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Introduction
Staphylococcus aureus is a leading cause of  infections in community and health care settings, resulting in sub-
stantial morbidity (> 700,000 hospitalizations/yr in the United States) and mortality (> 20,000 deaths/yr in 
the United States) (1–3). S. aureus is a pathobiont that asymptomatically colonizes mucosal surfaces, such as 
the nose, skin, and gastrointestinal tract, in up to 50% of  individuals (4, 5) but also causes infections ranging 
from mild (e.g., skin and soft tissue infections, SSTIs) to severe (e.g., osteoarticular infections, pneumonia, 
endocarditis, bacteremia, and septic shock) (1). S. aureus is a leading cause of  infection-related hospitaliza-
tions in children (3). Recurrent infections are common, occurring in up to 50% of  otherwise-healthy children 
and adults within a year (6, 7). Coupled with the emergence of  antibiotic-resistant S. aureus isolates, the 
burden of  infection has led the field to prioritize the development of  a vaccine to prevent these infections.

Unfortunately, every candidate vaccine has failed in clinical trials (8–11). Potential reasons for these fail-
ures include: (i) animal models that fail to recapitulate human infection (12–14), (ii) target populations that 

BACKGROUND. T cell responses are impaired in Staphylococcus aureus–infected children, 
highlighting a potential mechanism of immune evasion. This study tested the hypotheses that 
toxin-specific antibodies protect immune cells from bacterial killing and are associated with 
improved T cell function following infection.

METHODS. S. aureus–infected and healthy children (N = 33 each) were prospectively enrolled. 
During acute infection and convalescence, we quantified toxin-specific IgG levels by ELISA, antibody 
function using a cell killing assay, and functional T cell responses by ELISPOT.

RESULTS. There were no differences in toxin-specific IgG levels or ability to neutralize toxin-
mediated immune cell killing between healthy and acutely infected children, but antibody levels 
and function increased following infection. Similarly, T cell function, which was impaired during 
acute infection, improved following infection. However, the response to infection was highly 
variable; up to half of children did not have improved antibody or T cell function. Serum from 
children with higher α-hemolysin–specific IgG levels more strongly protected immune cells against 
toxin-mediated killing. Importantly, children whose serum more strongly protected against toxin-
mediated killing also had stronger immune responses to infection, characterized by more elicited 
antibodies and greater improvement in T cell function following infection.

CONCLUSION. This study demonstrates that, despite T cell impairment during acute infection, S. 
aureus elicits toxin-neutralizing antibodies. Individual antibody responses and T cell recovery are 
variable. These findings also suggest that toxin-neutralizing antibodies protect antigen-presenting 
cells and T cells, thereby promoting immune recovery. Finally, failure to elicit toxin-neutralizing 
antibodies may identify children at risk for prolonged T cell suppression.
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have primarily included adults at high risk of S. aureus infection (9–11), (iii) antigen selection, and (iv) vaccines 
that have targeted protective antibody. Underlying these challenges, the “natural” development of antistaph-
ylococcal immunity, either in healthy individuals or during infection, remains poorly understood. Therefore, 
natural protective immunity against S. aureus has not been leveraged in vaccine design. As an example, the 
sole identified correlate of protection against recurrent infection is an increase in α-hemolysin (Hla) antibody 
levels, but the mechanism by which this may protect is not clear (6). While antigen-specific antibody levels have 
been well documented in children and adults (15–19), much less is understood regarding the development of  
T cells that drive immunologic memory. We previously reported that, despite high levels of antibodies against 
Hla and the leukotoxin subunits leukotoxin E (LukE) and Panton-Valentine leukocidin S (LukS-PV), children 
have markedly fewer S. aureus– and toxin-specific IFN-γ– and IL-17–secreting T cells during acute S. aureus 
infection, compared with healthy children (20). Therefore, evasion of T cell–mediated immunity may be a 
phenotype of S. aureus infection. However, it is unclear if  impaired T cell responses predate acute infection, and 
therefore could contribute to susceptibility to infection, or if  T cells are actively suppressed during infection.

In the current study, we sought to expand on our previous findings during acute infection by quan-
tifying antibody levels and T cell responses in a cohort of  children during acute infection and following 
recovery from infection. We found that toxin-specific antibody levels increased during convalescence in 
many, but not all, children and that Hla-specific antibody levels correlated with the ability of  patient serum 
to protect immune cells from toxin-mediated killing. Similarly, impaired T cell responses improved fol-
lowing resolution of  infection in many, but not all, children. This suggests that T cell impairment recovers 
following infection in a subset of  children. Importantly, children with more toxin-neutralizing antibody 
had stronger immune responses to infection, characterized by stronger infection-elicited antibody responses 
and better recovery of  T cell function. Together, these findings highlight the variability of  infection-elicited 
immune responses and suggest a potential role for toxin-specific antibodies in protecting antigen-presenting 
cells and T cells and promoting recovery of  T cell function.

Results
Characteristics of  study participants. Thirty-three hospitalized children with S. aureus infection were enrolled 
between September 2020 and December 2021 at Nationwide Children’s Hospital (Table 1). The median age 
of  infected children was 10 years, 76% were male, and 82% were White. Infections were classified as inva-
sive (52%) or noninvasive (48%); the most common sites of  infection were blood (65% of  invasive infec-
tions) and SSTI (100% of  noninvasive infections). The majority of  S. aureus isolates were methicillin sus-
ceptible for both invasive (70%) and noninvasive (56%) infections. Thirty-three healthy children (matched 
for age, race, and sex) were enrolled from May 2019 through January 2022. The median age of  healthy 
controls was 7.9 years, 67% of  healthy controls were male, and 76% were White. There were no significant 
differences between infected and healthy children with respect to age, biological sex, or race.

