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Postinfectious hydrocephalus (PIH), which often follows neonatal sepsis, is the most common cause of pediatric
hydrocephalus worldwide, yet the microbial pathogens underlying this disease remain to be elucidated. Charac-
terization of the microbial agents causing PIH would enable a shift from surgical palliation of cerebrospinal fluid
(CSF) accumulation to prevention of the disease. Here, we examined blood and CSF samples collected from 100 con-
secutive infant cases of PIH and control cases comprising infants with non-postinfectious hydrocephalus in Uganda.
Genomic sequencing of samples was undertaken to test for bacterial, fungal, and parasitic DNA; DNA and RNA
sequencing was used to identify viruses; and bacterial culture recovery was used to identify potential causative
organisms. We found that infection with the bacterium Paenibacillus, together with frequent cytomegalovirus (CMV)
coinfection, was associated with PIH in our infant cohort. Assembly of the genome of a facultative anaerobic bacterial
isolate recovered from cultures of CSF samples from PIH cases identified a strain of Paenibacillus thiaminolyticus. This
strain, designated Mbale, was lethal when injected into mice in contrast to the benign reference Paenibacillus
strain. These findings show that an unbiased pan-microbial approach enabled characterization of Paenibacillus in
CSF samples from PIH cases, and point toward a pathway of more optimal treatment and prevention for PIH and
other proximate neonatal infections.
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INTRODUCTION

Hydrocephalus is the most common indication for neurosurgery in
children. Of the estimated 400,000 new cases each year, about half
are estimated to be postinfectious, with the largest number of cases
in low- and middle-income countries, especially sub-Saharan Africa
(1). Neonatal sepsis (2) often precedes postinfectious hydrocephalus
(PIH) (3), although the manifestations of hydrocephalus typically
emerge in the months after the neonatal period as sufficient cere-
brospinal fluid (CSF) accumulates such that cranial expansion garners
medical attention. Thus, although these infants will typically die in
early childhood without advanced surgical management, they are
omitted from neonatal mortality surveillance (4).

The spectrum of microbial agents that underlie PITH remains
poorly characterized. It is known that seasonal Neisseria epidemics
can produce such cases within the African meningitis belt (5), and
there have been reports of a tendency toward Gram-negative coli-
form bacteria in infants in other southern (6) and eastern (7) African
locations where Neisseria is uncommon. A well-controlled ex-
amination of the pathogenic organisms underlying PIH needs to be
conducted because it remains unclear what roles viruses, parasites,
or fungi might play in addition to bacteria. If the microbial agents
causing PIH were better characterized, then emphasis could shift from
surgical palliation of CSF accumulation (8) to prevention of PIH.

In this study, we examined blood and CSF samples from 100 con-
secutive cases of PIH and control cases of non-postinfectious hy-
drocephalus (NPIH) in infants under 3 months of age at the CURE
Children’s Hospital of Uganda (CCHU) in Mbale, Uganda. Since 2001,
this pediatric neurosurgical hospital has treated thousands of cases
of PIH and NPIH, with nearly uniform negative recovery of putative
pathogens through standard bacterial culture. Here, we conducted
molecular analysis of high-quality blood and CSF samples and un-
dertook comprehensive testing for bacterial, fungal, and parasitic DNA;
genomic and RNA transcript sequencing for viruses; and extensive
bacterial culture recovery for taxonomic identification, genome as-
sembly, and virulence characterization.

RESULTS

Demographics and clinical characteristics of the

infant cohort

Between March and November 2016, 115 consecutive infants with
hydrocephalus were screened, and 15 were excluded for the follow-
ing reasons: 8 did not receive parental consent, 6 lived outside of
Uganda (South Sudan and Kenya), and 1 weighed less than 2.5 kg.
A total of 100 patients 3 months of age or younger with hydroceph-
alus were enrolled in the study: 64 were diagnosed with PIH, and 36
were diagnosed with NPIH. PIH patients were older (66 days versus
43 days, P < 0.0001), had higher peripheral and CSF white blood
cell (WBC) counts, and were more likely to be anemic (hemoglobin,
10.7 g/dl versus 13.0 g/dl; P < 0.0001) compared with NPIH patients
(Table 1). Preoperative computed tomography (CT) scans were
available for 98 subjects. Of these, the PIH group was more likely to
have a higher CT scan score reflective of brain abscesses, calcifica-
tions, loculations, and debris than the NPIH group (P < 0.0001;
Table 1 and fig. S1). There were no significant differences in gender
and HIV exposure frequencies between the groups. The homes of
PIH patients were concentrated within central and eastern Uganda,
in a swampy plateau north of Lake Victoria, and south and north of
the banks of Lake Kyoga, whereas NPIH patients were more uni-
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Table 1. Demographics and clinical characteristics of the PIH and
NPIH cohorts. PIH, postinfectious hydrocephalus; NPIH, non-
postinfectious hydrocephalus.

e All patients PIH NPIH
Characteristics n=100 n=64 n=36
Age in days,

mean (5D) 57 (24) 66 (17) 43(27)
Sex

Male (%)

49 (49) 29 (45)

Female (%)
Peripheral blood
WBC[1.0 x

10%/ul, mean 10.3 (3.6) 11.0(3.8) 8.8 (2.6)
(SD)
U, 30 (62) 45 (74) 5(05)
mean (SD)*
Hemoglobin (g/
dl), mean (SD) 11.5(2.2) 10.7 (1.3) 13.0 (2.8)
Hematocrit %,
mean (D) 36.8 (7.4) 34.1 (4.1) 41.6(9.3)
CT scan scoring
(#and % in
each
category)Jr
0 32(33) 8(25) 24 (69)
1 15 (15) 7(11) 8(23)
2 13 (13) 10(16) 3(8)
3 11(11) 11(17) 0(0)
4 27 (28) 27 (43) 0(0)
HIV exposure
status (# and %)
Yes 5(5) 3(5) 2 (6)
No 95 (95) 61 (95) 34 (94)
*n=99. tn=98.

formly distributed geographically (P < 0.03 by linear discrimina-
tion; fig. S2).

