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Abstract  

Signaling circuits crucial to systemic physiology are widespread, yet uncovering their molecular 

underpinnings remains a barrier to understanding the etiology of many metabolic disorders. 

Here, we identify a copper-linked signaling circuit activated by disruption of mitochondrial 

function in the murine liver or heart that results in atrophy of the spleen and thymus and causes a 

peripheral white blood cell deficiency. We demonstrate that the leukopenia is caused by a-

fetoprotein, which requires copper and the cell surface receptor CCR5 to promote white blood 

cell death. We further show that a-fetoprotein expression is upregulated in several cell types 

upon inhibition of oxidative phosphorylation, including a muscle cell model of Barth syndrome. 

Collectively, our data argue that a-fetoprotein secreted by bioenergetically stressed tissue 

suppresses the immune system, an effect which may explain the recurrent infections that are 

observed in a subset of mitochondrial diseases or in other disorders with mitochondrial 

involvement. 
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Introduction 

To maintain homeostasis, tissue and organ systems must adapt in unison to varying 

metabolic challenges (Rajan and Perrimon, 2011). These responses involve a cell autonomous 

component that acts locally at the affected tissue and a complementary, cell non-autonomous 

component in which secreted factors communicate with other tissues to allow for a coherent 

systemic response (Taylor et al., 2014, Deng and Haynes, 2016). Therefore, to gain insights into 

systemic physiology and disease etiology it is imperative that we understand how organs sense 

their functional state and communicate it to distal tissues (Schinzel and Dillin, 2015, Droujinine 

and Perrimon, 2016). 

A defining feature of human mitochondrial disorders is their tremendous clinical 

heterogeneity with variable tissue-specificity, onset and severity (Suomalainen and Battersby, 

2018). While the importance of oxidative phosphorylation (OXPHOS) to cell fitness is widely 

recognized, the cell and tissue-specific consequences of the mitochondrial dysregulation that 

leads to the activation of cellular stress responses that ultimately contribute to disease 

pathogenesis remain poorly characterized. Therefore, a thorough understanding of these 

molecular mechanisms and how they contribute to pathogenesis is required. Over the last decade, 

a compendium of studies in human patients and model organisms points to mitochondrial 

dysfunction as a potent inducer of the integrated stress response (ISR) (Pakos-Zebrucka et al., 

2016). The ISR is an evolutionarily conserved, intracellular signaling cascade that finely tunes 

cytoplasmic protein synthesis and nuclear gene expression to preserve cellular homeostasis in 

response to cellular stress (Pakos-Zebrucka et al., 2016). Activating transcription factor 4 

(ATF4) integrates the four branches of the ISR, directing the expression and secretion of a 

number of factors. Two of these branches require the translation initiation factors GCN2 and 
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HRI, and each has been shown to communicate mitochondrial dysfunction (Fessler et al., 2020, 

Guo et al., 2020, Mick et al., 2020). In the context of OXPHOS defects, the enhanced secretion 

of GDF15 and FGF21 remodels metabolism and both growth factors are recognized as robust 

biomarkers for mitochondrial disorders (Lehtonen et al., 2016). However, whether the ISR plays 

a general role in modulating clinically relevant phenotypes in the molecular pathogenesis of 

mitochondrial disease remains an outstanding question in the field. 

The interplay between mitochondrial dysfunction and the immune system in disease 

pathogenesis is also poorly understood (DiMauro and Schon, 2003, Parikh et al., 2017, West et 

al., 2011), yet patients with Barth or Pearson syndrome frequently present with neutropenia or 

pancytopenia, respectively (Clarke et al., 2013, Manea et al., 2009). A comprehensive study 

investigating immune function and risk of infection further showed that patients with 

mitochondrial disease had a higher risk of suffering from recurrent infections (Walker et al., 

2014). Here, we establish that an isolated deficiency in cytochrome c oxidase (COX) in the liver 

or heart triggers the secretion of a-fetoprotein (AFP), which then acts systemically to suppress 

the peripheral immune system by inducing the death of white blood cells (WBCs). AFP therefore 

appears to play a hitherto underappreciated role in immunomodulatory responses to bioenergetic 

stress that impact systemic physiology and may contribute significantly to disease progression in 

patients with mitochondrial disorders who suffer from recurrent infections. 

 

Results 

Hepatocyte-specific deletion of Sco1 triggers a progressive leukopenia and atrophy of the 

thymus and spleen 

We previously demonstrated that mice lacking the copper chaperone Sco1 in hepatocytes 

(Sco1hep) develop normally during the first month of life, but subsequently fail to thrive and have 
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a median life expectancy of 70 days (Hlynialuk et al., 2015). Surprisingly, adult Sco1hep mice 

exhibit a severe leukopenia and profound atrophy of the spleen (Hlynialuk et al., 2015); 

however, it is unclear whether these phenotypes are a direct consequence of ablating Sco1 

expression in hepatocytes or a secondary consequence of liver failure. Therefore, to understand if 

hepatic deletion of Sco1 triggers systemic signalling that affects cells and organs of the immune 

system, we measured complete blood cell (CBC) counts, quantified organ mass and examined 

the ultrastructure of the thymus in Sco1hep mice and age-matched littermate controls at post-natal 

day 18, 27, 37 and 47 (Figure 1). This sampling schedule was selected because at post-natal day 

27 (P27) Sco1hep mice are outwardly indistinguishable from Control littermates yet their livers 

already exhibit a severe, combined COX and copper deficiency (Hlynialuk et al., 2015). We 

found that the WBC count deficiency in terminal blood drawn from Sco1hep mice was already 

manifest at P27 and progressively worsened thereafter (Figure 1A). Notably, we did not detect 

any changes in red blood cell (RBC) counts (Figure 1A). The onset of the leukopenia preceded 

any loss in body weight and was ultimately accompanied by the disproportionate atrophy of the 

spleen and thymus relative to other organs (Figure 1B). These data suggest that the effects on the 

peripheral immune system in Sco1hep mice are not secondary to liver failure, and clearly establish 

that the leukopenia is manifest prior to the atrophy of the thymus and spleen. 

To gain further insight into the underlying atrophy of the thymus, we examined thymic 

ultrastructure using standard hematoxylin and eosin (H&E) staining (Figure 1C). While the 

thymi of Control and Sco1hep mice are similar at P27, histological analysis of the P37 Sco1hep 

thymus revealed a selective thinning of the cortex (Figure 1C) and the presence of tingible body 

macrophages (Figure S1A). Additional atrophy at P47 was accompanied by a further reduction in 

the ratio of cortex to medulla, disruption of the cortical-medullary boundary and increased 
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vascularity (Figures 1C, S1A). These data together with our previous findings (Hlynialuk et al., 

2015) suggest that loss of Sco1 function in hepatocytes has a profound effect on the peripheral 

immune system, and that atrophy of the thymus and spleen in Sco1hep mice ultimately contributes 

to the progressive severity of the leukopenia. 

