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ABSTRACT 

 

Tuberculosis (TB) is a major public health concern, affecting millions of people 

worldwide. Current Mycobacterium tuberculosis (Mtb) treatment strategies have many 

limitations including long treatment duration, drug toxicity, emergence of drug-resistant strains, 

and inadequate efficacy. One new strategy to eradicate Mtb is the use of host directed therapy; 

however, we must first gain a better understanding of how the host responds to Mtb infection. 

Understanding that IFN is critical for Mtb control, we used IFN to dissect macrophage 

responses. Here, we used a CRISPR Cas9 screen to broadly understand genes necessary for 

IFN-dependent MHCII expression. MHCII drives T-cell activation needed for pathogen 

clearance. Additionally, we took advantage of a new alveolar macrophage model, known as 

FLAMs, that was optimized by our lab, to better understand AM IFN-responses. Our findings 

reveal that IFN robustly activates both macrophage types; however, the profile of activated 

IFN-stimulated genes varies significantly. Notably, FLAMs show limited activation of 

costimulatory markers essential for T cell activation upon IFN stimulation alone. However, with 

the inhibition of GSK3/, a well-conserved multifunctional kinase, FLAMs express a high 

amount of co-stimulatory molecules, particularly CD40. We also discovered that TNF and IFN 

contribute to the increase in costimulatory molecules during GSK3/ inhibition and IFN 

stimulation. Together, these data suggest that AMs' capacity to respond to IFN is restricted in a 

GSK3/ dependent manner and that IFN responses differ across distinct macrophage 

populations.
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CHAPTER 1: How IFNg orchestrates host defense strategies against 

Mycobacterium tuberculosis 
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GLOBAL IMPACT OF MTB 

Mycobacterium tuberculosis (Mtb), the causative agent of Tuberculosis (TB), is one of 

the most devastating infectious diseases worldwide. An estimated 25% of the global population 

has been infected by TB at some point in their lives 1. Most of those infected do not progress to a 

disease state and some even clear the infection completely. In 2021 alone, there were 10.6 

million people around the world reported to have active TB disease and an estimated 1.6 million 

deaths caused by the disease 2.  

TB has been a prominent societal burden for millennia and causes the highest burden on 

poor individuals in low to middle-income countries and among other marginalized populations. 

Geographical and financial burden often prevent individuals from early diagnoses that lead to 

increased transmission of disease and delayed treatment  3. The costs associated with TB illness 

and treatment can be catastrophic to families and cause further impoverishment  4. Overall 

poverty has been connected to an increased risk of TB infection, developing active TB disease, 

delayed diagnosis3, poor adherence to TB treatment plans, and TB fatality5. 6  

Treatments currently available to combat Mtb infections include the drugs: Isoniazid 7, 

Rifampin 8,9, Ethambutol 10,11, and Pyrazinamide 12. These drugs are used in combination over 

several months and cause major side effects 13–18. They have been used for more than 60 years 

leading to both multidrug resistant strains of tuberculosis and extensively drug-resistant 

tuberculosis 19–23. When patients are infected with resistant strains, they are treated with a 

combination of second-line defense drugs that often take even more time and additional trial and 

error to determine the right combination treatment. In addition to developing resistance, Mtb has 

rapidly evolved strategies to evade immune responses within the host.  
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The only tuberculosis vaccine licensed for global use at this time, and for the last century, 

is the Bacillus Calmette-Guérin (BCG) vaccine. Despite the vaccine’s failure to protect against 

pulmonary TB, it continues to be the most widely used TB preventative treatment 24. BCG 

causes a host response that activates inflammatory cells like CD4+ and CD8+ T-cells which 

leads to the production of protective cytokines like IFN, TNF, IL-2, and IL-17. 

Experimentally, these responses show protective effects against Mtb, but when initiated by the 

BCG vaccine they are not enough to control infection 24.   Better vaccines and host-directed 

therapies are needed to minimize the global burden of TB that has impacted lives since ancient 

times. By understanding protective host responses to Mtb infection we can begin to develop host 

directed strategies that combat the sophisticated infection tactics of Mtb.  

HOST IMMUNE RESPONSE TO MTB 

Individually, the adaptive and innate immune responses are not enough to eradicate Mtb 

infection. The two systems must carefully orchestrate their defense strategies to combat the 

sophisticated tactics of Mtb. First the innate immune system minimizes bacterial burden and 

spread, then after several weeks the adaptive immune response specifically targets Mtb infected 

cells for eradication. Upon infection, alveolar macrophages (AMs) are the first contact for Mtb 

25.  AMs are the lung occupying resident macrophage. Resident macrophages are tissue specific 

and are important for maintaining tissue homeostasis and responding to tissue damage or 

infection. AMs phagocytose Mtb but maintain a relatively low activation state and have low 

migratory potential that ultimately favor Mtb survival26. These characteristics cause a lag in the 

activation of an adaptive immune response making AMs an ideal niche for Mtb intracellular 

survival 25,27. There are several receptors on the surface of the AM that recognize Mtb including 

toll-like receptors 28–30, collectins 31,32, and c-type lectins 33. Each receptor activates a different 
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network of receptor-mediated signaling pathways that cause distinct gene expression profiles of 

the infected macrophage. This suggests that even upon recognition of Mtb, there is already 

variability in how the infected macrophage will respond and how it will elicit an immune 

response.  

Once Mtb is engulfed, AMs in both mice and humans produce nitric oxide34–36 and 

reactive oxygen species37, both of which are antimycobacterial effectors that should be able to 

clear the infection. However, Mtb detoxifies the nitrogen and oxygen radicals evading this 

clearance attempt 38–40. When Mtb establishes a proper niche within the cell, it replicates 

sufficiently to the point of cellular burst 41. This burst then releases the bacteria from the infected 

cell where they can then infect neighboring cells and progress the infection.  

After approximately six weeks in humans42,43 and 2 weeks in mice 44, the adaptive 

immune response is initiated. This delay is unique to Mtb and has not been observed in other 

lung infections 45. This suggests that Mtb actively takes advantage of the low activation state and 

low trafficking potential of AMs to avoid activation of the adaptive immune response. 

Eventually, the Mtb infected AMs move from the alveoli to the interstitial space 25. Once Mtb 

infected AMs are in the interstitial space, inflammatory macrophages (IMs) are recruited to the 

area and become infected with Mtb 27. Recruited macrophages are directed to the site of infection 

during an immune response and provide a more robust response to infection. IMs express MHCII 

and costimulatory markers including CD40, CD80, and CD86 46–48. They produce pro 

inflammatory cytokines including IL-1, IL-1, and TNF that are important for pathogen 

control 49. They are also very responsive to cytokines, particularly IFN 50. Activation of IMs 

triggers robust inflammation that ultimately initiates the hosts adaptive response. Mtb antigens 

are trafficked to the draining lymph nodes where they activate Mtb-specific T-cells 27. T-cells 
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have proven to be critical for the control of Mtb infection in human, non-human primate, and 

murine models. When T-cells are depleted individuals become highly susceptible to Mtb 

infection. 51–54. T-cells require three distinct signals to be activated during Mtb infection 55. The 

first is recognition of the pathogen derived peptides that are loaded onto the major 

histocompatibility complex class II on the surface of macrophages (MHCII) by antigen specific 

T-cell receptors (TCRs). The second signal is the binding of costimulation molecules including 

CD80, CD86, and CD40 on the surface of the macrophage to their corresponding ligand on the 

T-cell. How the T-cell binds each costimulatory molecule can alter its function, having a direct 

effect on Mtb control 48. The third signal is driven by cytokines like IFN, TNF, and IL-2 that 

enhance T-cell activation. Deficient Th1 cytokine production, especially IFN, is a well-

established risk factor for Mtb infection and disease progression. In this dissertation, I will focus 

on the mechanisms of IFN, a cytokine produced by activated CD4+ T-cells that orchestrates the 

macrophage activation required to limit TB disease progression. 

IFN  AND MTB INFECTION 

IFN plays an important role in the control of several pathogens including Salmonella 56, 

Listeria 57, and Mycobacteria species 58. IFN is produced by T-cells in response to Mtb infection 

and is quantified to test for infection. An Interferon Gamma Release Assay (IGRA) is a blood 

test that exploits the strong T-cell response to Mtb to detect even latent TB infection 59. This 

release of IFN by T-cells during Mtb infection is crucial for disease control 58. Studies have 

shown that by knocking out genes needed for IFN production mice succumb to disease faster 

and have a higher bacterial burden of Mtb 58,60. Approximately 1 out of 50,000 people have a 

condition called Mycobacterial susceptibility to mycobacterial disease (MSMD) which is caused 

by genetic mutations in genes that are needed to produce or respond to IFN 61. There are nine 
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specific genes (IFNGR1, IFNGR2, STAT1, IL12B, IL12RB1, ISG15, and IRF8) that when 

mutated cause this condition, all of which are involved in IFN-dependent immunity 62–73. These 

individuals are predisposed to disease caused by the BCG vaccine, mycobacteria, and other intra-

macrophagic pathogens. Given the severe results of these mutations, IFN seems to be one of, if 

not the most important T-cell derived effector molecule for protection against Mtb infection.  

The regulation of IFN is controlled positively and negatively by several factors, making 

its control of the immune system highly specific and tightly regulated. IFN is released from 

Natural Killer (NK) cells, NK T-cells, CD4+ T-cells, and CD8+ T-cells. One of the most 

important regulators of IFN is T-bet, the T-cell specific T-box transcription factor74. T-bet is 

considered the final check point for signaling pathways to activate IFN expression or to block it. 

T-bet has a broad role in chromatin structure and can enhance or suppress IFN gene expression 

both directly or indirectly. NFAT, nuclear factor of activated T-cell, binding sites are located 

upstream of the IFN transcription start site and have been shown to be required for maximum 

activity of the IFN promoter in T-cells 75,76. Activating promoter 1, AP-1, is also linked to 

enhancing NFAT proteins through the formation of transcription factor complexes including c-

Jun, CREB, and ATF-2 77. While it is important to activate IFN via positive regulators, too 

much IFN can be problematic and lead to autoimmune responses and tissue damage. Negative 

regulators are also in place to control this important balance. PPAR links to Prox1 in T-cells to 

inhibit the expression of IFN 78. PPAR has also been reported to inhibit IFN by antagonizing 

transcription factors AP-1, STAT, and NF 79. However, when IFN is expressed, it in turn 

limits PPAR by increasing STAT1 expression creating a regulatory cycle to balance expression 

of both PPAR and IFN 80. Activated TGF binds to T-bet causing IFN suppression by 
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limiting T-bet activity 81,82. Gata3 in T-cells also restricts access to the promoter regions of both 

T-bet and IFN, preventing IFN expression 83. Additionally, IFN is largely regulated by cell 

activation from cell surface receptor signaling. Il-2, Il-12, Il-15, Il-18, and Il-27 all induce IFN 

expression 84. IFN also causes a feed-forward loop; when it is released by CD4+ T cells 

macrophages become activated which in turn leads to the release of additional IFN. Broadly it is 

important to acknowledge the complexity of IFN regulation and its implications in the host 

immune response. There is much more work to do to fully understand the regulation of IFN and 

by understanding it, we can use this cytokine as a target for host directed therapies during 

infection and disease.  

IFN-dependent macrophage activation occurs when IFN binds to the IFN receptor 

(IFNGR) on the surface of macrophages causing a confirmational change in the receptor. This 

activates autophosphorylation and activation of Jak2 followed by activation of Jak1. Jak1 

phosphorylates functionally important tyrosine residues on the IFNGR1 chain to form two 

docking sites for latent STAT1. STAT1 is then activated leading to the transcription of target 

genes including Ciita, a transcriptional coactivator of MHC genes.85 From IFN binding IFNGR 

to STAT1 activation this process takes less than one minute. After activation, many of the exact 

IFN-dependent factors that control Mtb are unclear. The generation of oxygen and nitrogen 

radicals by IFN has been shown to limit Mtb replication in macrophages ex vivo but is only 

mildly antimicrobial in vivo 86–88. GBPs that are induced by IFN disrupt the intracellular niche 

required for many intracellular pathogens, but do not protect against Mtb 89. IFN-dependent 

GTPases, like Irgm1, have been reported to target the Mtb containing vacuole to limit growth, 

however recent evidence questions if Irgm1 is targeting the phagosome 90,91. Together these 

findings demonstrate that IFN-dependent mechanisms, while crucial, are not enough alone to 
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clear Mtb infection. This suggests that Mtb is using sophisticated evasion tactics to skew or avoid 

such defenses.  

The outcome of IFN-dependent pathway control and Mtb disease outcome is not as 

simple as IFN being on or off. IFN is tightly regulated at several levels and has many 

mechanisms that contribute to Mtb control. Researchers have tried to increase the protective 

effects of IFN by driving IFN production. In mice, driving IFN production during Mtb 

infection results in premature death rates comparable to mice that lack T-cells altogether 92. 

Given the effects of MSMD and several IFN KO studies, we understand the importance of IFN 

in Mtb control.  However, given the complicated regulation of IFN and its dependent 

downstream pathways, more research needs to be done to use IFN as a target for future 

therapeutics.  

MTB EVASION STRATEGIES RELATED TO IFN  REGULATED PATHWAYS 

Mtb has evolved sophisticated evasion tactics that challenge nearly every step of host 

defense, including those involved in and regulated by IFN. IFN provides protection from TB 

disease progression but does not full eradicate the pathogen. This suggests that Mtb has 

additional, undiscovered, evasion tactics that are IFN specific. Guanylate binding proteins 

(GBPs) are an important host defense protein that is effective at clearing many intracellular 

pathogens including Mycobacterium bovis BCG, but not Mtb 89. These differences are explained 

by the lack of the ESX1 secretion system in M. bovis BCG, suggesting an important role of 

ESX1 in GBP specific evasion by Mtb 89. The 19-kDa lipoprotein of Mtb limits IFN-dependent 

activation of class II transactivator (Ciita) that regulates MHCII antigen presentation 93. Mtb 

specifically targets TLR2-induced MAPK signaling causing hypoacetylation of the histone at 

CIITA pIV, thus suppressing its function 94. The 19-kDa lipoprotein also inhibits IFN-
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dependent HLA-DR, an MHCII surface receptor 95. Mtb also inhibits how macrophages respond 

to IFN by inducing other cytokines like IL-6, which inhibits Th1 differentiation and activates 

the suppressor of cytokine signaling (SOCS) 96. SOCS also limits STAT1 phosphorylation 

causing limited antigen presentation 97. The production of IFN is also affected by Mtb. PD1 and 

Tim3 are upregulated on Mtb-specific T-cells which reduces the production of IL-2, TNF, and 

IFN 98,99. Even though these defense strategies should work to limit or even eradicate Mtb, we 

still are not quite sure which specific IFN mechanisms are the most effective at Mtb restriction 

or why these mechanisms are not enough. We hypothesize that there are additional unknown 

mechanisms of regulation and evasion.  

HOST DIRECTED STRATEGIES 

Together it is clear, that a better understanding of IFN pathways is needed to understand its 

mechanisms in controling Mtb and disease progression. Using advanced CRISPR tools to study 

IFN on a global scale, we aim to identify novel IFN regulatory pathways that contribute to 

infection control. Given that simply driving more IFN is not an effective approach to increasing 

IFN protection92, we must gain an understanding of how each specific IFN-dependent 

protective mechanism works individually and as a system to identify appropriate therapeutic 

targets. Using host directed therapies to target such IFN-dependent mechanisms, has the 

potential to effectively combat TB. Current TB drug treatments have been used for the past 60 

years and have caused a massive evolution of multidrug resistant and extensively drug resistant 

strains, making treatment difficult. Recent treatment development initiatives have shifted 

towards the development of host directed therapies that target host responses to infection rather 

than the pathogen. The mission now is to determine which host responses are reasonable targets 

to balance resistance, pathogen reduction of elimination, and tolerance, reduction of host damage 
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caused by the pathogen, to the infection. Given the proven importance of IFN in Mtb control, 

we hypothesize that IFN regulation or IFN-dependent pathways are a reasonable option.  Some 

studies have attempted to use exogenous IFN to treat TB with varied results. One study reported 

that giving MDR-TB patients aerosolized IFN (500ug, three times a week for a month) resulted 

in radiological improvements 100. Another found that giving IFN at two million IU, three times a 

week for 6 months had no effect 101. A clinical study that gave recombinant IFN treatments in 

combination with standard drug treatments found that the IFN suppressed proinflammatory 

cytokines that can lead to tissue damage including IL-1, Il-6, and IL-8 102. One study observed 

increased CD4+ lymphocyte responses and increase Mtb clearance in sputum during IFN 

supplementation given at 200g, there times a week for 4 months 102. There is clearly much work 

left to do to tap into the potential of IFN directed host therapies, but together this work shows 

that IFN can be used to alter infection outcome. The high variation with exogenous IFN, also 

suggests that by specifically targeting these pathways in the host perhaps we could tap into a 

more consistent method for treatment. In this dissertation, I work to further define the IFN-

dependent regulation of macrophage activated CD4+ T-cell responses to better understand Mtb 

control and identify potential therapeutic targets in the host. In Chapter 2, we identify several 

novel regulators of MHCII, focusing mainly on Med16, a subunit of the mediator complex 

important for transcription, and GSK3, a multifunctional kinase, both of which are highly 

conserved across all eukaryotes. Next in Chapter 3, we characterize the role of IFN and GSK3-

dependent IFN signaling in both resident (FLAM) and recruited macrophages (iBMDMs)—

reporting several distinctions and similarities between the two cell types. In Chapter 4, we 

investigate how TGF controls AM function and overall inflammation and TLR2 specific 
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responses—uncovering an unexpected connection between TGF, TLR2, and type I IFN 

responses. Together these chapters provide a better understanding of macrophage immune 

responses relevant to Mtb infection.  
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ABSTRACT 

Cytokine-mediated activation of host immunity is central to the control of pathogens. 

Interferon-gamma (IFNγ) is a key cytokine in protective immunity that induces major 

histocompatibility complex class II molecules (MHCII) to amplify CD4+ T cell activation and 

effector function. Despite its central role, the dynamic regulation of IFNγ-induced MHCII is not 

well understood. Using a genome-wide CRISPR-Cas9 screen in murine macrophages, we 

identified genes that control MHCII surface expression. Mechanistic studies uncovered two 

parallel pathways of IFNγ-mediated MHCII control that require the multifunctional glycogen 

synthase kinase three beta (GSK3β) or the mediator complex subunit 16 (MED16). Both 

pathways control distinct aspects of the IFNγ response and are necessary for IFNγ-mediated 

induction of the MHCII transactivator Ciita, MHCII expression, and CD4+ T cell activation. Our 

results define previously unappreciated regulation of MHCII expression that is required to 

control CD4+ T cell responses. 

INTRODUCTION 

Activation of the host response to infection requires the coordinated interaction between 

antigen presenting cells (APCs) and T cells 1–3. For CD4+ T cells, the binding of the T cell 

receptor (TCR) to the peptide-loaded major histocompatibility complex class II (MHCII) on the 

surface of APCs is necessary for both CD4+ T cell activation and their continued effector 

function in peripheral tissues  3–5 Dysregulation of MHCII control leads to a variety of conditions 

including the development of autoimmunity and increased susceptibility to pathogens and 

cancers 6–9. While MHCII is constitutively expressed on dendritic cells and B cells, the 

production of the cytokine IFNγ promotes MHCII expression broadly in other cellular 

populations including macrophages 10–13. The induction of MHCII in these tissues activates a 
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feedforward loop wherein IFNγ-producing CD4+ T cells induce myeloid MHCII expression, 

which in turn amplifies CD4+ T cell responses 13–15. Thus, IFNγ-mediated MHCII expression is 

essential for protective immunity. 

The IFNγ-dependent control of MHCII is complex 1,5,11,16,17. Binding of IFNγ to its 

receptor induces cytoskeletal and membrane rearrangement that results in the activation of JAK1 

and JAK2 and STAT1-dependent transcription 18,19. STAT1 induces Irf1, which then drives the 

expression of the MHCII master regulator, Ciita 20. The activation of CIITA opens the chromatin 

environment surrounding the MHCII locus and recruits transcription factors, including CREB1 

and RFX5 5,21. MHCII is also regulated post-translationally to control the trafficking, peptide 

loading, and stability of MHCII on the surface of cells 22–24. While recent evidence points to 

additional regulatory mechanisms of IFNγ-mediated MHCII expression, including the response 

to oxidative stress, these have not been investigated directly in macrophages 1. 

In non-inflammatory conditions, macrophages express low levels of MHCII that is 

uniquely dependent on NFAT5 14. While basal MHCII expression on macrophages plays a role 

in graft rejection, it is insufficient to control intracellular bacterial pathogens, which require 

IFNγ-activation to propagate protective CD4+ T cell responses 25–27. Many pathogens 

including Mycobacterium tuberculosis and Chlamydia trachomatis inhibit IFNγ-mediated 

MHCII induction to evade CD4+ T-cell-mediated control and drive pathogen persistence 28–30 

Overcoming these pathogen immune evasion tactics is essential to develop new treatments or 

immunization strategies that provide long-term protection 25. Without a full understanding of the 

global mechanisms controlling IFNγ-mediated MHCII regulation in macrophages, it has proven 

difficult to dissect the mechanisms related to MHCII expression that cause disease or lead to 

infection susceptibility. 
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Here, we globally defined the regulatory networks that control IFNγ-mediated MHCII 

surface expression on macrophages. Using CRISPR-Cas9 to perform a forward genetic screen, 

we identified the major components of the IFNγ-regulatory pathway in addition to many genes 

with no previously known role in MHCII regulation. Follow-up studies identified two critical 

regulators of IFNγ-dependent Ciita expression in macrophages, MED16 and GSK3β. Loss of 

either MED16 or GSK3β resulted in significantly reduced MHCII expression on macrophages, 

unique changes in the IFNγ-transcriptional landscape, and prevented the effective activation of 

CD4+ T cells. These results show that IFNγ-mediated MHCII expression in macrophages is 

finely tuned through parallel regulatory networks that interact to drive efficient CD4+ T cell 

responses. 

RESULTS 

Optimization of CRISPR-Cas9 editing in macrophages to identify regulators of IFNγ-

inducible MHCII 

To better understand the regulation of IFNγ-inducible MHCII, we optimized gene-editing 

in immortalized bone marrow-derived macrophages (iBMDMs) from C57BL/6 J mice. iBMDMs 

were transduced with Cas9-expessing lentivirus and Cas9-mediated editing was evaluated by 

targeting the surface protein CD11b with two distinct single guide RNAs (sgRNA). When we 

compared CD11b surface expression to a non-targeting control (NTC) sgRNA by flow 

cytometry, we observed less than 50 % of cells targeted with either of the Cd11b sgRNA were 

successfully edited (Figure 1.1—figure supplement 1A). We hypothesized that the polyclonal 

Cas9-iBMDM cells variably expressed Cas9 leading to inefficient editing. To address this, we 

isolated a clonal population of Cas9-iBMDMs using limiting dilution plating. Using the 

same Cd11b sgRNAs in a clonal population (clone L3) we found 85–99% of cells were deficient 

https://elifesciences.org/articles/65110/figures#fig1s1
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in CD11b expression by flow cytometry compared to NTC (Figure 1.1—figure supplement 1B). 

Successful editing was verified by genotyping the Cd11b locus for indels at the sgRNA targeting 

sequence using Tracking of Indels by Decomposition (TIDE) analysis 31. Therefore, clone L3 

Cas9+ iBMDMs proved to be a robust tool for gene editing in murine macrophages. 

To test the suitability of these cells to dissect IFNγ-mediated MHCII induction, we next 

targeted Rfx5, a known regulator of MHCII expression, with two independent sgRNAs 9. Since 

L3 macrophages do not express IFNγ, we stimulated Rfx5 targeted and NTC cells with IFNγ for 

18 hours and quantified the surface expression of MHCII by flow cytometry (Figure 1.1A and 

B and Figure 1.5—source data 1). In cells expressing the non-targeting sgRNA, IFNγ stimulation 

resulted in a 20-fold increase in MHCII. In contrast, cells transduced with either of two 

independent sgRNAs targeting Rfx5 failed to induce the surface expression of MHCII following 

IFNγ stimulation. We further tested other activators that might impact MHCII expression in L3 

cells. L3 cells were stimulated with IFNγ, LPS, Pam3CSK4, IFN-β, TNF and N-glycolylated 

muramyldipeptide (NG-MDP) and 24 hours later the surface expression of MHCII and PD-L1 

was quantified. While each stimuli increased PD-L1 expression, only IFNγ significantly altered 

the expression of MHCII (Figure 1.1—figure supplement 1C,D ). Thus, MHCII expression in 

macrophages is tightly controlled by IFNγ-dependent mechanisms and L3 cells can be 

effectively used to interrogate IFNγ-mediated MHCII expression in macrophages.  

Forward genetic screen identifies known and novel regulators of MHCII surface expression 

in macrophages 

To define the genetic networks required for IFNγ-mediated MHCII expression, we made 

a genome-wide library of mutant macrophages with sgRNAs from the Brie library to generate 

null alleles in all protein-coding genes 32. After verifying coverage and minimal skew in the 

https://elifesciences.org/articles/65110/figures#fig1s1
https://elifesciences.org/articles/65110#fig1
https://elifesciences.org/articles/65110#fig1
https://elifesciences.org/articles/65110#fig5sdata1
https://elifesciences.org/articles/65110/figures#fig1s1
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initial library, we conducted a forward genetic screen to identify regulators of IFNγ-dependent 

MHCII expression (Figure 1.1C and Supplementary file 1). The loss-of-function library was 

stimulated with IFNγ and 24 hours later, we selected MHCIIhigh and MHCIIlow expressing cells 

by fluorescence activated cells sorting (FACS). Following genomic DNA extraction, sgRNA 

abundances for each sorted bin were determined by deep sequencing. 

