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FIG 2. Smu-SHMs induced by anti-CD40 mAb and IL-4 in vitro in PBMCs of the control subjects. A, Smu-
SHMs were analyzed before and after stimulation of PBMCs from control subjects (n = 4) with anti-CD40
mAb and IL-4 for 5 days in vitro. Mutations were rarely found before stimulation (Pre, 0.006% = 0.004%
bp) but were significantly increased after stimulation with anti-CD40 mAb and IL-4 in vitro (Post, 0.04% =
0.02% bp, P = .0361). The VH-SHMs at the JH4-JH5 region were analyzed, but no significant difference
was observed because of stimulation. B, The Smu-SHM pattern observed after stimulation with
anti-CD40 mAb and IL-4 is shown. The germline nucleotides are shown on the left (from), and the mutated
nucleotides are shown on the top (to). The right column indicates the sum of the mutated nucleotides for
each row. The GC targetindicates the mutations at G or C. The GC transition indicates the frequency of tran-
sition mutations at G and C {G>A and C>T) of the total mutations at G and C. The AT transition indicates the
frequency of transition mutations at A and C {A>G and T>C) of the total mutations at A and T.

and 43 RGYW motifs (172 bp, 15.2% of the length of the Smu
region). In addition, 73.0% of the region is independent of either
of the 2 motifs (824 bp, Fig 5).

We found 18 (unswitched memory B cells) and 41 (switched
memory B cells) mutations in the WRCY motifs, which
correspond to 1.12- and [.35-fold increases in mutations
compared with the expected number, respectively. Similar to
the findings obtained in the analysis of the WRCY motif, we
found 26 and 64 mutations in the RGY W motif, which correspond
to 1.51- and 1.97-fold more mutations than expected, respec-
tively. Thus Smu-SHMs tended to be observed within the WRCY/
RGYW motifs. The C nucleotide was the preferential target in the
WRCY motif because this nucleotide was the target in 52% and
51% of the mutations that were observed in unswitched memory
and switched memory B cells, respectively. The G nucleotide was
preferentially targeted in the RGYW motifs because it was the
target in 50% and 51% of the mutations observed in unswitched
memory and switched memory B cells, respectively. Outside the
WRCY/RGYW motifs, the A and T nucleotides were predomi-
nantly mutated in both switched (60%) and unswitched (62%)
memory B cells. The mutations at A were as frequent as those at T.
In unswitched memory B cells 75.6% of the mutations at A/T
were found within the WA/TW motifs, and WA/TW to WG/TC
mutations accounted for 52.9% of the mutations in WA/TW
motifs. In switched memory B cells 55.7% of the mutations at A/T
were found within the WA/TW motifs, and WA/TW to WG/TC
mutations accounted for 43.6% of the mutations in WA/TW
motifs.

Smu-SHM in CD40L-, AID-, and UNG-deficient
patients

To assess the CD40L, AID, and UNG dependency of the CSR
process in human B cells, we analyzed the Smu-SHMs in
peripheral blood purified B cells from age-matched control
subjects (C1-C7) and 5 AID-deficient (P1-P5), 2 UNG-deficient
(P6 and P7), and 4 CD40L-deficient (P8-P11) patients. There was
no significant difference in the frequency of Smu-SHMs in
CD27" memory B cells from control adults (C1-C4) and control
children (C5-C7; Fig 6, A).

The frequencies of Smu-SHM were decreased, and small
deletions were not observed (Table I) in both CD27" and
CD27" B cells (Fig 6, A, and data not shown) in the AID- and
CD40L-deficient patients, indicating the dependence of Smu-
SHM on AID and CD40L. The mutation pattern of the
CD40L-deficient patients was not significantly different from
that of the control subjects (Fig 6, B). Of the 2 UNG-deficient pa-
tients,” P6, who has a homozygous missense mutation, presented
asignificantly decreased frequency of Smu-SHMs in both CD27 *
and CD27" B cells, and P7, who has homozygous 2-bp deletions,
exhibited an increased Smu-SHM frequency in CD27™" B cells but
a decreased frequency in CD27~ B cells (Fig 6, A, and data not
shown). This discrepancy cannot be related to the patient’s age
because no difference in the Smu-SHM frequency was observed
according to age (Fig 6, A). None of the UNG-deficient patients
had small deletions in the Smu region (Table I). An important
finding is that Smu-SHMs exhibited significant and characteristic
bias to transitions at G and C nucleotides in both patients
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FIG 3. /n vivo Smu-SHMs in control subjects. A, We purified IgD*IgM*CD27~ {naive), IgD*IgM*CD27*
(unswitched memory), and IgD"IgM ~CD27™" (switched memory) B cells from control subjects (n = 4) using
fluorescence-activated cell sorting. Representative fluorescence-activated cell sorting data are shown. B,
We found a higher frequency of Smu-SHMs in IgD"IgM~CD27* B cells, which are class-switched, and V re-
gion-mutated B cells, than in IgD"IgM*CD27™ B cells, which are V region mutated but not class-switched B
cells. The IgD*IgM*CD27~ (naive) B cells presented the lowest frequency of Smu-SHMs. C, The mutation
patterns of unswitched (/eft) and switched (right) memory B cells are shown.

(Fig 6, B). In contrast, A/T-targeted mutations were observed in
P7, similarly to the control subjects. These results demonstrate
the contribution of UNG to the formation of Smu-SHMs during
CSR.

DISCUSSION

We demonstrated that SHMs occur in the Smu region in not
only in vivo CSR-induced human B cells but also B cells activated
invitro with anti-CD40 mAb and IL-4, a combination that induces
AID expression and CSR but not V-SHM.'* Because the V and S
regions are both transcribed on stimulation, the discrepancy be-
tween V-SHM and S-SHM occurrence in vitro might be related
to the R-loop structure of the S (but not V) region, likely because
of differences in G/C content or secondary structure.”

In fact, we found a significant amount of mutations in the Smu
region of switched memory B cells. This amount was more than
4-fold higher than the frequency observed in B cells stimulated
in vitro. We also found that unswitched memory B cells presented
more Smu-SHMs than naive B cells, suggesting that the
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unswitched memory B-cell subpopulation contains a fraction
that has unsuccessfully undergone CSR after the introduction of
AID deamination and error-free DNA repair. These results indi-
cate that Smu-SHMs are closely associated with CSR both
in vivo and in vitro and suggest that Smu-SHMs precede the
completion of CSR.

We observed significantly more mutations in the 3’ part than the
5’ part of the Smu region, even though the distribution of all of the
nucleotides and the WRCY/RGYW motifs are equivalent
throughout the region. Although the sequenced region is outside
of the Smu core region with highly repetitive, G/C-rich sequences,
this region is also known to form the R-loop with single-stranded
DNA and a DNA-RNA hybrid.'® As observed in the Smu core re-
gion, this R-loop structure might allow the accessibility of DNA to
AlD-induced deamination. The preferential targeting of Smu-
SHMs to the 3’ part of the Smu region might reflect the frequency
of the deamination of AID during CSR. Furthermore, we found
more Smu-SHMs in the 5’ part of the Smu region of
IgD IgM CD27" class-switched memory B cells than in the
Smu region of IgD IgM*CD27™" unswitched memory B cells
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TABLE 1. /n vivo Smu-SHMs in control subjects and patients
IgD*1gM*CD27" (unswitched memory) IgD"1gM~CD27" (switched memory)
Clones Length Clones Length

Total Mutated with small of small Total Mutated with small of small

clones clones Percentage deletions Percentage deletions (bp) clones clones Percentage deletions Percentage deletions (bp)
Cl  Adult control 23 5 22 1 20 1 21 15 71 2 13 30,72

subjects
Cc2 21 8 38 3 38 L 21 15 71 | 7 1
C3 19 7 37 | 14 8 20 10 50 I 10 5
C4 21 i 52 0 0 e 21 4 67 l 7 8, 28
cp27*
C5  Age-malched 18 5 28 0 0 —
control subjects

C6 19 i 58 0 0 e
C7 19 8 42 4 50 2,11, 12,25
Pl AID deficiency 22 2 9 0 0 —
P2 18 0 0 0 0 o
P3 21 3 14 0 0 e
P4 i 0 0 0 0 —
P5 13 0 0 0 0 —
P6  UNG deficiency 34 4 12 0 0 —
P7 20 17 85 0 0 e
P8  CD40L deficiency 20 10 50 0 0 —
P9 20 3 15 0 0 e
P10 23 | 4 0 0 -
P11 22 4 18 0 0 e

The genomic DNA from the purified unswitched memory and switched memory B cells of adult control subjects (C1-C4) and CD27" memory B cells from age-matched control
subjects (C5-C7) and patients with AID (P1-P5), UNG (P6-P7), and CD40L (P8-P11) deficiency was analyzed for Smu-SHMs. Total clones indicates analyzed clones. Mutated
clones indicates clones with at least I mutation. The percentage indicates the proportion of mutated clones in the total clones. The number and proportion of clones with small

deletions are also shown. The length of small deletions (in base pairs) is indicated for each subject.

(Fig 3, A). This finding might suggest that the R-loop extension in
the 5’ region of the S region contributes to CSR by opening the
chromatin structure of this region to allow access for AID (see
Fig El in this article’s Online Repository at wwyw.jacionline.
org).'® The R-loop is a characteristic structure of the S region.
Our observation is consistent with the finding that the R-loop is
wider in the 5' region than formerly considered. This widespread
R-loop formation might be important for CSR by opening the
chromatin structure or some other unknown mechanism. These re-
sults indicate that Smu-SHMs start in the 3' region and then spread
tothe 5’ upstream region during the CSR phase and that the R-loop
might be larger in switched memory B cells than unswitched and
naive B cells (see Fig E1). Thus the switched memory cells might
have more chance of successful CSR than unswitched memory
and naive B cells. Further study is needed to analyze the R-loop
formation in the S region during the CSR stimulation by using
the bisulfite modification assay'® to prove this hypothesis.

