NOTICE TO PHYSICIAN
This sample template letter is provided as a courtesy by QOL Medical, LLC. Please edit
this letter to fit your unique experience and do not include statements that do not apply
to your patient. QOL Medical is not responsible for any edits made to the letter, makes
no representations or warranties with respect to the contents of this letter, and
disclaims any liability associated with the use of this letter. This letter contains general
reimbursement information and is not legal advice, nor is it advice about how to code,
complete, or submit any claim for payment. Providers have the ultimate responsibility
for all aspects of coding and billing. (Remove before printing on physician letterhead.)

(Sample) Letter of Medical Necessity

Insurer
(Address)

Re: (Patient’s name)

Date of Birth:

Policy Number: (Patient’s ID number)
Dear (Insurer’s contact’s name and title):

| am writing to request prior authorization to initiate Sucraid® (sacrosidase) Oral Solution for
(Name of patient). This letter provides evidence that this enzyme replacement therapy is
medically necessary for (his/her) care and that it is an accepted treatment for Congenital
Sucrase-lsomaltase Deficiency (CSID). CSID is a rare genetic disorder that affects a patient’s
ability to digest certain sugars due to absent or low activity levels of two digestive enzymes,
sucrase and isomaltase. These enzymes are involved in the digestion of sugar and starch.
Untreated patients with CSID experience gastrointestinal symptoms such as diarrhea,gas,
bloating, abdominal pain, and, in infants and young children, slow growth.2

The following sections provide detailed information about the patient’s medical history, a
description of the treatment, and the reasons for using Sucraid® in this case.

Patient History and Diagnosis

On (Date), | diagnosed (Patient name) with CSID. (Include complete information on diagnosis
and methods used in the determination of diagnosis, such as evaluation of the patient’s case
history, a disaccharidase assay test using a small bowel biopsy taken during an
esophagogastroduodenoscopy [EGD] procedure or a sucrose breath test [hydrogen methane
or 13C).2 Also, list previous therapies that have been tried and failed [e.g., nutritional
counseling, dietary adjustments] and what factors led to the discontinuation of these
therapies.)

In my clinical judgment, a sucrase-isomaltase (S/) genetic test is unwarranted in this case. So far,
2,146 Sl genetic variants have been identified, with 880 S/ variants presumed to be pathogenic.*
Of these 880 pathogenic variants, only 37 have currently been identified to be associated with
CSID.> There may be other yet-to-be-identified S/ genetic variants associated with CSID that are
not currently part of an S/ screen for CSID. In addition, genetic testing for S/ variants pathogenic
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for CSID is not currently widely available in the clinical setting. Therefore, genetic testing to
diagnose CSID is not feasible in my clinical practice. Furthermore, | do not think genetic testing
adds additional clinical information that cannot be obtained with other diagnostic procedures.

Treatment Description and Rationale

Sucraid® is approved by the U.S. Food & Drug Administration and is indicated for the
treatment of sucrase deficiency, which is part of congenital sucrase-isomaltase deficiency
(CSID). Please see attachments.

| have chosen to treat (Patient’s name) with Sucraid® based on the history previously stated,
and because it is the indicated medical treatment for CSID. | believe the patient’s prognosis
without Sucraid®is__ . However, with Sucraid®, the prognosis is__. In summary, Sucraid® is
medically necessary in this case and should be covered and/or reimbursed. Please feel free to
contact me if you require additional information.

Sincerely,
(Physician’s name)

1.Treem WR. Congenital sucrase-isomaltase deficiency. J Pediatr Gastroenterol Nutr. 1995;21(1):1-14. doi:10.1097/00005176-199507000-00001
2. Treem WR. Clinical aspects and treatment of congenital sucrase-isomaltase deficiency. J Pediatr Gastroenterol Nutr.
2012;55(suppl 2):57-13. d0i:10.1097/01.mpg.0000421401.57633.9
3.Robayo-Torres CC, Opekun AR, Quezada-Calvillo R, et al. 13C-breath tests for sucrose digestion in congenital sucrase isomaltase deficient and
sacrosidase supplemented patients. J Pediatr Gastroenterol Nutr. 2009;48(4):412-8. doi:10.1097/mpg.0b013e318180cd09
4.Garcia-Etxebarria K, Zheng T, Bonfiglio F, et al. Increased Prevalence of Rare Sucrase-isomaltase (SI) Pathogenic Variants in Irritable Bowel
Syndrome Patients. Clin Gastroenterol Hepatol. 2018 October; 16(10): 1673-1676. doi:10.1016/j.cgh.2018.01.047
5.Chumpitazi BP, Lewis J, Cooper D, et al. Hypomorphic S/ genetic variants are associated with childhood chronic
loose stools. PLoS One. 2020;15(5):0231891. doi:10.1371/journal.pone.0231891

Indication

Sucraid® (sacrosidase) Oral Solution is indicated for the treatment of sucrase deficiency, which is
part of congenital sucrase-isomaltase deficiency (CSID), in adult and pediatric patients 5 months
of age and older.

Important Safety Information for Sucraid® (sacrosidase) Oral Solution

e Do not prescribe Sucraid® to patients known to be hypersensitive to yeast, yeast
products, papain, or glycerin (glycerol).

e Sucraid® may cause a serious allergic reaction. Patients should stop taking Sucraid® and
get emergency help immediately if any of the following side effects occur: difficulty
breathing, wheezing, or swelling of the face. Care should be taken when administering
initial doses of Sucraid® to observe any signs of acute hypersensitivity reaction.

e Although Sucraid® provides replacement therapy for the deficient sucrase, it does not
provide specific replacement therapy for the deficient isomaltase.
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Adverse reactions as a result of taking Sucraid® may include worse abdominal pain,
vomiting, nausea, diarrhea, constipation, difficulty sleeping, headache, nervousness,

and dehydration.

Before prescribing Sucraid® to diabetic patients, the physician should consider that
Sucraid® will enable sucrose hydrolysis and the absorption of those hydrolysis products,
glucose and fructose.

The effects of Sucraid” have not been evaluated in patients with secondary (acquired)
disaccharidase deficiency.

DO NOT HEAT SOLUTIONS CONTAINING SUCRAID®. Do not put Sucraid® in warm or hot
fluids. Do not reconstitute or consume Sucraid® with fruit juice since the acidity of the
juice may reduce the enzyme activity of Sucraid”’. Half of the reconstituted

Sucraid® should be taken at the beginning of the meal or snack and the other half during
the meal or snack.

Sucraid® should be refrigerated at 36°F-46°F (2°C-8°C) and should be protected from heat
and light; single-use containers can be removed from refrigeration and stored at 59°F-77°F
(15°C-25°C) for up to 3 days (72 hours). Refer to Instructions for Use for full information on
how to take Sucraid®.
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Prescribing Information

Sucraid® (sacrosidase) Oral Solution:

DESCRIPTION

Sacrosidase is an enzyme with the chemical name of p,D-fructofuranoside
fructohydrolase. The enzyme is derived from baker’s yeast (Saccharomyces
cerevisiae). It has been reported that the primary amino acid structure of
this protein consists of 513 amino acids with an apparent molecular weight
of 100,000 Da for the glycosylated monomer (range 66,000- 116,000 Da).
Reports also suggest that the protein exists in solution as a monomer,
dimer, tetramer, and octomer ranging from 100,000 Da to 800,000 Da. It
has an isoelectric point (pl) of 4.5.

Sucraid®(sacrosidase) Oral Solution is an oral enzyme replacement therapy.

Sucraid is a pale yellow to colorless, clear solution with a pleasant, sweet
taste. Each milliliter (mL) of Sucraid contains 8,500 International Units
(1.U.) of the enzyme sacrosidase, the active ingredient.

Sucraid may contain small amounts of papain (see WARNINGS). Papain
is a protein-cleaving enzyme that is introduced in the manufacturing
process to digest the cell wall of the yeast and may not be completely
removed during subsequent process steps. Sucraid contains sacrosidase
in a vehicle comprised of glycerin, water, citric acid, and sodium
hydroxide to maintain the pH at 4.0 to 4.7. Glycerol (glycerin) in the amount
consumed inthe recommended doses of Sucraid has no expected toxicity.

This enzyme preparation is fully soluble with water, milk, and infant formula.
DO NOT HEAT SOLUTIONS CONTAINING SUCRAID. Do not put
Sucraid in warm or hot liquids (see DOSAGE AND ADMINISTRATION,
Administration Instructions).

CLINICAL PHARMACOLOGY

Congenital sucrase-isomaltase deficiency (CSID) is a chronic, autosomal
recessive, inherited, phenotypically heterogeneous disease with very
variable enzyme activity. CSID is usually characterized by a complete
or almost complete lack of endogenous sucrase activity, a very marked
reduction in isomaltase activity, and a moderate decrease in maltase
activity.

Sucrase is naturally produced in the brush border of the small intestine,
primarily the distal duodenum and jejunum. Sucrase hydrolyzes the
disaccharide sucrose into its component monosaccharides, glucose and
fructose. Isomaltase breaks down disaccharides from starch into simple
sugars. Sucraid does not contain isomaltase.

Inthe absence ofendogenous human sucrase, as in CSID, sucrose is not
metabolized. Unhydrolyzed sucrose and starchare not absorbed from the
intestine and their presence in the intestinal lumen may lead to osmotic
retention of water. This may result in loose stools.

Unabsorbed sucrose in the colon is fermented by bacterial flora to
produce increased amounts of hydrogen, methane, and water. As a
consequence, excessive gas, bloating, abdominal cramps, diarrhea,
nausea, and vomiting may occur.

Chronic malabsorption of disaccharides may result in malnutrition.
Undiagnosed/untreated CSID patients often fail to thrive and fall behindin
their expected growth and development curves. Previously, the treatment
of CSID has required the continual use of a strict sucrose-free diet.

CLINICAL STUDIES

A two-phase (dose response preceded by a breath hydrogen phase)

double-blind, multi-site, crossover trial was conducted in 28 pediatric

patients (approximately 5 months to 12 years of age) with confirmed CSID.
During the dose response phase,the patients were challenged with an
ordinary sucrose-containing diet while receiving each of four doses of
sacrosidase: full strength (9000 I.U./mL) and three dilutions (1:10 [900
1.U./mL], 1:100 [90 I.U./mL], and 1:1000 [9 I.U./mL]) in random order for
a period of 10 days. Patients who weighed no more than 15 kg received
1 mL per meal; those weighing more than 15 kg received 2 mL per
meal.The dose did not vary with age or sucrose intake. A dose-response
relationship was shown between the two higher and the two lower doses.
The two higher doses of sacrosidase were associated with significantly

fewer total stools and higher proportions of patients having lower total

symptom scores, the primary efficacy end-points. In addition, higher

doses of sacrosidase were associated with a significantly greater number
of hard and formed stools as well as with fewer watery and soft stools, the
secondary efficacy end-points.

Analysis of the overall symptomatic response as a function of age indicated
that in CSID pediatric patients up to 3 years of age, 86% became
asymptomatic. In pediatric patients over 3 years of age, 77% became
asymptomatic. Thus, the therapeutic response did not differ significantly
according to pediatric age.

A second study of similar design and execution as the first used 4 different
dilutions of sacrosidase: 1:100 (90 I.U./mL),1:1000 (9 I.U./mL}),1:10,000
(0.9 ILU./mL), and 1:100,000 (0.09 I.U./mL). There were inconsistent
results with regards to the primary efficacy parameters.

In both trials, however, pediatric patients showed a marked decrease
in breath hydrogen output when they received sacrosidase in
comparison to placebo.

The effects of Sucraid have not been evaluated in patients with secondary
(acquired) sucrase deficiency.

INDICATIONS AND USAGE

Sucraid®(sacrosidase) Oral Solution is indicated for the treatment
of sucrase deficiency, which is part of congenital sucrase-isomaltase
deficiency (CSID), in adult and pediatric patients 5 months of age and older.

CONTRAINDICATIONS

Sucraid is contraindicated in patients known to be hypersensitive to yeast,
yeast products, glycerin (glycerol), or papain (see WARNINGS).

WARNINGS

Severe Hypersensitivity Reactions

Severe hypersensitivity reactions, including wheezing, rash, and pruritis,
have been reported with administration of Sucraid. Sucraid contains papain,
which is associated with hypersensitivity reactions (see DESCRIPTION).

A pediatric patient in the clinical trials experienced a hypersensitivity
reaction of severe wheezing that required hospitalization. Postmarketing
cases of cutaneous hypersensitivity reactions have also been reported.

Instruct patients or caregivers to stop Sucraid and seek medical attention
if symptoms suggestive of a hypersensitivity reaction occur. Sucraid is
contraindicated in patients who have had a known hypersensitivity
reaction (see CONTRAINDICATIONS).

PRECAUTIONS

Increased Blood Glucose Concentrations in Patients with

Diabetes Mellitus

Sucraid enables the products of sucrose hydrolysis, glucose and fructose,
to be absorbed and may increase blood glucose concentrations. Monitor
blood glucose concentrations and adjust the diet accordingly for patients
with diabetes mellitus.

Dietary Starch Restriction

Sucraid does not replace isomaltase. Therefore, patients may still
experience symptoms of CSID while taking Sucraid. Consider dietary
starch restriction in addition to Sucraid, especially in patients in whom
symptoms are not adequately controlled by Sucraid.

Information for Patients
See Patient Package Insert and the Instructions for Use.

Drug Interactions

Fruit Juice

The acidity in fruit juice may reduce the enzyme activity in Sucraid.
Administration of Sucraid with liquids other than water, milk, or infant
formula has not been studied and is not recommended (see DOSAGE
AND ADMINISTRATION, Administration Instructions).

Carcinogenesis, Mutagenesis, Impairment of Fertility
Long-term studies in animals with Sucraid have not been performed
to evaluate the carcinogenic potential. Studies to evaluate the effect of
Sucraid on fertility or its mutagenic potential have not been performed.

Pregnancy

Teratogenic Effects

Animal reproduction studies have not been conducted with Sucraid.
Sucraid is not expected to cause fetal harm when administered to a
pregnant woman or to affect reproductive capacity. Sucraid should be
given to a pregnant woman only if clearly needed.

Nursing Mothers
The Sucraid enzyme is broken down in the stomach and intestines, and
the component amino acids and peptides are then absorbed as nutrients.

Pediatric Use

The safety and effectiveness of Sucraid for the treatment of sucrase
deficiency, which is part of congenital sucrase-isomaltase deficiency
(CSID), have been established in pediatric patients aged 5 months and
older. Use of Sucraid for this indication is supported by evidence from
adequate and well-controlled studies in pediatric patients (see CLINICAL
STUDIES and ADVERSE REACTIONS).

Geriatric Use
Clinical trials of Sucraid did not include patients 65 years of age and older
to determine if they respond differently from younger adult patients.

ADVERSE REACTIONS

The following adverse reactions associated with the use of sacrosidase
were identified in clinical studies or postmarketing reports. Because some
of these reactions were reported voluntarily from a population of uncertain
size, itis not always possible to reliably estimate their frequency or establish
a causal relationship to drug exposure.

In clinical studies of up to 54 months duration, a total of 52 patients were
treated with Sucraid. The reported adverse reactions (number of patients)
were as follows: abdominal pain (4), vomiting (3), nausea (2), diarrhea (2),
constipation (2), insomnia (1), headache (1), nervousness (1), and
dehydration (1).

Hypersensitivity reactions (wheezing, rash, and pruritis) have been
reported (see WARNINGS).

DOSAGE AND ADMINISTRATION
Important Administration Information

» Administer Sucraid with each meal or snack.

* Mix Sucraid with cold or room temperature water, milk or infant
formula prior to administration. Administration of Sucraid in liquids other
than water, milk, or infant formula has not been studied and is not
recommended. Do not mix or consume Sucraid with fruit juice.

» Do not warm or heat the water, milk, or infant formula before or
after addition of Sucraid.

» Administer half of the dose at the beginning of the meal or snack
and the other half of the dose during the meal or snack.

Recommended Dosage
The recommended dosage is:
« Patients weighing 15 kg and less: 8,500 International Units (1 mL)
administered orally with each meal or snack.
« Patients weighing more than 15 kg: 17,000 International Units (2 mL)
administered orally with each meal or snack.

Preparation and Administration Instructions for Patients Weighing
15 kg or Less
Multiple-Dose Bottle:

1. Using the measuring scoop provided, add 1 scoop of Sucraid (1 mL)

to 60 mL of cold or room temperature water, milk, or infant formula.

. Stir to mix well.

3. Administer half of the mixed Sucraid solution (30 mL) at the
beginning of the meal or snack and the other half of the mixed
solution (30 mL) during the meal or snack.

4. Do not save any of the mixed Sucraid solution for later use.

5. Rinse the measuring scoop with water.

N

Single-Use Container:

1. Empty the entire contents of the single-use container (2 mL) in 120 mL
of cold or room temperature water, milk, or infant formula.
2. Stir to mix well.