As our knockout library relied on the formation of Cas9-induced indels and was exclusive to 

protein-coding genes, we focused our analysis on genes expressed in macrophages under the 

conditions of interest, which we determined empirically in the isogenic cell line by RNA-seq 

(Figure 1.5—source data 1). We assumed that sgRNAs targeting non-transcribed genes are 

neutral in their effect on IFNγ-induced MHCII expression, which afforded us ~32,000 internal 

negative control sgRNAs 33. To test for statistical enrichment of sgRNAs and genes, we used the 

modified robust rank algorithm (α-RRA) employed by Model-based Analysis of Genome-wide 

CRISPR/Cas9 Knockout (MAGeCK), which first ranks sgRNAs by effect and then filters low 

ranking sgRNAs to improve gene significance testing 34. We tuned the sgRNA threshold 

parameter to optimize the number of significant hits without compromising the calculated q-

values of known positive controls that are expected to be required for IFNγ-mediated MHCII 

expression. Further, by removing irrelevant sgRNAs that targeted genes not transcribed in our 

conditions, we removed potential false positives and improved the positive predictive value of 

the screen (Figure 1.1—figure supplement 2A and S2B). 

Guide-level analysis confirmed the ability to detect positive control sgRNAs which had  

robust enrichment in the MHCII low population (Figure 1.1—figure supplement 2C). Using the 

previously determined parameters, we tested for significantly enriched genes that regulated 

MHCII surface levels. As expected, sgRNAs targeting known components of the IFNγ-receptor 
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signal transduction pathway, such as Ifngr1, Ifngr2, Jak1 and Stat1, as well as regulators and 

components of IFNγ−mediated MHCII expression, such as Ciita, Rfx5, and Rfxank were all 

significantly enriched 5,20. These results validated our approach to identify functional regulators 

of IFNγ-mediated MHCII expression. 

Stringent analysis revealed a significant enrichment of genes with no known involvement 

in interferon responses and antigen presentation. To identify functional pathways that are 

associated with these genes, we performed KEGG pathway analysis on the positive regulators of 

IFNγ-induced MHCII that met the FDR cutoff (Figure 1.1—figure supplement 2D; 35–37). 

However, gene membership for the 10 most enriched KEGG pathways was largely dominated by 

known regulators of IFNγ signaling. To circumvent this redundancy and identify novel pathways 

enriched from our candidate gene list, the gene list was truncated to remove the 11 known IFNγ 

signaling regulators. Upon reanalysis, several novel pathways emerged, including mTOR 

signaling (Figure 1.1—figure supplement 2E). Thus, our genetic screen uncovered previously 

undescribed pathways that are critical to control IFNγ-mediated MHCII surface expression in 

macrophages. 

The results of the genome-wide CRISPR screen highlight the sensitivity and specificity 

of our approach and analysis pipeline. To gain new insights into IFNγ-mediated MHCII 

regulation, we next validated a subset of candidates that were not previously associated with the 

IFNγ-signaling pathway. Using two independent sgRNAs for each of 15 candidate genes, we 

generated loss-of-function macrophages in the L3 clone. MHCII surface expression was 

quantified by flow cytometry for each cell line in the presence and absence of IFNγ activation. 

For all 15 candidates, we observed no changes in basal MHCII expression (Figure 1.1—figure 

supplement 2F) but found deficient MHCII induction following IFNγ stimulation with at least 
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one sgRNA (Figure 1.1E and Figure 1.1—figure supplement 2G). For 9 of 15 candidate genes, 

we observed a significant reduction in MHCII surface expression with both gene-specific 

sgRNAs These results show that our screen not only identified known regulators of IFNγ-

mediated MHCII induction, but also uncovered new regulatory networks required for MHCII 

expression on macrophages. 

We were interested in better understanding the IFNγ-mediated transcriptional activation 

of MHCII to determine if a subset of candidates reveal new regulatory mechanisms of MHCII-

expression. Based on the screen and validation results, we examined the known functions of the 

candidates that were confirmed with two sgRNAs, and identified Med16 and Gsk3 for follow-

up study. MED16 is a subunit of the mediator complex that regulates transcription initiation 

while Glycogen synthase kinase 3β (GSK3β) is a multifunctional kinase that controls signaling 

pathways known to regulate transcription 38,39. Thus, we hypothesized that MED16 and GSK3β 

would be required for effective IFNγ-mediated transcriptional control of MHCII. 

MED16 is uniquely required for IFNγ-mediated CIITA expression 

We first examined the role of MED16 in controlling IFNγ-mediated MHCII expression. Our 

validation results confirmed that MED16 was indeed an essential positive regulator of MHCII 

expression (Figure 1.1E). MED16 was the sixth ranked candidate from our screen results, with 

robust enrichment of all four sgRNAs in the MHCII low population (Figure 1.2A). As part of the 

mediator complex, MED16 bridges the transcription factor binding and the chromatin 

remodeling that are required for transcriptional activation 40. These changes then recruit and 

activate RNA polymerase II to initiate transcription. While the core mediator complex function is 

required for many RNA polymerase II dependent transcripts, distinct sub-units of the mediator 

complex can also play unique roles in gene regulation 38,40. To examine if MED16 was uniquely 

https://elifesciences.org/articles/65110#fig1
https://elifesciences.org/articles/65110/figures#fig1s2
https://elifesciences.org/articles/65110#fig1
https://elifesciences.org/articles/65110#fig2


 30 

required for IFNγ-dependent MHCII expression, we probed our genetic screen data for all 

mediator complex subunits. The other 27 mediator complex subunits in our library did not show 

any significant changes in MHCII expression (Figure 1.2B). To test the specific requirement of 

MED16, we generated knockout macrophages in Med16 (Med16 KO) using two independent 

sgRNAs and targeted three additional mediator complex subunits, Med1, Med12 and Med17. We 

treated with IFNγ and quantified the surface levels of MHCII by flow cytometry. In support of 

the screen results, Med1, Med12 and Med17 showed similar MHCII upregulation compared to 

NTC cells, while Med16 targeted cells demonstrated defects in MHCII surface expression 

(Figure 1.2C and D). These results suggest that there is specificity to the requirement for 

MED16-dependent control of IFNγ-induced Ciita that is unique among the mediator complex 

subunits. 

To understand the mechanisms of how MED16 regulates MHCII-induction, we assessed 

the transcriptional induction of MHCII in Med16 KO cells. In macrophages, the IFNγ-mediated 

transcriptional induction of MHCII subunits requires the activation of CIITA that then, in 

complex with other factors like RFX5, initiates transcription at the MHCII locus 1,13. To 

determine whether MED16 controls the transcriptional induction of MHCII, we stimulated 

NTC, Med16 KO and Rfx5 targeted cells with IFNγ for 18 hours and isolated RNA. Using qRT-

PCR, we observed that loss of RFX5 did not impact the induction of Ciita, but had a profound 

defect in the expression of H2aa compared to NTC cells (Figure 1.2E and F). Loss of MED16 

significantly inhibited the induction of both Ciita and H2aa. We further compared MHCII 

expression between NTC and Med16 KO cells over time and with varying IFNγ concentrations 

observing robust inhibition of MHCII expression in all conditions (Figure 1.2—figure 

supplement 1B-D). 
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To ensure that the IFNγ treatments reflect physiological conditions, we developed a co-

culture assay with macrophages and activated Natural Killer (NK) cells that produce IFNγ. NTC 

and Med16 KO cells were left untreated or were incubated with activated NK cells for 18 hours 

then MHCII expression on the surface of the macrophages was quantified by flow cytometry 

(Figure 1.2G). In this model, induction of MHCII on macrophages was entirely dependent on 

NK cell-derived IFNγ as antibody-mediated blockade of IFNγ signaling or co-culture with IFNγ-

/- NK cells did not significantly change macrophage surface expression of MHCII. While co-

culture of NTC macrophages with wild type NK cells robustly induced MHCII on the 

surface, Med16 KO macrophages had significantly reduced MHCII expression. Altogether these 

data suggest that MED16 controls the IFNγ-mediated induction of MHCII through upstream 

regulation of CIITA. 

GSK3 regulates the IFNγ-dependent induction of CIITA 

We next examined the mechanisms of GSK3β control of IFNγ-mediated MHCII 

expression in more detail. GSK3β is involved in many cellular pathways, yet no role in 

regulating IFNγ-mediated MHCII expression has previously been described 39,41–43. Gsk3 was 

highly ranked in the screen showing strong effects of multiple sgRNAs (Figure 1.3A; 42). Our 

validation studies further showed that GSK3β is required for the effective induction of IFNγ-

dependent MHCII (Figure 1E). To begin to understand the mechanisms controlling GSK3β-

dependent regulation of MHCII expression, we generated Gsk3 knockout cells (Gsk3 KO) and 

verified that the loss of Gsk3 inhibited IFNγ-mediated MHCII surface expression (Figure 

1.3B and Figure 1.3—figure supplement 1A). We next examined if the IFNγ-mediated 

transcriptional induction of Ciita or H2aa were reduced in Gsk3 KO cells. Loss 

of Gsk3 significantly inhibited the expression of both CIITA and H2-Aa after IFNγ-treatment 
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compared to NTC controls (Figure 1.3C and D). These data suggest that GSK3β, similar to 

MED16, is an upstream regulator of IFNγ-mediated MHCII induction and controls the 

expression of CIITA following IFNγ-activation. As with the Med16 KO, we further compared 

MHCII expression between NTC and Gsk3 KO macrophages over time and with varying IFNγ 

concentrations observing significant inhibition of MHCII expression in all conditions (Figure 

1.3—figure supplement 1B-D). 

To confirm the genetic evidence using an orthogonal method, we next used the well-

characterized small molecule CHIR99021, which inhibits both GSK3β and the GSK3β paralog 

GSK3α (39,44). NTC macrophages were treated with CHIR99021 and cells were then stimulated 

with IFNγ, and MHCII expression was quantified by flow cytometry. Inhibition of GSK3α/β 

activity reduced the induction of surface MHCII and was more deleterious than genetic loss 

of Gsk3β alone (Figure 1.3E). These data suggest a possible role for GSK3α in controlling IFNγ-

mediated MHCII expression (Huang et al., 2017). While we did not observe enrichment for 

GSK3α in the screen (Figure 1.2—figure supplement 1D and Supplementary file 1), we could 

not exclude the possibility that GSK3α plays a key regulatory role during IFNγ activation when 

GSK3β is dysfunctional. We hypothesized that GSK3α can partially compensate for total loss 

of Gsk3, resulting in some remaining IFNγ-induced MHCII expression. To test this hypothesis, 

we treated Gsk3 KO macrophages with CHIR99021 or DMSO and quantified MHCII surface 

expression. In support of an important regulatory role for GSK3α, CHIR99021 treatment 

of Gsk3 KO macrophages further reduced surface MHCII expression after IFNγ-stimulation 

compared to the Gsk3 KO alone (Figure 1.3E). 

To exclude the possibility of CHIR99021 off-target effects we next 

targeted Gsk3 genetically. To enable positive selection of a second sgRNA, we engineered 
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vectors in the sgOpti background with distinct resistance markers for bacterial and mammalian 

selection that facilitated multiplexed sgRNA cloning (see materials and methods) 45. These 

vectors could be used to improve knockout efficiency when targeting a gene with multiple 

sgRNAs or target multiple genes simultaneously (Figure 1.3—figure supplement 1E). We 

targeted Gsk3 with two unique sgRNAs in either NTC or Gsk3 KO macrophages and 

stimulated the cells with IFNγ. Cells with the sgRNA targeting Gsk3 alone upregulated MHCII 

expression similarly to NTC control cells (Figure 1.3F and Figure 1.3—figure supplement 1F). 

In contrast, targeting Gsk3 in Gsk3 KO macrophages (i.e. double knockout) led to a further 

reduction of MHCII surface expression, similar to what was observed with CHIR99021 

treatment. This same trend was observed when we examined Ciita mRNA expression after IFNγ-

activation (Figure 1.2—figure supplement 1G). To ensure physiological levels of IFNγ, we next 

repeated the NK cell co-culture experiment with Gsk3 KO and CHIR99021 treated cells. We 

observed over a 3-fold reduction in MHCII expression in both conditions compared to NTC cells 

and the reduction was greater in CHIR99021 treated cells compared to Gsk3 KO cells (Figure 

1.3G). As observed before, the MHCII induction was dependent on IFNγ as blocking the IFNγR 

with antibodies or co-culturing with IFNγ-/- NK cells resulted in no change in MHCII expression 

compared to no co-culture controls. Therefore, both GSK3β and GSK3α have important 

regulatory functions that control IFNγ-mediated MHCII expression. 

We next examined possible mechanisms by which GSK3α controls MHCII expression 

only in the absence of GSK3β. We hypothesized that Gsk3 expression or activation is increased 

in the absence of GSK3β. To test these hypotheses, NTC and Gsk3 KO cells were left untreated 

or stimulated with IFNγ for 30 min. We measured total and phosphorylated GSK3α by 

immunoblot and observed no significant difference between resting and IFNγ activation NTC 
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and Gsk3 KO macrophages (Figure 1.3H). We observed robust phosphorylation of STAT1 

further suggesting this pathway remains intact even in the absence of GSK3β. Together these 

data suggests that GSK3α does not compensate for the loss of GSK3β by modulating its 

expression or activation. 

To understand the kinetics of the GSK3α/β requirement for IFNγ responses, we 

conducted a time course experiment with CHIR99021. We hypothesized that GSK3α/β inhibition 

with CHIR99021 would block MHCII expression only if the inhibitor was present shortly after 

IFNγ stimulation. To test this hypothesis, iBMDMs were stimulated with IFNγ then treated with 

DMSO for the length of the experiment or with CHIR99021, 2, 6, 12, and 18 hours post-

stimulation. When MHCII was quantified by flow cytometry we saw a reduction in MHCII 

expression when CHIR99021 was added 2 or 6 hours after IFNγ (Figure 1.3I). CHIR99021 

addition at later time points resulted in similar MHCII expression compared to DMSO treated 

cells. When the expression of H2aa mRNA was quantified from a parallel experiment, a 

significant reduction in mRNA expression was only observed in macrophages that were treated 

with CHIR99021 2 hours following IFNγ-activation (Figure 1.2—figure supplement 1H). Thus, 

GSK3α/β activity is required early after IFNγ stimulation to activate the transcription of MHCII. 

We repeated this experiment in primary bone marrow-derived macrophages from HoxB8 

conditionally immortalized progenitor cells and observed comparable results (Figure 1.2—figure 

supplement 1I) 46. Therefore, GSK3α/β activity is required for the effective induction of IFNγ-

mediated MHCII in immortalized and primary murine macrophages and has a negligible effect 

on the maintenance or stability of cell surface-associated MHCII. 
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GSK3α/β and MED16 function independently from mTORC1 to control IFNγ-mediated 

MHCII expression 

Since the loss of either MED16 or GSK3β reduced IFNγ-mediated CIITA transcription, it 

remained possible that these two genes control MHCII expression through the same regulatory 

pathway. While Med16 KO macrophages are greatly reduced in IFNγ-mediated MHCII 

induction, there remains a small yet reproducible increase in MHCII surface expression. We 

determined if this effect on MHCII expression after IFNγ-activation required GSK3 activity by 

treating Med16 KO and NTC macrophages with CHIR99021. While DMSO-treated Med16 KO 

cells showed a reproducible two- to threefold increase in MHCII expression after IFNγ 

stimulation, CHIR99021 treated Med16 KO cells showed no change whatsoever (Figure 1.4A). 

CHIR99021 treatment of NTC cells resulted in a significant reduction in MHCII compared to 

vehicle controls. However, we observed more MHCII expression compared to CHIR99021 

treated Med16 KO cells. These results suggest that MED16 and GSK3α/β control IFNγ-

mediated Ciita induction and MHCII expression through independent mechanisms. 

Our bioinformatic analysis identified an enrichment for the mTOR pathway among 

positive regulators of MHCII expression. In contrast, a previous study linked IFNγ activation in 

human monocyte derived macrophages with the inhibition of mTORC1 47. Given this 

inconsistency and the previously described role of mTORC1 modulating GSK3 activity, we next 

examined how mTORC1 contributes to IFNγ-mediated MHCII expression. As a first step, we 

tested how the inhibition of mTORC1 impacts IFNγ responses in murine macrophages. NTC 

macrophages were treated with and without the mTORC1 inhibitor Torin2 then were left 

untreated or were stimulated with IFNγ. The surface expression of MHCII was then quantified 

by flow cytometry. While Torin2 alone had no effect on MHCII expression, blocking mTORC1 
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resulted in a significant reduction in surface MHCII following IFNγ activation, consistent with 

our screen analysis (Figure 1.4C). To determine the specificity of mTORC1 inhibition on other 

IFNγ responses we also examined the induction of the immunoinhibitory molecule programmed 

death ligand 1 (PD-L1) (Figure 1.4D). In contrast to MHCII, blockade of mTORC1 resulted in a 

significant increase in IFNγ-dependent PD-L1 expression compared to vehicle controls. Thus, 

the expression of distinct IFNγ-mediated genes are differentially controlled by mTOR signaling. 

Since blocking mTORC1 inhibited IFNγ-mediated MHCII expression, we next tested 

whether mTORC1 functions in the same pathway as GSK3α/β or MED16. NTC cells with and 

without the inhibitor CHIR99021 in addition to Gsk3 KO and Med16 KO macrophages were 

treated with low and high concentrations of Torin2. These cells were then activated with IFNγ 

and the surface expression of MHCII and PD-L1 was quantified by flow cytometry 24 hours 

later (Figure 1.4D and E). Consistent with our findings above, for all genotypes and treatments 

the inhibition of mTORC1 resulted in a significant reduction in MHCII expression and a 

significant increase in PD-L1. Taken together these data suggest that while mTORC1 is required 

for robust IFNγ-mediated MHCII expression, it functions independently of Med16 and 

GSK3α/β. 

GSK3β and MED16 control the expression of distinct IFNγ-mediated genes in 

macrophages 

While GSK3β and MED16 independently regulate MHCII expression, their overlap in 

transcriptional regulation globally remained unknown. To test this, we compared the 

transcriptional profiles of Med16 KO and Gsk3 KO cells to NTC cells by performing RNAseq 

on cells that were left untreated or were stimulated with IFNγ (See materials and methods). 

Principal component analysis of these six transcriptomes revealed distinct effects of IFNγ-
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stimulation (‘condition’; PC1) and genotype (PC2) gene expression (Figure 1.5A). 

Both Med16 and Gsk3 knockout macrophages had distinct transcriptional signatures in the 

absence of cytokine stimulation, which were further differentiated with IFNγ-stimulation. The 

PCA analysis suggested that MED16 and GSK3β control distinct transcriptional networks in 

macrophages following IFNγ-activation. 

Transcriptional analysis confirmed a critical role of GSK3β and MED16 in regulating 

IFNγ-dependent Ciita and MHCII expression in macrophages compared to NTC controls (Figure 

1.5B and C). However, the extent to which MED16 or GSK3β controlled the overall response of 

macrophages to IFNγ remained unclear. To directly assess how MED16 and GSK3β regulate the 

general response to IFNγ, we queried IFNγ-regulated genes from our dataset that are annotated 

as part of the cellular response to IFNγ stimulation (GeneOntology:0071346). Hierarchical 

clustering found that, of the 20 most induced IFNγ-regulated transcripts, the expression of eight 

were unaffected by loss of either Gsk3 and Med16 (Figure 1.5D, Cluster 2). Importantly, these 

genes included a major regulator of the IFNγ response, Irf1, as well as canonical STAT1-target 

genes (Gbp2, Gbp3, Gbp5, Gbp6 and Gbp7). This suggests that neither GSK3β nor MED16 are 

global regulators of the IFNγ response in macrophages, but rather are likely to exert their effect 

on particular genes at the level of transcription or further downstream. In contrast, only two 

genes, out of the top 20 IFNγ-regulated genes, were similarly reduced in both Med16 KO 

and Gsk3 KO cells (Cluster 4), one of which was H2ab1. This shows that while GSK3β and 

MED16 both regulate IFNγ-mediated MHCII expression, they otherwise control distinct aspects 

of the IFNγ-mediated response in macrophages. The remaining clusters from this analysis 

showed specific changes in either Med16 KO or Gsk3 KO cells. Clusters 1 and 3 showed a 

subset of genes that were more robustly induced in Gsk3 KO cells compared to NTC 
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and Med16 KO cells. These genes included Nos2, Il12rb1 and chemokines Ccl2, Ccl3, 

Ccl4, and Ccl7. In contrast, Cluster five showed a subset of genes that were reduced only in 

macrophages lacking MED16, including Irf8 and Stat1; as these effects were modest, and did not 

reach statistical significance, they may be suggestive of an incomplete positive feedforward in 

which MED16 plays a role. Further stringent differential gene expression analysis (FDR < 0.05, 

absolute LFC > 1) of the IFNγ-stimulated transcriptomes identified 69 and 90 significantly 

different genes for MED16 and GSK3β respectively. Of these differentially expressed genes 

(DEGs), eight non-MHCII genes were shared between MED16 and GSK3β, including five genes 

that are involved in controlling the extracellular matrix (Mmmp8, Mmp12, Tnn, and Clec12a). 

Taken together these results suggest that while MED16 and GSK3β both regulate IFNγ-

mediated Ciita and MHCII expression in macrophages, they otherwise control distinct regulatory 

networks in response to IFNγ. 

We next used the transcriptional dataset to understand what aspects of IFNγ-mediated 

signaling MED16 and GSK3β specifically control. To resolve the transcriptional landscape 

of Med16 KO macrophages and to understand the specific effect that MED16 loss has on the 

host response to IFNγ, we analyzed the DEGs for upstream regulators whose effects would 

explain the observed gene expression signature. The analysis correctly predicted a relative 

inhibition on IFNγ signaling compared to NTC due to the muted induction of Ciita, H2-

Ab1 and Cd74. This analysis also identified signatures of Il10, Stat3, and Pparγ activation that 

included Socs3 induction and Ptgs2 downregulation (Figure 1.5E and Figure 1.5—figure 

supplement 1A and S5B). As the DEG analysis relied on a stringent threshold that filtered the 

great majority of the transcriptome from analysis, we sought to incorporate a more 

comprehensive analysis capable of capturing genes with more modest effects based on pathway 
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enrichment. To this end, we performed gene set enrichment analysis (GSEA) using a ranked 

gene list derived from the differential gene expression analysis 48. Of the ~10,000 gene sets 

tested, 11 sets were enriched for NTC+ IFNγ and 76 for MED16+ IFNγ (FDR < 0.1). To reduce 

pathway redundancy and infer biological relevance from the gene sets, we consolidated the 

signal into pathway networks (Figure 1.5—figure supplement 1C), and observed a significant 

enrichment for genes involved in xenobiotic and steroid metabolism, including many cytochrome 

p450 family members and glutathione transferases. We also observed an elevated type I 

interferon transcriptional response in Med16 KO cells stimulated with IFNγ that included 

components of IFNα/β signal transduction (Ifnar2), transcription factors (Stat2, Irf7) and 

antiviral mediators (Oas2, Ifitm1, Ifitm2, Ifitm3, Ifitm6) (Figure 1.6F and G). Type I IFN 

production is described to have varying effects on MHCII expression 49–52. While some studies 

indicate type I IFN can enhance MHCII in DCs, other studies in distinct cell types suggest type I 

IFN blunts IFNγ-mediated MHCII expression. We reasoned that if increased type I IFN 

in Med16 KO cells was blocking MHCII expression the type I IFN would also inhibit MHCII 

expression in wild type cells in trans. To test the hypothesis that Med16 KO cells produce 

elevated type I IFN that blocks IFNγ-mediated MHCII induction we conducted a co-culture 

experiment. Med16 KO and GFP expressing NTC macrophages were mixed equally, and the 

following day stimulated with IFNγ. The surface expression of MHCII was then quantified by 

flow cytometry. While Med16 KO cells were unable to robustly induce MHCII, NTC cells from 

the same well induced MHCII over 30-fold (Figure 1.5H). These data suggest that the effect of 

Med16 on IFNγ-mediated MHCII expression is cell-autonomous. Thus, MED16 is a critical 

regulator of the overall interferon response in macrophages. 
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We next examined the regulatory networks that were specifically controlled by GSK3β. 

As observed by the initial PCA (Figure 1.5A), the transcriptional landscape of GSK3β deficient 

macrophages was altered in unstimulated cells. We hypothesized that these widespread 

differences may alter cellular physiology and explain, in part, the varied responsiveness 

of Gsk3 KO cells to IFNγ. DEG analysis of unstimulated macrophages identified 284 

differentially expressed genes due to Gsk3 loss. Functional enrichment by STRING identified 

three major clusters that included dysregulation of chemokines, cell surface receptors, growth 

factor signaling, and cellular differentiation (Figure 1.5—figure supplement 1D). GSEA 

identified a strong enrichment for chemotaxis and extracellular matrix remodeling pathways 

including several integrin subunits and matrix metalloproteinase members (Figure 1.5I and J). 

These results suggest that GSK3β is an important regulator of both macrophage homeostasis and 

the response to IFNγ. Altogether the global transcriptional profiling suggests that while MED16 

and GSK3β are both critical regulators of IFNγ-mediated MHCII expression, they each control 

distinct aspects of the macrophage response to IFNγ. 

