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Maternal vaccines to prevent infant Group B Streptococcus (GBS) disease have
progressed through phase Il development and may be licensed based on
immunologic endpoints, which have yet to be approved by regulatory
authorities. Here we present a multistate case control study to characterize the
relationship between serotype-specific anti-capsular polysaccharide (CPS)
immunoglobulin G concentrations near birth and infant GBS disease risk
reduction. Antibody concentration distributions are significantly lower for
cases (n=643) than controls (n=2801) and serologic thresholds varied by
serotype and age at onset, with 80% serotype-specific protective thresholds
ranging from 0.52 to 2.49 mcg/mL for early-onset disease (EOD; <7 days old)
and 0.02 to 0.14 mcg/mL for late-onset disease (LOD; 7-89 days old). Our study
provides the most robust data to date that protection thresholds vary by
serotype and are notably lower for LOD than EOD, thereby informing potential
serological endpoints for phase IlI trials evaluating CPS-based maternal GBS
vaccine candidates.

Maternal vaccination is a proven strategy to protect infants from
infections during the neonatal period when the immune system is not
fully developed and disease risk is at a lifetime high'%. Expansion of
maternal vaccines to target bacterial causes of neonatal sepsis could
help prevent the estimated annual 3 million neonatal sepsis cases and
350,000 deaths’. Group B Streptococcus (GBS) is a leading cause of
neonatal sepsis, resulting in ~400,000 invasive disease cases, 37,000
infants with long-term neurodevelopmental injuries, and over 90,000

infant deaths annually worldwide; case fatality rates among infants
with onset in the first week of life (early-onset disease or EOD, the
majority of which occurs on the day of birth) range from 0.06 to 0.23
by global region, whereas case fatality rates among infants with onset
on days 7-89 of life (late-onset disease or LOD) are lower and less
variable (0.06-0.10)*. Intrapartum antibiotic prophylaxis (IAP) based
on antenatal screening for GBS colonization is currently the only
available prevention strategy. While highly effective against EOD>®, IAP
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is often neither available nor practical in resource-limited settings. IAP
also does not prevent LOD, which accounts for an increasing propor-
tion of infant GBS disease’™.

Maternal GBS vaccine candidates have progressed through phase-II
trials, demonstrating immunogenicity and safety in pregnant
women'®, At least two products, GBS6, a conjugate product based on
the capsular polysaccharides (CPS) of the six most common infant GBS
serotypes, and GBS-NN/NN2, a vaccine based on GBS surface proteins,
have received fast-track designations'®”. Given the sample size require-
ments and other challenges with traditional disease endpoint phase-lil
trials for GBS vaccine candidates', regulators have expressed openness
to vaccine licensure based on immunologic endpoints'®”, which have
yet to be approved by regulatory authorities. Because maternal antibody
transfer ratios to newborns can be affected by factors such as gestational
age at delivery, immunological endpoints based on cord blood or new-
born blood at birth have been the area of focus®. Previously conducted
sero-epidemiological studies have documented lower anti-GBS CPS
immunoglobulin G antibody concentrations (anti-CPS IgG) in cord blood
from infant GBS cases compared to controls and proposed potential
protective thresholds”?. Recently published studies conducted in
South Africa and Finland used updated, standardized assays and esti-
mated protective thresholds based on infant anti-CPS IgG, but small
sample sizes limited stratification by serotype or by EOD vs LOD®'.

Cases
Consented/Enrolled De-identified
(CO, CT, GA", MN, OR) (CA, GA", MD, NY)
Enrollment attempted Total de-identified cases at
N=235 sites during study periodt
N=959
Total, not enrolled: N=163 i
Refused: n=30 e
g LTFU: n=107 !
Ineligible: n=26 |
v v

De-identified cases
N=720

Enrolled and eligible
N=72

Case population
N=792

Serotype not available or not la-V: N=80
Invasive isolate not available: n=76
Invasive isolate not serotypes la-V: n=4

Assay result (IgG concentration) not available: N=45
Insufficient blood spot volume or poor sample condition: n=30
Light colored eluent (sample rejected): n=15

45{ Blood transfusion prior to blood spot collection: N=24

¥

Cases with IgG concentration available
N=643"""
(denominator for descriptive analyses)

__ o[ Missing covariate data for CALM models (gestational age or intraamniotic
infection): N=39

k.

Cases with IgG concentration and complete covariate data available for CALM models
N=604 (Early-onset disease (EOD): n=253; Late-onset disease (LOD): n=351)
(denominator for antibody-disease risk curve and protective threshold generation)

We conducted the largest sero-epidemiologic study to date,
leveraging countrywide, state-administered newborn screening pro-
grams and the Centers for Disease Control and Prevention’s (CDC)
Active Bacterial Core surveillance (ABCs) for invasive GBS disease”.
Here we used a case-control analysis to characterize the relationship
between newborn serotype-specific anti-CPS IgG antibody concentra-
tions and disease risk reduction to estimate protective thresholds for
EOD and LOD to inform immunologic endpoints for maternal GBS
vaccine trials.

Results

We enrolled 643 cases (268 EOD; 375 LOD) and 2801controls (Fig. 1).
Cases were defined as infants <90 days old with isolation of GBS from a
normally sterile site. Controls were defined as infants born to GBS-
colonized women based on routine antenatal or intrapartum screening
who did not develop invasive GBS disease in the first 90 days of life.
Cases and controls differed on a number of maternal, intrapartum, and
newborn characteristics in line with the epidemiology of infant GBS
disease (Tables 1-2). Over a third of cases (39%; 251/643) were born
preterm, including 28% (181/643) before 34 weeks of gestation, in
contrast to 12% (344/2801) and 4% (100/2801) of controls, respectively.
Intrapartum fever and diagnosis of intraamniotic infection were more
common among EOD cases than among LOD cases or controls. A large

Controls
De-identified
(CA", GA")

Consented/Enrolled
(CA’, CO, CT, GA', MD, MN, NY)

Enrollment attempted
N=3,647

Total, not enrolled: N=2,733
Refused: n=560
LTFU: n=1,899""
Ineligible: n=269
Other: n=5

Enrolled and eligible
N=914

De-identified controls
N=2,452

Control

N=3,366 ~

Serotype la-V not available: N=228
GBS colonization specimen not available: n=64
GBS colonization specimen not serotypes IA-V: n=164

Assay result (IgG concentration) not available: N=326
Insufficient blood spot volume or poor sample condition: n=31
Excess serotype Il controls (>10 per case) - assay not performed
to conserve time and resources: n=286
Assay error codes unresolved after 3 runs for target serotype: n=9

—»{ Blood transfusion prior to blood spot collection: N=11

A

Controls with IgG concentration available
N=2,801"""
(denominator for descriptive analyses)

infection): N=37

[ _ 7»{ Missing covariate data for CALM models (gestational age or intraamniotic ‘

A

Controls with IgG concentration and complete covariate data available for CALM models
N=2,764
(denominator for antibody-disease curve and protective threshold generation)

ES =)

Cases Controls Cases
N=348 N=56
EOD: n=45

Controls Controls

N=706

Cases
N=107 N=473 N=54
EOD: n=62 EOD: n=23

LOD: n=45 LOD: n=31 LOD: n=11

Fig. 1| Study population enrollment flow diagram. Flow chart showing enroll-
ment process for cases and controls. Final sample sizes for curve and protective
threshold generation, disaggregated by early-onset disease and late-onset disease
for each serotype, are shown at the bottom. *Cases and controls were initially
enrolled only after individual-level consent. Subsequent to approval for a waiver of
individual-level consent, cases and controls were enrolled as de-identified samples.
fTime periods for the inclusion of de-identified samples differed by site, depending
on site-specific blood spot retention policies - CA 2015-2022; GA 2018-2022; MD
2013-2022; NY 2010-2022. 1Sites reported that cases were not included because of
blood spot unavailability; however, sites were not permitted to disclose individual-
level reasons for excluding ABCs cases in accordance with the study de-
identification strategy. Most of the excluded cases (178/239) came from one site

