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Key points
Question: What proportion of children with non-hospitalized (mild) SARS-CoV-2 infection

seroconvert compared to adults?

Findings: In this cohort study conducted in 2020, we found the proportion of children who

seroconverted to SARS-CoV-2 was half that in adults despite similar viral load.

Meaning: Serology is a less reliable marker of prior SARS-CoV-2 infection in children. SARS-
CoV-2-infected children who do not seroconvert may be susceptible to reinfection. Our

findings support strategies to protect children against COVID-19 including vaccination.

Abstract
Importance: The immune response in children with SARS-CoV-2 infection is not well

understood.

Obijective: To compare seroconversion in children and adults with non-hospitalized (mild)

SARS-CoV-2 infection and to understand the factors that influence this.

Design: Participants were part of a household cohort study of SARS-CoV-2 infection. Weekly
nasopharyngeal/throat swabs and blood samples were collected during the acute and

convalescent period following PCR diagnosis for analysis.

Setting: Participants were recruited at the Royal Children’s Hospital, Melbourne, Australia

between May and October 2020.
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Participants: Those who had a SARS-CoV-2 PCR-positive nasal/throat swab.

Main outcomes and measures: SARS-CoV-2 antibody and cellular responses in children and

adults. Seroconversion was defined by seropositivity in all three serological assays.

Results: Among 108 SARS-CoV-2 PCR-positive participants, 57 were children (median age:
4, IQR 2-10) and 51 were adults (median age: 37, IQR 34-45). Using three established
serological assays, a lower proportion of children seroconverted compared with adults [20/54
(37.0%) vs 32/42 (76.2%); (p<0.001)]. This was not related to viral load, which was similar in
children and adults [mean Ct 28.58 (SD: 6.83) vs 24.14 (SD: 8.47)]. Age and sex also did not
influence seroconversion or the magnitude of antibody response within children or adults.
Notably, in adults (but not children) symptomatic adults had three-fold higher antibody levels
than asymptomatic adults (median 227.5 IU/mL, IQR 133.7-521.6 vs median 75.3 IU/mL, IQR
36.9-113.6). Evidence of cellular immunity was observed in adults who seroconverted but not

in children who seroconverted.

Conclusion and Relevance: In this non-hospitalized cohort with mild COVID-19, children
were less likely to seroconvert than adults despite similar viral loads. This has implications for
future protection following COVID-19 infection in children and for interpretation of
serosurveys that involve children. Further research to understand why children are less likely
to seroconvert and develop symptoms following SARS-CoV-2 infection, and comparison with

vaccine responses may be of clinical and scientific importance.
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86  Introduction

87 Since the start of the COVID-19 pandemic, most children with COVID-19 have been

88  either asymptomatic or present with mild illness, and very few require hospitalization=,

89  However, COVID-19 cases in children are increasing in 2021 due to the emergent of SARS-

90 CoV-2 variants, particularly the Delta variant, posing important questions regarding the

91  immune responses in children*°. While the severity of COVID-19 generally correlates with the

92  magnitude of host immune responses against SARS-CoV-2%', children and adolescents with

93  mild or asymptomatic SARS-CoV-2 infection can also mount robust and durable antibody

94  responses®.

95 Immunity to SARS-CoV-2 induced through natural infection is likely to be mediated

96 by a combination of humoral and cellular immunity®*%. Some studies comparing children and

97  adults have revealed distinct immune profiles'?>, which have been associated with less severe

98  outcomes in children compared with adults.

99 The correlates of protection against SARS-CoV-2 have not been identified, although
100  neutralizing antibodies are increasingly recognized as the primary mediator of protection6-%&,
101 The majority of adults (>90%) infected with SARS-CoV-2 mount an antibody response!®%,
102 which can persist for at least 12 months?'. Seropositive recovered adults are estimated to have
103 up to 89% protection from reinfection against the same strain®>?3. In contrast, the proportion
104  of children infected with SARS-CoV-2 who seroconvert is unknown, particularly among those
105  with asymptomatic or mild infection.