Loss of MED16 or GSK3 inhibits macrophage-mediated CD4+ T cell activation 

While the data to this point suggested that MED16 and GSK3β control the IFNγ-

mediated induction of MHCII, in addition to distinct aspects of the IFNγ-response, it remained 

unclear how loss of GSK3β or MED16 in macrophages altered the activation of CD4+ T cells. To 

test this, we optimized an ex vivo T cell activation assay with macrophages and TCR-transgenic 

CD4+ T cells (NR1 cells) that are specific for the Chlamydia trachomatis antigen Cta1 53. 

Resting NR1 cells were added to non-targeting control macrophages that were untreated, IFNγ 

stimulated, Cta1 peptide-pulsed, or IFNγ-stimulated and Cta1 peptide-pulsed. Five hours later, 

we harvested T cells and used intracellular cytokine staining to identify IFNγ producing cells by 
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flow cytometry. Only macrophages that were treated with IFNγ and pulsed with Cta1 peptide 

were capable of stimulating NR1 cells to produce IFNγ (Figure 1.6A-C). Additionally, 

when Rfx5 deficient macrophages were pulsed with peptide in the presence and absence of IFNγ, 

we observed limited IFNγ production by NR1 cells in both conditions suggesting this approach is 

peptide-specific and sensitive to macrophage MHCII surface expression. 

We next determined the effectiveness of macrophages lacking GSK3 components to 

activate CD4+ T cells. Macrophages deficient in Gsk3, Gsk3 or both along with NTC 

and Rfx5 controls were left untreated or stimulated with IFNγ for 16 hours, then all cells were 

pulsed with Cta1 peptide. Resting NR1 cells were then added and the production of IFNγ by 

NR1 cells from each condition was quantified by flow cytometry five hours later. In agreement 

with our findings on MHCII expression, loss of Gsk3 did not inhibit the production of IFNγ by 

NR1 cells (Figure 1.6D-F). In contrast, Gsk3 KO cells reduced the number of IFNγ+ NR1 cells 

over twofold and reduced the mean fluorescence intensity of IFNγ production over 4-fold. 

Furthermore, macrophages deficient in Gsk3 and Gsk3 were almost entirely blocked in their 

ability to activate IFNγ production by NR1 cells. Thus, macrophages deficient in GSK3 function 

are unable to serve as effective antigen-presenting cells to CD4+ T cells. 

The ex vivo T cell assay was next used to test the effectiveness of Med16 KO 

macrophages as APCs. NR1 cells stimulated on IFNγ-activated Med16 KO macrophages were 

reduced in the number of IFNγ+ T cells by 10-fold and the fluorescence intensity of IFNγ by 100-

fold compared to NTC (Figure 1.6G-I). Similar to what we observed with MHCII expression, 

there was a small yet reproducible induction of IFNγ+ NR1 cells incubated with IFNγ-

activated Med16 KO macrophages. We hypothesized that inhibition of GSK3 and MED16 

simultaneously would eliminate all NR1 activation on macrophages. Treatment of  Med16 KO 

https://elifesciences.org/articles/65110#fig6
https://elifesciences.org/articles/65110#fig6
https://elifesciences.org/articles/65110#fig6
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macrophages with CHIR99021 prior to IFNγ-stimulation and T cell co-incubation, eliminated the 

remaining IFNγ production by NR1 cells seen in the DMSO treated Med16 KO condition. 

Altogether these results show that GSK3β and MED16 are critical regulators of IFNγ mediated 

antigen presentation in macrophages and their loss prevents the effective activation of CD4+ T 

cells. 
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FIGURES 

 

Figure 1.1. Genome-wide CRISPR Cas9 screen identifies regulators of IFNγ-dependent 

MHCII expression. (A) Cas9+ iBMDMs (Clone L3) expressing the indicated sgRNAs were left 
untreated or treated with IFNγ (6.25 ng/ml) for 24 hours. Surface MHCII was quantified by flow 

cytometry. Shown is a representative histogram of MHCII surface staining and (B) the 
quantification of the mean fluorescence intensity (MFI) in the presence and absence of IFNγ 
stimulation from three biological replicates. **** p < 0.0001 by one-way ANOVA with tukey 

correction for multiple hypotheses. These data are representative of three independent 
experiments. (C) A schematic representation of the CRISPR-Cas9 screen conducted to identify 

regulators of IFNγ-inducible MHCII surface expression on macrophages. A genome-wide 
CRISPR Cas9 library was generated in L3 cells using sgRNAs from the Brie library (four 
sgRNAs per gene). The library was treated with IFNγ and MHCIIhi and MHCIIlow populations 

were isolated by FACS. The representation of sgRNAs in each population in addition to input 
library were sequenced. (D) Shown is score for each gene in the CRISPR-Cas9 library that 

passed filtering metrics as determined by the alpha-robust rank algorithm (a-RRA) in MAGeCK 
from two independent screen replicates. (E) The L3 clone was transduced with the indicated 
sgRNAs for candidates (two per candidate gene) in the top 100 candidates from the CRISPR-

Cas9 screen. All cells were left untreated or treated with 10 ng/µl of IFNγ for 24 hours then were 
analyzed by flow cytometry. The fold-increase in MFI was calculated for triplicate samples for 

each cell line (MFI IFNγ+/MFI IFNγ-). The results are representative of at least two independent 
experiments. Candidates that were significant for two sgRNAs (Red) or one sgRNA (Blue) by 
one-way ANOVA compared to the mean of NTC1 and NTC2 using Dunnets multiple 

comparison test. Non-significant results are shown in gray bars. 
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Figure 1.1 (cont’d)  
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Figure 1.2. The mediator complex subunit MED16 is uniquely required for IFNγ-mediated 

MHCII surface expression. (A) Shown is the normalized mean read counts from FACS sorted 

MHCIIlow and MHCIIhi populations for the four sgRNAs targeting Med16 within the genome-
wide CRISPR-Cas9 library. (B) The mean of the log fold change (normalized counts in 

MHCIIhi/normalized counts in MHCIIlow) for each mediator complex subunit that passed quality 
control metrics described in Materials and methods. The bar colors indicate the number of 
sgRNAs out of four possible that pass the alpha cutoff using the MAGeCK analysis pipeline as 

described in material and methods. (C) Med16 KO cells or L3 cells targeted with the indicated 
sgRNA were left untreated or were treated with 6.25 ng/ml of IFNγ for 18 hours. Cells were then 

analyzed for surface MHCII expression by flow cytometry. Shown are representative comparing 
the MHCII surface expression of indicated mediator complex subunit (Black solid line) treated 
with IFNγ overlayed with NTC (Gray-dashed line) treated with IFNγ. (D) Quantification of the 

MFI of surface MHCII from the experiment in (C) from three biological replicates. These results 
are representative of two independent experiments. (E) NTC L3 cells, RFX5 sg#1 cells, 

and Med16 KO cells were left untreated or were treated with 6.25 ng/ml of IFNγ. 18 hours later 
cells RNA was isolated and qRT-PCR was used to determine the relative expression of Ciita and 
(F) H-2aa compared to GAPDH controls from three biological replicates. (G) NK cells from 

wild type or IFNγ-/- mice were activated with IL12/IL18 overnight then added to NTC 
or Med16 KO cells in the presence or absence of IFNγR blocking antibody. Twenty-four hours 

later MHCII expression on macrophages was quantified by flow cytometry. The results are 
representative of three independent experiments. ***p < 0.001 as determined one-way ANOVA 
compared to NTC cells with a Dunnets test. 
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Figure 1.2 (cont’d) 
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Figure 1.3. GSK3β and GSK3α coordinate IFNγ-mediated CIITA and MHCII expression. 
(A) Shown is the normalized mean read counts from FACS sorted MHCIIlow and 

MHCIIhigh populations for the four sgRNAs targeting Gsk3b within the genome-wide CRISPR-
Cas9 library. (B) NTC L3 cells and Gsk3b KO cells were treated with 6.25 ng/ml of IFNγ. 

Eighteen hr later, cells were stained for surface MHCII and analyzed by flow cytometry. Shown 
is a representative flow cytometry plot overlaying Gsk3b KO (blue line) with NTC (grey line). 
The results are representative of five independent experiments. (C) NTC L3 cells, Rfx5 sg#1 

cells, and Gsk3b KO cells were left untreated or were treated with 6.25 ng/ml of IFNγ. Eighteen 
hr later, cells RNA was isolated and qRT-PCR was used to determine the relative expression 

of Ciita and (D) H2aa compared to Gapdh controls from three biological replicates. The results 
are representative of three independent experiments. (E) NTC L3 cells or Gsk3β KO were 
treated with DMSO or 10 μM CHIR99021 as indicated then left untreated or stimulated with 

IFNγ for 18 hr. MHCII surface expression was then quantified by flow cytometry. The mean 
fluorescence intensity was quantified from three biological replicates. These results are 

representative of three independent experiments. (F) L3 cells or Gsk3b KO transduced with the 
indicated sgRNAs were treated with IFNγ and 18 hr later the surface levels of MHCII were 
quantified by flow cytometry. The mean fluorescence intensity of surface MHCII was quantified 

from three biological replicates from this experiment that is representative of 4 independent 
experiments. (G) NK cells from wild type or IFNγ-/- mice were activated with IL12/IL18 

overnight then added to NTC or Gsk3b KO cells in the presence or absence of IFNγR blocking 
antibody, 10 μM CHIR99021 or DMSO. Twenty-four hours later, MHCII expression on 
macrophages was quantified by flow cytometry from three biological replicates. The results are 

representative of three independent experiments. (H) NTC or Gsk3b KO cells were left untreated 
or were stimulated with 6.25 ng/ml IFNγ for 30 min. Cell lysates were used for immunoblot 

analysis with the indicated antibodies for pSTAT1, total GSK3α, pGSK3α, and Beta-actin. (J) 
Immortalized bone marrow macrophages were treated with IFNγ. Control cells were treated with 
DMSO and for the remaining cells CHIR999021 was added at the indicated times following 

IFNγ treatment. 24 hours after IFNγ stimulation the levels of surface MHCII were quantified by 
flow cytometry. Shown is the MFI for biological triplicate samples. ***p < 0.001 **p < 0.01 *p 

< 0.05 by one-way ANOVA with a Tukey Correction test.  
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Figure 1.3 (cont’d) 
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Figure 1.4. GSK3α/β and Med16 function independently from mTORC1 to control IFNγ-

mediated MHCII expression. (A) NTC or Med16 KO cells were treated with DMSO or 

CHIR99021 then left untreated or stimulated with IFNγ overnight. The following day MHC II 
cell surface expression was determined by flow cytometry. The quantification of the MFI of 

MHCII from four biological replicates is shown. **p < 0.001 by two-way ANOVA with multiple 
comparison correction. (B and C) NTC cells were treated with DMSO or 30 nM Torin2 for 2-hr 
then were stimulated with 6.25 ng/ml IFNγ overnight. Eighteen hr later (B) MHCII expression 

and (C) PD-L1 expression were quantified by flow cytometry. Shown is the MFI of the indicated 
marker from three biological replicates and is representative of three independent experiments. 

(D and E) NTC, Gsk3b KO and Med16 KO cells were treated with DMSO or 10 uM 
CHIR99021 and/or the indicated Torin2 for 2 hours. Cells were then treated with IFNγ and the 
surface expression of (D) MHCII and (E) PD-L1 were quantified by flow cytometry. Shown is 

the MFI of the indicated marker from three biological replicates and is representative of three 
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 by one or two-

way ANOVA with correction for multiple comparisons. 
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Figure 1.4 (cont’d) 
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Figure 1.5. Transcriptomic analysis reveals distinct regulatory mechanisms of IFNγ 

signaling mediated by MED16 and GSK3β. (A) The Global transcriptomes of 

NTC, Gsk3b KO and Med16 KO was determined in the presence and absence of IFNγ-
stimulation for 18 hours by RNA sequencing. Shown is the principal component analysis of the 

transcriptomes from three biological replicates for each condition. Dotplot showing the 
normalized read counts for (B) CIITA and (C) H2-Aa. (D) Shown is a heatmap showing the 
relative expression (log normalized, row-scaled) of the most varied 20 genes involved in the 

cellular response to type II interferon (Gene Ontology GO:0071346). (E) Shown is a Dotplot 
visualizing the normalized counts of the type I IFN signature Socs3 from all RNAseq conditions. 

Clustering was used to (F) Significant gene sets from Med16 KO cells that were uniquely 
regulated from the RNAseq dataset were analyzed by gene set enrichment analysis (GSEA) then 
subjected to Leading Edge analysis, which identified a significant enrichment of the cellular 

responses to type I interferons (normalized enrichment score 2.81, FDR < 0.01). (G) Shown is a 
heatmap demonstrating the relative expression of the type I interferon signature identified in 

IFNγ-stimualted Med16 KO macrophages from the RNAseq analysis. (H) GFP+ NTC cells were 
mixed equally with GFP- NTC or GFP- Med16 KO cells. The following day cells were 
stimulated with 6.25 ng/ml IFNγ and 24 hours later MHCII expression was quantified on each 

cell type. (Top) Shown is a representative flow cytometry plot to identify the cells of interest and 
MHCII expression. (Bottom) the % MHCII positive was calculated for cells in each population 

in each well. Lines link samples that were within the same well. These data are from three 
biological replicates and represent three independent experiments. **p < 0.01 by two-tailed t-
test. (I) Shown is a heatmap demonstrating the relative expression of unique differentially 

expressed genes from the Gsk3b KO in the presence (Top) and absence (Bottom) of IFNγ-
stimulation. (J) These differentially expressed genes were used in GSEA to identify Leading 

Edge networks that are specific to Gsk3b KO cells. (Top) Shown is the leading-edge analysis of 
the UPAR pathway that was identified from IFNγ-stimulated Gsk3b KO cells. (Bottom) Shown 
is the leading-edge analysis of the Granulocyte chemotaxis pathway that was identified as 

differentially regulated in resting Gsk3b KO cells. 
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Figure 1.5 (cont’d) 
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Figure 1.6. IFNγ-stimulated macrophages require MED16 or GSK3 to activate CD4+ T 

cells. 

(A) Macrophages were left untreated, treated with 10 ng/ml IFNγ overnight, 5 μM peptide for 1 
hr or both IFNγ and peptide as indicated. TCR-transgenic NR1 CD4+ T cells specific for the 

peptide Cta1 from Chlamydia trachomatis were then added to L3 macrophages of the indicated 
genotypes at a 1:1 ratio. Four hr after the addition of T cells, NR1 cells were harvested  and the 
number of IFNγ-producing CD4+ T cells was quantified by intracellular staining and flow 

cytometry. Shown is a representative flow cytometry plot gated on live/CD4+ cells. Gates for 
IFNγ+ T cells were determined using an isotype control antibody. (B) The percent of live 

CD4+ T cells producing IFNγ and (C) the MFI of IFNγ production by live CD4+ T cells was 
quantified from triplicate samples. These results are representative of three independent 
experiments. (D) L3 cells targeted with the indicated sgRNAs were left untreated or treated 

overnight with IFNγ then pulsed with Cta1 peptide for 1 hr. NR1 cells were then added at a 1:1 
ratio and 4 hr later NR1 cells were harvested and the number of IFNγ-producing CD4+ T cells 

was quantified by intracellular staining and flow cytometry. Shown is a representative flow 
cytometry plot gated on live/CD4+ cells. Gates for IFNγ+ T cells were determined using an 
isotype control antibody. (E) The percent of live CD4+ T cells producing IFNγ and (F) the MFI 

of IFNγ production by live CD4+ T cells was quantified from triplicate samples. These results 
are representative of three independent experiments. (G) NTC L3 cells or Med16 KO cells were 

left untreated or treated overnight with DMSO, IFNγ, and DMSO or IFNγ and CHIR999021 then 
pulsed with Cta1 peptide for 1 hour. NR1 cells were then added at a 1:1 ratio and 4 hours after 
the addition of T cells, NR1 cells were harvested and the number of IFNγ-producing CD4+ T 

cells was quantified by intracellular staining and flow cytometry. Shown is a representative flow 
cytometry plot gated on live/CD4+ cells. Gates for IFNγ+ T cells were determined using an 

isotype control antibody. (H) The percent of live CD4+ T cells producing IFNγ and (I) the MFI 
of IFNγ production by live CD4+ T cells was quantified from triplicate samples. These results 
are representative of three independent experiments. *** p < 0.001, *p < 0.05 by one-way 

ANOVA with a Tukey correction test.  
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Figure 1.6 (cont’d)  
 

 
 

  



 55 

Figure 1.7. Model of GSK3β− and Med16-mediated control of IFNγ-activated MHCII 

expression. 

Shown is a model of how GSK3β and MED16 regulate IFNγ-mediated MHCII expression. In the 
absence of IFNγ (Left) GSK3β controls the transcription of many macrophage genes related to 

inflammation such as CCLs. In contrast, Med16 KO cells shows minimal transcriptional changes 
in resting macrophages. Additionally, IFNγ-mediated gene expression is low. Following the 
activation of macrophages with IFNγ (Right), STAT1 becomes phosphorylated and translocates 

to the nucleus to drive gene transcription. The IFNγ-mediated induction of Irf1 does not require 
either GSK3β or MED16. While GSK3β continues to negatively regulate inflammatory genes 

like CCLs it also positively regulates the transcriptional activation of Ciita following IFNγ-
activation. Through a parallel but distinct mechanism, IFNγ-mediated induction of Ciita also 
requires MED16 function. The expression of Ciita then recruits other transcription factors such 

as RFX5 to the MHCII locus where it induces the expression of MHCII, which allows for the 
activation of CD4+ T cells. Figure created using Biorender. 
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DISCUSSION 

IFNγ-mediated MHCII is required for the effective host response against infections. 

Here, we used a genome-wide CRISPR library in macrophages to globally examine mechanisms 

of IFNγ-inducible MHCII expression. The screen correctly identified major regulators of IFNγ-

signaling, highlighting the specificity and robustness of the approach. In addition to known 

regulators, our analysis identified many new positive regulators of MHCII surface expression. 

While we validated only a subset of these candidates, the high rate of validation suggests many 

new regulatory mechanisms of IFNγ-inducible MHCII expression in macrophages. While the 

major pathways identified from the candidates in CRISPR screen were related to IFNγ-signaling, 

we also identified an important role for other pathways including the mTOR signaling cascade. 

Within the top 100 candidates of the screen several genes related to metabolism and lysosome 

function including Lamtor2 and Lamtor4 were found. Given the known effects of IFNγ in 

modulating host metabolism, these results suggest that the metabolic changes following IFNγ-

activation of macrophages is critical for key macrophage functions including the surface 

expression of MHCII 54. Future studies will need to dissect the metabolism specific mechanisms 

that macrophages use to control the IFNγ response, including the regulation of MHCII. 

In this study, we focused our followup efforts from validated candidates on genes that 

might control MHCII transcriptional regulation. We identified MED16 and GSK3β as strong 

regulators of IFNγ-mediated Ciita induction. Using global transcriptomics we found that loss of 

either Med16 or Gsk3 in macrophages inhibited subsets of IFNγ-mediated genes including 

MHCII. Importantly, the evidence here strongly supports a model where MED16 and GSK3β 

control IFNγ-mediated MHCII expression through distinct mechanisms (Figure 1.7). Our results 

https://elifesciences.org/articles/65110#fig7
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uncover previously unknown regulatory control of CIITA-mediated expression that is 

biologically important to activate CD4+ T cells. 

MED16 is a subunit of the mediator complex that is critical to recruit RNA polymerase II 

to the transcriptional start site 38. While the mediator complex can contain over 20 unique 

subunits and globally regulate gene expression, individual mediator subunits control distinct 

transcriptional networks by interacting with specific transcription factors 38,40. Our data shows 

that MED16 is uniquely required among the mediator complex for IFNγ-mediated MHCII 

expression. While we observed a strong reduction in Ciita expression in the absence of Med16, 

some Ciita expression remained driving reduced MHCII expression (Figure 5—source data 1). 

Yet how MED16 controls Ciita expression upstream of MHCII remains an open question. One 

recent study showed that MED16 controls NRF2 related signaling networks that respond to 

oxidative stress 55. A major finding of our MED16 transcriptional analysis was the identification 

of several metabolic pathways involved in oxidative stress and xenobiotics. Given the previous 

work that described how oxidative stress and the NRF2 regulator KEAP1 regulated IFNγ-

mediated MHCII expression in human melanoma cells, NRF2 regulation and redox 

dysregulation could explain a possible mechanism for MED16 control of MHCII 1. Intriguingly, 

the effect of MED16 loss was negligible on many STAT1 and IRF1 targets, and, in fact, resulted 

in a type I interferon gene signature. Further experiments found that co-culture of Med16 KO 

with NTC cells did not alter MHCII expression in either population suggesting a cell-

autonomous effect of Med16 KO. Thus, what is driving the type I signature following type II 

interferon activation remains unknown suggesting a careful balance between regulation of 

distinct IFN-mediated gene expression signatures. 

https://elifesciences.org/articles/65110#fig5sdata1
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Previous studies showed that CDK8, a kinase that can associate with the mediator 

complex, controls a subset of IFNγ-dependent gene transcription 56. However, our results 

strongly support a model where MED16 acts independently of CDK8. Not only was CDK8 not 

identified in the initial CRISPR screen, but our transcriptional profiling showed that the major 

IFNγ-dependent genes controlled by Cdk8, Tap1 and Irf1, remain unchanged in Med16 KO 

macrophages. Thus, understanding what transcription factors MED16 interacts with in the future 

will be needed to fully determine the mechanisms of MED16-dependent transcription and its 

control over Ciita and IFNγ-mediated gene expression. 

While we hypothesize that MED16 directly controls Ciita transcription, GSK3 likely 

regulates MHCII through signaling networks upstream of transcription initiation. GSK3α and 

GSK3β are multifunctional kinases that regulate diverse cellular functions including 

inflammatory and developmental cascades 39. Our studies found that GSK3β and GSK3α 

coordinate IFNγ-mediated MHCII expression, with GSK3β playing a primary role and GSK3α 

contributing in the absence of GSK3β. The mechanism of this compensation, however, appears 

independent of protein abundance or phosphorylation and remains unclear. One possibility is that 

GSK3β outcompetes GSK3α for substrates related to MHCII expression but testing this 

hypothesis will require further biochemical studies. Thus, GSK3α and GSK3β are partially 

redundant in their control of IFNγ-mediated MHCII expression highlighting the interlinked 

regulation of MHCII. 

Because GSK3α/β control many pathways, careful work is needed to determine which 

networks upstream and downstream of GSK3α/β are responsible for controlling Ciita expression. 

Previous studies suggested that GSK3 controls IFNγ mediated STAT3 activation, LPS-mediated 

nitric oxide production, and IRF1 transcriptional activity but our transcriptional results clearly 
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show these do not explain the requirement for GSK3-dependent MHCII expression 57–59. Work in 

human monocyte-derived macrophages showed previously that IFNγ primed macrophages 

activate mTORC1 resulting in blunted TLR2 responses opposite of the results from the MHCII 

genetic screen 47. Given GSK3 was previously shown to be modified by mTORC1, we directly 

examined how mTORC1 modulates IFNγ-mediated responses in the presence and absence of 

functional GSK3α/β 60. Our study provides new evidence that mTORC1 differentially controls 

the expression of distinct IFNγ-inducible genes. Blocking mTORC1 activation enhanced IFNγ-

mediated PD-L1 surface expression in line with observations in human cells 47. In contrast, 

mTOR activity was required for robust IFNγ-mediated MHCII expression, in agreement with the 

bioinformatic analysis from our screen. We also observed that mTORC1 inhibition further 

diminished MHCII expression in Gsk3 KO or CHIR99021 cells suggesting GSK3α/β functions 

independently of mTOR to control IFNγ-inducible MHCII. Thus, our findings suggest that 

mTORC1 is both a positive and negative regulator of IFNγ responses that functions 

independently of GSK3β and Med16 to control MHCII expression. Given mTORC1 is the target 

of many therapeutics, the mechanisms regulating this differential control of IFNγ-activated 

pathways will be important to understand. 

One additional function of GSK3 is to modulate the activation of the Wnt signaling 

cascade 39. Inhibition or loss of GSK3 results in the constitutive stabilization of Beta-Catenin 

and Tcf expression. If the constitutive activation of Beta-catenin and Wnt signaling prevents 

effective Ciita expression remains to be determined. Interestingly, another Wnt signaling 

pathway member Fzd4 was identified in our screen as required for MHCII expression in our 

screen, supporting a possible role for Wnt in IFNγ-induced MHCII regulation. It is tempting to 

speculate that Wnt signaling balances IFNγ-induced activation, resulting in distinct MHCII 
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upregulation between cells with different Wnt activation states. While there is data supporting 

interactions between Wnt pathways and Type I IFN during viral infections, this has not been 

explored yet in the context of IFNγ 61,62. 

GSK3 was recently found to be co-opted by the Salmonella enterica serovar 

Typhimurium effector SteE to skew infected macrophage polarization and allow infection to 

persist 63,64. Our results suggest another possible effect of targeting GSK3 may be the inefficient 

upregulation of MHCII on Salmonella-infected macrophages in response to IFNγ. While it is 

known that Salmonella and other pathogens including M. tuberculosis and C. trachomatis, 

modulate the expression of MHCII, the precise mechanisms underlying many of these virulence 

tactics remains unclear 24,65. Our screening results provide a framework to test the contribution of 

each candidate MHCII regulator during infection with pathogens that target MHCII. These 

directed experiments would allow the rapid identification of possible host-pathogen interactions. 