3. Divide the mixed Sucraid solution into two separate 60 mL portions.

The first portion (60 mL) is for immediate use.

« Administer half of the first portion (30 mL) of the mixed Sucraid
solution at the beginning of the meal or snack and the other half
of the first portion (30 mL) of the mixed Sucraid solution during
the meal or snack.

4. Store the second portion of the mixed Sucraid solution (60 mL) at
2°C to 8°C (36°F to 46°F) for up to 24 hours for administration with
the next meal or snack.

« Discard the mixed Sucraid solution if not used within 24 hours.

Preparation and Administration Instructions for Patients Weighing More
than 15 kg
Multiple-Dose Bottle:

1. Using the measuring scoop provided, add 2 scoops of Sucraid (2 mL)
to 120 mL of cold or room temperature water, milk, or infant formula.

2. Stir to mix well.

3. Administer half of the mixed Sucraid solution (60 mL) at the
beginning of the meal or snack and the other half of the mixed
Sucraid solution (60 mL) during the meal or snack.

4. Do not save any of the mixed Sucraid solution for later use.

5. Rinse the measuring scoop with water.

Single-Use Container:

1. Empty the entire contents of the single-use container (2 mL) in 120
mL of cold or room temperature water, milk, or infant formula.

2. Stir to mix well.

3. Administer half of the mixed Sucraid solution (60 mL) at the beginning
of the meal or snack and the other half of the mixed solution during
the meal or snack (60 mL).

4. Do not save any of the mixed Sucraid solution for later use.

HOW SUPPLIED

118 mL Multiple-Dose Bottle

Sucraid (sacrosidase) Oral Solution is available in 118 mL (4 fluid ounces)
multiple-dose translucent plastic bottles, packaged two bottles per carton.
Each mL of solution contains 8,500 International Units of sacrosidase.
A 1 mL measuring scoop is provided with each bottle. A full measuring
scoop is 1 mL.

NDC# 67871-111-04 (2 x 118 mL multiple-dose bottles)
Store under refrigeration at 2°C to 8°C (36°F to 46°F). Discard four weeks

after first opening due to the potential for bacterial growth. Protect from
heat and light.

2 mL Single-Use Container

Sucraid (sacrosidase) Oral Solution is available in 2 mL, single-use
containers that are packaged into a foil pouch. Each 2 mL single-use
container contains 17,000 International Units of sacrosidase.

Each foil pouch holds a card of 5 containers. Five pouches are then
packaged in a box (25 containers). Six boxes are further packaged in a
carton (150 containers).

NDC# 67871-111-07 (150 x 2 mL single-use containers)

Store under refrigeration, 2°C to 8°C (36°F to 46°F). Protect from light.
Single-use container can be removed from refrigeration and stored at
15°C to 25°C (59°F to 77°F) for up to 3 days (72 hours).

Manufactured by:
QOL Medical, LLC Vero Beach, FL 32963
U.S. License No. 2195

www.sucraid.com
For questions call 1-866-469-3773

Rev <08/24>

Patient Information

SUCRAID® (Su-kreid) (sacrosidase) Oral Solution

What is SUCRAID?

SUCRAID is a prescription medicine for the treatment of people who
were born with a lack of (deficiency) sucrase, which is part of congenital
sucrase-isomaltase deficiency (CSID). It is not known if SUCRAID is safe
and effective in children under 5 months of age.

Do not take or give your child SUCRAID if you or your child:

« are allergic to yeast, yeast products, glycerin (glycerol), or papain.
See the end of this Patient Information leaflet for a complete list of
ingredients in SUCRAID.

Before you take or give your child SUCRAID, tell your healthcare
provider about all of your medical conditions, including if you or
your child:

« have diabetes. SUCRAID can interact with the food in your diet and may
change your blood sugar levels. Your healthcare provider will tell you if
your diet or diabetes medicines need to be changed.

< are pregnant or plan to become pregnant. It is not known if SUCRAID
will harm your unborn baby.

< are breastfeeding or plan to breastfeed. You and your healthcare
provider should decide if you will take SUCRAID while breastfeeding.

Tell your healthcare provider about all the medicines you take,
including prescription and over-the-counter medicines, vitamins, and
herbal supplements.

How should I take or give SUCRAID?

« See the detailed Instructions for Use that come with this Patient
Information leaflet for instructions about the right way to take or
give SUCRAID.

*« SUCRAID should be taken or given exactly as prescribed by your
healthcare provider.Do not change the dose of SUCRAID without
talking to your healthcare provider.

* SUCRAID comes in a 118-mL multiple-dose bottle or a 2-mL single-use
container.Your healthcare provider will decide which type of SUCRAID
is best for you to use.

« The dose of SUCRAID depends on body weight.Your healthcare provider
will tell you how much SUCRAID you should take or give your child.

o The dose for a child 33 pounds (15 kg) or less is 1 mL or 28 drops of
SUCRAID in 2 ounces of water, milk, or infant formula.

> The dose for a child or adult more than 33 pounds (15 kg) is 2 mL
or 56 drops of SUCRAID in 4 ounces of water, milk, or infant formula.

* SUCRAID can only be dissolved in cold or room temperature water, milk,
or infant formula. Do not put SUCRAID in warm or hot liquids.

> Do not mix SUCRAID with fruit juice. Do not take or give SUCRAID
with fruit juice.

°Do not warm or heat the mixed solution before taking or
giving SUCRAID.

* Measure your dose or your childs dose of SUCRAID using the
measuring scoop that comes with the SUCRAID bottle.Do not use
a kitchen teaspoon or other measuring device.

* SUCRAID should be taken or given with each meal or snack. Half of the
SUCRAID dose should be taken at the beginning of each meal or snack.
Take or give the remaining SUCRAID dose during the meal or snack.

* Rinse the measuring scoop with water after each use.

* SUCRAID does not break down some sugars found in foods that have
starch, such as wheat, rice, and potatoes. Your healthcare provider may
tell you to avoid eating foods with starch.

What are the possible side effects of SUCRAID?

SUCRAID may cause serious side effects, including:

* severe allergic reactions. Severe allergic reactions have happened

in some people taking SUCRAID. Tell your healthcare provider right away

or go to the nearest emergency room if you have any of the following symptoms:
o difficulty breathing
°wheezing
crash
> swelling of the face, lips, mouth, or tongue

Your healthcare provider may need to monitor you or your child carefully
when first starting treatment with SUCRAID.

The most common side effects of SUCRAID include:

» stomach (abdominal) pain * vomiting * nausea

« diarrhea « constipation * problems sleeping
« headache * nervousness « dehydration

These are not all of the possible side effects of SUCRAID. Call your
doctor for medical advice about side effects. You may report side
effects to FDA at 1-800-FDA-1088.

How should | store SUCRAID?

¢ SUCRAID 118 mL multiple-dose bottle
o Store in the refrigerator between 36°F to 46°F (2°C to 8°C).
- Throw away after 4 weeks of first opening the multiple-dose bottle.
o Protect from heat and light.

*« SUCRAID 2-mL single-use container
o Store in the refrigerator between 36°F to 46°F (2°C to 8°C)
o After removing from the refrigerator, the 2-mL single-use container
can be stored between 59°F to 77°F (15°C to 25°C) for up to 3 days
(72 hours).
o Protect from heat and light.
« Keep SUCRAID and all medicines out of the reach of children.
General information about the safe and effective use of SUCRAID.
Medicines are sometimes prescribed for purposes other than those listed
in a Patient Information leaflet. Do not use SUCRAID for a condition for
which it was not prescribed. Do not give SUCRAID to other people, even
if they have the same symptoms that you have. It may harm them.You
can ask your pharmacist or healthcare provider for information about
SUCRAID that is written for health professionals.

What are the ingredients in SUCRAID?

Active ingredient: sacrosidase
Inactive ingredients: Citric acid, glycerol, sodium hydroxide, and water.

Manufactured by:

QOL Medical, LLC Vero Beach, FL 32963

U.S. License No. 2195

For more information, go to www.Sucraid.com or call 1-866-469-3773.

This Patient Package Insert has been approved by the U.S. Food and
Drug Administration

Revised: August 2024



Instructions for Use

SUCRAID®(Su-kreid) (sacrosidase) oral solution:
118 mL Multiple-Dose Bottle

Read this Instructions for Use before you start taking or giving
SUCRAID to a child, and each time you get a refill. There may
be new information. This information does not take the place
of talking to your healthcare provider about your or your child’s
medical condition or treatment.

sacrosidase

Sucraid|

QOral Solution

N—/

Important information you need to know before taking or
giving SUCRAID:

* Your healthcare provider will decide the right dose of SUCRAID
for you or your child. Do not change the dose of SUCRAID
without talking to your healthcare provider.

* The dose of SUCRAID depends on body weight. Your healthcare
provider will tell you how much SUCRAID you should take or
give your child.

> The dose for a child 33 pounds (15 kg) or less is 1 mL or
28 drops of SUCRAID in 2 ounces of water, milk, or infant
formula.

> The dose for a child or adult more than 33 pounds (15 kg)
is 2 mL or 56 drops of SUCRAID in 4 ounces of water, milk,
or infant formula.

+ SUCRAID canonly be dissolved withcold or room temperature
water, milk, or infant formula. Do not put SUCRAID in warm
or hot liquids. Do not dissolve SUCRAID with fruit juice. Do not
take or give SUCRAID with fruit juice.

«Do not warm or heat the mixed solution before taking or
giving SUCRAID.

» Measure your dose or your child’s dose of SUCRAID using
the measuring scoop that comes with the SUCRAID bottle.
Do not use a kitchen teaspoon or other measuring device.

» SUCRAID should be taken or given witheachmeal or snack. Half
of the SUCRAID dose should be taken or given at the beginning
of each meal or snack.Take or give the remaining SUCRAID
dose during the meal or snack.

* Do not use the SUCRAID multiple-dose bottle if the seal has
been damaged.Contact your pharmacist or healthcare provider
if you cannot use the SUCRAID multiple-dose bottle.

Supplies needed to take or give SUCRAID:

+ SUCRAID 118 mL multiple-dose bottle
+ 1 measuring scoop (included in SUCRAID carton)

» 2 to 4 ounces of cold or room temperature water, milk, or infant
formula (not included)

» Meal or snack (not included)

How to take or give SUCRAID:

Step 1:Check the expiration date on the SUCRAID bottle.

Do not use SUCRAID after the expiration date on the
bottle has passed.

Step 2: Write down the date the bottle is first opened in
the space provided on the bottle label.

Step 3: Each bottle of SUCRAID has a plastic screw cap
that covers a dropper dispensing tip. Remove the plastic
screw cap by twisting it to the left.

Step 4: Use the measuring scoop that comes in your
SUCRAID carton to measure your or your child’s prescribed
dose. See Figure 1. Reseal the bottle after each use by
replacing and twisting the plastic screw cap to the right
until tight.

Figure 1

Step 5: Mix your or your child’s prescribed dose in 2
ounces or 4 ounces of cold or room temperature water,
milk, or infant formula as instructed by your healthcare
provider. See Figure 2.

Figure 2

Step 6: Take or give half of the mixed solution at the
beginning of each meal or snack. Take or give the
remaining mixed solution during the meal or snack.

Step 7: Rinse the measuring scoop with water after
each use.

Throwing away (disposal of) SUCRAID:

» Throw away (discard) the SUCRAID multiple-dose bottle and
any remaining medicine in your household trash 4 weeks
after first opening.

How should | store SUCRAID?

* Store the SUCRAID multiple-dose bottle in the refrigerator
between 36°F to 46°F (2°C to 8°C).

« Protect SUCRAID from heat and light.
Keep SUCRAID and all medicines out of the reach of children.

Manufactured by:
QOL Medical, LLC Vero Beach, FL 32963
U.S. License No. 2195

For more information, go to www.sucraid.com or call
1-866-469-3773.

This Instructions for Use has been approved by the U.S. Food and
Drug Administration.
Issued: May 2022

Instructions for Use

Sucraid® (Su-kreid) (sacrosidase) Oral Solution:
2-mL Single-Use Container

Read this Instructions for Use before you start taking or giving
Sucraid to a child, and each time you get a refill. There may
be new information. This information does not take the place
of talking to your healthcare provider about your or your child’s
medical condition or treatment.

sacrosidase
Sucraid® Oral Solution

Important information you need to know before taking or
giving Sucraid:

» The 2-mL single-use container is for children and adults.

+ Sucraid is supplied in 2-mL single-use containers in a foll
pouch. Each foil pouch holds 5 single-use containers. Each
container is one 2 mL Sucraid dose.

« Your healthcare provider will decide the right dose of Sucraid
for you or your child. Do not change the dose of Sucraid
without talking to your healthcare provider.

» Sucraid can only be dissolved with cold or room
temperature water, milk, or infant formula. Do not put
Sucraid in warm or hot liquids. Do not dissolve Sucraid
with fruit juice. Do not give or take Sucraid with fruit juice.

Do not warm or heat the mixed solution before taking or
giving Sucraid.

» Sucraid should be taken or given with each meal or snack. Half
of the Sucraid dose should be taken at the beginning of each
meal or snack. Take or give the remaining Sucraid dose during
the meal or snack.

«Do not use the Sucraid single-use container if the seal
has been damaged. Contact your pharmacist or healthcare
provider if you cannot use the Sucraid single-use container.

Supplies needed to take or give Sucraid:

» 1 Sucraid 2-mL container

+ 4 ounces of cold or room temperature water, milk, or infant
formula (not included)

 Meal or snack (not included)

» Spoon to mix (not included)

How to take or give Sucraid:

Step 1: Check the expiration date on the Sucraid foil
pouch. Do not use Sucraid if it is past the expiration
date. Remove 1 Sucraid 2-mL container from a
foil pouch.

Step 2: Twist the cap to the left to remove it from the
container. See Figure 1.

Figure 1

Step 3: Squeeze all the Sucraid solution in the container
into 4 ounces of cold or room temperature water, milk, or

infant formula. See Figure 2.
I /

Figure 2

Step 4: Mix your or your child’s prescribed dose in 4
ounces of cold or room temperature water, milk, or infant

formula. See Figure 3.

Figure 3

Step 5: For patients weighing more than 33 pounds
(15 kilograms):

* The entire 4 ounces of mixed solution will be taken or
given during each meal or snack. Take or give half of
the mixed solution (2 ounces) at the beginning of the
meal or snack and take or give the other half of the
mixed solution (2 ounces) during the meal or snack.

For patients weighing 33 pounds (15 kilograms) or less:

* Divide the 4-ounce mixed solution into two separate
2-ounce portions.

» Take or give half of the first portion (1 ounce) at the
beginning of the meal or snack and take or give the
other half of the first portion (1 ounce) during the meal
or snack.

» Store the second portion (2 ounces) in the refrigerator
at 36°F to 46°F (2°C to 8°C) for the next meal or snack.
Take or give half of the second portion (1 ounce) at
the beginning of the next meal or snack and take or
give the other half of the second portion (1 ounce) during
the meal or snack.

» Throw away the second portion (2 ounces) if you do
not use it within 24 hours.

Throwing away (disposal of) Sucraid:

* Throw away expired or empty Sucraid containers in your
household trash.

How should | store Sucraid?
« Store the Sucraid single-use container in the refrigerator

between 36°F to 46°F (2°C to 8°C).

» The Sucraid single-use container may be stored between
59°F to 77°F (15°C to 25°C) for up to 3 days.

« Protect Sucraid from heat and light.

Keep Sucraid and all medicines out of the reach of children.

Manufactured by:
QOL Medical, LLC Vero Beach, FL 32963
U.S. License No. 2195

For more information, go to www.Sucraid.com or call
1-866-469-3773.

This Instructions for Use has been approved by the U.S. Food
and Drug Administration.
Revised: July 2024
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sucrasc-isomiltase deficiency has received much
less atiention than lactase deficiency, Although
much of the workd's population §s predisposed to
become lictosc-intolerant at an carly apge, the oe-
currence of sucrasc-isomaltase deficiency, either as
a result of an anherited condition or secondary o
diffinse mucosal injury, is relatively rare. Recently,
however, sucrasc-isomaltase deficieney has been
the focus of increased rescarch activity; imporiant
new work has included the elucidation of maolecubar
defects associuted with the inherited form of su-
erose malabsorption and the recent cloning of the
human sucrase-isomaliase gene.

This paper will focus on congenital sucrase-
ssonaltise deficiency (CS1DY, including its epidemi-
ology, climcal presentation, and nabursl history.
Mormal enzyme structure, synthesis, and process-
ing will be reviewed in order o [acilitate under-
standing of the molecular pathogenesis of CSID.
Finally, newer aspects of treatment, including the
demonstiation of effective ensyme-replace ment
therapy, will be emphasized. The reader is referred
to several excellent reviews for further details (1-3).