Before admission for hydrocephalus, 15 infants received antibi-
otic treatment; however, records detailing the antibiotic type used
were only available for 2 of these 15 patients (gentamicin with am-
picillin in one case and gentamicin with ceftriaxone in the other case).
Three patients received antibiotics to treat active infections at the
CCHU after admission (ceftriaxone with gentamicin in one case and
ceftriaxone alone in the other two cases). Such antibiotic treatment
is provided as adjunct care for abscess management (with drainage
and irrigation of larger accessible abscesses) before more definitive
surgical treatment of hydrocephalus with endoscopic third ventric-
ulostomy or insertion of a ventriculoperitoneal shunt (8).

Detection of bacterial pathogens in infant CSF samples

For bacterial pathogen discovery, both Sanger sequencing of the
16S ribosomal DNA (rDNA) V1-V4 region and next-generation se-
quencing of V1-V2 and V4 regions were performed on fresh-frozen
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Fig. 1. 16S rDNA sequencing of PIH and NPIH A
CSF samples. (A) Agarose gels show 165 rDNA
amplification products from CSF samples from
patients with PIH (red) or NPIH (blue). Black aster-
isks denote lanes where faint nonspecific amplifi-
cation (smears) or bands of unexpected sizes

@ 16S PCR-positive (0165 PCR-negative

PIH cases

() OIOCCON ) 000 000000000 OO0 00000000000000

NPIH cases

were observed. All amplification products includ- 000000000000000000035000000003500000

ing nonspecific amplifications were subjected to
subcloning and sequencing. The following con-
trol samples were included: 10 negative ex- B
traction controls, 3 negative PCR controls (no
template), and 3 positive PCR controls (DNA from
human stool for bacteria or from soil for fungi).
PCR-positive (+) and PCR-negative (-) controls
(light blue) and 10 separate extraction reagent
controls (RC) (yellow) are shown. Brightness and
contrast were adjusted for gels to maximize visi-
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and preserved CSF specimens in two
different laboratories, which enabled us
to account for known variation in mi-
crobial community amplicon sequencing
(9) and to demonstrate the reproduc-
ibility of our findings.

V1-V2 - preserved

Using DNA prepared from fresh-
frozen CSF samples, conventional poly-

100
1

47,5 (60.9%, 94.4%)

80
1

60
|

AUC: 70.9%

Sensitivity (%)

20

x PH
* NPIH

merase chain reaction (PCR) targeting : "
of the V1-V4 16S rDNA gene region

(table S1) revealed 16S rDNA amplifi-

cation in CSF samples from 27 of 64 PIH

cases but only 3 of 36 NPIH cases (Fig. 1A). V1-V4 Sanger se-
quencing of subcloned amplicons identified Paenibacillus as a pre-
dominant organism within the PIH cohort (23 of 64) but not within
the NPIH cohort (0 of 36) (table S2). For quantification of Paeniba-
cillus in CSF samples, Paenibacillus genus-specific quantitative PCR
(qPCR) was performed, providing confirmation and quantification
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15 20 100 80 60 40 20 [

V4 - fresh frozen Specificity (%)

of 22 of the 23 CSF samples that were positive for Paenibacillus by
Sanger sequencing and identifying 4 additional positive cases (Fig. 1B).
Next-generation sequencing of the 165 rDNA V4 region was per-
formed on all CSF samples from which amplification libraries could
be obtained with composite MiSeq primers (26 of 64 PIH cases and
3 of 36 NPIH cases) (Fig. 1C). Only a few nucleotides distinguished
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Fig. 2. CMV detection and CT brain imaging. (A) Venn diagram of CMV incidence detected using gPCR of blood samples or VirCapSeq, RNA sequencing (RNA-Seq) and
real-time qPCR of CSF samples from patients with PIH or NPIH. (B) Representative CT brain images of patients with PIH or NPIH indicating infection with Paeniba-
cillus (Paeni) or CMV. CT brain images for NPIH cases showed Dandy-Walker cyst malformations (white triangles) without a history or surgical findings of previous infec-
tion. In the PIH cases infected with Paenibacillus, notable brain abnormalities included multiple loculations of CSF (white star), higher-density fluid collections reflective
of debris or blood within the CSF (inverted white triangle), ectopic calcification within the brain (white square), and abscess formation (white circle). (C and D) CT scores
stratified by clinical indication (PIH or NPIH) (C) and as a function of CMV or Paenibacillus infection status (positive or negative) (D) (see also fig. S6).

Paenibacillus thiaminolyticus and Paenibacillus popilliae within the
V1-V4 region, hindering species-level discrimination between these
taxa. From the V1-V4 sequencing data, a phylogenetic tree was con-
structed, revealing that most of the Paenibacillus V1-V4 sequences
were most closely related to P. thiaminolyticus and P. popilliae, with
sequences from one individual with PTH most closely matching
Paenibacillus alvei (fig. S3).