We compared the nucleotide mutation pattern of Smu-SHMs
with that of V-SHMs in memory B cells and found that the
mutations at A were as frequent as those at T in the Smu-SHM
both invivo and in vitro (Figs 2. C.and 6, B). This finding for Smu-
SHMs is different from that observed for V-SHMs because the
frequency of V-SHMs at A residues is 2-fold higher than that
found for T residues.'” Smu-SHMs at A and T residues are depen-
dent on MMR and the DNA polymerase eta.'™'" In V-SHM the
preference of A residues over T residues is explained by the pref-
erence for MMR molecules on the top strand of opened double-
stranded DNA.*" Our results might suggest that AID deamination
and MMR contribute equally to both the top and bottom strands of
the S region, which is different from the findings found for the V
region and characteristic for Smu-SHMs. Because the number of
mutations analyzed in this study is limited, further studies using

next-generation sequencing would be helpful to elucidate these
questions.”'

We found that Smu-SHMs at C and G were limited within
WRCY and RGYW motifs, respectively, whereas mutations at
A and T were observed outside of these motifs in vivo (Fig 4).
Because WRCY/RGYW motifs are known as target motifs of
SHM in the V region and as a target sequence of RPA-binding
phosphorylated AID,* this result indicates that AID is involved
in Smu-SHMs, as well as V-SHMs, by inducing deamination on
Smu-SHM in human B cells in vivo.

Stimulation with anti-CD40 mAb and IL-4, which induces
Smu-SHM, does not induce V-SHM. This discrepancy might be
due to the R-loop formation in the Smu region but not in the V
region on stimulation in vitro. AID favors the single-strand DNA
observed in the R-loop of Smu region, which is not formed in V
regions by CSR stimulation.

To further investigate the roles of CD40L, AID, and UNG in
Smu-SHMs in human B cells, we studied the B-cell subpopula-
tions (naive and memory) from CD40L-deficient (n = 4),
AlD-deficient (n = 5), and UNG-deficient (n = 2) patients. The
results show that Smu-SHMs were reduced in both CD40L- and
AID-deficient patients, even in their CD27" B cells. This obser-
vation, which demonstrates the essential role for AID in Smu-
SHM generation, similarly to that observed in V-SHM, ' confirms
data previously reported for successfully recombined Smu
regions from unseparated peripheral blood B-cell populations of
patients with heterozygous dominant negative AID mutations.'”

The analysis of the UNG-deficient patients showed that the
Smu-SHM frequency was decreased in one patient (P6) but
increased in the other patient (P7). Because both patients lack
expression of the UNG protein,™*" this discrepancy could not be
explained by their different genotypes. In addition, the difference
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FIG 4. Distribution of Smu-SHMs in each fraction of control B cells in vivo. A-C, The frequency of
Smu-SHMs was higher in the 3’ region than in the 5’ region in both IgD~ {switched) and igD* (unswitched)
fractions of CD27" B cells. D, Means + SDs of Smu-SHMs in each region are shown (n = 4).

gD igM*CD27* gD lgM-CD27*
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FIG 5. Target motifs of Smu-SHMs in each fraction of control B cells in vivo. The Smu-SHMs of the control
subjects in vivo (n = 4) were analyzed according to their target motifs in each fraction of B cells
(IgD*IgM*CD27* and IgD"IgM~CD27" B cells). R, Purines (A/G); W, A/T; Y, pyrimidines {C/T).

does not appear to be related to age because we did not observe  small deletions in the Smu region. Smu-SHM:s exhibited a skewed
any discrepancy between B cells from children and adult control ~ pattern similar to that seen in V-SHM” (ie, an excess of transitions
subjects (Fig 6, A). Neither of the 2 UNG-deficient patients had  on G and C nucleotides [G to A, 100%; C to T, 98.4%]) and an
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FIG 6. Smu-SHMs in patients with CD40L, AID, and UNG deficiency in vivo. A, Smu-SHMs in the CD27" frac-
tion of B cells from control adults (C1-C4), control children {C5-C7), and AID-deficient (P1-P5), UNG-deficient
(P6 and P7), and CD40L-deficient (P8-11) patients. The frequency of Smu-SHMs was decreased in patients
with AID (P1-P5) and CD40L (P8-11) deficiency. In patients with UNG deficiency, the Smu-SHM frequency
was decreased in P6 but increased in P7. B, The mutations were significantly targeted and biased to transi-
tion at G and C in UNG-deficient patients (P6 and P7).

increased targeting of G and C in both patients. This result indi-
cates that in the absence of UNG, CSR-induced AID-dependent
deaminated cytidines on both strands of the S region lead to tran-
sition mutations during their replications.

In contrast, we found normal mutation patterns at A and T in
both UNG-deficient patients. The U/G mismatch introduced by
AID in the S region, similarly to that observed in the V region, can
be recognized by the MMR pathway. The MMR, particularly the
MSH2/MSH6 complex, has been shown to be essential in the
absence of UNG for both CSR and SHM in mice.’"'” The MLH1/
PMS2 complex is also reported to be important for CSR.** MMR
deficiencies (PMS2 and MSH6 biallelic mutations) are associated
with mild CSR deficiency in human subjects.”> In the V regions
the recruitment of the DNA polymerase eta (POLH) by the
MSH2/MSH6 complex is responsible for mutations on A/T resi-
dues.”” However, this alternative pathway, which compensates for
UNG deficiency in V-SHM and Smu-SHM, is not sufficient in hu-
man subjects to induce full CSR, as shown by the marked immu-
noglobulin CSR deficiency and the complete lack of small
deletions in Smu regions observed in both patients. In the absence
of UNG, CSR-induced AID-dependent lesions in the S regions
lead to mutations occurring during their repair but are inefficient
for the generation of the double-strand DNA breaks necessary for
CSR in human subjects.

At present, most of the hyper-IgM syndromes caused by an
intrinsic B-cell defect remain molecularly undefined.”** An
analysis of the frequency and occurrence of CSR-induced Smu-
SHMs might be a useful tool to better understand the molecular
defect in these patients and disclose the CSR mechanisms.
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FIG E1. Smu-SHMs might correspond to the extension of the R-loop. We found more mutations in the 3’
part of the sequenced region, which is close to the Smu core region, than in the 5' region in both unswitched
and switched memory B cells. Furthermore, we found more mutations in the 5’ part of the sequenced region
in switched memory B cells than in unswitched memory B cells. These findings might indicate the extension
of the R-loop during CSR.
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Background: Severe combined immunodeficiency (SCID) is a
syndrome characterized by profound T-cell deficiency. BCG
vaccine is contraindicated in patients with SCID. Because most

countries encourage BCG vaccination at birth, a high
percentage of patients with SCID are vaccinated before their
immune defect is detected.
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Objectives: We sought to describe the complications and risks
associated with BCG vaccination in patients with SCID.
Methods: An extensive standardized questionnaire evaluating
complications, therapeutics, and outcomes regarding BCG
vaccination in patients given a diagnosis of SCID was widely
distributed. Summary statistics and association analysis was
performed.

Results: Data on 349 BCG-vaccinated patients with SCID from
28 centers in 17 countries were analyzed. Fifty-one percent of
the patients had BCG-associated complications, 34%
disseminated and 17 % localized (a 33,000- and 400-fold
increase, respectively, over the general population). Patients
receiving early vaccination (<1 month) showed an increased
prevalence of complications (P = .006) and death caused by
BCG-associated complications (P <.0001). The odds of
experiencing complications among patients with T-cell numbers
of 250/ or less at diagnosis was 2.1 times higher (95% CI,
1.4-3.4 times higher; P = .001) than among those with T-cell
numbers of greater than 250/pL. BCG-associated complications
were reported in 2 of 78 patients who received
antimycobacterial therapy while asymptomatic, and no deaths
caused by BCG-associated complications occurred in this group.
In contrast, 46 BCG-associated deaths were reported among
160 patients treated with antimycobacterial therapy for a
symptomatic BCG infection (P <.0001).

Conclusions: BCG vaccine has a very high rate of complications
in patients with SCID, which increase morbidity and mortality
rates. Until safer and more efficient antituberculosis vaccines
become available, delay in BCG vaccination should be
considered to protect highly vulnerable populations from
preventable complications. (J Allergy Clin Immunol
2014;133:1134-41.)