SUCRASE-ISOMALTASE: STRUCTURE,
BIOSYNTHESIS, AND CONTROL OF ACTIVITY

Kede in Digestion (Table 1)

Sucrasc-isomaliuse (511 is one of four brush-
border disascchanidases, Three of these, including
=], malase-glucoamylase, and trehalase, dre m-glo-
cosidases involved in the digestion of sucrose and
starch. After hvdrolysis of starch by sulivary and
pancreatic c-amylases, the resulling products are a

Address corresponidence enid reprint reguests i William K.
Treem ab the Division of Pediatrse Gastroentersdogy, Hartford
Hospital, 80 Seymour S, PO Box 5037, Hartlord, CT 05002
37, U.S.A.

-4 linked maltose, maliotriose, and malto-
oligosaccharides, o [-6 linked branched dexirvins
fo-limil dextrins), and glucose. Sucrase hyvdrolyzes
the a 14 limked glucose linkages of maltose and
matllotriose and the glucosc-frusiose linksge of su-
crose. lsomaltase s oan a-glocosidase amd cleaves
the a [-6 glucopyranosyl bonds of branched oh-
gosacchindes (a-limit dextnins), the 1-6 linkages of
isomaltase, as well as the -4 linkages of maltosc.
The 51 complex also hydrolyzes a-glucosides with
up Lo six glucose residucs (4). The maltase-
glucopmylise complex overaps with 51 activity by
hydrolveing o 14 glucose linkages of maltose, mal-
totriose, starch, glycogen, and other oligosacchs-
rides from their nonreducing cnds with maximal af-
fimity for mediom-sized polysaccharide chains with
610 glucose residues (5], Approximately #0758 of
the maltase sctivily s accounted for by 51 and only
20% by the malase-glucoamylase complex. The
fourth brush-border disaccharnde, lactase-phlonizin
hydrolase, is a f-galactosidase thut hydrolyees the
B 1= hnkage of disacchande bat not of cellulose, 51
activily is distributed along the whole lengih of the
small intestine, The highest activity occurs in the
jejunum, with 20=309 leas activity proximal to the
ligament of Treitz and distally in the ileum (6).

Btriicture

51 15 a helerodimer complex composed of Twao
similier bast ok identical subunits. Each subunit ¢omne
s151s of a single glyvcosylated polypeptide chain with
an apparent mobecoular weight in the 120-160 kDa
range. Carbohydrte moicties sccount for —15% of
the molecular mass (7). Recent cloming of the 5]
cDNA has shown that the 51 complex is synihe-
sized as a single precursor of —260 kDu staring
from the WN-terminus of isomaliase with ~ 1837
amino acid residues (3,8).
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FiG. 1, Cotransitional modification and posttransialions)
processing of sucrase isomallass (31 n ihe enterocyle or-
ganelles and intestinal lumen. S s synthesiosd &5 & leng
polypepiide chain carrgng twa similar but nol identical ac-
Livid Eiles [pro--suciiss-isomillass). The pia-51 &= insammsd
Into the rnugh andopdasmic raticuilum [AER] via tha same
MAerminal hydrophobic region, acting os a taageling poolen
o 1he RER. which will laler acl 88 ihe anchor in th brush-
bardes mambrane. Inihe RER, e polypeptide okongaies and
i% glycosylaled al asparagine giles (ASN] wilth mannose (M)
rasidues. The glpcoprolein then migrates to the Gobgl come
plax, whare manmess resideos e irirmmad and complox gh-
cogylation with M-acetyl gakaciosamina (NAG) and sialic acid
(SA) residees al ASN and saring |SER) sitos takes place. Altar
coamplox glycoaylation, tha pro-5l4g iIngered imhd 1heg anbarg-
oyle mambrang, with tho sucrase catalytic domain prodrud-
ing furihas! oul inko e lemen, Pro<5l ts than rapsily pros
cassed by rypsing yielding the two subunits of somaltase
andd sucrase associaled by noncosalent sirong ionic inberac-
fions.

al the wctive site indicates that human 51, human
Ivsesomal a-glucosidase, and yeast glucoamylase
probably shared an ancestral gene and are only dif-
ferentioted significantly at the Msterminal regions,
accounting for the dilferent Baosynthetic pathwiys
amd cellular location of these eneymes (17). The 51
complex is syathesized by small-intestinal epithelial
cells with a noncleavable signal sequence that also
contains the membrane anchonng domain. I con-
trst, thie M-terminus of human Iy sosomal asgleco-
sidase comprises a signal peplide that is clenved off,
generating a soluble glycoprotein whose final desti-

nation s an iniracellular organclle, the lvsosome.
Southern blotting, scquencing., and mRMNA studiey
indicate that, in comparison with mormal smuall -
testine, the structure of the 51 gene and its mENA
are unaltered in the two human colon cancer cell
lines Caco-2 and HT-2% (14).

Morthern blots of BNA extrivted from subpopa-
lations of rat amd human imtestinal epithehal cells
that are isolated from villus and crypl compart-
menis show that the cloned gene hvbridiees (o0 6.5
kb band predomimintly in villus RNA (1BL ENA
probes have localized the greatest accomulanion of
S1 mENA o the nucleus of coells at the crypt-villus
Junetion. Abundant mEMNA iz also seen in cells from
the lower mid-villus region in both the nucleos and
cyloplasm, with a disappearance of nuclesr mENA
and a dechine in cytoplasimic mENA from the miul-
villus 1o the tip (19).

Using full-length rabbit and partial human 51
cDMA clones as probes, a good correlation has
been demonstrated between the expression of 51 at
ihe levels of mRNA and protein, Thus, similiar fo
other prodeing expressed in enerocyies including
liver fatty acid hinding protein, ¢yiochrome
P4E0LR, and aminopeplidase M, 51 is regulated
the kevel of increasing mEMA abundance as cells
migrate from crypt to mid-villus (19, For these rea-
sons, 51 is consudercd a waeful marker for entero-
cvie differentiation, The decrease in SUCTase cnzy-
matic activity in villus tip cells has boen attnbuted
to enzymatic degradation of the sucrase portion of
the dimenic enyme by luminal pancrcatic prsteascs
(20 however, & decrease in the steady-state levely
of 51 mEMA may also play a role secondary 1o ei-
ther a decrease in transcription of the gene or morc
rapid degradation of cyvtoplasmic mENA.

Control of Enzyme Activity (Table 2)

The regulation of oligosacchanduses is o dymamic
process since their half-life is only 4<16 h; there-
fore, maintenance of activity at the brush border
requires several eycles of synthesis and degradation
during the life cyvcle of the human intestinad cell.
Multiple factors modulate the activity of 51 a1 the
level of transcription, translation, glycosylation,
and processing by luminal proteases, In addition,
fuctors such as the age of the cell, its degree of
differentiation along the villus, and proximal versus
distal imestinal location play an important role in
determining enryme activity, Fimally, dictary com-
ponents and circulating hormones may alter the ac-

I Peallptr dGasreneatersd Muair, Ve M, N [, MO8
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TABLE 2. Caenirof af surcrase-ivennallaye ooy af

different levels arad sires

Increased Diecreased
acliviy HELivily
Trafnscrpins Crwpl-villus Willuis e
JuBgnion
Trarslation Jefuminm leum
Lilveosylation Comples Sample
{hagh-mannoee)
Pancreatic Famcresise duct f Pancreatic
(BRI ETE Y Ol IGE L EREY IS
Iher Highs-stgrose, Fasting,
high-carbalwilmte high-pralein.,
i bow-carbohydrte
dict
Haimmes Thyraame,

coricosieraids

tivity of brush-border enzymes by varving their
synthesis or degradation rale,

Both in rabbits and in humans, 51 s most Likely
primarily controlled at the transcriplional level,
since the engyme schivities hiave a high correlation
coclfecient with the level of 51 mENA (21). The fact
that awtoradiographic griins representing 51 mRENA
are Nirst noted over nuckei in cells at the crypl-villus
Jungtion and only seen in the cytoplasm as these
cets migrate into the mid-villus region furher sup-
ports the hypothesis thal transcription of the su-
crase-isomaliase pene is activated (18) The cellular
or extracellular faclors that signal the nucleus 1o
initiate 51 pene transcriplion are largely unknown.
Chver 3000 Base pairs of the 5' flanking region of the
gene are required Tor high-level expression. He-
cenily, Traber et al. have shown the enlerocyile-
specific transcription of the gene i mice and huo-
mans 1= controlled by a 183 base pair promoter lo-
cated immediately upstream of the transcriptional
start site (22.23), This promoder contains at least
three nuclear protein-hinding sites that appear 1o
bindd intestine-specific nuclear profein complexes
required For transcriptionsl activily, These protein
complexes have not been fully characterizcd.

Levels of 51 activity may be regulated positrans-
lationally as well as at the mENA level, Based on
results of differential immunohistochemecel staining
and immunoprecipilation studies, Beaulicu et al,
concluded that 51 protein is synthesized in both
crypt and villus cells, but that there are differences
in posttranslational processing of the protein (24),
In the rat, there is a three- (o fivefold greater activ-
iy of 51 in the jepunum versus the leum. Alifough
no differences are found in 51 mRNA abundance
between the two sites, the relative rate of de novo

4 Predidr Gyrdnseaiveed Nave, Vad, 2] No, §, /9T

synthesis of all forms of the eneymae is three 1o five-
fodd greater in the jejunum than the ileum, and
greater proportion of jejunal S1mENA i associated
with membrane-bound polynbosomes, sogeesting
greater translational efficiency (25),

These results indicate that along the longitudinal
axis of the small intesting, 31 expression is regu-
lated by differences in translational mechanisms, In
the rabbit, the in vilre biosynthesis of 51 correlates
wiell with the sleady-state levels of its cognate
mEMA all along the small inestine; however, the
ratio of sucrase activity to 51 mREMNA is lower in the
Jjejunum versus the ileum, again suggesting that
vartalions in sucrase activity along the intestine arc
due both to transcrptional and posttransiational
events (26),

Changes in glycosvlation may be partially respon-
sible for the posttranslational regulation of 51 activ-
ity. After synthesis of a carbohydrate-free precur-
sor in ribosomes bound 0 the membrane of endo-
plasmic reticulum, 51 s conjugated to MN-linked
palymannose chains (o form high-mannose glyco-
proveins, The high-mannose precursor is then Lrns-
parted from the rough endoplsmic reticulum 1o the
Golgi complex, where the addition of complex
Cklinked oliposacchande chain takes place, yvielding
the mature “‘complex” precursor. The high-
miannose form has i substantially lower specific ac-
tivily than the complex glycosylated form (27)
High-mannose glycosylation scems W0 be essential
for proper and timely poly peptide folding of the en-
ayme, allowing il to escape the endoplasmic retic-
ulum. Fructose rapudly mnduces & block in the ex-
pression of 51 and olher brush-border membrane
glycoproteins. The underlyving mechamsm involves
abnormal high-mannose glvcosylation and misfold-
ing of the nascent polypeptide chains, therchy de-
laving exit from the endoplasmic reticulum and
leading o degradation by rapid proteolyiic break-
down (28,29), Changes in glucose metabolism may
glso inhibit the biosynthesis of 51 both through a
decrease in mEMNA levels and an inhibitory effect
on the conversion of the high-mannose to the com-
plex glveosylated form. Glucose wsell, momensin
(when used in concentrations that induce increased
glucose consumption), and Forskolin through in-
creased ghwogenolysis via activation of adenylate
evelase all impair glycosvlation of the enzyvme
(30,31

After complex glyvcosylation in the Golgi body
and transport 1o the microvillus membrane in vesi-
cles, insertion and processing of 51 to subunits pro-



CONGENITAL SUCRASI-ISOMALTASE DEFICIENCY 3

ceeds via a complex series of cleavage steps medi-
ated by pancreatic trypsin (32). The major cleavage
site in humans is located between an arginine and
isoleucine residue. vielding the sucrase subunit with
isoleucine at ils N-terminus. This is a trypsin-
spectfic site that is not attacked by etther elastase or
chymotrypsin. Pancreatic proteases aiso participate
in the luminat degradation of mature 81 and appear

to be at least partiatly responsible for the loss of

sucrase activity in mature villus tip cells and 1n ilcal
enterocytes. Studics in animal models of pancreatic
duct obstruction or bypass have demonstrated a de-
creased rate of degradation in duct-hgated animals,
leading to increased SI activity and a disappearance
of the usual proximal to distal gradient of sucrasc
activity in the small bowel (33-35).

Dietary factors and endogenons hormones are
also important regulators of SI activity. SI s an
inducible brush-border enzyme; both enzyme activ-
itics are increased by feeding a high-sucrose or
high-carbohydrate diet and decrcased by fasting
(363. In rats, the mRNA levels of S1 increase rapidly
after sucrose force-feeding, and these changes cor-
relate with the corresponding increase in cnzyme
syathesis, enzyme activity, and amounits of immu-
noreactive enzyme (37). This rapid ingrease in
mRNA accumuiation suggests that sucrose feeding
induces an increase i transcription of the gene,
Rats fed a high-protein, low-carbohydrate diet de-
velop decreased sucrase activity, This effect ap-
pears to be at least partially a consequence of in-
creased degradation of sucrasc becausce it is corre-
lated with marked increases in luminal trypsin
activity and accumulation of isomaltase monomer,
considered a degradation product of the enzyme
(35).

Both thyroxine and gilucocorticoids induce the
precocious appearance of SI in the rat small intes-
tine, mediated primarily by increases in the abun-
dance of its mRNA (38,39, In humans, the SI com-
plex is expressed in small intestine throughout ges-
tation and in an ideatical form in the fetal colon
between 12 and 30 weeks gestation. Before 30
weeks gestation, the enzyme is present only as the
single polypeptide prosucrase-isomaitase; whereas
after that time, two subunits are also present {40),
Mature active S is also expressed in adenocarci-
nonta of the colon and in the human colon carci-
noma celt lines, Caco-2 and HT-29 (41}, These celi
lings have been particutarly useful in swidying en-
terocyte ditferentiation and the factors that regulate
pene expression ol human disaccharidasces.

CONGLENITAL
SUCRASE-ISOMALTASE DEFICIENCY

Molecular Defect

There is abundant phenotypic variation in pa-
tients with CSID. All CSID patients lack sucrase,
butl some have only traces of isomaltase actlivity,
others have reduced but significant isomaltasc ac-
tivity, and st others almost normal activily, The
presence of residual isomaltase activity in many pa-
ticnls suggests that C5113 is not the consequence of
complete absence of 51 gene expression. 11 appears
thal this phenotypic variation may be mirrored in
genolypic heterogencity. Although specific genetic
mutations have not been identified as vet, different
molecular defects documented in paticnts with
CSID indicate abnormalities of intracetlular pro-
cessing (glycosylation and folding), mitraceliutar
transport, and homing and insertion of the enzyme
mto the brush-border membrane (Table 3).