Using 16S rDNA from samples in DNA/RNA preservative, next-
generation sequencing was performed on the V1-V2 region. Over-
all, representative sequences from the 1767 operational taxonomic
units (OTUs) matched 159 genera. Most of the OTUs were sparsely rep-
resented except for a number of known skin flora, e.g,, Propionibacterium
spp. (Fig. 1D). More than half of the reads in 20% of the patients were
attributed to the genus Paenibacillus. Paenibacillus spp. were present,
defined as a minimum of 50 reads, in 38 PIH cases and 2 NPIH
control cases (Fig. 1D).

To associate bacterial taxa with infection, we aggregated anno-
tated OTUs at the genus level and performed differential abundance
analysis. In performing linear regression analysis, Paenibacillus was
the only genus associated with PIH after multiple testing correction
(table S3). 16S rDNA abundance of Paenibacillus spp. was used as a
marker for classifying patients with PTH and was consistent between
V1-V2 and V4 regions (Fig. 1E). A receiver operating characteristic

Paulson et al., Sci. Transl. Med. 12, eaba0565 (2020) 30 September 2020

(ROC) analysis yielded an area under the curve (AUC) of 70.9%
[95% DeLong confidence interval (CI) = 60.6 to 81.1%] for V1-V2
regions (Fig. 1F and fig. S4A), with an optimal threshold just below 50 reads.
The geographical spatial distribution of PIH and PIH Paenibacillus-
positive cases was significantly different from control NPIH cases
(P < 0.03 and P < 0.013, respectively; fig. S2).

Other putative pathogens detected by 16S rDNA sequencing in
CSF samples from individual cases at high abundance included se-
quences consistent with Bacillus subtilis and Streptococcus agalactiae
(Fig. 1, C and D, and table S2). Bacterial diversity decreased as
Paenibacillus abundance increased (fig. S4B). Most of the CSF samples
had a similar microbial composition and B-diversity leading to no
clear visual separation of PIH and NPIH cases when visualized with
principal coordinates analysis (fig. S4C). Limiting OTU sequences to
the set of OTUs annotated as Paenibacillus spp. revealed two or
three clusters of patients with similar Paenibacillus abundance dis-
tributions (fig. S5). Further analysis of the microbial communities, includ-
ing comparison of 165 TDNA regions and characterization of the taxonomy
of bacterial isolates, is described in figs. S5 and S6 and table S3.

Detection of viral pathogens in infant CSF samples
Using the targeted viral detection capture technique VirCapSeq-
VERT (10), we observed evidence of 11 viral strains distributed across
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36% of the CSF samples: 32.8% of PIH cases and 41.6% of NPIH
cases (table S4). Only cytomegalovirus (CMV) was abundant, which
was confirmed by requiring positive findings on at least two replicates
using two different gPCR methods (table S4) for all 100 preserved
CSF and blood samples. CMV was confirmed in 27 of 100 patients
including in 27 of 99 blood samples (18 of 64 PIH cases and 9 of 35
NPIH cases). However, CMV was found only in CSF samples (8 of
64 PIH and 0 of 36 NPIH) from PIH patients with CMV-positive
blood samples (Fig. 2A). RNA sequencing data confirmed four cases
of CMYV infection by sequence matches to multiple mRNA transcripts,
indicating the presence of replicating CMV (Fig. 2A). The geographi-
cal distribution of CMV-positive cases (PIH and NPIH combined)
was not different from that for NPIH control cases (fig. S2).

Correlation of Paenibacillus with clinical signs of PIH
Several clinical measurements were positively associated with the
presence of Paenibacillus including WBC counts in CSF and CT
scan scores. In 12 months of follow-up, there were five deaths, three
in the PIH cohort and two in the NPIH cohort. Each of the PTH
deaths was in patients who were infected with Paenibacillus.
Scoring of brain CT scans based on the presence of brain ab-
scesses, calcifications, loculations, and debris was calculated using
preoperative images. PIH cases without measurable Paenibacillus
infection had higher scores on the CT scans than did NPIH cases.
PIH cases who were positive for Paenibacillus infection had higher
CT scan scores compared to PTH cases who did not have Paenibacillus
infection (Fig. 2, B and C; table S5; and figs. S1, S6, and S7). Each
of the individual components of the CT score (abscesses, calci-
fications, loculations, and debris) was individually associated with
PIH (P < 107°) or Paenibacillus (P < 10™) (table S5). All of the CSF
samples that were positive for CMV were from PIH cases (table S6),
and each of these PIH cases had at least one of the four signs com-
prising the CT scan score: six of seven fluid loculations, debris with-
in fluid spaces, or ectopic calcification, and five of seven abscesses
(table S7). We fitted an ordinal logistic regression model that included
PIH versus NPIH status and presence of Paenibacillus. PIH cases had

increased proportional odds for a high CT scan score with an odds
ratio (OR; 95% CI) of 11.66 (4.29 to 33.94) and Paenibacillus presence
with an OR (95% CI) of 7.6 (3.06 to 19.88). Testing for the presence
of CMV did not show increased proportional odds of high CT scan
scores (Fig. 2D) with an OR (95% CI) of 3.30 (0.52 to 29.66), when con-
trolling for hydrocephalus etiology and the presence of Paenibacillus.

