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A B S T R A C T   

Triosephosphate isomerase deficiency (TPI Df) is a rare, aggressive genetic disease that typically affects young 
children and currently has no established treatment. TPI Df is characterized by hemolytic anemia, progressive 
neuromuscular degeneration, and a markedly reduced lifespan. The disease has predominately been studied 
using invertebrate and in vitro models, which lack key aspects of the human disease. While other groups have 
generated mammalian Tpi1 mutant strains, specifically with the mouse mus musculus, these do not recapitulate 
key characteristic phenotypes of the human disease. Reported here is the generation of a novel murine model of 
TPI Df. CRISPR-Cas9 was utilized to engineer the most common human disease-causing mutation, Tpi1E105D, and 
Tpi1null mice were also isolated as a frame-shifting deletion. Tpi1E105D/null mice experience a markedly shortened 
lifespan, postural abnormalities consistent with extensive neuromuscular dysfunction, hemolytic anemia, path-
ological changes in spleen, and decreased body weight. There is a ~95% reduction in TPI protein levels in 
Tpi1E105D/null animals compared to wild-type littermates, consistent with decreased TPI protein stability, a known 
cause of TPI Df. This work illustrates the capability of Tpi1E105D/null mice to serve as a mammalian model of 
human TPI Df. This work will allow for advancement in the study of TPI Df within a model with physiology 
similar to humans. The development of the model reported here will enable mechanistic studies of disease 
pathogenesis and, importantly, efficacy testing in a mammalian system for emerging TPI Df treatments.   

1. Introduction 

Triosephosphate isomerase (TPI) is a glycolytic enzyme responsible 
for interconverting glyceraldehyde-3-phosphate (G3P) and dihydroxy-
acetone phosphate (DHAP). The conversion of DHAP into G3P is 
essential for achieving the full energetic yield of glycolysis, since only 
G3P proceeds through the rest of the glycolytic pathway. Reduction in 
TPI levels results in a progressive multi-system degenerative disorder 
called TPI Deficiency (TPI Df) (Schneider et al., 1965). TPI Df is a rare 
fully recessive metabolic disorder characterized by progressive muscle 
degeneration, neurological dysfunction, hemolytic anemia, and 

markedly reduced longevity (Orosz et al., 2006). There are currently 
fewer than 20 known patients living with the disease in the world. Pa-
tients are typically diagnosed in early childhood and the disease is often 
fatal within 5 years of diagnosis. The most common cause of death is 
respiratory failure, and ventilators are often utilized in late-stage dis-
ease. Aside from supportive care, there are currently no effective 
treatments for this debilitating and aggressive disease, though the 
ketogenic diet may provide some benefit (Fogle et al., 2019). 

TPI Df is an autosomal recessive disease commonly caused by a ho-
mozygous missense mutation in the TPI1 gene leading to a single amino 
acid substitution, glutamate to an aspartate at the 105th codon 
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(TPI1E105D; previously known clinically as TPI1E104D), while heterozy-
gous family members are asymptomatic (Orosz et al., 2009; Shi et al., 
2005). However, multiple alternative disease-causing mutations have 
been identified such as TPI1I171V, TPI1R190Q, TPI1Q181P and TPI1F241L 

(Arya et al., 1997; Hollan et al., 1993; Orosz et al., 2009; Roland et al., 
2019; VanDemark et al., 2022). Importantly, many of these alleles only 
seem to be pathogenic when present as a compound heterozygote with 
TPI1E105D, illustrating the pathogenic nature of this mutation. The 
TPI1E105D mutation is thought to cause degradation of functional TPI 
protein, leading to symptomologies of the disease similar to the TPIsgk 

mutation in Drosophila melanogaster (Cabrera et al., 2018; De La Mora-De 
La Mora et al., 2013; Rodriguez-Almazan et al., 2008; Seigle et al., 2008; 
Vogt et al., 2021). It has been demonstrated that TPIsgk in Drosophila is 
targeted for degradation by the proteasome, through the activities of 
molecular chaperones such as Hsp70 and Hsp90 (Hrizo and Palladino, 
2010). Other potential regulators of mutant TPI protein have been 
identified through an RNAi screen in Drosophila, however, the mecha-
nism behind their action needs further investigation (Hrizo et al., 2021). 
Additionally, altered dimerization of TPIE105D protein may affect sta-
bility of the protein and play a role in the pathogenesis of TPI Df (Ralser 
et al., 2006; Rodriguez-Almazan et al., 2008). 

