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Abstract

Early recognition of SCID is a pediatric emergency, because a diagnosis before live vaccines or
non-irradiated blood products are given and before development of infections permits lifesaving
unfractionated HLA-identical or T-cell-depleted haploidentical hematopoietic stem cell
transplantation, enzyme replacement therapy or gene therapy. The need for newborn screening for
this condition has been recognized for the past 15 years. However, implementation of screening
required development of an assay for T cell lymphopenia that could be performed on dried blood
spots routinely collected from newborn infants for the past 48 years. This was accomplished 6
years ago and there have already been 7 successful pilot studies. A recommendation to add SCID
to the routine newborn screening panel was approved by the Secretary’s AdvisoryCommittee on
Heritable Disorders of Newborns and Children in 2010 and was soon after approved by the
Secretary of Health and Human Services. It is important for allergists, immunologists and other
health care providers to take an active role in promoting newborn screening for SCID and other T
lymphocyte abnormalities in their states. Even more important will be their roles in establishing
accurate diagnoses for screen positive infants and in ensuring that they are given the best possible
treatment.
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Introduction

Severe combined immunodeficiency (SCID) is a syndrome of diverse genetic cause
characterized by profound deficiencies of T and B cell function and, in some types, also of
NK cells and function. Mutations in thirteen different genes'-11 have been found to cause
this condition, which is uniformly fatal in the first two years of life unless immune
reconstitution can be accomplished. Exposure to non-irradiated blood product transfusions,
live vaccines!?-14 and common infections can be life threatening. Early recognition of SCID
should be considered a pediatric emergency,15 because a diagnosis before live vaccines or
non-irradiated blood products are given and before the development of infections permits
lifesaving unfractionated HLA-identical or T-cell-depleted haploidentical non-ablative
hematopoietic stem cell transplantation,16-19 enzyme replacement therapy2° or gene
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therapy.21-23 However, unlike infants with DiGeorge syndrome, most SCID infants appear
physically normal at birth and until they begin to develop infections, then failure to thrive
begins. In most cases, there is no family history of SCID. If SCID is not detected until the
infant is older, there is a much higher likelihood that death from live vaccines, graft-versus-
host disease (GVHD) from non-irradiated blood products or infection will occur before
successful definitive therapy can be achieved.16:18:19 |n this article the history, challenges,
and future direction of newborn screening for SCID are discussed.

Steps Toward Implementation of Newborn Screening for SCID

With advances in technology, screening for many disorders that are best treated before the
infant becomes symptomatic will become technologically possible. All of the conditions
currently included in newborn screening require treatment before the baby has any
symptoms. It is important for physicians to be aware of the steps necessary to achieve
screening status for a given condition. In order for a specific disorder to be considered for
recommendation by the Secretary’s Advisory Committee on Heritable Disorders in
Newborns and Children (SACHDNC) for routine newborn screening, the Committee
developed a list of criteria that need to be met: 1) the disorder has to be considered
medically serious; 2) there should be prospective pilot data from population-based
screening; 3) the spectrum of the disorder should be well described in the medical literature;
4) the screening test characteristics should be reasonable, including having a low rate of
false negatives; 5) if the spectrum of the disorder is broad, those most likely to benefit from
treatment should be identifiable; and 6) there has be an effective treatment that is given
before the infant becomes symptomatic.

Since SCID is not apparent at birth and early recognition is essential for lifesaving
treatment, SCID has been recognized as a candidate for newborn screening for many
years.15:24-26 Because most SCID infants lack T cells, the absolute lymphocyte count (ALC)
could be used as a screening test for this syndrome. T cells comprise 70 percent of
circulating lymphocytes in normal humans throughout life. Therefore, lymphopenia will be
present in nearly all infants with SCID from the time of birth as a result of their missing 70
percent of circulating lymphocytes (Figure 1).27 However, many infants do not have blood
counts performed. Additionally, many physicians are not aware of the usefulness of the
ALC, even though they are taught throughout medical school about the importance of the
absolute neutrophil count (ANC). SCID patients referred to our Center often had had
numerous prior blood counts clearly showing lymphopenia, but the physicians caring for the
infants did not appreciate the significance of this. Knowledge that normal ranges for ALCs
are much higher in infancy than in older children is essential to the recognition of this
syndrome (Table 1).28:29:29 For example, the lower limit of normal for an ALC at 6 months
of age is 3900/mm3 and the mean is 6300/mm3; the mean normal cord blood lymphocyte
count is 5500/mm 3 and the lower limit of normal is 2000/mm3.

