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INTRODUCTION 
 
Both macrophages and NF-kappaB (NF-κB) signaling are known to be important in mammary 
tumorigenesis. However, the contribution of NF-κB signaling within the macrophages to metastatic 
potential has not been directly investigated in vivo. We proposed to use transgenic models in a novel 
combination to address this critically important question related to breast to lung metastasis. 
Expression of an inhibitor (DN) or an activator (IKK) of NF-κB can be induced by crossing either 
with a transgenic expressing the reverse transactivator (rtTA) protein in a specific cell type and 
administering doxycycline (dox) in drinking water (1). The rtTA protein has been targeted to 
macrophages (2). A third type of transgenics (NGL), act as an in vivo reporter of NF-κB activity and 
indicates overall inflammatory response (3). We have these transgenics and have combined them to 
modulate NF-κB activity in macrophages and to test the impact of this altered microenvironment on 
breast cancer metastasis to the lung. Our hypothesis was that NF-κB activity in macrophages 
determines metastatic potential and thus represents a target for inhibition of metastatic breast cancer. 
Many of the tumor-promoting mediators expressed by macrophages are under the transcriptional 
control of NF-κB. Elevated NF-κB activity is an integrator of inflammatory responses and is 
strongly correlated with tumors. An inflammatory microenvironment promotes increased metastasis. 
Therefore, it is likely that NF-κB activity within macrophages is a critical component of mammary 
metastasis, but this question had not been addressed directly. We designed a strategy to modulate 
NF-κB in macrophages in vivo and determine the impact of these changes on mammary to lung 
metastasis. When we commenced these studies we were expecting that increasing NF-κB in 
macrophages would skew them towards a pro-tumor tumor-associated macrophage (TAM) 
phenotype. We were predicting that these macrophages would induce a chronic inflammatory 
environment that would support tumor metastasis by increasing angiogenic and matrix remodeling 
signals. We proposed to address two questions. 1) Does activation of NF-κB in macrophages 
contribute to mammary metastasis? 2) Can inhibition of NF-κB in macrophages inhibit mammary to 
lung metastasis? Our original SOW described harvesting of animals and completing analysis after 
metastatic tumors had developed in the lungs. As the data from year 1 provided unexpected evidence 
suggesting a major effect at early stages of metastasis we amended the SOW to include investigation 
of events occurring during this early stage. As our results took us in an unexpected direction we 
requested a no cost extension of funding for the past year to complete studies that were necessary in 
order to publish these important findings. 
 
BODY 
 
Task 1. Determine effects of increased NF-κB activity in macrophages on mammary to lung 
metastasis: 
 
Determine effects of increased NF-κB activity in macrophages on lung tumor development using a 
tail vein metastasis model.  
 
These studies were designed to introduce breast tumor cells via the tail vein such that they 
metastasize to the lungs in mice in which we can inducibly activate NF-κB in macrophages. This is 
achieved by crossing homozygous c-fms-rtTA transgenics with heterozygous IKK transgenics to 
generate double IKFM transgenics plus c-fms-rtTA control littermates. When IKFM mice are treated 
with doxycycline (dox) provided at 2mg/ml in 5% sucrose drinking water ad lib, expression of the 
constitutive form of the IKK2 activator of NF-κB is targeted to macrophages. Experimental subsets 
include IKFM and control littermates for this and all following dox induction experiments. Polyoma-
derived breast cancer cell lines were introduced via the tail vein into immunocompetent IKFM and 
control mice. Dox treatment started 1 week prior to cell injection and continued until harvest at 2 
weeks (PY1) post cell injection. At the end point lungs were harvested and the total number of 
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visible lung metastases on the surface were counted. Our original hypothesis suggested that 
activation of NF-κB would have pro-tumor effects resulting in greater numbers of lung metastases. 
We were therefore surprised when our data showed the opposite effect with fewer metastases in 
IKFM mice as compared with control littermates (Figure 1). As this result was unexpected we 
repeated the study and obtained the same highly significant observation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Determine effects of increased NF-κB activity in macrophages at early stages of metastasis on lung  
tumors using a tail vein metastasis model.  
Given the unexpected outcome of the studies above in which activation of NF-κB resulted in 
increased lung metastases we were interested to determine the results of our proposed studies in 
which we separated early versus later stages of metastasis. Polyoma cells were introduced via the tail 
vein with the same experimental strategy as above. To determine effects during early stages of 
metastasis dox treatment was started 1 week prior to cell injection and continued until 2 days post 
cell injection. Animals were sacrificed at 2 weeks (PY1) or 5 weeks (PY2) post cell injection. Lungs 
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were harvested and lung metastases quantified. The data again show that increased NF-κB activity in 
the macrophages results in significantly fewer lung metastases (Figure 2). These results suggested 
that the anti-tumor effect of increased NF-κB activity was apparent very rapidly (within 2 days) after 
the cells were introduced via the tail vein. 
 
Determine effects of increased NF-κB activity in macrophages at later stages of metastasis on lung 
tumors using a tail vein metastasis model. The data from the previous two studies demonstrated a 
strong anti-metastatic effect of increased NF-κB activity. However, our original hypothesis and 
recently published data from other groups (4-8) is suggestive that NF-κB activity in macrophages 
can be pro-tumor. The evidence that has been published has been obtained by investigation of tumor-
associated macrophages (TAMs). We were thus interested to determine whether we would see this 
effect if the modulation of NF-κB activity was at a later stage during tumorigenesis when the 
behavior of the macrophages may be influenced by established metastatic tumors. PY1 or PY3 cells 
were introduced via the tail vein as above. Dox treatment was started at 2 days post injection. 
Animals were sacrificed and lungs harvested for quantification of lung metastases at 2 weeks. In 
these studies no significant impact on tumor numbers was observed (Figure 3).  

This data suggests that at 
a very early stage in the 
metastatic process ie. 2 
days post introduction of 
the tumor cells into the 
tail vein, the anti-
metastatic effects of 
increased NF-κB activity 
in the macrophages are 
no longer effective. We 
were unable to detect 
any evidence of a pro-
tumor effect in these 
studies. However, the tail 
vein injection 
methodology that we are 
using with introduction 
of relatively large 

numbers of aggressive tumor cells that rapidly result in large numbers of lung metastases may be too 
acute a model to observe pro-tumor effects. Given that different types of macrophages can have 
different functions we performed Flow analysis of cells harvested from lungs at this end point  
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(Figure 4). At this stage there is no change in the overall numbers of macrophages as defined using 
the antibody against F4/80. However, within the F4/80 positive population there is a trend towards 
an increase in the numbers of early stage F4/80/CD11b+ cells versus resident F4/80/CD11c+ 
populations. As no impact on tumor was observed during the later stages of metastasis we suspected 
that the changes in macrophage populations were probably greater at earlier stages in the process. It 
is likely that the macrophages that the tumor cells encounter when they are first injected have the 
greatest impact in this model.  
 To investigate the earlier effects on macrophage populations we performed flow cytometric 
analysis on lungs from control and IKFM mice after 1 week of dox treatment in the absence of cells, 
after 1 week of treatment followed by tail vein injection of tumor cells and harvest two days later 
and with dox treatment throughout until the final harvest at 2 weeks post tail vein introduction of 
cells. This analysis confirmed that increased NF-κB activity in the macrophages of IKFM mice 
results in early changes in macrophage populations in the lung with an increase in early stage versus 
mature macrophage populations (Figure 4 Connelly et al, 2011 – appended). 
 As M1 phenotype macrophages are considered as anti-tumor and M2 as pro-tumor we used 
quantitative real-time PCR analysis to investigate expression patterns of M1 versus M2 markers in 
lung homogenates from IKFM and control mice treated with dox for 1 week. The results suggest that 
the majority of cells may have shifted towards an M1 phenotype as M1 markers are increased and 
M2 are decreased (Figure 5 Connelly et al 2011). 
 To determine whether the tumor cells were reaching the lungs following tail vein injection or 
were being deleted rapidly in the blood we treated IKFM mice and controls with dox for 1 week, 
introduced tumor cells and prepared RNA from whole lung samples at 1 hour and 6 hours post 
injection. Quantitative real time PCR analysis of polyoma expression confirmed that cells were 
successfully reaching the lungs at 1 hour in IKFM mice but were significantly depleted by 6 hours. 
This suggested that the tumor cells may be being rapidly killed upon reaching the lungs. Using 
western analysis for cleaved caspase-3 we show that there is no measurable cleaved caspase-3 in the 
absence of tumor cells, or in control mice at 6 hours following introduction of tumor cells but there 
is a significant increase in cleaved caspase-3 at 6 hours in IKFM lungs. This suggests that tumor 
cells are dying rapidly in this environment. To begin to address the mechanism by which this 
happens we measured reactive oxygen species and determined that these are significantly increased 
in IKFM lungs. To further investigate the lung environment at the time of tumor injection, cytokine 
profiling of bronchial alveolar lavage fluid from IKFM mice and controls after 1 week dox was 
performed using an R&D Systems Proteome Profiler mouse cytokine panel array kit. The only 
significant difference detected was an increase in levels of CXCL9 (MIG) and this was confirmed 
using real-time PCR analysis on lung mRNA (Figure 6 Connelly et al 2011). 
 Our data suggests that increased NF-κB signaling in macrophages induces a hostile 
environment for tumor cell seeding within the lungs. However, to determine the mechanisms leading 
to the observed phenotype it will be important to determine what genes are being up or down 
regulated specifically within the CD11b+ve cell population in the lungs of IKFM mice: the 
population which is expressing the cIKK2 transgene and driving the changes within the lung. 
Therefore, we isolated CD11b+ve cells from the lungs of IKFM and control mice treated with dox 
for one week. Upon initial real time analysis of these samples for up-regulation of “expected” NF-κB 
targets, such as TNF-α and Cox-2, we found no significant up-regulation within the macrophages 
themselves. We determined to run microarray analysis of n=1 control and n=1 IKFM CD11b +ve 
cell samples as an indicator of which targets are being affected. GeneChip Mouse Gene 1.0 ST 
whole transcriptome arrays (Affymetrix) were used to probe for the expression of 28,853 mouse 
genes. The array procedure was performed by the Vanderbilt Genome Sciences Resource.   
Preliminary analysis shows differential expression of over 2000  transcripts (at least 2 fold change, 
IKFM over control). At the top of the list, among the most up-regulated genes in the IKFM 
CD11b+ve cell sample are those recognized as “interferon-induced,” such as Iigp1 (interferon 
inducible GTPase1) and Gbp1 ( interferon induced guanylate binding protein). Additionally, as our 
transgene specifically up-regulates NF-κB signaling, we also probed the microarray data for genes 
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that were both up-regulated in the CD11b+ve cells of IKFM mice and were known NF-κB targets.  
Genes meeting this criteria include CXCL9, CXCL10, Gbp-1, CCR5, FAS, thrombospondin-1, HIF-
1α, IRF-1, IRF-7, and others.  From this list, four targets have been further validated in a full set of 
samples via real-time PCR, and we have confirmed their up-regulation within the CD11b+ve cells of 
IKFM mice (Figure 5). Each of these targets could be playing a role in the phenotype we have 
observed within the IKFM lungs, as most of them are associated with “anti-tumor” responses. 

Generate IKFM PyVT mice and determine effects of increased NF-κB activity in macrophages on 
lung metastasis from a primary mammary tumor. The tail vein metastasis model used above did not 
display the pro-tumor effect that we were predicting would occur in the presence of TAMs with 
increased NF-κB activity. To address this question in a model with more established tumors we 
mated homozygous c-fms rtTA transgenics with PyVT mice to generate double transgenic breeder 
males. These were mated with IKK females to generate experimental animals including IKFM and 
PyVT.  
PyVT mice rapidly produce multifocal mammary adenocarcinomas together with secondary 
metastatic tumors in the lung by 12 weeks (9,10). Female triple transgenics and control littermates 
were palpated twice weekly from 7 weeks until detection of primary palpable mammary tumor. Our 
original intention was to treat mice with dox (plus littermate controls) from this point until lung 
harvest 6 weeks later. This strategy was adopted to more closely mimic the full biological process of 
metastasis from a primary tumor to the lungs. However, treatment of a triple transgenic female with 
dox resulted in a very detrimental phenotype. The first IKFP triple transgenic after only 28 days of 
dox treatment appeared lethargic.  It had a hunched, feeble appearance, with legs tucked beneath it.  
The feet and ears were pale yellow in color.  The area around the eyes was red and inflamed.  
Although the mouse had been alone in its cage, the tail had scab marks and was swollen at its base, 
with unexplained bulges throughout.  Upon dissection, mammary tumor burden was average 
compared to age matched polyoma mice.  Gross anatomy of the lungs, kidneys and digestive tract 
appeared normal.  However, the spleen was very enlarged and the liver showed some white, marbled 
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patches. Therefore, at 28 days of treatment we decided to sacrifice the animal for humane reasons 
and to discontinue this approach. We do not fully understand why in this model induction of 
increased NF-κB activity in the macrophages makes the animals so sick when we have been able to 
treat double transgenic mice in the tail vein studies for an equivalent time without observing these 
effects. We believe that there is some co-operation between the inflammatory state induced by the 
tumor load in this model and that of the modified macrophages that may establish a pro-
inflammatory feed back loop which has these strong pathogenic effects. 