Paenibacillus spp. abundance was inversely correlated with pa-
tient age, consistent with residual sequelae after neonatal infection
(Kruskal-Wallis, P < 0.05; Fig. 3A and fig. $6). Only PIH cases had
high CSF WBC counts (>5/ul), and all were positive for Paenibacillus
in the top abundance quartiles of normalized 16S rDNA counts
(Fig. 3B and fig. S6). Infants with hydrocephalus may have consid-
erable extra weight in their heads from CSF accumulation relative
to their body mass. After calculating and subtracting excess fluid
volume for age (11, 12), we found no difference between this cor-
rected weight for age with hydrocephalus and Paenibacillus status
(Fig. 3C). Seizures were more commonly reported in patients with
hydrocephalus before admission (25 versus 13) and during hospital
admission (9 versus 1) if the patients were positive for Paenibacillus.
The mean number of estimated days from initial febrile episode to
when the head was noted to be growing was 21.4 + 16.4 days versus
29.3 + 25.4 days for Paenibacillus-positive versus Paenibacillus-
negative cases. Blood in the CSF was noted in 15 CSF samples, but
did not account for Paenibacillus positivity (1 of 7 Paenibacillus-
positive PIH cases) or the presence of CMV in CSF (0 of 15 Paenibacillus-
positive PIH or NPIH cases).

Characterization of Paenibacillus strains after recovery

from CSF samples

From 600 initial cultures recovered from fresh-frozen CSF samples
(table S8), 12 bacterial isolates were recovered from seven patients
(table S9). Three Paenibacillus isolates were recovered from anaerobic
blood culture bottles containing lytic liquid media (BD BACTEC):
Two isolates subsequently grew on solid media after subculture,
and a third Paenibacillus isolate failed to be subcultured on solid
media and was identified directly from the liquid anaerobic
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Fig. 3. Clinical signs associated with Paenibacillus infection. (A) Boxplots of log,-normalized Paenibacillus 165 rDNA abundance according to the age of patients with
PIH or NPIH (categorized into 0 to 6 weeks and >6 weeks old) (see also fig. S6). (B) Boxplots of white blood cell (WBC) counts in CSF samples (cells per microliter) according
to Paenibacillus infection (+/-) for patients with PIH or NPIH (see also fig. S6). Cell count values less than 5 were counted as 5. Cell count values greater than 250 were
counted as 250. (C) Boxplots of corrected weight-for-age z scores according to Paenibacillus infection (+/-) for patients with PIH or NPIH, after calculating and subtracting
excess CSF volume for age. Boxplots display the median and upper and lower quartiles, with whiskers indicating 1.5x the interquartile range.
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Fig. 4. Recovery of P. thiaminolyticus Mbale strain from PIH CSF samples after culture. CSF samples from three patients with PIH yielded three bacterial isolates after
culture that were identified as Paenibacillus [black asterisks in (C)]. One isolate showed high 165 rDNA sequence identity to our V1-V2 and V4 region sequencing results.
(A) Cultured P. thiaminolyticus Mbale strain stained with Gram stain at x1000 magnification. Weak or negative Gram staining, despite a Gram-positive cell structure, is
characteristic of Paenibacillus species (53). (B) To classify the P. thiaminolyticus clinical isolate, an extensive genome analysis was performed using both long-read and
next-generation sequencing along with optical mapping. The resulting draft circular genome created using CGView, which features coding sequences (CDS), transfer RNA
(tRNA), ribosomal RNA (rRNA), phage insertions, and GC content (53%), is shown. (C) Phylogenetic tree of Paenibacillus spp. based on 40 marker genes. The three bacteri-
al isolates from cultured CSF samples are indicated by yellow tabs with black asterisks; isolate 2033 was renamed P. thiaminolyticus strain Mbale. (D) Concentrations (nM)
of thiamine diphosphate (TDP) in blood samples from patients with PIH (n=42) or NPIH (n=19). TDP concentrations were lower in patients with PIH (t test, P < 0.05).

Boxplots display the median and upper and lower quartiles, with whiskers indicating 1.5x the interquartile range. bp, base pair; kbp, kilo-base pair.

media. These three isolates were identified as Paenibacillus spp. using
matrix-assisted laser desorption/ionization-time-of-flight (MALDI-
TOF) mass spectrometry (table S9). Of the three inocula recovered,
the two that grew on solid media after anaerobic liquid culture were
identified as facultative anaerobes. Marker gene analysis of the
three Paenibacillus isolates identified them as P. thiaminolyticus,
Paenibacillus amylolyticus, and Paenibacillus sp. (Fig. 4). The 165 rDNA
genes from the whole-genome sequences of the three isolates were
compared to the representative 16S amplicon V1-V2 OTU cluster
sequences. The P. thiaminolyticus isolate, one of the facultative an-
aerobes recovered, was most similar to that of OTU 99373, the
most dominant OTU annotated as Paenibacillus in CSF samples
from Paenibacillus-positive patients (fig. S5). This identified the
P. thiaminolyticus strain (hereafter termed strain Mbale) as the isolate
of interest for subsequent virulence testing in mice. We compared
this strain by 16S rDNA gene similarity, average nucleotide identity
(http://enve-omics.ce.gatech.edu/ani/) (13), and biochemical test-
ing against the P. thiaminolyticus type strain NRRL B-4156" (JCM
83607, GenBank accession CP041405). The 16S rDNA genes of this
isolate had 99.2 to 99.4% identity, and the whole-genome average
nucleotide identity (ANI) value was 97.06%, well above the 94
to 96% species threshold (14). Biochemical testing (https://apiweb.
biomerieux.com; table S10) had a 99.5 to 99.9% identity, confirming
that this isolate belonged to the P. thiaminolyticus species (15, 16).
Antibiotic sensitivity was tested, and the Mbale strain was found to
be broadly sensitive to common antibiotics (table S11).

