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Commentary

Managing primary immunodeficiency during
the COVID-19 pandemic

Chaim M. Roifman, CM, MD, FRCPC, FCACBa,b*

Introduction

The coronavirus disease 2019 (COVID-19) outbreak,
which originated in Wuhan, China, is caused by a novel
coronavirus named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Li et al. 2020; Wong et al.
2020; Xu et al. 2020). To date, cases have been reported
in all continents worldwide with the exception of
Antarctica, and include over 25 million affected
and 846 841 deaths (European Centre for Disease
Prevention and Control 2020). The pandemic has
led to a disproportionate loss of lives in our most vul-
nerable populations and widespread global economic
downturn.

SARS-CoV-2 belongs to the same family of corona-
viruses that cause the common cold, as well as the
recent outbreaks of atypical viral pneumonia (severe
acute respiratory syndrome, SARS; Middle East respira-
tory syndrome, MERS) (de Wit et al. 2016; Paules et al.
2020). Like all viruses, SARS-CoV-2 can multiply only
in living cells. To enter living cells, viruses express pro-
teins (ligands) on their surface which recognize comple-
mentary proteins on the surface of cells (receptors).
Binding of viral ligands and cellular receptors allows
entry of the virus into cells where they hijack its normal
functions to reproduce. This take over by the virus
damages the cells, and upon their death, multiple new
copies of the virus are released into the bloodstream,
infecting other cells and resulting in disease.

To maintain infectious ability, viruses must retain
their complex structure which includes its genetic
material, proteins, and fatty envelope. The infective
ability of viruses on surfaces outside of the body and
the precise mechanism whereby they propagate to peo-
ple varies among viruses (Paules et al. 2020). Some can
only be transmitted through blood transfusions, while
others travel from person to person through droplets.
Respiratory viruses such as influenza and SARS-CoV-2
rely on droplets produced by infected individuals
(usually by coughing or sneezing). Direct exposure of
the mouth, nose, or eyes to droplets in the air may result
in infection (Carlos et al. 2020; Lu et al. 2020; Xia et al.
2020). Similarly, hand contact with contaminated surfa-
ces and subsequent transfer to the airways or eyes may
also lead to infection. SARS-CoV-2 appears infectious
through large size droplets as well as fine mist (aerosol).
Early reports also suggest evidence of transmission via
the fecal-oral route (Gu et al. 2020; Hindson 2020).

SARS-CoV-2 does not stay infectious for extended
periods on surfaces and varies from 24 hours on card-
board to several days or a week on plastic surfaces
(Carraturo et al. 2020). Cold temperatures do not
reduce the lifespan of SARS-CoV-2, and the virus
remains viable for a long time in refrigerators and freez-
ers. In contrast, high heat of more than 60 °C kills the
virus. Copper and paper surfaces have antiviral activ-
ities due to emission of ions or chemical residues,
respectively (Ren et al. 2020).

aCanadian Centre for Primary Immunodeficiency and the Division of
Immunology & Allergy, Department of Paediatrics, The Hospital for Sick
Children, Toronto, ON; bUniversity of Toronto, Toronto, ON
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Transmission of the virus to another individual may
result in infection, which could lead to COVID-19
related disease. Those infected with SARS-CoV-2, like
those infected with other coronaviruses or influenza
viruses, may become sick or remain asymptomatic
(Rothe et al. 2020). COVID-19 disease may be mild or
severe, with components and symptoms related to dam-
age inflicted directly by the virus or by a host exagger-
ated response to the infection (commonly called
complications). Individuals sick with COVID-19 typi-
cally present with fever, cough, dyspnea, pneumonia,
loss of smell and taste, and gastrointestinal symptoms
(Jiang et al. 2020; Stawicki et al. 2020).

Mounting consistent experience indicates that the
elderly and individuals with existing morbidities are at
higher risk of developing more severe disease course
(Chen et al. 2020; Huang et al. 2020; Li et al. 2020).
Risk factors for critical illness include older age
(>65 years), obesity, type II diabetes mellitus, males,
cancer, chronic kidney disease, chronic obstructive pul-
monary disease, immunodeficiency, serious cardio-
vascular disease, and sickle cell disease (Chen et al.
2020; Huang et al. 2020; Li et al. 2020). Complications
and fatalities associated with COVID-19 are caused by
poorly controlled inflammation triggered by the virus,
including acute respiratory distress syndrome, coagula-
tion disorders, acute kidney injury, and vascular injury
(Chen et al. 2020).

Children and young people with no co-morbidities
appear to experience less severe illness when infected
(Yu and Chen 2020). Indeed, children make up about
2% of all reported cases in the world (Bialek et al.
2020; Stawicki et al. 2020; Wu and McGoogan 2020).
Yet, some limited number of children with more serious
complications of COVID-19, mainly multi-system
inflammation, have been reported (Riphagen et al. 2020;
Waltuch et al. 2020). Neither the true frequency of
these events nor the long-term sequelae of COVID-19
in children have been determined.

Disease severity in children should not be confused
with the frequency and ability of children to get infected
and transmit the virus to others. This issue remains
controversial, with some claiming children might be less
contagious. Scientific analysis of SARS-CoV-2 trans-
mission conducted by Christian Drosten, Germany’s
chief virologist, found no differences in coronavirus
transmission across all age groups, including children

(Jones et al. 2020). The study concluded that children
can be as infectious as adults. From the beginning of
the pandemic there have been case reports of young
children who had high levels of SARS-CoV-2 virus
detected in all body fluids tested. Further, a recent study
indicated young children secrete more SARS-CoV-2
than sick adults (DeBiasi and Delaney 2020), suggesting
children can be as contagious as adults.

Based on evidence and research collected thus far, the
following are my recommendations for adults and
children with primary immunodeficiency:

1. Keep physical distance from non-family members
as much as possible.

2. Use masks when exposed to non-family members
outside of your home—they protect you and others
(medical masks were found superior).

3. Wash your hands with soap or hand sanitizer after
you touch surfaces and especially before you touch
your mouth, nose, or your eyes.

4. Avoid unnecessary and close contact with non-
family members at all times, but especially in
enclosed spaces.

5. Reduce the duration of stay in enclosed spaces
which are shared by multiple non-family members.

6. If and when advised by your doctor, undertake
schooling/learning from home.

7. Adults with immunodeficiency, if possible, are
encouraged to work from home and reduce as
much as possible exposure to workplace crowding.

8. Do not miss life saving tests and treatments
because of the pandemic.

9. Outdoor activities are encouraged as long as they
happen in a safe environment.

10. When in doubt, consult with your immunologist
for more specific recommendations related to your
condition.

11. These recommendations are case-specific sensitive
and could be modified to take into account diverse
needs.

COVID-19 related questions and
answers for patients with primary
immunodeficiency (PID)

1. Are patients with PID at increased risk
of contracting COVID-19 illness?
There is little information regarding COVID-19 infec-

tions in children in general, or specifically in PID, likely

Roifman – Managing primary immunodeficiency during the COVID-19 pandemic
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because such patients have been sheltered thus far.
We should assume that children, adolescents, and adults
with PID are equally susceptible to infection with this
virus.

2. Could patients with PID experience
more severe disease if they catch
COVID-19?
Patients with PID are at increased risk of developing

severe disease for multiple reasons:

1. Those with abnormalities in antibody production
(hypogammaglobulinemia, agammaglobulinemia,
CVID, others) or T cell dysfunction (SCID, CID)
can get very sick when contracting respiratory
viruses, and would likely be similarly affected by
COVID-19. The degree of illness severity is
dictated by the degree of immune competence
(mild or profound T cell defect) and the efficacy
of treatment (IVIG, BMT, gene therapy).

2. Patients with PID have co-morbidities known
to be risk factors for severe COVID-19 illness,
including chronic lung disease and diabetes
(see Table 1).

We recommend these patients exercise extreme
caution when making the decision whether to attend
physical schools. It is best to have this specific situation
evaluated by their immunologist.

3. How can I protect myself or my child
at home?
The way of protecting from respiratory viral infec-

tions is to create a safe environment around them.
Family members attending school or work should
comply with COVID-19 prevention strategies, includ-
ing physical distancing, hand hygiene, the use of masks,
COVID-19 screening when possible, as well as testing if
symptomatic.