Key words: Primary immunodeficiency, severe combined immuno-
deficiency, vaccine, BCG, mycobacteria, newborn screening,
hematopoietic stem cell transplant, immune reconstitution syndrome

Tuberculosis is a major global health problem. In 1993, the
World Health Organization (WHO) declared the disease a global
public health emergency, and in 2011, one third of the world’s
population was thought to be infected with Mycobacterium
tuberculosis, with almost 9 million new cases diagnosed and
1.4 million deaths attributed to this organism. In recent years,
most technologically advanced countries have managed to
control, although not eradicate, tuberculosis. With more than 4
billion doses applied, the live attenuated Mycobacterium bovis
BCG vaccine has been a part of efforts to control tuberculosis
and remains one of the most widely used of all current vaccines
worldwide. Since the 1960s, it has been administered routinely in
the majority of countries, and currently, approximately 120
million persons, mostly newborns, are vaccinated every year
through national childhood immunization programs. The BCG
vaccine has a documented protective effect against meningitis
and disseminated tuberculosis in children; however, it does not
prevent primary infection and, more importantly, does not
prevent reactivation of latent pulmonary infection, the
principal source of bacillary spread in the community. The effect
of BCG vaccination on transmission of M tuberculosis is
therefore limited (reviewed in Plotkin et al' and the Global
Tuberculosis Report, 2012, WHO, hitp://www.who.int/th/
publications/global_report/gtbr12_main.pdf).
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Abbreviations used
HSCT: Hematopoietic stem cell transplantation
IL2RG: 1L.-2 receptor vy
IRS: Immune reconstitution syndrome

MAT: Multidrug antimycobacterial therapy

RAG: Recombination-activating gene

SCID: Severe combined immunodeficiency
WHO: World Health Organization

Despite its long history and extensive use, there appears to be
no other vaccine as controversial as BCG, and its history contains
aspects of folklore and superstition that often supersede facts in
public health discussions and policy.'™

Severe combined immunodeficiency (SCID) includes a
heterogeneous group of genetic conditions characterized by
profound deficiencies in T-cell (and in some types B-cell, natural
killer cell, or both) numbers and function. If untreated, infants
with typical SCID succumb early in life from severe and recurrent
infections. Mutations in different genes affecting cytokine
signaling (eg, IL.-2 receptor vy [IL2RG] and IL7RA), antigen
receptor processing (eg, recombination-activating gene |
[RAGI], RAG2, and CD3D), or nucleotide processing (eg,
adenosine deaminase [ADA]) cause this fatal childhood
condition, unless immune reconstitution can be accomplished.”
However, it should be noted that patients with severe manifesta-
tions of other syndromic conditions might have clinical signs
and symptoms consistent with SCID.” BCG, as other live
attenuated vaccines, is absolutely contraindicated in patients
with SCID (as reviewed by Plotkin et al' and the Centers for Dis-
ease Control and Prevention” and the Global Tuberculosis Report,
2012, World Health Organization, http://www.who.int/th/
publications/global_report/gtbr12_main.pdf). However, because
it is usually administered at birth, patients with SCID in most
countries using BCG are vaccinated before their immune defi-
ciency is diagnosed.

The aim of this study was to describe the complications and
risks associated with BCG vaccination in patients given a
diagnosis of SCID, the most severe form of primary immunode-
ficiency diseases.

METHODS

An extensive standardized questionnaire evaluating diagnostics, therapeu-
tics, and outcomes concerning BCG-vaccinated patients with SCID was
developed by an ad hoc scientific interest group (the “BCG infection in SCID
patients interest group”; N.R., G.D., B.N., and S.D.R.; see Table El in this ar-
ticle’s Online Repository at www.jacionline.org). The questionnaire was
widely distributed to primary immunodeficiency patients/caregivers through
professional organizations (the European Society for Immunodeficiencies,
Latin American Society for Immunodeficiencies, and Clinical Immunology
Society), patient advocacy groups (the Jeffrey Modell Foundation), and indi-
vidually to other colleagues by members of the scientific interest group. All
data for this retrospective study represented a 10-year cumulative experience
for each reporting institution and were collected between April 2010 and
March 2012.

Data relevant to (1) SCID diagnosis, treatment, immune reconstitution,
and outcome, as well as (2) BCG vaccination and (3) BCG-associated
complication diagnosis, treatment, and outcome was analyzed. For the
purposes of this multicenter international retrospective study, we analyzed
patients given diagnoses of SCID at the participating centers based on the
clinical and laboratory findings of recurrent/severe infections and/or failure
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TABLE |. BCG-vaccinated patients with SCID: distribution and
HSCT

Universal BCG BCG-vaccinated

vaccination patients with HSCT:
Country (centers)* at birth{ SCID (n = 349} {n = 190)
Argentina (3) Yes 10 6
Brazil (3) Yes 58 24
Colombia (1) Yes 6 1
Costa Rica (1) Yes 10 6
Czech Republic (1)§ Yes 15 8
Egypt (1) Yes 26 1
France (1) No 44 44
Iran (1) “Yes 31 0
Japan (4) No 6 6
Kuwait (1) No 10 4
Mexico (2) Yes 14 5
Oman (1) Yes 4 2
Poland (1) Yes 8 5
Portugal (1) Yes 5 5
Russia (1) Yes 8 0
Turkey (3) No 40 27
United Kingdom (2) No 54 46

*A total of 821 patients were given diagnoses of SCID in these centers, including 349
who were BCG vaccinated and reported for the current study.

TFor recent changes or individualized BCG vaccination policies in different countries,
please refer to hirp//www.begatlas.org/.

1Other forms of SCID treatment (eg, gene therapy, 3 patients; enzyme replacement, 2
patients; or thymus transplantation, | patient) are also included in this category.
§National Center Database of Primary Immunodeficiencies, which collects data from
13 centers in the Czech Republic.

to thrive, severe T-cell lymphopenia (in the absence of a condition
consistent with Omenn syndrome or maternal engraftment), and/or severe
functional T-cell defects. BCG-associated complications were defined
based on clinical, microbiological, and/or histopathologic findings and
were classified as localized (persistent lesions [ulcer, abscess, fistula, or
lymphadenopathy] limited to the region of inoculation) or disseminated
(evidence of infection distal to injection-site lesions, including positive
blood or bone marrow cultures).” Data entered by the referring centers de-
tailing pathologic manifestations that were attributed to an excessive and/or
dysregulated immune response to BCG as a consequence of improvement in
immune status were associated with a diagnosis of immune reconstitution
syndrome (IRS).® Deaths caused by BCG-associated complications, as
well as all-cause mortality, were analyzed as outcome variables.
BCG-associated deaths were defined as cases in which the primary cause
of death was strongly associated with BCG-associated complications, as
determined by the clinical care team. Continuous variables were compared
by using the Kruskal-Wallis test. The Fisher exact test was used to compare
proportions. Logistic regression was used to evaluate the effects of covari-
ates on a binary outcome variable. Kaplan-Meier curves were plotted and
compared by using the log-rank test. Cox regression was used to evaluate
the effects of covariates in a time-to-event analysis. All P values are
2-sided, and P values of less than .05 were considered statistically signifi-
cant. Data analyses were performed with SAS software (version 9.3; SAS
[nstitute, Cary, NC).

As with any retrospective observational study of this nature, there are
limitations that should be considered when interpreting the results. We
acknowledge the possibility of diagnostic criteria discrepancies among the
participating centers. Our analysis only included children who received
BCG vaccinations, and these children might not be representative of the
entire SCID population. Because of the limitations of data collection, we used
the midpoint of the reported time interval of BCG vaccination and hemato-
poietic stem cell transplantation (HSCT) in the time-to-event analysis.
Additional variability and bias might be introduced by using this ad hoc
method.
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RESULTS
Population demographics

A total of 821 patients were given diagnoses of SCID in the 28
participating centers from 17 different countries, 349 of whom
were BCG vaccinated (42%) and analyzed in this retrospective
study (Table I). When the analysis was restricted to countries with
mandatory at-birth BCG vaccination policies, the rate of BCG-
vaccinated patients with SCID increased to 88%.

SCID diagnosis

SCID diagnosis was established in 9% of the patients before the
age of 1 month, in 29% before 3 months, in 63% before 6 months,
and in 90% before 1 year (Fig |, A). The specific type of SCID
diagnosis was determined in 159 (46%) patients and not defined
in the remainder of the cohort. IL2RG deficiency was the most
frequently reported, followed by defects in RAGI/RAG2, ADA,
MHC class Il deficiency, IL7RA, Artemis (DCLREIC), Janus ki-
nase 3 (JAK3), purine nucleoside phosphorylase (PNP), zeta
chain—-associated protein of 70 kDa (ZAP70), and Cernunnos
(NHEJI). We cannot formally exclude that among the patients
with no specific SCID type defined, some could have been
affected by other known primary immunodeficiency diseases pre-
senting with an SCID-like phenotype of severe T-cell lymphope-
nia and/or severe functional T-cell defects and increased
susceptibility to mycobacterial diseases (eg, Mendelian suscepti-
bility to mycobacterial disease—associated genetic defects).

BCG vaccination

Age at vaccination was determined in 345 of 349 patients with
SCID. The majority (258/345 [75%]) were vaccinated within the
first month of life (<1 week, 204 patients; 1-2 weeks, 6 patients;
and 3-4 weeks, 48 patients), whereas the remainder (87/345) were
vaccinated later (1-3 months, 74 patients; 4-6 months, 8 patients;
7-12 months, 3 patients; and >12 months, 2 patients). BCG
vaccine was administrated on the deltoid area in all patients: 301
intradermally, 38 subcutaneously, and 10 in an undetermined
manner. The vaccine strain was reported in 252 patients: Danish,
88 patients; Moreau, 66 patients; Pasteur, 32 patients; Glaxo, 29
patients; Tokyo, 19 patients; and Russia, 18 patients.

