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Abstract
The immune system plays an essential role in virtually all aspects of cancer. While some 
immune cell types are able to elicit anti-tumor responses, others can aid cancer development 
and metastasis. Neutrophils have been implicated in promoting cancer progression. 
Emerging insights suggest that cancer-induced neutrophils can acquire a diverse set of 
activation states depending on tumor type, disease stage and tissue of residence. However, 
the phenotypic diversity of neutrophils in breast cancer remains elusive and the functional 
impact of this diversity on the development of cancer is largely unknown. Using proteomic 
analysis on neutrophils from a genetically engineered mouse model for breast cancer, we here 
show that anatomical locations shape neutrophil phenotypes under homeostatic conditions 
and that tumor-derived signals largely override this tissue-specific activation state. We further 
demonstrate that a subset of neutrophils in mammary tumor-bearing mice expresses the 
stem cell marker cKIT and that this subset represents a less differentiated cell with distinct 
protein expression compared to cKIT– neutrophils. Finally, we show that antibody-mediated 
targeting of cKIT reduces mammary tumor growth and metastasis formation via as of yet 
unknown mechanisms. Future studies may reveal the functional relevance of these tissue-
specific and subset-specific phenotypes to neutrophil biology in metastatic breast cancer.
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Introduction
Neutrophils play a key role in the defense against infections and in wound healing responses. 
These anti-pathogenic functions of neutrophils are often hijacked and manipulated in tumor-
bearing hosts, resulting in a spectrum of outcomes ranging from tumor-promoting to tumor-
limiting1,2. On one hand, their vast arsenal of proteases, reactive oxygen and nitrogen 
molecules and other granular effector proteins, used to neutralize pathogens during infection, 
can induce anti-tumorigenic effects in pre-clinical cancer models3-6. Conversely, under the 
chronic inflammatory conditions that are often induced by tumors, neutrophils can display 
tumor-promoting and immune-modulatory effects. This includes stimulation of angiogenesis, 
promotion of cancer cell migration and survival, as well as suppression of cytotoxic 
immune cells7-18. As such, neutrophils exert important functions in the initiation, growth and 
progression of a large variety of tumor types1. In line with these pre-clinical findings, systemic 
neutrophilia in cancer patients has been consistently associated with poor disease outcome 
across solid cancer types19. However, the association between intratumoral neutrophil levels 
and cancer outcome is less clear, as both adverse and favorable associations between 
intratumoral neutrophil levels and disease outcome have been described20-23. These (pre-)
clinical insights regarding intratumoral and systemic neutrophilia highlight the diverse 
phenotypes that neutrophils can acquire in cancer. Because of their important role in tumor 
biology, targeting neutrophils for therapeutic purposes has gained attention over recent 
years. However, to be able to potentiate their anti-cancer effects and to negate their tumor-
promoting characteristics, it is crucial to gain a deeper understanding of what underlies the 
diverse phenotypes of neutrophils.

Neutrophils were once thought to be a homogeneous cell type with limited diversity in 
effector phenotypes, mainly due to their short lifespan and terminal differentiation state when 
they leave the bone marrow. However, recent evidence demonstrates highly specialized 
phenotypes depending on the anatomical location in which these cells reside, even under 
homeostatic conditions24. Examination of the fate of neutrophils as they leave the circulation 
and enter tissues has revealed that these cells have a diverse set of regulatory functions under 
non-pathogenic conditions, which are both organ-specific and occur in an oscillating fashion 
depending on circadian rhythms24,25. Moreover, comparing myeloid cells from different non-
perturbed tissues revealed that neutrophils have organ-specific expression of cell surface 
molecules, hinting towards phenotypic diversity depending on tissue of residence26. Under 
non-homeostatic conditions, such as cancer, these organ- and time-dependent phenotypes 
also alter neutrophil effector function24,25,27. For example, seeding of intravenously injected 
B16F1 melanoma cell lines in lungs was counteracted by neutrophils only at given times 
during the day24. In another report using subcutaneously implanted B16F1 melanoma cell 
lines, neutrophils in tumors and tumor-draining lymph nodes, but not in spleen, blood or bone 
marrow, exhibited a tumor-promoting immunosuppressive phenotype, characterized among 
others by expression of genes encoding PD-L1 and iNOS27. This suggests that although 
neutrophils expand systemically, they adapt their phenotypes to specific environments. This 
is also reflected by a comparison of transcriptome profiles of intratumoral neutrophils from 
different subcutaneously inoculated cell line models, which demonstrated that neutrophils 
that reside in B16 melanomas, 4T1 breast tumors or Her2 breast tumors are transcriptionally 
distinct28. Because all tumors were inoculated subcutaneously, this suggests that these 
phenotypes are dictated by differences between the tumors, such as tumor (sub)type or 
oncogenic drivers expressed by these tumors. These studies demonstrate a previously 
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underappreciated complexity and plasticity in neutrophil phenotypes depending on 
anatomical location, cancer type and other unknown elements, which requires further 
elucidation.  

Another aspect of neutrophil diversity that remains underexplored is the functional 
significance of their differentiation state or maturity29. Under homeostatic conditions, neutrophils 
only leave the bone marrow fully differentiated, with a segmented nuclear morphology30. 
When demand for neutrophils is high due to pathogenic infection, hematopoiesis becomes 
myeloid-biased to facilitate generation and release of large numbers of neutrophils in a 
process called emergency granulopoiesis31. Due to this high pressure on neutrophil release 
from the bone marrow, mediated by chemokines such as granulocyte colony stimulating 
factor (G-CSF), neutrophils with an immature phenotype –as evidenced by ring-shaped 
or banded nuclear morphology30– egress from the bone marrow into the periphery in this 
process31. These immature neutrophils have also been observed in the periphery of mouse 
tumor models and cancer patients15,29,32-36. It is therefore hypothesized that tumor-induced 
factors, including G-CSF, induce a state of emergency granulopoiesis and thus instruct the 
bone marrow to release not fully differentiated, immature, neutrophil progenitor cells37. 

