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ABSTRACT 
Clonal hematopoiesis of indeterminate potential (CHIP), an aging-related clonal expansion of hematopoietic cells 
carrying leukemia-associated mutations in the absence of hematologic malignancies, increases the risk of lung 
cancer1,7. To investigate how CHIP alters the lung immune microenvironment to drive non-small cell lung cancer 
(NSCLC) initiation and progression, we used organoid assays that isolated alveolar and interstitial macrophage 
paracrine signaling and modeled EGFR-mutant NSCLC alongside TET2-mutant CHIP in vivo. Macrophage-derived 
secretions were found to promote organoid initiation, with IL-1β having a positive, concentration-dependent effect 
on organoid formation, as well as proportional suppression by IFN-γ. In an in-vivo model of CHIP in NSCLC 
tumor-bearing animals, lung tissue exhibited a more aggressive, spatially disperse EGFR+ architecture, as well as an 
associated decrease in alveolar macrophages and an expansion of bone marrow-derived myeloid populations. These 
findings demonstrate CHIP-associated modulation of the lung immune TME in both initiation and progression 
settings, implicating myeloid signaling pathways in the study and treatment of NSCLC. 
 
I. INTRODUCTION 
 
Clonal hematopoiesis of indeterminate potential (CHIP) is an age-associated condition driven by the clonal 
expansion of hematopoietic cells carrying somatic, leukemia-associated mutations in the absence of hematologic 
malignancies1. Individuals with CHIP have a 30-40% increase in all-cause mortality2,3, with implications on several 
disorders of systemic inflammation4, including blood cancers and cardiometabolic and liver diseases1,3,5. CHIP has 
also been associated with increased incidence of solid cancers like non-small cell lung cancer (NSCLC)6,7. Globally, 
lung cancer is the most frequently diagnosed cancer and leading cause of cancer death8, but the mechanistic drivers 
in never-smokers remain poorly understood: CHIP is an emerging candidate.  
​
CHIP is defined by a 2% variant allele fraction (VAF) of a mutant gene9, most commonly one of three epigenetic 
regulator genes: DNMT3A, TET2, and ASXL12. Mutant hematopoietic stem and progenitor cells (HSPCs) with loss 
of function in these genes are more proliferative than wild-type stem cells and expand within the bone marrow 
niche, increasing hematopoiesis into myeloid lineages3,10. Contributing to a hyperinflammatory environment, the 
frequently mutated TET methylcytosine dioxygenase 2 (TET2) gene has been shown to drive elevated IL-1β levels, 
as well as increased chemokine expression and inflammasome activation, in myeloid cells2,11.  
 
The progeny of TET2-mutant HSPCs are known modulators of the immune and tumor microenvironment in 
NSCLC4, with both paracrine secretions and direct contact signaling promoting tumorigenesis12,13. Notably, CHIP 
myeloid cells—most abundantly, macrophages—localize near malignant cells and infiltrate tumor cores at an 
increased density as compared to wild-type controls14. More specifically, recent studies have revealed the 
preferential migration of TET2-mutant monocytes toward cancer cells and accumulation as CD11b+ 

 



 
 

monocyte-derived macrophages12. Further work is necessary to understand how myeloid localization and the broader 
immune tumor microenvironment (TME) mechanistically promote lesion growth.  
 
CHIP has also been investigated in the context of exogenous inflammatory insults, suggesting a “two-hit” model of 
NSCLC initiation15. For instance, lipopolysaccharide (LPS) stimulation promotes TET2-mutant macrophage release 
of IL-1β by priming inflammasomes and enhancing IL-1β gene expression with respect to wild-type control cells16. 
In the study of never-smoking human NSCLC, a well-recognized inflammatory agent is particulate matter (PM2.5) 
air pollution17. Long-term PM2.5 exposure is associated with NSCLC incidence, attributed to the influx of 
proinflammatory macrophages releasing IL-1β and subsequent induction of a progenitor state in EGFR-mutant 
alveolar type II (AT2) cells18. The addition of CHIP may exacerbate these findings. In an analysis of never-smoking 
patients living in above-median PM2.5 levels, CHIP is associated with a 3-fold higher risk of NSCLC, as well as 
heightened markers of inflammation; however, ambient PM exposure is not independently predictive of CHIP17. 
Functional in-vitro and in-vivo studies will help better understand the PM2.5-CHIP interplay in the initiation of 
NSCLC.   
 