It will be important to determine if augmenting specific MHCII pathways identified by our 

screen overcomes pathogen-mediated inhibition and induces robust MHCII expression to better 

activate CD4+ T cells and protect against disease using in vivo models. Conditional knockout 

mice were recently developed for GSK3α and Gsk3β and can now be used to specifically 

ablate Gsk3 in macrophages in vivo and examine IFNγ responses. However, previous work 

targeting Med16 found this knockout is embryonic lethal thus work is underway to develop 

conditional Med16 knockout animals to specifically test Med16 function in IFNγ responses to 

infection in vivo. 

Beyond infections, our dataset provides an opportunity to examine the importance of 

newly identified MHCII regulators in other diseases such as tumor progression and 

autoimmunity. Of course, MHCII is not the only surface marker that is targeted by pathogens 
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and malignancy. Other important molecules including MHCI, CD40, and PD-L1 are induced by 

IFNγ stimulation and are targeted in different disease states 66–69. Employing our screening 

pipeline for a range of surface markers will identify regulatory pathways that are shared and 

unique at high resolution and provide insights into targeting these pathways therapeutically. 

Taken together, the tools and methods developed here identified new regulators of IFNγ-

inducible MHCII that will illuminate the underlying biology of the host immune response. 

MATERIALS AND METHODS  

Mice 

C57BL/6J (stock no. 000664) were purchased from The Jackson Laboratory. NR1 mice were a 

gift of Dr. Michael Starnbach 53. Mice were housed under specific pathogen-free conditions and 

in accordance with the Michigan State University Institutional Animal Care and Use Committee 

guidelines. All animals used for experiments were 6–12 weeks of age. 

Cell culture 

Macrophage cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 

Hyclone) supplemented with 5% fetal bovine serum (Seradigm). Cells were kept in 5% CO2 at 

37 C. For HoxB8- conditionally immortalized macrophages, bone marrow from C57BL/6J mice 

was transduced with retrovirus containing estradiol-inducible HoxB8 then maintained in media 

containing 10% GM-CSF conditioned supernatants, 10% FBS and 10 µM Beta-Estradiol as 

previously described (Wang et al., 2006). To generate BMDMs cells were washed 3 x in PBS to 

remove estradiol then plated in 20% L929 condition supernatants and 10% FBS. Eight to 10 days 

later cells were plated for experiments as described in the figure legends. 

 

 

https://elifesciences.org/articles/65110
https://elifesciences.org/articles/65110
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CRISPR screen and analysis 

The mouse BRIE knockout CRISPR pooled library was a gift of David Root and John Doench 

(Addgene #73633) 32. Using the BRIE library, 4 sgRNAs targeting every coding gene in mice in 

addition to 1000 non-targeting controls (78,637 sgRNAs total) were packaged into lentivirus 

using HEK293T cells and transduced in L3 cells at a low multiplicity of infection (MOI <0.3) 

and selected with puromycin two days after transduction. Sequencing of the input library showed 

high coverage and distribution of the library (Figure 1.1—figure supplement 1). We next treated 

the library with IFNγ (10 ng/ml) and 24 hr later the cells were fixed and fluorescence activated 

cell sorting (FACS) was used to isolate the MHCIIhigh and MHCIIlow bins. Bin size was guided 

by the observed phenotypes of positive control sgRNAs, such as RFX5, which were tested 

individually and to ensure sufficient coverage ( > 25 x unselected library) in the sorted 

populations. Genomic DNA was isolated from sorted populations from two biological replicate 

experiments using Qiagen DNeasy kits. Amplification of sgRNAs by PCR was performed as 

previously described using Illumina compatible primers from IDT 32, and amplicons were 

sequenced on an Illumina NextSeq500. 

Sequence reads were first trimmed to remove any adapter sequence and to adjust for p5 

primer stagger. We used bowtie two via MAGeCK to map reads to the sgRNA library index 

without allowing for any mismatch. Subsequent sgRNA counts were median normalized to 

control sgRNAs in MAGeCK to account for variable sequencing depth. Control sgRNAs were 

defined as non-targeting controls as well as genes not-transcribed in our macrophage cell line as 

determined empirically by RNA-seq (Figure 5—source data 1). To test for sgRNA and gene 

enrichment, we used the ‘test’ command in MAGeCK to compare the distribution of sgRNAs in 

the MHCIIhigh and MHCIIlow bins. Notably, we included the input libraries in the count 

https://elifesciences.org/articles/65110/figures#fig1s1
https://elifesciences.org/articles/65110#fig5sdata1
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analysis in order to use the distribution of sgRNAs in the unselected library for the variance 

estimation in MAGeCK. sgRNA cloning sgOpti was a gift from Eric Lander & David Sabatini 

(Addgene plasmid #85681) 45. Individual sgRNAs were cloned as previously described 70. 

Briefly, annealed oligos containing the sgRNA targeting sequence were phosphorylated and 

cloned into a dephosphorylated and BsmBI (New England Biolabs) digested SgOpti 

(Addgene#85681) which contains a modified sgRNA scaffold for improved sgRNA-Cas9 

complexing. A detailed cloning protocol is available in supplementary methods. To facilitate 

rapid and efficient generation of sgRNA plasmids with different selectable markers, we further 

modified the SgOpti vector such that the mammalian selectable marker was linked with a distinct 

bacterial selection. Subsequent generation of SgOpti-Blasticidin-Zeocin (BZ), SgOpti-

Hygromycin-Kanamycin (HK), and SgOpti-G418-Hygromycin (GH) allowed for pooled cloning 

in which a given sgRNA was ligated into a mixture of BsmBI-digested plasmids. Successful 

transformants for each of the plasmids were selected by plating on ampicillin (SgOpti), zeocin 

(BZ), kanamycin (HK), or hygromycin (GH) in parallel. In effect, this reduced the cloning 

burden 4 x and provided flexibility with selectable markers to generate near-complete editing in 

polyclonal cells and/or make double knockouts. 

Flow cytometry 

Cells were harvested at the indicated times post-IFNγ stimulation by scraping to ensure intact 

surface proteins. Cells were pelleted and washed with PBS before staining for MHCII. MHCII 

expression was analyzed on the BD LSRII cytometer or a BioRad S3E cell sorter. All flow 

cytometry analysis was done in FlowJo V9 or V10 (TreeStar). 
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Chemical inhibitors and agonists 

CHIR99021 (Sigma) was resuspended in DMSO at 10 mM stock concentration. DMSO was 

added at the same concentration to the inhibitors as a control. Cells were maintained in 5 % CO2. 

Cells were stimulated with 6.25 ng/ml of IFNγ (Biolegend) for the indicated times in each figure 

legend before analysis. Torin2 (Sigma) was resuspended in DMSO and diluted to the 

concentrations indicated in each experiment. PAM3SK4 (Invivogen) NG-MDP (Invivogen), 

IFNβ (BEI Resources), and TNF (Peprotech) were resuspending in sterile PBS and added to cells 

at the indicated concentrations in the figure legends. 

NK cell isolation, activation, and co-culture 

Untouched naïve NK cells were isolated from spleen homogenates of C57BL/6 J mice using the 

MojoSort Mouse NK cell isolation kit (Biolegend). NK cells were grown for 7–10 days in RPMI 

with 10 % FBS, non-essential amino acids, 50 µM b-mercaptoethanol and 50 nM murine IL-15 

(Biolegend). NK cells were then activated for 18 hr by adding 2 nM IL-12 and 20 nM IL-18 to 

cells. NK cells viability, differentiation, and activation was confirmed prior to experiments by 

flow cytometry using anti-CD335 and anti- IFNγ antibodies in combination with a viability 

live/dead stain (biolegend). 

Isolation of knockout cells 

Cells transduced with either MED16 or GSK3β sgRNAs were stimulated with IFNγ then stained 

for MHCII 24 hr later. Cells expressing low MHCII were then sorted using a BioRad S3e cell 

sorter and plated for expansion. Gene knockouts were confirmed by amplifying the genomic 

regions encoding either MED16 or GSK3β from each cell population in addition to NTC cells 

using PCR. PCR products were purified by PCR-cleanup Kit (Qiagen) and sent for Sanger 
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Sequencing (Genewiz). The resultant ABI files were used for TIDE analysis to assess the 

frequency and size of indels in each population compared to control cells. 

RNA isolation 

Macrophages were homogenized in 500 µL of TRIzol reagent (Life Technologies) and incubated 

for 5 minutes at room temperature. A total of 100 µL of chloroform was added to the 

homogenate, vortexed, and centrifuged at 12,000 x g for 20 min at 4 C to separate nucleic acids. 

The clear, RNA containing layer was removed and combined with 500 µL of ethanol. This 

mixture was placed into a collection tube and protocols provided by the Zymo Research Direct-

zol RNA extraction kit were followed. Quantity and purity of the RNA was checked using a 

NanoDrop and diluted to 5 ng/µL in nuclease-free water. 

RNA-sequencing analysis 

To generate RNA for sequencing, macrophages were seeded in 6-well dishes at a density of 1 

million cells/well. Cells were stimulated for 18 hr with IFNγ (Peprotech) at a final concentration 

of 6.25 ng/mL, after which RNA was isolated as described above. RNA quality was assessed by 

qRT-PCR as described above and by TapeStation (Aligent); the median RIN value was 9.5 with 

a ranger of 8.6–9.9. A standard library preparation protocol was followed to prepare sequencing 

libraries on poly-A tailed mRNA using the NEBNext Ultra RNA Library Prep Kit for Illumina. 

In total, 18 libraries were prepared for dual index paired-end sequencing on a HiSeq 2500 using 

a high-output kit (Illumina) at an average sequencing depth of 38.6e6 reads per library with >93 

% of bases exceeding a quality score of 30. FastQC (v0.11.5) was used to assess the quality of 

raw data. Cutadapt (v2.9) was used to remove TruSeq adapter sequences with the parameters --

cores = 15 m 1 a AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT. A transcriptome was prepared with 
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the rsem (v1.3.0) command rsem-prepare-reference using bowtie2 (v2.3.5.1) and the gtf and 

primary Mus musculus genome assembly from ENSEMBL release 99. Trimmed sequencing 

reads were aligned and counts quantified using rsem-calculate-expression with standard bowtie2 

parameters; fragment size and alignment quality for each sequencing library was assessed by 

estimating the read start position distribution (RSPD) via --estimate-rspd. aBriefly, counts were 

imported using tximport (v1.16.0) and differential expression was performed with non-targeting 

control (‘NTC’) and unstimulated (‘Condition A’) as reference levels for contrasts. For 

visualization via PCA, a variance stabilizing transformation was performed in DESeq2. Pathway 

enrichment utilized R packages gage and fgsea or Ingenuity Pathway Analysis (Qiagen). Gene-

set enrichment analysis (GSEA) was performed utilized gene rank lists as calculated from 

defined comparisons in DeSeq2 and was inclusive of gene sets comprised of 10–500 genes that 

were compiled and made available by the Bader lab 71. Pathway visualization and network 

construction was performed in CytoScape 3.8 using the apps STRING and EnrichmentMap. 

Pathway significance thresholds were set at an FDR of 0.1 unless specified otherwise. 

Quantitative real-time PCR 

PCR amplification of the RNA was completed using the One-step Syber Green RT-PCR Kit 

(Qiagen). 25 ng of total RNA was added to a master mix reaction of the provided RT Mix, Syber 

green, gene specific primers (5 uM of forward and reverse primer), and nuclease-free water. For 

each biological replicate (triplicate), reactions were conducted in technical duplicates in 96-well 

plates. PCR product was monitored using the QuantStudio3 (ThermoFisher). The number of 

cycles needed to reach the threshold of detection (Ct) was determined for all reactions. Relative 

gene expression was determined using the 2^-ddCT method. The mean CT of each experimental 

sample in triplicate was determined. The average mean of glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) was subtracted from the experimental sample mean CT for each gene 

of interest (CT). The average CT of the untreated control group was used as a calibrator and 

subtracted from the CT of each experimental sample (CT). 2-CT shows the fold change in 

gene expression of the gene of interest normalized to GAPDH and relative to untreated control 

(calibrator). 

Immunoblot analysis 

At the indicated times following stimulation, cells were washed with PBS once and lysed in on 

ice using the following buffer: 1 % Triton X-100, 150 mM NaCl, 5 mM KCl, 2 mM MgCl2, 1 

mM EDTA, 0.1 % SDS, 0.5 % DOC, 25 mM Tris-HCl, pH 7.4, with protease and phosphatase 

inhibitor (Sigma #11873580001 and Sigma P5726). Lysates were further homogenized using a 

25 g needle and cleared by centrifugation before quantification (Pierce BCA Protein Assay Kit, 

23225). Parallel blots were run with the same samples, 15 µg per well. The following antibodies 

were used according to the manufacturer’s instructions: 

• Anti-GSK3a - #4,337 Cell Signaling Technology 

• Anti-pGSK3a - #9,316 Cell Signaling Technology 

• Anti-pStat1 0 #8,826 Cell Signaling Technology 

• Anti-mouse β-Actin Antibody, Biolegend Cat# 66,480 

• Goat anti-Rabbit IgG (H + L) Secondary Antibody, HRP, Invitrogen 31,460 

• Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP, Invitrogen 31,430 

T cell activation assays 

CD4+ T cells were harvested from the lymph nodes and spleens of naive NR1 mice and enriched 

with a mouse naïve CD4-negative isolation kit (BioLegend) following the manufacturer’s 
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protocol. CD4+ T cells were cultured in media consisting of RPMI 1640 (Invitrogen), 10 % FCS, 

l-glutamine, HEPES, 50 μM 2-ME, 50 U/ml penicillin, and 50 mg/ml streptomycin. NR1 cells 

were activated by coculture with mitomycin-treated splenocytes pulsed with 5 μM Cta1133–

152 peptide at a stimulator/T cell ratio of 4:1. Th1 polarization was achieved by supplying 

cultures with 10 ng/ml IL-12 (PeproTech, Rocky Hill, NJ) and 10 μg/ml anti–IL-4 (Biolegend) 

One week after initial activation resting NR1 cells were co-incubated with untreated or IFNγ-

treated macrophages of different genotypes, that were or were not pulsed with Cta1 peptide. Six 

hours following co-incubation NR1 cells were harvested and stained for intracellular IFNγ 

(BioLegend) using an intracellular cytokine staining kit (BioLegend) as done previously. 

Analyzed T cells were identified as live, CD90.1+ CD4+ cells. 

Statistical analysis, replicates, grouping, and figures 

Statistical analysis was done using Prism Version 7 (GraphPad) as indicated in the figure 

legends. Data are presented, unless otherwise indicated, as the mean ±the standard deviation. 

Throughout the manuscript, no explicit power analysis was used, but group size was based on 

previous studies using similar approaches. Throughout the manuscript biological replicate refers 

to independent wells or experiments processed at similar times. For RT-PCR experiments 

technical replicates were used and are defined as repeat measures from the same well. 

Throughout the manuscript groups were assigned based on genotypes and blinding was not used 

throughout. Independent personnel completed several key figures to ensure robustness. Figures 

were created in Prism V7 or were created with BioRender.com. 

  

https://biorender.com/
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CHAPTER 3: GSK3/ restrains IFN-inducible co-stimulatory 

molecule expression in AMs limiting their ability to activate CD4+ 

T-cells 



 76 

DECLARATIONS 

 

Authors  

Laurisa Ankley, Kayla Connor, Taryn Vielma, Mahima Thapa, Andrew Olive 

Contributions 

LA and AO designed the studies. KC analyzed and curated figures for all RNAseq data. AO 

characterized primary alveolar macrophages. LA investigated the role of GSK3 in the IFN 

responses of both iBMDMs and FLAMs. TV completed flow cytometry to determine the 

combined role of IFN and TNF in GSK3-dependent IFN responses. MT completed the T-cell 

co-culture experiments. LA and AO wrote the chapter and all other authors reviewed it.  

 

 

 

  



 77 

ABSTRACT 

 

Macrophages play a crucial role in eliminating respiratory pathogens. Both the 

pulmonary resident macrophage population, alveolar macrophages (AMs), and recruited 

macrophages contribute to detecting, responding, and resolving infections in the lungs. Despite 

their distinct functions, it remains unclear how these macrophage subsets regulate their host 

responses, including how they regulate activation by the key cytokine IFN. To better understand 

this regulation, we used a new ex vivo model of AMs and immortalized bone marrow-derived 

macrophages (iBMDMs) from mice to define shared and unique changes to the transcriptional 

landscape following IFN activation. Our findings reveal that IFN robustly activates both 

macrophage types; however, the profile of activated IFN-stimulated genes varies significantly. 

Notably, FLAMs show limited activation of costimulatory markers essential for T-cell activation 

upon IFN stimulation alone. To understand the cell specific differences, we examined how the 

inhibition of the key regulatory kinases GSK3/ alter the IFN-response. GSK3/ controlled 

distinct IFN-responses and in AM-like cells we found GSK3/ restrains the induction of type I 

IFN and TNF that prevents robust expression of co-stimulatory molecules and limits CD4+ T 

cell activation. Together, these data suggest that the capacity of AMs to respond to IFN is 

restricted in a GSK3/ dependent manner and that IFN responses differ across distinct 

macrophage populations. 

INTRODUCTION 

Macrophages are important innate immune cells that sense the environment, initiate 

inflammation, and help activate the adaptive immune response. Throughout the body there are 

distinct macrophage subsets that are broadly broken into two categories, circulating 

monocytes/macrophages and tissue resident macrophages. Tissue resident macrophages are self -
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renewing, derived from the fetal liver, and are maintained by local cues where they contribute to 

tissue homeostasis 1–3. In contrast, recruited macrophages are derived from myeloid progenitors 

circulating throughout the bloodstream and lymphatics until they are actively recruited to sites of 

infection where they mature into macrophages and help contain infections 4,5.  

In the lungs both resident and recruited macrophages play important roles in maintaining 

pulmonary function and protecting against respiratory pathogens. Resident lung macrophages, 

known as alveolar macrophages (AMs), reside in the airspace to recycle surfactants produced by 

the lungs 6. AMs are the first immune cells to detect pathogens in the airspace and are tasked 

with appropriately responding while maintaining pulmonary function 7. During respiratory 

infections monocyte-derived inflammatory macrophages are recruited to the lung tissues to 

support antimicrobial responses and resolve infections 8,9. Dysregulation of these two important 

macrophage populations can result in pulmonary dysfunction, susceptibility to infection and 

autoinflammatory disease 5,6,10.  

While both resident and recruited macrophages contribute to immune responses in the 

lungs, their regulation and functional mechanisms are distinct. One key difference is the baseline 

metabolism of these cells. Given their role in recycling lipids, AMs are heavily dependent on 

fatty acid oxidation and oxidative phosphorylation 11–13, whereas recruited macrophages are 

highly glycolytic 14. These metabolic differences have functional implications as AMs are 

generally thought to be hypo-inflammatory and skewed towards alternative activation. In 

contrast, the high glycolysis rates in recruited macrophages drives robust activation of 

inflammatory cytokines and antimicrobial poisons such as nitric oxide 15. In addition, several 

studies suggest differences in the ability of AMs or recruited macrophages to robustly activate 

protective T-cell responses 16–18. While recruited inflammatory macrophages robustly drive T-
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helper 1 responses to activate the production of the protective cytokine interferon-gamma (IFN), 

AMs have been shown to drive immunosuppressive regulatory T-cell activation 16–18. Several 

questions remain regarding the functional differences between AMs and recruited macrophages 

including how they respond to cues like IFN during an active infection. Following IFN binding 

to the IFNR, Jak/Stat pathways become activated and drive transcriptional induction of 

hundreds of genes that are mediated by interferon regulatory factors (Irfs) 19. IFN responses can 

be further fine-tuned through the activity of key regulators including the kinases glycogen 

synthase kinase 3 and 3 (GSK3/) and the mammalian target of rapamycin (Mtor) 20–23. 

Whether this regulation is conserved in both AMs and recruited macrophages remains to be 

understood, limiting our ability to effectively leverage IFN pathways therapeutically in the lung 

environment.  

The dichotomy between AMs and recruited macrophages in the lungs is critical during 

infections with Mycobacterium tuberculosis, the leading cause of infectious disease mediated 

death worldwide. Several studies have shown that M. tuberculosis resides almost exclusively in 

AMs over the first two weeks of infection, yet AMs are unable to mount an effective cell-

autonomous response to eradicate the infection 7. This results in M. tuberculosis using AMs as an 

intracellular niche allowing uncontrolled growth and delayed onset of adaptive immunity. 

Whether these AMs can control Mtb after the activation of Th1 responses remains unclear, but 

data suggests infected AMs do not robustly respond to IFN 24. As infection progresses, M. 

tuberculosis no longer resides in AMs but rather is found within recruited macrophages that are 

better equipped to restrict bacterial replication, modulate T-cell effector functions, and drive 

protective immune responses 25.  
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Developing new host-directed therapies to combat M. tuberculosis and other respiratory 

infections will require a better understanding of differences between resident AMs and recruited 

macrophages. Dissecting the mechanisms controlling the function of distinct macrophage subsets 

requires ex vivo models that faithfully recapitulate in vivo macrophage biology. Bone-marrow 

derived macrophages (BMDMs) are differentiated from myeloid progenitors and are a widely 

used model for recruited inflammatory macrophages 26. Following activation with IFN, 

BMDMs become highly glycolytic driving inflammatory cytokine production and directly 

modulating T-cell responses similar to recruited macrophages 20,27,28. Until recently, ex vivo 

models for AMs remained challenging. AMs are present in very low numbers in the lungs and 

once isolated and grown in culture they rapidly lose surface markers and functions associated 

with AMs 29,30. Thus, this technical hurdle has limited our ability to dissect regulatory networks 

that maintain AM functionality. Recently several groups, including our own, have described 

approaches to culture AM-like cells ex vivo while maintaining AM functions 29,31–33. While the 

details of these approaches differ, they all leverage lung-specific cytokine cues from GM-CSF 

and TGF that are required to maintain AM populations in the lung environment. We developed 

an ex vivo AM model known as fetal liver-derived alveolar-like macrophages (FLAMs) that 

takes advantage of the fetal liver cells that are the progenitors of AMs during development. Our 

previous work shows that FLAMs maintain high expression of the AM surface markers SiglecF 

and CD14 and the key transcription factor Pparg 29.  The advantage of FLAMs is their ease of 

isolation, culture, and expansion along with their genetic tractability that will enable a new 

understanding of mechanisms underlying AM functions.  

Here, we examined the transcriptional profile of resting and IFN-activated FLAMs and 

immortalized BMDMs (iBMDMs) to better define functional differences between these key 
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macrophage subsets. Our results show that FLAMs are highly similar to primary AMs and while 

both FLAMs and iBMDMs respond to IFN, they induce unique transcriptional profiles. The 

regulation of these IFN-responses is also distinct, with GSK3/ playing unique roles in 

FLAMs and iBMDMs. Modulating GSK3 activity in IFN-activated FLAMs results in the robust 

production of IFN1 that contributes induction of co-stimulatory molecules and increases the 

capacity of FLAMs and AMs to activate CD4+ T-cells. Our results suggest that AMs are 

restrained in their capacity to activate CD4+ T-cells and that the IFN-response in different 

macrophage subsets is uniquely regulated. These results have implications when considering 

host-directed therapies that target distinct macrophage populations.   

RESULTS 

FLAMs are phenotypically like AMs and distinct from BMDMs 

We recently optimized FLAMs as an ex vivo approach to interrogate the function of AMs. While 

we found FLAMs faithfully recapitulate a subset of AM gene expression patterns, a global 

understanding of FLAM transcription and the similarities or differences from standard bone 

marrow-derived macrophages remained unclear. To address this gap in knowledge we conducted 

RNA sequencing analysis on resting FLAMs and iBMDMs. Differential expression analysis 

identified hundreds of genes that were differentially expressed in FLAMs or iBMDMs (Figure 

2.1A). To globally identify pathways that were uniquely enriched in FLAMs we used gene set 

enrichment analysis (GSEA) using a ranked gene list generated from the differential expression 

analysis. Among the top hallmark pathways enriched in FLAMs, we identified fatty acid 

metabolism, TGF-signaling, cholesterol homeostasis and peroxisome pathways (Figure 2.1B). 

Given AMs are known to drive lipid metabolism that is dependent on the transcription factor 

Ppar-gamma, these data suggest the FLAM transcriptional profile is similar to primary AMs 34.  
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To directly test this hypothesis, we compared the FLAM and iBMDM RNAseq 

transcriptional profiles with previously published datasets examining primary AMs and 

peritoneal macrophages 35. In line with our prediction, we found that FLAMs were more similar 

to AMs while iBMDMs were more similar to peritoneal macrophages suggesting that FLAMs 

are a robust ex vivo model for AMs (Figure 2.1C). We furthered this analysis by examining a 

subset of genes that were previously associated with recruited macrophages like peritoneal and 

iBMDMs or AMs  36. We found iBMDMs and peritoneal macrophages expressed high levels of 

genes associated with recruited macrophages including CD14, ApoE and the key transcription 

factor MafB (Figure 2.1D). In contrast, FLAMs and AMs expressed high levels of transcription 

factors associated with resident lung macrophages such as Pparg, Car4, Maff, Fosl2, Bhlhe41, 

and runx2. In addition, AMs and FLAMs expressed high levels of resident macrophage 

associated surface markers including SiglecF, Siglec1, Marco, CD200, TLR2, MRC1, Itgal and 

Itgax which were lowly or not expressed in iBMDMs and peritoneal macrophages. In line with 

functional similarities between AMs and FLAMs we observed a high expression of genes 

associated with lipid and cholesterol metabolism genes 37. Interestingly, when we examined 

genes that modulate T-cell activation, we observed high expression of the co-inhibitory markers 

PDL1 and PDL2 on FLAMs in line with a recent report (Figure 2.1D and 2.1E) 38. In contrast, 

we observed very low expression of co-stimulatory molecules including CD40, CD80, and CD86 

(Figure 2.1D and 1E).    