The Secretary’s Advisory Committee, however, had no interest in the ALC as a likely
candidate for a screening test for SCID, because ALCs cannot be obtained from dried
bloodspots. Newborn bloodspot screening (NBS) was established by Guthrie in 1963 by the
finding of elevated levels of phenylalanine in dried bloodspots collected on filter paper from
infants with phenylketonuria.39 Since that time, all newborn screening has been performed
on dried bloodspots with the exception of the hearing screen. No laboratory test for detecting
SCID on newborn bloodspots was available to identify T-cell lymphopenia in infants with
SCID until the current DNA-based technology was developed and validated for population-
based screening in 2005.31 This screening test detects SCID through discovery of the
absence of T cell receptor recombination excision circles (TRECs).32 TRECS are pieces of
DNA cut out during intrathymic T cell receptor gene rearrangement and they can be
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detected and quantified by real time PCR analysis of DNA isolated from dried blood spots.
Since patients with SCID have few or no T cells, the absence of TRECs, like lymphopenia,
identifies SCID regardless of the underlying molecular defect.32 In 2005, the TREC test was
brought to the attention of SACHDNC, and the Committee followed its development and
testing subsequently.

In the Spring of 2007, an informal Working Group for Newborn Screening for SCID was
formed and met in San Francisco in May of 2007. This meeting brought together experts in
newborn screening, immunology and transplantation as well as federal, state, and
nongovernmental agencies to consider obstacles to and implications of developing newborn
screening for SCID. A consensus was reached that SCID newborn screening should be
pursued with pilot studies, that test methodologies needed to be optimized and that screening
programs must be integrated with plans for definitive diagnosis and management.33

In September 2007, SCID was nominated to SACHDNC for addition to the Recommended
Uniform Screening Panel (RUSP). The latter panel, consisting of 29 conditions that are
primarily metabolic and endocrine diseases plus sickle cell disease, hearing and cystic
fibrosis, had been recommended by the American College of Medical Genetics and was
adapted by SACHDNC without evidence review. In 2007, for the first time, SACHDNC
recommended that a nominated condition (SCID) be investigated by an evidence review
panel. This was undertaken over the following year, and the evidence report, which included
one year’s experience with the first statewide routine NBS for SCID, was discussed by
SACHDNC in February 2009.34 At that time, SACHDNC voted not to add SCID to the
RUSP, noting specific gaps in evidence that should be addressed before SCID could be
added to the RUSP: (1) prospective identification of at least one confirmed case of SCID
through a population-based newborn screening program, (2) demonstrated willingness and
capacity of additional states to implement newborn screening for SCID, (3) reproducibility
of the screening test and continuance of a false positive rate of less than 0.1 percent, and (4)
creation of a laboratory proficiency testing program through the Centers for Disease Control
& Prevention’s (CDC) National Quality Assurance Program.