Here, we examine the effect of TET2-mutant clonal hematopoiesis, a critical lung cancer risk factor, on 
EGFR-driven NSCLC initiation and progression. Primary AT2 organoid assays serve as a model of tumor initiation; 
indirect co-cultures with TET2-mutant alveolar macrophages (AMs) and interstitial macrophages (IMs), as well as 
direct supplementation with cytokines, provide insight into the protumorigenic capacity of immune paracrine 
signaling in the presence or absence of PM2.5 stimulation. To model long-term effects of CHIP on tumor growth, 
wild-type and TET2-knockout bone marrow cells are also transplanted into tumor-bearing mice, assessing how 
TET2-mutant immune cells alter EGFR+ architecture and compartmentalization of the immune TME. 
 
II. MATERIALS AND METHODS 
 
A. Mice 
All animal regulated procedures were approved by the Francis Crick Institute Biological Research Facility Strategic 
Oversight Committee, incorporating the Animal Welfare and Ethical Review Body, conforming with UK Home 
Office guidelines and regulations under the Animals (Scientific Procedures) Act 1986, including Amendment 
Regulations 2012. Animals were housed in individually ventilated cages with unlimited access to food and water 
and a 12-hour light cycle.  

 



 
 

Figure 1. Mouse model schematics 
A. Diagram describing IM and AM isolation from mice exposed to a single-dose of clodronate liposomes and 
transplanted with wild-type or TET2-mutant bone marrow cells, followed by indirect organoid co-culture with 1:5 
AT2 cells and fibroblasts.  
B. Diagram depicting a tumor-bearing, EGFR-driven NSCLC mouse model. Details PEG-clodronate depletion of 
circulating and tissue-resident myeloid cells, causing an emergency cascade of granulopoiesis, and subsequent 
wild-type or 1:2 wild-type:TET2-knockout HSPC transplant. 
Graphics designed in BioRender. 
 
For IM and AM organoid co-culture assays, phagocytic immune cells were depleted in C57Bl/6 mice (N=5) via a 
single intraperitoneal dose of PEG-clodronate liposomes (Figure 1A). 2 days post-depletion, the mice underwent a 
lineage-negative transplant of wild-type or TET2-knockout bone marrow (BM) cells. Facilitating engraftment and 
long-term chimerism of IMs and AMs in non-tumor-bearing animals, lungs were subsequently harvested 8 months 
after the adoptive transfer. Alveolar and interstitial lung macrophages were FACS-sort purified from the lungs, 
identified by CD3-, CD19-, Ter119-, Ly6C-, Ly6G-, CD64+, and MertK+, with alveolar macrophages designated as 
CD11c+ and CD11b- and interstitial macrophages as CD11c- and CD11b+. Wild-type and TET2-knockout donor 
chimerism among IMs and AMs was determined by the proportion of CD45.1+ or CD45.2+ cells in each subset. 
 
In a parallel mouse cohort, Cre-mediated recombination of the EGFR-L858R oncogene was initiated by intratracheal 
instillation of Ad5-SPC-Cre (2.5 x 108 virus particles per 50μl) in female Rosa26LSL-tTa/LSL-tdTomato;TetO-EGFRL858R 

mice (N=8) (Figure 1B). 20 weeks later (when small tumors were expected to be established in all animals), the 
mice were administered a single dose of PEG-clodronate liposomes (200μl IV per mouse), followed by the adoptive 
transfer of 2M lineage-negative BM cells from wild-type animals or a 1:2 mixture from wild-type and 
TET2-knockout animals. The expression of congenic markers identified wild-type (CD45.1.2) and TET2-knockout 
(CD45.1) donor-derived hematopoietic cells, distinguishing them from recipient-derived (CD45.2) cells in FACS 
analysis of peripheral blood 12 weeks post-transfer. 13 weeks after the BM transfer (33 weeks after oncogene 
induction), the transplanted, tumor-bearing animals were sacrificed, and lungs were harvested, fixed in 10% NBF for 
24 hours, and embedded in paraffin. 7µm lung sections were immunostained with CD3, CD11b, CD68, Ly6G, 
EGFRL858R, CD31, and Dapi to identify T cells (CD3+), monocytes (CD11b+, CD68-, Ly6G-), neutrophils 
(CD11b+, Ly6G+, CD68-), alveolar macrophages (CD68+, CD11b-), interstitial macrophages (CD68+, CD11b+), 
tumor cells (EGFR+), and blood vessels (CD31+). 
 