4. How can I protect myself or my child
in public?
1. Avoid enclosed spaces which are known to be a

high transmission risk environment.
2. Outdoor activities are encouraged but with proper

caution:
- Avoid direct contact with surfaces, other

individuals, or equipment

- Use hand sanitizer if surfaces are touched
after each contact

- Avoid rubbing your eyes, or touching your
mouth and nose

- Use a face mask as much as possible

With all these measures in an outdoor setting the risk
of transmission is very low.

5. What should I do if a family member
develops respiratory symptoms?
The affected member should isolate themselves as

best they can until tested for COVID-19. If possible,
PID patients should be tested too, and monitored for
symptoms. Importantly, if COVID-19 is suspected or
confirmed, contact with other at-risk individuals
(elderly family members, those with at-risk diseases)
should be avoided.

6. What to do when a PID patient has
respiratory symptoms?
Contact your family physician or specialist for

instructions. Stay at home and avoid contact with
others. Seek COVID-19 testing and monitor symptoms
and report these to your doctor.

7. Are patients with PID who contracted
COVID-19 contagious?
Patients with PID at all ages can transmit COVID-19

to others. Because many patients with PID have trouble
clearing some viral infections and it takes them longer
to recover, it is theoretically possible they might carry
COVID-19 longer and potentially expose others to the
virus for extended periods. It is therefore recommended
that PID patients diagnosed with the virus should be

Table 1: Morbidity associated with PID which increases
the risk for severe COVID-19.

- Asthma
- Chronic lung disease
- Neurologic and neurodevelopmental conditions
- Endocrine disorders (such as diabetes mellitus)
- Heart disease (such as congenital heart disease,

congestive heart failure, and coronary heart disease)
- Kidney diseases
- Liver disorders
- People with weakened immune system due to

○ Use of immunosuppressive drugs

Roifman – Managing primary immunodeficiency during the COVID-19 pandemic
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followed and tested repeatedly until clearance of the
virus is substantiated.
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Review

Dysregulated CARD11 signaling in the development
of diffuse large B cell lymphoma

Tyler A. Jones, Shelby M. Hutcherson, Jacquelyn R. Bedsaul, and Joel L. Pomerantz*

ABSTRACT
CARD11 is a crucial scaffold protein that controls antigen-induced activation of lymphocytes. Upon antigen
receptor signaling, CARD11 engages several signaling pathways, leading to the activation of NF-κB, mTOR,
and JNK. CARD11 mutations are frequently found in patients with non-Hodgkin lymphoma and their ability to
induce aberrant lymphocyte proliferation may be enhanced by mutations in regulators of CARD11 signal
transduction. Here we describe how dysregulated CARD11 activity can promote lymphomagenesis through
branched signaling pathways whose components and intermediates provide targets for novel diagnostic and
therapeutic approaches.

Statement of novelty: This review discusses how gain-of-function CARD11 mutations promote lymphomagen-
esis by engaging branching signaling pathways and how these different pathways provide multiple targets for
therapies.

Introduction

Diffuse large B cell lymphoma (DLBCL) is the most
common lymphoid malignancy among adults and
represents 30%–40% of non-Hodgkin lymphoma cases
(Fisher and Fisher 2004). DLBCL is a fast-growing,
aggressive type of non-Hodgkin lymphoma that has a
median survival of <1 year if untreated (Rovira et al.
2015). Through gene expression profiling, DLBCL has
been classified into activated B cell (ABC) and germinal
center B cell (GCB) subtypes. The GCB DLBCL subtype
expresses genes that define normal germinal center B
cells, while the ABC DLBCL subtype exhibits a
transcriptional profile similar to mature plasma cells
(Alizadeh et al. 2000). The standard of care for ABC
DLBCL is a combination of the anti-CD20 antibody
rituximab and a 4-drug chemotherapy regimen of
cyclophosphamide, doxorubicin, vincristine, and
prednisone collectively referred to as R-CHOP;

unfortunately, this treatment fails in more than 50% of
ABC DLBCL patients (Coiffier and Sarkozy 2016).
A thorough understanding of mutations that influence
DLBCL disease progression will be necessary to
innovate diagnostic tools and targeted therapies and
improve outcomes for these patients.

One common signaling cascade that is dysregulated
in several types of lymphoid malignancies is the nuclear
factor kappa B (NF-κB) pathway. Nearly all cases of
ABC DLBCL are characterized by constitutive
activation of NF-κB, which has been shown to drive
lymphomagenesis (Davis et al. 2001). NF-κB regulates
the differentiation, cell cycle progression, proliferation,
and survival of lymphocytes. Therefore, it is not surpris-
ing that certain mutations in signaling proteins
upstream of NF-κB have been shown to cause aberrant
lymphocyte activation and are associated with DLBCL
cases. An obligate component of antigen receptor
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signaling upstream of NF-κB activation is the scaffold
protein CARD11. Approximately 10% of human ABC
DLBCL biopsies exhibit gain-of-function (GOF) muta-
tions in CARD11 that lead to enhanced NF-κB activation
(Lenz et al. 2008). In addition to regulating NF-κB,
CARD11 also engages branching signaling pathways
leading to mammalian target of rapamycin (mTOR),
Forkhead box protein O1 (FOX01), and c-Jun
N-terminal kinases (JNK) activation through mecha-
nisms that are not fully understood (Blonska et al. 2007;
Oeckinghaus et al. 2007; Chen 2012; Wray-Dutra et al.
2018; Wei et al. 2019). Investigating the complex integra-
tion of multiple signaling pathways that may become
dysregulated by mutant CARD11 is essential for under-
standing the role of CARD11 in the stages of lymphocyte
oncogenesis. This review will summarize the molecular
mechanisms by which mutations in both CARD11 and
regulators of CARD11 drive lymphomagenesis and will
provide supporting evidence that intermediates within
the CARD11 signaling pathways serve as important
therapeutic targets for treating DLBCL (Figure 1).

CARD11 signaling to NF-κB

Several studies have established the role of CARD11
in antigen-induced lymphocyte activation (Bedsaul et al.
2018). In the absence of antigen receptor signaling,
CARD11 remains in an inactive conformation due to
an inhibitory domain (ID) that contains 4 small
Repressive Elements (REs) that prevent cofactor inter-
action (Jattani et al. 2016a, 2016b). Antigen receptor
triggering leads to the phosphorylation of CARD11
serine residues 564, 567, 577, and 657 within the ID, in
part by PKCβ in B cells and PKCθ in T cells, both of
which are thought to phosphorylate S564 and
S657 (Matsumoto et al. 2005; Sommer et al. 2005).
Phosphorylation of CARD11 by other kinases also plays
a role in promoting maximal CARD11 activity,
including the phosphorylation of S567 by IKKβ
(Shinohara et al. 2007). Though the mechanism
remains unknown, phosphorylation of these serine
residues in the ID is thought to neutralize the inhibitory
function of the REs and allow CARD11 to undergo a
conformational change to an open and active state.
Once converted to an active scaffold, CARD11 is able
to recruit several cofactors that bind to sites located in
the CARD, LATCH, and Coiled-coil domains, such as
Bcl10, MALT1, TRAF6, and HOIP (Ruland et al. 2001;
Che et al. 2004; Sun et al. 2004; Yang et al. 2016).
This multiprotein complex then activates the IKK

complex, leading to the phosphorylation of the IκBα
inhibitory protein and its subsequent ubiquitinylation
and proteasomal degradation (Figure 1). NF-κB then
translocates into the nucleus and regulates the
transcription of pro-proliferative, pro-inflammatory,
and anti-apoptotic genes that are important for
lymphocyte function. Following activation, the signal-
ing cofactors dissociate and CARD11 returns to its
inactive state (Bedsaul et al. 2018).

Mutations that disrupt the autoinhibition of CARD11
have been linked to immunodeficiency and lymphopro-
liferative diseases. CARD, LATCH, and Coiled-coil
domain mutations have been found in DLBCL biopsies,
including C49Y, G123S, and G123D (Lenz et al. 2008;
Compagno et al. 2009). Mutations in these domains dis-
rupt autoinhibition by 4 REs (Jattani et al. 2016b) and
increase signaling to NF-κB by 80- to 160-fold. This
enhanced activity results in constitutive Bcl10 and
HOIP association with CARD11, leading to the genera-
tion of polyubiquitinylated Bcl10 (LinUbn-Bcl10), a key
signaling intermediate that determines the quantitative
output of CARD11 signaling (Lamason et al. 2010;
Chan et al. 2013; Yang et al. 2016). Several studies have
documented a critical role for hyperactive CARD11
signaling in promoting lymphomagenesis.