 

The liver secretes an immunosuppressive factor in response to bioenergetic stress caused by 

mitochondrial dysfunction 

While characterization of the albumin Cre recombinase driver we used for Sco1 deletion has 

demonstrated that loxP mediated gene excision is largely restricted to hepatocytes (Postic and 

Magnuson, 2000), we wanted to ensure that the observed immune phenotypes are indeed directly 

attributable to the loss of SCO1 function in the liver. We therefore sought to restore Sco1 

expression in the liver of Sco1hep mice using a helper-dependent adenoviral approach (Brunetti-

Pierri and Ng, 2011, Brunetti-Pierri et al., 2013). After establishing that intracardiac 

administration was superior to intraperitoneal injection for specific delivery of helper-dependent 

adenovirus to the liver relative to other peripheral organs (Figure S1B), we injected 21-24 day 

old Sco1hep mice and Control littermates with vehicle or a helper-dependent adenovirus 

containing a Sco1 cDNA under the control of a liver-specific PEPCK promoter. SCO1 

abundance was significantly increased in the livers of both Control and Sco1hep mice (Figure 

1D), which rescued the copper deficiency and the levels of the cellular copper importer CTR1 

(Figure S1C, D). Zinc and iron levels were also normalized in the livers of Sco1hep mice injected 

with adenovirus (Figure S1C). Critically, adenovirus administration normalized body and organ 

weights and restored WBC counts in Sco1hep mice (Figure 1E, F). These data show that the 

immunosuppressive effects of Sco1 loss-of-function are specific to its role in hepatocytes and not 
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attributable to aberrant Cre recombinase expression in other cell types. 

To determine if the immunosuppressive effect we observe is unique to the Sco1hep mouse 

model, we generated two additional hepatocyte-specific knockout lines that lacked the COX 

assembly factor Coa5 or Cox10. Unlike Sco1hep mice, and in agreement with existing literature, 

hepatocyte-specific deletion of Coa5 or Cox10 (Diaz et al., 2008) was not lethal (Figure S2A,B). 

Therefore, Coa5hep and Cox10hep mice were sampled at P77 and P64, respectively, as they 

display the greatest body weight difference at these time points when compared to Control 

littermates (Figure S2A, B). Both Coa5hep (Figure S2C) and Cox10hep (Hlynialuk et al., 2015) 

mice exhibited a severe, combined COX and copper deficiency in the liver, and a significant 

leukopenia in the absence of changes in RBC counts (Figure 2A, B). Copper levels in the 

circulation were higher in both hep models (Figure S2D), while atrophy of the thymus and spleen 

was marked in Coa5hep mice and relatively modest in Cox10hep animals (Figure 2C).  

To evaluate whether the varying severity of the leukopenia we observe across our mouse 

models is attributable to differences in hepatic bioenergetic status, we next quantified total ATP 

levels in age-matched Control and hep livers and plotted them against total WBC counts. These 

analyses revealed a significant, positive correlation between hepatic ATP content and WBC 

counts (Figure 2D). Consistent with the idea that perturbed energy homeostasis is associated with 

mitochondrial dysfunction, Sco1hep and Cox10hep livers exhibit a significant increase in the 

abundance of the phosphorylated form of eIF2a, a key player in the ISR (Harding et al., 2003, 

Pathak et al., 1988) (Figure 2E).  

Taken together, our findings from three unique mouse models argue that mitochondrial 

dysfunction in the liver triggers the secretion of a factor that suppresses the peripheral immune 

system. Our data further suggest that the severity of the leukopenia is a direct reflection of the 
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extent to which the hep liver is bioenergetically stressed as a result of impaired mitochondrial 

function.  

 

Hepatic mitochondrial dysfunction leads to the secretion of the immunosuppressive factor AFP  

To establish that a secreted factor is responsible for the immune phenotypes we observe as a 

result of mitochondrial dysfunction in the liver, we serially administered Control or Sco1hep 

plasma to 21-24 day old Control mice over 28 days via tail vein injection. Mice injected with 

Sco1hep plasma exhibited a significant leukopenia relative to those injected with Control plasma 

(Figure 3A) independent of alterations in thymic mass (Figure S3A), emphasizing that the 

leukopenia in our hep models does not require atrophy of the spleen or thymus. Taken together, 

these findings are consistent with a model whereby the Sco1hep liver is secreting a factor into the 

blood that is suppressing the peripheral immune system. 

A number of secreted molecules including proteins, lipids, nucleic acids and metabolites 

could account for the observed immune phenotypes (Krysko et al., 2011, Kim et al., 2017). To 

distinguish between these possibilities, we performed an in vitro primary blood mononuclear cell 

(PBMC) viability assay with Control and hep plasma sources. PBMCs grown in RPMI 

containing Control plasma are indistinguishable from those grown in media supplemented with 

fetal bovine serum (Figures 3B, S3D; - vs Control). In contrast, the viability of PBMCs co-

cultured with Sco1hep or Cox10hep plasma was markedly diminished (Figures 3B, S3D). Because 

Sco1hep livers have profound alterations in lipid metabolism reminiscent of non-alcoholic fatty 

liver disease (NAFLD) (Hlynialuk et al., 2015), we next addressed the possibility that the 

observed effects in PBMC cultures were attributable to one or more lipid species. We found that 

PBMC viability was unaffected by co-culture with plasma isolated from mice fed a high fat (HF) 
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diet (Figures 3B, S3D) (Savard et al., 2013) that had fatty livers without any discernible changes 

in their hepatic metal ion content or the abundance of core subunits of each OXPHOS enzyme 

complex (Figure S3B, C). In contrast, boiling or trypsin treatment of Sco1hep plasma abolished its 

negative effect on PBMC viability (Figure 3C), suggesting that the secreted factor is a protein. 

We therefore fractionated plasma proteins based on size and the presence of a glycan, and found 

that the bioactivity was retained in a >50 kDa glycoprotein-containing fraction (Figure 3C).  

To identify the secreted factor, the >50kDa glycoprotein-containing Control, hep and HF 

plasma fractions were analyzed by quantitative mass spectrometry (MS) (Figure 4A). We 

reasoned that the immunosuppressive factor would be absent in HF plasma, enriched in hep 

plasma and more abundant in Sco1hep than Cox10hep plasma, given the relative severity of the 

leukopenia in each model. Of the two up-regulated hits, only AFP met those criteria (Figures 4A, 

S4A). Consistent with our MS results, AFP abundance was elevated in P47 Sco1hep, P77 Coa5hep 

and P64 Cox10hep plasma (Figure 4B), and its circulating levels were significantly higher in 

Sco1hep than Control plasma at P27 and continued to increase as the severity of the leukopenia 

worsened over time (Figure 4C). In fact, the roughly 2000-fold difference in AFP abundance 

between Control and Sco1hep plasma in P47 mice was mirrored at the transcript level in the 

Sco1hep liver (Figure S4B), emphasizing that the liver is the principal organ responsible for 

secreting AFP into the circulation.  