B. Primary AT2 Isolation and Organoid Initiation Assays 
AT2 cells were isolated from CCSP-rtTa;TetO-EGFRL858R animals by FACS sorting CD45-, Ter119-, CD31-, 
EpCam+, CD49f-, and MHC II + cells from digested lung single-cell suspension. AT2 cells were combined with 
normal human lung fibroblasts (NHLF cell line obtained from Crick Cell services) at a 1:5 ratio in 3D media 
(DMEM/F-12 (1:1) (1X), 10% heat-inactivated Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% 
Insulin-Transferrin-Selenium, 1µg/mL Doxycycline) and mixed with growth factor reduced (GFR) matrigel (1 
volume cell suspension in 3D media:1 volume GFR matrigel). Containing 5,000 AT2 cells and 25,000 fibroblasts, 
100μl were plated on the upper chamber of a 0.4µm transwell in a 24-well plate. Doxycycline was added in the GFR 
matrigel cell suspension and media at the bottom of the transwell chamber at 1μg/mL to induce and maintain 
expression of the EGFR L858R oncogenic mutation throughout the experiment. Media was half-changed every 2-3 
days.  
 
In some experiments, 50,000 AMs or 50,000 IMs (donor+recipient-derived) were plated in the bottom chamber of 
the transwells (Figure 1A). To create an Air-Liquid-Interface (ALI), 600µl of RPMI 1640 (1x) + GlutaMAX media 
supplemented with 10% heat-inactivated FBS, 1% Penicillin/Streptomycin and 30ng/ml mGM-CSF, 10ng/ml 
hTGFb1, 1μM Rosiglitazone, and 1μg/mL Doxycycline was added to the bottom chamber of the transwell. All IM 

 



 
 

cultures were administered a single treatment of 12.5μg/mL PM2.5; AM cultures received either PBS or a single 
treatment of 12.5μg/mL PM2.5. On day 14, representative ROI images of the IMs were captured on the Zeiss 
Observer Z1, followed by harvest and counting on day 17. Representative ROI images of the AMs were also 
captured on the Observer microscope on day 14, followed by same-day harvest and counting on day 14 (Figure 2). 
All organoid-containing transwells were transitioned to fresh wells with 3D organoid media only on day 14 through 
day 17 to facilitate expansion of small cell clusters (Figure 2). The organoids were imaged with the Observer 
microscope, and organoid number was quantified on QuPath v0.6.0.  
 

Figure 2. IM and AM organoid co-culture schematics   
Diagram describing IM and AM indirect co-culture harvest and imaging timelines. 
Graphics designed in BioRender. 
 
In further experiments, the described AT2-fibroblast transwells were plated in 600µl of 3D media and titrated 
concentrations of IL-1β (no IL-1β, 2pg/mL, 20pg/mL, 200pg/mL, 2ng/mL), in either the absence or presence of 
10ng/mL IFN-γ. Organoid cultures were imaged with the Zeiss Observer Z1 on day 14, and organoid number was 
quantified on QuPath v0.6.0.  
 
C. QuPath Image Analysis Pipeline 
The multiplex immunofluorescent lung section images were processed and analyzed in QuPath v0.6.0 (Figure 3). To 
quantify the total tissue area, mean intensity thresholding was applied across all channels, excluding airspace and 
other artifacts. Then the built-in QuPath cell detection feature was applied to the mean DAPI channel with a 5µm 
expansion, detecting the cells in each lung section. To more specifically classify cell detections as stroma, tumor, or 
5 immune subtypes (AMs, IMs, neutrophils, T cells, monocytes), a built-in QuPath AI object classifier was trained 
on manual annotations across several samples and then validated on a separate cohort of the multiplex fluorescent 
images.  

 

 



 
 

Figure 3. QuPath image analysis pipeline 
Schematic of tissue area detection and cell classification QuPath pipeline for multiplex immunofluorescent lung 
sections. 
Graphic designed in BioRender. 
 
To compare the immune TMEs in distinct regions of tumor and tissue morphology, the lung sections were manually 
annotated on the basis of EGFR+ architecture (Figure 4A). All high-density, EGFR+ lesions with explicit borders 
were classified as either Compact A or Compact B. Compact A lesions are defined by a lack of breakout and a 
continuous EGFR+ border; Compact B borders are not fully continuous and may contain breakout regions. Three 
representative regions, of similar cross-sectional area to the Compact A and B lesions, were also annotated in each 
sample to characterize EGFR+ Disperse regions and Non-EGFR+ regions. To further refine TME analysis, an 
invasive margin was also annotated as the 75µm region spanning a 50µm external extension and a 25µm internal 
extension from the original lesion annotation (Figure 4B). 

 



 
 

Figure 4. EGFR+ architecture classification; margin annotation 
A. Representative immunofluorescent images depicting EGFR+ architecture classifications: Compact A, Compact 
B, Disperse, Non-EGFR+. Compact A, Disperse, Non-EGFR+ scale bar is 100µm. Compact B scale bar is 200µm.  
B. Representative immunofluorescent image of margin annotation, composed of a 50µm external extension and a 
25µm internal extension from the original lesion annotation. Scale bar is 100 µm. 
 