Anti-–toxin IgG levels increase following infection in a subset of  infected children. We quantified IgG levels 
against the staphylococcal toxins Hla, LukE, and LukS-PV by ELISA in 33 healthy and 32 infected chil-
dren (1 infected child did not have a serum sample available). As we previously reported (20), there were no 
significant differences in IgG levels between children during acute S. aureus infection and healthy children, 
but there were higher levels of  each following recovery from infection, compared with healthy children 
(Figure 1, A–C). Overall, IgG levels against all 3 S. aureus toxins were higher during convalescence, com-
pared with during acute infection (Figure 1, D–F). This suggests that S. aureus infection elicited an antibody 
response in children. However, many children did not have an increase (<1.5-fold) in IgG levels from acute 
infection to convalescence (Hla: 41%, LukE: 38%, LukS-PV: 44%; Figure 1, D–F, red lines). Therefore, the 
antibody response to infection was highly variable in S. aureus–infected children.

We tested if  antibody levels were associated with age or the severity of  infection. As we previous-
ly reported, IgG levels during acute infection were associated with increasing age (Hla, P < 0.001; 
LukE, P = 0.003; LukS-PV, P = 0.004; Supplemental Figure 1, A–C; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.173526DS1). There was a trend toward 
higher levels in children with invasive infection, but the differences were not significant (P = 0.2–0.4, 
Supplemental Figure 1, D–F). We next tested if  the change in IgG levels from acute infection to conva-
lescence differed based on age or the severity of  infection. IgG levels against Hla, LukE, and LukS-PV 
increased following infection in children < 5 years or > 10 years, but not those between 5 and 10 years 
(Supplemental Figure 1, A–C). However, there were relatively few children in the 5- to 10-year-old age 



3

C L I N I C A L  M E D I C I N E

JCI Insight 2024;9(4):e173526  https://doi.org/10.1172/jci.insight.173526

group, potentially masking a difference. Children with invasive and noninvasive infection had increas-
es in IgG levels against Hla, LukE, and LukS-PV (Supplemental Figure 1, D–F). Hla-specific IgG1 lev-
els largely reflected total IgG levels (Supplemental Figure 2), suggesting that the differences observed 
were not specific to any IgG subclass. However, we were able to quantify only Hla-specific IgG2 levels 
in the children with the highest Hla-specific total IgG levels and were unable to detect Hla-specific 
IgG3 or IgG4 levels (data not shown) because of  limitations in serum volume. Together, these results 
suggest that neither age nor the severity of  infection is associated with the ability of  S. aureus infection 
to elicit an antibody response.

Hla-specific IgG is associated with protection of  immune cells from toxin-mediated killing. We next determined 
if  the increase in IgG levels during convalescence reflected improved antibody function by testing the ability 
of  patient serum to inhibit S. aureus killing of  immune cells. To accomplish this, we developed an ex vivo 
protection assay in which peripheral blood mononuclear cells (PBMCs) from healthy adults were coincubated 
with supernatant from S. aureus (USA300) and serum from healthy, acutely infected, or convalescing chil-
dren. Following incubation, survival of  immune cells (T cells, B cells, monocytes, dendritic cells [DCs], and 
natural killer [NK] cells) was quantified by flow cytometry (Supplemental Figure 3, gating strategy). In the 
absence of  serum (no-serum controls; NS), S. aureus supernatant killed CD3+ T cells, monocytes, DCs 
(HLA-DRhi), and NK cells but less so B cells (Figure 2, A–E). Compared with no-serum controls, serum 
from healthy and infected children protected immune cells against S. aureus–mediated killing (Figure 2, A–E).  

Table 1. Characteristics of study participants

Healthy control
S. aureus–infected

All Invasive Noninvasive P valueA P valueB

Participants 33 33C 17 16
Age in years 

median (IQR) 7.9 (1.9, 13.9) 10.0 (2.7, 14.6) 12.9 (4.9, 14.9) 8.2 (1.4, 14.9) 0.5 0.18

Age group 0.9 0.41
≤5 yr 13 (39%) 11 (33%) 4 (24%) 7 (44%)

5–10 yr 5 (15%) 6 (18%) 3 (18%) 3 (19%)
>10 yr 15 (45%) 16 (48%) 10 (59%) 6 (38%)

Sex 0.5 0.44
Male 22 (67%) 25 (76%) 14 (82%) 11 (69%)

Female 11 (33%) 8 (34%) 3 (18%) 5 (31%)
Race and ethnicity 0.76 >0.9

White 25 (76%) 27 (82%) 14 (82%) 13 (81%)
Black 4 (12%) 5 (15%) 2 (12%) 3 (19%)

Hispanic 2 (6.1%) 0 (0%) 0 (0%) 0 (0%)
Multiracial 2 (6.1%) 0 (0%) 0 (0%) 0 (0%)
Unknown 0 (0%) 1 (3%) 1 (6%) 0 (0%)

Prior S. aureus 
infection N/A 4 (12%) 1 (6%) 3 (19%) N/A 0.34

Susceptibility N/A 0.46
MRSA N/A 11 (33%) 4 (24%) 7 (44%)
MSSA N/A 21 (64%) 12 (70%) 9 (56%)
Both N/A 1 (3%) 1 (6%) 0 (0%)

Fever N/A 20 (61%) 13 (76%) 7 (44%) N/A 0.08
Site of infectionD N/A <0.001

SSTI N/A 18 (55%) 2 (12%) 16 (100%)
Blood N/A 11 (33%) 11 (65%) 0 (0.0%)

