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Abstract

The NEMO syndrome is a primary immunodeficiency with immune and non-immune manifestations.
The immune deficiency is heterogeneous showing defects in humoral, innate, and cell-mediated
immunity. While the clinical aspects of the immunodeficiency are increasingly well understood, little
is known about autoimmune manifestations in NEMO patients. We therefore sought to examine
serologic markers of systemic inflammation and intestinal pathology in a kindred of patients with
the NEMO syndrome. We observed persistent elevation of erythrocyte sedimentation rates in five
patients, and two were symptomatic, with a chronic but atypical enterocolitis. Though pathologic
lesions in these two patients were consistent with acute inflammation, sustained clinical improvement
was only achieved with systemic and/or topical glucocorticoid therapy. Our data suggest that some
patients with the NEMO syndrome exhibit persistent elevation of inflammatory markers similar to
systemic autoimmune diseases and may subsequently develop an atypical enterocolitis.
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Introduction

The nuclear factor kappa B (NF-«xB) family of transcription factors is central to the induction
of both innate and adaptive immune responses to a variety of pathogens [1;2]. The activation
of NF-xB proteins is regulated by a multimeric complex consisting of two catalytic subunits,
the inhibitor of kappa kinase alpha and beta (IKKa and IKKp), and a regulatory unit, IKK
gamma (IKKy), also known as the NF-«kB essential modulator (NEMO).
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The critical role of NF-xB activity in host defense has in part been demonstrated by a group
of human disorders resulting from hypomorphic alleles of NEMO that are inherited in an X-
linked pattern. These mutations can result in defects in both innate and adaptive immunity.
Innate immune defects include impairment of 1L-12 production and of Toll-like receptor (TLR)
signaling [3;4], while adaptive immune defects include deficits in B cell responses to specific
immunization, and profound T cell lymphopenia [4;5].

While the clinical aspects of the immune deficiency are increasingly well characterized, the
clinical effects of altered NF-«B activity on the inflammatory response are less clear. Given
the central role of NF-kB in upregulating pro-inflammatory cytokines, loss of NF-«B activity
might predict a diminished inflammatory response despite pervasive infection, as observed in
some patients [6]. However, NF-xB activity also plays a role in the generation of natural killer
T cells, CD4*CD25* regulatory T cells, and memory T cells [7;8;9]. Therefore, immune
dysregulation and organ-specific inflammatory disease might also be anticipated. To date, few
studies to elaborate on this issue have been reported [2].

To better understand the clinical manifestations of the immune dysregulation in NEMO
deficiency, we studied seven members of a kindred affected by this syndrome. Despite the
absence of overt clinical infection or inflammation, most of the patients exhibited sustained
periods of elevation of inflammatory markers, reminiscent of those with systemic inflammatory
disorders such as systemic lupus erythematosus and inflammatory bowel disease (IBD) [10;
11]. More strikingly, two of our eldest patients have developed an atypical enterocolitis
(beginning at 8-10 years of age) that was only responsive to anti-inflammatory therapy. These
findings suggest that some NEMO syndrome patients exhibit immune dysregulation inclusive
of organ-specific inflammation.

Materials and Methods

Patient care and data collection

All seven patients in the cohort were seen monthly for intravenous immunoglobulin (IVIG)
infusion (400 mg/kg every 4 weeks) at the University of California, San Francisco (UCSF)
Pediatric Clinical Research Center (PCRC) of the UCSF Clinical and Translational Research
Institute. Interval histories and physical examinations were obtained. The patients'
antimicrobial prophylaxis regimen included penicillin (125 mg orally twice daily if <5 years
of age and 250 mg orally twice daily if >5 years of age), trimethoprim/sulfamethoxazole (5
mg/kg/day of the trimethoprim component), and azithromycin (20 mg/kg/week). The 7 patients
are spread across two generations (Fig. 1), and all had the E391X mutation in the tenth exon
of the NEMO gene [12], which encodes for a zinc finger motif critical to NEMO function [4;
13].

Upon diagnosis, the patients were enrolled in a study protocol that had been reviewed and
approved by the Committee for Human Research (CHR) at UCSF. Control patients were
similarly enrolled. For histologic studies related to enterocolitis, age-matched biopsy
specimens from control patients with histologically and clinically defined IBD were examined
[14;15]. The use of these specimens was also approved by the UCSF CHR.