As prolonged treatment of IKFP triple transgenics appears to have major detrimental effects 
we adopted a new approach. At 7 weeks of age, we began palpation of IKFP mice and controls 
which contained the polyoma transgene but lacked one or both of the other components, twice per 
week.  After detecting the first primary tumor via palpation, we waited 20 days and then began dox 
treatment (0.5 g/L) for an additional 10 days followed by sacrifice (sac was at 30 days post palpable 
tumor). This strategy helped reduce the morbidity within the IKFP group, as triple transgenics 
treated with dox for only 10 days showed some signs of inflammation, but none were exhibiting 
advanced symptoms that would require early sacrifice (as in the 30 day treated group).  A total of 6 
IKFP triple transgenics and 14 littermate controls were collected according to this new protocol.  At 
sacrifice, we measured the total gland weight, determined the volume of the largest primary tumor, 
and inflated lungs for metastasis counts.  Total gland weight was not significantly different among 
the groups (p=0.8522).  The number of lung metastasis were also not significantly different. The 
largest primary tumor volume trended towards on average, a larger tumor being present in the 
control mice, but this would need further investigation. The generation of triple transgenics is time 
and effort intensive and the spontaneous tumors that arise in the polyoma mice are somewhat 
variable, therefore, we believe that future studies would be more effectively performed using a 
primary orthotopic tumor model. 
 
Task 2. Determine effects of decreased NF-κB activity in macrophages on lung metastasis: 
 
Determine effects of decreased NF-κB activity in macrophages on lung tumor development using a 
tail vein metastasis model.  
To determine whether the opposite effect was observed when NF-κB is inhibited in the macrophages 
in our tail vein injection model, PY1 cells were introduced via the tail vein into immunocompetent  
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DNFM and control mice. Experimental subsets included DNFM and control littermates with dox 
provided at 2mg/ml in 5% sucrose drinking water ad lib for this and all following dox induction 
experiments. Dox treatment started 1 week prior to PY1 cell injection and continued until harvest at 
2 weeks post cell injection. At the end point the number of surface lung metastases was quantified 
(Figure 6A and Connelly et al 2011). We detected no significant difference in the numbers of lung 
metastases in mice in which NF-κB activity was inhibited in the macrophages throughout the study. 
Given the data obtained from the IKFM mice that suggested that an anti-tumor effect was observed 
early in the metastatic process and that no effect was seen for modulation of NF-κB from 2 days 
after introduction of the cells together with our suspicion that this model was not optimal for 
investigation of later stage TAM-related effects, we decided to concentrate on the time point that 
was producing the most interesting data ie. dox treatment for 1 week prior to cell introduction until 2 
days post cell introduction. 
Determine effects of decreased NF-κB activity in macrophages at early stages of metastasis on lung 
tumors using a tail vein metastasis model.  
The data obtained from studies using the IKFM mice suggests a strong anti-tumor influence of 
increased NF-κB activity in macrophages at very early stages of the metastatic process. We 
performed similar studies using the DNFM mice to determine whether these resulted in the opposite 
effect. PY1, 2 or 3 cells were introduced via the tail vein with the same experimental strategy as 
above. Dox treatment started 1 week prior to cell injection and continued until 2 days post cell 
injection. Lungs were harvested at 2 weeks (PY1 and PY3) or 5 weeks (PY2) post cell injection 
(Figure 6B and Connelly et al 2011). The subset of mice that were injected with PY1 demonstrated a 
significant pro-tumor impact of inhibition of NF-κB activity in the early stage of metastasis. PY3 
cells exhibited the same trend but the numbers in the subset of mice that we used in this study did 
not reach significance (p= 0.1564). We believe that these results represent an indication that 
inhibition of NF-κB in macrophages during early stages of metastasis can have a pro-tumor impact. 
Given the limited time and resources we decide to focus on determining the changes in the 
microenvironment and the mechanisms that led to the significant impact in the IKFM model. 
 
Determine effects of decreased NF-κB activity in macrophages at later stages of metastasis on lung 
tumors using a tail vein metastasis model. 
 We originally proposed to investigate the effects on decreasing NF-κB activity in macrophages 
during the later stages of metastasis using the tail vein model. However, the data that we obtained 

from our other studies strongly suggests that 
we would not observe an impact, potentially 
due to limitations of the model. Therefore, 
we decided to focus on other questions and 
time points. 
 
Generate DNFM PyVT mice and determine 
effects of increased NF-κB activity in 
macrophages on lung metastasis from a 
primary mammary tumor. Our original 
hypothesis suggested that inhibition of NF-
κB activity in macrophages would inhibit 
mammary to lung metastasis. While the data 
from our tail vein studies did not support 
this idea, we were concerned that the tail 
vein model did not allow investigation of 
effects in the presence of established tumor. 
Therefore we mated homozygous c-fms 
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rtTA transgenics with PyVT mice to generate double transgenic breeder males. These were mated 
with homozygous DN females to generate experimental animals including DNFM and PyVT (Figure 
7). Female triple transgenics and littermate controls were palpated twice weekly from 7 weeks until 
detection of primary palpable mammary tumor. Mice were treated with dox from this point until 
mammary and lung harvest 30 days later (Figure 8). To attempt to minimize variability in our studies 
we use littermates as experimental animals and controls. Generation of the triple transgenic mice can 
be variable within age-matched litters. The first time that we ran through this experimental protocol 
we believed that we had included 7 triple transgenics and 5 control littermates. However, upon 
confirming the genotyping at the end of the study we discovered that one mouse had been mis-
genotyped and we actually had 8 triple transgenics and 4 control littermates. The data from this set 
was significant and suggested that inhibition of NF-κB activity in the macrophages in this model 
resulted in decreased primary mammary tumor load and decreased numbers of lung metastases. This 
was very intriguing as it suggested that inhibition of NF-κB could be pro-tumor in our tail vein 
metastasis model but anti-tumor in the model in which a primary tumor is developing. The observed 
effect on primary tumor would agree with our original hypothesis and with the recently published 
data from other groups that suggests that in some models NF-κB activity in macrophages has pro-
tumor effects. We completed TUNEL staining on mammary sections harvested at the endpoint to 
quantify levels of apoptosis both over the tissue as a whole and by defining hyperplasia, adenoma 
and carcinoma as different stages of mammary tumor progression. We did not detect any significant 
changes in apoptosis between triple transgenics and controls in the tissue as a whole or in defined 
stages (data not shown).  

We were concerned about the relatively low number of mice in the control group so we 
decided to generate additional mice to increase the numbers in each group (Second Set – Figure 8).  
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The results from this set were not significant. Combining the data from all animals resulted in non-
significant results for the group as a whole. We rechecked all the mice from both groups for 
expression of the DN transgene by RT-PCR and all triple transgenics are expressing the transgene. 
We must conclude from the available data that there is no significant effect of inhibition of NF-κB 
as tested in this model. Having three transgenic component parts within the model each with some 
inherent variability may be obscuring important findings, therefore, we believe that a different 
strategy will be necessary to address this question. 
 We decided that the question may be better addressed using an orthotopic tumor model. 
DNFM females and controls (n=5 controls and n=5 DNFM) were injected with 1x106 L129 polyoma 
tumor cells at day 0 of the study.  2 weeks post injection, tumors were determined to be of 
measureable size (> 50 cm3).  Dox treatment (2 g/L) began and primary tumor measurements were 
taken every other day for the remainder of the study.  All mice were harvested after 2 weeks of dox 
treatment (day 14 post palpable tumor), as some tumors reached volumes over 1000 cm3.  The tumor 
growth curve and tumor weights at endpoint were similar among the two groups (no significant 
difference).  One DNFM and one control mouse showed signs of metastasis to lung, although both 
lungs showed similar numbers of "possible" metastasis (5 and 2 respectively), and other lungs 
collected for both groups showed no signs of metastasis. The cell line that we used for this pilot 
study is one of our most aggressive polyoma-derived lines with rapid progression. We may need to 
use a slower growing line to determine impacts on primary tumor growth. Conversely, in order for 
metastases to develop in the majority of test animals it may be necessary to amend the protocol for 
surgical removal of the orthotopic primary once it reaches the largest size approved by the local 
IACUC committee (likely to be 1.5cm) to allow experimental animals to be maintained for a longer 
period of time and for metastases to develop. 
 
KEY RESEARCH ACCOMPLISHMENTS 
 

1) We have investigated the effects of increased NF-κB activity in macrophages in a tail vein 
metastasis model and obtained unexpected data that suggest that this results in a strong anti-
tumor effect but only during early stages of metastasis. 

2) Our data using a tail vein metastasis model suggests that decreased NF-κB activity in 
macrophages during early stages of metastasis can have pro-tumor effects. 

3) We have started to elucidate some of the mechanisms leading to the observed phenotypes. 
4) Our studies combining our inducible macrophage model with the polyoma model of 

mammary tumorigenesis are inconclusive due in part to technical issues. Our data suggests 
that prolonged induction of NF-κB in macrophages concurrently with a relatively large 
primary tumor load may generate a hyper-inflammatory feedback loop. While one group of 
mice suggested an impact of inhibition of NF-κB on primary tumor development, a second 
set of mice failed to confirm this observation. 

 
 
 
REPORTABLE OUTCOMES 
  

Manuscripts 
 
Connelly, L., Barham, W., Onishko, H.M., Chen, L., Sherrill, T.P., Zabuawala, T., Ostrowski, M.C., 
Blackwell, T.S., Yull, F.E. (2011) NF-kappaB activation within macrophages leads to an anti-tumor 
phenotype in a mammary tumor lung metastasis model. Breast Cancer Research In Press. 
 
Blackwell, T.S., Hipps, A.N., Yamamoto, Y., Han, W., Barham, W.J., Ostrowski, M.C., Yull, F.E., 
Prince, L.S. (2011) NF-κB signaling in fetal lung macrophages. J. Immunology 187:2740-2747. 
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Presentations 
Research Assistant 1 Whitney Barham gave invited presentation at the annual Host-Tumor 
Interactions Program and Department of Cancer Biology 9th annual joint retreat Nov 2009 titled 
“Modulation of NF-κB in Macrophages can produce both pro- and anti-tumor effects during 
mammary tumor progression” 
 
Research Assistant 2 Whitney Barham gave invited presentation at the annual Host-Tumor 
Interactions Program and Department of Cancer Biology 10th annual joint retreat titled “Cell 
specificity and timing of targeted NF-kappaB modulation determines potential for therapeutic 
outcome during mammary tumorigenesis”. 
 
Research Assistant 2 Whitney Barham gave invited presentation at the annual AACR meeting titled 
“Inducible modulation of NF-κB in macrophages reveals that timing of intervention may be critical 
to therapeutic outcome during mammary tumorigenesis”. 
 
Abstracts 
Poster presentation at the Cancer and Inflammation Keystone Symposium Feb 2010 
Poster presentation at the AACR 101st Annual Meeting April 2010 
Poster presentation at the Vanderbilt Ingram Cancer Center retreat May 2010 
Poster presentation at the DOD Era of Hope August 2011 
 
Animal models 
We have established the feasibility of using our novel inducible macrophage targeted transgenics to 
investigate the effects of modulating NF-κB activity in macrophages on mammary tumorigenesis. In 
addition, these novel models have been used in collaborative studies demonstrating a contribution of 
NF-κB activity to a pathogenic role of activated macrophages in bronchopulmonary dysplasia, a 
dangerous complication of preterm birth caused by an arrest in airway morphogenesis (Blackwell et 
al 2011 – appended). 
 
Funding applications 
BC101825 DOD Breast Cancer Program IDEA application titled “Timing of NF-kappaB modulation 
during tumor progression is critical for therapeutic outcome”. Not funded. 
 
BC102696P1 DOD Breast Cancer Program IDEA: Collaborative Option application titled 
“Development and Testing of Therapeutic Potential of Nanobiotechnology-Targeted siRNA 
Designed to Inhibit NF-κB Classical & Alternative Signaling in Macrophages”. Holder of this grant 
is Partnering PI on funded proposal. 
 
NIH RO1 entitled “Macrophage-targeted modulation of NF-kappaB to inhibit mammary cancer 
metastasis” submitted June 2011. 
 
Susan G. Komen Foundation Investigator Initiated grant proposal pre-application submitted entitled 
“Exploiting macrophages to block breast cancer progression and metastasis”. 
 
LC110242 DOD Lung cancer program pre-application submitted entitled “Harnessing the power of 
the immune system for eradication of lung cancer”. 
 
Personnel receiving pay from research effort 
Fiona Yull - PI 
Lianyi Chen – RA1 
Whitney Barham – RA2 
Halina Onishko – RA3 
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CONCLUSIONS 
 

When we initiated these studies our hypothesis was that NF-κB activity in macrophages 
determines metastatic potential and thus represents a target for inhibition of metastatic breast cancer. 
We were expecting that increasing NF-κB in macrophages would skew them towards a pro-tumor 
tumor-associated macrophage (TAM) phenotype. We were also predicting that these macrophages 
would induce a chronic inflammatory environment that would support tumor metastasis by 
increasing angiogenic and matrix remodeling signals. We proposed to address two questions. 1) 
Does activation of NF-κB in macrophages contribute to mammary metastasis? 2) Can inhibition of 
NF-κB in macrophages inhibit mammary to lung metastasis? Our data suggests that the role of NF-
κB in macrophages is more complex than we believed. Contrary to our expectations, activation of 
NF-κB in macrophages at early stages of metastasis appears to exhibit powerful anti-tumor effects. 
Futhermore, indications are that inhibition of NF-κB in macrophages at this early stage can have 
pro-tumor impact, and there remains in place evidence that NF-κB in macrophages at later stages 
may also have pro-tumor effects. It appears that NF-κB activity in macrophages does determine 
metastatic potential and may represent a target for inhibition of metastatic breast cancer but that the 
timing of such an intervention during the progression of the tumor may be critical to therapeutic 
outcome. There are efforts being made to develop inhibitors of NF-κB as potential therapeutics for 
the treatment of breast cancer. Our data may suggest that inhibition of NF-κB in a patient with 
circulating metastatic tumor cells may be counter-productive. We are pleased to report the 
acceptance of a manuscript leading directly from these studies in the journal “Breast Cancer 
Research” (manuscript appended). 
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APPENDICES 
 
Abstract for Inflammation and Cancer Keystone Symposium  
Activation of NF-κB in macrophages inhibits mammary metastasis to lung in a tail vein model  
L Connelly, W Barham, H Onishko, A Newsome, T Sherrill, T Zabuawala, M Ostrowski, T 
Blackwell, F Yull. 
Macrophages can exhibit both pro and anti-tumor functions and NF-κB signaling can regulate genes 
that mediate these effects. However, the role of NF-κB signaling in directly influencing macrophage 
contribution to mammary tumorigenesis is largely unknown. We have generated a doxycycline 
inducible transgenic model that enables modulation of NF-κB signaling within macrophages through 
expression of a constitutively active form of IKK2, the upstream kinase in the classical NF-κB 
cascade.  In this model, the c-fms promoter drives macrophage specific expression of the reverse 
tetracycline transactivator (rtTA).  Administration of doxycycline in drinking water allows the rtTA 
protein to bind to the Tet operon, driving IKK2 transgene expression and constitutive NF-κB activity 
within macrophages. 
We are using this model in tail vein metastasis studies with mammary tumor cell lines derived from 
the Polyoma model of mammary tumorigenesis. Our data suggest that increased NF-κB activity 
within macrophages can enhance host defense and have anti-tumor effects at least during early 
stages of tumorigenesis. These effects may be mediated by modulation of expression of genes that 
define M1 versus M2 macrophage types. Although recent data suggests that NF-κB activity within 
tumor associated macrophages can be pro-tumor, our model argues that at earlier stages of tumor 
development NF-κB activity within macrophages may have opposite effects. 
 