Much of the reported TPI Df research has been completed in inver-
tebrate models of the disease, such as Drosophila, or cellular models. 
While glycolytic enzymes are highly conserved, there are several limi-
tations to using an invertebrate or in vitro model to study this human 
disease such as the lack of red blood cells, differences in neuromuscular 
physiology and organ systems (e.g. liver and spleen), and a less complex 
nervous system. A vertebrate model of TPI Df would be more clinically 
relevant and enable efficacy testing. In particular, the use of a murine 
model allows for a more relevant physiology to human disease in an 
organism which is already well-studied and is relatively easy to genet-
ically manipulate. Other lab groups have isolated mutations in mouse 
Tpi1, however, none of these studies were focused on modeling TPI Df 
and, thus, did not create the Tpi1E105D mutation (Conway et al., 2018; 
Pretsch, 2009; Segal et al., 2019). The currently available mouse Tpi1 
mutant strains have been informative and model hemolytic anemia, 
however, they lack key symptoms of human TPI Df, such as neuro-
muscular dysfunction. In support of the protein-stability hypothesis, 
mouse models with markedly reduced TPI catalytic activity do not 
exhibit neuromuscular disease akin to TPI Df (Pretsch, 2009; Segal et al., 
2019). 

Here we report the production of a novel murine model of TPI Df 
which recapitulates the full scope of human disease symptoms. The 
CRISPR-Cas9 system was utilized to generate a murine model of TPI Df, 
Tpi1E105D/null. This mutation combination is akin to human patients 
carrying a TPI1E105D allele paired with TPI1R190Q, a strong hypomorphic 
loss of function allele, a combination that results in an accelerated and 
severe disease course (Roland et al., 2019). Two parent CRISPR strains 
were generated, one with a Tpi1E105D missense mutation as well as a 
silent mutation, and one with a heterozygous 11 base-pair deletion in 
the Tpi1 gene which creates a knockout of Tpi1 (Tpi1null). We have also 
established a control mouse line with only the silent mutation to be used 
in future studies as an ideal genetic control for these engineered geno-
types. Compound heterozygous Tpi1E105D/null offspring demonstrate 
characteristic symptoms of severe human TPI Df. The phenotype of these 
animals includes altered posture, hindlimb weakness, decreased body 
weight, strained breathing, hemolytic anemia, irregular movements that 
resemble myoclonic jerks, and a severely reduced longevity. These an-
imals also show evidence of marked spleen pathology. Tpi1E105D/E105D 

mice are homozygous viable, similar to the human mutation, and exhibit 
phenotypes similar to Tpi1E105D/null animals but are less severe. These 
Tpi1E105D/E105D animals have not been characterized in detail as the 
animals live significantly longer and the phenotypes develop more 
slowly (data not shown). Future studies will be needed to fully charac-
terize Tpi1E105D/E105D animals. 

2. Materials and methods 

2.1. CRISPR generation of TPI Df mice 

A gRNA binding site near the targeted Tpi1E105D knock-in (KI) mu-
tation site (see Fig. 1A) was identified using Deskgen Guide Picker 
(Hough et al., 2016). This gRNA target site was used to produce an Alt-R 
CRISPR-Cas9 crRNA (Integrated DNA Technologies, Coralville, IA) 
which was hybridized to a universal 67-mer Alt-R CRISPR-Cas9 
tracrRNA (IDT) to produce a gRNA. A 101 nucleotide PAGE-purified 
Ultramer single stranded DNA Oligonucleotide (IDT) with three phos-
phorothioate modifications (Renaud et al., 2016) on each end was 
synthesized that was homologous to the target locus and harbored the 
desired A to C knock-in mutation and a T to C silent mutation (see 
Fig. 1A) and was used as a repair template. The silent mutation was 
included to prevent gRNA binding to the mutated locus. Single cell 
C57BL/6J embryos were electroporated with gRNA (200 ng/μl), IDT 
Alt-R® HiFi Cas9 Nuclease V3 protein (50 ng/μl), and repair template 
(200 ng/μl) using a Bio-Rad Gene Pulser Xcell electroporator and 1 
mm-gap slide electrode with the following electroporation parameters: 
25V pulse x 5; 3msec pulse time; 100msec pulse interval. Following 
electroporation, surviving embryos were transferred to the oviducts of 
CD1 (Charles River) psuedopregnant recipient females. Guide RNA off 
target sites were predicted and ranked using CRISPOR (Concordet and 
Haeussler, 2018). The top 17 sites (Table S1) based on CFD score were 
amplified from founder mouse DNA and Sanger sequenced. 