To confirm our transcriptional results through an orthologous method we compared the 

expression of surface markers predicted to be different between FLAMs and iBMDMs by flow 

cytometry. We found the surface markers Siglec1, CD11a, MRC1, and TLR2 were all highly 

expressed on both resting FLAMs and primary AMs while resting iBMDMs expressed higher 
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levels of CD14 (Figure 2.1F and 2.1G). In agreement with our transcriptional profiling, we also 

found low expression of co-stimulatory markers on FLAMs and AMs compared to iBMDMs but 

high expression of the co-inhibitory marker PD-L1 (Figure 2.1H and 2.1I). Taken together these 

results show that FLAMs are transcriptionally distinct from iBMDMs, are a faithful surrogate for 

primary AMs, and these cells express low levels of T-cell activating co-stimulatory markers in 

resting conditions. 

IFN  induces distinct transcriptional programs in FLAMs and does not broadly induce T-

cell co-stimulatory molecules. 

The cytokine IFN is an important regulator of the host response in macrophages 39–41. IFN 

stimulation of macrophages induces the expression of antimicrobial molecules and T-cell 

modulatory markers to help drive T-cell activation 42–44. Given transcriptional differences 

between FLAMs and iBMDMs at baseline, we wondered if IFN responses between these cells 

would be similar or distinct. To examine this question, we conducted global RNA sequencing 

analysis on FLAMs and iBMDMs following IFN activation for 24 hours. We first used 

differential expression analysis comparing IFN-activated FLAMs or iBMDMs to their resting 

counterparts from above. For both iBMDMs and FLAMs IFN-stimulation resulted in the 

induction of hundreds of genes suggesting that IFN robustly activates both iBMDMs and 

FLAMs (Figure 2.2A and 2.2B).  

To directly compare the IFN-mediated responses of iBMDMs and FLAMs we visualized 

the normalized reads for genes associated with a curated IFN-stimulated gene (ISG) set based 

on the Hallmark pathway for both resting and IFN-activated cells (Figure 2.2C). We found that 

many ISGs including antigen presentation machinery for MHCI and MHCII were robustly 

induced following activation of both FLAMs and iBMDMs (Figure 2.2D). However, we 
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observed that many ISGs were differentially induced in FLAMs and iBMDMs. For example, the 

co-stimulatory molecules CD40 and CD80 were robustly expressed in iBMDMs but expression 

remained low in FLAMs (Figure 2.2E). In contrast, we noted many cell-autonomous restriction 

factors including OAS2, Irgm1, and RNF213 were induced more than 10-fold higher in FLAMS 

than iBMDMs (Figure 2.2F). We additionally noted the transcription factor IRF7 was induced 2-

4-fold in iBMDMs following IFN activation, whereas in FLAMs it was induced over 100-fold. 

In line with our observations in resting cells we found that the expression of the co-inhibitory 

markers PDL1 remained over 10-fold higher following IFN activation of FLAMs compared to 

iBMDMs.  

To confirm our transcriptional results, we examined the change in expression of T-cell 

modulatory markers on FLAMs and primary AMs in the presence and absence of IFN  by flow 

cytometry (Figure 2.2D). In line with our RNAseq analysis we found similar changes in MHCII, 

CD40 and CD80 following IFN-activation of both FLAMs and AMs. Together these data 

suggest that while both iBMDMs and FLAMs respond to IFN-activation, each cell type 

uniquely regulates ISGs that may differentially impact the functionality of these distinct 

macrophage subtypes.  

GSK3/  inhibition during IFN-activation of AMs and FLAMs results in the robust 

upregulation of co-stimulatory molecules and a shift in the transcriptional landscape.  

While we found that FLAMs and AMs differentially regulate IFN responses compared to 

iBMDMs, what controls the underlying regulation of these responses remained unclear. We 

previously identified GSK3 and GSK3 as key regulators that fine-tune the IFN response in 

iBMDMs 20. Our previous work showed that inhibiting GSK3/ in iBMDMs blocks a subset of 

IFN responses including the expression of the MHCII transactivator Ciita and subsequent 
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MHCII expression. However, the core IFN signaling pathways including Stat1 and Irf1 

remained intact following GSK3/ inhibition. We hypothesized that GSK3/ contribute to the 

differential IFN responses observed between iBMDMs and AMs. To test this hypothesis, we 

treated resting or IFN-activated iBMDMs or FLAMs with and without the GSK3/ inhibitor 

CHIR99021 then analyzed the expression of MHCII by flow cytometry. In agreement with our 

previous results blockade of GSK3/ in iBMDMs led to a significant reduction in MHCII on 

IFN-activated cells. In contrast, inhibiting GSK3/ in IFN-activated FLAMs had no effect on 

MHCII expression. (Figure 2.3A) These data suggest distinct functions for GSK3/ in 

controlling the IFN response between AMs and BMDMs.  

GSK3/ were previously shown to modulate co-stimulatory molecule expression 45,46. 

Thus, we next tested if GSK3/ inhibition alters the IFN-mediated induction of co-stimulatory 

molecules. Resting or IFN-activated iBMDMs and FLAMs were treated with DMSO or 

CHIR99021 and flow cytometry was used to quantify the surface expression of CD40, CD80 and 

CD86. We found that while IFN increased the expression of all markers on iBMDMs, blocking 

GSK3/ had no effect on this induction (Figure 2.3B). In contrast, while IFN alone resulted in 

minimal changes to co-stimulatory molecule expression on FLAMs, GSK3/ blockade in IFN-

activated FLAMs resulted in a robust increase in all co-stimulatory molecules. These results for 

MHCII and co-stimulatory markers were confirmed in primary AMs suggesting that GSK3/ 

plays distinct functions in regulating the response to IFN in AMs and BMDMs (Figure 2.3C). 

Since GSK3/ inhibition differentially impacted a subset of IFN-responses in BMDMs 

and FLAMs we next wanted to understand the global transcriptional changes that occur during 

GSK3/ inhibition. RNA sequencing analysis was conducted on resting and IFN-activated 
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iBMDMs and FLAMs in the presence of CHIR99021 and we compared these results to our 

previous RNA sequencing analysis above in resting and IFN-activated iBMDMs and FLAMs. 

First, we confirmed the changes in co-stimulatory marker expression on FLAMs that were IFN-

activated and blocked for GSK3/ activity (Figure 2.3D).  Principal component analysis of 

these 8 conditions revealed stark differences in the transcriptional landscape of iBMDMs and 

FLAMs (Figure 2.3E). All iBMDM samples clustered closely within the PCA plot with distinct 

but small shifts in the transcriptomes following IFN and/or GSK3/ inhibition. Compared to 

resting iBMDMs, resting FLAMs were shifted significantly along PC1 in line with our results 

from above showing distinct transcriptional landscapes in these resting cells. While either IFN 

activation or GSK3/ blockade alone shifted the transcriptional profile of FLAMs similarly to 

shifts observed iBMDMs, the combination of IFN and CHIR99021 resulted in a major shift of 

the transcriptional landscape of FLAMs along PC2. These results show that GSK3/ are key 

regulators of the IFN response in FLAMs, and the combination of IFN activation and 

GSK3/ blockade drives a synergistic transcriptional response not observed in any other 

FLAM or iBMDM condition.  

To understand what pathways are altered during GSK3/ inhibition in IFN-activated 

FLAMs we next used GSEA based on a differential expression ranked list between IFN-

activated FLAMs in the presence and absence of GSK3/ inhibition. We found both IFN and 

TNF pathways, in addition to IFN, were all significantly enriched in GSK3/ inhibited IFN  

activated FLAMs (Figure 2.3F). These results suggest that blockade of GSK3/ during IFN 

activation of FLAMs drives inflammatory cytokine responses that may contribute to the 

expression of key IFN-inducible genes including co-stimulatory markers.  
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Type I IFN and TNF contribute to the upregulation of co-stimulatory molecules on IFN-

activated FLAMs when GSK3/  are inhibited 

We were interested in understanding the mechanisms resulting in co-stimulatory marker 

induction on GSK3/b inhibited IFN-activated FLAMs. Our GSEA analysis identified TNF and 

IFN, which were previously associated with modulating co-stimulatory marker expression 28,47.  

We observed in iBMDMs that TNF was expressed following IFN activation regardless of 

GSK3/ inhibition but in FLAMs TNF was highly expressed only following IFN-activation 

and GSK3/ inhibition (Figure 2.4A). We found no expression of IFN in iBMDMs under any 

conditions and high expression of IFN only in IFN-activated GSK3/ inhibited FLAMs. To 

confirm the results from the RNAseq analysis we examined the production of cytokines using a 

multiplex Luminex assay of the supernatants from resting and IFN-activated iBMDMs and 

FLAMs in the presence and absence of GSK3/ inhibition. In agreement with the 

transcriptomic studies, we found increased TNF and type I IFN in FLAMs only following IFN-

activation and GSK3/ inhibition (Figure 2.4B). These data show that inhibition of GSK3/ 

in IFN-activated FLAMs, results in increased expression of co-stimulatory modulating 

cytokines. 

We next tested the sufficiency of either TNF or IFN to drive co-stimulatory marker 

expression on IFN-activated FLAMs. Resting or IFN-activated FLAMs were treated with 

recombinant TNF or IFN and the surface levels of CD40 were quantified by flow cytometry. 

While TNF alone did not increase CD40 expression on resting FLAMs, TNF addition to IFN-

activated FLAMs resulted a synergistic increase in CD40 expression (Figure 2.4C). The addition 

of Type I IFN significantly increased CD40 expression in all conditions, and the combination 
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treatment of IFN and IFN did resulted in higher CD40 expression than IFN alone (Figure 

4D). These data suggest that both IFN and TNF contribute to the increased CD40 expression 

during IFN-activation of FLAMs when GSK3/ are inhibited. 

We next wanted to test whether the production of either TNF or IFN was required for 

the enhanced co-stimulatory marker expression on GSK3/ inhibited IFN-activated FLAMs. 

To block the function of IFN and TNF we isolated FLAMs from IFNAR-/- mice and used a 

TNFR neutralizing antibody which enabled the role of both cytokines to be tested 

simultaneously. Resting and IFN-activated wild type and IFNAR-/- FLAMs in the presence and 

absence of CHIR99021 and/or Anti-TNFR antibody were analyzed for CD40 expression by flow 

cytometry. We observed that blockade of TNF signaling minimally decreased CD40 expression 

in IFN-activated GSK3/ inhibited FLAMs while blockade of IFN signaling dramatically 

reduced CD40 expression (Figure 2.4E). When we blocked TNF in IFNAR-/- FLAMs we 

observed a further reduction in CD40 surface expression although this was small. Taken together 

these data suggest that both TNF and IFN contribute to the increase in co-stimulatory marker 

expression seen in IFN-activated GSK3/ inhibited FLAMs.  

Inhibition of GSK3/  following IFN  activation of FLAMs and AMs drives the activation 

of CD4+ T-cells. 

Co-stimulatory marker expression is necessary to activate the adaptive immune response during 

infection 48. Our previous studies found that the increase in antigen presentation and co-

stimulatory markers following IFN-activation of BMDMs is sufficient to activate CD4+ T-cells 

20,28. Given that AMs or FLAMs did not induce co-stimulatory marker expression with IFN 

alone but only in combination with GSK3/ inhibition, we hypothesized IFN-activated AMs 

or FLAMs would not robustly activate CD4+ T-cells while IFN-activated GSK3/ inhibited 
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cells would. To test this prediction, we used a previously optimized co-culture assay with 

macrophages and TCR-transgenic CD4+ T-cells that are specific for the M. tuberculosis peptide 

p25 49–51. Naïve p25 CD4+ T-cells were added to peptide-pulsed resting or IFN-activated 

iBMDMs or FLAMs that were or were not treated with CHIR99021 the previous day. As 

controls, p25 cells alone or p25 cells incubated with peptide pulsed splenocytes were included. 

Three days later co-culture supernatants were harvested and the levels of IFN produced by the 

CD4+ T cells was measured by ELISA. We found that p25 cells alone produced no IFN while 

co-culture with peptide pulsed splenocytes resulted in robust IFN production (Figure 2.4G). As 

expected, co-culture of p25 CD4+ T-cells with resting or CHIR99021 treated iBMDMs or 

FLAMs resulted in no IFN production by p25 cells. In agreement with our previous studies, co-

culture of p25 cells with IFN-activated iBMDMs resulted in the production of IFN while 

blockade of GSK3/ in IFN-activated iBMDMs prevented CD4+ T-cell activation 20. In 

FLAMs we observed that IFN-activation alone was insufficient to activate p25 CD4+ T-cells 

during co-culture. In contrast, GSK3/ inhibition in IFN-activated FLAMs resulted in the 

robust production of IFN by p25 cells. We repeated this experiment with primary AMs finding 

similar results (Figure 2.4H). The only condition that drove CD4+ T-cells activation was AMs 

that were IFN-activated with GSK3/ inhibited. Taken together these data suggest differences 

in the capabilities of distinct macrophage populations to directly activate T-cell responses and 

highlight that AMs are restrained in their capacity to activate adaptive immune responses 

directly. 
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FIGURES 

 

Figure 2.1. FLAMs are genetically like AMs. (A) Differentially expressed genes were 

identified using RNAseq between untreated FLAMs (blue) and iBMDMs (red). (B) Top 7 
hallmark pathways that are enriched in untreated FLAMs (C) Normalized counts of core AM 

genes were compared between our iBMDMs, FLAMs and previous published data (Immgen PM 
and Immgen AM). Mann Whitney U Test used to compare medians. (D) Expression of genes 
previously associated with recruited macrophages were compared between FLAMs and 

iBMDMs. Each column represents one biological replicate from one experiment. (E) Normalized 
counts of costimulatory molecules between untreated FLAMs (blue) and iBMDMs (grey). 

Adjusted p-values were determined using DeSeq2. (F-G) Mean fluorescence intensity (MFI) of 
selected AM and BMDM surface markers between resting iBMDMs (grey), FLAMs (blue), and 
AMs (red). One-way ANOVA with a tukey test for multiple comparisons were used . (H-I) Flow 

cytometry comparing the expression of costimulatory surface markers on the surface of resting 
iBMDMs (grey), FLAMs (blue), and AMs (red). One-way ANOVA with a tukey test for 

multiple comparisons were used. All data points represent one biological replicate from one 
experiment. ****p<0.0001, ***p<0.001, **p<0.01, *p<0. 05 
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Figure 2.1 (cont’d) 
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Figure 2.2. iBMDMs and FLAMs respond differently to IFN  stimulation. (A) Differential 

expression of untreated (red) and IFN-stimulated (blue) iBMDMs colored symbols have an 

adjusted p-value <.05 and a fold change greater than 2 (B) Differential expression of untreated 

(red) and IFN-stimulated (blue) FLAMs. Colored symbols have an adjusted p-value <.05 and a 

fold change greater than 2 (C) Expression of subset of ISGs between untreated and IFN-

stimulated iBMDMs and FLAMs (D) Normalized counts of ISGs that are differentially regulated 

between iBMDMs (grey) and FLAMs (blue) with and without IFN. Statistics were determined 

by adjusted p-values using DeSeq2. Data points represent one biological replicate from one 
experiment. (E) Normalized counts of costimulatory molecules that are differentially regulated 

between iBMDMs (grey) and FLAMs (blue) during untreated and IFN conditions. (F) 

Normalized counts of cell-autonomous restriction factors that are differentially regulated 

between iBMDMs (grey) and FLAMs (blue) during untreated and IFN conditions. (G) Mean 

fluorescence intensity T-cell modulating markers that are differentially regulated between 

untreated and IFN-stimulated FLAMs (blue) and AMs (red). Statistics were determined with a 

two-way ANOVA and tukey test for multiple comparisons. Normalized counts points represent 

one biological replicate from one experiment. MFI points represent one biological replicate 
from one representative experiment of three. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
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Figure 2.2 (cont’d) 
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Figure 2.3. Blocking GSK3/b during IFN  activation of FLAMs drives co-stimulatory 

markers. (A) Mean fluorescence intensity of MHCII on iBMDMs and FLAMs treated with 

DMSO (grey), DMSO and IFN (blue), CHIR (yellow), or CHIR and IFN (green) for 24 hours. 

Statistics were determined with a two-way ANOVA and tukey test for multiple comparisons. (B) 
Mean fluorescence intensity of costimulatory molecules on iBMDMs and FLAMs under 

indicated conditions. Statistics were determined with a two-way ANOVA and tukey test for 
multiple comparisons. (C) MFI of T-cell modulatory markers on AMs under indicated 

conditions. Statistics were determined with a two-way ANOVA and tukey test for multiple 
comparisons. (D) Normalized counts of T-cell activation molecules between iBMDMs and 
FLAMs under indicated conditions. Statistics were determined by adjusted p-value calculated by 

DeSeq. (E) PCA plot comparing the likeness of iBMDMs and FLAMs under indicated 

conditions. (F) Top 4 hallmark pathways enriched in GSK3/ inhibited, IFN stimulated 

FLAMs. Normalized counts points represent one biological replicate from one experiment. MFI 
points represent one biological replicate from one representative experiment of three. 

****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
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Figure 2.3 (cont’d) 
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Figure 2.4. TNF and Type I IFN contribute to CD40 expression on IFN  stimulated 

FLAMs. (A) Normalized counts of TNF (left) and IFN (right) compared between iBMDMs and 

FLAMs treated with DMSO (grey), DMSO and IFN (blue), CHIR (yellow), CHIR and IFN 

(green). Statistics were determined by adjusted p-value using DeSeq2. (B) Cytokine production 

of TNF (left) and IFN (right) from iBMDMs and FLAMs under the indicated treatments. 

Statistics were determined with a two-way ANOVA and tukey test for multiple comparisons.  

(C) MFI of CD40 for FLAMs treated with DMSO (grey), IFN (blue), TNF (red), or IFN and 

TNF (purple) for 24 hours. Statistics were determined with a two-way ANOVA and tukey test 

for multiple comparisons. (D) MFI of CD40 for FLAMs treated with DMSO (grey), IFN (blue), 

IFN1 (red), or IFN and IFN1 (purple) for 24 hours. Statistics were determined with a two-

way ANOVA and tukey test for multiple comparisons. (E) MFI of CD40 for WT (grey), IFNAR-

/- (blue), and WT + Anti-TNF(red) FLAMs were treated with the treatments indicated for 24 
hours. Statistics were determined with a two-way ANOVA and tukey test for multiple 

comparisons. (F) MFI of CD40 for IFNAR-/- (blue) and IFNAR-/- + Anti-TNFR (purple) under 
indicated conditions. Statistics were determined with a one-way ANOVA and tukey test for 
multiple comparisons. (G-H) p25 peptide-pulsed macrophages with the indicated treatments 

were co-cultured with p25 specific T-cells and IFN release was used to quantify T-cell 

activation between iBMDMs and FLAMs or Primary AMs under the indicated conditions. 

Statistics were determined with a two-way ANOVA and tukey test for multiple comparisons. 
Normalized counts points represent one biological replicate from one experiment. MFI and 

cytokine quantification points represent one biological replicate from one representative 
experiment of three. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
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Figure 2.4 (cont’d)  
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DISCUSSION 

 

AMs are critical to lung immunity but are notoriously difficult to maintain and isolate. It 

is important to understand how these lung-resident-cells respond uniquely to inflammatory 

signals compared to other macrophages to develop lung specific therapies that protect against 

infection while maintaining pulmonary function. Here, we use FLAMs as an ex vivo AM model 

to globally understand transcriptional and functional differences of resident lung macrophages 29. 

Overall, we found that FLAMs faithfully recapitulate AMs, uniquely regulate IFN responses 

and that GSK3/ plays a key role in balancing AM responses to IFN and their ability to 

activate CD4+ T-cell responses. Taken together our results point towards the unique regulation 

of and responses to IFN by different macrophage populations that alter their functional capacity.      

A strength of our approach was the use of FLAMs to model primary AMs present in the 

lung airspace. Our global transcriptional analysis of resting FLAMs confirmed the utility of this 

approach. By comparing iBMDMs and FLAMs to previously published datasets from immgen 

on various myeloid-derived cells we found strong similarity between AMs and FLAMs and a 

more distant relationship to iBMDMs and peritoneal macrophages 35. Examination of pathways 

associated with FLAMs identified signatures previously associated with AMs including 

activation of Ppar signaling, unsaturated fatty acid synthesis, lipid metabolism, and lysosome and 

peroxisome pathways 37,52–56. These results suggest that AMs are metabolically distinct from 

BMDMs and drive high levels of lipid metabolism in line the role of AMs in metabolizing 

surfactant in the lung environment. Based on the transcriptional results we further confirmed a 

subset of markers that are highly expressed on the surface FLAMs and AMs compared to 

iBMDMs, including CD11a, Siglec1 and TLR2. While the role of these surface markers on AM 

function remains unclear, future studies can now leverage these unique markers to better define 
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genetic regulatory pathways that control AMs using genome-wide CRISPR approaches as we 

have done previously with SiglecF 29. Thus, we have convincingly shown that FLAMs are a 

tractable model that can be leveraged to dissect mechanisms regulating AM maintenance and 

function in the lungs.  

We next used FLAMs to dissect how lung macrophages respond to the pro-inflammatory 

cytokine IFN. IFN is an important regulator of immunity in the lungs and is required protection 

against respiratory infections such as M. tuberculosis 57–62. IFN is known to activate a range of 

IFN-stimulated genes (ISGs) that drive adaptive immunity cross-talk, cell autonomous effectors, 

and cytokines/chemokines that modulate inflammatory cell recruitment 19,63. Interestingly, our 

transcriptional profiling found that while both iBMDMs and FLAMs are both responsive to IFN 

stimulation, they induce distinct transcriptional changes following activation. We noted that 

FLAMs robustly induce genes associated with cell-autonomous immunity and antiviral responses 

compared to iBMDMs including Oas2, RNF213, and Irgm proteins. In contrast, we noted 

iBMDMs robustly induced T-cell co-stimulatory molecules and nitric oxide production 

following IFN activation. These data suggested that iBMDMs and FLAMs differentially 

regulate IFN responses yet how these differences are regulated remains unclear. Given the 

metabolic differences between FLAMs and iBMDMs our current model predicts that baseline 

metabolism and differences in IFN-mediated shifts in metabolism drive distinct responses to 

IFN. Previous studies in BMDMs showed that IFN-activation drives a shift in cells towards 

aerobic glycolysis that is dependent on the activation of hypoxia -inducible factor 1 alpha 

(HIF1). However, both aerobic glycolysis and oxidative phosphorylation are known to 

contribute to IFN responses 28,64. Whether HIF1 plays a role in the differential IFN responses 

between BMDMs and AMs and how metabolism shifts in AMs following IFN-activation will 
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be directly examined in the future. In addition to metabolic differences, we noted distinct 

induction of transcription factors, including Irf7, that regulate downstream responses to IFN 

stimulation 19,63. Whether differences in these transcriptional regulators are the cause or the result 

of metabolic differences in FLAMs and iBMDMs will need to be determined in the future. By 

coupling genetic approaches to remove single transcription factors with metabolic flux 

approaches including seahorse assays, we will be positioned to understand the mechanisms 

driving the interlinked metabolic and transcriptional responses following activation of AMs with 

IFN.    

To begin understanding the mechanisms controlling the differential regulation of IFN 

responses between BMDMs and AMs, we examined the role of the kinase GSK3/. GSK3 has 

been associated with the regulation of several macrophage signaling pathways including 

polarization 65,66, inflammatory responses 67–75, and metabolism 76. We also previously showed 

that GSK3 is a positive regulator of a subset of IFN-dependent responses in iBMDMs including 

the induction of MHCII antigen presentation machinery. In contrast to iBMDMs, we found that 

GSK3 does not control IFN-dependent MHCII upregulation in FLAMs or AMs. Thus, there are 

macrophage subset specific roles for GSK3 in regulating IFN responses, a hypothesis that was 

confirmed using global transcriptional profiling. While GSK3 does control a small subset of 

IFN-inducible genes in iBMDMs, the inhibition of GSK3 in combination with IFN activation 

in FLAMs resulted in a dramatic shift in the transcriptional landscape, beyond what was seen 

with either GSK3 inhibition or IFN activation alone.  What drives the synergistic response of 

AMs to both IFN and GSK3 inhibition remains an open question. One clue to this synergy is the 

observation that type I IFN responses are robustly induced only in IFN-activated FLAMs with 

GSK3 inhibition. Type I IFNs can be induced by endogenous ligands from the mitochondria, 
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such as mitochondrial DNA or RNA, as well as changes in cholesterol metabolism77–79. Future 

work will determine the contribution of these distinct IFN pathways in FLAMs by examining 

mitochondrial dynamics, the production of mitochondrial ROS, and cholesterol metabolic flux. 

In addition, how type I IFNs drive the transcriptional changes in IFN-activated GSK3-inhibited 

FLAMs will need to be directly tested in the future using tools such as the IFNAR-/- FLAMs. 

Altogether our results show that GSK3 is an important regulator of the AM response to IFN and 

maintains AM functionality.  