To further validate AFP as the active component of our signaling axis, we investigated the 

effect of manipulating its abundance on WBC viability both in vitro and in vivo. The viability of 

PBMCs co-cultured in Sco1hep plasma was rescued upon immunodepletion of AFP but not by 

pre-treatment of plasma with anti-SLC25A3, an isotype antibody control (Figure 4D). 

Supplementation of standard media with recombinant AFP (rAFP) alone also induced PBMC 
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death (Figure S4C). Corroborating our in vitro findings, serial injection of 21-24 day old Control 

mice with rAFP, but not with the closely related family member albumin, resulted in a 

leukopenia of comparable severity to that seen in Control mice injected with Sco1hep plasma 

(Figure 4E). These data collectively argue that AFP secreted by the liver is directly responsible 

for the unexpected immunosuppression we observe in our hep mouse models of mitochondrial 

disease. 

 

AFP can be produced by non-hepatic models of mitochondrial dysfunction and requires copper 

for its immunosuppressive activity  

AFP is highly expressed during embryonic development and is also secreted by the yolk sac, 

stomach and cells of the intestine (Jones et al., 2001). While its expression is repressed post-birth 

by epigenetic mechanisms (Belayew and Tilghman, 1982, Vacher and Tilghman, 1990), it is 

known that the adult liver re-activates the AFP locus and secretes the protein in response to 

fibrosis, hepatitis and several hepatic cancers (Abelev, 1971, Castaneda and Pearce, 2008, 

Nakano et al., 2017). We therefore investigated whether mitochondrial dysfunction is a general 

trigger for AFP overexpression in other cell types. To test this idea, we treated the murine 

myoblast C2C12 cell line with pharmacological agents to inhibit specific OXPHOS complexes. 

Indeed, specific inhibition of COX (Complex IV) and Complexes I, III or V resulted in a modest 

but significant increase in steady-state AFP levels (Figure 4F, G). To determine whether this is a 

cell-type dependent phenotype, we treated three additional cell types with cyanide and found that 

skeletal myoblasts and B-lymphocytes, but not fibroblasts, up-regulated AFP production in 

response to COX inhibition (Figure 4H, I). These data suggest that in addition to hepatocytes, 
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several other cell types are able to increase AFP production in response to mitochondrial 

dysfunction.  

To expand upon our pharmacological analyses, we investigated whether AFP expression is 

upregulated in a non-hepatic mitochondrial disease model. We chose to use murine C2C12 

skeletal muscle cells that lack TAFAZZIN (TAZ) (Lou et al., 2018), the cardiolipin remodelling 

enzyme whose loss-of-function results in Barth syndrome (Ghosh et al., 2019). Our selection of a 

Barth syndrome model was guided by the observation that approximately 90% of Barth 

syndrome patients exhibit persistent or intermittent neutropenia in addition to skeletal muscle 

and cardiac myopathy (Clarke et al., 2013). We found that AFP abundance was ~2.5 fold higher 

in TAZ-KO C2C12 myoblasts compared to isogenic controls (Figure 4J, K). Consistent with this 

observation, COX-deficient murine hearts lacking the high affinity copper importer CTR1 (Kim 

et al., 2010) have significantly higher levels of Afp transcript (Figure S5A) and protein (Figure 

S5B) and elevated levels of the ISR marker phospho-eIF2a (Figure S5B) when compared to 

Control littermates. Taken together, these findings indicate that mitochondrial dysfunction 

triggers re-activation of AFP expression in diverse cell types and tissues.  

Several proteoforms of AFP are known to be present in the general circulation and at least 

some of these have the ability to bind a variety of ligands, including copper (Aoyagi et al., 1978). 

Therefore, an intriguing possibility is that the leukopenia in hep mice is caused by a specific 

conformer(s) constituting a fraction of the total plasma AFP pool. To address this possibility, we 

took further advantage of the Ctr1hrt mouse model because its COX-deficient heart is known to 

communicate with the liver leading to a significant hepatic copper deficiency (Kim et al., 2010). 

Like several of our hep models, P10 Ctr1hrt mice exhibited disproportionate atrophy of the spleen 

and thymus (Figure 5A) and a significant leukopenia (Figure 5B). Due to their young age, 
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circulating AFP levels were comparable in Control and Ctr1hrt animals (Figure 5C); however, 

only Ctr1hrt plasma was capable of killing PBMCs (Figure 5D). This observation is consistent 

with the idea that AFP abundance alone does not explain its immunosuppressive properties. In 

fact, Ctr1hrt and Sco1hep plasma pre-treated with the Cu(I)-specific chelator bathocuproine 

disulfonic acid (BCS) prevented the induction of PBMC death (Figure 5D, E) whereas the 

addition of copper salts to the culture media enabled the AFP-rich, age-matched (P10) Control 

plasma to stimulate PBMC death (Figure 5D). Collectively, these data argue that AFP requires 

copper to induce cell death in WBCs and cause a leukopenia. 

 

AFP promotes the death of mouse and human PBMCs via the CCR5 receptor 

To establish that AFP causes a leukopenia by stimulating WBC death, we isolated PBMCs 

from P47 Control and Sco1hep mice and cells positive for CD44, a marker of activation, and 

annexin V, an indicator of cell death. Both markers were significantly elevated in Sco1hep 

PBMCs when compared to Control PBMCs (Figures 6A, S6), consistent with the idea that AFP 

indeed stimulates WBC death. To confirm our in vivo observations and further delineate the 

temporal relationship between activation and cell death in the presence of bioactive AFP, we 

conducted a time course experiment using naïve, wild-type PBMCs co-cultured in Control or 

Sco1hep plasma. At 12 hours, CD44 staining was significantly higher in PBMCs grown in media 

containing Sco1hep plasma while annexin V staining was similar in Control and Sco1hep co-

cultures (Figure 6B, C). Annexin V positive cell numbers then increased significantly in the 

Sco1hep co-culture over the next 36 hours (Figure 6B), indicating that activated PBMCs were 

indeed dying. 
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It has been proposed that AFP exerts its immunosuppressive effects by binding to various 

cation channels and classes of receptors that include mucin, scavenger, lysophospholipid and 

chemokine receptors (Zhu et al., 2018, Newby et al., 2005, Mizejewski, 2017, Mizejewski, 2015, 

Mizejewski, 2014, Mizejewski, 2011). To date, however, AFP has only been shown to bind 

directly to the chemokine receptor CCR5 (Atemezem et al., 2002). We therefore co-cultured 

PBMCs in Control or Sco1hep plasma alone or in media that also contained the CCR5 antagonist 

Maraviroc (Dorr et al., 2005) and found that receptor blocking rescued cell viability (Figure 6D). 

