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Abstract

Background: Heme oxygenase-1 (HMOX1) catalyzes the metabolism of heme into carbon monoxide, ferrous iron,
and biliverdin. Through biliverdin reductase, biliverdin becomes bilirubin. HMOX1-deficiency is a rare autosomal
recessive disorder with hallmark features of direct antibody negative hemolytic anemia with normal bilirubin,
hyperinflammation and features similar to macrophage activation syndrome. Clinical findings have included
asplenia, nephritis, hepatitis, and vasculitis. Pulmonary features and evaluation of the immune response have been
limited.

Case presentation: We present a young boy who presented with chronic respiratory failure due to nonspecific
interstitial pneumonia following a chronic history of infection-triggered recurrent hyperinflammatory flares.
Episodes included hemolysis without hyperbilirubinemia, immunodeficiency, hepatomegaly with mild transaminitis,
asplenia, leukocytosis, thrombocytosis, joint pain and features of macrophage activation with negative autoimmune
serologies. Lung biopsy revealed cholesterol granulomas. He was found post-mortem by whole exome sequencing
to have a compound heterozygous paternal frame shift a paternal frame shift HMOX1(NM_002133.3).c.262_268delG
CCCTGGIiNsCC (p.Ala88Profs*51) and maternal splice donor HMOX1 (c.636 4+ 2 T > A) consistent with HMOX1
deficiency. Western blot analysis confirmed lack of HMOX1 protein upon oxidant stimulation of the patient cells.

Conclusions: Here, we describe a phenotype expansion for HMOX1-deficiency to include not only asplenia and
hepatomegaly, but also interstitial lung disease with cholesterol granulomas and inflammatory flares with
hemophagocytosis present in the bone marrow.
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Background

Heme oxygenases are rate-limiting enzymes that catalyze the
degradation of heme to carbon monoxide (CO), ferrous iron,
and biliverdin, which then becomes bilirubin via the action
of biliverdin reductase. Two isoforms exist, heme oxygenase-
1 (HMOX1) and heme oxygenase-2 (HMOX2), with CO,
biliverdin, and bilirubin implicated in important cellular pro-
cesses, such as inflammation, cell proliferation, apoptosis,
and antioxidant defense. HMOX1 is distributed in the liver,
spleen, and endothelium with rapid induction in the pres-
ence of stressors, while HMOX2 expression is widespread
and cannot be induced. HMOX1 was first discovered in the
1968 [1] but the first case of HMOX1 deficiency was not de-
scribed until 1999 [2].

HMOXI1 deficiency is an extremely rare autosomal re-
cessive disorder with a small number of cases reported
to date [2—8] (Supplemental Table 1). The rarity may de-
rive from the role of fetal HMOX1 in placental health
[9, 10]. Clinical presentation is complex and diverse, in-
cluding direct antibody negative hemolytic anemia, low
bilirubin, and hyperinflammation [3]. HMOX1 is in-
duced in the liver, spleen and endothelium after oxida-
tive stressors and hypoxia [3]. One reported case
appeared to mimic vasculitis and another was thought to
have hemophagocytic lymphohistiocytosis (HLH). Diag-
nosis of HMOX1 deficiency lies within clinical findings
and laboratory studies with genetic testing of HMOX1I
required for confirmation.

Here, we describe a boy born to nonconsanguineous
parents who presented with early onset asplenia, recur-
rent infections, and associated flares with bone marrow
histiocyte activation with worsening interstitial lung dis-
ease and joint pain.