SRR

Cases Controls Cases Controls Cases Controls
N=291 N =443 N=45 N=271 N=51 N=523
EOD: n=61 EOD: n=27 EOD: n=35

LOD: n=230 LOD: n=18 LOD: n=16

with a short blood spot retention period, and spots were sometimes discarded
prior to collection for study purposes. **Includes n = 588 GBS colonized women
who did not respond to a single mailer regarding potential study participation per
site ethics board restrictions on enrollment attempts. **Consented enrollment was
used for 61/643 (9.4%) of cases and 727/2801 (26%) of controls. Control serotype
could not be determined until after enrollment and processing of the maternal GBS
screening specimens at CDC. As a result, the number of controls per case ranges
from 1.5 for serotype Il to 13.1 for serotype Il due to differences in the serotype
distribution of GBS isolates from infant cases vs the serotype distribution of spe-
cimens from GBS colonized pregnant women. LTFU lost to follow-up, CALM
covariate-adjusted logit model.
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Table 1| Maternal and intrapartum characteristics by caseand  Table 1 (continued) | Maternal and intrapartum characteristics

control status

by case and control status

Early-onset Late-onset All Cases Controls Early-onset Late-onset All Cases Controls
cases: (0-6 cases:(7-89  n(col %) n (col %) cases: (0-6 cases:(7-89  n(col %) n (col %)
days) days) days) days)
n (col %) n (col %) n (col %) n (col %)
Total 268 (100) 375 (100) 643 (100) 2801 (100) Intrapartum characteristics
Maternal characteristics Duration of membrane rupture (hours)
Age at delivery (years) median 28 (15-58) 29 (14-44) 29 (14-58) 31(14-52) Median (min-max)" 10 (<1-709) 3 (<1-376) 6 (<1-709) 4 (<1-1251)
{minmay) Missing n (%) 47 (18) 85 (23) 132 (21) 189 (7)
SE 6@ 2E) BE 20Q) Duration of membrane rupture >18 hours
18-24 73 (27) 113 (30) 186 (29) 461(16) Yos 51(23) 53 (14) 71408 330 (12)
25-34 141 (53) 180 (48) 321 (50) 1525 (54) No 190 (71) 283 (75) 7304 2351 (84)
235 46 (17) 61(16) 107 (17) 762 (27) Missing 76 39 (10) 56 (9) 120 (4)
Missi 2(<1 9(2 (@2 13 (<1
= ol @ 2 il Preterm premature rupture of 46/74(62)  571/777(32)  103/251(41) 166/
Study site membranes-PPROM? (among 344 (48)
CA 29 (1) 53 (14) 82 (13) 1080 (39) ig‘;sfve"‘(’et:)ge“at'onal 295
£ S NS S 261 Intrapartum fever: T>100.4F or 38.0C
& A= N i BE) Yes 54 (20) 123 66 (10) 162 (6)
Sl 852 873 2220 EB() No 196 (73) 339 (90) 535 (83) 2602 (93)
MD 95 (35) 116 (31) 211(33) 105 (4) Missing 180) 24(6) 20) 370)
Y 2@ 209 gl DEY Intraamniotic infection-noted or suspected®
NY 41(15) 72 (19) 13 (18) 120 (4) Ve 88 (33) 26 () 14.(18) 3n )
OR NS NS NS ° No 164 (61) 325 (87) 489 (76) 2453 (88)
Maternal medical conditions®® N=17 N=125 N=242 N=2801 Missing 166) 246) 200) 70
Obesil) 1709 12100) 29 (12) @36((15) Evidence of intraamniotic infection: intrapartum fever OR intraamniotic infection
Asthma 13 (11) 15 (12) 28 (12) 374 (13) Yes 97 36) 298 126 20) 355 (13)
Diabetes mellitus 4 (3) 3(2) 7(3) 122 (4) No 156 (58) 322 (86) 178 (74) 2409 (86)
Chronic skin breakdown 0 0 0 53 (2) Missing 156) 240) 390 370)
Immunosuppressive therapy 0 2(2) 2(<1) 19(1) nt 5 Gibioti ylaxi
(steroids, etc.) ntrapartum antibiotic prophylaxis
HIV infection® 0 0 0 20 (<1) None 148 (55) 131(35) 279 (43) 302 (1)
Complement deficiency 0 0 0 ) Some, but inadequate (<4 hrs 71(26) 109 (29) 180 (28) 694 (25)
or not a beta-lactam antibiotic)
EUEES G0 Adequate (>4 hours and beta- 33 (12) 112 (30) 145 (23) 1772 (63)
Private 172 (64) 235 (63) 407 (63) 1685 (60) lactam antibiotic)
Medicaid or other gov't/state 76 (28) 118 (31) 194 (30) 1022 (36) Missing 16 (6) 23 (6) 39 (6) 33 (1)
assistance Delivery type by Cesarean section
Uninsured 2 50 208 Gelol) Vaginal delivery 179 (67) 226 (60) 405 (63) 1898 (68)
othey 261 50 70 S0 C-section 88 (33) 138 (37) 226 (35) 879 (31)
Missing 5@ °@ BE o Missing 1(<1) 1) 12(2) 24 (<1)
Number of prior pregnancies®! N=189 N=261 N=450 N=2801 T e P s—— N-88 N-138 N-226 N-879
(0] 54 (29) 79 (30) 133 (30) 1216 (43) ture prior to C-section?
1 62 (33) 61(23) 123 (27) 837 (30) Yes 74 (84) 52 (38) 126 (56) 372 (42)
2 or more 55 (29) 90 (34) 145 (32) 1 (25) No 13 (15) 73 (53) 86 (38) 477 (54)
Missing 18 (10) 31(12) 49 (1) 37(1) Missing 10 13(9) 14 (6) 30(3)
Number of antenatal visits during this pregnancy “Data not shown (NS) reflect small sample sizes (<10) with exact numbers suppressed to protect
1-4° 20(7) 33(9) 53 (8) 153 (5) participant confidentiality.
5.7 44 (16) 54 (14) 98 (15) 309 (11) "Select conditions are presented because they were common among our study population (e.g.,
obesity) or related to immune function (e.g., HIV infection). Case data limited to 2020-2022; not
8 or more 121 (45) 176 (47) 297 (46) 2159 (77) routinely collected pre-2020
Missing 83 (31) 112 (30) 195 (30) 180 (6) °Marked as ‘yes’ if noted in the hospital chart.
GBS bacteriuria during this pregnancy 9HIV status was not reported by one site.
Yes 32(12) 36 (10) 68 (11) 135 (5) *Number of prior pregnancies was added to the ABCs case report form in 2018. Sites re-
X TOED G A TR, abstracted older records, with the exceptions of MD and NY.
° A previous infant with GBS disease was noted in the hospital chart for 7/498 cases and 3/2566
Missing 66 (25) 98 (26) 164 (26) 48(2) controls with data available.
Antenatal GBS screening during this pregnancy 9Includes 1 control with no antenatal visits.
Yes 180 (67) 250 (67) 430 (67) 2801 (100) "Calculated among those with data available.
No 57 (21) 69 (18) 126 (20)
Missing Sl 2ol(D) Sl majority of controls received IAP (88%; 2466/2801), though fewer
If yes, was screening performed 155/180 (86) 189/250 (76) 344/ 2630/ 0/« ;
e o hearitalidrindion for e e (63%; 1772/2891) received adegu.atg IAP, deﬁneq as 4 or more hours of
delivery? a beta-lactam intravenous antibiotic before delivery. Just over half of
Ifyes, was screening performed ~ 30/180 (17) ~ 67/250(27)  97/430(23)  231/2801(8)  the cases received IAP (51%; 325/643), and fewer received adequate
g ospiat admission for 1AP: 12% of EOD cases and 30% of LOD cases.
If yes, screening test result was ~ 56/180 (31) 138/250 (55) 194/ 2801 (100) Remnant routine newborn screening dried blood spot (DBS)
positive 430 (45) samples allowed for antibody concentration measurement using a
If yes, days between positive N=50 N=122 N=172 N=2785 6-plex (Ia, Ib, I1, 111, IV, and V) anti-CPS IgG direct Luminex immunoassay
GBS screening and birth, Med- 20 (<1-151) 16 (<1-64) 17 (<1-151) 20 (<1-143)

ian (min-max)"