To determine if AFP from our hep mouse models of mitochondrial disease also acts in an 

immunosuppressive manner on human cells via the same mechanism, we repeated the 

experiment and found that pharmacologically blocking the CCR5 receptor ablated the ability of 

Sco1hep plasma to kill human PBMCs (Figure 6D). Taken together, our data argue that AFP 

requires both copper and CCR5 to activate and kill WBCs to induce a leukopenia. Our findings 

further establish that this immunosuppressive mechanism is also capable of triggering the death 

of human PBMCs and suggest that tissue release of a specific AFP conformer in response to 

mitochondrial dysfunction provides a mechanism to suppress the peripheral immune system. 

 

Discussion 

Here, we uncover a molecular mechanism by which a primary mitochondrial dysfunction in 

the liver compromises the peripheral immune system, revealing the basis of a surprising inter-

tissue signaling circuit. We demonstrate that a defect in OXPHOS in the post-natal mouse liver 

induces robust secretion of AFP which, in concert with copper, activates cell death in leukocytes 

by interacting with the cell surface receptor CCR5. In turn, this leads to a progressive leukopenia 

and atrophy of the thymus and spleen. Patients with inherited mitochondrial disorders are well-
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known to be susceptible to acute febrile infections (Muraresku et al., 2018) and in some cases 

manifest with congenital neutropenia (Spoor et al., 2019); however, a molecular basis for these 

phenotypes has been lacking until now. Together, our findings identify an immunosuppressive 

mechanism that could account for why some groups of patients with mitochondrial dysfunction 

are vulnerable to infections. It may also explain why patients with elevated circulating AFP 

levels owing to ataxia telangiectasia or other cerebellar ataxias with suspected mitochondrial 

involvement are also prone to recurrent infection (Waldmann and McIntire, 1972, Renaud et al., 

2020). However, considering the tremendous clinical heterogeneity of mitochondrial diseases it 

is likely that additional mechanisms contribute to immunosuppression in a context-dependent 

manner that have yet to be identified. 

AFP is a major serum protein expressed by the developing embryo that is under tight 

temporal and spatial regulation (Belayew and Tilghman, 1982, Krumlauf et al., 1986). Post-birth, 

multiple genetic factors coordinate a conserved developmental program to repress transcription 

via elements upstream of the gene promoter (Perincheri et al., 2005, Vacher and Tilghman, 1990, 

Xie et al., 2008). However, liver dysfunction in adults can reactivate AFP expression in 

hepatocytes, most notably with hepatic cellular carcinoma (HCC) and fibrosis (Abelev, 1971, 

Nakano et al., 2017). Though the precise functional consequence of AFP secretion in these 

disease settings is poorly understood, it has been suggested to increase hepatocyte cell 

proliferation in HCC. In the context of mitochondrial dysfunction, hyperplasia of hepatocytes is 

not observed (Hlynialuk et al., 2015) nor are high circulating levels of AFP alone toxic to 

leukocytes. Instead, the leukocyte toxicity requires AFP and copper, a known ligand of this 

serum protein (Aoyagi et al., 1978). 
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Copper is an essential metal that acts as a co-factor for select cellular enzymes catalyzing 

redox reactions. This trace element is obtained from the diet and then systemically distributed to 

meet cellular demand. In mammals, the liver acts as the principal storage tissue to coordinate 

systemic copper levels, a function that is of utmost importance in early post-natal life and in 

response to copper handling defects in other tissues. Intracellular copper is trafficked by a series 

of dedicated chaperones that form an effective delivery pathway to target enzymes for metalation 

or labile pools for storage (Cobine et al., 2021). Many of the central factors for copper transport 

have been elucidated and disruptions to these steps can exert devastating effects on human 

health. In our mouse models of mitochondrial dysfunction, we observe a signature of disrupted 

copper homeostasis in the liver and a responsive cascade of subsequent compensatory events. 

This response initiates with the progressive loss of the CTR1 copper transporter in the liver via 

proteasomal degradation, effectively reducing copper uptake (Hlynialuk et al., 2015). However, a 

shift to enhance copper efflux from the tissue likely follows, given that the levels of copper and 

the copper-dependent ferroxidase ceruloplasmin are both elevated in hep plasma (Hlynialuk et 

al., 2015). Consistent with an important role for hepatic copper mobilization in the observed 

immune phenotypes, the liver of Ctr1hrt mice upregulates ATP7A expression and pumps copper 

into the circulation as a consequence of loss of CTR1 function in the heart, a response that 

renders it copper-deficient relative to the liver of wild-type littermates (Kim et al., 2010).  

To reconcile our findings, we propose the following model. The induction of AFP synthesis 

in response to mitochondrial dysfunction coincides with the cellular response to increased copper 

efflux into the secretory system. Although the exact role of copper in potentiating the 

immunosuppressive properties of AFP is currently unclear, we speculate that AFP is copper-

loaded prior to its secretion. Our model accounts for the apparent inert activity of high 
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circulating levels of AFP in the early post-natal period and makes clear predictions that 

disruptions to copper efflux into the secretory system would ablate the leukocyte toxicity. 

Copper delivery to the secretory system is mediated via ATOX1 to the ATPase copper pumps, 

ATP7A and ATP7B (Hamza et al., 2003). Pathogenic variants in ATP7A and ATP7B manifest as 

Menkes and Wilson disease, respectively (Bull et al., 1993, Vulpe et al., 1993). In line with our 

model, neither disorder is characterized by immune suppression or neutropenia, even though 

severe liver pathology is a hallmark of Wilson disease (Schilsky, 2014). Mitochondrial signaling 

has previously been shown to promote cellular copper efflux (Leary et al., 2007, Leary et al., 

2013), and the most severe leukopenias in our hep models coincide with higher levels of copper 

in the circulation. While these findings support the notion that sufficient ATP7A and ATP7B 

remains localized within the secretory system to account for the observed phenotypes in liver 

experiencing mitochondrial dysfunction, future investigations will be required to untangle the 

trafficking dynamics of the efflux transporters in hepatocytes under these conditions. 

A key question remains, which is how is the transcriptional suppression of AFP expression 

released? Although we observe ISR activation upon mitochondrial dysfunction in the liver, it 

may be that it is not the signaling cascade that regulates AFP induction. ISR activation is 

emerging as a robust stress response to mitochondrial OXPHOS dysfunction in patients and in 

animal models of these diseases (Davis et al., 2016, Koene et al., 2015, Lehtonen et al., 2016, 

Mick et al., 2020, Yatsuga et al., 2015). The signaling cascade leads to the induction and 

secretion of two growth factors, GDF15 and FGF21, that remodel cellular metabolism in 

response to nutritional and metabolic disturbances. Thus, while induction of this stress response 

is not surprising in our mouse models, ISR activation in other mitochondrial disorders caused by 

OXPHOS dysfunction is not always accompanied by increased AFP expression or a leukopenia 
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(Forsstrom et al., 2019, Kuhl et al., 2017). We propose instead that the central role of 

mitochondrial signaling in regulating copper homeostasis in the liver likely underpins the 

mechanism for AFP immunosuppression. The basis of this pathway opens up an exciting new 

avenue for the role of mitochondria in intracellular signaling. 