Case presentation

A 10-year-old boy was admitted for diagnostic lung bi-
opsy in the setting of progressive chronic hypoxic re-
spiratory failure and recurrent hyperinflammatory
episodes. He was born at 7 pounds 3 oz at estimated ges-
tational age of 36 weeks via normal spontaneous vaginal
delivery to a mother with a history of placental clots
with a still birth at term. He was hospitalized at 4
months of age for respiratory syncytial virus (RSV) for 7
days, at 1 year old for hypospadias repair, and then again
at age 3years 8 months for what was thought to be
mononucleosis due to positive Epstein-Barr virus (EBV)
positive immunoglobulin M (IgM). During the latter epi-
sode, he was severely fatigued and had persistent fevers
to 40 °C. Additionally, he had another RSV infection at
3years and 4 months of age. He demonstrated mild
gross motor developmental delay as he did not crawl
and did not walk until 19 months of age. He received all
regularly scheduled vaccines until 3years of age, but
subsequently stopped regular vaccination.
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At approximately 4 years of age, he presented with a
one-month history of fatigue, intermittent fevers and
dark urine. His fevers were daily reaching 40 °C with pe-
riods of defervescence. He then developed a cough with
hypoxemia to 89% on room air and was admitted for
viral bronchiolitis. Physical exam was notable for mild
prognathism, slight frontal prominence, low-set and pos-
teriorly rotated ears, mild pectus excavatum, bilateral
undescended testes, and long fingers and toes with over-
lapping second and fourth toes over the third toes bilat-
erally were noted. His elbows and knees were
hyperextensible and demonstrated moderate pes planus
and out-toeing.

During hospitalization, hepatomegaly was found along
with mild transaminitis (AST 301 U/L, ALT 74 U/L), direct
antiglobulin test negative hemolytic anemia (hematocrit
24.7%) and hemoglobinuria without microscopic red blood
cells. Abdominal CT scan revealed a small poorly perfused
spleen which correlated well with the Howell-Jolly bodies
and schistocytes on peripheral smear. Bilirubin was normal
but lactate dehydrogenase (LDH) was dramatically elevated
at 19,706 U/L. Normal renal function was present with cre-
atinine 0.1 mg/d without evidence of proteinuria or myoglo-
binuria. Creatine kinase values were normal at 202 IU/L.
Systemic inflammation was present with leukocytosis (peak
53.8 K/mm?®), thrombocytosis (peak 914 k/mm?), elevated
erythrocyte sedimentation rate (ESR, 87 mm/hr), hyperferriti-
nemia to 1980 ng/mL, but blood cultures and respiratory
viral PCR panel was negative.

He had a liver biopsy that demonstrated mild sinusoidal
fibrosis, mild microvesicular steatosis, and rare apoptotic
hepatocytes, but ultimately was non-diagnostic. Work up
for hypercoagulability, serum muscle enzymes and amino
acid and organic acids from the urine and plasma were all
normal. Serologies for antiphospholipid antibody
syndrome, antineutrophil cytoplasmic antibodies, anti-
nuclear antibody, anti RNP, and anti-SSA/SSB were all
negative. Autoimmune hepatitis work-up yielded negative
liver kidney microsomal and smooth muscle antibodies.
Respiratory symptoms slowly resolved and hematologic
findings improved, thus representing a flare that recurred
regularly over the next 6 years ranging from 4 to 17 weeks
duration mainly treated with steroids.

During his next flare, the patient had anemia,
leukocytosis, and thrombocytosis along with abdominal
pain, hepatomegaly, and fevers. Further imaging with
CTA abdomen demonstrated absent splenic veins and
multiple collaterals to a small left kidney, implying that
patient’s spleen had infarcted. A bone marrow biopsy
demonstrated extensive histiocyte activation with phago-
cytosis of nucleated red blood cell precursors. There was
normal cellularity but decreased trilineage hematopoiesis
and increased megakaryocytes; no malignant cells were
present. This flare was associated with HHV-7 viremia.
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Fig. 1 Hematologic values at baseline and during flares. a Clinical timeline with major events (above) and infections (below). The flares duration is
indicated in shaded box. b Trends of patient’s laboratory values for white blood count (WBQ), platelets (Plts), and hematocrit (Hct) over the clinical
course. Age-specific reference values are noted in grey shaded in between the upper and lower limits of normal (dotted lines). The timeline shown in
years is broken into early childhood (0-4 years) and then two flare episodes with numerous values to compare (4.5-5 years and 9.5-10 years). Known
events immediately preceding flares are indicated (arrows)
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He was readmitted to the hospital multiple times
for similar febrile episodes found to be triggered by
viral and bacterial infections as well as Prevnar vac-
cination (Fig. 1). He had a prolonged four-month
long flare following HIN1 infection complicated by
pneumonia with pleural effusion. He received the Pre-
vnar 13 vaccination and developed another hyperin-
flammatory episode lasting 4 months complicated by
steroid responsive pericardial effusion and presumed
inflammatory pneumonitis. He soon became oral
corticosteroid-dependent as weaning resulted in
hemolysis and dark urine. By the age of 8, the flares
were characterized less by persistent febrile episodes
but more by shortness of breath, chest discomfort
and intermittent desaturations. His growth curve had
started to plateau at age 4 despite being at the 50th
percentile until the age of 3; he was less than the
10th percentile for weight and 20th percentile for
height. He also began experiencing hip pain with un-
equal leg lengths, difficulty running, and decreased
stamina. Bilateral knee arthritis was clinically noted
accompanying myalgias and arthralgias with morning
stiffness, although subsequent knee x-rays showed no
erosions. Mild proteinuria developed as well. He was
steroid responsive and therefore treated with oral
prednisone 10 mg twice daily. Steroid sparing therap-
ies, such as methotrexate and azathioprine, were
briefly introduced but discontinued because no benefit
was observed.