106 Characterization of the immune response following natural infection is important to
107  better understand factors that may be related to future protection. In this study, we compared
108  seroconversion and cellular immunity in children and adults following infection with the

109  ancestral (Wuhan) strain of SARS-CoV-2 and investigated the factors associated with this

110  response in a household cohort study in Melbourne, Australia.
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111 Methods
112 Study cohort
113 Participants were recruited as part of a household cohort study at The Royal Children’s
114  Hospital, Melbourne, Australia between May and October 2020. Infection with SARS-CoV-2
115  was confirmed by PCR of nasopharyngeal/oropharyngeal (NP) swabs. Participants were non-
116  hospitalized patients who were asymptomatic or had mild symptoms of COVID-19 (i.e. coryza,
117  headaches, nausea, fever, cough, sore throat, malaise and/or muscle aches). Baseline swab and
118  convalescent blood samples (median 41 days, interquartile range, IQR: 31-49) were collected
119  from all individuals. A subset of individuals had two to four additional weekly NP swabs and
120  a baseline blood sample collected (median 7-12 days, IQR: 4-13 following the baseline swab),
121 as well as a later blood sample collected at median 94 days (IQR: 91-100). Written informed
122 consent and assent were obtained from adults/parents and children, respectively. The study was
123 done with the approval of the Human Research Ethics Committee (HREC) at the Royal
124  Children’s Hospital, Melbourne: HREC/63666/RCHM-20109.
125
126 SARS-CoV-2 PCR diagnosis
127 Combined oropharyngeal and nasopharyngeal (or deep nasal) swabs were collected
128 using dry FLOQSwabs® (Copan, Brescia, Italy). Briefly, FLOQSwabs were eluted in
129  phosphate buffered saline (PBS) and the eluent was used for nucleic acid extraction using the
130 Roche MagNA Pure 96 extraction system (Roche, Basel, Switzerland), according to the
131  manufacturer’s instructions. The majority of SARS-CoV-2 samples were initially tested using
132 the LightMix® Modular SARS and Wuhan CoV E-gene kit (targeting the E-gene; sensitivity

133 96.5%, specificity of 98.5% 24; TIB Molbiol, Berlin, Germany) using 10 pL nucleic acid

134  extract, according to the manufacturer’s instructions. RT-qPCR was performed on the
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135  LightCycler 480 Il Real-Time PCR System (Roche). Ct values at diagnosis for SARS-CoV-2
136  positive patients are provided, when available.
137
138  SARS-CoV-2 serology diagnosis

139 - In-house ELISA method

140 We used a modified two-step ELISA based on the Mount Sinai Laboratory method
141  previously described 2>2°. Briefly, 96-well high-binding plates were coated with receptor
142 binding domain (RBD) or S1 (Sino Biological, China) antigen diluted in PBS at 2 pg/mL.
143 Serum samples were first screened with RBD antigen, and potential seropositive samples were
144  then confirmed with S1 antigen. Goat anti-human IgG- (1:10,000) horseradish peroxidase
145  (HRP) conjugated secondary antibody was used, and the plates were developed using 3.3’,
146  5.5’-tetramethylbenzidine substrate solution. Seropositive samples were titrated and calculated
147  based on a World Health Organization (WHO) SARS-CoV-2 pooled serum standard (National
148 Institute of Biological Standards and Controls, United Kingdom). Results were reported in
149  International Units/mL. The cut-off for seropositivity was 8.36 IU/mL based on pre-pandemic

150  samples, while seronegative samples were given half of the seropositive cut-off value.

151
152 - Liaison SARS-CoV-2 S1/S2 1gG assay (Saluggia, Italy)
153 The quantitative commercial assay for the detection of IgG antibodies against S1/S2

154  antigens of SARS-CoV-2 was done according to the manufacturer’s instructions. Data was
155  reported as Assay Units (AU)/mL; negative (<12.0 AU/mL), equivocal (12.0-15.0 AU/mL), or

156  positive (>15.0 AU/mL).