Immature neutrophils have been reported to functionally deviate from mature 
neutrophils in chemokine receptor expression, migratory function, reactive oxygen and 
nitrogen species (ROS/RNS) production and granular content38. As neutrophils mature, 
their cell size and granular content increases, which results in the observation that mature 
neutrophils have high cellular density properties (high-density neutrophils (HDN)) and 
immature neutrophils have lower density (low-density neutrophils (LDN))32. It is of note that 
LDN represent a heterogeneous population in terms of maturity, with approximately 60% of 
cells showing non-segmented nuclei32. Also, neutrophil density decreases upon activation39, 
likely as a result of degranulation, indicating that the link between neutrophil maturity and 
density is not clear-cut. Regardless, HDN and LDN differ substantially in phagocytosis 
and immunosuppressive capacities, as well as ROS production32. Mature and immature 
neutrophils can also be distinguished by expression of cell surface proteins, although a 
universally applicable set of markers remains to be established. For example, neutrophil 
progenitor cells in bone marrow can be identified by expression of the tyrosine kinase 
receptor cKIT38,40,41. We and others have shown that peripheral neutrophils in tumor-bearing 
hosts express this receptor as well15,36,42. Characterization of immature neutrophils based 
on cKIT expression has demonstrated deviating functions from mature cKIT– neutrophils, 
including pro-tumorigenic properties41. Expression of the cKIT receptor can therefore be 
used to distinguish tumor-induced immature neutrophils from mature neutrophils and to 
study the functional role of these different maturation states.   

Because the impact of anatomical location and maturation state on neutrophil 
phenotypes in breast cancer is poorly described, we set out to characterize neutrophils 
from various organs in a genetically engineered mouse model for metastatic breast cancer. 
By analyzing the proteome of neutrophils in circulation and lungs, we found tissue-specific 
protein expression profiles in wild-type (WT) mice, which are largely lost in tumor-bearing 
hosts. We further show that mammary tumor-induced cKIT+ and cKIT– neutrophils also have 
variations in their proteome, depending on the anatomical location in which they reside. 
Lastly, we show that targeting cKIT in vivo impacts tumor progression and metastasis. This 
work sheds light on organ-specific and maturation-state-specific neutrophil phenotypes that 
could potentially be important for breast cancer development and therefore require further 
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investigations. 

Results
Neutrophils expand systemically in the K14-cre;Cdh1F/F;Trp53F/F mouse model for 
metastatic breast cancer
Given that systemic neutrophilia is associated with poor prognosis in breast cancer43 and 
neutrophils can impact the pre-metastatic niche and formation of metastatic lesions1, we 
sought to characterize these cells in metastatic breast cancer. To this end, we utilized 
the K14-cre;Cdh1F/F;Trp53F/F (KEP) mouse model for invasive lobular carcinoma44. We 
orthotopically transplanted KEP tumor fragments into WT syngeneic mice and assessed 
systemic neutrophil expansion. We observed a striking increase in frequency of these cells in 
circulation, lungs and spleen of KEP tumor-bearing mice compared to WT control mice (Fig. 
8.1a). As we have reported previously, neutrophils can promote metastasis of KEP tumors 
by adapting immunosuppressive functions, mainly via the production of nitric oxide (NO), 
thus limiting anti-tumor T cell responses15. To determine whether expression of the enzyme 
responsible for producing NO (iNOS) differs between neutrophils from circulation, lungs or 
spleen, we isolated these cells from these different organs and assessed Nos2 expression. 

Figure 8.1. Mammary 
tumors induce 
systemic neutrophilia 
and expression of 
metastasis-associated 
genes. a. Frequency of 
neutrophils (% CD11b+ 

Ly6G+Ly6Clow of total 
live cells) in blood 
(blue), lungs (black) and 
spleen (red) of mice 
bearing orthotopically 
transplanted KEP tumors 
(100 mm2) or WT control 
mice, as determined by 
flow cytometry (n=5–8 
biological replicates/
group). b. RT-qPCR 
analysis of neutrophils 
isolated from blood (blue), 
lungs (black) and spleen 
(red) from orthotopically 
transplanted KEP tumor-
bearing and WT mice 
for expression of Nos2, 
Prok2, S100a8 and 
S100a9 (n=2–3 biological 
replicates/group, 
performed in technical 
duplicate). All data are 
± S.E.M.; * P < 0.05, ** P 
< 0.01, *** P < 0.001, as 
determined by two-sided 
Mann-Whitney test (a) or 
Fisher’s LSD test (b). 
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When comparing neutrophils from KEP or WT mice, we observed that tumor-induced Nos2 
upregulation is most significant in circulating neutrophils, while in lungs only a trend of 
increased expression is observed and expression is unaltered in spleen neutrophils (Fig. 
8.1b). Assessment of other genes implicated in the pro-metastatic phenotype of neutrophils, 
Prok2, S100a8 and S100a9 11,15,45 (encoding BV8, S100A8 and S100A9, respectively), further 
revealed organ-specific expression patterns. While Prok2 was significantly upregulated in 
neutrophils from lungs and circulation, S100a8 showed upregulation in lungs and spleen, 
and S100a9 was increased in expression in all three organs of KEP tumor-bearing mice 
compared to WT controls (Fig. 8.1b). These data indicate that KEP mammary tumors can 
induce neutrophil expansion throughout the body and these cells can adapt tissue-specific 
expression profiles of genes that have been implicated in promotion of metastasis. 

Neutrophils exhibit tissue-specific proteome profiles in wild-type mice that are largely 
revoked in mammary tumor-bearing hosts
The tissue-specific gene expression patterns we observed in neutrophils may have 
implications for how these cells function in different organs of the tumor-bearing host. This 
notion prompted us to further characterize the molecular changes in neutrophils that reside in 
different anatomical locations. To this end, we isolated neutrophils from circulation and lungs 
of transgenic KEP mice and age-matched WT controls and analyzed their proteome using 
liquid-chromatography-coupled tandem mass spectrometry (LC-MS/MS). Unsupervised 
clustering of the differentially expressed proteins revealed that neutrophils in WT mice 
deviate in their proteomic profile depending on whether they are circulating or present in the 
lungs (Fig. 8.2a, b). Moreover, notably changes were observed when comparing neutrophils 
from KEP and WT mice (Fig. 8.2a, b). Strikingly however, there was a large degree over 
overlap between neutrophils from KEP mice, regardless of their anatomical location (Fig. 
8.2a, b), indicating that the tissue-specific changes observed in WT animals were largely lost 
in neutrophils from tumor-bearing KEP mice.  

