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ABSTRACT 
 

THE ROLE OF NRF2 ACTIVATION ON THE MURINE T CELL RESPONSE TO 
INFLUENZA INFECTION 

 
By 

Robert Arthur Freeborn, III 

Influenza infections cause millions of hospitalizations globally each year, resulting in 

hundreds of thousands of deaths and exacting a large toll on the economy.  

Accordingly, new interventions are highly desired including the elusive universal 

influenza vaccine capable of providing long-lasting immunity to all strains of influenza, 

including those which have not yet circulated in humans.  It is vital to determine factors 

which suppress immunity to influenza infection and worsen host outcomes during 

infection.  The food additive, tert-butylhydroquinone (tBHQ), was shown by our lab to 

modulate CD4+ T cell activation and function in ex vivo analyses, in part by activating 

the stress-activated transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2).  

However, it was unknown if tBHQ hindered T cell function in vivo.  To assess this, we 

fed mice diets with or without 0.0014% tBHQ and infected them with sublethal influenza 

A virus.  Following primary infection, mice exposed to tBHQ had fewer CD8+ T cells in 

the lungs, and these cells displayed a phenotype consistent with reduced effector 

function.  Notably, these findings correlated with augmented viral RNA levels in the 

lungs.  Following secondary infection with a heterosubtypic strain of influenza virus, 

mice on tBHQ-containing diets had exacerbated weight loss and delayed recovery 

compared to mice on control diets, indicating that tBHQ impaired heterosubtypic 

memory responses.  It was further revealed that splenic memory T cell populations were 

diminished 28 days following primary infection in mice on the tBHQ diet, suggesting 



failure to form a memory T cell population could be the cause for the diminished 

heterosubtypic immunity.  To begin elucidating the molecular mechanism by which 

tBHQ suppressed the T cell response to influenza infection, two different models were 

utilized.  The first model used adoptive transfer of wildtype or Nrf2-null T cells into T 

cell-deficient hosts prior to dietary exposure to tBHQ and infection with influenza virus.  

Interestingly, tBHQ had no effect on wildtype T cells in this model.  However, this model 

demonstrated that Nrf2 in T cells contributes to influenza-associated morbidity, as mice 

with Nrf2-deficient T cells had reduced lung damage and ultimately lost less weight than 

their control counterparts.  The other model exploited Cre/Lox technology to generate a 

conditional knockout mouse line with Nrf2-deficient T cells.  In this model, the effects of 

tBHQ seen in wildtype mice during primary infection were shown to require Nrf2 in T 

cells.  Additionally, this model also showed that mice with Nrf2-deficient T cells were 

protected from influenza-associated morbidity, though this only occurred in the 

presence of tBHQ.  These studies collectively show that Nrf2 modulates the T cell 

response to influenza virus and contributes to host morbidity.  Additionally, Nrf2 

activation by tBHQ suppresses T cell responses to infection leading to failed memory 

responses.  These are the first studies to investigate the role of tBHQ on T cell-

mediated immunity in vivo in addition to interrogating the role of Nrf2 in T cell responses 

to influenza virus infection.
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Influenza Virus 

 Background and Epidemiology 

 Influenza A Virus (IAV) is an enveloped, single-stranded RNA virus, which is 

made up of various proteins and a segmented negative-strand RNA genome.1  Its 

genome encodes for numerous proteins, some with unknown function, but most of 

which aid in viral fusion and infection of host cells, genome replication, and virion 

release.  Of particular importance to these processes are hemagglutinin (HA) which 

binds to sialic acid residues on the host cell membrane to begin the viral/host 

membrane fusion process; the proton pump Matrix protein 2 (M2), which leads to 

acidification of the endocytic vesicle containing the virus after initial binding of virus to 

host cell; acid polymerase (PA), basic polymerase 1 (PB1), and basic polymerase 2 

(PB2), the virally encoded polymerases that contribute to viral genome replication; 

nucleoprotein (NP) which is an RNA-binding protein required for complete genome 

replication in vivo; and neuraminidase (NA), which similarly to HA, recognizes host sialic 

acid residues which it cleaves leading to the release of viral progeny from the host 

cell.2–4   

 IAVs are characterized by their hemagglutinin and neuraminidase residues, with 

there being 18 known HA subtypes and 11 known NA subtypes.5–7  Importantly, only a 

distinct subset of these have been found to reliably cause human disease; HA 1, 2, and 

3 and NA 1 and 2 are the primary types that infect humans, with other residues (i.e. 

H7N9, H5N1) only rarely causing human disease.8  Following the pandemic of 2009, 

there have been two circulating strains: one H1N1 and one H3N2 virus.  Each year, 

these circulating strains, in addition to influenza B, wreak havoc on both a national and 
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global level.  Recent estimates suggest that up to 20% of the world’s population gets 

infected annually, resulting in three to five million severe infections and roughly 400,000 

respiratory deaths.9–12  It should be noted that these numbers primarily correspond with 

high income countries, as disease diagnosis, surveillance, and reporting varies greatly 

country to country, resulting in a high degree of uncertainty how the viruses affect 

populations in middle-to-low income countries.12,13  Other limitations to these estimates 

include underreporting of IAV infections due to not confirming the causative agent in 

patients with influenza-like illness and limiting mortality estimates to respiratory deaths.  

For instance, while the airway epithelium is the primary target of influenza viruses in 

mammals, the viruses also cause a considerable number of deaths due to causing or 

exacerbating cardiovascular events like heart failure and stroke, central nervous system 

disorders such as influenza-associated encephalitis, and musculoskeletal diseases – 

primarily rhabdomyolysis.9 

 One of the reasons influenza A viruses remain a persistent threat to society is the 

high frequency of mutations in the hemagglutinin residues on the circulating viruses.  

With hemagglutinin being a membrane spike protein, it is exposed to the extracellular 

environment and is thus targeted by host antibodies following infection.  This exerts a 

selective pressure on the HA residues such that they undergo frequent mutation to 

evade the host immune response.14  Consequently, the circulating IAV strains, currently 

H1 or H3 subtypes, can be drastically different at different times during the flu season; 

in fact, the amino acids within HA of a single subtype can vary extensively even within a 

single flu season.15  This also makes current vaccine strategies difficult, as the currently 
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employed vaccine strategy aims to create sterile immunity by eliciting a host antibody 

response to predicted circulating strains.   

 

 Adaptive Immunity Against IAV 

 While cell types of the innate immune system are important in slowing early 

reproduction of the influenza A virus, viral clearance is ultimately attributed to an 

effective adaptive immune response in which both T and B cells play critical roles.16,17  

Cells of the adaptive immune response are unique because they launch highly specific 

attacks on the invading pathogen, resulting in effective clearance.  More importantly, 

these cells develop memory to the pathogen so upon reinfection, a much more rapid 

and robust immune response can be launched.   

 

Humoral Immunity to Primary Infection 

 B cells contribute to virus clearance through production of neutralizing antibodies.  

Primarily, these antibodies target HA and NA on the virus surface.  In the context of 

primary IAV infection, three types of immunoglobulins are produced: IgM, IgG, and IgA; 

concentrations of these antibodies vary widely based on tissue distribution and day 

post-infection, with IgA being largely restricted to the upper airway and IgG and IgM 

being the dominant antibodies within the lung.18  In serum, immunoglobulins spike at 

different days post infection (dpi), with IgM at day 7, IgG at day 14, and IgA at day 21; in 

the airways, the spikes in concentration are seen at day 8 (IgM), day 12 (IgG), and day 

13 (IgA).19  Notably, IAV infection is largely limited to the upper airway in humans and 
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thus IgA is thought to be the most critical antibody for viral neutralization during primary 

infection, and similar findings have been demonstrated in mice.19–21    

 

Humoral Memory 

 B cells are also critical in developing memory against IAV so the virus can be 

rapidly eliminated following a subsequent infection.  Often, memory responses are 

thought to be against the exact same pathogen as the first infection; however, because 

there are two circulating subtypes of IAV and HA residues mutate rapidly even within a 

single influenza season, the traditional memory response is rendered relatively 

ineffective.  Instead, heterosubtypic immunity must be generated to provide the host 

with protection against subsequent infections.  In humoral heterosubtypic immunity, 

antibodies are generated against epitopes that are conserved among many subtypes of 

the virus and are not prone to rapid mutation; unlike the antibodies that target the head 

region of HA, these broadly neutralizing antibodies (bnAbs) often target the conserved 

stem region of HA, but have also been found to target NP and NA .22–26  Notably, recent 

evidence suggests that antibodies targeting the HA stem may contribute to a rise in 

viruses able to escape the antibodies.27  B cells also produce non-neutralizing 

antibodies that contribute to heterosubtypic immunity by boosting the CD8+ T cell 

memory response, discussed below.17  Interestingly, there may be sex-differences in 

the humoral response leading to heterosubtypic immunity, as seen in mice in which 

females have higher antibody titers.28 
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Cell-mediated Immunity to Primary Infection 

 In conjunction with humoral immunity, the adaptive immune response also relies 

on cell-mediated immunity, or T cell-mediated immunity.  In contrast to B cells, T cells 

do not produce antibodies.  T cells are initially classified based on their T cell receptor 

(TCR) as either αβ T cells or γδ T cells.  Currently, it is not thought that γδ T cells 

contribute much to the immune response to influenza, although emerging evidence 

suggests they may be important for protection that could potentially be exploited 

therapeutically, although this is still controversial.29–32  The current dogma is that αβ T 

cells contribute more to immunity against IAV.   

αβ T cells can be further divided into CD4+ and CD8+ T cells, also known as 

helper and cytotoxic T cells, respectively.  As the names suggest, these two cell types 

play distinct roles in the immune response to influenza virus.  The canonical role for 

CD4+ T cells is orchestrating the immune response against IAV by secreting various 

cytokines; CD8+ T cells, on the other hand, directly kill IAV-infected cells by triggering 

apoptosis through both the extrinsic and intrinsic pathways.33 

Upon antigen presentation from antigen presenting cells (APCs), primarily 

dendritic cells, naïve CD4+ T cells become activated and differentiate into effector 

subsets.34  The cytokine environment during antigen presentation dictates which 

effector subset the naïve CD4+ T cell becomes, with interleukin-12 (IL-12) and IFNγ 

programming TH1 cells, IL-4 programming TH2 cells, IL-6 and TGFβ programming TH17 

cells, and IL-6 and IL-21 programming T follicular helper (TFH) cells.34  In the context of 

influenza infections, these cell types have varying levels of importance.  TH1 cells 

respond to viral pathogens and also aid in anti-cancer immune responses.35  TH1 cells  
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Figure 1: Schematic of helper CD4+ T cell function during influenza virus 
infection.  Following presentation of virus-derived antigen to the CD4+ T cell by an 
antigen presenting cell, the T cell will then differentiate into a TH1 cell.  It will then 
secrete IFNγ and TNFα to induce anti-influenza immune responses by other immune 
cells.  Figure created using illustrations from motifolio.com. 

 

guide various parts of the immune system, both innate and adaptive, launching a 

concerted effort to clear the virus.  They do this by secreting the cytokines IFNγ and 

tumor necrosis factor α (TNFα) which go on to cause immunoglobulin class-switching in 

B cells, classical activation of macrophages, generalized inflammatory responses, and 

stimulation of effector CD8+ T cells.36–40  While TH1 cells are the predominant CD4+ T  

cell in the response to IAV infection, emerging studies are revealing a role for TH17 

cells, however it is unclear whether their responses are beneficial or detrimental and 

this appears to differ largely with different experimental conditions.41–44  One possible 

advantage of TH17 cells during IAV infection is their protection against bacterial co-

infections and secondary infections.45  Contrary to TH1 and TH17 cells, TH2 cells have 



8 
 

no documented beneficial role during IAV infection, and have in fact been shown to be 

detrimental to the host.46 

While CD4+ T cells coordinate the anti-influenza response amongst various cell 

types, CD8+ T cells play an indispensable role in halting viral replication.  Like CD4+ T 

cells, CD8+ T cells copiously secrete IFNγ.47  However, the primary method CD8+ T 

cells contribute to viral clearance is through triggering apoptosis within infected cells, 

and this occurs via two distinct pathways.33  The first pathway CD8+ T cells induce 

apoptosis is through signaling via the Fas/Fas-ligand (FasL) pathway.  Upon CD8+ T 

cell activation, cell surface expression of FasL is enhanced.48  When the activated CD8+ 

T cells reach the infected cells, FasL interacts with Fas expressed on the infected cells, 

which then leads to activation of caspases and apoptosis via the extrinsic pathway.33,49  

The other pathway by which CD8+ T cells induce apoptosis is the release of granules 

containing cytolytic mediators, namely perforins and granzymes.33,50  Production of 

these mediators begins in the draining lymph nodes during infection, when T cells 

become activated following antigen presentation; however, the vast majority of 

perforin/granzyme-containing CD8+ T cells are found in the lungs.51  In this method of 

killing, the aptly-named perforins perforate the infected cell’s membrane by forming 

pores; following this, granzymes enter the cell and enter the mitochondria to trigger the 

intrinsic pathway for apoptosis.52,53  Interestingly, both of these pathways appear to be 

sufficient to eliminate influenza-infected cells, as genetic ablation of Fas or perforin did 

not impact cytotoxicity of CD8+ T cells.33 

Two other types of CD4+ T cells are important but often overlooked in the 

immune response to IAV infection: regulatory T cells (Tregs) and cytotoxic CD4+ T  
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Figure 2: Schematic of cytotoxic T cell function.  (A) Upon recognition of infected 
target cells through MHC/TCR interactions, cytotoxic CD8+ and CD4+ T cells release 
perforin to form a pore in the infected cell.  Cytotoxic granules containing granzymes 
then enter the cell, triggering the intrinsic pathway of apoptosis.  (B) CD8+ T cells also 
kill infected cells through upregulation of FasL.  The interaction between Fas on infected 
cells and FasL on the T cell result in downstream caspase activation and apoptosis.  
Created with motifolio.com and BioRender.com. 
 

lymphocytes.  Tregs serve many purposes during primary IAV infection.  The most 

widely recognized role for these cells is limiting inflammation within the lungs and 

airways during infection.  Various groups have shown that Treg numbers are enhanced 

in lungs and airways during IAV infection.54–56  Other studies that utilized antibody 

depletion of Tregs, NOD2 receptor activation, and antigen-specific Treg adoptive 

transfer have shown that Tregs impair CD4+ and CD8+ T cell proliferation and effector 
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function in what appears to be antigen-dependent mechanisms.54,55,57,58  While it was 

originally thought that Tregs didn’t respond to virus-associated antigen and instead were 

activated by APCs presenting self-antigen associated with damage, influenza virus-

pulsed dendritic cells were able to activate regulatory T cells ex vivo.54  While Tregs are 

able to diminish the influenza-specific T cell population and limit immunopathology, their 

effects on viral clearance remain poorly characterized.  One group recently found that 

depletion of Tregs at different stages of infection could result in enhanced or reduced 

viral titers, while Treg depletion for the entire course of infection augmented viral load.59  

Of note, this group used a genetic mouse model and diphtheria toxin to deplete Tregs, 

and it is possible that the diphtheria toxin had effects as controls were not implemented 

to detect toxin-specific effects.  Another group found that antibody-mediated depletion of 

Tregs did not affect viral titer during infection, so it remains to be seen how Tregs 

ultimately affect antiviral immunity.60  In addition to restricting immunopathology, Tregs 

aid in recovery and tissue regeneration which may have to do with their ability to 

prevent epithelial cell growth within the alveolar space following infection.61–63  However, 

how Tregs promote recovery still remains a mystery. 

An important but often overlooked cell type are the so-called cytotoxic CD4+ T 

cells, or CD4+ CTL, which were first described in 1985.64  Since their discovery, these 

cells have been found in situ under various pathological conditions such as HIV, 

cytomegalovirus infection, rheumatoid arthritis, multiple sclerosis (MS), West Nile virus 

infection, gammaherpesvirus infection, melanoma, Dengue virus, and influenza virus.64–

73  Similar to CD8+ T cells, these cells cause infected cells to undergo apoptosis 

primarily through IL-2-driven perforin-dependent mechanisms, and this has been 
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observed in both mice and humans.73–77  Notably, these specialized CD4+ CTLs are 

able to kill infected cells with similar potency, specificity, and kinetic profiles as CD8+ 

CTLs, and adoptive transfer of perforin-deficient CD4+ T cells reduces host survival to 

IAV infection compared to transfer of  in-tact CD4+ T cells.73,78  Interestingly, the vast 

majority of these cells are found in the lungs, with little to no CD4+ CTLs found in 

secondary lymphoid organs.76,79,80  In contrast to CD8+ T cells, cytotoxic CD4+ T cells 

operate through MHC-II-restricted mechanisms similar to canonical CD4+ T cells.64,81  

While dogma holds that MHC-II is typically only expressed on APCs, evidence suggests 

that influenza-infected epithelial cells within the airways and lung parenchyma express 

MHC-II, and CD4+ CTLs have been found in close proximity to these MHC-II-expressing 

epithelial cells.79  Moreover, MHC-II expression was upregulated in influenza-infected 

explanted human lung and primary bronchial epithelial cells.74  Another whodunit is what 

factors drive the differentiation of these cells.  Use of IFNAR1-null and IL2Rα-null mice 

revealed roles for both IFNα and IL-2 in promoting granzyme B and perforin expression 

in CD4+ T cells, and these cytokines act synergistically in driving the differentiation of 

CD4+ CTLs.76,77  Additionally, numerous transcription factors have been implicated in 

the generation of these cells.  Mice lacking STAT2 had a reduction in T-bet within lung 

CD4+ T cells during IAV infection, and an associated loss of granzyme B production; 

moreover, cells from Tbx21-deficient mice (Tbx21 being the gene that encodes T-bet) 

had substantially lower granzyme B and perforin expression compared to wild-type 

counterparts.76  Blimp-1 was also found to be crucial for the differentiation of these cells, 

and mice which received Blimp-1-deficient CD4+ T cells responded as poorly to infection 

as mice which received no adoptive transfer; notably, Blimp-1 and T-bet act 
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synergistically, with Blimp-1 promoting the binding of T-bet to cytolytic genes to drive 

their transcription.76  In addition to Blimp-1, Hobit – a homolog of Blimp-1 – has also 

been shown to be highly upregulated in CD4+ CTLs.82  Other proteins that seem to be 

associated with these cells, although unrelated to their differentiation, are class I-

restricted T cell-associated molecule (CRTAM) and NKG2C/E.80,83  Ultimately, these 

cells act as a complement to CD8+ T cells; they are less abundant, but act in a very 

similar manner by secreting IFNγ and inducing apoptosis of infected cells.79,83 

 

Cell-mediated Memory 

Like with B cells, T cells develop memory to homologous and heterologous 

influenza viruses; this has been observed in numerous animal models as well as 

indirectly in humans.74,84–92  It has been hotly debated whether B cells or T cells are 

more important for heterosubtypic immunity, with several lines of evidence supporting 

each cell type.24,93  Interestingly, numerous reports demonstrated that CD4+ T cells 

seem to be more vital in heterosubtypic responses than CD8+ T cells; in these studies, 

genetic ablation or antibody depletion of CD8+ T cells had minimal effects on host 

survival and viral clearance, but depletion of CD4+ T cells during secondary challenge 

led to poor immunity against the virus.25,94  One possible reason CD8+ T cells could be 

dispensable for heterosubtypic immunity is the ability for CD4+ CTLs to compensate for 

CD8+ T cells, as has been demonstrated in several heterosubtypic models.25,74  

Additionally, several studies show that CD4+ T cells are critical for the ability of CD8+ T 

cells to form memory, and the CD8+ T cell response to heterologous challenge is 

abrogated in the absence of CD4+ T cells.37,38,95–97  Other studies show that lack of 
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CD8+ T cells results in failure to generate complete protection against heterologous 

challenge, further obfuscating the importance of each cell type in this enigma; instead, it 

seems likely that these cell types all cooperate to mediate protection, possibly in 

conjunction with the innate immune system.98–102  Importantly, both CD4+ and CD8+ T 

cells recognize epitopes from internal influenza proteins – especially NP – which are 

highly conserved between subtypes, thus providing a strong rationale for why T cells 

provide heterosubtypic immunity.74,88,90–92,103,104  

How T cells mediate rapid protection during heterologous challenge is a matter of 

great interest.  As with primary infections, CD8+ T cells mediate lysis of infected cells 

through perforin/granzyme and Fas/FasL interactions.87,95  However, one thing that 

distinguishes the memory response of CD8+ T cells from the primary response is the 

polyfunctional nature of the memory cells and their rapid production of IFNγ upon 

reinfection.47,105  While IFNγ is not required for heterosubtypic immunity, mice lacking 

IFNγ have prolonged time to recovery, slightly reduced cytolytic function, and increased 

IgG1:IgG2a ratios.106,107  Another interesting finding is that several subsets of memory 

CD8+ T cells are able to protect the host without clonally expanding upon reinfection, 

unlike primary infections which require clonal expansion of influenza-specific CD8+ T 

cells to provide protection.47,108  One of the reasons for this is that following primary 

infection, a portion of the CD8+ T cells become resident memory T cells (TRM), and 

remain present in the lung parenchyma and airways after the contraction phase of the 

immune response.109–113  TRM cells are indispensable in defense against heterosubtypic 

infection, while central memory T cells in circulation seem to be expendable.114  While it 

remains unclear how these cells arise, recent evidence suggests the importance of 



14 
 

chemokine signaling in recruiting memory cells to the lung parenchyma and airways.115  

Notably, the number of TRM cells increases with repeated influenza exposures, and 

memory T cells appear to traffic to the lungs faster than non-memory T cells.102,116  

Moreover, memory T cells are more sensitive to antigenic stimuli and are critical for 

rapidly responding to heterosubtypic influenza infections.115,117–120  As noted above, 

CD8+ T cell memory cannot be formed without CD4+ T cell help.37,38  A recent study 

suggests that CD4+ T cells help establish CD8+ T cell memory through regulation of 

metabolic pathways, with unhelped CD8+ T cells exhibiting phenotypes more similar to 

exhausted T cells.97  This provides a likely mechanism by which CD4+ T cells regulate 

formation of CD8+ T cell memory, as CD8+ T cells undergo metabolic shifts during 

memory formation in which they start as rapidly proliferating cells but transition to be 

slow-cycling once acquiring a memory phenotype.121   

In addition to guiding formation of the memory CD8+ T cell pool, CD4+ T cells 

provide heterosubtypic immunity via several mechanisms, and a reduced CD4+ T cell 

response enhances morbidity and mortality upon secondary challenge.24,25  As 

mentioned above, B cells produce antibodies against conserved epitopes in the virus 

proteome, including NP.  Depletion of CD4+ T cells reduces antibody titers against these 

conserved residues, providing a key mechanism by which CD4+ T cells mediate 

heterosubtypic immunity.24,122  Memory CD4+ T cells have also been shown to produce 

high amounts of IFNγ, which is known to be protective in heterosubtypic 

challenges.91,96,123  Further evidence demonstrated that heterosubtypic immunity 

mediated by CD4+ T cells is dependent on IFNγ production.94  Memory CD4+ T cells 

also rapidly accumulate in the lungs during infection to a greater degree than naïve 
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CD4+ T cells, and memory CD4+ T cell responses are enhanced with repeated antigen 

challenge.86,94  In addition to the traditional helper roles of CD4+ T cells, memory CD4+ T 

cells have some cytotoxic capacity, however they primarily promote memory by 

synergizing with B cells and CD8+ T cells.98 

Little is known about the role of Tregs in the memory response to influenza.  It 

appears that these cells are required for memory formation, however their activity can 

also limit memory formation and mechanisms are in place, such as IL-6 production, to 

limit the role of Tregs during memory formation.124–127  Despite their suppressive role, 

evidence suggests that memory Tregs, which do respond in an antigen-specific manner, 

are necessary for preventing CD8+ T cell-mediated immunopathology during secondary 

challenge.56  More work ultimately needs to be completed to determine how Tregs 

influence memory formation without impairing the secondary immune response while 

also limiting immunopathology. 

  

Therapeutics for Prevention and Treatment 

 FDA-Approved Pharmacological Agents 

 Anti-influenza agents target various proteins important to the viral life cycle.  

Among the first influenza-specific drugs to be used in the clinic are amantadine and 

rimantadine which inhibit M2, the virus’ proton pump required for acidification leading to 

release of viral ribonucleoprotein (RNP) from M1.128,129  However, many influenza 

viruses are resistant to this class of drugs, and these are no longer recommended for 

use as anti-influenza therapeutics.130,131 
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 The next promising class of agents are neuraminidase inhibitors.  These act by 

preventing release of newly-formed virions from cells, thus limiting the spread of the 

virus in the respiratory tract.132  The FDA-approved NA inhibitors are oseltamivir, 

peramivir, and zanamivir.133  These drugs have a favorable safety profile and can even 

be used in pregnant women.134  Studies suggest that when administered within 48 

hours of the onset of symptoms, these drugs can drastically shorten the duration 

infection, potentially up to 3 days.135  However, this is problematic since only an 

estimated 52% of patients with influenza-like illness seek treatment.136  Moreover, 

evidence continues to arise suggesting the emergence of resistant viral variants, 

although fortunately the proportion of resistant strains in circulation remains low.132,137–

140   

 While the markets were dominated by M2 and NA inhibtors for decades, an anti-

influenza drug with a novel target won FDA approval in 2018.141  Baloxavir marboxil 

(Xofluza) is a novel drug targeting influenza PA.142  This is another drug meant to be 

taken within 48 hours of symptom onset, but has increased antiviral potency compared 

to oseltamivir.143  Baloxavir also showed prophylactic efficacy in a phase III clinical trial, 

in which household members (noninfected) took the drug prophylactically when 

someone in the house was confirmed to be influenza-infected: baloxavir treatment 

prevented 86% of infections compared to placebo.144  Notably, there is evidence that 

baloxavir has broad-spectrum influenza activity, as it can provide protection against 

avian strains as well as seasonal strains, and may even protect against influenza B and 

C viruses.145,146  However, resistant strains of the virus again arose, with an I38T 
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mutation in PA being the resistant mutation which does not alter fitness of the 

virus.143,147–149   

  

Promising Experimental Therapeutics 

 In addition to the FDA-approved drugs, several novel therapeutics have been 

explored pre-clinically, some of which have begun early clinical trials.  Many of these 

therapeutics target HA, but instead of targeting the mutation-prone globular head like 

endogenous antibodies do, these therapeutics target the conserved stem of HA.  

Broadly neutralizing antibodies (bnAbs) are one example of this type of therapeutic, and 

one example – VIR-2482 – is currently undergoing a phase 1/2 clinical trial to assess 

safety and efficacy in preventing influenza infection in healthy volunteers.150–152  

Notably, these have the potential to be used prophylactically, but may not be long-lived 

and would therefore require multiple administrations in a given flu season.153  Another 

group produced a novel adeno-associated virus (AAV) vector delivering multidomain 

llama antibodies to the upper airway; this resulted in complete protection against 

multiple strains of influenza in mice even after 35 days of AAV vector delivery, 

suggesting this method produces bnAbs yielding potentially universal protection with 

enhanced longevity compared to normal bnAb infusion.154  The same group also 

created cyclized peptides based on the antigen-binding region of bnAbs against group 1 

HA molecules; the cyclized peptides were shown to have an IC50 in the high nanomolar 

range, but only provide protection against group 1 HA molecules and have a short half-

life of 2.7 hours suggesting these could be used as an antiviral but provide no practical 
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prophylactic use.155   In addition, they identified a small molecule capable of binding to 

the conserved HA stem which could provide insights to inform drug discovery efforts.156 

 In addition to binding the conserved HA stem, other novel methods are being 

investigated to develop therapeutics.  A recent report demonstrated that influenza 

infection altered the metabolism of infected cells, and using a PI3K/mTOR inhibitor 

reverted these changes, promoted host survival, and reduced lung viral titers.157  

Perhaps the most promising therapeutic in development is EIDD-2801, which is orally 

available in cynomolgus macaques and prevented influenza infection in vitro and in 

ferrets.158  Notably, this was shown to be more efficacious than prophylactic oseltamivir, 

works at low micromolar doses, and has a high barrier to resistance.158  This compound 

received IND approval to begin clinical trials for the ongoing COVID-19 pandemic, as it 

has also been shown to be efficacious in preventing viral infection by SARS-CoV-2 in 

addition to other viruses like Ebola, chikungunya, and equine encephalitis.159   

  

Vaccines 

 A large problem with the current pharmacologic interventions is that they require 

rapid use after onset of symptoms to be effective, and viral shedding can occur before 

symptoms show.160  Additionally, influenza infections are frequently followed by 

secondary bacterial infections, likely due to alterations in epithelial layer integrity and 

alterations in receptor expression.161  In the cases of severe infection, patient conditions 

can be worsened by cytokine storm.162,163  Several strategies have been employed to 

curtail this immune response, but evidence of clinical efficacy is lacking with the 

exception of intravenous immunoglobulin treatment.163  All of these problems can be 
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mitigated through prevention of influenza infection, for which the primary method is 

vaccination. 