2.2. Animal care 

All animals were maintained at the University of Pittsburgh with 
oversight from the Institutional Animal Care and Use Committee 
(IACUC) and in accordance with the Guide for the Care and Use of 
Laboratory Animals published by the U.S. National Institutes of Health 
(National Research Council, 2011). Animals were housed in individually 
ventilated cages under specific pathogen free conditions with 12h 
light/dark cycles (lights on at 7:00AM and off at 7:00PM) and had free 
access to food and water. Mutant mice with particularly severe muscular 
phenotypes were supplied moistened food on the bottom of the cage for 
ease of access. A humane endpoint was used to determine conditions for 
sacrifice. This endpoint was either losing 20% of body weight over the 
span of a week, or the loss of righting reflex. Animals were euthanized 
via CO2 inhalation or isoflurane overdose. Genotyping was conducted at 
~2 weeks of age from tail-snip DNA that was isolated with Lucigen 
QuickExtract DNA Extraction Solution (Lucigen, Middleton, WI) and 
amplified using Platinum™ Taq DNA Polymerase High Fidelity (Invi-
trogen, Cat. No: 11304011). Primers used for genotyping were 
5′-TCAGGTGAGATGGAGGCAGA-3’ (forward) and 5′-TGCTCGAA-
CACGACCTTCTC-3’ (reverse). Amplified DNA was sent to Genewiz 
(Azenta Life Sciences, South Plainfield, NJ) for Sanger sequencing, and 
was analyzed using SnapGene (GSL Biotech LLC, Chicago, IL) to deter-
mine genotypes (Fig. S1). 

2.3. Tissue collection 

Upon reaching conditions for humane sacrifice, phenotypic animals 
and their control littermates were sacrificed simultaneously for inves-
tigation using isoflurane overdose. Terminal weights for animals were 
recorded before being dissected. To start the dissection, a T-shaped 
incision was made across the abdomen. The diaphragm was excised to 
gain access to the heart, and a cardiac puncture was performed on the 
left ventricle with a 1 inch 23-gauge needle (BD, Cat no. 309588). Whole 
blood samples were stored within EDTA-coated tubes at 4 ◦C until being 
shipped to IDEXX BioAnalytics (Westbrook, ME) for analysis. Next, the 
liver was dissected out of the animal and cut into three equal parts. Liver 
samples were flash frozen in liquid nitrogen and stored at − 80 ◦C until 
lysis and subsequent Western blot analysis. Spleen tissues were dissected 
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and weighed after trimming of visceral fat. The spleen was then cut into 
4 equal pieces lengthwise. The two middle pieces of spleen tissue were 
placed in either 4% paraformaldehyde (PFA) or 10% buffered formalin 
(Sigma-Aldrich, Cat no. HT501128) and were fixed overnight at either 
4 ◦C (PFA) or room temperature (formalin). After fixation, spleen tissue 
was stored in 70% ethanol at 4 ◦C. Finally, brain tissue was collected and 
sectioned into two hemispheres. Brain samples were then flash frozen in 
liquid nitrogen and stored at − 80 ◦C until lysis and Western blot 
analysis. 

2.4. Bloodwork analysis 

Blood samples were shipped to the IDEXX BioAnalytics location in 
North Grafton, MA, overnight in Styrofoam coolers containing 4 ◦C cold 

packs. Upon receipt at IDEXX BioAnalytics, the EDTA-anticoagulated 
whole-blood samples were examined microscopically to assess sample 
quality, which was noted on the analysis reports. Samples were sub-
jected to either a blood count panel or a comprehensive blood count 
with reticulocyte hemoglobin. The blood count panel included analysis 
of white and red blood cell count (WBC and RBC), hemoglobin (Hgb), 
hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular 
hemoglobin (MCH), and mean corpuscular hemoglobin concentration 
(MCHC). The comprehensive blood count with reticulocyte hemoglobin 
contains all of the tests from the blood count panel but also includes 
platelet counts, reticulocyte counts, reticulocyte hemoglobin, a leuko-
cyte differential, and morphological analysis. Blood samples were 
analyzed through use of the flow-cytometry-based Sysmex XT-2000iV 
Automated Hematology Analyzer (Sysmex, Kobe, Hyogo, Japan). 

