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ABSTRACT In December 2019 a new coronavirus (CoV) emerged as a human
pathogen, SARS-CoV-2. There are few data on human coronavirus infections among
individuals living with HIV. In this study we probed the role of pneumococcal coin-
fections with seasonal CoVs among children living with and without HIV hospitalized
for pneumonia. We also described the prevalence and clinical manifestations of
these infections. A total of 39,836 children who participated in a randomized, dou-
ble-blind, placebo-controlled clinical trial on the efficacy of a 9-valent pneumococcal
conjugate vaccine (PCV9) were followed for lower respiratory tract infection hospital-
izations until 2years of age. Nasopharyngeal aspirates were collected at the time of
hospitalization and were screened by PCR for four seasonal CoVs. The frequency of
CoV-associated pneumonia was higher in children living with HIV (19.9%) than in
those without HIV (7.6%, P <0.001). Serial CoV infections were detected in children
living with HIV. The case fatality risk among children with CoV-associated pneumonia
was higher in those living with HIV (30.4%) than without HIV (2.9%, P=0.001). C-re-
active protein and procalcitonin levels were elevated in 36.8% (=40 mg/liter) and
64.7% (=0.5 ng/ml), respectively, of the fatal cases living with HIV. Among children
without HIV, there was a 64.0% (95% Cl: 22.9% to 83.2%) lower incidence of CoV-
associated pneumonia hospitalizations among PCV9 recipients compared to placebo
recipients. These data suggest that Streptococcus pneumoniae infections might have
a role in the development of pneumonia associated with endemic CoVs, that PCV
may prevent pediatric CoV-associated hospitalization, and that children living with
HIV with CoV infections develop more severe outcomes.

IMPORTANCE SARS-CoV-2 may cause severe hospitalization, but little is known about
the role of secondary bacterial infection in these severe cases, beyond the observa-
tion of high levels of reported inflammatory markers, associated with bacterial infec-
tion, such as procalcitonin. We did a secondary analysis of a double-blind random-
ized trial of PCV to examine its impact on human CoV infections before the
pandemic. We found that both children living with and without HIV randomized to
receive PCV had evidence of less hospitalization due to seasonal CoV, suggesting
that pneumococcal coinfection may play a role in severe hospitalized CoV infections.

KEYWORDS coronaviruses, HIV, pneumonia, respiratory infections, PCV9,
pneumococcal vaccine, pneumococcal conjugate vaccine, SARS-CoV-2, Streptococcus
pneumoniae, human coronavirus, human immunodeficiency virus

ower respiratory tract infections (LRTI) in young children are a major cause of hospi-
tal admissions (1). Globally, a large proportion of pneumonia hospitalizations are
attributed to respiratory viral infections, including 61.4% in the multisite, international
case-control PERCH (Pneumonia Etiology Research for Child Health) study undertaken
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in seven low- and middle-income countries among children aged 1 to 59 months (2).
Coronaviruses (CoVs) are enveloped, nonsegmented, positive-sense, single-stranded
RNA viruses and are associated with various natural hosts. Four CoVs are currently
endemic in the human population, CoV-0OC43, CoV-229E, CoV-NL63, and CoV-HKU1.
CoV-0C43 and CoV-229E were initially identified as causes of upper respiratory tract
infections in the 1960s using classical culture methods (3, 4). More recently, advances
in molecular diagnostics have resulted in the identification of CoV-NL63 (5) and CoV-
HKU1 (6). Infections by these endemic CoVs may involve the upper respiratory tract
and the gastrointestinal tract; infections range from being completely asymptomatic
to causing mild, self-limiting disease and, less commonly, severe illness such as bron-
chitis and pneumonia (7). Interestingly, hospitalized children with CoV-associated LRTI
more frequently had coinfections with respiratory syncytial virus (RSV) and a higher
abundance of Haemophilus influenzae than children hospitalized for non-CoV-associ-
ated LRTI or asymptomatic healthy CoV carriers (8), suggesting that viral and bacterial
coinfections might trigger severe CoV infections.

Three other CoVs have, however, caused outbreaks of deadly pneumonia in humans
since the beginning of the 21st century. The severe acute respiratory syndrome coro-
navirus (SARS-CoV), emerging in 2002, was responsible for an epidemic that spread to
five continents with an overall fatality rate of approximately 10% with no fatalities
reported in children (5), the Middle East respiratory syndrome coronavirus (MERS-CoV)
has caused recurrent outbreaks in humans since 2012 mostly in the Arabian Peninsula
with a fatality rate of 20% to 40% in adults and about 6% in children (9, 10), and the
recent SARS-CoV-2 that appeared first in China at the end of 2019 has since caused a
global pandemic (11). Although progress is rapidly being made, no specific antiviral
vaccines are available to prevent any human CoV infections. Understanding the epide-
miology and morbidity associated with common human-adapted CoVs may assist in
informing treatment and mitigation strategies for severe illness from novel CoVs of
zoonotic origin, although similar viruses may undergo different selective pressures in
order to maintain fitness and host adaptation (12), making viral transmission patterns
across species and their interactions with other potential coinfecting or superinfecting
pathogens hard to predict (13).

Due to impaired humoral and cell-mediated immunity, children living with HIV
(more so if not on antiretroviral treatment) have an increased risk for severe illness and
mortality from virus-associated LRTI, including those due to RSV and influenza virus
(14, 15). There are, however, limited data on the role of other respiratory viruses,
including CoVs in children hospitalized with pneumonia, and only a few studies with
limited numbers specifically included participants living with HIV (16, 17). A study in
the United States involving immunocompromised children, the majority of whom had
hematologic malignancy or solid tumor, found that these children were at higher risk
of CoV-associated LRTI that necessitated oxygen use than were nonimmunocompro-
mised children. In that study, younger age, underlying pulmonary disorder, and the
concomitant presence of RSV were also associated with severe CoV-associated LRTI
(18).

The aim of this study was to determine the burden and clinical features of CoV
infections in children living with and without HIV hospitalized for pneumonia.
Furthermore, as we have previously done for other respiratory viruses (19-21), we
probed, using a randomized, placebo-controlled trial of an investigational 9-valent
pneumococcal conjugate vaccine (PCV9), whether PCV9 could prevent CoV-associated
hospitalization and thereby infer that pneumococcal infection may contribute to hos-
pitalization for CoV-associated pneumonia.