It is well known that cellular mutations leading to
aming acid substitutions may influence the process-
ing and intraceliviar transport of glycoproteins
(42,43}, These point mutations may substantially af-
fect the folding of peptide chains, icading 1o im-
proper glycosylation. Normal glycosylation ol di-
sacharidases is necessary for the sorting of the
enzymes to the brush-border membrane, Tunica-
mycin, an antibiotic that inhtbits N-linked high-
mannose glycosylation of protemns, greatly reduces
the expression of disacchandases in brush-border
membranes of pig small intestine, feading to rapid
mtracellular degradation of newly synthesized en-
zyme (44, Monensin, which allows high-mannosc
glycosylation but interferes with complex glycosy-
lation of dissacharides in the Golgi body, affects the
further transport of the enzyme to the microviflus
membrang,

As many as five different transport mcompetent
or functionally altered enzymes have been discov-
ered in patients with CSID (45) (Table 3). The first
molccular phenotype was described by Fauvri ot al.
in 1985 in a 5-year-old girl with no sucrasc but low
residual intestinal isomaltase activity (46). Immuno-
electron microscopy with monoclonal antibodics
that reacted specifically with various forms ol the
prosucrase-isomaltase in biopsy samples from
healthy subjects revealed that the enzyme was con-
fincd predominantly to the microvillus membranc of
enterocytles and there was minimal labeling of the
Golgi apparatus. in contrast, in the patient, immu-
noreactive SI was found alimost exclusively in the

I Pedicty Gastroerterol Nute, Vol 21, Ne, [, 7995
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TABLE 5. Malecular defects in paticars with OS5I

Madeslar phesotype

I n m I L
lascution Cralgi EER lirush border Brush border RER, bisaliiernl
mEmihrune
Farm High:mannose Highemanmose and Malare emeyme Complex High-miannose
PrECUrsN complex [calalviicelly pEECrr PrECUSiN
PreCUrss altered sudrise Iintracellalar)
subanig)
ImimceBular Present Present Abueni Proseml (sworase T
degradation sulisnit)
prodocts
Mlicrrvillus Absent Absenl Presenl (bl Prgsgnl Abmom
membirang wubaanms b Tesomaliase
sighignit gy
Sucrase aclivily i [} L1} 1]
Isomnallase aclivity Lo [} MeorEial Pl 1]

RER, rough endoplasmic retsculam,

Adapted from Sterchi BEE, Lemize MJ, Nail HY, Molecular sepecis of disncchamidass deficlencies, Hailiferes Clin Giaatraearerol
TEHEA: T amd from Fransen AM, Houn HP, Ginsed LA, Najerally ocoumming mudations in intestinel sucruse-Bomaliuse provide
cvidenee for 1he exdmtence of an mtrecellalar soring signal in the Bomaltnse wbania. 5 Call Mol 1990111 5:45-57,

Golgn cisternie and associted vesicular siruciures,
wilth oo specitic labeling i the microvillus mem-
brane. Immunoprecipitation experiments revealed
that the enzyme localized 1o the Galgi appeared 1o
B the high-manmose form plus lower-molecular-
weight degradation products. Subsequently, & sec-
ond patient was reporied with abundant synthesis
of 4 high-mannose 51 with arrest of further intracel-
lular processing and Eailure of a mature glyeopralein
form Lo redch the brush-border membrane (47),

There are several other human diseases associ-
ated with disordered intracellular processing of gly-
copretems. The intrahepatic accumilation of ab-
normad glycoprodein in the pidd phenotype of o-1-
antitrypsin deficiency s related 1o a single amino
acud substitution with subsequent failure (o trans-
poat the high-mannose secretory product through
the endoplasmic reticulum {48),

Further study at the subcellular and protemn level
of patients with CS12 has revealed that the matu-
ration amd intrscellular transport of the enzyme are
blocked ot dilferent stages along with binsynthesis
pathway (431, In a secom] molecular phenotype, a
high-mannose form of the engyme is incompictely
trimimiied amd Blocked not in the Golgl bt in the
endoplasmic reticulum, A third phenotype appears
1 be the result of a mutation affecting only the
catulviie site of sucrase; the mature enzyme IS
found inserted inte the brush-border membrane and
izomaltase activity is relatively preserved (49
Study of 4 fourth phenotype reveals vamants of pro—
sucrasc-isomallase precursors thal are converled

4 Pedvore Gusiraewners dair, Vor, JF, Mo | 95

from the high-mannose form 10 the mature complex
glycosylated form at a show rate, The enzyme un-
dergees intracellular cleavage to two subunits and
the sucrase subunit s degraded, whereas the iso-
maltase subunit is normally transported to the brush
barder (500, In this patient, isomallase aclivily wis
normal. Fimally, & mutant phenotype bas been re-
cently deseribed where the mannose-nich polypep-
tde precursor of the enzyme is normally synihe-
sized but remains in the endoplasmic reticulum,
does not undergo terminal glycosylation in the
Ceolgi. and is missoned 1o the basolateral membriane
rather than homing to its normal location in the
brush-border membrane (340).

These last two naturally occurring muiations pro-
vide evidence thal struciural features in the so-
maltase region of pro-sucrase-isomallnse act ws an
intragellular soriing signal, allowing for ransport
from the trans-Golgi network to the brush-border
membrane (51). The natre of these structural fea-
turcs and of the intraccllular elements that recog-
nize them is nod yel Enown.

There have been several cases of CSID in which
ne immunoreactive forms of sucrasc-isomaltase
were observed vim immunoprecipitation or clectron
microscopy cither on the brush border or intracel-
lularly 145). These cases may represent a defect in
transcriplional regulation of sucrase-isomaltase ex-
pression. Alternatively, the encyme may be synthe-
sized bul improperly folded and hence not recog-
nized by the specific monoclonal antibodies wsed 1o
detect the protein.



CONGENITAL SUCRASE-ISOMALTASE DEFICIENCY ¥

Incidence

Congenital sucrasesisomaltase deficiency (CS1DY
is considered @ rare autosomal recessively inherited
disease, but it is likely that the prevalence has been
underestimated (Table 4}, Given the wide pheno-
typic vanation and the probability that a vanety of
genctic mutations cause CS1D of varving severity,
it s likely that numerous paticnts suffering from
chromic diarrhen remain undiagnosed. Previous
sticdies have attempted o ascertain the number of
heterozygote carriers in the general populition
based on measurements of sucrase cnyme activity
in small-intestinal hiopsy specimens. Heterozy-
gotes are defined as those with a level of sucrase
activity below the lower limit for the normal popu-
lation, with ratios of sucrase:lactase activily of
<% and with noermal small-bowel morphology. Us-
ing these crteria, Peterson and Herber estimated
the ineidence of heteroeygotes o be 895 of the
general population in the United States (52), Welsh
et al. found a much lower incidence of 2% het-
eroeygoles i the Caucasian population (one in 2300
homozygotes according to the Hardy-Weinberg
equation) and no case that satisfied these cntena
among 33 Afncan Amencans tested (33), In Den-
mark, only one case of CSID was uncovered in over
AWM patients biopsicd because of abdominal pain
and diarrbea (54), The incidence appears o be
mitch higher in Greenland, Alaskan, and Canadian
Eskimos (54=56). In Greenlanders with diarrhea,
the incidence of sucrose malabsorption is 100535
{47} In the general population of Greenland, —5%
of those tested showed very low sucrase activity in
small-bowel hiopsies, and 12.5% had activity below
the bower limit of the controal population (2).

Mumerous cases have been descnbed of CSHD
among siblings and parents, Kerry and Townley bi-
opsied parents of four children with CSID and
Fomad most of them (o have sucrase activities below
the lowest values in a control group, Seven of the
eight parents had a sucrase;laciase ratio below 0.8
{57}, From these data, it seems reasonable (o as-
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stume that CS1D s transmitted via awtosomal reces-
sive inheritance,

The previous data on heterozygoles suggests that
CSID may be more prevalent than previously be-
lieved. A small number of patients with intermittent
ar persistent diarrhes have been diagnosed in adult
Iifie (2,58). Because they have no family history and
niy history of growth faillure or malabsorption, these
patienis have been assumed to suffer from irriiabde
bowel syndrome,

Pathogenesis

Malabsorption of dictary disaccharides and
starch in the prosimal small intestine gives nisc o
an osmodic load that stimulates peristalsis in the
fleum and colon. In response to the osmolic pres-
sure difference between bloed and lumen, water
fMows nto the permeable jejunum and sodium
moves into the lumen down ils concentration gra-
dient, The end-result is a large volume of intralumi-
nal isetonic Ouid with a normal sodium concentra-
tion held within the lumen because of the osmolic
prissure penerated by the malsbsorbed carbohy-
drate solute, When the capacity of colonic bacteria
o Terment malabsorbed carbohydrate and the abal-
ity of the colonoeyle (o absorb Muid and the resall-
ing short-chain fatty acids iz overwhelmed, durches
CTSAES,

Unabsorbed carbohydrates present in the disial
small intestine have effects on distant gastrointes-
nmal functions and the absorption of cther nietrients
as well (59). They inhibil gastric empiving and ac-
ccleraie small-intestinal transit because of a de-
crcase in water and sodium absorption, Acceleratied
duodenal and small-bowel transit may alzo contril-
ute 1o the malabsorpiion of starch, fat, or cven
monosaccharides., Malubsorption of oligo- and
monosaceharides may Iead 10 disruption of the nor-
mal postprandial surge of hormones such as msulin,
C=peptide, and gasine inhabitory peptide (60).

CSI0D 15 ot invaribly associated with severe di-
arrhea, Whether sugar or starch malabsorption prio-
duces symploms depends not only on the residual
enEyme activity, but also on additional Gectors such
as the quantity of ingested carbohydrate, the rate of
gastric empiving, the effect on small-bowel Cransit,
the metabolic wctivity of colonic bacteria, and the
absorpive capacity of the colon. For many of these
parameters, the infunt s ot a disadvanisge com-
pared 1o the adult; this undoubledly contributes to
the increased severity of symploms seen i many

F Pesdbarr Gasreoearennd S, Vil 20, Mo [, 1995
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imfants with CR10, In infants, the length of the small
intesting is shorter and the reserve capacity of the
colon to absorb cxcess luminal fAuid is reduced
compared 1o adalls. Seme infunts may be consum-
ing a high-carbohydrate dict in the form of juices,
baby food fruss and vegelables, and cercals. In
young infants with carbohydrate malabsorption,
smuall-intestinal and colonic transit is likely to be
meore: rapid, aliowing less time for alternative paths
of carbohydrate digestion, including the salvage of
mutlabsorbed carbohydrate by colonic bacterial fier-
e ntation.

Compensatory mechanisms for starch digestion
limit the dinrrheagenic effects of starch malabsorp-
tion in patients with TS0, [somallase activily is
often low butl nol mecessarly absent in these pa-
Lents. Most starch consumed by yvoung patients has
a low content of a-1-6 glucosyl bonds, and the re-
sidual isomaltase may be sofficient 1o hydrolyvee
these hnkages, Glucoasmylase activily is normal or
increased and is still suificient 1o ensure the ade-
quate digestion of the a-1:4 bonds of amylopectin,
In mcldition, the capacity of codonic hacteria (o fer
il starch s usoally well developed in infants by
& months of age (61,62).

Clinical Presentation

The chimical presentation of CS1D 15 vanable; in
part, il depends on the mtroduction of sucrose into
the diet, Breast-fed babies or infants consuming lac-
tose-containing formulas will not manifest symp-
toms until they ingest juices, solid foods, or medi-
cations swectened by sucrose. Baby cercals wsually
cause less severe symploms because of the com-
pensatory mechanisms for starch digestion,

Table 3 summarizes the presenting symploms in
23 patients with CS1D. There is an even sex disiri-
bution but an overwhelming predilection for Cauca-
sians Lo be affected, with only one Hispanic patient

TABLE 5. Prexesring sympromy (n 25 parienis

with CXEEY
bean nge
nl deagnisis
Symploms Freguency iyrl
Chiromic dinrrbes amid
Taibure 1o thnve TEY 10=1.
Chingeing dinrehis wath
mormnal growik G L S
lrmtahle Bowel
symilrame, abdominal pain T 154713
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and no African Americans diagnosed. In only two
instances is there a family history, with two affected
sisters and a father and son among the group stied-
ied. Chronic watery diamhea and failure to thrive
are common findings in infants and toddlers (63).
Cther nonspecific findings in this age group include
abdominal distention, gassiness, colic, irritebility,
excorialed buttocks, diaper rash, amd (al timcs)
vomiting. Half the patients were diagnosed after the
age of 5 years with long historics of chronic diarrhea
and abdominal pain.

A minonity of severely affected paticnts require
hospitalization for diamhes and dehydration, mal-
nutrition, musche wasting, and weakness (64). Of-
ten, the correct diagnosis is delayved while other
causes of severe chronic diarrhes are entertamed
(631, These infams may be presumed (o have cow's
milk or sov protein allergy and ofien are subject o
multiple formula changes. An improvement in
svmptoms while ingesting a casein-hvdrolysate Tor-
mula may be interpreied as support for this ms-
taken diagnosis when in truth it reflects the switch
in carbohydrate o glucose polymers, which are
more dependent on glicoamylase activity for in-
traluminal digestion. Other diagnoses oflen consid-
ercd are cystic fibrosis, celine disease, severe viral
gastrocnteritis, or other causcs of intractable diar-
rivea. Suppon for these possibilitics may come from
the mild steatorrhes documentied in some paticnis
(21, This linding is thought to be due 1o rapid intes-
timal transit or chronic malnotrition with partial vil-
Ius atrophy. Transient hypoglyeemia, acidosis, de-
hydration, and lethargy may lead to consideration
of inborn errors of metabalism,

A delay in the diagnosis may alse be related 1o
empiric institution of a low-sucrose diet by the par-
ents. Some children attain relatively normal growth
and manifest chronic symptoms of intermittent di-
arrhea, bloating, and abdominal cramps (Table 5).
As loddlers, they may be considered to have
chronic, nonspecific diarrhea of childhood (668 and
are often not disgnosed until the ape of 5 years. In
alder children, symptoms of crampy abdominal
pain, pas, and intermittent diarrhes suggest irritable
bowel syndrome. Institution of a diet for these con-
ditions including the avoidance of fruit juices, soft
drinks, and fructose- and sorbitol-containing bever-
ages and freits may actwally ameliorate symploms
by simultancously reducing the sucrose load in the
diet.

In some socictics, dietary habits may mask symp-
toms. Up untl recently. Greenland Eskimos con-
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Clinical Aspects and Treatment of
Congenital Sucrase-
Isomaltase Deficiency

William R. Treem

ongenital sucrase-isomaltase deficiency (CSID) was first
described by Weijers and colleagues in 1960 and has sub-
sequently been defined as an inherited deficiency in the ability to

WWw.jpgn.org

hydrolyze sucrose, maltose, short 1—4 linked glucose oligomers,
branched (1-6 linked) a-limit dextrins, and starch (1). Exposure to
these nutrients provokes osmotic diarrhea with pain, bloating, and
abdominal distention; rapid small bowel transit and malabsorption
of other nutrients; excessive bacterial fermentation of malabsorbed
carbohydrate with colonic gas production and acidification of the
stools; and at times, chronic malnutrition and failure to thrive (2).
After the sucrase-isomaltase (SI) gene was identified on chromo-
some 3 (3gq25-26) and was cloned in 1992 by Chantret and
colleagues, more than 25 mutations in the gene responsible for
the synthesis of SI have been discovered (3—6). These mutations
result in a variety of defects in the folding of the synthesized
propeptide chain; the initial high mannose and then complex
glycosylation; the sequential export from the endoplasmic reticu-
lum to the Golgi apparatus, and eventually to the apical membrane;
the anchoring of the N-terminal aspect of the isomaltase subunit in
the enterocyte microvillus membrane; and the normal architecture
of the sucrase and isomaltase catalytic sites, which are independent
of each other and can be affected separately, leading to isolated
deficiencies (5,6). The intracellular phenotypic heterogeneity is
reflected in a range of enzymatic capability ranging from comple-
tely absent sucrase activity to low but present residual activity and
from completely absent isomaltase activity to normal activity.
Because SI is responsible for approximately 60% to 80% of the
maltase activity in the brush border of the enterocyte, maltase
activity is also significantly reduced in almost all cases.

In addition to the degree of enzyme deficiency, the appear-
ance of overt clinical manifestations of CSID is partially determined
by the amount of sugar and starch being consumed. Approximately
60% of the total calories consumed in the average diet in the United
States originate from carbohydrates, with 30% of carbohydrate
calories deriving from sucrose (7). The typical adult consumes
about 150 1b of sugar per year and 65 1b of sucrose. The influence of
the dietary consumption of sucrose is best illustrated by the natural
history of CSID in Greenland, where approximately 5% to 10% of
Greenland Eskimos are affected (8). Before the introduction of a
Western diet in the middle part of the last century provoked by the
settlement of Greenland by northern Europeans from Denmark and
other European countries, CSID was unknown among the indigenous
population, who consumed a fish-and-marine mammal—based diet,
relatively high in fat and protein and low in carbohydrates and
sucrose. A marked increase in diarrhea and other gastrointestinal
symptoms in the indigenous population led to studies in the 1970s that
delineated the prevalence of CSID. The early introduction of sucrose
and starch in the form of baby juices, baby food fruits and certain
vegetables, and sucrose- and maltodextrin-containing infant formulas
also plays a role in the timing of clinical manifestations of CSID.

Other hormonal and dietary factors and micronutrients also
influence small intestinal sucrase activity. Unlike lactase activity
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that is unresponsive to lactose consumption, sucrase activity is
inducible by a high-sucrose, high-carbohydrate diet and reduced by
a high-protein, low-carbohydrate diet (9). Both thyroxine and
corticosteroids induce the expression of SI on the brush border
of the enterocyte (10). In animal models, dietary-induced iron
deficiency results in decreased small-bowel disaccharidase activity,
with lactase affected more than SI (11). This appears to be the result
of decreased gene expression caused by overexpression of PDX-1, a
repressor of the lactase and sucrase promoter regions. PDX-1
overexpression can be reversed with restoration of a normal
iron-containing diet and replenishment of iron stores. Naturally
occurring phytochemicals in the diet (eg, cinnamon extract, onions,
garlic, certain spices, mushrooms, chamomile tea) can act as
inhibitors of amylase and intestinal a-glucosidases, thus influen-
cing luminal sucrase activity (12). In patients with CSID and
mutations allowing some residual SI activity, these hormonal
and dietary factors may influence the onset and severity of symp-
toms.

PREVALENCE OF CSID

The actual prevalence of CSID is still a matter of debate.
Substantial progress in cloning disease-causing mutations has
opened the possibility of conducting large-scale population-based
screening. In a recent study by Scott and colleagues, all 48 exons of
the 100-kb SI gene on chromosome 3 were sequenced in 31 biopsy-
proven patients with CSID and 55 different mutations were ident-
ified, with at least 1 of the 4 most common mutations found on
32 (59%) of the affected alleles (4). If one assumes the Hardy-
Weinberg equilibrium for mutations in the population, then there is
an 83% probability that an individual with severe clinical mani-
festations of CSID will have at least 1 of these 4 mutations. The
results of this study raise the possibility in the near future of a
genetic screening test both for population prevalence studies and to
aid in the diagnosis of new cases. With the availability of DNA
harvesting from buccal mucosa, the feasibility of genetic testing in
young infants and children increases substantially. Studies are in
progress to determine whether genetic testing also can be done on
intestinal epithelial biopsy specimens opening the possibility of
simultaneously determining disaccharidase levels and genetic
mutations for CSID.