Throughout our study we noticed major differences in the regulation of T-cell modulatory 

markers between iBMDMs and FLAMs. In resting cells, FLAMs expressed very low levels the 

co-stimulatory molecules CD40, CD80, and CD86 compared to iBMDMs in line with previous 

studies on AMs. In contrast, FLAMs expressed high levels of the co-inhibitory molecules PD-L1 

and PD-L2 compared to iBMDMs. These differences persisted after IFN activation with 

iBMDMs robustly upregulating both antigen presentation machinery and co-stimulatory markers 

while FLAMs only upregulated antigen presentation machinery. We found inhibiting GSK3 in 

IFN-activated FLAMs resulted in a robust increase in co-stimulatory molecules that was 

dependent on type I IFNs and was not observed in iBMDMs. These differences in MHCII and 

co-stimulatory molecule expression had functional implications as IFN-stimulated iBMDMs 

activated naïve CD4+ T-cells while IFN-stimulated FLAMs could not. In contrast, inhibiting 

GSK3 in IFN-stimulated iBMDMs reduced CD4+ T-cell activation while this treatment 

increased CD4+ T-cell activation by FLAMs. Our data support differential roles for macrophage 

subtypes in directly modulating the adaptive immune system. Previous studies suggest that AMs 

are not efficient activators of naïve T-cells 16,17. In fact, robust activation of T-cells by AMs is 

associated with worse clinical outcomes during infection with SARS-CoV-2 in a manner that 
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was dependent on both IFN and TNF 41. We speculate that AMs are inherently wired to respond 

to IFN in a way that prevents overly robust activation of T-cells and limits deleterious lung 

damage. However, when combined with other inflammatory signals including type I IFN or 

TNF, IFN robustly drives AMs to activate T-cell responses. It is possible that pathogens, such 

as M. tuberculosis, take advantage of the restrained T-cell activating capacity of AMs to prevent 

detection and initiate lung infections but this will need to be directly tested. Altogether our study 

shows that FLAMs are a useful model to probe mechanism that make AMs a unique macrophage 

population in the lung environment. Not only do AMs differentially regulate their IFN 

responses partially through the activity of GSK3/ but they differentially control crosstalk with 

T-cells that alter the activation of adaptive immunity.  
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MATERIALS AND METHODS 

Animal Experiments 

All cells derived from live mice were performed in accordance using the recommendations from 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and 

the Office of Laboratory Animal Welfare. Mouse studies were performed using protocols 

approved by the Institutional Animal Care and Use Committee (IACUC). All mice were housed 

and bred under specific pathogen-free conditions and in accordance with Michigan State 

University (PROTO202200127) IACUC guidelines.  All mice were monitored and weighed 

regularly. C57BL6/J mice (# 000664) and Ifnar1-/- mice (# 028288) were purchased from 

Jackson labs.  

Cell Isolation 

J2 virus immortalized Cas9 + BMDMs (iBMDMs) were isolated and immortalized as previously 

described from C57BL/6J mice 26,80. Primary BMDMs were isolated from the femurs of 

C57BL/6J mice by cutting one end of the bone, placing the bone cut side down in 0.6mL tubes, 

and then centrifuging the bone at 16,000 x g for 25 seconds. The cells from several femurs were 

pooled together and pelleted in PBS. RBC lysis buffer (Alfa Aesar, Cat no. J62150) in 

combination with a 70-uM filter were used to remove red blood cells from the cell suspension. 

FLAMs were isolated as previously described from C57BL/6J mice 29,31. Briefly, fetal livers 

were extracted from euthanized dams immediately after death. Livers were ground into a single 

cell suspension and plated. After approximately one-week cells are adherent, have an AM-like 

morphology, and express AM-like surface markers. Primary AMs were isolated by 

bronchoalveolar lavage of C57BL/J6 mice as previously described 81. P25 TCR-Tg CD4+ T-cells 

50,51 were isolated from the lymph nodes and spleens of transgenic P25TCR mice. The spleen and 

lymph nodes were homogenized over a 70uM strainer and washed with RPMI media. CD4+ T-
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cells were enriched using the MojoSort ™ T-cell isolation kit (BioLegend, Cat no. 480006) 

following the manufacturer’s protocol. 

Cell Culture 

iBMDMs were maintained in Dulbecco’s Modified Eagle Medium (DMEM; HyClone Cytiva, 

Cat no. SH30243.01) supplemented with 10% fetal bovine serum (FBS) (R&D Systems, Cat no. 

S11550). iBMDMs were passaged once they reached 70-90% confluency by gently scraping and 

plating in 10cm TC treated dishes 1:10 (1 part-cell containing media, 9 parts fresh media). 

Primary BMDMs were cultured in RPMI 1640 complete media (HyClone Cytiva, Cat no. 

SH30027.02) supplemented with 10% FBS, 1% penicillin-streptomycin, and 20% L929 media 8. 

Cells were used after one week once fully differentiated. FLAMs were maintained in RPMI 1640 

complete media supplemented with 10% FBS, 20 ng/mL recombinant human TGF-b1 

(PeproTech, Cat no. 100-21), and 30ng/mL recombinant murine GM-CSF (PeproTech, Cat no. 

300-03). FLAM media was refreshed every 3 days. When FLAMs were 70-90% confluent they 

were lifted by gentle scraping and plated 1:3 in 10cm TC treated dishes. Primary AMs were 

grown in complete RPMI 1640 supplemented with 10% FBS and 30ng/mL GM-CSF. CD4+ T-

cells were cultured in complete RPMI 1640 media supplemented with 10% FBS and penicillin-

streptomycin (50U/mL penicillin, 50mg/mL streptomycin) (Gibco, Cat no. 15140-122) All cells 

were incubated in 5% CO2 at 37 °C.  

Generation of IFNAR KO 

IFNAR KO FLAMs were isolated from IFNAR KO mice using the FLAM isolation and culture 

techniques described above.  
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Macrophage Treatment Conditions  

FLAMs and iBMDMs were plated at 1x106 cells per well in 6-well tissue culture plates and were 

allowed to adhere overnight. The following day, cells were treated with DMSO (Fisher 

Chemical, Cat no. D128500), DMSO and 6.25 ng/ml IFNγ (PeproTech, Cat no. 315-05) , 10 μM 

CHIR99021 (CHIR) (Sigma-Aldrich, Cat no. SML1046), or both 10 μM CHIR and 6.25 ng/ml 

IFNγ for 24 hours.  

1. Adding TNF Experiment  

iBMDMs and FLAMs were incubated with IFNγ (6.25 ng/ml) and TNF-a (PeproTech, Cat 

no. 31501A) (20 ng/ul) for 24 hours prior to flow cytometry and qPCR.  

2. IFN   

FLAMs and iBMDMs were plated in 12-well plates at 300,000 cells per well. FLAM and 

IFNAR KO FLAMs were treated as described above under “Macrophage IFN CHIR 

Treatments” but with the addition of IFN-B1 (BioLegend, Cat no. 581304) (20 ng/ml) or 

both IFN and TNF-a (20 ng/ml) for 24 hours prior to flow cytometry analysis.  

3. TNFR Blocking Experiment  

FLAMs and iBMDMs were plated in 12-well plates at 300,000 cells per well in RPMI 1640 

supplemented with 10% FBS, TGF, and GMCSF or DMEM supplemented with 10% FBS, 

respectively, that contained a TNFR blocking antibody (BioLegend, 113104) at 1.25 ng/ml 

for 24 hours. After 24 hours, the cells were treated with CHIR, IFNγ, and the TNFR blocking 

antibody for 24 hours prior to flow cytometry analysis.  

Flow Cytometry 

Cells were scraped and lifted, washed 3 times with PBS, and then stained. Each flow cytometry 

antibody was diluted 1:400 in PBS. The antibodies used were MHCII-FITC (BioLegend, Cat no. 
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107606, CD40-APC (BioLegend, Cat no. 124612), PDL1-BV421 (BioLegend, Cat no. 124315), 

CD80-PE (BioLegend, Cat no. 104708), and CD86-APC-Cy7 (BioLegend, Cat no. 104708).  

Cells were then washed 3 times and fixed with 1% formaldehyde (J.T. Baker , Cat no. JTB-2106-

01 ) in PBS. Flow cytometry was performed with a BD LSR II flow cytometer at the MSU Flow 

Cytometry Core and data were analyzed using FlowJo (Version 10.8.1).  

Quantitative Real-Time PCR 

RNA from iBMDMs and FLAMs was PCR amplified using the One-step Syber Green RT-PCR 

Kit (Qiagen, Cat no. 210215). The PCR was monitored using the QuantStudio3 (ThermoFisher, 

Cat no. A28567).  

Cytokine Profiling  

FLAMs and iBMDMs were treated as described above for 24 hours, and supernatants were 

collected for cytokine profiling by Eve Technologies using the Mouse Cytokine/Chemokine 31-

Plex Discovery Assay® Array.  

RNA Sequencing and Analysis  

FLAMs and iBMDMs were plated in 6-well plates at 1 x 106 cells/well and treated with IFN 

and CHIR as described above for 24 hours. The Direct-zol RNA Extraction Kit (Zymo Research, 

Cat no. R2072] was used to extract RNA according to the manufacturer’s protocol. Quality was 

assessed by the MSU Genomics Core using an Agilent 4200 TapeStation System. Libraries were 

prepared using an Illumina Stranded mRNA Library Prep kit (Illumina, Cat no. 20040534) with 

IDT for Illumina RNA Unique Dual Index adapters following the manufacturer’s 

recommendations, except that half-volume reactions were performed. Generated libraries were 

quantified and assessed for quality using a combination of Qubit™ dsDNA HS (ThermoFischer 

Scientific, Cat no. Q32851) and Agilent 4200 TapeStation HS DNA1000 assays (Agilent, Cat 



 107 

no. 5067-5584). The libraries were pooled in equimolar amounts, and the pooled library was 

quantified using an Invitrogen Collibri Quantification qPCR kit (Invitrogen, Cat no. 

A38524100). The pool was loaded onto 2 lanes of a NovaSeq S1 flow cell, and sequencing was 

performed in a 1x100 bp single-read format using a NovaSeq 6000 v1.5 100-cycle reagent kit 

(Illumina, Cat no. 20028316). Base calling was performed with Illumina Real Time Analysis 

(RTA; Version 3.4.4), and the output of RTA was demultiplexed and converted to the FastQ 

format with Illumina Bcl2fastq (Version 2.20.0). All RNAseq analysis was performed using the 

MSU High Performance Computing Center (HPCC). Read quality was assessed using FastQC 

(Version 0.11.7) 83. Read mapping was performed against the GRCm39 mouse reference genome 

using Bowtie2 (Version 2.4.1)84 in Java (Version 1.8.0) with default settings. Aligned reads 

counts were assessed using feature counts from the Subread package (Version 2.0.0) 85. 

Differential gene expression analysis was conducted using the DESeq2 package (Version 1.36.0) 

86 in R (Version 4.2.1). One IFN treated FLAM samples did not pass QC and was not included 

in analysis. 

T-cell Assays  

A previously established co-culture system to assess antigen-specific T-cell activation was used. 

The CD4+ T-cells were stimulated with p25 peptide pulsed iBMDMs or FLAMs that were 

irradiated with Mitomycin (25ug/mL) (VWR, Cat no. TCM2320) and had been treated with 

DMSO, IFN, CHIR, and CHIR IFN as described under “Macrophage Treatment Conditions”. 

Co-cultures were supplemented with 10ng/mL IL-12 (Peprotech, Cat no. 210-12) and 10ug/mL 

anti IL-4 (BioLegend, Cat no. 504-102) to achieve Th1 polarization. Supernatants were collected 

3 days after the initial co-culture and used to quantify T-cell activation levels with ELISA 

(BioLegend, Cat no. 430801). 
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CONCLUDING REMARKS 

 

People have suffered from the vast effects of TB for millenia 1. TB comes with economic 

hardships, long term illness, and ultimately fatality 2,3. Mtb has evolved sophisticated strategies 

to evade host immune responses that make finding effective treatment strategies challenging 4,5. 

Unfortunately, Mtb has evolved faster than the science has, and current treatments are poor, and 

we lack effective vaccines 6–9. However, the World Health Organization’s End TB Strategic Plan 

aims to reduce TB deaths and incidence by 90% and 80% respectively by 2030 10. My 

contribution to this mission is this body of work that aims to further define the role of IFN, a 

known critical factor for Mtb control needed to limit TB disease progression, in macrophage 

function as well as better define the regulation of AMs during host defense. 11.  This work acts as 

a foundation for future questions surrounding the complexities of macrophage inflammatory 

responses and how we can target such responses in specific macrophage populations to limit 

infection and disease.  

FUTURE DIRECTIONS 

In Chapter 2, I highlight two of the hundreds of genes we have identified as new 

regulators of IFN-dependent MHCII expression on iBMDMs, Med16 and GSK3 12. These two 

genes, when knocked out, independently limit IFN-dependent MHCII expression. This data was 

not only valuable on its own, but it also helped to validate a CRISPR Cas9 screen that we used to 

broadly identify macrophage genes important for IFN-dependent MHCII expression. I 

determined that both Med16 and GSK3 are upstream regulators of MHCII that impact the 

activation of Ciita, a crucial transcriptional complex for MHCII expression. Additionally, both 

Med16 and GSK3 individually impact CD4+ T cell activation because of their role in limiting 

MHCII surface expression on macrophages when knocked out. Together, these data suggested to 
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us the possibility that these two genes function through the same regulatory pathway. Using 

RNAseq and a combination of genetic KOs and chemical inhibition, we found that Med16 and 

GSK3 function independently of each other and control distinct subsets of IFN-mediated 

genes. Together indicating that we had identified and validated two distinct regulators of IFN-

dependent MHCII.  

What are the mechanisms of Med16-dependent Ciita regulation and how does Med16 

modulate disease outcome? 

As described in Chapter 3, I continued this work by further investigating the relationship of 

IFN and GSK3. However, Med16 is also an interesting candidate that requires additional study. 

There are two broad questions that I am particularly interested in regarding Med16; first, how 

does Med16 control Ciita and second, how does Med16 impact the immune response during Mtb 

infection? Med16 is a component of the mediator complex, an evolutionarily conserved co-

activator that is central to gene transcription in all eukaryotes 13. The specific function of the 

complex is highly context dependent, and the mechanisms used to transcribe most genes are 

unknown. I do not know how IFN effects the composition of the mediator complex, how such 

changes alter MHCII expression, or the specific role of Med16 in these changes. We have 

determined that our phenotype for MHCII limitation is specific to Med16 and that knocking out 

other subunits does not impact MHCII expression. We also found that treating cells with IFN 

does not alter the expression level of Med16. Together this suggests that IFN alters the entire 

complex in such a way that Med16 is required for transcription but does not directly target 

Med16 itself. To understand how Med16 regulates Ciita expression, it would first be important to 

understand the effect IFN has on the composition of the mediator complex. Using an HA-tagged 

Med16 we could conduct co-immunoprecipitation where we precipitate the entire complex from 
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untreated and IFN treated cells and then use quantitative mass spectrometry to identify Med16 

interaction partners, or other subunits of the complex. This will demonstrate how IFN alters the 

composition of the complex, however it is also important to consider the chromatin accessibility 

of MHCII regulatory genes. The mediator complex is known to modify chromatin architecture 

14,15; however, I do not yet understand the specific role of Med16 or the effects IFN has on such 

modifications. Using ATAC-seq to compare chromatin accessibility between wildtype and 

Med16 KO macrophages that are both untreated and IFN treated would be telling of how 

chromatin architecture and gene accessibility is changed under these conditions. To fully 

understand the impact of chromatin architecture, we also must determine what specific MHCII 

regulatory genes require Med16 for transcription. To do this, we can explore the genome binding 

of Med16 and its transcription factors using chromatin immunoprecipitation and ChIP-seq for 

wildtype and Med16 Kos that are untreated and IFN treated. This paired with ATAC-seq will 

provide an in depth understanding of how Med16 controls the transcription of MHCII regulatory 

genes like Ciita.  

 The second major question that remains about Med16 is how does Med16 impact the 

immune response during Mtb infection? The role of Med16 in Mtb infection has yet to be 

directly tested. We have determined that cytokine profiles differ between Med16 KO and 

wildtype macrophages that are infected with Mtb indicating that Med16 will directly impact 

infection, but we have yet to determine the impact on infection broadly. To ask this question 

properly we must consider the state of the pathogen, the immune profile, and the disease state of 

the host under several conditions. First, we should investigate how Mtb’s growth is impacted by 

Med16. This could be a simple ex vivo experiment comparing growth between WT 

macrophages, Med16 KO macrophages, and RFX5 KO macrophages, a known MHCII regulator, 
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both with and without IFN. While ex vivo studies will answer a subset of questions, it is 

essential to also devise strategies in vivo to understand the impact of Med16 on Mtb growth, 

Immune cell profiles, cytokine profiles, and overall host disease state. Unfortunately, knocking 

out Med16 results in lethality of the mouse, however we could get around this using adoptive 

transfer techniques that are common in Mtb infection studies. Naïve CD45.2 TCR transgenic T 

cells would be transferred into a CD45.1 mouse. WT and KO macrophages would be treated 

with IFN or left untreated and then infected with YFP-Mtb and injected into the mouse using IT 

transfer. In this one experimental set-up we could determine Mtb growth levels, T-cell activation, 

and the recruitment of immune cells. This would be an informative study that would characterize 

the role of Med16 in controlling several aspects of TB disease progression in one model.  

What are the distinct roles of GSK3 and GSK3  in the regulation of IFN  responses in 

macrophages? 

Beyond Med16, there remains significant questions about the shared and distinct functions of 

the GSK3 isoforms, GSK3 and GSK3 in terms of MHCII expression and macrophage 

function. GSK3 and  share 98% homology, but despite their similarities are not completely 

redundant 16. In Chapter 2, we identified an interesting distinction between the function of 

GSK3 and GSK3 when comparing the results of a GSK3 KO with cells treated with 

CHIR99021, an inhibitor of both GSK3/. GSK3 did not appear in our CRISPR Cas9 screen 

but seems to partially compensate for the loss of GSK3 when it comes to MHCII expression. 

The differences between GSK3 and GSK3 in the regulation of MHCII expression remain 

unclear. We hypothesize that GSK3 compensates for the loss of GSK3, however is this 

compensation enough to recover disease outcome? First, it would be interesting to compare 

global genetic profiles of GSK3 KO macrophages vs GSK3 KO macrophages with and 
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without IFN treatment. This would provide a clear understanding of the distinct roles between 

GSK3 and  in response to IFN in macrophages. Next, is the GSK3 compensation enough to 

influence disease state? We found that our MHCII expression data directly correlates with T cell 

activation meaning that KO GSK3/ together causes more limitation that GSK3 or  alone 

and KO GSK3 alone causes more restriction that what was observed when GSK3 is KO. 

While there are differences, it is unclear exactly how much activation is needed to alter the 

disease state in vivo. Together, these findings will allow us to better understand the distinct roles 

between GSK3 and GSK3 in IFN responses thus helping us understand if they are both or 

individually better to target given their overlapping and distinct functions.   

Dissecting novel regulators of MHCII expression 

While Chapter 2 focuses on Med16 and GSK3, we also identified several other genes and 

pathways that had yet to be associated with the regulation of IFN signaling.  These genes and 

pathways would be interesting to continue validating individually but also in combination. We 

found that GSK3 and Med16 function independently in their role in MHCII but given their 

shared effects we had hypothesized that their roles could share the same pathway. While this was 

not the case for these two genes, this could be possible with others. There are 13 other positive 

regulatory genes from the screen that have been validated and found to limit MHCII expression 

after IFN stimulation that would be interesting to follow up on. These genes include: Arl8a, 

Hexim1, Ssaf, Sirt1, Strap, Ppmb1, RNF215, Leprotl, Senp1, Hspa13, Tax1bp1, Vim, and Tfap4. 

By following up on these other genes we would likely identify additional regulators, but also 

possible novel combinatory regulation mechanisms. In addition to the positive regulators, we 

also have a population of negative regulators that have yet to be validated or investigated. These 

are genes that increase MHCII when they are knocked out, or genes that potentially suppress 
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MHCII when active. It is important to investigate these genes to further understand MHCII 

regulation, IFN-dependent gene regulation, and potential targets for host directed therapies. We 

should follow up on these additional genes using similar methods to what was used for GSK3 

and Med16. The role of these genes in MHCII and other macrophage surface molecules could be 

determined using flow cytometry and qRT-PCR. Next, we would want to quantify T-cell 

activation in response to macrophages with each distinct knockout. Lastly, we could broaden our 

understanding of each KO using additional techniques including cytokine profiling and RNAseq 

to explore additional regulators of MHCII. 17 

Defining the targeting potential of identified regulators by enhancing gene expression 

All of the studies shared here have been inhibitory, but how would increasing the regulators 

that we have identified modulate MHCII expression, T cell activation, and eventually disease 

state? The long-term goal and reason to identify novel regulators is to find potential targets for 

host-directed therapy, whether that be to inhibit or augment their function. It is easy to say that 

removing GSK3 limits MHCII, so increasing GSK3 must drive MHCII, but that is not yet clear. 

We do not know if increasing GSK3 will sufficiently drive MHCII and T-cell activation at all, if 

it will drive them enough to alter disease state, or if it'll drive activation too much leading to T 

cell exhaustion and tissue damage. We can investigate this using a genetic tool recently 

optimized in our lab called the synergistic activation mediator, or SAM. The SAM system is a 

gain-of-function genetic tool that drives transcription using a catalytically inactive Cas9 that is 

coupled to transcriptional activation machinery 17. Using SAM we can induce the expression of 

targeted genes that may otherwise be off or low. This allows us to investigate how increasing the 

expression of our identified regulators impacts the expression of MHCII, overall macrophage 

function, and more.  
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Defining IFN-dependent macrophage responses in vivo 

In Chapter 3 I introduce the FLAM cells and provide further data that supports their use 

as an alveolar macrophage model 18. Historically, AMs have been challenging to work with. 

Mice yield a very small quantity of cells requiring many sacked mice for big experiments and 

once isolated primary AMs are only viable for a short time 19. FLAMs allow us to limit the 

number of mice and increase the length of time that we can work with a batch of isolated cells 18. 

Though the impact of my dissertation work is really focused on the host response to Mtb 

infection, the majority of our findings are ex vivo models that identify key regulatory patterns 

without the involvement of a specific pathogen. This was done for the purpose of gaining a broad 

understanding of IFN function and allows us to use these findings in different infection models 

in the future and not be limited to one pathogen. That being said, I have several goals for this 

project regarding the models and infections that are used to study key IFN-dependent regulators 

important in different macrophage types. We have yet to determine how GSK3 impacts the 

critical role of IFN during Mtb infection. I would be interested in following up on GSK3/ in a 

similar way to what I have proposed for Med16 in terms of infection. I’d first be curious how the 

loss of GSK3, GSK3, and GSK3/ impact Mtb growth. This could be investigated first ex 

vivo to observe initial differences. In parallel, I am curious how the loss of GSK3 impacts the 

growth of other pathogens. We know that IFN is critical for the control of Mtb infection, but we 

also understand its importance in controlling other infections such as Chlamydia 20, Salmonella 

21,22, and Listeria 23. Salmonella actually targets GSK3 to direct macrophage polarization during 

infection suggesting that pathogens are able to manipulate this pathway directly 24. Does GSK3-

dependent IFN signaling serve the same purpose and cause the same phenotype regardless of 

pathogen or is it pathogen specific? I anticipate that initially the function of IFN is the same, 
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however diverse environments and varying evasion tactics of these pathogens will cause 

differential regulation and differential disease outcomes. Given the differences that we have seen 

between IFN and CHIR treated iBMDMs and FLAMs, it will also be important to consider the 

type of macrophage used to investigate each pathogen. I expect that after introducing a pathogen 

to these studies we will continue to see variation by macrophage type. To really understand the 

role of GSK3 in Mtb infection we would also need to study these conditions in vivo. Knocking 

out GSK3 is embryonically lethal, however we have a collaborator, Dr. Jim Woodgett, who has 

developed mice with floxed alleles for both GSK3 and GSK3 that are viable 25. Additionally, 

these mice can be bred with promoter-specific Cre-recombinase mice for cell-specific deletions. 

Our lab is currently generating GSK3, GSK3, and GSK3/ KO mice by breeding these mice 

with LysM-Cre specific mice that express Cre in macrophages. Once generated, these mice can 

be infected with Mtb, or other pathogens, to investigate the specific role of GSK3, , and / in 

Mtb infection and in the IFN-dependent control of infection. Important effects to consider in 

these experiments include Mtb growth, immune cell profiling, cytokine quantification, and 

overall disease state of the host.  

How consistent are IFN  response across a diverse population? 

One last tool that would be interesting to use in the modeling of these experiments that 

would broaden the impact of our phenotypes and provide additional information about the 

specificity of IFN responses is to use collaborative cross murine cell lines 26–28. Pathogenic 

infections differ from host to host, those infected with Mtb experience a range of disease 

outcomes. The reasons for such variability during infection are not clear. To understand the 

potential of our discovered targets, we must consider the heterogeneity within a population. This 

considered, it is important to think about the implications of our findings across a diverse 
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population rather than a couple of controlled cell lines. Models are often the Achilles heel of 

biological experiments, given the limitations of replicating the human population. Currently, the 

collaborative cross murine model system is the best model available to recapitulate genetic 

diversity across a population. CC strains are derived from eight founder mouse strains that 

include 5 inbred strains and 3 wild-derived strains using a funnel breeding strategy followed by 

inbreeding 27. The CC line has proven useful for infection studies to look at immune responses 

29–31. These lines have also been shown to be representative of the vast T cell diversity found in 

humans 32. Together, it would be interesting to complete the proposed in vivo studies using the 

heterogeneity of the CC mice to determine the consistency of IFN responses across a diverse 

population.  

How does metabolism drive IFN  responses? 