Fig. 1. CRISPR generation and creation of stable breeding lines. A) Map of murine Tpi1 gene with magnification of the CRISPR modification region. The sgRNA 
binding site is shown in red and protospacer adjacent motif (PAM) is shown in blue. Sequences for WT animals and both founder animals are shown, with mutation 
sites marked in green text. The 11 base pair deletion is marked by green strike-through text. Founder 1 has a heterozygous A → C substitution at the 105th codon, 
changing the coded amino acid from a glutamate to an aspartate. Additionally, founder 1 harbors a homozygous T → C substitution at the 107th codon, which does 
not change the encoded amino acid. Founder 2 has an 11 base pair deletion starting at the second base pair in codon 105. Note: this deletion will result in a 
frameshift, leading to a knockout of the Tpi1 gene. B) Diagram showing the formation of three stable breeding lines from the 2 founder animals. C) Breeding scheme 
for generation of Tpi1E105D/null animals. The bottom of the panel visualizes the inherited copies of Tpi1 from both parents in Tpi1E105D/null animals. Panels B and C were 
created with BioRender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Differentiation of leukocytes was based on species-specific gates that 
were previously validated. A blood smear was microscopically investi-
gated to assess morphological abnormalities and to confirm leukocyte 
differential counts. All blood samples were analyzed within 5 days of 
collection. If blood samples exhibited clotting or if any other issues were 
reported from IDEXX, the sample was not used in the analysis, and data 
was collected from another animal of the same genotype/sex to fill in 
this gap. In total, 6 initial blood samples were not included in the 
analysis (with no more than 2 such samples in a single genotype): 3 due 
to sample quality issues and 3 due to a sample volume that was insuf-
ficient for analysis. 

2.5. Western blot 

Flash frozen tissues were lysed in 800 μL of RIPA buffer (Thermo 
Scientific, Cat no. 89900) using an IKA Ultra-Turrax T8 mechanical 
homogenizer (IKA, Staufen, Germany). Samples were then centrifuged 
at 12,000×g for 20 min, and supernatant was collected. Protein con-
centrations in the lysate were calculated via a BCA assay (Thermo Sci-
entific, Cat no. 23225). Lysates were loaded into 12% acrylamide gels 
with 35 μg of total protein per well. The gel was then run in a BioRad 
running tank for 50 min at 200V in 1x SDS-PAGE running buffer (Fisher 
BioReagents, Cat no. BP13414). Proteins were transferred onto a 0.45 
μm PVDF membrane (Thermo Scientific, Cat no. 88518) using a semi- 
dry transfer tank (BioRad, Hercules, CA) for 3 h at 12V. After transfer, 
blots were blocked in LiCor Intercept Protein-Free Blocking Buffer 
(LiCor, Cat no. 927–80001) for 2 h. Primary antibodies for rabbit anti- 
TPI (Santa Cruz Biotechnology sc-30145, 1:5000), mouse anti- 
β-tubulin (Santa Cruz Biotechnology sc-365791, 1:1000), or mouse anti- 
β-actin (mAbcam 8226, 1:1000) were added onto the blot in blocking 
buffer and were incubated overnight at 4 ◦C. Blots were washed six times 
for 5 min each in PBS-T (1x PBS with 0.05% Tween 20). Secondary 
antibodies for goat anti-mouse 680 (Invitrogen A-21057, 1:20,000) and 
donkey anti-rabbit 800 (LiCor 926–32213, 1:20,000) were added to 
LiCor Intercept Protein-Free Blocking Buffer with 0.1% Tween 20. Blots 
were incubated in secondary antibodies for 2 h at room temperature in 
the dark. Blots were then washed six times for 5 min each in PBS-T. The 
LiCor Odyssey cLx and Image Studio version 5.2 (LiCor, Lincoln, NE) 
were used to visualize and analyze western blots. 

2.6. Imaging 

Tissues that were fixed in either 4% PFA or 10% buffered formalin 
were sent to the Pitt Biospecimen Core (University of Pittsburgh, Pitts-
burgh, PA) for processing, embedding, sectioning, and staining. Tissues 
were embedded in paraffin and sectioned at a thickness of 5 μm. Sections 
were placed on microscope slides and stained with hematoxylin and 
eosin. Images were taken using an Olympus BX51 fluorescence micro-
scope (Olympus, Tokyo, Japan) with 20x total magnification. Analysis 
was completed using FIJI (C. A. Schneider et al., 2012). The 
cross-sectional area of spleen sections was calculated using the magic 
wand tool at threshold of 100. The area of white pulp was calculated by 
manually outlining the white pulp regions that are stained in purple by 
hematoxylin and eosin staining and recording the area of the outlined 
white pulp. The white pulp area was then expressed as a percentage of 
total cross-sectional area. 