In conclusion, we identify a novel tissue crosstalk mechanism whereby the homeostatic role 

of mitochondria in coordinating hepatic copper homeostasis intersects with the function of the 

peripheral immune system. Diet could also be a key factor in modulating the response, 

particularly with foods rich in copper. Future studies will explore the role of this leukopenia 

mechanism in the underlying susceptibility of patients with mitochondrial disease or ataxia 

telangiectasia to infections. 
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Figure legends 

Figure 1. A) Progressive leukopenia in Sco1hep mice (p< 0.01), B) disproportionate reduction in 

the wet weights of the Sco1hep spleen and thymus at P37 (p<0.01) and P47 (p<0.001) and C) 

selective thinning of the thymic cortex. Scale bars 2mm except for P47 Sco1hep thymus (800µm). 
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D) Adenoviral restoration of SCO1 expression in the liver leads to E) rescue of splenic and 

thymic atrophy and F) normalization of WBC counts. Mice were injected at P21 via cardiac 

puncture with vehicle or helper-dependent adenovirus harbouring a Sco1 cDNA under the 

control of a liver-specific promoter and harvested at P47. Control refers to wild-type littermates. 

BW refers to body weight. WBC and RBC denote white and red blood cells, respectively. 

 

Figure 2. A) Coa5hep (p<0.001) and B) Cox10hep (p<0.01) mice also exhibit a significant 

leukopenia. C) Coa5hep mice have a disproportionate reduction in the wet weight of the spleen 

(p<0.01) and thymus (p<0.001), while Cox10hep mice exhibit significant yet milder atrophy of 

the spleen (p<0.05). D) Total WBC counts are positively correlated with liver ATP content in all 

three hep mouse models (R2= 0.99, p=0.001). E) P47 Sco1hep and P64 Cox10hep livers have 

higher levels of the phosphorylated form of eIF2a, an ISR marker. 

 

Figure 3. A) Total WBC counts are reduced in Control mice injected with Sco1hep plasma relative 

to those injected with Control plasma (p=0.02). B) The viability of PBMCs isolated from Control 

mice is reduced when they are co-cultured with Sco1hep or Cox10hep plasma. PBMC viability is 

unaffected by exposure to plasma from mice fed a high fat (HF) diet. C) PBMC viability is rescued 

if Sco1hep plasma is boiled or treated with trypsin. Fractionation based on size and the presence of 

a glycan revealed that the factor(s) that reduces PBMC viability is contained in a >50kDa 

glycoprotein fraction. For B) and C) the – denotes PBMCs cultured in FBS alone.  

 

Figure 4. A) AFP is significantly enriched in hep relative to Control plasma. Volcano plot with 

dotted lines indicating a 2-fold change and adjusted p-value significance threshold of 0.1. A green 
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or red symbol indicates a protein whose abundance is significantly up- or down-regulated, 

respectively. Grey symbols denote proteins whose abundance is not significantly different (ns) 

between the two groups. B) AFP abundance is markedly upregulated in Sco1hep, Coa5hep and 

Cox10hep plasma. Plasma was pooled (minimum of two males and two females per pool) and 

depleted of immunoglobulins and albumin prior to Western blotting. The Ponceau stained 

membrane indicates relative loading across lanes. C) AFP progressively accumulates in Sco1hep 

plasma (P27, p< 0.05, P37, p< 0.0001, P47, p< 0.0001). D) PBMC viability is rescued by 

immunodepleting AFP from Sco1hep plasma. Culture media supplemented with phosphate buffered 

saline (PBS) and plasma incubated with aSLC25A3, an antibody isotype control, served as 

internal controls. E) Control mice develop a leukopenia following serial injection with Sco1hep 

plasma (p<0.01) or 1µg of recombinant AFP (rAFP) (p<0.01). Control mice injected with Control 

plasma or albumin served as internal controls. F&G) Inhibition of the mitochondrial respiratory 

chain elevates AFP abundance in C2C12 myoblasts. H&I) AFP levels increase in C2C12 

myoblasts and human B-lymphoblasts upon inhibition of COX J&K) Deletion of Tafazzin (Taz-

KO) in C2C12 myoblasts results in higher steady-state levels of AFP. WT refers to wild-type. For 

panels F-K) b-actin was used as a loading conrol and data are shown as mean ± SD, n=3. *p < 

0.05, **p < 0.005. ns, not significant. **p < 0.005. 

 

Figure 5. A&B) Ctr1hrt mice exhibit disproportionate atrophy of the spleen (p<0.01) and thymus 

(p< 0.01) and have a B) leukopenia (p< 0.01). C) Plasma AFP levels are comparable in P10 

Control and Ctr1hrt plasma mice. Relative levels of AFP in Sco1hep, Cox10hep age-matched 

littermate Control plasma were quantified at the same time and are shown here for comparative 

purposes. D) PBMC viability is adversely affected by Ctr1hrt plasma, an effect that can be 
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rescued by adding the copper chelator bathocuproine sulphonate (BCS) to the media. Viability of 

PBMCs is also reduced if copper-histidine (Cu-His) is added to media containing P10 Control 

plasma. E) BCS also negates the negative effect of Sco1hep plasma on PBMC viability.  

 

Figure 6. A) PBMCs isolated from peripheral blood of Sco1hep mice have an increased number 

of cells that stain positive for the activation marker CD44 and the apoptotic marker Annexin V 

when compared to PBMCs isolated from Controls. B) PBMCs isolated from Control mice were 

co-cultured in media containing Sco1hep plasma are activated earlier and demonstrate a 

progressive increase in cell surface expression of the apoptotic marker annexin V relative to 

PBMCs cultured in Control plasma. C) Cells analyzed in B) show blebbing (a sign of apoptosis) 

as early as 12-24 hrs in culture and loss of cellularity after 72 hr in culture in response to co-

culture with Sco1hep but not Control plasma. D) Human PBMC viability is also reduced in media 

containing Sco1hep plasma, and can be rescued with the CCR5 antagonist Maraviroc.mPBMCs 

and hPBMCs denote PBMCs of mouse or human origina, respectively. 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

References 

ABELEV, G. I. 1971. Alpha-fetoprotein in ontogenesis and its association with malignant 
tumors. Adv Cancer Res, 14, 295-358. 

AOYAGI, Y., IKENAKA, T. & ICHIDA, F. 1978. Copper(II)-binding ability of human alpha-
fetoprotein. Cancer Res, 38, 3483-6. 