Laboratory studies

The serum erythrocyte sedimentation rate (ESR) was determined by the UCSF Clinical
Laboratory using the Westergren method with a range from 1-100 and >100 mm per hour.
Immunoglobulin G (IgG) and C-reactive protein (CRP) levels were determined by the UCSF
Clinical Laboratory using rate nephelometry and rate turbidimetry, respectively.
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Statistical analysis to examine differences in ESR values between patient results and published
case series of ESR in acute infection was performed using an unpaired Student's t-test
(Graphpad, San Diego, CA).

Longitudinal analysis of ESR was not carried out for Patient 1 as monthly ESR examination
was initiated only after a symptomatic bout of colitis. Data on Patient 7 was limited by his
young age.

Endoscopy was performed with the consent of legal guardians and age-appropriate patient
assent. Endoscopy was performed only when medically necessary. Two NEMO patients
underwent upper and lower endoscopy a total of 5 times over a 2 year period. Colon biopsies
were obtained at regions of visual abnormalities and/or at routine sites including rectum,
sigmoid colon, descending colon, transverse colon, ascending colon, cecum, and distal ileum.
All biopsies were fixed in formalin prior to transfer to the UCSF Department of Pathology for
paraffin embedding and hematoxylin-and-eosin staining.

Patient Demographics

Infections

Three of the patients (1-3) in the kindred have previously been described [12], and we have
since diagnosed an additional four children (4-7) (Fig. 1). All patients, except patient 7 who
was diagnosed perinatally, presented with meningitis in the first two years of life (Table 1).
Amongst those old enough to determine, all had the characteristic dentition of NEMO
syndrome with variable dermatologic manifestations, including hypohidrotic ectodermal
dysplasia, sparse hair, and hypopigmentation. At the time of this study, those in the kindred
ranged in age between 0.5-16 years.

One of the primary immunologic manifestations of these patients' disease is
dysgammaglobulinemia (characterized by normal immunoglobulin G levels but no humoral
response to pneumococcal vaccination) [12]. Patients also demonstrated a consistent
immunologic phenotype with modest decreases in absolute T cell numbers, elevated B cell
numbers, and normal 1gG levels in 6 out of 7 patients at the time of diagnosis (ref. [12] and
Supplemental Table 1). T cell proliferative studies to antigen and mitogen showed variability.
Patients 1-2 had diminished responses early in life but normalization over time(ref. [12] and
Supplemental Table 1). Patients 3-5 showed slightly diminished proliferative responses, while
patients 6 and 7 had normal responses to PHA stimulation (Supplemental Table 1).

Although we initially maintained these patients on monthly infusions of IVIG alone, it became
apparent over time that IV1G was insufficient to suppress pneumococcal infections. In addition,
with the description of susceptibility to other microorganisms including Gram negative bacteria
and mycobacteria [3;16], we modified the kindred's prophylactic regimen to include penicillin,
azithromycin, and trimethoprim/sulfamethoxazole. All of the patients nevertheless developed
recurrent infections, with awide variety of causative organisms isolated (Table 1). During these
infections, ESR levels were elevated compared to published case series for bacterial meningitis,
upper respiratory tract infections, and pneumonia (Supplemental Table 2 and refs. [17;18]).

Asymptomatic clinical periods with sustained elevation of ESR

In addition to elevated inflammatory markers during episodes of documented infection, many
of those in our NEMO kindred had elevated ESR levels in the absence of local or systemic
symptoms of infection. Five of six patients examined showed persistently elevated ESR (mean
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ESR ranging between 21-67 mm/hr) (Fig. 2). In particular, the sibling triad of patients 3, 4,
and 5 had mean ESR values of 67, 40, and 61, respectively, over the documented periods. For
all patients with a persistently elevated ESR, the monthly values fluctuated (Fig. 2A), but were
nevertheless elevated for age [19]. Only patient 2 had normal ESR values with a mean of 5.2.
The ages of the patients at the start of the intervals examined were 1.7-11 years. None of the
patients was hospitalized during the surveillance periods or received antibiotics beyond their
prophylactic regimen. The patients reported no organ-specific disease, including weight loss
or diarrhea, during the clinical evaluation performed prior to IVIG infusion. In addition,
patients showed progressive weight and height gains during this time period (data not
shown). A control group of 2 patients with combined immunodeficiency and 2 patients with
CD40 ligand deficiency showed no elevation of ESR during similar 10-12 month surveillance
periods (Fig. 2B). CRP levels during these same periods were available for only 5 of 6 patients.
Interestingly, the patients showed normal levels (<6 mg/dl) 90% of the time (data not
shown).