D. Statistical Analysis 
All statistical analyses were performed using GraphPad Prism Version 11.0.2 (100). For two-condition comparisons, 
t-tests were used; for multi-condition comparisons, two-way analysis of variance (ANOVA) was performed, 
followed by Tukey post-hoc tests to compare group means. Data is presented as the mean with the standard error of 
the mean, and p-values of 0.05 or less were considered statistically significant.  
 
III. RESULTS 
 
A. IL-1β drives AT2 organoid outgrowth; attenuated by IFN-γ co-treatment  

Figure 5. Effect of  IL-1β concentration gradient and IFN-γ treatment on organoid formation 
efficiency 
A. Quantification of OFE along an IL-1β gradient with or without 10ng/mL IFN-γ. One-way ANOVA, post-hoc 
Tukey. 
B. Correlation between IL-1β concentration and corresponding OFE along IL-1β only and IL-1β + 10ng/mL IFN-γ 
titrations. Simple linear regression. 
C. Representative brightfield, whole-well images of organoids exposed to an IL-1β gradient in the absence or 
presence of 10ng/mL IFN-γ. Scale bar is 1mm. 
Error bars indicate mean ± SEM.  

 



 
 

In primary AT2 organoid models, organoid formation efficiency (OFE)—number of organoids per well divided by 
5,000 plated AT2 cells x 100—was compared along an IL-1β gradient and replicate samples treated with 10ng/mL 
IFN-γ (Figure 5A) (One-way ANOVA F(5,10)=5.596, p=0.0022, η2=0.7825). Increasing IL-1β concentration 
generally promoted organoid formation, with the presence of IFN-γ numerically suppressing OFE and organoid 
outgrowth; notably, the average OFE of the 20pg/mL IL-1β samples was significantly elevated with respect to the 
20pg/mL IL-1β + 10ng/mL IFN-γ samples (p=0.0124). Figure 5B further illustrates a positive correlation between 
IL-1β concentration and OFE. Although the linear regression of IL-1β only lacked statistical significance 
(p=0.1705), IL-1β + 10ng/mL IFN-γ exhibited an increase in OFE with IL-1β concentration (F(1,10)=2.181, 
p=0.0085, η2=0.5165). These phenotypes are also reflected in the brightfield, whole-well images in Figure 5C.  
 
B. TET2 mutations promote IM-associated organoid growth and confer proliferative advantage in 
macrophages 
The IMs and AMs plated in the indirect organoid co-cultures were harvested from recipient mice of wild-type or 
TET2-mutant BM transplants. To ask whether TET2-mutant HSPCs had a proliferative advantage in vivo, Figure 6A 
exhibits the percent donor chimerism of the harvested immune cells quantified by FACS analysis of congenic 
markers (One-way ANOVA F(3,6)=269.4, p<0.0001, η2=0.993). The TET2-mutant lung macrophage compartment 
had greater expansion of donor BM cells as compared to wild-type in both AMs (p<0.0001) and IMs (p<0.0001).  
 
Figure 6B shows a marked OFE increase in the PM-exposed TET2-mutant IM co-culture with respect to the 
PM-exposed control (p<0.0001) and PM-exposed wild-type IM (p<0.0001) conditions (One-way ANOVA 
F(3,7)=248.4, p<0.0001, η2=0.9907). Figure 6C similarly displays the OFE of the AM co-cultures; while mean and 
fold-change comparison between the wild-type and TET2-mutant samples lacked statistical significance, the 
addition of AMs significantly increased organoid formation as compared to PBS and PM controls (One-way 
ANOVA F(5,10)=14.66, p=0.0002, η2=0.8799). On day 14, the plated IMs and AMs were imaged (Figure 6D), with 
greater expansion observed in the TET2-mutant IMs. On day 17 and day 14, IMs and AMs, respectively, were 
harvested and counted to assess yield from the 50,000 macrophages originally plated. TET2-mutant IMs had a 
significantly higher yield compared to wild-type (t(3)=8.662, p=0.0032, η2=0.962) (Figure 6E). Although not 
statistically significant, TET2-mutant cultures yielded higher AM expansion in both PBS and PM conditions as 
compared to wild-type, with PM exposure resulting in a lower yield across both genotypes (One-way ANOVA 
F(9,13)=2.486, p=0.0663, η2=0.6325) (Figure 6F). 