RESULTS

During the follow-up period included in this analysis, from all the participants in the
initial trial, 347 (162 PCV9 group and 185 placebo recipients) children living with HIV
and 448 (202 PCV9 group and 246 placebo recipients) without HIV had at least one
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TABLE 1 Prevalence of human coronavirus-associated pneumonia in children 1 to 23 months
old living with and without HIV

No. (%)

Overall Living with Living without

(n=750) HIV (n=347) HIV (n=448) P value®
CoV-0C43 68 (8.6) 56 (16.1) 12 (3.7) <0.001
CoV-NL63 22(2.8) 8(2.3) 14 (3.1) 0.48
CoV-HKU1 22(2.8) 13(3.8) 9 (2.0) 0.14
CoV-229E 1(0.1) 0 1(0.2) 0.99
At least one CoV infection? 103 (13.0) 69 (19.9) 34 (7.6) <0.001

aSome children had coinfection by two CoVs, and some had multiple episodes of CoV-associated pneumonia.
bP values adjusted for study group, i.e., placebo or pneumococcal conjugate vaccine.

episode of pneumonia tested for CoV infection. Similar proportions of samples were
tested from PCV9 recipients and placebo recipients (22). Of the tested children, 69
(19.9%) living with HIV and 34 (7.6%; P < 0.001) without HIV tested CoV PCR positive
(Table 1).

Five children living with HIV had the same virus detected for long periods, including
three children with CoV-OC43 detected 32, 38, and 70 days apart; one child with CoV-
HKU1 identified twice 74 days apart; and one child in whom CoV-OC43 was identified
twice 219 days apart. One child living with HIV had three CoV-associated admissions;
the child initially tested positive for CoV-OC43, then 5months later CoV-NL63 was
detected, and after 3 months CoV-OC43 was detected again. Six children living with
HIV had two distinct CoVs identified at two different admissions.

When assessing the CoV-associated pneumonia episodes among children random-
ized to placebo, children living with HIV compared to those without HIV were more
likely to have oxygen saturation of <90% and stay in hospital for longer than 2 days.
The percentage of CoV-associated pneumonia episodes with CoVs detected as single
viral infection was similar among placebo recipients living with HIV compared to those
without HIV (Table 2).

Bacterial cultures were performed in 94.8% of CoV-associated pneumonia admis-
sions. Streptococcus pneumoniae was isolated from blood specimens of two children
living with HIV collected at the same admission at which CoV-NL63 was detected in na-
sopharyngeal aspirate (NPA), one PCV9 recipient (serotype 23F) and one placebo recip-
ient (serotype 6A).

Considering children with CoV-associated pneumonia, those living with HIV had a
higher case fatality risk (30.4%, n=21) than children without HIV (2.9%, n=1;
P=0.001). This was similar to the case fatality risks for children hospitalized for pneu-
monia in whom CoV infections were not detected (27.0% living with HIV versus 1.7%
without HIV). The median age of the 21 children living with HIV who died was
3months (range: 1 to 15 months) (Table 3). CoV-OC43 was the only virus detected in
eight of the fatal cases. A coinfection of CoV-OC43 and CoV-NL63 was detected in a 2-
month-old fatal case. Among children living with HIV, the case fatality risk in those
with episodes where CoVs were the only viruses detected (32.1%) was similar to that in
episodes with coinfections by CoVs and other viruses (22.6%; P =0.35). Escherichia coli
was isolated from blood of three children (all living with HIV), and Pneumocystis jirovecii
infection was identified in 10 (62.5%) children with HIV. Seven (36.8%) of the children
living with HIV who died had levels of C-reactive protein of =40mg/liter, and 11
(64.7%) had procalcitonin levels of =0.5 ng/ml (Table 3).

Overall, PCV9 recipients had a 33.9% (95% Cl: 2.0% to 55.4%) lower risk for CoV-
associated pneumonia hospitalizations than placebo recipients. In children living with-
out HIV, PCV9 vaccination was associated with a 64.0% (95% Cl: 22.9% to 83.2%) reduc-
tion in hospitalization with CoV-associated pneumonia, including reductions of 90.9%
(95% Cl: 29.5% to 98.8%) and 87.5% (95% Cl: 0.1% to 98.4%) for CoV-OC43- and CoV-
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TABLE 2 Demographic, clinical, and laboratory characteristics of children living with and without HIV hospitalized with coronavirus-

associated pneumonia®

Living with HIV Living without HIV
Placebo PCV Placebo PCV P value?

Specimens tested 252 207 256 212 -
CoV-positive samples 44 37 25 9 -

CoV detected as single viral infections 17 (38.6) 10 (27.0) 8(32.0) 4 (44.4) 0.91°
Mean age in mo (SD) 8.9 (6.3) 9.5 (6.4) 11.7 (6.1) 104 (6.4) 0.10
Axillary temp =38°C 8(42.1)[19] 4(18.2) [22] 3(23.1)[13] 0[7] 0.47
Mean respiratory rate, breaths per minute (SD) 57.5(14.9) 56.3(13.2) 51.1(12.6) 58.7 (14.1) 0.076
Cyanosis 9(21.4)[42] 13 (35.1) 2(8.0) 1(11.1) 0.34
Oxygen saturation on room air <90% 24 (54.6) 16 (43.2) 5(20.0) 3(33.3) 0.013
Bronchial breathing 10(22.7) 7 (18.9) 2(8.0) 1(11.1) 0.08
Hospital stay >2 days 32(76.2) [42] 27 (73.0) 18 (75.0) [24] 5(55.6) 0.54
History of fever 18 (41.9) [43] 15 (40.5) 11 (44.4) 3(33.3) 0.66
History of vomiting 0[42] 2(5.4) 2 (8.0) 0 0.149
History of seizures 17 (46.0) [37] 13 (41.9) [31] 9 (36.0) 2(25.0) [8] 0.25
Alveolar consolidation on chest X-ray 10(22.7) 7 (18.9) 2(8.0) 1(11.1) 0.08
C-reactive protein =40 mg/liter 15 (44.1) [34] 12 (40.0) [30] 7 (35.0) [20] 3(42.9)[7] 0.19
Procalcitonin =2 ng/ml 6(30.0) [20] 10 (40.0) [25] 5(27.8)[18] 2(33.3) [6] 0.49
Mean white cell count cells, 10%liter (SD) 12.8 (6.0) [13] 11.6 (6.7) [11] 23.1(15.8) [6] 12,6 (7.2) [2] 0.14
Bacterial infection® 2 (5.1) [39] 6 (16.7) [36] 1(4) 0 0.98

ap values compare the placebo group between children living with and without HIV, adjusted for age at hospitalization, detection of previously tested viruses, and year of

collection. Values in bold indicate statistically significant comparisons.

P values compare the placebo group between children living with and without HIV, adjusted for age at hospitalization, and year of collection.
Blood specimens were available for culture from 109 coronavirus-associated pneumonia episodes, 75 HIV infected and 34 HIV uninfected. Bacteria isolated from children
living with HIV included Streptococcus pneumoniae (n = 2), Escherichia coli (n=3), Salmonella sp. (n=1), Streptococcus viridans (n= 1), and other Streptococcus (n=1). Bacteria

isolated from children without HIV included Streptococcus viridans (n = 1) and Micrococcus (n=1).
9P value calculated by Fisher's exact test.

eResults are presented as number of participants with a particular presentation and percentage in parentheses, unless otherwise indicated. Numbers in brackets are number
of participants with available information if different from total. PCV, pneumococcal conjugate vaccine. SD, standard deviation.