Abstract for AACR 101st Annual Meeting 
Macrophage specific regulation reveals both pro- and anti-tumor effects of NF-kappaB during 
mammary tumor progression 
L Connelly, W Barham, H Onishko, T Zabuawala, M Ostrowski, T Blackwell and F Yull 
An increased level of macrophages in human tumors is associated with a poorer prognosis. The 
transcription factor Nuclear Factor-kappaB (NF-kappaB) is an important regulator of gene 
expression within macrophages. Recent studies point to a pro-tumorigenic role for NF-kappaB 
activity in macrophages; however NF-kappaB also regulates expression of genes such as inducible 
nitric oxide synthase which are associated with anti-tumor effects. We believe that NF-kappaB 
activity in macrophages can have both anti- and pro-tumor effects depending on tumor stage. 
We have developed novel murine models to determine the effects of modulation of NF-kappaB 
activity specifically within macrophages during primary mammary tumor growth and metastasis. We 
have used the cfms promoter to specifically express the reverse tetracycline transactivator (rtTA) 
protein in macrophages. The rtTA can drive tet operon regulated gene expression in the presence of 
doxycyline (dox). We have used this with a dominant negative IkappaB alpha (DN-IkappaBalpha) to 
inhibit NF-kappaB signaling in the Polyoma mouse mammary tumor model, this model is termed 
DNFP. We have also used the cfms-rtTA in combination with a constitutively active IKK2 transgene 
to activate NF-kappaB signaling, this model is termed IKFM. 
When NF-kappaB is inhibited in macrophages during primary tumor growth in our DNFP model 
there is a reduction in primary tumor growth accompanied by a reduced level of lung metastasis. 
This data suggests that NF-kappaB in macrophages is acting in a pro-tumor manner, in agreement 
with recently published data. In contrast, we have found that activation of NF-kappaB in 
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macrophages by treating IKFM mice with doxycycline for 1 week before and during two weeks 
following tail vein injection of polyoma mammary tumor cells leads to a significant reduction in 
surface lung tumor formation. In additional studies, IKFM mice were pretreated with dox for 1 week 
but treatment was stopped two days after tumor injection. A similar reduction in tumor number was 
observed, suggesting an inhibition of cell seeding. Real time PCR analysis of lungs from mice with 
activation of NF-kappaB in macrophages suggests an anti-tumor “M1” macrophage phenotype.  
In summary, our data indicates that NF-kappaB activity in macrophages can have both anti- and pro-
tumor effects dependent on tumor stage. This data would suggest that cell specificity and timing of 
treatment are important considerations with regards to the use of NF-kappaB inhibitors in cancer 
treatment 
 
Abstract for Host-Tumor Interactions Program and Cancer Biology 10th annual joint retreat Nov 
2010 
Cell specificity and timing of targeted NF-kappaB modulation determines potential for 
therapeutic outcome during mammary tumorigenesis 
Whitney Barham, Halina Onishko, Lianyi Chen, Linda Connelly, Fiona Yull 
Elevated levels of NF-kappaB signaling are associated with multiple cancers therefore it is not 
surprising that inhibitors of NF-kappaB are being investigated as potential therapeutics. While 
extensive efforts are being made to identify inhibitors there is less focus on investigating the effects 
of inhibition in specific cell types and during defined stages of tumor progression. We have 
developed murine transgenic models that enable us to induce expression of an activator or inhibitor 
in specific cell types, mammary epithelium or macrophages, by adding doxycycline to the drinking 
water of mice. We have combined these with the Polyoma model of mammary cancer. Our data 
suggest that inhibition of NF-kappaB in mammary epithelium limits tumor progression. 
Additionally, systemic treatment with a pharmacologic inhibitor thymoquinone limits growth of 
orthotopic polyoma mammary tumors. However, we have also obtained data that identifies a stage 
during progression in which activation of NF-kappaB in macrophages limits metastasis. Activation 
of NF-kappaB alters immune cell populations and results in rapid killing of tumor cells during the 
seeding phase in a tail vein metastasis model. This suggests that inhibition of NF-kappaB during 
metastasis may have an undesirable impact on tumor progression. Our studies highlight the 
importance of continued investigation into aspects of cell specificity and timing that may change the 
potential outcome of a clinical trial using NF-kappaB inhibitors. 
 
Abstract for AACR 102st Annual Meeting April 2011 
Inducible modulation of NF-kappaB in macrophages reveals that timing of intervention may 
be critical to therapeutic outcome during mammary tumorigenesis 
Whitney Barham, Linda Connelly, Halina Onishko, Lianyi Chen, Taylor Sherrill, Tahera Zabuawala, 
Mike Ostrowski, Timothy S. Blackwell, and Fiona E. Yull 
Elevated levels of NF-kappaB signaling are associated with multiple cancers.  Therefore, it is not 
surprising that inhibitors of NF-kappaB are being investigated as potential therapeutics. While 
extensive efforts are being made to identify inhibitors there is less focus on investigating the effects 
of inhibition in specific cell types and during defined stages of tumor progression. We have 
developed murine transgenic models that enable us to induce expression of an activator or inhibitor 
of NF-kappaB in macrophages, by adding doxycycline to the drinking water of mice. We have 
combined these with the Polyoma model of mammary cancer to investigate the effects of modulation 
of NF-kappaB signaling specifically within macrophages. Given several recent publications we were 
predicting that activation of NF-kappaB would have pro-tumor effects. However, using a tail vein 
injection model, our data identifies a stage during progression in which activation of NF-kappaB in 
macrophages significantly limits metastasis. Activation of NF-kappaB alters immune cell 
populations and results in rapid killing of tumor cells during the seeding phase. In this model 
inhibition of NF-kappaB in macrophages during this critical stage of metastasis is pro-tumor. This 
suggests that while inhibition of NF-kappaB at later stages of tumor progression may have 
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therapeutic benefit, inhibition during the seeding phase my lead to the opposite effect. Our studies 
highlight the importance of continued investigation into aspects of cell specificity and timing that 
may change the potential outcome of a clinical trial using NF-kappaB inhibitors. 
 
Abstract for DOD Era of Hope Meeting August 2011 
NF-kappaB activation within macrophages leads to an anti-tumor phenotype in a lung 
metastasis model 
Linda Connelly, Whitney Barham, Halina M. Onishko, Lianyi Chen, Taylor Sherrill, Tahera 
Zabuawala, Michael C. Ostrowski, Timothy S. Blackwell Fiona E. Yull 

Inflammation, cancer and immune responses are linked. Macrophages contribute to these processes 
and are regulated by NF-kappaB transcription factors. However, our knowledge of the contribution 
of NF-kappaB specifically within macrophages is extremely limited. To investigate NF-kappaB 
signaling within macrophages during metastasis, we developed novel inducible transgenic models. 
By targeting expression of the reverse tetracycline transactivator (rtTA) to macrophages using the 
cfms promoter in combination with inducible transgenics that express either an activator (cIKK2) or 
an inhibitor (IkappaBalpha-DN), doxycyline treatment led to activation or inhibition of NF-kappaB 
within macrophages. We used a tail vein metastasis model with mammary tumor cell lines derived 
from MMTV-Polyoma Middle T-Antigen-derived tumors to investigate the effects of modulating 
NF-kappaB in macrophages during different temporal windows of the metastatic process. We found 
that activation of NF-kappaB in macrophages before tumor cells were introduced leads to a 
reduction in lung metastases. The mechanism involved expression of inflammatory cytokines and 
reactive oxygen species, leading to apoptosis of tumor cells and preventing seeding in the lung.  Our 
results have identified a brief, defined window in which activation of NF-kappaB has significant 
anti-metastatic effects and inhibition of NF-kappaB results in a worse outcome. 
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Abstract 

 

Introduction 

Metastasis from primary tumor to the lungs is a major cause of the mortality associated with 

breast cancer. Both immune and inflammatory responses impact whether circulating mammary 

tumor cells successfully colonize the lungs leading to established metastases. Nuclear factor -

kappaB (NF-κB) transcription factors regulate both immune and inflammatory responses 

mediated in part by the activities of macrophages. Therefore, NF-κB activity specifically within 

macrophages may be a critical determinant of whether circulating tumor cells successfully 

colonize the lungs.  

Methods 

To investigate NF-κB signaling within macrophages during metastasis, we developed novel 

inducible transgenic models which target expression of the reverse tetracycline transactivator 

(rtTA) to macrophages using the cfms promoter in combination with inducible transgenics that 

express either an activator (cIKK2) or an inhibitor (IκBα-DN).  Doxycyline treatment led to 

activation or inhibition of NF-κB within macrophages. We used a tail vein metastasis model with 

mammary tumor cell lines established from MMTV-Polyoma Middle T-Antigen-derived tumors 

to investigate the effects of modulating NF-κB in macrophages during different temporal 

windows of the metastatic process.   

Results 

We found that activation of NF-κB in macrophages during seeding leads to a reduction in lung 

metastases. The mechanism involved expression of inflammatory cytokines and reactive oxygen 

species, leading to apoptosis of tumor cells and preventing seeding in the lung. Activation of NF-



 

κB within macrophages after the seeding phase has no significant impact on establishment of 

metastases.  

Conclusions 

Our results have identified a brief, defined window in which activation of NF-κB has significant 

anti-metastatic effects and inhibition of NF-κB results in a worse outcome.



 

Introduction 

 The microenvironment that exists during chronic inflammation can contribute to cancer 

progression [1, 2]. Therefore, anti-inflammatory strategies are being investigated as potential 

cancer therapies. However, such approaches may have undesired effects on host immune 

responses. Potentially, these negative effects could be limited by targeting interventions to 

specific cell types, but little is known about the contribution of individual inflammatory cell 

types to the progression of cancer. 

The transcription factor Nuclear Factor kappa B (NF-κB) regulates inflammatory status 

and plays key roles in immune responses. NF-κB is a dimer formed from a multi-subunit family 

consisting of p65 (Rel A), Rel B, c-Rel, p105/p50 (NF-κB1), and p100/p52 (NF-κB2) [3, 4]. In 

the classical NF-κB signaling pathway the p50/p65 subunits are held in the cytosol by the 

inhibitory IκBα [5, 6]. During activation the IκB kinase (IKK) 2 phosphorylates IκBα leading to 

ubiquitination and degradation. P50/p65 then translocates into the nucleus, binds to consensus 

DNA sequences activating expression of target genes [3, 6, 7]. We and others have modulated 

this signaling using a constitutive form of IKK2 to activate or a mutant form of IκBα to inhibit 

NF-κB activity [8-10]. 

  Macrophages are key mediators of the interaction between inflammation, immunity and 

cancer. The role of macrophages in cancer has received attention due to the discovery of their 

tumor-promoting effects [11-13]. Efforts have been made to classify macrophages according to 

phenotype. The M1 macrophage phenotype is associated with production of reactive oxygen 

species (ROS), presentation of antigens, release of inflammatory cytokines and cytotoxic effects 

on pathogens and tumor cells. In contrast, the M2 macrophage phenotype has a reduced ability to 

present antigens and produce ROS, expresses scavenger receptors, promotes angiogenesis and 



 

wound healing and is associated with tumor promoting effects [14, 15]. However, tumor-

associated macrophages (TAMs) can express genes associated with both the M1 and M2 

phenotypes highlighting the need for further investigation into macrophage phenotype during 

tumorigenesis [16]. 

Recent studies have investigated the role of NF-κB in macrophages during tumorigenesis. 

A LysM-Cre/floxed IKK2 transgenic, resulting in deletion of IKK2 in cells of the myeloid 

lineage (macrophages and granulocytes), led to a reduction in colon tumor incidence and size in 

a colitis-associated cancer model [17]. An IκB-super repressor targeted to Kupffer cells (liver 

macrophages) led to a similar reduction in tumor incidence in a murine model of hepatocellular 

carcinoma [18]. It has been reported that TAMs can induce invasive behavior of ovarian tumor 

cells via NF-κB [19, 20]. In established orthotopic ovarian tumors, the introduction of 

macrophages with inhibited IKK2 led to a reduction in tumor burden. These effects were 

associated with a switch from M2 to M1 phenotype upon NF-κB inhibition [21]. These studies 

suggest a tumor-promoting effect of NF-κB in myeloid cells, including macrophages. 