Due to persistent and progressive respiratory symp-
toms exacerbated by an infection with RSV and myco-
plasma, he was hospitalized at Seattle Children’s
Hospital for further evaluation. Spirometry testing dem-
onstrated a severely restrictive pulmonary pattern with a
forced vital capacity (FVC) of 0.41L (20%), forced ex-
piratory volume in 1s (FEV1) of 0.41 (22%), and FEV1/
EVC 99%. He underwent a right thoracoscopic lung bi-
opsy, which demonstrated extensive fibrotic nonspecific
interstitial pneumonia (NSIP), patchy pleural fibrosis,
and scattered cholesterol granulomas.

Following the procedure, he developed a right he-
mothorax and pneumothorax with respiratory distress
and supplemental oxygen, requiring Pediatric Inten-
sive Care Unit (PICU) admission. He had substantial
fibrotic intrathoracic tissue and his pulmonary func-
tion continued to deteriorate, requiring consistent use
of nasal cannula and increased use of BiPAP. To treat
his inflammatory state, corticosteroid dose was in-
creased and gradually weaned while anti-IL-1R ther-
apy (anakinra), was trialed for 10days, overlapping
with cyclosporine, and then switched to anti-IL-6
therapy (tocilizumab) with minimal benefit. He ex-
pired just prior to his eleventh birthday due to re-
spiratory failure.
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Patient laboratory, histopathology, and radiologic
evaluation

During episodes, his baseline leukocytosis increased from
about 20 K/mm?® to exceed 40 K/mm?®. Hyposplenia, ini-
tially noted at age 4, was confirmed on serial abdominal
imaging, contributed to baseline thrombocytosis, but
platelet counts exceeded 1 million frequently during flares,
requiring aspirin for coagulation prophylaxis. At baseline,
he had mild anemia with hematocrit of high 30%/low
40s%. However, during flares, his hematocrit would nadir
below 30%. LDH was elevated at baseline and episodically
reached 28,000 U/L with uniformly elevated isoenzymes.
His transaminitis largely remained within the mild range
with corresponding mild elevation of GGT and INR
(Table 1). Alpha-1 antitrypsin was normal at 245 mg/dL
as was alpha fetoprotein (0.9 ng/mL). Metabolic etiologies
were ruled out with plasma and urine amino acid levels as
well as urine organic acid levels. At no point did he have
gastrointestinal or central nervous system involvement.

During two separate hospitalizations for flares, the
diagnosis of hemophagocytic lymphohistiocytosis (HLH)
and macrophage activation syndrome (MAS) were both
considered based upon his laboratory features. Overall,
two bone marrow biopsies were performed approxi-
mately 1 year apart, and both demonstrated normal cel-
lularity and markedly increased hemophagocytosis
(Fig. 2). Natural killer (NK) cell function was assessed
and was decreased (Table 1). CD107a could not be
assessed due to insufficient NK cells. Soluble IL-2 recep-
tor (sIL-2R, also known as soluble CD25) was normal
and never elevated. Genetic testing for periodic fever
syndromes and familial HLH were performed, but no
pathogenic variants in known genes were identified.
Comparative genomic hybridization (CGH) revealed no
structural variants, and he had a normal male karyotype.
Treatment escalation was not required as the symptoms
gradually waned with continued prednisone.