BCG-associated complications

BCG-associated complications are described in Fig I, B to F.
After BCG vaccination, 177 (51%) patients with SCID had
complications: 59 (17%) localized and 118 (34%) disseminated,
a 400- and 33,000-fold increase, respectively, over the general
population. Age at onset of BCG-associated complications was
determined in 158 patients: less than 1 month in 8 patients, 1 to
3 months in 33 patients, 4 to 6 months in 67 patients, 7 to 12
months in 34 patients, and greater than 12 months in 16 patients.
Among patients presenting with disseminated complications,
involvement of the extraregional lymph nodes (n = 67 [57%]),
skin (n = 66 [56%]), or lungs (n = 55 [47%]) was the most
common clinical presentation; BCG infections compromising
the liver (n = 18 [15%]), spleen, and bones (n 15 [13%
each]) were reported less frequently. Isolation of M bovis BCG
from bone marrow was described in 14% (n = 17) of patients
with disseminated complications, whereas positive blood culture
results were even more uncommon (n = 1 [1% of patients with
disseminated complications]).
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FIG 1. BCG-vaccinated patients with SCID: epidemiologic characteristics. A, Age at SCID diagnosis. B, SCID
diagnosis and BCG-associated complications (no manifestations or localized or disseminated complica-
tions). C, Age at BCG vaccination and BCG-associated complications (no manifestations or localized or
disseminated complications) distribution. D, BCG vaccine strain and BCG-associated complications (no
manifestations or localized or disseminated complications). E, Age at onset of BCG-associated complica-
tions (localized or disseminated complications). F, Site of involvement of disseminated BCG-associated
complications. GI, Gastrointestinal; GU, genitourinary. X-axis, number of patients.

The median absolute T-cell number at the time of SCID
diagnosis in patients with localized or disseminated BCG-
associated complications was significantly lower than that in
patients without BCG-associated complications (P .003,
Table 1f). Logistic regression analysis showed that the odds of
experiencing BCG-associated complications among patients
with SCID with T-cell numbers of 250/L or less at diagnosis
was 2.1 times higher (95% CI, 1.4-3.4 time higher; P = .001)
than that among those with T-cell numbers of greater than
250/pL, and the difference remained significant after adjusting
for the age at BCG vaccination. Patients with and without
BCG-associated complications were not significantly different
in either B-cell or natural killer cell numbers.

182

Two hundred thirty-eight (68%) patients received antimyco-
bacterial treatment after receiving a diagnosis of SCID. At the
time of treatment initiation, 78 (22%) were asymptomatic in
terms of BCG-associated complications, and 160 (46%) were
symptomatic (53 with localized and 107 with disseminated
manifestations).

Among asymptomatic antimycobacterial agent-treated pa-
tients who underwent HSCT (n 64), 49 (77%) received
multidrug antimycobacterial therapy (MAT), whereas 10 (16%)
were treated with isoniazid monotherapy (no information on 5
patients). MAT included isoniazid plus rifampicin—based treat-
ment in 49 (77%) patients, 18 of them (28%) having 1 or more
additional drugs. The enteral route was preferred in 94% of these
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TABLE Il. BCG-vaccinated patients with SCID: statistical
analysis

Age at BCG vaccination

BCG vaccination BCG vaccination P

at <1 mo at >1 mo value
Sex, no. (%)
Female 88 (34.8) 40 (46) NS
Male 165 (65.2) 47 (54
Age at SCID diagnosis (mo), 5 (0.5-48) 6 (0.5-100) NS
median (range)
BCG-associated
complications, no. (%)
No manifestations 115 (44.6) 54 (62.1) .006
Loc/Diss manifest 143 (55.4) 33 (37.9)
Age at HSCT (mo), median 7 (0.5-75) 8 (0.5-107) NS
(range)
Mortality in BCG-SCID
BCG-rel, no. (%) 45 (18) 0 (0) <.0001
Overall, no. (%) 132 (52.8) 38 (43.7) NS

Median lymphocytes at SCID diagnosis

No Localized or
manifestations disseminated

T cells/wL (25th-75th percentile) 197 (14-942) 49 (5-343) .003
B cells/uL (25th-75th percentile) 103 (5-640) 140 (11-710) NS
NK cells/uL (25th-75th 160 (38-410) 100 (19-366) NS

percentile)

BCG-rel, Death related to BCG-associated complications; Loc/Diss manifest,
localized or disseminated manifestations of BCG-associated complications; NK,
natural killer; No manifestations, no manifestations of BCG-associated complications;
NS, not significant.

patients. No significant differences between monotherapy and
MAT were detected when death caused by BCG-associated
complications was compared (P =.99). By the time of data anal-
ysis, 63% of these patients were alive (median follow-up, 57
months; range, 4-126 months). Among symptomatic patients
receiving antimycobacterial treatment and undergoing HSCT
(n = 76), 64 (82%) were treated with MAT, whereas 4 (5%)
were treated with isoniazid monotherapy (no information on § pa-
tients). MAT included isoniazid plus rifampicin-based treatment
in 61 (80%) patients, 47 (62%) of them having | or more drugs
added to the scheme. Eighty-four percent of these patients were
treated through the enteral route, and 11% were treated through
a mixed (enteral and parenteral) route. By the time of data anal-
ysis, 70% of these patients were alive (median follow-up, 45
months; range, 0-158 months).

BCG-associated complications were reported in 3% (2/64) of
asymptomatic patients receiving antimycobacterial treatment and
undergoing HSCT. Antimycobacterial treatment of already
symptomatic patients undergoing HSCT resulted in complete
clinical resolution of the infection in 30%, partial resolution in
46%, and no resolution in 24%. After HSCT, 59% of the patients
were kept on antimycobacterial treatment: 32% for less than 3
months, 15% for 4 to 6 months, 21% for 7 to 12 months, and 32%
for more than a year.

No deaths related to BCG-associated complications were
reported among BCG-asymptomatic treated patients with SCID,
whereas 46 deaths caused by BCG occurred among BCG-
symptomatic treated patients (7 in patients who underwent
HSCT and 39 in patients who did not, including 45 patients
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with disseminated complications and 1 patient with localized
disease; P <.0001). The median age of death for these patients (38
with reported data) was 6.8 months. When the analysis was
restricted to patients undergoing HSCT, no deaths were reported
among the asymptomatic treated group (0/64), and 7 deaths
occurred among the 120 symptomatic treated patients (P = .09).

One hundred eleven BCG-vaccinated patients with SCID
(32%; 96 of them presenting with no manifestations and 15
symptomatic, including 9 with disseminated and 6 with localized
complications) did not receive antimycobacterial treatment after
SCID diagnosis. Forty-five (40%) of these patients underwent
HSCT (32 asymptomatic and 13 symptomatic, including 8 with
disseminated and 5 with localized complications), 15 of them
received antimycobacterial treatment after HSCT (3 asymptom-
atic and 8 with disseminated and 4 with localized manifestations),
28 of them (63%) are alive, and no deaths caused by BCG-
associated complications were reported (median follow-up, 46
months; range, 0-187 months). Of the remaining 66 patients
(60%, 64 were asymptomatic and 2 were symptomatic, including
1 with disseminated and 1 with localized complications) who did
not undergo HSCT by the time of data analysis, 22 (33%) were
alive, and only 1 BCG-associated death was reported in this group
(presenting with disseminated disease). Interestingly, survival
rates for patients who did not receive pre-HSCT antimycobacte-
rial treatment (27/45) was not statistically different from those in
patients who received antimycobacterial treatment and under-
went HSCT (94/139, P = 47).

Age at BCG vaccination showed a significant association with
BCG-associated complications independently of the type of
SCID, the vaccine strain, or the route of vaccination. Patients
vaccinated within the first month of life showed an increased
prevalence of BCG-associated complications (disseminated or
localized) compared with patients vaccinated after 1 month of age
(P = .006). Moreover, the odds of having BCG-associated com-
plications among those vaccinated within the first month of life
were 2.03 times higher than those vaccinated after the age of 1
month (odds ratio, 2.03; 95% CI, 1.24-3.35). A log-rank test
comparing time to death caused by BCG-associated complica-
tions in patients vaccinated within or after 1 month of age
also identified significant differences between these 2 groups
(P <.0001, Fig 2). Moreover, survival analysis comparing time
to death within 24 months of age before HSCT for patients
vaccinated early versus late showed that the hazard of death
was 2.12 times higher for those receiving early vaccination
(95% CI, 1.12-3.89; Fig 2). These results strongly suggested
that early BCG vaccination (<1 month) is associated with
increased BCG-associated complications and subsequent death
associated with those complications.

SCID treatment

Of the 349 BCG-vaccinated patients with SCID, 190 (54%)
underwent HSCT (n = 184) or another form of SCID-specific
treatment (eg, gene therapy [n = 3], enzyme replacement [n = 2],
or thymus transplantation [n = 1]). The median age at HSCT was
7.5 months (range, 0.5-107 months). No significant differences in
T-cell engraftment were detected between patients receiving early
(<1 month) versus late (>1 month) BCG vaccination or
among patients undergoing transplantations without or with
BCG-associated complications (localized or disseminated). No
significant differences in the proportion of death caused by

183
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FIG 2. Time-to-event analysis by age at BCG vaccination and age at HSCT. A, Kaplan-Meier curves for the
time from vaccination to death caused by BCG-associated complications comparing early (<1 month of age,
dashed line) versus late (>1 month of age, solid line) vaccination (P < .0001). B, Kaplan-Meier curves for the
time from vaccination to death within 24 months of age before HSCT comparing early (<1 month of age,
dashed line) versus late (>1 month of age, solid line) vaccination (P = .01). C, Kaplan-Meier curves for
time from HSCT to death comparing early (<1 month of age, dashed line) versus late (>1 month of age, solid
line) vaccination (P = .96). D, Kaplan-Meier curves for the time from HSCT to death comparing early
(<3 months of age, dashed line) versus late (>3 months of age, solid line) transplantation (P = .33).