Despite these data pointing to a pro-tumor role for NF-κB in macrophages, genes 

regulated by NF-κB could also lead to an anti-tumor phenotype, suggesting that effects may be 

more complex. We have generated transgenic mouse models to modulate NF-κB in specific 

tissues by introducing doxycycline (dox) in drinking water [8, 10]. To investigate NF-κB 

signaling within macrophages during metastasis we used a bi-transgenic system in which the 

Colony Stimulating Factor 1 Receptor promoter (cfms) drives the monocyte/macrophage-

specific expression of the reverse tetracycline transactivator (rtTA). To activate NF-κB, the 

cfms-rtTA mouse was crossed with a second transgenic in which constitutively active IKK2 

(cIKK2) was controlled by the tet operon (termed IKFM). To inhibit NF-κB, cfms-rtTA is 



 

crossed with a transgenic line in which dominant negative IκBα is controlled by the tet operon 

(termed DNFM). We used these models in a mouse mammary tumor cell tail vein-injection 

metastasis model that is extensively used as a methodology to investigate the later stages of the 

metastatic process from the point at which circulating tumor cells are present. We find that 

activation of NF-κB in macrophages during a short window around the time of cell injection 

leads to a reduction in lung metastasis of mammary tumor cells. The mechanism involves 

induction of an anti-tumor M1 phenotype that rapidly clears tumor cells. Two days after injection 

of tumor cells this window of opportunity closes and from this point activation of NF-κB no 

longer exhibits anti-tumor effects. 

 

 



 

Materials and methods 

 

Tumor cells  

 PyVT R221A and PYG 129 polyoma tumor cells were isolated from PyVT mammary 

gland tumors and cultured as previously described [9] [22].  

 

Mouse strains 

 All animal experiments were approved by the Vanderbilt University Institutional Animal 

Care and Use Committee. All mice were on an FVB strain background, except the 

TG/CRE/FMR mice which were mixed background (C57BL6 and FVB).  

  To generate the cfms-rtTA transgenic, the 7.2kb mouse cfms promoter region was used to 

drive the expression of rtTA-M2 [23]. The cfms-rtTA-M2 transgenic construct was microinjected 

into mouse embryonic stem cells by standard methods. Progeny were screened for incorporation 

of transgene by Southern blot and founder lines identified. Macrophage specific expression of 

rtTA was determined in mice transgenic for cfms-rtTA, tet-O-Cre and the ROSA26 LSL-lacZ 

allele [24].  cfms-rtTA mice were crossed with mice containing the NF-κB inhibiting (tet-O)7-

IκBαDN-Myc-His construct or the NF-κB activating (tet-O) 7-FLAG-cIKK2 construct [8, 10]. 

Double transgenics were termed DNFM or IKFM respectively. Littermates lacking one or both 

transgenes were used as controls.  

 To generate TG/Cre/FMR mice, Tomato Red/GFP reporter mice [25] were crossed with 

tet-O-Cre transgenic mice [26].  Double transgenic progeny were then crossed with cfms-rtTA 

mice to produce triple transgenic offspring containing all three transgenes. Littermates lacking 

the tet-O-Cre were used as controls.  



 

 

Tail vein metastasis model  

 To induce transgene expression mice were treated with 2g/L dox (Sigma, St Louis, MO) 

in drinking water. Sucrose (5%) was added
 
to decrease the bitter taste of dox water. A red bottle 

was used to prevent light-induced
 
degradation and water was replaced twice weekly. For 

metastasis studies, 1 x 10
6
 polyoma tumor cells (PyVT R221A or PYG 129) in PBS were 

injected via the tail vein. Mice were treated with dox either one week prior to cells until sacrifice, 

one week prior to cells until 2 days post injection, or 2 days post injection of cells until time of 

sacrifice. Mice were sacrificed at 2 weeks (PyVT R221A) or 5 weeks (PYG129) post cell 

injection for surface lung tumor quantification. Mouse lungs were inflated with Bouin’s fixative 

(RICCA Chemical, Arlington, TX). After 24 hours of fixation, surface lung tumors were 

counted. 

 For seeding studies, mice were treated with dox for 1 week then 1 x 10
6
 PyVT R221A 

tumor cells were injected via the tail vein. Mice were sacrificed 1 or 6 hours post cell injection 

and lungs harvested for Real-Time PCR and western blot analysis.   

 

RNA isolation and RT-PCR   

 Tissue was homogenized in Trizol (Invitrogen, Carlsbad, CA) at sacrifice. For 

characterization, IKFM mice and controls were treated with dox for 1 week followed by IP 

injection of 1.5 ml of 4% thioglycolate in PBS. At sacrifice, three days post injection, the 

peritoneal cavity was lavaged with PBS and cells pelleted.   

 RNA isolation and reverse transcription reactions were performed as described [10] for 

all studies. For studies utilizing Real-Time PCR analysis, an Applied Biosystems Stepone Plus 



 

Real-Time PCR system and SYBR Green PCR Master Mix (Applied Biosystems, Foster City, 

CA) were used. Primers: Polyoma middle T [27], TNF-α [10] , CXCL9: FOR 5’ 

GTGGTGAAATAAAAAGATCAGGGC 3’, REV 5’ AAGAGAGAAATGGGTTCCCTG 3’;  

CCL3: FOR 5’ TGCCCTTGCTGTTCTTCTCT 3’, REV 5’ GATGAATTGGCGTGGAATCT 

3’; Mannose Receptor: FOR 5’ CAAGGAAGGTTGGCATTTGT 3’, REV 5’ 

CCTTTCAGTCCTTTGCAAGC 3’; Arginase-1: FOR 5’ ATGGAAGAGACCTTCAGCTAC 3’, 

REV 5’ GCTGTCTTCCCAAGAGTTGGG 3’; GAPDH: FOR 5’ 

TGAGGACCAGGTTGTCTCCT 3’, REV 5’ CCCTGTTGCTGTAGCCGTAT 3’.  

 

Bone marrow derived macrophages  

 IKFM and DNFM mice were treated with dox (2g/L) for 1 week and bone marrow-

derived macrophages (BMDMs) isolated as described [28]. BMDMs were treated with dox (1 

µg/ml) for 16 hours. RNA was isolated as above, and RT-PCR was completed with the following 

primers: IKK: FOR 5’ GGAGCTCCACCGCGGTGCGG 3’, REV 5’ 

TCAGGGACATCTCGGGCAGC 3’, and DN: FOR 5’ CCTGGCTGTTGTCGAATACC-3', 

REV 5’ GGT GATGGTGATGATGACCGG 3'. BMDMs were grown on microscope slides and 

treated with dox as above. Cells were fixed in 3% paraformaldehyde and stained for F4-80 

(Invitrogen), with DAPI (Sigma).   

 

Western blotting  

 Whole cell lung extracts were prepared and western blot performed as previously 

described [10]. Antibody:  Cleaved-Caspase-3 (Cell Signaling Technology, Beverly, MA).    

 



 

Luminol imaging  

 Mice were treated with dox (2g/L) for 1 week. L-012 (1.25 mg in 100 µl PBS, Wako 

Chemicals, Richmond, VA) was IV injected into anesthetized mice. Mice were imaged with an 

intensified charge-coupled device (ICCD) camera (IVIS 200; Xenogen, Hopkinton, MA). Light 

emission was detected as photon counts and analyzed by defining a standard area over the chest 

and determining total integrated photon intensity (Living Image software; Xenogen).  

 

Flow Cytometry  

 Mice were sacrificed, lungs perfused with cold PBS, minced and incubated in RPMI 

media containing 0.7mg/ml collagenase XI (Sigma) and 30µg/ml DNAse I (Sigma) for 40 

minutes at 37
o
C. Digests were strained through a 70 micron filter. Cells were pelleted and treated 

with 1ml ACK red cell lysis buffer, washed, and re-suspended in PBS. Cells were blocked with 

anti-mouse CD16/CD32 antibody (eBioscience, San Diego, CA) before staining with anti-mouse 

antibodies:  CD45 (30-F11), Gr-1 (Ly-6G), CD11b (M1/70), CD11c (N418), and CD19 (all 

eBioscience); F4/80 and B220 (Invitrogen); CD4 and NK1.1 (BD Pharmingen, San Diego, CA). 

Analysis was performed on an LSRII cytometer with DIVA software (BD Biosciences, Franklin 

Lakes, NJ). 

 

CD11b positive cell isolation 

 Mice were treated with dox (2g/L) for one week prior to sacrifice. Lungs were digested as 

described above. Cell suspensions were incubated with MACS CDllb MicroBeads (Miltenyi 

Biotec, Auburn, CA) and separated by positive selection using MS columns.   

 



 

Immunofluorescence (IF) 

 For whole lung tissue staining of IKFM and control mice, lungs were first perfused with 

PBS, then inflated and fixed in formalin overnight followed by paraffin embedding and 

sectioning. For cytospin staining, lungs were dissociated and CD11b+ cells positively selected as 

above. Cells were spun onto microscope slides then fixed in 3% paraformaldehyde. Antigen was 

unmasked by the sodium citrate method. Primary antibody:  NF-κB phospho-p65 (Ser536) (Cell 

Signaling). Secondary antibody: goat anti-rabbit Alexa Fluor 594 (Invitrogen). DAPI (Sigma) 

was used for nuclei staining. Staining was visualized by Zeiss microscope and analyzed by 

MetaMorph software. 

 TG/Cre/FMR lungs were perfused with cold PBS and then inflated and fixed for 4-6 

hours in 4% paraformaldehyde before being paraffin embedded and sectioned. DAPI (Sigma) 

counterstain was used as above.    

 

Statistical analyses.  

 Statistical analyses were performed using Graph Pad Prism (GraphPad Software Inc., La 

Jolla, CA). All data are plotted graphically with vertical bars representing S.E. Unpaired 

Student’s t test was used to assess differences between experimental conditions. A probability (p) 

value of < 0.05 was taken as an appropriate level of significance. 



 

Results 

Characterization of a novel transgenic model to activate or inhibit NF-κκκκB activity in 

macrophages. To activate or inhibit NF-κB signaling in macrophages we used pairs of 

transgenics and the tet-on system. The first transgenic contains the Colony Stimulating Factor 

Receptor 1 promoter-reverse tetracycline transactivator (cfms-rtTA) leading to rtTA protein 

expression in macrophages. To generate IKFM mice, the cfms-rtTA is crossed with a transgenic 

containing the tet operon promoter element upstream of a FLAG-tagged constitutively activated 

human IKK2 (cIKK2) gene. For DNFM mice, the cfms-rtTA is crossed with a transgenic 

containing the tet operon promoter element upstream of a myc-tagged dominant negative 

IκBα (DN-IκBα) gene [8-10]. Treatment of IKFM or DNFM with dox results in expression of 

transgene in macrophages. Littermates lacking one or both transgenes were used as controls.  

Bone marrow-derived macrophages (BMDMs) were cultured from IKFM or DNFM mice 

and controls. Immunohistochemistry for the macrophage specific marker F4/80 (Figure 1A, part 

i) and flow cytometry for both F4/80 and CD11b (Figure 1A, part ii) confirmed that the cells 

were macrophages. Cells were treated with dox (1µg/ml) for 24 hours, RNA isolated and reverse 

transcriptase polymerase chain reaction (RT-PCR) performed for the expression of cIKK2 

mRNA or DN-IκBα mRNA. cIKK2 expression was observed in IKFM macrophages and DN-

IκBα was observed in DNFM macrophages, with no transgene expression observed in controls 

(Figure 1A, part iii). Primers were designed such that the reverse primer was in the FLAG 

sequence (cIKK2) or myc sequence (DN-IκBα), ensuring specificity for transgene expression.  

To test in vivo expression of transgene in macrophages, IKFM or control mice were 

treated with dox (2g/L) for 1 week. Thioglycolate-elicited peritoneal macrophages were isolated 

and RT-PCR performed for cIKK2 transgene expression. Transgene mRNA was expressed in 



 

IKFM macrophages but not in controls (Figure 1B). To further characterize transgene expression 

in vivo, IKFM or control mice were treated with dox (2g/L) for 4 weeks. Tissues with high levels 

of macrophages were isolated and RT-PCR performed for expression of the cIKK2 transgene 

(Figure 1C). Transgene expression was observed in tissues from IKFM mice and was absent in 

controls. Equivalent characterization was completed in DNFM peritoneal macrophages and 

tissues that also demonstrated macrophage-targeted, inducible DN transgene expression.  

To further determine both the macrophage cell specificity and the activity associated with 

the transgene expression, we utilized several methods. First, lungs from IKFM mice or controls 

treated with dox for 1 week were homogenized and CD11b positive and negative cells were 

separated. Using RT-PCR, cIKK2 expression was observed in CD11b positive cells from the 

lungs of IKFM mice but not in CD11b positive cells from control mice or in CD11b negative 

cells from IKFM mice (Figure 1D). Furthermore, equal numbers of CD11b positive cell 

populations from IKFM or control lungs were spun onto microscope slides and then stained and 

analyzed for nuclear phospho-p65 (Ser536). The CD11b positive cells isolated from IKFM lungs 

showed an almost 8 fold increase in the number of phospho-p65 positive macrophages vs. the 

number of positive macrophages in control CD11b positive cells (7.74 ± 0.95 fold increase, n=4 

control and n=4 IKFM, p = 0.0028), indicating that cIKK2 transgene expression is indeed 

increasing NF-κB signaling.      