Upon detailed comparison of circulating neutrophils from KEP and WT mice, we 
observed marked changes in protein expression (Fig. 8.2c). In KEP-induced neutrophils, 
we observed a significant decreased abundance of proteins related to metabolism and 
chemotaxis of neutrophils, such as ALOX12 and ALOX12L (also known as ALOX15)46-

48. Other proteins decreased in circulating neutrophils from KEP mice included ITGA2b 
(also known as CD41) and Platelet glycoprotein V (Fig. 8.2c), which may indicate altered  

Figure 8.2. Neutrophils show tissue-specific proteomic profiles that are largely overruled in 
tumor-bearing mice. a. Heatmap depicting the differentially expressed proteins (P < 0.05) in blood 
and lung neutrophils of WT and KEP mice. b. Principal component analysis (PCA) of blood and lung 
neutrophils of WT and KEP mice. c. Volcano plot of differentially expressed proteins comparing 
circulating neutrophils from KEP tumor-bearing mice and WT controls as determined by LC-MS/MS. d. 
Volcano plot of differentially expressed proteins comparing lung neutrophils from KEP tumor-bearing 
mice and WT controls as determined by LC-MS/MS. e. Volcano plot of differentially expressed proteins 
comparing neutrophils from lungs with circulating neutrophils in WT mice. f. Volcano plot of differentially 
expressed proteins comparing neutrophils from lungs with circulating neutrophils in KEP tumor-bearing 
mice. Horizontal red lines in volcano plots indicate P < 0.05 and vertical green lines indicate a log2-
transformed fold change in expression > 1. All analyses contain 4 biological replicates per group. For 
KEP groups, transgenic KEP mice were used and neutrophils were isolated at 100 mm2 tumor size. For 
WT groups, 2 mice were pooled per biological replicate to obtain sufficient protein. Lung and blood 
neutrophils were taken from the same mice for each biological replicate.
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interactions with platelets49. We observed an increase in proteins involved in regulation of 
inflammatory processes in neutrophils from KEP mice, such as MUC18 and Corticosteroid 
dehydrogenase 1 50,51. In addition, we observed a striking enrichment of ribosomal proteins 
in circulating neutrophils from KEP mice (Fig. 8.2c), which may suggest a tumor-induced 
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activation of translation in these cells. Others have shown that protein translation in 66cl4 
mammary tumor cell line-induced neutrophils was key in survival and pro-metastatic function 
of mammary tumor-induced neutrophils52. Gene ontology (GO) analysis revealed an increase 
of rRNA and mRNA binding activity in circulating neutrophils from KEP mice compared to WT 
controls, and a decrease in processes such as Arachidonate 15-lipoxygenase, antioxidant 
and peroxidase activity (Supplemental Fig. 8.1a). These data reveal that KEP tumors induce 
proteomic changes in circulating neutrophils related to metabolism, effector function and 
translation.

Next, we analyzed neutrophils that reside in lungs of KEP tumor-bearing mice or WT 
controls (Fig. 8.2d, Supplemental Fig. 8.1b). In KEP neutrophils from lungs, we observed 
an increase in expression of effector proteins such as neutrophil elastase (NE), Myeloblastin 
and Cathepsin G. Additionally, CD177 was increased in lung neutrophils from KEP mice (Fig. 
8.2d). CD177 is expressed in neutrophil progenitors and mature neutrophils53. It also marks 
an activated state in inflammatory diseases54 and is required for transmigration and survival 
of neutrophils55. ALOX5 was upregulated in lung neutrophils from KEP mice, which has been 
reported to endow neutrophils with pro-metastatic functions16. Interestingly, we also saw 
Cathepsin S decreased, which is a protease involved in peptide processing for presentation 
of antigen on major histocompatibility complex (MHC)-II56. Although Cathepsin S and antigen 
presentation have not been linked in neutrophils per se, antigen presentation by neutrophils 
has been implicated in tumor-antagonizing functions in early-stage lung cancer57. In both 
lung and blood KEP neutrophils, we observed an increased expression of Steffin-1 (or Steffin 
A1) (Fig. 8.2c, d), which also functions in protein processing by among others inhibition of 
Cathepsin S58, potentially linking to its decreased protein levels. Whether these changes alter 
neutrophil function in lungs remains to be evaluated.  

We then examined the changes neutrophil phenotypes depending on anatomical 
location. To this end, we compared lung with circulating neutrophils within WT mice, or 
within KEP tumor-bearing mice. As evidenced from the clustering and principal component 

Figure 8.3. Neutrophils expressing cKIT expand systemically in mammary tumor-bearing mice 
and show minor phenotypical changes compared to cKIT– neutrophils. a. Frequency of cKIT-
expressing neutrophils (% of cKIT+ of total live CD11b+Ly6G+Ly6Clow cells) in blood (blue), lungs 
(black) and spleen (red) of mice bearing orthotopically transplanted KEP tumors (100 mm2) or WT 
control mice, as determined by flow cytometry (n=4–8 biological replicates/group). b. Representative 
images of circulating neutrophils from transgenic KEP mice with 100 mm2 tumors as visualized by 
ImageStream analysis. Nuclear morphology was assessed by DRAQ5 cell-permeable nuclear dye. c. 
Quantification of nuclear morphology based on ImageStream analysis of circulating neutrophils from 
transgenic KEP mice with 100 mm2 tumors. Data were normalized to cKIT– neutrophils of WT mice 
(n=3 biological replicates/group). d. RT-qPCR analysis of cKIT+ and cKIT– neutrophils isolated from 
blood of orthotopically transplanted KEP tumor-bearing and WT mice for expression of Nos2, Prok2, 
S100a8 and S100a9 (n=3–7 biological replicates/group, performed in technical duplicate). e. NO levels 
in neutrophils as determined by DAF-FM diacetate fluorescent probe in cKIT– neutrophils from WT 
blood and cKIT+ and cKIT– neutrophils from blood of transgenic KEP mice with 100 mm2 tumors. Where 
indicated, cells were treated ex vivo with iNOS inhibitor L-NMMA (7–8 biological replicates/group). f. 
Volcano plot of differentially expressed proteins comparing cKIT+ and cKIT– neutrophils from blood (left) 
or lungs (middle) from KEP tumor-bearing mice or comparing cKIT+ neutrophils from lungs with those 
from blood (right). Horizontal red lines in volcano plots indicate P < 0.05 and vertical green lines indicate 
a log2-transformed fold change in expression > 1.  All analyses contain 4 biological replicates per 
group. For KEP neutrophil mass spectrometry, transgenic KEP mice were used and neutrophils were 
isolated at 100 mm2 tumor size. All data are ± S.E.M.; * P < 0.05, ** P < 0.01, as determined by two-sided 
Mann-Whitney test (a), c2-test (c), Fisher’s LSD test (d), or one-way ANOVA (e).
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analysis (Fig. 8.2a, b), we observed marked changes in neutrophil proteome in WT animals 
depending on the anatomical location in which they reside (Fig. 8.2e). Gene ontology 
analysis revealed that circulating neutrophils from WT mice are mainly enriched for cytotoxic 
effector functions compared to lung neutrophils, and that lung neutrophils are enriched 
for metabolic pathways compared to those in circulation (Supplemental Fig. 8.1c). One 
such metabolic pathway pertaining to fatty acids has recently been linked to neutrophil-
mediated immunosuppression59. As noted above, these organ-specific differences largely 
disappear in tumor-bearing mice (Fig. 8.2f). Together, these data show that under non-
cancer conditions, neutrophils adapt a tissue-specific proteome, most likely as a result of the 
organ-specific signaling environments that affect functionality of these cells. In tumor-bearing 
mice, however, neutrophils adapt a tumor-induced phenotype that is similar in circulation 
and (pre-) metastatic lungs, suggesting that the tumor-derived signals largely override the 
tissue-specific signals. 
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Mammary tumors induce expansion of immature cKIT+ neutrophils with tissue-specific 
protein expression
We previously observed that mammary tumor-activated neutrophils expressed cKIT on their 
cell surface, a protein that under homeostatic conditions is only expressed on neutrophil 
progenitor cells in the bone marrow15,35,40. Indeed, we detected cKIT expressing neutrophils 
in circulation, lungs and spleen of mice with orthotopically transplanted KEP tumors, while 
these are largely absent in WT controls (Fig. 8.3a). Because cKIT is expressed on neutrophil 
progenitor cells, we next assessed the nuclear morphology of these cells in circulation, 
as a readout for their maturation status30. Using ImageStream analysis, we observed that 
cKIT+ neutrophils from circulation were strongly enriched for a non-segmented nuclear 
morphology compared to cKIT– neutrophils (Fig. 8.3b, c), suggesting that these cells are 
less differentiated. However, ±25% of cKIT+ neutrophils still displayed segmented nuclei, 
indicating that cKIT does not exclusively mark immature neutrophils (Fig. 8.3c). 