 



 
 

Figure 6. Organoid growth in AT2 indirect co-cultures; interstitial and alveolar macrophage 
expansion 
A. Comparison of donor chimerism in lung IM and AM compartment of recipient mice after transplant of wild-type 
or TET2-mutant BM cells. One-way ANOVA, post-hoc Tukey. 
B. LEFT: Representative brightfield, whole-well organoid images of PM control and indirect co-cultures with 
PM-exposed wild-type IMs and PM-exposed TET2-mutant IMs. Scale bar is 1mm. RIGHT: Quantification of OFE 
in AT2 organoids following co-culture with PM-exposed wild-type and TET2-mutant IMs. One-way ANOVA, 
post-hoc Tukey. 
C. LEFT: Representative brightfield, whole-well organoid images of PBS- or PM-stimulated control and wild-type 
and TET2-mutant AM co-cultures. Scale bar is 1mm. RIGHT: Quantification of OFE in AT2 organoids following 
co-culture with PBS- or PM-exposed wild-type and TET2-mutant AMs. Connection lines link AMs from the same 
mouse. * denotes p<0.05 statistical significance to both the PBS control and the PM control. One-way ANOVA, 
post-hoc Tukey. 
D. LEFT: Representative brightfield images of wild-type and TET2-mutant IMs exposed to 12.5μg/mL PM2.5 before 
harvest. Scale bar is 400µm. RIGHT: Representative brightfield images of wild-type and TET2-mutant AMs 
exposed to PBS or 12.5μg/mL PM2.5 before harvest. Scale bar is 400µm.  
E. Quantification of IM yield (IMs/mL) in wild-type and TET2-mutant co-cultures exposed to PM. t-test. 
F. Quantification of AM yield (AMs/mL) in wild-type and TET2-mutant co-cultures exposed to PBS or PM. 
One-way ANOVA, post-hoc Tukey.  
Error bars indicate mean ± SEM.  
 
C. TET2-mutant bone marrow transplantation alters EGFR+ tumor architecture 
In the in-vivo model of CHIP in NSCLC tumor-bearing animals, tumor burden was quantified as the density of 
EGFR+ cells per mm2 (Figure 7A). TET2-mutant lung sections displayed a numerically higher EGFR+ density 
compared to wild-type controls, but this difference was not statistically significant (Welch’s t(3.64)=1.78, p=0.157, 
η2=0.47). Unlike the wild-type samples, the TET2-mutant condition exhibited intra-cohort variability, with high 
(red) and low tumor burden (green) phenotypes observed and annotated accordingly.  
 
Based on heterogeneity in tumor lesion morphology, EGFR+ architecture (Compact A, Compact B, Disperse, 
Non-EGFR+) was also compared between wild-type and TET2-mutant samples. In Figure 7B, the cross-sectional 
area of the lesions is markedly higher in Compact B than Compact A (t(29.92)=3.21, p=0.0031, η2=0.257). 
Additionally, differences were observed in the EGFR+ architecture and composition across BM transplant 
genotypes. Despite lacking statistical significance at n=4 sample size, TET2-mutant samples trended toward a lower 
proportion of Compact A cells (1.31% vs. 30.7% in wild-type) and a higher proportion of disperse cells (74.2% vs. 
50.5% in wild-type) (Figure 7C). Figure 7D provides representative images of the annotated lung sections, 
illustrating lesion size and composition across wild-type and TET2-mutant (low and high tumor burden) samples. 

 



 
 

 
Figure 7. Morphological characterization of EGFR+ tumor burden 
A. Quantification of tumor burden measured as EGFR+ cells per mm2 in single-lobe wild-type and TET2-mutant 
lung sections. Data points stratified into high tumor burden (red) and low tumor burden (green) status. ns = not 
significant. t-test. 
B. Lesion EGFR+ cross-sectional area (mm2) for all distinct Compact A and Compact B annotations. t-test. 
C. Stacked bar graph illustrating the averaged proportion of EGFR+ cells in Compact A, Compact B, and Disperse 
regions across wild-type and TET2-mutant samples. 
D. Representative immunofluorescent, whole-lobe lung sections of wild-type and low and high tumor burden 
TET2-mutant samples. Compact A lesions outlined in red; Compact B outlined in cyan. Scale bar is 1mm. 
Error bars indicate mean ± SEM.  
 