Wound N/A 4 (12%) 0 (0%) 4 (25%)
Bone/Joint N/A 7 (21%) 7 (41%) 0 (0.0%)
Respiratory N/A 1 (3%) 1 (6%) 0 (0.0%)

Other N/A 2 (6%) 1 (6%) 1 (6%)
AHealthy control versus S. aureus–infected (All) by Fisher exact test. BS. aureus invasive versus S. aureus noninvasive by Wilcoxon rank sum test. COne 
study participant did not have a serum sample, and 5 study participants did not have PBMC samples for analysis. DPatients may have had more than 1 site 
of infection. MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus.
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Similar results were observed for CD4+ and CD8+ T cells and HLA-DRmid DCs (data not shown). This killing 
was mediated largely by sae-regulated toxins (e.g., Hla, LukE, LukS-PV), because incubation with superna-
tant from an isogenic saeRS deletion mutant (Δsae), which does not express these toxins (21), failed to kill host 
immune cells, with the exception of  monocytes, which had very low survival even after incubation with Δsae 
(Supplemental Figure 4). Validating the importance of  toxins, there were no significant differences in immune 
cell killing by Δsae among healthy controls, acutely infected children, and convalescing children (Supplemen-
tal Figure 4). Importantly, the ability of  serum to inhibit immune cell killing was stronger during convales-
cence, compared with during acute infection (Figure 2, F–J). This suggests that infection raised functional 
antibodies that inhibited toxin-mediated targeting of  immune cells. However, as we observed with antibody 
levels, there was marked interindividual variability in the increase from acute infection to convalescence, and 
nearly half  of  children had less than 10% increase in protection of  immune cells (T cells: 47%; B cells: 53%; 
monocytes: 44%; DCs: 44%; NK cells 28%; Figure 2, F–J, red lines).

Figure 1. Anti-toxin IgG levels during acute infection and convalescence. (A–C) Levels of IgG against Hla (A), LukE 
(B), and LukS-PV (C) in healthy children (HC), during acute S. aureus infection (“A”), or during convalescence (“C”). 
(D–F) Change in IgG levels for individual study participants from acute infection to convalescence. Black lines indicate 
participants for whom IgG levels increased ≥ 1.5-fold; red lines indicate participants for whom IgG levels did not 
increase. Data are expressed as arbitrary ELISA units (log10) and presented as the median values with individual values 
superimposed on the plots. Log10-transformed values were compared by 1-way ANOVA with Kruskal-Wallis posttest 
(panels A–C) or Wilcoxon matched pairs signed rank test (panels D–F). *P < 0.05; **P < 0.01; ****P < 0.0001.
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To identify which toxin-specific antibodies mediated protection of  immune cells, we tested if  Hla-,  
LukE-, or LukS-PV–specific IgG levels correlated with immune cell killing. In healthy children, there was a 
moderate correlation (R2 = 0.28–0.38) between anti-Hla IgG and protection of  T cells (Figure 3A), mono-
cytes (Figure 3C), and NK cells (Figure 3E) but no correlation for B cells (Figure 3B) or DCs (Figure 3D). 
In acutely infected children, there was a moderate correlation (R2 = 0.28–0.42) between Hla-specific IgG 

Figure 2. Protection of immune cells against 
toxin-mediated killing by acute and convalescent 
sera. PBMCs from healthy adults were incubated 
with S. aureus (USA300) supernatant and serum 
from study participants followed by quantification 
of live immune cells by flow cytometry (gating 
strategy, Supplemental Figure 3). (A–E) Protec-
tion of CD3+ T cells (A), B cells (B), monocytes (C), 
HLA-DRhi dendritic cells (DC) (D), and NK cells 
(E) by serum from healthy children (HC), acutely 
infected children (“A”), and during convalescence 
(“C”). “NS” on x axes indicates no-serum controls. 
(F–J) Change in immune cell protection for indi-
vidual study participants from acute infection to 
convalescence. Black lines indicate participants for 
whom immune cell survival increased ≥ 10%; red 
lines indicate participants for whom immune cell 
survival did not increase. Data are expressed as 
percentage immune cell survival, compared with 
no supernatant control (not shown) and present-
ed as the median values with individual values 
superimposed on the plots. Data were compared by 
1-way ANOVA with Kruskal-Wallis posttest (A–E) 
or Wilcoxon matched pairs signed rank test (F–J). 
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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and survival of  T cells (Figure 3A), monocytes (Figure 3C), DCs (Figure 3D), and NK cells (Figure 3E) 
but no correlation for B cells (Figure 3B). These results suggest that healthy and infected children had func-
tional anti-toxin antibodies. Interestingly, there were stronger correlations (R2 = 0.46–0.59) during conva-
lescence between anti-Hla IgG levels and protection of  T cells (Figure 3A), DCs (Figure 3D), and NK cells 
(Figure 3E), compared with healthy or acutely infected children, but no differences for B cells (Figure 3B) 
or monocytes (Figure 3C). In contrast, there were weak correlations of  LukE IgG levels with protection of  
T cells (R2 < 0.2), monocytes (R2 < 0.3), and NK cells (R2 < 0.2) in healthy and acutely infected children 
and a weak correlation of  LukE IgG levels with protection of  B cells (R2 < 0.3) and DCs (R2 < 0.15) only 
in infected children (Supplemental Figure 5A). Similarly, there were weak correlations (R2 < 0.3) of  LukS-
PV IgG levels with protection of  T cells, B cells, monocytes, DCs, and NK cells only during convalescence 
(Supplemental Figure 5B). Together, these findings suggest that infection raises functional toxin-specific 
antibodies and point to a major role for Hla in protection of  immune cells.

