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COVID-19 treatments

Linda Vong®* and Chaim M. Roifman®®

The evolving race to protect against severe outcomes
of coronavirus disease 2019 (COVID-19), caused by
SARS-CoV-2, has spurred the rapid development and
authorization of novel vaccines and treatments world-
wide (Roifman and Vong 2021b). Individuals infected
with SARS-CoV-2 may experience a wide spectrum of
symptoms, from nil (asymptomatic), mild (fever, cough,
and dyspnea), to more severe clinical course (including
acute respiratory distress, pneumonia, renal failure,
and death). Comorbidities which predispose to compli-
cations and severe illness include older age (>65 y),
males, obesity, cancer, serious cardiovascular disease,
chronic obstructive pulmonary disease, type II diabetes
mellitus, and immunodeficiency (including primary
immunodeficiency; PID) (Chen et al. 2020, Huang et al.
2020, Li et al. 2020).

While uptake of the recommended vaccines exceeds
83% (fully vaccinated) within the Canadian population,
levels of protection vary, especially in patients with PID
who have abnormal humoral and cellular immune
responses (Vong and Roifman 2022; Roifman and Vong
2021a). Moreover, attempts to use existing treatments
to combat COVID-19, including metformin, ivermectin,
and fluvoxamine, have shown little to no effectiveness
against infection with SARS-CoV-2 (Abdool Karim and
Devnarain 2022). At present, there are 6 drug modalities
for the prevention and treatment of COVID-19 author-
ized for use in Canada (with variable guidance across
provinces and territories). These include (i) neutralizing
antibodies that target the spike protein of SARS-CoV-2
(Cilgavimab/Tixagevimab; Sotrovimab; Casirivimab/

4

Imdevimab; Bamlanivimab), and (ii) antivirals which
inhibit the ability of the SARS-CoV-2 virus to replicate
(Remdesivir; Nirmatrelvir/Ritonavir). The indications
for treatment and modes of administration have similarly
evolved to enable easier access and targets populations
that are most at-risk, including the availability of at-
home versus hospital treatment as well as pre-exposure
prophylaxis for those who are immunocompromised or
unable to be vaccinated against SARS-CoV-2. However,
in practice there remain barriers to getting hold of these
treatments. The prevalence of SARS-CoV-2 variants
must also be taken into account, particularly given that
some treatments exhibit waning activity against recent
circulating variants and subvariants (Takashita et al.
2022). To date, there are no real-world comparative stud-
ies for the use of these medications.

We provide here a brief overview of the indications
and dose of the current available treatments. It is
important to note that assessment for suitability of use,
particularly for those with immunodeficiency, should
be performed on an individual basis by a healthcare
provider.

Neutralizing monoclonal antibodies
against SARS-CoV-2

Cilgavimab and Tixagevimab (Evusheld;
AstraZeneca Canada Inc.)
Cilgavimab/tixagevimab are recombinant human
IgG1 monoclonal antibodies that bind to the spike pro-
tein receptor binding domain (RBD) of SARS-CoV-2,

2Canadian Centre for Primary Immunodeficiency and the Division of
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preventing interaction with the ACE2 receptor and thus
virus attachment and entry into healthy cells. The
long-acting combination of cilgavimab/tixagevimab
provides passive humoral immunity, and was
authorized for use by Health Canada on 14 April 2022,
representing the first pre-exposure treatment for immu-
nocompromised individuals and those unable to be
vaccinated. Clinical trial results for the combination of
cilgavimab/tixagevimab support a reduction in the
proportion of individuals who developed symptomatic
laboratory-confirmed COVID-19, with a relative risk
reduction of 82.8% (Levin et al. 2022).

Indication: Adults and adolescents (12 y and
older, >40 kg) who have not had a known recent expo-
sure to an individual infected with SARS-CoV-2 and
(i) who are immune compromised and unlikely to
mount an adequate immune response to COVID-19
vaccination, or (ii) for whom COVID-19 vaccination is
not recommended.

Dose: 300 mg administered intramuscularly as
2 separate, 1.5 mL, sequential injections of 150 mg of
cilgavimab (100mg/mL) and 150 mg of tixagevimab
(100 mg/mL). Repeat dosing every 6 mo.

Considerations: Due to decreased in vitro neutraliza-
tion activity of cilgavimab/tixagevimab against
Omicron subvariants an increase in dose to 600 mg
may be considered. Guidance for use was revised in
British Columbia in August 2022, in light of the
predominance of the BA.4/BA.5 variants to which
cilgavimab/tixagevimab have reduced neutralizing
activity.

Sotrovimab (GlaxoSmithKline Inc.)
Sotrovimab is a recombinant human IgG1 mono-
clonal antibody that binds to the spike protein RBD of
SARS-CoV-2, but does not compete with ACE2 recep-
tor binding. It was authorized for the treatment of mild
to moderate COVID-19 by Health Canada on 30 July
2021. Clinical trials on the efficacy of sotrovimab dem-
onstrated that in a cohort of participants with at least
1 risk factor for severe COVID-19 (diabetes, obesity
(BMI>30), chronic kidney disease, congestive heart fail-
ure, chronic obstructive pulmonary disease, moderate
to severe asthma; or subjects aged 55 y and older
regardless of other comorbidities), a significantly
greater percentage of participants receiving the placebo

were hospitalized and (or) developed severe and (or)
critical respiratory COVID-19 (Gupta et al. 2022,
2021).

Indication: Treatment of adults and adolescents (12 y
and older, >40 kg) with mild to moderate COVID-19,
confirmed by SARS-CoV-2 viral testing, who are at high
risk for progressing to hospitalization and/or death.

Dose: 500 mg single intravenous infusion to be
administered within 7 d after the onset of symptoms.

Considerations: Reduced neutralization of Omicron
subvariants (BA.2) has been reported.

Casirivimab and Imdevimab (Hoffman-La
Roche Limited)

Casirivimab/imdevimab are 2 non-competing
recombinant human IgG1 monoclonal antibodies that
bind to regions of the spike protein RBD, preventing
interaction with the ACE2 receptor and infection of
host cells. The combination was authorized for use by
Heath Canada on 9 June 2021. Clinical studies on the
efficacy of casirivimab/imdevimab demonstrated
significantly reduced numbers of hospitalizations and
deaths among those who received the treatment versus
placebo control (risk reduction of 71.3%) (Weinreich
et al. 2021a, Weinreich et al. 2021b).