BCG-associated complications were detected either among
patients receiving matched related, matched unrelated,
mismatched related, or mismatched unrelated forms of HSCT
(P = .97). However, death caused by BCG-associated complica-
tions was still more frequent among patients receiving early
vaccination compared with those vaccinated later (P = .049).
Death caused by BCG-associated complications was also signif-
icantly more frequent among patients undergoing HSCT with
* localized or disseminated BCG-associated complications versus
those with no manifestations (P = .006). When all-cause mortal-
ity was compared among patients receiving HSCT, no significant
difference was detected between patients receiving early versus

184

late BCG vaccination (P = .96), implying that after HSCT, the
age at BCG vaccination has no significant effect on survival rates
(Fig 2). Finally, although we did not find significant differences in
post-HSCT survival between early (<3 months) and late
(>3 months) HSCT (P = .33), the difference between these 2
groups within the first 12 months after transplantation was
statistically significant (P = .01, Fig 2).

Of 190 patients who underwent HSCT or another form of SCID
treatment, 55 (29%) had IRS (33 with disseminated disease, 14
with localized complications, and 8 with no manifestations). Most
patients (57%) presented with these manifestations within a
month of HSCT. IRS prevalence was also analyzed in different
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subsets of patients: those receiving antimycobacterial treatment
while BCG asymptomatic had significantly less of this compli-
cation (5/64) compared with either BCG-symptomatic
antimycobacterial-treated patients (33/81, P < .0001) or non-
treated patients (17/45, P = .0003).

DISCUSSION

The prevalence of BCG-associated complications in the gen-
eral population can vary widely depending on the reporting
country and the vaccine strain used. However, reports of 1 in
2,500 vaccinees presenting with localized BCG-associated com-
plications and 1 in 100,000 presenting with disseminated
complications represent a fair estimate of the prevalence of
such complications.”” When focused exclusively on patients
given a diagnosis of SCID, the prevalence of BCG-associated
complications has been estimated to be higher than in the general
population,'""'* although a definitive effect has not previously
been established.

The cumulative experience of 28 centers in 17 countries from
Africa, the Americas, Asia, and Europe confirms that, as
expected, BCG-associated complications are more prevalent in
patients with SCID than in the general population. On the basis of
our observations, one in every 2 BCG-vaccinated patients with
SCID had BCG-associated manifestations, two thirds in the form
of disseminated complications (an approximate 33,000-fold
increased compared with the general population) and the other
third in the form of localized complications (an approximate 400-
fold increase). Our analysis found 2 individual variables to
significantly correlate with this increased prevalence of BCG-
associated complications: the total number of T cells at the time of
SCID diagnosis and the patient’s age at the time of BCG
vaccination. Although patients with SCID presenting with higher
T-cell numbers were underrepresented among those with BCG-
associated complications, these results should be cautiously
interpreted. Maternal T-cell engraftment was not systematically
evaluated in most of the patients surveyed, and patients presenting
with Omenn syndrome and oligoclonal T-cell expansion were not
excluded from the analysis. Furthermore, detailed information on
T-cell functional studies were not part of the original survey and
analysis. On the other hand, age at BCG vaccination appeared to
be a strong predictor for BCG-associated complications, with
patients vaccinated within the first month of life having a
substantially higher risk, which in turn was also associated with
an increased rate of death caused by vaccine-associated compli-
cations. Age at BCG vaccination was independent of other
variables, including BCG strain, vaccination route, or type of
SCID diagnosed. Less clear than the association between age of
vaccination and complications are the mechanism or mechanisms
underlying this finding. All patients with SCID, independent of
their underlying genetic defect, share a defective adaptive
immune response. Therefore the relative maturity of the innate
immune arm involved with controlling mycobacterial infections
could by hypothesized as a factor altering the balance toward
controlling or not controlling BCG."*'* Equally as relevant as
determining the biological mechanism to explain this variability
is developing a strategy to intervene and improve the clinical
outcome.

BCG vaccine has a worldwide coverage of 88% (http://apps.
whoint/immunization_monitoring/en/globalsummary/GS_GLO
Profile.pdf?CFID=6942726& CFTOKEN=73[85195), and most

J ALLERGY CLIN IMMUNOL
APRIL 2014

of these vaccines. are applied at birth (http://www.bcgatlas.org/).
Similar to other large SCID series published,'>'® the majority
of patients in our cohort (63%) were given diagnoses of SCID
within the first 6 months of life. Until safer and more efficient
forms of antituberculosis vaccines become available,'” delaying
BCG vaccination beyond 1 month of age is likely to have a favor-
able effect in this highly vulnerable population, as well as other
susceptible neonates (eg, HIV-positive infants).'® Moreover, de-
laying BCG vaccination would also benefit the clinical effect of
neonatal SCID screening, preventing application of an absolutely
contraindicated vaccine before establishing the diagnosis of
SCID. This issue will become increasingly relevant as countries
still encouraging early BCG vaccination start implementing
neonatal SCID screening.'>*"

However, 2 major drawbacks could be foreseen in delaying
BCG vaccination: the “missed opportunity” of vaccinating
patients after birth based on the concept that there will be an
associated decrease in coverage and the potential increased risk of
BCG-preventable diseases during the “unprotected” intervals.
WHO data (updated to July 12, 2012) demonstrated a BCG
coverage of 89.2% for countries encouraging at-birth vaccination
policies, values that are very similar to the 89% coverage in
the same countries for administration of the third dose of
diphtheria-pertussis-tetanus vaccine (DPT3) typically given at 6
months of age (http://apps.who.int/immunization_inonitoring/en/
globalsummary/timeseries/tscoveragedip3.hin). These data sug-
gest there would be little or no decrease in coverage by delaying
BCG vaccination. In addition, the incidence of BCG-preventable
mycobacterial diseases within the first 6 months of life is
extremely uncommon. Literature on pediatric tuberculous menin-
gitis, a BCG vaccine—preventable disease, shows that the mean
age of presentation for this life-threatening disease is 23 to 49
months, although a few cases have been described during the first
6 months of life, whereas the medians span from 12 to 24 months
of age.”""** The prospect of modifying BCG vaccination policies
will certainly warrant extensive discussions balancing the needs
of both the immunocompetent general population and highly
vulnerable immunodeficient patients.

As expected, the major intervention affecting survival in this
cohort of BCG-vaccinated patients with SCID was providing
immunologic reconstitution by means of HSCT. Interestingly, a
subset of patients who did not receive any antimycobacterial
treatment but underwent HSCT did not have any BCG-associated
complications or IRS (27/190). This outcome might suggest that
HSCT by.itself could suffice as an anti-BCG treatment; however,
other variables could have potentially influenced these results,
including vaccine viability,” SCID genotype (13 undefined
SCIDs, 7 MHC class Il deficiency, 2 IL2RG, 1 JAK3, 1 Artemis
(DCLREIC),1 PNP, 1IL7RA, and 1 Cernunnos (NHEJ 1 ); median
T-cell numbers, 250/pL; median age at HSCT, 7 months), higher
maturity of innate immunity, residual acquired immunity, or other
unidentified disease modifiers.

We observed that patients with SCID started on antimycobac-
terial therapy while BCG-asymptomatic had significantly fewer
BCG-associated complications before HSCT, as well as less IRS
after HSCT and decreased mortality caused by BCG-associated
complications. The rationale for this approach is to control an
infection involving the known inoculation of 37,500 to 3,200,000
live mycobacteria in a highly susceptible host.”® However, we
recognize that our data do not provide definitive proof of benefit
for pre-emptive antimycobacterial therapy because of
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confounding factors associated with this type of retrospective
study. Still, in the setting of commonly used prophylactic therapy
in patients with SCID (eg, immunoglobulin replacement and anti-
microbial agents), it seems entirely appropriate to consider early
initiation of antimycobacterial therapy at the time of SCID diag-
nosis. If this strategy is chosen, it is less clear which antimycobac-
terial scheme would be most effective.

In summary, our data strongly suggest that in patients with
SCID, early BCG vaccination and lower T-cell numbers at SCID
diagnosis increase the probability of having BCG-associated
complications. Furthermore, patients with SCID presenting with
BCG-associated complications are at increased risk of dying
because of this. Finally, the age at BCG vaccination had no
significant influence on survival rates in patients with SCID who
received HSCT.

We thank all the patients, their families, and the medical teams who took
and take care of our patients. We also thank the 1T Department of the Hospital
Garrahan in Buenos Aires, Argentina, for generating a Web site for the survey,
and Dr Klaus Warnatz for his help and support with the logistics of the survey.

preventable disease.

REFERENCES

Plotkin SA, Orenstein WA, O PAL Vaccines. 6t ed. Edinburgh: Elsevier/Saun-

ders; 20103

2. Comstock (;W The International Tuberculosis Campaign: a pmncermn venture in
mass vaceination and researel. Clin Infeer Dis 1994 19:528.

3. Fine PE. Bacille Calmette-Guerin vaceines: o rough guide. Clin Infect s {995;
200114,

4. Buckley RH. Transpluntation of hematopoictic stem cells in human s
bined immunodeficieney: Tonglerm outcomes, Immunol Res 200 119

5. Al-Herz W, Bousfiha A, Casanova JL., Chapel H, Conley ME, € ummw)wu Run-

dles C, et all Prinary innnunodeficiency disenses: an update on the classification

from the international union of immunological societios expert commitiee for pri-

mary immunodeficiency. Front Immunol 2011;2:54,

General recommendations on immunization-—recommenduations of the Advisory

Comumittee on Immunization Practices (ACIP). MMWR Morh Morial WKly Rep

2001 1600164,

7. Talbot EA, Perkins MD, Silva SE. Frothingham R. Dissemimued Bacille Calmette
Guerin disense after vaceination: case report and review, Clin Infect Dis I9‘)7,.»2~£,
113946,

8. Gantzer A, Neven B, Picard C. Brousse N, Lortholar,
catuneous bacitlus Calmette-Guerin infection in inmmunocompromised children:
the refevance of skin biopsy. J Cutan Pathol 2013;40:30-7

9. Lotte A, Wasz-Hockert O, Poisson N. Engback H, Landmann H, Quast U, et al,
Second JWATLD study on complicasions induced by inwadermal BCG-vaecination.
Bl Int Union Tuberc Lung Dis 1988:63:47-59.