To confirm the transgene’s effect on NF-κB signaling in vivo, IKFM mice and controls 

were tail vein injected with PyVTR221A polyoma tumor cells. Mice were treated with dox 

beginning 2 days post injection until the time of sacrifice 2 weeks later, at which time all mice 

had similar lung tumor burden.  Paraffin embedded tissue was sectioned and stained for 

phospho-p65 (Ser536) expression as an indicator of NF-κB activation. A subset of macrophages 



 

within the IKFM lungs stained positive for nuclear phospho-p65, whereas none of these brightly 

stained macrophages were observed in control mice (Figure 1E). As an alternative approach to 

further confirm the cell specificity of the cfms-rtTA expression, we utilized a Tomato-Red/GFP 

reporter mouse crossed with a tet-O-Cre transgenic and the cfms-rtTA mouse. When treated with 

dox (2g/L), triple transgenic mice, termed TG/Cre/FMR, reveal which cells express the cfms-

rtTA, as the rtTA/Cre combination within these cells flips the red fluorescence to green GFP. 

Sections of lung tissue from TG/Cre/FMR mice on dox for one week confirm that cells identified 

by morphology as macrophages are flipped to green (Figure 1F; No GFP positive cells were 

observed in control littermates which lacked the tet-O-Cre). Flow cytometry of lungs from 

TG/Cre/FMR mice and controls verifies that the GFP positive cells are CD45
+
CD11b

+
 and Gr1

-
 

(Figure 1F). GFP expression was undetectable in CD45
+
 Gr1

+
 CD11b

-
 cells (data not shown). 

 

Activation of NF-κκκκB activity in macrophages leads to a reduction in tumor burden in a tail 

vein metastasis model. IKFM mice or controls were treated with dox for 1 week before 

injection of PyVT R221A cells. Dox treatment was continued until lungs were harvested 2 weeks 

post-cell injection. Analysis of surface lung tumor numbers revealed a significant reduction in 

lung tumors in IKFM mice as compared to controls (Figure 2A). The same experiment was 

performed in DNFM mice and controls, but no significant difference in lung tumor number was 

observed when NF-κB was inhibited (Figure 2B). 

 To investigate modulation of NF-κB during later stages of metastasis, PyVT R221A cells 

were injected in the tail vein of IKFM mice and controls and dox treatment was started 2 days 

after injection and continued until collection at 2 weeks post-injection. No significant difference 

was observed in tumor number between IKFM mice and controls (Figure 2C) suggesting that the 



 

anti-tumor effect may be an earlier event. Additionally, DNFM mice were injected with PyVT 

R221A cells, and dox treatment was started 2 days after injection and continued until sacrifice. 

Upon collection, DNFM and control mice showed no significant difference in lung tumor 

number (control 67.00 ± 27.08, n=7; DNFM 45.44 ± 16.97, n=9, p = 0.4924;). Thus, in this 

model there is no evidence of a pro-metastatic phenotype mediated via NF-κB activity in 

macrophages from either IKFM or DNFM studies in which modulation occurs from 2 days post 

cell injection.           

 

Reduction of lung metastasis by NF-κκκκB in macrophages is an early event. As no effect was 

observed when dox treatment was started 2 days after cell injection, experiments were performed 

to look at the impact of NF-κB activation in macrophages in the period immediately surrounding 

tumor injection. IKFM mice and controls were treated with dox for 1 week before injection of 

PyVT R221A cells. Dox treatment was stopped 2 days post-injection and lungs were harvested 2 

weeks post-injection. A significant reduction was observed in the number of lung tumors in 

IKFM compared to controls (Figure 3A). To ensure that this was not a cell line-specific effect, 

this experiment was repeated with a second, separately-derived mammary tumor cell line, PYG 

129, that forms lung tumors 5 weeks after tail vein injection. IKFM mice and controls were 

treated with dox for 1 week before injection of PYG 129 cells via the tail vein. Dox treatment 

was stopped 2 days post-injection and lungs were harvested and surface tumors counted 5 weeks 

post-injection. A significant reduction in lung tumor formation was observed in IKFM mice as 

compared with control mice (Figure 3B). This indicates that the anti-tumor impact of NF-κB 

activation in macrophages occurs in the early stages of lung metastasis formation. 



 

 This experiment was repeated in DNFM mice to determine impact of NF-κB inhibition in 

macrophages on the early stages of lung metastasis formation. DNFM mice and controls were 

treated with dox for 1 week before injection of PyVT R221A cells. Dox treatment was stopped 2 

days post-cell injection and lungs were harvested and surface tumors counted 2 weeks post-

injection. A significant increase in tumor burden was observed in DNFM mice compared with 

controls (Figure 3C) confirming that NF-κB activity in macrophages blocks lung metastasis 

formation. 

 

Activation of NF-κκκκB in macrophages leads to a shift in macrophage populations in the lung. 

To assess the environment that the tumor cells encounter upon being injected into the IKFM 

mice, flow cytometric analysis was performed to look at macrophage populations in IKFM lungs 

compared with controls. Mice were treated with dox for 1 week, lungs were homogenized and 

CD45+ (leukocyte marker), F4/80+ (macrophage marker) cells were selected for further cell 

surface marker analysis. Three different cell populations were analyzed within this group: 

Gr1+/CD11b+ reported to represent immature myeloid cells including myeloid derived 

suppressor cells [29, 30], Gr1-/CD11b+ reported to represent newly recruited/mature 

macrophages [31] and Gr1-/CD11c+ which are reported to represent lung resident macrophages 

[32]. Although total F4/80 positive populations were not significantly different (Control 25.5 ± 

13.3, IKFM 30.9 ± 2.8 n=4, p=0.45, percentages expressed out of total CD45
+
 cells), a 

significant increase in the percentage of Gr1+/CD11b+ as well as Gr1-/CD11b+ cells was 

observed in IKFM as compared with control lungs. A significant decrease in Gr1-/CD11c+ cells 

was also observed in IKFM lungs (Figure 4). Thus, activation of NF-κB in macrophages 

correlates with a shift in the macrophage population surface markers in the lung environment that 



 

suggests a population consisting of immature and recruited/mature cells with a lower proportion 

of resident lung macrophages even in the absence of tumor cells. A similar change in cell 

populations was observed in IKFM mice treated with dox for 1 week followed by cell injection 

and harvest of lungs two days post-injection.  Therefore, this phenotype correlates with both time 

points at which a significant reduction in surface lung tumor formation was observed. A 

somewhat similar shift in monocyte populations is observed in control mice, but only after cell 

injection, whereas the changes occur in IKFM lungs with dox treatment alone. This suggests that 

activating NF-κB in macrophages “pre-educates” the IKFM lung environment to become anti-

tumor, an effect that is achieved in control mice to a lesser degree only in response to tumor 

cells. These differences in macrophage populations were not observed in IKFM mice compared 

with controls when cells were injected, dox treatment started 2 days post-injection and lungs 

harvested for analysis 2 weeks post-injection, correlating with the lack of effect on lung tumor 

number. Analysis of markers of other immune cell types within the lungs after one week of dox 

treatment indicates that the percentages of CD4
+
 T cells and B220

+
/CD19

+
 B cells are decreased 

in IKFM while the NK1.1
+
 natural killer cell population is increased (CD4

+
 T cells: control= 

39.3± 2.6 and IKFM= 22.4 ± 0.7, p = 0.0001; B220
+
/CD19

+
 B cells: control= 15.1± 1.5 and 

IKFM= 10.1± 1.0, p = 0.0123; NK1.1
+
 Natural Killer cells: control= 2.9± 0.4 and IKFM= 5.6± 

0.5, p = 0.0024; n=6 control, n=8 IKFM for all markers and values expressed as percentage of 

CD45
+
 cells). These changes are again suggestive of a pre-activated innate immune response that 

occurs prior to tumor cell injection.  

 

Expression pattern in IKFM lung homogenates suggests that the majority of macrophages 

are M1 phenotype. To determine whether this reduction in lung metastases and alteration in 



 

macrophage populations correlated with a particular macrophage phenotype, quantitative Real-

Time PCR was performed for M1 and M2 markers. IKFM and controls were treated with dox for 

1 week after which total lung RNA was extracted and Real-Time PCR performed. An increase 

was observed in CCL3 and TNF-α mRNA while a decrease was observed in Arginase-1 and 

Mannose Receptor mRNA (Figure 5). The decrease in Mannose Receptor expression was 

confirmed in CD11b positive cells isolated from IKFM vs. control lungs, assessed via Real-Time 

PCR (n=4 control, n=4 IKFM, p = 0.003). Taken together, this suggests that in the lungs of 

IKFM mice M1 represents the dominant macrophage phenotype [33]. 

 

A reduction in tumor cell seeding accompanied by an increase in apoptotic signaling is 

observed in lungs from IKFM mice. The effects on seeding of tumor cells after IV injection 

were investigated. IKFM and controls were treated with dox for one week before injection of 

PyVT R221A cells. Lungs were harvested at 1 hour and 6 hours post-injection and RNA 

isolated. Quantitative Real-Time PCR was performed for the Polyoma transgene which reflects 

tumor cell levels in the lungs. At 1 hour post-injection there was no significant difference in 

levels of Polyoma mRNA between control and IKFM (Figure 6A). At 6 hours post-injection a 

significant reduction in Polyoma mRNA was observed in IKFM lungs compared with control 

(Figure 6B). This suggests that there were less PyVT R221A cells in IKFM lungs than control at 

this point, perhaps due to an increased level of clearance, which would correlate with a lack of 

tumor formation in these mice.  

 To investigate whether the environment in IKFM lungs increased apoptosis of PyVT 

R221A cells, western blot for activated Caspase 3 was performed in whole lung homogenates. 

Caspase 3 activation was undetectable in the lungs of IKFM mice treated with dox for one week. 



 

However, a higher level of Caspase 3 activation was observed in lungs from IKFM mice (Figure 

6C) at 6 hours post cell injection indicating increased levels of apoptosis. This suggests that 

activation of NF-κB does not result in significant cell death in the absence of injected tumor cells 

and implies that the apoptosis occurs in the tumor cells as opposed to the lung epithelium.   

    

Increased clearing of tumor cells and apoptosis in IKFM lungs correlates with higher ROS 

levels and increased CXCL9 expression. As an increased clearance of tumor cells had been 

observed, we were interested in the mechanism contributing to cytotoxic effects. Therefore, we 

investigated whether there was a change in levels of reactive oxygen species (ROS). IKFM mice 

and controls were treated with dox for 1 week and then injected with the L-012 luminol 

derivative to allow in vivo imaging of ROS levels over the chest area. IKFM mice showed a 

significant increase in ROS levels as compared with controls (Figure 6D). This suggests that the 

lung environment in IKFM mice was more cytotoxic to tumor cells correlating with increased 

clearance and a reduction in final tumor counts.  

 To further investigate the lung microenvironment at the time of tumor injection, cytokine 

profiling of bronchial alveolar lavage (BAL) fluid from IKFM mice and controls after 1 week of 

dox treatment was performed using the R&D Systems Proteome Profiler mouse cytokine panel 

array kit. The only significant difference detected was an increase in levels of CXCL9 (MIG) in 

the IKFM fluid (data not shown). To confirm this change, Real-Time PCR was performed on 

lung mRNA from the same time point. There was a significant increase in expression levels of 

CXCL9 (Figure 6E) which correlates with an anti-tumor environment [34].  



 

Discussion 

We generated a transgenic mouse model to investigate the role of classical NF-κB 

signaling in macrophages during tumorigenesis. We show that activation of NF-κB in 

macrophages in a mammary tumor tail vein metastasis model leads to a reduction in lung tumor 

formation with effects observed only when NF-κB is modulated prior to tumor cell introduction 

during the early seeding phase. Investigations into the lung phenotype associated with this effect 

show that activation of NF-κB leads to a shift in macrophage populations in the lung with a 

higher percentage of cells that are Gr1+/Cd11b+ and Gr1-/CD11b+ and a lower percentage of 

Gr1-/Cd11c+ cells. This shift in macrophage population and reduction in lung tumor numbers 

occurs in lungs that express increased levels of markers of the M1 anti-tumor macrophage 

phenotype. In agreement with this, we see a decrease in mammary tumor cell seeding following 

cell injection, an increase in apoptosis and enhanced formation of ROS and the cytokine CXCL9. 

Our data suggest that activation of NF-κB in macrophages within the lung during the seeding of 

lung metastases has an anti-tumor effect. 

Our data is in contrast with other in vivo studies highlighting a tumor-promoting role for 

macrophages [17, 21]. This may be due to the different murine models and cancer types and the 

timing of NF-κB activation. These recently published studies have used the strategy of Cre-

mediated deletion of the IKK2 to inhibit NF-κB signaling in myeloid cells. Our strategy employs 

specific activation of the signaling pathway by expression of a constitutive activator or direct 

inhibition by expression of a dominant form of inhibitor, either of which is regulated in an 

inducible manner. In our model, activation of NF-κB in macrophages before tumor cell arrival 

generates a hostile environment for tumor seeding and growth. This environment is similar to the 

M1-type macrophage response seen with a bacterial challenge [33]. The tail vein metastasis 



 

model is inherently an acute model as mice develop a heavy metastatic load in the lungs at 2 

weeks and need to be euthanized for humane reasons. This likely precludes observing the pro-

tumor effects that have been reported in models of established tumors. Future studies to address 

effects on established tumors will need to be performed using orthotopic models or those in 

which spontaneous tumors arise, such as the polyoma transgenic model, to address this issue.  

 Recent studies highlight the complexity of NF-κB signaling during tumorigenesis. 