2.7. Statistics 

All statistical tests were performed using GraphPad Prism 9 Software 
(San Diego, CA). Normality of data was assessed before all statistical 
analyses by visualizing a QQ-plot. All data collected followed a normal 
distribution. Bartlett’s test was used to determine whether the groups to 
be compared had equal standard deviations. Comparisons where all 
groups had equal variances were made using one-way ANOVA. Com-
parisons where groups had unequal variances were made using a 

Welch’s ANOVA. Post-hoc comparisons were made using Tukey’s mul-
tiple comparisons test after ordinary one-way ANOVA or Dunnett’s 
multiple comparisons test after a Welch’s ANOVA. Survival curves were 
compared using a log-rank test. Categorical data, such as breeding 
outcomes, were compared using a chi-square goodness-of-fit test. All 
data were evaluated for sex differences using a two-way ANOVA, and 
any data which demonstrated a significant effect of sex were analyzed 
separately. Data which showed no evidence of a sex difference were 
pooled. 

3. Results 

3.1. Generation of Tpi1WT/E105D and Tpi1WT/null mice 

Mutations in the Tpi1 gene were engineered using CRISPR and two 
founder animals resulting from this manipulation were selected to 
establish two mouse lines (Fig. 1A). Founder animal 1 was a male that 
harbored a heterozygous Tpi1WT/E105D mutation as well as a homozy-
gous silent mutation which does not change the amino acid sequence 
(Tpi1D107D/D107D). This silent mutation was included to prevent gRNA 
binding to the knock-in locus, and it can be used as a control for the 
knock-in chromosome. Founder animal 2 was a female and was modified 
to have a heterozygous 11 base pair deletion beginning at the 2nd 
nucleotide in the 105th codon, creating a frameshift and knock-out of 
Tpi1 (Tpi1WT/null). Both founder animals were confirmed to have no off- 
target CRISPR modifications in any of the 17 most highly ranked po-
tential off-target sites examined (Supplementary Table S1). 

Founder animals were mated with parental wild type C57BL/6J mice 
to create three stable breeding lines (Fig. 1B). Briefly, founder 1 was 
mated with multiple WT C57BL/6J female mice. This founder trans-
mitted both the Tpi1E105D and Tpi1D107D mutations to 62% of F1 
offspring. These offspring were used to create a stable Tpi1WT/E105D;D107D 

breeding line. The remaining 38% of F1 offspring inherited the silent 
Tpi1D107D mutation only. These offspring were used to create a stable 
Tpi1WT/D107D breeding strain bearing only the control silent mutation. 
For clarity, the Tpi1E105D;D107D chromosome will be referred to as 
Tpi1E105D. Founder 2 was mated with a male WT C57BL/6J mouse, and 
offspring which inherited the 11 base pair deletion were used to create a 
stable Tpi1WT/null breeding strain. To obtain mice modeling severe TPI 
Df, the Tpi1WT/E105D strain was mated with the Tpi1WT/null strain to 
generate Tpi1E105D/null animals (Fig. 1C). All breeding pair combinations 
resulted in normal litter sizes when counted on the day of birth (Fig. 2A). 
Genotyping was conducted on tail snip DNA collected at post-natal day 
14 (Supplementary Fig. S1). Litters produced by Tpi1WT/null x Tpi1WT/null 

breeding pairs never produced Tpi1null/null pups and Mendelian inheri-
tance ratios were altered as predicted for a lethal mutation (Fig. 2B). 
Importantly, pups that were born survived to the weaning age in Tpi1WT/ 

null x Tpi1WT/null litters, which confirms that Tpi1null/null animals are never 
born. These data indicate the essential nature of the Tpi1 gene and the 
inviable nature of Tpi1null/null animals. 

3.2. Protein levels in Tpi1E105D/null mice 

TPI protein levels were evaluated in Tpi1E105D/null animals and their 
littermate controls. In the brain, TPI levels were reduced in a genotype- 
dependent stepwise fashion where Tpi1WT/WT animals have the most 
TPI, Tpi1WT/E105D animals have an ~30% reduction in TPI levels, 
Tpi1WT/null animals have an ~40% decrease in TPI levels, and Tpi1E105D/ 

null animals have an ~95% reduction in TPI levels (Fig. 3, A and C). In 
liver, a similar pattern was identified, where Tpi1WT/WT animals have the 
most TPI, Tpi1WT/E105D animals have an ~35% reduction in TPI levels, 
Tpi1WT/null animals have an ~50% reduction in TPI levels, and 
Tpi1E105D/null animals have an ~95% reduction in TPI levels (Fig. 3, B 
and D). These data are consistent with the Tpi1E105D mutation encoding 
a protein with very low stability, as has been observed in patient samples 
bearing the same mutation (Hrizo et al., 2021). Western blots from 
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Tpi1E105D/E105D animal tissues demonstrate a reduction compared to 
Tpi1WT/WT and Tpi1WT/E105D animal tissues that is less severe than 
Tpi1E105D/null animals (Supplemental Fig. S2). The protein levels in both 
liver and brain tissues of Tpi1E105D/E105D animals are intermediate to that 
from Tpi1WT/E105D and Tpi1E105D/null animal tissues, corresponding with 
their less-severe disease course. 