HKU1-associated hospitalizations, respectively. No vaccine efficacy was observed for
pneumonia episodes without viruses identified (Table 4). No significant protection of
PCV9 against hospitalization for CoV-associated pneumonia was observed in children
living with HIV (Table 4).

DISCUSSION

The results of this study suggest a possible interaction between endemic human
CoV infection and Streptococcus pneumoniae in children without HIV (23). In the con-
text of a double-blind placebo-randomized trial, we demonstrated that at least 34% of
children hospitalized for CoV-associated pneumonia were also probably coinfected by
Streptococcus pneumoniae which might have precipitated their hospitalization. This is
supported by in vitro experiments that have shown that CoV-NL63 infection resulted in
an increased adherence of Streptococcus pneumoniae to virus-infected epithelial cells
(24). The imputed rate of coinfection with pneumococci in children with CoV-associ-
ated pneumonia from our study provides a conservative estimate of this possible inter-
action as only 9 pneumococcal serotypes were included in the vaccine and vaccine effi-
cacy, even against vaccine-serotype pneumococcal pneumonia, is not 100%. The high
calculated vaccine efficacy estimates for CoV-OC43- and CoV-HKU1-associated disease
needs to be contextualized within the wide uncertainty bounds of this estimate.
Furthermore, we report on the prevalence and clinical features of endemic CoV-associ-
ated pneumonia in children living with and without HIV. CoVs were detected among
19.9% of the hospitalized children living with HIV and in 7.6% of children without HIV.
CoV-associated mortality was 30.4% in children living with HIV with 38.1% of these
fatal cases having CoV-OC43 as the only virus identified; mortality rates did not differ
between children with CoV detected as single infections and those with other viral
coinfections.

Although our study was not designed to establish whether CoV infections caused
more severe disease in children living with HIV, among children with CoV-associated

January/February 2021 Volume 12 Issue 1 €02347-20

mbio.asm.org 4

1sanb Aq 120z ‘6T Areniga4 uo /bio wse oiquy//:dny woly papeojumoq


https://mbio.asm.org
http://mbio.asm.org/

Seasonal Coronaviruses and Pneumococcal Coinfection

Downloaded from http://mbio.asm.org/ on February 19, 2021 by guest

‘uluold|ed0id ‘] Hd "uiR104d 9ANDRAI-D ‘dYD “duIddeA 31ebn(uod [eddodownaud ‘Add ([ALDIM] IM Pue [AMLINM] NM sesnuinewok|od pue ‘36Zz- pue ‘L MH- ‘€9TN- ‘€7D0-[A0D] SNIABUOIOD uBWINY [AYY] SNIIAOUIYL UuBWINY
‘[A0gY] sniiAeDOQ UBWINY) YDd PUe ‘(sniirownaudelsw uewny) Ydd paisau ‘(snuiaouspe pue ‘[Ald] sesniia ezuanpuieded ‘[ASYH] snuIA [e11AouAs A1oielidsal ‘snuia ezuanpul) Aesse adusdsalonjounwwi Aq paldalap sasniiA Buipnppul,

SOA ON umousjun i umousjun MdAD + 362Z-N0D ogade|d ejluownauyg ON 9w 3

ON ON 1'¥ST o UOI1ePI|OSUOD IR|OIA|Y €7D0-N\0D ogade|d ejuownaud SOA 9w Sl
ezuanpyul + AKdIN

SOA ON 99'0 LE UoREepPI|OSU0d Je|OaAlY + A4Y + LNMH-ACD oqga3e|d ejuownaud SOA SewaH LL

S9A 1105 biysayds3 0co€ 8l¢C |ewloN A8y + €¥D0-A0D oge3e|d eljuownaud SOA SewaH 8

pa31sa1 10N ON umousjun umousjun JewJoN €$D0O-N\0D ogade|d eluowinauyg SOA 9w /

ON pawiopad JoN umousjun umousjun umousjun €$D0-N0D ogade|d eluowinauyg SOA 9w S

ON ON umouun 6¢€ UO13epI|OSUOD IRJOIA|Y AYY + £¥D0-A\0D ogadeld ejuownaug SOA dlewa €

ON pawuoyiad 10N 1’0 4 |ewlJoN €7D0-N0D oga3e|d ejuownsud SOA Sle €

SOA ON 90 4 UONEPI|OSUOD JBJOSAlY M + €¥D0-A0D oga3e|d ejuownaud SOA Slen 4

pa1sa3 JON ON 1’0 9 umouun AYY + £¥D0-A\0D ogadeld ejuownauyg SOA dlewa 4

S9A ON [40] L |ewloN AYY + €¥D0-A\0D ogade|d eljuownsud S9N Se 4

paisa1 10N ON 79 6 |ewlioN €97TIN-A0D + £¥D0-ACD oga3e|d ejuownsud SOA Sen 4

S9A 1103 biys1iayds3 &4 14} uonepljosuod Jejoan)y MdI) + €7D0-A0D ADd eluownaud SOA Sen i1
ezuanyul + AYY

pa3isa1 10N 1103 biys1iayos3 6vLL oLe umouxun + MdNM + £D0-A0D ADd ejuownaud SOA SewaH oL

ON ON 88 4 umouxun €7D0-N0D ADd eluownaud SOA Sen 6

SOA ON umousjun < UOI1ePI|OSUOD JB|OIA|Y €$D0O-N\0D ADd eluowinNauyg SOA ETE v

SOA ON L LTl |ewloN A8y + €¥D0-A0D ADd ejuownsud SOA SewaH 14

ON ON 4% L |eWwIoN AOgY + €¥D0-A0D ADd eljuownaud SOA Sen €

SOA ON 0 1 UOI1ePI|OSUOD JB|OJA|Y €$D0O-N\0D ADd eluowinauyg SOA ETE k4

SOA ON 0 i UOI1ePI|OSUOD JB|OBA|Y €7D0-N0D ADd ejluownauyg SOA 9w 4

S9A ON 1’0 L |ewloN AdY + €¥D0-N\0D ADd eljuownaud SOA SewaH 4

Pa31s91 10N ON 6L 04T |eWION ezuanyul + €¥20-A0D ADd ejuownaud SOA Se L

uondajul poojq (Juy/bu) (43311/6w) 3 nsaJ Kes-x 1say>H »P912313p (S3)SNUIIA dnoib sisoubeiq AIH Yam JETIVED) (ow)

manodif -d wiouj pajejosi 12d ddd Apms Buian uonezjjejdsoy

epv)deg 1e aby

eluownaud pajeId0osse-sniIABUOIOD Y3IM uolezijeyidsoy Buunp paip oym uaip|iyd Zz a3 o sonsiaeieyd € 319V.L

mbio.asm.org 5

Issue 1 e02347-20

Volume 12

January/February 2021


https://mbio.asm.org
http://mbio.asm.org/

°

mBio

Nunes et al.