To test the specific role of  Hla in immune cell killing, we modified our killing assay by culture of  recom-
binant active Hla with participant serum (N = 10/group) before incubation with healthy adult PBMCs. As 
we observed with S. aureus supernatant–induced killing, convalescent serum best protected T cells, B cells, 
and NK cells against Hla-mediated toxicity (Supplemental Figure 6, A, B, and E), though there were no 
significant differences for monocytes and DCs (Supplemental Figure 6, C and D), likely due to the smaller 
sample size. There was also an increase in the ability to protect against Hla-mediated immune cell killing 
following recovery from infection in most, but not all, infected children (Supplemental Figure 6, F–J). 
There were strong correlations (R2 = 0.5–0.6) between anti-Hla IgG levels and protection of  immune cells 
during convalescence but no or much weaker correlations during acute infection or in healthy children 
(Supplemental Figure 7). Taken together, these findings suggest that infection elicits strong, functional 
Hla-specific antibodies that protect immune cells against Hla-mediated killing.

Impaired T cell responses during infection recover in a subset of  infected children. We next quantified func-
tional T cell IL-17A and IFN-γ responses during acute S. aureus infection and convalescence in 33 healthy 
and 28 infected children (5 participants did not have PBMC samples) by PBMC ELISPOT following stim-
ulation with PMA/ionomycin (nonspecific T cell activation), heat-killed S. aureus (HKSA), or purified 
HlaH35L, LukE, or LukS-PV. As we previously reported, there were decreased numbers of  IFN-γ–secreting 
(Figure 4, A–E, left) and IL-17A–secreting (Figure 4, F–J, left) cells during acute S. aureus infection fol-
lowing culture with PMA/ionomycin, HKSA, Hla, LukE, and LukS-PV, compared with healthy children 
(HC vs. A). For IFN-γ, there remained fewer cytokine-secreting cells during convalescence, compared 
with healthy children, following incubation with PMA/ionomycin, HKSA, Hla, and LukS-PV but not 
LukE (Figure 4, A–E, left; HC vs. C). In contrast, there were no significant differences between conva-
lescing and healthy children for IL-17A (Figure 4, E–J, left; HC vs. C). These findings suggest that IL-17A 
responses recovered more fully than did IFN-γ responses.

We next directly compared acute and convalescent T cell responses. There were more IFN-γ–secreting 
cells during convalescence, compared with during acute infection, for all stimuli (Figure 4, A–E, right; A 
vs. C). Similarly, there were more IL-17A–secreting cells during convalescence, compared with during acute 
infection, following culture with PMA/ionomycin, Hla, LukE, and LukS-PV, and a trend toward stronger 
convalescent responses following culture with HKSA. However, as we observed with antibody levels and 
function, nearly one-third to one-half  of  children did not have recovery (increase of  ≥1.5-fold) of  IFN-γ 
(PMA/I: 40%; HKSA: 29%; Hla: 36%; LukE: 40%; LukS-PV: 32%; Figure 4, A–E, right, red lines) or IL-17A 
(PMA/I: 46%; HKSA: 40%; Hla: 43%; LukE: 32%; LukS-PV: 32%; Figure 4, F–J, right, red lines) responses. 
While some children whose T cell responses failed to increase already had high numbers of  cytokine-secreting 
cells during acute infection, many children did not recover their T cell responses above the 25th percentile 
(dashed lines in Figure 4, right panels) of  those of  healthy children (IFN-γ: 36%–64%; IL-17A: 36%–46%). 
Taken together, these findings demonstrate that many children do not recover S. aureus–specific T cell 
responses, and among those who do, many continue to have fewer cytokine-secreting T cells during conva-
lescence, compared with healthy children.

Convalescent toxin-specific IgG levels correlate with enhanced protection of  immune cells. The similarly high 
percentages of  children who failed to increase antibody levels (38%–44%) or function (28%–50%) and 
those who did not recover their effector T cell responses (29%–46%) suggested that elicited antibody and 
recovery of  T cell impairment are linked. We hypothesized that stronger anti-toxin antibody respons-
es to infection associated with better protection of  antigen-presenting cells (APCs) and T cells. To test 
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this hypothesis, we leveraged our observation that there were 2 distinct populations of  children in the 
context of  the ability of  convalescent serum to protect T cells from toxin-mediated killing (Figure 2A). 
We observed that convalescent serum from 21 infected children strongly protected CD3+ T cells (≥ 60% 
survival, median value for healthy controls, Figure 5A), whereas serum from 11 infected children did not 
(< 60%, Figure 5A). Similar results were observed for CD4+ and CD8+ T cell subsets (data not shown). 
We therefore analyzed these 2 groups of  children, termed “protected” (those whose serum more strongly 
protected T cells) and “nonprotected” (Figure 5A).

Children whose serum better protected T cells from toxin-mediated killing were older and more likely 
to be White, compared with those whose serum was less protective (Supplemental Table 1). However, there 
were no differences between the groups in terms of  the severity of  infection or whether the infecting isolate 
was MRSA or MSSA. We first compared anti-toxin IgG levels between children with protective and non-
protective serum. Not surprisingly, because Hla-specific IgG levels correlated with stronger protection of  
T cells against bacterial killing, we found that Hla-specific IgG levels were much higher in protected versus 
nonprotected sera during both acute infection and convalescence (Figure 5B). LukE and LukS-PV–specific 
IgG levels were also higher in protected versus nonprotected sera (Figure 5, C and D). Interestingly, chil-
dren whose serum better protected T cells had an increase in anti-toxin IgG levels from acute infection to 
convalescence, whereas those whose serum less potently protected T cells did not, with the exception of  
a small increase in LukS-PV–specific IgG (Figure 5, B–D). Consistent with higher IgG levels, protective 
acute and convalescent serum more strongly protected T cells, monocytes, DCs, and NK cells, but not B 
cells, from toxin-mediated killing (Figure 5, E–I). Importantly, among children whose serum more strongly 
protected immune cells from toxin-mediated killing, there was an increase in protection from acute infec-
tion to convalescence, consistent with infection raising a functional antibody response in these children 
(Figure 5, E–I). In contrast, children whose serum less strongly protected immune cells failed to increase 
protection of  immune cells from acute infection to convalescence, suggesting a failure of  infection to elicit a 
functional antibody response (Figure 5, E–I). Together, these results suggest that the ability of  convalescent 
serum to protect immune cells against toxin-mediated killing may identify children with a stronger func-
tional antibody response to S. aureus infection.