Atypical Enterocolitis

With increasing age, two patients (Patients 1 and 3) developed chronic abdominal pain
secondary to enterocolitis. Patient 1 developed intermittent peri-umbilical pain at 8.5 years of
age. Over the next 4 years, the patient had three partial colectomies secondary to severe
abdominal pain with exploratory laparotomy demonstrating terminal ileum and ascending
colon inflammation each time. The second episode was also complicated by an intra-abdominal
abscess. Cultures obtained from this abscess as well as tissue cultures from the second and
third colectomies yielded no viral, fungal, mycobacterial, or bacterial pathogens. (Culture
results were not available from the first colectomy.) The first two resections led to resolution
of the symptoms. However, after the third resection, the patient had intermittent attacks of
abdominal pain, which did not abate with extended courses of empiric, broad-spectrum
antibiotic therapy. Given this lack of benefit, an autoimmune or autoinflammatory etiology to
the patient's disease was considered and methylprednisolone was delivered via intravenous
infusion (30 mg a day for 14 days followed by a two month taper). The patient's abdominal
pain resolved almost immediately. He has subsequently had four disease flares treated with
pulse steroids each time. He is currently being treated with a combination of oral budesonide
(9 mg oral daily), asacol (1 gram orally twice daily), and oral prednisone as maintenance
therapy (10 mg orally daily).

Patient 3 had a similar course though his bowel was never resected. He presented at 10 years
of age with a two-week history of fever, anorexia, abdominal pain, and heme-positive stools.
Colonoscopy revealed a focal area of exudate in the terminal ileum found to be secondary to
C. difficile. After eradication of detectable C. difficile with a course of oral vancomycin and
metronidazole, the abdominal pain persisted. Two months later, he exhibited worse symptoms
and a 20% weight loss. Repeat colonoscopy revealed increasing areas of exudate, with new
lesions involving the colon. Viral, mycobacterial, and fungal cultures were negative, but a
tissue culture yielded C. perfringens. Despite a subsequent 21-day course of IV piperacillin/
tazobactam and no further evidence of either C. perfringens or any other source of infection,
the patient's condition worsened. As with patient 1, we initiated an empiric course of therapy
to address an autoimmune cause. The patient was given budesonide (3 mg by mouth for 3 days,
then increased to 6 mg once daily) and mesalamine (400 mg three times daily by mouth). Soon
thereafter, the patient's pain decreased markedly and was able to tolerate a full oral diet. The
patient's follow-up colonoscopy revealed normalization of the affected areas (Fig. 3B). The
patient has since had a single flare requiring hospitalization, which was found to be secondary
to medication non-compliance. Re-initiation of oral budesonide and mesalamine was sufficient
to achieve remission. No organisms were found on tissue or stool cultures.
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Endoscopic and histopathologic findings in NEMO enterocolitis

Patient 3 had separate colonoscopies at the onset of symptoms, after antibiotic therapy for C.
difficile infection, and two months following initiation of glucocorticoid therapy. At
presentation, endoscopy revealed severe colitis with exudate and marked mucosal bleeding
(Fig. 3A). After eradication of C. difficile toxin, repeat colonoscopy revealed no improvement
in the degree of mucosal damage and exudate (data not shown). However, following
glucocorticoid therapy, repeat colonoscopy revealed normal colonic mucosa (Fig. 3B).