157
158 - Wantai SARS-CoV-2 antibody ELISA (Beijing, China)
159 This qualitative commercial assay detects total antibodies (including IgG and IgM) to

160 SARS-CoV-2 RBD antigen. The assays were done according to the manufacturer’s
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161  instructions. Data was reported as a ratio of the absorbance over the kit control cut-off;
162  seropositive is defined as ratio > 1.0.
163
164  Flow cytometry
165 For T- and B- cell populations (convalescent sample), whole blood was lysed with red
166  blood cell lysis buffer (1:10 dilution) for 10 min at room temperature (RT). Whole blood was
167  then diluted in PBS and centrifuged at 400 x g for 5 min. Cells were washed once more in PBS
168  then resuspended in 50 pL blocking solution (1% FC-block and 5% normal rat serum in PBS)
169  for 15 min on ice. Following blocking, cells were washed with 1 mL of FACS buffer (2% FBS
170  in PBS) then stained with 50 pL of antibody cocktail 1 or 2 for 20 min on ice (Supplementary
171 Table 1). After staining, cells were washed twice then resuspended in 100 puL of FACS buffer
172 for acquisition using the Cytek Aurora. Compensation was performed at the time of acquisition
173 using compensation beads (BD Bioscience, San Diego, CA, USA). Data were analysed by
174  FlowlJo (Tree Star). Supplementary Figures 1 and 2 depicts the manual gating strategy for B-
175  and T cell panels.
176 For innate cell populations (baseline sample), 100 pL of whole blood was aliquoted for
177 flow cytometry analysis. Whole blood was lysed with 1 mL of red cell lysis buffer for 10 min
178  at room temperature. Cells were washed with ImL PBS and centrifuged at 350 x g for 5 min.
179  Following two more washes, cells were resuspended in PBS for viability staining using near
180 infra-red viability dye according to manufacturer’s instructions. The viability dye reaction was
181  stopped by the addition of FACS buffer (2% heat-inactivated FCS in 2 mM EDTA) and cells
182  were centrifuged at 350 x g for 5 min. Cells were then resuspended in human FC-block for 5
183  min at room temperature. The whole blood innate cocktail (Supplementary Table 2) made up

184  at 2X concentration were added 1:1 with the cells and incubated for 30 min on ice. Following

185  staining, cells were washed with 2 mL FACS buffer and centrifuged at 350 x g for 5 min. Cells
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186  were then resuspended in 2% PFA for a 20 min fixation on ice, washed, and resuspended in
187  150pL FACS buffer for acquisition using the BD LSR X-20 Fortessa. Supplementary Figure 3
188  depicts the manual gating strategy for innate cell populations.
189
190  Statistical analysis
191 The antibody levels and Ct values between children and adults, as well as within
192  seropositive/seronegative children or adults were compared using Mann-Whitney U test.
193  Fisher’s exact test was used to compare both the proportion who were seropositive and the
194  proportion who were symptomatic in children and adults. For correlation analysis, antibody
195  levels were log-transformed and analyzed using Pearson’s correlation analysis. All analyses
196  were performed with GraphPad Prism 7.0. A p<0.05 was considered significant.
197
198  Results
199  Participants’ characteristics
200 Between May 10, 2020 and October 28, 2020, 134 children (less than 18 years of age)
201  and 160 adults (19-73 years of age) from 95 families were recruited into the household cohort
202  study. A total of 57/134 children (42.5%) and 51/160 adults (31.9%) were infected with SARS-
203  CoV-2 (defined as having a positive PCR result for SARS-CoV-2 at any of the five timepoints)
204  and were included in our analysis; 30/57 children and 19/51 adults had two to four additional
205  weekly swabs collected. Four adults were PCR negative at baseline but returned a positive PCR
206  result one week later. The median ages at enrolment for children was 4 years old (IQR: 2-10)
207 and 37 years old for adults (IQR: 34-45). Among them, 22/57 (38.6%) children and 28/51
208  (54.9%) were female.