Children with serum that more strongly protects immune cells against toxin-mediated killing have greater 
recovery of  T cell impairment. We next hypothesized that anti-toxin antibody protection of  APCs and 

Figure 3. Hla-specific IgG levels correlate with protection of immune cells against toxin-mediated killing. Correlation of Hla-specific IgG levels 
(ELISA units, log10) with protection of T cells (A), B cells (B), monocytes (C), dendritic cells (D), and NK cells (E) for healthy children (HC), for acutely 
infected children (“A”), or during convalescence (“C”). Correlations were determined by linear correlation using log10-transformed IgG levels.
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T cells against toxin-mediated killing permits recovery of  T cell impairment following infection. To 
test this hypothesis, we compared IFN-γ and IL-17A responses by ELISPOT between children with 
protective and nonprotective serum. Surprisingly, there were no significant differences in the severi-
ty of  impairment of  IFN-γ–secreting (Figure 6, A–E) or IL-17A–secreting (Figure 6, F and G) cells 
during acute infection between children with protective and nonprotective serum, though there were 

Figure 4. Effector T cell responses during acute infection and convalescence. Effector T cell responses were quantified 
in participant PBMCs (HC, healthy control; A, acute infection; C, convalescence) by IFN-γ or IL-17A ELISPOT following 
incubation with PMA/ionomycin (PMA/I), heat-killed S. aureus (HKSA), or purified Hla, LukE, or LukS-PV. (A–E, left 
panels) Quantification of IFN-γ–secreting cells in healthy children, during acute infection, or during convalescence 
following culture with PMA/I (A), HKSA (B), Hla (C), LukE (D), and LukS-PV (E). (A–E, right panels) Change in IFN-γ–
secreting cells for individual study participants from acute infection to convalescence. (F–J, left panels) Quantification 
of IL-17A–secreting cells in healthy children, during acute infection, or during convalescence following culture with 
PMA/I (F), HKSA (G), Hla (H), LukE (I), and LukS-PV (J). (F–J, right panels) Change in IL-17A–secreting cell numbers for 
individual study participants from acute infection to convalescence. (A–J, right panels) Black lines indicate participants 
for whom cytokine-secreting cells increased ≥ 1.5-fold; red lines indicates participants for whom cytokine-secreting 
cells did not increase (< 1.5-fold). Dashed lines indicate the 25th percentile of cytokine-secreting cells for healthy con-
trols. Data are presented as the median values with individual values superimposed on the plots and were compared 
by 1-way ANOVA with Kruskal-Wallis posttest (A–J, left panels) or Wilcoxon matched pairs signed rank test (A–J, right 
panels). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. SFC, spot-forming colonies.
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trends toward stronger suppression of  LukE-specific (IFN-γ and IL-17A, Figure 6, D and I) and LukS-
PV–specific (IFN-γ, Figure 6E) responses in those with nonprotective serum. Following stimulation 
with PMA/ionomycin, convalescent children had more IFN-γ–secreting cells (Figure 6A) and a trend 
toward more IL-17A–secreting cells (Figure 6F), compared with during acute infection, regardless 
of  how strongly their serum protected immune cells. This suggests that nonspecific T cell responses 
recovered in both groups. In contrast, there were significantly higher numbers of  IFN-γ–secreting cells 
following stimulation with HKSA, Hla, LukE, or LukS-PV during convalescence only in children 
with protective serum (Figure 6, B–E). Similarly, there was recovery of  S. aureus– and antigen-specific 
IL-17A responses in children with protective serum but not those with nonprotective serum (Figure 6, 
G–J). Together, these results suggest that antibody and T cell responses to infection are linked. Spe-
cifically, these data suggest that higher anti-toxin antibody levels “protect” APCs and T cells and con-
tribute to enhanced recovery of  T cell responses following infection. Interestingly, this phenomenon 
was observed only for S. aureus– and antigen-specific T cell responses; recovery of  nonspecific T cell 
responses occurred equally well in both groups.

Discussion
In this study, we found that S. aureus infection during childhood elicits pathogen-specific functional anti-
body and T cell responses. Toxin-specific antibody levels increased following S. aureus infection, but the 
individual responses were highly variable; nearly 40% of  children did not have an increase in antibody 
levels. Hla-specific (but less so LukE or LukS-PV) antibody levels correlated with protection of  immune 
cells from toxin-mediated killing, and this correlation was strongest during convalescence, consistent with 
a functional antibody response. Similarly, there was an increase in S. aureus–specific cytokine-secreting T 
cells following infection, indicative of  expansion or recovery of  impaired T cell responses during acute 
infection. However, as with antibody levels and function, improvement in T cell function was observed in 
only 60%–70% of  children. Children whose convalescent serum more strongly protected T cells from tox-
in-mediated killing had a greater increase in antibody levels and stronger improvement of  T cell responses 
during convalescence. Taken together, these findings demonstrate that S. aureus infection is immunogenic 
and suggest that immunity raised by infection may be protective. However, there is marked heterogeneity 
among individuals. These findings also suggest that toxin-specific antibodies “protect” immune cells, there-
by promoting expansion or recovery of  S. aureus–specific T cell responses.