In January 2010, the nomination of SCID to the RUSP was again brought to SACHDNC for
reconsideration. At that time, SACHDNC reviewed the activities successfully undertaken to
address the evidence gaps and voted unanimously to recommend to Dr. Kathleen Sibelius,
the Secretary of the Department of Health and Human Services (HHS), the addition of SCID
to the RUSP and that related T cell deficiencies also be added to the list of secondary
targets. This recommendation was made with the understanding that 1) the National
Institutes of Health (NIH) would fund surveillance activities to determine health outcomes
of affected newborns with any T cell deficiency receiving treatment as a result of
prospective newborn screening, 2) the Health Resources and Services Administration
(HRSA) would fund the development of appropriate education and training materials for
families and public health and health care professionals relevant to the screening and
treatment of SCID and related T cell deficiencies and 3) the CDC would develop and
distribute to performing laboratories suitable dried blood spot specimens for quality control
and quality assurance purposes. In May 2010, the Secretary approved the recommendation
to add SCID as a core condition to the RUSP and to also add related T cell deficiencies to
the list of secondary targets.
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/
reportsrecommendations/reports/sachdnc2011report.pdf. She requested that SACHDNC
submit a report in May 2011 on the status of states’ implementation of this recommendation,
including surveillance activities conducted through the Newborn Screening Translational
Research Network (NBSTRN). This was done and the report indicated that, as of May 2011,
six states and one territory were performing newborn screening for SCID using the TREC
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assay (Table 2) and that they had identified 14 cases of classic SCID as well as 40 cases of T
lymphopenia that were not SCID out of a total of 961,925 newborns creened.
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. All cases had received appropriate referral to an immunologist
and all had received appropriate therapy.

Outcomes of Pilot Studies to Date

Wisconsin

This state has been screening the longest (44 months) and has reportedly
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. discovered 4 cases of SCID and 7 cases of T lymphopenia that
were not SCID out of a total of 243,707 newborns screened. The initial results of screening
for 1 year have been published.3> All discovered cases have received either hematopoietic
stem cell transplants or enzyme replacement therapy and are surviving.

Massachusetts

New York

California

This state was the second to initiate a pilot study and has been screening for 31 months,
during which time it has reportedly
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. discovered 1 case of SCID and 14 cases of T lymphopenia that
were not SCID out of a total of 161,707 newborns screened.36:37 The infant with SCID has
been transplanted and is surviving.38

This state has been screening for 11 months and has reportedly
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. discovered 4 cases of SCID and 12 cases of T lymphopenia that
were not SCID out of a total of 136,635 newborns screened. All 4 cases of SCID have been
treated appropriately and are surviving.

This state has been screening for 13 months and has reportedly
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. discovered 5 cases of SCID, 6 cases of variant SCID and 3
cases of T lymphopenia that were not SCID out of a total of 358,000 newborns screened. All
5 of the SCID infants have received appropriate therapy and are surviving.

Puerto Rico, Louisiana and the Navajo Nation

These three pilots have reportedly
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf. not yet discovered any cases of SCID and only 4 cases of T
lymphopenia that were not SCID out of an aggregate total of just over 60,000 newborns
screened.

Thus far, newborn screening for SCID using the TREC assay appears to be100% sensitive,
as no other cases of SCID have been discovered in the states performing the pilot studies
during the time period that their screening has been conducted. However, it is apparent that
many other conditions with T cell lymphopenia that need medical attention are being
detected by this screening method. For the 40 non-SCIDs that were detected in aggregate,
approximately 30% had DiGeorge syndrome, 35% had idiopathic T lymphopenia and are
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being followed closely, 5% had Trisomy 21 and 30% had T lymphopenia associated with
other genetic diseases or conditions.
http://www.hrsa.gov/advisorycommittees/mchbadvisory/heritabledisorders/reports/
CommitteeSCIDReport.pdf.

Challenges

Technology Development

Until recently, most state newborn screening laboratories were not using DNA-based
screening methods and were using tandem mass spectrometry for most of their testing. This
changed when cystic fibrosis screening was widely adapted. However, there are still many
state laboratories without significant capability to perform DNA-based screening. All but
one of the states currently conducting SCID screening pilot studies are using in house
modifications of the TREC assay.31:36:37:39 The one exception is California, which is using
a TREC assay under development by Perkin-Elmer. Many state laboratories are waiting on a
commercially available kit for performing TREC assays before beginning SCID screening.
DNA-based screening assays are currently being evaluated to identify infants with other
serious diseases, so it is likely that most state laboratories will be performing these types of
assays in the future. It is also possible that other screening methods for detecting SCID will
be developed, as a tandem mass spectrometry method has recently been developed to detect
adenosine-deaminase deficient SCID.40

What happens when there is a positive screen?