209
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210  Fewer children seroconvert compared to adults
211 Two commercial and one in-house assay were used to measure antibody responses in
212 children and adults at acute (median day 7-12, IQR: 4-13) and convalescence timepoints
213 (median day 41, IQR: 31-49). There was a significant increase in antibody levels between acute
214  and convalescence for adults but not in children for all three assays (Fig. 1A). Results from all
215  three assays were highly concordant, with 96/108 (88.9%) samples positive by all three assays
216  (Fig. 1B, Supplementary Fig. 4), and 94-97% agreement between the assays (Supplementary
217  Table 3). A subset of these samples was also tested by a SARS-CoV-2 microneutralization
218  assay and the results positively correlated with results from all three assays (Supplementary
219  Fig. 5). Interestingly, lower seropositivity was found in SARS-CoV-2-infected children (40.4-
220  40.7%) at the convalescent timepoint compared to adults (61.4-73.7%, depending on the assay)
221 (Fig. 1C). All seronegative children at the median convalescent timepoint (Day 41) did not
222 become seropositive by the median Day 94 timepoint. (Fig. 1D).
223
224  Factors that may influence the antibody response
225 To investigate the factors involved in seroconversion, we included only those
226  participants who were seropositive or seronegative by all three serological assays (Fig. 2A); 9
227  samples from adults and 3 from children were excluded due to inconsistent serostatus or not
228 tested on all assays due to sample availability. We found no difference in viral loads at baseline
229  between children and adults [mean Ct 28.58 (SD: 6.83) vs mean Ct 24.14 (SD: 8.47)] (Fig.
230  2B). The time between PCR diagnosis to convalescent sampling was also similar (median days
231 41, IQR, 31-49 vs median days 41, IQR, 35-49) (Fig 2C).
232 Individuals were more likely to be seropositive with higher viral loads and longer viral

233 clearance time (based on those with multiple swabs collected), but there were no differences in

234 these parameters between children and adults who were seronegative or seropositive (Fig 2D-

10
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235  E). Interestingly, a Ct value of less than 26 was associated with seroconversion in 80% (12/15)
236 and 91% (10/11) children and adults, respectively. The proportion of children and adults who
237  were seropositive were similar when stratified by sex (Fig. 2F). A similar age was observed
238  between seronegative and seropositive children as well as between seronegative and
239  seropositive adults (Fig 2G).
240 When examining the relationship between symptomatic infection and antibody
241  response, a higher proportion of seronegative adults were asymptomatic compared to
242  seropositive adults (4/10, 40% vs. 2/32, 6.3%; p=0.02) (Fig. 2H). Symptomatic adults on
243  average had three times more antibodies than asymptomatic adults (median 227.5 IU/mL, IQR
244  133.7-521.6 vs. median 75.3 IU/mL, IQR 36.9-113.6) and higher viral load (not statistically
245  significant) than asymptomatic adults, although the number of adults who were asymptomatic
246  and seropositive was small (Fig. 21-J). In contrast, a higher proportion of seropositive children
247  were asymptomatic compared to seronegative children (although not statistically significant)
248  (Fig. 2H), and similar levels of antibodies and viral load were observed in children regardless
249  of whether they had any symptoms (Fig 2I-J). Notably, viral load correlated with antibody
250 levels (Fig. 2K) but not age (Fig. 2L) in both children and adults.
251
252 Cellular immune response in children and adults following SARS-CoV-2 infection
253 At the convalescent timepoint, seropositive adults had a significantly lower frequency
254  of IgG+ memory B cells, with a corresponding increase in transitional B cells, CD4+ and CD8+
255 T effector memory (Tem) cells compared with uninfected adults. These differences were also
256  observed between seropositive and seronegative adults but were not statistically significant
257  (Fig. 3). There were no differences in IgG+ memory B cells, CD4+ Tgm or CD8+ Tewm cells in

258  children, however seropositive and seronegative children showed higher levels of transitional

259 B cells compared with uninfected children (Fig. 3). No other differences were observed for any

11
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260  of the other cell populations examined in children or adults (Supplementary Fig. 6). We also
261 compared innate responses during the acute phase in children and adults. We found no
262  differences in innate immune responses for both children and adults based on serostatus,
263  although the number of samples available for this analysis was small (Supplementary Fig. 7).
264
265  Discussion
266 Our study found that a lower proportion of children with confirmed SARS-CoV-2
267 infection seroconverted compared with adults despite no difference in viral load. However,
268  SARS-CoV-2 infection in adults generated changes in cellular immune profiles that were most
269  evident in seropositive adults, while this was not observed in children except for transitional B
270  cells. Taken together, our findings provide insights into how children and adults respond
271 differently to the virus. Reduced likelihood of seroconversion may mean that children are less
272 protected against SARS-CoV-2 infections in the long term compared to adults.
273 Several factors such as age, viral load, sex, comorbidities (including diabetes, cancer
274  and immunosuppression) and disease severity have been found to influence SARS-CoV-2
275  antibody responses?’-®. To the best of our knowledge, no data on the proportion of SARS-
276  CoV-2 infected children who seroconvert and the factors impacting this have been reported. A
277  recent study found that 36% of adults with mild COVID-19 did not seroconvert®. In
278  comparison to adults who seroconverted, seronegative adults had lower viral load in their
279  respiratory tract and were younger (50 vs 40 years)®. The proportion of adults who did not
280  seroconvert were similar to that observed in our study. Other studies in adults have reported
281  variable seroconversion rates between 5 and 25%°°*7-%, Viral load was similar between
282  children and adults in our cohort, which does not explain why fewer children seroconverted