Downloaded from http://mbio.asm.org/ on February 19, 2021 by guest

‘auddeA 91eHnfuod |eddod0wnaud ‘Add-

"D pUB N S9sNJIAeWOA|od pue ‘S9SNIIABUOIOD ‘SNIIAOUIYJ UBWINY ‘SNIIABDOC UBWINY ‘SniIAOWNRUdeIaW Uewny ‘SnUIAOUSPE ‘sasnuiA ezuanjuieded ‘snuin [eAduAs Aiorelidsal ‘snaia ezuanjjul :pa1ebiIssaAUl SISNUIA [|e SapN|dUlq
‘ejuownaud asned-||e Jo Jagquinu [e101 33 Ul 92U0 Ajuo Ing aposida 151y Yydes 1oy A10631ed 1ey) Ul PaIUNOD dJe SNIIA B INOYUM pue

Y1IM y1oq paieidosse saposida eluownaud Yyiaim uaipiiyd ‘sniiAeuoiod Aue uj 95uo Ajuo 1ng aposids 151y Ydes Joj SNUIA 1ey] Ul PIIUNOD S4B SISNIIARUOIOD JUSISYIP YIM paleldosse saposids eluownaud yum uaip|iyd :9posids 1514,

payiuapi sasnJIA

910 (ree€'69—-)9GL  (S0L)SEL (88) Ll S0 (6'8LLEE—) L'Y— (90) 0zl (£0) szl Y0 wizoLL-)e9 (€71) SST (1) egT Inoyim eluowinaud
qeluownaud

Lo (Eve'es—) 691 (8'8) ¥LL (88)¥LL €000 (S°LE'1'6) 9VT (') Tse (0'1) o6l 1000 (LTe've) 61T (07) 68€ (§'L)¥0E  paredosse-snii Auy

200 (90ev)gLL  (68L)EPT  (SGL)00T 6100 (£°5T'500) 6°€L (07) 69€ (1)8Le 000 (9T '09) 'Sl (re)zio (97)8Ls  yeluownaud asned-||y

SUOI1RUI [RIIA

LE0 (00L°L'Ly—) VEE (TL)st (80)olL ST0 (678 '0'99—) 0°0S (¥00) 8 (z00) ¥ 710 (£'89'T8l—) T6E (L v (£0°0) L 3|buls se pa1331ep AOD
S0 (8'sy'8LE—)9€L (6'0) L€ (S0 e 9000 (Te8'6'C) 09 (L0) st (S00) 6 8€0'0 (r'SS'07) 6'€E (€0 ¢ (zo) Ly »N\0D Auy
0t'0 (564 '706—) §'LE (90)8 (r'0) S 0¢00 ('86°1°0) §°'£8 (r00) 8 (Lo0) L €00 (€'98'T¥) 579 (80°0) 9 (€0°0)9 LAMH-AGD
66'0 (0°GL'£'986'C—) 800 (€0) ¥ (€0 v 650 (L€S'L'v8T—)€ee— (€00) 9 (¥00) 8 £90 (L'8V'9LLL—)00C— (S00) 0 (900) L €97IN-AOD
090 (g8Y ‘osv—) Vel (€0 o¢ (009t 7000 (8'86 'S'67) 6°06 (900) LL (Loo) L 600 (§6S'0L—) TVE (z0o) :u (L10) LT €¥D0-N\0D
anjead (1D %S6) (88Z°L=u) (68T'L=U) @anjead (1D %S6) (979'8L=U) (£€9'8L=U) 3njead (1D %S6) (rL6'6L=U) (ZTT6'6L=U)
Aoeoyya aupdep  ogade|d Ad A>eduyy9 aupdep ogade|d Add £oedyys aupdep oqade|d >A\d
AIH Ynm Buial usipjiyd AIH 3n0yHM BUIAl] USIP|IYD ua1pIIYd [y

sisA|eue 1eaJ1-03-1ua1ul ‘syuaididal
oga>de|d pue auiddeA 31e6Nn[U0d [EDd020WN3Ud 1US|RA-G POAISIRI OYM UBIP|IYD PIZIUNWWI US3MIS] Saposida eluownaud paieidosse-sniiA_UOIOD JO 9DUSPIDUI Ul S92UISYIA ¥ 319V.L

mbio.asm.org 6

Issue 1 e02347-20

Volume 12

January/February 2021


https://mbio.asm.org
http://mbio.asm.org/

Seasonal Coronaviruses and Pneumococcal Coinfection

hospitalization, those living with HIV were more likely to have longer duration of hospi-
talization and a higher case fatality rate than children without HIV, similarly to what
was previously described for other viral infections (14, 19, 25). The increased morbidity
and mortality in children living with HIV could have been, however, due to increased
susceptibility to pneumococcal and nonpneumococcal coinfections, such as P. jirovecii,
Escherichia coli, Haemophilus influenzae, or other viral infections (8, 18). Other respira-
tory viruses were, however, not found at higher rates in children living with HIV
infected with CoV compared to those without HIV. The high rate of P. jirovecii detection
in fatal cases in children living with HIV also suggests that CoVs may lead to secondary
P. jirovecii activation. Nonetheless, the higher case fatality rate and the fact that all
eight fatal cases with CoV as the only respiratory virus detected were children living
with HIV suggest a possible association of CoV causing severe disease in these
children.

In the current study, of the children living with HIV who died, 36.8% and 64.7% had
high levels of C-reactive protein and procalcitonin, respectively. Elevated levels of C-re-
active protein and procalcitonin are normally detected in patients with bacterial infec-
tions compared to those with viral infections alone (26). However, high levels of these
two markers may also be suggestive of unrecognized bacterial coinfections in patients
with established viral etiology for pneumonia (27). Recent reports have described clear
associations for raised C-reactive protein and procalcitonin levels with severity in
patients with SARS-CoV-2 infection (28), including in fatal SARS-CoV-2 confirmed cases
(29), further underscoring the complexity of host-novel pathogen interaction. Our
results together with other data from seasonal CoVs (8) and SARS-CoV-2 suggest a role
in bacterial coinfection in those CoV-infected patients who develop severe forms of
disease.

Recurrent CoV-associated pneumonia episodes were detected in children living
with HIV. This could be the result of extended viral shedding since these children have
compromised cell-mediated immunity, which is necessary for termination of viral shed-
ding, or due to viral reactivation or reinfection. Nonetheless, in these children initial
immune response to infection was not enough to stop infection. Under the current
SARS-CoV-2 pandemic, studies of extended viral shedding among children living with
HIV are warranted.