Clinical studies of relatively homogenous selected popu-
lations have yielded high rates of CSID, ranging from 5% to
10% in Greenland Eskimos, 3% to 7% in Canadian native peoples,
and about 3% in Alaskans of native ancestry (13,14); however,
estimates of the prevalence of CSID in other North American and
European populations generally range from 1 in 500 to 1 in 2000
among non-Hispanic whites, with a lower prevalence in African
Americans and whites of Hispanic descent. These studies evolved
from older studies of intestinal disaccharidase levels in adult
patients undergoing endoscopy for gastrointestinal symptoms
(15,16). The estimates have shown low levels of sucrase activity
>1 standard deviation (SD) below the mean in mucosal biopsy
specimens from 2% to 9% of patients, even in the absence of overt
mucosal injury. If one assumes that some of these patients represent
heterozygotes for CSID, then the prevalence quoted above seems
plausible; however, the diagnosis of CSID is rarely made even in
infants and young children, suggesting the possibility that the
phenotype of CSID may be much broader and more variable than
previously thought and that a large proportion of affected adult and
pediatric patients are not being tested and diagnosed.

This hypothesis receives support from the analysis of
recently released whole exome sequence data (Exome Variant
Server, http://evs.gs.washington.edu/EVS). Belmont and colleagues
at the Children’s Nutrition Research Center at the Baylor College of
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Medicine reviewed the SI gene sequence data in a population of
approximately 3500 North American white adults ascertained as
controls or with atherosclerosis and no known bias for gastroin-
testinal disease. These data showed 271 rare missense variants with
an aggregate allelic frequency of 0.03864. Based on this allele
frequency, and assuming that the alleles segregate independently,
Hardy-Weinberg proportions were used to estimate the frequency
of homozygotes and compound heterozygotes for rare alleles.
Although it is not known whether all of these variants result in
decreased enzyme activity, the large number of variants could be
consistent, with an estimated frequency of 1:670 affected patients
and 7% carriers in this population (personal communication,
Dr John Belmont, February 28, 2012; public data at the Exome
Variant Server).

There are several pieces of clinical evidence that support the
view that CSID is more prevalent than previously believed. Studies
of disaccharidase levels from intestinal biopsy specimens sent to
2 pediatric reference laboratories have shown surprisingly frequent
results for a pattern suggesting CSID. In 2 studies of almost 1000
biopsies each, sucrase deficiency was defined as >1 SD below the
mean activity level in 1 study and <10% of the mean in another
(17,18). As defined, sucrase deficiency was found in 11% and 13%
of biopsy specimens in the 2 studies. Included were specimens with
isolated sucrase or SI deficiency only (1.0% and 1.1%, respect-
ively), SI and maltase-glucoamylase (MGAM) deficiency only
(3.0% and 2.4%, respectively), and pandisaccharidase deficiency
(5.8% in both studies). Pandisaccharidase deficiency was more
likely accounted for by acquired diffuse intestinal villous injury.
Although correlation with histology was not provided, the surpris-
ingly high numbers of isolated SI and combined SI-MGAM
deficiencies without lactase deficiency suggest that specific geneti-
cally determined enzyme deficiencies may be playing a role.

Although small intestinal disaccharidases are most often
investigated in the clinical setting of diarrhea in infants and
young children, the role of disaccharidase deficiencies and specifi-
cally SI deficiency in other gastrointestinal syndromes also has been
entertained. Small series of patients with CSID have revealed a
subgroup of adolescents and even adults who present with dyspep-
sia, gas, and /or irritable bowel syndrome (IBS) rather than the
classic presentation of watery diarrhea, failure to thrive, diaper rash,
irritability, and acidic stools in infancy (2,19,20). Karnsakul and
colleagues studied 44 children and adolescents with dyspepsia, only
4 of whom had intermittent diarrhea (21). Patients underwent
endoscopy with small bowel biopsies and disaccharidases and
one-third had low sucrase activity (>1 SD from the mean), includ-
ing 4 of 44 with isolated low sucrase activity, and 11 of 44 with
sucrase and pandisaccharidase deficiency, but no significant villous
atrophy. In addition, in preliminary follow-up studies of families
with index cases of CSID uncovered in a child, parents with a long-
term diagnosis of IBS were subsequently identified as having CSID
(22).

After the sequencing of all of the exons of the CSID gene,
most patients with CSID studied by Scott and colleagues have been
found to be homozygous or compound heterozygotes for disease-
causing mutations (4). Kerry and Townley showed that the parents
of 4 children with CSID had intestinal sucrase activity below the
lower limits of normal and a sucrase:lactase ratio <0.8, both
consistent with the heterozygous state and supporting an autosomal
recessive pattern of inheritance (23); however, 3 patients in Scott
and colleagues’ study who presented with classical symptoms and
biopsy-proven absent sucrase activity with absent or low isomaltase
activity, and 2 others with milder decreases in both enzymes,
appeared to be heterozygote carriers with a mutation on 1 allele
and a wild-type gene on the other. These small studies lend credence
to the hypothesis that CSID is more prevalent than previously
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thought; manifests with milder phenotypes that may even omit
diarrhea as a prominent symptom; and may be transmitted in ways
other than strict autosomal recessive inheritance. The combination
of the “‘heterozygous’’ state with other genetic and/or dietary and
nutritional interactions may provoke gastrointestinal symptoms in
certain patients.

PRESENTATION AND NATURAL HISTORY
OF CSID

The classical presentation of CSID is severe watery diarrhea,
failure to gain weight, irritability, and diaper rash in a 9- to
18-month-old infant who has been exposed to sucrose and starch
in the form of baby juices, baby food fruits, teething biscuits,
crackers, and other starches. Factors that contribute to the predilec-
tion for a presentation during infancy include the shorter length of
the colon and a decreased capacity for colonic reabsorption of fluid
and electrolytes, more rapid small intestinal transit, a high carbo-
hydrate diet, and the ontogeny of amylase activity that does not
reach “‘adult’’ levels until the second year of life (24); however,
clinical studies during the last 20 years and a retrospective review of
65 patients with CSID have revealed a variety of presentations that
defy the conventional view (5,22,25,26). Table 1 describes the
symptoms at presentation in these 65 patients. Although most have
presented with the classic symptoms, a significant minority have
only been diagnosed between 2 to 8 years old after normal growth
and a previous diagnosis of chronic nonspecific diarrhea of child-
hood (“‘toddler’s diarrhea’’), or even later during adolescence or
young adulthood carrying a diagnosis of diarrhea-predominant IBS.
Up to one-third have had vomiting as a prominent symptom,
suggesting again that dyspepsia, gas, bloating, and even reflux-like
symptoms may predominate in some patients. Other anecdotal
reports have mentioned hypercalcemia and nephrocalcinosis in
infants with CSID, and even renal calculi in 2 adults with CSID
(27,28).

In a follow-up study of 65 patients with CSID who responded
to a questionnaire after being identified by a record of prescriptions
for enzyme replacement therapy, 53 of 65 reported the onset of
symptoms before 1 year of age, 7 between 1 and 10 years old, and
5 after 10 years of age (22); however, the age at which a diagnosis
was made was shifted to the right, with only 17 of 65 diagnosed in
the first year, 30 between 1 and 5 years, 10 between 5 and 10 years,
and 8 after 10 years of age. The potential reasons for this delay in
diagnosis include a mistaken diagnosis of protein intolerance in
infancy with multiple formula changes and the elimination of
glucose oligomers (maltodextrin) that are partially hydrolyzed by
sucrase in favor of glucose monomers in amino acid—based
formulas (29). A diagnosis of food allergy often also leads to the
elimination juices and baby foods that may have a high sucrose
load, further masking the true underlying cause of diarrhea in
patients with CSID. Later in childhood, a diagnosis of chronic

nonspecific diarrhea often will result in a lower carbohydrate,
higher fat diet, and the elimination of all juices with improvement
in symptoms of patients with CSID (30). Older children and
adolescents with CSID and diarrhea-predominant IBS may learn
which foods trigger their symptoms and avoid those foods, thus
masking their true diagnosis. In addition, chronic carbohydrate
malabsorption may act as a prebiotic stimulus to colonic bacterial
growth, creating a significant increase in the capacity to ferment and
salvage malabsorbed carbohydrate, and stimulate colonic short-
chain fatty acid synthesis and sodium and fluid reabsorption by the
colonocyte (31). Colonic bacterial flora ‘‘adaptation’ may thus
contribute to a decrease in diarrhea symptoms over time in some
patients with CSID.

DIAGNOSIS OF CSID

At present, the gold standard for the diagnosis of CSID
remains small intestinal biopsy specimens assayed for lactase,
sucrase, isomaltase (palatinase), and maltase activity. In general,
the criteria applied to make the diagnosis of CSID include normal
small bowel morphology in the presence of absent or markedly
reduced sucrase activity, isomaltase activity varying from 0 to full
activity, reduced maltase activity, and normal lactase activity, or in
the setting of reduced lactase, a sucrase:lactase ratio of <1.0.
Table 2 summarizes the disaccharidase activities in 36 patients
with CSID; all were included in 2 pivotal clinical trials included as
part of the new drug application (NDA) for sacrosidase submitted to
the Food and Drug Administration (FDA; NDA 20-772/S-011,
1998). Sucrase activity was absent in 24 of 36 (66%) patients,
and in all but 3, activity was less than the third percentile of 977
values in ‘‘controls,”” which consisted of unselected small bowel
biopsies from children with diarrhea and other gastrointestinal
symptoms (18). All sucrase activity values in patients with CSID
were <10th percentile of controls. Almost two-thirds (23/35) had
absent palatinase (isomaltase) activity, and all but 2 were <10th
percentile, with 1 of those in the normal range and 1 with elevated
activity. Maltase activity was variable. No patient had absent
activity, but the mean equaled 41.5 U/g protein and the majority
(25/36, 69%) exhibited reductions >2 standard deviations from the
mean in controls. All but 2 patients demonstrated <10% of control
activity. Two patients exhibited normal activity. There was no clear
correlation between absent or residual sucrase activity with the
spectrum of decreased maltase activity. Because the brush border
enzyme MGAM is responsible for at least 20% of maltase activity,
those patients with low maltase activity may be examples of
combined deficiencies of SI and MGAM (32,33). Elevated lactase
enzyme activity levels were found in 3 of our patients and have been
found in a small minority of patients with CSID in most studies
to date.

Recent studies of the SI gene in symptomatic patients with
intestinal disaccharidase deficiency have identified compound

TABLE 1. Presenting symptoms in 65 patients with CSID (22)

TABLE 2. Intestinal biopsy disaccharidase activities in 36 patients with
CSID (U/g protein) (42,43)

Symptom No. patients (%)

Isomaltase
Diarrhea 62 (95) Sucrase (palatinase) Maltase Lactase
Bloating/gas 55 (85) (n = 36) (n = 35) (n=36) (n=36)
Abdominal pain 43 (66)
Irritability 43 (66) Mean 2.3 1.9 415 30.5
Diaper rash 40 (62) Standard deviation 44 5.8 34.7 19.2
Failure to thrive 39 (60) Median 0 0 29.2 27.6
Nausea/vomiting 22 (34) Minimum 0 0 10.9 5.2
Irritable bowel syndrome 12 (18) Maximum 15.4 333 166.7 101.5
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heterozygotes with less severely reduced sucrase and isomaltase
and even what appears to be true heterozygotes with 1 normal allele
and what appears to be a more severe mutation on the other allele
(4-6,34). One patient in the cohort studies by Scott et al appeared to
have normal wild-type genes on both alleles with moderately
reduced sucrase activity and symptoms provoked by sucrose con-
sumption, which suggested acquired sucrase deficiency even in the
presence of normal small intestinal morphology (4). Other causes of
false-positive results come from biopsies taken in the proximal
duodenum, where disaccharidase levels are often only approxi-
mately two-thirds of the levels found in the proximal jejunum
(35). In addition, mishandling of biopsy specimens resulting in
inadequate rapidity of freezing and premature thawing can result in
a diffuse reduction in disaccharidase activity. Studies of replicate
intestinal biopsy disaccharidase assays have demonstrated a coeffi-
cient of variation of 27%, stressing the variability of the assay (18).
This variation emphasizes the role of clinical judgment in making
the diagnosis of CSID from mucosal disaccharidase assay values.

Other less invasive methods of diagnosis include the sucrose
breath hydrogen study and differential urinary disaccharides
(36,37). Although relatively easy to accomplish, the sucrose breath
hydrogen study is compromised by significant contamination from
both false-positives (secondary sucrase deficiency from villous
injury, dumping syndrome, and bacterial overgrowth) and false-
negatives (nonhydrogen producers, antibiotic interference, delayed
gastric emptying). Also, this test can provoke severe symptoms as a
result of the 2-g/kg oral sucrose load given to patients with CSID. The
differential urinary disaccharide test examines the ratio of urinary
sucrose:lactulose, which should approach 1.0 in patients with CSID;
however for accurate results, this test relies on obtaining an accurate
10-hour urine collection that is difficult in many infants and young
children and the presence of normal intestinal permeability.

Figure 1 summarizes data from studies of the utility of a
13C-sucrose breath test to diagnose CSID (38). This test requires the
administration of a small dose of uniformly labeled '*C-sucrose
mixed in unlabeled maltodextrin in water as a carrier and the
subsequent collection of '*CO,-enriched breath samEles every
15 minutes for 2 hours. The separate administration of '*C-glucose
mixed in maltodextrin and collection of *CO, allows '3C-sucrose
hydrolysis and digestion to be expressed as a coefficient of glucose
oxidation (CGO). As Figure 1 shows, the mean percent CGO of
13C-sucrose in 10 patients with CSID is 25% + 21% compared with
146% =+ 45% in 10 age-matched controls. A cutoff of 79% CGO
yields 100% sensitivity and specificity for CSID. Although the test

FIGURE 1. Data summary from studies of the utility of a '3C-sucrose
breath test to diagnose CSID.
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requires 2 breath tests and infrared spectrophotometry, it has several
advantages: it is noninvasive, has excellent sensitivity and speci-
ficity, and avoids provocation of gastrointestinal symptoms because
of an excessive sucrose load.

TREATMENT OF CSID

Previous follow-up studies of children with CSID treated
with sucrose- and starch- restricted diets have demonstrated that
only 10% of patients remain consistently asymptomatic, and 60%
to75% still experience diarrhea, gas, and/or abdominal pain, with a
lower proportion (20%) complaining of nausea. Only approxi-
mately half of these children are compliant with the prescribed
diet (39,40). Harms and colleagues described the amelioration
of both hydrogen production and gastrointestinal symptoms in
8 children with CSID treated with Baker’s yeast (Saccharomyces
cerevisiae) cakes before a sucrose breath hydrogen test (41).
S cerevisiae contains a (-fructofuranoside fructohydralase with
sucrase but not maltase or isomaltase activity. By using specific
growing conditions to promote increased enzyme activity and belt
drying to preserve this activity, the food industry has for many years
been using this enzyme to convert sugarcane (sucrose) to molasses
and keep the centers of cream-filled candies liquid. Preclinical
studies on a liquid preparation derived from the S cerevisiae
(sacrosidase) grown under these conditions showed that 1 mL of
this preparation contained approximately 8500 U of sucrose-hydro-
lyzing activity (8500 wmol glucose formed per minute per milli-
liter) (42). Sacrosidase was free of lactase, isomaltase, or maltase
activity; rich in mannose glycosylation; maintained stable activity
with refrigeration; and did not lose significant activity with a pH
down to 1.0. Incubation of the enzyme with pepsin at or near the pH
optimal for pepsin activity (1.5), however, produced a rapid loss of
activity. Preincubation of the pepsin with bovine serum albumin
provided a decoy for the pepsin and allowed preservation of
sacrosidase activity even at a pH of 1.5.

Figure 2 shows the results of sucrose breath hydrogen studies
on the first child with CSID treated with sacrosidase under an
orphan drug grant from the FDA. Two breath tests with 2 and 4 g/kg
sucrose loads produced a marked rise in breath hydrogen and
gastrointestinal symptoms; however, breath tests accompanied by
sacrosidase treatment prevented the rise in breath hydrogen and the
symptoms. Subsequent pivotal trials in >40 subjects between the
ages of 5 months and 29 years were conducted, with the diagnosis of
CSID based on chronic watery diarrhea with an acid pH, a tissue

FIGURE 2. Results of sucrose breath hydrogen studies on the first
child with CSID treated with sacrosidase under an orphan drug grant
from the Food and Drug Administration.
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sucrase activity level of <10% of the mean of controls, a normal
lactase level, and a normal lactose breath hydrogen test (42,43).
These multicenter, double-blind, randomized studies used 3
increasing dilutions of sacrosidase and an undiluted form in 4 arms
given to each subject in random order during a 10-day period in
which time the subjects consumed a normal sucrose-containing
(approximately 1.75-2.5g - kg~! day ') and starch-containing
(5.2-5.8g - kg™ ' day ) diet. Two breath hydrogen studies (with
and without sacrosidase) were performed in the first study and 3
(with and without sacrosidase and with sacrosidase plus cow’s milk
acting as a pepsin decoy) in the second pivotal study.