 Currently, seasonal influenza vaccines are designed to trigger antibody 

production, specifically IgG, against predicted HA epitopes for circulating strains of IAV 

and consequently allowing for rapid elimination of IAV upon infection.25,164,165  In the 

United States, inactivated influenza virus (IIV), recombinant hemagglutinin, and live 

attenuated influenza viruses (LAIV) are used for vaccination.166  As the humoral 

response is largely generated against HA epitopes, the vaccine doses are standardized 

to HA content.164,166  These vaccines are currently recommended for all people over the 

age of 6 months, including pregnant individuals (though the LAIV vaccine is not 

recommended for pregnant women) and the elderly.166 

 IIV vaccines contain a chemically inactivated virus which then gets disturbed with 

detergents to remove contaminants to reduce unwanted reactions.164,167  These 

vaccines are either trivalent or quadrivalent, meaning they protect against H1N1, H3N2, 

and either one or two strains of influenza B virus – quadrivalent vaccines are more 

efficacious than trivalent vaccines in seasons when influenza B viruses are more active 

than normal.168  IIV vaccines are currently given by route of intramuscular injection.166  

The only licensed recombinant HA vaccine is also quadrivalent and administered 

through intramuscular injection, but is produced from insect cells.164,166  The currently 

licensed LAIV vaccine contains a cold-adapted virus which is able to infect the upper 

airways but cannot effectively replicate in warm environments; it is also quadrivalent, 

but administered intranasally as a mist.164,166  IIV and LAIV vaccine candidates are 

grown in embryonated chicken eggs – or in one case, a mammalian cell line – which 
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allows for production of large quantities of virus to be produced, but introduces 

complications.166  Production of influenza vaccines requires informed predictions on 

which strains will be in circulation during the upcoming influenza season, as these 

vaccines do not efficiently generate cross-protective immunity, although even in the 

cases of mismatching a small degree of protection is conferred.169–172  Even when virus 

strains are correctly matched, propagation of the selected virus in embryonated chicken 

eggs can produce detrimental mutations within the HA molecule such that it no longer 

elicits an immune response against the epitopes on circulating strains, as was recently 

demonstrated.173,174  These mutations are unlikely to develop when generating 

recombinant HA, which is a benefit for the recombinant HA vaccines which produce 

similar antibody responses to IIV vaccines.173  Despite the fact that IIV vaccines 

generate a 4-fold increase in anti-HA antibody titers, the antibody responses generated 

are short-lived, and are only slightly longer with LAIV vaccines which are shorter than 

responses elicited to live virus.175,176 

  

The Need for a Universal Vaccine   

 The need to generate new vaccines annually, the associated costs, the lack of 

efficacy, and the failure to induce long-lived immunity are all problems with current 

influenza vaccines.  Therefore, there exists a need to develop a vaccine providing 

broad, long-lasting coverage among many – or ideally, all – influenza strains including 

those with pandemic potential.  A notable pitfall of current vaccines is their inability to 

induce T cell responses against influenza virus, with the exception of the intranasal 

LAIV vaccine which can induce virus-specific T cells.88,177  This difference could likely be 
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due to the route of administration since local immunization is important for generation of 

influenza-specific T cell memory, and IIV vaccines delivered intranasally in animal 

models and humans elicited influenza-specific T cells.85,178–181  Expanding on this, a 

recent report suggests that lung-resident memory B cells are more effective than 

systemic B cells at eliciting a rapid antibody response following infection, and 

establishment of resident memory B cells requires antigen delivery to the lungs during 

vaccination.182 These findings suggest intranasal influenza vaccinations could be 

critical in providing more diverse and long-lived immunity. 

 Currently, there are 683 reports on vaccines being developed for universal 

protection.183  As of 2018, this number was 569, with only 73 having the potential to 

activate T cells.184  Using the same criteria to identify T cell-activating vaccines (live 

attenuated, live Modified Vaccinia Ankara (MVA)-vectored, simian adenovirus vectored, 

virus-like particle, DNA vaccine, live adenovirus vectored, non-replicating adenovirus 

vectored, or T cell peptide based) suggests only 83 of the current studies involve 

potentially T cell-activating vaccines.  Of these, 52 are for phase 1 or phase 1/2 clinical 

trials, 18 are for phase 2 or phase 2/3 clinical trials, one is for a phase 3 clinical trial, 

and 12 are for phase 4 clinical trials (all of these were LAIV vaccines for the 2009 

pandemic and completed between 2010-2011).183   

 While some of the vaccines and novel vaccine strategies being tested may be 

effective in eliciting broad protection against influenza viruses through both humoral and 

cell-mediated immune responses, other challenges still exist for developing a universal 

vaccine to provide life-long immunity.119,185–187  Similar to how antibody responses 

against seasonal influenza vaccines are short-lived, evidence from animal studies 
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suggests that the longevity of lung-resident memory T cells – paramount to the rapid 

protection desired for heterosubtypic immunity – may also be severely limited.114,120,188  

Conversely, TRM restricted to the nasal passages in mice are long-lived compared to 

their lung-resident counterparts; if consistent in humans, this cell population could be a 

critical target for vaccine development as influenza is largely limited to the upper 

respiratory tract in humans, compared to the lower respiratory tract in mice.189  

However, there is limited evidence on the longevity of lung TRM cells in humans; some 

studies have been done on the longevity of memory T cells in general, but not on 

resident memory T cells.190,191 

 Ultimately, generating a universal vaccine to provide life-long protection against 

all influenza strains, including those of pandemic potential, is the holy grail of the 

influenza world.  To come up with such a vaccine, many hurdles must be overcome 

including how to generate the humoral and cell-mediated responses necessary to 

protect against all strains and how to prevent waning of these responses, if possible.   

 

Nrf2 

Discovery of Nrf2 

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper (bZIP) 

Cap’n’collar (CNC) stress-activated transcription factor that was discovered in 1994.192  

Nrf2 is ubiquitously expressed in various tissues and highly conserved among various 

animal species.192–194  While ubiquitous, the total amounts of Nrf2 and its repressor 

protein, Kelch ECH-associated protein 1 (Keap1), as well as the ratio between the two, 

varies among cell types.195  Though Nrf2 was originally discovered binding to the locus 
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control region of β-globin, the first use of Nrf2-null mice demonstrated that Nrf2 was not 

essential for erythropoiesis, nor was it essential for growth or development of mice.193  

Nrf2 canonically acts by heterodimerizing with small Maf proteins and subsequently 

upregulating NQO1 and other phase II detoxifying enzymes’ expression through the 

antioxidant response element (ARE) – a cis-acting element with the sequence 

“TGACnnnGC” in the regulatory region of various stress-responsive genes.196–203  Nrf2 

has also been shown to heterodimerize with Jun proteins to upregulate ARE-dependent 

genes.204  Several polymorphisms of the Nrf2 gene have been reported in humans.205 

 

Structure and Regulation of Nrf2 

Nrf2 contains six evolutionarily conserved regions that have been termed Neh1-

Neh6.206  Under homeostatic conditions, Nrf2 is tethered to the actin cytoskeleton by its 

repressor protein, Kelch ECH-associated protein 1 (Keap1).206  The interaction between 

dimerized Keap1 and the N-terminal Neh2 region of Nrf2 results in degradation of Nrf2 

via the 26S proteasome, as Keap1 acts as an adaptor for the E3 ubiquitin ligase.207–212  

In the presence of oxidative and/or electrophilic stress, Nrf2 becomes activated and 

induces transcription of cytoprotective genes.213  Many chemical inducers of Nrf2 

modulate one of various cysteine residues on Keap1.214  Through these modifications, 

Nrf2 may either dissociate from Keap1 and travel to the nucleus, or Nrf2 will remain 

bound but in an altered configuration no longer conducive for proteasomal degradation 

thus allowing de novo synthesized Nrf2 to accumulate in the nucleus; this altered state 

is referred to as the hinge-latch hypothesis.215,216  Another similar model showed that 

Keap1 undergoes a conformational change upon modification with Nrf2 activators, thus 
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uncoupling Keap1/Nrf2 from the ubiquitination complex, allowing newly synthesized 

Nrf2 to evade proteasomal degradation.217  In addition to Nrf2 activation by oxidative 

and electrophilic stress, it was shown that p62 could induce ARE activity through 

nuclear accumulation of Nrf2.218  Further studies revealed that p62-mediated induction 

of Nrf2 occurs as a result of autophagy deficiency in which p62 forms aggregates with 

Keap1 to prevent Nrf2 ubiquitination.219–221  Furthermore, free Nrf2 binds to an ARE 

within the p62 promoter to create a positive feedback loop of Nrf2 activation to resolve 

oxidative stress.222  This has also been shown to occur following TLR agonism with 

various ligands.223,224 

Post-translational modifications have also been shown to drive ARE-mediated 

transcription.  In one instance, protein kinase C (PKC) phosphorylates Nrf2 at S40 

which results in poor interaction between Keap1 and Nrf2.225,226  Casein kinase 2 has 

also been shown to phosphorylate Nrf2 within the Neh4 and Neh5 domains contributing 

to tert-butylhydroquinone-mediated Nrf2 activation.227  Further phosphorylation of Nrf2 

by casein kinase 2 has also been postulated to facilitate degradation of Nrf2.228  Nrf2 is 

similarly activated following phosphorylation by PERK with involvement of AMPK under 

conditions of endoplasmic reticulum (ER) stress.229,230  Acetylation/deacetylation of Nrf2 

has also been shown to be important, as deacetylation of Nrf2 was also shown to 

reduce its activity as a transcription factor.231   

In addition to Keap1-facilitated degradation of Nrf2, a redox-insensitive pathway 

for Nrf2 degradation was also identified, dependent on the Neh6 domain of Nrf2.210  The 

degron within Neh6 was shown to be essential for efficient turnover of Nrf2 in oxidatively 

stressed cells.  It was later discovered that GSK-3β phosphorylates serine residues 
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within the Neh6 degron to facilitate binding of β-TrCP.232,233  This leads to subsequent 

ubiquitination and degradation of Nrf2.  Notably, this pathway for degradation can be 

suppressed by Nrf2 activators via PI3K-Akt-mediated phosphorylation of GSK-3β.234 

The C-terminal Neh3 domain was shown to be important for transcriptional 

activity following Nrf2 binding; deletion of the C-terminal 16 amino acids within Neh3 of 

Nrf2 yielded a protein which still heterodimerized with small Maf proteins and bound to 

the ARE, but failed to induce Nrf2 target genes, possibly due to failure to interact with 

transcriptional machinery.235  The conserved Neh4 and Neh5 domains have also been 

found to be important in driving transcription by serving as transactivators via synergistic 

cooperative binding to CREB binding protein.236  It was later shown that this interaction 

results in the acetylation of Nrf2 by CREB binding protein which enhances the DNA 

binding ability of Nrf2, though this appears to be dependent on the particular ARE, as 

DNA binding was not enhanced within the heme oxygenase 1 (HMOX1) gene.231,237   

 Beyond the canonical pathways for Nrf2 activation and degradation, numerous 

proteins are emerging as novel regulators of Nrf2.  Jun dimerization protein 2 interaction 

with Nrf2/Maf heterodimers was shown to be critical to mediate ARE-driven gene 

expression and resolve oxidative insults.238  Poly(ADP-riboe) polymerase-1 has also 

been shown to enhance Nrf2 binding to the ARE by binding MafG and the ARE, thus 

facilitating favorable conditions for Nrf2 binding to the ARE.239  During hypoxia, Nrf2 was 

shown to be suppressed independently of Keap1 through binding with the hypoxia-

induced protein, seven in absentia homolog 2.240  Another protein, WDR23, facilitates 

Nrf2 degradation in a similar manner as Keap1 but occurs in the absence of Keap1 

including in species completely lacking Keap1.241  The oncogene RAC3 was also shown 
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to interact with Neh4/Neh5 to induce ARE-mediated gene expression.242  The Golgi 

apparatus-associated protein, PAQR3, has also been shown to facilitate degradation of 

Nrf2 by promoting the interaction of Nrf2 and Keap1.243  Hrd1 was identified in cirrhotic 

human liver and confirmed using a liver cirrhosis model in wildtype, Nrf2-null mice, and 

conditional Hrd1-null mice.244  Hrd1 was found to bind the Neh4/Neh5 domains of Nrf2.  

In addition to ubiquitination, Nrf2 can also be degraded via SUMOylation in a Keap1-

independent process.245  In this process, nuclear Nrf2 gets poly-SUMOylated and then 

polyubiquitinated by RING finger protein 4.  While this pathway of degradation has not 

been thoroughly explored, recent evidence suggests some viral infections can reduce 

Nrf2 stores via SUMOylation.246    

 

Nrf2 Activators 

Heavy metals such as cadmium and arsenic, reactive electrophiles such as 

diethyl maleate (DEM) and tert-butylhydroquinone (tBHQ), endogenous ligands such as 

prostaglandins, and other xenobiotics activate Nrf2 through various mechanisms.247  

These different activators can be grouped into various classes based on their 

mechanism of activation, such as inducing oxidative stress, modifying reactive cysteines 

within Keap1, or facilitating phosphorylation of Nrf2.248,249  Arsenic was shown to cause 

a robust and durable induction of Nrf2 and downstream target genes in various cell 

types in a manner partially dependent on the production of H2O2. 213,250–252  It was 

further shown that, unlike other metals that act independently of the reactive cysteine 

sensors on Keap1, Nrf2 activation by arsenic requires the presence of C151, C273, and 

C288 in Keap1.249  Like arsenic, reactive electrophiles including the widely used Nrf2  
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Figure 3: Schematic of Nrf2 activation by tert-butylhydroquinone (tBHQ).  (A) 
Under basal conditions, Nrf2 is tethered in the cytosol by the repressor protein Keap1.  
This interaction results in polyubiquitination of Nrf2 and subsequent degradation via the 
26S proteasome.  (B) Following the introduction of cell stress, such as electrophilic 
stress caused by tBHQ, the association between Nrf2 and Keap1 is altered such that 
Nrf2 is no longer ubiquitinated.  This allows newly synthesized Nrf2 to accumulate in the 
nucleus where it heterodimerizes with small Maf (sMaf) proteins to drive ARE-mediated 
transcription of target genes.  Created with BioRender.com. 

 

activators tBHQ, DEM, sulforaphane (SFN), and triterpenoids are known to interact with 

reactive cysteine residues on Keap1, such as C151.248  Notably, it was shown that 

hydroquinones, including tBHQ, require in-situ copper-mediated oxidation to interact 

with this cysteine residue and exert biological activity.253  In addition to modifying C151 

on Keap1, tBHQ has also been shown to activate Nrf2 through inducing mitochondrial 

stress.254 

In macrophages, 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) was shown to be 

an endogenous Nrf2 activator by modifying C288 within Keap1.249,255  In peritoneal  

macrophages, low micromolar concentrations of exogenous 15d-PGJ2 activated Nrf2 

target genes in wild-type but not Nrf2-null cells.  Exogenous prostaglandin A1 (PGA1), 

A) B) 
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but not prostaglandin E2, was also shown to induce nuclearization of Nrf2.  Nrf2-null 

mice also had persistent inflammatory immune cells in carrageenan-induced pleurisy in 

which 15d-PGJ2 is highly upregulated during the resolution phase, suggesting a 

potential role of Nrf2 in mediating the anti-inflammatory effects of 15d-PGJ2.  In addition 

to anti-inflammatory prostaglandins, it was also recently demonstrated that Keap1 could 

sense endogenous Zn2+  – proposed to be released by damaged proteins within a cell – 

and thus undergo a conformational change preventing the degradation of Nrf2.256   

Importantly, the longevity and sensitivity of the Nrf2/antioxidant response 

following chemical activation has not been well characterized.  Many questions exist 

about whether recurrent exposure to Nrf2 activators led to altered antioxidant responses 

due to increased metabolism of the xenobiotic(s), desensitization of the pathway, or 

some other mechanism.  One study in astrocytes revealed that heme oxygenase 1 

protein levels peaked twelve hours after the removal of SFN from the culture media.257  

Notably, this study also showed that constant SFN exposure led to drastically higher 

HMOX1 protein levels, but mRNA expression peaked after twelve hours of stimulation.  

In contrast to HMOX1, four hours of SFN treatment led to increased NQO1 protein 

expression that continued to increase for at least 44 hours following removal of SFN 

from the culture media, suggesting some Nrf2 target genes might have long-lived 

induction following Nrf2 activation.  Perhaps most interesting from this study was the 

finding that HMOX1 protein was not inducible following daily stimulation with SFN; a 

single administration of SFN resulted in increased HMOX1 production, but as few as 2 

stimulations of 4 hours per day resulted in no HMOX1 upregulation at the protein level, 

despite being upregulated at the transcript level.  This was not the case for NQO1 which 
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accumulated with repeated SFN treatments.  Another study using a similar treatment 

scheme (one four hour treatment or three days with four hour SFN exposure per day) in 

human fibroblasts showed that repeated SFN exposure induces Nrf2 target gene 

expression and protects the cells against ionizing radiation in a Nrf2-dependent 

manner.258  These studies provide some insight that the antioxidant response is 

dynamically regulated and is capable of reshaping following multiple exposures to a 

single Nrf2 activator.  Another study demonstrated that chronic exposure (5 hrs/day for 

3 days/week for 10 weeks) to nanoparticulate matter resulted in upregulation of Nrf2 

mRNA and downstream target genes in cerebellum, liver, and lung, but this did not 

occur in aged mice.259  This was likely due to increased c-Myc and Bach1, another CNC 

transcription factor, suppressing ARE-driven gene expression in the aged mice.  A more 

recent study examined the dynamics of repeat exposure of reporter HepG2 cells to the 

two electrophilic compounds, DEM and tBHQ.260  This study revealed that in each case, 

repeated exposure to the xenobiotics led to a reduced number of cells devoted to the 

Nrf2 activation pathway, and the cells which showed activated Nrf2 remained activated 

for a shorter time compared to the original exposure.  However, the downstream 

response seemed to be poised to be more sensitive to toxic insult, as a reduced number 

of cells activating Nrf2 still led to a heightened induction of the Nrf2 target gene, 

sulfiredoxin 1.  Ultimately, many questions remain about the duration and magnitude of 

Nrf2-mediated gene induction following continued exposure to reactive xenobiotics, 

especially in the context of in vivo exposures where compounds are actively 

metabolized and excreted. 
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Direct Evidence of Nrf2 as a Transcriptional Repressor 

While Nrf2 is typically thought of as a transcriptional activator, new lines of 

evidence suggest that Nrf2 can directly repress genes through multiple distinct 

mechanisms. One example of this was shown in macrophages in which Nrf2 bound 

directly to the promoters of IL-6 and IL-1β and prevented binding of RNA polymerase 

II.261  Another recent study utilizing wildtype and Nrf2-null A549 cells identified an 

inhibitory motif located adjacent to the ARE in 55 genes; this was termed the NRE, or 

Nrf2-RPA1 element.262  It was demonstrated that the protein RPA1 was capable of 

binding to Nrf2 within the Neh1 region and consequently prevented Nrf2 

heterodimerization with small Maf proteins.  As a proof-of-concept of Nrf2/RPA1-

mediated gene repression, MYLK – the gene encoding non-muscle myosin light chain 

kinase – was targeted in the lung.  Nrf2 and RPA1 were shown to bind the NRE within 

the MYLK promoter to suppress nmMLCK expression in A549 cells.  Furthermore, using 

mice lacking Nrf2, MYLK, both, or neither, it was shown that Nrf2 suppressed MYLK 

gene expression and prevented lung injury and inflammation in an acute lung injury 

model, suggesting Nrf2/RPA1-mediated gene suppression occurs in vivo.  Several other 

genes were also verified to be inhibited through an NRE.  Emerging studies continue to 

build evidence that Nrf2 can bind genes with AREs in their promoters but repress 

instead of drive transcription, though at this point the breadth of Nrf2-mediated gene 

repression remains largely uncharacterized.263–265 
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Crosstalk Between Nrf2 and Other Notable Pathways 

The Nrf2 pathway has significant overlap with many other pathways related to 

xenobiotic metabolism and cell stress.  For instance, the potent aryl hydrocarbon 

receptor (AhR) ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), was shown to 

induce the Nrf2 target gene, NQO1, in a Nrf2-dependent manner.266   Moreover, the 

induction of NQO1 by TCDD also required Arnt and AhR.  While this was not true for 

induction of NQO1 by tBHQ, it suggests that in some instances Nrf2 coordinates with 

other transcriptional activators to induce downstream targets.  Nrf2 has also been 

shown to interact with NFκB and AP-1 family members.  Various members of each 

protein family are differentially regulated in fibroblasts lacking Nrf2.267  Additionally, Nrf2 

was shown to induce rat glutamate-cysteine ligase catalytic subunit expression 

indirectly through the regulation of c-Jun, c-Fos, and Fra-1.  Another study similarly 

showed that Nrf2 and c-Jun heterodimerized to induce ARE-driven expression of 

NQO1.204  In the absence of Fra1, Nrf2 has an extended half-life and readily 

accumulates in the nucleus in response to oxidants.268  Nrf2, NFκB, and AP-1 also have 

overlap in gene regulation independent from each other; under various cell stresses, 

each of these transcription factors can regulate expression of HMOX1 without relying on 

interactions with the other transcription factors.269  In contrast with their ability to interact 

to drive gene expression, Nrf2 and NFκB have also been shown to repress one 

another’s expression.270  Notably, the crosstalk between these various pathways often 

depends on the type of cell stress driving the stress response.271  Additionally, it was 

shown that c-Myc formed complexes with Nrf2 and phosphorylated c-Jun which 

destabilizes Nrf2 and dampens ARE-mediated gene expression.272  
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Effects of Nrf2 in Immune Cell Populations 

Hematopoietic Stem and Progenitor Cells 

Nrf2 regulates hematopoietic stem and progenitor cell (HSPC) populations.  Nrf2-

null mice possessed elevated common myeloid progenitor, granulocyte-macrophage 

progenitor, megakaryocyte-erythroid progenitor, lymphoid-primed multipotent 

progenitor, and common lymphoid progenitor populations within the bone marrow.273  

This study also revealed that HSPCs lacking Nrf2 proliferated and differentiated into T 

cells more rapidly than wildtype cells in vitro, but hyperproliferation was not observed 

following bone marrow transplantation suggesting Nrf2 can extrinsically suppress the 

proliferation of Nrf2-deficient HSPCs.  Notably, Nrf2 was shown to maintain quiescence 

and self-renewal of the HSPCs by preventing cells from entering the G1 phase of the 

cell cycle.  It was also revealed that Nrf2-null cells have impaired homing to the bone 

marrow, evidenced by increased HSPC populations within spleens in Nrf2-null mice and 

a reduction in bone marrow engraftment with Nrf2-null bone marrow due to diminished 

CXCR4 expression on the HSPCs.  A follow-up study showed that Nrf2 mRNA was 

highly expressed in granulocytes and monocytes and was only lowly expressed in B 

cells.274  Genetic activation of Nrf2 by conditional knockout of Keap1 in bone marrow 

cells led to an increased proportion of monocytes and granulocytes in the bone marrow 

with concurrent reductions in the proportions of erythrocytes, B cells, and T cells.  

Tracing these changes upstream revealed the percentage of granulocyte-monocyte 

progenitor cells was similarly increased within the bone marrow. 
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Macrophages 

Nrf2 activates antioxidant genes in macrophages and Nrf2-null macrophages are 

more sensitive to cell stress due to reduced antioxidant gene expression.213,275  TLR4 

agonism with LPS activates Nrf2 in a manner dependent on MyD88 signaling with and 

without the involvement of ROS.223,276  Bone marrow transplant of Nrf2-deficient bone 

marrow into LDLR-null mice on a high-fat diet results in increased atherosclerotic vessel 

injury associated with an inflammatory macrophage phenotype.277  In a co-culture 

system of wildtype or Nrf2-null bone marrow-derived macrophages with OT-I CD8+ T 

cells, it was found that Nrf2-null macrophages had increased expression of co-

stimulatory molecules CD80 and CD86.278  However, the Nrf2-null macrophages failed 

to activate the antigen-specific T cells as evidenced by reduced proliferation, surface 

expression of CD25 and CD69, and intracellular perforin and granzyme B within the T 

cells.  It was found that this was due to impaired cysteine export by the macrophages 

which is needed in the early stages of T cell activation.  Nrf2 activation and resolution of 

oxidative stress has also been shown to enhance phagocytosis of bacteria by 

macrophages.279–281 

 

Dendritic Cells 

Nrf2-null bone marrow-derived dendritic cells (DCs) have enhanced expression 

of MHC-II and CD86 compared to wildtype dendritic cells.282,283  The DCs also have a 

more pro-inflammatory response to ambient particulate matter compared to wildtype 

DCs, which was partially ameliorated with NAC.  In a DC/OT-II coculture system, 

ovalbumin (OVA) treatment led to higher IL-13 and IL-5 production and moderate 
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increases in IL-12p70 and IFNγ production with Nrf2-null DCs than WT DCs.  Endocytic 

activity was reduced in particulate-matter-exposed Nrf2-deficient DCs.  For these 

studies, DCs were from CD1:ICR mice (TH2-biased).  Nrf2-null dendritic cells were also 

more sensitive to ultrafine particles as an adjuvant to OVA-induced airway allergy.284  In 

similar experiments using wildtype or Nrf2-null bone marrow-derived DCs, it was shown 

that Ragweed extract induced oxidative stress in Nrf2-deficient dendritic cells but not 

wildtype dendritic cells.285  NAC reduced expression of CD80 and MHC-II in wildtype but 

not Nrf2-null Ragweed extract-exposed DCs, and CD86 in both genotypes.  Nrf2-null 

bone marrow-derived DCs and lung DCs exposed to Ragweed extract produced 

substantially more IL-6 and TNFα compared to wildtype DCs.  Nrf2-null bone marrow-

derived DCs also produced more IL-12 in response to Ragweed extract or LPS 

stimulation, but Ragweed extract reduced IL-12 production in wildtype DCs.  Similarly, 

IL-12 production was suppressed by arsenic in a Nrf2-dependent manner in human 

dendritic cells.286  In contrast to Nrf2-null macrophages which failed to induce antigen-

specific T cell activation, human dendritic cells with siRNA-mediated knockdown of Nrf2 

were shown to induce stronger T cell responses to tumor-conditioned media, evidenced 

by enhanced T cell proliferation, IFNγ secretion, and target cell lysis by T cells in a co-

culture system.287  Nrf2-null bone marrow-derived DCs were also shown to proliferate 

more in response to antigen and cause a robust IFNγ+ CD8+ T cell response.283  

Histone deacetylase activity was required for these effects in Nrf2-null DCs.  Notably, 

LPS-stimulated Nrf2-null dendritic cells were also shown to produce more IFNγ than 

wildtype dendritic cells.288  In this  instance, expression of TNFα, IFNγ, and IL-12 was 

reduced in a Nrf2-dependent manner with the triterpenoid CDDO-DFPA while IL-10 
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expression was conversely augmented by CDDO-DFPA.  Expanding on previous 

findings, this study also revealed that pharmacological activation of Nrf2 maintained 

dendritic cells in a tolerogenic state by enhancing their use of oxidative phosphorylation 

as an energy source, while Nrf2-null dendritic cells completely shifted away from 

oxidative phosphorylation.   

 

Natural Killer Cells and Natural Killer T Cells 

The role of Nrf2 activation on natural killer (NK) cells is largely unknown.  One 

study demonstrated that topical tBHQ treatment of Rag2-knockout mice impaired tumor 

growth and this was associated with increased NK cell infiltration in the tumors.289  This 

effect was diminished in the absence of Nrf2.  Notably, this study showed that Nrf2 

drove IL-17D expression, and knockout of IL-17D in tumors also failed to elicit an NK 

cell response.  While a Nrf2-dependence wasn’t shown in the context of viral infection, 

tBHQ did enhance Nrf2 expression and IL-17D expression in response to vaccinia virus 

scarification, and a follow-up study revealed that the NK cell response to 

cytomegalovirus infection was abrogated in the absence of Nrf2.290  Conversely, 

treatment of murine splenocytes with tBHQ showed reduced activation and cytotoxic 

potential within the NK cell population.291  Ultimately, more studies are warranted to 

determine the role of Nrf2 in NK cells.  In NK/T cells which basally have high ROS, it 

was shown that constitutive Nrf2 activity altered the metabolism, proliferation, 

maturation, and death of NK/T cells; these effects were rescued with knockout of 

Nrf2.292 
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B Cells 

Like NK cells, B cells are largely understudied in the context of Nrf2.  A recent 

study from our lab demonstrated that tBHQ impaired murine B cell activation but 

increased IgM production in a Nrf2-dependent manner.293  During in vivo infection with 

Haemophilus influenzae, higher antigen-specific IgG titers were found in Nrf2-null mice, 

suggesting humoral immunity was enhanced in the absence of Nrf2.294  More evidence 

is still needed to clarify the role of Nrf2 in B cell development and function.   

 

T Cells 

Over the past ten years, several groups have been investigating the role of Nrf2 

in murine and human T cells.  One group demonstrated that T cells in Nrf2-null mice 

were skewed toward an inflammatory TH2 subtype within the lungs following bleomycin-

induced pulmonary fibrosis.295  In stark contrast, analysis of wildtype and Nrf2-null T 

cells ex vivo showed that activation of Nrf2 promoted a TH2 immune response, and 

Nrf2-null T cells exhibited TH1 phenotypes.296  In this study, Nrf2 activation was shown 

to induce Gata3 DNA binding activity while reducing T-bet DNA binding activity.  

Similarly, it was shown in 3T3-L1 adipocytes that Nrf2 activation with SFN substantially 

upregulated Gata3 mRNA expression.297  In addition to the ex vivo results, similar 

findings were also observed in vivo in mice with T cell-specific constitutive Nrf2 activity, 

in which Nrf2 activity suppressed the proportion of IFNγ+ and TNFα+ CD4+ T cells.298  

These mice also had an increase in the percentage of FoxP3+ Tregs and IL-17-

producing T cells following ischemia-reperfusion injury in kidneys.  These results 

suggest that Nrf2 is capable of altering helper T cell populations even outside the 
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context of an immune response.  In unstimulated primary human CD4+ T cells which 

had Keap1 knocked down via CRISPR/Cas9 gene editing, a significant reduction in IL-

17+ cells was observed.299  When Keap1 was knocked down specifically in regulatory T 

cells, CD69 and IL-10 were significantly upregulated, suggesting Nrf2 may promote the 

rise of immunosuppressive T cells.  Notably, this study did not utilize naïve T cells prior 

to assessing cytokines indicative of helper T cell subtypes, so the role of Nrf2 on human 

T cell differentiation remains unknown.  In addition to the potential role of Nrf2 on CD4+ 

T cell differentiation, Nrf2 activation with tBHQ and the triterpenoid CDDO-Im was 

shown to impair activation of Jurkat T cells, and this was at least partially dependent on 

Nrf2.300  tBHQ was also shown to impair primary human CD4+ T cell activation, although 

this has not been shown to require Nrf2.301  Interestingly, mice heterozygous for Keap1 

deletion within FoxP3+ cells, and thus increased basal Nrf2 activation within these cells, 

had reduced Treg populations.302  Furthermore, mice harboring this mutation had a 

reduced number of naïve T cells within the spleen with compensatory increases in CD4+ 

T cells with effector/memory and central memory phenotypes.  These mice also had 

dysregulated inflammatory T cell responses in the lung and liver in the absence of 

infection, suggesting Nrf2 overexpression limited to regulatory T cells can drive 

autoimmunity. 

