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Abstract

Purpose Primary immunodeficiency (PID) represents disorders with a spectrum of clinical presentations. The medical commu-
nity seeks clinical features to prompt evaluation for immunodeficiency given improved prognosis with early identification. We
hoped to identify clinical characteristics that would improve the diagnostic accuracy of the widely disseminated Jeffrey Modell
Foundation warning signs for immunodeficiency.

Methods We performed a retrospective chart review in a two-center North American cohort of patients with PID. Charts of 137
pediatric and 400 adult patients with PID were evaluated for the presence of these warning signs and compared to controls with
normal preliminary biochemical immune evaluation.

Results Fewer than 45% of adults with PID presented with >2 warning signs, while diagnostic utility was improved in the
pediatric population where the warning signs were found to be 64% sensitive. The warning signs found in a significantly
increased proportion compared to controls differed for pediatric PID patients (recurrent pneumonia (OR 2.9, p < 0.001), failure
to thrive (OR 2.1, p < 0.001), need for IV antibiotics (OR 2.1, p <0.001), serious bacterial infection (OR 4.8, p < 0.001), recurrent
otitis media (OR 1.5, p =0.027)), versus adult PID patients (recurrent otitis media (OR 2.9, p < 0.001), recurrent sinusitis (OR
2.1, p <0.001), diarrhea with weight loss (OR 2.2, p <0.001), recurrent viral infection (OR 3.3 p <0.001)). In evaluation for
additional criteria to promote identification of immunodeficiency, linear regression models showed slightly improved diagnostic
accuracy of the warning signs with the addition of autoimmunity in our pediatric PID cohort (8.7% v 2.8%, p < 0.001, ROC 0.58).
Adult PID patients demonstrated atopy more frequently than controls (48.0% vs 40.3%, p =0.011), while atopy was found to
have a negative association with the presence of PID in the pediatric age group (OR 0.3, p <0.01). No improvement in diagnostic
accuracy of the warning signs was found with the addition of allergic disease, autoimmunity, or malignant and benign prolifer-
ative disease in the adult cohort.

Conclusions We demonstrate poor diagnostic performance of warning signs for immunodeficiency in patients with PID in a
retrospective chart review. Divergent warning signs of statistically significant diagnostic utility were found in pediatric versus
adult patients. We suggest education of physicians on differing presentations of possible immunodeficiency between age groups,
and expansion of the warning signs to include non-infectious comorbidities such as autoimmunity in pediatric patients.
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associated with increased morbidity and mortality in both pe-
diatric and adult populations [4—6].

Given that early diagnosis of PID is also crucial for improv-
ing quality of life, the medical community has sought to iden-
tify clinical characteristics to prompt evaluation for an immu-
nodeficiency. In the USA, the widely disseminated ‘““Warning
signs for immunodeficiency” were developed in 1994 by expert
consensus and published by the Jeffrey Modell Foundation
(JMF) and remain an important guide for primary physicians
to identify patients appropriate for immune evaluation. The
warning signs are accompanied by a suggestion that PID be
considered for patients with two or more of the warning signs
(Table 1). These warning signs for immunodeficiency are fo-
cused primarily on increased frequency of, or difficult to treat,
infections, which remain a primary clinical manifestation of
immunodeficiency. However, more recent literature supports
the increased prevalence of autoinflammatory conditions, ma-
lignancy, and even allergy in both pediatric and adult patients

Table 1

with PID [7-11]. Furthermore, it has been shown that nonin-
fectious complications in patients with CVID are associated
with increased morbidity and mortality [12].

Prior publications have demonstrated that despite widespread
use, the JMF warning signs are poorly sensitive and specific in
their prediction of immunodeficiency [13, 14]. Most publications
in this area represent relatively small, single-center studies and
focus primarily on the pediatric population. The sensitivity and
specificity of the warning signs are generally calculated based on
patients with PID with no control group. Publications outside of
the USA have demonstrated that sets of warning signs similar to
those from the JMF are also poorly specific, but note the possible
utility of additional clinical features [15].