To date, there are only a few reports on secondary or superinfections in SARS-CoV-2
patients. A meta-analysis of 28 studies found that the overall bacterial infections in
SARS-CoV-2 patients were 7.1%, suggesting that bacterial coinfections are relatively
uncommon (30); the bacteriological testing method used was, however, not specified
in the majority of the studies (14 studies), and four studies used blood culture, a known
poorly sensitive method to detect bacterial infections. These results do not discard a
role for pneumococcal superinfections, particularly in PCV-underserved settings, as a
report from Spain of five SARS-CoV-2 patients showed coinfection with Streptococcus
pneumoniae (31). The findings of these recent studies relative to our study underscore
the complexity of extrapolating from established human-adapted viruses with rela-
tively low case fatality rates to a novel zoonotic virus with a relatively high case fatality
rate that has been thus far predominately described as a primary viral pneumonitis.
Another restriction of using endemic CoV as a surrogate for SARS-CoV-2 is that the tro-
pism of the endemic viruses is mainly the upper respiratory tract while SARS-CoV-2 has
propensity for both the upper and lower respiratory tract.

CoVs were normally detected in conjunction with other respiratory viruses in both
children living with and those living without HIV, which is similar to previous reports
(32). Considering all the respiratory viruses tested in the current set of samples, there
were no differences in the frequency of multiple detections in PCV9 recipients (26%)
compared to placebo recipients (27%) in both children living with (25% versus 21%)
and without (27% versus 30%) HIV (22). In the absence of a control group of non-LRTI
children, the relationship between CoV infection and disease cannot, however, be
definitively established, and this constitutes a limitation of our study. Actually, a case-
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control study on the etiology of childhood pneumonia in South Africa and the PERCH
study were unable to attribute the detection of endemic CoV as causes of pneumonia
requiring hospital admission, since the prevalence of CoV infection was similar in cases
and controls (2, 33). The PERCH study was, however, not designed to quantify the im-
portance of coinfections, and caution is needed to directly compare those findings
with our observations where interactions with Streptococcus pneumoniae might have
led CoV to be associated with pneumonia. Our results suggest that CoV infection likely
predisposes to superimposed bacterial infections, as previously shown for other respi-
ratory viruses, so although not directly attributable as the cause of pneumonia, as
shown by the previous studies using a single-pathogen model approach, it does not
exclude CoVs from being in the causal pathway of the disease. An alternate explana-
tion could be that if, for instance, other respiratory viruses interfere with CoV infection,
CoV would appear more frequently in the PCV9 group, even in the absence of a biolog-
ical interaction with Streptococcus pneumoniae. Our vaccine efficacy point estimates for
CoV single infection-associated pneumonia and overall CoV-associated pneumonia
were very similar, suggesting an interaction between Streptococcus pneumoniae and
CoV in the absence of other viral infections.

In the hypothetical scenario of a perfect vaccine against CoV, it would be interest-
ing to explore this key question on whether there is a biological interaction between
CoV and Streptococcus pneumoniae by investigating if the incidence or severity of
pneumococcal pneumonia would be affected by the viral vaccine.

A limitation of our study is that the children living with HIV in this cohort were not
treated with antiretroviral treatment due to lack of availability for children in the public
sector in South Africa 20 years ago, which may have contributed to their clinical course
and may differ from that of HIV-infected children currently treated with antiretrovirals.
The fact that the study was single-center and that children enrolled into the trial might
access health care differently than the general population limits the generalization of
the results to other settings.

CoVs are classified into four groups, alpha, beta, gamma, and delta; only alpha and
beta CoVs are known to infect humans. The beta group is further composed of A, B, C,
and D subgroups (34). While CoV-229E and CoV-NL63 are alpha viruses, CoV-OC43, the
most common CoV identified in our study, and CoV-HKU1, together with MERS-CoV,
SARS-CoV, and SARS-CoV-2, belong to the beta group (35). Although seroprevalence
studies suggest that exposure to the four common CoVs is widespread during child-
hood and that approximately 90% of adults are seropositive for at least one CoV (36),
this humoral immunity may not be cross protective against the novel CoV species. In
vitro studies have, however, shown that CD4* T cells from SARS-CoV-2-naive donors
responded not only to common CoVs but also to SARS-CoV-2, suggesting possible
cross-reactivity (37, 38). The role of preexisting SARS-CoV-2 cross-reactive T cells in clin-
ical outcomes remains to be determined.

It has been suggested that infection by SARS-CoV-2 in children causes milder clini-
cal symptoms than in adults (39). In this analysis we show that pneumococcal conju-
gate vaccine protected children living without HIV against CoV-associated pneumonia
hospitalization, and this preventive strategy should be explored in the current
pandemic.

MATERIALS AND METHODS

Population. We undertook a post hoc analysis of children who participated in an efficacy trial of
PCV9 in South Africa as described previously (20, 23). Briefly, 39,836 children were recruited from March
1998 to October 2000 and randomized (1:1) to receive 3 doses (6, 10, and 14 weeks of age) of either
PCV9 or placebo, including 2,577 children living with HIV and 37,259 without HIV (23). Hospital-based
surveillance for all-cause hospitalization among study participants was undertaken until October 2006.
All hospitalized children were evaluated by study doctors and underwent HIV testing according to study
protocol (23). Nasopharyngeal aspirates (NPAs) were obtained from children hospitalized with LRTI for
identification of select respiratory viruses (20) and archived from February 2000 onward. In the present
study, only NPAs collected from 1 February 2000 to 31 January 2002 from children <2 years old admit-
ted with pneumonia diagnosis (defined as presence of alveolar consolidation on chest X-ray, or clinical
diagnosis of LRTI without wheeze on chest auscultation, but with rales and/or bronchial breathing) were
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analyzed. If a child had recurrent pneumonia hospitalizations, only NPAs collected at least 28 days apart
or with different viruses detected were included in the analysis.

Viral testing. Samples were investigated using immunofluorescence assay for RSV, influenza virus,
parainfluenza viruses (PIV) | to Il and adenovirus and by nested PCR for human metapneumovirus as
described previously (20, 21); real-time reverse transcriptase PCR was later performed to detect four
human CoVs, OC43, NL63, HKU1, and 229E, as well as human bocavirus, human rhinovirus (hRV), and
WU and KI polyomaviruses using the primers and probes as previously detailed (22). In this analysis, we
describe the epidemiology of CoV-associated pneumonia in the study cohort, including exploring differ-
ences in hospitalization rates between those who were randomized to receive PCV9 and those who
received placebo. We have previously used this randomized placebo-controlled trial as a probe to estab-
lish that by protecting against pneumococcal disease, there was also a decrease in hospitalizations for
virus-associated pneumonia, specifically influenza virus-, RSV-, human metapneumovirus-, and polyoma-
virus-associated pneumonia (19-21). The rationale of this approach is that the difference in incidence of
any disease between PCV9 recipients and placebo recipients that could potentially be associated with
vaccine-serotype pneumococcal infection would indicate a role of vaccine serotypes (40). As an example,
we have previously reported that PCV9 recipients had a 45% lower incidence of hospitalization for pneu-
monia in which influenza virus was identified, and as such we concluded that at least a similar propor-
tion of the influenza-associated pneumonias among the placebo recipients was precipitated by coinfec-
tion with PCV9 serotypes (20). This is particularly important considering the lack of a sensitive diagnostic
tool to diagnose bacterial pneumonia, including the sensitivity of blood culture being only <5% for
diagnosing pneumococcal pneumonia in children (41).