RNA interference and CRISPR/Cas9 screens have
shown that most ABC DLBCL cell lines depend on
CARD11-Bcl10-MALT1 (CBM) complex signaling
(Ngo et al. 2006; Reddy et al. 2017; Phelan et al. 2018).
Furthermore, DLBCL-derived CARD11 mutations
introduced into activated B cells ex vivo and trans-
planted into RAG1−/− recipient mice were shown to
induce aberrant B cell proliferation, antibody secretion,
and plasmacyctic differentiation (Jeelall et al. 2012). In
addition, mice expressing the strongly hyperactive
CARD11 L225LI mutation under the control of the
Rosa26 promoter in the B cell lineage succumbed to
aggressive B cell lymphoproliferation a few days after
birth, demonstrating that heightened CARD11 signal-
ing can be sufficient to cause a disease phenotype
resembling ABC DLBCL (Knies et al. 2015). NF-κB
signaling was found to be essential for CARD11
L225LI B cell survival because treating these cells with
the IKK inhibitor Bay11-7082 prevented their survival
and proliferation in vitro. Interestingly, other mouse
models expressing GOF CARD11 alleles do not readily
develop lymphoma, suggesting that the accumulation
of additional mutations is necessary to drive
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malignancy of B cells that express these GOF CARD11
mutations (Wray-Dutra et al. 2018; Wei et al. 2019).
The molecular mechanisms that cause some GOF
CARD11 mutations to promote lymphoma while others
do not are still not well understood.

Certain GOF mutations found in DLBCL biopsy
samples such as C49Y and G123S are also present in
patients with B cell expansion with NF-κB and T cell
anergy (BENTA) disease (Snow et al. 2012; Buchbinder
et al. 2015). Occurring predominately in children,
BENTA patients present with B cell expansion, spleno-
megaly, and susceptibility to recurrent ear, sinus, and
infections of Epstein-Barr virus, molluscum contagio-
sum virus, or BK virus. BENTA patients have T cell
numbers within normal pediatric ranges, but their T
cells are hyporesponsive to ex vivo stimulation.
Patients have reduced numbers of class-switched and
memory B cells and their naive B cells have reduced
capacity to differentiate into long-lived plasma cells
(PCs) in vitro (Arjunaraja et al. 2017). Two BENTA
patients have developed B cell tumors in adulthood,
suggesting that the increased survival and expansion of
BENTA B cells could allow for the acquisition of more
mutations, and therefore predispose individuals to
developing lymphoma (Lu et al. 2018). However, more
studies are needed to identify and verify the other

cooperating mutations that may be driving B cell
lymphoma in BENTA patients.

GOF CARD11 mutations are not restricted to ABC
DLBCL and BENTA disease and have also been identified
in other DLBCL subtypes as well as in other malignancies
including Acute T cell Leukemia/Lymphoma, Sézary
syndrome, and Angioimmunoblastic T cell lymphoma
(Compagno et al. 2009; da Silva Almeida et al. 2015;
Kataoka et al. 2015; Wang et al. 2015; Vallois et al. 2016;
Bedsaul et al. 2018). For example, the CARD11 variants
F176C and F902C found in Angioimmunoblastic
T cell lymphoma, and S615F and E262K found in Sézary
syndrome, were confirmed to exhibit hyperactive
CARD11 signaling to NF-κB (da Silva Almeida et al.
2015; Vallois et al. 2016). Determining the role of
various CARD11 mutations in promoting these
distinct lymphoid malignancies is an area of active investi-
gation that may provide new insights to improve diagnos-
tics and treatment options for CARD11-mediated
diseases.

mTOR and Akt-FOXO1 signaling

In addition to signaling to NF-κB, CARD11 also
engages the mTOR pathway, which is known to regulate
genes involved in cell growth, survival, and proliferation

Figure 1: B cell receptor and T cell receptor signaling to CARD11 activates a
network of signaling pathways that offer therapeutic targets. Therapeutics are
indicated by the red boxes.
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(Figure 1). CARD11 is thought to activate mTOR
complex 1 (mTORC1) through direct interaction with
ASCT2, by inducing ASCT2 gene expression, or both.
ASCT2 then promotes glutamine uptake into the cell.
Both CARD11 and MALT1 are required for optimal
mTORC1 activation by antigen receptor signaling
(Hamilton et al. 2014; Nakaya et al. 2014). Recently, it
has been suggested that increased CARD11 signaling
to mTORC1 could promote ABC DLBCL (Wray-
Dutra et al. 2018). To elucidate the role of aberrant
CARD11-mediated mTORC1 activation in ABC
DLBCL, mice were engineered to express the L251P
GOF CARD11 mutation from the Rosa26 locus
downstream of a lox-STOP-lox cassette and were then
mated to Mb1-Cre mice to restrict Cre recombinase
activity to B cells beginning at the pro-B cell stage
(Mb1-aCard11). Germinal center (GC) B cells from
the Mb1-a Card11 transgenic mice exhibited increased
phosphorylation of S6 and 4E-BP1 as measured by flow
cytometry, indicating increased mTOR signaling.
Following sheep red blood cell (SRBC) immunization,
GC B cells expressing CARD11 L251P also exhibited
increased cell cycling and class switching, indicating
enhanced terminal differentiation into short-lived PCs
(Arjunaraja et al. 2017). Restricting aCARD11 expres-
sion to GC B cells using Cγ1-Cre also resulted in a
smaller GC compartment and earlier PC production.
Furthermore, the GC B cells also exhibited elevated
levels of activation-induced-deaminase (AID) and
decreased expression of the transcription factor
FOXO1, which may help explain the aberrant pheno-
types associated with GOF CARD11 in B cells (Wray-
Dutra et al. 2018).

AID is the enzyme responsible for isotype switching
and producing the diversity observed in the B cell
receptor (BCR) repertoire through the process of
somatic hypermutation. Overactive AID is associated
with malignancies that have been attributed to hyper-
mutations occurring in oncogenes as well as unintended
genomic translocations (Maul and Gearhart 2010).
FOXO1 is known to regulate levels of AID and the loss
of FOXO1 has been shown to skew GC B cells toward
the dark-zone phenotype (Dominguez-Sola et al. 2015;
Sander et al. 2015). The dark zone is the compartment
of the GC that predominately contains B cells under-
going proliferation and somatic hypermutation, while
in the light zone B cells encounter and respond to
selection signals (Victora et al. 2012). The results of
Wray-Dutra et al. (2018) raised the possibility that

some GOF CARD11 mutants promote ABC DLBCL
lymphomagenesis through the enhanced differentiation
of GC-derived B cells into PCs in concert with the accu-
mulation of AID-mediated genetic aberrations that
arise during the GC response. However, it appears that
not all GOF CARD11 mutants regulate FOXO1 and B
cell differentiation in the same way (Wei et al. 2019).

In B cells, phosphatidylinositol 3-kinase (PI3K) and
mTORC2 can phosphorylate and activate the serine/
threonine kinase Akt, which then phosphorylates
FOXO1, suppressing its transcriptional activity and
causing it to be excluded from the nucleus and degraded
(Yusuf et al. 2004; Burgering 2008). FOXO1 is known to
regulate cell cycle arrest through enhancing expression
of the cyclin-dependent kinase inhibitor p27kip1, down-
regulating the D-type cyclins D1 and D2, and inactivat-
ing the S-phase repressor pRb (Medema et al. 2000;
Schmidt et al. 2002). The suppression and degradation
of FOXO1 allows for cell cycle progression, thereby
increasing cell proliferation. It has been suggested that
CARD11 signaling negatively regulates Akt activation
through mechanisms that may involve Akt interaction
with CARD11 via the Coiled-coil domain and
K63-linked polyubiquitinylation of Akt, which affects
Akt membrane recruitment and subsequent activation
(Yang et al. 2009). Interestingly, Wei et al. (2019)
determined that GOF CARD11 variants bind Akt with
different affinities, leading to distinct outcomes of Akt
activation and B cell differentiation.