D. TET2 mutations modify myeloid compartment and spatially exclude alveolar macrophages   
Multiplex fluorescent staining of lung sections facilitated classification of 5 distinct immune cell populations (AMs, 
IMs, T cells, monocytes, and neutrophils), excluding B cells and T cell subtypes. The distribution of the lung 
immune myeloid and T cell compartment by cell count is visualized in Figure 8A, with the myeloid distribution 
independently isolated in Figure 8B. While further analysis of these patterns occur later in Section D, TET2-mutant 
samples exhibited a reduction in the proportion of AMs across all regions, as well as expanded populations of 
monocytes and IMs. The TME was also notably T cell “cold” since T cells composed less than 25% of the lung 
immune population identified by the QuPath image analysis pipeline. 

 



 
 

 
Investigating the localization of alveolar macrophages, Figure 8C compares the AM density (quantified as the 
number of CD68+ and CD11b- cells per mm2) in Compact A lesion cores and margins to representative Disperse 
and Non-EGFR+ regions (One-way ANOVA F(7,69)=20.53, p<0.0001, η2=0.6756). Both the interior and margin of 
the wild-type lesions had an elevated AM density with respect to the TET2-mutant interior (p=0.0010) and margin 
(p=0.0142). Fold change between the margin and interior of each lesion was also averaged; albeit nonsignificant, 
TET2-mutant lesions had a higher fold change mean of 1.653 compared to 0.9645 in wild-type, suggesting an 
AM-excluded pattern (t(2.040)=0.8804, p=0.4700, η2=0.2754). Furthermore, in the wild-type mice, AM 
accumulation decreased in lesion-adjacent Disperse and Non-EGFR+ regions, representing an AM border 
surrounding the Compact A wild-type tumors. Similar trends persisted in the Compact B lesions (One-way ANOVA 
F(7,99)=13.89, p<0.0001, η2=0.4955) (Figure 8D), with the AM density respectively greater in the interior 
(p<0.0001) and margin (p=0.0002) of the wild-type lesions as compared to the TET2-mutant samples. Alluding to 
AM exclusion in TET2-mutant lesions, the margin to interior fold change was also significantly higher in the 
TET2-mutant condition (2.038) than the wild-type condition (1.207) (t(26.13)=3.535, p=0.0015, η2=0.3236). 
Additionally, an AM border was indicated in both wild-type and TET2-mutant Compact B lesions due to the 
significantly higher accumulation of AMs in the lesion margin with respect to the surrounding Non-EGFR+ regions. 
Figure 8E illustrates the described differences in AM density across the annotated regions. 

 



 
 

 

 



 
 

Figure 8. Immune TME compartmentalization and spatial heterogeneity in tumor-bearing 
lung sections 
A. Stacked bar graph representing the proportions of immune subtypes, by raw cell count, in the lung immune 
myeloid and T cell compartments. Isolated into wild-type and TET2-mutant samples across the annotated regions: 
Compact A and B interior and margin, Disperse, and Non-EGFR+. 
B. Stacked bar graph representing the proportions of immune subtypes, by raw cell count, in the lung immune 
myeloid compartment only. Isolated into wild-type and TET2-mutant samples across the annotated regions: 
Compact A and B interior and margin, Disperse, and Non-EGFR+. 
C. Quantification of AM density (number of CD68+ and CD11b- cells per mm2) in the interior and margin of 
wild-type and TET2-mutant Compact A lesions, as well as representative Disperse and Non-EGFR+ regions. Data 
points represent individual lesion annotations; connecting lines match lesion interior to its margin. ** indicates 
statistical significance (p<0.05) to both wild-type Compact A interior and margin. One-way ANOVA, post-hoc 
Tukey. 
D. Quantification of AM density in the interior and margin of wild-type and TET2-mutant Compact B lesions, as 
well as representative Disperse and Non-EGFR+ regions. Data points represent individual lesion annotations; 
connecting lines match lesion interior to its margin. ** indicates statistical significance (p<0.05) to both wild-type 
Compact B interior and margin. * indicates statistical significance (p<0.05) to the wild-type or TET2-mutant 
Compact B margin, respectively. One-way ANOVA, post-hoc Tukey. 
E. Representative fluorescent images of wild-type and TET2-mutant Compact A, Compact B, Disperse, and 
Non-EGFR+ regions, with overlay indicating AMs present in the lung section. White borders represent the internal 
and external bounds of the annotated margins. Scale bar is 100µm.   
F. Measure of neutrophil density (number of Ly6G+, CD11b+, and CD68- cells per mm2) across wild-type and 
TET2-mutant samples in Compact A and B lesion interiors. One-way ANOVA, post-hoc Tukey. 
G. Measure of IM density (number of CD68+ and CD11b+ cells per mm2) across wild-type and TET2-mutant 
samples in Compact A and B lesion interiors. One-way ANOVA, post-hoc Tukey. 
H. Measure of monocyte density (number of CD11b+, Ly6G-, and CD68- cells per mm2) across wild-type and 
TET2-mutant samples in Compact A and B lesion interiors. One-way ANOVA, post-hoc Tukey. 
Error bars indicate mean ± SEM.  
 