ATEMEZEM, A., MBEMBA, E., MARFAING, R., VAYSSE, J., PONTET, M., SAFFAR, L., 
CHARNAUX, N. & GATTEGNO, L. 2002. Human alpha-fetoprotein binds to primary 
macrophages. Biochem Biophys Res Commun, 296, 507-14. 

BELAYEW, A. & TILGHMAN, S. M. 1982. Genetic analysis of alpha-fetoprotein synthesis in 
mice. Mol Cell Biol, 2, 1427-35. 

BRUNETTI-PIERRI, N. & NG, P. 2011. Helper-dependent adenoviral vectors for liver-directed 
gene therapy. Hum Mol Genet, 20, R7-13. 

BRUNETTI-PIERRI, N., NG, T., IANNITTI, D., CIOFFI, W., STAPLETON, G., LAW, M., 
BREINHOLT, J., PALMER, D., GROVE, N., RICE, K., BAUER, C., FINEGOLD, M., 
BEAUDET, A., MULLINS, C. & NG, P. 2013. Transgene expression up to 7 years in 
nonhuman primates following hepatic transduction with helper-dependent adenoviral 
vectors. Hum Gene Ther, 24, 761-5. 

BULL, P. C., THOMAS, G. R., ROMMENS, J. M., FORBES, J. R. & COX, D. W. 1993. The 
Wilson disease gene is a putative copper transporting P-type ATPase similar to the 
Menkes gene. Nat Genet, 5, 327-37. 

CASTANEDA, J. A. & PEARCE, D. A. 2008. Identification of alpha-fetoprotein as an 
autoantigen in juvenile Batten disease. Neurobiol Dis, 29, 92-102. 

CLARKE, S. L., BOWRON, A., GONZALEZ, I. L., GROVES, S. J., NEWBURY-ECOB, R., 
CLAYTON, N., MARTIN, R. P., TSAI-GOODMAN, B., GARRATT, V., ASHWORTH, 
M., BOWEN, V. M., MCCURDY, K. R., DAMIN, M. K., SPENCER, C. T., TOTH, M. 
J., KELLEY, R. I. & STEWARD, C. G. 2013. Barth syndrome. Orphanet J Rare Dis, 8, 
23. 

COBINE, P. A., MOORE, S. A. & LEARY, S. C. 2021. Getting out what you put in: Copper in 
mitochondria and its impacts on human disease. Biochim Biophys Acta Mol Cell Res, 
1868, 118867. 

DAVIS, R. L., LIANG, C. & SUE, C. M. 2016. A comparison of current serum biomarkers as 
diagnostic indicators of mitochondrial diseases. Neurology, 86, 2010-5. 

DENG, P. & HAYNES, C. M. 2016. The mitokine quest(ion). Cell Res, 26, 1265-1266. 
DIAZ, F., GARCIA, S., HERNANDEZ, D., REGEV, A., REBELO, A., OCA-COSSIO, J. & 

MORAES, C. T. 2008. Pathophysiology and fate of hepatocytes in a mouse model of 
mitochondrial hepatopathies. Gut, 57, 232-42. 

DIMAURO, S. & SCHON, E. A. 2003. Mitochondrial respiratory-chain diseases. N Engl J Med, 
348, 2656-68. 

DORR, P., WESTBY, M., DOBBS, S., GRIFFIN, P., IRVINE, B., MACARTNEY, M., MORI, 
J., RICKETT, G., SMITH-BURCHNELL, C., NAPIER, C., WEBSTER, R., ARMOUR, 
D., PRICE, D., STAMMEN, B., WOOD, A. & PERROS, M. 2005. Maraviroc (UK-
427,857), a potent, orally bioavailable, and selective small-molecule inhibitor of 
chemokine receptor CCR5 with broad-spectrum anti-human immunodeficiency virus type 
1 activity. Antimicrob Agents Chemother, 49, 4721-32. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

DROUJININE, I. A. & PERRIMON, N. 2016. Interorgan Communication Pathways in 
Physiology: Focus on Drosophila. Annu Rev Genet, 50, 539-570. 

FESSLER, E., ECKL, E. M., SCHMITT, S., MANCILLA, I. A., MEYER-BENDER, M. F., 
HANF, M., PHILIPPOU-MASSIER, J., KREBS, S., ZISCHKA, H. & JAE, L. T. 2020. 
A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol. Nature, 
579, 433-437. 

FORSSTROM, S., JACKSON, C. B., CARROLL, C. J., KURONEN, M., PIRINEN, E., 
PRADHAN, S., MARMYLEVA, A., AURANEN, M., KLEINE, I. M., KHAN, N. A., 
ROIVAINEN, A., MARJAMAKI, P., LILJENBACK, H., WANG, L., BATTERSBY, B. 
J., RICHTER, U., VELAGAPUDI, V., NIKKANEN, J., EURO, L. & SUOMALAINEN, 
A. 2019. Fibroblast Growth Factor 21 Drives Dynamics of Local and Systemic Stress 
Responses in Mitochondrial Myopathy with mtDNA Deletions. Cell Metab, 30, 1040-
1054 e7. 

GHOSH, S., IADAROLA, D. M., BALL, W. B. & GOHIL, V. M. 2019. Mitochondrial 
dysfunctions in barth syndrome. IUBMB Life, 71, 791-801. 

GUO, X., AVILES, G., LIU, Y., TIAN, R., UNGER, B. A., LIN, Y. T., WIITA, A. P., XU, K., 
CORREIA, M. A. & KAMPMANN, M. 2020. Mitochondrial stress is relayed to the 
cytosol by an OMA1-DELE1-HRI pathway. Nature, 579, 427-432. 

HAMZA, I., PROHASKA, J. & GITLIN, J. D. 2003. Essential role for Atox1 in the copper-
mediated intracellular trafficking of the Menkes ATPase. Proc Natl Acad Sci U S A, 100, 
1215-20. 

HARDING, H. P., ZHANG, Y., ZENG, H., NOVOA, I., LU, P. D., CALFON, M., SADRI, N., 
YUN, C., POPKO, B., PAULES, R., STOJDL, D. F., BELL, J. C., HETTMANN, T., 
LEIDEN, J. M. & RON, D. 2003. An integrated stress response regulates amino acid 
metabolism and resistance to oxidative stress. Mol Cell, 11, 619-33. 

HLYNIALUK, C. J., LING, B., BAKER, Z. N., COBINE, P. A., YU, L. D., BOULET, A., WAI, 
T., HOSSAIN, A., EL ZAWILY, A. M., MCFIE, P. J., STONE, S. J., DIAZ, F., 
MORAES, C. T., VISWANATHAN, D., PETRIS, M. J. & LEARY, S. C. 2015. The 
Mitochondrial Metallochaperone SCO1 Is Required to Sustain Expression of the High-
Affinity Copper Transporter CTR1 and Preserve Copper Homeostasis. Cell Rep, 10, 933-
943. 