To study how GOF CARD11 mutants differentially
regulate the Akt/FOXO1 signaling pathway, Wei et al.
(2019) used CRISPR/Cas9 genomic editing to generate
knockin mice expressing mutations associated with
BENTA disease, ABC DLBCL, and GCB DLBCL.
Compared to wild-type CARD11, the GCB DLBCL var-
iants K215M and L232LI were shown to enhance Akt
interaction with CARD11, which suppressed Akt acti-
vation and enhanced FOXO1 protein and target gene
expression. In contrast, the G123S variant found in both
ABC DLBCL and BENTA patients exhibited reduced
interaction with Akt, which led to enhanced Akt activa-
tion and reduced FOXO1 protein and target gene
expression. These differences in Akt association and
FOXO1-dependent gene expression correlated with
changes in B cell differentiation. For example, the
CARD11 K215M mutation further promoted GC B cell
development in mixed bone marrow chimera experi-
ments and K215M-expressing GC B cells displayed
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increased levels of FOXO1 protein. In contrast, the
CARD11 E134G mutation found in BENTA patients
led to a markedly reduced GC compartment and GC B
cells expressing this mutation exhibited lower levels of
FOXO1 protein (Wei et al. 2019). The differential effects
of GOF CARD11 mutations on Akt signaling to FOXO1,
and the downstream impact on B cell differentiation,
suggest that this property could influence the tendency
of a particular CARD11 variant to promote one subtype
of DLBCL or another in the context of lymphomagenesis.
This notion warrants further investigation.

JNK signaling

CARD11 is also required for antigen receptor signal-
ing to JNK, a kinase that controls cellular responses to
stress stimuli and regulates apoptosis (Figure 1).
CARD11 signaling specifically engages JNK2 in
lymphocytes through a process that involves the
CARD11 cofactors Bcl10, MALT1, and TAK1. Upon
signal-induced Bcl10 oligomerization, the K63-linked
polyubiquitinylation of MALT1, and the subsequent
recruitment of TAB2 to ubiquitinylated MALT1, the
kinases TAK1 and MKK7 phosphorylate and thereby
activate JNK2 (Blonska et al. 2007; Oeckinghaus et al.
2007; Chen 2012) (Figure 1).

Knies et al. (2015) demonstrated the importance of
JNK signaling in ABC DLBCL. The researchers found
that the human ABC DLBCL cell lines HBL-1,
OCI-Ly3, and OCI-Ly10, which exhibit constitutive
JNK activation, were sensitive to SP600125, an
ATP-competitive inhibitor of JNK2. Strikingly, they
also found that 55% of human ABC DLBCL biopsies
stained positive for phosphorylated JNK2, while all
tested GCB DLBCL biopsies stained negative (Knies
et al. 2015). Knies et al. (2015) also examined the role
of JNK signaling in a mouse model in which the
human DLBCL-derived mutation CARD11 L225LI
was expressed from the Rosa26 locus in a CD19-
Cre-dependent manner. CARD11 L225LI-expressing B
cells displayed high levels of c-Jun, constitutive JNK
phosphorylation and activation, and increased concen-
trations of the phosphorylated forms of the AP-1
transcription factor subunits c-Jun and activating tran-
scription factor 2 (ATF2). Autonomously proliferating
CARD11 L225LI-expressing B cells isolated from these
mice were susceptible to killing by SP600125 treatment
in culture, similar to their susceptibility to the NF-κB
pathway inhibitor Bay11-7082, indicating both

pathways are important in sustaining proliferation by
GOF CARD11.

AP-1 transcription factors are composed of heterodi-
meric complexes of Jun and ATF subfamilies, and it is
not fully understood how the individual AP-1 family
members regulate oncogenic B cell survival (Eferl and
Wagner 2003). Juilland et al. (2016) showed that high
expression of c-Jun, JunB, and ATF3 in ABC DLBCL
cells is dependent on CARD11, MALT1, and the
Toll-like receptor (TLR) signaling adaptor MyD88.
Furthermore, blocking AP-1 function with a
dominant-negative A-Fos construct or by silencing of
ATF2 or ATF3 led to decreased viability in the HBL-1
ABC DLBCL cell line. Juilland et al. (2016) also
observed that high nuclear protein expression of ATF3
appears to be a specific feature of non-GC/ABC
DLBCL patient biopsies, further highlighting the
importance of ATF3-containing AP-1 complexes
downstream of chronic CARD11 signaling in ABC
DLBCL. Taken together, these results indicate that the
JNK signaling pathway is a potential therapeutic target
that could be especially effective in DLBCL cases found
to contain hyperactive CARD11 signaling.

Key role of E3 ligases and
deubiquitinases

An important mechanism to attenuate CARD11 sig-
naling is the removal of key polyubiquitinylated signal-
ing intermediates. A20 is a ubiquitin editing enzyme
that negatively regulates NF-κB signaling through a
variety of mechanisms. For example, A20 can disrupt
and cause steric hindrance of ubiquitin-mediated pro-
tein interactions and act as a deubiquitinase that cleaves
K63-linked polyubiquitin chains on MALT1, thereby
repressing NF-κB activation (Figure 1) (Düwel et al.
2009; Shembade et al. 2010; Srinivasula and Ashwell
2011). A20 is frequently mutated in DLBCL, with about
33% of ABC DLBCL patients having biallelic inactiva-
tion of A20 as a result of point mutations or epigenetic
silencing (Compagno et al. 2009; Kato et al. 2009).
Two different studies have shown that when A20 is
introduced into the lymphoma cell lines SUDHL2,
RC-K8, and KM-H2, which have biallelic TNFAIP3
(A20) mutations causing inactivation and constitutive
NF-κB signaling, these cell lines exhibit decreased
NF-κB signaling, arrested cell growth, and eventually
undergo apoptosis (Compagno et al. 2009; Kato
et al. 2009).
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Another negative regulator of NF-κB signaling is the
cylindromatosis tumor suppressor protein CYLD,
which suppresses IKK complex activation (Figure 1).
CYLD cleaves K63-linked polyubiquitin from positive
regulators of NF-κB signaling, such as IKKγ/NEMO,
TRAF2, TRAF6, TRAF7, RIP1, and TAK1
(Brummelkamp et al. 2003; Kovalenko et al. 2003;
Trompouki et al. 2003; Yoshida et al. 2005). CYLD also
functions as a negative regulator of JNK and AP-1 by
deubiquitinylating TAK1 (Reiley et al. 2007).
Consistent with the notion that CYLD has the potential
to function as a tumor suppressor in lymphomas that
have constitutive CARD11 signaling, Xu (2019) found
that ABC DLBCL cell lines HBL-1 and OCI-Ly10 and
patients with non-GCB DLBCL exhibit constitutive
phosphorylation of CYLD, a modification that represses
its function. Both CYLD and A20 are cleaved by
MALT1 to maximize JNK and NF-κB activation,
respectively (Coornaert et al. 2008; Staal et al. 2011).
MALT1 protease inhibitors may therefore be
particularly effective at reducing constitutive CARD11
signaling by preventing MALT1 from silencing negative
feedback mechanisms.

The E3 ubiquitin ligase RNF181 is another negative
regulator of normal and oncogenic CARD11 signaling.
Pedersen et al. (2016) showed that RNF181 limits the
steady-state level of Bcl10 through K48-linked ubiquiti-
nylation and degradation and in doing so, limits the
proliferation of DLBCL cells that are dependent on active
CARD11 signaling for growth and survival. Increasing
the function or expression levels of the proteins that
mediate K48-linked Bcl10 ubiquitinylation could provide
a novel method to inhibit GOF CARD11 signaling.