VEFe Com-

6.

<

¢ O, Fischer A, et al. Severe

|

186

10.

fo

16.

19,

20.

26.

27.

28.

. Lee LY. Newrotuberculosis wmong Filipino children: an 11 years ¢

. Barinha NI, Razali KA. Holzel H, Morgan G, Novelli V

MARCIANO ET AL 1141

Bonmnus ¥, Fasth AL Tordai P2 Wiholm BIL Adyerse reactions in healthy and

i supromised children under six years of ape vaccinated with the Danish
BOG vacaine, strain Copenhagen 13310 tmplications {or the vaceination policy

in Sweden. Acta Pacdinue 1993;82:10¢

10

. Gonzalez B Moreno S, Burdaeh R, .{k nzne L\ MT. Henriguez A, Ramos M1, et al.

Clindeal p on ol Bacillus Calmetie-Guerin m!wlmm i patients with im-
munedelcieney syndromes, Pediate tnfect Dis J 19898:201.

Yao CML Han XH, Zhang YD, Zhang H, Jin Y'Y, Cao RM, ot ul Clinical chare-
eristios and genatic profiles of 44 patients with severe combined immunodefi-
cieney (SCIDY report from Shanghai, Chioa (2004200001 Clin Immunol 2013;
ARE23Y,

. Sharma AA Jen R, Butler A, Laveile PM. The developing human preterm neonatal

arca. Clin hmmunol 2012:145:

immune system: a case for more researceht in this
G138,

L Savwant P Morris B van de Ven € Caive M8, Dysiogulation of expression of

immunoregulatory and cytokine penes and its association with the Tmmaturity in
neonatal ph i and cellular mmunity, Blol Neonate 2005:858:21:

. Buckley R Schiftf RICSehift SEL Markert ML, Williams LW, Harville TO, et al.

Human severe combined immunedeliciency: genetic, phenotypic, and functional
diversity o one hundied eight infants, J Peding 1997:130:378-87,

Gennery AR, Slatter MA.L Grandin L, Taupio P Can AL Veys Poet al, Transplan-
tation of hematopoietic stem cells and fong-term survival for primary immunode-
ficiencies in Lurope: entering a new century, do we do better? 1 Allergy Clin
Tramunol 2010;126:602.10, ¢6O1-11,

. Parida SK. Kaulmaon SH, Novel wiberculosis vaceines on the horizon, Curr Opin

frmunol 2000022:374-8

- Koppel A, Leonardo-Guerrero J, Rives S, Paniagua-Torres N, Sparrow C. Beck-
1 5

Sague CML tmmune reconstitution inflammatory syndrome due to Mycobacterinm
hovis Bacillus Calmelte-Guerin in infants receiving highly active antiretroviral
therapy: a call for universal perinatal yapid HIV resting prior (o adminisuagion
of BOG immunization of neonates, J Trop Pedialr 2050:36:280-3.

Chien Y-H, Chiang S-C, Chang K-L, Yu H-H, Lee W-I, Tsai L-P, et al. Incidence of
severe combined immunodeficiency through newborn screening in a Chinese pop-
ulation. J Formosan Med Assoc [Epub ahcad of print].

Kanegae MPP, dos Santos AMN, Cavaleanti CM. Condino Neto A, Newborn
sereening (or severe combined immunodeficiency, Rev Brasit Alerg limunopatol
20153407,

- ovan Well GT, Paes BE, Terwee CBL Springer P, Roord 11, Donald PR, et al. Twenty

years of pediatic wherculous meningitis: a retrospective cohort study in the west-
ern cape of South Africa, Pediatiies 2000;1253:21.8,

sperience al the

6974,
M. Tuberculosis of the cen-
tral pervous system in children: a 20-vear survey, J lifeet 2000041:61-3.

Philippine Children’s Medical Center. Brain Dev 200(

. Yaramis A, Gurkan F Elevli M. Soker M, Haspolat K, Kirbas G, et al, Central ner-

vous system teberculosis in children: a review of 214 cases. Pediantrics 1998:102:
49,

. Doerr CA, Starke JR, Ong LT. Clinical and public health aspects of tuberculous

1

meningitis in children. J Pedianr 1993:127:2
Paganint M, Gonzalez F Suatander €, (‘mmn 1. Berberian G, Rosanova MT
Tubercwlous meningitis in children: clinical foatwres and outcome i 40 cases.
Scand 1 infect Dis 2000:32:4 1.5,

Ho MM, Murkey K. Rigsby P Jensen SE, Gairola S, Seki M, et al. Report of an
international collaborative study 1o establish the suitability of using moditied
ATP assay for viable count of BCG vaccine. Vaccine 2008:26:4734-7.

Milstien JB. Gibson 1. Quality control of BCG vaccine by WHO: & review of fue-
fors that may influence vaccive effectiveness and salety. B World Health Organ
1990;68:93-108.




oren Realdime single-cell imaging of protein
secretfion

CELL DEATH AND Yoshitaka Shirasaki', Mai Yamagishi', Nobutake Suzuki', Kazushi Izawa?, Asahi Nakahara?,

SUBJECT AREAS:

IMMUNE RESPONSE
LAB-ON-A-CHIP
SINGLE-CELL IMAGING
CELLULAR IMAGING

Jun Mizuno®, Shuichi Shoiji®, Toshio Heike?, Yoshie Harada*, Ryuta Nishikomori? & Osamu Ohara'$

'RIKEN Centfer for Infegrative Medical Sciences IMS-RCAI), 1-7-22 Suehiro-cho Tsurumiku, Yokohama, Kanagawa 230-0045,

Japan, Department of Pediatrics, Kyoto University Graduate School of Medicine, 54 Shogoin-Kawahara-cho Sakyoku, Kyoto 606-
8507, Japan, ®Faculty of Science and Engineering, Waseda University, Okubo 3-4-1, Shinjuku, Tokyo 169-8555, Japan, “Institute
for Integrated Cell-Material Sciences (WPICeMS), Kyoto University Graduate School of Biostudies, Yoshida-Honmachi, Sakyoku,

Received Kyoto 606-8501, Japan, 5Deportment of Human Genome Research, Kazusa DNA Research Institute, 2-6-7 Kazusa-Kamatari,
3 October 2013 Kisarazu, Chiba 292-0818, Japan.
Accepted
2 April 2014 Protein secretion, a key intercellular event for transducing cellular signals, is thought to be strictly regulated.
. However, secretion dynamics at the single-cell level have not yet been clarified because intercellular
Published . yn 5 ¥
22 April 2014 heterogeneity results in an averaging response from the bulk cell population. To address this issue, we

developed a novel assay platform for real-time imaging of protein secretion at single-cell resolution by a

sandwich immunoassay monitored by total internal reflection microscopy in sub-nanolitre-sized microwell

arrays. Real-time secretion imaging on the platform at 1-min time intervals allowed successful detection of
Correspondence and the heterogeneous onset time of nonclassical IL-1f secretion from monocytes after external stimulation. The
platform also helped in elucidating the chronological relationship between loss of membrane integrity and

requests for materials . > L TR .
qve IL-1§ secretion. The study results indicate that this unique monitoring platform will serve as a new and

should be addressed fo powerful tool for analysing protein secretion dynamics with simultaneous monitoring of intracellular events
O.0. [oosamu@rcai. by live-cell imaging.
riken.jp}

any secreted proteins have been identified as important functional mediators of intercellular commun-
ication for the purpose of initiating various cellular processes, including differentiation and migration'.
Cytokines in particular are one of the best studied classes of secreted proteins with broad effects on
immune responses®. For the proper functioning of the immune system, cytokine synthesis and secretion must be
tightly regulated, both spatially and temporally®. However, recent investigations using single-cell analysis have
shown that immune cells display highly heterogeneous levels of cytokine secretion, even in cells with apparently
similar phenotypes®. Therefore, the relationship between heterogeneous cytokine secretion at the single-cell level
and the maintenance of homeostasis of the immune system has become a primary subject of investigation in the
field of immunology. To address this issue, a methodology is required that enables delineation of spatiotemporal
heterogeneity of cytokine secretion at the single-cell level. We have particularly focused on cytokine induction
processes that occur in single cells induced by external stimulation, specifically with regard to (1) cellular
heterogeneity in protein secretion dynamics and (2) the chronological relationship between intracellular event(s)
and protein secretion. However, the technology available for monitoring protein secretion from single cells
remains in its infancy.

Several groups have reported population analysis of cytokine secretion from single cells by using antibody-
based immunoassay applications. Love et al. generated a secretion profile for a large collection of single cells by
using microengraving’ and succeeded in measuring the time course of cytokine secretion during T-lymphocyte
maturation every 2 h for a period spanning several hours®. While these methods are efficient for their high
throughput and/or the quantitative data generated, several challenges remain because of their inherent measure-
ment limitations. In these methods, the accumulated cytokine molecules situated on a solid surface are labelled
with a detection probe and are quantified after intensive wash steps, which are required to remove excess probe.
Although this wash step, known as bound/free (B/F) separation, determines the signal/noise ratio for detection,
this step also causes a lag between secretion and detection. Therefore, these methods cannot currently offer either
a time interval of shorter than a few hours nor simultaneous real-time monitoring of a second intracellular
variable (e.g. cell viability) over time.