Indication: Treatment of adults and adolescents (12 y
and older, >40 kg) with mild to moderate COVID-19,
confirmed by SARS-CoV-2 viral testing, who are at high
risk for progressing to hospitalization and/or death.

Dose: Single intravenous infusion of 1200 mg of casir-
ivimab (10 mL; 120 mg/mL) and 1200 mg of imdevi-
mab (10 mL; 120 mg/mL) over a minimum infusion
time of 60 min and maximum infusion rate of
270 mL/hr. To be administered as soon as possible after
the onset of symptoms.

Considerations: Potential failure of treatment
reported against Omicron variants.

Bamlanivimab (Ely Lilly Canada Inc.)
Bamlanivimab is a recombinant human IgG1 mono-
clonal antibody directed against the spike protein of
SARS-CoV-2, preventing virus attachment and entry
into host cells. It was authorized for use by Health
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Canada on 20 November 2020. Phase 2 clinical studies
demonstrated that a lower proportion of participants
who received bamlanivimab progressed to hospitali-
zation compared to placebo control (Chen et al. 2021).
While a subsequent combination of bamlanivimab plus
estevimab was shown to reduce both COVID-19-related
hospitalization and death as well as SARS-CoV-2 viral
load (Dougan et al. 2021), estevimab has not yet been
authorized for use in Canada.

Indication: Treatment of adults and adolescents (12 y
and older, >40 kg) with mild to moderate COVID-19,
who are at high risk of progressing to severe COVID-19
illness and/or hospitalization.

Dose: Single intravenous infusion of 700 mg bamlani-
vimab (35 mg/mL), administered withing 10 d of
clinical signs and symptoms onset.

Considerations: Loss of activity observed in some
SARS-CoV-2 lineages.

Antiviral medications against
SARS-CoV-2

Nirmatrelvir and Ritonavir (Paxlovid;
Pfizer Canada ULC)

Nirmatrelvir prevents viral replication by inhibiting
the SARS-CoV-2 3C-like protease, required for process-
ing of polyprotein precursors. Concurrently, ritonavir
inhibits the cytochrome P450 3A-mediated breakdown
of nirmatrelvir, leading to increased plasma concentra-
tions. Authorized for use by Health Canada on
17 January 2022, this is the first treatment that can be
taken orally at home. Clinical studies reported a lower
incidence of hospitalization as well as low viral load in
participants administered nirmatrelvir and ritonavir
compared to placebo control (89% lower risk)
(Hammond et al. 2022).

Indication: Treatment of mild to moderate COVID-19
in adults with positive results of direct SARS-CoV-2 viral
testing, and who are at high risk for progression to severe
COVID-19, including hospitalization or death.

Dose: Oral administration of 300 mg nirmatrelvir
(2 X 150 mg tablet) and 100 mg ritonavir (1 X 100 mg
tablet), twice daily for 5 d. To be administered within
5 d of symptom onset.

Vong and Roifman — COVID-19 treatments

Considerations: Lower dosing is available for those
with renal impairment. There is also potential for drug
interactions given the effect on cytochrome P450 3A.
The impact on rates of hospitalization and death
appears greater in the aging (>65 year) at-risk popula-
tion (Arbel et al. 2022).

Remdesivir (Veklury; Gilead Sciences
Canada Inc.)

Remdesivir inhibits SARS-CoV-2 viral replication
and RNA synthesis. It is metabolized within host cells
to form remdesivir triphosphate, an analog of adenosine
triphosphate (ATP), which competes with ATP
incorporated into RNA chains by the SARS-CoV-2
RNA-dependent RNA polymerase. Remdesivir was first
authorized for use by Health Canada on 27 July 2020,
approximately 4 mo after COVID-19 was declared a
pandemic. Clinical trial results reported reduced time
to recovery and higher odds of improvement in partici-
pants administered remdesivir versus placebo (Beigel
et al. 2020).

Indication: Treatment of hospitalized adults and
adolescents (12 y and older, >40 kg) with pneumonia
requiring oxygen, or non-hospitalized adults with posi-
tive results of COVID testing, at high risk of progres-
sion to severe COVID, including hospitalization and
death.

Dose: Single intravenous infusion of a loading dose of
remdesivir (200 mg) on day 1, and thereafter a once
daily infusion of 100 mg, for a maximum duration of
10 d (i.e., initial 200 mg and 9 X 100 mg). Hospitalized
adults/adolescents with pneumonia requiring supple-
mental oxygens should receive remdesivir for at least
5 d up to a maximum of 10 d. The treatment duration
for non-hospitalized adults is 3 d, to be administered
within 7 d of symptom onset.

Considerations: Anti-viral activity maintained against
Omicron variants.
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Case series of COVID-19 outcomes in adult patients
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ABSTRACT

Background: Since the onset of the COVID-19 pandemic, a main challenge for clinicians and public
health decision-makers has revolved around risk stratification in vulnerable populations, in particular
individuals with inborn errors of immunity (IEI). However, available reports of the clinical course of
COVID-19 in patients with IEI show wide variability, from a complete lack of symptoms to severe and compli-
cated disease.

Objective: To present the clinical features and outcomes of SARS-CoV-2 infection in adult patients with IEL

Methods: We performed a retrospective chart review documenting patient characteristics and clinical course of
SARS-CoV-2 infection between December 2021 and July 2022.

Results: Ten adult patients with |IEI followed in our center were diagnosed with COVID-19, as determined by
RT-PCR or rapid antigen testing. IEl in this cohort included those with humoral and combined immunodeficien-
cies, as well as phagocytic defects. An underlying lung comorbidity was identified in 3 patients. Symptoms
were mostly mild and self-limiting, and no severe outcomes, complications, or mortality were noted in this
study.

Conclusions: We suggest that patients affected by a wide range of both humoral and combined IEI may
demonstrate resilience, while highlighting the possible protective effects of vaccination and immunoglobulin

replacement in this population.

Statement of Novelty: We report on the mild COVID-19 clinical course of 10 adults with IEI.