283  compared with adults. However, our data suggests that Ct value of less than 26 is associated

284  with seroconversion in both children and adults. A similar Ct value threshold of 25 was found

12
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285 to be associated with seroconversion in a previous study®’. Interestingly, asymptomatic
286 infection was associated with lower seropositivity and antibody levels in adults but not in
287  children, consistent with previous studies in adults®#! and children®. This suggests that the host
288  humoral response to SARS-CoV-2 infection in children is different to adults despite similar
289  viral loads and circulating virus variant exposure.

290 There are several immunological hypotheses as to why children might be less likely to
291  seroconvert. First, antibody profiles (antibody isotypes and subclasses)!2442-44 and memory B
292  cell populations have been reported to be different between children and adults, but this has
293 mostly been related to disease severity*>#¢. We? and others!220424347 have previously reported
294  similar SARS-CoV-2 specific IgG antibody levels between children and adults. We however
295  did not measure IgG subclasses (i.e. IgG1 and 1gG3) which have also been associated with
296 COVID-19 severity as well as age effects**. In our study, we observed a decrease in 1gG
297  memory B cells among seropositive adults that corresponded with an increase in transitional B
298  cells in SARS-CoV-2-infected children and adults. One explanation for this is that activation
299  of pre-existing memory B cells during SARS-CoV-2 infection leads to increased transitional
300 B cells to compensate for the loss in the B cell compartment*®4°, Whether transitional B cells
301 play arole in seroconversion remains to be determined.

302 Second, T cell responses differ between SARS-CoV-2 infected children and adults. A
303  recent study of SARS-CoV-2 T cell responses in children and adults with mild COVID-19
304 found that infected children had reduced CD4+ T cell effector memory to SARS-CoV-2
305  proteins compared to infected adults®®, consistent with our findings although we did not
306  undertake ex vivo stimulation experiments. Our data supports the concept that infection may
307 not induce the robust cellular immune responses in children that are necessary for

308  seroconversion as seen in adults®%2,

13
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309 Children are thought to have a more robust innate and/or mucosal immune response to
310  SARS-CoV-2 than adults 35535 This could explain why children in our study did not appear
311  to trigger the adaptive immune system as well as adults. However, our analysis of innate
312  immune responses in children by serostatus did not reveal any differences, likely due to the
313  small sample size. More efficient innate immunity may also suggest a shorter viral clearance
314  time in seronegative children, but this was not observed in our study. We previously showed
315 that the appearance of mucosal SARS-CoV-2 antibody levels in children was associated with
316  symptom resolution and lack of seroconversion in a family case study®3. Further analysis of
317  mucosal responses in children are ongoing. Clearly, several factors are likely to contribute to
318 the lack of seroconversion, and more studies are needed to improve our understanding of this
319  response.

320 Our findings have important implications for protection against SARS-CoV-2 in
321 children. Numerous studies have highlighted the importance of antibodies for protection
322 against SARS-CoV-2. A US study of SARS-CoV-2-infected young adults (18-20 years)
323  reported that SARS-CoV-2-infected seronegative individuals were 80% more likely to be
324  reinfected compared to seropositive individuals. The study also found that low IgG antibody
325 levelsin seropositive individuals were associated with reinfection, although seropositive adults
326 had 10-times lower viral load than reinfected seronegative individuals®®. Therefore, a lack of
327  seroconversion may result in a higher susceptibility to reinfection. This may have important
328 implications on the transmission of SARS-CoV-2 in the community and the public health
329  response.