Given his recurrent infections, an immune evaluation was
performed revealing abnormal T cell proliferation to stimula-
tion with both phytohemagglutinin (PHA) and anti-CD3
(Table 1). He had increased naive CD45RA*CD27*CCR7*
population (65% of cells), few effector memory T cells, and
likewise immature CD8" population with > 65% of the cells
naive. He had normal quantitative immunoglobulin levels
and robust vaccine responses, but B cell immunophenotyp-
ing was notable for absent immature and transitional B cells
with reduced CD27" memory B at 6% (normal > 8%). Class
switched and BAFF receptor populations were normal. Fur-
ther T cell analysis was not performed.

Genetic analysis

Whole exome sequencing of patient, mother, father, and
brother were performed revealing a compound heterozy-
gous paternal frame shift HMOX1(NM_002133.3):c.262
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Table 1 Laboratory studies. Patient laboratory values are
displayed for the patient for the ranges from hospitalizations at
our institution with the normal value ranges for each indicated
test listed
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Table 1 Laboratory studies. Patient laboratory values are
displayed for the patient for the ranges from hospitalizations at
our institution with the normal value ranges for each indicated
test listed (Continued)

Test Normal Values Patient’s Values  Test Normal Values Patient’s Values
Biochemical 50:1 >20 [
ALT 5-411U/L 165-615 25:1 >10 9
AST 6-40 IU/L 44-157 12.5:1 >5 5
GGT 15-851U/L 30-405 6.25:1 >1 5
Total bilirubin 0.0-1.1 mg/dL 0.2 Lytic units >3.1 25
INR <10 1.2-16 Abbreviations: ALT Alanine aminotransferase, AST Aspartate aminotransferase,
o CH50 Total hemolytic complement activity, GGT y-glutamyl transferase, HDL
Fibrinogen 230-450 mg/dL 57-493 High density lipoprotein, IgA Immunoglobulin A, IgD Immunoglobulin D, IgG
D-dimer <0.5 mg FEU/mL > 20 Immunoglobulin G, IgM Immunoglobulin M', INB Interna‘tional normalizgd ratio,
LDH Lactate dehydrogenase, LDL Low density lipoprotein, NK Natural killer cell,
Ceruloplasmin 29-56 mg/dL 48 PHA Phytohemagglutinin, PPSV23 Pneumococcal vaccine polyvalent, siL-2R
. . Soluble interleukin-2 receptor
Liver copper 10-35 pg/g dry weight 43
Plasma copper 26-191 meg/dL 191 _268delGCCCTGGinsCC (p.Ala88Profs*51) and maternal
Triglycerides 60-135 mg/dL 95-503 splice donor HMOX1 (c636+2T > A) consistent with HMOX1
LDL <110mg/dL 324 deficiency. W estern blot analysis subsequently confirmed
HDL > 39 mg/dL 58 that cells treated with a known inducer of HMOX1, Cobalt
Total LDH 145-345 U/L 5490-28.019 proto-porphyrin (CoPP), resulted in no protein was
LDH 1 <6 175-28.3% (, Heart) 25210 expressed (Fig.3), confirming HMOX1 deficiency.
0, — o) — . .
LDH 2 (%) 30.4-36.4% (1) 17.6-21 Discussion
LDH 3 (%) 19.2-24.8% (Il 269 The boy reported herein is a case of HMOX1 deficiency
LDH 4 (%) 9.6-15.6% (V) 237 notable for the presence of chronic pulmonary disease
LDH 5 (9%) 55-12.7% (V, Liver) 243 and inflammatory flares with notable hemophagocytosis.
Ferritin 10-300 ng/mL. S55_ 4064 He was found on thorascopic lung biopsy to have exten-
. 45-1105 U/mL 145 sive .1r.1ters.t1t1al f.1b.r051s, conswte.nt with the fibrotic non-
specific interstitial pneumonia (NSIP) pattern, in
Immunological - . .
addition to cholesterol granulomas. NSIP is a diffuse
I9G 608-1572mg/dL 1050-1140 lung disease that may have a cellular, fibrotic, or mixed
IgA 52-242 mg/dL 261 pattern. It is the most common of the diffuse lung dis-
IgM 45-236 mg/dL 89-108 eases in the pediatric population often associated with a
IgE 098-570.6 mg/dL 105 systemic disease. The majority of diffuse lung diseases
gD <10mg/dL 3 are éttrlbuted to connective tissue dlsorf:l‘ers, such as sys-
temic lupus erythematous, polymyositis/dermatomyo-
PPSV23 (PCV13) 28/21 (25/12) 8/21 (5/12) e . . . . . .
sitis, systemic sclerosis, mixed connective tissue disease,
Tetanus 2001 1U/mL 043 and systemic juvenile idiopathic arthritis (sJIA) [11, 12].
a3 83-203 mg/dL 186 Surfactant disorders also account for many interstitial
c4 16-52 mg/dL 24 lung disease cases in both pediatrics and adults previ-
CHS50 <32 unit/mL 69 ously thought to be idiopathic [13] .
D3 1200-2600/mm? 6086: 1465 Cholesterol granl}lomas are also rare, especially in chil-
. 6501500/ 103 786 dren. Pulmonary interstitial and intra-alveolar choles-
4 20-15 /mm3 79317 terol granulomas (PICG) are formed when degenerating
b8 370-1100/mm 2117, 661 macrophages release cholesterol esters in the intersti-
CD4CD8 > 2 1:8:1;1.2:1 tium and with organization form granulomas. The chol-
CD16'CD56" 120-480/mm?> 882; 89 esterol appears as acicular crystals on light microscopy
D19 270-860/mm’ 1588: 232 (Fig. 2). PICG typically appears in the setting of lipoid
BLiA - 30% 54 70% pneumonia with or WIFhO}Jt pulmonar.'y alveolar protle—
nosis [14]. Exogenous lipoid pneumonia results from in-
anti-CD3 > 30% 21.50% . .. . .
halation or aspiration of mineral, plant or animal-based
NK function