Introduction

In March 2020, Coronavirus disease 2019 (COVID-19)
caused by the novel coronavirus SARS-CoV-2 was
declared a global pandemic (Cucinotta and Vanelli 2020;
Kahn and Mcintosh 2005). Among previously healthy
individuals, the clinical spectrum of COVID-19 is broad,
ranging from asymptomatic infection to severe respira-
tory complications, myocarditis, and multi-system failure.
Given the high burden of disease seen in many

immunocompetent hosts, concern has risen in regards
to the possible impact of COVID-19 on immunocompro-
mised patients. Indeed, reports published during the early
stages of the pandemic showed evidence of hyperinflam-
mation, acute respiratory distress syndrome, cytopenias,
and increased mortality among patients with inborn
errors of immunity (IEI) (van Damme et al. 2020; Jin et al.
2020; Castano-Jaramillo et al. 2021; Shields et al. 2021;
Meyts et al. 2021). Additionally, a prolonged recovery
period of up to 60 days was reported in patients with
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X-linked agammaglobulinemia (Giardino et al. 2022;
Esenboga et al. 2021).

Since the publication of the above reports,
additional variables have entered the clinical equation
of COVID-19 in IEI patients. These have included the
availability of vaccines against SARS-CoV-2, specific
therapies such as monoclonal neutralizing antibodies,
and the rise of new variants and subvariants. Thus, it
is pertinent to continuously re-evaluate the severity of
COVID-19 in IEI patients and determine the need for
targeted interventions in this population. We hereby
review our center’s recent experience in following
10 adult patients with a wide variety of IEI affected by
COVID-19. All patients had been fully vaccinated
against SARS-CoV-2, and most had also been receiving
immunoglobulin replacement. Our patients, including
those with underlying lung disease, overall showed mild
disease symptoms with no complications or need for
hospital admission.

Methods

In this retrospective study, we reviewed the charts of
patients with IEI followed in our center who
were diagnosed with COVID-19 infection between
December 2021-July 2022. Patients were included if
they consented to participate in the Canadian Centre
for Primary Immunodeficiency Registry and Tissue
Bank, approved by the Hospital for Sick Children
Research Ethics Board (REB protocol # 1000005598).
Information regarding patient demographics, underly-
ing immune diagnoses, presence of an underlying lung
disease, clinical course of COVID-19 infection, labora-
tory evaluation and therapeutic measures used, was
collected.

Results

Patient characteristics

Between December 2021 and July 2022, 10 adult
patients (7 females and 3 males, aged 23-69 years,
median age: 38 years) followed by our center for IEI
were diagnosed with COVID-19, as determined by
RT-PCR or rapid antigen testing (Table 1). With
regards to underlying immune diagnosis, 5 patients
had a humoral immunodeficiency (CVID, Roifman
syndrome), 2 patients had a combined immuno-
deficiency, 2 patients had immune dysregulation

features (currently undergoing genetic work up), and
1 patient had chronic granulomatous disease (CGD).
Three patients had an underlying lung condition,
including asthma and (or) interstitial lung disease.

Clinical course, immunoglobulin
replacement, and vaccination

The most frequent presenting symptoms were upper
respiratory tract symptoms such as cough and coryza,
while fever was present only in 3 patients. Respiratory
complications or asthma exacerbations were not
observed in any of the patients. Duration of symptoms
ranged from 3 days to 3 weeks (median: 10 days). All
patients were treated as outpatients. All patients had
been vaccinated with 2-4 doses of specific vaccines
against SARS-CoV-2. Eight patients had been receiving
regular immunoglobulin replacement therapy at the
time of acquiring SARS-CoV-2 infection. P10, a
35-year-old woman with CGD, contracted COVID-19
twice; the first infection occurred 5 months post-
vaccination and included 3 days of fever, cough and
upper respiratory illness (URI), while the second
episode included mild URI symptoms.

COVID-19 treatments

Specific treatments were given to 4 out of
10 patients. P1, a 64 year-old female with recurrent
opportunistic lung infections and an unknown genetic
diagnosis, was treated with an anti-SARS-CoV-2
monoclonal antibody (sotrovimab) on day 7 of her
symptoms and reported improvement 24 hours post-
treatment. Sotrovimab was also given to P5, a
39-year-old female with DOCKS8 deficiency, and P7, a
41-year-old female with immune dysregulation
disorder, autoimmune hemolytic anemia, dysgamma-
globulinemia and status post-splenectomy, who both
had a mild course. P6, a 23-year-old female with
Roifman Syndrome received paxlovid and remained
well. Non-specific therapies included empiric anti-
microbials and prednisone for P2 due to a prolonged
course of disease, prescribed by his family physician
for presumed bronchitis.

Follow up

At the time of study conclusion, median follow-up
period from the time of infection has been 4 months
(range: 0.5-7 months). At present, all patients remain
complication-free following infection, with full symp-
tom resolution and no long-term sequelae.
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Table 1: Patients characteristics and clinical features.

Patient number P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Gender F M M F F F F F M F

Age (years) 64 69 45 28 39 23 41 37 27 35

IEl diagnosis  CID CVID Roifman Humoral Hyper Ige syndrome, Roifman syndrome Immune Immune CVID CGD
syndrome immunodeficiency = DOCKS deficiency dysregulation, dysregulation

COVID-19 test RT-PCR
method

Presenting Cough, URI
symptoms fatigue

Duration of 3 weeks
symptoms

Other health Asthma
problems

Chronic none
treatment
and
prophylaxis

Vaccination 3 doses
status

COoVID-19 anti-COVID19
treatment mAB

(sotrovimab)

Follow up 4

(months)

Rapid antigen
test

Cough,
headache,
loss of smell
and taste,
fatigue

2 weeks

OSA, liver
cirrhosis,
anemia

IVIG

3 doses

Empiric
antibiotics,
Prednisone

6

Rapid antigen
test
Cough, URI

1 week

IVIG

3 doses

none

Rapid antigen
test+ PCR

Cough, URI,
fatigue

5 days
Hypothyroidism,
global

developmental
delay

IVIG

2 doses

none

RT-PCR

Cough, headache

10 days

Barter
syndrome
with renal
calcifications,
liver cirrhosis,
hypersplenism, IBD
IVIG,
Filgrastim,
Prednisone, MMF

3 doses

anti-SARS-
CoV-2 mAB
(sotrovimab)
4

Rapid antigen test

Fever, cough, URI,
fatigue

NA

Mild asthma, CNS
vasculitis,
seizures

IVIG

3 doses

Paxlovid

0.5

NOD2 variant
RT-PCR

fever, cough, URI,
headache

1 week

AIHA, liver cirrhosis,
s/p splenectomy

IVIG, Prednisone

4 doses

anti-SARS-CoV-2
mAB (sotrovimab)