3.3. Tpi1E105D/null mice as a model of severe TPI Df 

The core symptoms of human TPI Df include anemia, progressive 
neuromuscular dysfunction, postural abnormalities, and severely 
reduced longevity. Tpi1E105D/null animals were found to have a marked 
reduction in longevity when compared to their littermate counterparts 
(Fig. 2C). Locomotor phenotypes became evident ~30 days of age in 
Tpi1E105D/null animals that progressively worsened. This phenotype 
began with an altered gait and then progressed to general hindlimb 
weakness as evidenced by reduced hindlimb splaying (Fig. 4B) and 
dragging of the hindlimbs. At ~35 days of age, Tpi1E105D/null animals 
experienced difficulty breathing and also jerky movements that resem-
bled myoclonic jerks (Supplementary Video 1). Towards the end-stage of 
Tpi1E105D/null animals, prominent emaciation (Fig. 4A) and a hunched 
posture were evident (Fig. 4C). Importantly, symptomatic animals were 
supplied softened food on their cage floor, so this phenotype is not 
simply due to animals not being able to reach food. These phenotypes 
were never visible in Tpi1WT/WT, Tpi1WT/E105D, or Tpi1WT/null animals 
(Fig. 4 and data not shown). Additionally, difficult breathing and abrupt 
motions resembling myoclonic jerks were noted in Tpi1E105D/null animals 
(Supplementary Video 1) – these phenotypes were not observed in any 

wild-type animals or animals carrying a wild-type allele paired with a 
mutant allele. The body weight of Tpi1E105D/null animals of both sexes 
were significantly reduced compared to age and sex matched Tpi1WT/WT, 
Tpi1WT/E105D, and Tpi1WT/null animals (Fig. 5A and B). Importantly, 
Tpi1WT/E105D and Tpi1WT/null animals did not differ in weight from 
Tpi1WT/WT animals (Fig. 5A and B). 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.crneur.2022.100062 

3.4. Hemolytic anemia in Tpi1E105D/null mice 

In humans, anemia is a known result of TPI Df and is often an early 
symptom of the disease (Schneider et al., 1965). Tpi1E105D/null animals 
were found to have reduced hemoglobin (Fig. 5C) and hematocrit levels 
(Fig. 5D) at humane sacrifice (~40 days of age) when compared to 
age-matched Tpi1WT/WT, Tpi1WT/E105D, and Tpi1WT/null animals. The MCV 
was found to be increased in Tpi1E105D/null animals when compared to 
Tpi1WT/WT, Tpi1WT/E105D, and Tpi1WT/null animals (Fig. 5E). Finally, 
Tpi1E105D/null animals also displayed a markedly increased reticulocyte 
count (Fig. 5F). As with body weight, the hematology examined did not 
differ between Tpi1WT/WT, Tpi1WT/E105D, and Tpi1WT/null animals. 

3.5. Spleen pathology in Tpi1E105D/null mice 

Spleen enlargement was noted in all Tpi1E105D/null mice. Spleens were 
examined by histopathological hematoxylin and eosin staining of cross- 
sectioned organs (Fig. 6A and B). Images of Tpi1E105D/null spleens show 
extensive red blood cell pooling and a marked reduction of the white 

Fig. 2. Breeding and longevity of TPI Df animals. 
A) Litter sizes of different breeding combinations. 
Expressed as mean ± SEM. For the number of litters 
used in litter size comparison, N = 9–35 litters per 
breeding genotype combination. A one-way ANOVA 
was not significant. B) Genotype outcomes of Tpi1WT/ 

null x Tpi1WT/null breeding pairs, demonstrating the 
inviable nature of Tpi1null/null animals. C) Survival 
curve of Tpi1WT/WT, Tpi1WT/E105D, Tpi1WT/null and 
Tpi1E105D/null animals. In survival curve, N = 9–10 
animals per group. Note: Tpi1WT/E105D, Tpi1WT/null are 
indistinguishable from Tpi1WT/WT.   
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pulp area. Male and female spleen weights were found to be significantly 
increased in Tpi1E105D/null animals when compared to Tpi1WT/WT, 
Tpi1WT/E105D, and Tpi1WT/null animals (Fig. 6C). Tpi1E105D/null animals 
have a reduced body weight (Fig. 5A and B); thus, the spleen weight was 
expressed as a percentage of total body weight. The percent of total body 
weight of the spleen in both male and female Tpi1E105D/null animals was 
found to be significantly increased when compared to Tpi1WT/WT, 
Tpi1WT/E105D, and Tpi1WT/null animals (Fig. 6D). Images of spleen tissue 
were analyzed for both the total cross-sectional area and the area 
occupied by the white pulp of the spleen. The cross-sectional area of 
spleen tissue was found to be significantly increased in Tpi1E105D/null 