We sought to determine the diagnostic utility of the JMF
warning signs for immunodeficiency in a cohort of patients with
PID from two large academic medical centers in the USA. We
hoped to identify additional clinical characteristics that would
improve the diagnostic accuracy of these warning signs.

Jeffrey Modell Foundation warning signs for immunodeficiency and EMR search strategy

JMF warning signs

EMR search criteria

For pediatric patients less than 18 years of age
1. Four or more new ear infections within 1 year
2. Two or more serious sinus infections within 1 year

3. Two or more months on antibiotics with little effect

4. Two or more pneumonias within 1 year

5. Failure of an infant to gain weight or grow normally

. Recurrent, deep skin, or organ abscesses
. Persistent thrush in mouth or fungal infection on skin

. Need for intravenous antibiotics to clear infections

O 0 3 N

. Two or more deep-seated infections including septicemia

10. A family history of PI

For adult patients 18 years of age and older

1. Two or more new ear infections within 1 year

. Two or more new sinus infections within 1 year, in the absence of allergy

2
3. One pneumonia per year for more than 1 year
4. Chronic diarrhea with weight loss

]

. Recurrent viral infections (colds, herpes, warts, condyloma)

. Recurrent need for IV antibiotics to clear infections

6

7. Recurrent deep abscesses of the skin or internal organs
8. Persistent thrush or fungal infection on skin or elsewhere
9

. Infection with normally harmless tuberculosis-like bacteria
10. A family history of PI

1. Four or more diagnoses of otitis media within 1 year
2. Two or more diagnoses of sinusitis within 1 year

3. Three or more prescriptions for an antibiotic administered
within a 2-month time period

4. Two or more diagnoses of pneumonia within 1 year

5. Diagnosis of failure to thrive, abnormal weight loss,
OR abnormal weight gain in any child older than
1 month of age

. Two or more diagnoses of abscess
. Two or more diagnoses of thrush OR candida
. Any instance of the receipt of IV antibiotics

O 0 3 N

. Two or more lifetime diagnoses of bacteremia, sepsis,
meningitis, or osteomyelitis

10. Family history of immunodeficiency listed

. Two or more diagnoses of otitis media within 1 year
. Two or more diagnoses of sinusitis within 1 year

. One or more diagnoses of pneumonia

R S

. Two or more diagnoses of diarrhea AND diagnosis
of weight loss, failure to thrive, OR abnormal weight gain

W

. Diagnosis of recurrent infections AND two or more
diagnoses of viral infection

. Two instances of the receipt of IV antibiotics

6

7. Two or more diagnoses of abscess

8. Two or more diagnoses of thrush OR candida
9

. Diagnosis of mycoplasma infection

10. Family history of immunodeficiency listed

Adapted from http://downloads.info4pi.org/pdfs/10-Warning-Signs%2D%2D-Generic-Text%2D %2D2-.pdf
EMR electronic medical record, Jeffrey Modell Foundation, P/ primary immunodeficiency
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Methods

We performed a retrospective chart review of patients evalu-
ated from January 2006 to December 2016 in outpatient or
inpatient sites of Cleveland Clinic locations in the USA, and
Rainbow Babies and Children’s Hospital Cleveland Medical
Center locations. Appropriate Institutional Review Board ap-
proval was obtained at each institution. Patients < 18 years old
were considered pediatric (“children”). Patients > 18 years-
old were deemed adults.

PID patients were identified by International Classification
of Diseases Ninth and Tenth Revision codes indicative of pri-
mary immunodeficiency. Charts of patients with a diagnosis of
PID were reviewed by a physician to confirm that clinical and
laboratory evaluation were consistent with a given diagnosis, as
specified in the Practice Parameter for the Diagnosis and
Management of Primary Immunodeficiency [16]. Patients with
22ql1 deletion were only included if they had biochemical
evidence of immunodeficiency. Patients with selective IgA de-
ficiency were included if they had recurrent sinopulmonary or
gastrointestinal infections. Patients with diagnoses of CVID
were eligible for inclusion by fulfilling the ESID/PAGID diag-
nostic criteria [17]. The electronic medical record (EMR) was
examined for the presence of each of the age-appropriate JMF
warning signs for immunodeficiency documented at any time
in the clinical course (Table 1). Unfortunately, even on manual
review, a positive or negative family history of immunodefi-
ciency was inconsistently documented; therefore, these data
were not reported. In addition to the published JMF warning
signs, the EMR was evaluated for the presence of diagnosis
codes for autoimmune disease (arthritis, inflammatory bowel
disease, thyroiditis, vitiligo, systemic lupus erythematosis,
Sjogrens, mixed connective tissue disease), and atopy (asthma,