Paulson et al., Sci. Transl. Med. 12, eaba0565 (2020) 30 September 2020

Because P. thiaminolyticus produces two thiaminases, we tested
patient blood samples for thiamine deficiency. We assayed for thia-
mine diphosphate concentrations in whole blood and found that
PIH cases (positive and negative for Paenibacillus) had lower thia-
mine diphosphate blood concentrations than did NPIH cases (f test,
P <0.05; Fig. 4D).

Pathogenicity of Paenibacillus strain Mbale

Comparative virulence of the P. thiaminolyticus Mbale strain was
assessed using the reference strain NRRL B-4156 in age-matched
C57BL/6] mouse littermates of both sexes, which were inoculated
intraperitoneally at postnatal days 21 to 28. The reference strain
demonstrated no adverse effects in the inoculated mice. In contrast,
the Mbale strain produced sickness in all mice (16 of 16), with mor-
tality or moribund states in 15 of 16 (93%) animals inoculated at a
comparable concentration of colony-forming units (Fig. 5A and
table S12). The Mbale strain produced acute tubular necrosis in the
kidneys, myeloid hyperplasia in bone marrow, and moderate lym-
phocyte apoptosis in the splenic periarteriolar sheaths, but no notable
brain lesions (Fig. 5B).

DISCUSSION

PIH may be the largest single cause of childhood hydrocephalus,
which is the most common indication for neurosurgery in children
worldwide. PIH cases are concentrated in low- and middle-income
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Fig. 5. Virulence testing of P. thiaminolyticus Mbale and reference strains in mice. Virulence of the P. thiaminolyticus Mbale strain and reference strain (NRRL B-4156")
was assessed after intraperitoneal injection into postnatal day 21 to 28 C57BL/6J littermates, with an injection of saline as a control. (A) Kaplan-Meier survival curve for
mice injected with Mbale strain (red), the reference strain (blue), or saline (purple). Mice injected with the Mbale strain had a worse overall survival (log-rank test,
P <0.0001). Mice injected with saline or the reference strain demonstrated no signs of iliness and were euthanized at the end of the observation period. In contrast, mice
receiving the Mbale strain at the same concentration as the reference strain (10° colony-forming units/ml) either died from infection on days 1 to 9, were euthanized
because of a moribund state on days 2 and 3, or recovered from illness (one mouse that survived until euthanized on day 21). (B) Tissue sections were prepared from
spleen, kidney, and brain of injected mice and stained with hematoxylin and eosin. Representative sections indicating no lesions in the spleen of mice inoculated with
saline (n=6) or the P. thiaminolyticus reference strain (n=10) are shown. However, tingible body necrosis of macrophages (black arrows) containing intracytoplasmic
apoptotic bodies was observed in the spleen sections from mice inoculated with the P. thiaminolyticus Mbale strain (9 of 10). There were no lesions in kidney sections from
mice inoculated with saline or the P. thiaminolyticus reference strain, whereas pyknotic nuclei (black arrowhead) were observed in proximal tubule epithelial cells in kid-
ney sections from mice inoculated with the P. thiaminolyticus Mbale strain (9 of 10) indicative of acute tubular necrosis. In mouse brain sections, there was no evidence of

infection-associated pathology (saline control, n =6 of 6; P. thiaminolyticus reference strain, n =10 of 10; P. thiaminolyticus Mbale strain, n=10 of 10).

countries (1), and the dominant predisposing event is often neonatal
sepsis. Although PIH is, in principle, preventable, the microbial spec-
trum that accounts for this disease and the routes of infection are not
well characterized. We have proposed that an unbiased identifica-
tion of pathogens may be necessary to identify potential causal
factors (17). PIH is part of a spectrum of conditions that, through
activation of the immune system in the brain, lead to acquired hy-
drocephalus. The other major component of post-inflammatory hy-
drocephalus of infancy is intracerebral hemorrhage of prematurity.
Both infection and hemorrhage within the brain lead to hydrocephalus
through related inflammatory mechanisms (18). PIH is not a disease
caused by a single organism; thus, use of an unbiased pan-microbial
analysis in other parts of the world will likely reveal other organisms
as important causes of PIH. One of the problems with using genomic
techniques for pathogen detection from nominally sterile body fluids,
such as blood and CSF, is that such low-biomass samples may have
bacterial DNA contamination from reagents and other sources that
can dominate the results (19), requiring substantial efforts such as
statistical (20) and spike-in strategies (21) to reduce such effects. By
using NPIH case-controls in our study consisting of contemporane-
ously recruited NPIH patients referred to the same hospital, we were
able to rigorously contrast our analysis of infected samples from
PIH patients to that of clinically uninfected control samples from
NPIH patients. By replicating our bacterial discovery efforts on
samples preserved differently in independent laboratories using
separate regions of 165 rDNA, we obtained convergent results and
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demonstrated a dominant role for the pathogen Paenibacillus in our
PIH infant cohort.

Whether previous analysis of PIH cases in Uganda was biased by
reagent contamination is not known (7). We implemented several
technical strategies to reduce the effect of background contamina-
tion. Despite contamination reduction efforts, the additional use of
NPIH case-controls was critical to achieving convincing differences
in pathogen abundance along with pathogen validation through re-
covery of bacteria in culture from CSF samples from PIH cases. The
organism culture recovery rate was low, potentially due to the use of
fresh-frozen CSF samples and administration of antibiotics to PTH
cases before sampling.