JONES, E. A., CLEMENT-JONES, M., JAMES, O. F. & WILSON, D. I. 2001. Differences 
between human and mouse alpha-fetoprotein expression during early development. J 
Anat, 198, 555-9. 

KIM, B. E., TURSKI, M. L., NOSE, Y., CASAD, M., ROCKMAN, H. A. & THIELE, D. J. 
2010. Cardiac copper deficiency activates a systemic signaling mechanism that 
communicates with the copper acquisition and storage organs. Cell Metab, 11, 353-63. 

KIM, S. J., XIAO, J., WAN, J., COHEN, P. & YEN, K. 2017. Mitochondrially derived peptides 
as novel regulators of metabolism. J Physiol, 595, 6613-6621. 

KOENE, S., DE LAAT, P., VAN TIENOVEN, D. H., WEIJERS, G., VRIENS, D., SWEEP, F. 
C., TIMMERMANS, J., KAPUSTA, L., JANSSEN, M. C. & SMEITINK, J. A. 2015. 
Serum GDF15 Levels Correlate to Mitochondrial Disease Severity and Myocardial 
Strain, but Not to Disease Progression in Adult m.3243A>G Carriers. JIMD Rep, 24, 69-
81. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

KRUMLAUF, R., CHAPMAN, V. M., HAMMER, R. E., BRINSTER, R. & TILGHMAN, S. M. 
1986. Differential expression of alpha-fetoprotein genes on the inactive X chromosome in 
extraembryonic and somatic tissues of a transgenic mouse line. Nature, 319, 224-6. 

KRYSKO, D. V., AGOSTINIS, P., KRYSKO, O., GARG, A. D., BACHERT, C., 
LAMBRECHT, B. N. & VANDENABEELE, P. 2011. Emerging role of damage-
associated molecular patterns derived from mitochondria in inflammation. Trends 
Immunol, 32, 157-64. 

KUHL, I., MIRANDA, M., ATANASSOV, I., KUZNETSOVA, I., HINZE, Y., MOURIER, A., 
FILIPOVSKA, A. & LARSSON, N. G. 2017. Transcriptomic and proteomic landscape of 
mitochondrial dysfunction reveals secondary coenzyme Q deficiency in mammals. Elife, 
6. 

LEARY, S. C., COBINE, P. A., KAUFMAN, B. A., GUERCIN, G. H., MATTMAN, A., 
PALATY, J., LOCKITCH, G., WINGE, D. R., RUSTIN, P., HORVATH, R. & 
SHOUBRIDGE, E. A. 2007. The human cytochrome c oxidase assembly factors SCO1 
and SCO2 have regulatory roles in the maintenance of cellular copper homeostasis. Cell 
Metab, 5, 9-20. 

LEARY, S. C., COBINE, P. A., NISHIMURA, T., VERDIJK, R. M., DE KRIJGER, R., DE 
COO, R., TARNOPOLSKY, M. A., WINGE, D. R. & SHOUBRIDGE, E. A. 2013. 
COX19 mediates the transduction of a mitochondrial redox signal from SCO1 that 
regulates ATP7A-mediated cellular copper efflux. Mol Biol Cell, 24, 683-91. 

LEHTONEN, J. M., FORSSTROM, S., BOTTANI, E., VISCOMI, C., BARIS, O. R., 
ISONIEMI, H., HOCKERSTEDT, K., OSTERLUND, P., HURME, M., JYLHAVA, J., 
LEPPA, S., MARKKULA, R., HELIO, T., MOMBELLI, G., UUSIMAA, J., 
LAAKSONEN, R., LAAKSOVIRTA, H., AURANEN, M., ZEVIANI, M., SMEITINK, 
J., WIESNER, R. J., NAKADA, K., ISOHANNI, P. & SUOMALAINEN, A. 2016. 
FGF21 is a biomarker for mitochondrial translation and mtDNA maintenance disorders. 
Neurology, 87, 2290-2299. 

LOU, W., REYNOLDS, C. A., LI, Y., LIU, J., HUTTEMANN, M., SCHLAME, M., 
STEVENSON, D., STRATHDEE, D. & GREENBERG, M. L. 2018. Loss of tafazzin 
results in decreased myoblast differentiation in C2C12 cells: A myoblast model of Barth 
syndrome and cardiolipin deficiency. Biochim Biophys Acta Mol Cell Biol Lipids, 1863, 
857-865. 

MANEA, E. M., LEVERGER, G., BELLMANN, F., STANESCU, P. A., MIRCEA, A., LEBRE, 
A. S., ROTIG, A. & MUNNICH, A. 2009. Pearson syndrome in the neonatal period: two 
case reports and review of the literature. J Pediatr Hematol Oncol, 31, 947-51. 

MICK, E., TITOV, D. V., SKINNER, O. S., SHARMA, R., JOURDAIN, A. A. & MOOTHA, 
V. K. 2020. Distinct mitochondrial defects trigger the integrated stress response 
depending on the metabolic state of the cell. Elife, 9. 

MIZEJEWSKI, G. J. 2011. Review of the putative cell-surface receptors for alpha-fetoprotein: 
identification of a candidate receptor protein family. Tumour Biol, 32, 241-58. 

MIZEJEWSKI, G. J. 2014. The adenocarcinoma cell surface mucin receptor for alpha-
fetoprotein: is the same receptor present on circulating monocytes and macrophages? A 
commentary. Tumour Biol, 35, 7397-402. 

MIZEJEWSKI, G. J. 2015. The alpha-fetoprotein third domain receptor binding fragment: in 
search of scavenger and associated receptor targets. J Drug Target, 23, 538-51. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

MIZEJEWSKI, G. J. 2017. Review of the Third Domain Receptor Binding Fragment of 
Alphafetoprotein (AFP): Plausible Binding of AFP to Lysophospholipid Receptor 
Targets. Curr Drug Targets, 18, 874-886. 

MURARESKU, C. C., MCCORMICK, E. M. & FALK, M. J. 2018. Mitochondrial Disease: 
Advances in clinical diagnosis, management, therapeutic development, and preventative 
strategies. Curr Genet Med Rep, 6, 62-72. 

NAKANO, Y., NAKAO, S., SUMIYOSHI, H., MIKAMI, K., TANNO, Y., SUEOKA, M., 
KASAHARA, D., KIMURA, H., MORO, T., KAMIYA, A., HOZUMI, K. & INAGAKI, 
Y. 2017. Identification of a novel alpha-fetoprotein-expressing cell population induced by 
the Jagged1/Notch2 signal in murine fibrotic liver. Hepatol Commun, 1, 215-229. 