The results of these studies can be summarized as follows.
All dilutions of sacrosidase reduced symptoms of sucrose

malabsorption provoked by both the breath tests and the period
of unrestricted diet; the undiluted preparation most significantly
reduced watery stools, gas, cramps, and bloating. Full-strength
(undiluted) sacrosidase normalized these symptoms and the stool
frequency in comparison with the baseline period of a sucrose-free,
starch-restricted diet and no sacrosidase treatment. Full-strength
sacrosidase resulted in 81% of patients, consuming an unrestricted
diet, remaining asymptomatic, compared with 78% untreated
during the baseline, diet-restricted period. Excessive breath hydro-
gen production was blocked by the double-blind administration of
sacrosidase compared with placebo and was further reduced by
consuming milk before sucrose ingestion (Fig. 3A). A study of the
13C-sucrose breath test with and without sacrosidase administration

FIGURE 3. A, Excessive breath hydrogen production blocked by the double-blind administration of sacrosidase compared with placebo and was
further reduced by consuming milk before sucrose ingestion. B, A study of the '3C-sucrose breath test with and without sacrosidase administration
confirmed these results and shows that all of the subjects had normalized CGO with therapy.
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TABLE 3. Persistence of symptoms in 65 patients with CSID treated with Sucraid (22)

Symptom frequency Diarrhea, %

Bloating/gas, %

Nausea/vomiting, % Abdominal pain, %

0 times per week 46 43
1 time per week 28 18
2-3 times per week 12 13
>3 times per week 14 26

96 9

S O B
(= N

confirmed these results and shows that all of the subjects had
normalized CGO with therapy (Fig. 3B) (37). Adverse events were
limited to unrelated episodes of vomiting, pallor, and dehydration,
each in a single subject, and a possibly related event of wheezing in
a young child with known asthma, who was later found to have a
positive skin test for sacrosidase (43). This incident led to the
recommendation on the label to perform skin tests on patients with
asthma before sacrosidase is administered. No other patients have
been described with this adverse effect. These studies resulted in the
submission of an NDA to the FDA and approval of Sucraid
(sacrosidase) as treatment for CSID in 1998. Treatment was covered
by Medicaid, after which private insurance coverage was approved.
Recommendations for dosing on the label suggest using 1 mL with
meals or snacks for patients <15 kg and 2 mL with meals or snacks
for those >15kg. Doses are to be split, with half the dose given at
the onset of a meal and the other half midway through, when the
intragastric environment is buffered to a higher pH and pepsin may
be partially decoyed by other proteins.

A preliminary postmarketing surveillance study was con-
ducted involving 229 patients with CSID who received prescrip-
tions for Sucraid (sacrosidase) between 2004 and 2009. Results are
summarized in a published abstract and in the proceedings of this
symposium (22). Sixty-nine of 229 questionnaires were returned
from 60 of 69 patients in 27 states in the United States and from
9 patients in 4 other countries. Included were 39 male patients and
66 of 69 patients younger than 18 years old. Sixty-five patients
continued taking Sucraid; 2 had abandoned it because of lack of
efficacy and 2 because of its cost. The median duration of therapy
was 3 years and one-third had been treated continuously for
>5 years. Nine of 65 (14%) patients were exceeding the maximum
recommended dose per meal (2mL) to try to control symptoms.
Either a normal diet or a mild sucrose- and starch-restricted diet was
consumed by 41 of 65 (65%) patients, but in 27%, strict sucrose
restriction with either mild or strict starch restriction was necessary
to maintain acceptable suppression of symptoms, even while taking
Sucraid. Table 3 summarizes symptoms while patients are being
treated with Sucraid. The majority (59/65, 92%) had <3 bowel
movements per day, and 74% experienced either no diarrhea or
diarrhea once per week, 12% had diarrhea 2 to 3 times per week, and
14% had diarrhea >3 times per week. In 74%, bloating occurred
<3 times per week. Abdominal pain and nausea/vomiting were not
seen in any patients >1 time per week and were completely absent
in >90% of patients. The most common adverse events reported
included constipation in 6 of 65, headaches in 5 of 65, and sleep
disturbances in 8 of 65. None of these events resulted in
discontinuing Sucraid.

CONCLUSIONS

Both clinical studies and molecular/genetic investigations
suggest that CSID is a more common disease than previously
believed and that genetically modified small intestinal SI digestion
accounts for a broad spectrum of clinical phenotypes, including
some potentially hidden in large cohorts of patients with IBS,
chronic nonspecific diarrhea, and perhaps even dyspepsia (44).

S12

The advent of noninvasive breath tests with excellent sensitivity and
specificity and genetic tests of relatively common mutations in the
CSID gene hold out the promise of more accurate population
prevalence studies and diagnosis of less classic cases, even in
adults who are believed to have lifelong functional bowel disorders.
The recent approval of an enzyme replacement therapy has allowed
liberalization of the previously mandatory sucrose restrictive diet
and restored a more normal lifestyle, particularly to infants and
young children exposed to a high carbohydrate diet (45). Further
modifications of this therapy with the possible additions of enzymes
geared to supplement higher maltase and glycoamylase activity
may be in the offing to help patients cope with the continued
problem of starch malabsorption. Research has demonstrated that
additional amylase activity amplifies the effect of ST and MGAM on
starch digestion and offers another potential addition to enzyme
replacement therapy (18,46).
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Congenital Sucrase-Isomaltase
Deficiency: Heterogeneity of
Inheritance, Trafficking, and Function
of an Intestinal Enzyme Complex

*Hassan Y. Naim, *Martin Heine, and 'Klaus-Peter Zimmer

rush border membranes are the largest exposed surfaces in

tissues. They constitute the interface between the ‘‘milieu
exterieur’” and the ‘‘milieu interieur’’ of the body in a variety of
organs such as the gastrointestinal tract and bile canaliculi, where
hydrolytic, absorptive, and secretory processes take place. The
intestinal mucosa is the exclusive site for nutrient metabolism
and subsequent uptake of the generated products, such as mono-
saccharides and amino acids. The hydrolysis and absorption of
micronutrients are achieved by the concerted action of hydrolases
and transporters that are predominantly located in the brush border
membranes (BBMs) (1).

The hydrolases are divided into 2 major families, the pepti-
dases and the disaccharidases (2). The peptidases, such as amino-
peptidases N (CD13), A, and W, carboxypeptidases P and M,
dipeptidylpeptidase IV, or a-glutamyl transpeptidase, are expressed
in many tissues, including the intestine and the kidney (3,4). The
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Abstract

Congenital sucrase-isomaltase deficiency (CSID) is characterized by absence or deficiency of the
mucosal sucrase-isomaltase enzyme. Specific diagnosis requires upper gastrointestinal biopsy with
evidence of low to absent sucrase enzyme activity and normal histology. The hydrogen breath test
(BT) is useful but is not specific for confirmation of CSID. We investigated a more specific 13C-
sucrose labeled BT.

Objectives—were to determine if CSID can be detected with the 13C-sucrose BT without
duodenal biopsy sucrase assay and if the 13C-sucrose BT can document restoration of sucrose
digestion by CSID patients after oral supplementation with sacrosidase (Sucraid®).

Methods—Ten CSID patients were diagnosed by low biopsy sucrase activity. Ten controls were
children who underwent endoscopy and biopsy because of dyspepsia or chronic diarrhea with
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normal mucosal enzymes activity and histology. Uniformly-labeled 13C-glucose and 13C-sucrose
loads were orally administered. 13CO, breath enrichments were assayed using an infrared
spectrophotometer. In CSID patients the 13C-sucrose load was repeated adding Sucraid®. Sucrose
digestion and oxidation were calculated as a mean % coefficient of glucose oxidation (% CGO)
averaged between 30 and 90 minutes.

Results—Classification of patients by 13C-sucrose BT % CGO agreed with biopsy sucrase
activity. The breath test also documented the return to normal of sucrose digestion and oxidation
after supplementation of CSID patients with Sucraid®.

Conclusion—13C-sucrose BT is an accurate and specific non-invasive confirmatory test for
CSID and for enzyme replacement management.

Keywords

13C-preath test; glucose oxidation; congenital sucrase-isomaltase deficiency; sucrose digestion;
sacrosidase supplementation

INTRODUCTION

Sucrose, also known as table sugar, is a disaccharide formed by glucose and fructose
monosaccharide units. Sucrose is present in the human diet in fruits and is added to many
prepared foods as refined beet or cane table sugar. Sucrase is the only brush border enzyme
that digests sucrose. The membrane bound complex sucrase-isomaltase (SI) hydrolyzes
disaccharide sucrose to free monosaccharides that are transported from the lumen by
SGLT-1, GLUT-2, and GLUT-5 (2). A percentage of the absorbed glucose and fructose is
quickly oxidized and exhaled as CO, and the remainder is metabolized or stored. Sl has two
maltase activities, which together with the two maltase activities of the maltase-
glucoamylase (MGAM) complex, digest starch to free glucose. These four activities are
better described as a-glucosidases. Approximately 60 to 80% of all mucosal a-glucosidase
activity is accounted for by Sl and the remainder of activity is due to MGAM (1). Sl also has
isomaltase and palatinase activities associated with the membrane bound isomaltase (1)
portion of the enzyme complex.

Congenital sucrase-isomaltase deficiency (CSID) is an autosomal recessive intestinal disease
caused by mutations of the Sl gene (3—6). Duodenal mucosal histology is always normal.
CSID patients have different phenotypes of enzymatic activities associated to S, ranging
from reductions of sucrase activity to total absence, as well as variable absence of isomaltase
activity (7-10). Low sucrase activity leads to malabsorption of sucrose, resulting in
dyspeptic-like symptoms such as diet-related chronic osmotic diarrhea and abdominal pain.
Only rarely does CSID lead to failure to thrive (12). The severity of symptoms is related to
the amount of sucrase activity and quantity of sucrose fed (11,12). A reduced maltase
activity is expected to occur in patients with CSID because both subunits in the SI complex
contribute to the total mucosal maltase activity (1). The low maltase activity can lead to
malabsorption of starch products which may contribute to symptoms of dyspepsia and
chronic abdominal pain (13). The prevalence of biopsy-assay proven CSID is 0.02% in
individuals of European descent but is reported as high as 10% in indigenous Greenlanders
(14). Frequency of heterozygous individuals carrying the CSID gene who have low but not
deficient sucrase activity and normal small intestinal histology is reported to be from 2 to
9% in European Americans (7, 12). We found a frequency of isolated sucrase deficiency of
1% in our recent study of unselected clinically indicated duodenal biopsy enzyme assays (1)

Specific diagnosis of CSID presently requires duodenal biopsies with low to absent sucrase
activity detected by enzyme assay and presence of normal histology to rule out secondary
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deficiency. (12, 13, 15). Multiple genotypes make it impossible to establish a single
molecular test suitable for the diagnosis of all CSID (7). The technique for diagnosis of Sl
deficiency by intestinal biopsy and assay of mucosal hydrolysis of sucrose was first
described forty years ago by Charlotte M. Anderson et. al. (16). Presently the principles for
diagnosis of Sl deficiencies remain the same but the development of less invasive and less
complex techniques is needed. The simplest treatment for CSID is dietary sucrose and
occasionally starch restriction. Enzyme supplementation with liquid yeast sacrosidase
(sucrase) enzyme derived from Saccharomyces cervisiae relieves clinical symptoms and
sucrose malabsorption in CSID patients. (17, 18, 19).

A hydrogen breath test (H, BT) for detecting carbohydrate malabsorption was introduced in
the early 1970’s creating the first clinical application for assessment of lactose
malabsorption. The noninvasive nature of H, BT makes it particularly useful for application
in pediatric clinical practice as an indirect test of carbohydrate malabsorption but it is not
specific for the diagnosis of CSID (20). False-negative results may be obtained because of
many factors affecting the H, production. The test requires absence of small bowel bacterial
overgrowth and presence of colonic bacterial flora capable of fermenting proximally
malabsorbed carbohydrate. There is great variability of fermentation by the colonic flora and
no quantification of proximal carbohydrate malabsorption is possible. Failure to detect H,
occurs in 2 to 40% of subjects. (21) A clinical problem arising from the H, BT is the large
load of sucrose given to the patient. In CSID patients this load often precipitates severe
symptoms of sucrose intolerance.

An evolution of the H, BT introduced in the early 1970’s was the measurement of isotope-
labeled CO, in breath using 13C or 14C (22). These tests depend on measurement of changes
in isotope labeled breath CO, concentration; delta over baseline (AOB), detected by mass
spectrometry or nuclear magnetic resonance (NMR) (23, 24). Isotope ratio (13C/12C)
enrichment measured by mass spectrometry is the traditional method for BT and has high
accuracy for low levels of enrichment (0.001 to 0.01 percent) (25-27). Most recently
infrared mass-dispersion spectrophotometry has been introduced for breath 13C/12C isotope
measurements and is clinically useful due to its simplicity and short turnaround time (28—
30). Since the introduction of mass spectrometers for the detection of the stable isotope

of 13C in expired air the BT technique has been adapted for the study of malabsorption in
the pediatric population with collection systems that are well-tolerated by infants and
toddlers who can not actively cooperate (32, 33). The instruments required for measurement
of 13C-labeled CO, (13C0,) are less expensive now and naturally enriched and purified
stable isotope labeled substrates are currently available (34, 35). The substrates most
commonly used for 13C/12C BT include 13C-labeled carbohydrates, starch, fatty acids, bile
acids, amino acids and urea. Clinical applications include evaluation of the mucosal
function, bacterial overgrowth, gastrointestinal motility, carbohydrate absorption, bile acid
absorption, lipid absorption and lipase pancreatic activity, hepatic function, and protein
absorption. (31). However the only test widely used in clinical practice is the 13C urea BT
for the diagnosis of Helicobacter pylori infection.

Since presently there are no practical and non-invasive methods for specific confirmation of
Sl deficiency conditions, we developed and validated a sucrose breath test for screening and
confirmation of CSID using a novel non-invasive 13C-sucrose labeled substrate. Our
hypotheses were that primary sucrase deficiency can be confirmed using 13C-sucrose breath
test and that the effectiveness of sucrase replacement therapy can be evaluated by the same
non-invasive method. The objectives of our investigation were to determine whether CSID
can be detected with the 13C-sucrose BT without duodenal biopsy sucrase assay and whether
the 13C-sucrose BT can document restoration of sucrose digestion in CSID patients after
oral supplementation with yeast sucrase (Sucraid®).
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METHODS

Clinical

After obtaining Institutional Review Board (IRB) approved informed consents under
protocol H-10239, a total of 20 patients participated in this study. Ten CSID patients were
diagnosed by intestinal enzyme activity determinations (5F: 5M, ages 1-15y) (Table 1). The
CSID patients were recruited in three different ways: referral by Pediatric
Gastroenterologists, direct self-referral by CSID families who called our study coordinator
after reading an information letter about the study inserted in the Sucraid® package by QOL
Medical Company; and families referred through the CSID website www.csidinfo.com. A
control group of subjects was recruited from the Nutrition and Gastroenterology Service at
Texas Children’s Hospital (TCH). Ten controls (6F: 4M, ages 1-15 yrs) were patients who
underwent endoscopy and biopsy because symptoms of dyspepsia or chronic diarrhea but
with normal levels of mucosal enzymes measured according to the Dahlqvist method (36)
and normal histology. The control group patients were participants of the IRB approved
protocol H-1320 for recruiting children of both genders, 0-17 yrs with dyspepsia (ROME I
criteria) and chronic diarrhea, pain or discomfort centered in the upper abdomen (37).

All CSID patients were biopsied and diagnosed by their primary GI physician before coming
to the General Clinical Research Center (GCRC) at TCH for the BT study. In the control
group the endoscopy procedures were performed for clinical indications by Pediatric
Gastroenterologists at TCH. These biopsies were evaluated by the Pathology Department of
TCH. Exclusion criteria for all subjects included villous atrophy on routine histology, fever,
inability to cooperate with breath collections, failure to ingest the test 13C-solution, diabetes,
and chronic lung disease.

Biopsy enzyme assay and histology

The disaccharidase enzyme activity determinations for the control group and some of the
CSID patients were done at the Gl lab of Buffalo Women and Children’s Hospital in N.Y
(1). The remainder of the CSID patient’s biopsies were assayed in other reference labs with
the histology interpreted locally.