 

Pathologies Associated with Nrf2 Polymorphisms in Humans 

Two polymorphisms (-617 C/A and -617 A/A) in humans were shown to reduce 

Nrf2 gene expression and are associated with increased risk of acute lung injury and 

non-small-cell lung cancers, respectively.303,304  Another single nucleotide polymorphism 
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(-653 G/A) was studied in cohort of Mexican children with systemic lupus erythematosus 

(SLE).305  It was found that while the polymorphism did not increase the risk of 

developing SLE, it did increase the odds of female patients developing SLE-associated 

nephritis.  Conversely, four human patients were also recently described with gain-of-

function mutations found within the Nrf2 gene allowing constitutive Nrf2 activity.306  

These patients (aged 1.8-14 years old) had dystrophy, mild developmental delay, 

learning disabilities, and recurring lung and skin infections.  Three of the four patients 

had reduced IgA, IgM, and IgG antibody titers in addition to a reduction in class-

switched memory B cells.  These patients also failed to produce positive antibody 

responses to pneumococcal vaccine, suggesting hyperactive Nrf2 impairs the formation 

of lasting immunity to pathogens.  Ultimately, these studies reveal the importance of 

Nrf2 in maintaining cellular homeostasis and that perturbations of this system, whether 

positive or negative, can lead to severe clinical outcomes. 

 

Nrf2 in Autoimmunity 

When Nrf2-null mice were developed, it was noted that the females were prone 

to developing autoimmune-like pathologies leading to premature death compared to 

wildtype littermates.307  The first well-described pathology in Nrf2-null mice was 

systemic lupus erythematosus with accompanying nephritis; the pathology was 

characterized by the presence of dsDNA antibodies and antibody deposits within 

glomeruli, inflammation within the liver and kidneys, increased oxidative stress, reduced 

creatinine clearance, and splenomegaly with alterations of immune cell populations.307–

311  These findings correspond well with the finding in a human cohort in which a single 
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nucleotide polymorphism that reduced Nrf2 expression increased the risk of developing 

autoimmune nephritis in systemic lupus erythematosus patients.305  Subsequent studies 

have revealed a role for Nrf2 in protection again myriad autoimmune diseases such as 

psoriasis, multiple sclerosis, acute graft versus host disease, rheumatoid arthritis, type 1 

diabetes, scleroderma, polymyositis, and dermatomyositis.312,313,322–331,314–321  Notably, 

many of these pathologies are driven by pathogenic TH1 and TH17 cells.  Nrf2 activation 

within T cells was shown to ameliorate multiorgan autoimmune pathologies in mice 

lacking Tregs, suggesting Nrf2 can intrinsically suppress T cell activation and effector 

function.329 

 

Nrf2 in the Lung 

In the highly oxidative microenvironment within the lung, Nrf2 is vital for 

preventing oxidative and inflammatory injuries.  Nrf2-null mice have increased 

susceptibility to lung injury following exposure to butylated hydroxytoluene (BHT) or 

hyperoxia.275,332  Following hyperoxic insult, Nrf2 is highly upregulated in the airway 

epithelium and alveoli.333  This upregulation of Nrf2 contributes to upregulation of 

antioxidant genes within the lung which are not upregulated in the lungs of Nrf2-

deficient mice which have inflammatory macrophage infiltration in the lungs.275,333  It 

was also shown that other stress-responsive proteins like heat shock proteins likely aid 

in resolving hyperoxic injury in the absence of Nrf2.  Another study revealed that Nrf2-

null mice fail to upregulate peroxisome proliferator activated receptor γ (PPARγ) in the 

lungs following hyperoxic insult.334  A functional ARE was identified within the PPARγ 

gene, and 15d-PGJ2 was shown to increase nuclear accumulation of PPARγ in a Nrf2-
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dependent manner leading to the resolution of inflammation following hyperoxic insult.  

Mice with a conditional deletion of Nrf2 in club cells show enhanced protein in 

bronchoalveolar lavage fluid (BALF) following hyperoxic insult.335  This was associated 

with increased cell death in the airway epithelium and corresponding macrophage 

infiltration.  These effects were long lived in the lungs of mice with Nrf2-deficient club 

cells, with inflammation still apparent 72 hours into the recovery phase at which point 

mice with in-tact Nrf2 had recovered to baseline.  Nrf2-null mice also exhibit enhanced 

inflammation and emphysema in an elastase-induced emphysema model.336  This is 

associated with augmented neutrophilia and macrophage infiltration in the lungs, as well 

as hemoglobin and albumin content in bronchoalveolar lavage fluids.  These effects 

seemed to be due to defects within immune cells, especially defects in antioxidant and 

antiprotease pathways, as bone marrow transplantation with wildtype bone marrow 

rescued the effects seen in Nrf2-null mice.   

Nrf2 has also been shown to be critical in suppressing pathogenic immune 

responses in the lung.  Nrf2-null mice have exaggerated cellularity within the airways 

following OVA challenge, driven by neutrophils, eosinophils, lymphocytes, and epithelial 

cells.337  Neutrophilia was largely reduced by NAC administration, but other cellular 

abnormalities were unaffected by NAC.  Lack of Nrf2 led to thickening of the airway 

epithelial layer and widespread eosinophilia in the interstitium.  Nrf2-null mice also had 

increased evidence of oxidative damage in their lungs and increased NFκB activity.  

Nrf2-null mice also had exacerbated mucus cell hyperplasia compared to wildtype mice.  

The Nrf2-null mice also had a TH2 skew based on BALF cytokines.  Notably, the mice in 

these studies were on a CD1:ICR background which has a TH2-biased immune 
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response.338  Notably, C57BL/6 mice harboring a club-cell dependent knockout of 

Keap1 had a diminished inflammatory response following OVA challenge suggesting 

Nrf2 in the airway epithelium is vital for limiting allergic inflammation.339  Similarly, Nrf2-

null mice on a C57BL/6 background have reduced survival in a bleomycin-induced 

pulmonary fibrosis model.295  This phenotype is driven by an early neutrophilic 

inflammatory response that led to enhanced lung edema and LDH within 

bronchoalveolar lavage fluid.  This was accompanied by increased TNFα and MIP-2 in 

the airways and enhanced NFκB activation.  Nrf2-null mice had substantially more 

alveolitis than wildtype mice.  Nrf2-null mice had a stronger TH2 phenotype, evidenced 

by reduced IFNγ+ CD4+ T cells, enhanced IL-4+ T cells, and enhanced mRNA 

expression of Gata3, IL-4, and IL-13.  SFN and Nrf2 promote airway epithelial barrier 

integrity independently of antioxidant gene induction.340  Nrf2-null lungs were also more 

sensitive to irradiation, showing marked fibrosis and depletion of alveolar type II cells 

250 days after the toxic insult.341  Notably, Nrf2 deficiency specific to alveolar type II 

cells was not sufficient to cause this effect.  In various models of sepsis, Nrf2-null mice 

have exacerbated inflammatory responses within the lung resulting in exacerbated 

alveolar destruction and mortality.342–345  Similar inflammatory responses were seen 

during lung infections with Staphylococcus aureus, Streptococcus pneumoniae, and 

Haemophilus influenzae.294,346,347  These studies collectively demonstrate that Nrf2 is 

necessary for redox and immune homeostasis within the lungs. 
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Disparate Roles of Nrf2 in Antiviral Immunity 

Nrf2 has been studied in a variety of viral infection models in vitro and in vivo and 

has benefits for both hosts and viruses depending on the infectious agent.  For 

instance, several viruses utilize the Nrf2 pathway to inhibit antiviral and apoptotic 

pathways, thus permitting extensive viral replication.348–353  In some instances, Nrf2 

induction by viruses is ROS-dependent.  However, some virus proteins are able to 

directly bind Keap1 to activate Nrf2 to confer a survival advantage to the virus, as is the 

case with the hemorrhagic fever-inducing Marburg virus.354  Notably, Nrf2-null mice 

have improved survival rates and reduced viral titers following infection with Marburg 

virus.  In complete opposition, Nrf2 activation has also been shown to limit viral 

replication by several viruses and promote viral clearance in vivo.290,355–362  In the 

context of influenza virus, Nrf2 was also shown the prevent viral entry in human nasal 

epithelial cells, likely due to alterations of protease expression needed to cleave 

hemagglutinin on the virus.363 

In addition to the dual roles of Nrf2 on viral replication in various systems, 

disparate effects of Nrf2 on the innate antiviral immune response have also been 

reported.  Chemical Nrf2 activation in nasal epithelial cells was shown to induce antiviral 

gene expression in a Nrf2-dependent manner, but this was not observed in a model of 

Nrf2 overexpression in airway epithelial cells.357,363  In Dengue virus infected-mice, Nrf2 

activation upregulated the proinflammatory protein CLEC5A which led to downstream 

inflammation, and Nrf2-null mice were protected from this inflammatory response.364  In 

human cells and in in vivo infection of mice, Nrf2 was shown to impair innate antiviral 

immune responses against two herpesviruses, though the mechanism varied between 
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species.352,353  Nrf2 was also shown to limit inflammation during influenza infection, but 

this had no effect on viral clearance.365,366 

 

Toxicological Importance of the Nrf2 Activator, tert-butylhydroquinone 

tBHQ, a potent Nrf2 activator, was first introduced into the global food supply in 

1972 to prevent spoilage of fats in food products ranging from vegetable oils to frozen 

meats/fish to processed foods like crackers.367  Following evaluation of standard toxicity 

tests, an allowable daily intake of tBHQ was established by the World Health 

Organization’s and United Nations’ Food and Agriculture Organization’s Joint Expert 

Committee on Food Additives (JECFA).  It was found that in dogs, dietary exposures 

above 72 mg/kg/day caused significant reductions in hematocrit so the allowable daily 

intake (ADI) was established as 0.7 mg/kg/day utilizing a 100-fold safety factor.368  

While solid exposure data for tBHQ is largely nonexistent, expert estimates suggest 

consumers in various countries, including the United States, China, and New 

Zealand/Australia, among others, are capable of exceeding the ADI.369  

Immunotoxicological assessment of chemicals was not performed prior to the late 

1970’s, many years after the approval and evaluation of tBHQ, and formal guidelines by 

the FDA for immunotoxicity testing of food additives were not drafted until 1993.370  At 

the time of writing, no formal immunotoxicity testing of tBHQ has been published.   
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Figure 4: The structure of tBHQ.  tBHQ is a phenolic antioxidant used widely in 
human food products and is also present in many rodent diets. 
 
 
Rationale for the Presented Studies 

Previous studies from our lab have revealed a role of tBHQ in modulating CD4+ T 

cell activation and differentiation.301,371,372  Of particular interest, tBHQ skewed CD4+ T 

cells toward a TH2 phenotype and suppressed expression of TH1 cytokines.296  

Additionally, Nrf2 activation within CD4+ T cells showed similar suppression of TH1 

activity in vivo in a model of acute kidney injury.298  Given the importance of TH1 cells in 

the development of immunological memory to viral infections, the studies described in 

these chapters aimed to answer the question of whether dietary tBHQ exposure at 

doses relevant to human exposure would impair the immune response to influenza virus 

in vivo in a manner dependent on Nrf2. 
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Figure 5: The central hypothesis for the presented studies.  Based on our findings 
of tBHQ effects on T cells ex vivo, we hypothesized that dietary exposure to tBHQ 
would impair the T cell response to influenza infection through modulation of cell 
activation and downstream effector function.  Created with BioRender.com. 
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CHAPTER 2 

The synthetic food additive, tert-butylhydroquinone, impairs the primary immune 

response to influenza virus infection in mice. 
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Abstract 

Tert-butylhydroquinone (tBHQ) is a food additive widely used to prevent rancidification 

of fats in human food products.  It is also found in some commonly used rodent diets, 

including many in the AIN series of diets.  This product was approved for use in food 

and the allowable daily intake was established in the 1970’s before immunotoxicity 

guidelines were established for food additive testing.  Previous studies from our lab 

have shown immunomodulatory effects of tBHQ at low micromolar levels ex vivo, 

including skewing murine CD4+ T cell polarization toward a TH2 phenotype and 

impairing primary and Jurkat human T cell differentiation.  We have also shown that 

tBHQ modulates primary murine NK cell and B cell activation.  However, it remains 

unknown if tBHQ consumed through the diet at doses relevant to human exposure 

produces immunotoxic effects.  To begin answering this question, we fed mice standard 

AIN-93G diet which is 0.0014% tBHQ or AIN-93G with the tBHQ removed and then 

infected the mice with a sublethal titer of influenza A/PR/8/34 (H1N1).  Ten days later, 

various parameters associated with the T cell response to influenza infection were 

assessed.  It was found that mice on the tBHQ diet had fewer CD8+ T cells in the lungs 

as well as delayed activation of both CD4+ and CD8+ T cells.  Additionally, these mice 

had fewer influenza-specific T cells detected in the draining lymph nodes.  Similar to our 

ex vivo results which showed tBHQ promoted CD4+ T cell polarization to a TH2 

phenotype, we observed several phenomena of a type 2 immune response with tBHQ 

exposure including mucus hypersecretion and eosinophilic inflammation within the 

lungs.  Notably, the dietary intake of tBHQ in this model equated to 1-2 mg/kg, far lower 

than the previously reported no adverse effect level (NOAEL) of 72 mg/kg/day.    
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Introduction 

Influenza virus infections are a persistent threat to society, causing hundreds of 

thousands of hospitalizations annually in the United States and putting considerable 

strain on the economy.373,374  The primary medical intervention for influenza is annual 

vaccination to prevent infection and reduce symptom severity.  However, despite 

increased vaccination uptake in recent years, the number and severity of reported 

influenza cases has not improved.373,375,376  Therefore, there has been considerable 

interest in identifying factors that contribute to susceptibility to influenza virus infections 

and/or reduce vaccine efficacy. 

Influenza infection causes a robust immune response, involving many cell types 

of both the innate and adaptive branches of immunity.  T cell-mediated immunity is a 

critical component of the anti-viral response, in which CD8+ T cells directly lyse virus-

infected cells while CD4+ T cells, primarily TH1 cells, promote viral clearance by 

secreting cytokines, namely IFNγ and TNFα, which cause activation of macrophages 

and cytotoxic T cells as well as induction of immunoglobulin class-switching in B 

cells.36–40  Additionally, a small subset of CD4+ T cells have cytolytic capacity and aid in 

the clearance of virus-infected cells.73,79  CD4+ and CD8+ T cells are also necessary in 

establishing memory cell populations to quickly and effectively respond to secondary 

influenza infections.37,38,95,98 

Published studies from our lab suggest that the synthetic food additive, tert-

butylhydroquinone (tBHQ), negatively impacts CD4+ T cell activation and differentiation.  

tBHQ is widely used to prevent rancidification of fats and oils and can be found in many 

products including cooking oils, frozen fish products, and crackers among others.367  
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The allowable daily intake (ADI) of tBHQ was established as 0.7 mg/kg/day based on 

studies performed in dogs which demonstrated doses above 72 mg/kg/day resulted in 

reduced hemoglobin and hematocrit levels.368  However, some estimates based on 

model diets suggest that high consumers of tBHQ could regularly consume up to 

1100% of the ADI, equivalent to 7.7 mg/kg/day.369  We previously showed that tBHQ 

has immunomodulatory effects.  Specifically, we showed that tBHQ – through activation 

of the transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2) – impaired 

human CD4+ T cell activation and murine CD4+ Th1 polarization while promoting Th2 

polarization.296,300,301,371,372  This could negatively impact host defense against influenza, 

as adoptive transfer of Th2 populations during secondary influenza challenge was 

shown to dramatically increase mortality, while transfer of Th1 populations completely 

prevented death from infection with lethal influenza titers.46  In addition to our studies in 

T cells, we also recently showed that tBHQ impairs primary murine NK cell and B cell 

activation ex vivo.291,293 

As mentioned above, one way tBHQ exerts immunomodulatory effects is through 

Nrf2 activation.  Nrf2 is a stress-activated transcription factor and helps maintain cellular 

homeostasis by upregulating cytoprotective genes 377.  Under basal conditions, Nrf2 

remains tethered to the cytoskeleton by its repressor protein, Kelch-like ECH-associated 

protein 1 (Keap1).206  The introduction of cell stress, including oxidative and electrophilic 

stresses, results in modification of cysteine residues on Keap1 which then permits de 

novo synthesized Nrf2 to accumulate in the nucleus where it upregulates its target 

genes through binding to antioxidant response elements.197,204,214  tBHQ is an 

electrophilic compound that modifies cysteine residues on Keap1 and is a potent 
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activator of Nrf2 253.  In addition to our findings in T cells, other Nrf2 activators and 

genetic models have also revealed that activation of Nrf2 impairs the ability of dendritic 

cells to effectively present antigen and stimulate T cells, suppresses the expression of 

inflammatory cytokines in macrophages, and dampens the immune response in various 

inflammatory disease models.261,283,286,294,298  Often, the reduced immune response 

caused by Nrf2 activation results in improved host outcomes likely due to reduced 

immunopathology and resolution of oxidative stress associated with inflammatory 

diseases. 

Our previous studies examining the effects of Nrf2 activation by tBHQ in T cells 

were all conducted using in vitro or ex vivo systems, and no investigation has been 

performed on the effects of Nrf2 activation or tBHQ exposure on the T cell response to 

influenza virus infection.  Accordingly, the purpose of the present study was to 

determine if low, physiologically relevant doses of tBHQ consumed through the diet 

would impair the T cell-mediated immune response to influenza infection in vivo. 

 

Materials and Methods 

Animals, Diets, and Virus 

An aliquot of influenza A/PR/8/34 (H1N1) was generously gifted by Dr. Kymberly 

Gowdy at East Carolina University in Greenville, North Carolina.  The virus was then 

propagated and quantified following a published protocol.378  Briefly, the virus was 

injected into the allantoic fluid of specific pathogen-free, embryonated chicken eggs 

(Charles River Laboratories, Wilmington, MA).  The infected eggs were incubated for 48 

hours at 37.5 ˚C, followed by another 24 hours at 4 ˚C.  Following incubation, allantoic 



51 
 

fluid was collected, centrifuged, and supernatant was divided into single-use aliquots.  

Aliquots were stored at -80 ˚C until used for experiments.  The propagated virus stock 

was quantified by tissue culture infectious dose 50 (TCID50) and hemagglutination 

methods.  For the TCID50, the virus was serially diluted across a 96-well plate containing 

confluent monolayers of MDCK cells (ATCC, Manassas, VA).  Cells were observed 

daily for cytopathic effect, at which point the titer was determined using the Reed-

Muench method.379  The hemagglutination assay was performed by serially diluting the 

virus across a 96 well plate containing 0.5% chicken red blood cells and incubating the 

cells for 30 minutes at room temperature, at which point agglutination was recorded.  

The virus stock was determined to be 2.5 x 105 TCID50/mL and 7260 HAU/mL.   

Female C57BL/6J mice (12 weeks old) were purchased from Jackson 

Laboratories (Bar Harbor, Maine).  Upon arrival, mice were housed in cages in groups 

of 3-4 animals per cage and given AIN-93G purified rodent diet containing 0 or 0.0014% 

tBHQ (Dyets, Inc, Bethlehem, PA) and water ad libitum.  Food consumption was 

monitored daily.  After 2 weeks of acclimation to the diets, mice were anesthetized with 

2,2,2-tribromoethanol (avertin; Alfa Aesar, Ward Hill, MA) via intraperitoneal injection.  

For studies on the immune response to primary infection, mice were intranasally 

instilled with 30 μL of influenza A/PR/8/34 (H1N1) at a titer of 7.5 TCID50/mL (0.22 

HAU/mL).  This resulted in a total amount of 0.23 TCID50 per mouse (0.0066 HAU per 

mouse).  Upon recovery from anesthesia, mice were returned to their cages and 

monitored daily for changes in food consumption and body weight.  Three mice on each 

diet were intranasally instilled with 30 μL of sterile saline instead of virus as 

experimental controls.  The timeline for this experiment can be seen in Figure 6.  All  
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Figure 6: Experimental Timeline.  Mice arrived at Michigan State University from 
Jackson Laboratories.  Upon arrival, mice were placed on their diets and were allowed a 
14-day acclimation period.  Mice were then infected with influenza A/PR/8/34 (H1N1) 
and tissues were collected 10 days later. 

 

animal studies were conducted in accordance with the Guide for Care and Use of 

Animals as adopted by the National Institutes of Health and were approved by the 

Institutional Animal Care and Use Committee at Michigan State University.   

 

Tissue Collection and Cell Separation 

Ten days after primary infection, mice were anesthetized with avertin and 

euthanized via cardiac puncture.  Blood was collected into heparinized tubes, and lungs 

and mediastinal lymph nodes (MLN) were removed.  Lungs were placed in 5 mL of 

DMEM containing 1 mg/mL collagenase D and subsequently dissociated with the 

gentleMACS dissociator (Miltenyi Biotec, Auburn, CA).  After dissociation, 1 mL of lung 

homogenate was centrifuged and resuspended in TRIzol reagent RNA analysis.  The 

remaining lung homogenate was used for FACS analysis.  Cells from the MLNs were 

isolated by grinding the MLN between the frosted ends of two microscope slides and 

resuspending in DMEM.  For lungs used for histology, bronchoalveolar lavage fluid 

(BALF) was first collected by cannulating the trachea and flushing the lungs with 1 mL 

of sterile saline. 
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Immunophenotyping 

Lung cells were washed in FACS buffer (1% FBS in dPBS).  Cells were 

incubated with Fc block (BD Pharmingen, San Diego, CA) prior to labeling with 

antibodies against CD4, CD8α, CD25, CD69, CD44, CD62L, FasL, and CD107a (Table 

1).  Cells were fixed with 4% formaldehyde fixative prior to FACS analysis on the Attune 

NxT (Thermo Scientific, Waltham, MA).  Cell viability was assessed by labeling cells 

with the Zombie Aqua Fixable Viability Kit (BioLegend, San Diego, CA) prior to labeling 

with antibodies, per the manufacturer’s protocol. 

 

Table 1: Flow Cytometry Antibodies  
 

Antibody Target Fluorochrome Source 

CD4 FITC eBioscience 

CD8a PerCP-Cy5.5 BioLegend 

CD25 APC BioLegend 

CD69 Alexa Fluor700 BioLegend 

CD44 APC-Cy7 BioLegend 

FasL PE BioLegend 

CD107a PE-Cy7 BD Pharmingen 

IFNγ APC BioLegend 

T-bet PE eBioscience 

CD19 FITC BioLegend 

CD8a PE BioLegend 

CD4 AF647 BioLegend 
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Ex Vivo Stimulation and Intracellular Labeling 

24 hours before collection, splenic CD11c+ dendritic cells were isolated from 

untreated C57BL/6J mice using positive selection (Miltenyi Biotec, Auburn, CA).  

Dendritic cells were plated at a density of 4 x 105 cells/mL in RPMI 1640 supplemented 

with 10% fetal bovine serum, 25 mM HEPES, 1 mM sodium pyruvate, 1x nonessential 

amino acids, and 100 U/mL penicillin and streptomycin.  Influenza A NP366-374 

(ASNENMETM) and influenza A NP311-325 (QVYSLIRPNENPAHK) peptides were 

synthesized (New England Peptide, Inc., Gardner, MA) and added to dendritic cells at a 

concentration of 1 μM.  24 hours later, single-cell suspensions from the lungs of infected 

mice were co-cultured with the dendritic cells for 5 hours in the presence of monensin 

(BioLegend).  Cells were labeled with the Zombie Aqua kit prior to being labeled for 

surface markers (CD4 and CD8α) and permeabilized with the FoxP3/transcription factor 

staining buffer set (eBioscience).  After permeabilization, cells were labeled with 

antibodies against IFNγ and T-bet (Table 1).  After labelling, cells were fixed with 1% 

formaldehyde fixative prior to FACS analysis on the Attune NxT. 

 

Tetramer Labeling  

To identify influenza-specific CD8+ and CD4+ T cells within the MLNs, the H-

2D(b) Influenza A PA224-233 SSLENFRAYV (Alexa 647-Labeled MHC-I Tetramer) and I-

A(b) Influenza A NP311-325 QVYSLIRPNENPAHK (PE-labeled MHC-II Tetramer) 

tetramers were used.  The tetramers were prepared by the NIH Tetramer Core Facility 

(Atlanta, GA).  To identify influenza-specific CD4+ T cells, MLN cells were labeled with 

CD4 (AF647) and the NP tetramer.  For influenza-specific CD8+ T cells, MLN cells were 
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labeled with CD19, CD8α (PE), and the PA tetramer; influenza-specific CD8+ T cells 

were identified as viable CD8α+ CD19- PA-tetramer+ cells.  Both panels were also 

labeled for viability with the Zombie Aqua kit, as above.  Cells were fixed with a 4% 

formaldehyde solution prior to analysis on the Attune NxT. 

 

Detection of Influenza-specific Antibodies 

Influenza-specific IgG2c ELISAs were performed following a previously published 

protocol.380  Briefly, high-binding plates (Corning, Inc., Kennebunk, ME) were coated 

with 40 HAU of influenza A/PR/8/34 (H1N1) diluted in 1x coating buffer.  Plates were 

blocked with 10% BSA, and plasma was diluted and added to the wells.  Influenza-

specific IgG2c was quantified using an HRP-conjugated antibody against IgG2c 

(Abcam, Cambridge, MA) followed by the addition of TMB substrate.  Absorbance was 

quantified at 450 nm on a Tecan Infinite M1000 Pro Microplate Reader (Tecan, San 

Jose, CA). 

 

RNA Isolation and Quantitative PCR 

RNA was isolated from lung homogenate using TRIzol reagent per the 

manufacturer’s protocol (Life Technologies, Grand Island, NY).  RNA was quantified 

with the Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA).  

Following reverse transcription, cDNA was quantified with real-time PCR SYBR green 

analysis using the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, 

Foster City, CA).  Ribosomal protein L13A (RPL13A) served as the endogenous control  
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Table 2: Primer Sequences 
 

Gene Forward Primer Sequence Reverse Primer Sequence 

Influenza M1 CAAAGCGTCTACGCTGCAGTCC AAGACCAATCCTGTCACCTCTGA 

CTLA-4 CATGTACCCACCGCCATACT CCAAGCTAACTGCGACAAGG 

IL-10 ACCAGCTGGACAACATACTGC ATTTCTGGGCCATGCTTCTCT 

RPL13a GTTGATGCCTTCACAGCGTA AGATGGCGGAGGTGCAG 

 

and relative mRNA expression was calculated using the ΔΔCt method.  Primer 

sequences are listed in Table 2. 

 

Histology and Immunohistochemistry 

After collecting BALF from animals, lungs were inflated with 500 μL of 10% 

neutral buffered formalin purchased from Thermo Scientific (Waltham, MA).  After sitting 

in formalin for 24 hours, lungs were transferred to 30% ethanol until further processing, 

at which point 2 mm sections were dissected at airway generations 5 and 11.  These 

sections were then paraffin-embedded and sectioned by the Michigan State University 

histology laboratory.  Sections were loaded onto glass slides and stained with 

hematoxylin and eosin, Alcian Blue (pH 2.5)/Periodic Acid Schiff (AB/PAS), or 

immunohistochemically stained for major basic protein. 

 

Statistical Analysis 

The mean ± SEM was determined for each treatment group in individual 

experiments. The virus-infected VEH and tBHQ groups were compared against each 

other using two-tailed T-tests with Sigma-Plot 12.3 software (Systat Software, San Jose, 

CA).  For parameters with unequal variances, Welch’s t-tests were performed.  Animals 



57 
 

which showed no signs of infection (no weight loss and no detectable viral RNA) were 

excluded from statistical analyses.  Additionally, saline-instilled animals were not used 

for statistical analyses as their role in the present study was to provide context about the 

magnitude of the T cell response during influenza infection. 

 

Results 

tBHQ Diet Impaired CD8+ T cell Infiltration to the Lungs of Infected Mice  

Ten days following infection, lungs were removed and homogenized.  A single-

cell suspension from lung homogenate was labeled with antibodies against CD8α and 

CD4.  Viable CD4+ and CD8+ T cells were detected via flow cytometry (Figure 7A).  The 

number of CD4+ T cells in the lungs was increased with viral infection, as expected, but 

was not affected by tBHQ consumption (Figure 7B).  Conversely, CD8+ T cell infiltration 

to the lungs during infection was blunted in mice fed a diet containing tBHQ, suggesting 

that tBHQ inhibits CD8+ T cell trafficking to the lungs of infected mice (Figure 7C).  