oils, and/or ascending aspiration of such oils in the
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Fig. 2 Histopathology demonstrating unique features of HMOX1 deficiency. a Trichrome stained sections from lung biopsy tissue demonstrate extensive
alveolar septal fibrosis and scattered granulomas. b Iron staining of lung tissue highlights hemosiderin laden macrophages (blue granules) associated with
cholesterol granulomas. ¢ Trichrome stained liver biopsy with mild sinusoidsal fibrosis and microvesicular steatosis and (d) iron stained liver biopsy with
increased iron (blue granules) in Kupffer cells (blue). @ Wright stained bone marrow aspirate demonstrating hemophagocytosis. f Peripheral blood smear

demonstrating anisocytosis, schistocytes, elliptocytes, and a Howell-Jolly body

setting of gastroesophageal reflux [15, 16] . In this case,
there was no history suggestive of exogenous oil aspir-
ation or gastroesophageal reflux. However, PICGs due to
endogenous etiologies without lipoid pneumonia are
very rare and has been reported in pulmonary hyperten-
sion [17, 18] or in the setting of sJIA [19].

Our patient developed severe NSIP, likely due to
oxidant-induced injury [20], which has not been re-
ported in other patients with HMOX1 deficiency. In a
post-mortem analysis of one patient, there were micro-
thrombi in the arterioles and capillaries of the lungs with
focal alveolitis, but no chronic lung changes. In another
case, there was diffuse alveolar hemorrhage reported
with suspicion of small vessel vasculitis and yet another
case reported HMOX1 deficiency as a mimic of child-
hood vasculitis outside the lungs [6] [5]. Although
oxidant-induced lung injury has been discussed in mur-
ine models of HMOX1 deficiency, previously reported
patients did not develop chronic pulmonary complica-
tions prior to their death (Supplemental Table 1). The

pulmonary features in our case showed progressive fi-
brosis and cholesterol granulomas that may be related to
the macrophage activation as similar histology has been
reported in sJIA.

The lung biopsy of our patient and presence of hemo-
phagocytes in the bone marrow were consistent with
sJIA [21], a diagnosis of exclusion, but our patient has
only one episode of clinically documented arthritis.
Hemophagocytosis is frequently associated with macro-
phage activation syndrome (MAS), a rare and potentially
fatal complication of sJIA [22]. Our patient met the 2016
classification criteria for MAS based upon febrile patient
suspected of sJIA with elevated ferritin, AST, and TG
and depressed fibrinogen [23]. Hemophagocytosis can
also be observed acutely in infection and malignancy, al-
though the chronicity of his condition and extensive ma-
lignancy work-up made these conditions less likely.
Lastly, rare inborn errors of metabolism have also been
rarely associated with hemophagocytosis, including lyso-
somal storage disorders such as Gaucher disease [24],
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organic acidemia [25], or Wolman disease [26]. As such,
screening and genetic tests for lysosomal enzyme func-
tion, fibroblast cultures, and urine mucopolysaccharides
and oligosaccharides were performed in our patient but
were normal.