Previously, our group and Salehi-Reyhani et al. respectively have successfully addressed this B/F separation
issue in fluorescence immunoassays (FIAs) by taking advantage of near-field excitation in total internal reflection
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fluorescence microscopy (TTREM)™, In these studies, target pro-
teins in each single-cell lysate segmented by microwells were quan-
tified by detecting formation of immunocomplexes on the microwell
bottom. In the current study, we have developed a novel assay plat-
form for real-time monitoring of live single-cell cytokine secretion
(Fig. 1). Each single cell is deposited on a microfabricated-well array
(MWA) chip, which restricts cell migration as well as compartmen-
talizes the secretory signals from individual cells. The anti-cytokine
capture antibody immobilized on the microwell bottom immediately
captures the cytokine secreted from a cell, which enables TIREM-FIA
to function in situ. An MWA chip of the platform has an open
architecture at the top of each microwell to permit easy access for
stimulus delivery and to maintain culture conditions similar to those
of a bulk experiment.

We characterized our secretion assay platform using a MWA chip
consisting of glass and polydimethylsiloxiane (PDMS) in a quant-
itative manner by model experiments, introducing minute amounts
of cytokine into microwells to mimic the milieu of cytokine secretion
from a single cell. The platform was applied to monitor cytokine
secretion from human peripheral blood monocytes at 1-min time
intervals. We examined the IL-1f secretion process while simulta-
neously observing membrane integrity to determine the intracellular
processes that occur at the time of cytokine secretion, since the
mechanism underlying the non-classical IL-1B secretion pathway
currently remains unclear.

Results

Characterization of an assay platform for real-time secretion
imaging in an MWA chip. In this study, we designed a real-time
single-cell imaging platform to monitor the secretion processes over
time. We fabricated a novel MWA chip consisting of a PDMS well

Cytokine
secretion

» Detection antibody

Microwells

wall and a glass well bottom (see Supplementary Fig. Sla online).
An objective of numerical aperture 1.49 was used to avoid the stray
light due to the higher refractive index of PDMS (n = 1.42,
Sylgard®184, Dow Corning Co., http://wwwl.dowcorning.com/
DataFiles/090007¢8803bb6al.pdf) than that of medium (n = 1.34;
Supplementary Fig. S1b-d). To assess restriction of the horizontal
movement of secreted cytokine molecules by the microwell structure,
we compared the decrease of fluorescently labelled protein from an
observation area for TIRFM with and without microwell structures.
The microwell structure slowed the escape of fluorescent molecules
by about 20-fold (see Supplementary Fig. S2).

Next, to assess the functionality of time-resolved FIA (even in the
open MWA), we introduced a miniscule amount of cytokine into
microwells by using a microinjector to mimic cytokine secretion
from a single cell (Fig. 2a). Fluorescence signals began to increase
immediately after pulsed injection of IL-1f (time = 0; Fig. 2b, ¢) and
increased without apparent change in localization over time (Fig. 2b),
indicating that most of the injected IL-1(3 was instantly captured by
antibody on the MWA bottom before diffusion throughout the
microwell. From a separate experiment, we found that the fluor-
escence signals after the injection of pre-formed IL-1B-detection
antibody complexes increased 15 times faster than that after the
injection of IL-1P alone, suggesting that the released IL-1p rapidly
bound to the capture antibodies on the bottom surface of the MWA
chip (Fig. S3a, b). Therefore, binding of the detection antibody to
form sandwich immunocomplexes was likely the rate-limiting step
for the increase in the fluorescence signals under the experimental
conditions employed. Once the immunocomplex was formed, its
dissociation occurred very slowly (dissociation constant kg << 2 X
107¢ s™', Fig. S3c¢).

The rising curves of the fluorescence signal obtained from IL-1
injection were fitted with a single exponential, especially during

r ™

50 um

Figure 1| Concept of the real-time single cell secretion assay platform. The schematic illustrates the concept of the platform for the real-time single
cell secretion assay. The platform works with micro-fabricated well-array chip on a fully automated fluorescence microscopy. The platform maintains the
environment (temperature, concentration of CO,, and humidity) of the chip. The chip has an array of nanolitre-sized microwells with a glass bottom,
into which individual cells were introduced separately. The well has open-ended structure; therefore, culture medium was exchanged constantly during
the observation. The anti-cytokine capture antibody was immobilized on the well bottom, onto which secreted cytokine and fluorescently labelled
detection antibody were bound to form a sandwich immunocomplex. Near-field excitation by total internal reflection enabled selective detection of the
cytokine sandwich immunocomplex immediately following secretion without the requirement for wash steps.
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Figure 2 | Performance evaluation of time-resolved FIA in the MWA on
model experiments using a microinjector. (a) Schema of the model
experiment using pulsed injection of IL-1p via a microinjector. An increase
in fluorescence signal was observed after pulse injecting 100 ng/mL of
recombinant IL-1f into a microwell that was filled with the detection
medium containing 30 nM fluorescently labelled detection antibody.

(b) Representative images of developing fluorescence signals obtained
from time-resolved FIA after introducing recombinant IL-1f into the
microwell. Images were acquired once every second applying a 60-ms
exposure time. The time elapsed after the pulsed injection is shown on each
image. (c) Time course of the average intensity of the IL-1p signal in a
microwell. Each dot denotes a measured value and solid lines denote fitted
curves. Different colours denote different durations under a constant
pressure of injection (1,200 Pa): 4 s (black), 2 s (green), 0.5 s (blue), and
0.1 s (cyan). Curve fitting was performed for every dataset from 0 to 5 min
using the global parameter of time constant, 7, and local parameters of
maximum intensity, I, and consequently t was determined as 3 min.

5 min after injection, and the time constant was estimated to be
3 min (Fig. 2¢). Using this parameter, we evaluated the accuracy
for determination of the onset time by fitting a single exponential
to the dataset quantifying the fluorescence increase obtained within
an arbitrary time interval. The accuracy of computed onset time was
determined within 0.1 min when using a dataset with 1-min time
intervals (Fig. S4).

The increase in the amount of fluorescence signal depended upon
the quantity of IL-13 injected (Fig. 2c). However, the absolute
amount of secreted cytokine could not be determined because of
the difficulties in controlling the local concentration of cytokines
within an open-ended microwell to generate a standard curve.
Additionally, immobilized cytokine captured by antibody on the
MW A surface was considered to be part of the overall secreted cyto-
kine, while the non-immobilized fraction diffused into the medium.
The captured ratio would depend upon an uncontrollable variable,
such as the height of the cytokine release point (which determines the
probability of the cytokine encountering the capture antibody).
Therefore, the assay platform developed in this study was best suited
for detection of the onset of secretory molecule secretion from single
cells at high time resolution (probably less than 1 min) while also
providing semi-quantitative data on secreted molecules. In experi-
ments performed using microwells closed with sealing oil, the plat-
form could detect the signal from 2,000 molecules of IL-1f in a
microwell (Supplementary Fig. S5).

Real-time monitoring of IL-6 secretion from single living mono-
cytes within a 1-min time interval. As a proof-of-concept experiment,
we assessed the performance of our assay platform for time-resolved
observation using lipopolysaccharide (LPS)-stimulated human
peripheral blood monocytes by simultaneous detection of cytokine
secretion and live/dead signals. We confirmed that proinflammatory
cytokines were detected in the culture supernatant of 1 X 10° mono-
cytes stimulated with 1 ug/mL LPS (first priming; Supplementary
Fig. $6). Among the detectable cytokines, we selected interleukin 6
(IL-6) as a typical cytokine, known to be released using classical
pathways involving ER/Golgi trafficking'".

First, we examined the reactivity and viability of monocytes in the
MWA from snapshot measurements of 2,500 microwells after LPS
stimulation for 4 h. Of the 584 cells observed from 2,500 microwells,
23 cells displayed the IL-6 signal (4%). Calcein (+)/SYTOX (—)
living cells accounted for 60% of the total cells, but 91% of IL-6-
positive cells. Next, 40 microwells were scanned for 4 h for real-time
IL-6 secretion imaging at 1-min time intervals. After three independ-
ent experiments, we could analyse 71 single cells, including 56 living
cells; 7 individual cells were observed to secrete IL-6 (representative
images are displayed in Fig. 3a and Supplementary movie 1). IL-6
signals increased gradually for over 1 h after stimulation (Fig. 3b)
without change in the SYTOX signal (Fig. 3b), as observed in the
displayed dead cell (Fig. 3c). All the remaining IL-6-secreting cells
continued to survive during the observation period. These results
demonstrated that the single-cell secretion assay platform enabled
us to monitor physiological secretion of IL-6 from live monocytes.

Simultaneous imaging of extracellular IL-1p secretion and plasma
membrane integrity. The mechanism underlying IL-1B secretion
remains poorly understood, although it is known that IL-1f is a
key mediator of inflammation'*". Several researchers have pro-
posed various mechanisms for IL-1B secretion'*'%; however, many
details remain to be validated due to a lack of techniques for moni-
toring real-time secretion processes of IL-1p at single-cell resolution.
Therefore, we monitored IL-1[ secretion from individual monocytes
at high temporal resolution in parallel with observation of the cellular
physiological states at the time of secretion.

In this study, monocytes were costimulated with both LPS and
adenosine triphosphate (ATP), because IL-1p release from mono-
cytes is known to require a second signal (i.e. ATP) to activate the
intracellular inflammasome in addition to priming with pathogen-
associated molecular stimuli (i.e. LPS)'”"*°. Glycine was added to the
culture medium during stimulation because glycine blocks cytolytic
release of pro-IL-1f without affecting the secretion of mature IL-1
(Supplementary Fig. $6)'>2%'.