Figure 5. Children whose serum protects T cells against toxin-mediated killing have stronger increases in IgG levels and immune cell protection. (A) 
Based on the data in Figure 2A, infected children were separated into those whose convalescent serum strongly protected T cells (≥ 60% survival, “pro-
tected,” N = 21) and those whose convalescent serum less strongly protected T cells (< 60% survival, “nonprotected,” N = 11). (B–D) Levels of Hla-, LukE-, 
and LukS-PV–specific IgG during acute infection and convalescence in children whose serum more strongly protected T cells and those whose serum less 
strongly protected. (E–I) Protection of CD3+ T cells, monocytes, B cells, HLA-DRhi DCs, and NK cells during acute infection and convalescence in children 
whose serum more strongly protected T cells and those whose serum less strongly protected. Data are expressed as arbitrary ELISA units (log10) (B–D) 
or percentage immune cell survival, compared with no supernatant control (not shown) (A and E–I). Data were compared using Wilcoxon matched pairs 
signed rank test (A vs. C) or Mann-Whitney U test (P vs. NP). *P < 0.05; **P < 0.01; ***P < 0.001.
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Our findings that antibody levels increase from acute infection to convalescence are consistent with 
those of  Thomsen et al., who found that IgG levels against a number of  exotoxins increased during child-
hood S. aureus infection (22). Interestingly, however, they did not find an increase in LukE-specific IgG. 
Their study enrolled mainly children with invasive infection (90%), so this may contribute to the discrepan-
cy. In contrast with our findings that IgG levels increased in children with invasive or noninvasive infection, 
Fritz et al. reported that Hla-specific IgG levels increased following infection only in children with invasive 
infection; children with primary or recurrent SSTI had a decrease in IgG levels (6). The reasons for these 
discrepancies are not clear, but differences in patient populations, timing of  sampling, and methods for 
antibody quantification may contribute. While the overall antibody levels increased from acute infection to 
convalescence in our cohort, we found marked individual heterogeneity in the response to infection; nearly 
40% of  children did not have an increase in antibody levels. Surprisingly, these differences do not appear to 
be attributable to age or the severity of  infection. While we found that IgG1 levels largely reflected total IgG 
levels, we did not have sufficient serum volume to compare other IgG subclasses, in the context of  antibody 
levels or their specific roles in toxin neutralization. Taken together, the current and reported studies suggest 
that individual variability in immune responses to infection merits further study.

Thomsen et al. found that LukAB-mediated toxicity toward neutrophils was inhibited by serum 
from children with S. aureus infection, suggesting that antibodies raised by infection are functional (22). 
Our findings extend this idea by demonstrating that convalescent sera more strongly protect immune 
cells important in the adaptive immune response, namely T cells, B cells, monocytes, DCs, and NK 
cells, compared with acute sera. Moreover, we found strong correlations with Hla IgG levels and pro-
tection of  T cells, monocytes, DCs, and NK cells from toxin-mediated killing. This is consistent with 
widespread expression of  the Hla receptor ADAM10 on host immune cells and explains the sensitivity 
of  these cells to Hla (reviewed in ref. 23). We were surprised to find weak or no correlations between 
LukE-specific IgG levels and protection of  T cells, DCs, or monocytes, because LukE targets these cells 
by binding CCR5 (24). In contrast, LukS-PV binds human monocytes but not T cells via C5a receptors 
(25). Together, these findings suggest that Hla-specific IgG plays a dominant role in protection of  cells 
necessary for an adaptive immune response. This hypothesis is supported by our observations that 
protection of  immune cells by patient serum correlates with stronger recovery of  functional effector T 
cell responses. Indeed, we verified that Hla specifically targets these immune cells, and Hla-specific IgG 
levels correlated with protection against Hla-mediated toxicity, most prominently during convalescence. 
Thus, these findings may explain the observations of  Fritz et al. that Hla-specific antibody is associated 
with protection against recurrent infection (6). It is possible, however, that antibodies against the “F” 

Figure 6. Children whose serum protects T cells against toxin-mediated killing have stronger recovery of impaired S. aureus–specific T cell responses. 
As described in Figure 5, infected children were separated into those whose convalescent serum strongly protected T cells (“protected,” N = 21) and those 
whose convalescent serum less strongly protected T cells (“nonprotected,” N = 11). (A–E) Number of IFN-γ–secreting cells during acute infection and con-
valescence following culture with PMA/I, HKSA, Hla, LukE, or LukS-PV in children whose serum more strongly protected T cells and those whose serum 
less strongly protected. (F–J) Number of IL-17A–secreting cells during acute infection and convalescence following culture with PMA/I, HKSA, Hla, LukE, 
or LukS-PV in children whose serum more strongly protected T cells and those whose serum less strongly protected. Data were compared using Wilcoxon 
matched pairs signed rank test (A vs. C) or Mann-Whitney U test (P vs. NP). *P < 0.05; **P< 0.01; ***P < 0.001.
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components of  these toxins or other bicomponent leukotoxins (e.g., LukAB, HlgAB, HlgCB) (26, 27) 
not tested in this study may be co-elicited with Hla IgG and contribute to immune cell protection. 
Future studies will test this possibility.