 

tBHQ Reduced the Number of Influenza-specific T Cells in Mediastinal Lymph Nodes of 

Infected Mice 

We next sought to determine whether the number of influenza-specific T cells 

was diminished by tBHQ in mice infected with influenza.  To test this, we quantified the 

number of influenza-specific CD4+ (Figure 8A, B) and CD8+ (Figure 8C, D) T cells from 

the mediastinal lymph nodes using tetramers expressing MHC-I-restricted (PA224-223) or 

MHC-II-restricted (NP311-325) influenza peptides.  Influenza-specific CD8+ T cells were 

identified as viable, CD19- CD8+ PA+ cells.  Our results demonstrate that tBHQ 
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consumption reduces the number of influenza-specific CD4+ (Figure 8B) and CD8+ T 

cells (Figure 8D) in the draining lymph nodes.   

tBHQ Delayed Activation of T Cells in Lungs 

To assess T cell activation status, we quantified the surface expression of CD25 

and CD69 on CD4+ (Figure 9A, B) and CD8+ (Figure 9C, D) T cells, which are rapidly 

upregulated following T cell activation.  In both CD4+ (Figure 9B) and CD8+ (Figure 9D) 

T cells, tBHQ altered the kinetics of activation, as the number of CD25-CD69+ cells 

(early activation phenotype) was enhanced by tBHQ, while the number of CD25+CD69- 

cells (late activation phenotype) was blunted by tBHQ.  The numbers of CD25+CD69+ T 

cells (intermediate activation phenotype) were differentially affected within the CD4+ and 

CD8+ T cell populations, suggesting different sensitivities to tBHQ within these cell 

types.  

 

tBHQ Reduced the Number of Cells with an Effector Phenotype and Suppressed 

Effector Function of Cytolytic CD4+ and CD8+ T Cells 

In addition to activation, we also investigated whether tBHQ would affect the population 

of effector T cells during primary influenza infection.  CD44 is upregulated after 

activation and remains highly expressed on effector T cells.381  Accordingly, we 

quantified the number of CD44hi CD4+ (Figure 10A) and CD8+ T cells (Figure 10B).  We 

also quantified the number of cells expressing CD107a (Figure 11A, B) and FasL 

(Figure 11E, F), as these are two markers of cytotoxic effector function.  tBHQ 

substantially reduced the number of CD4+ (Figure 10C) and CD8+ T cells (Figure 10D) 

expressing CD44.  Additionally, the number of CD8+ T cells expressing CD107a was 
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markedly decreased in the lungs of mice on the tBHQ diet (Figure 11D).  Interestingly, 

this effect was not seen in CD4+ T cells (Figure 11C).  Mice on the tBHQ diet also had 

reduced the numbers of CD4+ and CD8+ T cells expressing FasL (Figure 11G, H).  

Taken together, these results suggest tBHQ impairs T cell cytotoxic function during 

primary influenza challenge.  Like the effect on CD25+CD69+ T cells, the effect on 

CD107a+ cells hints that CD4+ and CD8+ T cells differ in sensitivity to tBHQ. 
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Figure 7: Consumption of a low dose of tBHQ impairs CD8+ T cell infiltration to 
the lung during primary influenza infection.  Mice were put on a diet with or without 
0.0014% tBHQ 14 days prior to intranasal instillation with either sterile saline or 
influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs were removed and 
homogenized.  Lung homogenates were labeled with fluorescent antibodies against 
CD4 and CD8α.  Cells were quantified via flow cytometry.  (A) Representative dot plots 
of CD4 and CD8 surface expression in lung homogenates from each treatment group.  
(B) Quantification of CD4+ cells expressed as count.  (C) Quantification of CD8+ cells 
expressed as count.  * p < 0.05 (Student’s t-test) between VEH and tBHQ treatments 
within the infected mice.  VEH/Saline n = 3; tBHQ/Saline n = 3; VEH/Virus n = 10; 
tBHQ/Virus n = 12 
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Figure 8: tBHQ reduces the number of influenza-specific T cells in the mediastinal 
lymph nodes of infected mice.  tBHQ reduced the number of influenza-specific T 
cells in the mediastinal lymph nodes of infected mice.  Mice were put on a diet with 
or without 0.0014% tBHQ 2 weeks prior to intranasal instillation with either sterile saline 
or influenza A/PR/8/34 (H1N1).  Ten days post-infection, cells from the mediastinal 
lymph nodes were labeled with I-A(b) Influenza A NP311-325 (PE-labeled MHC-II 
Tetramer) and a fluorescent antibody against CD4, or H-2D(b) Influenza A PA224-233 

(Alexa 647-Labeled MHC-I Tetramer) and antibodies against CD19 and CD8α.  Cells 
were quantified via flow cytometry.  (A) Representative dot plots for each treatment 
group demonstrating influenza-specific CD4+ T cells.  (B) Quantification of influenza-
specific CD4+ T cells expressed as count.  (C) Representative dot plots for each 
treatment group demonstrating influenza-specific CD8+ T cells.  (D) Number of  
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Figure 8: (cont’d) influenza-specific CD8+ T cells expressed as count.  * p < 0.05 
(Welch’s t-test) between VEH and tBHQ treatments within the infected mice.  p value for 
influenza-specific CD8+ T cells derived from Student’s t-test.  VEH/Saline n = 3; 
tBHQ/Saline n = 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
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Figure 9: tBHQ delayed activation of T cells in the lungs of infected mice.  Mice were put on a diet with or without 
0.0014% tBHQ 2 weeks prior to intranasal instillation with either sterile saline or 0.23 TCID50 of influenza A/PR/8/34 
(H1N1).  Ten days post-infection, lungs were removed and homogenized.  Lung homogenates were labeled with 
fluorescent antibodies against CD4, CD8α, CD25 and CD69.  Fluorescence was detected and quantified via flow 
cytometry.  (A) Representative dot plots for each treatment group demonstrating CD25 and CD69 expression on CD4+ T 
cells from lung homogenates.  (B) Number of CD4+ T cells expressing CD69, CD25 and CD69, or CD25 alone expressed 
as count.  (C) Representative dot plots for each treatment group demonstrating CD25 and CD69 expression on CD8+ T 
cells from lung homogenates.  (D) Number of CD8+ T cells expressing CD69, CD25 and CD69, or CD25 alone expressed 
as count.  * p < 0.05 (Student’s t-test) between VEH and tBHQ treatments within the infected mice.  VEH/Saline n = 3; 
tBHQ/Saline n = 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
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tBHQ Did not Alter the Number of IFNγ+ or T-bet+ T Cells 

Based upon our previously published studies, we hypothesized that tBHQ would 

impair Th1 polarization and similarly suppress IFNγ and T-bet expression in CD8+ T 

cells.  Therefore, we quantified the number of IFNγ+ and T-bet+ CD4+ T cells and CD8+ 

T cells within the lungs.  Our results suggest that consumption of a low dose of tBHQ 

had little effect on the number of IFNγ+ and T-bet+ T cells at this timepoint, both in the 

CD4+ and CD8+ populations (Figure 12). 

 

tBHQ did not Alter Secretion of Influenza-specific IgG2c in Plasma 

A downstream effect of IFNγ secretion by T cells is immunoglobulin class-

switching of IgM to IgG2c, an antiviral immunoglobulin.36  Since we hypothesized that 

Th1 polarization and subsequent IFNγ production would be impaired, we also 

hypothesized that influenza-specific IgG2c secretion would be reduced.  Analysis of 

influenza-specific IgG2c in plasma by ELISA showed no statistical difference between 

the VEH and tBHQ-exposed animals (Figure 13), consistent with our findings for IFNγ in 

T cells.   
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Figure 10: tBHQ modulates expression of CD44 in T cells in the lungs of infected 
mice.  Mice were fed diets with or without 0.0014% tBHQ 2 weeks prior to intranasal 
instillation with either saline or influenza A/PR/8/34 (H1N1).  Ten days post-infection, 
lungs were removed and homogenized and labeled with fluorescent antibodies against 
CD4, CD8α, and CD44.  (A) Representative density plots for each treatment group 
demonstrating CD44 expression on CD4+ T cells from lung homogenates.  (B) 
Representative dot plots for each treatment group demonstrating CD44 expression on 
CD8+ T cells from lung homogenates.  (C) Number of CD4+ T cells with an effector 
(CD44hi) phenotype expressed as count.  (D) Number of CD8+ T cells with an effector 
phenotype expressed as count.  * p < 0.05 (Student’s t-test) between VEH and tBHQ 
treatments within the infected mice.  VEH/Saline n = 3; tBHQ/Saline n = 3; VEH/Virus n 
= 10; tBHQ/Virus n = 12 
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Figure 11: tBHQ modulates the expression of CD107a and FasL in CD4+ and CD8+ T cells in the lungs of 

infected mice.  Mice were fed diets with or without 0.0014% tBHQ 14 days prior to intranasal instillation with either 

saline or influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs were removed and homogenized and labeled 

with fluorescent antibodies against CD4, CD8α, CD107a, and FasL.  (A,B) Representative density plots for each 

treatment group demonstrating CD107a expression on CD4+ or CD8+ T cells.  (C) Number of CD4+ T cells expressing 

CD107a expressed as count.  (D) Number of CD8+ T cells expressing CD107a expressed as count.  (E,F) 

Representative density plots for each treatment group demonstrating FasL expression on CD4+ or CD8+ T cells from 

lung homogenates.  (G) Quantification of FasL+ CD4+ cells expressed as count.  (H) Quantification of FasL+ CD8+ cells 

expressed as count.  * p < 0.05 (Student’s t-test) between VEH and tBHQ treatments within the infected mice. 
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Figure 12: tBHQ had no discernible effect on the number of IFNγ+ or T-bet+ T cells 
in the lungs of infected mice.  Mice were put on a diet with or without 0.0014% tBHQ 
2 weeks prior to intranasal instillation with either sterile saline or influenza A/PR/8/34 
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Figure 12: (cont’d) (H1N1).  Ten days post-infection, lungs were removed and 
homogenized.  The resulting single-cell suspension was co-cultured with influenza-
peptide-pulsed dendritic cells in the presence of monensin.  5 hours later, cells were 
labeled with antibodies against CD4, CD8α, IFNγ, and T-bet.  Cells were quantified by 
flow cytometry.  (A-C) Representative dot plots showing the number of CD4+ T cells with 
intracellular IFNγ, T-bet, or both.  (D-F) Number of CD4+ T cells with intracellular IFNγ, 
T-bet, or both expressed as count.  (G-I) Representative dot plots showing the number 
of CD8+ T cells with intracellular IFNγ, T-bet, or both.  (J-L) Number of CD8+ T cells with 
intracellular IFNγ, T-bet, or both expressed as count.  VEH/Saline n = 3; tBHQ/Saline n 
= 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
 

 

Figure 13: tBHQ did not alter secretion of influenza-specific IgG2c in plasma.  
Mice were put on a diet with or without 0.0014% tBHQ 2 weeks prior to intranasal 
instillation with either sterile saline or influenza A/PR/8/34 (H1N1).  Ten days post-
infection, blood was collected via cardiac puncture and plasma was collected.  (A) Serial 
dilutions of pooled plasma were added to a 96-well plate coated with influenza virus.  
IgG2c was detected using an HRP-conjugated antibody and quantified using 
absorbance at 450 nm after addition of TMB substrate.  (B) Relative influenza-specific 
IgG2c levels in individual plasma samples were determined as in (A) at a dilution of 
1:16000.  VEH/Saline n = 3; tBHQ/Saline n = 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
 

tBHQ Correlated with Increased Expression of CTLA-4 and IL-10 in Lungs of Infected 

Animals 

 In addition to activation and effector molecules, we also considered 

immunoinhibitory mechanisms by which tBHQ could impair the immune response to 

influenza.  We chose CTLA-4 and IL-10 as targets of interest since it is known that they  
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Figure 14: Mice on a low-dose tBHQ diet exhibited elevated mRNA expression of 
CTLA4 and IL-10 in lungs.  Mice were put on a diet with or without 0.0014% tBHQ 2 
weeks prior to intranasal instillation with either sterile saline or of influenza A/PR/8/34 
(H1N1).  Ten days post-infection, lungs were removed and homogenized.  Real-time 
PCR was used to quantify CTLA4 and IL-10 mRNA from the lung homogenate.  
VEH/Saline n = 3; tBHQ/Saline n = 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
 

can impair T cell activation and have demonstrated immunosuppressive roles during 

influenza infection.382,383  mRNA analysis revealed a trend toward enhanced expression  

of CTLA-4 (Figure 14A) and IL-10 (Figure 14B) in whole lung RNA from animals on the 

tBHQ diet, suggesting tBHQ may inhibit T cell activation through enhancement of 

immunosuppressive pathways. 
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Figure 15: tBHQ associated with increased viral titer in the lungs of infected mice.  
Mice were put on a diet with or without 0.0014% tBHQ 2 weeks prior to intranasal 
instillation with either sterile saline or influenza A/PR/8/34 (H1N1).  Ten days post-
infection, lungs were removed and homogenized.  Real-time PCR was used to quantify 
viral RNA from the lung homogenate.  The viral matrix protein, M1, was used for viral 
quantification and was normalized to the housekeeper gene RPL13a.  VEH/Saline n = 
3; tBHQ/Saline n = 3; VEH/Virus n = 10; tBHQ/Virus n = 12 
 

tBHQ Exposure Correlated with Slow Viral Clearance 

 We next assessed viral clearance.  Ten days post-infection, we analyzed viral 

RNA levels in the lung using primers to amplify viral M1 RNA.  We saw a 2-fold increase  

in viral RNA in animals fed tBHQ, though there was a lot of variability in response and 

therefore the effect was not statistically significant (Figure 15). 
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Dietary tBHQ caused Enhanced Lymphocytic Infiltration that Penetrated Deeper in the 

Lungs of Infected Mice 

 Hematoxylin and eosin staining of the left lung revealed that mice on the tBHQ 

diet had more pronounced lymphocytic infiltration at both proximal (Figure 16C) and 

distal (Figure 16F) sites within the lung compared to mice on a control diet (Figure 16B, 

D).  Additionally, mice on the tBHQ diet had more severe virus-induced alveolitis in the 

proximal section (Figure 16C) compared with mice on the control diet (Figure 16B).  All 

mice on the tBHQ diet had marked bronchointerstitial pneumonia while mice on the 

control diet all had moderate bronchointerstitial pneumonia (Figure 16G).   

 

tBHQ Enhanced Virus-induced Mucous Cell Metaplasia 

Staining of neutral and acidic mucus proteins with AB/PAS revealed the 

enhanced presence of mucosubstances in the airways of mice on the tBHQ diet (Figure 

17).  Notably, the mucous cell metaplasia spread deeper into the airways of mice on the 

tBHQ diet, as evidenced by the positive staining in the 11th airway generation in mice on 

the tBHQ diet (Figure 17F) but not in mice on the control diet (Figure 17E). 

 

tBHQ Exacerbated Perivascular Eosinophilia in the Lungs of Infected Mice 

Immunohistochemical staining for major basic protein allowed detection of 

eosinophils within the lungs.  While influenza infection caused a modest increase in 

perivascular eosinophilic inflammation in the lungs (Figure 18B,E), tBHQ exacerbated 

this effect, resulting in substantial eosinophilic inflammation around the pulmonary 

arteries and alveolar parenchyma in mice on the tBHQ diet (Figure 18C,F). 
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Figure 16: Dietary tBHQ caused enhanced lymphocytic infiltration that penetrated 
deeper in the lungs of infected mice.  Mice were put on a diet with or without 
0.0014% tBHQ 2 weeks prior to intranasal instillation with either sterile saline or 
influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs were removed and 
formalin-fixed.  Lungs were then sectioned at the 5th and 11th airway generations prior to 
sectioning and paraffin-embedding.  Paraffin-embedded sections were stained with 
hematoxylin and eosin.  Pictured are light photomicrographs of transverse tissue 
sections at the level of the proximal (generation 5, G5; A, B, C) and distal (generation 
11, G11; D, E, F) axial airways in the left lung lobe of mice instilled with saline (vehicle 
control; A,D; n = 3), virus (B, E; n = 5), or virus + tBHQ diet  (C, F; n = 4). bv, blood 
vessel; ap, alveolar parenchyma; asterisks, virus-induced alveolitis; arrows, virus-
induced peri-vascular and peri-airway lymphocytic inflammation.  Scale bar = 200 μm.  
(G) Scores of bronchointerstitial pneumonia, with 3 being moderate and 4 being 
marked. 
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Figure 17: tBHQ enhanced virus-induced mucous cell metaplasia.  Mice were put on a diet with or without 

0.0014% tBHQ 2 weeks prior to intranasal instillation with either sterile saline or influenza A/PR/8/34 (H1N1).  Ten 

days post-infection, lungs were removed and formalin-fixed.  Lungs were later sectioned at the 5th and 11th airway 

generations.  Tissue sections stained with Alcian Blue (pH 2.5)/Periodic Acid Schiff (AB/PAS) to identify acidic and 

neutral mucosubstances in mucous (goblet) cells (arrows) of airway epithelium (e).  Pictured are light 

photomicrographs of transverse tissue sections of the proximal (generation 5, G5; A, B, C) and distal (generation 11, 

G11; D, E, F) axial airways in the left lung lobe from mice instilled with saline (vehicle controls; A,D; n = 3), virus (B, E; 

n = 5),or virus + tBHQ diet  (C, F; n = 4). bv, blood vessel; ap, alveolar parenchyma. Little or no AB/PAS-stained 

mucosubstances in airway epithelium of control mouse (A, D). Conspicuous mucous cells (mucous cell metaplasia) in 

virus-instilled airways (B, C, F). Scale bar = 200 μm 
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Figure 18: tBHQ exacerbated perivascular eosinophilia in the lungs of infected mice.  Mice were put on a diet 

with or without 0.0014% tBHQ 2 weeks prior to intranasal instillation with either sterile saline or influenza A/PR/8/34 

(H1N1).  Ten days post-infection, lungs were removed and formalin-fixed.  Lungs were later sectioned at the 5th and 

11th airway generations.  Tissues were immunohistochemically stained for major basic protein-positive eosinophils (red 

chromagen) and counterstained with hematoxylin.  Light photomicrographs of pulmonary arteries (pa; A,B,C) and veins 

(pv; D,E,F) in the lungs of mice exposed to control diet and saline (A,D), control diet and influenza virus  (B,E), or tBHQ 

diet and influenza virus (C,F). Marked perivascular eosinophilic inflammation after influenza virus + tBHQ exposure 

(C,F) and similar but less severe influx of eosinophils in the interstitial tissue around pulmonary arteries and veins with 

virus exposure alone (B,E). No perivascular inflammation was present in saline control mice (A,D). Stippled arrows, 

eosinophils in alveolar parenchyma (ap); tb, terminal bronchioles; ad, alveolar ducts.  Scale bar = 50 μm 
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tBHQ did not Affect Weight Loss 

Common symptoms of influenza infection in mice include loss of appetite 

accompanied by weight loss.  Food consumption for each cage of mice (3 mice per 

saline cage, 4 mice per virus cage) was monitored from 2 weeks prior to infection up 

through collection (Figure 19A).  However, because not all mice in the virus cages 

showed signs of infection and mice were not singly-housed, it was impossible to 

determine the exact amount of food consumed by each mouse.  Accordingly, averages 

were generated which did not account for mice which did not get infected and therefore 

these data were not used for statistical comparisons, but rather are included to provide 

an idea of how much tBHQ mice were exposed to during the study.  Estimated daily 

tBHQ consumption was calculated per mouse (Table 3) according to Equation 1, and 

the daily average was compared against estimates of human exposure in various 

countries (Figure 19C).369  Notably, mice in this study were exposed to doses of tBHQ 

relevant to human exposure according to conservative estimates.369  Additionally, the 

calculation relied on the amount of diet consumed by saline-instilled mice  over the ten-

day period post-instillation.  It is important to note that mice infected with influenza 

stopped eating several days before terminal collection, and it’s likely that tBHQ was 

excreted by day 10 post-infection as tBHQ is readily excreted from the body by phase II 

conjugation within 1-3 days.384,385  Additionally, while this study was performed in female 

mice, it was shown in rats that males more readily absorb tBHQ from the diet than 

females, suggesting males might be more sensitive to the same dose.386  Conversely, 

individual animal weight was monitored daily following infection (Figure 19B).  Weight 

loss during infection was not significantly impacted by dietary tBHQ.   
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Equation 1: Calculation of Daily tBHQ Intake per Mouse 
 

Food eaten per cage (g)

3 mice per cage
 x

0.014 mg tBHQ

1 g food
 x

1 mouse

Average weight of mice in cage (g)
 x

1000 g

1 kg
=

mg tBHQ

kg bodyweight
  

 
Table 3: tBHQ Consumption during Primary Infection (mg/kg) 
 

Primary Exposure 

with H1N1 

Day 

0 

Day 

1 

Day 

2 

Day 

3 

Day 

4 

Day 

5 

Day 

6 

Day 

7 

Day 

8 

Day 

9 

Day 

10 

tBHQ Saline 1.54 1.42 1.48 1.61 1.81 1.23 1.92 1.65 1.64 1.89 1.26 

tBHQ Virus 1.37 1.35 1.37 1.51 1.31 0.73 0.53 -0.01* -0.01* 0.16 0.16 

 

 

 
Figure 19: A low concentration of tBHQ in the diet did not affect food 
consumption or weight change during primary influenza infection.  Mice were put 
on a diet with or without 0.0014% tBHQ 2 weeks prior to intranasal instillation with 

* negative values due to error inherent to the scale used for measuring food mass. 
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Figure 19: (cont’d) sterile saline or influenza A/PR/8/34 (H1N1). Food consumption (A) 
and body weight (B) were monitored daily up to 10 days post-infection.  (C) Average 
tBHQ intake (mg tBHQ/kg bodyweight/day) of saline-instilled mice was compared 
against estimates of human tBHQ exposures in various countries.369 
 

Discussion 

This study is the first to our knowledge to examine the effects of the food additive 

tBHQ on the T cell response to influenza virus infection in vivo.  A low, physiologically 

relevant dose of tBHQ decreased CD8+ T cell infiltration to the lungs and reduced the 

number of CD4+ and CD8+ T cells with effector phenotype and function in response to 

influenza infection in mice.  Additionally, tBHQ reduced the number of influenza-specific 

T cells in the draining lymph nodes of infected animals.  These effects correlated with a 

trend in increased viral burden in the lungs of infected animals.  While we hypothesized 

that tBHQ would impair the immune response to influenza infection through inhibition of 

Th1 cell polarization, that at least at this time point, this was not the case.  Interestingly, 

tBHQ exposure correlated with elevated gene expression of the immunosuppressive 

proteins, CTLA-4 and IL-10, which may contribute to the suppression of the cytotoxic 

function of the cytolytic CD4+ and CD8+ T cells.  To our knowledge, this is the first study 

to show CTLA-4 induction by tBHQ, and corroborates ex vivo findings showing an 

increase of IL-10 mRNA in astroglia following tBHQ treatment.387  Whether this occurs 

at the protein level and within T cells remains to be seen.  Chemical Nrf2 activation of 

RAW264.7 cells and primary murine dendritic cells enhanced IL-10 production in a Nrf2-

dependent manner, and it is likely tBHQ acts on lung macrophages and dendritic cells in 

this model.323,388  Notably, these findings correlated with more widespread lymphocytic 

infiltration, eosinophilia, and mucous cell metaplasia in mice on the tBHQ diet.   
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 In our previous studies, we observed that treatment of Jurkat T cells with tBHQ 

reduced CD25 surface expression, ex vivo treatment of primary human CD4+ T cells 

with tBHQ decreased CD25 and CD69 expression, and ex vivo treatment of murine 

CD4+ T cells with tBHQ slightly reduced CD69 expression.300,301,371,372  Consequently, 

we sought to determine if tBHQ would diminish the surface expression of these 

activation markers in the context of an acute infection at a dose relevant to human 

exposure.  Consistent with our previous findings in human CD4+ T cells, CD25 surface 

expression was abrogated in infected mice fed a tBHQ-containing diet.  However, CD69 

expression was enhanced with tBHQ consumption, especially on CD8+ T cells.  Since 

CD69 is an earlier marker of activation than CD25, these results suggest that tBHQ may 

be delaying, rather than diminishing, T cell activation in this model.389 

 Another marker of T cell activation which is also used to identify antigen-

experienced T cells is the adhesion protein CD44.381  Like CD25, surface expression of 

CD44 on CD4+ and CD8+ T cells was substantially reduced in lungs of infected mice 

exposed to tBHQ.  To determine if effector function was likewise suppressed, we looked 

at surface expression of CD107a, a lysosomal-associated protein which integrates into 

the plasma membrane upon cytolytic degranulation, and FasL which induces apoptosis 

in infected cells expressing Fas on their surfaces.33,390  Surface expression of CD107a 

was blunted on CD8+ T cells in tBHQ-exposed mice, suggesting that tBHQ not only 

delays T cell activation, but also suppresses effector function of CD8+ T cells.  

Furthermore, the numbers of CD4+ and CD8+ T cells expressing FasL on their surfaces 

were decreased in mice on the tBHQ diet.  Taken together, these data suggest that 

tBHQ impairs the ability of cytotoxic CD8+ and cytolytic CD4+ T cells to clear virus-
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infected cells using both cytotoxic granules and Fas/FasL interactions.  One recent 

study showed that siRNA knockdown of Nrf2 in dendritic cells enhanced cytotoxic 

capacity of T cells; logically, this suggests that activation of Nrf2 would lead to impaired 

cytotoxic capacity.287  Therefore, activation of Nrf2 by tBHQ in dendritic cells could 

contribute to the reduced effector function seen here.   

 Many published studies using Nrf2 activators, including tBHQ, and genetic 

modulation of Nrf2 expression suggest that activation of Nrf2 inhibits IFNγ production 

and Th1 polarization.287,296,298,301,371,372,391  Therefore, we quantified the number of IFNγ+ 

and T-bet+ CD4+ T cells in the lungs of infected mice.  Unexpectedly, we observed little 

effect by tBHQ on the numbers of IFNγ+ and T-bet+ CD4+ T cells in the lungs at this 

timepoint (10 days post-infection).  While we did not directly observe evidence of 

reduced TH1 polarization, several indicators of a tBHQ-induced type 2 immune 

response were observed, including mucus hypersecretion in the airways and 

perivascular eosinophilia. Moreover, a number of other immune parameters were 

affected by tBHQ, including decreased CD8+ T cell infiltration into the lung, reduced 

influenza-specific CD4+ and CD8+ T cells in the draining lymph nodes, diminished 

expression of the activation markers, CD25 and CD44, and lower expression of the 

cytotoxicity-associated molecules, CD107a and FasL.  In addition to these findings, 

tBHQ was associated with increased expression of CTLA-4 and IL-10 which are known 

to suppress the immune response to influenza infection.382,383,392  These findings are 

consistent with a report that showed tBHQ and another Nrf2 activator, dimethyl 

fumarate, induced IL-10 in astroglia.387  Another study showed constitutive activation of 

Nrf2 by CRISPR/Cas9-mediated knockdown of Keap1 in Jurkat T cells led to 
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augmented IL-10 production.299  Additionally, IL-10 is a cytokine secreted by regulatory 

T cells which are known modulators of cytotoxic T cells during influenza infection.54,57  In 

fact, it was previously shown that influenza-specific regulatory T cells prevented the 

expansion of influenza-specific CD8+ T cells, resulting in impaired effector function 

without affecting IFNγ production.57  Additionally, in contrast to the dogmatic role for IL-

10 in impairing Th1 polarization, a recent study demonstrated that IL-10 expression by 

CD4+ T cells impairs the ability of influenza’s neuraminidase protein to activate TGF-β 

early during the immune response, resulting in enhanced TH1 polarization.393  Thus, the 

increased IL-10 expression in mice on the tBHQ diet may also explain why there was no 

observed difference in IFNγ+ CD4+ T cell numbers.  While we previously showed that 

tBHQ suppresses TH1 polarization, this effect may be offset by the effects of IL-10 and 

other factors in the context of influenza infection. 

 Despite the effects noted above, there were no apparent effects of tBHQ on 

weight loss during infection.  This is in agreement with a published study in which mice 

lacking Nrf2 lost the same amount of weight as wild-type mice upon influenza infection, 

despite the Nrf2-null mice having a more severe inflammatory response.365  Despite 

this, we observed a trend consistent with reduced viral clearance in tBHQ-exposed 

animals.  Additionally, we noted increased lymphocytic infiltration, eosinophilia, and 

mucous cell metaplasia with tBHQ exposure which penetrated further into the lung, 

indicative of a type 2 inflammatory response.  It’s previously been shown that influenza 

infection can lead to the development of asthma and airway allergies, conditions that 

are characterized by mucous cell metaplasia and eosinophilia like that seen in our 

model.394  In support of this, we have seen that the dose of tBHQ used in the current 
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study exacerbates anaphylaxis in a murine model of food allergy, a TH2-predominant 

model (Jin et. al., unpublished data).   

Of paramount importance, the dose of tBHQ used in this study equates to roughly 1-2 

mg/kg/day (Table 3) which is far below the reported NOAEL (72 mg/kg/day) used to 

establish the current ADI.  Moreover, the dose used in this study is well within the 

estimated range of human exposures which suggest high consumers of tBHQ could be 

exposed to 1100% of the ADI, or 7.7 mg/kg/day.369  Moreover, consumption of tBHQ by 

mice drops below the ADI during infection, suggesting tBHQ may cause immunotoxic 

effects at doses below the ADI.  Our studies showed that tBHQ consumption at a dose 

relevant to human exposure diminished CD8+ T cell infiltration to the lung and reduced 

T cell activation and effector function while promoting eosinophilia and mucous cell 

metaplasia.  These effects correlated with increased viral titer in the lungs of infected 

animals.  It is possible that upregulation of CTLA-4 and IL-10 contribute to the impaired 

immune response to influenza caused by tBHQ, though further studies are warranted to 

clarify the role of these proteins in this context.  Overall, these studies show that doses 

of tBHQ relevant to human exposure impair the immune response to primary influenza 

virus infection. 
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CHAPTER 3 

Dietary tert-Butylhydroquinone Impairs the Memory T Cell Response to 

Heterosubtypic Infection 
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Abstract 

Current seasonal influenza vaccines often exhibit poor efficacy for a variety of reasons 

and must be administered annually to match circulating influenza strains.  