Statistical analysis. Regression analyses were performed to compare the prevalence of CoVs and
the clinical features between children living with and without HIV. Multiple regressions were controlled
for age at hospitalization, detection of a virus previously tested, and year of sample collection. Using the
concept of vaccine-probe studies (20), we explored whether there was any association between receipt
of PCV9 and the risk of hospitalization for pneumonia associated with CoV infection by estimating vac-
cine efficacy (VE) based on the formula

VE (%) incidence rate in the unvaccinated—incidence rate in the vaccinated 100
b) =
incidence rate in the unvaccinated

All randomized children were included in the intent-to-treat analysis from the day they received their
first dose of study vaccine. The first episode was included in the VE calculation for an individual partici-
pant, and P values of =0.05 were considered significant. Analyses were performed using STATA version
13.1 (College Station, TX, USA).

Ethical considerations. The main efficacy trial and subsequent post hoc analyses were approved by
the Human Research Ethics Committee (Medical) of the University of the Witwatersrand. Signed written
informed consent was obtained from the parents/legal guardians as part of the trial. The Ethics
Committee did not require additional consent for this analysis. The main study was not registered under
any clinical trial registry as it was undertaken prior to registration being made mandatory.

ACKNOWLEDGMENTS

We thank the essential contribution of the members of the Vaccine Trialist Group
(23) for their involvement in the original study, all the trial participants, and all RMPRU
staff involved in the study.

This work was supported in part by the South African Research Chairs Initiative of
the Department of Science and Technology (DST) and National Research Foundation
(NRF) in Vaccine Preventable Diseases. Additional funding support was received from
the National Health Laboratory Service Research Fund and Medical Research Council
(Respiratory and Meningeal Pathogens Research Unit). Any opinion, findings and
conclusions or recommendations expressed in this material are those of the author(s)
and therefore the NRF and DST do not accept any liability with regard thereto.

Declaration of interests: nothing to declare.

REFERENCES
1. Nair H, Simoes EA, Rudan |, Gessner BD, Azziz-Baumgartner E, Zhang JS,

mBi

o

2019. Causes of severe pneumonia requiring hospital admission in chil-

Feikin DR, Mackenzie GA, Moiisi JC, Roca A, Baggett HC, Zaman SM,
Singleton RJ, Lucero MG, Chandran A, Gentile A, Cohen C, Krishnan A,
Bhutta ZA, Arguedas A, Clara AW, Andrade AL, Ope M, Ruvinsky RO,
Hortal M, McCracken JP, Madhi SA, Bruce N, Qazi SA, Morris SS, El Arifeen
S, Weber MW, Scott JAG, Brooks WA, Breiman RF, Campbell H, Severe
Acute Lower Respiratory Infections Working Group. 2013. Global and re-
gional burden of hospital admissions for severe acute lower respiratory infec-
tions in young children in 2010: a systematic analysis. Lancet 381:1380-1390.
https://doi.org/10.1016/S0140-6736(12)61901-1.

2. Pneumonia Etiology Research for Child Health (PERCH) Study Group.

January/February 2021 Volume 12 Issue 1 e02347-20

dren without HIV infection from Africa and Asia: the PERCH multi-country
case-control study. Lancet 394:757-779. https://doi.org/10.1016/50140
-6736(19)30721-4.

. Hamre D, Procknow JJ. 1966. A new virus isolated from the human respi-

ratory tract. Proc Soc Exp Biol Med 121:190-193. https://doi.org/10.3181/
00379727-121-30734.

. McIntosh K, Dees JH, Becker WB, Kapikian AZ, Chanock RM. 1967. Recov-

ery in tracheal organ cultures of novel viruses from patients with respira-
tory disease. Proc Natl Acad Sci U S A 57:933-940. https://doi.org/10
.1073/pnas.57.4.933.

mbio.asm.org 9

1sanb Aq 120z ‘6T Areniga4 uo /bio wse oiquy//:dny woly papeojumoq


https://doi.org/10.1016/S0140-6736(12)61901-1
https://doi.org/10.1016/S0140-6736(19)30721-4
https://doi.org/10.1016/S0140-6736(19)30721-4
https://doi.org/10.3181/00379727-121-30734
https://doi.org/10.3181/00379727-121-30734
https://doi.org/10.1073/pnas.57.4.933
https://doi.org/10.1073/pnas.57.4.933
https://mbio.asm.org
http://mbio.asm.org/

Nunes et al.

5.

20.

21.

22.

January/February 2021

van der Hoek L, Pyrc K, Jebbink MF, Vermeulen-Oost W, Berkhout RJM,
Wolthers KC, Wertheim-van Dillen PME, Kaandorp J, Spaargaren J,
Berkhout B. 2004. Identification of a new human coronavirus. Nat Med
10:368-373. https://doi.org/10.1038/nm1024.

. Woo PCY, Lau SKP, Tsoi H-W, Huang Y, Poon RWS, Chu C-M, Lee RA, Luk

W-K, Wong GKM, Wong BHL, Cheng VCC, Tang BSF, Wu AKL, Yung RWH,
Chen H, Guan Y, Chan K-H, Yuen K-Y. 2005. Clinical and molecular epide-
miological features of coronavirus HKU1-associated community-acquired
pneumonia. J Infect Dis 192:1898-1907. https://doi.org/10.1086/497151.

. Kenmoe S, Tchendjou P, Vernet M-A, Moyo-Tetang S, Mossus T, Njankouo-

Ripa M, Kenne A, Penlap Beng V, Vabret A, Njouom R. 2016. Viral etiology of
severe acute respiratory infections in hospitalized children in Cameroon,
2011-2013. Influenza Other Respir Viruses 10:386-393. https://doi.org/10
1111/irv.12391.

. de Koff EM, van Houten MA, Sanders EAM, Bogaert D. 2021. Severity of re-

spiratory infections with seasonal coronavirus is associated with viral and
bacterial coinfections. Pediatr Infect Dis J 40:e36-e39. https://doi.org/10
.1097/INF.0000000000002940.

. Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA.

2012. Isolation of a novel coronavirus from a man with pneumonia in
Saudi Arabia. N Engl J Med 367:1814-1820. https://doi.org/10.1056/
NEJMoa1211721.

. Zimmermann P, Curtis N. 2020. Coronavirus infections in children includ-

ing COVID-19: an overview of the epidemiology, clinical features, diagno-
sis, treatment and prevention options in children. Pediatr Infect Dis J
39:355-368. https://doi.org/10.1097/INF.0000000000002660.

. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, Qiu Y, Wang J, Liu Y, Wei Y,

Xia J, Yu T, Zhang X, Zhang L. 2020. Epidemiological and clinical charac-
teristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan,
China: a descriptive study. Lancet 395:507-513. https://doi.org/10.1016/
S0140-6736(20)30211-7.