(dLIA). Overall, 88% (3016/3444) of DBS were collected within 48 hours
of birth (498/643 or 77% of case DBS; 2518/2801 or 90% of control
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Table 2 | Newborn and blood spot sample characteristics by Table 2 (continued) | Newborn and blood spot sample char-
case and control status

acteristics by case and control status

Early-onset Late-onset  All cases Controls Early-onset Late-onset  All cases Controls
(0-6 days) (7-89 days) n (col %) n (col %) (0-6 days) (7-89 days) n (col %) n (col %)
cases: cases: cases: cases:
n (col %) n (col %) n (col %) n (col %)
Total 268 (100) 375 (100) 643 (100) 2801 (100) Survived 251(94) 347 (93) 598 (93) -
Newborn characteristics Died 16 (6) 27 (7) 43 (7) =
Gestational age (weeks) Missing 1(<1) 1(<1) 2 (<1) -
<34 54 (20) 127 (34) 181 (28) 100 (4) Blood spot characteristics
34-36 20 (7) 50 (13) 70 (11) 244 (9) Age of the baby when DBS was collected
237 193 (72) 197 (53) 390 (61) 2449 (87) Median 1(0-2) 1(01-2) 1(1-2) 1(1-1)
Missing 1(<1) 1(<1) 2(<1) 8 (<1) (days) (IQR)
Birth weight in grams, Missing n (%) 0(0) 1(<1) 1(<1) 9(<1)
Median 3150 2610 2853 3220 Age of baby when DBS was collected
(min-max) (455-4740)  (360-4770)  (360-4770)  (445-6650) <24 hours 125 (47) 102 (27) 227 (35) 633 (23)
d
Missing n (%) 0(0) 14 (4) 14 (2) 30 (1) (0 day)
Duration of birth hospitalization (days) 24-<48hours 73 (27) 198 (53) 271 (42) 1,885 (67)
(1day)
Median 1 (<1-147) 4 (<1-214) 10 (0-214) 2 (0-348)
(Minemax) 48—<72)hours 36 (13) 44 (12) 80 (12) 198 (7)
(2 days,
Missing n (%, nE4 26 (7, 37 (6 AN
el & ) &) U 72-<96hours 12 (4) 50) 7@ 13(<1)
Receipt of anti- N=117 N=125 N=242 N=2799 d
(3 days)
biotics during
birth 96 hours or 22 (8) 25 (7) 47 (7) 63 (2)
hospitalization® more (4+ days)
Yes 99 (85) 57 (46) 156 (64) 383 (14) Missing 0 1< 1< 91
No 9(8) 54 (43) 63 (26) 2399 (86) Timing of DBS collection relative to onset of GBS illness (cases only)
Missing 9 (8) 14 (11) 23 (10) 17 (< 1) Before or on 123 (46) 370 (99) 493 (77) =
— the same day
Race and ethnicity as the
Hispanic or 32(12) 53 (14) 85 (13) 497 (18) case-defining
Latino culture
Non-Hispanic 102 (38) 138 (37) 240 (37) 1136 (41) 1-3 days after 120 (45) 1(<1) 121 (19) -
(NH) Black >3 days after 25 (9) 3(<1) 28 (4) =
l;lH _,?sian or 15 (6) 28 (7) 43 (7) 418 (15) Missing 0 1(<1) 1(<1) _
aclfic
Islander “Case data limited to 2020-2022; not routinely collected pre-2020.
. °Enrollment ended 31 Dec 2022, but six controls were born in early 2023 after their mothers were
NH'Amer'Can 0 0 0 2(<1) identified as GBS colonized and enrolled near the end of 2022.
Indian or . “Includes other invasive syndromes, the most common of which were cellulitis, septic shock, and
Alaska Native bacteremic pneumonia.
NH White 102 (38) 146 (39) 248 (39) 649 (23) dNumber of days used if hours were not available due to missing time of collection or time
Missing 17 (6) 10 (3) 27 (4) 99 (4) of birth.
Sex DBS). Among cases, 4% (28/643) of DBS were collected more than 3
Male 139 (52) 189 (50) 328 (51) 1427 (51) days (72 hours) after onset of disease (Table 2).
Female 127 (47) 182 (49) 309 (48) 1373 (49) For some serotypes, the proportion of specimens below the LLOQ
Missing 2(<1) 4(1) 6(<1) 1(<1) (lower limit of quantification) was higher among specimens collected
Year of birth before 2013 (>~4000 days before antibody testing) compared to
50102012 3G 86 316 00 more recent specimens, potentially consistent with antibody degra-
TR 84 G1) 130 @) 223 (35) 00 dation after long storage times (Supplementary Figs. 1-3). However,
> this finding was not consistent across serotypes (notable for la, but
2018"202? A1) 25k 22980 220 0T minimal for IlI, IV, and V) and declines in antibody concentrations were
Age at GBtS ill- - not observed when specimens were restricted to those with measur-
?Czssseglsrﬁy) able concentrations (Supplementary Figs. 1-3). We therefore included
odion 000 31 (18.49) 13(0.30) — all specimens in the primary analysis and assessed the effects of long
(days) (IQR) storage times in a sensitivity analysis.
Syndrome - We also did not observe any clear trends in the relationship
(cases only) between antibody concentrations and timing of DBS collection relative
Bacteremia 212(79) 199 (53) M (64) N to disease onset (Supplementary figs. 4-5) and so did not restrict the
without focus primary analytic sample size based on timing of DBS collection.
Meningitis 34(13) 140 (37) 174 (27) _ Antibody concentration distributions differed significantly
Other® 2 ) 36 (10) 58 (9) - between cases and controls for the majority of target serotypes and

Outcome of GBS

illness
(cases only)

disease onset strata, as evidenced by bee swarm and box plots
(Fig. 2), receiver operating characteristic (ROC) curves (Supplemen-
tary Fig. 6), area under the curve (AUCs), and Wilcoxon rank sum
tests (Supplementary Table 1). Differences were approaching
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Fig. 2 | Log anti-capsular polysaccharide IgG antibody concentrations by case
and control status. Individual log anti-capsular polysaccharide IgG antibody
concentrations (mcg/mL) (points) and distributions (box plots) for cases and
controls are shown for each serotype (panels) for early-onset disease (EOD) (top
panel) and late-onset disease (LOD) (bottom panel). The points indicate individual
samples; the bounds of the box from the boxplots indicate the 25th and 75th
percentiles, and the line shows the median (50th percentile) value. EOD: % above
the lower limit of quantification for cases: IA—55% (34/62) for cases and 82% (390/
473) for controls, IB—30% (7/23) for cases and 67% (234/348) for controls, 11-69%

Case Control

Case Control

(31/45) for cases and 87% (614/706) for controls, 111-34% (21/61) for cases and 63%
(279/443 for controls, IV—63% (17/27) for cases and 74% (201/271) for controls, V—
46% (16/35) for cases and 63% (329/523) for controls. LOD: % above the lower limit
of quantification for cases: IA—20% (9/45) for cases and 82% (390/473) for controls,
IB—10% (3/31) for cases and 67% (234/348) for controls, 11-82% (9/11) for cases and
87% (614/706) for controls, 111-14% (32/230) for cases and 63% (278/443 for con-
trols, IV—33% (6/18) for cases and 74% (201/271) for controls, V—13% (2/16) for cases
and 63% (329/523) for controls) (See Supplementary table 2 for more details).

statistical significance for serotype IV EOD (p = 0.05) and serotype V
EOD (p=0.08).