Rapid antigen test

URI

2.5 weeks
Multiple Sclerosis,
ITP, AIHA,

Myasthenia
Gravis

IVIG

3 doses

none

Rapid antigen
test

fever, cough,
arthralgia

3-4 days

IVIG

3 doses

none

Rapid antigen test

fever, cough, URI
(first infection),
Two months later
brief URI

3 days, 1-2 days

Hypothyroidism

none

3 doses

none

Note: CID, combined immunodeficiency; CVID, common variable immune deficiency; URI, upper respiratory illness; NA, not available; OSA, obstructive sleep apnea; IBD, inflammatory bowel disease; CGD, chronic
granulomatous disease; ITP, idiopathic thrombocytopenic purpura; AIHA, autoimmune hemolytic anemia; MMF, Mycophenolate mofetil; mAB, monoclonal antibodies.
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Discussion

We report the clinical manifestations and outcomes
of 10 adult patients with IEIL This heterogeneous cohort
includes patients with humoral immunodeficiency such
as hypogammaglobulinemia, combined immuno-
deficiency such as DOCKS deficiency, syndromic
immunodeficiency (Roifman syndrome), immune
dysregulation disorders, and CGD. All patients had an
uncomplicated clinical course without the need for
hospital admission, even in those with underlying lung
disease.

Compared with previous reports of higher disease
severity in IEI patients, a number of protective factors
may have contributed to milder disease in our cohort.
First, all patients in our cohort were diagnosed with
COVID-19 between December 2021-July 2022, a
period of predominance of the omicron variant, as
opposed to the alpha and delta strains likely impacting
patients in earlier reports (Araf et al. 2022).
Additionally, 7 of 10 patients had been receiving
immunoglobulin replacement, likely providing patients
with some degree of passive immunity. It is noteworthy
that our center has diligently recommended vaccination
against SARS-CoV-2 for all patients with IEI, including
those with humoral deficiency. Indeed, while specific
antibody responses may be variable in such patients,
cellular immunity may still be highly beneficial.
Finally, specific treatment with sotrovimab or paxlovid
were initiated by community practitioners in 50% of
our patients, although it remains unclear whether mild
symptoms and disease resolution occurred in these
patients due to this treatment. It remains unclear under
what circumstances and in which IEI patients this treat-
ment should be administered.

We conclude that patients affected by IEI may show
clinical resilience in the face of COVID-19 infection,
with vaccination against SARS-CoV-2 and immuno-
globulin replacement therapy representing possible
protective factors in this patient population. Diligent
long-term follow-up studies are warranted and are
ongoing to ensure no severe or unique complications
develop in this patient population.
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Association between NOD2 and autoinflammation
presenting as Yellow Nail Syndrome

Laura Edith Abrego Fuentes® and Mohammad Alsalamah® %%+

ABSTRACT

Background: Yellow Nail Syndrome is defined as a triad of lymphedema, respiratory symptoms, and nail
discolouration. The precise etiology remains unknown, however it has been reported alongside a broad spectrum
of conditions including malignancies, autoinflammatory diseases, and immunodeficiencies.

Aim: To highlight the association between defects in the intracellular bacterial sensor gene NOD2 and Yellow
Nail Syndrome.

Methods: A retrospective review of the patient’s chart was performed, including family history, characteristics,
immune laboratory evaluation, and genetics.

Results: A 65-year-old female was referred to our centre for lymphedema and bronchiectasis. She had recurrent
episodes of pneumonia, cellulitis, and oral ulcers. Bilateral lymphedema on her lower limbs up to the hip and dis-
coloured yellow nails were reported. Given her clinical picture, she was diagnosed with Yellow Nail Syndrome.
The immunological evaluation was unremarkable overall, with normal T cell subsets and function and adequate
antibody titers. Genetic testing identified a heterozygous mutation in the NOD2 gene, c.2107C>T
(p.Arg703Cys), considered a variant of uncertain significance.

Conclusion: Heterozygous variants in NOD2 can result in a spectrum of autoimmune and autoinflammatory dis-
orders, including Yellow Nail Syndrome.

Statement of novelty: We describe a patient with Yellow Nail Syndrome, presenting with the classic triad of clini-
cal features. Genetic evaluation identified a heterozygous variant in NOD2, which has been extensively associ-

ated with several autoinflammatory diseases, but not Yellow Nail Syndrome.

Introduction

Yellow Nail Syndrome (YNS) was initially described
in 1964, consisting of discoloured nails and lymphe-
dema in a group of 13 patients (Samman and White
1964). The clinical features have since evolved to
include the triad of discoloured nails, lymphedema,
and respiratory symptoms (including pleural
effusion, bronchiectasis, sinusitis, and chronic cough)

(Hiller et al. 1972; Emerson 1966). At least two of these
three manifestations must be present, with nail abnor-
malities being a major criterion, as the manifestations
may not always be present simultaneously (Vignes and
Baran 2017). It is reported almost exclusively in adults
over 50 years of age, without sex predilection (Hoque
et al. 2007; Maldonado et al. 2008; Piraccini et al. 2014).
While extremely rare, YNS has also been documented
in pediatric populations (Vignes and Baran 2017).
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To date, the precise etiology of YNS remains unclear.
It has been associated with malignancy (including bron-
chial carcinoma, breast, non-Hodgkin’s lymphoma,
gallbladder, larynx, renal cell carcinoma, endometrium,
melanoma, multiple myeloma after hematopoietic stem
cell transplantation or precancerous mycosis fun-
goides), leading to suggestions that YNS is a paraneo-
plastic syndrome (Hoque et al. 2007; Maldonado et al.
2008; Piraccini et al. 2014; Vignes and Baran 2017).
The symptoms of lymphedema, nail discolouration,
and pleural effusions (specifically chylothorax) have
also been ascribed to lymphatic impairment, yet this
does not explain the chronic cough and sinus infections.
Microvasculopathy with protein leakage rather than
functional lymphatic impairment has also been consid-
ered (Maldonado et al. 2008).

An underlying immunological association has previ-
ously been proposed (Siegelman et al. 1969). Reports
of YNS in conjunction with immunodeficiencies such
as common variable immunodeficiency and combined
T and B cell deficiency may explain the sinus and pul-
monary infections (Vignes and Baran 2017). Yet,
immune investigations among these patients are scarce,
and the few reported cases are remarkable for severe
lymphopenia, deficiency of naive CD4+ and CD8+ T
cells and total B cells. Increased transitional B cells were
observed, as well as abnormal T cell response to mito-
gens and antibody deficiency (Gupta et al. 2012).