330 It is important to note that our findings are based on the ancestral ‘Wuhan’ SAR-CoV-
331 2 virus that was circulating in 2020. The relevance of our findings to current epidemiology

332 where COVID-19 cases in children have been rising due to the SARS-CoV-2 Delta variant®’

333 s unclear. Whether lower seroconversion rates in children are also observed following

14
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334 infection with Delta variant is unknown and warrants further research. This variant has been
335 associated with 1000x higher viral load compared with the Wuhan strain so a higher
336 seroconversion rate in children might be expected®®,
337 The strengths of our study includes the use of three independent serological assays to
338  examine antibody response against SARS-CoV-2, including a subset of samples that correlated
339  positively with neutralizing antibody assay; these assays have also previously been shown to
340  correlate well with neutralizing antibody assays®>>*®. Limitations of this study include the
341 small sample size particularly for the cellular analyses. In addition, our study cohort of mild
342  COVID-19 among children and adults may not be generalizable to other study populations
343  such as older adults or individuals with underlying medical conditions.
344 This is the first study that documents a higher proportion of children who do not
345  seroconvert compared to adults, despite a similar clinical and virological profile. Seronegative
346  children are at a greater potential risk of reinfection. Our findings have important implications
347  for public health responses in controlling SARS-CoV-2 infection among children and supports
348  COVID-19 vaccination strategies once priority groups have been vaccinated.
349
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Fig. 1: SARS-CoV-2 antibody response in children (blue) and adults (red) measured by three
serological assays; Diasorin (S1/S2), Wantai (RBD) and in-house ELISA (RBD/S1). (A) Mean
IgG SARS-CoV-2 antibody levels (x95%Cl) at acute (median day 7-12, IQR: 4-13. Children,
N=14; Adult, N=17) and convalescent (median day 41, IQR: 31-49. Children, N=57; Adult,
N=51). (B) Venn diagram showing the concordance of seropositivity results between the three
serological assays (N=105-108); two children and 1 adult sample were not tested by Wantai
assay. (C) Seropositivity rate in children and adults at convalescent period (median day 41.
Children, N=57; Adult, N=51). (D) SARS-CoV-2 IgG levels over time in children and adults
using an in-house ELISA; number of samples per timepoint: Children, Day 7 (N=13), Day 41

(N=59), Day 94 (N=26); Adult, Day 12 (N=20), Day 41 (N=57), Day 94 (N=29).
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Fig. 2: Factors associated with SARS-CoV-2 antibody responses based on in-house ELISA
assay. (A) Seropositivity rate in children (blue) and adults (red) at convalescent period (median
day 41. Children, N=54; Adult, N=42) who were seropositive and seronegative by all three
serological assays. (B) Mean viral load (SD) between children (N=42) and adult (N=18) where
data were available. (C) Median days (IQR) between positive PCR diagnosis and convalescent
blood sampling between children (N=54) and adult (N=42). (D) Mean viral load (SD) between

children (N=42) and adult (N=18) stratified by serostatus. (E) Duration of viral clearance
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(median days, IQR) stratified by serostatus (seronegative children, N=20, seropositive children,
N=7; seronegative adult, N=4, seropositive adult, N=10). (F) Seropositivity rate stratified by
sex. (G) Age of children and adults stratified by serostatus (Children, N=54; Adult, N=42)
(Median, IQR). (H) Proportion of asymptomatic children and adults stratified by serostatus. (I)
Median antibody levels (IQR) based on symptoms (left y-axis) and median fold-change in
antibody levels between asymptomatic and symptomatic in children (N=6 vs N=14) and adults
(N=2 vs N=30) (right y-axis). (J) Mean viral load (SD) stratified based on symptoms in children
(asymptomatic, N=7 vs symptomatic, N=35) and adults (asymptomatic, N=2 vs symptomatic,
N=17). (K) Correlation between antibody levels and viral load. (L) Correlation between
antibody levels and age. Blue dots/bars represent children and red dots/bars represent adults.

Seropositivity was defined as seropositive by all three assays. Pearson’s correlation analysis

was used to examine association. Ct value: cycle threshold.
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Fig. 3: Ex vivo cellular immune profile during convalescence period (median day 41) in

children (PCR+sero-, N=14; PCR+sero+, N=13) and adults (PCR+sero-, N=4, PCR+sero+,

N=15) following SARS-CoV-2 infection; PCR+sero-: dotted box, PCR+sero+: diagonal

shaded box. An uninfected control group was included for comparison (PCR-sero-: children,

N=11; adults, N=22); clear box. Bars represent median and range.
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