially require further support in the humanized host. 
 
A human immune system that supports mature neutrophils can be combined with various 
disease models to study human specific contribution of neutrophils during disease. Epidemics of 
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drug-resistant and opportunist pathogens have emphasized the need to further investigate the 
interactions between human neutrophils and pathogens. Candida auris, a recently-emerged 
fungal pathogen posing global public health threats, has been shown to be capable of resisting 
human neutrophil killing by avoiding effective engagement, phagocytosis, as well as inhibiting 
the formation of NETs26. Moreover, in contrast to the inability of human neutrophils to recognize 
and kill the pathogen, murine neutrophils appear to be able to control C. auris infection59-61, 
suggesting a species-specific mechanism by which C. auris are able to resist human neutrophil 
killing. Given that our knowledge of neutrophil responses to infection has been largely derived 
from animal models and in vitro studies, understanding the in vivo action of human neutrophils 
in various bacterial and fungal infections remains critical. Here, we have demonstrated the 
potential to use MISTRGGR-/- mice to study the interactions between human neutrophils and 
respiratory pathogens in the native lung environment. 
  
In addition to antimicrobial properties of neutrophils, there has been a growing appreciation of 
neutrophils in tumorigenesis. However, the current understanding of their roles still remains in 
debate, as tumor-associated neutrophils, upon activation display both pro and anti-tumor 
properties23,32,33,62-67. It remains unclear whether differential programs for neutrophils (similar to 
M1 and M2 for macrophages) in tumor environment truly exists, given that the heterogeneity 
observed could be due to differential states of activation and maturation68,69. To date, the 
majority of experimental approaches for studying neutrophils in tumor tissues have been limited 
to mouse models as well as correlative studies of human neutrophils in various patient tumors. 
Thus, our model provides a unique possibility to co-transplant the human immune system and 
human tumors, which will allow the study of the role of neutrophils in tumor evolution and help to 
identify potential therapy targets. 
 
Our humanized model that targets the cytokine-receptor pair of G-CSF significantly improves 
functional human neutrophil presence in periphery but also highlights the importance of multiple 
strategies that are still needed to fully recapitulate functional human immune response.  
MISTRGGR-/- mice are an important and necessary step forward in pushing the next generation 
of humanized mouse systems and provide a unique tool to study human neutrophils in vivo in 
presence of a more complete human immune system. Together, this in turn should enable the 
application of humanized mice to unexplored and wider areas of translational research. 
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Figure 1. G-CSF humanization enhances neutrophil commitment in the bone marrow. (a) Schematic design of human GCSF 
knock-in replacement. The entire mouse open reading frame (in blue) is replaced by human open reading frame (in orange). Both 
5’ and 3’ UTR sequences are primarily murine. (b) Relative expression of human and mouse G-CSF mRNA in the bone marrow at 
3 hours (hr) after LPS administration (50 ug, i.p.). (c) Human and mouse G-CSF proteins measured in plasma at 3hr after LPS 
administration (50 ug, i.p.). (d) Frequencies of human hematopoietic cells (hCD45+), human neutrophils (hCD66b+ SSChi), and 
mouse neutrophils (mCD45+ SSChi) in the blood and bone marrow. (e) Frequencies of human lineages in the blood (MISTRG, 
n=14; MISTRGG, n=20) and the bone marrow (MISTRG, n=5; MISTRGG, n=6) of mice at 7 weeks post-engraftment. Data pooled 
from at least 3 independent experiments. Mice were irradiated with 150 Rads and intra-hepatically injected with 20,000 human 
CD34+ cells at 1-3 days after birth.  
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Figure 2. Depletion of murine neutrophils by G-CSFR ablation improves engraftment of human neutrophils in circulation. (a) Schematic 
design of mouse G-CSFR deletion. The entire G-CSFR open reading frame and first ~300 bp of 3’ UTR are deleted. (b) Relative 
expression of G-CSFR in bone marrow of MISTRGGR-/- mice. Hprt was used as a housekeeping gene. (c) Frequencies and numbers of 
mouse granulocytes (Ly6G+) in blood (left), bone marrow (right) and lung (mid) of MISTRG, MISTRGG, MISTRGGR+/- and MISTRG-
GR-/- mice. Whole lung tissues were analyzed without perfusion. (d - f) Characterization of human engraftment in the blood of MISTRG, 
MISTRGG, MISTRGGR+/- and MISTRGGR-/- mice at 7 weeks post-engraftment. Data pooled from at least 8 independent experiments. 
Mice were irradiated with 150 Rads and intra-hepatically injected with 15,000 ~ 30,000 human fetal liver CD34+ cells at 1-3 days after 
birth. (d) Frequencies of human hematopoietic cells (hCD45+), human neutrophils (hCD66b+ SSChi), and mouse neutrophils (Ly6G+). 
(e) Numbers of human and mouse neutrophils. (f) Frequencies of human immune lineages (MISTRG, n=58; MISTRGGR+/-, n=38; 
MISTRGGR-/-, n=48). (g) Representative flow cytometry gating of human neutrophils in the blood of engrafted mice. (h) May-Grunwald 
Giemsa staining of engrafted MISTRGGR-/- blood smears. Neutrophils from two representative mice are shown in the enlarged box. (i) 
Representative flow cytometry analysis of phagocytosis by human blood PMNs (left), reconstituted human neutrophils from the blood of 
engrafted MISTRGGR-/- (middle left), mouse neutrophils from the blood of engrafted MISTRG (middle right) and unengrafted BALB/c 
(right). Blood samples were incubated with pHrodo™ Green E. coli BioParticles® Conjugate (10ug per 50ul blood) for the indicated 
times and fluorescent signals were analyzed by flow cytometry. Upper panel: 0 min. Middle panel: 20 min. Bottom panel: 90 min. Data 
were represenative of at least 2 independent experiments. 