Some studies have highlighted FOXC2, a member of
the forkhead domain family of transcription factors, as
a possible genetic cause. Variable phenotypical presen-
tations were described, including lymphedema-
distichiasis syndrome (OMIM 153400), Meige lymphe-
dema (OMIM 153200), and lymphedema ptosis
(OMIM 15300) (Finegold et al. 2001; Brice 2002).

Here, we describe a patient with YNS who presented
with the classic triad of clinical features. Genetic investi-
gations identified a heterozygous mutation in the NOD2
gene, which has been extensively associated with auto-
inflammatory disease and immunodeficiency.

Case presentation

Patient

Our patient is a 65-year-old female of Italian
descent who first presented at the age of 59 years
with recurrent X-ray-confirmed pneumonias, occurring

2-3 times per year, which required management with
oral antibiotics. She has mild bronchiectasis affecting
the right upper and lower lobe, as well as the left lower
lobe. Chronic sinusitis was noted, with sinus CT show-
ing mild polypoid hypertrophy of the right inferior
nasal turbinate and significant mucosal thickening
affecting most of the sinuses. She experiences postnasal
drip and chronic cough managed by a corticosteroid
inhaler.

Over the past 7 years, she has had 3 separate episodes
of cellulitis affecting her left leg, right leg, and once
involving her right shin (each treated with IV or oral
antibiotics). From an autoimmune standpoint, she suf-
fers recurrent oral ulcers and has osteoarthritis of the
hips, knees, and proximal interphalangeal and distal
interphalangeal joints. She also has Raynaud’s phe-
nomenon in both hands, triggered by cold weather. An
abdominal CT scan demonstrated extensive colon
diverticulosis.

On physical examination, the patient was found to
have thick yellow nails, inflammatory hyperpigmen-
tation and lichenification, severe lymphedema and
lipedema bilaterally on both her lower limbs up to
her hips. Given the characteristic symptoms, she
was subsequently diagnosed with YNS.

The patient’s family history is remarkable for consan-
guinity, autoimmunity, and malignancy. Her parents
are third cousins. Father suffers from congestive heart
disease and hypertension, while the mother has hypo-
thyroidism, hypertension, and arthritis. The patient’s
sister passed away from pancreatic cancer around age
60. She has another half-sister and a brother who has
hypertension and a history of bladder cancer. The
patient has two sons, one had thyroid cancer, and the
other suffered from chronic urticaria. Extensive oncol-
ogy workup of our patient, including whole body CT
and mammography, did not show any evidence of
malignancy.

Immune evaluation

Immune investigations showed normal immunoglo-
bulins (IgG: 13.6 g/L, IgA 1.9 g/L, IgM: 0.5 g/L) while
specific antibody titers against mumps, measles, rubella,
tetanus, and varicella were protective (Table 1).
Lymphocyte immunophenotyping was unremarkable
overall, although slightly low B cell numbers of
83 cells/pL (normal: 91-610 cells/pL) were detected,
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Table 1: Immune evaluation of our patient with Yellow
Nail Syndrome.

Reference Patient

Parameter Range (age 62)
CD3+ (%) 62-87 85.8
CD3+ Absolute (cells/pL) 570-2400 1620
CD3+CD8+ (%) 15-46 15.0
CD3+CD8+ Absolute 210-1200 283

(cells/pL)
CD3+CD4+ (%) 32-64 67.8 (H)
CD3+CD4+ Absolute 430-1800 1,280

(cells/pL)
CD19+ (%) 6-23 4.4 (L)
CD19+ Absolute (cells/pL) 91-610 83 (L)
CD16+56+ (%) 4-26 8.3
CD16+56+ Absolute 78-470 157

(cells/uL)
CD4/CD8 Ratio 0.80-3.90 4.5 (H)
Total Protein (g/L) 72
Albumin (g/L) 44
IgA (g/L) 0.84 1.9
1gG (g/L) 6.0-16.0 13.6
IgM (g/L) 0.5-2.0 0.5

which is not expected to be significant given normal
humoral investigations. T cell subsets were within
normal range (CD3+CD8+: 283 cells/pL, normal:
200-900 cells/pL; CD3+CD4+ 1280 cells/pL, normal:
300-1400 cells/pL) with a slight predominance of
CD4+ over CD8+ T cells, at a ratio of 4.5 (normal:
0.8-3.9). NK cell numbers were unremarkable.
Lymphocyte proliferation to the mitogen phytohemagglu-
tinin (PHA) was normal, with a stimulation index of 1039.

Genetic investigations

A 17-gene Autoinflammatory Disease panel detected
a heterozygous variant of uncertain significance
in the NOD2 gene (NM_022162.1), c.2107C>T
(p.Arg703Cys), resulting in the substitution of an argi-
nine residue with cystine at position 703. In silico pro-
grams (Sift, Polyphen, MutationTaster) found no
consensus regarding the pathogenicity of this variant.

CARD1/CARD2 NBD HD1

Discussion

We report a novel association between YNS and the
NOD?2 gene, encoding NOD2 (nucleotide-binding oli-
gomerization domain-containing protein 2). Previously
referred to as CARD15 (caspase recruitment domain-
containing protein 15), NOD2 belongs to the intracellu-
lar NOD-like receptor family of pattern recognition
receptors. These serve as intracellular sensors that
detect patterns in bacterial peptidoglycan (i.e., muramyl
dipeptide) and promote bacterial clearance through
activation of the NF-kappa-B pathway and autophagy.
Mutations in NOD?2 are linked with several chronic
inflammatory diseases, suggesting that balanced signal-
ling is critical for maintaining immune homeostasis
(Negroni et al. 2018). NOD2 is expressed primarily in
monocytes but also in macrophages, dendritic cells,
lymphocytes, epithelial and endothelial cells, and intes-
tinal paneth cells.