Because the CARD11 signaling pathway depends on
ubiquitinylation for downstream signaling, mutations
in key E3 ubiquitin ligases that regulate CARD11
signaling could further increase NF-κB activation. The
recruitment of Bcl10 and HOIP, the catalytic subunit
of the Linear Ubiquitin Chain Assembly Complex
(LUBAC), to CARD11 allows HOIP to conjugate linear
ubiquitin chains to Bcl10 (Yang et al. 2016) (Figure 1).
This LinUbn-Bcl10 then binds to the IKK complex, pro-
moting its activation. Mutations in the RNF31 gene,
which encodes HOIP, were found in 8% of ABC
DLBCL samples (Y. Yang et al. 2014). CARD11 variants
found in ABC DLBCL samples increased the association
of CARD11 with both HOIP and Bcl10 in the absence
of antigen receptor signaling (Chan et al. 2013;

Yang et al. 2016). Because the level of NF-κB activation
of each oncogenic CARD11 variant correlated with
increased Bcl10 association and steady-state levels of
Lin(Ub)n-Bcl10, the ability of a CARD11 mutant to
generate Lin(Ub)n-Bcl10 likely determines its
potential to promote lymphomagenesis. Therefore,
Lin(Ub)n-Bcl10 generation by CARD11 variants may
serve as an effective tool for screening the signaling
potency of future CARD11 mutations that are associ-
ated with disease.

Bridging BCR and TLR signaling

In addition to mutant CARD11 and the BCR signal-
ing pathway, Toll-like receptors (TLRs) can also activate
NF-κB in ABC DLBCL. MyD88, an adaptor protein for
TLR signaling, is critical for NF-κB activation in
response to pro-inflammatory stimuli such as IL-1,
IL-18, and LPS (Adachi et al. 1998; Kawai et al. 1999).
ABC DLBCL tumors have been shown to have
co-occurring mutations in CD79B/A, A20, CARD11,
and MYD88 (Ngo et al. 2011). Phelan et al. (2018) stud-
ied how hyperactive MyD88 can specifically interact
with the CARD11 signaling pathway by performing
BioID experiments using the L265P GOF MyD88
mutant. CARD11 and MALT1 were both biotinylated
in ABC DLBCL cells expressing a L265P MyD88-
BioID construct, providing evidence for close proximity
of MyD88 to the CBM complex. Furthermore,
CARD11/Bcl10 cytoplasmic puncta visualized by
fluorescent proximity ligation assays were reduced by
knockdown of TLR9 or MyD88 in double mutant cell
lines. MALT1/MyD88 and Bcl10/MyD88 cytoplasmic
puncta were reduced by knocking down CD79A,
TLR9, and CARD11, which suggests the BCR and
TLR9 may cooperate to control the assembly of a
MyD88 and CBM supercomplex in ABC DLBCL cells.
Additionally, knockdown of both MyD88 and
CARD11 in HBL-1 cells via shRNA infection led to
greater cell death compared to knockdown of either
gene alone, suggesting that MyD88 and CARD11 sig-
naling pathways cooperate to promote cell survival
(Ngo et al. 2011). Silencing of MyD88 by shRNA in
ABC DLBCL cell lines has also been shown to reduce
expression of c-Jun, JunB, and ATF3, suggesting that
hyperactive MyD88 has a role in mediating JNK signaling
in ABC DLBCL (Juilland et al. 2016). If the crosstalk
between MyD88 and CARD11 signaling pathways
observed in ABC DLBCL is dependent on the co-
occurrence of specific mutations in pathway components,
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the targeting of this crosstalk may be a fruitful approach
for precision treatment of lymphoma.

Therapies targeting CARD11
signaling

The prevalence of CARD11 mutations in lymphoma
cells acquiring secondary resistance underscores the need
to develop new therapeutic strategies that account for the
specific mutations in each patient’s lymphoid cancer.
Some therapies that have shown promise in treating
ABC DLBCL are specifically ineffective for patients har-
boring CARD11 mutations. A common target for treat-
ing B cell malignances is the non-receptor tyrosine
kinase BTK, which acts downstream of the BCR to
activate PKCβ (Figure 1). The BTK inhibitor ibrutinib
has shown promise as a new therapy for treating ABC
DLBCL, with Phase II trials showing a 40% objective
response rate in patients (Aalipour and Advani 2014).
However, ibrutinib was ineffective when tumors
expressed TNFAIP3 or GOF CARD11 mutations, as
these mutations activate the pathway downstream of
BTK (Aalipour and Advani 2014; Wilson et al. 2015).

A new strategy to treat DLBCL is to target the signal-
ing cofactors of CARD11. As a central component of
the CBM complex, MALT1 is an attractive target and
inhibition of MALT1 shows promise to attenuate
constitutive CARD11 signaling. The MALT1 inhibitor
zVRPR-fmk was shown to inhibit the growth of
ABC DLBCL cell lines in which CARD11 mutations
drive constitutive MALT1 activation, but not to inhibit
growth of GCB DLBCL cell lines in vitro (Ferch et al.
2009; Hailfinger et al. 2009). Other small molecule
inhibitors of MALT1 have also shown good potential.
Phenothiazines have elicited selective toxic effects for
MALT1-dependent ABC DLBCL cells in vitro and in
vivo (Nagel et al. 2012), while the MALT1 inhibitor
MI-2 inhibited growth of ABC DLBCL cell lines in vitro
and xenotransplanted ABC DLBCL tumors (Fontan
et al. 2012). In addition, ABC DLBCL cells that harbor
mutations in CD79 or CARD11 were treated with a
combination of the BTK inhibitor ibrutinib and the
MALT1 inhibitor S-mepazine and were found to exhibit
markedly reduced MALT1 protease activity and NF-κB
pro-survival factors that ultimately resulted in cell death
(Nagel et al. 2015).

Another therapeutic strategy is to target signaling
events downstream of the CBM complex such as the

phosphorylation, ubiquitinylation, or degradation of
IκBα, which sequesters NF-κB in the cytoplasm in the
absence of signaling (Beg et al. 1992). For example,
bortezomib blocks the proteolytic activity of the protea-
some, thereby preventing signal-induced IκBα degrada-
tion (McConkey and Zhu 2008). When DLBCL
patients received bortezomib in combination with
chemotherapy, significantly higher overall survival was
observed in patients with ABC DLBCL compared to
patients with GCB DLBCL (Dunleavy et al. 2009).
Furthermore, the second-generation proteasome inhibi-
tor carfilzomib is an irreversible inhibitor, in contrast to
the reversible binding of bortezomib, and is more selec-
tive for chymotryptic activity of the 20S proteasome
than bortezomib (Demo et al. 2007). Carfilzomib has
been shown to induce cell death in DLBCL lymphoma
cell lines, including in rituximab-resistant lymphoma
cell lines, and in primary B cell lymphoma patient
samples (Gu et al. 2013). Since lymphoma cells with
GOF CARD11 mutations can acquire resistance to
common treatment options, inhibitors directly targeting
CARD11 and signaling intermediates to NF-κB have
the potential to be particularly effective at treating
cancers with these specific CARD11 mutations.

Drugs targeting the other signaling pathways
regulated by CARD11 are also currently being investi-
gated. Targeting mTOR signaling proteins such as
mTORC1 will likely improve outcomes for some
patients, as it has been shown that DLBCL patients with
an active mTORC1 signature have unfavorable
responses to R-CHOP treatment compared to DLBCL
patients who exhibit an inactive mTORC1 signature
(Sebestyén et al. 2012). Inhibitors of mTOR signaling
are under investigation for their effectiveness in treating
DLBCL. The first generation mTOR inhibitors are
called rapalogs because they are chemically derived
from rapamycin. Rapalogs are allosteric inhibitors that
block the interaction between mTOR and its intracellu-
lar receptor, FBPK12. Providing rapalogs as a mono-
therapy for cancer has had limited success, with
modest response rates in major solid tumors (Don and
Zheng 2010) that could be due to incomplete mTOR
inhibition or their inability to prevent a negative
feedback loop that activates Akt. Rapalogs have had
success when combined with drugs that target other
known oncogenic drivers. For example, the mTORC1
inhibitor everolimus and the anti-CD20 antibody ritux-
imab were combined in a large Phase II study in
relapsed/refractory DLBCL and showed an objective
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response rate of 38% (Merli et al. 2015). Second genera-
tion mTOR inhibitors have been shown to overcome
pro-survival feedback loops by inhibiting both
mTORC1 and mTORC2 through targeting the ATP
binding site in the mTOR kinase domain. The second
generation mTOR inhibitor NVP-BEZ235 in combina-
tion with the immunomodulatory agent lenalidomide
has been shown to effectively reduce cell proliferation in
the non-GCB DLBCL derived cell lines OCI-Ly10, OCI-
Ly3, and SUDHL2 and suppress tumor growth in an
OCI-Ly10 xenograft mouse model (Jin et al. 2016). In
addition, the combination of the BTK inhibitor ibrutinib
and the ATP-competitive mTOR inhibitor AZD2014
was shown to strongly induce apoptosis in ABC-type
DLBCL cell lines and suppress tumor growth in an
OCI-Ly10 xenograft mouse model (Ezell et al. 2014).
Clinical trials are still underway for a variety of cancer
types to determine the efficacy and tolerability of second
generation mTOR inhibitors, including NVP-BEZ235,
PF-04691502, and GDC-0980 (Yang et al. 2019).