Several cases of HMOX1 deficiency have been reported
as a mimic of HLH and treated as such given more acute
courses and meeting HLH criteria [6, 8, 27]. One case
demonstrated absent NK cell function in the setting of
persistent fevers, hypertriglyceridemia, hyperferritinemia,
and elevated sIL-2R. Our patient had a chronic course
with later flares lacking fever. During flares, our patient
had features of HLH including hepatomegaly, hemopha-
gocytosis in the bone marrow, absent NK cell functional
activity, and hyperferritinemia. Genetic HLH panel testing
was sent but no pathogenic variants were identified. Acute
presentations of HMOX1 deficiency share significant fea-
tures with both MAS and HLH.

Immune evaluations were not performed in prior pa-
tients with HMOX1 deficiency. Asplenia is commonly
reported as a bacterial infection risk, but our patient had
more notable viral infections. Although our patient dem-
onstrated mild impairment in mitogen and anti-CD3
stimulation, the clinical assay cannot distinguish cell
death from poor proliferation. No overt quantitative or
qualitative humoral defects were identified in our sub-
ject, but both B and T lymphocytes was skewed away
from immature to mature immunophenotype, which can
be seen in chronic inflammatory disease. The role in T
cell and NK cell function will be important to clarify in
HMOX1 deficiency.

HMOXI1 deficiency results in overt heme concentra-
tions, low bilirubin, and marked oxidative stress with
varied phenotype rooted in hemolytic anemia, low biliru-
bin, and hyperinflammation. TLR9 in mice has been
found to induce HMOX1 expression in bone marrow
dendritic cells, which in turn regulates macrophage pro-
duction of IL-10 that is highly involved in MAS when
dysregulated [28]. Furthermore, the defect in HMOX1
putatively impairs phagocytosis with a murine study
demonstrating subablative bone marrow transplantation
of HMOX1 deficient mice reverses disease due to re-
population of wild type macrophages [29]. Therefore,
while  speculative, myeloablative bone  marrow
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transplantation may be a treatment option for these chil-
dren with HMOX1 deficiency.

Conclusions
Here we report a young man with HMOX1 deficiency
that had recurrent autoinflammatory episodes marked
by fever, hemolysis and hyperferritinemia with patho-
logic features similar to MAS and HLH.

Our case highlights that HMOX1 deficiency can also
have marked lung disease resulting in early mortality.

Methods

Subjects

Subjects were consented into the Genetic Basis of Im-
munodeficiency Diseases Biorepository at the Seattle
Children’s Hospital (IRB #11738) and consented for the
University of Washington Repository for Mendelian Dis-
orders for genetic studies approved by the University of
Washington Institute Review Board all in compliance
with database of Genotypes and Phenotypes (dbGaP).

Whole exome sequencing

Whole exome sequencing was performed in collabor-
ation with University of Washington Center for Mendel-
ian Genomics (UWCMG) on our quad family with one
affected proband, unaffected brother, father, and mother.
Sanger sequencing also confirmed the variants.

Western blot

Primary peripheral blood mononuclear cells were stimulated
with 10uM Cobealtic Protoporphyrin IX Chloride (Santa
Cruz Biotechnologies #sc-294,098, Santa Cruz, CA) for 24 h.
RIPA lysates (Thermo Fisher #89900) were run on NuPAGE
4-12% gradient Bis-Tris Protein gels (Thermo #NP0322)
and transferred to nitrocellulose blocked using Odyssey
Blocking Buffer (LiCor #927-40,000) and stained using anti-
Human/Mouse HO-1/HMOX1 (R&D #MAB3776)[Mono-
clonal Rat IgG,g Clone # 412811] at 1:1000 dilution and de-
tected using Odyssey anti-rat [gG (H + L) IRDye 800CW
secondary reagent (1:15,000).
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Supplementary information accompanies this paper at https://doi.org/10.
1186/512969-020-00474-1.

Additional file 1: Table S1. Summary of previously published HMOX1
deficiency cases.
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