The NOD2 gene maps to chromosome 16q12 and
comprises 12 coding exons. Structurally, NOD2 consists
of 2 N-terminal Caspase Recruitment Domains
(CARD), followed by a Nucleotide Binding Domain
(NBD, residues 195-425), Helicoidal Domain 1 (HD1,
residues 426-485), Winged-helix Domain (WHD, resi-
dues 486-602), Helicoidal Domain 2 (HD2, residues
2603-743) and a C-terminal leucine-rich repeat domain
(LRR, residues 744-1,020) (Maekawa et al. 2016)
(Figure 1). The CARD domains are responsible for sig-
nal transduction, the NBD through HD2 domains
together form the NOD domain with ATPase activity,
while the LRR is essential for recognizing ligands.

To date, pathogenic mutations in NOD2 have been
associated with Blau Syndrome (OMIM 186580)
(Miceli-Richard et al. 2001) and Early Onset Sarcoidosis,
Crohn’s Disease (OMIM 266600) (Ogura et al. 2001;
Hugot et al. 2001; King et al. 2006), and NOD
Associated Autoinflammatory Disease (NAID)/Yao

603 744 1020
WHD HD2 LRR

p. Arg703Cys

Figure 1: Schematic diagram of NOD2. The NOD2 receptor is comprised of 2 N-terminal CARD domains, a NOD
domain encompassing the Nucleotide Binding Domain (NBD), Helicoidal Domain 1 (HD1), Winged-Helix Domain
(WHD), and Helicoidal Domain (2), and a C-terminal leucine-rich repeat (LRR) domain. The mutation identified in
our patient ¢.2107C>T leading to p.Arg703Cys is shown in blue.
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Syndrome (OMIM 617321) (Yao et al. 2011). In our
patient, the heterozygous NOD2 variant, ¢.2107C>T
(p.Arg703Cys), affects the HD2 domain. Mutations tar-
geting this domain have been reported in patients with
the above conditions, resulting in either gain- or loss-of-
function (Tanabe et al. 2004).

Blau Syndrome and Early Onset Sarcoidosis are the
heritable and sporadic forms, respectively, of an autoin-
flammatory disease caused by NOD2 gain-of-function
mutations. These are characterized by non-caseating
granulomatous arthritis, uveitis, and dermatitis.
Cranial neuropathies, sarcoidosis, and a high incidence
of Crohn’s colitis are reported (Tangye et al. 2022).
The majority of NOD2 mutations that lead to these
conditions are concentrated on or near the domain
interfaces of NBD, HD1, WHD and HD2: 3 mutations
have been reported in the NBD, 7 in HD1, 3 in the
WHD, and 1 in HD2. While arthritis involving wrists,
ankles, knees, and interphalangeal joints in Blau
syndrome/Early Onset is reminiscent of the arthritic
features in our patient, the other more common features
were absent.

The NOD?2 variants associated with Crohn’s disease,
of which the majority are loss-of-function, can be found
scattered throughout the NOD2 protein in all domains
except HD1; 13 mutations mapped to the NBD, 1 to
the WHD, 7 to HD2 and 10 to the LRR domain
(Maekawa et al. 2016). Of note, a polymorphism associ-
ated with Crohn’s disease, p.Arg702Trp, lies within just
one residue of the mutation identified in our patient.
Yet, the only gastrointestinal finding in our patient
was diverticulosis.

The p.Arg702Trp is also present in patients described
with NAID/Yao Syndrome, an autoinflammatory dis-
ease characterized by periodic fever, dermatitis, arthri-
tis, and swelling of the distal extremities, as well as
gastrointestinal and sicca-like symptoms (Yao et al.
2013, 2019). The clinical picture of our patient does
not fit the NAID/Yao Syndrome criteria.

The features of YNS in our patient may be an atypical
or mild presentation of one or more of the diverse con-
ditions attributed to NOD2. Paradoxically, her immune
evaluation was not consistent with the previously
described immune defects associated with YNS. It is
not uncommon for genes located on the same chromo-
some to share overlapping phenotypes. For example,

inflammatory disorders categorized under the umbrella
of Systemic Autoinflammatory Diseases (SAIDs), which
encompasses a group of genetically diverse and hetero-
geneous inflammatory disorders resulting from abnor-
mal innate immunity, have been attributed to both
NOD2 and MEFV genes (Aksentijevich 2015; Yao et al.
2019). Both are present in chromosome 16.
Interestingly, FOXC2, linked to YNS (OMIM 602402),
is also located on chromosome 16.

In sum, we describe a patient with YNS whom, upon
genetic evaluation, we identified a heterozygous muta-
tion in NOD2. To our knowledge, this is the first report
of such an association. Further investigations are
required to delineate the role of NOD2 in YNS. With
the widespread availability of genetic tools, including
next-generation sequencing, attaining a genetic diagno-
sis should be prioritized to provide tailored and effective
treatment options.
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A novel variant in RUNX1 in a patient with refractory
eosinophilic gastrointestinal disease and long-term
clinical response to ketotifen

Ori Scott?, Jenny Garkaby?, Laura Abrego Fuentes®, Chaim M. Roifman®”*, and

Jessica Willett Pachul®

ABSTRACT

Background: Eosinophilic gastrointestinal disease (EGID) is an umbrella term for a heterogeneous group of
disorders affecting the Gl tract. In contrast to the relatively common eosinophilic esophagitis (EoE), eosinophilic
gastroenteritis (EGE) remains poorly understood in terms of both its pathophysiology and genetic etiology, while
treatment options remain limited.

Aim: To expand the genotypic spectrum of EGE and describe our long-term experience of treatment with
ketotifen.

Methods: Case report of a patient with EGE followed by our team for over 27 years.

Results: Our patient was diagnosed with EGE at the age of 4 years, accompanied by multiple other atopic
manifestations and serum eosinophilia. He was later diagnosed with a heterozygous variant in RUNX1, a gene
implicated in multi-lineage hematopoiesis, inhibition of Th2 polarization and T regulatory cell function. The patient
has experienced long-term symptom improvement while treated with the mast cell stabilizing H1 antihistamine,

ketotifen, with substantial symptomatic worsening after this agent was briefly stopped.

Conclusion: We expand the genotypic spectrum of EGID etiology to include mutations in RUNX1, and suggest
ketotifen as a viable option for patients with treatment-refractory EGE.

Statement of novelty: This case reports on a possible novel genetic cause of EGID and describes long-term

successful clinical management with ketotifen.