Although various Paenibacillus spp. have been isolated occa-
sionally from CSF (22-24), P. thiaminolyticus has not been known
to be a virulent pathogen. It was first identified while screening for
bacteria in the gut that might contribute to thiamine deficiency in
people with beriberi in Asia (25). There is a single case report of
in-dwelling catheter-associated P. thiaminolyticus bacteremia in an
elderly patient on hemodialysis (26). This bacterium produces thia-
minases I and IT and is adapted to living in low-thiamine environments.
Thiamine deficiency is associated with Wernicke’s encephalopathy
(27), two forms of beriberi (28), and polioencephalomalacia-associated
brain necrosis in ruminant animals (29). In the developing world,
thiamine deficiency is common in children (30) and is exacerbated
by the stress of infection (31). Our findings demonstrate that thia-
mine was lower in children after infection regardless of infectious

7of 12

0202 ‘0€ Jaquiaidas uo AlsIaniun a1e1s elueajAsuuad 1e /610 Bewaousios wis//:dny wolj papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

etiology. Consistent with reports in animals (32), we did not find
lower thiamine specifically due to infection with P. thiaminolyticus.

The underpinnings of Paenibacillus virulence are unclear. We
found it difficult to culture this facultative anaerobe from clinical CSF
samples. Once established in culture, the organism could be passaged
using aerobic media. We speculate that, with a predilection to form
calcified loculations and abscesses in the brain, Paenibacillus may have
been growing anaerobically when sampled and may have required ini-
tial anaerobic culture conditions before being able to switch to aerobic
metabolism. Alternatively, the lytic properties of the anaerobic broth
used successfully in Paenibacillus recovery from CSF samples may have
released viable organisms that were entrapped by intracellular phago-
cytosis within WBCs. In either case, P. thiaminolyticus acquired
substantial virulence in comparison to the existing reference strain, as
demonstrated by the almost complete lethality of P. thiaminolyticus
when inoculated into mice compared to the reference strain. Supporting
this increased virulence of P. thiaminolyticus are multiple phage inser-
tions into its genome, and other protein coding and copy number varia-
tions, that await further characterization.

Although P. thiaminolyticus appears to be quite sensitive to com-
mon antibiotics, sufficient penetration of antibiotics into calcified
abscesses to achieve adequate bactericidal concentrations is likely to
be challenging. Ideally, such concentrations are achieved at initial
point-of-care treatment for neonatal sepsis before infection of the
brain. It is possible that within the immune-privileged brain (33),
inadequate treatment during neonatal sepsis is a substantial factor
in the persistent development of P. thiaminolyticus infection in the
brain. How coinfection with CMV might affect disease severity in
the setting of P. thiaminolyticus Mbale infection remains unclear.
The typical clinical picture of these PTH cases is that of a brain ventricu-
litis without previous meningitis. Whether lumbar puncture in infants
without meningeal infection could be diagnostic for P. thiaminolyticus
during neonatal sepsis evaluation is unknown.

We found CSF purulence, a close match with P. thiaminolyticus
DNA in CSF samples from our PIH infant cohort, and recovered
P. thiaminolyticus from cultured CSF samples, yet demonstrating that
P. thiaminolyticus causes PTH is likely to be more complex. Our analysis
was limited to detection of active infections. For the geographical re-
gions in which our group works, in utero exposure to infections by,
for example, the malaria parasite is common (34). Predisposing in
utero infections that are no longer active after birth (whether para-
sitic, viral, or bacterial) would remain undetected by our genomic
sampling. Our finding of a substantial viral background infection with
CMV cannot distinguish between congenitally acquired and post-
natally acquired viral infection. The true incidence of in utero CMV
infections in our PTH cohort was likely to have been higher than
what we detected by testing several months after birth. In addition,
our analysis does not address the heterogeneity in innate immunity
(35) or nutritional status (36) among the infants in our PIH cohort,
which are known to be predisposing factors for infection.

Our study has a number of other limitations. PTH is a syndrome,
and although we identified a bacterial pathogen that appears to play
a role in cases of PIH from eastern Uganda, it remains unclear
whether this or other bacterial pathogens are associated with PIH in
other regions of Africa and elsewhere. Whether Paenibacillus spp.
predispose to invasion of the nervous system by CMV, or vice versa,
remains unclear. We did not identify putative underlying bacterial
causes of hydrocephalus in the 26 non-Paenibacillus PIH cases. A
key limitation of our pan-microbial molecular approach may be the

Paulson et al., Sci. Transl. Med. 12, eaba0565 (2020) 30 September 2020

age of the patients because only survivors of neonatal sepsis develop
PIH, and yet, the causative organisms need to be identified close in
time to the original septic event. Analysis of the differences in virulence
in mice inoculated with P. thiaminolyticus Mbale versus the reference
strain was constrained by the rapid lethality of P. thiaminolyticus
Mbale. This lethality, which may have been mediated by a bacterial
toxin, could have precluded establishment of a brain infection, which is the
hallmark of PIH. A limitation of our molecular study of disease causation
is that the results, and our animal model, do not meet Koch’s postu-
lates for disease causation (37, 38). Also, although P. thiaminolyticus
Mbale strain was the dominant organism present in our PIH cases,
there may have been other pathogens associated with PIH in our
cohort that were not detected by our pan-microbial methods.