Figures 8F-8H compare the area densities of wild-type and TET-2-mutant neutrophils (One-way ANOVA 
F(3,39)=0.061, p=0.9798, η2=0.0047), interstitial macrophages (One-way ANOVA F(3,39)=1.907, p=0.1445, 
η2=0.1279), and monocytes (One-way ANOVA F(3,39)=4.310, p=0.0032, η2=0.2490) in Compact A and B lesion 
interiors to investigate the compartmentalization of BM-derived immune cells. The densities were not significantly 

 



 
 

different between wild-type and TET2-mutant samples, but apart from the IMs in Compact B lesions, neutrophils, 
IMs, and monocytes had numerically elevated densities in the TET2-mutant lesions.  
 
IV. DISCUSSION 
 
Lung cancer, particularly in never-smokers, is no longer regarded as a simple accumulation of mutations. Ranging 
from immune TME changes to environmental exposures to aging, the drivers of NSCLC are multifaceted and justify 
further investigation12,19. CHIP has recently emerged as a risk factor for NSCLC6,7, and here, TET2-mutant CHIP is 
shown to enhance the proliferative capacity of lung macrophages and modify the immune TME composition and 
spatial organization, with trends toward impacting tumor growth. 
 
Mutated TET2 has been shown to upregulate macrophage IL-1β expression and secretion2,11, and exposure to an 
inflammatory stimulus, such as PM2.5, may enhance this effect. Therefore, we asked whether increasing IL-1β 
concentration also increased tumor growth, using primary AT2 organoid OFE as a proxy. Informed by preliminary 
Swanton Lab cytokine assays, AT2 organoid cultures were treated on an IL-1β concentration gradient. Although the 
positive correlation between IL-1β concentration and OFE was nonsignificant, the linear regression along the 
gradient achieved statistical significance in cultures supplemented with 10ng/mL IFN-γ. IFN-γ is a cytokine 
predominantly produced by activated T and natural killer (NK) cells with context-dependent protumoral or 
antitumoral effects on alveolar epithelial cells22. Current work in the Swanton Lab provides evidence for T cell 
responses in PM-exposed animals with EGFR-mutant AT2 cells, as well as IFN-γ activation of macrophage 
populations, but T cell upregulation of IFN-γ may also have a negative, cytotoxic effect on mutant-AT2 growth. In 
the primary AT2 organoid cultures, 10ng/mL IFN-γ treatment proportionally suppressed organoid OFE; however, 
increasing IL-1β concentration partially compensated for the IFN-γ-associated decrease in OFE, suggesting 
biological distinctions in how the cytokines regulate AT2 proliferation. 
 
Aligning with TET2 loss driving clonal expansion and myeloproliferation in-vivo, mouse recipients of TET2-mutant 
BM cells had elevated donor chimerism in the AM and IM immune compartments3,10,20. In addition to validating 
clonal hematopoiesis in vivo, indirect co-cultures of the plated IMs and AMs with primary AT2 organoids also 
modeled NSCLC tumor initiation and isolated the effects of immune secretions and paracrine signaling rather than 
cell-to-cell interactions between the plated immune cells and the AT2 cells and fibroblasts in the matrigel. Without 
the inclusion of immune cells, organoid outgrowth was limited in the PBS and PM controls; increases in OFE 
occurred upon the addition of either AMs or IMs. PM-exposed TET2-mutant IMs exhibited a significant increase in 
organoid formation respective to wild-type IMs. Due to harvest constraints, all IMs were treated with PM2.5, so 
experimental replicates are necessary to investigate PM-driven initiation effects. In the indirect AM assays, there 
was not clear wild-type versus TET2-mutant distinction, but higher OFE was numerically attributed to PM exposure, 
implying differences in AM activation with the addition of exogenous inflammatory stimulus.  
 
However, the experimental design of these co-cultures is a potential limitation; while all wells were plated with 
50,000 IMs or AMs, genotype-dependent expansion of the plated immune cells throughout the experiment may have 
affected secretion concentrations. For instance, PM-exposed TET2-mutant IMs expanded significantly more than 
PM-exposed wild-type controls in vitro, which corresponds to the OFE results. Albeit statistically insignificant and 
less pronounced than the IM case, TET2-mutant AMs were also more proliferative; additionally, 12.5μg/mL PM2.5 
exposure suppressed yield in both genotypes. Wei et al. describes the cytotoxic effects of PM2.5 treatment on AM 
viability, which may explain this modest decrease in expansion21. Interestingly, despite lower AM yield in the 
PM-treated wells, these samples still exhibited numerically higher OFE than PBS-treated AM controls. To 
contextualize the resultant differences in OFE, cytokine assays would be a suitable next step, as well as preparation 
of organoid assays that are indirectly and temporarily exposed to IMs and AMs to prevent expansion-associated 

 



 
 

OFE modulation. Furthermore, a shortened experimental duration may reduce final organoid count, improving the 
accuracy of OFE quantification. 
 