animals when compared to Tpi1WT/WT animals (Fig. 6E). White pulp 
area, expressed as a percentage of total cross-sectional area, was found 
to be significantly decreased in Tpi1E105D/null animals from both sexes 
when compared to Tpi1WT/WT, Tpi1WT/E105D, and Tpi1WT/null animals 
(Fig. 6F and G). 

4. Discussion 

TPI Df is a devastating childhood disease in dire need of treatment 
options. Currently, patients with a TPI Df diagnosis are provided 

extremely limited treatment options consisting of dietary changes and 
supplementation, neither of which has any evidence of improved life-
span or quality of life. Many patients also receive supportive care in the 
form of feeding tubes and respirators, which may extend the longevity 
but do not restore quality of life. To develop more effective treatment 
options for these patients, more research must be done to better un-
derstand disease pathogenesis in TPI Df. Hitherto, TPI Df research has 
relied largely on invertebrate models of disease or in vitro cellular 
models. While these studies have been informative regarding the path-
ogenesis of the disease, it is possible these models lack clinical relevance 
and are certainly poorly suited for testing novel therapies. Thus, a mouse 
model of TPI Df that captures key features of this multisystemic disease 
is imperative to advance the field. Three other groups have produced 
murine models which do mimic limited aspects of the human disease, 
however, the full scope of TPI Df symptoms was not realized (Conway 
et al., 2018; Pretsch, 2009; Segal et al., 2019). Importantly, all three 
previously generated murine models lack neuromuscular dysfunction, a 
key symptom of human disease. Interestingly, Conway et al. demon-
strated significantly decreased TPI protein levels in bone marrow lysates 
from their Tpi1F57S model (Tpi1F7S using our numbering; Conway et al., 
2018). Although protein levels reported in the Tpi1F7S murine model 

Fig. 3. Western blot analysis of TPI levels. Panels A and B show representative western blots of brain and liver tissue, respectively. Panels C and D are quan-
tifications of TPI levels from Western blot analyses. Expressed as mean ± SEM. N = 8–9 animals per group. 
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were reduced, they did not observe neuromuscular phenotypes akin to 
TPI Df (Conway et al., 2018). These differences could be due to any 
number of reasons most notably the extent of Tpi1 reduction, mutation 
specific effects on function, or the use of different background strains 
(C57BL/6J vs. SJL). This work details a newly generated murine model 
of TPI Df which recapitulates key hallmarks of the human disease such as 
signs of neuromuscular dysfunction, hemolytic anemia, and a markedly 
reduced longevity. 

The most common mutation resulting in human TPI Df is the 
TPI1E105D mutation (Orosz et al., 2006). The sequence of TPI1 is highly 
conserved among organisms due to the integral role in glycolysis of its 

encoded protein, allowing us to model this same mutation within the 
mouse genome. This work utilized CRISPR to introduce this mutation 
into the murine Tpi1 gene. Both Tpi1E105D/E105D and Tpi1E105D/null ani-
mals show phenotypes similar to the human disease, with the latter 
genotype being akin to severe TPI Df disease. Tpi1E105D/null mice do not 
survive to breeding age which is consistent with the severe childhood 
disease seen in human TPI Df patients. The markedly reduced lifespan of 
Tpi1E105D/null animals and rapid onset of severe phenotypes makes them 
an attractive model for the study of TPI Df and allow for easily testable 
outcome measures for potential therapeutic interventions within a short 
time frame, e.g., longevity, anemia, protein levels, and behavioral an-
alyses. While Tpi1E105D/E105D animals show clear phenotypes similar to 
the human disease, these animals have a less severe course of disease 
that progresses in a similar manner to Tpi1E105D/null animals, however 
this phenotype appears later in the lifespan (around 50 days of age) and 
progresses more slowly. Due to the later onset and slower progression of 
Tpi1E105D/E105D animals, their full characterization is beyond the scope 
of this manuscript. 