Our pan-microbial approach uncovered the presence of a difficult-
to-grow pathogen, P. thiaminolyticus Mbale, not previously known
to be virulent. This organism was associated with calcified locula-
tions and brain abscesses in infants with PIH, as well as with hydro-
cephalus after survival from neonatal sepsis. The organism was
present on a neurotropic viral background of CMV infection: 6 of 8 CSF
samples and 11 of 27 blood samples from our PIH infant cohort were
coinfected with CMV and Paenibacillus spp. Previous studies in adults in
Uganda have reported that CMV viremia is frequently present in the
setting of sepsis and is associated with increased risk of mortality
(39-41). It has been hypothesized that immune modulation (42),
rather than direct effects of CMV infection, is responsible for the
association of CMV with worse outcomes in individuals with tuber-
culosis or cryptococcal meningitis. It is likely that, in many of these
cases, latent CMV is reactivated when individuals become infected with
another pathogen that alters the immune system’s ability to keep the
virus sequestered (41, 42). Because of the ages of the infants in our
PIH cohort (all <90 days of age), a majority of the CMV viremia we
detected would be expected to come from primary CMV infection
(acquired either congenitally or during early postnatal life) (43).

The demographics of Paenibacillus infection suggest localization
to a circumscribed region in eastern Uganda. This is a region asso-
ciated with the north and south banks of Lake Kyoga and the wet-
lands along the northern edge of Lake Victoria. It is characterized
by large swamps and is a rice-growing region. Whether these infec-
tions are influenced by rainfall, which has been previously observed
in PIH without pathogen identification (44), or share similarities
with other environmental agents in similar topographies of the de-
veloping world (45) remains unknown.

Addressing the estimated 160,000 annual cases of PIH in the de-
veloping world (1), and the several million annual cases of neonatal
sepsis (2), is a critical global health need. If a pan-microbial approach
is required, then the current technology is neither readily scalable nor
economically sustainable. However, the expansion of high-technology
surgical facilities and pediatric neurosurgical care for patients with
PIH is also not readily scalable (46). Long-term, less expensive, and
more sustainable technologies to achieve pan-microbial surveillance
in developing world settings, including maternal and environmen-
tal sources of infection, will be required to enable optimal treatment
and, ultimately, prevention of neonatal infections and PIH.

MATERIALS AND METHODS

Study design

This study was conducted at the CCHU, a pediatric neurosurgical
hospital in eastern Uganda that serves as a countrywide referral center
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for patients with hydrocephalus. Infants were eligible for participation
in the trial if they were 3 months of age or younger, met criteria for
PIH or NPIH, and had a mother who was at least 18 years of age.
The study was designed as a waste-fluid study at surgery with verbal
consent. Ethics oversight was provided by the CCHU Institutional
Review Board, the Mbarara University of Science and Technology
Research Ethics Committee, and with oversight of the Ugandan Nation-
al Council on Science and Technology. The study was approved by the
Penn State University Institutional Review Board. A materials transfer
agreement was in place between the CCHU and the Pennsylvania State
University for the transfer of CSF and blood samples. A U.S. Cen-
ters for Disease Control and Prevention permit for the importation
of infectious materials covered the transfer of specimens from the
CCHU to Penn State University. An Institutional Biosafety Com-
mittee provided oversight of specimen handling at the Pennsylvania
State University. A materials transfer agreement between the
Pennsylvania State University and Columbia University covered the
transport of materials between these research sites.

Inclusion criteria for PIH were as follows: age of 3 months or
less, weight greater than 2.5 kg, no history consistent with hydro-
cephalus at birth, either a history of febrile illness or seizures pre-
ceding the onset of clinically apparent hydrocephalus or alternative
findings (such as brain imaging and endoscopic results indicative of
previous ventriculitis including septations, loculations, or deposits
of debris within the brain ventricular system) (3), and finally moth-
ers of at least 18 years of age who could give informed consent. In-
clusion criteria for NPTH were as follows: age of 3 months or less,
weight greater than 2.5 kg, findings of a noninfectious origin for
hydrocephalus on CT brain scans or at endoscopy (e.g., lesions ob-
structing the aqueduct of Sylvius such as a tumor or cyst, aneurysm,
or cavernous malformation, Dandy-Walker cyst, or other congeni-
tal malformation of the nervous system), or evidence of hemor-
rhage as a cause of hydrocephalus such as bloody CSF and absence
of findings consistent with PIH or congenital origin of hydroceph-
alus, and mothers of at least 18 years of age who could give informed
consent. Exclusion criteria were previous surgery on the nervous sys-
tem (shunt, third ventriculostomy, or myelomeningocele closure)
or evidence of communication of the nervous system with skin such
as meningocele, encephalocele, dermal sinus tract, or fistula.

Sample collection and storage

Blood was sampled with aseptic technique at the time of surgery,
either at the time of catheter placement for an intravenous line or
during venipuncture for routine laboratory testing. CSF was obtained
at the time of initial surgery. Many of the PIH cases were treated for
abscess formation once or twice, before a definitive surgical proce-
dure to address the hydrocephalus (endoscopic third ventriculostomy
with choroid plexus cauterization or ventriculoperitoneal shunt
insertion). Initial surgery might not have used an endoscope if the
primary goal was aspiration and irrigation of purulent material from
loculated fluid collections or frank abscesses. These initial proce-
dures also might have included endoscopic lateral terminalis and
septum pellucidum fenestrations. The endoscope was nearly univer-
sally used in all other cases, such as NPIH, as is our standard prac-
tice at this surgical site. Samples of blood and spinal fluid were
divided into aliquots for fresh freezing or placement into DNA/RNA
preservative (DNA/RNA Shield, Zymo Corporation), and speci-
mens were frozen either at —80°C or placed in a liquid nitrogen
Dewar or dry shipper. They were kept frozen through transport to
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the United States for further analysis. Thiamine diphosphate was
quantified in frozen blood samples using high-performance liquid
chromatography with tandem mass spectrometry at the Mayo Clinic
Laboratories.