The success of newborn screening for SCID or other T-cell deficiencies will be dependent
upon the development in each state of a strong program to ensure rapid follow-up of all
identified infants and to make certain that the infant is referred to an immunologist in order
to ascertain the correct diagnoses in those who are screen positive. The patient should be
seen initially by the primary care physician and examined for abnormal physical features
that could indicate the infant has DiGeorge syndrome, because not all T lymphopenic
patients will have SCID.3%:36 Some could have the complete DiGeorge syndrome and would
need a thymus transplant.*. However, many more will have partial DiGeorge syndrome and
will not need any type of transplant. If there is any suspicion for DiGeorge syndrome, testing
for 2211 should be sent immediately. The primary care physician could also give initial
counseling to the parents about avoiding exposures and potential implications for the finding
but, most importantly, should refer the infant to a pediatric immunologist urgently as SCID
is a pediatric emergency. Performance of a complete immune evaluation is imperative,
including tests to quantify naive (CD45RA+) and memory (CD45R0O+) T cells and tests of
T cell function, the latter of which is of utmost importance. Patients who have partial
DiGeorge syndrome and low T cell numbers will have a significant number of naive T cells
and normal or near-normal T cell function. Not all will be 22q11 positive. On the other
hand, patients who have SCID, variant SCID or complete DiGeorge syndrome will have no
or almost no T cell function and will likely need a hematopoietic stem cell or thymus
transplant or gene therapy. In addition, there are multiple other causes of T cell lymphopenia
that have been uncovered in the pilot studies performed to date.35:36 Thus, the screen-
positive infant should be referred immediately to a qualified immunologist for a complete
immune evaluation. If a defect requiring a transplant is found, the infant should then be
referred as quickly as possible to a center that has had considerable experience in
transplanting SCID or complete DiGeorge patients.

In addition to close collaborations between public health personnel, pediatricians,
immunologists and transplanters, there should also be close collaborations of these
individuals with geneticists and genetic counselors. It is not necessary to wait for a
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molecular diagnosis before a SCID infant is transplanted, but it is important for molecular
testing to be performed. Identification of the abnormal gene would allow for family
counseling regarding future pregnancies and identification of family members who may
carriers of the defect. The identification by newborn screening of other family members who
are at risk for having affected children is another important public health benefit that needs
to be factored in in considering the cost for implementation of newborn screening.

It should be kept in mind that there is the possibility of false negative results with this assay.
Thus far, there has been no evidence that any SCID infants have been missed in the states
where pilot studies have been conducted during the time that screening has been conducted.
However, in the case of other types of immunodeficiency, that may not be true. For
example, in patients with mutations in the gene encoding ZAP70, there are numerous
CDA45RA positive cells and they do have TRECS (author’s personal observations). It is also
possible that other types of immunodeficiency diseases, such as MHC Class Il deficiency,
may also be missed by TREC screening. Therefore, physicians seeing patients who have had
normal TREC screening but who have clinical pictures that lead to suspicion of
immunodeficiency will still need to perform thorough immune evaluations in them.

What are the modes of therapy?

In the 43 years since the first hematopoietic stem cell transplant was given in 1968, the
standard treatment for all forms of SCID has been allogeneic hematopoietic stem cell
transplantation. Both HLA identical unfractionated and T cell depleted HLA haploidentical
hematopoietic stem cell transplants have been very successful in effecting immune
reconstitution, especially if performed in the first 3.5 months of life and without pre-
transplant chemotherapy or post-transplantation immunosuppressive drugs for GVHD
prophylaxis (Figure 2).18:42