When records with missing covariate values were dropped, 604
cases (253 EOD and 351 LOD) and 2764 controls were available for our
primary analyses. While a substantial proportion of both cases and
controls had values below the LLOQ (Fig. 2, Supplementary Table 2),
the proportion of cases with antibody concentrations above the
LLOQ was higher among controls and generally higher among EOD
cases than LOD cases (Fig. 2, Supplementary Table 2). All serotype
and age-at-onset combinations met sample size requirements for
curve generation except serotypes Ib LOD and V LOD (Supplemen-
tary Table 2).

We found no evidence of covariate interactions in models
that converged when interaction terms were included. We gen-
erated curves to characterize the relationship between newborn
serotype-specific anti-CPS IgG antibody concentrations and dis-
ease risk reduction. Curves and protective thresholds generated
with the Covariate Adjusted Logit Model (CALM) method, our
primary method, varied by serotype and age at onset (Figs. 3, 4,
Table 3), with 80% protective thresholds ranging from 0.52 to
2.49 mcg/mL for EOD and 0.02 to 0.14 mcg/mL for LOD. Zero risk

thresholds ranged from 1.53 to 12.91 mcg/mL for EOD and from
0.10 to 1.76 mcg/mL for LOD. There was substantial heterogeneity
by serotype, with serotypes I, IV, and V having higher protective
thresholds. For serotypes where both EOD and LOD curves were
generated, EOD protective thresholds were consistently higher
than LOD protective thresholds. Confidence bounds were tighter
around LOD than EOD protective thresholds, with 90% risk
reduction protective thresholds generally having wider bounds
than 80% and 75%. For all serotype and age at onset strata except
serotype Il EOD, models converged to a single curve regardless of
starting parameter values. For serotype Il EOD, the model con-
verged to two different curve shapes depending on starting
parameter values; for one curve relative disease risk decreased
moderately as antibody concentrations increased; a less common
result (out of 100 runs of randomly selected starting parameter
values, 7% yielded this result) was a curve with relative disease
risk at 100% below a threshold antibody concentration and at 0%
above that threshold value (i.e. a step function). This rarer curve
had a marginally higher maximum likelihood value (i.e., statisti-
cally it fit the data better) and was therefore selected as the final
curve for this stratum.
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Fig. 3 | Risk curves for anti-capsular polysaccharide IgG antibody concentra-
tions and 95% confidence intervals. Risk curves were generated using the
covariate-adjusted logit model (CALM), adjusted for gestational age, intraamniotic
infection, and study site, and are shown for early-onset disease (EOD) (top row) and
late-onset disease (LOD) (bottom row) by serotype (columns). Disease risk is rela-
tive to the null disease risk (NDR), defined as the risk among those with antibody

concentrations below the lower limit of quantification, and scaled to 1. Curves show
the maximum likelihood estimate; 95% confidence intervals (gray) are generated
using the same maximum likelihood approach, except for step functions (serotype
IV and V EOD and serotype Il EOD and LOD), which use bounds from Donovan risk
thresholds. Note: curves not generated for serotype IB and V LOD (< 5 cases above
the lower limit of quantification).
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Fig. 4 | Serotype-specific anti-capsular polysaccharide IgG protective thresh-
olds (mcg/mL) and 95% confidence intervals for early-onset disease and late-
onset disease. 0.75, 0.80, and 0.90 protective thresholds (points) and 95% con-
fidence intervals (lines) for each serotype (columns) for early-onset disease (EOD)
(top row) and late-onset disease (LOD) (bottom row) derived from the risk curves
generated with the covariate-adjusted logit model (CALM). Points show the

maximum likelihood estimate. Lines indicate 95% confidence intervals, arrows
indicate thresholds and/or upper bound beyond x axis. For step functions (ser-
otype I, IV, and V EOD and serotype Il LOD) and for those not meeting sample size
criteria (serotype IB and V LOD), zero risk thresholds and bounds are used.
Threshold estimates for those not meeting sample size criteria (serotype IB and V
LOD) have open circles, as opposed to filled in.

Curves generated in sensitivity analyses assessing the timing of
blood spot collection in relation to disease onset, the timing of
antenatal screening, the role of IAP, alternate controls for LOD com-
parisons, gestational age, (Figs. 5-7 and Supplementary Fig. 7) and
race/ethnicity (Supplementary Fig. 8) generally fell within the 95%

bounds of the primary analysis curves, and in many cases were entirely
overlapping with primary analysis curves (Figs. 5-7). In addition,
curves generated with Dunning’s scaled logit model, using the entire
study sample (i.e., not restricted to those without missing key covari-
ates), did not differ substantially from primary analytic curves (Fig. 7).
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Table 3 | Protective thresholds by serotype and age at onset

Serotype Age 0.75 protective threshold 0.8 protective threshold (mcg/mL) 0.9 protective threshold (mcg/mL)  Zero risk protective
atonset (mcg/mL) threshold (mcg/mL)
1A EOD 1.61(0.53-4.92) 2.49 (0.81-7.67) 8.49 (1.76-41.01) 9.08 (8.51-11.78)
1A LOD 0.01(0-0.08) 0.02 (0-0.11) 0.07 (0.02-0.29) 1.25 (0.94-30.82)
1B EOD 0.48 (0.01-16.92) 1.13 (0.02-70.83) 16.34 (0.04-6052.37) 6.54 (4.85-168.06)
B LOD Sample size <5 above lower limit of ~ Sample size <5 above lower limit of ~ Sample size <5 above lower limit of 0.10 (0.09-0.36)
quantification so curve not gener- quantification so curve not gener- quantification so curve not gener-
ated and zero risk protective ated and zero risk protective ated and zero risk protective thresh-
threshold used threshold used old used
1] EOD 12.91 (12.24-43.37)* 12.91 (12.24-43.37)* 12.91 (12.24-43.37)* 12.91 (12.24-43.37)
Il LOD 0.59 (0.53-6.02)* 0.59 (0.53-6.02)* 0.59 (0.53-6.02)* 0.59 (0.53-6.02)
1] EOD 0.27 (0.05-1.41) 0.52 (0.07-3.57) 4.04 (0.26-64.04) 1.53 (1.31-22.17)
1] LOD 0.03 (0.01-0.06) 0.04 (0.02-0.08) 0.09 (0.05-0.17) 0.92 (0.7-21.8)
\% EOD 2.85 (2.36-39.97)* 2.85 (2.36-39.97)* 2.85 (2.36-39.97)* 2.85 (2.36-39.97)
I\ LOD 0.08 (0-1.60) 0.14 (0.01-2.41) 0.85 (0.01-72.79) 0.87 (0.66-21.28)
\Y EOD 5.25 (4.81-35.22)* 5.25 (4.81-35.22)* 55.25 (4.81-35.22)* 5.25 (4.81-35.22)
Vv LOD Sample size <5 above lower limit of ~ Sample size <5 above lower limit of ~ Sample size <5 above lower limit of 1.76 (1.27-50.6)

quantification so curve not gener-
ated and zero risk protective

quantification so curve not gener-
ated and zero risk protective

quantification so curve not gener-
ated and zero risk protective thresh-

threshold used threshold used

old used

*Step function so zero risk protective threshold used.