Introduction

Eosinophilic gastrointestinal disease (EGID) repre-
sents a wide spectrum of conditions marked by inflam-
matory eosinophilic infiltration of the GI tract,
including eosinophilic esophagitis (EoE), gastroenteritis
(EGE), and colitis (EoC). EoE is the most common
form of EGID, with an estimated prevalence of 1:2000,
while EGE remains rarer (estimated prevalence of

2-5:100 000), although this latter figure likely represents
a substantial underestimation due to heterogeneity of
symptoms and a lack of clear, standardized diagnostic
criteria (Gonsalves 2019; Rossi et al. 2022; Dellon and
Spergel 2022). In line with our incomplete clinical under-
standing of EGID, its genetic etiology has not been fully
elucidated. Single nucleotide polymorphisms (SNPs) in
genetic loci associated with barrier response to tissue
damage and Th2 immunity have been implicated in
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EoE, with notable examples including CAPN14, STATS,
and TSLP (Ryu et al. 2020). However, much less is
known about the genetics of other forms of EGID.

Further to the above challenges in diagnosing EGID
and establishing its etiology, therapeutic options for
patients with EGID remain limited. In EoE patients,
current approaches may involve both dietary and phar-
maceutical interventions, including various degrees of
elimination diets, proton pump inhibitors, steroids
(topical and/or systemic), leukotriene receptor antago-
nists, mast cell stabilizers, and more recently biologic
agents (Gonsalves 2019; Dellon and Spergel 2022).
However, well-established and effective treatment pro-
tocols are still lacking for EGE.

The current report described our experience of caring
for a patient with EGE over a period of 27 years. The
patient was diagnosed with a variant in the RUNX1
gene, potentially accounting for his presentation. He
had substantial clinical and endoscopic improvement
on ketotifen, with rapid symptom recurrence after treat-
ment was briefly stopped.

Methods

Patient and blood samples

Data compiled prospectively and retrospectively from
patient medical records were entered into the Canadian
Centre for Primary Immunodeficiency Registry and
Tissue Bank, which has been approved by the SickKids
Research Ethics Board (protocol No. 1000005598). Patient
and family members provided written informed consent.

Genetic diagnosis and sequencing
confirmation

Genomic DNA was isolated from patient peripheral
blood leukocytes using the Geneaid genomic DNA
extraction kit (Geneaid Mini Kit; Sensi Capital Corp,
Toronto, Ontario, Canada). The patient’s mutation was
identified via whole exome sequencing using Illumina
HiSeq2500 GATK 1.1.28 sequencing platform, and con-
firmed by Sanger sequencing using DTCS Quick Kit on
an automated sequencer (Beckman-Coulter CEQ 8000).

Clinical case

A male patient was first referred to our practice at the
age of 4 years, and is still currently followed at the age
of 31 years. He was first referred with a history of

Scott et al. —-Refractory EGID responds to ketotifen

difficult-to-control EGID, other atopic features, and
peripheral hypereosinophilia. His EGID presenting com-
plaints included poor growth, abdominal pain, severe
reflux, dysphagia, and vomiting, and he was identified
on an upper endoscopy to have marked distal esophagitis
with deep linear ulcers of the antrum extending into the
duodenum. On biopsy, he had clusters and aggregates of
eosinophils in the distal esophagus, stomach, and duo-
denum, with foci of blunted villi in the duodenum.
Review of past medical history revealed that the patient
had other atopic features including asthma and mild
eczema, and he later developed allergic rhinitis. He had
no history of recurrent or unusual infections, and no
autoimmune or inflammatory features. He had received
all childhood vaccines uneventfully. On review of family
history, his parents were noted to be non-consanguineous
of European descent. His father had a similar history of
eosinophilic esophagitis/EGID leading to extensive scar-
ring and fibrosis, as well as peripheral hypereosinophilia,
anaphylaxis to insect venom, multiple food allergies, and
Addison’s disease. His mother was healthy. The patient’s
brother had a diagnosis of psoriasis. There was no family
history of malignancy. No abnormalities were noted on
physical exam with the exception of mild eczema. Initial
laboratory evaluation revealed peripheral hypereosino-
philia of 1.9 x 10” cells/L but otherwise normal complete
blood count and differential, and, unexpectedly, hypo-
gammaglobulinemia, with IgG of 5.1 g/L and normal
IgA (0.8 g/L) and IgM (0.8 g/L). His specific vaccine
responses at the time to polio, measles, mumps, rubella,
and tetanus were all reactive.

In regard to managing the patient’s EGID, initial
treatments included a strict six-food elimination diet,
multiple courses of systemic steroids, proton pump
inhibitors, swallowed steroids, and a trial of montelu-
kast, with minimal symptomatic improvement.
Ultimately, substantial clinical relief was noted when
he was treated with a combination of ketotifen and an
extensive elimination diet. A repeat endoscopy and
biopsy at the age of 12 years while on ketotifen showed
some improvement in duodenal architecture and a
reduction in eosinophilic infiltration of his esophagus,
although gastric eosinophilia had not improved. At the
age of 27, the patient discontinued his treatment of
ketotifen due to daytime somnolence, headaches, and
flushing. Shortly thereafter he began experiencing
fatigue, shortness of breath and developed peripheral
edema. Work-up identified profound anemia with a
hemoglobin of 50 g/L, as well as hypoalbuminemia.
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Repeat endoscopy showed extensive inflammation of
his mid esophagus, gastric antrum, gastric body, and
duodenum, and >15 eos/hpf in all the above regions.
He was suspected to have protein-losing enteropathy
precipitated by uncontrolled EGID. He was re-started
on ketotifen and experienced a rapid improvement in
his symptoms, with normalization of his hemoglobin
and serum albumin.

At the age of 29, given persistence of ketotifen
side-effects, the patient was trialed on Dupilumab, of
which he received 2 infusions. However, following his
second infusion he experienced a rise in his serum
eosinophils from the usual range of 2—3 x 10” cells/L
up to 6 X 10° cells/L, without any evidence of end-organ
damage related to hypereosinophilia. He therefore did
not receive any further Dupilumab infusions. He has
resumed treatment with ketotifen and remains on an
extensive elimination diet. On his most recent labora-
tory assessment, he was noted to have hypereosino-
philia of 2.6 x 10° cells/L (back to his baseline) but
otherwise normal complete blood counts and differen-
tial, with normal lymphocyte subsets. His IgG was again
low at 2.76 g/L with normal IgA and IgM. He had pro-
tective specific vaccine titres to measles, mumps, and
varicella, while rubella titres were equivocal. His anti-A
isohemagglutinin titre was normal at 1:128.