We previously reported that nonspecific and S. aureus–specific IL-17A and IFN-γ responses were strongly 
impaired during S. aureus infection (20). These findings extend our prior work by demonstrating that effec-
tor T cell responses are stronger following infection, at least in a subset of children. As with antibody levels, 
this was not attributable to the severity of infection or age. There are at least 2 possibilities to explain these 
findings. First, weaker S. aureus–specific T cell responses may predispose children to infection. If  this is the 
case, the increase in T cell responses following infection may represent expansion of S. aureus–specific T cells 
elicited by infection. However, infected children have similar antibody levels, compared with healthy children, 
arguing against a cryptic S. aureus–specific “hole” in the immune response. Conversely, we propose that T cell 
responses are acutely suppressed during infection and recover thereafter. As we observed with antibody levels, 
the response to infection was highly variable, as only 60%–70% of children increased their T cell responses. 
Moreover, some children, despite increasing their T cell responses compared with during acute infection, had 
persistently low convalescent T cell responses. We speculate that convalescent S. aureus–specific T cell respons-
es can predict susceptibility to recurrent infection; longitudinal studies to address this possibility are ongoing.

Our findings suggest a link between toxin-specific antibody levels and expansion/recovery of  T cells. 
Specifically, these findings prompt the hypothesis that toxin-specific antibodies (most likely Hla-specific) 
protect APCs and T cells, thereby permitting the expansion or recovery of  T cell responses following infec-
tion. Indeed, children whose convalescent serum protected immune cells less effectively against toxin-me-
diated killing also were more likely to (i) start with lower antibody levels during acute infection and (ii) fail 
to increase antibody levels in response to infection. These lower antibody levels correlated with (i) inferior 
protection of  immune cells during acute infection and (ii) a failure to increase protection of  immune cells 
during convalescence, indicating a failure to elicit functional anti-toxin antibody. Importantly, these same 
children, despite no differences in T cell suppression during acute infection, failed to recover or expand 
their T cell responses during convalescence. Together, these findings suggest that (i) T cell suppression is 
a feature of  acute S. aureus infection regardless of  preexisting antibody levels or severity of  infection and 
(ii) recovery or expansion of  impaired T cell responses following infection is promoted by antibodies that 
prevent toxin-mediated killing of  APCs and T cells. Interestingly, children recovered their global T cell 
responses independent of  whether their serum protected immune cells, suggesting that toxins specifically 
impair S. aureus–specific T cell responses.

We acknowledge several limitations of  this study. First, this is a small cohort at a single center, and the 
majority of  study participants were White and male; additional study is necessary to enable generalization 
of  the results. Moreover, without large population-based studies, it is impossible to know the immunolog-
ical “baseline” of  the infected children. Similarly, the study was not powered for subgroup analysis; thus, 
any such analyses were treated as pilot studies for additional investigation. Second, the ELISPOT assay is 
not able to discriminate between impairment at the level of  the APC or T cell; ongoing studies are focused 
on identifying the specific level of  impairment. Given our findings that toxins killed both APCs and T cells, 
we speculate that APC and T cell function is each impaired during infection and together contribute to 
suppressed functional T cell responses. Similarly, the ELISPOT assay cannot identify the phenotype of  the 
cytokine-secreting cells. This is particularly important in the context of  S. aureus–specific memory T cells. 
This study was not designed to determine if  antibody levels impact the outcome of  acute infection or pro-
tection against recurrent infection; these are 2 important future directions to demonstrate the clinical rele-
vance of  this work. This is of  particular relevance because Adhikari et al. reported that, among adults with 
S. aureus bacteremia, higher anti-toxin antibody levels were associated with a lower incidence of  sepsis (28). 
While Hla-targeted strategies to prevent and treat S. aureus infections remain promising, a phase II trial of  
a monoclonal antibody against Hla failed to prevent ventilator-associated pneumonia among mechanically 
ventilated patients (29). Finally, longitudinal studies are necessary to determine if  impairment of  acute or 
convalescent immune responses can predict the risk of  recurrent infection.

These findings have several potential implications. First, S. aureus infection elicits highly variable antibody 
and T cell responses in children. While age may play a role in this variability, it is likely that host genetics are also 
important. Therefore, future studies should identify genetic variants that determine the response to infection. 
Second, these findings suggest that toxin-specific antibodies may determine the impact of infection on elicited 
T cell responses. Given the high frequency of S. aureus–specific memory T cells in adults (30), a composite of  
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antigen-specific antibodies and protective T cell responses may both serve as a correlate of protection and inform 
ideal target mechanisms of protection for future vaccines. This is consistent with mouse models of S. aureus 
infection, in which both antibodies and T cells contribute to protection (31–35).

In summary, we observed that S. aureus infection elicits an immune response in children, but the 
response to infection is highly variable. These findings also highlight a potential role for Hla-specific anti-
bodies in protection of  immune cells against toxin-mediated killing and may provide a link between pro-
tective antibodies and recovery of  impaired T cell responses that ultimately determine protective immunity 
against recurrent infection.

Methods
Study design. This is a single-center prospective observational study. Healthy children were enrolled in outpa-
tient settings. Hospitalized children (6 months to 21 years old) were identified by positive S. aureus culture or 
by clinical presentation with subsequent culture confirmation. Exclusion criteria included documented immu-
nodeficiency, receipt of  immunosuppressive medications within 2 months (excluding ≤ 5 days of  corticoste-
roids), or receipt of  an Ig-based product within 6 months. Clinical information was entered into a REDCap 
database. Blood samples were collected within 3 days of  positive culture. Convalescent samples were collected 
4–6 weeks after enrollment. Blood was collected in mononuclear cell preparation (CPT) and serum separation 
(SST) tubes (Becton Dickinson). PBMCs were frozen in liquid nitrogen and serum was frozen at –80°C.