Curves excluding specimens collected before 2013 also did not differ
from primary analytic curves (Fig. 5), supporting inclusion of all spe-
cimens in the primary analysis. Curves generated with isotonic
regression were similar to CALM-generated curves, indicating that the
logit function fit the data well (Fig. 7). Finally, protective thresholds
generated using other statistical methods (the Bayesian absolute dis-
ease rate and weighted logistic regression methods) also found higher
protective thresholds for EOD than LOD and for serotypes II, IV, and V
compared to the other serotypes (Supplementary Fig. 9, Supplemen-
tary Table 3).

Discussion
Our case-control study provides the strongest evidence to date that
newborn anti-CPS IgG antibody concentrations can distinguish infant
GBS cases from controls and be leveraged to describe the shape of the
relationship between anti-CPS IgG antibody concentrations at birth and
risk of infant GBS disease. This is a key step towards considering ser-
ological thresholds of risk reduction as potential endpoints for trials
evaluating capsular polysaccharide-based maternal GBS vaccine candi-
dates. We also provide the most robust data to date that protection
thresholds vary by serotype and by age at onset, with notably higher
antibody concentrations required to protect against EOD versus LOD.
Our study has several strengths. First, our study enrolled eight
times more cases than currently published GBS seroepidemiologic
studies using the standardized assay; this enabled us to generate risk
curves and thresholds for a wide range of serotype and age at onset
strata, including the first estimates specific to serotypes Ib, I, IV, and V.
Second, the majority of blood spots were collected within the first
48 hours of life, minimizing concerns, particularly for LOD, about bias
due to decay of maternally transferred antibodies or the infant’s own
immune response after disease onset. Third, risk curves and thresholds
were adjusted for key covariates, a gold-standard practice in obser-
vational case-control analyses; while covariate adjustment did not have
astrong influence on curve shape, it did improve curve fit**. Fourth, the
sensitivity analyses we conducted to explore the potential impact of a
wide range of concerns, from DBS storage time before processing to
widespread IAP use in the US setting, suggested our results were
robust to these factors. Finally, we applied multiple analytic methods
for protection threshold estimation as a secondary method, and these
yielded similar trends in results (Supplementary Fig. 9).

The low protective thresholds for LOD that we observed across
serotypes are consistent with a previous study that reported LOD
thresholds based on a much smaller sample size and a non-
standardized assay”. Low LOD protective thresholds are biologically
plausible given that vertically-transmitted EOD is often associated with
exposure to a high bacterial load in utero and during passage through
the birth canal, whereas common routes of LOD acquisition, such as
skin-to-skin contact with caregivers, breastmilk colonization, or
healthcare-associated transmission in a NICU setting, are likely asso-
ciated with lower intensity bacterial exposures®. It has also been
speculated that antibodies in breast milk may contribute to the pro-
tection of nursing infants, and may partially explain the low LOD
thresholds we observed”. The observation that GBS LOD may be
readily preventable by a minimal boost in antibody concentrations
lends hope to the feasibility of maternal vaccination as a strategy to
prevent other leading bacterial causes of late-onset neonatal sepsis,
given that similar exposure dynamics may be involved.

Our observation that risk curves and thresholds differed across
disease-onset and serotype strata suggests that a single universal
threshold may not be appropriate, although this may be a practical
solution for late-onset disease, or for a subset of serotypes. The variation
observed underscores limitations to the interpretation of thresholds
derived from aggregate data. Curves and thresholds derived from EOD
and LOD cases combined likely underestimate antibody concentrations
required to protect against EOD. Aggregate EOD and LOD thresholds
also complicate comparisons of estimates across studies and geo-
graphical settings since the ratio of EOD to LOD can vary markedly, at
least partially due to IAP implementation®. Similarly, serotype distribu-
tion varies by geography®, and we found wide heterogeneity by ser-
otype in EOD protective thresholds, with serotype Il up to 60 times
higher than the more common serotypes la and Ill. Additionally, anti-CPS
IgG antibody concentrations against the minor serotypes IV and V were
more similar between cases and controls than for other serotypes.
Investigations of the underlying causes behind serotype differences in
protective thresholds will provide important context, as ours is not the
first study to observe variability in protective thresholds by serotype® .
While we are not aware of other seroepidemiology studies that have
characterized the full shape of the antibody concentration-disease risk
relationship, anti-CPS IgG-based correlates of protection against invasive
pneumococcal disease have been shown to vary notably by serotype,
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Fig. 5 | Risk curves for anti-capsular polysaccharide IgG antibody concentra-
tions from sensitivity analyses for timing of blood spot collection and duration
of blood spot storage. Colored lines show the following sensitivity analyses:
timing of blood spot collection relative to disease onset (top panel): “Blood spot
timing” curves (yellow) were generated using the CALM method after exclusion of
n=27 cases (23 EOD and 4 LOD) with samples collected more than 3 days post
disease onset. Duration of blood spot storage (bottom panel): “Pre 2013” curves
(light blue) were generated using the CALM method after exclusion of n=31 case
blood spot samples collected before 2013—(see supplementary information). Black
dotted risk curves for the primary analysis were generated using the covariate-

Pre 2013 = Primary

adjusted logit model (CALM), adjusted for gestational age, intraamniotic infection,
and study site, and are shown for early-onset disease (EOD) (top row) and late-onset
disease (LOD) (bottom row) by serotype (columns). Disease risk is relative to the
null disease risk (NDR), defined as the risk among those with antibody concentra-
tions below the lower limit of quantification, and scaled to 1. Curves show the
maximum likelihood estimate; 95% confidence intervals (gray) are generated using
the same maximum likelihood approach, except for step functions (serotype IV and
V EOD and serotype Il EOD and LOD), which use bounds from Donovan risk
thresholds. Note: curves not generated for late-onset disease for serotypes IB and V
(<5 cases above the lower limit of quantification).

suggesting variation across serotypes is not unusual®’. Functional anti-
body data may provide additional insights, and we are exploring options
for functional assay testing of our specimens, including modification of
the Group B Streptococcus Assay standardization (GASTON)
Consortium-endorsed opsonophagocytic killing assay for use on DBS™.

The availability of the GASTON standardized, validated assay for
anti-CPS IgG antibody concentration assessment opens the door for
threshold comparisons across studies and potential for meta-analysis.
Unfortunately, studies using the GASTON assay to date differ from
each other and from our study in design (whether controls were from
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GBS colonized mothers or not), setting (U.S./high income/widespread
IAP vs. South Africa/middle income/limited IAP vs. Finland/high
income/limited IAP), specimen type (particularly whether specimens
were collected at or near birth vs after disease onset), sample size to
allow for key stratification by serotype and age at onset, and analytic
methods for deriving risk curves and thresholds, including most
notably whether the methods allowed for covariate adjustment®°.