Having established that neutrophils can adapt tissue-specific gene and protein 
expression profiles, we sought to determine whether cKIT-expressing neutrophils differ from 
their cKIT-negative counterparts, and whether they display tissue-specific phenotypes. To 
this end, we first isolated cKIT+ and cKIT– neutrophils from the circulation of tumor-bearing 
mice and cKIT– neutrophils from WT mice and assessed expression of Nos2, Prok2, S100a8 
and S100a9. We observed consistent upregulation of Nos2, Prok2 and S100a9 in neutrophils 
from KEP tumor-bearing mice, but no marked differences between cKIT+ and cKIT– neutrophils 
(Fig. 8.3d). Only S100a8 was upregulated in cKIT–, but not in cKIT+ neutrophils (Fig. 8.3d). 
Because neutrophils exert their pro-metastatic function in KEP mice mainly by NO-induced 
suppression of T cells15, we next assessed NO levels in cKIT+ and cKIT– neutrophils from 
blood using the molecular probe 4-Amino-5-Methylamino-2’,7’-Difluorofluorescein diacetate 
(DAF-FM). While NO levels were significantly increased in KEP neutrophils compared to WT 
neutrophils, and reduced by addition of iNOS inhibitor L-NG-monomethyl-arginine (L-NMMA), 
we detected no difference in NO levels between cKIT+ and cKIT– neutrophils (Fig. 8.3e), 
consistent with Nos2 being expressed to an equal extent (Fig. 8.3d). This suggests that 
expression of cKIT does not mark neutrophils that are altered in their immunosuppressive 
capabilities. 

To obtain a more unbiased insight into the potential differences between these cells, 
we subjected lung and blood cKIT+ and cKIT– neutrophils to LC-MS/MS analysis. In blood, 
we observed that cKIT+ neutrophils have a lower expression level of certain effector proteins 
associated with fully differentiated neutrophils, such as S100a8 and S100a11 (Fig. 8.3f, 
Supplemental Fig. 8.1c). In lungs, proteins associated with cellular adhesion were most 
significantly upregulated in cKIT+ neutrophils, while cKIT– neutrophils were enriched for 
enzymatic activity (Fig. 8.3f, Supplemental Fig. 8.1c). When comparing cKIT+ neutrophils 
from blood with those from lungs, differentially expressed proteins mainly related to protein 
binding processes (Fig. 8.3f, Supplemental Fig. 8.1c). Overall, these data show that there 
are few but significant changes in protein expression between cKIT+ and cKIT– neutrophils, 
and that these cells also alter their proteome according to the anatomical location in which 
they reside. 

Targeting cKIT impairs mammary tumor growth and pulmonary metastasis 
Because targeting neutrophils in KEP mice reduces metastasis15,35,60, and we observed 
differences in neutrophil phenotype depending on the expression of cKIT on their cell surface, 
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we wondered if we could assess the impact of cKIT+ neutrophils on tumor progression and 
metastasis by disrupting the Stem Cell Factor (SCF)-cKIT axis. To this end, we transplanted 
KEP tumor fragments orthotopically and treated mice with established tumors with ACK2, a 
monoclonal antibody directed against cKIT (Fig. 8.4a). During treatment, when tumors were 50 
mm2, the effect of ACK2 treatment on circulating cell populations was determined. ACK2 did 
not reduce the frequency of cKIT+ neutrophils, nor of total cKIT-expressing cell in circulation 
at this timepoint during the treatment (Supplemental Fig. 8.2a). To evaluate potential direct 
targeting of cancer cells expressing cKIT by ACK2, we also measured cKIT expression on 
CD45– cells in untreated KEP tumors. Overall, CD45– cells exhibited low cKIT expression, at 
levels significantly lower than observed on neutrophils in KEP tumors (Supplemental Fig. 
8.2b). This suggests that ACK2 will have a limited effect on cancer cells themselves. Despite 
the lack of depletion of cKIT-expressing immune cells in circulation, primary tumors showed 
a modest delay in outgrowth in ACK2-treated mice (Fig. 8.4b). Moreover, metastasis to lungs 
was significantly reduced and incidence of lymph node metastasis showed a trend towards 
decrease in ACK2-treated mice (Fig. 8.4c, d). This suggests that, while ACK2 treatment did 
not impair the mobilization of cKIT+ cells in circulation, it may have hampered cKIT signaling 
function or mobilization in tissue, which was not assessed. Although we have not shown 
which cells specifically are targeted by this antibody, ACK2 treatment shows the potential to 
slow primary tumor development and impede metastasis formation to the lungs.  