reactive airway disease, allergic rhinitis, or atopic dermatitis).
We also evaluated for benign and malignant lymphoprolifera-
tive disorders (diagnoses of lymphoproliferative disorder,
myelodysplastic syndrome, autoimmune lymphoproliferative
syndrome, lymphocyte variant hypereosinophilic syndrome,
lymphocytic interstitial pneumonia) and cancer (including leu-
kemia, lymphoma, neuroblastoma, rhabdoymyosarcoma, oste-
osarcoma) documented at any point in time (Fig. 1).

To establish a control group, we searched for patients
who underwent laboratory immune evaluation and had no
subsequent diagnosis of primary or secondary immunode-
ficiency. Exclusion criteria included HIV/AIDS, history of
immunosuppressant or anti-neoplastic therapy, malnutri-
tion, protein losing enteropathy, inflammatory bowel dis-
ease, proteinuria, chronic kidney disease, and history of
solid organ or stem cell transplant. Laboratory evaluation
assessed either the humoral (serum immunoglobulin con-
centration measured by quantitative techniques with spe-
cific antibody production to vaccine responses) or the cel-
lular immune system (flow cytometry of T cell subsets, B
cells, and NK cells) [18].

Patients’ information collected was described using
means and standard deviations for all continuous variables,
and counts and percentages for all categorical variables.
The study group was divided into two groups (PID/no
PID). One-way ANOVA was used to compare continuous
variables, and chi-square test was used for categorical var-
iables. Logistic regression models were performed to pre-
dict PID/no PID for various JMF warning signs. Receiver
operator characteristics (ROC) curves were generated. All
analyses were performed by using the SAS 9.4 for Linux
(SAS, Cary, North Carolina). The level of statistical sig-
nificance was set at p <0.05 (two-tailed).

Fig. 1 Methods for identification
and evaluation of patients with

Patients with PID

Controls

primary immunodeficiency and

controls

@ Springer

EMR search for charts with ICD-
9/10 codes for PID
n=537 (137 children, 400 adults)

EMR search for charts with laboratory
results for lymphocyte flow cytometry
and/or serum immunoglobulins

Il

Il

Physician chart review to identify
patients who meet AAAAI
diagnostic criteria for PID

n=402 (115 children, 287 adults)

Exclude charts with ICD-9/10
codes for PID or

secondary immunodeficiency
n=13,251 (2,161 children, 15,412 adults)

$

L |

EMR ICD-9/10 search and
physician chart review for
presence of JMF warning signs

EMR ICD-9/10 search and physician
chart review for presence of JMF warning
signs




J Clin Immunol (2019) 39:90-98

93

Results

Demographics: Patients with Primary
Immunodeficiency

Our initial query identified 537 patients with diagnoses of
primary immunodeficiency, including 137 children and 400
adults. We eliminated 135 patients (22 children and 113
adults) who did not have sufficient documentation to meet
PID diagnostic criteria, or for whom a secondary cause of
immunodeficiency was suspected.

Of 115 pediatric patients with primary immunodeficiency,
the most common diagnoses were 22ql1 deletion syndrome
(n = 62), specific antibody deficiency (SAD) (n =23), and com-
mon variable immunodeficiency (CVID) (n = 16, Fig. 2). Only

Pediatrics

/
\

CVID, 16

DiGeorge, 62

Adults

Fig. 2 Frequency of individual primary immunodeficiency diagnoses.
SAD specific antibody deficiency; WAS Wiscott-Aldrich syndrome;
CVID common variable immunodeficiency; ADA Adenosine deaminase
deficiency; /PEX immune dysregulation, polyendocrinopathy,
enteropathy, X-linked; MBL mannose binding lectin deficiency; PASLI

\ Agammaglobulinemia,

one patient with del22ql1 had complete thymic aplasia; the
remainder had less severe immunodeficient phenotypes.
There were 66 males and 49 females, with mean age 9.0 years
(range 3 months—17.5 years).