As alluded to previously, JNK is another therapeutic
target for the treatment of lymphomas that express
GOF CARD11 mutations. Two ATP-competitive JNK
inhibitors, SP600125 and AS601245, have shown
promise in preclinical studies to treat malignancies,
such as T cell acute lymphoblastic leukemia (Cui et al.
2009). Both inhibitors are widely used for in vitro stud-
ies and results suggest that they could be used to treat a
variety of other cancers, including colon and stomach
cancers (Wu et al. 2020). However, there is a need to
develop new JNK inhibitors that selectively inhibit
specific isoforms of JNK to improve their efficacy on
the distinct cancer types.

Conclusion

GOF CARD11 mutations are associated with an
increasing number of lymphoid malignancies and B cell
proliferative diseases, such as BENTA. DLBCL tumors
can utilize chronically active forms of CARD11 or dis-
rupt the negative regulation of CARD11 signaling to
convert the transient and self-limiting antigen-
dependent response that normally restricts lymphocyte
growth into a sustained proliferative signal. Because
CARD11 acts as a signaling hub for a variety of path-
ways, including NF-κB, mTOR, and JNK, there are
ongoing efforts to elucidate all the branching effects of
CARD11 signaling to provide insight into the
nature of lymphoma development. CARD11 signal

transduction becomes amplified when mutations occur
that dysregulate the polyubiquitinylation of down-
stream signaling intermediates or when hyperactive
TLR signaling cooperates with GOF CARD11 to drive
oncogenesis. As discussed previously, certain drugs tar-
geting the cofactors of CARD11 signaling are already
showing promise as therapeutic strategies. The potential
for pharmacological interference of CARD11 signaling
remains to be fully explored, including the development
of inhibitors that prevent the formation of the CBM
complex by blocking the interactions between Bcl10
and CARD11 or MALT1 (C. Yang et al. 2014). New
strategies to limit aberrant CARD11 activation without
crippling the immune homeostasis role of the CBM
complex will be needed to mitigate various lymphomas
and lymphoproliferative diseases involving dysregulated
CARD11. Examination of these future therapies in dif-
ferent lymphoma subsets and as part of novel combina-
tion therapies could reveal promising options for
precision medicine in lymphoma treatment.
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Original Article

Observational study of SARS-CoV-2 antibody immune
response in a cohort of patients at a North Suburban
Chicago, Illinois, in a physician’s practice

Gerald Oshera, Christopher C. Lambb,c,d*, Yuliana Ibarraa, and Deborah
Erickson-Samsona

ABSTRACT
Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global pandemic.
The application of point of care serological testing can help determine past infection and assist healthcare
workers assess patient risk.

Method: An observational study of 114 subjects in North Suburban Chicago, Illinois, was performed using the
Clungene® lateral flow immunoassay (LFI). Patients’ PCR test results and clinical symptoms were used to com-
pare the seroconversion rate of this patient population with the surrounding community.

Results: Excluding 1 aberrant result, there was 100% positive agreement (10) between PCR and antibody
(IgG or IgM) test results. There were 7 patients who did not have a prior PCR test who were positive for IgG; 5
of the 7 had clinical symptoms consistent with possible exposure and 2 were asymptomatic. There was 1 person
with a suspected exposure to an infected person who was IgM positive. Ninety-five asymptomatic patients were
seronegative. The overall rate of 15.9% seroconversion (IgG or IgM) is consistent with other community-based
testing results in the North Suburban Chicago, Illinois area.

Conclusion: Rapid screening tests to identify antibody positive patients recovered from coronavirus
disease-2019 can be a useful tool for healthcare professionals to determine or confirm past infection.

Statement of novelty: Limited data is available on the use of point of care serological testing to assist healthcare
professionals with the assessment of their patient population regarding past SARS-CoV-2 infectivity and
seroconversion. The present study successfully investigated the use of a point of care antibody test in a physician’s
office to determine which patients have developed antibodies, indicating an immune response to SARS-CoV-2, and
to assist with decisions on whether patients should pursue normal social and workplace activities.

Background

Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has caused a global pandemic.
The percentage of infected individuals who seroconvert

is unknown. Serological tests can help determine
whether a person or population of people have
developed antibodies indicative of an adaptive immune
response to SARS-CoV-2. In April and May of 2020,
2 internist gerontology general practitioner’s offices in
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North Suburban Chicago, Illinois, tested a cohort of
patients to determine their SARS-CoV-2 antibody
immune response. North Suburban Chicago consists of
communities north of Chicago, bordering the shores of
Lake Michigan. Previously reported SARS-CoV-2
results by a North Suburban Chicago, Illinois commu-
nity hospital suggested an 18% infectivity rate during
this same period (Seidenberg 2020).

Introduction

SARS-CoV-2 has caused over 162 748 infections and
7301 deaths in Illinois State at the time of writing this
report (Illinois Department of Health 2020). To avoid
spread of SARS-CoV-2 and to help standardize defini-
tions of clearance, it is important to understand the
development of antibodies to infection (Ragnesola et al.
2020). Serology (antibody) tests may detect different types
of antibodies. The most common are IgM and IgG.
Published data suggests that 95% of patients with a
confirmed PCR test (either documented result or
self-reported) have a positive IgG antibody (Wajnberg
et al. 2020). Another study found 3 types of IgM serocon-
version: synchronous seroconversion of IgG and IgM,
IgM seroconversion earlier than that of IgG, and IgM
seroconversion later than that of IgG (Long et al. 2020).

Positive antibody results from appropriately validated
serology tests that are designed to be very specific to the
SARS-CoV-2 virus can indicate whether a patient has
had recent or prior SARS-CoV-2 infection (Long et al.
2020). In addition, while there is uncertainty with this
new virus, it is possible that the use of antibody tests
and clinical follow-up can provide the medical commu-
nity with more information on whether or not, and how
long, a person who has recovered from the virus is at
lower risk of infection if they are exposed to the virus
again (FDA 2020).

Methods

Two physician practices in North Suburban Chicago,
Illinois, tested 114 study participants: 11 of whom had a
positive PCR test of which 10 had some reported coro-
navirus disease-2019 (COVID-19)-like symptoms,
6 were symptomatic or had exposure risk, and 97 were
asymptomatic. The age of the subjects ranged from
3 to 84. Serological testing was performed between
22 April 2020 and 26 May 2020. Inclusion criteria
included patients routinely managed by the practicing

physicians who consented to a serological test. Using a
whole blood sample drawn from a lancet, subjects were
tested for the detection of SARS-CoV-2 antibodies (IgG
and IgM) using the point of care CLUNGENE®
SARS-COV-2 VIRUS (COVID-19) IgG/IgM Rapid
Test Cassette lateral flow immunoassay (LFI).
Previously, the manufacturer of the LFI validated this
immunoassay for the qualitative detection of antibodies
to SARS-CoV-2 and the data was submitted to the
US FDA consistent with the requirements of the
Emergency Use Authorization (FDA 2020). See
Figure 1, a schematic diagram showing the location of
the sample well, buffer well, and control and test lines
of the Rapid Test Cassette.

The tests were performed by a trained health
professional. The results were visually analyzed accord-
ing to the manufacturers’ instructions for use.

Results

Eleven patients had a confirmed PCR test indicating
prior infection. The common clinical manifestation of
these PCR patients was fever and fatigue. Serological
testing was performed between 27 and 42 days post
PCR SARS-CoV-2 positive result for 10 of the patients.
See Table 1. Ten of the 11 PCR positive patients were
IgG (10) or IgM (1) antibody positive (91%).