Since the clinical presentation and endoscopic appearance of NEMO enterocolitis were
consistent with inflammatory bowel disease, biopsy specimens from patients 1 and 3 were
examined by histopathology and compared with histopathologic slides of age- and gender-
matched IBD patients. IBD patients had signs of chronic active enterocolitis, including
granulomas, deep cryptitis, and abscesses with a predominance of lymphocytes present in the
granulomas and crypts (Fig. 4A). By contrast, NEMO patient 3 did not manifest this pathology
(Fig. 4B). Instead, patient 3 exhibited pathology more consistent with acute inflammation,
including edema, superficial cryptitis, and mucosal ulceration. In addition, we observed an
abundance of neutrophils within the lamina propria juxtaposed to the mucosal surface but not
in the deeper anatomic region of the crypts. A relative paucity of lymphocytes also correlated
with the absence of granulomas or deep cryptitis in the NEMO patients. Similar results were
observed in biopsy specimens from patient 1 (data not shown).

Discussion

We show here that, in a kindred of 7 patients with NEMO syndrome, most manifest signs of
persistent elevation of erythrocyte sedimentation rate in the absence of clinical symptoms. Two
of the patients also developed organ-specific pathology (atypical enterocolitis), with durable
resolution only after glucocorticoid treatment. These data suggest that specific NEMO
mutations predispose to the development of serologic signs of systemic inflammation, with the
potential to progress to autoimmune disease.

The erythrocyte sedimentation rate (ESR) can track disease severity in a number of conditions,
including systemic lupus erythematosus and IBD [10;11]. Interestingly, most members of this
NEMO kindred had persistent elevation of the ESR, even in the absence of symptoms or signs
of an inflammatory condition. Despite the absence of demonstrable infection during these
processes, infectious agents may still play a critical role in precipitating organ-specific disease.
For instance, the patients may have had repeated sub-clinical infections and/or sub-optimal
responses to specific pathogens. Such processes may lead to organ-specific autoimmune
disease, either from an inappropriate immune response or from low-level persistence of the
pathogen [20]. Though CRP levels did not show a similar persistent elevation, similar
discordance between CRP and ESR levels in systemic lupus erythematosus has been observed
[21].

Our data contrast with previous reports of decreased signs and symptoms of inflammation in
patients with NEMO mutations [6]. The most likely explanation is the varied phenotypes
amongst the many NEMO mutations [22]. Interestingly, we care for an additional family with
two boys possessing a novel F312L mutation. These patients have shown similar
hyperinflammatory responses during acute infection, with one of two boys also showing
periods of persistent elevation of ESR despite clinical well-being. Further genotype-phenotype
correlations may help further identify predisposing mutations and perhaps lend biologic
insights.

Two of the patients progressed to develop chronic, organ-specific (intestinal) symptomotology,
and notably, an unrelated child with the NEMO syndrome has had a similar clinical picture
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[2]. The clinical course of our patients suggests that, while an infectious component may have
contributed to or precipitated events, we did not achieve clinical resolution with antibiotic
treatment even when we identified and eradicated the organism. Instead, sustained resolution
of disease required glucocorticoids. Such a disease course is more consistent with IBD than
with a chronic infectious process, despite the absence of classic histopathologic findings of
IBD. The reason for this incongruity is unclear. In animal models of IBD, neutrophils are
recruited in abundance during the acute inflammatory phase, leading ultimately to the
recruitment of effector lymphocytes [23;24]. It is also known that diminished NF-«B activity
interferes with normal antigen presentation and T cell effector function [25]. Such alterations
could impact effector T cell differentiation and function, which may in turn affect the ability
of T cells to infiltrate the bowel wall and produce the classic histopathology seen in IBD.

The anti-inflammatory effects of glucocorticoids are in large part dependent on inhibition of
NF-kB activity [27]. Thus, the effectiveness of glucocorticoid therapy in treating the bowel
disease of NEMO patients is somewhat counterintuitive. Although the immune deficiency in
NEMO syndrome patients is often significant, NEMO syndrome patients have residual NF-
kB activity as complete NEMO mutations are embryonic lethal [1;2]. Molecular
characterization of hypomorphic NEMO alleles would further define this residual activity and
the implications for immune dysregulation as well as the role of glucocorticoids in treatment
of disease [26].

Thus far, we have not needed to consider medications beyond glucocorticoids as the mainstay
of our therapeutic regimen. However, the atypical enterocolitis raises the question of whether
NEMO patients might require medications not typically used in the treatment of chronic
enterocolitis. In IBD, glucocorticoids are used primarily during acute presentation or flares,
with other medications used to control chronic disease [28;29]. These medications include 5-
ASA derivatives, such as sulfasalazine, or nucleoside synthesis inhibitors, such as 6-
mercaptopurine. More recently, biologic agents such as infliximab, which inhibits TNF-a
activity, have been used with success. Given the pathologic findings in our NEMO patients
and the preponderance of neutrophils associated with disease, such medications may be less
effective. Targeting TNF-a activity represents an additional option, but the NEMO patients'
underlying susceptibility to mycobacterial disease must be taken into account before such
therapy is considered.