Tumor-associated macrophages isolated from an orthotopic fibrosarcoma model show a 

defective activation of NF-κB in response to LPS [16]. Further investigation reveals that this 

lack of activation is due to p50 subunit homodimers and knockout of p50 restores the M1 

macrophage phenotype and reduces tumor burden [35]. While this study suggest that defective 

NF-κB activation within macrophages leads to the development of an M2, pro-tumor phenotype, 

others find that NF-kappaB signaling, specifically IKK2, is necessary to maintain the M2 

phenotype in an ovarian cancer model [21]. These apparent contradictions were recently 

reviewed by Hagemann et. al [36] who propose that NF-κB regulation of TAM’s is both context-  

and gene-dependent. 

 IKFM mice showed a significant shift in macrophage populations when NF-κB was 

activated for one week before tumors were established. Interestingly, when cells were analyzed 

at the third time point (where metastases are evident), a different pattern of surface marker 

expression was observed. This pattern was more similar to control populations. This agrees with 

recent reports showing the plasticity of the macrophage population during tumorigenesis with a 

different set of markers expressed at each stage [37]. 

 The cell marker phenotype in the IKFM mice when an anti-tumor effect was observed 

correlates with the reduction in tumor burden. For example, GR1+/CD11b+ myeloid cells are a 



 

source of ROS, the levels of which were seen to increase [29]. CXCL9 was significantly up-

regulated in IKFM lungs after one week dox treatment. NF-κB activation leading to CXCL9 

production within macrophages has previously been reported [38]. The injection of a mammary 

tumor cell line stably expressing CXCL9 cDNA into mice resulted in smaller tumors as well as 

fewer lung metastases. This was found to be a T-cell mediated effect, in that the CXCL9 

overexpressing tumors had increased levels of infiltrating CD4 T cells as compared to vector 

controls [34]. Although we see increased CXCL9 expression in our model, we observed a 

concurrent decrease in CD4 T cells as assessed by flow cytometry. This could imply a separate, 

non-T-Cell-mediated, anti-tumor effect associated with CXCL9, or suggest that the time points 

analyzed were not optimal for analysis of lymphocyte infiltration. In either case, further 

investigation into the role of CXCL9 in this model is required.  

 

Conclusions 

 We have generated a novel pair of transgenic models that enable NF-κB to be either 

activated or inhibited in an inducible manner in macrophages/monocytes by administration of 

dox in the drinking water. These models will enable investigations of the role of NF-κB within 

macrophages in defined temporal windows within tumor development and progression and will 

potentially be of use for investigations of other disease processes, such as atherosclerosis. In the 

current study the models have been used to investigate the effects of modulation of NF-κB 

during the seeding phase of metastasis. In contrast to what may have been predicted from the 

currently available literature, our data show that activation of NF-κB in a short, defined window 

inhibits metastasis. In addition, inhibition of NF-κB may actually contribute to increased 

metastasis. Given the recent interest in developing NF-κB inhibitors for clinical cancer therapy 



 

[39] it is intriguing that, in our study, inhibition of NF-κB within macrophages during metastatic 

seeding resulted in a significant increase in lung tumor burden. This data suggests that inhibition 

in macrophages during tumorigenesis at certain time points may interfere with host-suppressive 

effects on metastasis formation, and demonstrates that timing and cell specificity may be the key 

determinants of the impact of NF-κB inhibitors as a cancer therapy.  
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Figure Legends 

Figure 1. Characterization of IKFM and DNFM mouse models. A. Bone marrow derived 

macrophages were isolated from IKFM and DNFM mice and i) stained for F4/80 via 

immunofluorescent staining (green= F4/80 and blue=DAPI), ii) subjected to flow cytometric 

analysis of F4/80 and CD11b and iii) treated with 1µg/ml dox for 24hrs in vitro and gene 

expression analyzed via RT-PCR. B. Peritoneal macrophages were isolated from 1 week dox 

treated (2g/L) IKFM mice and transgene expression analyzed via RT-PCR. C. IKFM mice and 

controls were treated with dox (2g/L) for 4 weeks and transgene expression was detected by RT-

PCR in lung, liver, intestines (Int), and bone marrow (BM). D. IKFM and control mice were 

treated with dox (2g/L) for one week and CD11b positive and negative populations isolated from 

lungs for RT-PCR analysis of IKK. GAPDH was performed as control.  E. Phospho-p65 

(Ser536) immunoflourescent staining (red= phospho-p65 and blue= DAPI) of lungs from IKFM 

and control mice bearing lung metastasis and treated with dox (2g/L).  F. i) Lung sections of 

TG/Cre/FMR mice treated with dox for one week (blue=DAPI) and ii) flow analysis of 

TG/Cre/FMR and control lungs. Total cells were first sorted for CD45 and CD11b double 

positive cells. This double positive population was then further sorted for Gr-1 and GFP, as 

shown.  

  

Figure 2. Activation of NF-κΒ κΒ κΒ κΒ in macrophages results in fewer lung metastasis.  IKFM or 

DNFM mice and controls were treated with dox (2g/L) for one week prior to PyVT cell 

injection. Dox treatment was continued until sacrifice at 2 weeks post-injection. A. Lung tumor 

counts in IKFM and control mice (p=0.0005; n=11 control, n=8 IKFM) and representative lung 

images.  B. Lung tumor counts in DNFM and control mice (p=0.7997; n=6 control, n=8 DNFM). 



 

C. IKFM mice were injected with PyVT cells. Dox treatment (2g/L) began 2 days post injection 

and continued until sacrifice at 2 weeks post cells when surface lung tumors were counted 

(p=0.9880; n=7 control, n=6 IKFM).  

 

Figure 3.  Reduction of lung metastasis by NF-κκκκB in macrophages is an early event. IKFM 

or DNFM mice and controls were treated with dox (2g/L) for one week prior to cell injection. 

Dox treatment ended 2 days post cell injection and mice were sacrificed at 2 weeks post cells 

(PyVT R221A) or 5 weeks post cells (PYG 129). A. Lung tumor counts in IKFM injected with 

PyVT R221A cells (p<0.0001; n=10 control, n=7 IKFM) and representative lung images. B. 

Lung tumor counts in IKFM injected with PYG 129 cells (p=0.0270; n=9 control, n=8 IKFM). 

C. Lung tumor counts in DNFM injected with PyVT R221A cells (p=0.0039; n=6 control, n=9 

DNFM).  

 

Figure 4. Activation of NF-κκκκB in macrophages leads to a shift in macrophage populations 

in the lung. Flow cytometric analysis of dissociated lung cells from IKFM and control mice. 3 

treatment groups (all 2g/L dox): 1 wk dox – mice were on dox for 1 week (control n=4, IKFM 

n=4); 2 days dox – mice were on dox for 1 week, PyVT R221A cells were injected via tail vein, 

dox treatment was stopped 2 days after injection and mice sacrificed (control n=3, IKFM n=4); 2 

wks dox – mice were injected with PyVT cells via tail vein, 2 days later mice were put on dox 

and 2 weeks after cell injection mice were sacrificed (control n=3, IKFM n=3). All cells were 

gated for CD45+ and then for F4/80+ cells. A. Representative flow diagrams of 1 wk dox 

treatment group. Graphs (B) and table (C) showing percentage of cell populations that were 



 

Gr1+/CD11b+ (black), Gr1-/CD11b+ (grey) and Gr1-/Cd11c+ (white; *p < 0.05, **p < 0.01, 

***p < 0.001; n ≥ 3 for all groups).  

 

Figure 5. Expression pattern in IKFM lung homogenates suggests that the majority of 

macrophages are M1 phenotype.  RNA was isolated from whole lung samples of IKFM and 

control mice treated with dox (2g/L) for one week. Quantitative real time PCR was performed 

for A. CCL3, B. Mannose receptor, C. Arginase-1 and D. TNF-alpha (p < 0.05, **p < 0.01, ***p 

< 0.001; n=5 control, n=5 IKFM).     

 

Figure 6. A reduction in tumor cell seeding is observed in lungs from IKFM mice.  IKFM 

and control mice were treated with dox (2g/L) for one week before injection of PyVT R221A 

cells. Lungs were harvested at 1 hour (A, n=5 control, n=7 IKFM, p=0.4410) and 6 hours (B, 

n=3 control, n=3 IKFM, p=0.0214) post injection and RNA isolated from whole lung samples for 

quantitative real time PCR analysis of Polyoma (PYL) expression B. Western blot for cleaved 

caspase-3 on whole cell lung homogenates from mice treated with dox for one week (no cells 

injected) (n=4 control and n=4 IKFM) and homogenates from the 6 hour time point (n=4 control 

and n=4 IKFM) C. IKFM mice and controls were treated with dox for one week and then imaged 

for ROS (n=3 control and n=3 IKFM; p= 0.0011). E. Real time PCR analysis of whole lung 

RNA for CXCL9 (n=4 control, n=3 IKFM, p=0.0033). 
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The Journal of Immunology

NF-kB Signaling in Fetal Lung Macrophages Disrupts Airway
Morphogenesis

Timothy S. Blackwell,*,†,‡,x Ashley N. Hipps,†,{ Yasutoshi Yamamoto,{ Wei Han,*

Whitney J. Barham,‡ Michael C. Ostrowski,‖ Fiona E. Yull,‡ and Lawrence S. Prince†,{

Bronchopulmonary dysplasia is a common pulmonary complication of extreme prematurity. Arrested lung development leads to

bronchopulmonary dysplasia, but themolecular pathways that cause this arrest are unclear. Lung injury and inflammation increase

disease risk, but the cellular site of the inflammatory response and the potential role of localized inflammatory signaling in inhibiting

lung morphogenesis are not known. In this study, we show that tissue macrophages present in the fetal mouse lung mediate the

inflammatory response to LPS and that macrophage activation inhibits airway morphogenesis. Macrophage depletion or targeted

inactivation of the NF-kB signaling pathway protected airway branching in cultured lung explants from the effects of LPS.

Macrophages also appear to be the primary cellular site of IL-1b production following LPS exposure. Conversely, targeted NF-kB

activation in transgenic macrophages was sufficient to inhibit airway morphogenesis. Macrophage activation in vivo inhibited

expression of multiple genes critical for normal lung development, leading to thickened lung interstitium, reduced airway

branching, and perinatal death. We propose that fetal lung macrophage activation contributes to bronchopulmonary dysplasia

by generating a localized inflammatory response that disrupts developmental signals critical for lung formation. The Journal of

Immunology, 2011, 187: 2740–2747.

D
uring fetal lung morphogenesis, simple epithelial tubes
develop into a complex structure competent for gas
exchange (1, 2). This process fails to occur normally

in preterm infants with bronchopulmonary dysplasia (BPD), a
chronic disease that affects ∼60% of preterm infants born before
28 wk (3). BPD results from arrested airway morphogenesis
during the canalicular and saccular stages of lung development.
Normally during these stages, small terminal airways branch,
expand, and divide to form alveolar ducts. In patients with BPD,
arrested development leads to fewer saccular stage airways, re-
duced numbers of alveoli, and lower capacity for gas exchange
(4). Infants born after the early saccular stage of development
rarely develop BPD, suggesting that the canalicular and early
saccular stages represent a window of disease susceptibility.
Various environmental factors have been implicated in devel-

opment of BPD, involving either airway epithelial injury or lung
inflammation (5, 6). Understanding how these factors lead to
arrested airway morphogenesis will be critical for developing new
therapeutic approaches.
Several lines of clinical and experimental evidence suggest

infection or injury leads to an inflammatory response that causes or
exacerbates BPD. First, chorioamnionitis (infection and inflam-
mation of the amniotic membranes) is detected in up to 70% of
preterm deliveries and is associated with increased BPD risk (7).
Second, infants that develop BPD often have elevated levels of
inflammatory mediators in their airway both at birth and during
the later stages of disease progression (8, 9). Third, injecting
Escherichia coli LPS into the amniotic fluid of pregnant animals
inhibits airway branching and prevents subsequent alveolar de-
velopment (10, 11). In developing an experimental mouse model
for studying the mechanisms leading to BPD, we observed that
LPS prevents saccular airway branching in both fetal mice and
cultured fetal mouse lung explants. These data suggest innate
immune activation and inflammatory signaling intersect with de-
velopmental pathways, interfering with processes required for
branching morphogenesis.
LPS can inhibit airway branching in fetal lung explants in the

absence of circulating inflammatory cells (10), suggesting that
resident lung cells are competent to transduce signals that in-
terrupt normal lung development. We have previously identified
multiple gene targets of inflammatory signaling that are critical for
normal airway morphogenesis (9, 12–14). However, the cellular
site of the initial innate immune response critical for disrupting
development is not known. Among the cell types in the fetal lung,
airway epithelia and vascular endothelia appear at least somewhat
capable of responding to microbial products (15, 16). To date, the
potential role of macrophages in the fetal lung innate immune
response has not been closely examined. Studies involving fetal
macrophages have focused primarily on their ability to remove
apoptotic cellular debris and remodel extracellular matrix (17–19).
In this study, we report that macrophages are the primary cellu-
lar sites of the fetal lung innate immune response. Macrophage
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activation is required for the LPS-mediated production of in-
flammatory mediators that disrupt airway branching. In addition,
targeted activation of fetal lung macrophages, both in cultured
lung explants and developing mouse lungs in vivo, inhibits airway
morphogenesis and produces a lung phenotype that closely re-
sembles human BPD. Our findings indicate that macrophage ac-
tivation and subsequent lung inflammation may play a key role in
BPD pathogenesis.

Materials and Methods
Reagents

Gel-purified E. coli LPS (O55:B5) was purchased from Sigma-Aldrich.
The following Abs were used for immunolabeling: rat anti-CD68
(Acris), rat anti-F4/80 (Acris), rat anti–E-cadherin (Zymed), rabbit anti-
CD14 (Santa Cruz Biotechnology), and rabbit anti-GFP (Abcam). DAPI,
TO-PRO-3 iodide, ProLong Gold antifade reagent with DAPI, and Alexa-
conjugated secondary Abs were purchased from Invitrogen. Anti-CD11b
Microbeads and magnetic separation equipment and reagents were pur-
chased from Miltenyi Biotec. Reagents for preparing liposomal clodronate
were obtained from Sigma-Aldrich. All cell culture media were purchased
from Invitrogen. FBS was purchased from Thermo Fisher Scientific.