. llyushina NA, Bovin NV, Webster RG. 2012. Decreased neuraminidase ac-

tivity is important for the adaptation of H5N1 influenza virus to human
airway epithelium. J Virol 86:4724-4733. https://doi.org/10.1128/JVI
.06774-11.

. Herfst S, Mok CKP, van den Brand JMA, van der Vliet S, Rosu ME, Spronken

MI, Yang Z, de Meulder D, Lexmond P, Bestebroer TM, Peiris JSM,
Fouchier RAM, Richard M. 2018. Human clade 2.3.4.4 A/H5N6 influenza vi-
rus lacks mammalian adaptation markers and does not transmit via the
airborne route between ferrets. mSphere 3:200405-17. https://doi.org/10
.1128/mSphere.00405-17.

. Madhi SA, Venter M, Madhi A, Petersen MK, Klugman KP. 2001. Differing

manifestations of respiratory syncytial virus-associated severe lower re-
spiratory tract infections in human immunodeficiency virus type 1-
infected and uninfected children. Pediatr Infect Dis J 20:164-170. https://
doi.org/10.1097/00006454-200102000-00010.

. Madhi SA, Schoub B, Simmank K, Blackburn N, Klugman KP. 2000.

Increased burden of respiratory viral associated severe lower respiratory
tract infections in children infected with human immunodeficiency virus
type-1.J Pediatr 137:78-84. https://doi.org/10.1067/mpd.2000.105350.

. Garbino J, Inoubli S, Mossdorf E, Weber R, Tamm M, Soccal P, Aubert J-D,

Bridevaux P-O, Tapparel C, Kaiser L, Swiss HIV Cohort Study. 2008. Respira-
tory viruses in HIV-infected patients with suspected respiratory opportunistic
infection. AIDS 22:701-705. https://doi.org/10.1097/QAD.0b013e3282f470ac.

. Venter M, Lassauniere R, Kresfelder TL, Westerberg Y, Visser A. 2011. Con-

tribution of common and recently described respiratory viruses to annual
hospitalizations in children in South Africa. J Med Virol 83:1458-1468.
https://doi.org/10.1002/jmv.22120.

. Ogimi C, Englund JA, Bradford MC, Qin X, Boeckh M, Waghmare A. 2019.

Characteristics and outcomes of coronavirus infection in children: the
role of viral factors and an immunocompromised state. J Pediatric Infect
Dis Soc 8:21-28. https://doi.org/10.1093/jpids/pix093.

. Nunes MC, Kuschner Z, Rabede Z, Cutland CL, Madimabe R, Kuwanda L,

Klugman KP, Adrian PV, Madhi SA. 2014. Polyomaviruses-associated respi-
ratory infections in HIV-infected and HIV-uninfected children. J Clin Virol
61:571-578. https://doi.org/10.1016/j.jcv.2014.10.013.

Madhi SA, Klugman KP, Vaccine Trialist Group. 2004. A role for Strepto-
coccus pneumoniae in virus-associated pneumonia. Nat Med 10:811-813.
https://doi.org/10.1038/nm1077.

Madhi SA, Ludewick H, Kuwanda L, van Niekerk N, Cutland C, Little T,
Klugman KP. 2006. Pneumococcal coinfection with human metapneumo-
virus. J Infect Dis 193:1236-1243. https://doi.org/10.1086/503053.

Nunes MC, Kuschner Z, Rabede Z, Madimabe R, Van Niekerk N, Moloi J,
Kuwanda L, Rossen JW, Klugman KP, Adrian PV, Madhi SA. 2014. Clinical
€02347-20

Volume 12 Issue 1

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

mBio’

epidemiology of bocavirus, rhinovirus, two polyomaviruses and four
coronaviruses in HIV-infected and HIV-uninfected South African children.
PLoS One 9:e86448. https://doi.org/10.1371/journal.pone.0086448.
Klugman KP, Madhi SA, Huebner RE, Kohberger R, Mbelle N, Pierce N, Vac-
cine Trialists Group. 2003. A trial of a 9-valent pneumococcal conjugate
vaccine in children with and those without HIV infection. N Engl J Med
349:1341-1348. https://doi.org/10.1056/NEJM0a035060.

Golda A, Malek N, Dudek B, Zeglen S, Wojarski J, Ochman M, Kucewicz E,
Zembala M, Potempa J, Pyrc K. 2011. Infection with human coronavirus
NL63 enhances streptococcal adherence to epithelial cells. J Gen Virol
92:1358-1368. https://doi.org/10.1099/vir.0.028381-0.

Madhi SA, Ramasamy N, Bessellar TG, Saloojee H, Klugman KP. 2002.
Lower respiratory tract infections associated with influenza A and B
viruses in an area with a high prevalence of pediatric human immunode-
ficiency type 1 infection. Pediatr Infect Dis J 21:291-297. https://doi.org/
10.1097/00006454-200204000-00007.

Simon L, Gauvin F, Amre DK, Saint-Louis P, Lacroix J. 2004. Serum procal-
citonin and C-reactive protein levels as markers of bacterial infection: a
systematic review and meta-analysis. Clin Infect Dis 39:206-217. https://
doi.org/10.1086/421997.

Madhi SA, Heera JR, Kuwanda L, Klugman KP. 2005. Use of procalcitonin
and C-reactive protein to evaluate vaccine efficacy against pneumonia.
PLoS Med 2:e38. https://doi.org/10.1371/journal.pmed.0020038.

Zheng Z, Peng F, Xu B, Zhao J, Liu H, Peng J, Li Q, Jiang C, Zhou Y, Liu S,
Ye C, Zhang P, Xing Y, Guo H, Tang W. 2020. Risk factors of critical & mor-
tal COVID-19 cases: a systematic literature review and meta-analysis. J
Infect 81:e16-e25. https://doi.org/10.1016/j.jinf.2020.04.021.

Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X,
GuanL, WeiY, LiH, WuX, XuJ, TuS, Zhang Y, Chen H, Cao B. 2020. Clinical
course and risk factors for mortality of adult inpatients with COVID-19 in
Wuhan, China: a retrospective cohort study. Lancet 395:1054-1062.
https://doi.org/10.1016/S0140-6736(20)30566-3.

Langford BJ, So M, Raybardhan S, Leung V, Westwood D, MacFadden DR,
Soucy J-PR, Daneman N. 2020. Bacterial co-infection and secondary infec-
tion in patients with COVID-19: a living rapid review and meta-analysis.
Clin Microbiol Infect 26:1622-1629. https://doi.org/10.1016/j.cmi.2020.07
.016.

Cucchiari D, Pericas JM, Riera J, Gumucio R, Coloma Md E, Nicolas D, Hos-
pital Clinic 4H Team. 2020. Pneumococcal superinfection in COVID-19
patients: a series of 5 cases. Med Clin (Barc) 155:502-505. https://doi.org/
10.1016/j.medcli.2020.05.022.

Heimdal I, Moe N, Krokstad S, Christensen A, Skanke LH, Nordbg SA,
Dgllner H. 2019. Human coronavirus in hospitalized children with respira-
tory tract infections: a 9-year population-based study from Norway. J
Infect Dis 219:1198-1206. https://doi.org/10.1093/infdis/jiy646.