CT brain imaging

Preoperative CT brain scans were independently scored, blinded
with respect to diagnosis, by two board-certified neurosurgeons
who have considerable experience with infant hydrocephalus (B.C.W.
and S.J.S.). One point was assigned for each of four possible find-
ings: fluid loculations, debris within fluid spaces, ectopic calcifications
within the brain parenchyma, and abscess formation. Discrepancies
between scoring were then resolved with a consensus agreement.

Ribosomal RNA 16S gene sequencing

For characterization of bacterial species, we performed 16S rDNA
amplicon sequencing. Separate CSF samples were sequenced at two
different laboratories. Independent approaches were applied to limit
background amplification of contaminants and decontaminate re-
agents (see the Supplementary Materials). At one laboratory, 16S
amplicon sequencing of the V1-V4 region was performed on fresh-
frozen samples using Sanger sequencing. Further next-generation
amplicon metabarcode sequencing was performed on V4 for microbial
background characterization, and Paenibacillus genus-specific
qPCR for quantification was performed. At the other laboratory,
a primer extension technique for 16S amplicon next-generation
sequencing of the V1-V2 region on DNA/RNA preserved samples
was performed. Using results from these two laboratories, 16S am-
plicon (regions V1-V2 and V4) reads sequenced from fresh-frozen
CSF and preservative samples were clustered at 97% similarity (47).
For downstream analyses, we accounted for sequencing variability
using cumulative sum scaling-normalized taxa abundances (48). A
primer table is given in table S1.

Pathogen characterization

Targeted PCR was performed in an attempt to detect the presence
of Zika virus, chikungunya virus, human papillomavirus, parvovi-
rus B19, toxoplasmosis, trypanosomiasis, malaria, and fungi (table
S1). A broad screen for viral presence was performed in two differ-
ent ways: VirCapSeq oligomer concentration (10) and total RNA
sequencing analysis. For the viruses that appeared abundant in ei-
ther PIH or NPIH, PCR confirmation was performed.

In an attempt to culture the putative pathogen, 100 fresh-frozen
CSF samples were subjected to six different media outlined in table
S8. If colonies grew on solid media, Gram stain and MALDI-TOF
were performed to characterize the organism. For isolates identified
as Paenibacillus, antibiotic sensitivity, biochemical testing, and
whole-genome sequencing were performed.

A hybrid method was used to reconstruct the genome of a
P. thiaminolyticus isolate, combining short-read sequencing, optical
mapping (Bionano Genomics), and nanopore long contiguous se-
quencing (MinION, Oxford Nanopore Technologies). From the re-
sulting whole-genome sequences and optical mapping assembly, a
hybrid scaffold was generated (Bionano Hybrid Scaffold v1025201).
For P. amylolyticus and Paenibacillus spp. isolates and reference
type strain P. thiaminolyticus NRRL B-4156 (Agricultural Research
Service Culture Collection, https://nrrl.ncaur.usda.gov/cgi-bin/usda/
prokaryote/report.html?nrrlcodes=B-4156), only short-read and
nanopore sequencing were used for assembly.
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Virulence testing in mice

All animal experiments were performed with oversight by the
Pennsylvania State University Institutional Animal Care and Use
Committee and with Institutional Biosafety Committee approval at
biosafety level 2 (BSL2). Virulence testing was performed on weanling
postnatal day 21 to 28 C57BL/6] mice using up to 10° colony-forming
units suspended in 100 ul of saline, or saline only, injected into the
peritoneum. Bacteria for injection were thawed and subcultured be-
fore each inoculation and quantified using standard colony-forming
unit methods (see the Supplementary Materials). Animals were
humanely euthanized with CO;, if they developed altered or depressed
mentation or lost more than 20% of their body weight. A full com-
plement of tissues was collected from each mouse by following the
guidelines set forth by international veterinary toxicology interest
groups (49-51). Tissues were preserved in 10% neutral buffered
formalin, embedded in paraffin blocks, cut into 3-um sections, and
stained with hematoxylin and eosin for analysis. All organs were
evaluated by a veterinary pathologist (H.A.).

Statistical analysis

Continuous demographic variables were evaluated using the
nonparametric Wilcoxon rank sum (two-group comparisons) and Kruskal-
Wallis (more than two group comparisons) tests following Shapiro-
Wilk’s test for normality, unless otherwise stated. Fisher’s exact test
was performed for categorical variables. All tests were two-sided
unless stated otherwise. Ordinal logistic regression was applied to
estimate the proportional odds of CT scan scores between indica-
tion, Paenibacillus presence or absence, and CMV status. We per-
formed differential abundance analysis of taxa between PIH and
NPIH groups and accounted for multiple testing leveraging a false
discovery rate analysis (52).
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Hiding in plain sight
Hydrocephalus is a serious brain disorder in children and the most common indication for pediatric

neurosurgery. Worldwide, the most frequent cause of hydrocephalus is previous infection such as neonatal sepsis.

Such postinfectious hydrocephalus (PIH) occurs principally in low- and middle-income countries, and the
pathogens responsible remain uncharacterized. Paulson et al. used pan-microbial analysis of CSF samples from
infants with PIH in Uganda to identify the bacteria, viruses, fungi, or parasites potentially contributing to PIH. They
found a new strain of the bacterium Paenibacillus as well as frequent coinfection with cytomegalovirus as
contributors to PIH in this infant cohort.
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