There are many sources of hematopoietic stem cells and many different types of transplants
that could be performed in newly discovered SCIDs (Table 3). However, many of the
transplant types (such as matched unrelated donor transplants [MUD] adult or cord blood
transplants) routinely use pre-transplant chemotherapy and post-transplantation
immunosuppressive drugs for GVHD prophylaxis. In addition, pre-transplant conditioning is
frequently recommended by some transplanters who feel that it is necessary to achieve B
cell function. However, a recent review of reports of longterm outcomes of hematopoietic
stem cell transplants in Europe and in the United States over the past two decades revealed
that, while there were fewer patients requiring IG replacement at centers that routinely used
chemotherapy as compared to centers that did not, there were still significant numbers who
required 1G therapy.*3 There are many side effects of chemotherapy and these are even more
deleterious for very young infants. For MUD transplants, whether adult or cord blood
donors, there is also a certain amount of time required to identify and confirm the suitability
of the donor. Sometimes this takes several months and the infant is at risk for infection
during that waiting time. There are many advantages of non-ablated, rigorously T-cell-
depleted haploidentical parental marrow transplants when compared to transplants of other
types, including the facts that 1) a donor is usually always immediately available, 2) one
does not have to wait for patient to get over infections or become stable, 3) such transplants
can be done in neonates, 4) they can essentially be done as an outpatient procedure if the
infant is well and 5) most importantly, they avoid the side effects of chemotherapy and post-
transplant immunosuppressive drugs used to prophylax against GVHD in the other types of
transplants.

Another type of treatment that could be given is enzyme replacement therapy with
polyethylene glycol modified bovine adenosine deaminase (PEGADA) for adenosine
deaminase-deficient SCID.20 However, if a transplant is possible, it should be performed
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before PEGADA therapy is started, because the enzyme replacement therapy will confer
upon the patient the ability to reject the transplant. If PEGADA therapy has already been
initiated, chemoablation will be needed prior to the transplant and there is an increased risk
of toxicity from chemablation in ADA-deficient SCIDs.

The other type of therapy that is possible is gene therapy. This has been successfully
accomplished in ADA-deficient SCIDs in Italy by avoiding the use of PEGADA prior to the
gene therapy.2! There are currently ongoing gene therapy trials in the United States in ADA-
deficient patients. Finally, there have been gene therapy trials in X-linked SCID in Europe
that were successful but that were, unfortunately, confounded by the development of
leukemia/lymphoma in 25% of the recipients.*#:4> Recent long-term follow-up studies of the
survivors have shown that they have good T cell function and diversity but that there has
been no B cell gene transduction.22:23 Thus, gene therapy does not appear to offer an
advantage over non-ablated hematopoietic stem cell transplantation for correcting the B cell
defects in X-linked SCID patients post-transplantation. Those original trials were halted but
new trials are beginning in X-linked SCID in Europe and in the United States using a
modified vector.

What are the barriers to implementation?

The principal barriers to full implementation of all aspects of SCID newborn screening,
follow-up and treatment are 1) the costs of establishing the screening test in the state
newborn screening laboratory, 2) lack of familiarity of primary care physicians with SCID
or other types of T cell deficiency, 3) an inadequate number or lack of immunologists in
some states, 4) lack of the ability to transplant a SCID in some states or the presence of only
transplant centers that primarily treat cancer patients and are inexperienced in treating SCID,
and 5) unwillingness of state Medicaid offices to allow SCID infants eligible for Medicaid
to be evaluated or treated out of state.

The cost barrier to setting up newborn screening is really not there, since the states that have
implemented SCID screening have been able to do this at costs of under 1 million dollars.
Once the initial costs for establishment of the procedure have been paid, the annual costs are
far less. The Medicaid cost of treating one SCID baby not diagnosed until he or she develops
a serious infection can easlly exceed 2 million dollars. A comparison of costs for
transplanting SCID infants who were less than 3.5 months of age with the costs for those
who were older than 3.5 months at the author’s institution revealed a striking difference
(Figure 3). The much lower costs for those transplanted early were due to the facts that 1)
they were outpatients for the most part because they were not chemoablated and 2) those
treated late were often very sick when they presented, necessitating intensive care unit
admissions as well as prolonged hospitalizations. This important cost differential was also
noted in the SACHDNC evidence review report3* and in a recent published description of a
Markov model to analyze cost-effectiveness of screening for SCID.46

The lack of familiarity of primary care physicians with SCID or other types of T cell
deficiency can easily be addressed by developing standard literature that spells out the
features of these infants and the urgent next steps to take. The lack of immunologists within
states can be overcome by the compilation of a list of immunologists in the surrounding
region to whom the infant can be referred. The same is true for transplant centers
experienced in transplanting SCID infants. In 2009, the National Institute of Allergy and
Infectious Diseases funded a nationwide consortium of centers that treat patients with
primary immunodeficiency diseases. This is called the Primary Immunodeficiency
Treatment Consortium (PIDTC) and includes 14 major transplant centers that have
experience in transplanting SCID infants. There are also more than 30 other smaller centers

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Buckley

Summary

Page 8

with some experience of this type. A list of these centers can be found online at:
http://rarediseasesnetwork.epi.usf.edu/.