Consequently, a universal vaccine providing lasting immunity to a broad range of 

diverse influenza viruses is highly sought after.  Such a vaccine would rely heavily on T 

cell-mediated heterosubtypic immunity.  In our previous works, we demonstrated that 

the food additive tert-butylhydroquinone (tBHQ) impairs human T cell activation, 

suppresses murine TH1 CD4+ T cell polarization ex vivo, and abrogates the T cell 

response to primary influenza infection.  Accordingly, we hypothesized that tBHQ would 

impair heterosubtypic immunity to influenza virus infection as T cell activation during 

primary infection is critical to memory formation.  In this study, mice that were exposed 

to a low dose of tBHQ through the diet lost more weight and recovered more slowly than 

mice on a control diet following heterosubtypic influenza infection.  This delay was 

associated with an increased number of FoxP3+ CD4+ T cells in the lungs post-infection.  

Additionally, tBHQ-exposed mice had a reduced number of splenic effector memory 

cells and influenza-specific T cells 28 days following primary infection, suggesting 

memory formation was impaired by tBHQ.  Ultimately, these studies suggest tBHQ 

impairs heterosubtypic immunity mediated by T cells which could result in blunted 

immune responses to universal vaccine candidates.  
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Introduction 

Influenza virus infections have been and continue to be a persistent threat to 

society, causing hundreds of thousands of hospitalizations and tens of thousands of 

deaths annually in the United States.373  Starting in 2010, vaccination against influenza 

became recommended in the US for all people over the age of 6 months.  Following 

these recommendations, there has been an increase in influenza vaccine coverage of 

approximately 1.5% per year from 2011-2016.376  However, the numbers of 

hospitalizations and deaths have not improved, as just in the 2017/8 season there were 

959,000 hospitalizations and 79,400 deaths in the United States.395  This trend in 

morbidity translates to the global population as well, with influenza claiming 300,000 - 

650,000 lives annually.11  This suggests that although vaccination coverage is 

improving, patient outcomes don’t necessarily correlate with improved vaccination rates.  

This warrants further research into what other factors may be contributing to influenza 

infections/outcomes and factors which may be diminishing vaccine efficacy. 

 Influenza A virus subtypes are classified by their hemagglutinin (HA) and 

neuraminidase (NA) residues, of which there are 18 known HA types and 11 known NA 

types.7  Current vaccines generate potent antibodies against HA and NA residues on 

predicted circulating strains of H1N1 and H3N2 which prevent the viruses from infecting 

host cells.  However, these vaccines have limited efficacy due to antigenic drift in the 

HA and NA residues.396,397  Additionally, these viruses elicit short-lived memory B cell 

responses due to their inability to produce long-lived bone marrow plasma cells which 

were recently shown in a first of its kind study to dwindle within a year of vaccination.398  

Therefore, the ideal vaccine for influenza would provide long-lived immunity against all 
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drift variants of influenza as well as novel strains arising from antigenic shift.399  Such a 

vaccine would rely on the host’s ability to recognize and defend against influenza strains 

which the body has not encountered; this type of memory response is termed 

heterosubtypic immunity.  Heterosubtypic immunity prevents severe infection upon 

infection with a heterologous strain of virus after immunization in many animal models, 

and several studies provide evidence to suggest that this phenomenon exists in 

humans.74,89,95,179,400  It’s currently thought that one of the key cell types behind 

heterosubtypic immunity are cross-reactive T cells, of both the CD4+ and CD8+ lineage, 

which recognize epitopes from conserved internal proteins in the influenza 

viruses.93,119,120,122  Accordingly, if something were to interfere with the function of these 

T cells, it would follow that heterosubtypic memory would be impaired.   

 Our lab has demonstrated that the widely-used food additive, tert-

butylhydroquinone (tBHQ), affects T cell function.  Specifically, we have shown that 

tBHQ impairs the differentiation of murine CD4+ T cells into TH1 cells while promoting 

TH2 polarization, and tBHQ impairs activation and subsequent cytokine secretion in both 

primary human and Jurkat T cells.296,300,301,371,372  Notably, these effects were largely 

dependent on the ability of tBHQ to activate the stress-activated transcription factor, 

nuclear factor erythroid 2-related factor 2 (Nrf2).  Under basal conditions, Nrf2 

undergoes rapid degradation via the 26S proteasome due to repression via its repressor 

protein, Kelch-like ECH-associated Protein 1 (Keap1), an adaptor protein for an E3 

ubiquitin ligase.206,208,209,211  tBHQ is a potent activator of Nrf2, and acts through 

modifying cysteine residues on Keap1.253  These interactions result in a conformational 

change in Keap1 that prevents degradation of Nrf2 and thus allow Nrf2 to accumulate in 
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the nucleus of the cell, where it enhances the transcription of antioxidant and phase II 

metabolism genes that contain an antioxidant response element (ARE) within their 

regulatory regions.204  Typically, activation of Nrf2 is considered beneficial to the host, 

as it results in detoxification of xenobiotics, resolves oxidative stress, and ameliorates 

inflammation.401  Indeed, modulation of Nrf2 through chemical and genetic means yields 

favorable outcomes in many disease models, including intestinal and pulmonary 

fibrosis, allergic asthma, liver injury, and multiple autoimmune 

disorders.295,307,403,404,308,309,314,339,343–345,402  However, the prominent role of CD4+ T 

cells, specifically TH1 cells, in promoting memory to influenza and our data suggesting 

tBHQ impairs TH1 polarization led us to hypothesize that exposure to tBHQ would impair 

the immune response to heterosubtypic influenza infection.  In this study, we aimed to 

address the effects of low-dose tBHQ consumed through the diet on the immune 

response to heterosubtypic influenza infection. 

 

Materials and Methods 

Materials 

 Unless otherwise stated, all materials were purchased from Sigma Aldrich (St. 

Louis, MO). 

 

Animals, Diets, and Viruses 

 12-week-old female C57BL/6J mice were purchased from Jackson Laboratories 

(Bar Harbor, ME).  Upon arrival, mice were housed in groups of 3-4 mice per cage and 

fed AIN-93G purified rodent diets containing 0 or 0.0014% tBHQ (Dyets Inc., 
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Bethlehem,PA) and water ad libitum.  After 2 weeks of acclimatization to the diets, mice 

were anesthetized with an intraperitoneal injection of avertin (2,2,2-tribromethanol).  

After anesthesia was achieved, mice were intranasally instilled with 30 µL of Kilbourne 

F108: Influenza A/Aichi/2/68 (HA, NA) x A/Puerto Rico/8/34(H3N2), Reassortant X-

31(Derived from Mouse-adapted X-31b), NR-3483 (NIH Biodefense and Emerging 

Infections Research Resources Repository, NIAID, NIH), hereon referred to as x31, at a 

titer of 9.3 x 103 EID50/mL.  This resulted in a total amount of 280 EID50 per mouse.  

Upon recovery from anesthesia, mice were returned to their cages and monitored daily 

for changes in food consumption and body weight for the duration of the study.  28 days 

following primary infection, mice were again anesthetized via intraperitoneal injection of 

avertin.  Mice were then infected with 30 μL of influenza A/PR/8/34 (H1N1) at a titer of 

2.5 x 102 TCID50/mL (7.26 HAU/mL), resulting in a final amount of 7.5 TCID50 (0.218 

HAU) per mouse.  7.5 TCID50 was used as this was previously determined to be 5x the 

mouse lethal dose, 50% (mLD50) in naïve mice (data not shown).  For all instillations, 

small groups of mice on each diet were intranasally instilled with 30 μL of sterile saline 

instead of virus as experimental controls.  To assess memory cell populations without 

reinfection, mice were infected with x31 as above.  28 days post-infection, spleens, 

lungs, and mediastinal lymph nodes were collected for analysis.  Schematics for the two 

experiments are shown in Figure 20.  All animal studies were conducted in accordance 

with the Guide for Care and Use of Animals as adopted by the National Institutes of 

Health and were approved by the Institutional Animal Care and Use Committee at 

Michigan State University. 
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Figure 20: Timelines of heterosubtypic infection model and memory model 
without reinfection.   Mice were received from Jackson Laboratories and fed diets with 
or without tBHQ for 14 days prior to infection with influenza x31 (H3N2).  28 days later, 
mice were infected with a high titer of influenza A/PR/8/34 (H1N1) (A) or tissues were 
collected for analysis of memory T cell populations (B).  7 days following secondary 
infection, tissues were collected for downstream analyses. 
 

Tissue Collection and Cell Separation 

 Seven days following secondary infection, mice were anesthetized via 

intraperitoneal injection of avertin.  Mice were then euthanized by cardiac puncture and 

plasma was collected.  Following euthanasia, bronchoalveolar lavage fluid (BALF) was 

collected by cannulating the trachea and flushing the lungs with 1 mL of sterile saline.  

Subsequently, mediastinal lymph nodes (MLN) and lungs were collected.  For 

assessment of memory cell populations without reinfection, mice were euthanized via 

exsanguination from the inferior vena cava.  Lungs, spleens, and mediastinal lymph 

nodes were removed for processing. 
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 Lungs were placed in 5 mL of DMEM containing 1 mg/mL collagenase D and 

subsequently dissociated with the gentleMACS dissociator (Miltenyi Biotec, Auburn, 

CA).  After dissociation, 1 mL of lung homogenate centrifuged and resuspended in 

TRIzol reagent RNA analysis.  The red blood cells were lysed in the remaining lung 

homogenate with ACK lysis medium (Lonza, Morristown, NJ) and the remaining cells 

were used for FACS analysis. Cells from the MLN were isolated by grinding the MLN 

between the frosted ends of two microscope slides, and subsequently used for FACS 

analysis.  BALF and plasma were centrifuged, and supernatants were stored at -80 °C 

to await further use.  Spleens were place in culture dishes with 10 mL of DMEM and 

mashed with the plungers of 10 mL syringes. The remaining cell suspension was 

transferred through a 40 μm strainer, then the culture dish was washed with another 5 

mL of DMEM and this was transferred through the strainer as well.  Cells were washed 

twice, and red blood cells were lysed with ACK lysis medium prior to staining cells in 

tandem with lung and lymph node cells. 

 

Immunophenotyping 

 Following collagenase digestion and dissociation with the gentleMACS 

dissociator, lung cells were washed in PBS.  Cells were stained with the Zombie Aqua 

Fixable Viability Kit (BioLegend, San Diego, CA) per the manufacturer’s protocol, then 

washed with FACS buffer (1% FBS in PBS).  Cells were then incubated with Fc block 

(BD Pharmingen, San Diego, CA) for 10 minutes prior to labeling with antibodies 

against CD4, CD8α, CD25, CD69, CD44, CD62L, CD107a, and FasL (Table 4).  Cells 

were then fixed with a 4% formaldehyde fixative.  FACS analysis was conducted on the 
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Attune NxT (Thermo Scientific, Waltham, MA).  For assessment of memory populations 

without reinfection, cells from spleens, lungs, and mediastinal lymph nodes were 

incubated with Fc block prior to staining with fluorescent antibodies against CD4, CD8α, 

CD44, CD62L, CD127 (IL-7Rα), KLRG1, and CX3CR1 in conjunction with tetramers to 

identify influenza-specific CD4+ and CD8+ T cells.  Cells were then permeabilized with 

the FoxP3/transcription factor staining buffer set (eBioscience) and labeled with 

antibodies against T-bet and FoxP3 (Table 4).  Cells were fixed prior to FACS analysis 

on the Attune NxT. 
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Table 4: Flow Cytometry Antibodies for Memory Response Analyses 
 

Antibody Target Fluorochrome Source 

CD4 FITC eBioscience 

CD4 AF647 BioLegend 

CD4 PE/Cy7 eBioscience 

CD8a PerCP/Cy5.5 BioLegend 

CD8a PE BioLegend 

CD8a PE/Cy5.5 eBioscience 

CD19 FITC BioLegend 

CD25 APC BioLegend 

CD44 APC/Cy7 BioLegend 

CD44 BV605 BioLegend 

CD62L Pacific Blue BioLegend 

CD69 AF700 BioLegend 

CD107a PE/Cy7 BD Pharmingen 

CD127 (IL-7Ra) APC/Cy7 BioLegend 

CX3CR1 PerCP/Cy5.5 BioLegend 

FasL PE BioLegend 

FoxP3 AF647 BioLegend 

FoxP3 AF700 BioLegend 

Granzyme B FITC eBioscience 

IFNγ APC BioLegend 

KLRG1 PE/eFluor610 eBioscience 

T-bet PE eBioscience 

T-bet BV711 BioLegend 

CD4 Tetramer PE NIH Tetramer Core 

CD8 Tetramer AF647 NIH Tetramer Core 
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Ex Vivo Stimulation and Intracellular Labeling following Heterosubtypic Infection 

 24 hours before the collection, CD11c+ dendritic cells were isolated from the 

spleens of untreated C57BL/6J mice using positive selection (Miltenyi Biotec).  Dendritic 

cells were plated at a density of 4 x 105 cells/mL in RPMI 1640 supplemented with 10% 

fetal bovine serum, 25 mM HEPES, 1 mM sodium pyruvate, 1x nonessential amino 

acids, and 100 U/mL penicillin and streptomycin.  Influenza A NP366-374 (ASNENMETM) 

and influenza A NP311-325 (QVYSLIRPNENPAHK) peptides were synthesized (New 

England Peptide, Inc., Gardner, MA) and added to the dendritic cells at a concentration 

of 1 μM.  24 hours later, single-cell suspensions from the lungs of infected mice were 

co-cultured with the dendritic cells for 5 hours in the presence of monensin (BioLegend).  

Cells were labeled with the Zombie Aqua kit prior to being labeled for surface markers 

(CD4 and CD8α) and permeabilized with the FoxP3/transcription factor staining buffer 

set.  After permeabilization, cells were labeled with antibodies against IFNγ, T-bet, 

Granzyme B, and FoxP3 (Table 4).  After labelling, cells were fixed with 1% 

formaldehyde fixative prior to FACS analysis on the Attune NxT. 

 

Tetramer Labeling of Mediastinal Lymph Node Cells following Heterosubtypic Infection 

To identify influenza-specific CD8+ and CD4+ T cells, the H-2D(b) Influenza A 

PA224-233 SSLENFRAYV (Alexa 647-Labeled MHC-I Tetramer) and I-A(b) Influenza A 

NP311-325 QVYSLIRPNENPAHK (PE-labeled MHC-II Tetramer) tetramers were used.  

The tetramers were prepared by the NIH Tetramer Core Facility (Atlanta, GA).  To 

identify influenza-specific CD4+ T cells, MLN cells were labeled with CD4 (AF647) and 

the NP tetramer.  For influenza-specific CD8+ T cells, MLN cells were labeled with 
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CD19, CD8α (PE), and the PA tetramer; influenza-specific CD8+ T cells were identified 

as viable CD8α+ CD19- PA-tetramer+ cells.  Both panels were also labeled for viability 

with the Zombie Aqua kit, as above.  Cells were fixed with a 4% formalin solution prior 

to analysis on the Attune NxT. 

 

Detection of Influenza-specific Antibodies 

Influenza-specific IgG2c ELISAs were performed following a previously published 

protocol.380  Briefly, high-binding plates (Corning, Inc., Kennebunk, ME) were coated 

with 40 HAU of influenza A/PR/8/34 (H1N1) diluted in 1x coating buffer.  Plates were 

blocked with 10% BSA, and plasma was diluted 1:16000 and added to the wells.  

Influenza-specific IgG2c was quantified using an HRP-conjugated antibody against 

IgG2c (Abcam, Cambridge, MA) followed by the addition of TMB substrate.  

Absorbance was quantified at 450 nm on a Tecan Infinite M1000 Pro Microplate Reader 

(Tecan, San Jose, CA). 

 

RNA Isolation and Quantitative PCR 

RNA was isolated from lung homogenate using TRIzol reagent per the 

manufacturer’s protocol (Life Technologies, Grand Island, NY).  RNA was quantified 

with the Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA).  

Following reverse transcription, cDNA was quantified with real-time PCR SYBR green 

analysis using the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, 

Foster City, CA).  Ribosomal protein L13A (RPL13A) served as the endogenous control 
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and relative mRNA expression was calculated using the ΔΔCt method.  Primer 

sequences are listed in Table 5. 

 

Table 5: CTLA-4 and RPL13a Primer Sequences 
 

Gene Forward Primer Sequence Reverse Primer Sequence 

CTLA-4 CATGTACCCACCGCCATACT CCAAGCTAACTGCGACAAGG 

RPL13a GTTGATGCCTTCACAGCGTA AGATGGCGGAGGTGCAG 

 

Statistical Analysis 

The mean ± SEM was determined for each treatment group in individual 

experiments. The virus-infected VEH and tBHQ groups were compared against each 

other using two-tailed Student’s T-tests with Sigma-Plot 12.3 software (Systat Software, 

San Jose, CA).  Animals which showed no signs of infection were excluded from 

statistical analyses.  Additionally, saline-instilled animals were not used for statistical 

analyses as their role in the present study was to provide context about the magnitude 

of the T cell response during influenza infection. 

 

Results 

Mice on a tBHQ Diet Suffered More Severe Weight-loss Following Heterosubtypic 

Challenge 

Following heterosubtypic challenge with a lethal titer of influenza A/PR/8/34 

(H1N1), mice were weighed daily.  Mice on the tBHQ diet had more severe weight loss 

and took several days longer to begin recovering from the infection compared to mice 

on a control diet (Figure 21). 
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Figure 21: tBHQ exposure caused in a delayed recovery following heterosubtypic 
infection.  Mice were fed diets with or without 0.0014% tBHQ prior to sublethal infection 
with influenza x31 (H3N2).  28 days post-infection, mice were infected again with 5 
mLD50 of influenza A/PR/8/34 (H1N1) and body weight was recorded over the following 
7 days.  * p < 0.05 (Student’s t-test) between control and tBHQ treatments within virus-
infected mice. 
 

tBHQ did not Affect T Cell Infiltration in the Lungs of Infected Mice 

Seven days following secondary infection with influenza A/PR/8/34 (H1N1), lungs were 

collected and dissociated for immunophenotyping.  The resulting single-cell suspension 

was labeled with fluorescent antibodies against CD4 and CD8α, and cells were 

quantified via flow cytometry.  No significant differences were observed between the 

number of CD4+ or CD8+ cells within the lungs (Figure 22). 
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Figure 22: tBHQ exposure did not alter CD4+ or CD8+ numbers in the lungs after 
heterosubtypic infection.  Mice were fed diets with or without 0.0014% tBHQ prior to 
sublethal infection with influenza x31 (H3N2).  28 days post-infection, mice were 
infected again with 5 mLD50 of influenza A/PR/8/34 (H1N1).  Seven days post-infection, 
lungs were removed and homogenized.  Lung homogenates were labeled with 
fluorescent antibodies against CD4, CD8α, and CD44.  Cells were quantified via flow 
cytometry.  (A) Representative density plot demonstrating CD8α and CD4 populations.  
(B) Quantification of CD4+ cells.  (C) Quantification of CD8+ cells.   
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tBHQ Exposure was Associated with a Decrease in the Number of Influenza-Specific T 

Cells in the Lymph Nodes of Infected Mice 

In addition to T cells within the lung, we used fluorescent peptide-loaded MHC-I 

and MHC-II tetramers in addition to antibodies against CD4 and CD8α to identify 

influenza-specific T cells from the MLNs of infected mice.  While not statistically 

significant, tBHQ-exposed animals showed a trend toward decreased influenza-specific 

T cells, especially within the CD4+ population (Figure 23) which was consistent with 

what we previously observed during primary infection. 

 

tBHQ did not Reduce the Number of IFNγ+ or T-bet+ T Cells or Downstream Production 

of IgG2c 

Seven days after heterosubtypic challenge, single-cell suspensions from lung 

homogenates were co-cultured with peptide-pulsed dendritic cells for five hours in the 

presence of monensin.  Following restimulation, the cells were labeled with fluorescent 

antibodies against CD4, CD8α, IFNγ, and T-bet (Figure 24A-C).  No significant 

differences were detected in the number of IFNγ+, T-bet+, or IFNγ+T-bet+ CD4+ or CD8+ 

T cells (Figure 24D-F).  Additionally, plasma was collected from mice and influenza-

specific IgG2c was quantified by ELISA.  tBHQ had no effect on the amount of 

influenza-specific IgG2c in plasma (Figure 24G, H). 

 



98 
 

 

Figure 23: tBHQ exposure was associated with lower frequencies of influenza-
specific T cells in mediastinal lymph nodes.  Mice were fed diets with or without 
0.0014% tBHQ prior to sublethal infection with influenza x31 (H3N2).  28 days post-
infection, mice were infected again with 5 mLD50 of influenza A/PR/8/34 (H1N1).  Seven 
days post-infection, cells from the mediastinal lymph nodes were labeled with I-A(b) 
Influenza A NP311-325 (PE-labeled MHC-II Tetramer) and a fluorescent antibody against 
CD4, or H-2D(b) Influenza A PA224-233 (Alexa 647-Labeled MHC-I Tetramer) and 
antibodies against CD19 and CD8α.  Cells were quantified via flow cytometry.  (A, B) 
Representative dot plots for each treatment group demonstrating influenza-specific 
CD4+ or CD8+ T cells.  (C) Quantification of influenza-specific CD4+ T cells.  (D) 
Quantification of influenza-specific CD8+ T cells.   
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Figure 24: tBHQ exposure had no discernible effect on TH1 cell polarization or 
function.  Mice were fed diets with or without 0.0014% tBHQ prior to sublethal infection 
with influenza x31 (H3N2).  28 days post-infection, mice were infected again with 5 
mLD50 of influenza A/PR/8/34 (H1N1).  Seven days post-infection, lungs were removed 
and homogenized.  The resulting single-cell suspension was co-cultured with influenza-
peptide-pulsed dendritic cells in the presence of monensin.  5 hours later, cells were 
labeled with antibodies against CD4, CD8α, IFNγ, and T-bet.  Cells were quantified by 
flow cytometry.  Plasma was also collected and influenza-specific IgG2c was measured 
via ELISA.  (A-C) Representative dot plots showing the number of CD4+ T cells with 
intracellular IFNγ, T-bet, or both.  (D-F) Number of CD4+ T cells with intracellular IFNγ, 
T-bet, or both.  (G) Serial dilutions of pooled plasma were added to a 96-well plate 
coated with influenza virus.  IgG2c was detected using an HRP-conjugated antibody 
and quantified using absorbance at 450 nm after addition of TMB substrate.  (H) 
Relative influenza-specific IgG2c levels in individual plasma samples were determined 
as in (G) at a dilution of 1:16000. 
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tBHQ Augmented the Number of FoxP3+ Regulatory CD4+ T Cells and Gene 

Expression of Immunosuppressive Proteins in the Lungs of Infected Mice 

Cells from the lungs were labeled with a fluorescent antibody against CD4 and 

were then permeabilized and stained with an antibody against FoxP3.  Mice exposed to 

tBHQ had a greater number of regulatory CD4+ T cells, identified as CD4+ FoxP3+ cells 

(Figure 25A), in the lungs during heterosubtypic infection compared to mice on a control 

diet (Figure 25B).  Additionally, expression of CTLA-4 mRNA was upregulated in the 

lungs of infected mice on the tBHQ diet (Figure 25C), but expression of IL-10 mRNA 

was not significantly enhanced with tBHQ in this model (data not shown). 

 

tBHQ Led to a Reduction in Splenic Influenza-specific T Cells 28 Days After Primary 

Infection with x31 

 Analysis of T cells within the lungs 7 days after heterosubtypic challenge 

revealed no substantial differences in T cell activation or cytotoxic effector function (data 

not shown).  However, this likely could have been due to kinetic differences between the 

immune responses by control- or tBHQ-fed mice, as mice on the control diet began 

recovering from infection several days earlier than mice exposed to tBHQ.  Therefore, 

memory T cell populations were assessed within the lungs, mediastinal lymph nodes, 

and spleens 28 days after primary infection with influenza x31 (H3N2).  The first striking 

difference between the groups was a marked reduction in viable splenocytes in tBHQ-

exposed mice (Figure 26A).  This finding translated to reductions in the numbers of 

memory (CD127+) influenza-specific CD4+ T cells (Figure 26D) and CD8+ T cells (Figure 

26E), as well.  Notably, the percentages of influenza-specific T cells did not vary 
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Figure 25: tBHQ enhanced markers of immune suppression within the lungs of 
mice during heterosubtypic infection.  Mice were fed diets with or without 0.0014% 
tBHQ prior to sublethal infection with influenza x31 (H3N2).  28 days post-infection, 
mice were infected again with 5 mLD50 of influenza A/PR/8/34 (H1N1).  Seven days 
post-infection, lungs were removed and homogenized.  The resulting single-cell 
suspension was co-cultured with influenza-peptide-pulsed dendritic cells in the 
presence of monensin.  5 hours later, cells were labeled with antibodies against CD4 
and FoxP3.  Cells were quantified by flow cytometry.  Real-time PCR was used to 
quantify CTLA-4 and IL-10 mRNA from the lung homogenate.  * p < 0.05 (Student’s t-
test) between control and tBHQ treatments within virus-infected mice. 
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between groups (data not shown), suggesting the difference here is due to the 

generalized depletion of splenocytes and not specific death or lack of differentiation of 

the memory cell population. 

 

tBHQ Reduced the Splenic Memory Cell Population with the Effector Memory 

Population Being Most Affected 

 To determine if memory cell populations were altered, effector memory (EFM) 

and central memory (CM) cells within the lungs, mediastinal lymph nodes, and spleens 

were quantified by flow cytometry.  It was found that spleens of tBHQ-fed mice were 

home to fewer effector memory CD4+ (Figure 27D) and CD8+ T cells (Figure 27B) and 

central memory CD8+ T cells (Figure 27F).  Notably, the percentage of effector memory 

cells compared to total memory CD8+ cells (Figure 27C) was also reduced while the 

proportion of central memory CD8+ cells was increased (Figure 27G), suggesting tBHQ 

promotes the generation of central memory cells instead of effector memory cells.  

Notably, an increase in the proportion of central memory CD8+ T cells was also 

observed within the lungs (Figure 27G) and the proportion of central memory CD4+ cells 

was also slightly elevated in the spleens of tBHQ-exposed mice (Figure 27I).   
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Figure 26: Mice exposed to dietary tBHQ during primary infection with influenza 
x31 had fewer splenocytes and splenic influenza-specific T cells than control 
counterparts.  Mice were fed diets with or without 0.0014% tBHQ prior to sublethal 
infection with influenza x31 (H3N2).  28 days post-infection, cells from the lungs, 
mediastinal lymph nodes, and spleens were labeled with I-A(b) Influenza A NP311-325 
(PE-labeled MHC-II Tetramer), Influenza A PA224-233 (Alexa 647-Labeled MHC-I 
Tetramer), and antibodies against CD4, CD8α, and CD127.  Viable cells (Zombie Aqua-
negative) were quantified via flow cytometry.  (B, C) Representative dot plots 
demonstrating influenza-specific CD4+ or CD8+ T cells within the splenic population.  
Cells were first gated on viability and CD127+ expression.  (D) Quantification of 
influenza-specific CD4+ T cells.  (E) Quantification of influenza-specific CD8+ T cells. 
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Figure 27: tBHQ altered the frequencies of effector memory and central memory 
cells following influenza infection.  Mice were fed diets with or without 0.0014% 
tBHQ prior to sublethal infection with influenza x31 (H3N2).  28 days post-infection, cells 
from the lungs, mediastinal lymph nodes, and spleens were labeled with I-A(b) Influenza 
A NP311-325 (PE-labeled MHC-II Tetramer), Influenza A PA224-233 (Alexa 647-Labeled 
MHC-I Tetramer), and antibodies against CD4, CD8α, CD127, CD44, and CD62L.  (A) 
Gating strategy to identify effector memory (CD44hi/CD62lo) and central memory 
(CD44hi/CD62Lhi) cells within the CD4+ and CD8+ populations.  Standard lymphocyte 
gating and doublet exclusion was performed prior to generating these plots. (B) 
Quantification of effector memory CD8+ cells.  (C) Effector memory cells expressed as a 
percentage of CD127+ CD8+ cells.  (D) Quantification of effector memory CD4+ T cells.  
(E) Effector memory cells expressed as a percentage of CD127+ CD4+ cells.  (E) 
Quantification of central memory CD8+ cells.  (F) Central memory cells expressed as a 
percentage of CD127+ CD8+ cells.  (G) Quantification of central memory CD4+ T cells.  
(H) Central memory cells expressed as a percentage of CD127+ CD4+ cells. 
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Discussion 

 Previously, we showed that dietary exposure to human-relevant doses of tBHQ 

led to an impaired T cell response to influenza infection in female C57BL/6J mice.  

While that study revealed no overt effects on morbidity, we hypothesized that the 

impaired T cell response would result in the inability to launch an effective memory 

response to infection with a heterosubtypic strain of influenza virus since CD4+ T cells 

are vital in formation of heterosubtypic immunity.37,38,95,122  Accordingly, we fed mice 

diets with or without tBHQ prior to infection with an H3N2 influenza virus.  After 

recovery, mice were infected with 5 mLD50 of an H1N1 virus.  Consistent with our 

hypothesis, mice on the tBHQ diet had a diminished memory response to 

heterosubtypic infection evidenced by more severe weight loss and delayed recovery 

following secondary infection.   