Despite these differences, the thresholds estimated in these studies
still fall within the range of the stratified thresholds estimated in our
study. Ongoing studies will provide additional estimates and expand
the possibilities for cross-study comparisons and meta-analyses®*.
Our study is subject to some limitations, largely attributable to
efforts to maximize the study sample size. For example, to ensure a
robust number of cases, we included cases from more birth years
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Fig. 6 | Risk curves for anti-capsular polysaccharide IgG antibody concentra-
tions from sensitivity analyses for timing of antenatal screening, IAP, and
alternate LOD control groups. Colored lines show the following sensitivity ana-
lyses: Timing of antenatal screening (top panel): “Screening” curves (purple) were
generated using the CALM method after exclusion of n=165 controls screened
more than five weeks prior to delivery. Intrapartum antibiotic prophylaxis (IAP)
(middle panel): “Below the LLOQ” curves (blue) were generated after a small
number of randomly selected controls who received 4 or more hours of IAP and
had IgG concentrations below the LLOQ were treated as counterfactual cases (i.e.,
reclassified as cases for analytic purposes). “Clinical risk factors” curves (pink) were
generated after a small number of randomly selected controls who received 4 or
more hours of IAP and had clinical risk factors highly associated with EOD were
treated as counterfactual cases. “Random” curves (purple) were generated after a
small number of randomly selected controls who received 4 or more hours of IAP
were treated as counterfactual cases. A maximum of five controls for each serotype
were treated as counterfactual cases, with the exact number determined by

applying the rate of cases among colonized women in the absence of IAP: 11 per
1000 live births. All curves were generated using the CALM method and repeated
twice to allow for variability in the random selections. Alternate LOD control group
(bottom panel): “Sample 1” (green) and “Sample 2” (blue) curves were generated
using an alternate control group designed to reflect the epidemiology of LOD—see
methods section. Black dotted risk curves for the primary analysis were generated
using the covariate-adjusted logit model (CALM), adjusted for gestational age,
intraamniotic infection, and study site, and are shown for early-onset disease (EOD)
(top row) and late-onset disease (LOD) (bottom row) by serotype (columns). Dis-
ease risk is relative to the null disease risk (NDR), defined as the risk among those
with antibody concentrations below the lower limit of quantification, and scaled to
1. Curves show the maximum likelihood estimate; 95% confidence intervals (gray)
are generated using the same maximum likelihood approach, except for step
functions (serotype IV and V EOD and serotype Il EOD and LOD), which use bounds
from Donovan risk thresholds. Note: curves not generated for late-onset disease for
serotypes IB and V <5 cases above the lower limit of quantification).

(2010-2022) than controls (2018-2022), as long as DBS specimens
were stored refrigerated or frozen. Although it was not feasible to
conduct a 15-year formal longitudinal stability study, cross-sectional
analyses of specimens with different storage times before processing
revealed no consistent evidence of antibody decay over time (Sup-
plementary Figs. 1-3), and a sensitivity analysis excluding pre-2013
cases detected no meaningful difference in risk curves or thresholds
(Fig. 5; bottom panel). It is possible that our control antibody con-
centration distributions differed from those that might have been
observed during the full study period if there were changes in maternal
colonization patterns (e.g., serotype distribution) from 2010 to 2022.
However, we are not aware of evidence of changing colonization pat-
terns among US women, and stratifying analyses by serotype likely
mitigated any impact on curves and protection thresholds. Controls
also came from fewer states than cases due to enrollment challenges;
however, distributions of antibody concentrations among controls by
site were largely overlapping (Supplementary Fig. 10), and our models
adjusted for study site. Due to widespread use of IAP, controls may also
have included a small number of infants who would have been cases in
the absence of IAP; when this was addressed in a sensitivity analysis of
EOD, however, results remained similar. While DBS were not collected
right at birth (i.e., not cord blood), more than 80% were collected in the
first 48 hours of life, providing a strong approximation of antibody
levels present at birth. Our use of DBS as the primary specimen also
required adaptation of the standardized GASTON assay, but bridging
studies demonstrated good correlation with serum value®. Further,
while we enrolled the largest number of cases and controls of a GBS
seroepidemiologic study to date, the sample size still limited the
assessment of all strata of interest, such as LOD for serotypes Ib and V,
which did not meet the sample size requirements to generate curves.
Limited sample size already resulted in some instances in uncertainty
around protective thresholds, and we note in particular the large
uncertainty around the Ib EOD curve, which is likely driven by the small
sample size of cases above the LLOQ and the presence of one outlier
case with a high antibody concentration. Lastly, our study enrolled
solely from the United States, and antibody concentrations among U.S.
women may differ from those in other settings; even if antibody con-
centrations across populations vary, it may be that the relationships
between antibody concentrations and disease risk are similar across
settings, and this will be important to evaluate as seroepidemiologic
data from different settings continue to accrue.

Our estimate of risk curves for anti-CPS IgG and protection
thresholds expands the evidence available for decision-making
regarding immunological endpoints for phase-lll trials of capsular
polysaccharide-based maternal GBS vaccine candidates”. If successful,
maternal GBS vaccines would reduce illness and death due to neonatal
sepsis, a persistent contributor to under-5 child mortality, and pave the
way for other maternal vaccines to prevent bacterial infections in early

life**®. They also provide a promising opportunity to address the
inequitable disease burden suffered by infants in low-resource set-
tings, as many countries in Africa and South Asia already have a plat-
form for delivering maternal tetanus vaccines, and pregnant women
are accustomed to vaccination during pregnancy.

Methods

This study was reviewed and approved by CDC and site-level Institu-
tional Review Boards (IRBs) (Supplementary Table 4) (See 45 Code of
Federal Regulations (C.F.R.) part 46.114). Cases and controls were
enrolled by individual-level parental consent when required, or
through waivers of individual-level consent and de-identification when
this alternate approach was approved (Fig. 1). Due to challenges with
reaching parents to attempt individual-level consent, most cases, as
well as controls from California and Georgia, were enrolled through
waivers of consent. Participants did not receive any monetary
compensation.

Study population

Cases (from 2010-2022) and controls (from 2018-2022) were enrolled
in eight ABCs population-based catchments in the United States:
California (3 county Bay area), Colorado (5 county Denver area), New
York (7 county Rochester area and 8 county Albany area), Portland,
Oregon (3 county Portland area), and state-wide in Connecticut,
Georgia, Maryland, and Minnesota®. Cases were defined as infants
<90 days old with isolation of GBS from a normally sterile site; EOD
cases had afirst positive culture on days zero to six of life LOD cases on
days 7 to 89 of life. Controls were defined as infants born to GBS-
colonized women based on routine antenatal or intrapartum screening
who did not develop invasive GBS disease in the first 90 days of life.
Controls were identified at selected obstetric care facilities within
surveillance catchments. To account for differences in colonization
(controls) and invasive disease (cases) serotype distributions, we over-
enrolled controls with the aim of a 1:3 case-to-control ratio for
serotype-specific analyses.

To minimize potential misclassification, sites that used consented
control enrollment confirmed the mothers” intent to reside in the
catchment area during the three months after birth to enable capture
of any EOD or LOD episodes through routine ABCs surveillance. Sites
that enrolled de-identified controls were not able to confirm intent to
reside in the catchment area, but they were able to identify any epi-
sodes of illness among controls. Through these procedures, we iden-
tified and excluded one enrolled control that subsequently developed
invasive GBS disease.

Study design
We used an unmatched case-control design stratified by GBS
serotype and EOD vs LOD to characterize the relationship
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between newborn antibody concentrations close to birth (expo-
sure) and infant GBS disease (outcome). Remnant DBS collected
as part of routine newborn screening were used to measure
antibody concentrations. The GBS serotype was characterized
from the invasive disease-causing strain for cases and from rem-
nant maternal screening specimens for controls, and is referred
to as the target serotype throughout this report.