Discussion
Neutrophils play an imperative role in cancer development and metastasis, but due to their 
diverse phenotypes and high plasticity, using these cells in anti-cancer immunotherapeutic 
strategies remains challenging. In this work, we aimed to shed light on neutrophil diversity in 
breast cancer and how this may ultimately impact disease progression. We have shown that 
neutrophils can adapt phenotypes tailored to the anatomical location in which they reside 
and that tumor-derived signals can override this tissue-specific activation state. Moreover, 

Figure 8.4. ACK2-mediated inhibition of the SCF-cKIT axis impairs primary tumor growth and 
metastasis. a. Experimental setup for neo-adjuvant inhibition of cKIT signaling in KEP tumor-bearing 
mice using ACK2 (100 µg/injection, twice weekly, intraperitoneal). Treatment was initiated when tumors 
were ±9 mm2 and terminated upon mastectomy when tumors were 100 mm2. b. Primary tumor growth 
kinetics during treatment with ACK2 or control (n=13–15/group). c. Number of cytokeratin-8+ metastatic 
nodules in lungs of mice treated with ACK2 or control (n=10/group). d. Incidence of metastasis to 
axillary lymph nodes in mice treated with ACK2 or control (n=10/group). All data are ± S.E.M.; * P < 0.05, 
** P < 0.01, as determined by Area Under the Curve (AUC) calculation, followed by Student’s t-test (b), 
Mann-Whitney test (c), or c2-test (d).  
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we present early evidence that cKIT may label a tumor-induced subpopulation of neutrophils 
with a unique phenotype in terms of differentiation and protein expression. 

Upon examination of tissue-specific proteomic profiles of neutrophils, we observed 
marked differences between circulating and lung neutrophils in non-tumor-bearing animals 
(Fig. 8.2e). Interestingly, in tumor-bearing hosts the proteome of neutrophils from blood and 
lungs is largely comparable (Fig. 8.2f). This may indicate that in cancer-induced systemic 
neutrophilia, the rapid mobilization of neutrophils and their progenitor cells causes systemic 
accumulation of cells with a relatively homogenous proteome profile. Interestingly, in the 
B16F1 melanoma model, systemically expanded neutrophils from blood, bone marrow 
and spleen showed similar gene expression profiles, while those that entered tumors were 
distinct from their peripheral counterparts27. Moreover, a recent study used single cell 
RNA sequencing (scRNAseq) on human and mouse lung cancer tissue to demonstrate at 
least five different neutrophil phenotypes within one tumor type, thereby demonstrating an 
unprecedented heterogeneity of intratumoral and circulating neutrophils at the transcriptome 
level61. Moreover, this analysis demonstrated that there is indeed transcriptomic overlap 
between neutrophils in lung tumors and those that are circulating, but that there are also 
phenotypes that are unique for each61. It would therefore be of interest to profile the proteome 
of KEP tumor-infiltrating neutrophils and to compare their proteomes to their circulating and 
lung counterparts on the protein level to assess whether this relative homogenous phenotype 
we observe in systemic neutrophils is maintained within KEP tumors. In addition, it will be 
important to determine the (loss of) diversity of mammary tumor-induced systemic neutrophil 
phenotypes between different tumor types on a single cell level. A recent scRNAseq analysis 
on neutrophils from the MMTV-PyMT breast cancer model has further revealed diverse 
transcriptomic profiles within intratumoral and systemic neutrophil populations, which only 
partially overlap62. These reports that characterize neutrophils in-depth on the single cell 
level raise the question whether this diversity reflects neutrophil plasticity and adaptability, 
or whether tumors induce different developmental programs that generate subsets of cells 
within the neutrophil population, or both. Moreover, the molecular cues that are that are 
coming from these different organs and tumors that induce this diversity, remain largely 
unknown. 

In this study, we have not addressed the functional relevance of the changes in protein 
expression we observed either in an organ-specific or a maturation state-specific manner. 
One aspect of diversity we observed in the proteins expressed by neutrophils pertained 
to metabolic pathways (Supplemental Fig. 8.1a). Metabolic reprogramming of neutrophils 
can alter their functional impact on cancer63. We observed altered metabolic pathways in 
neutrophils of tumor-bearing mice, such as decreased arachidonate lipoxygenase (ALOX) 
activity in blood (Supplemental Fig. 8.1a). ALOX proteins participate in metabolism of 
arachidonic acid by acting on Leukotriene A4 (LTA4). While in KEP-induced circulating 
neutrophils ALOX metabolism was decreased, other studies have shown this pathway to 
be induced by tumors. For example, activation of this metabolic pathway has recently been 
linked to the induction of an immunosuppressive phenotype in tumor-associated neutrophils 
in several transplantable and transgenic murine cancer models59. This is in contrast to the 
reduction of ALOX metabolism we observe in circulating neutrophils in the KEP model, and 
therefore may indicate that ALOX proteins and metabolism of arachidonic acid in neutrophils 
is tumor model-specific. Another ALOX protein that is expressed by neutrophils in the MMTV-
PyMT breast cancer mouse model, ALOX5, was shown to promote metastasis to the lung 
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by enriching for metastasis-initiating cells16. ALOX5 is also up-regulated in KEP-induced 
neutrophils in lungs, but not in blood (Fig. 8.2d), and hence may also play a role in metastasis 
of KEP tumors. Lung neutrophils also show an increase in several other metabolic pathways, 
including but not limited to superoxide generation (Supplemental Fig. 8.1a). Interestingly, 
others have shown that 4T1 mammary tumor-induced cKIT+ neutrophils have increased 
mitochondrial metabolism as a result of tumor-derived SCF, which enhances reactive oxygen 
species (ROS) production36. Similarly, this same study showed that ovarian cancer patients 
also exhibit immature CD10+ neutrophils with increased mitochondrial respiration36. It would 
therefore be of interest to determine if that link also exists in KEP mice and if this is restricted 
to certain organs, such as the lungs. Together, the proteomic profiling performed in this study 
underscores that tumors alter neutrophil metabolism and that metabolic reprogramming in 
neutrophils may play a seminal role in their function in cancer.