Mouse strains and lung explant culture

All animal experiments were thoroughly reviewed and approved by the
Vanderbilt University Institutional Animal Care and Use Committee.
BALB/cJ and Rosa26-YFP mice were obtained from The Jackson Lab-
oratory. NGL (20), LysM-Cre:IKKbF/F (21), and IKFM (L. Connelly,
W. Barham, H.M. Onishko, L. Chen, T. Sherrill, T. Zabuawala, M.C.
Ostrowski, T.S. Blackwell, and F.E. Yull, submitted for publication) mouse
strains were developed and described previously. For timed pregnant
matings, embryonal day 0 (E0) was defined as the morning of vaginal plug
discovery. To induce transgene expression in IKFM mice, timed pregnant
dams were given doxycycline-containing water (2 g/l) ad libitum. E15 fetal
mouse lung explants were isolated and cultured as previously described
(16). For transgenic models, lungs of each mouse embryo were minced and
cultured separately. Approximately 20 explants were isolated from each
embryo. All explants studied were between 0.8 and 1.2 mm in diameter at
initial time of culture. To quantify saccular airway branching in cultured
lung explants, brightfield images of explants were acquired every 24 h of
culture. Airway branching was expressed as the number of new branches
that formed between 24 and 72 h of culture in each explant. For macro-
phage depletion using clodronate, control or clondronate-containing lipo-
somes were directly added to explants at the initial time of isolation. LPS
was then added to the media 24 h later.

Fetal lung macrophage isolation

E15 fetal mouse lungs were dissected free of surrounding tissues and placed
in ice-cold PBS. The lungs were homogenized and forced through 100-mm
and 40-mm cell strainers. Cells were pelleted by centrifugation and re-
suspended in the presence of anti-CD11b–conjugated Microbeads (Milte-
nyi Biotec). The CD11b-labeled cells were collected using a magnetic
separator, washed, and plated in RPMI 1640 with 10% FBS. Following
overnight culture at 37˚C in 95% air/5% CO2, macrophages were washed
and treated for 4 h with LPS (250 ng/ml). NGL macrophages were simi-
larly isolated, treated with LPS for various time points, and solubilized in
Reporter Lysis Buffer (Promega). Luciferase activity was measured using
SteadyGlo reagent (Promega) and a Synergy HT microplate reader (Bio-
tek). Luciferase activity was normalized to total protein content as mea-
sured by BCA assay (Promega).

RNA isolation, real-time PCR, and IL-1b measurement

Total RNA isolation, cDNA synthesis, and real-time PCR were performed
using standard techniques. Gene expression was compared using the
22DDCT method. Independent experiments were performed at least three
separate times. Data between groups were compared by ANOVA or Stu-
dent t test to test for significant differences. IL-1b concentrations were
measured in homogenized fetal lung using the Quantikine Mouse IL-1b
Immunoassay (R&D Systems). IL-1b concentrations were normalized to
total protein as measured by BCA assay (Pierce).

Tissue processing and immunolabeling

Mouse lung tissue, fetal lung explants, and cultured macrophages were
fixed, processed, and immunolabeled using standard techniques. For im-
munofluorescence, Alexa-conjugated secondary Abs were used for visu-

alization, and nuclei were alternatively labeled with DAPI or TO-PRO-3.
Immunohistochemical processing was performed using Vectastain Kits and
3,39-diaminobenzidine visualization (Vector Laboratories) with Mayer’s
H&E counterstaining (Sigma-Aldrich).

Imaging and image analysis

Confocal images were acquired using either an Olympus FV1000
(Olympus) or Leica SPE (Leica Microsystems) laser scanning confocal
microscope. Widefield fluorescence images and brightfield images of fetal
mouse lung explants were obtained using an Olympus IX81 microscope
equipped with a Hamamatsu Orca ER CCD monochrome camera and
Slidebook software (Olympus). Color images of lung specimens were
photographed using a Nikon TE800 and SPOT color CCD camera (Di-
agnostic Instruments). All microscopy images were saved in the Tagged
Image File format and imported into Photoshop (Adobe Systems) for
processing. Images for comparison were always identically processed. For
live imaging of NF-kB activation, NGL explants were cultured in a stage-
top incubator (Okolab) and imaged using an Olympus IX81 inverted mi-
croscope (Olympus) with a WeatherStation enclosure. Exact temperature,
humidity, and CO2 concentration were maintained during the imaging ex-
periment. Fluorescence images were acquired every 10 min for the first 2 h
and then every 20 min for 2–24 h of culture. Time series images were
processed in Slidebook (Olympus). Lung morphometery and cell counting
were performed using the Image Processing Tool Kit (Reindeer Graphics)
within Photoshop (Adobe Systems). Fractional lung volumes were mea-
sured by analyzing images from serial fetal lung sections using a counting
grid function. The fractions of airspace, large airway epithelia, small or
distal airway epithelia, and mesenchyme were measured on E-cadherin–
labeled sections. Septal thickness in newborn lungs was measured using
the global intercept function. To account for possible anisotropy, intercepts
in each image were measured over multiple iterations with 10˚ of rotation
between each measurement. The mean intercept length for each image was
recorded.

Results
LPS activates NF-kB in fetal lung macrophages

Where LPS initially activates the innate immune system in fetal
lungs has not been identified. We therefore investigated the lo-
calization and kinetics of LPS-induced NF-kB activation in E15
fetal lung explants from NF-kB transgenic reporter mouse (NGL),
which expresses GFP and luciferase downstream of a promoter
synthesized from the NF-kB–binding repeats within the HIV-1
long terminal repeat (20). Time-lapse imaging of NGL explants
demonstrated NF-kB–dependent GFP expression by 90 min after
LPS treatment, with continued GFP expression to 12 h (Fig. 1A–
D, Supplemental Movies 1–4). GFP expression localized to cells
throughout the lung mesenchyme. To visualize the cellular site of
NF-kB–GFP expression at higher resolution, we imaged NGL
explants using confocal microscopy. As seen in Fig. 1E–M, 2 h of
LPS treatment stimulated GFP expression predominantly in cells
that colabeled with the macrophage marker CD68. Following 12 h
of LPS treatment, GFP reporter expression was detected both in
CD68-positive macrophages and in adjacent mesenchymal cells
(arrows in Fig. 1G, 1M). The close proximity of GFP-expressing
mesenchymal cells to CD68-postive macrophages suggests release
of secondary inflammatory mediators that could then activate
NF-kB in nearby cells.
Because macrophages were present in E15 fetal lungs and po-

sitioned to regulate inflammatory responses, we examined the
timing of macrophage appearance into the fetal mouse lung during
development. Immunostaining identified CD68-positive cells in the
lung mesenchyme as early as E10 during the initial steps of lung
formation (Fig. 2A). Macrophages remained present in the mes-
enchyme throughout fetal development. Fetal lung macrophages
also expressed F4/80 (Fig. 2B). To measure function, we tested if
LPS could directly activate isolated fetal lung macrophages. We
obtained macrophages from E15 lungs using anti-CD11b–coated
magnetic beads (Fig. 2C), exposed them to E. coli LPS, and
measured gene expression by RT-PCR. LPS stimulated macro-
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phage expression of the inflammatory mediators IL-1b and TNF-
a, but did not affect expression of TGF-b or BMP4 (Fig. 2D).
Using macrophages isolated from E15 NGL mouse lungs, we next
showed that LPS directly activates NF-kB–dependent luciferase
activity (Fig. 2E). These data clearly demonstrate that macro-
phages within the fetal mouse lung respond to LPS and can pro-
duce inflammatory mediators.

Macrophage activation inhibits saccular airway branching

We have previously developed an E15 fetal mouse lung explant
model to study the mechanisms regulating canalicular and saccular
stage airway branching (10, 16). Following 72 h of culture, the
structures along the periphery of these explants resemble early
saccular lungs by undergoing type I/type II cell differentiation,
thinning of the mesenchyme, and branching of small airways. This
model parallels the period of lung development occurring post-
natally in extremely preterm infants born between 23 and 28 wk
gestation, making it relevant for investigating BPD pathogenesis.
Airway branching in E15 explants requires fibronectin, mesen-
chymal a8b1-integrin expression, and fibroblast growth factor-10
(FGF-10) (10, 12, 13). We have also previously shown that TLR
agonists, hyperoxia exposure, and tracheal aspirate fluid from

preterm infants exposed to antenatal inflammation can each inhibit
airway branching in cultured explants (10, 13, 22). To initially test
if the inhibitory effects of LPS on branching required macrophage
activation, we depleted macrophages from E15 fetal lung explants
using clodronate-containing liposomes (Fig. 3). We then measured
the number of new airways that formed along the periphery of
each explant between 24 h and 72 h. Although LPS inhibited for-
mation of new saccular airways in control and empty liposome-
treated explants (Fig. 3E, 3G), clodronate depletion of macro-
phages protected saccular airway branching from the effects of
LPS (Fig. 3F, 3G). Macrophage depletion also substantially re-
duced the amount of LPS-induced IL-1b within lung explants
(Fig. 3H), suggesting macrophages produce most of the IL-1b
within LPS-treated fetal lung explants. Macrophages, therefore,
are important for both production of inflammatory mediators
within the fetal lung and inhibiting airway branching following
exposure to LPS.
As clodronate could have off-target toxic effects, we next used

a molecular approach to test if NF-kB activation in macrophages
was required for LPS-dependent disruption of saccular airway

FIGURE 1. LPS stimulates NF-kB–dependent GFP expression in NGL

fetal mouse lung explants. E15 fetal lung explants from NGL mice were

cultured under control conditions (A, C) or in the presence of LPS (B, D)

and imaged by time-lapse wide field fluorescence microscopy. Increased

GFP expression was detected within 90 min of LPS treatment (B) and

persisted beyond 12 h (D). Scale bar, 100 mm (A–D). Confocal images of

control and LPS-treated NGL explants were obtained to better identify

sites of GFP expression (E–M). Explants were fixed and immunostained

for CD68 (red, H–M) following 2 and 12 h of LPS treatment. Nuclei were

labeled with DAPI. In LPS-treated explants, NF-kB–GFP expression

colocalized with CD68-postive macrophages following LPS treatment

(GFP green, E–G; CD68 and GFP merged image in K–M). At 12 h, GFP

expression was also detected in CD68-negative cells (arrows, G, M).

Saccular airways are indicated by dotted lines. Scale bar, 25 mm (E–M).

FIGURE 2. Macrophages are present in the fetal mouse lung and re-

spond to LPS. A, Frozen sections of E10–E18 fetal mouse lungs were

immunostained with Abs against the macrophage marker CD68 (green)

and the epithelial marker E-cadherin (red). Nuclei were labeled with DAPI.

Scale bar, 50 mm. B, Macrophages from E15 lung also express F4/80

(green). Scale bar, 50 mm. C, Fetal lung macrophages isolated by anti-

CD11b magnetic bead separation from E15 lungs expressed CD68 (green).

Scale bar, 50 mm. D, Macrophages were treated with E. coli LPS for 4 h,

and gene expression was measured by RT-PCR. LPS increased IL-1b and

TNF-a expression, but had no effect on TGF-b or BMP4. E, LPS activates

NF-kB in E15 fetal mouse lung macrophages. Macrophages isolated from

E15 NGL lungs were treated with LPS for the indicated times. NF-kB–

luciferase was measured by luminometry. *p , 0.05; n = 6.
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branching. For these experiments, we used mice with macrophage-
specific IkB kinase b (IKKb) deletion. LysM-Cre:IKKbf/f mice
(IKKbD) lack functional IKKb in myeloid cells, including mac-
rophages and monocytes (21). LysM-Cre recombinase activity was
confirmed in fetal lung explant macrophages using Rosa26-YFP
reporter mice (Fig. 4A, 4B). We next measured the effects of LPS
on explants from IKKbD and littermate controls. LPS failed to
inhibit saccular airway branching in IKKbD explants (Fig. 4C,
4D), supporting the critical role of macrophages in inflammation-
dependent disruption of airway morphogenesis and identifying NF-
kB as the operative signaling pathway in mediating this effect. The
total amount of IL-1b produced in LPS-treated IKKbD explants
was much lower than in explants from littermate controls, again
demonstrating that macrophages are responsible for a majority of
the IL-1b produced in the LPS-treated fetal lung (Fig. 4E).
Having observed that activation of the NF-kB pathway in

macrophages appears to mediate the effects of LPS on saccular
airway morphogenesis, we next tested if NF-kB activation in
macrophages is sufficient to disrupt airway morphogenesis and
whether macrophages can impact airway formation in vivo. For
these experiments, we used IKFM transgenic mice that express
a macrophage-specific doxycycline-inducible c-fms transactivator
and a constitutively active IKKb mutant (cIKKb) gene down-
stream of a tet-responsive promoter (L. Connelly et al., submitted
for publication). We cultured saccular stage fetal lung explants
from IKFM mice and control littermates in the absence or pres-
ence of doxycycline (Fig. 5A, 5B). Doxycycline had no effect on
branching in control explants, but caused airway dilation and re-
duced branch formation in IKFM explants (Fig. 5B). Excessive

IKKb activity in IKFM macrophages inhibited branching, as did
adding LPS (Fig. 5C). Inducing cIKKb expression in macro-
phages increased IL-1b expression in fetal lung explants, demon-
strating activity of the transgene (Fig. 5D). These results suggest
that NF-kB activation specifically in macrophages is sufficient to
disrupt normal fetal lung morphogenesis.