CHIP systemic impact on lung cancer was also approached from a progression perspective via the transplant of 
TET2-mutant BM cells into tumor-bearing mice. Here, the transplant of chimeric TET2-mutant HSPCs did not 
significantly augment tumor burden. A published KRAS model similarly observed no difference in burden23; 
however, the numerical trend toward increased TET2-mutant outgrowth and intra-cohort variability may instead 
reflect inconsistencies in the original tumor initiation method and artifacts of the small sample size (n=4). Upon 
definition and annotation of EGFR+ architectural subtypes, however, differences in lesion composition between 
wild-type and TET2-mutant samples were revealed. TET2-mutant samples were characterized by increased 
prevalence of Disperse EGFR+ regions and larger Compact B lesions, likened to a more advanced, aggressive, and 
proliferative state as compared to wild-type24.  
 
The wild-type and TET2-mutant immune compartmentalization within the lung tissue also differed. Of note, the 
immunostaining included neither B cells or T cell subtypes, which ought to be added in future experiments to more 
accurately represent the lung immune niche. Predominated by myeloid cells, the EGFR NSCLC model had a 
relatively T cell “cold” TME, without explicit localization to annotated regions of interest. Within the myeloid 
compartment, the TET2-mutant samples had lower proportions of AMs by cell count across all annotated regions, 
along with modest expansion of bone marrow-derived subtypes, such as IMs and monocytes. In part, this aligns with 
the findings of Pich et al., in which monocytes are recruited by lesions and aggregate as CD11b+ monocyte-derived 
IMs12. The current literature also describes the accumulation of tissue-resident alveolar macrophages near lesions 
during early tumor formation to stimulate epithelial-mesenchymal transition, followed by the redistribution of the 
AMs to the margin and an influx of monocyte-derived macrophages into the TME25. Not only does this correspond 
to the observed trends in immune composition, it reinforces the less advanced, less disperse EGFR+ architecture 
observed in the AM-rich, wild-type samples.  
 
The AM immune niche exhibited the most spatial variability in density. In both Compact A and B lesions, the 
TET2-mutant interior and margin had lower AM density with respect to wild-type, consistent with the lower raw cell 
count proportions in Figures 8A and 8B. While the exact mechanism for the decreased AM accumulation remains 
unclear, it suggests suppressed migration of AMs to lesions or competitive migration of other immune subtypes. 
Despite a lack of significant difference in neutrophils, interstitial macrophages, and monocytes between 
TET2-mutant and wild-type lesion interiors, there was a trend toward greater density in the TET2-mutant conditions 
(excluding Compact B IMs). Frequently characterized in the literature17, an alveolar macrophage border was also 
examined in this model, defined as a significant decrease in AM density from the lesion margin to the Non-EGFR+ 
“control,” which was observed in all conditions except TET2-mutant Compact A (n=3 sample size attributed to 
lower Compact A proportion in TET2-mutant samples). The fold change between margin and associated interior was 
also compared; in the TET2-mutant Compact B lesions, the fold change was significantly greater than wild-type, 
implying an AM exclusionary phenotype. While the influence of a macrophage border is context-dependent, the 
aggregation of AMs in the periphery of a tumor is associated with inhibition of tumor immunity and promotion of 
tumor growth26, further suggesting a more aggressive TET2-mutant phenotype. 
 
In sum, the described organoid assays and murine model experiments highlight the systemic effects of somatic 
mutations in the HSPC compartment, with bone marrow-derived immune populations migrating to the lungs and 
modulating NSCLC initiation and progression. Future work remains necessary to mechanistically determine how 
TET2-mutant immune cells modify proinflammatory, protumorigenic signaling pathways and preferentially 
compartmentalize within lung tissue. Such insight into the CHIP-driven immune microenvironment serves to inform 
the treatment of NSCLC and other CHIP-associated disorders.  
 

 

https://docs.google.com/document/d/13jhl3BOBQu81sYsmjPeMlwh4OrgyesG7MrkLgV4WndM/edit?tab=t.0#bookmark=id.e2743186n853
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