Case and control demographics and clinical characteristics were
abstracted from the infant’s medical chart and the mother’s labor and
delivery record using a standardized form. Maternal medical condi-
tions, including underlying conditions routinely collected by ABCs,
and intrapartum conditions (e.g., intraamniotic infection), were
recorded as ‘Yes' if noted in the hospital chart, ‘No’ when they were not
noted, and ‘Missing’ if no chart was available (Table 1).
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Fig. 7 | Risk curves for anti-capsular polysaccharide IgG antibody concentra-
tions from sensitivity analyses for missing data, curve shape, and

gestational age. Colored lines show the following sensitivity analyses: Exclusions
due to missing data (top panel): “Scaled logit model” curves (green) were generated
using scaled logit models and include all observations (n =268 early-onset disease
cases; n =375 late-onset cases; n=2801 controls). Curve generation method (mid-
dle panel): “Isotonic” curves (red) were generated using isotonic regression, a non-
parametric approach that does not impose curve shape—see methods section.
Gestational age (bottom panel): “34 weeks+” (blue) curves were generated after
restriction to cases and controls with gestational age of 34 weeks or greater. Black
dotted risk curves for the primary analysis were generated using the covariate-

adjusted logit model (CALM), adjusted for gestational age, intraamniotic infection,
and study site, and are shown for early-onset disease (EOD) (top row) and late-onset
disease (LOD) (bottom row) by serotype (columns). Disease risk is relative to the
null disease risk (NDR), defined as the risk among those with antibody concentra-
tions below the lower limit of quantification, and scaled to 1. Curves show the
maximum likelihood estimate; 95% confidence intervals (gray) are generated using
the same maximum likelihood approach, except for step functions (serotype IV and
V EOD and serotype Il EOD and LOD), which use bounds from Donovan risk
thresholds. Note: curves not generated for late-onset disease for serotypes IBand V
(<5 cases above the lower limit of quantification).

Specimens and laboratory methods

At CDC, GBS serotyping was performed on invasive disease-causing
isolates for cases and on isolates from remnant maternal screening
specimens for the majority of controls or directly on selective broth
antenatal screening remnants for a subset of controls. Capsular ser-
otype was ascertained by a range of equivalent methods: whole-
genome sequencing and a validated GBS bioinformatics pipeline
(cases from 2015-2022)*°; latex agglutination and/or Lancefield pre-
cipitation tests using rabbit antisera to capsular polysaccharide types
la, Ib, and II through IX with polymerase chain reaction (PCR) ser-
otyping for non-typeable isolates (cases before 2015, initial control
specimens)*; and real-time PCR on isolates or selective broth directly
(majority of controls)*.

State newborn screening laboratories provided remnant DBS spe-
cimens from routine newborn screening for both cases and controls.
Systems were put in place to limit study DBS storage at room tem-
perature to six weeks or less at newborn screening programs that did not
routinely store DBS under refrigeration or freezing. Once received by
CDC, DBS were stored at <—20 °C with desiccant until processing. Anti-
body concentrations in DBS specimens were measured using a pre-
viously described 6-plex (la, Ib, II, IlI, IV, and V) anti-CPS IgG direct
Luminex immunoassay (dLIA) developed by Pfizer, Inc. (Pearl River, New
York, USA), adopted by the international GASTON Consortium as their
standardized assay***, and modified for use on DBS eluent®. A bridging
study was conducted to evaluate the use of DBS as a sample matrix for
the established assay. The concordance correlation coefficient (CCC)
was used to assess equivalence between log;o-transformed concentra-
tions in paired serum and DBS eluents for a panel of 33 matched sera and
DBS that spanned the dynamic range for each serotype-specific assay.
CCC values were >0.99 with the lower bound of 95% confidence above
0.98 for each assay. To increase accuracy in DBS-to-serum equivalency, a
serotype-specific conversion factor based on Deming regression results
was applied if the 95% confidence interval (CI) on the intercept did not
include zero (indicating that the baseline level between the two condi-
tions had significant systematic differences) or if the 95% CI on the slope
did not include one (indicating significant proportional differences
between the two conditions). Conversion factors were applied for ser-
otypes I, IIl, IV, and V*.

Data were captured as median fluorescence intensities (MFI) using
the Bio-Plex 200 system and converted to pg/mL antibody con-
centrations using a reference standard curve and accounting for the
serum dilution factor. Assay results are reported in weight-based
measurements of anti-CPS IgG antibodies (ug/mL)*. In preliminary
natural immunity studies, a high proportion of specimens were found
to fall below the lowest usable point of the standard curve or below the
LLOQ. A comparison of antibody-depleted serum (ADS) MFIs values
against assay blank MFI values established a ratio-based algorithm that,
when applied to LLOQ samples, demonstrated that LLOQ samples
performed similarly to the ADS samples tested and, thus, demon-
strated sufficient assay sensitivity. Thus, for analytic purposes, speci-
mens with antibody concentrations designated as below the LLOQ
were assigned a value of half the serotype-specific LLOQ and are
referred to as below the LLOQ specimens throughout this report.

We assessed the relationship between duration of DBS storage
before testing and antibody concentration, since a meaningful
portion (40%) of case specimens had longer storage times than
controls, and stability of anti-CPS IgG analytes under long-term
storage has not been demonstrated previously for the DBS matrix.
We excluded target serotype antibody results (e.g., anti-la CPS IgG
for those classified as la cases and controls exposed to maternal
colonization with serotype la) from this analysis because differences
in case and control antibody concentrations to the target serotypes
were central to the study’s primary objective analysis. We used
scatterplots and LOESS smoothing to assess visually the relationship
between antibody concentrations and storage duration. For each
serotype and case/control stratum, we assessed two plots: one
included all antibody concentrations in which a downward trend
would be consistent with potential antibody degradation over time,
and one excluded below the LLOQ observations to ensure that they
did not obscure evidence of degradation among those with quan-
tifiable concentrations. For all other analyses in this report, we used
the target serotype only.

To assess whether antibody concentrations among DBS collected
after disease onset differed from concentrations in specimens col-
lected before disease onset, either due to an infant antibody response
to disease or natural maternal antibody decay after birth, we analyzed
the relationship between timing of infant specimen collection relative
to disease onset and antibody concentration for EOD and LOD cases
separately.

Statistical analyses

Descriptive analyses. We generated a directed acyclic graph to
identify potential confounders associated with both the exposure (i.e.,
infant anti-CPS IgG antibody concentration) and outcome (i.e., GBS
disease) (Supplementary Fig. 11). Visual assessment of the relationship
between potential confounders and antibody concentration among
controls (Supplementary Fig. 10) was performed. Antibody con-
centration values were log-transformed to reduce the impact of out-
liers and approximate a normal distribution; log-transformed values
were used for all primary analyses.

For each target serotype, we compared antibody concentration
distributions between cases, stratified by EOD and LOD, and controls
using boxplots and bee swarm plots. Controls were categorized only
based on the serotype of the colonized mother, and thus the same set
of controls was used for both EOD and LOD serotype-specific analyses.
To assess the ability of antibody concentrations to distinguish cases
from controls, we constructed receiver operating characteristic (ROC)
curves for each target serotype and age at onset stratum, conducted
Wilcoxon rank sum tests, and calculated the area under the curve
(AUC) for each ROC plot.