Of 287 adults with PID, the most frequent diagnoses were
CVID (n =222), 22q11 deletion syndrome (n = 18,) selective
IgA deficiency or SAD (n =16), and hyper IgE syndrome
(n =10, Fig. 2). There were 105 males and 182 females, with
mean age 48.4 years (range 18.0-93.8 years).

Demographics: Patients with Normal Biochemical
Evaluation

We identified 13,251 patients (2161 children and 15,412
adults) who underwent laboratory immunologic evaluation

IgA deficiency/SAD, 23

WAS, 3 ADA deficiency, 1

Unknown, 2 -Zgammaglobulinemia, 1
_ Hyper IgE, 1
Other, 7 _ Hyper IgM, 1
Complement deficiency, 2 MBL, 1
]

PASLI disease, 1

DiGeorge , 18

Hyper IgE , 10

APECED, 1

CD8 defici , 1
IgA deficiency/SAD, 16 ehiciency,

CGD, 2
Hyper IgM, 1
Other, 11 IPEX, 1
SGD, 1
WAS, 2
Complement
deficiency, 7 Unknown, 2

pl10 delta activating mutation causing senescent T cells,
lymphadenopathy, and immunodeficiency; APECED autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy; CGD chronic
granulomatous disease; SGD neutrophil specific granule deficiency
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without subsequent documentation of an ICD-9/10 code for
PID, and who were eligible for inclusion. The pediatric group
included 947 females and 1214 males, with a mean age of
10.8 years (range 0.4—17.9 years). The adult group included
8336 females and 7076 males, with a mean age of 55.0 years
(range 18.0-100.0 years).

In the pediatric group, controls were significantly older
than patients with PID (mean age 10.8 +4.4 years vs. 9.4+
5.1 years, p =0.001), but the groups were matched for gender
(p =0.80). In the adult group, controls were significantly older
than patients with PID (mean age 55+ 16.7 years vs. 48.4 +
18.6 years, p < 0.001). There was a significant female predom-
inance in adult patients with PID (63.4%) compared to con-
trols (54.1%, p =0.007).

Warning Sign Evaluation: Pediatric
Immunodeficiency

The mean number of JMF warning signs present for a given
patient with primary immunodeficiency was 2.3 (range 0—7
warning signs). The highest mean number of JMF warning
signs was found in patients with Hyper IgE syndrome (seven
warning signs), mannose-binding lectin deficiency (six warn-
ing signs), and p110 delta activating mutation causing senes-
cent T cells, lymphadenopathy, and immunodeficiency
(PASLI) (six warning signs) (Fig. 3). Patients with Wiscott-
Aldrich syndrome, hyper IgM syndrome, and immune dysreg-
ulation, polyendocrinopathy, and enteropathy X-linked syn-
drome (IPEX) had the fewest JMF warning signs prior to
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Fig. 3 Number of warning signs in patients with primary
immunodeficiencies. Mean reported when n > 1. ADA adenosine
deaminase deficiency; CVID common variable immunodeficiency;
IPEX immune dysregulation, polyendocrinopathy, enteropathy, X-
linked; MBL mannose binding lectin deficiency; PASLI p110 delta
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laboratory evaluation. Record of >two JMF warning signs
was found in 64.3% of pediatric patients with PID.
Compared to controls, pediatric subjects with PID had a
significantly elevated frequency of recurrent pneumonia
(OR 2.9, p <0.001), failure to thrive (OR 2.1, p <0.001),
need for intravenous (IV) antibiotics (OR 2.1, p <0.001),
serious bacterial infection (p < 0.001), and recurrent otitis
media (OR 1.5, p =0.027) (Table 2). The frequency of
autoimmune disease was significantly elevated in pediatric
patients with PID compared to controls (8.7% vs. 2.8%,
p <0.001) (Fig. 4). There was no significant difference in