The 1 PCR positive patient who was seronegative
(antibody negative) was evaluated again by a second
serological test and was also IgG and IgM negative
(CLUNGENE 2020; Quest Diagnostics 2020). Based on
an overall clinical evaluation, it was determined that
the patient was SARS-CoV-2 infected but had
Waldenstrom’s macroglobulinemia (WM), a cancer of
the immune system in which antibodies are over pro-
duced in an unregulated fashion. Individuals with this
type of disease do not respond in a normal fashion to
immunologic stimuli. The fact that this patient did not
produce measurable antibodies to the coronavirus is not
surprising and consistent with this disease. Therefore,
this WM patient was excluded from the result data.

There were 6 patients who did not have a prior PCR
test but were symptomatic or had exposure risk; all were
positive for IgG or IgM. The rate of seroconversion for
the symptomatic, exposed or PCR positive subpopulation
was 100% (16/16). There were 2 IgG positive asympto-
matic patients and 95 asymptomatic seronegative
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patients. The rate of seroconversion for the asympto-
matic subpopulation was 2% (2/97). The overall rate of
seroconversion for the entire population (IgG or IgM)
was 15.9% (18/113). See Table 2. This overall rate is con-
sistent with other community-based testing results in the
North Suburban Chicago, Illinois area.

Discussion

Our study analyzed whole blood samples for
SARS-CoV-2 from a cohort of patients presenting at
2 physician offices during April and May of 2020. The

patients were tested to determine antibodies related to
potential infection and recovery from SARS-CoV-2.
The CLUNGENE® SARS-COV-2 VIRUS (COVID-19)
IgG/IgM Rapid Test Cassette was reportedly simple to
implement with adequately trained clinical staff.
Results were obtained within 15 minutes and the red
procedural control line confirmed that adequate
specimen volume, sufficient membrane wicking, and
error-free procedural technique were used. With the
exception of 1 unusual patient, clinically documented
infected patients with a confirmed SARS-CoV-2 PCR
test were 100% in positive agreement with the presence

Figure 1: A schematic diagram showing the location of the sample well, buffer
well, and control and test lines of the Rapid Test Cassette.

Table 1: PCR positive patients.

Date of PCR test Date of serological test No. of days between tests Antibody results

3/27/2020 4/22/2020 27 IgG+
3/24/2020 4/22/2020 29 IgG+
4/5/2020 4/23/2020 19 IgG+
3/26/2020 4/24/2020 29 IgG+
3/23/2020 4/24/2020 31 IgG- (2x)a

3/26/2020 4/27/2020 32 IgG+
3/16/2020 4/27/2020 42 IgG+
3/28/2020 4/27/2020 31 IgG+
3/19/2020b 4/24/2020 35b IgG+
3/19/2020b 4/27/2020 38b IgG+
Unknown 4/28/2020 Unknown IgM+
a

Patient was SARS-CoV-2 infected but had Waldenstrom’s macroglobulinemia and, as expected, did not produce measurable antibody when tested with 2 different
antibody test systems.
b

Exact date of PCR test unknown; estimated number of days between tests.
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of the IgG antibody. These results are consistent with
the manufacturer’s clinical performance data showing
97.4% positive IgG agreement with SARS-CoV-2
infected patients with a known positive PCR test as
reported in the Instructions for Use, and 100% sensitiv-
ity when confirmed PCR infected patients were tested
15–42 days following infection in a separate study sub-
mitted to the US FDA (FDA 2020). Consistent with
recently published data, IgM can persist more than
23 days after symptom onset (Wajnberg et al. 2020).

There have been 3 prior publications evaluating the
CLUNGENE® test. One showed lower sensitivity
(Vásárhelyi et al. 2020); however the cassettes used in this
study were a previous generation assay with lower
sensitivity and the PCR test used to determine positive
agreement had “logistical problems during the PCR
analysis and the suppliers of reagents used for certain
component changed”1. Therefore, the results are not
comparable. A second study analyzed blood samples
from COVID-19 convalescent plasma donors and
determined that the CLUNGENE® test possessed high
sensitivity and specificity for COVID-19 antibodies
(Ragnesola et al. 2020). A third evaluated CLUNGENE®’s
diagnostic performance and reported a specificity of 99%
and sensitivity of 97.4% for IgM or IgG 14 days following
infection which are consistent with this observational
study (Van Elslande et al. 2020).

Limitations

Our study has several limitations. Samples were not
tested for virus neutralization; therefore neutralizing
activities of the detected IgG antibodies are not known.

The small sample size of patients makes it difficult to
draw a definitive conclusion or determine the relation-
ship between antibody response and clinical course. It
should be emphasized that the CLUNGENE® test is
only a qualitative serological test and not quantitative.
At the time of this publication there are no approved
quantitative serological tests (CDC 2020).

Conclusion

Rapid screening tests to identify antibody positive peo-
ple recovered from coronavirus disease-2019 can be a
useful tool for healthcare professionals. Confirming
suspected antibody formation in SARS-CoV-2 cases with
the help of serological testing can reduce exposure risk.
This study highlights the relevance of serological testing
to assess patient immunity by antibody detection and
assist with decisions on whether to pursue normal social
and workplace activities.
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management of ADA deficiency
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Thomas B. Issekutzh, Christine McCuskeri, Luis Murguia-Favelaj, Brenda Reidf,g,
Tamar Rubink, Julia Uptonf,g, and Chaim M. Roifmanf,g,l*

ABSTRACT
Adenosine deaminase (ADA) deficiency is a form of severe combined immunodeficiency. Aberrant mutations in
the ADA gene result in loss of ADA activity and the toxic accumulation of metabolites that damage both immune
and non-immune organs. While patients with complete ADA deficiency present during infancy with failure to
thrive, recurrent bacterial, viral and fungal infections, those with incomplete (partial) deficiency may present at a
later age with milder symptoms associated with reduced T, B, and NK cell subpopulations. Based on experience
in Canadian centres, we provide management guidelines for patients with ADA deficiency, including a treatment
algorithm for use of hematopoietic stem cell transplantation, gene therapy, and enzyme replacement therapy.

Statement of novelty: Herein, we define guidelines for the management and treatment of patients with ADA
deficiency.

Introduction

Adenosine deaminase (ADA) is a ubiquitously
expressed enzyme of the purine salvage pathway which
catalyzes the irreversible deamination of adenosine and
deoxyadenosine. It is essential for normal lymphoid
development, with particularly high levels found in the
thymus (Adams and Harkness 1976; Poliani et al.
2009). Deficiency of ADA, caused by mutations in the
ADA gene and subsequent impairment of ADA activity,

leads to an autosomal recessive form of severe
combined immunodeficiency (SCID) (Sauer et al.
2012; Bradford et al. 2017). The toxic accumulation of
ADA substrates and metabolites interferes with down-
stream metabolic pathways, including inhibition of
ribonucleotide reductase and subsequent blockade of
DNA synthesis, as well as S-adenosylhomocysteine
hydrolase-dependent transmethylation (Flinn and
Gennery 2018). The detrimental effects are most
pronounced in pathways regulating lymphocyte
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maturation and function, although non-immunological
organ systems, including the hepatic, renal, pulmonary,
skeletal, peripheral and central nervous systems,
can also be affected (reviewed by(Whitmore and
Gaspar (2016)).

ADA deficiency affects 1:200 000 live births
(Blackburn and Kellems 2005), with a higher frequency
reported in Canadian Inuit and Mennonite populations
(Grunebaum et al. 2013). Without treatment it is
usually fatal within the first year of life. Genotype-
phenotype correlations have revealed greater metabolic
disturbance in those with more severe biallelic defects
in ADA (Arredondo-Vega et al. 1998; Cagdas et al.
2018). By contrast, hypomorphic mutations result in
somewhat reduced ADA activity and are associated
with less severe or late-onset phenotypes. Prior to the
advent of newborn screening, patients with complete
ADA deficiency traditionally presented during infancy
with recurrent bacterial, viral and fungal infections and
failure to thrive, while laboratory evaluations revealed
severe lymphopenia, hypogammaglobulinemia, and
neutropenia. Skeletal abnormalities, cognitive impair-
ment, and hearing loss are common (Albuquerque and
Gaspar 2004; Titman et al. 2008; Sauer et al. 2009;
Manson et al. 2013). Those with incomplete (partial)
deficiency may present with milder but gradually
worsening manifestations, associated with reduced
populations of T, B, and NK cells (Santisteban et al.
1993; Shovlin et al. 1993). In either case, measurement
of ADA enzyme activity and associated levels of ADA
substrates/metabolites (adenosine, 2′deoxyadenosine
(dAXP), deoxyadenosine triphosphate) is often the first
step in identifying ADA deficiency.