 In contrast with what was seen in our previous study on the effects of tBHQ on 

the primary immune response to influenza infection, the number of CD8+ cells in the 

lung was not affected by tBHQ during heterosubtypic infection.  In contrast, the trend in 

influenza-specific T cells in the draining lymph node was consistent in both studies 

where tBHQ exposure correlated with reduced influenza-specific T cells.  Despite 

several studies suggesting Nrf2 activation suppresses TH1 polarization, we saw no 

tBHQ-dependent effect on the number of TH1 cells or on the amount of influenza-

specific IgG2c produced by mice in this study.287,296,298  However, we did not assess 

IFNγ or T-bet expression strictly in influenza-specific T cells which could have drastically 

different phenotypes than bystander T cells.  Nevertheless, it is possible that Nrf2 

activation does not alter TH1 cell polarization in this model. In bleomycin-induced 
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pulmonary fibrosis models, Nrf2 presence was associated with an augmented TH1:TH2 

ratio compared to Nrf2-null mice which exhibited strong TH2 inflammatory 

phenotypes.295,337  Moreover, Nrf2 may be differentially activated by tBHQ in a 

heterogenous cell population such as the lung, as the amount of Nrf2 is variable among 

cell types.195  Additionally, it is unknown if repeated exposure to tBHQ results in 

continued Nrf2 activation or if adaptive mechanisms exist that modify the stress 

response to tBHQ.  We were unable to detect upregulation of the Nrf2 target genes 

NQO1, HMOX1, and GCLC in RNA isolated from whole lung homogenate of tBHQ-

exposed saline-instilled animals; however, we frequently observe modulation of immune 

endpoints ex vivo using concentrations of tBHQ below those required to induce 

canonical Nrf2 target genes (data not shown).  Accordingly, further work is required to 

determine the role of Nrf2 on TH1 cell polarization and function during influenza 

infection. 

 A notable finding of this study was that tBHQ increased the frequency of 

regulatory T cells (Tregs) within the lung which was accompanied by enhanced 

expression of the coinhibitory molecule, CTLA4.  In an investigation of acute graft-vs-

host disease, the Nrf2 activating compound dimethyl fumarate caused a similar 

induction of Tregs.391  Genetic activation of Nrf2 restricted to T cells also promoted the 

development of Tregs.298  Interestingly, a recent study demonstrated that genetic 

activation of Nrf2 restricted to Tregs impaired Treg function through metabolic 

perturbations and promoted inflammation.302  The role of Nrf2 activation on the 

development and function Tregs remains largely unexplored, and to our knowledge this 

is the first study to show tBHQ augments Treg numbers.  While Tregs suppress T cell 
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responses to influenza infection to limit immunopathology, it was also recently shown 

that memory Tregs promoted efficient clearance of viral infection.405  Accordingly, more 

studies are required to determine the role of tBHQ-enhanced Treg accumulation in this 

model. 

The last notable finding of this study was that tBHQ reduced the number of 

splenic EFM cells following primary infection, which could explain the diminished 

memory immune response seen with heterosubtypic infection.  Notably, in a model of 

primary infection we showed that tBHQ suppressed the T cell response and was 

associated with upregulation of anti-inflammatory cytokine expression.  Evidence 

suggests that the formation of effective memory T cell responses relies on inflammatory 

responses, so the lack of an inflammatory environment during primary infection could 

likely explain the lack of memory formation seen here.406  Effector memory cells are well 

known for being able to rapidly respond to secondary infection through rapid 

upregulation of cytotoxic effector functions.117  Consequently, reductions in poised 

effector memory cells leave the host susceptible to secondary infection with slower 

memory responses.  It must be noted that it was not directly established in these studies 

that the reduced EFM population was responsible for the weakened memory response 

observed, as tBHQ was administered for the duration of the secondary infection and 

could have had direct effects on the T cells during the memory response.  Further 

studies are warranted to determine if tBHQ causes lasting effects on memory cells that 

persist in the absence of tBHQ exposure. 

Overall, these studies demonstrated that tBHQ impaired the memory response to 

heterosubtypic infection, potentially due to the increased abundance of Tregs and 
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reduction of splenic effector memory cells.  In the search for a universal influenza 

vaccine, it has been widely acknowledged that the generation of long-term T cell 

memory is highly desirable.407  In this context, dietary exposure to tBHQ at doses 

achievable in the human diet pose an interesting problem, as these data suggest that 

heterosubtypic immunity is impaired by tBHQ which could potentially translate to 

immunity elicited by a universal influenza vaccine.   
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CHAPTER 4 

Nrf2 Exacerbates Lung Damage and Morbidity in a T Cell-dependent 

Manner During Primary Influenza Infection 
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Abstract 

One of the best tools to fight against pandemic influenza viruses is T cell-mediated 

immunity.  We previously demonstrated that Nrf2 activator, tert-butylhydroquinone 

(tBHQ), suppressed the T cell response to both primary and heterosubtypic infection.  

However, it was unclear if the effects elicited by tBHQ occurred through Nrf2 or a 

different pathway.  Accordingly, we sought to determine the effects of Nrf2 on the T cell 

response to influenza virus infection.  We utilized a model of adoptive transfer whereby 

we injected T cells from wildtype or Nrf2-null animals into T cell-deficient hosts.  

Recipient mice were then exposed to tBHQ and infected with influenza virus.  This study 

revealed that Nrf2 in T cells contributed to influenza-associated morbidity, as mice with 

Nrf2-deficient T cells lost significantly less weight than mice with wildtype T cells.  This 

seemed to be due to T cell-associated immunopathology, as Nrf2-deficient T cells had 

reduced cytotoxic effector function which correlated with less LDH activity in 

bronchoalveolar lavage fluid.  In contrast, mice with Nrf2-deficient T cells had an 

increased abundance of influenza-specific CD4+ and CD8+ T cells, and Nrf2-deficient T 

cells produced more IFNγ than wildtype T cells, consistent with our previously published 

findings from ex vivo functional studies.  Despite the reduced effector function, mice 

with Nrf2-null T cells were able to clear influenza virus as efficiently as mice with 

wildtype T cells, suggesting Nrf2 in T cells is not critical for resolving influenza infection.  

In contrast to our previous studies, the Nrf2 activator, tBHQ, had no effect on T cell 

function in this model.  It is likely that this is an artifact generated by using SCID mice 

which lack functional intrathymic T cells and natural killer T cells, though further studies 

are warranted to determine why tBHQ did not affect wildtype T cells in this context.  
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Introduction 

 The stress-activated transcription factor, nuclear factor erythroid 2-related factor 

2 (Nrf2), has both antiviral and proviral effects depending on the infectious agent.  For 

instance, Nrf2 activation was shown to suppress replication of human immunodeficiency 

virus, respiratory syncytial virus, hepatitis viruses, and dengue virus.355,356,359,360,408,409  

Conversely, Nrf2 activation was shown to be detrimental to the host in infections with 

Marburg virus or herpesviruses.265,352–354  In the context of influenza, Nrf2 was shown to 

prevent viral entry and damage to airway epithelial cells ex vivo.357,363  However, the 

role of Nrf2 on influenza virus infection in vivo remains poorly characterized.  Two 

studies demonstrated that Nrf2-null mice had exacerbated inflammatory responses to 

influenza virus and Nrf2 activation with carbocisteine ameliorates influenza virus-

induced inflammation in a Nrf2-dependent manner.365,366  However, these studies were 

primarily directed at targeting Nrf2 as a therapeutic for viral exacerbations of COPD, 

and therefore did not assess immunity to influenza infection beyond generalized 

inflammation during primary exposure.   

 Nrf2 is a transcription factor that under homeostatic conditions remains 

repressed in the cytosol by the E3 ubiquitin ligase adaptor protein, Kelch ECH-

associated protein 1 (Keap1).206,209  Upon oxidative or electrophilic cell stress, the 

interaction between Keap1 and Nrf2 becomes disrupted and allows nuclear 

accumulation of Nrf2 where it drives the expression of stress-responsive genes 

encoding antioxidant and phase II metabolic enzymes.196,197,204,213  The widely used 

food additive, tert-butylhydroquinone (tBHQ), is a potent activator of Nrf2 and acts by 

modifying C151 within Keap1 as well as inducing mitochondrial oxidative stress.248,254  
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Pervious studies from our lab showed that tBHQ impaired human CD4+ T cell activation 

and murine TH1 cell polarization ex vivo.296,301,371,372  Additionally, we showed that 

dietary tBHQ at doses relevant to human exposure impaired the primary and memory 

responses to influenza A virus infection.  However, it was not determined if tBHQ 

impaired antiviral immunity through Nrf2-mediated effects.  

 As we previously saw that tBHQ suppressed the primary immune response to 

influenza virus and impaired memory formation, we sought to determine if Nrf2 was 

responsible for these effects in a T cell-intrinsic manner.  Since Nrf2 was ubiquitously 

expressed and affects so many cell types involved in the immune response to influenza 

virus, we decided to use an adoptive transfer model with B6 SCID mice to determine the 

role of Nrf2 in T cells during primary infection with influenza virus.  B6 SCID mice lack 

functional T and B lymphocytes due to defects in VDJ recombination, thus providing a 

good model to study the effects of genetic effects in a T cell-specific manner.410,411  

Utilizing this model, we observed that Nrf2-null T cells contributed to a less inflammatory 

immune response, characterized by augmented numbers of CD4+ T cells and influenza-

specific CD4+ and CD8+ T cells in the lungs but reduced activation and effector function 

within the T cells.  Notably, the Nrf2-null T cells had higher intracellular IFNγ, but 

produced substantially less granzyme B.  These effects were associated with less 

severe lung damage and reduced morbidity.  Notably, no differences in viral RNA in the 

lungs were detected. 
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Materials and Methods 

Animals and Viruses 

Nrf2-null mice on a C57BL/6 background were maintained under specific 

pathogen-free conditions as previously described.371   Age-matched female C57BL/6J 

mice were purchased from Jackson Laboratories (Bar Harbor, Maine) and housed 

under the same conditions as Nrf2-null mice.  Three-week-old B6.Cg-PrkdcSCIDSzJ mice 

were purchased from Jackson Laboratories and housed under specific pathogen-free 

conditions for two weeks prior to adoptive transfer.  All animal studies were conducted 

in accordance with the Guide for Care and Use of Animals as adopted by the National 

Institutes of Health and were approved by the Institutional Animal Care and Use 

Committee at Michigan State University. 

An aliquot of influenza A/PR/8/34 (H1N1) was generously gifted by Dr. Kymberly 

Gowdy at East Carolina University in Greenville, North Carolina.  The virus was then 

propagated and quantified following a published protocol.378  Briefly, the virus was 

injected into the allantoic fluid of specific pathogen-free, embryonated chicken eggs 

(Charles River Laboratories, Wilmington, MA).  The infected eggs were incubated for 48 

hours at 37.5 ˚C, followed by another 24 hours at 4 ˚C.  Following incubation, allantoic 

fluid was collected, centrifuged, and supernatant was divided into single-use aliquots.  

Aliquots were stored at -80 ˚C until used for experiments.  The propagated virus stock 

was quantified by tissue culture infectious dose 50 (TCID50) and hemagglutination 

methods.  For the TCID50, the virus was serially diluted across a 96-well plate containing 

confluent monolayers of MDCK cells (ATCC, Manassas, VA).  Cells were observed 

daily for cytopathic effect, at which point the titer was determined using the Reed-
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Muench method.379  The hemagglutination assay was performed by serially diluting the 

virus across a 96 well plate containing 0.5% chicken red blood cells and incubating the 

cells for 30 minutes at room temperature, at which point agglutination was recorded.  

The virus stock was determined to be 2.5 x 105 TCID50/mL and 7260 HAU/mL.   

 

Adoptive Transfer of T and B Cells 

 CD4+ and CD8+ T cells were isolated with a Pan T Cell negative selection kit 

(Miltenyi Biotec, Auburn, CA) from age-matched female wildtype and Nrf2-null mice 

between five to eight weeks of age.  Similarly, B cells were isolated with a Pan B Cell 

negative selection kit (Miltenyi Biotec) from wildtype female mice that were six weeks 

old.   Live T cells were counted using Trypan blue and resuspended to a concentration 

of 20 x 106 cells/mL in RPMI 1640.  B cells were counted similarly and resuspended to a 

concentration of 10 x 106 cells/mL in RPMI 1640.  T cell and B cell purity were tested by 

labeling cells with fluorescent antibodies against CD3, CD4, CD8α, and CD19 (Table 6).  

Adoptive transfer was performed by intraperitoneally injecting 200 μL of the T cell 

suspension (either wildtype or Nrf2-null T cells) and 200 μL of the B cell suspension into 

each mouse, resulting in 4 million T cells and 2 million B cells injected per mouse.  Mice 

were then rested for 16 weeks to allow lymphocyte reconstitution prior to initiating 

influenza studies. 
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Table 6: Flow Cytometry Antibodies used for Surface Labeling and Intracellular 
Staining 
 

Antibody Target Fluorochrome Source 

CD3 AF647 BioLegend 

CD4 FITC eBioscience 

CD4 PE/Cy7 eBioscience 

CD8a PE/Cy5.5 eBioscience 

CD8a PerCP/Cy5.5 BioLegend 

CD19 FITC BioLegend 

CD25 BV711 BioLegend 

CD44 BV605 BioLegend 

CD62L Pacific Blue BioLegend 

CD69 AF700 BioLegend 

CD107a PE/Cy7 BD Pharmingen 

Granzyme B Pacific Blue BioLegend 

IFNγ AF700 BioLegend 

CD4 Tetramer PE NIH Tetramer Core 

CD8 Tetramer AF647 NIH Tetramer Core 

 

Diets and Influenza Infection 

16 weeks after adoptive transfer, mice were housed in cages in groups of 5 

animals per cage and given AIN-93G purified rodent diet containing 0 or 0.0014% tBHQ 

(Dyets, Inc, Bethlehem, PA) and water ad libitum.  Food consumption was monitored 

daily.  After 2 weeks of acclimation to the diets, mice were anesthetized with 2,2,2-

tribromoethanol (avertin; Alfa Aesar, Ward Hill, MA) via intraperitoneal injection.  In 

previous studies in our lab, we utilized intranasal instillation to infect animals.  However, 

in an effort to reduce variability and reduce the number of mice required, we opted to 
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utilize intrapharyngeal installation.  In this method, anesthetized mice were hung by their 

incisors on a thin wire.  The tongue was gently rolled out of the mouth with a cotton 

swab and held out of the way.  A wide-bored pipet tip pre-filled with 23 μL of influenza 

virus was then placed into the mouth, and the virus was inhaled.  To determine the titer 

to be used with this method that would result in similar weight loss as intranasal 

instillation in wildtype mice, the virus was titrated.  Based on the results, a total of 0.17 

TCID50 of influenza A/PR/8/34 (H1N1) was administered in a volume of 23 μL.  Upon 

recovery from anesthesia, mice were returned to their cages and monitored daily for 

changes in food consumption and body weight.  The timeline for this experiment can be 

seen in Figure 28.   

 

Blinding 

 Prior to sample collection, a blinding key was established whereby each mouse 

was de-identified and given a number 1 through 40.  All assays besides weight loss 

utilized the blinding system with the only identifying information on tubes being the 

assigned number.  When assays were completed, samples were re-identified using the 

key (Table 7). 
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Figure 28: Adoptive transfer scheme and experiment timeline.  5-week-old B6 SCID mice from Jackson were 

reconstituted with either wildtype or Nrf2-null T cells, and wildtype B cells.  15 weeks later, mice were placed on diets 

with or without 0.0014% tBHQ.  2 weeks later, mice were challenged with sublethal influenza, and tissues were 

collected 10 days post-infection. 
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Table 7: Blinding Key 
 

Cage # T Cell Genotype Diet Tail Marking Blinding Number 

1 Wildtype Control Red 3 

1 Wildtype Control Blue 20 

1 Wildtype Control Green 32 

1 Wildtype Control Black 19 

1 Wildtype Control None 17 

2 Nrf2-null Control Red 35 

2 Nrf2-null Control Blue 14 

2 Nrf2-null Control Green 30 

2 Nrf2-null Control Black 12 

2 Nrf2-null Control None 26 

3 Wildtype Control Red 8 

3 Wildtype Control Blue 22 

3 Wildtype Control Green 27 

3 Wildtype Control Black 38 

3 Wildtype Control None 7 

4 Nrf2-null Control Red 18 

4 Nrf2-null Control Blue 2 

4 Nrf2-null Control Green 1 

4 Nrf2-null Control Black 36 

4 Nrf2-null Control None 4 

5 Wildtype 0.0014% tBHQ Red 5 

5 Wildtype 0.0014% tBHQ Blue 23 

5 Wildtype 0.0014% tBHQ Green 25 

5 Wildtype 0.0014% tBHQ Black 29 

5 Wildtype 0.0014% tBHQ None 37 

6 Nrf2-null 0.0014% tBHQ Red 21 

6 Nrf2-null 0.0014% tBHQ Blue 16 
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Table 7: (cont’d) 

Cage # T Cell Genotype Diet Tail Marking Blinding Number 

6 Nrf2-null 0.0014% tBHQ Green 28 

6 Nrf2-null 0.0014% tBHQ Black 31 

6 Nrf2-null 0.0014% tBHQ None 9 

7 Wildtype 0.0014% tBHQ Red 10 

7 Wildtype 0.0014% tBHQ Blue 33 

7 Wildtype 0.0014% tBHQ Green 24 

7 Wildtype 0.0014% tBHQ Black 11 

7 Wildtype 0.0014% tBHQ None 34 

8 Nrf2-null 0.0014% tBHQ Red 6 

8 Nrf2-null 0.0014% tBHQ Blue 40 

8 Nrf2-null 0.0014% tBHQ Green 15 

8 Nrf2-null 0.0014% tBHQ Black 13 

8 Nrf2-null 0.0014% tBHQ None 39 

 

Tissue Collection and Cell Separation 

Ten days after primary infection, mice were anesthetized with avertin and 

euthanized via cardiac puncture.  Mice were euthanized via cardiac puncture, at which 

point blood was collected into heparinized tubes. Bronchoalveolar lavage fluid (BALF) 

was collected by cannulating the trachea and flushing the lungs with 1 mL of sterile 

saline.  Lungs were excised and placed in 5 mL of DMEM containing 1 mg/mL 

collagenase D and subsequently dissociated with the gentleMACS dissociator (Miltenyi 

Biotec, Auburn, CA).  After dissociation, 1 mL of lung homogenate was centrifuged and 

resuspended in TRIzol reagent RNA analysis.  The remaining lung homogenate was 

used for FACS analysis.  Mediastinal lymph nodes (MLN) were removed and cells from 
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the MLNs were isolated by grinding the MLN between the frosted ends of two 

microscope slides and resuspending in DMEM.   

 

Lactate Dehydrogenase (LDH) Activity Assay 

 After collection, BALF was centrifuged and supernatants were transferred to 

fresh tubes.  As LDH activity dramatically decreases following a single freeze-thaw, 

BALF was stored on ice and used in an LDH activity assay within hours of collection.412  

A commercial LDH activity kit was used following the manufacturer’s protocol (Abcam 

PLC, Cambridge, MA).   

 

Immunophenotyping 

After dissociation, lung cells were washed in FACS buffer (1% FBS in dPBS).  

Cells were incubated with Fc block (BD Pharmingen, San Diego, CA) prior to labeling 

with antibodies against CD4, CD8α, CD25, CD69, CD44, CD62L, FasL, CD107a, IL-12 

receptor β2, CTLA4, and the H-2D(b) Influenza A PA224-233 SSLENFRAYV (Alexa 647-

Labeled MHC-I Tetramer) and I-A(b) Influenza A NP311-325 QVYSLIRPNENPAHK (PE-

labeled MHC-II Tetramer) tetramers (Table 6).  Cell viability was assessed by labeling 

cells with the Zombie Aqua Fixable Viability Kit (BioLegend, San Diego, CA) prior to 

labeling with antibodies, per the manufacturer’s protocol.  Lymph nodes were similarly 

stained with tetramers and antibodies against CD4, CD8α, CD69, IL-12 receptor β2, 

CD101, CD11c, I-A(b), CTLA4, CD86, and intracellular FoxP3. 
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Ex Vivo Stimulation and Intracellular Labeling 

24 hours before collection, splenic CD11c+ dendritic cells were isolated from 

untreated C57BL/6J mice using positive selection (Miltenyi Biotec, Auburn, CA).  

Dendritic cells were plated at a density of 4 x 105 cells/mL in RPMI 1640 supplemented 

with 10% fetal bovine serum, 25 mM HEPES, 1 mM sodium pyruvate, 1x nonessential 

amino acids, and 100 U/mL penicillin and streptomycin.  Influenza A NP366-374 

(ASNENMETM) and influenza A NP311-325 (QVYSLIRPNENPAHK) peptides were 

synthesized (New England Peptide, Inc., Gardner, MA) and added to dendritic cells at a 

concentration of 10 μM.  24 hours later, single-cell suspensions from the lungs of 

infected mice were co-cultured with the dendritic cells for 5 hours in the presence of 

monensin (BioLegend).  Cells were labeled with the Zombie Aqua kit prior to Fc 

blocking and labeling with fluorescent antibodies against CD4, CD8α, IL-12 receptor β2, 

FasL, CD107a, and the H-2D(b)-restricted and I-A(b)-restricted influenza A tetramers.  

After surface labeling, cells were permeabilized with the FoxP3/transcription factor 

staining buffer set (eBioscience).  After permeabilization, cells were labeled with 

antibodies against IFNγ, T-bet, and Granzyme B (GZMB) (Table 6).  After labelling, cells 

were immediately analyzed on the Attune NxT. 

 

RNA Isolation and Quantitative PCR 

RNA was isolated from lung homogenate using TRIzol reagent per the 

manufacturer’s protocol (Life Technologies, Grand Island, NY).  RNA was quantified 

with the Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA).  

Following reverse transcription, cDNA was quantified with real-time PCR SYBR green 
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analysis using the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, 

Foster City, CA).  Ribosomal protein L13A (RPL13A) served as the endogenous control 

and relative mRNA expression was calculated using the ΔΔCt method.  Primer 

sequences are listed in Table 8. 

 

Table 8: Influenza M1 and RPL13a Primer Sequences 
 

Gene Forward Primer Sequence Reverse Primer Sequence 

Influenza M1 CAAAGCGTCTACGCTGCAGTCC AAGACCAATCCTGTCACCTCTGA 

RPL13a GTTGATGCCTTCACAGCGTA AGATGGCGGAGGTGCAG 

 

Statistical Analysis 

The mean ± SEM was determined for each treatment group in individual 

experiments. Homogenous data were analyzed by two-way parametric ANOVA with 

Prism8 (GraphPad Software, San Diego, CA).  When significant differences were 

observed, Tukey’s post-hoc analysis was used to compare treatment groups.  Animals 

which showed no signs of infection were excluded from statistical analyses.   

 

Results 

Purity of Isolated T and B Cells 

 Following magnetic isolation of splenic T cells and B cells by negative selection, 

the T cell suspensions and B cell suspension were labeled with fluorescent antibodies 

against CD3, CD4, CD8α, and CD19 (Figure 29A, B).  These results showed the T cell 

population was ~97% pure (Figure 29C) and the B cell population was ~96% pure 



123 
 

(Figure 29D).  Additionally, CD4:CD8 ratios were not significantly different between the 

isolated wildtype and Nrf2-null (KO) T cells (Figure 29E, F). 

 

Comparison of Intrapharyngeal Influenza Instillation to Intranasal Instillation 

 In previous studies, we utilized intranasal administration of virus to cause 

infection.  However, intranasal instillation can result in experimental variability due to 

varied inhalation of the instilled material; several studies have demonstrated that 

intranasal instillation leaves a significant portion of the administered dose in the nasal 

passages, and some of the dose also reaches the gastrointestinal tract.413,414  Evidence 

suggests that using intratracheal administration of influenza virus results in less 

variability in delivered viral titers and subsequent inflammation and immune 

responses.415  While intratracheal administration is attractive, it must be performed by 

skilled personnel.  An alternative route of administration which still bypasses the nasal 

cavity and esophagus is intrapharyngeal instillation.  This technique reliably dispersed 

nanomaterials and bacteria in the lungs of mice.416,417  In the method we used here, 

influenza virus was pre-loaded into a wide-bored pipet tip.  Surface tension keeps the 

virus inoculum in the tip until the force of aspiration draws the inoculum into the trachea.  

Since this can result in a higher delivered viral titer to the lungs, we performed a titration 

of the virus using 1x, 0.1x, and 0.05x compared to 1x intranasal infection (1x = 0.23 

TCID50 delivered).  As expected, 1x delivered intrapharyngeally caused more severe 

weight loss than 1x intranasal infection (Figure 30A).  On the contrary, 0.1x and 0.05x 

instillations resulted in significantly reduced weight loss compared to 1x intranasal 

instillation.  Beyond weight loss, CD4+ and CD8+ T cell infiltration to the lung was 
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Figure 29: Isolated T and B cells were of high purity and not substantially different between genotypes.  T cells 
were magnetically isolated from wildtype and Nrf2-null (KO) mice to be used for adoptive transfer.  B cells from wildtype 
mice were similarly isolated.  The resulting cells were labeled with fluorescent antibodies against CD3, CD4, CD8α, and 
CD19 along with Zombie Aqua viability dye.  Cells were quantified on the Attune NxT flow cytometer.  (A) Gating strategy 
to determine purity of T cells as well as CD4+ and CD8+ T cell percentages within the total T cell pool.  (B) Gating strategy 
to determine the purity of isolated B cells.  (C) Purity of isolated T cells.  (D) Purity of isolated T cells from wildtype and 
Nrf2-null mice.  (E) Percentages of CD4+ T cells within the total T cell pools.  (F) Percentages of CD8+ T cells within the 
total T cell pools. 
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also assessed.  0.1x and 0.05x instillations resulted in minute T cell responses 

compared to 1x intrapharyngeal administration (Figure 30B, C), and a reduced 

frequency of effector CD8+ T cells, denoted by high CD44 and low CD62L expression 

(Figure 30C).  As 1x was too high but 0.1x and 0.05x were too low, 0.75x was used in 

subsequent studies. 

 

The Absence of Nrf2 in T Cells Ameliorated Weight Loss During Influenza Infection 

 Following sublethal infection with influenza A virus, body weight was monitored 

daily (Figure 31B).  Mice lacking Nrf2 in the T cell compartment showed substantially 

lower morbidity during infection compared to mice with wildtype T cells.  Notably, food 

consumption data (Figure 31A) matched the weight loss data, but no differences in food 

consumption were detected in the two weeks leading up to infection suggesting the 

difference is due to the infection and associated immune response. 

 

Lack of Nrf2 in T Cells was also Associated with Less Lung Damage Following Infection 

 To assess lung damage, lactate dehydrogenase (LDH) activity was measured in 

the BALF of infected animals (Figure 32).  Regardless of diet, the presence of Nrf2 in T 

cells was associated with elevated LDH activity which suggests increased Nrf2 in T cells 

promoted lung damage.  Surprisingly, the amount of total protein in the BALF was not 

different among groups (data not shown). 
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Figure 30: Comparison of intrapharyngeal influenza instillation to intranasal 
instillation.  B6 SCID mice which were reconstituted with wildtype T cells and B cells 
were anesthetized with avertin and infected with 1x (0.23 TCID50), 0.1x (0.023 TCID50), 
or 0.05x (0.0115 TCID50) of influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs 
were removed and dissociated for flow cytometric analysis of CD4+ and CD8+ T cells 
within. (A) Weight loss was monitored for 10 days post-infection.  (B) Quantitation of 
CD4+ cells within the lungs and distribution of effector/memory (EFM), central memory 
(CM), or naïve cells.  (C) Quantitation of CD8+ cells within the lungs and distribution of 
effector/memory (EFM, CD44hiCD62Llo), central memory (CM, CD44hiCD62Lhi), or naïve 
cells (CD44loCD62Lhi).   
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Figure 31: The absence of Nrf2 in T cells protected mice against influenza-
associated weight loss.  B6 SCID mice were reconstituted with T cells from either 
wildtype or Nrf2-null mice.  15 weeks later, mice were placed on diets with or without 
0.0014% tBHQ.  2 weeks after starting the diets, mice were infected with 0.17 TCID50 of 
influenza A/PR/8/34 (H1N1) and their body weights were monitored daily.  (A) Daily 
food consumption estimates.  (B) Change in body weight from the day of infection.  † 
denotes p < 0.05 between wildtype and Nrf2-null reconstituted animals on control diet.  
‡ denotes p < 0.05 between wildtype and Nrf2-null reconstituted animals on tBHQ diet. 
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Figure 32: The presence of Nrf2 in T cells was associated with exacerbated lung 
injury during influenza infection.  Ten days post-infection, bronchoalveolar lavage 
fluid was collected and LDH activity was measured.  * p < 0.05 between indicated 
groups. 
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Nrf2-null T Cells were Found More Frequently in the Lungs of Infected Mice 

 Following infection, single cell suspensions from dissociated lungs were labeled 

with MHC-I- and MHC-II-restricted tetramers loaded with influenza peptides in addition 

to fluorescent antibodies against CD4 and CD8α (Figure 33A-C).  Mice with Nrf2-

deficient T cells had enhanced CD4+ T cell counts in the lung (Figure 33D) in addition to 

an increased abundance of influenza-specific CD4+ and CD8+ T cells (Figure 33F, G).  

Interestingly, no differences in CD8+ T cells within the lung were detected between 

groups, in stark contrast to our previous work that showed a staunch reduction in lung 

CD8+ T cells following tBHQ exposure.  Another interesting phenomenon was that the 

noted increases were suppressed by tBHQ, and these reductions were limited to mice 

lacking Nrf2 in T cells. 