the frequency of proliferative disease in pediatric patients
with or without immunodeficiency (7.0% vs. 3.8%, p =
0.09). The frequency of atopy was significantly higher in
pediatric patients without PID compared to those with PID
(75.0% vs. 52.2%, p <0.001) (Fig. 4). Logarithmic regres-
sion demonstrated that any combination of two or more
JMF warning signs in the pediatric age group was associ-
ated with only a 56% chance of identifying presence of
immunodeficiency (Table 2). This accuracy was slightly
improved with the addition of autoimmunity to the original
JMF warning signs (OR 3.2, p =0.0012, ROC 0.58).

Table 2 Warning signs in

lymphoproliferative disease

pediatric and adult patients with Warning sign Oddsratio  95% confidence ~ p value*  Area under
PID compared to controls limits the curve™*
Pediatric patients
Otitis media 1.5 1 23 0028 0.55
Sinusitis 0.9 0.6 14 079 0.51
Frequent antibiotics 0.7 0.5 1 1.2 0.54
Pneumonia 29 1.7 5.1 0.001 0.55
Failure to thrive 2.1 14 3 0.0003 0.58
Abscess 0.7 0.3 1.6 041 0.51
Candida 1.3 0.668 27 04 0.51
IV antibiotics 2.1 1.4 3.1 0.001 0.59
Serious bacterial infection 4.8 2.7 89  0.001 0.56
Two or more warning signs (any) 1.8 1.2 2.6 0.0047 0.57
Two or more warning signs 0.3 02 0.5  0.001 0.66
+ allergic disease
Two or more warning signs + autoimmunity 32 1.6 64  0.0012 0.58
Two or more warning signs + 1.6 0.7 34 0228 0.57
lymphoproliferative disease
Adult patients

Otitis media 29 1.9 43 0.001 0.53
Sinusitis 2.1 1.6 2.7 0.001 0.57
Pneumonia 1.2 0.9 1.5 027 0.51
Diarrhea with weight loss 22 1.4 34 0.0009 0.52
Recurrent infection 33 24 44  0.001 0.57
IV antibiotics 0.9 0.7 1.2 0.558 0.51
Abscess 1.2 0.8 1.8 031 0.51
Candida 1.5 0.9 24 0.06 0.51
Mycoplasma <0.001 <0.001 >99 0.97 0.5

Two or more warning signs (any) 1.7 1.3 2.1 0.001 0.56
Two or more warning signs + allergic disease 1.2 0.9 1.6 0.13 0.57
Two or more warning signs + autoimmunity 1.2 0.9 1.5 029 0.56
Two or more warning signs + 0.6 0.5 09 001 0.57

p values less than or equal to 0.05 in italic

*Pearson’s chi-square test

**Where sensitivity is graphed over one specificity, and 1 represents a perfect test (accurate in distinguishing the
presence or absence of immunodeficiency), and an area of 0.5 indicates no diagnostic utility
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Autoimmune disease

M Percentage of adult patients with PID

Fig. 4 Percentage of patients with non-infectious comorbities. *Statistically-significant difference (level of statistical significance was set at p < 0.05,

compared by chi-squared analysis)

Warning Sign Evaluation: Adult Inmunodeficiency

The mean number of JMF warning signs per adult with PID
was 1.6 (range 0—6 warning signs). The highest mean number
of JMF warning signs was recorded in patients with autoim-
mune polyendocrinopathy candidiasis ectodermal dystrophy
(APECED) (three warning signs) and CD8 deficiency (three
warning signs) (Fig. 3). Diagnoses associated with infrequent
documentation of JMF warning signs were Wiscott-Aldrich
syndrome (no warning signs recorded for either of two pa-
tients), IPEX (one warning sign), and Hyper IgM (one warn-
ing sign). Record of > two JMF warning signs was found in
just 44.9% of adult PID patients.