Breath tests

The 13CO, breath tests were done on 2 separate days for the control group and on 3 separate
days for the CSID group at the GCRC at the TCH under protocol G-695. After overnight
fasting, a 2.5 L reference breath sample was collected for comparison with the timed breath
samples. Then 20 mg uniformly-labeled 13C-glucose, (Isotec, Miamisberg, OH) was given
using 10 gm unlabeled maltodextrins as carrier dissolved in water to a total volume of 100ml
(Polycose ® from Ross Division of Abbot Laboratories). Starting 15 minutes after the 13C-
glucose load 0.25 L breath samples were collected every 15 minutes for 120 minutes. After
finishing the BT the subject was fed and released from the GCRC. The second day the
procedure was the same but 13C-sucrose was used. On the third day CSID patients had a
repeat 13C-sucrose load with addition of 22 drops of Sucraid® (8,500 IU of sacrosidase,
provided by QOL Medical, Mooresville, NC) to the load solution.

Breath 13CO, enrichment analysis

After 13C-labeled substrate loads were administered, breath collections and measurement
of 13CO, enrichments were performed every 15 min x 9 using a 13CO, infrared
spectrophotometer (POCone®, Otsuka Electronics, Tokyo, Japan). At each time point the
total CO, concentration exceeded 2% in the breath sample and was thus in the 13CO,
analytical range of the instrument. The BT results were recorded as total breath CO,
concentration expressed as glucose-AOB 13CO, or sucrose-AOB 13CO,.
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Calculations

Because of the age related variations of glucose oxidation to CO, described below, glucose-
AOB13CO, was used as denominator to overcome the effect of age on sucrose-

AOB13CO,. 13C-sucrose digestion and oxidation was expressed as a % coefficient of
glucose oxidation (% CGO) as calculated from AOB 13CO, breath enrichments as follows:

% CGO = [sucrose-AOB 13CO; /glucose-AOB 13CO,] x 100

Since % CGO values were found relatively constant in the period of 30 to 90 minutes after
the load these values were averaged for each individual. The individual subject mean %

COG values were used to identify the lower reference limit of 13C-sucrose BT for controls
and used to compare 13C-sucrose BT of CSID with duodenal sucrase activities (see below).

Statistical procedures

Agreement between duodenal sucrase activity and 13C-sucrose BT mean % CGO was tested
with receiver operation analysis (ROC) using the statistics software SPSS. Additional
subjects were recruited from the families of CSID patients for replicate 13C-glucose

and 13C-sucrose BT to evaluate the within subject variations (Table 2) and to test the effect
of age on glucose-AOB13CO, (Figure 1). General linear modeling techniques were used to
assess possible effects of group age distribution differences on CGO% values and the ability
of the breath test to discriminate between normal and CSID subjects. Two tail t-tests were
used to compare groups; p values < 0.05 were interpreted as significant.

RESULTS

Clinical Description of CSID patients

Patients from the CSID group were referred by Pediatric Gastroenterologists. Their
duodenal biopsy enzyme assays are shown in Table 1. Clinical histories varied but all CSID
patients had duodenal biopsy sucrase activities below 6.5; all had maltase activities below
115; and 9 of 10 had palatinase activities below 5 U/g protein. None had villous atrophy.

Clinical Description of control subjects

Ten controls were children biopsed for clinical indications by the Pediatric Gastroenterology
service at TCH because of the complaint of dyspepsia. All controls had levels of duodenal
biopsy disaccharidase enzyme activities well above the reference levels (Table 1). None had
mucosal histologic abnormalities.

Glucose oxidation with age

% CGO was used to normalize the sucrose-AOB13CO,. The effect of age in months on
glucose-AOB 13CO, is shown in Figure 1. This analysis included 44 subjects by additional
studies in CSID family members. 83% of the total variation of glucose-AOB 13CO, was
accounted for by the subject’s age. (Figure 1, R% 83%).

Replicate 13C-glucose and 13C-sucrose BT

On replicate BT testing of the same subject, separated by 1-12 months, a mean %
coefficient of variation (% CV) of 14% for the 13C-glucose BT and 9% for 13C-sucrose BT
were observed (Table 2).

13C-sucrose oxidation in CSID and controls

In the control group an average of 146% * 45.5 mean % CGO and for the CSID group an
average of 25 + 21mean % CGO were observed (p<0.001)(Figure 2). The lowest mean %
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CGO obtained was 0.7% and the highest was 56.5% in the CSID patients (Table 1).
Analysis controlling for differences in group age distribution found no relationship between
% CGO and age or any effect of age on the above group averages. Therefore age did not
effect the assessment of the BT ability to discriminate.

Clinical utility of 13C-sucrose BT mean % CGO

ROC analysis of mucosal biopsy sucrase activity vs. 13C-sucrose mean % CGO established
a cut-off value for 13C-sucrose BT mean % CGO of 79% which yielded 100% sensitivity
and 100% specificity (95% confidence interval 74% to 100% for both) for detection of low
duodenal sucrase activity by 13C-sucrose BT mean % CGO (Figure 2 and Figure 3).

Response of CSID patient’s 13C-sucrose BT to Sucraid® supplement

All CSID patients showed correction of sucrase deficiency with oral Sucraid®
supplementation, responding to levels greater than their baseline 13C-sucrose BT mean %
CGO (p =0.001) (Figure 3).

DISCUSSION

Duodenal Enzyme Activities

In this 13CO, BT study we included 10 CSID patients with biopsy proven sucrase deficiency
and normal histology (Table 1). The 13CO, BT 9-14% coefficient of variation (CV%) of
replicate BTs compares favorably with the 27 CVV% of sucrase activity assayed reported in
replicate duodenal biopsies (1). All CSID duodenal sucrase enzyme levels fell below the
10th % reference value (27 U /gp) in a range from 0 to 6.5 U/gp, and palatinase (isomaltase)
levels were from 0 to 4.9 U/gp. Patient 7 had normal isomaltase activity (6.7 U/gp) (1). All
CSID patients had low maltase activities. Patient 1 and patient 8, the only two with
glucoamylase enzyme determinations, were below the10% reference value. For terminal
starch digestion mucosal enzymes in the brush border are armed with 4 complimentary
maltase activities, two from the SI complex and 2 from MGAM. Sl accounts for 60-80% of
the assayed maltase hydrolytic activity and the remainder is due to MGAM (1). From this
we deduce that the CSID patients with mild reductions of maltase activities are retaining
some hydrolytic activity from MGAM. In patient 7, where isomaltase was conserved, this
also contributed to maintenance of maltase activity.

Glucose oxidation with age

Studies using combined gas chromatography-mass spectrometry (38) and neuroimaging
techniques-positron emission tomography (PET) (39) have shown that fasting child
endogenous glucose production and brain glucose oxidation are two-to-four fold greater than
in the adult. In our study we confirmed that glucose oxidation was two to four times higher
in children than adults (Figure 1). This may be due to the unique glucose needs for child
brain development as reflected by our 13C-glucose BT results in children. Central nervous
system glucose consumption represents 60-80% of daily hepatic glucose output in the child,
as it does in the adult (40), suggesting the importance of a good carbohydrate digestion and
absorption in early child neurodevelopment. Because of the age dependence of glucose
oxidation, % CGO is a necessary normalization for the digestion, absorption and oxidation
of sucrose in children.

Gastric emptying

Using the 13C-glucose BT we addressed the uniformity of liquid phase of gastric emptying
for our study. We used 10% maltodextrin (Polycose ®) instead of water because
maltodextrin made from corn is poorly isotopically enriched (0.2%) and provides a standard
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osmotic and energy matrix for the uniformly enriched 13C-labeled tracer substrate. The same
dose of maltodextrins was used for each loading test to increase the uniformity of gastric
emptying and the small amount of 13C in the maltodextrin was thus blanked out in % CGO.
The maltodextrin serves to standardize caloric load to mimic a meal and provide a trigger for
liquid gastric emptying (41)

othesis 1

One of our objectives was to compare the less invasive 13C-sucrose BT with duodenal
biopsy sucrase assays obtained by endoscopy. A very strong relationship was observed and
ROC analysis indicated that a reference value of 79 % mean % CGO discriminated between
CSID and control populations, as confirmed by duodenal sucrase activities, with 100%
sensitivity and 100% specificity (95% confidence interval 74% to 100% for both). This
supports our first hypothesis that CSID can be confirmed with the 13C-sucrose BT, however
secondary sucrase deficiency cannot be excluded without clinical evaluation and biopsy.

othesis 2

We tested the 13C-sucrose BT response to the enzyme supplement Sucraid® documenting a
rise in mean % CGO for each CSID patient after the supplement to levels not different from
controls (P = 0.293). The effectiveness of orally replacing sucrase was confirmed by

the 13C-sucrose BT. This response supports our second hypothesis that 13C-sucrose BT
quantitated the response of CSID patients to Sucraid® supplementation.

Non-invasive BT

SUMMAR

One of the advantages of 13C-sucrose BT which we and parents observed was that many
CSID patients who had previous hydrogen BT experienced severe symptoms, passage of
watery stools, bloating abdomen, and cramps from the 2 g/Kg sucrose load. We did not
observe this symptomatic response in any CSID patient because the load of sucrose ingested
was only 0.02 g for the 13C-sucrose BT. As previously noted; the H, BT is not specific for
sucrose malabsorption. With 13C-sucrose BT we demonstrated a sensitivity and specificity
of 100% (95% confidence interval 74% to 100% for both) in CSID patients and suggest that
this diagnostic tool can be used as a non-invasive method for the confirmation and
management of CSID.

Y

13C-sucrose BT was evaluated as a non-invasive method for the confirmation of CSID. The
results of sucrose digestion and oxidation were expressed as percentage of glucose oxidation
(% CGO) and averaged between 30 and 90 minutes after the 13C-substrate loads (mean %
CGO). In controls and patients 13C-sucrose BT mean % CGO agreed with duodenal sucrase
enzyme activity determinations with 100% sensitivity and 100% specificity (95%
confidence interval 74% to 100% for both). All CSID patients tested had 13C-sucrose BT
mean % CGO lower than 79%. Supplementation of CSID patients with sacrosidase enzyme
corrected 13C-sucrose BT mean % CGO to control levels.
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Figure 1. Effects of age on oral glucose breath test CO» enrichment

Effects of age in months on individual mean breath 13CO, AOB enrichments after a 20
mg 13C-glucose load to controls, CSID patients and their family members. Breath
enrichments of 13CO, AOB = 1/(Age * 3.38x1073 + 2.24x1072); R2 = 0.83, n = 44.
Predicted mean 13C0O, AOB is shown as heavy black line + 95% ClI thin lines.

J Pediatr Gastroenterol Nutr. Author manuscript; available in PMC 2014 March 17.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Robayo-Torres et al.

Page 12
250
[ ]
™ "
S 200
L]
=2
= -
@ 150 & =
- . .
[ ]
o 100 - .
g e B e e e e e Tram s pooteesr Sl ;
"F o]
] o
5 L] U A
]
0 o P2

a5 = Oy Ty L] ) ﬂ‘aﬁ.ﬂu'r.‘-l"df".r & i oy S

P S 55 558885555585

guuuuuuuuuuugguuugﬁggﬁ

i

Figure 2. Effects of CSID on oral sucrose breath test mean % CGO

Mean % CGO of individual subjects after a 20 mg 13C-sucrose BT load and group means of
all control and CSID subjects. The solid bar depicts the group average + SD of controls.
Individual values are shown as filled circles. The open bar depicts the average + SD of the
CSID patients. Individual values are shown as open circles. The dashed line is the 79 %
mean CGO reference value for discriminating between control and CSID subjects (see text).
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Figure 3. Effects of oral sacrosidase supplementation of CSID patients on sucrose breath test
mean % CGO

Mean % CGO of individual CSID patients untreated (Left) and treated (Right) with 22 drops
of oral sacrosidase supplement added to the sucrose load (p = 0.001, n = 9). The dashed line
is the 79 % mean CGO reference value for discriminating between normal and untreated
CSID subjects (see text).
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Table 2

Within individual 13C-glucose and 13C-sucrose BT mean 13CO, AOB replicate variations (% CV) after 20
mg 13C-substrate oral loads.

13C-glucose BT % CV | 13C-sucrose BT % CV

Average + SD | 135+114 94+71
Range 0-30 0-20
n 7 8
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Methods

Patients with irritable bowel syndrome (IBS) often associate their symptoms to certain
foods. In congenital sucrase-isomaltase deficiency (CSID), recessive mutations in the S/
gene (coding for the disaccharidase digesting sucrose and 60% of dietary starch)! cause
clinical features of IBS through colonic accumulation of undigested carbohydrates,
triggering bowel symptoms.2 Hence, in a previous study,3 we hypothesized that CSID
variants reducing Sl enzymatic activity may contribute to development of IBS symptoms.
We detected association with increased risk of IBS for 4 rare loss-of-function variants
typically found in (homozygous) CSID patients, because carriers (heterozygous) of these
rare variants were more common in patients than in controls.24 Through a 2-step
computational and experimental strategy, the present study aimed to determine whether
other (dys-)functional S/variants are associated with risk of IBS in addition to known CSID
mutations. We first aimed to identify all S/rare pathogenic variants (SI-RPVs) on the basis
of integrated Mendelian Clinically Applicable Pathogenicity (M-CAP) and Combined
Annotation Dependent Depletion (CADD) predictive (clinically relevant) scores; next, we
inspected genotype data currently available for 2207 IBS patients from a large ongoing
project to compare SI-RPV case frequencies with ethnically matched population frequencies
from the Exome Aggregation Consortium (EXAC).

Study Subjects

A total of 2207 IBS patients (598 IBS with constipation [IBS-C], 952 IBS with diarrhea
[IBS-D], 503 IBS with alternating constipation and diarrhea, and 154 unsubtyped IBS
according to Rome Criteria) of European ancestry were included on the basis of available
genotype data from the bellygenes initiative study (www.bellygenes.org). On approval from
local ethical committees, IBS patients were recruited at tertiary centers in Sweden, The
Netherlands, Belgium, Italy, and United States as described in detail in previous
publications, including former genetic studies of IBS.5-8 Ethnically matched (non-Finnish,
European ancestry; N = 33,370) reference population frequency of relevant SI-RVPs were
extracted from ExXAC (http://exac.broadinstitute.org).
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Selection of Sucrase-isomaltase Rare Pathogenic Variants

An inventory of all S/rare variants (minor allele frequency <1%) was created by extracting
single nucleotide polymorphism data from dbSNP (http://www.ncbi.nlm.nih.gov/snp/).
Sequential data processing with M-CAP (http://bejerano.stanford.edu/MCAP) and CADD
(http://cadd.gs.washington.edu/) was then performed to identify and select SI-RPVs. These
computational resources were used because of their documented power to predict
deleteriousness (pathogenicity) of DNA substitutions for clinical utility, assigning priority to
M-CAP scores (pathogenicity cutoff >0.025, 5% misclassification rate) over CADD scores
(pathogenicity cutoff >0.20, 26% misclassification rate).

Genotype Quality Control and Statistical Analysis

Results

Before extraction of SI-RPV data, stringent quality control filters were applied to available
IBS patients’ lllumina HumanCoreExome genotype data, including per-sample and per-
marker success rate, relatedness, and removal of population outliers based on principal
component analysis. To avoid uncertainty, only observed (not imputed) SI-RPV genotypes
were used, and allele calls were verified by visual inspection of individual cluster plots by
using Evoker (www.sanger.ac.uk/science/tools/evoker). Population reference genotypes were
only included for SI-RVPs with data available from >95% ExAC individuals. Association
testing was performed by using one-tailed Xz statistics on collapsed SI-RPV data,
comparing carriers and non-carriers in IBS patients compared with controls from EXAC.

M-CAP/CADD combined analysis of all S/rare variants (N = 2146) resulted in the
identification of 880 SI-RPVs with high predictive power (5% error rate for most variants).
High-quality genotypes from IBS patients were available for 46 SI-RPVs, and 17 of these
with at least 1 IBS carrier and EXAC reference data suitable for comparison were included in
downstream association analyses (Table 1). We identified 88 IBS carriers (all single SI-RPV
carriers; 3.99% of the entire cohort), with slightly higher prevalence in IBS-D (4.20%) and
IBS-C (4.51%) than in other subtypes (Table 1). Compared with the large ethnically
matched reference population from EXAC, most SI-RPVs occurred at higher frequency in
IBS patients, and cumulative XZ tests (carriers of any SI-RPVs vs non-carriers)
demonstrated significant associations and consistent effects on IBS risk (Table 1). Ina
simulation experiment, 1 million permutations of EXAC data resampled to match case
sample size resulted >99% of the times in identical findings (SI-RPV carriers more common
in IBS than in EXAC; £<.001).