Genetic evaluation

The patient was first assessed via an inborn errors of
immunity panel, which did not reveal any variants that
could explain his phenotype. He was subsequently
evaluated using research whole exome sequencing and
was found to have a novel heterozygous variant in the
RUNX1 gene, NM_001754: exon 9: c.T1270C
(p-S424P). This variant was not identified in large pop-
ulation databases, and was predicted in-silico to be
borderline/deleterious. It is expected to alter the
RUNX1-Foxp3 interaction domain, therefore prevent-
ing inhibition by T regulatory cells. The variant has pre-
viously been reported and classified as a variant of
unknown significance in ClinVar, with no patient phe-
notype reported (ClinVar allele ID 958947).

Discussion

We report on a patient with EGE who was found to
harbour a variant in the RUNXI gene, coding for
Runt-related transcription factor 1 (RUNX1), also

known as acute myeloid leukemia 1 (AML1). RUNX1
plays a variety of roles in multi-lineage hematopoietic
development, differentiation of myeloid and lymphoid
cells, and its interaction with Foxp3 is essential for car-
rying out the suppressive role of T regulatory cells
(Tregs) (Ono et al.2007; Cohen 2009). Additionally,
RUNXI1 inhibits differentiation of naive CD4+ T cells
into Th2 via repression of GATA3 (Komine et al.
2003). Somatic mutations in RUNXI have been impli-
cated in the development of various hematopoietic
malignancies, and are also commonly seen in cases of
systemic mastocytosis (Holmes et al. 2014; Schwaab
et al. 2020; Di Giacomo et al.2022). Heterozygous germ-
line mutations in RUNXI have been associated with
familial platelet disorder with associated myeloid malig-
nancy (OMIM: 601399), a disorder marked by incom-
plete penetrance and broad phenotypic spectrum
(Schmit et al. 2015; Kanagal-Shamanna et al. 2017;
Simon et al. 2020; Li et al. 2021; Tang et al. 2022). Our
patient has never displayed any abnormalities in platelet
number or size; rather, his presentation is of systemic
and gastrointestinal hypereosinophilia. Notably, bone
marrow eosinophilia has been identified in 6 of
11 patients with germline RUNXI mutations in one case
series (Kanagal-Shamanna et al. 2017), while eosinophilic
leukemia was reported in another study in a patient with
a germline RUNX1 mutation (Tang et al. 2022). The
potential mechanism of eosinophilia may relate to loss-
of-function of RUNXI, leading to reduced inhibition of
GATA3 and therefore excessive Th2 polarization.

Our patient’s mutation has not been reported as caus-
ing familial platelet disorder with associated myeloid
malignancy; however, it is possible that mutations
affecting different amino acid residues of RUNXI may
lead to a variable phenotype. In this regard, a recent
study identified that while some RUNXI1 mutations
caused haploinsufficiency others resulted in a dominant
negative effect with differential transcriptional outputs
(Lietal. 2021). The current mutation, Ser424Pro, affects
the transcriptional activation domain at the site of
Foxp3 interaction and it is possible therefore that it
results in decreased Treg inhibitory capacity, resulting
in a “Tregopathy”, although this will require molecular
functional validation. The patient presented with unex-
pected hypogammaglobulinemia, though his specific
vaccine responses have been intact. Work in an experi-
mental model of runxI loss-of-function in zebrafish
revealed a humoral immunodeficiency, with failure of
V(D)J recombination in B cells but not in T cells.
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However, no human evidence is available to date to sug-
gest an equivalent phenotype.

Our patient showed substantial clinical improvement
while on treatment with ketotifen, and minimal
response to all other treatments. To date, there are no
standardized treatment protocols for patients with
EGE. A number of ongoing clinical trials have investi-
gated the potential use of biologic agents in EGID, with
one of the most promising agents being the IL-4 recep-
tor alpha chain antagonist, Dupilumab, currently
approved in the United States for treatment of EoE
(Dellon and Spergel 2022). However, evidence for use
of biologics in EGE specifically is still lacking. Our
patient showed a dramatic rise in serum eosinophils
when treated with Dupilumab leading to treatment dis-
continuation, suggesting that we still do not fully under-
stand the pathophysiology of EGE or how it differs from
that of EoE. Other trials in EGE are ongoing for
Lirentelmab (Siglec-8 antagonist) and Benralizumab
(IL-5 receptor antagonist) (Dellon and Spergel 2022).
In regard to evidence for ketotifen use in EGE, and in
particular the long-term use of this agent, evidence is
still scarce beyond our report of using this agent in
6 patients with EGE in 1991 (Melamed and Roifman
1991). Short-term ketotifen use for a period of 30 days
has been reported to result in resolution of acute EGE
symptoms, with a patient in clinical remission up to
10 months later (Bolukbas et al. 2004). Another report
described a 44-year-old patient with difficult to control
EGE who had been treated with ketotifen for over
20 years with excellent symptomatic relief, although
histologic findings were suggestive of continued inflam-
mation of his upper GI tract despite the patient being
asymptomatic (Freeman 2019). This raises the impor-
tance of a combination of periodic clinical and endo-
scopic surveillance of EGE patients, regardless of
treatment modality. While treatment with ketotifen
may be a compelling option given the experience of
our center and others, a systematic trial assessing the
effectiveness and long-term impact of this agent in
patients with EGID is warranted. Further points which
would require more systematic large-scale evaluation
include optimization of treatment dose and standardi-
zation of treatment response assessment.

We conclude that EGID is a broad-spectrum group of
disorders, with EGE possibly having distinct genetic
etiology and pathophysiology as well as differential
treatment response compared with the more common
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EoE. While several genome-wide association studies
have identified various risk loci associated with EoE
(Kottyan et al. 2021; Chang et al.2022), enabling
identification genes and risk variants (Ryu et al. 2020),
there is a substantial lag in our knowledge of genetic
predisposition to other EGID such as EGE. To date, no
clear risk loci have been identified in association with
forms of EGID other than EoE. We suggest that
mutations in RUNX1, previously associated with other
hematologic abnormalities such as eosinophilia and
malignancy, may also underlie a presentation of tissue
eosinophilia such as EGID. We further suggest that in
refractory EGE cases, the mast cell stabilizer H1 anti-
histamine ketotifen may be considered as a therapeutic
option.

Ongoing surveillance of patients is warranted to
assess for clinical symptoms and histologic evidence of
disease.
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