Targeted NF-kB activation in mouse macrophages disrupts
lung morphogenesis

We next tested if macrophage-specific overexpression of cIKKb in
IKFM mice could alter lung morphogenesis in intact fetal mice.

FIGURE 3. Macrophage depletion protects fetal lung explants from the

effects of LPS. A and B, E15 fetal mouse lung explants were cultured in the

absence or presence of liposomal clodronate (50 mg/ml). Following 72 h of

culture, explants were immunostained with Abs against the macrophage

marker CD68 to verify macrophage depletion (B). C–F, Brightfield images

show that LPS inhibits formation of new saccular airway branches (E), but

this effect is prevented in clodronate-treated explants (F). Scale bar, 50 mm

(A–F). G, LPS inhibited formation of new saccular airways in control and

empty liposome-treated explants (*p , 0.001; n = 24). However, LPS did

not inhibit branching in clodronate-treated explants. H, Clodronate de-

pletion of macrophages reduced the amount of IL-1b released following

LPS treatment (*p , 0.05 LPS compared with untreated [n = 4], #p, 0.01

LPS compared with LPS + clodronate [n = 4]).

FIGURE 4. Targeted deletion of IKKb in macrophages protects fetal

lung explants from the effects of LPS. A, LysM-Cre recombinase activity

in E15 fetal mouse lung explants. Fluorescence images of cultured LysM-

Cre:Rosa26-YFP reporter explants. YFP expression is seen in macro-

phages throughout the explant. Cell nuclei visualized with DAPI. Scale

bar, 50 mm. B, LysM-Cre:Rosa26-YFP macrophages immunostained with

Ab against CD68 (red) to show overlapping expression. Scale bar, 10 mm.

C, LPS does not inhibit saccular airway branching in IKKbD explants.

Scale bar, 50 mm. D, LPS inhibited the number of new saccular airways

that formed between 24 and 72 h of culture in IKKbF/+ and wild-type

BALB/cJ (WT) explants, but had no effect on branching in IKKbD

explants (*p , 0.05; n = 28). E, Macrophage expression of IKKb is re-

quired for normal IL-1b expression following LPS treatment. LPS in-

creased IL-1b production in littermate control IKKbF/+ explants (*p ,
0.05; n = 6), but did not significantly increase IL-1b in IKKbD explants

(#p , 0.05 compared with LPS in IKKbF/+ explants; n = 6).
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Pregnant IKFM mice were treated with doxycycline to activate
macrophages during either the late pseudoglandular stage (E12–
E16) or from the late pseudoglandular stage through the canalic-
ular and early saccular stages (E14–E18, Fig. 5E). Doxycycline
administration from E12–E16 did not cause apparent changes in
airway formation (Fig. 5E, 5F). However, transgene activation
from E14–E18 caused significant changes with less airspace and
increased mesenchyme in IKFM lungs compared with littermate
controls (Fig. 5E, 5G). These differences were consistent with

defects in saccular airway branching morphogenesis. The lack of
effect in mice treated E12–E16 suggests that airway branching in
the E14–E18 lung may have a window of vulnerability to mac-
rophage activation. These data support the idea that macrophage
activation and subsequent lung inflammation disrupt the later
stages of airway formation.
To investigate how the morphological changes observed in

IKFM mice affect respiratory function, mice treated with doxy-
cycline from E14–E18 were allowed to deliver at E19 and E20.

FIGURE 5. IKKb activity in macrophages is sufficient to inhibit saccular airway branching. Brightfield images of E15 fetal lung explants from IKFM

mice (B) and littermate controls (A) cultured under control conditions (top panels), in the presence of doxycycline (middle panels), and in the presence of

LPS (bottom panels). Scale bar, 50 mm (A, B). C, Doxycycline induction if cIKKb in macrophages inhibited saccular airway branching. Doxycycline had

no effect in littermate control explants, whereas LPS inhibited formation of new saccular airway branches in both control and IKFM explants (*p , 0.05

compared with branches formed in the absence of doxycycline and without LPS [n = 9], #p , 0.05 compared with IKFM explants in the absence of

doxycycline and without LPS [n = 9]). D, Doxycycline induction of cIKKb in macrophages increased IL-1b expression in IKFM explants (*p , 0.05;

n = 9). Dotted line indicates baseline expression level. E, Overexpression of cIKKb in macrophages inhibits saccular stage lung morphogenesis in vivo.

IKFM mice were given doxycycline (Dox) from either E12–E16 (top panels) or E14–E18 (bottom panels). Sections were immunostained using anti–E-

cadherin to label epithelia. Scale bars, 100 mm. Lung morphogenesis did not appear altered in mice given Dox from E12–E16, either by histology or

morphometric measurement of large and small airway epithelia, airspace (air), and mesenchymal (mes.) volumes (F). Dox administration from E14–E18

disrupted normal lung development, with IKFM lungs having smaller airways with reduced branching and expansion (E, G). Morphometry measurements

confirmed decreased airspace and increased mesenchymal volumes in IKFM mice treated with Dox (G; *p , 0.001; n = 27).
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Disruption of normal lung development in IKFM pups led to re-
duced survival in the first 24 h. Newborn IKFM mice appeared
cyanotic, and many died soon after birth, whereas control litter-
mates appeared healthy (Fig. 6A, 6B). Histological examination of
newborn IKFM lungs again showed a thickened lung interstitium
compared with control littermates (Fig. 6C, 6D). As with mice
harvested at E18, the microscopic appearance of newborn IKFM
mouse lungs, with thickened interstitium and simplified airways,
showed similarities to the lungs of patients with BPD. Macro-
phages were present both lining the airway lumen and within the
interstitium in both control and IKFM newborn lungs (Fig. 6E).
IKFM mice had increased numbers of F4/80-positive cells, which
may represent increased macrophage recruitment, maturation, or
proliferation (Fig. 6F). IKFM and control lungs contained similar
numbers of lymphocytes and neutrophils (Fig. 6G), without signs
of consolidated infiltrates or edema. These data further demon-

strate that macrophage NF-kB activation, which could occur sec-
ondary to infection or other insults, can inhibit saccular airway
morphogenesis.
Macrophage activation from E14–E18 in IKFM mice caused

a persistent inhibition of expression of multiple genes critical for
branching morphogenesis in newborn lungs (12, 23, 24), including
reduced expression of the a8 integrin subunit, BMP4, and Wnt7b
(Fig. 6H). Expression of BMPR1A and FGF-10 also trended lower
in IKFM lungs. Macrophage activation and release of inflam-
matory cytokines can therefore inhibit gene expression in the de-
veloping lung, leading to altered airway morphogenesis. These
findings are consistent with our findings in lung explants, where
macrophage activation can inhibit airway branching in the absence
of systemic circulation. Activation of NF-kB in fetal lung mac-
rophages could therefore be a common feature of insults that
disrupt normal airway morphogenesis. As such, our model of a
BPD-like phenotype in IKFM mice may be useful in further de-
fining the pathogenesis and course of BPD.

Discussion
In this study, we demonstrate that NF-kB activation in macro-
phages is a key initial step in the fetal lung inflammatory response
and sufficient to disrupt fetal lung morphogenesis. Macrophages
in the canalicular or saccular stage fetal lung reside in the inter-
stitium and respond to endotoxin. The NF-kB–dependent release
of inflammatory mediators from these activated macrophages may
then cause a second wave of signaling in neighboring cells, in-
cluding the mesenchymal cells critical for airway morphogenesis.
Even when the entire fetal lung is exposed to LPS, as is the case
when explants are treated with LPS, macrophages appear to be the
major cellular site of NF-kB activation and cytokine production.
Macrophage depletion or targeted IKKb deletion dramatically
reduced the amount of IL-1b produced in response to LPS treat-
ment and protected airway branching from the inhibitory effects of
LPS. In addition, targeted activation of fetal lung macrophages
was sufficient to disrupt lung morphogenesis, causing perinatal
lethality and airway pathology that resembles human BPD.
These findings fill an important gap in our knowledge of how

the immature fetal lung responds to inflammatory stimuli. When
preterm infants are exposed to chorioamnionitis in utero, inflam-
matory cytokines accumulate in their airways (9). The infants with
high levels of inflammatory mediators in their lungs at birth are
more likely to develop BPD (25). Not only are macrophages the
major source of inflammatory mediators in the lung, but also their
location in the fetal lung interstitium may increase the likelihood
that macrophage-derived cytokines can affect immediately adja-
cent cells. Recent studies have demonstrated increased macro-
phage recruitment to fetal or newborn lungs following either
mechanical or endotoxin-mediated injury (26, 27). However, our
current study is the first to connect macrophage activation and
altered lung morphogenesis, to our knowledge. We propose a two-
wave mechanism for NF-kB activation leading to arrested lung
development in BPD. In this model, microbial products initially
activate NF-kB in lung macrophages. The release of inflammatory
mediators, particularly IL-1b and/or TNF-a, then causes NF-kB
activation in the adjacent mesenchymal cells. NF-kB activation in
the mesenchyme disrupts expression of genes important for the
precise, controlled epithelial–mesenchymal interactions that reg-
ulate airway branching. This mechanism is supported by our pre-
vious findings that NF-kB activation in fetal lung mesenchymal
cells interferes with normal expression of important devel-
opmental genes, including FGF-10 and integrin a8b1 (9, 12–14).
The decreased BMP4 expression in IKFM lungs may be due

FIGURE 6. Targeted expression of a cIKKb in fetal macrophages

causes arrested lung development and perinatal lethality. A and B, Pregnant

mice were treated with doxycycline from E14–E18 and then allowed to

deliver. Newborn IKFM mice were born alive but developed respiratory

distress and became cyanotic and lethargic soon after delivery. Littermate

controls appeared healthy and vigorous. C and D, Newborn IKFM lungs

have abnormal structure, with wider interstitium between airways and in-

creased mean septal thickness (*p , 0.01; n = 15). Scale bar, 100 mm (C,

D). E and F, Immunostaining for F4/80 shows increased numbers of

macrophages in newborn IKFM lungs compared with control littermates.

Scale bar, 100 mm (E, F). G, The numbers of lymphocytes and neutrophils

(PMN) in the lungs of newborn IKFM mice and littermate controls were

similar. H, Reduced expression of genes required for normal branching

morphogenesis in newborn IKFM lungs treated from E14–E18 with

doxycycline. Expression measured by real-time PCR (*p , 0.05; n = 7).

Dotted line indicates control expression level.
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to the direct effect of inflammatory cytokines on the airway epi-
thelium (28) or secondary to reduced FGF-10 expression in the
mesenchyme (23). Although inflammatory mediators that signal
via other pathways may also affect lung development, those that
can activate NF-kB in target cells appear to be most detrimental.
The IFKM mouse strain may provide an important model for

further studying how macrophage activation and inflammation
arrests lung development, particularly if the phenotype can be
modulated so that affected pups can survive the neonatal period.
The inducible cIKKb transgene allows macrophage activation at
distinct stages of lung development, as compared with postnatal
rodent models that are restricted to studying the late saccular and
alveolar stages of lung development (29). Human infants born at
a comparable stage of lung development to that of newborn mice
very rarely develop BPD, making these experimental models less
useful for investigating the early mechanisms of BPD pathogen-
esis (3). IKFM mice may also allow us to test if the effects of
macrophage activation are reversible or persistent, how repetitive
activations affect lung development, and if macrophage activation
alters the susceptibility to other types of injury including hyper-
oxia, mechanical trauma, and viral infection. These future studies
may help us better understand why some infants develop only
mild BPD and others have more severe or progressive disease. The
IKFM experimental model will potentially permit studies that
target different phases of the inflammatory response in the fetal
and newborn lung to better identify potential strategies for treat-
ment.
Although fetal lung macrophages clearly respond to innate

immune stimuli, their functional role in normal embryogenesis
remains uncertain. In developing tissues, macrophages may remove
cellular debris, remodel extracellular matrix, or express growth
factors (30). Removal of apoptotic cells may be critical for lung
morphogenesis, as at least one study has demonstrated that mice
lacking the phosphoserine receptor are unable to phagocytose
apoptotic cells and die following birth with abnormal lung struc-
ture (31). In the developing mammary gland, macrophages lo-
calize to collagen fibrils along elongating ductal branches, pos-
sibly playing a role in extracellular matrix remodeling (32).
Macrophages present in the fetal kidney may contribute to de-
velopment by expressing specific Wnt ligands (33). We do not yet
know if fetal lung macrophages play a similar trophic role in
normal airway morphogenesis. In addition to the downstream ef-
fects of macrophage-derived cytokines on mesenchymal cell gene
expression, inflammatory activation could divert macrophages
from their yet uncharacterized developmental or trophic roles.
This intersection of inflammatory and developmental pathways
could therefore be a focal point for disease pathogenesis.
The two-wave model for propagation of inflammatory signals

that disrupt branching morphogenesis suggests several potential
therapeutic strategies for preventing BPD. Targeting macrophage
activation could prevent the initial wave of fetal lung inflammation.
The feasibility of this approach is supported by our experimental
data using macrophage depletion and targeted deletion of IKKb.
However, many women clinically present already in preterm labor
and with evidence of chorioamnionitis (34). In these situations,
fetal lung macrophage activation may have occurred prior to de-
livery. Therefore, alternative strategies could target inflammatory
mediators such as IL-1b and TNF-a to prevent the effects of in-
flammation on mesenchymal gene expression and altered epithe-
lial–mesenchymal interactions. Finally, approaches that restore the
mesenchymal cell phenotype to a normal fetal lung gene expres-
sion pattern and cell behavior could promote ongoing lung mor-
phogenesis even in preterm infants with previous inflammatory
exposures.
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