NEWBY, D., DALGLIESH, G., LYALL, F. & AITKEN, D. A. 2005. Alphafetoprotein and 
alphafetoprotein receptor expression in the normal human placenta at term. Placenta, 26, 
190-200. 

PAKOS-ZEBRUCKA, K., KORYGA, I., MNICH, K., LJUJIC, M., SAMALI, A. & GORMAN, 
A. M. 2016. The integrated stress response. EMBO Rep, 17, 1374-1395. 

PARIKH, S., GOLDSTEIN, A., KARAA, A., KOENIG, M. K., ANSELM, I., BRUNEL-
GUITTON, C., CHRISTODOULOU, J., COHEN, B. H., DIMMOCK, D., ENNS, G. M., 
FALK, M. J., FEIGENBAUM, A., FRYE, R. E., GANESH, J., GRIESEMER, D., 
HAAS, R., HORVATH, R., KORSON, M., KRUER, M. C., MANCUSO, M., 
MCCORMACK, S., RABOISSON, M. J., REIMSCHISEL, T., SALVARINOVA, R., 
SANETO, R. P., SCAGLIA, F., SHOFFNER, J., STACPOOLE, P. W., SUE, C. M., 
TARNOPOLSKY, M., VAN KARNEBEEK, C., WOLFE, L. A., CUNNINGHAM, Z. 
Z., RAHMAN, S. & CHINNERY, P. F. 2017. Patient care standards for primary 
mitochondrial disease: a consensus statement from the Mitochondrial Medicine Society. 
Genet Med, 19. 

PATHAK, V. K., SCHINDLER, D. & HERSHEY, J. W. 1988. Generation of a mutant form of 
protein synthesis initiation factor eIF-2 lacking the site of phosphorylation by eIF-2 
kinases. Mol Cell Biol, 8, 993-5. 

PERINCHERI, S., DINGLE, R. W., PETERSON, M. L. & SPEAR, B. T. 2005. Hereditary 
persistence of alpha-fetoprotein and H19 expression in liver of BALB/cJ mice is due to a 
retrovirus insertion in the Zhx2 gene. Proc Natl Acad Sci U S A, 102, 396-401. 

POSTIC, C. & MAGNUSON, M. A. 2000. DNA excision in liver by an albumin-Cre transgene 
occurs progressively with age. Genesis, 26, 149-50. 

RAJAN, A. & PERRIMON, N. 2011. Drosophila as a model for interorgan communication: 
lessons from studies on energy homeostasis. Dev Cell, 21, 29-31. 

RENAUD, M., TRANCHANT, C., KOENIG, M. & ANHEIM, M. 2020. Autosomal Recessive 
Cerebellar Ataxias With Elevated Alpha-Fetoprotein: Uncommon Diseases, Common 
Biomarker. Mov Disord, 35, 2139-2149. 

SAVARD, C., TARTAGLIONE, E. V., KUVER, R., HAIGH, W. G., FARRELL, G. C., 
SUBRAMANIAN, S., CHAIT, A., YEH, M. M., QUINN, L. S. & IOANNOU, G. N. 
2013. Synergistic interaction of dietary cholesterol and dietary fat in inducing 
experimental steatohepatitis. Hepatology, 57, 81-92. 

SCHILSKY, M. L. 2014. Wilson disease: Clinical manifestations, diagnosis, and treatment. Clin 
Liver Dis (Hoboken), 3, 104-107. 

SCHINZEL, R. & DILLIN, A. 2015. Endocrine aspects of organelle stress-cell non-autonomous 
signaling of mitochondria and the ER. Curr Opin Cell Biol, 33, 102-10. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

SPOOR, J., FARAJIFARD, H. & REZAEI, N. 2019. Congenital neutropenia and primary 
immunodeficiency diseases. Crit Rev Oncol Hematol, 133, 149-162. 

SUOMALAINEN, A. & BATTERSBY, B. J. 2018. Mitochondrial diseases: the contribution of 
organelle stress responses to pathology. Nat Rev Mol Cell Biol, 19, 77-92. 

TAYLOR, R. C., BERENDZEN, K. M. & DILLIN, A. 2014. Systemic stress signalling: 
understanding the cell non-autonomous control of proteostasis. Nat Rev Mol Cell Biol, 
15, 211-7. 

VACHER, J. & TILGHMAN, S. M. 1990. Dominant negative regulation of the mouse alpha-
fetoprotein gene in adult liver. Science, 250, 1732-5. 

VULPE, C., LEVINSON, B., WHITNEY, S., PACKMAN, S. & GITSCHIER, J. 1993. Isolation 
of a candidate gene for Menkes disease and evidence that it encodes a copper-
transporting ATPase. Nat Genet, 3, 7-13. 

WALDMANN, T. A. & MCINTIRE, K. R. 1972. Serum-alpha-fetoprotein levels in patients with 
ataxia-telangiectasia. Lancet, 2, 1112-5. 

WALKER, M. A., SLATE, N., ALEJOS, A., VOLPI, S., IYENGAR, R. S., SWEETSER, D., 
SIMS, K. B. & WALTER, J. E. 2014. Predisposition to infection and SIRS in 
mitochondrial disorders: 8 years' experience in an academic center. J Allergy Clin 
Immunol Pract, 2, 465-468, 468 e1. 

WEST, A. P., SHADEL, G. S. & GHOSH, S. 2011. Mitochondria in innate immune responses. 
Nat Rev Immunol, 11, 389-402. 

XIE, Z., ZHANG, H., TSAI, W., ZHANG, Y., DU, Y., ZHONG, J., SZPIRER, C., ZHU, M., 
CAO, X., BARTON, M. C., GRUSBY, M. J. & ZHANG, W. J. 2008. Zinc finger protein 
ZBTB20 is a key repressor of alpha-fetoprotein gene transcription in liver. Proc Natl 
Acad Sci U S A, 105, 10859-64. 

YATSUGA, S., FUJITA, Y., ISHII, A., FUKUMOTO, Y., ARAHATA, H., KAKUMA, T., 
KOJIMA, T., ITO, M., TANAKA, M., SAIKI, R. & KOGA, Y. 2015. Growth 
differentiation factor 15 as a useful biomarker for mitochondrial disorders. Ann Neurol, 
78, 814-23. 

ZHU, W., PENG, Y., WANG, L., HONG, Y., JIANG, X., LI, Q., LIU, H., HUANG, L., WU, J., 
CELIS, E., MERCHEN, T., KRUSE, E. & HE, Y. 2018. Identification of alpha-
fetoprotein-specific T-cell receptors for hepatocellular carcinoma immunotherapy. 
Hepatology, 68, 574-589. 

 

 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2021.07.02.450924doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450924
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Jett et al._Word doc final
	Jett et al._Main figs
	Jett et al. Fig 1
	Jett et al. Fig 2
	Jett et al. Fig 3
	Jett et al. Fig 4
	Jett et al. Fig 5
	Jett et al. Fig 6