Outside of model systems, there is one last arm of this work that I would have liked to 

advance further during my time at MSU, and that is how IFN impacts metabolism and the direct 

impact of those changes on the host immune response. When the CRISPR Cas9 screen from 

Chapter 2 was completed, there were 2 additional screens done in parallel looking at IFN 

induced CD40 and PDL1 33. This provided a broad understanding of the regulators important for 

IFN-inducible T cell stimulatory or inhibitory proteins. One shared finding from these screens 

was the importance of complex I of the mitochondrial respiratory chain for all 3 markers, thus its 

importance in the IFN signaling pathway 33. But how does IFN modulate metabolism in 

different cell types, is that contributing to the phenotypes we have observed, and how does 

GSK3 impact this modulation? In FLAMs we have found that IFN stimulation increases oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR), but when cells are treated 

with both CHIR and IFN, OCR and ECAR are limited to nearly untreated levels. This suggests 
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that GSK3 directly modulates both oxidative phosphorylation (OXPHOS) and glycolysis of 

FLAMs. In iBMDMs, IFN also increases OCR and ECAR, however CHIR IFN treatment does 

not limit OCR in iBMDMs and minimally restricts ECAR. Together these data show that IFN 

increases both OXPHOS and glycolysis in both FLAMs and iBMDMs and that GSK3 

differentially regulates metabolism depending on cell type. But the bigger question here is, are 

these metabolic differences the reason behind our differential phenotypes and what are the 

mechanisms. We investigated the possibility of the mTOR pathway, which appeared in our 

MHCII screen and has been shown to modulate GSK3 activity. However, we found that while 

mTOR is important for IFN-dependent MHCII expression, it acts independently of GSK3. 

Given that both GSK3 and IFN have been shown to be important in metabolism, but both with 

varying results that seem to be highly context dependent and complex, I think it would be best to 

follow up using LC/MS to quantify metabolites under several conditions and using both cell 

types. This would indicate which specific metabolites are active with IFN stimulation, GSK3 

inhibition, and combined treatments providing a high-level view of the metabolic differences. 

From there we could investigate specific mechanisms to identify if metabolic shifts are 

responsible for the differences that we see between iBMDMs and FLAMs.  

In this dissertation we dissect the complexities of macrophage responses during infection 

and disease. While this work stands alone in terms of further defining macrophage immune 

responses, this also serves as the foundation for several additional studies that will define 

macrophage defense strategies and how to effectively target these mechanisms for host directed 

therapy. The beauty of this work is that while Mtb drove our investigative reasoning, our 

findings can be applied to other intracellular pathogens, lung infections, and respiratory diseases. 

Here, we found that IFN responses differ between lung resident and recruited macrophage 
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populations, which prompts the question if IFN is a good target for host directed therapy and if 

so, how do we target specific responses in distinct macrophage types? We know that simply 

increasing IFN is suboptimal and can actually drive T-cell exhaustion and tissue damage, so 

additional understanding of specific IFN regulatory mechanisms is needed to target IFN with 

the finesse that will limit infection and halt disease progression. Additionally, we found that 

GSK3 has a very specific role in driving co-stimulatory molecules in IFN treated FLAMs. 

Broadly, this identifies major differences between AMs and BMDMs in terms of how their 

inflammatory responses are regulated; this really drives the importance of acknowledging 

distinctions between different macrophage populations when conducting host defense studies. 

Together, we have identified key distinctions in macrophage responses and functions during 

inflammation, driving the importance of distinct macrophage populations during infection and 

disease.    
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ABSTRACT 

Alveolar macrophages (AMs) are key mediators of lung function and are potential targets 

for therapies during respiratory infections. The cytokine TGF is an important regulator of AM 

maintenance but, how TGF directly modulates the innate immune responses of AMs remains 

unclear. This shortcoming prevents effective targeting of AMs to improve lung function in health 

and disease. Here we leveraged an optimized ex vivo AM model system, fetal-liver derived 

alveolar-like macrophages (FLAMs), to dissect the role of TGF in AMs. Using transcriptional 

analysis, we globally defined how TGF regulates gene expression of resting FLAMs. We found 

that TGF maintains the baseline metabolic state of AMs by driving lipid metabolism and 

restricting inflammation. To better understand inflammatory regulation in FLAMs, we directly 

tested how TGF alters the response to the TLR2 agonist PAM3CSK4. While both TGF (+) 

and TGF (-) FLAMs robustly responded to TLR2 activation we found an unexpected activation 

of type I interferon (IFN) responses only in TGF (+) FLAMs. Follow up studies found that 

several TLR2 activators, including Mycobacterium tuberculosis infection, drive robust type I 

IFN responses in FLAMs and primary AMs in a TGF dependent manner. Further examination 

of the pathways driving this IFN response determined that the mitochondrial antiviral signaling 

protein and the interferon regulator factors 3 and 7 were required for IFN production. In contrast, 

we observed a limited role for aerobic glycolysis in driving IFNs. Together, these data suggest 

that TGF modulates AM metabolic networks and innate immune signaling cascades to control 

inflammatory pathways in AMs.  
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INTRODUCTION 

The pulmonary space is a specialized environment evolved to facilitate gas exchange and 

maintain lung function (1, 2). To protect against exposures to airborne microorganisms and 

particulates, lung alveoli contain a specialized phagocyte population, alveolar macrophages 

(AMs) (2, 3). These AMs, like many other tissue-resident macrophages, seed the lungs from the 

fetal liver and serve two primary purposes: to preserve lung homeostasis by maintaining optimal 

surfactant levels in the lungs and to patrol the alveolar space for inhaled debris, initiating an 

inflammatory response when necessary (4-6). Given the importance of maintaining pulmonary 

function, AMs must strictly regulate their inflammatory responses to prevent unnecessary 

inflammation and tissue damage (7, 8). Compared to other inflammatory macrophages, including 

bone marrow-derived macrophages (BMDMs), AMs are more hypo-inflammatory against many 

pathogenic stimuli, a characteristic that is mediated by their distinct ontogeny and the lung 

environment (8-10). In fact, circulating monocytes that are recruited to the lungs following 

infection have been shown to adapt to the local environment and take on AM-like phenotypes 

(11). Two key cytokines, GM-CSF and TGFβ, are known to mediate AM functions in the lung 

environment (6, 12, 13). While the role of GM-CSF is better understood due to its importance in 

preventing pulmonary alveolar proteinosis, how TGFβ directly modulates the AM state and 

function remains unclear, limiting our ability to target AMs and improve lung function in health 

and disease.  

TGFβ exists as three separate isoforms (TGFβ1-3) that all bind to the same TGFβ 

coreceptors (TGFβRI, TGFβRII) (14). TGFβ-1 is primarily produced by macrophages, but in an 

inactive form, conjugated with a latency-associated peptide (LAP) (15-17). Inactive TGFβ1 

(referred to as TGFβ from here on) is activated following enzymatic, acidic, or receptor-
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mediated cleavage of the LAP from TGFβ (17, 18). In the lungs, inactive TGFβ is primarily 

produced by AMs which is then activated by the alveolar epithelial type II cells (AECII) through 

the activity of the αvβ6 integrin on alveolar epithelial cells (6, 17). Thus, maintaining AMs 

requires unique interactions between the lung epithelium and disruptions of this environment 

results in dysregulated pulmonary responses.   

In its active form, TGFβ is a versatile cytokine that triggers Smad complex translocation 

to the nucleus to drive a multitude of processes, including stem cell differentiation, chemotaxis, 

and immune regulation, depending on the context in which it is acting (19, 20). Much of this 

heterogeneity in cellular responses to TGFβ is thought to be due to crosstalk between other 

transcriptional regulators and epigenetic regulation (21). In the lungs, TGFβ plays critical roles 

both in lung development and disease. Mice lacking any of the three isoforms of TGFβ or either 

of the two receptors have varying degrees of deformed lung structure and alveologenesis due to 

dysregulated interactions between the lung epithelium and mesenchyme during development (22-

25). TGFβ is also implicated in the development of idiopathic pulmonary fibrosis (IPF) through 

its induction of myofibroblast differentiation from lung fibroblasts and suppression of anti-

fibrotic factors prostaglandin E2 and hepatocyte growth factor production (26-28). Given the 

importance of TGF to maintain AMs in the lungs it is essential to better understand how TGFβ 

modulates the inflammatory potential of AMs. 

Fully dissecting the role of TGFβ in AM regulation requires ex vivo models that faithfully 

recapitulate key aspects of the lung environment. Recent work by several groups showed that 

growth of macrophages in both GM-CSF and TGFβ stabilizes the AM-like state for cells grown 

in culture (29-31). We recently optimized the fetal liver-derived alveolar-like macrophages 

(FLAMs) model which propagates fetal liver cells in both GM-CSF and TGFβ allowing for long-
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term propagation and genetic manipulation of cells that recapitulate many aspects of AM 

functions (31). Removing TGFβ from these cells results in a loss of the AM-like state such as 

decreased expression of the key AM transcription factor peroxisome-proliferating activating 

receptor gamma (PPARγ) and increased expression of the LPS co-receptor CD14. These data 

suggest that TGFβ not only maintains the AM state but plays an important role in modulating the 

inflammatory response of AMs. 

In this report we directly examine how TGFβ shapes AM function and inflammatory 

responses. Using transcriptional analysis, we globally defined how TGFβ regulates the gene 

expression of resting FLAMs, identifying a key role of TGFβ in maintaining the metabolic state 

of AMs. In parallel, we characterized how TGFβ shapes the inflammatory response of AMs 

following the activation of toll-like receptor 2 (TLR2), uncovering an unexpected link between 

TGFβ, TLR2, and type I interferon (IFN). We found that a range of TLR2 agonists, including 

Mycobacterium tuberculosis, drive exacerbated IFN responses in a TGFβ-dependent manner. 

Further mechanistic studies found this IFN response was not dependent on glycolysis and 

required the mitochondrial antiviral signaling adaptor (MAVS) as well as the transcription 

factors interferon regulatory factor 3 and 7 (IRF3/7). These data suggest that TGFβ rewires the 

metabolic networks in AMs and this activates unique innate immune signaling not observed in 

other macrophage populations. 

RESULTS 

 

TGFβ drives lipid metabolism, restrains cytokine expression, and maintains FLAMs in the 

AM-like state. 

We previously developed FLAMs as an ex vivo model of AMs to understand the mechanistic 

signals and regulatory networks that maintain cells in the AM-like state (31). TGFβ is a key 



 135 

cytokine needed to maintain AMs in vivo and to maintain FLAMs in the AM-like state, yet how 

TGFβ modulates AM functions and transcriptional networks remains unclear. As a first step, we 

confirmed that TGFβ is required to broadly maintain the AM-like state in FLAMs. Since PPARγ 

is a key transcription factor in AMs, and is expressed in AMs and FLAMs, we measured the 

effect of TGFβ on PPARγ expression (Figure 3.1A) (31). FLAMs were grown in GM-CSF in the 

presence or absence of TGFβ for two-weeks and the mRNA expression of the transcription factor 

PPARγ was quantified by quantitative RT-PCR. As expected, FLAMs with TGFβ maintained 

higher expression of PPARγ, while cells grown in the absence of TGFβ significantly decreased 

PPARγ expression (6, 31). These data confirm that TGFβ helps maintain FLAMs in an AM-like 

state long-term.  

 To better understand how TGFβ globally regulates FLAMs, we next conducted whole-

transcriptome RNA sequencing analysis on FLAMs grown in the presence and absence of TGFβ. 

Differential expression analysis identified hundreds of genes that were significantly changed 

between FLAMs grown with or without TGFβ (Figure 3.1B). To globally identify pathways that 

were uniquely enriched in TGFβ (+) FLAMs, we employed gene set enrichment analysis 

(GSEA), using a ranked gene list generated from the differential expression analysis. Among the 

top KEGG pathways enriched in TGFβ (+) FLAMs were PPAR signaling, fatty acid synthesis, 

lipid metabolism, and lysosome pathways (Figure 3.1C). Given that AMs are known to drive 

PPARγ-dependent lipid metabolism, these data suggest the FLAM transcriptional profile is 

similar to primary AMs (32, 33). In contrast, pathways enriched in TGFβ (-) FLAMs were 

related to cytokine and chemokine expression and cell proliferation. We directly compared the 

expression of a subset of genes related to these pathways and AM signature genes (Figure 3.1C). 

We found high expression of PPARγ, MARCO, SiglecF in TGFβ (+) FLAMs in addition to lipid 
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metabolism genes including Acat2, Acat3, and FadS2 (Figure 3.1D). In TGFβ (-) FLAMs, we 

observed a significant increase in chemokines including CCL2, CCL3, CCL4 and CXCL3 

(Figure 3.1D). Taken together these data show that TGFβ maintains metabolic functions of AMs 

while restraining inflammation in line with previous reports suggesting AMs are hypo-

inflammatory (8).  

TGFβ mediates a type 1 IFN in AMs following Pam3 Activation. 

Since TGFβ (+) FLAMs did not express inflammatory genes as highly as TGFβ (-) FLAMs, we 

next directly tested the response of these cells to inflammatory stimuli. Many bacterial 

respiratory infections, including Mycobacterium tuberculosis, activate TLR2 signaling during 

infection (34, 35). Thus, we examined how the activation of TLR2 with the purified agonist 

Pam3CSK4 (referred to as Pam3) differentially alters the transcriptome of FLAMs in a TGFβ-

dependent manner. TGFβ (+) and TGFβ (-) FLAMs were stimulated with Pam3 for 18 hours, 

then, RNA sequencing and differential expression analysis was used to identify changes in the 

transcriptional landscape. We identified hundreds of genes that were significantly altered 

following Pam3 activation of TGFβ (+) FLAMs compared to untreated TGFβ (+) FLAMs 

(Figure 3.2A) and Pam3 activated TGFβ (-) FLAMs (Figure 3.2B).  We were curious as to what 

pathways were enriched in TGFβ (+) FLAMs compared to following PAM activation to identify 

TGFβ -dependent and perhaps, AM-specific immune signaling (Figure 3.2A).  Using GSEA we 

found an unexpected enrichment in pathways related to IFN signaling (Figure 3.2C). When we 

examined the entire IFN hallmark pathway across all conditions we only observed robust 

induction of IFN-related genes in Pam3 activated TGFβ (+) FLAMs (Figure 3.2D).  This finding 

suggests that while TGFβ restrains several inflammatory cytokines following Pam3 stimulation, 

TGFβ skews the macrophages response to drive the activation of IFN pathways.   
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To further understand the role of nucleotide sensing in the TLR2 response of TGFβ (+) 

FLAMs, we next directly examined the normalized reads of IFNβ and two other interferon-

stimulated genes (ISGs) (Figure 3.3A). While we observed similar baseline expression of IFNβ1, 

CXCL10 and Rsad2 between conditions, TGFβ (+) FLAMs induced significantly higher 

expression of all three genes following Pam3 activation. To corroborate the RNA sequencing 

results, we compared the secretion of cytokines in resting and Pam3-activated TGFβ (+) and 

TGFβ (-) FLAMs using a multiplex Luminex assay (Figure 3.3B). In agreement with our 

transcriptional results, we observed a significant increase in IFNβ1 and CXCL10 in Pam3-

activated TGFβ (+) FLAMs compared to TGFβ (-) FLAMs. We next confirmed this phenotype 

occurs in primary AMs by isolating cells from the lungs and activating them with Pam3 and 

examining the production of IFNβ by ELISA (Figure 3C). In line with our results in FLAMs, we 

observed a significant increase in IFNβ in AMs following activation with Pam3. These data 

confirm that TGFβ signaling in AMs drives the production of type I IFN following Pam3 

stimulation. 

TGFβ mediates TLR2-dependent type 1 IFN activation in AMs. 

Pam3 is a potent TLR2 agonist, so we hypothesized that other TLR2 activators would 

similarly drive the production of type I IFNs in TGFβ (+) FLAMs. To test this, we stimulated 

TGFβ (-) and TGFβ (+) cells with the known TLR2 activators Peptidoglycan and Zymosan. 

Since Zymosan can activate cells through both TLR2 and Dectin1, we also tested depleted 

Zymosan and curdlan that will only activate cells through Dectin1.  18 hours after activation with 

each agonist, we measured the CXCL10 by ELISA as a marker for IFN production (Figure 

3.4A). We observed that both Peptidoglycan and Zymosan stimulations of TGFβ (+) FLAMs 

resulted in a significant increase in CXCL10 production compared to TGFβ (-) FLAMs. 
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However, we observed no significant induction of CXCL10 following activation with depleted 

Zymosan or curdlan. We next infected TGFβ (-) and TGFβ (+) FLAMs with Mycobacterium 

tuberculosis, a known activator of TLR2, and quantified the production of IFNβ (Figure 3.4B) 

and CXCL10 (Figure 3.4C) using a multiplex Luminex assay the following day (35). We found 

that infection of TGFβ (+) FLAMs resulted in a significant increase in both IFNβ and CXCL10 

compared to TGFβ (-) FLAMs.  

Since our results suggested that TLR2-dependent activation drives the increased IFN 

response in TGFβ (+) FLAMs, we next directly tested this using TLR2-/- FLAMs.  Wild type 

and TLR2-/- TGFβ (+) FLAMs were stimulated with Pam3 and the following day IFNβ was 

quantified in the supernatants by ELISA. While wild type TGFβ (+) FLAMs robustly induced 

IFNβ, this was lost in TLR2-/- FLAMs.  Taken together these results suggest that TGFβ 

signaling in FLAMs drives a unique response to TLR2 activation that results in the production of 

type I IFN.  

MAVS and IRF3/7 but not aerobic glycolysis contribute to TGFβ-dependent Type I IFN 

responses. 

We next wanted to better understand the pathways driving the TGFβ-dependent type I IFN 

response. One key type I IFN production pathway is mediated by the mitochondrial antiviral-

signaling protein (MAVS) which triggers the activation of the transcription factors interferon 

regulatory factors 3 and 7 (Irf3/Irf7) to mediate the transcription of IFNβ (36, 37). To test the 

role of these genes in controlling TGFβ-dependent IFN responses, we used our previously 

described CRISPR-Cas9 editing approaches in FLAMs to target Mavs, Irf3 and Irf7 with 

individual sgRNAs (Figure 3.5A) (31). We then left cells untreated or stimulated TGFβ (+) wild 

type, TLR2-/-, sgMAVs, sgIrf3, and sgIrf7 FLAMs with zymosan, depleted zymosan, or 
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LyoVec-complexed Poly I:C and quantified secreted IFNβ the following day. We observed that 

wildtype FLAMs induced IFNβ in all conditions, except following depleted zymosan 

stimulation. In contrast, for all stimulations, we found significantly reduced IFNβ from sgMAVs, 

sgIrf3, and sgIrf7 FLAMs. These data suggest that TGFβ-dependent, TLR2-mediated type I IFN 

responses are controlled by MAVS and Irf3/Irf7.  

 A previous report showed that MAVS signaling is regulated by lactate produced through 

glycolysis (38). Given the expression differences in key metabolic pathways we observed 

between TGFΒ- and TGFβ (+) FLAMs, we wondered whether differential metabolic regulation 

of MAVS may explain differences in the type I IFN response. As a first step, we tested whether 

direct activation of the MAVS pathway with poly I:C would result in differential type I IFN 

between TGFβ (+) and TGFβ (-) FLAMs (Figure 3.5B). We observed that TGFβ (+) FLAMs 

induced significantly more CXCL10 compared to TGFβ (-) FLAMs, suggesting increased 

activity of the RIG-I/MAVS signaling pathway. We next tested whether inhibiting lactate 

dehydrogenase and thus, reducing intracellular lactate levels would alter the TGFβ-dependent 

type I IFN response in FLAMs. FLAMs grown with and without TGFβ were transfected with 

poly I:C with increasing levels of Oxamate and the following day we quantified CXCL10 in the 

supernatants (Figure 3.5C). We observed a dose-dependent decrease in CXCL10 production in 

TGFβ (-) FLAMs suggesting the IFN response in these cells is dependent on aerobic glycolysis. 

In contrast, we observed no significant effect of oxamate on the high CXCL10 production found 

in TGFβ (+) FLAMs. Taken together these data suggest that TGFβ-dependent type I IFN 

responses in FLAMs is independent of changes in aerobic glycolysis.  
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FIGURES 

 

Figure 3.1. TGFβ drives lipid metabolism, restrains cytokine expression, and maintains 

FLAMs in the AM-like state. (A) PPAR transcription was quantified by qRT-PCR using 2(-

DDCT) relative to GAPDH in untreated (+) and (-) TGFβ FLAMS. Each point represents a 

technical replicate from one representative experiment of 3. **p<.01 by unpaired students t -test. 
(B) Differentially expressed genes were identified between untreated (+) and (-) TGFβ FLAMS. 

Red points represent significantly underexpressed genes and blue points represent significantly 
overexpressed genes between (+) and (-) TGFβ FLAMs. Each point represents the mean of three 
biological replicates from one experiment. DeSeq2 was used to determine significance using the 

adjusted p-value to account for multiple hypothesis testing. (C) Expression of genes from three 
pathways that are enriched between untreated (+) and (-)TGFβ FLAMs and a subset of AM-

signature genes. Each column is representative of one technical replicate. (D) Gene expression 
was quantified from normalized counts for key genes important in lipid metabolism, 
inflammation, and TGFβ signaling. Each point represents a technical replicate from one 

experiment. *** adjusted p-value <.001 using DeSeq2 analysis. 
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Figure 3.1 (cont’d) 
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Figure 3.2. TGFβ mediates cytosolic DNA sensing and type 1 IFN responses during TLR2 

activation. (A) Differentially expressed genes were identified between +TGFβ FLAMs (+) and 

(-) Pam3 treated for 6 hours. Red points represent underexpressed genes and blue points 
represent overexpressed genes between (+) and (-) TGFβ FLAMs. Each point represents the 

mean of three biological replicates from one experiment. (B) Differentially expressed genes were 
identified between (+) and (-) TGFβ FLAMs treated with Pam3 for 6 hours. Red points represent 
underexpressed genes and blue points represent overexpressed genes between (+) and (-) TGFβ 

FLAMs. Each point represents the mean of three technical replicates from one experiment. (C) 
Leading edge analysis of the IFN hallmark Pathway comparing Pam3 activation in (+) and (-) 

TGFβ FLAMs (D) Expression of genes representing the IFN hallmark pathway between (+) and 
(-) TGFβ FLAMs that have or have not been treated with Pam3. Each column represents a 
biological replicate from one experiment. 
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Figure 3.2 (cont’d)  
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Figure 3.3. IFNβ and ISG transcription and secretion is heightened in Pam3-activated AMs 

and FLAMs cultured with TGFβ. (A) Normalized read counts from IFNβ, Rsad2 and CXCL10 

from Pam3 RNA sequencing experiment. *** adjusted p-value <.001 using DeSeq2 analysis. (B) 

(+) and (-) TGFβ FLAMs were stimulated with Pam3 for 24hrs. Supernatants were collected and 

IFNβ, CXCL10 were quantified by Luminex cytokine assay. (C) Primary AMs were stimulated 
with Pam3 and IFNβ was quantified by bioluminescent ELISA the following day. Shown is one 
representative experiment of two with 3 replicates per experiment. **p<.01 by unpaired students 

t-test.  
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Figure 3.4. TLR2-dependent activation of type 1 IFN pathways in (+) TGFβ FLAMs is 

conserved among physiologically relevant TLR2 agonists. (A) (+) and (-) TGFβ FLAMs were 

stimulated with 50ug/ml Peptidoglycan, Zymosan, Zymosan Depleted, or Curdlan for 24hrs. 
CXCL10 was quantified by ELISA. (B and C) (+) and (-) TGFβ FLAMs were left uninfected or 

infected with Mtb H37Rv at an MOI of 5 for 24hrs. (B) IFNβ and (C) CXCL10 were quantified 
by Luminex multiplex assay. (D) WT FLAMs, TLR2-/- FLAMs, and Primary AMs were 
stimulated with Pam3 for 24hrs. Secreted IFNβ was quantified by bioluminescent ELISA.  Each 

point represents data from a single well from one representative experiment of three. 
****p<.0001 ** p<.01 by one-way ANOVA with a tukey test for multiple comparisons. 
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Figure 3.4 (cont’d) 
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Figure 3.5. MAVS and IRF3/7, but not aerobic glycolysis, contribute to TGFβ-dependent 

Type I IFN responses. (A) Wild type, sgMAVS, sgIRF3, and sgIRF7 FLAMs were stimulated 

with Zymosan, Zymosan Depleted, and poly I:C for 24hrs. Secreted IFNβ was quantified by 
bioluminescent ELISA. (B) (+) and (-) TGFβ FLAMs were treated with poly I:C for 24hrs. 

Secreted CXCL10 was quantified by ELISA. (C) (+) and (-) TGFβ FLAMs were stimulated with 
complexed poly I:C and left untreated or treated with Oxamate. Secreted CXCL10 was 
quantified by ELISA. Each point represents data from a single well from one representative 

experiment of three. *** p<.001, ** p<.01 by one-way ANOVA with a tukey test for multiple 
comparisons. 
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DISCUSSION 

 

TGFβ signaling is essential for alveolar macrophage (AM) development and homeostasis 

in the lung environment (6). How TGFβ regulates distinct functions of AMs and their response 

to external stimuli remains unclear. Here, we leveraged an ex vivo model of AMs, known as 

FLAMs, to dissect transcriptional changes in AM-like cells that are mediated by TGFβ. We 

found that while TGFβ restrains a subset of inflammatory pathways, TGFβ also primes AMs for 

a type I IFN (IFN) response following TLR2 activation. These results suggest that distinct innate 

immune signaling networks in AMs are regulated by the tissue environment and directly alter the 

inflammatory response following the activation of TLR2.  