Risk curves and protective threshold generation. We generated ‘risk
curves’ plotting the relationship between anti-CPS IgG antibody con-
centration (x-axis) and relative disease risk reduction (y axis), for all
strata of target serotype and age at onset combinations that had at
least five cases with antibody concentrations above the LLOQ. The
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CALM method*® (see Supplementary Methods Appendix A and Sup-
plementary Fig. 12 for more details), an extension of Dunning’s Scaled
Logit Model (SLM)", is equivalent to the SLM if no covariates are
included, and was used to generate risk curves. The CALM method
allows disease risk among specimens below the LLOQ, defined as the
null disease risk (NDR), to vary by covariate values and generates
relative risk curves for anti-CPS IgG; we scaled the curves so the NDR
was 1 at the LLOQ. We used maximum likelihood to estimate CALM’s
parameters and tested a range of starting values to ensure the algo-
rithm did not converge to local maxima. For strata with less
than five cases above the LLOQ (i.e., limited data to inform curve
shape), we reported a protective threshold based on the maximum
observed antibody concentration among cases as described by
Donovan, et. al*®,

Covariates were considered for inclusion in CALM models if
they were either identified as potential confounders (Supplemen-
tary Fig. 11) or suggested by the US Food and Drug Administration
(FDA)’s Center for Biologics Evaluation and Research (CBER) during
informal review. Gestational age (< 37 vs =37 weeks’ gestation) and
intraamniotic infection (defined as notation in the labor and
delivery record of intrapartum fever, suspected chorioamnionitis,
or chorioamnionitis) were included as potential confounders. The
study site was included based on FDA input and grouped based on
sample sizes (GA, CA, other). Some potential confounders were not
included because of incomplete data (first delivery) or because
they were too rare (maternal HIV, prior infant with GBS). Race and
ethnicity were not included because they likely operate through
multiple pathways with more proximal intermediary confounders
already included in the model (gestational age) (Supplementary
Fig. 11); however, these were evaluated in a sensitivity analysis.
Considering the limited number of covariates available for inclu-
sion, for simplicity, we included all pre-specified variables in CALM
models. Primary CALM analyses excluded records with missing
values for intraamniotic infection or gestational age. Evidence of
interactions between these key covariates and antibody con-
centrations was also assessed.

Population disease rates used in CALM models to account for the
case-control design of our study (disease rates were greater in our
study sample, which largely consisted of infants of colonized mothers,
than in the broader study population from where the cases arise) were
assumed to be 0.88 EOD cases per 1000 live births and 0.58 LOD cases
per 1000 live births (see Supplementary Methods Appendix B for more
details).

Putative protective thresholds were calculated by identifying the
first point on the curve at which the relative reduction was equal to or
less than the pre-specified risk reduction (i.e., 75%, 80%, 90%).
Standard errors of risk curves and corresponding protective
thresholds were obtained through a first-order Taylor expansion of
the curve as a function of the parameters and the estimated Hessian
matrix*’. Standard errors were used to calculate 95% confidence
bounds of estimated curves and protective thresholds. If curves
converged to a step function, we used the Donovan method for
estimation of the zero-risk protective threshold and confidence
bounds*®.

Sensitivity analyses. Sensitivity analyses were conducted using the
CALM method as described above on specific subsets of the data
outlined below, unless otherwise specified.

Timing of blood spot collection relative to disease onset. We con-
ducted a sensitivity analysis of risk curves for anti-CPS IgG and asso-
ciated protective thresholds that was restricted to cases with DBS
collected within 3 days of disease onset, as has been done previously™.
This analysis primarily pertains to EOD, as DBS were generally col-

lected shortly after birth and well in advance of LOD onset. Results are

provided for LOD since DBS were collected >3 days after disease onset
for a small number of LOD cases.

Duration of blood spot storage. We conducted a sensitivity analysis of
curves and protective thresholds that excluded specimens collected
before 2013 based on results of a cross-sectional analysis of specimen
stability over time.

Timing of antenatal screening. We restricted controls to those whose
mothers were screened within five weeks before delivery, given the
possibility that those screened earlier may no longer have been colo-
nized at birth, and thus their infants may have had no GBS exposure.

Intrapartum antibiotic prophylaxis. Because this study limited con-
trols to infants born to women with positive antenatal GBS screening
tests, most mothers of controls received adequate IAP (4+ hours of a
beta-lactam). It is therefore likely that some controls would have been
EOD cases in the absence of IAP. To assess how different risk curves
and thresholds might be in a hypothetical setting without IAP, we
conducted a sensitivity analysis. In this scenario, we treated two to five
controls who received IAP per serotype as EOD cases (i.e., counter-
factual cases) when generating curves and protective thresholds. The
exact number of counterfactual cases was based on the expected rate
of infant disease among colonized women in the absence of IAP: 11/
1000%°. The counterfactual cases were randomly drawn from sub-
groups of controls who received 4+ hours of IAP and had epidemio-
logically relevant characteristics: 1) those with antibody
concentrations below the LLOQ (a group considered in the literature
to be at highest risk for EOD) and 2) those with clinical risk factors
strongly associated with EOD (i.e., intrapartum fever and/or intraam-
niotic infection), as well as 3) randomly selected controls. We repeated
this process twice to allow for variability in the random selections. We
also repeated this process to include controls who received 2+ hours of
IAP in the pool of potential counterfactual cases since 2+ hours of IAP
confers partial protection®.

Alternate LOD control groups. We conducted a sensitivity analysis
using alternate control groups designed to reflect epidemiologic
observations that approximately half of LOD cases are born to mothers
not colonized with the disease-causing GBS strain®>**, For this sensi-
tivity analysis, we leveraged the multiplex nature of the antibody
binding assay, which simultaneously generates results for all 6 ser-
otypes (i.e., one target and five non-target results). The alternate LOD
control groups were comprised of infants born to mothers colonized
by the target serotype (50%) and infants whose mothers were not
colonized by the target serotype (50%), with a 1:6 case-to-control ratio
for serotypes Ia, I, and IV, and 1:2 for serotype IlI, similar to the ratios in
the primary analysis. For serotypes la, II, and IV, these control groups
were created by randomly selecting three target serotype-matched
controls per case and three additional non-target controls per case,
with the random selection weighted according to the control popu-
lation serotype distribution. For serotype lll, we used a random sample
of 50% of the serotype Ill controls and sampled the same number from
the non-serotype Ill controls. We repeated this process twice to allow
for variability in the random selections.

Exclusions due to missing data. To assess the impact of excluding
individuals with missing values for key covariates in our primary CALM
analysis, we compared our primary CALM curves to unadjusted curves
using the SLM, which allowed us to include all cases and controls
regardless of missing values in key covariates.

Curve generation methods. To assess whether the logit shape
assumed by CALM fits the data, we generated curves using isotonic
regression, a non-parametric approach that does not impose curve
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shape beyond the requirement that the curve is a monotonic function.
Finally, we compared curves and protective thresholds generated with
CALM to those generated with the Bayesian absolute disease rate and
weighted logistic regression methods recently published™. Since the
methods are not expected to yield identical estimates, particularly as
CALM generates a relative curve and the other methods generate an
absolute curve, the objective was to assess whether trends in curve
shape and protective thresholds across serotypes and EOD vs LOD
were similar across methods.

Gestational age sensitivity analysis. We conducted a sensitivity
analysis restricted to cases and controls with gestational age of
34 weeks and greater in recognition of the potential for residual con-
founding in the primary CALM analyses, where strata-specific sample
sizes limited gestational age categorization to <37 vs >37 weeks.

Statistical analyses were conducted in SAS and R (see
Supplementary Code).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are not openly
available to protect the privacy of the study subjects. Study data can
be made available upon request, including completion of the Data Use
Agreement. Data requestors can contact the corresponding author
directly or submit a request here: Isolate and Data Requests | ABCs
| CDC.

Code availability
Code is available as a supplementary file.
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