Zar HJ, Barnett W, Stadler A, Gardner-Lubbe S, Myer L, Nicol MP. 2016. Aetiol-
ogy of childhood pneumonia in a well vaccinated South African birth cohort:
a nested case-control study of the Drakenstein Child Health Study. Lancet
Respir Med 4:463-472. https://doi.org/10.1016/52213-2600(16)00096-5.

Woo PCY, Lau SKP, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, Bai R, Teng
JLL, Tsang CCC, Wang M, Zheng B-J, Chan K-H, Yuen K-Y. 2012. Discovery
of seven novel mammalian and avian coronaviruses in the genus delta-
coronavirus supports bat coronaviruses as the gene source of alphacoro-
navirus and betacoronavirus and avian coronaviruses as the gene source
of gammacoronavirus and deltacoronavirus. J Virol 86:3995-4008. https://
doi.org/10.1128/JV1.06540-11.

Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang W, Song H, Huang B, Zhu N,
Bi Y, Ma X, Zhan F, Wang L, Hu T, Zhou H, Hu Z, Zhou W, Zhao L, Chen J,
Meng Y, Wang J, Lin Y, Yuan J, Xie Z, Ma J, Liu WJ, Wang D, Xu W, Holmes
EC, Gao GF, Wu G, Chen W, Shi W, Tan W. 2020. Genomic characterisation
and epidemiology of 2019 novel coronavirus: implications for virus ori-
gins and receptor binding. Lancet 395:565-574. https://doi.org/10.1016/
S0140-6736(20)30251-8.

Severance EG, Bossis |, Dickerson FB, Stallings CR, Origoni AE, Sullens A,
Yolken RH, Viscidi RP. 2008. Development of a nucleocapsid-based human
coronavirus immunoassay and estimates of individuals exposed to coronavi-
rus in a U.S. metropolitan population. Clin Vaccine Immunol 15:1805-1810.
https://doi.org/10.1128/CV1.00124-08.

Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, Hippenstiel S,
Dingeldey M, Kruse B, Fauchere F, Baysal E, Mangold M, Henze L, Lauster R,
Mall MA, Beyer K, Réhmel J, Voigt S, Schmitz J, Miltenyi S, Demuth |, Miiller
MA, Hocke A, Witzenrath M, Suttorp N, Kern F, Reimer U, Wenschuh H,
Drosten C, Corman VM, Giesecke-Thiel C, Sander LE, Thiel A. 2020. SARS-

mbio.asm.org 10

1sanb Aq 120z ‘6T Areniga4 uo /bio wse oiquy//:dny woly papeojumoq


https://doi.org/10.1038/nm1024
https://doi.org/10.1086/497151
https://doi.org/10.1111/irv.12391
https://doi.org/10.1111/irv.12391
https://doi.org/10.1097/INF.0000000000002940
https://doi.org/10.1097/INF.0000000000002940
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1097/INF.0000000000002660
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1128/JVI.06774-11
https://doi.org/10.1128/JVI.06774-11
https://doi.org/10.1128/mSphere.00405-17
https://doi.org/10.1128/mSphere.00405-17
https://doi.org/10.1097/00006454-200102000-00010
https://doi.org/10.1097/00006454-200102000-00010
https://doi.org/10.1067/mpd.2000.105350
https://doi.org/10.1097/QAD.0b013e3282f470ac
https://doi.org/10.1002/jmv.22120
https://doi.org/10.1093/jpids/pix093
https://doi.org/10.1016/j.jcv.2014.10.013
https://doi.org/10.1038/nm1077
https://doi.org/10.1086/503053
https://doi.org/10.1371/journal.pone.0086448
https://doi.org/10.1056/NEJMoa035060
https://doi.org/10.1099/vir.0.028381-0
https://doi.org/10.1097/00006454-200204000-00007
https://doi.org/10.1097/00006454-200204000-00007
https://doi.org/10.1086/421997
https://doi.org/10.1086/421997
https://doi.org/10.1371/journal.pmed.0020038
https://doi.org/10.1016/j.jinf.2020.04.021
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/j.cmi.2020.07.016
https://doi.org/10.1016/j.cmi.2020.07.016
https://doi.org/10.1016/j.medcli.2020.05.022
https://doi.org/10.1016/j.medcli.2020.05.022
https://doi.org/10.1093/infdis/jiy646
https://doi.org/10.1016/S2213-2600(16)00096-5
https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1128/CVI.00124-08
https://mbio.asm.org
http://mbio.asm.org/

Seasonal Coronaviruses and Pneumococcal Coinfection

38.

39.

January/February 2021

CoV-2-reactive T cells in healthy donors and patients with COVID-19. Na-
ture 587:270-274. https://doi.org/10.1038/s41586-020-2598-9.

Mateus J, Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, Burger ZC,
Rawlings SA, Smith DM, Phillips E, Mallal S, Lammers M, Rubiro P,
Quiambao L, Sutherland A, Yu ED, da Silva Antunes R, Greenbaum J,
Frazier A, Markmann AJ, Premkumar L, de Silva A, Peters B, Crotty S, Sette
A, Weiskopf D. 2020. Selective and cross-reactive SARS-CoV-2 T cell epi-
topes in unexposed humans. Science 370:89-94. https://doi.org/10.1126/
science.abd3871.

Liguoro |, Pilotto C, Bonanni M, Ferrari ME, Pusiol A, Nocerino A, Vidal E,

Volume 12 Issue 1 e02347-20

40.

41.

mBio’

Cogo P. 2020. SARS-COV-2 infection in children and newborns: a system-
atic review. Eur J Pediatr 179:1029-1046. https://doi.org/10.1007/s00431
-020-03684-7.

Feikin DR, Scott JA, Gessner BD. 2014. Use of vaccines as probes to define
disease burden. Lancet 383:1762-1770. https://doi.org/10.1016/50140
-6736(13)61682-7.

Madhi SA, Kuwanda L, Cutland C, Klugman KP. 2005. The impact of a 9-va-
lent pneumococcal conjugate vaccine on the public health burden of
pneumonia in HIV-infected and -uninfected children. Clin Infect Dis
40:1511-1518. https://doi.org/10.1086/429828.

mbio.asm.org 11

1sanb Aq 120z ‘6T Areniga4 uo /bio wse oiquy//:dny woly papeojumoq


https://doi.org/10.1038/s41586-020-2598-9
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1007/s00431-020-03684-7
https://doi.org/10.1007/s00431-020-03684-7
https://doi.org/10.1016/S0140-6736(13)61682-7
https://doi.org/10.1016/S0140-6736(13)61682-7
https://doi.org/10.1086/429828
https://mbio.asm.org
http://mbio.asm.org/

	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Population.
	Viral testing.
	Statistical analysis.
	Ethical considerations.

	ACKNOWLEDGMENTS
	REFERENCES