 

Lack of Nrf2 in T Cells Altered the Frequency of Effector T Cells within the Lungs of 

Infected Mice 

Following infection, single cell suspensions from dissociated lungs were labeled 

with fluorescent antibodies against CD4, CD8α, CD44, and CD62L to identify effector 

cells (CD44hiCD62Llo).  As expected, the majority of CD4+and CD8+ cells in the lung at 

this time were effector cells (Figure 34A, B).  Consistent with the increase in total 

CD4+ cells within the lung, the number of effector CD4+ cells was also increased (Figure 

34C).  Notably, this difference appeared to be due to the total increase in CD4+ T cells 

as there was no difference in the ratio of effector CD4+ cells to total CD4+ cells (Figure  
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Figure 33: Nrf2 intrinsically suppresses influenza-specific T cell accumulation in 
the lungs during infection.  B6 SCID mice were reconstituted with T cells from either 
wildtype or Nrf2-null mice.  15 weeks later, mice were placed on diets with or without 
0.0014% tBHQ.  2 weeks after starting the diets, mice were infected with 0.17 TCID50 of 
influenza A/PR/8/34 (H1N1).  Ten days later, their lungs were removed and dissociated 
into single cell suspensions which were labeled with influenza peptide-loaded tetramers 
and fluorescent antibodies against CD4 and CD8α. (A) Representative density plot 
showing CD4 and CD8 populations within the lungs, gated first on viable lymphocytes.  
(B) Density plot showing positive MHC-II-restricted tetramer binding.  (C) Density plot 
showing positive MHC-I-restricted tetramer binding.  (D) Quantification of CD4+ cells 
within the lung.  (E) Quantification of CD8+ cells within the lung.  (F) Quantification of 
influenza-specific CD4+ cells in the lung.  (G) Quantification of influenza-specific 
CD8+ cells in the lung. * p < 0.05 between indicated groups.  ** p < 0.01 between 
indicated groups. 
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34D).  However, this was not the case for effector CD8+ cells, in which Nrf2-null CD8+ T 

cells were shown to be reduced in counts as well as frequency within the total CD8+ T 

cell pool (Figure 34E, F).  

 

Absence of Nrf2 in T Cells Led to Dysregulated T Cell Activation 

Following infection, single cell suspensions from dissociated lungs were labeled 

with fluorescent antibodies against CD4, CD8α, CD25, and CD69 to identify T cells in 

various stages of activation (Figure 35A, B).  Notably, Nrf2-null CD4+ T cells were found 

in each stage of activation assessed based on variable expression of CD69 and CD25 

(Figure 35C).  In contrast, Nrf2-null CD8+ T cells displayed a reduction in activation 

markers compared to wildtype T cells (Figure 35D).  Consistent with our previous study 

in wildtype animals, exposure to tBHQ reduced CD4+ T cell activation.  While this was 

only statistically significant among Nrf2-null T cells, the trend persisted within the 

wildtype CD4+ T cell population as well. 
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Figure 34: Lack of Nrf2 in T cells enhanced the presence of effector CD4+ T cells but diminished the frequency of 
effector CD8+ T cells in the lungs during infection.  B6 SCID mice were reconstituted with T cells from either wildtype 
or Nrf2-null mice.  15 weeks later, mice were placed on diets with or without 0.0014% tBHQ.  2 weeks after starting the 
diets, mice were infected with 0.17 TCID50 of influenza A/PR/8/34 (H1N1).  Ten days later, their lungs were removed and 
dissociated into single cell suspensions which were labeled with fluorescent antibodies against CD4, CD8α, CD44, and 
CD62L. (A) Representative density plot of CD44/CD62L-stained CD4+ cells.  (B) Representative density plot of 
CD44/CD62L-stained CD8+ cells.  (C) Quantification of effector CD4+ cells in lung.  (D) Effector CD4+ cells expressed as a 
percentage of total CD4+ cells.  (E) Quantification of effector CD8+ cells in lung.  (F) Effector CD8+ cells expressed as a 
percentage of total CD8+ cells. 
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Nrf2-null T Cells Produced More IFNγ than Wildtype T Cells During Infection 

Ten days post-infection, single-cell suspensions from lung homogenates were 

co-cultured with peptide-pulsed dendritic cells for five hours in the presence of 

monensin.  Following restimulation, the cells were labeled with fluorescent antibodies 

against CD4, CD8α, and intracellularly stained with an antibody against IFNγ (Figure 

36A, D).  Notably, the percentage of IFNγ CD4+ T cells (Figure 36C) was enhanced by 

the T cell-specific absence of Nrf2 in mice on the control diet and a similar trend was 

observed in influenza-specific CD8+ T cells (Figure 36F).  The abundance of IFNγ+ 

CD4+ and CD8+ T cells was similarly elevated in lungs with Nrf2-null T cells (Figure 36B, 

E).  The majority of these cells were influenza-specific T cells, and the ratio of influenza-

specific to total T cells producing IFNγ were not different between groups (data not 

shown).  The mean fluorescent intensity of IFNγ was also elevated in Nrf2-deficient T 

cells (data not shown).  Additionally, tBHQ exposure diminished this effect on IFNγ 

production. 
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Figure 35: Nrf2-null T Cells Exhibit Altered Activation Profiles During Influenza 
Infection.  B6 SCID mice were reconstituted with T cells from either wildtype or Nrf2-
null mice.  15 weeks later, mice were placed on diets with or without 0.0014% tBHQ.  2 
weeks after starting the diets, mice were infected with 0.17 TCID50 of influenza 
A/PR/8/34 (H1N1).  Ten days later, their lungs were removed and dissociated into 
single cell suspensions which were labeled with fluorescent antibodies against CD4, 
CD8α, CD25, and CD69. (A) Representative density plot of CD25/CD69-stained CD4+ 
cells.  (B) Representative density plot of CD25/CD69-stained CD8+ cells.  (C) 
Quantification of CD4+ cells in lung expressing CD69, CD69 and CD25, or CD25.  (D) 
Quantification of CD8+ cells in lung expressing CD69, CD69 and CD25, or CD25. 
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Figure 36: T cells lacking Nrf2 have augmented IFNγ production in response to 
influenza infection.  B6 SCID mice were reconstituted with T cells from either wildtype 
or Nrf2-null mice.  15 weeks later, mice were placed on diets with or without 0.0014% 
tBHQ.  2 weeks after starting the diets, mice were infected with 0.17 TCID50 of influenza 
A/PR/8/34 (H1N1).  Ten days later, their lungs were removed and homogenized.  The 
resulting single-cell suspension was co-cultured with influenza-peptide-pulsed dendritic 
cells in the presence of monensin.  5 hours later, cells were labeled with antibodies 
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Figure 36: (cont’d) against CD4, CD8α, and IFNγ.  Cells were quantified by flow 
cytometry.  (A) Density plot showing positive IFNγ staining within CD4+ T cells.  (B) 
Quantification of IFNγ+ CD4+ T cells.  (C) IFNγ+ CD4+ cells expressed as a percentage 
of viable lymphocytes.  (D) Density plot showing positive IFNγ staining within CD8+ T 
cells.  (B) Quantification of IFNγ+ CD8+ T cells.  (C) IFNγ+ CD8+ cells expressed as a 
percentage of viable lymphocytes.  * p < 0.05 between indicated groups.  ** p < 0.01 
between indicated groups. 
 

Nrf2-deficient T Cells Display Reduced Effector Function Upon Stimulation with Viral 

Antigen 

Ten days post-infection, single-cell suspensions from lung homogenates were 

co-cultured with peptide-pulsed dendritic cells for five hours in the presence of 

monensin.  Following restimulation, the cells were labeled with fluorescent antibodies 

against CD4, CD8α, CD107a, and intracellularly stained with an antibody against 

granzyme B (GZMB, Figure 37A).  Not only was the number of GZMB+ CD8+ T cells 

reduced overall in the absence of Nrf2 (Figure 37B), but the lack of Nrf2 also reduced 

the percentage of CD8+ T cells producing GZMB (Figure 37C).  Consistent with this 

finding, the overall amount of GZMB production was reduced as evidenced by a 

reduction in median fluorescence intensity (Figure 37D), and this finding was consistent 

within influenza-specific CD8+ T cells (Figure 37E) as well as in GZMB+ CD107a+ 

CD8+ T cells (data not shown). 



136 
 

 

Figure 37: Nrf2-deficient CD8+ T cells have reduced effector function during 
influenza infection.  B6 SCID mice were reconstituted with T cells from either wildtype 
or Nrf2-null mice.  15 weeks later, mice were placed on diets with or without 0.0014% 
tBHQ.  2 weeks after starting the diets, mice were infected with 0.17 TCID50 of influenza 
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Figure 37: (cont’d) A/PR/8/34 (H1N1).  Ten days later, their lungs were removed and 
homogenized.  The resulting single-cell suspension was co-cultured with influenza-
peptide-pulsed dendritic cells in the presence of monensin.  5 hours later, cells were 
labeled with antibodies against CD4, CD8α, CD107a, and granzyme B (GZMB).  Cells 
were quantified with the Attune NxT flow cytometer.  (A) Density plots showing positive 
staining of GZMB with a targeted antibody (left) compared to an fluorescence minus one 
with isotype control.  (B) Quantification of GZMB+ cells.  (C) Percentage of GZMB+ cells 
within the total CD8+ population.  (D) Median GZMB fluorescence intensity within 
CD8+ cells.  (E) Median GZMB fluorescence intensity within influenza-specific CD8+ 
cells.  * p < 0.05 between the indicated groups.  ** p < 0.01 between the indicated 
groups. 
 

Nrf2 Status of T Cells did not Affect Viral Load 

 We next analyzed viral titer by determining relative viral mRNA levels with qRT-

PCR.  Following amplification of influenza M1 no overt differences were detected 

between groups (Figure 38). 
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Figure 38: No differences detected in viral RNA within the lungs of infected mice.  
B6 SCID mice were reconstituted with T cells from either wildtype or Nrf2-null mice.  15 
weeks later, mice were placed on diets with or without 0.0014% tBHQ.  2 weeks after 
starting the diets, mice were infected with 0.17 TCID50 of influenza A/PR/8/34 (H1N1).  
Ten days later, their lungs were removed and homogenized.  Real-time PCR was used 
to quantify viral RNA from the lung homogenate.  The viral matrix protein, M1, was used 
for viral quantification and was normalized to the housekeeper gene RPL13a. 

 

Discussion 

 Nrf2 has been postulated to be a potential antiviral target and prevented viral 

entry and inflammation in influenza models.357,363,365,366  However, our understanding of 

how Nrf2 acts during viral infections at a cellular level remains poorly characterized.  We 

previously showed ex vivo that treatment of murine CD4+ T cells with the Nrf2 activator 

tBHQ caused a Nrf2-dependent polarization toward a TH2 phenotype and away from a 

TH1 phenotype.296  Given that the TH1-associated cytokine, IFNγ, has important roles in 
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the immune response to influenza virus infection, we sought to determine the role of 

Nrf2 on the antiviral immune response in vivo.  By reconstituting B6 SCID mice with T 

cells from wildtype or Nrf2-null animals, we showed that Nrf2 exacerbated CD8+ T cell-

driven morbidity, evidenced by enhanced CD8+ T cell activation and effector function 

that resulted in elevated LDH activity and weight loss compared to mice with Nrf2-

deficient T cells.    

 A notable finding in this study was the increase in CD4+ T cells in the lungs of 

mice with Nrf2-null T cells compared to mice with wildtype T cells.  Interestingly, this 

effect was not seen within the CD8+ T cell compartment, although influenza-specific 

CD8+ T cells (and CD4+ T cells) were augmented by intrinsic Nrf2 deficiency.  

Interestingly, this suggests that Nrf2 might have differential effects in influenza-specific 

CD8+ T cells and bystander T cells, a phenomenon that was recently described in 

alveolar macrophages during Mycobacterium tuberculosis infection.418  The augmented 

CD4+ counts within the lungs of mice with Nrf2-null T cells also translated to an increase 

in activated CD4+ T cells, evidenced by increased expression of CD25, CD69, and 

CD44.  These animals also had an increase in IFNγ-producing CD4+ T cells, consistent 

with what we observed ex vivo.296  The findings for CD8+ T cells tell an opposite story, 

as the Nrf2-deficient CD8+ T cells appeared to be less activated and had diminished 

effector function compared to wildtype CD8+ T cells. 

Another perplexing finding in this study was that the Nrf2 activator, tBHQ, did not 

suppress the CD8+ T cell response to influenza infection, a stark juxtaposition compared 

to what we had seen in wildtype mice in previous studies.  Several possible 

experimental conditions could explain this finding.  First, due to the time gap between 
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adoptive transfer and beginning of diets, mice in this study were of greater age than 

mice in our previous studies.  Induction of Nrf2 by xenobiotics declines with age which 

could be one factor explaining why tBHQ effects were largely absent from this 

study.259,419–421  It could also be that in the studies in wildtype mice, tBHQ may have 

affected T cells before they emigrated from the thymus.  Thymic output increases during 

measles virus infections, providing a source of T cells to combat infection.422  While 

alterations in thymic output during influenza infection have not been reported, a recent 

study demonstrated that influenza A(H1N1)pdm09 – the strain responsible for the 2009 

pandemic, infected the thymus and induced T cell-mediated thymic atrophy.423  

Additionally, tBHQ was demonstrated to be cytotoxic to rat thymocytes, albeit at doses 

unlikely to have been achieved in the present studies.424  In light of these reports, it is 

possible that tBHQ modulates the development and release of T cells during influenza 

infection.  As B6 SCID mice have smaller thymuses without functional T cells, that could 

be why tBHQ effects were not seen in the present study.410  Further studies are 

warranted to determine exactly how tBHQ modulates T cell function during influenza 

infection.    

To our knowledge, this was the first study to directly assess the role of Nrf2 

specifically in T cells during primary influenza infection.  Two striking patterns emerged 

in this study: mice with Nrf2-deficient T cells had an enhanced CD4+ T cell response 

and a concurrently diminished effector CD8+ T cell response.  The lack of cytotoxic T 

cell response did not impact viral clearance; however, it did protect the host from severe 

immunopathology within the lungs suggesting Nrf2 within T cells contributes to 
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immunopathology during influenza infection.  As Nrf2 was associated with reduced a 

CD4+ T cell response and CD4+ T cell responses are important for the formation of 

memory to influenza viruses, it is tempting to speculate that Nrf2 might suppress 

memory formation and impair host responses to secondary infection.37,38  Future studies 

in our lab will aim to address that question. 
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CHAPTER 5 

Role of Nrf2 in tBHQ-mediated Suppression of the T cell Response to Influenza 

Virus Infection in Mice with a T Cell-specific Nrf2 Deletion 
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Abstract 

Tert-butylhydroquinone (tBHQ) is a food additive widely used to prevent rancidification 

of fats in human food products, and it was first used commercially in 1972.  Previous 

studies from our lab have shown immunomodulatory effects of tBHQ at low micromolar 

concentrations ex vivo, including skewing murine CD4+ T cell polarization toward a TH2 

phenotype and impairing primary and Jurkat human T cell differentiation.  Moreover, we 

recently demonstrated that tBHQ consumed through the diet at doses relevant to 

human exposure produces immunotoxic effects in mice, though the mechanism for 

these effects remains unknown.  We previously utilized an adoptive transfer model with 

SCID mice to test whether tBHQ elicited its effects through activation of the stress-

activated transcription factor, Nrf2.  However, tBHQ had no effect on wildtype T cells in 

that model.  To further elucidate the potential mechanism by which tBHQ suppresses T 

cell responses to primary influenza virus infection, we generated conditional Nrf2 

knockout mice using Cre recombinase under the CD4 promoter.  These mice and their 

“wildtype” counterparts were fed mice standard AIN-93G diet which is 0.0014% tBHQ or 

AIN-93G with the tBHQ removed and then infected the mice with a sublethal titer of 

influenza A/PR/8/34 (H1N1).  Ten days later, various parameters associated with the T 

cell response to influenza infection were assessed.  It was found that mice on the tBHQ 

diet had a subtle reduction of CD8+ T cells in the lungs as well as diminished effector 

function.  However, these effects were restricted to mice with in-tact Nrf2 within T cells.  

These results suggest that tBHQ suppresses the T cell response to influenza infection 

through T cell intrinsic activation of Nrf2. 
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Introduction 

 T cell-mediated immunity is vital in antiviral immune responses, and in vivo 

exposures to toxicants hinder both CD4+ and CD8+ T cell responses to IAV infection 

through various mechanisms.425–430  While many toxicants such as arsenic, cadmium, 

TCDD, cannabinoids, and other environmental contaminants have been studied in the 

context of anti-influenza immunity, many xenobiotics remain uncharacterized.  Among 

those is the widely used, synthetic food additive, tert-butylhydroquinone (tBHQ).  

Results from our lab show that tBHQ has immunomodulatory activity in a variety of 

immune cells including T cells from mice and humans.291,293,296,300,301,371,372  In addition 

to our published studies, we observed that in mature female wildtype mice that dietary 

tBHQ at doses relevant to human exposure impair the primary immune response to 

influenza virus leading to diminished memory formation.  These effects culminated in 

enhanced morbidity to heterosubtypic infection.  These findings suggest that tBHQ 

could be a hindrance in the development of long-lasting T cell memory to influenza virus 

infections and vaccinations, and this could have broad societal impacts as universal 

influenza vaccines that are reliant on T cells are developed in the near future. 

 Notably, the mechanism by which tBHQ suppresses T cell responses to influenza 

infection in vivo remain unknown.  tBHQ is well known for its ability to activate the 

transcription factor, Nrf2, through modification of cysteine residues on Keap1.247,248  

Indeed, our lab previously showed that Nrf2 activation by tBHQ impaired TH1 cell 

differentiation ex vivo.296  However, other effects of tBHQ on T cell function occur 

independently of Nrf2 as seen in T cells from Nrf2-deficient mice and Jurkat T cells 

harboring a CRISPR/Cas9-mediated deletion of Nrf2.300,371  We previously sought to 
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identify the mechanism by which tBHQ suppresses T cell responses to influenza 

infection utilizing an adoptive transfer model with SCID mice receiving either wildtype or 

Nrf2-deficient T cells prior to influenza infection.  However, tBHQ had no effect on T 

wildtype T cells in this model, potentially due to the increased age of the mice and/or 

lack of thymic T cells.  Accordingly, we sought to develop another model to investigate 

the role of Nrf2 activation by tBHQ on the immune response to influenza infection in 

vivo.  To do this, we bred mice containing flanking LoxP sites (floxed) on either side of 

exon 5 of Nrf2, which encodes the DNA-binding region of Nrf2 (Neh1), with mice 

expressing Cre recombinase under the CD4 promoter.343  This resulted in mice which 

were homozygous for the floxed Nrf2 allele and hemizygous for CD4-Cre which resulted 

in ablation of Nrf2 in CD4+ and CD8+ T cells.  These mice were then fed diets with or 

without tBHQ and infected with influenza A virus.  The results of this study correlated 

well with our original studies in wildtype mice exposed to tBHQ, suggesting that tBHQ 

reduces the effector CD8+ T cell response to influenza infection, and the effects 

appeared to be largely dependent on Nrf2 within T cells. 

 

Materials and Methods 

Animals and Viruses 

Mice homozygous for the floxed exon 5 of Nrf2 on a C57BL/6J background were 

generated as previously described and generously gifted from Dr. Shyam Biswal at 

Johns Hopkins University.343   B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ (hereon referred to as 

CD4-Cre) breeding pairs were purchased from Jackson Laboratories (Bar Harbor, 

Maine).  The mice were housed under specific pathogen-free conditions within the 
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clinical center vivarium at Michigan State University.  Mice homozygous for the floxed 

Nrf2 allele were bred with mice hemizygous for CD4-Cre to create mice heterozygous 

for both the floxed Nrf2-allele and CD4-Cre.  These heterozygotes were then bred with 

mice homozygous for the floxed Nrf2 allele, resulting in mice with homozygous floxed 

Nrf2 and hemizygous CD4-Cre or wildtype CD4.  From this point forward, only mice that 

were homozygous for the floxed Nrf2 allele were used for breeding.  For influenza 

infections, mice harboring homozygous floxed Nrf2 and hemizygous CD4-Cre (referred 

to as Nrf2-floxCre) or wildtype CD4 were used (referred to as Nrf2-flox).  All animal 

studies were conducted in accordance with the Guide for Care and Use of Animals as 

adopted by the National Institutes of Health and were approved by the Institutional 

Animal Care and Use Committee at Michigan State University. 

An aliquot of influenza A/PR/8/34 (H1N1) was generously gifted by Dr. Kymberly 

Gowdy at East Carolina University in Greenville, North Carolina.  The virus was then 

propagated and quantified following a published protocol.378  Briefly, the virus was 

injected into the allantoic fluid of specific pathogen-free, embryonated chicken eggs 

(Charles River Laboratories, Wilmington, MA).  The infected eggs were incubated for 48 

hours at 37.5 ˚C, followed by another 24 hours at 4 ˚C.  Following incubation, allantoic 

fluid was collected, centrifuged, and supernatant was divided into single-use aliquots.  

Aliquots were stored at -80 ˚C until used for experiments.  The propagated virus stock 

was quantified by tissue culture infectious dose 50 (TCID50) and hemagglutination 

methods.  For the TCID50, the virus was serially diluted across a 96-well plate containing 

confluent monolayers of MDCK cells (ATCC, Manassas, VA).  Cells were observed 

daily for cytopathic effect, at which point the titer was determined using the Reed-
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Muench method.379  The hemagglutination assay was performed by serially diluting the 

virus across a 96 well plate containing 0.5% chicken red blood cells and incubating the 

cells for 30 minutes at room temperature, at which point agglutination was recorded.  

The virus stock was determined to be 2.5 x 105 TCID50/mL and 7260 HAU/mL.   

 

Mouse Genotyping 

 Protocols for genotyping were obtained from Jackson Laboratories.431,432  

Genomic DNA was extracted from tail snips or ear punches and amplified using the 

KAPA Mouse Genotyping Kit (Kapa Biosystems, Wilmington, MA).  For detection of 

CD4-Cre, wildtype forward, wildtype reverse, and mutant reverse primers were used.  

For detection of floxed Nrf2, forward and reverse primers flanking exon 5 were used, 

resulting in a differently sized band dependent upon inclusion of the LoxP sites. 

Sequences for the primers are included in Table 9.  Amplification of genomic DNA 

utilized a 2 minute start at 94 ⁰C; 10 cycles of 94 ⁰C for 20 seconds, 65 ⁰C for 15 

seconds (decreasing temperature by 0.5 ⁰C per cycle), and 68 ⁰C for 10 seconds; 28 

cycles of 94 ⁰C for 15 seconds, 60 ⁰C for 15 seconds, and 72 ⁰C for 10 seconds; 72 ⁰C 

for 2 minutes; and a 10 ⁰C hold.  Following amplification, DNA gel electrophoresis was 

performed using a 2% agarose gel with a 100 bp ladder included for identification of 

bands.  Bands were visualized with ethidium bromide and a UV light.  Wildtype CD4 

was 153 bp, CD4-Cre was at 336 bp, wildtype Nrf2 was at 272 bp, and floxed Nrf2 was 

at 310 bp. 
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Table 9: qPCR and Genotyping Primer Sequences 
 

Gene Forward Primer Sequence Reverse Primer Sequence 

Influenza M1 CAAAGCGTCTACGCTGCAGTCC AAGACCAATCCTGTCACCTCTGA 

RPL13a GTTGATGCCTTCACAGCGTA AGATGGCGGAGGTGCAG 

Nrf2 Exon 5 AGCCAGCTGACCTCCTTAGA AGTGACTGACTGATGGCAGC 

Nrf2 Flox for 
Genotyping TCATGAGAGCTTCCCAGACTC CAGCCAGCTGCTTGTTTTC 

CD4-Cre for 
Genotyping GTTCTTTGTATATATTGAATGTTAGCC 

WT CD4: 
TATGCTCTAAGGACAAGAATTGACA 

 
CD4-Cre: CTTTGCAGAGGGCTAACAGC 

 

Diets and Influenza Infection 

Age-matched (8-24wks), female littermates were housed in cages in groups of up 

to 5 animals per cage and given AIN-93G purified rodent diet containing 0 or 0.0014% 

tBHQ (Dyets, Inc, Bethlehem, PA) and water ad libitum.  Food consumption was 

monitored daily.  After 2 weeks of acclimation to the diets, mice were anesthetized with 

2,2,2-tribromoethanol (avertin; Alfa Aesar, Ward Hill, MA) via intraperitoneal injection.  

Mice were intranasally instilled with 30 μL of influenza A/PR/8/34 (H1N1) at a titer of 7.5 

TCID50/mL (0.22 HAU/mL).  This resulted in a total amount of 0.23 TCID50 per mouse 

(0.0066 HAU per mouse).  Upon recovery from anesthesia, mice were returned to their 

cages and monitored daily for changes in food consumption and body weight.  Three 

mice on each diet were intranasally instilled with 30 μL of sterile saline instead of virus 

as experimental controls.  The timeline for this experiment can be seen in Figure 6.   
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Blinding 

 Upon weaning, mice were assigned an identity (X2 - #).  For all parameters, 

these numbers were used in the absence of identifying information related to treatment, 

and a separate log was kept denoting which experimental groups animals belonged to.  

Animals were re-identified following completion of assays.  The key can be seen in 

Table 10. 

 

Tissue Collection and Cell Separation 

Ten days after primary infection, mice were anesthetized with avertin and 

euthanized via cardiac puncture.  Mice were euthanized via cardiac puncture, at which 

point blood was collected into heparinized tubes. Bronchoalveolar lavage fluid (BALF) 

was collected by cannulating the trachea and flushing the lungs with 1 mL of sterile 

saline.  Lungs were excised and placed in 5 mL of DMEM containing 1 mg/mL 

collagenase D and subsequently dissociated with the gentleMACS dissociator (Miltenyi 

Biotec, Auburn, CA).  After dissociation, 1 mL of lung homogenate was centrifuged and 

resuspended in TRIzol reagent RNA analysis.  The remaining lung homogenate was 

used for FACS analysis.  Spleens of some mice were collected to assess Nrf2 

knockdown within CD4+ and CD8+ T cells.  Spleens were gently disrupted using the 

plunger of a 10 mL syringe and the remaining cells were passed through a 40 μm 

strainer.  Cells were washed in DMEM, and then CD4+ and CD8+ T cells were 

separately isolated using negative selection kits (Miltenyi Biotec, Auburn, CA). 
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Immunophenotyping 

After dissociation, lung cells were washed in FACS buffer (1% FBS in dPBS).  

Cells were incubated with Fc block (BD Pharmingen, San Diego, CA) prior to labeling 

with antibodies against CD4, CD8α, CD25, CD69, CD44, CD62L, FasL, CD107a, IL-12 

receptor β2, CTLA4, and the H-2D(b) Influenza A PA224-233 SSLENFRAYV (Alexa 647- 

labeled MHC-I Tetramer) and I-A(b) Influenza A NP311-325 QVYSLIRPNENPAHK (PE-

labeled MHC-II Tetramer) tetramers (Table 6).  Cell viability was assessed by labeling 

cells with the Zombie Aqua Fixable Viability Kit (BioLegend, San Diego, CA) prior to 

labeling with antibodies, per the manufacturer’s protocol.   

 

Ex Vivo Stimulation and Intracellular Labeling 

24 hours before collection, splenic CD11c+ dendritic cells were isolated from untreated 

C57BL/6J mice using positive selection (Miltenyi Biotec, Auburn, CA).  Dendritic cells 

were plated at a density of 4 x 105 cells/mL in RPMI 1640 supplemented with 10% fetal 

bovine serum, 25 mM HEPES, 1 mM sodium pyruvate, 1x nonessential amino acids, 

and 100 U/mL penicillin and streptomycin.  Influenza A NP366-374 (ASNENMETM) and 

influenza A NP311-325 (QVYSLIRPNENPAHK) peptides were synthesized (New England 

Peptide, Inc., Gardner, MA) and added to dendritic cells.  24 hours later, single-cell 

suspensions from the lungs of infected mice were co-cultured with the dendritic cells for 

5 hours in the presence of monensin (BioLegend).  Cells were labeled with the Zombie 

Aqua kit prior to Fc blocking and labeling with fluorescent antibodies against CD4, 

CD8α, IL-12 receptor β2, FasL, CD107a, and the H-2D(b)-restricted and I-A(b)-

restricted influenza A tetramers.  After surface labeling, cells were permeabilized   
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Table 10: Cre/Flox Blinding Key 

 

Mouse ID Genotype Diet  Mouse ID Genotype Diet 

X2-026 FL/FL Control  X2-178 FL/FL Control 

X2-027 FL/FL Control  X2-179 Cre+ FL/FL Control 

X2-028 Cre+ FL/FL Control  X2-180 FL/FL Control 

X2-029 FL/FL tBHQ  X2-186 FL/FL tBHQ 

X2-030 FL/FL tBHQ  X2-187 Cre+ FL/FL tBHQ 

X2-031 FL/FL tBHQ  X2-188 FL/FL tBHQ 

X2-035 FL/FL tBHQ  X2-189 Cre+ FL/FL tBHQ 

X2-036 Cre+ FL/FL tBHQ  X2-190 FL/FL tBHQ 

X2-037 FL/FL tBHQ  X2-191 Cre+ FL/FL tBHQ 

X2-038 Cre+ FL/FL tBHQ  X2-192 Cre+ FL/FL tBHQ 

X2-043 FL/FL Control  X2-197 Cre+ FL/FL tBHQ 

X2-044 Cre+ FL/FL Control  X2-198 Cre+ FL/FL Control 

X2-127 Cre+ FL/FL tBHQ  X2-207a Cre+ FL/FL Control 

X2-128 FL/FL tBHQ  X2-207b FL/FL Control 

X2-131 FL/FL Control  X2-216 FL/FL tBHQ 

X2-132 Cre+ FL/FL Control  X2-226 Cre+ FL/FL Control 

X2-133 Cre+ FL/FL Control  X2-228 Cre+ FL/FL Control 

X2-138 FL/FL tBHQ  X2-232 Cre+ FL/FL Control 

X2-142 Cre+ FL/FL tBHQ  X2-241 Cre+ FL/FL tBHQ 

X2-143 FL/FL Control  X2-255 Cre+ FL/FL Control 

X2-149 FL/FL Control  X2-256 Cre+ FL/FL Control 

X2-150 Cre+ FL/FL Control  X2-257 FL/FL tBHQ 

X2-151 FL/FL Control  X2-259 Cre+ FL/FL tBHQ 

X2-154 Cre+ FL/FL Control  X2-265 FL/FL Control 

X2-155 Cre+ FL/FL Control  X2-267 Cre+ FL/FL tBHQ 

X2-156 Cre+ FL/FL tBHQ  X2-280 Cre+ FL/FL Control 

X2-157 FL/FL tBHQ  X2-291 Cre+ FL/FL tBHQ 

X2-164 Cre+ FL/FL tBHQ  X2-292 FL/FL tBHQ 

X2-171 FL/FL Control  X2-293 FL/FL Control 

X2-172 FL/FL Control  X2-294 FL/FL tBHQ 

X2-173 Cre+ FL/FL Control  X2-309 Cre+ FL/FL Control 

X2-177 Cre+ FL/FL Control  X2-311 FL/FL Control 
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with the FoxP3/transcription factor staining buffer set (eBioscience).  After 

permeabilization, cells were labeled with antibodies against IFNγ, T-bet, and Granzyme 

B (GZMB) (Table 6).  After labelling, cells were immediately analyzed on the Attune 

NxT. 