Discussion

We provide further evidence linking rare functionally deleterious S/variations to IBS
susceptibility. Although the large EXAC reference population (chosen to ensure genotype
representation) does not include data on bowel symptoms, the observed association may
represent an underestimation of the true genetic risk effects; the global prevalence of IBS is
near 11%, and a significant proportion of EXAC individuals might thus be affected, with
potential for inflating the background SI-RPV’s carrier frequency among “controls”
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compared with an otherwise symptom-free reference group (type Il error). The consistent
observation of higher SI-RPV prevalence in IBS warrants further studies. This has the
potential to identify groups among IBS patients for individualized management.
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Abstract

Objective

The Sl gene encodes the sucrase-isomaltase enzyme, a disaccharidase expressed in the
intestinal brush border. Hypomorphic S/ variants cause recessive congenital sucrase-iso-
maltase deficiency (CSID) and related gastrointestinal (Gl) symptoms. Among children pre-
senting with chronic, idiopathic loose stools, we assessed the prevalence of CSID-
associated S/ variants relative to the general population and the relative Gl symptom burden
associated with S/ genotype within the study population.

Methods

A prospective study conducted at 18 centers enrolled 308 non-Hispanic white children <18
years old who were experiencing chronic, idiopathic, loose stools at least once per week for
>4 weeks. Data on demographics, Gl symptoms, and genotyping for 37 S/ hypomorphic var-
iants were collected. Race/ethnicity-matched S/ data from the Exome Aggregation Consor-
tium (ExAC) database was used as the general population reference.
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Results

Compared with the general population, the cumulative prevalence of hypomorphic S/ vari-
ants was significantly higher in the study population (4.5% vs. 1.3%, P<.01; OR =3.5[95%
ClI: 6.1, 2.0]). Within the study population, children with a hypomorphic S/ variant had a
more severe Gl symptom burden than those without, including: more frequent episodes of
loose stools (P < .01), higher overall stool frequency (P < .01), looser stool form (P =.01)
and increased flatulence (P = .02).

Conclusion

Non-Hispanic white children with chronic idiopathic loose stools have a higher prevalence of
CSID-associated hypomorphic S/ variants than the general population. The Gl symptom
burden was greater among the study subjects with a hypomorphic S/ variant than those
without hypomorphic S/ variants.

Introduction

A large number of children around the world experience chronic gastrointestinal (GI) symp-
toms diagnosed as functional (nonorganic) GI disorders [1]. Functional GI disorders may
have several contributing pathophysiologic factors, including carbohydrate malabsorption [2].
The sucrase-isomaltase enzyme, encoded by the SI gene, is a predominant member of the
disaccharidases responsible for the digestion of dietary carbohydrates in humans [3]. Hypo-
morphic SI gene variants reduce enzyme activity, resulting in congenital sucrase-isomaltase
deficiency (CSID) and characteristic GI symptoms. To date, 37 SI variants have been identified
in diagnosed CSID patients and found to be hypomorphic [4-12]. Patients with CSID experi-
ence sucrose malabsorption, leading to colonic osmosis and fermentation, and subsequent
osmotic diarrhea and excessive flatulence [4, 13]. Heterozygotes of hypomorphic SI variants
may also experience GI symptoms. Small case reports have associated hypomorphic SI hetero-
zygosity with decreased intestinal sucrase enzymatic activity and characteristic GI symptoms
[3, 12, 14]. In two recent studies, the prevalence of heterozygous carriers of hypomorphic SI
variants was small but significantly greater among adults diagnosed with irritable bowel syn-
drome (IBS) than in controls, suggestive of an increased IBS susceptibility [15, 16].

A subset of children with functional GI disorders has frequent diarrhea. Currently, the
potential contribution of hypomorphic SI variants in these children is unknown. Therefore,
we had two primary study objectives. The first study objective was to determine the relative
prevalence of hypomorphic SI variants among children with chronic, idiopathic, loose stools
versus the general population. The second study objective in children with chronic, idiopathic,
loose stools was to determine the potential impact of hypomorphic SI variants on symptom
burden.

Methods

Study design and subjects

A prospective, 18-center study conducted in the United States enrolled subjects <18 years old
who presented at a pediatric gastroenterology center with loose stools at least once per week
for a minimum of 4 weeks.
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The study objectives were i) to determine the prevalence of hypomorphic SI variants within
the study population versus a genetic database for the general population, and ii) to determine
the symptom burden among the study subjects with hypomorphic SI variants versus study
subjects without hypomorphic SI variants.

Exclusion criteria included: identification of any condition(s) or finding(s) that, in the
opinion of the investigator, suggested an organic etiology for the subject’s GI symptoms;
abdominal pain primarily related to constipation; suspected GI infectious disease or other
infectious diseases; known GI disease (eg, celiac disease); a history of antibiotic therapy or viral
gastroenteritis within the previous 2 weeks; known hepatitis B or C infection or chronic liver
disease; cancer or systemic infections; severe neurologic impairment (preventing reporting of
symptoms); planned or previous abdominal surgery (eg, bowel resection); severe, uncontrolled
systemic diseases; or current use of sacrosidase, an enzyme replacement therapy for CSID.

The pediatric gastroenterology centers in this study were comprised of private practices
and academic centers. Each investigator was asked to follow his or her standard clinical prac-
tice to ensure an organic etiology was not present. Evaluations took place during a clinic visit.
All participating centers received approval from their local institutional review boards (IRB).
The institutional review boards included: Baylor College of Medicine IRB, Children’s Hospital
Los Angeles Committee on Clinical Investigators, Nationwide Children’s Hospital IRB, Chil-
dren’s Mercy Hospital Pediatric IRB, Johns Hopkins IRB, The Children’s Hospital of Philadel-
phia Research Institute IRB, The Arnold Palmer Medical Center IRB, The Duke University
Health System IRB, Massachusetts General Hospital IRB, Children’s Hospital of Wisconsin
IRB, Colorado Multiple IRB, The Indiana University IRB, Children’s Healthcare of Atlanta
IRB, The University of Utah IRB, Children’s Hospital & Research Center Oakland IRB, Uni-
versity of Mississippi Medical Center IRB, Columbia University Medical Center IRB, and Sut-
ter Health IRB. All subjects provided assent with a legal guardian providing written informed
consent. The study was conducted from May 2013 to July 2015. All authors had access to the
study data and approved the final manuscript.

Genotyping

Four buccal swabs were obtained for DNA extraction; genotyping of the 37 known CSID-asso-
ciated variants (S1 Table) was completed by a validated capillary electrophoresis assay (SNaP-
shot; Laboratory Corporation of America, Research Triangle Park, NC). Intra-assay
reproducibility was assessed on 12-sample runs in 3 separate, replicate assays, with samples
representing the 37 known hypomorphic variants of the SI gene associated with CSID. The
reported prevalence of CSID-associated variants included subjects with simple heterozygous,
compound heterozygous, and homozygous SI variant genotypes. Subjects without hypo-
morphic SI variants did not have any of the 37 analyzed CSID-associated variants on either
allele.

The reference for the cumulative prevalence of hypomorphic SI variants in the general pop-
ulation was obtained from the Exome Aggregation Consortium (ExAC) database [15]. As the
ExAC database data has now been incorporated into the gnomAD project, the evaluated ExAC
data is currently available via a legacy link (https://console.cloud.google.com/storage/browser/
gnomad-public/legacy). For this study, SI sequencing data for 32,550 unrelated non-Hispanic
white individuals was retrieved from the ExAC database. The ExAC database provides publicly
available genetic data from thousands of unrelated individuals of various races/ethnicities,
from aggregated disease-specific and population genetic studies. The ExAC database has been
used as a control for genetic studies evaluating a wide range of GI disorders, including adult
IBS [15-18].
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Symptom assessment

Subjects were asked to complete a demographic and symptom questionnaire to capture gen-
der, age, race/ethnicity, and episodes of GI symptoms. All GI symptoms (abdominal pain, diar-
rhea, excessive flatus) were assessed using a study-specific questionnaire, including frequency,
duration, and severity of bowel complaints (S2 Table). The GI symptom burden of the ExXAC
reference population is unknown.

Stool form was assessed using the modified Bristol Stool Form Scale (BSFS; categories 1-5)
for children, with higher scores corresponding to looser stools [19]. The symptom question-
naire was generally given to children aged >7 years, with a parent otherwise providing
answers.

Statistical analyses

Results are presented using descriptive statistics, including mean =+ standard deviation for con-
tinuous data and prevalence and/or percentages for categorical data. The cumulative preva-
lence of hypomorphic SI variants in this study population was compared with a race/ethnicity-
matched ExAC prevalence using the Pearson’s chi-squared test. Reported P-values are one-
tailed, and P < .05 was considered statistically significant. Increased risk was estimated using
the odds ratio (OR) with a 95% confidence interval (CI).

Results
Population characteristics

Three hundred and eight non-Hispanic white children with chronic, idiopathic, loose stools
were enrolled and assessed. There was a slight predominance of boys (58%). Diarrhea, defined
as chronic loose stools, was identified as the primary GI symptom.

Prevalence of hypomorphic SI variants

Among the 308 subjects, 14 had at least 1 hypomorphic SI variant, for a prevalence of 4.5%.
Study subjects had a statistically significantly higher prevalence of hypomorphic SI variants
than the race/ethnicity-matched general population (4.5% vs. 1.3%, P < .01; OR = 3.5; 95% CI:
6.1, 2.0) (Table 1).

Thirteen of the 14 subjects with an identified hypomorphic SI variant were simple heterozy-
gous genotypes (93%), and one subject had a compound heterozygous genotype. Five distinct
hypomorphic SI variants were identified among these 14 study subjects; 4 of these 5 distinct
hypomorphic SI variants are the most common SI variants found in patients diagnosed with
CSID (G1073D, V577G, R1124x and F1745C; Table 2) [12]. There were no statistically signifi-
cant differences between the prevalence of hypomorphic SI variants in male and female sub-
jects (4.5% and 4.7%, respectively).

Symptom burden associated with hypomorphic SI variants

Mean differences in the symptom burden of subjects with a hypomorphic SI variant versus
subjects without a hypomorphic SI variant are reported in Table 3. Compared with the 294
subjects without a hypomorphic SI variant, the 14 with a hypomorphic SI variant had signifi-
cantly more frequent GI symptoms, including: more frequent weekly episodes of loose stools
(P < .01), higher daily overall stool frequency (P < .01), looser stool form (P =.01) and
increased flatulence (P = .02). Subjects with a hypomorphic SI variant also were younger (P <
.01).
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Table 1. Relative prevalence of hypomorphic SI variants.

Study Population
Number Prevalence
Wild-type SI 294 95.5%
Hypomorphic SI variant® 14 4.5%
Total 308

“Includes one compound heterozygote in the study population.

https://doi.org/10.1371/journal.pone.0231891.t001

Discussion

ExAC Population 95% CI
Number Prevalence P-Value OR Upper Lower
32,116 98.7%
434 1.3%
32,550 <.01 3.5 6.1 2.1

We found hypomorphic SI variants among a study population of non-Hispanic white children
with chronic, idiopathic, loose stools. The prevalence of these known hypomorphic SI variants
was significantly higher in this study population compared to a race/ethnicity-matched general

population. In addition, study subjects with a hypomorphic SI variant had a greater GI symp-
tom burden than study subjects without hypomorphic SI variants. These findings add to the
growing evidence suggesting heterozygous SI hypomorphic variants are associated with the
development of CSID-associated GI symptoms.

The most common hypomorphic SI variants in our study cohort were also the hypomorphic
SI variants most commonly identified in other genetic studies of individuals diagnosed with
CSID [12]. Although the biochemical and functional effects of several SI variants have been well
characterized and found to diminish sucrase and isomaltase function [4, 5, 8], the potential

effect of a heterozygous genotype of a hypomorphic SI variant is still being studied and remains
to be fully elucidated. Using either the duodenal disaccharidase enzyme assay or the '°C breath
test to determine the extent of sucrase enzyme activity, family members of patients with CSID
(with either presumed or well-documented heterozygosity for a hypomorphic SI variant) have
been found to have decreased sucrase enzyme activity [14, 20]. Further supporting the potential
pathobiological effect of heterozygous genotypes of hypomorphic SI variants are recent findings

by Henstrom et al and Garcia-Etxebarria et al, who reported that heterozygous SI gene variants
may be associated with an increased risk for diagnosis of adult IBS [15, 16]. Nevertheless, fur-

ther prospective clinical evaluations including identification of heterozygous hypomorphic SI

variants, functional measurements of sucrase-isomaltase (e.g., enzyme assays), controlled die-

tary exposures, and basic cellular and molecular based studies are needed to more clearly deter-
mine the role of hypomorphic SI heterozygous genotypes.

Table 2. Hypomorphic SI variants identified in the study population.

SI Variants Rs
G1073D° 121912616
V577G 121912615
F1745C° 79717168
R1124x° N/A
11378S° 148831941
Total Unique Subjects

Grantham Score® Subjects (N = 308)
94 7
109 5¢
205 1
N/A 1
142 1°
14°

*Grantham score is a measure of evolutionary distance in amino acid substitutions, classified by increasing chemical dissimilarity. A higher score reflects a higher

likelihood that a substitution will be deleterious based on four general rankings: conservative (0-50), moderately conservative (51-100), moderately radical (101-150),

or radical (>151)

®One of the four most common CSID variations

“One participant was a compound heterozygote with both a V577G and an 11378S variant.

https://doi.org/10.1371/journal.pone.0231891.t002
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Table 3. Symptom burden of study subjects by SI genotype.
Total study population | With Hypo-morphic SI Variant | Without Hypo-morphic SI Variants | Mean Difference | P-value

Study subjects 308 14 294

Age (mean yr) 7.6 3.8 7.7 4.0 <.01
Symptom Burden (mean)

Symptom duration (mo) 8.8 8.6 8.9 0.3 NS
Diarrhea episode (d/wk) 5.1 6.6 5.0 1.6 <.01
Stools (#/d) 34 53 33 1.9 < .01
Pediatric BSFS, last diarrheal event 4.3 4.7 4.3 0.4 .01
2Abdominal pain (d/wk) 3.6 3.6 3.6 —_ NS
Pain events (#/d) 1.4 1.4 14 _ NS
Pain severity (6-point VAS) 24 24 24 — NS
Gas (d/wk) 49 6.3 4.9 14 02
Gas events (#/d) 1.9 2.1 1.9 0.3 NS

BSFS, modified Bristol Stool Form Scale for children (categories 1-5, higher scores corresponding to looser stools); NS, not statistically significant; VAS, visual analog

scale, 0-5

https://doi.org/10.1371/journal.pone.0231891.t003

Identifying the underlying factors contributing to functional GI symptoms is important as
this knowledge may lead to more effective therapies. Children with CSID have been shown to
benefit from a sucrose-restricted diet and enzyme replacement therapy with sacrosidase taken
with meals [21-24]. Gastrointestinal symptoms related to diminished sucrase-isomaltase activ-
ity are primarily correlated with factors such as the extent of functional intestinal enzyme
activity present and the amount of sucrose and/or starch ingested [4, 13]. It should be noted
that in one study, a child with a heterozygous genotype of a hypomorphic SI variant, who was
a sibling of a CSID-diagnosed subject, was asymptomatic [10]. Future studies in this area may
consider assessing both enzyme activity and dietary intake relative to ST hypomorphic variants
and the associated GI symptom burden.

There are a few limitations to this study. One limitation is that the age-, gender-, and race/
ethnicity-matched control population was not actively recruited. However, even though the GI
symptoms associated with the database entries are unknown, the EXAC reference database of a
significantly large population allowed for a race/ethnicity-matched comparison. Second, the
entire SI gene was not sequenced in participants. This opens the possibility-however unlikely-
that some of the study subjects identified as lacking a hypomorphic SI variant had one or more
hypomorphic SI variants in an uninvestigated portion of the SI gene. In addition, some of the
study subjects identified as having a simple heterozygous genotype of a hypomorphic SI vari-
ant may also have a hypomorphic SI variant in an uninvestigated portion of the SI gene.

There are several strengths in the study. First, this multicenter effort was, to our knowledge,
the largest of its kind in children with functional GI symptoms. Second, SI genotyping focused
on 37 CSID-associated SI variants that have been well characterized biochemically as hypo-
morphic in prior studies. This leads to greater plausibility of the results. Third, the study was
conducted in various academic and private practice settings, which will lead to greater gener-
alizability of our findings.

Conclusion

In conclusion, we found CSID-associated hypomorphic SI variants in a study population of
non-Hispanic white children with chronic, idopathic, loose stools. These CSID-associated
hypomorphic SI variants were found to occur at a significantly higher prevalence than that
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reported in a race/ethnicity-matched reference population. Subjects with hypomorphic SI vari-
ants had more GI symptoms of frequent diarrhea and gas, a higher stool frequency, and looser
stools compared to those in the study population without hypomorphic SI variants.
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Gly, glycine; I, isomaltase; Ile, isoleucine; Leu, leucine; N/A, not available; Phe, phenylalanine Pro,
proline; S, sucrase; Ser, serine; Thr, threonine; Tyr, tyrosine; Trp, tryptophan; Val, valine.
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