Tpi1E105D/null mice recapitulate key aspects of the human disease. 
They have a greatly reduced longevity, with death occurring between 36 
and 44 days of age. Tpi1E105D/null animals show a near 95% reduction in 
TPI levels compared to Tpi1WT/WT animals in both brain and liver, 
indicating the Tpi1E105D protein likely has reduced stability, as has been 
reported previously (Rodriguez-Almazan et al., 2008; Vogt et al., 2021). 
This reduction in TPI levels leads to many characteristic TPI Df symp-
toms. Tpi1E105D/null animals have markedly altered posture and size 
compared to their littermates. They present with decreased body weight, 
a hunched back, weakened hindlimbs which display reduced splaying 
behavior when suspended by the tail, and a noticeably emaciated 
appearance. Additionally, these animals showed pronounced disordered 
breathing and prominent movements which resemble myoclonic jerks. 
While some of these postural phenotypes could be exacerbated by the 
moribund condition of the mice, the progression of symptoms is 
consistent with marked neuromuscular dysfunction. Importantly, the 
first phenotypes to become apparent are altered gait, strained breathing, 
reduced hindlimb splaying, and dragging of the hindlimbs all consistent 
with neuromuscular impairment. The precise origin of the neuromus-
cular dysfunction is not clear at this time and will be the subject of future 
studies. Tpi1E105D/null animals also have hemolytic anemia, as indicated 
by low hemoglobin levels, low hematocrit levels, and an elevated 
reticulocyte count. They display an increased MCV, indicating a 
macrocytic hemolytic anemia similar to what is seen in human TPI Df 
(Conway et al., 2018). In addition to the presence of hemolytic anemia, 
extensive spleen pathology is also noted. Tpi1E105D/null animals display a 
significant increase in spleen weight, which is even more drastic when 
spleen weight is expressed as a percentage of total body weight. The 
cross-sectional area of the spleen is enlarged in Tpi1E105D/null animals 
when compared to littermate controls, and white splenic pulp is mark-
edly reduced. This loss of white splenic pulp may help explain human 
TPI Df patients’ susceptibility to infection. There is also significant 
disruption of the spleen anatomy by destroyed red blood cells, indicative 
of the spleen’s role in hemolytic anemia. Splenic destruction of red blood 
cells is consistent with red blood cells lacking mitochondria and being 
reliant upon glycolysis for energy production. While we measured the 
white pulp area in the spleen, our method relied solely upon visual in-
spection of H&E-stained spleen tissue, which is a limitation. Follow-up 
studies should examine Ter119 IHC staining of the spleen to evaluate 
the proportion of erythroid lineage. 

Together, these data suggest that Tpi1E105D/null mice are an excellent 
model of TPI Df. To our knowledge, this is the first model that is capable 
of recapitulating numerous key aspects of human disease. The devel-
opment of a murine model of TPI Df is necessary to advance the field of 
study. This model will allow for detailed mechanistic studies of TPI Df, 
including investigation of neuropathology and myopathology within the 
context of a mammalian system. Important follow-up experiments that 
should occur in this model are tissue specific bioenergetic studies, 

Fig. 4. Postural phenotype of Tpi1E105D/null animals. A) Healthy mouse 
pictured on left, Tpi1E105D/null mouse with prominent emaciation on the right. B) 
Typical hindlimb splaying behavior on the left, Tpi1E105D/null mouse with 
strongly reduced hindlimb splaying. C) Postural abnormality of Tpi1E105D/null 

animal with prominent kyphosis in the bottom panel, with typical posture 
demonstrated in the top panel. 
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Fig. 5. Hematology and terminal weights of TPI 
Df animals. A) Male terminal weights of Tpi1E105D/null 

animals and littermates, N = 4–5 animals per group. 
B) Female terminal weights of Tpi1E105D/null animals 
and littermates, N = 4–6 animals per group. Panels C, 
D, and E represent hemoglobin, hematocrit, and mean 
corpuscular volume values, respectively. N = 8–9 
animals per group. F) Reticulocyte count expressed as 
a percentage of total red blood cells. N = 4–6 animals 
per group. All are expressed as mean ± SEM.   
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investigation of biochemical and structural changes in the neuromus-
cular system, and evaluation of neuropathology. These studies will un-
doubtedly lead to a better understanding of the pathological changes 
which occur in disease. The Tpi1E105D/null model will also allow for the 
evaluation of novel therapeutics for the treatment of TPI Df within a 
more clinically relevant organism (Vogt et al., 2021). Future work with 
this model will allow for discoveries in the field of TPI deficiency that 
will lead to better treatment outcomes, and a better prognosis for TPI Df 
patients. 
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animals. White arrows demarcate white splenic pulp, black arrows demarcate red blood cell pooling in the red pulp. C) Spleen weights pooled from male and female 
animals. D) Spleen weight expressed as a percentage of total body weight pooled for both male and female animals. E) Cross-sectional area of spleens pooled from 
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