 

RNA Isolation and Quantitative PCR 

RNA was isolated from lung homogenate or isolated T cells using TRIzol reagent 

per the manufacturer’s protocol (Life Technologies, Grand Island, NY).  RNA was 

quantified with the Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA).  Following reverse transcription, cDNA was quantified with real-time 

PCR SYBR green analysis using the QuantStudio 7 Flex Real-Time PCR System 

(Applied Biosystems, Foster City, CA).  Ribosomal protein L13A (RPL13A) served as 

the endogenous control and relative mRNA expression was calculated using the ΔΔCt 

method.  Primer sequences are listed in Table 9. 

 
Statistical Analysis 

The mean ± SEM was determined for each treatment group in individual 

experiments. Homogenous data were analyzed by two-way parametric ANOVA with 

Prism8 (GraphPad Software, San Diego, CA).  When significant differences were 

observed, Tukey’s post-hoc analysis was used to compare treatment groups.  Animals 

which showed no signs of infection were excluded from statistical analyses.   
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Results 

Generation of Mice Harboring a T Cell-specific Nrf2 Deletion 

 Previous studies utilized mice with a floxed exon 5 within the Nrf2 gene to knock 

out Nrf2 in a cell-specific manner.323,341,343,433–435  Accordingly, we utilized these mice to 

ablate Nrf2 within T cells.  We utilized mice expressing Cre under the CD4 promoter, as 

during T cell development, immature T cells express CD4+ and CD8+ simultaneously 

before committing to either the CD4+ or CD8+ lineage, thus allowing Cre expression to 

occur in all conventional T cells.436  Additionally, we chose to use mice with hemizygous 

Cre expression, as Cre toxicity has been observed within CD4+ T cells; notably, CD4 

expression occurs later than other T cell-specific genes during development, making 

this the most likely driver of Cre expression to not affect T cell development.437  Utilizing 

this strategy, T cells from mice with hemizygous Cre expression and homozygous for 

floxed Nrf2 showed substantial reduction of Nrf2 exon 5 mRNA expression (Figure 39).  

While some Nrf2 exon 5 mRNA was detected in T cells from Cre+ mice, this is likely due 

to residual non-T cells in the sample following negative selection which typically yields 

95% pure T cell populations. 
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Figure 39: Cre recombinase expression driven under the CD4 promoter drives 
Nrf2 ablation in both CD4+ and CD8+ T cells.  (A) Genomic DNA was isolated from 
tissues of mice collected at weaning.  Wildtype/mutant CD4 and Nrf2 were visualized by 
gel electrophoresis following DNA amplification.  (B) Nrf2-flox mice with or without 
hemizygous Cre expression under the CD4 promoter were fed diets with or without 
0.0014% tBHQ for 14 days prior to infection with influenza virus.  Ten days post-
infection, spleens were removed and splenic CD4+ and CD8+ T cells were magnetically 
isolated.  RNA was isolated from the purified cell populations, and Nrf2 exon 5 mRNA 
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Figure 39: (cont’d) was quantified by qRT-PCR and normalized to the housekeeper 
gene RPL13a.  Mean ± SEM is shown for n = 3 mice per group. 
 

Dietary Exposure to tBHQ is Associated with a Modest Decrease in Lung CD8+ T cells 

Following influenza infection, T cell populations within the lung were assessed.  

Lungs were removed and homogenized, and the resulting single-cell suspension was 

labeled with antibodies against CD8α and CD4 in addition to influenza peptide-loaded 

tetramers.  Viable CD4+ and CD8+ T cells (Figure 40A) and influenza specific 

CD4+ (Figure 40B) and CD8+ (Figure 40C) T cells were detected via flow cytometry.  

Similar to what was observed in wildtype mice exposed to tBHQ, Nrf2-flox mice 

exposed to tBHQ tended to have fewer CD8+ T cells in their lungs, and this effect was 

not seen in mice lacking functional Nrf2 in T cells (Figure 40E).  Additionally, Nrf2-flox 

mice exposed to tBHQ had a subtle reduction in influenza-specific CD4+ and CD8+ T 

cells (Figure 40F, G). 

 

tBHQ Reduced Effector T Cell Populations within the Lung and Impaired Effector 

Function 

 We previously observed a strong effect of tBHQ on effector T cell function in 

wildtype mice.  To determine whether those effects were mediated by Nrf2, we 

examined effector function in mice with a conditional Nrf2 deletion.  While less 

pronounced than in the original experiments, a similar trend was seen in the current 

studies whereby tBHQ reduced the number of effector (CD44hi) T cells in the lungs of 

infected mice (Figure 41).  Additionally, granzyme B and CD107a, two markers of 

cytotoxic function, were reduced in CD8+ T cells in a Nrf2-dependent manner (Figure  
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Figure 40: Dietary tBHQ is associated with a Nrf2-dependent reduction in lung 

CD8+ T cells following influenza infection.  Mice were put on a diet with or without 

0.0014% tBHQ 14 days prior to intranasal instillation with influenza A/PR/8/34 (H1N1).  

Ten days post-infection, lungs were removed and homogenized.  Lung homogenates 

were labeled with fluorescent antibodies against CD4 and CD8α and influenza peptide-

loaded tetramers.  Cells were quantified via flow cytometry. (A-C) Representative 

density plots of CD4+/CD8+ T cells, influenza-specific CD4+ T cells, and influenza-

specific CD8+ T cells, respectively, within the lungs of infected mice.  (D-E) 

Quantification of lung CD4+ and CD8+ T cells.  (F-G) Quantification of influenza-specific 

CD4+ T cells and CD8+ T cells within the lungs of infected mice.  Graphs show 

combined data from five independent experiments with similar results. 
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42).  Taken together, these data suggest that tBHQ activates Nrf2 within T cells leading 

to suppressed effector responses during influenza infection.  Notably, these effects 

were not seen in Nrf2-floxCre mice, suggesting Nrf2 activation within T cells by tBHQ 

contributes to the reduced effector function during infection. 

 

tBHQ Exposure Correlated with Reduced T-bet but not IFNγ Expression in CD8+ T cells. 

 We previously showed ex vivo that Nrf2 activation by tBHQ impaired TH1 cell 

polarization, evidenced by diminished IFNγ secretion and T-bet DNA-binding activity.296  

Accordingly, we identified TH1 cells and the CD8+ correlate, Tc1 cells, using intracellular 

antibodies to detect IFNγ and T-bet (Figure 43A, B).  tBHQ exposure caused a Nrf2-

dependent reduction in the number of T-bet+ CD8+ cells but had no effect on the 

number of IFNγ+ cells (Figure 43F, G).  Accordingly, no difference was observed in Tc1 

cells (Figure 43H).  In contrast, tBHQ appeared to have no effect within CD4+ T cells 

with regard to TH1 numbers (Figure 43C-E).  This downward trend was not observed in 

Nrf2-floxCre mice, suggesting Nrf2 within T cells could modulate T-bet expression 

following activation by tBHQ. 
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Figure 41: tBHQ exposure was associated with a reduced number of effector 
(CD44hiCD62Llo) CD8 T cells in the lungs of infected mice.  Mice were put on a diet 
with or without 0.0014% tBHQ 14 days prior to intranasal instillation with influenza 
A/PR/8/34 (H1N1).  Ten days post-infection, lungs were removed and homogenized.  
Lung homogenates were labeled with fluorescent antibodies against CD4 and CD8α 
and influenza peptide-loaded tetramers.  Cells were quantified via flow cytometry.  (A-B) 
Representative density plots of CD44 and CD62L expression on CD4+ and CD8+ T cells 
(C-D) Quantification of effector CD4+ and CD8+ T cells.  Graphs show combined data 
from five independent experiments with similar results. 
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Figure 42: tBHQ exposure was associated with effector function in CD8+ T cells.  
Mice were put on a diet with or without 0.0014% tBHQ 14 days prior to intranasal 
instillation with influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs were 
removed and homogenized.  The resulting single-cell suspension was co-cultured with 
influenza-peptide-pulsed dendritic cells in the presence of monensin.  5 hours later, 
cells were labeled with antibodies against CD4, CD8α, CD107a, and granzyme B 
(GZMB) in addition to tetramers to identify influenza-specific cells.  Cells were quantified 
with the Attune NxT flow cytometer.  (A) Density plots showing positive staining of 
GZMB with a targeted antibody (left) compared to an FMO with an isotype control.  (B-
C) Quantification of GZMB+ CD8+ and influenza specific CD8+ cells.  (D-E) 
Quantification of CD107a+ CD8+ and influenza specific CD8+ cells.  (F-G) Mean GZMB 
fluorescence intensity within CD8+ and influenza-specific CD8+ cells.  * p < 0.05 
between the indicated groups (2-way ANOVA with Tukey’s post-test). 
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tBHQ Exposure Correlated with Reduced Viral Clearance in a Nrf2-dependent Manner 

 We next assessed viral clearance.  Ten days post-infection, we analyzed viral 

RNA levels in the lung using primers to amplify viral M1 RNA.  We saw a 2-fold increase 

in viral RNA in animals fed tBHQ, though there was a lot of variability and therefore the 

effect was not statistically significant (Figure 44).  Notably, this variability was largely 

absent in Nrf2-floxCre mice exposed to tBHQ. 

 

The Absence of Nrf2 in T Cells Reduced Morbidity in Mice Exposed to tBHQ 

Following sublethal infection with influenza A virus, body weight was monitored 

daily (Figure 45).  Mice lacking Nrf2 in the T cell compartment showed substantially 

lower morbidity during infection compared to mice with wildtype T cells, though this 

oddly only occurred in mice exposed to tBHQ.  Presently, it is unclear why this was the 

case as Nrf2-floxCre mice had similar immunological profiles on both the control and 

tBHQ-containing diets.  Similar with our previous findings, tBHQ was not associated 

with increased morbidity in Nrf2-flox animals (correlated with wildtype mice previously).  
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Figure 43: tBHQ exposure was associated with diminished T-bet in CD8+ T cells.  

Mice were put on a diet with or without 0.0014% tBHQ 14 days prior to intranasal 

instillation with influenza A/PR/8/34 (H1N1).  Ten days post-infection, lungs were 

removed and homogenized.  The resulting single-cell suspension was co-cultured with 

influenza-peptide-pulsed dendritic cells in the presence of monensin.  5 hours later, 

cells were labeled with antibodies against CD4, CD8α, IFNγ, and T-bet.  Cells were 

quantified with the Attune NxT flow cytometer.  (A-B) Density plots showing positive 

staining of IFNγ and T-bet within CD4+ (A) and CD8+ (B) T cells.  (C-E) Number of CD4+ 

T cells with intracellular T-bet, IFNγ, or both.  (F-H) Number of CD8+ T cells with 

intracellular T-bet. IFNγ, or both. 
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Figure 44: tBHQ associated with increased viral titer in the lungs of infected mice.  

Mice were put on a diet with or without 0.0014% tBHQ 2 weeks prior to intranasal 

instillation with either sterile saline or influenza A/PR/8/34 (H1N1).  Ten days post-

infection, lungs were removed and homogenized.  Real-time PCR was used to quantify 

viral RNA from the lung homogenate.  The viral matrix protein, M1, was used for viral 

quantification and was normalized to the housekeeper gene RPL13a.   
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Figure 45: The absence of Nrf2 in T cells protected tBHQ-exposed mice against 
influenza-associated weight loss.  Nrf2-flox and Nrf2-floxCre mice were placed on 
diets with or without 0.0014% tBHQ.  2 weeks after starting the diets, mice were 
infected with 0.23 TCID50 of influenza A/PR/8/34 (H1N1) and their body weights were 
monitored daily.  * denotes p < 0.05 between control and tBHQ-exposed animals within 
the Nrf2-floxCre mice.  † denotes p < 0.05 between Nrf2-flox and Nrf2-floxCre animals on 
tBHQ diet. 
 
 

Discussion 

 tBHQ is a ubiquitous food additive in the Western diet, though it is severely 

understudied in the context of immune responses and potential immunotoxicities.  We 

previously showed tBHQ could suppress CD4+ T cell activation and skew 

polarization.296,301,371,372  Additionally, we observed in vivo that tBHQ suppressed the T 

cell response to influenza A virus infection.  We initially hypothesized that these effects 

in vivo were due to Nrf2 activation, as tBHQ is a potent Nrf2 activator.248  Our first 
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mechanistic studies utilized SCID mice which were reconstituted with T cells from either 

wildtype or Nrf2-null animals.  However, tBHQ had no effect on wildtype T cells in that 

model, though Nrf2 indeed had detrimental effects on influenza-associated 

immunopathology.  Consequently, we sought to utilize a different genetic model to 

interrogate the potential Nrf2-dependent effects of tBHQ on T cells during influenza 

infection.  We did this by creating a conditional knockout mouse lacking Nrf2 specifically 

within T cells.  Notably, the findings of these studies were mostly statistically 

insignificant due to variability between batches used for experiments, though the trends 

remained consistent batch-to-batch and were largely consistent with our previous 

statistically-powered experiments in wildtype animals. 

 Our previous studies in wildtype animals revealed that tBHQ abrogated the 

CD8+ T cell response to influenza infection by suppressing T cell infiltration to the lung 

and impairing effector function within the CD8+ T cells.  These effects correlated with 

increased viral RNA within the lungs of tBHQ-exposed mice.  The current studies 

yielded similar results, though the effects were less substantial than in the initial 

experiments.  Nonetheless, subtle reductions in CD8+ and influenza-specific CD8+ T 

cells were observed in mice on a tBHQ diet, though these effects were absent in mice 

lacking Nrf2 in T cells.  Furthermore, the number of effector T cells was reduced by 

tBHQ, and effector function as measured by granzyme B and CD107a expression was 

diminished by tBHQ in a T cell-intrinsic Nrf2-dependent fashion, ultimately suggesting 

that dietary tBHQ activates Nrf2 within T cells to suppress antiviral immune responses.  

These effects were associated with an increase in viral RNA in mice on the tBHQ diet, 

and this effect was also absent in the conditional knockout animals.  An unexpected 
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finding in these experiments was the protection elicited by tBHQ in mice with a 

conditional deletion of Nrf2.  Interestingly, these mice had 50% less weight loss 

compared to their counterparts on a control diet, and tBHQ was not protective in mice 

with in-tact Nrf2 within T cells.  Nrf2 was previously demonstrated to confer benefits to 

epithelial cells during influenza infection, including preventing viral entry and cell 

death.357,363  In light of these new findings, it is possible that in vivo activation of Nrf2 by 

dietary tBHQ diminishes T cell-mediated immunity to infection while concurrently 

protecting airway epithelial cells.  In the absence of Nrf2 in T cells, immune function and 

viral clearance are restored, and tBHQ could elicit beneficial effects within the airway 

epithelium in the absence of detrimental immunomodulatory effects, thereby leading to 

the protection seen here.  Notably, mice with a conditional knockout of Nrf2 in the 

alveolar type II cells demonstrated the ability of Nrf2 to protect these cells against toxic 

insult.341  Future studies could begin to explore the balance between Nrf2 protection in 

airway epithelial cells and immune suppression in T cells by employing airway 

epithelium-specific deletion of Nrf2 expressing Cre recombinase under the Club cell 

secretory protein promoter.438 

 In contrast to our studies that utilized an adoptive transfer model, the current 

studies revealed no genotype differences beyond weight loss.  In SCID mice, transfer of 

Nrf2-null T cells was associated with an increase of influenza-specific T cells 

responding to infection, an enhancement of IFNγ+ CD4+ T cells, and diminished effector 

function that ameliorated lung damage.  Several differences could contribute to these 

discrepancies.  First, thymic development of T cells is absent in SCID mice.410  

Accordingly, if thymic output is important during influenza infection – something that 
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remains to be explored – this represents one major difference between the two models.  

Additionally, SCID mice lack natural killer T (NKT) cells, and it was recently shown that 

Nrf2 modulates NKT cell maturation, homeostasis, and effector function.292  Similar to 

CD4+ T cells, NKT cells produce IFNγ and stimulate T cells during influenza infection; 

the absence of this cell type in the SCID adoptive transfer model could therefore explain 

the difference observed in T cell responses.439  Future studies incorporating adoptive 

transfer of NKT cells could provide insight into their importance in modulating T cell 

responses during influenza infection in the presence or absence of Nrf2.  Another 

difference could be harbored within the microbiota of the mice in these studies. The 

SCID mice were housed under stricter pathogen-free conditions than Nrf2-flox mice, 

and therefore are extremely likely to have distinct microbiomes.  Emerging evidence has 

revealed the importance of the intestinal and respiratory microbiota in modulating host 

immunity including T cell-mediated immunity to influenza infection and could be a 

contributing factor to the differences observed in these studies.440–444  Further studies 

are warranted to clarify the role of Nrf2 within T cells during influenza infection.  
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CHAPTER 6 

Summary, Significance, and Future Directions 
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Summary of Findings 

Previous studies from our lab utilized ex vivo studies to assess the role of tBHQ 

and concurrent Nrf2 activation on T cell function.  These studies revealed that tBHQ 

impaired CD4+ T cell activation and polarization, and some of these effects required 

Nrf2.  However, it was unclear if tBHQ could elicit these effects in vivo settings in which 

tBHQ can be metabolized and may not reach tissue concentrations high enough to 

achieve immunomodulatory effects.  We hypothesized that tBHQ, through activation of 

Nrf2 in T cells, would diminish the T cell response to influenza infection in mice.  To 

begin exploring the effects of tBHQ on T cells in vivo, an influenza model was 

established in which mice were fed diets with or without tBHQ at a dose relevant to 

human exposure, and the T cell responses to influenza infection were assessed.  Initial 

findings in wildtype mice revealed that tBHQ suppressed CD4+ and CD8+ T cell 

responses to primary influenza infection, evidenced by fewer CD8+ T cells in the lung 

and reduced surface expression of effector molecules on both CD4+ and CD8+ T cells.  

This led to enhanced viral RNA detected within the lungs.  While direct evidence of 

impaired TH1 polarization was not observed, mice on a tBHQ diet were prone to an 

inflammatory type 2 immune response characterized by eosinophilic inflammation and 

mucus hypersecretion compared to mice on a control diet.  Notably, the tBHQ-mediated 

immune suppression resulted in a reduced capacity for memory formation which led to 

an insufficient memory response to heterosubtypic infection. 

 As we hypothesized that tBHQ would elicit its effects on T cells through intrinsic 

Nrf2 activation, we utilized two distinct models to assess the role of Nrf2 on tBHQ-

mediated suppression of antiviral T cell responses.  The first model utilized SCID mice 
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which lack functional T cells.  The T cell compartments of these mice were reconstituted 

with T cells from either wildtype or Nrf2-null mice.  After allowing ample time for 

establishment of the T cell populations, mice were exposed to tBHQ and infected with 

influenza A virus.  This study revealed that T cell-specific Nrf2 exacerbates 

immunopathology during influenza infection.  Notably, IFNγ production was augmented 

in Nrf2-deficient T cells in vivo, consistent with our previous findings ex vivo.296  Despite 

this increase in IFNγ production, effector function was diminished in Nrf2-deficient T 

cells which suggests Nrf2 contributes to effector function.  Additionally, tBHQ had 

virtually no effect on T cell function in this model.  These findings come in stark contrast 

to the findings of our other model utilizing Cre recombinase to delete Nrf2 within T cells.  

In this model, the only consistent finding with the adoptive transfer model was that Nrf2-

deficient T cells correlated with reduced morbidity, albeit only in the presence of tBHQ.  

Furthermore, utilizing a conditional knockout of Nrf2 revealed that the 

immunomodulatory effects of tBHQ required Nrf2 in T cells.  While the findings of the 

two models are quite distinct, they both indicate that Nrf2 modulates the T cell response 

to influenza virus and worsens host outcomes.   

 

Significance of Findings 

 tBHQ can be found in a vast array of foods as it is used to prevent rancidification 

of fats.367  It was first approved for use in food in the 1970’s, decades before 

immunotoxicology assessment for food additives became utilized.370  The allowable 

daily intake, based on toxicity findings in dogs, was established as 0.7 mg/kg/day, 

though expert estimates suggest consumers likely exceed this value, up to 7.7 
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mg/kg/day.369  To this day, no risk assessment is publicly available on potential 

immunotoxicities elicited by tBHQ.  To our knowledge, the current studies are the first to 

demonstrate that tBHQ consumed through the diet at doses relevant to human 

exposure hamper T cell-mediated immunity to viral infection.  These findings come at a 

time in which the role of T cell-mediated immunity is greatly appreciated, especially in 

response to heterosubtypic infection.  In the 2009 influenza pandemic, heterosubtypic 

immunity conferred by T cells provided protection to the elderly population, while 

healthy adults – usually not at risk of severe infection – were the primary sufferers of 

severe H1N1 infection.74  Additionally, T cells were recently identified which could 

provide heterosubtypic protection against SARS-CoV-2, the causative agent for the 

COVID-19 pandemic.445  Accordingly, heterosubtypic immunity elicited by T cells is a 

vital weapon for global health against certain viral infections.  Moreover, universal 

influenza vaccines designed to protect against all strains, including novel strains with 

pandemic potential, will need to elicit long-lived T cell memory.122,399  Accordingly, it is 

imperative to identify mechanisms which impair the formation of heterosubtypic 

immunity and ways to improve the development of long-lived T cell memory pools.  The 

current findings suggest that tBHQ impairs the formation of heterosubtypic memory by 

ablating T cell responses to primary influenza infection.  By performing further risk 

assessment studies and evaluation of tBHQ-mediated immunotoxicities, it may be 

possible to overcome one hurdle to the generation of an efficacious T cell-targeting 

influenza vaccine. 

 In addition to the toxicological importance of these studies, valuable insight was 

gained into the role of Nrf2 in T cells in vivo.  Nrf2 activation by tBHQ within T cells led 
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to a type 2 inflammatory response in wildtype mice, and follow-up studies using 

conditional knockout of Nrf2 in T cells suggest that this effect required Nrf2 in a T cell-

dependent manner.  Notably, other studies demonstrated that Nrf2 suppressed TH2-

mediated pathologies within the lung.295,339  However, the data presented here suggest 

Nrf2 activation promoted a type 2 immune response.  It is entirely possible that Nrf2 can 

modulate both TH1 and TH2 responses in vivo depending on various environmental 

factors.  Additionally, CD4+ T cells exhibit a degree of plasticity, and the cytokine milieu 

during influenza infection can convert TH2 cells to TH1 cells.446  Of note, childhood 

respiratory viral infections are associated with the development of airway 

hyperresponsiveness and asthma later in life.447  However, influenza virus was shown to 

prevent the development of asthma in a mouse model in which TH1 cells prevented the 

recruitment of TH2 cells and eosinophils to the airways.448  In the context of these 

studies, Nrf2 activation by tBHQ resulted in eosinophilia within the lungs, and thus tBHQ 

exposure may contribute to the development of TH2-mediated airway disease following 

influenza infection. 

 

Future Directions 

 While the current studies demonstrated that tBHQ, through activation of Nrf2 in T 

cells, impairs the T cell response to influenza infection, much work remains to determine 

how these effects occur.  For all of the presented experiments, tBHQ was fed to the 

mice for the duration of the studies, beginning two weeks prior to initial infection up 

through terminal collection.  However, it is unclear at which point(s) in the immune 

response to infection tBHQ may impact T cell function.  In the context of primary 
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influenza infection, influenza-specific T cells can be readily detected in the mediastinal 

lymph node 4 days post-infection and T cell levels peak in the lungs 10 days post-

infection.449–451  However, mice infected with influenza have decreased appetite and 

therefore reduced exposure to tBHQ late in infection, suggesting the observed changes 

in T cell function likely occur early during the priming and expansion phase of the T cell 

response to infection.  Additionally, it is unclear from these studies if initial exposure to 

tBHQ is sufficient to abrogate memory T cell responses to infection or if continued tBHQ 

exposure is required.  Future studies should address these questions.  For instance, in 

both primary and heterosubtypic infection models, mice could be exposed to tBHQ for 

the first 5 days post-infection, then switched to a control diet devoid of tBHQ.  This 

would provide vital information on whether tBHQ causes persistent changes within 

influenza-specific T cells leading to suppressed memory formation.  It would be 

reassuring to know if tBHQ exposure during primary infection, or vaccination, is 

sufficient to dampen memory formation.  Conversely, it would be concerning to know 

tBHQ causes lasting effects on T cell populations. 

 Another pitfall of the current studies was the failure to thoroughly investigate the 

immunosuppressive features of CD8+ T cells and FoxP3+ Tregs known to be important 

in limiting anti-influenza immune responses.58,59,382  While IL-10 is known to be an 

immunosuppressive cytokine and limits inflammation during influenza infection, we were 

unable to detect IL-10 in lung cells by flow cytometry as well as secreted cytokine within 

bronchoalveolar lavage fluid.  Due to the hyperinflammatory nature of this model, it is 

likely that IL-10-producing cells are rare within the lung and thus hard to detect with the 

current methodologies.  Additionally, IL-10-producing CD4+ T cells are highly 
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heterogenous, and not all IL-10-producing T cell populations possess 

immunosuppressive activity.452  To explore the role of tBHQ/Nrf2 on 

immunosuppressive T cell functions during influenza infection, further studies must be 

conducted.  A challenge to these studies will be tying findings within regulatory T cell 

populations to effector populations, as FoxP3+ Tregs peak in the lung several days 

ahead of the effector T cell peak.54,59  Additionally, the function of FoxP3+ Tregs and IL-

10 during influenza is complex, as these limit memory responses while promoting 

memory formation and have disparate effects depending on the timing of their 

responses during primary infection.54,57,59,125,127,382  Future studies could explore the 

effects of tBHQ on IL-10 deficient mice to determine if tBHQ modulates the T cell 

response to influenza infection through an IL-10-dependent manner.  Notably, tBHQ 

was shown to induce IL-10 production in astroglia.387  More nuanced studies could also 

utilize IL-10 reporter mice to determine if tBHQ augments the number of IL-10-

producing cells in lungs and lymph nodes during influenza infection.  For these studies, 

it will be critical to establish a time course to capture the kinetics of IL-10 production and 

subsequent immune suppression.  Further studies could utilize single-cell RNA 

sequencing on purified T cell populations from the lung to identify cells with 

transcriptomic profiles correlating with immune suppression.  Notably, this could identify 

a role for FoxP3- regulatory T cells, such as Tr1 cells, which have so far been 

unexplored in the context of influenza infection.453 

 Another oversight in these studies was the potential role of Nrf2 activation on 

chemokine signaling.  Chemokines are known to be important in trafficking of T cells to 

the lungs during infection, and it was just recently revealed that the CXCL16/CXCR6 
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signaling pathway recruited precursor memory CD8+ T cells to the airways during IAV 

infection, promoting the development of heterosubtypic immunity.115  mRNA expression 

analysis revealed that tBHQ significantly downregulated both CXCL16 and CXCR6 in 

the lungs of infected mice (data not shown).  Additionally, in silico analysis revealed 

several putative ARE sequences in each gene, and microarray data from liver revealed 

that Nrf2-null mice had 4-fold induction of CXCR6 expression.454  Future studies should 

begin to explore the role of Nrf2 on chemokine signaling. 

 Lastly, human relevance of the current findings must be assessed.  At present, 

exposure data about tBHQ is largely absent from the literature making it impossible to 

identify an epidemiological link between tBHQ exposure and influenza infections.  

Additionally, human studies to assess this link would be difficult as tBHQ is often 

unlabeled on food packaging, and even when it is labeled the amount is not included.  

To overcome these challenges, the use of humanized SCID mice could be beneficial.  

The Hu-SRC-SCID mouse model allows for the engraftment of human hematopoietic 

stem cells isolated from cord blood and results in the development of a humanized 

immune system in the mice, including T cells, B cells, NK cells, antigen presenting cells, 

and myeloid cells.455  The caveat is that the resulting T cells develop within the mouse 

thymus and therefore have T cell receptors reminiscent of murine T cells instead of 

human T cell receptors.  However, this is a small disadvantage in comparison to the 

benefit of using this model to interrogate effects of tBHQ on the human immune 

response to influenza infection. 
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Ultimately, the presented studies provide a solid framework to begin interrogating 

the potential immunotoxicity of tBHQ on antiviral immune responses in vivo and provide 

initial insight into the ability of Nrf2 to regulate the T cell response to influenza infection. 
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