Numerous hypotheses might explain the ileitis and colitis observed in our two patients. First,
the host response to bacteria likely plays a crucial role in the initiation of local inflammation,
which can in turn lead to chronic ileocolitis despite clearance of the organism [24]. Patient 3
had C. difficile colitis at the onset of his symptoms. Antibiotic therapy was sufficient to
eliminate fecal evidence of the organism, but the patient's symptoms continued to worsen.
Thus, the pathogen may have initiated a host response which evolved into a chronic
inflammatory state [20]. In particular, the newly appreciated role of NF-«xB signaling in
modulating NADPH oxidase activity might lead to delayed pathogen clearance and an altered
host response to infection (even if the pathogen is ultimately eliminated) [30]. While pathogenic
bacteria could certainly contribute to an aberrant intestinal inflammatory response, increasing
evidence suggests that, in susceptible individuals, the host response may be driven primarily
by commensal bacteria [31]. Specifically, diminished integrity of the epithelial gut barrier
increases the inflammatory potential of commensal organisms, and animal models suggest a
critical role for NEMO in maintaining the integrity of the epithelial barrier [32].

CD4* T regulatory cells (TR) are also thought to play a role in maintaining immune homeostasis
in the gastrointestinal tract. Selective loss of Ty leads to severe inflammatory bowel disease
in patients with the immune dysregulation, polyendocrinopahty, enteropathy, and X-linked
syndrome (IPEX) [33]. While Tg function in NEMO patients has not yet been examined, mice
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with T cells lacking NEMO exhibit impaired formation of Tg cells [8]. Further investigation
into Tr numbers and function in NEMO patients may illuminate the specific role of Tg cells
in gastrointestinal disease.

Lastly, though NF-xB activity is traditionally associated with enhanced immune responses,
recent studies suggest NF-xB may also contribute to downmodulation of the immune response.
In particular, interleukin-1 beta processing and secretion appear to be negatively regulated by
NF-«xB signaling [34], and interference with IKK activity via pharmacologic inhibition or
genetic deletion of IKKp leads to hypersusceptibility to endotoxin mediated shock. It is
plausible that diminished IKK activity secondary to defective NEMO function could have a
similar effect.

Given the large numbers and distinct phenotypes of immune cells affected in the NEMO
syndrome, these mechanisms are not mutually exclusive and multiple processes may be
involved. Further investigation into the function of immune cells in NEMO syndrome patients
and the phenotypic variations amongst the myriad NEMO mutations will likely provide insight
to the cause of the aberrant immune responses seen in these individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Partial pedigree of the NEMO kindred. Symbols are as follows: open square (unaffected male),
circle with black dot (carrier female), closed square (affected male). The patient numbers are
depicted within the square of each affected male.
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Figure 2.

Persistent elevation of ESR despite an asymptomatic clinical course for patients 2-7. A) ESR
levels depicted for each patient over the examined intervals. Data from each patient correspond
to the following colored lines: Patient 2 (Purple), 3 (Red), 4 (Orange), 5 (Light blue), 6 (Brown),
and 7 (Black). B) Control ESR levels from 2 female patients with a combined
immunodeficiency (Gray line and Blue dashed line) and 2 male patients with CD40 ligand
deficiency (Red line and Black dots). These patients were between 8 and 28 years of age.
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A

Figure 3.

Colonoscopy images from NEMO enterocolitis. A) Representative images from a study at
Patient 3's initial presentation with abdominal symptoms, showing exudate (left frame) and
mucosal inflammation (right frame). B) Two months after initiation of anti-inflammatory
therapy, images were obtained from the same segment of bowel.
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Figure 4.

Comparison between NEMO colitis and typical colitis in IBD. A) Histopathology specimens
from an IBD control. B) Histopathology from NEMO patient 3. Descriptors are noted below
each image with corresponding arrows or circles.
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