Immunosuppression by neutrophils is a major aspect of their tumor-promoting 
capacities1. KEP tumor-induced expression of iNOS was mainly observed in blood and lung 
neutrophils, but not in spleen neutrophils (Fig. 8.1b). Tumor-induced immature neutrophils 
have been reported by others to be more immunosuppressive32. While cKIT+ neutrophils 
exhibit a nuclear morphology that indicates an immature phenotype (Fig. 8.3b, c), both cKIT+ 
and cKIT– neutrophils exhibited equally high levels of NO production (Fig. 8.3d, e). This 
is intriguing, since one analysis revealed that the immunosuppressive function of myeloid 
cells can already be observed in common myeloid progenitors (CMPs) and granulocyte-
monocyte progenitors (GMPs) under homeostatic conditions64. This immunosuppressive 
function of CMPs and GMPs is further enhanced by the presence of a tumor and largely 
mediated by NO production in both subcutaneous lung tumor-bearing, but intriguingly also 
non-tumor bearing animals64. Because mammary tumor-derived signals alter myelopoiesis 
in the bone marrow, resulting in increased generation and release of myeloid progenitor 
cells37, one could hypothesize that this would result in the release of not fully differentiated 
–and therefore immunosuppressive– neutrophils. However, we observed no difference in NO 
levels in neutrophils that express cKIT and those that do not (Fig. 8.3d, e), so it is likely that 
NO-mediated immunosuppression is induced early in neutrophil maturation and maintained, 
hence showing equally high NO-production in mature (cKIT–) and immature (cKIT+) 
neutrophils. Nevertheless, other immunosuppressive mechanisms, such those mediated by 
Arginase-1, were not considered in this study and therefore remain to be addressed in these 
cells.

Although immunosuppressive molecules are expressed in equal fashion between 
cKIT+ and cKIT– neutrophils, our analysis indicates subtle differences in protein production, 
resulting in activation of an array of different signaling pathways (Supplemental Fig. 8.1b). 
One could therefore speculate that these subsets of neutrophils may behave in a distinct 
manner. It has been reported that transplanted E0771 breast tumors activate and expand 
hematopoietic progenitor cells within the pre-metastatic niche, and these cells were able to 
differentiate into immunosuppressive neutrophils65. Whether cKIT+ neutrophils are able to 
differentiate into cKIT– neutrophils in situ remains to be established. Analyses into the nature 
of cKIT-expressing neutrophils using scRNAseq and mass cytometry have elegantly shown 
that a distinct neutrophil progenitor marked among others by cKIT has unique functions, 
including chemotaxis, phagocytosis, ROS production, and indeed support of tumor 
growth38,41. However, it must be noted that cKIT does not fully enrich for immature neutrophils 
(Fig. 8.3c) and using a combination of other markers, such as CD10138, may improve this. 



196

Chapter 8

Nonetheless, these studies and ours provide early evidence that cKIT marks a functionally 
distinct neutrophil subset, which may be interesting to target in tumor-bearing hosts. 

Targeting cKIT-expressing neutrophils has shown promise in various cell line-
based mouse tumor models, including the 4T1 mammary cancer and CT26 colon cancer 
models42,66. These reports found that tumor-derived SCF is required for recruitment of among 
others tumor-promoting neutrophils, and that genetic or antibody-mediated disruption of 
SCF-cKIT signaling reversed this recruitment42,66. Our work presented here also hints that 
targeting the SCF-cKIT axis may reduce tumor growth and metastasis, although it remains 
to be established whether this effect is due to targeting cKIT+ neutrophils specifically, since 
we did not observe depletion of cells that express this receptor from circulation during 
ACK2 treatment. It would therefore be of interest to assess deactivation of the cKIT pathway 
in neutrophils, as its signaling may be impaired by ACK2 treatment. Although ACK2 was 
originally described not to be toxic to cKIT+ cells at the doses used in this study, but rather 
inhibits cKIT function67, this antibody has been shown to deplete cKIT-expressing cells from 
the bone marrow at higher doses68,69. Therefore, it is also possible that developing immune 
cells in the bone marrow of KEP tumor-bearing mice are targeted by ACK2. Moreover, there 
are other cell types that express cKIT in peripheral tissues, such as mast cells, which have also 
been shown to play an important role in breast cancer70. In addition, while cancer cells from 
primary KEP tumors are largely cKIT– (Supplemental Fig. 8.2b), metastasizing cancer cells 
can potentially acquire cKIT expression71. Importantly, it is of note that we have previously 
shown that antibody-mediated targeting of the entire neutrophil population in KEP mice did 
not affect primary tumor growth15, while ACK2 treatment did affect tumor growth (Fig. 8.4b). 
Therefore, the anti-tumorigenic and anti-metastatic effect of ACK2 observed in this work 
requires further elucidation. However, rather than targeting the signaling of cKIT itself, this 
receptor is perhaps better used as a marker for tumor-induced neutrophils in the periphery, 
and effector molecules that these cells produce or their potential unique vulnerabilities may 
be better suitable for targeting. 

To target tumor-induced neutrophils, several studies have used blockade of chemokine 
receptor CXCR2, since it is essential for their egress from the bone marrow72. Targeting CXCR2 
has been shown to block metastasis-promoting neutrophils and improve anti-PD-1 therapy in 
mouse models for pancreatic cancer and sarcoma73,74. Although it is unknown whether cKIT-
expressing neutrophils are induced by these tumors, it is important to note that CXCR2 is 
only expressed on terminally differentiated neutrophils and its expression anti-correlates with 
expression of cKIT during differentiation in the bone marrow36,38. Therefore, CXCR2 blockade 
may not target cKIT+ neutrophils. While differences between cKIT+ and cKIT– neutrophils in 
this work are minor and require further functional examination, we do observe a slight but 
significant upregulation of SIRPa protein levels in circulating cKIT+ neutrophils (Fig. 8.3f). 
Interaction of this protein with its ligand CD47 negatively regulates phagocytosis of CD47-
expressing cells. SIRPa blocking antibodies are actively being tested as an immunotherapy 
to engage phagocytosis of cancer cells by myeloid cells. Interestingly, blocking CD47-SIRPa 
signaling has been shown to increase the anti-tumor effect of neutrophils75,76. Although the 
upregulation of SIRPa is minor in KEP-induced cKIT+ neutrophils, it may be an interesting 
therapeutic target to pursue in future studies. 