Compared to controls, adults with PID had a significantly
elevated frequency of recurrent otitis media (OR 2.9, p <
0.001), recurrent sinusitis (OR 2.1, p <0.001), diarrhea with
weight loss (OR 2.2, p <0.001), and recurrent viral infection
(OR 3.3, p <0.001) (Table 2). The frequency of atopy was
statistically significantly elevated in adult PID patients com-
pared to controls (48.0% vs 40.3%, p =0.011). There was no
difference in the frequency of autoimmune disease or

@ Springer

proliferative disease recorded between adults with PID and
controls, and the addition of these additional criteria to the
original JMF warning signs did not improve diagnostic accu-
racy (Table 2).

Discussion

This report describes one of the largest North American evalu-
ations of the JMF warning signs of immunodeficiency. Overall,
the predictive value of these warning signs was found to be
superior in the pediatric PID population compared to adults,
and warning signs of immunodeficiency found with statistically
significant increased frequency in patients with PID compared
to their controls differed in pediatric versus adult patients.

In our search for additional criteria which promote identifi-
cation of immunodeficiency, we found the frequency of atopy to
be higher than the frequency of some individual JMF warning
signs in both adult and pediatric PID patients. Atopic disease has
previously been identified as a presenting feature of PID [19,
20]. Atopy was found to be negatively associated with a
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diagnosis of immunodeficiency in pediatric patients who
underwent laboratory evaluation of the immune system, which
likely reflects the relatively high prevalence of atopic disease in
young children [21]. It is generally accepted that allergic inflam-
mation can predispose patients to infections [22]. It is therefore
important that immune evaluation not be dismissed in patients
with symptoms consistent with PID on the assumption that their
symptoms are due to allergy, as these are not mutually exclusive,
and in our adult population, atopy was found in increased num-
bers in patients with PID compared to controls.

In the pediatric cohort, autoimmune disease was more fre-
quently recorded in patients with PID versus controls, while rates
of malignancy were comparable between these groups. In adults,
atopy was more frequently recorded in PID subjects compared to
controls, with comparable rates of autoimmunity and malignan-
cy (Table 2). These findings may relate to the expected natural
history of atopy and autoimmunity in the general population, and
to variation in the types of PID represented in our pediatric and
adult cohorts. While these features alone may not be beneficial as
screening tools to prompt PID evaluation, it is important that
subspecialists who manage these conditions be aware of the need
for PID evaluation in unusual or difficult-to-treat cases of auto-
immune disease or malignancy, particularly when associated
with increased rate of infections [23-25].

Our study was limited by its retrospective nature and reli-
ance on documentation in the EMR, which likely results in
underestimation of sensitivity. Importantly, family history was
not included in our analysis secondary to inconsistent docu-
mentation, though it has previously been identified as a rela-
tively specific discriminator for PID [13—15]. The importance
of complete documentation of family history is critical when
evaluating patients for suspected immunodeficiency.
Prospective studies to confirm these findings are needed.
This study was not powered to evaluate the predictive value
of the JMF warning signs for individual immunodeficiencies.
The preponderance of patients with 22q11 deletion syndrome
may relate to one site being a tertiary cardiac-referral center.

Controls were selected based on record of laboratory eval-
uation for immunodeficiency, which may have been motivat-
ed by the presence of JIMF warning signs. This analysis
allowed us to compare patients with the presence of JMF
warning signs and a normal biochemical evaluation with pa-
tients with a primary immunodeficiency, and pursued that this
approach as patients with the presence of JMF warning signs
in the general population without laboratory evaluation for an
immunodeficiency may have unrecognized immune derange-
ments. We suspect that this may have impacted specificity and
resulted in failure to identify JMF warning signs of statistical-
ly significant utility. However, our control group represents an
invaluable tool for statistical analysis. Furthermore, this is one
of the first North American studies of this nature to utilize a
control group and to perform analyses beyond descriptive
statistics.

Conclusion

Early identification of patients with immunodeficiency re-
mains a challenge given the lack of a single set of warning
signs that can identify all patients. Current tools focus primar-
ily on increased and difficult-to-treat infections, which we
have determined to be an overall poor indicator of the pres-
ence of PID in both pediatric and adult populations. We sug-
gest education of physicians on differing presentations of PID
in adult versus pediatric patients, and pending further prospec-
tive studies, potential expansion of the JMF warning signs to
include non-infectious comorbidities.
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