 While our findings suggest an unexpected link between TLR2 and IFN in AMs, how 

TLR2 activates IFN remains an open question. Several pattern recognition receptors (PRRs), 

including TLR3, TLR7 and TLR9 activate IFNs through the activation of IRF3 or IRF7, but 

these PRRs are localized to the endosome and generally respond to viral ligands (39, 40). In 

contrast, TLR2 is present on both the surface and in the endosome, similar to TLR4. Previous 

studies showed that TLR4 signaling through the plasma membrane drives Myd88-dependent 

NFkb activation while signaling through the endosome activates a TRIF dependent IFN response 

(41). Whether the localization of TLR2 drives the IFN response in TGFβ cultured AMs and the 

contribution of the adaptors, Myd88 and TRIF, to the response will need to be determined. While 

several previous studies suggest TLR2 can activate IFNs, the ligands and cell types capable of 

this response remain controversial (42-45). For example, Barbalat et al showed BMDMs can 

make IFN in response to viral ligands but not bacterial ligands, while Dietrich et al. showed 

BMDMs can make IFN following activation with bacterial ligands (43, 44). Our data support the 

role of bacterial and fungal TLR2 ligands in activating an IFN response in AMs that is dependent 
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on TGF signaling. FLAMs grown in the absence of TGF did not robustly induce IFNs 

following TLR2 activation.  Our genetic studies found that IRF3, IRF7, and MAVS were all 

required for the TLR2-activated IFN response. This suggests TLR2-mediated IFN may activate 

parallel pathways, one dependent on direct signaling through MyD88/TRIF, and a second 

dependent on the cytosolic nucleotide sensing pathways dependent on MAVS. Given that we 

observed exacerbated IFN responses in TGF (+) FLAMs following direct activation of MAVS 

by poly I:C treatment, our data support a model where TGF primes AMs to enhance the 

activation of MAVS-dependent IFN production.   

  The mechanisms underlying TGFβ priming IFN responses remain unknown. TGF is 

known to activate PPARγ and fatty acid oxidation, which we confirmed through our 

transcriptional analysis (6). Previous studies have linked cellular metabolism and type I IFN 

production. Both cholesterol biosynthesis and glycolysis byproducts such as lactate are known to 

regulate the magnitude of the type I IFN response in BMDMs (38, 46). However, when lactate 

levels were modulated with the pyruvate dehydrogenase inhibitor oxamate, we observed no 

changes in the TGFβ-dependent IFN response. Thus, lactate is not directly modulating the IFN 

response in our model. Given the increased fatty acid oxidation and mitochondrial function in 

TGF cultured FLAMs, it is possible that TGFβ-dependent changes in lipid metabolism and 

mitochondrial function directly drive subsequent IFN responses following TLR2 activation. 

Since we observed increased activation of MAVS-dependent IFN production following TLR2 

stimulation in the absence of exogenous cytosolic nucleotides, this suggests the possibility of 

endogenous cellular ligands such as mitochondrial DNA amplifying the TLR2 response in AMs 

(47). How changes in mitochondrial dynamics or possibly mitochondrial ROS generation 

contribute to the production of IFNβ remains unknown. Future studies will be needed to dissect 
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the role of fatty acid oxidation, oxidative respiration, and mitochondrial damage in driving 

TLR2-mediated TGFβ-dependent IFN responses in AMs.  

 Our finding that AMs are uniquely programmed by TGFβ to drive an IFN response 

suggests that these specialized resident macrophages differentially activate their inflammatory 

profiles in the lung environment compared to other macrophages. Understanding the 

consequences of an IFN-skewed response in the lungs is an important line of research for future 

studies. Type I IFNs are known to be potent regulators of antiviral immunity, suggesting the host 

response in the lungs is particularly tuned to respond to invading viral pathogens (37). However, 

IFNs also play a key role in controlling fungal pathogens like Aspergillus fumigatus in humans 

and in mice (48). In several disease states however, including Systemic Lupus Erythematosus 

(SLE) and tuberculosis, elevated type I IFNs are associated with worse disease, and blocking 

type I IFN has been shown to improve clinical outcomes (49-51). Our data support the role of 

type I IFNs as a key initial response to invading pathogens in the lungs and more broadly 

suggests the balance of type I IFNs can mediate protective or pathologic host responses.  

Interestingly, TGFβ is produced in an inactive form by AMs in the lungs and it is 

processed into an active form by integrins on lung epithelial cells which then signal back to AMs 

to maintain their function (6, 17, 18). This interconnected signaling ensures that AMs are 

properly tuned to the airspace and suggests the lung environment is an important mediator of the 

enhanced type I response observed in AMs. Better understanding the underlying mechanisms 

driving TGFβ-dependent type I IFN may enable the development of therapeutics that modulate 

the balance of type I IFNs more effectively in the lungs to control infections and prevent 

autoinflammatory diseases.  
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MATERIALS AND METHODS 

 

Animals 

Experimental protocols were approved by the Institutional Animal Care and Use Committee at 

Michigan State University (animal use form [AUF] no. PROTO202200127). All protocols were 

strictly adhered to throughout the entire study. Six- to 8-wk-old C57BL/6 mice (catalog no. 

000664), TLR2-/- mice (catalog no. 004650) and Cas9(+) mice (catalog no. 026179) were 

obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were given free access to food 

and water under controlled conditions (humidity, 40–55%; lighting, 12-hour light/12-hour dark 

cycles; and temperature, 24 ± 2°C), as described previously (Bates 2002, 2015). Pregnant dams 

at 8–10 week of age and 14–18 gestational days were euthanized to obtain murine fetuses. AMs 

were isolated from male and female mice >10 week of age.  

FLAM cell culture 

Wild type and TLR2-/- FLAMs were isolated as previously described (31) cultured in complete 

RPMI (Thermo Fisher Scientific) containing 10% FBS (R&D Systems), 1% penicillin-

streptomycin (Thermo Fisher Scientific), 30 ng/ml recombinant mouse GM-CSF (PeproTech), 

and 20 ng/ml recombinant human TGFβ1 (PeproTech) included where indicated. Media were 

refreshed every 2–3 d. When cells reached 70–90% confluency, they were lifted by incubating 

for 10 min with 37°C PBS containing 10 mM EDTA, followed by gentle scraping. 

AM isolation and culture 

Mice were euthanized by CO2 exposure followed by exsanguination via the inferior vena cava. 

Lungs were lavaged as previously described (Busch, 2019). Cells were then resuspended in 

RPMI 1640 media containing 30 ng/ml GM-CSF and 20 ng/ml recombinant human TGFβ1 

(PeproTech) and plated in untreated 48- or 24-well plates. AMs were lifted from plates using 

Accutase (BioLegend) and seeded for experiments. 
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TLR2 activation 

Cells were seeded in 24-well treated culture plates at a density of 150,000 cells/well and allowed 

to settle overnight.  Cells were treated with Pam3CSK4 25ng/ml (Invivogen, Cat no. tlrl-pms), 

peptidoglycan from S. aureus at 50ug/ml (Invivogen, cat no. tlrl-pgns2), zymosan at 50ug/ml 

(Invivogen, Cat no. tlrl-zyn), Zymosan Depleted at 50ug/ml (Invivogen, Cat no. tlrl-zyd), 

Curdlan at 50ug/ml (Invivogen, Cat no. tlrl-curd) or poly I:C at 20ug/mL (Invivogen, Cat no. tlrl-

pic-5). Poly I:C was complexed with Lyovec for transfection prior to stimulation. 

Cytokine analysis 

Where indicated, supernatants were analyzed by a Luminex multiplex assay (Eve Technology). 

In addition, secreted CXCL10 was quantified using the R&D Duoset kit (R&D Sciences) per 

manufacturer’s instructions. Secreted IFNβ was quantified with the LumiKine Xpress mIFN-B 

2.0 kit (Invivogen, catalog no luex-mIFNβv2) per manufacturer’s instructions. Luminescent 

signal was detected on a Spark® multimode microplate reader (Tecan).  

Mtb culture and infection 

FLAMs were seeded at 200,000 cells/well in a 6 well plate prior to infection. PDIM-positive 

H36Rv was grown in 7H9 medium containing 10% oleic albumin dextrose catalase growth 

supplement and 0.05% Tween 80 as done previously (52). To obtain a single cell suspension, 

samples were centrifuged at 200xg for 5 minutes to remove clumps. Culture density was 

determined by taking the supernatant from this centrifugation and determining the OD600, with 

the assumption that OD600 = 1.0 is equivalent to 3x108 bacteria per ml. Bacteria were added to 

macrophages for 4 hours then cells were washed with PBS and fresh media was added. 24 hours 

later, supernatant was removed and sterile filtered for analysis. 
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qRT PCR 

RNA from FLAMs was extracted using the Directzol RNA Extraction Kit (Zymo Research, Cat 

no. R2072) according to the manufacturer’s protocol. Quality was assessed using NANODROP. 

The One-step Syber Green RT-PCR Kit (Qiagen, Cat no. 210215) reagents were used to amplify 

the RNA and amplifications were monitored using the QuantStudio3 (ThermoFisher, Cat no. 

A28567).   

PPARg FWD: 5’-CTC CAA GAA TAC CAA AGT GCG A -3’ 

PPARg REV: 5’-GTA ATC AGC AAC CAT TGG GTC A -3’ 

GAPDH FWD: 5’-AGG TCG GTG TGA ACG GAT TTG-3’ 

GAPDH REV: 5’-TGT AGA CCA TGT AGT TGA GGT CA- 3’ 

CRISPR-targeted knockouts 

Single-guide RNA (sgRNA) cloning sgOpti was a gift from Eric Lander and David Sabatini 

(Addgene plasmid no. 85681) (53). Individual sgRNAs were cloned as previously described 

(54). In short, sgRNA targeting sequences were annealed and phosphorylated, then cloned into a 

dephosphorylated and BsmBI (New England Biolabs) digested sgOpti. sgRNA constructs were 

then packaged into lentivirus as previously described and used to transduce early passage Cas9+ 

FLAMs. Two days later, transductants were selected with puromycin. After 1 week of selection, 

cells were validated for SiglecF/CD14 expression and used for experimentation.  

sgIRF3-Fwd: CACCGGGCTGGACGAGAGCCGAACG 

sgIRF3-Rev: AAACCGTTCGGCTCTCGTCCAGCCC 
 

sgIRF7-Fwd: CACCGCTTGCGCCAAGACAATTCAG 
sgIRF7-Rev: AAACCTGAATTGTCTTGGCGCAAGC 
 

sgMAVS-Fwd: CACCGGAGGACAAACCTCTTGTCTG 
sgMAVS-Rev: AAACCAGACAAGAGGTTTGTCCTCC 
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RNAseq 

FLAMs with and without TGFβ were plated in 6-well plates at 1 x 106 cells/well and treated with 

Poly(I:C), or PAM as described above for 6 hours. We used the Direct-zol RNA Extraction Kit 

(Zymo Research, Cat no. R2072] to extract RNA according to the manufacturer’s protocol. 

Quality was assessed by the MSU Genomics Core using an Agilent 4200 TapeStation System. 

The Illumina Stranded mRNA Library Prep kit (Illumina, Cat no. 20040534) with IDT for 

Illumina RNA Unique Dual Index adapters was used for library preparation following the 

manufacturer’s recommendations but using half-volume reactions. Qubit™ dsDNA HS 

(ThermoFischer Scientific, Cat no. Q32851) and Agilent 4200 TapeStation HS DNA1000 assays 

(Agilent, Cat no. 5067-5584) were used to measure quality and quantity of the generated 

libraries. The libraries were pooled in equimolar amounts, and the Invitrogen Collibri 

Quantification qPCR kit (Invitrogen, Cat no. A38524100) was used to quantify the pooled 

library. The pool was loaded onto 2 lanes of a NovaSeq S4 flow cell, and sequencing was 

performed in a 2x150 bp paired end format using a NovaSeq 6000 v1.5 100-cycle reagent kit 

(Illumina, Cat no. 20028316). Base calling was performed with Illumina Real Time Analysis 

(RTA; Version 3.4.4), and the output of RTA was demultiplexed and converted to the FastQ 

format with Illumina Bcl2fastq (Version 2.20.0). 

RNAseq analysis was completed using the MSU High Performance Computing Center (HPCC). 

FastQC (Version 0.11.7) was used to assess read quality. Bowtie2 (Version 2.4.1) (55) with 

default settings was used to map reads with the GRCm39 mouse reference genome. Aligned 

reads counts were assessed using FeatureCounts from the Subread package (Version 2.0.0) (56). 

Differential gene expression analysis was conducted using the DESeq2 package (Version 1.36.0) 

(57) in R (Version 4.2.1). 
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APPENDIX B: THE GRIT STORY: PROMOTING EQUITY AND INCLUSION IN 

STEM PHD PROGRAMS 

 

INTRODUCTION 

 

In addition to my research, I have used my scientific training combined with my lived 

experience to ask questions, strategize methods, and develop solutions for problems associated 

with equity and inclusion in higher education. As a first-generation student with low-income 

status myself, I recognize the systemic barriers that keep STEM graduate programs homogenous. 

Students from historically marginalized populations must often outwork their peers to overcome 

challenges that not all students face. It is these challenges that are shared between myself, and 

my colleagues that have motivated me to make changes to graduate education that will ensure 

equitable opportunities for all. As a graduate student, I aimed to provide necessary support that 

promoted retention of students from all backgrounds. In the future I aim to drive successful 

recruitment strategies that give students the opportunity to thrive in an established environment 

that supports them throughout their PhDs.  

In October of 2020 I founded the MSU Graduate Recruitment Initiative Team (GRIT) 

and have continued to serve as the director. GRIT is a grassroots graduate student organization 

focused on the recruitment and retention of historically excluded populations in STEM. GRIT is 

unique given that it is fully graduate student driven, thus addressing the issues that impact 

students most. We have worked closely with the Biomolecular Science Gateway program 

(BMS), the umbrella program responsible for recruiting students to six different biomolecular 

based departments, to implement strategies that promote equity and inclusion. In just a few 

years’ time, GRIT has expanded from a one-person operation to a program with over 100+ 

participants and a ten-person leadership team that spans six departments, has multiple programs, 

and is supported by students, faculty, and administration. GRIT serves as a platform where 
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students can propose changes and develop initiatives that serve the graduate student community. 

This collaborative structure is what led to the creation of our peer mentorship program, a 

wellness series focused on graduate student mental health, and our merge with Voices of Color, a 

student driven initiative that offers support and community among graduate students on color. 

Here, I highlight many of the accomplishments and successes of GRIT. These 

accomplishments are possible due to the hard work of several graduate students, whether it be 

initiating programs, organizing events, or sending emails, GRIT is what it is because of all of 

them. Additionally, I discuss potential future directions because while GRIT has made systemic 

changes to the BMS Ph.D. Program and has had lasting effects in all involved departments, there 

is still more work to be done. I have learned a lot through the creation of GRIT and have proven 

that I can successfully build an impactful organization that creates solutions to systemic 

problems in academia. GRIT is just the beginning; I will continue to create solutions that 

improve the equity and inclusion of STEM programs in higher education.  
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PROGRAMS AND ACCOMPLISHMENTS 

 

Peer Mentorship  

(Initiated through GRIT by Kaylee Wilburn and Natasha George) 

First year students are paired with more senior graduate students during the first year of their 

PhD program. This pairing is made with department interests, schedules, and career goals in 

mind. All mentors are trained by POE on the issues of relationship violence and sexual 

misconduct, Title IX, and reporting protocols and are required to sign a formal pledge prior to 

being paired with a mentee. The mentor/mentee pair determines a regular schedule to meet and 

discuss weekly conversation topics provided by the program coordinators. The duration of this 

program is one academic year however we anticipate that relationships will be formed that go 

beyond the one-year length of the program. The program concludes with a celebratory social 

event that includes food, prizes, and a peer mentor of the year award given to one exceptional 

mentor.  

 

Selected Weekly Conversation Topics Include: 

• What to expect from grad level classes, how to navigate D2L 

• Rotations 101 

• Adjusting to Lansing/MSU 

• Time Management Strategies 

• Graduate Student Organizations and other opportunities 

• Dealing with Imposter Syndrome 

• Wellness Resources on Campus 

• Networking 

• Exploring Career Goals 

 

The GRIT Peer Mentorship Program was developed and has been maintained exclusively by 

graduate students. In a short two-years this program has become a quintessential part of the PhD 
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first year experience for BMS students. While the program is fully optional, we have had 70% 

and 67% participation from first year BMS students in 2021 and 2022, respectively.  

 

2021-2022 Student Testimonials: 

“I think the program has been great, I've learnt as a mentor and I think is actually a great 

experience to help others to navigate in this everyday struggle called grad school, I am really 

thankful with GRIT for organizing this”       

“I think having a mentor [with the] same interest academically helped me a lot. His advice 

shaped my path in a good way. Pairing people from [the] same program works pretty well, I 

think.” 

Comparable Efforts: The BMS Faculty Mentorship program in BMS (developed from GRIT 

suggestions) is similar to the peer mentorship program, but instead pairs students with faculty 

outside of their research interest to provide academic support.  

 

Application Feedback Program:  

(Initiated through GRIT by Laurisa Ankley) 

Applicants interested in the BMS PhD program apply to the feedback program in early October 

by submitting their personal statement, academic statement, CV, and brief description of why 

they need our services. Once accepted, the applicants’ materials are sent to a current graduate 

student for review. After completing orientation with the program director, the grad student 

reviews both statements and uses the CV to help the applicant focus on different aspects of their 

education/career in their statements. Once the review is complete, the applicant and graduate 
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student meet for 1 hour via zoom to discuss the feedback. Graduate students are provided a 

fellowship that equals $75 per applicant they review. The applicant receives the feedback and an 

application fee waiver for completing the program.  

 

The GRIT Application Feedback Program was developed and has been maintained exclusively 

by graduate students. Since starting the program, we have accepted approximately 30 applicants 

per year with graduate reviewers from all six BMS departments.  

 

2021-2022 Student Testimonials 

 

“My reviewer was awesome and she gave great feedback I could tell she really took the time 

and care to review my statements thoroughly and even helped me with my CV even though 

that wasn’t officially part of the program! 10/10” 

 

“My reviewer is an extremely kind person and I loved all feedbacks she had on my essays. I 

liked her manner of pointing the aspects I could improve in my essays. It seemed she has a 

really good experience in giving feedbacks to prospective graduate students. I am sure her 

comments will be very useful not only to the actual application but for future ones as well.” 

 

“This is program has really been helpful. It needs to be continued.” 

 

“I’m not sure if MSU has this program in other departments but if not you should share the 

idea” 
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“My academic and personal statements were greatly improved by my reviewer. He took great 

time, effort, and patience to explain where I needed to improve and why. He also gave 

insights on where I should build my strengths, explain my deficiencies, and make my 

statements more cohesive.” 

 

“The feedback program is a very useful tool for prospective applicants to improve their 

essays. I would like to congrats the graduate students for the initiative. It was my first time 

seeing a program like that.” 

 

“It’s a great idea to have this program and I really appreciated it!” 

 

Comparable Efforts: The Graduate Student Mentorship Initiative by Cientifico Latino pairs 

mentors with applicants to guide them through the application process.  

 

FUTURE DIRECTIONS 

Candidate Selection Rubric: Creating a standard in NatSci acceptance across all programs and 

providing the resources for those programs to select students in an equitable manner based on 

course work, research experience, and leadership (can change these/add more). By creating a 

rubric, we also anticipate better feedback to be provided by the Application feedback program 

given that there is a specific standard for how students are selected. (Why not share this…? It 

would set clear expectations and demonstrate our standard of students). (What about blinding 
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reviewers to the applicants, home institution and personal contact info like name, birthday, 

email, also ask for number of research hours) 

 

Comparable Efforts: I will need to get an understanding of the acceptance process for each 

program in NatSci, but here is a great document from UChicago GRIT on how to have an 

equitable holistic review process.  

 

Example: 

 
1 2 3 4 

Total 

Score 

Scientific 

Coursework 

The applicant 

has limited 

science 

coursework 
and did not 

demonstrate 

proficiency 

(<C) 

The applicant 

has limited 

science 

coursework 
and 

demonstrated 

proficiency 

(A/B) 

The applicant 

has a wide 

range of 

science 
coursework 

but did not 

demonstrate 

proficiency 

(<C) 

The applicant has 

had a wide range 

of scientific 

coursework and 
demonstrated 

proficiency (A/B) 

 

Understanding 

of Research 

Experience 

Research 

experience 

was 

mentioned 
without any 

detail 

Research 

experience 

was 

mentioned 
with minimal 

description 

Applicant has 

demonstrated 

a clear 

understanding 
of their work 

by noting the 

hypothesis 

and/or major 

conclusions 

Applicant has 

demonstrated a 

clear 

understanding of 
their work by 

noting the 

hypothesis and/or 

major 

conclusions and 
discussed future 

directions and 

implications of 

the work 

 

Leadership 

The applicant 

has not 

demonstrated 

any 
leadership 

experience 

The applicant 

does not have 

any 

leadership 
experience 

but has 

indicated 

plans for 

future 
leadership 

The applicant 

has 

demonstrated 

leadership 
experience. 

The applicant has 

leadership 

experience and 

has indicated 
plans for future 

leadership 

 

https://cpb-us-w2.wpmucdn.com/voices.uchicago.edu/dist/2/1181/files/2020/12/GRIT-Admissions-Guide-for-2020.pdf
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Contribution 

to Society 

(Broader 

Impacts) 

The applicant 

has not made 

any indication 

of broader 

goals that 
contribute to 

society, nor 

have they had 

contributions 

in the past 

The applicant 

has indicated 

broader goals 

that 

contribute to 
society 

The applicant 

has indicated 

broader goals 

that contribute 

to society and 
has indicated 

how they will 

do so 

The applicant has 

indicated broader 

goals that 

contribute to 

society and has 
demonstrated 

contributions in 

the past 

 

Interest in 

MSU 

The applicant 

has not made 

any indication 

of specific 
interest in 

MSU, its 

faculty, or its 

research 

programs.  

The applicant 

has 

specifically 

indicated 
interest in 

MSU. 

The applicant 

indicated 

specifics 

about MSU 
faculty, 

research, the 

area, etc. that 

demonstrates 

interest 

The applicant has 

indicated specific 

about MSU and 

has made 
connections with 

relevant faculty 

and/or 

administration 

 

Would you let 

this student 

rotate in your 

lab based on 

the materials 

provided? 

(Not included 

in final score) 

No   Yes  

 
 

List of Faculty Accepting Students: Faculty will be surveyed every summer to determine who 

is accepting rotation students and how many, their funding status, and a brief description of the 

research that they are recruiting for. This will increase visibility of less popular labs, save time of  

graduate students searching for labs, and prevent students from applying that are interested in 

faculty with inactive research programs.  

 

Comparable Efforts: The GRIT August Newsletter shows all faculty accepting rotations students. 

NYU offers an interesting faculty search tool that could be adapted for faculty accepting rotation 

students here at MSU.  

 

https://drive.google.com/file/d/1dNhDdabEsbSQseRYzZwH0JkuJo6Ejo6U/view?usp=sharing
http://osrsites.com/findalab/
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Effective Conference Recruitment: Conference recruitment is one of if not the most common 

ways to recruit students for PhD programs. Conferences provide a unique opportunity to build 

connections with exceptional students that is too often missed due to the fast-paced environment 

of conference recruiting. As assistant dean I propose that I attend 1-2 conferences per year, per 

program accompanied by 2 graduate students in said program each year. Prospective students 

will be sought out before attending the conference using conference award announcements, and 

relevant experience of faculty accepting students that year. Once a list of potential candidates has 

been made (prior to the conference) we (myself of the attending graduate students) will engage 

with the candidate by viewing their research talk/poster and directly chatting about opportunities 

at MSU. We will continue to broadly recruit at an exhibitor booth (breadth) but will also 

introduce this new targeted approach in parallel (depth). We will also revamp the advertising 

materials that are shared at conferences by focusing on the support available for research, career 

exploration, and more here at MSU.   

 

Comparable efforts: UChicago welcomes graduate students to participate in their conference 

recruitment, providing a unique experience for potential applicants to comfortably have 

discussions and ask questions of current graduate students.  

 

Recruitment from Underrepresented Undergraduate Groups: There are several exceptional 

groups working with undergraduate students from historically marginalized populations. Most of 

these programs are application based and therefore have students that meet a specific caliber. By 

connecting with these organizations (both here at MSU and at other universities across the 
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country) we can target an excellent pool of highly qualified students to recruit for our various 

graduate programs.  

 

Comparable Efforts: In the past, BMS has offered a public forum for McNair scholars that 

highlights the BMS program, MSU, and the area.  

 

Application Fee Waiver Program: 

The application fee waiver is a burden for many applying to graduate school. Alleviating this 

stress from some, can be as simple as broadly sharing resources for fee waivers including the 

Big10 Freeapp and participating in the GRIT application feedback program.  

 

Comparable Efforts: Some NatSci programs are already sharing this information, including 

Physics and Astronomy.  

CONCLUDING REMARKS 

GRIT was built to initiate solutions for inequities found in STEM higher education. We aim to 

foster an inclusive environment that supports all students to thrive and maximize their successes 

while embracing their uniqueness, rather than despite it.  We have successfully done this by 

creating several sustainable programs that provide support to 100+ participating students 

annually from six different graduate programs. In just a few short years, GRIT has become a 

pillar in the BMS program and its affiliated departments. Thank you to those that have supported 

our mission and to those that continue to fight for it. Progress is progress and we are making it 

happen.  

https://btaa.org/resources-for/students/freeapp/eligibility
https://rsomsugrit.wixsite.com/msugrit/application-feedback
https://pa.msu.edu/academics/graduate-program/prospective-grad-students/
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