Before real-time monitoring, we analysed IL-1( secretion and the
live/dead state by snapshot secretion measurements of single cells
with calcein/SYTOX staining (Fig. 4a) in 2,500 microwells at 4 h
after LPS/ATP stimulation (Supplementary Fig. S7). This snapshot
measurement demonstrated that approximately 30% of single mono-
cytes secreted IL-1B. Interestingly, 99% of these IL-1f-secreting cells
lost the calcein signal and were stained with SYTOX. When lower
LPS concentration (10 ng/mL) was tested, both the number of IL-13-
secreting cells and the amount of secreted IL-1f per monocytes were
decreased while the percentage of dead cells was only slightly affected
(Supplementary Table S1). The concomitant disappearance of cal-
cein and the increase in SYTOX signal reflect the compromised
status of the cell membrane. Therefore, these results suggested some
degree of association between IL-1B secretion and the loss of cell
membrane integrity, exhibiting a sharp contrast with IL-6 secretion
from LPS-stimulated monocytes (in which the vast majority of IL-6
secreting cells remained calcein-positive).

We then performed real-time secretion imaging of IL-1B from
monocytes, focusing on whether IL-1B secretion was preceded or
followed by a loss of cellular membrane integrity. The experiments
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Figure 3 | Time-resolved monitoring of IL-6 secretion after a classical secretion pathway. Calcein-charged human peripheral blood monocytes were
introduced into the MWA chip. Signals of SYTOX, calcein and IL-6 secretion were observed with 1-min time intervals after administration of 1 pg/mL of
LPS. (a) Representative images of multichannel microscopy. Morphological features of a human monocyte were monitored under diascopic illumination
(DIA). The fluorescence signal of SYTOX-stained nuclei was magenta (SYTOX), that of calcein-stained cell bodies was green (Calcein), and that of
secreted IL-6 was yellow (CF660R anti IL-6 Ab). Merged images of these three fluorescence signals are also displayed (Merged). Each image was generated
at the described time point. Scale bar, 50 pm. Although cells floated soon after LPS stimulation, cells began to adhere to the microwell bottom at 1.5 h
after LPS stimulation, with some exhibiting the IL-6 signal at 4 h after LPS stimulation. Although the fluorescence intensity of calcein per pixel was
apparently decreased due to the cell deformation, it was distinct from a sharp drop of calcein signal observed for dead cells like in the bottom-right well.
The cells that underwent cell death showed elevation of the SYTOX signal. (b), (¢) Time course of the average intensity of IL-6 and SYTOX signals within
microwells shown in Figure 3a: the top right (b) or the bottom right (c) microwell. (b) The IL-6 secretion signal gradually increased from 80 min after LPS
stimulation without any change in SYTOX signal. (c) Typical example of a dead cell. Only the SYTOX signal was increased.

were performed twice, measuring 54 individual monocytes, 20 of
which secreted detectable quantities of IL-1f. While all of these cells
were calcein-positive before ATP stimulation, they lost their calcein
signal and subsequently stained with SYTOX, consistent with the
aforementioned snapshot observations (Supplementary movie 2
and Fig. 4b). Disappearance of the calcein signal occurred rapidly
and was completed within a few minutes. By contrast, the observed
increases in SYTOX signalling consisted of two phases: the first
occurred gradually upon ATP stimulation and the second occurred
abruptly at various moments following ATP stimulation. These two
phases suggest that cell membrane permeability for SYTOX influx
was altered through multiple stages.

Surprisingly, IL-1B secretion appeared to coincide with calcein
disappearance and the second SYTOX influx (Supplementary movie
2 and Fig. 4c). The increase in the signal of IL-1P secretion occurred
as a concave-down function, suggesting IL-1B was secreted in a burst
release pattern (Supplementary Fig. S8). To evaluate the association
between these events, the transition times were determined by curve

fitting of the equation (1), (2), or (3) to the mean fluorescence intens-
ities over time and were compared with one another (Supplementary
Fig. §9). Although the response times after ATP stimulation were
quite heterogeneous among cells, the transition time of calcein dis-
appearance, SYTOX influx, and IL-1P release were quite similar in
most cells (Fig. 5a and b). By focusing on the timeline of these events,
lag times between SYTOX influx or IL-1P release and calcein dis-
appearance were calculated. The SYTOX influx and the calcein dis-
appearance (both resulting from membrane imperfections) occurred
simultaneously or nearly simultaneously, and SYTOX influx was
only slightly delayed following calcein disappearance (mean,
0.2 min; Fig. 5¢). By contrast, IL-1p release occurred several minutes
following calcein disappearance (mean, 2.0 min, except for 2 out-
liers; Fig. 5d), and its lag times were more variable than those of
SYTOX influx. Two outliers exhibited extremely long delays (44.5
and 105.9 min) in IL-1f release after calcein disappearance. These
results indicated that burst release of IL-1P was preceded by loss of
cell membrane integrity.
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Figure 4 | Time-resolved monitoring of IL-1f secretion on the PDMS
MWA chip. (a) Schematic of simultaneous monitoring of IL-1f secretion
and cell membrane integrity using calcein and SYTOX staining. SYTOX
influx and fluorescent calcein disappearance was observed due to
compromised plasma membrane integrity. (b) Representative images of
multichannel microscopy. Morphological features of a human monocyte
were monitored under diascopic illumination (DIA). The fluorescence
signal of SYTOX-stained nuclei was magenta (SYTOX), that of a calcein-
stained cell bodies was green (Calcein), and that of secreted IL-1p was
yellow (CF660R anti IL-1B Ab). Merged images of these three fluorescence
signals are also displayed (Merged). Each image was obtained at the
described period. Scale bar, 20 pm. (c) Example of the signal time course
during time-resolved monitoring. Grey bands represent the period when
the monocytes were exposed to ATP. Arrows represent the transition time
of the respective signals.

Discussion

In this study, we have developed a novel assay platform for real-time
imaging of secretion at the single cell level at 1-min intervals.
The dynamics of cytokine secretion against external stimuli have

conventionally been investigated using a bulk population of cells
with the same phenotype, based on the premise that these cells always
display uniform responses. However, contrary to this premise, we
have observed a wide distribution of onset time for IL-1f release
triggered by ATP stimulation from individual human peripheral
blood monocytes. Temporal heterogeneities at the single cell level
have been demonstrated by many studies, but have been limited to
intracellular processes, e.g. intracellular calcium elevation®. Our
results indicated that extracellular reactions, such as protein secre-
tion, were also chronologically heterogeneous at the single cell level.
Furthermore, we successfully performed simultaneous measurement
of cell membrane integrity and IL-1p release, indicating that our
platform allowed for elucidation of the chronological relationship
between intracellular process and the extracellular reaction at the
single-cell level.

Imaging methods for secretion dynamics have been poorly
developed for two primary reasons: First, secreted molecules disperse
too rapidly in solution for efficient onsite monitoring. Second, a
molecule of interest must be tagged by sensing moieties, but the
tagging processes for molecular visualization are often accompanied
with greater risks of generating artifacts, including functional mod-
ifications. Indeed, this latter point is the most serious limitation of
live-cell imaging in general. The platform developed in this study
permitted us to bypass such issues by immobilizing and labelling
target molecules in the extracellular space. The detection strategy
offers an advantage in its non-invasive monitoring of the physio-
logical response of living cells, including clinical samples. A similar
methodology with a label-free technique based upon nanoplasmonic
imaging has been developed, although it is only applicable to up to
three cells per experiment®. Sandwich FIA-based assay is expected to
be a more sensitive and specific approach for small molecules like
cytokines than the plasmonic approach, since the plasmonic signal is
proportional to the molecular weight of the binding molecule.

Our platform uses MW As that effectively trap floating cells as well
as secreted cytokine molecules. This compartmentalization permit-
ted integration of independently isolated single cells within a small
area to increase the number of observable cells. More specifically,
observation of a large number of cells made it feasible to perform
statistical analyses on a small population of secreting monocytes. The
open architecture of this device is well suited for cell manipulation
using conventional tools, allowing for complex experimental arran-
gements. Additionally, the open architecture was beneficial for the
maintenance of cellular physiology, because prolonged isolation
within closed microwells may influence cellular conditions, e.g. oxy-
gen starvation™. In this work, MWA chips were fabricated with
PDMS, suitable for live cell imaging because of its biocompatibility™.
PDMS offers low cost and fast processing in fabrication of the MWA
chip. The only inconvenience was its higher refractive index than
that of water, requiring a higher critical angle of the incident light for
TIRFM. We resolved the issue by using an objective lens of high
numerical aperture to achieve incidence angles greater than the crit-
ical angle for a glass/PDMS interface.

In our experiments, the rate of the apparent increase in the TIRF
signal was 15 times slower than that of the apparent capture rate of
the antigen onto the bottom surface of the MWA chip. This phe-
nomenon was observed probably because (1) the difference in the
local concentration of antibodies near the bottom surface and (2)
decrease of the unbound antigen by diffusion followed pseudo first-
order kinetics with a time constant of approximately 0.9 min
(Supplementary Fig. S2). The increase in the concentration of fluor-
escent detection antibody accelerates the rate of the apparent
increase in the TIRF signal while decreasing the detection sensitivity
because of elevated background.

The 2,000-molecule detection limit for IL-1B is as low as that
reported earlier®®. The average rate of IL-1p secretion from a single
monocyte calculated from bulk measurements (Supplementary
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