MISTRGG

MISTRGGR
+/-

MISTRGGR
-/-

MISTRGG

MISTRGGR
+/-

MISTRGGR
-/-

0
50

100
150
200
250
300
350
400
750

1500
2250

C
el

l c
ou

nt
s 

pe
r u

l b
lo

od

Blood Neutrophil Counts
Human Mouse

****
****

n.s. ****
****

n.s.

a b c

d e f

g h

i

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 25, 2022. ; https://doi.org/10.1101/2022.02.25.481352doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.25.481352


Figure 3. Enhanced bone marrow granulopoiesis in MISTRGGR-/- mice. Bone marrow cells were analyzed at 8 weeks post-en-
graftment. (a) Frequencies of human hematopoietic cells (hCD45+) (left), human lineages (right) (MISTRG, n=5; MISTRGG, 
n=12; MISTRGGR+/-, n=8; MISTRGGR-/-, n=8). (b) Frequencies (left) and numbers (right) of human neutrophils (hCD66b+ 
SSChi), Pre-Neu (hCD49d+ CD101-) and Neu (hCD101+) in the bone marrow of MISTRGG, MISTRGGR+/-, and MISTRG-
GR-/-. Data pooled from at least 2 independent experiments. (c) Representative flow cytometry gating of total human neutro-
phils, Pre-Neu and Neu. (d) May-Grunwald Giemsa (MGG) staining of sorted bone marrow Pre-Neu (left) and Neu (right) cells. 
Enlarged boxes highlight various stages of human neutrophil development.
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Figure 4. Robust human neutrophil recruitment to the lung upon inflammatory stimuli in MISTRGGR-/- mice. (a) Experimental timeline of 
LPS nebulization. 7-8 week-old engrafted mice were treated with LPS nebulization (12.5 mg administered over 15 min). Bronchoalveolar 
lavage fluid (BALF), and lung tissues were harvested at 24hr after nebulization. Prior to euthanasia, mice were injected with anti-human 
CD45 antibody intravenously to label circulating human cells. Interstitial neutrophils and intravascular neutrophils were distinguished by 
gating on in vivo versus in vitro hCD45 fluorochrome signals. (b, c) Representative flow cytometry plots (b) and quantifications (c) of 
intravascular and interstitial human neutrophils (hCD66b+ SSChi) and mouse neutrophils (Ly6G+) in lungs of MISTRG and MISTRGGR-/- 
mice at control steady state or 24hr after LPS nebulization. (d) Representative flow cytometry plots, frequencies and numbers of human and 
mouse neutrophils in BAL at control steady state or 24hr after LPS nebulization. Data pooled from at least 3 independent experiments. (e) 
May-Grunwald Giemsa (MGG) staining of cells isolated from BAL at 24hr after LPS nebulization. Arrows: human neutrophils. (f) Frequencies 
(top) and numbers (bottom) of human neutrophils (hCD66b+ SSChi), preNeu (hCD49d+ CD101-) and Neu (hCD101+) in the bone marrow 
of engrafted mice at steady state or 24hr after LPS nebulization. Data pooled from at least 2 independent experiments.
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Figure 5. Human neutrophils in MISTRGGR-/- mice provide protection against Pseudomonas aeruginosa 
infection. (a) Experimental timeline of intranasal P. aeruginosa infection. Engrafted 7-8 wk-old MISTRG and 
MISTRGGR-/- mice were pre-treated with anti-mouse Ly6G antibody (1A8) (2 doses of 100 µg, i.v.) for depletion 
of murine neutrophils, and then intranasally infected with 500 or 5000 CFU of P. aeruginosa. Lungs and livers 
were harvested for CFU quantification and flow cytometric characterization at 18hr after infection. (b, c) Frequen-
cies and numbers of human neutrophils in the lung (b) and BAL (c) of infected mice (500 CFU, 18hr p.i.). (d) 
Frequencies of human lineages (MISTRG, n=5; MISTRGGR-/-, n=6) in intravascular and interstitial lung post-in-
fection (500 CFU, 18hr p.i.). (e) Bacterial load in lung (left) and liver (right) at 18hr after infection. Data pooled 
from at least 3 independent experiments.
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