This work, together with other studies, shows that the diversity of neutrophil phenotypes 
needs to be thoroughly examined in order to fruitfully employ these cells for anti-cancer 
therapies. Comprehensive analysis of neutrophils using scRNAseq has revealed and will 
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further reveal the vast degrees of complexity in gene expression profiles in different disease 
entities, including cancer41,61,62. Further assessment of the neutrophil proteome during 
differentiation and disease-mediated reprogramming as shown in this work and by others77-79 
may reveal novel therapeutic targets and molecules that can be used for identification and 
characterization of neutrophil progenitor cells. Importantly, examining neutrophils using these 
high-resolution methodologies will not only shed light on the many faces of this cell type, but 
can also be used to show if and to what extend these phenotypes are conserved between 
different patients, but also between mouse and human, as was done for lung cancer61. This 
inter-species conservation is encouraging for studies using clinically relevant murine models 
and opens the way to functional validation of clinically-relevant neutrophil phenotypes in mice. 
This daunting task of understanding cells with such high levels of plasticity will ultimately help 
to improve anti-cancer immunotherapeutics.   
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Methods
Mouse studies 
All animal studies were approved by the Animal Ethics Committee of the Netherlands Cancer 
Institute and performed in accordance with institutional, national and European guidelines for 
Animal Care and Use. All experiments were performed using K14-cre;Cdh1F/F;Trp53F/F (KEP) 
mice44, the KEP-based spontaneous metastasis model80 or wild-type (WT) age-matched 
FVB/N control mice. In this latter model, KEP tumor fragments of approximately 1 mm2 were 
orthotopically transplanted into 10 – 12-week-old female recipient WT FVB/N mice. These 
tumor pieces were allowed to grow out, then surgically removed at 100 mm2, after which 
mice are monitored until development of metastatic disease. Tumor sizes were measured 
twice weekly using calipers. For cKIT targeting studies, KEP tumors were transplanted as 
noted above and when tumors reached a size of 9 mm2, 100 µg anti-cKIT antibody (ACK2, 
Biolegend) was injected three times per week intraperitoneally (i.p.) until mastectomy. 
Animals were randomized at the beginning the treatment. Sample sizes were predetermined 
based on previous experience with this model15,60. Metastasis was scored in lungs by 
counting cytokeratin-8 (K8)-positive nodules in tissue sections of lungs and axillary lymph 
nodes (see below). Micrometastatic nodules containing <10 K8+ cells were not considered 
as metastasis, nodules with >10 cells and macrometastases were counted as metastasis. 
Mice were excluded from metastasis analysis when they succumbed to non-metastasis-
related causes, such as surgery-related death or death due to recurrence of primary tumors 
after surgery. Mice were kept in individually ventilated and open cages and food and water 
were provided ad libitum. 

Flow cytometry 
Tissues (lungs and spleens) were collected in PBS and blood in heparin-containing tubes. 
Lungs were mechanically chopped using a McIlwain tissue chopper (Mickle Laboratory 
Engineering), followed by digestion for 30 minutes (min) at 37°C in Liberase TM (Roche). 
Enzyme reactions were stopped by addition of cold DMEM/8% Fetal Calf Serum (FCS) and 
suspensions were dispersed through a 70 µm cell strainer. Spleens were mashed through 
a 70 µm cell strainer to generate single cell suspensions. Lungs, spleen and blood were 
treated with NH4Cl erythrocyte lysis buffer twice for 5 min at room temperature (RT). Before 
staining, cell suspensions were subjected to Fc receptor blocking (rat anti-mouse CD16/32, 
BD Biosciences) for 15 min at 4°C. Cells were stained with conjugated antibodies for 30 min 
at 4°C in the dark in PBS/0.5% BSA. The following antibodies were used in the experiments: 
CD45-eFluor 605NC (1:50; clone 30-F11, eBioscience), CD11b-eFluor 650NC (1:400; clone 
M1/70, eBioscience), Ly6G-AlexaFluor 700 (1:400; clone 1A8, Biolegend), Ly6C-eFluor 450 
(1:400; clone HK1.4, eBioscience), cKIT-PE-Cy7 (1:400; clone 2B8, eBioscience). 7AAD 
(1:20, eBioscience) was added to exclude dead cells. 

To measure nitric oxide (NO) production, white blood cells from blood of KEP or WT 
mice were stained for cell surface proteins (anti-Ly6G-APC (clone 1A8, 1:200, eBioscience/
ThermoFisher), anti-CD11b-APC-Cy7 (clone M1/70, 1:400, eBioscience/ThermoFisher), anti-
cKIT-PE (clone 2B8, 1:200, eBioscience/ThermoFisher)), washed, followed by incubation of 
with 1 µM DAF-FM diacetate molecular probe (Invitrogen/ThermoFisher) per 1 x 106 total 
blood cells for 30 min at 37°C and 15 min de-esterification. Where indicated, cells were pre-
treated for 1 h with 0.5 mM iNOS inhibitor L-NG-monomethyl-arginine (L-NMMA, Sigma). All 
experiments were performed using a BD LSR II flow cytometer using Diva software. Data 
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analyses were performed using FlowJo Software (version 9.9). 

RNA isolation and RT-qPCR
RNA from sorted total neutrophils or cKIT+ and cKIT– neutrophils from lungs, spleen and blood 
from KEP and WT mice was isolated using TRIzol and phenol-chloroform extraction, followed 
by treatment with DNase I (Invitrogen). RNA concentration and quality were measured with 
a 2100 Bioanalyzer from Agilent. RNA was converted to complementary DNA (cDNA) with 
an AMV reverse transcriptase using Oligo(dT) primers (Invitrogen). cDNA (20 ng per well) 
was analyzed by SYBR green real-time PCR with 500 nM primers using a LightCycler 480 
thermocycler (Roche).  The following primer sequences were used: 
Nos2 forward (FW): 5’-GTTCTCAGCCCAACAATACAAGA-3’, Nos2 reverse (RV): 5’-GTGGA
CGGGTCGATGTCAC-3’, Prok2 FW: 5’-CTTCGCCCTTCTTCTTTCCT-3’, Prok2 RV: 5’-GCATGT
GCTGTGCTGTCAGT-3’, S100a8 FW: 5’-TGAGCAACCTCATTGATGTCTACC-3’, S100a8 RV: 
5’-ATGCCACACCCACTTTTATCACC-3’, S100a9 FW: 5’-GAAGAAAGAGAAGAGAAATGAAG
CC-3’, S100a9 RV: 5’-CTTTGCCATCAGCATCATACACTCC-3’. As a reference gene, 
b-actin (Actb) was used, with FW: 5’- CCTCATGAAGATCCTGACCGA-3’ and RV: 
5’-TTTGATGTCACGCACGATTTC-3’. Fold change in expression was calculated using  
2–(ΔCt.gene x – average[ΔCt.control]). 

ImageStream analysis
To analyze the nuclear morphology of circulating neutrophils, blood cells were isolated 
from transgenic KEP mice bearing 100 mm2 tumors and WT age-matched controls and 
processed as described above and subsequently labeled with anti-Ly6G-FITC (clone 
1A8, 1:200, eBioscience/ThermoFisher) and anti-cKIT-PE (clone 2B8, 1:200, eBioscience/
ThermoFisher)). Cell-permeable DRAQ5 (ThermoFisher, 1:1000) was used to stain nuclei 
and DAPI was used to exclude dead cells. Next, cells were analyzed on an ImageStreamX 
Mark II imaging flow cytometer (Merck) and nuclear morphology was analyzed using IDEAS 
V6.2 Software (Merck) by training the software to distinguish segmented and non-segmented 
nuclei. Samples from WT mice, which do not contain cKIT+ neutrophils in blood, were used to 
gate for cKIT expressing neutrophils and normalize nuclear morphology data.  