Antibody quantification. Antibodies against Hla, LukE, and LukS-PV were quantified by ELISA as 
previously reported (20). Briefly, 96-well plates (Costar, Corning) were coated with 4 μg/mL of  purified 
antigen. Serial dilutions of  a standardized serum stock prepared from pooled healthy adult serum were 
included on each plate to minimize variability. Serial dilutions of  participant sera were added (all sam-
ples plated in duplicate), followed by quantification of  IgG using alkaline phosphatase–conjugated goat 
anti-human IgG (Kirkegaard and Perry Labs) or horseradish peroxidase–conjugated anti-human IgG1 
(Invitrogen) and AP substrate p-nitrophenyl phosphate (MilliporeSigma) or tetramethylbenzidine dihy-
drochloride (Invitrogen). OD405 was measured using a GENios spectrophotometer (Tecan). IgG levels 
were quantified as arbitrary ELISA units. Data were considered satisfactory if: (a) the R2 of  the standard 
curve of  each plate was ≥ 0.995, (b) the coefficient of  variance between duplicates was < 20%, (c) the 
OD405 was between 0.5 and 2.5 and within the standard range, and (d) blank wells had an OD405 ≤ 0.10. 
If  these criteria were not met, then the sample was repeated.

Quantification of  immune cell killing. PBMCs were thawed, and an aliquot was separated for cell count-
ing. S. aureus supernatant (wild-type USA300 “923” and isogenic Δsae) (21) was prepared from plank-
tonic cultures (OD600 ~1.4). PBMCs (1 × 106) were incubated with S. aureus supernatant (1:6 dilution) 
and participant serum (1:10 dilution, corrected for total IgG 200 mg/dL) for 3 hours at 37°C. Our flow 
cytometry strategy has been reported (20). For direct Hla toxicity studies, recombinant active Hla (0.2 μg, 
Abcam) (36) was incubated with participant serum for 30 minutes, followed by 3-hour incubation with 
PBMCs. Following incubation, cells were washed with phosphate-buffered saline, stained with Live/
Dead stain (Becton Dickinson), washed with fluorescence-activated cell sorting (FACS) buffer (Becton 
Dickinson), and blocked with Human FcR Block (Becton Dickinson). Surface staining was performed 
with anti-CD3 (UCHT1), anti-CD4 (L200), anti-CD8 (SK1), anti-CD19 (HIB19), anti-CD45 (HI30), 
anti-CD16 (3G8), anti–HLA-DR (L243), anti-CD56 (NCAM1), anti-CD14 (M5E2), and anti-CD11c 
(Bu15). Staining was performed in Brilliant stain buffer (Becton Dickinson) at 4°C for 30 minutes. Anti-
bodies were purchased from Becton Dickinson (anti-CD56 and anti-CD4) and BioLegend (all others). 
Cells were washed with FACS buffer and fixed overnight at 4°C in 4% paraformaldehyde. Cells were 
washed and reconstituted in FACS buffer with the addition of  counting beads. Flow cytometry was 
performed using an LSRFortessa flow cytometer (Becton Dickinson). Data were analyzed using Flowjo.

Quantification of  effector T cell responses. Our approach to quantification of  effector T cell responses has 
been reported (20). Briefly, human IFN-γ and IL-17A T cell ELISPOT kits (U-Cytech) were used, and 
96-well plates were coated with anti–IFN-γ or anti–IL-17A antibody, followed by the addition of  thawed 
PBMCs (2 × 105/well for IFN-γ; 4 × 105/well for IL-17A). PMA and ionomycin, HKSA (USA300, 5 × 
105 CFU/well), or purified HlaH35L, LukE, or LukS-PV (20 μg/mL) were added. Samples were incubated 
at 37°C for 40 hours, followed by washing and addition of  biotin-labeled detection antibodies (part of  the 
kits). Each sample was plated in duplicate, and negative controls were incubated with media alone (no 
antigen). Samples were repeated if  the negative control had ≥ 5 spots/well or if  the coefficient of  variance 
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was ≥ 20% between replicates. Spots were developed using avidin horseradish peroxidase (eBioscience) and 
3-Amino-9-ethylcarbazole substrate solution (Becton Dickinson) and counted using an Immunospot series 
1 analyzer (Cellular Technology).

Sex as a biological variable. Male and female children were enrolled in this study. Infected children were 
enrolled in a convenience sample; thus, there were no prespecified design constraints for the numbers of  
male or females. Healthy children were matched with infected children by biological sex.

Statistics. Differences between participant groups were evaluated by Fisher exact and Wilcoxon rank sum 
tests. Antibody levels were log10-transformed for all analyses. Differences in antibody levels, serum protection 
against immune cell killing, and T cell responses between healthy and infected children were evaluated using 
the Wilcoxon rank sum exact test, 1-way ANOVA with Kruskal-Wallis posttest, or Mann-Whitney U test. 
Differences between acutely infected and convalescing children were evaluated using the Wilcoxon matched 
pairs signed rank test. Multivariable linear regression was used to evaluate differences between groups while 
accounting for age. The relationship between age and antibody levels was evaluated graphically with a loess 
curve and statistically with polynomial regression. Differences were considered significant if  P < 0.05. All anal-
yses were conducted using GraphPad Prism or R for Statistical Computing.

Study approval. This study was approved by the Institutional Review Board at Nationwide Chil-
dren’s Hospital (IRB17-01176). Written informed consent (and assent when applicable) was obtained 
prior to enrollment.

Data availability. Supporting Data Values associated with the main manuscript and supplement, includ-
ing values for all data points, are provided in the Supplemental Data Values file. Additional deidentified 
data may be available by written request.
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