The implementation of newborn screening for SCID
in Canada (first introduced in Ontario in 2013 and
now routine across Nova Scotia, New Brunswick,
Prince Edward Island, and Alberta (Biggs et al. 2017;
Reid et al. 2017)) has resulted in the early detection of
ADA deficient patients as well as improved survival of
this cohort (Scott et al. 2019). Management currently
relies on immediate enzyme replacement therapy
(ERT), immunoglobulin replacement, protective
isolation procedures, and antibiotic prophylaxis
until definitive treatment is initiated (Figure 1).

Patients require close monitoring to reduce the risk
of infectious and non-infectious complications
(Table 1).

ERT using polyethylene glycol-modified bovine ADA
has proved to be effective in correcting the immune and
some non-immune abnormalities conferred by ADA
deficiency, however, in some patients immune function
declined over time (Booth et al. 2007). The bovine-
derived ADA product was replaced in 2019 by a
recombinant form of the enzyme (elapegademase)
which has shown similar in-vitro and possibly
better in-vivo activity compared to its predecessor
(Murguia-Favela et al. 2020). ERT remains a costly
treatment. Thus, it is considered a bridging modality
before curative treatment is initiated. To date,
hematopoietic stem cell transplantation (HSCT) is the
treatment of choice when a human leukocyte antigen
(HLA)-matched related donor (MRD) is available
(Griffith et al. 2008). Another option that has
been shown to correct for the absence of ADA is ex
vivo-modified autologous hematopoietic stem cell
gene therapy (HSC-GT) (Kohn et al. 1995; Aiuti et al.
2002; Ferrua et al. 2010; Cicalese et al. 2016).
Experiences with HSCT with matched unrelated
donors (MUD) or haploidentical donors have shown
lower success rates (Hassan et al. 2012), although these
options can still be considered if MRD HSCT or
HSC-GT are not available.

Herein we, the Canadian Expert Committee, define
guidelines on the management of ADA deficiency based
on our collective experience and available literature in
managing this group of patients.

Diagnosis of ADA deficiency

Complete deficiency
Mandatory findings1

(1) <1% of normal ADA activity in red blood cells
or peripheral blood lymphocytes2

(2) Severe lymphopenia
(3) Low to absent responses to mitogens
(4) Biallelic pathogenic mutations in the ADA

gene

1

It is acknowledged that mandatory findings are ideal criteria to follow. However, in some circumstances where a sibling has been diagnosed with ADA deficiency
or when all mandatory findings cannot be met but administration of treatment is urgent, criteria No. 4 plus one of the other findings could be sufficient.
2

In patients who received blood transfusion, ADA level measurement in peripheral blood lymphocytes should be performed.
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Figure 1: Algorithm for management of patients with ADA deficiency. ADA, adenosine
deaminase; BM, bone marrow; CMV, cytomegalovirus; ERT, enzyme replacement
therapy; HSC-GT, hematopoietic stem cell gene therapy; HSCT, hematopoietic stem cell
transplantation; MRD, matched related donor; MUD, matched unrelated donor; RIC,
reduced intensity conditioning; SCID, severe combined immunodeficiency.

Table 1: Recommended immune evaluation while on ERT.a

Time after starting ERT
First 6 mo or until immune

reconstitution 6–18 mo 18–24 mo >24 mo

Trough plasma ADA activity levels and
deoxyadenosine levelsb

At 3 and 6 mo Q 6 mo Q 6 mo Q 12 mo

CBC, differential At 2 wk, 1, 3, and 6 mo Q 12 mo Q 12 mo Q 12 mo
Lymphocyte immunophenotyping At 6 mo Q 6 mo Q 12 mo Q 12 mo
IgG, IgA, IgM At 6 mo Q 6 mo Q 12 mo Q 12 mo
Mitogen stimulation Q 6 mo Q 6 mo Q 12 mo Q 12 mo
TCR-Vbeta—adjunct testing for consideration Q 6 mo Q 6 mo Q 12 mo Q 12 mo
CD45Ra/Ro—adjunct testing for consideration Q 6 mo Q 6 mo Q 12 mo Q 12 mo
a

For elapegademase (Revcovi) naïve patients, guidelines in the product monograph may be followed.
b

Testing for antibodies to elapegademase (Revcovi) should be performed if a persistent fall in plasma ADA activity trough levels below 15 mmol/h/L occurs.
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Additional but not mandatory findings

(5) Increased deoxyadenosine in urine, plasma, or
dried blood spots

(6) <1% of normal ADA activity in T cells

Additional clues to aid in diagnosis

(7) Recent/persistent infections consistent with
SCID

(8) Neurological, skeletal, lung and liver
anomalies, and

(9) Hematopoietic anomalies (most commonly
neutropenia)

Incomplete (partial) deficiency
Mandatory findings

(1) Low ADA activity in red blood cells
(2) 20%–75% of normal ADA activity in

lymphocytes
(3) T cell lymphopenia
(4) Low responses to mitogens

Additional but not mandatory findings

(5) Increased deoxyadenosine in urine, plasma, or
dried blood spots

Additional clues to aid in diagnosis

(6)Can have delayed and (or) milder onset of clini-
cal features listed under complete deficiency

Clinical and laboratory features

Non-immune features of ADA deficiency
Skeletal

- Rib and small bone anomalies

Neurological

- Developmental delay, hearing anomalies, seizures

Lungs

- Bronchiectasis, alveolar proteinosis

Liver

- Increased liver enzymes, autoimmune hepatitis,
hepatic failure

Renal

- Hemolytic uremic syndrome

Hematopoietic and immune anomalies
Lymphoid cells

- Decreased number and function of T, B cells, NK
cells

Lymphoid tissues

- Dysplastic thymus and lymph nodes

Hematopoietic

- Neutropenia, myeloid dysplasia

Management of patients with ADA
deficiency

General

- Protective isolation at home or in hospital until
reconstituted immune function3

- Immunoglobulin replacement
- Prophylaxis against Pneumocystis jirovecii pneu-
monia (trimethoprim-sulfamethoxazole) at
1 month of age

- Avoid breast feeding if CMV IgG is positive in
the mother

- Use CMV negative and irradiated or leuko-
reduced blood products, when needed, discuss
with local blood bank as per policy for immuno-
suppressed patients

- Avoid live vaccines (MMRV, rotavirus, BCG)

Specific treatment
Enzyme replacement (ERT)

- For newly diagnosed patients it is recommended
to start recombinant PEG-ADA, elapegademase
(Revcovi) at a total weekly dose of 0.4 mg/kg, di-
vided and administered twice a week (0.2 mg/kg
per injection) intramuscularly, as per product
insert.

- Reassessment of dosing is recommended
6 months from treatment initiation and could
be gradually reduced and (or) consolidated
to 1 injection per week, based on immune
reconstitution and (or) ADA activity of more
than 30 mmol/h/L and dAXP level under
0.02 mmol/L.

- For patients already on pegademase (Adagen)
treatment, we recommend changing to

3

The decision to isolate at home or in the hospital usually depends on the patient’s medical condition and home compliance.
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elapegademase (Revcovi) with a starting dose of
0.2 mg/kg once a week while periodically increas-
ing or decreasing doses by increments of
0.033 mg/kg weekly to monitor immune
reconstitution; ADA activity above 30 mmol/h/L
and (or) dAXP below 0.02 mmol/L.

Treatment duration

- For most patients ERT should be a temporary
option until definitive treatment such as HSCT
or HSC-GT are available.

- ERT should be stopped just prior or shortly after
HSCT4.

- Before HSC-GT, ERT should be administered
according to the approved GT protocol used.

- Long term ERT can be used when HSCT or HSC-
GT cannot be performed, and can be continued
in patients who were treated for long durations
(>10 years) and have no other option or where
the risk of HSCT is deemed to be too high.

- Long term ERT can be effective in patients with
partial ADA-deficiency

Dosing adjustment

- Doses should be adjusted over time according to
ADA activity trough levels and dAXP levels.

- Antibodies to elapegademase (Revcovi) should be
tested in cases where a persistent decline in
plasma ADA activity is recorded.
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