There is a great need for working and flexible partnerships with 3™ party payors (including
Medicaid) to ensure rapid implementation of appropriate referrals and treatment for
newborns identified as screen positive in underserved areas, even if this requires sending the
infant out of state. Importantly, to accomplish this, local pediatricians as well as allergists
and immunologists should work with public health staff and legislators to insure that this
implementation is successful. Failure to do this can result in 1) failure to establish an
accurate diagnosis of the infant’s condition, 2) a transplant performed by a hospital that has
never transplanted a SCID before or, worse still, 3) a transplant performed in an infant who
does not need a transplant or does not need that particular type of transplant.

Newborn screening for SCID and other T-cell deficiencies is a first for primary
immunodeficiency diseases but, with modern molecular technology, screening for many
more genetic defects in the immune system will be possible in the future. Even with the
TREC assay alone, it is already clear that new causes of T lymphopenia have been and will
continue to be identified. It is important for all allergists and immunologists to take an active
role in promoting newborn screening for SCID and other T lymphocyte abnormalities in
their states if it has not already been implemented. This could be done by 1) working closely
with public health officials and newborn screening committees in their states and attending
meetings of these groups to develop algorithms for care of screen positive infants and 2)
volunteering to be available for consultation with the newborn screening laboratories. Even
more important will be their roles in establishing accurate diagnoses for the infants
identified as screen positive by the TREC assay and in ensuring that they are given the
appropriate and best possible treatment.

Abbreviations

SCID Severe combined immunodeficiency

ALC Absolute lymphocyte count

ANC Absolute neutrophil count

NBS Newborn bloodspot screening

SACHDNC Secretary’s Advisory Committee for Heritable Disorders in
Newborns and Children

TRECs T cell receptor recombination excision circles

RUSP Recommended Uniform Screening Panel

NIH National Institutes of Health

HRSA Health Resources and Services Administration

ADA deficiency Adenosine deaminase deficiency

Jak3 deficiency Janus kinase 3 deficiency

RAG1, RAG2 deficiencies Recombinase activating genes 1 and 2 deficiencies

IL7Ra deficiency IL-7 receptor alpha chain deficiency

HST Hematopoietic stem cell transplantation
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MUDs Matched unrelated donors

GVHD Graft-versus-host disease

PEGADA Polyethylene-modified bovine adenosine deaminase
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Figure 2.

Effect of age at time of transplantation on survival in 169 SCIDs transplanted at Duke
University Medical Center from 1982-2011. Forty-nine of the infants were less than 3.5
months of age when they were given non-chemoablated transplants at Duke University
Medical Center from 1982-2011.Currently all but three of the 49 (94%) are surviving for up
to 29.5 years post-transplantation.
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Figure 3.
Cost of treatment for 74 SCID infants transplanted at Duke University Medical Center from

1998-2006, comparing costs for those who were transplanted before 3.5 months of life with
the costs for those transplanted after age 3.5 months of life.
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Table 3
Sources of Stem Cells for Transplantation

HL-A Identical Sibling Donor
Haploidentical Parental Donor

- T Cell-Depleted by Soy Lectin/SRBC

- T Cell-Depleted by Monoclonal Antibodies™

Matched Unrelated Adult Donor (MUD)*Jr
Unfractionated™

- T CeII—DepIeted*

Unfractionated Related or Unrelated Cord Blood*Jr

*

In most protocols pre-transplant chemotherapy and post-transplant GVHD immunosuppressive drugs are given.

TRequires time for a registry search.
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