Mass spectrometry
Total neutrophils were isolated from blood and lungs of from transgenic KEP mice bearing 
100 mm2 tumors or WT age-matched control mice by magnetic activated cell sorting 
(MACS) using anti-Ly6G-APC primary antibodies (eBioscience/ThermoFisher) and anti-APC 
beads (Miltenyi Biotec). cKIT+ and cKIT– neutrophils were isolated from blood and lungs of 
transgenic KEP tumor-bearing or WT control mice by fluorescence activated cell sorting 
(FACS) using the following antibodies: anti-CD11b-APC, anti-Ly6G-FITC anti-cKIT-PE and 
7AAD to exclude dead cells. Tissues were prepared as described above. Cells were washed 
once in PBS and snap-frozen. 

Neutrophil cell pellets were lysed and proteins were reduced and alkylated by heating 
at 95°C for 5 min in lysis buffer (1% SDC, 10 mM TCEP, 40 mM chloroacetamide, 100mM Tris 
pH 8.5). Lysates were tip sonicated, cell debris was pelleted and supernatants were diluted 
10 times with 50 mM ammonium bicarbonate containing Lys-C (Wako; 1:75) and trypsin 
(Sigma; 1:50). Proteins were digested overnight at 37°C. After acidification (1% TFA), digests 
were desalted on a Sep-Pak C18 cartridge (Waters, Massachusetts, USA). Peptides were 



200

Chapter 8

vacuum dried and stored at -80°C until LC-MS/MS analysis.
Peptides were reconstituted in 2% formic acid and analyzed by nanoLC-MS/MS on an 

Orbitrap Fusion Tribrid mass spectrometer equipped with an Easy-nLC1000 system (Thermo 
Scientific). Samples were directly loaded onto the analytical column (ReproSil-Pur 120 C18-
AQ, 2.4 μm, 75 μm × 500 mm, packed in-house). Solvent A was 0.1% formic acid/water and 
solvent B was 0.1% formic acid/80% acetonitrile. Peptides were eluted from the analytical 
column at a constant flow of 250 nl/min. For single-run proteome analysis, a 4h gradient 
was employed containing a linear increase from 5% to 35% solvent B, followed by a 15-min 
wash. The mass spectrometer was run in top speed mode with 3 s cycles. Survey scans of 
peptide precursors from m/z 375-1500 were performed at 120K resolution with a 4 x 105 
ion count target. Tandem MS was performed by quadrupole isolation at 1.6 Th, followed by 
HCD fragmentation with normalized collision energy 33 and ion trap MS2 fragment detection. 
The MS2 ion count target was set to 104 and the max injection time was set to 100 ms. Only 
precursors with charge state 2-6 were sampled for MS2. Monoisotopic precursor selection 
was turned on; the dynamic exclusion duration was set to 60s with a 10 ppm tolerance 
around the selected precursor and its isotopes. 

RAW files were analyzed with label-free quantification (LFQ) using MaxQuant (version 
1.5.0.30)81 using standard settings. Spectra were searched against the mouse Swissprot 
database (release 2016_02); trypsin was chosen as cleavage specificity allowing two missed 
cleavages; carbamidomethylation (C) was set as fixed modification, whereas oxidation (M) 
and protein N-terminal acetylation were set as variable modifications. The MaxQuant output 
file containing LFQ abundances was loaded into Perseus (version 1.5.0.31)82. Abundances 
were Log2-transformed and the proteins were filtered for at least three out of four valid values 
in one condition. Missing values were replaced by imputation based on the standard settings 
of Perseus, i.e. a normal distribution using a width of 0.3 and a downshift of 1.8. Differential 
proteins were determined using a two-sided Student’s t-test (threshold: p < 0.05 and [x/y] > 
1 | [x/y] < -1).
	  
Immunohistochemistry
Formalin-fixed tissues were processed by routine procedures by the NKI Animal Pathology 
Facility. 4 µm sections were stained using anti-cytokeratin 8 (clone Troma 1, DHSB University 
of Iowa). Citrate buffer was used for antigen retrieval. Lungs and axillary lymph nodes were 
analyzed for presence of metastatic nodules by assessing cytokeratin-8-positive cancer 
cells by three independent researchers.

Statistics
Statistical analyses were performed using GraphPad Prism (version 8) using statistical tests 
indicated in the figure legends. Generally, comparison of two groups was performed using 
Mann-Whitney test, Student’s t-test or c2 test, more than two group were compared using 
one-way ANOVA, tumor growth curves were analyzed comparing the area under the curve 
(AUC) followed by t-test. All statistical tests were two-tailed. Differences with P < 0.05 were 
considered statistically significant. Heatmap generation and principal component analysis 
were performed using Qlucore Omics Explorer (version 3.5). Gene ontology analysis 
of differentially expressed proteins was performed using GO enrichment analysis (http://
geneontology.org)83,84 for up- and down-regulated biological processes (Mus musculus) 
separately.
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Supplemental Data

Supplemental Figure 8.1. Gene ontology analysis of differentially expressed proteins in 
neutrophils from blood and lung. a, b. Gene ontology (GO) term analysis showing top enriched 
pathways of differentially expressed proteins comparing blood neutrophils (a) and lung neutrophils (b) 
from KEP and WT mice. c. GO term analysis of differentially expressed showing top enriched pathways 
between blood and lung neutrophils in WT mice. d – f. GO term analysis of differentially expressed 
showing top enriched pathways between cKIT+ and cKIT– neutrophils from blood (d) and lung (e) and 
comparing cKIT+ neutrophils from blood and lung (f), isolated from KEP mice. 
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Supplemental Figure 8.2. ACK2-mediated targeting of cKIT signaling does not lead to depletion 
of cKIT+ cells from circulation. a. Frequency of all cKIT-expressing cells (% of total live cells), total 
neutrophils (% CD11b+Ly6G+Ly6Clow of total live cells) and cKIT-expressing neutrophils (% of cKIT+ of 
total live CD11b+Ly6G+Ly6Clow cells) in blood of mice bearing 50 mm2 tumors measured 24 hours after 
treatment (n=4/group). b. Histogram showing the difference in cKIT expression on CD45– cells and 
neutrophils in an untreated KEP tumor, with median fluorescence intensity (MFI) indicated (n=3/group). 
All data are ± S.E.M.; * P < 0.05, ** P < 0.01, as determined by two-sided Mann-Whitney test (a) or 
Student’s t-test (b).
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